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A SIMPLE GRAPHICAL METHOD FOR THE ASSESSMENT OF
SINGLE PHASE INDUCTION MACHINE PERFORMANCE
Donald L. Skaar
San Diego State University
Normalized Impedance Locus; it is applicable only to a
specific induction machine. For example, the Locus for
the single phase machine that is analyzed in the
Numerical Example is that part of Figure 5 with the two
lines A’E and 0’E removed. Given the Locus and
minimal information, one may perform a reasonablyaccurate-and-complete machine analysis with ease.

Abstract: This paper demonstrates the ease with
which single-phase induction machine manufacturers
can provide their customers with an insightful and
simple graphical means of assessing the performance
characteristics of their machine models: the
Normalized Impedance Locus for each machine model.
It also illustrates how easily customers can assess the
machine performance characteristics when provided
with that Locus. The method is based upon use of the
LOCUS, a Unit Circle that is the normalized
impedance plot of the Two Element Model: the
parallel-connection of jxM and r2/s.

II. DISCUSSION
Traditional and present-day electrical energy conversion
texts have required that the numerical value of the perunit slip of an induction machine be provided before one
could even initiate an assessment of performance. And
typically, the first step of the analysis was to solve for the
phase impedance. Writing the equation for the impedance
in symbol form, such as for Figure 1, is straight-forward
and may be written by inspection as:

Key Words: Single Phase Induction Machines
I. INTRODUCTION
In a paper published in the 2008 EMCWA Proceedings
[1], it was recommended that manufacturers of multiphase induction machines provide their customers with a
simple graphical means for assessing the performance of
their motors and asynchronous generators: by transforming a generic circular impedance LOCUS [2] into the
very specific Locus for each of their multi-phase machine
types; this paper repeats that recommendation to single
phase-machine manufacturers. The graphical method
described in [1] was a simplified version of the analysis of
a balanced three-phase motor presented in a 1998 IEEE
paper [2].

Zph = r1 + jx1 + 1/[(1/rfe)+ (1/jxM) + 1/( jx2 + r2/s)] (1)
However, a computer or a scientific calculator is required
to solve for the numerical value of Zph when element
values are inserted. Further, for each discrete shaft speed,
another cumbersome impedance calculation is needed.
Using the proposed method, finding the impedance is a
trivial step. The somewhat-formidable balanced twelveelement single-phase model shown in Figure 4a) has the
same general form as two multi-phase models connected
in series; the equation for the impedance of that Figure is
twice as complex as (1) - making a computer even more
necessary for a numerical evaluation. Fortunately, the
twelve-element of 4a) may be simplified into that of 4b):
the reflected rotor resistance term, r2/[2(2 – s)] is
essentially equal to r2/4 under normal running conditions
and the quantity (r2/4 + jx2/2) is so much smaller than
jxM/2 or rfeb/2, that the latter two terms may be ignored.
With the above simplification, the procedure here
duplicates that of [1]. The numbers at the nodes in Figure
4b) are used with the Spice program in the Appendix

The per-phase model for the machines used in the above
two references was one that has appeared in IEEE
Standard 112; that model is shown in Figure 1 of the
Appendix [in which all figures may be found]. The
graphical method proposed here is based upon the use of a
Unit Circle, identified as the LOCUS, to assess the
performance of any single-phase or balanced multi-phase
induction machine operating under running conditions.
The LOCUS is easily derived from the Two-Element
Model [3] of an induction machine shown in Figure 3.

Details shown here without justification were elaborated
upon in [2, 3]. There are two extremely important
constants for any given machine that are used in the
proposed analysis: D, the diameter of the actual
impedance circle of the model used; and, sN, the value of
the slip at the right hand extremity of that circle. D is
used to transfer between an actual impedance and a

To avoid confusion with the terminology used here,
readers should recognize at the outset the distinct
difference between the terms LOCUS and Locus. The
LOCUS is a generic Unit Circle with calibrated scales
that is an abbreviated name for the IODEKICE LOCUS.
The Locus is an abbreviated name for the Lumped Loss
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normalized one; sN is used to locate normalized operating
points: [OPbr], at blocked rotor; and s0’ the point to which
the [s = 0] point moves due to the effect of r fe [see Figure
5]. The term sN is also to calibrate the slip scale of the
periphery if speed information is needed [2, 3]. For the
single phase model of Figure 4b), the two constants are:
D ≈ [(xM – x2)/2]

(2)

sN = r2/(xM + x2)

(3)

3. The no load operating point [OPnl] is located on the
periphery near the top of the LOCUS, to the right of the
reactance axis at a distance of [rnl]
rnl = PNL/D(Inl)2 ohms = (88)/(25)(4.172) ≈ 0.2 ohms
4. The blocked rotor operating point [OPbr] is located on
the circle periphery to the right of the LOCUS bottom at a
distance [sN]
sN = r2/(xM + x2) = 0.02 ohms

The LOCUS of Figure 3 is the normalized impedance
circle of the Two-element Model; consisting of r2/s in
parallel with jxM. Those two elements largely determine
the electrical characteristics of induction machines in
general. Since the analysis using the proposed method is
so similar to that presented in the references, and since it
is so straight-forward, a Numerical Example will be
presented to demonstrate the individual steps.

5. The Output Line is drawn between [OP nl] and [OPbr];
the Adjusted Output line is drawn parallel to, and to the
right of, the Output Line at the distance
(r2/4)/D = (1.1/4)/25 ≈ 0.01 ohms
The Locus for the above machine has now been prepared
for use by customers. It is shown in Figure 5 in the
Appendix – again with lines 0’E and A’E removed.

III. NUMERICAL EXAMPLE
A 4-pole single phase induction motor has been designed
by a manufacturer to operate from a 125 volt, 60 Hertz
supply. The model element values of the running winding
are given below, along with no load data.
r1 = 2.22 ohms
x1 = x2 = 2.50 ohms
PNL = 88 watts
rfe = 2200 ohms

B. Customer Assessment of the Above Machine
Assume that a customer has been given the Locus for the
above machine, its no load and nameplate data, and the
value of the machine constant, D = 25. Assume also that
he/she wishes to determine the following characteristics if
the machine operates as a motor at a line current of 10.0
amperes:

r2 = 1.10 ohms
xM = 52.5 ohms
Inl = 4.17 amperes

a) the efficiency, η
b) power factor, pf
c) the power input, PIN

A. Transformation: LOCUS to Locus.
Finding the two machine constants for the above singlephase machine, are the initial step of the transformation

d) the power input, PO
e) the total losses, P L

Find the actual Impedance and normalized impedances:

D ≈ (xM - x2)/2 ≈ (52.5 – 2.5)/2 ≈ 25.0 ohms

Z = V/I = 125/10.0 = 12.5 ohms;
z = Z/D = 12.5/25 = 0.5 ohms

sN = r2/(xM + x2) = 1.10/55 = 0.02

Using the scale of the vertical LOCUS diameter, locate
the operating point E on the right hand periphery [motor
operation] at a distance 0.5 from the origin 0’; then draw
the horizontal line [the Power Component Line] from the
operating point E to the opposite side of the LOCUS.
Label the intersection points A’ through E on that line as
shown in Figure 5. The point A’ is used for asynchronous
generator operations [see below]. Note that the efficiency
and power factor of the machine can be obtained without
knowledge of the input or the output power. The analysis
by the customer proceeds as follows:

1. The resistance axis is located below the LOCUS; a
more accurate distance is [x1+ x2/2 +(x2/2)(1 – x2/xM)]/D
but for graphical purposes the following will be used
(x1+ x2)/D ≈ 5.0/25 ≈ 0.2 ohms
2. The reactance axis is adjusted slightly as compared
with the multiphase machine due to the Backward
Resistance; it is located to the left of the vertical diameter
at a distance

a)

(r1 + r2/4)/D ≈ (2.22 + 1.1/4)/25 ≈ 0.1 ohms

Eff = (DE)/(AE) ≈ (0.26)/(0.4) ≈ 0.65 or 65%

b) pf = (AE)/(0’E) = (0.4)/0.5) = 0.80
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c)

PIN = (I2)D(AE) = (100)(25)(0.4) = 1.00 kW

eight-element model using approximations that have little
effect on the desired results, as a Spice example confirms.
A Numerical Example has also shown how easily one
may assess the performance of a machine with reasonable
accuracy – if provided with the Locus plus minimal
information. The graphical method is also insightful; it
allows the analyst to observe clearly how the operating
point of an induction machine moves around the
periphery of a circular impedance plot as the magnitude
of the line current changes.

d) PO = PIN (DE)/(AE) ≈ (1000) (0.26)/(0.4)
≈ 650 watts
e)

PL = PIN (AD)/(AE)
≈ (1000)(0.14)/(0.4) ≈ 350 watts.

This completes the customer analysis. The Numerical
Example has been duplicated with two values of [r2f]
using Spice in the Appendix. The correlation between
Spice results and those obtained using the proposed
method is reasonable. The Spice results using Figure 4a)
[in the last step] confirm that the step taken in omitting
the backward mutual reactance and stator core loss
resistance was a legitimate one.

In the event that machine manufacturers choose to
provide model element values for a specific machine
rather the Locus, the customer may also convert the
generic LOCUS into the Locus for that machine. The
method inherently includes rotor core loss and stray loss
since the true operating current is postulated. However,
since the appropriate elements are not included in
contemporary machine models, those losses cannot be
quantified in the proposed analysis. As a result, the value
calculated for efficiency is high and that for the total
losses is low.

Conventional machine losses - which include stator core
loss, copper losses, and the windage and friction losses
[PWF] - are not identified individually in the Numerical
Example but can be identified [3] in Figure 1 of [2]; the
sum of those losses is represented by line segment BC in
Figure 5. The operating point s = 0 is at the top of the
LOCUS when rfe is ignored; when it is included, that
operating point is shifted clockwise [2, 3] to s = s0’ in
Figure 5 a distance

If one wishes to assess the performance of a single phase
asynchronous generator, the general method shown in [1]
for a multiphase machine may be used. It will be left as
an exercise for the reader to determine the appropriate
values when the operating point is at A’.

Δs/sN ≈ (r2/rf e)/sN ≈ (1.1/1100)/0.02 ≈ 0.05
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The analysis also inherently includes the rotor core loss
and stray loss, since the magnitude of the operating
current is postulated; however, since the two elements
that represent those losses have not been definitively
located in contemporary technical literature, no attempt is
made to calculate those losses. As a consequence, the
calculated value of efficiency in the Numerical Example
is high and the value of total losses is low.
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The Spice Program in the Appendix shows three separate
measurements with explanatory notes. The apparent slip
[2] of the machine is 0.06 but when corrected for the slipshifting effect of rfe, it has been decreased to 0.059;
therefore the value of [r2f/s] in the second measurement
of the Spice Program is 0.55/0.059 or 9.32 ohms.

[3] D. L. Skaar, Understanding Induction Machine
Operation, Tutorial (unpublished), but available through
EMCWA.ORG

IV. CONCLUSIONS
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It has been demonstrated how the manufacturers of single
phase induction machines may provide their customers
with a circular geometrically-equivalent representation of
a machine in lieu of model element values: by transforming the generic LOCUS into the Lumped Loss
Normalized Impedance Locus for each of their specific
machine types. The twelve-element model of a single
phase machine is simplified into a more-manageable
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APPENDIX

Figure 1. The Six-Element Per Phase Model of IEEE Standard 112.

Figure 2. The Two Element Model
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Figure 3. The IODEKICE LOCUS – A Normalized Impedance Plot of the Two-Element Model; that Model consists of
the mutual reactance connect in parallel with the rotor resistance (including the shaft load) referred to the stator.
5

Figure 4a. Balanced Twelve-Element Model of a Single Phase Machine

Figure 4b. Simplified Single-Phase Equivalent Network
6

Figure 5. Graphical Solution of the Single Phase Numerical Example.
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Spice Program with the Data Below
Vp = 125 volts rms
PNL = 86 watts

r1 = 2.22 ohms
Inl = 4.17 amperes

r2 = 1.1 ohms
rfe = 1100 ohms

x1 = x2 = 2.5 ohms
Iph = 10.0 amperes

xM = 52.5 ohms

For a slip of 0.06 using [2]:
*single phase motor
v1 1 0 ac 125
r1 1 2 2.22
L1 2 3 6.63e-3
L2f 3 4 3.3e-3
Lmf 3 5 0.0696
rfef 3 5 550
r2f 4 5 9.17
L2b 5 6 3.3e-3
r2b 6 0 0.275
.ac lin 1 60 60
.print ac im(r1) ip(r1) im(r2f)
.options nopage
.end
FREQ
6.000E+01

IM(r1)

IP(r1)

1.012E+01

-3.645E+01

IM(r2f)
9.038E+00

Pf = Cos [IP(r1)] = Cos (36.45) = 0.804; PIN = V[(IM(r1)][cos(IP(r1)] = 125(10.12)(0.804) = 1017 watts
PWF ≈ [(Inl)2(Δs/sN)D = (4.17)2(0.05)(25) ≈ 22 watts
Using the method common in traditional texts:
PGF = [IM(r2f)]2 (r2f) = (9.038)2 (9.17) = 749 watts;

PGB = [IM(r1)]2(r2/4)} = (10.12)2(2.75) = 28.2 watts

PO = [(PGF - PGB) (1 – s) - PWF] ≈ [(749 – 28.2 – 22)(0.941) - 22] = 678 – 22 ≈ 656 watts
Efficiency = PO/PIN =656/1017 = 0.645
If the slip is corrected for the effect of rfe, the effective slip is: s = [0.06 – (r2/rfe)/sN} = [0.06 – 0.001] = 0.059
and r2f/s becomes 9.32. Below, it is also assumed that PWF decreases as slip increases:
FREQ
6.000E+01

IM(r1)

IP(r1)

1.002E+01

-3.645E+01

Pf = Cos [IP(r1)] = Cos (36.45) = 0.804;

IM(r2f)
8.935E+00
PIN = V[(IM(r1)][cos(IP(r1)] = 125(10.002)(0.804) = 1007 watts

PGF = [IM(r2f)]2 (r2f) = (8.935)2 (9.32) = 744 watts; PGB = [IM(r1)]2(r2/4)} = (10.02)2(2.75) = 27.6 watts
PO = (PGF - PGB – PWF)(1 – s) = (744 - 27.5 – 22)(0.941) = 653 watts;

Efficiency = PO/PIN =653/1007 = 0.648

If rfeb and Lmb are connected between nodes 5 and 0 with r2f/s = 9.32, the new values of the Spice output values are
FREQ

IM(r1)

6.000E+01 1.006E+01

IP(r1)
-3.631E+01

pf = Cos[IP(r1)] = Cos(36.31) = 0.806;

PIN = V[(IM(r1)][cos(IP(r1)] = 125(10.06)[cos(36.31) = 1014 watts
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ADHESIVE POTTING AND ENCAPSULATING FOR EXPLOSION PROOF MOTORS
Joel Nasheff
Henkel Inc.
Abstract: This paper discusses the approaching
deadline by the Underwriters Laboratories regarding
explosion-proof motors. It also covers some of the
problems related to the use of adhesive potting and
encapsulating in meeting the criteria of the UL for
explosion proof devices.
I. INTRODUCTION
December 11, 2010 is a critical date for many electric
motor manufacturers. On this date all electric motor
manufacturing companies that produce explosion proof
models for use in hazardous environments will be
required to fully meet Underwriters Laboratories UL 674
requirements. In addition, the Energy Independence and
Security Act (EISA) has created new efficiency standards
for many electric motors, effective December 19, 2010.
A full review of electric motor designs and the
components used in a motor must be carefully reevaluated
to meet efficiency requirements and fully comply with the
UL explosion proof listing. Adhesives play a critical role
in the successful design of an explosion proof, UL 674
compliant motor. Several new potting materials have
been formulated to enable electric motor companies to pot
connectors and wire junctions that need to withstand the
harsh environments these motors may be exposed to in
their service life.

Figure 1. A Potted Wire Connector
for an Explosion Proof Motor
I. DISUSSION
A. The UL 674 Standard
To many a Underwriters Laboratories (UL) rating may
overlooked or taken for granted, without taking into
consideration what the UL approval really means, why it

To many a Underwriters Laboratories (UL) rating may
overlooked or taken for granted, without taking into
consideration what the UL approval really means, why it
is important and what is involved to qualify for the UL
label. UL has hundreds of standards that various
devices in the market must meet. However, for the
purpose of this discussion, we will narrow our scope
down to UL 674 for Explosion Proof Motors. A full
copy of the 4th edition of the UL 674 standard can be
obtained, for a fee, through UL. A description of the
motor types covered by this standard are described
below and can be obtained from UL‟s website.

is important and what is involved to qualify for the UL
label. UL has hundreds of standards that various devices
in the market must meet. However, for the purpose of this
discussion, we will narrow our scope down to UL 674 for
Explosion Proof Motors. A full copy of the 4th edition of
the UL 674 standard can be obtained, for a fee,through
UL. A description of the motor types covered by this
standard are described below and can be obtained from
UL‟s website.
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A. Electric Motors and Generators for Use in Division 1

can survive a catastrophic explosion external to the

Hazardous (Classified) Locations

device. The term “Explosion Proof”actually refers to the
motor‟s ability to prevent the propagation of an explosion

1. UL 674

or source of ignition that originates from within the

1.1 These requirements cover the following equipment for

motor, which in turn, can trigger an explosion of the

installation and use in hazardous (classified) locations,

surrounding atmosphere that may be composed of

Class I, Division 1, Groups B, C, and D, and Class II,

flammable gasses and vapors.

Division 1,
Groups E, F, and G, in accordance with the National

UL 674 breaks out explosion proof motors (EPMs) into

Electrical Code, NFPA 70:

several classes, divisions and groups that define the

a) Electric motors and generators; and

environment and location in which the EPM is approved

b) Submersible and nonsubmersible sewage pumps

for use. The Class is a general environment, the Division

and systems.

refers to the location of the EPM use and the Group lists

1.2 These requirements also cover the same types of

the specific gasses, dusts or fibers within the environment,

electrical equipment indicated in 1.1 for installation and

all of which may become highly explosive under the

use in Class I, Zone 1, Groups IIA, IIB, and IIB plus

correct circumstances..

hydrogen and Zone 20 and 21 hazardous (classified)
locations in accordance with the National ElectricalCode,

One of the most challenging environments for EPM

NFPA 70.

design is a Class I, Division 1, Group D.

1.3 These requirements cover both horizontal and vertical

Class I: environments containing flammable gases or

machines that have fractional and

vapors.

integral horsepower ratings and are for use on

Group D: (Glacial Acetic Acid, Acetone, Ammonium

alternating current (ac) or direct current (dc).

Hydroxide 20%, Diethyl Ether, Ethyl Acetate, Ethylene

1.4 These requirements cover electric motors and

Dichloride, Furfural, n-Hexane, ASTM Reference Fuel

generators for use only under the following

“C”, Methyl Ethyl, Ketone, Methanol, 2-Nitropropane

atmospheric conditions:

and Toluene)

a) A minimum ambient temperature of minus 70°C (minus
94°F);

Division 1 describes a location in which (according to

b) An oxygen concentration not greater than 21 percent

NEC) “ignitable concentrations of flammable gases or

by volume; and

vapors can exist under normal operating conditions; or in

c) A nominal barometric pressure of one atmosphere.

which [such concentrations] may exist frequently because

1.5 These requirements do not cover intrinsically safe

of repair or maintenance operations or because of leakage;

motors and generators.

or in which breakdown or faulty operation of equipment

Now that we have a handle on the devices that are

or processes might release ignitable concentrations and

covered, what does “Explosion Proof” mean? Contrary to

might also cause simultaneous failure of electric

the name, it does not mean that the motor cannot explode

equipment.” All electric motors in a Division 1

or that the motor

environment must be labeled by UL as“Explosion Proof”.
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Currently UL is the only agency that is qualified to

and signal wires in the motor housing. Atthis junction,

approve electric motors as “Explosion Proof”

there is a large potential, for gasses to enter or exit the
motor through any voids, gaps or spaces around the wires
because of a pressure differential between the interior of

B. Other Factors Affecting Explosion-proof Motor Deign

the motor and the outside atmosphere. The most common
The United States has enacted an Energy Independence

method to seal wire entry ports is to use a low viscosity

and Security Act (EISA) that mandates new efficiency

polymer that will fill the void and cure solid, forming

standards for 1 to 500 HP electric motors, including

intimate contact with the surfaces of the wire and the

explosion proof motors. This mandate is effective

edges of the entry port and creating a gas and moisture

December 19th, 2010. After this date, imports of

tight barrier.

equipment containing non-compliant motors will be

Most potting and encapsulating materials are thermoset

rejected at the USA port of entry.

urethanes, epoxies or silicones. In order for EPM

Canadian Legislation for similar standards will be enacted

manufacturers to design a motor that meets UL 674

in 2011 and the European Union will follow in 2015. The

requirements, very careful consideration must be used

EISA – section 313, „Electric Motor Efficiency Standards

when selecting a polymer potting material. Many

raises the minimum energy efficiency requirements of

thermosts have very good chemical resistance, however,

these motors from NEMA „Energy Efficient‟ to NEMA

to pass UL 674, an EPM requires very high levels of

„Premium

chemical resistance against gasses that are notorious for

Efficient‟. EISA standards apply not only to US

degrading even the best polymers on the market. EPM

manufactured motors, but also to any motors imported to

manufacturers generally seek out materials that pass UL

the US.

specifications at a component level (meaning that the

As a result of the imposition of the looming EISA

material itself has shown that it will pass UL‟s testing on

standards and updated re-drive of UL 674 classifications,

a stand alone basis. This speeds the UL approval process

EPM manufacturers are busy tweaking their designs to

for the overall EPM assembly because UL will grant a

ensure their motors are both safe and efficient and meet

waiver for additional testing if all components used are

the required standards. As a result of this effort, the doors

proven to withstand the chemical environments according

ofdesign considerations have been opened up for many

to the Class and Group requirements within the

EPM models. As a result all components are being

specification limits of degradation. Most adhesives and

reviewed to meet the new design and performance

potting polymers to be used in an EPM need to fall under

standards.

UL 1203 (Explosion-Proof and Dust-Ignition-Proof
Electrical Equipment for Use in Hazardous (Classified)

C. Potting Adhesives Play a Role in UL 674 Compliance

Locations)) for listing on a component level to be used in
an EPM. However, no adhesive polymers currently carry

One of the crucial design considerations for an EPM is to

a fully unrestricted UL 1203 approval for a Class I,

seek out any leak path that would allow vapors into or out

Division 1, Group D specification. According to this UL

of the motor that could initiate an explosion. The Achilles

specification, the cured adhesive must retain 85% or

heel in design of an EPM is the entry point of electrical

greater of its original compression
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strength when exposed to the harsh gasses in Group D.

curative, final cross-link density of the cured system, and

The shrinkage or swell of this material must also be less

the selection of system accelerators and fillers. A key

than 1% after exposure. If a potting polymer does not

combination of these factors results in a sealing

carry the UL 1203 classification, or has a highly

compound which will pass the UL-674 requirements.

provisional classification, the EPM manufacturer will
need to spend additional resources on fully testing their

UL has tested two formulations that Henkel is bringing to

EPM design for each solvent / vapor that is listed as an

market and is currently finalizing the listing to allow EPM

exception to the UL 1203 classification. This can be very

manufacturers to have a new choice of a potting material

costly, time consuming and possibly result in a failed UL

known as E-40EXP that has met or exceeded all

674listing, which would essentially halt EPM production

compression strength requirements for all 10 Group D

of that model or prevent new model launches until the

solvents and vapors. This will allow EPM manufactures

specification could be met.

Henkel has been working

rapid adoption of a new UL 1203 product without

with several EPM manufacturers to understand and

requiring extensive testing, time and cost for re-

overcome the formulation challenges of developing an

specification

epoxy that can withstand even the harshest

manufacturers now have the ability to submit their new

environments.

designs to UL with a high degree of confidence that their

under

the

UL

674

mandate.

EPM

design will succeed in meeting UL 674 classification
standards.

A typical 2 part, room temperature cure epoxy when
exposed to the Group D vapors will degrade and will fail
the UL-674 requirements for sealing compounds. The
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AN OVERVIEW OF LOSS MINIMIZATION METHODS IN MACHINES
Ali M. Bazzi and Philip T. Krein

Grainger Center for Electric Machinery and Electromechanics
Department of Electrical and Computer Engineering
University of Illinois at Urbana-Champaign
Abstract: This paper overviews loss minimization
methods used in induction and permanent magnet
synchronous machines. Energy-saving methods used
in commercial drives are discussed and their
advantages and drawbacks are highlighted.
Advanced methods that rely on machine parameters,
physics, or both, are studied in more detail. Two
examples are given to demonstrate their operation.

cut by half by year 2050. As the load increases and the
use of machines expands in different applications, the
need for energy-saving drives in both current and future
applications, is essential. Energy saving can be achieved
using different methods, the simplest of which are power
factor correction or voltage control. Commercial drives
currently have an “energy saving” mode that estimates
the load or uses operational assumptions. But, advanced
loss-minimization methods exist. When compared to
methods utilized commercially, advanced methods are
faster, more accurate, and/or independent of the drive
and its load.

Key Words: Loss minimization in machines, energysaving motor drives, induction machine losses,
permanent magnet synchronous machine losses.

This paper overviews energy-saving methods utilized in
commercial drives, and more advanced methods which
have better performance. The latter are mainly available
in research literature. The paper proceeds as follows:
Section II discusses commercial energy saving methods.
Section III demonstrates energy saving potential in a
motor drive under a typical load profile, and in a hybrid
vehicle application. Sections IV and V summarize
available loss minimization methods for induction
machines and PMSMs, respectively. These methods vary
based on dependence on the drive model parameters or
load, optimization method, and convergence time.
Simulations of advanced methods applied to an induction
machine and a PMSM are shown in Section VI. Section
VII concludes the paper.

I. INTRODUCTION
Numerous industry reports and research papers
emphasize the need for energy-saving control in drives.
Machines constitute the largest load on the electric grid.
Literature reports that at least 50% of the loads are
motors (50% is still pessimistic), while generators
dominate power generation. But, the utilization of motors
differs from one application sector to another. For
example, [1] reports that motors consume 60% of the
energy in industries and infrastructures, 30% of the
energy in buildings, and 85% of the energy of pumps,
fans, and compressors worldwide. Such distributions
imply that for the minimum of 50% electrical load share,
motors are mainly utilized in industrial, pumping, and
cooling applications.

II. COMMERCIAL ENERGY-SAVING METHODS

In renewable energy applications, such as wind turbines,
hydro generators, and electric transportation, machines
will still be heavily utilized. Wind turbines utilize
doubly-fed induction generators (DFIGs) or permanent
magnet synchronous generators (PMSGs). Modern
transportation is and will be heavily dependent on
machines. Most hybrid vehicles utilize permanent magnet
synchronous machines (PMSMs) [2], while several
electric vehicles use induction machines as the main
component in the drive train [3, 4].

Machines are usually designed for the highest efficiency
(η) around their rated load. In most applications, the
machine rating matches the worst-case load, but the
machine frequently runs below rated conditions. As the
load decreases, η decreases, and a larger percentage of
the input power is in the form of losses. The typical
efficiency curve of a 1.5 hp induction machine is shown
in Fig. 1. In pump applications, affinity laws show that
the required input power (Pin) is proportional to the cube
of its rotational speed; this implies that by using a drive
to control Pin, it can be significantly reduced under light
loads without affecting the pump operation.

In the years to come, energy demand, greenhouse gas
emissions, and depletion of non-renewable resources are
all expected to increase. Some reports, e.g. [1], project
that the load will double while CO2 emissions should be
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saving modes: a factory setting which can be manually
adjusted as an “energy saving coefficient” depending on
the drive capacity [8]. Once the energy-saving operating
mode is set, the operator can manually search for another
close point for more savings, or can engage an automatic
search that slightly adjusts the machine voltage while
avoiding getting the motor to stall. In vector-control
drives, the flux command can be reduced for energy
saving. Similar methods as in V/f voltage control are
applicable to flux control in vector drives.
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Fig. 1. Efficiency vs load curve of a 1.5 hp induction machine

Induction motor drive manufacturers have been
incorporating energy-saving methods in commercial
drives for several decades. Both open- or closed-loop
drives that include this option utilize flux weakening in
one way or another. In open-loop or volts per hertz (V/f)
drives, the V/f ratio is an approximation of the
magnetizing flux in the machine. The frequency is
maintained at a desired value proportional to the speed of
the machine. The voltage is reduced without disturbing
the load. Therefore, some drives such as [5] sense or
estimate the load where the voltage reduction continues
until the machine is not able to support the load. In
general voltage control for energy saving can be
summarized in the flow chart shown in Fig. 2.

While commercial energy-saving methods can achieve
lower Pin without knowledge of the machine parameters
(except when the load is estimated), their main drawback
is the long response time. They reduce Pin through an
iterative process that waits for steady-state after every
change in the voltage, and goes back to rated conditions
for any change in the speed command. As will be seen in
Section IV, this slow-response characteristic is common
in physics-based loss minimization methods that measure
Pin, perturb a control variable, and wait to check whether
Pin decreased or not. Manual tuning of the energy-saving
method is another drawback especially when drives are
for general purpose applications, e.g. E7 from Yaskawa.
Another potential drawback is load estimation, which is
not elaborated upon in published industry reports.
Estimation of the electromechanical torque requires
knowledge of the load characteristics (e.g. fan, pump,
compressors, etc.) or machine parameters. In this case,
the convergence of the energy-saving method to the
“true” minimum energy is sensitive to error in parameter
estimates.
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Speed command
changed?
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III. ENERGY-SAVING POTENTIAL IN MOTOR
DRIVES
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To demonstrate the energy-saving potential in motor
drives using any energy-saving method, two examples are
studied here. The first is a typical pump drive which
frequently runs below the rated load. The second is a
hybrid vehicle under a dynamic drive cycle. More
examples are shown in Section VI.
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Fig. 2. Flow chart of most commercial energy-saving voltagecontrol method

Another commercial energy-saving method that relies on
the speed is used in the Danfoss adaptive energy
optimization (AEO) under temperature fluctuations in a
pump application. For AEO, the temperature is measured
and the pump speed is adjusted accordingly to maintain
the temperature within a desired band [6]. Voltage
control is also used to save energy in several drives from
Siemens. The load current is monitored and the voltage is
decreased while the current decreases, until the current
starts to increase. Once the machine speed command is
changed, voltage is brought back to its required value
satisfying rated V/f, and then decreased as necessary [7].
E7 and other Yaskawa drives have two different energy-

A. Typical Pump Drive
A pump drive usually operates below its rated load, and
energy savings can be demonstrated by applying energysaving control. For a load profile given in Fig. 3 similar
to an example given in [9], a pump runs at less than the
rated load for 94% of the time. Matching this load profile
to Fig. 1, the average efficiency of the machine is
70.21%. The total input energy for 5000 hours of is
3.504 MWh.
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These examples show that any energy-saving method that
controls the flux is very useful. Whether the application
is simple and straightforward, e.g. pump, or advanced
and more complex, e.g. hybrid vehicle, significant energy
savings will result.
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IV. INDUCTION MACHINE LOSS MINIMIZATION
METHODS
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Fig. 3. Typical pump load distribution

Loss minimization methods or techniques (LMTs as
referred to in [12]) include several categories of
optimization algorithms that are applied in drives. The
cost function that is minimized could be Pin or the power
loss (Ploss), and the control variable differs from one
drive to another. Table I shows possible control variables
for different induction motor drives.

Applying the optimal flux to the machine (finding the
optimal flux is described in later sections), less energy is
drawn, and the enhanced efficiency profile is shown in
Fig. 4. Matching this new profile with the load leads to
an average efficiency of 82.75%, and an input energy of
3.100 MWh. Therefore 11.53% energy savings were
achieved. The significance of these savings can be
substantial — if motors are 50% of the global electrical
load, and all operate under such an energy-saving
scenario, 5.76% of the global energy can be saved while
generation and emissions can be reduced.

TABLE I
INDUCTION MOTOR DRIVES AND POSSIBLE ENERGY-SAVING
CONTROL VARIABLES

Drive
Constant V/f
Field-oriented control (FOC)
Direct-torque control (DTC)
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Efficiency (%)
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LMTs have been categorized as offline and online [12,
13]—offline LMTs use factory settings that are set by the
manufacturer to achieve energy savings, as in some
Yaskawa drives mentioned earlier; online or real-time
LMTs use feedback information from the machine or
drive to achieve minimum Pin or Ploss. Online LMTs are
further categorized as physics-based, model-based, or
hybrid. Physics-based methods are similar to commercial
methods where Pin is reduced by stepping the control
variable, e.g. voltage, until Pin stops decreasing and start
to increase. Model-based methods rely on an equation or
approximation of Ploss with parameter estimates of the
machine, and current or voltage feedback. Examples of
model-based methods are shown in Table II. In Table II,
Vm is the voltage across the magnetizing branch, i is
current, R is resistance, subscripts q and d are q- and daxis variables, respectively; subscripts s, r, and c are
stator, rotor, and core variables, respectively; Lm and Lr
are the magnetizing and rotor inductances, respectively;
and Te is the electromechanical torque.
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Fig. 4. Nominal and enhanced efficiencies of a 1.5 hp induction
machine

B. Hybrid Vehicle Application
The nominal and optimal efficiency profiles of a 10 hp
induction machine used in a hybrid vehicle [10] are
shown in Fig. 5. Efficiency improvement and energy
savings are less in higher-power machines as these
machines are more efficient over a wider load range.
Under the urban dynamometer driving schedule (UDDS)
[11], the input energy to the machine was reduced from
962 Wh under nominal flux to 908.3 Wh under optimal
flux — 5.58 % energy savings.
100

Hybrid methods have characteristics from both physicsand model-based methods where they could step the
control variable to reduce an estimated Ploss, or use
machine parameters to estimate flux, torque, or other
variables to be used by an LMT. An example of a hybrid
technique is ripple correlation control (RCC) which
requires a flux estimate to achieve minimum Pin. Without
the flux estimator dependence on machine parameters,
RCC would be a physics-based method.
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Fig. 5. Nominal and optimal efficiencies of a 10 hp
induction machine in a hybrid vehicle
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b are constant terms dependent on the machine
parameters, and ωr is the rotor speed.

In induction machine applications, physics-based
methods are slow and oscillate around the minimum
power point, but are independent of the machine
parameters. Model-based methods converge fast to the
minimum. But, they are parameter dependent, do not
capture all losses accurately depending on the model
used, and could converge to a sub-optimal operating
point with parameter inaccuracies. Hybrid methods
combine the best of both model- and physics-based
methods — less parameter-dependence than model-based
methods, and faster convergence than physics-based
methods. More details about the general characteristics,
comparisons, and operation of these three categories are
given in [12, 13].

The most common energy-saving control method in a
PMSM is to set ids = 0 which achieves maximum torque
per amp. For example, if all the currents in the first row
of Table III are independent from ids by assuming that Rc
is large and idc is very small, ids = 0 satisfies ∂Ploss/∂ids = 0
and minimizes Ploss.
TABLE III
EXAMPLES OF PMSM Ploss MODELS AND THEIR CONTROL
VARIABLES

Rs (iqs2  ids2 )  Rc (iqc2  idc2 )  r TM

TABLE II
EXAMPLES OF INDUCTION MACHINE Ploss MODELS AND THEIR

is2 Rs  ir2 Rr 

Vm 2
Rc

Control variable
[14], [15]

b1ids2  b2iqs2  b3ids  b4

Voltage

Rs (iqs2  ids2 )  Rc (iqs  ir )2  Rr ir2 [16]

ids

Rs 2 Rs L2r 2 Rr 2
dr  2 2 Te  2 Te [17]
L2m
Lm dr
dr

λdr

[20, 21]

a1d2  a2q2  a3d q  a4d  a5q  a6

CONTROL VARIABLES

Ploss

Control
variable

Ploss

[23]

[26]

ids

s  d2  q2
λdr

Physics-based methods also referred to as “search
control,” are similar to those used in induction machines.
Even though they are not popular in PMSM literature due
to their slow response and oscillation around the
minimum-power point, some do exist, e.g., [27, 28]. In
[27], the V/f ratio is perturbed towards the minimum.
Hybrid methods also exist, such as in [29], where the
controller searches for ids within certain constraints to
minimize losses. An estimate of Ploss that relies on the
machine parameters is used as the cost function
(therefore, the method presented in [29] combines
physics- and model-based aspects and can be categorized
as hybrid.) Other methods that incorporate fuzzy logic
control can be categorized on individual basis.

V. PMSM LOSS MINIMIZATION METHODS
Loss minimization in PMSMs is very similar to that in
induction machines, except that vector control and DTC
have different implementations from their induction
machine versions. In general, model-based, physicsbased, and hybrid categories of PMSM LMTs are similar
to those of induction machines. While PMSM energysaving methods have not been commercialized, they are
available in the research literature, especially modelbased methods. PMSMs have three main motor
parameters in most Ploss estimates: Rs, and the q- and daxis inductances Lq and Ld. The magnetizing flux in the
rotor magnet, λm, is also common in some Ploss estimates.
Given the lower number of parameters compared to
induction machines, model-based methods have been
shown to perform well in PMSMs. In vector-controlled
PMSM drives, the two control variables are iqs and ids.
For energy saving control ids is usually used as the
control variable [18-22]. Some references, e.g. [23, 24]
minimize losses with respect to both iqs and ids. In DTC
drives, model-based methods use ids [25] and λs [26] to
achieve minimum power. Examples of Ploss estimates in a
PMSM are shown in Table III where iqc and idc are the qand d-axis currents in the core resistance Rc, λq and λd are
the q- and d-axis stator flux linkages, respectively; a and

VI. SIMULATIONS OF ADVANCED LMTs
Simulations in MATLAB/Simulink were performed to
show the ability of non-commercial energy-saving
methods to effectively minimize losses in a very short
time. Experimental results of the aforementioned modelbased, physics-based, and hybrid methods can be found
in the literature. For further comparisons of induction
motor LMTs, readers are referred to [12, 13]. Modelbased methods are the simplest to simulate. The third
Ploss estimate in Table II is used to demonstrate loss
minimization in an induction machine. “ids = 0” control is
used to minimize copper losses in the PMSM where Ploss
is simplified to be Rs(iqs2+ids2). Block diagrams of the
simulated drives are shown in Figures 6 (a) and (b) where
ωm is the mechanical speed and * superscripts show a
command quantity.
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B. PMSM Loss Minimization

Induction
Machine

A similar 1.5 hp PMSM was simulated under vector
control. Again, iqs is generated from the speed PID loop.
ids = 0 is set to minimize the copper loss for a command
speed of 1000 RPM and torque of 2 N·m (around 20% of
the rated load). At t = 2.5 s, ids is reduced from 2 A to 0
A. Ploss, ids, and ωm are shown in Fig. 8. Ploss is reduced
by 27.7 % from 130 W to 94 W. Ploss reaches its
minimum value in less than 500 ms, which is also
significantly faster than a commercial or physics-based
method. If 1000 similar PMSMs are run for one year
under minimum-loss control, energy savings of 315.36
MWh can be achieved.
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Fig. 6. Block diagram of loss minimization in (a) induction
motor and (b) PMSM
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A. Induction Machine Loss Minimization
A 1.5 hp induction machine was simulated under indirect
field-oriented control (IFOC). While iqs is generated from
the speed PID loop, ids is calculated as ids = λdr / Lm.
Under minimum-loss control, λdr is set to minimize Ploss
given in the third row of Table II. For a command speed
of 1000 RPM and torque of 2 N·m (around 20% of the
rated load), the LMT is engaged at t = 2.5 s. Ploss, λdr, and
ωm command are shown in Fig. 7.
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Fig. 8. PMSM Ploss, ids, and speed before and after loss
minimization control is engaged
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This paper presented an overview of loss minimization
methods in commercial, induction machine, and PMSM
drives. Commercial drives employ slow, iterative, and
inaccurate energy-saving algorithms and mainly target
induction machines. Advanced loss minimization
methods were studied and categorized based on
parameter dependence and convergence time. Three
categories were highlighted for both induction machines
and PMSMs — model-based, physics-based, and hybrid.
Examples of model-based methods for both machines
were introduced. Simulations of an IFOC induction
motor drive and vector-controlled PMSM drive showed
significant reduction in power losses — 16.4% and
27.7%, respectively. Energy savings under minimum-loss
or energy saving control were significant, especially
when larger numbers of motor drives employ this control.
Advanced methods were shown to achieve significant
reduction of power losses with fast convergence.
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Fig. 7. Induction motor Ploss, flux command, and speed before
and after loss minimization control is engaged

Ploss is reduced by 16.4 % from 122 W to 102 W, and λdr
is dropped from 0.7 V·s to 0.49 V·s. The response time
of the LMT is less than 500 ms, which is significantly
faster than a commercial or physics-based method.
Running 1000 similar induction machines in pump or fan
applications for one year would result in 175.2 MWh of
energy savings.
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APPLICATION OF EPOXY-ANHYDRIDE VPI RESIN WITH LOW VISCOSITY
IN 5MW PERMANENT MAGNET SYNCHRONOUS WIND GENERATORS
ZENG CAIPING 1, XIA YU2, WANG WEN2
1 Xiangtan Electric Manufacturing Corporation Ltd, Xiangtan, Hunan, China, 411101
2 Suzhou Jufeng Electrical Insulation System Co., Ltd., Suzhou, Jiangsu, China, 215214
Abstract ： A new type of epoxy-anhydride
insulation VPI resin (JF-9955) with low
viscosity and curing volatile was applied for
VPI treatment of stator windings for the 5MW
permanent magnet synchronous wind-driven
generators. The properties of bars and coils
impregnated with this resin are tested and
compared with conventional Epoxy EsterStyrene system and unsaturated polyesterimide
vinyltoluene (VT) system. The results indicate
that all the electrical insulation properties are
much better than that of those conventional
VPI systems. The properties of coils and
generators are tested, and all the results
indicate that the insulation properties of the
stator windings impregnated with this VPI
resin are up to the designed requirements. The
5MW permanent magnet synchronous winddriven generators treated with the as mentioned
epoxy-anhydride insulation VPI resins have
been completed and off the production line
successfully
in
Xiangtan
Electric
Manufacturing Corporation Ltd.
Key words: epoxy-anhydride VPI resin, low
viscosity, 5MW permanent magnet synchronous
wind-driven generator.

b. Various environmental factors such as salt-fog,
moisture, temperature differences, vibration, dusts
and lightning etc. will corrode and hurt the
insulation. That makes the insulation life of
generators difficult to satisfy the design
requirements.
c. Huge size (The diameter of the stators is up to
5.4 m, which is much bigger than that of the 2MW
wind generator stators). According to the
stationary curing technology applied in the 2MW
wind generator stators, the impregnating resin will
lose a lot and the insulation performances are
difficult to satisfy the design requirements.
However, the rotational curing technology not only
needs big investment and long construction period,
but also creates a huge risk.
Therefore, the insulation systems applied in
the 5MW generators’ stator windings must be of
excellent comprehensive performances, including
electrical properties, mechanical properties, and
environmental endurances etc.
The epoxyanhydride VPI resin system has been known as
one of the best insulation system for VPI treatment
of various kinds of coils and bars, so it was chosen
to treat the 5MW generators’ stator windings in
this report.

I. INTRODUCTION

II. DISCUSSION

Generally, low binder mica VPI insulation
It is a beginning in China to independently
system is used in wind generators. When the VPI
develop and manufacture 5MW direct-driving
technology is confirmed, the VPI resin will play
permanent magnet synchronous wind-driven
key roles in the whole insulation system of
generators (PMSG) because just a few 5MW
electrical insulation properties, mechanical
PMSGs have been manufactured in the world so
properties, thermal resistant properties, and
far. Compared to conventional high-voltage
environmental resistant properties etc. So, three
motors, the insulation system applied in the
major types of VPI resin systems are compared
PMSGs will endure more rigorous challenges due
first below.
to the followings:
a. The PMSGs are connected to frequency
2.1. Comparison of the main three VPI resin
converters, with the working voltage up to 3.3kV.
systems
Sharp-peak voltage occurs in the end voltage
From 1960s to 1980s, three VPI resin systems
waves of generators due to the voltage rising rate
were developed internationally. They are Epoxy
of frequency converters and circuit. The sharpester-Styrene system, unsaturated polyester imide peak voltage can be up to 2-5 times of rated
vinyltoluene (VT) system, and low-viscosity type
voltage value, which will induce the increase of
Epoxy-Anhydride system. The curing properties of
partial discharge, accelerate the insulation aging,
the three types of VPI resin are listed in Table 1.
and shorten the insulation life of generators [1-2].
Table 1. The curing properties of the three types of VPI resin
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VPI resin system
Epoxy ester-Styrene
VT system
JF-9955

Viscosity
(25℃, cps)
50-100
150-250
80-200

The results shown in Table 1 indicate that
more volatility occurs in the curing process of
Epoxy ester-Styrene resin, which induce
environmental pollution and materials waste. More
seriously, large volatile will further induce lots of
microscopic cavities that impact the insulation
integrity,
electrical
insulation
properties,
mechanical properties, thermal resistant properties,
thermal conductive properties, and environmental
resistant properties etc. Therefore, the EpoxyStyrene resin is excluded from the consideration of
this 5MW wind generators’ insulation first. The
curing volatility of the VT system is lower than
that of the Epoxy ester-Styrene system. However,
it is still high and many microscopic cavities will
occur in the insulation construction. As a
comparison, the volatility of JF-9955 EpoxyAnhydride system is almost zero, and the
shrinkage during curing is very small, which lead
to a real integrated insulation construction without
microscopic cavities. In addition, the viscosity of
JF-9955 is quite low. That makes it adequate for
impregnation at room temperature, same as the VT
system VPI resin.

Curing volatile

Curing shrinkage

25%
5%
1.5%

8%
6%
1.5%

2.2.1 The test of adhered resin weight
Bake curing after VPI process is a knotty
problem for insulation treatment of large electrical
machines. The rotating baking process has several
disadvantages, such as large cost, low production
efficiency, and higher risks. On the other hand,
stationary baking process may cause large amount
of impregnating resin losing from inside of the
work piece while baking temperature rise up
slowly. The loss of insulation resin weight will
reduce insulation performance of the electrical
machines. Fortunately, the adhered resin weight of
the windings impregnated with Epoxy-anhydride
VPI resin can be much improved because the resin
begins to cross-link at low temperature, because it
is catalyzed by the accelerator in the main wall
insulation layers.
The adhered resin weight of JF9955 epoxyanhydride VPI resin and VT VPI resin is listed in
Table 2. The test results indicate that the adhered
resin content of the bars impregnated with JF9955
Epoxy-anhydride VPI resin is much higher than
that impregnated with VT resin.
2.2.2 Conventional Electric Properties Test
Conventional electrical insulation properties
tests results are shown in Table 3, Table 4, and
Table 5.

2.2. Application experiments of the JF-9955
Epoxy-Anhydride VPI resin
Table 2. The test of adhered resin weight
Bar
No.

Weight after
packaged, g

Weight after
impregnatin
g, g

Adhered
resin weight,
g

mica tape
weight, g

VT system VPI
resin
（JN1148HB）

39

654.3

671.1

16.8

85.78

30
10

650.3
648.5

666.2
663.3

15.9
14.8

83.98
84.00

Epoxy-anhydride
VPI resin
（JF9955）

44
43
34

656.6
650.9
644.9

676.7
669.5
666.7

20.1
18.6
21.8

85.60
82.70
86.10

Resin type
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Adhered
resin
content, %

18.7

23.8

Table 3. Dielectric loss test results
NO.
1
2
3

edge
Upper edge
Lower edge
Upper edge
Lower edge
Upper edge
Lower edge

0.2Un
0.88
0.81
0.97
0.71
0.79
0.65

0.4Un
0.90
0.83
1.24
0.81
0.84
0.70

0.6Un
0.90
0.83
1.48
0.91
0.84
0.72

0.8Un
0.91
0.83
1.95
0.98
0.88
0.74

1.0Un
0.92
0.82
2.76
1.08
0.90
0.78

1.2Un
0.95
0.83
3.43
1.15
1.03
0.81

Δtgδ%
0.01
0.01
0.26
0.10
0.02
0.03

tgδ% 155℃
4.86
4.79
4.09
3.53
4.61
4.54

Breakdown
voltage （
kV）
16.50
17.20
21.30
21.30
19.50
20.60

Breakdown
strength
（KV/mm）
46.7
47.8
42.2
46.7
47.8
44.4

Table 4. Retained resin weight and breakdown voltage test results
NO.
1
2
3

Edge
Upper edge
Lower edge
Upper edge
Lower edge
Upper edge
Lower edge

Weight before
VPI, kg

Weight after
VPI, kg

Adhered resin
weight (g)

15.31

15.93

620

15.16

15.79

630

15.28

15.89

610

Table 5. Average partial discharge test data
Test item

Voltage (V)

Result

Gear

Discharge capacity (pc)

PDEV

1690

13.2

3

66

UN
RPDIV

4300
1210

83.2
13.4

3
416
3
67
assessment. The most important properties of
offshore wind generators are moisture resistivity
and anti-salt spray capability. In order to assess
these protective properties, simulated water
immersion test was carried out. See Figure 2. Test
method: The join parts of the bars shown in Figure
2 were immersed in water for different hours and
then the electrical resistance was measured. The
results are listed in Table 6. The test results
indicate that the insulation properties do not
declined significantly after immersing in water for
19 hrs. These test results meet the requirements of
standard specification for the 5MWwind power
generators settled on the sea.
The above results indicate that all the
electrical insulation properties and water resistance
of the insulating construction impregnated with
JF9955 Epoxy-anhydride VPI resin are excellent,
which can be satisfied with the operating design
requirements.

The test results indicate that:
a. The dielectric loss and incremental dielectric
loss at room temperature or 155℃ are much better
than that of the design requirements.
b. The breakdown strength is also much better than
that of the design requirements.
c. Partial discharge inception voltage (PDIV) is
superior.
2.2.3 Electrical aging test
Figure 1 shows the coils under electrical
aging test. The test is according to the standard:
GB/T17948.4-2006[3]; Testing voltage ： 21KV.
Test result: Stator bars have more than 1813 hrs of
aging without failure. Stator coils have more than
1642 hrs (also no failure).
2.2.4 Water immersion test
Environmental resistant properties are also
very important for the wind generators’ insulation

Table 6. The bars’ water immersion test results
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Scheme

Impregnated
with JF9955

No.

Before
water
immersion

Immersed
for 0.5h

Immersing
for 1h

Immersin
g for 15h

Immersing
for 17h

Immersing
for 19h

1

8.36×1013

5.49×1013

4.57×1013

1.29×1013

1.57×1013

1.57×1013

2

8.25×1013

1.97×1013

2.47×1013

3.55×1013

3.37×1012

1.03×1013

3

7.94×1013

3.77×1013

1.59×1013

1.67×1013

1.66×1013

1.76×1013

Figure 1. Electrical aging test of coils

Figure 2. Samples for the water immersion tests

III. CONCLUSIONS
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An JF-9955 Epoxy-anhydride VPI resin with low viscosity at
room temperature is promoted for insulation of the stator coils
used in 5MW permanent magnet synchronous wind-driven
generators. The curing volatile of JF-9955 is much lower than
that of the VT VPI resin, and the insulation properties of the
as mentioned VPI resin are also much better than that of the
VT resin.
All the test results indicate that the insulation properties of
the stator windings impregnated with JF9955 VPI resin meet
the design requirements. The 5MW permanent magnet
synchronous wind-driven generators treated with the as
mentioned JF-9955 VPI resin has been completed and off the
production line successfully.
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AUDIO-SUSCEPTIBILITY OF PWM DC-DC BOOST CONVERTER
Ramchandra M. Kotecha and Marian K. Kazimierczuk, Ph.D.
Wright State University
loop open in the absence of any controller has not been
reported yet.

Abstract: The generalized expression for the audiosusceptibility of current-mode controlled PWM dc-dc
converter in CCM is derived and illustrated with the
outer voltage loop open. With outer voltage loop
open, the closed inner-loop and the power stages are
used for the derivation of audio-susceptibility. Also,
the input and output voltages are assumed to be fixed
in the first case. While in the second case, the input
and output voltages are not considered as fixed and
feed-forward gains are included for the derivation.
The parasitic components are included in deriving the
transfer function in both the cases. A boost converter
is chosen as an example. Small-signal characteristics
are plotted using MATLAB and simplified analytical
transfer functions. In the absence of any controller
with the outer voltage loop open, the audiosusceptibility increases, which is shown by smallsignal characteristics. However, with the feedforward gains, the audio-susceptibility improves as
the value of the perturbation ratio a decreases.

The objective of this paper is to derive a generalized,
converter-independent expression for the audiosusceptibility of the inner loop of PWM dc-dc converter
with current-mode control and with the outer voltage
loop open and without any control circuit.
II. POWER STAGES OF BOOST CONVERTER
Power stage of a PWM dc-dc boost converter and its
small-signal model are shown in Fig. 1(a) and (b). As
shown in the Fig. 1(a), S and D are the switching
components, whereas L, C and RL are the passive
components. The equivalent resistance in Fig. 1(b) is
given by
, where rL is the
parasitic resistance of the inductor, rDS is the MOSFET
on-resistance, and RF is the forward resistance of the
diode. Resistance rC is the parasitic resistance of the filter
capacitor [1-3].

I. INTRODUCTION

S

Several researchers have come up with the modeling of
power stages of PWM dc-dc converter [1-7]. It is
essential to model the power stages to derive the openloop and closed-loop transfer functions of a currentmode controlled system for the PWM converters. Also, it
is important to model the current-sampling function to
derive a complete model for the current-mode controlled
system of PWM dc-dc to converter. Several models for
the current-mode control of PWM dc-dc converters have
been presented in the past [1-7]. A block-diagram for
determining the audio-susceptibility of a current-mode
controlled dc-dc buck converter is shown in [1]. It is
essential to minimize the audio-susceptibility of a PWM
dc-dc converter as much as possible for a smooth
response. In one of the widely used models, it is shown
that the audio-susceptibility can be completely nulled at
a certain value of slope compensation for a PWM buck
converter [4]. However, the audio-susceptibility is very
sensitive around the null and it may be difficult to
practically achieve the null [4].

+
vi
VI
-

C

RL

L

+
V0 + vo
-

D’
Figure 1(a). Power stages of boost converter [1]
L

r

Dvo
-+

Vod
-+

ILd

C

iL
+
vi
-

Dil

RL
rC

+
vo
-

Figure 1(b). Small-signal model of boost converter
[1]

The audio-susceptibility of the power stage of the boost
converter has been shown in the past [1]. In addition, the
audio-susceptibility of the PWM converters with currentmode control with both the inner and outer loops closed
has also been shown in the past [1] and [4]. However, the
audio-susceptibility of a multi-loop system with the outer

III. AUDIO-SUSCEPTIBILITY WITHOUT FEEDFORWARD GAINS
A. Block Diagram with Current-Mode Control
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Fig. 2 shows the block diagram of a multi-loop currentmode controlled system for PWM dc-dc converters with
constant input and output voltages [1]. In subsequent
analysis, the outer voltage loop is left open and only the
inner current loop is closed to derive the transfer function
for the audio-susceptibility. The expression based on this
block diagram is a converter-independent generalized
expression. Since the outer voltage loop is left open, vc =
0, where vc is the control voltage for the inner current
loop [1].

vr = 0

+
-

vei

d

Tms

=
where M1 is the on-time slope of the inductor current, M2
is the off-time slope of the inductor current and M3 is the
external slope required for the compensation [1]. For the
system to be asymptotically stable, the value of a has to
be less than 1 [1].

Mv

vi
vc

block diagram have already been derived in [1]. The
perturbation ratio a is defined by the expression

Vo’
Tp

+

Vo’’
+

C. Simulation of Analytical Expression
The following circuit parameters were chosen to show
the bode plots for the current-mode controlled boost
converter: VI = 10 VO = 20 V RL = 40 Ω, C = 68 μF, L =
156 μH, r = 0.316 Ω, rDS = 0.18 Ω, RF = 0.072 Ω, D =
0.555, rC = 0.111 Ω, and fS = 100 kHz [1].

Vo

vfi
Rs

il

i’
+l
+
il’’

Tpi
Mvi

20
10

Figure 2. Block diagram of the inner-loop of the currentmode controlled system of PWM dc-dc converter
without feed-forward gains.
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From the block diagram in Fig. 2,
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Fig. 3(a). Magnitude plot for Mvc as a function of
frequency
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Fig. 3(b) Phase plot for Mvc as a function of frequency.

where Mvc is the audio-susceptibility transfer function
with the outer loop open. The transfer functions of this
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IV. AUDIO-SUSCEPTIBILITY WITH FEEDFORWARD GAINS

(13)

A. Block Diagram with Current-Mode Control

For the boost converter, Ko = 0, which gives the inner
loop audio-susceptibility transfer function Mvd from the
above expression [1]. This is the audio-susceptibility
transfer function of the inner-loop with the outer-loop
open and taking into account the feed-forward gains.
Therefore, the audio-susceptibility transfer function is
given by

Here, we do not assume the voltages to be fixed and so
we allow some perturbations in the system. The
expressions for the feed-forward gains Ki and Ko have
already been derived in [1]. Using those expressions and
the block diagram shown below, an expression for the
audio-susceptibility can be derived. This expression is
derived with the outer loop open and without any
controller similar to the first case.

(14)

Mv

vi

The above expression is used to plot the small-signal
characteristics using MATLAB. The same circuit
parameters are used in this case as well to show
consistency in the small-signal characteristics. The
expression for Ki is given by

Ki
+
vr = 0

vei

+

Tms

Rs

d

+

vfi
il

+

+
+
il’’

i l’

Tp

Vo’’
Vo’ +
+

Vo

(15)

Ko

Tpi

where M3 is the external ramp used for compensation and
M1 is the rising slope of the inductor current [1]. The
value for the ratio M3/M1 is constrained by the value of
duty cycle [1]. From the Bode plots, it is clear that gain
and phase increase further with the disturbances in the
loop.

Mvi

Figure 4. Block diagram of the inner loop of the currentmode controlled system of a PWM dc-dc converter with
feed-forward gains [1].
B. Derivation of Audio-Susceptibility

20

From the block-diagram in Fig. 4, an expression for the
audio transfer function can be derived. Also, Ki and Ko
are the feed-forward gains [1]. From the block diagram
in Fig. 4,

Equation (2) and (10) gives,

10
0

|Mvd| (dB)

-10

(10)

-20
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Mv

(11)
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Also, from the block diagram in Fig. 4,
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Fig. 5(a). Magnitude plot of Mvd as a function of
frequency.

(12)
(13)
and
(14)
Equation (12), (13) and (14) gives
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Fig. 5(b). Phase plot of Mvd as a function of frequency.
IV EFFECT OF Ki

Figure 6(b). Phase plot of Mvd for three different values
of Ki.

With a constant value of the perturbation ratio a,
different values of Ki, are chosen to show the effect of ki
on the audio-susceptibility. The value of Ki is constrained
by the value of the ratio M3/M1 and duty cycle D [1]. The
minimum value of M3/M1 is also constrained by the duty
cycle [1]. Based on this constraint, the two values chose
for Ki are -0.041 and -0.054. Also, when Ki = 0, the
audio-susceptibility expression is same as that without
the feed-forward gains. The small-signal characteristics
are shown in the figures 6(a) and 6(b). From the
characteristics, it is clear that the gain and phase
improves as the absolute value of Ki increases.

IV. CONCLUSIONS
From the Bode plots, it is quite clear that the audiosusceptibility of the inner loop of the boost converter
increases compared to audio susceptibility of the power
stages in the absence of any controller in the outer
voltage loop. However, as seen from the Bode plots, the
gain and phase of audio-susceptibility increase with
higher value of perturbation ratio a in the first case i.e.
with constant voltages. Whilst with the feed-forward
gains, the audio-susceptibility is improved, but with a
higher value of a, it increases.
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BANDWIDTH OF TRANSFORMERS
Nisha Kondrath1, Andrew Kondrath2, and Marian K. Kazimierczuk3
University of Minnesota at Duluth1, Wright State University2, 3
Abstract: Transformers are used in RF amplifiers
conducting sinusoidal waveforms and in pulse-width
modulated converters conducting non-sinusoidal
waveforms. In both the cases, in order to assure
proper system operation, it is necessary for the
transformer to have adequate bandwidth. In this
paper, an equivalent circuit of the transformer
including the different parasitic components is
presented. Wide-frequency, high-frequency, lowfrequency transfer functions of the transformer are
derived. The frequency responses of the transformer
in wide-frequency, high-frequency, and lowfrequency ranges are illustrated using MATLAB.

(a)

(b)

Figure 1. Transformer. (a) Ideal circuit. (b) With turns
ratio.

Key Words: Bandwidth, frequency responses, lowfrequency transfer function, high-frequency transfer
function, wide-frequency transfer function, transformer
I. INTRODUCTION

Figure 2. Wide-frequency equivalent circuit.

Transformers have a wide-range of applications such as
in power transmission, RF amplifiers, and pulse-width
modulated converters [1]-[7]. Depending on the
application, transformers conduct sinusoidal or nonsinusoidal waveforms and may or may not contain a dc
component. To ensure proper operation, it is necessary
for the transformer to have adequate bandwidth.

II. TRANSFORMER EQUIVALENT CIRCUIT
Fig. 1(a) shows an ideal transformer circuit, where vi is
the input voltage to the transformer, vo is the output
voltage of the transformer, Np is the number of turns in
the primary winding, and Ns is the number of turns in the
secondary. In Fig. 1(b), the turns ratio is defined as the
ratio of number of turns in the primary to the number of
turns in the secondary and is given by
n  N p N s  v p vs .
(1)

This paper presents an equivalent circuit of the
transformer including the parasitic components of the
primary and secondary winding and core resistance. The
wide-frequency, low-frequency, and high-frequency
transfer functions of the transformer are derived. The
frequency responses of a selected transformer for lowfrequency, high-frequency, and wide-frequency ranges
are illustrated using MATLAB.

Also, the voltage across the primary winding v p  v i , the
voltage across the secondary winding v s  v o , and the
ratio of output voltage to input voltage Av  vo vi  1 n ,
when the transformer is ideal. But in all practical
situations, v p  vi and v s  v o due to the parasitic
components of the transformer. Fig. 2 shows a widefrequency equivalent circuit of the transformer including
parasitic components such as parasitic capacitance of the
primary winding Cp, primary leakage inductance Llp,
primary winding resistance Rwp, parasitic resistance of the
core Rc, secondary leakage inductance Lls, secondary
winding resistance Rws, parasitic capacitance of the
secondary winding Cs, and magnetizing inductance Lm.
For simplicity, a resistive load RL is considered for the
following analysis.

Section II presents a wide-frequency model for the
transformer including the parasitic components and
Section III presents and illustrates the wide-frequency
transfer function. Low-frequency and high-frequency
transfer functions as well as the illustrations using
MATLAB are given in Sections IV and V, respectively.
Also, expressions for lower cutoff and higher cutoff
frequencies have been derived. An expression for the
bandwidth of the transformer is presented in Section VI.
Section VII presents the summary and conclusions.
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The presence of parasitic components affects the
properties of the transformer, especially the bandwidth of
the transformer. The parasitic components affect both the
lower cutoff frequency and the upper cutoff frequency.
Using respective equivalent circuits, input-to-ouput
transfer functions of the transformer in wide-frequency,
low-frequency, and high-frequency, ranges will be
derived in the following sections. Also, expressions for
the lower cutoff frequency fL, upper cutoff frequency fH,
and the bandwidth BW will be extracted from the
respective input-to-output transfer functions. Using the
turns ratio n  N p N s  v p v s , the primary transfer
function Avp  v p vi , and

the

secondary

AvsWF



transfer



III. WIDE-FREQUENCY TRANSFER FUNCTION

Thus,

AvpWF

(4)

B. Simulation Results
To illustrate the derived transfer function, a transformer
design for PWM dc-dc flyback converter operating in
CCM was selected. The transformer parameters were:
n  1.5 ,
turns
ratio
magnetizing
inductance
Lm  500 H , primary winding parasitic resistance

sLm Rc
 2
s Llp Lm  s Llp Rc  Lm Rwp  Lm Rc  Rwp Rc





s
(5)
.


R

R
R
R
R
wp
c
wp
c
2

s  s c 
 Lm
 Llp Lm
L
lp


Similarly, the secondary transfer function of the
transformer can be obtained as
v
Z2
AvsWF  o 
,
(6)
v s sLls  Rws  Z 2
where
RL
sC s
RL
Z2 

.
(7)
1
sC s R L  1
 RL
sC s
Hence,


(9)


R
Rwp  Rc  Rwp Rc 


DenAvWF   s 2  s c 
 Lm
 Llp Lm 
Llp




 2
 1
R   Rws
1 
.
  s  s
 ws   

Lls   C s Lls R L C s Lls 
 C s RL

(10)
The obtained wide-frequency transfer function is a
fourth-order function with one zero at origin.

From Fig. 2, the primary transfer function of the
transformer over a wide range of frequencies can be
derived as
vp
Z1
(3)
AvpWF 

,
vi
sLlp  Rwp  Z1

sLm Rc
.
sLm  Rc

Rc
s
,
Cs Lls Llp DenAvWF

where

A. Derivation

Z1 

RL
s 2Cs Lls RL  sLls  Cs Rws RL   Rws  RL 

1
Cs Lls

. (8)

1
Rws   Rws
1 
2


s  s


 

 Cs RL Lls   Cs Lls RL Cs Lls 
Therefore, the wide-frequency transfer function of the
transformer is obtained as
AvpWF AvsWF
v
AvWF  o 
vi
n

function Avs  vo v s , the transformer input-to-output
transfer function is obtained as
Avp Avs
Av  vo vi 
.
(2)
n

where

RL
v
sCs RL  1
 o 
RL
vs sL  R 
ls
ws
sCs RL  1

Rc
Llp

Rwp  125.8 m ,

primary

leakage

inductance

Llp  25 H , primary winding parasitic capacitance
C p  30 pF , secondary winding parasitic resistance
Rws  43.71 m , secondary leakage inductance
Lls 11.1 H secondary winding parasitic capacitance
C s  20 pF , core resistance Rc  10 k , and load
resistance RL  50  .
Fig. 3 shows the wide-frequency Bode plots illustrating
the wide-frequency transfer function obtained in (9) with
transformer parameters given above. From Fig. 3(a), the
mid-frequency
gain
of
the
transformer
is
1
Avmid  0.634 
 0.667, the lower cutoff frequency
1.5
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Figure 4. Low-frequency equivalent circuit.

AvpLF

(a)

sLm Rc
sLm  Rc


sLm Rc
vi
Rwp 
sLm  Rc
vp



sLm Rc
sLm Rwp  Rc  Rwp Rc



Rc
Rwp  Rc





s

s
Rwp Rc



Lm Rwp  Rc

(11)

.



Also, the secondary transfer function is obtained as
v
RL
AvsLF  o 
 1, if Rws  RL . (12)
vs
Rws  RL
Therefore, the low-frequency input-to-output transfer
function of the transformer is obtained as
AvpLF AvsLF
v
AvLF  o 
vi
n


(b)
Figure 3. Wide-frequency Bode plots. (a) Magnitude. (b)
Phase.



of the transformer is f L  38 Hz, and the upper cutoff

where

frequency of the transformer is f H  790 kHz. Fig. 3(b)
shows the phase of the transformer in the wide-frequency
range. The figure shows that there is one pole
corresponding to the lower cutoff frequency and three
poles in the high frequency region.

L 

Rc
1
n Rwp  Rc

s

s
Rwp Rc



Lm Rwp  Rc

Rc
1
s
,
n Rwp  Rc s   L

Rwp Rc



Lm Rwp  Rc






(13)

Rwp || Rc
Lm

.

(14)

The obtained low-frequency transfer function is a firstorder function with a single pole at ωL and a single zero
at origin. Using (14), the expression for the lower cutoff
frequency can be derived as
Rwp Rc
Rwp || Rc

fL  L 

. (15)
2 2Lm Rwp  Rc
2Lm

IV. LOW-FREQUENCY TRANSFER FUNCTION



A. Derivation



Therefore, to have a very low value of lower cutoff
frequency, the primary winding should be low and
magnetizing inductance should be high.

At low frequencies, the equivalent circuit of the
transformer shown in Fig. 2 reduces to that shown in Fig.
3. In this frequency range, Cp and Cs present very high
reactances and Llp and Lls present very low reactances.
The magnetizing inductance Lm is very high and presents
a reactance comparable to the core resistance Rc. From
the figure, the primary transfer function is obtained as

Using the given specifications, the lower cutoff
frequency of the selected transformer is
Rwp Rc

fL  L 
2 2Lm Rwp  Rc
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(a)

Figure 6. Step response of the transformer for low
frequencies.
V. HIGH-FREQUENCY TRANSFER FUNCTION
A. Derivation
At high frequencies, the reactances presented by Llp and
Lls are much higher than Rwp and Rws. Also, the reactance
presented by Lm is very high compared to Rc. Therefore,
at high frequencies, the equivalent circuit shown in Fig. 2
reduces to that shown in Fig. 4. Using the high-frequency
equivalent circuit, the primary transfer function is
Rc
L
v
Rc
lp
AvsHF  o 

R
v s sLlp  Rc
s c
Llp

(b)
Figure 5. Low-frequency Bode plots. (a) Magnitude. (b)
Phase.
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  39.79 Hz.

p

where

p 

(16)
B. Simulation Results

,

(17)

Rc
.
Llp

(18)

s p

Also, from Fig. 4, the secondary transfer function is
obtained as
vp
Z2

.
AvpHF 
(19)
vi
sLls  Z 2
Substituting (7) into (19),
RL
RL
sCs RL  1
 2
AvpHF 
RL
s
C
L
R
s ls L  sLls  RL
sLls 
sCs RL  1

Using the transformer parameters given in Section III.B,
the frequency response of the transformer at low
frequencies has been illustrated using MATLAB. Fig. 5
shows the Bode plots of the transformer in the lowfrequency range using (13). As seen in Fig. 5(a), the gain
1
increases from 0 to Avmid 
 0.667, as expected.
1.5
The lower cutoff was obtained as f L  40.04 Hz. The
phase seen in Fig. 5(b) is consistent with a first-order
system with one zero at origin. Fig. 6 illustrates the step
response of the transformer for low frequencies. From the
figure, the fall time is obtained as t f  9 ms.

1
Cs Lls

1
1
s2 
s
Cs RL
Cs Lls
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Figure 7. High-frequency equivalent circuit.


where

0 

0 2
,
s 2  2 0 s  0 2

1
C s Lls

and  

Lls
2 RL Cs

(20)

.

(21)

Substituting (17) and (20) into (2), the transformer
transfer function for high frequencies is derived as
AvpHF AvsHF
v
AvHF  o 
vi
n

Figure 9. Step response of the transformer for low
frequencies.
Thus, the high-frequency transfer function has a single

2



 p0
1
.
n s   p s 2  2 0 s   0 2







pole at f p 

(22)

p
2

. For   1 , the transfer function has a

pair of imaginary conjugate poles at f 0 

0
and the
2

upper 3-dB frequency, fH ≈ kf0, where k depends on the
value of  . The higher cutoff frequency will be
determined by the dominant pole. Therefore, the upper
cutoff frequency is given by

 p 
R 
1
  min
f H  min 0 ,
, c . (23)

 2 C L 2Llp 
 2 2 
s ls


For   1 , the transfer function will have two real poles at

f 01 

01

and f 02  02 . In that case, the higher cutoff
2
2

frequency can be obtained by
   p 
.
f H  min 01 , 02 ,
 2 2 2 
For the given specifications,
p
Rc
fp 

 63 MHz,
2
2Llp

(a)


and

f 01, f 02 

Lls
2RL C s

(24)

(25)

 7.44,

(26)

01 02
,
 719.5 kHz,158 MHz.
2 2

(27)

Therefore, the upper cutoff frequency is
f H  min f 01, f 02 , f p





 min719.5 kHz,158 MHz,63 MHz,  719.5 kHz. (28)

(b)
Figure 8. High-frequency Bode plots. (a) Magnitude. (b)
Phase.

B. Simulation Results
Fig. 5 shows the Bode plots in the high-frequency range
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for the selected transformer. The mid-frequency gain is
0.667, consistent with the wide-frequency and the lowfrequency results. The upper cutoff frequency has been
measured as f H  720 kHz. The step response of the
transformer for high frequencies is depicted in Fig. 9. As
seen from the figure, the rise time is t r  0.5 s.

4.

N. Das and M. K. Kazimierczuk, “An overview of
technical challenges in the design of current
transformers,” in Proceedings of Electrical
Manufacturing and Coil Winding Conference,
Indianapolis, IN, Oct. 23-26, 2005.

5.

E. Labouré, F. Costa, and F. Forest, “Current
measurement in static converters and realization of a
high frequency passive current probe (50 A 300MHz),” Proc. EPE’93, vol. 4, no. 377, 1993, pp.
478-483.
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Available online as of Sept. 9, 2010.

VI. BANDWIDTH
Using (15), (23), and (24), the bandwidth of a current
transformer can be given as
(26)
BW  f H  f L .
For the given example, the bandwidth is
(27)
BW  f H  f L  720  10 3  40.04  720 kHz.

6.
7.

VII. CONCLUSIONS
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In this paper, an equivalent circuit of the transformer
including the different parasitic components has been
presented. The wide-frequency model has been modified
to obtain the low-frequency and high-frequency
equivalent circuits. Wide-frequency, high-frequency, and
low-frequency transfer functions of the transformer have
been derived. The frequency responses of the transformer
in wide-frequency, high-frequency, and low-frequency
ranges have been illustrated for a selected transformer
design using MATLAB. Also, the step responses of the
transformer have been presented for low and high
frequencies. It is desired to have a low value of primary
winding parasitic resistance Rwp and a high value of
magnetizing inductance Lm to obtain a low value for the
lower cutoff frequency. In order to a have a high value
for the upper cutoff frequency, it is necessary to have low
values for the secondary winding parasitic resistance Rws,
the secondary winding capacitance Cs, and the secondary
leakage inductance Lls. The selected core should have
high resistance Rc to ensure that the upper cutoff
frequency is high.
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COMPARISON OF WINDING LOSS FOR INDUCTORS WITH LITZ WIRE
AND SOLID WIRE
Rafal Wojda and Marian K. Kazimierczuk
Wright State University
Abstract: An analytical model based on one
dimensional 1-D Dowell’s equation for computing acto-dc resistance ratio FR of litz wire is presented. The
model describes three frequency ranges: lowfrequency range, medium-frequency range, and highfrequency range. In each of the ranges, the behavior
of ac-to-dc winding resistance ratio FR is different.
Moreover, the boundary frequency between the lowfrequency and the medium-frequency ranges, are
given for both round solid wire and litz wire
inductors. Hence, useful frequency range of both
wires can be determined. Comparison of the ac-to-dc
winding resistances ratio FR for solid and litz wires is
presented.
Key Words: Boundary frequency, eddy currents, highfrequency inductors, high-frequency transformers, litz
wire, proximity effect, skin effect, winding loss.

Fig. 1. Eddy current effects in solid wire and in litz wire at low and
high frequencies.

I. INTRODUCTION



High-efficiency and low-power loss inductors improve
the overall efficiency of the entire power system. Power
inductor losses consist of the dc winding loss and the ac
winding and core losses. The dc losses are due to high
resistance of the conductor and they can be simply
reduced by increasing the cross-sectional area of the
conductor. The ac winding power loss in the inductors is
caused by eddy currents, as shown in Fig. 1. There are
two effects of eddy currents: the skin effect and the
proximity effect [1]-[20]. Both effects are frequency
dependent and alter the current density in the conductor
through which the current flows. This dependence can be
reduced using a parallel multi-strand wire called the litz
wire or in German “Litzendraht.” Typically, litz wire
consists of 3 to 2835 strands in a bundle. Fig. 1 shows
that the effective cross-sectional area available for the
current flow is much higher for litz wire than for a solid
wire at high frequencies.



define boundary point between the lowfrequency and medium-frequency ranges for litz
and solid wire,
and compare the resistances of solid and litz
wires.

II. RELATIONSHIPS BETWEEN LITZ AND SOLID
WIRES
The dc resistance of a solid wire is given by
4  wlw 4  wlT N l ,
(1)
Rwdco 

d 2
d 2
where ρw=1/σw is the conductor resistivity, d is the
diameter of the solid wire, lw is the total winding length,
Nl is the number of layers, and lT is the mean turn length
(MTL). The dc resistance of a litz wire is
4  wlw
4  wlT N l ,
(2)
Rwdcstr 

2
2
kd str
kd str
where k is the number of strands in the bundle and dstr is
the diameter of the single bare strand. Equating both
resistances in (1) and (2), we obtain

In the paper, the analytical Dowell’s expression for
winding resistance of the foil inductor is transformed, to
describe the winding resistance of the solid and litz wire
inductor. The objectives of this paper are to:
 describe the model of litz wire,
 adapt Dowell’s equation for the litz wire model,
 describe resistance of solid wire and litz wire

4  wlw 4  wlT Nl .
(3)

2
d 2
kd str
Rearranging equation (3), one obtains the relation
between the diameter of the solid round wire and the

34

The width of the wide foil conductor is bwf and the
thickness is h. For a square wire conductor, the width of
conductor is equal to its thickness h. The wire thickness h
normalized with respect to the skin depth δw is

A  As 

h

w

h
h
.

p w

(8)

The skin depth is described by
2
1
w ,
w 


0 w
f0
f0 w

where µ0 is the free space permeability, and f is the
operating frequency. The dc winding resistance of the
square wire conductor is
 l
 l N
(10)
Rwdc  w2 w  w T2 l .
h
h
To adopt Dowell’s equation for a round wire winding, a
round conductor can be approximated by a square
conductor of the same cross-sectional area. This
approximation will guarantee that the dc resistance of the
round and square wire conductors remains unchanged.
Therefore, equating the cross-sectional area of the square
conductor to the cross-sectional area of the round
conductor, one obtains
2
d 
(11)
h2     ,
2
yielding the effective height of the equivalent square
conductor
d  .
(12)
h
2
Substituting (12) into (8) gives two definitions of
diameter of the solid round conductor normalized with
respect to the skin depth [5]

Fig 2. Transformation of a foil winding to square, round wire, and litz
wire. (a) Wide foil winding. (b) Square wire winding. (c) Round wire
winding. (d) Litz wire winding.

diameter of the single strand
d  d str k .
Hence, the number of strands in the litz wire is

(4)

2

 d  .
(5)

k  
 d str 
The number of layers of the inductor wound with litz
wire is
(6)
Nll  Nl k .

III. TRANSFORMATION OF FOIL CONDUCTOR TO
SQUARE, ROUND, AND LITZ CONDUCTORS
In general, the ac-to-dc winding resistance ratio FR of the
multilayer Nl inductor can be described using onedimensional model (1-D) described by Dowell’s equation
[1]

 
A01   
4

R
sinh(2 A)  sin(2 A)
FR  w  A
Rwdc
cosh(2 A)  cos(2 A)
A

0.5

d

w

d
p

(13)

and

2

2( N l  1) sinh( A)  sin( A)
.
3
cosh( A)  cos( A)

(9)

(7)

Originally, Dowell’s equation was derived for an
inductor wound only with a wide foil conductor and a
one turn on the inductor layer. However, using conductor
cross-sectional area transformation, it is possible to
readjust the Dowell’s equation for any conductor shape
and multiple turns in each layer. A transformation of foil
winding to various shapes is depicted in Fig. 2. The
porosity factor η = h/p, a layer fill factor, allows to
convert one sheet of foil conductor, into several
equivalent conductors in each layer, ensuring that the dc
resistance Rwdc of winding remains unchanged. The
equivalence of a porous layer to non-porous layer can be
accomplished by stretching the porous conductor by a
factor of 1/η and reducing the resistivity of the porous
layer conductor by a factor η.
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Fig. 3. 3-D plot of ac-to-dc resistance ratio FR as a function of
frequency f and the number of layers Nl for inductors made of a round
solid wire AWG34 of diameter d = 0.16 mm and η = 0.9.
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be neglected, and therefore the ac-to-dc resistance ratio
FR ≈ 1. In the medium frequency range, the current
density is no longer uniform. Hence the ac-to-dc
resistance ratio FR increases with increasing frequency f.
Moreover, it can be seen that increasing the number of
layers Nl reduces the low-frequency range, i.e., the
boundary between the low and medium frequency ranges
decreases as the number of layers Nl increases. In the
high-frequency range, the current flows only near the
surface of the wire. The rate of increase of FR in the highfrequency range is however lower than the rate of
increase of FR in the medium-frequency range.

3

10

Nl = 10
7
2

10
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F

R

3
2
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10

1
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10
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10
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6

10

7

10
f (Hz)

The boundary point between low and medium values of
Ao for the round wire is defined here as 10% above the
value of the low frequency factor FR, i.e. at FR = 1.1.
Table 1 list the exact boundary between low and medium
values of Ao for round wire as a function of Nl. Using the
method of least squares for fitting curve to approximate
the boundary between low and medium values of Ao for
round wire, one obtains the approximate function AoB for
inductors wound with round solid wire

8

10

10

Fig. 4. Ac-to-dc resistance ratio FR as a function of frequency f for
inductors with Nl layers, porosity factor η = 0.9, and made with a
round solid wire AWG34 of diameter d = 0.16 mm

A02 

h

w

h  
 
p 4

0.75

d  
 
p 4

d

w

0.75

d

w

,

(14)
where d is the diameter of the bare round solid wire, p is
the pitch, and η is the porosity factor.

AoB 

0.75

d



w

k

.

for

FR  1.1 . (17)

Fig. 5 shows an exact and approximate boundary
between low and medium values of AoB as a function of
Nl.

The diameter of the strand normalized with respect to the
skin depth is given by

 
A  Astr   
4

0.8734
 0.25989
Nl

(15)

Equating (14) and (17),

 
 
4

IV. BOUNDARY BETWEEN LOW AND MEDIUM
FREQUENCY RANGES FOR ROUND SOLID WIRE
WINDINGS

0.75

d

w



0.8734
 0.25989
Nl

(18)

and substituting (9) for δw, one obtain the relation for the
boundary frequency between the low and the medium
frequency ranges for round solid wire of any diameter d,
porosity factor η and number of layers Nl

The ac-to-dc winding resistance ratio FR for a round solid
wire inductor, caused by both the skin effect, and the
proximity effects is expressed as [1]
sinh(2 Ao )  sin(2 Ao )
R
FR  wo  Ao
cosh(2 Ao )  cos(2 Ao )
Rwdco
2
2( N l  1) sinh( Ao )  sin( Ao )
 Ao
,
(16)
3
cosh( Ao )  cos( Ao )

f oB

 0.8734


 0.25989 
  Nl

 w 

 0     0.75

d






 4

2

Table 1. Boundary Between Low and Medium Values of
Ao for the Round Solid Wire
Nl
AoB
1
1.0380
2
0.6980
3
0.5641
4
0.4870
5
0.4354
6
0.3964
7
0.3679
8
0.3441
9
0.3244
10
0.3078

where Ao for round wire is given by (14). Fig. 3 shows a
3-D plot of ac-to-dc resistance ratio FR as a function of
frequency f and number of layers Nl for round solid wire
of a diameter d = 0.16 mm and η = 0.9. Fig. 4 shows
plots of FR as a function of frequency f for round solid
wire inductors with several layers Nl diameter of bare
wire d = 0.16 mm and η = 0.9. It can be seen that there
are three frequency ranges: low-frequency range,
medium-frequency range, and high-frequency range. In
the low-frequency range, the diameter of the wire d is
much lower than the skin depth δw, the current density in
the wire is uniform, the skin and the proximity effects can
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Fig. 5. Exact and approximate (continuous line) boundary between
low and medium values of AoB for the solid wire as a function of Nl.
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Fig 7. Model of litz wire winding.
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described by Dowell’s equation [1]
sinh(2 Astr )  sin(2 Astr )
R
FR  wstr  Astr
cosh(2 Astr )  cos(2 Astr )
Rwdcstr
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3
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2
0

Nl

Fig. 6. 3-D plot of boundary frequency as a function of wire diameter
d and number of layers Nl for a solid wire inductor.



w

1.5

  2
  d  0
4

2

 0.8734


 0.25989  .
 Nl


(19)

 Astr

sinh(2 Astr )  sin(2 Astr )
cosh(2 Astr )  cos(2 Astr )

 Astr

2(kNl  1) sinh( Astr )  sin( Astr )
,
3
cosh( Astr )  cos( Astr )

2

(20)

where Astr for litz wire is given by (15).

Fig. 6 shows a 3-D plot of the boundary frequency as a
function of wire diameter d and number of layers Nl for a
solid wire inductor. It can be seen that the boundary
frequency increases as the number of layers decreases
and the diameter of wire decreases.
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V. BOUNDARY BETWEEN LOW AND MEDIUM
FREQUENCY RANGES FOR LITZ WIRE WINDINGS
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Fig. 7 shows the model of the litz wire winding in the
multilayer inductor. The winding consist of Nl bundle
layers. Each bundle contains k strands. The number of
layers in each bundle is k . Therefore, the effective
number of layers in the inductor is given by (6). This
model will be used in subsequent analysis. The ac
winding resistance for a litz wire inductor, caused by
both skin effect and the proximity effect, can be
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Fig. 8. 3-D plot of ac-to-dc resistance ratio FR as a function of
frequency f and number of layers Nl for inductors made of a ninestrand litz wire with strand bare diameter dstr = 53.33 µm and porosity
factor η = 0.9.
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and substituting (9) for δw, one obtains the relation for the
boundary frequency between the low and the medium
frequency ranges for litz wire
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Fig. 9. Ac-to-dc resistance ratio FR as a function of frequency for
inductors with Nl layers, porosity factor η = 0.9, and made with ninestrand litz wire with strand bare wire diameter dstr = 53.33 µm.

Fig. 10 shows a 3-D plot of the boundary frequency as a
function of strand bare wire diameter dstr and number of
layers Nl for a litz wire.

Fig. 8 shows a 3-D plot of ac-to-dc resistance ratio FR as
a function of frequency f and number of layers Nl for litz
wire composed of nine strands (k = 9) with strand bare
wire diameter dstr = 53.33 μm and porosity factor η = 0.9.
Fig. 9 shows plots of ac-to-dc resistance ratio FR as a
function of frequency f for nine-strand litz wire with
strand bare wire diameter dstr = 53.33 μm and porosity
factor η = 0.9. An exact and approximate boundary
between low and medium values of AstrB as a function of
Nl for a litz wire is the same as for the solid wire. The
approximate boundary point between low and medium
values of AstrB for a litz wire is expressed by

AstrB 

VI. COMPARISION OF BOUNDARY BETWEEN
LOW AND MEDIUM FREQUENCY RANGES FOR
LITZ AND SOLID WIRE WINDINGS
Fig. 11 shows plots of FR as a function of frequency for
solid bare wire of diameter d = 0.16 mm and nine-strand
litz wire of diameter of bare strand dstr = 53.33 µm,
porosity factor η = 0.9, and three layers Nl = 3. It can be
seen that the low-frequency range for solid wire is lower
than for the litz wire.
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Fig. 12 shows 3-D plot of the ratio of the boundary
frequency of the litz wire to the boundary frequency of
the solid wire as a function of the number of layers Nl and
the number of strands k. Fig. 13 shows the ratio of the
boundary frequency of the litz wire to the boundary
frequency of the solid wire as a function of the number of
layers Nl for several numbers of strands k in the bundle. It
can be seen that an increase in the number of strands k
causes the ratio of boundary frequencies of the litz and
the solid wire to increase. Fig. 14 shows the ratio of the
boundary frequency of the litz wire to the boundary
frequency of the solid wire as a function of the number of
strands k for different number of layers Nl. It can be seen
that an increase in the number of layers Nl causes the
ratio of boundary frequencies of the litz and the solid
wire to increase.
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Fig. 10. 3-D plot of boundary frequency as a function of the strand
bare wire diameter dstr and number of layers Nl for litz wire.
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Fig. 15 depicts the plot of ac-to-dc winding resistance
ratio FR as a function of frequency for solid wire of
diameter d = 0.16 mm and ac-to-dc winding resistance
ratio FR as a function of frequency f for nine strand litz
wire (k = 9) of the one layer inductor (Nl = 1). Fig. 16
shows ac-to-dc winding resistance ratio FR as a function
of frequency for solid wire of diameter d = 0.16 mm and
winding ac-to-dc resistance ratio FR as a function of
frequency f for nine-strands litz wire with (k = 9) of the
three-layer inductor (Nl = 3). From Figs. 15 and 16, it can
be seen that for both of the inductors the low frequency
range decreases with increasing the number of layers.
Fig. 17 shows ac-to-dc winding resistance ratio FR as a
function of frequency for solid wire of diameter d = 0.16
mm and ac-to-dc winding resistance ratio FR as a
function of frequency f for litz wire with k = 9, 16, 25 for
the three layer inductor (Nl = 3). It can be seen that there
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VII. LITZ AND SOLID ROUND WIRE
RESISTANCES AT HIGH FREQUENCIES
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Fig. 14. The ratio of boundary frequency of litz wire to the boundary
frequency of a solid wire as a function of number of strands k for
different number of layers Nl.

Fig. 11. Plots of FR as a function of frequency for solid wire of
diameter d = 0.16 mm and for nine-strand litz wire of bare strand
diameter dstr = 53.33 µm, porosity factor η = 0.9, and three layers
Nl = 3.
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Fig. 12. 3-D plot of the ratio of boundary frequency of litz wire to the
boundary frequency of a solid wire as a function of the number of
layers Nl and the number of strands k.
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Fig . 15. Plot of ac-to-dc winding resistance ratio FR as a function of
frequency for solid wire of diameter d = 0.16 mm and winding
resistance FR as a function of frequency f for nine strands litz wire k =
9 for single layer inductor Nl = 1 and η = 0.9.
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Fig. 18. Winding resistance FR as a function of frequency f for litz
wires with Nl = 25 and Nl = 100 and η = 0.9.
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Fig. 19. Ratio of ac-to-dc winding resistance of litz wire with nine
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Fig. 17. Winding resistance FR as a function of frequency for solid
wire of diameter d = 0.16 mm and winding resistance FR as a function
of frequency f for litz wire with k = 9, 16, 25, for the three layer
inductor (Nl = 3) and η = 0.9.

wire diameter d = 0.16 mm, as a function of frequency f
for four layer inductor (Nl = 4). It can be seen that for the
low-frequency range, below frequency fl = 100 kHz, the
litz wire is similar to the solid wire. In the mediumfrequency range, the ratio decreases and reaches the
minimum for frequency fopt = 1 MHz. At the optimum
frequency fopt, the litz wire resistance is five times lower
than the resistance of the solid wire. For the high
frequency range, the ratio increases and at frequency fH =
4.2 MHz the litz wire resistance is equal to the resistance
of solid wire. Above frequency 20 MHz, the resistance of
litz wire is three times greater than the resistance of solid
wire. This is because the litz wire has more effective
layers and therefore the proximity effect is stronger than
in the solid winding.

is a frequency range in which litz wire has lower ac-to-dc
resistance ratio than the solid wire. However, the litz wire
becomes more resistive than the solid wire above a
certain frequency. It can be seen that the low frequency
range increases with increasing the number of strands.
Fig. 18 shows plot of ac-to-dc winding resistance FR as a
function of frequency f for litz wires with Nl = 25 (k = 25
and dstr = 32 μm ) and Nl = 100 (k = 400 and dstr = 8 μm).
For the litz wire, it can be seen that there is a high
frequency range where the ac-to-dc winding resistance FR
of a wire with lower number of strands is considerably
lower than the ac-to-dc winding resistance ratio FR of the
wire with greater number of strands. The intersection
point of two resistances occurs at f = 153.8 MHz.

VIII. COMPARISON OF DIFFERENT CONDUCTOR
SHAPES

Fig. 19 shows the ratio of ac-to-dc winding resistance
ratio of litz wire with nine strands (k = 9) to ac-to-dc
winding ratio resistance of equivalent solid wire of bare

A general expression for the ac-to-dc resistance ratio FR
for windings with various conductor shapes is given by
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decreases with increasing the number of layers in the
inductor.
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The ratio of boundary frequency of the litz to the
boundary frequency of the solid wire appreciably
increases as the number of strands in the litz wire
increases. Moreover, the ratio increases as the number of
layers in the inductor increases.
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It has been shown in the example that the resistance of
litz wire is similar to the resistance of the equivalent solid
wire at low frequency ranges. At medium-frequency
ranges the resistance of the litz wire is five times lower
than the resistance of the equivalent solid wire at the
optimum frequency. However, at the high-frequency
ranges the resistance of litz wire is three times larger than
the resistance of solid wire.
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Fig. 20. Comparison of ac-to-dc winding resistance ratio FR for foil,
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It has been shown that for the high-frequency ranges the
resistance of the litz wire with greater number of strands
is higher than the resistance of the litz wire with fewer
number of strands.
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Future work should be concentrated on experimental
verification of the theory presented in this paper for
multi-strand windings.
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Comparison Study of Singly-Fed with Doubly-Fed Motors in TorqueSpeed Characteristics for EV/HEV Applications
Longya Xu and Yu Liu
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As illustrated in the Fig. 1a), an IPM uses an inverter to
draw/send power from/to the battery pack.
The
controller uses the actually measured current, voltage
and rotor position as the feedback signals to generate
control command to produce the needed voltage from the
inverter so that the needed torque and speed are
achieved. Because of its compact size and high torque
density, adequate speed-torque range, rugged structure
and reliability, rare-earth IPM motors are used as the
traction motors in about 85-90% HEV/EV applications.
For a singly-fed cage IM used for HEV/EV applications
as shown in Fig. 1 b), the stator, the power inverter and
controller hardware are very similar to those for IPM
motor. The rotor is a laminated core equipped with a
short-circuited copper cage for efficiency concerns. The
control software for an IM is based on vector (field
orientation) or direct torque control principles, using the
motor actually measured current, voltage, and rotor
position as the feedback signals. The essential difference
of a cage IM from IPM is that a cage IM has no external
source for magnetic field. In operation an IM has to rely
upon its rotor slip relative to the synchronous speed to
generate rotor current for torque production. Therefore,
the torque density of a cage IM is lower and size larger
than that of an IPM motor. It is also to be noted that
below synchronous speed, a cage IM can only be in
motoring mode and above, generating mode.

Abstract: Flux weakening control in high speed
operation and high cost of rare-earth will halt further
development
in
operational
efficiency
and
performance for internal permanent magnet motors
(IPMs) and rugged structure of cage induction
motors (IMs). This paper proposes a dual current
loop control algorithm for doubly-fed motors. A
comparison study of singly-fed with doubly-fed
motors in torque-speed characteristics is provided to
verify the merits of dual-current controlled doublyfed motors.
Key Words: Singly-Fed, Doubly-Fed, IPM, Induction
Motor, Torque-Speed Characteristics
I. INTRODUCTION
Technology development for HEV/EV motors has gone a
long way and progressed tremendously for the last two
decades. The key issues for a typical HEV/EV motor are
a) torque density in terms of weight and volume; b)
torque-speed capability; c) energy efficiency; d)
reliability; and e) costs in manufacturing and
maintenance. Currently, two types of electric motors are
most popular: Interior Permanent Magnet (IPM) motor
and cage induction motor (IM) with their drive systems
as shown in Figs. 1a) and b).

IPM

IM

Inverter
V

qr

Inverter
v

i
Controller

qr

a) Singly-Fed IPM Motor and System

i
Controller

b) Singly-Fed Induction Motor and System

Fig. 1 Popular Motors and System in HEV/EV Applications

Due to the strong magnetic field given by the internal
rare-earth magnets, IPM motors can be designed more
compact than any other types of electric motors with a
satisfactory torque capability. For a relatively small
speed-torque region, an IPM design can be optimized to
achieve very high energy efficiency (~96%). Although it

II. PROS AND CONS OF EXISTING MOTORS
A. Characteristics of IPM
An IPM cross-section and driving characteristics in terms
of iq and id components are shown in Figs. 2 a) and b).
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an IPM motor is constrained by the allowable current fed
to the stator windings without excessive loss/heat
generation both in the IPM and power inverter devices.
The speed range of IPM is constrained by the available
voltages of the inverter/battery.

is very difficult to do flux-weakening on rare-earth
permanent magnets for higher speeds beyond the base
speed, people still use an aggressive demagnetization
current to achieve high speed operation with a small gain
of reluctance torque. In effect, the torque capability of

a) IPM Cross-Section

b) Torque-Speed Characteristics
Fig. 2 IPM Cross-Section and Torque-Speed Characteristics

favoring high torque production at speeds below
.
The current-free and high strength of rare-earth magnetic
field also contributes significantly to the IPM strong
torque capability and compact size. For the buried and
securely mounted magnets, IPM can be readily made for
speed above 15,000rpm.

As shown in Fig. 2 b), the IPM currents are limited by
two major factors: a) the thermal limiting circle (solid
line) by the thermal stress on IPM windings and inverter
devices.

If the current magnitude (

) goes

beyond this circle, both the IPM and inverter will be
overheated; and b) the multiple voltage limiting ellipses
(broken lines) by the inverter voltage. The higher of the
rotor speed the smaller of the ellipse or less operating
area in the iq-id plane. For example, at the speed of 2.4x
of the base speed, only the currents within the colored
area are achievable though the currents outside the
ellipse are still thermally permitted.

The disadvantages of using rare-earth permanent
magnets are obvious: a) rare-earth permanent magnets
are very expensive (50x more expensive than cold-rolled
premium steel and 5x copper) and temperature sensitive;
b) stiff magnet field produced by rare-earth permanent
magnets is very difficult to be weakened for high speed
operation although needed. In high speed region, 7080% of the current capacity of the inverter is used for
flux weakening purpose, resulting in overheating and
low energy efficiency problem (excessive I2R losses);
and c) rare-earth permanent magnets are very geopolitically sensitive.

Examining the allowed current area, we see that the IPM
current utilization is very different at different speeds. In
the low speed region, iq or torque producing component
are dominant and the current well utilized while in high
speed region, id or demagnetizing component dominant.
In the neighborhood of base speed, there exists a
Maximum Torque Per Ampere (MTPA) curve or a
trajectory for most effective utilization of current
(triangle line).

B. Features of Cage Induction Motor
The cross-section and torque capability of a typical
induction motor used in HEV/EV applications are shown
in Fig. 3

The advantages of an IPM are directly attributed to its
use of rare-earth magnets: because of the rare-earth
permanent magnets, the magnetic field produced is
current-free, and the associated I2R losses are eliminated,
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a) Induction Motor Cross-Section

b) Torque-Speed Capability

Fig. 3 Induction Motor Cross-Section and Torque Capability

Doubly-fed motor for HEV/EV application is its much
enhanced torque-speed capabilities that can only be
found for wound rotor induction machine.
For
comparison purpose, we assume that there is a normal
constant torque region for a comparable IPM or IM
defined by the area of ABCD as shown in Fig. 4.

The mechanical structure of an induction motor is strong
and thermally robust as shown in the Fig. 3 a). For
energy efficiency improvement, often the cage rotor is
made of copper for HEV/EV applications. Compared to
an IPM, the torque density of an induction motor is 1520% less with a slightly larger and heavier motor body.
Control of an induction motor is based on the
sophisticated field orientation or direct torque control
algorithms with satisfactory dynamic torque response.
However, speed and torque control of an induction motor
is complex and difficult at low speeds (especially zero
speed) for its highly nonlinear nature.

Te
A

For overload operation, the peak torque capability of an
induction motor is not satisfactory for two reasons: the
motor has no external excitation source and the leakage
inductance of an induction motor dictates its current for
peak torque. Even with a controlled variable drive, at
low speed, an induction motor is limited by its pull-out
torque that normally is only about 1.5 times of the rated
value and at high speeds, its torque drops much faster
than the rate for constant power operation and when the
slip approaching the pull-out frequency, constant power
operation is lost. At this point and higher speed, an
induction motor is not able to achieve constant power
operation. For this reason, an induction motor usually
has only a ratio of 1:2 base to maximum speed as shown
in Fig. 3 b).
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Fig. 4 Comparison of Torque-Speed Characteristics of Doubly Fed
Motor to That of Singly-Fed Motor

For higher speeds beyond the base speed , IPM or IM
has to enter the constant power (flux weakening) region
with higher operating frequencies. In flux weakening
region of IPM, in addition to increasing operating
frequency, a large value of negative Id is required to
demagnetize permanent magnets [1].
The applied
demagnetization Id reduces the air-gap flux to conform to
the maximum inverter voltage but, at the same time,
generate excessive copper losses, resulting in lower
energy efficiency and overheat problems. The higher
speed and larger demagnetizing current is, the more
copper losses and lower efficiency with a more reduced
torque.

Additionally, a singly fed cage induction motor can only
be operated as a motor in sub synchronous speeds and
generator super synchronous speeds. For this reason, in
designing an induction motor, neither can the rated slip
frequency be too large (>3%) nor too small (<0.5%).
Otherwise the motor energy efficiency suffers or stability
becomes a problem.

For IM in the higher speed flux weakening operation, the
situation is similar except that a reduced magnetizing
current Id can be used to weaken air-gap flux [2]. The
reduced Id for flux weakening can be applied without too
much trouble for a limited speed range (2 times of ).
Further the increase of frequency and decrease of Id is
not feasible because a dramatically increased rotor slip
frequency and rotor copper losses occur. Meanwhile

III. DOUBLY-FED MOTOR IN HEV/EV
APPLICATIONS
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further flux weakening also leads to severely decreased
torque production and low energy efficiency.

Inverter

For a doubly-fed motor, high speed operation is quite
different from those for a singly-fed IPM and IM. For
comparison purpose, we assume that the torque
production and base speed of a doubly-fed motor are
designed the same as those of the comparable IPM and
IM. Going to higher speeds beyond the base
, the
doubly-fed motor can maintain the same operational
frequency for the stator winding while increasing the
operating frequency of the rotor for super synchronous
speed operation. The increase of the second winding
frequency can go all the way until the induced voltage in
the second winding reaching the ceiling of maximum
inverter voltage at 2 . The same argument applies to
the speed range higher than 2
where the flux
weakening and constant power operation starts. In this
way, the torque and speed for both constant torque and
constant power are all doubled as defined by the blue
lines in Fig. 4.
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Fig. 5 Doubly-Fed Motor and System in HEV/EV Applications

B. Dynamic Equations of Doubly-Fed Motor
The dynamic equations of doubly fed motor can be
written as Eqs. (1) through (10):
Stator voltage equation,
(1)
(2)

It is worth pointing out that while doubling the torquespeed region, the current levels and, thus, copper losses
of both windings are unchanged. Also true is that the
stator core losses are not changed while the rotor core
losses could be more than that of the IPM and IM but
with a big benefit of doubling both the output speed and
torque. It is reasonable to derive that a doubly-fed motor
will have larger and balanced contour of high energy
efficiency than that of both IPM and IM motors,
especially at speeds higher than the base speed. A higher
energy efficiency of doubly-fed motor in HEV/EV
application directly contributes to a better fuel utilization
and extended driving distance.

Stator flux linkage equation,
Rotor voltage equation,

(3)
(4)
(5)
(6)

Rotor flux linkage equation,
Torque equation,

(7)
(8)
(9)

and speed equation

IV. CONTROL ALGORITHM FOR DOUBLY-FED
MOTOR IN HEV/EV APPLICATIONS

(10)
The subscripts “s” and “r” refer to the quantities
associated with the stator and the rotor winding, and
are stator and rotor voltages; and are stator and
rotor currents;
and
are stator and rotor resistance;
,
and
are the magnetizing, stator and rotor
inductance;
and
are the stator and rotor flux
linkage;
is the stator winding electrical angular
velocity and
the is rotor winding electrical angular
velocity; is the stator winding electrical frequency and
the rotor winding electrical frequency; p the is pole
pair number and
is the rotor mechanical speed in
radius per second.
is the electromagnetic torque that
can also be written in the forms of Eqs (11) and (12):

A. System Structure
Shown in Fig. 5 is the system structure of a doubly fed
induction motor with its controllers and power inverters
[3]. Since the doubly-fed motor has two sets of windings
and consequently two inverters are needed with one
inverter connect to the stator and the other rotor
windings. In HEV/EV applications there is only one
battery pack for motor drive; therefore two inverters
share the same battery pack and dc bus [4]. The KVA
ratings of the two inverters are the same and each is a
half of the total system KVA rating. The control unit
needs to sense the current and voltage from both
windings, and the rotor position to determine the PWM
control signals for both inverters as in the proposed
algorithm described below.
We start the control
algorithm with the dynamic model of the doubly-fed
induction motor.

(11)
(12)
where
is the rotor current vector referring to the
stator side, in terms of the magnitude and frequency
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transformation. The magnitude transformation is decided
by the stator/rotor turns ratio and the frequency
transformation is decided by the rotor frequency.
represents the difference in the phase angles between the
current vectors and
after transformation.

fully utilized. If the voltage is not fully utilized, the
motor will need more current to generate the same
amount of torque since the flux level is lower than it
could be.
Given all that, the essential control objects are the flux
level and torque production.
Based on the
electromagnetic torque Eq. (12) and air-gap flux Eq.
(15), the electromagnetic torque and air-gap flux can be
controlled by three variables of the system: stator current
, rotor current and phase angle . According to Eqs.
(13) and (17), all these three variables can be well
regulated through the close loop of stator current ,
rotor current
. For illustration, the control algorithm
is expressed by the block diagram as shown in Fig. 8.

Based on the Eqs. (1) through (8), the doubly-fed motor
equivalent circuit can be plotted as in Fig. 6. The
relationship among the stator current , rotor current
and magnetizing current
can be described by the
vector diagram in Fig. 7 that also can be written in Eq.
(13):

Rs
is

s'

s'

Lsσ

Lrσ

Rr
Lm

im

ir

s'
is fdb

is cmd

Fig. 6 Doubly-Fed Motor Equivalent Circuit

is

δ
ir

air-gap flux
linkage cmd

s'

PI

+

torque cmd
Doubly-fed
motor
control
algorithm

DFM

+

im

Inverter

ir cmd

PI

Inverter

ir fdb

Fig. 8 Block Diagram of Doubly-Fed Motor Drive System
Fig. 7 Current Vector Diagram

It is also to be observed that the proposed control
algorithm for the doubly-fed motor has less dependence
on the motor parameters than the other types of control
algorithms for singly fed induction motor. In the
proposed algorithms, only pole pair number p and
magnetizing inductance
are needed.

(13)
The magnitude of magnetizing current can be can be
calculated by Eq. (14):
(14)

Eq. (10) also indicates that the speed range expands
when doubly-fed motor is working in the super
synchronous speed mode. However, for a singly-fed
motor, it can only work in the sub synchronous speed
mode and a PM can only work in the synchronous speed
mode.

and the air-gap flux can be obtained by Eq. (15):
(15)
Note that the expressions of the electromagnetic torque
and air-gap flux are the theoretical foundations of the
proposed control algorithm.

V. EXPERIMENTAL TESTING VERIFICATION

C. Control Algorithms

In this section, a few experimental results are presented
to verify the proposed control algorithm for the doubly
fed induction motor. The ratings and parameters of the
doubly-fed motor under testing are listed in Table I.

The proposed control algorithm is designed for EV/HEV
applications. The torque-speed characteristics are in a
profile for a typical variable speed drive that consists of a
constant torque region and a constant power region as
shown in Fig. 4. In the constant torque region, the
primary goal is to provide sufficient torque and fast
dynamic response. To meet this requirement, the
proposed control algorithm needs to keep the maximum
allowable air-gap flux without core saturation. Then the
torque demand will be satisfied by the current close loop.
In the constant power region, the top priority is to control
the flux weakening level so that the maximum inverter is

Table I
KEY RATINGS AND PARAMETERS FOR PROTOTYPE
DOUBLY-FED MOTOR
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Nominal power

1 hp

Nominal stator line-to-line voltage

230 V

Nominal rotor line-to-line voltage

90 V

Nominal stator phase current

3.6 A

Nominal rotor phase current

6.0 A

Number of pole pairs

2

Top speed

1800 rpm

Stator resistance

2.85 Ω

Rotor resistance

1.25 Ω

Stator leakage inductance

22.44 mH

Rotor leakage inductance

12.79 mH

Mutual inductance

164.56 mH

that when the motor is operated in the doubly-fed mode,
it has a higher efficiency than that in the singly-fed
mode. In addition, compare to single-fed mode dc bus
usage in doubly-fed mode is halved.
Table II
COMPARISON OF EFFICIENCY BETWEEN SINGLY-FED
MOTOR AND DOUBLY-FED MOTOR
Speed
Torque
Singly-fed mode
Doubly-fed mode
(rpm)
(N·m)
Efficiency
DC bus
Efficiency
DC bus
voltage
voltage
(V)
(V)
900
4.33
63.8%
250
72.4%
125
1200
4.29
74.1%
300
84.1%
150
1700
2.92
59.3%
400
78.4%
200
1700
5.02
not achievable
89.1%
200

Fig. 9 shows the lab setup of the doubly-fed motor
system, including a doubly-fed motor, a back-to-back
converter and a DSP based control circuit.

The doubly fed induction motor is also tested for its
dynamic torque and speed responses. As shown in
Fig.10, Channel 1 is the recorded rotor phase current;
Channel 2 the stator phase current; Channel 3 the actual
speed and Channel 4 the speed command. The doublyfed motor shows a very good dynamic speed tracking
performance for a speed transient response from 1800
rpm to -1800 rpm within 1.2 second.

Doubly-fed Motor

Is (5 A/Div)

Back to back converter

Ir (10 A/Div)

DSP based control circuit

Speed reference
Speed feedback

1800 rpm
-1800 rpm
1.2 s

6s
Time (2 s/Div)

Fig. 10 Experimental Waveform of Doubly-Fed Motor for VariableSpeed Tracking

VI. CONCLUSIONS
From experimental investigation, comparison of a singlyfed motor with a doubly-fed motor is made on torquespeed characteristics. The following can be concluded:
i.
With the same dc bus level, the speed range of a
doubly-fed motor can be doubled for both the
constant torque and constant region.
ii.
Compared to the singly fed motor, the switch
current stress over the power inverter for the
doubly-fed motor is reduced for a given torque
demand.
iii.
Compared to the singly fed motor, the doublyfed motor has a higher efficiency.
iv.
It is easy to implement flux weakening
algorithm for the doubly-fed motor.
v.
As the number of power electronic switches is
doubled, the switching losses may increase for
the doubly fed motor.

System layout
Fig. 9 Doubly-Fed Motor System

Table II summarize the efficiency comparison results
between the singly-fed and doubly-fed operational
modes for the motor specified above. The results include
data from four operational points: the first two
operational points are located in the constant torque
region; the third one the constant power region; and the
last one is not achievable by the motor in the singly-fed
mode due to a large dc bus requirement but achievable in
the doubly-fed mode. For this experiment, the tests are
conducted on the same motor with two different
configurations shown in Figs. 1 b) and Fig. 5
respectively. The motor energy efficiency is calculated
without converter losses. Based on the results, it is clear
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CORE GEOMETORY COEFFICIENT FOR RESONANT INDUCTORS
Hiroo Sekiya* and Marian K. Kazimierzuk**
*Chiba University, Japan **Wright State University, OH, USA
Abstract: This paper presents an expression of the
core geometry coefficient for resonant inductors. This
expression is a good criterion to select the core for
resonant inductors. By using this expression, the core
can be chosen from the electrical design
specificati ons, which satisfy the maxi mum wire power
loss. The design examples show the vali dity and
effectiveness of the proposed expression.

( )

where is the number of wire turns, is the are-gap
length, is the core length,
is the cross-sectional area
of the magnetic core, is the free-space permeability,
and
is the relative permeability of a core material.

Key Words: Core geometry coefficient, resonant
inductor, current density, multiple strands .

In general, it can be written that
(

I. INTRODUCTION
where

A resonant inductor is required to have a small size, a
low power loss, and good heat dissipation. In particular,
it is difficult to design an optimal inductor for h ighfrequency and high-power applications. The design
methods for resonant inductors presented until now are
based on the trial-and-error approach. There is no
criterion to pick the candidates for the core for resonant
inductors from different core-product companies.

)

( )

is the magnetic flux density. Hence,
( )

where
and
are the maximu m flu x density and the
maximu m inductor current. Fro m (1) and (3), the number
of turns is

The core geometry coefficient ( ) is one of the useful
criteria to select the core [1]-[5]. By using the
method, it is possible to select the core satisfying the
acceptable wire loss, the electromagnetic conditions, and
a core area restriction. However, there are no
considerations and examples of the design procedure of
resonant inductors using the
method.

( )
which is a requirement fro m electro magnetic point of
view. The length of the winding wire is
( )

This paper presents expressions of the core geo metry
coefficient for the resonant inductor design.
Additionally, a design example of a resonant inductor for
a class-E power a mp lifier is g iven. By using the
proposed expressions, the core geometry coefficient is
determined fro m the electrical specifications of the
loaded quality factor of a series -resonant circuit, the
output power, the operating frequency, the maximu m
flu x density, and the maximu m wire loss. It is a good
criterion to select the core from different manufactures.

where is the mean length of a single turn (MLT). The
dc winding resistance is
( )
where
and
are the cross-sectional area of the
winding bare wire and the resistivity of the copper,
respectively. Therefore,
( )

II. BASIC THEORY AND DERIVATION OF CORE
GEOMETRY COEFFICIENT
The dc and low-frequency wire loss is

The inductance of an inductor with an air gap is given by
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( )
where
is the root-mean-square value of the inductor
current. Therefore, (7) is rewritten as
( )
The core window utilization factor is defined as the ratio
of the cross-sectional area of the winding bare wire
to the window cross-sectional area of a core
(

Fig. 1. Class-E power amplifier.

)
III. CORE GEOMETRY COEFFICIENT FOR
RESONANT INDUCTORS

From (9) and (10), we obtain
(

)

(

)

We consider the design of resonant inductors conducting
a sinusoidal current
, where
is
the angular frequency and
√
is the amplitude
of the sinusoidal current. From (15), we obtain

and

(

)

Generally, the loaded quality factor of a series -resonant
circuit is defined as

These relations include both the wire-loss condition in
(9) and the core-area condition in (10). The nu mber of
turns should also satisfy the electromagnetic condition in
(4). Equating the right-hand sides of (4) and (11), the
core geometry coefficient [1] is obtained as

(

)

Thus, the core geometry coefficient fo r resonant
inductors is given by
(

)

(

)

(

By using the proposed expressions for
in (16) and
(18), we can select the core satisfying the conditions (7),
(9), and (10), using only the electrical parameters.

where the maximu m energy stored in the inductor is
(

)

IV. DESIGN EXAMPLE

It is convenient to express the dc wire loss as the ratio of
the output power
, resulting in
(

)

This paper presents a design examp le of a resonant
inductor for the class E resonant power amplifier [7],
whose topology is shown in Fig. 1. We design the
resonant inductor to meet the following specificat ions:
kHz,
W,
, and
.
Fro m these specifications, we obtain
A, and
H. The
√
inductor specifications are:
,
and
where
is the maximu m current
density of the wire. Design examp les of the dc-feed
inductor are given in [5].

)

The core geometry coefficient
provides the core with
a good combination of
,
, and
satisfying the
electro magnetic condition in (7), the dc-wire-loss
condition in (9), and the core-area restriction in (10)
simu ltaneously. In [2],
of many cores at
is
presented or can be calculated from the core dimensions.
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A.

Wire Loss, Core Loss, and Current Density

In the first design example, we allow 0.5% of the output
power to be the wire loss in the inductor, that is,
Fro m (18), the core geometry coefficient
increases with the decrease in the wire loss, which
usually implies a large core volu me. Therefore, the core
loss increases with the decrease of the wire loss. The
core loss is large in resonant inductors because of a high
frequency and a large value of
. Therefore, the
selection of the value of
is crucial in design the
resonant inductors.

Fig.2 Mechanical parameters of E core.

From (18), the core geometry coefficient is obtained as
B. Inductor Design
(
(

)

We reset

)

and obtain

.

We select NEC/TOKIN FEE-30W core with the
following parameters [2], [8]:
,
,
,
,
Fro m (12), the bare wire crosssectional area is given by

(
(

(20)

√
√
√

(

)

The maximu m current density of the wire is
(

)

We reselect NEC/Tokin FEE-25W core with
following parameters [2], [8]:
,
,
,
The core dimensions
and
, defined
in Fig. 2, are
and
Additionally, BH1 core material is chosen with
⁄ for
and
where
is the core power loss per
volume. Following the same procedure as that in
and (21), we can obtain

√

)

the
,

and
unit
(20)

)
(

)

√

Since the current density is higher than that given by the
regulation, the NEC/TOKIN FEI-25 core cannot be used
for this inductor. The current-density restriction is rarely
not satisfied and can be neglected for the design of
inductors used in dc-dc converters in CCM and DCM
[1]. This result indicates that the current density is one of
the bottle-neck for the design of resonant inductors and
we should carefully cons ider the current density
restriction. For a low current density, a thick wire is
required as shown in (20). A thicker wire yields a lower
wire loss and smaller , which provides a higher
value as shown in (18).

(23)

√
√
√

(

)

and
(

)

⁄
This core satisfies the current-density restriction.
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(24)

B.1 Single-Strand Winding
Fro m

the

calculated cross-sectional area
in (20), an AW G 19 copper wire with
and a bare wire diameter
is selected. Because the nominal outer
diameter of the AWG 19 wire is
, the
number of turns is obtained from

(

We need about 3-layer winding to realize the inductor.
The length of the winding wire is
(

(

)

)

The low-frequency winding resistance, which is almost
equal to the dc winding resistance, is given by

)

We pick
turns. For the adjustment of the
inductance , the air-gap length is calculated as
(

(

where
is the resistivity of the
copper at
. The dc winding power loss without
the skin and proximity effect is

)

( )
where
permeability.

H/ m

is

the

free-space

Here, we consider the fringing effect. The fundamental
theory of the fring ing effect is g iven in [5]. It is assumed
that the ratio of the effective width of the fringing flu x
cross-sectional area
to the gap length as
⁄
, and the ratio of the effective magnetic
path length of the fringing flu x to the gap length
The fringing flux factor
is
(

The skin depth of copper at

( ⁄

⁄

)

We estimate the ac winding loss using Dowell’s equation.
The factor of Dowell’s equation for a round wire, which
is obtained in [4] and [6], is expressed as

( )
(

⁄

(

.

)

√
√

( )

(27)

The number of turns including the fringing effect is
√

)

is

√

)

(

√

)

(

)

√

)
( )

⁄

By using
resistance ratio as

We pick 82-turns winding fo r realizing the inductor.
Therefore, the number of the winding layer is
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√

(

)

we obtain the winding ac-to-dc

*

(

)

(

)

(
(

)

(

)
(

*

)
(

)

(

)
(

*

*

(

B.2 Multi-Strand Winding

+
)
)

(

(

)

(

)
)

(

+

)

(

In this section, the design of the resonant inductor with
mu ltip le-strand winding is carried out to avoid the skin
and proximity effects. For this purpose, the diameter of a
single wire strand should be

)

+

)

(

)

(

)

(

)

(

)

√
+
√

( )
(

The high-frequency ac resistance is

The thickest wire less than
is AWG 26 with the bare
wire d iameter
, the insulated wire diameter
, and the bare wire cross -sectional area
. The number of strands is

(36)
Therefore, the high-frequency ac winding power loss is
(37)
The core power loss per unit volume at
obtained from the catalog [8] as
Therefore, the total core loss is

(

is
.

(

The number of strands
(10), the number of turns is

)

is selected. Fro m

)

The equivalent series resistance (ESR) representing the
core loss is expressed as

(

)

(

)

(

)

We pick
. The inductance value is adjusted by
tuning the gap length, which is

)

Therefore, the total power loss in the inductor is
(
(

)

(

)

)

( )

The equivalent series resistance of the inductor is
The fringing flux factor
(

The quality factor of the inductor is
(

(

is
)
)

The number of turns including the fringing effect is

)
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(46)

Table 1: Results for Resonant Inductor Designs for Multiple-Strand Winding
Required
0.4
0.2

√

(

Core
FEI25
FEE25W

⁄

⁄

Material
BH1
BH1

We pick

(
⁄

83
84

)

( )
0.402
0.115

( )
0.77
1.20

(

5.49
2.77

)

(

)

⁄
Table 1 g ives the design results for both
and
. Since the examp le resonant inductor is
designed for the high-frequency and high-power
application, the current density restriction is a bottleneck of the design. Additionally, it is shown that the core
loss is much larger than the wire loss.

The multi-strand wire length is
(

)

V. CONCLUSION
This paper has presented a novel core -selection criterion,
taking into account the core loss. The proposed criterion
indicates the core candidates, which satisfy the corewindow-area restriction and the electro magnetic
conditions with the guarantee of the permissible coreloss. It is confirmed fro m the design exa mple that the
designed inductor satisfies mult iple restrictions
simu ltaneously. The geo metry coefficient Kg method is
recommended for designing inductors for resonant power
converters [9] and PWM DC-DC power converters [10],
[11].

Therefore, the dc winding resistance is

(

2
4

)

√
√

Wire
AWG26
AWG26

(
)
1934
3010

)

(

)

Because the skin and proximity effects can be neglected,
the winding loss is
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In principle, inverter-driven ac motors have the ability to
operate at arbitrary speeds through fundamental frequency
variation of the motor input. Practically, however, interactions such as harmonic injection, standing waves and voltage
ringing, thermal stresses, and mechanical resonance cause
actual performance to diverge from expectations [6]. Common
problems include bearing damage [7], [8], insulation stress
and breakdown [9], line integrity degradation, and mechanical
oscillations [10]. In order to overcome the problems resulting
from component interactions, it is beneficial to view the drive
system as a whole—rather than a network comprised of multiple matured components. What is envisioned is a centralized
drive system design process, not a distributed procedure where
each component is designed separately.
Section II describes the components of a drive system,
with key interactions presented in Section III. The need for
complete system design strategies are indicated through a
constant torque example in Section IV, and conclusions are
given in Section V.

Abstract—Drive system design is regularly formulated as a
mix-and-match process where power electronics, electric motor,
and control algorithm and devices are selected as separate system
building blocks. Strong interplay between components, and their
associated performance characteristics, requires proper combination selection to obtain desired system performance. Within
this paper, essential design considerations for an optimized drive
system are considered. Emphasis is placed on the construction
of a unified drive system rather than fitting procedures and
rules of thumb for existing components that may satisfy given
performance requirements. The ramifications of select design
decisions are discussed, and a case study is used to highlight
the need for system-level considerations.

I. I NTRODUCTION
Electric machines, and their associated applications, have
undergone substantial evolution since their inception over a
century ago. Despite the fact that modern power electronics
devices are not solely responsible for introducing speed control
to machine arrangements [1], they have enabled straightforward speed variation within ac machines without the need for
additional electromechanical devices. Providing advantages in
terms of efficiency, size, performance, and cost, variable speed
drives (VSDs) allow applications to benefit from system-level
design procedures.
A drive system, as defined by NEMA [2], is an interconnected combination of equipment that provides a means of
adjusting the speed of a mechanical load coupled to a motor.
Using this denotation, the discrete components of a drive system are most commonly understood to be the electrical source,
any power converter, associated control scheme, electric motor,
and driven load. Considering the chronological development
of each constituent individually [3], it is only natural that a
drive system is referred to as a set of distinct components.
Existing technical guides are available to assist users with
proper drive system component selection by providing suggestions and considerations that strongly affect system performance [2], [4], [5]. Although extremely beneficial, this
methodology maps drive system design into a framework that
notes component interaction, yet still considers the design of
each element separately. This process can be regarded as a
black-box fitting procedure where existing components are
pieced together based on individual component ratings along
with interactions affecting thermal and electrical limitations.
As a result, VSD designs regularly provide satisfactory performance, but often use overrated components.

II. D RIVE S YSTEM C OMPONENTS
The purpose of an electric drive system is to convert electrical energy to mechanical energy while controlling a driven
load. As depicted in Fig. 1, a drive is a system of components
with a large degree of connectivity and interaction. Comprising
a primary energy supply, power electronics inverter, control
algorithm, and motor, a VSD is used to operate a mechanical
load in applications where speed adjustment is desired.
The electric motor is the heart of a drive system—it
produces useful mechanical power from its electrical inputs.
Regardless of machine topology and synchronicity, users are
often presented with the choice of either general- or definitepurpose arrangements. General-purpose machines, designed
over many years for fixed-frequency line-fed applications,
are considered to be rugged “off-the-shelf” designs, and
provide satisfactory performance over a range of operating
conditions. Maximum efficiency is most commonly attained
within a relatively small operating region near rated nameplate
conditions. Definite-purpose arrangements, on the other hand,
are formulated for either a particular application or excitation
profile. An example of such a machine would include the
inverter-fed polyphase induction machine specifications outlined by NEMA in [2] and [11]. These arrangements, which
are designed specifically for inverter-driven variable speed
applications, employ the benefits imparted by the inverter and
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Fig. 1.
Block diagram of a drive system, showing interplay between
components.
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provide improved system efficiency and power density values
compared to general-purpose designs [12], [13].
Power electronics are used to properly route energy from a
source to the motor by delivering desired voltage and current
waveforms. The most common converter topology for threephase variable speed ac drives is a hex bridge, whose general
representation is shown in Fig. 2. The control algorithm
block represents the decision making process for the switching
converter, and is based on system control objectives (speed,
torque, position, etc.). References to these control quantities
are set by the user.
Control methodologies, as applied to ac motors, are oftentimes categorized into scalar and vector control, according to
their internal configuration and performance capabilities [3],
[14]. Scalar controllers aim at lower performance, and are
based on steady-state operation of a machine with stator voltage and frequency as the main control variables. A downside
to the computationally tractable scalar control is that transient
system performance is hard to command. Therefore, scalar
control is generally applied when there is no need for fast
response to torque and speed commands. Higher performance
control strategies employ vector control to provide fast torque
response with accurate speed regulation. Instead of managing the stator voltage magnitude, instantaneous voltages are
controlled. Consequently, the internal control variables for
such implementations are either the voltages or currents to be
enforced on the machine, while the external controls command
torque and magnetic field strength.
Mechanically coupled to the motor, the load is a pivotal
part of the drive system. An application’s load profile (in
a torque, power, speed, and transient sense) is essential in
selecting a suitable drive system. Proper knowledge of the
load supports correct system dimensioning and optimization
within a variable speed application. Many driven loads may
be categorized as either satisfying a variable torque, constant
torque, or constant power profile [2]. Variable torque operation
covers the most commonly encountered loads within industrial applications. Examples include centrifugal fans, blowers,
pumps and compressors, with torque that varies either linearly
or quadratically with speed. Constant torque loads present
sustained machine loading under speed variation, and are
typically found in applications such as extruders, crushers, and

Fig. 2.
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!#

Generalized representation of a hex-bridge inverter.
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Fig. 3. Per-unit load torque vs. per-unit base speed for constant power,
constant torque, and variable torque load profiles.

augers [2]. Processes using machine tools and center driven
winders may require rated torque and horsepower at a specific
speed, and are characterized as constant power loads. The
respective torque vs. speed relationships for the above load
profiles are shown in Fig. 3.
III. S YSTEM D EPENDENCIES AND D ESIGN
C ONSIDERATIONS
When excited by a switching power converter, the nameplate
frequency rating of an electric machine is frequently ignored
[12]. This implies that the converter delivers ideal sinusoidal
waveforms and that the machine performance is essentially
uniform across all useful excitation frequencies. Both of these
conditions are largely untrue.
Rectangular pulses produced by power electronics introduce
additional component interactions that are rarely considered
within fixed voltage and frequency applications. Pairing this
with the inherent motor limitations imposed by machine
standardization [13], [15], [16], desirable drive system performance attainment becomes much more than simply matching
component ratings. There is rarely a definite answer for the
most suitable design for a given application. Above and
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(a)
Fig. 4.

(b)

Line current waveforms under rated load with 60 Hz (a) line-fed and (b) inverter excitations.

beyond standard mechanical limitations related to direction
and speed of machine and load, the majority of heightened
component interactions deal with the power electronics, and
inverter connections with the source and machine.

and inadequate cooling (a common problem when low-speed
operation is desired at rated torque) increased machine losses
may significantly reduce system lifetime.
Inductive effects of electric motor coils, in conjunction with
the voltage impulse train used in most VSD applications, may
produce excessive voltage transients at the motor terminals [2].
Resulting from the combination of high switching frequencies
and large voltage gradients caused by fast turn-on times of
converter switches, these problems can be exacerbated by long
connecting cables and are known to contribute to accelerated
dielectric breakdown of stator winding insulation [9].
Motor operation can induce shaft voltages and currents, as
has been known since at least the 1920’s [17]. The highfrequency voltage pulses imposed by solid-state power electronics induce additional undesirable current paths compared
to line-fed machines [18]. Bearing current discharges can be
produced, which may result in surface roughness within the
bearing race, increasing system noise and decreasing service
life [8]. Although detrimental bearing current levels are not
experienced in all VSD applications, important factors include
the size of the motor, how the motor frame and shaft are
grounded, and inverter output filtering [4]. Recommendations
for reducing bearing current damage are provided in many
application or technical guides. Most suggestions require a
thorough understanding of the entire drive system and even
the details of mounting to determine proper implementation.

A. Source and Power Electronics
The electrical source plays a key role in the performance
of the entire system. Voltage transients, variations, and faults
occurring on the source side are unpredictable and need to be
decoupled from the drive. Hence, the drive should be able to
tolerate common disturbances within the power source. NEMA
states that the input stage of a drive should be able to tolerate
line voltage variations up to 15% [2]. In turn, power quality
depends on the drive. For instance, if the power rating of the
mechanical load is comparable to the capability of the power
source, excessive current harmonics may result that distort line
voltages.
VSDs with silicon rectifiers at the input stage produce
input current harmonics. These harmonics can cause additional
power loss at the source side while diminishing the capability
of the power system. Highly distorted input currents may interfere with communication equipment, overheat transformers,
and cause damaging resonance with power factor correction
capacitors. Hence, ac line reactors, harmonic filters, and multipulse input rectifiers are recommended by NEMA [2].
B. Power Electronics and Motor

C. General Comments on System Interactions

Although the purpose of solid-state converters is to supply
the electrical inputs of the motor, repetitive high frequency
voltage switching introduces additional thermal and electrical
machine stresses. High-order switching harmonics cause motor
current distortion, which increase machine losses [15]. Fig. 4
shows typical current waveforms for a 1.5 hp, three-phase,
four-pole, squirrel cage induction machine operated at rated
load with both line-fed and inverter-driven excitations. Higher
order switching harmonics cause the visible distortion in
Fig 4b, and reduce motor efficiency from 87.0% to 86.4%
when compared to a conventional constant frequency and
voltage application. When coupled with constant torque loads

NEMA provides various selection recommendations based
on the interactions regarding the power converter for operating
general-purpose ac machines in variable speed environments.
Motor oversizing (derating) is suggested to ensure that temperature rises remain within proper limits, and application
of additional filters or reactors are considered to suppress
damaging voltage transients [2]. Motor derating reduces power
density, and increases size, cost, and weight. It may also tend
toward unfavorable machine inertia within select industrial
applications. The impact on efficiency is less obvious, since
derating sometimes reduces losses but not in all cases. In
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2 kHz

addition, converter switching frequency reduction is noted
as an alternative for reducing the effects of voltage ringing,
however this design tradeoff affects current harmonics, and
can lead to objectionable acoustic noise.
NEMA generally urges the use of definite-purpose inverterfed machines when possible, since they are designed for the
operating conditions presented by the power converter. This
design consideration is a step in the right direction; instead of
adding additional components to correct for problems resulting
from the coupling of black-box interactions, fundamental
system modifications are made to better suit system-level
performance. As suggested by Melfi and Hart [15], to optimize
drive performance, the system should be considered a package
where the motor and control are evaluated and designed
together. This unified drive system formulation, which views
each system module in a white-box sense, removes drive
system limitations based on existing component characteristics
and restrictions.
This paradigm shift in drive system formulation and construction can been seen within many facets of current arrangements. Extensive research has been focused on the development of VSD converters with sinusoidal outputs with
very low current distortion. In order to efficiently control
machines originally designed for line-fed applications, undesirable distortion is minimized, thus providing improved
performance characteristics. Designs for inverter-dedicated
machines [19] consider electromechanical operating conditions
available through variable frequency controllers in order to
alter existing machine arrangements. In addition, by taking
advantage of the operating frequency capabilities of VSDs,
motor re-rating has been shown to provide increased output
power while reducing necessary machine mass [20]. Amrhein
et al. have shown that motor re-rating can provide overall
drive system improvements by utilizing the characteristics of
the machine’s excitation. These examples are just samples of
the possibilities that are available when system-wide design is
considered. It may also, for instance, be beneficial to further
investigate systems which exploit the discrete switching nature
of the controller and examine machine designs that are best
suited for this type of operation [21].
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Fig. 5. Motor efficiency vs. fundamental frequency under carrier frequency
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Fig. 6. Motor speed vs. fundamental frequency under carrier frequency
variation.

Fig. 6 shows the variation of speed with fundamental
frequency for three carrier frequencies. Changes are within
the limits of measurement error, and switching frequency has
less than 1% impact on operating speed over this range.
Motor line current dependence on operating frequency is
presented in Fig. 7 for the same three switching frequencies.
Due to harmonic distortion in the currents, the RMS values
tend to increase as the switching frequency drops. The stator
currents for the 2 kHz and 3 kHz switching frequencies are,
on average, 9.3% and 5.2% above the 5 kHz measurements,
respectively.
The measurement results indicate the opposing design decisions that exist between optimization based upon elemental
and system-level performance. Low switching frequencies may
aid converter efficiencies, yet drive system side effects include
increased current harmonics and shaft torque vibrations, along

IV. C ONSTANT T ORQUE C ASE S TUDY
A constant torque load of 3 N-m is considered over a speed
range of 2500–3000 RPM. A 1.5 hp, three-phase, four-pole
inverter duty induction motor is used to display the underlying
design tradeoffs associated with controller variations. The load
torque is 50% of the rated value.
Fig. 5 shows motor operating efficiency vs. fundamental
frequency for a VSD that uses pulse width modulation (PWM).
Results are shown for three distinct switching frequencies.
From the figure, a 5 kHz switching frequency yields the highest efficiency. As explained in Section III, current harmonics
are likely to be more severe as the switching frequency is
reduced, thus increasing the electromechanical losses within
the motor.
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Fig. 7.
Motor phase current vs. fundamental frequency under carrier
frequency variation.

with reduced motor efficiencies and torque production capabilities. Thus, in order to fully understand and observe system
design trade-offs, a unified approach is required.
V. C ONCLUSIONS
This paper discusses drive system complexities and the
interactions that exist between components. Present methodologies focus mainly on separate elements such as motors
and controls. By highlighting the effects of design decisions
within common topologies, the need for additional systemlevel considerations was shown. A case study involving a
constant torque load was presented to validate some of the
system-level design considerations. A direct menu-driven drive
system design solution is still largely unavailable, and this
discussion shows how focusing on individual components may
lead to sub-optimal overall system performance.
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the IWPT systems results in poor magnetic coupling
between the coils, and hence, IWPT systems are usually
referred to as loosely coupled inductive power transfer
(LCIPT) systems or more generally known as loosely
coupled wireless power transfer (LCWPT) systems.

Abstract: Loosely coupled inductors are an integral
part of any near-field wireless power transfer system.
This paper presents the design and simulation of a
loosely coupled wireless power transfer (LCWPT)
system. An overview of a typical LCWPT system is
presented. Usually, loosely coupled inductors are
capacitively compensated to increase the power
transfer capability and hence the overall efficiency of
an LCWPT system. With this in view, single-element
capacitive compensation techniques available in the
literature are discussed. A simplified procedure to
design an LCWPT system which incorporates a class
E amplifier, a series-compensated transmitting coil,
and a parallel-compensated receiving coil, is
presented. The design is illustrated with an example.
PSpice simulation results of a 5 W LCWPT system
operated with a switching frequency of 1 MHz are
given.

Recently, the research and development of LCWPT
systems for applications in biomedical devices, radiofrequency identification (RFID) systems, wireless sensor
networks, battery chargers, and electric vehicles have
gained a lot of momentum [2]-[18], [22]-[24]. In [2]-[7],
[12], [13], [18], the design of LCWPT system for low
power applications are given. The analyses and designs
of LCWPT systems for medium power and high power
applications are covered in [11], [14], [16] and [15], [17],
respectively. The LCWPT systems presented in [2]-[18]
mainly consists of a high-frequency resonant converter
and compensated inductors. Loosely coupled inductors
used in LCWPT systems have to be provided with
appropriate compensation in order to enhance the power
transfer capability of the LCWPT systems. The detailed
designs of high-frequency resonant converters are
available in [19], [20]. In [17], the theoretical analyses of
various compensation techniques applicable to loosely
coupled inductors are given. The objectives of this paper
are 1) to provide an overview of an LCWPT system, 2)
to present a simplified procedure to design an LCWPT
system with class E amplifier and series-parallel
compensated coupled inductors based on the theory
developed in [17] and [20], and 3) to illustrate the design
with an example for a low power application.

Key Words: Class E Amplifier, Contactless Energy
Transfer, Inductive Power Transfer, Loosely Coupled
Inductors, Wireless Power Transfer
I. INTRODUCTION
Wireless power transmission (WPT) [1]-[27] has been a
topic of discussion since late 19th century. The main
drawback of WPT systems proposed by Heinrich Hertz
and Nikola Tesla was the low system efficiency [1].
However, with the advent of high performance
semiconductor devices and highly-efficient power
electronic circuits, WPT systems with relatively higher
efficiencies are beginning to become a reality. WPT
systems are of far-field types [8]-[10] or near-field types
[2]-[7], [11]-[18]. The far-field type of WPT systems are
also referred to as radio frequency (RF) WPT systems, or
RFWPT systems, whereas, the near-field type of WPT
systems are referred to as inductive WPT systems, or
IWPT systems [24]. In RFWPT systems, two or more
coils are designed to resonate at a particular frequency to
transfer power. The distance between the coils in
RFWPT systems are greater than the diameter of the
coils. In IWPT systems, two or more coils are placed
close to each other such that power is transferred via
electromagnetic induction. The distance between the
coils in IWPT systems are less than 30% of the diameter
of the coils [8]. The absence of a magnetic core to
contain the flux of the transmitting and receiving coils of

This paper is organized in to six sections. The overview
of an LCWPT system is presented in Section II. In
Section III, the impedance transformation of
compensated coupled inductors is presented. In Section
IV, the simplified design of an LCWPT system with
class E amplifier and series-parallel compensated
coupled inductors is illustrated with an example. PSpice
simulation results are given in Section V followed by
conclusions in Section VI.
II. LOOSELY COUPLED WIRELESS POWER
TRANSFER SYSTEM
A block diagram of a typical LCWPT system is shown in
Fig. 1. The LCWPT system shown in Fig. 1 is composed
of the following stages: 1) input power source, 2) high-
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Figure 3. Block diagram of coupled inductors with impedance transformation networks.
frequency inverter, 3) impedance transformation network
on the transmitting side, 4) loosely coupled inductors, 5)
impedance transformation network on the receiving side,
5) rectifier, and 6) load network. The input power source
is typically a DC voltage source obtained either from a
battery or from a DC-DC/AC-DC converter. The range
of DC input voltage depends upon the application of the
LCWPT system. For example, the DC input voltage can
be as low as 2 V for low power applications and as high
as 120 V for medium power applications.

Fig. 2, the self inductances of the transmitter and the
receiver coils are depicted as L1 and L2, respectively, and
the mutual inductance between them is denoted as M.
The mutual inductance between the transmitting and the
receiving coils expressed in terms of their self
inductances and the coupling coefficient k is
(1)
The range of k is 0 ≤ k ≤ 1. The transmitter-receiver coil
pair is said to be tightly coupled when the value of k is
very close to unity. The transmitter-receiver coil pair is
said to be loosely coupled when the value of k is in the
range of 0.05 ≤ k ≤ 0.4.

The second stage is the driving stage which consists of a
half- or full-bridge inverter or class D/class E inverter.
Recently, for low and medium power applications, zerovoltage switching (ZVS) class E inverter is preferred in
LCWPT systems due to the high-efficiency operation,
relatively low component count, and easier control
scheme of the class E inverter [3]-[7], [13], [14]. Fullbridge inverter is used for high-power applications.

In order to increase the power transfer capability of the
loosely coupled inductors, both the transmitting and
receiving coils must be appropriately compensated. The
impedance transformation network required to achieve
this can either be a simple single element such as a
capacitor in series/parallel with transmitter/receiver coil
or multiple capacitors and/or inductors arranged in
various circuit configurations. The block diagram of the
impedance transformation networks and the loosely
coupled transmitter-receiver coil pair is shown in Fig. 3.
Four combinations of the impedance transformation
network using a single capacitor is shown in Fig. 4 [15],
[17]. The circuit of the series-compensated transmitter

The third, fourth, and fifth stages in an LCWPT system
are the magnetically coupled inductors and the
impedance transformation networks on the transmitting
and the receiving sides, respectively. The time-domain
model of the transmitter-receiver circuit using two
magnetically coupled inductors is shown in Fig. 2. In
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Figure 5. Loosely coupled coils with compensated
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with reflected receiver impedance on the transmitter side.
(a) Series-compensated
receiver. (b) Parallelcompensated receiver.
,

and receiver is depicted in Fig. 4(a). The circuit of the
parallel-compensated transmitter and series-compensated
receiver is depicted in Fig. 4(b). The circuit of the seriescompensated transmitter and parallel-compensated
receiver is depicted in Fig. 4(c). The circuit of the
parallel-compensated transmitter and receiver is depicted
in Fig. 4(d).

(2)

and for the parallel-compensated receiver shown in Fig.
5(b) is
.
(3)
For the series-compensated receiver shown in Fig. 5(a),
the impedance reflected to the transmitting side when
operated at the receiving resonant frequency ω0s is
derived in [17] as

The fourth stage in the LCWPT system of Fig. 1 is the
rectification and filter units. The high-frequency AC
signal on the receiver side is rectified and filtered to
drive a DC load using one of the following circuits: 1)
half-wave diode rectifier, 2) full-wave bridge rectifier, 3)
class-D/class-E rectifier, 4) AC-DC converter. In
general, the impedance offered by the load network is
inductive or capacitive. However, in this paper, for the
sake of simplicity, the output stage is replaced by a
simple equivalent load resistance RL as shown in Fig. 1.

.

(4)

For the parallel-compensated receiver shown in Fig. 5(b),
the impedance reflected to the transmitting side when
operated at the receiving resonant frequency ω0p is
derived in [17] as
.

(5)

From (4) and (5), it can be seen that the reflected
receiver impedance Zrxs0 is resistive in case of a seriescompensated receiver, whereas, Zrxp0 is capacitive in case
of a parallel-compensated receiver. Additionally, the
reflected receiver resistance is inversely proportional to
the load resistance RL in case of a series-compensated
receiver, whereas, it is directly proportional to RL in case
of a parallel-compensated receiver. In both cases, the
reflected receiver resistance is further reduced because of
poor coupling between the transmitting and receiving
coils. This means the power transferred to the receiver
decreases as RL is increased in a series-compensated
receiver, whereas, the power transferred to the receiver
increases as RL is increased in a parallel-compensated
receiver. Hence, for enhanced transfer of power using
loosely coupled inductors, parallel-compensated receiver
is preferred [14].

III. IMPEDANCE TRANSFORMATION
In LCWPT systems, impedance transformation is
required to enhance the power transferred to the load.
The impedance transformation described in this paper is
based on the techniques presented in [15], [17]. Fig. 5
shows the circuits of loosely coupled inductors with
compensation capacitors and load resistance on the
receiver side. Fig. 5(a) shows a series-compensated
receiver and Fig. 5(b) shows a parallel-compensated
receiver. On the receiving side, a capacitor is added such
that it resonates with the receiving coil L2. The receiver
resonant frequency for the series-compensated receiver
shown in Fig. 5(a) is
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receiver impedance Zrxp0 reflected on the transmitting side.
A capacitive compensation is provided on the
transmitting side such that it compensates the
transmitting coil inductance and also the reactive part of
the reflected receiver impedance. It is shown in [17] that
the parallel compensation provided by capacitance Cp1
on the transmitting side as shown in Figs. 4(b) and (d)
depends upon the equivalent load resistance RL and
hence must be designed only for a specific power rating.
Therefore, in applications where there is a large variation
of load resistance RL, series compensation on the
transmitting side as shown in Figs. 4(a) and (c) may be
selected. Additionally, by selecting the series
compensation on the transmitter side, the series capacitor
Cs1 can be combined with the series-resonant capacitor C
resulting in reduced component count.

Additionally, based the discussion in Section III, a
series-compensated transmitter and a parallelcompensated receiver are chosen.
Fig. 6 shows the circuits of the class E amplifier and the
LCWPT system. Fig. 6(a) shows the circuit of the class E
amplifier. In this figure, VI is the DC input voltage
source, Lf is the choke inductance, S is the power
MOSFET switch, Csh is the shunt capacitance, L is the
series-resonant inductor, and C is the series-resonant
capacitor. The equivalent resistance seen by the class E
circuit is represented as R. Fig. 6(b) shows the complete
circuit of the LCWPT system. The LCWPT system of
Fig. 6(b) consists of class E amplifier shown in Fig. 6(a)
without the resistance R along with the compensated
coupled inductors shown in Fig. 4(c). In Fig. 6(b), Cs1 is
the series compensation capacitor on the transmitting
side, L1 and L2 are the self inductances of the
transmitting and receiving coils, respectively, M is the
mutual inductance between the transmitting and the
receiving coils, Cp2 is the parallel compensation capacitor
on the receiving side, and RL is the load resistance. Fig.
6(c) shows the circuit of the LCWPT system with
reflected receiver impedance Zrxp0 on the transmitting
side.

IV. DESIGN OF LCWPT SYSTEM WITH CLASS E
AMPLIFIER AND SERIES-PARALLEL
COMPENSATED COUPLED INDUCTORS
The first step in the design of an LCWPT system is to
select the topology of the high-frequency inverter and
also the type of compensation for the loosely coupled
inductors. In this paper, since the LCWPT is designed for
a low output power, a ZVS class E amplifier is selected.
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In this Section, the design of LCWPT system shown in
Fig. 6(b) is presented based on the design equations
given in [17], [20]. The two major steps in the design of
LCWPT system of Fig. 6(b) are 1) to select a value of the
parallel compensation capacitor Cp2 such that receiver
resonates with the frequency ω0p, and 2) to select an
appropriate value of the series compensation capacitor
Cs1 such that the resistance seen by the class E circuit is
equal to Rr only. This means Cs1 must compensate both
the transmitting coil inductance and the reactive part of
the reflected receiver impedance Xr. In this design, it is
assumed that the values of L1, L2, and M are known.
These values are chosen from the loosely coupled planar
inductors designed in [14]. The parasitic resistances of
all the passive devices are assumed to be negligible. The
design specifications are as follows:
DC input voltage:
Maximum output power:
Switching frequency:
Class E amplifier duty cycle:
Transmitting coil inductance:
Receiving coil inductance:
Mutual inductance:

(12)
The peak voltage across the series-resonant capacitor C
is
(13)
Pick C = 2400 pF in parallel with 910 pF/100 V.
The choke inductance Lf is
(14)
Assuming that the receiver resonant frequency is equal to
the switching frequency of the switch S and using (3), the
value of the parallel compensation capacitor on the
receiver side is found as

VI = 12 V
POmax = 5 W
f = 1 MHz
D = 0.5
L1 = 31.95 μH
L2 = 12.52 μH
M = 7.47 μH

(15)

From the design of class E amplifier, the value of the
effective resistance R seen by the class E amplifier is
calculated for the maximum power case as

Pick Cp2 = 2 nF.
The series compensation capacitor Cs1 on the
transmitting side is designed to compensate both the self
inductance L1 of the transmitter and also the reactive part
of the reflected receiver impedance. The simplified
equation for Cs1 when the receiver is operated at ω0p is
given in [17] as

(6)
The maximum voltage across the power MOSFET
switch S and the shunt capacitor Csh is
(7)
The maximum current through the power MOSFET
switch S is
(8)
Based on the voltage and current stresses of the power
MOSFET calculated in (7) and (8), respectively, select
Vishay Siliconix IRF510 power MOSFET, which has
VDS = 100 V, ID = 5.6 A, rDS = 0.54 Ω, and Co = 50 pF @
VDS = 40 V.
Assuming that the value of the loaded quality factor QL =
5, the value of L is computed as
(9)

.
Assuming ω0p = ω, the value of Cs1 is obtained as

.

The equivalent series-resonant capacitor is

The shunt capacitance including the output capacitance
Co of the power MOSFET is

(17)

(18)
Equating the real part of (5) to R, the value of load
resistance RL is found as

(10)

(19)

The external shunt capacitance Csh is
Pick Csh = 1600 pF in parallel with 100 pF/100 V.
The value of series-resonant capacitor C is

(16)

The receiver impedance reflected to the transmitting side
when the receiver is operated at the resonant frequency
equal to ω is

(11)

66

115.18 µH

VI
12 V

Lf

13.21 µH 672.15 pF

L Ceq
Csh

S

1.7 nF

IRF510

L1

31.95
µH

L2 Cp2

12.52
k µH
0.373

46.66
Ω
2
nF

RL

Figure 7. Complete circuit of the LCWPT system with component values used in PSpice simulation.
(20)
(a)

vS, vCsh

vGS

The impedance due to Cs1 and L1 is

ZVS

iS

(b)

(21)
The impedance seen by the class E amplifier is

vRL

(c)

(22)
From (22), it is verified that the impedance seen by the
class E amplifier is purely resistive whose value is equal
to the resistance R calculated in (6).

iRL

(d)

(e)

V. SIMULATION RESULTS
The complete circuit of the LCWPT system with
component values and its PSpice simulation results are
shown in Figs. 7 and 8, respectively. The PSpice model
of Vishay Siliconix IRF510 was used for the simulation.
The transmitting and receiving coils were modeled using
PSpice mutual inductors with a coupling coefficient k =
0.37. The power MOSFET S was driven at 1 MHz with
duty cycle D = 0.5, VGS = 20 V, and rise and fall times
both equal to 10 ns. Fig. 8(a) shows the gate-to-source
and drain-to-source voltages of the power MOSFET
switch and Fig. 8(b) shows the drain-to-source current
through the power MOSFET switch. From Figs. 8(a) and
(b), it is clearly seen that the power MOSFET switch is
turned on with ZVS condition thereby reducing the turnon switching losses. Figs. 8(c) and (d) show the output
voltage and the output current, respectively. From Fig.
8(c), it can be seen that the output voltage vRL, across RL,
is fairly sinusoidal with an amplitude of 19.4 V.
Similarly, from Fig. 8(d), it can be seen that the output
current iRL, through RL, is fairly sinusoidal with an
amplitude of 0.415 A. It can also be seen from Figs 8(c)
and (d) that the phase difference between the current iRL

PI
PO

Figure 8. PSpice simulation results of the LCWPT
system. (a) Power MOSFET switch gate-to-source
voltage vGS, drain-to-source voltage vS, and shunt
capacitor voltage vCsh. (b) Power MOSFET switch
current iS. (c) Output voltage vRL. (d) Output current iRL.
(e) Average input power PI and average output power
P O.
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and the voltage vRL is close to zero. Fig. 8(e) shows the
average input power PI and the average output power PO.
The end-to-end efficiency of the LCWPT system
obtained from PSpice simulation is η = PO/PI = 4.01/4.13
= 97%.
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The design of an LCWPT system incorporating a class E
amplifier and loosely coupled inductors has been
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resonant frequency equal to the switching frequency of
the class E amplifier to obtain high system efficiency.
The end-to-end efficiency of the designed LCWPT
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Designing a Step-up Autotransformer
Colonel W. T. McLyman
Kg Magnetics, Inc.
P.O. Box 3703
Idyllwild, CA 92549-3703
Abstract- The purpose of this paper is to show how to
design and build this unique and special transformer.
There have not been many papers written on designing
autotransformers. The autotransformer has its own
unique place in designs. If the autotransformer is
designed within its limits, it will be very small and
provide good regulation. This paper will show how to
calculate the apparent power, Pt, and choose a core that
will provide a minimum of copper loss.

Autotransformer Voltage and Current Relationship
The easiest way to explain the voltage, current and VA
rating of an autotransformer is to compare it with a simple
two winding isolation transformer shown in Figure 3. For
this design review the losses will be neglected.

Iin

T1

Iout

I. INTRODUCTION

Vin

The autotransformer is a unique and special transformer.
The autotransformer can provide a step-up voltage or a stepdown voltage with respect to the input with good regulation.
The biggest advantage of an autotransformer is the
reduction in size, weight, and cost compared with an
equivalent isolation transformer shown in Figure 1, as long
as the designed secondary voltage is within limits of the
primary voltage.
What makes the autotransformer
undesirable is that it does not provide isolation between the
primary and secondary, as shown in Figure 2. A big
application for the autotransformer is to boost the line
voltage at the end of a long power line, when there is no
auxiliary power available. This paper will use cgs units.

Vo

R=100VA

Iin = Ip
Figure 3 Standard Isolation Transformer Schematic.
The output power, Po, is of greatest interest to the user.
To the transformer designer, the apparent power, P t, which
is associated with the geometry of the transformer, is of
greater importance. Assume the core of an isolation
transformer has only two windings in the window area, a
primary and a secondary, as shown in Figure 3. Also
assume that the window area, Wa, is divided up in
proportion of the power-handling capability of the windings
using equal current density. The primary winding handles,
Pin, and the secondary winding handles, Po, to the load.

T1

Vin

Ip

Vo

The output power, Po, is:

Po  Vo I o , [watts] [ 1 ]
Figure 1 Standard Isolation Transformer Schematic.

The input power, Pin, is:

Pin  Vin I in , [watts] [ 2 ]

T1

The apparent power, Pt, is:

Vin

Pt  Pin  Po , [watts] [ 3 ]

Vo

The apparent power, Pt, for an output, Po, of 100 watts is:

Pt  Pin  Po , [watts] [ 4 ]
Pt  100  100, [watts]

Figure 2 Step-up Autotransformer Schematic.

Pt  200, [watts]

1
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The apparent power, Pt, is required for calculating both,
area product, Ap, in Equation [5] and core geometry K g, in
Equation [6] when the proper core size is selected for a
design.

The autotransformer turns ratio is:

Np
Ns

The area product, Ap, is:

Ap 

Ku K f Bm f J

, [cm4 ] [ 5 ]

Vo 

Ap  Wa Ac , [cm4 ]

Vin Iin  Vo Io , [VA] [ 10 ]

Pt
, [cm5 ] [ 6 ]
2Ke 

The autotransformer current, I(1-2), is:

I 12  I in  I o , [amps] [ 11 ]

K e  0.145 K 2f f 2 Bm2 104 

The volt-amp rating for a boost autotransformer, VA, is:

Wa Ac2 K u
, [cm5 ]
MLT

Vin I 12  Vo  Vin  I o , [VA] [ 12 ]

The regulation or copper loss,  for an isolation
transformer is shown in Equation [7].



The autotransformer input power volt-amps, Ptin, is:

Pcu
100  , [%] [ 7 ]
Po

Ptin  Vin I 12 , [VA] [ 13 ]
The autotransformer boost output power volt-amps, PAT, is:

Autotransformer Step-up or Boost

PAT  Vo  Vin  I o , [VA] [ 14 ]

The voltage, current and VA rating of a step-up
autotransformer is the same as an isolation transformer.
The main difference is the apparent power, Pt, calculation
and the fact that there is no electrical isolation between
primary and secondary. The turns-ratio for primary and
secondary is the same as the isolation transformer. The
step-up autotransformer schematic is shown in Figure 4 and
the Design Equations follow.

T1

The autotransformer apparent power, Pt, is:

Pt  Vin  I in  I o   Vo  Vin  I o , [VA] [ 15 ]
Pt  PAT  Ptin , [VA] [ 16 ]
It can be seen quite easily from Equation [14], when the
difference between the output voltage, Vo, and the input
voltage, Vin, becomes very small the apparent power, P t,
also becomes very small.

Iout

3

Iin 4
Vin

I(1-2)

Ns
Vin , [volts] [ 9 ]
Np

The input output power relationship, Pin, is:

The core geometry, Kg, is:

Kg 

Vin
, [volts] [ 8 ]
Vo

The output voltage, Vo, is:

Pt 104 

Kg 



1

Np

Ns V
o

The core geometry, Kg, is:

R=100VA

Kg 

2

Pt
, [cm5 ] [ 17 ]
2Ke 

K e  0.145 K 2f f 2 Bm2 104 

Figure 4. A 100watt Step-up or Boost Autotransformer.
It is assumed for this explanation, that there is no core
loss or copper loss for the autotransformer.

Kg 

2
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Wa Ac2 K u
, [cm5 ]
MLT

Step No. 2 Calculate the autotransformer current in winding
(1–2), I(1-2).
I (1 2)  I in  I o , [amps]

The copper loss ratio,  in percent for an autotransformer is
shown in Equation [18].



Pcu
100  , [%] [ 18 ]
PAT

I (1 2)  2.51  2.08, [amps]
I (1 2)  0.43, [amps]

250Watt Step-up Autotransformer Design,
(Using the Core Geometry, Kg, Approach)

Step No. 3 Calculate the autotransformer volt-amps in
winding (1–2), Ptin.

The following information is the Design specification for
a 250watt autotransformer, as shown in Figure 5, operating
at 60 Hz, using the, Kg, core geometry approach. For a
typical design example, assume with the following
specifications:

3
4
1

Vin = 105

Ptin  105  0.43 , [watts]
Ptin  45.1, [watts]

Io

T1
Iin

Ptin  Vin I (1 2) , [watts]

Step No. 4 Calculate the autotransformer boost winding
volt-amps in winding (3–4), PAT.

Vbost = 15
I(1-2)

Vo = 120

PAT  Vo  Vin  I o , [watts]
PAT  120  105  2.08  , [watts]

2

PAT  31.2, [watts]

Figure 5. Step-up Autotransformer.

Step No. 5 Calculate the autotransformer apparent power,
Pt.
Pt  Ptin  PAT , [watts]

Electrical Design Specification
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.

Input voltage, Vin .................................. = 105 volts
Output voltage, Vo ................................. = 120 volts
Boost voltage, Vbost ............................... = 15 volts
Output current, Io ................................... = 2.08 amps
Output power, Po ................................... = 250 watts
Frequency, f .......................................... = 60 Hertz
Efficiency, =95 %
Copper loss ratio,  ............................... = 5 %
Operating flux density, Bac .................... = 1.4 tesla
Core magnetic material ......................... = M6X
Window utilization, Ku ......................... = 0.40
Temperature rise goal, Tr ...................... = < 20 oC

Pt  45.1  31.2, [watts]
Pt  76.3, [watts]
Step No. 6 Calculate the electrical conditions, Ke.

K e  0.145 K 2f f 2 Bm2 104 
K e  0.145 4.44  2  60  1.4  104 
2

K e  2.02
Step No. 7 Calculate the core geometry, K g.

Step No. 1 Calculate the input current, Iin.
P
I in  o , [amps]
Vin 

I in 

2

250
, [amps]
105 0.95

I in  2.51, [amps]

Kg 

Pt
, [cm5 ]
2Ke 

Kg 

76.3
, [cm5 ]
2  2.02  5 

K g  3.78, [cm5 ]

3
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Step No. 8 Select a lamination comparable to core
geometry, Kg from Chapter 3.***
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.

Step No. 12 Select the wire from the Wire Table in Chapter
4.***
AWG  # 24

Lamination ................................................ EI-100
Manufacturer ............................................. Temple
D Dimension ............................................. 2.54 cm
E Dimension .............................................. 2.54 cm
F Dimension .............................................. 1.27 cm
Core Geometry, Kg .................................... 4.93 cm5
Area Product, Ap ....................................... 29.7 cm4
Core Weight, Wt ........................................ 676 grams
Surface Area, At ........................................ 213 cm2
Iron Area, Ac ............................................. 6.13 cm2
Window Area ............................................ 4.84 cm2
Magnetic Material, 14mil .......................... Si-Fe
Efficiency, ................................................. 95%
Mean Length Turn, MLT .......................... 14.8

Aw(1 2) B   0.00205, [cm 2 ]
Aw(1 2)  0.00251, [cm 2 ]
  

  842, [micro-ohm/cm]
 cm 
Step No. 13 Calculate the autotransformer winding (1-2)
resistance, R(1-2).
   6
R(1 2)  MLT  N (1 2)  
 10  , [ohms]
 cm 

R(1 2)  14.8  459 842  10 6  , [ohms]
R(1 2)  5.72, [ohms]

Step No. 14 Calculate the autotransformer winding (1–2)
copper loss, P(1-2).

Step No. 9 Calculate the number of turns required for
winding (1–2), N(1-2).

N 1 2 
N 1 2 

Vin 104 
K f Bac f Ac

P(1 2)  I (12  2) R(1 2) , [watts]
P(1 2)   0.43  5.72  , [watts]
2

, [turns]

P(1 2)  1.058, [watts]

105 104 

 4.44 1.4  60  6.13

, [turns]

Step No. 15 Calculate the secondary boost winding (3-4)
turns, N(3-4).
N 1 2Vbost 
 
N  3 4 
1 
 , [turns]
Vin
 100 
 459 15   5 
N  3 4 
1
, [turns]
105  100 
N 3 4  68.8 use 69, [turns]

N (1 2)  459, [turns]
Step No. 10 Calculate the current density, J.

J
J

Pt 104 
K u K f Bac f Ap

, [amps/cm 2 ]

76.3104 

 0.4  4.44 1.4  60  29.7 

Step No. 16 Calculate the autotransformer boost winding (34) bare wire area, Aw(3-4)(B).

, [amps/cm 2 ]

J  172, [amps/cm 2 ] use, J  200
Reviewing, Ku, in Step 27, a current density, J, of 200
amps/cm2 would be more feasible.

Aw(3 4) B 
Aw(3 4) B 

Step No. 11 Calculate the autotransformer bare wire area,
Aw(1-2)(B).

Aw(1 2) B 
Aw(1 2) B 

Step No. 17 Select the wire from the Wire Table in Chapter
4.***
AWG  #17

I (1 2)

, [cm 2 ]
J
 0.43

, [cm 2 ]
200
 0.00215, [cm 2 ]

Aw(1 2) B  

Io
, [cm 2 ]
J
 2.08

, [cm 2 ]
200
 0.0104, [cm 2 ]

Aw(3 4) B  

Aw(3 4) B   0.0104, [cm 2 ]
Aw(3 4)  0.0117, [cm 2 ]
  

  166, [micro-ohm/cm]
 cm 

4
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Step No. 18 Calculate the boost winding (3-4) resistance,
R(3-4).
   6
R3 4  MLT N3 4 
 10  , [ohms]
 cm 



Step No. 25 Calculate the watts per unit area, .





R3 4  14.8  69 166  10 6  , [ohms]



R3 4  0.170, [ohms]

[watts/cm 2 ]

Step No. 26 Calculate the temperature rise, T r.

Tr  450  

P3 4   2.08   0.170  , [watts]
2

 0.826 

Tr  450  0.010 

P3 4  0.735, [watts]

, [C]

 0.826

, [C]

Tr  10, [C]

Step No. 20 Calculate the total copper loss, Pcu.

Confirming the Window Utilization

Pcu  P1 2  P3 4 , [watts]

Step No. 27 Calculate the total window utilization, Ku.

Pcu  1.058  0.735, [watts]
Pcu  1.793, [watts]

K u  K u 1 2  K u  3 4

Step No. 21 Calculate the autotransformer regulation, .

K u  3 4 

Use, PAT = 31.2 calculated in Step 4.

K u  3 4 

P
  cu 100  , [%]
PAT

1.793
100  ,
 31.2 

K u 1 2 

[%]

  5.7, [%]

N  3 4 Aw3 4  B 
Wa

 69  0.0104 
 0.148
 4.84 
N 1 2 Aw1 2 B 
Wa

 459  0.00205
 0.194
 4.84 
  0.194    0.148 

K u 1 2 

Step No. 22 Calculate the watts per kilogram, W/K. Use the
Equation for this material presented in Chapter 2.***

W / K  0.000557  f 

Ku

K u  0.342

 Bac 
1.86
W / K  0.000557  60  1.4 
1.68

1.86

Engineering Note:

1.51

The copper loss regulation, , for a standard transformer, as

W / K  0.504

shown in Figure 1, has to do with the total copper loss, Pcu,

Step No. 23 Calculate the core loss, Pfe.

Pfe  W / K  Wtfe  10

 2.13
,
 213

  0.010, [watts/cm 2 ]

Step No. 19 Calculate the boost winding (3-4) copper loss,
P(3-4).
P3 4  I o2 R3 4 , [watts]



P
, [watts/cm 2 ]
At

3

,

and the output power, Po, as shown in Equation [19].

[watts]

Pfe   0.504  0.676  , [watts]



Pfe  0.341, [watts]

Pcu
100  [%] [19]
Po

Pcu  Pp  Ps , [watts] [20]

Step No. 24 Calculate the total loss, P.

Po  Vo I o , [watts] [21]

P  Pcu  Pfe , [watts]

The copper loss, , for an Autotransformer, as shown in
Figure 2, has to do with the total copper loss, P cu, and the
volt-amps, and the VA of the boost or buck winding, as
shown in Equation [22].

P  1.793   0.341 , [watts]
P  2.13, [watts]

5
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Pcu
100  [%] [22]
PAT
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Development and Analysis of an Input Power Factor Corrected
Variable Speed Motor Drive System
Shiyoung Lee
The Pennsylvania State University Berks Campus
order to optimize the usage of utility power plant
capacity. Moreover, awareness of minimizing harmonic
contamination in the electric power line is rising due to
the increased use of electronic equipment powered by an
ac-to-dc bridge rectifier with large filter capacitors and/or
a switch-mode power supply (SMPS).

Abstract: This paper provides the improvement of the
system power quality which involves a high power
factor (PF) and low total harmonic distortion (THD)
by employing an active input power factor correction
(IPFC) circuit as a front-end converter for the
variable speed induction motor drive system. The
variable speed motor drive (VSMD) saves more
electrical energy than the fixed motor drive under the
assumption that both are operating on the same load
factor. Almost all of the small VSMDs have no IPFC
circuits to save their production costs. A three-phase
inverter-fed induction motor drive (IMD) with a
single-phase source and an active IPFC circuit is
proposed in this paper to study the impact of IPFC
circuit experimentally. The foremost subject in the
study of an input PF corrected VSMD are the effects
of an IPFC circuit on overall system efficiency and
input PF. Empirical comparisons between the
conventional bridge rectifier circuit and IPFC circuit
in terms of PF and efficiency against motor speed are
developed. A steady-state model of the IMD, including
a three-phase inverter and an active IPFC circuit, is
developed to predict system performance. The
analytical results are correlated to the experimental
results obtained from a prototype one-horsepower
IMD with a constant volts per hertz (V/Hz) control
strategy. The overall system performance with an
IPFC circuit is better than the system performance
without it in terms of harmonic contents and PF. The
system efficiency, however, shows marginal inferiority
with an IPFC circuit because the front-end IPFC
circuit and the three-phase inverter are connected
serially. It should be emphasized that the IMD with
IPFC is desirable in utilizing the generated electrical
energy effectively and minimizing the harmonic
contamination.

One of the most active research and development areas in
the power electronics field is VSMD. As power
semiconductor devices become cheaper, faster and more
reliable, the use of energy saving VSMDs in industry and
residential applications has been increasing. VSMDs
utilizing induction and dc motors make up the majority of
industrial and domestic drives. Although these VSMDs
require an initial investment and generate current
harmonics, they provide significant improvements in
performance such as better control, wider speed ranges,
soft start, and enormous energy savings in various kinds
of applications. The selection of VSMDs is an
application-specific matter. There are many factors to be
considered when we select VSMD systems, including
cost, output torque, speed ranges, performance, and power
ratings.
The emerging requirement in the VSMD application for
drawing near sinusoidal current from the utility and less
harmonics injection into the utility lines is the motivation
for investigation of the PF-corrected motor drive system.
The impact of IPFC on system efficiency and power
converter ratings is to be studied for the high volume but
low-cost applications such as washers, dryers,
refrigerators, freezers, hand tools, and process drives. The
power ratings for most of these high volume applications
are less than one-horsepower.
All off-line VSMDs have rectifiers and storage capacitors
in their front-ends to get dc voltage from an ac power
source. This input circuitry lowers the PF of the VSMD
systems and pollutes ac power systems. The PF is the
ratio of real power in watts to apparent power in voltamperes (VA). The PF becomes unity when the input ac
current and voltage are sinusoidal and in phase. In an offline VSMD system, the input current is distorted and even
out of phase with input voltage, the power factor is less
than unity, and less real power is transmitted to the load.
However, the rms input current is increased, due to the
harmonic currents plus the current required by the load
must still be carried, thus requiring the wiring of the ac

Key Words: Input Power Factor Correction, Variable
Speed Motor Drive, Induction Motor Drive
I. INTRODUCTION
Emerging applications of fractional horsepower IMDs such as compressors, appliances, blowers, hand tools, and
heating, ventilating, and air-conditioning (HVAC) invoke the urgency of studying the effects of the IPFC on
the VSMDs. The necessity for efficient utilization of
generated electrical energy is growing in significance in
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up to 16 A per phase with nominal voltages of 230 V at
50 or 60 Hz single-phase, and the harmonic currents
of interest are from the 2nd to 40th harmonic.

power system to be heavier and more expensive than
necessary [1].
The most common problem that disturbs ac power
systems is caused by electric motors operating in
industries. The inductive component of the motors causes
the ac current to lag the ac voltage. This results in a low
power factor. Assuming the loads are linear, the power
factor can be corrected to near unity by connecting a bank
of capacitors across the ac power line. The low PF gives
rise to a number of serious problems in VSMD systems.
The size of the input fuses and circuit breakers of the
input circuitry must be increased. The distorted input
current waveform, which causes interference with other
equipment, must be filtered to reduce the magnitudes of
harmonic frequencies. Consequently, to increase the
output power from ac power systems, it is necessary to
correct the PF. This substantially reduces peak and rms
input current and makes it possible to achieve higher
output power.

The appliance VSMDs fall into the Class A or D
category, depending on whether they use phase-angle
controlled VSMD, and their input power range is less than
or greater than 600W. The VSMDs, which are
investigated in this study, have front-end rectifier circuits
to convert ac voltage into dc voltage. The ac input current
of the VSMD has pulse type waveform which falls into
the Class D envelope regardless of the magnitude of its
input power because the pulse current is normalized based
on its peak value. If the input power of a VSMD is over
600W, a Class A limit should be applied. Otherwise,
Class D limit will be applied. Therefore, in this study,
only the Class A and D limits are employed to verify the
effects of IPFC and IEC 1000-3-2 standards.
Selection of class type

With the proliferation of nonlinear loads such as SMPSs,
standards agencies around the world are developing
requirements for harmonic contents of the electronic
power conversion systems to reduce the overall distortion
on the main supply line. One of these standards is the IEC
1000-3-2 (same as EN 61000-3-2 published in 1995 and
the latest version of IEC 555-2 published in 1982) [2]
from International Electrotechnical Commission (IEC) to
set the limits for input harmonic currents in the electrical
equipment. The standard describes general requirements
for testing equipment as well as the limits and the
practical implementations of the test. For the purpose of
harmonic current limitation, the standard divides
electrical equipment into four classes as shown in Figure
1. Each class has different harmonic current limits. The
balanced three-phase equipment and other electronic
apparatus which is excluded one of three classes are
included in the Class A classification. To apply a Class D
limit, the following two requirements should be satisfied:



Balanced
three-phase
equipment?

Yes

No
Portable
tool?

Yes

Class
B

Yes

Class
C

No
Lighting
equipment?
No
Equipment
having the special
wave shape and
P  600W?

Yes

No

Motordriven?

Class
D

Yes
No

Class
A

Note. Motor-driven: Phase Angle Controlled

Input power should be less than 600 W.
Input current waveshape of each half cycle is
within the envelope shown in Figure 2 for at
least 95% of the duration of each half period.

Figure 1. Flowchart for class determination of electrical equipment by
IEC 1000-3-2 standards
 I 
 
 Ipk 

The center line in Figure 2 coincides with the peak value
of the input current. The second requirement implies that
the waveform having a small peak outside the envelope is
considered to fall within the envelope. In Class D limits,
for equipment with input power greater than 75 W,
relative limits (mA/W) should be applied; otherwise,
absolute limits will be applied.

3

3

3

1

0.35
0

The specified limits of the IEC 1000-3-2 standards are
applicable to electrical equipment having an input current

2

Figure 2. Class D waveform envelope
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t

the input current when input voltage is lower than output
voltage. Therefore, it has a relatively low power factor
compared to the boost IPFC circuit. The buck type IPFC
is suitable for charger applications due to its voltage stepdown nature.

II. SINGLE-PHASE IPFC TOPOLOGIES
The study of IPFC topologies is limited to the singlephase version in this study because most of the appliance
VSMD is powered by a single-phase utility source. The
classification of single-phase off-line IPFC topologies for
VSMDs [3-12] is shown in Figure 3. Among these IPFC
topologies, low frequency active, resonant and isolated
types are not considered in this study.

The SEPIC (single-ended primary inductor converter)
IPFC circuit has a single power switch driven at high
frequency, as in the boost IPFC topology, but it needs
extra inductive and capacitive passive components for
energy storage and transfer. The input current of SEPIC is
smoothed by employing an inductor in a series with the
power source. This circuit can be easily modified to the
isolated version.

A passive IPFC [4] is more reliable than an active IPFC
because no active devices are utilized. However, it has
bulky capacitors and inductors operating at line
frequency, and it is sensitive to the line frequency, line
voltage, and load. Therefore, this method is not suitable
for appliance drives.

A cascaded converter, which has a buck circuit in the
front and boost circuit in the second stage, is introduced 3.
The buck switch is turned on when the input voltage is
below the output voltage. This causes the circuit to
operate as a boost converter. When the input voltage is
higher than the output voltage, the boost circuit is stopped
and the buck circuit restarts. This converter can supply
step-up or step-down outputs; thus, it can operate for wide
range inputs. There is no inrush current due to the buck
switch, which is in series with the power source, but it has
a pulsating input current which requires more filtering.

The most popular active IPFC method is the boost
topology. This topology is a universal solution from
SMPS to small-motor drive applications. It has a smooth
input current because an inductor is connected in a series
with the power source, showing a low level of conducted
electromagnetic interference (EMI) noise.
This topology has a high output voltage which is greater
than the peak input voltage. The overload and start-up
current cannot be controlled in this topology because
there is no series switch between the input and output
path. Also, isolation between the input and output cannot
be easily implemented.

Another non-isolated IPFC topology is the pulsewidth
modulation (PWM) bridge rectifier. This topology can
also supply step-up or step-down outputs as the buckboost circuit. The PWM bridge rectifier circuit needs two
or four power switches to make a unity power factor
because it employs half- or full-bridge configuration. It
also needs a more complicated control than the boost
topology, but for high power applications, it may be a
good candidate.

The buck type IPFC has lower output voltage than input
voltage, and it has a pulsating input current, which
generates high harmonics into the power line. This circuit
is not practical for low-line input because it does not draw

III. PROPOSED IPFC-IMD SYSTEM

Single-Phase Off-Line
IPFC Topologies

The proposed IPFC-IMD system for this study is shown
in Figure 4. Note that the IPFC circuit is replaceable with
a single-phase diode rectifier bridge circuit for
comparison study. IPFC has both input current and
voltage feedbacks to obtain the sinusoidal input current.

Passive

Active

High Frequency

Low Frequency

The output voltage sensing circuit rejects the adverse
effect of load variation in the dc link voltage. The inverter
power circuit is made of MOSFET devices and operates
at 2.78 kHz with PWM control. The control strategy is a
constant V/Hz with the offset adjustment.

PWM

Resonant

Isolated:
Non-Isoalted:
Boost, Buck, Buck+Boost

Flyback, PWM Bridge
Rectifier

In this study, the offset is fixed at a value equal to the
rated stator resistive voltage drop. The drive has an inner
rotor speed feedback loop to control the slip speed. This
limits the stator current effectively over the range of
speed variation.

(Half- or-Full-Wave)

Figure 3. Classification of single-phase IPFC topologies
for small VSMD systems
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to near the peak value of the input voltage and the input
voltage begins to decrease, the input current falls to zero.
The input current pulse has a high peak value and is
extremely distorted with respect to a sinusoidal
waveform. It contains high amounts of harmonic
components. These harmonic currents cause added
current drain from the ac power line, imposing the need
for higher wiring capacity and contributing to the
resultant low power factor. Any harmonic currents except
the fundamental component do not deliver the power to
the load. However, these harmonic currents increase the
total line current more than actually required by the user.
As a result, it requires a higher current rating of the wire
and circuit breaker in the utility resulting in additional
installation cost to the utility company.

Figure 4. Proposed IPFC-IMD system

IV. PRINCIPLE OF OPERATION OF THE
BOOST IPFC CIRCUIT
The principle of operation of the boost IPFC circuit,
which is selected for VSMD system, is explained in this
section. The predicted efficiency of the boost PFC
preregulator is obtained with derived analytical equations
and compared with experimental results. The harmonic
contents in the input current of the boost PFC circuit are
compared with the IEC 1000-3-2 standards.

Ls

vs

Rs

D1

D2

+

is

Co

D3

Rload

D4

(i) A single-phase diode rectifier circuit with capacitor

In a VSMD, the ac utility input voltage must be converted
to dc with a rectifier circuit as shown in Figure 4. This
circuit has the advantages of simplicity, low cost, high
reliability, and no need of control. However, it has the
disadvantages of low PF due to the presence of rich
harmonics in its current and high peak current magnitude
as shown in Figures 5(i), (ii), and (iii). This relationship is
shown in Figure 5 which is obtained by PSpice simulation
of a single-phase diode bridge rectifier circuit and is
normalized to the peak value.
The input circuitry of an off-line VSMD consists of
rectifier diodes to convert ac into pulsating dc and filter
capacitors to smooth the pulsating dc voltage, as shown in
Figure 4. This input circuitry presents rich harmonic
currents to ac power systems that are quite different from
motor loads because it appears as a nonlinear load to ac
power systems. In the input circuitry, ac current pulses
occur because the filter capacitor remains charged to
nearly the peak value of the ac input voltage.

(ii) Normalized input ac voltage, vs and current, is

During most of each half cycle of input voltage, the
rectifier diodes remain reverse biased; thus, no current
flows. Because the filter capacitors partly discharge
during each half-cycle, the input voltage exceeds the
capacitor voltage for a short time near the peak value of
the input voltage. As the input voltage surpasses the
capacitor voltage, the input current begins to flow
abruptly into the capacitor. After the capacitor is charged

(iii) Normalized harmonic spectrum of current is.
Figure 5. Analysis of current harmonic contents in the diode bridge
rectifier circuit with capacitor by simulation
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Also, it causes overheating of power lines and distribution
transformers. Under extreme conditions other sensitive
electronic equipment connected to the same power line
can be affected by EMI noise.

circuit, providing a current reference to the multiplier and
a feedforward signal proportional to the rms value of the
line voltage. The filtered dc output voltage of the boost
IPFC is compared to a reference voltage and amplified.
The error amplifier senses the variations between the
output voltage and the fixed dc reference voltage. The
error signal is then applied to the multiplier. The
multiplier's output follows the shape of the input ac
voltage, with an average value inversely proportional to
the rms value of the ac input voltage.

As required by various standards, the line harmonics
produced by a VSMD must be below certain limits, which
increase the input PF. The high PF is desirable to both the
user and the utility company because it is possible to get
maximum power from an ac service outlet and to utilize
the generated power efficiently and cleanly. It is possible
to reduce the wiring and power transformer losses in the
utility network with high PF. With increasing demand for
more power and better power quality from a standard
power line, the IPFC circuit will become an integral part
of a VSMD in the near future.

This signal is compared to the sensed current signal in a
PWM circuit. The inductor current waveform follows the
shape of the rectified ac line voltage. The gate drive
signal controls the inductor current amplitude and
maintains the constant output voltage.

The boost IPFC circuit is an economical solution to
comply with the regulations. It can be implemented with a
dedicated single chip controller; therefore, the circuit
becomes relatively simple with a minimum number of
components. The boost inductor in the boost PFC circuit
is in a series with the ac power line; thus, the input current
does not pulsate, so the conducted EMI at the line is
minimized. This allows the size of the EMI filter and the
conductors in the input circuit to be reduced.

V. DERIVATION OF THE STEADY-STATE IPFC-IMD
SYSTEM MODEL FOR ANALYSIS
Steady-state loss models of the induction motor, load,
inverter, IPFC circuit, and bridge rectifier are developed
and a procedure to compute various subsystem variables
is presented in this section.

This topology inherently accepts the wide input voltage
range without an input voltage selector switch. For
example, the UC3854 PF controller chip from Texas
Instruments [13] accepts an input voltage of 75 – 275 V
ac and a frequency of 50 – 400 Hz. It can't limit
overcurrent at start-up or fault conditions because there is
no switch between the line and the output.

The load and its requirements are known and, hence, they
constitute the starting point for the steady-state
performance computation. Using the rotor speed and the
load power with the inverter output voltage equation,
induction motor equations, and load equations, the overall
system equations are assembled. What follows is the
solution of the system equation iteratively for the slip,
stator frequency and all other variables for each speed
with a specific load.

The output voltage of a boost PFC circuit should be
higher than the peak value of the maximum input voltage.
Even though this is a simple topology, it must be designed
to handle the same power as the main power converter.
Only the single-phase boost PFC circuit operating in the
continuous inductor current mode will be discussed in this
study.

As the stator phase current is given, the inverter losses
can be computed with switching and conduction loss
equations. The input power to the inverter can be
calculated with the inverter losses combined with the
induction motor input power. The sum of inverter input
power and the IPFC circuit losses give the input power
from the ac mains supply.

The simplified block diagram of the boost IPFC circuit is
shown in Figure 4. This circuit has two control loops. One
is the fast acting internal current loop, it defines the input
current shape to be sinusoidal and make it in phase with
the input voltage. The other is the external voltage loop
which regulates the output dc voltage. The voltage loop
should not react to the 120 Hz rectified mains variations,
so its bandwidth is lowered to 10 to 20 Hz. The current
loop usually has a bandwidth frequency of less than one
tenth of the switching frequency.

The solution of the input power leads to a complete
solution of the steady-state performance of the IPFC-IMD
system.
A. Bridge Rectifier
Only the diode conduction losses are considered. The
conduction losses in a single-phase rectifier bridge, Pbr is
as below,

Pbr  2Vd I in  2Vd 

The principle of operation of the boost IPFC is as follows:
the rectified sinusoidal input voltage goes to a multiplier
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Pin
,W
Vin

(1)

where, Vd is the forward diode voltage drop, Iin is the ac
input current, Vin is the ac input voltage, and Pin is the ac
input power from the ac mains supply.

where, Rdc is the dc resistance of the inductor.
The losses, Pbripfc, in the diode bridge rectifier when the
IPFC circuit is used are given by,

B. IPFC Circuit

Pbripfc  2I aveVd 

The IPFC circuit has a single power device with a forward
diode with the boost configuration. The peak current in
the boost inductor in terms of the ac input current, Iin, is

I p  2 Iin 

2 Pin
,A
Vin

I 2p
 I d2 , A
2

(2)

4Vo
,A
3Vpk

Pipfc  Pbripfc  Psw  Pd  Pind  Pps , W

Vi  Vas  Vof  kvf  f s , V

(4)

Vof  Ib Rs , V

(11)

And the constant kvf is given by



kvf 

where, trp and tfp are the rise and fall times of the boost
power switch, respectively.

Vb  Vof
fb

(12)

where, Ib is the base stator phase current, Vb is the base
stator phase voltage, and fb is the base stator frequency.
The inverter switching loss, Pisw, and conduction loss,
Picon are modeled as,

Rds(on) is the on-state drain-to-source resistance of the
MOSFET power device and fc is the carrier frequency of
the IPFC circuit.
The losses in the boost diode are,



1
Pisw  m VdcI s f sw tr  t f  trr
2
Picon  mI 2s Rdson, W

(6)

 , W


(13)
(14)

where, tr and tf are the rise and fall times of the power
devices, respectively, and trr is the reverse recovery time
of the freewheeling diodes.

where, trrd is the reverse recovery time of the boost diode
in the IPFC circuit.
The losses in the boost inductor is,
W

(10)

where, Vof is the offset voltage given by,

1

Psw  I sw  Vpk fc trp  t fp  I SW Rdson , W (5)
2


Pind  RdcIin2 ,

(9)

The inverter output phase voltage is designed as a
function of stator frequency command of the induction
motor and given as,

The losses in the boost switch are modeled as,

1

Pd  I d  Vdc fctrrd  Vd  , W
2



(8)

C. Inverter

(3)

where, Vo is the dc output voltage of the IPFC circuit and
Vpk is the peak rectified ac line voltage.



I pkVd , W

The total losses in the IPFC circuit, including the
controller power supply losses, Pps, is obtained as,

where, Id is the boost diode current given by,

Id  I p



where, Iave is the average current in the single-phase
bridge rectifier and Vd is the forward conduction voltage
drop in the diodes.

The IPFC circuit is designed to operate with 10% ripple
current in the boost inductor. The current in the power
switching device is,

I sw 

2

The fsw is the inverter switching frequency, Rds(on) is the
on-state resistance of the MOSFET power device, and Vdc
is the dc link voltage input to the inverter.

(7)
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D. Induction Motor

E. Load

A single-phase equivalent circuit of the three-phase
induction motor [14] is shown in Figure 6. The loop
voltage equations from the equivalent circuit are

The load power, Po, is related to the induction motor
output in steady-state by,

Vas  Rs  js Lls Is  Zo Io

Po  Pm  Pfw , W

(15)

where, Pfw is the friction and windage losses.

R

0   r  js Llr I r  Zo Io
 s


(16)

In general, the output of any load is given as,
k

n
Po  Pb   , W
 nb 

where,

I s  I r  Io , A

(17)


Is, Ir, and Io are the stator, rotor, and magnetizing branch
currents, respectively. Vas is the stator phase voltage, s is
the stator angular speed, Rs is the stator phase resistance,
and Rr is the stator referred rotor phase resistance. Lm, Lls,
and Llr are the magnetizing, stator leakage, and stator
referred rotor leakage inductances per phase, respectively,
and s is the slip given by
s

s  r

P 
nP
 1 r  1  m  1
s
s
2 s
120 f s

VI. DISCUSSION ON EXPERIMENTAL RESULTS
From the experimental data containing the friction and
windage losses, the parameters of the induction and dc
machines are calculated, and, in conjunction with other
measurements, the induction motor output is determined
for each operating point.

(19)

Then, the system and induction motor efficiencies, system
input PF, system line current, motor currents, and
IPFC circuit efficiencies are calculated from the
empirical data.

where, m and r are rotor mechanical and electrical
angular speed, respectively. N is the rotor speed in r/min,
P is the number of poles, and fs is the supply stator
frequency.

The speed of the induction motor is varied from 500 r/min
to 3,000 r/min (0.87 p.u.), and the output power at the
base speed (3,450 r/min) is 1 hp.

The mechanical power developed in the rotor, Pm, for the
m-phase machine is given by,

Pm  mI r2 Rr 

1  s , W

The empirical data are obtained for the system with and
without the IPFC circuit, and by keeping the input system
voltage at 230 V.

(20)

s

A. Input Current Harmonics in the Boost IPFC
Preregulator

where, m is the number of phases (three) in this study.
Rs

Lls

Is

The sample input current waveform and its harmonic
contents of the prototype 2 kW IPFC preregulator with
1400 W load are shown in Figure 7. The steady-state
harmonics are measured by the fast Fourier
transformation (FFT) with rectangular windowing
function.

Llr

Ir

Io
Lm

Rc

Im

Ic

(22)

where, Pb is the base power, nb is the base speed in r/min
and k is 1, 2, and 3 for constant, frictional, and fan type
loads, respectively. Note that Pfw is the function of motor
speed, n.

s Lm Rc
Zo  j
,  
Rc  js Lm 

Vas

(21)

Rr
s

The input ac current closely follows the sinusoidal voltage
waveform, as designed. The PF of this operating point is
calculated as 99% with the following equations;

Figure 6. Single-phase equivalent circuit of the
three-phase induction motor
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Real Power
ApparentPower
V  I  cos
I
 rm s 1
= 1  cos
Vrm s  I rm s
I rm s

(23)

Irms  I12  I32   In2 , A

(24)

Power Factor=

Experimental waveforms of the system input current and
induction motor stator current at 1 p.u. speed and load
torque are shown in Figures 9 and 10, for both the bridge
rectifier- and IPFC-based VSMD systems along with their
frequency spectra.
The IPFC-IMD system is free of harmonics in the system
input current. The induction motor stator currents are
practically the same with minor variations in their
frequency spectra. The speed variation hardly affects
these waveforms.

where, Vrms is the ac input rms voltage, Irms is the input ac
current, I1 is the fundamental component of Irms and cos
is the phase angle between input ac voltage and the
fundamental current.
The harmonic spectra of the input current with IPFC
circuit are intensely improved compared with one in the
bridge rectifier circuit with capacitor shown in Figure
5(i). This validates the effectiveness of the IPFC.

Figure 9. System ac input current (top) and motor stator current (bottom)
and their FFT with diode bridge rectifier front-end
(Horizontal/div: Currents = 5ms, FFT = 100Hz)
Figure 7. Experimental waveforms of the 2 kW PFC preregulator with
1.4kW load (Top) input current ( 5A/div , 5ms/div ) (Bottom) input
current harmonic spectra ( 2.5A/div , 0.1kHz/div )

Figure 10. System ac input current (top) and motor stator current
(bottom) and their FFT with IPFC circuit
(Horizontal/div: Currents = 5ms, FFT = 100Hz)

Figure 8. Comparison of measured input current harmonic spectra from
Figure 7 with modified IEC 1000-3-2 Class A harmonic current limit
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B. Efficiencies of the IPFC Circuit and the IMD System
In Figure 11, the efficiency of the 2 kW IPFC circuit
employed in this study shows evenly above 95% over the
entire output power range. The predicted efficiency
matches closely with the measured one over the entire
power range.
This validation of the derived loss models is practically
useful to estimate losses in the boost IPFC preregulator.
The system input PF, input current, and overall IMD
system efficiency versus motor speed for both with and
without the IPFC preregulator are shown in Figures 12(i),
(ii), and (iii) for the friction load.

Figure 11. Measured and predicted efficiencies for the developed
2kW boost IPFC preregulator

The IPFC-based IMD shows higher input PF over the
entire speed range than one with a non-IPFC system.
Hence, the IPFC-IMD system requires lower input current
to generate the same output than a non-IPFC system. The
benefit of less input current requirement is noticeable over
0.4 p.u. speed.
The non-IPFC system shows a higher system efficiency
up to 0.75 p.u. speed, but the IPFC-based system shows
higher system efficiency beyond that speed with friction
load.

(i)System input PF

This is attributed to the fact that the stator current
decreases with the decreasing stator voltage of the nonIPFC system. The non-IPFC system efficiency is
approximately 2 to 4 % higher than that of the IPFCbased system.
The effect of IPFC to the three-phase inverter
performance in terms of output voltage and current are
shown in Figures 13(i) and (ii). The IPFC-IMD system
shows higher output voltage than one with the non-IPFC
system because of the tight output voltage regulation of
the IPFC control circuit.

(ii) System input current

The inverter needs less current output to drive the IMD to
the same speed. However, the IPFC benefits from the
efficiency of the induction motor slightly over 0.6 p.u.
speed.
The system and motor efficiencies are very poor for
speeds lower than 0.3 p.u., as the output is very small in
this region and the losses are multiple times that of the
output in that speed range.
(iii) Overall system efficiency

The usual variation of speed range is 0.4 to 1 p.u. for the
friction load; hence, the low speed operation with low
efficiency may not be of immense importance.

Figure 12. Input PF, current, and system efficiency with
and without IPFC with friction load
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preferable for the minimum input harmonics and
maximum PF.
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DYNAMIC RESPONSE OF PWM Z-SOURCE INVERTER AND PWM ZSOURCE CONVERTER
Veda Prakash Galigekere and Marian K. Kazimierczuk
Wright State University
Abstract: This paper compares the simulated
dynamic response of pulse-width modulated Z-source
inverter (ZSI) and PWM Z-source dc-dc converter
(ZSC) to step change in input voltage and duty ratio.
The principle of operation of PWM ZSI is presented.
The different active and null states, and their
importance, of the ZSI have been highlighted. The
reduction of ZSI to ZSC for the purpose of dynamic
analysis is explained. Steady-state analysis of the
PWM ZSC has been briefly presented. Transient
simulation results of response of PWM ZSI and
PWM ZSC to step changes in input voltage and duty
ratio are presented.

Fig. 1. PWM ZSI.

Although, the ZSI has received considerable interest by
researchers, few publications have contributed towards
dynamic modeling of the power-stage of the PWM ZSI
[6]-[8]. The dynamic modeling of the PWM ZSI is
relatively complex as it involves dc voltage buck-boost
and dc-ac inversion concurrently. PWM ZSI has been
modeled as a PWM Z-Source dc-dc converter to
facilitate an approximate dynamic model of the PWM
ZSI in [6]-[8]. This paper presents a comparison, by
circuit simulation, of the dynamic responses of PWM
ZSI and the reduced PWM ZSC to step change in input
voltage and step change in duty ratio. Section II
describes the reduction of PWM ZSI to PWM ZSC for
the purpose of simplifying the dynamic analysis. Section
III and IV present the simulation of step responses due to
step change in input voltage and duty ratio for ZSI and
ZSC respectively. Section V presents the conclusions.

Key Words: Dynamic response, inverters, step-response,
transient response, VSI, Z-source converter, Z-source
inverter.
I. INTRODUCTION
Pulse-width modulated (PWM) inverter based power
electronic modules are integral components of energy
conversion systems like uninterruptible power supplies,
motor drives, HVDC systems, renewable energy, and
distributed generation systems. Additionally, PWM
inverters play a crucial role as the interface between
energy storage elements such as ultra capacitors,
batteries, capacitor banks, etc,. and the load or the utility
grid. The primary requirement of the power electronic
interface is to have voltage buck-boost and dc-ac
inversion ability to meet the desired load requirements .
As a result, the power electronic interface modules are
required to have output voltage regulation for safe and
satisfactory performance of the energy conversion
system.

II. PWM Z-SOURCE CONVERTER
Conventional VSI has three phase legs with two switches
in each leg as shown in Fig. 2. The six switches are
switched based on a reference signal generated by a
suitable pulse-width modulation scheme to synthesize
the required output voltage. However, no two switches of
a phase leg can be in the ON state simultaneously as this
short-circuits the dc source. Depending on the state of
the six switches, PWM VSI has six active states and two
null states as shown in Table I. PWM ZSI, shown in Fig.
1, includes all the switching states present in the
conventional VSI, and additionally it can have a shootthrough zero state which can be realized by shorting one
or more of the phase legs of the PWM ZSI. This state is
prohibited in conventional VSI or CSI. The shootthrough state and the Z impedance networks emulates the
behavior of a boost converter without hampering the dcac inversion function of the conventional VSI. The
shoot-through state can be realized in seven different
combinations and is shown in Table II.

Traditionally, PWM inverters are classified as voltagesource inverters (VSI) and current-source inverters
(CSI). It can be said that VSI has been the workhorse for
majority of the industrial electronic applications due to
its relative simplicity in operation [1] – [4]. However,
both VSI and CSI suffer from a conceptual drawback of
being limited to voltage buck or boost respectively.
Neither of them can realize voltage buck-boost and dc-ac
inversion in a single stage. This drawback is eliminated
in the impedance or Z-source inverter (ZSI) [5]. PWM
ZSI is increasingly been favored as the interface for
energy storage applications [9].
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DC-side phenomenon – is associated with the
shoot-through duty ratio and the Z network. The
input dc voltage is stepped up and impressed
across the Z network capacitors
and . For
, we have
given by
(4)
where

Fig. 3. Conventional three-leg six-switch VSI.
T ABLE I
ALLOWABLE SWITCHING STATES OF A SIX-SWITCH VSI

State
100
110
010
011
001
101
111
000

Switches
ON
1, 5, 6
1, 2, 6
2, 4, 6
2, 3, 4
3, 4, 5
2, 3, 5
1, 2, 3
4, 5, 6

State

Vab

Vbc

Vca

Active
Active
Active
Active
Active
Active
Zero
Zero

Vdc
0
- Vdc
- Vdc
0
Vdc
0
0

0
Vdc
Vdc
0
- Vdc
- Vdc
0
0

- Vdc
- Vdc
0
Vdc
Vdc
0
0
0



State
Shoot-through

1,2,4,5

Shoot-through

1,3,4,6
2,3,5,6

Shoot-through
Shoot-through

1,4

Shoot-through

2,5
3,6

Shoot-through
Shoot-through

(1)
where
is the modulation index and is the boost ratio.
Modulation index
depends on the pulse-width
modulation scheme employed, however it can be
generally taken to be
)

,
and the boost ratio

The dc-side phenomenon does not hamper the
inverter action as the shoot-through state is a
zero state.
AC side phenomenon – is associated with the
six-switch inverter switching action. The
voltage resulting from this phenomenon is
dependent on the modulation scheme employed.
Typically modulation index
, as a
consequence of which the output voltage is less
than the input voltage.

The ac-side phenomenon can be represented by a
simplified PWM Z-source dc-dc converter (ZSC) as
shown in Fig. 3. The six-switch inverter and the external
ac load is simplified to form a reactive load and an active
switch . The PWM ZSC converter can be employed to
determine the dynamic behavior due to the shoot-through
state and the Z impedance network.

The peak output voltage of ZSI is given by
(

.

The transfer function describing the ZSI operation can be
modeled as a product of the transfer functions
corresponding to the ac-side phenomenon and the dc-side
phenomenon [7]. The dynamic analysis of the ac-side
phenomenon corresponds to modeling and analysis of the
conventional VSI, and is a fairly well established field
with numerous publications on it. Additionally, it has
been reported that the dynamic behavior of ZSI is
predominantly dependent on the dc-side phenomenon
[8].

T ABLE II
P OSSIBLE WAYS OF REALIZING SHOOT- THROUGH STATE FOR P WM ZSI

Switches ON
1,2,3,4,5,6

and

III. STEADY-STATE ANALYSIS OF PWM ZSOURCE CONVERTER

(2)

PWM ZSC shown in Fig. 3. consists of a diode ,
MOSFET or IGBT , inductors ,
and capacitors ,
arranged to obtain the Z impedance network, and load
resistor
in series with inductor . The switch is
switched at a constant switching frequency such that

(3)

(5)

is given by

where is one switching time period and
is the shootthrough time duration for one switching time period. The
ZSI operation can be segregated into two steps:

where
is the ON duration of the switch,
OFF duration, and is the total time period, and
duty ratio.
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is the
is the

Fig. 5. Equivalent circuit of PWM Z-source converter when D is ON
and S is OFF.

Fig. 3. PWM Z-source converter

It is envisaged that
and
due to the symmetry of the Z network we have
and

.

The current through the inductor
slope of (
) .

, and

Using (8) and (10), and by applyin volt-second balance
to the inductor , we get

(6)
(7)

(
)(
)
.
(11)
On simplification we get the dc input-to-capacitor
voltage transfer function as

State 1 - Time Interval
Equivalent circuit of the PWM ZSC when the diode is
OFF and the switch is ON is shown in Fig. 4. In this
state the supply is isolated from the load. This state
represents the shoot-through zero state of the ZSI. The
voltage across the inductor is

.

(12)

From (4) and (12) it can be seen that the capacitor
voltage
is the same for the PWM ZSI and the PWM
ZSC.

(8)
The inductor current rises linearly with a slope of
By Kirchhoff’s current law, the current through the
switch is
.
(9)

IV. DYNAMIC RESPONSE DUE TO STEP CHANGE
IN INPUT VOLTAGE
The dynamic response of the power stage of a PWM
converter, such as ZSI, has direct implications on the
output regulation scheme to be employed. Dynamic
response can be termed as the response in the output due
to dynamic changes in the input parameters. For the
PWM ZSI, the input dc voltage
and the control input
or duty ratio are the important input parameters. The Z
network capacitor voltage, which is the stepped-up input
voltage, is the output parameter.

State 2 - Time Interval
Equivalent circuit of the PWM ZSC when the diode is
in the ON state and the switch is in the OFF state is
shown in Fig. 5. In this state, the Z network acts as the
interface between the source and the load. The voltage
across the inductor is
.

falls linearly with a

Consider an example of PWM ZSI with the following
specifications:
V,
H,
F, modulation index
,
switching frequency
KHz or one switching time
period of
s, and a shoot-through time duration of
s for every switching cycle. The load is a
balanced wye load of
.

(10)

Using (4), the Z network capacitor voltage is found to be
V.
(13)
Using (1) and (3), the peak output voltage is found to be
Fig. 4. Equivalent circuit of PWM Z-source converter when D is OFF
and S is ON.

(
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)

V.

(14)

Fig. 6. Saber Sketch simulation results – response due to step change in
input voltage of PWM ZSC.

Fig. 5. Saber Sketch simulation results of PWM ZSI.

The PWM ZSC considered here is akin to the PWM ZSI
example considered above, with the six-switch network
and the three-phase ac load replaced by a single phase ac
load and a MOSFET switched to recreate the shootthrough stage of the inverter. The shoot-through duration
for the ZSI and the ON duration of the MOSFET for the
ZSC are the same. Fig. 6 shows simulated response in
for step change in from
V to
V.
IV. DYNAMIC RESPONSE DUE TO STEP CHANGE
IN DUTY CYCLE

Fig. 6. Saber Sketch simulation results – response due to step change in
input voltage of PWM ZSI.

Consider the example PWM ZSI subject to a step change
in duty cycle from 0.16 to 0.25. Using (4), the capacitor
voltage
is predicted to change from 62.5 V to
V.
Fig. 7 shows the simulated change in
for a step
change in duty cycle from 0.16 to 0.25.

PWM ZSI inverter was simulated in Saber circuit
simulator by employing sine-triangle modulation
technique to get
, and constant boost technique
was applied to obtain a shoot-through of
s. The
parameters considered for simulation correspond to the
example ZSI.

(a)

It can be seen from Fig. 5 that the simulated Z network
capacitor voltage and the peak phase voltages are in very
good agreement with the theoretically predicted values
given by (13) and (14). Fig. 6 gives the simulated change
in
due to a step change in input voltage,
V,
from
V to
V. It can be seen that the
changes from 62.5 V to 75 V.
Consider an example of PWM ZSC with the following
specifications:
V,
H,
F, switching frequency
KHz or one switching time period of
s, and a
shoot-through time duration of
s for every
switching cycle. The load consists of a resistor
in series with a
mH.

(b)
Fig. 7 (a). Step change in shoot-through ratio from 0.166 to 0.25.
(b) Saber Sketch simulation results – response due to step change in
duty cycle of PWM ZSI.
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C. J. Gajanayake, D. M. Vilathgamuwa, and P. C.
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of switched Z-source impedance network,” IEEE
Power Electronics Letters, vol. 3, no. 3, pp. 111116, 2005.
7. P. C. Loh, D. M. Vilathgamuwa, C. J. Gajanayake,
Y. R. Lim and C. W. Teo, “Transient modeling and
analysis of pulse-width modulated Z-source
inverter,” IEEE Trans. Power Electron., vol. 22, no.
2, pp. 498-507, 2007.
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IEEE Trans. Power Electron., vol. 22, no. 5, pp.
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Fig. 8 Saber Sketch simulation results – response due to step change in
duty cycle of PWM ZSC.

Fig. 8 shows the response in , due to a step change in
duty cycle from 0.166 to 0.25, for the PWM ZSC.
V. CONCLUSIONS
The principle of operation of the PWM ZSI has been
explained. The different active and zero states of the ZSI
has been presented. The dc-side phenomenon and the acside phenomenon of the ZSI have been explained.
Steady-state analysis of the PWM ZSC to obtain the dc
input-to-capacitor voltage transfer function has been
presented. Simulation results corresponding to PWM ZSI
and PWM ZSC for step changes in
and have been
presented. Based on the simulation results, it can be
concluded that, the reduction of PWM ZSI to PWM ZSC
for dynamic analysis is justified.
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Empirical Cost and Analytical Power Loss Models of
DC/DC Converter Inductors
Amruta V. Kulkarni and Ali Bazzi

Abstract – In recent years, demand for utilization of power
electronic converters in industrial, commercial and household
applications has increased significantly. In power electronic
converters, inductors are essential components as far as
efficiency, cost, and size are concerned. In this paper, power
loss models of inductors are developed for DC/DC converters in
terms of an inductor’s voltage, current, and frequency ratings
in addition to datasheet information. Cost models are developed
based on a wide market survey from main suppliers. Developed
models are validated using a simple buck converter. These
models are mainly intended for rapid prototyping to facilitate
the component selection process and achieve accurate estimates
of efficiency and cost.

L

MOSFET
$, Power Loss
L

C

Diode

Aggregate
Into a
System

System

Fig. 1. Example illustration on how to aggregate component level
model into a system
Start

Index Terms— DC/DC Converter Efficiency, Cost Modeling,
Power Loss Estimation, Continuous Conduction Mode DC/DC
Converters

New Inductor

Cost
Model

I. INTRODUCTION

Yes

Rapid prototyping is of interest for research, industrial,
and commercial purposes as a major time- and cost-saving
tool. This paper presents a building-block approach to
modeling power loss and cost of inductors used in power
electronic converters and is based on converter voltage,
current, power, and frequency ratings in addition to datasheet
information. Fig. 1 shows a high-level example of taking
generalized loss and cost models of an inductor and using
them in a typical topology such as a buck converter.
Analytical loss models are derived based on parasitic
elements and major loss components in an inductor.
Empirical cost models are developed based on average prices
for different inductances and current ratings via an extensive
market survey and surface-fitting tools. The overall rapid
prototyping tool would thus have a procedure as described in
Fig. 2. The target estimation accuracy is +/- 20% from real
inductor cost and power loss models but with the main
advantage being almost instantaneous cost and loss
estimates.

No

Loss
Model

Empirical
Cost Model

Extract Inductor
Ratings

Generate cost
estimate

Analytical
loss model

Use ratings
and datasheet

Generate loss
estimate
Yes

New
Component?
No
End

Fig. 2. Empirical cost and loss model flowchart
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II. GENERALIZED POWER LOSS MODELS FOR INDUCTORS
Generalized inductor power loss models are derived
based on equivalent circuit models by considering nonidealities and parasitic elements of an inductor in continuous
conduction mode (CCM) but can be extended to
discontinuous conduction mode (DCM). Power inductors
operate as energy-storage devices [1] where they store
energy in a magnetic field during part of a converter
switching cycle and deliver that energy to the load during the
rest of the cycle [2,3]. It is thus important to estimate
92

procedure. When a buck converter works in CCM, current
flowing though the inductor is observed as shown in Fig. 5
[4].

inductor losses during converter operation as a major circuit
element. Fig. 3 shows main inductor non-idealities where RC
is the equivalent core loss resistance, VL is the inductor
voltage, ACR is the inductor AC resistance, and DCR is the
inductor DC resistance.

ΔIL

RC

D×T

DCR

ACR

Fig. 3. Inductor model with non parasitic element.

In Fig. 5, D is the duty ratio, T is the switching period, and
ΔiL is inductor current ripple. The average current flowing
through the inductor is the output current Iout. [4,8]. PDCR can
thus be calculated as,
(6)
P
 I 2DCR .
DCR out
The AC resistance loss of inductor can be calculated as,
i 2
(7)
PACR  L ACR .
12
ΔiL also depends upon the inductor value, Vin, Vout, and
switching frequency fsw [5, 8].
(V  V )V
(8)
i  in out out .
L
Lf V
sw in
The total inductor power loss Ploss(inductor) is thus,
(9)
P
P
P
P

While RC is an approximation of core loss resistance, core
losses PCORE are usually approximated as [4],
x

B

y

(1)

V
e

where K1 is a constant, f is the inductor current frequency in
Hz, B is the peak flux density, x and y are core loss
coefficients, and Ve is the effective core volume [4,5].
If core loss coefficients are not supplied by a manufacturer,
RC can be used and PCORE is estimated as,
V 2
(2)
P
 L
CORE
R
c
Inductor windings also cause some power loss in ACR and
DCR [1, 2, 4].These losses can be approximated as [6,7],
2  DCR
(3)
P
I

 

DCR

Lavg

loss(inductor )

2  ACR
(4)
P
I
ACR
Lrms
where ILavg is the average inductor current and ILrms is the
RMS inductor current. To estimate power losses within the
inductor in a converter, generalized equations (1-3) should
use datasheet information in addition to current and voltage
expected in a certain converter topology. A buck converter is
used as an example as shown in Fig. 4.
RDSon
Iin

L

ACR DCR

C

D

Iout

ESR

VD

ACR

Where a = 9.67, b = 61.64, c = -8.246, m = 4.495, and w = 0.08658 are obtained from the surface-fitting tool.

Fig. 4. Buck converter with parasitic elements

Core loss and winding losses are reformulated in terms
of input and output voltages and currents. If Rc is provided
by manufacturer then core loss can be approximated as,
2
V I R
V
in DSon
out
(5)
P
 in
CORE
R
c
where Vin and Vout are the converter input and output
voltages, respectively, Iin and Iout are the converter input and
output currents, respectively, and RDSon is the drain-to-source
MOSFET on-state resistance. This formulation ignores
voltage drops across ACR and DCR to simplify the
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A large database of cost information for several
inductors at different current ratings has been collected from
common manufacturers and suppliers. Average cost for each
inductor at a certain rating combination is found by
considering multiple options. Inductance and maximum DC
current are considered for classifying the cost data as
presented in Table I. This database is input to a MATLAB
surface fitting tool in order to find the correlation between
cost, inductance value and inductor rated current. To find out
the mathematical relationship defining the surface in Fig. 6,
the surface-fitting tool is used to produce an empirical cost
model as,
2
(10)
Cost L (L,I)=a+b sin (mLI)+ce-(wI)

V2

V1

CORE

III. INDUCTOR COST MODEL

RC

Q1

T

Fig. 5. Typical inductor current waveform in CCM

VL

P
K f
CORE
1

IOut
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andV2 (shown in Fig. 4) is used. Voltage at V1 and inductor
current are captured in Figs.8, 10, and 12 for 100µH, 270µH,
and 470μH, respectively,.All specifications of circuit and
components are given in Table II. In Table III detailed power
loss comparison and error estimation is provided and
Table IV shows cost comparison and error estimation.

Cost ($)

100

50

0
60
40
I (A)

20

2000

0 0

8000
6000
L (µH)

4000

10000

Fig. 6. Inductor Cost Model
TABLE I. INDUCTOR COST DATA
Inductance
Value L
(μH)

Current
Rating I
(A)

Cost
($)

Manufacturer
Part Numbers

1
1
1
1
1
20
20
20
50
50
50
50
100
100
100
500
500
500
1000
1000
1000
5000
5000
10000

0.5
1.1
5
20
53
1.5
3.2
16
1
5
15
35
0.5
1
5
0.5
2
4
0.5
1
20
1.5
20
1.5

0.19
0.55
1.207
1.31
2.95
3.04
3.84
6.14
4.07
3.78
10.03
37.21
0.374
0.54
3.84
10.06
3.94
5.86
0.42
3.33
52.8
12.38
97.5
16.92

CB2012T1R0M
74479774210
IHLP1616BZER1R0M11
CEP125NP-1R0MC-H
IHLP6767GZER1R0M51
4501-118M
CTX20-2-52M-R
CTX20-10-52-R
DSH-14-0002
P0848NL
1538M24
DLFL-0147-35C5
SLF7045T-101MR50-PF
SLF10145T-101M1R0PF
7447070

Fig. 7. Experimental results of buck converter with100µH
Vin: 20V/div Iin: 5A/div
Vout: 50V/div Iout: 1A/div.

Fig. 8.Experimental results of V1 point for 100μH
V1: 50V/div
ILavg: 2A/div

LLST-500
5607-RC
5717-RC
TSL1112RA-102JR50PF
1120-102K-RC
195C20
1539M25
195G20
1539M32
Fig. 8. Experimental results of buck converter with 270µH
Vin: 20V/div Iin: 5A/div

IV. RESULTS

Vout: 50V/div

A basic buck converter is developed to test the power
loss and cost models where the inductor is replaced by three
different models —AIRD-03-101K (100μH), 1140-271KRC-ND
(270μH)
and
RB6532-25-0M5
(470μH).
Figs.7, 9, and 11 show the input voltge, input cureent,output
voltage and output current for 100µH ,270µH and 470μH,
respectively.These parameters are required to calculate the
power loss as described in the power loss model. To
calculate the power loss, voltage differenrce between V1
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Iout: 1A/div.

TABLE III. DETAILED POWER LOSS COMPARISON

Inductor Value

Calculated

Measured

%Error

100uH
270uH
470uH

1.8614
2.8213
2.2398

2.004
2.331
1.944

-7.661%
17.37%
13.20%

TABLE IV. DETAILED COST COMPARISON

Inductor value
100uH
270uH
470uH

Fig. 9. Experimental results of V1 point for 270μH
V1: 50V/div
ILavg: 2A/div

This paper presents empirical cost and analytical power
loss models for rapid prototyping of DC/DC converters. Cost
models are found based on an extensive survey of
commercial devices followed by cost surface-fitting. Power
loss models for various inductors are developed then utilized
in a simple application being a buck converter. Power loss
and cost estimation accuracy are about +/- 20%. The new
goal is to achieve +/- 10% estimation accuracy for rapid
prototyping. The model presented here can be easily
expanded and applied to other converters.
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TABLE II. INPUT PARAMETERS TO BUCK CONVERTER

Vin
Iin
Vout
Iout
fsw
D
RDSon
DCR
ACR
V1
V2
VL

Buck Converter
270μH
470μH
50.6V
60.4V
1.62A
1.54A
24.5V
30.0V
2.40A
3.01A
50KHz
50KHz
50%
50%
0.18Ω
0.18Ω
2.4mΩ
56mΩ
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31.1
30.4
0.7

% Error
0.33%
19.7%
8.47%

V. CONCLUSION

Fig. 11. Experimental results of V1 point for 470μH
V1: 50V/div
ILavg: 2A/div

100μH
60.5V
1.55A
30.0V
3.01A
50KHz
50%
0.18Ω
34mΩ
1.5Ω
30.6
30.0
0.6

Actual Cost
$5.95
$7.17
$18.16

Table III and IV summarize results in form of measured and
calculated power losses as well as estimated and actual costs.
An estimation error exists between calculated and measured
values which can be attributed to the experimental setup.
These experiments are built using prototype boards and fed
by a non-ideal power supply. Although the error is within the
targeted +/-20% range it can be further improved. New PCB
and better use of surface fitting tool is expected to further
reduce error to about +/-10% range.

Fig. 10. Experimental results of buck converter with 470 µH
Vin: 20V/div Iin: 5A/div
Vout: 50V/div Iout: 1A/div.
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ENERGY STORAGE FOR SMART GRID & OTHER
APPLICATIONS USING CONVENTIONAL FLY-WHEEL
Mangesh Rajadhyaksha
Huntsman Advanced Materials
This balance is maintained by frequent, small
adjustments in the output of some of the generators
operating on the grid. With deregulation it has also
become a separately identified service with its own
established market price. This service is viewed as
an additional source of revenue for generators,
justified simply on the basis of selling energy.

Abstract: There are various methods of energy
storage. Large storage consists of methods
using Capacitor Banks, Stacks of Lithium Ion
Batteries, Super Capacitors, Thermal Energy
Storage, Potential Energy Storage with Hydro
Dams and the Fly Wheels. There are many
advantages to using Fly Wheels and this is
being discussed here, along with the basic
construction utilizing the polymeric products to
build the High Speed Rotor.
There is a
possibility of this type of construction for
Hybrid Power Generation and storage. The
paper concludes that the experience with Fly
Wheel construction using filament winding, BStage Laminates or the infusion process needs
the right combination of materials to produce
rotors with the highest Integrity.

A) Selection of Energy Storage Device &
Construction

Key Words: Moment of Inertia of the Mass,
Angular Velocity, Kinetic Energy, Composites
I. INTRODUCTION
Energy is stored in the rotor in proportion to
its moment of Inertia of the mass (I) and the
square of the angular velocity (ω). The kinetic
energy stored Ek in a rotating flywheel is: E k= ½ .
I. (ω)2. The moment of inertia for a solid is I =
k.m.r² Where k, Constant of inertia (depends on
shape), m denotes mass, and r denotes a radius.
The energy storage characteristics of the
flywheel are influenced more strongly by its highest
rotational velocity than by its mass. A stronger,
lighter flywheel may be able to store as much, or
more, energy than its metallic counterpart.
However, the faster you spin a flywheel, the
more centrifugal force will build up, potentially
causing it to fall apart. Composite materials can be
engineered to have very high strength in the radial
direction, thus permitting higher operational speeds.

Source: Ries, Neumueller, „Corporation of Energy
Storage in Flywheels and SMES,“ Physica C 357360 (2001)pp. 1306-1310
Energy density: The amount of energy stored in a
given system per unit mass.
Power density or “Specific power“: Refers to the
power-to-weight ratio, measured in kilowatts per
kilogram.

In today‟s infrastructure, an ISO or RTO coordinates the balance between supply of power
generated and the varying demand (load) to
maintain network frequency near nominal values.
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Flywheels offer higher energy potential and
higher power density in comparison to conventional
energy storage.

2) A flywheel rotor which spins constantly to
maintain a ready source of kinetic energy.
3) A generator which converts the kinetic energy of
the flywheel to electricity.
4) Vacuum cylinders to minimize friction, allowing
the wheel to spin longer and generate more energy.
5) Magnetic bearing to make the flywheel “float” and
reduce parasitic energy losses.
With a single system, the integrated unit reduces
cost and increases the efficiency of the system.

The energy density of a flywheel is probably
the first criteria in the selection of a material. For a
rotating thin ring, the maximum energy density is
only dependent on the specific strength of the
material, not from the mass.
Advanced composite rotors enable the
storage of greater amounts of energy on a per-unitweight or volume basis in comparison to other
materials.

Wind
and
solar
energy
introduce
fluctuations in generation, adding to grid instability,
and increases the regulation requirement (per MW
power demand) versus traditional sources.
Flywheels are designed for use with alternative
energy power systems to generate distributed
electrical power. Flywheel systems can stock
electricity generated by renewable energy sources
and can match the fluctuating supply.

Furthermore, composite rotors have been
shown to fail in a less destructive manner than
metallic rotors.
Mode of failure is very important.
Energy storage applications using flywheel concept
Electrical Power: Un-interruptible Power Supplies
(UPS) Grid Frequency Regulation, Generated
Distribution
General Industry: Container Crane Application, Rail
Braking Systems
Automotive: Racing Cars, Hybrid Electric Vehicles,
etc.
.

Made of hoops of different fiber composite layers to
maximize total energy storage while minimizing
radial stress.

1. Flywheel energy storage systems start with a
flywheel turning at a high rpm (rotation per minute).
2. The turning flywheel drives a motor/generator.
3. The motor/generator produces a three-phase
electric current which is supplied to a rectifier.
4. The rectifier converts Alternating Current (AC)
from the motor/generator to a constant voltage
Direct Current (DC) output, which is supplied to the
critical application or load.

B) Manufacturing Process:
Fabrication of flywheel rotors is based on
filament winding “know-how”. Carbon, or glass
fibers, are drawn through a resin bath and wrapped
in the hoop direction on a heated mandrel. The
temperature of the mandrel, and the winding speed,
have to be carefully controlled to avoid quality

Flywheel manufacturers have designed
their flywheel systems to integrate the function of:
1) A motor which utilizes electric current from the
grid to provide energy to charge the flywheel.
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problems. The final rotor has a typical fiber volume
of about 65%, while void fractions are typically less
than 4%.
A high-performance fiber composite
flywheel that stores 0.3MJ/kg (40wh/lb) of kinetic
energy will spin at speeds as high as 60„000 rpm in
a vacuum of 0.1 to 1 Pa. Under these conditions,
the outer surface of the flywheel will experience a
temperature of 150°C as a result of aerodynamic
heating. The fiber and resin matrix must be able to
withstand these service conditions for several years.
Because flywheels are filament wound, and
filament winding is quite time consuming, the resin
must have a low viscosity and a long time gel.
C/Ep: Best strength-to-density ratio.
Glass is sometimes used in the interior portions of
the rim to save cost.

Flywheels that can store 3KWh get the same
energy as a 16.5 ton truck moving at a speed of
130Km/H.
This surprising equivalence shows us the
devastation capacity of such an application. The
first picture shows a crash during a test of a Steel
Flywheel System.

Resin properties required:
Low viscosity and long pot life for filament winding.
Low residual stresses after processing (low cure
temp) volume of epoxy is 30-40% by rotor.

II. DISCUSSION
Many customers have concerns regarding the high
speed of Original Steel Fly Wheel which has now
been replaced by Composite Fly Wheel. Some of
the drivers and restraints in the industry are shown
the diagram below.

The second picture shows how Carbon fiber
becomes fuzz at high rpm (second picture). The
wheel is shaped in such a way that a planned band
near the rim is formed with less thickness so at high
speeds, only the rim disintegrates.
UPS Applications: Defined as a battery back-up
system that provides back-up power during
blackouts for data centers, industrial plants, etc…
Flywheel can be used as a UPS system, storing
energy and delivering about 15 seconds of power
during blackouts to bridge the critical gap before
backup diesel generators kick in. Approximately
97% of all power outages last no longer than three
seconds (mainly due to atmospheric conditions).
Reclosing follows after 0.3 to 3 seconds.

Source: Frost and Sullivan
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Application for Grid regulation:
According to Beacon Power:




Flywheel requires an electrical input to accelerate
the rotor by using the built-in motor….





Revenue from regulation capacity services:
$480K /MW/Year
A 20MW unit will produce approx.
$8Million/year of revenue in power
regulation fees at today„s prices
$1Million per MW (in volume), $100„000 per
unit of 100kW
In three years the system pays for itself
80% EBITDA – zero fuel consumed; high
operating
efficiency
and
minimal
maintenance required.
Equipment designed for 20-year life span.

Bus, Tram, Rail Applications:

..and returns the electrical energy by using this
same motor as a generator.

The old-fashioned concept of flywheel storage
offers a promising new way of storing energy onboard.
 It allows trams to operate over catenary-free
sections and to recover braking energy, thus saving
energy and permitting system optimization.
 With tramway, flywheels have a better life cycle,
power density, rapid charge rate and storage
efficiency than chemical batteries.
 In 2005 at Rotterdam, Netherlands first Citadis
(Alstom Tram) equipped with a composite flywheel.
For R&D - test.

Application: Storing energy from off-peak times
for later use during peak demand periods.

Automotive Applications
From first flywheel buses to Formula 1 and racing
cars applications:

Supply > Demand: The flywheel system stores
excess electrical energy from the grid.




A new regenerative braking technology
using composite flywheels.
Kinetic Energy Recovery System (KERS)
solution (as battery system) was adapted by
several F1 teams in 2009.

Others race cars like Le Mans will adopt KERS
applications (super-capacitor battery, flywheel) in a
few years, along with super cars. OEMs will be
interested in this technology to save the energy.

Demand > Supply: When the grid is short on
electrical power, the motor driving the flywheel acts
as a generator, and the kinetic energy is converted
back to electrical power.

Today there is no flywheel application in the
automotive mass industry but visibility via F1 races
could change this in 6-7 years.
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• All the key components have a long fatigue life
and the bearings are conservatively rated.

Two types of KERS technology competed in the F1
championship in 2009:
1) High speed composite flywheels (Williams,
BMW, and Honda)
2) Super-capacitor battery (Renault, Red Bull, Toro
Rosso)

Transmission technology specialist Xtrac, located
in Indianapolis, IN, has stated that the flywheel
KERS systems currently being developed for F1
could be applied to passenger vehicles in a number
of ways.
III. CONCLUSION
The selection of Fly Wheel as an energy storage
device is a very economical way to store energy. It
is an absolute must to have composite fly wheel
produced using the right type of polymer system
and construction. Providers of polymeric systems
should have extensive knowledge regarding
composites, resin binders and the crucial
application parameters of processing to be
successful in producing such a high-speed, rotating
device up to 100,000 RPM. Also important are the
magnetic levitation and the heating of the bearing –
they are crucial to the long life of the device.

Flybrid Kinetic Energy Recovery System (KERS)
is a very small and light device that met the FIA
regulations for the 2009 season.
The key system features are:

References

A flywheel made of steel and carbon fiber
which rotates at over 65,000 RPM inside an
evacuated chamber. The flywheel casing features
containment to avoid the escape of any debris in the
unlikely event of a flywheel failure. The flywheel is
connected to the transmission of the car on the
output side of the gearbox via several fixed ratios, a
clutch and the CVT 60 kW power transmission in
either storage or recovery 400 kJ of useable storage
(after accounting for internal losses). It has a total
system weight of 24 kg (composite 4kg)

1)Ries, Neumueller, "Corporation of Energy Storage
in Flywheels and SMES," Physica C 357-360
(2001)pp. 1306-1310
2) Market data by: Frost and Sullivan
3) 7th International Workshop on Large Scale
Integration of Wind Power and on Transmission
Networks for Offshore Wind Farms.
4) Special Note: My sincere thanks to Alexandre
Broux of Huntsman Advanced Materials, Basel
Switzerland for collection of the information in this
field.

Flybrid system:
By using the break from 320 to 80 km/h, F1
cars are loosing energy of around 2 500
horsepower. The braking energy is used to turn a
composite flywheel.
When extra power is needed, the wheels are
coupled up to the spinning flywheel to give a boost
in power. In 50 ms, the transmission can go from
zero to full power.
Compared to the alternative of electrical
battery systems, the flywheel system provides a
significantly more compact, efficient, lighter and
environmentally-friendly solution. The Flybrid
system is absolutely relevant to passenger cars,
buses, trucks and trains.

*All information contained herein is provided "as is"

without any warranties, express or implied, and under no
circumstances shall the authors or Huntsman be liable
for any damages of any nature whatsoever resulting from
the use or reliance upon such information. Nothing
contained in this publication should be construed as a
license under any intellectual property right of any entity,
or as a suggestion, recommendation, or authorization to
take any action that would infringe any patent. The term
"Huntsman" is used herein for convenience only, and
refers to Huntsman Corporation, its direct and indirect
affiliates, and their employees, officers, and directors.

• The change from a Formula One system to a
passenger vehicle one is quite straightforward.
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Special product developed for the filament winding of the Flywheel and other applications by
Huntsman Advanced Materials
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Enhanced Shelf Life of Fast Cure Unsaturated Polyester Resins for Electrical
Insulation
Mark Winkeler
Applications Technology Manager
Ronald W. Goetter
Applied R&D Director
ELANTAS PDG, Inc.
There are a number of ways that shelf life and cure
response profiles can be altered within unsaturated
polyester chemistry specifically. This can be done while
monitoring key properties of the cured resin that indicate
the mechanical and electrical performance. The next
sections of the paper will give background on what can
be done to tailor resins to the desired performance.

Abstract:
Fast curing resins are very popular to improve
efficiency and productivity in the electrical insulation
industry. The compromise has always been reduced
shelf life of these resins in liquid form. This paper will
review work done to increase the shelf life of
unsaturated polyesters and the impact on the fast
cure response and final properties of the cured resins.

II.

Inhibitor technology comes in a variety of choices but
ultimately is designed to trap or neutralize free radicals
before they can initiate crosslinking of the resins. A
general example of a tert butyl catechol (TBC)
termination /scavenging mechanism is shown below (1).

Key words: Unsaturated polyester, shelf life, fast cure,
secondary insulation, lean manufacturing.
I.

Inhibitors

Introduction

Fast curing resins have been around for many years and
have found utility in applications where just in time or
lean manufacturing principles add extra value. The
compromise has always been a reduction in the usable
shelf life of these liquid resins compared to previous
technology.
One way to address this compromise has been through
the use of two component systems but this requires the
end user to handle and mix the chemicals in the correct
ratios. Another option involves the encapsulation of the
active species in a non-reactive matrix but this can lead
to the non-reactive material being trapped in the cured
resin matrix and leading to possible failure points in the
end use application.
There is a value add potential to the fast cure technology
in the form of increased shelf life if it can be extended to

Optimization of the types and loadings of these materials
can greatly influence the shelf life and still allow the fast
cure response desired. Some of the more commonly used
inhibitors are listed in Table I below (2).

minimize inventory loss and lower process costs. Base
resins cannot be altered as life testing and systems have
already been established.
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Table I – Common Inhibitors
Name
Hydroquinone
Para-Benzoquinone
Toluhydroquinone
Methyl-tert-Butyl
Hydroquinone
Tertiary Butyl Catechol

would be expected in Fourier Transform Infrared
Resonance (FTIR) spectroscopy scans.

Abbreviation
HQ
PBQ
THQ
MTBHQ

Table III – Formulations

TBC

Another type of inhibitor technology comes in the form
of free radical traps that capture the free radicals that are
generated during storage and subsequently releases them
at curing temperature. These products continued to be
studied as possible future generation technologies.
III.

Catalysts

Catalysts and promoter technology can be utilized to
tailor the desired time/temperature reaction profile for
unsaturated polyester resins. All of these materials are
designed to generate the free radicals that crosslink the
double bonds in the resin.

Promoter
b

2

b

3

b

4

b

5

b

6
7

a,c
d,e

8
9
10

None
None
d

Catalyst
C,D,E
(2%)
C,D,E
(1.5%)
C,D,E
(1.5%)
C,D,E
(1.5%)
C,D,F
(1.5%)
E
B,F
(1.5%)
B,F
B,F
B,F

Inhibitor
1,3,4

Additive
No

1,3,4

No

1,3,4
(increased)
1,2,3,4

No

1,2,3,4

B

1,2,3,4
1,3,4

No
A

1,3,4
1,3,4
1,3,4

A
A
A

No

All testing was done compared to a standard commercial
resin catalyzed with 2% TBP. Screening parameters
related to initiation of cure, degree of cure, mechanical
and electrical strength as well as stability were tested and
are reported in the following tables and charts.

The catalysts are in the peroxide family of which there
are dozens that can be used – a few of the more popular
ones for the electrical insulation industry are listed below
in Table II. (3).
Table II – Common Peroxides
Name
Methyl Ethyl
Ketone Peroxide
Benzoyl
Peroxide
Tertiarybutyl
Perbenzoate
Dicumyl
Peroxide

Formula
1

Abbreviation
MEKP

10 hr T ½ (°C)
N/A, RT cure

Table IV shows the results of some thermal work done
by Differential Scanning Calorimetry (DSC) to
determine the temperature at which the polymerization is
started and the glass transition (Tg) of a cured sample.

BPO
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Table IV – Initiation Temperatures, Tg

TBP

104

Sample

DiCup

117

Standard
1
2
3
4
5
6
7
8
9
10

The promoters or accelerators that are commonly used
for unsaturated polyesters are metal complexes that can
consist of cobalt, manganese, zinc, calcium or zirconium
to name a few. Specific metal choices are made based on
a balance of surface cure and through cure desired in
oxidatively cured resins which is widely documented (4).

IV - Results

DSC Initiation
Temperature, °C
117
130
133
130
142
134
117
132
128
130
132

Glass Transition,
TMA, °C
84
66
69
89
106
TBD
TBD
119
101
108
74

Bond and dielectric strengths shown in Charts I and II
were run on samples cured for 20 minutes at 121°C.
Twisted wire coils were used for bond strength at 25°C
and 150°C and Q panels were coated for dielectric
strength.

The formulations in Table III below were used to
evaluate the properties of various optimization attempts.
The base polymer itself was not changed so no changes
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Chart I – Bond Strength at 25°C

 Bond strength results have yet to consistently match
current standard products.
 Dielectric strength values are lower than standards in
a number of examples and comparable in others.
 More work needs to be done to understand batch to
batch variability of unsaturated polyester resins.
 Further work to understand specific mechanisms of
inhibitors is also needed.
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Chart II – Dielectric Strength
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Dielectric strengths are dependent on film thickness with
Chart III shows stability testing that was monitored at
50°C in a test tube in an oil bath and at 25°C in pint
containers. All samples at 25°C are still running – except
for the std which gelled at 150 days.
Chart III – Stability at 25°C and 50°C
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V.

Conclusions

 Modifications to the unsaturated polyester base resin
are not necessary to improve shelf life.
 One component resins with “industrially-acceptable”
shelf lives are possible without increasing cure times
or temperatures.
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FLEXIBLE ROGOWSKI COILS: A TECHNICAL REVIEW
Sam Seyfi
Magnelab, Inc.
In terms of physical formulation,

Abstract: A flexible Rogowski coil is an air core
toroidal transformer which has been a very useful
and innovative tool in the transformer industry due
to its ease of use and primarily due to its lack of
saturation at high currents. A technical review of the
operating principles surrounding the design and
operation of the Rogowski coil as it has been designed
and productized by Magnelab will be discussed in this
document. The advantages of this measurement tool
are based on its wide range linearity for differential
its lack of magnetic core structure that allows the
exclusion of saturation effects. Also, other important
factors are ease of use and add on electronics which
allow for signal refinement and integration. The
disadvantages associated with this technology
application are also going to be discussed. Finally,
data summaries tracking the development and
finalized product stages will be presented

v = M di/dt,

(1)

where v = voltage detected; M=mutual
inductance of the coil or coil sensitivity, (Vs/A);
and di/dt = rate of change of current
Recapping, the basic function of a Rogowski coil is to
measure current through a conductor placed within its
loop and reproduce the current fluctuations over a given
time interval of observation. For accurate replication of
the current, the raw voltage output needs to be integrated
in order to account for the rate of change proportionality
that is generating the voltage read out. Amplification of
the signal output above noise is also achieved with
integration. The utilization of the Rogowski coil as a
viable current sensing device for commercial
applications has been hampered by the electronics
availability for the integrator design. However, since the
early 90’s (2, 3) wide bandwidth Rogowski coils have
been available for commercial use.

I. INTRODUCTION
The basic operating principle of a Rogowski coil was
first postulated in 1912 by Rogowski et al [1]. It
described that a closely wound coil over a nonmagnetic
former of constant cross sectional area and closed loop
configuration, will detect an induced voltage which is
proportional to the rate of change of the current flowing
in the wire surrounded by the coil. In Figure 1 the
generalized schematic of such a configuration is shown.

Technical Aspects and Considerations
Magnelab applications were initiated based on the wide
range linearity of the flexible Rogowski coil, and the
flexibility it offers the customer with diverse current
sensing requirements. Figure 2 shows a picture of one of
the Magnelab Rope CTs.

Figure 1: Generalized diagram of a Rogowski coil set up

Figure 2: Physical configuration of a Magnelab flexible
Rope CT system
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Table I lists the specifications associated with the
product without an integrator transforming the output.
The choice of test ranges in the data charts was primarily
driven by the specification requirements of the customer
base. However, testing is ongoing to determine the full
spectrum capability of the device.

screening and calibrating against fixed positions. End
matching is another liability of flexible coils but, the
utilization of concentric, aligned connectors improves the
end matching and prevents interference pick up from
stray fields.
Product checks during the development of the Rope CT
at Magnelab have shown that for the particular coil
length and arrangement developed, the end matching
configuration is very robust, with a small error shift in
the repeatability of measurement if the current carrying
line and the connector site overlapped during the
measurement. This is easily controlled by not allowing
the connector center to be in contact with the current line
during the measurement.

Table I: Functional Parametrics of Magnelab
Rope CT : Raw Data
Product ID

Rope CT

Current Range

5A – 10 kA

linearity error for
current sense range

up to 5% of range <2%
6- 100% of range <0.2%

Frequency Range

45 Hz – 100KHz.

Vout range (mV)

0.7-125

Coil
(mV/A)

0.07-0.08
(av.
S=0.35mV/A)

Sensitivity

Preliminary data on the stability and linearity of the
Rogowski coils are shown in figures 3 and 4. Figure 3
plots show the raw data collected for a Rope CT system
as measured under a range of input currents and at
constant frequency of 60Hz. The linearity is the typical
response expected over the current range, 100A to
1500A, used.

integrated

A slight offset is observed which could be fixed by the
introduction of the appropriate integrator filtering. In
addition, the very close matching of the two sets of data
is indicative that positioning errors are not an issue for
the geometries studied.

The inherent lack of saturation constraints makes the coil
almost indestructible due to over current conditions. In
addition, this allows for a wide range of current
measurements (100A to 100kA) without the requirement
of physical size changes which makes the Rogowski coil
easily adaptable to a variety of physical shapes of
transducers, as well as their respective current ratings.

140
coil 2 (mV)
coil 2 (mV)
Linear (coil 2 (mV))
Linear (coil 2 (mV))

120
100

V out (mV)

However, in order to achieve this wide bandwidth, the
coil sensitivity has to be low enough to minimize the coil
inductance. At the same time, it has to be high enough to
accommodate low frequency, low amplitude currents.
The use of appropriate integration allows for precise and
repeatable measurements to be generated. In the past, the
use of passive RC (resistor-capacitor network)
integrators, limited the use of the Rogowski coil to the
detection of large, high frequency current pulses which
required increased currents in the wire in order to
provide adequate accuracy, thus limiting the low
frequency applications.

80
60
40
20
0
0

250

500

750

1000

1250

1500

1750

Iin (A)

Figure 3: linearity of raw output voltage for Magnelab
Rope CT as measured at 60Hz

On the other hand, the introduction of active integrators
which are generally variable RC systems allows for the
same Rogowski coil to cover a wide range of currents
and frequencies by just changing its integration time
constant. Flexible Rope CT coils are less accurate than
their rigid counter parts due to the non uniformities
introduced by flexing the former onto which the
windings rest, as well as due to the difficulty of

Figure 4 shows the linearity of the center point
measurement for Rope CT 2 as measured over the 5-200
Amp range. The linear fit has an R2 factor of 0.99 and the
standard deviation percentage is less than 2% in the low
end of the range with sub 0.2% values for the majority of
the plot.

2
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Position dependencies were determined by contact
measurements at 8 uniformly distributed sites along the
coil’s length. Points 1 and 8 are the locations adjacent to
the connectors at each end of the coil. No end effects
were detected in either of the coil ends, as well as no
matching issues with the connector arrangement.

20
18
16

y = 0.0856x + 0.1517
2
R = 0.9979

Vout (mV)

14
12

The diameter of the former in the coil for the
measurement is 0.235”. The insert in figure 4 shows the
approximate measurement locations with respect to coil
length.

10
8
6
4

Vout(mV)-1

Vout(mV)-2

Vout(mV)-3

Vout(mV)-4

Vout(mV)-5

Vout(mV)-6

Vout(mV)-7

Vout(mV)-8

Vout(mV)-9

Vout(mV)-10

Integrated data of the product have also been reviewed
with signal amplification of one order of magnitude, and
no significant changes in the overall performance. The
particular integrator has been structured to fit the
customer’s unique application.

2
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150

200

250

Figure 4: Linearity and repeatability response of center
point measurement for Rope CT 2

II. CONCLUSIONS
The basic operation principles of a Rogowski coil have
been reviewed and summarized as it pertains to
Magnelab product . Basic characterization data and
product physical configuration are also presented. The
Rope CTs studied have shown good low and high
current and frequency responses. This makes them good
candidates for a wide range of applications using
appropriate integration.

Frequency range dependencies in the product spec range
and positioning accuracy studies are shown in figure 5.
The data have been collected on raw Vout measurements
and the linearity of output is characteristic of consistent
winding counts and cross sectional uniformity.
50

Raw Vout (m V)
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IDENTIFYING FAULTS IN THREE-PHASE INDUCTION MOTORS
USING SUPPORT VECTOR MACHINES
Sri R. Kolla
Bowling Green State University
Abstract: This paper presents Support Vector
Machines (SVM) based technique to identify faults in
three-phase induction motors. Different types of
faults experienced by induction motors are first
explained. An introduction to SVM is then presented.
The SVM is trained to identify faults using threephase currents and voltages from an induction motor
model. A software program is used for training the
SVM. The trained SVM is tested with simulated fault
current and voltage data. The testing results on a 3hp induction motor model show that the proposed
SVM based method is effective in identifying various
types of faults.

giving an extensive list of references on this topic [5].
Farag and Kamel [6] designed and implemented MC8031 micro-controller based digital protection system for
three-phase induction motors. Motor current signature
analysis (MCSA) that analyzes high frequency
components in current to identify faults has been used by
many researchers [7]. Chow et al. applied neural
networks to detect incipient faults in single-phase
induction motors in the early 90’s [8]. They identified
stator winding faults and bearing wear using motor
current and speed as inputs. Reference [3] used neural
networks for faults identification in a three-phase
induction motor. SVM techniques for identifying faults
in induction motors have been recently proposed by
Widodo et al. [9], Poyhonen et al. [10] and Nguyen et al.
[11]. Fang and Ma have combined the MCSA and SVM
techniques to identify induction motor faults [12].
However, there has not been much work done in applying
SVM technique to identify external faults in three-phase
induction motors [3].

Key Words: Induction Motor, Faults, Protective Relays,
Artificial Intelligence, Neural Networks and Support
Vector Machines
I. INTRODUCTION
Three-phase induction motors are the most popular
motors used in industrial applications due to their
reliability, low cost and high performance. These motors
often experience several types of faults. The main types
of faults are over load, single phasing, unbalanced supply
voltage, locked rotor, ground fault and over/under
voltages [1]. Protective relays are used to monitor these
faults and disconnect the motor in case of a fault. With
the recent developments in smart-grid technologies, the
traditional protective relays based on electromechanical
and solid state devices are being replaced by
microprocessor-based relays due to several advantages
[2]. Some of these relays use Artificial Intelligence (AI)
techniques in the implementation of relay logic. In a
previous study, a fault identification scheme for threephase induction motors using feed-forward neural
networks was proposed [3]. The traditional neural
networks approaches have difficulties with generalization
producing models that can over-fit the data. The Support
Vector Machines (SVM), developed by Vapnik, are
gaining popularity due to many attractive features
including their greater ability to generalize, which is the
goal in statistical learning [4].

This paper presents an SVM based technique to identify
external faults in three-phase induction motors. Different
types of faults experienced by induction motors are first
explained in Section II. An introductory review of SVM
is then presented in Section III. The SVM is trained to
identify faults using three-phase currents and voltages
from an induction motor model. A software program is
used for training the SVM. The trained network is tested
with simulated fault current and voltage data from a 3-hp
induction motor model. These details are discussed in
Section IV. Concluding remarks are offered in Section
V.
II. INDUCTION MOTOR FAULTS
A three-phase induction motor may experience several
types of fault conditions which include [1]:
Over load
Locked rotor
Single phasing
Unbalanced supply voltage
Ground fault
Over voltage
Under voltage

Different stator fault monitoring techniques for induction
motors were reviewed recently by Siddique et al. by
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An increased mechanical load on the motor beyond the
rated value results in increased phase currents, and over
heating of the motor. In a traditional relay protection
system, the over current relay trips the motor off-line. A
trip command is usually given after a specified time
depending upon the magnitude of the current.

III. SUPPORT VECTOR MACHINES
Support Vector Machines are a learn-by-example
paradigm spanning a broad range of classification and
regression problems [13]. They were introduced by
Vapnik in the framework of statistical learning theory
[4]. They rely on support vectors (SV) to identify the
decision boundaries between different classes. The SVM
employed for two class problems are based on
hyperplanes to separate the data as shown in Fig. 1. A
summary of the mathematical development of SVM
technique from Reference [14] is given below.

The locked rotor condition results in over current
situation. Extreme heating occurs, particularly in the
rotor. This condition can be tolerated for only a limited
time. Tripping time is determined according to the
inverse time characteristics in a traditional relay scheme.
When one of the phases of the three-phase motor is open,
single phasing situation occurs. This results in increased
positive and negative sequence currents, and hence
excessive heating. An over current relay that uses
thermal current protects the motor during this abnormal
operating condition.
Unbalanced supply voltage results in negative sequence
voltage. It may also give increased positive and negative
sequence currents. An over current relay protects the
motor during the unbalanced supply. This situation is
also detected by determining the negative sequence
voltage.
Ground faults are more prevalent in motors than other
power system devices, because of the violent manner and
frequency with which they are started. These faults are
detected by observing the zero sequence current. The
motor is instantaneously disconnected during ground
faults.

Fig. 1. Linear separating hyperplane
Given a set of training samples

A reduced supply voltage with a rated mechanical load
on the motor results in increased current and hence
excessive heating of the motor. An over current relay
can protect the motor during this case. A motor can also
be protected against under voltages using voltage-time
characteristic relay.

x1 , x 2 ,..., x m with

y1 , y2 ,..., ym the aim is to learn the
hyperplane w.x  b which separates the data into
outputs (labels)

classes such that:

w.x i b  1   i if y i  1

An increased voltage on the motor might have harmful
effects on its insulation. A motor can be protected
against under and over voltages using voltage-time
characteristic relay.

w.x i  b   i  1 if y i  1

 i  0 i.

For no misclassifications (  i

 0 ), the separating

hyperplane which maximizes the distance between it and
the closest training sample can be found. It can be shown
that this is equivalent to maximizing 2/|w| subject to the
above constraints. By forming the Lagrangian and
solving the dual problem, this can be translated into the
following:

Several microprocessor-based relay schemes which can
protect a motor under all these abnormal conditions exist
in the literature [2]. Recently there have been attempts to
use AI techniques such as multilayer feed forward neural
networks to identify these faults [3, 5]. This paper,
further explores the use of AI techniques, and suggests
SVM based scheme to identify faults in a three-phase
induction motor.

minimize:


i
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i



1
i j yi y j x i  x j
2 i, j

subject to:

where

i  0
 i yi  0.

example of kernel function is the Gaussian radial basis
function (RBF) kernel K ( x, y)  e

i

i

is a Lagrange multiplier.

w.x t  b or w. (x t ) b if a transform to a higher
dimensional space has been used. It can be shown that
the solution for w is given by w 

i

   i yi K (x i , x t )  b

capacity, a parameter which allows to specify how
strictly the classifier is to fit the training data. This can
be translated to the following dual problem:



i

i

0

which again can be solved by standard techniques.
The classification framework outlined above is limited to
linear separating hyperplanes. It is possible however to
use a nonlinear hyperplane by first mapping the sample
points into a higher dimensional space using a nonlinear
mapping. That is, a mapping

.

 : n   where the
n is chosen. With this, a

dimension of  is greater than
separating hyperplane in the higher dimensional space is
sought. This is equivalent to a nonlinear separating
n

surface in  .
As shown above, the data only ever appears in our
training problem in the form of dot products, so in the
higher dimensional space the data appears in the
form  (x i ). (x j ) . If the dimensionality of  is very
large, this product could be difficult or expensive to
compute. However, a kernel function such that
K (x i , x j )   (x i ). (x j ) can be introduced to use in
place of

x i .x j everywhere in the optimization problem

and never need to know explicitly what



i

There are several software programs, both commercial
and free-ware, are available to implement the SVM
technique.
In this paper LIBSVM [15], freely
downloadable software, is used. The program comes
with different tools to train and test data to classify and
other function. They include svm-train, svm-scale, svmpredict, and svm-toy. It allows selection of different
kernel functions such as RBF, and several parameters to
vary to facilitate the training of the data. The tool svmtoy is a simple graphical interface which shows how
SVM separate data in a plane. Fig. 2 shows a simple
illustration of svm-toy. The use of other tools is
explained in the next section.

1
i j yi y j x i  x j
2 i, j
i
subject to: 0   i  C
i

i

i

2

 y

i

Thus the Kernel function can be used again rather than
actually making the transformation to higher dimensional
space since the data appears only in dot product form.

w / 2  C i  i where C is called the

i

i

w. ( x t ) b    i yi (x i )   ( x t )  b

misclassifications, as illustrated in Fig. 1. This results in



 y x .

Therefore, w. (x t ) b can be rewritten

If no hyperplane exists (because the data is nonlinearly
separable) a penalty terms  i is added to account for

minimize:

.

After solving for w and b, a class to which a test vector
x t belongs to is determined by evaluating

There is one

Lagrange multiplier for each training sample. The
training samples for which the Lagrange multipliers are
non-zero are called support vectors. Samples for which
the corresponding Lagrange multiplier is zero can be
removed from the training set without affecting the
position of the final hyperplane. The above formulation
is a well understood quadratic programming problem for
which solutions exist. The solution may be non-trivial
though in cases where the training set is large.

minimizing

|x  y|2 / 2 2

Fig. 2. LIBSVM program output for a sample data.

is. An
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IV. SVM FOR IDENTIFYING INDUCTION MOTOR
FAULTS
In order to use SVM for identifying induction motor fault
and no fault conditions, it is necessary to select proper
inputs and outputs of the SVM, and train it with
appropriate data. In this study, inputs are selected as
RMS values of three-phase voltages and currents.
Therefore, there are 6 inputs. The data is classified into
8 output values corresponding to seven faults described
before and a no fault condition. The outputs are
numbered from 1 to 8 and the corresponding number is
obtained from SVM if that particular condition exits.
Fig. 3 illustrates the inputs and output (faults and no fault
conditions) of the SVM.
No fault
Over load

3-Phase
RMS
Currents

Ground fault

SVM
3-Phase
RMS
Voltages

Unbalancedvoltage
Locked rotor
Single phase

Fig. 4. Three-phase voltages and currents for under
voltage fault.

Under voltage
Over voltage

The SVM is trained using the svm-train tool of LIBSVM
software [15]. Fig. 5 shows the partial training data for
the induction motor. The data includes the RMS values
of three-phase voltages and currents and the
corresponding fault/no fault condition number output.
These values for voltages and currents represent actual
values divided by constants 461 and 56 respectively for
scaling. Training the SVM required selection of different
parameters that influence the model performance. To
achieve a good model, the parameter C and kernel
function are chosen accordingly. RBF kernel generally
gives better performance and it is chosen in the model.
The value of C is varied between 1 and 1000. For the
RBF kernel,  is varied between 0.1 and 5. The
stopping tolerance for solving the optimization problem
is set to 0.001.

Fig. 3. SVM to identify induction motor faults.
To train the SVM, simulated voltage and current
waveforms representing the seven different faults and no
fault condition are considered. These waveforms are
obtained using a C-program written to simulate a 3 hp,
400 V, Y-connected stator, cage rotor induction motor
[16]. For example, Fig. 4 shows the waveforms for an
under voltage situation. Similar waveforms are given for
other faults in Reference [16]. From the instantaneous
voltage and current values of the waveform, RMS values
are calculated using the Discrete Fourier Transform
(DFT) algorithm [2]. These RMS values are used in the
training and testing process. A total of 201 data sets are
used in the training. They represent various cases as
follows:
Unbalanced supply voltage
Ground fault
Single phasing
Locked rotor
Over load
Over voltage
Under voltage
No fault

1 1: 0.5003 2: 0.5003 3: 0.5003 4: 0.0933 5: 0.0936 6: 0.0932
2 1: 0.5008 2: 0.5008 3: 0.5008 4: 0.1913 5: 0.1920 6: 0.1910
3 1: 0.5003 2: 0.5003 3: 0.5003 4: 0.0010 5: 0.0391 6: 0.0381
4 1: 0.5008 2: 0.0626 3: 0.0751 4: 0.0616 5: 0.0935 6: 0.1196
5 1: 0.5008 2: 0.5008 3: 0.5008 4: 0.2949 5: 0.2955 6: 0.2945
6 1: 0.0000 2: 0.5008 3: 0.5008 4: 0.1691 5: 0.1224 6: 0.0567
7 1: 0.6261 2: 0.6261 3: 0.6261 4: 0.1197 5: 0.1201 6: 0.1195
8 1: 0.3756 2: 0.3756 3: 0.3756 4: 0.0716 5: 0.0719 6: 0.0715

34
35
7
50
34
14
21
6

Fig. 5. Part of induction motor data file for LIBSVM
training.
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The trained SVM is tested with data sets consisting of
trained data and a modified set of data from training set.
These test data sets are used in svm-predict tool of
LIBSVM software. Some of the data sets used are shown
in Table 1. The table shows three-phase RMS voltages
and currents for the ground fault and no fault cases. It
also shows, for these two situations, the output from the
SVM. The actual output values are within 10% of the
expected output values. It is clear from these results that
the SVM has successfully identified the fault/no fault
situations. Similar results were obtained when tested for
the other faults cases. Though the results are satisfactory,
further improvements can be obtained if more data points
are used in training.
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IMPREGNATION METHODS, RESINS AND EQUIPMENT
Peter Caine
HeatTek Incorporated
Abstract: In the early 1990’s many of the solvent
based resins that were being used were converted to
quick cure formulations. These new formulations
created lower VOC (Volatile Organic Compound)
emissions, lower cure temperatures, and shorter
processing times. The savings in energy for curing
parts on average resulted in an immediate savings of
approximately 25%. The effects on the equipment
and machines processing parts were numerous.
Exhaust emissions were reduced, heat losses were
reduced, cure times became much shorter, and some
new components were able to be used on the machines
that were not previously used due to the lower
operating temperatures. Since that time, the changes
that have taken place have not been as many as at
that time, however, improvements continue to be
made in optimizing operating energy efficiencies,
better control and handling of resins, reducing waste,
and more informative data monitoring and
acquisition.

epoxies, and water borne resins. A brief description of
each resin and the impact that resin has on equipment
designs will be provided. Next, processing methods will
be discussed including: Dipping, Roll Coating, Trickle
Impregnation, and Vacuum Impregnation.
The
discussion will continue with the most common types of
equipment and components used for each of the five
resins listed. Descriptions of various curing methods,
resin application equipment, cooling methods, part
handling methods, and data monitoring/acquisition
equipment will be reviewed.
A. Polyesters and Epoxies.
1. Solvent Based Resins
Solvent based resins have been the primary type of resin
used in manufacturing of motors since the early times.
The resins relied mainly on xylene, naptha, styrene or
vinyl toluene thinners for maintaining viscosity. These
resins usually cure to a golden brown color along with all
of the equipment that the solvent was exposed too.
Keeping solvent based materials within an acceptable
quality range requires monitoring the percentage of
solvents present in the mixed resin and adding more
solvent when required to maintain the viscosity. New
quick cure formulations of these resins are not all that
much different than the original formulations with the
exception of certain additives that allow the solvent to
chemically crosslink with the base resin and thus tie up
the majority of the loose solvents. The new resins cure
with a lighter color and less residue left on the process
equipment.

The topic of this paper was previously presented in
2004 by Jeff Schein of HeatTek and the author. This
paper will update those topics discussed at that time
and include some of the new areas of emphasis seen
today in designing and building Varnish
Impregnation Systems.
Key words: Trickle, Dip, Roll, VPI, Ovens, Curing,
Varnish, Epoxy, Resins.
I. INTRODUCTION AND TYPES OF RESIN
Industry and market standards will quite often dictate the
type of coating that will be applied on a particular part.
For example, a heavy duty alternator that sees a harsh
environment, temperature extremes, and varying
electrical demands will most often require an epoxy
coating. A power tool seeing periodic use for short time
intervals is more likely to use one of the quick cure
polyester resins. Large traction motors too big for
normal processing methods and very costly to purchase
or refurbish will most likely use an epoxy coating in a
VPI system.
Each of these processes demand
significantly different processing equipment. This paper
will discuss the different types of equipment and systems
used today for coating motor or transformer components
with the different resins. The resins that will be
evaluated include discussions on: solvent based resins,
quick cure resins, heat cured epoxies and water based

2. Heat Cured Epoxy
Heat cured single part epoxies have long been used in
applications where the part will see extreme conditions.
In process, one part epoxies are usually of a higher film
build, usually thixotropic (meaning that it will thin as it is
stirred), and requires little monitoring to maintain quality.
Heat cured epoxies are typically cured at higher
temperatures for longer periods of time. Without
meeting these conditions the one part epoxy will not cure.
Two part epoxies are also used quite often and provide
varying film build up based on the starting viscosity and
the rate at which the two components cure. A catalyst is
mixed with the resin that may be reactive enough that
heat is not required. In most cases, however, a brief
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heating period will aid in curing the resin. Meter mixing
of the two parts is common on automated assembly lines.
Most epoxies are dispensed at fairly close ratios and
volumes so metering the two components are not as
difficult to do as with polyesters mixing at 50:1 ratios.
Highly reactive epoxies need to have the lines purged
periodically in between cycles based on the reaction time.
This causes some waste but is necessary to keep the
automated lines operational.

II. Discussion - PROCESSES AND EQUIPMENT
A. Processing Methods
Each of the resins described above can be processed
under different handling and curing methods. Some of
these methods work better due to the size of the part
being processed, production rates, or cure times.
Current trends in processing methods, conveying, resin
handling and curing systems will be explored further in
the following section.

3. Water Based Resins
Water based resins were developed as low VOC
alternatives. The resultant coating tends to be a clear light
film build left on the part after the water evaporates.
Handling of the water based resins requires only
monitoring the viscosity and the percentage of water to
solids. Equipment used with water based systems usually
requires the least amount of metering equipment and
control.

1.Epoxy and Polyester Dip and Bake Systems
Dipping of preheated or ambient temperature parts in
resin is the most common and oldest form of mass
treating parts. Parts are either conveyed through a trough
or moved into position and submerged in a tank of resin.
This fairly common when processing larger parts and
high volume parts. Parts are then allowed to drain for a
period of time before moving into the cure chamber.
Parts are usually loaded onto a hanger. In the case of low
production parts, quite often these are dipped in a
stationary tank by an overhead crane, allowed to drain,
and loaded onto a cart or directly into an oven for curing.

4. Quick Cure Polyesters
Quick cure polyesters have become the back bone of
most of the polyester coated parts. Earlier versions of the
quick cure resins were fairly reactive with a shelf life of
only minutes using MEK peroxide as a catalyst to 3 – 5
days with the standard TBP catalyst. The newest third
generation of resin provides up to 20 day mixed shelf life
and reduces the maintenance requirements and some of
the cooling eqiupment needed to keep the resin from
gelling.

2. Dip, Roll and Bake
Similar sized parts such as starter motor or power tool
armatures that are produced in high volumes are quite
often ideal for roll coating. Rolling a part in resin can
prevent varnish from going into places where it is not
desirable such as on the shaft of an armature or the I.D.
of a stator. Larger parts or high production armature
rotors quick cure resins are most often processed by this
method. Transferring the part after it has been coated is
usually done only after the resin has gelled. Roll coating
has become more common in the last few years due to the
ability of the parts to pick up more resin potentially than
in the trickle process. Roll coat systems tend to require
less moving parts and equipment but quite often
introduce cooling of the resin as a part of their normal
operation.

5. Water Based Epoxies
Water based epoxies became quite widely used in the
hermetic motor industry in the past 10 years. The water
based epoxies offer superior qualities and cure in as little
time as one hour at lower temperatures when compared
to the one part epoxies. The trade off in many cases,
however, is in a lighter coating and film build.
The following table gives a comparison showing the
differences in the bake times and temperatures for the
various types of resins previously described.

3. Trickle Impregnation

Table 1.
Comparison of resin cure times and
temperatures.
Resin Type
Solvent Based
Heat Cured Epoxy
Water Based
Quick Cure
Water Based Epoxy

Cure Time
1 -2 hours
2 - 3 hours
1 hour
10 min.
1 hour

Applying resin by dispensing it in a controlled amount
onto a part in the correct areas for a predetermined
amount of time is called trickling. Trickle references the
controlled amount of resin being dispensed and is
usually one or multiple small streams of resin being
pumped out of hose or tubing. Controlling the location of
the resin being applied prevents resin from going into
unwanted areas and consequently reduces additional
cleanup work needed to be done to the part after curing.

Cure Temp.
350 F.(177 C.)
350 F.(177 C.)
250 F.(122 C.)
250 F.(122 C.)
300 F.(149 C.)
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Quite often machining operations are eliminated and
balancing of armatures is improved due to the controlled
distribution of resin. Parts are most often individually
held and rotated during this time at a controlled RPM.

Batch ovens and indexing overhead conveyor lines utilize
carts loaded with multiple levels of racks or single
carriers loaded with parts. Transformers, large parts and
smaller parts that can be nested close together are
typically processed this way.

4. Vacuum-Only and Vacuum- Pressure Impregnation
VPI (vacuum pressure impregnation) is generally used in
two distinct product lines. The first line includes types of
dry type transformers while the second type of product
includes motor and generator impregnation. The VPI
process is carried out by placing parts into a
vacuum/pressure vessel, closing and sealing of the domed
cover, drawing a vacuum on the chamber, which
evacuates the air, and then filling the chamber with resin.
In the absence of air, resin fills all of the open areas of a
part submerged in liquid and is the best method of
saturating a tightly would part. The key reason this
process is used is the same for both of the products
mentioned above that being maximum resin penetration
into the coil system as quickly as possible. Current
transformer and motor designs pack more copper and
insulation into smaller areas making the VPI process a
critical processing method for these types of parts. .

3. Individual Part Fixturing
Parts that are to be trickled need to be held and rotated
during the coating process. On automated systems,
fixtures can take many forms and are most often secured
to a rotator (for a single station) or a set of chains that are
used to convey the fixtures. Stators require grippers that
secure to the inside diameter or around the outside
diameter. The grippers are either spring loaded or
manually expanded. Rotors and armatures require collets
that can hold varying shaft diameters and lengths.
Designing the grippers properly with springs, magnets, or
bushings prevent parts from falling from the part fixture
as they rotate.
C. Resin Handling
Automated resin systems most often require automatic
meter mixing while less automated lower production
systems can utilize manual filling of resin tanks or
holding containers. The amount of resin used and in
house chemical handling policies quite often dictate
which method is acceptable.

B. Conveying Methods
The handling and conveying of parts is unique to each
production line and critical to flow of the product
through the production line. Variables that define the
type of conveying system include: the type of resin, the
part size, and the production rate. There are three
primary methods of conveying parts:

1. Meter Mixing
Meter mixing is completed by forcing a resin and a
catalyst together at a controlled ratio. Pump styles
include: piston, peristaltic, diaphragm, or gear pumps
controlled at the proper speeds for the required ratio
control. The ratio and the accuracy required during the
mixing will help decide the best style of pump. Mixing
rooms, ventilation control and fire protection are always
included in this part of a system.

1. Overhead conveyor
Over head chain conveyors are either I-beams, enclosed
track, or formed tubing with a driven chain with
attachments. Hooks or hangers are hung from the chain
and parts are then hung from the hangers. The conveyor
lines travel a rates determined to carry the calculated
number of parts to meet the production rate.

2. Dip Tanks

Quite often the chain travel is started and stopped instead
of continuous travel. When this is done, parts are usually
dipped at a single station when the chain is not moving.
Quick cure resin systems are quite often designed this
way. With the resin typically having a limited shelf life,
minimizing the size of the mixed resin increases the
turnover of the tank. Larger tanks need to be designed
differently for environmental and fire prevention
purposes.
Withdrawing the parts from the resin at
controlled rates will have an affect on the amount of resin
left on the part after the coating process.

Tanks are sizes are normally made only large enough to
submerge the parts.
Automated systems usually
incorporate constant overflowing resin with a maintained
level. The overflowing resin typically flows back to a
holding tank with automatic level controls. In warm
climates or if preheated parts are dipped into the tank, the
overflowing resin is forced through a heat exchanger
designed to remove the heat gained from the parts
dragged through the resin. Cooling resin will extend the
life of the batch. If cooling is not used, then the mix
ratios need to be monitored to insure that solvent or water
stay at the correct ratios.

2. Part Racks/Trays
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4. Process Monitoring and Data Acquisition

3. Induction Heating

Knowledge of the process, part location, and status of the
operation at any location is known today through the use
of PLC’s and data acquisition software. Conveyor speed,
cycle time, part count, resin/tank information, and alarm
conditions are all common features tracked in the PLC
system. Data acquisition software that takes signals from
the PLC relays this information to PC’s. Remote alarms
can be programmed along with SPC information.

Induction heating takes place when the magnetically
conductive components of a part are placed inside of a
magnetic field. Heating of the most conductive
components of a part are heated vary quickly and conduct
that energy into other areas of the part. Induction coils
and power supplies are custom designed and sized for
each application. Controls allow power to be applied
continuously or intermittently for pulse heating.

5. Vacuum-Only and Vacuum- Pressure Impregnation

4. Resistance Heating

A VPI system will include a vacuum chamber, resin
holding tank, vacuum pump, and control valves for
transferring resin. The resin is passed thru a pipe
connecting the tanks by use of differential pressures. In
some systems, vacuum and pressure is used in the
process, control of the depth of vacuum and the dryness
of the compressed air have become critical in maintaining
the resins chemical balance. In most applications, the
resin is stored in a reservoir equipped with a cooling and
agitation system to maintain the resin at a proper
temperature

In theory, resistance heat can be considered the opposite
of induction heating. Instead of heating the steel
laminations first, leads are connected to the copper
winding which is then energized and heated as a resistive
load. Lead wires are attached to a power supply or
contact is made by the use of brushes. A controlled
amount of power is then applied to heat the part.
Resistivity is monitored and checked for the desired final
temperature. Large parts are quite often heated by this
method since the winding is the primary area of the part
to be heated.

D. Heating Methods

III. CONCLUSIONS

With more emphasis being placed on energy savings and
minimizing process times and floor space, quite often
combinations of heating methods prove to be the quickest
and most efficient way to heat parts before or after
coating. The following heating methods are used alone
or in combination on curing systems today.

Although the methods of processing and the coatings do
not change in concept all that frequently, there are
numerous continuing improvements that have been made
in the past few years. Electronic process control and
monitoring give us live process information that was
never available previously. Knowing some of this
information, such as when a part reaches temperature or a
part reaches a certain location in a process, allows
control to be added to operate a machine with the least
amount of energy and cost. Resin formulations drive
innovation creating
new opportunities for new
equipment design.

1. Convection Ovens
Convection ovens describe either gas or electrically
heated ovens that circulate air inside a curing chamber.
The heat up rate of a part is a result of the velocity of air
traveling past the part and oven temperature set point.
Different resins require a specified temperature for
varying amounts of time. Examples of this are given in
Table #1.

REFERENCES
1. Equipment design considerations using
environmentally friendly resins: Peter Caine & Jeff
Schein, EMCW Proceedings Book, 2004.

2. Infrared Ovens (Gas or Electric)

Peter Caine received his BS in Industrial Engineering
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Positions at Oven Systems Inc. His current position is
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Thermal Equipment and Process Systems to the electric
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Radiant heating is heating a part with certain frequency
light waves. Infrared heating rates are usually limited to
the maximum surface temperature the part can with stand
without damage to the wire, phase paper and insulation.
Infrared heat is most often limited to use with smaller
parts with less mass. Quartz lamps, ceramic , sheathed
elements, and catalytic gas panels are all methods of
Infrared heating panels.
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Innovations in Unsaturated Polyester Resins
for
Electrical Insulation
Ronald W. Goetter
Applied R&D Director
ELANTAS PDG, Inc.
Abstract:
Unsaturated polyester resins have been studied and
modified to improve the shelf life and performance
without significantly altering the base resin
chemistry. Two component systems tend to have low
runoff and high film build due in large part to fast gel
times. These same properties can be achieved with
some stable 1 component systems with no increase in
cure schedule.
Key words: Unsaturated polyester, shelf life, secondary
insulation, lean manufacturing.
I.

Introduction

II.

Unsaturated polyester resins have been used in the
electrical insulation industry for a number of decades.
During this time the resins and application techniques
have evolved to meet the changing demands of the
market and stricter environmental regulations.

Inhibitors

Standard inhibitor technology relies on a chain-stopping
mechanism that consumes the free radicals generated
during the peroxide-initiated cure. This mechanism is
shown generically in the sequence above. (1) Some of
the common inhibitors related to this mechanism are
listed in Table I. (2)

With these changes it is important to minimize any
adverse impacts such as a longer cure schedule and/or a
decrease in cured electrical and mechanical properties
and performance. Combining various technology
improvements in catalysts, promoters, inhibitors and
monomers we have discovered some unique
relationships that have allowed for improved properties
without any negative performance aspects.

Elimination of the free radicals leads to increased shelf
life but also lower reactivity as these are no longer
available to initiate the curing of the unsaturation in the
resins and monomers.
Table I – Common Inhibitors
Name
Hydroquinone
Para-Benzoquinone
Toluhydroquinone
Methyl-tert-Butyl
Hydroquinone
Tertiary Butyl Catechol

Unsaturated polyester resins consist of three basic
components; 1) base resin, 2) monomer, 3) catalyst and
4) inhibitor. The base resin is the backbone of the cured
product. Its composition determines the final cured
properties of the system. The monomer can be thought
of as a reactive diluent. It holds the base resin in
suspension and under curing conditions it crosslinks with
the base resin. The catalyst is required to initiate the
curing reaction. The inhibitor keeps the resin system
stable during storage before use.

Abbreviation
HQ
PBQ
THQ
MTBHQ
TBC

Another type of inhibitor technology comes in the form
of free radical traps that capture the free radicals that are
generated during storage and subsequently releases them
at curing temperature. With these products the catalytic
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effect is not eliminated but rather “stored” until the
system reaches a temperature to regenerate the free
radical and allow it to start the crosslinking process.
III.

The results documented below are from various
unsaturated polyester resin families but most of the
theories and mechanisms are interchangeable. These
tables of data are summaries of a number of projects
targeted to develop new generations of polyester resin
technology.

Catalysts

Common peroxides used in this industry are listed in
Table II below (3). While all operating via the same
mechanism they are defined by the differences in
initiation temperature required to start the crosslinking
reaction. Promoters based on metal salts of cobalt,
magnesium, manganese and a number of others can be
used to provide a synergistic effect when it comes to gel
and cure response of the resins.

Inhibitor/shelf life improvement work has shown the
results as documented below in Table III.
Table III – Inhibitor Study Results

Viscosity,
25°C, cP
Sunshine
Gel Time,
100°C,
minutes
Stability,
50°C, days
Helical Coil
Bond
Strength,
25°C, lbs
Cure
Initiation
Temperature,
DSC, °C

Table II – Common Peroxides
Name
Methyl Ethyl
Ketone Peroxide
Benzoyl
Peroxide
Tertiarybutyl
Perbenzoate
Dicumyl
Peroxide

Abbreviation
MEKP

10 hr T ½ (°C)
N/A, RT cure

BPO

73

TBP

104

DiCup
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Other technologies that can be used are defined as nonperoxide and tend to be more stable due to their ability to
recombine into a non-reactive material below the
activation temperature. Our work has shown that these
materials can be used in combination with some “nontraditional” metal complexes to yield systems with very
good reactivity and good component shelf life. (U.S.
Patent Pending)
IV.

New Inhibitor
Package
260

Commercial A

40

17

9

2

40

40

126

121

275

Table IV – Catalyst System Results
New
Catalyst
System
327

Monomers

Commercial
C

Commercial
D

Viscosity,
300
310
25°C, cP
Sunshine
21
24
4
Gel Time,
100°C,
minutes
Stability,
38
3
5
50°C, days
Helical Coil
34
36
26
Bond
Strength,
25°C, lbs
Weight
2.5
13
12.5
Loss, 20g
cured puck,
1 hour at
150°C, %
Catalyst work leading to improved features is shown
above in Table IV.

Development of new unsaturated monomers and the
utilization of monomers not previously studied is another
area of project work that has led to increased value in
terms of higher cured film build and less runoff without
compromising shelf life. These systems have also shown
less VOC with higher flash points and less issue with
undesirable side effects such as monomer smoking
during cure.
It is also possible that with increased viscosity reduction
capability that less monomer is required leading to more
polyester resin being part of the cured film defining its
properties and performance. Higher monomer loadings
during initial manufacture or adjustments to tanks can
sometimes lead to resin/monomer incompatibility and
separation.
V.
Results
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Monomer studies yielded the results shown below in
Table V.
Table V – Monomer Study Results

Viscosity,
25°C, cP
Sunshine
Gel Time,
100°C,
minutes
Stability,
50°C, days
Panel
Runoff, %
Cured Film
Build, mils
Helical Coil
Bond
Strength,
25°C, lbs
Helical Coil
Bond
Strength,
150°C, lbs
Volatile
Organic
Content
(VOC),
lbs/gal
10%
Weight
Loss on
Cured
Sample,
TGA, °C

New
Monomer
Product
700

Commercial
E

Commercial
F

800

800

130

147

Not tested

> 100 (in
process)
20

> 40 (in
process)
55

Not tested

0.75

0.4

0.5

45

40

40

18
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Lab work has shown that the use of a nontraditional monomer can have the following
benefits:
□ Reduced run off.
□ Higher film build.
□ Lower VOC.
□ Higher temperature survivability
based on weight loss.
□ Less monomer.

Deltech Corporation Technical Bulletin on
Divinylbenzene Storage and Handling
Eastman Chemical literature.
Arkema literature.
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Conclusions

Modifications to inhibitor types can lead to
longer shelf life without dramatic changes
to the cure initiation temperature and no
change to bond strength of cured systems.
Changes to catalyst package have shown
the following benefits:
□ Longer shelf life at 50°C with no
adverse effects on bond strength.
□ Lower weight loss of cured
samples possibly indicating more
thorough crosslinking.
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METHOD FOR CREATING A HIGHLY ACCURATE HI-POT TESTER
Ryan Anderson
Paul Vrabel
Sandia National Laboratories
hold time, and ramp down time. The user can then
connect the device to be tested and click the “Start Test”
button. The GUI displays the current and voltage read.
The software uses the ratio of the HVD and the voltage
read by the voltmeter to determine the precise voltage
applied. The software will then complete the test and
display a “Passed” or “Failed” after comparing the
leakage current read to the maximum current allowed.

Abstract: Commercial hi-pot testers lack the high
accuracy that is required to perform a repeatable and
reliable hi-pot test on high voltage transformers and
inductors. Many of the high voltage inductors and
transformers designed by Sandia National Labs have
requirements for tight tolerances with respect to the
voltage applied to the device and the leakage current
read by the instrument. Presented is a method for
creating a highly accurate hi-pot tester using almost
entirely commercially available equipment. In addition to high accuracy, safety and reliability were
significant issues that had to be addressed in the
design of the instrument. The concept for this hi-pot
tester is very scalable and can be easily altered to
incorporate larger size devices and/or higher test
voltages. The final result of this project was the
development of an automated hi-pot tester that
greatly improves on the accuracy of what is currently
commercially available.

Accuracy and reliability were high priorities in the
design of this hi-pot tester. With higher accuracy, there
is a much lower chance of an over test or under test
occurring during the testing of a device. Over test and
under test conditions can greatly reduce reliability and
potentially damage a device. In an over test condition,
the part can be exposed to a higher potential than was
desired, which can stress materials and damage
windings. In an under test condition, the device could
be given a potential that is too low, causing reliability
concerns due to the fact that the part was not screened to
the appropriate level. This could cause a part to
subsequently fail in an assembly.

I. INTRODUCTION
Sandia National Laboratories designs and oversees the
production of various high voltage transformers and
inductors. These must be highly reliable devices and,
therefore, have very stringent requirements when it
comes to product acceptance testing. To guarantee a
high quality and high reliability product, it was necessary
to design and build a hi-pot tester that could meet the
tight tolerances required by our customers. Commercially available hi-pot testers did not have the output
voltage resolution or the current measurement accuracy
that was necessary for these tests.

Safety was the highest concern. A custom high voltage
test box is used as an engineering control to the hazards
of the high voltage potentials that are applied to the
device under test (DUT). Mechanical and electrical
interlocks were also employed to ensure the safety of this
tester. Software is used to monitor the safety conditions
of the tester. Electronic circuitry was also used to protect
the instrumentation from damage due to surge currents or
overvoltage conditions.
Calibration of the hi-pot tester can be accomplished
through a calibration routine included in the software and
a resistor check standard. When the calibration routine is
executed, the software will guide the user through the
calibration process. The software calculates resistance
and compares the value to the values given by the
Primary Standards Lab (PSL). If the results are within an
acceptable limit, the instrument passes the calibration.

The system that was designed consists of a high voltage
power supply, a low voltage power supply, a voltmeter, a
Picoammeter, a 1000:1 high voltage divider (HVD), and
a safety test box. With the exception of the custom
designed safety test box, these are all commercially
available instruments/devices. The tester can either be
automated using a computer with LabView software or it
can be operated manually without the control of a
computer.

This method for designing a hi-pot tester results in a
tester with accuracies that are far better than what is
available commercially. As a result of using almost
entirely commercially available equipment, the tester is
simple to assemble and easy to repair. Other advantages
to this design include scalability to larger devices and/or

A graphical user interface (GUI) was designed for
automated control of the tester and allows for simple
operation of the tester. The user can enter the applied
voltage, maximum current allowed, the ramp up time,
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higher output voltages and the ability to use this tester in
either a manual or automated mode. With some
modifications the tester is capable of testing many
different components including capacitors.

1.

High Voltage Power Supply
A Spellman SL150 power supply with a 0-10kV
output range was used for this hi-pot tester. Features
of this power supply include interlock monitoring, arc
monitoring, USB interface, over voltage protection,
over current protection, over power protection, and
over temperature protection. This power supply is
scalable and can be substituted for a model with a
larger output range if higher voltage is needed.

II. DISCUSSION
A. Testing Requirements
The evolution of this hi-pot grew from the need to
accurately test the high voltage transformers and
inductors that are designed by Sandia National
Laboratories. Due to the safety concerns and long
lifetime of the products developed by Sandia, these
magnetic components have very stringent requirements.
100% screening of magnetic devices is required to
guarantee the highest reliability possible.

2.

1000:1 Voltage Divider
The 1000:1 voltage divider was designed by Ross
Engineering Corp. and has very high accuracy. This
model was offered with a high voltage standoff, BNC
output, and semi-customizable enclosure size.

Commercially available hi-pot testers were not
sufficiently accurate to meet the needs of Sandia’s
customers. It was determined that a hi-pot tester must be
created that would meet or exceed the requirements in
the customer’s product specifications. It was necessary
for the tester to have the capability to apply high voltage
to the device and read the leakage current with an
accuracy of ±1%. The tester was also required to have
±8% accuracy in timing each phase of the hi-pot test.

3.

Voltmeter
A Keithley 2000 voltmeter was chosen because of its
low cost and high accuracy. Other features of this
instrument are rear input and GPIB programmability.

4.

Current Meter
Due to the requirement to accurately read very small
current levels, the Keithley 6485 Picoammeter was
chosen. This instrument was reasonably priced and,
like the voltmeter, has rear input and GPIB
programmability.

Other requirements for this hi-pot tester included:
 Automated software control
 Test pass/fail display
 Variable ramp up, soak, and ramp down times
 Monitoring of safety features
 The option to record test data
 A simple calibration routine

5.

Low Voltage Power Supply
A BK Precision 9123A power supply is used to control
the high voltage Spellman device. This instrument
was chosen because of its low cost, fine voltage
increments, and RS232 communication.

B. System Configuration
The hi-pot tester assembly consists of a high voltage
power supply, a 1000:1 voltage divider, a voltmeter, a
current meter, a low voltage power supply, a safety test
box, and a device capable of running the control software
(optional for automated software control). Figure 1
shows the completed hi-pot tester assembly.

6.

Safety Test Box
The high voltage safety test box is the only device in
this assembly that is not commercially available. This
safety box was designed and built at Sandia Labs and
has a custom high voltage connector to connect to the
Spellman supplied high voltage cable. Safety features
such as interlocks and equipment protection are also
incorporated into the design. The box has an insulated
interior and a clear lid for visibility. This safety box is
somewhat small in size to test our devices, but could
easily be scaled to test devices of any size.

The hi-pot tester design allows for easy assembly into a
rack mount chassis using commercially available wiring
for everything except the high voltage cable connector
into the high voltage safety test box. Figure 2 shows the
block diagram of the hi-pot tester assembly.

Figure 1: Hi-Pot Tester Assembly
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is monitored and adjusted if needed. This method allows
for high accuracy in the applied voltage by using a
closed loop to determine the actual voltage applied to the
device. The software continues to monitor the current
for a failed condition. If the current is lower than the
maximum allowed, the program repeats the loop until the
soak time has expired. The final phase of the test is the
ramp down routine. A ramp rate is again calculated for
this phase and the voltage is brought down from the soak
voltage to zero volts. When the test is complete a
“Passed” or “Failed” message is displayed.

C. Programming/Operation
LabVIEW software is used to control and automate this
hi-pot tester. The GUI allows the operator to select certain input parameters before performing the hi-pot test.
The user has the option to store the test data and to
calibrate the tester. The user then clicks the
“INITIALIZE” button and communication will be
established with the instruments. If data will be stored, a
filename will be input by the user and an Excel
spreadsheet will open. The calibration routine will then
run if it was selected.

Throughout the test sequence, the software checks that
the interlock is closed approximately every 250ms. If an
interlock is found to be open, the test will stop and the
high voltage will be turned off. This is a safety feature to
make sure that the user does not open the safety test box
lid while high voltage is applied. The software will also
give warnings if there is a communication error with one
of the instruments or if there is a timing error. A timing
error will occur if one of the test phases takes longer or
shorter than expected.

Next, the user inputs the maximum leakage current
allowed, the ramp up time, soak time, ramp down time,
and the voltage to be applied to the DUT. When the
operator clicks the “Start Test” button, a ramp rate is
calculated by the software for the ramp up phase. The
voltage is determined by reading the voltmeter and
multiplying this reading by the ratio of the voltage
divider. The voltage is brought up from 0 volts to the
voltage selected. The software increases the output
voltage of the BK Precision power supply, which
controls the output of the Spellman power supply. The
current is then read and compared to the maximum
allowed current. If the current is higher than the
maximum allowed, the test stops and a “Failed” message
is displayed. When the voltage is near the required
voltage, the program leaves the ramp up routine and
enters the soak routine. In the soak routine, the voltage

This hi-pot tester could be used without software control
and run manually. In manual mode, the high voltage
divider ratio will need to be used to obtain a more
accurate voltage reading. Also, creating a linear ramp up
and ramp down rate will not be as easy without software
control.
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D. System Accuracy
The components used for measuring the applied voltage
are the Ross HVD, the Keithley 2000 voltmeter, and the
resistor standard (used as a transfer or check standard).
The current measurement is performed by the Keithley
6485 Picoammeter.
Not all components are on a routine calibration cycle. It
was determined that the HVD would get a one-time
calibration report at selected voltage levels before it was
installed into the tester. The resistor standard would be
calibrated at the same voltage levels as the HVD. The
resistor standard would be on a routine calibration cycle
along with both of the Keithley meters. The primary
purpose of the resistor standard is to verify the ratios of
the HVD. It is also used to check all of the other system
components including wiring.

Figure 4: Percent Difference (200MΩ)

To calculate the accuracy of the tester, all of the
components accuracies are combined to give a system
accuracy of 0.14% using the sum of the squares. This
includes the Picoammeter (0.1%), the voltmeter (0.01%),
and the check standard (0.1%). The HVD is integrated
into the safety test box and is difficult to remove. Using
the resistor standard to check the calibration of the HVD
eliminates the need to remove the divider, which reduces
handling and potential damage. For this reason, the
accuracy of the HVD is replaced by the accuracy of the
check standard in the calculation of the total system
accuracy. This accuracy can be applied to all leakage
current measurements between 100V and 10,000VDC.

Figure 5: Percent Difference (350MΩ)

Sandia uses Test Accuracy Ratio (TAR) of 4:1 for the
calibration of equipment and testing of products. For
testing product, this requires the test equipment to be at
least four times more accurate than the product
requirements. This will ensure with a high confidence
level that the test equipment will function as design and
that any unforeseen drift in the measurement equipment
will have a very low impact on meeting the product
specifications.

The following figures show the results of several
calibration tests using the resistor standard. Each line
represents the percent difference of the calculated
resistance from the resistor standard value at the five
calibrated voltage levels. The resistor standard contains
three resistance levels with nominal values of 150MΩ,
200MΩ, and 350MΩ. The actual values of these resistors
are calculated by the PSL at the five different voltage
levels. These results demonstrate the tester’s ability to
measure with accuracy greater that 0.14%. In these
charts, the limits of the y-axes correspond to the
maximum and minimum values allowed of ±0.14%.

E. Safety/Equipment Protection
Safety was one of the largest concerns when designing
this hi-pot tester. Many engineering and software
controls were put in place to protect the operator from
inadvertently accessing high voltage.
The high voltage safety test box is an insulated and
grounded enclosure that separates the user from high
voltage potentials. When the lid is opened the Spellman
power supply will detect an open interlock and will turn
off the high voltage. Also, a mechanical drop down bar
is lowered that shorts out the power supply and drains
any residual charge through a 1 Meg Ohm resistor. If a
test is in progress when the lid is opened, the software
will detect the open interlock and stop the test and turn
off the high voltage.
The maximum output current of the Spellman can also be
set. A maximum of 1mA was used for our application,
but this maximum current could be changed by the user.

Figure 3: Percent Difference (150MΩ)
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The Spellman’s arc protection feature in combination
with a FET and zener diode in parallel at the current
output protect the instruments from damage. If an arc is
detected by the Spellman, the high voltage is turned off.
The zener and FET combination will clamp any voltage
spikes to a level that is safe for the instruments.

Another useful feature is the ability to use this hi-pot
tester in either manual or automated mode. If a company
has the need for a high accuracy hi-pot tester but does
not have the resources to develop the automation
software, the tester can be used manually at a
significantly decreased development cost.

The high voltage safety test box is wired with 30kV wire.
Standoffs and insulation are used to eliminate the
potential for arcing from the high voltage wiring to the
casing.

The enclosure used for this tester was design for testing
small components, but could be sized to accommodate
larger devices. Sandia chose a maximum voltage of
10kV to meet all product specifications, but maximum
voltage can be increased by using a higher output voltage
supply.

F.

Calibration

III. CONCLUSIONS

The check standard is used to calibrate this tester. The
check standard is calibrated at five different voltage
levels (1kV, 2.5kV, 5kV, 7.5kV, and 10kV). The
resistance values at each of these voltage levels are
determined by the PSL and included in the calibration
certificate. These values are used in the software’s
calibration routine to determine the percent difference
from the tester’s calculated values at each voltage level.

The total cost of all equipment used in building this hipot tester was approximately $10,000. This is higher
than the average price of a hi-pot tester that is available
on the market, but in return for a higher cost the user will
gain the advantage of very high accuracy. Also, this cost
includes the high voltage safety test box, which is not
included with most hi-pot testers that can be purchased
commercially.

The software controls the voltage set points and
computes the resistance using the voltage and current
values read. The voltage is divided by the current and
the result is compared to the check standard’s value at
the given voltage. The data shows that the measurements
are within 0.05% of the resistor standard. This is well
within the maximum allowable value of 0.14%.

This hi-pot tester offers many advantages over
commercially available testers and fills a gap that was
not previously addressed by industry. The method for
designing this tester could easily be modified to suit
other applications that require larger size or higher test
voltages.

The Keithley 6485 Picoammeter and the Keithley 2000
Voltmeter are on annual calibration cycles. The resistor
standard is on 6-month calibration cycle. This will
ensure that the accuracy of the tester is maintained.

The significantly improved accuracy that was achieved
by this tester allows for high reliability testing of
Sandia’s high voltage components and significantly
reduces the concern of over test or under test conditions.
Because of the high accuracy of the tester, the stringent
testing requirements of our products can be met, which
greatly improves the safety and reliability of the products
in which these magnetic components are used.

G. Advantages
This hi-pot tester has many advantages over models that
are commercially available. The most significant
advantage is accuracy. The greatest accuracy available
commercially is about ±2% for output voltage and ±2%
for current accuracy, whereas this tester’s accuracy is
0.14%.

Ryan Anderson holds a BS in Electrical Engineering
from the University of New Mexico with a focus in
microelectronics. He has been at Sandia National
Laboratories for over three years in the field of
component engineering. Ryan has worked with both
capacitors and magnetic devices. He has done some
research with supercapacitors and is the COTS capacitor
expert at Sandia National Laboratories. His experience
with magnetic components is mainly in high reliability
testing.
Paul Vrabel has worked at Sandia National Laboratories
for 27 years. Most of those years were designing test
circuits, fixtures and testers for various components
throughout the Labs. During the past eight years, he has
worked in the Magnetics Department designing,
developing, and qualifying function, in process and
design testers.

Advantages of this design also include ease of assembly
and ease of repair due to the fact that this hi-pot tester is
made of almost entirely commercially available
instruments.
Enhanced safety is also an important advantage to this
tester. Included in the design are many mechanical and
electrical safety features to protect the user from
inadvertently accessing high voltage and to protect the
instrumentation from damage due to surge currents.
Most commercial hi-pot testers do not offer a testing
enclosure that protects the operator.
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to achieve the smooth positioning, microstepping mode
using a pulse-width modulation (PWM) approach is an
excellent choice [3-6].

Abstract: This paper presents a novel microstepping
control of low power stepper motor for automotive
dashboard instrument application used with a direct
connection of a low-cost microprocessor. The
microstepping operation of the stepper motor is very
important to indicating instrument applications of, for
example, fuel meter, battery meter, speed meter, and
tachometer. The proposed system uses pulse-width
modulated output and digital output pins of a
microprocessor for the low-cost implementation. In
order to perform a smooth positioning operation for
an indicator application, a simple low-pass filter (LPF)
and modified sine data table are introduced. The
modified sine data table is produced by the injected
harmonics to reduce the low frequency harmonics of
the motor phase voltage. Furthermore, the S-curve
function for the smooth position reference and the
amplitude control of motor phase voltage depending
on motor acceleration and deceleration speeds are
proposed. The S-curve function provides a smooth
response while maintaining high acceleration. The
proposed voltage amplitude controller can change the
motor phase voltage according to the motor speed to
compensate the back-electromotive force (EMF) at
high speed and to reduce the torque ripple in the low
speed region. The proposed system is implemented
with a low-cost 8-bit microprocessor without any
external memory and power devices. The effectiveness
of the proposed control scheme is empirically verified
by a practical automotive dashboard instrument
system.
I.

Some application uses the multi-phase stepper motor for
smooth operation; however, the drive system of the multiphase stepper motor is more complex than a conventional
two-phase one [7-8]. In this paper, a low-cost dashboard
indicating system is developed using a low-power stepper
motor which is directly connected to the microprocessor.
The proposed system uses the PWM output and digital
output pin of microprocessor per motor phase winding
and the phase current can flow from the PWM pin to the
digital pin during positive voltage region, and it can flow
in the opposite direction from the high active digital pin to
the PWM pin in the negative voltage region.
In order to perform smooth positioning, a simple LPF and
modified sine data table are introduced to reduce the low
frequency harmonics of motor phase voltage. The
modified sine data table is produced by the injected
harmonics to reduce the harmonics of the motor phase
voltage. Furthermore, the S-curve function for smooth
position reference and amplitude control of phase voltage
according to acceleration and deceleration are proposed in
this paper. The S-curve function can generate position
reference with respect to the measured frequency for
smooth indication with stepper motor. The voltage
amplitude controller can produce enough phase voltage to
compensate the back-EMF when a motor operates with
high speed in the fast acceleration and deceleration
region. Similarly, the amplitude of the phase voltage is
decreased to reduce the torque ripple in the low
acceleration and deceleration from low speed and low
back-EMF of the motor.

INTRODUCTION

The stepper motor is widely used in an open-loop position
control system for its inherent stepping position operation
characteristics without any feedback loop [1-3]. The lowpower and small size stepper motor is extensively adapted
as indicating instruments on the dashboard of automotive
vehicles in these days.

The proposed system is designed with a low-cost 8-bit
microprocessor without any external memory and power
device. The effectiveness of the proposed control scheme
is verified with a practical automobile dashboard system.
The experimental results show the smooth positioning of
the dashboard indicator system.

In an indicating instrument system, the stepper motor
controller should perform positioning smoothly. In order
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I.

CONVENTIONAL MICROSTEPPING
OPERATION

Tm 

Fig. 1 shows a conventional H-bridge circuit for a stepper
motor and its bipolar switching method for microstepping
operation. Different from the conventional full-step and
half-step operation modes, the microstepping operation
can indicate the precise rotating angle using sinusoidal
phase voltage with PWM technology shown as Fig. 1(b).

A. PWM and Digital Output with Passive Filter
In this paper, a direct microstepping operating scheme
using PWM and digital output of a low-cost
microprocessor is proposed. In the front-end of the phase
winding, a simple passive LPFs are connected to reduce
current ripple from PWM switching. The stepper motor is
designed for low power consumption with 5V. The phase
current is under 20mA, so the motor can be directly
operated by the microprocessor output pin without an Hbridge converter or amplifier.

The resulting torque generated by the corresponding
phases is derived as below [4].
(2)

Tmb  KT  I m  sin e
Where, KT is torque constant of the motor.
The total torque of the motor can be derived by the vector
summation of the phases torque as follow.
Q1
Vdc

Vo

SM
Q2

(3)

II. THE PROPOSED DIRECT MICROSTEPPING
OPERATION

Where, ias and ibs are phase currents of phase A and phase
B. Im denotes the current per phase. e is the electrical
position of a stepper motor.

Tma  KT  I m  cos e

 Tmb2   KT  I m

In this paper, a simple microstepping operation scheme
for stepper motor directly connected to a low-cost
microprocessor and passive LPF is introduced to be
applied in dashboard indicator. The proposed scheme uses
a simple modified sine table for reduction of lowfrequency harmonics.

(1)

ibs  I m  sin e

2
ma

In order to produce sinusoidal phase voltage and phase
current, the conventional methods use a complex digitalto-analog converter (DAC) and comparator circuit for
PWM switching. The phase current is limited for the
stable operation.

The output torque of the stepper motor can be derived by
the phase current and vector summation of the each phase
torque [4].
The phase current equation can be
summarized as follow.

ias  I m  cos e

T

Fig. 2 shows the passive LPF circuits per phase and pin
connection between the microprocessor and the stepper
motor.
Vo

Q3

Vs1

Rf

Rf

A

PWM 1

Q4

Vs2
DO 1

Cf

Cf

(a) Passive filter and pin connection per phase

(a) H-bridge circuit per phase of a stepper motor

0

0

PWM 1

PWM
DO 1

PWM

(b) Signal output of PWM and digital output for
sinusoidal waveform
Fig. 2 The proposed phase connection and signal
waveforms

(b) Bipolar switching for microstepping operation
Fig. 1 H-bridge circuit and bipolar switching for
microstepping operation
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During a positive voltage region, phase current can be
generated by the „Low‟ output of digital pin and positive
PWM output shown as Fig. 2(b). The negative voltage
region, phase current can be generated by the „High‟
output of digital pin and negative PWM output.

vo

The pulse duty ratio is controlled by the sine table
according to the reference position of step motor and
amplitude gain according to acceleration and deceleration.

io

The digital output signal is changed according to
reference position. The digital output keep „Low‟ signal
during zero to 180 electrical degrees, and „High‟ signal
during 180 to 360 electrical degrees.

(a) Output voltage and current per phase

The phase current flows from PWM pin to digital pin
during positive region, and flows from digital pin to
PWM pin during negative region.

vo

In the positive region from 0 to 180 electrical degrees, the
terminal and phase voltage can be derived as follows
assumption without passive filter.

Vs1  d Vcc
Vs 2  0

io

(4)

Vo  Vs1  Vs 2  d Vcc
Where, d is duty ratio of PWM and Vcc is control voltage
of micro processor.

(b) FFT analysis of output voltage and current

In the negative region from 180 to 360 electrical degrees,
the terminal and phase voltage can be derived as follows.

Fig. 3 Output characteristics of a conventional sine table
In order to reduce low frequency harmonics, a modified
sine table for 8-bit PWM signal is used in this paper. The
modified sine table is generated with an additional
harmonic injection to reduce the 3rd and 5th harmonic
frequency in the output voltage and current as follows:

Vs1  1  d   Vcc
Vs 2  Vcc
Vo  Vs1  Vs 2  d  Vcc

(5)

PWM [ ]  128  sin( )  a  sin(3 )  b  sin(5 )

From these relations, the phase voltage can be controlled
by PWM duty ration.

(6)

Where a and b are the injected harmonic coefficients of
the 3rd and 5th harmonic frequency, respectively.

In order to supply a sinusoidal phase voltage, the internal
memory of microprocessor is used for the sine table in
this paper. The Fig. 3 shows the output phase voltage and
current with passive filter in conventional 8-bit PWM data.

Fig. 4 shows the modified sine data to reduce low
frequency harmonics and phase voltage and current
characteristics.

As shown in Fig. 3, the conventional sine data produce
low frequency harmonics in phase voltage and current
such as 3rd and 5th harmonics. The switching harmonics
has high-frequency component.

By comparison with Fig. 3, the modified sine data with
injected harmonics can reject the low-frequency
harmonics as shown in Fig. 4. This pure sinusoidal phase
current can produce a constant torque in any position.

But, the low frequency harmonics can produce additional
position error in microstepping operation.
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Fig. 5 shows the proposed control scheme for dashboard
indicator. In order to reduce the indicating vibration, the
phase voltage is controlled in relation to acceleration and
deceleration. Ka, shown in Fig. 5, denotes the amplitude
gain of PWM data according to the acceleration of
position reference. During fast acceleration, the amplitude
gain is increased, and the duty ratio of PWM can be
increased to increase the phase voltage.

vo

io

For fast acceleration, the speed of the stepper motor
should be increased. And the back-EMF of the motor is
increased with respect to the motor speed. In order to
compensate the back-EMF in relation to increasing speed,
phase voltage should be increased. In the proposed
control scheme, the amplitude gain can control the phase
voltage according to the motor speed. If the acceleration
is decreased, the amplitude gain is decreased to decrease
the phase voltage.

(a) Output voltage and current per phase
vo

DO1

io
Taco
pulse

Frequency
Detector

f act

S curve
Function

f ref

Position
Calculator

(a) The proposed control scheme for dashboard
indicator
LPF

In order to reduce the vibration of an indicator, a smooth
torque control is essential. In a conventional open-loop
position controller of a stepping motor, simple
acceleration and deceleration curves are used without any
current control. The conventional method is very simple,
but the same torque in a different speed can cause
indicator vibration.

PWM1

SM
DO1

In this paper, a simple voltage control scheme to adjust
the output torque of a stepping motor according to motor
speed is proposed. The variable voltage can change the
phase current and output torque. The practical voltage
controller is implemented by a PWM duty ratio control.
And the output PWM is changed by the position and
motor speed while the output is changed by the position.

PWM2
DO2

LPF

(b) Motor connection
Fig. 5 The proposed control scheme of dashboard
indicator using low power step motor
III. EXPERIMENTAL RESULTS

(7)

In order to verify the proposed control scheme, an
experimental test setup is implemented. A digital
controller is designed by the ATmega16 8-bit
microprocessor from ATMEL Corp. The practical
indicating instrument consists of one stepper motor for
indication and a liquid-crystal display (LCD) for user
display. The stepper motor is directly connected to the

Where, D is the duty ratio of the PWM data. Ka is
proportional gain according to motor speed and is lower
than 1 as follows:
Ka = lim( ref / base )

PWM1

Ka

1
s

B. Voltage Controller

D = Ka PWM[ref]

x
Modified
Sine Table

internal
counter

(b) FFT analysis of output voltage and current
Fig. 4 Output characteristics of the modified sine table

 ref

(8)
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sine data to reduce the low-frequency harmonics. As
shown in Fig. 7, the modified sine data can reduce the
low- frequency harmonics with injected harmonics.

PWM output and digital output pins of ATmega16 per
each phases with a simple passive LPF. The stepper motor
has an internal gear train with 180:1 ratio, and the
mechanical accuracy is 0.3o per step. Fig. 6 shows the
implemented experimental test setup for the proposed
control scheme.

Fig. 8 shows experimental results at 100Hz input
frequency according to both sine tables. The measured
frequency, the S-curved position reference and the motor
phase voltages are displayed in Fig. 8. The amplitude of
the phase voltage is fixed. The waveforms of phase A and
B voltages are closer to sinusoidal with the modified sine
table without low-frequency harmonics as shown in Fig.
8(b).
Fig. 9 shows the experimental results in the proposed
control scheme at 100 and 300Hz input frequencies. The
amplitudes of the phase voltages are changed by
acceleration and deceleration using the conventional
method as shown in Fig. 8(a). This variable phase voltage
according to acceleration and deceleration can reduce the
indicating vibration of the stepper motor.

Fig. 6 Experimental system
Fig. 7 shows the phase voltage and the fast Fourier
transform (FFT) analysis of the stepper motor under test
with respect to the conventional sine and the modified
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5.0 [sec]

The proposed system uses a PWM and digital output pins
per phase, allowing any low-cost microprocessor to be
used for the dashboard indicator application. From the
experimental results, the proposed system is well
controlled with regard to the input frequency that
eliminates low-frequency vibration.
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OVERVIEW OF HALBACH MAGNETS AND THEIR APPLICATIONS
James V. Masi, Ph.D.
University of Southern Maine
Gorham, ME 04038
James.masi@maine.edu

Abstract: A Halbach array is a special arrangement of
permanent magnets that augments the magnetic field on
one side of the array while cancelling the field to near
zero on the other side. The magnetic field is enhanced on
the bottom side and cancelled on the top side (a onesided flux). The advantages of one sided flux
distributions are twofold:
 The field is twice (approx.) as large on the side
on which the flux is confined (idealized case).
 No stray field is produced (ideal, infinite length
case) on the opposite side. This helps with field
cancellation, usually problematic in the design
of magnetic structures.
Although one-sided flux distributions may seem
somewhat abstract, they have a surprising number of
applications ranging from the humble refrigerator magnet
through industrial applications such as the brushless AC
motor and magnetic coupling, to high-tech applications
such as wiggler magnets used in particle accelerators and
free electron lasers. Interesting transformer topologies
can be realized using Halbach arrays. This device is also
a key component of the Inductrack maglev system. This
paper gives the theory, fabrication, and applications of
these interesting magnetic devices.

Richard Post proposed the construction of an electric
motor/generator using a Halbach array to generate a
uniform dipole field in 1990. These motors could be
constructed without any magnetic materials other than
permanent magnets — reducing both weight and losses
due to eddy currents in the laminations or back iron. The
uniform magnetic field also allows a larger air gap,
minimizing “whirl” instability. [5] He later described a
novel maglev method using Halbach techniques. [6]
[courtesy Askmar Emerging Technologies Marketing
Consultants]
Klaus Halbach died May 19, 2000. He leaves behind a
plethora of devices, topologies previously unattainable in
magnetics, and magnetic brain-teasers to last a lifetime
for professors, researchers, and students alike. [7]
II. BACKGROUND
Halbach arrays are similar to some discoveries in the past
(e.g. barium ferrite refrigerator magnets. [8]). In the
early 70‟s a scientist named John Mallinson noted a
„magnetic curiosity‟ with a particular constrained
permanent magnet combination of dipole magnets. He
showed that because the x and y components of the
magnetic flux are sequentially out of phase with each
other, a topologically, approximate, one-sided flux is
resultant. Klaus Halbach, a physicist, discovered the
same effect later that decade and published his results. [1,
2, 3]
Halbach saw these arrays (Figure 1) as an application to
particle accelerator design which gave significant
contributions to the field [3].

Key Words: Halbach magnets, permanent magnets,
brushless motor, maglev, generators, accelerators
I. INTRODUCTION
A Halbach array is an arrangement of permanent magnets
that causes a one-sided flux, i.e. the magnetic field is
maximized on one side, while minimized on the other.
Klaus Halbach, a physicist at Lawrence Berkeley
Laboratory, invented the Halbach array for use in
accelerator particle beams. Unlike electromagnets,
Halbach‟s permanent magnets were smaller and used no
power; facilitating their use in the tight confines of
particle accelerators and electron storage rings.[1, 2, 3]
Herbert Leupold and Ernest Potenziani showed how the
Hallbach array could be extended to a hollow spherical
flux source; now referred to as a “Halbach sphere.”[4]

Figure.1 . Halbach Array: the aligment of the magnets.[9]
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The uniqueness of these arrays does not only lie with the
fact of the nearly one-sided flux (irregular but one sided
flux for ideal examples). “Another interesting and unique
quality of these arrays is that they array is touted to be
„stronger‟ than its individual components, because field
lines can be thought of as being somewhat superimposed.
Therefore, if the array was made up with the strongest
permanent magnets in existence, the array would produce
an even stronger magnetic field!”[10]. A more accurate
description of this phenomenon can be stated as: The
peak magnetic flux density locally can be higher than
that of the original magnet, due to superposition of the
individual fields. The total energy (~B2), integrated
over the surface, is the same.

magnets have both a North and South end. The flux lines
travel from one end of the magnet to another. So, it can
be seen how a typical magnet will have flux lines in all
directions. This Halbach array will keep the flux lines on
one side of the magnet (assembly). From what we know
about magnetic flux lines, they must come from a North
pole and end at a South pole. So how do all the flux lines
align on one side in the Halbach array?
http://students.mint.ua [8]
Let us first consider a simple Halbach array as shown in
Figure 3. The bottom figure shows the periodic variable
k) Note the retention forces (F) on the
container due to the repulsive forces of the magnets in
the Halbach configuration.

III. THEORY
A simple trick in the construction of the magnet that
allows magnetic field to only to be present on one side of
the magnet lies in the way that the magnet is magnetized,
or how the atoms in the magnet are arranged to make it a
permanent magnet. Because of the repulsive forces, the
individual magnets must be physically constrained.
Picture a single, long bar magnet with your standard
North and South poles at each end. Now slice this magnet
up into several even, smaller pieces and you will end up
with several smaller magnets, each with its own North
and South pole. Arrange these pieces side-by-side so that
each consecutive piece's North pole has been rotated a
little bit from the previous magnet. What you will end up
with is the same bar magnet, however, the direction of
magnetization will be rotating uniformly as you progress
in a particular direction. This depiction and the magnetic
viewer photo of the null and augmented fields are shown
in Figure 2. Note the lack of uniformity of the field.

Figure 3. Simple Halbach array (above) and periodic
structure for analysis (below).
In order to find the field associated with a Halbach array,
we need to think of a planar configuration [10, 11],
Figure 4, of thickness d, lying in the x, z plane.

Flux cancelled

Flux augmented

Figure 2. A simple “plastic” magnet Halbach array, after
the physicist Klaus Halbach who invented it (above) and
the magnetic viewer photo of an array.[9]
This type of magnet, in fact, has only emerged recently.
With normal capabilities, it was only possible to engineer
a magnet with a matching, opposite flux, as horseshoe

Figure 4. Planar Halbach model configuration
The magnetization, M. of the array is usually represented
by two sinusoids in quadrature as follows
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Mx= M0sin(kx),
My = M0cos(kx),

(1)
(2)

Mz=0.

(3)

below 

M0
[1  exp( kd )] exp( ky) cos(kx) (13)
k

Figure 5, shows the FEM representation of the equations
given above. The distance from top to bottom of the
array is d. [12]

The boundary value problems for the scalar potentials
above and below the sheet can be solved by setting the
potentials within the sheet according to Poisson‟s
equation [10, 13] inside and setting the conditions above
and below.

 2inside  M 0 k cos(kx)

Laplace‟s equation above and below the sheet are

 2above  0

and

 2below  0 .

The particular solutions to Poisson‟s Equation is

(

M0
) cos(kx),
k

Courtesy: Bradley University Department of E.E.
FIG. 5. FEM of Halbach Array with Field Lines

The general solutions are

above  [ A exp(ky)  B exp(ky)] cos(kx),
inside  [C exp( ky)  D exp( ky) 

Note the near cancellation of flux on one side vs. the
augmentation of flux on the other side. This anomaly is
at the expense of having mechanical retention of the
magnets with superimposed (and repulsive forces)fields.

(4)

M0
] cos(kx), (5)
k

below  [ E exp(ky)  F exp(ky)] cos(kx),

IV. APPLICATIONS

(6)

A. MAGLEV, Inductrack

Matching the boundary conditions for the potential on
either side of the rectangular parallelepiped, the fields
and potentials approach zero as y becomes infinite
above  below  0 .

Special permanent magnet arrangement (45 degree pole
orientation rotation) allows strong side (bottom) and
weak side (top) fields, as shown in Figure 6 for both the
orientation and the FEM perspective.

The tangential fields must match on the sheet upper and
lower surfaces:
(7)
above  inside when y=0

below  inside

when y= -d

(8)

Also, the normal flux density must be continuous on the
upper and lower surfaces by:

below inside

 M 0 cos(kx) , when y = -d (9)
y
y
 above

  inside  M 0 cos(kx) , when y = 0 (10)
y
y

Matching these boundary conditions gives:

Figure 6. Pole orientation and FEM field rendering [14]

above  0

(11)

M
inside  0 [exp( ky)  1] cos(kx)
k

(12)

This geometry is applicable to magnetic levitation
(Maglev), linear motors, and induction brakes. The
drawings in Figure 7 depict the Lawrence Livermore
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concept of the Halbach magnetic levitation train and the
direction of the field lines from the magnets.

of permanent magnets that provide a uniform field. The
windings of the motor are placed in or on the stator. The
stator windings are then "switched" or "commutated" to
provide a DC motor/generator much the same as in a
conventional DC motor. The commutation can be
performed by mechanical means using brushes or by
electronic means using switching circuits. The invention
is useful in electric vehicles and adjustable speed DC
drives. [15]
A figure from the 1998 patent, shown in Figure 8, depicts
the use of sequentially rotated magnets in the Halbach
mode to provide an ironless cylindrical motor/generator.

Courtesy: Lawrence Livermore National Laboratory
Figure 7. Inductrack Levitation
The benefits of this approach are:
• No external power needed to levitate and easy
and cheaper to manufacture;
• Separate propulsion system needed (eddy
currents);
• Uses Neodymium rare earth magnets in Halbach
array to create magnetic field;
• Passive track system allows the lifting force to
be located on the train; and
• Once the transition velocity is reached, magnetic
drag reduces exponentially.

. Figure 8. Halbach magnet array for motor/generator
(above) and an FEM version of this array (below)

B. Halbach Array DC Motor/Generator

C. Biomagnetic
Separation

A typical Patent 5705902 Issued on January 6, 1998
relates to the generation of a dipole field using an array
of permanent magnet bars, and more specifically, it
relates to ironless electric motors and generators
designed using the dipole Halbach array.

The inherent ability
of magnetism to separate ferrous objects from mixtures
has been utilized for years. In recent years, due to
advances in both chemistry and manufacturing, the
benefits of this separation technique have been realized
in the biomedical field. Applications span the gamut from
RNA and DNA isolation to immunology and purification.
The key components of any biomedical magnetic
separator are the activated magnetic particles and the
magnetic fields that separate them. Activated magnetic
particles consist of tiny magnetic volumes coated with an

This motor does not use ferrous materials as keepers, so
that the only losses are winding losses and losses due to
bearings and windage. An "inside-out" design is used as
compared to a conventional motor/generator design. The
rotating portion, i.e., the rotor, is on the outside of the
machine. The stationary portion, i.e., the stator, is formed
by the inside of the machine. The rotor contains an array
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affinity ligand. When these coated particles are placed
into a liquid, they attract, and hold, certain cells, based
upon the coating selection. Once sufficient time has been
allotted, the entire volume of liquid is exposed to a
magnetic field that 'pulls' the magnetic particles, with
cells attached, to a predetermined location. The
remaining liquid in the volume can then be removed, and
a sample of specifically selected cells remains.

and is shown in Figure 11 below.

The shape and magnitude of the magnetic fields
determine the location where, and the speed with which,
the particles separate in any given vessel. Both
permanent magnets and electromagnets can be utilized to
produce the required magnetic fields. The depiction of a
typical device is shown in Figure 9.

,

Figure 11. Direction of magnetization for cylindrical
Halbach array.
where Mr is the ferromagnetic remanence (T/m). A
choice of +k gives an internal magnetic field and -k gives
an external magnetic field.
These cylindrical structures are used in devices such as
brushless AC motors, magnetic couplings and high field
cylinders. Both brushless motors and coupling devices
use multipole field arrangements:
 Brushless motors typically use cylindrical designs in
which all the flux is confined to the centre of the
bore (such as k = 4 (Fig. 4), a six pole rotor) with the
AC coils also in the bore. Such self-shielding motors
designs are more efficient and produce higher torque
than conventional motor designs.
 Magnetic coupling devices transmit torque through
magnetically transparent barriers (that is the barrier
is non-magnetic or is magnetic but is not affected by
an applied magnetic field), for instance between
sealed containers or pressurized vessels. The optimal
torque couplings consists of a pair of coaxially
nested cylinders with opposite +k and -k flux
magnetization patterns, as -k magnetization patterns
produce fields entirely external to the cylinder. In the
lowest energy state, the outer flux of the inner
cylinder exactly matches the internal flux of the
outer cylinder. Rotating one cylinder relative to the
other results in a restoring torque. [11]

Figure 9. Biomagnetic separator [16]
The important design features are the magnetic field
gradient and the directed shape and the magnitude of the
field.
D. Halbach cylinder
A Halbach cylinder is a magnetized cylinder composed
of ferromagnetic PM material producing (idealized case),
via superposition, an intense magnetic field confined
entirely within the cylinder with zero field outside. The
cylinders can also be magnetized such that the field is
entirely outside the cylinder, with zero field inside.
Several field distributions are shown below in Figure 10:

V. CONCLUSIONS
Single-sided, field superposition magnetic devices have
many applications and advantages. Though Halbach
arrays were originally developed for particle physics and
these arrays were used as particle guiders, wigglers, and
other devices, researchers have found a number of
applications in addition to the sampling of devices in the
previous paragraphs. Some of these are listed below.

Figure 10. Halbach cylinder configurations
For the special case of k = 2, the field inside the bore is
uniform, and is given by:

A novel gene transfection system is based on attaching
DNA to magnetic nanoparticles.
High-gradient,

The direction of magnetization within the ferromagnetic
material is given by
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Halbach-type2 magnet arrays direct the particle/gene
complex to cells in vitro resulting in significantly faster
transfection times and higher transfection efficiencies (up
to 1000x at short exposure times) in comparison to the
best cationic lipid-based agents available. It also
improves speed and efficiency in comparison to
commercially available magnetofection systems.

13. Masi, JV, NOTES for Partial Differential Equations,
1975 and NOTES for Electromagnetic Fields and
Waves, 1988.
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ground and turn-to-turn faults [3], [4]. New and improved
insulating materials and impregnation methods have been
proposed to prolong machine lifetime under such stresses [5][7]. Results promise lifetimes up to 30 times longer.
This paper explores recent peak duty machine design
requirements and provides a survey of lifetime and
performance enhancement methods. Hot-spot transient thermal
response is considered over different time frames. Ultimate
limits are assessed using the "i-squared-t" (i2t) value, an
energy-based conductor rating method. Failure mechanisms for
various root causes are presented. Based on all these factors,
possible design objectives are evaluated using an HEV case
study.

Abstract— This paper investigates machine re-rating and
design for peak duty applications. Machine thermal response
under short-term overloads is explored and shown to comprise
four heating modes: subtransient, transition, transient and
temperature creep. In peak duty applications, the maximum
temperature rise is commonly attained in the first two modes.
Thermal transients in these two modes are shown to be faster
than a conventional exponential characteristic. Therefore, peak
duty machines are subject to severe thermal cycling. Effects of
thermal cycling on machine reliability are surveyed and possible
improvements are discussed. The concepts are evaluated in a
hybrid electric vehicle case study. Two electric machines with
similar efficiencies at their rated power levels are compared. The
results show that with careful design, machine size and ratings
can be substantially reduced while supporting up to 75%
headroom above continuous output capability.

I.

II.

ELECTRIC MACHINE SHORT-TERM THERMAL
BEHAVIOR

Figure 1a shows hot-spot transient thermal responses of an
induction machine under constant power, current and voltage
excitations. Without loss of generality, only constant power
excitation will be addressed in this paper. Researchers have
treated thermal response of machines as a purely exponential
characteristic [8]–[13], but in reality it is composed of at least
four different heating modes. These can be described as
subtransient, transition, transient, and temperature creep
modes. Depending on power level, the maximum temperature
rise can be attained in any of these modes. The first three
modes are illustrated in Fig 1b.
The subtransient regime corresponds to a steep rise in the
winding temperature while heat flows through the conductors
before it reaches ground-wall insulation. The transition regime
captures the thermal response as convective heat transfer
develops on the winding and insulation surfaces. The transient
regime is the well-known exponential rise characteristic. The
temperature creep regime is a long interval of thermal drift due
to a temperature dependent increase in winding resistance [1].
This mode is common in constant current excitation, as shown
in Fig. 1a.

INTRODUCTION

Electric machines are exposed to peak duty operation in
many applications, some as simple as hand-held blenders and
others as extreme as electromagnetic launch and hybrid electric
vehicles (HEV). Instantaneous high output torque and power
characterize peak duty operation. Thus, machines under peak
duty operation are subjected to intense thermal cycling, which
accelerates aging and is a major cause of failure. This paper
evaluates machine thermal behavior, failure modes due to
thermal cycling and challenges for improved performance.
A major challenge in peak duty machine design is thermal
management to allow for longer exposure to peak load, high
output torque, and high torque density. The physical limit on
machine output power is directly related to how fast the
accumulated heat in the windings can be removed. The
exposure time to peak load is related to machine time ratings,
and was analyzed in [1]. Time ratings were shown to depend
on how peak output compares to machine continuous ratings.
To understand performance limitations and trade offs, machine
thermal response under short-term and instantaneous loads
should be analyzed and failure root causes should be
understood.
Degradation of insulation strength and dielectric capability
is a major cause of failure. Internal partial discharge (PD),
thermal cycling, overloading, and aging [2] account for about
50% of failures. These factors lead to PD, crack development,
mechanical rapture, and erosion. Eventually they result in
dielectric breakdown, tracking, phase-to-phase, phase-to-

A. Subtransient Regime
An exponential characteristic provides a good estimate in
an application where long term transient thermal response is
important. However, in peak duty applications, the majority of
the temperature rise occurs in the subtransients and transition
modes. Thus, an exponential characteristic is insufficient to
capture the short-time thermal dynamics. In the subtransient
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Fig. 2. Short-term subtransient thermal responses for a 5 HP 3-phase induction
machine with 88.5% efficiency. The base power is 200 W in this test.

(a)

the pseudo-initial temperature rise of the conductors obtained
from an exponential curve fit and might be different than the
initial temperature rise of the conductors. Note that machine
heat capacity is much larger than conductor heat capacity in
(1). Therefore, the transient regime corresponds to a rather
slow thermal characteristic. The first two modes should be
examined for short-term performance assessment.
In a peak duty electric machine, the heating mode with
which the ultimate rise is associated depends on design and
operational constraints. If a machine is expected to operate
frequently with high duty cycles, then it is more convenient for
the operator to use one that reaches its ultimate rise in the
transient mode. This way, the effect of thermal cycling would
be less significant, since thermal dynamics are slow, and the
machine would last longer. However, if a machine were
intended for infrequent short-term operation, perhaps one-time
use, then a design with ultimate temperature rise in the
subtransient regime would minimize its cost and size.

(b)
Fig. 1. (a) Electric machine transient temperature rise under constant power,
voltage and current excitation, (b) short-term machine thermal response and
heating modes [1].

regime, for instance, the heat generated in the conductors
accumulates until it reaches the winding surface. Before it
reaches the winding surface no convective heat transfer exists.
The accumulated heat can be estimated through
Ploss = mc

dT
dt

III.

(1)

Short-term electric machine peak capabilities based on i2t
rating will be discussed in this section and possible
performance improvements will be addressed. The i2t value is
often used to examine short-term overload capability and
ratings of conductors. This approach was proposed by Meyer
[14] and known as the "action" [15]. i2t rating estimation is a
(
nonlinear problem because of the quadratic dependence of
conductor thermal and electrical properties on operating
temperature [16], [17]. Printz [18] and Avramescu [19] have
investigated the effect of time-dependent currents and voltages
on conductor thermal response. Morgan presented a
comprehensive study of characteristic temperature rises of
different conductors under a given i2t product [20]. Under
constant power excitation, this factor is no longer i2t, but is an
integral of the form:
Z

where the mc product is the conductor heat capacity.
Integrating both sides of this equation provides the subtransient
thermal response of the conductors as
Tstr (t) =

1
mc

Z

t

Ploss dt +

T0

t0

2)

where ΔT0 is the initial conductor temperature rise. This is a
linear temperature rise characteristic under constant power
excitation. It is validated through experiments in [1] and
visualized as shown in Fig. 2.
B. Transient Regime
An approach similar to (1) can be followed for the transient
regime by including the convective heat transfer at the machine
surface. This leads to the exponential thermal characteristic
corresponding to the transient heating mode as

Ttr (t) = (1

e

t/⌧

)Ploss Rth +

T00 e t/⌧

PEAK DUTY PERFORMANCE AND CAPABILITY
ASSESSMENT

tf

=

t0

i(t)2 dt

(4)

(3)
where t0 is the starting time of the peak duty.
An i2t rating can also be used to assess short-term electric
machine capabilities. No convective heat transfer exists in the
subtransient regime and the temperature rise in this mode is

where Rth is the thermal resistance to ambient heat transfer and
τ is the product of machine heat capacity and Rth. Here ΔT'0 is
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Fig. 3. Short-term current rise characteristic and i2t limit curve for ultimate
temperature rise

Fig. 4. Root causes of common electric machine failures.

machines since the mid 1990s have been equipped with Class F
insulation, but they are operated conservatively at Class B
temperatures. Class H insulation allows for a peak temperature
of 180°C inside the machine. However, this peak value may
negatively impact other critical components, e.g. rotor and
bearings. Thus, Class H insulation is rarely used in recent
machines [23]. However, in a peak duty application, as
discussed in Section II, conductors heat up to the peak
temperature and the system is turned off before the heat can
propagate into the laminations and to the bearings. Bearing
thermal stress is not a factor in peak duty machines, so higher
temperature insulation classes can lead to significant
improvement.

linked to i2t rating of the stator and rotor conductors. In
principle, there is an i2t rating for every conductor to reach its
ultimate temperature rise. This will be referred to as the
ultimate i2t. Researchers have published extensively on i2t
ratings of specific conductors and their heat capacities [20]. As
the machine approaches the other thermal regimes, convective
heat transfer to the ambient begins and machine parts undergo
thermal stress. Therefore, it is intractable to estimate an
average heat capacity and i2t rating for the entire machine. The
estimates in this section will be intended only for the
subtransient regime.
The instantaneous or short-term output torque and power
capability of a machine can be extended when the limitations
on ultimate i2t rating are understood. In an exponential current
rise characteristic, the ultimate i2t curve can be estimated as
shown in Fig. 3. For longer durations, the current reaches
steady state and can be assumed to be constant. The constant i2t
curve estimated for maximum temperature rise shows an
inverse relationship between instantaneous current and duty
duration.
The peak capability of an electric machine can be expanded
by elevating the ultimate i2t rating. The subtransient regime
slope in Fig. 2 should be altered to be more gradual. Three
possibilities exist to achieve this. The first is to use conductors
with higher i2t ratings. This is related to the specific heat of the
conductor. Based on the discussion presented by Morgan [20],
copper was shown to have the highest i2t rating among
conductors commonly used in electric machines. In rotor
limited induction machines, use of copper bars rather than lessexpensive aluminum would enhance machine peak capability.
Performance enhancement is then a trade off with conductor
price and conductor i2t rating or heat capacity.
The second possibility is to cool the conductors directly.
Because the subtransient temperature rise is due to
accumulated heat in the conductors, if some of the generated
heat could be removed, such as with cooling channels in
hollow conductors, higher heat dissipation and higher current
capability could be achieved. This approach is used in large
machines, especially generators. Laffoon has shown that
internally cooled coils increase machine ratings by 50% [21].
The third approach is to allow higher temperature rise in
the coils. This could be achieved by utilizing a higher
temperature insulation class for impregnation and winding
insulation. Insulation classes and maximum allowed
temperatures are presented in [22]. The majority of electric

IV.

FAILURE MODES

Although researchers have been active in the field of
machine dielectric and thermal failures, no theoretical
reliability analyses have been reported. A recent practical
survey by Kokko has shown that in 38% of the reported cases
aging is caused by thermal cycling, 27% were electrostatics
related, and 16% were related to mechanical causes [24]. These
groups of failure root causes will be addressed here.
A. Thermal Stresss-Related Failures
Thermal stress in insulating systems causes chemical
reactions that result in physical and chemical degradation in the
material and accelerates the aging process [2], [25].
Montsinger [26] has reported that insulation thermal life is
halved for each 10°C rise. It has been shown that insulatordeterioration-with-temperature obeys the Arrhenius chemical
rate equation [27]. Brancato [28] presented over-temperature
aging relationships of various insulation classes under different
heating scenarios. Exceeding the glass-transition temperature
of the insulator is shown to soften the insulation material and
make it susceptible to mechanical defects [29].
Another failure mode reported is the thermo-mechanical
response of conductors and insulators. Istad et al. presented a
comprehensive literature survey on this topic [2]. A machine
exposed to thermal cycling suffers from frequent expansion
and contraction in the conductors and insulators. Differential
expansion causes shear stress within the insulated conductor
[30]. After many thermal cycles, adhesion may be lost. This
leads to delamination within the ground-wall insulation and
conductor-insulator interface [31]. Delamination increases
thermal resistance at the contact interface, and leads to higher
hot-spot temperatures and faster aging.
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and contamination. Dymond et al. presented an extensive
survey of this phenomenon [4]. If a machine is to be operated
in a contaminated environment, it is advised to use totally
enclosed machines to avoid contamination-related tracking
failures.

B. Mechanical Stress-Related Failures
A common root cause of mechanical failures is insulation
damage due to vibration. With increased temperature, the
thermo-mechanical forces loosen the stator windings. This
causes the conductors to rub against each other and damage
their insulation, especially at the end windings. It has been
shown that mechanical stresses are worse at lower
temperatures [32]. The transition from a glass-like state to a
rubber-like state decreases internal stress, crack formation in
the insulation, and aging speed due to mechanical stresses [29].
However, the same phenomenon increases thermal stress and
accelerates thermal aging.
Similarly, repeated expansion and contraction may lead to
stator windings rubbing on the slot walls, causing the
insulation or coating to abrade. Culbert et al. [33] have reported
that repeated expansion and contraction in conductors under
thermal cycling causes axial tape separation and radial girth
cracking in the insulation. These ultimately cause phase-toground and turn-to-turn faults.

V. DISCUSSION OF PEAK DUTY APPLICATIONS
This sections combines the discussion presented in Sections
II–IV and evaluates various machine design objectives in an
HEV case study. NEMA standard load curves suggest randomwound machines to handle 5,000 full-voltage lifetime starts
and form-wound machines up to 10,000 starts [23]. The
number of full-load or full-voltage starts cannot be generalized
for peak duty machines. For example, a hydroelectric generator
is not expected to have many starts, stops or interrupted
operation but an HEV may have multiple starts within one
minute. An aircraft landing gear is used for only a few seconds
during a multi-hour flight. Both applications are likely to use
an inverter, and line-start ratings are not comparable.
A. Case Study on Hybrid Electric Vehicles
Looking into standard driving schedules such as Feredal
Urban Driving Schedule (FUDS) [40], the machine is expected
to start and drive the vehicle up to a certain speed and bring it
back to zero speed multiple times in short intervals. The
machine should be designed and cooled to handle such duty.
During starts and stops, the machine output is high. However,
as the vehicle reaches the desired speed, power is only
consumed to overcome friction and drag forces and is much
smaller than during transients such as acceleration and
deceleration. Considering the peak power demand during
transients and in steady state, there are two obvious design
strategies. One is to handle peak torque continuously, and the
other is to handle top speed continuously. In the first strategy,
the machine is expected to be bulky and oversized to dissipate
high power losses and support high output torque. The latter
case would refer to a much smaller machine with sufficient
heat capacity to manage peak torque demand for a limited
duration.
A comparative study of two induction machines with
different ratings is conducted on the test bed that was presented
in [41]. The first machine is selected to provide peak torque
demand imposed by the FUDS cycle with 90% efficiency. The
second machine is designed to run at a speed of 60 mph for the
same vehicle, again with 90% efficiency. Parameters of these
machines are tabulated in Appendix. The first has a rated
torque of 200 N-m (and 50 HP) and the second machine is
rated 40 N-m and 10 HP. Assuming that machine size is
proportional to rated torque, the first machine would be five
times larger than the second. Their transient thermal responses
under FUDS are estimated based on the approach in [42], and
shown in Fig. 5.
It can be seen that under FUDS, the second machine tends
to heat up to 165°C. Recalling the performance enhancement
discussion presented in Section III, using Class H insulation
instead of Class F would significantly extend the second
machine's life. Improved direct conductor cooling techniques
would change the transient thermal behavior of the second
machine as shown in Fig. 5b. It can be inferred that the
improved machine can continuously support 75% more output
torque.

C. Electrical Stress-Related Failures
As the conductors expand and contract, voids inside the
slots may form. These voids cause unpredicted PD, a localized
dielectric breakdown in the insulator. PD erodes the enamel
and impregnating varnish and accelerates insulator aging [34].
Literature surveys have shown that the Weibull distribution is
suitable for estimating time to failure and PD related aging of
electrical insulation [35], [36]. To avoid PD, the voltage at the
motor terminals should be below the PD inception voltage.
In voltage source inverter (VSI) drives, motor terminals
may experience voltage spikes up to twice the dc-link voltage
magnitude, if there is an impedance mismatch between the
connection cables and the motor terminals [37]. Kaufhold has
shown that voltage doubling ensues if the rise times of the
inverter voltage impulses are shorter than twice the
propagation time of the connecting cable [34]. It is imperative
to keep voltage rise time and switch turn-on time as short as
possible to minimize switching losses. Thus, there is a trade off
between machine lifetime, operating costs and power
electronics thermal management.
Among many other factors, temperature has a strong effect
on PD related aging [35], [36], [38]. Even though material
permittivities do not vary with temperature, their dielectric loss
factor (tan δ), undergoes significant changes with temperature.
Therefore, tan δ is used as a strong indicator of temperaturedependent PD and aging.
To protect a machine from PD-related aging, researchers
have proposed various insulation systems, materials and
methods. Gornicka and Wojcieszak have suggested
nanocomposites for motor turn insulation, especially for
inverter duty [7]. They investigated the PD inception voltage
and lifetime of the proposed material and reported a 30×
improvement compared to standard varnish. Inuzuka et al.
investigated the PD characteristics of nanocomposite enameled
wire for inverter-fed motor drives and their results have shown
up to 23× increase in time to failure compared to conventional
enameled wires [39].
Finally, tracking is an electrical failure that causes turn-toturn and phase-to-ground faults. Tracking can be caused by
insulation weakness, trapped voids inside the impregnation,
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Fig. 5. Transient hot-spot temperature of (a) 50 HP and, (b) 10 HP induction
machines under FUDS driving schedule.

(b)
Fig. 6. Dynamic power efficiencies under (a) FUDS and, (b) HWYFET drive
cycles.

From an energy savings point of view, the first machine
will be operating near its peak efficiency only during transients
such as high torque output (motor) or input (generator). During
the rest of the drive cycle its efficiency is low. Loss
minimization techniques are presented to address this problem
in [41], [43], [44]. It has been shown that 5.8 percentage points
of efficiency improvement are possible under FUDS for the
same vehicle model [44]. The second machine will be
overloaded during transients but will be operating close to its
peak efficiency in steady state. The 50 HP machine's overall
energy efficiency over a complete FUDS cycle is 48% and
total energy loss is 0.78 kWh. The 10 HP machine's energy
efficiency is 70% and its energy loss is 0.3 kWh.
Another drive cycle where fewer starts and stops are
required and the vehicle is expected to run close to its top
speed, such as the Highway Fuel Economy Driving Schedule
(HWYFET) [40], is also tested. This drive cycle is more steady
than FUDS. The first machine's overall energy efficiency under
HWYFET is 71% and total energy loss is 0.59 kWh. The
second machine's energy efficiency is 87% and its energy loss
is 0.21 kWh. Dynamic power efficiencies under FUDS and
HWYFET are presented in Fig. 6.

study on an HEV is presented to compare various machine
design objectives.
In peak duty applications, the design objectives for the
machine and the controller should be set carefully. A machine
that is continuously rated for the peak output is over sized. On
the other hand, shrinking the device rating and size increases
the impact of thermal cycling related complications and aging.
This is demonstrated in an HEV application with two machines
continuously rated at 50 HP and 10 HP. Their overall energy
efficiencies and thermal stresses are compared and possible
performance and capability improvements are discussed. It is
demonstrated that a 10 HP rated machine can perform much
more efficiently than a larger machine. Performance
enhancement techniques discussed in Section III reduced the
effect of thermal cycling and allow for 75% higher continuous
output power capability.

VI.

APPENDIX
TABLE I.

10 HP INDUCTION MACHINE PARAMETERS

Rated Power
Rated Speed
Voltage
Number of Poles (P)
Referred rotor resistance (R'r)
Stator resistance (Rs)
Referred Rotor Leakage Inductance (L'lr)
Stator Leakage Inductance (Lls)
Magnetizing Inductance (Lm)
Core Loss Resistance

CONCLUSIONS

This paper focused on short-term thermal aspects of electric
machines and performance enhancement possibilities. It is
shown that the electric machine rating in short-time operating
duties is analogous to a conductor current capability. To
understand the relationship between machine rating and
lifetime, common machine failure modes are reviewed. A case
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230 V
4
0.01438 Ω
0.0248 Ω
114 µH
114 µH
3.6 mH
19 Ω
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50 HP INDUCTION MACHINE PARAMETERS

Rated Power
Rated Speed
Voltage
Number of Poles (P)
Referred rotor resistance (R'r)
Stator resistance (Rs)
Referred Rotor Leakage Inductance (L'lr)
Stator Leakage Inductance (Lls)
Magnetizing Inductance (Lm)
Core Loss Resistance

50 HP
1780 RPM
460 V
4
0.05837 Ω
0.09961 Ω
867 µH
867 µH
30.4 mH
113 Ω
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Powder Core Inductor Design Using
the Core Geometry, Kg
Colonel W. T. McLyman
Kg Magnetics, Inc.
P.O. Box 3703
Idyllwild, CA 92549-3703
Abstract- The purpose of this paper is to design a
Converter output inductor using the core geometry
approach, Kg. The design will show engineers another
method of designing inductors using this step-by-step
approach. There are many advantages of using the core
geometry method for designing inductors and
transformers over the area product, Ap method. The
core geometry will give the engineer another tool to
better understand transformer and inductor design and
therefore, will cut the design time way down.

Full Wave Bridge
T1
Q1 N1
Q2

Designers have used various approaches to arrive at a
suitable inductor designs. For example, in many cases, a
rule of thumb is used for dealing with current density. A
good working level at low frequency is 200 amps-per-cm2
(1000 Cir-Mils-per-amp). This rule is satisfactory in many
instances. However, the wire size used to meet this
requirement may produce a heavier and bulkier inductor
than desired or required. The information presented, herein,
will make it possible to avoid the use of this rule and other
rules of thumb, and will help to develop an economical and
better design.
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Figure 3. Buck regulator converter.
Critical Inductance
The buck type converter schematic is shown in Figure 3,
and the buck type dc-to-dc converter is shown in Figure 1
and 2. The buck regulator filter circuit, shown in Figure 3,
has three current probes. These current probes monitor the
three basic currents in a switch mode, buck output filter.
Current Probe A monitors the power MOSFET, Q1,
switching current.
Current Probe B monitors the
commutating current through CR1. Current Probe C
monitors the current through the output inductor, L1.

L1
V1

CR2

L1

Full Wave Center Tap
N1
N2

N3

N2

Current Probe A

The LC filter is the basic method of reducing ripple levels.
The three basic converter circuits are the full-wave centertap, as shown in Figure 1, and the full-wave bridge, as
shown in Figure 2 and the buck type converter shown in
Figure 3. To achieve normal inductor operation, it is
necessary that there be a continuous flow of current through
the output inductor, L1.

T1

CR3 L1

Figure 2. Full wave bridge circuit.

Introduction

Q1

CR1

The typical filter waveforms of the buck converter are
shown in Figure 4. The waveforms are shown with the
converter operating at a 0.5 duty ratio. The applied voltage,
V1, to the filter, is shown in Figure 4A. The power
MOSFET, Q1, current is shown in Figure 4B. The
commutating current flowing through CR1 is shown in
Figure 4C. The commutating current is the result of, Q1,
being turned off, and the field in L1 collapsing, producing
the commutating current. The current flowing through, L1,

C1
Ro

Figure 1. Full wave center tap circuit.
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is shown in Figure 4D. The current flowing through, L1, is
the sum of the currents in Figure 4B and 4C.

in the output inductor becomes discontinuous, as shown in
Figure 5-D, the response time for a step load becomes very
poor and could cause instability in a close loop system.
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Manufacturers have for years assigned a numeric code to
their cores that represents the power-handling ability of the
core. This number is the product of the window area, W a,
and the core cross-section, Ac, and is called the area
product, Ap, as shown in Equation [4]. The area product,
Ap, is a dimension to the 4th power. This method of coding
core can be found in books dating back to 1925.
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Figure 4. Typical Buck Converter Waveforms.
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The energy-handling capability of the core is derived from
Equation [6].
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Energy = watt-seconds
Bm = operating flux, tesla
J = current density, amps/cm2
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Inductor Design Using the Core Geometry, Kg

t

The constant, Kg, is determined by the core geometry as
shown in Equation [7].

Figure 5. Output Inductor Going Critical.
The critical inductance current is shown in Figure 5-B and
is realized in Equation [1]. The critical inductance current
is when the ratio of the delta current to the minimum output
load current is shown in Equation [3]. If the output load
current is allowed to go beyond this point, the current will
become discontinuous, as shown in Figure 5-D. The
applied voltage, V1, will have ringing at the level of the
output voltage, as shown in Figure 5-C. When the current

Kg 

Wa Ac2 Ku
, [cm5 ]
MLT

Ku = Window utilization.
MLT = Mean length turn, cm
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[7]

Step 1. Calculate the minimum duty ratio, Dmin.

Inductors, like transformers, are designed for a given
temperature rise. They can also be designed for a given
regulation,  Alpha, , has to do with regulation or copper
loss in percent as shown in Equation [8].



Pcu
(100), [%]
Po

[8]

 Ke

1
, (seconds)
f
1
T
, (seconds)
100, 000
T  10, ( sec)

, [cm5 ]

[9]

Step 3. Calculate the critical inductance, Lcrt.

The constant, Ke is determined by the magnetic and
electrical operating conditions and is shown in Equation
[10].
4

Ke  0.145 Po B (10 ),

L( critical ) 

[10]
L( critical )

It should be remembered that the peak flux depends upon,
Bdc + Bac as shown in Equation [11].

Bpk  Bdc 

Vo T (1  D(min) )
2 I o (min)

12   10  10-6   (1  0.72)
,

2  0.4 

Kg 

(104 )

2
  0.145 Po Bpk


I  2 I o (min) , [amps]
I  2 0.4  , [amps]
I  0.8, [amps]

5

, [cm ]

[12]

Step 5. Calculate the peak current, Ipk.

I pk

(The circuit used in this design is shown in Figure 3)

Input voltage, max .......................
Input voltage, nom .......................
Input voltage, min ........................
Output voltage .............................
Output current max ......................
Output current min ......................
Window utilization ......................
Frequency ....................................
Regulation (copper loss) ..............
Operating flux density .................
Temperature Rise ........................
Efficiency ...................................

I
, [amps]
2
0.8
 4 
, [amps]
2
 4.4, [amps]

I pk  I o max  

Buck Continuous Current Inductor
Using a MPP Powder Core

1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.

[ henrys ]

Step 4. Calculate the delta current, I.

The complete power handling equation for the core
geometry, Kg, is shown in Equation [12].
2

, [henrys ]

L( critical )  42, [  h]

B
, [tesla] [11]
2

 Energy 

12 
( 0.98 17 )

T

2

2
pk

D(min) 

Step 2. Calculate the total period, T.

The power handling equation for the core geometry, K g, is
shown in Equation [9].

Kg 

Vo
( Vin (max) )

D(min)  0.72

Pcu = Inductor winding copper loss, watts
Po = Output load power, watts

 Energy 

D(min) 

I pk

Vmax = 17 volts
Vnom = 15.5 volts
Vmin = 14 volts
Vo = 12 volts
Io(max) = 4 amps
Io(min) = 0.4 amps
Ku = 0.4
f = 100 kHz
= 1.0 %
Bm = 0.25 tesla
Tr = < 25o
= 0.98

Step 6. Calculate the energy-handling capability.

Energy 
Energy 

LI2
, [watt-seconds]
2

42 106   4.4 

2

, [watt-seconds]
2
Energy  0.000407, [watt-seconds]
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Step 7. Calculate the maximum output power, Po(max).

Step 12. Calculate the rms current, Irms.

Po  Vo I o max  , [watts]

I rms  I o2  I 2 , [amps]

Po  12  4  , [watts]

I rms 

Po  48, [watts]

2

Aw B 

K e  0.0000435

2

Step 14. Select a bare wire size from the wire table. See
Engineering Note 1.

, [cm5 ]

 0.000407 
Kg 
, [cm5 ]
1.0  0.0000435
 0.166  106 
Kg 
, [cm5 ]
1.0  43.5 106 
2

AWG = #19
Bare, A w  B  0.00653, [cm 2 ]
Insulated, A w  0.00754, [cm 2 ]
  

  264, [micro-ohm/cm]
 cm 

5

K g  0.00382, [cm ]

Step 15. Calculate the effective window area, Wa(eff).
The value for S3 is 0.75. See Engineering Note 2.

Step 10. Select a core that has core geometry, K g, as close
as possible to 0.00382 cm5. The core data was taken from
the book, Transformer and Inductor Design Handbook.

Wa  eff   Wa S3 , [cm 2 ]

Selected Core
Magnetics powder core...................
Magnetic path length ......................
Core weight ....................................
Mean length turn ............................
Window area...................................
Iron area..........................................
Area product ...................................
Core Geometry ...............................
Surface area ....................................
Millhenries per 1000 turns ............
Material permeability .....................
Window Utilization ........................

Wa  eff    0.71 0.75 , [cm 2 ]

MP 55121
MPL = 4.11 cm
Wtfe = 6.71 gm
MLT = 2.53 cm
Wa = 0.71 cm2
Ac = 0.139 cm2
Ap = 0.137 cm4
Kg = 0.0042 cm5
At = 15.96 cm2
AL = 35
m = 60
Ku = 0.4

Wa  eff   0.533, [cm 2 ]
Step 16. Calculate the number of turns possible, N L. The
value for S3 is 0.60. See Engineering Note 2.

NL 
NL 

J
J

Bm Ap K u

 0.25 0.137  0.4 

Aw

, [turns]

 0.533 0.60 
,
 0.00754 

[turns]

Step 17. Calculate the required core permeability, u.

, [amps-per-cm 2 ]

2  0.000407  104 

Wa  eff  S2

N L  42, [turns]

Step 11. Calculate the current density, J.

2  Energy  104 

I rms
, [cm 2 ]
J
 4.08

, [cm 2 ]
 594 

Aw B   0.00687, [cm 2 ]

Step 9. Calculate the required, core geometry, K g.

1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.

2

Aw B  

K e  0.145 48 0.25 104 

 Ke

  0.8  , [amps]

Step 13. Calculate the required bare wire area, Aw(B).

K e  0.145Po Bm2 104 

 Energy 

2

I rms  4.08, [amps]

Step 8. Calculate the electrical conditions coefficient, Ke.

Kg 

 4.0 


, [amps-per-cm 2 ]



J  594, [amps-per-cm 2 ]

Bm  MPL 104 
0.4 Wa J K u

, [core perm]

 0.25 4.11104 
,
1.26  0.71 594  0.4 

  48.3, [core perm]
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[core perm]

Step 18. Calculate the required number of turns for a 60u
core. See Engineering note 3.

N L  1000

L
L1000

Step 24. Calculate the core loss, Pfe.





Pfe   mW / g  Wt  fe  103 , [watts]
Pfe   0.109  6.71 103 , [watts]

, [turns]

Pfe  0.000731, [watts]

0.042
N L  1000
, [turns]
35
N L  35, [turns]

Step 25. Calculate the total loss copper plus iron, P.

P  Pfe  Pcu , [watts]
P   0.000731   0.361, [watts]

Step 19. Calculate the winding resistance, R(L).

P  0.362, [watts]

   6
RL   MLT  N L  
 10 , [ohms]
 cm 

Step 26. Calculate the watt density, .

RL   2.35 35 264  106 , [ohms]



RL  0.0217, [ohms]
Step 20. Calculate the copper loss, Pcu.



2
Pcu  I rms
RL , [watts]

P
, [watts/cm 2 ]
At

 0.362 
,
15.96 

[watts/cm 2 ] 

  0.0227, [watts/cm 2 ]

Pcu   4.08   0.0217 , [watts]
2

Step 27. Calculate the temperature rise, Tr.

Pcu  0.361, [watts]

Tr  450 

Step 21. Calculate the regulation, .




 0.826

, [ oC ]

Tr  19.7, [ oC ]
Step 28. Calculate the dc magnetizing force, H. See
Engineering Note 4.

[%]

  0.752, [%]

H

 I 
0.4 N L    104 
 2 
Bac 
, [tesla]
MPL
0.8
1.26  35   60 104 
 2 
, [tesla]
Bac 
 4.11

H  56.7, [oersteds]
Step 29. Calculate the window utilization, Ku.

Ku 

Bac  0.0258, [tesla]

Ku 

Step 23. Calculate the milliwatts per gram, mW/gm.

N L Aw B 
Wa

 42  0.00653
 0.71

K u  0.386

mW / gram  k f   Bac 
n

mW / gram   0.000788100000 

0.4 N L I pk

, [oersteds]
MPL
1.26  42  4.4 
H
, [oersteds]
 4.11

Step 22. Calculate the ac flux density, Bac.

m

, [ oC ]

Tr  450 0.0227 

Pcu
100 , [%]
Po

 0.361
100 ,
 48

 0.826 

1.14 

 0.0258

2.24 

mW / gram  109
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Then the wire diameter is:

Engineering Note 1:
Multistrand copper wire.
Skin Effect

Wire Diameter  2( ), (cm)

(Design Aid)

Wire Diameter  2(0.0209), (cm)
Wire Diameter  0.0418, (cm)

The skin effect on an inductor is the same as a transformer.
The main difference is that the ac flux is much lower and
does not require the use of the same maximum wire size.

Then the bare wire area Aw is:

The ac flux is caused by the delta current, I, and is
normally only a fraction of the dc flux. In many cases, the
ac current that is riding on top of the dc current, as shown in
Figure 6, is small enough that it does not affect the overall
current density of the single wire used. There are times
when the larger wire is just too difficult to wind on small
powder cores. Large wire is not only hard to handle, but it
does not give a proper lay. It is easier to wind with bi-filar
or quad-filar wire with equivalent cross-section.

Aw 
Aw 

 D2

, (cm 2 )
4
 3.1415 (0.0418) 2
4

, (cm 2 )

Aw  0.00137, (cm 2 )
The wire gauge that comes closest to 0.00137 cm2 is a
Number 26 AWG that has a bare area 0.00128 cm2 and a
resistance of 1345 /cm. The design example shown here
multistrand wire will not be used.

B (tesla)
I

Engineering Note 2:
A good approximation for the window utilization factor is
Ku = 0.4

B
Bdc

K u  S1 S2 S3 S4
S1  conductor area / wire area =0.855, #20AWG

H (oersteds)

-H

S2  wound area / usable window area =0.61

Idc

S3  usable window area / window area =0.75
S4  usable window area / usable window area+insulation = 1.0
K u   0.855 0.61 0.751.0   0.391  0.4

-B

Engineering Note 3:
The permeability of 48.3u is close enough to use a 60u core.

Figure 6. B-H Loop Showing Idc and I Current.
Select a wire so that the relationship between the ac
resistance and the dc resistance is 1.

Engineering Note 4:
The calculation in Step 28 gives 56.7 oersteds. Driving the
60u core at 56.7 oersteds will reduce the permeability to
85% at high current. This should be more than satisfactory
at high current. It is the low current we are designing for.

Rac
1
Rdc
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Power Electronic Circuitry in LED Modules: An Overview
Agasthya Ayachit, Veda Prakash Galigekere, and Marian K. Kazimierczuk.
Wright State University
Abstract: Light Emitting Diode (LED) power supply
schemes are essential for optimal operation of the LED
lighting modules. With the improvement in LED
technology, advanced LED driving schemes have been
proposed and implemented. In this paper, a brief
introduction about the electrical characteristics of
LEDs is provided. The need for LED drivers is
discussed. Several driver modules, which are
composed of single-stage and two-stage power
regulation circuits used for low-power and high-power
applications, are discussed. Auxiliary circuits, which
are used with these drivers to improve the
performance of LED lamps and maintain uniform
brightness, are also discussed.
I. INTRODUCTION

Figure 1. Electrical characteristics of LED [15].

In Section II, the electrical characteristics of LED are
discussed briefly. The demand and criteria for designing
efficient drivers are mentioned in Section III. When these
drivers are connected to supply line, then active powerfactor correctors become highly essential, especially when
the operating power level is more than 25 W. Usually,
they are accommodated in the ac-dc conversion stages of
the power converters. Section IV covers in brief these
stages and explains their merits and demerits. To maintain
high efficiency and optimum brightness of LED lamps,
dimming control and bypass diodes become essential.
These topics are presented in brief in Section V.

One of the greatest inventions in solid-state technology is
the light emitting diode (LED). The introduction of LEDs
has created a benchmark for more advanced and efficient
forms of lighting. In the present day scenario, LEDs are
gradually replacing incandescent light bulbs and
fluorescent lamps. This is mainly due to the basic
advantages such as light weight, higher flexibility, longlife, robustness, and ease in control. Their usage in
industries is growing substantially. Sophisticated forms of
LED lighting have been implemented in a myriad of
applications namely, automotive industry, house-hold
lighting, illumination in aircrafts, handheld devices,
traffic control lights, and so on. Presently, commercially
available forms of LEDs have an output range of about
150 – 200 lumens/watt, and are about five times more
efficient than incandescent sources of light. The main
advantage of LED is their electro-luminescence
phenomenon, i.e., direct conversion of electrical energy
into light. Therefore, they do not flicker during turn-on
and eliminates the need for highly inductive chokes and
starters. LEDs have turn-on time in the order of
milliseconds and this feature is more helpful when they
are used for optical signal transmission in communication
systems. Since the operating temperatures of LEDs are
relatively low, they possess very long life-spans in the
order of about 30,000 to 50,000 operation hours.

II. PHYSICAL CHARACTERISTICS OF LEDs
The structure of LEDs and their device characteristics are
similar to that of p-n junction diodes. The variation of
diode current ID with applied voltage VD is illustrated in
Fig. 1. LEDs conduct and emit light once they are
forward biased and when applied voltage is above their
threshold value VT. Due to the flow of electrons, radiative
electron-hole recombination takes place releasing energy
in the form of photons. The intensity of these photons
depends upon the band-gap energy of the semi-conductive
material under consideration. As the band-gap energy
increases, the light emitted shifts to higher frequency
regions of the electromagnetic spectrum. This results in
the production of different colors. For example, red LEDs
are composed of Aluminium Gallium Arsenide (AlGaAs),

This paper presents a detailed over-view about the power
electronic circuitry that constitute an LED driver.
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This necessitates the use of current limiting resistors.
However, these current-limiting resistors dissipate power
as heat and adversely affect the efficiency of the entire
LED module. These resistors would not be able to directly
regulate current for fluctuation in input voltage and
current levels. Therefore, power converters are
specifically designed for driving LED modules in order to
obtain optimum performance. Control schemes are
employed with these converters in order to improve the
performance of these LED lamps. These drivers are
designed such that they comply with EMI and
measurement standards, namely, MIL, EN harmonic
emission standards, etc. Digitally controlled interfaces
such as, digital multiplex (DMX) and digital addressable
lighting interface (DALI), are used to vary the
illumination of LED lamps depending on the application.
Therefore, these converters must provide dimming control
with faster light to current response times. They should be
capable of operating under universal input voltage levels,
(i.e. 110 – 277 V rms ac) and provide multiple outputs
with different current ratings. Certain applications will
experience sudden inrush in current during start-up, for
example, LEDs for automobile lighting, which can
damage the lamps. Therefore, they should also provide
inherent over-voltage and over-current protection. Owing
to the several advantages and features of LED lamps, they
are gradually replacing incandescent and fluorescent
sources of lighting. Hence, these drivers need to be
designed such that they are highly cost-effective and have
better performance with longer life spans.

LEDs emitting light in infrared regions are made of
Gallium Arsenide (GaAs), and white LEDs have a
combination of blue LEDs with phosphor material coated
over them. Table I shows the typical forward voltages and
currents for green, blue, red, and amber colored LEDs [1].
TABLE I VD, ID values for different LEDs.
Color

Green

Blue

Red

Amber

VT at 25 C
(350 mA)

2.9 V

3.03 V

2.90 V

2.90 V

VT at 25oC
(700 mA)

3.25 V

3.30 V

3.60 V

3.60 V

1000 mA

1000 mA

700 mA 700 mA

o

DC forward
current

Brightness or the luminous flux emitted by LED lamps is
directly proportional to the forward current as shown in
Fig. 1. In applications where color mixing is required,
accurate current control methods become essential in
order to provide required brightness and the color [2].
III. LED DRIVER CONSIDERATIONS
Industrial grade standard DC-DC power converters,
which are suitable for general applications cannot be
directly used as LED drivers. They offer constant voltage
at their output, but LED drivers require constant current
throughout their operation [3]. Unlike linear loads, LEDs
conduct only when the diode voltage exceeds the
threshold value after which they are forward biased. So,
there is the need for a minimum voltage to be supplied to
these diodes. When forward biased, they offer very low
on-state resistance to the flow of current, usually in the
order of hundreds of m.

AC line
input

PFC & ac-dc
Power converter

Input
EMI
Filter

Output
filter

or
d

fs
PWM switch and
PF control
circuitry

LED Array
1
LED Array
2
LED Array
3

Figure 3. Block diagram of single-stage LED driver.

The driver configuration can be classified into (a) singlestage and (b) two-stage. For low power applications, a
single-stage circuit that performs both power-factor
correction and ac-dc rectification is employed. In such
applications, the component count is a major
consideration. LED drivers are cost effective and efficient
due to reduced per component losses. Several topologies,
which provide both these functions, are discussed in [4] [6]. Block diagram of a single-stage driver configuration
is illustrated in Fig. 3. For higher power
Figure 2. Luminous flux variation with forward current [15].
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AC line
input

Input
EMI
Filter

Bi-directional DCDC isolation
converter

ac-dc rectifier &
active power factor
corrector

Duty-cycle modulation or switching
frequency modulation

Output
filter

LED Array
2

or
fs

d

LED Array
1

Current/voltage
control circuit

LED Array
3

Figure 4. Block diagram of two-stage LED driver.

applications, a two-stage conversion process is more
feasible. The pre-regulator provides ac-to-dc conversion
along with power-factor correction and the second stage
drives the LED lamp with constant current and voltage.
Usually, a half-bridge network with series-parallel
resonant converter topology is employed at the second
stage in order to (1) provide complete isolation for the
LED array from the input side, (2) reduce voltage ripple
at the input to the LED array, (3) provide wide load
regulation by switching frequency variation, and (4)
provide soft-switching operation. Fig. 4 shows the block
diagram of a typical two-stage LED driver circuit.

factor correction schemes have been discussed in
literature [13], [14].
a.

PWM Type

Due to faster response times, these LEDs are usually fed
with constant amplitude input current pulses with the help
of pulse-width modulated LED drivers [7]. Literature
suggests different topologies for the single-stage LED
driving schemes. Buck, boost, buck-boost topologies are
the most commonly used PWM type drivers [12].
Literature suggests flyback converter to provide effective
ac to dc conversion and effective power-factor correction
[4], [5], [8], [12]. Flyback converter can be operated
either as a step-up or a step-down converter by adjusting
the turns of the secondary winding. The circuit of flyback
ac-dc converter with PFC is shown in Fig. 5.
Opto-couplers and transformers are used to provide
complete DC isolation between the input and the output.
Also, the transformer can have several secondary
windings; hence, a flyback converter can accommodate
multiple outputs. The flyback converter offers the
following advantages –

Figure 5. Flyback ac-dc converter connected to LED network.

IV. LED DRIVER TOPOLOGIES
When an LED driver module is directly connected to the
ac mains, the presence of harmonics in the line causes
severe voltage distortion, losses due to unwanted noise,
and other undesired effects. In initial stages of the driver,
EMI filters are used to eliminate these disturbances and
maintain the operation of the driver according to the
prescribed standards. Usually, the input filter consists of
an inductor-capacitor network that passes only the
required frequencies and also limits sudden current inrush. The presence of these filters helps in minimizing the
interference caused to the neighboring devices, which
may be powered from the same source. The ac-dc
rectifier power-factor corrector (PFC) is employed in
order to achieve unity power factor, irrespective of the
power levels. PFC is used for input current shaping in offline power supplies in order to improve the effect of real
power derived from the supply line. The PFC design is an
important consideration in an LED driver. Several power

 The MOSFET is driven with respect to ground, thus
eliminating the need for complex gate-drive circuits.
 They offer galvanic isolation and the LED lamp is
completely isolated from the input.
 Number of turns can be adjusted in order to
accommodate more LED strings.
 Flyback converter is known for its lower part count
and also eliminating the need for an output filter inductor.
Single-stage driving schemes have the advantages of
having a lower part count since they employ only one
MOSFET for switching, a single magnetic component for
energy storage resulting in a compact and portable
system. On the contrary, they suffer from several
disadvantages. The presence of voltage ripples with
frequency twice that of the line frequency appears at the
input to the LED network. This demands the utilization of
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D2
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D2

Figure 6. Circuit diagram of series-parallel resonant ac-dc converter driving an LED load.
bulky capacitors at the output end of the power supply.
Another limitation is that only one MOSFET processes all
the power, hence the stress on that MOSFET is relatively
higher. If the fly-back mode is used, the presence of
higher leakage inductance causes higher voltage spikes
resulting in stresses on the MOSFET which requires
clamping and snubber circuits. However, topology such
as that suggested in [10] proves to be an effective method
for reducing these stresses on the MOSFET switches, and
can be used in LED drivers.
b.

possible to achieve overall efficiencies of 95 – 97 % by
using resonant converters as LED drivers.
A major
drawback of this topology is that they cannot offer shortcircuit and open-circuit protection at frequencies close to
the resonant frequency resulting in flow of heavy currents
which may damage the LEDs and the driver components.
To avoid this effect, usually, resonant converters are
designed as a two-stage set-up. As illustrated in the Fig. 4,
the first stage in the driver module is designated as a preregulator. It is usually a boost input-current shaper and
power-factor corrector. A few schemes have been
proposed which uses fly-back converter as the preregulator. The second stage is a half-bridge series-parallel
converter as discussed.

Resonant Type

Present research is concentrated on reducing the size of
LED drivers so that they can be used in portable or offline
applications. This can be achieved by reducing the size of
the driver components to a certain extent. The sizes of
passive components are reduced when operated under
very high frequencies. Resonant converters are used
where switching of transistors take place at frequencies in
the order of hundreds of kHz to several MHz. Resonant
DC-DC converters have the capability to produce
constant current under wide operating conditions. This
eliminates the need for complex external current control
circuitry and smoothening capacitors [3]. Most widely
used topology is the series-parallel resonant DC-DC
converters. Basic circuit of series-parallel resonant DCDC converter is shown in Fig. 6. They offer galvanic
isolation for the LED strings from the input fluctuations.
LEDs are known for their high efficiencies when operated
under normal junction temperatures. Thus, it is essential
to design drivers that offer fewer losses during energy
conversion. Fig. 7 shows the voltage conversion
characteristics of the series-parallel resonant converter.
The presence of two resonant frequencies, determines
whether the converter operates in zero-current switching
(ZCS) or zero-voltage switching (ZVS) mode. In Fig. 7,
the region after the first peak indicates ZVS operation.
When the converter operates in ZVS, the switching losses
will be reduced by a very large extent. Therefore, it is

Figure 7. Variation of voltage gain with normalized switching
frequency of series-parallel resonant converter.

V. LED DRIVER AUXILIARY CIRCUIT
a.

Dimming Methods

White LEDs are amongst the most commonly used type
of LEDs. Certain applications demand uniform luminosity
by all the LEDs in the string. White LEDs are produced
by mixing light from red, green and blue (RGB) colored
156

LEDs in proper proportions. Therefore, adequate
brightness of these colors is to be provided in order to
generate white light which needs accurate control
circuitry. Also, flickering should be absent when the
brightness changes from one level to another. In order to
avoid this, the flicker frequency is increased to more than
120 Hz, i.e. the frequency above which human eye cannot
perceive flickering. Several dimming schemes have been
suggested in literature [9]. Two main types of dimming
can be achieved – (1) analog dimming and (2) pulsewidth modulated dimming. It is discussed earlier that, the
brightness of LED depends upon the forward current. If
the current through the LED can be controlled, then
required brightness can be achieved, i.e. if 50% of total
current is made to flow through the LED, then 50%
brightness can be achieved.

VO

Burst-mode
controller 1

Burst-mode
controller 2

Burst-mode
controller N

Figure 9. Circuit diagram of burst-mode PWM type dimming
control in LED network.

voltages will differ for different LEDs in operation.
Because of this irregularity, the forward currents through
them will also differ by certain factor. This causes
difference in the illumination levels of the LEDs in the
matrix. Therefore, uniform current sharing or current
balancing methods need to be implemented. Fig. 9 shows
the set-up of BM brightness dimming control. VO
represents the output voltage from the DC-DC converter.
The BM mode transistors are connected in series with the
LED string. They are made to operate as low-frequency
transistors in order to reduce conduction losses. They are
switched at 400 Hz in practical applications [9]. In this
method, average currents are obtained by varying the
duty-cycle or the pulse-width of the individual switches.
[11] suggests an improved methodology for burst-mode
dimming.

VO

Dimming
control signal

Figure 8. Circuit diagram of analog type dimming
control in LED network.

Analog control of LED can be achieved using linear
current regulators. Fig. 8 shows analog dimming
technique using linear current regulators which are
connected in series with the LED strings. Variation in
forward current causes color shift and for applications like
LCD panels in televisions, laptop screens, etc, which
require accurate brightness levels, color shift is not
acceptable. Therefore, analog dimming technique is not
extensively used.

b.

In PWM dimming, the duration of peak value of the LED
forward current is varied by adjusting the conduction
period of the switches. If the duty-cycle is set at 50%,
then the LEDs would glow at 50% of their maximum
brightness. One of the main types of PWM dimming is
burst-mode dimming. When the LED strings are
connected in the form of a lattice structure consisting of
series LEDs in parallel, current sharing becomes an
important consideration. The electrical properties of all
the LEDs connected in the matrix will not be the same,
i.e., for the same operating temperatures, the forward
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LEDs are connected in the form of a series and parallel
connection of individual LEDs, in order to obtain required
brightness for large-scale and backlight LED panels. In
such applications, there is a possibility that a single LED
may cease to operate disturbing the operation of several
other LEDs in that string. So, bypass Zener diodes are
connected parallel with the individual LEDs as shown in
Fig. 10(a). Under normal operating conditions, the Zener
diode is turned off and the current flows in the LED.
When an LED ceases to turn-on, the flow of current is
deviated through the anti-parallel Zener diode, thus,
maintaining the current flow. An alternate modified
structure is shown in Fig. 10(b). In this case, during
failure of LED, the Zener diode turns on allowing the
current to flow through Zener diode, resistor, and
capacitance. The capacitor is charged and, triggers the
silicon controlled rectifier (SCR). The current flow
deviates thru the SCR without affecting the operation of
the system [9].

VI. CONCLUSION
LED lamps offer an optical efficiency of up to 90 - 95%.
By proper design of the LED drivers, an overall efficiency
of up to 90 - 92% can be achieved. The need for LED
drivers for different applications is discussed. Two types
of LED drivers are suggested. Dimming schemes used for
maintaining brightness levels are discussed. LED bypass
design in order to improve the reliability of the drivers is
also mentioned.
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PROXIMITY EFFECT WINDING LOSS IN RECTANGULAR CONDUCTORS
Rafal P. Wojda and Marian K. Kazimierczuk
Wright State University
directions, i.e., directions of the primary currents. As a
result, the high-frequency primary current will
concentrate within a conductor, where the magnetic
fields are additive. The skin-effect current and the
proximity-effect current are orthogonal to each other.
This is because the skin-effect current density exhibits an
even symmetry and the proximity-effect current density
exhibits an odd symmetry.

Abstract: In this paper, the proximity effect of the
rectangular wire windings is discussed. The equation
for the ac-to-dc winding resistance ratio of the
rectangular wire inductor winding valid at low and
medium frequencies is derived and an equation for
the optimum thickness of rectangular wire is derived.
The results of the derivations are compared with the
Dowell’s equation for the ac-to-dc resistance.

In the multi-layer winding, primary currents flow in the
opposite directions in the same conductor, except for the
first layer. As a result, the amplitudes of eddy-currents
caused by the magnetic fields in the adjacent layers
increases rapidly as the number of layers Nl increases.
Hence, the power loss caused by the proximity effect in
the multi-layer winding is much greater than the power
loss caused by the skin effect.

Key Words: Eddy-Currents, Inductors, Proximity Effect,
Winding Loss
I. INTRODUCTION
A time-varying electric current i1 that flows through the
conductor generates the time-varying magnetic field H
inside and outside the conductor. This magnetic field
induces the voltage drop in the conductor perpendicular
to the primary current flow i1, and forces the circulated
flow of the secondary current i2 inside the conductor,
called the eddy-current [1]-[7]. This secondary eddycurrent i2 opposes the flow of primary current i1 and
influences its distribution, causing increased power loss
in the conductor. For the single conductor without any
neighboring conductors, eddy-current effect is the skin
effect. This means that the distribution of the current i1 in
the conductor is determined only by the magnetic field
generated by the primary current i1. As a result, the
primary current i1 is forced out of the conductor center
and flows only near the conductor surface.

The proximity-effect loss depends on:
 The frequency of primary current.
 The geometry of the conductor.
 The arrangement of conductors in the core
(bobbin).
 The spacing between the conductors.
The purpose of this work is twofold. First, studying of
the proximity-effect power loss in the rectangular wire
conductors. Second, optimization of rectangular wire
conductors to obtain minimum winding loss.
The organization of the paper is as follows. Section II
presents derivation of ac-to-dc winding resistance of the
rectangular wire windings. Section III derives the
optimum thickness of rectangular wire windings. In
Section IV comparison of the derived in this paper
equation for ac-to-dc resistance ratio and Dowell’s
equation for the rectangular wire conductors is
performed. Finally, conclusions and discussions are
performed in Section V.

For the conductor placed beside the other conductors, the
magnetic field is induced by the primary current flow in
this conductor, and by the primary currents flow of the
neighboring conductors. The effect of eddy-currents
generated by the magnetic field H of the adjacent current
carrying conductors is called the proximity effect. As a
result, the skin-effect eddy-current and the proximityeffect eddy-current are generated and the total eddycurrent in the conductor is a superposition of both eddycurrent effects.

II. EDDY-CURRENT CONDUCTOR LOSS
A. General Expression for Eddy-Current Conductor
Loss With Uniform Magnetic Flux Density

The closeness of the current carrying conductors affects
the current density in the conductor, and therefore,
hinder the conductor to conduct high-frequency current.
The magnetic fields induced by the conductors in close
proximity will add or subtract depending on their

Derivation of the winding ac proximity-effect loss in this
paper is as follows:
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Figure 1 shows the distribution of the magnetic field H in
the rectangular winding. For the low-frequency solution
where (δw >> w/2) and uniform magnetic flux density B,
the eddy-current power loss in a foil conductor is given
by [1], [5]

b

B

B

Pp e 

i
dx

B(x)

 2lwbw3 Bm 2
,
24  w

where ρw is the conductor resistivity. The volume of the
bare foil conductor is

dx

Vc  bwl w .

w

0

w

(2)

(3)

The proximity effect power loss density in a foil
conductor winding is

x

Figure 1. The uniform distribution of the magnetic field
intensity B in the single-layer foil winding

ppe 

First, the power loss in the single-layer foil winding and
uniform magnetic flux density B is derived (Fig. 1). It is
assumed that there is only single turn per layer. Second,
the uniform magnetic flux density B is adapted to the
case where the magnetic flux in the winding is the
function of the foil thickness, i.e, the flux in the winding
increases linearly (Fig. 2). Third, the single-layer
winding is replaced by the winding with multiple layers
where each layer is isolated from neighboring layer (Fig.
3). Fourth, each foil layer is divided into multiple turns
to obtain multiple turns in the layer (Fig. 4).
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 2 w2 Bm 2
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The amplitude of the sinusoidal magnetic flux density in
the foil winding (Fig. 2) is not uniform and is function of
foil thickness given by
Bm 

Bm (max)
w

x

for 0  x  w,

(5)

where Bm(max) is the maximum amplitude of the flux and
w is the width of the core window. Hence, the proximityeffect power loss density in the winding in terms of x is

Assumptions of derivation are:
 δw >> w/2 where w is the thickness of the
conductor.
 The skin-effect is neglected.

p p e ( x) 

 2 w2 Bm(max )2 2
x .
24 w w2

(6)

The volumetric average power loss density in the
winding due to the proximity effect is

The eddy-current power loss (Ohmic loss or resistive
loss) is due to the fact that a time-varying magnetic field
induces a voltage in the conductor, in accordance with
the Faraday’s law v = dλ / dt, where λ is the magnetic
flux linkage. This voltage forces the circulating current
flow in the conductor, called eddy currents. The paths of
eddy-currents are circular and are normal to the magnetic
flux.
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.

The power loss in the winding due to the proximity
effect is

Consider a single-layer foil winding of a foil width b,
length lw, and thickness w, with a time-dependent
sinusoidal current flowing through the conductor
i(t) = Im sin ωt.

Pp e

Ppe  p pe ( AV )Vc 

(1)

 2blw w3 Bm2 (max)
.
72 w

(7)

B. General Expression for Eddy-Current Conductor
Loss With Non-Uniform Magnetic Flux Density

160

i

c

i

i

c

h

Bmax

Bmax

0

x

w

h

Bmax

h

0

w

x

0 NILm
b



0 Ntl Nl I Lm
cNtl

,

(8)
where Hm(max) is the maximum amplitude of the magnetic
field, N is the number of turns, Ntl is the number of turns
per layer, Nl is the number of layers, η is the porosity
factor, and ILm is the amplitude of the sinusoidal inductor
current. The number of turns is expressed as
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The maximum amplitude of the magnetic flux density for
multi-layer foil winding (Fig. 3) and multi-layer
rectangular wire winding (Fig. 4) is

B(x)
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i

Figure 4. The non-uniform distribution of the
magnetic field intensity B in the multi-layer
rectangular wire winding
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Figure 2. The non-uniform distribution of the
magnetic field intensity B in the single-layer foil
winding
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The cross-sectional area of the inductor wound with
rectangular wire winding is shown in Fig. 5, where Wa is
the core window.

Figure 3. The non-uniform distribution of the
magnetic field intensity B in the multi-layer foil
winding

The thickness of the rectangular conductor with the
insulation thickness t is
2t 

ho  h  2t  h1  .
h


(10)

The porosity factor related to the rectangular wire
insulation is
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Hence, the winding ac-to-dc resistance ratio is
FR 

w = Nlh / η

Figure 5. The cross section of the core inductor wound
with rectangular wire conductor
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Thus, the proximity-effect power loss in the winding
with taking into account the shape of conductor, spacing
between the wires, frequency of the current, and number
of layers is
Pp e 
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The resistance of the conductor due to the proximityeffect is
(14)

C. AC-to-DC Winding Resistance of Rectangular Wire
Windings
The rectangular wire winding dc resistance is

 lN
(15)
 wt ,
ch
ch
where lt is the mean turn length (MTL). The winding ac
resistance is the sum of the winding dc resistance and the
winding proximity-effect resistance and it is given by
Rwd c 

h

w

.

(19)

Figure 6 compares the winding ac-to-dc resistance ratio
derived in this paper and the winding ac-to-dc resistance
ratio given by Dowell’s equation for the inductors with
several number of layers Nl = 2, 4, 7, 10 at η = 0.8. It can
be seen from Figure 3 that the ac-to-dc resistance ratio
FR given by (19) is equal to the ac-to-dc resistance ratio
given by (20) for low and medium frequencies.
Additionally, as the number of layers increases the range
of approximation accuracy increases.

(13)
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where the variable A for the rectangular conductor
winding is given by
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Dowell’s equation for ac-to-dc winding resistance ratio is
given by [2], [5]

The breath b of a rectangular bobbin window is given by
b
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Figure 7. Plots of exact rectangular wire winding ac
resistance as functions of d for the ten layer inductor (Nl
= 10), at frequency f = 100 kHz, N = 100, η = 0.8, and lt
=6.6 cm.

III. OPTIMUM THICKNESS OF RECTANGULAR
WIRE WINDINGS
The rectangular wire winding ac resistance due to
proximity-effect is

To derive optimum wire thickness we need to take the
derivative of (22) and set the result to zero
2
dRw  wl w   1  2 N l 2 
(21)
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Figure 6. Plots of exact and approximate ac-to-dc
resistance ratio as functions of A for the rectangular wire
inductors with several number of layers Nl = 2, 4, 7, 10,
at η = 0.8.
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Solution of (23) produces the optimum normalized
thickness of the rectangular wire given by
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The ac-to-dc resistance ratio at the optimum normalized
thickness hopt/δw is

Figure 4 shows plots of the exact and approximate
winding ac resistance as a function of d for the ten layer
inductor (Nl = 10), at frequency f = 100 kHz, N = 100, η
= 0.8, and lt =6.6 cm. It can be seen from the plot that the
exact winding ac resistance first decreases with
increasing thickness of the wire, reaches the local
minimum, than increases, reaches the local maximum
and afterwards decreases. The approximate equation for
rectangular wire winding ac resistance first decreases wit
increasing thickness of the wire, reaches minimum, and
then rapidly increases. Additionally, it can be seen that
the approximate winding ac resistance very well captures
the local minimum of the exact winding ac resistance.
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III. CONCLUSIONS
In this paper, an expression for the proximity-effect ac
resistance of the rectangular wire windings has been
derived and approximate equation for the proximityeffect ac-to-dc winding resistance ratio has been given.
The comparison of the proximity-effect ac-to-dc winding
resistance ratio and Dowell’s equation for the ac-to-dc
winding resistance ratio has been performed.
Additionally, the equation for the optimum thickness of
the rectangular wire winding has been derived.

It is impossible to find the analytical solution from
Dowell’s equation for the optimum rectangular wire
thickness, because the solution is a closed form equation
and it can be solved only numerically. Using
approximate equation (19) it is possible to derive
analytical expression for the optimum thickness of the
rectangular wire winding.
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It has been shown that the proximity-effect ac-to-dc
winding resistance ratio is approximately equal to the
ac-to-dc winding resistance ratio of the rectangular wire
winding given by Dowell’s equation at low and medium
frequencies. It has been shown that for the optimum
thickness of the rectangular wire windings, the ac-to-dc
winding resistance ratio is equal to two FRopt = 4/3.
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PART-IN-PART MODELING AND PART EDITING IN ASSEMBLIES
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Abstract: Rapid prototyping parts can be almost as
simple as pushing print for a simple component.
Assemblies can be made by creating individual
components and then assembling them. Even more
creative strategies include part-in-part modeling.
Using a part-in-part strategy can create an entire
assembly on rapid prototyping machinery in one
printing with no assembly required. These new solid
modeling tools offer electrical designers powerful new
editing tools which have an impact on their rapid
prototyping needs. Top down assembly editing and
saving assemblies as parts will be discussed as these
concepts relate to the rapid prototyping (RP) process.
Previously CNC machining was either outsourced or
often not used as a rapid prototyping output by
electrical component designers due to the CAM and
machining skills required. This will likely change
with the advent of feature based machining (FBM) as
it requires essentially no CNC, CAM, or machining
experience.
Key Words: Reverse Engineering, Rapid Prototyping,
Part-in-Part Modeling, Top Down Assembly Modeling,
Feature Based Machining, and Parametric Features.
I. INTRODUCTION
Part-in-part techniques will be developed as they apply
to electrical component design for creating prototypes of
assemblies. These design strategies will be related to the
manufacturing of electrical components and assemblies.

Figure 1. Outlet used for geometry construction in a
rather traditional reverse engineering process
This outlet was modeled using a 3D parametric solid
modeling program. Figure 4 shows the outlet as
developed into a 3D assembly.

II. DISCUSSION

.
A.
Reverse Engineering an existing electrical
component

B.

An existing electrical outlet was measured using digital
calipers and other traditional measuring instruments.
Some modifications were used to change and improve
the product in the process. 3D digital scanning and other
methods could have been used if this article was focused
on the reverse engineering process. The focus of this
article is on rapid prototyping.

Creating an STL file of a part for 3D Printing

Files with the extension STL come from their origins in
Stereo lithography. They are now a universal file type
for RP. An initial step is to model the part in a
parametric solid modeling program. Then the file is
saved as an STL file.

1
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Taking an assembly of a part and save it into an STL file
format it will generate an STL file for each independent
part.

Figure 2. Part as modeled in a Solid Modeling Program

Figure 4. Assembly of an Outlet
As an assembly of a part is saved as an STL each of the
parts become an independent STL file. If they were
rapid prototyped they would become separate parts
which could be assembled into an assembly much as it is
done in electrical manufacturing.
Saving the outlet assembly generated 15 STL files as
seen in Figure 4. The nuts and bolts are abstracted or
simplified when they were developed in the solid
modeling program.
The lack of threads will be a problem if threaded
fasteners are needed. The simple solution to that is use
actual fasteners and run a thread pattern over a helix for
threaded holes. The threaded holes can usually be tapped
with traditional machine taps if the RP material is ABS
plastic as it is using the fused deposition modeling
(FDM) process.

Figure 3. Creation of an STL file for Rapid Prototyping
At this point, the file could be printed on a rapid
prototyping machine.
C.

Rapid Prototyping an Assembly

If a part is modeled in a parametric solid modeling
program it will produce one copy of the individual part.
2
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The reason for abstracting the fasteners into a simpler
form is that it drastically saves memory. If you were to
include these features the size of files becomes
enormous.

Figure 6. This is a sampling of parts which were brought
back into a Parametric Solid Modeler after being
generated as STL files
C. Creating a Part-in-part Model
Part-in-part modeling can be used to create rapid
prototyped assemblies in one printing with no assembly
requirement.

Figure 5. Examples of independent parts that were
automatically generated when the assembly was saved as
an STL file.

Figure 7. A single part being modeled in a Parametric
Solid modeling software
Parts are added to a part file as separate bodies. It is
interesting to see that each of the parts change to the
same color. Parts are the same color so the initial
generation of the part is as the same color.
Figure 8 uses the some of the same geometry as seen in
the assembly of the outlet used in Figure 4. As the parts
were inserted into a part body they become the original
part’s color. These colors certainly can be changed on
the bodies, but this shows how the bodies subordinate to
the part file they are input into.

3
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Figure 9. An STL of the Outlet as Modeled in Part-inPart Mode.

Figure 8. Initial Modeling for Fused Deposition
Modeling (FDM)
The light gray material in Figure 8 is support material
which can be chipped away after the part has been
modeled and solidified. Some of the FDM machines
have support that you peel off and others have water
soluble support.

Figure 8. Part-In-Part Model of Electrical Outlet
In Figure 8 only a sampling of parts were put into the
part-in-part file. Aligning or mating bodies within the
part file is a rather exacting and painstaking process. It is
more difficult than creating a similar assembly. [7]

Figure 10. A screen capture of the part as placed in the
pack for a build

4
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Figure 11. An initial view of the part as created on the
FDM RP machine
The models produced, can be in a variety of colors. The
bases are often reused. Figure 10 shows a base that has
been reused extensively. The gray material will later be
pulled away and the entire model will be seen in red. [1]

valuable for editing parts in assemblies before they are
turned into RP parts.
Part editing in assembly mode is a powerful tool. It also
makes the design process more efficient and streamlined.

Figure 12. Another View of the Outlet as Modeled by
the FDM Machine
D. Editing parts in an assembly

Figure 14. Back of Outlet Opened in an Assembly File

Figure 13. Editing Parts in an Assembly
Parts can be accessed within the assembly mode of the
solid modeling software. In this example the back of the
outlet assembly is going to have an additional hole
added. This first step as seen in Figure 13 is that the back
of the outlet will be opened from within the assembly
file. This top down assembly editing is extremely
5
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Figure 15. A Hole Being Generated in the Outlet Back
Figure 17. A Section View also illustrates the presence
of the hole to the back of the outlet.

D.
Saving assemblies as part files for complete
assembly printing with a rapid prototyping machine.
Complex assemblies can be difficult to save as files.
Each of the faces in the geometry may have to be
repaired so that a complete part file of the product is
produced.

Figure 16. Changing transparency illustrates how the
additional hole was added to the assembly.
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Figure 19. Assembly saved as a part file
In Figure 18 the assembly of the outlet has been saved a
part file. As can be seen in the menu area there are many
faces and surfaces that need to be repaired. With some
time commitment this could have been pursued and
finished. [5] [6]
It would probably be easier to do this as a part-in-part
process instead of converting an assembly into a part.
For simple geometry having only a few parts it does
seem to work very quick and well.

Figure 18. Assembly of the Outlet
The real value of a part file is that a continuous STL file
can be made. One of the classic rapid prototyping
examples is an adjustable wrench. If you generate a partin-part model of a crescent wrench, vise grips, diagonal
pliers, or aviator style tin snips the assembled tool can be
printed.

E.
A discussion on the use of CNC machine tools
as rapid prototyping media
CNC machine tools have the potential for creating nearly
ready to use components. A motor end bell could very
easily be readied for use in an experimental motor design
testing and analysis by machining it on CNC machines.
The real problem with this is the cost of the machine tool
and the likely use of it in getting production out for
manufacturing. It is too often overlooked as a rapid
prototyping strategy if the machinery has the capabilities
and is available at the time.

Some FDM machines have a support structure that
requires an operator to pull, scrape, or tear it off. That
makes it difficult for the assembled part-in-part model to
function after the support is removed.
Newer FDM machines have water soluble support which
allows the wrench or tool to function right after the
material has been washed off.

Another problem that may occur to electrical design
personnel is that of capability and experience in CNC
programming or the addition of computer aided
machining (CAM) to their CAD and solid modeling
skills. Feature based machining is changing this quite
drastically.
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Feature Based Machining (FBM)
FBM allows a designer with essentially no CNC or CAM
experience and little background in machining to
successfully execute the machining of complex parts. A
designer creates a solid model and the CAM software
selects tools, feeds, speeds, and operations that will
produce the item on a particular machine tool. [2] [3]
This seems almost impossible to those of us with CAM
and machining background and it is recommended that a
person with very little background can do this. It would
be highly recommended that someone be helped as they
start the CAM and machining process to assure that
speeds and feeds are reasonable. It would also certainly
help if an experienced machine trades person set the
CNC machine up.

Figure 21. Section of the End Bell

Figure 20. This is a Solid Model of a part created in a
Parametric Solid Modeler. This was used as it is similar
to an End Bell in electric motor design.
Figure 20 illustrates the design and development of a part
in parametric solid modeling software. Figure 21 shows
the solid model in section view. This helps suggest some
part of the possible manufacture.
After designing the item it can be transferred to a CAM
program. Using FBM the part needs to be defined and
then the milling and drilling operations are determined
by the software.

Figure 22. T End Bell after being taken into CAM
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( NO. 7 DRILL | TOOL - 90 | DIA.
OFF. - 0 | LEN. - 0 | TOOL DIA. .201 )
G0 G90 G54
M6 T90
S7601 M3
G0 G54 X2.866 Y2.5
G43 Z2.25 H90
G98 G83 Z.5646 R1.75 Q.1 F72.98
Y1.5
X2. Y1.
Y3.
X1.134 Y2.5
Y1.5
G80
M5
G91 G30 Z0.
( 3/4 DRILL | TOOL - 157 | DIA.
OFF. - 0 | LEN. - 0 | TOOL DIA. .75 )
G0 G90 G54
M6 T157
S356 M3
G0 G54 X2. Y2.
G43 Z2.25 H157
G98 G83 Z.3997 R1.75 Q.1 F4.28
G80
M5
G91 G30 Z0.
G30 X0. Y0.
M30
%

Figure 23. CAM Verification of the CNC CODE
The CAM routine selects drills and mills and other
tooling to produce the part. The tool libraries need to be
set up by technical support staff so that tool numbers
match tools in the magazine of the CNC Machine tool,
but after doing that a person with little CAM or
machining background could produce the CNC program
and machine the parts on a CNC machine tool. [4]

( 1/2 SPOTDRILL | TOOL - 6 | DIA.
OFF. - 0 | LEN. - 0 | TOOL DIA. .5 )
G0 G90 G54
M6 T6
S534 M3
G0 G54 X2. Y2.
G43 Z2.25 H6
G98 G81 Z.875 R1.75 F1.07
G80
X2.866 Y2.5
G98 G81 Z.6495 R1.75 F1.07
Y1.5
X2. Y1.
Y3.
X1.134 Y2.5
Y1.5
G80
M5
G91 G30 Z0.

Figure 24. CAM-generated CNC Code for Drilling FBM
III. CONCLUSION
RP can help the electrical designer produce very realistic
prototypes quite easily. Most of the work is on the
electrical component design side. There is some planning
required on the RP manipulation side of things, but the
process of producing prototypes is quite easy to perform.
Part-in-part strategies will allow for the development of a
complete assembly in one printing. Saving an assembly
drawing as a part file is another strategy that works to
create and assembled model in one printing for simpler
assemblies. There is some value in editing parts from
within assemblies or what can be termed top down
assembly editing and it can be helpful to the RP
modification process. CNC is becoming available to
more electrical designers due to the development of
FBM if CNC equipment is available. FBM may allow for
CNC to become an opportunity for designers who have
9
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little or limited CNC and machining background. This
feature in CAM programs, selects tools, feeds, and
speeds and creates the CNC code without the need for
extensive machining background.
The computer
program emulates the skills of an experienced CNC
programmer and machinist in a very unique way.
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RESONANT CONVERTER CONFIGURATIONS AND THEIR
CHARACTERISTICS
AGASTHYA AYACHIT AND MARIAN KAZIMIERCZUK
WRIGHT STATE UNIVERSITY

Abstract: This paper presents in brief the
functionality, characteristics, and applications of the
series resonant (SRC), parallel resonant (PRC) and
series-parallel resonant (SPRC) converters. Halfbridge SRC, PRC, and SPRC that consist of halfwave rectifiers in order to obtain a DC output voltage
are considered in this discussion. Open-circuit and
short-circuit operation of these converters are
explained using the corresponding impedance
equations. Efficiencies of these converters are
compared using a design example. A comparison of
voltage gain of these converters is made and
explained in brief with their corresponding plots.

converter with wide operating bandwidths for various
applications.

Keywords: Resonant converters, series resonant
converters, parallel resonant converters, series-parallel
resonant converters.

This paper explains briefly the characteristics of the
SRC, PRC, and SPRC. The impedance equations that
help in determining short-circuit and open-circuit
conditions of the resonant circuit are provided. Using a
design example, the efficiency plots of the SRC, PRC,
and SPRC are shown and briefly compared. At the end of
this paper, a comment about the voltage gain MV of the
three converters along with their plots is provided.

I.

The conventional resonant dc-dc converters are series
resonant converter (SRC), parallel resonant converter
(PRC), and series-parallel resonant converter (SPRC).
The functionality of the SRC and PRC is distinct from
one another and they possess certain advantages of their
own depending on their applicability and modes of
operation. However, these converters have their own
disadvantages, which restrict their domain of usage. The
main drawbacks of the pure SRC and pure PRC, led to
the introduction of SPRC.

INTRODUCTION

Resonant power processing techniques are increasingly
being applied to high-frequency DC-DC and dc-ac
converters owing to their several beneficial properties
such as fast dynamic response, zero-voltage switching
and/or zero-current switching, and lower electromagnetic interference [1]. Resonant converters are
characterized by their operational capabilities, namely,
operating frequency, reduced ripple voltage at the output,
ease in line and load regulation, etc. Depending on these
features, the resonant converters are implemented in
various areas that include high voltage conversions,
telecommunication,
aerospace,
high
frequency
equipment such as X-rays and RF circuits.

The parameters that are used in the description, which
are relevant to all resonant converters, are the resonant
frequency fO, characteristic impedance Zo, and quality
factor QL given by
⁄
√
√ ⁄

,

⁄ ,

Pulse-width modulated (PWM) converters usually
exhibited higher switching losses and stresses with
increase in frequency. The concept of zero-voltage and
zero-current switching in the resonant converters reduces
the switching losses and allows to operate at higher
frequencies. Moreover, the ability of these converters to
operate either at resonance or off-resonance provides the

where L and C are resonant inductance and capacitance,
respectively, and R is the ac load resistance.
The half-bridge network of switches in the SRC, PRC,
and SPRC provide a square wave voltage at the input of
the resonant circuit. The quality factor of the converter
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and the filtering action of the resonant components
provide an approximate sinusoidal current through the
inductor L and sinusoidal voltage across capacitor C in
SRC and PRC, respectively.

S1

S2

and

√
*

(

+
VO
-

(4)

Usually, for converters specified at VI = 220 V, r = 1.5 Ω,
then
≈ 95 A and
≈ 5 kV. The excessive
current in the switches and the excessive voltage across
the resonant elements can lead to catastrophic failures of
the converters. Hence, short-circuit operation of the SRC
at frequencies close to the resonant frequency must be
avoided.

(2)

) ,

(

RL

where r is the sum of MOSFET on-resistances rDS,
equivalent series resistance of the inductor and capacitor,
rL and rC, respectively, Qo is the unloaded quality factor
of the resonant circuit.

where
| |

Cf

(5)

,

| |

D2

and

(1)

),

i
D2

,

where
is the maximum value of the resonant current
and
is the phase difference between the resonant
current and the fundamental component of the voltage
across the resonant circuit. The input impedance of the
series resonant circuit is given by
(

D1

The SRC is inherently short-circuit protected by the
resonant circuit impedance at all frequencies that are
sufficiently higher or lower than the resonant frequency,
but not at the resonant frequency. From (3), it is evident
that, at resonant frequency,
will be equal to and the
impedance of the circuit
will reduce to . Under
short-circuit condition,
consists of only the parasitic
resistances of the circuit components, which are very
small, leading to excessive currents in the circuit. The
maximum value of
occurs at f = fO and is given by

Fig. 1 shows the circuit of a series resonant converter
using half-bridge configuration. The operation of the
SRC is described in [2]. The classical SRC is a frequency
controlled converter and is fed by a dc voltage source.
The resonant current and hence the output voltage
depends on the frequency at which the resonant
components L and C are operated. Power transfer from
source to load is accomplished by rectification of
resonant current using a bridge network. The switches S 1
and S2 are opened and closed with a definite time interval
due to which a square wave voltage is applied to the
resonant LC network. The fundamental component of the
current through the resonant inductor L is given by
)

C

Figure 1. Series resonant converter with cascaded series
resonant inverter and half-wave rectifier.

SERIES RESONANT CONVERTER

(

L

VI

These converters are operated at resonance, below, and
above resonance. Usually, operation above resonance is
preferred. If the converters are operated below
resonance, it results in MOSFET turn-on switching
losses, diode switching losses demanding the need for
faster reverse recovery diodes. These problems are
reduced considerably if the converter is made to operate
above resonance.
II.

D1

(3)

For the operation of the converter below resonance, the
turn-off switching loss is zero; however, the turn-on
switching loss is present. This loss is associated with the
charging and discharging of the output capacitances of

)+ .
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the MOSFETs. Usually, the turn-on switching power loss
per transistor is 1/3rd that of the total switching power
loss for operation below resonance. For operation above
resonance, the turn-on switching loss is zero, but there is
a turn-off switching loss, which is associated with the
highly non-linear output capacitance of the MOSFET.
However, for the case of SRC, the operation of
converters above resonance is preferred. This is because,
at higher frequencies, the transistors turn-on at zerovoltage. Also, Miller’s capacitance effects will be
reduced significantly, the transistor input capacitance
will be low, the gate-drive power will be low, and the
turn-on speed is high. Another advantage of the SRC is
that the currents in the power devices decrease as the
load increase reducing the conduction losses and in turn
increases the part load efficiency.

98.6
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Figure 2. Plot of Efficiency vs. variation in load resistance for
SRC.

welding, surface hardening, soldering and annealing,
induction seals for tamper-proof packaging, fiber-optics
production and dielectric heating for plastic welding, etc.

One of the main drawbacks of the SRC is the
incapability to regulate the DC output voltage at light
loads, which means that wide variation in switching
frequency is to be established in order to obtain good
load regulation. Another drawback of the SRC is the dc
filter capacitor which would carry very high ripple
current. For this reason, SRC is mostly suitable for high
output voltage low output current applications.

III.

PARALLEL RESONANT CONVERTER

Fig. 3 shows the circuit of a half-bridge parallel resonant
converter. The half-bridge PRC is obtained by cascading
a parallel resonant inverter (PRI) with half-wave voltage
driven rectifier. The principle of operation of PRC is
explained in [4], [7]. If the loaded quality factor of the
resonant circuit QL is high and the switching frequency is
close to resonant frequency fO, then the output of the PRI
will be a sinusoidal voltage source. The power from
source to the load is delivered by tapping the resonant
voltage appearing across the capacitor of the PRI. From
Fig. 3 it can be understood that the coupling capacitor CC
is used to protect the converter from DC short-circuit and
the entire square wave voltage applied by the half-bridge
connected MOSFET network appears across the inductor
L and hence, the current is limited by its impedance.
Therefore, the PRC is inherently short-circuit protected
at all frequencies. The impedance of the parallel resonant
circuit is given by

The SRC can be obtained by cascading a series resonant
inverter (SRI) with a current-driven half-wave rectifier as
shown in Fig. 1. Therefore, the efficiency
of the SRC
can be considered to be the product of the efficiencies of
the SRI and the rectifier given as [3],
.

98.45

(6)

The efficiency of the SRC is relatively high when
compared to PRC. Also, the efficiency of the SRC is not
dependent on the quality factor QL as is the case with the
PRC. The plot of efficiency with variation in load
resistance RL is as shown in Fig. 2. The plot is obtained
for a transformerless converter with the following
specifications: RL = 200 Ω to 1 kΩ, VI = 180 V, VO = 100
V and resonant frequency is fo = 100 kHz and switching
frequency at full load is f = 110 kHz.

(

)
(7)

| |

The shortcircuit-proof nature of the converter at offresonant frequencies and feasibility in operating at
various frequencies helps in using the SRC for many
applications. They are used in radio transmitters, solidstate electronic ballasts for fluorescent lamps, high
frequency electric process heating applied in induction

where
| |
√
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)

(8)
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Figure 3. Parallel resonant converter with cascaded parallel
resonant inverter and half-wave rectifier.

90.45
200

and

300

400

500

600
RL ( )

700

800

900

1000

Figure 4. Plot of Efficiency vs. variation in load resistance for
PRC.
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200 V, VO = 100 V, POmax = 50 W, Lf = 1 mH and
resonant frequency is fo = 115 kHz and switching
frequency at full load is f = 120 kHz.

At f = fO, the input impedance will be equal to only the
parasitic resistances r and Im will be very high. But when
the load is open circuited i.e., Ri = ∞, then, it can lead to
an excessive current through the resonant circuit and the
transistors which results in very high voltage across the
resonant L and C. The amplitude Im of current i through
the resonant circuit at f = fO is given by

The PRC inclusive of the output filter inductor is well
suited for applications that need low output voltage and
high output current [6]. In a very narrow frequency
range, the PRC is able to regulate output voltage from no
load to full load conditions which is not possible in the
case of SRC. Also, the converter can operate both as
buck and boost systems at higher frequencies. A major
disadvantage of the PRC is that the current carried by the
switches and resonant components is relatively
independent at all loads. Also, PRC develops very high
circulating currents with increase in input voltage
making it less efficient for applications been driven by
large supply voltages.

(9)
and the peak values of voltage across the resonant L and
C are similar to those given in (3) and (4). Consider a
PRC operating at VI = 250 V, Zo = 300 Ω, r = 1 Ω, then
Im = 159 A and VCm = VLm = 47.7 kV. Thus the operation
at resonant frequency must be avoided, especially at Ri =
∞, however, for applications like electronic ballasts, this
surge in voltage and current is used to start the lamp.

IV. SERIES-PARALLEL RESONANT
CONVERTER
Fig. 5 shows series-parallel resonant converter (SPRC).
The principle of operation of SPRC is explained in [5],
[7]. The SPRC behaves as SRC at full load condition and
as PRC at light load conditions. It eliminates few of the
most important drawbacks of the pure SRC and pure
PRC namely, lack of no load regulation of the SRC and
circulating current being independent of the load in the
PRC at full loads. SPRC also provides zero-current
switching (ZCS) and zero-voltage switching (ZVS) of
the converter switches. The switching scheme is
designed to minimize the switching losses and this
design is very helpful at higher switching frequencies.
From the circuit construction, it can be seen that if
capacitor C2 is zero then the SPRC becomes SRC and if

The efficiency of the PRC can be obtained in a manner
similar to that of the SRC. Since the PRC is a
combination of the parallel resonant inverter (PRI) with a
half-wave rectifier connected across the output of the
PRI, the efficiency of the PRC
can be expressed as
[3],
(10)
where
is the efficiency of the parallel resonant
inverter and
is the efficiency of the half-wave rectifier
circuit.
is dependent on QL and reduces with increase
in load as shown in Fig. 4. The efficiency is calculated
for a transformerless parallel resonant converter having
the following specifications: RL = 200 Ω to 1 kΩ, VI =
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S1

to the resonant frequency frs of the new L-C1 circuit, the
magnitude of the current through the switches and that of
the L-C1 circuit is

D1
L

C1

VI

Lf2

D1

i

S2

D2

Lf1

C2

Cf

D2

RL

+
VO

.

-

This current may become excessive, thus causing
damage to the circuit. If frs is far away from the
switching frequency f,
is limited by the reactance of
the resonant circuit. On the other hand, if Ri = ∞, then the
resonant circuit comprises of L and a series combination
of C1 and C2. So, when the switching frequency
approaches the resonant frequency frp of L-C1-C2 circuit,
again, the current increases to a very large value as given
above, causing damage to the converter components.

Figure 5. Series-parallel resonant converter with cascaded
series-parallel resonant inverter and half-wave rectifier.

the capacitor is replaced by a dc-blocking capacitor and
C2 added in parallel, then the SPRC becomes a PRC. The
series capacitance C1, makes the equivalent tank
capacitance smaller and increases the characteristic
impedance of the resonant tank which is helpful to limit
the circulating current.

The voltage across the resonant components VLm, VC1m,
VC2m are given by

The input impedance of the series-parallel resonant
circuit [7] is given by
(

{
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(

) ]
(

(

–
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.
The maximum switch current Im also equal to the
amplitude of the current through the resonant circuit is
given by

*
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(
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The efficiency plot of a SPRC is as shown in Fig. 6. The
efficiency is calculated for a transformerless seriesparallel resonant converter having the following
specifications: RL = 20 Ω to 100 Ω, VI = 250 V, VO = 40
V, POmax = 80 W and resonant frequency is fo = 100 kHz
and switching frequency at full load is f = 80 kHz.

and

√

(

(15)
The efficiency of the SPRC
can be obtained by
considering the efficiencies of the series-parallel
resonant inverter (SPRI)
and the half-wave
rectifier .
(16)

where
| |

) [

Disadvantage of the SPRC is that the converter has a
third order resonant tank circuit, which makes it difficult
to apply certain analytical techniques for its modeling
since it increases the complexity of the circuit. The
converter will exhibit two resonant frequencies frs and frp.
Short-circuit and open-circuit operation of the converter
must be avoided at these frequencies to avoid flow of
excessive
currents.

(12)

The converter is not safe under short-circuit and the
open-circuit conditions at two different frequencies
determined by the resonant components. At Ri = 0, the
capacitor C2 is short-circuited and the resonant circuit
consists of L and C1. If the switching frequency f is equal
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Figure 6. Plot of Efficiency vs. variation in load resistance for
SPRC.

V.

0.6

0.8

1

1.2
f s /f o

1.4

1.6

1.8

Figure 7. Voltage gain vs. normalized switching frequency for
SRC.

COMPARISON OF MV OF SRC, PRC, SPRC

(18)
√[

The voltage gain MV of SRC, PRC, and the SPRC is
provided below and corresponding plots of MV vs.
normalized switching frequency is shown for different
values of quality factor

The voltage gain of the SRC is given as follows
(17)
*

(

) ]

*

+

The PRC is capable of both stepping up and reducing the
voltage levels of the converter. It can be seen from Fig. 8
that, at resonant frequency the voltage gain is
approximately equal to QL. Similar to SRC the PRC is
also operated in ZVS condition. The operating region
around the resonant frequency is very small. At light
loads, the frequency variation needed will be small,
therefore, the output voltage is maintained at a constant
value eliminating the problem of light load regulation.

A. Half-bridge SRC with half-wave rectifier.

√

2

+

C. Half-bridge SPRC with half-wave rectifier.

The resonant network acts as a voltage divider where
most of the input voltage gets dropped across its
impedance. Therefore, the voltage gain of the SRC is
always less than 1 as shown in Fig. 7. However, at
resonant frequency, the impedance becomes very

The voltage gain of the SPRC is represented as follows

small and the entire input voltage appears across the
load. At this instant the voltage gain approaches unity.
Operating region of the SRC is the region to the right
side of the resonant frequency. Zero-voltage switching
(ZVS) is preferred for the SRC. When the frequency is
below the resonant frequency, the SRC operates under
zero-current switching (ZCS). The SRC acts as a bandpass filter. For high values of QL, the output voltage can
be resulted with a narrow band frequency range.

√(

) [

(

) ]

*

+
(19)

where

A = C1/C2 = 1 (assume).

From Fig. 9, it can be seen that the region of operation
of SPRC is at higher frequencies. The DC voltage gain
at switching frequencies, which are different from the
corner frequency is lower for SPRC than that for the
PRC; it decreases with increasing A. Also, the
sensitivity of the dc voltage gain to the load decreases
with increasing A for high values of QL [5].

B. Half-bridge PRC with half-wave rectifier.
The voltage gain of the PRC is given by
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CONCLUSION

From the above discussion, it is observed that the seriesparallel resonant converter (SPRC) attempts to overcome
the main drawbacks of both series resonant converter
(SRC) and parallel resonant converter (PRC). The SPRC
can be made to operate for a wide range of loads which
is not possible in SRC (for light loads) and in PRC (for
high loads). The efficiency of SPRC is good when
compared to PRC. The operation of SPRC leads to the
study of zero-voltage switching (ZVS) and zero-current
switching (ZCS) which will be discussed in future work.
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 analysis phase: working out the limiting conditions

Abstract: Temporarily there are no solutions of a
flexible, automated manufacturing system for electric
drives.
Small
and
medium-sized
enterprises,
concentrated on small series or user-specific production,
often have to decide between a cost-intensive automated
or a flexible, time-consuming manual production
system. This paper presents processes and technologies,
developed at the E|Drive-Center at the University of
Erlangen-Nuremberg, to assembly stator windings with
standard industrial robots. Merged in a demonstrative
production line, the manufacturing of stators will be
more efficient and of higher quality.

 process development phase: development of
automated individual processes
 project planning phase: planning the demonstrating
production system
 integration phase: installation and start-up of the
demonstrating production system
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I. INTRODUCTION
Increasing power consumption, CO2 reduction, growing
mobility or progressing automation – none of these future
megatrends are possible without powerful electric drives.
On the one hand, rigid automated production systems for
high-series production have been developed and
improved. On the other hand, in the case of individual
orders, manual added value is the state of the art. Research
so far of the use of robots in the production of electric
drives is currently limited to the winding process,
especially to direct winding methods [1] [2]. In this paper
the automation-approaches of the transfer and assembly of
the pre-wound coil and a demonstrating production system
of the process chain will be presented.
II.

MOTIVATION AND APPROACH

Beside large international corporations, there are a lot of
small- and medium sized enterprises in Germany,
producing electric drives. The business fields of these
organizations are developing from standard drives to user
specific production. This change causes more flexible
production systems, which is only achieved through more
manual activities. Because of the differing labor costs in
the European Union as shown in Fig. 1, German
companies have to shift this added value in other countries
or introduce flexible automated processes.

0
10
20
30
40
labour costs in the private sector [EUR]
Fig. 1. European labour costs in the private sector [3]

III. GENERAL CONDITIONS
Within several workshops the limiting conditions for the
robot based production system have been developed. The
first step was the defining of the stator sizes (112
millimeters to 250 millimeters) for the production system.
Oriented towards the process chain (Fig. 2), suitable
process steps for the robot have been analyzed and
selected. Based on a groove based isolated lamination
core, the first step will be the winding of single coils.

To develop these processes, the following four-stage
procedure will be applied:
The results achieved in the course of the two years project
“RobStatMont”, founded by the KME – Kompetenzzentrum Mittelstand
GmbH.
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The most important requirement is the prevention of wiredamage caused by crossovers or high forces. In addition,
the beginning of the wire should not cross the ending.
Beside the already mentioned direct winding method, it is
possible to use flyer winding or linear winding. The layout
of the stencil can be universal or a stator-specific.
process chain stator
lamination core

flexible material it is difficult to handle the wire. For these
reasons the ends have to be dropped on a defined position
for not losing the information about assignment to slot and
phase.
After the analyzing step the morphological box was built
in order to select fitting process variants.

winding assembly

Because of the better process reliability and the
accessibility for the robot, the linear winding method on
stencils has been selected.

Manual winding insertion

groove base insulation

For the robot based assembly of the winding the variants
drawing in (supported by a manual tool with needles) and
a trickle process (combined with an accompanying gripper
who draws in the wire) will be realized. Beneficial for the
inserting is setting up the winding in an angle.

winding single coils
inserting coils
aligning & pre-pressing

The cover plate will be merged by the robot. Other process
variants like the point wise fixing will be evaluated.

inserting cover plate
interconnection

Automated draw-in process

The windings’ ends will be connected with the variant of a
robot handled welding tong or by using a hot crimping
process. In this case the robot will handle the wire. The
bonding process will be realized with a separate system.

bandaging
final pressing
testing

Summarizing the above, the robot will handle and
assemble a preformed winding, connect the wire endings
and merge the cover plates. The process chain is based on
a groove based isolated lamination cores.

impregnation
mountable stator

Picture: MCE

The winding process will be the focus of the following
chapters. In chapter IV various concepts of the winding
and the inserting of the single coils will be described. In
chapter V the needed tools and grippers will be presented.
In chapter VI the implementation in the demonstrating cell
is described.

Fig. 2. Process chain of the stator manufacturing

In the next step the coils have to be assembled. On the one
hand, a worker can insert the winding manually. On the
other hand, the coils can be drawn in automatically or with
the support of production resources and tools. The most
difficult point is also the prevention of wire damage.
Furthermore, it is difficult to handle flexible materials,
such as wires, with robots. Specific tools and apparatuses
for this application are not developed yet.

IV.

DESIGN OF THE WINDING PROCESS

As already mentioned, the assembly of the windings is
divided in the process steps “winding single coils” and
“inserting coils”. There are some approaches to wind
stators with robots direct. In this paper a method will be
presented to assemble windings in accordance with the
composing
procedure.
Within
this
procedure
premanufactured windings are transferred frictionally- and
positively connected to the magnetic body [4].

During the pre-pressing and the pressing, isolation collars
have to be protected. For quality reasons frictional
contacts between wires have to be observed. In case of
high forces it is also possible to squeeze the wire. On the
one hand, the pressing can be realized automatically, using
shaping mandrels or pressing tools. On the other hand, it is
possible to use a manual hammer process [4].

A. Winding of the single coils
For the production of the single coils it is possible to use
direct winding, flyer winding or linear winding. Because
of the low process reliability and due to crossing wires in
case of flyer winding, the linear winding method has been
selected. The belonging stencil can be universal or statorspecific.

The Difficulty of the assembly of the cover plate is
depending on the degree of filling of the slot. If the degree
of filling is too high it is not possible to access the slots
with a robot. Furthermore, the plates are tending to
deform. If the degree of filling is too low the plates are
slipping. In this case it is possible that the covers are
stripping the rotor. In automated process chains the
assembly of the cover plate is part of the draw-in process.
The alternative process is the manual merging of the
slices.

The advantage of universal stencils is that they are useable
for many different stators. The design contains different
chambers with different geometries and dimensions. It is
possible to use only one stencil for the defined stator sizes.

For the preparation of the bonding all wire ends have to be
supplied in the correct allocation to avoid any possibility
of confusion and wrong assignment. Because of the
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In this approach winding tools don’t have to be converted;
only the software has to be adapted. Disadvantageous is
the accessibility of the windings with robot guided tools
because of the complex geometries. That point lays down
a general elimination criterion. Requirements for the stator
specific stencil are, apart from the accessibility, short
setup times and minimal investment costs.

Transfer gripper

(2)
(1)

(3)

Fig. 4. Principle of the draw-in concept: (1): stencil, (2): gripper, (3)
draw-in tool

In this approach it is possible to assemble three windings
at the same time. The reduction of the connecting
processes is the second positive factor. One negative point
is that the elastic needles will induce problems on
inserting the winding into the draw-in tool.
Fig. 3.

2) Inserting the winding
The inserting method is a manual winding method of
putting in the wire radial, which is very flexible. Therefore
all windings are leaded into the stator. The separated wires
shall be inserted with twisting movements. It is important
not to damage and not to cross the single wires.

Stator specific stencil

Fig. 3 shows the developed, symmetrically manufactured
mask. It is built up from a steel plate with screw fastened
steel pins. The layout depends on the diameter and the
winding diagram of the stator. Different stator-length can
be realized on the basis of an adjustable gap between the
symmetrically masks.

In Fig. 5 the principle of the robot based inserting process
is shown. The windings are held by the arms of the robot
and assembled radially (1) with supporting oscillation
movements (2).

Resting upon an overall concept which requires an
operator who is changing the stator data, the software and
the wire during the setup of a new stator-type, it is also
possible to integrate the change of this winding stencil.
B. Inserting the coils
For the indirect winding there are the two process variants
inserting (slots in pairs) and drawing in the distributed
winding. The processes have been developed on the base
of utilizing a dual - arm – ambidexter - robot.

(1)
(2)

1) Drawing-in distributed windings
The draw in process is based on manual tools and
appliances. The concept (Fig. 4) contains a gripper (2)
which is picking the triple winding from the stencil (1),
transferring it and placing it in the needles of the manual
draw-in tool (3). While the tool is pushed through the
stator by the first arm of the robot, the windings will be
drawn into the slots. After the process, the draw-in tool is
passed by the second arm of the robot and returned to
initial position while the first arm is picking up the next
winding.

Fig. 5. Principle of the robot based inserting process

The next step is the conception of the grippers to ensure a
proper handle, position and insert the winding.
The first concept (Fig. 6) is based on four spreading bolts
which are moveable in x and y direction. This allows an
easy modification for different stator sizes (y direction)
and the assembly of slot pairs with different angles and
distance (x direction).
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The gripping tool developed as concept III (Fig. 8) grips
the winding on the whole length. The angles and the
distance between the jaws can be adjusted on the slot pair.

winding

bolts

stamp
y
z

base plate
x

jaws
windings

Fig. 6. Concept I with spreading bolts

z
y

The tool is handled by one robot arm and is fully
introduced into the stator. A radial movement of the robot
executes the assembly of the windings. Advantageous is
the low-priced structure and the easy handling. However,
the disadvantages are the time-consuming adjustments of
the bolts, the possible crossovers of the wire and, that the
tool needs to be completely inserted into the partial tight
stators which limits the capability.

x

Fig. 8. Concept III with jaws

After proper adjustment the robot moves the gripper in the
stator. The jaws open and the stamps push the winding
into the slots. The windings are fixed during the whole
transfer process. The risk of crossing wires is minimal.
However the whole tool has to be introduced in the stator.
Similar to concept I, this induces limited capability.

Those disadvantages induce us to favor the second
concept with two double tong grippers (Fig. 7). The tongs
are rotatable around the x-axis.

The disadvantages of the presented concepts are the
limited capability and the difficult handling and gripping
of the wire, especially the gripping of free ends. One of
the essential knowledge gained in basic experiments was
the procedure shown in Fig. 9.

winding
double tong
gripper

Inserting the winding
y

Draw in

z
x

Fig. 7. Concept II with double tong grippers

Fig. 9. Combined draw-in / insert process

The winding is fixed into the first gripping tool which
guides the wires through the stator. The second tool grips
the free end from the other side of the stator. With the
support of the symmetric expansion of the tongs, the
windings get into position above the slots and inserted
through a radial movement of the robot.

The coils are inserted in the slots on the one side of the
stator and drawn in the stator by the second arm of the
robot. This method is more reliable and more careful for
the windings. After the positioning on the one side, the
wires lay down in the slots independently during the draw
in process. With a concluding radial outward movement it
is also possible to compress the winding and include the
prepressing process.

During the procedure the angles of the jaws have to be
adapted to the geometry of the slot-pair (different angles
and distance) which is assembled. The major advantage of
this concept is that the tools are outside the stator during
the whole process. It is also possible to assemble the
defined range of stators with only one pair of tools.
However, the disadvantage is the difficult catching of the
free winding ends with the second tong. Because of the
flexible wire, there is a non-repeatable positioning of the
winding. However, the wires can cross and loose the
original layer arrangement which damages the wire during
the gripping process.

Fig. 10 shows the developed gripper tool for this scenario.
The windings are gripped and transported to the one side
of the stator. The jaws can rotate in z- and x-axis and also
change the distance among themselves. After the
adjustment the gripper positions the winding at the head of
the slots. The jaws open and lead the wires, which are
pushed by the stamps, into the slots. The winding is now
partially inserted at the one side of the stator and can be
gripped by the draw in tool and assembled.
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The concept is the result of a morphological analysis of
the different operational functions.

draw in tool
stamp

draw-in tool
workspace
stator

linear extension

y

jaws

parallel grippers
z
x

windings

Fig. 12. Concept of the draw-in tool

For the gripping process a force locking parallel gripper
with flat jaws and pneumatic actor has been chosen
The distance of the jaws matches the distance of the
distributed winding. For different stator sizes the distance
between the grippers can be varied by screwing the
grippers on a profile rail.

Fig. 10. Concept IV Combined draw-in / insert process

The concept for the accompanying draw-in tool is shown
in Fig. 11. The first trials demonstrated that the use of one
needle deforms the winded layers. Damages and process
uncertainty are the result. The distance between two
needles can be manipulated in parallel or in an angle (only
one or both legs). Due to the fact that the distance has only
been modified at the working point, the angle kinematics
with two moveable legs is the best choice. The rotational
movement is generated by a redirected linear actor.
parallel
gripping

angular gripping

needle 90°

B. Development of the inserting / draw in tools
Within this concept the coils are inserted in the slots on
the one side of the stator by the first arm and drawn into
the stator by the second arm of the robot.
1) Development of the inserting tool
The concept of the inserting tool is shown in Fig. 13.
basis plate

needle 180°

linear module – distance
rotation
rotation
module
module

pivot point

clamping
module

Fig. 11. Concepts for the draw-in tool

It is possible to use 90 or 180 degree curved needles. The
higher bending on the one hand induces a more reliable
transportation of the wire; on the other hand, it is harder to
disconnect the needle from the wire after the assembly.

jaws
Fig. 13. Concept of the inserting tool

Concept IV eliminates the disadvantages of the other
concepts. There are no gripping processes of free ends.
Only the small draw-in tool has to be guided through the
stator. All defined stators can be assembled.
V.

clamping
module

12 4

13
3

9

DEVELOPMENT OF THE WINDING TOOLS

11

12
7

In the following chapter the development of the winding
tools is presented.
A. Development of the draw-in tool
The concept of the draw-in tool is shown in Fig. 12. Two
parallel grippers pick up the preformed winding from the
linear winding machine and transfer it to the draw-in tool,
which is already inserted in the stator. The grippers open
and the linear extension push the windings into the
needles of the draw-in tool.

8

6 10 12 5 14

1

2

1: threated rod, 2: slide, 3: vertical slide, 4: linear rail, 5: arms, 6, 7:
pneumatic actors, 8: moveable jaw, 9: fixed jaw, 10: body, 11: stamp,
12: gear drives, 13: Motor, 14: hollow shaft
Fig. 14. Side view of the inserting tool
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The jaws, adapted on the clamping modules can rotate
and change the distance. For this operations a linear and a
rotation module is needed. Movements are generated with
two electric drives. The functionality is shown in Fig. 14.
The first motor drives a threaded rod (1) which induces a
linear movement of the slides (2) / (3). A second motor
(13) is coupled with the gear drives (12) and induces a
rotation in the gripper body (10). The pneumatic actor (6)
opens or closes the gripper (8). The winding is pushed
into the slots with a stamp (11) which is extended by a
second pneumatic cylinder (7).
2) Development of the draw-in tool
The concept of the draw-in tool is shown in Fig. 15.
Fig. 17. Assembly experiments with the draw-in tool

pneumatic actor
redirection

gripper arms

gripper needle

Fig. 15. Development of the draw-in tool

As already mentioned, a concept was chosen using two
gripper arms in order to avoid damages of the wire. The
pneumatic actor drives a redirection which opens the
arms of the gripper. The distance between the arms is
adjustable on the distance of the stator-slots. Because of
the mentioned problems at the disconnection of the
needles from the wire, 90 degree needles are used.
VI.

Fig. 18. Assembly experiments with the inserting tool

VII. SUMMARY AND OUTLOOK
In this paper components and a demonstrating production
system have been presented which allow producing small
series with automated methods. The concepts of the
processes have been developed into concrete tools and
merged into a process chain by simulation tools. The
defined stators (112 millimeters to 250 millimeters) can be
wound.

DEMONSTRATING PRODUCTION SYSTEM
(1)

(2)

The next step is the development of the following
processes - inserting cover plate, interconnection and
pressing.

(3)
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1: stator-mounting, 2: Yaskawa dual-arm robot, 3: winding machine
Fig. 16. CAD Simulation of the Production System

The production system was designed with an offline
programming cad module (Fig. 16). The controller of the
Yaskawa dual-robot (2) is manipulating the robot, the
grippers and the stator-mounting (1). The controller also
starts the winding process (3).
Fig. 17 and Fig. 18 show the assembly experiments with
the tools on the demonstration production system.
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Abstract
Every year approximately 70,000 high-school sports
players sustain concussions with as many as 75%
going undiagnosed. Due to lack of resources, many
schools are not equipped to properly diagnose and
treat these types of injuries. Every year, billions of
dollars are lost due to mechanical shock induced
failures either in shipping or in use. The goal of this
work was to research, design, build and test a shock
absorbing evaluation test rig that can provide
immediate and accurate feedback regarding the
severity of single/multiple impacts to shippers, users
and evaluators.
Such a system would
mitigate/prevent further damage. Before building
this complex system, a design of experiments (DOE)
was designed and used to build an economical shock
absorbing test device that would permit quick data
collection, while maintaining accuracy & precision,
on shock absorbent materials. This test device was
used as a means of learning how to gather and
interpret data in the most efficient way.
Key Words: shock absorbers, shock testing, vibration,
shock energy Compression Energy Loss Factor,
Compression Rate %, Compression Stress, Compression
Strain, Permanent Compression Strain, Restoration Rate
% and loss factor.

as shock is normally considered a short-duration event
with large magnitude acceleration. (A drop to the floor or
a hard bump against an unyielding object or surface). A
shock absorbing material is introduced in the design to
help the energy from the impact transfer from the surface
or chassis directly into the material so the internal
components are not damaged.
A common cause of damage to any mechanical device is
the G level it experiences. G level is determined by the
drop height and rebound. [3]
A. Theoretical Design & Equations
To understand the fundamentals behind a general design
correlating to the shock absorbing materials, we can
analyze a specific patented helmet with documentation
on the related material properties. This specific helmet
was designed for sports driving, however; the property
characterization can be applied to other football helmets.
[4]
The helmet design to be considered, shown in Figure 1,
includes a shell, 10, made from a thermoplastic resin and
a shock absorbing liner, 20, that is made of
polyvinylidene chloride foam. The layer of
polyvinylidene chloride (PVCD) is composed of two

I. INTRODUCTION
Shock absorbing materials may be called shock
absorbing polymers, visco-elastic polymers, visco
polymers or simply polymers. There are many other
shock absorbent materials available like rubber,
neoprene, silicone, etc. [1]
The problem might be shock to the human body or the
shock from dropping an electronic device – the goal is
the same though and that’s to protect the potentially
precious materials inside. Shock absorbing material
solutions like rubber, new elastomers, composite
elastomers, and polyurethane elastomers have their place
in the scheme of things. [2]
Unwanted mechanical energy manifests itself as
vibration, shock or noise and can become a serious
problem within mechanical systems. Finding the right
shock absorbing material can be critical in developing an
effective and efficient design. In shock absorption, even
a little can do a lot of good.
Shock is a major cause of injury, damage and failure
with mechanical – especially electronic devices and
humans. To describe specifically what we’re referring to

layers: a less foaming high density layer, 21, and a high
foaming low density layer, 22. For now, let’s consider a
helmet design of a single PVCD density layer, rather
than a dual layer of high and low density. To have a
better understanding of PVCD material properties, we
will compare it to Foamed Styrol as shown in Figures
2,3,4,5 and 6. Foamed Styrol is a common shock
absorber used in past decades that is notoriously known
for wearing after repeated usage. [4]
One advantage to using PVCD, rather than other
foams, is that PVCD’s compression strength is less
temperature dependent than that of PP or PS foams.
From a fundamental standpoint, having a helmet that is
greatly dependent upon temperature could amplify
unpredictable circumstances. For instance, shock
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user in a vulnerable state for longer periods of time.
Ultimately, you want a helmet that’s behavior is
unchangeable regardless of temperature. Figure 5
outlines the temperature dependency pertaining to
compression strength. Notice that although PVCD only
varies slightly from 3.0 at -10°C to 2.2 at 50°C, PS and
PP foams portray competitive readings. However, both
PP and PS foams have fatal flaws in comparison to

absorbers that stiffen as temperature decreases and relax
as temperatures increase would behave in different
manners. If a helmet were to become too stiff, it may not
dissipate much impact energy since it wouldn’t be able to
compress freely. On the flip-side, if the absorbent
material were to become too relaxed, the user could
suffer insurmountable consequences as a result of
repeated hits. In this scenario,

PVCD. To understand the differences between PVCD
and Foamed Styrols, we must take into consideration the
permanent strain ratio, depicted in Figure 4, which
can be found by taking an initial thickness and
subtracting the thickness after testing and then dividing
by the original thickness. The permanent strain ratios
were calculated by conducting a 22 hour test where each
test material, PVCD, PP and PS, were cut to desired
dimensions of 50x50x20mm and put between two
parallel plates. After remaining compressed for 22 hours,
the materials were removed and their respective
thicknesses were measured immediately following
release and 24 hours later. The results of such a test can
be shown in figure 4. Notice that the results immediately
following release would put-forth a higher permanent
strain ratio than the results recorded from one day later.
This is to be expected since the material would have
more time to restore to its original form one day later,
decreasing the permanent strain ratio. In terms of shock
absorbing material, low permanent strain ratios are
desired simply because high permanent strain ratios
imply damage and wearing to the shock absorbing
material. Low values suggest that repeated usage will not
put-forth as much wear on the material, leading to
greater numbers of cycles for the user. [4]
PS foam’s compression strength, similar to that of
PVCD’s, only varies slightly with temperature from 4.5
at -10°C to 2.2 at 50°C. However, PS foam’s permanent
compression strain ratio reaches as high as 18, while
PVCD remains at 7. Furthermore, PP foam’s permanent
compression strain ratio is similar to that of PVCD’s at
7; however, PP’s compression strength varies greatly

due to the relaxed behavior of the absorbent, after the
initial hit the restoration time would increase, leaving the
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simple test. A test piece of 25mm in thickness was
compressed and released at the same rate with the
thickness measurements from after release compared to
the thickness reading before release. [4] The loss factor
is described as “the percentage of the space "lost" to the
common areas of the building or the proportional share
of common areas attributed to a specific space.”[5] This
means a high loss factor correlates to more space lost,
while low loss factor correlates to less space lost. [4]

with temperature from 6.2 at -10°C to 1.6 at 50°C. To
put simply, PS has little temperature dependency but has
a high permanent strain ratio and PP has a low
permanent strain ratio but has great temperature
dependency. Below are figures 5 and 6 outlining the
points already discussed as well as a few additional
material properties. [4]

B. Sorbothane
Sorbothane is a fairly new product that absorbs 94.7% of
impact energy. It can simultaneously absorb shock and
vibration energy, which makes it excellent as an insole
product. This highly damped product has multiple uses
including bushings, grommets bumpers and dampers.
Shown in Figure 7 is the G-Force analysis and
comparison of Sorbothane with other products. As it is
graphically depicted, Sorbothane significantly reduces
the acceleration of the imposed impact energy at a rapid
rate. The result of such superior damping may bring pain
relief to those who suffer from foot aches. The quicker
the energy is dissipated and the less G-Force imposed on
the foot permits better insoles that provide superior pain
relief. [6]

The output that we wish to obtain from our proposed
drop test is similar to that of the graphical output shown
above in Figure 7. Our research on Sorbothane was
conducted simply because there is extremely limited
information that is currently available on the specifics of
shock absorbing materials. The reason why much
research exists on Sorbothane is because there is an
extreme need for insoles on a global scale. Moving
forward, we can use this research as an industry standard
and for comparison of other shock absorbing materials.

It is also important to consider restoration rate, which is
graphically expressed in Figures 2 and 3. Figure 2 shows
PVCD’s high restoration rate in comparison to foamed
styrols, as well as its low loss factor. Both high
restoration rates and low loss factors are desired
characteristics in shock absorbing materials. The
restoration rate can be found by the formula shown in
Figure 3, where the restoration rate is the measure in
change of thickness over a time interval. The graphs
shown in Figures 2 and 3 were created by conducting a

C. Industry Standards
ASTM F355 and ASTM D624 are two documented
industry standards that apply to shock absorbers and their
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testing and to the testing and quantifying the tensile
strength of rubbers and thermoplastic elastomers
respectively.
II. DISCUSSION
A. Design – Structure
The pictures shown in Figures 8, 9, and 10 make up that
of the entire drop test structure that was built. The shuttle
mass that’s being dropped onto shock absorbing
materials is held in place via 15lb test fishing line that is
fed through am easy turn pulley and down to a fixed
fishing pole. In order to keep the shuttle mass in place
before the drop is executed, a fishing reel & rod was
used in the way that it was manufactured for in nature.
After a drop occurs and the shuttle mass has settled at the
bottom, it can easily be fed back up the acrylic guide
shaft via the fishing reel. Once the mass has returned to a
desired drop height, it can be released once more via the
casting mechanism on the reel.
The acrylic guide shaft was secured into a thick base and
was sealed & reinforced with some silicone. The shaft
itself sits on a shelf that was machined into the wooden
base. This was done by drilling a small diameter through
the center of the base and drilling a larger diameter
partially through the base so as to provide a shelf for the
shaft to sit on. In order to maintain level and stability,
guide supports were added and are shown in Figure 8.

Figure 9: Lower Mid-Quarter of Drop-Test Structure

Figure 10: Lower Quarter of Drop-Test Structure
The target housing was designed to allow easy placement
and removal of shock absorbing materials. Furthermore,
the height of the housing was designed to allow tests of
varying thicknesses of any particular material. The
material itself sits on a platform that was included to
provide overall stability of the structure. Also, locking
wheels could be added to the structure, via the platform,
to permit easy mobility if such a feature was desired.
Two inch sheet-rock screws were used through-out the
entirety of the structure and were chosen from an
economical standpoint.
B. Design – Shuttle Mass
The shuttle mass, shown below in Figures 11, 12 & 13,
was designed to both serve as the impact mass for our
drop test but to also hold the accelerometers for data
acquisition. The primary component of the shuttle mass
is a two and a half inch trailer ball. The narrow shape
and high density of the trailer ball made it an attractive
option when choosing a mass to drop onto our shock
absorbers. The flat shape of the ball at the top, is also a
beneficial attribute because it mimics the shape of the top
of the head in that the top of the head is flatter in more
places that round and the force of the impact is focused
on a small surface area where the head actually makes
contact with the shock absorber.

Figure 8: Upper portion of Drop-Test Structure
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recommended filter capacitors on the input and output of
the regulator, was used to regulate the supply voltage at
the +5V required by the accelerometers.
Each
accelerometer was wired in parallel relative to the supply
voltage to maintain the +5V supply voltage. The output
signal of each accelerometer was wired to each channel
of a triaxial audio cable which was connected to a laptop
computer. The signal from the audio cable was recorded
though the microphone input of the computer’s sound
board and recorded as an audio file to await detailed
analysis.
Knowing that the shuttle mass and shuttle mounted
circuitry would be subjected to repeated drops of over six
feet, a LED (light emitting diode) was included in the
circuit along with a large 11kΩ resistor (to minimize
current and therefore power consumption at the LED).
This allows for a quick visual indicator after every drop
that none of circuitry was damage and the accelerometers
have power. Two quick disconnects were placed on each
of the outputs/channels of the accelerometers to allow
more convenient disassembly of the electronics if needed
and to try and minimize some of the strain placed on the
very high gauge wires used in the triaxial connector. A
separate triaxial connector was used rather than directly
wiring the output signals directly to the full length, 16
foot audio cable. Again, this was done to allow ease of
assembly/disassembly. As we will discuss later, this also
allowed us to shoot video of the mass falling with and
without the audio cable so that we could quantify the
drag and binding effects of the audio cable on the shuttle
mass as it falls and rebounds on the shock absorber.
The final mass of the shuttle was just less than 1kg
(.965kg), and it had a total height of 10 inches. Figure
13 shows the size of the shuttle relative to the size of a
well known object, in this case a standard 9V battery.

Figure 11: PSpice Circuit Schematic for Shuttle Mass
Mounted Accelerometers

Figure 12: Final Shuttle Mass Configuration Angle A

C. Design - Test Theory
The potential energy equation (P.E.) is calculated by the
equation shown above in Figure 14.
Figure 13: Final Shuttle Mass Configuration Angle B
(Showing Size relative to a 9V battery
The accelerometers we used were a pair of ADXL05AH
single axis, single chip accelerometers by Analog
Devices.
These accelerometers have a 5 mille-g
resolution and operate on a +5V supply. The device
output signal is configured for 200 mV for every g of
acceleration felt. The device was attached to a small,
square printed circuit board (PCB) which holds the
resistors for configuring the output and filtering
capacitors for conditioning the output signal. To power
the accelerometer circuit a simple parallel circuit was
designed as shown in Figure 11. Three, 3V, single cell
watch batteries with a 225mAh capacity each where
setup in series for a total supply voltage of 9V. The
LM7805 +5V fixed regulator, along with the

Figure 16: Test Theory
The actual equation is given by mgh. Within our droptest device, the mass and height from which the shuttle
mass is dropped from are held constant for each drop
test. These values are also shown in the above figure.
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VideoPoint was not used for the secondary impacts but
could be if such results were desired. The shuttle mass
was tracked at instantaneous points via the yellow dots
shown in Figure 15. For this particular test run, the
acceleration to be used in the corrected P.E. equation was
8.778 (m/s2) in magnitude.
Shown in Figure 16 is the G-force vs. Time plot of a
single drop-test run. The graph illustrates the feedback
response that the accelerometers send to the WavePad
Sound Editor. This figure can be used to illustrate
exactly what is happening through-out the duration of
each test-run. The peak G-force occurs at the initial
impact point and exactly 0 g’s are felt at the shuttle
mass’ turn around point. As the mass starts to return up
the acrylic guide shaft after the initial impact on the
shock absorbing material it is accelerating in the opposite
direction back up the tube. When the mass stops
traveling up the shaft, just before it begins free-falling
back down the tube, its second descent point is reached.
The second impact occurs shortly thereafter. Third and
fourth impacts possibly do occur but are not shown since
they are negligible in comparison to the primary and
secondary impacts.

Although this P.E. equation holds true for any object
released from a particular height, the gravity (g) is this
equation (mgh) is not the same within our set-up due to
losses that occur in the form of friction and tether.
Friction arises from the wooden disks that were added to
the shuttle mass to prevent axial tilt. As the mass falls
through the acrylic guide shaft, the disks rub up against
the tube which leads to some friction. However, this is a
minor form of loss; the major form of losses arises from
the transmission cable that must be attached to the shuttle
mass in order to record the response of the
accelerometers from any particular drop-test run. As a
result of these losses, the mass does not fall at the rate of
standard gravity (9.807 m/s2) but rather at a slower rate.
Therefore, the P.E. equation can be corrected to a new
P.E. equation (math) that is representative of this droptest system. This P.E. calculation is important because
this is the amount of energy that the initial drop is
introducing to the system and can be used for further
analysis.
In order to calculate this acceleration at which the mass
is actually falling, a software package, VideoPoint, was
used. This software package is a critical piece of the
DOE because this can be used to analyze the system in
slow motion, to plot a position vs. time graph that is
accurate to the millisecond and can be used to obtain
acceleration and velocity rates at any point in any
particular drop-test run. This is critical in the analysis of
the experiment and will be touched upon later when the
analysis is discussed.
D. Results
Below are the results of a single test-run. These results
were used to provide a reference of the analysis section.

Figure 16: G-force (m/s2) vs. Time plot (ms) of a
single drop-test run

Figure 15: VideoPoint Results
Shown above in Figure 15 is the result of a single droptest run where Sorbothane was used as the shock
absorbing test material. This was simply the results of
the shuttle mass being released from a height of 1.58
meters in order to obtain the actual acceleration rate of
the system as it fell to the Earth. This was done by
tracking the shuttle mass at instantaneous points
throughout the initial drop and ending upon initial
impact. In a single test run, the mass will recoil, but

Figure 17: Mathematica rendering of G-force (m/s2) vs.
Time plot (ms)
The Mathematica rendering, shown in Figure 17, can be
used to further analyze the response of the
accelerometers. Although this is just a rendering with no
calculations, the path to take us to such calculations is
outlined in the above figure. The initial impact is shown
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%Absorption Energy = (Absorption Energy) / (P.E.)
Taking the results a step further, the System Losses can
potentially be determined, but more data collection and
interpretation of such data is needed before any
determinations can be solidified. The System Losses are
believed to occur from two sources, the transmission
wire and the wooden disks added to the shuttle mass. The
theory behind the System Losses is that it can be broken
down into two components:
System Losses = Major Losses + Minor Losses
Where the Major Losses occur from the required
transmission cable and the Minor Losses occur from the
friction that results from the added wooden disks. By use
of VideoPoint, it was determined that the Minor Losses
could be considered negligible leaving us with the
following equation:
System Losses = Major Losses
This was determined by the utilization of VideoPoint to
conduct a simple experiment. Single drop test run, without the transmission cable attached, was performed.
After analysis with the VideoPoint software, it was
concluded that the shuttle mass fell extremely close to
the rate of gravity (9.807 m/s2). Therefore, it was
determined that the frictional losses were negligible since
the wooden disks barely affected the system as they
rubbed up against the guide shaft through-out the
duration of the run. This test was performed multiple
times to validate our conclusion. In order to assess the
effects of the transmission wire on the system as the
drop-test was conducted, VideoPoint was utilized once
more.
In this simple experiment, VideoPoint was used to
analyze two drop-tests. In the first drop-test the shuttle
mass was dropped onto a particular material without the
transmission cable attached. The second drop was
conducted by dropping the mass from the same height
onto the same material. By use of VideoPoint, there are
two avenues that can potentially be taken but more data
collection and analysis is required before either avenue
can be confirmed. The first avenue takes the height that
the mass returns to after the initial impact without the
transmission wire attached and compares it to the height
value with the cable attached. This height differential can
be used to calculate the P.E. that is lost by adding the
cable. The second avenue pertains to K.E. where the
cable is considered a separate mass altogether. In the
instant before impact occurs, both the shuttle mass and
the cable are traveling with a velocity that can be
determined through VideoPoint. After the impact occurs,
the mass begins to slow down, but the cable is still
travelling down the tube with the same velocity as the
instant before impact. This velocity can be used to
calculate a K.E. that is being mitigated from the
accelerometers. Again, this is a rough interpretation of
the data and more data collection and analysis is needed
before any conclusions can be reached.

from the peak g force point to the turnaround point that
occurs as the curve crosses the Time axis. The area under
the curve represented by the initial impact can be used to
find the average velocity that the accelerometers feel
throughout the impact.
E. Analysis
The purpose of this project was to develop a drop-test
device where the data could be quickly obtained and
interpreted. This was a difficult task, but was
accomplished nevertheless through our results. Such an
example of which is shown in Figure 19. Through data
collection and the successful generation of the G-force
vs. time graph, property characterization can be obtained
for any shock absorbing test material. By observation of
Figure 19, the duration of each impact, the peak g-force
of each impact, the average velocity felt by the
accelerometers of each impact and the Kinetic Energy
(K.E.) of each impact can all be obtained. Furthermore,
the envelope, or shape of the curve representative of each
impact is a material property in it of itself. All of these
properties are extremely important in characterizing
different shock absorbing materials.
The peak g-force is important because it can be used to
find the peak-force imposed upon the shuttle mass, by
use of the following equation:
F = mnag
Where the mass is given by m, n is the g-force multiplier
and ag is gravity. Another property to consider is the
duration of each impact. This is another important
property because the longer an impact occurs, the more
time the mass has to decelerate. The longer a mass has to
decelerate implies a smaller peak g-force and an overall
smaller average velocity. The average velocity can be
determined by the area under a curve. For each particular
impact, the average velocity is an important attribute to
determine because this can lead directly to the K.E.
calculation that the mass feels through-out the impact by
use of the following equation:
K.E = 0.5mv2
Where the mass is given by m and the velocity is given
by v. This extremely important to determine because as
P.E. is introduced into the system, the amount of energy
that the shock absorbing material dissipates can be
determined by the following equation:
Absorption Energy = P.E. – K.E. – System Losses
The reason this works is because of the concept of
Energy Conservation. P.E. is the amount of Energy
brought into the system, K.E. is what’s transferred to the
mass and System Losses is the amount of energy that is
mitigated from the accelerometers. By subtracting the
K.E. and the System Losses from the P.E. we are left
with the amount of energy that is dissipated by the
material itself. This Absorption Energy can be related to
the original P.E. to obtain that percent dissipated energy
by the material. This is given by:

194

IV.

III. CONCLUSIONS AND FUTURE WORK

ACKNOWLEDGEMENTS

The authors would like to thank Nicole Greene and Dr.
Bill Moore of USM. Thanks are due to the staff at the
University of Southern Maine who offered help and
many helpful suggestions along the way.

System Improvements
A few issues arose within the circuit design for the
accelerometers. The support electronics proved to be
less resilient to repeated drops of shuttle eventually
causing a loose ground connection to manifest itself and
cause excessive noise on the output signals of the
accelerometers. To clean up the signal and obtain clean,
usable results this damaged connection needs to be fixed.
The power supply pack proved effective but was
depleted after only fifteen to twenty minutes of testing.
Further investigation showed that the current draw of our
accelerometers totaling 16mA exceeded the maximum
output current of 3mA for each battery. Additional
single cell watch batteries or a new, higher output and
capacity battery needs to found to replace the existing
power supply. The fixed +5V regulator will allow
flexibility in finding a new battery.
Future Actions
This section was included to discuss some long-term
actions that could be done to help us further achieve our
goals. In order to eliminate any confusion that arises
from the required transmission cable, new wireless
accelerometers could be identified and utilized in a new
system. This was realized at the start of the project but
was not done due to a high cost of wireless
accelerometers and the immediate availability of wired
accelerometers. Furthermore, more data collection could
be done by performing drop-tests on various materials at
various heights. More data would allow a user to become
more familiar with the system and would allow a student
more access to results that could be used for analysis.
Also, more time spent on interpreting and analyzing the
data is needed to get a better understanding of the system
and to validate any conclusions.
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3.
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6.

REFERENCES/BIBLIOGRAPHY
"Shock Absorbing Material." Sorbothane. Web. 20
Apr. 2011.
So"ApNano' Particles - Ultra-Strong Shock
Absorbing Material." Nanotechnology Now. 7 Sept.
2005. Web. 20 Apr. 2011.
Sorbothane-Design-Guide101409
Niiza, Iwao M., and Kaweguchi K. Hideshj. Patent
5943706. 31 Aug. 1999.
"How Is Loss Factor Calculated?...and More
Questions Answered." The Real Deal | New York
Real Estate News. 1 Sept. 2004. Web. 03 May 2011.
<http://therealdeal.com/newyork/articles/how-isloss-factor-calculatedand-more-questionsanswered>.
"Shock
Absorbing
Material."
http://edge.sharethis.com/share4x/index.a50502e40d
6bc80fe60e9e6b8b3402d8.html# Apr. 2011.

Joshua Isaiah Morin received his B.S. in Mechanical
Engineering from the University of Southern Maine. He
is presently a mechanical engineer at Clorox, Inc. in
Arkansas. Prior to that, he was an engineering intern at
Pratt & Whitney, North Berwick, ME. He was an
ASME/IEEE Member – ASME Vice President and on
the Dean’s List/President’s List each semester.
Thomas Arsenault will receive his B.S. in Electrical
Engineering from the University of Southern Maine in
May 2012. He will be working for Texas Instruments,
South Portland, ME as an electrical engineer. Prior to
that, he was an engineering intern at TI. He was an
ASME/IEEE Member and served as an officer in both
groups.
James V. Masi received his B.S. in Physics from
Fairfield University, the M.S. in Physics from Long
Island U., and the Ph.D. in Applied Science/Materials
Science from the U. of Delaware. He has over 50 years
experience in industry and academia and has published,
worked and researched in many areas of materials
science and bioengineering. He joined Western New
England U. in 1980 and is presently professor emeritus
of E. E. and Bioengineering. He was Executive Director
of The National Center for Telecom. Technologies (NSF
Center of Excellence) from 1997-2001. He is now a
professor at the Univ. of Southern Maine.

Conclusion
The authors were able to characterize the properties of
shock absorbing materials through the use of an
economical shock absorbing test device that permitted
quick data collection, while maintaining accuracy &
precision, on shock absorbent materials. After testing
different shock absorbing materials, the data could be
quickly used to plot the g-force vs. time graph, from
which the distinctive differences in envelope shape
between materials became clear. More data collection
and interpretation is needed before complete
characterization of shock absorbing materials can be
accomplished. Furthermore, models for application to
head trauma need to be developed under a multidiscipline team. It’s clear from the results that each
shock absorber has a unique envelope shape that will
lead to full characterization of tested shock absorbers
once a more detailed analysis is completed.
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Abstract
Surface roughness is often a critical determinant of a
component’s functionality. In order to be certain that
the roughness of a surface is within specified
tolerances, an appropriate measuring tool must be
used. Such a tool should employ a repeatable method
of determining the overall roughness based upon the
measurement of one or more small samples of the
surface. The aim of this project was to design,
construct, and test a device that would act as such a
measuring tool and do so cheaply with good accuracy
and reliability. The tool was to be of the optical
scatterometer type which has the benefits of speed
and low sensitivity to vibration, and which is nondestructive to soft materials. A device was
constructed that uses and LED/LASER light source,
two/three photodiodes, and MATLAB software to use
standards and extrapolate the surface roughness of
different materials based on the ratio of the amount
of light received by the two photodiodes. The optical
scatterometer was capable of measuring the
roughness of various test surfaces with reasonable
accuracy.
Key Words: Surface roughness, optical scattering,
optical profilometer

Two of the most common quantities used to express the
magnitude of surface roughness are Ra and Rq. Ra is the
mean absolute deviation of a profile sample of the
surface from the ideal centerline (the horizontal line in
Figure 1). Rq is the root mean square deviation of a
profile sample of the surface from the ideal centerline.
Both of these quantities are 2D measurements of an
inherently 3D phenomenon. Mathematical descriptions
of both of these roughness quantities are shown below.

The quality of a machined component depends on
whether or not the dimensions of the component are
within the manufacturer’s specified tolerances. Surface
roughness is one dimension of an object that plays an
important role in determining how the object will interact
with its environment. Components with rougher surfaces
tend to wear quicker than those with smooth surfaces.
Rougher surfaces also tend to create more friction and
heat, making them less desirable in mechanical systems.
A tool that provides a method of measuring surface
roughness is necessary in order for the quality of a
component to be determined.

I. INTRODUCTION
No machined surface is ever perfect because no tool used
to perform the machining is ever perfect. The process of
machining causes small irregularities to appear
throughout the machined surface. The result is that a real
surface exhibits some degree of surface roughness.
Surface roughness is the overall vertical deviation of a
real surface from its ideal form. An example of this
deviation is indicated in Figure 1.

A. Significance
The manufacturing of a quality mechanical device often
requires an accurate measure of the surface roughness of
the various machined components that make up the
device. Therefore, a useful tool for equipment
manufacturers is one that allows for easy, fast, and
reliable surface roughness measurements. Such tools
exist in the industry today, but they are quite expensive;
Economy models start at over $1,000. This project
resulted in a simple device that is constructed out of
inexpensive components. This provides a less expensive
alternative to devices, with similar functionality, that are
available on the market today.
B. Metrology Methods
A number of metrology methods for determining the
surface roughness of materials have been developed over
the past century.

Figure 1: Example of variations in actual surface
characteristics vs. idealized surface characteristic.
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The first devices that were developed for measuring
surface roughness were stylus instruments.
Stylus instruments are based on the principle of running
some sort of probe along the surface in order to detect
variations in height as a function of distance. The
resulting data yields a two-dimensional profile of the
surface. The earliest stylus instruments used a system of
levers to magnify the displacement of the stylus and
recorded the profile on a smoked-glass plate. These
devices were improved with the incorporation of
transducers
which
converted
the
vertical
displacement of the stylus probe into an electrical signal.
Errors from several sources are introduced into the
roughness measurements when a stylus instrument is
used. These sources include the size of the stylus,
loading, speed, and lateral deflection.
Microscopy methods of measuring surface roughness
include the scanning tunneling microscope (STM) and
atomic force microscope. These methods of surface
metrology are highly accurate at very high resolutions.
Microscopy methods are very sensitive and require
highly skilled operators in order for them to make
accurate and repeatable measurements. This makes them
very expensive and more difficult to implement in
industrial environments.
Optical methods have the advantages of high speed and
low sensitivity to vibration, along with being nondestructive to soft materials.
II. DISCUSSION
A. Theory of the Scatterometer
The objective of this project was to build an optical
scatterometer that could be used to accurately and
reliably measure the roughness parameter Sq of a surface.
An optical scatterometer uses a beam of light which is
directed toward the surface to be tested. If the beam is
incident to a perfectly smooth surface at a known angle
θi, then the surface should reflect the beam of light
entirely in the specular direction at an angle θr = θi. As
the roughness of the surface increases, some of the
reflected light is scattered off of the surface and is
reflected at random angles. As the roughness of the
surface approaches “absolute roughness,” the amount of
light reflected at any angle -90° ≤ θr ≤ +90° is equal to
the amount of light reflected at θi. Therefore, surface
roughness should be mathematically relatable to the ratio
between the amount of the light absorbed at θr = θi and
the amount of light absorbed at any other angle.
Below, Figure 2 shows some images demonstrating the
light reflected from three surfaces with different degrees
of roughness. These images are taken using a laser
incident on a surface and images on a translucent screen.

Figure 2: Left: Reflected light from smooth surface.
Right: Reflected light from mildly rough surface.
Bottom: Reflected light from rough surface. Below:
respective surface intensity profiles.
Device Operation
A block diagram of the operation of the device is shown
below in Figure 3.

Figure 3. High-level surface roughness tester operational
block diagram.
The complete device consists of three parts. The first
component is the physical device that performs the
roughness measurement. This measurement device is
comprised of:
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changes. The curve that results from plotting this ratio
versus surface roughness is the reference curve that is
used in the surface roughness measurement software.

1. One (1) LED/LASER light source.
2. Two (2-4) photodetectors positioned at appropriate
angles relative to the LED/LASER source and to each
other.
3. One (1) ADC with USB output.
4. Mounting base for LEDs/LASERs, photodetectors,
and all electronics and wiring required to connect the
LED/LASER, photodetectors.

Equipment for two detector basic unit(shown below):
1. LED/LASER light source – Head of Staples brand
“laser pointer” containing LED light source.
2. Photodetector(s) – OPT101 Photodiode and singlesupply transimpedance amplifier package.
3. Analog-to-digital converter – DLP Design DLP-IO8-G
8-channel data acquisition board.
4. Laptop computer – ThinkPad Edge, Intel Core i3
2.13GHz CPU, 4GB, Windows 7, 64-bit.

The second component is a laptop computer with battery
power and at least one (1) USB input. The computer is
also loaded with an appropriate operating system
(Windows XP or equal), as well as the MATLAB
software package that performs the signal processing for
an accurate roughness measurement.
The third component is the software that was created in
order to perform the needed calculations on the
computer. The software takes a number of samples from
the photodetectors via the ADC. These samples are then
summed for each photodetector, and the ratio of the sums
is computed. The ratio is then entered into a function that
was determined empirically from taking samples from
materials of known surface roughness. The resulting
output of the function is the roughness of the material in
μm.
A simplified diagram showing the positioning of the
LED and the photodetectors is shown below in Figure 4.

Initial Prototype
The initial prototype allowed for the observation of the
relative intensities (ratios) of position 1 and position 2.
The >3 orders of magnitude for specular surfaces offered
an opportunity to attempt to derive an algorithm for the
cases of: highly specular surfaces; directional anisotropy
for certain surfaces; range of linear operation for black to
lightly colored surfaces; and other previously unexpected
variations.

Figure 4: Basic schematic diagram of measurement
device components of the surface roughness tester.
Figure 4 indicates the profile view of the concept of the
measurement device component of the optical
scatterometer. This figure shows the predicted operation
of the device. The LED light source emits a beam of
light which is incident on the surface of the material to
be measured. If the surface is perfectly smooth then all of
the reflected light is reflected in the specular direction.
As the roughness of the surface increases a greater
proportion of the reflected light is reflected at random
angles. Therefore, the ratio of the light received at
photodetector #2, 3, etc. to the light received at
photodetector #1 changes as the surface roughness

Figure 5: Initial prototype based on concept shown in
Figure 4 and 6.
The issue that was causing the biggest problem was the
fact that the light scattered off of the roughness standards
set did not diffuse equally at all angles. Instead, a
situation as shown in Figure 6 below was occurring, with
scattered light at positions 1a and 2 giving more
information on a wider range of surfaces.
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Calibration of the device was conducted as described
previously. Samples were taken from the surface
roughness standards set. The ratio of the resulting
outputs from photodetectors #1 and #2 were plotted vs.
the known roughness values from the roughness
standards set. The following plots data sets were
collected for two types of machining; grinding, and flat
lapping/reaming.

Figure 6: Illustration of light scattering off of roughness
standards set.
Figure 6 shows the light scattered off of the test surface
spreading out from the specular direction, although not in
all directions equally. Because of this fact, the light being
received by photodetector #2 was very low in intensity.
Hence the need for three detectors (1, 2, 1a), as shown in
Figure 5. The standard roughness samples are shown in
Figure 7.

Figure 9: Flat lapping/reaming data, best-fit curve.

Figure 7.
Standard test surfaces for roughness
calibration.
Figures 8(a) and (b) show the final design of the optical
scatterometer prototype. Photodetector #2 was
repositioned very close to photodetector #1 to account
for the narrow focus of the diffused light from the
calibration surfaces.

Figure 10: Grinding data, best-fit curve.
Figures 9 and 10 show the sample data collected for the
flat lapping/reaming machining and the grinding
machining standard surfaces, respectively. The
respective equations for the best-fit curves are:
These equations were incorporated into the program
codes used to do signal processing of the surface
roughness data. An example of the code is shown in the
APPENDIX.
The data collected from the testing of the optical
scatterometer is shown in the two tables below.
Table 1
Flat Lapping/Reaming
Actual Ra Value (µm) Measured Ra Value (µm)
0.05
0.0505
0.1
0.0809
0.2
0.1976
0.4
0.4571
0.8
0.7806
1.6
1.6352

(a)

(b)
Figure 8: (a) Final setup of scatterometer. (b) Detectors
1 and 1a.
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An automated control system that can appropriately
adjust the intensity of the LED light source for test
surfaces of varying reflectivity would be of great benefit
to the operation of the optical scatterometer. Such a
control system would increase the resolution of the
surface roughness measurement by allowing the
maximum amount of light possible to be reflected off of
each surface that is tested, while avoiding having either
of the two photodiodes go into saturation.
Adding more sensors
Finally, placing additional sensors at more points around
the light incident to the test surface would yield a fuller
characterization of its scatter off of the surface. Initial
measurements (Table 3) show that this could yield very
valuable information for more accurate measurements of
surface roughness with both angular variance and
directional components.

Table 2
Grinding
Actual Ra Value (µm) Measured Ra Value (µm)
0.05
0.0675
0.1
0.1096
0.2
0.2004
0.4
0.3407
0.8
0.7912
1.6
0.9959
The data shown in Tables 1 and 2 above indicate that the
optical scatterometer was able to measure the surface
roughness of these two types of machined surfaces to
reasonable accuracy.
On adding another detector in the normal position to the
surface plane (det, 2 in Fig. 8) and comparing the two
ratios to known grinding samples as before, data as
shown in Table 3 resulted.
Table 3
Grinding
Actual Ra Value (µm) Measured Ra Value (µm)
0.05
0.0524
0.1
0.1080
0.2
0.2001
0.4
0.3925
0.8
0.7988
1.6
1.5922

IV.

ACKNOWLEDGEMENTS

The authors would like to thank ANL of Norwalk, the
sponsors and detailers of the project. Thanks are due to
the staff at the University of Southern Maine who offered
help and many helpful suggestions along the way.
1.

2.

III. CONCLUSIONS AND FUTURE WORK
Although the optical scatterometer gave reasonably good
results when used to measure the roughness of the
calibration samples, there is still a considerable amount
of work that can be done to improve the operation of the
device.
LED light source and photodetector positioning
One major issue that the optical scatterometer has is that
it is highly sensitive to the positioning of the LED light
source and the photodetector sensors. Positioning the
LED light source and the sensors much closer to the
point at which the LED light is incident to the test
surface would minimize this issue.
Test platform
Similar to the positioning of the LED light source and
the photodetectors, the optical scatterometer is highly
sensitive to the position and angle of the test surface. A
static test surface that will fix every surface sample at the
same height and angle should dramatically improve the
performance of the device.
Angular dependence
Part of the original intent of this project was to determine
the angular dependence of the scatter of incident light off
of the calibration surfaces. This data could turn out to be
quite valuable in future iterations of this work.
Control system for automated LED intensity

3.

4.

5.

6.

7.
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EXAMPLE

"Surface Profilometers Information on GlobalSpec."
GlobalSpec â€“ Engineering Search & Industrial
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(MATLAB)

Code

for

data

transfer

s = serial('COM4');
% Initialization code
set(s,'BaudRate',115200);
set(s,'Terminator','CR');
fopen(s);
fprintf(s,'\');

Michael Healey received his B.A. in Physics and his
B.S. in Electrical Engineering from the University of
Southern Maine. He is presently an electrical engineer at
SGC Engineering LLC, Westbrook, Maine. He received
the 2009 National Semiconductor Electrical Engineering
Scholarship and the Phi Kappa Phi National Honor
Society. Prior to that he was an engineering intern at
General Dynamics - Bath Iron Works, Bath, Maine
where he aided in fire detection sensor system design and
AutoCAD engineering to modify and update Control and
Monitor diagrams. He is a Member of the IEEE.

fprintf(s,'5');

% Turn LED on

fprintf(s,'z');
% Take measurements from port 2
rec = fread(s,2);
% Read port 2
num1 = 256*rec(1) + rec(2); % Hex-to-decimal
fprintf(s,'x');
% Take measurements from port 1
rec = fread(s,2);
% Read port 1
num2 = 256*rec(1) + rec(2); % Hex-to-decimal
num2/num1

James V. Masi received his B.S. in Physics from
Fairfield University, the M.S. in Physics from Long
Island U., and the Ph.D. in Applied Science/Materials
Science from the U. of Delaware. He has over 50 years
experience in industry and academia and has worked and
researched in many areas of materials science and
bioengineering.
He joined Western New England
College in 1980 and is presently professor emeritus of
Electrical Engineering and Bioengineering.
He was
Executive Director of The National Center for Telecom.
Technologies (NSF Center of Excellence) from 19972001. He is now a professor at the Univ. of Southern
Maine. He authored over 60 patents, over 140 articles
and papers, 3 books, and 3 videotapes. He volunteers for
many organizations.

fprintf(s,'t');

% Turn LED off

fclose(s);

% Terminate

% Bulk sample measurements code:
x = zeros(1,50);
y = zeros(1,50);
for n = 1:50,
fprintf(s,'z');
rec = fread(s,2);
x(n) = 256*rec(1) + rec(2);
fprintf(s,'x');
rec = fread(s,2);
y(n) = 256*rec(1) + rec(2);
end
s1 = sum(x);
s2 = sum(y);
s2/s1
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SWITCHED RELUCTANCE MACHINES FOR HIGH RELIABILITY
SMALL-SCALE WIND ENERGY APPLICATIONS
Kaitlyn J. Bunker, Wayne W. Weaver
Michigan Technological University
II. BACKGROUND

Abstract: Using wind energy for electric power
generation provides a clean and renewable source of
electricity. This paper presents the benefits and
concerns of using switched reluctance (SR) machines
in wind energy applications, especially those
situations that require high reliability. Examples
include small-scale wind generators in remote or
rural locations. An analysis of SR machines is
presented, along with the computer simulation results
of a wind turbine and SR machine. Their high levels
of robustness, efficiency, and range of speeds make
SR machines a good option for wind energy
applications.

A. Switched Reluctance Machine Operation
Figure 1 shows a diagram of an SR machine. This
example shows a machine with 6 stator poles and 4 rotor
poles, known as a 6/4 Pole SR machine. Other common
types include 8/6 Pole and 10/8 Pole SR machines,
although many other configurations are possible.
The concept behind the operation of SR machines is
simple. Since reluctance is proportional to the inverse of
permeability, materials with higher permeability have
lower reluctance. Reluctance impedes flux, so when a
flux is established, the rotor will turn to create the path
with the lowest reluctance, through the stator and rotor
poles. The magnetic material that makes up the rotor of
an SR machine has much higher permeability than the air
in the gap between the rotor and stator, so it also has a
much lower reluctance. This fact allows SR machines to
operate.

Key Words: Switched Reluctance Machines, Wind
Turbines, Small-Scale Wind Energy
I. INTRODUCTION
As we move towards using more renewable sources of
energy to generate electricity, the use of wind energy is
becoming more widespread. Many wind turbines today
make use of doubly fed induction generators. However,
the switched reluctance (SR) machine is another useful
type of generator in wind applications. This paper
investigates the use of SR machines in wind energy
applications. The motivation is to determine how using
this type of electric machine in certain wind applications
is more beneficial than using traditional machines. One
application where SR machines fit well with wind
energy is in small-scale wind situations where high
reliability is necessary. For example, wind turbines can
be used to provide electricity in rural locations around
the globe [1]. In cases like this, high reliability is
especially important so that less maintenance is needed,
since the wind turbine may be located in a remote area.

Figure 1. 6/4 Pole Switched Reluctance Machine.

Figure 2 helps to illustrate the operation of an SR
machine. Each set of two opposite stator poles make up
one phase of the machine, and these opposite poles are
electrically connected. When current is applied to one
phase of the machine, a flux is established through those
two stator poles, as well as through the nearest set of two
opposite rotor poles. This flux causes the rotor to turn so
that this set of rotor poles is in line with the excited
phase.

This paper will investigate the properties of SR
machines, and analyze both the benefits and possible
issues of connecting these machines with wind turbines.
A main focus will be the specific situation of small-scale
wind energy that requires high reliability. Simulation
results will be presented that show the operation of an
SR machine connected with a wind turbine.
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In Figure 2a, the phase b stator poles are aligned with
one set of rotor poles, r2-r2’. Once the rotor and stator
are aligned, the current to that phase is no longer applied.
Instead, current is applied to the adjacent phase (phase a
in Figure 2a), establishing a new flux through those
stator poles, as well as through the new nearest set of
two opposite rotor poles. This causes the rotor to
continue rotating in the same direction as it was
previously, until the rotor poles are in line with the
excited stator poles. In Figure 2b, the rotor has rotated
counterclockwise from its position in Figure 2a, so that
the phase a stator poles are now aligned with the rotor
poles r1-r1’.

first to phase a, then to phase c, then to phase b, and so
on. In order to spin the rotor in the opposite direction,
the currents would be applied to the phases in the
opposite order, first to phase a, then to phase b, then to
phase c, etc. In this way, an SR machine can be operated
either as a motor or as a generator.
B. Benefits of Using SR Machines
One attribute of the SR machine is that it has a high level
of robustness [3]. Since there are no windings or brushes
on the rotor, there are fewer places for parts to wear
compared with other machine types. Along the same
lines, since an SR machine is not physically complex, it
is easier to build than other machines that contain more
windings, brushes, or other components. The materials
needed are also less expensive when compared to a
permanent magnet synchronous machine, which also
does not have windings or brushes on the rotor, but
requires rare earth elements to construct. This means that
both the time and cost of manufacturing SR machines is
lower than for most other machine types.
Another positive quality of SR machines is that they can
convert energy at a relatively high efficiency [3], [4].
Again, since there are no windings on the rotor, there are
no losses due to currents flowing. Higher generator
efficiency is especially important in wind energy
applications, where the wind speed can vary greatly, and
extra losses can be created if the wind speed is not in the
optimal range for the turbine being used.

(a)

One reason that SR machines are applicable in wind
energy situations is that they are able to function over
large ranges of speeds [3]. SR machines can also be used
in applications where variable speed driving is necessary
[4], since the turn-on and turn-off angles can be adjusted.
These angles define the rotor positions for when current
is applied and removed from each phase. These also
make them a good option to use with wind turbines,
especially with those designed for variable speed
operation.

(b)
Figure 2. Operation of an SR machine. (a) Phase b
aligned. (b) Phase a aligned.

In many cases, SR machines can be simple to control [3].
The plot of torque versus speed for an SR machine is
similar to that for a series DC machine [5]. This means
that similar strategies for control can be applied for both
series DC machines and SR machines. Like the series
DC machine, an SR machine can be controlled using the
terminal voltage or the supply. However, there are other
factors to be considered in the control of SR machines,
including the control of the turn-on and turn-off angles.
Another issue with controllability is that the modeling of
SR machines can be complex, which means that it is
difficult to design model based controls.

The process is then repeated, so that the current to the
aligned phase is no longer applied, and a new current is
applied to the next adjacent phase, causing the rotor to
continue spinning as it continuously seeks to be aligned
with whichever stator phase is excited. In the case of
Figure 2b, current is applied to the phase c stator poles,
so that the rotor would continue to spin counterclockwise
and rotor poles r2-r2’ would become aligned with phase
c. Next, current would be applied to phase b, so that the
rotor would continue moving in the same direction. The
entire cycle would then be repeated, with current applied
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Manufacturers of SR machines cite many of these
qualities when describing the benefits of using SR
machine technology [6]. Nidec Motor Corporation has a
wide range of sizes of SR machines available [6].
Currently, common uses for SR machines include
vacuum cleaners, fans, and washing machines, among
other applications [7]. The use of SR machines in
electric vehicles has also been investigated [8]. The
success of SR machines in these applications, along with
the many benefits discussed here, show that using this
technology with wind energy will also be beneficial.

SR
Machine

Power
Electronics
Converter

To
Electric
Grid

Figure 3. Wind and SR machine configuration.

One consideration when examining the possibility of
using SR machines for wind energy applications is the
size of the wind turbine. Some of the largest wind
turbines in use today have a rating of around 3 MW, and
plans are being made to develop wind turbines for
offshore use with capacities up to 10 MW [10]. Smaller
wind turbines are also available for applications such as
supplementing the power to a residential or commercial
building, and could have capacities as low as 2 kW [11].
A wide range of sizes between these are also available,
so an important question is whether there is a turbine
size that matches well with the characteristics of an SR
machine. There is also a range of sizes for SR machines,
with some being designed with capacities up to 5 MW
[12]. Therefore, SR machines would be available for
many different sizes of wind turbines, to be used in
different applications.

C. Concerns with Using SR Machines
However, there are some issues to be considered with
regards to SR machines. One concern is that there is an
inherent torque ripple caused by the switching of current
being applied to one phase at a time [2]. This torque
ripple can lead to fatigue on the shaft of the machine, as
well as extra noise while the machine is operating, which
may be a cause for concern depending on the application
of the SR machine. In some wind applications, the wind
farm is built near homes or communities, and residents
may be bothered by the extra noise that a wind turbine
used with an SR machine might generate.
Some solutions have been developed to limit the torque
ripple in SR machines, including designing the machine
so that the inductance profiles of two adjacent phases
overlap while one is ending and the next is beginning
[2]. Another solution is to shape the current waveforms
applied to each phase, rather than applying a square
wave [2]. The simulation results that follow will show
the torque ripple that arises when using a square wave
input.

Another important aspect is whether the wind turbine
will be used as a single unit, or connected as part of a
wind farm. Often when wind turbines are used alone,
they are used to provide power to a single residential or
commercial building, while when wind turbines are
connected into a wind farm, the farm is often connected
to the transmission grid to deliver power to multiple
customers. For single wind turbines, SR machines can
work well, as shown by Ogawa et al [4]. The authors go
on to gather experimental results and show that SR
machines are a valid option to use with small-size wind
turbines.

SR machines also tend to have lower torque densities
than many other machine types [9]. This means that the
maximum torque they can produce is lower than for
other machines when operating at the same speed.
However, methods have been developed to design SR
machines to maximize torque density and minimize
torque ripple [9]. Maximizing torque density ensures that
the machine is producing as much torque as possible,
and therefore operating at the highest possible level of
efficiency.

Wind farms connecting several wind turbines may also
work well with SR machines. A possible topology that
would allow a wind farm using SR generators to connect
directly to the transmission grid is discussed in [13].

D. Applications of SR Machines to Wind

A final consideration is the location of the wind turbine.
Since SR machines are very robust, the need for
maintenance is lower than for other types of generators
used with wind turbines. Therefore, SR machines may be
beneficial to use in more remote locations, such as rural
or offshore areas, since the amount of maintenance that
will be needed is low.

Figure 3 shows a diagram of a wind turbine using an SR
machine and connecting with the electric utility grid.
Many configurations are possible, as well as different
control strategies for the wind turbine and for the SR
machine. The focus of this paper is the applicability of
SR machines to wind energy, so the system shown in
Figure 3 will be used for discussion as well as for
computer simulation.
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III. SIMULATION RESULTS

control strategies for SR machines. Two of these
alternative methods include an equivalent circuit
approach [14] and a geometric modeling approach [15].

A. Challenges with Modeling SR Machines
Before building physical components, it is often
beneficial to complete computer-based simulations to
determine the expected results. One challenge with SR
machines is that they are difficult to model. Many other
types of machines can be modeled using state equations.
In an SR machine, the flux paths through the rotor are
constantly changing as it spins, so state equations for this
machine are difficult to develop. These changing flux
paths are shown in Figure 4 for a 6/4 pole SR machine,
where each curve shows the flux linkage with respect to
stator current at a different rotor position. These
magnetization curves are plotted using the SR machine
block in Matlab Simulink’s SimPower Systems Toolbox.

C. Matlab Simulation
An example of the traditional method is implemented in
Matlab Simulink’s SimPower Systems Toolbox. Here,
there is a predefined block for an SR machine which
uses a look-up table to determine the appropriate flux
value for a given current in the machine.
The SimPower Systems Toolbox also includes a block
modeling a wind turbine. This block was combined with
the SR machine block, and square wave signals were
applied to the machine to allow the system to operate.
1. Simulation with Constant Wind Speed

Specific model − Magnetization characteristics
0.5

The system was first simulated at a constant wind speed
of 8 m/s. The results of the first three seconds of
simulating the system are shown in Figures 5-8, which
show the machine’s current, torque, flux, and rotor
position. The plot of torque from this simulation in
Figure 6 clearly shows the torque ripple that results
when a square wave input is used. The large amount of
torque ripple could be due to the fact that a simple square
wave input was used, showing that this type of input is
not the most ideal.
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Figure 4. Magnetization curves from Simulink model.
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Another important issue with modeling SR machines is
saturation.
Any magnetic material is subject to
saturation. In most machine types, a reasonable model
can be developed without including the effects of
saturation, since the magnetic materials rarely move to
this region. For SR machines, modeling of saturation is
necessary to achieve an accurate representation of
machine operation. However, including saturation adds
a level of complexity to the simulation.
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Figure 5. Simulation results: SR machine current.
B. Modeling Approaches for SR Machines
For this simulation, the voltage inputs were deliberately
applied to each phase for a longer time than would be
used for an actual SR machine. This allowed more clear
plots to be developed to show the detail of the current,
torque, and flux of the machine. The plot of rotor
position in Figure 8 shows that the machine does
continually move in the same direction, but only makes
one-half of a complete turn in the first two seconds of
operation. In an actual machine, voltages would be
applied in a manner that would allow the machine to spin
much faster, if desired.

One traditional method of modeling SR machines is
using look-up tables. These tables are often developed
using the results of finite element analysis, or using
experimental results measured from an actual SR
machine. While modeling SR machines in the traditional
method works, it is not always straightforward,
especially if there is not access to an actual machine or to
finite element analysis tools in order to generate look-up
tables. There are other approaches that lose some
accuracy, but are easier to use, especially for developing
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with average wind speeds for this location was chosen,
and Figure 9 shows the wind speed during this period.
The results of simulating the system over this period are
shown in Figure 10.
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Figure 6. Simulation results: SR machine torque.
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Figure 9. Three-hour wind speed measurements in
Detroit, MI in 2009.
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The results of the simulation show that even as the wind
speed changes, the SR machine continues to operate with
a relatively constant average speed.
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Figure 7. Simulation results: SR machine flux.
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Figure 10. Simulation results using actual wind speed.
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IV. CONCLUSIONS

2.5
2

In many cases, SR machines are a good fit for use with
wind turbines. They are very robust, so they require little
maintenance. They also have a high efficiency, which is
especially important when dealing with a variable source
like wind. SR machines can operate over a wide range of
speeds, which is also important when dealing with the
wind, and can be built in a large range of sizes.
Simulation results illustrate some of the benefits of using
SR machines in connection with wind energy. For the
specific application of small-scale wind energy where
high reliability is desired, SR machines are an excellent
option.
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Figure 8. Simulation results: SR machine rotor position.

2. Simulation with Actual Wind Speed Data
The simulation was repeated using more realistic values,
both for the applied voltage signals and the wind speed.
Actual wind speed data collected in Detroit, MI in 2009
was used in the simulation [16]. Measurements of wind
speed were made every three hours. A three day period
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Abstract: Nanomaterials have been studied in the
electrical insulation industry for a number of years
now. The initial question was if there would be any
benefit(s) to using this technology in our industry.
Results to date have shown that various chemistries
used in electrical insulation can exhibit improved
properties when modified with nanomaterials. While
all applications have not been fully studied, it is
apparent from laboratory tests that pulse endurance
and moisture resistance can be improved. This
technology should also have positive impacts on
corona inception voltage and may be of value in high
voltage applications.

Path of Molecule Penetration

Microcomposite
Aspect Ratio
25:1

Nanocomposite
Aspect Ratio
250:1

Figure I – Aspect Ratio Comparison
New methods to control the operation of motors are
being developed as the desire for increased efficiency
continues to be a value driver for this industry. These
drive controllers are often just called inverters or inverter
drives and provide a fast and accurate method of
controlling the operation of an electric motor. However,
the use of inverter drives results in unique electrical
stresses of the insulation materials as illustrated in Figure
II (3). These stresses have been attributed to causing
premature failure of the electrical insulation in motors.

Key words: wire enamels, impregnating resins,
unsaturated polyesters, epoxies, corona, pulse endurance,
inverter duty, moisture resistance, nanomaterials
I.

Introduction

Work presented at various conferences over the last few
years has shown the development of products and testing
conditions that document improvements in electrical
insulation properties of various resins modified with
nanomaterials. (1,2,3,4)

Voltage (volts)

Voltage Endurance
Test Condition

2000

Nanomaterials are effective in these applications because
of their aspect ratio which leads to better barrier
properties as illustrated generically in Figure I (5). These
barrier properties provide a more torturous path for
failure, whether it is a spike voltage from the conductor
surface or moisture penetration from the exterior of the
coating.

Conventional
motor
conditions

Pulse Endurance
Test Condition

20,000
Frequency (Hz)

100
Rate of Rise
(kV/µsec)

Figure II – Electrical Stresses Diagram
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Inverter-driven
motor
conditions

II.

Moisture Resistance

B. Results

A. Test Methodology

Experiments have been designed in multiple phases to
optimize the system and determine any positive
synergistic impact on moisture test results using various
coating combinations. These experiments have included
current “state of the art” systems to compare to the
nanomaterial-modified products.
No adjustments to viscosity were made so the products
were used “as supplied” leading to a variation in cured
film thickness. These variations were normalized by
dividing the minutes to failure by the measured thickness
as coated on a Q panel leading to a “minutes/mil” value.
Table I below summarizes the results of Phase I of the
program.

The test method was previously developed by General
Electric and Phelps Dodge to test insulation systems
under stresses of temperature, humidity and voltage.
Bifilar twisted wire pairs were made to do the testing as
illustrated in Figure III below (3).

Figure III – Bifilar twisted wire
The test apparatus as shown below in Figure IV was set
up and the wire pairs were run to failure under the
following conditions:
Temperature:
Voltage:

Water bath at 80°C
1500 volts

Product

Thickness
(mils)

Waterborne A
Waterborne B
Polyester A
Polyester B
Polyester C
Polyester D
Polyester E
Polyester F
Alkyd
Epoxy A
Epoxy B
Polybutadiene
MW 35 A
MW 35 B

0.2
0.3
1
0.7
1.16
1.24
1.28
0.71
1.1
0.2
21.6
0.96
N/A
N/A

Time to
Failure
(minutes)
20
34
60
251
77
97
548
163
125
37
5887
149
3
15

“Minutes/mil”
100
113
60
358
66
78
428
230
114
185
273
155
3
15

Table I – Bifilar Test Results
Polyester E is modified with nanomaterials and shows
the highest “minutes/mil” failure value (3).
III.

Pulse Endurance
A. Test Methodology

Our method involves coating aluminum panels using a
drawdown rod as shown in Figure V. Each layer was
cured ensuring a smooth, continuous film before the next
layer was applied. Squares were then cut from the cured
panel and placed in the test instrument as shown in
Figure VI.

Figure IV – Moisture Test Apparatus
Failure is defined as a leakage current of 15 mA.
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A
B
C
D
E
F
G

Standard primary insulation (PI) only
Standard secondary insulation (SI) only
Standard PI/Standard SI
Nano PI only
Nano SI only
Nano PI/Standard SI
Modifed Nano PI/Standard SI
Pulse Endurance Results
40
35

Minutes

30
25
20
15
10
5

Figure V – Aluminum Panel with Drawdown Rod

0
A

B

C

D

E

F

G

Table II - Pulse Endurance Comparison
Additional work has been done to compare various
chemistries and film builds of the secondary insulation
layer. All of the results listed in the next two tables have
a basecoat of 1 mil (25 microns) of nano-modified
primary insulation. These results are predicted values
that use a trend line obtained from multiple data points.
The correlation values of these trend lines vary widely
from 0.1 for some chemistries up to 0.92 for other
products.

Figure VI – Pulse Endurance Test Fixture

Table III shows the predicted values using 2 mils (50
microns) of secondary insulation coating of different
chemistries.

Test conditions used were:

Generic chemistry codes for the table are as follows:

Voltage:
Frequency:
Pulse Width:
Temperature

+/- 1250 volts AC
20,000 Hz
24E-6 seconds
180°C

A
B
C
D
E
F
G
H
I
J
K
L
M

B. Results
Samples of various chemistries were made and applied to
test substrates, individually and in combination, as
primary and secondary insulation layers. Table II below
lists results from a previous study (4). The samples in
Table II below are as follows:
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Unsaturated polyester (UPE)
UPE with nano
UPE with 3X nano
UPE with modified nano
UPE with 3X modified nano
Epoxy with nano
Epoxy with 3X nano
Copolymer A with nano
Copolymer A with 3X nano
Copolymer B with nano
Copolymer B with 3X nano
UPE with micro and nano fillers
UPE with micro and 3X nano fillers



Predicted Pulse Endurance with Two Mil Film Build

Minutes Until Failure

180

162

160

Copolymer B shows significant
improvements over all other secondary
insulation chemistries.
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IV.

Conclusions
A.

Moisture Resistance




B.

5.

MW 35 wire with no secondary
coating was the quickest failure in the
test.
Waterborne secondary coatings were
the quickest failures of all the
experiments with secondary coatings.
Nanomaterial-modified
unsaturated
polyester had the best result in this test.
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Increasing film build of the secondary
coatings increases pulse endurance
results.
Increasing levels of nanomaterials
increases pulse endurance results.
Epoxy chemistries did not show
anticipated
increases
in
pulse
endurance with nano modification –
possibly due to poor wetting.
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TRANSFORMERS IN ALTERNATIVE ENERGY:
APPLICATIONS, SPECIFICATIONS AND PITFALLS
Dr. Kevin G. McGivern
Bicron® Electronics Company
Abstract: This presentation will outline the types of
magnetic devices used in Alternative Energy systems,
their applications, and their pitfalls. Covered in this
will also be the various types of testing that are done
to ensure the operation of the magnetic device.
During the process a roadmap will be outlined from
where the Alternative Energy industry is today to
requirements in the future.

applications are Gate Drive Transformers, Power Supply
Transformers, Chokes, Pulse Transformers, and Signal
Conditioning Devices.
1. Efficiency and Reliability
As Alternative Energy Systems become more complex
and sophisticated, the need for reliable and stable
magnetic devices increases. The interaction between the
magnetics and the system is becoming critical. It has
reached the point where a magnetics designer can no
longer design in his product in isolation. The need to
understand and consider the entire system is mandatory.
The parasitic parameters of the magnetics have to be
taken into account and controlled. The poles and zeroes
within the magnetic device have a far reaching effect on
the system. This is especially true when there are
multiple magnetic devices in a system where one serves
as a load for another.

I. INTRODUCTION:
The Alternative Energy Industry offers new and
expanding horizons for multiple industries for the
engineering community. The area that is most often
overlooked is the Magnetics Industry.
The term
Magnetics Industry is used in place of Transformer
Industry to mark that it includes many components
beside transformers.
These new opportunities will
stretch the capabilities of the magnetics industry.

2. The High Frequency Myth

The Alternative Energy market is one of the fastest
growing markets in the electronics control industry.
Magnetics are the heart of this industry. The magnetics
for this industry must perform for years in the most
severe operating conditions on the planet.

There is a myth in the alternative energy industry that “if
I increase the operating frequency, all of my magnetics
will get really small”. Theoretically, this is correct, such
as in the case of magnetics that are seeing voltage
differentials of less than 300 volts across the magnetic
device. The problem that is typically overlooked is that
as the voltage differential across a magnetic device
increases, the required creepage distance also increases.
The challenge is to fit the footprint of a Great Dane into
a match box. At Bicron® I was recently asked to design
a part that was 18mm3 , with a creepage distance of
28mm between the pins. I have pulled many rabbits out
of my hat, but I couldn’t find one this time. Remember:
Voltage = Distance.

A. The Role of Magnetics in Alternative Energy
There are many different types of magnetic devices that
will find homes in the alternative energy industry. They
will range from the simple commodity- type parts used in
signal level circuits to the complex and often unique
electrical generating devices. The task we have before
us in the magnetics industry is challenging. The key to
keeping this task under control is to break it into smaller
pieces. If we try to tackle this all at once we will not
succeed. The magnetic devices listed here represent a
portion of the wide range of magnetic devices
manufactured. While some are left out and can arguably
have a place in this dialog, it is important to look to the
future to see what will be most commonly required. The
major components in the new alternative energy

3. Operational Environment
The operational environment for the new applications
will become increasingly severe as the voltage levels
increase and the switching frequencies also increase.
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When we go back to the basics and look at the effect of
parasitic elements of a magnetic device, we see an

outline of things to come. The figure below shows the
basic system model for a transformer.

Figure 1: BASIC TRANSFORMER MODEL

The variables that define the transformer model are as follows :
CD : Capacitance between Primary and Secondary
LLP : Primary Leakage Inductance
RP : Primary Resistance
Ce: Capacitance of the Primary
Re: Resistance of the Core
Le: Primary Inductance + the Inductance of the Gap in the Core
Rs : Reflected Secondary Resistance
LLS: Reflected Secondary Leakage Inductance
Ns : number of turns on the secondary
ZL : Load impedance
T1 : Ideal transformer
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II. TYPES OF MAGNETIC DEVICES:

The first element to examine is the inter-winding
capacitance, CD . A typical goal for the inter-winding
capacitance of a transformer is < 30pF. This is not hard
to achieve. With a 25 KHz operating frequency this is a
valid level. However, as the operating frequency is
raised above 25 kHz, switching problems start to occur.
When we look at the defining equation, i = C(dv/dt), we
see that there is a considerable switching current that
develops.

A. Flyback Transformer
The prominent devices in this area are Flyback
Transformers, Feed Forward Transformers, and various
types of Buck/Boost devices. The common element
among them is that they are driven by a PWM square
wave. They can also be run in either continuous or
discontinuous mode. The diagrams in Figure 2 show the
difference between the two techniques. It is also
important to note that in the discontinuous mode, any
irregularities caused by the parasitic parameters will have
a prominent effect on the output of the power supply.
This type of perturbation can and will ripple through a
system. The efficiency of the magnetic device is
important. However, the more critical point is that the
stability of the device will affect the stability of the
system. Keep in mind that these are energy storage
elements that are used to generate an output voltage.

The optimal approach is to look at the magnetic device
as a systems component. The leakage inductance of a
device is a burden on the switching elements in the
system. The defining equation for this is, v = L(di/dt); as
the magnetic field collapses a voltage will be generated.
However, if the part is properly designed, the
capacitance and the inductance balance each other to
ensure that the system remains stable and perturbations
do not occur on the switching devices.

Figure 2. Flyback Waveform Characteristics
.
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transformers are not properly des igned, they can be
prone to over-shoot and under-shoot. Any mismatch in
parasitics will ring through the system. The over-shoot
and under-shoot will cause gates to turn on and off at the
wrong time. Figure 3 shows an example of a Gate Drive
Transformer and the response. This particular device
had a mismatch between the inter-winding capacitance
and the leakage inductance. The current from switching
the device shows a sine wave impressed on the current.
This is caused by an oscillation formed by the leakage
inductance, the inter-winding capacitance, and a
capacitor on the board.

B. Gate Drive Transformers
In the past, the voltage capability of SCRs limited the
voltage levels that could be switched in a system. The
advent of the IGBT and its derivatives has opened a new
spectrum of capability for switching high voltages. As
we go higher in voltages, Gate Drive Transformers will
be subjected to harsher environments. Whether a single
device is used, or multiple devices are stacked to switch
high voltages, the requirement for durable Gate Drive
Transformers is present. These transformer need to have
a Volt-Time Product that meets the minimum criteria for
the system, as well as controlled parasitic values. If

i1

1

14

i14

i2

2

13

i13

i3

3

12

i12

10

i10

9

i9

8

i8

i6

6

Figure 2: GATE DRIVE TRANSFORMER AND RESPONSE
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invariably walk in and out of saturation. This problem
can be exacerbated when the inter-winding capacitance is
too high. The waveform in Figure 4 shows what happens
when a pulse transformer is improperly designed. In this
case the inter-winding capacitance was approximately
twice what it should have been and the device was
designed to operate at 85% of Bsat. The second
waveform shows a close up of the positive going pulse
and the response of the transformer.
Note the
oscillations on the output. Each negative crossing of the
X axis correlates to the switching device turning off.
This became a catastrophic system failure.

C. Pulse Transformers
Until 2005 and the advent of the IGBT, the Pulse
Transformer was the king of transformers. These
devices are designed to generate a controlled pulse to
either turn on or turn off a switching device such as an
SCR. The SCR requires a certain amount of energy
storage. The value of this is defined by the type of SCR
that is being used. This is referred to as the Volt-Time
Product. The pulse that is input to the device can be
either unipolar or bipolar. These devices need to be
designed with great care. If a pulse transformer is
designed too close to the saturation point, it will

Figure 3: PULSE TRANSFORMER RESPONSE
III. STABILITY/EFFICIENCY REQUIREM ENTS
The plug and chug technique is obsolete. In the past
when an engineer determined that a magnetic device was
required, the approach was to find a core, wind the turns,
and build the first sample. This technique is known as
the “plug and chug” method, because the engineer had to
keep changing the way the magnetic device was made
until the part worked. This resulted in a poorly defined
magnetic device that was often not the most efficient
design. And cycle time for designs has been dramatically
reduced due to the need to get to the market ahead of the
competition! This makes the plug and chug technique
obsolete.

The model in Figure 1 shows a basic transformer model
with the winding resistance and leakage inductance of
the secondary reflected into the primary.
It is important to note that the impedance of the
transformer is complex. There are multiple poles and
zeroes associated with it. Typically a transformer is
designed to be stable by itself. Quite frequently the load
on a transformer is dynamic and can exacerbate the
magnitude a single pole or zero has on the stability of a
transformer.
When the transfer function of the transformer is included
in the equation for the entire system, it becomes apparent
that a single magnetic device has a large impact on the
performance and the stability of the complete system.
As these systems are used to control higher voltage
levels the limits of the transformer will be stressed.
When stress is coupled with the system efficiency
requirements, magnetics need to be looked at from a new
perspective.

Magnetic designers must be involved at the beginning of
circuit design. This allows the circuit designer to
leverage their talents where they make the most input.
This off-loading of responsibility not only creates
valuable time for the circuit designer, it also puts the job
of designing the magnetics in the appropriate hands.
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A. Insulation Requirements/Testing

3. Capacitive Discharge

1. HIPOT Tests

Capacitive discharge occurs when the applied voltage
exceeds the level that the dielectric material can support.
This will cause a transient to flow across the magnetic
device. In most cases this will not damage the magnetic
device.

There are four types of testing performed on magnetic
devices. The most common test us ed is the HIPOT test.
The purpose of the HIPOT test is to tell you how strong
the insulations system is. It does not tell you anything
about how healthy the insulation system is or how long it
will last. A HIPOT test places a high voltage on one
winding of a magnetic device while the other parts of the
magnetic device are connected to ground. The voltage is
then applied for a period of time ranging from 1 second
to several minutes.

4. Total Discharge
Total discharge is cause by a complete breakdown of the
magnetic device. When this occurs, the insulation system
is driven to a point where it conducts electricity. In most
cases the magnetic device is damaged and will no longer
function.

The second type of test that is typically performed is a
surge test. In the same manner as a HIPOT test a voltage
is applied that has a relatively quick high voltage applied
to the magnetic device. This test will tell you how the
magnetic device will respond to a line surge.

5. Corona
We define corona as localized discharge resulting from
the gaseous ionization in an insulation system when the
voltage stress exceeds a critical value. In the past the
critical value was assumed to be 1 kV. What has been
learned is that corona can occur at voltages as low as
300V. While partial discharge is a symptom of corona, it
is possible to have partial discharge without having a
Corona bloom. Corona bloom occurs when the partial
discharge within a device reaches a level that poses a
threat to the operation of the magnetic device and the
system.

The third type of test is the Partial Discharge, or Corona,
test. In this test, the applied voltage is raised to a level
where the partial discharge exceeds a predefined value
and then decreased until the partial discharge is less than
a predefined value. This type of test tells you how
healthy the insulation is, and can be used to determine
how long the part will last in the system. The life
expectancy of an insulation system can be
mathematically determined based on the results of this
test.

B. Effects on the System
Now that we have defined the different types of
discharge that can occur, we need to clarify what it all
means. The different types of discharge will have a
variety of effects on the magnetics and their systems.
Understanding the symptoms will help in the Route
Cause Analysis, (RCA), of a failed part or system.

The final test is the BIL test. In essence this test tells
you the maximum voltage a magnetic device can absorb
from a lightning strike. The waveform will follow one of
the following criteria: 1x5, 1x10, or 1.5x40. The first
number is the amount of time in μS it takes the voltage to
rise from zero to its crest. The second number tells the
amount of time it takes to decrease to its half value.

1. Noise

2. Partial Discharge.

Discharges generate a broadband of noise. The noise
spectrum ranges from mHz to gHz in frequency. While
these levels tend to be a relatively low, they can induce
variations in signal levels. The high frequency of these
discharges can have a drastic effect on the clocking of
signals in the digital portions of the control systems. The
source of these can either be a void charging and

Partial Discharge, (PD), is considered a discharge that
does not completely cross the path between the cathode
and the anode of an insulation system. This type of
discharge flows across any voids in the insulation
system, or across any transition regions between
materials.
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discharging, a series of photons being released, or the
capacitance between the cathode and the anode of the
insulation system.

capacitive discharges is that the magnetic device
typically is not damaged, but the system is typically
damaged and becomes non-operational.

2. Voltage Perturbations

4. Complete Discharge

Voltage perturbations can be found on the ± rails and on
the ground plane. The source is not intuitively obvious
and is found inside the magnetic device. As PD occurs a
current is formed. PD is measured in Pico-Coulombs.
When the PD persists for a period of time,, a current is

Complete discharge is the most devastating of all of the
discharges. When this occurs, the magnetic device is
destroyed and the electrical system is also destroyed. In
many cases this is the final stage in the demise of a
magnetic device. Frequently this is the result of corona
occurring within the insulation system.

developed that is defined by:

. Under normal

operation this is a relatively small number. However,
taking insulation resistance into account the PD takes on
a new meaning. A standard insulation resistance for a
magnetic device is on the order of g. When we take
the basic equation, V=iR we find that even a small
current through the insulation system can generate an
impressive voltage level.

IV. CONCLUSIONS
The alternative energy market presents many challenges
for the magnetics industry. New techniques for design
and isolation are required to ensure that the elements can
perform in the harsh environments typically associated
with these applications. The design of the elements
needs to be evaluated in terms of the system performance
and stability. As operating voltages continue to increase,
the demand for better insulation systems will increase.
Magnetics designed to eliminate Corona and increase
electrical yields are critical to the future of this industry.
This is a new market that is just entering its growth
phase.

As an example:
If we have a PD = 500 pC that lasts for =0.25 seconds
in an insulation system with a resistance of 10G, the
resultant voltage is defined as:

Kevin McGivern holds BSEET, MSEE and DSEE
degrees and is currently the Director of Research and
Development for Bicron Electronics. He joined Bicron
in 1998 and is responsible for developments in materials,
design and manufacturing techniques. Previously he
held engineering positions in the aerospace industry and
in the high-speed mail handling equipment industry. His
positions involved a variety of engineering roles ranging
from analog integrated circuit design to complete system
engineering. He leads the collaborative engineering
process for Bicron, playing a central role in system and
application evaluations, modeling design and testing. He
specializes in the design of corona-free transformers.

Note that this will be a broadband signal that will
invariably find its way on to the ground plane.
3. Capacitive Discharge
Capacitive discharges occur periodically. The period of
the discharge is defined by the insulation resistance of
the insulation system and the capacitance between the
cathode and the anode of the insulation system. This is
defined as:

. One of the biggest problems with
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TYPE-C WIND POWER GENERATOR MODELING
Hector A. Pulgar-Painemal, Peter W. Sauer
University of Illinois at Urbana-Champaign
Abstract: This paper presents the dynamic and
steady-state models of a generic Type-C wind power
generator (WPG). These models are useful for power
system analysis. This type of WPG is based on a
doubly-fed induction machine. By assuming that
stator flux-linkages are dynamically much faster than
the rest of state variables’ dynamics, the so-called
two-axis model is presented. A single mass model is
considered. Based on PI-controllers, active and
reactive power controllers are presented. The active
power controller is designed to maximize the power
extraction from the wind and the reactive power
controller is designed to follow a reference. In
addition, by assuming that the mechanical torque and
rotor voltages are known variables provided by the
turbine and controllers, respectively, the steady-state
model of the doubly-fed induction generator is
derived. Finally, a general procedure to calculate
initial conditions for time domain simulations as well
as a brief discussion about active power controller
and power losses is presented.

the griddirectly connected from the stator circuits and
indirectly connected from the rotor circuits by using
converters. Its main drawbacks are the use of slip rings
and protection in case of grid disturbances [2]. The
control is done by (a) controlling the voltage applied to
the rotor circuits, (b) by adjusting the pitch angle of the
turbine blades (angle of incidence of the blade and the
wind direction), and (c) by designing aerodynamically
the turbine blades to stall when the wind speed exceeds a
predefined limitstall control [3]. There are several
Type-C WPG models which provide more details of the
controllers, turbines and/or gearbox. However, in the
literature a generic model with a stiff gearbox, control
systems based on PI-controllers and a well-known
turbine’s aerodynamic is frequently considered [4]-[5].
This paper presents generic Type-C WPG models useful
for power system analysis. A single mass model is
considered (stiff gearbox) and active-power and reactivepower controllers are used. While active power
controller’s goal is to maximize power extraction from
the wind, reactive power controller’s goal is to follow a
reference. With respect to the electrical variables, the
dynamic of the stator flux-linkages are assumed to be
much faster than the other dynamics of the model. In
addition, given the mechanical torque from the wind
turbine and rotor voltages from the controllers, the
steady-state model of the doubly-fed induction generator
is derived. Finally, losses and equilibrium point is
discussed and an algorithm for calculating initial
condition is presented as well.

Key Words: Wind Power Modeling, Power Systems,
Dynamic Model, Steady-State Model.
I. INTRODUCTION
In the 1990s, wind power turbines were characterized by
a fixed-speed operation. Basically, they consisted of the
coupling of a wind turbine, a gearbox and an induction
machine directly connected to the grid. Additionally, they
used a soft starter to energize the machine and a bank of
capacitors to compensate the machine power reactive
absorption. Although being simple, reliable and robust,
the fixed-speed wind turbines were inefficient and power
fluctuations were transmitted to the network due to wind
speed fluctuations [1].

II. TYPE-C WIND TURBINE GENERATOR
A. Wind power principles
During the last years, the most used configuration in
wind power projects has been the Type C which is shown
in Figure 1. The main advantage of this configuration is
allowing variable-speed operation by using a doubly-fed
induction generator. Therefore, the power extraction
from the wind can be maximized. The converters feed the
low-frequency rotor circuits from the grid. The
converters are partially scaled requiring a rated power of
about 30% of the generator rating. Usually, the slip
varies between 40% at sub-synchronous speed and -30%
at super-synchronous speed [2].

In the mid-1990s, variable-speed wind power turbines
gave an impulse to the wind power industry. By using a
better turbine control power fluctuations were reduced. In
addition, optimal power extraction from the wind was
possible by operating the turbine at optimal speed.
Among the different configurations of variable-speed
wind power turbines, the Type-C WPG, at present, is the
most used in the development of wind farm projects. This
configuration consists of the coupling of a turbine, a
gearbox and an induction machine doubly connected to
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(4)
where
is the air density [kg/m3],
is the wind
turbine swept area [m2],
is the wind speed [m/s],
is the power base and
is the power coefficient.
is dimensionless and depends on both the tip speed ratio,
, and the pitch angle, [degrees]. Note that
is lower
. A
than the Betz's limit, i.e.,
power coefficient function has been derived for a
variable-speed wind turbine [4] using an intermediate
parameter as
Figure 1. Type C Wind Turbine configuration.

(5)

Typically, the grid-side converter is controlled to have a
unity power factor and a constant voltage at the DC-link.
The rotor-side converter is usually controlled to have (a)
optimal power extraction from the wind and (b) a
specified reactive power at the generator terminal. Note
that this converter provides sinusoidal three-phase
voltages at the slip frequency. Therefore, assuming that
the converters are lossless, the net power injected by the
generator to the grid is

where
Using a fixed pitch angle, typical power curves as a
function of the wind speed and the turbine angular speed
are depicted in Figure 2. Note that at every wind speed
there is an optimum turbine speed at which the power
extraction from the wind is maximized.
A torque expression is required to model the motion of
the rotatory massturbine, gearbox and machine shaft.
Assume that the power transmission from the wind
turbine to the machine shaft is lossless. Then, the
mechanical torque at the generator shaft is

(1)
(2)
where
and
are the active and reactive power going
out of the stator.
is the active power injected by the
rotor-side converter to the rotor circuit. It can be shown
where is the machine slip frequency.
that
Consequently, the rotor power flows to the grid at super
synchronous speed [9-11].

(6)
.
where
base, respectively.

In 1920, Albert Betz, a German pioneer of wind power
technology, studied the best utilization of wind energy in
wind mills establishing a theoretical limit for the power
extraction. Basically, it said that independently of the
of the wind kinetic
turbine design, at most
energy can be converted into mechanical energy [2]. In
order to understand the power extraction from the wind,
it is required to define the tip speed ratio, , which is the
ratio between the speed of a blade tip
and the
wind speed
. Consider
as the turbine
radius. Then,

and

are the torque and speed

Figure 2. Extracted power from the wind.
B. Dynamic model
Consider a synchronously rotating reference frame in
which the q-axis leads the d-axis by ninety degrees. In a
doubly-fed induction machine, the stator and rotor flux
linkage are subjected to the following physical model.

(3)
Then, the extracted wind power can be estimated by [2],

(7)
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a controlled-current source
grid-side converter.

(8)

where

(9)

stands for

(23)

(10)
(11)
(12)
(13)
(14)

The rotor voltages
and
are supplied by the active
and reactive power controllers. These controllers are
shown in Figure 3. For simplicity, wind speed is assumed
to vary within its maximum and minimum limits so that
no pitch angle controller is required. The controllers
require the use of field oriented control that aligns the daxis along the stator flux axis. It turns out that the d-axis
stator voltage must be zero at steady-state, in other
words, the terminal voltage must have a zero angle. The
field oriented control is assumed to be ideal, thus, an
ideal shift angle transformer between the WPG and the
power system that keeps this zero voltage angle is used.

It has been observed that stator flux-linkages dynamic is
faster than rotor flux-linkage dynamic in induction
machines [6-8]. Consequently, a model order reduction is
obtained if the stator flux linkages are modeled by
algebraic equations (two-axis model). Thus,

(15)

(16)
(17)

Figure 3. Active and Reactive Power Controllers

(18)
(19)

C. Steady-state model of the DFIG

(20)

Define the slip as
. When a synchronously
rotating reference frame is used, all variables become
constant at steady-state. Therefore, the machine steadystate equivalent circuit is obtained by setting the
differential terms equal to zero. Assume that mechanical
torque and rotor voltages are known variables given by
the turbine and controllers, respectively. Substituting
Equations (11)-(14) into Equations (7)-(10), the
following steady-state equations are obtained.

(21)
where
: Transient open-circuit time constant
: Transient reactance
: q-axis transient rotor voltage

(24)

: d-axis transient rotor voltage

(25)
Notice that multiplying Equation (19) by
and
adding Equation (18), a phasor representation to
calculate stator algebraic variables, given
and
,
is obtained.

(26)
(27)
Remember that the relation between the variables in the
synchronously rotating reference frame and the variables
in phasor representation is given by [6],

(22)
The machine in the power system model is defined by
Equation (22). The grid-side converter is represented by
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(28)

where
. A modified equivalent circuit is
presented in Figure 5 which explicitly represents the
mechanical power injected by the turbine and the power
injected by the rotor-side converter. Note that by energy
conservation,
.

(29)
(30)
(31)
Thus, using Equations (24)-(31), the following equations
are obtained.

Figure 4. Steady-state equivalent circuit of the doublyfed induction machine.
(32)

Figure 5. Modified equivalent circuit of the doubly-fed
induction machine.

(33)

Using Equation (36), the electrical torque is defined by
Equations (32) and (33) define the steady model of the
doubly-fed induction machine (see Figure 4). Note that
and
where
and
are the stator- and rotor-leakage reactance,
respectively. However, a circuit modification is required
in order to visualize the power coming from the wind
turbine. Consider the voltage polarity and current
directions defined in Figure 4. Then, the active power
that crosses the airgap is the power injected by the source
minus the losses in the resistor .

(37)
The efficiency ( ) of the doubly-fed induction machine
depends on whether the machine is acting as a generator
or as a motor. As a generator,
. As a
motor,
. Neglecting mechanical and
stator losses, the efficiency in generator mode is

(34)
(38)

where
is the real part. On the other hand, physically,
the power that crosses the airgap is the mechanical power
from the shaft plus the power injected to the slip rings
minus the rotor losses [16]. Thus,

For the particular case when
machine, the efficiency is

(35)

as an induction

(39)

Comparing equations (34) and (35), the following
expression for the mechanical power is obtained.

When the doubly-fed induction machine is acting as a
motor, the efficiency is
.

(36)
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D. On Power Balance and Active Power Controller

Note that the only system's input is the wind speed. The
equilibrium point should be such that the mechanical
power is maximized, i.e., for a given wind speed the rotor
speed and the mechanical power are defined by the
power reference curve (red line of Figure 6). The
equilibrium points are calculated when the wind speed is
varied from
to
. Note that the power
balance is satisfied at every equilibrium point. Note that
and the mechanical torque
can be calculated using the power sent through the airgap
as

A closer look at the active power controller is taken to
understand its sub-optimality. Given a wind speed and
rotor speed, the mechanical power and torque at the
turbine are calculated as
(40)
(41)
In Figure 6, these variables are shown when the wind
speed varies between 8 and
and the rotor speed
and
. Tracing a curve
varies between
through the maximum power points, a power reference is
obtained which is used in the speed controller (red line).
Assume that this reference is expressed as
where is measured in
.

(48)
where

. Thus,
(49)

(50)
In general, the mechanical power and the electrical power
should be of the same order of magnitude. Now, take a
closer look at the equilibrium point when
. The values of power, torque and rotor
speed at the equilibrium point are

Figure 6. Mechanical torque and power at the wind
turbine
Consider that the machine is directly connected to an
infinite bus, thus,
and
. Consider
,
,
,
,
,
and
where
. Also, assume that the generator has a unity
power factor which implies that
. By inspection
of Equations (15)-(23), the equilibrium point is found by
solving the following set of nonlinear equations.

Using the speed controller reference, it is verified that
. However, when
, the intended maximum mechanical
power is
at
. Although the
mechanical power extracted from the wind is very close
to the intended power, the rotor speed has a more
notorious difference. This is due to power losses because
the controller compares a mechanical power reference,
, with an electrical power,
. In Figure 7, the
mechanical power, blue solid line, and mechanical torque
characteristic, black solid line, are shown when
. The blue and black dashed lines
correspond to the equilibrium point of the mechanical
power and the mechanical torque, respectively, for

(42)
(43)
(44)
(45)
(46)
(47)
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several wind speeds. The intersection of the solid and
dashed lines defines the equilibrium point. The red line
corresponds to the power reference of the speed
controller which is equal to
at the equilibrium point.

With respect to Step 7, when the reactive power
controller has a reference
, the rotor voltages are
calculated by solving following equations,
(51)

(52)

(53)
(54)
where
Figure 7. Mechanical torque and power when
(55)
E. Initial Condition

(56)

The following procedure is used to calculate initial
conditions either for steady-state or dynamic analysis.
Assume that
and
are given and the initial pitch
angle is zero. Then,
Step 1. Compute optimal values for
and . Use
look-up curves (see Figure 8). For the given
wind
speed,
e.g.,
,
set
and
.
Step 2. Verify electrical rotor speed limits.
, shut down the WTG, go to
a. If
step 8.
b. If
, set
and
. If you want to calculate the
corresponding for these maximum-power
and -speed, go to step 3. Else, go to step 4.
c. If
, go to step 4.
Step 3. Calculate by solving
where k

Step 4.
Step 5.
Step 6.
Step 7.

Step 8.

Figure 8.

as a function of

and

IV. FINAL REMARKS
Dynamic and steady-state models of a generic Type-C
WPG were presented. These models are useful to
perform any steady-state and dynamics analysis in power
systems. By assuming that the stator flux-linkages are
dynamically much faster than the rest of state variables’
dynamics, the so-called two-axis model was presented. A
single mass model was considered. Active and reactive
power controllers were presented. These consider a
proportional and integral control and were designed by
assuming that the d-axis was oriented along the stator
flux linkages. The active power controller maximized the
power extraction from the wind and the reactive power

is the gearbox ratio and p the total number of
poles.
Calculate slip,
Compute mechanical torque. Use Equation (6)
Set
.
Find
and
. The relationship among rotor
voltages, torque, slip and reactive power is
nonlinear. Use the equivalent circuit shown in
Figure 4 to set the necessary equations for
calculating rotor voltages.
End
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controller was designed to follow a reference. In
addition, by focusing on the doubly-fed induction
generator itself, the generator steady-state model was
derived. Finally, a general procedure to calculate initial
conditions for time domain simulations as well as a brief
discussion about active power controller and power
losses were presented. The presented active power
controller gives a sub-optimal operating point due to the
WTG losses.
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Understanding Corona:
Causes, Consequence, and Control
Dr. Kevin G. McGivern
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Discharge happens when there is a breakover from the anode to the cathode of an
insulation system. There are two types of
discharge: Capacitive Discharge and Total
Discharge. Capacitive discharge occurs
when the voltage between the cathode and
the anode exceeds the capacitance that the
device can withstand. Total discharge is a
total breakdown of the insulation system.

Scope
This paper will present the different types of
discharge that can occur in a high voltage
system and correlate the effects of each. It
will present an outline of what to look for on
a system level and discuss the concept of
fault types.

Abstract

Corona is the localized discharge resulting
from transient gaseous ionization in an
insulation system when the voltage stress
exceeds a critical value. This is the result of
the partial discharge exceeding the level that
the insulation can withstand.

With operational voltages increasing in
modern control systems, more stress is being
put on insulation system used in these
systems. The types of materials and their
shape need to be considered when designing
these systems. It is critical to understand the
mechanisms that cause Corona. The adverse
effects of Corona diminish the longevity of
these insulations from years to often months.

Major Concerns
Capacitive Discharge
Capacitive discharge has the major
drawback of being hard to find as the root
cause. When discharge occurs in a
transformer, the transformer is unaffected.
In essence, the primary leads and the
secondary leads act as if they were plates in
a capacitor. When the voltage becomes
great enough to break over, conduction from
the primary to the secondary does not flow
through the transformer windings. The
current for this is defined as:

Introduction
Partial discharge is a phenomenon that is
highly destructive in many different ways.
There are both short term and long term
effects. Unlike a high voltage surge, the
damage done by partial discharge happens
over some period of time.

Definitions
Here are definitions of several terms that are
critical to this discussion. Note that each
one of these events is at a significantly high
voltage.

Note that this will have a time constant that
is defined as:

Partial Discharge (PD) is measured in
Pico-Coulombs (pC). PD is a discharge that
does not completely cross the distance
between the anode and the cathode of an
insulation system. Typically, this is only
half the thickness of the material.

Where:
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R= the insulation resistance

The byproducts produced from Corona
range from the type that can be detected by
the senses to the type requiring special
equipment to detect. Two important
indicators of Corona are the presence of
ozone and violet light. When Ozone is
present, the air smells the way it does after a
thunderstorm. The presence of violet light
indicates that the affected area is in full
Coronal bloom. Figure 2 shows an example
of this.

C= the capacitance between the
primary and the secondary
The discharge will have a frequency defined
by:

This will be a repetitive issue. The system
will have failures typical of a high current
discharge with no known source. Figure 1
shows an example of this. The frequency of
this particular discharge was ~1MHz.

Figure 2: Coronal Bloom

The other four major products of Corona are
acids, photons, ultra-violet light, and noise
perturbations in the electrical circuit.
The presence of the acids and the caustic
material ozone is a sign that the insulation
system is breaking down. The chemicals to
create the acids and the ozone come from
the material that comprises the insulation
system.

Figure 1: Capacitive Discharge

Total Discharge
Of the types of discharge, this is the easiest
to detect. “Why?” you ask. The transformer
is destroyed as well as the system. In all
seriousness, the transformer may not be
totally destroyed, it may only be damaged.
This can be either observed visually or
through standard testing.

Unfortunately, this often turns into a runaway situation where the acid and the ozone
break down the existing material. This, in
turn, generates more acid and ozone. In the
meantime, more violet light, ultra-violet
light, and photons are produced,
exacerbating the problem.

Corona
The largest form of Corona distinguishable
on a consistent basis is the Northern Lights.
While this is a beautiful light show that
nature provides, you do not want it
occurring within your system!

Figure 3 show the test results for a part that
shows less than 5pC of PD. This means the
part is “Corona free” and has a life
expectancy of greater than 15 years.
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Figure 4 shows the test results of a part that
is in full Coronal bloom.

primary or the secondary side of the
transformer.
The noise generated from Corona is multifrequency and can range from µ Volts to
100s of mV. When the noise is present on
signal lines that are critical to the
performance of the system, the operation
can be disrupted. Figure 5 shows a
simulation of a switching circuit disrupted
by the noise generated from Corona. The
output is meant to be a Square Wave.

Figure 3: Low PD - "Corona Free"

Figure 5: Noise Caused by Corona

Long Term Effects
The presence of Corona or high levels of
partial discharge will prematurely age
components and interconnections in the
system. Internal and/or external treeing can
occur within insulation of the system.
Figure 6 shows an extreme example of this.

Figure 4: Part in Coronal Bloom

Coronal bloom occurs when the partial
discharge becomes a prevalent disturbance
to the performance of the system. This is
the stage where the probability of all of the
byproducts from Corona occurring is at its
highest.
Three things may occur from Corona: noise
on the signal, voltage, and ground planes;
voltage perturbations throughout the system;
and capacitive discharges on either the

Figure 6: External Treeing

It is important to note that the aging is not
restricted to the component or components
that are the source of the Corona. The
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ozone, acids, and ultra-violet light emitted in
the presence of Corona will affect all of the
materials in the area causing them to break
down, become brittle, and/or fail. This is a
result of the chemical reactions between the
acids, ozone, and UV light, and the materials
in the components that comprise the system.

size/quantity of impurities in the insulation.
“Impurities” refers to voids, moisture, oils,
or any other material that is not a part of the
insulation system. Ionization is dependent
on the relative size of the impurity and the
impurity itself.
The voltage across a material is defined by:

From a system performance standpoint,
there are hidden dangers. The system may
have intermittent failures caused by noise on
sensitive signals, a voltage riding on the bus
voltages, and ground bounce. One Bicron
customer suffered a system reset
approximately every 40 seconds. The root
cause of the problem was the existing
transformer. The noise generated by Corona
in the transformer was close to the
frequency of the micro-processor. After 40
seconds, the watch-dog timer sensed an
extra clock pulse and, so, performed a reset.

Where is the dielectric constant of the
materials.

Effects from the Environment
Variations in the environmental temperature
and pressures have a direct effect on the
inception point for Corona in any insulation
system. The kinetic energy of molecules
within the insulation system varies with both
temperature and pressure. As the
temperature increases, so does the kinetic
energy of the molecules. The same effect
occurs when the pressure is increased.
Conversely, when temperature or pressure is
decreased, the kinetic energy is decreased.
The increase in kinetic energy decreases the
mean path for a collision between electrons.
The collision cross-section is defined by the
equation:
. The mean free

The most critical all of the concerns is the
potential for total systemic failure. This
occurs when the transformer becomes a
conduction path or the capacitance of the
transformer has degraded to the point that it
can no longer withstand the operating
voltages. At this point, the high voltage
naturally conducts to the low voltage side of
the transformer. Most of the system will be
obliterated by the resulting discharge of
energy.

path between electrons is defined as:
The probability of a collision is defined by:

Where Corona is a Concern

.

Historically, experts on Coronal discharge
believed that Corona only occurs at 1KV or
higher. Recent studies show that, in fact,
Corona can occur at as low as 300V. The
threshold voltage is completely dependent
on the insulation system and the
Bicron® Electronics Company
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.

Implications

Term

If the probability of a collision is high, then
more often than not, an electron will collide
with a molecule. If a collision occurs, one
or more of the following will occur:

α

P

An electron will be released from the
impacted molecule.
• Ionization of the molecule will start.
• A photon will be released.
If any of the above occurs, the energy
content of the results needs to be quantified
•

and is defined as:
•
•
•
•

Definition
Number of electrons
emitted
Number of ionizing
collisions per cm of
travel in the direction
of the field
Gas pressure
Townsend ionization
coefficient

Figure 7 shows a test set up used to measure
the current growth.

. Where:

Q is the charge between two
points
d is the distance
θ is the angle of impact
r is the radius defined by

As an electron moves from its steady-state
level to some higher energy level, it absorbs
particular wavelengths of radiation.
Similarly, as the electron returns to its
steady-state level, it emits particular
wavelengths of radiation. There are three
forms in which energy is transferred to a
molecule:

Figure 7: Circuit for Measuring Current Growth

When the electrons travel a given distance,
dx, the number of electrons that can be
elevated is defined by
. If we
look at the case where x=0 and nx=0, we
find the following:

Electron attaching
Ionic bonding
Photonic displacement of
electrons
To fully understand this, we need to look at
the current growth within an insulation
system. Let us start with some pertinent
definitions.




From this number we can then calculate the
number of electrons reaching the anode at a
distance, d, expressed as:
. This
is critical in an insulation system because
there is always an anode and a cathode
within the system. In a homogenous system
without voids, the distance is the thickness
of the insulation. However, when there is a
void or impurity in the insulation, the
distance, d, is the distance across the void or
impurity. As shown by the equations above,
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the size of the void or impurity not only
determines the number of electrons in the
void or impurity, it also determines the
distance required for a collision.

Construction Mechanisms
Now that we have defined how the
collisions take place in a given area, we
need to look at the construction mechanisms
that affect the ionization process. There are
many things that can be done to decrease the
likelihood of partial discharge developing to
the level that Corona occurs.

Figure 8: Magnitude of E-Field

It is important to note that the magnitude of
the E-field generated from a pointed surface
is approximately 10 times greater than the
field generated from a rounded surface. The
sharp edges act as a transmitter on the high
potential side and a receiver on the low
potential side.

Insulators
Here is the bad news about electronics:
There are no perfect insulators! Let me
explain. All insulators have two critical
characteristics: a dielectric constant: , and a
bulk resistivity: . The dielectric constant
tells us that the material has capacitive
properties. The bulk resistivity tells us that
the material has conductive properties!
When we apply voltage across the material,
two things will occur:

In a similar manner, a relatively small wire
that is at a high potential appears to be a
point or sharp edge to a large surface that is
more than 10 times the diameter of the wire.

Conclusion
The ionization and generation of free
electrons is a major concern in any
insulation system. Great care needs to be
taken when designing a system. The
longevity of a system is defined by both the
insulation and the geometric shapes within
the system. Careful consideration of these
constraints will ensure the proper
performance of a system and will also
increase the life of the system.

1. There will be a capacitive value.
2. There will be a resistance.
In general, we design with this knowledge in
mind and size things appropriately. What
we often forget is how the mechanical
shapes we use alter the system.

Field Affects
The intensity of the field generated from
multiple objects is dependent on the shapes
of the objects and the spacing between the
objects.
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Understanding Fringing Flux When Designing
Gapped dc and ac Inductors
Colonel W. T. McLyman
Kg Magnetics, Inc.
P.O. Box 3703
Idyllwild, CA 92549-3703
inductor shown in Figure 1 should be at the lowest
frequency, f and the highest applied voltage, V.

Abstract- The purpose of this paper is to show how the
fringing flux impacts the gapped dc and ac inductor
design. Calculating the fringing flux will enable the
engineer to better understand the effect the fringing flux
has on a simple gapped inductor. This paper will show
how to calculate the fringing flux, choose a core that will
generate a minimum of fringing flux and how to design
either an ac or dc inductor.

A
L

V

Introduction
Designing power conversion magnetics that produce a
minimum of fringing flux has been a problem. Fringing
flux can reduce the overall converter efficiency, by
generating eddy currents that cause localized heating in the
windings and/or the brackets. When designing inductors,
fringing flux must to be taken into consideration. If the
fringing flux is not handled correctly, there will be
premature core saturation. More and more magnetic
components are now designed to operate in the submegahertz region. High frequency has really brought out
the fringing flux and its parasitic eddy currents. Operating
at high frequency has made the engineer very much aware
of what fringing flux can do to hamper a design. This paper
will use cgs units.

Fig. 1. A Simple ac Inductor.
Relationship of, Ap, to the ac Inductor Volt-Amp
Capability
The volt-amp capability of a core is related to its area
product, Ap, by the equation that may be stated as follows:

Ap 

VA 104 
K f K u Bac f J

, [cm 4 ] (2)

Ap  Ac Wa , [cm4 ] (3)

AC Inductor Design

From the above, it can be seen that factors such as flux
density, Bac, the window utilization factor, Ku, (which
defines the maximum space occupied by the copper in the
window), and the current density, J, all have an influence on
the inductor area product, Ap.

The design of an ac inductor is quite similar to that of a
transformer. If there is no dc flux in the core, the design
calculations are straightforward. The apparent power P t, of
the inductor is the VA of the inductor; that is, the product of
the excitation voltage, V and the current, A through the
inductor.

Relationship of, Kg, to the ac Inductor Volt-Amp
Capability

Pt  VA, [watts] (1)

Although most inductors are designed for a given
temperature rise, they can also be designed for a given
regulation, . The regulation and volt-amp ability of a core
is related to two constants:

Design Requirements
The design of the ac inductor requires the calculation of
the volt-amps or VA capability. In some applications the
inductance is called out, and in others, the current is
specified. If the inductance is specified, then the current has
to be calculated. If the current is specified, then the
inductance has to be calculated. The volt-amp test of the



VA
, [%] (4)
Kg K e

  Regulation (copper loss), [%] (5)
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The constant, Kg, is determined by the core geometry, as
expressed by the following equation:

Kg 

Rearranging the equation to solve for the gap:

Wa Ac2 Ku
, [cm5 ] (6)
MLT

lg 

The constant, Ke, is determined by the magnetic and
electrical operating conditions, which may be related by the
following equation:

Ke  0.145 K 2f f 2 Bac2 104  ,

0.4 N 2 Ac 108 
L

DC Inductor Design
The design of a converter output inductor is more
complicated than that of an ac inductor. The engineer must
deal with a dc flux and an ac flux as shown in equation 12.
It should be remembered the peak operating flux, B pk,
depends on upon, Bdc+ Bac, in the manner in Figure 2.

(7)

Fundamental Considerations

B (tesla)

The design of a linear ac inductor depends upon eight
related factors:
1.
2.
3.
4.
5.
6.
7.
8.

I
Bac = B/2

Desired inductance, L
Applied voltage, Vac, (across inductor)
Frequency, f
Operating Flux Density, Bac
Temperature Rise, Tr
Regulation,  (copper loss)
Size
Cost, $

K f Bac f Ac

Fig. 2. DC Inductor Flux Density Versus Idc + I Current.

I 

0.4 N  I dc   104 
2 

, [tesla] (12)
B pk 
 MPL 
lg  

 e 
I
I pk  I dc  , [amps] (13)
2
The energy equation is:

, [turns] (8)

Energy 

The inductance of an iron-core inductor, with an air gap
may be expressed as:

L

0.4 N 2 Ac 108 
 MPL 
lg  

 m 

0.4 N 2 Ac 108 
lg

2
LI pk

2

, [watt-seconds] (14)

Relationship of, Ap, to dc Inductor’s Energy-Handling
Capability

, [henrys] (9)

The energy-handling capability of a core is related to its
area product, Ap by the equation 15:

Ap 

When the core air gap, is large compared to the ratio,
MPL/um, because of the high material permeability, um,
variations in, um, do not substantially affect the total
effective Magnetic Path Length, MPL, or the inductance, L.
The inductance equation then reduces to:

L

Idc
H (oersted)

The ac inductor, like a transformer, must support the
applied voltage, Vac. The number of turns is calculated
from Faraday’s Law, which states:

Vac 104 

B

Bdc

With these requirements established, the designer must
select a core material that will give the best trade-off for the
above eight constraints.

N

, [cm] (11)

2(Energy)(104 )
, [cm 4 ] (15)
Bm J K u

Ap  Ac Wa , [cm 4 ] (16)
Relationship of, Kg, to dc Inductor’s Energy-Handling
Capability

, [henrys] (10)

Inductors, like transformers, are designed for a given
temperature rise. They can also be designed for a given

236

regulation. The regulation and energy handling ability of a
core is related to two constants:



 Energy 

J

2

K g Ke

2(Energy)(104 )
, [amps-per cm2 ] (21)
Bm Ap Ku

The inductance of an iron-core inductor, with an air gap
may be expressed as:

, [ % ] (17)

  Regulation (copper loss), [%] (18)

L

0.4 N 2 Ac 108 
 MPL 
lg  

 m 

The constant, Kg, is determined by the core geometry, as
expressed by the following equation:

Kg 

When the core air gap, is large compared to the ratio,
MPL/um, because of the high material permeability, u m,
variations in, um, do not substantially affect the total
effective Magnetic Path Length, MPL, or the inductance, L.
The inductance equation, 22, then reduces to:

Wa Ac2 Ku
, [cm5 ] (19)
MLT

The constant, Ke, is determined by the magnetic and
electrical operating conditions, which may be related by the
following equation:
2
Ke  0.145 Po Bpk
104  ,

L

(20)

Io

lg

lg 

C1

, [cm] (24)

The B-H loops that are normally seen in the
manufacturers’ catalogs are usually taken from a toroidal
sample of the magnetic material. The toroid core without a
gap is the ideal shape to view the B-H loop of a given
material. The material permeability, um, will be seen at its
highest in the toroidal shape, as shown in Figure 4.

-

Fig. 3. Defining the Inductor Output Power.
Fundamental Considerations

B (tesla)

The design of a linear dc inductor depends upon nine
related factors:
1.
2.
3.
4.
5.
6.
7.
8.
9.

L

Material Permeability, (m)

Vo

-

, [henrys] (23)

0.4 N 2 Ac 108 

+

+
Po= Vo Io

0.4 N 2 Ac 108 

Rearranging equation, 23, to solve for the gap:

The output power, Po, is defined in Figure 3.

L1

, [henrys] (22)

B-H Loop
(Normal)

Desired inductance, L
Direct Current, Idc
Alternating Current, 
Frequency, f
Operating Flux Density, Bpk
Temperature Rise, Tr
Regulation,  (copper loss)
Size
Cost, $

H

Sheared B-H Loop
(Gapped)

With these requirements established, the designer must
select a core material that will give the best trade-off for the
above nine constraints.
The current density, J, can be calculated using the area
product equation, Ap, as shown in equation 21.

Fig. 4. Normal and a Sheared B-H Loop.
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A small amount of air gap, less than 25 microns, has a
powerful effect by shearing over the B-H loop. This
shearing over of the B-H loop reduces the permeability.
High permeability ferrites that are cut, like E cores, have
only about 80 percent of the permeability, than that of a
toroid of the same material. This is because of the induced
gap, even though the mating surfaces are highly polished.
In general, magnetic materials with high permeability, are
sensitive to temperature, pressure, exciting voltage, and
frequency. The inductance change is directly proportional
to the permeability change as shown in equation 25. This
change in inductance will have an effect on the exciting
current. It is very easy to see inductors, that are designed
into an LC, tuned circuit, must have a stable permeability,
ue.

0.4 N Ac e 10
2

L

MPL

8

,

and location of the winding, as shown in Figure 6 and
Figure 7.

Fringing Flux

Gap
Bobbin

Winding

Fig. 6. A gapped EI Lamination with fringing flux.
Fringing
Flux

[henrys] [ 25 ]

Winding

Air Gaps
Gap

Air gaps are introduced into magnetic cores for a variety
of reasons. In a transformer design a small air gap, l g,
inserted into the magnetic path, will lower and stabilize the
effective permeability, e. This will result in a tighter
control of the permeability change with temperature, and
exciting voltage. Inductor designs will normally require a
large air gap, lg, to handle the dc flux. Whenever an air gap
is inserted into the magnetic path, as shown in Figure 5,
there is an induced, fringing flux at the gap.

Minimum Gap

Small Gap

Large Gap

Core

Core

Core

Fig. 7. A gapped EE or Pot core with fringing flux.
The net effect is to make the effective air gap less than its
physical dimension. Fringing flux decreases the total
reluctance of the magnetic path, and therefore increases the
inductance by a factor, F, to a value greater than that
calculated from Equation (10 and 23). Fringing flux is a
larger percentage of the total for large gaps. The fringing
flux factor is shown in equation 26:


 2G  
lg
F  1 
ln 
,

Ac  lg  


Gap
Core

Core

Bobbin

(26)

The G dimension is the winding length and is shown in
Figure 8. The fringing flux, F, equation (26) is valid for cut
C cores, laminations and cut ferrite cores.

Core
Fringing Flux

Bobbin

Fig. 5. Fringing Flux at the Gap.
The fringing flux, effect is a function of gap dimension,
the shape of the pole faces, and the shape, size and location
of the winding. Its net effect is to shorten the air gap.
Fringing flux decreases the total reluctance of the magnetic
path and, therefore, increases the inductance by a factor, F,
to a value greater than the one calculated.

G
Winding

Fig. 8. A gapped EI lamination.

Fringing Flux on both ac and dc Inductors

The inductance L, computed in Equation (10 and 23) does
not include the effect of fringing flux. The value of
inductance, L’, in Equation (27) does correct for fringing
flux.

Final determination of the air gap requires consideration
of the effect of the fringing flux, which is a function of
dimension, the shape of the pole faces, and the shape, size,
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L' 

0.4 N 2 Ac F 108 
lg

Wa
, [smallest ratio] (31)
Ac

, [henrys] (27)

Comparing two cores with identical area product, Ap, for
the same design specification, the core with a minimum of
window area will generate a minimum of fringing flux. If
you are doing a new design, or there is a design change and
it requires the use of a larger core, it would be far more
beneficial to double up on the core being used than to pick a
larger core, as shown in Figure (9).

Now that the fringing flux, F, has been calculated. It is
necessary to recalculate the number of turns using the
fringing flux, factor F.

N new 

Llg

0.4 Ac F 108 

, [turns] (28)

After the new turns, N(new), have been calculated, then use
Equation (29) with the new turns, N(new), and solve for, Bac.
This check will provide the operating flux density, for
calculating the core loss, Pfe, and will also provide a check
on the core saturation margin for ac inductors. For checking
the new peak flux density for dc inductors use equation 30.

Bac 

Vac 104 
K f N ( new) f Ac

Next Larger Core

Doubling the Original Core

, [tesla] (29)

Original Core
Fig. 9. Comparing Core Configuration.

I 

0.4 N F  I dc   104 
2 

, [tesla] (30)
B pk 
 MPL 
lg  

 e 

If the next larger core was selected, normally all of the
core proportions will increase. This means, the window,
Wa, and the iron cross-section, Ac, would have both
increased. A larger core should not be used, as the fringing
flux would also increase. If you want to keep the fringing
flux to a minimum, then double up on the original core.
Therefore the iron area, Ac, would double, but the window
area, Wa, will remain the same. This will reduce the, W a/Ac,
ratio, as shown in Equation (31). With an increase in iron
cross-section, Ac, the turns would have to decrease for the
same window area, Wa. With a decrease in turns, the gap
would also decrease, resulting in less fringing flux.

Inductor Losses
The losses in an ac inductor are made up of three
components:
1. Copper loss, Pcu
2. Iron loss, Pfe
3. Gap loss, Pg
The copper loss, Pcu, is I2R and is straightforward, if the
skin effect is minimal. The iron loss, P fe, is calculated from
manufacturers’ data. Gap loss, Pg, is independent of core
material strip thickness and permeability.
Maximum
efficiency is reached in an ac inductor, as in a transformer,
when the copper loss, Pcu, and the iron loss, Pfe, are equal,
but only when the gap is zero. The gap loss does not occur
in the air gap itself, but is caused by magnetic flux, fringing
around the gap. The gap loss, Pg, can be eddy currents
generated in the lamination and/or the eddy currents
generated in the winding and/or the eddy currents generated
in the mounting hardware.

Fringing Flux
Fringing flux is completely around the gap and re-enters
the core in a direction of high loss, as shown in Figure 10.
Accurate prediction of gap loss, Pg, created by fringing flux,
is very difficult, at best, to calculate.

Gap

Eddy currents

Selecting the Core for Either ac or dc Inductor
When designing inductors where there is a choice of
cores, always pick the core with the smallest (window/
cross-section) ratio as shown in equation 31.

Laminates

Fringing flux

Fig. 10. Methods used in Banding C Cores.
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This area around the gap is very sensitive to metal
objects, such as clamps, brackets and banding materials.
The sensitivity is dependent on the intensity of the
magnetomotive force, gap dimensions and the operating
frequency. If a metal bracket or banding material is used to
secure the core, and it passes over the gap, two things can
happen: (1) If the material ferromagnetic is placed over the
gap, or is in close proximity so it conducts the magnetic
field, this is called “shorting the gap”. Shorting the gap is
the same as reducing the gap dimension, thereby producing
a higher inductance, than designed, and could drive the core
into saturation. (2) If the material is metallic, (such as
copper, or phosphor bronze), but not ferromagnetic, it will
not short the gap or change the inductance. In both cases, if
the fringing flux is strong enough, it will induce eddy
currents that will cause localized heating. This is the same
principle used in induction heating.

inductance. We are back again in selecting a core with a
large cross-section, Ac, and a small window, Wa.
I hope this paper will provide the design engineer a little
more information and a better understanding on designing
gapped ac and dc inductors.
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
31.
32.
33.
34.
35.
36.

Fringing Flux and Coil Proximity
As the air gap increases the fringing flux will increase.
Fringing flux will fringe out away from the gap by the
distance of the gap. If a coil was wound tightly around the
core and encompassed the gap, the flux generated around
the magnet wire will force the fringing flux back into the
core. The end result would not produce any fringing flux, at
all, as shown in Figure 11. As the coil distance moves away
from the core as in Figure 11A, the fringing flux will
increase until the coil distance from the core is equal to the
gap dimension.

Fringing Flux
Core

No Fringing Flux
Gap

Core

Core
Core

Magnetic Wire
A

Bobbin/Coil Form

B

Fig. 11. Comparing Winding Methods.

Symbols
A, ac current in, amps
Ac, iron area in, cm2
Ap, area product in, cm4
, regulation in, percent %
Bac, ac flux in, tesla
Bpk, peak flux in, tesla
F, fringing flux, factor
f, frequency in, hertz
G, winding length in, cm
I, current in, amps
Idc, dc current, amps
ac current, amps
Ipk, peak current, amps
J, current density in, amps per cm2
Ke, electrical operating conditions factor
Kf, waveform factor = 4.44 sine and 4.0 square
Kg, core geometry in, cm5
Ku, window utilization factor
L, inductance in, henrys
L’, inductance in, henrys
lg, gap in, cm
MLT, Mean Length turn in, cm
N, turns
Pcu, copper loss in, watts
Pfe, iron loss in, watts
Pg, gap loss in, watts
Po, output power, watts
Pt, apparent power in, watts
Tr, temperature rise in, oC
effective permeability
Vac, ac voltage in, volts
Vin, input voltage in, volts
Vo, output voltage in, volts
VA, volt-amps in, watts
Wa, window area, cm2
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One of the biggest problems in designing ac or dc
inductors is keeping the gap to a minimum. This problem
becomes acute when designing high frequency ac inductors.
The problem in designing high frequency inductors is the
required turns to support the applied voltage and the low
value of inductance that is usually required. The engineer
must select a core that will minimize the air core
inductance, which minimizes the turns. If the air core
inductance were high, then with the addition of the core, the
gap would have to be large just to add a small amount of
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