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Abstract — The new model is based on a modified Steinmetz a wound ring core, were studied. Depending of trame

equation and employs a hysteresis loss multiplicat
coefficient and a combined coefficient for eddy-cuent and
excess losses, both coefficients being variable fiinduction
and frequency. The material model coefficients ardfirstly
identified through multi-frequency tests with sinewave
excitation. The iron loss increase due to PWM supplyis
estimated using global waveform parameters of the am-
sinusoidal voltage. The study includes three differg grades of
non-grain oriented electric steel. The data covers wide range
of fundamental frequency from 10 to 600Hz and induion
from 0.05 to 2T. The errors of the computational mod| are
small at relatively low fundamental frequency and mcrease
thereafter. The main advantages of the model are itsimplicity
of use and minimal data requirements.

Index terms — Iron loss, eddy-current loss, hysteresis loss,

PWM voltage, ferromagnetic steel, core loss, eledtr motor,
electrical machine, laminated steel.

|. INTRODUCTION

type, the data covers a wide range of fundamerggLency
from 10 to 600Hz and induction from 0.05 to 2T.

These results provide insights into the applicabibif
a general engineering model for estimating iroséssunder
PWM supply by using multi-frequency sine-wave Epste
data together with global parameters calculateédas the
average and rms values of the non-sinusoidal weltag
waveform. The relative merits of the model, espbcia
terms of generality and simplicity, are discussegether
with the drawbacks, such as the relatively lowneation
precision at high fundamental and switching freqyef he
numerical and experimental work described contebub
the on going debate and efforts in the subjectaf losses
under PWM non-sinusoidal supply and can servelseal
reference to the electric machine engineering conitywu

Il. IRON LOSS MODELING UNDER SINUSOIDAL SUPPLY
VOLTAGE

Bertotti's iron-loss model is the one mostly em@dy

A successful electrical machine design optimizatiogyer the last decades for laminations excited siitisoidal

process requires the accurate prediction of irossdse.
Power electronic converters, which are nowadayselyid
used to supply electric motors in variable speestesys,
have a non-sinusoidal (PWM) voltage waveform tlzatses
increased losses in the lamination steel. Estimaiidosses
under these operating conditions represents aetttatlg
task. For this purpose, a large number of modéisgtware
based on a physical [1, 2, 8, 12] or an engineeapyroach
[4-7, 9, 16, 17], have been proposed by differarthars
and yet a definitive conclusion has not been redche

The background of the present paper is provided
two distinct precursor research activities. One tloése
recent projects studied Epstein samples under ainhais
voltage supply on a wide range of frequency andigtidn

magnetic flux, such as in an Epstein test [1]. Adow to
this model, the specific losses are a summation of
hysteresis, classical eddy-current and excess loss:
W, =k, fB' +k B+ k f°B° Q)
The coefficientk,, ke k, anda are assumed to be constant
and are determined through the least square médtbad
the measured data for a given frequency.

It should be noted that this paper employs the dvorl

ide accepted terminology of iron losses and indugt

while in the US preference is given to the termscofe
losses and flux density, respectively.

In practice, the specific iron loss for a given dgeof

and achieved very good agreement between measuseménaterial varies within acceptable manufacturingrahces

and computations by employing a modified Steinntgte-
model having variable material coefficients [3, Bhe other

in between coils and batches. A practical motorigies
approach, which accounts for such variations ctsdis

precursor research project was based on an engigeerbuilding estimated curves by averaging large sefs o

approach and quantified the effect of PWM harmomins
iron losses when the fundamental frequency of thleage
is relatively low, typically at 50/60 Hz [5, 6].

experimental data on a per induction and frequdrasis.
The results obtained using the model (1) illustfatee fact
that the loss coefficients, k. k, need to be dependent of

The new work described here combines the twioth induction and frequency and that the usuatagah of
theoretical models and further includes a systematfonstant coefficients can lead to unpredictable and

experimental study, which substantially expandsRiéM

fundamental frequency range previously analyzede Th

significant numerical errors.
A new model was developed and experimental

research was performed in Europe and in the USgusitalidation was performed on many materials, inaigdi

different instrumentation and three different miaisr two
semi-processed cold rolled motor steels and onky-ful
processed non-grain oriented silicon-steel, alwbfch are
suitable for high volume production of electricahchines.
Two types of samples, namely a standard Epsteik aad

three samples, which are further discussed in thgemp
namely Epstein strips of a fully-processed steefi3Mand
of a semi-processed steel (SPA), respectively,thegevith

a ring core that was built from a low grade of semi
processed steel. The material main properties areided

in the Appendix.



To account for coefficient variations, the authars 10

using a model that extends previous research sef2id] 8 1
and allows the loss coefficients to vary with freqay and 6
induction while the classical loss and anomaloiss lare 4]

grouped into an eddy-current loss term;

W = WHys+ Wee

relative error [%]
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The authors have successfully fitted the modelt¢2) 1980Hz
soft magnetic materials typically employed in eliecinotor 000 020 040 080 080 100 120 140 180 180 200
manufacturing, including cold-rolled laminated semi Induction [T]
processed and silicon-steel fully-processed steel. Fig. 1 Relative errors in between the losses estignay model (2) with

Figures 1-3 show the errors between the test data avariable coefficients and Epstein measurementsttier fully-processed
the estimations of model (2) with variable lossféicents ~ Stee! M43
for all three materials. Note that the higher ervafues 10
occur at low induction, while at high induction @s are
typically within £5%. — 850Hz
As a first step to identify the values of the caméints, 1140Hz
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with: a=k, b=k ) (4
For any inductiorB at which measurements were taken, th |
coefficients of the above polynomial frcan be calculated
by linear fitting, based on a minimum of two points 0.00 050 1.00 1.50 200

In order to simplify the model (2), frequency is Induction [T]
considered a parameter, resulting in a variatiothefeddy- Fig. 2 Relative errors in between the losses estithay model (2) with
current coefficient, with induction only within a defined variable coefficients and Epstein measurementsttier semi-processed
frequency range, as exemplified in Figs. 4-5. Magation St SP-
is especially noticeable for the semi-processeceristSP ~ '°°
(Fig. 5).

Several functions have been tried to describektHess
coefficients variation with the induction level. @Howest
relative error values and the simplicity of implertagion
are provided by third order polynomials:

k(B=k;B+K,B+ kB k (5) by - eor

Depending on the frequency range of the iron loswa d - N 70mz
considered for (2), different curves fée and k, as a 5.0 1 ‘fg::h
function of the induction are obtained (Figs. 4-%he TS0
results demonstrate that the eddy-current lossficett ke © 200Hz
increases with the induction level and decreasek thie -10.0

0.00 0.50 1.00 1.50 2.00
frequency' Induction [T]

In the equation with the eXponent of the indUCf‘en_t(_) Fig. 3 Relative errors in between the losses estithy model (2) with
be constant and equal to 2, a third order polynbnsia variable coefficients and Epstein measurementshiering core of semi-

employed for the coefficierk, that will have an induction processed steel.
variation of the form (see Figs. 7-9): 0.00007

Kw(B):KBg"' lﬂzg"' IﬂlB' lﬁ( (6) 0.00006
In the model (2), within a given frequency rangeandkn 0.00005 |
are dependent only oB, which provides a more straight
0.00004 1 v -=Frequency < 400Hz
0.00003 - =e=Frequency < 2000Hz

forward computation of the hysteresis and eddyenirtoss
0.00002 +

5.0 1

—10Hz
~=-20Hz
30Hz
40Hz ||
—50Hz

0.0

relative errors[%]

components. Depending on the set frequency rarge, 1
polynomial functions that describe the loss coédfits ke
andkn will have different variations. It is important twte
that the higher relative error for the estimatedsés at 0.00001 1
lower induction levels may be significantly reduciéda

. . . . th . 0.00000 ‘ : ‘
higher polynomial function, i.e. 4order is used for the 0.00 0.50 150 200

1.00
estimation of the hysteresis loss coefficient Induction [T]
Fig. 4 Variation of the eddy-current loss coefficiekt with induction
within different frequency ranges for the fully-passed steel M43.
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k,=———| w. — f B,— )
f?B° o
p
0.00015 whereH;, is the irreversible field-strength measured ap ste
i (a) for low frequency (5-15Hz) and for the sameuictébn
x values;
3 000010 + (f) compute the termis, Kes, Kez, kez from (5);
E' W (9) the loss coefficients are estimated with (B), for any
x other induction level and may be easily appliedatoy
000005 1 further numerical method of computing the iron &sssn
—~—Frequency < 400Hz . p g
~Frequency < 2000Hz electrical motors. _
5100000 (h) the total iron losses are computed with (2).
0.00 050 1.00 1.50 200 0.025
Inducti — Frequency < 400Hz
nduction [T] - Frequency < 2000Hz
Fig. 5 Variation of the eddy-current loss coefficiekt with induction 0.020 +
within different frequency ranges for the semi-gssed material SP.
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Fig. 6. Variation of the eddy-current loss coeffiti ke with induction 0.050 -
within 10—200Hz for the ring core of semi-processezgl. 0.045 |
A -=Frequency < 400Hz
0.040 o -=-Frequency < 2000Hz

In Figs. 7-8 the lower curves correspond to tekt daa 5
frequency range up to 400Hz, while the upper curveg'
correspond to test data in a frequency range oftap §°'
2000Hz. These results suggest that the hysteresis Iézzzz
coefficient k, will decrease with the induction level andg™
increase with the frequency. 00187

As demonstrated in [3], because at very low frequen
the hysteresis loss component is dominant, theficteit kn
can be experimentally determined as:

035 +
030 +

0.010 ~
0.005 -

0.000 T T T 1
0.0 0.5 1.0 15 20

TtT . Induct-ion [T
kh =— - (7) Fig. 8. Variation of the hysteresis loss coefficiégntwith induction within
R/ Bp different frequency ranges for the semi-processeel SP.

where, the irreversible peak field,, equals the positive

field value at zero induction (i.e. the intersextiof the 0.060

hysteresis loop with the field axisBp is the maximum

(peak) value of induction in the hysteresis cyate py is

the volumetric mass density. .
In summary, a practical minimum-effort approach fog

the determination df, andk. according to the model (5)-(6) £ 4430 |

is described as follows: é

(@) measure the iron losses corresponding to at least f g ooz -
induction values, i.e. 0.1T, 0.5T, 1T, 1.5T for awl

0.050 -

040 -

frequency, i.e. 5Hz; 0.010 1
(b) determine experimentéy, with (7) for all four points;
(C) CompUte the temki]o, khl! kth kh3 from (6), 0.0000.00 o.;o 1.1)0 1.‘50 2.00
(d) measure the iron losses corresponding to four imauc Induction [T]

Fig. 9 Variation of the hysteresis loss coefficigntvith induction within
10—200Hz for the ring core of semi-processed steel.

values, i.e. 0.5T, 1T, 1.5T, 1.9T for the mean dietLy
of the range of interest, e.g. 200Hz for a rangetap

4OOHZ;, ) ] ) The procedure described requires for the measutemen
(e)determ|r_1e experimentd, for all four points with the ¢ parameters of (7)-(8) the use of a hysteresisgrmupled

expression. to an Epstein frame or wound ring core. For the
experimental study, the authors have employed alsthte-



of-the-art instrument and performed measurementfi wi

sinusoidal induction waveforms.

Figs. 10 — 13 show the variation kf when both the
induction and frequency vary and the algorithm mresly
described
frequency of the eddy-current loss coefficiekt, is less
significant, while the variation with induction isteeper.
We also observe that a fully-processed materidlexihibit
a relatively lower degree of variation with indwcti and
frequency as compared to the semi-processed mafEhia

results for up to 200Hz for the ring sample of semi

processed are similar and are not displayed here.
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Fig. 10 Variation of the eddy-currents loss coéffit ke for the fully-
processed steel M43.
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Fig. 11 Variation of the eddy-currents loss coéffit ke for the fully-
processed steel M43.
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Fig. 12 Variation of the eddy-currents loss coéffit ke for the semi-
processed steel SP.
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Fig. 13 Variation of the eddy-currents loss coédfit ke for the semi-
processed steel SP.

[1l. IRON LOSSES MODELING UNDERPWM SUPPLY VOLTAGE

In a wide range of electric motor applications, the
supply voltage is non-sinusoidal. Consequently,hbitte
static (hysteresis) and the rate-dependent (eddwmis)
effects in the lamination steel will produce anreased
amount of losses.

Several models for the iron losses with arbitrarypy
voltage have been published in recent decadesnioiipthe
introduction of static converters, such as inverter
choppers [5-7, 12-14]. Most of these models, slla-
14], require very detailed knowledge of the materia
physical properties and laborious mathematical fdatons
for the minor hysteresis loops.

A simple and efficient engineering approach was
proposed by the co-authors in [5-6], showing thaisi
possible to model the variation of the iron losaéth the
supply voltage provided that voltage charactesstare
known. By neglecting the effect of the minor loofisyas

demonstrated that the peak value of induction is
proportional to the average value of the rectifegply
voltage, V., and, consequently, the hysteresis loss

component varies witW,,, Similarly, as the eddy-current
loss depends on the rate of time variation of itidac
(dB/dt), this loss component was associated with the r
value of the supply voltag®,ms

Thus, the iron losses with an arbitrary voltage
waveform may be estimated as:

WFe = ,72WHys + Xz WEC (9)
where the parametensandy are defined as:
— Vavg
n= VI
lavg 7(10)
X - Vrms
V,

1,rms

In the above equations, the subscripts stand for:
avg-— average rectified value,
rms— root means square value,
1 — fundamental.

Two sets of experiments were performed for valitati
the iron loss model (9) - (10) under PWM supply, as
described in the following.

() The ring core sample of semi-processed steed wa
supplied from a power electronics inverter with a



fundamental frequency of the 50Hz, a switching dieatcy 6
of 2kHz and a DC bus voltage of 30V. The electrice -+ \Weddy
quantities have been recorded using a power anmalydea 51 |=Whys
bandwidth of 800kHz.

Table | summarizes the relative errors for thenestid
iron losses with the model (9)-(10) and with thedels
proposed in other references [13-15]. The presapépand
the method of reference [15] employ the same set
measured data, i.e. voltage, current and powerth®wther
hand, the methods described in [13-14] are basatense
of a hysteresisgraph, require knowledge of the rizdte
electrical conductivity and entail significant coatational
efforts. For this study with relatively low fundantal and
switching frequencies, the errors of all the meth@le o om0 o0 oe0  os0 100 1200 140 1600

comparable and the highest errors are recordecovat | Induction [T]
values of induction. Fig. 16 Estimated loss components for the ring cbsemi-processed steel
with PWM voltage at 50Hz fundamental frequency.

1= ES

Specific loss [W/kg]

[N}

14

TABLE | .
RELATIVE ERRORS IN THE ESTIMATION OF IRON LOSSES UNDER Figs. 14 and 15 show examples of the recorded

PWM SuppLY AT 50 Hz FUNDAMENTAL FREQUENCY anp 2 kHz ~ Waveforms for the absorbed primary current and tfa

SWITCHING FREQUENCY[15] secondary induced PWM voltage in the windings efrihg
core sample, respectively. The estimated speicdit loss
RELATIVE ERRORS[%] components for the same conditions, i.e. 50Hz fometaal
:)Ngi’f“o’\' (7] R2|§)F9[>113] RE].FZ[];é] RE;[E] EQ-l(g)73 and a 2kHz switching PWM supply voltage, are phbtie
0292 £t 101 >3 545 Fig. _16, showing that in this study the hysterésss is the
0.716 0.91 -6.51 -3.90 2.82 dominant component.
0.951 234 6.00 588 3.05 (I) The Epstein frame samples of the fully-proasks
1.185 -2.69 -3.53 -6.98 -2.51 steel M43 and of the semi-processed steel SPA statked
1.414 -3.97 -3.41 -3.70 -3.28 as supplied from a PWM inverter with a fundamental
1.506 -3.06 -3.06 -2.58 145 | frequency set in between 200Hz and 600Hz, switching
P WERSURE frequencies of 10kHz to 20kHz and a variable DC bus
12:56:20 voltage of up to 365V. The electrical quantitievédeen
BE§ Cursors . . .
M Paraneters recorded using a power analyser with a bandwidth of
800kHz.

Experiments were also performed at the higher
| ‘ fundamental frequencies of 800Hz and 1000Hz,
HALL | WJ( h|n|||\\|\|\’w respectively. However, in these cases satisfactory
3 | A i MM repeatability of the measurements could not beexeld due
6.8y to the limitations of the experimental set-up.
| If the ratio between the carrier frequency and the
| , modulation frequency is high, thgcoefficient is typically
r equal to unity, as verified in a high number of
measurements on the three phase PWM inverter. As a
consequence, in this case, the increase in iros Woth a
g weroay 280 Ks/s PWM supply is solely due to an increase in dynamic

§ O STOPPED hysteresis (eddy-currents) loss.

Fig. 14 Secondary induced PWM voltage waveform damental In an initial set of experiments the inverter PWM
induction = 1.414T, 50Hz) . . . .
14-Now-85 MERSURE modulation indexmn was maintained constant to a value of

e p—— 1. The computed value of the parametgrandn varied
around the values of 1.20 and 1 respectively. is thse,

0
2 ms
the estimated iron losses under PWM supply arealigtu
scaled from those obtained with sinusoidal suppyyusing
\ constant factors for the modelling of the increasethe
i ]"\ dynamic (eddy-currents) and static (hysteresish itass
At T O T e components.
W‘W by A second round of experiments was performed with a

9

2 ms BHL

mn
50w
5w
R
2

cooo
ISEsEE>]
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variable modulation index in between 0.3 and 1. The

W parametery, which accounts for the dynamic iron loss
increase under PWM supply, varied as shown in Fig As

expected, the parametgrwhich models the static iron loss

s B increase, was practically unchanged and a congdiné of

oe 250 Ko/ 1 was used in the calculations.

be %

Y R The relative errors between the test data and the

Fig. 15 Primary absorbed current waveform (fundaaieiduction = COMPputational estimations for a constant modulatratex
1.414T, 50Hz). m =1 are shown in Figs.18-19. For the fully procdsseel
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n
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studied, the errors could be considered satisfactaith the
exception of the highest-flux density condition this case,
the sudden increase in error can be attributedeast in
part, to the inherent limitations of the measurenssstem.
For the semi-processed steel sample, the erroERgofl9
are oscillating with some of the larger values beioted at
the high induction and high frequency field.

25

05

02 03 04 05 07 08 0.9 1

Fig. 17. Variation of parametgmwith inverter PWM modulation indem
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Fig. 18 Relative errors between losses estimatatidoynodel (9)-(10) with
variable coefficients and Epstein measurementsruPdéM voltage supply
with constant modulation inder = 1 for fully-processed steel M43.
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Fig. 19 Relative errors between losses estimatatidoynodel (9)-(10) with
variable coefficients and Epstein measurementsruPidéM voltage supply
with constant modulation inder = 1 for semi-processed steel SPA.
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Fig. 20 Relative errors between losses estimatatidoynodel (9)-(10) with

variable coefficients and Epstein measurementsruPidéM voltage supply

with variable modulation indem for fully-processed steel M43.
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Fig. 21 Relative errors between losses estimatatiéoynodel (9)-(10) with
variable coefficients and Epstein measurementsruPdéM voltage supply

with variable modulation indem for semi-processed steel SP.
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In this case, another source of errors could be
introduced by the inherent measurement challengs.
low induction values correspond to a low fundamienta
voltage, which has to be obtained through a loweaif the
modulation indexm from a DC bus voltage that is fixed at
its maximum value. On the digital power-meter, simh-
voltage measurements have to be performed in thesip
range of a very wide voltage scale, the top of Wwhis
determined by the peak values of the PWM voltage.

In summary, the PWM study provides some very
interesting insights into the new iron loss mod¢lthe low
fundamental frequency of 50Hz the errors are lothan
5% in a range of induction between 0.7T and 1.5T. A
higher fundamental frequency, in between 200Hz and
600Hz, the errors are larger, but still within a26f% range
for inductions between 0.8T and 1.5T. While suctorar
maybe too high for detailed optimization studidsyt are
typically acceptable for the initial design sizingihen
simplicity and speed of computation are of the esse

IV. CONCLUSIONS
A practical engineering model is proposed for

estimating the power losses in steel laminatiomeuPWM
voltage supply. The model segregates the iron $osse

The relative errors between the test data and tfnamic (eddy-current) and static hysteresis lodseth of

computation for variable modulation index are shown
Figs. 20-21 within the same band of +/-20%. Theydat
errors are noted at relatively low values of indugt below
0.8T. This could be caused, at least in part, &y rttinor
loop effects on the static hysteresis loss compionen

which have coefficients that vary with induction dan
frequency. The loss increase due to the PWM supply
computed based on the data for sine-wave excitatiohthe
PWM waveform global parameters, namely the average
rectified and the root mean square values of tha- no
sinusoidal voltage and of its fundamental.



The main advantages of the new iron loss modeitsare
simplicity of use and minimal requirements in termwf
experimental multi-frequency sine-wave data colddrom
a standard Epstein sample or from a ring core efdtively
low fundamental and switching frequency the PWM
estimation errors are low. The errors increase ighen (61.
frequency and further work is currently being pedifor
improving the model, especially when the PWM ingert
modulation index is variable. Based on its paracuherits, [7].
the model is especially suitable for tasks sucprakminary
electrical machine design and analysis or evalnaté
possible power de-rating for PWM supply of a motors).
originally designed for line-fed operation.

[5].

APPENDIX [9].

MAIN CHARACTERISTICS OF SAMPLE MATERIALS

Material | Thickness| Permeabilityat Loss @ 1.5T | Density (10]
type 1.5T and 60Hz and 60Hz
[in] [l [Wilb] [kg/m’]
M43 0.018 1387 1.88 7700
SP 0.022 3071 3.16 7850 | [11].
Ring core 0.019 1180 3.81 7800
[12].
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