Fianemanany Tnazeeuiniaanszile

HARMONIC LOSS CALCULATION OF PWM INVERTER-FED
INDUCTION MOTORS USING LOSS FACTOR CHARACTERISTICS

PHOUMY INDARACK

e X
i, 46635
Moy 12 1.8, 2549

-------------------------

A THESIS SUBMITTED IN PARTIAL FULFILLMENT
OF THE REQUIREMENT FOR THE DEGREE OF
MASTER OF ENGINEERING IN ELECTRICAL ENGINEERING
SCHOOL OF GRADUATE STUDIES
KING MONGKUT’S INSTITUTE OF TECHNOLOGY LADKRABANG
2005

ISBN 974 -5-1529 -4

A



COPYRIGHT 2005
SCHOOL OF GRADUATE STUDIES
KING MONGKUT’S INSTITUTE OF TECHNOLOGY LADKRABANG



v ¥ a a ¢ . o o A s o o s P
MIVBINYTUNUE msnm’mxmmamlﬁmuawmmsuauﬂtf'uawasmas

v o
1

= s a Y av a d a ¢ % Y]
l"uﬂ’]u1“Qﬂ”Ulﬂaauﬁ')UWﬂuua')lﬂuaul')astﬂﬂ7Tﬂﬂ‘l‘”

puaniduames Mgt

Fovinfinmn Wl duain
siadszdieh 46060340

YIan nIsumaasumiudia
713N Franssuluih

N.A. 2548

9191580 muninmiinug 3. 3. A3 Nouse

o o

ownldgmupdnniinussin  reas.giani fedsmiden

f.A5. 1191910 Aulag

¥4 1
UNAAES
s s A o & o A Y Aw a d a s /9 Yo
yesesimiunifigniuindoudrsinuuinduduresines 1¥funinluaiu
’ '3 o d' A' J 4 L) - o
A MAITYN b Isinmde IWihgudeiidiniuiiosmnaueiing or1dluaung 1¥isa

o 0

fdaveauesinesannwaziudeiist lideams vaqfiinmsisoiusdinninviaudna’ln

)

- A'l o =Y o P ° L] } 4 @
manamsgyiduilesninarsueiinduaznisnlaouuys moldReulumsiramduniads
' - ¥ v Y o n’: - -~ o o ;4 :5 ¥ Y P A s
Tiidunidrlvedragoann auivinntinussivitunsdesiunisguyduileninaisue

A lAay Y » o @ P a A S A )

indnlAvnmsdmiuuasmsia Taverournmesnsgudoiosnneiivetindnioldnms

< a Pl - o a d | e A o a a
nlasunlasTnaamsilimesvesiiduudududieg wu dyiinsusqaauasanudsiaguiiy
Yy ¥ a P A/ Y 7
au inunIvawamesmsgydoiing 1aninnisysanmssniesauyainasguvones
s A . % A A P a ¢ -
woimiloni ldiinsasisaeunalamsgaidonlosninasueiinduazmsiAounys
ieannwisilitnesuessuy wu M5 Inan Anudadad auddunesines Han1Inaasa
mididlenalanisgaidodand Tasmmiziinsgaydunldouaiu Inasuazivuie
Aoudgureamsgyideiinnudge msmanziumsgadoiiewinafueiing lavld
[ H ° 1] ¥ A o o o

upusiasurnaiassmIgaudeminausaeandosntiedeiilesiunisia nanssiula
aunsalidunuanidmsumsidenmisifimefvoefinuusus ufimusaudiniuns
Uszgnaldnumsdundounazamnseldifiusuusnhiduls: Tomidmivdeenuuunes

sA o A o o a d a 4 4
masuJawmaauf’huwﬂuumtanaunasmas.



Thesis Title Harmonic Loss Calculation of PWM Inverter-Fed Induction

Motors Usiitg Loss Fattor Characteristics

Student Mr. Phoumy Indarack

Student ID. 46060340

Degree Master of Engineering
Programme Electrical Engineering

Year 2005

Thesis Advisor Assoc. Prof. Dr. Vijit Kinnares
Co-Thesis Advisor Asst. Prof. Dr. Supat Kittiratsatcha

Prof. Dr. Masaaki Kando ( Tokai University of Japan )

ABSTRACT
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CHAPTER 1

INTRODUCTION

1.1 Background

Variable speed drives employing Pulse Width Modulation (PWM) inverter fed induction
motors are now in very widespread use throughout industry. Unfortunately, the losses in an
inverter fed motors are always greater than those for the same machine operating on a sinusoidal
supply and in some cases these require derating of the motor. Despite the numbers of these drives
in operation, the harmonic loss mechanisms are not well understood and there is no model
available which enable the loss in a particular machine operating with a defined PWM supply to
be accurately predicted. In addition, due to the need of energy savings, considerations of the
machine design and PWM switching technology for variable speed drives using the more reliable
model to meet high efficiency performance are required.

This thesis is concerned with the accurate prediction, measurement and evaluation of
harmonic losses. The purposes are to develop prediction techniques and test procedure, to identify
shortcomings of a conventional model, to develop a new technique and modeling for determining
and predicting additional motor losses, to assess the individual harmonic loss mechanisms, and to
improve motor design for variable frequency drives. The prediction has been made under
variation of PWM parameters in order to evaluate and specify additional motor losses. The impact
of load, influence of flux level, PWM switching frequency, PWM schemes, and machine design
on additional losses have been extensively investigated towards developing new techniques for
quantifying and modeling loss mechanisms. Some real effects on harmonic loss mechanisms are
revealed and analyzed. The predicted and experimental results give fairly good agreement. The
contribution of work shows the well understanding of harmonic loss mechanisms on interaction
between PWM inverter and induction machines. This new model is capable of considering
parameters for machine design to meet improved efficiency requirements. This proposed method
to evaluate in induction motor losses in variable speed drives may be useful for manufacturers to
specify the harmonic motor loss for design considerations of converters and motors.

It can be concluded that the complicated effect of high frequency harmonic voltages
associated with modern PWM inverter drives on motor loss is a challenging subject for further
investigation. In particular accurate methods for predicted harmonic losses and their variation

with frequency are needed to better understand and verify the mechanisms. This should allow



better models for segregating losses between these mechanisms and provide the means for
improved motor design. It is towards this better understanding that the work reported in this thesis

is directed.

1.2 Objectives and procedure of the research

This research work is concerned with the accurate prediction, analysis and measurement of
harmonic losses. A particular focus is the investigation of the harmonic loss mechanisms of PWM
inverter fed induction motors using loss model and specially developed PWM techniques. To this
end a special purpose PWM inverter system and an induction motor test rig has been developed.
A loading system with accurate torque control has been set up using DC motor and taking load by
PC via DC Converter SIMOVIS-Board. The load on the motor under test is accurately controlled
via load control interface system that acts according to the torque predicted by measured the
speed using tachometer. In order to measure and segregate total harmonic power losses among the
individual harmonics with acceptable accuracy and repeatability, a dedicated power measurement
system has been developed. Motor line voltages and currents are monitored using Power Analyzer
(PZ 4000).

The technique also enables multiple harmonics to be injected to check for interactions
between harmonics. The influences of harmonic frequency, PWM switching frequency, PWM
strategy and motor design on harmonic losses have been investigated using the test rig. These loss
measurements have been interpreted in terms of loss mechanisms in the motor. A harmonic loss
factor relating loss to harmonic frequency is proposed and is determined by calculations. This
provides the basis for identifying the dependence of harmonic losses on motor design as a step

towards improved efficiency design.

1.3 Structure of the Thesis

CHAPTER 2 the harmonic losses in motors are discussed. The expected influence of motor
parameters in terms of the traditional equivalent circuit is discussed.

CHAPTER 3 discusses the modeling and prediction of power losses by empirical formulae.
The choice of a suitable empirical function for the harmonic loss factor curve is described. This

harmonic loss characteristic is analyzed in terms of the loss mechanisms and motor parameters



which influence it. Finally the benefits of using an harmonic loss factor curve fitting approach for
loss prediction are discussed.

CHAPTER 5 describes the hardware and software for the SVPWM generation. Test results
are provided to confirm the correct operation of the system and discuss the prediction of harmonic
voltage spectra and harmonic loss using equivalent circuit. The harmonic loss factor curve
predicted using standard equivalent circuit. The harmonic circuit impedance is also determined.
The methods for determining the stray core loss parameters are discussed. The total harmonic
power loss predictions using this model for SVPWM operating conditions are in good agreement
with the measurements.

CHAPTER 5 discusses the comparison between the predicted and measured harmonic losses

under variation of load torque, inverter frequency and switching frequency.

1.4 Benefits and Contributions

By using the special loss factor method proposed, the harmonic loss mechanisms for a wide
range of operating conditions can be evaluated and analyzed. This technique offers a means for
accurate measurement of loss variation with frequency. Subsequently, the predicted loss
characteristic curve allows harmonic loss on SVPWM supply to be predicted with better accuracy
than the existing motor equivalent circuit models. The sensitivity of harmonic loss due to
harmonic frequency has been found due to the inherent copper, core and stray load loss
components. Particularly interesting features of the predictions are the variation of loss with load
and the relatively large magnitude of the high frequency loss. The important effect of load on
harmonic losses which has generally been neglected previously can be found with the proposed
measurement technique. Also, the influence of motor aspects can be interpreted which will
support the understanding of loss mechanisms. The standard motor equivalent circuit models give
improved loss prediction and confirm the significance of harmonic stray load. This model and the
proposed loss factor model allow the breakdown of loss components and the influence of motor
parameters to be determined which is important for optimized design and the choice of a suitable
power derating coefficient. The proposed loss prediction technique can be applied to the any type
of AC motor in which the individual and total harmonic losses are to be determined particularly

for the purpose of motor design.



CHAPTER 2

LOSSES IN INDUCTION MOTORS

2.1 Introduction
Induction motors can be supplied from various types of solid-state adjustable frequency
controllers. In all cases, however, the inverter and motor combination result in the necessity to
derate the motor to some degree relative to its single frequency, sinusoidal rating. With PWM
inverter fed induction motors, the stator and rotor currents as well as the air-gap flux in motor are
inherently non-sinusoidal. Harmonics contribute negligible useful torque. As a result, the losses in
the machines are always greater than in the traditional sinusoidal excitation case. The magnitude
and distribution within the motor of the additional losses and the related motor derating depend
both on the harmonic content of the applied voltage and on the machine designs.
The thesis restricts itself to considering harmonic power loss in induction motors in the steady
states. In this chapter, the motor model to be employed is derived based on improvements to the
work of previous authors [3] [4] [5] . The loss components associated with operation from PWM

voltages are discussed. The essential factors influencing motor losses are pointed out.

2.2 Induction Motor Power Flow
The losses associated with induction motor operating at no-load condition can be given as
show in the following relation.

+ P + P + P (2.1)

core H -5 N ~-r rot

Pm-load =P

where
P, .4 is the total no-load input power.

o
P, iscore losses.
P_ . is stator copper losses.
P_, . isrotor copper losses.
P,  isrotational losses.

The power flow in induction machines fed from a non-sinusoidal supply is shown in Figure

2.1. The induction machine operated from a non-sinusoidal supply has the usual motor losses and



some additional losses due to the time harmonics. The loss components and their causes for

fundamental and time harmonics can be summarized as follows:

| Power Input .

Stator

Stator
core loss

Stator copper
loss

Rotor
core loss

Figure 2.1 Induction Motor Power Flow

2.3 Conductors Losses

2.3.1 Stator Winding Copper Loss

The non-sinusoidal supply results in an increased rms current which causes additional stator
winding copper loss. Moreover, significance is the additional loss arising from frequency
dependent skin effect increasing winding resistance due to current redistribution. However,
normally this may be neglected in random wire-wound stator machines. It should be taken into

consideration when the conductor size is appreciable compared to the skin depth.The stator

winding copper loss can be computed by:



=3R,I? 2.2)

cu —slat

where

R  is stator phase dc resistance;

L is rms value of the input no-load phase current

2.3.2 Rotor winding copper loss

The current in the rotor winding comprises the slip frequency currents induced by the
fundamental flux and high frequency current arising from the fluxes set up by the applied time
harmonic voltages resulting in increased rotor winding copper loss. Skin effect causes significant
increase in rotor resistance and decrease in rotor leakage inductance at high frequency for the
deep bar and double cage rotor. Most low voltage induction machines up to 200 to 300 KW have
random wire wound stators but they have bar type rotor windings so skin effect is of most
significance in the rotor.

The rotor winding copper loss can be computed by:

Po_rw =3R,I} (2.3)
where
R, isrotor phase resistance.
I, is rms value of the rotor phase current.

2.3.3 Influence of Harmonic Frequency upon Conductor Resistance and Loss

The winding resistance and leakage inductance are functions of harmonic frequencies. For
slot imbedded conductors, the inductance of an element of conductor’s increases towards the
bottom of the slot. The impedance of conductor elements at the bottom of the slot is increasingly
greater than those at the top of the slot as the frequency of conductor currents increase. This
forces the majority of current to the top of the conductor increasing resistance and decreasing
inductance with increasing frequency of current. The link between conductor resistance and
inductance is therefore unavoidable. The standard formulae for parallel sided slots relating to the

increase of resistance and decrease in inductance relative to the dc value.



R, sinh (2ah)+ sin Qah) (2.4)
—=-=ah

R, cosh (2ah)-cos Qah)

L. 3 [sioh Qah)-sin Qah) (2.5)
L, 2ah| cosh Qah)- cos Qah)

a = H o0 (2.6)
V 2,

where h is the depth of the conductor and slot, @ is the angular frequency of the bar currents,
P is the resistively of the conductor and the subscripts ac and dc refer respectively to the values at

the frequency of the bar currents and dc value.

2.3.4 Assessment of Simplifications Sometimes Used to Provide First Order Analysis

Some authors have used the following simplifications of these expressions to estimate the
effect of frequency upon total conductor loss. When skin depth and conductor size are of the same
order of magnitude, the rate of change of resistance and leakage inductance is approximately
dependent on fn2 [6]. As the frequency continues to increase, the rate of change decreases and the
variation ultimately becomes proportional to fna's as the skin depth becomes small compared to
conductor size.

Assuming the harmonic frequency is much larger than the fundamental frequency, the
harmonic slip will be close to unity and the reactive terms (leakage and magnetizing reactance)
will be much larger than the resistive terms in the harmonic circuit. The harmonic magnetizing
current is therefore negligible. At the harmonic frequencies, stator resistance and rotor resistance
are usually negligible compared with the leakage reactance of the motor. Therefore, the n"

harmonic current is given by:

J onVn @7
"2f,L,
where
I is n" harmonic current
¥V, is per unit (pu) n" harmonic voltage

Ly is leakage inductance



/. is per unit (pu) fundamental frequency

The n" harmonic conductor loss is then given to a good approximation by

~ (2.8)
P, I(R+R)(fL)( s+ R,)

Assuming that all of the stator resistance and rotor resistance have skin effect and that skin

depth is relatively small compared to conductor size, and then total resistance becomes:

(R, +R,) =k [f, (29)

For the time being we assuming that L, and L, are not influenced substantially by skin effect.
It is also assumed that iron losses and magnetizing current are neglected and the motor impedance
is effectively jo(L,+ L,).

Then, from equation (2.7) and (2.8), total harmonic copper loss is:

% kY, (2.10)
n#l fnL5

However, the frequency exponent of 1.5 is only a first approximate value. This value and that
of constant k are normally dependent on the following factors:
(i) The assumption that only slot leakage inductance accounts for the variation
of L,and L, with frequency.
(ii) The shape of rotor bar, bar depth, material, temperature and open or closed slot character.
(iii) The ratio of skin depth compared to conductor sizes.
(iv) The ratio of coil end resistance to slot resistance is negligible.
(v) The number of conductor layers.
(vi) The conductor cross sectional shape, material and temperature.
(vii) The equality between useful stator and rotor slot depth.
It will be apparent from the above that such simplifications are purely first order estimates and

that a much more effective approach is required to study conductor loss in detail.



2.4 Iron Losses

2.4.1 Stator Core Loss

The stator iron loss is the function of frequency and flux density in the core. In theoretical
and experimental investigations have confirmed that the increase in core loss due to time
harmonic main fluxes is negligible [6]. It is significantly influenced by machine construction,

magnetic material used, and thickness of laminations.

2.4.2 Rotor Core Loss

The nature of the rotor core loss mechanism is not still fully explained. Many publications
assume that the time fundamental as well as time harmonics of rotor flux gives negligible extra
loss. However, more investigation is needed to verify this assumption. High frequency rotor flux
is more likely to produce additional rotor iron loss since the flux wave will not rotate almost

synchronously with the rotor as for the fundamental.

2.4.3 Effect of Flux Level and Frequency on Iron Losses

The accurate prediction of core losses requires a detailed knowledge of flux distributions
resulting from the effects of the various harmonics. The high frequency effect is the most
important factor for core losses. Owing to the presence of harmonic current, there is a higher peak
flux density in the iron in conjunction with the increased magnetizing current.

The iron loss is generally accepted as being the sum of the hysteresis loss and the eddy
current loss in the stator and rotor. The hysteresis losses are proportional to the frequency and the
eddy current losses to the square of frequency. The iron losses in stator can be described by the

following expression:

Py =B, fo*+ p.f¢* (2.11)

or

Pra=Cre g1 @12

These basic formulae have been used by almost all of the authors analyzing the effect of

PWM harmonics upon iron loss. There is however in the literature [7] a statement that high



10

frequency eddy current loss should include an additional loss term to cover domain realignment

or excess loss. When this is included the formula becomes

Poo=B,uf8" + B.12¢% + Bup"’ [ (2.13)

The results obtained by [8] show that at 50 Hz hysterisis loss, eddy current loss and the
domain loss from respectively 52.73%, 28.57% and 17.70% of the total loss for typical magnetic
steel used for motor laminations. In fact few authors [9] and 10] have considered this effect at all
from the point of view of analyzing high frequency iron loss associated with machines operating
from inverters. The analysis will continue at this point assuming that the traditional formula holds

but the additional loss term will be reintroduced later.

2.4.4 Simplifications to Provide First Order Analysis
Assuming that the rotor or laminations are made of the same material as that of the stator and
that stator and rotor cores are subjected to the same level of flux density, core loss is then found

by substituting sf for f in equation (2.12).

S
+ﬂeS2)f2¢2 (2.14)

™
]

jer =

The total core loss of the fundamental (assuming similar volumes for stator and rotor) is:

Pp=Ps. +P,, (2.15)

Pﬁ_» =[ﬁh(>+ S) +ﬂe(1+52)]f2¢2 (216)

The part f¢ is proportional to the air-gap voltage V_. Hence (2.16) can be written as :

(1+s)

Pe = V2P 5 s @1

Assuming that £, f,and [, are properties of the material and machine configuration and

thereby do not change with frequency. Core loss can then be modeled by a resistance R, in



11

parallel with the magnetizing path of the equivalent circuit with loss equal to sz /R m. If we
let K, = B,/ B, (the ratio of eddy current to hysterisis loss coefficient) then :

R = S (2.18)
" BB+ )+ K (1 +57)f]

At harmonic frequencies, the value of the core loss resistance is determined by substitution of
the appropriate values of harmonic frequency and harmonic slip in equation (2.18). Usually, only
the sum of 3, and £, is known; K, is difficult to measure.

Note that due to the complicated nature of core losses, several authors have suggested

different empirical formulae for hysterisis loss per unit volume such as [1] and [11]:

P,.=ksfB*;15<X <2.3; (2.19)
V2 (2.20)

Phys Y kh 7

P A% fl.le
hys = fop (2.21)

Some of the most commonly used empirical formulae for the eddy current loss given in [1] [11]

are:
P, =k f'B? (2.22)
Pu =k, V S at low frequency
=k ’ ) 2.23)
= te2 _jm at high frequency
— 1.9 2
Py =k f"B (2.24)

Some have considered the iron losses as a whole, including eddy-current and hysterisis

losses for example the work reported in [12] gives:

Vv
Pp=af () 229
! /
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Where b and ¢ depend on the motor configuration and material; b is found empirically to lay in

the range from 1.26 to 1.35 and c in the range from 1.77 to 1.84. If b=1.3 and c=1.8, this gives:

1.8
Pfe _ a}/o's (2.26)

The analysis in [13], also gives time-harmonic iron losses as compared to the time-

fundamental iron losses at nominal frequency f, . :

P.(fy)
= (L
Pfe,nam j‘l,num . Bl,nom (2.27)

_ (oS yos
. (-fl,nom ) (Vl ,nom

Which means that Pre is proportional to 2B or Vi,

Although many authors suggest different formulae for core losses, these formulae are
common in many cases in that they state that core losses are proportional to the square of voltage
or flux density. They are also independent of the load applied to the machine other than by
variation of slip which generally has negligible effect for changes from no load to full load
conditions. The various attempts that have been made to fit a single formula to model the core
loss, and the different formulae which results highlight the complexity of the phenomena
involved. It is clearly not possible to obtain exact, general expressions for iron losses in induction
machines operated with PWM inverters since these losses depend on the core material used and

on the machine construction and condition of operation.

2.5 Stray Losses

2.5.1 Stray Load Losses

Stray losses are the excess of the total measured losses above the sum of the segregated
copper, iron and friction and windage loss. The nature of stray losses occurring in induction
machines operating on sinusoidal supplies has been well defined in the literature over many
years[14]. The prediction of these losses is however still not fully understood to the extent that
they may be accurately determined from design data. The reason is the fact that the stray loss

mechanism involves several kinds of losses, some of which are not precisely iron losses. For
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example, inter bar currents which flow in skewed motors are effectively conductor loss.
Additionally, parasitic currents induced in rotor conductors due to space harmonic mmfs with
magnitude dependent upon the chain harmonic equivalent circuit for its variation with frequency
and flux level. In particular, end-leakage and skew leakage fluxes can cause appreciable losses
which are considered as iron stray load loss. Motor slot skewing is common practice for reduction
of parasitic torques and noise. The effects of skewing can cause axial field distortion leading to
increased iron losses. Skewing dependent iron losses are harmonic current dependent and
inversely proportional to leakage reactance. The end-leakage flux may produce an appreciable
core loss due to eddy currents set up in the end structure of the machine by harmonic leakage

fluxes.

2.5.2 Simplifications to Provide First Order Analysis
The objective of this thesis is to predict the motor losses associated with PWM harmonics.
Therefore, only that component of stray loss which is due to the harmonic content of inverter
waveforms has been considered and the traditional sources of stray load loss for operation from
sinusoidal supplies have been neglected. The approximation of end-leakage loss can be found

in[2]. Total harmonic end-losses can be given as:

Iy el Pl i o 7N (2.28)
n=l
Also, it can be defined as:
kv } (2.29)
Poiitos ® Z 2

n#l fn

The total stray load losses are given more generally by:

PSL-—Loss & z kxl(ln)x(fn)y (2.30)

n#l

Where the x and y coefficients depend on the machine construction. It has been determined

experimentally that the total stray load losses due to harmonics are obtained with reasonable
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accuracy putting x=2 and y=1.5 [2]. This gives total stray load losses (assuming purely inductive

impedance) of:

koo 231)
- Loss ~ Z _f-OS——
n#l n

Separation of stray loss from iron loss is impossible with these simplified formulae as it has

PSL

same dependence on voltage and frequency as the simplified equation (2.27) for iron loss.
Separation of end loss and stray loss experimentally is very difficult since they are the same

function of voltage and different only in their frequency variation.

2.6 Friction and Windage Loss

The friction and windage loss are usually dependent only upon shaft speed and temperature.
The friction will be relatively constant once the bearings are warmed up. The windage loss will
generally vary with cube of speed. However, it is likely to be assumed constant over a wide range
of operating conditions for calculating motor performance when operation is from a fixed

frequency supply.

2.7 Conclusion

The assessment of the harmonic loss components associated with PWM voltages has been
given. Also the essential factors influencing motor losses have been discussed. The review of
induction motor modeling techniques is given to justify choices in harmonic loss analysis. The

traditional time harmonic equivalent circuits and parameters are explained.



CHAPTER 3

HARMONIC LOSS MODEL

3.1 Introduction

Generally loss calculation is challenging and complicated particularly for harmonic core losses.
Suitable techniques should enable prediction of harmonic loss without neglecting realistic factors
such as magnetic saturation, load conditions and high frequency effects.

This chapter deals with the analysis of harmonic loss mechanisms and modelling of harmonic
power loss through the predicted results for particular machines and for various operating conditions.
The method used is to evaluate the coefficients of a formula for the variation of the loss function with
the frequency and load. A comparison of predicted results with the model prediction is given. Also,
the evaluation of model accuracy and validity is made. Actually , this chapter provides prediction of
harmonic loss using standard equivalent circuits. The harmonic loss mechanisms can be examined
using a loss factor of standard machine equivalent circuits and predicted results. Also, the PWM
harmonic voltage model is determined. Correct evaluation of leakage inductance is shown to be
particularly important. With the identification of shortcomings of the conventional circuit model, the

improved harmonic stray loss equivalent circuit is applied as below.

3.2 Harmonic Loss Equivalent Circuit

I
.—l\NRivs vai§ r_’ N‘“X(L'\
— ¢1m
I R,
4 ’ R X, E R
s m m 1 Ky
l l Ru(1-s) |5
s

Figure 3.1 Per phase equivalent circuit of induction motor
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where

R, is stator resistance

X, is stator leakage reactance

X, is magnetizing reactance
R, is rotor resistance

X, is rotor leakage reactance
S isslip
E, is Air-gap voltage

From Figure 3. 1 the harmonic power losses can be computed by:

Pml =ZI.\’2"RM (3-1)
P,=Y IR, (3.2)
P=YI.R, (33)

where
P, is stator copper losses

P_, is rotor copper losses

cu?

P, is core losses

The input power of induction motor can be computed by:

P,y = RN, (3.4
and ‘
B,=P,+P_ ., (3.5)
or
P,=P,+P,+P + P,,,,,y_,,m (3.6)

The total of harmonic power copper loss excluding skin effect of induction motors can be expressed by:

Ph(ex) = Z I: Rn (37)

nzl
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and
;=T (3.8)
"onfiX
then
(3.9
where

P, ., is harmonic power loss excluding skin effect
. _th .
I isn harmonic current

V. is per unit (pu) n” harmonic voltage

/, is per unit (pu) fundamental frequency

X is per unit (pu) leakage reactance at base frequency

R, is resistance of motor to the n" harmonic

The total harmonic power copper loss including skin effect of induction motors can be

expressed by:

Ph(in) & I: (R:+Rr) (310)
with
I = V" 3.11)
" 2af,L,
then
2
3.12
Ph(m)z[zf;/L ) (R,+R) (3.12)
where

P, ,, 1s total harmonic power loss including skin effect
L, is leakage inductance
R, is stator resistance
R_ is rotor resistance
f, is per unit (pu) fundamental frequency

k 1is constant

466305
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Assumed that all of the stator resistance and rotor resistance have skin effect and that skin

depth is relatively small compared to conductor size, then total resistance become:

R +R ~kf, (3.13)
therefore

kv}? 3.14
Py = Z G149

nzl f”IS

3.3 Harmonic Loss Factor

To use the loss factor for predicting harmonic losses when operating with SVPWM regimes,
it is necessary to interpolate between the experimental data using a curve fitting method. Then, the
loss characteristic curve can be represented by functions. The solution is based on the minimising
function method using nonlinear least squares. This method allows solution with considerable
accuracy within a relative error of 0.001 or better. However, a "guess” function is needed for this

method. The choices of a suitable function will be discussed in the next section.

3.3.1 Harmonic Loss Factor Derived from Standard Equivalent Circuit
The selection of a suitable function requires preliminary knowledge of loss behaviour in
order to fit a curve through the predicted points as closely as possible. Basically, using a simplified
loss model, the tWwo main components are conductor loss and core loss (plus stray loss). Several
attempts have been made at searching for the appropriate function. Initially, possible "guess"

functions are assumed as follows equation

K, = I§'a +P,2n i B (3.15)
1 V"
or
Kh:iaJr% (3.16)
SO f

Figure 3.2 shows that the functions can fit the predicted data and the Equation (3.16) gives
coefficients A, B, and frequency expoments «,f of 0.55, 0.79 (Load 10%), 1.5, 0.3-0.56

respectively.
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This Equation (3.16) suggests a reduction in loss with increasing harmonic frequency to zero
at infinite frequency. This Equation seems more reasonable compared to others considering actual
machine equivalent circuit models. However, at relatively high frequencies, it is considerably
difficult to extrapolate due to the lack of measured data. Improvements to overcome this problem
could be the subject of further work. Since there are many solutions with equally accurate

predictions, there is difficulty in selecting that which is the most appropriate.

3.3.2 Harmonic Loss Characteristics Curves.
Using the data of standard equivalent circuit from Figure 3.1, the harmonic loss factor can be

shown as below:
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Figure 3.2 Harmonic loss factor curves for each loss component using standard equivalent

circuit for a given load and fundamental frequency of 50 Hz.

The calculation of loss factor based on the standard motor equivalent circuits of Figure

3.1 for this motor load are separated into copper and iron loss component as in Figure 3.2. These

results can be evaluated, that the copper loss decreases rapidly as frequency increases and the iron
loss decrease very slowly as frequency increases.

Frequency dependent loss characteristics under various operating conditions are shown in

Figure 3.2. Then, the total harmonic power loss can be expressed by:
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P, = Z'; (fia + }%)V,f G.17)

where
V, isthe n" harmonic voltage influenced by modulation depth

fr is harmonic frequency.

3.3.3 Loss Factor Curves for Variation of Load Conditions

3.3.3.1 Motor parameters which influence harmonic loss curve

Obviously, copper losses in the motor winding need to be controlled. The mechanisms of
harmonic copper loss and core (plus stray loss) are different in that the harmonic copper loss is
dependent on harmonic currents while the high frequency harmonic core (stray) is dependent on
harmonic voltages. The required parameter changes to reduce harmonic loss should not adversely
affect the fundamental frequency loss.

Essential factors influencing core losses are types of magnetic material and the thickness of
laminations. These are not considered here since costs and mechanical constraints are external
factors which limit what can be done in this respect.

These were investigated by adjusting independently the motor parameter values in the
equivalent circuit assuming no effects on other elements. Adjusting stator leakage inductance (L,),
rotor leakage inductance (L,) and bar depth (h,) between - 50 % to + 50 % of normal values.

At harmonic frequencies skin and proximity effects become significant factors in determining
conductor losses. For slot imbedded conductors, the variation of the conductor resistance and
inductance with frequency follows the general pattern illustrated in Figure 5.5. The initial change in
R and L as frequency increases is rapid, being approximately dependent on £ . This region occurs
where the skin depth and conductor size are of the same order of magnitude.

As the frequency continues to increase, the rate of change decreases and the variation ultimately
becomes proportional to £ as the skin depth become small compared to conductor size. While these
results apply in general, the portion of the conductors in the slots are affected to a much greater
degree since the slot (leakage) fluxes are much large than the fluxes surrounding conductors in air,
such as the end turn conductors. Proximity effects are thus larger for the slot imbedded conductors.

Assuming the harmonic frequency is much larger than the fundamental frequency, the harmonic

slip will be close to unity and the reactive terms (leakage and magnetizing reactance) will be much
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large than the resistive terms in the harmonic equivalent circuit. The harmonic magnetizing current is
therefore negligible and the harmonic motor current is determined almost entirely by the applied
harmonic voltage and the harmonic leakage reactance. The conductor losses are then given to a good

approximation.

Resistance & Inductance ()

Y

Frequency (Hz.)

Figure 3.3 Skin Effect R and L Variation for Conductors in Slots

3.3.3.2 Equivalent Circuit Parameter

The basic parameters of the harmonic equivalent circuits defined in Figure 3.1 are evaluated
in different ways by different authors. The parameters are functions of fundamental current, and
frequency . The majority of the frequency and harmonic effects have been considered at figure.

o  Magnetizing Inductance L,

The magnetizing reactance X, (L) at base frequency is influenced by saturation of the main
magnetic circuit. The greater the flux levels the lower the value L. The value of X may be
measured using a standard no-load test with sinusoidal excitation. For this loss calculation, Lr is
assumed constant at full flux level and was provided by the motor manufacturer. The value of X,
used in the higher time-harmonic equivalent circuit is obtained by simple frequency scaling of
base value X.

e Core Loss Resistance R, (R)

The resistance R, (R,) represents the no-load or voltage (flux)-dependent core loss. It is

nonlinear function of frequency and is significantly dependent of saturation. The evaluation

of this value is discussed in Section 2.4.4 equation 2.18.
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3.4 Prediction of Harmonic Loss Model Using Data of Standard Equivalent

Circuit of Induction Motors

This section provided the prediction of harmonic loss factor using standard equivalent circuit of
induction motor. The harmonic loss mechanisms can be examined using a comparison of harmonic
loss factor between the traditional equivalent circuit and measured results. Also, the PWM harmonic
voltage model is determined. Correct evaluation of leakage inductance is shown to be particularly
important. With the identification of shortcomings of the conventional circuit model, the improved
harmonic stray loss equivalent circuit is applied. The curve of difference load conditions derived
from the rotor inductance including skin effect by motor operated a 10%, 50% and 90% load. This
parameter can be adjusted between 50% of the total rotor leakage inductance and the predicted results

shown at the Equations (3.18),(3.19) and (3.20).
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Figure 3.4 Loss factor curve of standard equivalent circuit with variation of load conditions

Figure 3.4 shows curve fitting of typical results for the test induction motor for different
loading conditions.

To test induction motor, the functions at a given load and rated flux are as follows:
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0.55 0.70 318

h(to%) = f1s + £o3 (3.18)
0.63 0.89

Koy = A (3.19)

098 0.93
K o) = 113 +F (3.20)

The data of parameters 4, B, @, § from Equations(3.18-3.20) in above derived from the standard
equivalent circuit, while the motor is operated under load 10%, 50% and 90% respectively. This loss

model (loss factor) will be used for the prediction of harmonic voltage spectra, loss spectra and total

harmonic loss in next chapter.



CHAPTER 4
PREDICTION OF HARMONIC LOSS USING LOSS
FACTOR CHARACTERISTICS

4.1 Introduction

In previous chapter proposed the loss factor curves derived from equivalent circuit of
induction motor with different load condition. This chapter provides the prediction of harmonic
voltage spectra, harmonic loss spectra and total harmonic loss of induction motor using loss factor
characteristics under variation of modulation index, inverter frequency and switching frequency.

The predicted results of them shown as below sections:

4.2 Harmonic Voltage Spectra

This section mainly deals with the hardware and software for generating the SVPWM
schemes employed in this work for determining harmonic losses in induction machines. SVPWM
schemes has been implemented which encompass most of the important types for this work. The
particular implementation technique allows switching between various PWM strategies while the
motor is running which is important for comparative tests. In addition to standard PWM methods,
a special PWM technique for determining individual harmonic losses has also been developed
and implemented. Simulation results are presented and are compared with the theory to confirm

the accuracy of the PWM generation system.

4.2.1 Space Vector PWM Technique

In the SVPWM strategy, the required output voltage is represented as a vector in polar
coordinates with respect to a stationary reference frame based on the park transformation. The
vector space is divided into six sectors by the voltage vectors representing the six active switching
states of the inverter (V, and V) as shown in Figure 4.1. The two zero switching states (V,toV,)

correspond to the origin.
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Figure 4.1 Space Vector PWM techniques

Figure 4.2 Inverter output voltage space with desired output voltage vector V. Inverter leg

switching states are designated 1(high) and 0(low).

The typical pulse pattern of SVPWM corresponding to sector 1 as shown in Figure 4.2. It is
assumed that during each switching period (T), the desired output voltage space vector (V) is
constant. For any sector, equating the volt second integral of vector (Vs) with the inverter output

voltage vectors over one switching period gives:
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VI =V, +Vt, +Vt, +V,1, 4.1

where

V,,V, are the adjacent active voltage vector components allocated to the switching states

(100), (101) or (001) and (110), (011), or (101)

V o, V-, are null voltage vector components corresponding to switching states (000) and (111),

Respectively.

T=t,+t,+t,+1, 4.2)
where
t,,1, is active pulse times

t,,1, is null pulse times

Sei S, Sp | S Sp | Sa 1S

8.=100 8,=110
s T e

Figure 4.3 Pulse pattern of SVPWM in sector 1

Taking into account that V, and V, are constant and V,, V,= 0 and resolving the above

equation into orthogonal components gives:

2
t, = i_lv—'T sin(60 - y) “3)
Vdc
2
t, = stiny “4)

de
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0<y<60°

Corresponding expressions can be derived for the remaining sectors; more comprehensive
details can be found in {15].

Generally, {,,!,are chosen to be equal and then the space vector phase switching sequences
can be exactly represented as an asymmetric regular sampled PWM waveform using a modified
modulation waveform (SVPWM) under steady state conditions as shown in Figure 4.4. In this

figure, curve b is the modulating waveform equivalent to space vector and curve a is the

fundamental component. The equivalent modulating waveform is given by:

b/

[l

Vens = %sin(t//t) <wt<

6

3 n 4 /3 @5)
Ve, =—sin(at +— —<wt<—
S 2'“(‘” 6) 6 >

With quarter wave symmetry defining the rest of the waveform.

The space vector modulation wave can be regarded as a sum of the desired fundamental sine

wave component and a third harmonic triangular distortion waveform as shown in Figure 4.4.

$.362
0.75 |

025

Figure 4.4 Space vector phase voltage components

(a) Fundamental sinusoidal
(b) Space vector phase voltage (b= a+c)

(c) Third harmonic triangle wave distortion
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Figure 4.5 Typical three phase waveform showing the presence of common third harmonic

(Sine wave amplitude = 1)

Figure 4.4 shows the three equivalent modulating waveforms for the space vector method.
Since the peak amplitude for unity fundamental is«/g /2 this allows a modulation index of
2/ -\/-5 (=1.15) before over-modulation occurs and is one of the advantages of the SVPWM of the
original regular sampling method. The regular sampling method with triple harmonic addition
however has the same advantage.

In a high performance drive system the SVPWM calculations are generally updated at each
sampling period due to the need to continuously vary the output voltage frequency and amplitude.
In this project which is concerned with steady state losses it is possible to implement both regular
sampling and space vector modulation with the same control program by interchanging the

modulation waveform
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4.2.2 Prediction of Harmonic Voltage Spectra under Various of Modulation
Index and with V/f in Constant
Due to the frequency and voltage dependence of core losses, the PWM voltage spectra need
to be determined at various modulation depths (ma) under inverter frequency50Hz. The simulated
results showed the PWM voltage spectra with a variation of modulation depth (ma) and by

keeping V/f in constant. The predicted or simulation results will be evaluated as below:

Voltage Spectra with ma=0.4 and fc=1kHz
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0.6 and fc=1kHz

Voltage Spectra with ma
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Figure 4.7 Predicted results of fundamental voltage with ma=0.6 and f,

Valtage Spectra with ma=0.8 and fe=1kHz
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Figure 4.8 Predicted results of fundamental voltage with ma=0.8 and f,
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Valtage Spectra with ma=1 and fc=1kHz
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Figure 4.9 Predicted results of fundamental voltage with ma=land f =1 kHz.

The predicted results shows in Figure 4.6 up to 4.9, when increasing modulation depth(ma)
then, the harmonic voltage decreases and the same time the fundamental voltage will be
increased. Therefore the harmonics voltage should be minimized by keeping modulation depth

(ma) as high as possible.

4.2.3 Prediction of Harmonic Voltage Spectra under Variation of Modulation Index
and by Keeping of Fundamental Voltage (220V)
The effect of modulation index to harmonic voltage is played very important role in harmonic
loss calculation. The purpose of this title is in order to meet the effect of modulation index (ma) to
the harmonic voltage spectra and harmonic loss spectra. The predicted results will be shown at the

figures below:
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, Fundamental Frequency 50 Hz
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Figure 4.10 Predicted results of voltage spectra with ma= 1, fundamental frequency 50 Hz,

switching frequency of 1 kHz and V= 220 V.

Voltage spectra with Ma=0.8, Fundamental frequency 50 Hz
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Figure 4.11 Predicted results of voltage spectra with the effect of modulation index ma=0.8,

50Hz, switching frequency of 1 kHz and with constant voltage (rms)=220V

fs=
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Voltage spectrum with Ma=0.4, Fundamental Frequency 50 Hz
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Figure 4.13 The Effects of Voltage Spectra and Modulation Index into Harmonic Losses
Corresponding to Figure 4.11
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Harmonic Loss (Watt)with Ma=0.4 Fundamenta! Frequency 50 Hz

1200

T T T ! !

1000 |-------=--- ey | EERRRRRRES fomeemmennes foeeennenas -
= 800f-----eenee- RN | IO e feeeeeeeeees I _
o » [ * .

z s s s s
- B S | R P T T i
© ; : ; ; :
g ; : : ; :
£ : : : :
5 A400f-------oe-- pomemoesescg (RS jrossoseoees T et .
* : : : ; ;
200----oee--- Poeaeneens - oo i fommmnoonees jonmamnnnes .
0 KA i M f?\ KA
0 1 2 3 4 5 6

Frequency ( kHz )
Figure 4.14 The Effects of Voltage Spectra and Modulation Index into Harmonic Losses

Corresponding to Figure 4.12

The predicted results shown in above Figures are the effect of modulation index into harmonic
voltage spectra and harmonic loss spectra. Figures 4.10 to 4.12 can be evaluated, that when
modulation index is decreased, then the harmonic loss spectra will be increased and Figures 4.13
and 4.14 shown the effect of modulation index in to harmonic loss spectra, that when ma is
decreased, then the harmonic loss spectra will be increase. Therefore the modulation index should

be kept as equal or less than 1.

4.2.4 Prediction of Harmonic Voltage Spectra and Loss Spectra under Variation of
Inverter Frequency and Switching Frequency
The harmonic voltage and loss spectra are related together. For the prediction of harmonic
losses, the harmonic voltage and loss spectra need to be determined. This purpose of this title is
the simulation of harmonic voltage and loss spectra under several of switching frequency and
variation of inverter frequency. The simulation results are the comparative between harmonic

spectra and harmonic loss spectra and shows as followings Figures:
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Harmonic Voltage Spectra with fs=20Hz and fc=1kHz
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Figure 4.15 The predicted results of (a) harmonic voltage spectra and (b) harmonic loss spectra

with fundamental frequency of 20 Hz and 1 kHz switching frequency.
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Harmonic Voltage Spectra with fs=40Hz and fc
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Figure 4.16 The predicted results of (a) harmonic voltage spectra and (b) harmonic loss spectra

with fundamental frequency of 40 Hz and 1 kHz switching frequency.
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Harmonic Voltage Spectra with fs=50Hz and fe=1kHz
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Figure 4.17 The predicted results of (a) harmonic voltage spectra and (b) harmonic loss spectra

with fundamental frequency of 50 Hz and 1 kHz switching frequency.
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Harmonic Voltage Spectra with fs=20Hz and fc
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Figure 4.18 The predicted results of (a) harmonic voltage spectra and (b) harmonic loss spectra

with fundamental frequency of 20 Hz and 2 kHz switching frequency.
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40Hz and fe=2kHz

Harmonic Voltage Spectra with fs
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Figure 4.19 The predicted results of (a) harmonic voltage spectra and (b) harmonic loss spectra
with fundamental frequency of 40 Hz and 2 kHz switching frequency.



40

Harmonic Voltage Spectra with fs=50Hz and fe=2kHz
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Figure 4.20 The predicted results of (a) harmonic voltage spectra and (b) harmonic loss spectra

with fundamental frequency of 50 Hz and 2 kHz switching frequency.
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Harmonic Voltage Spectra with fs=20Hz and fc=3kHz
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Figure 4.21 The predicted results of (a) harmonic voltage spectra and (b) harmenic loss spectra

with fundamental frequency of 20 Hz and 3 kHz switching frequency.
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Figure 4.22 The predicted results of (a) harmonic voltage spectra and (b) harmonic loss spectra

with fundamental frequency of 40 Hz and 3 kHz switching frequency.
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Harmonic Voltage Spectra with fs=50Hz and fc=3kHz
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Figure 4.23 The predicted results of (a) harmonic voltage spectra and (b) harmonic loss spectra

with fundamental frequency of 50 Hz and 3 kHz switching frequency.
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Figure 4.24 The predicted results of (a) harmonic voltage spectra and (b) harmonic loss spectra

with fundamental frequency of 20 Hz and 6 kHz switching frequency.
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Figure 4.25 The predicted results of (a) harmonic voltage spectra and (b) harmonic loss spectra
with fundamental frequency of 40 Hz and 6 kHz switching frequency.
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Figure 4.26 The calculation results of (a) harmonic voltage spectra and (b) harmonic loss spectra

with fundamental frequency of 50 Hz and 6 kHz switching frequency.
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The accuracy of the SVPWM system has been proved by comparing the voltage spectra
and harmonic loss spectra with those expected from an ideal PWM generation process and with
variations of fundamental frequency (V/f). Detailed investigation of the low frequency spectrum
has confirmed that the effects of inverter interlock delay are negligible for the switching
frequencies considered. The simulation results the harmonic voltage and loss spectra with the
effect of inverter frequency and switching frequency. From Figure 4.15 to 4.26 shows the
comparison of voltage spectra and loss spectra. It is insight that, when switching frequency
increases, then the spectra of harmonic voltage and loss decrease. In contrary, when the inverter

frequency increases, then the spectra of harmonic voltage and loss increases.

4.3 Prediction of Total Harmonic Loss under Various Operation Conditions

(Inverter Frequency, Load Conditions and Switching Frequency)
This title proposed the prediction of harmonic loss of induction motor using loss factor
characteristics from Figure 4.10 and under variation of inverter frequency, load condition and

switching frequency

4.3.1 Prediction of Total Harmonic Loss under Variation of Switching Frequency and
with Various of Inverter Frequency and Load Torque.
Figure 4.27 to 4.41 results the prediction of total harmonic losses under variation of
switching frequency and several of load condition and inverter frequency. The results can be
concluded, when increases switching frequency, harmonic loss decreases and in contrary when

increases inverter frequency and load torque, then the harmonic loss increases.
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Figure 4.40 Predicted results of total harmonic loss with 40Hz inverter frequency and 90% load
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Harmonic Loss Curve
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Figure 4.41 Predicted results of total harmonic loss with 50Hz inverter frequency and 90% load

torque

4.3.2 Prediction of Total Harmonic Loss under Variation of Load Torque and Various

of Inverter Frequency and Switching Frequency

Figure 4.42 to 4.56 results the prediction of total harmonic losses under variation of load

torque and several of inverter frequency and switching frequency. The results can be concluded,

when increases load torque, harmonic loss increases and in contrary when increases switching

frequency, then the harmonic loss decreases.
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Harmonic Loss Curve
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Harmonic Loss Curve
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Harmonic Loss Curve
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Figure 4.56 Predicted results of total harmonic loss with 50 Hz inverter frequency and 6 kHz

switching frequency

4.4 Conclusion

This chapter has simulz.xted and predicted harmonic voltage spectra, harmonic loss spectra and
total harmonic power losses based on the loss factor characteristic. The simulated and predicted
results are used the parameters of standard  equivalent circuit of induction motors. With the aid of
the loss factor model it is possible to deduce how the conventional equivalent circuit model should be
extended to give improved harmonic loss prediction. This results is concluded that the switching

frequency is very important by induction motor operation .1t is insight that when increases switching

frequency the harmonic losses increases at shown in Figures 4.27 to 4.56.



CHAPTER 5
COMPARISON BETWEEN PREDICTED AND
MEASURED HARMONIC LOSSES UNDER VARIOUS
OPERATING CONDITIONS

5.1 Introduction

This chapter demonstrates the results of the loss prediction method compared to practical

results for both individual and overall harmonic losses under various operating conditions.

5.2 Comparison Between Predicted and Measured Harmonic Losses under
Various Load Conditions

Figure 5.1 to 5.9 show the comparison between predicted and measured harmonic losses
with variation of inverter frequency and load conditions. For this results implemented with
switching frequency 1 kHz, 3 kHz and 6 kHz and for a range of load conditions and inverter
frequency. It is very clearly, that PWM switching frequency increases for both the total harmonic
loss decreases.

Comparison of Harmonic loss
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Figure 5.1 Comparison between predicted and measured harmonic loss with variation of inverter

frequency , 10% load torque and 1kHz switching frequency
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Figure 5.1 to 5.9 show the comparison between of predicted and measured harmonic losses
with variation of inverter frequency and load conditions. For this results implemented with
switching frequency 1 kHz, 3 kHz and 6 kHz and for a range of load conditions. It is very clearly,

that PWM switching frequency increases for both the total harmonic loss decreases.

5.3 Comparison of predicted and measured fundamental Voltage under variation

of modulation index(ma)

Figure 5.10 show the comparison of fundamental voltage between predicted and measured
results under variation of modulation index. It is very clear, when modulation index increases, the
fundamental voltage increases too (V/f is constant) and usually the fundamental voltage of
induction motor should be 220 Volt by measurement, but the result is less then 220 Volt. This

error is depended by data reading or error of Power Analyzer (PZ 4000).

Comparison of Fundamental Voltage
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5.4 Efficiency (1]) of Induction Motor

The efficiency (1)) of induction motor can be computed by:
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¢ Input power derived from experiment.

with
and

where

P, is input power

P, is output power

T

is torque

n isspeed
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Comparison of Efficiency
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Figure 5.13 Comparison of efficiency between switching frequency of 3 kHz and 6 kHz by 30Hz
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inverter frequency
Figure 5.11 to 5.15 show the comparison of efficiency of induction motor. It is clear, that
higher switching frequency the efficiency is higher than lower frequency and by full load and
higher inverter frequency ,it means inverter frequency is maximum 50Hz ,then the efficiency

became maximum (see Figure 5.15).

5.5 Conclusion

Predictions and Tests have been limited to 6 kHz by the hardware and sofiware used. This
frequency needs to be extended to accurately determine the shape at higher frequencies. However,
extrapolating the derived curve to 6 kHz gives good predictions for total harmonic losses for switching
frequencies up to 1 kHz since the bulk of the loss occurs in or near the frequency range of the
measurements. It has been suggested in some publications that at very high frequencies the loss factor
might increase although as yet there are no experimental results to support this.

The prediction of total harmonic losses using the predicted loss factor model is in good agreement
with loss measurements. The proposed model allows a clear visualisation of individual harmonic

losses and accurate loss prediction with SVPWM supply with known harmonic voltages.

With the aid of the loss factor model it is possible to deduce how the conventional equivalent
circuit model should be extended to give improved harmonic loss prediction.. This gives better insight
into the distribution of losses and shows that the harmonic stray load loss associated with the high
frequency effects of the leakage flux is extremely important. This result is in good agreement with the
proposed model. The efficiency of both methods is almost the same results. Figure 5.11 to 5.15
show the comparison of efficiency between predicted results and measured results. The output
power derived from the prediction in Equation (5.2). In fact the efficiency of induction motor is
around 85%, but for these results is maximum 83% less than origin 2%. This error is from the test
implementation and the different of capacities of induction motor under test and DC motor as a

load.



CHAPTER 6

CONCLUSION AND FUTURE WORK

6.1 Conclusion

The thesis has predicted total harmonic loss of induction motor using loss factor
characteristics and has examined harmonic Joss through the comparison of predicted results using
loss factor curve and measured results using measurement system test rig. The prediction of
harmonic losses were made using loss factor curve and variation of PWM parameters such as
modulation index, inverter frequency and switching frequency. This loss factor curve is derived
from a standard equivalent circuit of induction motors for a given different load at each frequency
normalized to the square of the harmonic voltage amplitude. The predicted harmonic loss factor
curve enables harmonic loss calculation on PWM supply with known the spectral characteristics
to be predicted directly and also provides a good way of assessing the accuracy and shortcomings
of loss model. A comprehensive predicted investigation into harmonic loss mechanisms and the
influence of the effects such as motor load torque, inverter frequency and switching frequency.
The measurement of harmonic loss were set up the measurement system test rig. This detail can
be found in APPENDIXA.

The main findings of this work are as follows:

e The total harmonic loss variation with frequency due to the inherent harmonic copper,
core and stray loss component has been predicted and measured.

e At low harmonic frequency, the predominant harmonic copper loss decreases rapidly as
harmonic frequency increases, while at high harmonic frequency, the predominant harmonic core
loss decreases gradually for more detail can be found with A. Boglietti’s work [16].

e The change of modulation depth on core loss is in significant. It is higher modulation
depth should be made for drive control.

e Higher PWM switching frequency results in a slow decrease in core losses.
Consequence, the effect of PWM scheme is significant on core losses. Note that higher switching
frequency insignificant reduces core loss compared to lower switching frequency. However,

higher switching frequency results increases inverter losses.
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e The predicted results have confirmed that the modulation depth plays an important role
on core losses in the magnetic drives fed by PWM inverter{1]

e The prediction of total harmonic losses using the loss factor curve is good agreement
with measured losses.

e Finally, these predicted results can be guidelines for selection of PWM parameters suitable
for drive applications such as switching frequency and can suggest useful advices to the motor

designers and users, when induction motors fed by PWM inverters have to be designed or utilized.

6.2 Future Work

e In order to develop more accurate loss models and to improve understanding of loss
mechanisms higher frequency measurements are required. The technique developed in this work
should be extended to higher frequencies through the use of an improved hardware/software
implementation.

¢ The technique developed in this work should be extended to higher frequency through the use
of an improved hardware and software implementation.
Further experimental work on machines with various rotor slot shapes would be beneficial to confirm
the influence of rotor leakage inductance and to determine more efficient designs.

e Further predicted and experimental work on machines should have various motor rating

configurations.
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ABSTRACT

This paper presents a harmonic loss calenlation of
PWWM-Fed induction motor, based on hamonic loss
factor ctrves under load conditions and various motor
configurations. The individual hanmonic losses can be
calculated from loss factor characteristics and
calenlation results can be guidelines for selection of
PWM parameters suitable for drive apphcations such
as switching frequency and can sugmest useful
advices fo the motor designers and wusers, when
induction motors fed by PWM inverters have to be
designed or utilized

1. INTRODUCTION

At the present time, the induction motors are widely
suppliad from PWM inverter and commonly used in
mdustrial applications. Despite the very great number
of PWM drives in operation, the hammonies loss
mechanizms are still not well anderstood by motor
design and drive commnities, there is a Jot of myths
and mismderstanding. With modem higher camier
frequency PWM drves neither approach is in
predicting  hamonic loss for all modulation
frequency effect on harmomic loss is difficult for
modeling niachine. The effects on the core Josses due
to the modulation depth m case of 2 PWM invester
supply have been test on wound core and on
econfirmed that the modulation depth plays an
important role on core losses in the magnetic devices
fad by PWM inverter [1].

The main  aim of this work 5 to
profoundly investizate the effects of PWM harmonic
voltages on mechanisms of harmonics core Iosses.
This fact is important to estimate the impact of using
of different magnetic material or the influsnce of
different design criteria I order fo improve the motor
efficiency and the ontput performance,

II. POWERLOSS OF INDUCTION MOTOR

©0-7803-8560-8/04/320.00D2004IEEE

The enerpetic balance of an induction motor can

be computed by the relation.
B =P +5 m
and
B =By ~Prng (&)
Where,
P : input power
Prond, : fundamental power
Pr : harmonic power lozs

A. Harmonic power loss excluding skin effect .

The total of harmonic power loss excluding skin
effect of induction motors can be expressed by[2]):

ﬂt&:.)' ngn 12
Al
With
1 AN y” (4)
R ngx
Hence
slh
2 et \W1
whars,
Paje.) * harmonic  power loss excluding ckin
effect
I, : n* harmonie current
Va : perunit (pu) n® harmonic voltage
S2 1 per unit (pu) fundamental frequency
X : per umit {pu) leakage reactance at base
freq
» : resistance of motor to the n® harmonie

(Le. R, isconstant for negligible skin effect )

B. Harmenic power loss including skin effect.
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The n® harmonic power loss inclading skin
effect of induction motors  can be expressed by{5):

B LR +R) ©®
With,
T @
Hence
2 ®
Prvd '{:—;’;) & +8)

Assuming that all of fhe stator resistance and
rotor resistance have skin effect and that zkin depth is
relatively small compared to conductor size, then
total resistance become:

R 4R =kl (4]
(10)
k¥,
Prowmy = L ;;é
Where,

Pa(in) : total harmenic power loss including skin
effect
Ly  :leakape inductance
Ry :stator resistance
R, :rotor resistance
Ju  :perunit (pu) fimdamental frequency
k  :constant

C. Harmonic loss characteristic eurves

K

Aoment Lo e puvy
¥ %
s |
H

ety (g e

Fig 1 Hxmponic 1oss factor curves for a givea Joad [1.4,6]

Frequency dependent loss characteristics under
vaxious operating conditions are shown in Fig.1 .
Total harmonie loss can be expressed as[3] :

P = _-"!_.;. B Vz

* ;,‘,- p) an
where, ¥V, isthen' hmwlhgemﬂnmdby
wmodulation depth., f,; is haxmonic frequency
A, B, @, £, are constant values in Joss characteristic
curves. Basically, the exponent o is 1.5 and £ varies
between 0.3-0.5. In this work, A=1.38, B=6.74, o =
15 andP=0.32 are used [3].

M. HARMONIC YOLTAGE SPECTRA

Dus fo the frequency and voltage dependence
of core Josses, the PWM voltage spectra need to be

detenmined at various modnlation depth (), m=04
and m=] under vapous inverier freguency of
20Hz and 50 Hz, . Figures 2 and 3 shown the
simmulated results of PWM voltage spectra with a
variation of modnlation depth. This results shows that
the SVM simmlation program used in order to predict
and accurate for good understood. When imcreasing
modulation depth , the reduced de hink voltage is
required for keeping constmt flux level, thus
decreasing harmome voltage as shown i the Fig.2
and 3. This result can be refesred to Joss characteristic
in curves Fig.l, it can be ceen that in order to reduce
core Josses in the higher harmonic frequency region,
the harmonics voltage should be minimized by
keeping modulation depth( m,) as high a5 possible.
Thexefore, in order to keep a constant flnx operation,
the de link voltage must be reduced.

Wbl Marrad Puguvey 200

e
Fagamay otz

Fig 2 Sirnlation pesults of voltage spectm with  m, =04,
rm&mmnmm«mma

L . t

i
L 4 +
rrgmmaiid

Fig 3 Sipmiation resnlts of voliage spxcte wihk my=1,
Pundamental Freguency 50 Bz and swixcking frequency of 1 kiz.

IV. CALCULATED RESULTS AND
DISCUSSION

The method presenied in this section wused
MATLAB program. In indusirial application, the
asynchronous PWM  technique nowadays i
commonly nsad where the camrisr fiequancy is fixed
and stays constant as the modulating frequency is
varied The reason for its is because of the simplicity
of control. Therefore, the fixed PWM switchng
frequency over wide range of inverter frequency is
used here. In a2 comparison of total the harmonic

81
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frequency variss betwreen 1-5 kHz and mverter
frequency varies between 10-50 Hz. DC Hnk voltage
is approximately 600 V. The 50 Hx sinnzoidal loss
for 75 kw induction motor at full load is
approximately 1.050 kw. In order to keep the ratio of
the fandamental ontput voltage to mverter frequency
{Vy/ £;) constant over a wide range of constant torqua
operation, the mnodunlation index  varies linearly with
inverier frequency.

Figures 6 A-8B illustrate total hammonic
loxzes of 7.5 kw induction motors{ see appendix)
umder varions operating conditions{ PWM types,
PWM switching frequency, and inverter frequency).
For sach motor at the same load conditions , the trend
of total hannonic loss for over a range of inverter
frequency are quite similar. As switching frequency
increases, harmonic losses decreases . Quite cleady
when increasing inverter frequency approximately
up to 30 Hz the harmonmic loss increases rapidly
particnlarly for lower switching frequency ( 1 kHz ).
However, for hizgher switching frequency, harmonic
lass will increace quite slowly. This results fiom the
sengitivity of copper loss to Jow PWM switching
frequencies and the semsitivity of core loss to high
the distribution behavior of harmonic voltage spectra
changing with the modulation index Note that at
higher inverter frequency operation { more than 30
Hz ), total barmonic loss trend to decrease. Az can be
seen m fisures 6A~8B, the diffevence of total loss for
PWM swiiching frequencies of between 3-SkHz i3
considerably msignificant when comparing to the
total harroonic Joss at switching frequency of 1 kHz .
The higher load will produce large harmonic loss at
lowar Joad.

Por the comparative investigate on motor A and B
were conducted for the same operating conditions.
Figures S A and 5 B show the comparison of loss
characteristic curves for motor A and motoer B for
various load condifions. Clextly for both light and
heavy load condiion at low harmonic frequencies,
the large loss factor is with motor B than motor A.
For higher harmonie frequencies, these loss curves
tand to decrazse slowly.

s Lt g
!
N

i
i
i

3
£ o
E

Fig. 5A  Loss factor with variation of 1oad for motx A with
despbar cage [3].

For @1is machine with a deep bar rofor, the functions
at given load and rated flux are used the loas factor
equations as follovs{S] (fvaries between 0.3-0.55):

|

Forlossof 5%, 50% and 90%
=438 4 047 (1xa)

kaszy = fl .3 fuz

asa)
a44)

N A
W TR TR TR TR TR TR T .
ad J

Fiz 5B. Loss facux with variation of Joad for mator B with
double cage 3]

For this machine with a donble cage rotor, the
functions at given load and rated flux are used the
loss factor equations as follows [5] (fvaries between
03-0.6):
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V. CONCLUSIONS

This paper bas deal with the investization using the
loss factor characteristics of PWM parameter such as
mednlation depth, switching frequency and PWM
strategies on the induction motor losses. Main
findings of this work can be summarized as follows:
The change of modulation depth on core losses is
significant. It is higher modulation depth should be
made for dove comtrol. As comsequence de link
voltage level mmst be reduced Higher PWM
s‘nﬁcbmgﬁaqtmcynmhmasbwdmsemm

losses . Consequently, the effect of PWM scheme is
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significant on core losses. Note that higher swritching
ﬁ‘aqmcympuﬁmtu&mecmloasccmpmdb
lower i

loszes. At low harmonic frequencies, the predonymant
harnmnonic copper loss decreases rapidly as harmonic
frequency increases, when at higher harmonic
frequencies the predominant harmonic core Joss (plas
stray) loss decreases gradually.

V1. APPENDIX

Motor A: 3-phase indnction motor with a deep bar
and skewed rotor cage, 7,5Kw : power rating, rated
voltage : 415V-Delta rated cument:14,58A rated
speed 1454 rpm, frequency : SOHz, stator slots - 36
and rotor slots : 32,

Motor B: 3-phase induction motor with a donble and
skewed totor cage, 7,5Kw : power rating rated
voltage : 400/440 V-Delta, rated curvent:14,5/13.2A,

rated speed 14401740 1pm, fxeqnmcy S0/60H=,
stator slots : 54 and rotor slots : 48
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Driver Test Rig

Three-Phase Induction Motor220/380V(Y/A) Dc Motor ( Load)
Power rating: 2.2 kW (3HP), Rated Speed: 1420rpm

Rated Current: 5/8.7A, Cos(P=0.82



The connection between AC Motor under Test and D¢ Motor ( Load)

Converter SIMOVIS DC drive with torque control

86



COMMANDER CD ( Variable Frequency Inverter )
TYPE CD 550 (Max. Motor Size 5.5 kW)
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APPENDIX C

MATLAB Program for Harmonic Loss Prediction
vd = 220*sqrt(2);
%for fs=10:5:50

fs = 50,
%modIndex =(0.9*(fs)+10)/50; %v*2*sqrt(2)/vd;
modIndex =(220/218.6165)*(fs/50);

fc = 1000;

Th = 1/fs;

dt = Th/fc;

t= 0:dt:Th;

g=6;
order0=(fc/fs)*g;
CSignal = sin(2*pi*fs*t);

refSignal = carrier(CSignal,fc,t);

Va = modIndex*sin(2*pi*fs*t);
Vb = modIndex*sin(2*pi*fs*t-120*pi/180);
V¢ = modIndex*sin(2*pi*fs*t+120*pi/180);

pwmao = PWMk(Va,refSignal,vd);
pwmbo = PWMKk(Vb,refSignal,vd);
pwmco = PWMk(Vc,refSignal,vd);

pwman = (1/3)*(2*pwmao-pwmbo-pwmco);

fita=abs(fft(pwman)/fc);
[ffta,frequency] = MyFFT(pwman,t);

data=ffia(1:0rder0)/sqrt(2);



Xaxis=(1:order0)*(fs/1000);
figure(1)

plot(Xaxis,data);

title('Spectrum of Voltage");
xlabel('Frequency(kHz)');
ylabel('Fundamental Voltage(V)")

order=6000/fs;
for run=3:order;
A=0.55;
B=0.70;
alpha=1.5;
beta=0.51;
fn(run)=(run*fs)/fc;
vn(run)=ffta(run);
copper_loss_factor(run)=A/(fn(run).alpha);

iron_loss_factor(run)=B/(fn(run). beta);

loss_factor(run)=(((A/((fn(run)).*alpha)}*+(B/((fn(run))."beta))))*0.001;

harmonic_loss(run)=loss_factor(run)*({vn(run).»2));

end
figure(2)
dataP=harmonic_loss(3:order0);
XaxisP=(3:order0)*(fs/1000);
plot(XaxisP,dataP);
title("Harmonic Loss(Watt) ');
xlabel('Frequency(kHz)');
ylabel('Harmonic Loss(W)")



figure(3)

plot(harmonic_loss);

title('Total harmonic loss spectra');
xlabel("Harmonic order’);

ylabel('Harmonic Loss(Watt)")

figure(4)

dataZ=sum(dataP);
XaxisZ=(3:order0)*(fs/1000);
plot(XaxisZ,dataZ);
title("Total harmonic loss');
xlabel('Frequency(kHz)');
ylabel('Harmonic Loss(Watt)')
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