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ABSTRACT.

Abstract:

Due to the ruggedness, reliability and low maintenance
required, small inverter-fed induction motors (1.5 kW to
25 kW) have earned a reputation and are utilized more and
more frequently in industry for wvariable speed
applications. The applied voltage and current waveforms
are generally dgquite non-sinusoidal and polluted with
higher time harmonic components. The higher time
harmonics affect the electrical and mechanical
performance significantly, and adverse effects are
investigated. Literature on the effect of higher time
harmonics is reviewed. Recommendations referring to
various aspects under non-sinusoidal excitation are made
when installing inverter-fed induction motors.

Different inverter supplies (6-Pulse Square Wave voltage
source inverter (VSI), PWM VSI and sinusoidal excitation)
are used with a small 3-Phase, 3-kW squirrel cage
induction motor, configured under synchronous
characteristic V,/50 and subsynchronous characteristic
V,/87. The respective voltage and current frequency
spectrums of the excitation source are analyzed and the
harmonic content determined. Performance tests are
executed under identical operating conditions
respectively and results are compared with respect to
pure sinusoidal (fundamental) excitation.

To determine the electrical performance the efficiency,
power factor, temperature rise of the stator and induced
shaft voltages were analyzed. The mechanical performance
-under inverter operation was analyzed by measuring the
torque, torque pulsations, critical speeds and resonance
frequencies of frame vibrations and torque oscillations
as well as vibrations in x-, y-, and z-direction of the
inverter-fed induction machine. Consequences of time
harmonics on the induction ' motor and system are
discussed. Conclusions on the effect of time harmonics
and performance of different inverter types compared to
sinusoidal excitation are drawn and are theoretically
summarized and justified.
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Abstract.

Auszug:

Umrichter gespeiste Induktionsmaschinen mit niedriger
Leistung (1.5 kW bis 25 kW) werden zunehmend in
industriellen Anwendungen mit drezahlverédnderlichen
Antrieben eingesetzt, da sie fast wartungsfrei und sehr
robust sind. Die 2zugefligten Spannungen und Stréme von
Umrichtern sind nicht sinusférmig und beinhalten eine
Reihe von zeitlich bedingten Oberschwingungen. Die neben
der Grundschwingung (Ordnungszahl n = 1)' auftretenden
Oberschwingungen beeinflussen das elektrische und
mechanische Verhalten der Asynchronmaschine nachteilhaft.
Umfangreiche Literatur 2zu diesem Thema ist vorhanden und
einige Verdéffentlichungen werden kurz besprochen.
Vorschldge =zur Installierung von Umrichter gespeisten
Asynchronmachinen in Bezug auf vergréferte Beanspruchung
durch die - nicht sinusférmige Speisung des
Induktionsmotors werden vorgeschlagen.

Verschiedene Spannungs gespeiste Umrichter (6-Puls Block
Spannungsumrichter, PWM (Puls Breiten Modulation) und
sinusférmige Speisung) unter Normalkennlinie V,./30 und
Vy/87 werden benutzt um einen 3-Phasen, 3-kW Kafigldufer
zu untersuchen. Das Frequenzspektrum der Spannungs- und

Stromoberschwingungen wird jeweils bestimnmt. Das
Verhalten des Induktionsmotors und die Leistung wurden
unter identischen Betriebszustédnden gemessen. Die

Resultate werden mit Ergebnissen verglichen, die unter
sinusférmiger Grundschwingung bestimmt wurden.

Um das elektrische Verhalten 2zu untersuchen, wurden der
Wirkungsgrad, Netzleistungsfaktor, Temperaturanstieg des
Stdnders und die induzierten Wellenspannungen gemessen.
Das mechanische Verhalten des Kafigldufers unter
Unrichterspeisung wurde analysiert durch die -Bemessung
des Drehmoments, Pendelmoments, Resonanzfrequenzen des
Pendelmoments und der Vibrationen im Betriebsbereich, und
Stindervibrationen in x-, y- und 2z- Richtung. Die
- Auswirkungen der Oberschwingungen auf den Induktionsmotor
werden besprochen. SchluBfolgerungen lber die Auswirkung
der Oberschwingungen in verschiedenen Umrichtern im
Vergleich - zur Grundschwingung werden theoretisch
ausgelegt und zusammengefaft.
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1.1 Topic.

The research topic is a commonly used standard small
power variable speed drive (VSD) with a 3-phase 3-kW cage
induction motor. The induction motor is fed from voltage-
source static inverters with variable-frequency variable-
voltage amplitude output. With the present technology it
is difficult to achieve a distortion-free sinusoidal
output. Higher time harmonics in the inverter output
voltage influence the electrical and mechanical
characteristics of an induction motor. Existing design
variants of cage induction motors when fed with non-
sinusoidal voltage produce usually smaller torque and
higher vibrations than on a sinusoidal voltage.

For example, derating curves .and dangerous resonant
frequencies for standard motors supplied by static
inverters have tremendous practical importance. These
problems should be carefully investigated especially in
relation to small VSDs which are the most popular drives.

VSDs are used to an ever increasing extend in industry
for all various applications. The main requirement are
for process engineering and also for energetic reasons.
The effect of higher time harmonics on the electrical and
mechanical performance of induction motors must be
understood and well established for integration of VSDs
into operating plants. Necessary precautions to remedy or
avoid any adverse effects can then be taken.

VSDs are considered as a whole systems, which include

electrical as well as mechanical performance
characteristics. Each system consists of a supply unit,
the variable frequency inverter, control unit,

asynchronous machine, shafting and couplings and the
load.

Different types of inverters rated between 0.5 KW and
2000 kW are used at present. Each inverter has its own
specific characteristic and deviates from sinusoidal
supply. These cause a variety of different (changed)
stresses on the motor. The performance (especially with

- Page 1 - . .



CHAPTER 1. Introduction.

reference to the. load being driven) may be affected
adversely.

The research topic can be divided into (i) electrical and
(ii) mechanical phenomena associated with inverter
operation. Clearly the excitation with higher time
harmonics creates higher space harmonics which then
influence mechanical operating characteristics.

Purpose.

In the IEC Standards [1.1], on the application of cége
induction motors when fed from inverters, steady state
operation applications are discussed. Indirect type
(intermediate DC bus) fréquency inverters are considered.
The standard attempts to quantify the selection of power
components and their induced characteristics on the drive
- motor system. The standards [1.1] recommend to check
the frequency spectrum, harmonic losses, torque derating,
oscillating torques, noise, over-voltages and shaft
voltages during inverter operation of a typical motor.

Mathematical models on torque pulsations, loss models
for inverter-fed asynchronous motors are available in
literature. Noise and vibration phenomena are also
described. On the other hand only very 1limited
information was found on induced shaft voltages due to
higher time harmonics, and no measurement data on torque
pulsations was pubiished. '

Additional stresses in various forms and dimensions
due to variable frequency, non-sinusoidal and variable
voltage and currents influence induction motor operation.

The purpose of this thesis is to investigate the
electrical and_mechanical performance of small inverter-
fed induction motors, i.e.

- Losses and efficiency.
- Temperature rise.

~ Shaft voltages.

~ Torque pulsations.

~ Vibrations.

- Page 2 -



CHAPTER 1. Introduction.

Variable quantities as:

(1) variable frequency;
(ii) variable voltage and currents;
(iii) Non-sinusoidal voltage and currents;

"influence the operation and performance of induction
motors in various forms.’

The electrical consequences of non-sinusoidal excitation
of induction motors are [1.1 - 1.5]:

(i). higher time harmonic losses and increased
temperature stresses in motors:;

(ii). reduced efficiency, power factor and rated
machine power;

(iii). increased induced shaft voltage and bearing
currents;

(iv). stresses on the insulating materials due to
voltage and current spikes as well as increased
temperature;

(v). increased noise levels with distinct frequency
components due to adjustable frequencies and
harmonic voltages and currents.

The mechanical consequences of non-sinusoidal excitation
of inverter-fed induction motors are [1.1 - 1.5]:
(1). oscillating torgues and forces due to harmonic

voltages and currents;

(ii). operating range influenced by critical speeds,
resonance, increased vibrations:

(iii). reduced inter lubrication periods and reduced
bearing life-time;

(iv). reduced ventilation effect at low speeds;

(v). noise due to torque pulsations and increased
vibrations due to variable frequency, voltage and
current harmonics.

- Page 3 -



CHAPTER 1. Introduction.

Secondary effects of high frequency harmonics, especially
in high power applications are the interference in
control systems, communication networks and general power
system pollution [1.6].

Approach.

The effects of higher time harmonics on the
performance of induction machines are theoretically well
understood phenomena. Assorted 1literature has been
published on most of their aspects, eg. [1.2 - 1.5].
However, the 1largest 1literature component 1lies in
modelling effects and phenomena under non-sinusoidal
excitation, but only limited reliable actual measurements

-on performance and other phenomena have been published

eg. [1.2].

In this thesis the consequences of higher time
harmonics are measured on a physical model. It is limited
to a single standard inverter-fed squirrel cage induction
motor, as particular attention should be given to non-
special motors. All measurements can be analyzed on a
relative basis as data was captured under the same
operating conditions but at different frequencies and
separate excitations:

(i). Square Wave (6-Pulse) ;
(ii). Puls width Modulated (PWM) ;
(iii). Sinusoidal ;

excitation with known frequency content. Sinusoidal
excitation (fundamental frequency component only) is used
as reference. The effect of known higher harmonic content
can then be deduced and analyzed.

- Page 4 -



2.1 General Requirements.

For an experimental investigation on a physical model
all concrete measurement parameters must be acquired to
the highest possible accuracy. All measurement parameters
must be transformed into a measurable voltage or current
signal. Considerable design effort is required to
eliminate all sources of noise and interference which
could be severe in an environment with radio frequency
interference due to current spikes. To obtain a high
level of <confidence 1in the measurements taken the
calibration procedure must be accurate, repeatable and
compared to a reliable calibration source. The interface

"between the data acquisition system (PC-based) and the
actual voltage signals must be done carefully. Ground
loop elimination, input buffers and protection circuits
must be incorporated. Analog measuring devices with
suitable specifications (accuracy, voltage offset,
bandwidth, drift etc.) must be selected and used in the
signai transducer design. '

To determine the efficiency precisely it is important to
measure the power supplied to the motor under non-
sinusoidal excitation and the mechanical output power
accurately. Power measurement under inverter conditions
was investigated and is discussed in some detail below
due to its relevance, especially with respect to
determining the efficiency. Alternative methods to
determine the efficiency, measurement considerations and
their signal conditioning are discussed in this chapter.

2.2 Description.

The physical model concept is presented in the Fig.
2.1. The induction motor is the Device Under Test (DUT)
with all sensor positions indicated. Design data of the
induction motor manufactured by GEC (Johannesburg, RSA)
are given in Table 2.1. :

- Page 5 -



CHAPTER 2. Physical model - Data acquisition system.

Table 2.1 Design data of tested 3-Phase Cage Induction
Motor.

Rated POWET: ..o.vvennn. Ceeieeeeaees. 3000 W

Rated frequency: ....ccveeeecnneas .. 50 Hz

Rated voltage:....... cecescececcasss 380 r.m.s. V
Connection: ........... cecesssecacas Delta

Rated speed: .....cccevcvvveeesnneess 1430 r.p.m.
Rated current (Sine€): ............ .. 6.9 A

No. of turns per coil:.....ceccve... 58

Stator winding type:............... Single layer concentric
No. of stator layers: ....cceeeeeaee 1

Diameter of stator conductor:...... 0.8 mm

No. of parallel paths:........ccc.. 1

Stator coil pitch:......o.0... cesss 1=12, 2=-11, 3-10

No. of stator slots: ..veeeeecaen e+ 36

No. of rotor slots: ... evennn.. .. 28

Outer/inner diameter, stator core:. 165.1 mm; 104.8 mm
Outer/inner diameter, rotor core:.. 104.8 mm; 38,1 mnm
BH curve and core loSS: ..ieeesess .. 8 W/kg at 1.5T, 50 Hz
Rotor cage material, resistivity:.. Al. (LMo),
Resistivity of stator winding:..... 0.146*1072 Q

at 75°C, per 2.54 cm

A load in form of a separately excited dc generator is
connected via a torque transducer (slip ring type - HBM).
The load is varied by changing the field excitation and
the armature terminals are connected via resistor bank.
The advantage of this configuration is that for the no
load and locked rotor test the dc generator can be
reconfigured as variable speed dc motor.

To avoid exceeding the inverter current limit, and the
rated motor current, the 1load and torque was only
measured at low values of slip i.e. up to maximum two
times rated conditions.

Also for vibration and torque pulsations without exciting
the induction machine, the system inherent mechanical
behaviour can be approximated. An external trigger was
designed for (i) synchronizing and (ii) to obtain the
shaft position over time. A second torque transducer was
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In Fig. 2.2 a flow chart outlines the inter-connection of
equipment and the general procedure for measurements.

Measurenent Procedure. Storage Scope
for Supervision
Vibration and Referencing
Acceleromneters
Supply and Transducer
Sources -
RS din Truea RMS PC - based
SD Square fnalog Data Aquisition
Nave DS' g"_.;::t Wattmeter System -
Inverter 3 KN Data logger
=8 Haz Squirrel HBW - Srain High Speed
. Cage gauge lorque lSanpling_
Mains Induction Transducer 7
Supply i
Motor Signal Anp.
Variable Data analvsis
?peed and Heasurenent andSignpl
Sfequsncv Interface Processing
ﬁizf a:g Devices and |} = -
ernator y iabl Buffers Line Printerrs
ariablie Plotter
- Load - ]
PEM Sienens DC Motors
SIMOYERT-P Generaror Results r____J
Fig. 2.2 Flow chart, testing and data acquisition

procedure. All instruments and devices are indicated.

An IBM compatible PC-based data acquisition system is
used to sample all nmeasurements. The A/D and D/A card
PC30-D, a maximum throughput of 200 kHz with supplied
software STATUS-30 V2.00 was installed on an 12-MHz
IBM/286 computer. A maximum of 16 channels, 12 bit
resolution could be sampled, either configured for DMA
(Direct Memory Access) or rotational sampling. The
sampling frequency and the number of samples to be logged
could be set up. Logged data was saved as text file and
then imported to additional support software (Quattro
Pro) and then manipulated to extract information. Some
information on the PC30-D card and the STATUS-30 software
is attached in Appendix 2.1. ‘

The frequency spectrum could be obtained via an
implemented FFT (Fast Fourier Transform), or a Chirp-Z
transform to pre select a specified frequency range.
Depending on synchronization of the signal, windowing
functions (Rectangular, Blackman Harris, Hamming, Hanning
windows) were selected to reduce effect of cluttering
harmonics if a non integral number of periods of a
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CHAPTER 2. Physical model - Data acquisition system.

specific sample were 1logged (the effect of spectral
leakage).

To improve the analysis of voltage source inverter-fed
motors and to analyze different methods of modulating
variable frequency signals with their respective harmonic
content a simulation package PWM_SIM was written in Turbo
c/Cc*t to simulate different modulation techniques, their
respective 1line <currents and to investigate the
respective frequency spectrum. The effect of varying the
leakage reactance can also be simulated. The simulation
of the line current is an approximation as used in [1.4],
it is assumed that the inductance is much larger than the
resistance. The program is suited for teaching purposes
and the analysis of modulation techniques. Information of
crest and distortion factors are also displayed.
Information on the software PWM_SIM 1is attached in

Appendix 2.2.

Equivalent Circuit of Inverter-Fed Induction Motors.

Accurate equivalent circuit parameters are required to
predict the steady state performance of inverter-fed
induction motors. The parameters for the fundamental and
parallel time harmonic equivalent circuits are determined
for the induction motor. The equivalent circuit, with V/f
characteristic as maintained by inverter drives is
determined by a method outlined in [2.4]. Four tests, the
standard locked rotor and no load test were performed for
sinusoidal excitation at 50 Hz and 25 Hz at constant V/f
ratio. Equivalent circuit parameters as a function of
frequency (V/f constant) for that specific circuit are
then derived.

A T-type equivalent circuit is used, (Fig. 2.3). This
equivalent circuit takes into account the temperature of
the windings, iron and mechanical 1losses at each
frequency and the skin effect in the rotor circuit.

- Page 9 -



CHAPTER 2. Physical model - Data acquisition system.

Ry Xy Ry’ X! Rin Xin  Ran’ Xon’
f—%—% 7 — % f-ﬁ—% %—W—> ’
I; ..Io I = I1n I2n
Rre < Rren
Vi Ey " Vin i
(Ry’/s)
[
o — ! o
(a). : (b).
Fig. 2.3 Eqﬁivalent circuits. (a) for fundamental

harmonic (b) for n-th time harmonic.

The following symbols are used for equivalent circuit
parameters under sinusoidal excitation:

Ry = Stator winding resistance.

X, = Stator winding leakage reactance.

R, = Series resistance corresponding to core losses
Xm = Mutual reactance.

R,/ = Rotor winding resistance referred to stator side.
X5’ = Rotor winding leakage reactance referred to stator
side.

Under non-sinusoidal excitation the subscript "n" (higher
time harmonics order) is added.

The fundamental slip is expressed as:
Ng - N
g = — c..(2.1)
Ng

where Ng is the synchronous speed of the fundamental, N
is the rotor speed. ‘

The slip s, of the rotor for higher time harmonics is
approximately equal to unity. i.e.
n t (1-s) _
- cee(2.2)
n

where n = 6k * 1 (k=1,2,3...).
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The frequency for the nth harmonic in the rotor is:
fon=sp*n*f; =[nt (1-s)] £ ...(2.3)

The slip of the rotor is s, ~ 1, and rotor frequency for
higher time harmonics is foh ® n £q.

.

Frequency characteristic of Rpp and L.

A

2.

inductance Lz b“;ﬁwm\\~\~ 755 fH
o7

"oy
~
Q
T 2
@
oo
29
@ T
@ ']
g
50 "7 6.92 [Ohm
39 G [ }
25 """ G52 [Ohm]
o Heslstance Ao
o
o .
Q 23 50 Frequency Hz).

Fig. 2.4 Secondary resistance and leakage inductance
frequency characteristics measured in the motor operating
range.

The measurements taken are displayed in Fig. 2.4 and
also correlate with data presented in [2.5]. The rotor
parameters are frequency dependant in both stator,; and
rotor circuit but especially in the rotor due to the skin
effect in the squirrel cagé bars.

To estimate the equivalent circuit resistances and
reactances it is necessary to make no-load and locked
rotor tests. To perform an accurate no load test the dc
motor drives the induction motor at synchronous speed
(locked with a mains synchronized stroboscope) to
overcome all windage and friction losses. The total power
then supplied to the induction motor were stator and iron
core losses. For the equivalent circuit calculations
uncertainties on mechanical 1losses could thus be
eliminated. The temperature of the windings was Kkept at
75°C. ' :
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As the total mutual flux linkage and thus torque is
influenced by the rotor position, the locked rotor test
was performed at rated current and the rotor turned anti-
clockwise by the dc motor. For each test 256 data points
were sampled and the average calculated.

A more detailed analysis and derivation of the parameters
is attached in Appendix 2.3.

The following equivalent circuit frequency dependant
parameters were calculated, (Appendix 2.3).

Ry = 6.87 n
X; = 0.0081 * 27f; Q

R, = 37.08 . Q at 50 Hz
Xy = 0.591 * 27f; Q

R2' = 6.92 . 1

X,/ = 0.0075 * 27f; Q

Rin = Ry

Xin = n * Xjp

Ryp’ = 0.029 * £, + 5.24
Xon! = 0.598 * £, "1l

Xpn = N Xp = 0.591 * 27 nf; Q

It must be noted that the series resistance corresponding

‘to core 1losses is also dependant on the fundamental

exciting frequency. This is outlined in paper [2.4].

The load is modelled with a separately excited 5 kW
dc-generator. The armature windings are connected to a
resistor bank. By varying the field excitation the e.m.f.
generated increases, and so the load. A near linear load-
speed relationship is obtained at constant field
excitation.

Electric Input Power.

Before using any nomenclature it is important that all
terms are clearly defined and understood to avoid any
ambiguity while referring to data, measurements and
calculations. ‘

Moreover, since the power measured (i.e. voltage and
current) is not always sinusoidal a concise but brief
investigation into non-sinusoidal power signals has been
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made. Sinusoidal and DC power transfer are merely special
cases. For non-sinusoidal conditions different criteria
are laid down as outlined and discussed below. Clearly,
monitoring of inverter drives, where power measurement
forms an integral part, is affected by time harmonics and
is discussed in this project.

A design description, component data sheets, speci-
fications and detailed circuit diagrams of the true
r.m.s. power meter are shown in Appendix 2.4.

The classical phasor representation was developed as
an  analytical instrument for time varying sinusoidal
voltage and current signals.

For sinusoidal signals:

v(t) = V. cos(wt + ) ! cea(2.4)

m

i(t) cos(wt + 0) ...(2.5)

In

where V, and I, are the peak values of voltage and
current respectively, ¢ and o are the phase angles.

From the phasor representation the complex (apparent)
power has two mutually orthogonal components, namely real
(active) and fictitious (reactive) power. These
definitions of power are valid for sinusoidal voltages
and linear loads.

s=v .1I1* =v. 1el°

=V . Icos(8) +V . 1Isin(e) =P + jQ e (2.6)
where V-='|V|ej¢ is the voltage phasor, I = |I|ej° the
current phasor with I* the conjugate, P is the active
power, Q the reactive power, and 6 = ¢ - o the phase
shift.

For a general power measurements in the time domain of
all different waveforms all components must be defined.
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Current 1is subdivided into two orthogonal compohents
namely active ij(t) and fictitious ig(t). The active
current 1is in phase with the voltage across the
conductance G such that

ig(t) =G * v(t) ee(2.7)

The fictitious current is the difference between the
loading current and the active current.

4
F

Ia*V .6.(2-8)
Ig * V c..(2.9)

i

A general definition of power for:

i). non-sinusoidal - and
ii). aperiodic voltage and current waveforms.
iii). nonlinear loads.

in the time domain a load related definition is
proposed in the paper [2.1].

It is further stipulated that only real time voltage and
current should form input data to power measurement and
the actual power should not depend on the analysis of the
waveform itself.

In the paper [2.1] the powers are defined of two real
orthogonal components - 1loading, active and fictitious
power were the fictitious power is subdivided into
reactive and deactive power. This is required for
fictitious power compensation control [2.1].

Clearly in the application of variable speed drives the
signals are periodic in the steady state (not during
transients) i.e.:

f(t) = £(t + T) ...(2.10)

To calculate eg. efficiencies the main variable of
interest is the average power: ' '

1 [*KT |
P=— J p(t) dt | | ...(2.11)
KT J-kT

where k = integral no. of periods and p(t) = v(t).i(t)
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The loading or apparent power S is determined as the
product of the effective or r.m.s. (root mean square)
values.

S =Vr.m.s. t* Ir.n.s.

where the r.m.s. shaft voltage and currents are:

iy
Vr.m.s. = o J v(t)? e (2.12)
0
ST
Ir.m.s. = _;_ i(t)? c..(2.13)
J 0

Solving the integral for sinusoids the result is

established:
Vr.m.s. = Vpeak / /2 c..(2.14)
c..(2.15)

Ir.m.s. = Ipeak / J2

Clearly all higher harmonic components are included in
this integral and any periodic signal can thus be
decomposed into discrete sinusoidal components, i.e.:

- 2 2 2
Ir.m.s. =Y ( Iirms® * Iopme® + I3pps® + --- ) ...(2.16)

= 2 2 2
Vemes. =Y ( Virms® * Vorms® * Varms® * --- ) - .. (2.17)

The classical reactive power is obtained as:

Q =/ s2 - p2 ..(2.18)

The power factor cos 6 for sinusoidal voltage and current
is defined as:

Active power P
= e.e.(2.19)

Apparent power S

Pf. = cos 8

2.5 Output Power Measurement.

In the application of VSDs it has been measured that
at especially low speed operations the torque |is
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pulsating and subsequently an oscillating speed (notably
in low inertia systems) is present. '

An accurate method to establish the mechanical output
power (measured at the machine shaft) could be done by an-
analogue procedure as used by Lindsay [2;2] to determine
the DC power supplied to a thyristor supplied DC -
machine. Neither speed nor torque are truly constant over
time. It is however generally assumed that speed and
torque is constant which is a good approximation, for
higher frequency operation and especially for high
inertia arrangements.

Thus defining the average output power:

’

Pavg = Tavg - Wayg [Nm.rad/sec] e (2.21)
where

T(t) = Tg + Tq.sin(wp) : c..(2.22)
Ww(t) = wy + wy.Sin(wy) N ve.(2.23)

were Ty and T, giving the dc and oscillating torque
magnitudes respectively with wy the oscillating
frequency of the torque, wy and w; the dc speed and
oscillating speed amplitudes respectively with w, the
oscillating frequency of the speed.

But torque and speed are at the same frequency and in
phase wgp = w,, so that

P(t) = wy.Tg + Wp.sin(w).T;.sin(w) ;..(2.24)

From trigonometric identities:

P wO'TO + 0.5 wl.Tl ...(2.25)

avg =

The true avefage values for torque and speed can Dbe
obtained by low pass filtering the signals respectively.

Instruments and Measuring Devices.

2.6.1 Wattmeter.

The active power, r.m.s. voltage and currents are
acquired from the wattmeter described in Appendix 2.4.
The power factor, reactive and apparent power are
calculated according to the definitions outlined in
Section 2.4.

- Page 16 -



CHAPTER 2. Physical model - Data acquisition system.

The induction motor connected in delta, but the voltaée
measured is the phase voltage to fictitious neutral.
Multiplying by /3, the phase to phase voltage magnitude
was determined. Only the power for one single phase has
been measured and the machine is assumed to be almost
perfectly balanced, which is the case in present motors.
The voltage signal is converted to a true r.m.s. signal.
The line current 1is measured with a Techtronix current
probe, the signal then amplified to reduce the effect of
noise and also converted to a true r.m.s. signal as
discussed in Appendix 2.4.

2.6.2 Voltage.

To sample and measure the voltage on inverter-fed
motors is difficult because of the floating dc bus
intermediate state and VSD reference neutral with respect
to mains neutral. The signals measured must thus be
isolated from the actual PC-based data acgquisition
system.

A fictitious neutral has been created by connecting phase
A, B and C in star. A frequency independent potential
divider with the ratio 100:1 gives an accurate loggable
voltage signal. Any phase can be selected via a rotary
switch and the signal 1is buffered via a precision
isolator. The frequency is also derived from the know V/f
characteristic, which was measured with the frequency
option of the Fluke 8086A multimeter.

2.6.3 Current.

The current 1is measured via the Techtronix (Hall
effect) current probe, the signal then amplified to
improve signal to noise ratio. The current signal is also
converted to a true r.m.s. signal for processing. The
measured values are calibrated with a Fluke 8086A
multimeter.

2.6.4 Torque.

The torque is an integral factor in determining the
output power and thus efficiency. The torque is obtained
from the HBM torque transducer, where the signal is
measured on an axial shaft via strain gauges. The actual
signal is transmitted via sliprings to a HBM measurement
amplifier. A load cell was mounted on the load to verify
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the actual torque measured. The signal is obtained via a
differential amplifier with good Common Mode Rejection
Ratio (CMRR).

The torque signal is passed through (i) a LPF (Low Pass
Filter) as discussed in Section 2.5 with a 3 dB
frequency of 10 Hz and (ii) through an HPF (High Pass
Filter) to measure the torque ripple. The 3 dB cutoff
frequency is 75 Hz. The HPF signal is passed through a
true r.m.s. converter to measure the torque pulsations.

The measured torque quantities are (i) average torque,
(ii) ripple torque, (iii) actual instantaneous torque
T(t).

circuit diagrams for the load cell configuration, the
filters for the HBM torque signal and information on the
HBM torque transducer are shown in Appendix 2.5.

2.6.5 Speed.

Speed measurement was performed with a permanent
magnet dc tacho generator. The voltage signal was passed
through an LPF to filter out any noise that would be
present . due to interference and then buffered by an
operational amplifier voltage follower. A second
frequency proportional to r.p.m. signal was used to
ensure accurate calibration as frequencies can be
measured accurately.

2.6.6 Temperature Sensors.

As indicated in Fig. 2.5 temperature sensors (T; to
T,) were embedded in the stator laminations at three
different positions, closest to the drive end, the center
of the lamination stack and closest to the non drive end.
A fourth sensor close to the supply connector box
measures the ambient temperature that ventilates the
frame cooling ribs. The temperature profile along the z-
axis could be estimated and the heating time constant and
temperature rise over time for different excitation
sources could be determined.
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amplified by a differential amplifier with suitable CMRR.
The shaft voltage signal is passed through a r.m.s.
converter. The peak voltage is measured with a Fluke
8024B multimeter at steady state conditions and the
maximum value over 30 seconds is recorded.

The voltage drop across the surface between the steel and
carbon surfaces is assumed to be relatively small because
no current flow across the surface junction.

The two brush positions, S1 and S2, are indicated in Fig.
2.5. A circuit diagram is depicted in Appendix 2.6.

2.6.8 Vibration Measurement.

Vibrations are measured in all three ©principal
directions, dimensions, thus along the x-, y~, 2-
coordinates as shown in Fig. 2.6. Piezoelectric
accelerometers are fitted on the stator frame , with a
layer of bees wax, a thin film of insulation material and
the accelerometer mounted on a magnhet (contact sensors).

Fig. 2.6 Vibration components measured, principal
measuring coordinates.

Generally the output of the accelerometer 1is passed
through an integrating circuit to give a  signal
proportional to vibration velocity [2.3]. The signal is
then processed via filters, averaging circuits, r.m.s.
circuits, peak value and pulse indicators.

- Page 20 -



CHAPTER 2. Physical model - Data acquisition system.

Piezoelectric accelerometers (for x-, y-, z- axis),
vibration preamplifiers (z-axis) from Bruel & Kjaer and
charge preamplifiers from Klag-Swiss (x-, y-axis) were

used in measuring vibrations. The preamplifiers were
calibrated according to the accelerometer specification
to give a proportional voltage signal in [m/sec?]. This
x- and y- signals was processed through a true r.m.s. to
dc converter to give the equivalent r.m.s. acceleration.-
(z- direction excluded).

The acceleration signals was sampled at 50 kHz (512
samples) and the respective frequency spectrum analyzed
via a fast Fourier transform (FFT) algorithm.

Information on the frequency response of the
accelerometers and relevant circuit diagrams are attached

in Appendix 2.7.

2.6.9 External Trigger.

As shown in Fig. 2.1 an external trigger is attached
at the shaft to enable the measurement of rotor position
with time. This is necessary to ensure that vibrations
are sampled for at least one revolution and then
processed by a FFT. To determine the torque as a function
of position it is also required to have the rotor
position over time. The pulses are fed into a
synchronizing circuit that can then enables the sampling
on active high for 1 to 4 pulses. The number of periods
can be preselected. The trigger to the synchronizing
circuit can be preselected, such as rotor position,
current or voltage =zero crossing. To avoid multiple
triggering during jittered =zero crossing, a negative
hysteresis band is incorporated in the circuit. A circuit
diagram is attached in Appendix 2.6.

Alternative Methods to determine Efficiencies.

The efficiency values determined from measured input
and output power includes uncertainties and inaccuracies
due to equipment 1limitations. The difference 1in
efficiencies measured under different excitation sources
can be small, eg. less than 1% , and to measure powers
with a superior accuracy of 1% is very difficult. In the
thesis [2.7] the thermodynamic approach was considered as
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- an alternative method, measuring the airflow and air

temperature of an enclosed induction motor to determine
the increase in losses wunder different excitation
sources. To achigve good accuracies in measuring total
losses, another promising method was suggested by [2.8],
where it is recommended to place the whole induction
motor in a thermally isolated oil bath. The energy loss
of the induction motor could then be determined from the
temperature rise of the o0il, were the increase in
temperature would have been precalibrated against a known
energy transferred to the oil.

Variable Frequency -~ Variable Voltage Supply Units.

All measurements were performed with different
excitation sources with known frequency content. In this
project only voltage source inverters, i.e. square wave
6-pulse and PWM were used (Table 2.2). The inverters
could be configured for two different operating ranges as
shown in Fig. 2.7, namely in the (a) synchronous
characteristic V,/50 (0 Hz to 50 Hz) and (b)
subsynchronous characteristic V./87 (0 Hz to 100 Hz)
range. The respective airgap flux density was kept
constant by Kkeeping the ' voltage to frequency ratio
constant (V/f, constant torque). For frequencies beyond
the respective setting the drive is operating in the
field weakening range, were the rated torque must be
reduced. An initial voltage offset (voltage boost) K
could be selected to overcome the resistance at low
frequencies.

A VSI implies that a dc voltage appears at the input,
ideally with a very small internal impedance. A PWM
controls both frequency and voltage by the applied
modulation technique. The dc bus for a PWM drive is thus
fed by a full diode bridge. In the square wave inverter
the V/f constant is controlled separately. The frequency
is controlled via .the switching frequency of the dc to 3
phase circuit. A feedback circuit controls the dc bus
link voltage by means of a fully controlled rectifier, to
keep the V/f ratio constant over the operating range.

Limitations on the inverter operation were that the
square wave inverter could not be operated in field
weakening range for the synchronous configuration. The
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sinusoidal generator set was not stable for the
subsynchronous configurations for frequencies exceeding
50 Hz.

For all inverter drives the slip compensation was
disabled to avoid inherent designed control action to
take place during experiments. Slip compensation
increases the internal drive frequency proportional as
the 1load increases. Experiments under steady state
operation at constant frequency are conducted. The speed
range and torque limits are set to extremes (min / max)
values respectively.

V/f Characteristic for Synchromous and Sub-synchronous operation.
Y, v]
Scin Vs("] ] “
¥, = constant .
380 180
220 A
ij
o] o ol | .
¢ 50 100 a 50 87 100
fq M2 fo ]
¥/s0  Aynonranoda JoQ Y»-/g7 Sub-synchranaus range
{al. (b).

Fig. 2.7 Voltage/frequency characteristics (a) Synchronous
range V,./50 and (b) Subsynchronous range V,/87.

2.8.1 Square Wave Inverter.

A 6-Pluse Square Wave inverter is used to investigate
the effect of lower time harmonics, as the St and 7th
harmonic are very dominant. The VSI Danfoss VLT 5, rated
at 5.5 kW 1is used with external speed control. An
equivalent circuit diagram is shown in Fig. 2.(?).a.

2.8.2 PWM Inverter.

A Siemens Simovert-P PWM inverter (with pulsed
resistor device for braking purposes) 1is used to
investigate the electrical and mechanical performance
under an inverter with higher harmonics. The modulation
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technique used is sinusoidal PWM, and the drive is rated
at 16 kVA.

2.8.3 Sinusoidal Excitation.

Variable frequency, variable voltage sinusoidal
excitation is obtained with a Ward-Leonard set driving a
dc motor output power that in turn powers a synchronous
generator output power. The variable frequency can be
obtained by varying the armature voltage or controlling
the separate field excitation of the dc motor. The
variable voltage is controlled by the field excitation of
the synchronous alternator. At constant synchronous
generator field excitation, a fairly constant V/f ratio
is obtained as the synchronous generator is accelerated
and the speed increased.

Table 2.2 Design data of inverters.

Quantity ' PWM Inverter Square Wave VSD
Siemens 6SE1116-2A Danfoss VLT 5

Supply voltage 380/415 V 380/415 V

Drive pf. cos © 0.9 lagging > 0.8 lagging

Output voltage 15 - 380/415 V 0 - 380/415 V

Efficiency , > 96 % ) 91 %

Output frequency 2 - 100 Hz 0 - 100 Hz

Frequency range Vy/50, V,./87 Vy/50, Vy/87
(2-100p /eak s 2-100)| (0-55p,y, 0-100)

Rated Output 16 kva 5 kW

Rated Current 25/23 A ‘ 11 A

Enclosure - IP 54 ' IP 54

Cooling Forced air cooling Air, oil cooled.
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3.1 Review of Research.

An abundance on literature is available on additional
losses of inverter-fed induction motors. Selected papers
which in the authors opinion are the most relevant have
been reviewed and are also—used as reference in this
chapter and following chapters.

Paper [3.1] is one of the pioneering papers written in
1968, and is cited in almost all papers relating to
losses in induction motors griginating from higher time
harmonics. A method for calculating losses arising from
harmonic currents is shown. An approximate equivalent
circuit for the- fundamental and higher harmonics is
used. Losses are separated into various separate
components, including 2zigzag losses, stator and. rotor
end losses and other stray losses. All 1losses are
expressed by mathematical equations. Conclusions are
drawn from as series of tests performed for different
excitation sources and found that tests and calculated
data correlate desirably.

The paper [3.2] investigates additional losses due to
time harmonics in the supply, with specific reference
to losses due to skew and end leakage fluxes. Methods
to calculate these losses are developed and verified
with actual measurements taken.

In [3.3] harmonic 1losses and peak currents are
calculated for various operating conditions. It is
shown that the fundamental current component is
controlled by the load, and the harmonic currents are
primarily 1limited by the 1leakage inductance and
independent of the load condition.

Theoretical performance aspects of PWM supplied motors
are studied in paper [3.4]. 'Emphasis is made with
respect to stator losses and winding insulation
lifetime. The creation of 1low frequency parasitic
torques is also described and criteria set for them to
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‘occur with specific excitation patterns and machine
designs.

Factors affecting ac drive efficiency is investigated
in [3.5]. The constant V/f strategy is modified and
shown that efficiencies <can be optimized |using
asynchronously generated PWM.

In [3.6] losses from a square wave voltage and 6 pulse
current source inverter are calculated. An equivalent
circuit, considering the skin effect is used. Stray
iron losses due to m.m.f. and permeance harmonics,
leakage and skew leakages are considered. Performance
of voltage and current fed inverters are compared.

5%*In paper [3.7] characteristics of VSDs (sine, square
wave, PWM) are compared. General influences on the
performance are discussed. Pulsating torques for six
'step VSI are graphically explained and the performance
‘capability of standard motors is discussed. The
possibility to customize drives and motor units is
considered.

A model based on the motors design parameters (rotor
bars), power rating between 1 kW and 1000 kW (for iron
and space fundamental losses) has been developed in
[3.8] to estimate time harmonic dependant losses. A
bandwidth of 100 Hz to 20 kHz is considered. Losses are
estimated separately and design specifications are
considered (rotor bars).

In paper [3.9] torques and losses are calculated for
PWM and auto sequentially commutated (ASC) CSI supplied
medium sized induction machines. Losses are calculated
‘as a ratio to nominal fundamental loss for all harmonic
components. Each harmonic loss component is muitiplied
by a constant depending on the individual skin effect
of a specific current harmonic. It is shown that
"harmonic losses at no load and rated load are almost
equal. Torque ripples as a function of rated torque are
calculated and presented. The measurements are however
. performed on medium sized 45 kW and 25 kW motors.

In paper [3.10] additional losses for different types
of inverters (CSI, PAM, PWM) are calculated according
to some standard and empirical formulas taking account
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of stray losses and the current displacement due to
higher supply time harmonics. A comparative study of
losses for different ratings of standard machines has
been performed.

The paper [3.11] discusses a method to calculate the
performance of inverter-fed induction machines.
Performance for low speed operation with - and without
initial voltage boosting, to overcome the winding
resistance, were performed. Parameter variation with
respect to frequency is analyzed for a single cage
rotor (machine rated at 7.5 kW) and found to be
significant. It is furthermore found that the output
torque is insignificantly affected by higher time
harmonics.

In paper ({3.12] experimental results of iron losses
caused by alternating and rotating magnetization of
various frequencies and flux densities are measured.

A method to analyze rotor current, fluxes, voltages and
losses 1is developed in [3.13]. All calculations are
done separately for each harmonic. The derived results
are used to calculate power, efficiency of a motor. An
analysis is performed for a current source inverter-fed
induction motor and compared to sinusoidal excitation.

In paper [3.14] a brief discussion of losses in voltage
and current fed inverters is undertaken. Calculations
for losses in separate components (core losses, rotor
losses, stator losses etc.) are performed for.different
pulsing patterns and the calculated results are
compared to measured values. The relative increase in
losses compared to sinusoidal excitation is provided
for a squirrel cage induction machine, rated at 15.3
KW. '

In paper [3.15] additional time harmonic losses in the
motor and inverter are described. Losses in the
inverter a highlighted as they should be considered as
losses being part of the actual drive unit.

In papers [3.16, 3.17] a simulation of performance
(efficiency, power factor, stray losses) of double cage
induction rotor machines is performed in for
sinusoidal, PWM and Square Wave supplies. Results are
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listed for a 5.5 kW and 7.5 kW double cage induction
motor.

In paper [3.18] directly measured inverter and machine
efficiencies are obtained with a digital samplihg
system. A very good accuracy could be obtained. Tests
were performed over a wide range of frequencies for PWM
excitation. In the field weakening range the
efficiencies are reduced, as the supply was a quasi
block voltage supply.

In paper [3.19] The influence of time harmonic
frequencies on losses in inverter-fed induction
machines is examined. Special emphasis is given to very
high switching frequencies (15-25 KkHz). Theoretical
models indicate the loss - frequency dependance. Some-
experimental measurements indicate similar trends.
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3.2 Inverter Output Voltage.

The rich harmonic content of inverter outputs as shown
if Figs. 3.1, 3.2, 3.3 and 3.4 relative to the
fundamental may have significant effects on the motor
performance, mainly on the efficiency and the power
factor of the induction motor. '

1
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Fig. 3.1 Voltage and current supply under sinusoidal
excitation. (V,/50), Load condition.
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Fig. 3.2 Voltage and current supply under PWM

excitation. (V,./50), Load condition.
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Fig. 3.3 Voltage and current supply under sgquare wave
excitation. (V,/50), Load condition.

The line voltages V,, V,, V. contain only odd harmonics,
n =6k * 1 for k = 0, 1, 2, 3... The sign indicates the
direction of the phase rotation. In case of 3 phase
systems the triplen harmonics are co-phasal and thus
absent. It is assumed that the phases are balanced and
" thus the fundamental and higher harmonics are balanced
but shifted 120° in phase which each other. For delta
connected motors (as in the thesis) the line and phase
voltages are identical. As triplen harmonics are absent
no circulating currents exist in the windings, which
otherwise. would contribute to additional heating. For
star connected motors with floating neutral the phase
voltages are the same as the inverter output phase
voltages with triplen harmonics removed.

The current signal for sinusoidal excitation under load
condition has a superimposed harmonic oscillating current
due to saturation in the stator slots (9 slots per pole)
and resulting permeance waves in the airgap. These are
present in the ‘associated frequency spectrum in Fig.
3.4.a at approximately 600 Hz and 800 Hz. A third
harmonic component, although insignificantly small, is
present in the frequency spectrum. This originates from
very small phase unbalances. '
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The order and magnitude of the predominant current
harmonics depends on the inverter design as well on the
motor design. Generally low order harmonics are (n = 5,7
11,13) present in square wave inverters and higher order
harmonics (n = 17,19, 23,25 etc.) as sidebands in PWM
inverters for a modulation frequency fp of 21 times the
fundamental frequency. '

\

Additional voltage and current signals, their respective

frequency spectra under no load conditions are given in

Appendix 3.1.

In balanced 3 phase induction motors the airgap contains
odd positive sequence components (3k + 1) [k=0,1,2,..]
thus 1, 7, 13, 19, ..., the negative sequence components
of (3k + 2) thus 5, 11, 17, 23, ... and (3k + 3) are the
zero sequence triplen harmonics.

Each harmonic current present in the input current
produces a rotating m.m.f., with the same number of poles
as the fundamental field, but rotating at higher
synchronous speed than the fundamental. Losses and
torques are produced in the same way as by the

- fundamental component.
C

“Losses of Inverter-Fed Induction Motors.

-The losses 1in induction motors consist of winding
(copper) losses in the stator and rotor core losses,
rotational losses and stray losses. The winding, core and
stray losses are increased by additional higher " time
harmonics ~ present 1in inverter supplies. Rotational
losses. i.e. friction, windage and ventilation losses are
independent of harmonics. Analysis of increased losses
requires assessment of the inverter butput voltage
frequency ‘/cémponents via any method, eg. digital
implemented Fourier transform as used in Fig. 3.4.

- Additional losses can be divided into fundamental
frequency losses and high frequency losses induced by.
higher time harmonics. These higher time harmonics in the
supply create m.m.f. harmonics in the rotor.
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High frequency (stray) losses have the following
subsequent components [3.20].

(i). Surface losses in stator and rotor.
(ii). Pulsation losses in stator and rotor teeth.
(iii).Lossés in the squirrel-cage winding.

(iv). Losses due to skewing in uninsulated cast
aluminium squirrel-cage windings.

3.3.1 Winding (copper) Losses.

Winding 1losses are substantial in both, stator
(primary) and rotor (secondary) side as harmonic currents
contribute to the total r.m.s. input current.

The skin effect in the stator windings, especially for
round wires with small diameter is negligible and can be
neglected. If the primary conductor depth is appreciable
(e.g. Roebel’s bars) for larger machines, the skin effect
must be taken into consideration.

The skin effect, especially in cage type windings,
influence the rotor losses considerably. Slot imbedded
bar conductor resistance and inductance varies according
a general pattern. The resistance increases approximately
proportional to the square of the frequency and the
inductance inversely proportional to the square of the
frequency, according [3.19]. At even higher frequencies
the effect is proportional or inverse proportional to J/f
for resistance and inductance respectively because the
skin depth is small compared to the conductor size,
[3.19]. The frequency with respect to the rotor is given
by equation (2.3). ' '
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The stator harmonic current can be represented by a well
known approximation:
Vn
I, = : e..(3.1)
12 ryy2
J{ (Rln + R2n ) +(27™ n fl (Lln + LG )) }

For medium and large power motors:
(Rln + R2n) << 27 n‘fl(Lln + LG’) ; cee(3.2)

i.e. the reactive terms (leakage) are much larger than
the resistive parameters at higher - frequencies.
Accuracy is thus maintained [3.11]. This is especially
the case in the rotor due to high frequency harmonics
with nearby unit slip. For voltage source inverters it
is thus evident that Joule’s losses are inversely
proportional to the leakage reactance square, since

\Y

n
Iln ~ ---(3.3)
27 nvfl(Lln + LG')
It must be realized that formula (3.3) is very

approximate. The total winding losses in the rotor- and
stator are calculated from the fundamental and the sum of
all higher harmonic elements considering the skin effect
in the motor parameters, i.e.: ’

o0
- 2 —
P, = 3 2 I3p° Rin Kyg = Z Py ...(3.4)
n=1

™M 8

- 2 - , ‘a
P, = 3 £ I552 Rop’ Kpon= £ Py , +++(3.5)

n=1

As in practice the leakage reactance will decrease by the
deep bar effect, the harmonic currents will increase. Due
to high frequency currents in the rotor the skin effect
causes the rotor resistance to increase.

-

" The resistance multiplication factor due to the skin
effect can be represented as : : ~

Krln(m'fln) = Rac(mrfln) / Rdc 'f'(3;6)

Kron(m,£2n) = Rac(m,f3n) / Rge .. (3.7)
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were m = number of conductor sets, f,, and f,, are the
frequencies in the stator and rotor respectively, f;, =
f2n'( Ry = ac current resistance, R4qe = dc current
resistance.

The factors Kyjp and K,,, depend on machine design and
material used, but detailed information can be found in
literature.

In papers [3.4, 3.3, 3.9, 3.18] the skin effect is
determined analytically considering conductor size,
windings and slot dimensions.

The end ring resistance also increases due the skin
effect, i.e. the way the currents enter the ring [3.19].

The reduction in the leakage reactance is much less than
anticipated, as only the slot teeth portions are affected
considerably. Harmonic currents tend to increase the
saturation of the magnetic paths and thus reduce the
leakage reactances X; and X, as said, thus increasing the
fundamental harmonic currents and thus fundamental
winding (copper) losses. The variation of leakage is also
strongly dependant on motor design details, [3.8].

The total winding losses P, are:
PW= Pl +P2 ..-(3.8)

Losses in the rotor bars are the main contributor to
additional losses [3.1]. '

In the paper [3.19] a frequency dependant loss
approximation for stator (P;,) and rotor (P,,) losses is
derived to be proportional to: '

2 0.3 . ' ,

Pin @ V¢ * fq «.e.(3.9)
2
Vn

Pon @ — ...(3.10)
fa"

Relations (3.9) and (3.10), although approximate, clearly
indicate - that the  harmonic rotor conductor losses are
significantly reduced as the time harmonic frequencies
increase. Only a small resistance increase due to
harmonics occurs in the stator, with typical wire size
such that little skin effect occurs.
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The amplitude of the harmonic currents is fairly
independent of operating conditions, but a small increase
(5% to 10%) in current amplitude under full 1load as
compared to no load condition has been observed on the
frequency spectrum, given in Appendix 3.1. It is however
generally assumed and stated that only the fundamental
component is load dependant [3.15], [3.5] as for n > 1
the slip s, ® 1 and remains constant.

The marginal increase in harmonic current amplitude
originates from secondary effects, such as the
approximation s, = 1 for higher harmonics. In fact, the
fractional slip for the 5th and 7th harmonic are 6/5 and
6/7 respectively. As the harmonic order increases the
slip approaches unity as discussed.

Losses are influenced by parameters such as material,
temperature, slot shape and short circuit end ring
values. A deviation of up to 25% in relative losses can
be present {[3.8] which highlights the importance of
considering inverter compatible designed machines.

3.3.2 Core lLosses.

A number of important factors must be considered, the
main flux core losses due to time harmonics are very
small and can be neglected in approximate calculations.

If the skin depth in the core is small compared to the
lamination  thickness the penetration  depth is
approximately one skin depth [3.19]. The leakage paths
are altered by the redistribution of the conductor
currents due to the skin effect. Eddy currents induced in
the iron produce a reaction field that opposes the
inducing fields with larger effect at higher loads.

A well established equation to determine the eddy current
and hysteresis losses for fundamental harmonic is:

- = 2 2 2
PFel = PE + Py = ( kE*B *fn + kH*B *fn )* VCV ... (3.11)
werekg = eddy constant

Ky = hysteresis constant

Vey = Core volume

B = Magnetic flux density in core

frequency of induced harmonic.

H
3
|
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In a paper [3.11] the total core losses including
harmonic losses are expressed as follows:

2 0.7

Vin £
e..(3.12)

00
Pren = Pre1 Z
n=1] Vi fin

were Pgpgq is the iron loss due to the fundamental
frequency (3.11), V; the fundamental stator voltage, £,
the fundamental stator frequency, f,, = nf,.

Square wave - inverters have lower frequency harmonic
components than PWM inverters, but the inverter supplied
‘voltage amplitude is comparable. -

According to (3.12) the iron losses for the 5th harmonic
are twice as high as the losses for the 7th harmonic for
square wave inverter. The 7th harmonic iron loss has a
similar magnitude as the 20t and 22™® harmonic iron
loss, at an amplitude of 0.2 of the fundamental voltage
amplitude. This clearly indicates that losses for PWM
inverters are very dependant the pulsing and modulation
pattern implemented.

3.3.3 Stray Losses.

Stray load losses (Heller and Hamata [3.20], Chapter 9.),
(Alger [2.9] pp.123 - 192) due to increased induced
harmonic currents (and permeance waves - dependent on
motor design) become much more dominant in inverter-fed
motors. These increased additional eddy current losses
are due to increased leakage fluxes and high frequency
pulsations of these fluxes. The loss magnitudes in small
induction motors with relative small magnetic circuits
will be smaller than the winding and rotor-cage losses.
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Stray losses, paper [3.11], given in equation (3.12) can
be determined if the fundamental stray losses Pg¢,; are

known by following empirical relation. s
2 y
® 1I1n fin
Pstr = Pgepy S ... (3.12)
n=1| I1 £1

were Pgy,) stray losses due to the fundamental frequency

I fundamental stator current

f; fundamental stator frequency

n Harmonic nth component.

y exponent assumes a value between 1 ... 1.5,

depending on machine rating and construction.

The stray losses due to the fundamental frequency
according to IEC Standards are Pgg,q = 0.005 Pg,¢. Stray
load losses Pg¢,p according to [2.4, JEC 1979, Japan] at
output P [Watt] is considered to be approximately equal
to:

e..(3.13)

were P is the load condition and P, the rated output.

Equation (3.12) implies that the stray losses are
proportional to the harmonic frequencies and proportlonal
to the square of the nth current harmonic.

Stray losses under to PWM excitation with prominent
frequency components at higher frequency (21St harmonic
sidebands) have higher stray losses than under Square
Wave excitation. Substituting a value of y = 1.2 in
(3.12) the losses between the 5th harmonic and the 20th
harmonic stray loss increase approx1mately six times for
the same harmonic amplitude.

3.3.4 Rotational Losses.

Friction, windage and ventilation losses are
independent of harmonic content of the supply. It is
generally assumed that losses are proportional to the
rotational speed. This implies for lower speed operation
reduced rotational losses and for subsynthonous speeds a
relative 'inc;ease, especially’  due to increased_
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ventilation losses for fan self-ventilated motors, where
the fan load is proportional to the square of the r.p.m.
speed. .

Influence of Higher Time Harmonics on the Efficiency.

Motor efficiencies increase with increase in rated
motor power, which thus implies that the per unit loss
for larger machines decreases. This has- been investigated
in eg. paper [3.10]. '

The PWM modulation technique generates near sinusoidal
currents (Sth, 7th harmonics are eliminated) at up to
synchronous speeds, but at higher frequencies (thus

" higher voltage) to maintain the V/f ratio, quasi block

voltages are generated. In the field weakening range
quasi block voltages are modulated which then could have .
low order time harmonic components (Sth). This is shown
in Appendix 3.2.

In six pulse square wave inverters a block voltage with
dominant low order harmonics (Sth, 7th) are present over
the whole operating range as the dc bus voltage 1is
controlled to keep the V/f ratio constant. It must also
be pointed out that the weak field excitation range is
reduced by high leakage reactances.

It is thus evident that the efficiency in the field
weakening range for PWM inverter-fed motors is reduced
due to:

(1) lower order current harmonics present.
(ii) increased losses due to higher pulsing frequency.

The efficiencies for the PWM inverter-fed induction motor
in the constant torque range increases as the design-
rated operating conditions (i.e. rated output, 3-kW in
this case) are reached. ' '

The relative decrease in efficiency with operating
frequency in Square Wave inverter-fed motors will not be
as dominant as for PWM drives, as the harmonic content
remains constant and only the .frequency increases. (This
could not be measured but is predicted for the field
weakening range). '
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For the subsynchronous characteristic inverter
configuration (V,./87 - 0 Hz to 100 Hz) the efficiencies
increase as the operating frequency rises. Thus the
relative p.u. losses decrease as the voltage and
frequency rise and the supply configuration is near rated
conditions. The low frequency voltage boost selected will
affect the performance in the low speed operating range.
As the voltage boost to overcome the resistance at low
frequency (V/f ratio) during the measurements was very
low (K = 2%), the pullout torque at low speeds is far
below rated torque [3.11]. The efficiency is thus reduced
considerably at low fundamental operating frequencies as
seen from Fig. 3.7.

To keep the airgap flux at a constant level as the
frequency is increased, the ratio E/f (see Fig. 2.3) must
remain constant, were E is the air gap e.nm.f. As the
stator voltage V; and fundamental frequency f, decrease,
the total impedance of the motor is reduced as well.
Consequently the relative stator current I; ‘and the
relative stator winding losses increases. If the ratio
V/f remains constant the voltage drop across Ry increases
relative to the applied stator voltage, as the voltage is
reduced. The pull out torque is proportional to (E/f)2
and for constant torque operation additional voltage:
boost is required at_low speeds to overcome the voltage
drop. The slip will then be reduced and efficiencies at
low operating speeds will increase.

The efficiencies at higher loads increase initially to
a maximum, which is near the designed rated power (%
10%3). It is clear as the harmonic losses at rated load
are almost as high as under no-load conditions, because
the harmonic' currents. are hardly effected by load
conditions [3.1]. It can be observed from Fig. 3.5 that
. the 