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SUMMARY

This work has concentrated on the testing of induction machines to determine their temperature rise at
full-load without mechanically coupling to a load machine. The achievements of this work are outlined
as follows.

1. Four distinct categories of mixed-frequency test using an inverter have been identified by the
author. The simulation results of these tests as well as the conventional 2-supply test have been
analysed in detail.

2. Experimental work on mixed-frequency tests has been done on a small (4 kW) squirrel cage
induction machine using a voltage source PWM inverter. Two out of the four categories of test
suggested have been tested and the temperature rise results were found to be similar to the results of
a direct loading test. Further, one of the categories of test proposed has been performed on a 3.3 kW

slip-ring induction machine for the conformation of the rotor values.

3. A low current supply mixed-frequency test-rig has been proposed. For this purpose, a resonant bank
was connected to the DC link of the inverter in order to maintain the exchange of power between
the test machine and the resonant bank instead of between the main supply and the test machine.
The resonant bank was then replaced with a special electro-mechanical energy storage unit. The
current of the main power supply was then reduced in amplitude.

4. A variable inertia test for full load temperature rise testing of induction machines has been
introduced. This test is purely mechanical in nature and does not require any electrical connection
of the test machine to any other machine. It has the advantages of drawing very little net power
from the supply.

5. The computation time of the phase equation model of the machine has been improved by using the
explicit form of the inverse of the inductance matrix of the machine. In addition, this basic phase
equation model has been expanded by including core loss, saturation of mutual and leakage fluxes
of both stator and rotor and rotor deep-bar effect.
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CHAPTER 1

INTRODUCTION

1.1. Literature Survey of Full-Load Temperature Rise Testing of Induction Machines
Induction machines have been widely used in industry for about 150 years. They are
relatively inexpensive machines from very small to very large rates of power (from a few
hundred watts to several megawatts). Induction machines are generally used as motors to
convert electrical energy to mechanical energy. Though it is also possible to use them as
generators. Naturally, when the machine is energised, it dissipates power. The dissipated
power is composed of two parts, electrical losses and mechanical losses. The electrical
losses are the stator copper loss, the rotor copper loss, the core loss and the stray load
losses. Windage and friction losses are collectively called mechanical loss. The testing of
induction machines to determine the temperature rise as well as the power dissipated inside
the machines as heat is a matter of interest to both customers and manufacturers. This is
important since it affects the insulation materials, the cooling systems and the efficiency of

the machine.

There are several methods commonly used to establish, approximately, the full-load
temperature rise of the induction machine. Some of these methods are combined and
summarised in ERA Report (1993). The most accurate and basic heat run of the induction
machine is to load the machine shaft directly with a mechanical or an electrical load. This
test is capable of producing the full-load current flowing into the machine and the full-load
mechanical losses occurring inside the machine as well as the full-load rotor current flowing
in the rotor bars at rated rotor speed. However coupling of a load to the machine shaft is

not easy and hence the test is expensive due to the following reasons:

o The different size of half-couplings is needed for the different shaft size of machines.

«  The load for the large machines occupies space and costs a lot of money.
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e The load consumes energy.

e A large amount of current is drawn from the supply during the test.

Romeira (1948) proposed the "superimposed frequency test" for the full load heat run of
slip-ring induction machines. This test involves feeding harmonic currents into the rotor
from an auxiliary supply through a set of auxiliary rotor resistances as shown in Fig. 1-1.
However, due to the slip-rings and the brushes of the slip-ring induction machines, the use
of slip-ring induction machines is decreasing, whilst the squirrel-cage machine is increasing

in popularity.

Variable
Resistances
Slips
AC Rings Voltage
and
Power Supply Brushes Regulator

Fig. 1-1 Superimposed frequency test.

The back-to-back test is one of the other testing methods for the full-load heat run of an
induction machine. This test has two distinct merits, which are the economy and the
accuracy. Because, in this test, the full-load size plant is not needed for loading and the
major part of the test power is circulated rather than dissipated. Further, the loss is
measured as a net input rather than as the small difference between two separately measured
large powers. However, it requires coupling of two induction machines which will run at
different speeds when generating or motoring. Thus direct coupling of two induction

machines is not possible if two induction machines are operated from a constant frequency

supply.
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Christofides and Adkins (1966) suggested a method: of back-to-back test to overcome this
problem as shown in Fig. 1.2, in where, the two induction machines are fed from' the same

power supply and coupled to two DC machines which are fixed on a stationary bedplate.

DC supply
(o]

3 - Phase supply

[
le

H—0

Tnduction
Motor 2

Induction
Motor |

DC Machine @

DC Machine

Floating Badplate

Q————————-—-—- Extra support bearings —-—————————9

Fig. 1.2 Block diagram of a different form of the back-to-back test.

The stators of the two induction motors are strapped together and are free to rotate on their
own bearings. The induction machine 1 is driven as generator at speed of ®; while the
induction machine 2 runs as a motor at speed of . The speeds of these two induction
machines can be adjusted until the stator frames have no tendency to rotate, which means
that the torques in two couplings are equal. At this point of balance, the electrical input
power to the two induction machines is P, and the total electrical losses P, of the two

induction machines are given as:

P =P, + T(wg - ®y) (1.1)

They concluded that, the input power P, supplies the stator losses and very nearly the
whole of the load losses. The mechanical power input T(® - ) supplies the fundamental
rotor I2R losses and negligible part of the load losses. Thus the load losses P can be

calculated accurately as:

P, =P, - (P, + 3[R (1.2)
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Since the measurement of the rotor I2R loss is usually the most unreliable and inaccurate for
the conventional measurements, it is an advantage of this method that the rotor fundamental

loss is not included into the calculation of the load losses.

Floating gearbox
with a torque boost

Induction
Machine 2

Induction
Machine 1 ;

[\

Fig. 1-3 Block diagram of the back-to-back test.

AC

Power Supply

Morris (1968) suggested connecting "a floating gear box with a torque boost" between the
test machine and the load machine as given in Fig. 1-3. This method of back-to-back test
does not require two extra DC machines as Christofides and Adkins (1966) suggested. Thus
the two identical machines are connected as back-to-back to each other through a special
gearbox so that the speed differences between the two induction machines can be adjusted
with the gearbox. The power loss in the gearbox is of the same order as the load loss in the
induction motors. Thus, the gearbox loss must be compensated by the addition of a torque
boost to the gearbox housing which ensures that the torques on both sides of the gearbox

are equal.

T,=Tg=T (1.3)
M~ G

Since (my, - @) can be measured accurately, the difference power to the same accuracy is

as the torque T. This torque balance technique can be applied in variety of ways.
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Another approximate form of the heat run of induction machines was called the "phantom
loading" introduced by Fong (1972). In this test, the test machine is connected electrically
to another auxiliary machine. A DC power supply is also connected between the terminals
of two machines as shown in Fig. 1-4. The full-load current flows in both stator and rotor,
the full flux circulates in the magnetic circuits and both machines rotate at synchronous

speed without being mechanically coupled to each other or a third machine.

DC Power
/_\ Supply /\
= b .

AC [

Power Supply \ — ‘H

IM_I v

Fig. 1-4 Phantom loading test.

Fong tested both a squirrel-cage induction motor (3 kW at 1450 rpm) and a slip-ring
induction motor (3.7 kW at 1430 rpm) respectively. The temperature rise was found to be
similar from both phantom loading test and actual test for the squirrel-cage motor. However
an increase in speed (about 40 rpm) for both machines used in the test was observed during
the phantom loading test. A value of 66.5 °C temperature rise was recorded from the
phantom loading test while normal loading test produced 61.5 °C temperature rise for the
slip-ring induction machine. Ho (1988) improved the phantom loading test further for the
testing of delta connected machines by using a current injector again between the terminals
of the two machines. Ho applied the phantom loading test on a 330 kW and 2.2 kW motors.

Ho then found the test results for the 2.2 kW induction motor very encouraging.

According to Plevin (1988), a method called "the forward short circuit test" has been

developed by GEC ALSTHOM Large Machines Ltd and has been used for the testing of
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large machines of ratings up to 21 MW for more than 40 years. This test involves a separate

machine to drive the test machine and an alternator or a variable frequency power supply to

feed the test machine as shown in Fig. 1-5. The machine is driven at rated speed by feeding

its stator from an unexcited alternator. The speed difference between the test machine and
alternator can be corrected by playing the excitation of the alternator. Since the induction
machine is fed from the reduced frequency of the alternator and driven as an induction
generator by a DC machine, the slip of the induction machine can be adjusted to be beyond
the slip corresponding to maximum power. Under these conditions, the effective rotor
resistance is relatively small such that the machine impedance is dominated by reduced
frequency leakage reactance requiring only relatively small voltage for rated current to
circulate. Because of the small effective rotor resistance, it may be said that it is
approaching short circuit and the rotating speed will be faster than the reduced frequency
synchronous speed. Hence it is named as "the forward short circuit test". Finally, it is
reported that this test produces a temperature rise which is very close to that obtained by

direct loading test at the rated stator current and the rated rotor speed.

Induction
Motor

AC -]

DC
Motor @ DC

Power Supply

Power Supply

Fig. 1-5 Forward short circuit test.

All the testing methods mentioned above require the use of an extra machine as load or
excitation or extra power supplies (to produce mixed-frequency power). Mechanical
coupling of large machines on the test-bed (especially in the case of vertical machines) 1S
very difficult and increases the cost of the test. The mixed-frequency test does not require

an extra machine or mechanical load. The conventional mixed-frequency test requires the

25




use of two different power supplies of different frequencies and amplitudes. It is a method
that can be applied for testing all types of machine with the advantages of being economic

and accurate.

1.2. Structure and Content of the Thesis
This thesis consists of 8 chapters and 5 appendices. The structure of thesis is summarised

chapter by chapter as follows:

Chapter 2 deals with the mixed-frequency testing of induction machines. It starts by giving
the historical background of mixed-frequency testing of induction machines and continues
by explaining the different supply arrangements which can be used for mixed-frequency
testing. Furthermore, this chapter also outlines the concepts behind the mixed-frequency
test and briefly discusses the low and high frequency contents of voltage waveforms from

inverters.

Chapter 3 describes, in brief, the methods which can be used for simulation of induction
machines on mixed-frequency testing. In particular it explains the phase equation model and
the d-q axis model in detail. The arguments for using the phase equation model in

preference to the d-q axis model are outlined.

Chapter 4 deals with the establishment of model parameters from straightforward tests on
the induction machine. The appropriate tests themselves are described briefly and the

method by which parameters are extracted from the results is outlined.

Chapter 5 investigates different forms of the mixed-frequency test. The degrees of
modulation of frquency, amplitude and torque are defined and related. The mixed-frequency
testing of one particular induction machine is studied in detail in simulation by applying four

different voltage waveforms to the terminals of the induction machine.
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In chapter 6, test results from the mixed-frequency testing of two different induction
machines are given - one squirrel-cage and one slip-ring machine. The results obtained from

simulations and tests are compared.

Chapter 7 introduces two new methods to reduce the effects of the large amount of energy
exchanging (between the power supply and the load) on the power supply. In the one, a
variable inertia test for full-load temperature rise testing of induction machines was
introduced. This proposed test is purely mechanical in nature and it does not require any
electrical connections of the test machine to any other machine. In the other one, an
electromechanical energy storage unit was proposed. In addition to this, the use of a

resonant bank between the source and the inverter as a energy storage unit was studied.

Chapter 8 concludes the thesis and sets out suggestions for further work.

Appendix 1 gives the parameters of the test machines.

Appendix 2 introduces a method for reducing the computational time of simulation of

induction machines in phase equation model. In this proposal, the explicit form of inverse of

the inductance matrix of an induction machine is explained. In addition, incorporation of the

saturation, the deep-bar effect and the core Josses into the basic phase equation model is

given.

Appendix 3 gives the descriptions of equipment used in the test.

Appendix 4 explains the calibration of the tachometer used for the speed measurement.

Appendix 5 includes all the publications which have resulted from this study.
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1.3. Machines Investigated in this Thesis

Three different sizes of induction machines have been used in this thesis. One of them is a 4
kW squirrel-cage induction machine which was used as a test machine. The secoﬁd éﬁe is a
3.3 kW slip-ring induction machine which was used to calculate the rotor parameters and to
see the effects of the mixed-frequency test on the rotor parameters. Mixed-frequency testing
of induction machines has been suggested for the large machines rather than small, therefore
a 12.6 MVA squirrel-cage induction machine was used in most of the thesis for the general
analysis. The reason for simulating the small machines was simply that experimental mixed-
frequency tests were carried out on them. The reason for considering large machines is that

they display different dynamic properties to small ones.
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CHAPTER 2

MIXED-FREQUENCY TESTING OF INDUCTION MACHINES

2.1. Introduction

In chapter 1, a number of different methods have been given for the testing of induction
machines. A substantial subset of these, though are referred to by different names, belong to
one "family" of full-load temperature rise testing of induction machines, namely mixed-
frequency testing. This chapter involves a detailed historical background of the mixed-
frequency testing of induction machines. In addition, supply arrangements for the mixed-
frequency testing of induction machines are discussed and the fundamental concepts of the
mixed-frequency testing are examined along with low and high-frequency contents of

voltage waveforms from inverters used to supply test machines.

2.2. Historical Background of Mixed-Frequency Testing

Mixed-frequency testing of induction machines achieves two outcomes; the losses in the
machine and the temperature rise of the machine when those losses are present.
Proportionately, its purpose is probably about 1/5 for establishing power losses and about
4/5 for temperature rise since reasonably accurate methods exist for computing power
losses in advance. One of the biggest areas of uncertainty remaining in the design of any

electrical machine is the effectiveness of the cooling system.

The broadest definition of mixed-frequency testing of induction machines is that a non-
sinusoidal voltage pattern consisting of two (or more) harmonic components is applied to
the terminals of the induction machine. This produces a full-load rms current flowing into
the machine at rated speed, without loading the machine mechanically. The net input power
measured is then equal to the total full-load losses of the motor and under such conditions

the temperature rise of the machine can be accurately measured.
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The mixed-frequency has not been used intensively in the machine industry and there are
relatively few publications dealing with it, although it is a long-established method. Kron
(1973), Meyer and Lorenzen (1979) and Plevin (1988) all asserted that the mixed-frequency
test was first proposed by Ytterberg in 1921. Hill (1965) attributed the test to Lilljeblad
who used this method extensively on vertical machines or others that could not be coupled

physically to a load.

Hill (1965) also claimed that this method offered a higher accuracy than other methods,

because the following conditions were satisfied,

« Full-load values of current and rated voltage were present at the same time.
e Normal leakage flux and main flux occur at the same time.
s The total power loss was measured directly by a wattmeter and not as the difference

between two very much larger readings.

Schwenk (1975) tested a large induction machine rating of 11000 hp by applying a mixed-
frequency test. The voltages applied to the machine were obtained from two different
alternators that were driven by two different DC motors. Schwenk used two types of
connection for the test. In one, the coils of the two alternators were connected in series, in
the other a transformer was used (o isolate these two alternators. Schwenk stated that the
mixed-frequency test results were slightly higher than the results obtained from normal load
conditions. The main advantages of this test perceived by Schwenk are that coupling of the
machine shaft is eliminated and the rated voltage and currents are applied to the test
machine rather than rated power. Schwenk also mentioned that the mixed-frequency test
had been used for several years by his company (Westinghouse Electric Corporation, East
Pittsburgh Pa.) to test large induction motors. They have found this test to be a very
practical method especially for measuring temperature rises of large vertical machines, and
it had been found invaluable for the testing of efficiency, power factor and various motor

torques.
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After that, Radic and Strupp (1976) analysed the mixed-frequency ‘(or continuously varied

frequency) test. They also employed this method in testing induction machines of all ratings

up to 12 MVA. In addition they checked the accuracy of the method for temperature rise
measurements on different motors. They noted that at frequency differences (i.e. below 5
Hz), the needles of the analogue instruments swing with significant amplitude, thus reducing
the accuracy of the test. With digital instrumentation and recording this frequency limit is
removed. Furthermore, they concluded that the continuously varied frequency test gives
good accuracy for determination of no-load temperature rise in the windings of the

induction motors.

Jordon et al. (1977) recommended the mixed-frequency test is an acceptable method for
determining the temperature rise of the induction motors. They stated that the mixed-
frequency test result (4292 Watts) was very close to the 4078 Watts obtained from the full-
load test of a 300 hp induction machine. They also concluded that the mixed-frequency test
can only be used to determine temperature rise, but not for measuring the efficiency or

power factor of the induction machines.

The study of mixed-frequency heat runs was continued by Meyer and Lorenzen (1979).
Then they measured the temperature rise of an induction machine by using the mixed-
frequency method and compared the results with conventional heat run results. As a
conclusion, they mentioned that the two-frequency method is suitable for determining the
temperature rise of the windings and enables the efficiency of the motor to be determined

with a high degree of accuracy.

Plevin (1988) analysed the mixed-frequency test in detail. He stated that in the mixed-
frequency test, the dominant effect is the beating of stator voltages. When the stator voltage
increases, there is an increase in the torque tending to pull the rotor speed closer to
synchronous speed. Thus depending on whether the rotor speed is greater than or less than

synchronous speed, an increase in voltage will cause the machine to generate or motor
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respectively. It is also the case that shifting the synchronous frequency: can cause the

machine to motor or generate. Plevin found that for a particular mixed-frequency test

involving 2 supplies, the effect of the variation in voltage magnitude was the dominant one.
He found that the mixed-frequency test results exceeded those obtained from the full-load

test and the vibration was abnormal due to the oscillation of torque.

Peebles Electrical Machines reported that the total loss occurring during a mixed-frequency
testing heat run will always be found to exceed that under normal steady full-load
conditions. They concluded that this test cannot be used to calculate accurately the

efficiency of the motor since it is not possible to measure full-load power factor.

Palit B. B. (1980) observed that the two frequency method is equivalent to the conventional
loading method, so far as the temperature rise is concerned. However, he stated that the
vibration of the machine was abnormal and the backward and forward movement of the

motor shaft in the axial direction caused unwanted trust on the machine bearings.

All the methods of the mixed-frequency testing of induction machines examined above
require more than one power supply. Recently, an inverter has been suggested as a mixed-
frequency power supply (Colak et al. (EPE'93)). Grantham and Rahman (1993) and
Grantham (1993) introduced a novel machineless dynamometer for load testing three phase
induction motors. In this paper, Grantham and Rahman (1993) tested the induction machine
by using a microprocessor controlled inverter. Similarly, Grantham et al. (1990) and
Spooner et al. (1986) used microprocessor controlled power electronics to replace the
clectrical machines of an existing equivalent load technique and to rapidly change the
machine's supply frequency. In fact, all four references mentioned here are the same
although they were published in different conferences by the same author, Grantham, with

some different co-authors and the methods which they called microprocessor controlled
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power electronic techniques, are parts of the forms.of the mixed-frequency testing of

induction machines as Colak et al. (EPE'93) mentioned.

2.3. Supply Arrangements for Mixed-Frequency Testing

The main idea of the mixed-frequency testing of induction machines is to run the machine at
the rated speed, drawing the full-load current from the supply and inducing full-load current
on the rotor without connecting its shaft mechanically to any load. The only distinction
between the various mixed-frequency tests is the method of production of the non-
sinusoidal voltage waveform. Thus, only two functions need to be controlled for the
production of the mixed-frequency voltage waveforms. Appropriate choice of these two
periodic functions causes the rotor to accelerate and decelerate and causes the machine to
run alternately as a motor and as a generator. The test machine draws large currents from
the supply. The rms value of the current can be adjusted to the rated value by modifying the

parameters governing amplitude and frequency as functions of time.
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Fig. 2.3-1 Illustration of possible mixed-frequency power supplies.

An alternator or an inverter can be used as a single mixed-frequency power supply as
illustrated in Fig. 2.3-1. If an alternator is used to produce different types of voltage

waveforms whose amplitudes and frequencies are varied arbitrarily, the field current or
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rotor speed of the alternator must be controlled either separately or together. The use of an

alternator requires a DC machine or any other machine to drive the rotor of the alternator

and a DC source to feed the field windings of the alternator. The use of inverter as a single
mixed-frequency power supply provides a wide range of control over the output voltage
and frequency as well as eliminating the use of extra DC machines to drive the alternator.
The inverter is capable of producing so many different voltage waveforms (sine-wave,
square-wave, triangular-wave or different combinations of these waveforms) at different
frequencies. The rated power of the inverter is related with the rated power of the semi-
conductor used to build the power stack. The use of a single mixed-frequency power supply
will be analysed in detail in chapter 5 by giving obtainable voltage equations and simulation

results obtained by applying these voltage waveforms.

In the case of using two supplies as a mixed-frequency power supply, there are two possible
options given in Fig. 2.3-1. In the first option, both supplies can be two different size of
alternators (or the mains and the auxiliary alternator) whose outputs are connected to each
other through a specially designed transformer as shown in Fig. 2.3-2 or the coils of the two
alternators are connected to each other in serial as shown in Fig. 2.3-3. One of them is the
main, the other one is the auxiliary alternator. Generally, the main alternator produces rated
amplitude of voltage at rated frequency of the test machine and the auxiliary one produces
lower amplitude of voltage at lower frequency. The use of one or two alternators as a
mixed-frequency power supply requires one or (wo more DC machines to drive the

alternators.

In the second option, a combination of an inverter as an auxiliary supply and an alternator as
a main supply can also be used to supply a mixed-frequency test. In this case the outputs of
both inverter and alternator must be connected to each other through a transformer. The use

of an inverter as an auxiliary supply eliminates the use of an alternator and a DC machine.
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Fig. 2.3-2 Generic connection arrangement for conventional mixed-frequency test through a

transformer.
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Fig. 2.3-3 Generic serial connection arrangement for conventional mixed-frequency test.

The voltage equation for the use of two supplies (case 1) can be written as:

Case 1:
V., (1) = V[(sin(@gt) + Ssin((1-R)wgt))] ﬁ%:% (2.3-1)
0

where

V= Resultant voltage,
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V,= Amplitude of base voltage,

d= Degree of voltage modulation,

®,= Angular base frequency,

w,= Angular beat frequency,

R = Ratio of beat frequency over base frequency.

It can be said that, in the case of using two supplies as a mixed-frequency power supply,
various voltage waveforms can be produced in any form as long as one of the supplies used

is either alternator or inverter due to the control capabilities of inverter and alternator.

If an inverter is used as an auxiliary power supply and an alternator is used as a main supply,
the inverter must be capable of carrying the same current as the main supply. The main
supply feeds the inverter through the test machine, so that the average power going into the
machine is the sum of both main and inverter powers. Fig.'s 2.3-4a and 2.3-4b are the
simulation results of a particular case of the mixed-frequency test (fy, = 10 Hz, & = 0.084

p.u.).
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Fig. 2.3-4a Input, main and auxiliary powers (p.u.). Fig. 2.3-4b Rotor speed (p.u.)

As seen from Fig. 2.3-4a, the inverter must be capable of delivering a maximum
instantaneous power of 0.26 MW (0.02 p.u.) and absorbing a maximum instantaneous
power of -0.544 MW (-0.043 p.u.). If the inverter has no external source of power, it must

have an ability to store quantities of energy of the order of 6.088 kJ.
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Some of the voltage waveforms for the use of single power supply can be defined
respectively, as pure frequency modulation (case 2), pure amplitude modulation (case 3),
and simultaneous frequency and amplitude modulation (case 4). These voltage waveforms

can also be obtained from the following equations respectively:

Case 2:

V(1) = Vesin(6(1) = Ei%zcoooc(t) = o(t) = 1+5cos(Rwgt)

(2.3-2)
¢ dsin (Rt
or alternatively  0(t) = 0, Jo(t)dt = @t +M
0
Case 3:
V., (1) = Vya(Osin(@,t) = a(t) =1+3cos(Rwyt) (2.3-3)
Case 4:
V,, (1) = Vyo(sin(8(1))
do(t) =o(t) = o(t) =1+ dcos(Rw,t) (2.3-4)
, L dsin(Rw,t)
or alternatively 0(t) = o, Jo(t)dt = @t L
0
where

V= Resultant voltage,

V= Maximum value of resultant voltage,

o,= Angular base frequency of main supply,

o,= Angular beat frequency,

R= Ratio of beat frequency over base frequency, (0 /),

&= Degree of either voltage or frequency modulation.
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2.4. Concept of the Mixed-Frequency Test

The fundamental principles of the full-load temperature rise testing of induction machines
are the same for all the methods discussed in chapter 1. However, only the mixed-frequency
test allows the possibility of running the induction machine at the rated speed while drawing
the rated current from the supply without loading machine mechanically or electrically using

identical machine.

There are potentially, an infinite number of different mixed-frequency tests that could be
applied to any induction machine. However, all mixed-frequency tests share two parameters
namely the "beat frequency", @, (Rad/s), and the "degree of torque modulation” 8;. The
beat frequency can be defined as the frequency of the fundamental component of the rotor

speed function.
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Fig. 2.4-1 Variation of airgap torque with respect to the beat frequency for case 1 with

constant degree of voltage modulation and rotor speed.
The degree of the torque modulation can be defined as the rms airgap torque that would be

experienced in the machine on test if its rotor speed was held constant and if m, was taken

to be very low. Fig. 2 4-1 shows the variation of airgap torque for case 1 with 8, = 0.03567
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and @, = 154 Rad/s at various beat frequencies. At low beat frequencies, between 0.2 Hz

and 2.6 Hz, the rms airgap torque decreases gradually, but then it increases.

It was stated earlier that for all practical mixed-frequency tests, the voltage waveform can
be characterised by two functions of time, amplitude and frequency. By judiciously setting
these two functions, it must be possible to obtain desired rms values for two variables inside
the machine. The obvious variables to set are the stator current and the rate of change of
flux. Thus, it is reasonable to impose a restriction at this stage that forces all modulation to
be sinusoidal and thereby allows a mixed-frequency test to be characterised very concisely.
Within this constrained space, the mixed-frequency test will be allowed to take one of only
four forms, constant-voltage varying-frequency, varying-voltage constant-frequency,
varying-voltage varying-frequency and sum of two sine-waves from two different power
supply. No matter which supply arrangement is used to produce these four modes, the
concept of the test is still the same. However, there are differences in terms of producing
these modes. In the first, as the amplitude of the voltage is kept constant, the frequency of
the voltage is varied. In the second, as the amplitude of voltage is varied, the frequency is
kept constant. In the third, both the amplitude and the frequency of the voltage are varied.
In the fourth, the mains has the rated amplitude of voltage at the rated frequency as the
auxiliary one has the lower amplitude of voltage at the lower frequency so that, both the
amplitude and the frequency of resultant voltage are varied. The merits and disadvantages
of each four forms henceforth allowed for the mixed-frequency test are throughly

investigated in chapter 5.

2.5. Low and High-Frequency Contents of Voltage Waveforms From Inverters
An inverter provides a non-sinusoidal voltage waveform unless its output is filtered. Every
inverter output voltage is a combination of PWM signals that have constant magnitude in

the positive and negative regions with a variable frequency. Inverters are widely used as
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power supplies in industry, due to the wide range of control capability over the output

voltage and frequency.

The use of an inverter as a mixed-frequency power supply has much to recommend it over

the use of alternators. The main disadvantages of using an alternator can be outlined as:

« Requirement of an extra DC machine to drive the alternator (mechanical coupling is also
needed).

« Requirement of a separate DC supply to feed the field windings of alternator.

e Requirement of a special controller for the DC machine.

There are some high frequency harmonics in the inverter output voltage due to the

switching frequency of the inverter. These high frequency harmonics will increase the core

losses (Cecconi et al. (1986), Mohan et al. (1989)). Tt is possible, and quite sensible to

include some form of filter in the line between inverter and induction machine to eliminate

the high frequency harmonics in the voltage applied to the test machine.

2.6. Summary

A detailed historical background of the mixed-frequency testing of induction machines has
been summarised, from 1921 up to 1993. In these studies, the mixed-frequency testing was
applied to different sizes of machines from a few kilowatts to 12 MVA. Different supply
arrangements for mixed-frequency testing of induction machines as well as the concepts of
mixed-frequency testing have been given. In addition, the main parameters for the mixed-
frequency testing have been explained. Further, besides the conventional mixed-frequency
testing power supplies, low and high-frequency contents of voltage waveforms from
‘nverters have been briefly discussed. It is recognised that the high frequency harmonics
from inverters do increase the core losses of machines, but measures can be taken to

prevent these harmonics from reaching the machine.
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CHAPTER 3

MODELLING OF INDUCTION MACHINES

3.1. Introduction

The first priority of this research is the mixed-frequency testing of induction machines. A
reliable simulation program is therefore essential to predict the stator currents, the rotor
currents, the input power and the rotor speed before testing the induction machine. The first

step towards a good simulation program is to choose a suitable model for the induction

machine.

A considerable amount of research has been done on mathematical models of the induction
machines, using both frequency domain and time domain representations. The frequency
domain machine representations are limited to steady-state performance studies. The time
domain representations can be used for both steady-state and transient performance studies.
There are different types of time domain induction machine models such as the three phase
machine model, (3-phase stator, 3-phase rotor), (Robertson and Hebbar (1969), Koopman
and Trutt (1969), Sarkar and Berg (1970), Jacovides (1973), Rajan et al. (1974), Nath and
Berg (1981), Smith and Yacamini (1993)), hybrid models (3-phase stator, 2-phase rotor),
(Bowes and Clare (1988)), two axis or d-g axis machine models (Krause and Thomas
(1965), Jordan (1965), Jordan (1967), Krause (1968), Lloyd (1982), Bowes and Clements
(1983), Kerkman (1985), Bowes and Clare (1988), Andrade et al. (1994)). In addition,
Bowes and Clare (1988) produced a network equivalent for the motor based on the d-q axis
reference frames. Space vector modelling of induction motors is another time domain model
that offers notational convenience and facilitates application of modern control theory (Vas
(1990), Illango and Ramamoorty (1974), Brown et al. (1983), Salvatore and Stasi (1994),

Bresnahan et al. (1994), Andrade et al. (1994)).
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Slemon (1989) presented different equivalent circuit models, which are simpler than the

conventional T form of circuit, for induction machines for transient and steady state

operations. Russel and Pickup (1982) used the integral equation method, which was driven
from the phase equation model, for the analysis of the unbalanced induction motor such as

single phase stator, polyphase rotor or polyphase stator, single phase rotor.

In this study, the basic phase equation model is used for modelling a three phase induction
machine, but the d-q axis model is also given in detail as an alternative model. A discussion
of the advantages and the disadvantages of these two models justifies the use of the phase-

equation model in this case. A full explanation of each model is given after this discussion.

3.2. Discussion of the phase equation model and the d-q axis model

It is relatively common view that, modelling of induction machines using phase equation
model is conceptually simpler than using d-q axis model (Krause and Thomas (1965),
Krause (1968), Robertson and Hebbar (1969), Sarkar and Berg (1970)). The machine
equations are written for each phase separately in terms of the flux linkages or current in
normal phase configuration. Transformation of the equations from one reference frame to
another is not needed. Due to non-linearity, the equations are solved in open form, and the
mutual effects between stator and rotor phases are updated at each step since they are
position dependent. Taking space harmonics into account, analysing machines fed with
unsymetrical supplies, and including mixed terminal constraints are all more simply done for

the phase equation model than for the d-q axis model.

As explained in appendix 2.1., the principal disadvantage of the phase equation model is that
the inverse of the inductance matrix must be computed at least once during every step in
the solution of the differential equations of the induction machine (Robertson and Hebbar
(1969), Sarkar and Berg (1970), Ramshaw and Padiyar (1973), Illango and Ramamoorty
(1974), Lloyd (1982)). As a result of this, the computation time associated with using the

phase equation model directly is longer than that associated with the use of the d-q axis
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model. However, Colak et al. (1993, IEE, Part-B) have shown that the inverse can be

obtained directly in most cases - thereby removing the principal objection to use of the

phase equation model.

It is well known (e.g. Ramshaw and Padiyar (1973)) that, the generalised two-axis machine,
that is based on the two-reaction theory introduced by Kron in 1934 consists a basic model,
that is applicable to many types of machines. In the two axis model, the machine is
represented by two phases (the direct and quadrature axes) by transforming the three phase
values to the two phases. By doing that the number of electrical equations of the machine is
reduced from six (one equation for each phase of stator and rotor) to four and the angle
between the rotor and the stator is also eliminated (Jordan (1965-1967), Krause and
Thomas (1965), Krause (1968), Sarkar and Berg (1970), Lloyd (1982), Bowes and
Clements (1983)). These four equations can be solved by writing them in terms of either
flux linkages or current. The solutions are then transformed back into the three axis model
to find the individual phase values of the stator and rotor. Most researchers dealing with the
simulation of induction machines use the d-q axis model to reduce the computational time

associated with the three axis (or phase equation) model.

The d-q axis model is certainly more computationally efficient than phase equation model,
but it imposes constraints on the model that may not be present in the actual machine. In
particular, analysing the machines under unbalanced conditions and considering mixed
terminal constraints are not easy in the two axis model (Jacovides (1973), Illango and
Ramamoorty (1974), Rahman and Shepherd (1977), Nath and Berg (1981), Lloyd (1982)).
The effect of the variation of the inductance matrix with flux levels can be built into d-q axis

models (Brown et al. (1983)) but arguably, it is more straightforward with the phase

equation model.

There appears to be a consensus in the literature that the d-g-0 axis modelling is to be

favoured because of its computational speed for most analyses of induction machines but
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that many situation exist where the additional cost of using phase equations models is
justified. Robertson and Hebbar (1969) noted that, with certain types of inverter drives, one
or more of the machine terminals will be open circuited for various periods during each
cycle. Therefore, the d-q equations must be modified to account for the constraint of zero
phase currents during these periods. Illango and Ramamoorty (1974) observed that the
continuous monitoring of phase currents, as required in the transient analysis of inverter-fed
or phase controlled induction motors, involves transformations back and forth from d-g-0
variables to phase variables. Nath and Berg (1981) expressed the view that because of the
complications arising from the in-line switching constraints, the transient analysis of three-
phase SCR controlled induction motors was best performed using phase equation model
rather than the two-axis model. Bowes and Clements (1983) reported that, the d-q axis
modelling of induction machines can be used in the vast majority of operational
circumstances where the terminal constraints on voltage or current are known explicitly.
Fudeh and Ong (1983) stated that the polyphase to rotating d-g transformation was
applicable when only one harmonic from each 0-p component was to be considered,
otherwise a new problem of separating the harmonic voltages within each o-f3 component
was created. Furthermore, for those situations where the terminal constraints on voltage and
current are mixed, and only partly known, the direct three phase simulation model must be
more appropriate (Jacovides (1973), Bowes and Clements (1983)). Finally, Smith and
Yacamini (1993) reported that, the d-q axis modelling of induction machines can be
programmed in MAST, the modelling language used by the Saber simulator, assuming that
the machine is balanced and there are no zero sequence components present in the supply
voltage. However the initial attempts showed that, using a two-axis machine model with the
three phase converter models took longer computer run times than those obtained using

direct three phase machine model due to the backward and forward conversions between

phase and two-axis quantities.

For the perposes of this study, it was decided that a phase equation model would be utilised

from the outset. The rationale was, essentially, that it was known for certain that this




modelling could accomodate, directly, all of the effects which might be significant for
simulating induction machines on mixed-frequency test. Since d-q axis model is obtained
from the phase equation model by a simple co-ordinate transformation involving the
application of at least 2 constraints it was realised that changing models from phase
equation form to d-q axis form would always remain an option. With the direct inversion of
the inductance matrix in phase equation model, it transpires that there is little computation

penalty in using the phase equation form directly.

The simple phase equation model for induction machines is presented briefly in the
following section and d-q axis model is presented briefly in the section following that. This
simple (phase equation) model has been used for almost all of the simulations reported in
the thesis. Appendix 2 reports some work done on extending the simple phase equation

model to include the effects of the saturation, deep-bar and core loss.

3.3. The Phase Equation Model of Induction Machines

In the phase co-ordinate reference frame, the voltage balance equations for both stator and
rotor of the induction machine can be written in matrix form as (Sarkar and Berg (1970),
Ramshaw and Padiyar (1973), Krause (1986)):

vV R (3.3-1)
at

where v is the voltage vector, W is the vector of flux linkages, i is the current vector and R

is the 6x6 resistance matrix of the induction machine as given below:

v, ] v, ] 00 0 0 0]
Vsb Isb \Vsb 0 Iy 00 00
O 2 O O e T (3.3-2)
Via ’ 1 Vo, 00 0 OO
Vi i Y 0 00 0 O
_Vrc_ \_irc~ L\urc_ _O 00 00 Tr
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If the effects of the core losses, saturation and space harmonics are ignored on the

behaviour of the machine, the relationship between phase currents and phase flux linkages

can be written as:

y=Li ..or.
i LSS - L;ﬂ\ ;= L;m
Ly L
_4;;1_1 L - ;m
L, L,
_ Sm — Sm L“
2 2 s
L(®) = 27 2
M, cos(0) Mg, cos(B - *3—) Mg, cos(8+ 7)
2 2
M, cos(8 + —35) Mg cos(®) My cos(6- —575)
2n 2
| Marcos(®= =) My cos(B+ —;3> M, cos(8)

. -1
i=L"y (3.3-3)
) .
M, cos(8) M, cos(6 + ~3£) Mg cos(8 - 2—373)
2
M, cos(8 - Tn) Mg, cos(8) Mg, cos(8 + %E)
2
My, cos(0 + —;) Mg cos(8 - %TE) M, cos(6)
L L
L.. T il 18
1T 2 2
rm er
e =y
L“Il L”I\
2 ) Lo
(3.3-4)

A complete dynamic model of an induction machine must implicitly involve equations for

the mechanical behaviour as for the electrical behaviour (Sarkar and Berg (1970), Ramshaw

and Padiyar (1973), Rajan et al. (1974), Colak et al. (1993, IEE-Part-B)). These equations

are summarised as (3.3-5) for a simple model:

g-\li:v—RL"\p ..or...
dt
and
dw, d*6 P[
= =—|(Te—-TL) -
. dt? 21(c J

where

Rotor speed,

i

Angle between stator and rotor,
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Electromagnetic torque,

Load torque,

Il

Friction constant,

Number of poles.

il

The response of any given induction machine to a given voltage waveform and load torque
can be determined using equation (3.3-5). There are several methods, such as Runge-Kutta
and Euler, to numerically solve the first order differential equations given in (3.3-5). Note
that irrespective of whether the vector of currents i or the vector of flux linkages W is taken
as being independent, it is necessary to find the product of L' times a 6x1 vector (y) at least
once during each step of the simulation (possibly several times per step depending on the
integration routine chosen). To evaluate L'y there are several options (Gerald and

Wheatley (1994), Hoffman (1992)), for example:

« Compute L' and multiply L-y.
« Use a direct method to solve L'y (such as Cramer, Gaussian elimination or Gauss
Jordan).

« Use an iteration method to solve L-'y.

Appendix 2 explains the explicit form of inductance matrix of an induction machine as well
as incorporating the saturation, the deep-bar effects and the core losses into the basic phase

equation model.

3.4. Reference-Frame Theory

There are several reference frames; arbitrary, stationary, rotor and synchronously rotating
reference frames. The arbitrary reference frame theory is the general one. Once the arbitrary
reference frame theory is given, the others can be obtained easily by changing the angular

speed of the reference frame.
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3.5. Arbitrary Reference Frame Theory

In this reference frame theory, the angular speed of the frame is chosen arbitrarily. The

variables (voltages, currents and flux linkages) of stator and rotor are given in general form
and represented by f. The subscripts abc denote the three phase values respectively (with
120° between phases) and s denotes variables and parameters associated with the stator
circuit. The subscript r denotes the rotor circuit variables and parameters. The three phase
subscripts, abc, are represented as gd0 in arbitrary reference frame. The relationship
between the three phase and the arbitrary reference frame for the stator may be expressed as

(Adkins and Harley (1975), Krause (1986), Krause and Wasynczuk (1989)):

fqus = stabcs (3.5-1)
where
T - T - - :
fqus = [qu fds f()s]’ fabcs = [fus fbs fcs:I <35-2)
[ 21 AN i ' 7
cos(8,,) cos(By, - —3—) cos(6,, + -3—) cos(8,,) sin(8,,) 1
2| . . 2T , 2 _ 2T, 21
K, = 3 sin(B,,) sin(8, - —3—) sin(0,, + —3——) . (K)™ =] cos(8,, - ——3_) sin(0,, - —3—) 1
1 1 1 2n, . 2T
L 5 —2_ E i kCOS(qu * —3_) Sm(edu * T) ]_

(3.5-3)
The three phase stator variables are transformed into the two axis or g-d arbitrary reference
frame in Fig. 3.5-1. The reference frame is chosen as if there was an angle of 6, between
the phase as and phase gs. The value 6, is defined from the integration of the speed (®) of

the reference frame.

0,, = | o(0dt+ 8,,(0) (3.5-4)
0

Fig. 3.5-2 shows transformation of three phase rotor variables to the arbitrary reference
frame. If 6,, and @ are replaced by B and w-, respectively, the equations given for the

stator can be used for the rotor. The angle (B) between the phase ar and the phase gr is

given as:
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(3.5-5)

t(lS

¢

cr

tds

Fig. 3.5-1 Transformation of 3-phase stator
variables to arbitrary reference frame.

Fig. 3.5-2 Transformation of 3-phase rotor

variables to arbitrary reference frame.

Three phase voltages for the stator and the rotor respectively can be written as:

aber

abcs T rsl

= r,i

abcs

aber

d‘l’ abcs

dt
d‘l’ aber
dt

(3.5-6)

In equation (3.5-6), it was assumed that all the rotor variables and parameters were referred

to stator with an appropriate transformation ratio of 1.

In (3.5-6)
Vi |
Vabes = Vis |
Ves |
_Var
Vaber = Vor |-
_VCF .

abes T

aber T

‘V abes —

\V aber T

W
Ws
Vs
Var
Y
Vo
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The relation between the flux and the current for three phase model can be written as:

Wabcs _ Lss Lsr iabcs
= T . (3.5-8)
W aber L st L r Laber
where
- 1 ~ 5
S P | S M|
s$ 2 sm 2 sm i 2 m m
L o= |-1p L 1| L o= |-1p L L
ss 2 sm s$ 2 sm e 2 m jag 2 m
P P T .
\‘ 2 sm 2 sm s ] L 2 mm 2 m IT i
cos(0) cos(0 + zg—) cos(6 — %)E)
271 27 T
L, (®)=M_ |cos8— ) cos(®)  cos(6+ )| = [Lrs(e)]
2
cos(6+ zz-t—) cos(6 — l) cos(8)
L 3 3 i
(3.5-9)
where
Lsm = Lm') = st ; L 33 = le +Lsm; I"n' = Lrl +er (35~1O)

The three phase variables, voltages, currents and flux linkages, can be written in terms of

the two axis model by using equation (3.5-1) as:

.

-1 - -1s - -1
abes = Ks quOs’ Labes = Ks lqus’ Wabes = Ks \qu()s

(3.5-11)

-1 _ -1 _ -1
aber = Kr qu()r’ Liper = Kr lqur’ \Vabcr - I<r \qu()r

When equation (3.5-1 1) is inserted into equation (3.5-6), then the results will be the two-

axes' voltages as given in equation (3.5-12).
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d
. ‘ (3.5-12)
quOI K rrl K;liqd()r + Kr r :anor

The resistance matrices of the stator and the rotor are diagonal and all the diagonal elements
are equal to each other. Therefore, the multiplication of the resistance matrices with the K

and the K ! is equal to the resistance matrices themselves as given in equation (3.5-13).

K K

(3.5-13)
KrK'=r,

il
-y ’-/:H
| —

The second parts of the right hand side of equation (3.5-12) are partial differentials. So it

will be convenient to rewrite them as:

dK W g5 dK ;' AW qas
K. s Waaos _ K. K, Yoo + KK W a0
dK_:“ * ddt (3.5-14)
e W gdor dK 4 AW gqor
K —— =K —— + K K'—nur
r dt I dt \llqd()r ronT dt

When equations (3.5-13) and (3.5-14) are put into equation (3.5-12), then the two axis

voltage equations can be rewritten as:

. dl(i] d\l’qd()s |
qu()s = rslqd()s + Ks dt \Ilqd()s + dt
, (3.5-15)
v. . =ri, + K &, Vo, W oo
qd0r r-qdOr r dt qdOr dt

The second terms of the right hand side of equation (3.5-15) contain the multiplication of

the K, with the derivative of K, ! These terms are worked out as below for the simplicity

of equation (3.5-15).
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- sin(8,,) cos(By,) ol 0 1 0]
K , 21 2T
S—cﬁ—z K, 0| - sin(8,, - —3—) cos(By, - —3—) Ol =w|-1 0 0
. 2n 27
- sin(0, + —3—) cos(0y, + T) 0— 0 0 0]
- sin(PB) cos(B) 0 [0 1 0]
dK' 2
K —= K (0- o) - sin(B- 2Ty cos(B- zzt-) 0= (w-®,)|-1 0 0
dt 3 3
~Sin(B+ 232) COS(B+ g:—;-t—) 0 LO 0 O_

(3.5-16)

As seen from equation (3.5-16) a 3x3 matrix is multiplied by o for the stator and by (w-m,)

for the rotor. The term (®-,) for the rotor is given as below:

i‘ﬁ _ W "8 (3.5-17)

When equation (3.5-16) is inserted into equation (3.5-15), the two axis voltage equations

become as:
_ . dwqd()s
Vaos = Fslgaos T OWgqos + e
(3.5-18)
. ( ) Ay g0
qu()r = Tlygor + (0-0, \deq()r + dt
where

wio = [Ve —Wwe O

(3.5-19)
qu()r = [\Pdr ~ VY O]
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quos _ I(SLSI(:;l KSMer;l iqdos 3590
KMIK! K LK |[i 5:>-20)

quor qdor
L, 0 0 L, 0 0
KLK'=|0 L 0| KLK/'=|0 L 0
0 0 L, 0 0 L,
(3.5-21)
L, 0 O
KMIK!=KMK'=|0 L, O
0 0 0
where
3
L,= -M,, L=L,+L,, L =L,+Lg (3.5-22)

If the currents in voltage equations are chosen as state variables, the relationship between

the flux linkages and currents are then given as:

W] [Le 0 0 Ly 0 0 jig
W 0 L, 0 0 Ly 0 lig
Wos 0 0 Ly 0 0 0 jig
vl |L, 0 0 L, 0 0 li, (3.5-23)
Wy 0 L, 0 0 L 0|i,
ol LO 0 0 0 0 L, i)

If the flux linkages in voltage equations are chosen as state variables, the currents are

calculated as:
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where

Ltor |

Ol—
-

0 0 -L, 0

L. 0 0 -L

0 -P—— 0 0

Lls

o 0 L, O
-L. O 0 L

0 0 0 0

D= Ler - Lzsr

0 v,
0 st
0 \l”OS
01 v,
O \Udr
D
Llr __\UOr

(3.5-24)

(3.5-25)

The voltage equations in matrix form for an arbitrary reference frame can be written as

below since the flux linkages are chosen as state variables:

LVOI‘_
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It is also possible to choose the currents as state variables, but this causes each g and d
voltage equations to contain two different first derivatives of current. Therefore, it is always

convenient to select the flux linkages as state variables.

Equation (3.5-26) can be written in the form of state space as:

i dW qQs ] _ rSLT -~ O rsI“sr O O
de P L b L
dw ds o _ rs r O 0 rs Sr O r W « = ~ v . —
dt D r D W ds v ds
d\U 0s 0 0 _ s 0 0 0 7 ;
dt | _ L, Wos . Vos
dW qr I, L st 0 0 _ I, Ls _ ((1) _ o ) 0 LU ar Vv a
dt D D r | |
dy 0 rL, 0 oo rL, . WV Va
dt D . D r _\*V()r ] | Vor
o 0 0 0 0 o -
L dt . L L Ir |
(3.5-27)

The values of the v , and v, in (3.5-27) are the average values of the three phase voltages of
stator and rotor respectively and equal to zero (since the stator and rotor phases are

symmetrical and balanced) as calculated below, by using equation (3.5-3).

2(Vms‘+ Vbs Vcs): Vas+ Vbs+ Vcs _ O

Vos = + -
3\ 2 2 2 3 (3.528)
Vo = g Var + _\ﬁ“_*_ _V_cr~ _ Var T Vir T Ve -0
7 3l 2 2 3

Therefore equation (3.5-27) can be rewritten as below, by eliminating the v, and v, for

simplicity.
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| dU‘] as | I rSLl‘ rsLsr r " " ]
dt “p ° D 0 Vo Yas
des o) _ 1'er 0 l.s.Ls.r Wd vd
dt | _ D D ) )
dy r.L rL, + (3.5-29)
dt D " b (@-0) | va| | Vo
der O rrLsr O- . _ 1ArI-‘s \U ) v
Lodt 1 L D ! D | dr L Ve

The expression for electromagnetic torque of the induction machine in the two axis model

can be given in terms of the currents as:

T, = (é)(g)Lsr(iqsidr - idsiqr) (3.5-30)

2)0\2

It is also possible to write the torque equation in terms of the rotor currents and fluxes or

the stator currents and fluxes.

3\(P . .
ST .

P
Te = (E)[E)(st‘qb - \I]qsids) (35—32)

2

The relation between the torque and the rotor speed can be written as:

(Te B TL)
J

dw,
dt

p
=— (3.5-33)
2

where
P = Number of poles,

J = Total inertia of rotor and load (kg.m?),

T, = Load torque (N.m).
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An induction machine can be simulated in the two axis model by using electrical equation
(3.5-29) and mechanical equation (3.5-33). As mentioned before, this modelling of an
induction machine eliminates the angle between the stator and the rotor. Thus it reduces the
number of electrical equations from 6 to 4 as given in equation (3.5-29). Therefore, the
computation time of the two axis model will be shorter than three axis (phase equation)

model.

Although the behaviour of a symmetrical induction machine is given in the arbitrary
reference frame, there are three common reference frames used. These are the stationary
reference frame, the rotor (Park) reference frame and the synchronously rotating field
reference frame. The voltages or differentials of the flux equations for these reference
frames can be obtained easily from the arbitrary reference frame by defining an appropriate
speed for m. It can be defined as @ = 0 for the stationary, ® = o, for the rotor and ® = @

for the synchronously rotating reference frame.

The reference frames mentioned above have been proposed for different purposes. The
stationary reference frame has been proposed for simulation of induction machines that have
balanced or discontinuous stator voltages and balanced or zero rotor voltages. If the stator
voltages are balanced and external rotor circuits are unbalanced, then the rotor reference
frame is most convenient. The stationary or synchronous reference frame is generally used
to analyse balanced or symmetrical conditions. The synchronously reference frame is also

convenient for variable frequency applications since the stator voltages are balanced.

3.6. Summary

The discussions on the phase equation model and d-q axis model were followed by a

detailed explanation of the machine model in both the three phase and two phase (d-q axis)

models in this chapter.
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It has been highlighted that the computation of the inverse of the inductance matrix at every
step of the simulation and having six differential equations for the induction motor in the
phase equation model increase the computation time, however the mixed terminal
constraints in the phase equation model can be considered easier than those in the d-q axis

model.
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CHAPTER 4

ESTIMATION OF THE MOTOR PARAMETERS

4.1 Introduction

In chapter 3 it was shown that the induction motor can be simulated using either a three axis
or a two axis model and that the same effects can be built into either model. If the form of
the model is appropriate for the machine being represented, the validity of the simulation
results depends on the accuracy of the parameters in the numerical model. It is essential

therefore to estimate the parameters of the test machine before starting a simulation.

There are various ways of calculating the motor parameters using the tests results
performed on the motor. If the motor parameters are not varied continuously during the
operation of the motor, they can be estimated by using any off-line estimation methods.
However, there are certain applications, where the machine parameters are considered to
vary during the operation of the motor, so that the parameters must be estimated

continuously using on-line estimation methods.

On-line estimation is a large area of determining the machine parameters and encompasses
the use of observers for determining machine states from output variables as well as
parameter estimators. Some examples include Kalman Filtering (Atkinson et al. (1989), Bal
and Grant (1992)), the perturbation method (Acarnley et al. (1991), the stator current
trajectory method (Holtz and Thimm (1991)), the mathematical methods based directly on
the machine dynamic equations (Artime et al. (1987), Sull (1989), Ansuj et al. (1989),
Grzesiak and Reichert (1992)), and the injection of low magnitude, high frequency voltage

sets into the machine's supply (Holliday (1994)).
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The philosophy aimed at in this work has been to create a model framework: in:which
sufficient detail is incorporated into the model that the parameters need not to be considered

variable. The context of mixed-frequency testing does not require use of observers.

Off-line parameter estimation methods are also based on the machine's dynamic equations
and the measurements from the test are required only once for a certain period of time.
They are suitable for the estimation of the constant parameters. The basic off-line estimation
method for simple models of induction machines involves the DC, locked-rotor, no-load and
run-up and run-down tests. Timar et al. (1992) developed a computer program, on the basis
of the reference frame being fixed to the stator, to calculate the motor parameters using the
two line voltages and currents obtained from the run-up and run-down tests. Ramminger
and Andresen (1992) proposed a combined method of parameter estimation and correction
based on the principle of parameter estimation of dynamic systems. Khenfer et al. (1992)
used the data obtained from the locked-rotor test and the no-load test to deduce the motor
parameters from the equations based on the equivalent T circuit of the induction motor.
They also calculated the rotor inertia from the run-down test and frictional power from the
un-loaded and non-fed tests driving the test motor with an auxiliary machine at synchronous

speed.

In this chapter motor parameters are estimated for one of the two small induction machines
tested in chapter 6. The DC test, no-load test and locked-rotor test were performed on the
induction motor as well as run-up and run-down tests. It has been possible to find a set of

parameters to reproduce the measured characteristics reasonably accurately.

4.2. Normal Tests for the Steady State Parameters

Steady state parameters of the induction motor can be estimated from the DC test, no-load
test and locked-rotor test (Fitzgerald et al. (1983), Chapman (1987), O'Kelly (1991)). The

DC test determines the DC resistance of the stator windings. The rotor resistance and the
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stator and rotor leakage inductance of the motor are measured by the no-load test and the

locked-rotor test based on the equivalent circuit model of the induction motor:

4.2.1. DC Test of Induction Motors

The DC test of an induction motor determines the DC resistance of the stator windings.
This test can be performed by applying low value of DC voltage (just enough to flow the
rated stator current) to one of the stator phase windings at rated temperature of motor. The
DC resistance of the stator winding can then be calculated using the measured voltage and
current. In the case of the slip-ring motor, the rotor resistance can be measured as the stator

resistance using the DC test method.

4.2.2. No-Load Test of Induction Motors

No-load test of the induction motor must be performed at rated frequency and rated voltage
for the correct calculation of the stator reactance, rotational losses and parameters of the
magnetising branch. The readings of voltage, currents and powers must be recorded when
the motor temperature is at rated value. No-load test arrangements and one phase

equivalent circuit of induction motor are shown in Figs. 4.2.2-1 and 4.2.2-2 respectively.
" L ; (A )

Variable voltage

3 phase *

power supply

@%)

R, X%
=
2

Fig. 4.2.2-2 One phase equivalent circuit of the induction motor.
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The resistance R, and slip resistance are then connected in parallel with each other, so that
they can be shown with an equivalent resistance Ry, which represents the friction, the
windage and the core losses. No-load power, P, is the sum of two powers measured. The
resistance Ry, is much larger than the magnetising reactance, X,;, and overall input power
factor will be very small. Therefore the phase impedance, Z, of the motor is the sum of
stator leakage reactance, X, and mutual reactance, X, Subtraction of the stator copper

losses from the no-load losses gives the rotating losses P, .- Mutual reactance and

rotating losses are defined in equation (4.2.2-1).

\%
Z,= ——=X+ X, and P

=P
ni _\/‘3‘1 y

rotating fwe — Pnl - Psc (422_1)

4.2.3. Locked-Rotor Test of Induction Motors

The circuit diagram for the locked-rotor test of an induction motor is similar to the no-load
test circuit diagram, shown in Fig. 4.2.2-1. In this test, the slip of the motor is equal to 1,
and the rotor resistance and reactance is much smaller than that of the magnetising circuit.

Therefore, it can be assumed that the magnetising circuit is eliminated, and the stator and

rotor circuits are connected in series.

This test is carried out by locking the rotor of the test motor with a safe mechanism. Then a
small amount of voltage is applied to the terminals of the machine in order that full load
current flows into the stator of the motor. When the temperature of the motor is at the rated
value, currents, voltage and powers are recorded. Total locked-rotor power Py, is sum of the

two powers measured.

The phase impedance Z,, the power factor, ¢, sum of the stator and rotor resistances and

leakage reactances of the test motor are calculated as:

62



\Y% p )
Z, = —— and ¢= cos| =
] ‘\/_3_Ilr q) \/_3_VlrIlr
R, = R,+ R, = Z, cos(¢)

X, =X, + X, =27, sin(6)

r N r

(4.2.3-1)

At this point, the relationship between the stator and the rotor leakage reactances must be

decided according to Table 4.2.3-1.

Motor class | Description X, X,

A Normal starting torque, normal starting current | 0.5X;, | 0.5X,,
B Normal starting torque, low starting current 04X, | 0.6X,,
C High starting torque, low starting current 0.3X%,, | 0.7X,,
D High starting torque, high slip 0.5X,, | 0.5X,,
Slip-ring 0.5X,, | 0.5X,,

Table 4.2.3-1 Empirical distribution of leakage reactances of induction motors.

In the case of the test motor used, the stator and the rotor Jeakage reactances are assumed
to be equal to each other and calculated as the half of the total leakage reactances.
Subtraction of the stator leakage reactance from the no-load impedance gives the mutual

reactance of the motor. X,, X, and X, are given in equation (4.2.3-4).

- X, (4.2.3-4)
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4.2.4. Calculation of Leakage and Mutual Inductances for Steady State
In the model of the induction motor the resistances and inductances were used, rather than
reactances of the motor. Therefore it is necessary to calculate the leakage and mutual

inductances of the motor.

The relationship between the reactance and the leakage inductance is given as below for the

stator, rotor and magnetising circuit respectively.

X,
X = 2nfl, = L, = ——; X, = 2nfL, = L, = —— X, = 2nfL, = L = =
o Y omf, 2mf 2t
(4.2.4-1)

Apparent rotor self inductance, mutual inductance between stator and rotor, stator self
inductance, rotor self inductance, stator mutual inductance, and rotor mutual inductance are

calculated as in equation (4.2.4-2) respectively;

Lo=L,+L,; L =L,+L,;

(4.2.4-2)

4.3. Additional Tests for Dynamic Model

The normal steady state tests for determining the parameters of the squirrel-cage induction
motor were given in section 4.2. Clearly the saturation and rotor deep-bar effects cannot be
detected with the normal steady state tests. Therefore, additional tests must be performed
on the test motor to estimate the parameters for an accurate dynamic model which would

include saturation and rotor deep-bar effects.

The no-load and locked-rotor tests can be repeated at different frequencies and voltages to
find the variation of the impedance of the fundamental harmonic as well as to obtain

information on the saturation of stator leakage inductance, the saturation of main flux, the
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magnetising inductance and the rotor deep-bar effects.- An inverter can be used as a supply

for these tests. The run-up-down tests can be performed on the test motor to calculate. the

rotor inertia and mechanical losses of the motor.

4.3.1. No-Load Test at Different Voltages and Frequencies

The no-load test of the squirrel-cage induction machine can be performed at different
voltages and different frequencies using an inverter in order to obtain the variation of
machine impedance of the fundamental harmonic as a function of the supply voltage and
frequency. The no-load impedance gives information on the stator reactance and the
reactance of the magnetising branch. As the voltage/frequency ratio rises in the no-load test,
the main flux rises and a drop in impedance is observed when the main flux path begins to
saturate. Hence the variation in voltage/frequency ratio provides data for main saturation.
Varying the frequency provides some information on magnetising inductance. To perform
this test, the inverter is set up to deliver a "constant flux" by setting a fixed ratio between
voltage and frequency. For each value of this ratio, the inverter output frequency can be
varied and then the impedance (voltage/current) of the fundamental harmonic can be
recorded by extracting the fundamental harmonics of voltage and current waveforms with a

signal analyser.

4.3.2. Locked-Rotor Test at Different Voltages and Frequencies

The locked-rotor test can be performed on the induction machine at different voltages and
different frequencies to identify the locked-rotor machine impedance as a function of
voltage and frequency. The locked-rotor impedance gives information primarily on the
stator and rotor reactances and resistances. In the locked-rotor test, currents are high
compared with rated and as such, leakage fluxes are high. The variation of voltage
frequency ratio provides different currents and these in turn produce different leakage flux
levels and so information is gleaned about leakage path saturation. Variation of frequency in
this test gives information on the rotor deep-bar effects. To perform this test, the inverter is

set up to deliver a "constant flux" by setting a fixed ratio between voltage and frequency.
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For each value of this ratio, the inverter output frequency can be varied and then the

impedance (voltage/current) of the fundamental harmonic can be recorded by extracting the

fundamental harmonics of voltage and current waveforms with a signal analyser.

4.3.3. Run-Up and Run-Down Tests

Run-up and run-down tests can be performed on test machines to provide the necessary
information for the torque-speed curve, current-speed curve and mechanical loss of the test
motors. Torques of the test motor can be deduced from the rates of change of speed using
the motor inertia if the run-up test was performed at low voltage. The value of the voltage
must be chosen just enough to produce the necessary torque for the acceleration of the
motor. Providing that the applied voltage and frequency are constant during the acceleration
and mechanical time constants are much larger than electrical time constants, then the motor
is electrically in steady-state condition, but is mechanically in a transient condition. The
motor may then be regarded as progressing through a series of Pseudo-Steady-State during

the acceleration period.

The mechanical time constant of an induction motor for small values of slip can be
expressed from the electromagnetic torque equation obtained from one phase T equivalent

circuit as:

2 :
7= Yo where mp =2 and s<<| (4.3.3-1)
R poles

If the applied voltage amplitude and frequency are constant and the motor is electrically in a
steady-state condition, and if the slip is small, then the airgap torque produced is directly
proportional to slip. If the constants in equation (4.3.3-1) are represented by "k" and the
motor inertia, "J", is known, the mechanical time constant of the induction motor for small

values of slip can be defined as below:
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T, =xs = 1,27 : (4.3.3-2)

The mechanical time constant for the induction machine for slips which are not very small is
always greater than the value obtained for small slip. Since the mechanical time constant is
determined by the slope of the torque-speed curve and the inertia, it is clear that it is
sometimes negative and that its absolute value is always less than or equal to the time

constant for low values of slip.

If the motor inertia is not known, it can be calculated using the run-up and run-down curves
obtained from the normal inertia test and the increased inertia test which can be done by

adding some known inertia on the shaft of the rotor.

4.3.4. Deducing Rotor Inertia and Mechanical Torque of the Motor

The rotor inertia of the test motor can be deduced using a known additional inertia coupled
to the rotor shaft. If two run-down tests are performed on the test motor with and without
additional inertia, due to the two different inertias, J,+J and J, there will be two different
slopes, a.,,, and o,,. The values of these two slopes can be calculated from the run-up and
run-down tests done with normal inertia and with additional inertia. The ratio of additional
inertia plus normal inertia, J,+J,, to normal inertia, J,, equals to the ratio of slope, o, to

slope, O, a$:

2 T o o (4.3.4-1)

Since the two slopes are calculated and the additional inertia is known, the rotor inertia can
be found from equation (4.3.4-1). Provided that the additional inertia has a simple

geometry, the value of its inertia can be computed very easily.
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If the inertia and the slope are known, the mechanical loss torque of the motor near

synchronous speed can be calculated by multiplying the slope with the corresponding inertia
as:

T, =(J,+J,)o,,, or T =T, (4.3.4-4)
4.4. Matching the Simulation Results With the Experimental Results
A complete dynamic model of an induction machine given in equation 3.3-5 in chapter 3 can
be used for the simulation of an induction machine. The DC, no-load, locked-rotor, run-up
and run-down tests can easily be applied to the simulation program by using a set of initially
obtained machine parameters to get the necessary results for the comparison purposes.
Since the importance of each parameter with respect to the test performed is known, good
agreement can be achieved between the simulation and test results by manually making
small adjustments to the related parameter. When the error between the test and the
simulation obtained from all the tests performed has been minimised, the parameters at this

stage can be used as the best estimates. It is possible to automate this procedure as follows:

1. Compute predicted impedance and run-up / run-down curves from the present set of
parameters.

2. Compute the root-mean-square (rms) errors in each of the three characteristics.

3. Combine the three rms errors into one using a linear combination which has the desired
weighting.

4. Make small changes in each of the machine parameters in turn and compute the change
in total "error" resulting from each.

5. Assemble the gradient vector and estimate what multiple of this gradient vector should
be subtracted from the vector of parameters to approximately minimise the error.

6. Check convergence and if not converged, return to 1 above.
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4.5. Experimental Results for Parameters of Test Motors

4.5.1. Experimental Results for Estimation of Squirrel-Cage Motor Parameters ‘

The normal DC, locked-rotor and no-load tests were performed on a 4 kW squirrel-cage
induction motor with 50 Hz supply frequency and rated smooth supply voltage. As a result
of these tests, the following initial estimates for the parameters were calculated.

First set of parameters of 4 kW motor:

R =526Q, R,=47Q, L,~0.031H, L,~0.031 H,L =093 H.

Fig. 4.5.1-1 shows run-down tests performed on the motor with normal and additional
inertia. The initial angular deceleration, o, for the run-down test (with normal inertia) was
41.015 rad/s2. The additional inertia had been calculated as 0.010516 kgm?2. The initial
angular deceleration, o, ,, for the run-down test with increased inertia was 18.616 rad/s?.
Using equation 4.3.4-1, the actual inertia of the motor was computed as 0.00478 kgm?.
Knowing this, the mechanical loss torque at a rotor speed 302.4 rad/s was evaluated as
0.196 Nm. The mechanical power losses for this motor can be represented as T o, =

(0.196)(302.4) = 59.27 W.
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Fig. 4.5.1-1 Run-down rotor speeds of the squirrel-cage induction motor with normal and
increased inertia.

A run-up test was performed on the motor on low voltage at 50 Hz frequency which

provides a run-up speed curve of the motor that is in steady state electrically. The voltage

value was chosen as 25% of rated value which was more than enough for the motor to
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produce necessary torque for the acceleration but sufficiently small that the ratio between

mechanical and electrical time constants was large.

The run-up speed waveform was then filtered and averaged (Szabados et al. (1989)) to
obtain a smooth speed waveform for the calculation of angular accelerations. The measured
electrical and mechanical torque-speed curves, in Figure 4.5.1-2, were obtained directly

using the inertia and the run-up and run-down slopes at every speed of the motor.

35 T T T ¥ T
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30F - - - - - e - e - - P L
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: o Deduced oﬂxig)ut torque
25 - - - - T T T T .o T ST
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&] 500 10C0 1500 2000 2500 3000
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Fig. 4.5.1-2 Simulated and deduced electrical and mechanical torque-speed
curves of the squirrel-cage induction motor.

As well as the measured airgap torque-speed curve, Fig. 4.5.1-2 shows the predicted curve
based on a rotor resistance of 3.1 ohms. This value was found by simple iterative searching,
to obtain the best match between torque-speed curves. The simulated torque speed curve
was obtained using the basic phase equations, given in 3.3-5, in the simulation program. The
speed of the machine was varied from 0 to 3000 rpm in steps of 2 rpm. At each step, the
simulation program was run for a certain time, to get to the steady state and then the
produced torque was recorded. This process was repeated for each step of the rotor speed.

The measured torque-speed curve in Fig. 4.5.1-2 was multiplied by 16 to obtain the steady
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state airgap torque-speed curve for the machine on full volts: which would exist if the

machine iron was perfectly linear.

It is obvious that, the rotor resistance of 3.1 Q clearly does not agree with the value
obtained from the locked rotor test (4.7 €2). For a simple simulation, discounting core losses
and saturation, the model is now considered to be as good as it can be a simulation not
incorporating saturation and core losses connot represent this machine with complete
accuracy. In fact, for the bulk of the simulation reported in the remainder of the thesis, R,
was taken to be 3.1 ohms and simple model was used. However in the remainder of this

chapter, efforts to estimate a parameter set for a more powerful model are described.

Because the original intention was that core losses and saturation would be included in all
simulations (although subsequently, time did not allowed this) the test described in 4.3.1
and 4.3.2 were performed and results were matched, with a simulation incorporating the

above effects.
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Fig. 4.5.1-3a Locked-rotor impedance of Fig. 45.1-3b No-load impedance of
fundamental fundamental harmonic at different freq. harmonic at different base voltages.

The motor was then connected to an inverter which has a facility of producing variable-

voltage, variable-frequency or constant-voltage, variable-frequency. The locked-rotor test

was performed 3 times setting the flux level of the machine (i.e. the voltage/frequency ratio)
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to 10%, 20% and 30% of rated value. At each one of these settings the output frequency of

inverter was varied between very low frequencies and 50 Hz. The phase voltage and current

of the test machine were recorded by a signal analyser at each step of these locked-rotor
test and the impedance of the fundamental harmonic was calculated. Fig. 4.5.1-3a shows the

results of locked-rotor test.

A series of no-load tests was also performed by changing the output frequency of the
inverter from 50 Hz to 15 Hz in 5 Hz steps. For each frequency, the inverter voltage was
varied from a very small value to 120% of the rated machine voltage. The phase voltage and
current of the test machine were recorded by a signal analyser at each step of these locked-
rotor and no-load tests and the impedance of the fundamental harmonic was calculated.

Figs. 4.5.1-3b shows the results of the no-load tests.

Using the procedure outlined in 4.4, a number of iteration of simulation and adjustment led
to set of parameters containing saturation and core loss quantities. The enhanced simulation
produced results which closely reproduced the test results. The parameter found are as
follows. A full explanation of the modelling of saturation and core losses is given In
appendix A.2.2 and A.2.3.

Second set of parameters of 4 kW motor (including saturation and core losses):

R=5.2Q, R=53Q, R=5400, L,~0.92H, L4=0.0256H, L,;~0.0256H

¢,,=0.55p.u., S,,=0.9H/weber-turn, $,=0.15p.u., S,=0.6H/weber-turn.

where ¢, S, ¢, and S, are parameters describing saturation of main and leakage flux

paths.

Using the above set of parameters of 4 kW induction motor in the simulation model, a close
match between model and machine was obtained for all areas of Figs. 4.5.1-3a and 4.5.1-3b

except at the high frequency end of the locked-rotor test as Figs. 4.5.1-3a and 4.5.1-3b

show.
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4.5.2. Experimental Results for Estimation of Slip-Ring Motor Parameters

For a 3.3 kW slip-ring induction motor only the DC test, the no-load test and the locked-

rotor test were performed. The DC resistance of the motor was calculated from the DC test.
During the no-load and the locked-rotor tests the motor was directly fed from the main
supply. In the no-load test the rated voltage and the frequency were applied to the motor. In
the locked-rotor test the frequency was still kept at rated value, but only 105 volts stator
voltage was applied to the motor in order to produce the rated stator current. The inertia,
the maximum slope of run-down curve and the mechanical torque of the slip-ring induction
motor were found as to be 0.074 kgm?, 14.294 rad/s? and 1.0577 Nm respectively. As a

result of above tests, the parameters of the slip-ring induction motor were calculated as:

R =1.58Q, R,=15Q,L,~00245H, L;=0.0245H, L, ~0.62 H.

4.6. Summary

In this chapter the DC test, no-load test, and locked-rotor test were explained and
performed on the test motors using the mains. The no-load test of a squirrel-cage induction
motor using an inverter was also performed at different frequencies and different levels of
fluxing to calculate the no-load motor impedance at different flux levels. The locked-rotor
test using an inverter was repeated at different voltages and frequencies to calculate the

locked-rotor impedance of the motor.

For the slip-ring induction machine only the DC test, the no-load test and the locked-rotor
test were performed. The run-up and the run-down tests were applied to the both squirrel-
cage and slip-ring induction motors to calculate the mechanical losses and the inertia of

machines. As a result of the above tests the parameters of both test motors were calculated.

73



CHAPTER 5

INVESTIGATION INTO DIFFERENT FORMS OF MIXED-
FREQUENCY TEST

5.1. Introduction

In Chapter 2, various practical arrangements were discussed which can be or have been
used for conducting mixed-frequency tests of induction machines. It was noted that
different arrangements provided different voltage waveforms but that virtually identical
power losses could be achieved in every case by judicious choice of the parameters which
govern the voltage waveforms. In chapter 2, the supplies were considered to have very low
output impedances compared with the input impedance of the induction machine so that
the voltage applied to the terminals of the induction machine were independent of the
currents drawn (or generated). Because the possibility of using inverters was broached in
chapter 2, it was recognised that an infinite number of different voltage waveforms could
be generated all of which could meet the criteria of correctly disposing the power losses

between rotor and stator.

Even ideal induction machines are not 'linear' in the same way that an idealised DC
machine is linear and so it is not possible to extrapolate infinitely from a set of
representative cases for which full solutions have been carried out. (For a linear machine
like the ideal DC machine, the complete dynamic response of any one of the machine state
variables could be determined as the convolution of the impulse response and the input
voltage). Therefore, in order to carry out some representative studies of the behaviour of
the induction machine on mixed-frequency test, it is necessary (o restrict the possibilities
by imposing certain constraints. This was mentioned in Chapter 2 where it was noted that
when a single variable-speed and variable excitation alternator could be used to generate
the requisite voltage waveform for the mixed-frequency test, it would be adequate to

consider that either the amplitude or the frequency of the voltage waveform (or both) 1s
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slowly varying functions of time. In this case, slowly varying would be defined as having
no substantial frequency components greater than one-half of the mean frequency of the
voltage waveform. This led to the identification of three simple types of voltage waveform
that were described as CVVFE, (Constant Voltage, Variable Frequency), VVCF, (Variable

Voltage, Constant Frequency) and VVVEF, (Variable Voltage, Variable Frequency).

In this Chapter, the efficiency of CVVF, VVCF and VVVF tests is investigated through
simulation and the effects observed are explained. Because there is one common type of
voltage waveform used for mixed-frequency tests which is not closely represented by any
of the afore-mentioned three types, this type of waveform is also investigated. It is referred

to as sum of two sinewaves.

5.2. Simulation Results of Various Possible Forms of the Mixed-Frequency Test

An induction machine, 3 phase, 11 kV/line, 12.6 MVA, 4 pole, whose parameters are given
in appendix 1 was used in the simulation to analyse four different forms of mixed-frequency
test, each form being associated with a different voltage waveform. Since inertia has a major
significance in the mixed-frequency test, three different values of inertia were used. In each
case, an equation is given for the voltage waveform, followed by a plot illustrating its
waveform and harmonic spectrum. The equation contains two base parameters, base
voltage, V,, and base angular frequency, ®, and two other parameters which are
dimensionless, the beat frequency ratio, R, and degree of torque modulation, &;. The base
voltage and the base angular frequency are the same for all four cases and they are

determined by the machine on test. The beat frequency ratio 1s defined as:

R= Ov ...where... ®, = Angular beat frequency (5.2-1)

The degree of voltage modulation defines the instantaneous amplitude envelope of the

voltage between V+8,V, and V-8,V as the degree of frequency modulation defines the
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instantaneous variation of frequency between wy+8,w, and w,-8,0,. The degrees of voltage
and frequency modulations are explained in terms of the degree of torque modulation: in

section 5.3.

For each of the four possible forms of mixed-frequency test, the simulation program was
run for numerous values of, R, between 0 and 30 % of base frequency. For each value of

the R, a value of & was found such that the rms stator current was equal to its rated value.

The results for each of the four voltage waveforms are presented individually. It will be seen
that depending on which waveform was used, the value of R, and the value of the motor's

inertia, J, were obtained for ST between 0 and 20.

5.3. Determination of Degree of Amplitude Modulation and Degree of Frequency
Modulation
In chapter 2, the degree of torque modulation, &, was defined as the variation in torque

which would occur if the beat frequency was low and rotor speed was held constant.

In this chapter, four different waveform types are compared for applicability to mixed-
frequency test. Each of these waveform types is characterised by a degree of modulation of
the frequency or the amplitude or both. It is therefore necessary to establish relationships
between the degrees of modulation of amplitude and frequency and the absolute degree of

modulation, &, which is based on torque.

The torque equation of an induction motor can be written from the one phase "T"

equivalent circuit of the motor as:

! 3V, R, _4mf

) T2 s poles
’ [R,+&j +X2

(5.3-1)

S
S
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5.3.1. Relationships Between the Degrees of Modulation of Amplitude and Torque
If the slip, s, remains constant and the base voltage, V,, is variable in the torque equation,
then the nominal torque across the airgap can be re-written as:

T, =xVg (5.3.1-1)

The derivative of torque with respect to the base voltage is then:

dT, 2T,
dv, V,

If a small variation, AV, occurs on the voltage, a corresponding variation, AT, will be

present in the torque and AV, AT, are related as:

= e =

AT 2T AT 2AV
e 9 (5.3.1-3)
AV, v, T v,

The degree of base voltage modulation, §,, and the degree of torque modulation, &, are

defined in (5.3.1-4).

AV, A Nominal Torque
6 = -, 6']‘ -

(5.3.1-4)
Rated Torque

Then the relationship between degree of voltage modulation and degree of torque

modulation can be given as below using equations (5.3.1-3) and (5.3.1-4).

8v:§; (5.3.1-5)
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5.3.2. Relationships Between the Degrees of Modulation of Frequency and Torque
The relationship between slip and torque in the region very close to the zero slip can be
excepted as linear when the base voltage, V,,, remains constant. The stator resistance R and
the equivalent reactance X, in the torque equation are very small comparing with the R//s
due to the very small value of the slip. Therefore, they can be eliminated for the simplicity of
the torque equation as given below.

1 3Vyss _

T, = . Ks (5.3.2-1)
o, R

r

If a small change, As, occurs on the slip, a corresponding change, AT,, will be present in the

torque and &y is defined as:

§p= —= (5.3.2-2)

The degree of frequency modulation, &, is defined as:

A Nominal Frequency N Aw g

8, = = As (5.3.2-3)

Rated Frequency W,

The relationship between the degree of frequency modulation, d, ,and degree of torque

modulation, &, can be written as below using equations (5.3.2-1), (5.3.2-2) and (5.3.2-3):

AT,
as = C=8;r = O; =S (5.3.2-4)
Sraled Tc

5.4. Case 1

This form of the mixed-frequency test has a voltage waveform comprising the sum of two

sinewaves as given in equation (5.4-1).
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— 0.15. The modulation of the amplitude and the variation of the frequency are both

Fig. 5.4-1 shows the phase voltage and its harmonic spectrum for case 1 with R
smooth. Two harmonics appear at 45 Hz and 50 Hz as values of 0.15 p.u. and 1.0 p.u.

respectively.

Fig. 5.4-1 Stator phase voltage and its harmonic spectrum for case I (Vy=1.0 p.u, d,




In this case (= 0.1, 3,= 0.15), the instantaneous amplitude envelop changes between V+
d, V, and V-3,V and the instantaneous frequency f, . can be calculated as (Kron

(1969,1973), Radic and Strupp (1976), Plevin (1988)):

Vi (0= Voo (1+8,7 +28 cos(Rag 1))
(5.4-2)

&((1 +8,7(1 “ER)) + 5V(2~9T)cos(€ﬁcoot))
fins (t) = 2T

(1+8,2+ 25, cos(Rayt))

Kron (1973) has shown that the speed of the rotating field varies between the limits given

below:

030(1+[36V)<(0 <o)0(1—[36v)

143, 1-8, (54-3)

where

o, = Angular velocity of resultant rotating field,

B = (0y-0,)/ 0.

Simulation of the induction machine was carried out with three different machine inertia and
then the degree of voltage modulation (3,), rotor current and resultant voltage were
calculated at wide range of swing frequencies with the condition that the machine input
current was at the rated value. That requires the simulation program to run at least three or
more times. At each run of the simulation program, the degree of voltage modulation is

varied several times to get the rated stator current at each beat frequency.

Fig.'s 5.4-2a, 5.4-2b and 5.4-2c show these results for the three different values of the rotor

inertia. All the curves given in these figures look like an odd function of the torque-speed
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curve of an induction machine. At low frequency ratios, below 0.01, the variations of
degree of voltage modulation, voltage and rotor current are very sharp. The voltage is
always over the rated value during the test, because, in this test, one sinewave with a lower
magnitude and lower frequency is superimposed on to the another sinewave that has a
higher magnitude and higher frequency. It is possible to obtain the rated rms rotor current

below 0.01 frequency ratio with the normal inertia of the rotor. At about 0.04 frequency

ratio, the rotor current has its

03 - ; . - :
5 v T * Normal inertia L1 \ * Normal inertia
025 - \ o 10 times increased inertia - <\ 0 10 times increased inertia
=« + 25 times increased inertia — 10 — ), + 25 times increased inertia -
02 "ﬁa\f = - ot s S —
I - -4 - = Tzd;p ///// J— Fod
0.15 - a s 09 7 / .
k: 5 \\ s
o 3
01 b T = T S T / J
0.05 | L
07 - X =
0.0 ) s .
0 R 0.2 0 R 0.2
a- Variation of § Vfor case 1. b- Rotor current for case 1.
1.04 - T -
— i
= |
== 1.03 o \\ -
= 1
et e
S 102 A -
= X
> 101 - \35\ -
10 T ,
0 R 0.2
c- Stator phase voltage for for case 1.

Fig. 5.4-2 Variations of 8, rotor current and stator phase voltage with respect to the f, for

case 1.

minimum value and this is a critical point, because above and below this critical point, the
rotor current increases. If the rotor inertia is increased 10 times or 25 times of the normal
inertia, the rms rotor current closes to the rated rms value at all the values of frequency
ratio. Furthermore, the increment of the rotor inertia changes the degree of voltage

modulation, but does not affect the stator voltage.
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5.5. Case 2, CVVF Test

In this case, the amplitude of the voltage is constant as its frequency varies with respect to
the frequency ratio, R, as given in equation (5.5-1). In fact, R is related with the angular
beat frequency, ®,, as given in (5.2-1), therefore the frequency variation of voltage is due to
the variation of the beat frequency.

Vo) =Vysin(0(0) = 20,0 = a()=1+5,cos(Ro,)

t sin(R
or alternatively 6([) = OJOJO((Ddt = (Dot +§LSIH(T(DQ£2 "
0
o, 1
6,1, = et — 26{
O‘)O Srmcd

(5.5-1)

Fig. 5.5-1 shows the phase voltage and its harmonic spectrum of the CVVF test. The
frequency variation can be seen easily although the voltage magnitude is constant. However,
it was found that, the voltage of the CVVF test consists of more than one harmonics of
0.115 p.u., 0.44 p.u., 0.765 p.u., 0.44 p.u. and 0.1 15 p.u. at 40 Hz, 45 Hz, 50 Hz, 55 Hz
and 60 Hz respectively with 5 Hz steps. The reason for that, the main angular frequency is
varied between (m,+8,0,) and (m,-8,), therefore, it can be called a pure frequency
modulation. Furthermore, all the harmonics of case 2 are symmetric. They are starting to
appear at 40 Hz with a small magnitude and then increase as the frequency increases. At 50
Hz, the harmonic has its maximum magnitude, but after 50 Hz, its magnitude reduces

gradually in the same order and the same steps as it increases.
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The variations of the degree of torque modulation, the stator voltage and the rotor current

with respect to the frequency ratio are illustrated in Fig''s 5.5-2a and 5.5-2b respectively.

Each of the points in these figures were obtained at every step of the frequency ratio by

varying the degree of torque modulation providing that, the rms stator current is equal to

rated value.
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case 2.
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Therefore, calculation of each point requires the whole simulation program to run at least
three or more times. In Fig. 5.5.-2a, the variation of the degree of torque modulation with
respect to the frequency ratio is an odd function of the torque-speed curve of an induction
motor. At low frequency ratios, below 0.02, the degree of torque modulation increases very
sharply as the frequency ratio decreases. At 0.04 frequency ratio, d, has its minimum value,
but after 0.04, it increases slowly as the frequency ratio increases. Variation of the rotor
current with respect to the frequency ratio in Fig. 5.5-2b is also similar to the variation of
the degree of torque modulation. Furthermore, below 0.02 frequency ratio, the CVVF test
provides the rms rotor current very close to the rated rms value. The phase voltage is the

same during the CVVF test, because it was already kept constant as given in equation (5.5-

1).

5.6. Case 3, VVCF Test
In this case, the amplitude of the voltage is varied with respect to the frequency ratio, R, as
given in equation (5.6-1) below, but the frequency of voltage is kept to be constant.

Therefore, this case can be called as a pure amplitude modulation.

V., (1) = Vyo(Osin(ogt) = a(t)=1+6vcos(9m0t)1 s
5. = 25, |

Fig. 5.6-1 shows the phase voltage and its harmonic spectrum of the VVCF test. The VVCF
test produces three significant harmonics of 0.05 p.u. 1.0 p.u. and 0.05 p.u. at 45 Hz, 50 Hz
and 55 Hz respectively, due to the changes in amplitude of voltage between (V+0,V) and
(V4-8,V,). Furthermore, all the harmonics of case 3 are symmetric, because there is only

one smoothly varying component in the voltage equation.
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Fig. 5.6-1 Stator phase voltage of CVVF test (V,= 1.0 p.u., 8, = 0.1, X = 0.1).

Fig. 5.6-2 shows the variations of degree of voltage modulation, stator voltage and rotor
current of case 3 with respect to the frequency ratio. In these figures all the points at each
frequency ratio were obtained by running the simulation program repeatedly with different
degree of frequency modulation to get the correct value of rms stator current. The shape of
these figures is an odd function of torque-slip curve of an induction motor. The stator phase
voltage is always over the rated value due to the degree of voltage oscillation. It is possible

to obtain the rated rotor current at about 0.1 frequency ratio.
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5.7. Case 4, VVVF Test

The case 4 produces a stator voltage waveform which is frequency dependent rather than
the sum of two different voltages. In addition to the degree of voltage modulation, d,, the
frequency modulation, &, of the voltage is also modulated. There are two main and two
dimensionless components of this voltage as described in equation (5.7-1). The base voltage
(V,) and the base frequency (0,) are known for a test motor and does not change during the

test, but the degree of torque modulation (8;) and the frequency ratio (R) are both varied

depending on the beat frequency ().
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de(t)

V,, (1) = Vo (Osin(8(t)) = =0 (t) = o(t)=1+8; cos(Rw,t)

. t dsin (R, t)
or alternatively G(t):cooja(t)dt:coot+—0 > (5.7-1)
0 R
f O 2f f
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Fig. 5.7-1 Stator phase voltage of VVVF test (V,= 1.0 p.u.,, 8;=0.1,8,=0.1, % = 0.1).

Fig. 5.7-1 shows the phase voltage and its harmonic spectrum of the VVVF test. The
variation of voltage waveform is similar to case 1, but the harmonic content of the VVVF
test is totally different. At least there are more than two harmonics of 0.092 p.u., 0.396 p.u.,
0.765 p.u., 0.48 p.u. and 0.137 p.u. at 40 Hz, 45 Hz, 50 Hz, 55 Hz and 60 Hz respectively

with 5 Hz steps. The magnitudes of harmonics are increasing gradually until 50 Hz and then

decreasing in the same order.

Fig. 5.7-2 shows variations of degree of torque modulation, rotor current and stator voltage

with respect to the frequency ratio. Note that, at every point of the frequency ratio, the
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degree of torque modulation was varied by running the simulation program several times

until to get the rated stator current of the motor.

a- Variation of 8, for case 4.

b- Rotor current for case 4.
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Fig. 5.7-2 Variations of 8, rotor current and stator phase voltage with respect to the R for

case 4.

The degree of torque modulation varies linearly above 0.02 frequency ratio and the stator
voltage remains almost constant during the whole range of frequency ratio. However, the
rotor current is very close to the rated value at low frequency ratios below 0.02, but above

0.02, the rotor current decreases as the frequency ratio increase.

5.8. Summary

In this chapter, four different forms of the mixed-frequency test have been investigated.
First of all, the voltage equations were given in closed form for each case of the mixed-

frequency test. The degree of voltage and frequency modulation given in these equations
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were expressed in terms of the degree of torque modulation; As an example of each form,
the voltage waveforms and their harmonic spectra were analysed for a given frequency ratio
and degree of torque modulation. It has been shown that in cases 2, 3 and 4 the voltage
waveforms were symmetrical and their harmonics increased between 40 Hz and 50 Hz then
decreases between 50 Hz and 60 Hz gradually in the same order with the same steps due to
the same frequency ratio. The case 1 has only two harmonics at 45 Hz and 50, because, in
case 1, one of the sinewaves, with a low amplitude at low frequency, was superimposed on

to the other one which has rated amplitude at rated frequency.

In addition, the investigation on each case was carried on by running the simulation program
for wide range of frequency ratio, from zero to 0.3. At each step of the frequency ratio, the
simulation program was run several times with different values of the degree of torque
modulation to get the rated rms stator current. After every successful running of the
simulation program, the degree of torque modulation, the stator voltage and the rotor
current were recorded. The variations of these three components with respect to the
frequency ratio were found as an odd function of the torque-speed curve of an induction
motor. So that each of the curves of these component has a deep point where they have
their minimum values. The stator voltage was to be found above the rated value for case 1
and case 3, but it was to be found equal to the rated value for case 2 and case 4. The rotor
current was found to be close to the rated value at low frequency ratios below 0.02 for all
the three cases. At about 0.04 the rotor current has its minimum value, but above 0.04 1t
starts to increase. In case 3, the rotor current always decreases as the frequency ratio
increases. Furthermore, the effects of the increased inertia test on the rotor current are also
given by increasing the rotor inertia to 10 and 25 times the normal inertia for case 1. It has
been shown that, the increased rotor inertia test provides the rated rotor current at almost

every step of the frequency ratio.
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CHAPTER 6

EXPERIMENTAL WORK ON INDUCTION MACHINES AND
COMPARISON OF SIMULATION AND TEST RESULTS

6.1. Introduction

Before starting the experimental tests, the test-rig was prepared as required. Firstly a 4 kW
squirrel-cage induction machine was coupled to a DC generator, to perform the direct
loading test, using a mechanical coupling. The test machine was then fed from both the main
power supply and the inverter! depending on the requirements of the test. The inverter is
capable of delivering constant-voltage, varying-frequency (CVVF) and varying-voltage,
varying-frequency (VVVF) output. It has another facility of external analogue speed
demand input. A wavetek arbitrary waveform generator! was used to input the necessary
speed demand into the external analogue input of the inverter. The machine phase voltages
were recorded through a power oscilloscope! which reduces the voltage to a recordable
value. Two phase currents were recorded through two hall-effect current transducers'. The
rotor speed was detected by a tachometer! which counts the black and white colours on the
shaft and produces related signals for rotor speed. A data acquisition toolbox! was used to
record the voltages, currents and speed. Temperature rises at different points within the

machine were measured with a thermometer! and thermocouples.

In this chapter, the direct loading test and the two different versions of the mixed-frequency
(VVVF and CVVF) testings of the squirrel-cage induction machine are analysed in detailed.
The same versions of the mixed-frequency test are also analysed with the increased rotor
inertia. In addition, in order to validate rotor variables, the direct loading and the varying-

voltage, varying-frequency tests are applied to a slip-ring induction machine (3.3 kW) and

Description of the equipment used in the test is given in appendix 3.
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then the test results are compared with the simulation results in each section. Further, the

losses of the induction machine are given and the losses of the test machine are identified. -

6.2. Direct Loading Test of the Squirrel-Cage Induction Machine

A 4 kW squirrel-cage induction machine, whose parameters are given in appendix 1, was
connected directly to the supply and tested by loading it with a DC generator so that the
rated full-load stator current (7.2 A) was drawn. The test was continued for several hours
to warm up the machine to the rated winding temperature rise of 57 °C. After that, the
temperature rises at various points (windings, airgap, core, end windings and rotor) within
the machine were measured by using 5 different thermocouples and a temperature label for
the rotor temperature. Table 6.2-1 shows the rated temperature rises of windings, airgap,

core, end windings and rotor of the squirrel-cage induction machine.

Windings (°C) | Airgap (°C) Core (°C) End windings | Rotor (°C)
S
57 70 32 66 81

Table 6.2-1 Full load temperature rise test results of the squirrel-cage induction

machine.

While the machine was running at rated rotor speed and drawing rated stator current from
the supply under rated winding temperature, the voltages and the currents of lines a and ¢ as

well as the rotor speed were recorded continuously for several seconds.

Fig. 6.2-1 shows one of the full-load line voltage and current waveforms. Not surprisingly,
they appear to be reasonably sinusoidal. The line voltage has a value of 415 Volts rms and
the current has a value of 7.2 Amperes rms. Harmonic spectra of the full-load voltage and

current are also shown in Fig. 6.2-2.
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Fig. 6.2-3 illustrates the full-load instantaneous rotor speed and its harmonic spectrum. The

rotor speed was measured using an electronic tachometer and recorded through a data

acquisition board into a PC.
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Fig. 6.2-1 Full-load stator voltage and current waveforms of the squirrel-cage induction

machine.

As seen from Fig. 6.2-3, the waveform of the rotor speed is varying around the rated speed

of 302.6 Rad/s, the DC value of the rotor speed was found to be 302.484 Rad/s.

Simulation results of full-load stator phase current, rotor speed and rotor current with their
harmonic spectra are shown in Fig. 6.2-4, Fig. 6.2-5 and Fig. 6.2-6 respectively. The rms
value of stator line current was found to be 7.08 A with a peak of 9.99 A harmonic at 50
Hz. The average value of full-load rotor speed was found 302.4 Rad/s. The rotor phase

current has an rms value of 3.32 A. These simulation results were found to be similar to the

test results.
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Fig. 6.2-6 Simulation result of full-load rotor current of the squirrel-cage induction and its

harmonic spectrum.

6.2.1. Computing Input Power

The electrical connection of the test machine is shown in Fig. 6.2.1-1.

— Isa

Fig. 6.2.1-1 Star and delta-connections of the machine.

The measurements of the stator line voltage and stator line current from the delta

connection were used for the calculation of the instantancous input power. The star
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connection of the machine is also shown in Fig. 6.2.1-1 in order to make the delta

connection more understandable. Fig. 6.2.1-2 shows the relations between the voltages and

the currents in delta connection.

Fig. 6.2.1-2 Vector diagram of the squirrel-cage
induction machine.

The instantaneous input power of the machine was calculated according to the two
wattmeters method. However, the summation of individual powers of each phase also gives

the total instantaneous input power.

Rated input power of the machine is calculated as:.

Pin = \/gvsa(rms)lsa(nns) COS(¢) (62 I- 1)

The power factor, cos($), is the cosine of the angle between the stator line voltage and line
current when the machine is running under the full-load conditions as explained above. Fig.
6.2.1-3 shows the angle between the full-load line voltage and the line current. In this

figure, the line current has been magnified by 50 times in order to show the angle between

voltage and current clearly.
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Fig. 6.2.1-3 Illustration of the angle, [3, of the squirrel-cage induction machine.

The angle, B, between point 1 and point 2 in Fig. 6.2.1-3 was found to be 57°. If B =57°
and o = 30° then, the angle (¢) between phase voltage (V) and phase current (I,) can be

calculated from Fig. 6.2.1-2 as -27° with respect to -I.

Since the power factor (cos(¢)), the rms line voltage (V) and the rms line current (1) are

known, the input power of the induction machine is calculated as 4611.28 W.

The output power is calculated by multiplying the measured angular rotor speed (302.6
Rad/s) with measured torque (13.2 Nm) as:

P = T, = (302.6)(13.2)=3994.32 Watts.

out r

The efficiency of the machine is defined:

n = Fou = 3994.32 = 86.62 % (6.2.1-3)
P, 4611.28

mn

This figure shows that the test machine has losses of 616.96 Watts when it is running under

full-load. A breakdown of these losses is given later in this chapter.
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6.3. Varying-Voltage, Varying-Frequency Test (VVVF) of the Squirrel-Cage
Induction Machine

The VVVF test was carried out using the inverter available in the laboratory by applying
sinusoidal speed demand signals from an arbitrary waveform generator to the inverter's
external analogue speed demand terminals. The frequency of the speed demand was varied
from 2.0 Hz to 15 Hz. In every case, the sinusoidal speed demand had two components,
amplitude and DC offset, and sum of these components is limited to 10.4 Volts by the

arbitrary waveform generator.

fb (Hz) | Amplitude | DC Offset |Windings Airgap °C | Core °C End Rotor °C
V) (V) °C Windings
°C

2 2.92 7.48 57 71 38 63 81
3 2.06 8.34 57 71 37 64 81
4 1.64 8.76 57 72 37 65 81
5 1.40 9.00 57 71 37 65 81
6 1.12 9.28 57 72 37 64 81
7 0.92 9.48 57 72 38 64 81
8 0.74 9.66 57 71 37 64 81
9 0.68 9.72 57 71 38 64 81
10 0.66 9.74 57 71 38 64 81
11 0.60 9.80 57 71 38 64 81
12 0.54 9.86 57 71 38 64 81
13 0.46 9.94 57 71 37 64 81
14 0.44 9.96 57 70 36 64 81
15 0.40 10.0 57 70 36 64 81

Full-load temperature rises 57 | 70 32 66 81

Table 6.3-1 Data for VVVF test of the squirrel-cage induction machine.

When the speed demand is 10 Volts DC, the output frequency of voltage of the inverter is
equal to 50 Hz which causes the rotor to run at rated speed. As the test motor (4 kW
induction machine) was drawing the rated rms stator current of 7.2A from the supply at the
rated winding temperature rise of 57 °C, the temperature rises at various points within the
motor were recorded as well as the stator voltage, the stator current, the rotor speed and
the instantaneous speed demands at different beat frequencies. Table 6.3-1 shows the speed
d the temperature rises at different beat frequencies for the VVVF test of the

demands an

induction motor.
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Variation of the speed demand with respect to the beat frequency is shown in Fig. 6.3-1.

Variable voltage, variable frequency

Speed demand (V)

2 3 4 5 6 7 8 9 10 11 12 13 14 15
fb (Hz) —&— Amplitude —&— DC offset

Fig. 6.3-1 Tlustration of DC offset and amplitude of speed demand for VVVF test of the

squirrel-cage induction machine.

As shown in Fig. 6.3-2, only the winding and the rotor temperature rises are constant at 57

°C and 81 °C respectively during the test, which are the same as for the direct full-load test
temperature rises, given in Table 6.3-1. Temperature rises of the airgap are 1 or 2 °C higher
than the full-load test temperature rise. Temperature rises of end windings are between 1
and 3 °C less then the full-load result. The VVVF test produces between 4 and 6 °C higher
core temperature rises than the full-load core temperature rises as given in Table 6.3.1. This
happens due to the low and high frequency harmonic components of the voltage waveform
applied to the test machine. The low frequency components appear due to the beat

frequency, as the high frequency components appear due to the high switching frequency of

the inverter.
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Varying-voltage, varying-frequency

%00-0-
XI1-0-

Temperature rise

fb (Hz)

l —— Windings —{}— Airgap —\— Core ~—34~—— End windings —O—Rotor ]

Fig. 6.3-2 Temperature rises of VVVF test of the squirrel-cage induction machine at various
beat frequencies.

Output voltage of the inverter and its harmonic spectrum at 10 Hz beat frequency with 3
kHz switching frequency and 40 kHz sampling frequency of VVVF test are shown in Fig.
6.3-3. The frequency and the magnitude of voltage are changing with respect to the beat
frequency. The maximum harmonic appears at about 50 Hz. The side band harmonics above

and below 50 Hz are between 10% and 42% of the fundamental harmonics.

There are high frequency harmonics at 3 kHz switching frequency, but their magnitudes are
about 5% of the fundamental harmonic because the inverter operates in transitional mode
between full PWM and six-step. However, the high frequency harmonics can increase the

core losses due to their high order.

The low order voltage harmonics of the order 5, 7, 11, and 13 in Fig. 6.3-3 are very small

comparing the fundamental harmonic and their effects can be ignored.
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switching

Fio. 6.3-4 shows the filtered stator line voltage and its harmonic spectrum of the VVVF test
At 10 Hz beat frequency in where the variation of amplitude and frequency of the stator line

voltase can be seen clearly. The rms voltage value was found to be 418.71 V, which is very

close to rated voltage value of 415 V. As the beal frequency increases, the amount of

variation in peak voltage decreases. as seen in Fig. 6.3-8. It is also clear that the stator line

voltage has more than one sienificant harmonic component as seen in Fig. 6.3-4 although

some of the low frequency harmonics appeared above and below 50 Hz in Fig. 6.3-3 have

been either reduced in amplitude or disappeared due to the filter. The biggest harmonic
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appears at 48 Hz and has a value of 565.3 Volts. This 48 Hz frequency is the maximum
possible value for 10 Hz beat frequency of VVVF test since the maximum output frequency
of the inverter is set to 48 Hz. There are other significant harmonics above and below 48
Hz. These are sidebands with spacings of 10 Hz due to the 10 Hz beat frequency. Above 58

Hz and below 38 Hz the magnitudes of the harmonics drop to very small values.
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Fig. 6.3-4 Filtered stator line voltage and its harmonic spectrum at 10 Hz beat frequency of

VVVEF test of the squirrel-cage induction motor.

Fig. 6.3-5 shows the stator line current and its harmonic spectrum. The stator line current
waveform has 7.2 A rated rms value and has harmonics almost at every 1 Hz, but the
significant harmonics appear as sidebands around 48 Hz with 10 Hz steps between them.

The maximum harmonic of the stator line current again appears at 48 Hz as a value of 5.7

Amperes, as does the maximum voltage harmonic.

The waveforms of the rotor speed and its harmonic spectrum are given in Fig. 6.3-6 for 10

Hz beat frequency with a mean speed value of 306.88 Rad/s. The measurement of the speed

is described in appendix 5.
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6.3-7 shows the comparison of the test and the simulation results of the stator current
g-voltage varying-frequency test at 10 Hz beat frequency. The

the simulation results, the left hand side shows the test



results. This figure shows that there is a good agreement between the test and the

simulation results. However, the speed waveform obtained from the test has some
pulsations due to the tachometer used to measure the speed. Normally, the tachometer
produces symmetrical pulses as given in Fig. A.4.1, but there is an RC circuit at the output

of the tachometer, so that the RC circuit charges and discharges the capacitor and produces

the speed waveform.
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Fig. 6.3-7 Comparison of the test and the simulation results of the stator current and the

rotor speed at 10 Hz beat frequency of VVVF test of the squirrel-cage induction motor.

Fio's 6.3-8. 6.3-9, 6.3-10 and 6.3-11 show waveforms of the filtered stator voltage, the
5 . 5 . 3 .

stator current, the filtered rotor speed and the speed demand at various beat frequencies
respectively. These figures show the variation in amplitude and frequency of stator voltage,

stator current, rotor speed and speed demand.
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6.4. Varying-Voltage, Varying-Frequency Test of the Squirrel-Cage Induction
Machine With Increased Inertia

In this section, the effects of the increased inertia on the VVVF test are pointed out. The
inertia was increased 3.21 times of the normal inertia of 0.0181 kgm? by adding extra
weights to the rotor shaft. The VVVF test was then repeated on the machine. The increased
inertia allowed the test to start at 1 Hz beat frequency. The variations of the speed demand
and the rotor speed of the increased inertia test are similar to the normal inertia test. Fig.

6.4-1 illustrates the variation of speed demand at various beat frequencies.

fb (Hz) | Amplitude | DC Offset |Windings °C| Airgap °C | Core °C End Rotor °C
V) V) Windings
°C

1.0 4.20 6.20 57.0 70.0 35.0 64.0 70.0
2.0 2.60 7.80 57.0 71.0 37.0 65.0 70.0
3.0 1.74 8.66 57.0 71.0 38.0 65.0 70.0
4.0 1.26 9.14 57.0 71.0 38.0 65.0 76.0
5.0 1.00 9.40 57.0 71.0 38.0 65.0 76.0
6.0 0.78 9.62 57.0 71.0 38.0 65.0 76.0
7.0 0.66 9.74 57.0 71.0 38.0 65.0 81.0
8.0 0.62 9.78 57.0 71.0 38.0 64.0 81.0
9.0 0.56 9.84 57.0 72.0 38.0 65.0 81.0
10.0 0.52 9.88 57.0 71.0 37.0 65.0 81.0
11.0 0.48 9.92 57.0 71.0 37.0 65.0 81.0
12.0 0.46 9.94 57.0 71.0 37.0 64.0 81.0
13.0 0.44 9.96 57.0 71.0 37.0 64.0 81.0
14.0 0.50 9.90 57.0 71.0 37.0 65.0 81.0
15.0 0.58 9.82 57.0 71.0 37.0 64.0 81.0

Full-load temperature rises | 570 70.0 32.0 66.0 81.0

Table 6.4-1 Data for VVVF increased inertia test of the squirrel-cage induction

machine.

Fig. 6.4-2 shows that the variations of the temperature rise at various points within the
machine during the VVVF increased inertia test are fairly constant, except for the rotor
temperature. At low frequencies, up to 7 Hz of beat frequency, the rotor temperature was
measured to be variable. It was found as 70 °C between 1 Hz and 3 Hz of beat frequency
and 76 °C between 4 Hz and 6 Hz of beat frequency. After 6 Hz the rotor temperature rise
°oC. So that the increased inertia test at low frequencies does not produce

was constant at 81

the rated rotor temperature rise as the normal inertia test does. All the other temperature
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rises of this test are very close to the direct full-load temperature rises as shown in Table

6.4-1.

Varying-voltage, varying-frequency with increased inertia

Speed Demand (V)

| 2 3 4 5 6 7 8 9 10 11 12 13 14 15
fb (Hz) | —— Amplitude —&— DC offset

Fig. 6.4-1 Variation of DC offset and amplitude of speed demand for VVVF increased

inertia test of the squirrel-cage induction machine.

Varying-voltage, varying-frequency with increased inertia

Temperature rise

fb (Hz)

[—< > Windings —{— Airgap ——f\— Core —3¢— End windings —O~— Rotor J

Fig. 6.4-2 Variation of temperature rises of VVVEF increased inertia test of the squirrel-cage

induction machine.

The filtered stator line voltages, stator line currents and filtered rotor speeds at different

beat frequencies are given in Fig. 6.4-3, Fig. 6.4-4 and Fig. 6.4-5 respectively.
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6.5. Constant-Voltage, Varying-Frequency (CVVF) Test of the Squirrel Cage
Induction Machine

In this section the constant-voltage varying-frequency (CVVF) testing of a 4 kW squirrel-
cage induction motor is examined in detail. An inverter is used as a power supply which is

able to provide constant-voltage varying-frequency output as shown in Fig. 6.5-1 since its

"base frequency" is set to a very small value of 20 Hz.

Output volts
Low base frequency

100%  —(@— ——->*_ - =

CVVF
r 4

80% &=

V4

p Normal base frequency
60% T
40% =

20% T

0%
0 10 20 30 40 50 60

Output frequency (Hz)

Fig. 6.5-1 Voltage-frequency relationship of the inverter.

The test was carried out at different beat frequencies, from 2 Hz to 15 Hz, at each beat
frequency voltage, current, speed and speed demand, as well as the temperature rises from
various points (windings, airgap, core, end windings and rotor) within the machine were
recorded. It should be noted that, the rms stator current (read by an ammeter) and the

winding temperature rise were kept constant at their rated values of 7.2A and 57°C

respectively.
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Data of the speed demand and temperature rises for the CVVE test at different beat

frequencies are given in Table 6.5-1.

fb (Hz) Amplitude | DC Offset |Windings Airgap °C | Core °C End Rotor °C
V) ™) °C Windings
°C

2.0 2.00 8.40 57.0 61.0 33.0 71.0 54.0
3.0 1.86 8.54 57.0 61.0 32.0 71.0 54.0
4.0 1.78 8.62 57.0 61.0 32.0 71.0 54.0
5.0 1.60 8.80 57.0 65.0 33.0 68.0 65.0
6.0 1.40 9.00 57.0 65.0 34.0 69.0 70.0
7.0 1.10 9.30 57.0 66.0 34.0 69.0 76.0
8.0 1.08 9.34 57.0 66.0 33.0 68.0 76.0
9.0 1.00 9.40 57.0 67.0 33.0 68.0 76.0
10.0 0.94 9.46 57.0 69.0 33.0 67.0 76.0
11.0 1.30 9.10 57.0 68.0 32.0 69.0 76.0
12.0 1.40 9.00 57.0 69.0 32.0 68.0 76.0
13.0 1.42 8.98 57.0 67.0 32.0 69.0 76.0
14.0 1.04 9.36 57.0 68.0 32.0 69.0 76.0
15.0 0.90 9.50 57.0 67.0 32.0 69.0 76.0

Full-load temperature rises | S7.0 70.0 32.0 66.0 81.0

Table 6.5-1 Data for CVVF test of the squirrel-cage induction machine.

Constant-voltage, varying-frequency

Speed demand (V)

2 3 4 5 6 7 8 9 10 11 12 13 14 15
fb (Hz) —&— Amplitude —@— DC offset

Fig. 6.5-2 Variation of DC offset and amplitude of speed demand for CVVF test of the

squirrel-cage induction machine.

The beat frequency was adjusted by adjusting the frequency of the output sinewave (or

speed demand waveform) from the arbitrary waveform generator. The sinusoidal speed
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demand waveform has two components, DC offset and amplitude as illustrated in Fig. 6.5-
2. Moreover, the sum of these two components is limited to- 10.4V by the arbitrary
waveform generator. There are therefore many different combinations of DC offset and
amplitude of the speed demand to draw the rated rms stator current and to obtain the rated
winding temperature rise during the test. In order to obtain higher rotor speed the DC offset

value of the speed demand was always set to the maximum available value.

Constant-voltage, varying-frequency

Temperature

2 3 4 5 6 7 8 9 10 11 12 13 14 15
fb (Hz)

[———(}——Windings —{}— Airgap —/\—Core —¢— End windings —(O— Rotor l

Fig. 6.5-3 Variation of temperature rises of CVVF test of the squirrel-cage induction

machine.

The variation of the temperature rises from different points of the motor at various beat
frequencies for the CVVF test are illustrated in Fig. 6.5-3. The windings' temperature rise is
constant at 57 °C during the test which s the same as the full-load temperature rise of the
windings. The airgap temperature rise was found to be less than the full-load value and
varied from 61 °C to 69 °C during the test. The temperature rise of the core was found to
be close to the full-load value and varied around the rated value of 32 °C during the test. At
low beat frequencies, between 2 Hz and 4 Hz, the temperature rise of the end windings was
found to be 71 °C, but after that, up to 15 Hz beat frequency, it was found to vary between

67 °C and 69 °C, which is higher than the full-load value. The rotor temperature rise

116



between 2 Hz and 4 Hz was found to be 54 °C, but after that it was found to be raised up to

76 °C, then remained constant at 76 °C between 7 Hz and 15 Hz beat frequency.

The conclusion of the above comparison is that the CVVF test produces the same
temperature rises as the full-load test for the windings and the core, but it produces different
temperature rises from the full-load test for the airgap, the end windings and the rotor. In
Fig. 5.5-2 in chapter 5, simulation result of the rms rotor current at various beat frequencies
was shown as to be rising up below the rated value as the beat frequency increases. This has
been proved by the test results given in Table 6.5-1 and Fig. 6.5-3. It should be noted that,
in Fig. 5.5-2, the rms rated stator voltage and rms rated stator current were kept constant at
every beat frequency, which shows that the temperature rises of winding and core do not
change during the test. These have been also proved by the test result as given in Table 6.5-
1 and Fig. 6.5-3. Finally it was shown that good agreement between the simulation results

and test results has been achieved.

Output voltage of the inverter and its harmonic spectrum at 10 Hz beat frequency with 3
kHz switching frequency and 40 kHz sampling frequency of CVVE test are shown in Fig.
6.5-4. The magnitude of the voltage is not varying with respect to the beat frequency, but

the frequency of the voltage changes with respect to the beat frequency.

The maximum harmonic appears at about 50 Hz. The side band harmonics above and below
50 Hz are between 10% and 15% of the fundamental harmonics. There are high frequency
harmonics at 3 kHz switching frequency, but their magnitudes are about 5% of the
fundamental harmonic because the inverter operates in transitional mode between full PWM

and six-step. However, the high frequency harmonics can increase the core losses due to

their high order.

The low order voltage harmonics of the order 5, 7, 11, and 13 in Fig. 6.5-4 are very small

comparing the fundamental harmonic so that their effects can be ignored.

117



T OO0 :
—_ 500
=
L
>
=
= O
>
=
=
o —-500
— T 000 ; - c00
o O. " o.2
time (s tirme (ms)
—orrmonic soscirurm arrmonic spectrum
f T
| H
; i
S00 |
| :
20O |- -
| @
i H =
x5 ! - =
200 - . =
; ‘ <o
i =3
200 = i =
|
cCO - =
|
o eeieiaes M F gt st
o T CO
Frequency (Hz) Frequency (Hz)
—arrmonic SpecIirumm
. A T
S50C - |
A 00 - .
o
= 200
=3
= |
== _ —
200 +
|
T CO k-
i
1 ) a A
I®) R PREa TS P o . . .
D) _)OO ""'O DY SOO

Treaquency (Fz)

Fio. 6.5-4 Inverter output voltage and its harmonic spectrum of the CVVF test (f, = 10 Hz,

f = 3 kHz. fynpiing = 40 kHz).

'switching
The instantaneous stator line voltage waveform, and the harmonic content of the squirrel-

cace induction machine at 10 Hz beat frequency are given in Fig. 6.5-5. The amplitude of

the voltage is fairly constant with 410 volts rms value, but 1ts frequency is varying

periodically. It s also clear that the stator line voltage has more than one significant

harmonic component as seen in Fig. 6.5-5 although some of the low frequency harmonics

appeared above and below 50 Hz m Fig. 6.5-4 have been either reduced in amplitude or

disappeared due to the filter. The significant harmonics start to be seen at 38 Hz up to 58
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Hz in steps of 10 Hz due to the 10 Hz beat frequency. The maximum harmonic appears at

48 Hz, and 1s 498 Volts.
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Fig. 6.5-5 Filtered stator line voltage and its harmonic spectrum at 10 Hz beat frequency of

CVVF test of the squirrel-cage induction motor.

Similarly, Fig. 6.5-6 gives the instantaneous stator line current and its harmonic contents.
The amplitude of the current is not constant but it has an rms value of 7.15 A. The
significant harmonics of the current can be seen between 8 Hz up to 88 Hz. The maximum

harmonics appear at 28 Hz, 38 Hz, 48 Hz and 68 Hz with magnitudes of 4.5A, 37A, 43A

and 3.2A respectively.

Fig. 6.5-7 illustrates the filtered rotor speed waveform and the harmonic spectrum of the
squirrel-cage induction machine at 10 Hz beat frequency. The rotor speed has a mean value

and an oscillatory component which is quite smooth during the test with a mean speed of

300 Rad/s. It does not contain any significant harmonics.
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Fig. 6.5-8 shows the comparison of the test and the simulation results of the stator current
and the rotor speed of constant-voltage varying-frequency test-at 10 Hz beat frequency. The
right hand side of the figure shows the simulation results, the left hand side shows the test
results. This figure shows that there is a good agreement between the test and the
simulation results. However, the speed waveform obtained from the test has some

pulsations due to the tachometer and the RC circuit at the output of the tachometer used to

measure the speed.
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Fig. 6.5-8 Comparison of the test and the simulation results of the stator current and the

rotor speed at 10 Hz beat frequency of the CVVF test of the squirrel-cage induction motor.

The stator voltage, the stator current, the rotor speed and the speed demand waveforms of
the squirrel-cage induction machine at various beat frequencies are given in Fig. 6.5-9, Fig.

6.5-10, Fig. 6.5-11 and Fig. 6.5-12 respectively. Variation of the frequency of voltage can

be seen clearly in Fig. 6.5-9.
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6.6. Direct Loading Test of the Slip-Ring Induction Machine

A direct loading test of a 3.3 kW slip-ring induction machine was performed to measure the
rated temperatures from the different points within the machine as well as to record the
rated stator voltage, stator current, rotor current and rotor speed. Firstly, the delta
connected slip-ring induction machine, whose parameters are given in appendix 1, was
coupled to a DC generator which was also loaded by a resistive load. The rated sinewave
voltage was applied to the terminal of the test machine. When the test machine was running
at maximum rotor speed, the DC generator was loaded until the slip-ring induction machine
was drawing its rated rms stator current from the supply at rated rotor speed. The full-load
test of the machine was continued for a couple of hours to warm the test machine up. When
the winding temperature rise had stabilised at 40 °C, all the temperature rises from different
points of the test machine were recorded. In addition the stator phase voltage, the stator line
current, the rotor phase current and the rotor speed were recorded through a D/A card in a

pPC.

Table 6.6-1 shows the full-load temperature rise of the slip-ring induction machine at
different points within the machine. Due to the structure of the slip-ring induction machine,
the temperature rises are found as not high as the temperature rises found in the squirrel-

cage induction machines.

Windings (°C) Airgap (°C) Core (°C) End windings Rotor (°C)
¢C)
40 36 25 36 24

Table 6.6-1 Full load temperature rise test results of the slip-ring induction machine.

Fig. 6.2.1-2 shows the vector diagram of the induction machine with the angle, vy, between
the recorded current, Iy, and voltage, V. If 7 can be found from Fig. 6.6-1, then the

power factor, cos(®), of the slip-ring induction machine can easily be calculated.
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Fig. 6.6-1 Illustration of the angle, v, of the slip-ring induction machine.

The angle, 7, between point 1 and point 2 in Fig. 6.6-1 is found as 112.4°. If y = 112.4°, the
angle (¢) between phase voltage (V,,) and phase current (I,,) is calculated as to be -22.4

with respect to -Ly, in Fig. 6.2.1-2..

In Fig. 6.6-1, the current waveform was magnified 15 times in order to show the angle
between voltage and current clearly. Since the power factor (cos(9)), the rms line voltage
(V,,) and the rms line current (I,,) are known, the input power of the induction machine can

be calculated as to be 4184 W.

The efficiency of the machine is:

_ 3300 _ 247 % (8.2-3)

P. 4184

Waveforms of the direct full-load stator line voltage and stator line current of a delta

connected slip-ring induction machine are given in Fig. 6.6-2. The rated rms value of the

voltage and the current Were found to be 230.1 Volts and 11.36 Amperes respectively.

Maximum voltage and current harmonics were both appeared at 50 Hz and were found to
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be 323.6 Volts and 16 Amperes respectively as shown in Fig. 6.6-3. Other harmonics, for

voltage and current, were insignificant.

Waveforms of the rotor current and the rotor speed of the delta connected slip-ring
induction machine are given in Fig. 6.6-4. The rms value of the rotor current is 8.94
Amperes and the mean value of the rotor speed is 148.94 Rad/s. The maximum harmonic of

the rotor current appears, at 2.5 Hz, to be 12.6 Amperes. The rotor speed has a value of

149 Rad/s.
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Simulation results of the full-load stator current, rotor current and rotor speed and their
harmonic spectra are illustrated in Fig. 6.6-6, Fig. 6.6-8 and Fig. 6.6-8 respectively. These
results show that there are good agreements between the simulation and the test results in
terms of the rms values and harmonic contents. The stator current has 11.41 Amperes rms
value and 16.14 Amperes maximum harmonic at 50 Hz. The rms value of the rotor current
was found as to be 9.1 Amperes and its maximum harmonic has appeared at 2.5 Hz as a

value of 12.8 Amperes. The simulation result of the rotor speed is a pure DC and has a

value of 148.9 Rad/s.

Fig. 6.6-6 Simulation result of full-load stator current and its harmonic spectrum of the delta

connected slip-ring induction machine.
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connected slip-ring induction machine.
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6.7. Varying-Voltage, Varying-Frequency (VVVF) Test of the Slip-Ring Induction
Machine

The VVVF test of slip-ring induction machine was carried out to compare the rotor values
in terms of full-load and VVVF tests. Due to the recordability of the rotor current, a reliable

comparison of the rotor current obtained from full-load and VVVF tests and simulation can

be done.

The test was carried out using the inverter available in the laboratory by applying sinusoidal
speed demand signals from an arbitrary waveform generator to the inverter's external
analogue speed demand terminals. The frequency of the speed demand was varied from 1.0
Hz to 15 Hz. In every case, the sinusoidal speed demand had two components, amplitude
and DC offset, and sum of these components is limited to 10.4 Volts by the arbitrary
waveform generator. When the speed demand is 10 Volts DC, the output frequency of
voltage of the inverter is equal to 50 Hz which causes the rotor to run at rated speed. As the
test motor (3.3 kW slip-ring machine) was drawing the rated rms stator current of 11.36 A
from the supply at the rated winding temperature rise of 40 °C, the temperature rises at
various points within the motor were recorded as well as the stator voltage, the stator

current, the rotor current, the rotor speed and the instantaneous speed demands at different

beat frequencies.

Table 6.7-1 shows data of the speed demand and temperature rises at various beat

frequencies of the VVVE test of the slip-ring induction machine.

Fig. 6.7-1 shows that the speed demand waveform, at various beat frequencies, is varying
smoothly with the normal inertia of the slip-ring induction machine. Temperature rises of
the windings, the airgap and the rotor are the same as for the direct loading test. The
temperature rises are 40 °C, 36 °C and 24 °C respectively. The temperature rises of the

core and the end windings were also found to be very close to 25 °C and 36 °C of the direct
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loading test. The variations of these temperatures with the different beat frequencies are

shown in Fig. 6.7-2.

fo (Hz) | Amplitude | DC offset | Windings | Airgap (°C)| Core (°C) End Rotor (°C)
) V) (°C) Windings
(0

1 4.40 6.00 40 37 29 40 24
2 2.60 7.80 40 37 27 37 24
3 1.80 8.60 40 36 27 36 24
4 1.30 9.10 40 36 26 36 24
S 1.08 9.32 40 36 26 35 24
6 0.96 9.44 40 36 25 35 24
7 0.88 9.32 40 36 27 36 24
8 0.80 9.60 40 36 26 35 24
9 0.76 9.62 40 36 26 35 24
10 0.80 9.60 40 36 26 36 24
11 0.90 9.50 40 36 26 35 24
12 0.94 9.46 40 36 26 36 24
13 1.00 9.40 40 36 26 36 24
14 1.04 9.26 40 36 25 36 24
15 1.20 9.20 40 36 25 36 24

Full-load temperature rises 40 36 25 36 24

Table 6.7-1 Data for VVVF test of the star connected slip-ring induction machine.

Varying-voltage, varying-frequency test of slip ring induction machine

Amplitude (V)

I 2 3 4 5 6 7 8 9 10 iy 12 13 14 15
fb (Hz)

—&— Amplitude —f— DC offsel

Fig. 6.7-1 Variation of DC offset and amplitude of speed demand for VVVE test of the star

connected slip-ring induction machine.
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Varying-voltage, varying-frequency test of slip ring induction machine

Temperature

fo (Hz)

F—O— Windings —{J Airgap —/\— Core - End windings —O-— Rotor

Fig. 6.7-2 Temperatures of VVVF test of the star connected slip-ring induction machine.

Variation of the stator line voltage and its harmonic spectrum for the star connected slip-
ring induction machine are shown in Fig. 6.7-3 at 5 Hz beat frequency of VVVF test. The
rms value of the voltage is 365.5 Volts. Significant harmonics of the voltage start to appear
at 26 Hz and continue up to 56 Hz with 5 Hz difference between them. The maximum

harmonic appears at 46 Hz with a value of 391 Volts.

The stator phase current and its harmonic spectrum are given in Fig. 6.7-4. The rms value of
current, 6.25 Amperes, is equal to the rated rms value. Significant harmonics of the current
start at 21 Hz and go up to 61 Hz. There are some harmonics below 10 Hz, particularly the
harmonic at 1 Hz is quite significant. Normally the minimum beat frequency in this test is 5
Hz, but due to rotor frequencies below 10 Hz, as shown in Fig. 6.7-5, harmonics of stator

current below 10 Hz appear. The maximum harmonic of the stator current appears at 46 Hz

similar to the maximum voltage harmonic.

The rotor current and its harmonic spectrum are shown in Fig. 6.7-5. The rotor current has

an rms value of 9.2 Amperes, equal to the rated rms value. The variation is not as smooth as

the stator current. The significant rotor harmonics start to appear at | Hz, with a value of

135



2.8 Amperes and continue up to 60 Hz; but are mostly below 10 Hz. The biggest harmonics

appear at 4 Hz and 5 Hz with a value of 7.5 Amperes.

The rotor speed and its harmonic spectrum are given in Fig. 6.7-6. The rotor speed varies
between 148 Rad/s and 142 Rad/s with high frequency oscillations. However, the

amplitudes of these oscillations are not significant. The DC value of the rotor speed was

found as to be 144.5 Rad/s.
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Fig. 6.7-3 Filtered stator line voltage and its harmonic spectrum at 5 Hz beat frequency of

VVVF test of the star connected slip-ring induction machine.
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Fig. 6.7-4 Stator phase current and its harmonic spectrum at 5 Hz beat frequency of VVVF

test of the star connected slip-ring induction machine.
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Fig. 6.7-5 Rotor current and its harmonic spectrum at 5 Hz beat frequency of VVVE test of

the star connected slip-ring induction machine.
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Fig. 6.7-6 Filtered rotor speed and its harmonic spectrum at 5 Hz beat frequency of VVVF
test of the star connected slip-ring induction machine.

Fig. 6.7-7 shows the comparison of the test and the simulation results of the stator current
and the rotor speed at 5 Hz beat frequency of varying-voltage varying-frequency test.
Comparison of the rotor current is given in Fig. 6.7-8. The simulation results are illustrated
on the second half of the figures and the first half of the figures show the test results. As

seen from these figures, good agreement was achieved between the simulation and the test

results.

Waveforms of the filtered stator voltage, the stator current, the rotor current and the filtered
rotor speed of the star connected slip-ring induction machine at various beat frequencies are

given in Fig. 6.7-9, Fig. 6.7-10, Fig. 6.7-11 and Fig. 6.7-12 respectively.
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6.8. Breakdown of the Losses in Induction- Machines

As mentioned in the introduction section, the losses in induction machines can be subdivided
into electrical losses and mechanical losses. The electrical losses are iron losses, stator and

rotor copper losses, and stray load losses. The mechanical losses are windage and friction

losses.

Although the input power measured from the mixed-frequency test is accepted as
approximately equal to the total losses of the machine, when the input current is at rated
value, that does not mean the losses are distributed correctly inside the machine. Some of
the losses can be different from the full load values due to variations of voltage, current and

frequency.

In this section, the losses within the induction machine have been examined carefully and the

losses of the test motors are identified.

6.8.1. Stator Copper Loss

Achieving rated stator current is one of the principle criteria for a representative mixed-
frequency test of an induction machine. In any good mixed-frequency test, the stator current
will be at least approximately equal to the rated current. Achieving the exact stator current
does not necessarily produce the most accurate mixed-frequency test. On the other hand,
the stator copper loss 1s defined as the product of the stator current squared and the stator
resistance. The stator resistance does not change during the test, but the stator current
changes depending on the voltage and the type of the mixed-frequency test applied.
Therefore, there is a direct relation between the stator current and the stator copper loss. As
e test is the rated value of the motor, the stator

long as the rms stator current during th

copper loss can be taken as the full-load loss. The stator current was considered to be at the

rated value for all "four cases"” given in the chapter 5. The stator copper loss is equal to the

full-load loss. As seen from Fig. 6.8.1-1, for the simulated machine (12.6 MVA), the

instantaneous stator copper loss (P()=3LDR,) is varying in the positive area having a
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maximum instantaneous power of 0.084518 MW (0.00670 p.u.) and a minimum

instantaneous power of 0.014039 MW (0.00111 p.u.) with an average value of 0.0520879
MW (0.00413 p.u.).

0.008 [
\ / \ . /
0.006 &
= 0.004 . - S ,
& \ / \ y
0.002 L
0
1 1.05 1.1 1.15 12
t(s)

Fig. 6.8.1-1 Stator and rotor copper losses for case 1 (V, = 1.0 pu,, f; = L.Opu., V,/V, =
0.083907, f, = 10 Hz).

6.8.2. Rotor Copper Loss

Since the rotor deep-bar effects were not considered, the rotor resistance is constant and the
rotor copper loss is varied with respect to the rotor currents. As shown in chapter 5, for all
four cases of the mixed-frequency test, the rotor current is varied with a beat frequency of
f,. In cases 1 and 3, at specific beat frequencies, it is possible to obtain the rated rotor
current. The instantaneous rotor copper loss (P,()=312(R,) for case 1 is shown in Fig.
6.8.1-1. It has a maximum instantaneous power of 0.053928 MW (0.00428 p.u.) and a
minimum instantaneous power of 0.044553 MW (0.00353 p.u.) with an average value of

0.048522 MW (0.00385 p.u.) for a particular machine of 12.6 MVA.

If the rotor deep-bar effects are considered, the effective rotor AC resistance changes as the
rotor slip frequency is varied. As an example of the change of the rotor resistance, the ratio
of R/R,, was quoted as 7.0 at the rated frequency of 50 Hz, and 1.75 during the mixed-

frequency test (Peebles Electrical Machines), so that the rotor copper loss is increased

above the full load value.
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6.8.3. Windage and Friction (Mechanical) Losses

Windage and friction losses are related to the rotor speed. Therefore, since the rotor speed
is at the rated value, the mechanical loss is the normal full load value. The rotor speed for
case 1 is illustrated in Fig. 2.3-4b. Although it is varying sinusoidally, its average value was
found to be 1.0 p.u., which is the same for all other cases of the mixed-frequency test.

Because the mechanical loss torque is not a linear function of the speed, it is important that

speed fluctuations are kept reasonably small.

6.8.4. Iron (core) Loss

Since the main power supply alone feeds the motor with the rated values, the iron loss will
then be the normal full load value. The auxiliary supply will further increase the iron loss
due to the increment of the resultant stator voltage. Thus the total iron loss will be slightly
higher than full load value (Peebles Electrical Machines). In the model of an induction
machine given in appendix 2, the core loss was represented with a resistance (Ry).
Therefore, the total core loss is the square of stator voltage divided by R.. Fig's 5.4-2¢c, 5.5-
2b, 5.6-2¢ and 5.7-2c show the variation of stator voltages with respect to the beat
frequencies for all the cases of the mixed-frequency test. In the case of using an iverter as a
mixed-frequency power supply, the core losses will be incresead further due to the high

swithing frequency of the inverter.

6.8.5. Stray Load Losses

The stray-load losses are additional core losses, caused by the increase in air-gap leakage
fluxes with load, and by the high frequency pulsations of these fluxes (Alger et al. (1959),
Alger (1970), Bourne (1989)). Christofides (1965) and Jimoh et al. (1985) defined the stray

load losses of an induction motor as the difference between the total power loss of the

machine on load and the losses determined by the loss-segregation.

P]oad-loss = Pt . (PHW +Pfe[)—PcI ”Pcz (45—])

where

146



P, = Total loss of the machine on full load,

Py, = Friction and windage losses deduced from the no-load test,
P,., = Stator core loss deduced from the no-load test,

P., = Stator copper loss on full load,

P_, = Rotor copper loss on full load.

From above it is clear that the stray-load losses occur in both stator and rotor circuits of the
machine as additional core losses. In terms of the mixed-frequency test, the accuracy of the

load-losses depends on the accuracy of the other segregated losses given above.

6.8.6. Identification of Losses of the Test Machines
In this section, the losses of both the squirrel-cage induction machine and the slip-ring

induction machine used in the test were identified using test results.

Normally some information about the machine is given on the name plate of the machine.
This includes the number of phases, rated output power, stator voltage, full-load stator
current, number of poles, connection type, full-load rotor speed, frequency and rated
temperature. Other information about the machine (power factor, input power, output
torque, efficiency, and total losses) can be calculated using these values. The separation of
losses from the total loss is related to the machine parameters (stator resistance, rotor
resistance, resistance which represents core loss and inertia). Therefore, since a good

estimation of the machine parameters has already been achieved, the distribution of the

losses will be reasonably accurate.

In section 6.2, the full-load values of the squirrel-cage induction machine were given. When

the stator voltage is 415.2 Volts and the stator line current is 7.2 Amperes, the rotor phase

current is 3.32 Amperes and the rotor speed is 302.4 Rad/s. The input power of the machine

was calculated using the stator line voltage, the stator line current and the power factor (or

phase angle between voltage and current) of the machine. The phase angle was found to be
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-27° by using the instantaneous recorded voltage and current as illustrated in Fig. 6.2.1-3.
Using this angle, the input power was calculated as to be 4611.28 Watts in section 6.2-1
and the efficiency of the motor was calculated as to be 86.74 % in equation (6.2.1-3). The
total loss of the squirrel-cage induction machine was 611.28 W. The distribution of the

losses of the squirrel-cage induction motor is given in Table 6.8.6-1.

In section 6.6, the full-load values (stator line voltage, line stator current, rotor current and
rotor speed) of the delta connected slip-ring induction machine were given as 230 Volts,
11.36 Amperes, 12.6 Amperes and 148.9 Rad/s respectively. The phase angle was
calculated from the instantaneous voltage and current waveform given in Fig. 6.6-1. The
input power of the machine was also calculated using voltage, current and phase angle as to
be 4184 Watts, therefore the efficiency of the machine was found as to be 78.87%. If the
output power, 3300 Watts, is subtracted from the input power, then the total loss of the
motor is found as to be 884 Watts. By using the parameters of the motor given in section

4.7, separation of the losses can be found as given in Table 6.8.6-1.

Power (Watt) Squirrel-cage Slip-ring induction
induction machine machine

Total input power 4661.28 4184.00

Output power 4000.00 3300.00

Total loss 611.28 884.00

Stator copper loss 269.56 205.22

Rotor copper loss 102.50 389.20

Core loss 121.41 90.14

Mechanical loss 59.277 157.5

Stray load loss 58.54 41.94

Table 6.8.6-1 Distribution of the losses of the both squirrel-cage and

slip-ring induction motors.
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Distribution of power losses of both the squirrel-cage and slip-ring induction motors are

shown as pie chart in Fig's. 6.8.6-1 and 6.8.6-2 respectively.

S0
% 2%

89%

O Total input power B Stator copper O Rotor copper
fl Mechanical B Stray load

[7/
4% ) 8% 2%

82%

O Total input power B Stator cOpper O Rotor copper

[@ Mechanical B Stray load

Core

Fig. 6.8.6-2 Distribution of power losses of the slip-ring induction machine.
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6.9. Summary

In this chapter, experimental work comprising full-load tests and mixed-frequency test, on

two different induction motors, was explained in detail. One of the motors had a squirrel-

cage rotor and the other had a wound rotor.

First of all, full-load tests of both motors were given. The full-load voltage, current, speed
and temperature rise from different points of the machine were analysed. This was followed
by two different modes of the mixed-frequency test namely VVVF and CVVF tests. The

losses of both motors were calculated and the distributions of the losses were given in

detail.

The temperature rise results obtained from the mixed-frequency tests were compared with
the full-load values and good agreement was achieved. It was shown that, during the mixed-
frequency test, since the stator voltage, the stator current and the rotor speed are only
approximately equal to their rated values, the input power measured is not exactly equal to
the rated full-load power of the motor. However, the stator copper loss and mechanical
Joss, if the rotor is running at about rated speed, can be excepted as equal to their rated
values for both VVVF and CVVF tests. The core loss is also equal to its rated value in
CVVF test because the voltage applied to the machine is kept constant during the test, but it
was found to be less than the rated value for the VVVF test as, given in Table 8.3-1. The

rotor copper loss is equal to its rated value for the VVVF test, but was found to be less for

the CVVF test.
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CHAPTER 7

ALTERNATIVE NEW METHODS OF FULL-LOAD
TEMPERATURE RISE TESTING OF INDUCTION MACHINES

7.1 Introduction

This chapter introduces mainly two new alternative methods of full-load temperature rise
testing of induction machines. In the first method, a "variable inertia test" is proposed. In

the second method, a "new cheaper mixed-frequency test-rig for a lower current supply" is

suggested.

7.2. The '"Variable Inertia Test" For Full Load Temperature Rise Testing Of
Induction Machines

Full load temperature-rise testing of induction machines can be done in various ways
including the "back to back test", the "phantom-loading test" and various forms of what is
referred to in this thesis as the "mixed-frequency test". This chapter proposes a new method
of testing called the variable inertia test. The proposed test is purely mechanical in nature, it
does not require any electrical connection of the test machine to any other machine and it
can be very efficient in terms of space. It may, therefore, be attractive to manufacturers of
large electrical machines. A simulation of this test indicates that full-load losses can be

achieved relatively simply.

7.2.1. Full-Load Temperature Rise Testing of Induction Machines
The testing of induction machines for full load temperature rise is an inherent part of the
approval procedure for these machines. To carry on this test exactly, the machine must be

mechanically coupled to a load machine which will draw full load mechanical torque from

the induction machine running at rated speed. This "exact test” is expensive for the

manufacturer to set up for three reasons -
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It is time- and resource- consuming to mechanically couple each test machine to the

load machine.

(2) It is expensive to retain and maintain a load machine having a high capital value with
an associated facility for dumping (or converting) power. The cost for space alone can
be significant.

(3) The electrical power drawn by the test machine is expensive (unless most of it is

returned to the supply).

This chapter describes a new approximate test for full-load temperature-rise of induction
machines called the "variable inertia test' which has an interesting set of advantages and
disadvantages. The principal disadvantage must be that it does require mechanical coupling
of the test machine to a load. Against this, however, is the fact that the "load" is very simple
and compact compared with an electrical load machine and the only net electrical power
drawn from the supply is that which appears as losses in the induction machine. By having a

large free-running inertia, the variation in rotor speed can be very small indeed as the results

in a later section show.

7.2.2. The Proposed Test

The physical layout of this new test is shown schematically in Fig. 7.2.2-1. It comprises
three essential elements:

(a) the machine on test

(b) a gearbox having a non-constant speed-ratio

(c) afree-running inertia

The test proposed here is closely related to "mixed frequency test" family. The essence of

the test lies in the non-constant speed-ratio gearbox which causes the inertia (referred to the

machine shaft) to be a smooth function of the total rotation angle of that shaft. This
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variation causes a varying shaft-torque which in turn results in a varying rotor speed and

hence a finite mean absolute value of slip.

Free Running

Inertia
, @, Yoa
A Non-constant
Induction l Speed-ratio
Motor Gearbox i <

Fig. 7.2.2-1 Schematic diagram of proposed test arrangement.

The speed-ratio of the gearbox is related to the total angle of rotation, 8, of the machine
shaft and depending on the exact nature of the changing-ratio gearbox used, this variation
would be approximated by (7.2.2-1) in which it is implicitly assumed that speed-ratio (and
hence the referred-inertia) will undergo one complete cycle for each ten revolution of the
machine shaft.

RO = 2= R,+ R,sin(-—e—) (7.2.2-1)
®, 10

where

R, R, R, = speed ratio parameters of the gearbox

o, and ®, = angular speeds of the shaft on the two sides of the gearbox

0 = angle of the rotor

It is beyond the scope of this chapter to discuss in detail the many conceivable

implementations of a gearbox having a non-constant ratio but two possible arrangements
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are mentioned here. One uses an epi-cyclic gearbox in which the carrier for the planet-gears
is rocked slowly forwards and backwards undergoing one complete cycle in every ten
revolution of the shaft of the load machine. The other involves a conventional 20:1 speed-
reduction gearbox connected to the shaft of the test machine with the low-speed side of this
gearbox being connected through a Hooke's Joint to a large free-running inertia. In both
cases it is relatively simple to adjust the actual value of the free-running inertia (by bolting-
on or removing additional mass) and it is also possible to adjust the amount of variation in

the speed-ratio. What cannot be adjusted easly is the period of the speed ratio function.
It should be noted that losses will accure in the gearbox which may be the same order as the
induction motor losses, but it is possible to measure the net mechanical power flowing out

of the induction motor using torque and speed transducers.

The referred inertia at the machine shaft-end 1s J.(0) given by (7.2.2-2) and its derivative

with respect to 0 is given in (7.2.2-3).

. (6 . ,( 0
1,(8)= T, R*(0)= JM{RJ + ZROR,sm(l—é)Jr Rlzsmz(-{b—ﬂ (7.2.2-2)

2
al o J2RR (9 E'_,Sm(ﬁ) (7.2.2-3)
d6 act ]O ]0 ]O 5

where

J., ], = load inertia referred to motor shaft and external free running inertia

In a mechanical system, the kinetic energy can be calculated as:

2
V= —;—J(G)(%%) (7.2.2-4)

where
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V = Energy

J = Inertia of the system

The derivative of the kinetic energy gives the power flowing into the mechanical system-
assuming that no significant energy is stored elastically. This must be equal to the rate at

which work is being done on the system by the torque imposed.

o) dv _df1 462
P ¥ :T = =] = e )
owel (dt) dt dt(zj(e)( dt) ) (7.2.2.-5)
a0\ |(1a(®)(deY N
T < =] = a8 a8')( d% _
(dt) HZ dt (dt) )+J(9)( dt)(dﬁ ﬂ (7.2.2.-6)
3 2
T(E)ZKL-@@(-@) ]H(e)(@)(d—gﬂ (12.2.7)
dt 2 de \dt dt )\ di?

Using arguments based on the conservation of energy given above, it is found that the shaft

torque, T, at the drive end of the induction machine is related to the total shaft angle 0, by

(7.2.2-8).

1dJ, (8)(doY d%e
_ (e ®res 7 (0 72.2-8
! Kz do (dtj )Jr 3 )(dﬁﬂ ( :

When (7.2.2-8) is combined with the set of equations giving the dynamic behaviour of the

induction machine (i.e. Colak et al. (1993), EPE'93), a simulation of the "variable-inertia

test" can be performed.

7.2.3. Simulation of the Variable Inertia Test

Using a particular set of parameters for a large 12.6 MVA induction machine, whose

parameters are given in appendix 1, and a fixed mean-speed ratio Ry = 0.2, a number of
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simulations were carried out to establish a combination of J,, and R; which would produce

rated copper losses on both the stator and the rotor. These values were found to be J ot =
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Fig. 7.2.3-1 Waveforms of stator and rotor currents.
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6250.0 kgm? and R, = 0.06. The steady-state behaviour of the system with these values of
inertia and speed-ratio variability is shown on Fig's. 7.2.3-1 and 7.2.3-2. The effect of

varying the referred inertia i1s found to be very similar to the effect of the usual mixed-

frequency test.

7.2.4. Summary

The testing of induction machines to determine the full load temperature rise can be done by
smoothly varying the referred-inertia of the load using a special gearbox between the
machine and an external free running inertia. This test is primarily mechanical and does not
require any electrical connection of the test machine to other machines. The fact that the
values of the free-running inertia and the variation in speed ratio of the gearbox can both be
influenced relatively easily means that in many cases losses can be disposed accurately on

rotor and stator.

73. A New Mixed-Frequency Test-Rig For A Lower Current Supply

In chapter 1, several established methods of testing the induction machine for full-load
temperature rise without coupling it mechanically to a load machine were introduced. A
large subset of testing methods was found to be members of a family of tests which have
been collectively named mixed-frequency tests. However, different names have been given
to these methods depending on the authors' preference and the particular voltage waveform

employed. So far, all of the methods discussed have had the accuracy of the test as a

primary concern.

The essence of the mixed frequency test is that the test machine runs alternately as a motor
and as a generator. The long term rms current flowing between the supply and the machine

is quite high being approximately equal to rated current. Therefore, although the net

average power flowing into the test machine is equal to the total losses of the machine, the

connection to the supply must be rated for currents which may be twice the rated current of
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the machine. If the correct rms currents are to flow in the rotor of the induction machine;,
there is no alternative to transmitting energy across the airgap. The ideal testing-station for
large induction machines in a manufacturers' works would be one which did not involve

drawing large currents from the supply. This requires that the testing-station itself has some

facility for the controlled storage and release of significant amounts of energy.

This chapter proposes two cheaper testing methods whereby the mixed-frequency testing
can be conducted on a large induction machine without drawing substantial currents from
the supply. In the one, a resonant bank is used between the inverter and the main supply as
an energy storage. In the other, an ideal electromechanical energy storage mechanism 18

proposed.

7.3.1. Mixed Frequency Testing Using a Resonant Link Inverter
Resonant link inverters are becoming increasingly popular as drives for AC machines in
conventional applications because of their reduced switching losses. In the context of

mixed-frequency testing, these inverters appear initially to have two additional advantages :

1. The losses in the machine can be computed more accurately because the sharp voltage
fronts associated with conventional switching arrangements are much reduced in the

resonant link devices and the significant additional losses in the machine due to these

fronts can be avoided.

2. The resonant bank could potentially be used to store and release energy for the mixed-

frequency test so that the exchange of energy with the supply (and the corresponding

high currents) can be largely avoided.

Fig. 7.3.1-1 shows a block-diagram of a resonant-link voltage-source inverter connected to

an induction machine. It is relatively straightforward to use a resonant-bank inverter directly
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to drive a mixed-frequency test of an induction machine if the energy-storage possibility is
not pursued. The example presented here relates to one particular large induction machine

(12.6 MV A) represented by the parameters given in appendix 1.

From trial simulations of this machine on the varying voltage, varying frequency test, it can
be established that rated stator current can be caused to flow for 8; = 7.648 and R = 0.2. A
voltage waveform can readily be generated using a standard natural sampling PWM
switching-strategy for a constant-voltage DC link inverter such that the low-frequency

content of this voltage waveform closely matches the desired voltage waveform.

Filter Resonant Bank Inverter
Rf Lf Rr Lr
BT T T
r ¢ s \ADlI s3\AD3 S5\A D5
sl B
e __ C —
Vde Cf ] ! s2 D2 | s4 E} D4 365} D6

Induction

Motor

Fig. 7.3.1-1 Block diagram of voltage source inverter with machine.

The inverter switching frequency and the values of components used in the filter and

resonant circuits are chosen according to the machine parameters for the simulation

purposes as given below. They can be optimised further for the experimental purposes, but

this is out of scope of this study.

V,. = (11000N(2/3) V f = 5.0e3 Hz
R;=4.0e-3 Q R, = 5.0e-3 Q
L,=5.0e-5H L =6.7547e-5H
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C;=50F C,=1.5e-5F

Using a resonant-link inverter requires that the dynamic elements of the inverter be
simulated as well as the machine's own dynamics if an accurate prediction of the system

behaviour is to be obtained. The equations describing the filter and resonant-bank of the

inverter are given concisely below.

dip (Vdc — iRy - ch) dvg  ip i
i L, Y (7.3.1-1)
di, (ch _irRr—Vcr) dv, B+ Ty )
a L, Ca c.
if resonant capacitor is short circuited by the inverter ; ¢
5 (ch ~ irRr> i, (7.3.1-2)

_ = — = 0.0
dt L. dt

T J

A switching strategy can be chosen for the resonant bank inverter based on shifted natural
sampling PWM (Colak et al. (1994)) such that a voltage waveform is generated having

approximately the desired low-frequency content.

The results of simulations of the conventional inverter and the resonant bank inverter (filter
voltage and current, bank voltage and current, inverter output voltage and DC link current,
rotor speed and stator current, airgap energy and input power) for this machine are

presented in figure 7.3.1-2.

No attempt was made in the above simulation of the resonant-bank inverter to cause the

resonant bank of the inverter to act as an energy store which would swap energy with the

induction machine and thereby isolate the supply from such energy exchanges. However, it
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is evident from the graph of net energy transferred across the airgap (Fig. 7.3.1-2) that a
bundle of energy as large as 85 kJ must be fed into and taken out from this induction
machine several times per second if the supply is not to be required to act as an energy
store. Moreover, in a simple resonant circuit containing inductance and capacitance, energy
stored within the circuit over several cycles of a resonance frequency must be stored
completely in the inductances at one instant of the resonant cycle and completely stored in
the capacitances at another instant. The cost of providing sufficient capacity in inductance
and capacitance to store quantities of energy of this order is prohibitively large. This much
energy could be stored in battery banks at realistic levels of expense for periods of hours but
it could not be stored and released at the rates required for a mixed-frequency test (5 Hz to

15 Hz usually).

7.3.2. The Ideal Mixed-Frequency Testing Station

It is well known that storage of energy in a mechanical form is frequently several orders of
magnitude cheaper than storage in other forms. Saraiva and Freris (1979) proposed the use
of electromechanical filter units as economical alternatives to purely electrical filters. They
designed and tested a vibrating unit. One of the principal drawbacks which they identified
with their filter was the fact that it is far more difficult to obtain a "lumped-parameter”
mechanical system than it is to obtain a lumped-parameter electrical system and therefore, a

system which had only one clear resonant peak could not be realised.

Mixed-frequency testing of induction machines is possibly an ideal application for
electromagnetic energy-storage units and vice-versa. Fig. 7.3.2-1 shows schematically how

an electromagnetic energy-storage unit could be used to exchange energy across a "DC-

link" through an inverter unit and connected induction machine.

Fig. 7.3.2-2 presents a schematic of a suitable homopolar electromagnetic energy storage

unit. It comprises two equal lumps of mass (each one M kg) connected by stiff springs (total
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stiffness of SN/m) and constrained by guide elements to relative translation in one direction

only and no relative rotation.

The electromagnetic part of the "machine” is concentrated at one end with field-windings

providing a homopolar field, which drives flux through an airgap in the lower mass. The

flux passes across the main windings which are formed into a rigid tube and this is rigidly

attached to the upper mass. Some electromagnetic shakers operate on a similar principle.

Two masses are used so that the unit can be supported on very flexible supports and thereby

transmit no significant force into any other body which might dissipate the energy. This

contrasts with the filter of Saraiva and Freris (1979) which was fixed-down rigidly on one

side. The ideal fixing-location for this system would be at the central plane of the springs

where translations are zero for the first natural mode of vibration.

R L,

o—{ .
we _1

KZ

0.

K2
S

Fig. 7.3.2-3 Equivalent circuit of electromechanical

energy storage systems.

The equations governing the dynamics of this system are given below and from these, it is

clear that an equivalent circuit of the form of Fig. 7.3.2-3 applies in representing this unit.

2 3

u
- Ki. = S2u + M—:-
F a dt?

V. = Ri, + L & + EMF
a dt
du
EMF = 2K—
dt

where
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= Force

= Armature current

= Applied voltage

= Leakage inductance

= Resistance

EMF = Back electromagnetic force

= Machine constant
= Mass
= Vibration

= Stiffness

An energy storage unit of this kind has the following advantages with respect to mixed-

frequency testing of large machines :

1. The cost per MJ of energy stored is substantially lower than a purely electrical or

electrochemical alternative.

Compared with a rotating clectrical machine fixed to a large flywheel, this system can be
virtually maintenance free. (The guides in the system need not necessarily involve sliding
contact. In electromagnetic shakers, the guides are often based on a combination of

flexure and twisting of sheet material).

The losses in this unit can be very small if a quality spring steel 1s chosen and if the
connections between springs and masses are firm. Moreover, the average energy stored

in the unit would normally be only 0.5 - 0.75 of the peak energy capacity.

The level of coupling between the terminals of the unit and the mechanical "part" of the
unit can be relatively small. That is to say, it is not necessary that the main winding
should be capable of injecting or extracting any more than a small fraction of the total

energy capacity of the unit in a single cycle or part thereof.
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It is useful, for interest, to put approximate values on such a unit which could be used for

storing energy in a system for mixed-frequency testing machines such as the one described

above.

The value of M can be set arbitrarily. Let M = 1000 kg. The total spring stiffness, S,
determines the resonant frequency of the device. For a resonance of 500 Hz, S = 4940
MN/m. The energy stored in the device swings between strain energy (S.E.) in the spring
and kinetic energy (K.E.) in the masses and the maximum amplitude of vibration can be
determined either from an equation for either K.E. or S.E. To store 200 kJ, (Fig. 62.2-2k
shows that a capacity of at least 85 kI is necessary) an amplitude of vibration (u,,,,) equal to
4.5 mm peak is required. It is not appropriate to carry out a complete spring design here but
it is useful to observe that a strain energy density of 1 MJ/m3 is easily achieved with spring
steel and therefore the volume of working steel in the springs (if they were to be made from
steel) would be approximately 0.2 cubic metres (about 1560 kg). Clearly with such a design,
suitable account should be taken of the amount of mass which the spring contributes to the

"rigid-mass" at either end.

Devising a switching strategy (for both DC to 3 phase and DC to single phase inverters)
which ensures that energy is exchanged with supply is not trivial if the switching strategy for
the DC to 3 phase inverter is based on a desired low-frequency content of a voltage
waveform. However, it 1s not necessary that a prescribed voltage waveform be imposed on
an induction machine to conduct a mixed-frequency test. An alternative view of the mixed
frequency test is possible as a test whereby an oscillatory power is imposed on the machine
and where the rms power is equal to the rated power of the machine. This delivers a very
representative test. If two current transducers are placed between the three lines to the

machine, it is straightforward to determine, in real time, an average voltage vector which
will deliver any desired "average" power o the machine - positive or negative. Clearly,

whenever the power feed to the induction machine is positive, the same power should be
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drawn from the electromagnetic energy storage device less the sum of the losses from the

induction machine and the storage device.

7.3.4. Summary

It has been shown that the application of resonant link inverters as sources for mixed-
frequency tests have been examined and found to be feasible although using the resonant
bank of such inverters to store the quantities of energy which would be necessary to prevent

drawing large currents from the supply has been shown to be impractical for large induction

machines.

A system has been proposed, however, which utilises a special electro-mechanical energy-
storage unit to store and release energy cyclically to counterbalance the energy flows to and
from an induction machine on mixed-frequency test. Preliminary examination makes this

system seem very attractive.
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CHAPTER 8

CONCLUSIONS AND FURTHER STUDY

8.1. Conclusions

This study is about the mixed-frequency testing of induction machines to determine their
temperature rise at full-load without mechanical coupling to a load machine. It consists of
modelling, simulation and experimental work as well as alternative methods for the full-load
temperature rise testing of induction machines. Three different induction machines, a 4 kW
squirrel-cage induction machine, a 3.3 kW slip-ring induction machine and a 12.6 MVA
squirrel-cage induction machine have been considered in this study. The experimental work
was performed only on the smaller machines. The conclusions of this study are given

chapter by chapter as follows.

In chapter 1, a detailed literature survey of the testing methods of induction machines was

given. These testing methods are:

e Direct loading test

« Superimposed frequency test
o Back-to-back test

o Phantom loading test

e Forward short circuit test

o Mixed-frequency tests

All of these tests were explained and their respective advantages and disadvantages were

summarised.
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In chapter 2, a detailed historical background of the mixed-frequency testing of induction
machines has been summarised, from 1921 up to 1993. In the literature reviewed, the
mixed-frequency testing was applied to different sizes of machines from a few kilowatts to
12 MVA. Different supply arrangements for mixed-frequency testing of induction machines
as well as the concepts of mixed-frequency testing have been given. In addition, the main
parameters for the mixed-frequency testing have been explained. Further, besides the
conventional mixed-frequency testing power supplies, low and high-frequency contents of

voltage waveforms from inverters have been examined.

In chapter 3, a detailed analysis of the modelling of induction machines based on the phase
co-ordinate model and d-q axis model were introduced. After explaining the advantages and
disadvantages of these models, it was highlighted that the inverse of the inductance matrix
of the induction machine in phase equation model was previously not known explicitly and
required much computational time to evaluate numerically. The explicit form of the inverse
of the inductance matrix was shown to exist and the simulation time almost halved as a
result in appendix 2. The phase equation model was expanded by incorporating the core
losses, saturation and the rotor deep-bar effects into the model in appendix 2. In addition to
the phase equation model, chapter 3 gives the relative advantages and disadvantages of the
d-q axis model. The advances reported in this chapter have been prepared for the

publication in IEE, Part-B (Colak et al. (1993)).

In chapter 4, the DC test, the no-load test and the locked-rotor test were explained and
performed on the test motors using the main source. The no-load test of a squirrel-cage
induction motor using an inverter was also performed at different frequencies and different
levels of fluxing to calculate the motor impedance at different levels of voltages. The

locked-rotor test was repeated at different voltages and frequencies using an inverter to

calculate various locked-rotor impedances of the motor.
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For the slip-ring induction machine, only the DC test, the no-load test-and the locked-rotor
test were performed. The run-up and the run-down tests were applied to both squirrel-cage
and slip-ring induction motors to calculate the mechanical losses and the inertia of both
machines. The inertia was established by measuring run-up and run-down rotor speeds in
cach case with and without an additional known inertia on the rotor shaft. As a result of the
above tests, the parameters of both test motors were calculated. The method for parameter

estimation developed in this chapter has been published (Colak et al. (1993), Oxford).

In chapter 5, four different forms of the mixed-frequency test have been investigated. First
of all, the voltage equations were given in closed form for each case of the mixed-frequency
test. The relationship between the degree of torque modulation and the degree of voltage
and frequency modulation was expressed in the equations given. It has been shown that, in
order to produce rated stator current, the degree of torque modulation has different values
at different frequency ratios for each form of the mixed-frequency test. In addition, the
stator voltages and rotor currents were examined in detail for a given degree of torque
modulation and frequency ratio. It was shown that the voltage waveforms in cases 2, 3 and
4 were symmetrical and their harmonics increased between 40 Hz and 50 Hz then decreases
between 50 Hz and 60 Hz gradually in the same order with the same steps according to the
same frequency ratio. Case 1 has only two harmonics at 45 Hz and 50, because, in case 1,
one of the sinewaves, with a low amplitude at low frequency, was superimposed on to the

other one which has rated amplitude at rated frequency.

In addition, the investigation on each case was carried on by running the simulation program
for wide range of frequency ratio, from zero to 0.3. At each step of the frequency ratio, the
simulation program was run several times with different values of the degree of torque
modulation to get the rated rms stator current. After every successful running of the
simulation program, the degree of torque modulation, the stator voltage and the rotor

current were recorded. The variations of these three components with respect to the

frequency ratio were found as an odd function of the torque-speed curve of an induction
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motor. Each of the curves of these components has a deep point where they have their
minimum values. The stator voltage was found to be above the rated value for case1 and
case 3, but it was found to be equal to the rated value for the case 2 and case 4. The rotor
current was found to be close to the rated value at low frequency ratios below 0.02 for all
the three cases. At about 0.04 the rotor current has its minimum value, but above 0.04 it
starts to increase. In case 3, the rotor current always decreases as the frequency ratio
increases. Furthermore, the effects of the increased inertia test on the rotor current are also
given by increasing the rotor inertia to 10 and 25 times the normal inertia for case 1. It has
been shown that the increased rotor inertia test provides the rated rotor current at almost
every step of the frequency ratio. The results of this chapter were published (Colak et al.

(1993), Brighton).

In chapter 6, the experimental work, comprising full-load tests and mixed-frequency tests,
on two different induction motors were explained in detail. First of all, the full-load tests of
both motors were given. The full-load voltage, current, speed and temperature rise from
different points of the machine were analysed. This was followed by two different modes of
the mixed-frequency test namely VVVE and CVVF tests. The losses of both motors were

calculated and the distribution of the losses was given in detail.

The results obtained from the mixed-frequency tests of the squirrel-cage induction motor
were compared with the full-load values. The stator copper losses for both mixed-frequency
tests were found to be same as the direct full-load test results due to the rated rms stator
current drawn from the supply. The mechanical losses of both mixed-frequency tests were
also the same as the full-load value providing that the rotor was running at rated speed. The
VVVE test proved the rated rotor temperature rise as constant during the test. However,
there might be slight changes in terms of temperature rises, but it was not possible to see
these changes due to the high level ranges (5°C or 6°C) of the temperature labels used. The
temperature rises of the core of the VVVF test was shown to be lees than the rated value,

due to the variation of the stator voltage with respect to the beat frequency. The CVVF test
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provided lower temperature rise of the rotor than the rated value but provided about the
rated temperature rise of the core due to the rated stator voltage applied to the-motor. The
temperature rises within the slip-ring induction motor obtained from the VVVE test were

found to be about the same as the temperature rises of the full-load test.

Chapter 7 includes two different alternative methods of full-load temperature rise testing of
induction machines. In the first method, a new method of testing called the variable inertia
test was proposed which is purely mechanical in nature and does not require any electrical
connection of the test machine to any other machine. It can also be very efficient in terms of
space and may, therefore, be attractive to manufacturers of large electrical machines. A
simulation of this test indicates that full-load losses can be achieved relatively simply. A
paper describing the nvariable inertia test" has been accepted for publication (Garvey et al.

(1994), IEE).

In secod method of chapter 7, two cheaper testing methods were proposed whereby the
mixed-frequency testing can be conducted on large induction machines without drawing
substantial currents from the supply. In one, a resonant bank was used between the inverter
and the main supply as an energy Store. It has been shown that the application of resonant
link inverters as source for mixed-frequency tests has been examined and found to be
feasible although using the resonant bank of such inverters to store the quantities of energy
which would be necessary to prevent drawing large currents from the supply has been
shown to be impractical for large induction machines. In the other, an ideal
electromechanical energy storage mechanism was proposed to store and release energy
cyclically to counterbalance the energy flows to and from an induction machine on mixed-

frequency test. Preliminary examination makes this system seem very attractive. The

findings of this chapter were published (Garvey et al. (1994), Paris).
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8.2. Further Study

In this thesis the modelling, and the mixed-frequency testing of induction machines have
been studied in detail. In addition, alternative methods of the modelling and the full-load
temperature rise testing of induction machines have also been introduced and initial
simulation results of the alternative full-load temperature rise tests have been given.
Detailed analysis and applications of the modelling and the full-load temperature rise testing

of induction machines have been recommended for the further study as explained in the

following subsections.

8.2.1. Modelling of Machines

The modelling of induction machines, including the phase equation model, the d-q axis
model, and the one phase T equivalent circuit model, have been given in detail in this thesis.
The advantages and the disadvantages of the use of d-q axis model and the phase equation
model were also discussed. In the simulation programs the basic phase equation model was
used to solve the differential equations of the induction machine in their original forms; ie.
without transforming them into any other forms. Harmonics, saturation, rotor deep-bar
effects and the unbalance of the machine can easily be included in the phase equation model.
The major problem of the phase equation model was that the inverse of the inductance
matrix of the induction machine was not known explicitly and it was required to be solved
at every step of the simulation, therefore, the phase equation model took a longer simulation

time than the d-q axis model.

The explicit form of the inverse of the inductance matrix for a symmetrical induction
machine has been given and the simulation time was almost halved. The explicit form of the
inverse of the inductance marix is still valid for an unbalanced machine, if the machine
unbalance is slight. In this case the inverse of the inductance matrix can be solved explicitly
by assuming the machine to be balanced and the errors due to the unbalance can then be

added to the result.
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The method presented in this thesis for calculating the explicit form of the inductance matrix

for the induction machine can also be adapted to other electrical machines, such as the

synchronous and the brushless DC machines.

8.2.2. Testing of Large induction Machines

This thesis consists of the test results of VVVF and CVVF tests on 4 kW squirrel-cage and
3.3 kW slip-ring induction machines. The mixed-frequency testing of large induction
machines using an inverter, including all four cases given in this thesis, will be very useful
for future study. In addition, the application of the mixed-frequency test to synchronous

machines and brushless DC machines, will also extend the use of this test in industry.

8.2.3 Generalised View of the Mixed-Frequency Test

A generalised view of the mixed-frequency test can be developed as a test in which the rms
power across the airgap is equal to the rated rms airgap power of the machine. Whilst this
concept has been introduced, it has not yet been fully explored and it points to some
particularly interesting work on switching strategies for achieving power waveforms instead

of opposed to voltage or current waveforms.

8.2.4. Application of Cheaper Test-Rig for the Mixed-Frequency Testing of Induction
Machines

There were two methods suggested in chapter 7 to set up a cheaper test-rig for the mixed-
frequency testing of induction machines without drawing large currents from the power
supply. In the one, a resonant bank was proposed between the main supply and the inverter.
In the other, an ideal electromechanical energy storage mechanism was proposed. The

experimental work from these methods will be very interesting for further study.
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8.2.5. Application of Variable Inertia Test-Rig for Full-Load Temperature Rise
Testing of Induction Machines

A new test called the "variable inertia" test for the full-load temperature rise testing of
induction machines was explained in chapter 7, but it has not yet been tested. Therefore the
experimental work of this method will be another important part of the family of the full-

load temperature rise testing of induction machines.
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APPENDIX 1

A.1.1. Parameters of the small squirrel-cage induction machine:

BROOK CROMPTON 3 phase, 4 kW, 2 pole, 415V, 50 Hz, A,

%
|
|

Full-load stator line current = 7.2 amperes,
No-load stator current =2.31 amperes,

Full load winding temperature = 80 °C,

R, =529, R, =31Q
L, =0.031H, L, =0031H,
L, =093H, I =0.00478 kgm?,

A.1.2. Parameters of the slip-ring induction machine:

3 phase, 3.3 kW, 4 pole, 50 Hz, A,

Stator voltage =230 volts,
Rotor voltage = 240 volts,
Full load stator line current = 11.4 amperes,
Full load rotor current = 9.3 amperes,

Full load winding temperature = 65 °C,

R, =158, R, =15Q
1, =00245H, Ly = 0.0245 H,
L, =0.62H, ] =0074 kgm?.

190




A.1.3 Parameters of the large squirrel-cage induction machine:

3 phase, 11 kV/line, 12.6 MVA, 4 pole,

R, =003975Q, R, =0.1037Q,
L. =008438H, L, =008325H,
M, =00811H, T =25344kem?,

Full load stator current = 661.3 amperes,

Full load rotor current = 406.8 amperes,
Full load core losses =36 kW.

A.1.4 Time constants of test machines:

Machines T, T, T, T, Ts T
4 kW 0.4873 | 0.0060 | 0.0075 | 0.0100 0.4873 | 0.0075
3.3 kW 0.0158 | 0.8213 | 0.0167 | 0.8213 0.0162 | 0.0162
12.6 MVA | 0.0001 | 3.7927 | 0.0005 0.0005 | 5.1760 | 3.7927
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APPENDIX 2

A.2.1. Explicit Form of the Inverse of the Inductance Matrix of an Inductioﬁ Machiﬁe
The inductance matrix L(0) defined in (3.3-4) above can be regarded as being composed of

four blocks as in (A.2.1-1) below.

Ly Ly(®
L 6 — S ST _
() [Lm(e) L. } (A2.1-1)
where
L., L(8), L(6) and L, are all (3x3) blocks as defined in (A.2.1-2) below. Clearly L and

L., do not vary with 0.

_ 7 — .
L L ) L BLETE
ss 2 sm 2 sm w m 2 m
L = |-1L Lo—iL | S 0 P T
SS 2 sm ss 2 sm " 2 m 2 2 m
S ST T
L 2 sm 2 m ss ] L 2 m 2 m 11 ]

cos(0) cos(0+ 232) cos(0 - -Z—TE)—1

L_(6)= M_|cos(o- 3371) cos(8)  cos(@+ =) | = [Lrsw)]T

2
cos(6 + —2£) cos(6 - ——73) cos(8)
L 3 3
(A2.1-2)

Now, we introduce a certain 3x3 matrix H(0) defined in (A.2.1-3) which has the very useful

property of orthogonality as expressed by (A.2.1-4).
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[1+ 2c0s(6)] [1* cos(8) + ﬁsin(e)] [1_ cos(0) - .@sin(e)]
[1- cos(8)- J3sin(0)] [1+ 2cos(8)] [1- cos(8)+ ¥Bsin(6)]

H(0) = —13~
[1- cos(8) + J3sin(8)] [1- cos(8) - V3sin(0)] [1+ 2cos(8)] .
(A2.1-3)
L, L, 1 0 L, L,O]L o
L(e): L = T
s(0) Ly 0 H®)"||Ly0 L, [[0 H®)
(A2.1-4)

16y = I 0 [L(o _1]1 0
“lo HO)T ) 0 H(O)

It is relatively simple to verify that equations (A.2.1-4) below are true. (Numerical

verification is easiest.)

(L, (®]= [Ly@H®]  [La(®]= [H(8)] [L(0)]
(A.2.1—5)

[H(®)]"L,[H®)]= L,

The consequence of equation (A.2.1-4) is that the complete inductance matrix, L(0), can be

written as in (A.2.1-6) and that its inverse, L(0)"!, can therefore be written in closed form

also as in (A.2.1-6).

[ L L,®] [T 0 [L Lsr(oqr 0}
L®= L. (8 L o HEO)||L, (0 L, J|0 H®)

T

1oy = I O L(O)_]r 0 }
0 H'(6) 0 H(®)

(A.2.1-6)

The inverse of the inductance matrix for 6 =0, L(0)*, has five unknown scalars u, v, w, and

y.
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(A.2.1-7)

The five unknowns can be defined in terms of the motor parameters obtained by multiplying

the selected rows of L(0) with the selected columns of L(0)!. The solutions of these

equations are then as in (A.2.1-8).

~[o,lL,- L,)+3m?]

" (L + ZLm) 4(LS - L)(L - L) -9 M”2
) M
"= ""‘"’”‘””””“{4@ L -1 )-om]
(o, v, e -, ) -3, | el e m,?]

(A.2.1-8)

Now, because L(0)' has exactly the same form as L(0) and because L(0)! is related to

L(0)"! in exactly the same way that L(0) is related to L(0), it follows that L(0)! can be

written in closed form as follows:
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(A.2.1-9)

As seen from (A.2.1-9), the scalars are not a function of the 8 and need to be calculated
only once in a normal simulation run. The elements related by the cosine function are the
same for all three phases with a phase shifting of 2m/3. The total numbers of these elements
are 18, but if three of them are calculated for one phase during each simulation step, the
others will be known. The author has tested this method in a simulation program written in
FORTRAN 77 on a 486 PC. The improved method takes 26.17 seconds for 0.8 seconds of

real time of the machine using S0us time steps. Using the conventional Gauss-Jordan

method it takes 45.40 seconds, with the same time Step.

A.2.2. Incorporating Core Losses and Deep-Bar Effect into the Model of the
Induction Machine

Incorporating the core Josses and the deep-bar offect into either the phase equation model

or the d-q axis model of a machine is the same.

The core losses of an induction machine are generally ignored when calculating the machine

losses since the machine is fed from 2 sinusoidal power supply. Nevertheless, the value of

the core losses increase considerably if the machine is fed from a nonsinusoidal power

supply, therefore, the core Josses cannot be ignored and must be included in the machine

model. The core losses are often included into the machine equations as a DC resistance

placed in parallel to the magnetising branch (Fitzgerald et al. (1985), Chapman (1987),
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Fuchs et al. (1984), Christensen et al (1994)) or in serial with the mutual inductance
(Mendes and Razek (1994)). Alternatively, Boldea and Nasar (1987) represented the core
losses with one stator and one rotor winding along each axis of the d-q axis model. Later
Levi (1994, Antalya) used the same representation of the core losses, referring to Boldea

and Nasar (1987), for the space vector modelling of an induction motor.

The rotor deep-bar effect causes the rotor current to shift to the tops of the rotor bars
during starting, resulting in an increase in rotor resistance and a decrease in leakage
inductance with increasing slip frequency (Lipo and Consoli (1981)). Representation of the
deep-bar effect is given by splitting the rotor conductors radially (into three ‘current sheets'
in the diagram below) as suggested by Alger (1970) Limebeer and Harley (1981) and also
used by Colak et al. (1993, EPE'93). Levi and Rauski (1993) treated the deep-bar winding

as an equivalent double cage winding.

The basic model of the induction machine given in (3.3-5) can be enhanced so that the core
losses and the deep-bar effect can be included into this model easily. The schematic circuit
diagram given below (Colak et al. (1993, EPE'93)) illustrates the new model of the
induction machine which includes the core losses and the deep-bar effect. The inductance
and resistance quantities are emboldened to indicate that they represent 3x3 matrix
quantities as opposed to scalar quantities. The current quantities (I, g and 1) are also
emboldened to indicate that they are 3x1 vectors. The voltage quantities are given as Vg Eq

and E_where E, and E, are induced electromotive forces on the stator and rotor sides of the

airgap respectively.
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Fig. A.2.2-1 Equivalent circuit of an induction motor.

The core losses of the machine are represented by R,.. This model of representing the core
loss in the machine equations is the simplest one which is based on the phase equivalent

circuit of the machine.

One phase equivalent rotor circuit can be shown separately as in Fig. A.2.2-2. The variation
of the one phase equivalent rotor impedance is shown as in Fig. A.2.2-3 for particular

values of R Ry R Ris Lo L, and L (in this case 10Q, 10Q, 10Q, 10, 0.2mH,

0.3mH and 0.4mH respectively).

N
o
—r
| IS S
=
=3
—

Fig. A.2.2-2 Representation of one

phase equivalent rotor circuit.
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Fig. A.2.2-3 Variation of one phase equivalent rotor impedance verses frequency.

The complete electrical dynamics of the induction machine including core losses and rotor

deep-bar effects are then expressed in the above equations.

_VST R, +R - Ry, 0 0 0 Tlsl'\
_Es - Rsc Rsc 0 0 0 Is2
_Er - 0 0 er "er 0 Irl
0 0 0 -R,; Ry+Rg, -Ryy I,
L 0 L 0 0 0 "er R1‘2+Rr3_LIr3_J _
I o 0 0 0 o 1 L]
0 L L H(6) 0 0 ’ I,
0 HT®OL, H(OLH®O)+L, 0 0 o I,
0 0 0 L. -~ L 1.,
L 0 0 0 ~ L, L+l LII.3_
(A2.2-1)
dH(6
ES = Lsr[d(H(e)) Irl = Es = Lsx (e )mrl,,
I OMRNL ©) 1, o H(@®)+H (O)L, mr)lrl
Ir de sr r—s de » de
i 1 - 1sr - 1sr -1
st T 2 ]sl 0 O Ir] 0 0
R P N e R 01, 0 (A2.2-3)
ST ST S| E
_% ~1 2 0 0 lsl 0 0 1rl
Sr Sr lgr
L 2 2 T
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A.2.3. Incorporating Saturation into the Model of the Induction Machine

Induction machines are non-linear due to the characteristics of the magnetic steel which is
used to build up the machine's body. Every magnetic element has a different limitation for
carrying the flux linkages produced by the machine currents. If the flux linkages reach this
limit, then the magnetic elements start to saturate the iron and the rate at which flux rises

(with respect to increasing MMF) begins to drop. Figure A.2.3-1 shows the form of the

saturation curve.

vV T

/

/ ]
iA) |

Fig. A.2.3-1 Variation of flux linkage versus current.

The theoretical basis for the consideration of saturation in the generalised equations of the
single-circuit electrical machine was first established by Von der Embse in 1968.
Incorporation of the saturation into the three phase machine models (phase equation, d-q
axis, space vector models) was adapted by different authors. Lipo and Consoli (1981), Ojo
et al. (1990) discussed the saturation of the leakage inductance in detail. Then, Brown et al.
(9983) incorporated the saturation of the main flux path into the generalised equations of
alternating current machines in which the currents are chosen as the state variables. The
saturation effects of the magnetising filed were studied by Melkebeek (1983), Kerkman
(1985) and Boldea and Nasar (1987). Ferreira de Jesus (1988), developed a model that

accounts for saturation in an induction machine, based on Von der Embse's (1968)

concepts.
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Generally, induction machines are used near the saturation limit to get a balance between
the cost and the efficiency of machine. Therefore modelling the saturation is necessary for
modelling of an induction machine. For a machine in steady state at constant voltage, it is
acceptable to drive an equivalent inductance which will produce the correct component of
current at fundamental frequency, but there will be harmonics associated with both stator

and rotor currents.

Since the flux linkages of the machine are the only variables which saturate, the saturation
can be included into the flux linkages. The flux linkages are a function of the current and the
inductance of the machine. For a linear machine, the relationship between the flux and the

current can be given as:

v =Li (A2.3-1)

For the general machine, the vector of flux linkages, W, can be expressed directly in terms of

the current and inductance as:

v =L(i)i (A23-2)

Alternatively, W can be tracked as it proceeds from the linear region to the saturated region

using equation (A.2.3-3) below.

Ay = L{y)Ai (A2.3-3)

For several reasons, the expression of L as a function of Wy is more satisfactory. In the

inductance matrix, stator leakage (L), rotor leakage (L), and mutual (L) inductances are

symmetrical as given in equation (A.2.2-3). If all three elements of each flux linkage vector

W, W, and, Yy, are less then the threshold values g, &y and, ¢, then Ly, Ly, and L, can be

given as:
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L,(yy)= Ly, Ly(y,)=L,0), Ly(yg)=L(0) (A.2.3-4)

It will be convenient to show the saturation effects on the inductances of one phase. When
only one of the phases of machine is energised and saturated, then the distribution of the

flux linkages will be as shown below:

Fig. A.2.3-2 Distribution of flux linkages.

The distribution of the flux linkages for the other two phases can be treated in exactly the
same way as shown in Fig. A.2.3-2. Three phase mutual inductance L, .. and stator

leakage L, inductance can be separated as individually energised phases respectively:

1.5 -075 -075
= %L 075 15 -075| = Ly, + Ly + L
2075 -075 15

;. -05 -05 025 -05 025 ) 025 025 -05
L, = %L 205 025 025 Lg,= —i—L 05 1 -05| L= Sle| 025025 - 05

L

mabc

05 025 025 0.25 -05 0.25 -05 -05 1
(A.2.3-5)
1 00
leabc le 0 1 0
0 1
° (A.2.3-6)
1 00 0 00 0 00
lea = Ls} 0 0 0 ’ leb = le 0 1 0 3 lec = Ls] 0 0 0
0 00 0 00 0 0 1

If Wa exceeds Oy, and Y, exceeds 0y, the equations below show how L (W) and Lg(yy)

are affected.
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1.0 -0.5 -0.5

If Yoo > Qe then Ly )= L_(0)='S (v -0 )05 025 025|(A23D)

sm sma sm
0.5 0.25 0.25
1.0 0 0
[y > 0 then L (y,)= L 0= S (v - 6 0 00 (A2.3-8)
0 00

Saturation in L, is treated in exactly the same way as (Lyy). Saturation parameters for the

stator and the rotor are set artificially as:

N

Oy = 0q»  Sqg= Sy (A.2.3-9)

The scalar parameters Ogp, Sgns $gx S describe the saturation of main and leakage flux paths
and L (0), Ly(0), L, (0) describe the unsaturated mutual and leakage inductance matrices. If
the machine is not saturated, the parameters of saturation (S, and Sy) given in equations
(A.2.3-7) and (A.2.3-8) are not used. If the machine is saturated, equations (A.2.3-7) and
(A.2.3-8) show that the impedance of the machine will start to decrease at saturation point.

Figure 4.7-2b shows the changes of the machine impedance with respect to the base voltage

from the no-load test of the machine.

202




APPENDIX 3

DESCRIPTIONS OF EQUIPMENT USED IN THE TEST

A.3.1. Inverter

Company name : Eurotherm Drives

Code number : 584

Supply voltage 380V to 460V +%, 50/60 Hz
Supply current : 18A

Power factor lag :0.86

Max. motor power . 7.5kW

Output voltage : Depend on input voltage
Cont. O/P current - 16A

Overload - 150% for 30 sec.

Output frequency - 0 to 120Hz/240Hz/480Hz
Approx. power 10ss :250W

Operating temperature : 0 to 50°C

A.3.2. Signal Generator
Wavetek Arbitrary Waveform Generator
model 75

Max. output voltage : 5V peak to peak.

A.3.3. Data Acquisition Toolbox

Specification of Data Acquisition Toolbox for use with MATLAB:

Analogue to digital conversion:

Number of inputs . 8 Single ended
ADC throughput . 60K samples/sec overall
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Sample and hold
Resolution

Max. data transfer to disk
Input voltage range

Input coupling

Over voltage protection
Input SNR

External sample rate

Triggering

: 1 CH multiplexed

: 12 bits

: 60 K samples/sec overall
t 15V

:AC

: 240v ac continuous
:>70dB per channel

: dc-160,000Hz

: Keyboard or free run

Digital to analogue conversion:

No. of outputs

DAC throughput
Resolution

Max. data transfer from disk
Output voltage range
Output coupling

Over voltage protection
Output SNR

Triggering

A.3.4. Temperature Labels

- 2 Single ended

- 300K samples/sec

- 12 bits

- 2K samples/sec
15V

- DC

- 240V ac continuous
- > 70dB per channel

- Keyboard or free run

Stock numbers Temperature limits Sensitive levels Level ranges
555-409 71-110°C 8 6-5-6-5-6-5-6°C
285-942 99-127°C 6 5-6-6-5-6°C
285-920 44-62°C 6 2-3-5-6-2°C

Table A.3.4.1 Temperature labels supplied from RS Compony.
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A.3.5. Tachometer

Comark Tachometer Type 2101.

This tachometer detects the black and white colours on the rotor shaft and produces both

analogue and digital signals.

A.3.6. Power scope

Type : PWD 880 Power Scope.

This scope has 4 input channels which are insulated from the output. The ratio between the

input and output is 3200.

A.3.7. Current transducer

Company : RS

Stock number - 286-327

Rating : S0A

Output - 5V instantaneous
Turns ratio . 1:1000

Supply voltage cT1SV
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APPENDIX 4

A.4.1 Calibration of Tachometer

The speed signals were measured with a tachometer which counts the black and white labels
on the rotor shaft and produces periodical signals as shown in Fig. A4.1. with a
fundamental frequency of 8 times shaft speed. When the harmonic spectrum of the speed
signal of no-load test is checked between 398 Hz and 400 Hz, the fundamental frequency 1S
found as to be 399.05 Hz due to the four black labels and twice the fundamental frequency
of 200 Hz. Therefore, the exact rotor frequency is found as to be 49.88125 Hz and the

rotor speed is found 313.413 Rad/s for the no-load test.

‘r ]
Na—laod speed signals

Frequency (Hz)

Fig. A4.1 No-load rotor speed signal and its harmonic spectrum of the squirrel-cage

induction motor.
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As seen from the above figure, the speed signal is only varying between zero and 5 Volt. To
produce the right speed shape, an RC circuit is connected to the output of the tachometer.
The capacitor of the RC circuit is charged and discharged during each cycle due to the
applied voltage and resistance. So that, the voltage across the capacitor gives the right
speed shape. The correct speed ratio (499.2744) is found by dividing the calculated speed

value of 313.413 Rad/s by the average capacitor voltage.
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APPENDIX 5
PUBLICATIONS

A.5.1 Publication 1

SRR

"Estimation of induction Machine Parameters for Simulation of a Mixed-Frequency Test"

This paper has been published in the proceedings of the "6th International Conference on Electrical

Machines and Drives", 8-10 September, pp. 208-212, Oxford, UK., 1993.
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A5.2 Publication 2

"Mixed-Frequency Testing of Induction Machines Using Inverters"

This paper has been published in the proceedings of the "Sth European Conference on Power

Electronics and Applications", 14-17 September, Vol. 5, pp. 317-322, Brighton, UK., 1993.
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A5.3 Publication 3

" Aspects of Mixed-Frequency Testing of Induction Machines"

This paper has been published in the proceedings of the "ICEM'94 International Conference on

Electrical Machines”, 5-8 September, Vol. 2, pp. 623-628, Paris, France., 1994.
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A.5.4 Publication 4

"The "Variable Inertia Test" for the Full-Load Temperature Rise Testing of

Induction Machines"

This paper has been accepted to be published in the IEE Part-B., 1993.
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Simulation of Induction Machines Using Phase
Variables and the Explicit Inverse Inductance Matrix
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Shaft speed as a function of time
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Fig. 1. Shaft speed as a function of time.
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Stator voltage (1) and current (2)
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Fig. 2. Stator phase voltage and current.
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Total copper losses (1) and Instantaneous Input Power (2)
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Fig. 3. Total instantaneous copper losses and total instantaneous input power.
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