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ABSTRACT

The dynamic modelling of induction machines involves the development of accurate
and reliable models that can adequately account for the machine’s non-linearities as a
result of saturation effect, skin-effect and thermal effect with the view of realising the
actual machine performance in transient conditions.

The work presents the modelling of the Squirrel-cage rotor bar. To effectively account
for Skin-effect in the rotor bar, a T-network lumped parameter model is developed. An
optimisation algorithm which provides a good correlation between the actual bar
impedance and the model impedance for varying frequency at approximately 6% error
is achieved. The work also develops mathematical models which include saturation
effect or /and Skin-effect —features that are usually neglected in the development of the
conventional model. The non-linear differential equations governing the transient
behaviour of the test machine are derived and expressed in state variable form. The
machine parameters are determined by carrying out D.C. measurement test, No-Load
test, Blocked-Rotor test and Retardation test on the machine. MATLAB Programs are
developed and used to solve the steady and transient mathematical models of the
machine. A comparison between the predicted transient torque and speed in the
conventional model and that with Skin or/and Saturation effects shows a remarkable
difference. The simulated machine model with both skin-effect and saturation effect
included gives a better result than the other models when compared with the measured
machine transient performances at run-up condition and can therefore be conveniently
used to predict the actual machine performances.

The study also investigates the estimation of induction machine mean temperatures at
different parts. Thermal network model is developed and the resulting algebraic and
differential equations solved in order to determine the thermal behaviour of the machine
under steady and transient conditions respectively. It is observed that the computed
mean temperatures of the machine parts at No-load, rated load and blocked rotor
operations compare satisfactorily well with the measured temperatures.



ABSTRACT(German)

Die dynamische Modellierung von Asynchronmaschinen schliefit die Entwicklung von
genauen und zuverldssigen Modellen ein, die Nichtlinearitidten der Maschine wie Sitti-
gung, Stromverdrangung und Erwidrmung berticksichtigen. Die nichtlinearen Effekte
beeinflussen das tatsdchliche Maschinenverhalten bei nichtstationdren Betriebszu-
standen ganz wesentlich.

Die Arbeit priasentiert die Modellierung der Stromverdringung des Rotorstabs. Um
effektiv den Stromverdrangungseffekt im Rotorstab zu erfassen, wird ein T-Netzwerk
mit konzentrierten Parametern entwickelt. Ein Optimierungsalgorithmus erzielt eine
gute Korrelation zwischen dem tatsdchlichen Stabwiderstand und der Modellimpedanz.
Der Fehler der Modellimpedanz betrigt bei einer Rotorfrequenz von 4 kHz etwa 6 %.
Die Arbeit enthdlt ein mathematisches Modell, das neben der Stromverdringung auch
die Sattigungseffekte beriicksichtigt. Diese nichtlinearen Effekte werden normalerweise
bei konventionellen Maschinenmodellen vernachléssigt.

Die nichtlinearen Differentialgleichungen, die das transiente Verhalten der Asynchron-
maschine beschreiben, werden in der Zustandsvariablen- Form ausgedriickt. Die
Maschinenparameter der Testmaschine wurden durch DC-Messung, Leerlauf-, Kurz-
schluss- und Auslauftest der Maschine ermittelt.

Die statischen und transienten mathematischen Modelle der Maschine wurden mit Hilfe
von MATLAB entwickelt. Ein Vergleich von transientem Drehmoment und Drehzahl
des konventionellen Maschinenmodells mit dem Modell, das Stromverdringung und
Sattigung berticksichtigt, zeigt einen bemerkenswerten Unterschied. Das Maschinen-
modell mit Stromverdrangung und Sattigung liefert deutlich genauere Ergebnisse als
das einfache Standardmodell, wie Messungen des Anlaufverhaltens der Testmaschine
am starren Netz bestidtigen. Mit diesem Modell ldsst sich das tatsdchliche Maschinen-
verhalten gut simulieren.

Die Arbeit gibt auch ein Modell zur Schitzung der mittleren Betriebstemperaturen der
verschiedenen Maschinenteile an. Aus diesem thermischen Netzwerkmodell resultieren
algebraische und Differentialgleichungen, deren Losung das thermische Verhalten der
Maschine unter stationdren und nichtstationdren Betriebszustdnden ermittelt. Es wird
festgestellt, das die berechneten mittleren Temperaturen der verschiedenen Maschinen-
teile bei Leerlauf-, Nennlast- und Kurzschlussbetrieb zufriedenstellend mit den
gemessenen Temperaturen iibereinstimmen.



Zusammenfassung

Die Hauptzielsetzung dieser Arbeit ist die Entwicklung von Maschinenmodellen, die
das dynamische und thermische Verhalten eines Kurzschlussinduktionsmotors relativ
genau auch mit seinen nichtlinearen Effekten nachbildet. Um diese Zielsetzung zu
realisieren, wurde in vier Schritten vorgegangen:

1. Identifikation der Maschinenparameter durch DC-Messung, Leerlauftest, Kurz-
schlusstest mit blockiertem Rotor und Auslaufversuch einer Testmaschine.

2. Entwicklung von Maschinenmodellen unter Einbeziehung der Stromver-
dréangung, der Sattigung und der Erwédrmung.

3. Entwicklung eines Rechenprogramms mit Hilfe des kommerziellen Software-
pakets MATLAB.

4. Validierung der simulierten Resultate mit Messungen an der Versuchsmaschine.

Bei der Modellierung der Maschine mit Stromverdringung wurde nur der Stromver-
driangungseffekt im Rotorstab beriicksichtigt. Es wurde ein T-Netzwerk mit konzen-
trierten Parametern verwendet, um den Rotorstab zu modellieren. Ein Optimierungs-
algorithmus, der eine Fehlerfunktion beinhaltet, wurde entwickelt. Bei einer Frequenz
von 4 kHz war der Fehler des entwickelten Rotormodells zu dem des tatsdchlichen
Stabes etwa 6 %. Dieser Fehler kann durch Erh6hung der Zahl der Parameter des Rotor-
Kettenleitermodells reduziert werden. Die Testergebnisse von Leerlauf-, Kurzschluss-,
DC-Messung und Auslauftest wurden verwendet, um Parameter fiir die konventionellen
und nichtlinearen Maschinenmodelle zu erhalten, und um das Verhalten der Test-
maschine unter stationdren und dynamischen Bedingungen zu studieren. Ein Vergleich
der Resultate zeigte einen groflen Unterschied im entwickelten Drehmoment im
stationdren und transienten Zustand. Beim Modell mit Sittigungseffekt wurden nur
geringe Unterschiede des Betriebsverhaltens beobachtet. Dass der Sattigungseffekt nicht
sehr wahrnehmbar ist, ist darauf zuriickzufithren, dass der magnetische Kreis der
Maschine im Nennpunkt nur schwach gesittigt ist. Der Einfluss auf das Maschinen-
verhalten wird bei stark geséttigter Maschine bedeutend hoher.

Es besteht jedoch ein erheblicher Unterschied im Betriebsverhalten zwischen dem
konventionellen Maschinenmodell und dem Modell mit Stromverdringungseffekt. Das
entwickelte Drehmoment ist beim Stromverdringungsmodell im Anlauf ungefdhr
dreimal hoher als beim konventionellen Maschinenmodell. Entsprechend sind wéhrend
des Anlaufs auch Statorstrom, Leistungsfaktor und die aufgenommene Leistung
wesentlich grofer als beim konventionellen Maschinenmodell.

Vergleichsrechnungen zwischen dem Maschinenmodell mit Stromverdrangung und dem
konventionellen Modell zeigen bei den Hochlaufrechnungen grofe Abweichungen im
berechneten Drehmoment und in der Drehzahl. Die grofite Drehmomentspitze ist beim
Maschinenmodell mit Stromverdriangung ungefihr 40 % hoher als beim konventio-
nellen Maschinenmodell. Die Hochlaufzeit auf synchrone Drehzahl ist beim
Maschinenmodell mit Stromverdrangung wesentlich geringer als beim konventionellen
Modell. Das Maschinenmodell mit Stromverdrangung und Sattigungseffekt liefert die
besten Ergebnisse bei den Hochlaufrechnungen im Vergleich zu den Simulationen mit
anderen Maschinenmodellen. Dieses Modell ist gut geeignet, um das tatséchliche
Maschinenverhalten zu simulieren.

Zur Berechnung der Erwidrmung wird ein thermisches Modell der Maschine entwickelt,
das auf einem diskreten Masse-Wirmewiderstands-Netzwerk basiert. Thermische
Netzwerke sind zur thermischen Modellierung von elektrischen Maschinen sehr
effizient.



Die unterschiedlichen Maschinenkomponenten (Wicklungen, Isolation, Eisen etc.) sind
einfach zu modellieren. Die Berechnung erfordert keine extrem schnellen
Hochleistungsrechner.

Vorgegeben werden fiir die Erwdrmungsrechnungen mit einem MATLAB-Programm
die Maschinengeometrie, die thermischen Materialdaten und die Verlustleistungen der
Maschine. Das Programm berechnet die Temperaturverteilung der Maschine im
stationdren und nichtstationdren Betrieb. Wegen der angenommenen thermischen
Symmetrie des Motors wurde nur eine Hilfte der Maschine nachgebildet. Diese
Naherung fiihrt bei groBen und ldngsbeliifteten Maschinen wegen der thermischen
Asymmetrie zu grofleren Ungenauigkeiten. In diesem Fall miisste das thermische
Netzwerk der kompletten Maschine nachgebildet werden.

Die berechneten Ubertemperaturen der Maschinenteile wurden im Leerlauf, bei
Nennlast und bei Kurzschluss im Stillstand ermittelt. Die berechneten Temperatur-
verldufe stimmen gut mit den gemessenen Werten tberein. Die Temperaturfehler
betrugen weniger als 10 % C im stationdren und nichtstationdren Betrieb. Diese Fehler
resultieren auch aus der Tatsache, dass das entwickelte thermische Modell die durch-
schnittlichen Temperaturen innerhalb der Stator- und Rotorwicklungen und innerhalb
der Eisenmassen berechnet, wihrend die auf der Oberfliche installierten Thermoele-
mente nur jeweils die AuBBentemperaturen messen.

Insgesamt trégt diese Arbeit zur Modellierung von Induktionsmaschinen folgendes bei:

. eine relativ einfache Modellierung der Stromverdringung im Rotorstab, die auch
fiir beliebige Stabformen oder Mehrfachkéfige angewendet werden kann.

. ein tieferes Verstdndnis des Betriebsverhaltens der Induktionsmaschine im
stationdren und nichtstationdren Betriebszustand aufgrund der Stromver-
dréangung, der Sittigung und der Erwédrmung.

. ein thermisches Netzwerkmodell, das die gemittelten Temperaturen in den
Maschinenteilen verlésslich schétzt.

. ein interaktives MATLAB-Programm, das das Betriebsverhalten der
Induktionsmaschine gut nachbildet.

Das entwickelte nichtlineare Maschinenmodell kann auch vorteilhaft bei der Auslegung
von Drehzahl- und Drehmomentreglern angewendet werden, z.B. bei der Regelung der
Induktionsmaschine auf konstante Rotorflussverkettung.
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1 Introduction 1

1 Introduction

1.1 Dynamic modelling of induction machines

The increased use of variable frequency in induction motor drive systems has generated
enormous interest on the computer simulation of induction machines[1,2,16,17,18,19].
In recent years,due to advances in the development of high speed computers and Power
electronics technology with associated high speed microcontrollers, AC drive systems
have become a viable alternative to DC machines for variable speed applications[3.4].
This increased interest in induction motor is mainly because of its merits over other
industrial motor types. These advantages include: Lightness, simplicity, ruggedness,less
initial cost, higher torque-inertia ratio, capability of much higher speed, ease of
maintenance,etc. Moreover, for instance, the most important feature which makes the
induction motor a viable alternative to D.C. drive system is its cost per KVA which is
approximately one fifth of that of the D.C. motor and its suitability in hostile
environment[15,20].

For the past 30years, the dynamic behaviour of induction machines has received a
considerable attention in most researched works[1,2,16,17,18,19,20]. However, the
analyses are based on the simple idealised machine model without skin-effect or/and
saturation. These works were also analysed based on the assumption that the rotor
resistance is constant at the d.c. value. Pertinently, this method of analysis usually lead
to a very large error in the torque developed at certain speeds and applied frequencies
for squirrel-cage rotors with deep rotor bars[80]. Consequently, the need for the
development of accurate models for induction machine becomes highly imperative. This
is so because in an induction machine, the lower portions of the bars of the rotor cage
are linked by more slot leakage flux than the upper portions of the bar. Under dynamic
conditions, the lower section of the rotor bar experiences a higher inductance than the
upper section of the rotor bar due to non-uniform flux distribution, thereby causing the
current to flow primarily in the upper portion of the bar. Also, the re-distribution of the
current flowing in the rotor bar effectively increases the resistance of the bar. This
phenomenon of decrease in inductance and increase in resistance of rotor conductors is
known as the deep-bar effect or the skin-effect[5,6,7,8,9,11,14,59,81,83]. This effect is
highly noticeable in motors with rotor bars that have a large bar depth to bar width ratio
and in motors operated over a wide frequency ranges—such as induction motors fed by
PWM inverters.

The dynamic modelling of induction machines therefore, involves the development of
accurate and reliable models that can adequately account for the machines’ non-
linearities such as saturation effect, skin-effect and thermal effect with the view of
realising the actual machine performance in transient conditions. The model analysis
gives rise to a set of differential equations which are usually expressed in state-space
variable form for computer simulation purpose[13]. Where the rotor speed is constant,
the solution of the resulting set of differential equations could be obtained analytically
as the equations are linear. However, in most induction machine’s dynamic problems,
the rotor speed is usually varying and as such the machine’s dynamic differential
equations are non-linear. Consequently, a numerical method such as Runge-Kutta,
Euler, Adams, Predictor-Corrector,etc is usually applied in arriving at a solution. The
fourth-order Runge-Kutta methods are widely used in computer solutions to transient
studies of A.C. machines[66,67]. The dynamic models of a squirrel-cage induction
machine,SCIM which take into account saturation or/and skin-effect are developed and
presented in this work.
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1.2 Thermal modelling of induction machines

Generally, rotating electrical machines convert electrical energy to mechanical energy,
or vice versa. This is made possible by the interaction of electric circuits and magnetic
fields across an air gap. The electric and magnetic circuits require materials of low
resistivity and high permeability respectively. These two circuits are usually separated
by insulating materials of good thermal properties. The electric and magnetic circuits
must be capable to withstand the mechanical loads imposed upon them by transfer of
energy across the airgap. The transfer of energy across the airgap necessitates the
dissipation of heat by ohmic losses in the electric circuit, and by eddy current and
hysteresis losses in the magnetic circuit. The performance of the insulating materials
which separate the electric and magnetic circuits is highly dependent on temperature
and deteriorates rapidly as temperature increases. From the foregoing, it is seen that the
electric circuit, the magnetic circuit and the insulating part of the electrical machines are
affected by the heating process in the machine emanating from the transfer of energy
across the air gap. Consequently, the main limiting factor, among others, on how long
an electrical machine can be operated continuously on load remains the temperature of
the various circuit elements that constitute the machine. Undesirable effects result when
the thermal limit of an electrical machine is exceeded:

e Loss of dielectrical property of the insulating material
Thermal bending of the rotor and consequent loss of eccentricity
Bearing wear and vibration
Deterioration of bearing lubricants
Thermal stresses and changes in geometry of the machine elements due to
thermal expansion.
Due to these problems, the temperatures in electrical machines must be properly
monitored and specified within certain limits to reflect the mechanical, electrical and
environmental conditions in which the machine will operate. In order to predict the
temperatures in electrical machines, thermal models are used. Thermal models of
electrical machines vary in degree of complexities depending on areas of applications
and the level of accuracy to which the models are expected to give when compared to
the physical temperature measurements of the test machine. Most thermal models are
based on the similarity between Ohm’s law of electrical conduction and Fourier’s law of
heat conduction. A thermal model can be used to determine allowable short-time
overloads of a machine. Thermal model therefore forms a key element for motor
protection and condition monitoring.
The Lumped-parameter models[39,40,41,42,43,44] and the Finite-element
method,FEM[45,46,47] are the most frequently used thermal models. The lumped
parameter model, otherwise known as the thermal network model has been used for a
very long time in calculation of the temperature rises in electrical machines.
Soderberg[48] applied thermal networks for temperature calculations of turbine-
generators in 1931. In the 1950s, Hak[41,49,50] made elaborate contribution to thermal
networks as applicable to electrical machines. Several researchers have made their
dissertation on thermal modelling and networks[40,51]. On the other hand, Finite-
element method is relatively new. [52] and [53] among others have used the FEM in
studying the thermal behaviour of electrical machines.
The merit of the thermal network model, TNM lies on the fact that the network
parameters can be derived from entirely dimensional information, the thermal properties
of the materials used in designing the machine, and the constant heat transfer
coefficients. This feature makes the model to be easily adapted to a range of machine
sizes. The draw-back of the thermal model is that the calculation of the model
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parameters can be complex and involving. However, once the model parameters are
known, the resulting set of thermal algebraic and differential equations, which
completely describe the machine steady and transient states thermal performances
respectively can be computed with ease. Again, although the TNM predicts average
temperatures quite accurately, the method fails in predicting hot spot temperatures.

Heat conduction problems can be solved more accurately using a finite element method.
The finite element method is particularly well suited for solving transient or steady state
problems of large electrical machines where thermal asymmetries are common features.
The demerit of the finite element method is that three-dimensional and time-dependent
problems are generally involving both in software development and hardware
implementation[40,47,54]. Also, even though the method predicts hot spot temperatures
accurately, it lacks in flexibility in handling complex boundary conditions and
geometry[57]. For normal operation of small machines, the finite element method is less
suited because the temperature gradients within distinct machine parts are small, which
makes the thermal network method more appropriate[40].

In this work, a thermal network model for a 7.5KW SCIM is developed. A step-by-step
thermal network model strategy as proposed by[43,55,56] is adopted:

Modelling the thermal network of the machine

Determination of the thermal resistances

Calculation of the thermal capacitances

Determination and calculation of the losses in the machine

Writing the system algebraic and differential equations for steady and transient
state studies respectively

Computer simulation of the thermal model

e Experimental verification

1.3 Purpose and overview of the research

The main objectives of the research are:
e To model a squirrel-cage rectangular rotor bar to account for the deep-bar
effect(skin-effect)
e To develop suitable transient models that account for saturation,or/and skin-
effect phenomenon
e To develop thermal-analysis model for SCIM
e To validate the developed models with experimental measurements for a 7.5 KW
SCIM
In chapter two, an introduction to the modelling and simulation tools as used in the
work as well as the machine data is presented.
Chapter three describes briefly the theory of skin-effect. The derivation of the
rectangular bar impedance equation as well as the development of the T-network model
is also presented in this chapter.
Chapter four presents the optimisation technique used in the optimisation of the model
and the methods used to arrive at the results.
In chapter five, the D-Q axis transformation is presented and subsequently used to
develop the conventional machine model. The equations that completely describe the
steady and transient behaviour of the machine are derived and the response curves also
depicted.
The machine model with saturation effect and skin-effect is developed in chapter six.
Chapter six also presents the model equations and the computer simulation results. The
chapter also highlights the comparison between the machine models: conventional/-
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saturation, conventional/skin-effect, saturation/skin-effect, and both skin-effect and
saturation/conventional.

Chapter seven focuses on the thermal modelling of a squirrel-cage induction machine.
Here, losses in induction machine and its determination are elucidated. The chapter
continues with the introduction of thermal network and heat transfer theories. The
analysis and computational procedures on the developed thermal network model
together with the simulation results are also discussed.

The measurements carried out on the test machine are described in chapter 8. The
chapter also presents the comparison between the measured and simulated results with
relevant comments on the results.

Chapter nine concludes the thesis by giving a summary of the important results.
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2 Modelling, simulation tools and machine data

2.1  State-variable method
The differential equations of a lumped linear network can be written in the form[13,27].

X(1) = AX() + BU(¢) @.1)
where,
A=nxn System matrix

B=nxm Control matrix
X(t)=nx1 State variable vector
U(t) =pix 1 Input vector

pi = Number of inputs

n = System order

Equation(2.1) is known as the state variable equation of the system. The merit of the
State-variable method is that it results easily to the form amenable to digital and/or
analog computer methods of solution. It can also be extended to analysis of non-linear
systems. This method has therefore been used extensively to represent electrical
machine connected to a source as:

V= Ri+Li 2.2)

Putting equation(2.2) in its State-variable form result to equation(2.3)

i=L'V_-L'Ri 2.3)

Equation(2.3) represents the State equations with current as state variables. In order to
calculate the variables for a given condition of operation, the state equations are used in
conjunction with the control variables(Excitation or Torque) applied externally, as well
as the relevant initial conditions. For a physical machine where the rotor speed changes
with time, analytical solution for equation(2.3) is not possible. Therefore, an efficient
and a suitable numerical method becomes imperative.

MATLAB, licensed by MathWorks[10] provides a powerful matrix analysis
environment, the basis of state-space modelling of dynamic systems, for systems
identification, engineering graphics, modelling and algorithm development. MATLAB
has an open system environment which provides access to algorithms and source code
and allows the user to mix MATLAB with FORTRAN or C language, and generates
code to be used in an existing program.

In the work, several function and script m-files were developed. These developed m-
files were used to solve the rotor bar and model optimisation impedances for skin-
effect; the machine algebraic and differential system of equations with and /or without
saturation and skin effects under steady state and dynamic condition respectively and to
solve for the thermal behaviour of the test machine in both steady and transient states.
The developed m-files could be executed interactively by loading same in MATLAB
command window.



6 2 Modelling, simulation tools and machine data

2.2 Program Structure

The Program structure is depicted as shown in figure 2.1. The rectangular blocks
represent processes that lead to the development of MATLAB m-files.

Supply the rotor bar data and its
material properties

Do you want to perform Rotor bar

or Rotor model analysis®? FrotorNogdel

Rotor bar

Error function
Temperature effect
Model optimisation

Rotor Impedance estimation

Rotor bar impedance
calculation
Temperature effect

Inputs: Rs, Rr, LiIs, LIr, Lm, J,
Thermal resistances, Thermal
capacitances, power losses,d-q axis
initial currents and initial
temperatures.

Steady-State Model Select your model of interest Dynamic Model

Thermal Model
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Select your model of
interest

Steady-state model Transient state model

Choose operation

Choose operation
mode

mode

) 4 ¥ h 4 h 4
Rated Rated Blocked
load Blocked No-load load rotor
No-load Ctor

Figure 2.1.: Program structure
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2.3. Machine data

In order to carry out the complete computer simulation of the 7.5KW Squirrel-cage
induction machine, it becomes necessary to determine experimentally the machine data
via No-load test, Blocked-rotor test, Retardation test and by the measurements of the
d.c. resistances of the stator windings.

2.3.1. No-load test

The aims of the No-load test are to determine:
e Stator ohmic/Copper losses, P;
e Stator core losses due to hysteresis and Eddy current,P,
e Rotational losses due to friction and windage, P;o.
e Magnetizing inductance, Ly,
Mathematically, the No-load input power of the machine is expressed as

P =ml’r,+P +P, (2.16)

where,

m=number of stator phases

ri=effective stator resistance per phase

P,=No-load input power

[,=current per phase

The test is carried out at rated frequency and with balanced polyphase voltages applied
to the stator terminals. Readings were taken at rated voltage, after the motor has been
running for a considerable long period of time necessary for the bearings to be properly
lubricated. At No-load, the machine slip and the rotor current are very small thereby
resulting to a negligible No-load rotor loss. Figure 2.2 shows the No-load characteristic

curves of the test machine.

No-Load Test
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Figure 2.2.: Power Losses against Voltage squared at No-Load test.
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2.3.2. Blocked-rotor test

The blocked-rotor test provides information necessary to determine:

e the winding resistances

o the leakage reactances
In this test, the rotor was blocked by external means to prevent rotation. In blocked-
rotor test, the slip is unity(s =1). And the mechanical load resistance, Ry, is zero;
thereby resulting in a very low input impedance of the equivalent circuit.

The characteristic curve of the test machine at blocked-rotor test is depicted in figures
2.3.

Blocked-rotor Test

14 T 1 1 1 1 T e — | ——
< Measured data

r— Estimated function

121 1

y = 0.24%x - 0.11

10+

Current[A]

|:| 1 1 | 1 I
0 5 10 15 20 25 20 35 40 45 50
Voltage[V]

Figure 2.3.: Current against Voltage at Blocked-rotor test.
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2.3.3. Retardation test

The retardation test was carried out to determine the test motor moment of inertia. In
this test, a No-load test was carried out with and without additional standard mass.
Figure 2.4 shows the test curve when the machine is stopped and the rotor freely
allowed to deaccelerate to zero speed with and without additional standard mass
respectively.

Retardation test
2000 T 1 T T

1800 - [ — Without additional mass -]
—&— With additional mass

1000

800

600 \

400 - .

Mechanical Rotor Speed[rpm]

200

0 5 10 15 20 25 30
Tima[s]

k=1

Figure 2.4.: Speed against time at retardation test.

2.3.4. Induction machines characteristic curves

Generally, order than the above-mentioned tests, parameters of standard induction
machines can be obtained from manufacturer’s data as well as from the Finite-Element-
Analysis(FEA) calculation results.

By using the manufacturer’s data(SCHORCH), the induction machines characteristic
curves with the number of poles as a parameter are shown in figures 2.5, 2.6,2.7 and
2.8. Figure 2.9 and figure 2.10 show the characteristic curves of reactances and
resistance of a 4-Pole induction machine respectively. In figures 2.5 and 2.6, it is seen
that due to the large air-gap of high-pole machines, their efficiency and power factor lie
below designs with low number of poles. Figure 2.5 also shows that irrespective of the
number of poles, at rated output power above 5S00KW, the efficiency of standard
induction machines remains fairly the same. In figure 2.8, it can be seen that the
moment of inertia for a high pole induction machine is more than that of a low pole
induction machine of the same rated output power. This is because the relative mass of
an induction machine increases with increase in size—or the number of poles.
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Efficiency against Output Power
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Figure 2.5: Efficiency of Induction machine
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Figure 2.6: Power factor of Induction machine
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Speed against Output Power
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Figure 2.7: Speed of Induction machine
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Reactance against Output Power
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Figures 2.11, 2.12 and 2.13 are the numerical FEA calculation results for the 7.5KW
induction machine at S0Hz rated frequency—computed using the finite-element
analysis,FEA program[87].

Flux Lines
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Figure 2.11: FEA solution of the flux distribution in the test induction machine at No-
Load(t=6ms)
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Figure 2.12: FEA solution of the flux distribution in the test induction machine at rated
load(t=3ms)
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Table 2.1 shows the data for the test 7.5KW Squirrel-cage induction machine.

Output Power 7.5KW
Rated voltage 340V
Winding connection Delta
Number of Poles 4

Rated speed 1400rpm
Rated frequency 50Hz
Number of Stator slots 36

Outer diameter of stator 200mm

Inner diameter of stator 125mm

Coil pitch 12

Wire diameter 0.71mm

Slot insulation thickness 0.3mm
Number of rotor slots 28

Air gap 0.3mm

Inner diameter of rotor 30mm
Height of end ring 13.2mm
Width of end ring 4.4mm
Half-turn length of stator winding 39.667mm
Iron core length 170mm

Bar length 239mm
Stator resistance 2.521950hm
Stator leakage reactance 1.951450hm
Rotor resistance 0.9762920hm
Rotor leakage reactance 2.994510hm
Magnetizing reactance 55.34310hm
Mechanical shaft torque 51.2636Nm
Equivalent stator stacking factor 0.95
Equivalent rotor stacking factor 0.95
Estimated rotor inertia moment 0.1173939Kgm"2
Type of rotor cage Steel(cast copper)
Conductivity of rotor bars 56Sm/mm~*2
Permeability of free space 47*107 H/m
Relative permeability of copper 1000
Temperature coefficient of copper at 20°C 0.0039/K
End ring resistance 4.49386e-60hm
End ring leakage inductance 3.01401e-9H
Number of parallel branches 1

Number of turns in the stator winding 174

Rated current 19.2A

Table 2.1: The machine data

The name plate description of the load machine is:

IEC 132 VDE 0530
Rated voltage 230V
Rated speed  1490rpm
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Rated current 33.5A

Rated power 7.6KW

Field current 1.60A

Field voltage 180V

Thermal insulation class F

Estimated moment of inertia 0.10958Kgm?’

Flux Lineszs

3.3087e-002
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Figure 2.13: FEA solution of the flux distribution in the test induction machine at
blocked rotor(t=21ms)
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3 Rotor-bar modelling for skin-effect

3.1  Theory of Skin-effect

/_eakage Flux

Figure 3.1.: Deep rectangular rotor bar

If the squirrel-cage bar is made very deep and narrow as shown above, the bottom parts
of the rotor bar are linked by more slot leakage flux than the top parts. Under transient
conditions, the bottom part of the rotor bar experiences a higher inductance than the top
part of the bar due to non-uniform flux distribution; resultantly causing the current to
flow primarily in the top part of the bar. The aftermath of this current migration is to
decrease the apparent inductance of the rotor conductors and to increase their effective
resistance[4]. The magnitude of these changes on the effective rotor conductor’s
resistance and inductance is very much dependent on the design of the rotor bars. This
phenomenon of decrease in inductance and increase in resistance of rotor conductors is
known as the deep bar effect or the skin-effect.

This effect is highly noticeable in motors with rotor bars that have a large bar depth to
bar width ratio and in motors operated over a wide frequency ranges—such as in
induction motors fed by PMW inverters. Consequently, large squirrel-cage machines
are often designed to exhibit predominant skin effect at the higher rotor frequencies to
achieve a high starting torque and a relatively low starting current. In this work, the
rotor bar of the test machine is of the rectangular type.
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3.2 Derivation of impedance equation for rectangular rotor bar

The skin-effect phenomenon in rectangular rotor bar as shown in figure 3.2 can be
determined through the conductor inner impedance, Z; This can be achieved through
the lumped-parameter network method. In this method, the rotor bar conductor is
divided into n-equal number of sections[8,9]. By so doing, the current distribution
within each section can be considered uniform. The height of the section,hs,, must be
smaller than the skin-depth,d.

h, <<o
and
Yo,
o= [— 3.1
u,

The skin-depth as a function of frequency for copper and aluminium rotor bar is shown
in figure 3.3. It is seen that o is dependent on temperature and also on the material of
which the rotor bar is made. At a working frequency of 4000Hz, & is approximately
1.04mm which informed the basis for the bar divisions.

> Dst[q hy
4 ®I1
Q12 5 hgec
hy
v ® In
P
br
< bNut >
Figure 3.2: n sections of rectangular rotor bar
Total resistance of the rectangular bar is, Rt
Ry L 3.2)
Z cu h L bL

Where,
Ls = length of the rotor bar
., =conductivity of copper conductor
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hy, =height of rotor conductor
by, = width of rotor conductor

Plot of skin-depth against frequency

Skin-depth{mm]

| | | | \ |
500 1000 1500 2000 2500 2000 3500 4000 4500
Frequency[Hz]

Figure 3.3: Graph of skin-depth against frequency.

The resistance of each section is therefore given by

Ri= (Ls )/(Zcuhsech) (3'3)
And,hgc =h/n (3.4)
where

n= total number of sections

The magnetic flux density in section one of the bar is

I
B=Het 3.5)

b

Therefore, the magnetic flux between the first and fictitious section becomes

@, = BiLshsee = poLsli/(nbyur) (3.6)
where I is the current vector that flows in section one of the bar.

In analogy, the magnetic flux between section 2 and section 3, becomes

o, :(ﬂoLJ% bNM)(L +1,) 3.7)

In general, the magnetic flux between the sections n and n+1 of the rotor bar is,
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Q)n :(ﬂoLshL

jz;g (3.8)

n Nut
where,

I, =the current vector in each of the sections.

It can be observed from figure 3.2 that a loop results between the nth and (n+1)th
sections. Therefore Kirchhoff’s voltage equation could be applied.

U=0=ir+% (3.9)
dt

Between the nth and (n+1)th section, we have

0=1,R, -1

Zn+l

R, +jop (3.10)

Combining equations (3.3),(3.8) and (3.10), and with little manipulation, the total bar
current is

Lot = I+ slew, b, 1o b, Y0 1, @3.11)
From equation(3.11), let define
d = (a)/’lthszZcu /nszut) (3'12)

It therefore clearly shows that if the number of the bar section, n is five, the loop
currents from equation(3.11) become,

I,=1+jdI, (3.13a)
I=1,+jdl, +1,) (3.13b)
Lo=1+jd(l, +1,+1,) (3.13¢)
Ly=1,+jd(l, +1,+1,+1,) (3.13d)

The vector diagram showing the currents for a 5-section rotor bar is shown in figure 3.4.
The total voltage drop in the rotor bar is,
U=R, I (3.14a)
The a.c resistance and the inner reactance of the rotor bar can be calculated from the
voltage drop and the total bar current as,

U=RIs=Ry1+jX, I (3.14b)
Also the total bar current can generally be expressed as,

n v—-1
I=1,+ Z(zv_l ¥ deL,j (3.15)
v=2 p=l1

The value of the bar voltage,U to the total bar current,] gives the inner impedance,Z;:
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jd(L;+1+13+1)

Lt

1thL+I5+L

1

I

l:

jd(d+1r+13)

U=R_Is

jddi+1)

(3.16)

MATLAB program is developed and used to evaluate the complex impedance,Z; of the
rotor bar. Because of the linearity of the equations, the bar current,]; can be optionally
assumed to take any value.

The outside bar reactance,X, as well as the impedance of the end ring parts,Zr can be
computed thus:

LZ=21,+]X,+Z, (3.17)
The value of the outside reactance, X, is however, independent of the skin-effect
influence on the rotor inner bar. It has been shown by Weidemann[51] that the
computational numerical difficulties involve in determining the effect of skin effect on
the impedance of the outside bar reactance and the end ring parts can be neglected since
the magnitude of their vlaues have minimal influence on the total bar impedance at high
frequency. Figures 3.5 and 3.6 show the computed rotor bar impedance for varying
rotor frequency.
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Figure 3.5: Rotor-bar plots for n=100.
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Figure 3.6: Rotor-bar plots for n=100.
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3.3 Temperature effect

It has been observed that changes in temperature influence to a considerable extent the
performance of induction machine[12]. This is so because as the rotor temperature
changes, the secondary resistance also changes. The influence of change in the
secondary resistance is twofold. First, the time constant for the transient phenomena is
changed by a change in the secondary resistance. When the temperature rises, the rotor
resistance increases and the time constant decreases. Second, the steady-state operation
of the induction machine is also influenced to some extent by a change in the rotor
resistance due to temperature changes. Again, the rotor bar equation for skin-effect as
shown in section 3.2 also indicates that the bar impedance is dependent on resistivity(p)
which in itself is dependent on temperature. It is therefore imperative for the effect of
temperature to be included in the rotor bar model if accurate modelling of the machine
is to be realised. The resistance of the rotor bar at any temperature 6°C is given by

R, = R, (1+aAB) (3.18)
where,
A6 = (6" —20°°) (3.19)

Ry = resistance at 0°C
Ry¢= resistance at 20°C

o = temperature coefficient ( for copper, oo = 0.0039/K)

Figures 3.7 and 3.8 show the computed rotor-bar impedance at different temperature
points.
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Figure 3.7: Rotor bar plots at different temperatures.
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Figure 3.8: Rotor bar plots at different temperatures.
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3.4 Derivation of the model impedance equation

The T-model network as shown in figure 3.9 is used in the modelling of the rotor bar. In
figure 3.9 the rotor bar is divided into five sections. Suffice to say that although the
program developed could be used to solve for the network impedance for n-number of
divisions, the choice of five divisions is informed by the trends of the graphs shown in
figures 3.10, 3.11 and figure 3.12. In these figures it is seen that for number of bar
divisions greater than five, the model impedance, reactance and resistance do not
change considerably with changes in frequency.

L,/2 L,

1 R R
UEv : éz

v

L3

— -

R
"D

L,

—

R
147

Ls

R
"D

Figure 3.9: T -model rotor bar representation

From figure 3.9,

Ly, L,, L3, Lyand Ls = model inductances

Ry, Ry, R3, R4 and R5 = model resistances

I, I, 15, 14 and 15 = loop currents

Ug = input model voltage

Applying Kirchhoff’s voltage law[28] in figure 3.9, the following loop voltage

equations result.

L, dl
Up ==t Rl =R

I
0=1, %— RI, +RI, +R,1,—R,I,

dl
0= L=t =Rly+ Ry + Ryl = Ril,

0=1, %—13313 + R, +R,1, - R,

dl
0= L=t =Ry + R + Rl

(3.20a)

(3.20b)

(3.20¢)

(3.20d)

(3.20¢)
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Figure 3.12: Graph of reactance against number of bar divisions for varying frequency.

Expressing equations(3.20a-3.20¢) in Matrix form, we have

U, R, ~R, 0 0 0 1,
0 -R (R +R,) -R, 0 0 1
0 |[=| 0 -R,  (R,+R,) —R, 0 I
0 0 0 -R,  (R,+R,)) -R, |I,
o] Lo 0 0 -R, (R, +R)| I,
% 0 0 0 o
0 L, 0 0 0|
o 0 L, 0 ol (3.21)
0 0 0 L, 0|
0 0 0 0 L |Is]
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Representing equation(3.21) in state variable form[13], we have

X =AX +BU
y=CX +DU
B . 7] -L -1
I L0 0 0 0
; 2
[2 0 L, 0 0 0
L= ~lo o0 L, 0 0
Iy 0 0 0 L 0
Is | (0 0 0 0 L
[ R, ~R, 0
- Rl (Rl + Rz ) - Rz
*0 - Rz (Rz + R3 )
0 0 — R,
0 0 0
L
2
0 L,
1o o
0 0
0 0
where,
- o
<L 0 0 0 0 R,
2 R
0 L, 0 0 0 1
A==lo 0 L, 0 0 0
0 0 0 L, 0 0
0o 0 0 o0 L] L?O

(3.22)
(3.23)
0 0 1]
0 0 I
~R, 0 I
(R3+R4) _R4 14
_R4 (R4+R5)__[5_
-1
0o 0 o] U]
o o of |0
L 0 0 0 (3.24)
o L of]|?©
0 0 I,/ L0
- R, 0 0 0 ]
(R, +R,) -R, 0 0
-R,  (R,+R) -R, 0
0 -R,  (R,+R,) -R,
0 0 ~-R, (R, +Ry)

(3.252)
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Lo 0 0 0

2

0 L, 0 0 0

0 0 0 L, 0

0 0 0 0 L]
X=[1, 1, I, 1, L] (3.25¢)
D=[0 0 0 0 0] (3.25d)
c=1 00 0 0] (3.25¢)

In order to determine the rotor bar resistance and reactance, it is important to first of all
determine the transfer function of the T-model network by taking the Laplace transform
of equations(3.22) and (3.23).

Taking the Laplace transform of equations(3.22) and(3.23) we have,

SX(S) = AX(S)+BU(S) (3.26)

Y(S) = CX(S)+DU(S) 3.27)

From equation(3.26),

(SI-A)X(S) = BU(S)

X(S) = (SI-A) 'BU(S) (3.28)

Where,

I = identity matrix

Put equation(3.28) into equation(3.27) to get,

¥(S) = C|(ST - A)'BU(S) |+ DU(S)

Y(S)=C(SI-A)"'BU(S) + DU(S) (3.29)

Equation(3.29) is the T-model output current. The network model transfer function,
G(S) is,

_ Y(S) _C(SI-A)"'BU(S)+DU(S)
Uues) u(s)

G(S)
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G(S)=C(SI-A)'B+D (3.30)

Equation(3.30) gives the model admittance.
The model impedance is therefore,

1

Z(S) =
) C(SI-A)'B+D

(3.31)

where,

S=jm, is the complex angular frequency in rad/s

S=j2nf (3.32)

f = {frequency in Hertz

The values for A, B, C and D are as defined previously.

From equation(3.31),

Z(jo)=R, + jX, (3.33)

where,

Rt = the T-model total resistance

X1 = the T-model total reactance

MATLAB program is developed and used to solve equation(3.33) .Figure 3.13 shows
the computed results with the number of bar division equals five for two different
temperatures, 20°C and 100°C. Figure 3.14 shows the model plots for different bar
divisions at 20°C. The model impedance and height of each section at 20°C and 100°C

are shown in
Table 3.1.
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32 3 Rotor-bar modelling for skin-effect

Temperature [ Number |Height [mm] |Resistance [mQ] |Inducatnce [pH]
[°C] of bar of bar of each of each
sections,n | sections section section
h 2.594 |R, 0.4262 |1, 0.192
20 5 h, 2.594 |R, 0.4262 |1, 0.192
hs 2.594 |R3 0.4262 |15 0.192
hy 2.594 |Ry4 0.4262 | L4 0.192
h; 2.594 |Rs 0.4262 | Ls 0.192
100 5 h, 2.594 |R, 0.734 |L; 0.192
h, 2.594 |R, 0.734 |1, 0.192
h; 2.594 |Rs 0.734 |L; 0.192
hy 2.594 |Ry4 0.734 |L4 0.192
hs 2.594 |Rs 0.734 |Ls 0.192

Table 3.1: Rotor-bar model height and impedance at 20°C and 100°C
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4 Model modification, optimisation and computer simulation

41 Model modification

Figure 4.2 shows that the trend of the developed model in section 3.4 differs
significantly without optimisation from that of the actual rotor bar. This difference
necessitates in the optimisation of the developed model. In order for the model to
accurately represent the actual rotor bar, the T-model described in chapter three(Section
3.4) has to be modified and subsequently optimised. Therefore the bar has to be divided
into n-unequal number of sections. To adequately account for skin-effect, the bar
division is done in such a way that the depth increases downward from the top of the
bar. This is because the upper part of the rotor bar experiences more current flow as the
bottom part. Again, since the lower part of the rotor bar experiences a higher
inductance, this has to be accounted for by ensuring that the height of the first and the
last sections are equal but very small compare to other remaining sections. Because the
magnitude of the inductance and resistance varies differently along the bar depth, it is
therefore necessary to select different heights for the calculation of the rotor resistance
and inductance respectively as shown in figure 4.1.

£
h2-ind¢ 4
A b,
A 4
A
h3.ind
h3
A 4
A
A 4
h4-ind A
hy
A 4
A
hs.ing
A 4
v ¢ hs=h;=h|.ina

Figure 4.1: Rotor-bar division showing the respective depths used for the resistance and
inductance calculations.



34 4 Model modification, optimisation and computer simulation

It could be seen from figure 4.1 that the section depths, hy, hy, hs, hy and hs were used
for calculation of the resistance of each section respectively while the section depths, h;.
ind»

hy.ind, h3.ing, h4.ing and hs.,q were used for the calculation of the inductance of each
section respectively.

h, h

By g = 7“ + 75 (d.1a)
h, h

Py =74+33 (4.1b)
h, h

hy ?3 + ?2 @.1¢)
h, h

By g = 72 + ?1 @.1d)

Mg =My 4.1e)

The inductance of each section is given by

L.h
I = luo "% ind (4.2)

bNut

where,
h.ing = the section depth as defined in equation(4.1a-4.1e).

and the resistance of each section,

R, =—2 4.3)

where,

h = the section depth as shown in the right hand side of figure 4.1 .
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Figure 4.2: Comparison of actual bar impedance and model impedance

4.2 Algorithm for model optimisation

In order to realise an optimal height for each bar section as well as the optimal model
impedance that gives a close correlation with the actual rotor impedance of the test
machine, an algorithm that accomplishes such optimal division is developed. The total
height of the bar is assumed to be a geometrical sum of the individual height of the
section given by

h, =x,(di)"

where,

hi = height of each section

x; = fraction of the depth of the bar

k = number of the section whose depth is being computed

(4.4)

di = is the user-optimisation-index(UOI) which is equal to or greater than one(di>1).

Note that:
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1. When di = 1, we have a condition where the rotor bar is

divided equally.

2. When di >1, we have a condition where the rotor bar is

divided unequally.

To illustrate this Algorithm, let consider a rectangular bar shown in figure 4.3 below.

A
I I h

A
2 hy

A\ 4

h A
h3

k=3
A 4 A 4

Figure 4.3: Rectangular bar showing 3 unequal sections.

Let assume,

h=10cm
User-optimisation-index, di = 3.7

From equation(4.4),

h; =x;3.7)° fork=1

h; =x;

h=x(3.7)" fork=2

h;=x;(3.7 fork=3

But

h="h +h, +h,

Solving equations(4.5a-4.5d), we have
xi =0.5438

h;=0.5438cm

(4.52)
(4.5b)

(4.5¢)

(4.5d)
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h, =2.0120cm

h; =7.444cm

Note that if the UOI, di = 1.0, then
h; =hy =h; =3.333cm.

In general therefore, a ‘for-loop’ algorithm is developed to accomplish the optimal
division of the modified T-model. By carefully choosing appropriate value of the UOI,
di the developed rotor model approaches to a very high level of accuracy the actual
rotor bar impedance. However, in order to accurately determine UOI that results in
optimal bar division, an error function is incorporated in the algorithm. The error
function program therefore gives the value of UOI that corresponds to minimum error
between the rotor bar and the rotor model impedance as shown in figures 4.5 and 4.7.

4.3 Method of solution and simulation results

The algorithm developed is incorporated into the MALAB program of section 3.4. By
so doing the rotor bar model can be divided into n-unequal sections. In order to optimise
the model impedance so as to give a good correlation to the actual rotor bar impedance,
an error function program is developed which automatically calculates the best estimate
for the UOI. The optimised model as shown in figure 4.4 closely matches with the
actual rotor bar characteristics of the machine. At approximatly 4KHz frequency, the
error in the developed model is about 6% as shown in figure 4.5.
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Figure 4.4: Bar-Model plots for bar sections(100) and model sections(5).
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The optimised values of the model impedance as shown in Table 4.1 can therefore be
used to represent accurately the actual machine in static and dynamic conditions with
Skin-effect phenomenon included. Table 4.2 gives the computed heights for the various
rotor sections that give rise to the optimised impedance at UOI equals 2.04.

Resistance [mQ] Inductance [LH]

Ry 1.338 L; 6.1150e-2
R, 0.656 L, 9.2940e-2
R; 0.321 L3 0.1896

R4 0.179 Ly 0.3562

Rs 1.338 Ls 0.2596

Table 4.1: Computed model impedance at 4KHz
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Figure 4.5: Error in the 5-section rotor-bar model.

Section h resistance[mm] h_inductance[mm]
h; 0.827 0.827
h, 1.686 1.256
h; 3.440 2.563
hy 6.191 4.815
hs 0.827 3.509

Table 4.2: Computed model heights for each section.

To further increase the accuracy of the model, the number of bar divisions could be
increased to, for instance six as shown in figure 4.6. By so doing the percentage error in
the model impedance reduces to 5.2 as presented in figure 4.7. It must be pointed out
here, however, that each additional rotor parallel branch introduces two further
differential equations and resultantly increase in simulation time.
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5 Conventional machine model

5.1 D-Q axis transformation

The change of variables which replace the variables(currents,voltages, and flux
linkages) associated with the stator windings of a synchronous machine with variables
associated with ficititious windings rotating with the rotor was first investigated by
Park[21]. This method was further extended by [22,23] to the application of the
dynamic analysis of induction machine. By these methods therefore, a polyphase
winding can be reduced to a set of two phase-windings with their magnetic axes aligned
in quadrature as shown in figure 5.1.

iq

Figure5.1: Polyphase winding and d-q equivalent.

The d-q axis transformation eliminates the mutual magnetic coupling of the phase-
windings, thereby making the magnetic flux linkage of one winding to be independent
on the current in the other winding. This system of transformation allows both
polyphase windings in the stator and the rotor of an induction machine to be viewed
from a common reference frame which may rotate at any angular speed or remain fixed
to the stator. Generally, the reference frame can also be considered to be rotating at any
arbitrary angular speed. The transformation from three phase system to a two phase
system and vis-versa with the zero-sequence included is:

qu Zsa
] =|C1li
sd [ i sb (5.1)
B ZO | | lsc |
lsa lsq
-1 .
lsb = [C] lsd
. (5.2)
_lsc ] | lO |
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where,
cosd cos(@ - 2—”) cos(@ - 4—”}
3 3
[c]= 2 sin@ sin(@ - Z—ﬂj sin(@ - 4—”) (5.3)
3 3 3
1 1 1
2 2 2 |
cosd siné 1

[a—

(5.4)

[c]" = Cos(e —z?ﬂj Sm( 0 ZT” j

5.1.1 Reference frames voltages

Under balanced condition, the stator voltages of a three-phase induction machine may
be considered as sinusoidal and expressed as

V.. =~2V cosw,t (5.5)

V, = J2r cos(a)bt - 2%[) (5.6)
2r

V,= \2r cos(a)bt + Tj (5.7)

These stator voltages are related to the d-q frame of reference by[1]

V Vas
“l=[a]”,
|:Vsd:| [ l] Vbs (5.8)
where,
) cosd cos(ﬁ—%[j cos(&’—%[j
c]=% (5.9)

By application of trigonometric identities[70], equation(5.8) can be further simplified to
give,

V,, =2V cos(0 - w,t) (5.10)

V., =2V sin(0 - w,r) (5.11)
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Equations(5.10-5.11) can be applied in any reference frame by making a suitable choice
for theta(0):

If theta equals 6, ,then equations(5.10-5.11) lead to an expression for voltage in rotor
reference frame. Also, if 0 equal to zero, the equations(5.10-5.11) apply to a frame of
reference rigidly fixed in the stator(i.e. Stationary reference frame). Otherwise, for 6
equals ot in equations(5.10-5.11), a synchronously rotating reference frame results.

5.2. Conventional machine model development

In the development of the transient equations for the conventional machine model, the
following assumptions are made:

) The machine is symmetrical with a linear air-gap and magnetic circuit.

(i1) Saturation effect is neglected

(iii))  Skin-effect and temperature effect are neglected

(iv)  Harmonic content of the mmf wave is neglected

v) The stator voltages are balanced.

The differential equations governing the transient performance of the induction machine
can be described in several ways and they only differ in detail and in their suitability for
use in a given application. The conventional machine model is developed using the
traditional method of reducing the machine to a two-axis coil(d-q axis) model on both
the stator and the rotor as described by Krause and Thomas[1]. The d-q axis model of
the motor provides a convenient way of modelling the machine and is most suitable for
numerical solution. This is preferable to the space-vector machine model which
describes the machine in terms of complex variables[24]. Figure 5.2 shows the d-q
equivalent circuits for a 3-phase, symmetrical squirrel-cage induction machine in
arbitrary-frame with the zero-sequence component neglected.

N Rs O\ Lls Lr (oo Rr N
[ — 9
4» lqs 47
Vg0
Vs !
-® o _

Figure 5.2a
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Vds

Figure 5.2b
Figure 5.2: Squirrel-Cage Induction machine models in d-q axis: (a) g-axis model (b)
d-axis model.

5.3. Electrical model of the machine

The non-linear differential equations which describe the dynamic performance of an
ideal symmetrical Induction machine in an arbitrary reference frame could be derived
from the d-q equivalent circuits as in [1].

VqS (RS + LS p) a)LS L)ﬂ p a)L)ﬂ l‘q."
Vds _ - a)LS (Rs + Ls p) - a)Lm me l:d.v (5.12)
O L]?lp (a) - a)r )Lﬂ7 (Rr + Lr p) (a) - a)r )Lr lqr
O - (a) - a)r )Lﬂ7 L)ﬂp - (a) - a)r )Lr (Rr + Lr p) idr
where,
L=L +L, (5.13)
L=L,+L, (5.14)
d
=— 5.15
P=_ (.15)

In the analysis of induction machine, it is always advisable to transform equation(5.12)
to d-q axis fixed either on the Stator[25], or the rotor[26],or rotating in synchronism
with the supply voltages[29]. In[25], equation(5.12) is modified by setting ®=0 and in
[26],0=0; while in[29] v=0,
It is important to note that the choice of reference frame will affect the waveforms of
all d-q variables and also the simulation speed as well as the accuracy of the results.
However, the following guildelines as suggested in [30] are in order:
e Use the stationary reference frame if the stator voltages are either unbalanced or
discontinuous and the rotor voltages are balanced(or zero).
e Apply the rotor reference frame if the rotor voltages are either unbalanced or
discontinuous and the stator voltages are balanced
e Apply either the synchronous or stationary reference frames if all voltages are
balanced and continuous.
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Also for analysis involving saturation and deep bar effect, a reference frame fixed to the
rotor is recommended[26,31].

Therefore, the electrical model of the squirrel-cage induction machine in rotor reference
frame becomes,

Vqs (Rs + Lsp) a)rLs me a)er iqs

Vds — - a)rLS (RA + Lsp) - a)r Lm me l:ds (5-16)
O me 0 (Rr + Lrp) 0 lqr
O O me 0 (Rr + Lrp) idr

For the purpose of digital simulation, equation(5.16) is represented in state variable
form with currents as state variables.

plil=-[L]"(R]+ o [G]i]+ [L]'[V] (5.17)
where,
vi=lr, v. o of (5.18)
RO 0 0
Rl=| O K00 (5.19)
1o 0 R 0 '
0 0 0 R
LS O Ll‘ﬂ 0
L= 0 k0 (5.20)
- Ll‘ﬂ O Lr 0 )
O Ll‘ﬂ 0 Lr
o L 0 L
[G]=| L0 =L, 0 (5.21)
0 0 0 0
0 0 0 0
[i] = [iqs ids iqr idr ][ (5°22)

Unlike in[32,33,67], where the authors preferred to invert the matrix,. at every
integration step, in this work, in order to minimize the simulation time, a single
symbolic inversion of L is carried out so as to obtain an analytical mathematical model
of the machine(equation(5.17)). The symbolic matrix inversion is obtained by means of
the software package “Mathematica”[34] as:
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L 0 -L, 0
L] - I U B S N 523

LL-L°-L, 0 L, 0

0o - 0 L

The Electromagnetic torque,Te is given by [30] as:
T =2pr, isiy — i) (5.24)
2

where, P=Number of pole pairs.

5.4. Mechanical model of the machine

5.4.1. Mechanical model of the machine without coupling

The mechanical model of an induction motor comprises of the equations of motion of
the motor and driven load as shown in figure 5.3a and is usually represented as a
second-order differential equation[35].

Figure 5.3a. Motor mechanical model schematic without coupling.
Jmp29m = Te - TL (5'25)
Decomposing equation(5.25) into two first-order differential equations gives,

rY, =o, (5.26)

J(po,)=(T.-T,) (5.27)
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But,

®, =0,P (5.28)
6 =6,P (5.29)
where,

®,, =angular velocity of the rotor

@,, =rotor angular position

0. = electrical rotor angular position

@, = electrical angular velocity

Jn = combined rotor and load inertia coefficient
T = applied load torque

The block diagram representing the mechanical model of the machine without coupling
is shown in figure 5.3b.

Figure 5.3b. Block diagram of the mechanical model without coupling.
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5.4.2 Mechanical model of the machine with coupling

““‘

Figure 5.3¢c: Motor mechanical model schematic with coupling.

Figure 5.3c represents the motor mechanical model schematic for the motor-load
connection.
The equation of motion of the motor and the coupling is given by

d’o
T -M =J -
e w ml dl‘2 (5.30)

From equation(5.26),

do, d*6,

m

dt di’ (5.31)

Put equation(5.31) into equation(5.30), we have

dw
T -M =J =
e w ml df (5.32)

Similarly, the equation of motion between the coupling and the driven load is related by

do,
MW_TL:JLTL (5.33)

where,
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o _d6,,
mL dt (5.34)
By definition[85],

M, :Cw(em _emL) (5.35)
Taking the first derivative of equation(5.35), equation(5.36) results,

am, (de, de,,

"\ ar  di (5.36)

Substituting equations(5.26) and (5.34) into equation(5.36) we have,

dM

w

dt

= CW (a)m - me ) (5.37)

Therefore, the general equation of the coupled system with damping factor(dy,)
neglected can be expressed in matrix form as:

_ - _ T .
0 0 -
a, v o, I
| T
@, =0 0 - @ +| - J—L
' L L (5.38)
M, c, —cC, 0o [M. 0
where,

Jm1 = moment of inertia of induction motor
M,, = shaft torque

J. = moment of inertia of the D.C. motor
cw = stiffness constant of the shaft system
O = mechanical speed of the D.C. motor

The block diagram of equation(5.38) is shown in figure 5.3d. Generally, with damping
factor, dy included, equation(5.37) becomes as defined in [36],

d d T T
% :Cw(a)m _me)_ — W +dw S 5.39
dt J, J. J (5-39)

where,
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J _ ']mlJL
T — (']ml +JL) (5.40)

P I o 1

N AP

Figure 5.3d. Block diagram of motor mechanical model with coupling.

gm
—+ J
emL

5.4.3 Determination of the shaft system stiffness constant,c,,

Since it is difficult to measure experimentally the electromagnetic torque developed by
induction machine, effort is made to measure the shaft torque. To do this, the stiffness
consatnt, cy in equation(5.39)—which defines the time function of the shaft torque,
needs to be determined.

HolzweiBlig and Dresig[85] give the relationship between the shaft undamped natural
frequency, o4 and the shaft stiffness constant, cy, as,

0)2 =c (Jml +']L)
)

From equation(5.41), equation(5.42) results,

c :a)zd(Jmle)
U+ dy) G4

Figure 5.3e shows the measured shaft system oscillation and from which the undamped
natural frequency of the shaft system is estimated to be 80Hz(502.65rad/s). By
substituting the experimental values of the moment of inertia of the motor(J,,,;) and the
load(J.) together with the shaft undamped natural frequency in equation(5.42), the shaft
stiffness constant, ¢, becomes 14320Nm/rad.
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Torgue — |

[Nm]E”” R e B A S RS A R

1} [TBS224).CHY 1. ¥

i0 20 30 40 50 60 %o 80 [mgj'
Timne

Figure 5.3e. Measured shaft system oscillation waveform.

5.5. Steady-state machine model

Under balanced operation of an induction machine, the zero quantities of the stator and
rotor are zero. Also during balanced steady-state condition, the machine d- and q-
voltages and currents referred to the synchronously rotating frame are constant.
Therefore, in the development of the steady-state equations for the test machine, the
time derivatives of all currents in equation(5.12) are set to zero for o, equal to w.(In
synchronously rotating reference frame). This process results to the below steady-state
equations:

I/:1so Rs a)eLs 0 a)eLm lqso
I/;lso _ - a)eLs Rs o a)eLm 0 idso
0 0 (0, ~@,)L, R (0, ~o)L, |i,| 6493
L 0 4 (a)e — @, )Lm 0 - (a)e -, )Lr Rr _ _idro_
Where,

(5.44)
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and
Vgo = Steady-state q-axis stator voltage
V4o = Steady-state d-axis stator voltage

1gsosldso = Steady-state q- and d-axis stator currents respectively
1gro-ldro = Steady-state - and d-axis rotor currents respectively

The machine slip is defined as,
S — a)e - a)}’
w (5.45)

e

The electromagnetic behaviour of the machine under steady-state condition is described
by the equation,

Teo = 15PLm (iqsuidr() - idwiqm) (5.46)

5.6. Computer simulation and results

MATLAB m-file is developed and used for solving equations(5.17),(5.24) and (5.27)
for the dynamic model of the induction machine and equations(5.43-5.46) for the
steady-state model of the machine. The developed program accepts constant stator and
rotor quantities —such as resistances and inductances as inputs. These constant quantities
are found through the open-circuit test, blocked-rotor test and the retardation test carried
out on the 7.5KW Squirrel-cage induction machine. By supplying these input
parameters, the steady-state and the dynamic behaviour of the machine can be
predicted. The graphical representations for stator current, input power, output power,
torque, efficiency and power factor as a function of rotor speed are shown in figure 5.4.
Figure 5.5 shows the transient behaviours of the machine for the stator phase currents,
torque, speed ,linkage fluxes and d-q currents as a function of time.

Steady state analysis convantional model
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Figure 5.4: Conventional model steady-state characteristics.
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Transiant state analysis conventional machine model
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Linkage fluxes conventional model
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Figure 5.5.: Run-up characteristics of the simulated machine
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6 Machine models with skin-effect and saturation effect

6.1 Development of the equivalent circuit

In order to accurately represent the skin-effect phenomenon in a squirrel-cage induction
machine, two distinct methods have been proposed. The quasi-static method in which
the steady state values of resistance and inductance are first calculated for each speed
within the operating range represents the first[36,37]. The second method represents the
eddy-currents by additional circuit equations. The equations may be in the form of
lumped-parameter networks which are effectively a crude finite difference approxi-
mation to the field equations describing the eddy-current distribution[5]. The first
method produces unacceptable results at high frequencies. In this work, therefore, the
lumped-parameter networks model is applied. In order to account for changes of the
rotor inductance and resistance with changes in frequency, the rotor bar is divided into
sections as shown in figure 3.2.

To model the rotor bar, a T-configuration network is used according to the method
proposed by Babb and Williams[5]. From figure 3.2, the rotor bar resistance and
inductance for each section is,

L,
o = 6.1)
Zcu hsec bNul
L.h
L, ==l 6.2)
bNut

where,

Lo = Permeability of free space

bnue = Width of the rotor bar

It is important to note that equations(6.1) and (6.2) are modified to take account of all

the bars and subsequently referred to the stator to give “Rr” and “Lr” as shown in the
equivalent T-circuit of the induction motor, figure 6.1b and figure 6.1c.

—
Rs %X 11s Lo Re LI 12 L3 L4 L5
0—:1—0—-—“- —
- + Rotor
Bar
| R[] ] ] w ]
RI
. ’
—

Figure 6.1a: Equivalent T-Circuit; Configuration for 5-section rotor bar.
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Ll1s Lor

Vds ids Lm I

Rer Llor L

L3r L4r L5r

2r
iD1 Rlr H 2r[

iD2

Rer Llor L2r L3r L4r L5r

Figure 6.1c¢: Equivalent circuit for q-axis with rotor values referred to the stator

The rotor parameters of figure 6.1 are referred to the stator by using the transformation
factor,k and the values defined mathematically by,

Llr =k*L10
L2r =k*L2
L3r=k’L3
L4r =k*L4
L5r =k*L5
L10=Lor+L1or
Rer = k*Re
Rlr =k*R1
R2r =k’R2
R3r =k’R3
R4r =k’ R4
R5r = k*R5

where k; is defined thus[38]:

po kN
" om2\k,,N2
where,

m1 = number of phases on the stator
m2 = number of phases on the rotor

(6.3a)

(6.3b)

(6.3¢)
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kw1 = stator winding factor

kw, = rotor winding factor

N1 = number of series-connected turns per phase of the stator
N2 = number of series-connected turns per phase of the rotor

But,
m2 = (number of rotor bars)/(number of pairs of poles)
m?2 = Q (6.3d)

P
Seinsch[86] defines the relationship between the rotor bar resistance and the rotor
resistance as:

R
p (6.3¢)

bar

R, =

with the equivalent rotor referred resistance as,

12 7.2
R"” =k°R,, 6.30)

where,

P (6.32)

6.2 The machine D-Q model equations

The machine d-q model equations are derived by taken the Kirchhoff’s voltage
expressions for each loop in figure 6.1[28]. By using the reference frame fixed to the
rotor, the voltage equations for each of the loops become:

[A] Stator Equations—(fig.6.1b & fig.6.1¢)
Loopl

, di .
Vds = Rsi, —w, 4, + LISﬂ +Lm 2 4 L diDi 6.4)
‘ ‘ dt dt dt
i .
Vs = Rsi, + Ls 2% Lo i~ Ime il + Lm @P! (6.5)
dt ! dt

where,

Ls=Lls+ Lm (6.6)

di di j

Vqs = Rsi,, + @, A, + LIs——+ Lm—"+ Lm@ (6.7)

dt dt dt
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di, j
Vqs = Rsi,, + LSTq“ +Lsw,i, + Lm%+ Lmw,iD1
t

[B] Rotor Equations-(fig.6.1b &fig 6.1¢)
Loop2

VDL =0 = (Rer + RI)DL - RIriD2 + L1r 92 ¢ [y Sty g HD!

+Lm +Lm
t dt dt

VOl =0 = (Rer + RI7)iQl — R17iQ2 + L1 d;?l +Lm—l+ Lmd;—?l

Loop3

VD2 =0 = R1riD2 — R1riD1 + R2riD2 — R2riD3 + L2r diD2

diQ?2
dt

V02 =0 = R1riQ2 — R1riQl + R2riQ2 — R2riQ3 + L2r

Loop4

VD3 = 0= R2riD3 + R3riD3 — R3riD4 — R2riD2 + L3r diD3

dt
diQ3
dt

VO3 =0 = R2riQ3 + R3riQ3 — R3riQ4 — R2riQ2 + L3r

Loops

VD4 =0 = R4riD4 + R3riD4 — R3riD3 — R4riD5 + L4r diDd

VO4 = 0 = R4riQ4 + R3104 — R3iQ3 — RAriQs + Lar T124

Loop6

VDS =0 = R5riD5 + R4riD5 — R4riD4 + L5r diD3

VOS = 0 = R5rOS + RAFiQ5 — RariQ4 + L5y T2

[C] FLUX LINKAGES[A] DEFINITIONS
Ay = Lml(i,, +iD1)

Ay = Lmli,, +i01)

A
/1)71 — Lmq i+@
! Lis Llr

A, = Lmd A + AD1
Lls Llr

Lmg = Lmd =

1
+—

1
N
Lm Lls Llr

(6.8)

(6.9)

(6.10)

(6.11)

(6.12)

(6.13)

(6.14)

(6.15)

(6.16)

(6.17)

(6.18)

(6.19)

(6.20)

(6.21)

(6.22)

(6.23)
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A, = Llsi, + Lml(i, +iD1) (6.24)
A, = Lisi, + Lmli,, +i01) (6.25)
AD1 = L1riD1 + Lmli, +iD1) (6.26)
201 = L1riQ1 + Lmli,, +iQ1) (6.27)
AD2 = L2riD2 (6.28)
202 = L2riQ2 (6.29)
AD3 = L3riD3 (6.30)
203 = L3riQ3 (6.31)
AD4 = L4riD4 (6.32)
204 = L4riQ4 (6.33)
AD5 = L5riD5 (6.34)
205 = L5riQ5 (6.35)

[D] CURRENTS DEFINITIONS
The motor d-q currents are solved from the flux linkages expressions as:

1

ids = m(ﬁus - ﬁ*md) (6°36)

o

iy = (2, = 2y) (6.37)

iD1 = Ll (p1-24,, ) (6.38)

r

i0l = 1 (AQI —A ) (6.39)
Lir K

ipa = P2 (6.40)
L2r

i02 = AQ2 (6.41)

L2r
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AD3

D3 ="—"= 6.42
: L3r ( )
. 103
3=—"7- 6.43
03=75, (6.43)
iD4 = AD4 (6.44)
L4r
. 104
4 = 6.45
iQ L4r ( )
iD5 = ADS (6.46)
L5r
. 105
5=—" 6.47
iQ L5r ( )

6.3 Motor sets of differential equations

By substituting the d-q currents definitions into the stator and rotor voltage equations,
below expressions are derived.

L2r L4r

dA, Rs
= —yds+—4 -2 |+ A 6.48
a S I IS[ md ds] rgs ( )
aa . Rs
T —Vgs+—IA —A |—-w. A, 6.49
dt qs Lis [ mq qé] re7ds ( )
dAD1 _ Rer + Rl1r [ﬂmd ﬂDl] ﬂ D2 (6.50)
dt Llr L2r
dA01 (Rer+Rlr Rlr
_ A~ 201+ =202 6.51
dt ( Llr j[ m ~ 01 ] L2r 9 @D
diD2 _ (Rlr+R2r), . RIr (4., —iD1]+ R2r ;3 (6.52)
dt L2r Llr L3r
diQ2 Rlr + R2r Rlr R2r
= A02 — A =201 —l 3 6.53
dt L2r ) ¢ [ m ~ AL ¢ €
dAD3 _ ( R2r+R3r jﬂn R2r D0+ R—:’)rlD4 (6.54)
dt L3r
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d/lQ3:_ R2r + R3r 03+ QAQZ &1Q4 (6.55)
dt L4r
dAD4 _ R3r + R4r &w3 ﬂﬂ.DS (6.56)
dt L4r L3r L5r
dAQ4 _ R3r + R4r 04+ &1Q3 ﬂlQS (6.57)
dt L5r
dAD5 _ R4r + R5r R_4r/u)4 (6.58)
dt L5r L4r
d/;gtgsz R4r+R5r}Q5 R_4r/lQ4 (6.59)

6.4 Model equations in state variable form

In order to facilitate the digital computer simulation of the developed model, it is
necessary to put the differential equations in its state variable form with currents as state

variables:

V1= R+ L o [G T 6.0

But X=AX+BU (6.61)

Therefore, equation(6.60) can be rearranged to get

dT[:] =-[L]"(R]+ @, [G]li]+[L]"[V] (6.62)

Comparing equation(6.61) and equation(6.62), we have

A=-LI'(R]+o,[G)) (6.63)
=[L]" (6.64)

U=[V] (6.65)

X =[i] (6.66)

Where R, L,V.i and G are defined as:

i]=li, i, Dl iQ1 iD2 iQ2 D3 iQ3 iD4 iQ4 iD5 iQ5](6.67)
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(6.68)

[V]=[vds vgs 0 0 0 0 0 0 0 0 0 0]

(6.69)

-Lm 0 0 O O O O O O

—Ls 0
Lm

0
Ls

0 0000 0 0O
0 0000 0 0 O
0 0 000 0 0O
0 0 000 0 0O
0 0000 0 0O
0 0000 0 0O
0 0000 0 0 O
0 0 000 0 0O
0 0000 0 0 O
0 0000 0 0O
0 0 000 0 0O

Rs

Rs

0 - Rlr 0
— Rlr

R11

R11

0
— R2r

0
R22

0
- R2r

0
R22
0
- R2r

0
— Rlr
0

— Rlr

0

0

0
— R3r

0
R33
0
— R3r

0

— R2r

0

0
— R3r

0
R33

0
— R4r

0
R44
0
— Rdr

0

0
— R4r

0 0
R44

— R3r

0

0
R55

0

0
— R4r

0

R55

0

0

(6.70)

Where,

R11=Rer+ Rlr

Rlr + R2r

R22 =

(6.71)

R2r + R3r

R33

R3r + R4r

R44 =

R4r + R5r

R55
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Ls 0 Lm 0 0 0 0 0 0 0 0 0
0 Ls O Lm 0 0 0 0 0 0 0 0
Lm O Lmr O 0 0 0 0 0 0 0 0
0O Im O Lmr 0 0 0 0 0 0 0 0
0 0 0 0 L2r O 0 0 0 0 0 0
[L] _ 0 0 0 0 0 L2r O 0 0 0 0 0
0 0 0 0 0 0 L3r 0 0 0 0 0
0 0 0 0 0 0 0 L3r O 0 0 0
0 0 0 0 0 0 0 0 L4r O 0 0
0 0 0 0 0 0 0 0 0 L4r O 0
0 0 0 0 0 0 0 0 0 0 L5r O
0 0 0 0 0 0 0 0 0 0 0 L5r
) 6.72)
Where,
Lmr = Llr + Lm (6.73)

6.5 Model development with saturation effect

The values of the inductances used in the development of the dynamic equations for the
classical and skin-effect induction machine models were assumed to be constant. By so
doing, the models fail to take into consideration the saturation effects of the
magnetizing field. It has been proved beyond doubts by several authors[71,72,73,74]
that the stability and dynamic conditions of induction machine are highly affected by
saturation. Several methods have been developed in modelling saturation effect in
induction machines[74,75,76,77,78]-each differing in area of applications and of course,
in the part of the machine inductances that are assumed to saturate. In[74,75], induction
motor with saturable leakage reactances is modelled and simulated with the help of
analog computer and IGSPICE respectively. In He[73] and Levi[77] the effect of
considering the main flux saturation is investigated. A saturation model for leakage
inductances presents a difficult task in terms of analysis and computer time[74,75,78]. It
has been shown however, that the main magnetizing field contributes significantly to
the disparity between induction machines computer simulation  results and
experiment[73]. Therefore, to a very high level of accuracy the effects of saturation in
induction machines can be included by variation of the main flux inductance while
assuming the leakage inductances to be constant. However, where the stator and rotor
currents are expected to be very high values, inclusion of the leakage inductance
saturation becomes imperative[74,75]. In this work, saturation due to the influence of
the main flux inductance is considered. The application of this method requires that the
no-load saturation curve of the machine be known. The saturation curve of the induction
motor determined by taking the motor no-load current measurements with balanced 3-
phase, 50Hz voltages applied to the stator windings without mechanical load on the
motor is shown in figure 6.2
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Figure 6.2: No-Load Saturation curve.

The voltage increments start below rated voltage on the linear portion of the curve and
normally continue to somewhat above rated voltage well beyond the knee of the curve.
It is important to add that measurements above rated voltage should be taken as quickly
as possible to avoid over heating of the stator windings and consequent breakdown of
the machine. Because the loss component of no-load current is very low compared to
the magnetizing component, the measured no-load current values may be assumed to be
all flux-producing currents without loss in accuracy. Due to very low slip at no-load, the
secondary branch impedances become very high referred to the stator. This practically
eliminates the participation of the rotor circuit leaving only the stator leakage(Lls) and
the magnetizing branch(Lm) to contribute to the no-load saturation curve shown in
figure 6.2. Since the stator leakage inductance,Lls is assumed constant, then the
magnetizing inductance can be extracted from figure 6.2. By so doing, figure 6.3
results.
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Figure 6.3: Saturation characteristic curve.
In order to find an analytical expression for the saturation characteristic curve of figure

6.3, a curve-fitting method which employs the algorithm of Marquardt[79] is employed.
Figure 6.4 shows the approximated curve with the estimated function as:

Lm =0.064i* —0.94i +2.4i> —1.4i, +230[mH] (6.74)
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Figure 6.4: Saturation Curve and Polynomial approximation.
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The magnetizing current, iy, is defined as,

i, =i +ig (6.75)

and
iy =iy +i, (6.76)
i, =i, +i, (6.77)

By storing the analytical expression in the computer, the value of the magnetizing
inductance in both the induction machine conventional and Skin-effect models can be
updated at each integration step.

6.6 Steady-state machine model

In consideration of the steady-state equation of the induction machine with skin-effect,
the time derivatives of current in equation(6.60) are set to zero with the rotor speed
constant and the machine d- and g-voltages and currents referred to the synchronously
rotating reference frame. By so doing, the resultant algebraic equation can be expressed
in compact form as,

v.1=1z,1i,] (6.78a)
and

i, ]=[z,]"[v,] (6.78b)
where,

li,]=lid, ig, iDlo iQlo iD20o iQ20 iD30 iQ30 iD4o Q4o iD50 iQ50]

(6.78¢)
|
V.]=[vd, Vg, 0 0 0 0 0 0 0 0 0 0] (6.78d)
and
[ Rs - Lsw, 0 — Lmo, 0 0 0 0 0 0 0 0
Lsw, Rs Lmaw, 0 0 0 0 0 0 0 0 0
0 (0, —@,)Lm RI1 (0, -@,)Lr —Rlr 0 0 0 0 0 0 0
(0, - @, )Lm 0 (0, -0, )Lr R11 0 -RIr 0 0 0 0 0 0
0 0 —RIr 0 R2 0 -Rwr O 0 0 0 0
2.]- 0 0 0 —RIr 0 R2 0 -Rxr 0 0 0 0
° 0 0 0 0 -R2r 0 R33 0 —R¥ O 0 0
0 0 0 0 0 —-R2 0 R3 0 —R¥ O 0
0 0 0 0 0 0 -R¥ 0 R4 0 —Rér 0
0 0 0 0 0 0 0 -R¥ 0 R4 0 —R4r
0 0 0 0 0 0 0 0 —R4r 0 R55 O
0 0 0 0 0 0 0 0 0 —R&r 0  R55 |
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where R11, R22, R33, R44 and R55 are as defined in equation(6.71). By solving
equation(6.78b) together with equation(5.33), the steady-state with skin-effect
performance as shown in figure 6.5 results.

Steady state analysis with skin-effect
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Figure 6.5: Steady-state performance curves with skin-effect.

In order to investigate the effect of saturation on the steady-state performance of the
machine, the estimated function of the magnetizing inductance given in equation(6.74)
is substituted in equations (5.30) and (6.78b)—thereby making the value of the
magnetizing inductance in these equations to be varying. The steady-state magnitude of
the rotor bar currents for each section as a function of rotor speed is shown in figure 6.6.
Figure 6.7 depicts the rotor bar currents for each section as a function of rotor speed and
with saturation effect included.
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Figure 6.8 and figure 6.9 show the computed steady-state performances with saturation
effect for conventional and skin-effect machine models respectively.

Steady state analysis with saturation effect
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Figure 6.8: Steady-state performance curves with saturation effect.
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6.7 Computer simulation and results

In order to predict the dynamic performances of the machine, the model equations in
state variable form with currents as state variables are used. MATLAB function
program which describes the differential equations of the machine in dynamic condition
as discussed in section 6.4 is developed. Together with the mechanical model of the
machine as shown in section 5.4, the transient behaviour of the induction machine at
run-up can be simulated. It is assumed that the rotor and stator currents are initially at
zero. The program also incorporates the analytical expression of the magnetizing
inductance in order to investigate the effect of saturation on both steady-state and
dynamic behaviours of the machine. The rotor circuit parameters as shown in table 4.1
are referred to the stator and subsequently used for the simulation involving skin-effect.
The steady-state performance curves are shown in figures(6.5-6.9). Figure 6.10 and
figure 6.11 show the transient behaviours of the simulated machine for the stator phase
currents, torque, speed, linkage fluxes and d-q currents as a function of time with skin-
effect and saturation effect included respectively. In figure 6.12, the transient
behaviours of the simulated conventional machine model with saturation effect are
presented.
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D-axis currents with skin-effect
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Q-axis currents
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Figure 6.10: Transient state performances of induction machine with skin-effect.
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D-axis currents
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D-axis linkage fluxes with skin and saturation effects
2z 0.1
1t 0.05
— w
(7]
2 g E 0
X o
a a
-1 -0.05
-2 . -0.1 -
0 0.5 0 0.5 1
Time[s] Time[s] Time[s]
0.2 0.2 0.02
0.1 01 0.01 1
7 Q) g
E. 0 E[} 8 0 |
& & g
-0.1 -0.1 -0.01
-0.2* : 02 4 -0.02 b
0 05 0 05 05 1
Time[s] Time[s] Time[s]
Figure 6.11d
Q-axis linkage fluxes with skin and saturation effects
1.5 1 0.1
1!
=5
i 0.05 i
v L=} =
2 o @ go —
i 0.5
* 05 B
-0.05
-1 -1
-1.5 . -15 + -0.1
0.5 1 0 0.5 0 0.5 1
Time[s] Time[s] Time[s]
0.2 02 0.02
01 0.01 1
W — w
& = \ &
g g0 g0
& I a
o
-01 -0.01
e 05 1 0% 05 0% 05 1
Time[s] Tima[s] Tima[s]

Figure 6.11e



6 Machine models with skin-effect and saturation effect 75
Stator phase and rotor bar currents
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Figure 6.11: Transient state performances of induction machine with skin and

saturation effects.
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D-Q axis currents with saturation effect
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Stator phase currents with saturation effect
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Figure 6.12: Transient state performances of conventional induction machine model
with saturation effect.

6.8 Models simulation results comparison.

In order to visualise the effects of skin and /or saturation effects on the steady and
transient states performances of induction machine, the results of the simulation
involving skin-effect and saturation effect models have to be compared graphically with
that from the conventional model. By so doing, figure 6.13 for the steady-state model
and figure 6.14 for the transient state model result.
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Steady state analysis comparison
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Figure 6.13: Steady-state models comparisons.
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Transient state analysis comparison
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Transient state analysis comparison
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7 Induction machine thermal modelling

7.1  Losses in induction machine

Consideration of losses in induction machine is important not only in the determination
of the machine’s efficiency but also in the heating of the machine and hence the rating
or the obtainable power output without undue deterioration of the insulation. Losses in
induction machines can be broadly classified into: Stator losses, Rotor losses and
Rotational losses.

7.1.1 Losses calculations

Ohmic Losses

Ohmic losses are load losses emanating from currents flowing through the stator and
rotor windings. These losses are dependent approximately on the square of the load
current. The ohmic losses of the stator and rotor are given mathematically by

P, :3Rs[s2 (7.1)

2
P, =3R1, (1.2)
Where,

R, = Stator resistance

I = Stator current per phase

R; = Rotor resistance

I; = Rotor current per phase

The stator and rotor resistances are dependent on the motor temperature. Therefore, the
measured resistance at room temperature(d,) must be corrected to a specified
temperature( & ). The correction for the resistance change with temperature can be made
by

K+6
K +6,

Where R is the corrected resistance at 6, and K is equal to 245 for Aluminum and 235
for Copper.

R=R (7.3)

Iron Losses

The iron losses consist of the eddy current losses and hysteresis losses. Iron Losses are
dependent on the machine’s flux which in turn is almost proportional to voltage. Iron
losses in a Squirrel-cage machine can be broadly divided into three:

° Iron losses in the machine yoke, Prejy
° Iron losses in the stator teeth, Prei
. Iron losses in the rotor, Preor

The hysteresis losses, according to Steinmetz law are proportional to frequency and to
Buma "> depending on magnetic saturation. The eddy current losses are proportional
to the square of the frequency and also to the square of the maximum value of flux
density. The empirical form of these losses is given by Klamt[58] as:
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f

_ 2
P,=0,—=—B"m -
2
S
P.=c.|A,—B|m
E E Fe 100 (7.5)
100 ’
PFeZPH+PE:|:GH7+GEAF62:|(ﬁ) le’l’l (7.6)

O, =Hysteresis loss Coefficient

O j =Eddy-current loss Coefficient
A, =the thickness of the lamination sheet
m = mass

f = frequency
B = magnetic flux density

The total iron losses, Pr.r becomes,
7.7

PFeT = PFelY + PFelT + PFe2R
PF 7 @eH[Y +B’eﬂY +BTeH[T +B’eﬂT +B*"eI-BR +B’el*2R (7.8)
e — o - J (- - J (- — J/ .

PFelY PFelT PFeZR

The parameters oy, 6 and m in equations(7.4-7.5) are material dependent and can be
eliminated by normalizing the equations and expressing the iron losses as factors

dependent only on magnetic flux and frequency.

[ g :

o, —2B
Py _ 7100 _ S|
PNH o fiNBZNm fN Yy (79)
7100
2
p GE(AFelg;B)m y 2 v 2
£ = = 7.10)
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By Aeﬁf iy Wy (7.11)

y = magnetic flux

N = rated magnetic flux
A= effective Area

fx = rated frequency

The magnetic flux in the stator and rotor can be expressed respectively as,

2 2
W1:\/W ld T ¥ g (7.12)

v, = \/ Wi+ (1.13)

Application of equations(7.9-7.10) requires that the machine’s rated stator and rotor
frequency as well as the rated iron losses in equation(7.8) be determined. The
determination of these rated losses of the machine can be achieved by subdividing the
total rated iron losses in the manner reported by [82]:
1. A factor Kg is used to distribute the total iron losses between the stator and the
rotor.

| = KSPFeT (7.142)

Froor =Fen = (1 — K )PFeT (7.14b)

2. The stator iron losses are further distributed between the teeth and the yoke with
a factor Kr.

P FelY — K T P Fel (7.15a)

Prar = (1 -K; )P Fel (7.15b)

3. The calculated losses in (1) and (2) can now be shared between hysteresis and
Eddy-current losses using the three constant factors, Hy, Hr and Hg.

PF

ey = HyProy (7.16a)

])FeEly — (1 —H, )PFe1Y (7.16b)
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Prnr = Hp Pryir (7.16¢)
Propir = (1 —-H; )P FelT (7.16d)
PFeHZR =HpBppr (7.16¢)
Prompr = (1 -H, )P Fe2R (7.16f)

The rotor frequency is expressed as

L=f=h-TF (7.17)

By substituting equations (7.14), (7.15) and (7.16) into equations(7.9) and (7.10), the
below equations result.

2
Py = Hy K K Py L(ﬂj (7.18a)
Jiv Wiy
y 2 2
Py = (1 -H, )KTKSPNFeT £_lj (ﬂj (7.18b)
Jiw Yin
y 2
Promir :HT(I_HT)KSPNFeT —1( % j (7.18c¢)
v \ Vv
y 2 2
W
PFeElT = (1 _HT )(1 _KT )KSPNFeT[_IJ [_IJ (7.18d)
Jin ) Wiy
f 2
%
Proor = Hpy (1 — K )PNFeT ? 2 (7.18¢)
v N\ ¥on
f 2 5 2
%
Fromr = (1 —H, )(1 — K )P NFeT 2 (7.181)
ov ) \ Vo

The loss distribution factors Ks, Ky, Hy, Hr and Hg differ for different machines
depending on construction and the material used and can be gotten from the
manufacturer’s data or from experiment. For the test machine, these factors lie between
0.3 t0 0.99.
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Mechanical Losses

The mechanical losses often referred as friction and windage losses consist of brush and
bearing friction, windage, and the power required to circulate the air through the
induction machine and ventilating system, if one is available. The total mechanical
losses can be determined by carrying out the no-load test on the machine. By plotting
the input power against the square of the phase voltage and then extrapolating to zero
voltage, the intersection on the input power axis gives the total friction and windage
losses. Figure 2.2 shows the total friction and windage losses of the test squirrel-cage
induction motor conducted in this manner. However, the friction and windage losses
have been noted to have very negligible effect on heating the machine.

Additional losses
Additional losses in induction machines can be treated as stray losses. These losses are
due to the non-uniform current distribution in the copper and the additional core losses
produced in the iron by distortion of the magnetic flux by the load current. The stray
load losses consist of the following components—especially when the motor is operated
at high frequency[60]:

e Surface losses in the stator
Surface losses in the rotor
Pulsation losses in the stator teeth
Pulsation losses in the rotor teeth
Losses in the squirrel-cage winding
Losses due to skewing with uninsulated cast aluminum squirrel-cage windings.
The additional losses are difficult to determine accurately. However, a considerable
volume of work has been done and published on this subject and the causes of the losses
and their determination are well established[61,62,63,84]. In this work, the stray load
losses, which represent about 1.8% of the machine rated power as reported by [88], are
taken into consideration and added to the rotor losses. The test machine power losses at
No-load, rated load and blocked rotor operations at 50Hz were calculated by program
based on finite-element analysis(FEA) of electromagnetic fields[87]. The distributions
of these losses are presented in figure 7.1a, figure 7.1b and figure 7.1c for the various
operating conditions.

Power losses at No-load
350‘ B T T T T T

300 -

250
150 I
100 ]
50 -
o - | B | I |
Pf Ps Pr Ph

Pstr

Power losses[W]
]
(=]
o

Figure 7.1a: Power losses of the 7.5K'W motor at No-load.
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Power losses al rated-load
T

1000 T

Power losses[W]

Pf Pstr Ps Pr

Figure 7.1b: Power losses of the 7.5KW motor at rated load.

Power losses at blocked rotor, Vrms=500V,Irms=484,
35 T T

Ph

8 t

=k
o
T

Power losses[KW]

10+

Pf Pstr Pr Ps

Figure 7.1c:. Power losses of the 7.5KW motor at blocked rotor.
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Where,

Pf = friction and windage losses
Pstr = stray losses

Ps = stator winding losses

Pr = rotor winding losses

Ph = iron core losses

7.2 Heat transfer theory

In order to calculate the thermal resistances of a thermal network, a background
knowledge of heat transfer is appropriate. Three modes of heat transfer are considered
for the calculation of the thermal resistances: Conduction, Convection and Radiation.

Conduction
The general equation governing heat conduction in rectangular coordinate system(x.,y,z)

is given by[64]:

1060 _ 0’0 00 66’

+ — 7.19
ada a9 = KQ (7-19)
and
a= X (7.20)
PCp
Where,

¢p = Specific heat of material [J/(Kg °O)]
Q = heat generation rate, [W/m ]

p = density of material,[kg/m’]

K = thermal conductivity, [W/(m.°C)]

6 = temperature, [°C]

For one-dimensional analysis, which is applied in this work, the general expression for
the conductive heat transfer is given by Fourier’s law as:

g=-k28 (7.21)

where,

q= heat flux, [W/m?]
x= distance,[m]

Therefore, the thermal resistance between two points becomes,

X, =%

Rm: A

(7.22)

Where A is the cross-sectional area,[m?].
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Thermal conductivity of most solid bodies varies very little with temperature.
Pertinently, for a one-dimensional analysis, thermal resistance of a solid body can be
taken to be constant. Table 7.1 shows the values of thermal conductivities of some
materials used in the test machine.

Material Part K[W/m.K]
Al-Si 20 Frame 161
Steel(0.5 % C) Shaft 54
Aluminum Rotor cage 240
Carbon Steel(1.5 % C) Stator core and Rotor core |36
Copper Stator winding 386
Unsaturated polyester Stator winding | 0.2
impregnation and  slot
insulation
Air at 300K Airgap, Ambient air 0.02624

Table 7.1: Thermal conductivities of the machine parts.

Convection
Heat transfer as a result of convection is described by

g=hl0,-6,) (7.23)
Where,

6, = the temperature of the surface
@ ¢ = the temperature at a distant point from the surface

The coefficient of heat transfer, h, is dependent on:
e the nature of flow(laminar or turbulent)
e the body geometry
o the average temperature and physical characteristics of the fluid
e the nature of the heat transfer (natural or forced)
These dependencies can be expressed as a function of dimensionless numbers:

h. = f(Nu,Pr,Gr,Re) (7.24)

The first term in equation(7.24) is the Nusselt number and is related to heat transfer
coefficient by

_ h.x

" (7.25)
k

N

Where x is a characteristic length and kg is the thermal conductivity of the fluid.
The second term in equation (7.24) is the Prandtl number expressed as,

p =
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Where,

c¢= fluid specific heat,[J/Kg°C]

p= fluid dynamic viscosity, [kg/ms]

The third variable in equation (7.24) is the Grashof number which expresses the ratio of
buoyancy to viscous forces:

_ 3
G - gﬁ(&’wv2 0, )x (7.27)

Where,

v =kinematic viscosity, [m?/s]

g = acceleration due to gravity,[9.81m/s” ]

B = thermal expansion coefficient, [1/°C]

The last variable in equation(7.24) is the Reynolds number,Re given by

pU x

7,
Where,

R = (7.28)

p=tluid density,[kg/m3]
Ug =tluid velocity,[m/s]

In free convection, the fluid motion is sustained by the buoyancy forces while in forced
convection the motion is maintained by external means such as fan, pump or rotating
element. The ratio of the Grashof number to the square of the Reynolds number gives
an important factor that distinguishes the mode of convection mechanism in a given
medium.

That is,

= (7.29)

if Ko >>1, free convection dominates

if Kgr <<1, forced convection dominates

However, in electrical machines forced convection dominates. For air-cooled electrical
machines, the empirical formula for the heat-transfer coefficient given by[59] is in
order.

B e =65+0.05(0, -0, ) (7.30)

c— free

Equation(7.30) is used to estimate the heat transfer from the machine frame to ambient
air for the test machine. The thermal resistance due to convection is estimated by

1
R, =—— 7.31
"= A (7.31)
Radiation

The net heat transfer by radiation between two real bodies is derived from the Stefan-
Boltzmann’s law and given by[64] as,
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g, =45 -6 (7.32)

where,

A = area of surface one
g1=emissivity of surface one, [0 <¢< 1] .For Iron, £ =0.96 and for Aluminum, € =0.08.

8 = Stefan-Boltzmann constant, [5.6697x10® W/(m>.K%)]
The thermal resistance to the surroundings due to radiation is given by

0, -0,

R = 46,5001 -07) (7:33)

The heat transfer mechanism in the 7.5KW Squirrel-cage induction machine is shown in
figure7.2.

Ambient
(Convection
and Radiation)

Stator
(Conduction)

Air-gap
(Conduction)

Rotor
(Conduction)

Figure 7.2: SCIM heat transfer mechanism.

7.3 Thermal network model theory

In a thermal network model, it is assumed that all the heat generation in the component
is concentrated in one point—usually referred as the node. A node connotes the mean
temperature of the component. In a thermal network model as shown in figure 7.3, each
node is assigned a thermal capacitance, Cy, and heat flowing between nodes and
represented as current source,Pg is passed through thermal resistance,Ry.

Thermal network models as applicable to electrical machines range from one
dimensional to three dimensional. However, a two dimensional or three dimensional
thermal network models
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can be developed by connecting several one-dimensional models together in the point of
the mean temperature. A detailed analysis on this principle is given by Mellor[39].

Ti(internal conductor)
L 4

PG<:E> —_— R

@
T.i(ambient air)

Figure 7.3: Thermal network model.

For small induction machines, the machine elements are represented by the temperature
rise with the ambient air temperature taken as a thermal reference. The heat
generation,Pg as in electrical machines represents the losses in the machine parts(e.g
Stator, Rotor,etc). The thermal capacitance,Cy, of an element is usually calculated from
the geometry and material data of the element. It is expressed as,

C, =pC,V (7.34)

Where,
V=volume of the element
o = material density

C, = specific heat capacity of the material

Thermal network model offers both steady and transient states solutions for the
temperature difference between the element and the ambient air temperature. The
general transient equation for a thermal network with n nodes and each linked to the
others through thermal resistances, Rj; is expressed thus:

" 0 -0

qﬁi=3—2’ s (7.35)
dt < R,

Where,

1= 1....... n

C; = node thermal capacitance

0; = node temperature rise

Rjj = thermal resistance between adjoining nodes i.j
P; = heat generation at node i
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In matrix form, equation(7.35) can be expressed as,

e AN AR AN ') (7.3

Where the thermal capacitance matrix (C, ), the loss matrix (P,), the temperature rise

matrix (8, ) and the conductance matrix (G, ) are defined as,

0
0

a

0
C
0 C, - - -
[c]= (1.37)

5]

o O
o

|

|

|
oS O O

_Pl_
P2
P3
[Pr]: B (7.38)
_P"_
_01_
0,
93
o 1= - (7.39)
_0’1_
ZGU G1,2 G13 - - = Gl,n
i=1
_GZI sz,, G23 - - = _GZn
i=1
[Gt _ _G3,1 _G3,2 ;Gm - - = _G3,n (7_40)
_Gn,l _Gn2 _Gn? - - - ZGVI!
L i=1 _
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In equation (7.40),
1
Gl,: :R_ ,etc (7.41)

1,
Also due to symmetry,
Gl,z = Gz,l and

Gi3=Gg ete.

Under steady-state conditions, the thermal capacitance can be considered at full
e,

capacity dt |, and therefore disappears from the transient state equation. By so

doing, equation (7.42) results,
n —
n-3 o
i .
i=1...n 7.42
]:1 RZ, r ( )

]

In matrix form, equation (7.42) becomes,

[Pt ] = [Gt ][Bt ] (7.43)

0.]1=1[G,]"'[P,] (7.44)

7.4 Developed thermal model for the test machine

The thermal network model for the squirrel-cage induction machine is developed
according to the principles reported by Kessler[43]. Figure 7.4 shows the typical
construction of a Squirrel-Cage induction machine. In developing the thermal network
model, the machine geometry is divided into basic elements and each element being
identified by a node in the thermal network with its corresponding thermal capacitance
and heat source. The choice of subdividing a machine into elementary components
remains a compromise between the simiplicity of the model and the accuracy required
of the results[65]. It has been shown by Kylander[40] that high level of accuracy could
be achieved by modest subdivision of the induction machines geometrical parts. The
developed thermal network model is shown in figure 7.5. The model consists of
11nodes and 15 thermal resistances. In the model, the stator of the machine has
networks for the stator iron, stator winding and the end windings. It is assumed that the
heat transfer from the rotor winding through the air-gap goes directly to the stator
winding with negligible impact on the stator teeth. The rotor part of the machine is
divided into the rotor iron, rotor winding and the end rings. By connecting the networks
for the rotor, stator and frame together, the thermal network model for the machine is
realised. In the model, the electromagnetic losses are given as input values. These losses
are as shown in section 7.1. The values of the thermal resistances and capacitances were
calculated with the equations presented in section 7.2 and the values presented in the
appendix.



7 Induction machine thermal modelling 95
16 10 15
hd / |
/ [
| 2
sz \ | P
11 >
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1. Frame 6. Rotor iron 11.,12. Bearing
2. Stator iron 7. Rotor winding 13.  Fan
3. Stator winding 8.,9. Endrings 14. Cooling ribs
4.,5. End windings 10.  Ambient air 15. Air gap
16. Stator teeth
17. Shaft

Figure 7.4:Typical Construction of Squirrel-Cage Induction Machine.

7.5 Mathematical representation of the proposed thermal model.

The system of algebraic and differential equations which describes the thermal
behaviour of the developed thermal network model under steady and transient
conditions respectively are presented.

7.5.1 Transient state thermal model equations

The transient thermal network equation presented in section 7.3 is used to develop the
transient state thermal model equations for the induction machine thermal model of
figure 7.5. The equations taken node by node give:

pocd0 1

16

b 4O,
P dat R,
do,

P, =C, -
23

1
?"'_(91 _Hkh)+R_(91 _92)

12

23 26

35 34

1 1
W0, -0)+ 0,00+ 0. -0)

1 1 1
+_(93 _92)+R_(93 _95)+R_(93 _94)

(7.452)

(7.45b)

(7.45¢)
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Figure 7.5: Thermal network model representation for the 7.5KW induction machine
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97

do,

P, =C4?+RL34(64 —0,)+ - ©,-6,)
P, =C5%+é(95—911)+%35(95 -0,)
P, = Cﬁ%JrRL%(e6 —ez)Jr%(e6 -0,)
P, =C7%+RL79(07 —09)+RL78(07 —08)+RL67(07 -6,)
P, =C, 40, L(eg —497)+L(498 -6,)
7 810
P, =C, dZ" + 1“ ©, —0“)+RL79(99 -0,)
P, =Clo%+ﬁ(@0 —94)+ﬁ(em —98)+i
P, =C, %Jri(e11 —495)+%H(4911 —499)+%(4911 -6,.)

1

(010 - eka)

(7.45d)

(7.45¢)

(7.45f)

(7.45g)

(7.45h)

(7.45i)

(7.45))

(7.45K)

Re-arranging equations(7.45a-k) in a form amenable to computer simulation, we have

dé 1 1 1
: __[Pl __(‘91 _ekb)_R_(el _02)J

dar G

49, _ 1
dt G,
40, _ 1
ot C,
o, 1
dt - C,
do; 1
dt C,

Rlb

12

P - (0.-0)-——0.-0.)-——. —HG)J

RIZ

1
P4 __(94 _93)__

34

1

23

1

35

1

410

©, -0, )]

Ps __(05 _011)_%(95 _93)j

511

35

26

1 1
—_(P3 _R_%(03 _02)_R_(03 _05)_R_(03 _04)

34

|

(7.462)

(7.46b)

(7.46¢)

(7.46d)

(7.46€)
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dZﬁ _ C% P _Ri%(e6 _92)_1%67(96 —97)] (7.461)
e e e e 0]
%:c% pg—ﬁ(eg—@)—i(eg—em) (7.46h)
2 :CLQ A _%(eg _en)_RLn(eg -9,) (7.46)

do 1 1 1 1 .
= _(Plo __(910 _94)_R_(910 _08)__(010 _eka )) (7.46j)

dt CIO R410 810 10a

e, 1 1 1 1
—=—|P,—0,,-6,)- 6,-6,)—-———, -0 7.46k
e Ll RS (RS 0] RS

In matrix form, equations(7.46a-7.46k) become,

1
J

—

o
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(G, -G, 0 0 0 0 0 0 0 0 076
-G, G, -G, 0 0 -G, 0 0 0 0 0 |9
0 -G, G, -G, -G, 0 0 0 0 0 0 |0
o o0 -G, G, 0 0 0 0 0 -G, 0 |9
o 0 -G, 0 G, 0 0 0 0 0 -G,,||9s
o -G, 0 0 0 G, -G, 0 0 0 || 06 [(7.46D)
o 0 o0 0 0 -G, G, -Gg -G, 0 0 ||,
o 0 0 0 0 0 -G, Gy, 0 -G, 0 |6
o 0 o0 o0 0 0 -G, 0 G, 0 -G,|6,
0 0 0 -Gy O 0 G 0 Gioo 0 0,
L 0 0 0 0 -G 0 0 -G 0 G1111_ _611_

te 4o

The enteries of the G¢matrix are defined as in equations(7.49a-7.49Kk). Ok,, Okp and Oy
are the ambient temperatures and are assumed to be constant.

7.5.2 Steady-state thermal model equations
Generally, the algebraic steady-state temperature rise in a thermal network is given by

[6,]=[G,]'[P] (7.47)

The variables 0,G; and P; have been defined previously in section 7.3. Applying
equation (7.47) to the developed thermal network model of figure 7.5 the following
expressions result:

[Pf ] = [])1 + ekbGlb P2 P? P4 PS P6 P7 P8 P9 gkaGIOa ekcGl lc ][ (7.483)

[0]=6, 6, 0, 6, 6, 6, 6, 6, 6, 6, 6,] (7.48b)

G, -G, 0 0 0 0 0 0 0 0
-G, G, -G, 0 0 G, 0 0 0 0
0 G32 G33 - G34 - G35 0 0 0 0 0

0 0 -G, G, 0 0 0 0 0 -G,
0 0 -Gy 0 Gss 0 0 0 0 0
G,]=] o -G, o 0 0 G -G, 0 0 0
0 0 0 0 0 -G, G, -G, -G, 0

0 0 0 0 0 0 -Gy Gy 0 -Gy
0 0 0 0 0 0 - G97 0 G99 0

0 0 0 -G 0 0 0 =G 0 Goi
0 0 0 0 -G, 0 0 0 -G, 0

(7.48¢)

o Qoo oo Qo o o o

o

Gllll |




100 7 Induction machine thermal modelling

Where,

G =GntGn (7.492)
G2z = G21+G23+Goe (7.49b)
G353 = G32+G351tG3g (7.49¢)
Gus = Gus+Garo (7.49d)
Gss = Gs31+Gspy (7.49¢)
Ges = GeatGer (7.49%)
G77 = G75tG791Gr6 (7.492)
Ggs = Gg71Ggio (7.49h)
Gog = Go7+Gor1 (7.49i)
G1010=G1041tG10aT G108 (7.49))
G111=Gi15+Gi1ctGrig (7.49Kk)

7.6 Computer simulation and results

The developed thermal model gives rise to a set of algebraic and differential equations
which describe the thermal behaviour of the machine under steady and transient
conditions respectively. MATLAB m-files are developed for half of the machine in
order to determine the average temperature rise in the various parts of the machine. This
reduces the set of differential equations to eight. Temperature rise of the machine parts
is computed from the state equations using Runge-Kutta numerical method[68,69]. By
incorporating the ambient temperature, rotor iron, rotor winding, end ring, stator
lamination, frame, stator winding and end winding temperatures under steady and
transient conditions are then computed. Table 7.2 shows the computed and measured
steady temperatures for the test machine at No-load, rated load and blocked rotor
conditions. Figure 7.6, figure 7.7 and figure 7.8 show the simulated temperatures of the
test machine under No-load, rated load and blocked rotor operations respectively.

Model component Predicted temperature[°C] | Measured
(Steady state) temperature[°C]|
(Steady state)

Frame 40.12 44.80

Stator lamination 47.60 -

Stator winding 51.72 50.13

End winding 52.91 51.81

Rotor iron 53.04 -

Rotor winding 53.17 -

End ring 53.75 52.1*

Table 7.2a: Measured and predicted steady state temperatures at No-load
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Model component Predicted temperature[°C] | Measured
(Steady state) temperature[°C]
(Steady state)

Frame 54.71 56.30

Stator lamination 67.60 -

Stator winding 82.96 82.13

End winding 91.26 85.93

Rotor iron 83.67 -

Rotor winding 84.12 -

End ring 88.30 84.5*

Table 7.2b: Measured and predicted steady state temperatures at rated load

Model component Predicted temperature[°C] | Measured
(Steady state) temperature[°C]
(Steady state)

Frame 24.41 23.1%*

Stator iron 37.08 42.25

End winding 88.78 88.43

Rotor iron 30.94 -

Rotor winding 32.86 46.30

End ring 84.45 95.35

* measurement done with the infra-red instrument.

Table 7.2¢: Measured and predicted steady state temperatures at blocked rotor

Graph of temperature rise against time at No-Load operation
55 : : : .
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B
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Figure 7.6a: Predicted temperatures at No-load
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Graph of temperature rise against time at No-Load operation
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Figure 7.6b: Predicted temperatures at No-load

Graph of temperature rise against time at rated Load
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Figure 7.7a: Predicted temperatures at rated load
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Graph of temperature rise against time at rated load
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Figure 7.7b: Predicted temperatures at rated load

Graph of temperature rise against time at blocked rotor operation
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Figure 7.8a: Predicted temperatures at blocked rotor.



104 7 Induction machine thermal modelling

Graph of temperature rise against time at blocked rotor operation
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Figure 7.8b: Predicted temperatures at blocked rotor.
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8 Measurements

8.1 Test Machine

The test machine is a KATT VDE 0530, Class F insulation, surfaced-cooled squirrel-
cage induction motor. The rated power, speed, and current are 7.5KW, 1400rpm and
19.2A respectively. The test machine is a four-pole motor with 50Hz rated frequency
and 340V rated voltage. Figure 8.1 shows the test machine.

Figure 8.1: The 7.5KW test motor.

The slot geometries and the schematic diagram of the stator winding of the test motor
are shown in figure 8.2 and figure 8.3 respectively. The parameters of the test machine’s
equivalent circuit together with the geometrical and winding data are given in table 2.1.

stator rotor
slot slot

Figure 8.2: Slot geometry of the test machine.
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Figure 8.3: Schematic diagram of the stator winding of the test machine.



8 Measurements 107

8.2 Measurement of electrical and mechanical quantities of the motor

Several experiments were carried out on the test machine. The No-load test was carried
out at rated frequency and with balanced polyphase voltages applied to the stator
terminals. Readings for current, voltage, electrical power and speed were taken after the
motor has been running for a considerable long period of time necessary for the
bearings to be properly lubricated. Locked-rotor test and test with the injection of D.C.
current in the stator windings were made at standstill. The retardation test was carried
out at No-load with and without additional standard mass. The load test was carried out
with constant load and frequency at a sinusoidal stator windings voltage. The test
machine is star-delta connected, operated as motor and was loaded by 7.6KW D.C.
machine as shown in figure 8.4.

Figure 8.4: Test machine experimental set-up during rated load operation.
Test machine(A),Coupling system(B),Digital-Real-Time Oscilloscope(C),Load
D.C.machine(D),Mechanical speed leads(E),Computer(F).

Measurements of the test machine’s transient stator currents, stator voltages, shaft
torque and speed were made during run-up of the machine. The mechanical speed
leads(E) as shown in figure 8.4 were taken through the speed terminals of the tacho-
generator and connected to one of the channels of Digital Real-Time
Oscilloscope, DRTO(C). The tacho-generator analog output is 20V per 1000rpm. The
shaft torque was measured by using the 22/100 DATAFLEX torque measuring
instrument connected together with the coupling system(B). The torque measuring
instrument has as its output, voltage which was read through the DRTO. Three FLUKE
current probes but with the same setting were used to measure the transient stator phase
currents at run-up operation. All the run-up operation measurements were recorded in
real time via a four-channel TS 200-series DRTO with RS232 output terminal. The
RS232 output terminal enables the output from the DRTO to be monitored through a
computer(F).
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8.3 Temperature measurements

Temperature measurements on the test machine were carried out at No-load, rated load
and blocked rotor operations. Iron-constantan, usually called Type J thermocouples
were used for the measurements. These types of thermocouples are very popular due to
their high Seebeck coefficient and low price. Thermocouples are generally more econo-
mical than PRTs and their temperature range is greater than thermistors. The main
demerit of thermocouples is their relatively weak signal which makes their reading
sensitive to corruption from electrical signal. During blocked rotor operation, 20 and 12
thermoelements were installed in the rotor and stator parts of the test machine
respectively as shown in figure 8.5 and figure 8.6.

Figure 8.5: Rotor part of the test machine showing the installed J-type thermoelements.

Figure 8.6: Stator part of the test machine showing the installed J-type thermoelements.
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All the thermocouples were connected to a 32-channel programmable recorder(see label
E in figure 8.7) which combines the functions of a recorder with that of a datalogger and
a data acquisition system. Measuring signals are printed with the buit-in-inkjet printer
on paper as values(with date and time). The time interval between print-outs is
selectable. The printout shows the physical units of the measuring values, for example
degree Centigrade. Through the built-in RS232 interface the measured data can be sent
to a connected computer(See label F in figure 8.7). The computer stores and evaluates
the measured data. The RS232 interface can transmit up to 40 values per second per
channel. During the blocked rotor operation, the machine was star-connected and its
rotor blocked. A 500V rms voltage was supplied to the machine with a stator current of
48 A for about 9s and the temperature readings of the thermocouples recorded for every
one second interval. It was observed that some of the thermocouples stopped working,
probably because the soldering loosened.

The set-up for the No-load and rated load operations is as shown in figure 8.7. At No-
load operation, the machine was delta-connected with a rated voltage of 340V.

Figure 8.7: Experimental set-up for the heat runs at No-load and rated load operations.
Air channel pipe(A), Anemometer On-Off switch(B), Ventilator(C), Leads to the
voltage regulator(D), 32-channel programmable recorder(E), Computer(F), Star-Delta
switch(G).

The machine was allowed to run at No-load for two hours until thermal equilibrium was
attained. Temperature readings for every two minutes intervals were recorded.It is
important to add that only the temperatures of the stator parts were recorded since the
rotor parts were inaccessible during motor operation. The steady-state temperature of
the drive side end-ring was however measured with the help of Infra-red instrument two
hours after the machine has reached thermal equilibrium. The load test was carried out
the same way as the No-load test but with the machine operated at rated full load until
thermal equilibrium was reached. Measurements were recorded for every two minutes
intervals. In both operations, the air flow rate into the test machine was kept constant
and measured with the help of Anemometer(See label B in figure 8.7).
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8.4 Simulation and experimental results

8.4.1. Run-up transient measurements and simulation results.

It is important to show how the measured parameters such as stator phase currents,
mechanical rotor speed and the shaft torque compare with the developed models at run-
up conditions. Therefore, simulated results for all the developed models shown in
figures (8.8a-8.8m), are compared with the measurement results, shown in figures (8.9a-
8.9¢), respectively.

Stator phase currents[A]

Time[s]

Figure 8.8a: Conventional model only(CMQ) simulation: Stator phase currents at
run-up.

(i, NH e
g ’5 i -

Figure 8.8b: Conventional model plus saturation(CMPS) simulation: Stator phase
currents at run-up.
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Figure 8.8c: Skin-effect model only(SEMO) simulation: Stator phase currents at run-
up.
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Figure 8.8d: Skin-effect model plus saturation(SEMPS) simulation: Stator phase
currents at run-up.
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Figure 8.9a: Measurement: Stator phase currents at run-up(Delta connected,Vrms =

340V).
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Figure 8.8f: Conventional model plus saturation(CMPS) simulation: Mechanical rotor
speed at run-up.
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Figure 8.8g: Skin-effect model only(SEMO) simulation: Mechanical rotor speed at
run-up.
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Figure 8.8i: Conventional model only(CMO) simulation: Shaft torque at run-up.
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Figure 8.8j: Conventional model plus saturation(CMPS) simulation: Shaft torque at
run-up.
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Figure 8.8k: Skin- effect model only(SEMO) simulation: Shaft torque at run-up.
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Figure 8.8m: Skin-effect model plus saturation(SEMPS) simulation: Shaft torque at
run-up.
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Figure 8.9¢: Measurement: Shaft torque at run-up(Delta connected, Vrms = 340V,

Setting:20Nm/V).

8.4.2. Temperature measurements and simulation results.

The readings of the three thermocouples installed at the stator winding at No-load are
shown in figure 8.10. Figure 8.11a and figure 8.11b show the measured temperatures of
the stator end-winding at drive side and the non-drive side of the test machine
respectively. The average of these temperatures were used to compare the simulated
thermal model. The measured and predicted stator winding temperature is shown in
figure 8.10a while that of stator end-winding is shown in figure 8.11c. Figure 8.12

shows the measured and predicted frame temperature.
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Measured temperature rise at No-Load operation
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Figure 8.10: Measurement at No-load: Measured stator winding temperature.
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Figure 8.10a: Measured(Average) and predicted stator winding temperature at No-
load.
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Measured temperature rise at No-Load operation
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Figure 8.11a: Measurement at No-load: Measured end-winding temperature at the drive
side.
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Figure 8.11b: Measurement at No-load: Measured end-winding temperature at the non-
drive side.
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Temperature rise at No-Load operation
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Figure 8.11c: Measured(Average)and predicted end-winding temperature at No-load.
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Figure 8.12: Measured and predicted frame temperature at No-load.
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At rated load operation, the measured and computed temperatures of the various parts of
the test machine are shown in figure 8.13, figure 8.14 and figure 8.15.
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Figure 8.13a: Measurement at rated load: Measured stator winding temperature.
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Figure 8.13b: Measured(Average) and predicted stator winding temperature at rated
load.
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Measured temperature rise at rated load operation
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Figure 8.14a: Measurement at rated load: Measured end-winding temperature at the
drive side.
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Figure 8.14b: Measurement at rated load: Measured end-winding temperature at the
non-drive side.
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Temperature rise at rated load operation
120 T T T T T T

o——m=a  Measured
———  Predicted

100 ; 7

End-winding temperature rise[*C]

'U 1 I 1 | |
Q 20 40 60 =l 100 120 140

Time[Mins]

Figure 8.14¢c: Measured(Average)and predicted end-winding temperature at rated load.

Temperature rise at rated load operation
70 T T T T T T

60 - : .

50

o
&
2, |
40 Measured i
% ——  Predicted
-
:
10~ -
'D 1 1 1 1 1 1
] 20 40 1] 80 100 120 140

Time[Mins]

Figure 8.15: Measured and predicted frame temperature at rated load.
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The measured and predicted temperatures of the various parts of the test machine at
blocked rotor operation are presented in figure 8.16, figure 8.17, figure 8.18, and figure
8.19.
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Figure 8.16a: Measurement at blocked rotor:Measured stator iron temperature.
0...9s: Irms = 48A, Vrms = 500V, Star-connected; 9...20s: Irms = 0A, Vrms = 0V.
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Figure 8.16b: Measured(Average) and predicted stator iron temperature at blocked
rotor.
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Measured temperatura rise at blocked rotor operation
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Figure 8.17a: Measurement at blocked rotor:Measured stator end-winding temperature
at the drive side. 0...9s: Irms = 48A, Vrms = 500V, Star-connected; 9...20s: Irms = 0A,
Vrms = 0V.
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Figure 8.17b: Measurement at blocked rotor:Measured stator end-winding temperature
at the non-drive side. 0...9s: Irms = 48A, Vrms = 500V, Star-connected; 9...20s: Irms =
0A, Vrms =0V.
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Temperature rise at blocked rotor operation
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Figure 8.17c: Measured(Average) and predicted stator end-winding temperature at
blocked rotor.
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Figure 8.18a: Measurement at blocked rotor:Measured lower end-ring temperature at
the drive side. 0...9s: Irms = 48A, Vrms = 500V, Star-connected; 9...20s: Irms = 0A,
Vrms = 0V.
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Measured temperature rise at blocked rotor operation
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Figure 8.18b: Measurement at blocked rotor:Measured lower end-ring temperature at
the non-drive side. 0...9s: Irms = 48A, Vrms = 500V, Star-connected; 9...20s: Irms =
0A, Vrms =0V.
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Figure 8.18c: Measurement at blocked rotor:Measured upper end-ring temperature at
the drive side. 0...9s: Irms = 48A, Vrms = 500V, Star-connected; 9...20s: Irms = 0A,
Vrms = 0V.
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Measured temperature rise at blocked rotor operation
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Figure 8.18d: Measurement at blocked rotor:Measured upper end-ring temperature at
the non-drive side. 0...9s: Irms = 48A, Vrms = 500V, Star-connected; 9...20s: Irms =
0A, Vrms =0V.
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Figure 8.18e: Measured(Average(drive-end)) and predicted end-ring temperature at
blocked rotor.
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Temperature rise at blocked rotor operation
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Figure 8.19: Measured and predicted rotor winding temperature at blocked rotor.

8.4.3. Comments on the results.

The comparison of the simulated run-up transient characteristics of the induction motor
with the actual motor performances shows that the conventional model fails to meet the
machine’s physical behaviours.

On the other hand, the simulated machine model with both skin-effect and saturation
effect included gives a better result which can be conveniently used to predict the actual
machine performances.

The thermal measurements carried out show that the proposed thermal model is capable
of calculating the temperatures in the machines with good accuracy during No-load,
rated load and blocked rotor operations. Differences of about 5°C at No-load, about 9°C
at rated load and about 10°C at blocked rotor operations were observed between the
measured and the predicted temperatures. These errors may be probably as a result of
the fact that the developed thermal model calculates the average temperatures inside the
stator and rotor windings whereas the installed thermoelements measure only the
outside temperature of the stator and rotor windings. Probable error may also be due to
the errors emanating from the calculation of the model’s thermal resistances and
capacitances which are dependent on the material properties of the machine—to which
accurate information from the manufacturer on same is highly necessary. Thirdly, the
power losses of the machine used in the simulation were assumed to be constant
throughout the machine operation. This is not always correct as the copper losses are
dependent on resistance which in itself is temperature dependent.

Where more than one thermoelements were used to represent a particular point in the
test machine(for instance, end-winding, end-ring, stator winding,etc), the mean readings
of the thermoelements were used to check the validity of the developed thermal model.
However, the temperature readings of all the thermoelements have been included here
in order to give an overview of temperature variations within the machine parts.



130 9 Conclusion

9 Conclusion

The main objective of this work was to develop models that accurately represent the
dynamic and thermal behaviours of a squirrel-cage induction motor with non-linear
effects. In order to realize this objective, four approaches have been adopted:
Identification of the machine parameters by carrying out D.C. measurement test, No-
load test, Blocked-rotor test and Retardation test on the machine; development of the
machine models to include skin-effect, saturation effect and thermal -effect;
development of a computer program using a commercial available software package,
MATLAB and validation of simulated results with measurements on the test machine.
On the modelling of the machine for skin-effect, it has been assumed that only the rotor
part is affected by the phenomenon. A T-network lumped parameter model was used to
model the the rotor bar. An optimisation algorithm which incorporates an error function
was developed and used to optimise the rotor model. At approximately 4KHz
frequency, the error in the developed rotor model to that of the actual bar was 6%. This
error could be further reduced by increasing the number of the T-network lumped
parameter model circuit but with a sacrifice in computer time.

The results of the No-Load, Blocked-rotor, D.C. measurement and Retardation tests
were used to simulate the conventional and saturation models in order to study the
behaviour of the test machine under steady-state and dynamic conditions. A comparison
of the results indicated a sharp difference in the torque developed by the machine in
transient state. The conventional machine model has a higher starting torque than the
model with saturation effect. Little difference was observed under steady-state
operation. That the effect is not very noticeable may probably due to the level of
saturation considered and the part of the machine that is assumed to saturate. The effect
on the steady-state performance of the machine will definitely be pronounced in highly
saturated conditions.

On the other hand, a significant difference exists between the conventional steady-state
model and the steady-state model with skin-effect. The developed torque in the skin-
effect machine model was about three times higher than that of the conventional
machine model at starting. At starting also, the magnitude of the stator current, power
factor and input power of the skin-effect model was observed to be higher than that of
the conventional model. Comparisons between the proposed skin-effect model and the
conventional model under transient condition showed large errors in the predicted
torque and speed. The first peak of torque in the skin-effect model was about 40%
higher than the conventional model. The predicted speed-time curve increased faster to
synchronous speed in the skin-effect model than that of the conventional model.
Prolonged initial level of oscillations have been observed in the phase currents of the
conventional model which differs considerably from the measured one. The simulated
machine model with both skin-effect and saturation effect included gives a better result
than the other models when compared with the measured machine transient
performances at run-up condition and can therefore be conveniently used to predict the
actual machine performances. The predicted time function of the bar currents in each
rotor section showed that the current magnitude decreases as the bar section increases.
The proposed thermal model is based on thermal networks. Thermal networks are very
effective in the thermal modelling of electrical machines. Different machine
constructions are easy to model and the calculation does not require high capacity
computers.
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The input for the thermal-network MATLAB program is the geometry, material
constants and the electromagnetic heat losses of the machine. As an output, the program
gives the temperature distribution of the test machine. Due to assumed thermal
symmetry of the motor, half of the machine was simulated. This method however,
introduces large error if applied in large

induction motor where thermal asymmetry is common feature. The calculated steady-
state temperature rises of the machine parts were observed to compare favourably well
with the measured results at No-load, rated load and blocked rotor conditions.
Temperature errors of less than 10°C were achieved for frame, stator winding, end-
winding and end-ring temperatures in both transient and steady-state conditions. These
errors may probably be as a result of the fact that the developed thermal model
calculates the average temperatures inside the stator and rotor windings whereas the
installed thermoelements measure only the outside temperatures of the stator and rotor
windings.

Hence, this work has contributed to the field of induction machine modelling by
providing:

o An increased understanding of the rotor-bar modelling to include skin-effect.

o An increased understanding of which phenomena influence the operation of
induction machine in both steady-state and dynamic conditions.

o Mathematical methods of modelling saturation which accounts for the
magnetizing reactance variation.

o Thermal network model which presents a reliable solution in the estimation

of average temperature of the machine parts, and
o An interactive MATLAB program which effectively and efficiently
stimulates the developed models and validation of the models with measured
results.
The developed non-linear machine model can also be favourably applied in the design
of speed and torque controllers—For example in the control of induction machine by
constant rotor flux linkage.
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Appendix : Calculated thermal resistances and capacitances

Appendix: Calculated thermal resistances and capacitances

Thermal Values[J/K] Thermal resistances | Values|K/W]
capacitances
C 18446.55 Rip 0.0416
Cy 4450.625 Ri» 15.44e-3
C; 423.388 Ros 35.58e-3
Cy 539.92 Roe 0.135
Cs 3204.08 R3s 0.1751
Ce 408.267 Rsi; 1.886
C; 218.785 Re7 4.115e-3
Cg 1006 R79 0.1055
Ropy 0.932
Ric 0.015
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