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DYNAMICSAND CONTROL OF A BATTERY INVERTER SINGLE-PHASE
INDUCTION GENERATOR SYSTEM

Obasohan |. Omozusi

Master of Sciencein Electrical Engineering

The operation of a single-phase induction generator with a PWM inverter as a
source of excitation was tested and analyzed. The battery included in the system was
found to be an excellent configuration for a source or sink of real power depending on the
given load of the single-phase induction generator. The system modeling was done
considering the effect of saturation of magnetizing inductance. Experimental results were
recorded for different impedance and motor loads for a one horse power single-phase
induction generator.

The steady-state model for the system was developed for impedance and motor
loads using the harmonic balance technique. Experimental results for different impedance
and motor loads compare favorably with the steady-state model calculation.

The simulation of the single-phase induction generator, battery, and PWM
inverter was done using device model. Matlab/Simulink was found to be a great tool in
modeling the PWM inverter and the single-phase induction generator. Simulation results
of the different impedance and motor loads compare favorably with the experimental
waveforms for the single-phase induction generator system.

The battery inverter single-phase induction generator system can be used as a
source of regulated voltage and frequency for isolated applications such asin commercial
and industrial uses especially in situations where engine-driven single-phase synchronous
generators are presently being used. The system can be used as power sources for isolated
systems and for utility interface to single-phase power system grids. The system will find
application for battery charging purpose and controllable single-phase ac voltage source,
i.e. traction power systems.
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CHAPTER 1

INTRODUCTION

1.1 Introduction

Basically there are two broad categories of ac generators, they are the
synchronous generators and the induction generators. Synchronous generators use
synchronous machines that generate output voltage; the frequency of the output voltage is
proportional to the rotational speed of the rotating parts. Induction generators are
primarily induction motors (machines) that are driven above their synchronous speed.
They cannot generate power on their own without some form of reactive power for
excitation which has to be provided through the stator winding. When the induction
machine is driven by an externa prime mover, the flux in the rotor induces a small
voltage in the stator windings. The stator-winding voltage has a leading current if a
suitable source of reactive power is connected to the terminal. The source of reactive
power could be a synchronous generator, a bank of capacitors, or an inverter. The
induced voltages and currents would continue to rise, but the magnetic saturation in the
machine limits them. This results in a steady-state operating condition of the induction
generator. The steady-state voltage is dependent on speed, capacitance, machine
parameters, and load.

The induction generator has the advantage of simplicity as it is the same as a
squirrel-cage motor of the same output, needing neither field windings, exciter nor

1
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automatic regulator. It has the disadvantages of needing supply to obtain the magnetizing
current and it generates at a leading power factor, requiring its magnetizing current to be
supplied by other synchronous generators or from the mains. This limitation can be
overcome by using the capacitor-excited or static versions of the machine.

Induction generator applications in power systems have been studied [1]. The use
of single-phase self-excited induction generator in rural electrification projects is finding

wide application in isolated areas [22].

1.2 Review of Previous Work

The two methods for application of induction generator include:

() connecting the induction generator to agrid and

(i) using a self-excited stand-alone induction generator.

In the grid-connected application of the induction generator the reactive power
for excitation is supplied by the synchronous machine in the system while for a stand-
alone case the reactive power may be provided by a static VAR source such as capacitors
or an inverter.

The induction machine can be operated as a generator by capacitor self-excitation.
Capacitor self-excitation in an induction machine occurs when an appropriate capacitor
bank is connected across an externally driven induction machine; this results in an
electromotive force being induced in the machine windings. The induced voltages and
currents would continue to rise, but for the magnetic saturation in the machine that results

in an equilibrium state being reached.
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A capacitor self-excited induction generator offers certain advantages over a
conventional synchronous generator as a source of isolated power supply. It has reduced
unit cost, brushless rotor (squirrel cage construction), absence of a separate dc source,
and ease of maintenance. The disadvantage of a capacitor self-excited induction generator
is its inability to control the supplied voltage and frequency under varying load
conditions.

A wind energy conversion scheme using an induction machine driven by a
variable speed wind turbine is discussed in [2]. Excitation control was obtained by
employing a capacitor and a thyristor-controlled inductor. The wind speed cube law was
used in loading the induction machine for maximizing energy conversion. Performance
characteristic of the generation scheme was evaluated over a wide speed range. The
harmonic analysis of the scheme shows that the harmonics generated by the converters
are extremely small.

A variable-speed generating system was discussed in [3] using a 3-phase squirrel-
cage induction machine with self-excited capacitors. The self-excited induction generator
with controlled rectifier allows wide changes in wind-turbine speed with optimum
generating power set at all speeds by rectifier delay-angle control. A constant output dc
voltage can be maintained and the generator always operates in the low dlip region.

The analysis of self-excited induction generators was reported in [4]. The
Newton-Raphson method was used to predict the steady-state behavior of capacitor self-
excited induction generators. The values of the saturated magnetizing reactance and

ouput frequency of the given capacitance, speed, and load were also identified.
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Capacitance requirements for an isolated self-excited induction generator have
been examined in [5]. An analyticd method was proposed to find the minimum
capacitance value required for self-excitation of isolated induction generator under no
load conditions. The calculated values of the capacitance were compared with the
experimental results for some test machines. The influence of the load impedance, |oad
power factor, and machine speed on the value of minimum capacitor were also discussed.

The steady-state performance of an isolated self-excited single-phase induction
generator when the excitation capacitor is connected to one winding and the load is
connected to the other is examined in [6]. A nonlinear analytical equation in terms of the
magnetization reactance and the operating frequency was developed. The resulting
equation was solved using Newton-Raphson numerical technique for the airgap voltage
and other performance indices. The predicted performance of the system is validated with
experimental results.

A single-phase induction generator was investigated [7,8]. The work describes a
newly developed single-phase capacitor self-excited induction generator with self-
regulating features. The generator was designed with two uniquely designed stator
windings in quadrature, connected externally to a shunt and a series capacitor,
respectively. It employs a standard die-cast squirrel cage rotor. The features, advantages,
and theoretical concepts of the system were highlighted and a detailed experimental result
was presented.

The modeling and steady-state performance of a single-phase induction generator
based on the principles of harmonic balance were examined in [9]. The effects of

saturation of the magnetizing flux linkages and core loss of the generator were included
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in the model of the single-phase induction generator. Experimental results were
corroborated with steady-state calculation of the system.

The steady-state analysis of a single-phase, self-excited induction generator,
which supplies an isolated resistive load, was reported in [10]. The equivalent circuit
model was developed neglecting the magnetizing reactance in the negative sequence
circuits. Experimental results verified the equivalent circuit model and the assumptions
used in the analysis.

The transient performance of a single-phase induction generator with series or
parallel connected load was discussed in [11]. The dependency of the load impedance on
the generator self-excitation was explored using the determinant of the generator steady-
state equation. It was concluded that for self excitation, a minimum amount of airgap flux
linkages is required. Maximum load impedance was specified for rotor speed and
excitation capacitors when load is connected in series with the main winding. If the load
connected in paraléel with the capacitor, a minimum load impedance was required for
self-excitation.

Reference [12] examines the influence of different excitation topologies, shunt,
short-shunt, and long-shunt, on the steady-state and dynamic performance of the single-
phase, self-excited induction generator. It was concluded that a long-shunt generator
delivers lower output power at reduced output voltage while the short-shunt generator
system has load voltage characteristics and output power profile that can outperform the
same generator with the shunt excitation connection. Also the small-signal analysis
showed that the generator with either short-shunt or long-shunt excitation connections

had a good overload capability; there was no generator de-excitation at moderate
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overload. Also, a generator with either of these excitations quickly recovers when
overload isrelieved.

The capacitor self-excited induction generator has limited applications due to its
inability to control the load voltage and frequency under varying load conditions. To cope
with the varying load and/or speed variation of the induction generator, the voltage can
be controlled by using adjustable reactive power generators, such as inverters, connected
to the terminals of the induction machine.

Self-excitation in inverter-driven induction machines was investigated in [13]. A
theoretical treatment was discussed based on a first harmonic approximation of inverter
performance. The system performance was shown to depend on the magnetization
characteristic and the stator and rotor resistances of the machines. Experimental results
were then used to confirm the validity of the analysis.

A simple exciter scheme based on using a static reactive power generator
implemented with fixed capacitors and thyristor-controlled inductors is discussed in [14].
The feasibility of the proposed scheme with naturally commutated thyristors was verified
by measurements on atest setup employing a standard 15-hp induction motor.

Reference [15] describes self-excited induction-generator/controlled-rectifier
units, which eliminate the problems of voltage and frequency variations inherent in self-
excited induction generator machines. Theoretical and experimental results are provided
showing that the self-excited induction generator can operate in the linear region of the
magnetization curve while feeding a variable dc load at constant voltage. It was aso
shown that the unit could be used to feed controllable power into an existing a.c network

through a dc transmission link.
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The steady-state modelling of regeneration and self-excitation in induction
machines was discussed in [16]. Six modes of source-connected and self-excited
induction generator operation including both voltage and current inverter systems were
reviewed and compared. The equivaent circuit for each mode was presented and its use
to model steady-state performance was shown. The properties of regeneration and self-
excitation were derived to illustrate the similarities and differences between the various
modes. The experimental results were supported by the validity of the models used in the
study.

The limitations of self-excited induction generator discussed thus far are:
i. Its inability to control the supplied voltage and frequency under varying
load condition
ii. Operation below the synchronous speed will cease generation.
The present research proposes an aternate design to eliminate the limitations of the
previous research.

1.3 Scope of Present Research

The main objective of this research is to present the dynamic and steady-state
performance characteristics of a stand-alone single-phase induction generator system,
which can be driven by wind or diesel engine. The proposed scheme, shown in Figure
1.1, has the advantage of ensuring a constant and regulated load voltage. In addition the
mathematical model developed for the single-phase induction generator scheme with
battery-PWM inverter will be useful in the prediction of the transient, dynamic, and

steady-state performance. The load voltage and frequency of the isolated single-phase
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Vy Single Single
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Battery Cd — Inverter Induction pLhaasg
- Generator 0

Figure 1.1. Block diagram of the proposed system.

induction generator is controlled or regulated using a single-phase, full bridge, pulse-
width modulated (PWM) dc/ac inverter. A battery feeding the single-phase inverter
provides real power to the load when the generator output is less than the real power
required by the load. If the generator delivers more real power than what is required by
the load, the battery through the bi-directional single-phase PWM inverter absorbs the
excess real power. The inverter augmented with a shunt capacitor connected across the
load effectively meets the reactive power requirement of the load.

The proposed system will find application in the following areas:

i Provide regulated voltage and frequency for isolated applications such as
in commercia and industrial uses especially in situations where engine-
driven single-phase synchronous generators are presently being used.

ii. As power sources (hybrid power generation) for isolated systems and for
utility interface to single-phase power system grids.

iii. As a source of regulated dc voltage by rectifying the generated voltage at
the main winding.

iv. For battery charging purpose and controllable single-phase ac voltage

source, i.e., traction power systems.
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A series-compensated three-phase induction generator-battery supply topology,
which provides a constant voltage and frequency at the terminals, was investigated in
[17,32]. The system shows an induction generator to generate electric power and to filter
the current harmonics, a PWM inverter to provide the excitation and set the desired
frequency and an energy storage dc battery to allow a bi-directional power flow. The
proposed system is similar to single-phase induction generator with battery-PWM
inverter discussed in thisthesis.

Due to the series connection topology configuration of the system proposed in
[17,32], the inverter induces current and voltage harmonics that are directly transferred to
the load. Unlike the system proposed in [17,32] the scheme presented here does not
require an additional filter to remove current and voltage harmonics since the auxiliary
winding which is connected to the inverter is only magnetically connected to the main
winding acts as a filter. The mathematical model developed in this present research work
accurately predicts the experimental results unlike the model system proposed in [17,32].

The single-phase induction machine used for this work is rated at 1 h.p. The
operation of the system with battery, PWM (pulse width modulation) inverter, and
impedance |oad was studied.

Experiments were performed with the generator system feeding impedance and
motor loads. The condition for self-excitation of the system without battery was also
studied.

Simulation of the system with impedance and motor loads was carried out

including the influence of variation of load and generator speed. MATLAB/Simulink [18]
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was found to be an excellent tool in simulating the dynamic mathematical model
developed.

The steady-state model of the system was developed using harmonic balance
technique [19]. The computation was carried out ussing MATHCAD [20], MATLAB, and
MATHEMATICAL [21].

Chapter 2 discusses the theory behind the single-phase pulse width modulation
inverter topologies. In addition, it explains the design, implementation, and operation of
the bipolar PWM inverter used for this work.

The parameter determination of a single-phase induction motor is described in
detail in chapter 3. The various steps in arriving at the parameters of the single-phase
induction motor are highlighted and experimental results are discussed.

Chapter 4 analyzes the battery inverter single-phase induction generator system
with an impedance load. The mathematical steps taken to arrive at the mathematical
model of the system are discussed. The dynamic mathematical model is simulated and
corroborated by experimental results. The steady-state calculations and experiment
results are also discussed in this chapter. The dynamic performance and the influence of
changing operating conditions are also examined

The analysis of a battery inverter single-phase induction generator system with a
single-phase induction motor load is set forth in chapter 5. The mathematica model
development is shown. The steady-state analysis, experiments, and calculations with
results are explained. The dynamic mathematica model of the generator system

connected to a single-phase induction motor (SPIM) load is ssmulated and the results are
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corroborated experimental results. The influence of varying operating conditions and
dynamic performance of the generator system feeding SPIM are discussed.

The condition for self-excitation of the single-phase induction generator system
without battery is the subject of discussion in chapter 6. The steps involved at arriving at
the condition of self-excitation are shown. The results of the numerical computation are
also discussed.

Chapter 7 includes conclusions and suggestions for further work on the system.
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CHAPTER 2

SINGLE-PHASE PULSE WIDTH MODULATION INVERTER

2.1 Introduction

The dc-ac converter, aso known as inverter, basically converts dc power to ac
power. Inverters can be grouped either as voltage-source or current-source inverters. A
stiff dc voltage such as a battery or arectifier feeds the voltage-source inverter. The filter
capacitor across the inverter input terminals provide a constant dc link voltage. The
inverter is, therefore, an adjustable-frequency voltage source. The current-source inverter
is supplied with a controlled current from a dc source of high impedance. Normally, a
phase-controlled thyristor feeds the inverter with a regulated current through a large
series inductor. Hence, the load current rather than load voltage is controlled.

A standard single-phase voltage or current inverter can be half-bridge, full-bridge
or H-bridge, and push-pull transformer center tap configurations. The single-phase unit
can be joined to have three-phase or other multiphase topologies. Typicaly, inverter
applications are used in ac machine drives, regulated-voltage and frequency power
supplies, uninterruptible power supplies (UPS), induction heating, and static var
generators.

In this chapter, different control schemes for single-phase PWM inverter will be
reviewed. The design, implementation, and operation of the bipolar voltage-switching
scheme for single-phase PWM inverter will be considered.

12
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2.2 Control Scheme Method for Single-Phase PWM Inverter

The PWM inverters have constant input dc voltage that is essentially constant in
magnitude, such as in the scheme in Figure 2.1. The battery or rectifier provides the dc
supply to the inverter. The inverter is used to control the fundamental voltage magnitude
and the frequency of the ac output voltages. This can be achieved by pulse-width

modulation of the inverter switches. Hence such inverters are called PWM inverters.

2.2.1 Single-Phase PWM Inverter

The sinusoida PWM (SPWM) method, also known as the triangulation,
subharmonic, or suboscillation method, is very popular in industrial applications and is
extensively reviewed in the literature [23-25]. The SPWM principle for a half-bridge
inverter is illustrated in Figure 2.2. In order to produce a sinusoidal output voltage
waveform at a desired frequency, a sine-modulating wave is compared with a triangular
carrier wave. The point of intersection determines the switching points of the inverter
power devices. The inverter switching frequency is determined by the frequency of the

triangular waveform. The inverter switching frequency and amplitude are normally kept

——o°
Vg
Battery + ac.
or Cy —— Inverter Output
Rectifier 1 Voltage
——— 0

Figure 2.1. Schematic diagram for inverter system.
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constant. The triangular waveform, v;, is at a switching or carrier frequency f;, which
determines the frequency with which the inverter switches are switched. The modulating
or control signal vy, is used to modulate the switch duty ratio and has a frequency fn,
which is the desired fundamental frequency of the inverter voltage output. The amplitude

modulation ratio my is defined as

m, = \@ (2.1)

where \7m is the peak amplitude of the control signal. The amplitude \A/t of the triangular

signal is generally kept constant.

2 L - - -] ]

t

(b)
Figure 2.2. Half-bridge PWM Inverter Waveforms. (a) Generation Method, (b) inverter
output voltage.
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B
Vg |
2 T1¢C
- 0
V
V4 0
0
+
2 - @
Figure 2.3. Schematic diagram for Half-bridge PWM inverter.
The frequency-modul ation ratio ny is defined as
_ f
m; =—t . (2.2
fm

In the inverter of Figure 2.3, the switches Ta+ and Ta. are controlled based on the
comparison of control signal, v, and triangular signal, v, and the following output
voltage results, independent of the direction of output current:

=V

Vi >V, Tae iSON, Vv, 5 (2.3)
and

: _ Vyq
Vi <V, Tpo isoOn, v, = S (2.4

The switches on the same leg are protected against turning on at the same time.
This enables the output voltage, v,, to fluctuate between Vy/2 and - Vy/2. v, is shown in

Figure 2.2 b.
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2.2.2 Single-Phase Inverters

A single-phase inverter is shown in Figure 2.4. This inverter, also known as the
H-bridge or full-bridge inverter, consists of two half-bridge inverters shown in Figure
2.3. The full-bridge inverter can produce an output power twice that of the half-bridge
inverter with the same input voltage. Different PWM switching schemes will now be
discussed.

2.2.2.1 PWM with bipolar voltage switching. In this scheme the diagonaly
opposite transistors (Ta+, Tg-) and (Ta., Tg+) form the two legs in Figure 2.4 and are
switched as switch-pairs 1 and 2, respectively. The output of leg A is equal and opposite
to the output of leg B. The output voltage is determined by comparing the control signal,

Vm, and the triangular signal, v;. Thisisillustrated in Figure 2.5a.

IS EED

Vg |
2 —T1C
A
Y/
Vd — 0] B °
——— O

s D

Figure 2.4. Single-phase full-bridge inverter.

N
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The switching pattern is as follows
Va . (2.59)

. V. _
Vm >Vi, Tar ISON = VAO=7d and Tg_ Ison:>vBO:—7,

Va . (2.5b)

, \Y ,
Vi <V;, Tp- ison = vA0=—7d and Tg, ison = vpg, = >

hence
(2.6)

VBo (t) ="Vao (t) .

L
(b)

*+1

(|
(©
Figure 2.5. PWM with bipolar voltage switching. (a) Generation Method, (b) inverter
output voltage, (c) inverter switching function.
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The output voltage can then be expressed as shown in Equation 2.7 with a waveform
shown in Figure 2.5b.
Vo (t) = Vao (t) = Vo (t) = 2v 0 t) (2.7)

The inverter switching function, which is similar to the inverter output voltage is shown
in Figure 2.5c.

In Figure 2.5, the output voltage v, produced by the modulating signal, v, and the
carrier signal, v; can be expressed by a complex double Fourier series. The output voltage
in Figure 2.5 is determined using the phase relationship between the modulating and

carrier signal shown in Figure 2.6 and 2.7. The peak value and angular frequency of the

3 | S

(8 Modulating and carrier signal waveforms, 0< w,t + @<Tt.
A

VO
0 :T[ 21 >
-V,

(b) Inverter output voltage, 0< w,t + <TI.

Figure 2.6. Phase relationship of output voltage to modulating and carrier signals for
bipolar voltage scheme. Condition, 0 < wy,,t + @< TI.
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8"
—+

m

1 v, a,
/ s o
0 | 6, T e|4 : 21

-1
(8) Modulating and carrier signal waveforms, 1< w,t + @< 2.

A

\/

(b) Inverter output voltage, 1< Wyt + @< 2TT.
Figure 2.7. Phase relationship of output voltage to modulating and carrier signals for
bipolar voltage scheme. Condition, T1< w,t + @< 2Tt.

carrier signa are 1 and w, respectively. The modulating signa is expressed as
Vo =My Sin(wt + @), where wy, isthe angular frequency of the modulating signal.

The output voltage of Figure 2.5 can be expressed by complex double Fourier

series asfollow [33, 34]:

00 [oe]

Vo= 2 > Kimexp(i{kx +ny}) (2.9)

k=-00 N=-00
where x=w,t+@ and y=wt. Equation 2.8 expressing the frequency spectrum of the

PWM waveform comprises the angular frequencies of n (integer) times w and the
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sideband waves arranged at intervals of the angular frequencies of k (integer) times wy, in
frequencies and sidebands.

The complex Fourier coefficient Ky, can be expressed as follows:
T jkx[_ (01 o—jn B2 —jny 4, _ (2T —in )
v, | B gy + 2 e may - [ My ax

= 2.9)
kn 2n _-kx([e3 —j 04 _j 2m ) (
4 +[ e e Jnydy—jese jr‘ydy+je4e Y dy |dx

where, k=0,£1,+2,... andn=0,+1,+2,....

Angles 6; and 6, are the intersection points of v, and vi when modulating signal
Vi =My Sin(wp,t + @) is greater than zero; and angles 63 and 8, are similar intersection
points of v, and v; when the modulating signal v, =m, sin(w,t + @) is less than zero.

The angle 0, is determined as

91+a1:l;, :>91:1—2T—a1

tanBl:i aso tanBl:maSInX

T %

MaSnx_ 1 :>a1=gmasinx

a 9/

U

Hence
11 .
9125(1—masmx). (2.10a)
Similarly, 8, 83, and 8, are determined; their values are given as:

0, :g(3+ m, sin x)

0 :l;(l—masjnx) (2.10b)
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0, :g(3+ m, sinx)

Equation 2.8 will now be separated into its respective frequency components.
(i) dc component. The dc component is determined by setting k = n = 0 in

Equations 2.8 and 2.9, thisresult in

Voo=— My and  Kgg=—"m,

(it) n = 0 components. From Equation 2.8, Ky is determined by letting n = O:

Ko = ;%{j;e‘ikx(zez - 26, - 2m)dx +[>"e (205 + 211~ 26, ) ox } (2.12)
But

26, — 26, — 21=21m, sinX (2.129)

205 + 21— 20,4 = -21IM, Sin X (2.12b)

from Equations 2.10a and 2.10b, then Equation 2.11 becomes

v _ . oM i :
Kko :4_(:1{.[(1)16 Jb‘(zmasnx)dx+jnne ka(—Zmaslnx)dX} (2.13)
where
i _\ﬂ(zi] (k=2,4,6,--)
PO e e (2.14)
0 (k : odd number)

The output voltage for the harmonic components, Vi, is obtained by substituting
Equation 2.13 into Equation 2.8. The output voltage by performing real Fourier

Expansion is given as (Appendix C)

Vo = KkOeXp(j{kX + (})
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(k+2)
(1) ? |amyvy .
k = 2,4,6,---
Vio =3 k?-1 noo ( ) (2.15)
0 (k : odd number)

In Equation 2.15, the fundamental component of the signal is zero and the
components of kK = 2, 4, 6, ... express the second, the fourth and sixth harmonic
components, and so on.

(iii) k, n components. Rearranging Equation 2.9 yields

_ V4 { 21 —jkx(_ 61 _—jny & —inyqy, _ (21— jny ) }
Kkn_ﬁ e e dy+jele dy jeze dy)dx

Vy4 { 21 _—jkx [ N0 -jn8 —j2n }
Kin =——— e [®2e7 ™1 — 2712 + 71N 1 dx (2.16)
7 jaren V0 ( )

Substituting Equations 2.10a and 2.10b into Equation 2.16, result in

—§jnn —Ejnnm sinx
2 204

-2 ‘ e dx! (2.17)

1. 1. .
= jkx| 2e e
Kkn = I e

jar®n | °°

+e—12nTr_1

The value of Ky, from Equation 2.17 when n is an even number is given as

n 1. . 1. :
. Zjnmmg sinx - jnmmg sinX
Ky, = (1) - 20 { e J"X[eZ e " —1}dx} (2.18)

jarn | 70
n
2 2, ntt
Ky, = (-2) j_r:l Ji ( maz J (k : odd number) (2.19)
0 (k : even number)

where

Jk(mannjzljgsinkxsin(%nnsinxj dx
Lt 2
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m, N . .
a j is a function whose

The Ji is the kth-order Bessel function of the first kind. Jk(

value will become small as k increases.

The value of Ky, from Equation 2.17 when nis an odd number is given as.

(n+1) 2 1. . 1. :
i — Jnmmg SinX —— JnTimg SINX
Ky, =(-1) 2 2% { e ““{eZ e 2 " ]dx} (2.20)

41Pn
(n+1)
2 2V nrt
Ky = (-2) Fd J k( maz j (k : odd number) (2.22)
0 (k : even number)

where

3,/ et :lj”coskxco MaM i x| dix
2 0 2

The output voltage, v, in Equation 2.8 is expressed as

4man
(k% -Dm

5 P s £ (75
' x[cos((nwy, + koo Jt + kg) + cos{(ny, koo, )t + ke

Vo=—9m, + i (1) ° ( Jsin(koomt+k(p)

: i._(—l)g(%j 5 [ L sin(l + e -+ k) iy, koo + )]

(2.22)

The first term in Equation 2.22 is the dc component of the output voltage. The second
expresses the harmonic components of even terms of the signal. The third and fourth

terms give the sideband components when n is an odd number and an even number,

respectively.
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The relationship between fundamental input and output voltage in the
overmodulating region is given as[25]
V, = MVy (2.23)

where

M :ZT'T]""(sin'lo( +a\/1—a2) ,m>1
a:%na.

2.2.2.2 PWM with unipolar voltage switching. In this scheme, the diagonally
opposite transistors (Ta+, Tg-) and (Ta-, Ts+) form the two legs of the full-bridge inverter
Figure 2.4 and are not switched simultaneously. The legs A and B of the full-bridge are
controlled by comparing triangular signal, v;. with control signal, vy, and -v, respectively.
Thisisillustrated in Figure 2.8.

The comparison of vy, and v; provides logic signals to control the switches in leg

Vm> Vi Tar On and vay=Vyg
and (2.24)
Vvm<vi.Ta-On and ypy=0.
The output of the inverter leg A and leg B with respect to the negative dc bus N is shown
in Figures 2.8b and 2.8c respectively. For controlling the leg B transistors, (-vim) IS
compared with the same triangular waveform, yielding the following:
—Vm>VviiTe+ ON and vpy=Vyq
and (2.25)

vm<vi:Tg-oOn and ygy=0.
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L
(b)

+Vd -

vd-

I
(d)

Figure 2.8. Single-Phase PWM with unipolar voltage switching. (a) Generation Method,
(b) leg A output voltage, (c) leg B output voltage, (d) inverter output voltage.



Table 2.1. Switching state of the unipolar PWM and the corresponding voltage levels.
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Ta+ Ta- Te+ Te- Van VBN Vo

ON - - ON Vyq 0 Vy
- ON ON - 0 Vy -Vy4

ON - ON - Vyq Vg 0
- ON - ON 0 0 0

Table 2.1 shows the switching state of the unipolar PWM and the corresponding
voltage levels. It should be noticed that when both the upper switches are on, the output
voltage is zero. The output current circulates in aloop through (Ta+and Dg.) or (Da+and
Tg+) depending on the direction of inverter output current, io. During this interval, the
inverter input current iy is zero. A similar condition occurs when both bottom switches
Ta-and Tg. are on.

In this type of PWM scheme, when a switching occurs, the output voltage
changes between 0 and +V 4 or between 0 and -V 4 voltage levels. For this reason, thistype
of PWM scheme is called the pulse width modulation with a unipolar voltage switching,
as opposed to the PWM with bipolar (between +V4 and -Vg). This scheme has the
advantage of “effectively” doubling the switching frequency as far as the output
harmonics are concerned, compared to the bipolar-voltage switching scheme. Also the
voltage jumps in the output at each switching are reduced to Vg, as compared to 2V4 in
the bipolar scheme.

2.2.2.3 Modified PWM bipolar voltage switching scheme. In this scheme, the

diagonally opposite transistors (Ta+, Tg.) and (Ta., Ts+) form the two legs of the full
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bridge inverter Figure 2.4 and are not switched simultaneously. The output voltage is
determined by comparing the control signal, vy, and the triangular signal, v;. This is
illustrated in Figure 2.9a. The switching pattern for positive values of modulating signal,
Vm iSasfollows

Vin >V, Tar ISON = vy =Vy4

and vy, <V, Tpo ison = v,y =0. (2.26)

The switching pattern for negative values of modulating signal, v, is given as

Vin <Vi, Ty ISON = vy =Vy

and v,>Vv,, Tg_ ison = vgy =0. (2.27)

Vin |

t
(b)

Figure 2.9. PWM with modified bipolar voltage switching. (a) Generation Method, (b)
inverter output voltage.
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The output voltage can then be expressed as shown in Equation 2.28 with a waveform
shown in Figure 2.9b.
Vo (t)=Van (t) = ven (t) (2.28)

Table 2.2 shows the switching state of the modified bipolar PWM and the
corresponding voltage levels. It should be noticed that when both the upper switches are
on, the output voltage is zero. The output current circulates in a loop through (Ta+ and
Dg.) or (Da+ and Tg.) depending on the direction of inverter output current, i,. During
this interval, the inverter input current iqy is zero. A similar condition occurs when both
bottom switches Ta- and Tg. are on. In the modified bipolar PWM scheme, when a
switching occurs, the output voltage changes between 0 and +V4 or between 0 and -V4
voltage levels.

Table 2.2. Switching state of the modified bipolar PWM and the corresponding voltage
levels.

Ta+ Ta- Ta+ Te- Van VBN Vo

ON - - ON Vg 0 2
- ON ON - 0 Vg -Vyq

ON - ON - Vg Vg 0
- ON - ON 0 0 0

In Figure 2.9, the output voltage v, produced by the modulating signal, v, and the
carrier signal, v; can be expressed by a complex double Fourier series. The output voltage
in Figure 2.9 is determined using the phase relationship between the modulating and

carrier signal shown in Figure 2.10 and 2.11. The peak value and angular frequency of
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the carrier signal are 1 and w, respectively. The modulating signal is expressed as
Vo =My Sin( wp,t + @), where w, is the angular frequency of the modulating signal .

The output voltage of Figure 2.9 can be expressed by complex double Fourier

series as follow [33, 34]:

Vo= Y 3 Kimexp(ifkc+ ny}) (2.29)

k=-00 N=-00
where x=w,t + @ and y =t . Equation 2.29 expressing the frequency spectrum of the

PWM waveform comprises the angular frequencies of n (integer) times «wx and the
sideband waves arranged at intervals of the angular frequencies of k (integer) times wny in

frequencies above and below them in high frequencies.

A

1

-1
(8 Modulating and carrier signa waveforms, 0 < w,t + @< Tt.

A

(0]
v, /

(b) Inverter output voltage, 0 < w,t + @< TI.
Figure 2.10. Phase relationship of output voltage to modulating and carrier signals for
modified bipolar voltage scheme. Condition, 0 < w,t + @< TI.
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21 >

-1

A

0 03 nt 6, 211

\

_Vd

(b) Inverter output voltage, TI< w,t + @< 2.

Figure 2.11. Phase relationship of output voltage to modulating and carrier signals for
modified bipolar voltage scheme. Condition, 1< wy,t + @< 2.

The complex Fourier coefficient Ky, can be expressed as follows:

Ky = ;/_1:2{ IS,Te‘ jkx ([9912 e jnydy) dx — jjn o Ik (Igs e jnydy + j:;e' J'nydy)dx } (2.30)

where, k=0,£1,£2,... andn=0,+1,+ 2,....

Angles 6; and 0, are the intersection points of v, and v; when the modulating
signal v, =m, sin(w,t+@) is greater than zero; and angles 6; and 6, are the
intersection points of v, and vi when modulating signal v, = m, sin( w,t + @) islessthan
zero. The angle 6, can be determined as

91+a1:1—2-[, :>91:1—2T—a1
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tanBl:i aso tan[31:m‘3‘smX

mysinx _ 1

&y _%’

N

n_
= 8 =M, sinx

Hence
11t .
elza(l—masmx). (2.31a)
Similarly, 6, 83, and 8, are determined; their values are given as

0, :g(3+ m, sin x)
Tt .
05 :E(l_ m, sinx) (2.31b)

0, :g(3+ m, sinx)

Equation 2.29 will now be separated into its respective frequency components.
(i) dc component. The dc component is determined by setting k = n = 0 in
Equation 2.29. Thisresult in Kgo = 0 from Equation 2.30.

(it) n = 0 components. From Equation 2.29, Ko is determined by letting

n=0:
_Vd{rr_'kx B _2m - jkx B }
KkO—F Joe (6, —8;)dx~ [ e ¥(By + 21~ 8,) dx (2.32)
But
0, -0, =m1+m, sinx) (2.339)
B3 +2m-0, =1(1-m, sinx) (2.33b)

from Equations 2.31a and 231b, then Equation 2.32 becomes
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Ko :;’—:[2{ [+ my sin) - [ (- my s ) (234
where
21— ikx . _ _jmaT[ (kzl)
[y € (my sinx)dx = {0 (k1) (2.353)
n o - Jﬂ (k : odd number)
[oe T dx~[Te Max =4 Tk ' (2.35h)
0 (k : even number)
1 m
— iVl =+ =2 k=1
Ve[ 2+ ] (k=1
Ko =1- j(v—nf(j (k : odd number) (2.36)
0 (k : even number)

The output voltage for the harmonic component, v, can be obtained by
substituting Equation 2.34 into Equation 2.29. The output voltage by performing real
Fourier Expansion is given as (Appendix C)

Vio = Kigexp(i{lc + @)

MV, sinx (k=1)

Viko (2 37)

2a gnkx (k=35,7--)
kmt

where

M

I
7\
=NE\
+
I\JLDB
N

In Equation 2.37, the components of k = 1, 3, 5, ... express the fundamental signal and
the third and fifth harmonic components, and so on.

(iii) k, n components. Rearranging Equation 2.30 yields
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Ky = V—d{jzne'”‘x([ez e‘j“ydy)dx}

ALY 01
V 21 _—jkx (- jn61 _ o~ jn®
Ky, = —4 { e IMle7 I — 7102 gy (2.38)
7 jaren YO ( )

Substituting Equations 2.31a and 2.31b, into Equation 2.38, result in

1. 1. . 3. 1. .
V. oM —— Nt — JnTiMg SIn X —— Nt —— JNTiMg SIN X

jaren | *©

The value of Ky, from Equation 2.39 when n is an even number is given as

2 1 1
2 Vg 21 —ikx| o JNTMg SinX -= jnrmg sinx
Kin = (-1 e 1| e2 -e 2 dx 2.40
kn ( ) j4T[2n Io { } ( )
n
2V, m,NTt _
Ky, =1(2) j_TT]’]Jk( 2 j (k : odd number) (2.41)
0 (k : even number)

where

Jk(%nnjzljnsinkxsin(mannsinxj dx
2 -0 2

m,NTt

The J is the kth-order Bessel function of the first kind. Jk( j is a function whose

value will become small as k increases.

The value of Ky, from Equation 2.39 when n is an odd humber is given as

(n+1) v 1. . 1. .
. Zjnmmg sinx  —= jnmmg sinx
Ky =(-1) 2 4 [ Jk{eZ e 2 " }dx (2.42)

41n | °©
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(n+1)

2V m, N7t
Ky = (-2) Ed\]k( az j (k : odd number) (2.43)

0 (k : even number)

where
3,/ et :ljncoskxco MM g x | dx
2 0 2

The output voltage, v, in Equation 2.29 can be expressed as

[oe]

Vo =MV sin(wt+@+ (%jsin(kwmt + ko)
o\ km

(n+1)

m, NTt s m, NTt
o J | —=2 t+ J a
T s

k=24
 [cos{(nooy + koot + kep) + cos((nox — ke )t + ko]

n

e 3720 o M (s + ko k) if(r -k )]

nrt Jx=13

(2.44)
The first term in Equation 2.44 is the fundamental component of the output voltage. The
second term expresses the harmonic components of odd term of the fundamental signal
and is a term not related to the modulation index. The third and fourth terms give the
sideband components when n is an odd number and an even number, respectively.
The relationship between fundamental input and output voltage given as
V, = MV (2.45)

where
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2.3 Design, Implementation, and Operation of Bipolar Voltage Switching Scheme
for Single-Phase PWM Inverter

The single-phase PWM inverter can be switched with different voltage switching
schemes as discussed. Basically, the transistor used in the single-phase inverter has to be
driven into the saturation region to act as a switch. The base signal used in driving the
transistor is obtained from SEMIKRON, SEMIDRIVER SKHI 60 (Medium Power Six
IGBT and MOSFET Driver). The base driver has the following features [26]: CMOS
compatible inputs, interlock circuit, short circuit monitoring and switch off, supply
undervoltage monitoring Vs < 13 V, isolation of primary from secondary by pulse
transformer, error latch and monitoring output signal, and internal isolated power supply.

The supply to base drive board is +15 V. The input into the base driver (4 of 6) is
obtained with operational amplifier and resistors. The pulse width modulation is
obtained, as mentioned earlier by comparing a carrier signal with a modulating signal.
The PWM can be obtained by using op amp (operational amplifier). The pulse
modulating signal is achieved by driving the op amp in the saturated region.

From the theory in section 2.2.2.1, the PWM bipolar-voltage switching method is
explained. The PWM with bipolar voltage switch scheme is obtained with operational
amplifier. The operational amplifier was configured as a comparator as shown in Figure
2.12. The comparator circuit compares a signal voltage on one input of an op amp with
known voltage called reference voltage on the other input. Its output may be (+) or (-)
saturation voltage, depending on which input is larger. Figure 2.13 shows the dual low

noise JFET input op-amp used (ECG 858M). In achieving the bipolar voltage switching
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Figure 2.12. Inverting comparator.

OUTPUT
INV INPUT

NON-INV INPUT

d INV INPUT

-Vee @ NON-INV INPUT

Figure 2.13. Block diagram of ECG 858M (dual op-amp).
scheme, the transistors Ta+ (TOP 1) and T . (BOT 2) are turned on from the output of
Figure 2.14.

The fixed reference voltage (triangular waveform) of 8 V' peak to peak is applied
to the (+) input, and the modulating signal (sinusoidal waveform, OV - 20V) is applied to
the (-) input. The circuit arrangement of Figure 2.14 is called the inverting comparator.
When V4pe iS greater than Vg, the output voltage V, is at -15V because the voltage at the
(+) input is lesser than that at the (-) input. On the other hand, when Vgne isless than Vi,
the (-) input becomes negative with respect to the (+) input, and V, goesto +15V. Hence

V,, changes from one saturation level to another whenever Vgne > Vi OF Vgne < V.
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R
N\ —
R, + 15V
Vaine—\/\——- V,TOP 1
BOT 2
VoBOT 1
TOP?2

Figure 2.15. Non-inverting comparator circuit.

The other set of transistors Ta. (BOT 1) and T g+ (TOP 2) are switched using
Figure 2.15. This is done using the bipolar voltage-switching scheme also. The fixed
reference voltage (triangular waveform) of 8 V' peak to peak is applied to the (-) input,
and the modulating signal (sinusoidal waveform, OV - 20V) is applied to the (+) input.
When V 4pe is less than Vi, the output voltage V, is at -15V because the voltage at the (-)
input is higher than that at the (+) input. Conversely, when Vgne IS greater than Vy;, the
(+) input becomes positive with respect to the (-) input, and V, goes to +15V. Hence V,

changes from one saturation level to another whenever Vgne > Viri OF Vne < Vi
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The H-bridge inverter shown in Figure 2.4 is implemented using two sets of insulated
gate bipolar transistor (IGBT). Each set of the international rectifiers (IRGTIO50U06) isa
half-bridge that consists of two transistors. The choice of IGBT for this power application
was based on the facts that it has the following features [5]: rugged design, simple gate-
drive, ultra-fast operation up to 25KHz hard switching or 100KHz resonant, and
switching-loss rating. The outputs from the base drive were connected appropriately to
the collector, emitter, and gate of the IGBT. The interlock circuit on the base driver

ensures the IGBTs from the same leg do not turn on simultaneoudly.
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CHAPTER 3

MODEL OF A SINGLE-PHASE INDUCTION MOTOR

3.1 Introduction

In this chapter, the development of the model of a single-phase induction motor is
examined. First, the derivation of the single-phase induction motor (SPIM) equation is
carried out. In simplifying the SPIM state-variables equations, two sets of transformation
are used: the stationary reference frame and the turn ratio transformation. Next, a brief
discussion of the theory of harmonic balance technique is set forth.

The harmonic balance technique is then used to develop a steady-state model for
the SPIM. The parameters of the SPIM are determined with the resulting steady-state

equation.

3.2 Derivation of Single-Phase Induction Motor Equation

A schematic cross section of a single-phase induction machine model is shown in
Figure 3.1. The stator or main windings are nonidentical sinusoidally distributed
windings arranged in space quadrature. The as winding is assumed to have N equivalent
turns with resistance r,. The auxiliary bs winding has Ny equivalent turns with resistance
rp. The rotor windings may be considered as two identical sinusoidaly distributed
windings

39
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as
Figure 3.1. Cross-sectional view of a single-phase induction machine.

arranged in space quadrature. Each rotor winding has N; equivalent turns with resistance
Ir.

The stator and rotor voltage Equations of SPIM are given as

Vas = lalast PAas (3.1)
Vbs = Thibst PAps (3.2)
Vg =lig+ PA g (3.3
Vir = el + PApy (3.9

where r,, rp, and r. are the resistances of the a-phase stator winding, b-phase stator
winding, and rotor winding, respectively. The p denotes differentiation with respect to

time. The stator and rotor flux linkage equations are

Bﬂ :[(L:s)T LLSJr }Eﬂ 35)

where
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L = _Lasas I-asbs_ + _Llas 0 } (3 6)
° |lbss Lbws| | O Lips
L = _Larar I-arbr_ + _Llr 0 } (3 7)
r _Lbrar I-brbr_ L 0 I-Ir
L L
Ly = Law Lasbf} (3.8)
bsar bsbr

where L is the self-inductance for the stator winding, L, is the self-inductance for the
rotor, and L isthe mutual inductance.
Winding function principles [28] can be used in determining the self- and mutual

inductance matrix in Equations 3.6 - 3.8. The inductance between any windings “i” and

J” in any machine is expressed as

2

L =2 TN ()N, (@)dg (39)
0

g

The average air-gap radiusisr, the effective motor stack length is |, and the gap length is
represented by g. The angle ¢ defines the angular position along the stator inner diameter,
while the angular position of the rotor with respect to the stator reference frame is @.
The winding functions of windings “i” and “j” are given, respectively, as N; (¢) and N;
(@). In order to obtain closed-form inductance equations, the winding functions are
represented by their respective fundamental components despite that the winding
functions contain significant space harmonic components.

The fundamental component of the winding functions for the stator windings are
given in Equation 3.10. The fundamental component of the winding functions for the

rotor windingsis given in Equation 3.11.

Nas = N cos@), Nps = Ng sin(o) (3.10)
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Nar = N, cos(o-@;), Nor = N sin(e-q;) (3.11)
The self- and mutua inductances can be found using Equation 3.9-3.11. This

results in the following inductances.

& Hofl 2
asas — f NACOS((P) d(P_ ; TN A (3.12)
0
_ uorl ok
Lashs = INAcos(cp)xNB sin(@)de=0 (3.13)
L = “‘;' [N (@) x Np cos( )dp=0 (3.14)
0
r| 2T . rl
Losos = 22 [ (Ng sin(@))2de= 2" 3 (3.15)
9 o g
2 2 Ho” 2
Larar = I(Nr cos( Q=@ )) d(p:TT[Nr (3.16)
0
L ol 2T[N _ 0 0. do=
abr =—2— [N, cos(@—@, ) x N, sin(¢- @, )dp=0 (3.17)
0
(2T
Lorar = 22 [N, sin(@-@ ) x N, cos( - ¢, )dp=0 (3.18)
0
rl 2 . rl
Lorbr = Ho I(Nr sin(e— o, ))zd(p:uLT[er (3.19)
9 o g
_orl 7T _ Kor!
Lasar "y [ Nacos(@)x N, cos( - @, )dp= g aN;cos(@ )  (3.20)
0
Mol 2 Hor! :
Lasor = o AN, sin(@ ) (3.20)
u |2T[
Losar = INB sin() x N, cos( @~ ¢, )dp= F° ) (322
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rl 21

. . rl
=Ho INBsn«p)ersn(cp—(pr)dcp:“; MNgN, cos(@,)  (3.23)
0

Losor =

Equations 3.6 - 3.8 become

_[Lias + Lia 0 ] . [N2 0] [Las O
L= 0 Ll }kx SR (3.24)
L lbs * Lmb 0 Ng Ibs
_[Lir + Lo 0 _ er 0 L, O
L=l L e L (3.25)
L Ir mr 0 Nr Ir

Lsr:|:|-asar Lasbr}:kx[NANrcos((pr) _NANrSin((pr)} (3.26)

Lbsar I-bsbr NBNrSin((pr) NBNrCOS((pr)
where k :Mn.

In Equations 3.24 and 3.25, the leakage inductances of the a-phase and b-phase

stator windings are L s and L ps, respectively, while those of the rotor windingsis L.
3.2.1 Reference Frame Transformations and Turn Transfor mations

The transformation of stator variables to the arbitrary reference frame, the
transformation of stator variables between reference frames, and the transformation of
rotor variables to the arbitrary reference frame are necessary in simplifying the SPIM

voltage equation. In vector notation, the stator variables are represented as

fops = rﬂ (3.27)

fbs
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where f may be a voltage (v), current (i), or flux linkages (A). If 8 is the angular position
of an arbitrary reference frame then the transformation of the stator variables to arbitrary

reference frame is[29,30]

fqu =K ZSfabs’ fabs = (K 25)-1fqu (3-28)
where
fos
fods = ; (3.29)
ds
and
Ko = cos® sinB (K, )= cos® sin6 (3.30)
271sn® -cosB|’ ) "sn@ -cos@| '

Applying Equation 3.28 and 3.30 to Equation 3.1 and 3.2,

K25Vabs =K ZsrabI abs + KZSD)\ abs (331)
r, O
where r,, = {O ) }
b
K ZsVabs =K Zsrab(K 23)_1| qds +K Zsp(K 23)_1)\ qds * (332)

Simplifying Equation 3.32,

vV ot ™ o500 a5 g5n2p i A A
s|_| 2 2 2 @ |4 ® l+p "* | (333
v r,=r, . rL+r,  r,-r i -A -A '
ds 2 —23n20 2 +-2—2¢c0S20 |L'ds as ds
2 2 2

where w = pb.

The stator voltage equation (3.33) is time-varying in view of the time-varying
resistance. The equation can be simplified using the stationary reference frame, w=0

(6 = 0). With this transformation we can obtain constant parameters as
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Vqs — Na 0 iqs )\qs
{Vdj B { 0 rb}{i dj ¥ p[— A dj ' (3.34)

The rotor variables can be expressed in vector notation as

fbr

far
f oy :{ } (3.35)

The transformation of rotor quantities to the arbitrary reference frameis

foar = Karfaor Faor = (Ko ) M oar (3.36)
where
foar = [fﬂ (3.37)
Far
and
ooy ol (o) ena) @
Applying Equations 3.28 and 3.30 to Equations 3.3 and 3.4,
Ko Vaor =Kol gor + Ko PA o (3.39)
KarVetr = Korle (Ko ) gar +KarP(K o Agar - (3.40)

Simplifying Equation 3.40,
Vqr}:r [iqr} AR M|y [Aqr } 3.41
|:Vdr r |dr ( r) _)\qr p _Adr ( . )

The rotor voltage Equation 3.41 using stationary reference frame, w = 0 becomes

Vqr}:rfqr}- ar [Aqf} 3.42
L’dr r I “ ~Agr g “Nar] (542

where w = p0o.
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The flux linkage Equation 3.5 is transformed to the stationary reference frame as follows

P qu} _ { Kasks(Kas) ™ Kaslg (Ko )‘T abs} (3.43)

)‘qdr K2r (Lsr)T (KZS)_l KZrLr(KZr )_1 iabr

with 6(0) set equal to zero

10 L 1o
Koe = , K = , 3.44a
=g _J (Ka) [O _J (3.449)
[cos(-6,) sin(-6,) 4 [cos(-8,) sin(-8,)
Ko =| . ) (K 2r) = . . (3.44b)
'sin(-6,) -cos(-9,) sin(-8,) -cos(-6,)
Therefore,
KZSLS(K 25)_1 =Ls (3.45)
KorL; (K2r )_l =L (3.46)
_ _ N AN 0
S I L e T A @4
BN,
Equation 3.43 reducesto
qus} :{ Ls le}{?qu} (3.48)
)\qdr I—12 I-r Iqdr
where
N2 L 07 [Lgs+L 0
Ls=kx Na 02 { las }:[ las ~ g } (3.49)
| 0 Nj 0 Lis 0 Ligs *+ Limg
INE
Lo=kx N O +[L” 0 }:[L'qf Ll 0 } (3.490)
L 0 N; 0 Ly 0 ler + Loy

N AN 0 Ly O
L, =kx| A =@ . (3.49¢)
0 NgN,| | 0 Ly
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In Equations 3.49a - 3.49b, the leakage inductances of the stator main and
auxiliary windings are Ligs and Ligs respectively, while those of the effective two
mutually perpendicular rotor windings are Liqr and Lgr.

It is convenient to refer all g variables to the as winding with Nq effective turns
and all d variables to the bs winding with Ny effective turns. If al the q variables are
referred to the winding with Ny effective turns (as winding) and al d variables are

referred to the winding with Ny effective turns (bs winding), the voltage equation

becomes
Vs = fgslgs + PAgs (3.50)
Vas = Taslds + PAgs (3.51)
, _po _Ng oy, ,
Vor = Torlor _N_d O A g + PAge (3.52)
Var = Tarlgr +|:|_Zwr)"qr + PAg, (3.53)
where
Ags = Lgslgs * Linglar (3.54)
A ds = Lasigs + Liglar (3.55)
Ny = Larigr * Linglgs (3.56)
dr = Larigr + Lmalgs (357)

where qu = L|qs + Lmq, LdS = L|dS + Lmd- qu’ = L|qr + Lmq and Ldl’ = L|dl’ + Lmd . In

Ng o _ N, Ny

2
which v, = Vo , | i vV, = V., ih = I\Iri rl = r
qr N, qgr» ‘gr Nq qgr: Ydr N, dr» ‘dr Ng dre ‘or r
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2 2 2
N N N N N
L :(—qJ Ligr» T4 :(—d} r, Ly :(—dJ Ligr Lig =—Log Lg = —% Lyg -
qr Nr qr r Nr r r Nr r mq Nr gsr Nr ST
Since the source voltages in the rotor circuit are zero, the SPIM voltage equation in the g-

d stationary reference frame becomes

Vgs = gslgs T PAgs (3.58)
Vgs = laslgs T PAgs (3.59)
0=rgig = Ngg Ay + PAg (3.60)
0= rgig + Ngq@ Ay + PAy (3.61)
where,
Ngg = and Ny :E—Z.

3.2.2 Torque Equation Derivation

The energy of the SPIM can be written as [29]

1, . : : 1, .
Wi :E(labs)T (L = Liaps!)iaps * (Taps)" (Lsr ) iaon +§('abr )" (L ~Liar iaor  (362)

where | is an identity matrix. The change of mechanical energy in a rotational system
with one mechanical input may be written as

dW,,, = -T.d6,, (3.63)
where T, is the electromagnetic torque positive for motor action (torque output) and G,
isthe actual angular displacement of the rotor. The flux linkages, currents, and W

are al expressed as functions of the electrical angular displacement 4. Since
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P
6= Hem (3.64)
where P isthe number of polesin the machine, then Equation (3.63) becomes
2
dW,,, = —Te(gjder : (3.65)

The electromagnetic torque can be evaluated from

Te(i j ,er):(;)%:’er) : (3.66)

Since Ls and L, are not functions of &, substituting W: from Equation 3.62 in Equation

3.66 the electromagnetic torque in Newton meters (Nm) is given as

Te = (g) (iabs)T %[Lsr] iabr : (3-67)

Expanding Equation 3.67 resultsin
Te = (E)[Lquas(— Igr NG, =i, coser)+ Ldrlbs(lar CoSO, — iy, smer)] . (3.68)
The torque and rotor speed are related by
2
Te= J(;) pey + T (3.69)

where J is the inertia of the rotor and the connected load. The load torque is Ty; it is
positive for motor action.

The expression for the electromagnetic torque in terms of stationary reference
frame variables may be obtained by substituting the equations of transformation into

Equation 3.67. Thus,

Te = (;) [(Ks)_liqu] ! %[Lsr] [(Kr)_liqdr ] (3-7OC)
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(G lel) al e ]

(3.71)
§ cos(6-6,) sin(0-6,) Tig
sin(6-0,) -cos(0-6,) iy |
Simplifying Equation 3.71 resultsin
Pr . . .
Te :E( arlgslar ~ I-dr'ds'qr) . (3.72)
In terms of referred, substitute variables the expression for the torque becomes
P ror r 3
Te :E(qu)\qﬂdr - qu)\dr|qr) . (3.73)

3.3 Harmonic Balance Technique

Harmonic balance technique is a very important tool in engineering for three
reasons:
(&) Many circuits generally operate in the sinusoidal steady state.
(b) The technique is very efficient, hence it is used in power systems, electric
circuits, control systems, etc.
(c) If the response of a linear time-invariant circuit to a sinusoidal input of any
frequency is known, then effectively its response to any signa can be

caculated.
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3.3.1 Phasor s and Sinusoidal Solutions

A sinusoidal of angular frequency w (rad/s) is defined as
A, cos(ot + @) (3.74a)
where the amplitude A,,, the frequency w, and the phase ¢ are real constants. The
amplitude or the peak is assumed positive. The frequency w is measured in radians per
second. The period is T = 211/win seconds. The sinusoidal function is of the form
A\, cos(2rft + @) (3.74b)

when the frequency, f ishertz and T = 1/f.

The sinusoidal function can be rewritten in complex form as
A=A ge" (3.75)
where A is the complex number called the phasor. If the frequency w is known, then the

phasor A isrelated to the sinusoid by the equation
RelAe™ |= R A, 9| = A cos(wt + ) (3.76)
The relationship between sinusoids (at frequency w) and phasor can be given as
Sinusoid A cos(wt + @) = (A, cosp) cos(wt) + (- A,sing) sin(cwt) (3.77a)
Phasor A=A e’ =A cosp+ j(Asng) . (3.77b)
The following can be concluded from Equations 3.77aand 3.77b

A cos(wt + @) = ReJA] cos{wt) - Im[A] sin(wt) . (3.78)
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3.3.2 Basic Theorems

The use of harmonic balance technique in the analysis of linear time-invariant
circuitsin sinusoidal steady state are based on the following theorems [19].
Theorem 1 (Uniqueness). Two sinusoids are equal if and only if they are represented by
the same phasor; symbolicaly, for al t,
RelAe™|=RedBe™| -~ A=B. (3.79)
Proof: By assumption let A = B. Then for all values of t,
pel“t = gelet and  ReAe™|=ReBe|.
By assumption for all values of t,
RelAei|= RelBel!| . (3.80)
Specificaly, whent = 0, Equation (3.80) becomes
ReA =R4H . (3.81)
Similarly, for t, = /2w exp juwt, = exp j(T/2)=j and Re[A]j] = - Im[A]; hence Equation
(3.80) becomes
Im[A] = Im§ . (3.82)
Hence from 3.81 and 3.82, successively
A=RefA+jImB =R¢A+jini g =B.
Theorem 2 (Linearity). The phasor represented a linear combination of sinusoids (with
real coefficients) and is equal to the same linear combination of the phasors representing
the individual sinusoids.

Symbolically, let the sinusoids be
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¥ (t) = Re[ALej“’tJ and  x,(t)= Re[Aer“’t] .
Thus the phasor A; represents the sinusoid x,(t) and the phasor A, represents x,(t).
Let a; and a, be any two real numbers; then the sinusoid a; x(t)+a, X,(t) is

represented by the phasor a;A; +a,A,.
PROOF: Confirmation of the assertion by computation:

a; x(t)+a, x,(t) =2, Re[ALej“’tJ+ a, Re[Azej‘”t] : (3.83)
Now a; and a, are real numbers, hence for any complex numbers z; and z,

aRe{z] = Rea 7] =12 (3.843)
and aRez] +a,Rd 2] =R¢ayz +a,7] . (3.84b)

Applying Equation 3.84b to Equation 3.83

a Re|Ael“t |+ a, RelAel® | = Rel(a,A, +ayA, et (3.85)
From Equation 3.83 and 3.85
8y X (t) +ay X,(t) = Rel(alpl + azAz)ejth - (3.86)

that is, the sinusoid a, x(t)+a, x,(t) is represented by the phasor a; A; +a, A,.

Theorem 3 (Differentiation rule). A is the phasor of a given sinusoid A,cos(wt + A) if
and only if jwA is the phasor of its derivative, %[Ancos(oot +0A).
Symbolicaly,

Re[j oerj‘”t] = %(Re[Aei“] ) . (3.87)

Equation 3.87 indicates that the linear operators Re and % commute:
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R{% (Aej“)} = Re[j oerj‘*’t] = %[Re(Aej‘”t)] .

PROOF: By calculation. A= A exp(jOA).
S{Re(Aexp(jc)]
= < [RelAvexp (6t + 0A)]

:E[Ancos(wt +0A)]
dt
= - Aywsin(wt + OA)

= Ref jw Aexp j(wt +OA)]

= Ref jw Aexp jwt] .

where A, isrea

since exp jx =cosx+ j Sin X

It is worth noting some basic complex number identities

Re A xRdH = %( Re[AB] + Re[AB*] )

RAxReE) = *(Rela 8]+ Rl

(3.88)

(3.89)

where A and B® are complex conjugates of complex numbers A and B, respectively.

3.4 Steady State Analysis of Single-Phase Induction Motor

The state variables are approximated as

Vgs =R q$ei‘”etj , Vs = Reb/d§ejwe‘] Ags = Rel)\ q$ej°°e‘] s Ags = RelAd§ejwetJ ,
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o 1 j et o i j et —_ jwet — jwgt
N = Re{ Al |, Ay =R Ay @98t | | 1o = Rel 100! |, 145 = Rell g’ |
Iy = Re 1,60 | and 1), = Re| 14,609 | .
Where Vdss, Vqss, )\dss, )\q$, )\Iqrr, )\Idrr, Iqss, Idss, Ilqrr, and I'drr ae COmpleX pea.k quantltl&

At steady state the coefficients of the state variables in Equations 3.58-3.61 are time

varying. Using the harmonic balance technique theoremsin section 3.3

Reb/d§ejwetj = rdsRe[I e et J + p{ Re[)\ d§ej°°et” : (3.90a)

by comparing terms Equation 3.90a becomes

Vdss = rdsI dss T J(*)e)\ dss T p)\ dss - (3-90b)
Similarly

RelVse %! |= 1Rl g% [+ p{ Rl e (3913

Viss = Tgslgss + (A9 gss T PAgss (3.91b)

0= rér Rell tl]rrejwetJ_ qu(*)r Rel)\:jrrejwetl"' p{ Rel)\'qrrejwet” (3.929)

0= rgel grr = Nga@r A + JWeAger + PG (3.92b)

0=ryRell €%t |+ Ny Relh g €%t |+ pl Reph g e |} (3.939)

0=rgelgrr + N Ager + J0OA G + PAgyrr - (3.93b)
Applying similarly harmonic balance technique to the flux linkages equation

Agss = Losl gss + Lingl gre (3.94)

Adss = Las! gss + Lina ! dir (3.95)

MNgr = Liglgr + 1L

e+ Ling gss (3.96)

mg

Aarr = LarTarr + Ling lass - (3.97)
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The steady state el ectromagnetic torque can be approximated as

T, = Re[Tel + T 2‘*’6‘] . (3.98)
Using harmonic balance technique the steady state electromagnetic torque can be found
as follows. Substituting the state variables in Equation (3.73)
Re{Te + Tepe 2! |

Z{quRe[}‘qrr Jwet]Re[lar jo t] quR‘{)‘drr Jwet] R‘{Blarre

using the identity in Equation 3.88

jwe] } (3.99)

RefTgy +Tepe 20|

_g{ da (Re[)\qrr | drr] + Re[)\qrr | grr € ])'N—;d(Re[}\'drr | gfr]+ Re[)\’d” ! zl”ejzwet] )}

(3.100)
From section 3.3.2 Equation (3.100) can be further reduced to
T = 4(qu)"qrr|drr NgaA ! qrr) (3.102)
Top =2 (N e Ve = NoaNare Varr ) (3.102)
e2 4 dgqrr ' drr qd/drr ' grr .

where T and T, are the average and pul sating €l ectromagnetic torque, respectively.

The equivalent circuit for the system using voltage equations (3.90b-3.93b) is
shown in Figure 3.2.

Core loss resistances Rq and Rmg are added to the equivalent circuit in Figure 3.2
to account for core loss. The new equivaent circuit including core resistance is shown in
Figure 3.3. The steady-state equation the for new equivalent circuit is given in Equation2

3.103-3.110

0 =Viss ~ sl dss ~ JWeA gss (3.103)
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Figure 3.2. Equivalent circuit of single-phase induction machine (a) d-axis, (b) g-axis.
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Figure 3.3. Equivaent circuit of single-phase induction machine with core loss

(a) d-axis, (b) g-axis.
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0=Vjes ~ sl gss ~ 1WeA gss (3.104)
0= qu(*)r)\’drr - rér | ('qrr - j(*)e)\'qrr (3.105)
0= _qu(*)r)\'qrr = Tar Lo — JOeA gy (3.106)

where the g-d flux linkages are defined in terms of the steady state g-d currents as

Agss = Ligs! gss * Lmg I gss + Ter — qm) (3.107)
Ades = Lids! dss *+ Lind (1dss *+ 1 rr = ! o) (3.108)
Narr = Ligr e + Ling (e * Vass = 1 qm) (3.109)
Nyer = Lar Ve + Long (e + 1 ass = am) - (3.110)

The g-d flux linkages (3.107-3.110) are then substituted in the voltage equations (3.103-

3.106). The following equations resullt.

. . l4es +1¢
Viss = sl dss + 1 Welyas! dss + ) Welmg Ra (Rfr;’i jwerrr:d) (3.111)
e
Vs = Mool g + ] 0eLige] ges + jO0L Mo *lar) (3.112)
gss ~ 'gs'gss J®We 1gs' gss JWe mRﬂq(%"‘jweLm) .
— !y 1 (ldss"'l('jrr) ; o
O_rquqrr _quwr Liar larr + Lmg Rra (Rmd +jw Lmd) +J(*)eLIqr|qrr-~
e
3.113
+ jweL qu'(lqss-'-la”)‘ ( )
e (Rtm"'j‘*)el-mq)
— ] ] (Iq$+|(’1”) H [ 1
o_rdrldrr"'l\ldq(")r qurlqrr+Lqumq (R oL ) +J(*)e|-ldr|drr-°-
mg 1 Wetma (3.114)

(l dss T |('irr) .
Rmg + jWel g )

+ jWeLlmg R (
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3.5 Evaluation of Machine Parameters

The main and auxiliary winding resistances were found by applying a dc voltage
across the terminals of the main and auxiliary windings. The values are main winding
resistance, rqs=1.1 Q and auxiliary winding resistance, rss=4.3 Q.

The other parameters are estimated using the stand-still and synchronous-speed
tests. The stand-still test is carried out by holding the rotor down and by applying a
single-phase voltage across the auxiliary winding with the main winding opened. As the
voltage across the auxiliary winding is increased gradually, the auxiliary winding input
power, phase voltage, and current are measured along with the voltage across the main
winding. Also, the voltage source is applied across the main winding with the auxiliary
winding open. Main winding input power, phase voltage, and current, as well as the
voltage at the terminals of the auxiliary winding, are then measured as the main voltageis
increased.

The synchronous test is performed in addition to the stand-still test. This test is
accomplished by running the rotor at the synchronous speed. Then all other steps of the
test are carried out as was described in the stand-still test. The measured experimental

results are shown in Tables 3.1 - 3.2.
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Table 3.1: Stand-still test: voltage applied to (a) the auxiliary winding and (b) the main

winding.

(@

V1A [V]| 11A [A] |P1A [W]|V2M [V]
3162 | 0.1662 | 0.264 | 0.192
6.346 0.32 0.9672 | 0.539
8.843 | 05438 | 2474 | 0.685
1198 | 0.8693 | 5957 | 0.627
16.28 | 1.3409 | 13.77 | 0.597
20.6 1.8034 | 2492 | 0.498
24.27 2.2 3722 | 0434
27.31 2.53 49.29 | 0.373

b

VIM [V][11IM [A(] PIM [W][V2A [V]
379 | 0331 | 0585 | 0.025
5049 | 0555 | 1.076 | 0.032
723 | 1052 | 3188 | 0.044
10.16 | 1.765 | 8374 | 0.082
1371 | 2687 | 19.07 | 0.12
1733 | 3672 | 3601 | 0.156
1958 | 4224 | 46.92 | 0.182
2524 | 567 | 849 | 0.256

Notes: where V1A is the auxiliary winding voltage with voltage applied to the auxiliary

winding, 1A is the auxiliary winding current with voltage applied to the auxiliary

winding, P1A is the power to auxiliary winding power with voltage applied to the

auxiliary winding, V2M is the main winding voltage with voltage applied to the auxiliary

winding, V1M is the main winding voltage with voltage applied to the main winding,

1M is the main winding current with voltage applied to the main winding, PIM is the

power to the main winding power with voltage applied to the main winding, and V2A is

the auxiliary winding voltage with voltage applied to the main winding,

Use of the stationary reference frame transformation results in the following

3.5.1 Determination of the Main Winding Rotor Resistance

From the datain Table 3.1b, the main winding rotor resistance, ry can be found.

When l4s = 0, and wy = 0 the equivaent circuit is shown in Figure 3.4.
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Table 3.2: Synchronous test: voltage applied to (a) the auxiliary winding and (b) the main

winding.
@) (b)
V1A [V]]| I11A [A] [P1A [W]|V2M [V] VIM [V]|I1IM [A] [PIM [W]|V2A [V]
10.18 | 0.2655 11 2.386 10.16 | 0511 | 1.271 5.95
20.33 | 04835 | 3.252 6.31 2091 | 1.014 | 4.208 | 1741
30.18 | 0.6845 | 5.781 | 11.83 32.04 | 1518 | 8.716 | 31.08
40.25 | 0.8989 | 9.135 | 17.69 39.14 | 1813 | 12.01 39.9
50.31 | 1.114 | 13.209 | 23.61 50.73 | 2374 | 19.61 54.3
60.22 | 1.3276 | 17.852 | 29.57 60.25 | 2831 26.9 66.2
70.37 | 15553 | 23.55 35.5 70.12 | 3.328 | 36.19 78.7
804 | 1.7814 30 41.5 80.13 | 3.867 | 47.87 91.6
90.13 | 1.9985 | 36.59 47.4 90.17 | 4435 | 61.67 | 104.1
100.1 2.24 45.29 53.3 100.4 511 79.51 | 116.8
1105 | 2.499 55.3 59.7 110.2 | 5935 | 101.8 | 1289
1208 | 2.772 66.6 65.8 120.3 | 7.139 | 137.9 | 1409
130.3 | 3.051 79.62 715 131 8945 | 2019 | 1524
1406 | 3.386 96.06 77.8 139.9 | 10.89 280 160.7
1509 | 3.764 | 114.75 84
161 4222 | 141.32 | 89.8
r;jr I-idr
S
Idmi
ildrr'I
(@
'gs  Ligs ‘o Lig
NV A\
—> |
lgss lgre
Vs que T
ilqss qrr
(o
(b)
Figure 3.4. Equivalent circuit of single-phase induction machine with l4s =0, and =0

(a) d-axis, (b) g-axis.
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From equivalent circuit the following equation results.

Vqss _ _ . ] . ]
T~ Zae T Roe T X (rqs * ran)J’ J(‘*)e'-lqs * ‘*’equr) (3.115)
gss

From the stationary test result in Table 3.1b and given rgg, rqr can be calculated using the

following procedure.

_Vim _p 2 2
1Z 0| _% =Ry’ + Xose (3.116)
P,
R =1 %5 M (3.117)
M
Xqse =y Zgse” ~ Rese” (3.118)
for = Rysc ~fgs (3.119)

3.5.2 Determination of the Auxiliary Winding Rotor Resistance

From the datain Table 3.1a, the auxiliary winding rotor resistance, rq;, can be
found. When I4 =0, and wx = 0 the equivalent circuit is shown in Figure 3.5.

From equivalent circuit the following equation results.

V, . ) : '
% = Zge = Riso + 1 Xase = (Tas * Tr ) + J‘*)e(l-lqs + qur) (3.120)
dss

From the stationary test result in Table 3.1aand given rgs, rgr Can be calculated using the

following procedure.

_Via_p 2 2
|stc| - ﬁ - F‘>ds;c + dec (3-121)
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Figure 3.5. Equivalent circuit of single-phase induction machine with I =0, and wx= 0

(a) d-axis, (b) g-axis.

Rige =24
IlA
_ 2 2
dec - Vstc - F"ds;c
ar = Rdsc —Igs

The turn ratio, Ngq, can be found be using the following relationship,
[ Xge o 1
Ngg = .| WithNggistheinverse of Nggas Ngg = ——.
quc qu

3.5.3 Determination of the Main Winding Parameters

From the datain Table 3.2b, the main winding parameter can be found.

When Iy = 0, and wy = wx the equivalent circuit is shown in Figure 3.6.

(3.122)

(3.123)

(3.124)
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\éss qug T
i Iqss arr-

(b)
Figure 3.6. Equivalent circuit of single-phase induction machine with lgs =0, and o = s
(a) d-axis, (b) g-axis.

0

From equivalent circuit in Figure 3.6 the following equation results.

NgqRE X 2
Zig = s dqR'“; m _ (3.125)
WRZ, +12 +4ry Ry, +4x|qr)><xmq...>< X
2 2 mq
+ (leqr mq * 4Xige + rqr) * Ring
V V
=r,.+ X2 Rg J a4 92 (3.126)
R = fos + X RAg+ X2 TVE+vE TPvE+vg
X g = Xjge + X Ry vy, Va -Jq qu (3.127)
o e MR wxZ T PvZevg THVEevE |
Jq1 = XiaRolar (3.128)

Jg2 = XgRialar (3.129)
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2 2 2 2
. [2xqu,qr = XaTar = 2X2gRmg = 4Xmg Xiqr Rng = 2Xmg R -

X (3.130)
il 9 2 Jrqr mg
- 2qurqumq + rqumq - 2qurqu

2 2 2 2
. {Zququ + X Balar *+ 2X B Xiqr = 2Xmaler R =~ 2Xmg R -

g2
+ 4quXIqumq - rqur%q - 2XIqut$1q

From the synchronous test result in Table 3.2b the following Zgg, Zgss, Rgss, 8d Xgss €aN

}rqr Xmg ~ (3131)

be found using the relationship

24| = Vara (3.132)
IlMa

2] = 0 (3.133)
IlMa
_ Piva

Ryes = M2 (3.134)
l1ma

Xgss =y Zgss ~ Ryss” - (3.135)

Given the constant values in Equations 3.132-3.135 the following unknowns L g, Rmg,
Ligr, and Ligs can be determined. The nonlinear Equations 3.125-3.131 are solved using

matlab-fsolve program for these unknown parameters.
3.5.4 Determination of the Auxiliary Winding Parameters

From the datain Table 3.2a, the auxiliary winding parameter can be found.
When I4 = 0, and wx = we the equivalent circuit is shown in Figure 3.7.

From equivalent circuit in Figure 3.5 the following Equation results.
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Figure 3.7. Equivalent circuit of single-phase induction machine with l4s =

(a) d-axis, (b) g-axis.

2 u2
s - N gd Rrg X g

qd
(4Rmd +1g +4rg Ryg +4X5 )* X i

+(8R,$K,x,drx ) .

+(4Rmd +AR3 1y + (ledr +2rdr) )* P E
+8R1g X ma Xiar +(rdzr +AX G )* R
_ 2 R Va1 AP
Rd$ =Tgs + de 2 2 +J 2 d2 > 2
Rid + Xind Vi1 Va2 Vi1 +Vi2
2
R 1 Va2
Xas = Xigs ¥ Xrd —— 5 tdae 57 " Jai 73 3
Rég + Xy Vi1 +Vi2 Vi1 + Va2

_ 2 53
Ja1 = ~Tor Xmd Rig

_ 3 52
Ja2 = T Xma R

Vi = _(Zxr?nd Xigr = 3rgr Xt R = 4X 5 Rea = 6X1ar Roa X + rdrR%d)xrdr
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0, and W = (e

(3.136)

(3.137)

(3.138)

(3.139)

(3.140)

(3.141)
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ro X3, +2x3 +6X 4 X2 —3ry R Xy —2X 4 R3, ...
Vg, = ar Xmd md Rmd tdr Xmd Rnd = 3ar Rind X md Rmd <1y (3.142)

- 2X,4 R

From the synchronous test result in Table 3.2a the following Zqg, Zgss, Rass, @nd

Xdss Can be found using the relationship

29| = 2202 (3.143)
IlAa

Z| = 1202 (3.144)
IlAa

_ Piaa 3.145

Riss 5 (3.145)
l1aa

X ges =V Zass® — Ryss” - (3.146)

Given the constant values in Equations 3.143-3.146 the following unknown L g,
Rma, Liar, @and Lgs can be determined. The nonlinear Equations 3.136-3.142 are solved
using matlab-fsolve program for these unknown parameters.

The single-phase induction motor used was rated at 0.5 hp, 115 V, 7.8 A, and
1725 rpm. The g-d magnetizing inductances of the SPIM as a function of input voltage
are shown in Figure 3.8. The g-d magnetizing inductance increases steadily with increase
in input voltage then falls steadily with additional input voltage as the machine goes into
saturation.

Figure 3.9 shows the g-d core loss resistances also as a function of the input
voltage for the SPIM. It can be noticed from the graph the variation of the core loss
resistances with the input voltage. The value increases then decreases as the machine

goes into saturation.
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The sum of g-d axis stator and rotor leakage inductances is shown in Figure 3.10
as a function input voltage. The value decreases with increase of terminal voltage due to

redistribution of flux linkage.
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Figure 3.8. Experimental values g -d magnetizing inductances vs peak input voltage.
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Figure 3.9. Experimental values of g-d core loss resistances vs peak input voltage.
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voltage.
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CHAPTER 4

ANALYSISOF BATTERY INVERTER SINGLE-PHASE INDUCTION
GENERATOR SYSTEM WITH IMPEDANCE LOAD

4.1 Introduction

In this chapter, the steady-state analysis and simulation of the battery inverter
single-phase induction generator system feeding an impedance load will be presented. A
block diagram describing the proposed battery-PWM inverter single-phase induction
generator (SPIG) isshown in Figure 4.1.

The battery inverter single-phase induction generator system with impedance load
will find applications in isolated areas. The generator system can be used as a source of
heating and it can also be used for lighting load.

This chapter gives a description of the generator system, dynamic and steady-state
models, steady-state characteristics and simulation results.

The first part of this chapter deals with generator system description and the

development of the mathematical model for the generator system feeding an impedance

Vq Single
+
1 PWM phase
Battery |Cq == Inverter SPIG Impedance
- Load

Figure 4.1. Block diagram of the proposed system.

70
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load using g-d stationary reference frame transformation. Next, the dynamic
mathematical model developed is used for the simulation of the generator system with an
impedance load. The simulation results are then discussed with the experimental results.
The generator system steady-state mathematical model is developed. This model
is then used to predict the steady-state variables of the generator system with an
impedance load. The comparison between experimental results and predicted results of
the generator system with impedance load will be examined. The measured state

variables at different loads and speeds are also presented.

4.2 Mathematical Model of System

The generator system is comprised of battery, PWM inverter, and single-phase
generator. The generator system schematic is shown in Figure 4.2. The bipolar voltage
switching scheme is used in the switching of the bridge IGBT transistors. The full-bridge
bipolar PWM inverter is fed with a battery connected through a capacitor Cy to the
auxiliary winding. The single-phase induction generator is excited by adjusting the
modulation index of the full-bridge bipolar PWM inverter. In addition to providing
excitation for the single-phase induction generator, the inverter also supplies reactive
power to the load [13, 16]. With the single-phase induction generator excited, it supplies
real power to the load. The battery acts as a source or sink of real power depending on the
real power requirement of the load and generator. When the real power supplied by the
generator exceeds the load power requirement and losses, the excess power charges the

battery through the bi-directional PWM inverter. The battery supplies real power when
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the load power demand exceeds that provided by the generator to the load. One
advantage of this system topology is that controlling the modulation index of the inverter

the load voltage can be easily regulated.

Load
| [

VC__ S Cd

& {(—

Figure 4.2. Schematic diagram of the single-phase induction generator with a battery-
PWM inverter system.

Main Winding

Aux. Winding

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

 Ths . i fas Ligs Tar L |
i i NV i
| — ad i E . — : |
i C S __E i | ’ i
: r bl — ; ds L | T;
| Chp bp Cd md dr
I— Battery P S Generator
@

T L Ly, ol

Log . —

g ® T las E Ly g T

Ry Bl
0 | Load | | Generator

Figure 4.3. The g-d equivaent circuit of the battery-PWM inverter generator system.
(a) d-axis circuit, (b) g-axis circuit.
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The g-d equivalent circuit for the generator system is shown in Figure 4.3 with
equivaent circuit of the battery, PWM inverter, and the load.
The dynamic equations of the lead-acid battery are given as[31]

Vp

CppPVpp = s ——> (4.1)
rbp
V
Cp PV =1 ——2 (4.2)
M1
Vd =Vip =V — | o(rps + Tt ) (4.3)

The output battery voltage and open circuit battery voltage are Vg and Vg, respectively.
The current flowing out of the battery is Is, while ry is the equivalent resistance of the
parallel/series battery connection. The parallel circuit of Cy; and ry; is used to describe
the energy and voltage during charging or discharging. Cy, iS connected in parallel with
I'pp t0 simulate the self-discharging of the battery. The battery output voltage is Vq4. The
derivative of the state with respect to time is denoted as p. The equations combining the

state variables of the battery, PWM inverter and the auxiliary winding are

1

PVa = (s =1 asSa) (4.4)
d

Vs = SaVy (4.5)

where S, is the inverter switching function and Cy is the input filtering capacitance of the
inverter. The auxiliary windings input voltage and current are Vgs and lgs, respectively.
The g-d equations of the single-phase induction generator and the impedance load in the

stationary reference frame are as follows from Figure 4.3:

PA gs =Vis ~Tas! as (4.6)
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PA as :Vqs - rqsl as 4.7
p)\:qr = qu(*})\::ir - rérlclqr (4.8)
p)\'dr = _quwr)"qr - rér'(’:ir (4.9
1
Vs == (lgs + o) (4.10)
q
1
Pl g0 :L_Oélqs_Rolqo) . (4.11)

The main winding voltage is Vg, while the g-axis and load currents are lgs and g,
respectively. The ratio of the number of turns of the g-axis winding and the d-axis
winding is denoted as Nqg. The inverse of is Ny is denoted as Nyq. The stator g and d axes
currents are lqs and Iq4s, respectively, while those of the rotor referred circuits are I'y and
I'ar, respectively. The stator g and d axes flux linkages are Aqs and Ags, respectively, while
those of the rotor referred circuits are A'y, and A'y, respectively. The g-d flux linkages are

defined in terms of the g-d currents as

Mas = Lasl s + Lingl iy (4.12)
Mg = Laslgs + Ling 1 i (4.13)
N =Ligltr +Limgl g (4.14)
Ay =Ly +Lig s (4.15)

where qu = |_|qs + Lm , LdS = L|dS + Lm , Lqr = |_|'qr + Lm, and I—dr = LI’dr + Lm . The
referred rotor g-d leakage inductance are L'iq and L'iq, respectively. The referred rotor g-
d resistance are ', and 'y, respectively. The referred stator g-d leakage inductances are

L'iqs and L'igs, respectively, with the g-d magnetizing inductances given, respectively, as
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Lmg and Lng. The stator per-phase resistance for the g-winding and the corresponding
value for the d-axis winding are rqs and rgs, respectively. The load resistor and inductor
are denoted as R, and L, respectively. The electrical angular speed is wy.

The dynamics of the turbine is approximated by the following mechanical equation:

pw, = 27 (To - Te) (4.16)

Te :%(qu)"qr lar = qu)‘:jr I Ar) (4.17)

The moment of inertia and the number of poles of the generator are J and P, respectively,

while the driving and generated el ectromagnetic torques are T, and T, respectively.

4.3. Comparison of Simulation and Experiment Waveformsfor the System

Feeding a Resistive L oad

This section includes the comparison between simulation and measured
waveforms for battery inverter single-phase induction generator feeding a resistive load.
MATLAB/Simulink was used in the smulation of the dynamic Equationsin 4.1 to 4.15.
Two different simulation and experimental conditions are examined. The first condition

considers the generator system in the linear modulation region (0< M, <1) while the
second condition considers the generator system in the overmodulation region (M, =21).
4.3.1 Battery Inverter Generator System (Linear Modulation Region)

This section examines the simulation and experimental waveforms of the battery

inverter generator system feeding a resistive load in the linear modulation region. The
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generator system parameters are shown in appendix A. The experiment and simulation
were carried out with a generator rotor speed of 1825 rpm and aload of resistance of 40.9
ohms. The modulation index was set at a value of 0.75 with a carrier frequency of 2 kHz
and modulating frequency of 60 Hz. The battery voltage and load capacitor is 144 V and
180 pF, respectively.

Figure 4.4 shows the simulated and measured steady-state waveforms for the
load voltage. A comparison the simulated and measured steady-state load voltage
waveforms shows the load frequency and magnitude are quite close. The results indicate
that the model used in the simulation predicted fairly well the laboratory experimental
setup.

The steady-state waveform for the generator main winding current is shown in
Figure 4.5. As we can observe from Figure 4.5, the main winding current is free of PWM
inverter induced harmonics, which makes this scheme good, and does not need additional
filtering. The result also indicates that the experiment differs a little in magnitude from

the simulation result.
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Figure 4.4. Load voltage steady-state waveforms. Modulation index = 0.75, load
impedance = 40.9 ohms, rotor speed = 1825 rpm
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Figure 4.5. Main winding current steady-state waveforms. Modulation index = 0.75, load
impedance = 40.9 ohms, rotor speed = 1825 rpm.
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Figure 4.6. Auxiliary winding voltage steady-state waveforms. Modulation index = 0.75,
load impedance = 40.9 ohms, rotor speed = 1825 rpm.

The simulation and experimental waveforms of the auxiliary winding voltage of
the single-phase induction generator are shown in Figure 4.6. The experimental result
shows an envelope, which is due to the charging of the battery.

The simulated and experimental steady-state auxiliary current waveforms are in

shown Figure 4.7. As expected, this current is not free from the PWM inverter induced

harmonic.
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The simulated and experimental current flowing through the load are shown in
Figure 4.8; asin Figure 4.5 it is free from the harmonic produced by the PWM inverter. It
can also be seen in Figures 4.4 and 4.6 that Figure 4.8 has the same frequency of the
modulating signa of the inverter (60 Hz). This result clearly shows that the load

frequency can be regulated by adjusting the modulating signal frequency appropriately.
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Figure 4.7. Auxiliary winding current steady-state waveforms. Modulation index = 0.75,
load impedance = 40.9 ohms, rotor speed = 1825 rpm.
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Figure 4.8. Load current steady-state waveforms. Modulation index = 0.75, load
impedance = 40.9 ohms, rotor speed = 1825 rpm.
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4.3.2 Battery Inverter Generator System (Over modulation Region)

This section examines the simulation and experimental waveform of the battery
inverter generator system feeding a resistive load in the overmodulation region. The
overmodulation region is when modulation index (M) is greater than one (M2>1). The
generator system parameters are shown in appendix A. The experiment and simulation
were carried out with modulation index of 1.13, a load resistance of 41.2 ohms, and a
generator rotor speed of 1830 rpm. The triangular wave signal frequency (carrier
frequency) was set at 2 kHz and sinusoidal wave signal frequency (modulating
frequency) was set at 60 Hz. The battery voltage and load capacitor are 144 V and 180
HF, respectively.

Experimental and simulation results of the load voltage under the overmodulation
range are shown in Figure 4.9. The simulation result compares favorably with the

experimental one. Again, the load voltage is uncontaminated by inverter harmonics.
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Figure 4.9. Load voltage steady-state waveforms. Modulation index =1.13, load
impedance = 40.9 ohms, rotor speed = 1830 rpm.



277

>
T~
—

< 5 <

E £

E g

a 3 \ \
2 0 i 2 0

I E

= j =2

ﬁ 5. :- % -5

= [ =

MM

e A S, IS O LA SR -10
095 0% Dar:> 088 0933 08% 050 0.015 0.02 0.025 0.03 0.035 0.04 0.045
Time (5 Time (s)
I. Simulation [1. Experiment

Figure 4.10. Main winding current steady-state waveforms. Modulation index =1.13, load
impedance = 40.9 ohms, rotor speed = 1830 rpm.
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Figure 4.11. Auxiliary winding voltage steady-state waveforms. Modulation index =1.13,
load impedance = 40.9 ohms, rotor speed = 1830 rpm.

The simulated and experimental main winding currents are shown in Figure 4.10.
As expected, the inverter induced harmonic are not present. The simulated and
experimental results are quiet close with a frequency of 60 Hz, the modulating signal

frequency.
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Figure 4.12. Auxiliary winding current steady-state waveforms. Modulation index =1.13,
load impedance = 40.9 ohms, rotor speed = 1830 rpm

The simulated and experimental auxiliary winding voltages are shown in Figure
4.11. The results indicate clearly that the PWM inverter is operating in the
overmodulation range. The measured waveform of the auxiliary winding voltage peak is
not constant due to the charging of the battery.

Figure 4.12 illustrates the simulated and experimental auxiliary winding current
waveforms in the overmodulation range. The PWM inverter switching can be observed
from the waveform.

The generator system load current is shown in Figure 4.13 for overmodulation
range. The simulated and experimental load currents are seen to be free from the PWM
inverter induced harmonics and its frequency 60 Hz the same as the modulating signa
frequency. It also indicated that the simulated waveform compares well with the

experimental waveform.
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Figure 4.13. Load current steady-state waveforms. Modulation index =1.13, load
impedance = 40.9 ohms, rotor speed = 1830 rpm.

4.4 Steady State Calculation and Experiment

The single-phase induction generator - inverter battery system steady-state
equations were derived by using harmonic balance technique. In order to reduce the
complexity of the derivation of the generator system steady-state equation the following
assumptions were made:

(1) Fundamental component of the state variableis used.

(i)  The battery current, Is and inverter input voltage V4, have second

harmonic content riding on the constant d.c. component.

(@it)  Theflux linkages are sinusoidal.

(iv)  Theleakage inductances are constant.

(V) Core resistances are ignored.

Hence the state variables in steady state are given as

Ags = Re{ Aot ) (4.18)
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Ags = Refh e/t (4.19)
Ny = Re Agyre@t ) (4.20)

4 = Rel Aty elet ) (4.21)
Vgs = Re| Ve @' ) (4.22)
Vs = Re{ Ve ) (4.23)
lgo = Re| 1 g8 ) (4.24)
S, = Re| Ml ) (4.25)
|gs = Rel 1 g’ ) (4.26)
Vg = Re{ Vo +Vei 296! ) (4.27)
o= Re{ 1 +146129%! ) (4.28)
lgs = Re| 10’ ) (4.29)
g = Re( | gl ) (4.30)
Iy = Rel 1 el ) (4.31)

where Vd$; Vqss; )\dss, )\qss, )\'qrr, )\Idrr; Iqqo, |QS1 |dss, I'qrr, and |'drr ae Comp|eX peak
guantities.

Substituting Equations 4.25 and 4.27 into Equation 4.5

Vgs = RelVgo] CReMe /@ |+ RelMe ¢! | DRelvg,e 129 | (4.32)
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using the identity in Equation 3.88 and comparing terms Equation 4.32 becomes
. . 1 % . .
ReV e/ | = R MVye/e! [ + = Re|M V2! @t |+ RgMVy,e! 3% | | 4.33
e[\/d$]e[do]2(e[d1]e[d1 ]) (4.33)

Since the third harmonic content is assumed to be small it can beignored resulting in

MV,
Vges = MV + —9L (4.34)
Note that the magnitude of the left-hand side is equal to the right-hand side.
The differential of Equation 4.27 resultsin
PVa = RepVgo] + RelIOVollejzwet J+ Re[j Zwevdlejzwetj : (4.35)
Substituting Equations 4.28, 4.25, and 4.26 into Equation 4.4
pVy = Ci{Re[l o]+ Re[l Sleiz‘*’e‘] —%{Re[M* | d$] + Re[lvll d$e12‘*’e‘}} : (4.36)
d
Comparing the terms in Equations 4.35 and 4.36 resultsin
1 R MI d$]}
Vi =—| | g ——— = 4.37
PVdo Cq ‘: s > (4.37)
PV + j20Vgy = i[' o~ M dss} : (4.38)
Cq 2
Applying harmonic balance technique to the other voltage equation resultsin
PAdss = Vdss ~ sl dss ~ 1WA dss (4.39)
p}‘qss =Vgss ~Tgsl gss ~ j‘*)e)\qss (4.40)
p)\'qrr = quwr)‘:jrr - rérlthrr - jwe)\;qrr (4.41)

PAgrr = _quwr)"qrr — Tl grr = JWAgrr (4.42)
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1 .

PVgss = _C_ (l gss T quo)_ JWeVgss (4.43)
q

Pl g0 = L Vas ~Rol gqo) = 1Wel gqo - (4.44)

(0]
Under steady-state operating conditions, the state variables are constant, making the

derivatives in Equations 4.35- 4.44 above to be equal to zero. Then Equations 4.37 and

4.38 becomes
= R{%} (4.45)
lg = M'sts + ] 200,CyVys. (4.46)

From Equations 4.1, 4.2, and 4.3
Vg = 14Ry (4.47)
where Ry = Mpp + (rbl +lps + rbt) .
Using Equations 4.47, 4.27, and 4.28
Vgo =l oRy (4.48)
Va1 =1gRyg- (4.49)
From Equations 4.46 and 4.49, V¢, can be expressed as

MRy | gss

d1 = . : (4.50)
2(1- j20,CyRy)
Then Equation 4.37 becomes
M 2Ryl 4
Vigss = MV, + = (4.51)

4(1- j2w,CyRy)

The d-axis voltage equation can now be expressed as
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2
Mvdo+ M Rd|d$

Tyl qee = JWalLyel gee + Lig L gre ) =0 . 4.52
4(1—j2weCde) ds! dss 7 | e( ds' dss md drr) ( )

The other voltage equation is expressed as

Viss ~Tgs! gss J(*)e( gsl gss T Lmqléarr)zo (4.53)
quwr(Larlarr + Lmdldss)_ qr qrr J(*) ( |('qrr + Lmqlqss):o (454)
qu(*)r (Lqr I qrr + I-mql q$)_ ro'lr I élrr - j(")e(l-ézlrI (Ijrr + I-md I d$) =0 (4-55)
1 .
_(l gss T qqo)+ JWeVgss =0 (4.56)
Cq
1
- Vess =Rol g el o = 0. (457)

The saturation of the magnetizing inductance is accounted for by fitting an equation
relating the magnetizing airgap flux to the magnetizing inductance Lmg and Ling. For the

1 h.p. generator, Lmq and Lmg are related to the airgap flux linkages by [10]

1/2
=p2,, 22, (4.58)
= (15 177 -17.62 | + 22.67M2 ) (4.59)
Lmq
Li - (6.29 -3.28\ |+ 3.042)\2m) =0. (4.60)
md

The average electromagnetic torque is given as
T, :E(N AL 15 = N\, |'*) (4.61)
el™ g dg™grr ' drr gddrriqrr/ - .

The nonlinear Equations 4.52-4.61 are solved for the state variables using MATLAB.
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4.4.1 Experiment and Predicted Performance Results

The constant parameters for the generator system are shown in appendix A. The
experiment was carried out with generator rotor speed of 1830 rpm and load resistances
of 10.2 and 55.6 ohms. The battery voltage and load capacitor are 144 V and 210 pF,
respectively.

Figure 4.14 shows how measured and calculated main winding voltages of the
single-phase induction generator vary as a function of the modulation index. The result
shows that in the linear region (M4<1) the main winding voltage increases linearly by but
in the over modulation region the main winding voltage becomes fairly constant. Hence
in applications that require higher load voltages such as heating, the modulation index

could be increased appropriately to give a higher voltage which leads to more energy.
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Figure 4.14: Measured and calculated main winding voltage as a function of modulation
index. Constant rotor speed = 1830 rpm.
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Figure 4.15: Measured and calculated main winding current as a function of modulation

index. Constant rotor speed = 1830 rpm.

Figure 4.15 shows the variation of the measured and calculated main winding

currents of the single-phase induction generator as a function of the modulation index.

The current increases linearly in the linear region and becomes relatively constant then in

the overmodulation region.

The measure and calculated rms load currents as a function of the modulation are

shown in Figure 4.16. The result indicates that the steady state model predicts the load

current more accurately at higher resistor value. This is attributed to the fact an inverter

loss, which is not accounted for in the model, increases with increasing load/inverter

output current.
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Figure 4.16: Measured and calculated load current as a function of modulation index.
Constant rotor speed = 1830 rpm.
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Figure 4.17: Measured and calculated load power as a function of modulation index.
Constant rotor speed = 1830 rpm.
Figure 4.17 shows the variation of the measured and calculated load powers as a

function of the modulation index. The result indicates that the steady state model predicts

the load power more accurately at higher resistor value. This is attributed to the fact that
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inverter loss, which is not accounted for in the model, increases with increasing load
current.

Figures 4.18 and 4.19 show the variation of the measured and cal culated auxiliary
winding voltages and currents as a function of the modulation index, respectively. The
calculated value at 10.2 ohmsisrelatively different from the measurement due to inverter
switching and inverter losses that are not taken into account in the model. This difference
is higher at asmall value of load impedance (large load current). The result indicates that
the steady state model predicts the load power more accurately at higher resistor value.

Thisis attributed to the fact that |osses are small at lower values of load currents.
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Figure 4.18: Measured and calculated auxiliary winding voltage as a function of
modul ation index. Constant rotor speed = 1830 rpm.
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Figure 4.19: Measured and calculated auxiliary winding current as a function of
modul ation index. Constant rotor speed = 1830 rpm.
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Figure 4.20: Measured and calculated battery current as a function of modulation index.
Constant rotor speed = 1830 rpm.
The measured and calculated battery currents as a function of the modulation

index are shown in Figure 4.20. The result indicates that the steady state model predicts

the load power more accurately at higher resistor value. This is attributed to the fact that



289

losses are small at lower value of load current. The negative battery current (55.6 Q)
indicates the condition during which the generator system absorbs real power while the
positive battery current (10.2 Q) shows that the generator system supplies real power to

the load.

4.4.2 Experiment Performance Resultsfor Variable Resistive L oad

This section discusses the measured steady state performance of the battery
inverter generator system feeding a resistive load. The experiment setup is carried under
two different load resistances of 41.2 and 20.8 ohms. The generator rotor speed and
triangular wave signal frequency was kept at 1840 rpm and 2 kHz, respectively. The
sinusoidal wave signal frequency was set at 60 Hz. The battery voltage and load capacitor
are 96 V and 180 uF, respectively.

The variation of the generator system load voltage as a function of modulation
index is shown in Figure 4.21. The load voltage increases with increase in the load
resistance. The system increases linearly in the linear region then become non-linear in
the over modulation region.

Figure 4.22 shows the single-phase induction generator main winding current as a
function of the modulation index. The current gradually increases in the linear region

then becomes relatively constant in the over modulation region.
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Figure 4.21: Measured load voltage as afunction of modulation index. Constant rotor

speed = 1840 rpm.
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Figure 4.22: Measured main winding current as a function of modulation index. Constant

rotor speed = 1840 rpm.
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The output power from the generator system is shown in Figure 4.23 as a
variation of modulation index. The power increases linearly for each resistance value in
the linear region and it becomes fairly constant in the over modulation region.

The generator system measured steady-state characteristic for the load current as
a function of modulation index for different load values, as shown in Figure 4.24. The
load current isrelatively constant in the over modulation region whileit increases linearly
in the linear region.

Figure 4.25 shows the single-phase induction generator measured auxiliary
winding voltage as a variation of the modulation index. The load resistor value of 41.2
ohms has more voltage in the auxiliary winding voltage compared with the load resistor
value of 20.8 ohms. The voltage across the auxiliary winding is fairly constant in the over

modulation region while in the linear region it increases linearly.
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Figure 4.23: Measured Output Power as a function of modulation index. Constant rotor
speed = 1840 rpm.
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Figure 4.24: Measured Load Current as a function of modulation index. Constant rotor
speed = 1840 rpm.
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Figure 4.25: Measured auxiliary winding voltage as a function of modulation index.
Constant rotor speed = 1840 rpm.
The single-phase induction generator measured auxiliary winding current as a

function of the modulation index is shown in Figure 4.26. The current flow through the
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auxiliary winding is increasing over the range of modulation index. This is due to the
presence of higher harmonic in the auxiliary winding current as shown in the dynamic
waveformsin Figures 4.7 and 4.12.

The generator system battery current for both resistor values as a function of
modulation index in shown in Figure 4.27. At load resistance of 41.2 ohms the battery
current is negative. This is due to the fact that the battery absorbs the excess power
produced by the single-phase induction generator not required by the load. On the other
hand, when the load resistance is 20.8 ohms, the battery current is positive. Under this
condition the single-phase induction generator gives reduced power required by the load,

hence the battery augments the power of the induction generator by providing extra

power.
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Figure 4.26: Measured auxiliary winding current as a function of modulation index.
Constant rotor speed = 1840 rpm.
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Figure 4.27: Measured battery current as a function of modulation index. Constant rotor
speed = 1840 rpm.

4.4.3 Experiment Performance Resultsfor Variable Generator Rotor Speed

This section discusses the measured steady state performance of the battery
inverter generator system feeding a resistive load under variable generator rotor speed.
The experiment is carried out with load resistance of 20.8 ohms and generator rotor speed
of 1840 and 1850 rpm; the triangular wave signal frequency (carrier frequency) was set at
2 kHz and sinusoidal wave signa frequency (modulating frequency) was set at 60 Hz.
The battery voltage and load capacitor are 96 V and 180 uF, respectively. The parameters
of the test generator are given in the appendix A.

The generator system load voltage as a function of the modulation index is shown
in Figure 4.28. The graph shows that with 10 rpm increase in the single-phase induction

generator speed the load voltage is aimost doubled. Also the load voltage is relatively
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constant in the overmodulation region while in the linear region the load voltage
increases linearly with the modulation index. Hence, the generator system load voltage
can be increased either by increasing the modulation index or increasing the induction
generator rotor speed.

Figure 4.29 shows the variation of the main winding current of the induction
generator as a function of the modulation index. The main winding current at 1850 rpm is
about twice the induction generator rotor speed at 1840 rpm. The main winding current
increases linearly in the linear region then gradually becomes constant in the over
modulation region.

The generator system output power as a function of the modulation index is
shown in Figure 4.30. It is observed that at higher rotor speed there is more output power.

In addition, more output power could be obtained by increasing the modulation index.
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Figure 4.28: Measured |oad voltage as a function of modulation index. Constant load
impedance = 20.8 ohms.
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Figure 4.29: Measured main winding current as a function of modulation index. Constant
load impedance = 20.8 ohms.

The generator system load current as a function of the modulation index is shown
in Figure 4.31. The load current is higher for generator rotor speed of 1850 rpm as
compared to 1840 rpm (Figure 4.31). Also, a higher load current can be achieved in the
over modulation region.

Figure 4.32 shows the variation of the induction generator measured auxiliary
winding voltage as a function of modulation index. The voltage across the auxiliary
winding voltage is increased with increase in the rotor speed of the generator. A higher

auxiliary winding voltage can be obtained by increasing the modulation index.
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Figure 4.30: Measured Output Power as a function of modulation index. Constant load
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Figure 4.32: Measured auxiliary winding voltage as a function of modulation index.
Constant load impedance = 20.8 ohms.

The single-phase induction generator auxiliary winding current as a function of
the modulation index is shown in Figure 4.33. Due to the presence of higher harmonic in
the auxiliary winding current, as shown in the dynamic waveforms in Figures 4.7 and
4.12, the current increases relatively over the range of modulation index.

Figure 4.34 shows the generator system battery current as a function of
modulation index. It is observed that the figure shows the two modes of operation of the
generator system (when the battery absorbs power and when the battery provides power).
At generator rotor speed of 1850 rpm battery current is negative. This is due to the fact
that the battery absorbs the excess power not required by the load produced by the single-
phase induction generator. On the other hand, when the generator rotor speed is 1840

rpm, the battery current is positive. Under this condition the single-phase induction
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generator gives lower power required by the load hence the battery augments the power

of the induction generator by providing extra power.
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Figure 4.33: Measured auxiliary winding current as a function of modulation index.
Constant load impedance = 20.8 ohms.
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Figure 4.34: Measured battery current as a function of modulation index. Constant load
impedance = 20.8 ohms.
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4.4.4 Experiment Performance Resultsfor Regulated Load Voltage

This section discusses the measured steady state performance of the battery
inverter generator system feeding a resistive load. The modulation index of the PWM
inverter is adjusted appropriately to ensure a constant load voltage. The experiment is
carried out with load resistance of 41.1 ohms; the triangular wave signal frequency
(carrier frequency) was set at 2 kHz and sinusoidal wave signal frequency (modulating
frequency) was set at 60 Hz. The battery voltage and load capacitor are 144 V and 180
UF, respectively. The parameters of the test generator are given in the appendix A.

Figure 4.35 shows the auxiliary winding voltage of the induction generator as a
function of generator dip. The figure indicates that maximum auxiliary winding voltage
is obtained at about -0.05 dlip under the regulated voltages considered. With a higher

regulated load voltage there is higher auxiliary winding voltage.
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Figure 4.35: Measured auxiliary winding voltage as a function of slip. Constant |oad
impedance = 41.1 ohms.
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Figure 4.36: Measured auxiliary winding current as a function of slip. Constant |oad
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The auxiliary winding current of the generator as a function of generator dlip is
shown in Figure 4.36. The auxiliary winding current of the generator increases at
decreasing values of generator slip. The graph aso indicates that at higher vaues of
induction generator dlip the auxiliary winding currents at the given regulated voltage are
generally the same.

Figure 4.37 shows the variation of the modulation index as a function of the
generator slip. As the generator slip increases the modulation index aso increases. The
graph also indicates a higher regulated output voltage can be obtained by increasing the
modul ation index.

Figure 4.38 shows the measured battery current as a function of generator dlip.
The generator system takes power from the battery for a range of the rotor speeds,

especialy at high load voltage.
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Figure 4.37: Measured modulation index as a function of slip. Constant load impedance =

41.1 ohms.
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4.5 Parametric Studiesfor the Battery Inverter Single-Phase Induction

Generator with Impedance L oad

This section gives a description of the influences of the generator system
parameter on the generator system performance. In the study that follows, two different
PWM inverter switching scheme are considered - the unipolar voltage switching and
modified bipolar voltage switching.

A proper selection of the compensating capacitor, Cq, and the generator rotor
speed can ensure that the generator system with impedance load operates in optimum
condition. It can be seen from the steady state results in section 4.4, that the generator
system has to operate in the overmodulation range to obtain higher a load voltage. The
selection of the load capacitor, Cy and the generator rotor speed should be carefully done
to ensure overall generator system efficiency and maximum power. Thiswill be useful in
applications such as heating where load voltage frequency is not important consideration.
The generator system steady state was studied by keeping the load impedance and the
load frequency constant.

In Figure 4.39 - 4.46 the modulation index is kept constant at a value of one, the
load impedance of 50 ohms, and load frequency of 60Hz. Method A shows the PWM
with unipolar voltage switching and Method B shows the PWM with bipolar voltage
switching.

Figure 4.39 shows the contour plots of the load voltage with variation of the
generator rotor speed and load capacitor, C, with the two PWM methods. The graph

shows that generally method B gives a higher input voltage than method A under the
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same condition. From the graph, if maximum load voltage is desired, a higher value of C,

has to be selected and a generator rotor speed of about 1.08 p.u. is required.

A family of main winding currents as a variation of the generator rotor speed and
load capacitor, Cy with the two PWM methods is shown in Figure 4.40. The graph shows

that as the load capacitor increases the main winding current also increases. The
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Figure 4.39: Contour plot of load voltage, [V] as avariation of generator rotor speed (per
unit) and load capacitor C.
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Figure 4.40: Contour plot of main winding current, [A] as a variation of generator rotor
speed (per unit) and load capacitor Cg,.
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Figure 4.41: Contour plot of load current, [A] as avariation of generator rotor speed (per
unit) and load capacitor C.
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Figure 4.42: Contour plot of load power, [W] as avariation of generator rotor speed (per
unit) and load capacitor C.

maximum main winding current is obtained at a generator rotor speed of about 1.08p.u.

Method B gives more main winding current than Method A.

Figure 4.41 gives the load current contour plots as a variation of the generator

speed and |oad capacitor, Cq with the two PWM methods. Both methods A and B indicate

that the load current decreases as the load capacitor decreases. The maximum |load

current can be obtained at a generator rotor speed of about 1.08p.u.
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Figure 4.43: Contour plot of auxiliary winding voltage, [V] as a variation of generator
rotor speed (per unit) and load capacitor C,.

350

300

250

200

150

100

0.9

T[106

r
1
il
|

/

1

wr/we

Method A

350

300

250

200

Cq (uF)

150

100

0.9

4120

Method B

306

Figure 4.42 shows the load power contour as variation of the generator speed and

load capacitor, C, with the two PWM methods. The graph clearly indicates that for

maximum power application of the generator system, the generator system must be

operated at higher value of load capacitor, at about 1.075 p.u generator rotor speed. This

will be useful for heating applications when optimum power is desired.

The family of auxiliary winding voltage and current as variation of the generator

speed and load capacitor, Cq with the two PWM methods are shown in Figures 4.43 and

4.44. The auxiliary winding voltage is generally constant for both PWM methods. The

auxiliary winding current, on the other hand, is fairly constant as the load capacitor

changes for constant generator rotor speed. The minimum auxiliary winding current is

obtained at generator rotor speed of about 1.0 p.u.
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Figure 4.44: Contour plot of auxiliary winding current, [A] as avariation of generator
rotor speed (per unit) and load capacitor C,.
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Figure 4.45: Contour plot of efficiency as a variation of generator rotor speed (per unit)
and load capacitor Cg.

Figure 4.45 shows the generator system efficiency contour as a function of the
generator speed and load capacitor, Cy with the two PWM methods. The graph shows that
generator system efficiency is better at lower values of load capacitor and at a generator

rotor speed between 0.99 to 1.01 p.u.
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The family of battery current curves as variation of the generator speed and load
capacitor, Cy with the two PWM methods is shown in Figure 4.46. Generally the plots
indicate that when the generator rotor speed is greater than 1.0 p.u. the battery current is
negative (absorbs real power from the load) and when it is lesser than 1.0 p.u. the battery

current is positive (supplies rea power to the load) under different values of load

capacitor.
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Figure 4.46: Contour plot of battery current, [A] as avariation of generator rotor speed
(per unit) and load capacitor C,.
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In Figures 4.47 - 4.49 the modulation index is kept constant at avalue of one and
load frequency of 60Hz with the PWM with unipolar voltage switching (Method B) and
at load impedance of 30 and 10 ohms.

Figure 4.47 shows the contour plots of the load voltage with variation of the
generator rotor speed and load capacitor, Cq with the two load impedance. The graphs
generaly have similar contours but differ smply in the load voltage magnitudes. As the
load impedance increases the load voltage increases. In addition, to obtain maximum load
voltage (also in Figure 4.39 method A) a higher value of Cy has to be selected and a
generator rotor speed of about 1.08 p.u.

Figure 4.48 shows the contour plots of the generator system efficiency as a
function of the generator rotor speed and load capacitor, Cq with two load impedance.
Examining Figure 4.45 (Method A) and Figure 4.48; the generator system efficiency is
seen to be better at lower value of load impedance at fixed value of load capacitor and
generator rotor speed. The graphs also indicate that the generator system efficiency is
higher at about (0.99 to 1.01 p.u.) generator rotor speed for different values of load
capacitor.
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Figure 4.48: Contour plot of efficiency as avariation of generator rotor speed (per unit)
and |load capacitor Cg.
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Figure 4.49 shows the battery current contour curves as variation of the generator

rotor speed and load capacitor, Cy under different load condition. Considering Figure

4.46 (Method A) with Figure 4.49, the battery current is observed to be more positive (or

higher) as the load impedance decreases at constant load capacitor and generator rotor

speed. When the battery current is negative it indicates that real power is being absorbed

by the battery and when the battery current is positive it shows that the battery supplies

real power to the load.

4.6 Transient and Dynamic Performance for the System Feeding an Impedance

L oad

This section examines the transient and dynamic performance of the battery

inverter single-phase induction generator feeding a resistive load. The transient and

dynamic studied gives a better understanding of the operation of the generator system and

also shows how the generator system can perform with either variation in load or speed.
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The generator system start-up process is simulated and the response of the generator
system to changes in load is examined. Next the system dynamic performance with the

generator rotor speed change is discussed.

4.6.1 Start-up Process

This section examines the start-up process for the battery inverter generator
system feeding aresistive load. The ssimulation was carried out with generator rotor speed
of 1860 rpm and a load of resistance of 20 ohms. The modulation index was set a value
of 0.80 with a carrier frequency of 2 kHz and modulating frequency of 60 Hz.

The system load voltage build-up is shown in Figure 4.50. The load voltage
waveform increases quickly until it reaches a steady-state peak value of about 80 volts.
Figure 4.51 shows the start-up process of the system main winding current. The main
winding current increases rapidly until it reaches a steady state value.

The auxiliary winding current waveform build-up is shown in Figure 4.52. The
current decreases fast to a steady state peak value of about 4.0A. The transient waveform
of the battery current is shown in Figure 4.53 during start up. The battery current is
initially high then decreases to a steady state value. Initially the battery current is positive
indicating that the battery supplies real power to meet the load requirement, then at
steady state the battery current is negative indicating that the battery is absorbing real

power.
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Figure 4.50 Load voltage start-up waveform. Modulation index = 0.8, load impedance =
20 ohms, rotor speed = 1860 rpm.
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Figure 4.51 Main winding current start-up waveform. Modulation index = 0.8, load
impedance = 20 ohms, rotor speed = 1860 rpm.
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Figure 4.52 Aucxiliary winding current start-up waveform. Modulation index = 0.8, load
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Figure 4.54 Generator torque start-up waveform. Modulation index = 0.8, load
impedance = 20 ohms, rotor speed = 1860 rpm.
The single-phase induction generator torque waveform is shown in Figure 4.54.

The graph shows how the generator torque falls quickly to a steady state value.

4.6.2 System Dynamics due to Changesin L oad

This section examines the dynamics for the battery inverter generator system
feeding a resistive load for changes in the load impedance. The simulation was carried
out with generator rotor speed of 1840 rpm, the modulation index of 0.80, a carrier
frequency of 2 kHz, and modulating frequency of 60 Hz.

The load impedance is initia is set at a value of 30 ohms and when the system
reaches its steady state operating condition it is changed from 30 ohms to 50 ohms and

afterward it is change to 10 ohms. The change in load impedance is illustrated in Figure

4.55.
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The system load voltage waveform is shown in Figure 4.56. It can be seen that the
generator responded quickly to the change in the load impedance to operate in steady-
state condition. Figure 4.57 shows the main winding current waveform. The main

winding current increases as the load impedance is changed from 50 ohmsto 10 ohms.
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Figure 4.55. Changes in the values of the load impedance. Modulation index = 0.8, and
rotor speed = 1840 rpm.
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Figure 4.56. Load voltage waveform response to changes in load. Modulation index =
0.8, and rotor speed = 1840 rpm.
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Figure 4.57. Main winding current waveform response to changes in load. Modulation
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Figure 4.58. Auxiliary winding current waveform response to changes in load.
Modulation index = 0.8, and rotor speed = 1840 rpm.
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The auxiliary winding current waveform response due to changesin load is shown
in Figure 4.58. Asthe load impedance is changed from 50 ohms to 10 ohms, the auxiliary
winding current decreases. The battery current waveform is shown in Figure 4.59. The
battery current is initially negative when the load impedance is at 30 and 50 ohms. The
battery current becomes positive as the battery supplies real power to augment the real
power provided by the generator to the load when the load impedance is changed from 50
ohms to 10 ohms. This clearly indicates the reliability of the system to a sudden change
in power requirement by the load.

The single-phase induction generator torque waveform is shown in Figure 4.60.
The generator torque increase when the load impedance changes from a light load (50

ohmes) to a heavy load (10 ohms).
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Figure 4.59. Battery current waveform response to changesin load.

Modulation index = 0.8, and rotor speed = 1840 rpm.
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Figure 4.60 Generator torque waveform response to changesin load.

Modulation index = 0.8, and rotor speed = 1840 rpm.

4.6.3 System Dynamics due to Changesin Generator Rotor Speed

This section examines the dynamics for the battery inverter generator system
feeding a resistive load for changes in generator rotor speed. The simulation was carried
out with a load resistance of 40 ohms, modulation index of 0.80, a carrier frequency of 2
kHz, and modulating frequency of 60 Hz.

The generator rotor speed is initialy is set at a value of 1840 rpm when the
system reaches its steady state operating condition it is changed from 1840 rpm to 1900
rpm and then to 1740 rpm as shown in Figure 4.61.

Figure 4.62 shows load voltage waveform response to changes in the generator
rotor speed. The load voltage is maintained while the generator rotor speed is less than

the 1800 rpm (synchronous speed) as the battery supplies the needed real power required
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by the load. Figure 4.63 shows the main winding current waveform. The main winding

current decrease as the generator rotor speed changes from 1900 rpm to 1740 rpm.
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Figure 4.61. Changes in the values of generator rotor speeds. Modulation index = 0.8, and
load resistance = 40 ohms.
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Figure 4.62. Load voltage waveform response to changes in generator rotor speed.
Modulation index = 0.8, and load resistance = 40 ohms.
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Figure 4.63. Main winding current waveform response to changes in generator rotor

speed. Modulation index = 0.8, and load resistance = 40 ohms.

Auxiliary Winding Current (&)

0.2 0.25 0.3 035 0.4 045
Time (s}

Figure 4.64. Auxiliary winding current waveform response to changes in generator rotor

speed. Modulation index = 0.8, and load resistance = 40 ohms.

The auxiliary winding current waveform response due to changes in generator

rotor speed is shown in Figure 4.64. The auxiliary winding current decreases in response
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to change in the generator rotor speed as the speed changes from 1900 rpm to 1740 rpm.
The battery current waveform response to changes in the generator rotor speed is shown
in Figure 4.65. Initially the battery absorb real power (negative current) afterwards when
the generator rotor speed changes to 1740 rpm from 1900 rpm the battery now provides
real power (positive current) to the load. This result shows an advantage of the battery-
inverter system over the conventional single-phase induction generator that will operate
as amotor if the generator rotor speed is less than the synchronous speed.

The single-phase induction generator torque waveform is shown in Figure 4.66.
The generator torque is negative when the speed is at 1840 and 1900 rpm and becomes

positive when the generator rotor speed is 1740 rpm.
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Figure 4.65. Battery current waveform response to changes in generator rotor speed.
Modulation index = 0.8, and load resistance = 40 ohms.
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Figure 4.66. Generator torque waveform response to changes in generator rotor speed.
Modulation index = 0.8, and load resistance = 40 ohms.
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5.1 Introduction

323

Most industrial and household applications involve the uses of single-phase

induction motor in appliances such as in fans, washing machines, dryers, refrigerator, etc.

In view of the various application of the single-phase induction motor, it will be

worthwhile to analyze and study the performance of the battery inverter single-phase

induction generator system feeding a single-phase induction load.

In this chapter, the analysis of the battery inverter single-phase induction

generator system (SPIG) feeding a single-phase induction motor (SPIM) load will be

studied. This system can be applied as a source of power in a remote location where there

is no conventional utility power supply. Some of the system applications include milling,

cold store, stone crushing, wood processing, €etc.

+ PWM
Battery Co—— Inverter

SPIG

Figure 5.1. Block diagram of the system.

126

SPIM
Load
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The block diagram describing the battery inverter SPIG feeding SPIM is shown in
Figure5.1.

Thefirst part of this chapter looks into the system operation and the mathematical
model of the battery inverter system with SPIM load. The dynamic mathematical model
of the generator system developed is used in the simulation. The simulation results are
compared with the measured waveform. The steady-state equation is further developed
from the dynamic mathematical model. The resulting steady-state equation is used to
predict the system steady-state performance characteristics. Finally the predicted

performance is compared with measured steady-state characteristics.

5.2 Mathematical M odel of System

The generator system comprises of a battery, a PWM inverter, a single-phase
induction generator, and the load (single-phase induction motor). The schematic is shown
in Figure 5.2.

The system operation is similar to the system description in section 4.2. With the
generator connected in the fashion shown in Figure 5.2, the H bridge transistors are
switched using the bipolar voltage switching scheme. The input to PWM inverter is
obtained from a bank of battery fed through a capacitor. The capacitor, Cq4 ensures that
the input voltage to the inverter is kept constant. The induction generator is connected in
amanner that ensures that minimum induced inverter harmonics. The generator topology

is configured in such away that the output from the inverter is connected to the auxiliary
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Figure 5.2. Schematic diagram of the system with induction motor load.

winding (the d-axis) and the main winding is connected to the single-phase induction
motor load. The advantage of this scheme isthat it ensures that the output voltage into the
inverter is free from the inverter induced harmonics.

The frequency of the input voltage of SPIM motor load is determined by the
modulating signal (sine waveform) of the PWM. Hence simply adjusting the modulating
signal appropriately the motor load changes speed. The power requirement by the motor
load is supplied from the battery or SPIG, depending on the speed of the SPIG. Also the
reactive power needed by the motor load is supplied by the inverter [13,16]. The
advantage of this isolated system is its ability to meet the motor load power demand.

When the SPIG supplies more power than required by the motor the excess power is used
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to charge the battery and when the power provided by the generator is less than the
requirement by the motor the battery provides the balance.

The equivaent circuit of the battery, PWM inverter, generator and motor is shown
in Figure 5.3. Equations 4.1 - 4.9 representing the model of the battery, inverter, and

generator dynamic equations are repeated here as

_ Vo
Cbp ppr =ls—— (5.1)
rbp
V
CorPVpy = 1s——2% (5.2)
b1

N dqmwrm)\ 1qrm

rdﬂsm lesm rﬂdrm L 1arm ( > ‘

1
1 1
1 1
1 1
1 1
1 1
1 + 1
Vin Tam E ‘
i Vdsm dm <L ) I
! S mdm I drmT |
| |
1 1
1 1

Motor Load (©) Generator

Figure 5.3. The g-d equivaent circuit of the battery-PWM inverter generator system with
single-phase induction motor load. (a-b) d-axis circuit, (C) g-axis circuit.
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Ve =V =V = 15 (fs + Mit) (5.3
Ve = (15~ lasS)) (5.4
d
Vg =S,V (5.5)
PAgs =Vas ~Tasl s (5.6)
PA gs =Vgs ~Tgs! gs (5.7)
oAy = Nog@ Ay =1Ly (5.8)
PAGr = =Ngg® A g =gl gr - (5.9

The dynamic equation for the SPIM are given as

OVgam = —C—lq(l os + 1 gam) (5.10)
PA gsm = Vasm ~ Tgsm! gsm (5.11)
PA gsm = Vdsm ~ Fdsm! dsm (5.12)
PN rm = N rm = Tl rm (5.13)
PAarm = ~Nagm®rmA grm = Tdrm! drm (5.14)

where the motor main winding and auxiliary winding voltage are denoted as Vgsm and
V 4sm, respectively. The ratio of the number of turns of the motor g-axis winding and the
d-axis winding is denoted as Nggm. The inverse of is Nggm is denoted as Nggm. The motor
stator q and d axes currents are lqsm and lqsm, respectively, while those of the rotor
referred circuits are |'ym and I'gm, respectively. The motor stator g and d axes flux
linkages are Aqsm and Aqsm, respectively, while those of the rotor referred circuits are A'gm

and A'grm, respectively.
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Equations 4.12 - 4.15 representing the g-d flux linkages of the generator are given as

Ags = Lgslgs + Lmgl or (5.15)
Aas = Laslgs + Lng ! ar (5.16)
Ao =Lgelgr +Lmglgs (5.17)
Ny =Ly g +Lmgl s - (5.18)
The g-d flux linkages of the motor load are given as
A gsm = Lasm! gsm *+ Lingm! grm (5.19)
Agsm = Lasm! dsm * Lmdm! drm (5.20)
Agrm = Lagrm! grm + Lingm gsm (5.21)
Agrm = Larm! arm * Limdm! dsm (5.22)
where Lgsm = Ligsm * Lmgm: Lasm = Ligsm * Limdm Lorm = L|'qrm +Lygm, and

Lgrm = Ligrm + Lingm - The referred motor rotor g-d leakage inductances are L'igm and
L'iarm, respectively. The referred motor rotor g-d resistance are r'gm and r'grm,
respectively. The motor stator g-d leakage inductances are L'igsm and L'igsm, respectively,
with the g-d magnetizing inductances given, respectively, as Ligm and Lygm. The motor
stator per-phase resistance for the g-winding and the corresponding value for the d-axis
winding are rqsm and rqsm, respectively. The motor electrical angular speed is ym.

The dynamics of the generator turbine is given in Equations 4.16 and 4.17 and are

given as

Py = (T, = T) (5.23)

T, :%(qux Ly = Nogh 1oy ) - (5.24)
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The dynamics of the SPIM turbine are expressed as

P
PWm = _m(Tem _Tom) (5.25)
23,
P I I I I
Tem = Tm(qum)‘ qrmI drm ~ qum}‘drmI qrm) . (5.26)

The moment of inertia and the number of poles of the generator are J, and P,
respectively. The driving and generated el ectromagnetic torques are respected as Tom and

Tem, respectively.

5.3. Comparison of Simulation and Experiment Waveformsfor the System
Feeding SPIM L oad

This section contains the comparison between simulation and measured
waveforms of the battery inverter SPIG system feeding SPIM load. The conditions
examined include when the modulation index of the PWM inverter is in the linear
modulation region and also when the modulation index is in the overmodulation region.

The simulation of the system Equations 5.1 to 5.26 is implemented using

MATLAB/Simulink.

5.3.1 Battery Inverter SPIG System Feeding SPIM Load (Linear Region)

This section looks at the measured and simulated waveforms when the battery
inverter SPIG is feeding a SPIM when the modulation index of PWM inverter is in the
linear region. The experiment and simulation were carried out with generator rotor speed

of 1840 rpm. The modulation index was set a value of 0.875 with a carrier frequency of
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2 kHz and modulating frequency of 60 Hz. The battery voltage and load capacitor are 144
V and 180 pF, respectively. The parameter of the SPIM is shown in appendix B.

Figure 5.4 shows the input voltage into the single-phase induction motor under no
load consideration. Simulation and experiment waveforms are observed to have the same

characteristics.
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Figure 5.4. Induction motor input voltage steady-state waveforms. Modulation index =
0.875, rotor speed = 1840 rpm
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Figure 5.5. Induction generator main winding current steady-state waveforms.
Modulation index = 0.875, rotor speed = 1840 rpm.
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Figure 5.6. Generator auxiliary winding voltage steady-state waveforms.
Modulation index = 0.875, rotor speed = 1840 rpm.
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Figure 5.5 shows the simulated and measured steady-state generator main
winding current. The current waveform harmonic is insignificant because of circuit
topology used for the system.

The smulated and experimental steady-state waveforms of the auxiliary winding
voltage of the generator are shown in Figure 5.6. The experimental waveform is different

from the simulate waveform due to the harmonic content in the battery current.



332

The simulated and experimental steady-state waveforms for the generator
auxiliary winding current are shown in Figure 5.7. The inverter induced harmonic is
shown on the simulated and experimental current waveforms.

Figure 5.8 shows the input current or the main winding current steady-state
waveform of the single-phase induction motor. The results show that the frequency of the
current is same as the modulating frequency, which in this caseis 60 Hz. The results from
the experiment compare favorably.

The simulated and experimental battery current steady-state waveform is shown
in Figure 5.9. The battery current waveform is negative indicating that the battery is
being charged. The experimental waveform shows the inverter induced harmonics riding

on the battery current.
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I. Simulation I1. Experiment
Figure 5.8. Induction motor main winding current steady-state waveforms.
Modulation index = 0.875, rotor speed = 1840 rpm.
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Figure 5.9. System battery current steady-state waveforms. Modulation index = 0.875,
rotor speed = 1840 rpm.

5.3.2 Battery Inverter SPIG System Feeding SPIM L oad (Over modulation Region)

This section looks at the measured and simulated waveforms when the battery
inverter SPIG is feeding a SPIM when the modulation index of PWM inverter is in the
overmodulation region. The experiment and simulation were carried out with generator
rotor speed of 1840 rpm. The modulation index was set a value of 1.375 with a carrier
frequency of 2 kHz and modulating frequency of 60 Hz. The battery voltage and load
capacitor are 144 V and 180 pF, respectively. The parameter of the SPIM is shown in
appendix B.

Figure 5.10 shows the simulated and experimental motor input steady-state
voltage waveform. The waveform shows that its frequency is the same as the modulating
signal of theinverter and it is aso free from the inverter induced harmonics.

The simulated and experimental steady-state waveform of the induction generator
main winding current is shown in Figure 5.11. The simulated and experimental

waveforms have similar characteristics as indicated in the figure.
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Figure 5.12 shows the simulated and experimental waveforms of the induction

generator steady-state auxiliary winding voltage. The experimental results show that the

auxiliary winding voltage is influence by the charging of the battery (that is battery is

absorbing power) as shown in Figure 5.12.
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Figure 5.12. Generator auxiliary winding voltage steady-state waveforms.
Modulation index = 1.375, rotor speed = 1840 rpm.
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Figure 5.13. Generator auxiliary winding current steady-state waveforms.
Modulation index = 1.375, rotor speed = 1840 rpm.

The simulation and experimental steady-state waveforms of the auxiliary winding
current of the induction generator is shown in Figure 5.13. The inverter-induced

harmonics is observed on the auxiliary winding current.
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Figure 5.14. Induction motor main winding current steady-state waveforms.
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Figure 5.15. System battery current steady-state waveforms. Modulation index = 1.375,
rotor speed = 1840 rpm.

Figure 5.14 shows the single-phase induction motor main winding current

waveform. The current waveform is observed to be free inverter induced harmonics.

The system steady-state battery current is shown in Figure 5.15. The simulated

and experimental waveform clearly shows that the battery is being charged (that is the
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battery is absorbing power). The experimental current waveform in Figure 5.15 also

shows the inverter switching frequency component on the battery current.

5.4 Steady State Calculation and Experiment

The steady-state equation for the battery, inverter, single-phase induction
generator using harmonic balance have been discussed in Chapter 4. Equations 4.52 -

4.55, 4.61 will be repeated here for continuity.

MVgo + 4(1E/|j22|1delcdd$Rd) ~Tgs! dss = We(Las! dss + Lma ! drr ) =0 (5.27)
Vgss ~ Tas! ass ~ 19 (Las! gss + Limg e ) = O (5.28)
Na@; (La L + L L ass) = o Ve — 1@l Varr + Ling gss) =0 (5.29)
~ Ngq@r (Lc'qr Lgrr + Limg! qs)_ Far Lare = 19 (L i + Ll ass) = 0 (5.30)
Ta = (quA;]rr larr = NgaAgrr | g}r) (5.31)

The steady-state equation of the single-phase induction motor is given as

1 .
C—(| s + | ggam) + [0Vgss = 0 (5.32)
q

Vassm ~ Tasml gssm ~ oo ( gsm! gssm + Lmgml ('qrrm) 0 (5.33)
qum(*)r (I-ézlrmI (Ijrrm + I-mdml dssm)_ rc’1rmI é}rrm J(*)e( qrmI thrrm + I-mqml qssm) =0 (534)

- qum(’or (L('qrml ('qrrm + LmqmI qssm)_ rérmI (':irrm - j(*)e(l-(':irml arrm + LmdmI d$m) =0 (5.39)

P ' * T *
Tem = Tm(N dqm)‘ qrrmI drrm qum)\ drrm! qrrm)- (5.36)
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The steady-state equations (5.27 - 5.36) are used to solved for the state variables

using MATLAB.

5.4.1 Experiment and Predicted Performance Results

In this section, the measured steady state performance of the battery
inverter SPIG system feeding a SPIM will be compared with the predicted performance
of the system. The steady state performance was carried at different values of modulation
indexes. The experimental measurement and calculation was carried out with generator
rotor speed of 1840 rpm, a carrier frequency of 2 kHz, and modulating frequency of 60
Hz. The battery voltage and load capacitor are 144 V and 180 pF respectively. The
constant parameters used for the steady-state experiment and calculation are shown in

appendix B.
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Figure 5.16: Measured and calculated motor input voltage as a function of motor speed.
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The measured and calculated steady-state input voltage into the single-phase
induction motor as a function of the motor speed is shown in Figure 5.16. Figure 5.16
shows the motor input voltages are higher with the higher modulation index. In addition
as the motor speed increases the input voltage also increases.

Figure 5.17 shows the measured and calculated steady-state torque of the single-
phase induction motor as a function of motor speed. The motor torque decreases with
increase in the motor speed. The figure also indicates that the higher the modulation
index the higher the torque of the induction motor.

Figure 5.18 shows how measured and calculated steady-state input power to the
induction motor varies as a function of the motor speed. It can be observed that the
predicted performance curves show the trend of the actual measured points, but there is
fairly substantial magnitude difference in output power between the predicted and

measured curves.
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Figure 5.17: Measured and calculated motor torque as a function of motor speed.
Constant generator rotor speed = 1840 rpm.



340

350
X * 0.8
N X x + 1.0
300 @) o 15
—~ OX
\./250 o X —Calc
o NS
2 >><(3<
O o
o + ) %
= 200 — oKX
a + oA
£ +
S 150 A
=} K~
100 A}

5855 360 365 370 375
Motor Speed (rad/s)

Figure 5.18: Measured and calculated motor input voltage as a function of motor speed.

Constant generator rotor speed = 1840 rpm.

5
4.5 0.8
2 .
~ + 1.0
c 4 N 015
X
= \%‘ X 2.0
o —Calc
235 = <
; 3 + DX
= SN + g\%é
© +
s +
2.5 T - —~
X *
2
355 360 365 370 375

Motor Speed (rad/s)
Figure 5.19: Measured and calculated generator winding current as a function of motor
speed. Constant generator rotor speed = 1840 rpm.
The steady-state measurement and calculated generator winding current as a

function of motor speed is shown in Figure 5.19. The main winding current increases

with increase in the modulation index and decreases aimost linearly with increasesin
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motor speed. The predicted curves are similar to the measurement though they are
different in magnitude.

The graph shown Figure 5.20 displays the measured and calculated battery
steady-state current as a function of the motor speed. The battery currents are negative

showing that the battery is absorbing real power.

5.4.2 Predicted Performance Results

In this section, the predicted steady state performance of the battery inverter SPIG
system feeding a SPIM load will be discussed. The steady state performance was carried
at different values of modulation indexes. The experimental measurement and cal culation
were carried out with generator rotor speed of 1840 rpm, a carrier frequency of 2 kHz and

modulating frequency of 60 Hz. The battery voltage and load capacitor are 144 V and
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210 uF, respectively. The constant parameters used for the steady-state experiment and
calculation are shown in appendix B.

Figure 5.21 shows the motor voltage as a function of the motor torque at different
modulation index. The motor voltage and torque increases as the modulation index
increases. For afixed value of modulation index the motor voltage decreases as the motor
torque increases to its peak value.

Figure 5.22 shows the motor voltage as a function of the motor input power at
different modulation index. The motor voltage and input power increases as the
modulation index increases. For a fixed value of modulation index the motor voltage

decreases as the motor input power increases to its peak value.
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Figure 5.21: Predicted motor voltage as a function of motor torque. Constant generator
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Figure 5.23 shows the motor torque as a function of the motor rotor speed at
different modulation index. As the modulation index increases the motor torque
increases. In addition as the motor torque increases as the motor rotor speed increases the
maximum torque is obtained at about 330 rad/s of the motor rotor speed then the torque
start falling as the motor rotor speed isincreased further. If maximum torque is desired, it
could be obtained by operating the system in the overmodulation region and at a motor

rotor speed of 330 rad/s.

5.5 Parametric Studiesfor the Battery Inverter Single-Phase Induction

Generator with SPIM L oad

This section gives a description of the influences of the system parameter on the
system performance. A proper selection of the motor rotor speed and the generator rotor
speed can ensure that the system with induction motor operates in optimum condition.
The selection of the motor load rotor speed and the generator rotor speed can be carefully
done to ensure overall system efficiency, maximum torque and maximum power. For
instance, if maximum torque is desired for driving a pump, the appropriate generator and
motor rotor speed could be selected to achieve this.

In the study that follows three load frequencies are selected - 30Hz, 45Hz and
60Hz. The modulation index is fixed at a value of one and the load capacitor, C, is set
equal to 180 pF.

Figure 5.24 shows the contour plot of the motor torque as a function of the

generator rotor speed and the motor rotor speed for different load frequency. As the load
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frequencies increase the motor torque decrease for constant values of generator rotor
speed and motor rotor speed. In particular at a specific load frequency (45 Hz) maximum
torque can be obtained at high value of motor rotor speed and at about 1.1 p.u. of the
generator rotor speed. The graph will be an excellent tool in selecting generator rotor
speed and motor rotor speed for maximum torque operation such as in pump application.

The contour curves for the motor voltage as a function of the generator rotor
speed and the motor rotor speed for different load frequenciesis shown in Figure 5.25. In
genera at a constant load frequency the motor voltage is increases at a higher motor rotor
speed and constant generator speed. The graph also indicates that maximum motor
voltage is obtained at generator rotor speed of about 1.12p.u. The graph shows that as the
frequency decreases the motor voltage is relatively constant at constant generator rotor
speed and motor rotor speed.

Figure 5.26 shows the contour plot of generator output power as a funnction of
the generator rotor and the motor rotor speeds for different load frequencies. Considering
aload frequency of 30 Hz for instance the maximum power is obtained at a higher motor
rotor speed and at a generator rotor speed of about 1.18p.u. The graph a so indicates that
the choice of operating load frequency generally affects the output power. If the
frequency increases the output power generally decreases.

The family of contour curves of the battery current as a function of the generator
rotor and the motor rotor speeds for different load frequenciesis given in Figure 5.27. At
a constant generator rotor speed the graph shows that the battery current is fairly constant
at different values of motor rotor speed. The graph also indicates that the battery current

generally decreases as load frequency increases. The negative battery current indicates
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the condition when the battery absorbs real power while positive battery current shows

that battery provides real power.

5.6 Transient and Dynamic Performance for the System Feeding a SPIM L oad

This section examines the transient and dynamic performance of the battery
inverter single-phase induction generator feeding a single-phase induction motor. The
transient and dynamic studies give us better understanding of the operation of the system
and also show how the system can perform with either change in load torque or generator
rotor speed. The system start-up processisinitially set forth. The response of the system
to changes in load torque is discussed next. The system dynamic performance with the
generator rotor speed changed is discussed and afterward the system performance to a

high load is presented.

5.6.1 Start-up Process

This section examines the start-up process for the battery inverter generator
system feeding a single-phase induction motor. The simulation was carried out with a
generator rotor speed of 1840 rpm under no load condition. The modulation index was set

avalue of 0.80 with acarrier frequency of 2 kHz and modulating frequency of 60 Hz.
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Figure 5.28 shows the motor input voltage waveform during startup. The motor
input voltage waveform increases quickly until it reaches a steady-state peak value of
about 46 volts. Figure 5.29 shows the generator main winding current. The main winding

current increases rapidly until it reaches a steady state value.
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Figure 5.28 Motor voltage start-up waveform. Modulation index = 0.8, and generator
rotor speed = 1840 rpm.
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Figure 5.30 shows the motor rotor speed transient waveform. The motor rotor
speed ramps gradually and then to a steady state value. The motor speed graph is
observed to change sharply about 4.5 seconds when the auxiliary winding of the motor in

series with starting capacitor is switched out of circuit.
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Figure 5.30 Motor rotor speed start-up waveform. Modulation index = 0.8, and generator
rotor speed = 1840 rpm.

1.5

Motor Torgue (Mmj

0 i 2 3 4 5 &

Time (s}
Figure 5.31 Motor torque start-up waveform. Modulation index = 0.8, and generator rotor
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The no load motor torque start-up waveform is shown in Figure 5.31. The motor
torque gradually grows and gets to a steady-state in about 5 seconds.

The generator winding current waveform build-up is shown in Figure 5.32. The
current increases rapidly to a steady state peak value of about 8.0A. Figure 5.33 gives the
transient waveform of the auxiliary winding current. The auxiliary winding current
increases quickly to a steady state value.

The transient waveform of the battery current is shown in Figure 5.34 during start
up. The battery current is initially high then decreases to a steady state value. The battery
current is positive indicating that the battery supplies rea power to meet the load
requirement. The single-phase induction generator torque waveform is shown in Figure

5.35. The graph shows how the generator torque grows quickly to a steady state value.

[n s

T

= Lu ]
—t

——t

. .

Pd
\
'
T
'
—_—
y H \
'
T
'
—_—
ST

i
Pd
\
'
—_—
—
I P P
0 I T
'
H
r—— v
-

i
fan]
H
H
'
'
H
S
——
'
—_—
T T
L 1
—— :

1
I
—_—

Generator Main Winding Current (A)
[ ]
=
e —

Il “ I

0.1 0.2 0.3 0.4
Time (&)

Figure 5.32 Generator main winding current start-up waveform. Modulation

index = 0.8, and generator rotor speed = 1840 rpm.
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Figure 5.33 Generator auxiliary winding current start-up waveform. Modulation index =
0.8, and generator rotor speed = 1840 rpm.
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Figure 5.34 Battery current start-up waveform. Modulation index = 0.8, and generator
rotor speed = 1840 rpm.
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Figure 5.35 Generator torque start-up waveform. Modulation index = 0.8, and generator

rotor speed = 1840 rpm.
5.6.2 System Dynamics dueto Changesin Load Torque

This section examines the dynamics for the battery inverter generator system
feeding a SPIM for changes in the load torque. The simulation was carried out with
generator rotor speed of 1840 rpm and the modul ation index was set a value of 2.0 with a
carrier frequency of 2 kHz and modulating frequency of 60 Hz.

The load torque is initial set at a value of 0 Nm. When the system reaches its
steady state operating condition it is changed from O Nm to 1.2 Nm afterward it is
changed to 0.2 Nm. The changes in the load torque are illustrated in Figure 5.36.

Figure 5.37 shows the motor input voltage waveform. The graph shows how the
system responded to a change in load torque. The motor input voltage decreases as the
load torque is increased from 0 Nm to 1.2 Nm. The response of the motor rotor speed to

changes in the load torque is shown in Figure 5.38. The motor rotor speed decreases as a



362

load torque of 1.2 Nmis applied to the motor. When the load torque is reduced to 0.2 Nm

the motor speed increases.
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Figure 5.36. Changes in the values of the load torque. Modulation index = 2.0 and rotor
generator speed = 1840 rpm.
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Figure 5.37. Motor input voltage waveform response to changes in load torque.
Modulation index = 2.0 and rotor generator speed = 1840 rpm.
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Figure 5.38. Motor rotor speed waveform response to changes in load torque. Modul ation

index = 2.0 and rotor generator speed = 1840 rpm.
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Figure 5.39. Motor torque waveform response to changes in load torque. Modulation
index = 2.0 and rotor generator speed = 1840 rpm.
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Figure 5.40. Generator main winding current waveform response to changes in load
torque. Modulation index = 2.0 and rotor generator speed = 1840 rpm.
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Figure 5.41. Generator auxiliary winding current waveform response to changes in load
torque. Modulation index = 2.0 and rotor generator speed = 1840 rpm.
The response of the motor torque waveform to a change in load torque is shown

in Figure 5.39. The motor torque initially increases and then decreases in response to a

change in load torque. Figure 5.40 shows the main winding current waveform response to
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a change in load torque. The main winding current waveform increases and decreases in

response to change in load torque.
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Figure 5.42. Battery current waveform response to changes in load torque. Modul ation
index = 2.0 and rotor generator speed = 1840 rpm.
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Figure 5.43. Generator torque waveform response to changes in load torque. Modulation
index = 2.0 and rotor generator speed = 1840 rpm.
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Figure 5.41 shows the auxiliary winding current waveform response to changesin
load torque. The main winding current waveform decreases and increases in response to
changes in load torque. The battery current waveform in response to changes in load
torque is shown in Figure 5.42. The battery current increases and decreases in response to
changes in load torque. The battery current is negative showing that the battery is
absorbing real power from the load. Figure 5.43 shows the generator torque waveform
response to changes in load torque. The generator speed decreases and increases in

response to changesin load.

5.6.3 System Dynamics dueto Changesin Generator Rotor Speed

This section examines the dynamics for the battery inverter generator system
feeding a SPIM load for changes in the generator rotor speed. The simulation was carried
out with load torque of 0.25Nm. The modulation index was set a value of 2.0 with a
carrier frequency of 2 kHz and modulating frequency of 60 Hz.

The generator rotor speed is initia is set at a value of 1840 rpm when the system
reaches its steady state operating condition it is changed from 1840 rpm to 1900 rpm then
to 1740 rpm as shown in Figure 5.44.

Figure 5.45 shows motor input voltage waveform response to changes in the
generator rotor speed. It is observed that the motor voltage is still maintained while the
generator rotor speed is less than the 1800 rpm (synchronous speed) as the battery

supplies the needed real power required by the load. Figure 5.46 shows the main winding
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current waveform. The main winding current decrease as the generator rotor speed

changes from 1900 rpm to 1740 rpm.
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Figure 5.44. Changes in the values of generator rotor speeds. Modulation index = 2.0 and

Load Torque = 0.25 Nm.
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Figure 5.45 Motor input voltage waveform response to changes in generator rotor speed.

Modulation index = 2.0 and Load Torque = 0.25 Nm.
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Figure 5.47 shows motor rotor speed waveform in response to changes in the
generator rotor speed. The motor speed decreases dightly in response to changes in
generator rotor speed from 1900 rpm to 1740 rpm. Figure 5.48 shows the motor torque
waveform in response to changes in generator rotor speed. The motor torque increases
and then decreases in response to changes in generator rotor speed.

Figure 5.49 shows the generator main winding current response to changes in
generator rotor speed. The generator main winding current decreases as the generator
rotor speed changes from 1900 rpm to 1740 rpm. The auxiliary winding current
waveform response to changes in the generator rotor speed is shown in Figure 5.50. The
auxiliary winding current initially increases then decreases in response to changes in the

generator rotor speed.

o =

Pl -
—
4
I
]
.
T
n
T e ]
x |
v
= e —
T ——
Cwaw T [p——
— i
—
v .
i .

i i
£ hJ
T

Motor Main Winding Current (A)
(mm

i
o

i 1
1 1
1 1
. B L L T T T PPN PR |
] 1

05 06 0Oy 08 089 1 1.1

Time (5)
Figure 5.46 Motor main winding current waveform response to changes in generator
rotor speed. Modulation index = 2.0 and Load Torque = 0.25 Nm.
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Figure 5.47 Motor rotor speed waveform response to changes in generator rotor speed.

Modulation index = 2.0 and Load Torque = 0.25 Nm.
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Figure 5.48 Motor torque waveform response to changes in generator rotor speed.

Modulation index = 2.0 and Load Torque = 0.25 Nm.
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Figure 5.49 Generator main winding current waveform response to changes in generator
rotor speed. Modulation index = 2.0 and Load Torque = 0.25 Nm.

Figure 5.51 shows the battery current response to changes in generator rotor
speed. The battery current increases as the generator rotor speed changes from 1900 rpm
to 1740 rpm. The graph also shows that the system is able to sustain its operation even
when the generator rotor speed (1740 rpm) is less than the synchronous speed (1800 rpm)
as the battery provides real power requirement for the motor load.

The generator torque waveform response to changes in the generator rotor speed
is shown in Figure 5.52. The generator torque increases in response to changes in the
generator rotor speed from 1900 rpm to 1740 rpm. It can be observed that the generator

torque is positive indicating that the machine is now operating as a motor.
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Figure 5.50 Generator auxiliary winding current waveform response to changes in
generator rotor speed. Modulation index = 2.0 and Load Torque = 0.25 Nm.
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Figure 5.51. Battery current waveform response to changes in generator rotor speed.

Modulation index = 2.0 and Load Torque = 0.25 Nm.
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Figure 5.52 Generator torque waveform response to changes in generator rotor speed.
Modulation index = 2.0 and Load Torque = 0.25 Nm.

5.6.4 System Voltage Collapse

This section examines the dynamics of the battery inverter generator system
feeding a SPIM when heavily loaded. The simulation was carried out with generator rotor
speed of 1840 rpm. The modulation index was set a value of 1.2 with a carrier frequency
of 2 kHz and modulating frequency of 60 Hz.

The load torque is initial set at a value of 0 Nm when the system reaches its
steady state operating condition it is changed from O Nm to 4.0 Nm. The changes in load
torque are illustrated in Figure 5.53.

Figure 5.54 shows the motor input voltage waveform. The graph shows how the
system response to a change in load torque. The motor input voltage collapses to a lower

peak value asit isloaded with atorque of 4 Nm. The response of the motor main winding
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current to a change in the load torque is shown in Figure 5.55. The motor main winding

current increases in response to the high load.
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Figure 5.53. Changes in the values of the load torque. Modulation index = 1.2
and rotor generator speed = 1840 rpm.
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Figure 5.54. Motor input voltage waveform. Modulation index = 1.2 and
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Figure 5.55. Motor main winding current waveform. Modulation index = 1.2 and
rotor generator speed = 1840 rpm.
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Figure 5.56. Motor speed waveform. Modulation index = 1.2 and rotor generator
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Figure 5.59. Generator auxiliary winding current waveform. Modulation index = 1.2 and
rotor generator speed = 1840 rpm.

The response of the motor rotor speed to a change in the load torque is shown in
Figure 5.56. The graph shows that the motor rotor speed falling rapidly as it is loaded
with a load of 4 Nm. Figure 5.57 shows the motor torque waveform. As the system is
loaded with 4 Nm the motor stalls as show in the waveform (torque reduces).

The generator main winding current is shown in Figure 5.58. The graphs shows
that the current grows quickly asit isloaded. Figure 5.59 shows the waveform of the
generator auxiliary winding current. The auxiliary winding current grows rapidly as the
system is |oaded.

The battery current waveform response to a change in load torque is shown in
Figure 5.60. The graph indicates that initial the battery absorbs real power (negative
current), when it isloaded afterwards the current increases to meet the power requirement

of the motor. Figure 5.61 shows the system generator torque waveform response to a

change in load torque. The waveform grows quickly as the system is loaded.
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CHAPTER 6

ANALYSISOF CAPACITOR INVERTER SINGLE-PHASE INDUCTION
GENERATOR SYSTEM WITH IMPEDANCE LOAD

6.1 Introduction

In this chapter, the anaysis of the capacitor inverter single-phase induction
generator system feeding an impedance load will be presented. The block diagram of the
single-phase generator system without battery and impedance load is shown in Figure
6.1. This generator system is similar to the system in Figure 4.1. The only difference is
that the battery is not connected. The operation of the capacitor inverter SPIG system is
also similar to the generator system in chapter 4.

The first part of this chapter deals with the development of the steady state
mathematical model for the generator system feeding an impedance load using harmonic
balance technique. Next the condition for self-excitation for the generator system without
battery is discussed. The minimum requirements for system parameters for fixed

impedance load results are shown.

Vi
Single
. + PWM PIG ohase
dT— Inverter Impedance
) Load

Figure 6.1. Block diagram of the system.

173



379

6.2 Mathematical Model of System

The PWM inverter, the single-phase induction generator, and the impedance load
makes up the generator system. The schematic diagram of the generator system is shown
in Figure 6.2.

The capacitor inverter SPIG system operation is similar to the generator system
description in section 4.2. The main difference is that capacitor inverter SPIG system
under consideration is without the battery. The full charged capacitor is connected into
the input of the PWM inverter. The inverter is switched using the bipolar voltage
switching scheme. The output of the inverter is fed to the auxiliary winding of the single-
phase generator. The output from the main winding is fed to the impedance load. The
system has the same features as the system discussed in chapter four. When the SPIG is
supplied more than enough power required by the motor load the excess power is used to

charge the capacitor and when the power provided by the generator is less than the

Bt § e

_:Cd

& {(—

Figure 6.2. Schematic diagram of the system.

Aux. Winding

Main Winding
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requirement by the impedance load the capacitor discharges to provide the balance. A
regulated output voltage can be achieved by appropriately choice of the modulation
index.

The equivaent circuit of the system that is the capacitor, PWM inverter, single-
phase induction generator, and impedance load is shown in Figure 6.3.

The dynamic equation for the capacitor-PWM inverter generator system is given

as
1
pV, :C_(_Idssa) (6.1)
d
Vs = SaVy (6.2)
PA gs =Vds ~Tas! ds (6.39)
PA as :Vqs - rqsl gs (6.9)
I N, @A |
Tas  Ligs Par L)y 9T O

— N TV
—_ lgs L |’ T
Cd | md dr

| nverter :. _______________ Q an_algr ______________________

(@)

' Tos Ligs  Mor L'y Nog @A ey

i —T7 VTV

i LO I i E—

ER " __qu s Elm g T

1 Mo

(b) i Load : S Generator .

Figure 6.3. The g-d equivaent circuit of the capacitor-PWM inverter generator system
with impedance load. (a) d-axis, (b) g-axis circuit.
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PAgr = Nga@Agr — g lgr (6.5)

PAgr = _quwr)"qr ~Tarlar - (6.6)
__1 Vs

PVes = _C_q(l gs +Z—oj (6.7)

where the capacitor voltage and current are denoted V4 and 4. The other state variable

and parameter are as defined in chapter 4.

Equations 4.12 - 4.15 representing the g-d flux linkages of the generator are given

as
Ags = Laslgs + Lingl o (6.9)
Nas = Laslgs + Lng ! ar (6.9
Ngr =Lgrlar *Lmglgs (6.10)
Ny =Ly g +Lmglas - (6.12)
The dynamics of the generator turbine is given in Equations (4.16 and 4.17) and
aregiven as
poy = 5(To = Te) (6.12)
Te =2 (Noghir i ~NogAia i) (6.13)

with the parameter and other state variables represented in chapter 4.
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6.3. Condition for Self Excitation

The capacitor inverter generator system in Figure 6.2 does not have any battery
source; for excitation to occur the system need to be carefully studied. If a close
examination of the generator system equation is carried out the necessary parameter for
self-excitation can be determined. In the anaysis that follows harmonic balance
technique was used in determine the condition for self-excitation. The steady state
equation can be obtained from the dynamic Equation 6.1 to 6.13. S, l4 and V4 are

defined as

S, =Mcos(8) +Myqsin(0)

lds = 1451 €0S(6) + I gsp SIN(B)

Vg =Vyo +Vg1€08(20) +Vy4,8in(28).
Applying harmonic balance technique on Equation 6.1

PVyq =é(chos(e)+ qusin(e))* (14s1 COS(8) + 1 45 SIN( D)) ; (6.14)

the differentia of V4 above resultsin
PVy = PVgo + (PVar + 2wiVg2)cos(0) + (pVya — 200y )SiN( ). (6.15)

Since Equations 6.13 and 6.14 are equal, terms must also be equal. Comparing terms in

Equation 6.13 and 6.14
1
PVeo = ‘—( gldss + Mgl dsz) (6.16)
2C4

1
PVy1 + 20V :_E(Mqldsl_ Md'dsz) (6.17)
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1
PVig2 = 200Vg1 = ‘E(qusz + Myl dsl) : (6.18)

Substituting S; and V4 in Equation 6.2, V 4s becomes

1 1 1 1 .
Vs :(Mquo +§Mqu1+§Mdvd2)005(e)+(MdVdo +§Mqu2 —EMdlejsn(e);

(6.19)

also Equation 6.3 can be expressed as
Vas = (Tgsl st + @k s + PAger)0S(8) + (1l asp — WA ge + PAsp)Sin(B). (6.20)
Since Equations 6.19 and 6.20 are equal, the terms are al'so equal. Hence

_ 1 1
fasl ds1 + Wel sz + PAgss = M Vo + 3 M Va1 + > MgVa2 (6.21)

_ 1 1
sl ds2 = Wel st + PAas2 = M Vo S M Va2 5 M ¢Vy1 - (6.22)

With harmonic balance technique applied to Equations (6.4 - 6.7) the following equation

results
Vast = sl g1 + Welr g2 + PAga (6.23)
Vis2 = Tasl gs2 = Wl gs1 + PAgs2 (6.24)
PAGr1 + Wergro = NggWrAgry —Toelgra (6.29)
PAGr2 = WeAgrr = Ngg WA gro = Torlgr2 (6.26)
PAGr: + WA gr2 = ~NggrAgrr = Far lara (6.27)
PAgr2 = Wehgrn = ~Ngg® A g2 = o lar2 (6.28)
PVt + OVep = —Ci(lqsl 9%} (6.29
q 0
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PVs2 ~ WeVgs1 = _Ci(quZ + \%J ) (6.30)
q 0
At steady state, peak of the state variables are constant making derivatives in Equations
6.13 - 6.30 to be equal to zero.
The system equation in terms of flux is then obtained by substituting for current

using Equations 6.8 - 6.11. The system equation in matrix form is given in Equation 6.31.
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385

(6.31)
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Where Ul:lz_zd’ Cdd:é’ Uzzzl—gr’ Uszrdi-md1 U4:rdZLdr’ U = qumq’ Ug = quqr1 U, = qrAmq’ Ug = qrAqs’
2 2 2 2 1 1 1 1
Mg L Iy L L L 1 1
Ug=-dromd p=diods = "W o= 9 Coo=—, Zoo = o, Ay = |Lgslgr = Ling) @0 Ay = (Lo — LasLar -
9 Az 1 Az 2 Al 3 Al aq Cq 00 Zo 1 (qs qr mq) 2 (md ds dr)

Equation 6.31 is of the form [0] =[A] ] where [X] is the state variables. The solution to this equation is relatively straight
forward, it is either that [A] = 0 or [X] = 0, since the state cannot be zero hence the solution is therefore [A] = 0. With this, the [A]

matrice can be solved for the condition for self-excitation. The condition for self-excitation is found by evaluating the determinant of

the A matrice set to zero.

6.4. Results

The evaluating [A] matrix determinant clearly shows that for self-excitation to occur it is independent of the input capacitor,
Cq. The effect of change in parameter is a secondary effect [16] in self-excitation of the generator system hence constant parameters
were used in the results that follows.

The results that follows are obtained by assuming that My is zero that is modulation index is real in other words the angle is

zero. The determinant of A matrices when My=0 shows that the generator system is independent of the modulation index, M. Figure
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6.4 showsthe required value of load resistance to choose at a corresponding rotor speed. The load frequency and capacitor, Cy are kept

constant.
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Figure 6.4. Self-excitation for the system without battery. Calculated load resistance vs
generator rotor speed.

In order to achieve a self-excitation at aload capacitor, Cq of 180 pF and load frequency of 60Hz, and generator rotor speed wr

of 385 rad/swill require aminimum load impedance of 14.72 Ohms as show in Figure 6.4.
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Figure 6.5 shows the contour plot at various value of load resistance. From Figure 6.5 given specific load impedance, the
corresponding load capacitor and generator rotor speed for self-excitation of the system could be obtained. Under this condition load

frequency is kept constant.
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Figure 6.5. Self-excitation for the system without battery. Contour plot of load resistance, [Q2] as avariation of generator rotor speed
and load capacitor.
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The minimum load impedance to obtain self-excitation with variation of My and My was also computed. Figure 6.6 shows the
required value of load resistance to choose at a corresponding value of My and Mq. The load frequency, generator rotor speed, and
capacitor, Cq are kept constant. The constant parameter value are the load frequency, f = 60Hz, generator rotor speed, wy = 1840 rpm,
and capacitor, Cq = 180 pF.

Figure 6.6 shows the contour plot at various value of load resistance. From Figure 6.6 given specific load impedance, the

corresponding modulation My and M, for self-excitation of the system could be obtained with other system parameter kept constant.
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Figure 6.6. Self-excitation for the system without battery. Contour plot of load resistance, [Q] as avariation of Mg and Mg .
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(6.31)






CHAPTER 7

CONCLUSIONS AND SUGGESTION FOR FURTHER WORK

7.1 Conclusions

The operation of a single-phase induction generator with a PWM inverter as a
source of excitation was tested and analyzed. The battery included in the system was
found to be an excellent configuration for a source or sink of real power depending on the
given load of the single-phase induction generator. The system modeling was done
considering the effect of saturation of magnetizing inductance. Experimental results were
recorded for different impedance and motor loads for a one horse power single-phase
Induction generator.

The steady-state model for the system was developed for impedance and motor
loads using the harmonic balance technique. Experimental results for different impedance
and motor loads compare favorably with the steady-state model calculation.

The simulation of the single-phase induction generator, battery, and PWM
Inverter was done using device model. Matlab/Simulink was found to be an excellent tool
in modeling model the PWM inverter and the single-phase induction generator.
Simulation results of different impedance and motor loads compare favorably with

experimental waveforms of the single-phase induction generator system.
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7.2 Suggestion for Further Work

Proper design of the induction machine as a generator will greatly improve its
performance; for instance designing the induction machine to have appropriate turns for
the main and auxiliary winding.

Photovoltaic cells could be added in parallel to the battery in the single-phase
induction generator scheme with PWM inverter. This configuration will greatly improve
overal system performance since the solar cell will provide additional source of red
power.

A control design using proportional integral (Pl) or linear quadratic gaussian /
loop transfer recovery (LQG/LTR) to minimize the effect of disturbance as well as to
ensure controlled load voltage and frequency can be further provided for the system. A
digital signal processing (DSP) implementation of the control scheme will ensure system

reliability and accuracy.



APPENDIX

191



APPENDIX A
The constant parameters of the 1 hp single-phase generator and a banks of batteries are:

res = 0.62575 Ohm  rg = 0.5292 Ohm
res = 2.80 Ohms ree = 1.3940 Ohms
Ligs =0.00258 H Ligr = 0.0025 H
Ligs = 0.00679 H Ligr = 0.00658 H

Lmd = 0.18 H Lmq = 0.083 H
Cq = 37000pF Cop = 54,000F
Cor =1F I'bp = 10,000 Ohms

Ny = 0.001 Ohms s = 0.013 Ohms
e = 0.0167 Ohms  Ngq (turnsratio) = 1.6227
We = 377 radls;

APPENDIX B

The constant parameters of the 1/2 hp single-phase motor:

rgsm = 1.1 Ohm lqrm = 2.0229 Ohm
F'gsm = 4.30 Ohms rarm = 3.9454 Ohms
Ligsn =0.005512 H Ligm = 0.005512 H
lesm =0.011463 H lerm =0.011463 H
Lmam =0.182 H L mgm = 0.0841 H

Ngq (turnsratio) =1.4421  we= 377rad/s



APPENDIX C
Derivation of Output Voltage Equation.

The following derivation explains the stepsin arriving at Equation 2.37.
Forn=0and k =1,

k .
f(x)=> c.e/ (C.2)
-k
From Equation 2.36,
. 1 m
C = jVg| =+—2 C2
k=] d(T[ 4j (C2)
But
Cx =Cp =C_y (C.3)

Since f(x) isreal conjugate from Equation C.3
— * : 1 m
C, =C_,=C, =—-i|V —4+_4a C4
k =Ck =Ck =] d(n A j (C4)

Equation C.4 is a complex Fourier series. If the Fourier series of f(X) is expressed in rea
variable form and n = 0, k =1, then

f (x) = b, coskx + by, sinkx (C.5)
But
Sl L S T ] (C6)
2 2
rearranging Equation C.6 result in
a — ka = 2Ck (C7)
a +jb, =2c_, (C.8)
Solving Equations C.7 and C.8 gives
a =Cg tCy (C.9
1
G (C.10)
In this case k=1
. 1 m . 1
a = jVy| =+—2 |- jVyl =+—-2|=0 Cl
1Jd(n 4de(T[ 4j (C.11)
1( ., (1 m) .., (1 m 1. m
e /7] Bt P AV (i B R V) e A ¥ C.12
by j( Jd(T[ 4j ]d(n 4D d(n 4j (C12)
M :Z(L&HA&j (€.13)
n 4 m 2

The real Fourier expansion can also be applied to other conditions of k and n.
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