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Abstract

Wind energy is one of the most important and promising source of renewable energy all
over the world. Throughout the globe in last three or four decades generation of electricity
from wind energy has created a wide interest. At the same time there has been a rapid
development of wind energy related technology. The control and estimation of wind energy
conversion system constitute a vast subject and are more complex than those of dc drives.
Induction generators are widely preferable in wind farms because of its brushless
construction, robustness, low maintenance requirements and self-protection against short
circuits. However poor voltage regulation and low power factor are its weaknesses. This
thesis covers the analysis, dynamic modelling and control of an isolated self-excited
induction generator (SEIG) driven by a variable speed prime mover. The proposed dynamic
model consists of induction generator, self-excitation capacitance and load model which
are expressed in stationary d-q reference frame. The dynamic performance of SEIG is
investigated under no load, with load and perturbation of load. To predict the performance
of the purposed system, a MATLAB/ SIMULINK based simulation study was carried out.
Viability of the excitation process is ascertained through experimental results obtained
from the laboratory prototype machine. It also includes Dynamic analysis of voltage

controller for SEIG using current control voltage source inverter (CC-VSI).
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CHAPTER 1

INTRODUCTION

In recent years, the environmental pollution has become a major concern in people
daily life and energy crisis has led people to develop new technologies for generating
clean and renewable energy [1]. Wind power along with solar energy, hydro power and
tidal energy are possible solutions for an environmentally-friendly energy production.
Out of these renewable energy sources wind is endless and auspicious sources of
renewable energy. It is a clean resource that can produce electricity without affecting
environment and economically viable also. Wind energy being investigated a
supplemental source is suitable to meet extra demand. The nature of wind energy is
much different from conventional sources like hydro and thermal. Due to its
intermittency one cannot guarantee that there will be enough mechanical power
converted to electrical and supplied to load. However, when interconnected with power
grid having higher capacity than that of Wind energy conversion system, the fluctuation
in power input to WECS taken care by other power station connected to the grid. In
case of standalone system, uncertainty of wind availability presents more serious
problem requiring some sort of storage element, supplemental source or even capacity
of load shedding. The disadvantages of wind power in the view of economic constrain

ere due to high capital costs and the uncertainty of the wind.



Synchronous generator are used in conventional energy power plant but in wind
power plant induction generator are preferred either in grid connected mode or isolated
mode. Induction generators have relative advantageous features over traditional
synchronous generators. These features are brush less rugged construction, low cost,
less maintenance, simple operation, self-protection against faults, good dynamic
response and capability to generate power at varying speed. The use of SEIG are noble
methodology for generating electricity from wind energy, there is no extra power

supply needed to produce the magnetic field it is convenient especially in remote areas.

1.1 Motivation

Wind power is the most reliable and developed renewable energy source over past
decades. The previous work of researchers on clean renewable energy like wind for
electrical power generation is the prime motivation to take up this project. Though the
induction generator self-excitation phenomena is known since 1935, till date the work
in the area of dynamic analysis, steady state analysis, control of voltage and frequency
is concern. The use of isolated induction generator is preferable especially where

extension of national grid is not feasible.



1.2 Thesis Objective

e Modelling and simulation of self-excited induction generator in d-q axes
reference frame particularly in stationary reference frame.

e Determination of minimum excitation capacitance required for SEIG. To
analyse the effect of variation of speed and excitation capacitance on generated
terminal voltage.

e Analysis of closed loop voltage control scheme for SEIG using current
controlled voltage source inverter (CC-VSI) with a dc link capacitor.

e Experimental investigation of self-excitation process in SEIG.

1.3 Literature Survey

In this section previous work carried out in the area of self-excited induction generator
and different control schemes for voltage and frequency regulation are reviewed.
Basset and Potter in 1935 first reported that the induction machine can be
operated as an induction generator in isolated mode by using excitation capacitors [2-
3]. SEIG can represented either in steady state model or in dynamic model. The basic
models of SEIG are impedance based model, admittance based model, d-q reference
frame model, operational circuit based model, and power equations based model [4-
12]. The per-phase steady state circuit model of SEIG can't be utilized to illuminate
transient progress because of the fact that the model was determined from the steady
state conditions of induction machine. For dynamic analysis, SEIG in three axes model
is transformed to two axes (D-Q) model. The SEIG represented in D-Q axes model and
analysed under steady state conditions are reported [12-16]. Different analytical

methods are found in literature to calculate minimum capacitance required for self-



excitation process [16-19]. A simple and direct method for calculation of excitation

capacitance without involvement of iteration method has reported [20].

The main drawback of SEIG is that the terminal voltage and frequency are
sensitive to load and speed variation. The disadvantages of voltage control method
using switched capacitors is that, it regulates terminal voltage in steps. A voltage
controller for standalone induction generator using PWM-VSI is reported [21]. Inverter
based static compensator (STATCOM) dynamically regulate the SEIG terminal voltage
[22]. To enhance the performance of the system, utilization of advanced control
strategies, for example, vector control and sliding mode control have been

recommended [23-24].



1.4 Organization of the thesis

The thesis is organized into five chapters, each of these is summarized below.

Chapter 1: Includes importance of renewable energy system to present world and
motivation behind this project. In this chapter the literature related to isolated induction
generator is reviewed. This involves strength and limitations of the previous work.
Chapter 2: Describes about the modelling of SEIG system. This chapter initially gives
an idea of self-excitation phenomena in SEIG and followed by system performance and
its operational problems. Describes the method to determine the minimum capacitance
required for self-excitation process of SEIG.

Chapter 3: This chapter presents an experimental study of an induction machine being
run as self-excited induction generator. Open and short circuit test are carried out to
find machine parameters. The magnetizing characteristic curve of induction machine is
determined from synchronous speed test.

Chapter 4: In this chapter terminal voltage control of an isolated induction generator
using an current controlled voltage source inverter (CC-VSI) is discussed.

Chapter 5: In this chapter conclusion and future work are given.



CHAPTER 2

ANALYSIS AND MODELING OF SEIG SYSTEM

2.1 Introduction

SEIG system consist of a squirrel cage induction motor, prime mover, excitation
capacitor and three phase load. The layout diagram of SEIG system shown in fig.2.1.
The primary requirement for the induction machine to work as an induction generator
1s excitation current to produce rotating magnetic field. For grid connected machine it
takes reactive current from grid whereas for a standalone machine reactive power is

supplied locally by the help of shunt and series passive elements.

.'; ;) Load

| Gear Box _ ' I
l |

Wind Turbine T

Capacitor Bank

Fig. 2.1 — SEIG with a capacitor excitation system driven by a wind turbine



2.2 Modelling of Self-Excited Induction Generator

In electrical machine analysis a three-axes to two axes transformation is applied to
produce simpler expressions that make complex systems simple to analyse and
solutions easy to find. The three axes are representing the real three phase supply
system. However, the two axes are fictitious axes representing two fictitious phases,
displaced by 90°, to each other. Here the assumption taken is that the three-axes and the
two-axes are in a stationary reference frame. It can be rephrased as a transformation
between abc and stationary dq0 axes. The conventional per-phase equivalent circuit
representation of an induction machine is convenient to use for steady state analysis.
However, the d-q representation is used to model the SEIG under dynamic conditions.
The d-q representation of a SEIG with capacitors connected at the terminals of the stator
windings and without any electrical input from the rotor side is shown in Fig. 2.2. Fig.
2.3 represents the stationary stator reference frame model in direct and quadrature axes

separately.

Q-axis

Fig. 2.2 — D-Q representation of self-excited induction generator
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Fig. 2.3 — Circuit model of SEIG in dq stationary reference frame (a) q-axis circuit
(b) d-axis circuit

The capacitor voltages in Fig. 2.3 can be represented as

v, = %jiqsdr Vo0 2.1)
1¢.
Vea = EIld.cdt +Veao (2.2)

Wherev, , =v,,att=0andv,,, =v,, at t=0 are the initial voltage along the g-axis and
d-axis capacitors, respectively.
The rotor flux linkage is given by

Ap =L +Li, +2, (2.3)

qr m°qs
/Idr = Lmids + ‘Lridr + /IdrO (24)
Where

L =L +L,and L, =L, +L,,



Ago =4, at t=0,and 4 _, =1 . at t=0 are the remnant or residual rotor flux linkages
along the g-axis and d-axis, respectively.
Let w, is the electrical angular speed of rotor, the rotational voltage in the rotor circuit

along the g-axis is given by

w4, =o,Li +Li, )+oK,, (2.5)

rYqr mbgs
@,y =, (i, +Li,)+oK,, (2.6)
Similarly the rotational voltage in the d axis of the rotor circuit is
O, Ay = @, (Lyig, + L,ig) + 0,K g @7
oA, =0, (L,i, +Li,)+okK, (2.8)

mlqs rqr

Where K, =®,4,,and K ,, =@, 1, represent the initial d-axis and g-axis induced

voltages respectively. The constant K, and K ,are due to the remnant or residual

magnetic flux in the core. . is the equivalent electrical rotor speed in radians per

second. That is,

Electrical speed = number of pole pairs xmechanical speed

The matrix equation for the d-q model of a self-excited induction generator, in the

stationary stator reference frame, using equations (2.1-2.8) is given as:

_ | )
R +pL + AC 0 pL, 0 i, Voo 0
1 i v 0
0 RS + pLs + /pc 0 me 'ds + ¢d0 _ (29)
pL, -o,L, R+pL -oL || |~ K, [0
L a)er me Cl)er Rr + er__ldl‘ KdrO 0
[z]1,]+[7.]= 0] (2.10)



Where Z is the impedance matrix, /, is the stator and rotor currents vector and V, is the

voltage vector due to initial condition

2.2.1 Modelling of SEIG under Different Loading

The development of an induction generator model in dq reference frame involves
transformation of variables from three axes to two axes. While transformation the per
phase value of machine parameter, shunt capacitance and load impedances remains
unaffected. Equivalent circuit model in dq reference frame is shown in fig.2.4. Each
element of equivalent circuit in dq reference frame is same as per phase value of three phase

machine.

d L, L, RO
I " N AAA +O—

R
%

Fig. 2.4 — Circuit model of SEIG in dq stationary reference frame (a) q-axis circuit
(b) d-axis circuit



From above circuit by applying KVL we can get the voltage equations as follows

. dﬂqs

v, =R, + %
dA

v, =Ri, +—%=
ds stds dt

dt r’vdr

Where v, =v, = 0(short circuited rotor)

The flux linkage expressions in terms of the currents can be written a

A =L, +L,i,
Ap =L, +L,i,

/’i’ds = Lsids + Lmidr

/ldr = Lsidr + Lmids

The following differential equation can be derived from eqn.(2.11-2.15)

dl.xq _ 1 [ LR i oL R . . ]
dt B Ler _Lfn S Sq ~ Ortintsa + mn rl‘]r o,.L, rlrd + rqu

di, | |

dt L L L2 [ L RSlSd B a)"LmlSq + Lmerdr + a)erLrlqr +L,~Vsd]
dirq _ 1 [ ]
dt LI _L2 L.Ri,+olL,Li,-LRi, +olLLi,+L,yv,

di

;t L L Lz [ " S Sd a)erLSlSq LSRrid] ererlqr +Lmvsd]

11

(2.11)

(2.12)

(2.13)

(2.15)

(2.16)

(2.17)

(2.18)

(2.19)



Where

Ls = Lls +Lm ’ Lr = Llr +Lm
The expression for electromagnetic torque is given by

T = Gj@]Lm i =i, ] (2.20)

Torque balance equation is represented by equation

2 \do,
Tshaft = T:e + J(Fj dt

The subscript d and q indication direct and quadrature axes variables of stator and rotor
respectively; [ for leakage component; v and i instantaneous voltage and current; A

flux linkage; i, magnetizing current; L, magnetizing inductance; r resistance; L

inductance; P number of poles; @, electrical rotor speed; and 7, electromagnetic

torque.

The expression for magnetizing current is given as

i =\/(isd+ird)2+(isq+irq)2 (2.21)
2.2.2 Modelling of Excitation Capacitor

The following state equations are involved in excitation system using d-q components

of stator voltage (vs &V, )as state variables, from the circuit shown in Fig 2.4.

lge =y +igy (2.23)
lye =1, i, (2.24)
d

;,/;d = %(idc - ild) (2.25)
dv, 1. .

e E(lqc i) (2.26)

12



2.2.3 Modelling of Load Impedance

A balance load connected at the terminal of the induction generator can be represent
symmetrically in dq reference frame shown in fig.2.4. The current equations for the

balanced resistive load in d and q axes given by

j Py (4.27)
1. = .

rq Rl

. Via

i, =— 4.28
rd Rl ( )

And for R-L load. Voltage current relationship are given below.

di
p id
Vg =Ry + 1,

. 1 R, .

i, = L—/Ivld +L—[Izld (4.29)
di

qu = Rlllq +Ll 7;]

o R ;.

Iy = L—l_[vlq +L_,'[llq (4.30)

The dynamics of induction generator competently represented by state space matrix
formulation using d-q axes model. Solving these state variables, we can obtain the
instantaneous voltages and currents during the self-excitation process, as well as during

load variations. The state space matrix is shown below.

13



[ RL -0l -RL, -l I 0 0 o ]
b o RL oL L -RL 0 L 0 0 |
by -RL, oL L RL  oLL -L 0 0 0 |k
b ~olL L. -RL -oLL RL 0 - 0 0 |
il |_p ICW,K 0 0 0 0 _%ch 0 |
)V 0 ] 0 0 0 0 R Y
v, c kK C.K|v,
L 0 0 0 0 lLLK - LK 0 l.Ld
1 1
= 0 0 0 0 0 %LK 0 _RLLLK “
-L, 0 L, 0]
0 -1 0 L
L, 0 -L 0 [v,
0 L, 0 -L |v,
N
0 0 0 0 v,
0 0 0 0|,
0 0 0 0
0 0 0 0|
1
2 —-LL

Where C,,,C,, are the d-axis and g-axis equivalent capacitor value.

2.3 Conditions for Self-Excitation in Induction Generator

Basically an induction machine can be modelled using RLC circuit elements. Self-
excitation in an induction generator is the growth of current and the associated increase
in the voltage across the capacitor without an external excitation system. Transients that
grow in magnitude can only happen if there is an external energy source that is able to
supply all the power losses associated with the increasing current. The SEIG is able to
have a growing transient because of the external mechanical energy source that is
driving the induction generator. The transient process of terminal voltage growth

continues until the iron parts gets saturate. The saturation changes the magnitude of

14



magnetisation inductance Ln. Variation in L changes the roots of stator current
characteristics equation of SEIG. If the real part of root is positive response is over
damped as real part of root becomes zero the response becomes undammed with certain
magnitude and frequency. Unlike the simple RLC circuit, the roots for the self-excited
induction generator which can be derived from Equation (2.31). Magnitude of roots
dependent on induction machine parameters, shunt capacitor and the rotor speed.
Determination of the roots of the characteristic equation of the currents in the induction
generator is the key to finding out whether the induction generator will self-excite or
not.

Equation (2.9) can be re written as

_ | -
0 Ro+pl+ A C 0 pLy, 0 Ls T Veqo
0 1 i -V

= 0 Rs + pLy + /pC 0 me .ds 4 cd0 (23 1)
0 me - a)er R}‘ + er - a)rLV ll]l‘ qu
0 I oL, pL, o,L, R +pL, | | g -K,

The equation (2.31) representing a self-excited induction generator, can be solved by

applying Cramer’s rule.

15



Applying Cramer’s rule to equation (2.31) results in

R +pL, +%)C v  pL, 0o |
0 ~Veao 0 rL,
pL, K, R +pL o, L,
] oL, -K, oL, R +pL,
i, =—t 4 (2.32)
R, +pL, + lpC 0 pL, 0
0 R, +pL, + lpC 0 pL,
pL, -o,L, R +pL, -olL
i oL, pL, w,L R, +pL

Since the characteristic equation of the d-axis stator current is the determinant of the
denominator, only the denominator part of i, will be expanded. The determinant of the
numerator will be represented by a variable U, which is dependent on the machine
parameters, initial conditions, capacitance and electrical rotor speed. U affects only the
magnitude of the current i, and does not contain any information on the behaviour of

the resulting current. The determinants in Equation (2.32) can be evaluated to give

U
(4,P° + 4,P° + 4,P* + A,P* + 4,P* + A P' + 4, \P*C?)

(2.33)

la’s =

Where
A,=C*(LL} 2L R, +L})

A r m

A, =2C*(R,L.L} —LR L +LLR —LRIL))

S S r S r m rs r S r m

A, =C* (0?12 + R?)2R® +4L,R R.L, —2L,L I’ + L},»> =2R R, I%,)
+2c(L, 2 - 1,12,

r m S r s r s s s r

4, =2(C*(L,*R 0} — L, 1> R.@® + L.L,R> + R L.R?)+C(R.I> +2L,L.R, — R, I2,))

A, =2L C(@’ > + R? )+ R°C* (@} [2R? )~ 2L,CI2 > + I> +4L.R.CR,

16



A, =2RC(0? 2 +I2)+2R L,

Ay =L +R’
To determine roots of the characteristics equation, the denominator of Equation (2.33)

1S set to zero.

(4,P° + AP* + A, P* + A,P* + A,P” + AP + 4,)=0 (2.34)

(p_o-l +a)1)(p—02 +a)2)(p—0'3a)3)(p—0'4 +w4)(p—05 ‘”05)(17_0'6 +‘06):O (2.35)

The transient and steady state solution due to each of the roots can be obtained by using
partial fraction expansion. If there exists a root with a positive real part, then due to that
specific root there will be self-excitation. The current and voltage will grow until the
magnetising inductance saturate. Saturated value of magnetizing inductance makes the
real part of the roots zero which shows that circuit is operating like undamped RLC
circuit. From there on wards voltage and current shall oscillate with particular

magnitude and frequency.

2.4 Method to Determine Minimum Capacitance Required for SEIG

The self-excitation process to initiate, a capacitor bank of suitable size must be
connected across the terminals of induction motor, the core of which retains some
residual flux. For a particular speed and given load, excitation capacitor should
sufficient enough to provide VAR to produce rated voltage. An uncontrolled self-
excited induction generator shows considerable variation in its terminal voltage, and
output frequency under varying load. For symmetrical study the behaviour of such a
standalone induction generator with a variable frequency output, it is convenient to

analyse its steady state circuit model whose parameters are defined in terms of the base

17



frequency. The new efficient and direct method is proposed to calculate required
minimum capacitance and output frequencies under diversity of load. The per phase
steady state, stator referred equivalent circuit of a SEIG normalised to the base
frequency connected to a resistive- inductive load is shown in Fig.2.5. A capacitor of

capacitance C is connected to provide the excitation VAR.

Rz

F

T

~

1

#T < MW r
v
F

'X’% -
JA = o

c
9 l l|

Fig. 2.5 — the stator referred circuit model of SEIG normalized to the base frequency

Applying KCL in inner loop of circuit shown in Fig. (2.5), the loop equation for the
current /  can be written as

1.Z=0 (2.35)
Where Z is the net loop impedance.
Since under steady-state excitation 7, # 0, it follows that Z =0. By equating Z to zero

value of unknown parameter that is capacitor is calculated.
Separating both real and imaginary parts by equating Z to zero.

The real part yields
—a,F® +a,F* +(a,X, +a,)-a,X, =0 (2.36)
and the imaginary part yields

—b F* +b,F* +(b,X, +b,)F* —(b X, +b,)F — X b, =0 (2.37)

18



Where aj, i =1,2...5 and b; 1= 1, 2... 7 are positive real constants

Stable operating point occurs in saturation region hence for steady state analysis
saturated value of magnetizing reactance must be consider.

Solving eqns. (2.36) and (2.37).

For no load condition, Zi=o0. The value of excitation capacitive reactance is given as

(2.38)

(2, X, + X2 —W2x X, + X2 )F? (X (X, + X, )+ RRF+vX (X, +X,)=0  (2.39)

For no load operation slip is almost zero

F =1
F—-1V =0
X (X + X, 07 (2.40)

For maximum value of capacitive reactance the value of capacitance is minimum. From
eqn.(2.40) minimum value capacitor can be calculated.

For resistive load condition

From eqn. (2.31) and (2.32)

R R
R 75—'-7’- (XS +Xm)

v L(FZ F(F—v)] 1 2.41)

‘™ RR, RR  [2x,X,+X}) '

F3(F—v)+F3(F—v) F’

For inductive load condition

19



From eqn. (4.36) and (4.37)

R R RR X
R| =S+ X, +X,)-2X, X, +X] sl
L[FZ-I-F(F_v)j( ls+ m) ( Is m+ IS)XL+F(F_V)
X = . (2.42)
RrRL RrR_v (2X15Xm + Xls ) _ XL (Xls + Xm)

F%F—ﬁ+F%F—ﬂ F’ F?

The capacitive reactance inversely proportional to capacitance, for maximum value of

capacitive reactance the value of capacitor is minimum.

2.5 Results and Discussion

Digital simulation of dynamic model of self-excited induction generator has been
carried out using numerical integration technique Rung-kutta fourth order method. For
getting accurate result the step length must be as small as possible but on the other hand
it will take more time. In this case 50us is considered as step time. To clearly
demonstrate the effect of excitation capacitor and speed on the voltage build up time
and on the magnitude of steady state voltage, simulation carried out on the model of a

22KW induction machine whose parameter are given in appendix A.
2.5.1 Self-excitation Process

The fixed excitation capacitance is selected as 152uf, for the 22kw induction machine.
The SEIG driven by constant speed prime mover with 1700rpm at no load and
simulation result are shown in fig 2.6(a,b,c). The voltage and current waveform of SEIG
reach the steady state within 5.6 sec .the steady state peak value of SEIG terminal

voltage is 335 volts (236 rms) and stator current is 18.44 at no load.

20



400

200

100

Vp (volt)
o

-100

-200

-300

Time (sec)

(a). Stator terminal voltage

Time(sec)

(b). Magnetizing current

Time (sec)

(c). Magnetizing inductance

Fig.2.6

2.5.2 Loading condition

A load of 7 kw is applied to SEIG at t=9.5sec. It is observed that steady state peak
voltage was 335 volt at no load reduces to 285 volt. The load current reaches steady

state peak value of 15 ampere.
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formulated which represents the state space dynamic model of conventional induction
generator. Condition for self-excitation process of SEIG have analysed and minimum
22

This chapter presents the mathematical modelling of self-excited induction generator,
excitation capacitor and load impedance. Using these d-q model equations a matrix has

capacitance value requirement for self-excitation have calculated.

2.6 Summary



CHAPTER 3

EXPERIMENTAL VERIFICATION OF SEIG

3.1 Introduction

Machine modelling requires knowledge of the parameters of the machine. Whether the
three-phase induction machine is modelled using the conventional equivalent circuit
model or dq method, it needs information about parameters of the machine. To have an
accurate model of the machine, which represents all the characteristics of the physical
machine, the parameters need to be determined accurately. Accurate magnetizing
characteristics can be obtained by running the machine at synchronous speed with help
of a prime mover. Mutual inductance as a function of magnetizing current has
determined through accurate curve fitting method. Finally the process of voltage build

up in SEIG is studied in detail by performing a series of experiments.

3.2 Determination of Equivalent Circuit parameters of IM

The equivalent circuit parameters of three phase induction motor can be determined
from open circuit, short circuit test and stator winding dc resistance test. While

measuring dc resistance skin effect must be taken into account.
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3.2.1 Open Circuit tests

The open-circuit test is conducted by supplying rated voltage to the stator while driving
the induction motor at its synchronous speed using an external prime mover. When the
motor runs at synchronous speed the slip, s, will be zero and rotor current becomes zero.
For the open-circuit test, the conventional equivalent circuit model can be reduced to

the one shown in Fig. 3.1.

0—0 o

: 5A
R A
£V () e
( ) Y
a40v 450V
£
Y 30 G B Eq ckt R2m=0 O
(o]

per phase

3-0

Suuplvo_o\o_

Sl aly

0—0 o

Q=

3-@ variac

Fig. 3.1circuit connection diagram and equivalent circuit during no load test

Where V- the measured open-circuit phase voltage
I,- the measured open-circuit phase current

F, - the measured open-circuit three-phase power

So at slip s =0:

P

Total input resistance under open-circuit condition R, = 31—02 (3.1
0

Total input impedance under open-circuit condition Z, = I_O (3.2)
0

Total input reactance under open-circuit condition X, =+/Z; — R; (3.3)

From the fig. 3.1 Xy=x,+X, (3.4
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3.2.2 Short Circuit tests

The short-circuit test (or block rotor or standstill test) is conducted by blocking the
motor using a locking mechanism to hold the induction motor at zero speed. At
standstill, rated current is supplied to the stator. When the speed of the rotor is zero, the

slip will be unity. Fig. 3.2 shows the equivalent circuit for the short circuit or block

rotor test.
w1
Wony Won X
R \)__r‘ﬂiﬂ'\ L.,,,J"""\ o R#R,  Xj#X),
U motor
Y 15A
2 ayO—0 O ‘o! ;y ™
+
B {mﬁy—
B
o—o\yg‘ﬂ}n‘\ v,
N
o

3-0 variac

Fig. 3.2circuit connection diagram and equivalent circuit during short circuit test

P
Total input resistance under short-circuit condition R, = —*- (3.5
. ) o . V
Total input impedance under short-circuit condition Z , = ]“ 7 - V.. (3.6)
se. T .
Total input reactance under short-circuit condition X, =/Z2 — R’ (3.7)
From the fig. 3.2 X, =x +x, (3.8)
X 2
T L P (3.9)
x,+X,

For a wound rotor induction motors, x,is assumed to be equal to x,

X
X, =X, = 2” (3.10)
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By using the eq. (3.4, 3.9, 3.10) we can determined the equivalent circuit parameter of

induction machine.

Wherer,, r,,x,,x, and X are stator referred leakage resistances and inductances of

stator and rotor respectively.

3.3 Determination of Magnetization Characteristics of IM

Synchronous speed test:

1. The stator is connected to supply through auto- transformer. Rotor is coupled
to external prime mover. This experiment is conducted at synchronous speed of
rotor. It is similar to open circuit test because slip is zero.

2. A separately excited DC motor act as prime mover.

3. Then the terminal voltage, per phase current drawn by machine and power taken
from supply were obtained by varying the stator voltage of the induction
machine in steps, while varying adjust dc machine supply to retain the rotor
speed equal to synchronous speed.

4. From the series of data taken, relationship between air gar voltage and

magnetizing current can be determined from curve fitting method.

The relationship betweenV, and /,, follow a standard form of nonlinear equation
v, =FI, (K" +K,) 3.11)

Where K, K> and K3 are constants
V, is the air gap voltage

F is the frequency in p.u, defined as F = S

base

Where £ is the rotor frequency.

Jrasels the reference frequency used in the test to obtained the excitation curve.
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The magnetizing reactance can be obtained directly from equation (3.11) as

=~

X, =ol, = F(KleK2’f2"+K3) (3.12)

m m

~

The variation magnetizing inductance Ly, with Im, is highly nonlinear function. The Lm

verses I curve for the laboratory prototype induction machine is shown in fig.3.3.

3.4 Results and Discussions

The rating of laboratory induction machine is given in table 3 of Appendix A. DC motor
of separately excited configuration is taken as prime mover of induction generator.
Mutual inductance as a function of magnetizing current is also experimentally
determined and shown in Fig.3.3. Operating point should be chosen in the negative
slope zone known as stable operating region. The prime mover speed is set at 3000 rpm
and per phase value of delta connected excitation capacitors taken as 17uF. The stator
terminal voltage is taken through a 100:1 probe. Oscilloscope setting are 13.6 V/div

and 20 ms/div.

3.4.1 SEIG under no load

With excitation capacitance of 17 uf, rotor speed increased to 314 rad/sec, the generated
phase voltage and phase current attains their steady state peak value of 274 v (rms
193.4v) and 1.65A (rms 1.16 A) in 6.5 sec. The simulated and experimental outcomes
are shown in Fig.3.3. Fig.3.3 (b) shows the simulated stator terminal voltage and Fig.3.3
(d) shows the experimental one. Each experimental figure shown below is obtained
from laboratory oscilloscope. Fig.3.3 (e) shows the variation of magnetizing inductance
during voltage build up process. It is found out that the value of L, varies from 0.6 H

to 0.5 H with a variation of magnetizing current from 0 A to 1.7A.
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3.4.2 SEIG under upf load

Here a load of 0.5 KW, upf brought to machine at 7 sec with excitation capacitance

of 17uf. It is observed from Fig.3.4 the influence of load caused a steady state

voltage of peak value 156v (rms 220v) and load current of 1.13A (rms). The

simulated, experimental results of phase voltage are shown in Fig.3.4. Fig. 3.4(a) is

simulated stator terminal phase voltage, (b) shows the experimental one.
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(b) Stator terminal voltage (experiment)

Fig.3.4

3.5 Summary

In this chapter, experiments performed on an induction generator are reported. First
open circuit test and short circuit test have performed and equivalent circuit parameters
are determined. The exact magnetizing characteristic is determined by rotating the
induction machine at synchronous speed by prime mover. From the experimental data
magnetization characteristics, Lm verses Im curve has determined through accurate
curve fitting technique. Mutual inductance is plotted as a function of magnetizing
current and its value in the stable operating zone is determined from the graph. Finally

the voltage build up process of SEIG was experimentally studied.
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CHAPTER 4

A DYNAMIC VOLTAGE CONTROLLER FOR SEIG

4.1 Introduction

The main drawback of using induction generators excited by capacitor bank are their
inherently poor voltage regulation and uncontrollable frequency of operation. The
output voltage of a SEIG can be controlled by introducing an appropriate voltage
regulation scheme. The number of schemes of voltage control have been recommended
by many authors. The voltage control method using switched capacitor does not allow
smooth control, it either increases or decreases voltage in steps. Voltage regulation with
the help of saturating reactor is not economically considerable because it involves a
potentially large size and weight. The series capacitor in long shunt configuration has
better performance than shunt capacitance but there is a possibility of occurrence of
series resonance when load is particularly inductive. An isolated induction generator
connected to current controlled VSI with a single capacitor on the DC link side draws

lagging or leading current to regulate the terminal voltage.
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4.2 Close Loop Voltage Controller of SEIG

Variable voltage and frequency output of a SEIG is its major drawback which can be
overcome by a large extent by using power converter with a DC- side capacitor.
Reactive power exchange between generator and controller is adjusted by controlling
switching pattern of converter. Due to switching the DC side capacitor of converter act
like a three phase capacitor. The reactive current or VAR requirement by the induction
generator comes from the converter through adjustment of magnitude and phase of

current drawn by it.

The voltage regulator for the SEIG system consist of IGBT based current
controlled voltage source inverter (VSI) with a electrolytic capacitor at dc link and
control circuit to generate switching pulses is shown in Fig.4.1. The rating and
parameter of the generator for which voltage regulator is developed is given in
Appendix A, the prime mover of which could be constant speed variable power in
nature. The voltage regulator connected to SEIG terminal through filter impedance. The
control principle involves to regulate the terminal voltage of SEIG based on controlling
the output current of the voltage source inverter. The converter can draw active and
reactive current from the AC main of SEIG, decided by control circuit in order to
regulate voltage level of induction generator. It is worth discussing to analysis the
working principle of converter, how it exchange active and reactive power with AC
supply. On DC side of converter an electrolytic capacitor is present which initially
excited by AC bus through rectifier action or it is charged initially. We cannot expect

reactive power at DC bus since reactive power is not produce at zero frequency.
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Fig 4.1. Control scheme voltage regulator for three phase SEIG

The DC capacitor play no role in reactive power generation. The converter simply
interconnects the three terminals in such a way that the reactive current can flow in AC
main lines. The converter produces a circulating current among the phases with zero
average power exchange. Semiconductor switches are not lossless, they dissipate some
amount of active power during switching and conduction time. The active power loss
during switching is supplied by the DC bus by reducing capacitor voltage. However
this loss can provided from AC source instead from DC bus to keep the DC voltage at
constant level. The active power drawn from AC source depends on magnitude of in
phase current. Hence the magnitude of in phase current drawn from AC source depends
on DC voltage level. The reactive power supplied by the converter which regulates

voltage level of SEIG, depend on the quadrature component of current drawn by
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converter. Hence the magnitude of quadrature component of current decided by the AC

voltage level.

The voltage error signal generated from the difference between maximum value
of SEIG terminal voltage and the reference maximum voltage, the voltage error signal
processed through PI controller, the output of PI controller adjust the magnitude of
reference reactive current that would be drawn by converter. The voltage error signal
generated from the difference between actual DC capacitor voltage sensed at the DC
bus and the reference DC bus voltage. The voltage error signal processed through PI
controller, the output of PI controller adjust the magnitude of active current that would

be drawn by converter.

4.3 Modelling of Controller Circuit

4.3.1 Modelling of Voltage Source Inverter

The VSI is operating in current controlled mode and modelled by following differential

equation

N

-~

%] S A B
%

S ::

Fig 4.2. Voltage source inverter with DC link capacitor
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R.
pica = __fica +L(va _ea) (41)
L, “ L,
. R, 1
piy,=—"i, +—(v,—e,) (4.2)
Lf Lf,
R.
piy ==L+ (v —e,) 43)
L/. Lf.

i, S, +i,S,+1.S
pvdcz ca™ A cb™ B cc=C (44)
Cdc

Where Sa, S, and Sc are switching functions. Va, Vy and V. are three phase sinusoidal
AC terminal voltages of SEIG. V. is the DC bus voltage. L, and R, are the filter
inductance and resistance respectively.

€a, €p and €. are the three phase AC output voltage of inverter. These voltages may

be expressed as

ea _ Vdc (2SA _iB _Sc) (45)
eb—Vdc(_S“iSB_Sc) (4.6)
.=V, (-S,-S,+25.) 47

The switching function Sa assumes the values of 1 and 0. Sa is 1 if upper switch of leg

A is on and 0 for lower switch if on.
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4.3.2 Estimation of VSI Reference Current

The maximum amplitude of phase voltage

v, :\/g(vj +v,f +vf)

The unit vectors voltages can be defined as

Y
u, =—"
Vm
W%
u,
Vm
\
u, =—
%

Quadrature axis and direct axis component is derived as

.

u u,
“1 2 NEXNE]

u, =10 —— —lu,
3 2 2

Ho r 1 1 |[%
2 2 2]

(4.8)

(4.9)

(4.10)

4.11)

(4.12)

The quadrature component of VSI reference current is derived from the voltage error

between amplitude Vi, of the AC voltage at the SEIG terminal and set reference current

V' is given by

elt)=v, -V,

m m

The output of PI controller is given as

I, =K, (s()+K, jg(t)dt
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The quadrature component of VSI reference current reference currents ere estimated as
1;:ud*1d (4'14)
The quadrature axis component of VSI reference current is derived from the voltage

error between DC bus bar voltage Vpc and set reference current Vpc is given by
&(t)=Vie —Vpe (4.15)

The output of PI controller is given as
t
I, =K, (@) +K, [l (4.16)
0

The direct axis component of VSI reference current reference currents ere estimated as
I, =u,*1, (4.17)

Three phase VSI reference current is given by

: 1 (\)/_ 1
S o201 3 1
P et [ e | 4.18
T30 2 2 ¢ (418)
cc _l ﬁ 1 0

) i
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4.3.3 Hysteresis Current Controller

The ON/ OFF switching pattern of the gate driving signal to IGBTs, generated from

hysteresis comparator, is represented mathematically as

If i, < (ia" - hb) switch S; off and switch S4 on, SA=0
If i, > (i, + hb) switch S1 on and switch S4 off, Sa=1
If i, < (ip" - hb) switch S5 off and switch S¢ on, Sg=0
If i, > (iy" + hb) switch S3 on and switch S¢ off, Sp=1
If i. < (i - hb) switch Ss off and switch S, on, Sc=0

If i. > (i.” + hb) switch S5 on and switch S; off, Sc=1

Where hb is the current band of the hysteresis current controller, value of which is given

in the Appendix.
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4.4 Results and Discussion

The effectiveness of the proposed voltage regulator in controlling terminal
voltage of a three phase SEIG is verified by application of a 7 KW upf load. The self-
excited induction generator terminal voltage with load before and after the application
of controller and dc ink voltage are shown in fig.4.2. Uncontrolled terminal voltage
shown in 4.2(a), a controlled output voltages with load shown in fig.4.2(b) and

fig4.2(c). The line current of VSI shown in the figure 4.2(e).
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4.5 Summary

In this chapter dynamics of voltage controller is presented, which controls the terminal
voltage of SEIG under variation of step change load. The mathematical modelling of
voltage regulator has been derived by a differential equation, presented in state space
model. The derived model has been simulated through Matlab/Simulink environment.

It is found that the proposed regulator is capable of providing reactive power demanded

by SEIG and load to regulate the terminal voltage of SEIG.
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CHAPTER 5

CONCLUSIONS

The operation of induction machine as a self-excited induction generator in isolated
mode is explored both by experimentally and through simulation. The drawbacks of a
SEIG without any control is its varying terminal voltage and frequency making it
unfriendly with many applications. The modelling of induction machine in stationary
reference frame is done to have dynamic analysis. Magnetizing inductance is the main
parameter governing the voltage build up process. The drawback of varying terminal
voltage is overcome using scalar voltage control method. Control scheme utilises
current control voltage source inverter with dc link capacitor and two PI controllers.
Under varying load conditions, PI controllers prove out to be good tracker of the
reference making the terminal voltage constant in the given conditions. The impedance
angle created between the generated output and inverter output is utilised for active
power and reactive power transfer thus acting as voltage controller. Experiment is
undertaken on 1.1 kw induction machine. Major contributions of this thesis are dq axes
modelling of induction generator, mathematical analysis of SEIG, analysis of effect of
speed, excitation capacitance and mutual inductance on self-excitation process of
induction generator. Design and analysis of closed loop voltage control scheme for

SEIG and Experiments on open loop voltage build-up process of SEIG are studied.
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Suggestion for Future Work

The analysis and explanations presented in this thesis provide a good foundation for
further research in the area of isolated induction generators. Some of the topics
recommended for future work are:
e Development of a induction generator model that takes into account of core loss
component for dynamic analysis of self-excited induction generator.
e Instead of current control technique SPWM and SVPWM based voltage

controller can be implemented for SEIG.
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APPENDIX A

TABLE A.1
22K W, 4pole induction Machine Parameter

Power 22 KW
Voltage 415V
Current 40 A
R;s (Q) 0.2511
Rs (Q) 0.2489
Xis (QQ) 0.439
Xir (Q) 0.439
J (kg m2) 0.305

TABLE A.2

(Lm vs Im characteristics ) of 22KW induction machine

In (A) Ly (H)
In< 8 0.075

8< Iv <13 0.075 — 0.003(im-8)
13<In<23 0.06- 0.002(im-13)
In> 23 0.041

TABLE A.3

1.1KW, 3 phase, 2pole induction Machine Parameter

POWER 1.1 KW
VOLTAGE 380 V
CURRENT 2.6 A
Rs (Q) 5.5068
Rs (Q) 5.538
Ls (H) 0.01125
Lir (H) 0.01125
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