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ABSTRACT

An approach to,the'design of voltage regulating system
for self excited induction generator‘ié presented, The steady
state analysis of self excited induction generator has been done
wlth the help of equivalent circuit. 'Newtcn Raphson Method' has
been adopted to solve the nonlinear simultaneous equations which
appear during ﬁhe analysis of the machine., (fﬁé}computer Progranms
have been dévelOped for the computation of unknown variables
of nonlinear simultaneous equations and machine performance,

" The computed results are presented and critically discussed,

The selection of various componsnts of voltage regula-
ting system has been made for fabricating a practical firing
control circuit. The parameters of P and PI--controllers are

Selected on the basis of experimental observations,

- The performance study for steady State and transient
response has been observed with P and PI-~controllers éeparately'
to show the response and stability of the voltage regulating

system,

fﬁ? extensive tests have been performed to study
steady state and trapsient performance of voltage regulating
System with P and PI-controller. It is observed that (@2 the
developed voltage regulator is capable of regulating Qoltage

for adequate load without losing * self excitation.

(iid)



NOMENCLATURE

Most of the symbols are(gigéégb defined in the text.

However,; for easy reference some important symbols are listed

belows

CVAR = Capacitive VAR

F, o = Output frequency and rotor speed
Igs In = Stator, rotor current per phase’
IC = Capacitor current per phase

IL = Load current per phase

IIND = Inductor current per phase

Prmy = Generated power

Payr = Output power

[}

Stator,; roter resistance per phase

Load resistance and reactance per phase

Veer = Reference voltage
Ve Vi = Aif gap, terminal valtage per phase
VAOUT = Apparent output power
XLSQXLR = Stator, rotor leakage reactance per phase
XC = Capacitive reactance per phase
X, = Saturated magnetising reactance per phaze
XC Max = Maxiamum capacitive reactance
Xy max = Unsaturated magnetising reactance
Zg = Impedance of whole network
12 = 'Firing Angle
4 = Conduction Angle

(iv)
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'CHAPTER -~ 1

- INTRODUCTION

The increasing importance of fuel saving has been res-
ponsible for the reyival of interest in so called alternative
sources of energy. ?§2_with the drive towards.the decentraliza-~
tion of power generation and the increasing use of non-conven-
tional energy SOUPCeS; such as wind energy, bio gas andiperennial
hydel potentials, it has become eesential to adopt a low cost
generating system whichiis capable of operating in remote areas
and from a variety of prime movers,. With the renewed interest
in wind turbines as an alternative energy sduree, the self |
excited induction generators are being eonsidered as an alter-

native choice to well developed synchronous generators,

D u—
SIS U U U

The induction machine can be uﬁiliSed_asAgenerator in
two ways. The first one is through 'regeneretion"and Second,
is thrqugh_'self/ekcitation'. If a Squirrei cage’induction
motor. is connected to an elfernating current power source of
appropriate veltage and frequency, it.can_eperateieither as a
- motor or as a generatbr. _regeneration_ is possible if the
induotion machine is connected to the line and itsknotor is made
to run above the synchronous speed. ' Here, the terminal voltage
applied to the induction machine is 'to maintainvthe‘excitation'
" by produ01ng a 1agg1ng (magnetiSing) current which in-turn
recults in the rotating magnetic flux necessary for both motoring

~and regeneration.



If an éppropriate three phase capacitor bank is connectéd
across the terminals of a rotating induction machine, it may
remain excited even after the line voltage 1s disconnected and
machine 1s driven by some external source. Here an emf is indu-
ced in the machine due to the excitation provided by the capaci-
tors. This phenomenon is termed as the 'capacitor self excita-
‘tion'. Induction machine operating under this mode is referred

to as self excited induction generator,

The self excited induétion generators do not require any
sophisticatéd control and can provide reliable and relatively
inexpensive means to generate electricity for loads where small
frequency variations are allowed up to some extent. (Thé) induc-
fion generators have attracted héw aftention due to theirl
Superior characteristics compared to synchronous generators
for wind electric conversion systems (WEC's) and-with recent
.improvements in cost, effectiveness of sehioonductqr‘devioes
and thus of static VAR controller, the self excited induction

generators can be a cheap solution to the problem"bf electricity

supply in remote arecas where non conventional energy potentials

are available,

Self excited induction generator can be used to generate
power from variable speed prime movers i.e. wind turbine etc,
It has become a common praétice for small wind electric conver=
sion systems and hydroplants to use induétion generéthS‘instead
of synchronous machines,'_But whén an induction motor is used
- as generétor, ifs efficiency is slightly 1owér due to higher

a2

core losses, The rotor heating is also a limiting factor for

-



the induction generator., Even than it can be noted that the
utilization of induction generators as a source of isolated

power supply in remote areas is very promising and attractive.

There are certain advantages of using squirrel cage induc-
tion machine as self oxcited induction generator. The squirrel
cage induction machine is very robust and reliable, requiring.

minimum maintenance., In isolated systems, the excitation can be

‘obtained from remanent magnetism if suitable bank of capacitors

is connected across armature terminals and hence does not require
separate D.C. excitation source, . It has almost maintenance free
operation due to absence of brushes and separate D.C. source,
Induction generator can also be used as isolated or standby

power source driven by constant speed prime movers such as diesel

engines 2as well as variable speed prime movers like wind. turbines

" etc. A distinctive advantage of such generator is the much

lower cost as compared +to the conventional alternators,

In the process of self.eicitation induction machiné behaves
ét first as synchronous machine with a weak permdnent maghet rotor
and theh.as”an asynchronous machine as.the'term;nal voitagé
rises. toa.uéeful value;. The induced voltages an& currents
would continue to rise but the maghetic saturatién in induction

machine results to reach an equillibr%%um state. The generated

voltage will be dependent(ﬁgﬁthe value of capacitance, load curr-
#n 4

ent and load power factor,

For a given capacitance the induction generator starts

building up voltage at a minimum Speed_(out-in—Speed). The

23



minimum capacitance for self excitation is inversely proportional
to the square of speed. Once the excitation has occurred, the
induced voltage builds up quite rapidly and may reach dangerously '

high value,

To maintain the generated voltage constant with varying

AT T e e e

loads of different power facfor,'a fixed leading current equal

to magnetism current and a variable be adding current correspon-

ding to rotor current and load curfent are needed., Consequ-
ently to cope with varying load and/or speed variation of self
excited induction generator, the voltage control can be suitably

based on adjdstable reactive power generators connected to the

terminals of induction machine.

Static VAR compensators provide a continuously varying
VAR to achieve desired voltage regulation at different loads
and speed conditions. The static VAR compensation techniques

can be categorised as follows:

1. Naturally commuﬁated inductive VAR generators

2, Forced commutated VAR generators.

The category first includes three phase full& controlled
rectifier coupled to a purely inductive ldad, the phase contro-

1led inductor (star or delta) and the cyclo-convertor with an

- auxiliary high frequency bank circuit to facilitate commutation.

Anyone of the above mentioned arrangements produces lagging
| VAR's supplied by fixed capacitors across the induction gene-

rator - terminals.

.
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The second category includes a turn-off . arrangement for
the thyristors in a bridge which produces leading VAR's by
controliing effective capacitance and therefore loading VAR's

can also be controlled as per the load and speed,

Scope of Work - The present work includes the design and
development of voltage regulator for a three phase self excited

induction generator. The dissertation describes about steady

—

state analysis, design of various components for voltage regu-
lator and the experimental study of this voltage regulating

system.

Beginning with the exhaustive literature review in second
in
chapter the steady state analysis has been done/ third chapter.

The literature has been reviewed in a chronological order to

find out the possible gaggs and their remedies. The steady

‘state analysis of self excited induction generator has been

done for different loads by considering four cases. The third
ohapter describesfggggsﬁthe use of ' Newton Raphson Method!' to
solve the non linear equations appearing in the analysis; The

flow charts for the different computer programs have been dis-

cussed and results have been presented to. give a compari7£on

of coe%uted and experimental results for different loads and to

provide guide lines for the design of voltage regulator. The

fourth chapter consists of the design and fabrication of voltage

regulator, The details of the firing circuit, controllers

and selection of capacitor and inductor are given in the same



chapter, The fifth chapter includes the steady state and
transient performance of the wvoltage regulating system

at different wvalues of loads. The main conclusion and

suggessions for the further work are narrated in the last

chapter.



CHAPTER =~ 2

LITERATURE REVIEW

Although the phenomenon of self excitation was realized

back in twenties 6@9 no proper step was taken for its practical

suitability at that time. As the time is changing rapidly and

energy demands are increasing day by day, the utilization of
non-conventional sources of energy has beo&me essential. 1In
this regard people have proposed the idea to make use of self
excited induction generator where non-conventional sources of
energy are abundantly available.
D.W. Novotony, Gritter and Studtmann [16] have discussed
7

regarding the excitation in inverter dring induction machines.

They describe_phgpwthe electrical output of the system is

governed by the slip and system performance is controlled by
magnetisation characteristic, stator and rotor resistances of
the machines. The utilization of squirrel cage induction motor as

an autonomous induction generator has been discussed by Michael

B. Brennen and Abbondanti |1]. The paper describes the simple

>

“

\exoitﬁr scheme with fixed capacitors and thyristor controlled

inductors suitable for balanced as well as unbalanced loads.,

The problem of voltage and frequency variations is
inherent 1in self excited induction generators. To eliminate
this problem an alternative solution was given by J. Arnillaga

and Watson |3| by using self excited induction generator with

e
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controlled rectifier unit. The paper describes the operation
: Q. ’
of such system for variable d.c. load at constant voltage

feeding of controllable power into an existing a.c. network
through a d.c. transmission link. The operation of self excited

induction generator at variable Speed prime mover i.e, wind

—

Mill is described by H,R, Bolton and Nicodemou IE]. The
idea adopted by J. Arrillaga and Watson [19ﬂ has been extended
by Watson,AArrillaga and Densem [24] +to use three phase
squirrel cage induction motor with self excitation for wind
power sources at variable speeds and to generate optimum power
by delay angle control of rectifier. Laszlo Gyugi [6] has
reviewed the possible methods of VAR generation and control by

Static thyristor circuits.

Regarding -the steady state analysis Murthy, Malik and
Tandon [10] collectively presented an analytical technique
using 'Newton Raphson Method' to identify the saturated magne-
tising reactance and the generated frequency of a self excited
induction generator for a given Capa?itance, speed and load,
Effects of various parameteré on the steady state have also
been described to provide guide lines for optimum design of

such systems. The physical interpretation of self excitation

- in induction machines and its important  parameters like shaft

speed. The reduced permeability at low magnetisation and size

- e

of capacitors have been discussed by Eldef, Boys and Woodward
[4].
J.A.A, Melkebeek [11] describes the application of satu=

rated model for the stability behaviour of voltage fed induction

-8-



motor and self excited induction generator. The necessity of
improved model has also been pointed out due tc the unrealistic
prediciions of classical model. The small signal stability and
dynamic response for six modes of induction generator operg~4
tion including both voltage and current inverter system have
been examined and compared by J.A.A. Malkebeek [12]. He has
introduced an improved smell signal model, considering main
flux saturation to study the stability proporties of all six -
modes, TheAcapacitive self excited case is shown to require
special treatment because of the phase-freedom»inherent in

this mode.

Malik, Divan, Murthy, Grant and Walsh  [15] collectively
describe a éolid state voltage regulator for self excited
induction generator by using fully controlled converter to
compensate the capacitive VAR's of fixed capacitors across
the generator terminals Patel and Dubey LZO] déscribe a new
method for the reduction of harmonic generated in the supply
system due tojthe discontinuous current in the thyristor con-
trolled reactor of a static VAR compensator., Elder, Boys
and Woodward [5] describe the use of self excited induction
generator aé low cost stand alone generators, including the
problem of guaranteeing excitation and its behaviour under

balanced and unbalanced conditions,

John R. Parsons [7] describe the suitability of induc-
tion generator for many industrial cageneration applications,
The application of 3000 KW induction generator ié compared to

that of a comparably sized synchronous machine considering

1
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their relative costs,; equipment, protective relaying, utiliﬁy
Atie»in and syhchronising,'maintenance and opepating procedures,
Under steady state analysié Murthy, Malik'and Wélsh [14] nave
discussed about the leading VAR requlred for the self excited
induction generatorq at constant/variable speed., The analy-
tical technique uses the 'Newton Raphson Method! -to determine‘
the saturated magnetiéing reactance., The fotor heating is the
limiting factor on the power that can be obtained from the
self excited induction machines. 'This point has been discussed
by Murthy, Satyanarayan, Singh and Nagmani [15] The steady
state performance of the generator maintaining constant termiw
nal voltage is also analysed by using 'Newton Raphson Methoq'.
George Konfoé and Lytsikas [8] describe about- the effecté
of the harmohic currents andiminimisation' undef the.sfeady
state operation of 3-f induction generator with a 3=@ voltage

fed autonomous inverter.

Vander Wag and Induiet [23] describe the induction
generation schema Wlth an attempt to minimise or possibly
eliminate the eXCitation power normally provided by a bank of
capa01tors.' The advantagns and its performanqe at variabie

speeds have been described by Nagrial-and Shami L17].

Tandon, Murthy and Jha [22] “have proposed & Simpléi"
approach to compute the saturated magnetising reactance and
frequency under steady State operation of a self excited induc-
tion generator. S. Befchten [3] has described about the
current state space form for the capacitbr self excited induc=-=

tion generator to pradict the steady state performance under

-10~



Mool

T~

different conditions, Watson and Milner [25] describe the
steé&y state analysis of the self excited induétion generator

as autonomous and parallel bperated.

From the review of literature it is observed that no

effort has been made till now regarding the generalised

—————— e N
e

approach to analyse the steady state performance of self
excited induction generator for the loads of different power

approach has been. done for the

— B T

factor. Here, the generalised

'Steady state analysis of the self excited induction generator

which is suitable for static reactive (R-L) 1laad, resistive
(R) load and dynamic load (ac motors)Baséd on this analysis .
a voltage reg&iator has been designed ‘and fabricated. The
performance of this voltage regulator has been presented

in terms of steady state -vand transient response.

-11-



CHAPTER =- 3

ANALYSIS OF SELF EXCITED INDUCTION GENERATOR

e Summary :-

The chapter includes the steady state analysis of self
excited induction generator to extract some information for
the design of voitage regulator. It presents the voltage build
up at No load for different values of capacitance and effect
.of resistive (R) and reactive (R-L) load on the terminal voltage
when the fixed capacitance is connected at the terminals of -
indgction.generator at cqnstant/variable speeds. Further, it
includes the predetermination of capacitive VAR (CVAR) require-
ments to keep terminal voltage (VT) and air gap voltage to out-
put frequency ratio (VG/F) constant aﬁ  resistive (R) and ‘
reactive (R-L) loads at con3taht/variable speeds, The analyti-
cal technique is based oh the standard equivalent c¢ircuit and
'Newton Raphson Method' has been adopted to obtain the solu-
tion for nonlinear‘simuitaneous equations which result from the
mathematical model of equivalent circuit. Computed results
have been compared with the experimenfal r@ﬁults on a5 h,p.
induction motof and a close oorrelation- has been observed

between computed and experimental "values,

3.1 Introduction :=

Steady state analysis of self excited induction generator

- 1s important from the 'design and operation' point of view of

-12=



automatid voltage'regulaton Knowing the parameters of the induc-
tion machine it should be possible to determine its performance
for different-bases at given Speed_aﬁd load conditiohs. For
differenﬁ cases of induction generator performance, the mathe-
matical modél results in nonlinear simultaneous eqguations

with two unknowns namely saturated magnetising reactance and
output frequency. 'Newton Raphson Method' has been found~‘
suitable to obtain the solution for these nonlinear equations.
The different cases for the performance of self excited induc=.

tion generator are as follows:

Case I To find the voltage build up at no load at given
capacitance and speed.

Case II  Effect of resistive (R) and reactive (R-L) load for
fixed capacitance at the terminals of induction
machine at given speed.

of
Case III Predetermination/capacitive VAR requirement to keep
terminal voltage (VT) constant at resistive (R) and
reactive (R-L) load at given speed.

Case IV Effect of resistive (R) and reactive (R-L) load on °
terminal voltage (VT) and speed (¥) to keep air gap
voltage to output frequency ratio (VG/F) constant
i.e. air gap flux constant.

Using 'Newton Raphson Method! .the computer progrém has
been developed to compute the unknown parameters to find out
the machine performance for each case separately. Simulated
results are compared with the experimental results obtained
on the experimental machine under similar conditions, Both the

‘experimental and computed results are presented graphically

-] F



and discussed to provide necessary guide-lines for the desig-

ning of voltage regulator,

3.2 Theory :-

At any speed when a suitable capacitor is connected
across the terminals of ihduction machine the voltage starts
building up due to residual magnetism in the rotor or initial
charge of capacitor. As the voltage builds up, the resultihg
air gap flux drives the machine into saturation to get stabilised
and the steady state is reached for a particular value of satu-
rated magnetising reactance., For the present analysis theAfollo—

wing assumptions are made:

1. In the present analysis it is assumed that all the
parameters other than magnetising reactance are
unaffected by the magnetic saturation.

. 2. Core loss in the machine is ﬁeglecteda

3, Leakage reactance of stator and rotor in per unit
are taken to be equalor ( Xs = Xg = X))

4, The analysis also ignores the mmf 8pace harmonics
and the time harmonics in the generated voltage and

current waveforms.

-,

Based on the above assumptions, the steddy state equiva-
lent circuit of a self excited induction generator with resis-
tance and inductance (R-L) series load is shown in Fig. 3.1.
Where all the rotor quantities are referred_to ﬁhe stsator and

all reactances are taken on base. freguency.



Fig.3.1 Equivalent circuit of capacitor self excited
induction generator with R-L load

Fig. 3.2 AEQui'_volent circuit of copacitor " self excited
induction generator at no load



3.2,1 Case I :-

At given speed the no load steady state equivalent
circuit as shown in IFig. 3,2 can be derived from Fig. 3.1 by
simply disconnecting the load from the circuit. At no load the
generated voltage depends upon the speed and- capacitance. At
given oapacitance (which fulfils the self excitation condition),
The calculation can be made for generated voltage and out
‘put frequency by éalculating the corresponding saturatéd'

(Xm) and frequency (F),

From the equivalent circuit in Fig. 3.2 the loop equa-

tion for current IS can be written as:

Z

g T = 0 (3.1)

5
Under steady stafe self excitation stator current IS will
be having some considerable value. So Ig # O and now from
loop equation (3.1) Zg = = O : - (3.2)
or the impedance of the whole network is zerb
‘ . _ . 2 . . A A
where ZS = - j XC/F + Ry/F + Xgt+ 3% 8 (RR/(F—§9+J XLR)
Putting th = XLR = X1
_ . 2 . _ _
Now Zg = = J XC/F + RS/F *JX X

(Be/(F-9) + 3 %) D e )

As the impedance of whole network is zero, its real
and imaginary - parts will be separately 2zero. Tovfind Xm and
F at given XC and speed from equation (3.3); separate the real
and imaginary parts as f,(X ,F) and g,(X ,F) respectively to

put them equal to zero as nonlinear eugations. So

-15-



. 2 '
£,(X,F) = FP(C,X+Cy) + Fo(C5X #C,) + F(CoX +Cg)

+ (C7Xm+C

By (X, F) = FO(D,X +D,) + F(DzX +D,) + (DX +Dg) = 0 (3.5)

Where 01, Co === Cg and D D2 —-—'D6 are constants

8 17
which are defined in Appendix A.1.

' The equation (3.4) and (3,5) are nonlinear algebric.
equations and a suitable. numerical technique is applied to
calculate the value of Xm and F for different values of XC at
given speed (1)), Here ‘*Newton Raphson Method' has been adopted
to solve these nonlinear simﬁltaneous equations. In the

'Newton Raphson Method' the Jacobian Matrix [J| is given as:

{JM J12) J.. =2t (X ,F)/aX

T 11 = 25 (X, )/ 2%y,

[} = | owhere 5 = af (X ,F)/3F 4
{ Y42 1y »
| J21 22 S (3.6)
~ - J21 = 3%1(Xms F)/me

28, (X, F)/oF

Yy
- DO
N

H

Newton Raphson Methbd requires the initial guess of
~ unknown parameteré“xm and F. The initial value of output

frequency F (p.u.) is equal to speed in p.u. (#) and X is

taken as the unsaturated magnetising reactance X Max® thRus
X0 = Xy max and Fo =9 | (3.7)

Now f1(XmO’ FO) # 0 and g1(XmO’ Fo) # 0

After first iteration Xm and F will assume values
(Xho+h)'and (FO+K)Q In the process of satisfying equation

(3.4) and (3.5), the increments h and K are given as:

-6~
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! o EiR (Xpos Fo)
t . - | : (3-8)
L k3 1-81 (Kpor Fo )i |
This iterative process will remain coatinue until the
desired accuracy is achieved i.e. |f1 (Xm,_F)ISLg. and
lg,I (me F)ls« . Having thus calculated Xm and F for given

XC and speed, the corresponding terminal voltage can be computed
by using the equation between VG/F and Xm, The characteristic

equation between VG/F and X 1is given in Appendix B.4.

Now knowing the equaivalent circuit parameters and Vé/F,

the machine performance can be evaluated as:

g = VgF /[ .(Rg/F 3 Xg - 3 X/FP)
| (3.9)
Vp/F = Vo/F - Ig (Rg/F + J X o)
I, = Ig |
CVAR = 3.0Vpl 1]

3.2,2 Case II

The steady state equivalent circuit 6f a capacitor self
excited induction generator with resistance and inductance (R-L)
Series load has been shown in Fig. 3.1. The loop equation

for stator current IS can be written as:

Zg Ig = O . (3.10)

where Zg = (R /F + § X ) {1 (=3 XC/FZ) + (Rg/F + J X g)

* 3 X 0 (Re/(F =) + 3 X p)

Here assuming XLS = XLR = X1
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Now Zg (RL/F MRS XC/F ) + (RS/F + 3 X) |
* 3 Xl (Rp/CF =) + § Xy) | (3.11)

Under steady state self excitation; stator current (IS)
is having some considerable value So Ig # 0, Now from loop

equation (3.10). It can be written:

ZS = 0 (3.12)

Or the impedance of the whole network is zero which imp-
lies that the real and imaginary parts would be separately zero.
So from equation (3.11) and (3.12) two nonlinear simultaneous

equation with Xm and F as unknown variables are given as:

2
£,(X,F) = F(C,X_ * C,) + FS(C%, * C) + F (CoX + Cg)
+(C X, *+Cg) = O - (3.13)
A 2
gZ(Xm,F) = F (qum * B,) + F3(33xm + Bq)'+ F (B5Xm + B6)
+ F(B7Xm + 38) + (ngm f qu) = 0 (3.14)
Where C1, 02 - 08 and B,Iy By === B1O.are constants

and are defind in Appendix A.2,

Equations (3.13) and (3.14) being nonlinear simultaneous
equations arevnbt-éasily solvabie. S0 an appropriate numerical
technique has to be adopted to calculate Xm and ¥ for given
values of machine parameters, at fixed capacitance, given speed
and différent loads. The 'Newton Raphson Method'! hés been
found suitable to solve the equations (3.13) and (3.14) for the
unknown parémeters. The same method has been adopted for the
solution of equations (3.4) and (3.5) for unknown variables

-Xm and F., So the Jacobian Cofactors and'increments h and k will
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be calculated from equation (3.13) and (3.14) in same way as
. in equation (3.6) and (3.8) by considering the functions
& go (X, F) .
fZ(Xm,F)./;The initial guess of unknown variables X and F and

iterative process will remain as such as it is done in case I,

After the determination of Xm and F, at fixed XC and
given speed corresponding VG/F is calculated by using the
VG/F and X equation. The characteristic equation of VG/F
and Xm is given in Appendix B.4., Now knowing the value of
VG/F, X s Fs Xoo ¥ RL and Xi and machine parameters, it is
required to compute terminal _voltage (Vi), load current (IL),
power output (P@QUT), in watts .and WA both, power generated
(PGEN), capacitive VAR (CVAR), stator current (Ig), rotor
current (IR) with the help of equivalent circuit in Fig. 3.1.
Expressions for the various machine performance parameters are

as follows:

Ig - = VG/F/(RS/F-+ j X, f.(RL/F * XM= 3 XC/FZ))

vi/F = V,/F - is (Rg/F + § X,)

I, = VP / R /F* 5 K)

POUT =3, IIL|2 R

VAOUT = BV? |IL|'. |Vl (3.15)
I, = Vy/F/ (-3 X/F)

CVAR =3 . |Vl . [Tl

Ly = =V/P / (Re/(Pen) 5 X))

PGEN = -3 , IIR]2 - Rg.F / (F -v)
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Here it is required to compute capacitive reactance
(X ) and output frequency (F) at given speed and different loads
to keep the terminal voltage constant. From equatlon (3.11) and
(3.12), it yields two nonlinear simultaneous equations with
XC and F as unknown variables by putting real and imaginary
parts equal to zerb separately. So the two nonlinear equations

can be written as:

- 3 - -2 _ -
£3(XoyF) = CpyF” + 012F + F(C13XC * Cqp) + CugXo = 0 (3.16)_
- 4 3
gB(XC,F) = DyyF + DyoF” + 7 (D13X + qu)
+ F(D15XC * Dyg) + DX, = O (3.17)
Where 011, Cdz -—— 015 gnd qu, D12 - D are defined |

17
in Appendix A3, |

The equation (3.16) and (3.17) being nonlinear simulta-
‘neous equations with .unknown variables XC and F are solved
by using 'Newton Raphson Method!. Since the analytical teohnlque‘
‘is_adOpted in deﬁermining XC and F at constant termlnal vol-
tage (VT)’ a computer program has to be developed in which X
is modified in steps with XC and 'F to obtain the desired ‘
aécgracy i}e,[FB(XC,F)[gg; and[gB(XC,Fﬂglé’ . In the proposed

method the Jacobian matrix cofactors can be written as:
19 = 9f5(Xs F)/0Xes Ty = 385(X,F)/2F, Jpy = »g3(XC,F)/ X
J22 ='E§€3( XcsF)/"‘F (3 18)

The Newton Raphson Method' requires the initial guess

of th unk 1
e nown variables say XCO and FO“ Here XCO is the max.
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capacitive reactance (p.u.) necessary for self excitation and

Fo is equal to the p. u. Spe}ed.'So Xeo = Xo Max, 284 Fo= (3.19)

It gives fB(XCO,FO) # 0 and gB(XCO’FO) £ 0

After first iteration X, and F will assume values as

C
Xog ¥ h and FO + k respectively, in the process of satisfying

equation (3.16) and (3.17). The increments h and k are giveh.by

g

-1

[-£5 (X0 Fo)] (3.20)
‘83 (XCO9FO)J °

LN

The iteration process will remain continu until the

e e e e i, e

desired accuracy is achieved i.e.IfB(XC,F)l$€§ and lgB(XC,F)lfé,

 where is the desired accuracy.

Now know%ing the value of machine- parameters, X., F at

C’
constant terminal voltage, given speed (W) and load (R-L), the

machine performance 1is evaluated by using equation (3.15).

3.2,k Case IV

Here the analysis has been done on the basis of constant
flux which leads to constant magnetising reactance (Xm). To
keep VG/F constant.. both V. and F are kept constant at parti-
-
and ¥} are to be computed to keep the VG/F ratio constant. From

cular values, For different loads (R and R-L), the value of X

equation (3.11) and (3.12) two nonlinear simultaneous equations
with unknown variables X, and ¥ can be obtained by equating
rzal and imaginary parts to zero separétely. The equations

are as follows:
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f
O

f‘*'(xhc,'l?) = XC(C1§+ Cy) + (CBEH Cy,) (3.21)

0 o (3.22)

gl}(X.C’})) = XC(D’]}}-‘-.DZ) + (DBE}-" DQ)

Here C;, C, =--C, and Dy, D, === D, are constants and

are defined in Appendix A.4.

Equations (3.21) and (3.22) can be solved for X and
for each set of resistive and reactive (R-L) load by using
'Newton Raphson Method'. ‘But to compute * the constants in
Appendix A4 first of all X is to be foﬁnd out which can be
calculated by using the characteristic equation of VG/F and
X in Appendix B.4. The Jacobian matrix cofactors are given

m
as follows:

J11 .= }qu(xc9t’) /chy J,]2 =@f4(xcyl?) /3}) 9 J21 =&gL{-(XC9D)/aXC’

‘J22 = a‘g@_(xcsy) /33} : . (3-23)

The method requires the initial guess of unknown vari -

- ables X, &M to start the iteration. Here the initial value of

C ,
speed (p.u.) can be assumed as output frequency F (p.u.) and

Xe

self excitation at that speed. Now

- can be taken as the max, cdpacitive reactance hecessary for -

X X and ¥y, = F (3.24)

CO‘ = C Max.

and £, (Xngs ¥y) # 0 and 8,(Xogs Yy) # 0

After first iteration Xo and Y will assume new values
XCO + h and ﬁb + k respectively, in the process of satisfying
equation (3.,21) and (3.22). The increment h and k are given

by:
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(3.25)

The iteration and continued until +the desired accdracy
is reached i.e. |f,(Xy ¥ )|&€ and |g, (X5, ¥ )| £ & where . is
the desired.accufacy, Now knowing the value of XC,I) s Xm,
VG/F, F, RL, XL and machine parameteré, the machine performance

can be evaluated by using equation (3.15).

3.2 Digital Simulation

As earlier.sﬁown in section 3.2 that the mathematical
model of equivalent circuit results in two nonlinear simulta-
neous equationshaving two unknown variables. Newton Raphson
Method has been adopted as suitable to solvethese nonlinear
equations. The calculations for the unknown variables are Quite
difficult so the computation for the Unknown variables and
machine performance has been done through computer program. The
flow charvs and computer programs are developed by using the
proposed analyticél technique for different cases .as .con<
sidered 1in section 3.2. The computer algorithm is developed
for each case khich is based on the adopted analYtical téchniqueg
For case I the program reads the machine parameters, speed and
XMC where XMC is the magnetising reactance of point C in
Fig. B=1. First of all it takes the initial value of capacitance

as Cypy and the initial value of X and Fas X (unsaturated)

m max
and speed reSpectively,‘ For the given capacitance oprresponding
X, is computed to compute the constants of equations -(3.4) and

(3.5) with the available datas. Now the Jacobian cofactors and
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READ RS, RR, X1, NU, &, CMIN, XMMAX,
IBASE, VBASE, FBASE, & C, AONU,
CMAX, NUMAX, XMC, M '

N

ﬁ-{ C = CIIN 1
—~ :
F=HU
Yhl=¥LIWAK
~ j _
| 1=) ]

CPLCULATE XC and CONSTANTS Cl’ 02""’08 and
D6 FROM APPENDIX A 1

¥
CALCULATE Jll’Jl2’J22’J2l AND 'f (XIM,F)

Dl’ 2,-.0,

g, (X, F) FROM EQS.(3.6),(5. 4) and (3 5)

I=I+1

CALCULATE INCRENENIS b
AND K FROM EQ.(3.8) -

X

CALCULATE V/F | [PUT Xu=Xiith
USING APPENDIX B.4 F=F+K

TCALCULATE VGIF
|UsING APPENDIX B4 [—

i
N

\CAL CULATE MACHINE PERFORLANCE

PARAMETERS FROM EQ.(3.9)

T J, i
ZPRINT X4, F,VT, NU, C, IS etc. /
E o c= C+ at ] o

NU = NU +ANUW

4=
O

c> -,CMAX

Fig.3.3 Flow chart for case 1



functions. fq(Xm,F) and g1(Xm,F) are computed by gsing equaﬁions
(3.6), (3.4) and (3.5). The iterations are carried out until
the magnitudes of fq(Xm,F) and g1(Xm,F) are less than or equal
to the desiréd accuracy 4314. S0 the increments h and k are

computed from equation (3.8) to modify X and F to satisfy the

above condition.

When X and F are computed by using the analytical tech-
nique, the corresponding air gap voltage to frequency ratio
VG/F is determined from Appendix B.4 and the ﬁSing the machine
parameterS,AXm, F, VG/F, XL,Q) the machine performance is
evaluated from equation (3.9). Now take new value of C - C+AC
to computer the new value of X and F for this capacitance and
machine performance is also evaluated at this new set?ifralues°
To check the value of capacitance Cmax is fixed. After peaohing
capacitance C beyond this 'SpeCified.value the computation is

made for new value of speced 2f= M +&2, The above process is

repeated for new values of speed ¥ until L&ax is reached.

For case II the program reads the machine parameters,
épeed and XMC as in case I, Taking capacitance C equal. to.
CMIN and .initial values of Xm and F as in case I. Now consider
a setting of load (RL and XL) and proceed Simiiarly as in case I
for the computation of Xm and F at this load valuevby considering

functions = £,(X , F) and gy(X , F) from equations (3.13) and (3.14

When Xm and F is computed by analytical method, the
corresponding air gap to frequency ratio VG/F can be determined

from the characteristic'equation in Appendix Bs4, Now machine
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READ RS,RR,XL,X1,NU, &, CMIN,M,XMC,
XMMAX, IBASE , UBASE, FBASE, AC, ANU,
CMAX, Nuqu,(RLl(J) J=1,24)

4

C = CMIN

F

[ 53=1

¥

k
-

F=NU
XM=XMMAX
RL=RL1(J)

1

[ T=1
[ 2

B1sBoseeerByg

CALCULATE XC, CONSTANTS CpsCgs sy Cg AND
FROM APPENDIX A.2

2

CALCULATE J ;53151350 J5o AND (4, F),
95( XM, F), FROM EQS.(8.13),(5.14) and (3.6)

CALCULATE INCREMENTS|
h and K FRQ4 EQ.(3.8)

N

U

CALCULATE V/F

SING
APPENDIX B,4

PUT Xt = XWi+H
~ F = F+K Ba

USING

CALCULATE V/F
APPENDIX B.4

Ng

-

CALCULATE MACHINE PERFORMANCE PARA-
METERS FROM EQ.3.15

/ PRINT XM, F,NU, CVAR,VAOUT VT, POUT et;/

NU =

NU + 4NU

Fig.3,4 Flow chart for case Il



performance is evaluated from equation (3.15) by using the machine
parameters, computed and giVén values. The above process is
repeated for different load values when the computation is made
for all loads, take, new value of capacitance C = C +&C and
computer Xm’ F and machine pérformance at all values of load for
this new value of capacitance C. This process is repeated until
C is reached equal to.cMax' Now take new value of speed
Y=g+&Y and repeat the above process until %’ is reached E’MaX. ~
To use the same program for resistive load only the inductive

load ‘
part (XL) of reactive/is assumed to be zero.

For case III the program reads the machine parameters,
VAl F Var/F
speed and ?E/ 'whereG?/ corresponds to the value of V./F at
point C in Fig., B.1. Take the terminal voltage VT,equal to

and initial values of X. and F as X and speed ¥

v C C max

T min
respectively. Take a setting of reactive load (RLand XL) and
calculate VG/F from equivalent circuit Fig. 3.7. Computer the
value of X, Tor this computed value of VG/F from: the charac-
teristic equation of VG/F and Xﬁ in Appendix th;. Now compute
the éonstants of equatidns (3.16) and (3.17) with the current
available parameters. Compute the Jacobian cofacﬁors and
functions f3(X,, F) and g3(Xo, F) from equation (3.16) and (3.17)

cand (3.18). The iterations are carried to modify the value of
Xcs F and then X to get the desired condition as [fB(XC,F)l
€€ . and ]gB(Xch)Iﬁé.“ia.é". . is the desired accuracy the
increments h and k are computed by using equation (3.20) to

modify the value of XC and F to satisfy +the above condition.
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, START

—V 3 5
READ RS,RR,X1,NU,€ VTMIN,XL,M, AVT,
FBASE,%,(RL1(J),J=1,24)
¥
VT=VTMIN

3
L J=1
%’ ]
F=NU

N

XC=XCMAX
RL=RL1(J)

r 1%:1 ]

CALCULATE Vg/F USING EQ. (5.15)

CALCULATE XM
USING APPENDIX B.4

¥ , = ¥
o EALCULATE CONSTANTS €14 CypvesCpg AND

CALCULATE XM USING
APPENDIX B.4

Dy12Dygsee+sDo>FROM APPENDIX A.3

CALCULATE J)1,31 5035103500 F5(Xep F)} and -
95(Xey F) FROM EQS.(5.18),(2.,19) and (3.17) |

¥ ' v__
| CALCULATE MACHINE PERFORMANCE CALCULATE INCREMENTS h
PARAMETERS FROM EQ. (3.15) AND K FROM EQ.(3.20)
— N I 7 i e
.PRINT...Xg , F, OVAR, VAOUT, POUT
- Ig ete. PUI' Xe=X~th
F™= F+K
Yes I Yes
"G NO L
571 BASE 3¢24 J=J41 >
NO
, =k , IF™ NO
VI = VT + &VT UTOVTMAX >

es

1

NU = NU +ANU

Fig.3.,5 Flow chart for case III



When XC.

and F are computed by using the'analyticai tech-
nique the méchine pefformance is evaluated from equatibn g3w15),
The above process is repeated for different load véiues to
compute the corresponding XC and F and machine performance.
After the computation at all load value take new values of ter-
minal voltage Vp = Vo +&Vy, and repeat  the above process for
all load values at this new value of terminal véltage Vg until

Vp is reached Vv Now take new value of speed » =Y+4A2 and

T max.
repeat the above.process for this new value of Speed.L?compgta~
tion is made for different values of speed until V is reached to
2,25+ The same program can be used for the resistive load if
only the inductive _part‘(XL) of reactive load is assumed to

be zero,

For casé IV the program reads the machine parameters,
air gap voltage to output frequency ratio V /F oufput put
frequency angcf/gg in case IITI. Take the wvalue of output fre-
‘quency F -equal to Fmin and Xm is determined from the charac-
teristic eguation between VC/F and X in Appendix B—&‘,’Take,

the initial values of X, and W as X and F. Now &onsider

C max
a valuevof inductive load (R and XL) end compute ﬁhe oonstant°
of equatioﬁ (3.21) and (3.22) w1th the avallable datas Compute
the Jacobian Matrix‘cofactors and functions fh(XC'l)) and
ga(xc,zx) from equation (3.21), (3.22) and (5,23),. The itera-
tior= are'oérried out until the magnitudesyof the functions
(X5 ) and g,(Xos V) are less than or equal to the desired
| accuracy & . The increments h and k;are computed from equa-

tion (3.25) to modify the value of X~ and ¥ to satisfy the above

condition.
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START

READ RS,RR, X1, FMIN, €, XG4AX, XL,V 5/F, b,

.AF,FMAX, IBASE,VBASE, FBASE,

WK, (RL1(J),J=1,24)
' T
F = FMIN

¥

f: J=1 _f};

CALCULATE XM.USINQJ
APPENDIX ‘B, 4

N2

CALCULATE 4 USING
APPENDIX B.4

¥

TA‘ L « - \](

“NU=
XC=XCMAX .
RL=RL1(J)-

N

I =1

e

+.» Dy USING APPENDIX A,4

¥

CALCULATE J) 153 9135713 90s T4( X MU) and .-
94(XcyNU) USING EQS.(8.21),(3.22) AND- (3.23)

Yes . F‘('-
g4(xc,hU)]<%>
' : ﬁu'o. ‘

B I
“I{CALCULATE MACHINE PERFORMANCE PARA~
' METERS FROM EQ.(3.15)

CALCULATE INCREMENTS h
AND K FROM EQ.(3.25)

- T
, /@RINT Xy NU, QVAR,VT,VAOUT , POUT, I. etc/

~

[\

PUT X~=Xc + h
NU= NU + K

Fig. 56 Flow chart for case IV

IF NO
F > BMax: >
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STOP



wWhen X~ and @ are computed by analytical technique, the
machine performance can be evaluated from equation (3.15). The
above process is repeated for all load values to obtain the
cbrreéponding X~ ¥ and machine performance. Now take the
new value of output frequency F = F + AF and repeat the above
process to find out the XC,'B-and machine performance at all
loéd values for this new value of F,‘ Computation is made for
different values of.outpﬁt frequency F -until it is reéched to
Foax+ The same program can be used for the resistive load if

only the inductive part (XL) of reactive load is assumed to

be zero.

3.4 Experimental Set up and Machine Parameters:

To check the validity of theoretical results obtained
from the different cases assumed in section 3.2, a number of
experiments were conducted on a commerc.al three phase 5 h.p.,
400 v, Q pole, 50 Hz induction motor used as a self excited
'induction generator. The details cf induction machine are given

in Appendix B-1.

The above memtioned squirrel cage induction motor was
coupled to a 5 h.p. synchronous motor to achieve constant
Speed at varying loads. The synchronous motor was fed from
a 7.5 KVA alternator coupled to a variable speed8 KW d.c. motor.
The speed of d.c. motor was kept constant by adjusting its field
resistance. To get the experimental results on.the different
speeds, The supply friequency from alternator was varied by
changing -the speed of D.C. motor. A>three phase A - connected

variable capacitor bank was connected to the terminals of the
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‘induction machine to.get the induction machine self excited

and to obtain the terminal voltage constant of the self excited
| induction generator, a three phase star connected inductor

was connected in parallel with capacitor bank. A variable three
phase resistance bank was used to 1oad the inductioh generator
for pure resistive'loading and for reaetive. load (R-L), the

Same was used in series with a three phase reactor.

All the theoretical computations have been carried out
in per unit values and the base values of voltage, Curreht, power

etc, for the induction machine are given in Appendix B-2,

Here it is important to mention that the rated input
KVA and rated output of induction machine would bé equal to
- 3.0 and approximately 2,0 resPeCtiveiy. The machine parametérs
:1ike Stator resistance, leakage reactance and rotor resisté»
nce, 1eékage reactance were obtained by using standard.

methods and the values are given in Appendix B-3.

The synchronous Speed test was carried out to get the
necessary VG/F and X@ cﬂaracteristic for the steady state
analysis of self excited induction generator. The tést was
conducted by feeding powef supply to the synchronous motor at
base frequency to drive the induction machine at synchronous
Speed and connecting the same powerAsupply through an auto-
transformer of appfOpriate rating to the terminals of inducfion
motor, One thing is to be noted that the direction of rotation
~should be same for both induction motor and synchraonous ’motof.

The line current and electrical losses of induction machine

28~



were measured at different voltage settings. The calculations
for VG/F and Xm are done by assuming rotor side‘open in the
equivalent circuit of induction motor. The caloulated results
in pey unit are plotted aéfshown.in Fig. Bgy1. Here the vari-
ation of VG/F and Xm is nonlinear dueifo, maghetic saturation
of the machine and is simplify the aqalysié. The variation of
X, Q;th'VG/F in the saturated fegion may be linearised by -
using approximate curves as drawn.iq Fig; B?1, The relation
\befween VG/F and X is given in Appéndix B-4 to use it for

the analysis of self excited induction generator.

3.5 Results and Discussion :

The steady state performance of the 5 h,p. induction
machine as self excited induction generator has been computed
for different cases by using the machine parameters with their
variations as mentiéned_in'section 3.3. The computation has
been done by using the'analytical technique of which the flow
charts are given in section 3,3. In order to verify the vali-
dity of the predicted computed results, tests have been connec-
ted on the induction machine under simiiar conditions to obtain
the experimental results and thése results are compared with

the computed results,

No Load Characteristics ¢ Fig. 3.7 shows the no load charac-
teristic of the self excited induction generator. The computed
resulté are given for the variation of terminal voltage with
capacitance at three different constant speeds .9, 7.0 and 1.1

. P.u. The experimental results for speed 1.0 p.u.’are also

~29-



plotted in the Same figure. A close agreemeht has been found
between the exXperimental and computed results. The terminal
voltage increases with the increasing capacitance. The compu=
ted results show that the self excitation occurs at higher capa-
citance vgluev i,e, 9 uF at .9 p.u. speed. From the charac-
teristic at 1.0 p.u. speed it has been observed that the
increase in capacitance from 8 uF to .9 uf gives more boost
to the terhinal voltage than the rise in voltage for the change
of capacitance from 1,3 uF fo 14 uF, This'all is due to

the effect of Saturatioh characteristic as the saturated magne-
tising reactance restricts the final Voltége build up for

a parficular capacitance and speed. The computed results at
three different speeds give the idea that at particulér capac i~
tance if sSpeed is>varied, the terminal voltage is élso changed.
Fig. 3.8 shows the'variation‘of terminal voltage with speed

at no load for the fixed values of capacitance (10 uF and 12 uF).
At 10 uF the terminal voltage varies frém .8525 p.u. to 1.335
p.u. for the speed variation from .9 p.u. to 1.1 p.u. Here the

.terminal voltage varies with speed almost linearly.

Load ‘Characteristics at Fixed Capacitances:-

Fig. 3.9 shows the computed and experimental variation
of terminal voltage with apprent power output VAOUT (p.u.)
for fixed values of capacitances . 13 uF, 14 uF and 15 uF at
resistive load and constant speed (1.0 p.u.). For both
computed and experimental results the trend of characteristics
is similar as the terminal voltage drops with the increase

of load and the maximum VAOUT increases with the increase
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in terminal capacitance. All the three characteristics are
almost parallel and the percentage drop in terminal voltage

rom no load to maximum 1oading at 15 uF is 24.,42% which is

a considerable amount and creates the need of voltage regula-
tor to keép the terminal voltage constant. The frequency Vs,
VAOUT characteristics both for computed and experimental results
show that the variation is very much 1linear and small. The
frequency variation from no load to maximum load for 15 uF ‘

at resistive 1load and 1.0 m.u. speed is 4%, The difference

in the computed and ceXperimental results is due to the assump-
tions made in the analysis, The analytical technique is quite
accurate because the characteristics are similar for both
results. Now the effect of speed can be bseen for fixed capaci-
tance case, The Fig., 3.10 shows the variation of terminal |
voltage with VAOUT at resistive load and different constant
speeds (09, 1.0 and 1.1 p.u.) for fixed values of capacitance
(13 uF, 14 uF and 15 uF). It shows that at partiCular sSpeed

the requirement of capacitance increases with the increasing
1oad'to keep the terminal voltage constant and as the speed is
increased, the maximum VAOUT for a particular value of capaci-
tance is also increased. At 1.7 p.u. speed, 13 uF capacitance- ~_
is found sufficient to load the machine up to 3.0 p.u. and at

.9 p.u. the machine can be loaded up to 71.213 p.u. The frequency
variation with VAOWT at different speeds shows that it is
linear for all speed and the variation of frequency at 15 uF

from no load to maximum load is small i.e., nearly 3 - 4%,

The resistive load is very common for the domestic pur-
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pose electric supply but for some small industrial purpoée
reactive (R-L) load is considered. Here the computation has
been done for the series combination of fixed reactance and
variable resistance. The Fig. 3.11 shows the experimental and
computed variation of terminal voltage with VAOUT at reactive
(R-L Serieé) load for fixed wvalues of capacitance and constant
8peed:(1.0 p.u,). Here the X is assumed 3,0 p.u, at base
frequency, For a particular value of cépacitance the maximum
VAOUT 1is less than the maximum VAOUT in the case of resis-
tive load. It is due to the reason that the reactive power for
lagging load is fed directly’from the capaéitor. The variation
of terminal voltage with VAOUT is similar for experimentél

. and computed results. The characteristics for all the capaéi—
tors are almost parallel as in Fig. 3.9. From the éomputed

" results, the maximuﬁ VAOUT at 13 uF is .6119Ap.u. whereas

the maximum VAOUT at the same capacitance with resistive

load is 2,1336 p.u. The grop in the terminal Qoltage at 15 uF
from no load to maximum VAOUT is 17.55%. The frequency varia-
tion With VAOUT at 15 uF from no load to maximum VAOUT is
only 1%. The variation of terminal voltage with VAOUT at
reactive. (R-L series) load for fixed values of capacitance

(13 uF, 14 uF and 15 uF) and different constant speeds (.9;

1.0 and 1.1 p.u.) has been shown in Fig. 3.12. The effect of -
Speed on the performance of the machine fof the reactive load

is similar as discussed in Fig. 3.10.

Load Characteristics at Terminal Voltage Constants-

When a self excited induction generator is used for
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the electric Suppiy, it is considered that the terminal voltage
should remain constant irrespective éf load. So the oapaci;
tance value will be varied according to the variation of load '
to maintain the términal voltage constant. Fig. 3.13 shows

the variation of capacitive VAR (CVAR) with VAOUT for
constant speed 1.0 p.u. at resistive load to maintain different
constant terminal voltagesr(.9, 1.0 and 1.1 p.u.). The capa--
citive VAR requirement increases with the increase of load

at constant terminal voltage. All the three characteristics

at .9, 1.0 and 1.1 p.u. are having rising nature with the
increase of load. It shows that the CVAR requirement increases
- for the increase in operating terminal voltage. ' The nature of
curveé for experimental and theoretical results is more or less
of the .saﬁe type. The CVAR requirement for 1.0 p.u. terminal
vémtage at constant speed (1.0 p.,u.) and 3.0 p.u. VAOUT is |
1.479 p.u. at resistive load. The frequency variation at .parti-
cular terminal voltage for different loads is small .as well as
linear and at terminal voltage 1.0 p.u. from no load to 3.0 p.u.
VAOUT the frequency variation is 7;12%. The experimantal and
computed results show a difference in the values'Which appears
‘due to the reason that the core losses are neglected in the
computed results., Now to obsServe the effect of speed on CVAR
at different constant SPeéds and constantiterminal voltage for
different load is really of great importance because the wind
turnsines are having sufficient speed wvariation to use with the
self excited induction generators. Fig° 3.14 shows the varia-
tion of computed CVAR with VAOUT at resistive load and

different constant speeds (.9, 1.0 and 1.1 p.u.) to keep the
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terminal voltage constant at .9, 1.0 and 1.1 p.,u. It gives
the minimum & maximwa limits of capacitive VAR to keep the
terminal voltage constant at-resistive load for the speed varia-
tion from ,9 p.u. to 1.1 p.u. For particular terminal voltage
the CVAR ' requirement decreases with the increaée in speed
and vice versa. The CVAR requirement at .9'§.u. speed for ter-
minal voltage 1.0 p.u. and 3.0 p.u. VAOUT of pure resistive
load is 1.912 p.u. and at no load it is .64 36 p.u. which will
becbmé‘a guideline for the design of voltage regulator at pure
resistive load. The frequency of variation at different speeds
ahd increaséd load is quite-small as well as linear. All the
characteristics for frequency variation with VAOUT are almost
parallel, Fig. 3,15 shows the computed and experimental varia-
tion of stator current with VAOUT at resistive load and cons=-
tant Speed 1.0 p.u. for different constant terminal voltages.,
The stator current rises with the increase of load, For diffe- -
rent terminal voltage and rated stator current the output. power
increases as the terminal voltage is varied from .9 to 1.1 p.u.
and decreases as there is more increases in terminal voltage.
This aspect has been more illustrated in Fig, 3.16 which
provides the guideline for the selection of Operéting termi-
nal voltage of systém to make the optimum use of the méchine.
The maximum pbwer 2.7926 p.u. at rated machine current and
constant speed 1,0 p.u. is obtained at the terminal voltage
1.7 p.u. The experimental and computed results for resistive
load has been already given. Bﬁt when a.c, motors are usedd

as load, it is essential to consider the repmetiwe. load.
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Fig. 3.17 shows the experimantal and computed variation
of CVAR with VAOUT at reactive load (R-L) and constant speed
1.0 p.u. to keep different constant terminal voltages (.9, 1.0
and 1.1 p.u.). Here the reactive load consider the series
combination of fixed X 3.0 p.u. atlpase frequency and vari-
able resistance. The.behaviour'of CVAR variation with VAOUT
is similar as in the Fig, 3.13. In the case of R-L 1load the
CVAR requirement -is more.than.the case of resistive load for
the same VAOUT at particular terminal voltage and constant
speed 1,0 p.u. It happens because the reactive power for |
lagging loads 1is difectly fed frém the capacitor.> So the |
capacitor provides leading. VAR for the excitation of induc-
tion'génerator and additional Jleading power correSponding to
reactive power and active power of load to keep the terminal
voltage constant. For 1,0 p.ﬁ. terminal voltége and 1.0 p.u.
VAOUT +the CVAR is 1.795 p.u. and .,9262 p.u.for R-L load and
resistive load respectively. The ffequency variation with
VAOUT is small and it varies according to variation of active
power. The frequency falls down for more active power and
fiées as the active power becomes less, For terminal voltagé
1.0 p.u. at speed 1.0 p.u., .the frequency drops by .4% from
VAOUT .289 to .602 p,u. and there is no significant change
in frequency from .602 p.u. to .8 p.u. VAOUT. Again the

frequency rises by .6% for VAOUT from .8 p.u. to .984 p.u.

Load Characteristics at Air Gap Voltage to Output Frequency
Ratio (V,/F) Constant : '

For the proper use of magnetic material the machine
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should be bperated at rated air gaﬁiflux because at less flux
value the magnetic material will not be utilised properly and
at higher values of flux the magnetising reactance is less
ana givesvrise to more machine 1losses. The air gap flux is
held constant by keepiﬁg the air gap voltage and output fre-
quency ratio (VG/F) constant, Fig. 3.18 shows the variation
bf términal voltage and stator current with VAOUT at resistive
load by keeping Vo/F constant at 1.0 p.u. (air gap flux
constant) for different constant frequencies (.9, 1.0 and

1.1 poul). The . terminal voltage drops with the increase of
load and it varies by 4.115% from the minimum load to the.
load cdrreSpohding to rated stator current. A1l the three
characteristics at different fréquencies are parallel and
linear. The stator current variation with VAOUT shows the
-rising characteristic with increased resistive load. The
VAOUT corresponding to rated stator current is 2,666 p.u.
-which'is not much far from the maximum power drawn at constant
terminal voltage'1.1 p.ﬁ.-and.Speed 1.0 p.u, So the machine
can be utilised eéonomically at fhe constant flux because'the
terminal voltage variation is small with the different loads.
Fig. 3.19 shows-the'variation of terminal voltage and stator
current with VAOUT at reactive 1béd (R-L) by keeping.Vy/F
constant at 1.0 p.u. (air gap flux constant) for different
constant output frequencies (.9, 1.0 and 1, 1 ‘p.u.). The

R-L load consists of the fixed reactance 3.0 p.u. and varlable
resistance, The variation of terminal voltage is according

to the variation of active power., It falls dowh;as the active

power 1is increased and rises for the drop in active powers.
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The behaviour for all the three characteristics of terninal
voltage Vs, VAOUT is 1similér. At frequency 1.0 p;ﬁ. and
Vg/F 1.0 p.u. the terminal voltage remains slightly higher
than 1.0 p.u. for full range of load. But in the case of
resistive locad under similar conditions the terminal voltage
varies from slightly higher than 1.0 p.u. to lower than 1.0
p.u. At different frequennies the naximum stator current is
'almOSt equal and at higher loads for’a fixed étator current
the VAOUT increases with the increase in frequency as

shown in Fig. 3.19.

3.6 Conclusion :

Steady state analysis .of self excited induction gene-
rator has been done by using the equivalent circuit of capa-
cifor self excited induction generatof and analytical technique
makes use-of 'Newton Réphson Method! +to compute. the Steady
-State results for different cases, The nonlinear simultaneous
equafions appearing in the analysis aré soived with this analy-
tical technique to determine the unknown parameters like
saturated magnetiSing reactance and output frequenoy in case I
and II. Four cases are considered to predict the steady state
behaviour of capacifor self excited induction generator and
the computer programs are develdped for all four cases Separa-
tely. The flow charts-for these computer programs have béen
diécussed in detail. The énalytical technique is found sui-
tabie for the analysis as it is fast converging. If computes
the unknown parameters within 34or‘4 iterations. The com~

parision between computed results and experimental results
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shows close similarity and due to which represents the

validity of adopted analytical technique.

The results are presented for all four cases at resis-
tive (R) and reactive (R-L) load for constant/different speeds,
There is a good correlation between the ccmpgted and experi-
mental results. Speed, VAOUT and terminal voltage are the
important parameters and the effect of load on the terminal
yolfage and CVAR 1is studied for the different cases, The
effect of these parameters is directly on the CVAR require;‘
ment for the induction generator. The results are presented
for the variation of CVAR with VAOUT to maintain the constant
‘terminal voltage at constant/different speed for resistive/
reactive load. A minimum and maximum limit of CVAR is obtained
~to design a Suifable voltage regulator for the self excited

induction generator.

A suitable terminal voltége is to draw the maximum
output at the rated stator current. For the economic use of
the machine magnetic materiél steady state results are
presented for the constant air gap flux and dlfferent loads.
The study has been used for the design of components for the
voltage . regulating system of a 5 h.p. induction machine

which is being used as a self excited induction generator,
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CHAPTER ~ 4

DESIGN AND FABRICATION OF VOLTAGE REGULATOR

Summary 3

This chapter includes the detailed description of a
practical solid staﬁe voltage~regu1ator. The closed loop
~Scheme is having firing circuit, power circuit and controller.
Complete-design‘of voltage regulator including firing circuit,
feedback circuit with proportional (P) and preportional
" integral (PI) controllers has been done. The over current
and d,/d, protections are provided for the safe operation

of thyristors.

4,1 Introduction

When a suifable capacitor bank is connected across the
terminals of an induction machine which.is driven by a suitable
prime mover at é particular Speed; it gets excited fo build
up the voltage which is restricted by the magnetib saturation
of the machine., If the_induétion machiné is self excited with
a particular value of capacitor and is loaded with resistive
.or'reactive load, the terminal voltage drops by a considew
rable amount. Howevér, in most of the applications, constant
-terminal voltage is needed at different loads, To achieve
this siﬁple and economical static VAR generator has been
adopted which keeps the terminal voltage constant with varying
load.. The basic block diagram of the system is given in |

Fig. &4.1.
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To feéliSe the closed_ldoP scheme it is>es$entia1 to
design tﬁe various elements of this closed loop system. The
design of static VAR generator would be done to get the con-

" tinuously varyihg VAR for the ihduction generator at varying
loads. The.étatic VAR generator comprises of a firing circuit
which provides the variation of firing angle to'change the
firing instant of thyristors to control the effective inductor
current and for the continuous.variation of net VAR's at the
generator terminalé,controllers are also designed on the basis
of practical observations. Two type of controllers (P and PI)

héve been implemented for the closed loop control of system.
4,2 Description of Closed Loop Control System :

The schematic diagram of the closed loop scheme has
been shown in Fig. 4.2. In which an induction machine is
coupied to a synchronous motor (as primer mover). A suitable
valued capacitor bank is connected across terminals of the ;
induction machine - and to control the VAR's a static VAR gene-
rator has been developed. This static VAR generator includes
a delta connected reactor with back to badk'thyristors in
each arﬁ to control the reactive current. These thyristor
bare getting firing pulses from the firing circuit, The"
~instant of firing pulses is controlled by a feedback circuit
'and'controller. The sensing of terminal voltage is done by
a centre tapped step down tfansformer for the deSiréd'operé--
tion of voltage regulator. The a.c. voltage signal from feed-
back circuit is compared with the d.c. reference and\the

error Signal voltage is amplified by the controller. The out-
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put of controller is used as the comparating signal of the

comparator to vary the firing angle (%),

4,3 Principle of Operation g

When a large valued capacitor bank is connected across
the terminals of a self excited induction generator, it can
be loaded up to some considerable value but the terminal
voltage will not remain constant as it is having drooping
characteristié as shown in Fig. 3.9. The Fig. 3.9 shows
that if the load is increased the voltage falls down consi=-
derably and at \ light 1oad$ there' will be noticeable risé
in the terminal voltage. To maintainvthe_terminal voltagé
constant, it is required to conmnect a variable 1eading VAR
source at the terminals of induction machine. This variablé
VAR sourcé can be obtained with a dis&rete capacitors bank
where the capacitors are changed in steps to fulfil the requi-
rement of capacitive VAR to maintain the terminal voltage
constant at different loads. Buf due to the step change in
the capacitance terminal voltage can not be maintained exactly
constant at differént loads and the control will not be simple
and in this type of control it needs more man powér and cons-
-tant'attention to be paid to change the value of capacitance

as per the load condition.

- Another alternative for variable VAR source is to
connect a variable inductor in parallel with a large valued
' capacitor bank. Here static VAR's generator is used to provide

continuous variation of VAR's loads. This static VAR compen-
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~sator Opérates‘on the principlé that a variable inductor. is
connected in parallel with a capacitor as shown in Fig. 4.3,
This variable inductor co@bénsates the extra capacitance -
aﬁailable at light loads and at the 1oad'is increased the
inductor current is reducéd to increase the effective capaci-
-~ tance vat'the terminals of the induction generator.- The
static VAthompensafors lhéve-beenishown in Fig. 4.4, Here
delta connected controlled inductor has been,adoptedvin para-
1lel with a delta connected capacitor bénk which is " quite
simple ahdAéconomical to use due to natural commutation and

minimum . number of thyristors,

- Here a pure inductor is connected in series with a
back to back cohnectéd thyristors, so the conduction angle of
thyristor will be 180° for the variation of firing angle from
0° to 9Co and %he conduction angle reduces from 1800 to_OO
as the firing angle is varied from 90° +o 180° as shown in |
Fig. 4.5(é). So fof maximum loading VAR ‘the thyristors are
open or not dconducted and for minimum leading VAR demand fhe
thyristors are éuppOSed to be closed or fully conduct. This_
static 1agging VAR generator in parallel with a capacitor bank .
may be called as a Staticrexcitor for the éelf éxoited induc=-
tion generator. Here, the delta connected thyristor contro-
1led inductor has been sélgcted-which can be used effeétively
for balanced as well as unbalanced loads beoa@se each arm

of this delta connection can be controlled separately.

The basic function of this static VAR generator is to

vary the leading VAR toAthe induction generator as per the load
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and for this purpose it has to determine the corresponding

firing angle (*) to control the inductor current I To

IND®
control the firing angle for the conduction of the thyristors

P and PI controllers are implemented., For this controller

voltage reference signal VREF

are compared and error is fed to the éontroller to modify the

& voltage feaedback signal VF

firing angle to make the error minimum. The time taken to

- modify the firing angle for a new value of load is depending
upon the time constant of feedback path,. cohtrollér firing

circuit and induction generator. The time constant of feed-
back path is taken less because the terminal voltage should

be sénse£7%g,compare ‘with the reference signal.Irit delays

~in the sensing of terminal voltage, thére may be some large

oscillations in the voltage and current of the machine with the
sudden change of load. This type of controller iS‘Capable to

‘operate at variable speeds also. Becausé.the terminal voltage

varies with the change of speed and again the leading VAR

is controlled to keep the terminal voltage constant.

4,4 Selection of Thyristors -
Voltage Rating
The operating voltage of the system is oon81dered

400 volts and the thyrlstorlsed controlled 1nductor is connec-
ted in delta. So the line to line voltage will be impressed
on each arm of delta, Under off condition the.thyristor should
be capable to withstand at the peak inverse voltage (PIV).
When 400 volté (line to line) is used, the peak inverse vdltage
will be d131.37 volts so the thyristor is selected for

1200 PIV. o
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Current Rating - The maximum allowable current in inductor
is 7.74 Amp. and with 25% over loading the current reaches
~up to 9,67 Amp. So the thyristors should be selected for

9.67 Amp. The specifications of thyristors are given below:
_Type SS 1012, 16 Amp., 1200 PIV (convertor grade)

The thyristor are mounﬁed on heat sinks to increase
the surface area for the adequate dissipation of heat to
the surrounding atmOSphefe. This production of heat = is
mainly at fhe céthode Jjunction with the use of heat sinks
the temparature of cathode Junction does not exceed from an

an allowable 1limit for the safe operation ofvthyristors,

For over_current.protection a fuse has been employed
in each arm. Thed./d, protection to the thyristor has been
provided by uéing a suitable snubber circuit with 10 ohm,

5 watt resistance in series with .1 uF, 1200 volt capacitor.

4,5 Selection of Inductor and Capacitor i

To maintain- the genérator terminal voltage constant -
bwith varyihg loads of different power factor, a fixed leading .
current equal to magnetising Cufrent and é:variable'leading
current equal to lagging ioad current‘plus fotor reactive
current component are required with their consideration thé
self excited induction generator shoqld be equipped wiﬁh a
fixed-vélued.capacitor bank. In the earlier chapter for
résistivevload the oapacifive reactance is found 1.57 p.ﬁ.

to maintain the generator voltage at 1.0 p.u. at the speed .9.
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p.u. for full load. For_the design of capacitance value which
should be suitable for the maximum lagging load, the reactive
load (Xifated)‘°f1‘o p.u. is considered at the terminals of
indction machine.  In the same way for the design of inductor
capacifive load (XC Rated) of 1.0 p.u, is considered which is
capable to compensate the capacitive effect of load and the
extra capacitance connected under no load considtions at the

induction generator. terminals for capacitance calculation,

X - XCMax° XL Rated
A XCMax + X Rated
XL rateq = Rated pure inductive load in p.u.

For inductance calculation

X . *orw - *¢ Rated ¥omax
MIN -

Xomax Eoury * X¢ rateaXourn * Xc Rated
-XC Rateq =~ Rated pure capacitive load in p.u.

‘From the results presented in third chapter of the
value of XC Max 1S found 3.708 p.u. at 1.0 p.u. Speed-to-
generate the terminal voltage at 1.0 p.u. Now assuming
XL Rateq 25 1.0 p.u. the-yalue of Xo yry I8 -7876 p.u. and
if this Lo ypy 1S considered on the base frequency the value

.of capacitance is calculated as 39,75 ufF',

In the same the reactor value is calculated, - assuming

XC Rated equal.to‘1.0 pP.u. and the value of XC Max and XC'MIN

are taken from the deéign of capacitor value formulation, as.

.504 p.u. which gives the value of inductance (L) at base
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frequency as.161 mH. For the present voltage regulator 16 uF
capacitor bank is connected at the terminals of the induction
machine and a 1.0 p.u.'reactor (Delta connected) has been

used.
4,6 Design of Firing Circuit :

The design of firing circuit incorporates input sfep |
down transformer, attenuatorl Circuit, zeroAcrossing defectbr,
constant current ramp generator, comparator, AND gate, high
frequency oscillator and-pulse amplifier., The block diagram
and corresponding waveforms are shown in Fig, 4.6, The
- practical firing circuit for one phase has been shown in-
Fig, 4,7. The static VAR generator is comprising six thy-
ristors in three-phase. So three symmetrical‘ circuits are 
used to produce'six'gating pulses in synchronism with‘the
input terminal voltage but the single feedback!and controller
circuit will be used to change the firing instant of all the

phases,
L,6.1 Design of Input Transformers

The Operatihg voltage for the self excited induction
génerator is 'around 400 Volts; - The induction generator stator
is delta connected and a delta connected capacitor bank in
parallel with a delta connected éontrolled inductor is also
connected at the terminals of the induction machine. To take
‘the input as voltage for the firing circuit, step down trans-
formers aré used which aré.free from the‘satufation at the

higher voltages. The system consists of three 600/15-0-15 volts
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transformers as input transformers for the firing circuit and
the feedback signal is also taken from the secondary of the

input transformers.

4,6.2 Attenuator Circuit :

The secondary of input transformer is centre tapped.
The centre poinf is grounded to obtain to input a.cC. voltages
with 180° phase difference. The secondary is connected to a’
antiparallel connected diodes (IN 4002) through a 10 K resis-
tance as in Fig. 4.8.1. The input a.c. voltage to the firing
éircuit is attenuated because one diode conducts in positive
half of sine wave and other in negative half. The output of
this circuit which is in synchronism with'the input sine

wave, is nonlinear attenuated wave as shown in Fig. 4.9.1.

4,6.3 Zero Crossing Detector :

The output of nonlinear atténuafor is fed to the

- zero crossing detector. Here op amp IC 741 is used wifh PIN
No. 2 grounded and input at PIN No. 3. The circuit configu-
ration is shown in Fig. 4.8.2. If the reference voltage at
the inverting iﬁput is set equal to zero and the input to

op amp 1is the attenuated wave . - _ the out-
put is squére wave, The butput of square wave generator

is shown in Fig. 4.9,2,

L,6.4 Constant Current Ramp Generator :

The principle of constant current scurce has been

used to get the slope of the ramp linear. The circuit
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configuration is shown in Fig. 4.8.3. Here two transistors
P-N-P(BC 157) and N-P-N (HCHL 1008 ) are used with Rys Ros

R, and C., The capacitor C is charged linearly through a

3
constant current source consisting R1, RZ’ RB aqd T2 and
isclates from the.timing‘cirouit through emiﬁter follower
buffer stage T,. The output of the zero crossing detector is
applied at thé gate of transistor T1 (NPN) through resis-

tance R1; The transistor T, turns on when possitive pulses

1
are appeared at the gate of T1. So the transistor remains on

for the period of positive pulse and capacitor discharges as
soon as the transistor T1 ~turns ON, Thecapacitor C starts
Charging through constant current source from thé instant

the tranSisfof T1.turns OFF. .Thus a ramp 1is obtained across
the capacitor C. Here the rémp height was +15 volts. The

output of ramp generator is shown in Fig., 4.9.3.

4,6.5 Comparator 3

The circuit configuration of comparator is shown in
Fig. 4.8.4. The op amp IC 741 is used as comparator where
the output of ramp genefator is connected to PIN No, 3 (non
inverting input) through a 4.7 K resistance and the compa-
rating signal is applied at PIN No. 2 (inverting input).
Here as the comparator Signal is varied from O to +15 volts
the firing angle can be varied from 0° té 180°, The output

waveform of the comparator is shown in Fig, 4,9.4,

4,6,6 AND Gate :
The circuit configuration for tbis is given in

Fig., 4.8.5. The diode wused is IN 4001. The output of
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comparator is cﬁnnectéd to the cathode of diode through

3.3 K resistance and other dicde is connected te the out-
put of oscillator., This AND gating resulfs in high frequency
pulses during comparator output pulse as shown in Fig. 4.9.5,
The high freguency of gating pulse reduce the gate losses
sufficiently and the size of pulse transformer is alsc

reduced.

L.6,7 High Frequency Oscillator

The timer IC 555 is used as‘high frequency oscillator,
The circuilt ccnfiguration for the as table multivibrator is
shown in Fig. 4£,8,6. The timer IC 555 trigger itself and
runs freely as multivibrator. The external capacitor Cp
and R

charges through R but discharges through RB only.,

A B
The charging and discharging time is in dependent of supply
voltage. The charging time is given by

L B lJrl1
Time period of one cycle
T = T1 » T2 = ,693 (RA + 2RB) CT
Now the frequency of oscillator

T84

(RA + 2RB)

Crp

"Here 4,76 KHz oscillator is used tc perform AND

gating with comparating signal.
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4,6,8 Pulse.  Aoplifier s .

The amplitude of cutput from AND ga@e may not be
sufficient to tura ON +the thyristor. Tc obtain an amplified
pulse to turn ON the thyristor, the output of AND gate is
amplified through a two stage transistor amplified as the

circuit configuration is shown in Figz. 4.8.7.

The NPN +transistor {(HC HL 100 B) is used for the
first stage amplificatiocn which serves the purposé of
current amplification., To enhance the power level of signal
‘emitter follower configuration is used. The output of the
emitter follower is applied to the base of second stage amp-
liffer. The NPN transistor (SL 100) is used as common emitter
cdnfiguration for the voltage ~amplification., To achieve the
desired amplification the output of AND gate connectad to
the base of emitter follower through a 2,20 X resistance
the output of emitter is taken from 2K resistance connected
between emitter and ground. Now this output is fed tc the
base transistor of voltage amplifier through a 100 chm

resistance., The VCC applied is +22 wvclts.,

These amplifiers pulses are applied to the primary
winding of pulse transformer through a 10 cohm resistance.
The main purpose of pulse transformer is to isoclate the

contrecl circuit from the power circuit.,

To avoid saturation of the pulse transformer core, a
diode IN 4001 is connected acrcoss load resistance and

primary winding of pulse transformer. For the over-voltage
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protection of gate of thyristor, a diode IN 4001 is connected
between gate and cathode as shown in Fig, 4,8.7. A diode

In 4001 is connected in series with the secondary of pulse
transformer to block negative spikemw. Trigger pulses may

be induced at the gates due to turn ON and turn OFF of a
neighboufing thyristor or transients in the power .circuit
which may cause spurious firing of the thyristor. VTO avoid
this problem a capacitor of 6.1 uF and resistance of 100 ohm
are connected to by‘pass noise pulses, The output of this

pulse'amplifier as gating pulse is shown in Fig. 4.9.6.

4,7 Design of Voltage Feedback Circuit :

The: line voltagé is impressed on the input trans-
former (step down trahsformer) to give the input a.c. voltage
to the firing circuit. This a.c. voltage on the secondary
of the input transformer can be used for the feedback. So
this voltage is rectified with a full wave.rectifier'using
only two diodes fIN 4002) as shown in Fig. 4,10. But there
are ripples in d.c, output of this rectifier which are
eliminated to some extént' by using a ..1 uF capécitor

at the output of this rectifier.

4.8 Design of Controller :

From steady state analysis of self excited induction
generator it has been noticed that the CVAR demand increa-
ses with the increase of load to maintain the terminal

voltage ccnstant either resistive or reactive (R-L) ~load
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is applied.at the induction geherator, In stable region the'
variation of CVAR with VAOUT is mopotonic 1n Fig, 3.13 and
Fig. 3.17. Therefore since feedback sign inversién does not
occur in the control region of interest, it is possible to
control the exciter based on the integrated voltage error.
This also means that the firing angled - versus fundamental
inductor current characteristic Fig. &4.5(b) will be con-

tained in the closed voltage fecedback loop. [3]

Controllers are usually of proportional (P) and pro-
portional plus integral (PI) type. In general terms pro-
portiona control influences the transient response and
the integral component gives good steady sfate accuracy.
Here the controllers utilise the prineiple .of négative
feedback which provides good stability for the system.

The proportional control is .having the relationship between
output of the controller and actuating 'error. signal'i.e.

transfer function,

GP(S) = K

KP ~ is the gain of propoétional controller, so the
prOportional.controller ie essentially an amplifier with

ad justable gain,

For proportional plus integral controller the trans-

fer function is
= X_ ( -

KP represents the proporticnal gain and T is the
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integral time, both KP and T are adjustable.

The circuit configurations of P and PI controllers
are shown in Fig. 4,11, The gain of proportional controller
is adjusted at 25 and for portional plus intesgral control
the proportional gain 41 and the integral time constant is
25 x 107 seco. The limiters are also used to the limit the
cutput of controllers at 1.4 volt' to the 1bwest lovel and
15 volt at the maximum, This can be achieved by apblying
2.1 wvolts at the Non inverting input (PIN No. 3) of op amp
IC 741 and connecting a diode IN 4002 with -anode on
PIN No. 2 and cathode on PIk No. 6. The limiter connection

remains Similar for hoth P and PI controller,

Cocnclusion @

The design and development of the voltage regulator
for a capacitor self excited induction generator is carried
out. The principle of operation of the closed 100p écheme
1s described. A power circuit, with adequately protected
thyristor is designed for the induction generatcr voltage
regulating system. The phase'controlled inductor wused for
the continucusly varying VAR to the self excited inmduction
generator and a firing circuit is designed to control the ind-
uctor currént for thé compensation &f large capacitor
connected at the terminal of generator. The elements of
~voltage controller are designed on the basis of experimental

study.
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CHAPTER ~ 5

PERFORMANCE OF VOLTAGE REGULATION SYSTEM

Summary

The chapter includesS the experimental investigation
on the .performance of the voltage regulating system. The
performance of the system has been ohserved for the Steady
state and transient response for the parameters like terminal
voltageg load current and stator ourrent; The oscillograms
of these varipus waveforms are recorded for steady‘state and
transient response of the induction generator with propor-
tional (P) and proportional plusintegral (PI) controller by

using a storage cathode ray oscilloscope.

5.1 Intraduction :

In the previous chapter various componénts ofrthe
voltége regulating system for the self excited induction gene-
rator have been designed and on fhatbasis a practical solid
state voltagevregulétor has been fabricated . The perfor-
mance of induction genefator is obsefved with the developed
voltage tegulator at different loads. The tests are conducted
for steady state performance to “study theé effect of load
on the terminal voltage. The effect of reference voltage On'
the terminal voltage is also observed under steady state as
weil'as transient state, The oscillogram of terminal vol-
tage;uload current and stator current are recorded under

steady and transient state by using a storage C.R.0. These
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results provide the information regarding the terminal vol-
tage and current waveforms under steady state and response
of the voltage regulating system. Proportional (P) and pro-
portional plus intogral (PI) controllers have been used to
observed the performance of voltage regulator at constant

speed and different loads,

5.2 Experimentation :

The schematic diagram of Voltage regulating system
for self excited induction generator has been shown eérlier
in Fig. 4.2.A The experimental setup with the.voltage regu-
lator has been arranged according to this schematic diagram.
The synchronous motor is connected}c%he supply at line fre-
quency to run it at some constant speed. So the rotor of

induction machine is also driven at the speed corresponding to
the line frequency as the shaft of induction'machine is
coupled to. the rotor shaft of synchronous motor. .Nowigo load
the éapacitbr switch is closed., The voltage starts building
up due to the large‘valued capacitor at the armature ter-
minals of induction machine final wvalue of voltage build up
is controlled by -the value of reference voltage. A three
phése resistive load has been used to study the ﬁerformanoe
of self excited induction generatcr with the voltage controller
at different loads, |
5.3 Results and Diséussion :

- The voltage regulator is tested at constant speed
and.balanced resistive load. The terminal voltage {VT)
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variation with the refercnce voltage (V at no load with

REF)
P-controller has been shown in Fig. 5.71. Here +the terminal
voltage increases almost linearly with increase of reference .
voltagé. The terminal Qoltage Vs, reference Voltage charac-
teristic at no load for PI controller has been given in

Fig. 5.2. The curve plotted in Fig. 5.2 depicts that there
is a linear rise in terminal voltage with the rise in

raeference voltage.

The machine is loaded with the resistive load td
study the performénce of voltage rcgulator under loaded con-
ditions. These results with P and PI-controllers havgigﬁotted
in Fig. 5.3. "The terminal voltage drops with the increasing
load for both P and PI controllers. The drop in terminal
voltage with VAOUT is Qery much linear for both the contro-
llersas it is clear from the Fig. 5.3. -~ The drop in
terminal voltage for particular load is more for P controller

-that PI controller.

The steady state results have been~takeh in the fornm
of oscillograms of terminal voltage (VT), load current (IL),
and stator current (IS) at diffe;ent resistive loads. These
oscilliograms have been recorded by using a Stofage C}R,O.
The waveforms for load current (IL) and terminal voltage
(VT> at two different lcads with P-controller have been
shown in Fig. 5.4(a) and {(b). The waveforms of load current
and terminal voltages are almost sinusoidal,. The load
current 1is slightly distorted which is due to the non sinu-

soidal inductor current which affects the 1line current and
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SO the terminal voltége is also affected, The waveforms of
stator current (IS) and terminal Voltége (VT) at no load and -
palanced resistive load have been shown in Fig. 5.4(c) & (4).
The percentage of harmonic in stator current at no load is
observed more and as the load is increased.the percentage of
harmonics- decreases; as the stator current waveform ‘becomes .
very near to sinusoidal u?deihe loaded condition. The osci-
llograms for steady state terminal voltage sStator current
and load current have been recorded with a PIuéontrbller. The
waveforms of terminal voltage and load current at different
loads have been presented in Fig. 5.5(3) and (b). The results
show that the waveform for the load current and terminél vol-
tage is near to sinusoidal and it imprroves with increasing
load. The stator current and terminal vcltage waveforms have
bezen shown in Fig.5.5(c) and (d). The behaviour of wave forms
for terminal voltage, load current and stator current with
Pl-controller is Similar to P~contreoller. The-load current
and stater current are slightly distorted due to the effect
of induction current and saturation of magnetic circuit of
inductiogao?ineogaggg harmonics. The transient performance
of the voltage regulator with sudden application/removal of
balanced resistive load for P and PI controller has been
recorded by using a storage C.R.0. The transient response

for sudden reference voltage variation and the voltage building
~up for a particular reference voltage has also been recorded
"to study the.transiént performance of the induction generator
with the voltage regulating’syétem, First of all the study

1,

has been done with P-controller. The voltage building up at
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VREF = 12,8 V at no load has been Shown in Fig. 5.6(a). The
voltage starts building up from O to the steady étate value
(372 Volté), The system is quite fast as it takes around

.9 sec‘ to achieve steady state, Tﬁe Fig. 5.6(b) consists

of the .response at no load for sudden referénoe change

from 12.8 V. to 10.8 V. The términal'voltage drops from

372 Volts to 320 Volts for this reference change and the'
steady state is achieved within 2 or 3 cycles which gives

rise to the idea that the sfétem is stable and considerably:
fast., The sudden variation of load (application/removal) has
been gi&en in Fig. 5.6(c) and (d) which consist. of the termi-
nal voltage and load current waveforms, The sudden appli-
cation of'load affects the terminal voltage. The terminal
voltage drops momentarily and rises again to reach the steady
state value as shown in Fig. 5.6(a). In the same way when the
load‘is remO&ed terminal: voltage gets a boost and finally
reaches to steady state valve., There is a difference in the
frequencias of the generated voltage at different loads but

it cannot be predicted exactly from the Fig. The Fig. 5.6(ae)
gives the variation of terminal voltage for.the sudden appli-
cation of load. Initially thGISystem was ruhning at no load
and it is suddenly 1loaded. The effect on the terminal vol-
tage will be same as in the case of load currént. The varia-
tion of terminal voltage and stator current at sudden removal
of load has been recorded as given in Fig. 5.6(f). The

stator current drops and reaches to a steady state value

within 2 or 3 cycles,
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Pig. 5.4(a) Steady state waveforms . Fig., 5.4(b) Steady state waveforms

of terminal voltage and load current of terminal voltage and load
(IL = 1.4 Amp) with P-controller . current (IL = 3.4 Amp) with
' o P-controller -
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current at no load with P-controller current uhderitoaded condition
' © with P-controller X
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Fig. 5.7(a) Transient waveform of

terminal voltage building un from
zero to a steagdystate value (VT=
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‘Secondly; the PI-contreller has‘been used to observe the
- transicnt performance of voltage regulatingvsystem for the
sudden variation of load and refercence voltage. The tran-
éient response of the voltage regulator with PI-controller
for voltage build' up from O Volt has been shown in Fig.
5.7(a). The terminal voltage builds up to 330 Volts in
only 1.2 sec., So, with the comparison of P and PI-contro-
ller, it is found that P~controllg§§§§é§28ter»than the PI~
controller, The variation of terminal voltage with sudden
change of reference voltage has been given in Fig. 5.7(b).
Which shows that the terminal voltage it affected directly
with the change of reference voltage. The effeét of sudden
load variation on the terminal voltage and load current has
been shown in Fig. 5.7(c) and (d). For both sudden applica-
tion and removal of load, the system stabilizes within few'
cycles and the effect of load variéfion on the terminal vol-
tage is similar as in the case of P-controller. Fig. 5.7(e)
and (f), show the variation of termihal voltage and stator
current with sudden application/removal of the load. The stator
current reaches steady state value wifhout losing stability .
The stability improveé with the increase 1in load as is

clear from the Fig. 5.7(e} and (f).

Conclusion 3

- The steady state and transient performance of the
developed voltage regulator for self excited induction gene-

rater- hawe been studied. The steady state waveforms of

=59



terminal voltage, stator current and load current for P aﬁd
PI-controller show that these almost-sinusoidal except
slight distortion in stator current and load current. The
waveforme improves at higher load aslit becomes more éinu—
soidal., The steady state error for P-controller is observed
more than the PI~controller., The machine is able to be

loaded up to 1.3 p.u. for P-controller and 1.35 p.u. for *

Pl-controller(when the terminal voltage is set at .9 p,u),
The transient pefformance under sudden reference and load
perturbation shows satisfactory results. The system ié
sufficiently stable and response is quite fast. The voltage
regulation 1s sought satisfactorily good at different loads

and the machine does lose excitation at higher . loads, -
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CHAPTER - ©

CONCLUSION AND SCOPE FOR FURTHER WORK

Lsummary @

A practicel voltage regulator with P and PI oonfro«
llers has been designed and fabricated for a capécitor self
excited induction generator. The performance of induction
generator with voltage regulating system is studied at diffe-

rent loads.

5.1 Main Conclusion

An analytical technique has been developed for the
analysis of capacitor self excited induction generator. The
steady state performance characteristics have been obtained

under. the following cases:

(i) o load
(ii) At fixed capécitance at the generator terminals
{iii) Keeping terminal voltage constant at all loads

(iv) Xeeping VG/F (Air gap flux) constant at all loads.

' Newton Raphson Method has bheen used tb solve the non
linear simultaneous equations which appear during ihe steady
State analysis of the self excited induction generasor, The
computer programs have been developed to compute the perfor--
mance of induction.generator under ccnsidered cases. The
computational technique has been found efficient, suitable

~

and fast converging to dc the computation for the performance
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of the machine. The solution is obtained within three or four
iterations for the computation of unknown parameter of the

non linear simultanecus equations.

The computed and experimental résﬁlts are presented
for different resistive and reactive (R-L) loads for all four
oasés° A close agreement has been observed between the test
and computed results, The characteristics for both the results
have been‘found quite similar, thus demonstrating the validity

of analytical technique.

The capacitiveVAR requiremént at resistive as well
as reactive (R-L) loads to keep the terminal voltage_constant
at constant/different speeds is studied to select the suitable
capacitor velue for the stablée operation of self éxcited induc-
tion generator. The power output variation with terminal
voltage for rated Stator current provides thet . guideline to
Select the most appropriate terminal voltage at which the
induction generatcor can produce maximum power foy the rated

stator current. For all four cases the output frgquency

variation is well within 1imits,

The three phase naturally commutated @- ccanected)
VAR generator is designed and fabricated to regulate the
terminal voltage at varying loads. A suitable fifring circuit

has been designed and fabricated to trigger .tne thyristors

of phase controclled inductor, The voltage regulating systen
of : ' ‘
is comprising/feedback circuit and controllers (P or PI;., The

gains of proportional {P) and proportional plus lotegral (PI)
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controller are selected on the basis of experimental study
for the stability and response of the véltage regulating

system-,

The steady state performance 'of voltage regulating
system is studied at different resistive balanced loads for
P and PI controllers separately. The Steaﬁy state error with
PI controllers is considerably less than the P-controller.
Consequently there ié more drop in the terminal voltage wiﬁh.
the use of P coﬁtroller in the voltage regulating system
than a system having PI controller. The variation of terminal
' voltage with reference voltage is nearly linear for both P
and P: controllere yhich shows the suitability of controllers,
The wave forms of the terminal voltage, load current, and
statcer current are very close to sine wave and system has been
found satisfactorily stable for both type of controllers. The
transient .regbonses of current and voltage with the sudden of
application/removal of lcad are recorded by using a storage
C.R.O. _The oscillorgrams of transient response depict the
nature of response for the sudden variation of load. The
system approaches to steady state within few cycles. The
oscillograms of voltage building up show that the-time taken
in achieving the steady state value with Pucohtroller is less
than the PI-controller. From the steady state and transient
performance of voltage regulating system it is found that
the system is quite competent to regulate the terminal voltage
for the desired range of load. The residual magnetism in

the rotor of induction machine is enough to build up the
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voltage when it is rotated near to the synchronous speed by
a prime mover. So it is able to build up the voltage Witgout
any external power supply to the induction machine and which
_cbnfifms its suitability to use in the 1isolated areas where

grid supply is not available.

6.2 Scope for Further Work :

The present work includes the testing of the vbltage
-regulator at balanced resistive loads. So the testinngf
voltage regulator may be extended for unbalanced load és well
:as dynamic loead, 1like a.c. mofors with some possible modifi-~
cation in the design of cOntroller; An analytical modeléyeuldi
;be develqpéd for the dynamic study of thg clbsed leop sjstem
faf différent loads which may be capable~Eg givé the trénsient
-response of the voltage regulating system. The study fegarding;
" .the stability of system méy be done to éelect the éonﬁroilef
{elements for a Stablé»systém. The testing of éelf exciteq
;induotion generator may be gerformed for higher rating% with
,the.similar type of VGltagé regulator as used in the ?tééent
~worky to_provide some mére:usefgl infermations abQutMitféomﬁeru
“¢ial use. The controller'may be modified to have V/F ratio
constant for the case of variable Spéed prime ﬁovef’to feed
a.c. motors, A comparision would be made @f'the performances
for self excited'induction‘generators'by implementing diffe-

'fent type of VAR generators-l;ke saturable core reaCtéf etc,
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APPENDIX ~ A

THE CONSTANTS APPEARING IN NONLINEAR SIMULTANIOUS EQUATIONS

A The constants appearing in the nonlinear simultaneous

equations (3.4) and (%.5) are defined as follows:

2 . )
C1 = m2.X19 C2 = =X1, C3 = 2% X1, Ch _\1X1
05 == XC’ C6 = X1CC + RS.RR, C7 = - nyC
C. =

g = - VXK

and Dy = Ry + Rp, Dy = X;.(Rg *Rp), Dz = -y.Rg
DL(— = “"‘3}..1{,] HRS;. D5 2‘0.09 D6 = - PLR.XC
4.2 ' The constants appearing in non linear simultaneous

equations (3.13) and (3.14) are defined as follows:

1= 7 By Iy - 2o dyL Ry - KRy
C, = ~ X Xqu Ry X X, - X5 .R

5 =YRg X * 232 Tl

Q
]

Q
!

C5 = Ry K.. + X, (Rg * ién)
Co = Rp¥Xo + RiXoK, + R AR, + XX Rg + RoK X,
Co = =V igZe ~ViRg
Gy = = YRAK, - YRKR
' 2. -
AND By = 2K, By = - KX, By = 2VXGX,
B, = JA1XL9 35 = Xy (% 42%,) + Rg By, * Rpity
e Cw x2y * RgRRX R X,
By = X XX, * LzLRQM » xRS + RaRyp)
B, = « VX Xy = 2V XX, - YRGR,
= o N \72'
B8 = )}.}\. c/;,] - I/A’]XC. jR.C- \LY,}
By = 0.0, B,y = = R XRp = JYCRRQS
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ae 2

Here C1, CZ’ 05 e C8 and qu B2 e qu are taken

from A.2 to use in the constants appearing in equations (3.16)

and (3.17).

and

AL

The

These constants are defined as follows:

= C,'Xm * C2, C‘]Z = CBXm + C/_“

i

(CoXy + Cg = Y RpRe)/ X Cqu= ReRgiy
= (S, + Cg)/¥, |
= 3%, * By, Dy, = BgK + By
= KL (X + X)) =+ X,] X+ A,'\ e me’l

i

R PR 4 P n ':/‘ + Dn_' e 4 i 3
LLL_LRA,] | LRJ.\S LL . J.\.DRL\Am /\.1) L RLR{K[H

u

(B7Xm * 3Bg +iﬁﬁ%RL(Xm - X1))/XC

= - R I)L 7 <7 W T
VIS G v %), Dy = (Bghy + Byo)/Xg

constants appearing in equation (3.21) and (3.22)

are defined as follws:

And

= - RL (K + X

1) = Rg(X + %)

n oy PR (X +X,) + *Xy D A Ro F
RpXp F o+ FuRp (K X)) + R F(X+X;) + Ry FXy + X Ry

2 v Y - ﬁ2v " ;oo : 2v '
FrRgX (X +%,) + I Aan(Amrxq) * PR KGR

5 . ') r ™ Br‘ o -\'—:"
X Rg (%, #X,) + Ry RqoRo o F = FPRK X, - EDX1RL

(y + _l\.,)) - F)K X - F3 X

m RL 1 L

~F X (xm + Xq) - F, v1(A + X, ) -« X 5q F
2 2 2

- RLR_F XL(Xm+X1) + F X1(X +X ) - RDR b X X

1
5XX(X+X)-I%RF(%&/TFﬁ&mm
2
¥R R.X 4 2. 2,.
R ; . F qu L(X %K)+ PR R ARG * ARy F (X +X,)
- RRRLF X, - KKK,
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APPENDIX -

DETAILS OF EXPERIMENTAL SETUF AND MACHINE PARAMETERS

B.1 Details of Induction Machine and Synchronous Motor
Induction Machine - 5 H.P,, 400 Volts, 6.9 Amp., 14 30 RMP
3%, 50 Hz, & - connected ‘stator and

squirrel cage rotor

Synchronous Motor - 3@, 400 Volts, 6.75 Amp, 1500 RPW,

50 Hz with attached exciter

B.2  Base values for theoretical computation
Base current Igaee = Rated phase current = 3,984 Amp
Base Voltage Vg . = Rated phase voltage = 400 Volts
Base Power P " = Base current x base - _. .
Base ; voltage™ 1)93.4§§
VA
A T a 7 = i /T = X
Base Iupedance Zoas o vBaSe’lBase 3 100.4 ohm
Base Admittance Y, . = 9.959 x 10™° MNho
sase .
Base Frequency FBase = b0 Hz
s = . = ) M
Ba e Sp{.e'd u BaSe ,]500 R.LI\.I.
B.3 Induction Machine Egquivalent Circuit Parameters in per

unit and Referred to stator

T — L — W - Y = 5 —
Rg = .0548 , Rp= .0581 , Koy =% =% = .06

B.4 From V./F Vs X, characteristic as shown in Fig., 3.1.
T - 1 -

The relations between VG/F_and £, are as follows:

From C to D Vo/ F o= 1.63 - L1733 (X,  3.75)
From 3 to C Vo/F = 2.k - K (3.75 X, 4.45)
and Xn Max = 4,45 p.u. ‘ . |
From C to D » X, = (1.63 - VG/F)/,1733 { VG/F .976;
to B to C Xg = (2.48 - V. /F)/.b (.976 v./F

"’ G G 698)
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® Experimental 'points
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