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ABSTRACT

Three phase series connected self excited synchronous
generators are considered one of the efficient
electric energy rescurces. This is due to the fact
that ,this type of generators is characterized by a
constant induced voltage frequency which depends only
on generator speed. However, some applications
require -a constant output voltage.

This paper introduces a theoretical analysis and
experimental investigation for obtaining a constant
terminal voltage regardless of load variations. A
fixed Capacitor Thyristor Controlled Reactor
technique is applied to maintain a constant output
voltage. The thyristor firing angles are per f or med
via a special control circuit which is built for this
purpose. A comparative study between measured and
calculated resultis illustrate clearly the
effectiveness of the proposed technique to stabilize
the output voltage.

1. INTRODUCTION

Recently, attention was paid to use different types
of renewable energy resources , such as solar, tidal
and wind energy. The self excited induction generator
seems to be the most convenient mean to convert wind
energy into electrical energy. This may be attributed
to its ability to provide such conversion over a wide
range of rotor speed. Subsequently, significant
research work has been devoted to study the
performance of self excited induction generators.
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These studies show that the ocutput frequency is
dependent on generator speed, excitation capacitor
and loading conditions [1- 9]. ‘

The series connected synchronous generators were
suggested [10,11), to have a fixed voltage frequency.
Such type of a generators offers the advantage of
constant frequency which is independent of excitation
capacitor and loading conditions. On the other hand,
it shares with induction generator the merit of self
excitation.

The steady state performance of a self excited
synchronous generator has been analyzed as a
parametric generator [10].Moreover, the steady state
performance is obtained depending on phasor diagram
representation [11].

Most of previous studies concerning self excited
synchronous generator concentrate mainly on
calculating the terminal voltage as a function of
capacitor wvalue,and locad cuarrent. As a result,the
terminal voltage decreases with increasing the load
current.

This paper presents an experimental and theoretical
investigation for controlling the terminal voltage
via the excitation capacitor.. The terminal voltage
variations as a function of load current , at
different values of excitation capaCitor y are
examined. A fixed capacitor thyristor controlled
reactor is designed and built. An electronic circuit
to provide the thyristors firing signals . is
constructed and tested. A simulation program to
predict the required capacitance under different load
conditions which maintain a constant terminal voltage
has been built.

The experimental results illustrate clearly the
ability of proposed technique to obtain constant
terminal voltage through controlling the capacitor
values.

2. EXPERIMENTAL SET-UP

The experimental set-~up consists of 2.2 KW,
three—phase slip rings induction motor, coupled with
a 2.2 KW separately excited D.C mbtor as a
prime—mover The induction motor operates as a three-—
phase self exc1ted synchronous generator. To operate
as a generator. the rotor and stator phases are
connected in seriesf} in a proper phase seguence ,
via three groups of excitation capacitances as shown
in Fig. 1. More details about the machine parameters

are given in the Appendix.
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3. MATHEMATICAL REPRESENTATION
3.1. Steady State Analysis

The mathematical model developed in this section is
used to calculate the steady state performance for
the generator under test. The analysis is based on
the phasor diagram shown in Fig. 2 . The equi valent
impedance of the load and capacitor combination,
Fig.1, is given by :

R x? X <:§2-xz-xLxcb
R = . L ¢ = L X = cz L c1d
Le R+ C X - XD © RZ X X 3
) 9 L [ o] ) L [ o

where, the equivalent resistance and reactance are
given by :

R =K + R + R
oq Le 1 2 F. 2
xoq=xLo+C)g.+}z()50
and the equivalent phase angle is
X
g =tan ' ¢ =3 > &>
eq R
eq
The magnetizing reactance may be evaluated from :
_Roq i hg
Xm= sin © { 5 Nr €4>
where; 4+K +2K cos p
& = sin *C Ksin®> |, o =86 + W Csd

Cy¥D can be calculated using the following equat,i;on:

K cos ¥ + 4(1 - 2K sin ¥ tan & =0 ced
p . [- 1+ ) .

K%sin" ¥ O
The armature current can be calculated by knowing the
air gap voltage using the following equation :

I % &p)

4I+K?+ 2K cos p

The air gap voltage is computed from the
magnetization curve as a function of magnetization
reactance using line segmentation technique. For the
machine under investigation, the air gap voltage is
given by : : '
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m
The terminal voltage and load current are given by :

‘ [‘311.35 -1.38 X _ X < o5.51
v =

vV = Ia JRz + X2 , N can
Le Le
and,
I = -y 100
7 =
R+
L L
Equations (1 - 103 were programed previocusly +to

calculate the generator steady state performance
{111. In the present case, based on the previous
equations a computer simulation program has been
built. This program solves the non linear equations
€1 - 105 by the Turbo-Bascal language using the
Runge-Kutta numerical technique to predict the
required capacitance under loading conditions in
order to maintain a constant terminal voltage. This
is carried out using the following steps:

12 For each operating speed and a specific
capacitance vaiue, the no load voltage which is
required to be kept constant at loading is
determined.

1i> The load ¢urrent is increased one step. This
reduces the terminal voltage which requires an
additional capacitance to retain the previous
value. '

1iidThe value of capacitance is then increased
gradually using half step technique. This process
is continued till the terminal voltage (V) equals
the no load voltage (Vo).

To make the program more practical , the excitation
capacitance is divided into two banks of capacitors
as shown in Fig .3. In this case C(Cmd is the main
capacitor by which the no load voltage is determined.
While (Ced is the additional capacitor which is used
to stabilize the no load voltage during generator
loading. A smooth variation of the capacitor (Ced is
required. This may not easy to be obtain using a

variable capacitor only. So,a static exciter
employing a Fixed Capacitor - Thyristor ccntrolled

reactor scheme "FC-TCR"™ {12,131 is then more
efficient and practical. . e
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8.2. Static Exciter For Voltage Control

The "FC-TCR" technique can be explained on the light
of Fig. 4. Where, by controlling the switching angle
of the thyristor , the conduction interval of the
capacitor current is controlled. Hence, the current
flow at the inductor CLmax) is controlled ~ and
consequently the effective capacitance is varied.

Based on the "FC-TCR" technique , the simulation
program has been modified considering the following
equations. The relation between the switching angle
Co® and the magnitude of the fundamental current (Ied
can be written as follows:

1 Ci—-g—a— -i—sin 2 ol C11>
14 L .

I . Ca®d =V I w(C -
le] r mox L
r max

If the relation between (Cmax) and (Lmaxd is adjusted
such that: :

C = 1 cia2d
r max w L
r maoax
Then the effective capacitance Cewon will be:
mX 2 o + sin 8 O ‘ €13

C Cod =
™

Equations 1 to 10 are reprogrammed with those which
describe the behaviour of static exciter, C equations
11 - 13>, to calculate the controlled performance
under loading. The program in this case becomes more
accurate to calculate the required capacitor
variation with load current to maintain a constant
output voltage. Calculated results are shown with
those measured experimentally. '

The electronic circuit which acts with the static
exciter employing a Fixed Capacitor Thyristor
Controlled Reactor " FC- TCR" will be discussed in
the following section .

4. THE ELECTRONIC CIRCUIT

The philosophy of the proposed electronic circuit can
be explained regarding Fig.4. Such circuit is
designed to generate a firing signals that required
to control the thyristors switching angles. Hence,
the inductor current conduction interval is
controlled and consequently the effective capacitance
will wvary. A smooth variation of the firing signals
proportional with the increase in load current can
yield a constant terminal voltage. Hence, operation
of the electronic circuit depends on comparing the
controlled voltage with a reference value. Ve
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The proposed electronic circuit shown in Fig. 8 , is
designed and built from four main parts. These parts
are ,a Low pass filter, a main value detector, a
reference wave generator and the main firing circuit.
Each of them will be discussed subsequently.

4.1. The Filter

A low pass filter is built to eliminate the harmonics
resulted from the discontinuity of reactor current.
The construction of the filter is shown in Fig. S-a .

It consists of three operational amplifiers “LM
741" connected with group of capacitances and
resistances. The value of capacitances and

resistances are determined such that the filter
operates with a cut off frequency equals 30 Hz.

4.2. The Main Value Detector

This circuit is used to convert the generator AC
terminal voltage to an equivalent DC level. Three
main value detector are built for the three phases.
The per phase circuit is shown in Fig. 5-b. In this
circuit two identical integrators -are used and
connected with a differential amplifier. This
amplifier subtracts the integrators output signals
and producing a DC voltage. The output of the main
value detector is adjusted to vary from B volt to
zero level as the load voltage decreases from no load
to cut off voltage. For this purpose, a signal
conditioning circuit is built.

4.3. Reference Wave Generator

The reference wave generator is designhed to generate
a reference voltage signal proportional to the no
load voltage. The per phase schematic diagram of this
generator is shown in Fig.B5-c. The input of this
circuit is the generator terminal voltage. The output
signal is a saw tooth signal that does not change in
amplitude with input variation. This is due to
that,the values of the attached resistance and
capacitance are predetermined so that the operational
amplifiers operate under saturated conditions.

The present reference wave generatof can>be adjusted
to control linearly the phase angle between any two

angles o4 and a2z . In the present investigation the
reference signal is adjusted at 8§ wvolt when a = a2
and zero when a =m. Also, the reference wave signal

is synchronised with the generator terminal voltage.

- 214 -



4.4. The Thyristor firing circult

This circuit is used to make the firing signal at the
rated voltage and current required enough to turn the
thyristor on. Since the gate and cathode terminals
of the employed thyristor or the triac are at higher
potential, the firing signals does not connected
directly to the triac. Therefore, a pulse transformer
is used to isolate the power circuit from the control
one. In the present investigation, a triac of type
“BTA 400C" is used as a power circuit. To turn the
triac on an amplifier stage is built to ensure the
required gate voltage and current. This has been done
using Darlengton transistor of type "TIP 121" which
operates at 12 volt DC. If the transistor is turned
on, the triac gate signal will be 12 volt level. The
per phase circuit is shown in Fig. B5-d.

Operation of the electronic circuit as a fixed
capacitor thyristor controlled reactor can be
explained depending on load variation. Increasing the
load current will decrease the generator terminal

voltage. This can be detected by the mean value
detector. As a result the switching angle o
increases , resulting in a decrease in the reactor
current. This is equivalent to increasing the
effective value of excitation capacitor. As the
excitation capacitor increases, the generator

terminal voltage will consequently increase. The
recorded signals of the electronic circuit will be
demonstrated in the following section.

5. MEASURED AND CALCULATED RESULTS
5.1. Uncontrolled External Characteristic

The external characteristics of the three phase
series connected self excited synchronous generator
are measured without controlling the terminal
voltage. To measure these characteristic, the
generator was loaded with a resistive 1load. The
variation of load voltage with load current is then
recorded at different values of excitation capacitor
as shown in Fig. 6. This results indicate that, the
load voltage decreases as the load current increases.
Moreover, increasing the excitation capacitor results

in increasing the generated voltage. Each capacitor
value has a cut off voltage proportional directly
with it. Also, a comparison between measured and

simulated results confirm the validity of theoretical
analysis to calculate the steady state performance.
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8.2. Controlled External Characteristic

Stabilizing the load voltage can be achieved using
‘the proposed electronic circuit. For experimental
vérification, the electronic circuit was connected
‘and tested. The different signals generated by the
electronic circuit are shown in Fig. 7. The output
of the three reference wave generators are shown in
Fig. 7-a . These signals are adjusted so that the
firing angle varies between n/2 and m . Fig 7-b
shows the control signals. The output of the
generator is connected to a step down transformer
C2280/8 volt). The transformer output is employed to
generate a synchronized reference wave signal. At
intersection points between the reference wave signal
and the output of the mean value detector, a firing
singles are generated as shown in the figure. It is
clear that the output of the mean value detector is a
DC level Cchannel 2). It must be emphasized that the
generated voltage is of sinuscidal waveform with 25
Hz at 1500 rpm as shown in Fig. 8.

The measured external characteristic with controlled
electronic circuit is shown in Fig. 8. It is clear
that, +the proposed technique is efficient  in
stabilizing the terminal voltage over a wide range of
" loading conditions. Moreover, the variation .in. the
capacitor wvalue versus load current. which maintain
the terminal wvoltage constant is shown in Fig 10.
‘This relation is useful in deducing the required
incrementation '~ of capacitance value. As shown from
the figure, the analysis is exact to describe the
proposed control technique.

6. CONCLUSIONS

The preserit paper introduced a technique to stabilize
the output  veoltage of the three phase series
connected self excited synchronous generator via a
control circuit. This circuit was designed and built
with minimum coasts. It has been . constructed based
on employing the operational amplifiers rather than
the logic gates as the first is more practical and
can operate at higher temperature levels. The control
circuit has been tested experimentally and the
results are presented.

The results recorded in this paper confirm the
successful design and operation of the proposed
control circuit. Also, it is clear from both measured
and calculated results that , the model which
describe the system with the fixed capacitor
controlled reactor provide accurate prediction of
capacitance variation. Therefore, the | proposed
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technique including the electronic circuit and model
description can be used in similar applications to
predict the correct capacitance value which is
required to maintain a constant output voltage.
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8. LIST OF SYMBOLS

VAR , Vas Rotor and stator RMS phase (A voltage.

F Operating frequency Hz.

epP Number of poles. _

Nr,Ns Rotor and synchronous speed (rpm.

C Excitation capacitance uf.

Re, XL Load resistance and reactance

Req, Xeq Equivalent resistance and reactance for
series connected stator and rotor phase
windings

deq Equivalent phase angle of excitation
capacitor and load combination in elect. deg

Ri,R2 Stator and rotor phase resistance.

X1,X2 Stator and rotor phase reactance.

K Turns ratio. ’

e , vy Angles between total MMF axis and both MMF
axis of stator and rotor in elect.deg

e Angle between stator and rotor MMF axis

Xm Magnetizing reactance ohms.

Vg .,V Per phase airgap and terminal voltages.

Ia ,IL Armature and load current.

o Switching angle of FC-TCR.

Cmax, Lmax Maximum capacitance and inductance of the
static exciter.

g. APPENDIX
9.1. Machine Ratings

The machine is a four poles three phase slip rings
induction machine , and has the following ratings:

Power 2.2 KW.
Vol tage 220380 volt.
current 6.3/-3.6 amps.

Star wound rotor
Stator resistance
Stator reactance
Rotor resistance
Rotor reactance
Cut off wvoltage
Cmaox

Lmax

328 volt and 4.2 amps.
2.0798 ohms. ‘
5.2794 ohms.

1.96313 ohms.

3.92097 ohms.

82. 32 volts

180 MF.

0. 3242 henery.
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Schematic diagram for the series—connected self

Fig. 1.
excited synchronous generator.
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Fig. 2. Phasor diagram for self excited synchronous
generator. ref.[11]. :
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Fig.3. Representation of main excitation capacitor with
" two bank of capacitors.
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Fig.4. Basic circuit of FC-TCR.
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o0 0 O O measured

calculated

———————— ————

200.0 < Phase voltage (volt) C=102 uf

190.0 Jp C=81 pf
180.0 ;

170.0 . £=65 pf
160.0
150.0
140.0
130.0
120.0°
110.0
100.0 -
90.0
80.0

70-0 |s1||[)||r_r;rT1|IIXI¢lrxI{I_!l]flv:l}llrllLo'ad curr'eﬁt'
cO0 05 10 1.5 20 25 30 35 40 (amp).

Fig.6. Uncontrolled external characteristic dtidifferent
values of excitation capacitor and N =1200 r.p.m.
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Filter input.

. Mean value detector
output.

Reterence wave genew
rator output.
Firing signals.

Fig. 7. Control signals.

Fig.8. The phase terminal voltage.
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200.0 -
180.0
180.0
170.0
166.0
150.0
140.0
130.0
120.0
110.0
100.0
20.0
80.0

, Load current {(amp).
70.0 S I S B S W N L R O 30 e AU B L O L B A

00 05 10 1.5 "20 25 30 335 40 |
Fig.9. Controlled external characteristic at Ny =1200 r.p.m.
6 © @ @ measured.

calculated

11;_0-;01,:‘Pe(pf),°, :
b Co= 120 pf.
100.0 " *

o

90.0
1.0 , €— Cp=81 pf.
70.0
800
50.0
40.0
30.0

20.0

10.0
Load current (amp).
IREany

65 1.0 1.5 20 25 30, 35 40 45

Fig.10. The profile of the additional capcitor (Cg)
versus the load current at Ny=1200 r.p.m.
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- 224 -



G | RN PO

Moa sl s lp Mg e 8 clitell (Seall

oy gd > il dagdl @B Gl Els dalnedl gl wladse e
Sl daS aesl 33 KYEN I V- S L ohetdl depm o b8 o diey <ol

g sk ol e wsd e Jendl G ol e g8 e o Jpandly

Gasl oS 5 (Sl al¥l o el s> S Jpaadl GSell e Jreaddl

il B Jasdl s e sendl ggiee mii Jo ol e Ghe Yol oS
* A s—&_‘l b l wﬂ "" “I’J: c)wl

o 3ol loge e phidiil ol e i oS Gl lie
Gl Gl s oSay Uiy il plasanl lgd Sl ol ddis> dedles
el dagly 5 oSoall GoydUl Gaig SV G50l 3805 puasl o3 39y el poss
Sy ey il dand, (Sou 3 o Jpasdl Ser i Sl wlop gl

e dol s BLBY! age el dplbedl el Cluad g b JuloS Jes 3
Jeloill e Jaas @ LS cclb e sk dadl dad o Joodl s @M Sl
Aol bl e Slasl oSl ooyl e ol Gyl $Ssdl dudee bid
el Lgll Y1 F S Aol oyl S A iiell EhybIL s (Soally dpdandl
. c)__la." KIS, S S Jor U

- 225 -



