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SELF CONTROLLED EXCITATION SYSTEM FOR CONSTANT
POWER=-FACTOR OPERATION OF SYNCHRONOUS MOTOR

H, A. ABOU-TAEL M., M, I, EL-SHAMOTY S, A, EL-DRIENY

Department of Electrical Engineering,
EL-Mansours, University, EL-Mansoura, Egypt.

ABSTRACT:

Operation of synchronous motors at constant leading power
factor is one of the operation mocdes, for which synchronous
motors may be deslgned, Under this mode of operation, the gene-
ration of reactive power is directly proportional to the active
power consumed by the motor, A static execitation arrangement,
ircluding an uncontrolled rectifier and a compounding transfor-
mer, is one of control sysatems which are suggested for holding
the motor power factor constant,

This paper demonstrates the mechanism of self controllability
performed by the compounding transformer which has been modi-
fied and constructed in the Electrical Engineering Department,
ElL.Mansoura University. In addition, the paper gives a sugges-
ted equivalent-circuit of the transformer and the corresponding
vector diagrams; both at no-load and under load conditions,
Thereby the proper compounding effect can be determined,

Resulis of the laboratory investigations carried out on
the test model has been discussed and compared with thoge ob-
tained under manual control., The self con%rollability'showed
by the system in holding the motor power-factor constant, irre-
spective of the load variation, is a major advantage which may
be added to its reliabilty and simplicity.

INTRODUCTION:

One of the basic advantages offered by synchronous motor
drive, is the generation of reactive power, This reactive power
i required in large industrial plants to improve the overall
power-factor, Synchronous motors are able to supply reactive
power, in addition to the developed mechanical power, when they
are over-excited, Here, the machine must be designed to work at
a leading power-factor and it operates partially as a synchron-
ous capacitor,

In order to minimise the machine currents, both of the ar-
mature and the excitation, synchronous motors motors must be de-
signed to operate at unity power-factor, This way the machine
develope mechanical power only and has no respongibility towards
reactive power, Such a machine is suggested to work who{e the
time at rated load.

Away from the unity power=factor operation, the synchronous motor
ogeration can be clasgsified into two typest operation under con-
stant excitation, and operation at constant power-factor, For both
types, the machine is suggested %o drive a variable load.
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In the first type of operation, the motor will operate with-
in a range of leading power-factors, The limits of this range de
pend on the excitation level, which is assumed to be constant,
and the loading range, Under constant excitation, the machine is
forced to supply more reactive power when it ig iightly loaded.
In this case a certain inverse proportionality is existing bet-
ween the generated& reactive power and the developed mechanical
power,

In the second type of synchronous motor operation, the reac-
tive power supplied to the network is directly proportional to
the aotive~power demand or the developed mechanicel power, It de-
pends mainly on the rated power-factor and the machine current
which depends inturn on the required load, In this type of opera=
tion, hofding the machine power factor constant is es ablished
by controlling the field excitation, Here, the field winding must
be designed for a range of excitation current, The upper limit
of this range depends on both rated power-factor and rated load,
Thermal stresses exerted on the field winding at this limit must
be taken into consideration,

One of the more economic, simple, and reliable control Y e
wems, which are suggested to hold the motor power-factor congtant,
irrespective of the load variation, is the statio excitation syg=~
tem through a compounding transformer [1,2,3]. A modified model
of this transformer has been constructed a% the electrical machine
laboratory of ElL-.Mansoura University. The model has been employed
to build the mentioned control asystem in conjunction with a 5-KVA,
220~V test synchronous motor,

SCHEMATIC DIAGRAM:

Figure (1) shows the basic schematic diagram of a synchronous
motor excited from a static exciter which is supplied from infinil-
te busbars through a compounding transformer, The static exeiter
is mainly an uncontrolled, three-phase, fullewsve rectifier bridge.
The compounding transformer consists of three different windings:
(1) eurrent windin§ ( 1) voltage or potential winding, ( 1ii ) se=
condary winding, A 1 the three windings are carried on a single
core to form one core type transformer, In this transformer, each
limb carries a potential=-, current-, and secondary-coils which
belong to the same phase.

Each potentisl coil, P,C,, is connected in geries with an exter-
nal brench formed from a movable core reactor, Xp » in series

with a controlling resistance Rc.

The potential coils with the extermal branchs form a balanced star
connected aoross the supply terminals, The current coils are con=
neceted in series with the lines supplying the machine, Therefore,
the current coil, C,0., is equal to the phase current of the mach-
ine armature whieh is star connected 3 I, = Ia « The secondary

windings are commected in star or delta to supply the static exci-
ter which supplies in turn the field current,

A synchronous motor may be commonly started by either of the
two following methods
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Fig.(1 ) s Schematic Diagram

An auxiliary motor which brings the motor up to the synchronous
speed, The synchronous motor is then synchronised to the supply
system in the same menner as far the synchronous generators,

Direct starting of the machine as in an induction motor by means
of a starting winding, This winding can be mainly the damper
winding which must here be designed for both machine starting,
and damping out speed oscillations due to pulsating load torques.
The field winding is short-circuited through a discharge resis-
tor during the sfarting period and is connected to the static
exciter as the motor approaches synchronous speed, If the tor-
que requirements of the load and its inertia do not exceed the
pull-in torque of the motor, synchronism will result.

In the first method of starting, the machine will be self-excited
through the compounding transformer and the rectifier bridge.
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In this case, the potential windings are responsable for esmtabli-
shing the secondary line voltage which must satisty, through the
rectifier bridge, the excltation levsl required for synchronism,
After the machine has been synchronised and the auxiliary motor
is being discoupled, the synchronous machine will operate as a
motor at no-load and somewhat lagging power factor,

In the second method the motor can be of course started under
load, The power factor attained Just after synchroniam, dependa
on the excitation level offered by the excitation system.

In order to domenstrate the oontrollin% mechanism of hold the
motor power factor constant; the moment just after synchronfsation
in the first method of star%ing will be considered as the start
point of analysis,

CONTROLLING MECHANISM:

The ocontrolling mechanism performed by the compounding transe
former, in order to hold the synchronous motor power=factor conge
tant can be preferably explained by an equivalent~girecuit and the
corresponding complexor diagram, The suggested equivalent circuit,
FPig. 2), combines mainly between the comgounding transformer and
the machine, The transformer is assumed to be ideal and therefore,
the transformer leakage-~ and magnetising reactances are not present,
The gynchronous motor 1s represented by its synchronous impedance,

za = + ij s and the excitation voltage, Ep .

X Ra
Eeao%or —_—

v L] L 0‘
T Lyo * Tor
- My

1::_1:% z'T

FPig,(2) ¢t Equivalent Circuit,

No-Load Complexor Dlagram:

After synchronism and the auxiliary motor still coupled, the
machine will operate as a floating machine, i,e,, it wi not con-
sume or supplg any current, In this case the induced e.,m.f. inside
the machine, Bfe , opposes the terminal voltage, V , and the com=
pounding trans¥ormer satisfles the corresponding excitation Ifo'
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O
/a/ No-Toad. /b/ Under-Toad ¢ SQ,\_Q:‘\
<y
Pig. (3 ) t Vectorx Diagranm,

In accordance with trie transformer operation, this case can be
considered as its no=-.load. As the compounding trangformer 18 ass-
amed to be ideal, Fig. (3-a) gives its mno-load complexor diagram
veferred to the volt;age winding, Tue to the resistive nature of
%he field cirouit tlae no=load ourrent of the potential- and
secondary- windings, I and -I; o respectively, are equal and in

phase with the no=l.0.ad voltage of the potential coil, vvo .
These currents are related to I, by the transformation ratio,
a, = T /g 9 and the ocurrent coefficient of the rectifier bridge,
K i The proper nvmber of turns of the potential- and secondary-
windings, T, and 7, .respectively, can be decided in similar man-

per as that in refercncel 4;}.' It may be noticed here that small
ad justments in the mzichine terminal voltage before synchronising
can be attained by controlling the reactor voltage, vRO , through

the movable core, As it is evident in ‘the com lexor diagram, this
voltage is in cpuadrature with V. Under no-load condition, it is

also assumed tlnat the current through the current coil, Ic' , 18
equal to zero., In thiis case there is no compounding effect and the
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voltage winding is responsable alone for providing the required
excitation for the machine in floating case.

Complexor Diagram Tnder Load:

Discoupling the auxiliary motor and the machine is already
synchronised, forces it to operate as a motor. In order to exp-
lain how the motor will operate at constant power-factor, irre-
spective of load variation, the complexor diagram under load
must be at first declared,

Agsuming that the machine is already loaded with a given load at
a rated power-factor, the armature current will flocw through the
current-coil and creates two corresponding currents in both the
potential~ and secondary-coils, Referring to the suggested equi-
valent circuit and the corresponding complexor diagram under load,
Figsd 3=b), these two currents can be considered as the two compo-
nents of & halancing current Ig « This current will be establi..

shed mainly in the mu}ual branch and has lts active~ and reactive
components;,iga and icr » along the e.m.f.-axis and theg> -axis,
regspectively.

-~ Determination of the current-coil number of turms, Tc H

Having a look at the complexor dlagram Fig.(3=b), it will
be seen that the active component Ica will be established in the

same direction of i%o o Also, it will find its path through the

secondary=-gide which may be considered as a resistive circult, due
to ite nature, Accordingly, the secondary current under load IéL ’
can be obtained as 2

*r Lo “p
sy = Is0 * Lea ()

Its value IéL is the mathematical sum of I;O and I;a s and it
mugt satisfy the required excitation 1eve1,(IiJIl s under the

given load and rated power-=factor.
This current(II)L must be a known value from the regulating cha-

racteristics of the machine.
Beginning with(If)L and going back to the potential coil, through

'

ay and ki y the corresponding value of the secondary current ISIl
will be known, As the value Ig, is already known, in a similar

manner, under the floating condition § the wvalue I;a can be deter-
mined as :

r

r r
Tea = g1, = Iso (2)
but, from the complexor diagram Fig,  3«b):
’ ’
Log Ic 08 o
or
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»

IcanI'c col (« + @)

from which the ourrent of the currentecoil referred to the poten-
tial coil, Ic y can be determined am :

I;- Iga/co(w-s- <) (3)

In this relation both les musy be known: the first angle w is
the phase=shift between and ¥, end the second angle ¢ corres-

vo
pends to the rated power-factor, Having the valus I; s the proper
value of the current ccil number of tumns, T, » can be determined
by
’
' To=T/lg o Oy ( 4)
where IO " Ia .

-~ Compounding effect 3
It is obvious from relation( 3 ) that s

Ica/Ié = co8{~ +9) = congtant

Therefore the variation in the active component I;a ,» and inturn
the exciting current-variationt:slf s Will be proportional to the

armature current, Consequently, a corresponding commulative com-
ounding effect is obtained, This effect will be there so lon
v+ @)KT/2, 12 the angle (v +4)is equal to or greater than 1r§2,
the compounding effect will fanishes or will be reversed to be
differentially, respectively. Accordingly, the anglewm plays a
great role in determining the operating power-factor range of
the motor in the leading region. ,

In accordance with the reactive component Icr y it will find its

path mainly in the circuit consisting of the potential coil, the
external branch and the supply. Therefore, the current of the
potential coil undexr load, Iy, » can be suggested to be 3

Ipp = Iyo + I, (5)

It is evident from the complexor diagram, Fig. ( 3=b}, that i;r

improves the overall power=factor of the compounding transformer
itself, It can be happen that iVL becomes leading.

- Determination of the controlling resigtance, Ry 2 ,

Due to the voltage drop caused by the active-component Ica '
the voltage across the mutual-branch raises from Vi, = =750 to
Vyr= ‘&QL along the same axis to reach a point such as m.

The attained voltage corresponds naturally to the required exci-
tation level under load and rated power-factor,
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It is, also, naturally known that the voltage across the reactor
under load, an , must be perpendicular to the current through

it, iVL . This voltage ?RL mist begin under the mentioned condi-
tion at the end of ¥y , the point m, but it will not meet the

end of the terminal voltage V3 if it is required to maintain the

rated power-factor copstant. .
The matching between Vyo and ¥ through V.. only will cause the

current ic to rotate towards the voltage V. In turn the motor

power=factor will not maintained constent. To prevent the var-
iation in motor power-factor due to load, proper matching can
be occured by having an additional controlling resistance Ry in

the extermal branch, It will be connected in series with the re-
actor, The voltage~-drop across this resistance, V4, , in addition

to &RL offers the proper metching,., This way, the motor power-

factor can be maintained constant at rated value § irrespective
¢f load varistion,

Paving the complexor diagram under rated-load, drawn fo scale,

and holding the condition that Vp, is vertical with L ., the

voltage across RC can be determined, Therefore, the controlling
resistance can be determined by

Rg = Vo / Tyg, (6)

Praotically, thie resistance can be determined for a range of
rated power-factor, Just it has been adjusted under rated load
to get a given rated power factor; the machine will operate
from no=-load to full=-load with the same rated power-factor,

LABORATORY INVESTIGATIONS :

According to the above suggestions, a laboratory test model
of the compounding transfoxmer, as well as the relevent reactors
and controlling resistors, have been designed and constructed at
the Electrical Machine Laboratory of El-Mansoura University.

The transformer and the mebtioned auxiliaries have been used with
an uncontrolled three-phase rectifier to build a self controlled
excitation system for a 5-KVA, 220-.V synchronous motor, Ag a test
model, the system was equiped with the suitable arrangements to
drive the motor at a wide-range of rated leading power-factors,
The synchronous motor is coupled mechanically with a DC machine,
which has been employed to start the first machire as a generator.,
The excitation required for synchronisation was successfully
supplied, through the compounding transformer, from the machine
terminals itself in form of a self excited alternator,

The small regulations in the machine terminal voltege was per-
formed by €dju3ting the movable cores of the reactors., The var-
iation in Vp, forces VVO , and in turn S0 ? to vary in a revex-

se manmer, The excitation level will vary correspondingly to get
the required voltage regulation,
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After synchronising the main machine, the UC machine wan foreed,
through its excitation, to work as a generabor Lo feed itu power
back to the DC supply. This way, the synchronous motnr can be
loaded for a wide range within the rated armature current,

If the motor is required to operate at a given power-facior, two
different adjustments must be carried out at no-load and reted
load, The first adjustment is to done by varying the veactor
voltage, and in turn the angles~~, to get the proper no=load ma-
tehing between Vyo = =Vg, and V', Thereby, the resulting ezcita-

tion level forces the motor to operate at the given power-Lactor,
Under load and rated armature current, the controlling recistore
are to be controlled slmultaneously in oxder 4o adjust the motor
power-factor again to its rated value, Having both adjustments
carried out Just one time, the given power-factor will be main-
tained automatically constanti irrespective of load variatlions,
Even the motor is swltched off and restarted again, further ad-
Justments are not needed 1f it is required that the machine
operates at previous gower faotor,

Results of the laboratory measurements taken on the gystem arc
given in the Figures (4) to (6), Figure (4 ) show the power-factor
constancy, irrespective of the variation in load, for a group of
ieading power-factors lies between 0,6 and 0.9 , It may be no-
ticed here thet each time; the proper number of tums of the car-
rent coll must be considered, Therefore, the current winding ig
provided with suitable tappings,

Figure ( 5) compares between the manually-controlled and self con-
trolled regulation characteristies of the motor, Tn the first
case, the motor is separately excited from a conventional D7
sourse, The power-factor is held constant, each time, by manual
adjusting of the excitation, In the second ¢cage, the curves

show the steadghstate performance of the self-controlled excita~
tion s{stem; They coinclde, nearly, the curves obtzined by umanuzl
control,

As mentioned before, synchronous motor operaticn under congtant
power-factor alms mainly to have 1ncreas¥ng reactive-power output
with increasing mechanical load, Figure ( 6 Y presents this rela-
tion which seems of course to be of a sinusoidal nature,

Laboratory investigations have also been carried out to
replace the three individual resistors by an electronically ad jus-
ted single resistor across a three-phase rectifier bridge,

Such an arrangement is simple and permits for feed back COMPeN-
sation due to thermal effects in the system,

CONCLUSION:

Compounding transformer is one of the basic elements of a
self-controlled excitation system, which may be used in maintain-
ing the synchronous motor power-factor constanty irrespective of
the variation in load, In this paper, the controlling mechanism
of such a system has been suggested and discusseg to show the ne-
cessity of an additional controlling vesistor in the cxternal
branch, This resistor is required to achieve the proper matching,
whole the time, between the transformer input voltage and the
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motor teminal voltage., Thereby, the motor power-factor can be
maintained congtant for a wide range of armature current,

The experimental investigations on the test model show a
good constancy of the motor powerefactor for a group of values
lies between 0.6 and 0.9 lead, The self controllability of the
gystem is approved by comparing its steady~state regulating
characteristics with those obtained by manual control.

The proposed system offers for the industry a robust, cheaper
and more reliable self=controlled excitation system of synchro-
nous motors operation under constant power~factor.
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