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ABSTRACT

The combination of a rigid-impulsed inverter and a synchronous
compensator for supplying an isolated AC load, is one of the moet
economical solutions for adapting the raw electric energy supplied
from a DO 1ink, This system has an oscillating nature due to the
lack of synchronisation between the air-gap rotating field and
the rotor field inside the compensator machine, The resulting
oscillations are actually too small but may lead to system in-
stabllity or inverter-failures, They are affected by the system
paramters and the applled type of control,

This paper presents the energy-loops as a helpful tool in
predicting wheather a proposed system of such a structure will
maintain stabllity or not. Thereby an optimal dimensicning of
the system parameters can be ensured,

LIST OF SYMBOLS
infinite bus-bar voltage ;

Vo = common terminal veltage in the proposed system ;

E $= voltage behind the ocompensator stator leakage reactance
Ef = AC excitation voltage 3

f 3a infinite bus-bar frequency ;

fo 1= rigid inverter frequency

Iiy ¢= AC inverter current ;

Ig = compensator stator current ;

I, := load receiver current

Rg $= compensator stator reaistance ;

Xg := compensator stator synchronous reactance ;

Z; := oompensator subtransient-reactance 3

Xe := subtransient-reactance of series winding with the syn, m/c ;
Zg = compensator synchronous-impedance ;

J  := inertia-coeffloient of compensator-rotor

D = damping-coeffioient due to friction and windage losses ;
Tpo := damping torque (=D.w,} , due to Pr.y 3

ovwp = speed difference between the rotor speed w_ and the refe-

rence angular frequency w, , 1n elec, rads, ;
™ = arctan (Rg/Xg) 3
E} := advance angle of the inverter , in elec, rads,
t= load angle of the compensator , in elec, rada,
‘¥ 1= commutation angle , in elec. rads.

A1l the above variables and constants are considered in SI units.
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1.0 INTRODUCTION

Electric power generated by special projlects, such as wind-
mills, shaft-driven alternatora , or solar energy plants
ueually needs to be adapted to sult the specifioations of iso=-
lated AC networks, In particular, the frequency and the termi-
nal voltage must be oonstant,

One of the most economical solutions for this problem is the
uge of a rigidly impulsed inverter, Fig,. (1), to receive the gen-
erated power from a DC-1ink, which will be supplied in its
adapted form to the load, In this case a synchronous compensa-
tor will be needed across the inverter AC-side to ensure nat-
ural commutation and to supply the reactive power required by
both load and inverter., Triggering lmpulses of the lnverter
must be generated independently and ite frequency must be equal
to the load frequency.

3ph Inverter
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Pig.(1): Schematic Diagram,

Stabllity of such a system is affected to a great extent by the
its parameters and the applied type of control, If these parame-
ters are not dimensioned precisely, 1t is expected that the com-
pensator machine will operate under osolllating conditions,
The suggestion of feed-back control between the rotor angular-
posaition and the impulser frequency , to prevent these oscilla-
tiona, must be avolded; in order to hold the load frequency
constant, Therefore, the system may be assisted by one or both
following conventional controls ;

i. control of compensator excitation ;

ii, control of voltage behind the smoothing reactor,

The firat type of control is suggested to maintain the terminal
voltage constant, The second type aims to hold the advance ang-
le P of the inverter at a proper constant value,

Introducing both controls improve the overall system stability.
Accordingly, 1t seems necessary to study the stabllity of such
a system in order to ensure a higher degree of rellability,
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avolding inverter fallures, and minimising the overall capital
costs [5].

In this paper, a stabllity study of synchronous compensator
operating across a rigidly impulsed inverter wlll be carried
out, It presents the energy loops as a suitable method of inves-
tigating the stabllity of these systems.

PRINCIPLE OF ENERGY LOOFS

In a synchronous machine under nommal running condition,
the relatlve velocity between stator and rotor fields 1s zero,
Whenever this relative veloclty 1s disturbed, synchronising res-
toring torques tending to malntain thils equality come into play.
This tendency of the rotor to attaln synchronous speed after a
slight disturbance, is the basio reason for the analysis of syn-
chronous machine dynamics, This analysis is based on the electro-
mechanical or dynamic equation which describes the synchronous
machine behaviour under oscillating oonditions. Thig equation in
1tg primitive form 1s

T, + Tm = TJ (1)

where Te¢ , Ty and Tj are the electrical developed torque, the
mechanical torque and the inertia-torque, respectively.

A synchronous compensator is actually an over excited synchronous
motor operating at no-load, Therefore, a better understood of the
compensator behaviour, when operating with infinite bus-bars under
both steady and oscillating conditions, can be gained when the
same behaviour of the motor is firstly recalled,

Synchronous Motor Operating with Infinite Bus-bars :

The above dynamioc equation 18 the base of the proposed analysis.
In this equation, the developed electrical torque, Te, consists
malnly of two components: the synchronous torque Tg and the asyn-
¢hronous torque Tag. The first component is due to the angular
position or load angle & between the machine and the bus-bars,
In other words, it 1s due to the phase difference between the exci-
tation voltage Ef and the terminal voltage ¥V, Fig, (2-a).
This torgque can be determined by :

. Ty = (p/wo).Ef.IB.coB(¢%+5) (2-a)
2
Ty = (D/Wg)e ‘I.Ef.sinf,5+o<)/zs - (E/2,)¢.R (2-b)
For simplicity, the following relation can be also used :
T, = (p/wo),(V.Ef.sinS)/xa (2-c)

The second component, T,g5, i8 due to any difference in the
angular velocities of the air-gap rotating field, established
by the stator currents, and the rotor field, Thia slip speed

gives rise toc the production of asynohronous torque ,by th%
machine damping circuits, in such a direotion to minimise the
difference 1in %he two angular velocities, This torque can be

determined by [4]
Taa = Lp/wOORk] . Loné/ (xe*'x;)) 2. (1-\\'1'/“0) ( ) )
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It depends on the air-gap voltage E and the subtransient react-
ance Xg. Naturally, the equivalent resistance for the damping
circults Ry plays a great role in the reeulting damging effects.
Also, 1f the men'ioned difference in the angular velocities is
varying with time ; inertia torque Tj will be establlshed,

It can be determined by

Ty = (J/p). dwp/dt

or

TJ =(ch0/p)o d(Wr/Wo)/dt (4)
Consequently, and as Ty==Tsgh in synchronous motor operation,
equation (1) becomes :

Ts+Tas=Tj+Tsh (5}
Under steady-state, the synchronous torque will be equal to the
shaft load torque, Tg=Tgh , and the operating point will depend
on the angular position §. This point moves along the ordinary
torque-angle curve of synchronous machine connected to infinite
bus=bars, Here and due to exsisting mechanical output, a complete
active energy conversion process takes place, and such a curve
is actually available,
Distubances in motor operation may be caused by sudden change of
load, A sudden increasing ,for example, in the shaft lvad must
reduce the motor speed momentarily so that load angle & inorease
to supply the additional load, Before the rotor settles down to a
new value of load angle, the rotor oscillates about its final
equilibrium position, As-a result of it, the rotor speed fluct-
uates around synchronous speed, The nature of these oscillations,
elther large or small, decides the method by which the electro=-
mechanical equation will be solved, This equation is a non-linear
equation in & and it can be linearised for both small and large
oscillations [2]. Stability creterions, such as the equsl area
creterion, had been derived in order to predict wheather the
machine will maintain stabllity or not.

Synchronous Compensator Operation with 1nfinite Bus-bars :

24241 Steady~-state Operation

In case of operating the synchroncus machine as a compensator,
the mechanical torque Tp is only to overcome the friction and
windage torques Tp inside the machine, Therefore, equation 5
can be rewritten an

TS+TaB=Tj+TD ' (6)

Under steady-state conditions ,wp=w,, both Tg and Tgs will be
equal zero and equation (§) yields that :

where N S N oo

In a synchronous compensator the relation between Ig and Er ia
represented by the Vecurve of synchronous motor operating at
no-load,
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This relatlon depends mainly on the excitatlon level.
Increasing the excitation, for example, results in increasing

E¢ and, in turn, in increasing both Ig and ¢?g., In this case

tﬁe machine willl operate at a more leading power factor and de-
livers more reactive power, In accordance wlth the synchronous
torque developed, the increase in both Ef and Ig will be compen-
sated by the increase in ®g, Eq.(2-a), and 1t will be constant
to a great extent, Variations In the load-angle due to varying
exocltation level are negligible, and & will be constant as long
as wp 18 constant, The corresponding complexor phasor dlagram
is given in Fig.(2-a), It 1s shown that oa and mn will be the
loci of the excitatlon voltage Ef eand the stator current Ig,
respectively. Thus, for compensator operation under steady con-
ditions, a Torque-ﬁngle curve 1s not exclsting. The machine has
a unique operating point &,, at which TgaTp.

2.2,2, Oscillating Operation

Assuming the compensator 1s running at synchronous speed,
i.e,, the slip speed, aWp=Wo~wy , i8 equal to zero. Any small
osclllations in the angular position of the compensator rotor
with respect to the rigld reference V, may be happen due to
sudden variations in the excltation level, or due to lack of
natural damping, In this case the angle & will oscillate around
its nominal value, §, , which 1s assumed to be constant,

Assume that, as the rotor starts to oscillate, at 6=6,4 , the
speed difference awp, starts increasing from zero in opposite
direction to rotor speed. The resultant speed will be less than
the synchronous speed, The rotor will decelerates to minimum
speed at bp4 and then accelerates to synchronous speed at 555
as shown in Fig.(3), As Awyp increases from zero at $a1 1t has
1ts maximum value at &p4 and then decreases to zero at éag.

For 5a1¢5<5b1, the synchronous tcrque Tg is less than Tp ,i.e,
Tg 18 negative, and the corresponding power Pg5 is not able to
supply the higher damping lossees Pp, It 1s known that for rotary
motion : (torque) x ( angular displacement) gives work done and
represents energy, Therefore, the area A1 under the Tg-curve

and the line of Tg=0, while & is lncreasing from §51 to &pq 3
represents the tetal energy extracted from the rotating mass,
As the rotor-speed starts to be less than wy ; Tgg will be esta-
blished in ite motoring form ,positive slip, in order to accele-
rate the retarding rotor. It has its maximum value at &pq ,mini-
mum speed, and then decreases to zero at §a5 , where wr =wg.
As the position &h4 1s reached, both electrlical torques Tg and
Tag are asslsting each other to recover the rotor kinetlc-energy
loss. Therefore, the rotor speed starts increasing at Spq to
reach synchronous speed at $a0 (Awp= 0), at which the lost kine-
tic energy 1s replenished., The area A2 under the Tg-curve and
the 1line of T, =0, while & 18 increasing from Sb1 go &a> ; rep-
resentes the B%OIGd energy in the rotating mass as both Tg+Tgs
are greater than Tp., Now, 1t can be found out wheather the mach-
ine stability is maintained or not @ .

1, If area A2 greater than area A1, the compensator remains
in synchronien,
i1, %f arga A2 equal area A1 , the synchroniem i1a just main-
. talned,
ili, If area A2 less than area A1 , the compensator falls out
of step.
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a with Infinite Bus-Bars b with Inverter
Fig.(2): Compensator Phasor Diagram.

Fig.(3): Energy-Loops.
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To be more sure of stability maintaining, some few succegsive
oscillations must be studied in order to observe whether the
operating point approaches the equilibruim point‘a’ or not [4].
The analysis of the second oscillation beginns at a2 where the
rotor is running at eynchronous speed and both aAwp and Tpg are
equal to zero, but the electrical developed torque Tg is maxi-
mum and greater than Tp. Therefore, rotor speed must increase
beyond Wy, Now aw 18 in the seme direction of rotor speed and

the load angle & beginsto decrease, On the back-ward Journy

from the operating point corresponding to §a2, the asynchronous
torque Tag, beginns to be established in its gererating form in
order to retard the accelerating rotor, In addition, Tg will be
decreasing, due to decreasing H , to be equal to Tp at &p2.

At this moment the rotor hag the maximum speed beyond wo and
stops to storage energy. The energy stored in the previous per-
iod, while & is decreasing from §a2 to S5p2, is given by area A3
under the corresponding portion of the Tg-curve and the line of
Tg = 0. Gontinue?ng at the same morent, §p2 , it will be obser-
ved that Tgg has its maximum value while generating action begin-
ns to be decreasing, Alsc Tg will be smaller than Tp and the
rotor energy starts to be extracted as a trial to accelerate the
decreasing rotor-speed, The load angle § continues its decrease
to reach 533 , at which awr becomes zero and wr= wp. At this
moment the asynchronous torque Tag is equal zero and stops the
process of extracting the stored rotor energy which begun at Sa2.
The area A4 under the Tg-curve and the line of Tg=0 , while§

is decreasing from Bp2 to Saz , represents the extracted energy
from the rotor mass through this oscillation., For stable opera-
tion the principle of equal areas still applies ; A3 = A4,
Thereafter, the rotor speed will continue to decrease and a pro-
cess similar to that was happen at &5¢ will start, Following the
successive oscillations, it will be found that the curve Tz again-
st & forme a spiral of approximately elliptical form ; the energy
loops, as shown in Fig.(3),

Now, final deciglon about the machine stability can be formuylated:
a- tr each successive oscillation will be smaller and the Tg-curve
converges the point of equilibrium‘a’at §o j; the compensator

machins maintains stability. ,

b~ If each successive oscillation will be larger and the Tg-curve
diverges the point of equilibrium ; the compensator machine
will go out of synchronism,

SYNCHRONOUS COMPENSATOR OPERATION WITH RIGIDLY
IMPULSED INVERTER AND ISOLATED LOAD

This mode of synchronous machine operation is a different one,
Neglecting higher harmonics, the complexor phasor diagram of the
compensator ,Fig,{2-~b), under steady-state can be constructed,

The diagram shows also the load- and inverter~currents with res-
pect to the common terminal voltage V,. The load is assumed to

be supplied at lagging power-factor and the inverter current -Ijp,
leads Vy by the advance angle B,.

In such a system and under all circumstances the principle of
power balance must be valied, In other wards the active gower con-
sumed by the machine and load be equal to that supplied by the
inverter,
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Also, the reactive power consumed by the inverter and load must
be equal to that generated by the compensator,
Accordingly, and having the terminal voltage as reference 3
(Lin)a = (IE)a + ‘IL)a (9-a)
and

(Ia)r = (Iin)r + (IL)r (9«b)
As the system is assumed now to be steady; the load and compen~
gator will have the same frequency as that of the inverter,
Consequently, the phasor diagram will rotate with the same angu-
lar veloeity wp= 27f,; where f, is the inverter frequency.
Conventional analysle of synchronous compensator can be applied
just in this moment and the angle © between Ef and ¥, can be
taken as a measure of synchronous torque Tg ; S0 long wrp= w,.
Ag 1t is mentioned before, the system under consideration
has an oascilleting nature due to lack of enough damping or due
to lack of proper control, Under oscillating conditions, the
rotor (in turn Ef) will be oscillating around an eguilibrium
position with the natural frequency which depends on excitation
level, synchronous impedance, and coefficients of inertia and
damping ; J and D respectively. For normal excltation, Ef= V¥,
and neglecting damping torque [3], this frequency can be
determined by :

f =2 (1/2“)- HO.IBC I‘ anr ‘10)

where Ig, 18 the short-olrcuit current corresponding to normal
excitation, This frequency is a result of solving the corres-
ponding dynamic equation which is the differential equation of
a simple harmonic oscillation :

J . (ad%8/dat2) + K .8=0 (1)

where Kg 18 the synchronous torque-coefficient :

Kg = Voelge / ¥y
The use of the demping winding is to damp out these oscilla-
tions and to diminish the above mentioned frequency, The cor-
responding dampling torque plays a great role in stebilising

the system, It can not be actually neglected here as the ghaft
torque is too small ; T4y ==Tp . For this reason the dynamic
equation, Eq.(11), does not represent the oscillating behaviour
of the compensator under consideration, another reason ias due to
the rigid reference of frequency. Equation (11} is derived main-
ly in&, the phase-difference between the rotor voltage Es¢ and
the terminal voltage V,. In our case, Vg 18 not an app11e5 volt=-
age, It 1s actuslly created by the compensator machine itself
and does not represent a rigid reference of frequency or angular
velocity as in case of the operation with infinite bus-bars,

It is also oscillating in a different manner as long as Ef is
osclllating and does not have a conatant magnitude. A rigid
frequency-reference within the machine variatles can not, unfor-
tunately, taken. It remains the rigid inverter-frequency, repre-
gented by the angular-veloclty wgp of the inverter current to be

taken as reference,
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Because of these two reasons the load angle & does not corres-
pond directly to the natural oscillation of the compensator,

Itas variation is affected also by the tendency of both the ma-
chine and the inverter to maintain the power-balance. Therefore,
the dynamic-ecuation becomes more complecated and does not have

a linear relation with& . Instead of this angle, the angle O(B+é!
can be taken +to represent the resultant varlations in the phase-
shift (B+8) between Ef and Ijp. These varlations are due to the
speed difference between wr 2nd wy, and the process of power=

balance,

STABILITY CRITERION

In order to study the stability of the compensator machine,
operating in such mentloned system, the principle of energy-
loops can be applied., It 1s difficult here_to have an explicit
relation between Tg and the variation A(B+d) in the phase shift
(B+8) which can be taken as a proper measure of the produced
oscillations. An adequate sclution of this problem seems possi-
ble through the relative speed wn/W, . Accordingly, the follow-
ing two first-order differential equations can be derived :

d(wr/wo)/dt = a.(TE+Ta T (12)

a D)

and
d(B+d)/dt = = w .(1-w /w) (13)

The first equation can be obtained from the dynamic equation,
Eq.(6), and substituting for Tg, Tgas and Ty from the equations
(2-b),({3) and (4) , respectively,

Also, Tp can be obtained by :

TD = TDO . Wr/wo
where TDO = D.wo

The numerical solution of both equations requires the initial
values of the involved torgques, for each successive time inter-
val, In order to investigate these values, an additional diff-
erential equation for I is almost required [1]:

dtId)/dt = Vd/Ld - Id.Rd/Ld - BN/Ld .V . cos B (14)

This equation gives the required inter-action between the system
and the LU-1link, where Ijn =(/6/m)Iq o

Solving the gystem conslsting of the above mentioned differen-
tial equations, in the time domain gives the apportunity to get
the relation between Tg and &(B+5). In other wards, it will be
possible to get Ty in the angle-domain, Thereby, the energy
loope can be performed as an adequate stabillty creterion of

the system under consideration,

DIGITAL RESULTS

The method is digitally programmed in three approaches: the
first approach does not consider any type of control. The second
approach considers the excitation control which aims to hold V
constant, The third approach considers in addition to the exci-




Mansoura Bulletin Vol. 1O ,No,

To Inveraion

‘a(&+81//////2f//r/f;.

2,

+T
A

December 1985 E. 47

e

First Approach

T¢ laveraion

— +a{f3+5)
gy/“'z "
®1-T¢ Second Approach
+!;

— ‘““h“““ﬂmﬂ\t)
f/”’jﬂj:::;:rhh\ +a(R48)

e,

«08

Fig.(4):

P

Third Approach

L

_T’

Energy Loops , Unity Load F.F.



E. 48 H.A.Abou-Tabl , M.M.,I. El-Shamoty end S,A,El-Drieny

[+-]

s

+T

/ Po Inversion

4
-Aal+5) :/*\ +a{R+s)
1,2 0.6 0/ 0.6 12
it

First Approach

Ty

tart
-o(d+})

Second Approach

@3) .+&(f5+5)

12

»081

Third Approach

Pig.(5): Energy Loops , 0.8 Lagging P.F.



5.1

5.2

b A

Mansoura Bulletin Vol. 10, No, 2, December 1985 £, 49

tation control ; the control of V3 in order to hold B also cons-
tant,

Test data was taken to be those of a proposed system under cons-
tructing in the electrical machine laboratory of El-Mansoura Uni-
versity. It may be noticed that the compensator machine has nor-
mal damping winding, Also, the terminal voltage has been reduced
in order to have an over-excited machine with rated current.

In order to study the effect of load power-factor on the system
stability ; two different values were taken : 0.8 lagging and

?
unity.

Energy Loops @

The energy loops obtalned by applying the three approaches
for each load power-factor are given in Fig.(4,5).
It is seen for both 18t and 2nd epproaches that the loops are go-
ing towards outsides They do not converge the equilibrium point
on the line Tg =0, The variation &(B+8), in both sldes, is going
to be larger, It is also seen for the second approach, which app-
lies excitation control, that the system 1is oscillating longer
before inversion in comparison with the first approach,
The excitation control helps in maintaining stability temporary;
but it fails at end due to lack of proper damping,
Applying the control of the voltage Vq behind the DC-link 1n ad-
dition to the exclitation control for the same system, results in
stable operation, As it is evident from Fig.(4,5), the energy
loops converge the positlion of equilibrium "O", at which Tg and
8(B+d) are equal zero. Applying the two types of control results
in holding both terminal voltage V, and its shift B, with the
rigid-reference constant, In this case the compensator machine
can be considered as 1t would be operating on iInfinite-bus bars,
It maintalins stability and stops to be oscillating,

Locl of V and Ef @

In order to get the loci of both Vp and Ef while the machine
oscillating and showing instable operation, 1st and 2nd approa-
ches; thelr r.m.s, values have been plotted against their polar
positions B and B=-8 , respectively, w.r.t. the rigid reference
Iin « 1t may be noticed here that the used convention assumes
negative sign for lagging . It is seen from Figs,(6and 7)
that these loci has also the form of loops. As the correspond-
ing energy loops shown unstable operation, they are also diver-
ging, As Ef is constent in the first approach, it has a circular
locus while the varying V, has a spiral locus, In the second
approach V, 1s hold constant by controlliing Ef, Tiierefore, the .
last voltage ,Ef, will show a spiral locus,

It 13 also deplcted in these figures the voltage and current
triangles at the two extreme velues of & in the last oscillation,
They are found to be closed and show that ¥V=0 , and LI=0,

This indicate that the principle of power-balzsnce was valid
while investigating the initial conditions for each successive
interval. As the oscillations of Ef in the 3rd approvach are not
noticeable, the corresponding loci are not given,
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6.0 CONCLUSION

An adequate stabllity creterion has been developed for a
synchronouns compenaator operating with a rigldly-impulsed
inverter to supply an isolated losd. This creterion is based
on the principle of energy loops. Conditions concerning
stabllity are found to be :

i, If each successive loop will be smaller and converges
the point of equilibrium j the compensator will main-
tain stability.

il. If each successive loop will be larger and diverges
the point of equilibrium ; the compensator will go
out of synchronism.

111, If each successive lovp traces the same locus § the
compensator will operate under quasi steady-sctate
condition,

The digital results show that a synchronous compensator
having & normal damper willl not be able to maintain atability,
Applying contlnucus control to the excitation voltage and the
voltage behind the DC-1link ylelds the machine analogous condi-
tions aimilar to those due to operating with infinite bus-bars,
Consequently, the machine will approach stabllity and inverter
failures will be avolded.
In accordance with the system voltages and currents, it 1s found
that their loci againat the correaponding angles forms also loops.
Examples for the terminal and excitation voltages are given,
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