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ABSTRACT

The object of this Thésis was to investigate the possibility of
using cohplex pole ~ zero compensation on a generator infinite bus system
employing frequency as the feedback signal. A comp lex comﬁensafor was
implemented on a real machine infinite bus model power system and its

performance was compared to that of a real root compensator having the

Ks
1+ Ts °

produce favorable results for a parTicdlar system configuration with a

The results indicate that the comp lex compensator can

form
substantial range of operating conditions for that particular configura-

tion. However,it is obseryed-fha+ real root compensation can perform

Just as favourably as complex root compensation.
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NOMENCLATURE

the generated voltage behind the machine transient

reactance. (L-L volts)
the infinite bus voltage (L-L volts)

The external system reactance.between the generator
and the infinife'bus. fp;u;)

the exTernal system resistance (p.u.)

angle between The'quadrafufe axis and the infinife
bus.

frequency .or speed (when p.u. values are used either

definition applies)

undamped. natural frequency
damped natural frequency.

damping ratio

"mechanical power due to prime mover (p.u.)

electrical power (p.u.)

mechanical torque ‘due tfo pﬁimé mover-(p.u.)
synchronizing torque component |

damping torque component

torque applied to machine shaft

machine speed (radiahs/second)

momenTt of'iherTia of the synchronous machine rotor
terminal volfage |

reference voltage

- generator field voltage




voltage proportional to direct axis flux |inkages.

prime mover damping (p.u.)

inertia constant (sec)
exciter gain
Heffron - Phillips constants
exciter time constant (sec)
open'circuif field Time constant (sec)
effective fjéld time constant under load (Tdé = k3de6 sec.)
short circuit field Time constant (sec)
direct-axis synchronous reactance (p.u.)
dirécT—axis transient reactance (p.u.)
direcT—axfs éuanansien+ reactance (p.u.)
quadrature-axis synchronoué reactance (p; u.)
quadrature~axis transient reacfancek(p;u.5
quadrafuré—axis subtransient reactance (p.u.)
stator resistance (p.u.)

stator leakage reaéfance»(p.u.)

magnefizihg reactance (p;u.)

voltage accross the magnetizing reactance (air gap
voltage)

current reatio between stator currénT and field current -
field current |

stator current

stator voltage (during frequency response Tesfs)
operational inductance for the direct axis.

unsaturated synchronous inductance




- NOTE:

mutual inductance
leakage inductance

impedance measured at the stator terminals during
frequency response tests

impedance of the machine equivalent circuit referred
to the stator terminals

inductane of the first branch of the equivalent circuit.

resistance of the first branch of the equivalent circuit

inductance of the second branch of -the equivalent circuit

resistance of the second branch of the equivalent circuif
uncompensated system transfer function
compensator fransfer function

24 settling time (sec)

: magnnTude of the real part of the domlnanT root of the

system in the  s-plane.
Lapiace operator

used as a prefix fto indicate small change

All quantities are in.per unit on the machlne base unless .

- otherwise indicated.




CHAPTER |

INTRODUCT ION

Stability of large electric power systems has been subjected to much

concern and‘discussioh of late. In recent years There has beeﬁ a frend
to extensive interconnection of power éysTems so'as to increase reliabil-
"iTy and to obtain the economié benefits of new blocks of generation.

_ waever, these aims can only be realized if Thé interconnected system
feméins infacT and does not break up and lose synchronism when subjected
to disTurbanées. Because of these developments, the problem of sTébiIiTy
has created more concern;

Inereasingly large power systems not only contribute to inherent
“instability but, as a direct éonsequence of Their size, they Turn the
problem of ahalysis into an extremely difficult task. A large system can
 possess a wide fange of operating conditions and be subjected fo a large
vvarieTy.of disturbances. :Also, because of the nonlinear nature of A.C.
poWer transmission, the ability to efoapola%e from one operaling condi- -
tion to the nexT'cannoT be done with confidence. Bearing this in mind,
it can be seen that any particular solution to a stability probiem will
i prdbably have only é limited range of application unless some means of
adapfihg‘or updaTing.The solution to changing operating variables is .
found. |

lnTerconnecTéd system stability is degraded when certain parts of
the s?éfem exhibit tendencies ftoward dynamic instability. Small speed
variations occur continuously during normal operation with corresponding
variations in angle djffefences and generator loads; The system is dy-

namically'sféble if these variations diminish with time. Conversely,.




if thesevariations increase with fime dynamic instability will result.
Power oscillations may be initiated sponTaneously or as a result of a
disturbance and if Thé system is dyhamically unstable they will build in
magnitude until synchronism is lost. A common factor in such behavior is
long fransmfssion lines. As a result of this phenomenon the capacity for
stable power flow between machine groups is reduced and low natural oscif—‘
: iaTion frequencies that are poorly damped occur.

In view of the above discussion, this Tﬁesis will endeavor to in-
vestigate Thé pefformance~of a comp lex éompensafor when épplied fo a |
machine infinite bus system with a long %ransmission line in the hope of
increasing the dynamic stability limit of such a system and, if posSiblé,
increase the TransienT stability limit. Theconcep+of éomplex coméensaQ
fion is pursued since the roots of the uncompensated syéfem generally
occur in comp lex ﬁonjugafe pairs. |1 would then seem logical o expecT‘
THaT a properly selected complex compensator should be able .to alTef the
Iocafion of the system eigenvalues for a reasonable range of opera%ing
‘values and thereby result in a more erable'sys+emT Because the system
~eigenvalues occur in complex conjugéTe pairs this would seem to detract
from Tﬁe effécTiveness‘of a compensator using real poles and zeroes. The
following chapters will attempt to deTermiﬁe the effectiveness of a complex
compensator as opposed to a real root compensator of the form T~§§T§ .

The compensators under consideration shall use frequency as the
feedﬁack signal. Frequency has been sélec+ed since This is The most widely
used feedback signal among- most utilities although one could have just
as easily selected a feedback signal proportional to power deviaTion.-

In Chapter Il The characteristics of a machine-infinite-bus-system




is developed. Since this particular area has had extensive coverage in

numerous other publications [1, 2, 3, 4, 5] the development will be brief
and will only serve fo introduce the most important concepts. The devel-
6pmen+ will then turn to the analytic representation of a machine~infinite-
bus-system utilizing the Heffron - Philiips'model [1] and from this model
the system transfer function will be obtained. Finally, the real-machine-
infinite-bus-model~power-system will be described and +he individual par-
aheTers éf The.sysfem will be determined. It should be noted that a

rather novel approach utilizing frequency response techniques was empioyed
~ to determine the parameters of the synchronous machine.

tn Chapter 11l the complex compensator design is presented. The
’design prqcedufe is based on the use of the root locus method and frequen-
éy response Techniques; Atthough the sysTem,Transfer‘funcTion is'fairly

involved the root locus plots were easily obtained using a PDP 11/40
digital computer. The above méthods are Then applied %o the real pole~
zero compehsafor for compafison purposes. Analog computer simulations are
run to observe time domain performance.

Finalfy, in Chapter IV the compensators obtained through analytic
me+hod§ are implemented on a real-model-power-system and oscillographic
~results are included. In this way the validity of the model used is con-
firmed and the method of ana{ysis is checked. \
It should be noted that in the paragraphs which follow, the terms

compensator and stabilizer will be-used interchangeably and are to be

understood fto imply the same thing.




CHAPTER |

System Models

I. Synchronous Machine and infinite Bus

In most cases one can mode! a block of generation orva single gen-
erator connected to The rest of the network as a single machine connected
via an A.C. transmission line to a very large system. The result of such
an approximation can usually give the investigator sufficient insight to
be able to determine the conditions leading to instability.

With The machine infinite bus repreéenTaTion'Tﬁe electrical power
transfer relationships can be sTudied. .The single line diagram is shown
in Fig. 2.1 (a) while Fig. 2.1 (b) demonsfrafes the vector relation
present between Voltage and current. The nomenclature used is as folléwé:

A Xd = the generator transient reactance (ohms)

Xe = the external reactance consisting of the
Transmission line and transformers which
connect the generator fo the large system

(ohms).
E1 = +the generated voltage behind the transient
reactance (L-L volts)
E, = the infinite bus voltage (L-L volts)
" 8. = ‘the angle between the generated voltage

and the infinite bus voltage.

From Fig. 2.1(b), neglecting saliency (if Xd # Xq an extra
term will be added to the power equation) [27];
: o)
E1é§1b - EyL0

(Xd' + Xe)Zoo®




o o
E\/8,, - 90 E, /90
I = : e it (2.1
Xd + Xe Xd + Xe
Also
P o= EIcos¢ = --==--=commomo o (2.2)
but : o o
E1 COS(STb - 907) Eb cos (-907)
Icos¢gp = ; - .
: Xd + Xe -Xd + Xe
N A F T Y (2.3)
1 .
o Xd + Xe
Therefore -
E E, sin §
P o= b 3 Ll (2.4)
~ Xd + Xe

. where P is the power transferred in watts (the above equation neglects

.resiéfahce.which would modify the above relation in that the maximum

: power transferred would be reduced).

Eq'n. (2.4) is shown graphically in

Fig. 2.2 and is cOmenly'Termed as the power ‘angle diagram. From the

equation the maximhmlfheorefical power that can be fransferred is

EbE1

Pomax = ———
Xd + Xe

Having shown the relationship between power and ahgle-if is now

possible to relate this to the concept of stability. Stability, according

to the American Standards Association, is that attribute of the poweri

.system which enables it to develop restoring forces béfween the elements

thereof equal to or greater than the disturbing forces. Concurrently,




the stability limit is the maximum power flow possible through some
point in the system when the entire system or that part of the system to '

which the stability limit refers is operating with stability. To inter-

= /5 ‘ ,_ - Eb-ﬁo

Fig. "2.1(a) Machine infinite bus single line diagram

Fig. 2.1(b) Machine infinite bus vector diagram




Power-Angle diagram

2.2

Pmax
Po
Fig




pret the above in fterms of the power angle diagram we can select an

operating point PO on The curve corresponding to an angle 6‘0. If we
assume that the input torque is constant then a small disturbance causing
a slight reduction in & will also mean that the power transmitted is
reduced. Assuming no losses, it can be seen that the input power exceeds
the power transmifted thus causing the generator rotor to accelerate which
tends To increase the angle G.V This causes The-genera+of output to shift

back towards P, and uI+ImaTely to a new point above PO as determined

0
by system damping. At this point the input power is now less than the
‘power transmitted and thus the generator rotor will decelerate causing
6 to decrease. The system thereforemoves back towards the original
operating point at PO; When'sysfem‘damping is not negligible the
oscillations Qi!l eventually die out (the settlingtime isvdependenT én
_ +he amount of démping‘fhe system exhibits) ‘and sTabiIiTy wi'll be main-
tained. For any operating point corresponding o 8 .>..90° it can easily
~ be seen that the forees presénT will tend to move the system away from
these points resuifiﬁg in instability.

Thé above discussion can be used to determine the critical point:
~in system oscillations. If we recall Fig. 2.2, it can be seen that +he
. critical point corresponds fo the angle"ﬁé for a given internal volt-
age, reactance and power flow condition. For a system operating with
‘sTabiliTy at 60 iT.can theoretically stand disturbances Which cause The
angle'fo swing about 60 andAup to >56 without losfng synchronism.” If
the angle swings beyond 66 the previous discussion has: shown The forceé,

within the system will cause the angle to increase even further resqlting’

“in instability.




Having gained some insight into the mechanfsm associated with
’sTébiliTy we can now discuss some of the terms frequently used. The
steady-state stability limit for the system under consideration can be
theoretically expressed by eq'n (2.5). This gives the makimum power
which can be transmitted with stability and corresponds 1o an angle _6
of 90°.

Dynamfc,sfabilify relates to the conditions associated with The
system for a particular operaTing.prnT when forces are set up to return
the system to the original operating condition in the face of small dis-
Turbances such as sbeed‘deviafions during normal operation. A system is
dynamically unstable if these disturbances increase in magnitude with
Time. |

Tranéienf stability refers to the system's ability to mainféin'
syﬁchroniém when subje¢+ed To major disTurbanceé such as load increases,
switching operations and faults with subsequent circuit isolations. These
_‘disTurbances alter the system configuréffon and thus it is required that
‘the new sysfem be stable at its new operating point when subjected to
these transient disturbances. Usually a system will Iése synchronism
after a disturbance because of the relatively large speed deviations,
-rotor angle differences and'power shifts which are iniTiaTed. Analysis
of the effects resulting from transient disturbances can be deferm}ned

using the power-angle diagram [2].

2. The Heffron - Phillips Model

a) Description and Analysis

Using the single machine infinite bus situation a great deal: of




work has been done on The stability of synchronous mqéhines subjected to
small perturbations. To facilitate these.studies a linearized small
perturbation mode! was developed by Heffron and Phillips [1}. The block
diagram of the model is shown in Fig. 2.3. In total, éne can observe
the presence of six constants (k1—k6) which are usually referred to as the
" Heffron - Phitlips constants. Each of these constants is dependent to a
greater or Iesser extent on- the operating conditions. Calculation of
these constants is involved but is required in order‘ThaT The model rep-
resent the specific operating condiTioh under consideration. For a dé—
 _Tailed description of +he équaTionsrefer To Appendix A. Once the modej
péramefers have been determined one can study the effect that shal[ dis-
trubances can have on any of the pertinent operating variables within the
system. These studies are'usually carried out with the aid of an analog
computer. It is to be noted that Thfs model includes the weak interaction
present be+ween the real power and angle loop andv+haT of the reactive
power and voltage loop through the inTeracfing éoefficienfs 'k2,k4'and k5.

Through the analysis of the model one can identify the parameters
which affect the diffefenf aspecTs of the system's performance. Because
this mode! is based on small perTurbaTTéns of the operating Qariables one
can set any variable to zero if it is assumed to be constant. In this
way cerTain sections of the model caﬁ be isolated.

Exémining The performance of the sYs+em, assuming constant d-axis
fiux linkages, leads one o The'reduced block diagram of Fig. 2.4, I+
can be seen that This;aiagﬁam forms a fTorque -~ speed - angie loop.

Resolving this system into its characteristic equation will indicate that




the response is that of a damped oscillation with a frequéncy of

W, V1 ~.cz and a damping ratio ¢ where

D
T-LINE
i 377 | Aoted ) o)
Ms AW S ' 1 + '
| +
4
Kg Ko K
}
EXCITER FIELD
Aer A +
+57 | 1esTe 45Ty 1+
7
Aet AEfld AEq
Fig. 2.3 Heffron - Phillips model of a synchronous

machine infinite bus system.

and k,.

¥ See Appendix A for alternative definition of k3 4

+ AP = AT since per unit values are being used.




377
AW S AS

Fig. 2.4. Torque - speed - angle loop

Fig. 2.5 Torque - angle diagram
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Fig. 2.6 Torque - speed - angle loop mcludlng
- effect -of field losses.
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K1377
W= Ve i (2.6)
and
T = %D/VK1377M Rl i - - (2.7)

Damping is provided by a component of torque which is proportional o
speed. As damping goes fo zero the frequency of oscillation approaches
W Observing that W, is proporTionaf To K] and inversely proportional
to M, it can be seen that light inertia systems (small M) and high -
Transient ﬁower coefficients K1, will produce high oscillation frequen- -
cies. 'Looking at the equation for K](Appendix A) it is easy to observe
that systems with high machine and external impedances cause K1 to

take on lower values. This corresponds to the observed phenomena that
systems with long transmission lines are prone to low oscillation fre-

is positive.

1

| Using the normal range of values for damping, inertia and loading, the

~quencies. In most situations of practical interest K

oscillation frequencies observed wilf take on values from abou+'55H% to

2Hz. |
‘Synchronous machine theory will indicate that there are two com-

ponents of torque created by the machine wfndings. For any frequency

of oscillation braking torques are developed which are either in pﬁase

- with-rotor speed or rotor angle. Thé+ component of torque which is in

phase with rotor speed is.Termed as damping torque. Negative damping -

Torqdes will lead to situations of instability. That ‘component of torque

which is in phase with rotor angle is termed as synchronizing torque.

Positive synchronizing Tdrques are required for the desired restoring

forces o bé set sup. Further insight into the Torquesvarising from the




~operation of synchronous machines can be obtained by examining:the dif-
ferential equation describing its dynamicibehavior [6]. The equation
is as follows:

g v S
T T Tehart YT (2.8)

where J is the moment of inertia, Tshaff is The torque applied fo
- The rotor shaft and T is the torque produced by the machine windings.
‘Both torques are measured in the djrecfion,of positive speed V.

To maintain synchronism the above equation ihdicaTes that Thé

instantaneous speed of ufhe rotor cannot vary appreciably. Since speed

is proportional to the derivative of rotor angle § we can write

where K is a proportionality constant. Now, the accelerating forque

corresponding to a disturbance on the system is expressed as +

Tshatt
‘,-T, where T s either negative or zero. It s intuitively obvious that
T mus+ be negative since the accelerating TorqueAcannoT be greater than
"TshafT . From analysfs [é] it Has been shown ThaT:Thé machine torque
is related to the rotor angle & in the éame way that elecTrich power
is.related to rofor angle (Fig. 2.25 except for the sign change. The

diagram showing the torque angle relation is found in Fig. 2.5 and the

associated equation is
T = --Ts SIS = = = = e e e e e e s e - — e - = (2.10)

“Substituing this into eq'n 2.9 produces:




The solution to this equation for § in response to a small change

in shaft torque will result in a response possessing an undamped oscil+ -
lation. In real situations the oscillation eventually dies away due to
a damping action arising from meéhanical losses and from a speed depen-
~dent torque in the load. In éddiTanva damping action is created as a

result of currents that are induced in the short circuited rotor damper’

windings when speed varies from its synchronous value. This component

can be expressed as

- S « [
T o= -Tgv = -T) —2 (2.12)

where the proportionality constants between v and § have been incor-

peréTed in TD . |If this is added to eq'n (2.11) we have:

- d78 dé R I S
ki —;;§~ + TD e TshafT T siné (2.13)

In conclusion, it is evident that the torques created by the

machine windings are composed of a component in phase with rotor angle
(synchronizing torque) and a componénT in phase with rotor speed (damp-
ing torque).

To further examine the Heffron-Phillips model we look at the per-

formance of the system when field voltage is assumed to be constant. The
reduced block diagram for this case is shown in Fig. 2.6. The relation-

ship, between the component.of torque anddangle is given by




—k,k

ﬁg .24 - - - - - (2.14)
14ST! '
dz

‘The component of torque is proportional to angle in The‘sTeady state and

is equal to ~k2k4 AS. This becomes part of the synchronizing torque

with the overall steady state value being equal to k1 - k2k4. There-

fore, stability can only be maintained as long as the term k1 - k2k4 is

greater than zero. When the oscillation frequency gets large (w>>Tg )
_

the phase angle of +His‘rela+ion becomes almost equal to positive
90° which puts the component of Torqye }n phase with machihe rotor
speed. The torque is therefore almost entirely a damping torque. How-
evéf, because of the large'frequencies involved, the magnitude of %his
forque component becomes sméll and thus the field contribution to damp-
ing is only minor.

| Finally to complete this discussion, one must examine the effeéfs
’on»s+abiIiTy resulting from the voltage regulator loop. The pertinent
section of the model is shown in ng. 2.7,_ The volfage regulator
excitation sysTém has'The standard form typical of-“thyristor type exciters.

The form as indicated in Théldiagram is:

A“

E: K
fld _ e o
Ao T THST (2.1
e

where ke is the exciter gain and Te is its time constant which for +hisi
class of excitation system is quite small. |

Dealing first with the component of forqué produced by the k4
~branch we see that the regulator loop Will modify the expression relating




A : ;
Anompmwnt T A3

FIELD "EXCITER
/ ‘ ) ‘ A&y v +
AEQ 1 Ka ¢tv
1+5Tg, d 15T, -

Fig. - 2.7 Torque component as a direct result
' of angle deviations acting on the
voltage regulator loop.




- torque to angle into the following form.

AT —k2k4(1+STe)
AS

1
(1+STe)(1+STdz ) + Kek3k6

Assuming that 1+STe is approximately equal To one (Te is normally very

small) and that ke is large, we can approximate eq'n (2.16) with:

AT k2k4 : O === (2.17)

AS k k k [1+S Td /k k ]

At low frequencies the magnitude of eq'n (2.17) is much smaller than-
that of eq'n (2.14) and at high frequencies they approach each oTher

As a result the net synchronlz:ng component of Torque now becomes

k,k
1 - EZEEE- in The steady state and it can be realized that for

e 306.
fairly highexciter gains +the negative component is negllglble with the

k

ObVIOUS implication of improved stability. At the same Time the fleld

tTime consTanT has been reduced from Té to Té /k k This.:creates

the effect of a reduced damplng component of Torque since the phase
angle of eq'n (2.}7) will approach 90° at much higher oscillation fre4
quencies. The net effect on both synchronizing and damping torques as a

result of the voltage regulator loop through branch k can therefore be

4

assumed to be negligible.
Turning our attention to the k5 branch leads to the félfowing

expression.

o ~kokgk, e (2.18)

AS

I 4 2+ o
1/k3+k6ke+S(k3 T4 )t TerO_

P
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Assuming k3 to be approximately equal to 1 gives

AT s 2.19)
AS co Té , _ o
. do
k6(1+SE—E—O(1+STe)
6e
If we sef s = jw the above exp}ession will have the form
AT . e o ‘
s - at b ‘ | ‘ (2.20)
where the real part will éofrespond to the synchronizing component of

forque and the imaginary part to the damping component. The synchroniz-

ing componénT is therefore:

' 2 1 oL
AT N —kek2k5(kek6 w TerQ,) : AS (2.21) .
S

(k k=T T! 12402(T Kk k4T )2
e e do e e. b

6 d do

I'f we narrow our concern to frequencies at around 1 Hz and assuming
the normal range of parameter values the above can be approximated as:

. -k _k.k . . . .
AT, = © 22 BS == m == - — e e o (2.22)

, - 2 1
: kek6 w Tero,

For low frequencies one can further simplify to obtain

R A E ey - - 2.23)

AT, = (ky = =52) M8 == = - - m e o oo - m (2.24)




When k5 is positive (low to medium external impedance and load-

ing) k1 is usually quite high so that fhe net synchronizingvcomponenf
"is positive and sTabf!iTy is maintained. When k5 is negative (moder-
ate +o‘high external impedance and heavy loading) k1 will usually
assume a lower value. The net synchronizing component remains positive.

As the frequency increases the forque componenT‘of eq'n (2.22)
would get extremely large but, before this effect can make a major
confribution to system performance, instability will have developed due
To hegaTive damping.

Returning to eq'n (2.19), the daﬁping torque component becomes

ks (T K kg + Tio ) o | |

ATD = 5 > 5 Ay - -~ (2.25)
ayy 1 . 1
(kek6 w Tero )T+ w\‘Tekek6+Tdo )

The +erm. k5 will deTerm{ne whether The.above contributes positive
damping or negative damping. Most stability problems arise when" k5 is
negative. In addition, with k5 negative, a large value for ke will
enhancé negaTive‘damping.. Conversé!y if ke is zero, which correponds

To fhe case where AEfld was assumed to be zero, oﬁly a small amount of .
‘fieid damping will be present.

As a result of this development it can be seen that, when k5 is

negative, a voltage régulaTor will enhance a machine's ability to providé
‘synchronizing torque but, at the same time, it will destroy the natural
damping of the machine. "It is thus common to observe the case where the

addition of a voltage regulator has.provided sTabiliTy to a machine but,
that its operation has become extremely oscillatory. For the situation _

where a long transmission line is present a high regulator gain ‘is most




desirable. Therefore, one way of solving the damping problem has in-
volved the use of an auxilliary stabilizing signal derived from machine

speed, frequency or power.

b) System Transfer Function

For the purposes of this investigation the Heffron-Phillips .

model will be used to analyze the behaviour of the model power system
~ fo be described in a subsequent section. As mentioned earlier the feed-
back signal fo be used in this work is ferminal frequency. To study the
effects of using a signal other than the above would require the appropﬁ‘
riate modification of the Transfer function.

To begin, the input and output variables of the system without
compensation must be‘esTabIEShed. Re%erring to Fig. 2.8(a), we define

the transfer function as

= G(s) == == - - - S s - - s - - - - - - - (2.26)

where the output variable'is frequency variation and The‘inpuT variable
- corresponds to the change in reference.vé1+age caused by fhe>sTabilizef
feedback sighal. The standard method of determining G(s) when the

- system being considered is of a complicated nature, consisf§ of Mason's

LOOp Rule [7]. The formula used is as follows:

| 5P -
G(S) = '—ﬁ‘%—& _________________ (2.27)
where: }
P = the ki, Path from the input variable to the

output variable
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A =

the determinant of the graph

>
"

the cofactor for the path Pk

The summation is taken over all possible forward paths from the input to
the output. The signal flow graph for the system is found in Fig. 2.8(b)
;There is only one feedforward path as is described by:

- kekzkz ‘ :
P1 = (MS+D)<1fSTe)“+STéz y T T T - .— - - (2.28)

Evaluating the deferminant of the graph leads fo:

377k 377 koK, 377K Kk K

A=+ (I 2°4 ) e 235
S(MstD) ~ S(Ms+D)(145T'_ ) S(Ms+D) (145T ) (145T%
: dz e dz
. Nefsfe o 277 Kykekske (2.29)

1 1
(1+sTe)(1+sTdZ.) S(Ms+D)(1+sTe)(1+sszv)
The cofactor for the forward path is:

A1 = 1 e R T 720 1¢ D)

. Collecting egq'n (2.28), (2.29) and (2.30) and utilizing eq'n (2.27)

gives the following result after appropriate manipulation.

-k k,k, S

Aw e 23
Ae - 1 4 ' t 3 : 1
r {[MTerZ 1S +.[M(Te+T&z )+DTer2V]S + [M(1+kek3k6)+D(Te+sz )+

2 | : |
1 T -
ST TaTg, 18° + IDCHk gk ¥3TTT, (T TS, )=kk, T HS +

[357 {ky (kgkgkg )=k kokskg=kok, 311 3 -;‘ » : .A(2f31)
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Eq'n (2.31)‘ is the fransfer function of the uncompensated éysTem. The
characteristic equation from above corresponds to a fdurfh order poly-
nomial. Using this polynomial the eigenvalues of the system can Se
determined for a particular operéTing condition and the performance can

be evaluated using S-plane techniques.

3. Real Synchronous Machine Infinite Bus Model Power System

To better observe the effect on performancevfhaf a stabilizing
sighal might have, the ¢ompen§a+or designed by analytic means was imp¥
lemented on a physical model power system. However, before proceeding
To this step it was required fto identify the system by determining the
pertinent parameters and also to ensure that the behaviour of the
physical model was éuifébly close To that of an actual remote generator.

a)  Description

The physical model power system is shown, as it appears in
ThelaborafdrYin the photograph of Fig. 2.9. A pictorial block diagram
of the model appears in Fig. ‘2:30. .

| The prime mover for the generator is simulated with a % HP,1800 »
RPM, 126 V, 2.8A direct current machine. A large flywheel has been
fixed to its shaft to impart an inertia to the model which is comparable
to that of a real system. Torque transfer is accomplished with a toothed
belt and pulleys so as to avoid slippage. .The generator is represented
by a. 120 VA, 1800 RPM, 208 V,.33A, 60 Hz, 3¢ synchronous machine. :The
terminals of the synchronous machine are connected to a 3¢ transmission

line simulator. This consists of a 3¢ set of series inductors. Taps

, oh the coils allow the variation of the equivalent transmission .line
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impédance via a front mounted rotary switch., A front mounted 3¢ switch

serves as a circuit breaker to separate the generafﬁr and transmission
line from the infinite bus. In addition, a single phasé switch is pEo~
vided to simulate single pole swinhing. Finally, the generator and
Transmission line is terminated in a 3¢, 4 wire supply (laboratory

-a.c. power supply) which represents the infinite bus.

The system is equiped with a power transducer (Watts), a voltage

and current transducer and a frequency transducer. The outputs from

these tfransducers are permanently connected to panel mounted meters that
~indicate the magnitude of each variable conTinubusly.
The power transducer is a Hall - effect power computing device
.desfgnéd To provide an'isolaTed tow ripple-d.c. output current that is |
“accurately proportional to a.c. input power. The Time constant of the |
.Transducer‘is about 0.1 seconds.
The voltage and current transducers arebaverage responding rect-

?fying deViées. Théy utilize full wave rectification fto provide an
isolated low ripple d.c. output that is‘proporfional to voltage and

current, Both of these units possess a time constant of approximately

.0.07 seconds.
The frequency transducer is a suppressed zero type UTilizinQ a

_monostable mulTivibraTor‘+o convert the frequency deviation of an input

signal info a proportional d.c. output. An input signal of 60 HZ
produces zero output while signals above or below that frequency pro-
duce a proportional posi+?ve or negative d.c. output. Its time con-

stant is approximately equal to 0.07 seconds.




The excitation loop as shown in Fig. 2.10 +takes a current signal
proportional to the terminal voltage and converts it to a propbrTiona!
d.c. voltage using a resistance network. This voltage is then applied
to an operational amplifier adder ciréuif’where it is subtracted from
the reference volfagé. The resulting signal is the applied to a low
pass filter which is referred to as the érfificial field time constant.
Its purpose is to modify the time constant of the machine response so
that it mofe closely represents that of the real»sysTeﬁ. Because the .
Synéhronous ﬁachine used is very small, its actual field time constant
is quite short. To increase this time eonsfanT the accepted procedure
has‘been to connect a negative resistance to cancel part of the field
resistance and Thus‘alfer The genehaTor's field time constant o a more
‘desirable value; The impfemenfafion of a negaTive resistance is a very
~difficult task and therefore, to avoid This complication and yet obtain
Feasonable results, it was‘decided to alTef the time constant of the
exciter. The exciter in This case is é power operational amplifier whose
time constant is approximately .0.001 seconds.  Since this is extremely
fast, the addition of’é time constant with a value greater than 1 sécond
will make The previous time constant inéignifiCanT. What ié how required
is the appropriate analysis of the system to allow the selection of the
correct value for this Time constant. This topic will be discussed in
detail in a later section.

The exciter gain can be set by a variable resistance potentiometer .
'whigh serves as the feedback resistor on the power operéfiona! amplifier.

Synchronization is accomplished with a resistance divider network

connected to each end of the transmission line and an oscilloscope. A




lissajous figure is displayed on the 6scilloscope and when the paffern
forms @ straight line with a positive 45? slope The Transmissibn line
breaker is closed.

Machihe loading is accomplished by increasing the variable dc:..
supply voltage to the dc motor which, in turn, causes the syhchronous
machine angle to lead that of the infinite bus fesulTing in the trans-

'mfssion of power down the transmission line. Thé power factor angle

can be altered through the adjustment of terminal voltage.

b) Parameter Determination=

i}  Machine Parameters

‘In order that the steady state performance of the syn=
chronous machine may be analyzed it is necessary to obtain the para-
meters of the machine. The parameters of interest include the stator

resistance RS ,» stator leakage reactance X d-axis synchronous

is?
reactance Xa, d-axis +ransien+ reacTance X1, d-axis subTransienT
reactance Xd", the g-~axis synchronous reactance qu g-axis fransient
reactance qu, g~axis subtransient reactance Xq", and the open cir-
cuiT»fié(dATime consfanT',TéOt. To obtain these parameTeré a series of
Tests were performed which included a direct current resistance measure-
- ment made at operating Temperafurg, ah open circuit test, a shorftcir—
cuit fesf,.a zero powef factor test and a 3¢'shof+ circuit test with
the machine unloaded [6,8). Because of the difficuITy of interpretation
Aof the results from Thg fast test mentioned an addifiénal test utilizing

frequency response techniques was performed.

- The open circuit test is accomplished by running the machine at




éynchronous speed with the stator terminals open circuit. The stator

terminal voltage is then plotted as a function of field current. The
characferiéfic for the machine under considerafiqn'is shown in Fig. 2.11.
For a particular value of air gap voltage Ems’ The appropriaTé value of
magnefizing reactance is:

E

B L1 R '.__.__...__.‘«_..__'_...._..'..
X i _ A - = (2.32)

il

 Awhere n' is the current ratio befween the magnetizing current and. the
field current.

,For'The short circuit test the machine was run at synchronous
Speed énd tThe fjeld current was méasured as a~function of stator current.
 The characteristic for this machine is shown in Fig.‘ 2.12. The felafion

vdescribing this curve is:

] - , ms ' e - .
[13| R 3 n'I, - (2.33)
s 2s “ms

Ml
-

where Xms for this expression corresponds to the unséTuraTed value of
maghitizing reactance (Ems~ will be 'quite small for This.TeST). If The
.effect of RS is ignored the expression becomes

X

= ms n! e e e e e - - .. — e e -
|| AT n'I, - == - (2.34)
. 2s S oms

. Taking the ratio of IISI tTo If wfll_give the slope of Thé curve.

The zero power factor test was performed as follows. A 3¢
vériable inductor (résisTance in assumed to negligible) was connected to
the stator terminals and its value is varied to keep sTaTor current con-

stant at a preassigned level while the machine is run at synéhronousn
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speed and the terminal voltage is increased from zero. Terminal voITagé
as a function of field current was recorded and the resulting character-
istic is shown in Fig. 2.13. Analyzing the results leads one to conQ
clude that fOr a purely inductive load (assume Ré negligible)

|E

2s7s

l = |E | = X, I] -~ ===~ - - (2.35)
s ms

{zero P.F. load)
and
I . = I I e B (‘2.36)
(zero P.F. load) (open circuit)
I+ is thus apparent that one can determine the values for Xﬁs and - n'
by comparing-fhe zero power factor curve with the open circuit curve
as shown in Fig. 2.13.
From the above series of tests the following parameter values

~were determined:

RS = 11.9 ths.>per phase

n" = 2.7

X%s = 20 oﬁms per phase »(a+ 6Q HZ)
XmS = 84 ohms. per phase _(aT 60 Hz)

As an additional result from the above measurements one canh obtain a

value for Xy 1f The following relation is used:

If for rated current on short circuit test

Xd‘ ) I, for rated voltage on air gap line -7 (2.37)




The measured value Is approximately 104 ohms per phése which by exam-

ination is the same as XZS + Xms' Converting the above results 1o

per unit on the machine base gives:

RS = 0.03 pu
XQ'S = 0.05 pu
xms =‘ 0.23 pu
X, = 0.29 pu
‘n' = 2.7

To obtain values for_The remaining reactances and the field time
constant jT'wouId seem reasonable to attempt a 3¢ short circuit %esf.
Tﬁis would involve running the machine at synchronous speed and open
circuit with rated Terminal volts and suddenly apply a 3¢‘,shor+. The
.fesulfing current osci]logram can easily be recorded and the information
‘confained therein should allow the determination of the above parameters
after application of established analysis techniques [9]. Although
this method is saTisfaéTory in most cases it can prove o be an undesir-
able approach in instances Where the machine is quite large or quite :
‘small. Where targe machines are concerned the magnitude of the resulting
short circuit current as well as +hg mechanical stresses occurring during
such ‘a test could quite probably éause_damage +o>+he machine. On the |
other hand very small machines characteristically have very small fime
constants and, as a direct consequence of this fact, the short cfhcuif'
transient will océupy only a very small time interval bn‘The osci | lograph.

It is therefore easy to realize that meaningful parameter measurements
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.in this case would be very.difficult and the results obtained would be
quite subjective. For this particular iﬁvesTigaTion the latter situation
presented itself. Observihg the oscillogram obtained from the. generator
model shown in Fig. 2.14 will confirm the above comments. The only
. piece of information that could be obtained with certainty from this
record is the value for the d - axis synchronous reactance. Measure-
~ ment showed this value to be 0.29 pu. |
Because of this difficuITy énofher»fechnique which could adquaTely
~pinpoint the parémeTer values was requifed. To fill this need, a method
employing frequency response techniques to obtain. synchronous machine
operational impedances froh fow voltage measurements at the stator term-
inals at standstill was aTTeﬁpTed [10]. The principle used in this
Tesf is the same as Thaf used for the meésuremenT of subtransient reacts
Aance by applying a voltage at 60 Hz to the stator terminals. For
measurehenf of,fhe.cbmpleTe characteristic a wider frequency raﬁge was
used. (0.066 Hz fo 100 Hz for this test).
Measurements aT'Thé stator terminals will define the follqwing

quantity for the d - axis:

T 0= Rt JULjw) - - - e o s e e - - - (2.38)

where Rs ‘is the stator resistance and Ld(jw)' is defined as the oper-
‘aTiohal inductance for the d - axis. Ld(jw) may be expressed in henries
or in per unfT of the inductance corresponding to the impedance base at
rated frequency. At fow frequencies Ld(jw) approaches L the .

du
uhsaTuraTed synchronous inductance of the machine. |




‘ /\\/\/ Y \/ o

e
B

LS

FIG. 2.14 Short circult current oscitllogram




38

The test arrangement as implemented for d - axis measurements
on the sypchronous machine is shown in Fig. 2.15. A variable frequenéy
oscillator was connected to the machine terminals via an operational
amplifier bower supply which served the dual purpose of providing suffi-
cient excitation to the windings in accordance with the oscillator sig-
nal and also to isolate the load from the oscillator. The perr supply
was capable of suppiying a 40 volt peak signal. The current level
was kepT within machine ratings through the use of anoninductive series
resisfance RL' The field circuit was left either open circuit or short
circuit depending on The,fesT being performed. For the case of a short
circuit field a small value resistor was placed across the field terminals
in order that the magnitude of the field current. could be monitored and
Thus ensuré fhaf it remained within the manufacturers raTings.. The vol+-
age across the machine terminals was measured with a differential amplifier
 equippédosci|loscope-while circuit current was obtained by measuriﬁg
the voltage VC with an oscil!oécope.' Because of the fact that the
frequency of the voltages varied, the oscilloscope was the only device
available that could‘édeqﬁafefy measure these voltages. Frequency meas-
urement and phase shifT‘was accomplished‘using an electronic counter
Measurement of the time interval between zero crossings of a signal would
allow the defermination of the frequency of that signal while the phase
“shift occurring beTWeen-Two different signals could be obtained by
measuring the time interval between zero cfoésings for one signal with
respect tTo the oThér, To obtain a differential voltage for the electronic

counter a differential operational amplifier was constructed. The
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amplifier gain was selected to provide as much voltage as‘possible o
the input of the counter wiThoﬁT saturating the amplifier. The opera-
Tional amplifier circuit was cheéked To ensure. that it did not contrib-
ute any phase shift to the input signal and also that the output did
not possess ény dc offset thus minimizing measurement errors.
A total of four sets of test results were obtained consisting of
d - axis impedance measurements with field open circuit and subsequently
_TerminaTed_Through a short circuit and ajéo g-axis impedance measure -
imenTs wiTh.The two field configurations mentioned above. D - axis
measurements with field open circuit will provide a set of measured
v impedances and time constants. From,These measurements ohly Théﬂvalues
:for Xd and Tdé would bé'used.j On the other hand,VThQ parameters
Xd' énd“Xa” would be obtained from’theitest conducted with. the
'fieldlfermina+ed in a short circuit. Since the field circuit effecfé
the shorT‘circuif_performance of a héchine during The'subfransienT and
transient time inTervéIS of The short circuit Curreh+, it can be seen
Thaf, in order for the results to include this effect, the field circuit
éhould'be energized for these measurements. ConVersely, the g - axis
results for‘eiThef field termination should be approximately identical
since the g - axis of the machine is in phase quadrature with the .
- field winding resulting in no mutual coupling.
“To facilitate testing the ¢ - axis of the machine'wés positioned
along A phase of the stator winding by applying a voltage between A
' phase:and neutral and rbTaTing the rotor until zero volts was observed

at the field terminals. The rotor was left in this position for each of

- the four tests mentioned. D - axis measurements were made between term-




inalsB andC. Q - axis measurements were made‘befween' A phase and B
and C phases connected together. Wheﬁ calculating impedances, d-axis
measurements were divided by a factor of 2. while g - axis measurements
were divided by a factor of 1.5 +o obtain per phase quantities.

The vector diagram showing the relation between the voltages in
the circuit can be found in Fig. 2.16. o

The calculafion for the impedancevmagnifude.fs as fol lows:

1] = == =
RL 30.16
and
' V_ -V

where Kk is the dividing factor for either the d or gq - axis as

'jndicafed above.

The calculation of the phase angle is accomplished using the

following:

Time (ms).,
ne ] - = - == (2.41)

¢ = [360° x Freq. (Hz) x Meas,

The measured time is that measuremeﬁf which is feéorded from the electronic
counter and its relation to ThekacTua! waveforms is shown in Fig. 2.17.

The data for each test is plotted in Fig. 2.18, 2.19, 2,20 and
2.21. The magnitude plots are'normalized.wiTh respect to the dc measure-
ment of R,- The curves in each of the above situations must be fitted
to the transfer function,

v C (14sT, Y (1+sT.,) (1+sT.)
s e 1 -2 3
kR_I (1+sT ) (15T )
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where the time constants T1 to T5, correspond to the break frequencies

.obTained from the plofs. To fit the experimental data o the analytic

expression above, a computer optimization routine utilizing the method
‘of leaéT squafes was used. Consequenfly,‘each of the data plots include
points calcﬁlafed from eq'n (2.42) when the best fit was obtained. The
cémpleTe expression for each test is shown on each plot.

Havihg~ob+afned_+he overal | transfer function for the machine
‘imbedance,.if is then required to derive the transfer function for the
operational inductance for each of the four cases above. Using eéch
'eﬁpression in furn, the impedance for the appropriate equivalent circuit
- represénting the synchronous machine is Qerived and each of the individ-
A uai components in the éircuiT js assigned é value. AT this point it is
pégsible to calculate all the reactances. and time constants mentioned
earlier. Appendix B contains the complefe.anajyfic description. of
Tﬁen@fhod alongwith a sample calculation using the résulfs obTainedA
for the d-axis with Field opeh circuit, | |

‘The parameter values for the four test cases are summarized in

- Table 2.1. Mindful of the previous comments, the following list specifies

the parameter values to be used for The investigation which follows

X, = 0.29 pu

d
'.Xd‘ = 0.14 pu
Xd" = 0.06 bpu
Tdé = 0.10 sec.
‘Xq = 0.29 pu
X' = 0.23 pu




PARAM- D-AXIS Q-AXIS P ARAM~-
ETER - ETER
(pu) OC FIELD|SC, FIELD||0.C. FIELD[S.C. FIELD| (pu)

X4 0.30 0.27 0.31 0.26 Xq

/ /7
X4 0.22 | 0.4 0.22 0.24 X
X4 | 0.06 0.06 || 0.05 | 0.05 Xq

Tgo(sed) | 010 | 0.07 || 0.06 | 0.06 Tqolsec) |
T4lsec)| 0.06 | 0.02 || 0.03 | 0.05 To(sec)

Table. 2.1 Frequency response measurement results




XH
g

0.05 pu

T !
. go

il

0.06 sec

It should be noted that the quantity X, was set at Tthe above value in

d
view of previous measurements which favor the lower value. The g-axis
parameters are derived by averaging the results of the two tests (the

~spread in values could be attributed to inaccuracies.in experimental

measurements. and. analytic approximations).

iiY Transmission Line Impedances

As mentioned before the transmission |ine model consists of a
set of series inductors equipped with taps which are selected by means
~of a front mounted rotary switch. The impedance for each tap setting
was measured using a 120 volt supply and the results shown below are
expressed in per‘unif on the machine base.

Low Impedance Setting: R, + JX_ = 0.03+ j0.16 pu
,Medium Impedance Setting: Re + le = 0.08 + j0.50 pu

High Impedance Setting: Re + le = 0.12 + jO.94 pu

iii) System lnertia and Damping

ReTurning to Fig. 2.6 for a moment it can be shown that the

transfer function from"ATm to Aw is:

' L s(s—0) -
Mo o _ . 4z ' (2.43)
AT é3¥(MfDsz )52+(D+377k]TdZ )S+'377§k1—k2k4)1
. MT ! MT ' : MT ! )

dz dz dz




This expression has the following standard form [11] when excited wi+th

a step input:

Cdu(s) = ——KisTZ) ' o (2.44)

(s+p) (52+2cwns+wn2)

Usihg partial fraction expansion: '
Bs + C

R ¢+ A
Aws) = BB - ] mmmm e e o= (2.45)
- M Tstp 52+2;w stw 2
N
or in the Time domain:
L Rt mtegt o T2
Am(t) oy [Ale e =N cos(wn/1 ™} +
cle™®n® sintw A-t78)] - - - - - - - - - - (2.46)

where A, B and C are the residues for each of the poles in eq'n.

.(2.43) 'and R is the magnitude of the step input. The constant C1

results from the conversion to the time domain.and iS'equa|’+o C+AZw, '

_ w V1-2*
From eg'n (2.46) the frequency of the response is: ‘
B, = WA/1E e e e e e e e e e m o m oo (2.47)
d - n : : o
For small values of g, Wy will be approkimafely equal to W . With

sufficient experimental data and utilization of the appropriate approx-
imations, it will be possible to deTermine The valueé for M and D;

To simulate the above experimentally the model power system
must be operated with the regulator loop open (The field voltage is ¢
_+herefore constant). If the synchronous machine is run so as to main-
. tain a constant power ou+pu+.(mechanical torque i's constant and thus

ATm is zero) and the fransmission line impedance is then switched from

i
i
|
|
|
|
|
|




one value to another, a step change in electrical power transmitted will

occur. By examining the block diagram of Fig. 2.6 one can deduce that
this will be equivalehT To a sfeb changeAin ATm. Initiation of this
switching operation causes the system Té‘respond with an exponentially
decaying oscillation. By recording the terminal volTage,.currenT and
power factor prior to the distrubance along with an oscillogram of the

oscillation, the constants k1,k2,k4 and - T .can be calculated and

1
dz

~values for M and D can be obtained. When calculating the above

- constants the Trénsmission line impedance in the circuit during the
oscillation should be used.

From measurements:

ei 0.85 pu I =.1.0 pu powef factor = 1.0

Re' + JX, = 0.08+ ] 0.50 pu (final position)

Using the eg'n of Appendix A:

,k1 =A 0.89 kZ = 1.37

k3 = (.81 k4 =‘ 0.15 |
1 - t = ot =

sz | kSTdo 0.08 sec. (TdO 0.10 sec)

From. the system response the following measurements were taken.

Frequency = 0. - 0.90 sec.
d .

Time constant of Response, T = 1.63 sec.

Prior to using the above measurements, reexamination of eq'n
(2.46) indicates that, in addition to the exponentially decaying sine

- term, there also exists the following:




A(e PE - 780Nt o wn/1¥czt)

If This term is significant it would modify the response in such a
manner as to causeifhe overall waveform to appear nonsinusoidal. The
actual experimental result indicated that this was nof The case, leading
one to believe Thaf,_A must be very small. In addition, if the denom-
inator of eq'n (2.44) ’ié expanded and eqﬁafed to the denominator éf
eq'n (2.43) we have:

| 3

' 2., 2 2
s +(2cwn+p)s +(2cwnp +»wn )s'+ wp =

M+DT 4. . D+377K, Tq. 377(k, -k k)
dz 1'dz 17 %2%,

+ T )s + i
dz Msz } Msz

(2.48)

Equating the constant coefficient of each polynomial and using the con-

stants previously calculated leads to:

‘Assuming W, is approximaTely equal to the measured value of Wy above

(small ) will change eq'n (2.49) +o :

On a real system. M usually ranges between values‘of 5 and 10.  Usin9
eq'n (2.50) the corresponding p values range from 13 to 6.6. Since
T has been assumed to be small, the real part of the complex conjuéaTe
roots will ‘be much smaller than p. The root p can therefore be assumed

to be nondominant.

} Refufning to the measurements obtained from the system it can now be




said with confidence that :

Ewn = 1 = 0.61 sec
T
and'ThaT _
Wy =W /1—@2 = 6.98 rad./sec.
Manipulation produces mn = 7.01 rad/sec and == 0.09. These numerical

‘values confirm earlier assumptions. Also, the residue A can be analy-

Tically determined to be:

For M =5 and p = 13 +the corresponding value for A is -2.5 x 10“3

For M=10 and p =6.6 A becomes 7.0 x 10—2. ‘In-bofh instances the

‘residue is insignificant as assumed earlier.
To determine numerical values for M and D +the following set

© of equations obtained from eq'n (2.48) must be solved.

S (2.52)
1
M+ Dsz
2+ p = e T T T T S (2.53)
n MTdZ
1
D + 377 kTTdZ
2w p +w S = e o~ mm e e - - - (2.54)
n n MTdz

The values obtained are:

 M = 5,7 sec.




R

D = 1.8 per unit

iv) Excitation loop Parameters

The excitation loop according to the Heffron - Phillips model
is defined by the block diagram of Fig. 2.22. The actual circuit
existing in the laboratory is'shown in Fig. 2.23. The parameter of
Cinterest is The,excifef gain ke. To obtain-this value the dc gain
of the circuit must be determined. To accomplish this the steady state
transfer function of each section of the circuit of Fig. 2.23 must
be. obtained and the results must then be Taken'Togefhér to establish
the overal | circuff gain. Since the exciter gain is a function of the

feedback resistor setting Thevfinal result for ke will be in terms of

fr _ :
The individual circuit gains are listed below

Voltage Transducer:

107>

Gain = 20" . AMPS/VOLT

Voltage Divider:
X _ 5000

Gain = s510 % 510  VOLTS/AMP

Op. Amp. Adder: ‘
' R 1 x 10°
Gain = 'R——' = ‘““-*—3 VOLTS/VOLT
S 5.1 x 107
Op. Amp. Inverter:
3
Gain = 20X 100 o rg/voLT

/100 x 10°




Fig. 2.22 Excitation loop block diagram

SUMMING INVERTER
JUNCT ON

1 Mo 100 ka.

< 120V ==~

ART. FIELD }
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CONSTANT !
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100 ka N
5
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VOLTAGE |

e

- Yma de

TRANS,

NOTE : Capacitors are not included since steady sTaTe is

benng considered.

FIG. 2.23 Excitation loop circuit.
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Artifical Time Constant:

| 6
Gain = +X19°  yoiTs/vOLT
6
1 x 10
Power Op. Amp:
R
Gain = W VOLTS/VOLT

vGeneraTor_FLeldﬁ
The dc field resistance measured at operating temperature is

158 ohms. Theréfore the gain is 1/158 AMPS/VOLT

Field Circuit to Generator Tefminal Volfage:

Using the open circuit characteristic of Fig. 2.11 the slope

" measured at rated terminal voltage yields a transfer gain of approximately
99 VOLTS (ac)/Amp (dc).

"Taking the product of TheresulTsabove sets the exciter loop gain
at  0.0022 x Rf. ﬁeferring to Fig. 2.22 the excjfer loop gain is equiv¥
alent fo kek3k6. From Appendix A it is noted that the relation
describing k3 is strictly dependent on the machine and exTernaI impe-
dances. Since all the studies to be done iﬁ Thié investigation will only

‘be concerned with the case corresponding To‘a long transmission line
(Xé = 0.94 pu), the value agsigned To k3 will be constant at 0.88;

The assignment of k6’ at first glance, looks a liTTIe.more
‘complex since it is dependent on voltages as well as impedances. How-
ever, if the external resistance is assumed negligibie the simplified
expression of Appendix A hay be used. The expression for k6,'upon

substitution, becomes:




q + dg 9
% - 0 0 Ll (2.56)
ey E
0 R0
Also
E = e, +1 X024 (T X2 oo (2.57)
99 o 95 a Po 9

For the generator considered the value of Xq is 0.29 pu. Therefore,
+he second term would normally assume a value no greater than (0.29‘)2

or 0.08. As a result we-can say that
E % 6, #+ 1 X = —=mmmmmmm oo oo (2.58)

for this particular machine. The value for k6 can thus be assumed to
remain at about = 0.87 for normal operating conditions (its actual value
would.only be slightly lower).

Using these vélues for k3 and k6’ an expression for exciter

gain as a function of the feedback resistor R]c becomes

k = (2.8x10°) R, = ===~ e oo (2.59)
e f

To achieve exciter gains of 75, 100 and 140. the corresponding resistor

settings become 26.8 k@, 35.7 Kk and 50 kQ respectively.

v) - Parameter Determination For An UhsTabIe Operating
Condition




To facilitate analysis of the system and consequently allow the

design of a suitable type of compensator, it was deemed appropriate to

select an unstable operating condition on the model power system and

calculate the corresponding Heffron - Phillips constants.

By so doing,

this Operafing condition would serve as a basis for determining a

particular compensator's effect on system performance.h With the Heffron -

Phillips constants and the machine parameters determined earlier the

characteristic equation of eq'n (2.31) can be identified and its

eigenvalues calculated.

Through the use of S - plane techniques, the

designer can select some sort of compensation To improve the system's

performance.

The following measurehen+s were Taken with the machine running

zero, the folfowing values for k1 —k6 are calculated:

k =

=
i1

=~
1

0.57

0.71

- 0.88 -

0.09
-0.06

0.85

R
e

Just beyond its stability limit (Xe'.= "0.94 pu, artificial time
constant = 5 sec).
e, = 0.85 pu - i» = 0.64 pu
Power Factor = 1.0 ike = 75
Using The equafions of Appendix A where is assumed to bé
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vi) _Ar+ificial Field Time Constant

As mentioned earlier fthe open circuit field time constant

Tdé : gf The generator model is extremely shorT.‘ Using the model as is
would mean that its performance would not be representative of a real
system. - In addition it was indicated earlier that a negative field
resistance was the normal means of correcting this situation.” Because
this type of abproach could easily turn into a réTher involved invest-
igation jQST by itself, the easier approach of adjusting Te was
taken. The value of Te wasvadjusfed and the resulting roots of the
characTerisTic equation were compared to those occurring for the desired
values of Te' and Tdé_'

. For‘a steam turbine unit with a solid state exciter the typical

values for 'Te and T are:

'
dz

—
1

0.05 sec.

T,!'= 5.0 sec.

It the constants corresponding to* the operating condition observed in
the previous section are applied to the characteristic equation alongv
with the above time constant the system eigenvalues are:

S = -0.02 + j 6.35 s,

~0.02 - j 6.35

s, = =10.23+ j 11.26 " s

i

A -10.23 - j 11.26

After the trial of several values of Te , @ reasonable result was

obtained using the following time constants.

T = 2.0 sec
e
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The resulting eigenvalues became:

i

0.008 - j 6.38

wn
i

0.008 + j 6.38 s

il
fl

s

-5.96 +J 16.81 s,

5 -5.96 - | 16.81

I+ will be noticed that the third and *orTh comp lex conjugate root pair
are not comparable to those obtained earlier. Bécause this root pair is
quite removed from the jw axis compared to S and Sy Their effect
on the system should be negligible. Based on this anélysis, The value
for Te obtained above was judged To be adequate. As an aside, fT

was observed from the S;plane That the éfabilny of the system was
';increased if Te was made smaller. This is.consistent with observations
made on actual systems.

To confirm the validity of the above appréximafion, The phase angle
¢f The machine regulator transfer function is calculated for the TQO sets
of time constants indicated above. The expreésion for the variafioﬁ in |
Torqueidue to a variation in reference voITage can be obtained from the
Heffron = Phillips model with reference Td:Fig. 2.7. The equation has

the following form.

AT ~Koke - . m e — = - (2.60)
Ae - T .
T CO+slT T,

ref 1/k3+kek 4o oldo

+5(T<-e-ﬁ+ T

6 ks

Calculation of the phase angle of eq'n (2.60) over the applicable range

of ffequencies 0 -2 Hz)' shows that the above approxfma+ion produces
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-'only a half of The phase lag occurring when Te = 0.05 sec. and

T = 5.0 sec. This discrepancy arises from the fact that the third

,‘
dz-
and fourth roots of the approximation don't correspond to the desired
case. To rectify this situation iT'was required to increase Te to
3.3. seconds so that the resulting phase angle of eq'n (2.60) would be
comparable. Increasing Te caused the first fwo roots fo move a little

further into the right hand s - phase but, their location is still

relatively close to-the desired case. The calculated eigenvalues became:

0.09 - j 6.34

0.09 + j 6.34 s

59 2

1
1

s -5.95 - j 12.65

-5.95 + j 12.65 s,

3
11 should be noted that the usability of the above approximation

on this model is possible since the constant k4 is very small, This

situation may‘no+ always be the case in practice.




CHAPTER 1]

COMPENSATOR DESIGN

1. System Transfer Function With Frequency Feedback

Thé-Transfer function of the uncompensated system was developed

in Chapter Il. |If a feedback circuit is now added through Gd(S) eq'n

function becomes:

Aw

(2.29) becomes

Eg'n (2.28) and (2.30) remain unchanged and thus the complete transfer

: 377k 377 k. k
- 1 2%
s{(Ms+D) s(Ms+D)(1+sTd; )
377 kekzk3 5 . kek3k6 N
A - 1 !
s(Ms+D)(1+sTe)(1+ssz ) (I+sTe)(]+ssz )
STk kkake . G.(s) k kK kg (3.1)

+ - [
sMstDI (14T ) (14sTy ) ) 7 (MstDY (4sT) (TsTy ) )

d

(3.2)

~kek2k3 [

Ae
r

+

-+

4

- 3 , |
1 + +T 1 ' '
{[MTerZ Is [M(Te sz )+DTerZ ]S’[M(1+kek3k6)+D(Te+sz )

377 k1Ter; 1s +[D(1+kek3k6) + 377{k](Te+Td% )—k2k4Te}]s

377[k1(1+kek3k6) -~kek2k3k5 - k2k4] + keKZKSGC(S)S} o




The characteristic equation of the compensated system is the denominator
of eq'n (3.2). Written in standard form [7], 11 becomes:

k k.k.G (s) S -
1+ eZ23¢ . = 0 (3.3)

. 4 3
. 1 1 1
{[MlerZ]s + [M(Te+TdZ)+ DTerZ]s +[M(]+kek3k6)

1
dz)

+ D(Te+TdZ) + 377k]

1 .
Terz]s + [D(1+kek3k6) + 377{k1(Te+T

5 ‘ : - k2k4Te}]§+377[k1(1+k653k6)—kek2k3k5+k2k4]}

Eq'n 3.3 is now amenable to root locus analysis.

. 2. Investigation of Complex Compensation

~a) Complex Compensation Description-

The concepT of complex compensaffon‘was applieq to the model -
power - system utilizing a feedback’signal derived from one of The‘oper—
aTingvvariableé §n order that the sysTem's performance might be improved..

|1 has been suggested by others [5] that éompensafion utilizing supple~
~mentary signals in conjuncTioh with a real root sTabilizer could provide
“comparable results. To establish WheThér These comments were justified,
it was decided to compare the performance of a‘complex compensator as -
- opposed to a reél root compensator in a feedback path from onerof The
operating variables.’ The'analyfic form of the complex compensa+9r is as

shown below.




E k[sz+2z;1w]s+ w]z] -

. 2 2
i 5 +2c2w25+ wz

The roots of both the numerator and denominator quadratic are complex.
Two methods of analysis will be employed. The problem will first

~ be investigated using the root locus technique and design in the S=phase.

To compare results, the analysis will‘Then'be attempted using freduency

response methods. The phaée angle of the machine function with compen-

sation-will form the baéiélof the analysis. An attempt will then be

made to correlate the two results to produce the best design for the model

power system.

b) Recot Locus Approach

The pole-zero locations for the ﬁnsTable_QperaTing'condiTion.
célcUIaTed in Chapter Il: are plotfed in Fig. 3.1. Examination of
this figure indicates that the system has a paik of complex conjugate
-roots in the right hand S-plane which corfespond To an unstable situ- :.
ation. Because of this situation, pole-zefo cancel lation cannot be uséd
hére since cancéllafion is never exact. If pole zero cancellation were
éTTempTed;lparTiéI'fracTion expansion would show that, even though the
- residues of the unstable characTerisTTc equaTion,rooTsrare very smal |
(a zero has been placed very close to This pole), instability would
- always occur since an exponential Term with a posifive real eXponenf

- would be present.
To decide on a suitable type of compensation for this system, an
examination of what the final S-plane root configurafion of the system

should look like for good results would be in order. Ideal ly the domin-
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ant unstable poles should be drawn into the left hand S-plane so that

the real part of the rooT;is relatively large to ensure good damping.

In addition, the imaginary part of the root should not be too large so
that the system does not possess a high frequency of oscillation énd yet
not ftoo small so that the response is sufficiently fasT. The required
time response of the system should therefore possess a frequency of
oscillation of around -1 Hz and an accepTabfe amount of dampiné. In
addition, the remaining system roots mus{ be nondominant. This can be
accomplished by causing the remaining pofes To move further: to the left
in the 'S - plane or by causing the residues aésociaTed with these poles
to be very small or a combihafion of the two. Failing to accomplish
these. aims could mean that the response would contain a high frequency
componenT5 This could leéd to undesirable torsional vibrations of The
machine rotor shaft and possibly unacceptable mechénical stresses.
Finally, the design musT'ideally maintain the above resulfs in the face
of parémefer variations and, as a direct consequence of This,‘exhibff an
applicability to a general range of operating condi%ions.

In terms of some parTiculaf design spécificaTion oné'can arbitrar-
ily require that the 2% settling time of the response should be less |
- than 1.5 seconds and that the maximum over shoot be less than 25%.
These requirements can be translated to the S-plane using fhe following

wel |l known approximation [11]:

TS is the settling time and o |is the magnitude of the real part of the

dominant root in the SFpIane. As a result we can say that |0|22.7. In addition,




graphs are available [11] which relate the damping ratio r +to the
max imum overshoot. For This specifiéafion r must be greater than 0.4.

Now

where © is the angle measured from the negative realbax1s to a line
connecting the pole with the origin. Calculation indicates that © _
must be less than 66°. With the above information the dominant root

location is established at

S = 2,7 + ] 6.2

A number of complex compensator functionswere fried with the aid
of a DECLAB PDP11/40 digital computer. The points on each individual
root locus were obtained using the digital computer. These points were
.Then,féd into an IBM = 370/158 computer to produce the plots shown in |
v Fig. 3.2, 3.3, 3.4 and 3.5. In view of the above requirements. the
coﬁpehséfion described By Fig. 3.4 ‘seems. to produce the most favourable
results with the appropriate compensator gain setting. |+ should be nofed‘
'fhaT the operating point established in Chapter. i1l was used as the basis
for the above plots. Also, the exciter gain was altered and the resuiTing.
system roots recalculated +o -observe the effecT‘of‘parameTer'variafioh
‘on the plot of Fig. 3.4(b).

As can be seen tThe process of obTainjng Gc(s) by the above
method is one of trial and error. It is therefore necessary to remember
that the compensation described in Fig.  3.4 is not necessarily The

optimum case bhut only the best result obtained from several trials.” To

iy
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obtain the optimum case one would have to resort o some sort of computer
optimizing routine. Although this approach:would probably improve the

results it is questionable whether the additional effort and cost assoc-

iated with such a course of action would. allow one to arrive at a dram-
atically better solution. At any rate, a suitable computer routine is
noT‘immediaTely obvious and, it is thus felt that the method employed

is adequate, especially in'lighT of the fact that an entirely different

form of analysis will be applied in the following section.

In examining the results for the éompensa+or selected it can be
éeen that the dominant roéTs are in the desired location specified earti-
ier. The*roof locations are rather insensitive to the gain setting on
~ the compensator since a relaTively large changein gain is required to
produce a marked change in the root locafions.' The appropriate gain
setting seems fo be somewhere slightly above 100. Further examination
shows that the original high frequency roots of the sytem have been
férced To ge further into the feft hand S-plane. Also, since_The
compénsafor zerces are located in close proximity to the original machine

roots, the residues associaféd with these roots should be small and

- they should therefore not appreciably confribute fo the time response of
the system. |1 should be noted that an-.excessive compensator gain will

cause the system to take on a high frequency type of response due to the

- dominance of the compensator poles. With the excifef gain set to '140,
kfhe plot still proves to be acceptable and thus the compensator should
‘be applicable for a-reasonable range of parameter values. Analog computer
sTudieé of the above cases confirm these observations and will be dis~

cussed‘fur+her in a subsequent section.




c) Phase Angle Criteria

The phase and magnitude relations for Thé machine infinite bus
system can be determined by referring back to the Heffron - Phillips
mode | . Through carefulvexamiﬁafion The stabilizer requirements can be
derived on the basis of This analysis.

To examine the effect of Gc(s) a‘block-diagram showing the
component of forque which iTlproduces from a frequency derived signhal is
given‘in Fig. 3.6. The fransfer function becomes:

G (s)k Kok e e — - == (3.7)

AT _
Aw - ' y 2
1+kez-k.3k6+(Te+sz )S+Terz s
From previous discussions the above component of torque will contribute -

to damping for low bhaSe angles, while at increasing phase angles The
‘damping.componenT‘wiIJ become ‘less dominant and the synchronizfng com—-
onent will take on prominence. A positive synchronizing component
corresponds fo lagging phase angles in eqln»(3.7) while negative syn-
chronizing torque éorresponds To a leading.phase'angle.

| In view of these observations the following criTeria for the
syﬁThesis of Gc(s) have been developed [5]. At low frequencies the
machine function has small lagging-phase angles and thus a smalf syn-
chronizing component. - The function Gc(s) shouldb+herefore provide
only small'leading phase angles which are smaller in magnitude than the
lagging:angles of the machine function by itself. Th}s will allow The>
presence of a small positive synchronizing component of forque in eq'n

(3.7) which will add to the synchronizing component created through the
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k5 foop (using a medium~ high regulator gain). Damping will thus be
provided without degrading the synchronizing torques.

For higher frequencies, the lag for the transfer function between

AT and Ae rof will always be -greater than the lead which can be
provided through Gc(s) due to physical limitations.” Therefore, pos-
itive synchronizing torques will always be present. However, up to the

frequency range of interest, it would be desirable to prevent. the over—"

- allphaseangle from gefting too large. Large phase angles would create

excessive synchronizing torques which would result in a highly oscilla-

tory system response. The criteria established requires that the phase

angle of eq'n (3.7) be limited fo a maximum value of approximately
30° tagging over The frequency range of interest (0 - 3Hz) .

Returning once again to eq'n (3.7) it can be seen, through

vcalculafion, that the roots of the denominator polynomial correspond o
 +he higﬁ frequency comptlex conjugate poles of the system shoWn in Fig.
R is therefore apparent that the compensation to be performed

- involves the cancelIaTion'of the effect of these roots and replacing

them with roots that meet the phase angle requirements stated earlier.

If the previous root locus plots are examined in the light of this state-

ment it can be observed that the best result obtained did in fact fol low

iThis line of reasoning.

. The Bode plot for the machine function calculated for the indi-
cated values are shown in Fig. 3.7 and 3.8.

Trial and error is'again applied at this point so as fo select

. the coefficients of Gc(s) whichiproduce a good overall phase angle




‘response for the whole system. In the selection of these coefficients

for Gc(s) it was attempted fto synthesize a function which gave good
results for a range of exciter gains. A desigh was selected for ke =
75. after which ke was changed to 140 and Gc(s) was subsequenfiy
redesigned to suit this case. Finally, a compensator was selected which
should be applicable for both cases.

The method of pbie—zero selection for Gc(s) was based on the
following procedure. The zero of Gc(s) was placed directly below the
system pole to be compensated. The zeré was placed beneath the pole
so that the overall phase lég would not be excessive. The residue
associated with this machine pole should now be quite small because
of the compensator zero. |

In Thé p}évious section the dominant root was‘selecfed.sq that the
real parT was greater .than or equal Tb 2.7 Té attain a short settling
time. For the compensator poles to be nondominant their real part should
»be be+ween 5 and 10 times further éway from the Jw axis Than the
real part of the dominant pole. This‘ now leaves one to sélecT.The |
“imaginary éarT so as to satisfy the.overall phase angle criTefia.

| Figures 3.9 and 3.10 show the Bodevplo+s for the compensated
sysfem of. eq'n (3.7). The compensator used was designed fo be‘applic-
ab[e for a ke of 75 and 140.

A computer ploT‘of‘Thé root locus is constructed for the above
compensator and is shown in Fig. 3.11. The plot verifies that the
system's high frequency pole is effectivély cancelled from the system
response and is reblaced wi#h‘TheAcompensafpr pole which is sufficiently

> :rem6ved to have'a‘nééligibie contribution. - Referring to Fig. 3.4 indi-
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cates that the major difference in the two desigh methods rests with the

compensator pole locations. The final system root corresponding to this
pole is further out info the left hand S-plane for the case illustrated
: fn Fig. 3.11. The dOminanT root locations of Fig. 3.11 are saTisfachry
when Tthe gainAfacfor k is set to 190. The compensated characferisficv
root locations can be seen 1o be relatively fnsensifive to gain varianons.
tn summary i+ can be stated that The.final design of a suitable |
form of compensator can best be accomplished-wifh the use of S-plane
YTechniqUes and frequency. response meThodé. A-design>based solely on one
method of analysis could produce good results provided enough frials were
made. Using a secoﬁd method however, allows a greafer confidence in The

solution obtained.

- d) Analog Computer Results

To check the above analysis in the time domain fﬁe Heffrdn Phillipé
mode!| was programmed onto an analog Cqmpufef.A’The computer diagram for
the model is shown in Fig. 3.12. All the computer vafiables have been .
scaled according to standard practice. [12].and the proéedure is shown
in Appendix C. |

.In Fig. 3.13 +the computer simulafion‘of the system for the
unsTabfe operating condition using dffferenf values of _Te and Td;'
are shown for comparison. |

In Fig. 3.14 +the computer representation ofifhe comp | ex éompen—>
~sator is illustrated.
Fig. 3.15 shows the response of the uncompensated system to a‘

disturbance using two values of exciter gain. The disturbance level for.

all the compufek solutions which follow will be kept at This level so




DISTURBANCE
INPUT B
J75 " :

NOTE: k is assumed fto be negative

in this simulation

e

A
1
1 [ STAB
Op—= "
N io—2)) 10 & 1 SIGNAL
: |
D ,

FIG.  3.12  Analog computer simulation of the Heffron Philtlips model
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that an easy comparison of the résulfs can be made.

Fig. 3.16 to 3.19 show the computer simulation for the different
éases examined with the root locus technique. The simula+ionsvufilized
the operating point determined in Chapter |l with Te set to 3.3 seconds.
The results show each compensator's perfdrmance‘wifh high and low exciter
gain and various vqlues of compensator gain.

Fig. 3.20 -and 3.21 .indicaTe'The/performance-ofvfhe compensators
- derived using frequency response techniques. Fig. 3.20 shows the results ob- .
tained for a compensator specifically designed‘for aAfke Qf 75 wﬁile
Fig. 3.21 corresponds to the design for ke' = 140.

| Finally, Fig. 3.22 and 3.23 shows the performance of the compén—
sator which complies with the requirements impoéed by the root lbcus
approach and the frequency response method for a low and high exciter

_gain.

3.  Comparison To A Real Root Compensator

, é)M'Compensa+Or Description
The compeﬁsaTion illustrated in Fig. 3.22 and 3.23 appears -
tTo be'quiTe safisfacfory. To be abie to make a competent judgément oﬁ
the usefulness of the above form of compensafibn, a ComparféOn to an
alternate form of compensation élready used with success should be tried.
The compensator selected fér.comparison is a simple real root
compensafdr presénle being abplied with success at Manitoba Hydro‘s

- Kettle Rapids Generating Station. The mathematical description of this

compensator is




ks

A e (3.8)

This compensator has the obvious advantages of a simpler form which
implies that it should be easier to analyze and implement. If its
performance can be shown fo be at least comparable to the complex root

compensator then, the utility of the complex form would be doubtful.

b) RobT Locus Approach |

| The root locus of the system described by eq'n (3.3) is ploTTéd
by compuTer.for three values of .T as shown. These plots are shown in
Fig. 3.24, 3.25 and 3.26. In addition Fig. 3.27 shows a plot for
ke = 140 and T = 0.5 seconds. _Examining the above results indicates
~that'a T = 0.5 sec and k = LA produces the best results.

,IIT should be noted that a much lower value of compensator gain is required

and that the system roots are more sensitive to its variation.

c) Phase Angle Criteria

Analysis from a frequency response standpoint produces the Bode

plot of Fig. 3.28, 3.29, 3.30 and 3.31 corresponding to T = 2. sec.
- and kg, =75, T = 1sec. and kg =75, T = 0.5 sec. and Kq =75
~ and TA= 0.5 sec and ke = 140 respectively. Again the sifuafion using

"ia T of 0.5 sec. produces the best results.

-d) Ahaloq Computer Results

The real root compensator was programmed on the analog computer
as per Fig. 3.32 and subsequently interconnected with the rest of the

. system representation to observe its performance in the time domain. The
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analog results for the three settings of T are shown in Fig. 3.33,

3.34 ?nd' 3.35. Comparing the best real root compensator to its complex
root counterpart indicates that the real root compensator hasvapproximaTer;
equal performance. The only notable exception occurs in the amount of
overshoot observed. The comp lex compensator seems to have s!ighf]y

better damping.
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CHAPTER IV

IMPLEMENTATION ON A REAL SYNCHRONOUS
MACHINE INFINITE BUS MODEL POWER SYSTEM

AiThough'The computer +es+fngvof the two types of compensators.
indicaTes‘ThaT their performance is approximatley equal these results
can oﬁly be based on the assumption that the model used. is correéf. In -
order To‘confirm that this is in fact the case and at the same time
observe the performance of the compensators on a real system, the two

| types of compensation are implemented on The model.

1.v Comp | ex Compensa+ion

-aY Circuit Description

As menTionéd eariier the compensator willluTilize terminal fre-
quency as its input. The ciréuiTry requ}red to accomplish this will be
dependent on the particular installation.

Fig. 4.1 shows the feedback circuit emﬁloyed. The frequency
Trahsducer is connected in series with a meter circuit which provides
continuous moniToring’of terminal frequency. A 5000 ohm resistor isv
connected to ground at this point to develop-a voltage signal for the
’ s+abi|izer circuitry. The resisfancé value was selecTed to properly
FTerminafe The #ranéducer as per manufacturers specificéTions. WiTh The
excepfion of the compensator itself the individual feedback circuit stages
are realized using operational amplifers and the method of applicé+ion
can be found in any text on the subjécf [13]. |

The first sfage of the cifcuf+ serves as a buffer and‘bandpass |

filter. A bandpass filter is required to remove ény dc component in
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FIG. 4.1 Stabilizer feedback circuit = complex stabilizer w




the transducer signal as well as a high frequency machine induced ripple
component. A dc component cannot be +olera+ed since it could cause -
saturation problems in subsequent stages. The high frequency cut-off
is set at 10 rad/sec. while the tow frequency cut-off of the filter
occurs at - 5 rad/sec. ‘The passband is between 0.8 Hz and 1.6 H;
which is sufficient for this system since +he oscillation frequency of
the system is érouna 1 Hz. |

The following section of the feedback circuif is The s+abilizer
function itself. Although the compléx sTébiIizér function can be real-
ized using an active RC network the actual design would require the
careful selection of network components as well as +the use of
a stabilized dc power supply. IT‘was found that a complex form was
not easily realized. In view of this and also anscious of the faéf
'.+haT the best stabilizing function may not cbrrespond exactly to %haT
bredicTed by analysis, it was decided to simulate The”sTabflizer on a
TR = 20* ahalog computer. AAs,léng asvfhe input and output voltages -
remained within + 10 volTs,THe»compufer would properly represent the
function required. To ensure ThaT this voltage level was not exceeded
within the analog computer the stabilizer gain was implemented as a
separate stage af+ervfhe computer. As.a consequence of using the analog
computer, one could now séf the coefficients of the compensator to those
values which would best suit the sysTem. | |

As indicated above,the compensator circuit is followed by a-gain -
stage whose range of adjustment spans values from 100 to 350.

¥ Electronics Associates Incorporated.
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The final stage prior to tThe summing junction of the voltage
regulator serves as the "washout'" or autematic zeroing function. It

is added to the circuit, in accordance with standard practice, to elim-

inate the possibifiTy of a steady state offset occurring in the terminal
voltage as a result of the feedback signal and also to washout the effects
of drift in the preceding circuitry. The washout function has the fol-

lowing form.

._‘TS- L M o o p ‘
WASHOUT = T : ‘ - @

For praCTical operational amplifier circuits an infinite bandwidth is
not possible and the amplifier circuit gaia will Thus drop off at high.
frequencies. It is therefore usual practice fo include a high frequency
‘CQT~Off in anvoperaTionalvémplifier circuit. As a resu(f the actual

washout transfer function implemented has the form:

’ B Ts A ; _ ; ; __________ A .
WASHOUT = (T#Ts) (147 5) | - (4.2

The high frequency cut-off has'been set tor 16 HZ While the value used

for _T is 10 seconds.

The output signal from the feedback circuit is now applied to the
summing Jjunction circuit. For a frequency derived signhal positive feed-

back must be used. - A terminal voltage feedback signal as well és a

reference voltage are supplied at this point.
Each of the operational amplifier circuits are connected in the
inverting mode and as ‘a result the extra inverting circuit is required.

to impart the correct polarity to the signal.
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Thevfinal stage befére the exciter corresponds to the artifical
time constant discussed earlier. The time constant actually implemented
corresponds fo 3.5 seconds. This is siightly different from the required
value of 3.3 seconds due to limitations in component values. However,
it is felt that the errors created would not be of major significance.

The exciter itself is modeled with a power operational amplifier

as indicated earlier.

b) Parameter Determination and Oscillographic ResulTs
In the actual performance TesTing of the complex stabilizer it
is required to determine The values of exciter and stabilizer géins
which will be used.
The testing is carriéed out for two valueé of exciter gain cof—

responding to ke = 75 and ke = 140. The feedback resistor set-

.tings are identical to those determined in Chapter II.

The value of stabilizer gain was determined by evaluating the
transient gain of the circuit shown in Fig. 4.1. Therroutine followed
is shown below.

Frequency Transducer
3

Gain = —10° - _AWPS
5 Hz
Voltage Divider:
. 100000 .
- Gain —1o%000 % 1 AMP x 5000 @
_ _VOLTS
= 4751.9 A

Bandpass Filter and Buffer Circuit:
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_ =25
(T+. 153 (1+.25)

Transfer function

Examination -of the Bode plot oQér the frequency .range of interest in-
dicates that ‘

Gain = 1
Stabilizer Circuit:
L VOLTS -
Gain = 1 Vﬁf?g._ (By experqmenTal measurement)

Stabilizer Gain Stage.

® to_3.5x10° VOLTS

Cain = 1.0x.0. , 4
10.4 ‘ VOLTv
Washout Stage: '
' : 6
. 110~ VOLTS
Gain = = 1 g&7=
1><106 VOLT
Summing Junction:
cain & 1x10% 1 YOLTS
820x103 0.82 . VOLT

Taking the product of the above values sets the stabilizer loop

gain to the following range of values:

VOLTS

Oyeréll'Gain = 116 fo 407 Hz

Although the stabiflizer function was determined by analysis it
must be appreciated that the function actually implemented wou Id quite

probably require some minor adjustments to yield good resulfts. This

contention can be jusTified from the sTandpoin+'+ha+ there are inadequacies
in the measurements and approximations which were used to analyze the
syé+em.

Adjustment and trial resulted .in the selection of the following
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stabilizer function.

175 [§° + 125+ 280] - - - - - P (4.3)
[32 + 508 + 1530]

Gc(s) =

[+ should be noted that the stabilizer gain actually used turned out To‘,
be less than that predicted by analysis. |t was observed that too large
~a value of gain wpu}d result in the amplification of the ripple freqﬁéncy
component contained in the frequency transducer éignal (the low pass

- filters could not remove this component épmpIeTer). If a brominenT
ripple frequency componen% was fed back to the exciter loop it was found
that é ¢orresponding dither signal was superimposed on Thé sys+em\oper—
aTiﬁg variables. As a result, the stabilizer gain has to be reduced to
avoid this effect but yet kept high enough to main+ain adequate damping;
In The oscillograms'fhaf fol low power and frequency are,recorded

‘for the two values of exciter gain under different operating conditions.

" Fig. 4.2 (a) demonstrates the improvement in dynamic-stability. |t was -

| observed that the stabilizer ekfehded the dynamic stability limit of the

’ generator beyond .its owh ratings. The'vélué of terminal voltage used.
'fs quite low so as to accenTUaTe Thé sTabinTy pfoblem. Fig. 4.2(b)

show the sfabilizer's transient stability performance. The system is

run at Thé-operafing poihT shown and a sjngle phase switching operation
(approximately TO.cycIe duration) is performed. Stability is mainTained.
Fig. 4.2(c) gives an indication of fhe stabilizer's range of application.
With the sysfem running at Tthe operating point shown, a transmission line
swiTéhing opefafion is simulated. The transmission line equivalen+ fe-

actance is switched from 0.94 pu to 0.50 pu and then back to 0.94 pu.
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Fig 4.2(b)
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fhis would be analogous to either reducing the length of the line or "
pjacing anoTher line in parallel with an exisTihg line. The impedance
value was returned to its original value since the system response at the
lower value turned out Té be very oscillatory and would tend to instab-
ility if left alone. The same situation-is repeated with the stabilizer
removed and the result can be observed in Fig. 4.2 (d). The oscillograms
~ show that the stabilizer performance is adequate for the particular sit-
uéfion it was designed for but, that it cannot be applied at all times.
I+ would then seem apparent that a sTabjfizer is only applicable to.a
specific situation and that it cannot be applied for a general range
- of cases since it wi{l either affect no improvement in the sySTém stab-
ility or possibly even contribute to instability. A possible solution
.To the abové di lemma could iﬁvolve»fhe design of severa] compensators fo
suit several operaTing’configuraTions and the appropriate logic to bring
the correct stabilizer into operation at the right time. . |
The above range of condi*idns afe reexamined with the exciter
gain increased to 140 in the osci l lograms of ng. 4,3, I+ should.be,
noTed‘ That the higher exciter gaiﬁ-cauées the system, by itself, To
exhibit gréaTervsTabilify bQT That The observations made abovebcan still
be éppiied to These results.

2. Real Root Compensator

a) Circuit Description

The circuitry required to realize the real root compensafioh is
shbwn in Fig., 4.4, 'Since the function considered has a much simpler

form it was decided Tb‘implemenT it using‘operaTional-amplifiers.




STABILIZER = 'STABILIZER  WASHOUT

CFUNCTION . GAIN . o
200k 1Mo 025 M _— 1M
N NN YN
1¢ ' I
; SR It | | : Ol |
uf 100 ko 10 ka 100f 1Ma ' X
> o — AN > AAS : > Ay > > Vs(tc)lb
4 :_ - +
FROM . , | | | ,
FREQUENCY . ' |
TRANSDUCER | - - :
SUMMING JUNCTON . ~ INVERTER ART, FIELD POWER OP AMP
- o e ~ TIME CONSTANT
" 820ka  1Mn 100 k. Mo 0-100ka
Vstab>— v AN NN/ AN ;y<?
<15 82kn | - e . .
- COGT‘SQOé*“—"\/\/———— v \ v 100 k_ﬂ. \ 1 M.ﬂ. 3'5“f 2.2 k_ﬂ_
Vet 45 s80kn N Vet e e —
' Fine%—.—’\/\/——- | A ' | & | TO
o - o o . - FIELD :
——  510n - R f
Vb L | : CIRCUIT |

vzl
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The first stage is the frequency transducer itself. There is.also a
high pass filter incorporated into the circuit to remove the ripple
component from the transducer signal. This circuit is then followed by
The gain stage and the washout stage as used previously. Although the
stabilizer function itself has the form of a washout function, the add-
itional stage was employed to obtain the correct signal polarify and

also To eliminate any dc offset which may‘occur.

b) Parameter Dé+ermina+i6n_and Oscillographic RésulTs
The tests performéd in the previous section are repeated for the
" real root stabilizer. As before, the range available in the stabilizer
~.gain was determined prior to actual testing and the actual coefficients
used were‘adjusfed before the results were recorded.
| The calculation of the feedback circuit gain is idehfical to the
‘calculation of the preceding sechon excepT-for the changes mentioned

above. The gain of the stabilizer feedback circuit becomes:

100 1 L e
Oyerall gain = 705 X Tie2 x(100-— 350)%(0.2)
= 23 ‘o 81

After adjustment the following real root stabilizer was used.

_ 60S e e e .A.
() = 0.8 | | - BRRERC

Fig. 4.5 -and 4.6 show the performance of the stabilizer for
ke = 75 and 140 respectively. The situations examined are identical
to those run previously for the complex stabilizer so as to facilitate

~comparison.’
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In compafing the results, one can conclude that the rea| root
compensator's performance is comparable to that of the compfex compensator.
Implementation of a real root compensator would therefore seem to be the
most practical course of action. However, the real root compensaTor

§uffers from the same pitfall associated with the complex root compensators

in that it cannot be geherally applied to ali operating conditions.




CHAPTER V
CONCLUSIQNS

The purpose of this work was to éxamine the effect that complex
compensation could have on the improvement of sTabiI?Ty for é power
system. In this réspecf; a_specifiC‘sifuafion was selected which is
usual ly characterized by instabili®ty. The situation studied is described
'by a block of generation connected to a large system through a long
Transmission |ine. Thé«:ompensaTordesign was based on parameters obtained
ffom measurements taken on a real model power system. To #esT The‘éomp—
ensator obtained through analysis, analog computer simulations were
performed and +hecompensa+ionwas implemented on the real model power
system. The same system was reexamihed using real root compensation.

.The following conclusion became evident as avconsequence of this
- s%udy. : |

- A properly designed real root compensator can perform just
as well as a compfex compensafor selected for the same siTQa—
, Tion; |
- Although complex cdmpensafion can enhance system stability
iTs mathematical form is involved resuITIng in a more diffi-
cult problem of ‘analysis. In addition, the realization of
such a compensator can prove 1o be very difficult. Usually"
This woﬁld mean the use of more components than a comparable
real root stabilizer. More éomponenfs would Tend to raise
‘The possibility of cif;uiT mal functions. All of these faéfors

taken together would seem to indicate that a comp tex compen~
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sator would be morerexpensivé to produce.

A real root compensator of the form 7;%?—7 was considered

in this study. Implementation of a real rqu compensafor

possessing two poles and two zeros coufd possibly yield

better results but This would require aﬁalysis of the specific

siTuaTion.beTng consideréd, At any ra%e, +he study would.

seem to indicate that.real root compensation ‘is The’bes+ form

To use.

Whether the Combensafion is real or complex, the facT».reméins

that a single compensator cannot provide propef stabilization

for all The operating cases encoan?red’on a sys+em5 As a sol-
~ution, one can desjgﬁ SeVéral compensators and employ the

:‘ proper logié to select The compeﬁsaTionArequired. An alter-

nate approach, which seems to be the present Trend, would

involve The use of aniCompuTerS‘fo mon itor the status of all

- operating variables continuously and, as the situation arose,

apply the appropfiaTe remedial action. |

The value of stabilizer gain used must not be excessive éince“

the amplification of thanfed sfgna]s could result. This must

be.considered as a factor in the synthesis of any‘sTabilizer

._funcfion. |

in the fden+ifi¢a+ioh Qf The machfne pafameTers of the rea( :

‘power system model a technique employing frequency response-
methods was employed. This method allows the determination

of all the réqulred machine parameters. However, the analysis

of the data is rather cdmplex. This disadvahfagé can be -
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tolerated when the standard tests fail ‘o yield the desired information

as was the case in this investigation.
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Heffron-Phillips Constants Equations

The Heffron Phillips constants used in the analysis of a synch-

ronous machine infinite bus system are obtained through the use of the

following equations.

E E
k1 = T [re sin 60 + ‘Xe + Xd ) cos 60]
4 o , : o
| + A [(Xq—Xd )(Xe+Xq)SIn 60 - re(Xq—Xd‘) cos 60]
ro qu' : (x'e+><q)k(><q-xd')’
: k2 = [—*7T——— + q0(1 + A )]
+ - t
< = (Xe Xq)(Xd Xy ) ]_1
3 A
. r - 1
( - 0 tae ) [(X_+X )sin 6. - r. cos 6]
4 AH(X +X (X =X e g 0 "e °0
e ' q 'd’'d " :
e, . :
_ 9 e Bo sin S0+ (XFXy"IEqcos &y -
kg = X 1 : ]
. e+ q A
0
°q. r E, 8, (X +X IE $
9o 1r.e 0cos 0-""e g0 sin 0
+ X' - ]
ey d A
0
e ‘v e
o = A - Xd (Xe+Xq)] N dq X ,Zg
6 ey A e, 9 A
0 0 :
where
o 2
) A = [rev + (Xe+Xd’)(Xq+Xe)]




The steady state operating values of &., E , E., e, and
. : 0 “dg 0 dO

obtained with the following eq'ns.

E = (e +I X)2+(I X)2
9 EX 95 9 Po @
E, = Ve, -1 r_ -I xe>.2+(1 X -1 re)2
o Po % P 9
.. 2 2
. . ey Ip (Xq+Xe) - rqu(Ip + Iq )
. 5 0 "o 0 0
sin § =
0 E
qO‘ 0
e+0(e+0f IqO(Xq—Xe)—IpOre
cos & =
0 E E '
qofo
2 2,
(I “+1 )
~ Xqu pO qO
E E
5 ©
i ='[j: (e, +I X‘),—IIX/E'
Aq Po Tg 9 9 Pg % q] 9
i = [I 2>< + I
d - (e, +I_ X )]/E
0 Po 9 90", qo.s] %
e = [lel+I X)Y/E le
90 To 9% 97 9% T
e = | X
vdo 9 9

e

9
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If it is assumed that the external resistance is zero the expres-

sions for the six constants becomes:

X - Xd' R
k, = - i i E, sin &, +
1 Xe + Xd 9% 0~ " 70
o - EO sin 60
. 1
2 Xe + Xd
X, T+ X
k, = =
3 Xd + Xe
X, = X, !
o d d. ' .
k4 = Xe T Xd EO sin 60
X,. = dg
k5 =YX 5 EO cps 60
e +
0
: e
K - Xe qO
6 X +X,'" e
e "d TO

T should be noted that all quantites are in per unit on the machine base.

The nomenclature used is as follows: -

eq = quadrature - axis voltage
ey = direct - axis voltage
iq = quadrature - axis current

iy = direct - axis current

EqO EO cos GO
X + X
e q
, e
1
X4 99 :
X T S EO sin 60
e 'd +O

|
|
|
|
f
|
|
|
|
i
|
b
|
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e, = ferminal voltage

Xd = direct - axis synchronous reactance

Xq = quadrature - axis syﬁchronous reactance

Xd' = direct = axis transient reactance

Xy = equivalenf'sySTem’reacfance‘(exTernaI/Té machine)

re = equiv§|en+ system resistance (external T¢ hachine)

§ = angle between the quadrature axis and the infinife.
bus volfage. '

Ip = real. component of load current

Iq = reacfiye component of load currenf

-SubséripT 0 denofeé steady state Yalue;

- Upon examination of the paper presented by deMello and Concordia
[5], one will observe that the expression for k, does not correspond

To that gfven above. The expressions for k.1 - k6 enumerated previously

cbrrespond to those originally proposed by Heffron and Phillips [1].
In the development by deMello and Concordia the location of the constant’
k3 has been altfered so as to appear in T he field expression. In order

~ that the diagrams remain equivalent the original expression for k4'

(shown above) must be divided by k3x to obtain the expression‘given'by

deMello and Concordia.
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Synchronous Machine Operational Impedances

From Low Voltage Measurements at- the Stator

Terminals - A Sample Calculation =

The procedure employed to obtain the machine parameters is pre-
-senTed using the test data corresponding to the d-axis with open cir-
vcui+'field. The syﬁchrénous machine is ahalyzed through fhe use of an
velécfrical equivalent neTWork‘consis+ing of parallel branches of -RL
elements as shown in Fig. 1. The model is an exact eduivalenf to the
v+ransfer function deTermiﬁed for voltage changes applied to the stator
terminals. The development to be followed is ‘identical to that gTVen
in'reférenée [10]. | |

On a per phase basis the rafié of stator voltage To.sTaTor cur-

rent results in

s -

where RS is the dc stator resistance measured at operating temperature
and Ld(s) is the operational inductance associated with the direct -

axis. The factor kK is a constant to account for the measurement

arrangement (k =2 for the d - axis). ManipuléTion yfelds;
VSv _ j_L,sLd(.S)
kR -1 R
s’s s

The quantity onithe left hand side of the equality sign cbrreponds to the

measured transfer function whose data is analyzed to fit the following

general form.




Z oqls)
AL
, o_____f“Y”\f‘r”)
sLl
S Ld(S)
—_—— sLm
sL1 . SLZ
e

FiG. 1 D - axis equivalent circuit referred
: to the stator terminals.
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VS (1+sT1)(1+sT2)(1+sT3)

kRSI 7 (1+ST4)(1+ST )

5

Using a least squares optimization routine the curve obtained through

experiment is fitted to the analytic form and the resulting break fre-
quencies are derived. Fig. 2 shows +he Fortran lis+ing of the main

program for this case. The numerical result is:

Vs [1+(0.115)s]1[1+(0.0318)s][1+(0.0029)s]
KR_I_ - TT+(0.102)s][1¥(0.0230)s]

The above expression has the form:

VS - y(s) !
kRsIs Z(é)
-and o
R C I
Rs Z(s)
Therefore '
R Y -7 ‘
_. s , (s) (s)s
Ld(s) =g (—-—3?——~———*)

(s)

From above

1 4 (0.15)s + (4.096x107)s2+(1.093x10™°) s

<
i

(s) )s

and

2

N
|

Z 14 (0.125)s + (2.346x10™2)s
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Now Rs = 11.9 ohms.

After calculaticn ‘ /

. £0:30)[1+(0.064)s][1+(0.0070)s]
(s) [1+(0.10)s][1+(0.023)s]

d

From reference [14] the equivalent expression for The above is

T " )
(40T 48 IsTI+EST Tag s

[1+(Tdc'> )s][1+(ng )s]

Ld(s) -

- Examination of the two previous expressions allows one to immediately
say:
T,! = 0.10 sec. T = 0.02 sec.

o v do v .

T is the open circuit transient field time constant -while Td" ‘is
Jdo .

1
do- _
the subtransient value. For The stability studies undertaken only‘The
value for Td' was used.

, 9

Returning again to Fig. 1, it can easily be deduced that

. s (skm) (Zeq(s))
std(gy = sth o+ T+ Zeq(s)

Solving for Z eq (s):

(stm)(Ld(s) - LQ)

Zeq () = [Ty - Lats)
I we let Ld(s) = Ldu (Nii))

D(s)

where Ldu is the per unit d axis inductance on the machine base

(Ldu = L& +lm where L& and Lm are respectively the leakage induct-
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ance and the mutual inductance), the expression for i -eq (s) now

becomes:

[
. skm(N - = D )
Z eq (s) = (s) Ldu (s)
By = Neod

The values for L& and Lm were determined Througa previous tests and
‘are as shown,

EL = 0.05 pu Lm = 0.25 pu

From the above

N 2

() 1+ (0.0706)s + (4.407 x 10™)s

D, 1+ (0.125)s + (2.346 x 1072)s2

_After calculation we arrive at the following form:

Req. (1+sTx) (1+sTy)
- (1+sTm)

7z eq (s) =

From analysis of Fig. 1 Z eq (s) can also be expressed'as:’i
; : R,R L; L L.L

172 1 2 2 5172
| R IR [1+ s(z— + R,) +s f???_]
7 6q () = -2 R 172
| By
‘ [1 + s(z—5)]
T URR,
It we let } S .
R.R. L L
12 71 2
R = -, T, = =—— and T, = -
P RpRy R ‘ 2 R,

LThen, by substitution and facfoking
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R [1+sT, 1[1+sT,]

Z eq (s) = - ! 2
_ T1 T2

[1+R (- + 5=)s]
p R2 R1

Equating like terms of this final expression and the earlier version

produces:

"R = Re
p q
T1 = Tx
T2‘ = Ty
T T
- 2
Rz— + —==) =T
p R2 R1 m

~Using the first and last equations of the above set allows the estab-

 Iiéhmen+ of the foflowing-hafrix equation.
1 1
- = 1/R
_ P

Deriving Z eq (s) numerically gives:

(3.69)[1+(0.059)s]1[1+(0.0010)s]
[1+(0.035)s]

Z eq (s)

UsTng this equation the following values become evident.

]

T 0.059 sec. T 0.001 sec.

1

1 2

il

.Tm

0.035. sec. R = 3.7 ohms
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" Upon solution we have:

R = 8.9 ohms R'

1 5 = 6.3 ohms
and subsequently
“L, = .53 H L, = .01 H.

1 : 2
To determine the value of Xd" the equivalenT reactance of the

whole network is determined (resistance values are neglected). The

value obtained is:

" '= 3
Xd 0.06 pu.

To determine the value of Xd' the equivélenT reactance of the
network with the last shun+ branch removed is determined. The value
is:

! = ’
Xd 0.22 pu.

Finally the value for Xd is obtained by removing both shunt
“branches from the networks and determining the .equivalent reactance.

‘Thislcorresponds to Lyy (im per unit) obtained earlier and thus

Xd = 20.30 pu
fn an analogous manner the values of the other machine paramefers"
are calculated using the data from the reé+ of the tests performed. The

pertenant results are shown in the table of Chapter 1.
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Analog Computer Simulation

Scaling

In -order that fhe eignal levels present at any location in the
model should not exceed + 10 volts, Thereby avoiding saturation which
could create errors in the results, the simulation must be properly
scaled. In addition, The'signals should not be too small so that they
are not of the same order as noise signals. The process of scaling
involves writing the appropriate equations for each part of the mode!
and eSTimaTing The maximuﬁ expected value for each variable. The equa--
tions are then rewritten to obtain reasonable poT,seTTinésiand amplifier
gains ThroughouTIThe eiﬁulafion.‘ |

‘The scaled‘analog computer simulation diagram is shown in Fig.

3.12.  If we first examine the power. - freqﬁency section of the model

“the fol lowing equation becomes evidenT;“

‘ _'APe‘ + APm
Aw. = M5+D
Ao = - _éie _ DAw AP

M M M

The estimated maximum values for each variable are:

Aw - .10 pu =
AP - 3 pu
_ APm - 1 pu

Therefore
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P . AP

Aw, _ 3..Ae:  .1D, Aw 1, m
AP = @ - P @
and. thus:
. AP ’ AP
Aws 23181 - (Dy rAw,- 1y—_m
[.1] = 1O§M)[ 3 1 ‘(M)[.1] + 1O(M)[ i ]
From measurements
D = 1.8 pu M = 5.7 sec.
The required pot settings become :
D
3/M = 0.526 i 0.316
“and
Lo~ 0.175
M :

The pot settings turn out to be satisfactory.

~ For the frequency - angle section of the model :

or

R
A§ -5 Aw
AS = 377 Aw

The estimated maximum value for A8 ‘is 4 radians resulting ini #he

following:
(A1 = 10C.943) [y

 Examining the area of the model. associated with electrical power

-gives:
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8P, = ky, AEq + ki AS

1

The estimated maximum value for AEq is 0.5 pu.

Therefore:

AP .5k 4K
- 2, A Eq 1 A8
=71 = S5 g1 + 0]

For the signals confributing to field voltage the appropriate
equation is: .
‘ k

BE,,y = T;§$—~ (~kgh8 - Kk AEQ)
e
or o o
-k K k k |
, . ~-eb _ e 6 1
BEgig = T Ad - BEQ - 7 AEg,

e ~ e e
.The estimated maximum value for A Efld is- 3 pu.

Therefore:

[AEfld] i (4kek )[é§q i (0.5 kek65[ AEq]
3 - 3T 4 37T 0.5.
e e
. v(_lo[AEfld],
T 3
e
Since ke is large it can be seen that the pot settings will not be

reasonable. To alleviate the problem divide numerator and denominator .
by 10.

0.4 kek5 AS

S WA

0.005 kek6 AEq

57770 f0.5 1
e

- 10(
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0.1 . AEeg

S WALEERE.
e

Using values obtained earlier for each of the constants shows that the.
pot settings are now reasonable.
~Finally, if we consider the equation relating q - axis voltage,

we obtain:

AEg = + = AE AEq
Td; Tdé fid Td;
The resulting scaled equation is:
- 4k 0.3k,  AE,, . o
AEq . M4 as 3 f1d, 1 AEq .-
o5 T, gl Wy 5 - o




