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ABSTRACT:

A new "Gain Scheduling stabilizer' for
interconnected power systems has been described
in this paper . The design of ths PSS is haseaq
on a priori information about readily available
machine and excitation system paramst
"Observation® for a certain duration of
the network from the tus of the machine
cerned to ascertain

con-—
r 8 the electrodynami~ cou-
pling of the machine to r=st of the nstwork.

The computational complexity of this psg
requires the use of relatively sophisticatad
computing system. Though, such computers are
now available, they are not in common use 1IN
actual power plants. With this in view, th= PSS
design has been modified so that the adaptive
gains are selected in real time based on the
operating conditions and worst case natwork
parameters. The modified PSS can be implemented
using on-line computers having capabilities
similar to those of ordinary Pcs or even up
systems with moderate memory and computaticnal
capabilities.
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INTRODUCTION:

The excitation systems of almost all modern
synchronous generators, operating in an inter-
connected power system are equippsd WIth high
gain, low time constant automatic voltage
regulators (AvrR). The use of such aAVRs, along
with increasing utilization of long transmis-
sion lines for bulk power. transfer have result-.
ed in an overall lowering Of dyramic stability
margin of the system. This IS manifested in the
form of peorly damped low frequency oscilla-
tionsg OF individual units with respect to the
rest OF the system., or worse still, of one
aroup OoF coherent units with respect to another
coherent group.

The stability of the system, in principls,
can be considerably improved by the application
of close-loop fesadback control. Over the years,
a congiderable amount OF research has bezen
dirscted tow rds dssigning suitable Powar

Svetam Qtahil- zers (pss). Designing and tuning
stabilizers ave complex processes. A majority
of stabilizers In use are of "fixed gain® type,

which are tuned by a combination oF off-line
mathematical mod=1lling and field trials. Due to
nenlinear nature of the plant and continually
changing loading attern, network element
values and topnoloas OF the network. the per-
formance of these stabilizers can be considera-
bly degraded. In recant years, a number of
methods for designing "Adaptive or Self Tuning
stabilizerg' have besen proposed. Thess 1nc1¥dn
PSS based on model identification techniques™”

Gain scheduling pss with precomputed gains
stored in look-up tables® :¢nd pPss tO cancell
the negative damping contri* tion OF the AVRi

Most of these stabilizers are computation-

ally complex and oftzn impossible to implement
in real time with the wodsrate computational
facilities available In modern power plants.
The gain scheduling PSS describe? in this pager
takes advantage of the a priori knowledge
available about the system and combined with a
simple on-line identification of the external
reactance X,, enables gain scheduling most
appropriate to the then system and operating
conditions.

THE PSS DESIGN PHILOSOPHY:

A particular generating unit, operating in
a multimachine environment is modelled as =
single machine connected to an infinite bus
(sMIB) through a transmission line. Howevar.
unlike in an actual sMIB case, the changing
network element values, tha loading pattern of
the other machines and the topology of the
network beyond the machina concerned are made
to reflect as a variable transmission line
impedance (as opposed to the fixed impedance in
SMIB case). As the wmachine and excitation
parameters arc known and ths terminal quanti-
ties can be measured easily, the PSS gains
could ke ¢ soon as the variable line

impedance is known. It is for the estimation of
this varialls impedance, the network has to be
observed from the terminals of the concerned
generator.

The PSS chosen hag the form Kp AP + KyAW.

The adaptive gains kp and k, are determlned by
instantaneous operating conditions and the

tranenission line impedance "seen® by the
machine and are obtained by local real time
measurements at sach machine. This is a truly
adaptive PSS with lent performance. Howev-

er, since most of on~-line paramster identi-
fication techniques used 1In implementing gain

scheduling PSS including the proposed new PSS
require cobservation of the system after the
disturbance has been initia . there may be a
considerable time delay between the disturbance

initiation apd the actual c“ntrol_action. To
eliminate this delay, ir the practical imple-
mentation oF the prog 3 ¢SS, the on-line 2,

estimation has been laced by an off-line
estimation of ths ’'worst’' case Z_,. This 2z,
estimation process can 'z run as often as
desired or even as s background process on the
computer.

The PSS thus operates in sen -adaptive mode
with the gains now determined by the instanta:
neous operating conditions and the worst caszse
transmission line impedance. The kp and k,
values are obtained by detailed ma”xlne models

to generate k, and ¥ surfaczs in P-0 plane for.
worst case impedanfe 2% Finally, only the

polynomial coefficients to rsgenerate these
surfaces are stored in an on-line computer so
that che gains kp and k, a any particular
operating point can be eaS|Iy computed usina
vector-matrix multiplications. Use of off-line
computations to estimate the polynomisl coeffi-
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cwients have also helped to reduce the on-line
memory raguirement otherwise needed for storing
a huge number of gain values in a look-up
table. However, this involves additional compu-
tational burden on the real-time computer.

IN MULTI-MACHINE ENVIRONMENT :

The actual system is represented in Fig. 12
and the modelled system in Fig. 1B. It may be
noted that it is impossible to compute the
model transmission line impedance z, solely
Erom measurements made at the generator bus
urless some assumptions are made about the
remote TFictitious bus. Assuming that the volt-
age OF the fFictitious bus is 1.0 pu and Z,_has
s given %/k ratio, it is possible to obtain a
quadratic expression for ¥, (imaginary part of

Ze

%e) [Appendix: 1] in terms of the operating
point ?. .. ., and V., at the generator termi-
nal. By monltorlng %hese uantities at the

generator terminal over a wide range of operat-
ing conditions, it is possible to estimate the
range of z_, values as "seen® by the particular
unit concerned.

For an SMIB model with the machine operat-
ing with p, at the generator terminal, it
is well known tﬁat higher the transmission line
reactance X poorer is the electro-dynamical
coupling befween the machine and the infinite
bus. In other words, a higher transmission line
impedance in an SMIB model is detrimental from
dynamic stability point of view. Therefore, out
of the entire range of z_, values as observed
from the machine terminal over a period of
time, the maximum value of z, (hence maximum
¥,) 1is chosen to represent the electro-dynamic
coupling of the machine to the fictitious bus,
since 1t can be expected to represent the
"worst case" situation of dynamic stability of
the particular unit.

THE kp AND k. SURFACES:

Et the “worst case z,' available from the
system data observed over % certain duration of
time, It is now possible to model the system as
a linearized SMIB model for any particular

operating point Pp., Q... For a realistic
operating range of a generating unit given by,
0.10 ¢ Py, = 1.10 and -0.20 < Qo = 0.80 .. (1)

we can have (n+1),(n+1) operating points,
about each of which the SMIB nodel can be
linearized, where n denotes the number of small
incremental steps into which the p,. and 9,
ranges have been divided. For each of thesé
(n+1) . (n+l) operating points, the cigenvalueg
of the SMIB model are checked with (kp* A P)and
(R,*4 w) stabilizers with x, decreased in small
stéps from zero and k., Increased in small ste
from zero, till the rlghtmost eigenvalue of t
linearized systen stop moving towards the left.
The corresponding values of %, and x, are the
chosen gains of the PSS at that particular
operating point. This off-line exhaustive
method of searching for x, and x, for every
operating point, results in gayn surfaces
represented by (n+l),(n+l) points in the p -
Qco-kp and Pto“Qto“kw spaces.

The fundamental aspect of "tuning” by this
method is that the dscay rate, i.e. the nega-
tive of the real part of the =zigenvalue of the
least damped mode, is maximized. This technique
has long been recognized as one of the methods
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of tuning a PSS>. A major advantage of tuning
by this method is that since attention 1is
always focused on the "least damped® mods, it
prevents the exciter or any other modes from
becoming unstable while trying to stabilize the
rotor mode.

To the reet of the
POWE!‘SthBnl

M Vp essuned
Ze
GEN L S—
Pro Pimin
U = —=-—mmeommm—ee where Py = 1.10 pu
Pimax ~ Pemin dnd Pemin = 0-10 pu
Qto ~ thln
voE Sese- i where Qcpax = ©.80 pu
Qtrax ~ Qtmin and Qpj, = -0.20 55)
The gains ky and k,, can be expressed as,
(Ny-1) (Nz—l) .
kp = fglu,v) = > aiju1v3
1=0 J 0
(My=1) (My-1)
ky = £,(u,v) = bysutvd, u,v e [0,1)
. . J
i=0 i=0
.. (3)
The values of Ny ,N, (My.,M,) depend on the
extent of nonllnearl%y oT E {k,) and the

acceptable level of accuracy of  the curve

fitting desired. Once, Nl (Ml,M ) are decid-
ed upon, the polynomlal noofflclaotc a5 (bys)
for kp (k,) are to be determlned This is dons
by so§v1ng a set of Nl*N 1+M5) linear equa-
tions involving Ny aﬂ ulo) unknowns. The
system of linear equat ons has the form,

[ERP} [a] = [RP] . (4a)

[ERW] [b] = [RW] . (4b)
where [ERP] ([EKW]) is an N N (M M) non-singu-

lar square matrix generated by the normalized

operatlng points uj. Vi with i=1,2, g (My)
and 3 = 1.2, s Ny My ) and N Ny Ny
(M=M1 *Mz) .

(kP] and [RW} are column vectors Of ilengths
N and M respectively, containing the computed
gains. [al and [b]l are_ column vectors contain-
ing the unknown coefficients ary and b. . re-
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spectively.

The expanded version of eqn. (4a), for
example, looks like,
N1-1, 152-1 Ni-1,, N2-2
Yo Vo ani1-1,N2-P * Yo Vo aN1-1,N2-2
co. tapgg = fpiuo,vo)
Nil-1, N2-1 N1-1, N2-2
41 Yo N121,N2-1 N Vo 8N1-1,N2-2
- aoo - fp Ul,VO)
Ni-1 N2-1 + Nl-1y N2-
Ju1-1 VN2Z2 T TINLST N2er gt vy 2-1
aN1-1,N2-2 00 p'"N1-1'"N2-1

The values of f,(u;.vy) and £,(u;,vs) are
either the actual ggins cgmputed by the tuning
algorithm already described (when N, N,=n+1} or
interpolated values from best-fit cur@es (when
Ny Ny < ntl).

For a realistic SMIB machine-excitation
system model, it was found that N,=N,=7 as also
M,=M,=7, results in polynomial %jt ings with

17"
acceptable errors. Therefore, for a given worst
case z,, only 49 algebraic coefficients for
each kg and k, gains need to be computed end
stored’ in the Treal-time computer. For any
operating point within the range of operation
specified in (1), the gains kx; and x, can be
simply computed by,

kp = [ul[aRPI(v]®  k, = [u][ARWI{v]® ..(5)
where ({Axp] and [AKW]) are the 7x7 matrices
containing the algebraic coefficients

AKPyj = ag_j 5.4 ARW;5 = boog g.4, i=1,2,. 7

and, ful = [ u® u® uf u3 w? u 11,
vl = [ v® vs5 ¢4 v3 v2 v 11

RESULTS : e

A dynamic flux-linkage multimachine model
is used for the purpose of studies. The config-
uration is shown in Fig.2 and the machine and
system parameters are given in Appendix-2.
Widely different machine ratings were inten-
tionally chosen so as to highlight the perform-
ance of the PSS on both small as well as very
large machines. Each unit is represented by a
10th order dynamical model consisting of a 7th
order synchronous generator, 1st order AVR. 1st
order turbine and 1st order governor.

For the purpose <t pss design, the possible
operating range of each machine is chosen as
given ¥n_eqn (1), and the ranges of ?. and Q
were divided into 10 steps each. Thus for eacﬁ
machine, kp and were computed for 121 dif-
ferent points_in the P, - o, plane. The ~tun-
ing“ was carried out with incremental steps of
0.02 and 1.0 for kx, and %, respectively. The
computed x, and %, _surfaces (topg and the
corresponding synthesized surfaces (bottom) at
same resolution are shown in Fig.3.

The multimachine model was subjected to a
wide range of operating conditions by changing
the machine loadings as well as the loads on
bus 4 and 5, and for each of those operating
points, 2, estimations were done from bus 1, 2
and 3. A "sample of those results are given in
Table 1. As evident from the table, for any
particular unit the worst case z, occurs when
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188 NVA Z,

loading on 188 YR base

My: 8.8438.3
'—1 Ny: 8.7+4j1.6 B4’ -3.5-J1.4
Mq: 6.7-j1.3  Bgi-4.6+52.1

MULTI-HACHINE CONFIGURATION
Fig. 2 System Configuration for PSS analysis
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Fig.3 The kp and k, surfaces for worst case %,




it is supplying a high active power
with a negative reactive power (Q%) generation.

This

With the knowledge of worst case 2z,
machine parameters for each unit,

is expected, since under
stances a unit

(Py), but

hese circum-

is known to be most weakly
coupled to the rest of the network.

and the

stabilizers

were designed for each of the three units.
Sample time response plots of change in active
power Tfollowing pulse disturbances at V..
points of each of the three machines, with ang
without PSS, are shown in Fig.4.

Table 2 (A, B and ¢) shows the eigenvalues
of each of the three machines with and without
the proposed pPss for some typical operating
points. The identification of the rotor and
exciter modes was done using the "Participation
Matrix technique®. It is obvious from the
eigenvalue tables, that with the proposed FSS
in action, the damping of each machine has
considerably improved, while, in general, there
is hardly any detrimental effect on the syn-
chronizing torques.

TABLE - 1
Machine #1 Machine(§2 Mﬁghine 3 :el 0 Xe2 Xe3
P
(pu) (pu) (pu) pu pu pu
0.80 0.30 0.80 0.30 0.80 0.30 0.07818 0.09281 0.10884
0.80 -0.15 0.80 0.30 0.80 0.30 0.13992 0.09281 0.10884
0.30 +0.70 0.80 0.30 0.80 0.30 0.09632 0.09281 0,10884
0.30 0.20 0.80 0.30 0.80 0.30 0.08829 0.09281 0.10884
0.30 -0.10 0.80 0.30 0.80 0.30 0.12887 0.09281 0.10884
0.80 0.30 0.80 -0.15 0.80 0.30 0.07818 0.16364 0.10884
0.80 0.30 0.30 0.70 0.80 0.30 0.07818 0.11553 0.10884
0.80 0.30 0.30 0.20 0.80 0.30 0.07818 0.10580 0.10884
0.80 0.30 0.30 -0.10 0.80 0.30 0.07818 0.15359 0.10884
0.80 0.30 0.80 0.30 0.80 -0.15 0.07818 0.09281 0.18963
0.80 0.30 0.80 0.30 0.30 0.70 0.07818 0.09281 0.13718
0.80 0.30 0.80 0.30 0.30 0.20 0.07818 0.09281 0.12550
0.80 0.30 0.80 0.30 0.30 -0.10 0.07818 0.09281 0.18130
0.73 -0.20 0.73 0.39 0.81 0.39 0.12917 0.10073 0.11586
TABLE - 2A s
Eigenvalues of Machine # 1 & "“‘ T aching ¢ 1 e o PSS 1
( R : Rotor Mode, E : Exciter Mode ) 010 ochine - — With 755 3
Network . ]
Loading Without PSS With PSS 2 0053 7
1 R :-1.129 # j8.172 R : -2.855 % j3.849 0003 :
R : -3.189 f J9.894 S 5081 ]
E : -4.327 £ j0.399 E : -2.855 f jJ3.849 L 3 3
~0.10 4 B
2 R : -0.887 f j6.544 R : -2.981 ¥ j5.041 3 3
E : -5.354 F j1.859 E : -3.574 ¥ j7.354 018 T ‘ Tﬁ(%d)m T 1a
Ime secon
3 R : -0.989 + j7.750 R : -2.999 + j9.419 0.40 I e S S
E : -4.375 + 30,350 E : -3.132 ¢ J2.859 I T eohine 2 :
4 R :-1.123 + j8.172 R : -3.222 f j9.855 t 1
R : -2.873 i jJ3.845
E : -4.300 + jO.397 E : -2.873 F 33,345
) TABLE - 2B :
Eigenvalues of Machine # 2
{ R : Rotor Mode, E : Exciter Mode )} 10 40 e TP P TP e
Network _ ) o 2 P 8 10 12 T4
Loading Without PSS With PSS Time ( second )
0 Qe - T \RARRRERRS TTrTrTreTT Iasanas: T [asuasnassassl
1 R : -0.594 + j7.183 R : -1.167 + j5.685 3 Machine @ 3 1
E - -6.286 £j14.7438 E : -4.490 £3j17.833 0.06 3 3
2 R :-0.902 £ j7.408 R : -2.981 F j5.041 2
- R : -1.074 ¢ 35,515 . :
E : -6.301 1jJ14.758 E : -4.517 ijl7.842 ° 3
3 R :-0.940 f j6.292 R : -1.794 f j5.245 ©
E - -6.120 fj16.195 E : -3.865 fj16.952 E
4 R :-0.787 + j6.%78 R : -1.563 + j6.181 O N A
E :© -6.105 £315.505 E : -5.003 +316.526 Time (second )
E : -6.116 fjl14.861 E : -5.222 kj16.663

Fig.4 AP ‘response with and without the PSS



TABLE - 2C
Eigenvalues of Machine # 3

( R : Rotor Mode, 8 Exciter Mode )
Network
Loading Without PS8 With pss
1 R -0.218 % 31.952 R -0.336 % j2.061
E -4.294 £3i20.514 E -4.069 £327.316
2 R : -0.221 # j1.956 R : -0.331 % 572.061
E : -4.436 +3j20.524 E -4.275 +£327.091
3 R : -0.224 + j1.961 R : -0.457 + 32.106
E -4.284 £320.740 E -4.428 +£326.997
4 R : -0.242 + 31.966 R -1.563 * j6.183
R : -0.498 = j2.066
E : -5.134 %3j21.706 E -4.623 +321.829
CONCLUSIONS :

This paper has described the designing
technique of a simple gain scheduling PSS based
on machine parameters and obseryations of the
external network from the machine bus at var-
ious loading conditions. The rss design essen-
tially involves c¢ff-line tuning at different
operatin oints using a linearized high order
SMIB model. and solving a system of linear
equations. Therefore the real. time computation-
al load is reduced to simple vector matrix
multiplications. The PSS has been tried out on
a multimachine model for a wide range of oper-
ating conditions with machine ratings ranging
from 100 MVvA to 835 MVA, and the results arc
quite encouraging.
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APPENDIX - 1
Let us suppose that the X/R ratio of the
model transmissicn line of impedance zg
(R, +3JX,) S k. Then it _can be shown that, for a
sMIp model with negligible local load at gener-
ator bus,

ax 2 + 8x, t ¢ =0, where a = I.®( 1+ 1/k%)
B = 2v.I ( sing, - cos g / K)
— 2 _ 2
C= (Ve - v,<)
v, = 1.0pu (assumed voltage OF remote

fictitious bus )

vV, = Measured pu voltage at generator bus

I, = Measured pu.line current at generator bus

¢ = p.T angle at generator bus.
For normal operating values Of p_., Q. and v,
we get two real values of X, ( i‘e. B? - 4AC
2 0 ), and the least positive valus IS
selected since the other value of ¥_ (if

M
b.
Ta
C.
Th
d.

Tg
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positive) 1is normally Ffound to be very-high
{ 0.70pu or higher)

) Appendix - 2
Machine Data ( Self Base )
M#1 M2 M# 3
MVA 100 233 a35
REd 0.000686 0.000927 0.001186
Xd : 1.180000 1.569000 2.183000
Xq : 1.050000 1.548000 2.157000
Xad : 1.105000 1.365000 1.937000
Xaq 0.975000 1.344000 1.511000
(secq) 9.970000 8.244640 5.284790
AVR Data :

Ka : 45.00 250.00 250.00
(secq) 0.09 -0.05 0.05
Turbine Data :

Kh 1.00 1.00 1.00
(seq) 0.50 0.55 0.60
Governor Data :

Kg 15.00 20.00 20.00

(sec) 0.20 0.25 0.30




