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ABSTRACT

This paper dels with aproblem of dynanic instability facing
a real power system .Evidence of a problem arose in studies
of a proposed generationexpansion of the system using a com=
" prehensive non=linear dynamic simulation for the systen,

The procedure followed to stabilize such non-linear systen
was to linearize the system into state space forn and to use
nodal control approach and an optimigatlion approach to design
the stabilizers,Two alternative solutions are illustrated
the first is Based on the centralized approach in which a single
stabilizer controlling the whole system is designed,and the
second is based on a decentralized approach in which leocal-

controllers are designed for the individual machines.

Dynanic simulation tests,again on the non=-linear dynanic sinula=-
tion confirn the effectiveness of the alternative approaches,
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I. INTRODUCTION

Stability is still one of the major problens encountered in

power system operation.Several basic system design and control
nethodstlihave been developed to cope with these problems ;however
they still remain in many systems and new methods may prove useful.
In practice auxiliary stabilising signals based on shaft s peed

or rotor angle measurements working into the excitation systens
are emoployed to enhance the stability of individual machines.

The successful application of the stabilivatiom methods available
has been sonewhat "ad hoc",llodern cptimal cuntrol and state
fecedback nethods have been sugsestel(?2,31but have not been adoptid
by the industry largly duc to the conputaional problems assoclatcd
with handling nulti-mzchine cystems on=line and the reliability
problens associated with the communication of state variables

and control signals between individual nachines and the centralized
controiler,

These difficulties imposed by centralized controller concept
can be alleviated by treatin~ the entire large system In telns
of scweral interconnected subsystems in which the stabilization
end intcraction effects are considered sucessively for each
subsysten,

The stabilization techniques for large scale systems can be
clacsified into two groups(4ltermed the hiercrchical o o
and the decentralized aproach,respectively.

A Hierarchical(nultilevel) Stabilization Approach

The main function of the hierarchical contrcl apnroach is to
cenerate two signalssthe first is te lieep each cubsystenr as
independcnt as possible,and the second is to stabilize each
local subsystem using a decentralized controller,This appraach
requires the transmission of state variables of ecach subsysten
to the higher level controller howewer,so has the attendant di
advantages,These problems can be overcone using the completely
decentraliged stabilization approach,

o
S

B,Decentralized Stabilization Approach

e o o i S 5 i 0

The main idea behind the decentralized apuroach is to inplement
several decentralized(or local)controllers,each utilizing only
locally measured states and applying control locally,

In this paper the decentralized stabiligation problem for a

real five plants infinite bus power systen is nresented and
solved by formulating the stabilization problenm into a functional
ninimization problen,

II., PROBLEM STATEUINT
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2.1 Real Network Configuration
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E}gure 1 shows the essential feactures of 2 real 30 KV nulti- N
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nachine power system,Load flow resul
power delivered to the loads(8-14) i
circuit underzround cable(7=8).This
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.
ts indicate that most of the
s comingz through the double=
is a weak link in the systen

end subject to frequent faults.

The generating units at all plants are identical

and their

excitation systems hawe the same voltage=response-ratios.The
turbines,governors,and boilers are not modelled because of relatively
large time constants associated with their dynamic responses,

All of the power plants are equiped with rotating type excitation
systems,represented by IEEE type l,showvn in Fig.2.
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and their exeiters are given
Machine Data (In P.U. Rased on 100 HVA)

in Tables X&II

Plant 4 H Ra Rf X X! XI Xd b & X X¢ I; " D A ; B
-4 f d d o 4
10 ' b fo £10
1 107
2 4.0 16 10 1.0 1.1 0,1221 1.,4360 0.2363 1.4021 0.%611 8,80 0,20 2,0 4.92 7.1792
3 2,5 25 10 1.0 1.1 0.0550 0.8105 0,1428 0.7565 0.2779 4,10 0,30 2,0 1.12 7.30
4 1.13 32 10 1.0 1.1 0.3103 2,8946 0.5372 2.8251 1.4557 4,750 1,50 2.0 7.32 8.6871
% 1,10 23 10 1.0 f.1 0.070 1.2 0.20 1,20 0,30 4.30 0,250 2,0 2,0 7.20
é 2,80 27 10 1.0 1.1 0,1027 1.0533 0.180 1.0 0.18 4,40 1,50 2.0 2,345 68,0610
Table II} Excitation Sustem Parasaeters (In P.U.)
Plant # K K K T T T v v A R
A E F A E F @ax  hax
1 - - - - - - = - - -
2 57,14 -0.0445 0.080 0,05 0.05 1,0 -1.0 1.0 0.0012 1.209%
3 25.0 -0,0582 0,105 0.20 0.5544 0,35 -1,0 1.0 0.0045 11,5833
4 400.0 1.0 0,030 0,02 0,253 1.0 0,0 7.30 0.0983 0.2972
3 400,90 1.0 9.030 0,02 0,253 1.0 0.0 7,30 0.09€3  0.2972
6 2253 1.0 W73 0,05 0,952 0,02 -3.84 3.34 0.0322 0.8514 ~J
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2.

Network Reduction of Systen
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To sinulate the system dynamically,it 1
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required to

1

represeat

the power network by an equivalent adnittance matrix seen by
the generating units.Kron's technique was applied to elir .nate
all the interior buses and keep only the generator buses as

shown in Fig,.3.The equivalent admittance metrix l1s
Table III,

. <« - Plant Ne. 6

@

Planc No. 3

given in

~J
1(110.00. 68.20) l(}ﬁ.oo, 18.60)
1102 [r.4° i ! 1.0% (.g° Table I1I
| Eguivalent Generator Bus Admittance Matrix
]
1.5583] -0.1429] -0.3828] -0.0933| =-0.2548| ~0.4117
2 - " i .04 . . -
s . e e 311.0398|+J0.6976|+J4.0486[+J0.3891|+J1.5058) +J4.3504
24.00, 14.88) ~ 3
e b -0.1429| 0.4080 0.0059| 0.1945| =0.2026] 0.0064
N —= +70.6876| =J3.1117|+J0.2459(+J1.2456|+J0.6252] +30.2642
A"‘u
1.100 f1.7° N \1 -0.3828| 0.0059| 0.2040{ -0.0009{ 0.0327| 0.2192
' 06,11, =73.6) 4 yz 0486]+J0.2459]=J7.0337|+J0-1401+J0.5339|+J2.1489
711 -0.0933 0.1945| -0.0009 0.1845| -0.1263] -0.0010
| 4J0.3891|+J1-2456]+30.1401|-J2.2813|+J0.3525| +J0. 1506
|l ( -0.2549| -0.2026 0-0327| -0.1263 0.9278 0.0352
X u 4+31.5058] +J0.6252| +30.5339[+J0.3525|~J3.7439 +J0.5737
(16.80, 10.42) 1.113 [-1.38° . L0853 [oL:b6T
1 (@8-, 16.12) -0.4113] ©0.0064] 0.2192| -0.0010| 0.0352] 0.2355
~N A +14.3504] +30. 2642 +32.1489|+J0.1506|+J0.5737| =J7. 5919
Planc No. & Planc Ho. 3
Y,, ® ¥, : are che sleme £ th =
4 i ad-i:::n:neu:::x? i
Fig. 3 Five Plants/Infinite-bus Reduced
The system is subject to a hree-phase-~to-ground fault at bus

no. 8,for a time duration of three cyeles (405 sec.)a

2.3 Sinulation Results Without Supplementary Stabilizing signals
—-—-----_-‘----“—H'_-------_ 0 ol G Ouy GuE GRS GO N TN WD B ‘ﬂ—-ﬂ—m_—-n————u——--_nn—
A snulation program has been develéped (5ito study the effects

of generators,excitation systens and turbine-governors on power
systen dynamic stability.Although the fault clearing time was
relatively short,simulation results show that large swings in the
rotating mases were developed, (Fig.4),and synchronisnm between

the power plants was lost.

IIT PROBLIZI SOLUTION
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Developing stabilizing signals

very difficult task,therefore the dynanic

systen is approximated by & linearizmed nodel

the controller design based on the lincorized model 1is
by using it in the non-lincar sinulation,

-

cr e 2

for the non=linear system 1s
verformance of the
«The validity of

checked

is reprcsented in the state-space forn as

(1)

The system dynanies

Y=CX .

L X=AX+BU ,
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vhere X [X ...X] is nxl state vector,the state vetor for maechine
2 P
i is X-aly gw, § ,E81 ,The natrices A,B&C are of dimencions nxn,
i £ £

nxm &lxn respectively,The vectors

The nomenclature of the machine o

U&Y are of dimensions mé&l resp,

arameters have adequately been

deseribed in the refercnced papers so that details will not be

repeated here,

31 Inplementation of a Centralisz
The necessary and sufficient cond
feedback matrix,G,to assign the e
(A+38,1s that systen(l) be cont
G is chosen to hove the dyadic ©o

lares

3

eé@ Controller

s o i e

iticn for finding a statee
igenvalues of the e¢losesd loop
rollanle,The state Lcedback
rn G=fd . The desircd poles

-
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. . . o
=1.2:528, 6,1 J17.6,=1,T2J10,1,-,90£j0,9,-12J4.9,=2,0¢ 1.2,
-‘?7iJIT|”099*j05|—10,¢ 084,-08,'07

and the "C"matrix has been obtained,using nodal control theoxyfa

%
4
such that the controller fccds one stabilizing zisnal to plant 2,

G=F47.5,596,-37.6,—2.1,—5!9 3,54.1,1163,6 ‘Gfarqnjl"Tl-gt—2007a
185.2,3.4.129.4,:2.6"‘d1"‘. -

To checl: the effectiveness of this procedure, this stabilicing
sizcnel was applied in the nonlinecr sinmulation nodel,Simunlation
results (Fig.5)indicate that the controller is quite effectlive
in pushing the dominant eigenvalues to the desired location
with a degree of stability o7 .

Llthouzh the centraliszed controller wras ¢fvective in danning
the systen osciliations,there Lre sonc difficwlties(cost,
reliability)which stand against its anplication in the field,

Therefore, it is escenticl to lock Ter an alternative solution
to overcone these difficulties.

3.2 Designing of a Decentralized Controller

— —-“I--‘——I--“-”—ﬂﬂ-ﬂq_-ﬂ-—-h‘—‘--qﬁl----‘— - an
The systen deseribed by (L) can be decomposed into H inter-
connectel subsystens as follows: )

TT A A ..e 10X ]fB 1ru?
S A A - § 4 N N S A ]
:_ :" BN j : !"‘}_ .‘_ ) ]? : (2)
x) la a .a ixly Bilu!
i Nl N2 HN K ¥ N

The problem is to design deccntroliczed state feedback controller

U=K X B (3)
1 11 .
Such that the overall system X= (44 BK)X is stable,VWhere
K =block diag[K ..K] €
1 X

The necessary and sufficient condiction for solving such problem
is that the system must be free from unstable decentralized
fixed polesl7l.

3,251 Mininization Algorithnm
Fron [€1, the negativity of the functionzl(see nomenclature)
J= || ¥I+ A 4 BK | for ¥ 0 (5)
E
reperssents a sufficient condition for stability of systen(l).
If the functional (5) can be reduced below zero,then the closed=
loop system is stable,However,the eigen-value theorem indicates

that i (A+BL)+ (ArBKY
nax [Re ) (A +BX)] < }\ e (6)
i i nax
i
Thus the system degree of stability canbe improved by reformulating
equation(5) as follows;

=l
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(A+3K) 4 (AeDK) |
A+BK)+ (A+BK
2 E

Hence,the stabilization problem can be formulated as followsy
fimd the matrix K of the controller parazmeters which minimizes
the fumctional(7).This is an optimization problem the solution
of which yields the requireé design,

For the sake of accuracy and speed,a minimization algorithm
which utilizes the functional J and its gralient was used .
The functional J is given by(7) and its gradient with respect
to the gain K is computed as follows

Define Dz ¥I+ ((A+BK)+ (4+ BK) )/2 (8a)
J= WDh-y= Yer(DD') -¥ : (&v)

thus 4J=1nﬁ(ﬂlan)/2 tr(D.D" ) .

or 8J= tr(D,B,aksD (B.ak) )/4./?§TBETS_ (9)

Hence, 3J/sK= B (DeD' )/ aftz (DT ) (10)

The negativity of the functional(7) is a sufficient condition
for stability,consequently it gives unnccessarily high gains
for the matrix K,To overcome this difficulty,the funetional
is reduced iteratively and in each iteration,stability is
checked by a standerd subroutine,

Executing the above optimization problem,a full natrix K ,is
obtained,not a bloek diagonal forn(4) as required decentraliza=-
‘tion.

' To satisfy this constraint,the meth:l of feasible directions 4]

wes used as follows:

a) 3tart the nmininization iterctively with K of “the forn(4),
(called a feasible form).Arrange K colunn-wise conteining

non=zero elemnents corresponding to that of the bloek diagonal

natrices(4) and zeros elsewhere,

b) The direction d ( gradient(10) arranged column-wise)neceded
for minimization has to be modified to thc fcasible form,
This can Dbe done by premultiplyins d by o matrix H,where
H is a diagonal matrix of cntries either 1's or 0s so as to
reflect the block diagonal constraint in the nininization
algorithn,

A proof given in(d4)shows that if d is renlaced Ly Hd ,this
nininizes J also,i.e, the algorithm still works,

2«2 Inplenentation of a Decentralized Controller

The contrel strategy described above was apnlied to stabilize
the five plants/infinite bus systemn of Iig.l.,The stability
check was satisfied after seven iterations,and the closed loop
eigenvalues with th'e decentralized control are;

=541 44,=535,9,-1,22328,6,=42231746,=1444,=11,9,=1.Tx j10, T,

=~ 110,10, =4 8235.0,=T48,=2.2,=46,-443,=.41, =396

L -
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Ehe diagonal rows in the controller matrix were found to bas
K = £=47499,504y-138.6,~2,4]

K = [=1480E=3,9,3E=b,=1,1E~3,2,961
3 .
K4: [2¢50=4,4,90=4,2,80=2,=9,02e=2]

K5= [2.4B=2,5,7E=4,1,985=2,~8,6]
KG‘ [~e20,8,10=4,~,36,=10,6

The dynanic rcsponses from the non-=linear simulation,for the same
fault,with inplementation of the obtained decentralized s ]
are shown in Fig.6, Figure 6 illustratcs the success of t
designed controllers in improving the damping of the multi-mzchine
system,

IV, CONCL USION

A sinmple algorithm has been developed for solving the problen

of constructing static decentralized controllers to stabllize an
interconnected power system.The dogree of stability which can be
achieved and the speed of solution of the prohlem depend mainly
unon the number of iterations and on the chosen initial condition,
Besides the advantage of applicability,dccentralized controllers
are more reliable and 1 35 costly than the centralized ones,since
they dont require extra installations for information exchange .
It is obvious from Fig., 6,that the decentrelized controllers

have inposed additional dampimg by veducing the amplitude of the
first swings and the fast decay of the low frequency oscillations.

Ve NONIENCLATURD

n(a ) the Buelidean norm of the matrix (.),which is the squere
E root of the sum of the squares of the clements of mN
- m - = A o 3\
() the spectral radius of (.) i.e. the eigenvalue of Ea}
having the largest utsolute value,
tr(.) the trace of (.)i.en the sum of its diagonal elencnts.
T. Superscript denoting matrix transpose,
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