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Abstract—SVC devices are used to improve voltage and reagiwer conditions in ac systems. An additionaf tafs
SVC is to increase transmission capacity as re$ydower oscillation damping. Eigenvalue-based weshfor analysis and
control of power system oscillations using SVC haeen developed. The characterization of poweesysiscillations
using the eigenvalues and eigenvectors of the statex is detailed. Design of power system dampiogtrollers using

residue method is addressed
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I. INTRODUCTION
The concept of flexible ac transmission systemsQF8) is
made possible by the application of high power tedeic
devices for power flow and voltage contfjl. In addition a
number of FACTS devices have already been instédiexdd

power system dynamics which help to mitigation av loeigenvectors,

frequency oscillations often arise between areaa large
interconnected power netwofX].

Eigenvalue sensitivities are one important outcavhehe

modal analysis and control of oscillatory behavemd

dynamic stability in power systems. The pioneesimgk [3]

considers the local oscillation of a single machiyemeans
of a transfer function model. The usually complettgrn of
oscillations in a large power system can be stutheough
linear, time invariant, state-space models basedthen
perturbations of the system state variables fragir thominal
values at a specific operating point

Power system oscillations occur due to the lackarhping
torque at the generators rotors. The oscillation tloé

generators rotors cause the oscillation of othevgpsystem
variables (bus voltage, bus frequency, transmisdioes
active and reactive powers, etc.). Power systeriflaigmns

are usually in the range between 0.1 artdz2lepending on
the number of generators involved[#]. Local oscillations
lie in the upper part of that range and consistthud

oscillation of a single generator or a group of egators
against the rest of the system. In contrast, iatea
oscillations are in the lower part of the frequenagge and
comprise the oscillations among groups of genesatbr
addition, power system oscillations exhibit low gdang

compared to oscillations found in other dynamidesys: an
oscillation of 10% damping is commonly acceptedwed
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damped. To improve the damping of oscillations awer
systems, supplementary control laws can be appied
existing devices. These supplementary actionsedeered to
as power oscillation damping (POD) control

This paper reviews the basic concepts of eigenvahadysis
of linear systems. The physical meaning of eigams|
participation  factors, residues
controllability and observability indices will batroduced
and illustrated in small scale power systems. Tdifinique
has been successfully used in location and tunfrgower
system stabilizerfb]

The application of sensitivity measures to the glesof
power system damping (POD) controllers has beefieapp
to SVC. The design method utilizes the residue @ggh;
this presented approach solves the optimal sitifrige SVC
device, selection of the proper feedback signald #re
controller design problem

and

[I. BASIC CONCEPTS OF LINEAR
SYSTEMS ANALYSIS

Low frequency electromechanical oscillations rarfgem
less than 1 Hz to 3 Hz other than those with sulzisgonous
resonance (SSHP]. Multi-machine power system dynamic
behavior in this frequency range is usually expdsss a set
of non-linear differential and algebraic (DAE) etjoas.
The algebraic equations result from the network grow
balance and generator stator current equations.ifitial
operating state of the algebraic variables suchbas
voltages and angles are obtained through a starutaxer
flow solution. The initial values of the dynamicrizbles are
obtained by solving the differential equations

A. Eigenvalues, Eigenvectors and Modes

Let us start from the mathematical model a dynasyg&tem
expressed in terms of a system of non-linear diffgal
equations:

x=F(xt) 1)
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If this system of non-linear differential equatioris increasing (decreasing) behaviér.complex eigenvalue of
Linearized around an operating point of intereskox4t positive (negative) real part results in a incregsi
results in: (decreasing) oscillatory behavior.

AX = AAX(t) 2)( The components of the right eigenvectgrmeasure the

A meaningful solution method of (2) is based on tHglative activity of each variable in the ith mode.
eigenvalues and eigenvectors of the state matrixAA. 1he components of the left eigenvectgrweight the initial

eigenvalue/, of the state matrix A and the associated rig@?s\rrlt(ij::tilsgt?(;: ;2;(';:2 mode

vi and left w; eigenvectors are defined according t9i is natural to suggest that the significant stediables
Av, = 4V,.In a matrix with all distinct eigenvalues (not anfluencing a particular mode are those havingdaegtries
necessity but it is easier to understand whensbjs all the corresponding to the right eigenvector df. The
right eigenvectors and eigenvalues can be expreased participation factor othe j-th variable in the k-th mode is

compact matrix expression defined as the product of the j-th's components@fightv
and leftwy eigenvectors corresponding to the k-th mpéje
AV =VA 3
Where, ij:Vijij (11)
Vo= (Vv ... Voo Vo) )
A=diag (4, 4, .4, A, ) The productW,V,is a dimensionless measure which is
called participation factor. In other words, theyea
Pre-multiplying both sides ¢B) by V' gives independent on the units of the state variablesdadition,
both the sum of the participation factors of altigbles in a
VAV = A ) mode and the sum of the participation of all modes

variable are equal to one. Other interesting meagithe
subsystem participation. The subsystem participaigothe

A similar expression holds for the left eigenvectdfssuch magnitude of the sum of the participation factofstie

that variables that describe a subsystem in a mode.
WA =AW (6) B Modal controllability and observability factors
Where The effectiveness of control in power system can be
W = [ o] o) ... o, ol @) indicated through controllability and observabilitydices.
This is important as control cost is influenceditgreat deal
Post-multiplying both sides ¢6) by W', gives _by the controllability and observability of the ptan_\gse
issues are addressed through modal controllabdiby

C Controllability index
Assume that an inputu(t) and an outpudy(t) of the linear

The transformed physical state variablgscan be put mto\}jynamic system (2) have defined

modal variableg2) with the help of eigenvector matrices

and W AX(t) = AAX(t) +BAu(t)

x=Vz ) Ay(t) = CAX(t)
z=Wx

(12)

The application of a linear transformation defirggd the
In power system literature, the right eigenvectatnir v is eigenvectors of the state matrix to the systemeasribed by
known as the mode shape matrix, that is, eigenvegtis (12) results in: equation (13):
known as thé"™ mode shape, corresponding to eigenvajue Let v and w be the right and left eigen vector imas of A,

The mode shape provides important information oa tReSPectively. If eigenvalues of A are distinct,rthe'v = I,
participation of an individual machine or a group ovhere W is conjugate transpose of w and | is the identity

machines in one particular mode. matrix. SubstitutingAx =wAz in (12), we obtain
solution of (2) can be expressed in terms of tigereialues
and eigenvectors of the state matrix as: AZz(t) = wT AwAZ(t)+ w' BAu(t) (13)
Ay(t) = cwAz(t)
N
AX(t) = Ve WAX(0) = Y v, W Ax(0)] (10) _ _ _
= Equation (13) can be written for kth eigen mode as
The analysis of equatiofl0) allows to draw the following AZ(t) =1, Az ( t)+z w, BAv(t) (14)
conclusions: i=1
The system response is the combinatwinthe system Where w is the left eigenvector corresponding to kth mode
response to each of the N modes. and B is the ith column vector of matrix B. From (14jeo

The eigenvalues determine the system stabilky.real can find the controllability of kth eigen mode witlspect to
positive (negative) eigenvalue determines expoalti
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the ith input. The controllability index (CI) of ath input to applying the feedback control, eigenvalues of thiial

the kth mod€8, 14]is defined as system G(s) are changed. It can be proven, thah uwine
feedback control is applied, the shift of an eigdugs can
Cl, =w.B (15) be calculated by

AL =RH(A 19
The input i, for which the value ofy B, is maximum, is =RH(A) (19)
considered the suitable parameter to be controftad

X . i It can be observed from (19) that the shift of ¢igenvalue
affecting the kth eigen mode to maximum extent.

caused by the controller is proportional to the niiagle of
the corresponding residue. For a certain modesdhee type
of feedback controls H(s), regardless of its stmectand
parameters can be tested at different locationstieomode

D Observability index
The observability index (cvi) of an ith input toetlkth mode

is defined as of the interest, residues at all locations havee@alculated.
Ol = Gw. (16) v (9 VT

The study of equations (15) and (16) leads to dfeviing

conclusions:

Cl; Measures the controllability of the mode associated -

the variableX; (t) from the inputAu( t) .In other words, if

the mode); can be controlled from the inptu( t) Fig. 1 Closed loop system with POD controller

Ol, Measures the observability of the mode associatedthe largest residue then indicates the most effedtication

) to apply the feedback control.
the variableX;(t) form the outpuf\y(t). In other words,

if the mode), can be observed from the variatiy/( t ) F Power Oscillation Damper Controller Design .
.Supplementary control action applied to FACTS dewito

Therefore, a mode _can be controlled if only if & - rease the system damping is called Power Oteiila
controllable from the inpuAuU( t) and observable from theDamping (POD). Since FACTS controllers are locaited
output Ay(t) transmission systems, local input signals are away
Therefore, a mode can be controlled if only if & jpreferred, usually the active or reactive powewflirough

. FACTS device or FACTS terminal voltaggsg. 1shows
controllable from the inpuAu( t) and observable from thethe considered closed-loop system where G(s) repteshe

output Ay(t) power system including FACTS devices and H(s) FACTS
POD controller. In order to shift the real companeh; to
E Residue the left, FACTS POD controller is employed. That

Considering (12) with single input and single out(BISO) movement can be achieved with a transfer function
and assuming D = 0, the open loop transfer funabibthe consisting of an amplification block, a wash-oubdd and

system can be obtained by mc stages of lead-lag blocks. We adapt the structiROD
controller given in[8, 12], i.e. the transfer function of the
FACTS POD controller is:
G(s)= Ay(s) is
Au(s) 17) N
=C(sl-A)'B H(s)= K * 1 , sT, [1+sT,,
1+sT,, 1+sT,{ 1+sT,,
The transfer function G(s) can be expanded in garti =KH, )
fractions of the Laplace transform of y in terms®&nd B (20)

matrices and the right and left eigenvectors as . . . .
g g Where K is a positive constant gain, angd)is the transfer

function of the wash-out and lead-lag blocks. Threshkout

N
G(s) = ZM time constant, Tw, is usually equal to 5-10 s. Teed —lag
T (s—4) (18) Parameters can be determined using the followingons:
N
_ R
;(S—ﬂﬂ) P comp :1800_arg( Ri ) (21)

Each term in the denominator,, ®f the summation is a

scalar called residue. The residue Ri of a padicoiode i [ Peomp

gives the measure of that mode’s sensitivity teedback 1-sin m

between the output y and the input u; it is thedpot of the ac=—ed - - (22)
mode’s observability and controllabilityrig. 1 shows a Tiag 1+ sin((pwmp ]

system G(s) equipped with a feedback control H{ghen m,
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L Vin = (V= V) /T, (33)

T.o =———, T q=a.T (23) . T
120 w;~Nac fead ¢ leo Vi = (ﬂo(l_-l—_l)(vref _Vm) _Vr) /TZ (34)

2

Where arg(Ri) denotes phase angle of the resiguéUR is

the frequency of the mode of oscillation in rad&sec is
the number of compensation stages (usually #=m2),the

angle compensated by each block should be 30°18G°.

controller gain K is computed as a function of ttesired
eigenvalue locatiohgesaccording to equation 24:

. (24)

K :‘ /l’l _/Id
RH.(4)
Ill. DYNAMIC MODEL OFTHE TESTSYSTEMS

A. Generator model
Each generator of the test systems is describesixbgrder

non-linear mathematical modgl3]: The sixth order model

is obtained assuming the presence of a field dirmnd an
additional circuit along the d-axis and two additibcircuits

ll/v0
=< Vi max
v A Ts+1 | + : L 1 Vi
Ho —
Ts+1f — 7% T,s+1 + Ts+1
v |
rEf V(O Vf min
Fig. 2  Exciter system

. T, \
Vf = ((Vr —Hy #)(Vref + Vf O)V_ _Vf ) /Te (35)

2 0

C. SVC Device

The Static VAr Compensator (SVC) is a shunt coregbct
device whose main functionality is to regulate Woétage at

a chosen bus by suitable control of its equivateattance.

The model that is used here assumes a time constant
regulator, as depicted Fig. .4.

In this model, a total reactanceybp is assumed and the
following differential equation holdg 3].

L:)svc = (Kr(vref * Voop - V) - bwc )/Tr (36)

The model is completed by the algebraic equatigmessing
the reactive power injected at the SVC node:

Q = _bS/CV ? (37)
The regulator has an anti-windup limiter, thus teactance
bsyc is locked if one of its limits is reached and tlestf
derivative is set to zer®].

The supplementary inputpop is used to connect the POD
controller for damping oscillation while Vref to mé&in

(0,0,€,,€ ,€, and €] ) and the following equations:
§=0Q,(0-1) (25)
®=(P,-P,—D(@-1))/M (26)

o , . T X N\ T, . (27
& = (- 15(6) — (%, = X, =22 (x, X0y + (1= —22)v, ) Ty, 27)
Tdo X Tio

s

! ’ ! TCI,E) Xq Y] 4
& = (—€} + (%, — X, _T_’_’(Xq = X)) Ty (28)
a0 %

€= (e = -1 K i e Ty, (29)
do do
T/V " )

&= (e + (X2 i)y O

o %
Stator algebraic equation are given by
Vo +rl —€+ 14 (X —%)=0 (31)
Vol —€l =1, (X =x%)=0 (32)

B. Exciter

The AVR model depicted iRig.2is considered in this work
[13] and described by the following equations:

connected in parallel with fixed capacitor of 200KV
correspond to a limit of 2.0pu to -1.5 pu at 1.0voltage
[9].

D. Modd based on numerical linearization

In Power system analysis toolbox program, thesgstem
linearization is done numerically as explain below.

Fig 3 SVC Topology
Veop bmax
v - + K, bsvc
T,s+1
+
V.« J

Fig. 4 SVC Regulator
45



International Journal of Power, Energy and Artificial Intelligence, August 2008, No.1, Vol. 1, (ISSN: 1985-6431) Page: 42-49

x=f(x zu)
0=9(x,z,u)
y=h(x,z,u)

The order of x is k=8+n where m is number of generators
and n is the order of the FACTS (SVC) device wlith six
order machine and three order exciter dynamic corapis.

2 jo.5

1j0.15

o]

2200MVA Et

S

j0.93

SvC

Fig..5 SMIB with SVC device

m=1 and 4 in test system1 and system 2 respectivlg n

=1 in both cases.

Linearizing equation (36) to (38) around the eduilim

point gives the following equations (39) to (41).

AX = ﬂAx+
ox

a9

ﬂAz+ﬂAu
0z ou

a9

0= a—gAx+—A2+—Au
oX 0z ou

AX = @Ax+
oX

a—hAz+a—hAu
0z 0

Elimination of the vector algebraic variabf&z from
equation (39) and (40), gives

AX = AAX+ BAu
Ay =CAx+ DAu
TABLE |

COMPLEX EIGENVALUES OFSMIB wiTH SVC

No. Eigenvalue Frequency Damping
(Hz) %

1,2 0.29835+7.85| 1.2501 3.80
48

3,4 0.04718+0.20| 0.0331 22.12
797

5,6 1.4854 2.2531 10.44
+14.1564

Complex eigenvalues of SMIB without SVC

1,2 [0.298351j7.8548.222

[2.57

IV. RESULTS AND DISCUSSION

A. Single machine connected to an infinite bus with SVC

(38) The case of a single generator connected to amtafbus is

considered first with and without SVC. The generatodel
contains accurate representations of the synchsonou
machine and the excitation systems. The generagor i
equipped with an excitation system showrfig. 2[11]. A
static var compensator is connected at bus 2. Trearl
model of this system is described by 10 state k$a The
synchronous machine, the exciter and the SVC aerited
respectively by 6, 3 and 1 state variables. Theragucture

of the state matrix contains 3 pairs of complexeri@lues
and 4 real eigenvalues the critical mode has a tlegpatio
less than 5% which is shown in tables |I.

Eigenvalues accurately determine linear systembilisya
this system is close to instability due to the preg of a
poorly damped oscillatory mode. However, if the
connections between eigenvalues and state variadies
sought, participation factors have to be used. g Hbdletails
the participation of the generator subsystems: rroto
dynamics, synchronous machine, exciter, and SV@lin
modes. Table Il clearly indicates that the poorgmged
oscillatory mode (eigenvalues 1 and 2) is assatisdethe
rotor dynamics and that the other oscillatory mode
(eigenvalues 3 and 4) describes the interactiowd®st the
synchronous machine and the exciter. The mode iassdc
to the rotor dynamics is also known as electromeichh
mode. This mode with SVC has higher damping ratio
compared without SVC but still below the minimunl@Pso.

B. Two areas four machine with SVC

In this study, a two area interconnected four naetgiower
system shown ifrig. 6is considered. The system consists of
four machines arranged in two areas inter-connebied
weak tie ling[11].

The location of SVC is indicated in the diagrame®ystem

is operating with area 1 exporting 400 MW to aredlRe
equivalent circuit of the system is showrFig. 6

Network and generator data can be foundllin. We have

[T

Fig. 6  Two Area four Machine model
assumed that the generators are equipped witheexuiidel

WhereA, B, C, D are the matrix of partial derivatives in (39)in Fig. 2 systems and steam turbines. In this study, the SVC

to (41) evaluated at equilibrium points. In PSADda
equilibrium points or initials conditions are olrtad after

power flow simulation of the test system.

is treated as a variable capacitance.

From table Il three pairs of poorly damped eigduga are
found. They result to be associated to the rotoradyics.
The slowest eigenvalues are associated to the speed
governing systems whereas the fastest are assbda@tibe
excitationTable IV detail the participation of tigenerators

in each mode. The fastest mode is associated withl |
modes: mode -0.7647 j7.5680 is dominated by gémera
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G3 and G4 and mode -0.7514 + 7.3036i is dominated b
generators G1 and G2. While mode -0.1211 + 3.i7i85%h
inter-area mode since the participation is disteduamong
all generators.
, . , TABLE Ill
C. Design of SVC POD controller using residue method COMPLEX EIGENVALUE OF TWO AREA FOUR MACHINE
1) Four machines two area test system TEST
The uncontrolled systerfjg.6, has one inter-area oscillatory Comol Freq | Damp
mode characterized By= -0.1211 + j3.7559 with damping Mod E.Omp eT uenc ) ing
io = 3.22%. According toTable V,the bus 8 has the ° igenvat |y ratio i
ratio &= 3.22%. g v _ e No.| ue (Hz2) | % Dominant stat
largest residue and therefore the most effectieation of A€ andA &
the SVC and to apply the feedback control. Using t -38.9130 d
method presented above, POD controller parametess 1,2 j0.519¢ 0.0¢ 99.9¢ of G2,G4
calculated in order to shift the real part of therillatory - A€] of G2 and
mode, to the left half complex plane. The obtaitretsfer 38.6438+ A€ of G1
function for the SVC POD controller 3.4 105235 0.08 99.99 Avq TExc3
H(9)—K*_L 105 1r00676 1 006% n OV EXC
1+01s 1+1G % 1044 4 1044 -16.2015 and AV, of Exc.4
Eigenvalue of our interest moves form the origioaktioni 56 | +j3.3165| 053] 97.97
=-0.1211 * j3.760 the desired locatioh,= -0.7675 * j3.76 i AV, of Exc.2
to give about 20% damping as: 16.1676 - and AV, of Exc.1
1-1 7,8 +2.7048 | 0.43| 98.63
K:‘ 1023 AS,Aw of
RH,(4) -0.7647 '
9,10 | #7.5680 | 1.20| 10.05 G2.G3and G4
TABLE Il o AS,Aw of G1
EIGENVECTOR AND NORMALIZED PARTICIPATION FACTOR __ 7514 G3 dG2
CORRESPONDING POOR MODED.29835+47.8548 11,12| +j7.3036| 1.16 10.23) .bsan
AS,Aw of G3
S/ | Right Left Particip | Participation -0.1211 1G4 and G2
N | eigenvector| eigenvector | ation state 13,14| +j3.7559| 060| 322 | . an
factor AV, of Exc.3
1 0.7492 -3.4830 + 0.48018 Machine .8.3489 and AV, of Exc.4
j0.0000 o
angle 0, 15,16| £j0.6210| 0.10| 99.72
2 | -0.0006+ | -0.0065 - 0.48018 |  Machine AV; of Exc.1
j0.0178 j0.0000 Speedf() -8.3031 and AVf of Exc.2
1 17,18| +j0.5799 0.09 99.76
3 -0.0020 + | 7.5335 + 0.02047 | g-axis /
0.0264 | j0.0000 damper & -0.8417 Ag; of G2
19,20 +j0.4294 0.07 89.08 and G1
A€, of G3 and
4 0.0033- | -2.0275 + 0.00072 | d-axis -0.5219
j0.0071 | j1.8330 damper €, 21,22| +j0.4762| 0.08| 73.87| AV, ofExc4
10.3704 Ag, of G2
5 -0.0753 + | -2.0275 - 0.01593 | (g-axis 23,2¢| +j0.310z | 0.0¢ 76.6% and G1
10.0385 11.8330 damper € 0.3577 A€, of G4 and
6 0.0205 - -0.0060 - 0.00119 d-axis 2526| + jO'.3073 0.05 75.85 AV, of Exc.3
j0.0103 | j0.0126 damper &
7 | -0.0613+ | -0.0060 + 0.0001 Exiter v
j0.0161i | j0.0126 "
8 | 03732+ | -0.1162- 0.00037 | Exiter v
j0.5283 | j0.0000 "
9 | 0.0046+ | 0.0130 + 0.00015 | Exiter v
j0.0105 | j0.0014 ?
10 | -0.0750- | 0.0130 - 0.00037 Exiter v
j0.0425 | j0.0014 !
11 0 0 0.00037 svC
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D. Short circuit test

A three phase fault is applied for second test hati¢he

powerful, the complexity of the power system siapil

TABLE IV
PARTICIPATION OF THE GENERATORS IN THE ELECTROMECHRAL
MODES OF THE TWO AREA TEST SYSTEM
Mode Eigen Gl G2 G3 G4
No. value
-0.7647
9,10 +7 5680 0.0115| 0.0429 0.4101 0.552p
-0.7514 J
11,12 +7.3036i 0.4110| 0.5364 0.027 0.01238
-0.1211
13,14 +3 7550 0.2461| 0.1420 0.3459 0.2434
TABLE V
SITING INDICES OF SVC FOR TWO AREA FOUR
MACHINE TEST
SVC Bus .
locatior Complex Residue IR
5 0.0002:-0.00015 0.0002¢
6 1.6x10° -6.6ix10’ 1.73x10°
7 (-8.2+2.53i)x10 8.58x10
8 -0.0028 - 0.0043i 0.0052
9 (3.84-7.3i) x10 8.23111x10
10 0.0031-0.0029i 0.0042
11 -0.00042 - 0.00063i| 0.00075
TABLE VI
INTER AREA MODE COMPARISON FOR TEST SYSTEM 2
Mode |Operating Frequency [Damping
No. Condition (H2) ratio %
13,14 |Without SVC 0.49 2.98
13,14 With SVC 0.6 3.22
13,1¢ [SVC with POD 0.5913 20%

bus 9 and cleared after 74ms. The original systerastored
upon the fault clearance. The transient stabilésfgrmances
of the system with no SVC, SVC without POD and SV(
with POD controller are shown in Figs. 7-11. Th&CSwith
voltage controller stabilize§ig. 7 to Fig. 9,though the
damping is poor but fail to stabilize Fig 10-11 eTh
oscillations of the system fromig. 7 to Fig. 11lare well
damped with POD controller

V. CONCLUSION

This paper has reviewed methods for analysis antraoof
power system oscillations with SVC device basedthun
eigenstructure of the state matrix of the lineadelwf the
power system. Residue-based methods also providabla
information on how to design power system dampin
controllers. Although eigenvalue based methods \ea®y

Currentin line 10to 9

Bus 9 Voltage magnitude in pu

200——

150

-50

Response to severe disturbance

N
@

~

Fig. 7 Voltage Response

Response of system with severe disturbance
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Fig.8. Current response between buses 9 to bus10
Response with severe disturbance
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Fig. 9 Speed response of G1

All

problem requires the complementary use of othehoakst
such as non-linear time domain simulation.
simulations were done with PSAT toolbox in Matlab
environment.

the
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Figure.11  Active power response of G1
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