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Abstract. This paper presents a comparalive analysis and the
application of several metheds 1o ideniify the best generators 1o be
equipped with stabilizers in multimachine power systems. Systems
which exhibit electromechanical oscillatory insiability with
oscillation modes thal have negative or insulficient damping are
considered, The eigenvalue-sigenvector analysis is used as a basis in
the identification methods presented. A novel methad of identification
using frequency domain analysis is proposed. These melhods are
applied in planning studies of a typical longitudinal power system,
the Central Interconnected Systam of Chile (CIC} and results of lhose
studies are reporied.

Keywords, Power sysiem siability; Power sysiem conirol; Powsr
systam stabilizers.

1. INTRODUCTION

The phenomena of small disturbance instability is generally the
result of extended use of static excitation systems, particularly in
longiludinal power systems [9]. In planning stages of muliimachine
power syslems, it is often necessary 1o perform studies of the small
disturbance stability, to prevent future alectromechanical
oscillations and eliminate them if they are present. When a
generator or power station is going lo be commissioned in an
axistent power system, extensive studies to delect eleciromechanical
oscillalions with negative or inadequate damping must be carried
out. The sleady state eleclromechanical oscillatory instabilily {a'so
termed steady stale instability and smail disturbance instability)
can be solved insering properly tuned power syslem stabilizers
{PSS) inle the automatic vollage reguiators {AVR) of some
generators of the power system.

The small disturbance insiability problem has been extensively
analyzed (3,2,1]. Il is well understood in those cases where ihe
instability Is clearly identified with one machine or machine group.
In such cases the application of the stabilizers will be easy. In other
cases the identificaiion of tha best sites for stabilizers applications
can be difficult [7,2). The ideniification of the optimum location for
stabilizer application in multimachine power systems has been
studied using different techniques [1]. The usefulness of ihg
eigenvalue and eigenvector analysis for the identification of effective
PSSs siles has baen demonsiraled. In the case of new networks,
modern excitalion conirols can incorporate stabilizers without extra
specific requirements. In case of existent nelworks, there are many
factors that affect the placing of siabilizers. For example, the
incarparation of a stabilizer in an specific ¢ld machine could be very
expensive, and that machine has to be discarded. Mathematical
techniques can help 1o determine a suitable group of generalors to be
equipped wilh PSSs, but the system knowledge will be fundamenlal
in the last selection,

The state space analysis and consequenily the eigenanalysis are used
in this paper to describe the most important methods 1o identily the
best locations for stabilizer applications. Three known methods are
mentioned and a new one proposed, the analysis of frequency
response plois. These methods were testad in studies of the Cantral
intarconnected Power Syslem of Chile. It corresponds to &
longitudinal power system which operates at the edge of slability
without PSSs. However, the concern exists about its performance
afler three new hydraulic generation plants are commissioned to
cope with fulure demand growth. Longitudinal power sysiems are
prone to experience low fraequency oscillations that may cause
oscillatory insiability; this would also be the case for the axample
system.

The studies of the Chilean syslem are complemented using
procedures to detect the AVRs that need changes in their paramelers
setlings. Conventional power system stabilizers which are composed
of a series of lead-lag bilocks with standard time consiants and
parameters values are proposed. The objeciive is to eliminale
inadequate or negative damping, shifling the dominant eigenvalues 10
corvenient left places in ihe complex plane, and thus show the
efficiency of lhe identification methods.

2. IDENTIFICATION OF GENERATORS TO BE EQUIPPED
WITH STABILIZERS

The linearized equations of a nonlinear power system, around an
operaling point, are expressed in slate form as [6):

dx/di = Ax + Bu (1)

¥ =Cx+by (2)
% is the vector of tha system state variables (state variables could
be: generator variables Ed”, Eq", Eq, w, § excitation syslem
variables; variables related to iurbines and governors, and those
related to stabilizers). If the initial state is zero, the Laplace
transformation of the above eguations resulis in matrix form as:

sl-A -B X(s) 0
= (3
C D Us) ¥(s)
Relating the output vector Y(s) and the input vecior U{s}:
Y(s) = G{s) U(s) (4)
where: G(s)=C (sl-AYT B +D (5)
det{sl - A} = 0 (6

the rools of such palynomial are the eigenvalues Xk of state matrix A.

Basically, the idea of using stabilizers is to close a feedback like that
of Figure 1, in which H(s) represents the power system siabilizer
block diagram. The inpul signal to the stabilizer may be the rotor
speed, accelerating power, lerminal busbar frequency, transmission
line apparent resistance, etc.[10,4,1]. The slabilizer structure
depends on the stabilizer design criteria. The selection of the
generators which need the installation of stabilizers in thelr AVRs,
will Involve finding the most critical eigenvalues because they
supply cormplate information on the stabilily of the system for small
variations. Four melhods of identification will be described based in
the above state space formulation.
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Figure 1. Power system and stabilizer
2.1 Mode Shapes Analysis [2]

The mode shapes analysis or right eigenvector method, is the most
usual method of identification. The right eigenvector gives the mode
shape, describing the evolution of the variables when this parlicular
mode is excited. For example, the right eigenvecior elemenis
corresponding 1o rotor angle stales in each one of the oscillating
natural modes, are the rolor speed mode shapes. Whan the mode



shapes of othar variables, such as sleclrical power, are required,
the relation of the inlerest variable to the state variables can be
used. The relation is easily determined in the output variables
matrix, using Cj (j representis the j-nth generator}, mulliplied by
the eigenvector that corresponds 1o the eigenvalue of interast. Then
all elements of the eigenvector can be normalized, the largesi
element will be 1+j0. The mode shapes analysis should be
complemenied with phasor diagrams.

Tha damping affects supply damplng 1o high frequency oscillalions,
The osciilatery inslability generally Is related wilth osciliation
modes at low frequencies. Therefore, the stabilizers are needed in
machines that have the largest effect over low frequencies
oscillation modes damping, frequently in the range of 0.1 to 3.0 Hz.
The best positions for PSS applications are those machines thal
present the largest oscillation amplitudes. Then for multimachine
power systems a group of generators can be selecled as ihe best
location for stabilizer applications in function of power (electrical
or accelerating) and rotor speed mode shapes. The inertias of the
machines influence in a decisive way the stability of the power
system. Consequantly, they are involved in the power mode shapes
bul not in tha rotor speed mode shapes. For this reason, the
generators to be equipped with PSS should be selacted using the
power mode shapes raiher than rotor speed mode shapes.

An efficienl way lo compule the eigenvectors associated with the
relevant or necessary eigenvalues is o use inverse ileration. The
critical eigenvalues should be computed using particular technigues
such as Lanczos method [12], the modified Arnoldi's method [11],
etc.

2.2 Participation Factors [5,5]

The right eigenvector gives the mode shape ihal describes the
activity of the variables when that particular mode is exciled. The
left eigenvector gives the mode compasition that describas which
weightad combination of state variables is needed to form the moda.
The eniries of these eigenvectors is arbitrary because the state
vector considers differant physical variables. The magniludes of the
entries of y; and w; (i-th component of right and left eigenvector
respaclively) change when the unlis in the state variables are
changed. The generalized pariicipations are defined by:

Pihj = ¥ih ¥hj {7
In the above equation, ¥i, represents the i-th compenent of h-th
right eigenvector and W hj is the j-nth component of the
corresponding i8fl eigenvector. In case that i=j, the generalized
participation is called participation factor:

Pih = ¥ih Wh; 8}
The participation faclor is adimensional, and almosi real and
posilive. For oscillaling modes there is a relationship between the
participation factors related to angle variables and those to
velocities, expressad as:

Pangle=Pvelocity [ 1 + (D + m{a))/MA ] {9)

since mod{MAr} >> mod{D+m{A)}, then pangle = Pvelocity

2.3 Computing of Residues [1,4,5]

This method was used in [1] wilh satisfaclory results; a real case of
instability was solved. It combines concepls of mode obsarvabilily
and mode controllability. It Is powerful and could be termed the
method of controllability factors. An exprassion can be derived from
a property of the first derivative of the root locus. Suppose that all
the zeros and poles of G(s) and H(s) {Figure 1) are distincl. When
the feedback is inserted, there will be a shift A in the pole A of
G(s} given by: Adj = - RBj H(&y) {10}
R, is the associated residue with G{s).

Let the transfer function GK(s) = yR{s)/VK o((s), where VK g is
ihe reference voliage of the AVR and yK is a measurable oulput
variable from which the stabilizer will be derived. Then, the siate
space equaticns associated 1o GK(s) are given by:

dx/dt= AX + bK VK¢ (1

yk = ckx (12)

The poles of Gk(s) are the eigenvalues of the stale matrix A. Suppose
thal malrix A has n distinct sigenvalues Aj...An, lhe related right
eigenveclors are ¥q...¥n. Then, matrix A can be diagonalized through
the following similarity transformation:

-1
X=V X (13)
Using (13), the transfer function GK{s) fram equations {11) and
(12} will be:

Gkis) = ck(sl-A) bk (14)
n Rki
GK(s) = T {15)
i=1 §-
the residue is given by:
Gk(s)
RK; = lim {16}
5—Aj 8- A
an allernative expression for the residue is:
RE, = b ok (17}

When the residue is zero:
* The stale ;i is not controfiable and b¥; = 0, cKz0
* The stale ;i is nol observable and b« 0, cki=0

The values of Hik {k indicates the k-th generator} are proportional
1o the oscillation ampliludes. Then, the most effective gengrators for
damping purposes are those where the greatest speed or power
oscillation amplitudes are regislered. in other words, the greatest
residue (in moduli) indicates hat the best possibifily for stabilizer
application is the k-th generator. There is a relation balween the
residuas of power and rotor speed:

Raccelerating power=Pspeed'[D+MA] (18)
Aglectrical power=Pspeed’[P+Mi -m() ] (19)
m is the prime mover and m{k) corresponds to the variations of
APp{%) and resistive losses in the stator of the generator. In the
above equations, ihe dominant term is Mi for oscillation modes of
interest. In Figure 1, G{s) is the transfer function that relates the
variables u{s} and y(s); H{s) = € h{(s) is the feedback 1o close.

2.4 Analysis of the Frequency Response Plois

The frequency respanse methods allow the better understanding of
small signal stability in multimachine power systems [3]. These
methods are used In the design and synlhesis of power system
controllers. The ‘ransfer function matrix G{s} allows the frequency
response analysis by substituling the Laplace varable "s™ by "jo"
in equation (5) and calculating G{jw) for discrete values of jo
wilhin the frequency range of interest {for example from 0 to 25
rad/s}. It is necessary to observe the Nyquist stability criterion for
evaluation of the closed loop stability of a feedback system (Figure
1). The basic idea is to plot the frequency responses for
awk(s)favreik(s} (aP1 could be considered instead of Aa if the
siabilizer uses the power as input signal), laking into account thal
k=1...ng {ng=number of generators). Then it must be analyzed
which plots in the complex plane aliow to shift to the lefi halt plane
enroling the point (-1,0). Those plots which allew shifling the
majority of their poinis to the left complex half plane (with the
smallest action}, indicate the best generalors to be equipped with
PSSs. The polar diagram for aPlk{s)IaVrefk(s) shows the affect of
a standard delta omega stabllizer (PS5 with rolor spged as Input
signal} when added to the k-th generator. The variables "o" and "Pt"
indicate the input signal to the stabilizer. Stabilizers with a
frequency input signali need the frequency responses far
afrequencyk (sWAVreK(s). If PSSs delta-omega, delta-P, delta-
f, delta-omega-P, eic., are all available In an specific systemn, i is
required to analyze their corresponding frequency responses.
Obviously, that plol with the smallest action to encircle the point (-
1,0} counterclock wise indicates the best generator for PSS
application.

3. EXAMPLE

The Central Interconnecied System of Chile (Figure 2) will be
sludied for two cperating states in 1980 and 1892 (CIC801 and



Clcg22). The CIC is a longiludinai system with hydraulic
predominance. For the reperted studies, it is modelied with 94
busbars, 165 lines, 14 synchronous machines, and two 500 kV
circuits. CIC922 has a maximum demand of 2500 MW. At presemt
the CIC operates without stabilizers devices [13]. However, it is
assessed as marginally unsiable {see dominani eigenvalues in Table
#). Probably, the use of incorrect dala of AVR's could be causing the
)

Wrang assessmend.
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Flgure 2. Simplified diagram of the Chilean system In 1992

The minimum damping requirement considered along this paper will
be { = 0.03 {logarithmic decrement); il corresponds to very poorly
damped oscillaling modes. This value is arbitrary but it can be
increased up to { = 0.05 , a more restrictive option [9,1]. The
expression for § (being ithe eigenvalue A = -o t jw} is:
-0
fm— (20)
(02 + @2)1/2

Table 1. Dominant eigenvalugs (CIC901)

# real imag. damp.coef.l SPR  f{Hz)
hag = 0.0354 6.2505 e -0.0056 1.040 1.00
hg7 = -0.5191 6.85%8 < 0.0755 0.622 1.09

Ago = -0.6124 B.0037 <« 0.0763 0.618 1.27
hgg = -0.5649 7.1627 « 0.0768 0.609 1.14
The following nomenclature is used in the tables:

SPR= successive peak ratios.

“**= eigenvalue with positive or zero real part,

<<<< = @igenvalue with negalive real part, 0s  <0.03 (critical).

<« =id., 0.03 < { 5 0.05 {very poorly damped).

<« =id, 0.05 < { £ 0.075 {poorly dampady).

< =id, 0.075 < { < 0.1 {lightly damped).

Table 2. Dominant eigenvalues {CIC422)
# real imag. damp.coet. SPR  f{Hz)
Ass = -0.2464 6.3388 <<z 0.0389 0.783 1.01

A5g = -0.3724 6.8902 <<  0.0540 0.712 1.10
A5y = -0.,5294 7.1764 <<  0.0736  0.629 1.14*
Agg = -0.6456 B.0941 <  0.0795  0.606 1.29

The crilical eigenvalues for CIC801 show that this sysiem
configuration Is marginally unsiable al the frequancy ot 1.0 Hz.
There are three pairs of conjugated complex eigenvalues al
frequencies close to 1 Hz which have damping coefficients less than
10 %. Nevertheless, they are greater than 5 %, the minimum £ in
all of these studies. The CIC for 1992 will have one more 500 kV
circuit and three new hydraulic power planis to face up growing
demand. For this reason, that configuration is siable, showing only
one pair of eigenvalues wilh damping cosfficients less than 5%.

3.1 Mode Shapes

The accelaraling power mode shapes are selected, since they invoive
the machine inertias. Figures 3 and 4 show the phasor diagrams.

From Figure 3, generators 18, 89 and 54 oscillate coherently
against generators 69, 59 and 71. Generators localed in bushars 54,
§9, 71 and €9 can be selected as the best group {busbars 18 and 89
are nol considered, as explained laler). Figure 4 is an example of an
interarea oscillation. The area is formed by generators 18, 56, 59,
93 and 54, which escillate against the area formed by 71 and 69,
That phasor diagram is the most important. The selected group
inciudes generators 71, 56, 59 and 93. The selected generators are

lhose placed in busbars 71 and 59. For 1992 generalors lpcated in
busbars 56 and 93 are selected.

Mig= 0. D3544j6.2905 ***

# ACCEL. POWER  symbol
bus magnitude phase

18 1.0000 0.0 A D

89 0.5436 1.1 B

54 0.2458 0.4 c

§9% 0.2200 130.7 D HG ¢ B __A
71 0.2171 -171.8 E '

69 0.1777 115.9 F

52 0.0940 12,0 G

39 0.0538 15.6 H

62 0.0351 153.4 I

Figure 3. Accelerating power mode shapes of 349 (CIC901)

Agg= -0.2464 +j6.3388 <<<

#  ACCEL.POWER  symbol
bus magnitude phase

18 1.0000 0.0 A
71 0.8289 154.9 B
56 0.5743 -29.% c
68 0.5127 133.6 D
58 0.3222 -13.6 E
83 0.27v22 -7.4 F
54 0.2587 26.7 G
84 0.1581 1453 H
52 0.0822 37.5 |

Figure 4. Acceleraling power mode shapes of Agg (C1C922)

3.2 Particlpation Factors

The velocity participation factors are used to select a group of
generators {0 be equipped with PSSs in the CIC test system.

Table 3. Velocity parlicipation tactors for A4g and hg7 {CIC801).
hgg= 0. 0354+j6.2905 *** Agr= -0.5191+j6.8598 <«

; PARTICIPATION FACTORS #  PARTICIPATION FACTORS

bus moduli phase bus  moduli phase
18 0.2103 -2.2 54 0.3561 25.8
89 0.0950 -157.5 58 0.0881 20.1
71 0.0546 -109.5 52 0.0587 -61.7
54 0.0354 -62.2 18 0.0251 0.5

Table 4. Velocily participation faclors for A5 and isz (CIC822).
Ag5= 0. 03544j6.2905 <<< Aga= -0.372446.8902 <«

# PARTICIPATION FACTORS

# PARTICIPATION FACTORS

bus moduli phase bus  moduli phase
71 0.1765 -38.3 54 00,3679 44.7
18 0.1049 2.0 18 0.1210 -259.8
€9 0.0818 25.9 59 0.1069 110.3
56 0.0541 -6.0 52 0.0624 -1.8

Discarding the generaiors of busbars 18 and 89, using participation
factors for CIC901, the set of selected generalors is
(71,54,69,59), For CIC922 the best generators to equip with
stabilizers are (71,69,56,59). The generator in bus number 54
was not included since it has only one ralevant residue for A53-
Finally the selected generators for both system configurations are
{(71,69,59,56). Generalors in bushbar 56 will only be in service
in 1992,

3.3 Resldues

According to the residues for APeK/aV (% the following tables are
obtained,



Table 5. Residues of elactrical power of Agg and A7 (CIC901).

Aqg= 0. 0354+j6.2905 ** Ag7= -0.5131+j6.8588 «
# RESIDUES # RESIDUES

bus  moduli phase bus  moduti phase

71 1.0000 -170.2 59 1.0000 113.8
18 0.68323 112.5 71 0.1045 -172.5
89 0.369% 161.6 18 0.0800 60.9
59 0.2494 -174.9 62 0.0324 126.1

Table 6. Residues of elacirical power of Asg and agy {C1C922).
Agg= 0. 03544j6.2905 <<« Agz= -0.3724+j6.8902 <<

# RESIDUES #

RESIOUES
bus moduli phase bus  moduli phase
71 1.0000 179.7 59  1.0000 144.9
56 0.3358 -167.9 56 0.7092 -140.7
59 0.1428 152.9 18 0.1222 -138.0
18 0.1045 134.7 71 0.0363 93.4

Te damp the most critical eiganvalue (L4g) for CICS01 the residues

ranking reveals that the suitable group of generators to be equipped
with P8Ss is (71,18, 89,59}. The generator of busbar 18 must
nol be included as a suitable generator because it is an old power
plant; replacing its excitation system could be very expensive. The
power plani 89 will be out of service for 1952, To damp the other
dominant eigenvalue (ig7) the best generalors are (59,71,18).
Generator busbar 59 is localed at a strategic place in the system and
is the betler oplion in this case. Consequently for CIC901, the
ganerators of busbars 71 and 59 are the best sites to locale
stabilizers. From Table 6, the groups of selected generators are
{71,56,59,18) and (59,56,18) for sach dominant eigenvalue
of CIC922, The hydraulic plant at busbar 56 is a new power stalion
for 1592. 1t would have to be equipped wilh siabilizers. The
generators of busbars 71 and 59 wara again selected like the best 1o
add stabilizers. Then, from residues information given in Tables 5
and 6, il is recommended ihat generalors of busbars (71,59,56)
are equipped with stabilizers to damp andfor prevent future low
frequency electromechanical oscillations in the CIC. The residues
phase information can be used to specify the stabilizers parameters
in terms of the magnitudes and phases requiremants.

3.4 Frequency Response Plots

It will be not necessary to obtain the frequency response plols for
all generators. Generators in busbars 18 and 89 are not considerad.
From the previous methods, the best generators are
(71,59,56,69). To finally decide which is the ranking of
generalors 1o equip with stabilizers, the polar plols of
Aw{s}/aVref(s) which correspond lo these generalors are
compared (Figures 5-6). In terms of stabilizers gain ang phase
compensation, the ranking of suitable generators 1o equip with PSS
is (71,5%,56). Generators of busbars 84 and 93 which probably
will be equipped with stabilizers wers not considered, giving a
conservalive assessmant. To demonstrate the adequacy of the
stabilizer selection, simulations with standard delta omega PSSs
included in generalors 71, 59 and 56 were made for CICS22.
CIC301 only considers PSSs in generators 71 and 59. The new
dominani eigenvalues ars listed in Tables 7 and 8. With these
stabilizers the CIC is well damped. All damping coefficients are
grealer than the minimum requlrement of 5%. The transfer
functions of the preposed PSSs are included in the Appendix.

Table 7. Cominant eigenvalues {CIC901 with 2 PSSs)

# real  imag. damp.coet. SPR f{Hz)

A5y = -D.3481 6.1243 << 0.0569 0.69% 0.97
hq7 = -0.5276 6.5964 < 0.0763 0.618 110
A45 = -0.6231 7.9926 < 0.0777 0.613 1.27

Tahle 8. Deminant eigenvalues (CIC922 wilh 3 PSSs)

#

real  imag. dampcoef.,  SPR f{Hz)

dgg =

hgp =

0.603 1.07
0.575 1.14

-0.5414  6.7382 <
-0.6286 7.1362 <

0.0801
0.0877

.51
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Figure 5. Frequency responses Aw(syaVrel{s) and
aP171{s)/aV gi” 1(s) for the CICa01.
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Figure 6. Frequency responses Aw{s)/aVrel(s) for the CICS22,
4, CONCLUSIONS

4.1 Four mathods to identify the best generators 1o ba equipped with
siabilizers in mullimachine power systems are presented. They
woarg tosled with actual dala corresponding to the Ceniral
Inlerconnecied Power System of Chile, a typical longiludinal power
system in South America,

4.2 A novel meilhod of identificalion using frequency responsae
analysis is proposed. The method can also be used for the designing
and luning of stabilizers.

4.3 The methads of identification of best sites for PESs are useful in
planning stages of power systems. The methods also identify
generators whose stabilizers need fo be retuned.

4.4 The comparison of these methods shows that the computing
residues method is better because it supplies information aboul
phase compensation required in the stabilizer. It also demonstrates
which stabilizers are implementable. The frequency response plots
analysis method is CPL lime consuming but permits 1o define more

exactly the stabilization requirements, such as the conventional
stabilizers parameters.

4.5 It may be recommended to use more than one methed in
identificalion stages since several selected generator groups can be
pinpointed, and the intersection can be determined.
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APPENDIX

The generalor busbars considered in this paper are lisied below
[13].

Bus N* Name Bus N* Name Bus N* MName
18 Rapel 39 Sauzal 49  Sauzalito
52 Cipreses 54 lIsla 56 Pehuenche
59 Colban 62 Machicura 69 ElToro
71  Antuco 73 Abanico 78 Concepcién

84 Canutillar 89 Ventanas 93 Alfalfal

The transfer functions of standard stabilizers lype delta-omega
designed for generators 71, 59 and 56 are the foliowing:
PSS7q,(s) =3.5(83}{1 +s0.5)2/[(1 + s3) (1 + s0.05)2 ]
PSS59,{s) =2.0 (s3)(1+50.4)2/[{1 + s3} (1 + §0.05)2 |
PSS5gp(s) =1.0 (s3){1+50.5)2/[(1 + $3}{1 + s0.05)2 ]

Stabilizer gains of buses 71 and 59 ars interchanged for CICS22.



