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Abstract - This paper presents a method for tuning of
power system stabilizers (PSS) for damping low-frequency
oscillations in a multi-machine power system based on the
wide area phasor measurement. The author s have developed
amethod for detecting inter-area low-frequency modes from
the measured small oscillation associated with the load fluc-
tuation by approximating oscillations as a coupled vibration
model. An approach based on the approximate model has
been also investigated for tuning PSS parameters and the
assessment of the effectiveness of tuning control in the real
power system. Some numerical analyses demonstrate the ef-
fectiveness of the method by using phasor dynamical data
obtained by a power system simulation package.

Keywords - power system control, power system sta-
bilizer, phasor measurement, low-frequency oscillation,
coupled vibration

1 INTRODUCTION

NTERCONNECTIONS in apower system are intended
to improve thereliability and the economical efficiency.
On the other hand, it occasionally causes the inter-area
low-frequency oscillation with poor damping characteris-
tics[1, 2]. Therefore, many kinds of methods for design-
ing the power system stahilizer (PSS) have been devel oped
todamp inter-area oscillations aswell aslocal oscillations.
It has been investigated in the literatures that the PSS de-
sign based on the Prony method [3], the identification of
low-order state-space models of power systems by using
multi-input multi-output procedures[4], and the low-order
identification technique coupled with a robust controller
design technique based on genetic agorithm [5].
Recently, real-time monitoring of power systems
based on the wide area phasor measurement attracts power
system engineers for the state estimation and system pro-
tections especially under a deregulated environment with
complex power contracts [6]. Proper grasp of the present
state with flexible wide area control should become key
issuesto keep the power system stability properly. The au-
thors have developed the wide area measurement system
in Japan by using Phasor Measurement Units (PMUs) syn-
chronized by the Global Positioning System (GPS) signal
so far. The GPS furnishes a common-access timing pul se,
which is accurate to within 1 microsecond at any loca
tion on the earth. Therefore, observed phasors measured
at multiple locations are synchronized with high accuracy.
In this project a method to identify major swing modesis
proposed by modeling measured oscillations as a coupled

vibration model, in which voltage phasors at measurement
sitesin the normal operating condition are used. Small os-
cillation data associated with the load fluctuation are used
to model a coupled vibration model to consider the mode
interaction. Oscillation modes, especially the inter-area
low-frequency mode with poor damping, can be detected
from the measured data [7]. Asaresult, detected unstable
modes can be damped effectively by controlling the power
system, for example, by tuning PSS parameters based on
the measurement data.

In this paper, a method for tuning of PSSs combined
with the wide area phasor measurement is proposed. The
derived coupled vibration model based on the measure-
ment represents power system oscillations, which can be
used to tune PSS parameters and to assess the effective-
ness of PSS tuning in the real power system. The advan-
tage of this method isthat steady state phasor fluctuations
are available to assess the effect of the tuned control. In
other words, alarge disturbance like aline fault is not nec-
essary since the stability of major modes can be investi-
gated directly by using eigenvalues of the coupled model.
The identification process does not require the informa-
tion on input to the system for perturbation, while ordi-
nary methods based on the system identification require
both input and output to the system [3, 4, 5]. In this paper,
some numerical analyses demonstrate the effectiveness of
the proposed method by using phasor dynamical data ob-
tained by a power system simulation package.

2 MODAL ANALYSISWITH A COUPLED
VIBRATION M ODEL

The power swing equations of generators in an n-
machine system are represented by [8]

Mw; = =Di(w; — 1) + Ppi — Pei

6i = Wy (wi - 1) (1)
where, i = 1,2,--- ,n, w isthe angular velocity, § isthe
rotor angle, M is the inertia constant, D is the damping
coefficient, P, is the mechanical input to the generator,
P, is the electrical output, and w,, = 1207 is the rated
angular velocity in a 60 Hz system.

In a multi-machine power system multiple swing
modes exist and interact with each other. For example,
in a longitudinaly interconnected power system like the
Western Japan 60 Hz system, two inter-area modes asso-
ciated with power oscillations tend to be dominant and in-
teract with each other. One of the modes s associated with
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the oscillation between both end generators, the other is
associated with the oscillation between both end and the
middle generators. These oscillation characteristics can
be explained by right eigenvectors and the participation
factor described in APPENDIX. Note that the following
method is applicable to any other systems than a longitu-
dinal system in cases where characteristic oscillations are
observed.

Here, a coupled vibration model is considered to rep-
resent the interaction of two modes. These modes are as-
sumed to oscillate with keeping the dynamics of power
swing equations (1). The first vibration model corre-
sponds to the most dominant mode, while the other cor-
responds to the second dominant mode. Two observa-
tion sites near generators which significantly participate
in these two modes are selected, while another siteis used
as the reference of the phase angle. The dynamics of the
model is represented by the polynomial approximation of
the phase angle and the angular velocity:

#1= 37 (~Da(@1 = 1) + P — Pa)

~ f1(x1, 22, T3, Tq) 2
Tg =1 ©)
By = 10\142 (—=Dy(ws — 1) + Poyy — Py)

~ fo(x1, X2, T3, Tq) 4
T4 = x3. 5)

Here, f1 and f, are assumed to consist of linear terms:

T ay az a3 a4 €
i (1 0 0 0f|x
I3 by b bz by| |w3 ©)
Ty 0 0 1 0 Ty
where 1 = 51 — 55, To = 51 — (55 — ((516 — 636),

T3 = 0y — b, and x4 = 5 — 85 — (020 — s ). Subscripts
1 and 2 denote numbers of selected sites, the subscript s
denotes the reference site, and the subscript e denotes the
initial value of the phase angle. The coefficients a; and b;
(i = 1 ~ 4) can be evaluated by applying the least squares
method to time series data sets of x; (j = 1 ~ 4) obtained
by the wide area phasor measurement. Oscillation charac-
teristics are investigated directly by using this model since
eigenvalues of the coefficient matrix represent the damp-
ing and frequency of two oscillatory modes. If necessary,
this model can be extended to the case expressed in more
than two dominant modes, that is, by increasing state vari-
ables and choosing the corresponding sites according to
the number of the dominant modes.

On the other hand, the oscillation data obtained by the
wide area measurement are the phase angle and include
many frequency components associated with inter-area
low-freguency oscillationsaswell aslocal oscillationsand
many noises. Here, discrete Wavelet analysisis applied to
extract oscillations including dominant two modes from
measurement data. Inter-area oscillations with frequen-
cies between 0.2 and 0.8 Hz can be extracted, while lo-
cal modes with frequencies higher than 1.0 Hz and many

noises with high frequencies can be eliminated by using
Wavelet transformation. Thus, data sets of phase differ-
ence x5 and x4 are provided. On the other hand, the angu-
lar velocity =y and x3 can be calculated by differentiating
o and x4, respectively.

3 AN APPROACH FOR TUNING OF POWER
SYSTEM STABILIZERS

| dentified inter-arealow-frequency modes by using the
above method have occasionally poor damping character-
istics. Therefore, these modes have to be damped by con-
trolling the power system. The use of power system sta-
bilizer (PSS) is effective to stabilize inter-area modes. In
this section, an approach for tuning of PSSs based on the
phasor measurement is proposed.

3.1 A coupled vibration model including the effect of
power system stabilizers

The model of object k-th PSSis

Ky STy 1+ 8T 1+ sTzg
_1+ST() 1+8Tw 1+ST2]C 1+ST4k

Gpssk(s) )
which describes the real one consisting of a two-stage
lead-lag compensation. Here, T}y, - - - , T4 aretime con-
stants, K, isagain, T, istimelag for the signal detection,
and T, is the time constant of the signal washout. In this
research, PSS which feeds back the generator angular ve-
locity deviation Aw is assumed. When feeding back the
generator output deviation AP, there is the necessity to
carry out synchronized measurement of the AP, or iden-
tify the A P from the measured phasors.

Here, the coupled vibration model (6) is extended for
including the effect of PSSs:

I ay ay ay a), T T
o 1 0 0 o0 of T
fbg _ bll b/2 bé bil Co T T3 (8)
iy 0o 0o 1 o0 oF T4
Tpss1 d 0 0 0 D;| |Tpsst
Tpss2 0 0 dy 0 D, Tpss2

where xpssi (K = 1, 2) isthe vector of state variables of
PSS defined by

©)
(10)

T
Lpssk = [ch U2k U3k U4k]
V1 = AVpssk (PSS output).

Variables x5 and x4 are directly measured by PMUs.
Other ones can be calculated by the relations of x; = @,
T3 = 44, and (7) from the measured z» and x,.

The vector ¢y, is calculated simultaneously with «) and
b; (i = 1 ~ 4) by theleast squares method. Note that only
one of the elements of ¢, associated with the PSS output
(v1x) has any value, while all other elements are equal to
zero, that is,

c,"=[cc 00 00 0 0 0
e’ =0 000 ¢ 00 0.

(11)
(12)
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The 4 x 1 vector d;, and the 4 x 8 matrix D}, are deter-
mined by the real structure of object PSS, that is, these
include the parameters K, and T1g, - - - , Tag.

The stability of dominant modesis evaluated by eigen-
values of the matrix of (8). Two PSSs are tuned based on
the model (8) since vectors d;, and matrices Dy, include
parameters of PSSs, that is, the change of parameters af-
fect eigenvalues directly. Tuned parameter sets are ex-
pected to stabilize at least two modes although they could
not be optimum sets. The effectiveness of tuning can be
assessed more properly by evaluating the eigenvalues of
(8) modeled again with the measurement data after tuned
control are applied. Thus, PSS parameters can be tuned
based on the small oscillation data obtained by the wide
area phasor measurement.

3.2 Gradual tuning of PSSs

New parameter sets of PSSs obtained by the above
approach are the final goa of tuning control. However,
obtained parameter sets might be unexpected ones for an
error in the calculation process, a large noise in the mea-
surement data, a sudden change of the system state, and
so on. Therefore, PSSs have to be tuned by gradual steps
for the security of the power system. This gradua tun-
ing approach is applicablein the case of other methods for
tuning parameters of PSSs, for example, based on a sys-
tem identification, a genetic algorithm, a fuzzy logic, and
so on.

The procedure for tuning of PSSs based on the wide
area phasor measurement using an extended coupled vi-
bration model consists of the following steps.

1. Select three measurement sites, which partici-
pate significantly in the dominant and the quasi-
dominant modes. One of themisfor the reference of
the phase angle, and other two are targets of tuning
control.

2. Obtain the oscillation data of these sites. Steady
state phasor fluctuations measured in the normal op-
eration are available. Note that phasors are stored
with the observed time by using PMUs synchro-
nized by the GPS signal. Therefore, measured pha-
sorsare directly comparabl e with each other without

considering the delay in the communication.

3. Extract inter-area oscillations by applying the dis-
crete Wavelet transformation to the observed pha-
sor. The time series data sets of the state variables
of PSSs are provided by calculating (7) in the time
domain.

4. Determine coefficients a, b}, and ¢;, of the coupled

vibration model (8) by the least squares method.

5. Find appropriate parameter sets of PSSs based on
the model (8).

6. Tune PSSs step by step toward the parameter sets
obtained above. In each step, the effect of tuning is
assessed by eigenvalues of (8) modeled again using
the phasor fluctuations after tuning control.

7. By repeating the gradual tuning and the stability as-
sessment, PSSs are tuned appropriately.

In this paper, acoupled vibration model with two dom-
inant electro-mechanical modes associated with the angle
stability is discussed. Therefore, this approach is appli-
cable in the case that a dominant and a quasi-dominant
modes are classified while the measurement sites partici-
pating in these modes are specified. Note that the appli-
cation of this approach is not limited to the power system
with longitudinal configuration used in this study.

4 ASSESSMENT IN A TEN-MACHINE SYSTEM
4.1 System configuration

The proposed method is applied to a ten-machine lon-
gitudinally interconnected system. Figure 1 shows the
configuration of IEEJ WEST 10-machine system model
[9]. Thissystem represents the power system model of the
western 60 Hz areas of Japan. System constants and gen-
eration capacity of generators are shownin Tables6 and 7
in APPENDI X, respectively. Active power of all loadsis
assumed to be constant current, and reactive power is con-
stant impedance. In Figure 1, (P) denotes the generation
and loading condition in the daytime, and (N) denotes the
condition in the nighttime. The unit is 1,000 MVA base
per unit.
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Figure 1: IEEJWEST 10-machine system model. The unit is 1,000 MVA base per unit.
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Each generator is equipped with an AVR shown in
Figure 2, and generators 1 and 5 are equipped with Aw-
type power system stabilizer to damp inter-area oscilla-
tions. In this study, the time lag for the signal detection
and the time constant of the signal washout are 7y = 0.02
(), Ty = 5.0 (9), respectively. In the initial condition,
the parameter setting of PSS is K = 0.20, 77 = 1.66,
T, = 1.51, T3 = 2.07, T, = 0.01, and two generators are
equipped with the identical PSS. In this study, the soft-
ware for the simulation of power system dynamics, EU-
ROSTAG [10], is used for the time domain simulation.

Eq0/100.0
1.0 + | 100.0
Exq
140.2s |+ 142.0s
0.1s
1+0.5s
Aw—e K - 5.0s . 1+Tys | 1+T3s J
1+0.02s 1+5.0s 1+ Tos 1+ Tys

Figure 2: Exciter model with Aw type Power System Stabilizer.

4.2 Oscillation characteristics

Figure 3 shows the real part of the right eigenvectors
corresponding to the generator rotor angle calculated by
(17) in the daytime loading condition. The matrix A,
which is the linearization of the full system at the oper-
ating point, is obtained by using the power system sim-
ulation package. Mode 1 denotes the dominant mode,
and mode 2 denotes the quasi-dominant mode. This re-
sult shows that mode 1 oscillates in the opposite direction
between both end generators 1 and 10, while mode 2 os-
cillates between both end generators 1, 10 and the middle
generator 5. Figure 4 shows participation factors corre-
sponding to the generator rotor angle calculated by using
(20). These results show that generators 1, 5, and 10 par-
ticipate principally in modes 1 and 2. Here, the coupled
vibration model is calculated by using the voltage phasor
of nodes 21 and 25 with node 30 as a reference.
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Figure 3: Mode shape of the dominant (mode 1) and the quasi-dominant
(mode 2) modes.
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Figure 4: Participation factors associated with the generator angle.

4.3 Tuning of PSSsin the daytime loading condition

In this study, some small load variations at some load
buses are assumed to simulate the phasor fluctuations mea-
sured in the real power system. The extended coupled vi-
bration model (8) is modeled by using these small oscil-
lations. Table 1 shows the variation of eigenvalues when
each parameter of PSS equipped with the generator 1 is
changed. The second column of the table shows eigenval-
ues of dominant low-frequency modes cal culated by using
the power system simulation package. The third column
shows eigenvalues of corresponding two modes of the ap-
proximate model (8). The result shows that the approxi-
mate model estimates two conjugate eigenvalues properly.
In addition, the trend of the variation of both eigenval-
ues with parameter change coincides well with each other.
Therefore, the extended coupled vibration model can eval-
uate the stability change with tuning of PSS parameters
correctly. The advantage of this approach is that domi-
nant modes can be estimated by using steady state phasor
fluctuations measured in the normal operating condition.

parameter full system approx. model
initial —0.065 £ j1.731 | —0.080 £ 52.223
condition | —0.154 4 j4.055 | —0.182 4 53.832
K —0.02 —0.048 £51.714 | —0.074 £ 52.152
—0.152 £ 54.050 | —0.179 £ 53.815
K =04 —0.080 £ 4j1.751 | —0.085 £ 52.292
—0.157 £ j4.061 | —0.184 £ 53.847
T =216 —0.071 £41.735 | —0.082 £ 52.248
—0.155 £ j4.057 | —0.183 £ 53.835
T = 1.16 —0.058 £ 51.728 | —0.078 £ 52.196
—0.153 £ j4.054 | —0.181 £ 53.828
Ty = 2.01 —0.059 £ 71.728 | —0.078 & 52.201
—0.154 £ j4.054 | —0.181 £ 53.828
Ty = 1.01 —0.076 £ 71.736 | —0.083 £ 52.261
—0.156 £ j4.058 | —0.183 £ 53.836
Ty = 2.57 —0.070 £ 41.735 | —0.082 £ 52.243
—0.155 £ j4.057 | —0.183 £ 53.835
Ty = 1.57 —0.060 £ 5j1.728 | —0.078 £ 52.202
—0.154 £ 74.054 | —0.181 4 53.828
T, = 051 —0.048 £51.732 | —0.075 £ 52.154
—0.150 £ 54.052 | —0.179 £ 53.826

Table 1: The comparison of eigenvalues variation of the full system
model with of the approximate model when a parameter of PSS equipped
with the generator 1 is changed in the daytime loading condition.
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Table 2 shows the result of tuning of PSSs based on
the approximate model (8). The parameter sets of PSSs
are determined to improve damping ratios of two low-
frequency modes of the model, that is, to maximize the
following objective function J under the constraint that all
eigenvalues lie on the left-hand side of the complex plane:

max J = min (13)

subject to

YR(N) <0 (i=1,---,n) (14)
where )\; is the i-th eigenvalue of the model (8). The op-
timization is implemented by using a MATLAB Toolbox

for genetic algorithm [11].

parameter | initia | G1 G5
K 0.20 | 0.37 | 0.23
Th 166 | 1.82 | 2.64
T 151 | 0.83 | 0.64
Ts 207 | 231 | 209
Ty 0.01

Table 2: Theresult of tuning of PSSsin the daytime condition.

Table 3 shows parameter settingsfor five steps of grad-
ua tuning of PSS equipped with the generator 1. One
wrong case with the opposite direction of parameter tun-
ing isaso considered for investigating the accuracy of the
proposed method. Table 3 also shows eigenvalues of the
coupled vibration model (8) and damping ratios in each
parameter setting. The result shows that two dominant
modes are stabilized gradually with the parameter change
from theinitial parameter set to the final set. On the other
hand, in the wrong case, two modes are destabilized with
the change of parameters. In the case of PSS equipped
with the generator 5, similar results have been obtained.
These results show that appropriate parameters of PSSs
can be obtained and the stability change can be assessed
correctly by using the coupled vibration model.

Figure 5 shows the simulation results when two tuned
PSSs are applied simultaneously. Here, an assumed dis-
turbance is a three phase ground fault at point E in the
double circuit transmission line shown in Figure 1. The
fault is cleared at 0.07 sec after the fault occurred. The
result shows that low-frequency oscillation is damped ef-
fectively by tuned PSSs. On the other hand, the critical
clearing time is 0.091 sec in the initial condition, while it
isimproved up to 0.142 sec with tuned PSSs.

-3
5 x10 : | | |
4 initial state -------
PSS tuned —
3
S 2
RS>
- 1
K]
® 0
3 -1
a
- 2
&
s -3
D 4
.5 - |
-6 i i i i i ; ‘ ‘ ‘
0 5 10 15 20 25 30 35 40 45 50
time (sec)
@
-3
5 10~ ‘ | | |
4r initial state - |
PSS tuned ——
- 3 i
=}
9 2
c 1
Ke}
T 0
3 -1 1
a
o -2 H
[0
2 3| |
7]
-4 H |
_5 L] |
-6 | | | i i i ‘ ; ‘
0 5 10 15 20 25 30 35 40 45 50
time (sec)

(b)

Figure5: Simulation with PSSs of generators 1 and 5 tuned in the day-
time condition. (a) Generator 1. (b) Generator 5.

P | K| n | B | m | n| thggpeg\r/gf?nodel ?a?ﬂp(i;)g)
wiong | 0.16 | 163 | 166 | 202 | 0.01 | VT ijgéggg PR
initil | 020 | 166 | 151 | 207 | 001 | 07 ijié?{’g e
1st 024 [ 169 | 136 | 212 001 | )% i;g;gg; sy
and 028 | 172 | 121 | 217 001 | OO0 ijgéigg Jpios
ad 032 | 175 | 106 | 222 | 001 | OO0 jggfég e
ah 036 | 178 | 091 | 227 | 001 | 0N iﬁgg;‘g o
fird | 037 | 182 | 083 | 231 [ 001 | U0 jggggf o

Table 3: The stability change with gradual tuning of PSS equipped with the generator 1.
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4.4  Tuning of PSSsin the nighttime loading condition

The proposed method is applied to a different loading
condition. The loading condition denoted by (N) in Figure
lisused in this analysis. Table 4 shows the comparison
of eigenvalues calculated by using the full system matrix
with the approximate coupled vibration model. The result
shows that the approximate model evaluates successfully

the slight change of eigenvalues.

parameter full system approx. model
initial —0.1021 4+ 52.7001 | —0.0875 % j2.7733
condition —0.1912 4 55.0542 | —0.2346 £ 54.3954
K = 0.02 —0.0996 £ 52.6966 | —0.0872 % j2.7699
—0.1902 £+ 55.0497 | —0.2341 £+ 54.3900
K—o04 —0.1049 £ 52.7040 | —0.0878 £ 52.7771
—0.1924 + 55.0591 | —0.2358 4+ 54.4002
T —2.16 —0.1032 4+ 52.7011 | —0.0878 & 52.7747
—0.1918 4+ 55.0557 | —0.2352 % j4.3969
T —1.16 —0.1010 £+ 52.6992 | —0.0870 % 52.7716
—0.1907 £+ 55.0527 | —0.2344 £+ 54.3930
Ty = 2.01 —0.1013 = 52.6993 | —0.0873 £ 52.7724
—0.1908 £ 55.0530 | —0.2347 £+ j4.3929
Ty = 1.01 —0.1040 + 52.7014 | —0.0888 4 j2.7765
—0.1923 £+ 55.0565 | —0.2354 £+ j4.3979
Ty = 2.57 —0.1029 + 52.7010 | —0.0876 £ 52.7744
—0.1916 £+ 55.0554 | —0.2351 +£ j4.3965
Ty = 1.57 —0.1013 4+ 52.6993 | —0.0873 £ j2.7725
—0.1908 £ 55.0530 | —0.2347 £ j4.3931
T, =051 —0.0984 £+ 52.6990 | —0.0651 £ j2.7355
—0.1885 £ 55.0503 | —0.2300 £+ j4.3518

Table 4: The comparison of eigenvalues variation of the full system
model with of the approximate model when a parameter of PSS equipped
with the generator 1 is changed in the nighttime loading condition.

Table 5 and Figure 6 show the results of tuning of
PSSs. An assumed disturbance is the same fault at point

AinFigure 1, whereitiscleared at 0.07 sec after the fault
occurred. And the critical clearing time isimproved from
0.070 sec up to 0.087 sec. These results demonstrate the
effectiveness of the proposed approach based on the wide
area phasor measurement.
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08} /
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parameter | initial | G1 G5
K 020 | 0.31 | 0.67
T 166 | 452 | 191
T 151 | 068 | 043
T3 207 | 358 | 298
T, 0.01

Table5: The result of tuning of PSSsin the nighttime condition.

5 CONCLUSIONS

In this paper a method for tuning power system stabi-
lizers based on the wide area phasor measurement is de-
veloped. A coupled vibration model has been developed
to detect inter-area low-frequency modes from the mea-
surement data. Especialy, the coupled vibration model
has been extended to include the effect of power system
stabilizers.

In this study, the effectiveness of the proposed method
has been investigated by using the oscillation data ob-
tained by apower system simulation package. The method
has been applied to aten-machine longitudinally intercon-
nected power system. The results have demonstrated that
inter-area modes could be identified correctly by using
steady state phasor fluctuations. On the other hand, PSSs
have been tuned by gradua steps toward the parameter
sets determined by using the extended coupled vibration
model. The effect of the tuned control has been assessed
by the coupled vibration model. Correct tuning and eval-
uation has been demonstrated in numerical studies.

APPENDIX

1. Investigation of oscillation characteristics

A power system is described by the following differ-
ential equation:
z = f(x), x € R". (15)

Thelinearization of f(x) at aequilibrium point x = x; is
represented by

T = A:B, A= Dmf(wl). (16)
1,0X102 .
08 initial state ---—--- |
oli i PSS tuned——
0.6 ;

Speed Deviation (p.u.)
5 &
N

-0.6 -
-0.8
1.0+ B
12 Il Il Il Il Il Il Il Il Il
5 10 15 20 25 30 35 40 45 50
time (sec)
(b)

Figure 6: Simulation with PSSs of generators 1 and 5 tuned in the nighttime condition. (a) Generator 1. (b) Generator 5.
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Theright eigenvector u; and the left eigenvector v; of the
matrix A are defined by

vi" A=X\v;", v; #0

(17)
(18)
where )\; is the i-th eigenvalue of the matrix A. Here,

these eigenvectors are normalized to satisfy the following
condition:

1 ifi=y
viTuj = " ] (19
0 otherwise
Thus, the participation factor is given by
Dki = UkiVik- (20)

The participation factor py; represents a measure of the
participation of the k-th machine state in the trgjectory of
the i-th mode [12]. When the condition (19) is satisfied,
the summation of all elements of each row or column of
the participation matrix P = {p;; } isalwaysunity. There-
fore, the participation factor isdimensionless. The oscilla-
tion characteristics of a power system are investigated by
using eigenvectors and the mode-machine participation is
measured by using the participation factor.

2. System constants

Generator: Park’s 5th model, 1000 MVA base

xq = 1.70 (p.u) <z, =0.35(.u) z =0.25(p.u.)
ze =170 (p.u) 2 =0.25(p.u) X; = 0.225 (p.u.)
T)=1.00() Ty=003() T, =0.03(
T,=040() M =7.00()

Transmission system: 1000 MVA, 500 kV base, 60 Hz
Impedance: Z = 0.0042 + 50.1260 (p.u.)/100km
Electrical charge capacity: jY/2 = 50.0610 (p.u.)/100km
Transformer: z; = 0.14 (p.u.)

Interconnected line: 100 km, double circuit

Lineto generator: 50 km (G8: 100 km), double circuit

Table 6: System constants of |EEJ WEST 10-machine system.

daytime | nighttime
(MVA) (MVA)
Gl 15,000 9,000
G8 5,000 3,000
G10 30,000 18,000
Others 10,000 6,000
Total sum | 120,000 72,000
Table 7: Generator rated capacity.
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