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Interactions Between, and Effectiveness of, Power
System Stabilizers and FACTS Device Stabilizers in
Multimachine Systems

Michael J. GibbardMember, IEEEDavid J. Vowles Member, IEEEand Pouyan PourbeiMember, IEEE

Abstract—in this paper it is shown that interactions occur in the industry. The TK7;(s) is designed to effect a left-shift
between stabilizers in multimachine power systems, the stabilizers of the selected rotor modes, the extent of the left-shift is de-
being Power System Stabilizers (PSS’s), FACTS device stabilizerstermined primarily by the setting of the galn (which, in the

(FDS’s) or both. The interactions, which are identified and f PSS’s. is also th | fthe d ing t ffi
quantified, may enhance or degrade the damping of certain modes case o S, IS aiso he value of the damping torque coetii-

of rotor oscillation. In particular, interactions between PSS’'s cientintroduced through the action of P$R]). The design of
are found to adversely affect the damping of inter-area modes. the robust, fixed-parameter stabilizers is outlined briefly in the
The analysis of interactions also provides a practical means for Appendix; the design procedures are employed by Australian
quantifying and assessingimultaneouslythe relative effectiveness utilities [5]. It should be noted, however, that the techniques
of both PSS’s and FDS's in damping the rotor modes of oscillation. hich will be d ibed t I1 int ’ fi d th
This is achieved using a stabilizer damping contribution diagram. w 'C_ wi e_ escribed to ar_"’?‘ yze Interac |0ns_an asses_s e
A theoretical basis is given for the analysis of interactions and relative effectiveness of stabilizers can be applied to multima-
the effectiveness of stabilizers; the practical significance and chine PSS’s and FDS’s designed tther methods as long as

applications are illustrated using a case study on a 3-area, 400 jncreases in gains of the stabilizers result in a predominantly
state system having 28 generator groups and a number of FDS’s. left shift of the rotor modes.

For systems of more than 600-700 states the modified Arnoldi

method is used for eigenanalysis-based calculations. The layout of the paper is as follows. The analysis of in-

teractions is based on the analysis of both the perturbations
in induced torque coefficients (ITC’s) and the shifts in rotor
modes resulting from increments in stabilizer gaifg,. Con-

l. INTRODUCTION sequently, the concept of a torque induced on the generator rotor
. by any PSS or FDS is introduced; this is followed by the deriva-
YNCHRONIZING and damping torque concepts for ion of expressions both for the ITC’s and for the mode shifts

he basis for the design of both Power System Stabilizqrﬂerms of the gainAk.. The concent of interactions between
(PSS's) [1], [2], [5] and FACTS device stabilizers (FDS’sﬁ’ GaINAL;. ptot! ' W

Index Terms—stabilizers, damping, interactions.

. . . . tabilizers is then explained and a case study on a reduced,
[6]. _The _advgnt_age of this approach s that it proyldes bo even-machine system with two SVC's is used to reveal the
engineering insight apd understamjmg of the action of tL’ﬁ‘?gnificant features of interactions. The mode shifts, which are
s.tablhz'ers in enhancing the damping performance of m et of interactions and which result from increments in the gains
t!machlne power syst_ems. However observa_tlons f_rom bo&?each PSS or FDS, are most usefully displayed in the form of a
field tests and analysis reveal that the damping of Inter-arg bilizer damping contribution diagram. In a second case study,

modgs ten_ds to be inferior to that expgcted from the design ich includes both PSS’s and a variety of FACTS devices, this
multimachine PSS's based on damping torque concepts. ﬁgram is shown to reveal simultaneously the relative effec-

noted n [4], “The characteristics of these modei and t}Pi’?/eness of all stabilizers for selected modes of rotor oscillation.
factors influencing them, are not fully understood”. Similarly,

. _ . Such information can also form the basis for simultaneously co-
the damping of local-area modes is observed to differ from ;. .. , ,

) . . dinating both PSS’s and FDS’s.
expected levels. It will be shown in the analysis and case studies

that degradation or enhancement in damping of the rotor modes

can be attributed to interactions between stabilizers as well as Il. CONCEPT OF ANINDUCED TORQUE
the inertia-weighted speed-participation of a given generator in
the particular mode. In Fig. 1 is shown a linearized model of a multimachine power

The transfer functions (TF’s) of both PSS’s and FDS’s are sf/stem in which generatgris fitted with a PSS. For generator
the form[k;, G;(s)], a structure which is commonly employed;, consider the signal path from speed perturbafiary through
PSS;j to the component of electrical torqu& Pe;, on machine
. . . j. Consequently, at a mode of rotor oscillation, APe; in-
Manuscript received November 20, 1998; revised May 27, 1999. lud e ind d he shaft of
M. J. Gibbar and D. J. Vowles are with the Department of Electrical arfd'Yd€S atprque componeAat?;; induced on t'e sha O gener-
Electronic Engineering, The University of Adelaide, Adelaide, South Austral@ator j by its own PSS [1]. However, there is also signal path

5005. . _ from Aw; through PSSj and the power system to the elec-
P. Pourbeik is with Power Systems Energy Consulting, GE Power Syster{]st | I“ikP : Th

Schenectady, NY 12345, USA. rica torgue compone i on generatoz: at component
Publisher Item Identifier S 0885-8950(00)03814-1. of AP;; in phase with the speed perturbatio, on generator

0885-8950/00$10.00 © 2000 IEEE

Authorized licensed use limited to: Adelaide University. Downloaded on October 13, 2008 at 02:15 from IEEE Xplore. Restrictions apply.



GIBBARD et al. POWER SYSTEM STABILIZERS AND FACTS DEVICE STABILIZERS 749

of mode);,, andw;,, is the element corresponding to the speed

. P:

vov' state of machine. Likewise, for speed-input PSS'’s,

E .

R AD}; = Hpvr_ij(An)(uinwin)[G (An) Akj) 3

S . .

Y whereH py,._;;(s) is the PVr TF from the AVR reference input

,% on generatoy to the electric power output on generatpalso

E| Machinei calculated with the shaft dynamics of all machines disabled [2],
S5 As; M_ [3], [8]. For PSS'’s, a case of special interest is the incremental

ITC on generatot (AD!) produced by an increment in the
gain Ak;) on its own PSS, [in which caseu;;, = wy, in
(3)]. This ITC is referred to as the self-induced torque coeffi-
cient. Because the PSS design procedure require§thab) ~
1/H py,_ii(;.) Over the range of frequencies of rotor modes, (3)
becomes

ADL ~ Ak 4)

TZmau<dn mmE0Y

: There is thus an equivalence between the pu PSS gain and the
Machine j damping torque coefficient. This result not only is consistent

y with the approach to the design of PSS’s outlined in section
Appendix A but also provides a useful measure of the effects of
Fig. 1. Torque components P;; and A P;; induced on machinegand PSS gain changes. We will show that the self-induced damping
i by PSS;j. torque coefficient on maching i.e., Ak;, is thus enhanced or

degraded by effects induced by other PSS’s and by FDS's.

1 is a damping torque induced on generatthirough the action
of PSSj. The interaction of PS$ with generator: was first  lll. ESTIMATING THE MODE SHIFT DUE TO AN INCREMENT IN
noted in [2]. STABILIZER GAIN

A similar concept of induced torques can be illustrated for gageq on [6] it can be shown that, as a first-order approxima-
FDS's [6]. There is a signal path from the local FDS stabilizingy, he shift in thehth mode of rotor oscillation is related to an
signal through FD3 and the network to the electric torque com;, .remental change in the torque coefficiest)!, on machine
ponent,AF;; on generatof. Again the component ah F;; in by: “
phase with speedc\w; on generatoi is a damping torque in-
duced on the generator by the action of Fp%or the purpose A)\Q‘j — —(pm/M;)ADZ», (5)
of analysis, however, it is more convenient to define an induced
torque coefficient rather than consider induced torques. wherep;;, is the complex speed participation of generator

modeh; M; is twice the generator’s inertia constant. By substi-
A. Induced Torque Coefficients tution of (2) or (3) in (5), a general expression for the contribu-

A perturbation in the input signal on stabilizginduces on tion to the mode shift by generatbdue to an increment in gain
the shaft of generatagra component of electrical torqua,7;;. 0N stabiliserj is
It was shown in [6] that this induced torque is related to the
speed perturbation of generatarAw;, by a complex induced ANy = = in/Mi) Hper_ij(An)(€qethen /uin) |G (An ) Akj]

torque coefficient (ITC) D, defined by (6)
AP;;(\) = Dg}Awi()\h)- (1) where stabilizefj may be a PSS or a FDS. Let
This relation can be represented as illustrated in Fig. 1 by the Gii(An) = Hpwr_ij (An)(Cquthan /tin), (7)

section in dotted lines. By using parameter perturbation analysis
on an machine system, an expression can be derived for then (6) becomes

incremental induced torque coefficient on generaidue to an N
increment in the gainAk;) on FDS;: AN = —(pin/Mi)i; (ARG (An) Ak;]. (8)

AD™ = Hppo i (A (Conthan J1in) [Gi( M) Ak 2y Three additional expressions will be employed in later sections.
iy = Hpur_ij(An)(cgetwen [uin) [G;(An)AK;] - (2) The firstis the contribution to the mode shift by alyenerators
where Hpys,_i;(s) is the TF from the reference input voltageds a result of an increment in gain on any stabilisenly, i.e.
AUr; of the FDS controlley to the electric torque component N
on generatof and is calculated with the shaft dynamics of all AN __ M Vs (A GOV Ak
machines disabled [64;. is the state output vector for the stabi- stab_j ; i /M)eii (M) | [ (An)Ak]
lizing signal used as the FDS inpui;,, is the right eigenvector 9)
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The second expression is the contribution by genefaimthe r
mode shift caused by increments in the gains imd@lSS’s and
z FDSs:

|
o | G ] AREA 2
AN o= =)D oG (WAK]. (10) | RPN
OO = |
Thirdly, the total contribution to the mode shift by allgenera- 1 G9-G10 {érsvm ésvcz' I_&_ 1
tors as a result of increments in the gain omalt » stabilizers: L _ . _ . - & __ & _ A
n+z n .
A)\h _ Z Z (pih/Mi)SOij()\h)[Gj ()\}L)Akj]- (11) Fig. 2. Two-area power system.
j=1 ¢=1
’ or, alternatively, using (8) and (12), this contribution is
Again, a case of special interest is the contribution by generator N
1 to the mode shift due to an increment in its PSS gaik;. By 3 ~— (PR Ak Z —Pin \ ()
substitution of (4) in (5), this self-contribution is found to be: stabj "\ M ! o\ M pilh
AN & —(pin /M) Ak (12) [GiAn) Ak (15)

This result provides a type of benchmark for the contribution dine above equation reveals that the contribution to damping of
a PSS to damping. Typically if a machine participates signiféeneratorj due to its own PSS [the first term in (15)] may be
cantly in a mode (usually a local-area mode), the speed parti@phanced or degraded due to contributions from, or interactions
pation is about 0.5. The mode shift is then directly to the left ifith, the remaining generators. Let us call such interactyems

the s-plane and is equal tok; /(2M;). Clearly with low partic- erator interactionsThe net effect of interactions is given by the
ipation in the speed state the extent of the mode shift is reduc&@cond term and is proportional £iok;. _ _

However, a reduced contribution to the mode shift may also beThe second term in (14) for the mode shift, which results
attributed in part to the effect of interactions. The concept of iff0m an increment in gain on stabilizgronly, consists of the

teractions is discussed next. ianementalADg; W6|ghted by the factofpih/Mi). The ITC
ADY; therefore in part determines the nature and extent of the
IV. |NTERACTIONS BETWEEN STABILIZERS interaction between stabilizgrand machiné. In Case Study A

it is demonstrated with numerical quantities that some further

To illustrate the concept of interactions in its simplest fo_mfnsight into the action of the + z stabilizers and the signif-
l(;aftttlflseapsggrgi g:;g;g:ﬁﬁ?ﬁg%ﬁi]g;r;:;?ﬁ:r'gt;hbﬁligs;'r icance of their interactions is derived from an array of ITC'’s,
i O insight i i i
D4, 5 =1,---, n+ 2 Such insight is particularly in-

(aPSSoraFDS). Based on (10) and (12) above, the contribuigf, +tive when the arrays for local- and inter-area modes are
to the mode shift by generatois examined. Additional insight is furnished when the associated
= —(pin/M;)[Ak; + ovi;(\n) Ak;] (13) arrays,AAﬁ;: i, j =1, ---, n, for the shifts in the same modes
are studied.
wherew; ;(A,) is a complex number. If both stabilizer gains are o )
increased, it is apparent from (13) that the gain increrdeiyt A. Case Study A: Nature and Significance of Interactions
can be considered to modify the effect of the gain increment onA simplified single-line diagram of the power system used in
the left-shift of the mode; the effect, however, depends on thee case study is shown in Fig. 2. All generators are represented
sign of the real part of;;(\;,). For example, if the sign is nega-by higher-order models; generator 11 represents the system of
tive, incrementing the gain on P$®nlyis more effective than Area 2. Generating units 1 to 4 are identical, so are 5 and 6, 7
incrementing the gains on P$&nd stabilizerj. Consequently, and 8, 9 and 10. The two SVC's are fitted with FDS’s. While
from the point of view of adjustment to the gain settings, theret a faithful representation, Fig. 2 depicts the South Australian
appears to be a negative interaction between stabjliaed PSS network and the interconnection with the Eastern States.
¢. On the other hand, if the sign 8(«;;()5,)) is positive, the  For the selected operating condition there is zero power
enhanced contribution to damping is associated with a positivansfer between the two Areas and the outputs of all generators
interaction between stabilizgrand PSS. Let us call the such are at about 75% of rated. PSS’'s and FDS'’s, designed as
interactionsstabilizer interactionsanother form of interaction in Section VII, are installed on generators and the SVCs;
is shown below. perturbations in rotor speed and real power flows in associated
From a practical point of view, it is more informative to condines are used as the respective stabilizing signals.
sider the contribution to the mode shift by thegenerators re-
sulting from a gain increment on stabilizeonly. If the latter is  B. Nature of Stabilizer Interactions Revealed by an Array of
a PSS this contribution can be expressed from (5) as Induced Torque Coefficientsy D}
n For modeh, the incremental ITC on generatois related to
= —(pjh/Mj)AD]’P»Jr Z [—pih/Mi)ADﬁ}](M) an increment in gain on stabilizgrby (2) or (3). In the study

! Py all PSS gains are set to 5 pu on machine base and FDS gains

A)\h

gen_i

A)\h

stab_j
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TABLE |
ARRAYS OFINCREMENTAL ITCS, ADj”j, FORINCREMENTS INPSS & FDS QINS FORLOCAL- AND INTER-AREA MODES ARRAYS CALCULATED FROM EQUATIONS
(2) OR (3). (SMILAR RESULTSAPPLY TO IDENTICAL MACHINES IN THE SAME STATION)

Local-area mode -0.8241j8.21 Inter-area mode -0.2941§3.74
Stab/ || PSS1 | PSSs | PSS7 | PSS9 | oo | FDS | FDS || PSS1 | PSS5 | PSS7 { PSS9 | o, | FDS | FDS
Gen || &24)| &6) | &8) | (&£10) SVC1 | SVC2 || (&24) | (&6) | (&8) | (&10) svC1 | svcz
Gl 1.00 § -003 | -004 | 0.2 0 0.01 0 101 § -007 | -0.08 | -0.05 0 031 | 0.10
-j0.15 § -j0.01 | -j0.02 | -j0.03 | +j0 | -j0.01 | +j0 +0 B -j0.01 | +j0.01 | +j0 40 | -0.25 | -j0.04
Gz |l -004 ] -003 | -004 | 012 0 0.01 0 004 | -007 | -008 [ -0.05 0 031 | 0.10
+0.02 | -j0.01 | -50.02 | -j0.03 | +j0 | <0.01 | +j0 || +j0.01 | -j0.01 | +0.01 | +j0 50 | -0.25 | -j0.04
G3 || 004 | -003 | 004 | 012 0 0.10 0 004 | -007 | -0.08 | -0.05 0 031 | o010
+0.02 | -0.01 | -j0.02 | -j0.03 | +j0 | -j0.04 | +j0 |} +0.01 | -j0.01 | +0.01 | +j0 40 | -40.25 | -j0.04
G4 |l -004 | -003 | 004 | 012 0 0.01 0 -0.04 | -007 | -0.08 | -0.05 0 031 [ 010 -
+0.02 | -j0.01 | -0.02 | 003 | 40 | -j0.01 | +j0 ]} +0.01 | -jo.01 | +j0.01 | +j0 40 | -0.25 | -j0.04
G5 || 006 § 099 | 010 | 0.19 0 0 0 004 | 102 | -007 | -004 0 024 | 009
+0.08 | -j0.24 § +0.02 § -j0.18 | -0 | -j0.02 § -0 +0 +0 | +0.01 | -0 40 |} -j038 | -0.07
G6 || -006 | -007 | 010 | 0.19 0 0 0 -0.04 | -007 | -0.07 | -0.04 0 024 | 0.09
+0.08 | 45002 | +0.02 | 018 | -jo | -j0.02 | o0 +0 | -0.01 | +0.01 | -0 50 | -j0.38 | -0.07
G7 -0 -0.03 § 099 [ -0.02 0 001 [ oo01 |f -006 | -010 | 100 { -0.08 0 047 | 0.09
+j0.06 | +0.03 | 5023 ] 016 | -0 | -0.03 | -0 || +j0.04 | +j0.06 § -j0.04 | +0.04 | -0 | +0.14 | j0.04
G8 -0 003 | -005 | -0.02 0 001 | oo01 |} 006 | -0.10 | -0.10 | -0.08 0 046 | 0.09
+j0.06 | +j0.03 | +j0.04 | <016 | -6 | -0.03 | 50 ]} +j0.04 | +j0.06 | +j0.06 | +j0.04 | -0 | +j0.14 | j0.04
G9 0 001 | 001 § 102 -0 -0.01 -0 005 | -008 |'-008 ¥ 1.00 0 019 | 005
001 | <001 | -0 § -0.25 | +0 | +0.01 | +j0 |] +j0.01 | +j0.01 | +j0.02 § -j0.02 § 0 | -j0.01 § -j0.04
G10 0 001 | 001 0 -0 -0.01 -0 005 | -0.08 | -008 [ -0.02 0 0.19 | 005
5001 | -0.01 | -0 ] 45006 | 450 [} 4j0.01 | 450 || +j0.01 | +j0.01 | +0.02 { +0.02 } 0 | -j0.01 | -j0.04
onn | -061 | 031 [ 049 | 113 J 106 | -019 | -1.23 0 002 | 002 | 001 § 1.01 ] 004 | -007
-j1.48 | -j1.16 | 145 | +j0.57 § -j0.13 J +j0.03 | +j0.63 }] -0 -0 -0 +0 |} +j0.06 § +j0.03 | -j0.09

to 0.0025pu on 100MVA; these are low gain values. PSS aadd 0.0005 pu on their respective bases. Each diagonal element

EDS gain incrementé\k; are set to 1 pu and 0.0005 pu oris the self-contribution by a generator to the mode shift due to

their respective bases. Table | shows the arrays of incremertted 1 pu increase in its PSS gain. As given by (9), summing the

ITC’s for alocal-area modey; = —0.824 + 58.21, and for the elements in the column of stabilizg¢provides the contribution

inter-area mode), = —0.294 + j 3.74. to the total mode shift by that stabilizer. Let us compare, for both
For PSS’s, an important feature of the arrays for bothe local- and inter-area modes, the real part of the diagonal de-

local- and inter-area modes is that the diagonal termmentwith that of the column sum for a given PSS. For example,

AD! =~ Ak; = 1/0° pu (heavy outline in Table I). This for a 1 pu gain increment on PSS 9, Table Il reveals:

confirms that the PSS design procedure of Section VII en- . interactions not only increase the left-shift of the

sures that each PSS induces an almost pure damping torque |gcal-area mode from-294 to —315 units (1 unit being

coefficient on the machine on which it is installed for both 10~%), but also reduce significantly the left-shift of the

local- and inter-area modes. The real parts of the off-diagonal  jnter-area mode from-78 to —41 units;

termsADY;, are predominantly negative in the case of the . the extent ofthe netleft-shift for the local-area mode is sig-

inter-area mode for PSS's 1 to 11, whereas for the local-area pjficantly greater than that for the inter-area mod&(5

mode there are a number of elements with positive signs (in  and—41 units, respectively).

columns PSS 9 and 10). Thus, with reference to (14), it is to Note that the above interactions, associated with a gain

be expected that interactions will tend to degrade the damping  increment on PS$ only, are due to contributions to the

of the inter-area mode while enhancing the damping of the  mode shift by generators other than

local-area _mode._ For F.DS S, 1tis n_o_teworthy _that the F_Déonsiderthe diagonal elements of Table Il concerning PSSs:

on SVCL1 in particular induces significant positive damping ) . "

torque coefficients on the machines for the inter-area mode, * 't Was noted earlier that the diagonal element;; of

but negligible amounts for the local-area mode. The FDS's are  the array of ITC's in Table | are all close, ideally, 1d0°

thus likely to contribute significantly to the damping of the ~ PU for a1 puincrement in each of the PSS gains. From

) . o
inter-area mode and have no affect on the local mode. (5), the values c}n‘ the diagonal terms in TableAl\;; =
—(pin/M;). AD, are determined by the inertia-weighted
C. Nature of Stabilizer Interactions Revealed by an Array of speed-participation factot;, /M;. Because this factor,
Mode Shifts AN} shown in Fig. 3, varies markedly within and between the

- I - h
The contribution by generatarto the shift in modeh is re- local- and inter-area modes, so daka;;.

lated to the increment in gain on stabilizeby (8). Based on The relative effects of PSS’s on local- and inter-area modes are:
(8), arrays of contributions to the mode shifts are calculated as » The left shiftA\%, calculated from (8), is significant only

shown in Table Il for both the local- and inter-area modes when  for those generators which participate markedly in the
the gains on all PSS’s and FDS'’s are again increased by 1 pu mode due to larger values of;, revealed in Fig. 3. For
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TABLE I
ARRAYS OFLOCAL- AND INTER-AREA MODES-SHIFT CONTRIBUTIONS, AA¥, DUE TO INCREMENTS INSTABILIZERS GAINS ARRAYS CALCULATED FROM EQUATION

(8). SMILAR RESULTSAPPLY FORIDENTICAL MACHINES IN THE SAME STATION (SHOWN IN BRACKETS). (MULTIPLY VALUES BY 10~%)

Local-area mode: A=-0.8244j8.213 Inter-area mode A=-0.294%j3.74
Stab /|| PSS1 | PSS5 | PSS7 | PSS9 |} PSS | FDS1 FDSZ PSSs: F—DSsz ?otal PSS1 | PSS5 | PSS7 | PSS9 | PSS FDS FDS § PSSs: | FDSs: | Row-
----- @] ¢6) | 8 |¢100] 11 |svcl]|sve2 | Row- | Row- @4 | 6 ] 8 |¢100| 11 |svcl{svcz) Row- | Row- | Total
/ Gen Sum | Sum Sum | Sum
Gl -26 1 2 -3 0 0 0 -24 0 -24 -4 3 3 2 0 -13 -4 221 -17 -38
+2 § -0 50 | +3 1 40 | 40 | 40 f+23 | +0 | 423 ] -0 -0 St -0 0 | ir | o2 | -3 | 413 +9
G2 1 1 2 3 0 0 0 -24 0 -24 2 3 3 2 0 -13 -4 -21 -17 -38
-1 -j0 0 | 43 | 40 | 40 | 40 ] +23 | 40 | +23 [} -jo 0 41 40 | +0 | w11 | 42 | -3 | 413 | 49
G3 1 1 2 -3 0 0 0 24 0 24 2 3 3 2 0 -13 -4 21 -17 -38
-1 -j0 -jo 43 | «0 | +0 | +j0 § 423 1 +j0 | +23 {} -0 -0 -1 -0 +0 | 411 | 42 3 | 413 | 49
G4 1 1 2 -3 0 0 0 -24 0 -24 2 3 3 2 0 -13 -4 -21 -17 -38
-1 -0 40 | 43 | 4j0 | 40 | +0 ] +23 | +0 | +23 || -jo 50 -1 40 | 40 | 11 | 42 | 3 | 413 1 +9
G5 1 -8 1 -3 0 0 0 -7 0 -7 2 -68 A 2 0 -17 -6 -40 -23 -63
o b g8 b et | st [ 4o | 4o ] qo -7 | 4o g7l iz o | i 40 | +i2s | «i5 | 0 | +30 | +30
G6 1 1 1 -3 0 0 0 -7 0 -7 2 4 S 0 -17 -6 -40 -23 -63
0} o+l | 41 -jt +0 | +0 | -0 57 | #0 | 47 -jo -j0 -1 0 | #25 | +is § -0 | +30 | +30
G7 1 1 -11 3 0 -1 0 -10 0 -10 4 7 -69 0 -32 -6 -20 -38 -58
0 1 40 § 1a ) 42 1 G0 | 40 | 0 f 12 | 0 | 12 | 2 54 1 +o 0 | 11 | 3§ 25 | 13 | -39
G8 1 1 1 -3 0 -1 0 -10 0 -10 4 7 7 0 -32 -6 -20 -38 -58
0 L 40 ) 40 | #2 ) g0 | #j0 | <o f 412 | +0 | 12 | 2 -4 -4 o | 1t ] 3 25 | 18 | -39
GY -2 -3 -4 <2943 0 2 0 312 2 310 4 6 6 -0 -15 -4 -26 -19 -45
w3 | 4t | et fansd o | o2 | o Qe | a2 |33l @ | @1 | 40 | 40 | +o [ 420 | «1 | 419
G10 -2 -3 -4 2 0 2 0 -310 2 -308 4 6 6 -0 -15 -4 -26 -19 -45
+#3 | 41 41} 17 | o -2 50 434 | 42 | 33| it 41 1 0 | +0 | 40 ] 20 | +1 | -j19
Gl11 0 0 0 0 0 0 0 0 0 0 -1 2 2 -88 -3 3 -101 1 -100
50 { o | 0 | 0 f 0 0 | 40 f 50 | g0 | o f| 0 | 40 | o | 41 f 441 § 54 | jlo | j
Col || 23 | -7 | -0 [=3154] 0 1 0 04| 18 | 27 | 28 | 4k 90 | -181 | -4
Sumf[ 424 | -6 | 10 [ s32 ] G0 | -1 | 40 48 1 410 | 10 figio ] 40 | w70 | 421
example, the local-area mode involves generators 9 a
10 swinging against the rest; consequently in Table Il tt  cENo09 GEN11
real parts ofAX, are —294 units for G9 and G10 com- GEE;;’ zggz
G
pared to—26 for G1 to G4. o GENO3 GENOT
 For the inter-area mode, because of the larger number 8 ggnos GENOS
; . . i . . i ©
machines participating, the speed participations are re & cenos GENOS
tively low than for local modes (see Fig. 3). The left shift: § GENO7 GENO6
- ; ; 0
associated with the real partst’, for inter-area modes ~ SEN°8 GENO1
are thus smaller than those of the local mode, et CENO® GENO3
- v = GEN06 GENO2
units for G9 and G10 compared te294 for the local GEN11 GENO4
mode. As a result of the effects of interactions and lowt . s h — .
0 .

speed participation, the total left shift in the inter-are
mode 357 units) is significantly less than that for the
local-area mode-{750) for the same increments in PSS
gains.

2
lp|/M (% on MBASE)
.824 + 8.21257

( 90) -0

|Ip|/M (% on MBASE)
(102) -0.294 + 3.7368J

M is twice the lnertia constant on machine rating

» For a given mode the sum of the diagonal elements iy. 3. Case A: Inertia-weightgd/) speed-participation factorg) for local-
Table Il represents the total left-shift associated with tra#id inter-area modes.

self-contributions of the PSS’s only. For the local- and

inter-area modes the sums aré25+ 35111 and—65— 3424  contribution to damping by the selected generator/PSS unit in

units, respectively, compared to the actual total shifts dtleis case. For example, due to the interaction from generator 10

to PSS’s only of-750 + 5122 and —337 — 7130 units. the contribution to damping of generator 9 due to PSS 9 is de-

Interactions have thus enhanced slightly the damping gfaded from—294 to —292 units and from—78 to —65 units

the local mode but have significantly degraded that of tHer the local- and inter-area modes, respectively.

inter-area mode. This degradation in damping of inter-arealt is important to note through (5) that, as for PSS'’s, the

modes has been observed in practice in a range of studi@snping introduced by FDgis determined by the ITC’AD%

on different power systems and in part can account for tidad thesamefactorsp;;, /M; of the generators. For the local

relatively poorer damping of inter-area modes observednode the ITC's—and hence the modes shifts—due to both

Note that from the columns of Table Il the interactions beé=DS’s are negligible. For the inter-area mode, however, the

tween PSS'’s fitted to generators in the same station can betaal left-shift due to the FDS’s is significant, bang about 2/3rd
sessed. For both modes such interactions degrade somewhaothike total due to PSS’s{(227 and —357 units respectively);
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" : v x . v
< w .cENO1} I - ] HVDC
ﬁ W .GENO2} . .. o @ @ . - |
4 W .GENO3 | ! : : - s a SVC2
S W .GENO4} ! : M| 'S G28-G25 TCSC G13-G1
o W .GENOS} ! : M | i Area3 Z $ Area 1
2w .cenosl :  © . 1 = Area2
S W .GENO7| ! : Dol L G24-G14
"w  .cEnos} - : T el q SVCt
Sw .cEno | e - sSvVC3
Sw  .cENlo | o
oW  .GENI1} : : * e— -l - :
Q4 Pa .svCOL| | m— l—
8 pra .svcoz} . : - : - Fig. 5. Three-area power system.
-3 -2 -1 0 1 -3 -2 -1 0 1
AG (x 1072 Neper/s) Ao (x 1072 rad/s) TABLE Il
COMODE ( 90) -0.824 + 8.2125J TotalShift -0.075 + 0.0121J LIGHTLY DAMPED MODES

08 MODE (102) -0.294 + 3.7368J TotalShift -0.058 - 0.0057J
AG (A®) = shift in real (imaginary) part of eigenvalue

Mode Type Mode Damping
Fig. 4. Case A: Stabilizer damping contribution diagram for local- and Ratio
inter-area modes. 237 LA -0.6047.7 0.073
239 LA -0.6747.5 0.088
254 LA -~0.2746.6 0.041
263 1A -0.1944.7 0.040
269 TA -0.15434 0.043

the FDS's therefore enhance the damping of the inter-area
mode considerably.

V. STABILIZER DAMPING CONTRIBUTION DIAGRAM

As explained in Section IV above, the net contribution of ste  w .ceno1 T ! & |
bilizer j to the damping of mode is given by (9) or (15); this ¥ ' Seno3 - [ L
contribution is the column sum for stabilizgin Table II. o g S B [ -]

To assess the relative effectiveness of the stabilizers cc-g W .GENOS : 1 ] [ :
cerned the contributions to the mode shift of many PSS’s a § : A . |
FDS'’s may need to be examined jointly and compared. This > &y "Seni5 S H
meaningfully implemented in the form ofsaabilizer damping ‘é‘a IS —y ] -
contribution diagramshown in Fig. 4. The diagram shows for 5 u ggggg L2 g
a given mode the net contributions of selected stabilizers 4 W .GEN22 C e J
the real part§Ac) and imaginary part§Aw) of the mode X it "SEnaa .3 !
shift for a simultaneous gain incremedt:; on eachstabilizer. -3 W .oEna2 T— '?
Each bar represents the component of the mode shift for 8 w .cenz27 Cow L
gain increment of 1 pu on machine base for PSS’s and 5% Pa.SvCoL é==a 3=
the maximum allowable setting for FDS'’s (defined in Sectio ~ £2:50€92 [ R -
VII). From the diagram, it is possible to assess the effects = Pa-Tcsci Ce— h

-2 -1.5 -1 -0.5 0

o

both positive, zero or negative gain increments on individu. -2 -1.5 -1 -0.5
stabilizers. Accurate information on the contribution of eac Ac (x 107 Neper/s) Ao (x 107 rad/s)

ili i i in i C=3JMODE (263) -0.185 + 4.6719J Totalshift -0.065 - 0.0130J7
Staplllzer_ to dampmg can be determlne,d for gam Incremer R MODE (269) -0.146 + 3.4098J T&:ZlShift -0.032 - 0.0114J
typically in the range-5 to 5 pu for PSS’s, and-10% of the AG (A®) = shift in real (imaginary) part of eigenvalue
maximum allowable gain setting for FDS’s [6].

In order to demonstrate the significance of the stabiliz&f9- 6. Case B: Stabilizer damping contribution diagrams for inter-area modes.
damping contribution diagram and its interpretation on a larger
power system, which includes other types of FACTS devicesage fitted with stabilizers using local stabilizing signals. The
further case study is examined. initial gain settings on stabilizers are: - PSSs: 5pu on machine
o 3 _ MVA; FDSs: 0% of maximum allowable setting. The inter-area
A. Case Study B: Application of the Stabilizer Damping  modes (IA) and some of the lightly-damped local-area modes
Contribution Diagram (LA) are given in Table Ill. The stabilizer damping contribution

The power system shown in Fig. 5 is a three-area, intercdfiagrams for the lightly-damped inter- and local-area modes
nected system having 28 generator groups and four FAC®#® given in Figs. 6 and 7 respectively. The contributions to
devices fitted with FDS’s. The power system is based on td@mping from those stabilizers omitted from the diagrams are
South-East Australian system but is not a faithful represefegligible. An examination of the real and imaginary parts of
tation of it. The FACTS devices consist of a HVDC link, d¢he damping contributions reveals that:
thyristor-controlled series capacitor (TCSC), and SVC's. Area « FDS's fitted to TCSC, SVC1, SVC2 and the HVDC link
3 imports 420 MW and 400 MW over the DC and AC inter- contribute effectively to the damping of both the inter-area
connections, respectively. All generators and FACTS devices modes for the particular operating condition;
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w cENo1 b I' ] .J- ] * Machines with higher i_nertia-wgighted participations,
W .GENO2 : e— ] [ p/M, are the more effective contributors to damping.

S w .GENo3 } Cmmmd e + For local modes, which typically have only a few ma-

E v”;' giﬂg: | _‘1 ] -:_ ] chines participating, the magnitudes of the factof8/

E W .GENOG b : - — for the dominant machines are signifiqantly Iarg_e_r thgn

o W CENDT | m— -, those for the more numerous machines participating

éw -GENOS [ : : i { 1 in the inter-area modes. Thus the self-contributions to

S tGEst .===___; :=, ] dampingAX% by dominant machines are likely to be less

§ w .cENzs } Sy = for inter-area modes than for local modes.

o W .GEN27 : : 1 P  For inter-area modes, the effect of interactions is to de-

gw.ems o] P grade further the already lower self-damping contribution

@ Pa.Svcol } . : ) | : h ) . . .

& pasvcoz b1 o) P A\j; of generator. As is shown in the case studies and
Pa.DCLINK | : : | | ; observed in practice, the damping of inter-area modes is
Pa.TCSC1 : : | ; ] 1 generally poorer than local. modes and is more difficult to

6 -4 -2 o 5 -6 -4 -2 o > improve using PSS’s. The damping of local modes may

be enhanced by interactions (as observed in [2]).

» The case studies show that jointly the damping of several
inter-area modes can be enhanced significantly by FDS’s
fitted to FACTS devices placed at suitable locations; their
effect on the damping of local-area modes in these cases
is small, however, this will be system and operating con-
dition dependent.

For the inter-area modes the FDS’s in Case Study A in-

A® (x 1072 rad/s)

CJMODE (237) -0.597 + 7.6825J TotalShift ~0.060 + 0:0244J

B MODE (239) -0.666 + 7.5408J TotalShift -0.078 + 0.0173J

Bl MODE (254) -0.268 + 6.5586J TotalShift ~0.066 + 0.0060J
Ac (A®) = shift in real (imaginary) part of elgenvalue

A (x 1072 Neper/s)

Fig. 7. Case B: Stabilizer damping contribution diagrams for local-area
modes.

« of all the PSS'’s, surprisingly only PSS25 in area 3 is sig-
nificantly effective in damping both the inter-area modes
263 and 269, however, increasing the gains of PSS’s 19
to 28 in areas 2 and 3 could significantly improve the

duce positive damping torques on the generators and thus
contribute to damping by each generator. In this case, the
interactions between the FDS’s and the PSS’s are posi-
tive, ie. an increment in FDS gaifsk; enhances the self-

damping of inter-area mode 263; damping resulting from an increment in PSS gAik; on
« PSS7 and PSS25 control the damping of the generatok.

lightly-damped local-area modes 254 and 237, rdtcan be shown that the term> . | (pin/M;)pi;(An) in (9)

spectively; PSS's 1 to 4, as well as 6, are the moistthe residue from the voltage reference to the speed output on

effective for enhancing the damping of local-area modwaachine;. However, information on interactions provided by

239; (8) is not available through the analysis of residues.

« the PSS and FDS design procedures have resulted predom-
inantly in left shifts of the rotor modes - despite the effect8- Relative Effectiveness of Stabilizers
of interactions discussed in Section IV. « The stabilizer damping contribution diagram is a simple,
Adjusting the gains of the above-mentioned stabilizers would  productive tool for displaying simultaneously the contri-

thus achieve the most significant improvement in damping of  butions to damping by some or all of the PSS’s and FDS'’s.
the lightly-damped modes. A relatively large adjustment in the  Hence those stabilizers which make the most significant
gains of other stabilizer (eg PSS23) would be required in orderto  contributions to the damping of rotor modes can be iden-
make useful contributions to damping. Stabilizer damping con- tified rapidly.
tribution diagrams, and the information on the relative effective- ¢ Such diagrams provide the engineering insight and basis
ness of stabilizers, therefore provide a basis for the systematic for the simultaneous coordination of PSS’s with PSS's,
coordination of PSS’s and FDS's. and PSS’s with FDS's [7]. These aspects have been found
to be particularly valuable in practical applications.
The disadvantage of the diagram is that it applies to small
increments in stabilizer gains. However it has been found,
for example, that mode shifts due to PSS gain increments
of +5 pu on machine base are accurate typically within
5%.

VI. DiscussION& CONCLUSIONS *
A. Interactions

Analysis of interactions is based on PSS and FDS TF'’s being
of the form [ki.G;(s)]. TF Gi(s) is designed to effect a left-
shift of the rotor modes, the extent of the left-shift being deter-
mined primarily by gairk;. It is shown that, for an increment in
PSS gainAk; the self-induced torque coefficient on generator
i and the associated self-contribution to the shiftin mbdee A. Design of PSS’s and FDS’s in Multimachine Systems

AD}; ~ Ak; andAN); = —p;,/M;)ADY;, respectively. This  The stabilizer TF's are both of the forfiy.G;(s)]. Including

APPENDIX

is consistent with PSS design techniques, however, due to in{ggsh-out and low-pass filter&}; () takes the form,
actions from other generators D}, andAA; may be enhanced ’
or degraded. Hence, (16)

Ko(s+ -+ bps™)/(L+--- +a,s™), m < n,
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and is designed to achieve a left-shift in the relevant modesaypropriate phase compensation over the relevant rotor modes

rotor oscillation. The gait;, which is referred to as the ‘gain’ is derived. For a SVC, the maximum allowable value of gain,

of the PSS or FDS, determines the extent of the left-shift.  which is less than the limiting value given by (18), is that below
1) Design of Multimachine PSS’s [2]The approach, which which the terminal voltage response is not significantly affected

is used by a number of Australian utilities, is an extension of thy the stabilizer loop.

single-machine case [1] to the multimachine problem. The aim

of the design procedure is to introduce on the generator shaft a REFERENCES

damping torque (a torque prop.ortllonal to maghlne speed), thl 1] F.P.de Mello and C. Concordia, “Concepts of synchronous machine sta-

causes the modes of rotor oscillation to be shifted to the left in ~ bility is affected by excitation control,JEEE Trans. PASvol. 88, pp.

the s-plane. The ideal TF between speed and electrical torque = 316-329, 1969. , , _ _

perturbations over the range of complex frequencies of the I’OtOtIZ] M.J. Gibbard, “Coordinated design of multimachine power system sta-

bilisers based on damping torque concep®dc. IEE pt. C, vol. 135,
modes should be pp. 276-284, July 1988.
[3] M.J. Gibbard, “Robust design of fixed-parameter stabilizers over a wide
o 9 ] range of operating conditionslEEE Trans. on Power Systemsl. 6,
Dei = APi(s)/Awi(s), 17 no. 2, pp. 794-800, May 1991.
[4] M. Klein, G.J. Rogers, and P. Kundur, “A fundamental study of

where D,; is a damping torque coefficient and is a real inter-area oscillations in power systemdEEE Trans. on Power

) - Systemsvol. 6, no. 3, pp. 914-921, August 1991.
_number (_pu on the machine base)' The(}'ﬁs) compensates [5] B.R. Korte, “Application of power system stabilisers for the South Aus-
in magnitude as well as phase for the Hpy, _;(s) of tralian interconnection,” ifProc. of the International Power Conference
machines, defined following (3) for the multimachine case. 6 glnlgap%rei( Ma(rjcsl §9%358p-d39g—403{- dsvnehronizing ,

: . . : . Pourbeik and M.J. Gibbard, “Damping and synchronizing torques in-
A§sum|ng rotor Speeq is used a_s the input signal to the PSS[’ duced on generators by FACTS stabilizers in multimachine power sys-
with output V;;, the right-hand side of (17) can be written: tems,” |IEEE Trans. on Power System®l. 11, no. 4, pp. 1920-1925,
(AP /AV)(AVei/Aw;) = Hpyri(s)[kiGi(s)] = Dei, Nov. 1996.

N _ e B : L ) [7] P. Pourbeik and M.J. Gibbard, “Simultaneous coordination of power
or [k;Gi(s| = D*/Hpv_ii(s)- Hence’_ ideallyk; = De; system stabilizers and FACTS device stabilizers in a multimachine
and G;(s) = 1/Hpy,_u(s). The gaink; the PSS can power system for enhancing dynamic performandEEE Trans. on

thus also be considered to be a damping torque co- Power Systemsol. 13, no. 2, pp. 473-479, May 1998.

.. . . .. [8] D.M. Lam and H. Yee, “A study of frequency responses of generator
efficient. The practlcal, proper TF for the-th PSS is: electrical torques for power system stabilizer desidBEEE Trans. on

[k:iGi(s)] = ki(1/PVR;(s)) - (washout-low-pass filters, Power Systemsol. 13, no. 3, pp. 1136-1142, Aug. 1998.
where PVR;(s) is the synthesized form off py,._;;(s). As [9] A. Murdoch, S. Venkataraman, R. A. Lawson, and W. R. Pearson,

. . “Integral of accelerating power type PSS. Part 1—Theory, design,
most rotor modes are relatively lightly damped,can be and tuning methodology,” ifPBS Winter MeetingFeb. 1997, Paper

replaced byjw, and conventional frequency response methods  pB-473-BC-0-12-1997.
can be employed in the design procedure. The aim of a de-
sign is to ensure that, over the range of frequencies of rotor
oscillations, the magnitude response of (17) is flat with zero
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2) Design of FDS'’s in Multimachine Systems [6)& prac-
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i : . A Pouyan Pourbeik (M'93) received B.E.(Hons.) and Ph.D. degree from The
Akﬂ in the gain of FDS the shift in the mode University of Adelaide in 1993 and 1997, respectively. Since May 1997 he has

been working for Power Systems Energy Consulting, GE Energy Services. His

AN = P [Gj ()\]L)Akj] if ||7>’L8Hfd5_j ()\h)/a)\hn < 1, current interests are power system modeling and analysis, generator testing, and
J 18) modeling of combined-cycle power plant.

wherer" is the residue from the reference input to FACTS con-
troller j to the input signal to the FDS. The mode smfﬁjh iS  David J. Vowles(M'96) received B.Sc. degree & B.E.(Hons.) degree in Elec-
directly to the left in thes-plane if al’@’th()\h)] — 418(0°. trical & Electronic Engineering from The University of Adelaide in 1983 and

ey - . 1984, respectively. He was employed by the Hydro-Electric Commission of Tas-
The extent of the mode shift is proportlonal MJ' The de- mania in 1984-87 and by Portland Smelter Services, Victoria in 1987—-89. Prom
sign procedure is to selegt, 72, p in the FDS TF such that the 1993, he has worked as a research engineer at The University of Adelaide.

Authorized licensed use limited to: Adelaide University. Downloaded on October 13, 2008 at 02:15 from IEEE Xplore. Restrictions apply.



