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Unified Power Flow Controller Placement to
Improve Damping of Power Oscillations
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Abstract—Weak damping of low frequency oscillations is a
frequent phenomenon in electrical power systems. These frequencies
can be damped by power system stabilizers. Unified power flow
controller (UPFC), as one of the most important FACTS devices, can
be applied to increase the damping of power system oscillations and
the more effect of this controller on increasing the damping of
oscillations depends on its proper placement in power systems. In this
paper, a technique based on controllability is proposed to select
proper location of UPFC and the best input control signal in order to
enhance damping of power oscillations. The effectiveness of the
proposed technique is demonstrated in IEEE 9 bus power system.

Keywords—Unified power flow  controller  (UPFC),
controllability, small signal analysis, eigenvalues.
I. INTRODUCTION
AMPING  electromechanical  oscillations  among

connected synchronous generators is essential for secure
system functioning. In various conditions, for instance, in
heavy loading of power systems, slight signal oscillations
appear. Power system stabilizers (PSS) are widely used to
damp local and intra-area frequencies [1]. Moreover, FACTS
controllers along with complementary controllers with voltage
control and power flow are used effectively to damp power
system frequencies. The degree of their influence on damping
frequencies depends on their proper placement [2]-[6]. Unified
power flow controller (UPFC) is used for the simultaneous
control of active and reactive power by series voltage injection
on line. In addition, in order to stabilize bus voltage for a
specific and controllable value on the bus of the beginning of
the line, shunt reactive current is injected [7]. This controller
can increase the damping of slight signal frequencies in power
systems by being located in a proper place. Different methods
have been proposed for the placement of FACTS controllers,
in which static criteria such as power transfer enhancement,
loss minimization, etc. and no dynamic criteria are considered
for the proper places of FACTS [8], [9]. In other studies,
adjusting FACTS parameter has been proposed for enhancing
intra-area frequencies with weak damping [10]-[15]. However,
in these methods, no criterion has been proposed for the
placement of FACTS controller. Applying controllability and
observability criteria is one of the tools proposed for the
placement of FACTS devices [16], [17]. In [18], a method for
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UPFC's proper place was determined by means of frequency
response.

In this study, a technique is proposed for the allocation of
UPFC to improve damping of power oscillation and stability.
Using controllability index, input control parameter and
suitable branch are specified for installing UPFC. The effect
of this method is shown by stimulation on a 9-bus, 3-machine
system.

I1. CONTROLLABILITY INDEX

A dynamic system is generally represented as a space as:

5(1 = f(xerZ'u) X1 € R™ , X3 € R™ (1)

0=g(xy,xu) u€eR™ 2)
where (1) is a differential equation for dynamic equipments;
x; consists of power angle, rotor speed, etc. The second
equation is power flow equation: x, consists of domain and
phase of node voltage and branch current, etc. and u is input
control vector. By combining (1) and (2) and linearization
about the equilibrium point, the following can be written:

AX = AAX + BAU 3)

Assuming that u is right eigen vector and v is left eigen
vector of matrix 4 and in order to omit the mutual conjugation
between state variables, a new state variable Az is located
as AX = uAZ in (3) and this equation results in [9]:

AZ = AZ + B'AU 4)

Matrix B' which is a combination of the left eigenvector
matrix and input matrix is defined as a mode controllability
matrix and its row vector (b'y; = viB;) is defined as mode
controllability vector k. Domain b'y; shows the degree of
input variable controllability u; to mode k. The input which
has the maximum value VE B; is considered the most proper
parameter for controlling eigen value k. To control mode k's
activity, input signals are selected and compared with the
amplitude of b'y;.

III. PROPOSED METHOD FOR CHOOSING THE PROPER
LocATION OF UPFC IN POWER SYSTEMS

In this study, synchronous generators are represented by a
two axis dynamic model and type 1 DC excitation system of
IEEE. Dynamic equations for an n bus system with m
generators and algebraic equations of a network without
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UPFC around an equilibrium point can be represented in terms
of the following state space:

AX = AAX + BAU (%)
0 = CAX + DAU 6)
where:

AX = [AS;AwAE (AE yAE 14iAV AR
i=12,..,m (7

AU = [A1441,;,A08,A6,AV;AV, ]
k=m+1,..,n (¥

where 6 is the rotor angle of machine, ® is rotor speed, and
E'q and E'y are induced voltages on axes q and d,
respectively. Also, Iy and I are stator current components on
axes d and q, respectively, E'tq is external excitation voltage,
and V-6 is bus complex voltage. Elements of matrices A and
B correspond to the partial differential dynamic equations of
generator and excitations are related to X and U. Elements of
matrices D and C correspond to the partial algebraic
differential equations of X and U [19].

A. UPFC model

UPFC is a combination of two converters of VSC voltage
source which have a common capacitor on the DC side. In Fig.
1, a schematic diagram of UPFC is shown. Control diagram
block of series and parallel converters is shown in Fig. 2.
Shunt converter output can be applied as the voltage source in
the power system to bus k (with the adjustable amplitude and
phase (Vg , d5p,) by a controller to check voltage amplitude of
this bus at a specific amount and keep DC voltage fixed.
Series converter also injects a voltage with adjustable
amplitude and angle (Vg , 0se) into the transmission line by a
controller to monitor active and reactive power of line. Vi (t)
and V,r are bus k voltage's phasor and its reference, Vpc and
Vpcrer are DC voltage and its reference, V;,(t) is bus m's
voltage phasor, Iz(t) and Ig(t) are phasors of series and
parallel converter currents, respectively, and Q..f and P.¢¢ are
active and reactive reference power, respectively. Output
signals of UPFC (Vs¢,Vgp, Ose, and 3, ) can be the control input
signals of power system. Therefore, dynamic model of UPFC
can be deemed as shown in Fig. 3. Zg, and Zg, are the
impedance transformers of series and shunt converters,
respectively.

B. Controllability index for UPFC location

It is assumed that UPFC is located between two buses k and
m as demonstrated in Fig. 3; active and reactive power
equations of two buses are as follows: Active power at bus k:

Pk = VkZGkk + Vka[ka COS(Gk - Gm) + Bkm Sin(@k - Hm)] +
Vkvse [ka cos(@k - 6se) + Bkm Sin(ek - 656)] +
VieVsn[Gsn cos(Ox — 8sp) + Bsp sin(0y — 8sp)] )

Reactive power in bus k:

Q. = —ViBiie + ViV [Grn sin(6xc — 1) — By c05(6) — 6,,)] +
Vsze[ka Sin(gk - se) - Bkm COS(Gk - 559)] +

ViVsn[Gsp sin(8y — 8g) — Bgp, cos(8y — 8] (10)
Bus k Busm
i :
.
DC Link

Q ° Shunt T Series
_'5 converter T converter

Fig. 1 Schematic diagram of UPFC

V() = Vin(t) —

Vieg —] —> V) Vi) —> —> V)
Vpc —* Controller Preg —» Controller

Vpgres —| R Y g— > B,lt)
Ig(t) —»| Ip(t) —»|

(a) (b)

Fig. 2 Control diagram block of UPFC: (a) Series convertor, (b)
Parallel convertor

Active power in bus m:

Py = V2Gmm + VinVi[ G c05(01n-0) + B sin(0,-0y )| +
VinVse[Gmm €05(0m-0k) + Bim sin(0,,-0 )] (11)

Reactive power in bus m:

Qm = "VZBmm + Vin Vi [Gink 5in(01-0y) B cos (0,0 )| +
VinVse [Gmm SIn(01n-0k) - Bim cos(01,-01)]  (12)

In the above equations, admittance between buses k and m

is represented as Yy, = Ggm + jBrm - By linearizing (9)-(12),
algebraic differential equations of network (6) are changed as:

0 = CAX + D'AU + FAU g 13)

where  AUypse = [A85AVgeAdsy AV, ], elements of matrix F
correspond to partial algebraic differential equations to
AUypfe, and D’ is the modified matrix D because of placing
UPFC in the power system. By solving (5) and (13):

A% = (A-BD™'C) AX + (-BD ' F)AU, (14)

Equation (14) can be written as:
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AX = A'AX + F'AU . (15)

Controllability of UPFC on line 1 for AUyps to mode k is
defined as:

by = viF (16)

where by is a 1 X 4 vector and the size of each of its elements
expresses the controllability of AUype. on line 1 to mode k.
This vector is calculated for all the system lines (except the
line with the transformer) and, considering large elements of
this vector, the line which is more proper for installing UPFC
is determined.

Ze  Voe(t)205 (1)

I — +—O——
ke o Im

Zsh

Vsh (t)ASSh(t)

Fig. 3 Representation of UPFC using voltage sources

IV. SIMULATION RESULTS

To assess the effectiveness of the proposed method, we
analyze three machine power system of Fig. 4. The system
data are given in [19]. Small signal analysis reveals the
important information about oscillatory modes. The above
system consists of 3 generators, all of which are equipped with
the excitation system. Each generator with its excitation has 7
state variables; so, the rank of state matrix A is 21. According
to the small signal analysis for this system, oscillatory modes
with weak damping are determined. Table I shows the
corresponding eigen values with electromechanical oscillatory
modes to a specific point. More information about oscillatory
modes is obtained by participation coefficients and mode
shape. Participation coefficient represents state variable's
activity in the given mode. Participation coefficient of state
variable k to mode i is defined as:

Pii = i (17)

t
viu;

where u; and vy,; are right and left eigen vectors to mode 7,
respectively. Among the oscillatory modes, two modes of 1.99
Hz and 1.17 Hz have weak damping and, consequently, these
two are considered. Table II shows the participation
coefficients of state variables to these two modes. According
to the table, it is observed that the state variables of
stimulation system do not play an important role in
electromechanical oscillatory modes. Therefore, it is possible
to neglect these variables and, in most of the studies, the rank

four model of generator is used. Large participation
coefficients 3, and o, (0.371) show generator activity G, in
mode 1.17 Hz and large participation coefficients 6, and o,
(0.381) represent generator activity Gz in mode 1.99 Hz. 3,
is determined by observing amplitude and right eigenvector
size (mode shape) corresponding to state variable §_,, in
which two above-mentioned oscillatory modes correspond to
the rotation of generator G,, unlike that of generator G3. Mode
shapes corresponding to two oscillatory modes are shown in
Figs. 5 and 6.

@ ® @ ® Qs
toasp | | Za0,0085+{0.072 | Z=0,0118+j0.1008 | > 1,025 py
(s " Line 3 Line 4 - @
< Y=0+0.0745 ¥ =040, 1045 c‘:’
163 MW Tap=18. .l:’.'.IJ N k h Tap l‘. 387230 85 MW
z0sas < & & ooww S EL Z=j0.0568
Fec ISMVAR = @ o
5 M S ._:
——® ®—t=
— Lline 1 Line 6 —|
W a] SNy
Tap=16.5230 @
125MW £=0.0578 W - SOMW
50 MVAR —_— 30 MVAR
@ 1.04 pu
Fig. 4 9-bus, 3-machine system
TABLEI
OSCILLATORY MODES OF 9-BUS, 3-MACHINE SYSTEM
Eigenvalues A=0tj® Frequency (Hz) Damping Ratio
0.7194+j12.5502 1.99 0.057
-0.28724j7.3645 1.17 0.038
-5.46054j7.8669 1.25 0.57
-5.37754j7.8930 1.25 0.56
-5.23704j7.8390 1.24 0.55
TABLE I
PARTICIPATION COEFFICIENTS OF 9-BUS, 3-MACHINE SYSTEM
State variable Mode 1.17 Hz Mode 1.99 Hz
8¢z 0.3701 0.1317
Wgy 0.3701 0.1317
E'q62 0.0164 0.0070
E'q62 0.0265 0.0080
E'tac2 0.0120 0.0001
Vrg2 0.0114 0.0001
Rrgz 0.0003 0.0000
8¢3 0.1290 0.3801
wg3 0.1290 0.3801
E'q63 0.0077 0.0112
E'qgs 0.0106 0.0314
E'tacs 0.0052 0.0008
Vre3 0.0047 0.0007
Rrqs 0.0016 0.0000
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Fig. 5 Mode shape of mode 1.17 Hz
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Fig. 6 Mode shape of mode 1.99 Hz

Controllability indices corresponding to two oscillatory
modes with weak damping are calculated for each of the
control inputs of UPFC (Adge AVse Adg, AViy) on different
lines of system (except lines with the transformer) and are
given in Tables III and IV. Table III shows the controllability
indices of different lines of UPFC corresponding to mode 1.17
Hz. These indices are expressed as normalized forms. It
should be noted that, on line i-j, series convertor of UPFC is
connected to bus j and parallel convertor of UPFC is
connected to bus i. From Table III, it is observed that the line
between two buses 7 and 8 has the maximum amount of
controllability index for the place of UPFC than input control
signal AVge. Thus, the most appropriate place for installing
UPFC is line 7-8 and AV, is the best signal for controlling.
Controllability index corresponding to oscillatory mode 1.99
Hz is also computed for the place of UPFC and is given as
normalized in Table IV. It can be observed in Table 4 that the
lines between buses 8 and 9 and buses 7 and 8 have the
maximum value of controllability index and, therefore, are the
most proper places for installing UPFC. Hence, the line
between buses 7 and 8 that has a good controllability index for
both oscillatory modes is selected as the most proper place for
UPFC. AV, is the most proper signal for controlling, too.
Since two oscillatory modes are more related to generators G,
and Gs, Tables III and IV show that buses 7 and 9 which are
the closest ones to the generator have the maximum
controllability index for UPFC's place.

0.994

0.992

TABLEIII
CONTROLLABILITY INDEX IN THE OSCILLATORY MODE 1.17 HZ FOR THE
PLACE OF UPFC
Line A, AV,, ASg, AV,
4-5 0.013 0.463 0.162 0.047
5-4 0.002 0.344 0.120 0.041
4-6 0.001 0.203 0.134 0.007
6-4 0.001 0.403 0.128 0.030
5-7 0.428 0.037 0.059 0.093
7-5 0.003 0.093 0.159 0.288
7-8 0.019 0.185 0.123 0.318
8-7 0.005 1.000 0.272 0.298
6-9 0.004 0.816 0.059 0.072
9-6 0.002 0.139 0.165 0.106
8-9 0.006 0.600 0.249 0.216
9-8 0.003 0.213 0.167 0.142
TABLEIV
CONTROLLABILITY INDEX IN THE OSCILLATORY MODE 1.99 HZ FOR THE
PLACE OF UPFC
Line A8, AV,, ASy, AV,
4-5 0.010 0.128 0.055 0.085
5-4 0.005 0.303 0.073 0.038
4-6 0.002 0.223 0.035 0.091
6-4 0.002 0.123 0.045 0.105
5-7 0.100 0.015 0.083 0.030
7-5 0.005 0.118 0.233 0.036
7-8 0.002 0.386 0.033 0.030
8-7 0.028 0.997 0.876 0.327
6-9 0.005 0.972 0.100 0.088
9-6 0.005 0.058 0.200 0.195
8-9 0.008 1.000 0.106 0.128
9-8 0.005 0.086 0.200 0.186
1.01 ! ! .
------ without UPFC ,.' \
1.008} == with UPFC ,} h
1.006 ',l:
Z 1.004 ii
§ 1.002 ,"
5 i
Lo -'
5 0.998 :ll
E 0.996 il
;

0.99
0

Time(s)

Fig. 7 Variation of rotor speed of G,

To verify the goodness of these results, a three phase fault is
applied at bus 8 at t = 1 sec and cleared after 0.1 sec. The
original system is restored upon the fault clearance. Figs. 7-10
show the rotor speed of G,, Gs, rotor angle deviation of G,
and, active power of line 7 — 8, respectively.
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Fig. 8 Variation of rotor speed of G5
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Fig. 9 Variation of rotor angle deviation & of G,
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Fig. 10 Active power of line 7- 8 after three - phase fault applied to
bus 8 cleared after 0.1 s

It is clear from the figures that, without UPFC, power
system oscillations are not damped. By inserting UPFC in line
7- 8 of the system, power system oscillations are well damped
out. In other words, UPFC controller has good damping
characteristics to low frequency oscillations and quickly
stabilizes the system under this disturbance.

V.CONCLUSION

In this paper, a technique based on controllability index was
proposed for finding a proper place and input control
parameter of UPFC to increase damping oscillations of small
signal and improve stability of the system. Controllability
index for two critical modes was computed for a three
machine system and UPFC was inserted in line with the
maximum value of controllability index. Simulation results
showed that, by inserting UPFC in a suitable place and input
control signal, stability and damping of power oscillations
could be quickly and effectively enhanced.
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