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Abstract

The emerging flexible ac transmission system (FACTS) controllers are considered to be suitable for transient stability control due to their
speed and flexibility. In this paper, a control strategy is developed to achieve maximal improvement in transient stability and damp the rotor
oscillations using unified power flow controller (UPFC). The control strategy involves maximization and minimization of power flow in a
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ine. In general, this involves the solution of a constrained optimization problem at each step to determine the voltage and current
he UPFC. For the special case of a lossless symmetrical line, when the UPFC is located at the midpoint of the line, analytical s
e derived. The control strategy can be extended to multimachine system and maximizing and minimizing power flow on a critic

mprove transient stability. The control strategy is evaluated by simulation studies.
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. Introduction

Control by changing the network parameters is an effective
ethod of improving transient stability. Flexible ac transmis-

ion system (FACTS) controllers due to their rapid response
re suitable for transient stability control since they can bring
bout quick changes in the network parameters. Transient
tability control involves changing the control variables such
hat the system state enters the stability region after a large
isturbance.

FACTS controllers based on voltage source converters
se turn off devices like Gate Turn-Off Thyristors (GTO)

1]. The magnitude and angle of the fundamental frequency
oltage injected by the converter is varied by controlling
he switching instants of the GTO devices. These type of
ACTS controllers have the advantages of reduced equip-
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ment size and improved performance compared to var
impedance type controllers. Static VAR compensator (S
and thyristor controlled series capacitor (TCSC) are var
impedance type controllers. SVC is a shunt controller
TCSC is a series controller. Static compensator (STATCO
static synchronous series compensator (SSSC) and u
power flow controller (UPFC) are voltage source conve
based controllers. STATCOM is a shunt controller and S
is a series controller. UPFC consists of a shunt converte
a series converter, which have a common dc capacit
shown inFig. 1 [2]. UPFC injects a series voltage an
shunt current. The series and shunt branches of UPFC
generate/absorb reactive power independently and th
branches can exchange real power; therefore, UPFC has
degrees of freedom.

The main function of FACTS controllers is control of vo
age and power flow. In[3], a control strategy is propos
for UPFC in which the power flow in the line is regula
by control of series reactive voltage and the voltages a
two ports of UPFC are regulated by control of shunt reac



Fig. 1. Schematic diagram of UPFC.

current and series real voltage. In addition to power flow con-
trol and voltage regulation, FACTS controllers can be used
for transient stability improvement and damping of power
swings. Mihalic et al.[4] propose maximization of power
using UPFC for improvement in transient stability of a single
machine infinite bus (SMIB) system. Bian et al.[5] propose a
control strategy to increase power transfer between two large
areas during a contingency, using UPFC, while considering
the operational constraints.

There are many control measures known as discrete sup-
plementary controls, which are used for transient stability
improvement[6]. These controllers do not operate continu-
ously but are initiated following a large disturbance and are
temporary in nature.

In this paper, a discrete control strategy is presented for
UPFC in order to improve transient stability and damp the
oscillations. The previously proposed methods of transient
stability improvement and damping of oscillations using
network controllers are applicable to braking resistors[7],
switched series capacitors[8–10]and TCSC[11], which have
a single control variable. The control strategy is not obvious
in the case of UPFC, which has three independent control
variables. The proposed control strategy involves both maxi-
mization and minimization of power flow in the line in which
UPFC is located. An expression for power flow in the pres-
ence of UPFC is derived. The control strategy is applied to
S

2

ility
i d for
U r
i

direct axis transient reactance, which is absorbed in the reac-
tanceX1. This representation of generator is applicable for
classical model and two-axis model if direct axis transient
reactance (x′d) is equal to quadrature axis transient reac-
tance (x′q). For classical generator model,E1 is constant and
ζ = δ, whereδ is rotor angle. For two-axis model of generator
with x′d = x′q, E1∠ζ = (E′

q + jE′
d) ejδ, whereE′

q is genera-
tor quadrature axis voltage andE′

d is generator direct axis
voltage. The UPFC is represented by a series voltage source
V∠φ and a shunt current sourceI∠ψ.Neglecting losses, the
real power constraint on the UPFC is given by the following
equation:

�[V sh∠θsh(I∠ψ)∗] = �[V∠φ(Ise∠φse)∗] (1)

Transient stability is improved by maximizing the electrical
powerPe as soon as the disturbance is detected and then
the rotor oscillations are damped by successively decreasing
the decelerating and accelerating areas. The control strategy
is developed using the power angle curves for the SMIB
system, shown inFig. 3; the generator is represented
by classical model. There are three power angle curves
corresponding to base power (with base or operating values
of UPFC control variables), maximum power and minimum
power. Power can be maximized and minimized by suitably
selecting the values of UPFC control variables.Pm is the
m s
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MIB and multimachine systems.

. Control strategy

In this section, a control strategy for transient stab
mprovement and damping the oscillations is develope
PFC in a SMIB system shown inFig. 2. The generato

s represented by a voltage sourceE1∠ζ (in series with the

Fig. 2. SMIB system with UPFC.
echanical power input. Letδs be the initial as well a
he post-fault steady state rotor angle of the SMIB sys
or a disturbance like a three phase fault at the gene

erminals, the accelerating area is ‘abcda’. Due to the ki
nergy stored in the rotor at the time of fault clearing,
otor swings beyondδcl (the rotor angle at the instant
learing) and reaches a peak ofδmax when the deceleratin
rea ‘defgd’ is equal to the area ‘abcda’. In order to minim
max, it is essential to maximize the electrical power. T
e’ and ‘f’ lie on the power angle curve corresponding
he maximum power flow in the line controlled by adjust

Fig. 3. Power angle curves.



the UPFC variablesV, φ and I (it is to be noted thatψ is a
dependant variable constrained by equation (1)). Atδ= δmax,
dδ
dt = 0. For values ofδmax≤ δu, whereδu is the value of the
rotor angle at the unstable equilibrium point corresponding
to the post-fault steady state values of the UPFC variables,
switching the UPFC variables to the operating values at the
instant whenδ= δmax, results in steering the rotor angle to the
stable equilibrium valueδs.Whenδ= δs, dδ

dt is negative and is
at the minimum. Switching the UPFC variables such that the
power flow is minimum, results in reducing the undershoot
of the rotor angle. The rotor angle reaches a minimum value
of δmin such that the accelerating area ‘aijka’ is equal to the
decelerating area ‘ghag’. Atδ= δmin, dδ

dt = 0 and switching
the UPFC variables to the operating values at this instant
results in steering the rotor angle to the stable equilibrium
value. Whenδ= δs, dδ

dt is maximum and the UPFC variables
are switched such that the power flow is maximum. To sum-
marize, both overshoot and undershoot of the rotor angle can
be minimized if the power flow is maximized whenδ> δs,
dδ
dt > 0 and power flow is minimized whenδ< δs, dδ

dt < 0.
Whenδu ≤ δmax ≤ δ′u (δ′u is the value of the rotor angle

at the unstable equilibrium point for maximum power), the
UPFC variables cannot be switched to their operating values
until δ reduces toδu at whichPpf

e = Pm, wherePpf
e is the

electrical power corresponding to the post-fault (base) case.
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minimized when operating at the inductive limit in the range
0 <δ<π.

The control strategy is developed for classical model of
the generator. The same control strategy can also be applied
to a system with generator represented by detailed (two-axis)
model. This is based on the fact that the potential energy given
by Eq.(2) is applicable even for two-axis model of generator
[12].

3. Optimization of power with UPFC

The UPFC is located in the transmission line as shown in
Fig. 2. The generator power (objective function to be maxi-
mized or minimized) can be expressed in terms of the UPFC
control variablesV, φ, I andψ as follows:

Pe = cV cosφ + dV sinφ + fI cosψ + gI sinψ + l (3)

The real power constraint (equality constraint) on the UPFC
is given by the following equation:

mV 2 + nI2 + oV cosφ + pV sinφ + qI cosψ

+rI sinψ + tVI sin(ψ − φ) = 0 (4)

The expressions for the coefficientsc to t are given in
Appendix A.

s of
t

0

0

3

l
p
a

o

T

ψ

The
s e
s -

i is
o ely
V

P

t this point, dt < 0 and the potential energyWp defined for

he post-fault system reaches a maximum anddWp
dt = 0.

p =
∫ δ

δs

(Ppf
e − Pm) dδ (2)

t is to be noted that even forδ= δmax, δmax≤ δu, dWp
dt = 0 as

dδ
dt = 0.

The control strategy can be stated as follows:

1) As soon as a large disturbance is detected, the co
variables are selected such that the power is maxim

2) The control variables are switched to their operating
ues whendWp

dt = 0 anddδ
dt ≤ 0.

3) The control variables are selected such that the pow
minimized whendδ

dt is at a minimum anddδdt < −ε.
4) The control variables are switched to their operating

ues whendδ
dt becomes zero.

5) The control variables are selected such that the pow
maximized whendδ

dt is at a maximum anddδdt > ε. The
procedure from step 2 is repeated.

The control action is disabled when the maximum valu
dδ
dt

∣∣∣ ≤ ε. Step 2 is applicable for both cases, namelyδmax≤ δu
ndδu < δmax ≤ δ′u; dWp

dt = 0 whenPpf
e = Pm or dδ

dt = 0. The
ontrol strategy is applicable even if the post-fault opera
oint is not the same as the pre-fault operating point.

It is to be noted that the control strategy for UPFC is g
ral. For FACTS controllers like SVC, TCSC, STATCOM a
SSC which have a single control variable, power is m
ized when operating at the capacitive limit and powe
The following constraints are imposed on the rating
he series and the shunt converters:

≤ V ≤ Vmax (5)

≤ I ≤ Imax (6)

.1. Lossless circuit

For a lossless circuit (R1 =R2 = 0), m=n= t= 0; the rea
ower constraint on the UPFC given by Eq.(4)can be written
s follows:

V cosφ + pV sinφ + qI cosψ + rI sinψ = 0 (7)

he variableψ is eliminated using Eq.(7).

= cos−1

(
−oV cosφ + pV sinφ

I
√
q2 + r2

)
+ tan−1

(
r

q

)
(8)

The first term on the right-hand side has two values.
econd term on the right-hand side has a unique valuα1
uch that sinα1 = r√

q2+r2 and cosα1 = q√
q2+r2 . Substitut

ng this expression forψ in Eq.(3), the following expression
btained for power in terms of three control variables nam
, I andφ:

e =
(
c−fq+ gr

q2+r2 o
)
V cosφ+

(
d − fq+ gr

q2 + r2 p
)
V sinφ

±gq− fr
q2+r2

√
I2(q2+r2) − (oV cosφ+pV sinφ)2 + l

(9)



This is the objective function to be maximized (or minimized)
subject to the inequality constraints given by Eqs.(5)and(6).
The Kuhn–Tucker conditions for optimal power are given by
the following equations:

∂Pe

∂V
V (V − Vmax) = 0 (10)

∂Pe

∂I
I(I − Imax) = 0 (11)

∂Pe

∂φ
= 0 (12)

The magnitudes of series voltage and shunt current injected
by UPFC for maximum as well as minimum power are
the limits Vmax and Imax, respectively, for all values ofζ.
If E1 =E2 andX1 =X2, for maximum power,φ andψ are
obtained as linear functions ofζ given by the following equa-
tions:

φ = ζ

2
− π

2
(13)

ψ = ζ

2
− π

2
, 0< ζ < π (14)

For minimum power,φ andψ are obtained as linear functions
of ζ given by the following equations:
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Fig. 4. Magnitude of series voltage and shunt current injected by UPFC for
maximum power (dc power = 0).

If the power through the dc link is constrained to be zero,
the series and the shunt branches inject reactive voltage and
reactive current, respectively. The plot of the injected reactive
voltage and reactive current for maximum power are shown
in Fig. 4.

4. Extension of control strategy to multimachine
system

The extension of the control strategy to multimachine sys-
tem is based on the fact that when a power system becomes
unstable, it initially splits into two groups. There is a unique
cutset known as critical cutset consisting of series elements
(connecting the two areas) across which the angle becomes
unbounded[12]. The system can be represented as shown
in Fig. 5. Locating the UPFC in one of these lines belong-
ing to the critical cutset strengthens the system and improves
transient stability.

The potential energyWp can be expressed as follows[12]:

Wp =
ns∑
k=1

∫ t

to

(Pk − Pks)dδk
dt

dt (20)

wherePk is the power flow in the series elementk, Pks
the post-fault steady state value ofPk, δk the phase angle
= ζ

2
+ π

2
(15)

= ζ

2
+ π

2
, 0< ζ < π (16)

f X is the total reactance,X1 = X2 = X
2 . Let E1 =E2 =E.

ubstituting the expressions forφ and ψ given by Eqs
13)–(16) in the Eq.(3), the expressions for maximum a
inimum power are as given below:

max = EVmax

X
cos

(
ζ

2

)
+ EImax

2
sin

(
ζ

2

)
+ E2 sinζ

X
,

0< ζ < π (17)

min = −EVmax

X
cos

(
ζ

2

)
− EImax

2
sin

(
ζ

2

)
+ E2 sinζ

X
,

0< ζ < π (18)

he power through the dc link (power transferred from
eries branch to the shunt branch) for both maximum
inimum power for the special case (E1 =E2 andX1 =X2) is
s follows:

dc = VmaxImax

2
, 0< ζ < π (19)

t can be seen that for this special case, the power thr
he dc link for maximum and minimum power depends o
n the ratings of the shunt and series converters and do
epend on the system parameters.
t
Fig. 5. Coherent areas.



difference across the element andns is the total number
of series elements.Pk andδk are defined for the post-fault
network.

The potential energy can be decomposed into the energy
within the two areas and the energy along the critical cutset
[11]. Assuming coherent areas, the potential energy within
an area is zero as all the buses in that area have the same
frequency (dδkdt is zero for all series elements within an area).
Hence, the potential energy given by Eq.(20)can be written
as follows:

Wp =
nc∑
k=1

∫ t

to

(Pk − Pks)dδk
dt

dt (21)

wherenc is the number of elements in the critical cutset. If
a series element (line or transformer)k in the critical cutset
connects busesi andj,

Pk = ViVjbk sin δk (22)

δk = φi − φj (23)

whereVi andVj are the voltage magnitudes at busesi (in
area I) andj (in area II), respectively, andbk is the suscep-
tance of the series element.φi andφj are phase angles of
voltage at busesi andj, respectively. Due to the assumption
of coherency, the variations ofVi andφi are similar for all the
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whereE1∠ζ andE2∠0 are the open-circuit voltages at the
ports 1 and 2, respectively.

The power flow in the line in which UPFC is located, is
given by the following equation:

Pk = a′V 2 + b′I2 + c′V cosφ + d′V sinφ + f ′I cosψ

+g′I sinψ + h′V I cos(ψ − φ)

+k′V I sin(ψ − φ) + l′ (26)

The real power constraint on the UPFC is given by the fol-
lowing equation:

m′V 2 + n′I2 + o′V cosφ + p′V sinφ + q′I cosψ

+r′I sinψ + s′V I cos(ψ − φ) + t′V I sin(ψ − φ) = 0

(27)

The expressions for the coefficientsa′ to t′ are given in
Appendix B.

The expression for power given by Eq.(26) is different
from that given by Eq.(3) for the SMIB system. This is
because of the following two reasons:

(1) The power considered for the SMIB system is the gen-
erator power, whereas for the multimachine system, it is
the power at the input port of UPFC.

(
FC

tem
a
a

f
uit

v . The
o
a
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f es:

[

lements in the critical cutset. This is also true of the va
ions ofVj andφj . Therefore, the variation of energy in
he lines in the critical cutset is similar. Hence, the varia
f potential energy can be monitored from the energy in

ndividual lines in the cutset. Hence

p = Ak

∫ t

to

(Pk − Pks)dδk
dt

dt (24)

hereAk is a constant and subscriptk refers to any eleme
n the cutset.

The expression for potential energy is similar to that
MIB system given by Eq.(2). Therefore, the control strate
eveloped for SMIB system can be extended to the mult
hine system also, by replacingdδdt by dδk

dt . In step 2 of the

ontrol strategy,dWp
dt = 0 if Pk = Pks or dδk

dt = 0.
The power flow considered in the control strategy is

owing from the area containing the advanced generato
he other area.δk=φi −φj , whereφi is the phase angle of b
which is in the area containing advanced generators aφj

s the phase angle of busj which is in the other area.
The UPFC is represented by a two-port network as sh

n Fig. 6.
The external network can be represented by its Thev

quivalent at the two ports of UPFC. By taking the op
ircuit voltage at port 2 as reference, the two-port netw
quation is as follows:

E1∠ζ
E2∠0

]
= −

[
Z1∠θ1 Zm∠θm
Zm∠θm Z2∠θ2

][
Îl1

Îl2

]
+
[
V̂n1

V̂n2

]
(25)
2) For the multimachine system, in generalZm∠θm is not
zero. For the special case in which the line in which UP
is located, is the only line in the cutset,Zm∠θm = 0.

Therefore, the expressions for power for the SMIB sys
nd the multimachine system are equivalent ifZm∠θm = 0
nd the circuit is lossless i.e.θ1 = θ2= 90◦.

The real power constraint given by Eq.(27) is different
rom that given by Eq.(4) due to the impedanceZm∠θm.

For optimization of power with UPFC, the open-circ
oltages at the UPFC ports are computed at every step
ptimal values of UPFC control variablesV∠φ and I∠ψ
re obtained and from these values, the currentsÎ l1 andÎ l2
shown inFig. 6) are computed. These currents are used i
ollowing network equation to obtain the network voltag

Y ]V̂ = Î (28)

Fig. 6. Equivalent circuit of UPFC.



where [Y] is the bus admittance matrix,̂V the vector of
network voltages and̂I is the vector of currents, which
includes generator currents (generator being represented by
its Norton’s equivalent circuit) and the currents at the UPFC
ports.

5. Simulation studies

5.1. SMIB system

The control strategy is applied to the SMIB system with
UPFC, the data for which are given inAppendix C. The gen-
erator is represented by two-axis model with static exciter.
Sincex′d = x′q for the generator considered, an equivalent
circuit exists for the generator stator. The network and stator
dynamics are neglected. The UPFC is located in transmis-
sion line as shown inFig. 2, such thatX1 =X2. The reactance
X1 includes the generator direct axis transient reactancex′d.
The UPFC is represented by series voltage and shunt current
sources; the series voltage rating (Vmax) is 0.2, and the shunt
current rating (Imax) is 0.1.

The control strategy is applied to this system by creating a
large disturbance. The generator is initially supplying power
of 0.03, with its terminal voltage being 1. The series voltage
a step
c con-

sidered as a large disturbance. The system is unstable without
any control. The application of the control strategy stabilizes
the system as shown inFig. 7(a); the control is initiated at
0.1 s. System simulation is carried out using Simulink and
Matlab optimization toolbox[13] is used to obtain optimum
values of the UPFC control variables. Whenever power is to
be maximized or minimized, the optimization is to be carried
out at each step of the simulation. The optimal values of the
control variables obtained at each step are taken as the start-
ing values for optimization at the next step. The analytical
solution given in Section3 for the lossless circuit is taken as
the starting value for optimization at the first step of simu-
lation. It is to be noted that the analytical solution given in
Section3 cannot be used directly sinceE1 is not constant and
the line resistance is taken into account.

The series reactive and real voltages of the UPFC are plot-
ted in Fig. 7(b). The shunt reactive current of the UPFC is
plotted inFig. 7(c). The real components of the series voltage
and the shunt current of UPFC are small compared to their
respective reactive components. The power through the dc
link of UPFC (power transferred from the series branch to
the shunt branch) is shown inFig. 7(d).

Fig. 8 shows the plot of total system energy. The energy
decreases when UPFC control variables are selected so as to
maximize or minimize the power. Here the pre-disturbance
energy is assumed to be zero. The steady state is reached in
a

F
c

nd shunt current of UPFC are zero in steady state. A
hange of 0.69 in the mechanical power input at 0.1 s is
ig. 7. Response to step change in mechanical power: (a) plot of rotor angl
urrent of UPFC; (d) plot of power through the dc link of UPFC.
bout 2 s. This is also evident fromFig. 7(a).
e; (b) plot of series reactive and real voltages of UPFC; (c) plot of shunt reactive



Fig. 8. System energy.

5.2. Multimachine system

The control strategy is evaluated by a simulation study on
the 10 generator 39 bus New England system. The system
data are given in[14]. Fig. 9 shows the single line diagram
of the system. The generators are represented by classical
model. Loads are assumed to be of constant impedance type.
Network losses are ignored.

Fig. 10shows the swing curves without any control for a
fault at bus 34 cleared by tripping the line 34–35 at 0.267 s.
The system is unstable; generator 2 separates from the rest
of the system. The lines 11–12 and 18–19 form the critical
cutset. The same disturbance is simulated with UPFC at bus

Fig. 10. Swing curves without control.

11 in the lines 11–12. A rating of 0.2 is used for both series
voltage and shunt current of UPFC. It is assumed that UPFC
does not inject any voltage or current in steady state. With
control initiated at the instant of fault clearing, the system is
stable as shown inFig. 11. Fig. 12 shows the plot of total
system energy. Without any control, the system energy in the
post-fault period would have been constant due to absence
of damping whereas every switching of the UPFC control
variables to maximize or minimize the power flow in the line
contributes to damping, which can be seen by the decrease
in energy during these periods.Fig. 13 shows the plot of
power flow in the line 11–12, with and without UPFC. With
UPFC, there are discontinuities in the curve due to switchings

0 gene
Fig. 9. Single line diagram of 1
 rator 39 bus New England system.



Fig. 11. Swing curves with control action initiated at the instant of fault
clearing.

Fig. 12. System energy with control action initiated at the instant of fault
clearing.

Fig. 13. Power flow in the line 11–12.

between base power, maximum power and minimum power.
The control variables of UPFC and power through dc link of
UPFC are shown inFig. 14.

6. Discussion

The UPFC has three independent control variables. The set
of independent control variables is not unique. In this paper,
the control variables are chosen as the magnitude and angle
of the injected series voltage and the magnitude of the shunt
current. The constraints on the ratings of the series and the
shunt converters can be easily expressed due to the selection
of these control variables.

In [4], the control variables are chosen as series voltage
magnitude, series voltage angle and effective shunt suscep-
tance. The maximum value of the effective shunt susceptance
is assumed as the optimum value in order to maximize power.
But unlike in [4], the effective shunt susceptance need not
be constant (at the limit) at all values ofζ as shown in
Fig. 15. These curves are obtained for the following values
of system parameters:E1 =E2= 1,R1 =R2 = 0,X1 =X2 = 0.5,
Vmax= 0.5,Imax= 0.5.

When the power through the dc link is constrained to be
zero, the optimal magnitudes of the injected voltage and cur-
rent are not at the limits for large values ofζ (ζ near 180◦)
a in
F s
h s of
ζ

on-
t ased
o y for
d t-
s
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nd small values ofζ (ζ near 0◦), respectively, as shown
ig. 4. This illustrates that for small values ofζ, a SSSC i
elpful in increasing the power, whereas for large value
, a STATCOM is more effective.

In a multimachine system, the location of FACTS c
rollers is an important issue. The location should be b
n studies to determine the possible modes of instabilit
ifferent contingencies. In[11], the TCSC is located in a cu
et which separates the system into two areas.

It was found from case studies on the New England
enerator system, that for many contingencies, the gene
t bus 2 separates from the rest of the system because

arge inertia constant. For this mode of instability, the crit
utset consists of the lines 11–12 and 18–19. Therefo
his paper, the case considered for control is one in w
enerator 2 separates; UPFC is located in a line belong

he critical cutset.
Control of UPFC in a multimachine system involves t

ssues namely the maximization (or minimization) of po
nd determination of switching instants. For maximiza
nd minimization of power, the knowledge of open-cir
oltages and the Thevenin impedance matrix is requ
he values of open-circuit voltages can be obtained from
nowledge of Thevenin impedance matrix using the l
easurements of voltage and current at the UPFC p

n order to determine the instants of switching betw
ase power, maximum power and minimum power,

ime derivative of the angle across the line for the p
ault system is required; this can be computed from l

easurements.



Fig. 14. Control variables of UPFC and power through dc link: (a) plot of series real voltage; (b) plot of series reactive voltage; (c) plot of shunt reactive current;
(d) plot of power through the dc link.

The control strategy requires the monitoring of the deriva-
tive of the potential energy in the line, which is defined for
the post-fault system and is given by

dWp

dt
= Ak(Pk − Pks)dδk

dt
(29)

dWp
dt = 0 if either (i) Pk=Pks or (ii) dδk

dt = 0. Hence, the
control strategy requires only checking of these two condi-
tions. The instant of switching is determined by the condition,

F mum
p

which arises first. If a line is tripped in order to clear the fault,
the post-fault steady state power in the linePks is different
from the pre-fault steady state valuePko. Since the variation
of Pk is very large compared toPks andPko, Pko can be used
instead ofPks. It was observed from simulation studies that in
multimachine system, the switching of the control variables
in the second step of the control strategy occurs at the instant
whendδk

dt = 0. Therefore, in step 2 of the control strategy for

multimachine system,dWp
dt can be replaced bydδkdt and hence,

the knowledge ofPks is not required.

7. Conclusion

Improvement in transient stability and damping of rotor
swings can be brought about by selectively operating the
UPFC so as to maximize or minimize power flow in the line
in which it is located. The proposed control strategy is gen-
eral and is applicable to any controller, which can affect the
power flow in a line. If the UPFC is located at the midpoint of a
lossless symmetrical line, analytical solution can be obtained
for the control variables in order to maximize and minimize
power. The control action in multimachine system can be
accomplished using local measurements. Suitable location of
UPFC for transient stability improvement can be one of the
l se of
i ies.
T

ig. 15. Effective shunt susceptance of UPFC for maximum and mini
ower.
ines across which the angle becomes unbounded in ca
nstability; these lines can be identified by simulation stud
he control strategy is validated by system simulation.
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Appendix A. Expression for the coefficientsc to t

LetZ1∠θ1 = R1 + jX1, Z2∠θ2 = R2 + jX2 andZ∠θ =
Z1∠θ1 + Z2∠θ2.

c = −E1

Z
cos(ζ + θ)

d = −E1

Z
sin(ζ + θ)

f = −E1Z2

Z
cos(ζ − θ2 + θ)

g = −E1Z2

Z
sin(ζ − θ2 + θ)

A ′ ′

a
(θm −

b
Z1Z

(θm −

c
+ E
4Z

d
θ1 −
(θm −

f

s(2θm
) + E
) − E

1Zm

g

(2θm)

+ E2Z1Zm sin(θ1 − θm) + E2Z1Z2 sin(θ1 + θ2)

h

l = E2
1

Z
cosθ − E1E2

Z
cos(ζ + θ)

m = 1

Z
cosθ

n = Z1Z2

Z
cos(θ1 + θ2 − θ)

o = −E1

Z
cos(ζ − θ) + E2

Z
cosθ

p = −E1

Z
sin(ζ − θ) − E2

Z
sin θ

q = E1Z2

Z
cos(ζ + θ2 − θ) + E2Z1

Z
cos(θ1 − θ)

r = E1Z2

Z
sin(ζ + θ2 − θ) + E2Z1

Z
sin(θ1 − θ)

t = 2Z1

Z
sin(θ1 − θ)
ppendix B. Expression for the coefficientsa to t

′ = −Z1 cosθ1 + Zm cosθm
Z2

1 + Z2
2 + 4Z2

m − 4Z2Zm cos(θm − θ2) − 4Z1Zm cos

′ = Z2Z
2
m cos(θ2 − 2θm) − Z3

m cosθm − Z1Z
2
2 cosθ1 +

Z2
1 + Z2

2 + 4Z2
m − 4Z2Zm cos(θm − θ2) − 4Z1Zm cos

′ = [E1Zm cos(ζ + θm) − E1Z2 cos(ζ + θ2) − 2E2Z1 cosθ1
Z2

1 + Z2
2 + 4Z2

m − 4Z2Zm cos(θm − θ2) −

′ = E1Zm sin(ζ + θm) − E1Z2 sin(ζ + θ2) − E1Z1 sin(

Z2
1 + Z2

2 + 4Z2
m − 4Z2Zm cos(θm − θ2) − 4Z1Zm cos

′ =

[E1Z2Zm cos(ζ + θm − θ2) − E1Z
2
m cosζ + E2Z

2
m co

+E1Z2Zm cos(ζ + θ2 − θm) − E2Z1Z2 cos(θ1 − θ2
+E1Z1Z2 cos(θ1 + θ2 − ζ) + E2Z2Zm cos(θm − θ2

Z2
1 + Z2

2 + 4Z2
m − 4Z2Zm cos(θm − θ2) − 4Z

[E1E2Zm sin(ζ + θm − θ2) − E1Z
2
m sin ζ − E2Z

2
m sin

+E1Z2Zm sin(ζ + θ2 − θm) − E2Z1Z2 sin(θ1 − θ2)
′ = −E1Z1Z2 sin(θ1 + θ2 − ζ) + E2Z2Zm sin(θm − θ2)]

Z2
1 + Z2

2 + 4Z2
m − 4Z2Zm cos(θm − θ2) − 4Z1Zm

′ = [Z2
m cos(2θm) − Z1Z2 cos(θ1 + θ2) − Z1Z2 cos(θ1 − θ2) +

Z2
1 + Z2

2 + 4Z2
m − 4Z2Zm cos(θm − θ2) − 4Z1Z
θ1) + 2Z1Z2 cos(θ2 − θ1)

2Zm cos(θ1 + θ2 − θm)

θ1) + 2Z1Z2 cos(θ2 − θ1)

1Z1 cos(θ1 − ζ) + 2E2Zm cosθm − E1Zm cos(θm − ζ)]
1Zm cos(θm − θ1) + 2Z1Z2 cos(θ2 − θ1)

ζ) + E1Zm sin(θm − ζ)
θ1) + 2Z1Z2 cos(θ2 − θ1)

) − E1Z
2
m cos(2θm − ζ) − E1Z

2
2 cosζ

2Z1Zm cos(θ1 − θm) − E2Z1Z2 cos(θ1 + θ2)

2Z
2
m]

cos(θm − θ1) + 2Z1Z2 cos(θ2 − θ1)

+ E1Z
2
m sin(2θm − ζ) − E1Z

2
2 sinζ
cos(θm − θ1) + 2Z1Z2 cos(θ2 − θ1)

Z1Zm cos(θ1 − θm) + Z2Zm cos(θm − θ2) − Z2
m]

m cos(θm − θ1) + 2Z1Z2 cos(θ2 − θ1)



k′ = [−Z2
m sin(2θm) + Z1Z2 sin(θ1 + θ2) − Z1Z2 sin(θ1 − θ2) + Z1Zm sin(θ1 − θm) + Z2Zm sin(θm − θ2)]

Z2
1 + Z2

2 + 4Z2
m − 4Z2Zm cos(θm − θ2) − 4Z1Zm cos(θm − θ1) + 2Z1Z2 cos(θ2 − θ1)

l′ =

[E1E2Zm cos(ζ + θm) − E2
1Zm cosθm − E1E2Z2 cos(ζ + θ2)

+E2
1Z2 cosθ2 − E2

2Z1 cosθ1 + E1E2Z1 cos (θ1 − ζ) + E2
2Zm cosθm − E1E2Zm cos(θm − ζ)] l

Z2
1 + Z2

2 + 4Z2
m − 4Z2Zm cos(θm − θ2) − 4Z1Zm cos(θm − θ1) + 2Z1Z2 cos(θ2 − θ1)

m′ = − 1

Z
cosθ

n′ = −Z1Z2

Z
cos(θ1 + θ2 − θ) + Z2

m

Z
cos(2θm − θ)

o′ = E1

Z
cos(ζ − θ) − E2

Z
cosθ

p′ = E1

Z
sin(ζ − θ) − E2

Z
sin θ

q′ = E1Zm

Z
cos(ζ + θm − θ) − E1Z2

Z
cos(ζ + θ2 − θ) − E2Z1

Z
cos(θ1 − θ) + E2Zm

Z
cos(θm − θ)

r′ = E1Zm

Z
sin(ζ + θm − θ) − E1Z2

Z
sin(ζ + θ2 − θ) − E2Z1

Z
sin(θ1 − θ) + E2Zm

Z
sin(θm − θ)

-
)

y
1

nt
s.

ry
n-

-
s.

g,

n-
5–

ir-
st.
s′ = −Z1

Z
cos(θ1 − θ) + Zm

Z
cos(θm − θ) − 1 + Zm

Z
cos(θm − θ) − Z2

Z
cos(θ − θ2)

t′ = −Z1

Z
sin(θ1 − θ) − Z2

Z
sin(θ − θ2)

where

Z∠θ = 2Zm∠θm − Z1∠θ1 − Z2∠θ2

Appendix C. SMIB system data

Data are given on base MVA of 892.4 and base voltage of
500 kV. Frequency is 60 Hz.

Generator data:xd = 1.79, x′d = 0.169, T ′
do = 4.3, Ra =

0, xq = 1.71, x′q = 0.169, T ′
qo = 0.85, H = 5,D = 0.

Operating condition:Pe = 0.03,Vg = 1.
AVR data:KE = 200,TE = 0.05,Efdmax= 6,Efdmin =−6.
Transmission line data:RE = 0.02,XE = 1,Eb = 1.
UPFC data:Imax= 0.1,Vmax= 0.2.
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