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ABSTRACT 
 

Stabilising power system operations has been a critical phenomenon in maintaining synchronism among system’s 
generating units. With growing power system complicities, the use of traditional damping methods like the propor-
tional-integral-derivative (PID), and the relative gain array (GRA) can no longer meet customers’ sensitive load pro-
liferation. This paper utilises a modified partial relative gain array (PRGA) algorithm for sourcing the control signals 
in unified power factor controller (UPFC) to damp oscillating inter-area network. The 2-area 13-bus system is used to 
implement this technique, and it has proven to be more effective in determining the integral controllability with integ-
rity (ICI) of uncertain modeling errors with increased sensitivity as compared to the traditional GRA technique. Using 
PRGA techniques, appropriate control signals were selected that were used to shift the critical eigenvalues of the 
power systems more to the left of j-ω axis, thereby damping the inter-area oscillation by increasing the damping ratio 
from 0.0231 to 0.13, and reducing the damping rate from 6 seconds achieved without UPFC down to 4 seconds with 
UPFC. 
   

Keywords: FACTS, Inter-area-oscillations, PID, Partial relative gain array, Unified power factor con-

troller 

1. INTRODUCTION 
 

Stabilising power system operations has been a critical 

phenomenon in maintaining security in the event of any 

reliable contingency. However, modern power systems 

are operated closest to their stability limits due to eco-

nomic and environmental constraints, C. W. Taylor 

(1994). Hence, operating a stable and secure power sys-

tem comes in with lots of challenges. Recently, voltage 

instability has particularly been considered by research-

ers to be the chief source of system insecurity, P. Bikash 

and C. Balarko (2005). 

Technically, electro-mechanical oscillations are power 

system disturbances caused by interchanges between 

potential and kinetic energies which are liable for shifting 

the equilibrium point of the system Dhanraj C. et al., 

(2015). As a result, the rotor of the interconnected syn-

chronous machine oscillates with the system’s parameters 

like bus voltage, frequency, real and reactive powers. 

Therefore, to maintain system security, the stability of 

these oscillations must be sustained.  

Conversely, inter-area oscillation is a special type of 

electro-mechanical oscillation where groups of loosely 

couple machines of large interconnected power system 

oscillate against each other with frequencies ranging from 

0.1Hz to 0.8Hz. If left unchecked, the phenomenon can 

lead to system collapse. However, some supplementary 

control measures were proposed to enhance the system’s 

operation and, to overcome the menace C. W. Taylor 

(1994). The flexible ac transmission systems (FACTS) 

devices are currently being deployed to seamlessly con-

trol the power flow in a transmission system by largely 

controlling the bus voltage magnitude, voltage angles, and 

the line admittance parameters, C. W. Taylor (1994), P. 

Bikash and C. Balarko (2005), and N. Magaji and M. 

W. Mustafa (2008). However, the challenge for selecting 

the appropriate stabilising signals for damping inter-area 

oscillations still remains a research element problem. 

So many contributions have been advanced in the litera-

ture in search for solutions to the problem. For example, 
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determining the optimal locations for input signals in 

FACTS devices using decentralized control theory of 

relative gain array (RGA) was presented in, A. Kazemi 

and H. Andami. Other related RGA based FACTS 

dampers for normal power system stability analyses can 

be found in, P. Zhang, A. R. Messina, A. Coonick, and 

B. J. Cory (1998), N. Magaji and M. W. Mustafa 

(2009), M. M. Farsangi et al (2004), S. Skogestad and I. 

Postlethwaite (2005), D. Z.Chen et al (2006). However, 

in the case of damping inter-area oscillations, Eigen-value 

analysis for designing unified power flow controllers 

(UPFC) as well as its power frequency model for im-

proving transient and small signal stability, were ad-

dressed in, S. A NabaviNiaki, M. Reza Iravani (2002), 

and C. M. Shen et al (2000), respectively. Additionally, 

power oscillation damping (POD) control was also used 

to enhance the active (P) and reactive (Q) power com-

ponents within the transmission network, R. D. Saxena et 

al (2012). 

Arzehu et al. (2018) used Bees Algorithm to optimize the 

parameters of FACTS-POD (Power Oscillation Damping) 

on the WECC 9-bus network. This has resulted in shift-

ing the inter-area modes eigenvalues of the network 

more to the left of the J-ω axis, thereby damping the in-

ter-area oscillation. However this resulted in setting time 

of 6 seconds which is longer than the settling time 

achieved by robust damping controller. 

Jeffrey U., (2019) identifies a significant deficiency in the 

literature on the application of the relative gain array 

(RGA) formalism in the case of singular matrices. Spe-

cifically, it is shown that the conventional use of the 

Moore-Penrose pseudo-inverse is inappropriate because it 

fails to preserve critical properties that can be assumed in 

the nonsingular case. It is then shown that such properties 

can be rigorously preserved using an alternative general-

ized matrix inverse. 

This paper utilises a modified partial relative gain array 

(PRGA) algorithm for sourcing the control signals in 

unified power factor controller (UPFC) to damp oscillat-

ing inter-area network. The idea is implemented in the 

two-area 13-bus system, and it has proven to be more 

effective when compared to the traditional relative gain 

array (GRA) method, in the sense that the traditional GRA 

does not guarantee stabilising a large decentralised 

MIMO system when it is used to select the input-output 

pairs of the array configuration. This is because some of 

the control loops may not be visible to RGA due to lack of 

integral controllability with integrity (ICI) in the system 

Jeffrey U., (2019). A system is considered ICI if its sta-

bility is not affected by commissioning or decommis-

sioning individual controllers within. Solving this prob-

lem requires further screening of the control structures, 

which could be achieved by the PRGA technique. 

The remainder of the paper is organized as follows: sec-

tion II presents the UPFC Model. While analysis of in-

teractions between control loops in respect with the GRA 

is given in section III. The methodology adapted in im-

plementing the idea is covered under section IV. Section 

V presents results and discussions on the findings of this 

work. The paper ends in conclusion and laid down ref-

erences. 

2. UPFC MODEL 

 

The unified power flow controller (UPFC) is a hybrid 

FACTS device. In other words, it comprises both the 

series and shunt power converters connected to a 

common capacitor, and coupling transformers with the 

desire to enable reactive current exchange through the 

point of common coupling (PCC) along the transmis-

sion line as shown in Fig. 1. The two voltage source 

converters (VSC1 & 2) are programmed to either ab-

sorb or inject reactive current ahead of the coupling 

reactance to compensate power deficiencies as the case 

may be. The dc capacitor is used to replenish and 

maintain the system’s real power demand as it depletes 
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via the shunt converter, G. Rogers (2008). 
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Figure 1: UPFC on a transmission line, G. Rogers (2008)  

Control of the voltage magnitudes and their phase angles 

for both shunt and series transformers is achieved by 

manipulating the modulation indices m1 & m2, and the 

firing angles φ1 & φ2 of VCS1 and VSC2, respectively. It 

should be observed here that four indices (m1, m2, φ1 and 

φ2) are manipulated in order to control four parameters 

(Vac, Vdc, P, and Q). Hence, different control algorithms 

could be used to provide the desired feedback control loop 

for each of these parameters. 

The UPFC model used in this research is in accordance to, 

C. W. Taylor (1994) and is laid down thus: 

a) The dc link charging dynamics is given as; 

        
(1)DC

DC

dV
I C

dt
=      

        1 2 (2)DC DC DCI I I= +
 

b) For an ideal inverter, the active power exchange 

with transmission system is gives as: 

         1 1 (3)dc dc BP V I S=      

2 2 (4)dc dc BP V I S= −     

 

From (1), (2), (3) and (4) 

 

                 
1 2( ) (5)dc

dc B

dV
CV P P S

dt
= −  

           

c) For the ac side, P1and P2 are given as: 
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d) The relationship between the inverter dc and the 

two transformers primary sides’ voltages is ob-

tained from pulse width modulation (PWM) con-

trol techniques from, N. Mohan, T. M. Un-

deland, and W. P. Robbins as: 

      1 1 (8)dc bV mV V=     

     2 2 (9)dc bV m V V=     

2 2/ / (10)pq dc bV m V V n=    

where;  

m1 and m2 are the PWM indices, V1 and V2 are in p.u,      

Vb is the ac system base voltage, and n2 is the series 

transformer turn ration. 

The PWM control is performed to regulate inverter ac side 

voltages, in which the phase angles of the voltages V1 and 

V2 are controlled by the firing angles φ1 and φ2 of the 

two converters, and are related to the phase angle of the 

supply voltage (Vs) as: 

 

1 1 (11)S  = −                                  

2 2 (12)S  = −                                  

             2 (13)pq S  = −                                   

The desired modulation indices m1 & m2, and the firing 

angles φ1 and φ2 serve as outputs from the UPFC. Thus, 

the UPFC dynamics can be analyzed from Eqs. 11 – 13, 

and the variables m1, m2, φ1 and φ2 can be manipulated 

in order to inject voltage Vpq in series with the line and 

control the power flow along the transmission line.   

The dc voltage control is achieved by manipulating the 

firing angle φ1 of VSC1, while the UPFC bus voltage 

control is achieved by controlling m1 of the PWM con-

troller of VSC1. 

The UPFC compensation voltage Vpq can be decomposed 
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as Vp and Vq shown in the phasors of Fig. 2. 

Where Vp is perpendicular to Vs, and has much effect on 

the active power flow; and Vq is in phase with Vs and has 

impact on reactive power flow, C. M. Shen, F. Felix, S. 

Chen, and B. Zhang. 
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Figure 2: Transmission line voltage phasor with UPFC 

3. METHODOLOGY 

 

This section describes the methods used in achieving the 

objectives of the paper. To determine optimal location of 

the UPFC for damping inter-area mode oscillation in the 

power network, the following steps were carried out: 

✓ Use the state space model of the system to per-

form modal analysis in order to identify the in-

ter-area oscillatory mode of the system. 

✓ Place the UPFC at various locations (buses and 

lines) of the network and compute the modal 

residue corresponding to the inter-area mode of 

the system. 

✓ Identify the location that produces the largest 

residue index as the optimal location to place the 

UPFC. 

In order to select the feedback signals for the systems 

control, then the following steps were observed. 

• Place the UPFC at the identified optimal loca-

tion on the network. 

• Identify the various possible signals that could 

be used as feedback signals. 

• Form the various models of the system with the 

identified feedback signals. 

• Compute the open-loop zeros for each of the 

above system’s model. 

• Discard all models that produce positive (Right 

Half Plane) zeros. 

• Compute Henkel Singular Values for the re-

maining models. 

• Selected the model with the largest Henkel 

Norm. 

• Compute RGA for the selected model. 

• Identify the different possible control configura-

tions for the system based on the above RGA. 

• Test each configuration by closing the different 

loops and computing the PRGA for the 

sub-systems. 

• Discard any configuration that produces nega-

tive relative gain after computing the PRGA. 

• Select the configuration that does not have any 

negative gain as it satisfy the condition for ICI. 

• Match the input-output signals according to the 

selected configuration. 

 

3.1. Control Loop Interactions 

This sub-section discusses analyses of the interactions    

involved in the design.  

3.1.1. Relative Gain Array  

A decentralised multivariable structure is ladened with 

interactions between different control loops Arzehu, N. 

A. et al., (2018). It is therefore pertinent to carefully 

select a pair of input-output variables that produce the 

least interactions with the rest of the control loops. Often, 

the RGA is the tool applied in analyzing such interactions 

for selecting the optimum control loops. The RGA is a 

matrix of which elements are indices obtained from the 
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relative gains of the system, defined as the ratio between 

open-loop gains to closed-loop (yi/uj: yi/uj), V. M. Jovica, 

and A. C. Serrano (2004) and C. Li-Jun, E. István 

(2006). 

The steady-state model of a multivariable system can be 

represented by the following equations; 

1 11 1 12 2 1... (14)n ny k u k u k u= + +  

2 21 1 22 2 2... (15)n ny k u k u k u= + +  

1 1 2 2 ... (16)n n n nn ny k u k u k u= + +  

This can be represented by the matrix equation; 

1

(17)

n

y

y

y

 
 

=
 
  

 

 
1

(18)

n

u

u

u

 
 

=
 
  

 

        
11 1

1

(19)

n

n nn

G G

G

G G

 
 

=
 
  

 

 

            ( ) ( ) ( ) (20)y s G s u s=      

where, 

G(s) is the transfer function matrix for the system. u(s) 

and y(s) are vectors of the input and output variables. 

 

3.1.2. Open-Loop Gains 

The open-loop gain is the gain between the input uj and 

the output yi when all outputs are not controlled, that is 

when the rest of the loops are open and other input 

changes are zero as shown in Fig. 3. 
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Figure 3: Open-loop gains, G. Rogers (2008) 

3.1.3. Close-Loop Gains 

The closed-loop gain is the gain between the input uj and 

the output yi when the rest of the outputs are under perfect 

control, that is when the rest of the loops are closed and 

other output changes are zero as depicted in Fig. 4. 
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Figure 4: Closed-loop gains, G. Rogers (2008)  

The relative gain array is thus;  

( )23k

k

i

j u constant,k j

ij

i

j y constant ,k i

y

u

y

u

Gains with open loops

Gains with closed loops














= =
 

From Eqn (23) it can be deduced that RGA is a matrix of 

relative gains that describes complete steady-state be-

havioral interaction of the system. However, RGA can 

also directly be from gain matrix G(s) in terms of Hada-

mard product in element-wise matrix multiplication as 

follows, S. Skogestad and I. Postlethwaite (2005); G. 

Rogers (2008): 

                
( )( ) 24TG GoG− =     

Relative Gain Array   

( )
11 1

1

( ) 25

n

n nn

G GoH

 

 

 
 

 = =
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H G

H H

−

 
 

= =
 
  

      

And 
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(27)ij ij ijG H =                       

The relative gain λij is hence a measure of the effect of 

other control loops in the system on the gain between uj 

and yi. The following rules were established to interpret 

the results of a given RGA, C. Li-Jun, E. István (2006): 

1) λij = 1,  implies that there is perfect correlation 

between the controlled and the uncontrolled 

gains. 

2) λij = 0,  implies that the input. uj does not in-

fluence the output yi. 

3) 0 <  λij < 1, implies that the gain is increased by 

the interactions of other control loops. 

4) 1 <  λij < 10, implies thatthe gain is reduced by 

the interactions of other control loops.  

5) λij >> 10, this implies that input-output pairing 

will make the system sensitive to small variations 

in gain. 

6) λij < 0, implies that as the uncontrolled gain de-

creases with increase in controlled gain, and vice 

versa. 

Based on the above rules, the next section considers 

matching input and output signals with the relative gain 

closed to unity for a large decentralised multiple-input 

multiple-output (MIMO) system using partial relative 

gain array method (PRGA). 

3.2. Partial Relative Gain Array  

The literature shows no guaranty for stabilising a large 

decentralised MIMO system when RGA is used in se-

lecting the input-output pairs. This is because some of the 

control loops may not be visible to RGA due to lack of 

integral controllability with integrity (ICI) in the system. 

A system is considered ICI if its stability is not affected by 

commissioning or decommissioning individual control-

lers within. Solving this problem requires further screen-

ing of the control structures, which could be achieved by 

the PRGA technique.  

To implement the PRGA method, the relative gain array 

of the full open-loop is first determined. The system is 

then partially closed in order to assess the partial relative 

gain array. This way, the RPGA can unravel the ambigu-

ity of input-output pairing of systems larger than 

two-by-two (2x2) which cannot be achieved easily by 

traditional RGAs, and hence provides a means of check-

ing the system’s ICI through the following equations, K. 

E.Haggblom (1997). 

Let the system gain matrix G(s) be divided as 

11 12

21 22

( ) (28)

G G

G s

G G

 
 

=
 
  

 

The effective gain of the sub-system )(11 sG  when part of 

the system )(22 sG  is given as: 

          1
11 11 12 22 21 (29)G G G G G−= −     

Let Ḡm(s) represent the transfer matrix of subsystem Gm(s) 

when the rest of the system is under feedback control, 

then PRGA for the sub-system Gm(s) is given as: 

( ) ( ) (30)
T

p
m m mm G G G oG

−

 =  =    

The matrix obtained from Equation (30) can then be used 

to further screen the system’s control structure in order to 

check the system’s integral controllability with integrity 

(ICI). 

4. RESULTS AND DISCUSSION 

 

Six possible scenarios were configured in Table 1, to 

study the matching of the input-output pairs that best 

satisfy oscillation damping in a UPFC controlled 2-area, 

13-bus network, first using the traditional RGA. It was 

found out that only one configuration via VSC-2 pro-

duced the desired outcomes such that; the converter was 

able to control the reactive power flow from bus-3 to 

bus-101, as well as controlled the real power flow from 
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bus-11to bus-110. On the other hand, VSC-1 was also 

able to inject the required bus voltage in series to control 

reactive power from bus-11 to bus-110, while the UPFC 

(VSC1 & VSC2 hybrid) injected the desired common dc 

voltage component to control reactive power from 

bus-101 to bus-13 for ensuring systems Integral control-

lability with Integrity (ICI) as verified in the following 

case studies. 

 

Table 1: Possible control configurations 

Configurations Pairings Relative Gains 

C4123 (y1, u4), (y2, u1), 

(y3, u2), (y4, u3) 

3.8339, 0.0282, 

0.0159, 1.0505 

C4132 (y1, u4), (y2, u1), 

(y3, u3), (y4, u2) 

3.8339, 0.0282, 

0.0668, 0.2746 

C4213 (y1, u4), (y2, u2), 

(y3, u1), (y4, u3) 

3.8339,  0.0028, 

0.1550, 1.0505 

C4231 (y1, u4), (y2, u2), 

(y3, u3), (y4, u1) 

3.8339, 0.0028, 

0.0668, 2.2238 

C4312 (y1, u4), (y2, u3), 

(y3, u1), (y4, u2) 

3.8339, 0.0164, 

0.1550, 0.2746 

C4321 (y1, u4), (y2, u3), 

(y3, u2), (y4, u1) 

3.8339, 0.0164, 

0.0159, 2.2238 

 

 

4.1 Case study 

The model of the 2-area 4-machine power system with the 

UPFC as shown in Fig. 5 was developed from the network 

data obtained from, ), V. M. Jovica, and A. C. Serrano 

(2004) and C. Li-Jun, E. István (2006). 

G1

G2 G4

G3

1 10 20 3
101

13 120 110 11

2 12

UPFC

L2L1

4 14

    Figure 5:  Two-area network with UPFC 

The performance of the system was simulated in 

MATLAB environment with the following variables as 

output signals: 

• Y1- current from bus-3 to bus-101. 

• Y2- real power from bus-11to bus-110. 

• Y3- reactive power from bus-11 to bus-110. 

• Y4- reactive power from bus-101 to bus-13. 

And the following variables as the reference Input signals: 

• U1- VSC-1 bus voltage. 

• U2- UPFC common dc voltage. 

• U3- VSC-2 injected real power. 

• U4- VSC-2 injected reactive power. 

The steady state gain matrix G(s) for the system is ob-

tained as: 

1.6263 0.0007 0.7114 0.3496

0.8719 0.0004 0.4430 0.1969
( ) (31)

35.0168 0.0137 14.0588 7.2928

1.6304 0.0007 0.7157 0.3510

G s

− − − 
 
− − −

 =
 − − −
 
− − − 

The Relative Gain Array for the system is: 

4

0.4070 0.2932 1.1336 3.8339

0.0282 0.0028 0.0164 0.0474
( ) (32)

0.1550 0.0159 0.0668 0.2377

2.2238 0.2746 1.0505 3.5487

Gs e x

− − − 
 

−
  =
 −
 

− 

 

 

Different possible control configurations for the system 

based on the above RGA is given in Table 1. The table 

was used to conduct the following tests. 

TEST No. 1:  Configuration C4123 and C4132, while 

loop – (y2, y1) is closed under feedback control. The 

transfer matrix of subsystem Gm(s) then becomes: 

 

2034

0.0000 0.1149 0.0177

***
(33)

0.0024 3.7327 0.6150

0.0000 0.1127 0.0172

G

− 
 
 =
 −
 

− 

 

Hence, the PRGA for the sub-system Gm s) also becomes  

3
2034

0.1144 1.8306 1.9441

***
( ) (34)

0.0223 0.1773 0.2007

0.0911 1.6523 1.7444

G e x

− 
 
  =
 − −
 

− − 
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Based on the above PRGA the possible control configu-

ration C4123 and 4132 do not satisfy the condition for ICI 

(Integral Controllability with Integrity) because of the 

presence of negative signs in the arrays. 

TEST No. 2: Configuration C4213 and C4231, loop – 

(y2, u2) is closed under feedback control. The transfer 

matrix of subsystem Gm(s) then becomes 

1034

0.1005 0.0638 0.0050

***
(35)

5.1542 1.1140 0.5490

0.1046 0.0595 0.0064

G

− − − 
 
 =
 − − −
 
− − − 

 

Hence, the PRGAfor the sub-system Gm(s) also becomes 

3
1034

0.9040 1.3361 0.4311

***
( ) (36)

0.1910 0.0731 0.1169

0.7140 1.2620 0.5490

G e x

− − 
 
  =
 − −
 

− 

Based on the above PRGA, configuration C4213 

andC4231 also do not satisfy the conditions for ICI. 

TEST No. 3:  Configuration C4312 and C4321, loop -  

(y2, u3) is closed under feedback control. The transfer 

matrix of the subsystem Gm(s) becomes: 

1204

0.2261 0.0001 0.0334

***
(37)

7.3467 0.0010 1.0441

0.2218 0.0001 0.0329

G

− − − 
 
 =
 − − −
 
− − − 

 

Hence, the PRGA for the sub-system Gm(s) then becomes 

3
1204

3.3466 0.3092 3.6567

***
( ) (38)

0.3251 0.0157 0.3398

3.0224 0.2945 3.3159

G e x

− − 
 
  =
 −
 

− 

Based on the above PRGA configurations, C4312 and 

C4321 seem to satisfy the conditions for ICI, so further 

investigation is required. Therefore, loop – (y1, u4) is 

closed under feedback control. The transfer matrix of the 

sub-system Gm(s) is given as 

0123

***

0.0441 0.0000 0.0423
(39)

1.0915 0.0009 0.7813

0.0024 0.0000 0.0015

G

 
 

−
 =
 − −
 
 

 

 

Hence, the PRGA for the sub-system Gm(s) is computed 

as 

0123

***

14.3155 0.3199 15.6354
( ) (40)

48.2281 10.1055 37.1226

32.9126 11.4255 22.4872

G

 
 
− −
  =
 − −
 
− 

Based on the above PRGA, configuration C4132 does not 

satisfy the condition for ICI, while configuration C4312 

does. Therefore, the best signal matching can be deduced 

as:  

Y1 – U4: That is the current flow from bus-3 to bus-101 

against VSC-2, injected reactive power (Q). 

Y2 – U3: That is real power flow from bus-11to bus-110 

against VSC-2, injected real power (P). 

Y3 – U1: That is reactive power flow from bus-11 to 

bus-110 against VSC-1, provided bus voltage support. 

Y4– U2: That is reactive power flow from bus-101 to 

bus-13 against UPFC, provides common dc voltage 

support. 

The impact of the UPFC on the system can further be 

observed from Figures 6 – 10, which depict the responses 

of the terminal voltages and active power at generator 

buses to step changes in the generators excitation refer-

ence voltages. The systems with UPFC are presented as 

“blue dotted-lines”, and the ones without UPFC are rep-

resented as “red dotted-lines”, respectively. 

It can be seen that in all the cases, the UPFC has elimi-

nated the steady state error in the system’s response and 

has reduced the settling time to less than 4 seconds. 
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Figure 6: Step voltage response at bus-1 to Gen-1  

 
Figure 7: Step voltage response at bus-2 to Gen-2 

 

 

Figure 8: Active power response at bus-3 to Gen-3  

 

 

 

 

 

Figure 9: Step voltage response at bus-3 to Gen-3  

 

 
Figure 10:  Step voltage response at bus-4 to Gen-4
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5. CONCLUSION 

 

This paper has used partial relative gain array (PRGA) 

technique to select and match the optimum control signals 

in a configured UPFC to appropriately damp inter-area 

oscillations. A 2-area 4-machine power system was used 

to demonstrate that the technique could select the signals 

that satisfy the necessary conditions in what is referred to 

in power stability analysis as the system’s “integral con-

trollability with integrity (ICI)” index. This failure toler-

ance phenomenon is often very difficult to achieve using 

the conventional relative gain array (RGA) method as 

validated in this study.  

Consequently, 2-area 13-bus system is used to implement 

this technique, and it has proven to be more effective in 

determining the integral controllability with integrity 

(ICI) of uncertain modelling errors with increased sensi-

tivity as compared to the traditional GRA technique. This 

is confirmed under test case number 3 which was based on 

the PRGA configurations C4312 and C432, and given by 

Equation 39. Using PRGA technique, appropriate con-

trol signals were selected that were used to shift the 

critical eigenvalues of the power system more to the 

left of j-ω axis, thereby damping the inter-area oscilla-

tions by increasing the damping ratio from 0.0231 to 

0.13, and reducing the damping rate from 6 seconds 

achieved without UPFC down to 4 seconds with UPFC. 
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