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ABSTRAC 
The Interline Power Flow Controller (IPFC) is a voltage-source-converter (VSC)-based flexible ac 
transmission system (FACTS) controller which can inject a voltage with controllable magnitude and phase 
angle at the line-frequency thereby providing compensation among multiple transmission lines. In this 
paper, the use of the IPFC based controller in damping of low frequency oscillations is investigated. An 
extended Heffron-Phillips model of a single machine infinite bus (SMIB) system installed with IPFC is 
established and used to analyze the damping torque contribution of the IPFC damping control to the power 
system. The potential of various IPFC control signals upon the power system oscillation stability is 
investigated a using controllability index. The effect of this damping controller on the system, subjected to 
wide variations in loading conditions and system parameters, is investigated. Results of simulation 
investigations in Matlab are presented to validate the proposed approach. 
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NOTATIONS: 
 

AP : transferred power of primary line, 

BP : transferred power of secondary line, 

eP : Total transferred power of lines, 

sV : Terminal voltage of generator, 

idI : Direct axis current of line i, 

C : dc link capacitance 

H : inertia constant (M = 2H) 

im  : Modulation index of series converter 

iδ : Phase angle of series converter voltage 

bV  : Infinite bus voltage 

dcV  : Voltage at dc link 

tV  : Terminal voltage of the generator 

dX'
 : Direct axis transient synchronous 

reactance of generator 

AK : AVR Gain 

AT : Time constant of AVR 

iqI : Quadrature axis current of line i, 
 

dX : Direct axis steady-state synchronous 

reactance of generator 
 

qX : Quadrature axis steady-state 

synchronous reactance of generator, 
 

tX :  Reactance of series coupling transformer, 
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1. INTRODUCTION 

Low frequency oscillations with frequency in the 
range of 0.2 to 2.0 Hz are one of the results of the 
interconnection of large power systems. Modem 
power systems are stable if electromechanical 
oscillations occurring in each area can be damped 
as soon as possible. To increase power system 
oscillations stability, Power System Stabilizer (PSS) 
is a simple, effective, and economical method [1]. 

 
 "Flexible AC Transmission Systems (FACTS)" 

technology has been proposed during the last three 
decades and provides better utilization of existing 
systems. Interesting FACTS capabilities such as 
power flow control, damping of power system 
oscillations, voltage regulation, and reactive power 
compensation make them a good option for 
effective utilization of power systems. In this paper 
one of the FACTS capabilities is damping inter-area 
oscillations that will be accurately investigated for 
IPFC. 
 

Interline Power Flow Controller, which is 
proposed by Guygyi and etal [2] in l998, is a 
FACTS controller for series compensation with 
unique capability of power flow management 
between multi-lines of a substation. In the IPFC 
structure a number of inverters are linked together 
at their dc terminals. Each inverter can provide 
series reactive compensation, as an SSSC, for its 
own line. However, the inverters can transfer real 
power between them via their common dc terminal. 
This capability allows the IPFC to provide both 
reactive and real compensation for some of the lines 
and thereby optimize the utilization of the overall 
transmission system. 

Like other FACTS elements, IPFC can be used 
for increasing power system stability against large 
and small disturbances. 

In this paper the voltage of coupling capacitance 
between two VSC-based converters is used as a 
state variable. Output power of the generator is used 
as an input of PI controller, which creates proper 
amplitude modulation ratio for the secondary 
converter. 

2. DYNAMIC MODEL OF THE SYSTEM 
WITH   IPFC  

 
A single-machine infinite-bus (SMIB) system 

with IPFC, installed on two lines is considered. This 
configuration which consists of two parallel 

transmission lines, connects the generator G to an 
infinite bus, is illustrated in figure 1. 

Figure 1 Single Machine Infinite Bus System With IPFC 
 

PSS is not taking into account in the power 
system. Operating conditions and parameters are 
represented in the appendix. 

Phillips-Heffron linear model of a single-machine 
infinite bus system with IPFC is derived from the 
nonlinear differential equations. Neglecting the 
resistances of all the components of the system like 
generators, transformers, transmission lines, and 
series converter transformers, a nonlinear dynamic 
model of the system is derived as follows: 

( )1−=
•

ωωδ
o

           -------- (1)   

 
( )[ ]

M

DPP em 1−−−
=

• ωω        --------- (2)

  

( ) '.' / dofdqq TEEE +−=
•

   
       --------- (3) 

( )[ ] AsrefAfdfd TVVKEE /−+−=
•

 --------- (4) 

 

Where, 
 

eP = 1P + 2P                   -------- (5) 

eP = sdV ( dI1 + sqV dI 2 ) + ( qI 1 + qI 2 )    --------- (6) 

qE = qE' +( dX - dX ' )( dI1 + dI 2 )    ------- (7)                                                                         

 

sV = sdV + j sqV             --------- (8) 

= qX qI1 +j[ qE' - dX ' ( dI1 + dI 2 )] 
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If the general Pulse Width Modulation (PWM) is 
used for VSCs, the voltage equations of the IPFC 
converters in dq coordinates will be [1]: 
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where, 

pqKV = pKV + j qKV = pqKV kje δ
    ---------- (11)
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4

3 δδ qd
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[ ]2222
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3 δδ qd II
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              ---------- (12) 
 

From figure 1, we have: 
 

sV = j sX sI + 2pqV + j LX 2I      --------- (13) 

 
 

This equation in d-q coordinates is as follows: 

sdV + j sqV = j sX [( dI1 + dI 2 )+j( qI1 + qI 2 )]+ 

  +j LX ( dI 2 +j qI 2 )+ 2pV + δδ cossin bb jVV +   

              ------------ (14)                                             

In the other hand, according to figure 2, we have: 

 sdV = qX ( qI1 + qI 2 )         ---------- (15) 

sqV = qE' -( dX - dX ' )( dI1 + dI 2 )  --------- (16) 

 
Figure 2.Phasor diagram of investigated system 
 

From (6) to (12), it can be obtained: 
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where, 

    qsX = qX + sX        -------- (19) 

TLX = tX + LX         -------- (20) 

ΚdX = dsX - TLX        -------- (21) 

TLqsq XXX +=Κ        -------- (22) 

dsX = dX ' + sX                  -------- (23) 

and LX is the series reactance of each transmission 

line. 

3. LINEAR DYNAMIC MODEL 
Power system oscillation stability and control can 

be studied using a linearized model of the power 
systems. 

 
A linear dynamic model of the system illustrated 

in figurel, is obtained by linearising the nonlinear 
model of the system presented in above section, 

----- (17) 

----- (18) 
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around an operating condition. The linearized 
model is as follows: 

+
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In the state-space representation, the power system 
can be modeled as               

BUAXX +=
•

   

 
 Where the state vector and control vector are as 
follows: 
                

T

dcfdq VEEX




 ∆∆∆∆∆= 'ωδ   

T

mmU




 ∆∆∆∆= 2211 δδ                                                                                             

1m∆  is the deviation in pulse width modulation 

index 1m  of voltage series converter-1 in line-1. By 

controlling 1m , the magnitude of series injected 

voltage in line-1 can be controlled. 

2m∆  is the deviation in pulse width modulation 

index 2m  of voltage series converter-2 in line-2.By 

controlling 2m , the magnitude of series injected 

voltage in line-2 can be controlled. 

1δ∆  is the deviation in phase angle of the injected 

voltage 1pqV . 

2δ∆  is the deviation in phase angle of the injected 

voltage 2pqV . 

dcV∆  is the deviation of coupling capacitance 

voltage between converters, 
 

Using the mathematical model of the SMIB with 
IPFC as state space representation in (24), the 

Phillips-Heffron model or linear model of the SMIB 
system can be obtained including IPFC [3]. 

 
Where 

T
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T

ppmppmp KKKKK




= 2211 δδ

   

T

qqmqqmq KKKKK




= 2211 δδ

 

               T

vvmvvmv KKKKK
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


= 2211 δδ

 This model has 28 constants, presented below 
and, are functions of the system parameters and 
initial operating condition stated below.The system 
is incorporated with IPFC. Load flow analysis is 
performed to obtain the operating point which is 
given as follows: 

 

eP = 0.900,       Q = 0.1958        sV  =   1.02 

1=bV     3795.01 =pqV  4311.0=doV  

9244.0=qoV  5469.0=doI  7185.0=qoI  

o6056.7=oδ  o
o 5651.711 =δ o

o 725.72 =δ  

 
The system is linearized about this operating 

point. The K-constants for the system installed with 
IPFC, are computed as follows: 

0552.21 =K      0413.02 =K  

7333.03 =K
    

000001.04 =K   
0185.05 =K        6001.06 =K  

0885.07 −=K    1088.08 −=K    

4
9 106663.7 −×=K   

0672.0=pvK   

0087.0−=qvK    0116.0−=vvK  

0552.01 =pmK
           

2530.02 =pmK
 

0376.01 =δpK
   

0045.02 −=δpK
   

0326.01 −=qmK    0010.01 =δqK  

0056.02 =qmK
       

0033.02 =δqK    

0360.01 −=vmK
   

0029.01 −=δvK
    

0038.02 −=vmK    0021.02 −=δvK  
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4
1 106663.7 −×=cmK

  
0672.01 =δcK     

0087.02 −=cmK
   

0116.02 −=δcK  

4. DESIGN OF IPFC DAMPING 
CONTROLLERS 

To improve the damping of low frequency 
oscillations the damping controllers are provided to 
produce the additional damping torque. The speed 

deviation ω∆  is considered as the input to the 
damping controllers which reflects the swings  on 
the machines and lines of interest. As such, the 
output of the controller is in phase with the speed 
deviation. 

 
Fig. 3 Structure of IPFC based damping controller 

 
The structure of IPFC based damping controller 

is shown in Fig.3. It consists of gain, signal washout 
and phase compensation blocks. The optimum 
parameters of the damping controller are obtained 
using the phase compensation technique [4]. The 
design is presented as below. The time constants of 
the phase compensator are chosen such that the 
phase angle of the system is fully compensated. For 
the nominal operating condition,  the magnitude and 

phase angle of transfer function, ∆ eP /∆U, will be 

computed for njs ω=  . The gain setting of the 

damping controller is chosen to achieve the 
required damping ratio of 0.1. As observed from 
(24) there are four choices of input signals 

( 1m , 1δ , 2m and 2δ  ) of the IPFC to modulate. The 

signal which can achieve effective damping control 
at minimum control cost will be the most efficient. 
This selection is made at open loop condition 
before installation of damping controller. The 
concept of controllability index is used to select the 
most suitable IPFC control parameter from the 
damping controller for modulation [5]. 

 
(1). Compute the natural frequency of oscillation 

nω  from the mechanical loop as 

M
K o

n
ωω 1=   

 
(2). Let γ be the angle of the transfer function  

( )
u

P
sG e

s ∆
∆

= ,(phase lag of between  ∆u and eP∆  

, where [ ]2211 ,, δδ ∆∆∆∆=∆ andmmu  as 

shown in Fig.4.5, at njs ω=  . 

 (3).   The controller designed is made up of washout 
filter and lead-lag block, with the following transfer 
function: 

( )
2

1

1

1

1 sT

sT

sT

sT
KsG

w

w
s +

+⋅
+

=
 

wT  is the washout filter time constant and its value 

can be taken as a number between 1 and 20 sec. 

Assume for the lead-lag network, 21 aTT =   , 

where a = (1+ sinγ ) /(1− sinγ ) 

and ( )a
T

nω
1

2 =  . The required gain setting 

for the desired ratio ξ   is obtained as, 

( ) ( )ss

M
K n

sc GG

2ξω= , where ( )scG  and ( )ssG  

are evaluated at njs ω=  .
 The eigen values corresponding to oscillatory 

modes of the system are computed as given in table 
1. From the table 1, we observe that the system 
consists of both local modes and inter area modes. 
The inter area modes are sufficiently damped, 
whereas, the local modes are lightly damped. 

 
 

Table 1: Eigen Values Of The System 
 

              
Eigen values 

Damping 
ratio of 

Oscillatory 
modes 

Natural 
frequency of  

Oscillations(Hz) 

j8410.90032.0 ±−  0.0003 1.5662 

j5122.40698.10 ±−  0.9126 0.7181 

-0.0000291 1.000 0 
 

 

For the nominal operating point, the natural 

frequency of oscillation nω  is equal to 9.8410j 

rad/sec. This mode is responsible for the low 
frequency oscillation of around 1.5 Hz with very 
less damping of 0.0003. The damping controllers 
are designed to provide the additional damping. The 
parameters of the controllers are computed 
assuming a damping ratio (ξ  ) of 0.1. The gain and 
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phase angle of ( )scG  for the various inputs are 

computed and given in table 2. 
 

 
Table 2: Magnitude And Phase Angle Of The Transfer 

Function 
 

( )sGc  ( )scG  ( )sGc∠  

1mPe ∆∆  0.055447 o5426.1−  

1δ∆∆ eP  0.037634 o89511.0−  

2mPe ∆∆  0.25303 o042285.0−
 

2δ∆∆ eP  0.0044907 o98.179−  
         

It can be seen that the phase angle of the 

system for the control parameter 2δ∆  is near 

to o180− therefore the system becomes unstable 

when the controller ( 2δ∆  ) is used. This 

controller is not considered in further 
investigations. Table 3 shows parameters of the 
remaining three alternative damping controllers 
computed at the nominal operating point. 

 
 

Table 3: Parameters Of The Ipfc Damping Controllers 
 

Damping controller K 
 

1T  

Damping controller 1m∆  
276.4

4 
0.10439 

Damping controller 1δ∆  
411.9

1 
0.10439 

Damping 

controller 2m∆  
62.18

3 
0.10169 

 

 
In the next chapter response of ∆ω with the three 

alternative damping controllers is simulated. The 
response of ∆ω is obtained with a step perturbation 

of mP∆  = 0.01. Simulation results shows that the 

responses are identical which indicates that any of 
the IPFC damping controllers, provide satisfactory 
performance at the nominal operating point. 
 

However, in order to select the most 
effective IPFC control signal for damping, the 
controllability index is computed. The index is 
computed for the electromechanical mode ( 
9.8410jrad/sec) to be damped taking into account 

all the control signals one at a time. Table 4 gives 
the computed values of the indices. 

 
 

Table 4: Controllability Indices With Different Ipfc 
Controllable Parameters 

 

IPFC control parameter 
 

Controllability Index 

1m∆  0.17974 

2m∆  0.8202 

1δ∆  0.12194 

2δ∆  0.014551 

Table 4 reveals that the controllability index 

corresponding to IPFC control parameter 2m∆  , is 

highest and that of 2δ∆  , is insignificant compared 

to the other control parameters. Hence, ∆u = 2m∆   

is the best selection for the design of the IPFC 
damping controller since the minimum control cost 
(the lowest gain) is needed to provide now on, the 

damping controllers based on 2m∆  shall be 

denoted as damping controller 2m∆  . In the next 

chapter the dynamic response of the system with 

and without the damping controller 2m∆  is 

studied. 
 
The dynamic performance of the system is further 

examined considering a case in which two 1m∆  , 

2m∆ damping controllers operate simultaneously 

(dual controller). 
 

 
Fig. 4 Transfer function of the system relating 

component of electrical power eP∆   produced by 

damping controller ∆u 
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Table 5: Phillips-Heffren Model Constants For 

System Without Ipfc 
 

i Ki 

1 3.2944 

2 0.8533 

3 1.2308 

4 0.0640 

5 -0.0150 

6 0.9220 

 

5. DIGITAL SIMULATION 

In order to understand the effect of IPFC on 
damping low frequency oscillations, digital 
simulations using Matlab Simulink toolbox is done 
in two cases, with and without IPFC.The block 
diagram of fig 27 is used in small signal stability 
investigations of the power system. The MATLAB 
Simulink toolbox is used to study the system 
performance under different damping controllers. 
Following figures shows the results of SMIB with 
different damping controllers. The rotor speed 
deviations and rotor angle deviations, respectively 
for different damping controllers are studied. The 
damping controllers are designed by two methods. 
 
1)   The speed deviation (∆ω) is used as input signal 

for design of damping controllers using phase 
compensation technique [4]. 

2) The electrical power is taken as input for the 
design of PI-Damping controllers [3,8]. 

6. SIMULATION RESULTS  
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Fig 5. Rotor speed deviation for mP∆ = 0.01, 

without IPFC 
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Fig 6. Rotor angle deviation for mP∆ = 0.01, 

without IPFC 
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Fig 7 Rotor Speed deviation for mP∆  = 0.01, without 

( 2m∆ )IPFC controller    
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Fig 8. Rotor angle deviation for mP∆  = 0.01, 

without ( 2m∆ ) IPFC controller 
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Fig 9. Rotor speed deviation for mP∆  = 0.01, 

          with ( 2m∆ )  type damping controller  
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Fig 10 Rotor angle deviation for mP∆  = 0.01, with 

( 2m∆ ) type damping controller 
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 Fig 11 Rotor speed deviation for mP∆  = 0.01,  

 with ( 1m∆ ) type damping controller  
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 Fig 12 Rotor angle deviation for mP∆  = 0.01, 

with   ( 1m∆ ) type damping controller  
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 Fig 13. Rotor speed deviation for mP∆  = 

0.01, with ( 1δ∆ ) type damping controller 
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 Fig 14. Rotor angle deviation for mP∆  = 

0.01, with ( 1δ∆ ) type damping controller  
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   Fig 15. Rotor speed deviation for mP∆  = 0.01, 

with dual damping controller 
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   Fig 16. Rotor angle deviation for mP∆  = 0.01, 

with dual damping controller  
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 Fig 17. Rotor speed deviation at eP  = 0.2, 

with ( 2m∆ )  type damping controller 
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Fig 18. Rotor speed deviation at eP  = 1, with 

( 2m∆ ) type damping controller  

 
 

 
Fig 19 Rotor speed deviation for mP∆  = 0.01, with 

( 1m∆ ) type PI-damping controller 

 
 

 
Fig 20. Rotor angle deviation for mP∆  = 0.01, 

with ( 1m∆ ) type PI- damping controller 

 
 

 
Fig 21 Rotor Speed deviation for mP∆  = 0.01, with 

( 2m∆ ) PI type damping controller  

 
 
 

 
Fig 22.  Rotor angle deviation for mP∆  = 0.01, 

with ( 2m∆ ) PI type damping controller 

 
 

 
Fig 23  Rotor speed deviation for mP∆  = 0.01, 

with( 1δ∆ ) PI type damping controller 
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Fig 24  Rotor angle deviation for mP∆  = 0.01, 

with( 1δ∆ ) PI type damping controller 

 

 
Fig 25   Rotor speed deviation for mP∆  = 0.01, with PI- 

dual damping controller 

 
Fig 26 Rotor angle deviation for mP∆  = 0.01, with PI- 

dual damping controller 
 

7. CONCLUSIONS  

 
The IPFC based damping controller is 

designed for two different cases. The output of 

the power system without IPFC, with IPFC are 
obtained and compared. 

 
IPFC as a multitask controller, has an 

effective role in damping low frequency 
oscillations. In this thesis, this function of 
IPFC has been investigated and numerical 
results emphasized its significant effect. In 
fact, even there is not any damping coefficient 
in power systems, IPFC can damp low 
frequency oscillations. These effects are 
decreasing the amplitude and frequency of 
power system oscillations. Moreover it damps 
oscillations faster in comparison when there is 
not IPFC in the system. The controllability 
index corresponding to IPFC control 
parameter 2m∆  , is highest and that of 2δ∆  , 
is insignificant compared to the other control 
parameters. Hence, ∆u = 2m∆   is the best 
selection for the design of the IPFC damping 
controller since the minimum control cost (the 
lowest gain) is needed to provide , the 
damping controllers based on 2m∆ . 

Dynamic simulations results have 
emphasized that the damping controller which 
modulates the control signal 2m∆   provides 
satisfactory dynamic Performance under wide 
variations in loading condition and system 
parameters. 

 
         The response of the SMIB installed with 
IPFC based Dual converter is improved when 
compared to without IPFC and individual 
( 1m , 1δ ,and  2m ) type damping controllers. 
Response of SMIB with IPFC for  step 
perturbation in mP∆  = 0.01 ,and  refV∆  = 0.01 

is good with Dual controller. 
 
      The settling time for PI- damping 
controller is more as compared to Phase-
compensation based damping controllers. 
Phase-compensation based damping 
controllers damps oscillations faster in 
comparison with PI-controllers. 
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Table 6: Comparison of Settling Time for Two cases 
 

IPFC  damping 
 controller 
  

PI  
Controller 
 

Phase  
Compensation  
 

 1m  -type controller 
10 sec 4.5 sec 

1δ  -type controller 
10 sec 5 sec 

2m -type controller 
9 sec 4 sec 

Dual converter 8 sec 3 sec 

    
 

APPENDIX 

 
The system data and initial operating conditions 

of the system are as follows: 
 

Generator: 
 M = 2H = 8.0 MJ/MVA 

  D = 0;  Tdo = 5.044s; dX =1.0pu; dX '  = 0.3pu; 

qX = 0.6pu ; eP = 0.900;  Q = 0.1958 ; sV  = 1.02; 

1=bV
 

Excitation system: AK = 50;       AT  = 0.05s 

Converter transformers: tX = 0.l pu 

Converter parameters:1m = 0.15;   2m =0.10;     

Transmission line transformers: 

LX = 0.5 pu;    sX =0.15 pu 

 DC link parameters: dcV = 2.0 pu;   C = 1 pu 
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Fig 27. Phillips-Heffron Model (Linearised Model) Of A Single-Machine Infinite-Bus (SMIB) System With IPFC 

 
 
 


