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 The conventional highly composite and interrelated power systems sometimes consist of 

thousands of buses and hundreds of alternators, which need improvement in electric power 

consumption, consistency maintains, and security. To meet the ever-growing good quality 

power demand, the improvement of conventional transmission methods and the formation 

of new concepts that might allow the optimum utilization of accessible power with no 

reduction of system reliability are of the utmost importance. But due to high complexity, 

these system responses are oscillatory in nature. If this system oscillation is damped 

somehow such that the system achieves a new steady operating condition within the 

transient period, then the system becomes stable. A stable power system requires that the 

system oscillations should die immediately. This paper proposed a novel control strategy 

based on a lead-lag based stable controller for a unified power flow controller (UPFC) for 

faster damping of inter-area oscillations of the system. Each design has been successfully 

simulated in MATLAB Simulink platform. 
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1. INTRODUCTION 

 
It is well known that one of the major interests in the power 

system is to find out proper stability conditions by mitigating 

the power system oscillations. One widespread way to 

alleviate the oscillations of the power system is the use of 

FACTS devices. FACTS is the acronym of Flexible 

Alternating Current Transmission System and it is generally 

introduced to improve the power transmission capability of the 

system. There are many FACTS devices with their advantages 

and disadvantages. However, a unified power flow controller 

(UPFC) is a very popular FACTS device due to its ability to 

control multiple parameters [1]. It is worth mentioning, several 

efforts have been made before but the introduction of UPFC 

has always been the first choice for its many advantages which 

include better control capability along with multiple parameter 

control ability. There exist many such good designs in 

literature and till now it an interesting research topic in 

electrical engineering. A methodical approach to design UPFC 

based controllers that help the oscillations to die out has been 

proposed by Tambey and Kothari [2]. Active power flow 

control by regulating voltage magnitudes of UPFC has been 

discussed by Padiyar and Kulkarni [3]. Proper modeling of 

both dynamic and steady-state of UPFC has been analyzed by 

Nabavi-Niakiand and Iravani [4] to understand its impact on 

thesystem. Fuzzy based UPFC controllers have very fruitful 

results and transient analysis using this has been noticed by 

Mohanty et al. [5]. Albatsh et al. [6] validated the dynamic 

power flow control using fuzzy logic for UPFC. Extenuation 

of sub-synchronous resonance with proportional control for 

UPFC has been demonstrated by Raju et al. [7] and space 

vector-based analysis has been done successfully by Zhang et 

al. [8]. Modern neural network-based UPFC for the 

supplementary controller has been designed by Tsai et al. [9]. 

UPFC based partial linearization controller has been proposed 

by Parvathy et al. [10] and the self-tuning fuzzy controller for 

UPFC has been optimized by Ahmadi et al. [11] recently. 

Similarly, many more kinds of research are going on UPFC 

controllers as an important FACTS device and the 

supplementary controller is one of them [12, 13]. 

It is mentioned in the popular book by Ogata [14] a few 

years back that a linear suitable model of a power system 

network together with UPFC is helpful for different small-

signal studies and also for designing the damping controller. 

This is a key statement in the research of UPFC designs and 

our current research also followed it. UPFC block is placed 

between two buses called sending bus (S) and receiving bus 

(R). The rms phasor voltage of sending bus is �̅�𝑆and the same 

for receiving bus is �̅�𝑅. The phase angle between �̅�𝑆 and �̅�𝑅 is 

known as power angle (δ). It is worth to mention that the active 

power component (P) is directly proportional to δ and the 

reactive power component (Q) is directly proportional to the 

change in voltage magnitude (∆𝑉). In this article, a discussion 

has been carried out on the dynamic model of the UPFC 

including a couple of proposals of control strategies. The slip 

speed of machine Δω is taken as the input to the controller. 

Amongst numerous models of UPFC, the pulse width 

modulation (PWM) based model with the proposed control 

strategy has been used for simulation here. This part is 

represented using a simple block diagram as shown in Figure 

1 to facilitate easy understanding. Pm and Pref are the actual 

value and reference value of active power respectively, 

similarly, Qm and Qref are the actual value and the reference 

value for reactive power respectively. 
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Figure 1. Simple block representation of PWM based UPFC 

 

 

2. PULSE WIDTH MODULATION TECHNIQUE 

 

A little discussion on PWM is necessary to illustrate our 

research work. The sinusoidal PWM technique is applied to 

generate triggering pulses for gate turn-off thyristors (GTOs) 

[15]. Here a reference sinusoid named vr, with a magnitude of 

Ar is compared with another carrier signal, named vc. This 

carrier signal is sawtooth in nature and having a magnitude of 

Ac as shown in Figure 2. The switching frequencies of GTOs 

are defined by the frequencies of the sawtooth wave. First, 

consider Figure 3, which is a phase-arm network. 

 

 
 

Figure 2. Sinusoidal PWM technique 

 

 
 

Figure 3. A phase leg of VSC 

 

In the network, if 𝑣𝑟>𝑣𝑐then turn on the pulse for device_1 

and turn off pulse for device_4 are generated and the condition 

𝑣𝑟< 𝑣𝑐  generates turn off pulse for device_1 and turn on the 

pulse for device_4. 

The reference signal frequency eventually determines the 

fundamental frequency of the output signal of the converter. 

The duration of the gate pulses can be controlled by varying 

the reference signal amplitude. The ratio of 𝐴𝑟  and 𝐴𝑐 

indicates the amplitude modulation index denoted as m. 

 

m=𝐴𝑟/𝐴𝑐 

 

When m≤ 1 the peak amplitude of the converter output’s 

primary component is expressed as follows: 

 

V= m
𝑉𝑑𝑐

2
 

 

This sinusoidal PWM waveform is shown in Figure 2 and a 

phase-arm of VSC is shown in Figure 3. Our proposed model 

is based on the PWM technique.  

 

 

3. OPERATION OF UPFC 

 

As we know, the optimum location of the UPFC device is 

the midpoint of the transmission line [16]. Figure 4 shows the 

fundamental power system model with UPFC. The basic 

model of UPFC consists of double voltage sourced converters 

(VSC), which are connected with a common DC link 

connection as shown in Figure 4. Here S is the sending bus and 

R is the receiving bus. The rms phasor voltage of sending bus 

is �̅�𝑆 = 𝑉𝑆 < 𝛿𝑆 and the rms phasor voltage of receiving bus is 

�̅�𝑅 = 𝑉𝑅 < 𝛿𝑅 . The voltage drop between the sending and 

receiving bus is denoted as �̅�𝑃𝑄. The sending end of VSC is 

connected in shunt mode and hence called a shunt converter. 

There is another VSC known as the series converter, 

connected in series with the transmission line. As the basic 

UPFC model includes power electronics devices and it works 

on very high voltage lines, it requires a step-down transformer 

to bring the high voltages to the allowable range [17]. With 

proper implementation of pulse width modulation to generate 

the triggering pulses for the switching devices of converters, 

obtained as mentioned below. The shunt and series injected 

voltage can be expressed as: 

 

𝑉𝑆𝐻 = 𝑚𝑆𝐻

𝑉𝑑𝑐

2√2𝑛𝑆𝐻𝑉𝐵

 (1) 

 

𝑉𝑆𝐸 = 𝑚𝑆𝐸

𝑉𝑑𝑐

2√2𝑛𝑆𝐸𝑉𝐵

 (2) 

 

where, 𝑚𝑆𝐻 is amplitude modulation index for the shunt 

converter control signal, 𝑚𝑆𝐸 is amplitude modulation index 

for the series converter control signal, 𝑛𝑆𝐻 is turns ratio of 

shunt transformer, 𝑛𝑆𝐸is turns ratio of the series transformer, 

𝑉𝐵 is the base voltage of the system in kV, 𝑉𝑑𝑐  is a common 

DC link voltage in kV. 

�̅�𝑆𝐻 and �̅�𝑆𝐸are expressed in terms of magnitude and phase 

as: 

 

�̅�𝑆𝐻 = 𝑉𝑆𝐻 < 𝛿𝑆𝐻 = 𝑉𝑆𝐻 < (𝛿𝑆 − 𝜑𝑆𝐻) (3) 

 

�̅�𝑆𝐸 = 𝑉𝑆𝐸 < 𝛿𝑆𝐸 = 𝑉𝑆𝐸 < (𝛿𝑆 − 𝜑𝑆𝐸) (4) 

 

where, 𝜑𝑆𝐻 is the firing angle of the shunt converter and 𝜑𝑆𝐸 

is the firing angle of the series converter considering the 

sending bus voltage as reference phasor. 
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Figure 4. Fundamental system model with UPFC 

 

In Figure 4, the sending bus current is mentioned as �̅�𝑆 and 

the line current is denoted as �̅�𝐿𝑖𝑛𝑒; it is clear that 𝐼�̅� = −𝐼�̅�𝐻 −
𝐼�̅�𝑖𝑛𝑒 , where 𝐼�̅�𝐻  is shunt current. UPFC is a mixture of static 

synchronous compensator (STATCOM) and a static 

synchronous series compensator (SSSC) where STATCOM 

and SSSC are coupled via a common dc link. The shunt and 

series converters can work as both STATCOM and SSSC to 

control reactive components of current as well as a voltage that 

is to be injected in shunt and series correspondingly [18]. The 

real power supplied to the shunt converter is denoted as 𝑃𝑆𝐻  

and the real power demanded by the series converter is 

denoted by 𝑃𝑆𝐸  as shown in Figure 4. Between the AC 

terminals, the active power flow is possible in either direction, 

but reactive power wouldn’t flow via DC link. Hence it has to 

be consumed or produced locally by both converters. The 

purpose of shunt VSC is to exchange the reactive power within 

the AC system which eventually provides the self-regulating 

shunt compensation for the transmission line. To initiate a 

shunt reactive current, the injected shunt voltage can be 

manipulated. This manipulation keeps the sending end bus 

voltage at its pre-fixed value, called automatic voltage control 

mode. 

 

 

4. PROPOSED DESIGN 

 

The linearized model of power network with UPFC is used 

for different cases like small-signal analysis of the system and 

to design the additional damping regulator design [18, 19]. We 

used the bus system modeling technique and searched the 

effect on stability for three-phase systems [20-22]. This 

linearized model has been derived as follow: 

 

�̇� = 𝐴𝑥 + 𝐵𝑢 (5) 

 

where, x is the state vector, �̇� is the derivative of the state 

vector and the control vector is denoted as 𝑢.  

 

𝑥 = [∆𝛿 ∆𝜔 ∆𝐸𝑞′ ∆𝐸𝑓𝑑 ∆𝑣𝑑𝑐]
𝑇 (6) 

 

We know that the state vector column matrix as it derived 

from the transpose of a row matrix. In Eq. (6), 𝛿  is torque 

angle and 𝜔  is rotor speed of the generator,  𝐸𝑞
′ is generator 

terminator voltage, 𝐸𝑓𝑑  is generator field voltage and 𝑣𝑑𝑐  is 

dc-link capacitor voltage of the UPFC. 

 

𝑢 = [∆𝑢𝑝𝑠𝑠 ∆𝑚𝑒 ∆𝛿𝑒 ∆𝑚𝑏 ∆𝛿𝑏]𝑇 (7) 

 

Again the control matrix is a column matrix as it is derived 

from the transpose of the row matrix. The components of this 

matrix are ∆𝑢𝑝𝑠𝑠, 𝑚𝑒 , 𝛿𝑒 , 𝑚𝑏 𝑎𝑛𝑑 𝛿𝑏, where, ∆𝑢𝑝𝑠𝑠 which is 

the damping signal, 𝑚𝑒  is the modulation index of shunt 

converter voltage, 𝛿𝑒  is the phase angle of shunt converter 

voltage, 𝑚𝑏 is the modulation index of series converter 

voltage, 𝛿𝑏  is the phase angle of the series inverter voltage. 

The system matrices A and control matrix B are given as: 

 

𝐴 =

[
 
 
 
 
 
 
 
 

  0 𝜔𝑏 0 0 0

−
𝐾1

𝑀
−

𝐷

𝑀
−

𝐾2

𝑀
0 −

𝐾𝑝𝑑

𝑀

−
𝐾4

𝑇𝑑0
′ 0 −

𝐾3

𝑇𝑑0
′

1

𝑇𝑑0
′ −

𝐾𝑞𝑑

𝑇𝑑0
′

−
𝐾𝐴𝐾5

𝑇𝐴

0 −
𝐾𝐴𝐾6

𝑇𝐴

−
1

𝑇𝐴

−
𝐾𝐴𝐾𝑣𝑑

𝑇𝐴

𝐾7 0 𝐾8 0 −𝐾9 ]
 
 
 
 
 
 
 
 

 (8) 

 

𝐵 =

[
 
 
 
 
 
 
 
 
  0     0 0 0 0

0 −
𝐾𝑝𝑒

𝑀
−

𝐾𝑝𝛿𝐸

𝑀
−

𝐾𝑝𝑏

𝑀
−

𝐾𝑝𝛿𝐵

𝑀

0
𝐾𝑞𝑒

𝑇𝑑0
′ −

𝐾𝑞𝛿𝐸

𝑇𝑑0
′ −

𝐾𝑞𝑏

𝑇𝑑0
′ −

𝐾𝑞𝛿𝐵

𝑇𝑑0
′

𝐾𝐴

𝑇𝐴
−

𝐾𝐴𝐾𝑣𝑒

𝑇𝐴
−

𝐾𝐴𝐾𝑣𝛿𝑒

𝑇𝐴
−

𝐾𝐴𝐾𝑣𝑏

𝑇𝐴
−

𝐾𝐴𝐾𝑣𝛿𝐵

𝑇𝐴

0 𝐾𝑐𝑒 𝐾𝑐𝛿𝐸
𝐾𝑐𝑏 𝐾𝑐𝛿𝐵 ]

 
 
 
 
 
 
 
 

 (9) 

 

Clearly, from this linearized model, ∆𝜔 can be a control 

signal to control 𝑚𝑒 , 𝛿𝑒, 𝑚𝑏 𝑎𝑛𝑑 𝛿𝑏 , any variations of 

these parameters are represented using the symbol Δ. Here in 

this work, the speed deviation signal of machine one (∆𝜔) is 

fed to the lead-lag based damping controller which gives the 

output signal ∆𝑉𝑑 , ∆𝑉𝑞  which further calibrate 𝑚𝑏 and 𝛿𝑏.  
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(a) Additional damping signal with PI controller 

 
(b) Simple block representation of damping controller 

 

Figure 5. PI controller based active and reactive power controller 
 

 
 

Figure 6. Simulation block of damping controller 
 

The arrangement of the proposed controller with PI 

controller is shown in Figure 5. The first block is of a low pass 

filter of the time constant Ts = 0.03 which removes the high-

frequency oscillations in the signal which is the input for the 

damping controller. Then the signal is multiplied with a gain 

of 10. The next block is a washout filter which is basically a 

high pass filter having a property of rejecting steady-state 

inputs i.e. if there is any dc offset value in the signal that part 

is removed by the filter. The next two blocks are the most 

essential parts of the controller used for frequency stabilization. 

The first block is a lead compensator that adds a positive phase 

angle to the system at high frequencies, which enhances the 

sensitivity and stability of the proposed system. And lag 

compensator adds a negative phase angle to the system at low 

frequencies which reduces the steady-state error. The 

parameter values of the lead-lag compensator are T1 = 0.05, 

T2 = 0.02, T3 = 3, T4 = 5.4. A model of the simulation block 

is shown in Figure 6 which was implemented in MATLAB to 

assign the appropriate cut-off frequency. There is a possibility 

of change in output if the input signals are passed unchanged 

and it is worth mentioning that the input signals are associated 

with oscillations. The lowpass filter is used to attenuate the 

higher frequency components. The cut-off frequency of the 

LPF has been kept near to the fundamental frequency. Next, 

the amplifier with a gain of 10 increases the power of the 

incoming signal. The washout filter is a highpass filter and the 

cut-off frequency has been kept near the middle point 

frequency range. This filter is important as it resists the steady 

change in input which block to modify the output. The value 

of the washout time constant is not important for the lead-lag 

compensator and it may vary between 1s to 20s. The two-stage 

of lead-lag block is a phase compensator that gives the suitable 

phase-lead characteristics and it compensates input-output the 

phase lag. 
 

 
 

Figure 7. Proposed design in MATLAB tool 
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5. SIMULATION RESULTS AND DISCUSSION 

 

In this project, a two-machine infinite bus system model has 

been simulated in MATLAB (shown in Figure 7). The effect 

on the stability of the system for three-phase fault and sudden 

load variation has also been studied. To improve the stability 

UPFC has been introduced in the transmission line.  

 

 
 

Figure 8. Rotor speed deviation of machine 1 for transient 

fault with a duration of 0.1 sec 

 

 
 

Figure 9. Rotor speed deviation of machine 2 for transient 

fault with a duration of 0.1 sec 

 

 
 

Figure 10. Rotor speed deviation of machine 1 for sudden 

load variation 

 

 
 

Figure 11. Rotor speed deviation of machine 2 for sudden 

load variation 

 

First, the model is run without having a three-phase fault 

and without UPFC connected. The active power measured and 

got the value as 587 MW, whereas the reactive power also 

measured, which is -27 MVAR. Then a three-phase severe 

fault is introduced for a duration of 0.1 seconds. After the fault 

is nullified, both the parameters, i.e. the active and reactive 

power (i.e. 587 MW and -27 MVAR respectively) have to be 

maintained properly to achieve synchronism quickly for the 

machines in the system. This is the main purpose to introduce 

UPFC at the load bus, and after this step stability settlement of 

the system has been realized. Then the three-phase fault block 

is eliminated and an abrupt load discrepancy of 50 MW is 

introduced for 0.1 sec. The rotor speed deviation of machine 1 

and machine 2 for transient fault are shown in Figure 8 and 

Figure 9 respectively, where a three-phase severe fault is 

introduced for 0.1 seconds duration. The rotor speed deviation 

of machine 1 and machine 2 for sudden load variation are 

shown in Figure 10 and Figure 11 respectively. 

 

 

6. CONCLUSIONS 

 

In this paper, the damping controller has been proposed and 

performance has been compared with the state of art PI 

controller used in the series inverter of UPFC. Two cases of 

disturbances have been introduced first and then the system 

behavior has been studied. The two types of disturbances 

introduced as a three-phase fault of duration 0.1 sec and 

another are sudden load variation of 100 MW in double 

machines infinite bus system. Rotor speed deviation of two 

machines has been considered as the parameter to investigate 

system performance. The main objective is to make this 

deviation zero with the designed controller, as fast as possible 

after the disturbances are cleared. It has been noticed that 

system performance is improved when the supplementary 

damping controller has used with UPFC the results for both 

the cases of transient disturbances. With regards to UPFC’s 

capability in the improvement of transient stability and 

damping low-frequency oscillation (LFO) of power system a 

PI controller and a lead-lag compensator based supplementary 

controller has been presented. Simulations are performed for 

two cases of transient disturbances and the effectiveness of the 

proposed controller has been observed. Simulation results for 

all the cases indicated that UPFC due to its unique capability 

of controlling both real and reactive power can be effectively 

used to control rotor angle oscillations in the power system 
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during various disturbances and it is further beneficial with the 

additional supplementary damping controller, designed based 

on lead-lag compensator. 
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