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Abstract 

New generation FACTS controllers, opens up new avenues for controlling the flow of power through Transmission lines. 

The basic theme is to enhance the capacity of transmission line to transmit active power by reducing flow of reactive 

power over the long distances. Reactive Power compensation at the point where it is needed is to be supplied or 

absorbed through FACTS devices enabling lines to use the valuable space for transmitting active power which does the 

real work. Due to this fact the transmission lines are not operating at full utilization or at full capacity. In other words if 

we can minimize the flow of reactive power, the capacity of transmission line can be increased. Another aspect is 

terminal voltage which swells if there is surplus amount of reactive power as the case is when a large load is suddenly 

thrown away from the system. Further the voltage sags near to large industrial complexes or a bulk load like of a city, 

due to the scarcity of reactive power. Several technologies have been used and new are developed over a period of time 

to compensate the reactive power in transmission lines. The paper review the traditional technologies used and discusses 

the current FACTS based technologies for Reactive Power Compensation. 
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1. INTRODUCTION 

Transmission line is one of the most important parts of power system. Even though the lines are constructed 

on the basis of various forecasting data, the ever increasing demand resulted in scarcity of transmission space 

very often. It is not possible each time, to replace the lines with upgraded capacity and the only option left out 

is to enhance the capacity of present lines by some means.   

Transmission Lines are characterized by four components namely series inductance, resistance, shunt- 

capacitance and conductance. The series inductance is responsible for the absorption of the reactive power 

whereas the shunt capacitance is responsible for the generation of reactive power [1] 

As discussed earlier, we have to be in search of ways of enhancing capacity of present Maximum 

transmittable active power can be enhanced by reactive power compensation. The prime focus was on the 

reactance of lines and large capacitor banks were used which were either fixed or to be switched on and off 

mechanically. Fixed capacitor bank scheme was having its own problem of bulkiness and space stealing 

combined with the problem of over voltages during light load conditions. The reactors were also employed as 

fixed reactors for compensation of capacitive charging current very often but the installations were fixed 

based on the personal experience and forecasting skill of power system controllers and engineers. With the 

advent of semiconductor based power electronics components like thyristors, a great sigh of relief came in the 

form of predefined switching in steps. The switching was controllable through thyristor firing schedule. Use 

of thyristor in capacitor based and inductor based devices almost vanished the mechanical switching, 

obviously getting the edge over the previous compensators. Several devices were composed and deployed like 

Thyristor Switched Capacitor (TSC), Thyristor Controlled Reactor (TCR), TSC-TCR Combined and TCSC, 

which will be discussed in the following literature. It would be worth mentioning some other devices like 

Synchronous Condenser and Phase shifting transformers which find use in reactive power compensation. With 

the induction of new high speed semiconductor switching devices like IGBT and GTO, a new Technology 

named Flexible AC Transmission Systems (FACTS) took shape and started a new era of power electronics 

based devices for controlling one or more parameters of AC Transmission Line. Most of these devices use 

voltage source converters or self commutated devices and the age of bulky capacitor banks have gone. 

STATCOM, DVR, SSSC, UPFC and IPFC are some of such devices and will be looked upon in detail in this 

literature. A comparison of FACTS devices will also be presented to understand the characteristics of various 

devices [1], [2]. 
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 2. ROLE OF REACTIVE POWER COMPENSATION 

It is very important to balance reactive power in the system to get the correct grid voltage. If there is surplus 

reactive energy, the voltage will swell and in case of scarcity of reactive power the voltage will sag. 

Furthermore the flow of reactive power over the long distance transmission lines give rise to power losses and 

will eventually increase the power cost. Presence of reactive power in transmission lines also occupy the 

capacity or space which could have been utilized for transmitting some more active power and to enhance the 

capacity of Line. To have it in the right amounts at all the times, and at the right places of the grid, is the task 

to be performed by means of Reactive Power Compensation [3]-[6].  

Ways of compensating reactive power may be classified on the basis of deployment of devices; the most 

common of these are Shunt Compensation and Series Compensation. Before discussing the latest state of the 

art technology of reactive power compensation, it would be worth to have an idea of conventional or 

traditional compensation devices. A brief idea of complete plan of discussion is presented in Figure 2.1. 

 

Fig2.1 Reactive Power Compensation Technology at a glance 

2.1 THE PRINCIPLE OF COMPENSATION 

The foregoing technologies are based on the way in which the devices are deployed in the transmission line 

circuit. There are two underlying principles. Shunt Compensation and Series Compensation. [2]. Figure 2.1 

shows the simplified model of a power transmission system. The schematic single line diagram along with 

corresponding phasor diagram is shown in Figure2.2. The current (magnitude) in the transmission, the active 

and reactive components of the current flow ad active and reactive powers at buses 1 and 2 are respectively 

given by equations 2.1 to 2.5 
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Figure2.2 Power Transmission System: (a) Simplified Model; (b) Phase Diagram 
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It is evident that active and reactive power/current flow can be regulated by controlling the voltages, phase 

angles and line impedance of the transmission system. The active power flow will reach the maximum when 

the phase angle δ is 90º. In practice, a small angle is used to keep the system stable from the transient and 

dynamic oscillations. [4]  

2.1.1  Compensation through Shunt Connected devices   

A simplified model of a transmission system with shunt compensation is shown in Figure 2.3. The line is 

lossless with reactance XL. At the midpoint of the transmission line, a controlled capacitor C is connected. The 

voltage magnitude at the connection point is maintained as V. 

 

 
Figure2.3 Transmission System with Shunt Compensation; Simplified Model, Power-Angle Curve and Phase 

Diagram 
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The power angle curve shown in Figure 2.3 is self explanatory. the transmitted power can be significantly 

increased, and the peak point shifts from δ=90º to δ=180º. The voltage support function of the midpoint 

compensation can easily be extended to the voltage support at the end of the radial transmission for voltage 

stability enhancement.  

2.1.2  Compensation through Series Connected Devices 

Series line impedance is another factor which affects the power transfer capacity of line. By encompassing 

series compensation we can control overall series line impedance of the transmission line and the transfer of 

real and reactive power in turn. In this process a controlled capacitor is inserted in series with the line which 

adds a voltage in opposition to the transmission line voltage drop, therefore reducing the series line 

impedance. A model of a transmission system with series compensation is shown in Figure 2.4. 

       
Figure2.4. Transmission System with Series Compensation; Simplified Model, Power-Angle Curve and Phase Diagram 
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Reactance due to controlled capacitor Xc = k XL       (2-8)  

The Combined series inductance   X = XL – XC = (1-k) XL     (2-9)  
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The power angle curve of figure 2.4 shows that the transmitted active power increases with k. 

 

3. TECHNOLOGIES ENCOMPASSING REACTIVE POWER COMPENSATION. 

In order to improve the performance of ac power systems we need to manage flow of reactive power or VAR. 

The management of flow of reactive power is defined as VAR compensation. [7] The concept of VAR 

compensation addresses power quality related problems, which can be solved with control of reactive power. 

Some main objectives are to improve the system power factor, to balance the real power, compensate voltage 

regulation, to eliminate current harmonic components, to maintain a flat voltage profile at all levels of power 

transmission; to improve HVDC conversion performance, to increase transmission efficiency and to control 

steady-state and temporary over voltages, avoiding blackouts. 

3.1)  Traditional VAR Compensation Technology 

In the last decade, a large number of different static VAR generators, using power electronic technologies 

have been proposed and developed [8]. A brief description of the most commonly used shunt and series static 

compensators is presented below. 

3.1.1) Deployment of Synchronous Condensers 

In this system some synchronous machines are connected to the power system specifically to regulate the flow 

of VAR through the power system lines. These machines when synchronized and the field current is adjusted 

to either generate or absorb reactive power as required by the ac system can provide continuous reactive 

power control, characterized by advantages like improvement in system stability and continuous voltage 

control within reasonable limits in addition of high overload capability these are rarely used due to 

disadvantages as huge cost involved in heavy foundations, starting, control and protective equipments, higher 

losses as compared to FACTS devices, slow dynamic response to loads and their property of increasing short 

circuit current [9]. 

3.1.2) Installation of Fixed or Mechanically Switched Capacitors 

The leading current drawn by the shunt capacitors compensates the lagging current drawn by the load. The 

selection of shunt capacitors mainly depends on the amount of lagging reactive power taken by the load. In the 

case of widely fluctuating loads, a fixed capacitor bank may often lead to either over-compensation or under-

compensation. Depending on the total VAR requirement, capacitor banks are switched into or switched out of 

the system. The smoothness of control is dependent on the number of capacitors switching units used. The 

switching is done using electromechanical relays and circuit breakers which have the disadvantage  of 

being sluggish and unreliable. Also they generate high inrush currents, and require frequent maintenance [10]. 

3.1.3) Use of Thyristor based Static Compensator 

The disadvantages as stated earlier due to electromechanical switching, sluggishness are overcome by using 

semiconductor based Power electronics switches such as thyristors. The static compensators based on thyristor 

can be grouped as Shunt Compensators and Series Compensators to have a better understanding of the subject. 

A. Thyristor Based Static Shunt Compensators:  

Shunt compensation, especially shunt reactive compensation has been widely used in transmission system to 

regulate the voltage magnitude, improve the voltage quality, and enhance the system stability in addition to 

reduce the line over voltages by consuming the reactive power. Shunt-connected capacitors are used to 

maintain the voltage levels by compensating the reactive power to transmission line.TSC, TCR and 

combination of those may be used.  
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B. Thyristor Based Static Series Compensators 

Concurrent control algorithms of TCSC provide electro mechanical damping between large electrical systems 

by changing the reactance of power line and at the same time shall change its apparent impedance for sub 

synchronous frequencies. The devices are summarized in the table 3.1given below: 

Table3.1 Comparison of Types of Thyristor Based Static Compensators 
Thyristor Based Static Compensators 

Types  of 

Compensators 

 

Shunt Compensators Series Compensators 

 

TSC TCR TSC and TCR Combined TCSC 

    

Characteristics 

of 

Compensator 

Harmonics 

Generation 

Low since 

transient 

component of 

current can be 

moderately 

attenuated 

High 

Harmonic 

content. 

of low freq 

harmonic 

current is 

potential 

disadvantage 

Low generation of harmonics 

because the controlled reactor 

rating is small as compared to the 

total reactive power being 

handled but Filters are needed. 

Low generation of 

Harmonics. It varies its 

apparent impedance to for 

the sub synchronous 

frequencies present in the 

system. 

Compensation 

Accuracy 

Good Very Good Very Good Very Good. 

Reactive Power 

Capability 

Leading / 

Lagging 

Lagging / 

Leading 

Leading / Lagging Leading/Lagging continuous  

Control Type Stepwise 

Discontinuous 

Continuous It is possible to obtain fully step 

less Continuous control by 

coordination of L and C control 

steps. More complex control 

system is an obvious 

disadvantage. 

It changes line impedance 

continuously by the tuning 

delay angle of the Thyristor 

valves. 

Control 

Characteristics 

Good Very Good Very Good Very good Dynamic Control 

Flexibility Good Very Good Very Good flexibility in control 

and operation 

Flexible but complex in 

nature due to dynamics alters 

with variable operating 

point.  

Response and 

Average delay 

time 

0.2 to 1 Cycles 

(Fast 

Response) 

0.2 to 2 

Cycles (Fast 

Response) 

0.2 to 2 Cycles (Fast Response) Dynamic response changes 

its operating point. Response 

time less than 1 cycle. 

Losses in 

Operation 

Low loss but 

increase in 

Leading Mode 

(when 

supplying 

reactive VARs 

Low loss, but 

Higher losses 

when 

absorbing 

reactive power 

(lagging) 

Low loss but increase in Lagging  

Mode 

Low losses due to its prime 

property of Mitigating sub 

synchronous resonance. 

Phase 

Balancing 

Limited Good Limited Moderate 
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3.2) Self Commutated VAR Compensators  

The advent of FACTS devices and application of self-commutated converters as a means of compensating 

reactive power source has lead us to a new direction and enable us to use an effective solution of 

compensation problem. This technology has been used to implement more sophisticated compensator 

equipment such as static synchronous compensators, unified power flow controllers (UPFCs), IPFCs and 

dynamic voltage restorers (DVRs) [7], [8],[11]. 

As compared with thyristor-controlled capacitor and reactor banks, self-commutated VAR compensators have 

the following advantages: 

Table3.2 Comparison of Thyristor Based Static and Self Commutated Compensators 

Parameters Thyristor Based Static Compensators Self Commutated Compensators 

Reactive Power 

sources 

Here the sources are Capacitor banks and / or 

reactors controlled by thyristor switches. 

With the RL and C in circuit there are all 

possibilities of resonance in power lines and 

need separate measures to prevent system 

damage in that case. 

They can generate both leading and 

lagging reactive power, thus no need of 

capacitors and reactors. This in turn 

reduces the possibility of resonances at 

some critical operating conditions. 

Controlling and 

Response Time 

Time response is more due to the limitation 

of switching at some specified moment of 

fundamental cycle to prevent inrush currents 

and over voltage. 

Since the time response of self-

commutated converter can be faster than 

the fundamental power network cycle, 

reactive power can be controlled 

continuously and precisely. 

Harmonics 

Content 

In TSC there is low generation of harmonics 

but is TCR High harmonics content of low 

frequency is generated. In the combined TSC 

and TCR the Harmonics may be reduced but 

filters are needed.  

High frequency modulation of self-

commutated converter results in a low 

harmonic content of the supply current, 

thus reducing the size of filter 

components. 

Inrush Current Generate inrush Current. They don’t generate inrush current. 

Dynamic 

Performance 

Under voltage variations dynamic 

performance is inferior as compared to Self 

Commutated Compensators 

The dynamic performance under voltage 

variations and transients is improved. 

The ability to 

support the 

power system 

Good in case of Series Compensators and 

combined TSC and TCR but the current in 

shunt capacitors and reactors is proportional 

to the voltage. 

 

Better than that obtained with thyristor 

controlled VAR compensators because 

self-commutated VAR compensators are 

capable of generating 1 p.u. reactive 

current even when the line voltages are 

very low.  

Multitasking These compensators may be deployed as  

solution to achieve some single specified task 

relating VAR compensation 

Self-commutated compensators with 

appropriate control can also act as active 

line harmonic filters, dynamic voltage 

restorers, or unified power flow 

controllers. 
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Self-commutated VAR compensators are characterized by the significant reduction of size and the potential 

reduction in cost. This is due to the elimination of a large number of passive components and lower relative 

capacity requirement for the semiconductor switches [7]. Self-commutated VAR compensators are well suited 

for applications where space is an important factor, due to reduced sizing. The Influence of FACTS devices on 

the power flow is shown in figure 3.2 below 

The main disadvantage of self commutated converters is the 

capacity limitation. The IGBTs and IGCTs available are still 

starving for the increased reverse voltage withstanding 

capabilities. At resent it is 6 to 10 kV. When using in high 

voltage power systems it is surely a disadvantage. Several 

researches are ongoing to overcome this problem and suggest 

that the possible solutions may be use of sophisticated and 

optimized multilevel compensators with or without carrier 

shifted. 

Fig 3.1 Power transfer equation and influence of FACTS 

devices 

3.2.1) Dynamic Voltage Restorer (DVR) 

A DVR, device is connected in series with the power system and to keep the terminal voltage constant, almost 

independently of the source voltage fluctuations. When voltage sags or swells at the load terminals, the DVR 

injects three ac voltages in series with the incoming three-phase network voltages, compensating for the 

difference between faulted and pre-fault voltages. Each phase of the injected voltages can be controlled 

separately (i.e., their magnitude and angle). Active and reactive power required for generating these voltages 

are supplied by the voltage source converter, fed from a DC link as shown in Figure 3.2. The DVR may 

consists of components like VSCs, Booster Transformer, filters and switchgear and protection systems with an 

energy source which is capacitor bank in this case. 

 

Fig. 3.2 Dynamic Voltage Restorer (DVR) 

3.2.2) Static Synchronous Series Compensator (SSSC). 

A voltage source converter can also be used as a series compensator as shown in Fig. 3.3. The SSSC injects a 

voltage in series to the line, 90º phase-shifted with the load current, operating as a controllable series 

capacitor. The basic difference, as compared with series capacitor, is that the voltage injected by an SSSC is 

not related to the line current and can be independently controlled. The Arrangement known as static 

synchronous compensator is based on a solid-state voltage source inverter and analogous to a synchronous 

machine, generating balanced set of three sinusoidal voltages at the fundamental frequency, with controllable 
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amplitude and phase-shift angle but different from Synchronous Machine in a way that it has no inertia and no 

overload capability. 

 

Fig. 3.3 Static Synchronous Series Compensator (SSSC). 

3.2.3) Unified Power Flow Controller (UPFC). 

The unified power flow controller (UPFC), consists of an ideal ac to ac power converter in which two 

switching converters connected back to back through a common dc link. The DC link may be provided by a 

storage capacitor. One converter is connected in parallel with line and another one is connected in series with 

the transmission line.  As far as function or operation is concerned the real power can freely flow in either 

direction between the ac terminals of the two inverters and each inverter can independently generate (or 

absorb) reactive power at its own ac output terminal. The series converter of the UPFC injects an ac voltage in 

series with the transmission line. This magnitude and phase angle of the injected voltage can be controlled for 

each phase with the control of firing angle. The shunt converter supplies or absorbs the real power demanded 

by the series converter through the common dc link. The UPFC control system is divided into internal (or 

converter) control and functional operation control. The internal controls operate the two converters so as to 

produce the commanded series injected voltage and, simultaneously, draw the desired shunt reactive current.  

Operating UPFC is a multitasking device and can be operated in various modes depending upon requirements 

such as: Shunt Converter, Reactive Power Control Mode, Automatic Voltage Control Mode, Series Converter, 

Direct Voltage Injection Mode, Bus Voltage Regulation and Control Mode, Line Impedance Compensation 

Mode, Phase Angle Regulation Mode, Automatic Power Flow Control Mode, Stand Alone Shunt and Series 

Compensation 

 

Fig. 3.4 UPFC Power Circuit Scheme 

UPFC offers multiple advantages including capabilities of terminal voltage regulation, Series line 

compensation and phase angle regulation, Optimal Power Flow, Reliability, Dynamic Security and Harmonic 

Isolator. 

3.2.4) Interline Power Flow Controller (IPFC) 

An Interline Power Flow Controller (IPFC), shown in Fig. 3.5, consists of two series VSCs, whose DC 

capacitors are coupled, allowing active power to circulate between different power lines. When operating 
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below its rated capacity, the IPFC is in regulation mode, allowing of the P and Q flows on one line, and the P 

flow on the other line. In addition, the net active power generation by the two coupled VSCs is zero, 

neglecting power losses. 

 

Fig. 3.5 IPFC Power Circuit Scheme. 

Principles of Operation of the IPFC Systems  

Each of the two series inverters in this scheme controls power flow by injecting fully controllable voltages Vc1 

and Vc2 and are represented by voltage sources Vc1 and Vc2 in this figure. Out of the two interconnected 

systems shown in fig 3.6, System 1 is represented by reactance X1, has a sending-end bus with voltage phasor 

V11 and receiving-end bus with voltage V21. Respectively System 2 is represented by reactance X2 and voltage 

phasors V21 and V22. Let’s determine equation on power which series inverter (for example in System 1) 

cannot generate internally [9], [12], [13]. 

 For this purpose voltage phasors are: 

V11 = V11 cosϕ11 + jV11 sinϕ11          (3.1) 

 V 21 = V21 cosϕ21 − jV21 sinϕ21          (3.2) 

 V c1 = Vc1 cosϕc1 + jVc1 sinϕc1         (3.3) 

On the base of those equations we can define active and reactive components of current: 
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Fig. 3.6: IPFC Scheme (Two Systems 1 and 2 shown above) and Phasor 

After simply transformations equations on active and reactive powers transmitted to the receiving - end bus 
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Some additional parts in equations give the idea of what the contribution of the active Vcp1 is and reactive Vcq1 

components on power delivered to the receiving-end bus. IPFC has to control both active and reactive power 

delivered to the receiving-end bus. Let’s determine desired powers as follows: 

  P*21 = Constant                     (3.8) 

  Q*21= 0                      (3.9) 

On the base of this equation we can tell that:  
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So the active power demand of the series inverter’s in i
th
 system is  
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When PIPFC1 > 0, System 1 absorbs active power from System 2; 

When PIPFC1 < 0, System 2 sends active power to System 2; 

System 2 (or System 1) can keep PIPFC = cons. Even controlling it’s own power flow, (Fig. 3).
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Fig. 3.6: Closed Loop IPFC Scheme verified through MATLAB 

The IPFC simply combines the otherwise independent series compensators (SSSCs), without any significant 

hardware addition, and provides some of those with greatly enhanced functional capability. The increased 

functional capability can be moved from one line to another, as system conditions may dictate. In addition the 

individual inverters of the IPFC can be decoupled and operated as independent series reactive compensators, 

without any hardware change. 

The operating areas of the individual inverters of the IPFC can differ significantly, depending upon the 

voltage and power ratings of the individual lines and on the amount of compensation desired. It is evident that 

a high power line may supply the necessary real power for a low capacity line to optimize its power 

transmission, without significantly affecting its own transmission. 

 

4. Conclusion 

The paper aims to present a consolidated review on the various methods of reactive power compensations. 

The traditional methods have been reviewed in which bulky reactor and capacitor banks were used. Switching 

was being done through sluggish electro-mechanical switchgear and relays. The smooth switching operation 

and faster control is exercised with the advent of thyristor switching. However the problems as discussed in 

table 3.2 could be attenuated or minimized only after application of FACTS based self commutated devices 

the bulky capacitor bank and space consuming reactors are eliminated and the self commutated converters are 

able to generate or absorb reactive power. The paper also discussed special devices like STATCOM, SSSC, 

UPFC and IPFC. Both UPFC and IPFC use two VSCs and a common DC link but they differ in the method of 

deployment and the objective of deployment in turn.  
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