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Abstract.  

Electrical power transmission is one of the developmental keys of a nation. Due to the significantly increasing of 

industrial growth, high power transmission demands, and poor performance of power systems in Nigeria, voltage 

instability is gaining more attention and has become a challenging problem leading to voltage collapse of power 

systems. The purpose of this paper is to compare the effectiveness of three FACTS Controllers: Static Var 

Compensator (SVC), Static Synchronous Compensator (STATCOM), and Thyristor Control Series Compensator 

(TCSC) on the impact of voltage stability enhancement and power loss reduction of the transmission line. To achieve 

this, the 52-bus network and each FACTS controller were modeled and simulated, and load flow analysis was carried 

out by Adaptive Newton Raphson with 99 iterations using ETAP environment. From the simulation, weak and weakest 

buses were detected and solutions were obtained for each FACTS controller used in the test system as three separate 

test cases. The result obtained can eventually help in concluding the effectiveness of each controller with respect to 

voltage profile improvement and power loss reduction in the power system. 

 
Keywords: Controllers, Power System Planning, Compensations, Stability, Voltage Profile.

I. INTRODUCTION 

Voltage Stability analysis is important as voltage 

instability may result in the partial or complete 

interruption in the power system. For voltage stability 

analysis, a number of steady-state analysis methods such 

as standard power flow methods, continuation power 

flow methods, modal methods and dynamic simulation 

methods are being used by the electric utilities. [1] The 

reactive power plays an important role in a power 

system. Fundamentally, an electric power is generated, 

transmitted and then distributed to the customers. [2,3] 

Transformers, transmission and distribution lines, cables 

and many common load devices such as motors shift the 

relationship between current and voltage due to their 

inherent characteristics. This shift is measured in Volt 

Ampere Reactive (VAR). High VAR levels may result 

in a reduction in power transfer capability and 

an increase in losses. Low VAR levels may result in 

voltage sag. Hence, appropriate levels of reactive power 

are to be maintained to enhance the voltage stability of 

the power system [3].  The sources of reactive power 

such as conventional devices which are built out of 

resistance, inductance or capacitance together with 

a transformer, and Flexible AC Transmission System 

(FACTS) devices provide sufficient reactive power to 

the system [4, 5, 6, 7, 8]. FACTS devices provide 

reactive power compensation and improve voltage 

stability, transmission capability, power flow control, 

and operating flexibility of the power system.  The 

purpose of this research is to provide an analysis of the 

use of FACTS devices in improving voltage stability, 
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minimizing power loss, and improving transmission 

system loadability that result from utilization of different 

types of shunt and series FACTS devices such as Static 

Voltage Compensator (SVC), Static Synchronous 

Compensator (STATCOM), and Thyristor Controlled 

Series Compensator (TCSC).  To test the idea, we have 

introduced different FACTS devices into the IEEE 39 

bus New England test system. Voltage stability of the 

power system before and after introducing the different 

FACTS devices is observed by comparing metrics such 

as active and reactive power losses, voltage magnitude 

profile, loading margin, and P-V curves [9,10]. In 

modern power transmission system, voltage downfall 

aspect has become crucial concerns over the decades as 

it is being a major cause for numerous series power 

failure that have encountered throughout the world. 

Nowadays, electricity plays a significant role in the 

development of any economy and the inadequate supply 

of electricity to meet the ever-growing demand of power 

has caused power system to operate under highly 

stressed conditions. The electricity demand is increasing 

day by day with the technological developments. This 

increasing energy demand in turn have led to the 

difficulty in maintaining the system voltages within the 

acceptable limit and therefore driving the power system 

to work near the boundary of instability margin thus, 

creates the problem of voltage stability in power 

systems. Voltage stability refers to the ability of a power 

system to maintain steady voltages at all the buses in the 

system after being subjected to a disturbances from a 

given initial operating condition [11, 12]. The power 

system voltage is stable if voltages after disturbances are 

close to voltages at normal operating conditions. A 

power system becomes unstable when voltage 

uncontrollably decreases due to outage of equipment and 

sudden increment in load. Voltage stability is generally 

a local problem, but the consequences of voltage 

instability have significant impact on the power system. 

The result of this impact is voltage failure arises when 

system is over loaded beyond its extreme load capability 

point. This effect leads to progressive and uncontrollable 

voltage drop in the system voltage and if no provision is 

given for an additional voltage support, system break 

down, voltage collapse and blackout may be 

experienced.  Voltage stability has today become an 

important area receiving great attention from power 

system engineer and researchers. It is a serious problem, 

which steadily reaches operating limit, imposed by 

economic and environmental constraints. At the verge of 

voltage collapse, the rate of decrease of voltage will be 

so high giving no time for the operator respond. [11, 12, 

13]                                                                                                                                                  

Voltage collapse has occurred in many parts of 

the world due to inefficient voltage support. The major 

cause of voltage instability problem in power system is 

the inability of satisfy the reactive power demand at 

critical nodes in the power system. When the system is 

in a state of instability, voltage profile is affected and 

any drop in voltage profile is accompanied by increase 

in reactive power demand. If the reactive power demand 

is not met, it further causes decay of the bus voltage and 

this can lead to poor power transfer capability in the 

system with possible deficient equipment performance 

and damage. This therefore creates the need for 

compensating devices that can enhance and stabilize the 

system voltage profile by providing the required reactive 

power supports to the system.  An important constrain 

regarded with the reactive power support is the 

installation of compensating devices at proper locations. 

[14] Reactive power must be provided at locations 

where its demand is the highest. If there happens to be 

excess reactive power in a power system, it causes two 

much heating and voltage drops. Therefore, the proper 

placing and sizing of reactive power generating devices 

is of prime importance. The most useful device that can 

produce the desired compensation for the system is the 

Flexible AC Transmission System (FACTS) [15, 16]. In 

power transmission system, the implementation of 

Flexible AC Transmission System (FACTS) devices is 

intensively preferred in order to minimize the Voltage 

instability, power losses and enhance power quality. 

According to the IEEE PES task force of the FACTS 

working group, the static VAR compensator can be 

defined as a shunt-connected static VAR generator or 

absorber whose output is adjusted to exchange 

capacitive or inductive current so as to maintain or 

control specific parameters of the electrical power 

system [17]. The SVC is built of power electronic 

devices such as the thyristor valve which is a stack of 

series connected anti-parallel thyristors to provide 

controllability, air core reactors, and high voltage AC 

capacitors and is connected to the transmission line 

through a power transformer. It includes a thyristor-

controlled reactor for leading VAR and a thyristor-

switched capacitor for lagging VAR. The thyristor-

controlled reactor is defined by the IEEE PES task force 

of the FACTS working group as a “shunt-connected, 

thyristor-controlled inductor whose effective reactance 

is varied in a continuous manner by partial conduction 

control of the thyristor valve”. The thyristor-switched 

capacitor is defined by the IEEE PES task force of the 

FACTS working group as a “shunt-connected, thyristor-

switched capacitor whose effective reactance is varied in 

a stepwise manner by full- or zero-conduction operation 

of the thyristor valve” [18,19,20].  

 

II. METHODOLOGY 

Modeling of Typical Transmission Network: 

The typical transmission line is presented as a 

line diagram shown in Figure 1  
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Figure 1:  Single Line Diagram of Transmission 

Line 

  

 In the power system stability field, a particular 

interest is in controlling voltage and reactive power. The 

issue is to avoid voltage instability which can result in 

voltage collapse. Reactive power is very precious in 

keeping the system voltage stable [12, 17]. It is generated 

when the current waveform is not in phase with the 

voltage waveform because of energy-conserving 

elements like inductor or capacitors. Reactive power is 

required for reducing magnetic and electric fields in the 

inductor and capacitor respectively. The voltage in the 

transmission line can be varied with a variation of 

reactive power. This can be illustrated as follows: 

𝑆𝑅 = 𝑃𝑅 + 𝑗𝑄𝑅    (1) 

Therefore, equation (1) may be expressed as, 

𝑆𝑅 = 𝑉𝑅 {
𝑉𝑆𝑐𝑜𝑠𝛿+𝐽𝑉𝑆𝑠𝑖𝑛𝛿−𝑉𝑅

𝐽𝑋
}                (2) 

𝑆𝑅 =
𝑉𝑅𝑉𝑆𝑠𝑖𝑛𝛿

𝑋
+ 𝐽

𝑉𝑅𝑉𝑆𝑐𝑜𝑠𝛿−𝑉𝑅
2

𝑋
  (3) 

According to equation (3), the active and reactive power 

supplied to the load is: 

𝑃𝑅 =
𝑉𝑅𝑉𝑆𝑠𝑖𝑛𝛿

𝑋
   (4) 

𝑄𝑅 =
𝑉𝑅𝑉𝑆𝑐𝑜𝑠𝛿−𝑉𝑅

2

𝑋
   (5) 

From equation (4) and (5), using 𝑠𝑖𝑛2𝜃 + 𝑐𝑜𝑠2𝜃 = 1, 

we have 

𝑃𝑅
2 + (𝑄𝑅 +

𝑉𝑅
2

𝑋
)2 =

𝑉𝑆
2𝑉𝑅

2

𝑋2    (6) 

The voltage at the receiving bus (bus-2) can be expressed 

as, 

𝑉𝑅
2 =

1

2
[𝑉𝑆

2 − 2𝑄𝑅𝑍 + 𝑉𝑆 (√𝑉𝑆
2 −

4𝑃𝑅
2𝑍2

𝑉𝑆
2 − 4𝑄𝑅)] 

  (7) 

Where; 

𝑉𝑆 and 𝑉𝑅 are bus voltages at the sending and receiving 

end respectively;  

𝐼 is the line current, 𝑋 is the reactant, 𝛿 is the generator's 

internal angle, 𝑃𝑆 and 𝑃𝑅 are active and reactive powers 

supplied to the load. 

 

Formulation of Power Flow Equation in Transmission 

Network: 

The power system network comprising nth-

buses, the current Ii injected at the ith bus in the system 

is expressed as, 

𝐼𝑖 = ∑ 𝑌𝑖𝑘
𝑛
𝑘=1 𝑉𝑘; 𝑖 = 1,2…… . . 𝑛  (8) 

Where; 𝐼𝑖 =the current on ith bus, 𝑉𝑘 = the voltage at 

bus k, 𝑌𝑖𝑘 = the admittance between bus i and bus k. The 

complex power injected by the source into ith bus is 

described as, 

𝑆𝑖 = 𝑉𝑖𝐼𝑖: 𝑖 = 1,2… …… … . 𝑛   

    (9) 

𝑆𝑖 = 𝑃𝑖 + 𝑗𝑄𝑖      

    (10) 

Equations (9) and (10) are modified into two equations 

given as, 

𝐼𝑖 =
𝑆𝑖

∗

𝑉𝑖
∗     

    (11) 

𝐼𝑖 =
𝑃𝑖−𝑗𝑄𝑖

𝑉𝑖
∗     

    (12) 

From equation (12), 

𝑃𝑖 − 𝑗𝑄𝑖 = 𝑉𝑖
∗𝐼𝑖    (13) 

Substituting equation (8) we have, 

𝑃𝑖 − 𝑗𝑄𝑖 = 𝑉𝑖
∗(∑ 𝑌𝑖𝑘

𝑛
𝑘=1 𝑉𝑘); 𝑖 = 1,2…… . . 𝑛 

   (14) 

Separating equation (14) into imaginary and real 

components we have, 

𝑃𝑖 = 𝑅𝑒( 𝑉𝑖
∗(∑ 𝑌𝑖𝑘

𝑛
𝑘=1 𝑉𝑘))  (15) 

𝑄𝑖 = −𝐼𝑚( 𝑉𝑖
∗(∑ 𝑌𝑖𝑘

𝑛
𝑘=1 𝑉𝑘))  (16) 

Where 𝑉𝑖 , 𝑉𝑖
∗, 𝑉𝑘and 𝑌𝑖𝑘 are expressed in polar form as 

follows 

𝑉𝑖 = |𝑉𝑖|𝑒
𝑗𝛿𝑖;  𝑉𝑖

∗ = |𝑉𝑖
∗|𝑒−𝑗𝛿𝑖;  𝑉𝑘 =

|𝑉𝑘|𝑒
𝑗𝛿𝑘;  𝑌𝑖𝑘 = |𝑌𝑖𝑘|𝑒

𝑗𝜃𝑖𝑘                               (17) 

Substituting equation (17) into equations (15) and (16), 

we have 

𝑃𝑖 = |𝑉𝑖| ∑ |𝑌𝑖𝑘||𝑉𝑘|cos (𝜃𝑖𝑘 + 𝛿𝑘 − 𝛿𝑖)
𝑛
𝑘=1  

                (18) 

𝑄𝑖 = −|𝑉𝑖| ∑ |𝑌𝑖𝑘||𝑉𝑘|sin (𝜃𝑖𝑘 + 𝛿𝑘 − 𝛿𝑖)
𝑛
𝑘=1

                (19) 

Equations (18) and (19) are static power flow equations 

that produce a total of 2n power equations. The equations 

are non-linear and therefore Newton Raphson method is 

adopted for accuracy, reliability, and faster rate of 

convergence. The Newton-Raphson power flow is 

expressed by; 

[
∆𝑃
∆𝑄

] = [
𝐽1 𝐽2
𝐽3 𝐽4

] [
∆𝛿
∆𝑉

]   (20) 

Where; ∆𝑃 is the real power mismatch, ∆𝑄 is the reactive 

power mismatch, ∆𝛿 is the bus voltage mismatch. 

𝐽1, 𝐽2, 𝐽3 and 𝐽4 are the elements of the Jacobian matrix 

which are obtained by partial differentiation of equations 

(18) and (19) concerning the static variables (𝛿, 𝑉). The 

off-diagonal and diagonal matrix of 𝐽1, 𝐽2, 𝐽3 and 𝐽4 are 

expressed as follows: 

The off-diagonal and diagonal matrix of 𝐽1: 
𝜕𝑃𝑖

𝜕𝛿𝑘
= 𝑉𝑖𝑉𝑘𝑌𝑖𝑘 sin(𝜃𝑖𝑘 + 𝛿𝑖 − 𝛿𝑘) , 𝑘 ≠ 𝑖 (21) 

𝜕𝑃𝑖

𝜕𝛿𝑘
= − ∑ 𝑉𝑖𝑉𝑘𝑌𝑖𝑘  sin (𝜃𝑖𝑘 + 𝛿𝑖 − 𝛿𝑘)

𝑛
𝑘=1
𝑘=𝑖

             

(22) 

The off-diagonal and diagonal matrix of 𝐽2: 
𝜕𝑃𝑖

𝜕𝑉𝑘
= 𝑉𝑖𝑌𝑖𝑘 cos(𝜃𝑖𝑘 + 𝛿𝑖 − 𝛿𝑘) , 𝑘 ≠ 𝑖     (23) 
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𝜕𝑃𝑖

𝜕𝑉𝑘
= 2𝑉𝑖𝑌𝑖𝑖 cos 𝜃𝑖𝑖 +∑ 𝑉𝑘𝑌𝑖𝑘 cos(𝜃𝑖𝑘 +𝑛

𝑘=1
𝑘=𝑖

𝛿𝑖 − 𝛿𝑘)           (24) 

The off-diagonal and diagonal matrix of 𝐽3: 
𝜕𝑄𝑖

𝜕𝛿𝑘
= −𝑉𝑖𝑉𝑘𝑌𝑖𝑘 cos(𝜃𝑖𝑘 + 𝛿𝑖 − 𝛿𝑘) , 𝑘 ≠ 𝑖   

           (25) 
𝜕𝑃𝑖

𝜕𝛿𝑖
=  ∑ 𝑉𝑖𝑉𝑘𝑌𝑖𝑘 cos(𝜃𝑖𝑘 + 𝛿𝑖 − 𝛿𝑘)

𝑛
𝑘=1
𝑘=𝑖

                          

           (26) 

The off-diagonal and diagonal matrix of 𝐽4 
𝜕𝑄𝑖

𝜕𝑉𝑘
= 𝑉𝑖𝑌𝑖𝑘 sin(𝜃𝑖𝑘 + 𝛿𝑖 − 𝛿𝑘) , 𝑘 ≠ 𝑖  

                   (27) 
𝜕𝑄𝑖

𝜕𝑉𝑖
= 2𝑉𝑖𝑌𝑖𝑖 sin 𝜃𝑖𝑖 +∑ 𝑉𝑘𝑌𝑖𝑘 sin(𝜃𝑖𝑘 +𝑛

𝑘=1
𝑘=𝑖

𝛿𝑖 − 𝛿𝑘)              (28) 

The real and reactive power mismatches at each iteration 

with new estimates of the bus voltage angles and voltage 

magnitude are expressed as follows: 

∆𝑃𝑖
𝑟 = 𝑃𝑖

𝑠 − 𝑃𝑖
𝑟                                (29) 

∆𝑄𝑖
𝑟 = 𝑄𝑖

𝑠 − 𝑄𝑖
𝑟                               (30) 

𝛿𝑖
𝑟+1 = 𝛿𝑖

𝑟 − ∆𝛿𝑖
𝑟                            (31) 

𝑉𝑖
𝑟+1 = 𝑉𝑖

𝑟 − ∆𝑉𝑖
𝑟                          (32) 

Where, 𝑟 is the iteration count, ∆𝑃𝑖
𝑟  is the real power 

mismatch at r-iteration, 𝑃𝑖
𝑠 is the special value of real 

power, 𝑃𝑖
𝑟  is the calculated value of real power at r-

iteration, ∆𝑄𝑖
𝑟  is the reactive power mismatch at r 

iteration, 𝑄𝑖
𝑠 is the special value of reactive power, 𝑄𝑖

𝑟  is 

the calculated value of reactive power at r-iteration, 

𝛿𝑖
𝑟+1 = 𝛿𝑖

𝑟 − ∆𝛿𝑖
𝑟; 𝑉𝑖

𝑟+1 = 𝑉𝑖
𝑟 − ∆𝑉𝑖

𝑟, 𝛿𝑖
𝑟+1 is the new 

estimate of bus angle at iteration r+1, 𝛿𝑖
𝑟 is the calculated 

value of the bus voltage angle at r-iteration, ∆𝛿𝑖
𝑟 is the 

bus voltage angle mismatch at r-iteration, 𝑉𝑖
𝑟+1 is the 

new estimate of bus voltage at iteration r+1, 𝑉𝑖
𝑟 is the 

calculated value of the bus voltage at r-iteration, ∆𝑉𝑖
𝑟 is 

the bus voltage mismatch at r-iteration. The voltage and 

reactive power constraints at each bus i are expressed as 

follows: 

𝑉𝑖(𝑚𝑖𝑛) ≤ 𝑉𝑖 ≤ 𝑉𝑖(𝑚𝑎𝑥)                                                                 

(33) 

𝑄𝑖(𝑚𝑖𝑛) ≤ 𝑄𝑖 ≤ 𝑄𝑖(𝑚𝑎𝑥)                                                               

(34) 

Where;  𝑉𝑖(𝑚𝑖𝑛) and 𝑉𝑖(𝑚𝑎𝑥) are the minimum and 

maximum voltage values at bus i; 

𝑄𝑖(𝑚𝑖𝑛) and 𝑄𝑖(𝑚𝑎𝑥) are the minimum and 

maximum reactive power supplied at bus i; 

 

Modeling and Formulation of Power Flow of Static Var 

Compensator (SVC) 

 . The equivalent circuit of this model is shown 

in Figure 2 

 
Figure 2: Variable shunt susceptance model of 

SVC 

The current and reactive power equation along with the 

linearized Newton-Raphson power flow equation for 

SVC model are expressed as follows: 

𝐼𝑠𝑣𝑐 = 𝐵𝑠𝑣𝑐𝑉𝐾                                                                              

 

(52) 

𝑄𝑠𝑣𝑐 = 𝑄𝑘 = −𝑉𝑘
2𝐵𝑠𝑣𝑐                         (53) 

[
∆𝑃𝑘

∆𝑄𝑘
]
(𝑟)

= [
0 0
0 𝑄𝑘

]
(𝑟)

[
∆𝛿𝑘

∆𝐵𝑠𝑣𝑐
𝐵𝑠𝑣𝑐

⁄
]

(𝑟)

                                         

      

                                                              (54) 

𝐵𝑠𝑣𝑐
(𝑟)

= 𝐵𝑠𝑣𝑐
(𝑟−1)

+ (
∆𝐵𝑠𝑣𝑐

𝐵𝑠𝑣𝑐
)

(𝑟)

𝐵𝑠𝑣𝑐
(𝑟−1

          (55) 

Where; 

𝐼𝑠𝑣𝑐  is the current drawn by SVC; 

𝐵𝑠𝑣𝑐 is the variable shunt susceptance of SVC; 

𝑄𝑠𝑣𝑐  is the reactive power drawn by SVC; 

∆𝐵𝑠𝑣𝑐 is the variable shunt susceptance 

mismatch of SVC  

 The susceptance and reactive power equations 

along with the linearized Newton-Raphson power flow 

equation for this model is expressed as follows: 

𝐵𝑠𝑣𝑐 =
−[𝑋𝐿−

𝑋𝐶
𝜋

{2(𝜋−𝛼𝑠𝑣𝑐)+sin (2𝛼𝑠𝑣𝑐)}]

𝑋𝐶𝑋𝐿
                                                             

(56) 

𝑄𝑠𝑣𝑐 = 𝑄𝑘 =
𝑉𝑘

2[𝑋𝐿−
𝑋𝐶
𝜋

{2(𝜋−𝛼𝑠𝑣𝑐)+sin (2𝛼𝑠𝑣𝑐)}]

𝑋𝐶𝑋𝐿
                                                  

(57) 

[
∆𝑃𝑘

∆𝑄𝑘
]
(𝑟)

=

[
0 0

0
2𝑉𝑘

2

𝜋𝑋𝐿
{cos(2 ∝𝑠𝑣𝑐) − 1}]

(𝑟)

[
∆𝛿𝑘

∆𝛼𝑠𝑣𝑐
]
(𝑟)

                                

(58) 

∝𝑠𝑣𝑐
(𝑟)

=∝𝑠𝑣𝑐
(𝑟−1)

+ ∝𝑠𝑣𝑐
(𝑟

   (59) 

Where;  

𝑋𝐿 is the inductive reactance; 

𝑋𝐶 is the capacitive reactance; 

∝𝑠𝑣𝑐 is the firing angle of the SVC 

∆∝𝑠𝑣𝑐 is the firing angle mismatch of the SVC 

 

Modeling and Formulation of Power Flow of Thyristor 
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Figure 3: TCSC configuration 

Figure 3 shows the TCSC integrated between bus k and 

bus m. The transfer admittance matrix of the variable 

series compensator and the active and reactive power 

equations at bus k and m are given by 

[
𝐼𝑘
𝐼𝑚

] =  [
𝑗𝐵𝐾𝐾 𝑗𝐵𝑘𝑚

𝑗𝐵𝑚𝑘 𝑗𝐵𝑚𝑚
] [

𝑉𝑘

𝑉𝑚
]                                                      

(60) 

At bus k, 

𝑃𝑘 = 𝑉𝑘𝑉𝑚𝐵𝑘𝑚sin (𝜃𝐾 − 𝜃𝑀)                                               

(61) 

𝑄𝐾 = −𝑉𝑘
2𝐵𝑘𝑘 − 𝑉𝑘𝑉𝑚𝐵𝑘𝑚cos (𝜃𝑘 − 𝜃𝑚)                             

(62) 

At bus m, 

𝑃𝑚 = 𝑉𝑚𝑉𝑘𝐵𝑚𝑘sin (𝜃𝑚 − 𝜃𝑘)       (63)                                             

𝑄𝑚 = −𝑉𝑚
2𝐵𝑚𝑚 − 𝑉𝑚𝑉𝑘𝐵𝑚𝑘cos (𝜃𝑚 − 𝜃𝑘)                             

(64) 

Where; 

𝐼𝑘 is the current at bus k; 𝐼𝑚 is the current at bus m;  

𝑉𝑘 is the voltage at bus k; 𝑉𝑚 is  the voltage at bus m; 

𝐵𝑘𝑘 = 𝐵𝑚𝑚 = −
1

𝑋𝑇𝐶𝑆𝐶
                                                             

(65) 

𝐵𝑘𝑚 = 𝐵𝑚𝑘 = 
1

𝑋𝑇𝐶𝑆𝐶
      (66)                                                      

𝑋𝑇𝐶𝑆𝐶 = −𝑋𝐶 + 𝐶1{2(𝜋 − 𝛼) + sin[2(𝜋 − 𝛼)]} −
𝐶2𝑐𝑜𝑠2(𝜋 − 𝛼){𝜔 tan[𝜔(𝜋 − 𝛼)] − 𝑡𝑎𝑛(𝜋 − 𝛼)}                                                                                   

(67)   

For the case when the TCSC controls active power 

flowing from bus k to bus m at a specified value, the set 

of linearized  power flow equation is 

 

[
 
 
 
 

∆𝑃𝑘

∆𝑃𝑚

∆𝑄𝑘

∆𝑄𝑚

∆𝑃𝑘𝑚
𝛼𝑇𝐶𝑆𝐶]

 
 
 
 

=

[
 
 
 
 
 
 
 
 

𝜕𝑃𝑘

𝜕𝜃𝑘

𝜕𝑃𝑚

𝜕𝜃𝑘

𝜕𝑄𝑘

𝜕𝜃𝑘

𝜕𝑄𝑚

𝜕𝜃𝑘

𝜕𝑃𝑘𝑚
∝𝑇𝐶𝑆𝐶

𝜕𝜃𝑘

𝜕𝑃𝑘

𝜕𝜃𝑚

𝜕𝑃𝑚

𝜕𝜃𝑚

𝜕𝑄𝑘

𝜕𝜃𝑚

𝜕𝑄𝑚

𝜕𝜃𝑚

𝜕𝑃𝑘𝑚
∝𝑇𝐶𝑆𝐶

𝜕𝜃𝑚

𝜕𝑃𝑘

𝜕𝑉𝑘
𝑉𝑘

𝜕𝑃𝑚

𝜕𝑉𝑘
𝑉𝑘

𝜕𝑄𝑘

𝜕𝑉𝑘
𝑉𝑘

𝜕𝑄𝑚

𝜕𝑉𝑘
𝑉𝑘

𝜕𝑃𝑘𝑚
∝𝑇𝐶𝑆𝐶

𝜕𝑉𝑘
𝑉𝑘  

𝜕𝑃𝑘

𝜕𝑉𝑚
𝑉𝑚

𝜕𝑃𝑚

𝜕𝑉𝑚
𝑉𝑚

𝜕𝑄𝑘

𝜕𝑉𝑚
𝑉𝑚

𝜕𝑄𝑚

𝜕𝑉𝑚
𝑉𝑚

𝜕𝑃𝑘𝑚
∝𝑇𝐶𝑆𝐶

𝜕𝑉𝑚
𝑉𝑚

𝜕𝑃𝑘

𝜕∝
𝜕𝑃𝑚

𝜕∝
𝜕𝑄𝑘

𝜕∝
𝜕𝑄𝑚

𝜕∝

𝜕𝑃𝑘𝑚
∝𝑇𝐶𝑆𝐶

𝜕∝𝑇𝐶𝑆𝐶 ]
 
 
 
 
 
 
 
 

[
 
 
 
 
 
 

∆𝜃𝑘

∆𝜃𝑚
∆𝑉𝑘

𝑉𝑘

∆𝑉𝑚

𝑉𝑚

∆∝𝑇𝐶𝑆𝐶]
 
 
 
 
 
 

       

(68) 

Where ∆𝑃, ∆𝑄, ∆𝑃𝑘𝑚
∝𝑇𝐶𝑆𝐶  constitute the power mismatch 

equation and these are expressed as: 

∆𝑃𝑘 = 𝑃𝑔𝑘 − 𝑃𝑙𝑘 − 𝑃𝑘
𝑐𝑎𝑙 = 𝑃𝑘

𝑠𝑐ℎ − 𝑃𝑘
𝑐𝑎𝑙 = 0                                        

(69) 

∆𝑄𝑘 = 𝑄𝑔𝑘 − 𝑄𝑙𝑘 − 𝑄𝑘
𝑐𝑎𝑙 = 𝑄𝑘

𝑠𝑐ℎ − 𝑄𝑘
𝑐𝑎𝑙 = 0                                        

(70) 

∆𝑃𝑘𝑚
∝𝑇𝐶𝑆𝐶 = 𝑃𝑘𝑚

𝑟𝑒𝑔
− 𝑃𝑘𝑚

∝𝑇𝐶𝑆𝐶,𝑐𝑎𝑙
  (73)                                                                      

Where 

𝑃𝑘𝑚
𝑟𝑒𝑔

  is the active power to be controlled from bus k to 

bus m; 

𝑃𝑘𝑚
∝𝑇𝐶𝑆𝐶,𝑐𝑎𝑙

  is the calculated active power of the TCSC at 

bus k. 

Similarly,  ∆𝜃, ∆𝑉, ∆𝛼𝑇𝐶𝑆𝐶 are the state variable and 

expressed as; 

∆𝜃 = 𝜃𝑖+1 − 𝜃𝑖                                                                                

(72) 

∆𝑉 = 𝑉𝑖+1 − 𝑉𝑖                                                                               

(73) 

∆∝𝑇𝐶𝑆𝐶=∝𝑇𝐶𝑆𝐶 (𝑖+1)−∝𝑇𝐶𝑆𝐶 (𝑖)    (74)                                           

∆∝𝑇𝐶𝑆𝐶  is the incremental change in the TCSC firing 

angle at the 𝑖𝑡ℎiteration. 

The Jacobian elements for the series resistance as a 

function of the firing angle  ∝𝑇𝐶𝑆𝐶  are expressed as a 

partial derivative of the variable series impedance model 

and partial derivative of the firing angle model below: 

Partial derivative of the variable series impedance 

model: 
𝜕𝑃𝑘

𝜕𝑋
𝑋 = −𝑉𝑘𝑉𝑚𝐵𝑘𝑚sin (𝜃𝑘 − 𝜃𝑚)  (75)                                                      

𝜕𝑄𝑘

𝜕𝑋
𝑋 =  −𝑉𝐾

2𝐵𝐾𝐾 − 𝑉𝐾𝑉𝑀𝐵𝐾𝑀cos (𝜃𝐾 − 𝜃𝑀)                                      

(76) 
𝜕𝑃𝑘𝑚

𝜕𝑋
𝑋 =

𝜕𝑃𝑘

𝜕𝑋
𝑋                    (77)                                                                                

Partial derivative of the firing angle model: 
𝜕𝑃𝑘

𝜕∝
= 𝑃𝑘𝐵𝑇𝐶𝑆𝐶

𝜕𝑋𝑇𝐶𝑆𝐶

𝜕∝
                                                                              

(78) 
𝜕𝑄𝑘

𝜕∝
= 𝑄𝑘𝐵𝑇𝐶𝑆𝐶

𝜕𝑋𝑇𝐶𝑆𝐶

𝜕∝
                                                                              

(79) 
𝜕𝐵𝑇𝐶𝑆𝐶

𝜕∝
= 𝐵𝑇𝐶𝑆𝐶

2 𝜕𝑋𝑇𝐶𝑆𝐶

𝜕∝
                                                                              

(80) 
𝜕𝑋𝑇𝐶𝑆𝐶

𝜕∝
= −2𝐶1[1 + cos(2 ∝)] +

𝐶2 sin(2 ∝){𝜔 tan[ω(π−∝)] − tan ∝} +

𝐶2 {𝜔2 𝑐𝑜𝑠2(𝜋−∝)

𝑐𝑜𝑠2[𝜔(𝜋−∝)
− 1}                                                                              

(81) 
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Figure 4: Typical Transmission Line 

 
                                                                                                    

Figure 5: An equivalent circuit of a voltage source 

converter. 

 

The STATCOM model equations are written as follows: 

𝑃𝑠𝑐 = 𝑉𝑠𝑐𝐼𝑠𝑐                                                                      

(66) 

𝑃𝑘 = 𝑉𝑘𝐼𝑠𝑐                                                                         

(67) 

Subject to constrain, 

𝑉𝑠𝑐(𝑚𝑖𝑛) ≤ 𝑉𝑠𝑐 ≤ 𝑉𝑠𝑐(𝑚𝑎𝑥)                                            

(68) 

The switch mode voltage converter and its transformer 

are given by 

𝑉𝑠𝑐 = 𝑉𝑘 + 𝑍𝑠𝑐𝐼𝑠𝑐                                                                  

(69) 

𝑍𝑠𝑐 = (𝑅𝑠𝑐 + 𝑋𝑠𝑐)
1/2                                                           

(70) 

𝑌𝑠𝑐 =
1

𝑍𝑠𝑐
        (71)                                                                       

𝑉𝑘(𝐸𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡) = ∑ 𝑉𝑘
𝑛
𝑘=1                                                        

(72) 

𝑉𝑘 = 𝑒𝑘 + 𝑗𝑓𝑘     (73)                                                                     

𝑉𝑠𝑐 = 𝑒𝑠𝑐 + 𝑗𝑓𝑘     (74)                                                              

|𝑉𝑠𝑐| = (𝑒𝑠𝑐
2 + 𝑓𝑠𝑐

2)1/2   (75)                                                          

𝛿𝑘 = tan−1 (
𝑓𝑠𝑐

𝑒𝑠𝑐
)      (76)                                                           

Where; 

𝑃𝑠𝑐 and 𝑃𝑘 are the active power injected into bus K by 

VSC;|𝑉𝑠𝑐| 
𝑉𝑠𝑐(𝑚𝑖𝑛) and 𝑉𝑠𝑐(𝑚𝑎𝑥) are STATCOM minimum and 

maximum AC voltage; 

𝑍𝑠𝑐 and 𝑌𝑠𝑐  are the coupling transformer impedance and 

short circuit admittance respectively; 

𝑉𝑘is the voltage at bus K; 

𝑉𝑠𝑐  is the voltage source converter voltage; 

|𝑉𝑠𝑐| and 𝛿𝑘 are the STATCOM voltage magnitude and 

angle respectively; 

𝑒𝑘 and 𝑓𝑘 are the real and imaginary part of bus voltage; 

𝑒𝑠𝑐 and 𝑓𝑠𝑐 are the real and imaginary part of the 

STATCOM voltage. 

Assuming that the STATCOM is operating in voltage 

control mode, it absorbs proper amount of reactive 

power from the power system to keep |𝑉𝑠𝑐| constant for 

all power system loading within reasonable range. The 

ohmic loss of the STATCOM is accounted by 

considering the real part of 𝑌𝑠𝑡𝑎𝑟𝑡 in power flow 

calculations. The power flow equation of the net active 

and reactive power injection at bus K can be written as 

follows: 

𝑃𝑘 = 𝑃𝑠𝑡𝑎𝑡 + ∑ |𝑉𝑘|
𝑛
𝑗=1 |𝑉𝑗||𝑌𝑘𝑗| cos(𝛿𝑘 − 𝛿𝑗 − 𝜃𝑘𝑗)   

(77)                                        

𝑄𝑘 = 𝑄𝑠𝑡𝑎𝑡 + ∑ |𝑉𝑘|
𝑛
𝑗=1 |𝑉𝑗||𝑌𝑘𝑗| sin(𝛿𝑘 − 𝛿𝑗 − 𝜃𝑘𝑗)                                            

(78) 

𝑃𝑠𝑡𝑎𝑡 = 𝐺𝑠𝑡𝑎𝑡 + ∑ |𝑉𝑘|
2 −𝑛

𝑗=1 |𝑉𝑘||𝐸𝑠𝑡𝑎𝑡| |𝑌𝑠𝑡𝑎𝑡|cos(𝛿𝑘 −

𝛿𝑠𝑡𝑎𝑡 − 𝜃𝑠𝑡𝑎𝑡)               (79) 

𝑄𝑠𝑡𝑎𝑡 = 𝐵𝑠𝑡𝑎𝑡 +
∑ |𝑉𝑘|

2 −𝑛
𝑗=1 |𝑉𝑘||𝐸𝑠𝑡𝑎𝑡| |𝑌𝑠𝑡𝑎𝑡|𝑠𝑖𝑛(𝛿𝑘 − 𝛿𝑠𝑡𝑎𝑡 − 𝜃𝑠𝑡𝑎𝑡)                                       

(80) 

𝑃𝐸𝑠𝑡𝑎𝑡 = 𝑅𝑒𝑎𝑙[𝐸𝑠𝑡𝑎𝑡𝐼𝑠𝑡𝑎𝑡] = −𝐺𝑠𝑡𝑎𝑡|𝐸𝑠𝑡𝑎𝑡|
2 +

|𝑉𝑘||𝐸𝑠𝑡𝑎𝑡| |𝑌𝑠𝑡𝑎𝑡|cos(𝛿𝑘 − 𝛿𝑗 − 𝜃𝑠𝑡𝑎𝑡) = 0  (81)

  

Using the power equations along with the linearized 

Newton Raphson power flow equation for this model we 

have; 
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[

∆𝑃𝑘

∆𝑄𝑘

∆𝑃𝑠𝑡𝑎𝑡

∆𝑄𝑠𝑡𝑎𝑡

] =

[
 
 
 
 
 
 

𝜕𝑃𝑘

𝜕𝜃𝑘

𝜕𝑄𝑘

𝜕𝜃𝑘

𝜕𝑃𝑠𝑡𝑎𝑡

𝜕𝜃𝑘

𝜕𝑄𝑠𝑡𝑎𝑡

𝜕𝜃𝑘

𝜕𝑃𝑘

𝜕𝑉𝑘
𝑉𝑘

𝜕𝑄𝑘

𝜕𝑉𝑘
𝑉𝑘

𝜕𝑃𝑠𝑡𝑎𝑡

𝜕𝑉𝑘
𝑉𝑘

𝜕𝑄𝑠𝑡𝑎𝑡

𝜕𝑉𝑘
𝑉𝑘

𝜕𝑃𝑘

𝜕𝜃𝑠𝑡𝑎𝑡

𝜕𝑄𝑘

𝜕𝜃𝑠𝑡𝑎𝑡

𝜕𝑃𝑠𝑡𝑎𝑡

𝜕𝜃𝑠𝑡𝑎𝑡

𝜕𝑄𝑠𝑡𝑎𝑡

𝜕𝜃𝑠𝑡𝑎𝑡

𝜕𝑃𝑘

𝜕𝑉𝑠𝑡𝑎𝑡
𝑉𝑠𝑡𝑎𝑡

𝜕𝑄𝑘

𝜕𝑉𝑠𝑡𝑎𝑡
𝑉𝑠𝑡𝑎𝑡

𝜕𝑃𝑠𝑡𝑎𝑡

𝜕𝑉𝑠𝑡𝑎𝑡
𝑉𝑠𝑡𝑎𝑡

𝜕𝑄𝑠𝑡𝑎𝑡

𝜕𝑉𝑠𝑡𝑎𝑡
𝑉𝑠𝑡𝑎𝑡]

 
 
 
 
 
 

[
 
 
 
 
 

∆𝜃𝑘
∆𝑉𝑘

𝑉𝑘

∆𝑄𝑠𝑡𝑎𝑡
∆𝑉𝑠𝑡𝑎𝑡

𝑉𝑠𝑡𝑎𝑡 ]
 
 
 
 
 

      

(82) 

III. RESULT AND DISCUSSION 

 

Figure 6: Graphical representation of Power loss 

reduction without and with SVC, TCSC, STATCOM 

 

With placement of SVC, TCSC and STATCOM one 

after the other on the weakest bus, slight increase of 

percentage voltage on the buses were noticed with SVC 

and TCSC while with STATCOM, higher percentage 

increase was recorded where BUS-3 (AFAM) and BUS-

30 (JALINGO) has the highest increase of 98.34% and 

98.13% respectively as shown in Figure 6. 

 
 

 

Figure 7: Graphical representation of percentage loss 

reduction with SVC, TCSC, 

STATCOM 

In power lose reduction with compensation; 

TCSC and STATCOM recorded higher percentage 

reduction of power compared to SVC with 79.4% and 

88.2% at line 1-6 as shown in Figure 7. Power lose 

reduction. This implies that STATCOM gives better 

voltage stability enhancement and power lose reduction    

IV. CONCLUSION 

Today, voltage instability and power loose reduction 

have become two important factors that are affecting the 

performance of power transmission systems. In this 

regard, FACTS devices have shown better ways for 

maintaining and improving voltage stability during load 

variation. 

This paper had discussed the features; application and 

comparison of SVC, TCSC and STATCOM as 

compensating devices in enhancing voltage stability and 

power lose reduction of 52 bus transmission system, 

where each of the devices was attached to the weakest bus 

and simulation carried out on application of Newton 

Raphson load flow method. The obtained result from the 

test system without and with the proposed FACTS devices 

using MATLAB/ETAP software revealed that 

STATCOM had the highest increase of the percentage bus 

voltage while TCSC and STATCOM have highest power  
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