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 In Large power system network the dynamic behaviour of system is 

nonlinear in nature. Due to disturbance the system stability cannot be 

maintained, which leads to outage of power equipment. In order to restore 

the system parameter after perturbance, coordination control damping is 
essential. Coordination control damping can be achieved by using fuzzy 

based PSS and STATCOM in multimachine system for sever disturbance. 

Due to perturbance the system loss its synchronism and the system parameter 

deviate from the nominal value. With the effective damping control 
technique proposed in this article is to minimize the integral square error of 

speed deviation. Two area 4-Machine 11-bus test system considered and the 

simulation of proposed system is developed in Matlab/Simulink R2018a. 
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1. INTRODUCTION  

 

Power system stability refers to a system's ability to return to its operating state after a disturbance. 

The stability of the power system is crucial since the generator might not be able to handle the connected 

load due to perturbation [1]. Power systems are operated at or close to maximum capacity to fulfil the 

expanding demands for electricity, which are rising quickly. Sustaining such power grids' reliable operation 

in the face of various small- and large-scale power network disturbances is of utmost importance [2]. After 

the disturbance has subsided, the oscillations in the power system are not completely dampened out, and the 

system is unable to return to its equilibrium point. This poses a serious threat to the network's power systems, 

including the heating or malfunction of equipment and a shortening of its operational life. Consequently, 

transients, machine speed deviations, and load angle deviations are the end effects of the power system's 

instability, and they lead to inappropriate power transfer in the given network [3-4].  

An efficient controller design for multi-machine power systems is required to regulate nonlinear 

oscillation in the operating network. Power system stabiliser (PSS), which is often installed in the excitation 

system with the generator, serves as the main damping control in the power system. [5]. Nevertheless, PSS 

alone cannot offer the necessary damping for a variety of power system events. Consequently, for a multi-

machine power system to function properly, an advanced controller and coordination approach must be 

developed in addition to PSS. Using FACTS will help you achieve this [6-7]. The stability of multi-machine 

control systems is impacted by the presence of inter-area oscillation modes. FACTS-based damping 

techniques are increasingly used in these modes [8]. 
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Local and inter-area oscillation patterns are frequently seen in multimachine systems. These 

oscillations cause variations in the generator terminal voltage, power level, frequency, rotor angle deviation, 

and all other variables [9]. Very few cycle oscillations have a larger frequency range of 0.7-3.0 Hz and are 

local area mode oscillations. On the other hand, large cycle oscillations are inter-area mode oscillations with 

low frequency between 0.1 and 0.7 Hz [10]. Today, an appropriate control optimization technique created 

specifically for PSS is used to dampen down power system oscillations [11-15]. A crucial aspect of 

controlling the dynamics of the power system is PSS coordination with the FACTS device. [16-17]. For large 

power systems, a single VSC-based STATCOM is a good alternative to improve voltage profile and obtain 

additional damping to reduce rotor oscillation. [18-20].  

The versatility and speed of VSC-based STATCOM have prompted a significant amount of research 

interest. A VSC with a connected DC supply through a capacitor makes up the regulated reactive power 

source known as STATCOM. When used in capacitive mode, STATCOM can generate reactive power; when 

used in inductive mode, it can absorb reactive power. STATCOM is a shunt device connected to the grid by a 

coupling transformer. [21-23]. A more interesting part of STATCOM is its ability to inject steady current 

even when the system's terminal voltage is less than 0.5 p.u [24]. The primary benefit of STATCOM is that it 

offers quick grid voltage collapse management, and STATCOM can deliver continuous reactive power 

regardless of grid voltage [25-27]. The impact of power electronics converters in the power system restricts 

the peak of rotor swing in STATCOM, which is essentially a VSC-based power electronic device [28]. An 

IEEE 11 bus system was used as the testing system in this investigation. To minimise the performance index 

with respect to generator speed deviation, fuzzy rule matrix-based PSS has been created. Integral square error 

is decreased to increase the stability of multimachine systems [29-30]. The linearization and state space 

analysis of the multimachine machine system and FACTS devices is given with mathematical modelling 

[31]. 

 

1.1. Generator Excitation System Equipped with PSS 

An excitation system is a device that delivers field current to the rotor winding of a generator. 

Figure 1 shows the fundamental construction of a generator excitation system. Well-designed excitation 

systems provide dependable and consistent operation, stability, and quick transient response. An automated 

voltage regulator (AVR) is a thyristor-based controlled rectifier that regulates the voltage at the generator 

output terminals while also exciting the generator. The governor of a steam turbine is a part of the turbine 

control system that controls rotational speed in response to changing load circumstances. 
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Figure 1. Basic Structure of Generator Excitation with PSS 

 

2. MODELLING OF GENERATOR AND STATCOM 

2.1. Modelling of Generator in Differential algebraic equation 

 

The excitation system can be expressed as: 

 

 𝑇𝐸𝑖

𝑑𝐸𝑓𝑑𝑖

𝑑𝑡
= −(𝐾𝐸𝑖 + 𝑆𝐸𝑖(𝐸𝑓𝑑𝑖))𝐸𝑓𝑑𝑖 + 𝑉𝑅𝑖         (1) 

     𝑇𝐹𝑖

𝑑𝑅𝑓𝑖

𝑑𝑡
= −𝑅𝑓𝑖 +

𝐾𝑓𝑖

𝑇𝑓𝑖
 𝐸𝑓𝑑𝑖           (2) 

𝑇𝐴𝑖
𝑑𝑉𝑅𝑖

𝑑𝑡
= −𝑉𝑅𝑖 + 𝐾𝐴𝑖𝑅𝑓𝑖 −

𝐾𝐴𝑖𝐾𝑓𝑖

𝑇𝑓𝑖
𝐸𝑓𝑑𝑖 + 𝐾𝐴𝑖(𝑉𝑟𝑒𝑓𝑖 − 𝑉𝑖)     (3) 

 

Generator Dynamics [31] 
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𝑇′
𝑑𝑜𝑖

𝑑𝐸′
𝑞𝑖

𝑑𝑡
= 𝐸𝑓𝑑𝑖 − (𝑋𝑑𝑖 − 𝑋′

𝑑𝑖){𝑖𝑑𝑖 −
(𝑋′

𝑑𝑖−𝑋′′
𝑑𝑖)

(𝑋′
𝑑𝑖−𝑋𝑙𝑠)2 (𝛹1𝑑𝑖 + (𝑋′

𝑑𝑖
− 𝑋𝑙𝑠)𝑖𝑑𝑖 − 𝐸′

𝑞𝑖
}   (4) 

 

𝑇′′
𝑑𝑜𝑖

𝑑𝛹1𝑑𝑖

𝑑𝑡
= −𝛹1𝑑𝑖 + 𝐸′

𝑞𝑖 − (𝑋′
𝑑𝑖 − 𝑋𝑙𝑠)𝑖𝑑𝑖      (5) 

𝑇′
𝑞𝑜𝑖

𝑑𝐸′
𝑑𝑖

𝑑𝑡
= −𝐸′

𝑑𝑖 + (𝑋𝑞𝑖 − 𝑋′
𝑞𝑖){𝑖𝑞𝑖 −

(𝑋′
𝑞𝑖−𝑋′′

𝑞𝑖)

(𝑋′
𝑞𝑖−𝑋𝑙𝑠)2 (𝛹2𝑑𝑖 + (𝑋′

𝑞𝑖
− 𝑋𝑙𝑠) 𝑖𝑞𝑖 − 𝐸′

𝑑𝑖
}  (6) 

𝑇′′
𝑞𝑜𝑖

𝑑𝛹2𝑑𝑖

𝑑𝑡
= −𝛹2𝑑𝑖 − 𝐸′

𝑑𝑖 − (𝑋′
𝑞𝑖 − 𝑋𝑙𝑠)𝑖𝑞𝑖    (7) 

 
𝑑𝛿𝑖

𝑑𝑡
= 𝜔𝑖 − 𝜔𝑠      (8) 

 

2𝐻𝑖

𝜔𝑠

𝑑𝜔𝑖

𝑑𝑡
= 𝑇𝑀𝑖 −

(𝑋′′
𝑑𝑖−𝑋𝑙𝑠)

(𝑋′
𝑑𝑖−𝑋𝑙𝑠)

𝐸′
𝑞𝑖𝑖𝑞𝑖 −

(𝑋′
𝑑𝑖−𝑋′′

𝑑𝑖)

(𝑋′
𝑑𝑖−𝑋𝑙𝑠)

𝛹1𝑑𝑖𝑖𝑞𝑖 −
(𝑋′′

𝑞𝑖−𝑋𝑙𝑠)

(𝑋′
𝑞𝑖−𝑋𝑙𝑠)

𝐸′
𝑑𝑖𝑖𝑑𝑖 +

(𝑋′
𝑞𝑖−𝑋′′

𝑞𝑖)

(𝑋′
𝑞𝑖−𝑋𝑙𝑠)

𝛹2𝑞𝑖𝑖𝑑𝑖 −

(𝑋′′
𝑞𝑖

− 𝑋′′
𝑑𝑖) 𝑖𝑑𝑖𝑖𝑞𝑖 − 𝑇𝐹𝑊     (9) 

 

 

The d-q frame terminal voltage and armature can be used to express the generator's electric output power: 

 

𝑃𝑒 = 𝑉𝑡𝑑𝐼𝑑 + 𝑉𝑡𝑞𝐼𝑞        (10) 

 

 

2.2. STATCOM state equation 

 

𝑉𝑑𝑐
̇ =

𝐼𝑑𝑐

𝐶
  =

𝑔(𝐼𝑠𝑑 cos 𝜙+𝐼𝑠𝑞 sin 𝜙)

𝐶
         (11) 

 

Output of Voltage Source Converter is variable AC voltage with a controllable phase angle, which is 

expressed as 

 

𝑉𝑜=g𝑉𝑑𝑐∠ϕ         (12) 

 

Where g = mi k, while mi is modulation index which depends on the pulse width of the PWM signal. k is ratio 

of AC to DC voltage. 

 

Magnitude and phase of an AC output voltage of VSC can be controlled by the magnitude of DC voltage link 

and modulation index. Real power exchange between grid and STATCOM is done by controlling the VSC 

phase angle. Similarly, the reactive power can be supplied to the grid when magnitude of STATCOM voltage 

is more than Grid voltage. 
 

The d-axis and q-axis component of STATCOM current can expressed as: 

 

𝐼𝑑𝑠 =
𝑎1𝐸′𝑞−𝑎1C𝑉𝑑𝑐 sin 𝜙−𝑉𝑏 cos 𝜙

𝑎1𝑋′𝑑+𝑎3
                                                                                            (13) 

 

𝐼𝑞𝑠 =
𝑎2C𝑉𝑑𝑐 cos 𝜙+𝑉𝑏 sin 𝜙

𝑎1𝑋𝑑+𝑎3
                                                                                                 (14) 

 

Where  𝑎1, 𝑎2  and 𝑎3 are constants 
 

The linearized model of proposed power system is given as follows: 

∆�̇�= ωs ∆ω      (15) 

∆�̇�=
∆𝑃𝑚−∆𝑃𝑒

𝑀
           (16) 

 

∆𝐸′𝑞
̇ =

∆𝐸𝑓𝑑−(𝑋𝑑−𝑋𝑑
′)∆𝑖𝑑−∆𝐸′

𝑞

𝑇′
𝑑𝑜

      (17) 

 

∆𝑃𝑒 = 𝑘𝑝𝛿∆𝛿 + 𝑘𝑝𝑒𝑞∆𝐸′
𝑞 + 𝑘𝑝𝑑𝑐∆𝑉𝑑𝑐  + 𝑘𝑝𝑔∆𝑔 + 𝑘𝑝𝜙∆𝜙    (18) 

 

∆𝑉𝑡 = 𝑘𝑣𝛿∆𝛿 + 𝑘𝑣𝑒𝑞∆𝐸′
𝑞 + 𝑘𝑣𝑑𝑐∆𝑉𝑑𝑐 + 𝑘𝑣𝑔∆𝑔 + 𝑘𝑣𝜙∆𝜙    (19) 
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∆𝑉𝑑𝑐
̇ = ℎ𝛿∆𝛿 + ℎ𝑒𝑞∆𝐸′

𝑞 + ℎ𝑑𝑐∆𝑉𝑑𝑐 + ℎ𝑔∆𝑔 + ℎ𝜙∆𝜙    (20) 

 

∆𝑉𝑎𝑐 = 𝑓𝛿∆𝛿 + 𝑓𝑒𝑞∆𝐸′
𝑞 + 𝑓𝑑𝑐∆𝑉𝑑𝑐 + 𝑓𝑔∆𝑔 + 𝑓𝜙∆𝜙     (21) 

 

Where 𝑘, ℎ, and f are constants of linearization 

The power system linearization model with STATCOM in general is given by 

 

𝑋 =̇AX+BU                                       (22) 

 

Where the state vector X is [∆δ, ∆ω, ∆𝐸′𝑞, ∆𝐸𝑓𝑑 , ∆𝑉𝑑𝑐] 
T and the control vector U is [∆g, ∆ϕ] T. 

 

3. INTEGRAL SQUARE ERROR OF GENERATOR 

Integral square error is a measure of system performance that is calculated by integrating the square 

of error over a set time interval. In our case ISE is determined for the machine speed deviation, which is 

expressed for each generator given by 

      

𝐽𝑖 = ∫ |∆𝜔𝑖|2∞

0
                                                                                    (23) 

 

Where subscript i indicated no. of generator in multimachine power system, i take value from 1 to 4. 

∆𝜔𝑖 is corresponding machine speed deviation. 

 

4. POWER SYSTEM STABILIZER 

PSS is used to damp out the electromechanical mode of oscillation. To provide required damping for 

electro-mechanical oscillation we provide power system stabilizer. Block diagram of power system stabilizer 

is shown in figure 2  

 

Gain
Washout 

Circuit

Phase Lead 

Compensator

 

∆ ω 
Vs    

 
Figure 2. Structure of PSS 

 

The speed deviation is derived from the generator parameter measurement block which is given as 

input to the PSS thus the name ‘∆ω’ PSS. PSS mainly consists of gain block, washout circuit, and the phase 

compensator. The phase lag between the exciter input and the air gap torque is compensated via PSS. The 

PSS is designed to correct for phase lag in order to achieve torque in phase with the speed variation. 

 

4.1. Washout Circuit 

  The wash out circuit allows the high frequency signal to pass while blocking the steady state 

deviation. Figure 3 shows the block diagram of a washout circuit, commonly known as a high pass filter. Tw 

is the washout circuit's time constant. 

 
 

 
 

Figure 3. Washout Block 

 

4.2. Lead-Lag Compensator 

Figure 4 shows the basic function of this compensator is to provide the phase lead i.e., T1 >T2 and 

T3>T4 where T1, T2, T3 and T4 are time constant of Phase compensator. If T2 >T1 and T4>T3 the lag correction 

is then obtained. An operational amplifier is used to physically achieve phase correction. Local (0.7- 3.0Hz) 

and interarea (0.1-0.7Hz) oscillations must be dampened using a phase lead compensator that is properly 

designed. As a result, the frequency range of 0.1 to 3 Hz is damped out. 

𝑠𝑇𝑤

1 + 𝑠𝑇𝑤
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Figure 4.  Lead-Lag Compensator 

 

5. OBJECTIVES 

• Dampen rotor oscillation. 

• Maintaining generator terminal voltage within permissible limits. 

•  Maintaining machine synchronization. 

• Minimize integral square error i.e., min 𝐽𝑖 

 

6. METHODOLOGY 

  The mamdani basis fuzzy inference control is the most widely used fuzzy inference control, and it 

was the first control system based on fuzzy set theory. Mamdani fuzzy inferences are easy to understand, 

popular, and well-suited to human input. Fuzzification, interference, and defuzzification are the three primary 

process phases performed by the fuzzy controller. The membership function investigated here is speed 

deviation and change in speed deviation for desired control action initiated by PSS, and variables in the 

Fuzzification system are converted into linguistic rules. This linguistic variable, which is seven in this 

suggested study, has an inference method. 

 

6.1. Fuzzy Logic Control Strategy for PSS 

 

 
Figure 5. Fuzzy Logic Control based PSS 

 

Linguistic variable and its limit ranges are assigned using the fuzzy rules indicated in Table 1. 

Linguistics rules has been transformed into output variable i.e., fuzzy control output the corresponding step is 

called defuzzification. Negative Medium (NM), Negative Big (NB), Negative Small (NS), Zero (ZR), 

Positive Small (PS), Positive Medium (PM) and Positive Big (PB) are the seven linguistic variables. The 

proposed control strategy as shown in Figure 5, while the membership functions are shown in Figures 6-9. 

 

 
Figure 6. Control input1 membership function                           Figure 7. Control input2 membership function 

 

1 + 𝑠𝑇1

1 + 𝑠𝑇2
 

1 + 𝑠𝑇3

1 + 𝑠𝑇4
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Table 1. Fuzzy rule for two input membership function and control output 

 
Speed 

Deviation 

Change in Speed Deviation 

𝑁𝐵 𝑁𝑀  𝑁𝑆 𝑍𝑅 𝑃𝑆 𝑃𝑀 𝑃𝐵 

𝑁𝐵 𝑁𝐵 𝑁𝐵 𝑁𝐵 𝑁𝐵 𝑁𝐵 𝑁𝑆  𝑍𝑅 

𝑁𝑀 𝑁𝐵 𝑁𝐵 𝑁𝑀 𝑁𝑀 𝑁𝑆 𝑍𝑅 𝑃𝑆 

𝑁𝑆 𝑁𝐵 𝑁𝑀 𝑁𝑀 𝑁𝑆 𝑍𝑅 𝑃𝑆 𝑃𝑀 

𝑍𝑅 𝑁𝑀 𝑁𝑀 𝑁𝑆 𝑍𝑅 𝑃𝑆 𝑃𝑀 𝑃𝑀 

𝑃𝑆 𝑁𝑀 𝑁𝑆 𝑍𝑅 𝑃𝑆 𝑃𝑀 𝑃𝑀 𝑃𝐵 

𝑃𝑀 𝑍𝑆 𝑍𝑅 𝑃𝑆 𝑃𝑀 𝑃𝑀 𝑃𝐵 𝑃𝐵 

𝑃𝐵 𝑍𝑅 𝑃𝑆 𝑃𝑀 𝑃𝐵 𝑃𝐵 𝑃𝐵 𝑃𝐵 

 

7. BENCHMARK 

  Figure 10 shows the benchmark system [21], which is made up of four generators: Gen1, Gen2, 

Gen3, and Gen 4, all of which are connected to bus 1, bus 2, bus 3, and bus 4, respectively. Each generator 

has a voltage level of 20kV and an MVA rating of 900MVA. Power transformers Trfx1, Trfx2, Trfx3, and 

Trfx4 each have an MVA rating of 900MVA and step up the generated voltage to 230kV at bus 5, bus 6, bus 

10, and bus 11. A 10km nominal-pi transmission line is connected between buses (5 to 6) and buses (10 to 

11). Similarly, a 25km nominal-pi transmission line connects buses (6 to 7) and buses (9 to 10), whereas a 

220km nominal-pi transmission line and double circuit long transmission line connects bus (7 to 9). Where 

the one of long transmission line is split into two sections of 110km at middle of transmission line 3-ϕ circuit 

breaker is connected at bus 8. Constant impedance load of real power of 967MW, inductive reactive power of 

100 Mvar & capacitive reactive power of -187Mvar at bus 7. Similarly real power of 1767MW inductive 

reactive power of 100 Mvar & capacitive reactive power of -187Mvar is connected bus 9. 

 

7.1. Case Study 

 

 
Figure 10. 4-Machine 11-Bus Test System 

 
Figure 8. Control output membership function                         Figure 9. Surf view control and its inputs 
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Table 2. The scenario of each case study 

 
Fault Applied Case 

study 

PSS Fuzzy Controller STATCOM 

L
L

L
-G

 

(1
2
 c

y
cl

es
) 

1 Absent Absent Absent 

2 Present Absent Absent 

3 Present Present Absent 

4 Present Present Present 

 

The power oscillations of system parameters investigated in these case studies include rotor speed (∆ω), rotor 

angle deviation ((∆δ), terminal voltage (Vg), and rotor speed (ω). In all of these circumstances, the 3-to-

ground fault was triggered at 0.5 sec and cleared at 0.5+12/60, or 0.7 sec. So, the fault duration is 0.7-0.5 = 

0.2 sec. Here power frequency is of 60Hz (T=16.6667 msec), where 16.66msec is require to complete 1 

cycle. Thus for 0.2sec of 3-ϕ to ground fault 12 cycles are completed. The use of PSS, Fuzzy controller and 

STATCOM during fault for each study is explained in Table 2. 

 

7.1.1. Case 1 

The load angles of Machine 1, Machine 2, and Machine 3 are initially 36.34150799°, 24.95113671°, 

and 11.41908353°, respectively. However, as soon as a defect is initiated at bus 8, the load angle of the 

system starts to oscillate, as illustrated in Figure 11-13. It has been noted that the system becomes unstable 

when it is unable to return to its equilibrium point. 

 

 
Figure 11. Power angle (δ14) without PSS 

 

 
Figure 12. Power angle (δ24) without PSS 
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Figure 13. Power angle (δ34) without PSS 

 

 
Figure 14. Terminal voltages of Machines without PSS 

 

 
Figure 15. Machines Speed without PSS 

 

 
Figure 16. Machines Speed Deviation without PSS 

 

Figure 14 shows how the terminal voltage of generators drops below the lowest allowable limit as 

soon as the fault is initiated. Yet, whenever the voltage oscillates, the system's security constraints are 

broken. So, even if the system voltage stability is not kept after the fault has been fixed, the generator's 

terminal voltage will overdamp as a result. Figure 15 provides a brief overview of each machine's speed in 

the power system. For the generator, the power system network is operated in synchronism in order to 
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provide frequency stabilisation. The synchronous machines' speeds start to deviate from one another when 

the system is disturbed. All of the speed profiles of each machine overlap, as we can see before problems, 

indicating. Machines 1 and 2 in region 1 and machines 3 and 4 in area 2 start to lose synchronism as soon as 

the fault is started, though. The speed deviation of all machines is seen in figure 16, where it starts to rise 

even after the issue has been fixed. Physically speaking, this means that the generator is accelerating and 

deaccelerating because each machine's speed is not returning to its initial speed. In this situation, the 

acceleration power of the machines starts to increase because it is not equal to zero. 

 

7.1.2. Case 2 

  In this case the PSS is connected in the excitation system of generator which is used to damp out 

power system oscillation once the fault has been cleared. The load angle of machines is shown in Figures 17-

19. The load angle of machines oscillates during fault and settle once the fault is cleared. However, it is 

observed that the settling time is large. The terminal voltages of machines without PSS as well as the respond 

with PSS is shown in Figures 20-22. 

 

 
Figure 17. Power angle (δ14) with PSS 

 

 
Figure 18. Power angle (δ24) with PSS 

 

 
Figure 19. Power angle (δ34) with PSS 
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Figure 20. Terminal voltages of Machines without PSS 

 

 
Figure 21. Machines Speed with PSS 

 

 
Figure 22. Machines Speed Deviation with PSS 

 

7.1.3. Case 3 

  The fuzzy logic-based PSS is used in this instance to drive the excitation system. Machine speed 

serves as one of the fuzzy logic's inputs, and as machine speed changes, corresponding control signals are 

sent via PSS to the excitation system. Figure 23-25 depicts the system's load angle. As can be seen, the load 

angle reaches steady state at t=20 sec, which is much better than example 2. As a result, the system load 

angle's associated steady state error is decreased. 

 

 
Figure 23. Power angle (δ14) with PSS with Fuzzy based PSS 
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Figure 24. Power angle (δ24) with PSS with Fuzzy based PSS 

 

 
Figure 25. Power angle (δ24) with PSS with Fuzzy based PSS 

 

 
Figure 26. Terminal voltages of Machines with Fuzzy based PSS 

 

 
Figure 27. Machines Speed with Fuzzy based PSS 
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Figure 28. Machine Speed Deviation with Fuzzy based PSS 

 

Compared to cases 1 and 2, the machines' terminal voltage oscillates and returns to its nominal value 

more quickly. In other words, at time t=20 sec, the terminal voltage of the devices reaches steady state. 

Figure 26 shows how the system's voltage response is better than in earlier instances. 

Once the fault is created and the machines lose their synchronism, we can see that they are not 

synchronised. Following the dampening of the load angle variation, the associated machines retain 

synchronism until it reaches its steady state at t=20sec, as shown in Figure 27. Compared to case 2, the 

response to a machine speed variance is quicker. From the perspective of stability, the speed deviation of the 

machine while maintaining this parameter within acceptable bounds plays a significant role in satisfying the 

synchronism restrictions. In this instance, the machine's speed deviation should be zero, but in practise, it is 

measured in milli rad/sec. Yet reducing this variance is our major goal. Figure 28 shows that the machine 

speed divergence achieves zero at t=20 seconds. 

 

7.1.4. Case 4: Fuzzy based PSS and STATCOM 

  In Figure 29 STATCOM is connected at bus 7, STATCOM is basically voltage source inverter 

connected in shunt fashion, STATCOM can inject constant current irrespective of terminal voltages to 

connected bus. 

 

 
Figure 29. 4-Machine 11-Bus Test System with application of STATCOM 

 

 
Figure 30. Power angle (δ14) with PSS with Fuzzy based PSS and STATCOM 
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Figure 31. Power angle (δ24) with PSS with Fuzzy based PSS and STATCOM 

 

 
Figure 32. Power angle (δ34) with PSS with Fuzzy based PSS and STATCOM 

 

 
Figure 33. Terminal voltages of Machines with PSS and STATCOM 

 

 
Figure 34. Machines Speed with Fuzzy based PSS with STATCOM 

 

 
Figure 35.  Machines Speed Deviation with Fuzzy based PSS with STATCOM 
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  The primary advantage of FACTS devices is their capacity to increase the power system's damping, 

which can improve the network's stability. Figure 30-32 depicts the system load angle for case 4. It is plain to 

see that the effect of damping is greatly strengthened in this situation, and the system regains equilibrium at 

t=10 sec, which is much better than in cases 2 and 3. Figure 33 shows how the machine terminal voltage 

oscillates and levels off at time t=10. STATCOM and the fuzzy based PSS have both provided extra damping 

effects as indicated by Figures 34-35.  

 

8. COMPARISON OF ALL FOUR CASE FOR STABILITY 

 Figure 36-38 shows the comparison of load angle deviations for all cases we considered in a single plot. 

From each figure shown base case is plot in dotted line (case 1), red solid (case 2), green solid line (case 3) 

and dark blue solid line (case 4). We can conclude by obtained results that case 4 is effective in damping of 

load angle deviation for the given power system network. 

 

 
Figure 36. Comparison of Power angle (δ14) for all four cases 

 

 
Figure 37. Comparison of Power angle (δ24) for all four cases 

 

 
Figure 38. Comparison of Power angle (δ34) for all four cases 
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Figure 39. ISE of generator for all four cases for 3-ϕ 12-cycle fault 

 

Table 3. Comparison of Integral Square Error of generator for all four cases 
Generator Integral Square Error(ISE) for 3-ϕ 12 cycle fault 

Case-1 Case-2 Case-3 Case-4 

G1 0.0002505 0.0001385 6.828e-05 3.894e-05 

G2 0.0002597 0.0001382 6.737e-05 3.510e-05 

G3 0.0002478 0.0001336 5.889e-05 2.766e-05 

G4 0.0002489 0.0001395 6.569e-05 3.131e-05 

 

Table 3 shows that the comparison of ISE of the generator speed deviation for case 1 we can 

observe that ISE error is more in the range of 0.0002489-0.0002597. In case 2 ISE in the range of 0.0001336-

0.0001395. In case 3 ISE in the range of 5.889e-05 – 6.828e-05. However, in case 4 ISE is in the range of 

2.766e-05 -3.894e-05. We can conclude that ISE is minimum in case 4. The physical meaning is that the 

machine speed deviation is minimum as compared to the other three cases. Figure 39 shows the graphical 

representation of the ISE of each generator for all 4 cases from the ISE is less in case 4 due to the presence of 

Fuzzy based PSS and STATCOM. 

 

8.1. Proposed work is compared with compatible work 

The proposed work is compared with the existing work in which they have done case study for 3-ϕ 5 

cycle fault. We have done the extension for the same case and compared with the Fuzzy Rules Matrix [FRM] 

based research article. The performance indices which is ISE of proposed case-3 and proposed case-4 is 

compared with the FRM [29, 30].  

 

Table 4. Compatible work and its application 
Ref no. Test system Application Controller    Stability 

[29] 4-Machine 

2 Area 

Damped Low Frequency 

Oscillation 

FRM [29] Stable 

[30] 4-Machine 

2 Area 

Damped Low Frequency 

Oscillation 

FRM [30] Stable 

Proposed 

Case 3 

4-Machine 

2 Area 

Damped Low Frequency 

Oscillation 

Fuzzy PSS Stable 

Proposed 

Case 4 

4-Machine 

2 Area 

Damped Low Frequency 

Oscillation 

Fuzzy PSS Stable 
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Table 5. Comparison with compatible work 
Generator Integral Square Error(ISE)  for 3-ϕ 5 cycle fault 

FRM[29] FRM[30] Proposed 

Case-3 

Proposed 

Case-4 

G1 6.0986E-06 6.0180E-06 3.062E-06 2.973E-06 

G2 4.2193E-06 4.1759E-06 3.464E-06 2.991E-06 

G3 2.0780E-05 2.0690E-05 2.509E-06 2.401E-06 

G4 1.5150E-05 1.5112E-05 2.839E-06 2.58E-06 

 

 

 
Figure 40.  ISE of generator for all four cases for 3-ϕ 5-cycle fault 

 

In Table 4 the Fuzzy rule matrix based PSS designed which is taken as the compatible work for the 

proposed work the application is of damping the low frequency oscillation in that case study they have 

considered standard IEEE 11 bus power system network. For the stability enhancement of multimachine 

system the performance indices play a vital role. In that Integral square error is taken into account for the 

comparing with the compatible work. 

Table 5 shows that the performance indices i.e., ISE of FRM [29] & FRM [30] more which means 

that, there is a more speed deviation of generator in the considered IEEE 11 bus system, whereas the 

proposed fuzzy controller with case-3 & case-4 is less, due the less speed deviation of generator the stability 

of multimachine is enhanced, corresponding bar graph of ISE of of generator for all four cases as shown in 

Figure 40. 

 

 

9. CONCLUSION  

To damp out the rotor oscillation in the power system network and to minimize the Integral Square 

Error of machine speed deviation, coordination damping, i.e., Fuzzy based PSS and STATCOM is proposed. 

From this coordination damping power system stability enhancement is achieved by maintaining the 

generator terminal voltage within the limits and load angle deviation of the system is maintained constant 

after damping out of rotor oscillation, machines attain synchronism within less time once the 3-ϕ, 12 cycle 

fault has been cleared. Comparison with the compatible work have been done by creating 3-ϕ, 5 cycle fault 

the corresponding performance indices ISE is compared with the existing technique and hence conclude that 

the proposed work will enhance the stability of multimachine system as compared to existing technique. 

  

 

FUTURE SCOPE 

The same fuzzy based controller in PSS is tested on different IEEE test system for different FACTS devise 

like SSSC and UPFC.  
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TERMINOLOGY 

 
𝑅𝑠             Stator resistance in p. u ω            Angular speed of generator in rad per second 
𝑋𝑞             q-axis reactance in p.u 𝜔𝑠             Generator synchronous speed in rad per second 

𝑋𝑞
′             Transient q-axis reactance in p.u 𝑇𝑞𝑜

′            q-axis time constant associated with 𝐸𝑑
′  in second 

𝑋𝑞
′′          Sub-Transient q-axis reactance in p.u 𝑇𝑞𝑜

′′            q-axis time constant associated with 𝛹2𝑑  in second 

𝑋𝑑             d-axis reactance in p.u 𝑇𝑑𝑜
′            d-axis time constant associated with 𝐸𝑞

′  in second 

𝑋𝑑
′             Transient d-axis reactance in p.u 𝑇𝑑𝑜

′′            d-axis time constant associated with 𝛹1𝑑  in second 
𝑋𝑑

′′          Sub-Transient d-axis reactance in p.u 𝑇𝐴             Amplifier time constant in second 
𝐻           Shaft inertia constant in second C            DC link capacitor. 
𝐸𝑞

′             q-axis transient internal voltages in p.u Idc           Current through capacitor. 

𝐸𝑑
′             d-axis transient internal voltages in p.u Isd                 d-axis component of STATCOM current  

𝛹1𝑑             Damper winding 1d flux linkages in p.u Isq           q-axis component of STATCOM current 
𝛹2𝑑          Damper winding 2q flux linkages in p.u A            State matrix 
𝐸𝑓𝑑           Field voltage in p.u X            State vector 

𝑅𝐹            Rate feedback in p.u B            Input matrix 
𝑇𝐹𝑤          Frictional windage torques U           Control vector 
δ             Rotor angle or load angle in rad  

 

 

APPENDIX 
                                                                                                 GENERATOR  DATA 

Parameter Names Generator-1 Generator-2 Generator-3 Generator-4 
[ Xd Xd' Xd'' Xq Xq' Xq'' Xl ] [1.8 .3 .25  

1.7 .55 .25 .2] 

[1.8 .3 .25  

1.7 .55 .25 .2] 

[1.8 .3 .25  1.7 .55 .25 .2] [1.8 .3 .25  

1.7 .55 .25 .2] 

[ Pn(VA) Vn(Vrms) fn(Hz) ] [900E6  20000   60 ] [900E6  20000   60 ] [900E6  20000   60 ] [900E6  20000   60 ] 

[ Tdo' Tdo'' Tqo' Tqo'' ] (s) [8 .03 .4 .05] [8 .03 .4 .05] [8 .03 .4 .05] [8 .03 .4 .05] 

P (W) 700000000 - 719000000 700000000 

Generator Type PV Swing PV PV 

Rotor Type  Round Round Round Round 

  STATCOM DATA   

Power Rating 100 Controller mode Voltage regulation  

Nominal Voltage 2300 Droop 0.03  

Frequency 60 Capacitor 325  

Converter Resistance 0.00733 Ac voltage regulator 

gains 

[kacp , kaci] 

 
[5, 1000] 

 

Converter Inductance 0.22 Dc voltage regulator 

gains 

[kdcp , kdci] 

 
[0.001, 0.02] 

 

DC Link voltage 40 Current regulator gain 

[kcrp , kcri , kcrf] 
 

[0.3 ,10 ,0.22] 
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