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Abstract. This article proposes new fuzzy controller to regulation the voltage, damp the oscillations 

and limit the overshoot behavior in single-machine infinite-bus power system. Two different 

independent MISO fuzzy controllers are designed. First controller, is voltage stabilizer and it 

composes of two adaptive fuzzy modules and proportional gain AVR. The voltage stabilizer is 

designed to regulate the terminal voltage, damp the voltage oscillation and limit the voltage 

overshoot to the industrial maximum allowable limit. The input signals of this stabilizer is are taken 

from the terminal voltage and the imposed voltage disturbance that can be read from any smart 

relay. The fuzzy output is used as feedback signal to control the AVR in order to achieve stabilized 

voltage equal to the reference voltage. The second fuzzy controller is designed with two input 

signals; “mechanical angle” and its derivative, and one output which is used as feedback signal to 

adapt the damping torque in order to damp the mechanical oscillation fast and with maximum 

overshoot not exceeding 10%, and hence damp the power angle oscillation that is important in the 

PSS improvement. MATLAB-SIMULINK was used for modelling and the test cases simulation. The 

results show very good performance for the proposed fuzzy controllers. 

Keywords: Fuzzy control, PSS, AVR, mechanical angle, power angle, oscillation damping, 
adaptive control. 

1   Introduction 

The ability of the power system to return to its normal or stable conditions after being disturbed is 

called stability. Disturbances of the system may be noticed in the network frequency or voltage or 

both together due to different reasons like sudden changes of load, the sudden short circuit 

between line and ground, line-to-line fault, all three line faults, switching, etc… [1]. 

The application of fuzzy logic control techniques appears to be most suitable one whenever a 

well-defined control objective cannot be specified, the system to be controlled is a complex one, or 

its exact mathematical model is not available.  Therefore, it was found that fuzzy logic is very 

suitable technic to be used in PSS problems. Hereinafter the paper will highlight important work that 

have done in PSS. In this section we will come across some of selective reaches on PSS control 

that have used fussy logic in the last 20 years.   

In [2], the paper investigates the robustness of fuzzy logic power system stabilizers using the 

information of speed and acceleration states of a study unit. The input signals are the real power 

output and/or the speed of the study unit. Nonlinear simulations show the robustness of the fuzzy 

logic power system stabilizers. Experiments are also performed by using a micro-machine system. 

The results show the feasibility of the proposed fuzzy logic stabilizer. In [3], the PSS approach is 

based on the traditional frequency domain method. In addition, a fuzzy signal synthesizer is 

introduced to achieve adaptiveness. Two linear stabilizers are designed to accommodate two 

extreme loading cases. A fuzzy logic mechanism is used to generate one control signal by properly 

combining the outputs of the linear stabilizers. The fuzzy controller is optimized using a least 

squares error criterion. This approach does not consider the voltage regulation. In [4], both the AVR 

and PSS are considered in are designed, realistic control specifications such as the rise time and 

the overshoot of step responses were given. The PSS structure and the lead-lag compensator 

formulas were provided to allow selecting the PSS parameters. In [5], a design scheme for fuzzy 
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logic power system stabilizer for multi-machine power system with 10 busses has been developed 

using speed deviation and acceleration of synchronous generator as inputs to the fuzzy logic 

controller. The results improved the marginally the oscillation of the system.  In [6], a new power 

system stabilizer is developed and called Multi-Band Power System Stabilizer (MB-PSS). It is 

based on multi-frequency variables that stabilizer can obtain to cope with all low, intermediate, and 

high oscillations frequencies.  

Fuzzy logic is also used in many Hierarchal process control applications [7-10]. However, in [11] 

a rule-based hierarchal Fuzzy PSS is designed. Its parameters are tuned by another fuzzy logic 

system, making it adaptable to changes in operating conditions. Then it is used to stabilize a 

synchronous machine, which is part of a multi-machine power system and the power system 

stabilizers (PSSs) are implementation at each machine. In [12], the paper presents a new power 

system stabilizer with an adaptive PID fuzzy controller for different operating conditions of the 

power system. Various simulations have been performed in order to subject it to several types of 

large disturbances using a single-machine infinite bus power system. In [13] fuzzy power system 

stabilizers are added to the control loop of the generating unit to enhance the damping during low 

frequency oscillations. speed deviation and acceleration of the rotor of synchronous generator were 

taken as the input to the fuzzy logic controller.  These variables produce significant effects on 

damping of the generator shaft mechanical oscillations.  

Sliding mode control is one of the main methods employed to overcome the uncertainty of the 

system. This controller can be applied very well in presence of both parameter uncertainties and 

unknown nonlinear function such as disturbance. In [14], power systems stability is enhanced 

through a stabilizer developed around a fuzzy sliding mode approach. First, sliding mode control is 

applied to selected operating point based models of a power system separately then fuzzy logic is 

used to form a global model encompassing the separate subsystems, thus leading to a fuzzy sliding 

mode power system control. However, the controller is designed mainly to network frequency 

stability.  In [15], to enhance stability and improve dynamic response of the system operating in 

faulty conditions a Fuzzy based sliding mode control power system stabilizer is developed for a 

multi-machine system with two generators. But, the result for voltage response show unacceptable 

overshoot in voltage and power, which can cause tripping of the network in overvoltage or overload. 

In [16], the paper investigates three control strategies to design an efficient PSS for the power 

network, including a PID-based PSS, a fuzzy logic – based PSS (FLC), a fuzzy logic-integrated 

sliding mode control– based PSS (SMC). From this investigation, it was found that FLC and SMC-

based PSS regulators have excellent responses with small oscillations and short response time, 

while the PID controller obtains large deviations and greater response time. 

Small signal oscillations can be also effectively damped using fuzzy power system stabilizers. In 

[17], the paper Fuzzy Logic Power System Stabilizer (FLPSS) is designed to damp low frequency 

oscillations and improve the stability of the power system. Speed deviation and accelerating power 

are taken as inputs to the FLPSS. The result does not show significant enhancement in the voltage 

response compared with conventional controller.  In [18], a linearized Heffron-Philips model of a 

Single Machine Infinite Bus (SMIB) power system with a Fuzzy Logic Power System Stabilizer 

(FPSS) is developed for different membership functions. For FPSS, similar in many papers, speed 

deviation and acceleration deviation are taken as inputs. Also, the paper concentrated in frequency 

control only and did not proposed voltage regulation control. In [19] the article investigates the 

coordination and optimization of fuzzy controllers for designing PSS and STATCOM controllers for 

more attenuation of power system frequency fluctuations. 

For interconnected network, in [20] the research presents the analysis of change of speed, 

change of angle position and tie – line active power flow in two area symmetrical systems 

connected via tie-line using fuzzy logic controller (FLC), without examining the voltage oscillation in 

the network. But in [21], the stability of the interconnected power network improvement considers 

the power delivered from wind turbine.  The aim of this research is to improve stability of power 

system interconnection with new wind turbine plant added in two different areas. In this research, 

there are two problems that are evaluated, namely the stability of the system before and after the 

penetration of wind turbine to the network. Conventional PSS signals are added to control the 

Stability System at naturally occurring operating points, this limits PSS performance and robustness. 
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To solve this deficiency, FLC controller is proposed. But, the result showed that still tuning in the 

Fuzzy PSS is required to reduce the oscillation. 

From the above comprehensive survey for the researches that were conducted on PSS using 

fuzzy controllers in the last 20 years, it is obvious that the low frequency oscillations have always 

been the main problem of power system and can lead to power angle instability. For boosting power 

system stability limits, the most effectiveness way is to install with the PSS to damp the fluctuation 

of the power angle oscillation, a supplementary excitation control to add a supplementary feedback 

stabilizing signal into the automatic voltage regulator (AVR). Therefore, this paper focusses on the 

voltage and power angle oscillation damping by proposes two fuzzy controllers for typical power 

system model. The first controller damps the voltage oscillation, and the second controller damps 

the oscillation in the power angle.  

In Section 2, the base system for power network model that shall be used in this article is 

presented. Section 3 introduces the fuzzy controller for voltage stability and damping the voltage 

oscillation. In section 4, fuzzy controller for damping the mechanical angle oscillation, and hence 

the power angle oscillation, is presented. Finally, conclusion is given in Section 5.   

2   Power System Modeling 

Stability is classified into rotor angle, voltage and frequency stability they need not be 

independent isolated events. A voltage collapse at a bus can lead to large excursions in rotor angle 

and frequency. Similarly, large frequency deviations can lead to large changes in voltage magnitude. 

Therefore, main component of the power system i.e. prime mover, generator rotor, generator stator, 

transformers, transmission lines, load, controlling devices and protection systems should be 

mathematically represented to assess the rotor angle, voltage and frequency stability through 

appropriate analysis tools [2]. 

The model, which is used in this article for the design of the PSS, consists of a single generator 

that supply its electrical power (Pe) to the infinite bus. This system named “single-machine infinite 

bus". The schematic diagram of this system is shown in Fig. 1 

 

 

 

Figure1: Single-machine infinite-bus system 

In this system, the voltage regulator controls the exciter voltage input (u), and hence, the field 

voltage to maintain the synchronous generator terminal voltage at the desired value (Vref). The 

state –space representation of this system is described as following [23]: 

The state variables for the system are x= [δ ω E’q ψd E’d ψq Vr]T . The input variable is u= Vref  

The output variables are y= [Vterm ω Pe]T,  Where,  

δ= rotor angle in radian.  

ω= angular frequency in radian/sec.  

ψd, E’d= direct axis flux and field.  

Ψq, E’q= quadrature axis flux and field  

Vterm= terminal voltage  

Pe= Power delivered to the infinite bus.  

The power system model is linearized at a particular equilibrium point to obtain the linearized 

system model given in the state-space form (1): 

                      Δx’= AΔx +BΔu;    Δy= CΔx                     (1) 

where Δ denotes the perturbation of the states, input, and outputs from their equilibrium value. 

The following matrices of the state space form are obtained from typical machine parameters:  

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 24 January 2022                   doi:10.20944/preprints202201.0256.v2

https://doi.org/10.20944/preprints202201.0256.v2


                 (2)     

T                                      (3)          

                    (4)              

Following is MATLAB- SIMULINK [24] block diagram that present the voltage control loop for the 

base model l (Fig.2). This presentation shall be used hereinafter to deigned the required fuzzy 

controller for voltage oscillation damping. 
 

 

 

 

 

 

Figure.2. Base model voltage control loop 

Fig.2: Base model voltage control loop 

 

However, for the deigned the required fuzzy controller for power angle oscillation damping, 

decompose the power system model to isolate the H(s) state-space model that its input is the 

machine speed (ω) and is and its output is the electrical torque. The resultant A matrix with decision 

is as following: 

                                     (5) 

Where (S) is the synchronization torque factor, (D) is the damping factor, (a23) is a row vector, 

and (a31) and (a32) are column vectors, and A33 is a square matrix. The values Adc elements can be 

found simply by comparing (Adc) matrix with (A) matrix.  The decomposed state space can be 

written in the following form: 

           ή = A33η + a32ω ,  τ = a23η               (6) 

 

The block diagram of the decomposed system is shown in following MATLAB-SIMULINK Fig.3. 

 

 

 

 

 

 

 

 

 

Figure 3. Decomposition of speed control loop 
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In order to design the fuzzy controller to damp the power angle and voltage oscillations, first, the 

response of the control loop of base model and decomposed model need to be studied.  

2.1   Base Model voltage control loop Response: 

In order to study the response of the voltage control loop of the base model (Fig 2), step voltage 

input is applied at to the Vref , and the output Vterm is recorded. Fig.4 illustrates the response of the 

terminal voltage, and shows that the Vterm reaches stable steady state condition with approximately 

0.54 error. 

 

 

 

 

 

    

 

Figure 4. Vterm response with Step input Vref 

2.2   Decomposed Model Response: 

In the decomposed model, with different values of mechanical input, we can record the 

corresponding synchronizing torque, damping torque and the output mechanical angle (δ).  Fig.5 

illustrates the response for these variables when the input (mechanical torque) is changed in steps 

from zero to 20.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Decomposed model response with input (mechanical torque) changes in steps from zero to 20. 

4   Fuzzy controller for voltage stability 

Retrieving the Vterm response with step input Vref (Fig,4), this type of response can be enhanced 

usually using traditional PID controller. However, in this article combined proportional technique 

only with fuzzy logic controller are used to design the voltage stabilized.   
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In [4]. PID controller is used with P=35. The accuracy, oscillation and damping problems are 

solved using optimum integration and differentiation controllers. In this article, first, the model is 

evaluated with proportional gain P=35 and higher as an AVR based on proportional gain techniques. 

The selective criteria of the proportional gain value is to reach Zero error and to limit the overshoot 

to 1.2PU approximately, as this is the value that always acceptable in industry [24]. The block 

diagram and the step response result for the model are shown in Fig. 6. And Fig. 7.   

 

 

 

 

 

Figure 6. Base model with Proportional AVR 

 

    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Base system step response with different proportional gain values as AVR 

The result shows that using proportional gain P=35 as AVR gives marginally acceptable results 

with -0.035PU error, overshoot of 0.013PU and oscillation for 8 second. However, for proportional 

gain of P=4000 as AVR, the result shows no error, negligible oscillation and overshoot of 

approximately 0.2PU. This result is satisfactory to start design the fuzzy controller to damp the 

overshoot and the oscillation if any.  

In this stage, the power system model behavior with proportional gain of P=4000 as AVR needs 

to be tested under voltage disturbance from 0 to 1.2 PU imposed on Vterm with Vref = 1PU (Fig 8. and 

Fig. 9). 

 

 

 

 

 

Figure 8.  Power system block diagram under voltage disturbance from 0 to 1.2 PU imposed on Vterm 
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Figure 9:  Power system response under voltage disturbance from 0 to 1.2 PU imposed on Vterm 

From the result of this test, the first stage of feedback fuzzy controller can be designed for 

terminal voltage stability. Fig. 10 illustrates the fuzzy feedback controller that is proposed to control 

the terminal voltage and damp the oscillations.  

 

 

Figure 10. Fuzzy feedback control for voltage stability 

For this fuzzy controller, input membership functions range is selected based on the disturbance 

in the voltage from 0 to 2, as this is the fluctuation range of the terminal voltage, and it can be read 

from any smart protection relay. The output range of the membership functions is taken from -1 to 1 

with linear inverse rule to compensate the voltage disturbance with 9 membership function for both 

output and input. In order to achieve linearity, the setup of this fuzzy controller considers; nine 

rectangular fuzzy memberships for “Input” and “Output”,  “Min” for “And”, “Sum” for “Aggregation 

and “L.O.M” for “Defuzzification”. This fuzzy feedback controller is tested with sever voltage drop 

disturbance (100%) imposed on the power system, and without using any technique to damp either 

the overshoot or the oscillation. The result is illustrated in Fig.11. 
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Figure 11. Fuzzy controller test with sever voltage drop disturbance (100%) imposed on the power system. 

The result shows clearly that the controller sends proper signal to the AVR to stabilize the voltage 

to the Vref value. But, it also clear that this fuzzy controller module, by itself, failed to damp the 

overshoot and the oscillation. Therefore, it is required to design anther fuzzy controller module. The 

function of this new module is to adapt the feedback signal in order to damp the overshoot and the 

oscillation.  

The input membership functions range of this adaptive fuzzy module can be taken equal to the 

range of the overshoot from 1 to 3. The output of range is selected to damp any oscillation that 

cause the measured terminal voltage to be higher than the reference voltage value. Base on this, 

the output membership functions range is from -2 to 0. But in order to cover reasonable extended 

range for overshoot considering the maximum negative oscillation values, the range of the input 

membership function is extended to be from 0 to 3 and the range of the output membership function 

is also extended to be from -2 to 1. This insures that whatever the “input” signal value is, a fuzzy 

rule is fired, and hence obtain “output” signal. The setup of the adaptive module is taken similar to 

the main fuzzy controller module, however in this module100ms delay in the sampling time is 

applied to allow the second fuzzy module to adapt the feedback control signal. Then the output 

signal of the adaptive module is subtracted from to the main feedback fuzzy controller signal. Fig. 

12 illustrates the schematic diagram of the final fuzzy based voltage stabilizer.     

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure12.: Final configuration of the feedback fuzzy voltage stabilizer 
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In the beginning, this final configuration of the feedback fuzzy voltage stabilizer is tested with 

maximum disturbance in terminal voltage (100% voltage drop). Then, for full satisfaction of the 

performance of the controller, final test is done with full range of terminal voltage disturbance from 0 

to 1.2PU, and reference voltage of 1PU. The result is illustrated in Fig. 13 and Fig. 14 respectively. 

 

 

Figure 13. Fuzzy voltage stabilizer test with maximum disturbance in terminal voltage (100% voltage drop) 

 

Figure 14. Final test with full range of terminal voltage disturbance from 0 to 1.2PU, and reference voltage of 

1PU 
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From the final result, it can be seen that the proposed fuzzy voltage stabilizer with proportional 

gain AVR succeeded to regulate the terminal voltage to be equal to the reference voltage. Also, 

with initial value of terminal voltage equal “zero”, the fuzzy voltage stabilizer not only regulates the 

voltage but also damps the overshoot to less than 0.2PU and drastically damps the oscillations to 

very acceptable levels.   

4   Fuzzy control for damping mechanical angle oscillations:  

By recalling the response illustrated in Fig 5, it can be observed that at steady state 

synchronizing torque, damping torque and the output mechanical angle (δ) responses are stable, 

but have oscillations last for seconds before it reaches the steady state stability. As the 

synchronizing torque and damping torque are contributing in the calculation of the output 

mechanical angle (δ), so further investigation is required to determine the influence of these two 

torques on the output oscillations, and how much each torque contribute in the oscillation behaviour.  

For that four more test cases are required.  The first two cases are to open the synchronization 

torque loop and observe the performance of the damping torque (Fig.15 and Fig. 16). The other 

case is vice-versa, open the damping torque loop and observe the performance of the 

synchronization torque. The second two cases are to observe the damping torque when the 

synchronization torque is zero and vice-versa (Fig.17 and Fig. 18).    

 

 

 

 

 

 

 

Figure 15. Effect of damping torque and synchronizing torque on each other 

 

 

 

 

 

 

 

 

Figure 16. Damping torque and synchronizing torque values when each torque set to zero. 
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Figure 17. Uncontrolled mechanical angle when synchronizing torque Zero 

 

Figure 18. Uncontrolled mechanical angle when damping torque is zero. 

From Fig.15 to Fig.18, it can be concluded that the damping torque contribute drastically in the 

causing of the oscillations much more than synchronizing Torque. However, synchronization torque 

is responsible of the stability., This conclusion comes from the fact that when the damping torque 

loop is open (damping toque = zero) the mechanical angle response is stable but oscillation, and 

when the synchronizing loop is opened (synchronizing torque = zero) , the mechanical angle 

response.  become unstable. Therefore, in the design of fuzzy oscillation damping stabilized for 

mechanical angle, adapting the damping torque need to be considered.  

It is important to highlight in this stage that fortunately, due to the very short electrical time-

constant for the voltage stabilizer system comparing with the mechanical time-constant for governor 

and synchronous generator, the two fuzzy controllers for Voltage stabilized and mechanical angle 

stabilizers need not to coordinate between them.    

Two important criteria are considered in the design fuzzy oscillation damping stabilizer. The first 

one is to consider the mechanical angle amplitude which is proportional to the mechanical input 

torque and to limit the overshot to maximum 10%. The second one is to consider the speed of the 

increase of the angle in order to damp the mechanical angle oscillations in a short time. This 

achieves reasonable power system stability during the transient conditions. Based on this design 

philosophy, the fuzzy oscillation damping stabilizer is designed with two inputs (average mechanical 

angle and its derivative with respect to time) and the output is the adaptive damping torque. Fig. 19. 
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Figure 19. Configuration of the feedback fuzzy mechanical angle stabilizer 

The first step, base decomposed model the required knowledge to design the required fuzzy 

stabilizer, open loop case study to determine the required adaptive damping torque that satisfies 

the design criteria was carried out and the result is given in Fig. 20 and Fig. 21. 

 

 

 Figure 20. Average mechanical angle and it is maximum derivative  
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 Figure 21. Open loop study case for the design of fuzzy mechanical angle stabilizer 

In Fig. 20, the results show the response of the average mechanical angle and it is maximum 

derivative. Based on this figure, it is gives directive that the number of the fuzzy membership 

functions for the two input signals can be taken 6 for average mechanical angle and 3 for the its 

maximum derivative with triangle function shown in Fig. 22 and Fig. 23. However, based on Fig. 21 

the number of the fuzzy input membership function is taken 6 with triangle function shown in Fig. 24.  

 

 

 

 

Figure 22. Control input 1: Average mechanical angle membership functions 

 

 

 

Figure 23. Control input 2: Maximum mechanical angle derivative membership functions 
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Figure 24. Control output: Fuzzy control output signal 

The Fuzzy rule that are used in the fuzzy stabilizer of the mechanical angle is given in the Table 1. 

Table 1: Fuzzy rules 

 

The remaining setup of this fuzzy controller considers; “Min” for “And”, “Sum” for “Aggregation 

and “L.O.M” for “Defuzzification”. 

The controller is tested with wide input mechanical torque from 0 to 20. The result is illustrated in 

Fig. 25. From the results, we can observe that the fuzzy controller works properly to maintain the 

power system stability and to damp the oscillations of the mechanical angle, and hence damp the 

oscillations of the power angle as the relation between mechanical angle(θm) and power angle(θe) is 

θe=0.5×P×θm , where P is the number of poles.  

 

 

 

 

 

 

 

 

 

    Figure 20. Fuzzy controller test for damping mechanical angle oscillation with mechanical torque input from 

0 to 20. 

 

  

Input 1 
Maximum mechanical angle derivative membership functions 

  mf1 mf2 mf3 mf4 mf5 mf6 

  Fuzzy control output signal  

Input 2 
Maximum mechanical 
angle derivative 
membership functions 

mf1 mf6 mf5 mf5 mf5 mf3 mf2 

mf2 mf5 mf5 mf4 mf3 mf2 mf2 

mf3 mf5 mf5 mf4 mf2 mf2 mf1 
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5   Conclusion 

In the introduction, the article comes across some of selective reaches on PSS control that have 

used fussy logic in the last 20 years.  Then PSS enhancement for single-machine infinite bus 

system is introduced using two independent fuzzy-based controllers. The design of these 

controllers considered different operation scenarios. MATLAB-SIMULINK is used in the modeling 

the power system, estimation of the power its behavior and in the testing process.  

The first controller is designed to include proportional gain AVR and two fuzzy modules that 

regulate the terminal voltage and damp the oscillations. Industrial requirements for maximum 

allowable overshoot is considered in the design of the controller. Two signals are taken for the input 

of this controller. The first input signal is the power system voltage disturbance signal and it can be 

taken from smart relay, and its controller module main function is to send a feedback signal to the 

proportional gain AVR to regulate the terminal voltage. The second module is adaptive module and 

its input signal is the terminal voltage and can be taken from voltage transformer (VT). The output of 

this module is as adaptive feedback signal that sent to AVR to limit the overshoot and damp the 

oscillation.  

The second fuzzy controller for damping the mechanical angle is designed independently, as the 

mechanical time constant is much greater than the electrical time constant. Decompose model was 

used to isolate the required state space model which its "input" signal is “mechanical torque” and its 

"output" signal is "mechanical angle". From the analysis of the model performance, the second 

fuzzy controller is designed to have two input and one output in such a way to eliminate the 

oscillation introduced by damping torque, The input signals to the controller are taken from the 

average mechanical angle values and its derivative. The output signal of the controller is used as 

feedback signal to adapt the damping torque in order to fast eliminate the oscillation and limit the 

overshoot of the mechanical angle to maximum 10% . Fuzzy rules are obtained from conducting 

study cases on the base composed model.   

Comprehensive different test cases were carried out, and the result are illustrated. The results 

show very good improvement in regulating the power system terminal voltage, damping the 

oscillations and limit the overshoots to the industrial maximum acceptable level.  Further 

development can be carried out using the same concept control to design synchronization relay. 
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