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Abstract: Renewable energy provides 20% of electricity generation worldwide. Hydroelectric power is the cheapest way to 

generate electricity today. It provides almost onefifth of the electricity in world. Hydropower is produced in more than 150 

countries. The main objective of this paper is modelling and analysis of the effects of the power system stabilizer (PSS) for 

load frequency control (LFC) system in hydro-electric power plant to damp the frequency oscillations due to different load 

distributions. LFC is the mechanism by which the energy balance is maintained. PSS is used to increase the system positive 

damping. The results of small signal stability analysis have been represented employing eigenvalue as well as time domain 

response. 
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1. Introduction 

Power quality is essential to optimize the performance of 

power system equipment [1, 2]. In transmission of electrical 

energy, the active power and reactive power both between the 

production and consumption of power should be balanced, 

that this balance makes setting two important parameters of 

voltage and frequency [3, 4]. Stay on voltage and frequency 

at the time of performance in the standard range causes 

improve the quality of the electric power system. Therefore, a 

control system to remove the effects of sudden changes and 

momentary of electric power load and keep the voltage and 

frequency at the desired level is necessary [5]. Power deliver-

ed by the generator with input mechanical power by drivers 

such as steam turbines, water turbines and gas turbine or 

diesel engine is controlled [6, 7]. During oscillations in a 

power system, mechanical torque by opening and closing the 

valve feeding the turbines varies. These changes are rapid 

oscillation damping. In a power system when power demand 

is suddenly change, regional frequency and power exchange 

in tie-lines both are subject to change [8, 9]. The load deman-

d varies is reflected by a change in frequency in the power 

system and a change in the generator electrical torque output. 

Active power balance will remain constant system frequency 

and imbalance can directly affect the frequency and speed of 

the generator, thus applying load frequency control (LFC) in 

the power system is necessary [10, 11]. The objective of the 

LFC is to satisfy the following requirements [12, 13]: (a) 

zero steady state errors in tie-line exchanges and frequency 

deviations, (b) optimal transient behaviors and (c) in steady 

state, the power generation levels should satisfy the optimal 

dispatch conditions. The flow of active power in a transm-

ission system is influenced by different control actions. PSS 

and flexible ac transmission system (FACTS) devices can 

help the damping of power system oscillations and increase 

the system stability [14, 15]. The basic function of a PSS is to 

add damping to the generator rotor oscillations by controlling 

its excitation using auxiliary stabilizing signals [16, 17]. 

Hydropower plant is produced due to the energy provided 

by moving or falling water. In order to meet the increasing 

demand for electricity, most of the countries give priority to 

its development, and many hydropower plants have been bui-

lt. The classification of hydro-electric power plants is shown 

in Figure 1 [18, 19]. The classification of hydro power plants 

base on quantity are reservoir plants, pumped storage plants 

[20, 21] and run of river plants. Hydropower plants have 

essentially five major components. These are the storage res-

ervoir, intake tunnel, surge tank, penstock, and hydro turbine. 

Several control technique for LFC were proposed in the 

many papers [22, 23]. A design technique based on optimal 
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pole shift theory to control a low-head hydro power plant 

connected as a single machine to an infinite bus (SMIB) 

system is presented in [24], which a state-space model with 

two-input and two-output variables is considered. The 

prospective of parameter space methods for robust control 

and algorithm for a robust controller based a pole shifting 

adaptive control technique are presented in [25]. A step-by-

step coordinated design procedure for PSS and automatic 

voltage regulator (AVR) in a strongly coupled system is 

described in [26], which the proposed design approach is 

useful small-signal complement to established large-signal 

transient simulation studies. An approach for the design of 

multiple power system stabilizers in two-area non reheat 

thermal system for three pre-defined cases is proposed in 

[27], which the optimal parameters of the PSS are obtained 

employing genetic algorithm using integral of time 

multiplied absolute value of the error criteria. A fractional 

order PID for single area LFC for all three types of turbines 

(non-reheated, reheated and hydro turbines) is designed in 

[28], which the optimization of controller parameters and 

robustness evaluation of the control technique is done on the 

basis of the integral error criterion. A PID tuning method 

based on the two-degree-of-freedom internal model control 

for LFC of power systems is presented in [29], which the 

method is applicable to power systems with non-reheated, 

reheated, and hydro turbines. The impact of interline power 

flow controller and redox flow batteries on an interconnected 

two-area multiple-unit thermal reheat power system in 

restructured environment is presented in [30]. In [31], the 

design and analysis of a robust PID controller for a hydraulic 

turbine generator governor using a frequency response 

technique are presented. The analysis of automatic generation 

control (AGC) of a two-area interconnected hydrothermal 

power system to damp the system frequency and tie-power 

oscillations by controlling the phase angle of thyristor-

controlled phase shifter (TCPS) in series with the tie-line has 

been investigated in [32], which gain settings of the integral 

controllers are optimized using integral squared error (ISE) 

technique by minimizing a quadratic performance index. A 

PID tuning technique using internal mode control for decen-

tralized load frequency control in deregulated environment 

has been investigated in [33]. 

 

Figure 1. Showing the classification overview of hydroelectric power plants. 
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According to change of active and reactive powers and 

relatively independent of each other always load frequency 

control systems and automatic voltage regulator (AVR) 

systems in power generation is needed to control the transient 

and steady state responses. This paper describes the 

applications of PSS on system dynamic performance in hydro 

power system for single area LFC. The parameters of PSS 

are optimally tuned to stabilize the system, increase system 

damping, and improve the steady-state frequency when the 

system is subjected to different disturbances. Eigenvalues 

analysis validates the performance of controller. 

2. Hydro Turbine 

In hydroelectric plant energy requirements is supplied by 

the potential energy of water behind a dam, which the energy 

produced depends on the volume of water behind the dam 

and the difference in height between the source and drain 

water from the dam. Hydroelectric power plant based on the 

height of water falling are divided into three groups: low 

head (less than 100 m), the medium head (30 m to 100 m) 

and high head (greater than 100 m) [34]. Hydro turbines 

composed of two types of impact and reaction, which 

changes in in power and structure of hydro turbines depends 

on the height of the water drop but has the same 

characteristic response [35]. With linear assumption the 

profile turbines and regardless of the pipe friction coefficient, 

the classic transfer function of an ideal hydro turbine no 

losses (the ratio of mechanical power to change valve 

position with the effect of changes in the water column non-

elastic) is as follows [36]: 
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∆TM is the normalized values of the change output 

mechanical torque of the turbine. The parameter Tw is the 

water starting time and is a function of the length of the 

penstock and other physical dimensions. ∆XG is incremental 

change in gate position, which it for turbine comes from 

speed regulator and represents the valve opening. The 

mechanical power is controlled by opening or closing valves 

regulation water flow. When more water passes through the 

turbine mechanical output on the shaft of the turbine 

increases. A transient droop compensator should be included 

in the speed regulator to improve the stability of the plant. 

The transfer function of transient droop compensation can be 

written as [37]: 
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where α=RT/RP is slopes ratio and TR is reset time or dash-

pot constant in sec and both of them is dependent on the TW 

[38]. RT is temporary droop parameter and RP is permanent 

governor speed regulation parameter. RT can range from 0.01 

to 1.2 and RP is usually equal to 0.05 [39]. 
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3. Excitation System 

Supply and set direct current excitation winding of 

synchronous machine is main task of the excitation system. 

Also, by controlling the excitation voltage can control the 

voltage and reactive power transfer and enhance system 

stability and the proper functioning of a system of power. 

Generator excitation systems, voltage stabilizers and control 

reactive power and a role in the stability of the generator in 

case of fault or transient state. Excitation system to improve 

transient stability should quickly respond to disturbances and 

to enhance the stability of small disturbances should apply 

appropriate signal to excitation. The excitation system is 

represented by a first order model. The IEEE Type-ST1 

excitation system as shown in Figure 2 is considered in this 

paper. It can be described as: 
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where, KA and TA are the gain and time constant of the 

excitation system respectively, UR is the reference voltage, 

US is PSS output [40]: 
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Figure 2. Excitation system. 

4. Power System Stabilizer 

To eliminate the oscillations in the transient state in 

addition to the frequency and voltage control loops, from the 

additional controller is used [41, 42]. Power system stabilizer 

(PSS) provides an additional input signal to generate 

supplementary control signals for the excitation control 

system in order to damp slow mode oscillations of the power 

system [43, 44]. Some commonly used input signals are rotor 
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speed deviation, accelerating power, and frequency deviation. 

The basic function of PSS is producing a component of 

electrical torque in phase with rotor speed deviations to 

increase the system positive damping. The conventional lead-

lag PSS (CPSS) transfer function is given by the following 

[45, 46]: 

1
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where TQ is the washout time constant and KQ is the PSS 

pure gain. TD is the lead time constant and TG is the lag time 

constant. The selection of the TQ value depends upon the type 

of mode under study. 

5. Power System Model 

The power system considered in this paper is a single-

machine infinite-bus (SMIB) power system. It consists of a 

synchronous generator, a hydro turbine, a governor, an IEEE 

Type ST1 excitation system, a power system stabilizer and a 

transmission line connected to infinite-bus. The mathematical 

relationships between incremental power system variables 

and inputs is shown in Figure 3, where δ is angle load, EF is 

field voltage, ωr is angular velocity and E'q is voltage 

proportional to direct axis flux linkages. Also, GV(s), GP(s) 

and GR(s) are transfer function of the exciter system, the 

power system stabilizer and the voltage regulator system. It 

consists a generating unit with a hydraulic turbine and 

proposed PSS and PID controller. The governor includes 

transient drop. The response of a hydraulic unit to speed 

change is relatively slow. An additional control block by PSS 

is added to the AVR, and uses stabilizing feedback signal 

such as shaft speed to change the input signal of the AVR. 

The parameters are a function of operating point and the 

loading in a power system in never constant. 

 

Figure 3. Functional block diagram of power generation and control system. 

The primary inputs to the generating unit are the 

mechanical torque deviation (∆TM) and reference terminal 

voltage deviation (∆UR), which there are supplied from a 

higher level of control. The prime mover (hydro turbine) 

output affects the input TM in the model of the synchronous 

machine. The primary inputs to the generating unit are ∆TR 

and ∆UR, which there are supplied from a higher level of 

control. 

Small signal stability is best analyzed by linearizing the 

hydro-turbine governing system differential equations about 

equilibrium operating point. The system has a multi-input 

multi-output structure and the use of state space models is a 

good approach for modeling and control. A simple state-

space model of a hydro power plant connected as single-

machine infinite-bus with nine state variable and two inputs 

is given as follows: 
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Y C X∆ = ∆                                  (10) 

where A and B are the system matrix and input matrix respe-

ctively. The state vector and input vector are given by: 
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6. Simulation Results 

In this section the dynamic behavior of the SMIB power 

system equipped with a hydro turbine for different load varia-

tions is examined using of eigenvalues analysis. Simulation 

results show that the dynamic behavior response. Key para-

meters of the single-machine infinite-bus power system and 

three different loading conditions are listed in Table 1. Table 

2 depicts the constants K of the power system under study for 

various operating conditions. The eigenvalues of the power 

system equipped with the hydro turbine for various operating 

conditions are summarized in Tables 3, 4 and 5. The values 

of damping coefficient corresponding to each electromechan-

ical mode is represented in square bracket. The deviation of 

the load angle without controller with step changes in load 

disturbance at nominal loading is presented in Figure 4. From 

these figures, the output response without controller is highly 

oscillatory, which is not satisfactory. 

Table 1. SMIB power system parameters. 

Synchronous generator JM=9.26, X'd=0.19, Xd=0.973, Xq=0.55, T'do=7.76, KD=0, ωb=120π, KR=1, TR=0 

Excitation system KA=50, TA=0.05 

Hydro turbine TW=4, TG=0.2, RP=0.05, RT=0.7991, KG=1 

Transmission line RE=-0.034, XE=0.997 

Different loading conditions 

Normal load (PEO=1, QEO=0.015, UTO=1.05) 

Heavy load (PEO=1.1, QEO=0.4, UTO=1.05) 

Light load (PEO=0.3, QEO=0.1, UTO=1.05) 

Power system stabilizer KQ=22.7119, TQ=5, TD=0.2715, TL=0.1 

Local load GL=0.249, BL=0.262 

 

Table 2. Constants K for different loading conditions. 

Constants 

K 

Different loading conditions 

Nominal loading Heavy loading Light loading 
K1 0.5441 0.2140 0.5393 

K2 1.2067 1.1685 0.4823 

K3 0.6584 0.6554 0.6584 

K4 0.6981 0.6254 0.1449 

K5 -0.0955 -0.1404 0.0015 

K6 0.8159 0.8254 0.8757 

Table 3. System modes in nominal loading for different states. 

Without PSS and 

LFC 

With LFC and without 

PSS 

With PSS and 

LFC 

0.2958±j4.9573 0.3639±j3.2869 -2.6135±j3.9309 

[-0.0596] [-0.1100] [+0.5537] 

-10.3936±j3.2825 -10.4031±j4.9080 -2.9051±j7.6334 

 
-5.1204 -19.0882 

 
-0.4969 -5.0682 

 
-0.0045 -0.4965 

 
0 -0.2055 

  
-0.0045 

  
0 

Table 4. System modes in light loading for different states. 

Without PSS and 

LFC 

With LFC and 

without PSS 
With PSS and LFC 

-0.0054±j4.6785 0.0744±j4.6227 -0.8947±j4.7620 

[+0.0012] [-0.0161] [+0.1847] 

-10.0925±j3.8420 -10.0924±j3.8420 -6.1137±j5.3395 

Without PSS and 

LFC 

With LFC and 

without PSS 
With PSS and LFC 

 
-5.1636 -16.06 

 
-0.4961 -5.1207 

 
-0.0045 -0.4959 

 
0 -0.2024 

  
-0.0045 

  
0 

Table 5. System modes in heavy loading for different states. 

Without PSS and 

LFC 

With LFC and 

without PSS 
With PSS and LFC 

0.4848±j3.6950 0.5622±j3.6513 -1.1409±j3.2194 

[-0.1301] [-0.1522] [+0.3340] 

-10.5826±j3.6932 -10.5963±j3.6944 -4.1409±j7.3361 

 
-5.1325 -19.0249 

 
-0.4949 -5.0742 

 
-0.0045 -0.4939 

 
0 -0.2091 

  
-0.0045 

  
0 

The electrical torque deviation response in power system 

equipped with LFC and PSS for step changes in load distu-

rbance is presented in Figure 5. The rotor angle deviation is 

show in Figure 6, the gate position deviation is show in 

Figure 7 and the mechanical torque deviation is show in 

Figure 8. The dynamic response of power system are 

achieved in nominal loading. 
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Figure 4. Load angle deviation for power system without PSS. 

 

Figure 5. Electrical torque deviation in power system equipped with PSS and LFC. 
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Figure 6. Rotor angular speed deviation in power system equipped with PSS and LFC at nominal loading. 

 

Figure 7. Gate position deviation in power system equipped with PSS and LFC at nominal loading. 
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Figure 8. Mechanical torque deviation in power system equipped with PSS and LFC at nominal loading. 

7. Conclusion 

The power and frequency control presents a very important 

power system dynamic problem. Therefore, LFC is very 

important task in electrical power system operation for 

supplying sufficient and reliable electrical power with good 

quality. In this paper, the effect of PSS on system dynamic 

performance in power system for single area LFC with hydro 

turbines will be discussed. A linearized form of nonlinear 

model was used to design the PSS and LFC in hydro turbine 

unit. Simulation results show the stability improvement of a 

hydro power system using PSS. 
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