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Abstract: This paper presents Load Frequency Control (LFC) of a two-area thermal reheat power system considering 

Governor Dead-Band (GDB) and Generation Rate Constraints (GRC) nonlinearities. A new Proportional-Double 

Integral (PI2) controller is design and implemented in LFC loop. The proposed controller have two integrators can able 

to reduce the area control error to zero even the system has complexities. The control parameters of the proposed 

controller are optimized using Differential Evolution (DE) algorithm. The main merits PI2 controller is that it has good 

stability during load variations, excellent transient and dynamic responses Moreover this paper deals with the concept of 

LFC in two-area interconnected power system having coordinated control action with Redox Flow Battery (RFB) unit 

places in area1 and Unified Power Flow Controller (UPFC) unit in series with the tie-line are capable of controlling the 

network performance in a very fast manner and improve power transfer limits 

 Keywords: Differential Evolution algorithm, Proportional-Double Integral (PI2) controller, Redox Flow Battery and Thyristor 

Controlled Phase Shifter. 

-------------------------------------------------------------------------------------------------------- 

I INTRODUCTION 

The successful operation of interconnected power systems 

requires the matching of total generation with total load 

demand and associated system losses. The operating point of 

a power system changes with time and hence systems may 

experience deviations in nominal system frequency and 

scheduled power exchanges to other area, which may yield 

undesirable effects [1]. The frequency and the interchanged 

power are kept at their desired values using feedback for the 

integral of the Area Control Error (ACE), containing the 

frequency deviation and the error of the tie-line power, and 

controlling the prime movers of the generators. The 

controllers so designed regulate the ACE to zero [2]. The 

conventional control strategy for the LFC problem is to take 

the integral of the ACE as the control signal. An integral 

controller provides zero steady state deviation, but it exhibits 

poor dynamic performance. Among the various types of load-

frequency controllers, the most widely employed is the 

conventional Proportional plus Integral (PI) controllers are 

still popular in power industry for frequency regulation as in 

case of any change in system operating conditions. The PI 

controller is very simple for implementation and gives a 

better dynamic response, but their performances deteriorate 

when the complexity in the system increases due to 

disturbances   [3, 4]. PI controller produces steady-state offset 

for a ramp signal similarly to the way a proportional 

controller does for a step change. Even though PI controllers 

have wide usages in controlling the Load Frequency Control 

(LFC) problems the Integral gain in PI controller is limited 

relatively to small values because of its high the overshoot in 

the transient’s response. So that a new control strategy, a 

controller with two integrators such as the Proportional plus 

Double Integral (PI2) is required to reduce this error to zero 

was proposed and adopted in this paper. The two integral 

time-constants values of the PI2 controller which cause 

repeated roots in the controller transfer function, minimizing 

any adverse impact on the closed-loop stability. A lot of 

work pertaining to classical controllers for a power system 

has been carried-out. However, in most of the cases, the 

mathematical has been over simplified by ignoring the 

simultaneous presence of important system nonlinearities 

such as GDB and Generation Rate Constraints GRC. The 

Governor Dead Band is defined as the total magnitude of a 
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sustained speed change within which there is no change in 

valve position. The GDB nonlinearities tend to produce 

unexpected sustaining oscillations in area frequency and 

tie-line power transient response [5]. In establishing LFC 

signals, it should recognize that there is a limit to the rate at 

which generating unit output can be changed. This is 

particularly true for thermal units where mechanical and 

thermal stresses are the limiting factors. The GRC of the 

system is considered by adding limiter to the control system 

[6].  

 The Unified Power Flow Controller (UPFC) is also a 

member of the FACTS family with very attractive features 

which are able to control, simultaneously or selectively, all 

the parameters (voltage, impedance and phase angle) 

affecting power flow in the transmission line [7]. UPFC 

which consists of a series and shunt converter connected by a 

common dc link capacitor can simultaneously perform the 

function of transmission line real / active power flow control 

in addition to UPFC bus voltage /shunt reactive power 

control. The shunt converter of the UPFC controls the UPFC 

bus voltage/shunt reactive power and dc link capacitor 

voltage. The series converter of the UPFC controls the 

transmission line real / active power flows by injecting a 

series voltage of adjustable magnitude and phase angle [8]. 

The main reason is the non-availability of required power 

other than the stored energy in the generator rotors, which 

can improve the performance of the system, in spite of 

sudden increased load demands. In order to compensate for 

sudden load changes, an active power source with fast 

response such as Redox Flow Batteries (RFB) has a wide 

range of applications such as power quality maintenance of 

decentralized power supplies. The RFB has effectively short-

time overload output and have efficient response 

characteristics in the particular [9, 10]. 

 Differential Evolution (DE) algorithm employs a 

greedy selection process with inherent elitist features. Also it 

has a minimum number of EA control parameters, which can 

be tuned effectively [11, 12]. In view of the above, an attempt 

has been made in this paper for the optimal design of DE 

based PI2 controller for LFC in two area interconnected 

power system considering GDB and GRC non-linearity. The 

design problem of the proposed controller is formulated as an 

optimization problem and DE is employed to search for 

optimal controller parameters. By minimizing the proposed 

objective functions, in which the deviations in the frequency 

and tie line power and settling times are involved; dynamic 

performance of the system is improved. Simulation results 

are presented to show the effectiveness of the proposed 

controller in providing good damping characteristic to system 

oscillations over a wide range of loading conditions, 

disturbance and system parameters. In the study DE algorithm 

based PI2 for LFC loop for two-area interconnected power 

system considering GDB and GRC nonlinearities with RFB 

and UPFC is considered.  

II APPLICATION OF RFB AND UPFC UNIT IN A 

TWO- AREA POWER SYSTEM 

2.1 Mathematical Modeling of Redox Flow Batteries unit  

 
Figure 1: Redox Flow Battery System model        

 Electrochemical flow cell systems, also known as 

Redox flow batteries, convert electrical energy into chemical 

potential energy by means of a reversible electrochemical 

reaction between two liquid electrolyte solutions. In contrast 

with conventional batteries, Redox flow cells store energy in 

the electrolyte solutions. Therefore, the power and energy 

ratings are independent, with the storage capacity determined 

by the quantity of electrolyte used and the power rating 

determined by the active area of the cell stack. The Redox 

Flow Batteries (RFB) are incorporated in the power system to 

meet the load frequency control problems and to ensure an 

improved power quality. In particular, these are essential for 

load levelling like wind power and photovoltaic generating 

units, which need measures for absorption of changes in 

output and to control flicker and momentary voltage drop. 

The Redox Flow Batteries are capable of ensuring a very fast 

response and therefore, hunting due to a delay in response 

does not occur.                                         

    The RFB systems are incorporated in the power 

system to suppress the load frequency control problem and to 

ensure an improved power quality. In particular, these are 

essential for reusable energy generation units, such as wind 

power and photovoltaic generator units, which need measures 

for absorption of changes in output and to control flicker and 

momentary voltage drop. With the excellent short-time 

overload output and response characteristics possessed by 

RFB in particular, the effects of generation control and of the 

absorption of power fluctuation needed for power quality 

maintenance are expected. The Redox Flow Batteries are 

capable of ensuring a very fast response and therefore, 

hunting due to a delay in response does not occur. For this 

reason, the ACEi was used directly as the command value for 

LFC to control the output of RFB. The block diagram 

representation of RFB unit is shown in Fig 1. The Area 

Control Error (ACE) can be used as the control signal to the 

RFB unit. 
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2.2 Mathematical Modelling of UPFC unit 

 The UPFC unit is an effective FACTS device which 

is placed between two busses consists of two Voltage-

Sourced Converters (VSCs) with a common DC link. For the 

fundamental frequency model, the VSCs are replaced by two 

controlled voltage sources as shown in Fig 2 [7, 8]. The 

voltage source at the sending bus is connected in shunt and 

will therefore be called the shunt voltage source. The second 

source, the series voltage source, is placed between the 

sending and the receiving busses. The UPFC is placed on 

high-voltage transmission lines. This arrangement requires 

step-down transformers in order to allow the use of power 

electronics devices for the UPFC. Applying the Pulse Width 

Modulation (PWM) technique to the two VSCs the following 

equations for magnitudes of shunt and series injected voltages 

are obtained 

 

 
Figure 2: Fundamental frequency model of UPFC 
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Where: SHm  – Amplitude modulation index of the shunt 

VSC control signa, SEm  – Amplitude modulation index of 

the series VSC control signal, SHn  – shunt transformer turn 

ratio, SEn – Series transformer turn ratio, BV – The system 

side base voltage in kV, DCV  – DC link voltage in kV. The 

phase angles of  SHV  and  SEV  are 

 SHSSH                          (3)                                                                                            

 SESSE                          (4)                                                                                             

Where SH  is the firing angle of the shunt VSC with respect 

to the phase angle of the sending bus voltage, SE  is the 

firing angle of the series VSC with respect to the phase angle 

of the sending end bus Voltage. The series converter injects 

an AC voltage )( SESSESH VV   in series with the 

transmission line. Series voltage magnitude SEV  and its 

phase angle SE  with respect to the sending bus which is 

controllable in the range of 0≤ SEV ≤
maxSEV and 0≤ SE ≤ 

3600. The shunt converter injects controllable shunt voltage 

such that the real component of the current in the shunt 

branch balance the real power demanded by the series 

converter. The real power can flow freely in either direction 

between the AC terminals. On the other hand as the reactive 

power cannot flow through the DC link, it is being absorbed 

or generated locally by each converter. The shunt converter 

operated to exchange the reactive power with the AC system 

provides the possibility of independent shunt compensation 

for the line. If the shunt injected voltage is regulated to 

produce a shunt reactive current component that will keep the 

sending end bus voltage at its pre-specified value, then the 

shunt converter is operated in the Automatic Voltage Control 

Mode.  Shunt converter can also be operated in the Var 

Control Mode. In this case shunt reactive current is produced 

to meet the desired inductive or capacitive Var requirement. 

UPFC is placed in the transmission line between buses S and 

R as shown in Fig 3. Line conductance was neglected. UPFC 

unit is represented by two ideal voltage sources of 

controllable magnitude and phase angle. Bus S and fictitious 

bus S1 are shown in Fig 2 which represents UPFC, s sending 

and receiving buses respectively. In this case, the complex 

power received at the receiving end of the line is given by 

 
 

Figure 3: Application of UPFC in the tie-line 
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The complex conjugate of this complex power is  
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 Performing simple mathematical manipulations and 

separating real and imaginary components of Eq (6) the 

following expressions for real and the reactive powers 

received at the receiving end of the line are  
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For VSE = 0 the above equations represent the real and 

reactive powers of the uncompensated system. As the UPFC 

unit’s series voltage magnitude can be controlled between 0 

and VSE max, and its phase angle can be controlled between 0 

and 360 degrees at any power angle, and using in Eq (7) and 

(8) the real and reactive power received at bus R for the 

system with the UPFC unit is installed can be controlled 

between rotation of the series injected voltage phasor with 

RMS value of VSEmax from 0 to 3600 allows the real and the 

reactive power flow to be controlled within the boundary 

)()( maxmin  PPP                                                                                                             

(9) )()( maxmin  QQQ                                                                                                            

(10)  

III DESIGN OF PI2 CONTROLLER USING DE 

ALGORITNM 

 
Figure 4: Closed loop control structure for AGC loop 

using PI
2
 controller 

 The Integral gain in PI controller is limited relatively 

to small values because of the overshoot in transient’s 

response. The disadvantage of integral controller is tends to 

make the system unstable because it responds slowly towards 

the produced error. A controller with two integrators is 

required to reduce this error to zero. The tuning of 

 Proportional-Double Integral (PI2) controllers, and 

relate the prescribed tuning parameters to the ultimate gain 

and period of the plant. In this study Proportional plus 

Double Integral (PI2) controllers is used for AGC loop of an 

interconnected power system as shown in Fig 4. The PI2 

controllers are expressed in Laplace form as follows:  

)
11

1()(
2

21 sTsT
ksG

II

Pc                (11)                                                                                

 In the present work an Integral Square Error (ISE) 

criterion is used to minimize the objective function which is 

defined as follows. The objective function is minimized with 

help of DE algorithm [12]. 

dtACEKdtACEKACEKU IIp   121111       

                   (12)    

dtACEKdtACEKACEKU IIp   222122

                                                                                            (13)  

The Linearized model of two- area two- units interconnected 

reheat thermal power system considering GDB and GRC 

nonlinearities with UPFC and RFB units as shown in Fig 5. 

 
    Figure 5: Linearized model of two- area two- units 

interconnected reheat thermal power system 

considering GDB and GRC nonlinearities with RFB 

and UPFC units 
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IV SIMULATION RESULTS AND OBSERVATIONS 

 In this study the active power model of UPFC 

controllers is fitted in the tie-line near area and RFB unit is 

installing in area 1 for LFC to study its performance of 

system. Simulation studies have been carried out in the 

system for 2 % step load perturbation in area 1 as shown in 

Fig 5. The nominal parameters are given in Appendix. The 

control parameters of PI2 controller gain values 

( iIiIPi KKK 2,1, ) for each area and parameters of UPFC 

unit and are optimized simultaneously with help of DE 

algorithm. The results are obtained by MATLAB 7.01 

software and 50 iterations are chosen for the convergence of 

the solution in the DE algorithm. The comparative transient 

performances of two-area Power System with RFB and 

UPFC units using PI2 controller for given load perturbation 

are shown in Fig 6 and it can observed that the oscillations in 

area frequencies and tie-line power deviation have decreased 

to a considerable extent as compare to that of the system 

without RFB and UPFC units. Thus RFB coordinated with 

UPFC improves inertia mode and inter- area mode 

oscillations effectively.  
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Figure 6 (A): ΔF1 (Hz) Vs Time (s) 
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Fig 6 (B): ΔF2 (Hz) Vs Time (s) 
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Figure 6(C): ΔPtie12 (p.u.MW) Vs Time (s) 

 

Figure-6: Dynamic responses of the frequency deviations 

and tie-line power deviations, for a two area LFC system 

considering GDB and GRC nonlinearities with and 

without UPFC and RFB 

 

V CONCLUSION 

 .A sophisticated PI2 controller based Load 

Frequency Control by RFB coordinated with UPFC controller 

has been proposed for a two area interconnected reheats 

thermal Power System considering GDB and GRC 

nonlinearities. The DE algorithm was employed to achieve 

the optimal parameters various combined control strategies. 

PI2 controller with two integrators can able to reduce the area 

control error to zero even the system has complexities.  The 

two integral time-constants values of the PI2 controller which 

cause repeated roots in the controller transfer function, 

minimizing any adverse impact on the closed-loop stability as 

compared with PI controller. The proposed design concept 

effectively damps out the inertia mode and inter-area mode 

because of the coordinated control action of RFB and UPFC 

units and are found to be more effective to suppress the 

frequency deviations of the two area system 
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APPENDIX –A 

Data for the interconnected two- area thermal Reheat 

Power System with considering GDB and GRC 

nonlinearities [5] 

Rating of each area = 2000 MW, Base power = 2000 MVA, 

fo = 60 Hz, R1 = R2 =  R3 = R4 = 2.4 Hz / p.u.MW, Tg1 = Tg2 = 

Tg3 = Tg4 =  0.08 s, Tr1 = Tr2 = Tr1 = Tr2 =  10 s, Tt1 = Tt2 = Tt3 

= Tt4 = 0.3 s, Kp1 = Kp2 = 120Hz/p.u.MW, Tp1 = Tp2 = 20 s, 1 

= 2 = 0.425 p.u.MW / Hz,   Kr1 = Kr2 = Kr3 = Kr4 = 0.5, 

122 T = 0.545 p.u.MW / Hz, a12 = -1, PD1 = 0.02 p.u.MW, 

N1 = 0.8, N2 = -0.2,    Pgmax = 0.03 p.u.MW/min. Data for 

the UPFC unit [7] TUPFC = 0.01 s; Tw = 10 s,  Data for the 

RFB unit [10] :TRFB = 0, Tdi = 0 , Tri = 0 


