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Abstract 
 

This paper presents Control Performance Standard (CPS) criterion based Dual 

Mode Two Layer Fuzzy Logic Controller (DMTLFLC) for the Load 

Frequency Control of a two area interconnected power system considering 

Governor Dead Band and Generation Rate Constraints nonlinearities. The 

proposed DMTLFLC consists of two-layer fuzzy logic system. Each layer is 

designed to target particular objectives, so that design is simpler and reduces 

the complexity of fuzzy rule design. The first layer is called pre-compensator, 

which is used to generate and update the reference value of Area Control Error 

(ACE) according to control area compliance with North American Electric 

Reliability Council (NERC). The Control Performance Standard (CPS) 

criterion used as the input of the pre-compensator and rules are designed to 

reduce the wear and tear of the equipment. The second layer is called fuzzy PI 

controller with dual mode control i.e., either proportional or integral mode. 

The concept of dual-mode control in the fuzzy system such that the 

proportional mode is made active when the rate of change of the new Area 

Control Error (ACEN) is sufficiently larger than a specified limit otherwise 

switched to the integral mode. The simulation results of the proposed 

controller exhibits superior transient and steady-state performance of the LFC 

system. Moreover the proposed controller will significantly reduce frequent 

change in governor set points in order to avoiding unnecessary maneuvering 

of the generating units. The power modulation control such as Super Capacitor 

Energy Storage Unit (SCES) has to be adopted to suppress the peak value of 

the transient frequency deviation and maintains the power quality with the 

distributed power resource.  
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Introduction 
Changes in power demand are frequent and unpredictable and they affect the system 

frequency as well as the inter-area power exchange in an interconnected power system 

operation. Load Frequency Control (LFC) is a necessary mechanism by which the 

balance between the power demand and the power generation is maintained with the 

objectives to keep the frequency at the nominal value and maintain the scheduled 

inter-area tie-line power flow. For the past several decades lot of work pertaining the 

design of classical controllers for interconnected power systems [1] has been reported 

and in most of the cases the mathematical model has been over simplified by ignoring 

the simultaneous presence of nonlinearities such as Governor Dead Band (GDB) and 

Generation Rate Constraints(GRC) all governors in the thermal reheat power system 

have dead bands like mechanical friction, backlash, valve overlaps in hydraulic relays, 

which are important for speed control even under small disturbances. So, the speed 

governor dead band has significant effect on the dynamic performance of load-

frequency control system. Moreover, the GDB has a destabilizing effect on the 

transient response of the system [2]. In a power system, another most important 

constraint on modern large size thermal units is the stringent generation rate constraint 

i.e. the power generation can change only at a specified maximum rate. The GRC of 

the system is considered as a limiter to the power generating system [3]. In this 

condition, the response will be with larger overshoots and longer settling times when 

compared with the system where GRC is not considered. So, if the parameters of the 

controller are not chosen properly, the system may become unstable. In the 

simultaneous presence of GDB and GRC, even with small load perturbation, the 

system becomes highly nonlinear and hence the optimization problem becomes rather 

complex [4, 5]. So advanced economic, high efficiency and improved control schemes 

are required to ensure the power system reliability.  

     Fuzzy logic controllers have received considerable interest in recent years. Fuzzy 

based methods are found to be very useful in the places where the solution to the 

mathematical formulations is complicated. Moreover, fuzzy logic controller often 

yields superior results to conventional control approaches [6, 7]. The fuzzy logic 

based intelligent controllers are designed to facilitate the operation smooth and less 

oscillatory when system is subjected to load disturbances The conventional approach 

using proportional plus integral controllers results in relatively large over shoots in 

transient frequency deviations. Further, the settling time of the system frequency 

deviations is also relatively long. It is well known that, if the control law employs 

integral control, the system has no steady state error. However, it increases the order 

of the system by one. Therefore, the response with the integral control is slow during 

the transient period. In the absence of integral control, the gain of the closed loop 

system can be increased significantly thereby improving the transient response [8]. 

The proportional plus integral control does not eliminate between the static and 
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dynamic accuracy. This conflict may be resolved by employing the dual mode control 

[9]. 

     Fast fluctuations in aggregate load, which can be described as a form of random 

movements, cannot be matched by load following services. Consequently, resultant 

mismatches represented as area control error are taken care of by those units 

providing regulation services [10]. As a response to the LFC requests, the generating 

units constantly have to move up and down. Too tight control can have big impact on 

the generating units and the cost related to the wear and tear of the unit and associated 

maintenance needs to be minimized. At the other side, too loose control can lead to 

violation of the control standards and inevitable penalization. The Control 

Performance Standard (CPS) is specifically designed to comply with the performance 

standards imposed by the North American Electric Reliability Council (NERC) for 

equitable operation of an interconnected system [11]. Control Performance Standard 

(CPS1) and Control Performance Standard 2 (CPS2) are derived from rigorous 

theoretical basis [12]. The control actions are taken only when necessary, when the 

compliance is low and close to violation of NERC standards. In such a case, the 

controller will produce a signal to timely adjust the generation and improve area 

compliance. However, when CPS compliance is satisfied the controller will not 

produce changes in governor set points, avoiding unnecessary maneuvering of the 

generating units. In this study the Control Performance Standard criterion is 

introduced into the fuzzy controller design, thus improves the dynamic quality of 

system. 

     The usual fuzzy logic controllers may fail to facilitate the smooth operation and 

less oscillatory when system is subjected to load disturbances also in presence of 

nonlinearities. But the design procedures with more skill can overcome the drawback. 

The fuzzy gain scheduling controller had been used for nonlinear systems by some 

researcher. In this method, control parameters can be changed very quickly since 

parameter estimation is not required and thus system outputs are obtained faster with 

higher quality as compared with conventional controllers. In this same method, the 

transient response can be unstable because abruptness in system parameters. Also, 

accurate linear time invariant models cannot be obtained at variable operating point 

[13]. Fuzzy systems use a method of approximate reasoning, which allows them to 

make decisions based on vague and incomplete information in a manner which is 

similar to the way human beings operate. However, the total number of fuzzy rules 

and adjustable system parameters increases exponentially with the number of input 

variables in standard fuzzy reasoning processes. This imposes a heavy burden on the 

system and suffers from poor transient performance and a large steady state error 

when applied to systems with dead zones. Because of this, classical fuzzy systems 

cannot perform well even with the fuzzy reasoning. On the other hand, when dealing 

with complex systems, the single-loop controller may not achieve the control 

performances and a multilayered controller turns out to be very helpful. The main 

advantage of the multilevel control lies in the freedom of the design of each layer [14, 

15]. The layers are designed to target particular objectives, so that design is simpler 

and the performance can be very well being improved. Based on the application 

multilevel control, the proposed fuzzy controller is design with two-layer control 
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architecture to solve the rule explosion problem in multi-input fuzzy logic system. 

The first layer is constructed from the information that reflects compliance with 

Control Performance Standard so as called control supervisor or pre-compensator. In 

second layer is fuzzy PI controller consists of dual-mode control concept such that the 

proportional mode is made active when the rate of change of the error is sufficiently 

larger than a specified limit otherwise switches to the integral mode. The proposed 

DMTLFLC to control two-area reheat thermal interconnected restructured power 

system with GDB and GRC nonlinearities and it can provide a better dynamic 

performance and enhances an efficient way of coping even with imperfect 

information, offers flexibility in decision making processes as compared with 

conventional PI controllers. 

     A fast-acting energy storage system in addition to the kinetic energy of the generator 

rotors provides adequate control to damp out the frequency oscillations. The problems like 

low discharge rate, increased time required for power flow reversal and maintenance 

requirements have led to the evolution of Super Capacitor Energy Storage (SCES) 

devices for their applications as load-frequency stabilizers. The energy density of Super 

Capacitor (SC) is found to be 100 times larger than the conventional electrolytic 

capacitor and their power density is 10 times larger than the lead-acid battery [16]. 

Ultra capacitors possess a number of attractive properties like fast charge-discharge 

capability, longer life, no-maintenance and environmental friendliness [17]. The 

effective specific energy for a prescribed load can be satisfied using various SC bank 

configurations. The SCES will, in addition to load levelling, a function conventionally 

assigned to them, have a wide range of applications such as power quality 

maintenance for decentralized power supplies [18, 19]. The SCES are excellent for 

short-time overload output and the response characteristics possessed in the particular. 

The effect of generation control and the absorption of power fluctuation which are 

required for the power quality maintenance are met out effectively with the 

incorporation of SCES.  

 

 

Problem Formulation  
The state variable equation of the minimum realization model of „ N ‟ area 

interconnected power system [9] may be expressed as  

     
Cxy

duxx            (1) 
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Measurable output vector. where A  is system matrix, B  is the input distribution 

matrix,  is the disturbance distribution matrix, C is the control output distribution 
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matrix, x  is the state vector, u  is the control vector and d is the disturbance vector 

consisting of load changes. The gain values of the proportional controller (Kp1, Kp2) 

and the gain values of (Ki1, Ki2) the integral controller in LFC loop are to be 

optimized to have minimum undershoot (US), overshoot (OS) and settling time (ζs) in 

area frequencies and power exchange over tie-line. Fig. 1 represents the block 

diagram of two area reheat thermal interconnected power system. In the present work, 

an Integral Square Error (ISE) criterion is used as a performance index by minimizing 

the objective function defined as follows  

      dtPFFJ

t

tie

0

22

22

2

11 )()(    (2) 

 

Design of Proposed Dual Mode Two-Layer Fuzzy Logic Controller 
The design objective is to minimize the adverse effects (ACE and frequency 

deviation) caused by the load disturbances. In a competitive environment, the LFC 

providers need not only to comply with the CPS1 and CPS2 alone, but also to 

minimize their LFC costs that result from a number of units maneuvering, as well as 

wear and tear due to reversals. This paper proposed controller to solve the rule 

explosion problem in the multi-input fuzzy logic system and by adopting double 

layered fuzzy system. The proposed fuzzy based intelligent controller consists of 

two “layers”: a fuzzy pre-compensator and a usual feedback fuzzy controller are 

shown in Fig 1. The main advantage of the multilevel control lies in the freedom of 

the design of each layer [14]. The layers are designed to target particular objectives, 

so that design is simpler and performance improved. The controller design is simplify 

two-layer control architecture where the first layer is called pre-compensator, which is 

used to generate and update the reference value of ACE and assure its control 

performance in compliance with NERC‟s control performance standards and fuzzy 

rules are design to reduce the wear and tear of the equipment. The other layer called 

feedback dual mode fuzzy logic controllers namely Proportional mode, or integral 

mode fuzzy logic controller. The dual mode control concept can be adopted in a fast 

manner in order to eliminate the static and dynamic error of PI controller. Thus 

proposed controllers operates by switching between proportional mode and Integral 

controller depending upon the magnitude rate of change of new Area Control Error 

(ACEN) and assure compliance with control performance standards CPS1 and CPS2 

set by NERC, and to reduce number of reversals of the generating units. 
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Figure 1: Control structure of proposed fuzzy based intelligent controller 

 

Design of Pre-Compensator 

The pre-compensator is constructed from fuzzy systems as a control supervisor based 

on the current Area Control Error (ACE) and the predicted change-of-ACE. The 

Control Performance Standard (CPS) criterion is introduced into the fuzzy pre-

compensator design thus improves the dynamic quality of system. North American 

Electric Reliability Council (NERC) had proposed new control performance standards 

CPS1 and CPS2 to evaluate the control area performance in normal interconnected 

power system operation. Each control area is required to monitor its control 

performance and report its compliance CPS1 and CPS2 to NERC at regular intervals 

[11, 12]. 

 

Control Performance Standard 1(CPS1) 

CPS1 assesses the impact of ACE on frequency over a certain period window or 

horizon and it is defined as follows: over a sliding period, the average of the “clock-

minute averages” of a control area
, 
s ACE divided by “10 times its area frequency 

bias” times the corresponding “clock- minute averages of the interconnection 

frequency error” shall be less than the square of a given constant, є1, representing a 

target frequency bound.  

     2

1

1
10

i

i

i
period F

ACE
AVG         (3) 

     Where errorjitieiii PFtACE )(  and ∆Fi is the clock- minute average of 

frequency deviation, βi the frequency bias of the i
th

 control area, ε1 the targeted 

frequency bound and n-scaling factor for CPS1 and 

110 i

iACE  is the clock-1 min 

average. To calculate CPS1 (KCPS1), a compliance factor (KCF) is defined as: 
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     CPS1 is then obtained from the following equation 

     %100*21 CFCPS KK           (5) 

1. When KCPS1 ≥ 200%, which means KCF ≤ 0, there is∑ (ACE1*∆F1) ≤0. Under 

this condition, ACE facilitates the frequency quality 

2. When 100% ≤ KCPS1 < 200%, which means 0 < KCF ≤ 1, there is 

2
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1

*
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0 nF
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i

i . Then CPS1 standard is satisfied. 

3. When KCPS1 < 100%, which means KCF > 1, there is 2

11

1

*
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nF
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i

i . 

ACE has exceeded the permitted range so that it has a bad effect on the 

frequency and quality of power grid. 

 

Control Performance Standard 2 (CPS2) 

The second performance standard, CPS2 (KCPS2), limits the magnitude of short- term 

ACE values. It requires the 10-min averages of a control area
‟
s ACE be less than a 

given constant (L10), as in the equation below:  

     10min10 )( LACEAVG i           (6) 

     Where, )10)(10(65.1 1010 siL . Note that βs is the summation of the 

frequency bias settings of all control areas in the considered interconnection, and ε10 

is the target frequency bound for CPS2. To comply with this standard, each control 

area must have its compliance no less than 90%. A compliance percentage is 

calculated from the following equation: 

     
10

min10
2

)(

L

ACEAVG
K i

CPS          (7) 

     In order to meet the requirements of the power grid frequency quality, the average 

ACE value during 10 min in each control region should be in the normal distribution 

as: 

     si 101010          (8) 

 

Optimization rules based on Control Performance Standards 

Suppose Control Performance Standard 1 ≥100% and Control Performance Standard 

2 ≥90% to be goal of the LFC control strategy. Table 1 shows LFC optimization rules 

based on Control Performance Standard. 
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Table 1: LFC Optimization rules based on CPS 

 

Condition The state of LFC units 

CPS1 ≥100% and CPS2 ≥90% No optimization adjustment 

CPS1<100% and 

CPS2 ≥90% 

ACE*∆F>0 Optimization adjustment 

ACE*∆F<0 No optimization adjustment 

CPS1≥100% and CPS2<90% Optimization adjustment 

CPS1<100% and CPS2<90% Optimization adjustment 

 

     This paper uses the information that reflects compliance with CPS1 and CPS2 and 

is used as the input to form the fuzzy rules. The proposed fuzzy logic will lower the 

controller gain when the control area has high compliance. On the other hand, that the 

controller gain will be increased when the compliance with CPS1 of the control area is 

low. According to the optimized rules from the Table 1, the input and output 

membership functions of the pre-compensator, CPS1, CPS2 and αi could be defined as 

shown in Fig.2 and Fig.3. Fuzzy rules are summarized in Table 2. The pre-

compensation scheme is easy to implement in practice and assures control area 

compliance with NERC control performance standards CPS1 and CPS2. The fuzzy 

pre-compensator is used to update and modify the reference value of ACE which was 

used the input signals of the second layer. The control actions are taken only when 

necessary, when the compliance is low and close to violation of NERC standards. In 

such a case, the controller will produce a signal to timely adjust the generation and 

improve area compliance. However, when CPS compliance is satisfied the controller 

will not produce changes in governor set points, avoiding unnecessary maneuvering 

of the generating units. 

 

 

 

 

 

 

 

 

 

Figure 2: Membership function for the input variables (CPS1, CPS2) 

  

 

  

 

 

 

 

 

 

Figure 3: Membership function for the controller outputs (αi) 
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Table 2: Pre-compensator Fuzzy logic rules for CPS 

 

 CPS1 

CPS2 

 

PS 

 

PM 
 

PB 

PS ZE PS PS 

PM PS PB PM 

PB PB PVB PVB 

 

Design of Feedback Fuzzy PI Controller 

The second layer called feedback fuzzy PI controller. This controller strategy 

combines fuzzy proportional and integral controller with a fuzzy switch. The fixed 

gain controllers are designed at nominal operating conditions and fail to provide best 

control performance over a wide range of operating conditions. The well designed 

integral controller can bring the steady state error to zero but the speed of the response 

of the system becomes slow resulting high over/ under shoot and settling time. The 

over/under shoot is reduced and speed of the response improves by using only 

proportional controller. The dual mode control scheme is proposed in this paper, the 

control system will operate in this mode when the rate of change the new Area 

Control Error (ACEN) exceeds specified limit. In the discontinuous mode, the control 

should switch between two different control algorithms in the feedback loop until the 

rate of change of the ACEN, signal enters singular strip permanently. The time at 

which these changes occur is determined in accordance with current value of the 

derivative of ACEN signal. The control law employed during the transient period, i.e., 

the discontinuous mode, is switched between Eq (9) and Eq (10) depending on the 

magnitude of the rate of change of new Area Control Error signal
dt

tdACEN )(
. Based 

upon the above mentioned facts, the dual mode concept is introduced in the following 

manner. The proportional controller will act during the transient period when the rate 

of change of error (ACEN) is sufficiently larger, whereas the integral controller would 

be the better option when the rate of change of error is small. The dual mode control 

scheme of the fuzzy feedback PI controller is shown in Fig 1. For the proposed 

control scheme, the control law is taken as follows 

     dt

tdACE
fortACEKtP N

Npc

)(
,        (9) 

     dt

tdACE
fordttACEKtP N

NIc

)(
,                (10) 

     Where, ACEN (t) the error signal at a particular instant, tPc output signal of the 

controller and  is constant indicating the specified limit of error signal. When the 

error signal remains within the specified limit, i.e.,
dt

tdACEN )(
, the system will 

operate in continuous mode. The integral control strategy is best suited to meet the 
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requirements when system enters the continuous mode. Thus the fuzzy proportional 

controller is employed to penalize fast change and large overshoots in the control 

input due to corresponding practical constraints. The fuzzy integral controller stage is 

used in order to get disturbance rejection and zero steady state error. The both the 

fuzzy Proportional and fuzzy integral controller can use the same membership 

functions and the same rule base. Only the gains for the input and output signals have 

to be tuned with appropriate coefficients. The input signals of the proposed fuzzy 

Proportional and fuzzy integral controller are new Area control Error (ACEN) and the 

rate of change of new Area control Error (ΔACEN). The output signal of feedback 

fuzzy PI controller is CP  . The input and output membership functions of the 

proposed feedback fuzzy PI controller are shown in Fig. 4 and Fig.5, respectively. 

The membership functions are the control gains KP, KI, to be large or small, as shown 

in Fig.4 and Fig 5. Hence, feedback fuzzy PI controller becomes a parameter time 

varying proportional and integral controller. The input membership functions “ACEN” 

of the feedback fuzzy PI controller is divided into three areas based on magnitude and 

sign. These are positive small (PS), positive middle (PM) and positive (P). Also, the 

input membership functions “∆ACEN” and the output membership functions “ CP ” 

of the feedback fuzzy PI controller are divided into three areas based on magnitude 

and sign. There are negative (N), zero (Z) and positive (P). Fuzzy control rules are 

constructed by using the control experience of operator having experiences about 

Load Frequency Control of the interconnected Restructured power system. The input 

variables “ACEN and “∆ACEN” have three membership functions, as shown in Fig 4. 

Using the combinations of the input membership functions, total nine fuzzy control 

rules can be generated a fuzzy output relating two input fuzzy sets as shown in Table 

3. 

 

 

 
 

Figure 4: Membership function for the input variables (ACEN, ∆ACEN) 

 



Control Performance Standards Criteria Based Load Frequency Control et. al. 24045 

 
 

Figure 5: Membership function for the controller outputs 
CP  

 

Table 3: Rule table for Feedback Fuzzy PI controller 

 

 ∆ACEN 

ACEN 

 

N 

 

Z 
 

P 

PS N N Z 

PM N Z P 

P Z P P 

 

 

Application of Super Capacitor Energy Storage For An 

Interconnected Power System 
 

Components of SCES Unit 

A Super Capacitive Energy Storage (SCES) consists of a super capacitor or a 

Cryogenic Hyper Capacitor (CHC), a Power Conversion System (PCS) and the 

associated protective circuitry as shown in Fig.6. The CHCs differ from the 

conventional capacitors in that they are multilayer ceramic capacitors with a dielectric 

that has its peak dielectric constant at 77 K, the temperature of liquid nitrogen. The 

dimensions of the capacitor are determined by the energy storage capacity required. 

The storage capacitor C may consists of many discrete capacitance units connected in 

parallel. The resistor R1 connected in parallel across the capacitor is the lumped 

equivalent resistance representing the dielectric and leakage losses of the capacitor 

bank. The normal operating point of the capacitor can be such that the maximum 

allowable energy absorption equals the maximum allowable energy discharge. This 

will make the SCES unit very effective in damping the oscillations created by sudden 

increase or decrease in load.  
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Figure 6: Super Capacitive Energy Storage Unit 

 

     If Ed0 denotes the set value of voltage and Edmax and Edmin denote the maximum 

and minimum limits of voltage respectively, then, 

     2

min

2

0

2

0

2

max
2

1

2

1

2

1

2

1
dddd CECECECE                   (11) 

     
2

][ 2/12

min

2

max dd
do

EE
E                     (12)  

     The capacitor voltage should not be allowed to deviate beyond certain lower and 

upper limits. During a sudden system disturbance, if the capacitor voltage goes too 

low and if another disturbance occurs before the voltage returns to its normal value, 

more energy will be withdrawn from the capacitor which may cause discontinuous 

control. To overcome this problem, a lower limit is imposed for the capacitor voltage 

and in the present study; it is taken as 30% of the rated value. Initially, the capacitor is 

charged to its set value of voltage Ed0 (less than the full charge value) from the utility 

grid during its normal operation. To charge the capacitor at the maximum rate, Ed is 

set at its maximum value by setting α = 0°. At any time during the charging period, 

the stored energy in Joules is proportional to the square of the voltage as described. 

Once the voltage reaches its rated value, it is kept floating at this value by a 

continuous supply from PCS which is sufficient to overcome the resistive drop. Since 

this Ed0 is very small, the firing angle α will be nearly 90°. The SCES is now ready to 

be put into service. When there is a sudden rise in load demand, the stored energy is 

almost immediately released through the PCS to the grid. As the governor and other 

control mechanisms start working to set the power system to an equilibrium 

condition, the capacitor charges to its initial value of voltage Ed0. The action during 

sudden releases of load is similar that the capacitor immediately gets charged 

instantaneously towards its full value, thus absorbing some portion of the excess 

energy in the system, and as the system returns to its steady state, the excess energy 
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absorbed is released and the capacitor voltage attains its normal value. The power 

flow into the capacitor at any instant is 

     Pd = Ed Id                      (13)  

     And, the initial power flow into the capacitor is  

     Pd0 = Ed0.Id0                      (14)  

     Where, Ed0 and Id0 are the magnitudes of voltage and current prior to the load 

disturbance. When a load disturbance occurs, the power flow into the coil is 

     Pd0 + ΔPd = (Ed0 + ΔEd)(Id0 +ΔId)                  (15)  

     so that the incremental power change in the capacitor is 

     ΔPd = (Id0ΔEd + ΔEd ΔId)                    (16)  

     The term Ed0.Id0 is neglected since Ed0 = 0 in the storage mode to hold the rated 

voltage at constant value.  

 

Mathematical Model of SCES unit 

The block diagram representation of SCES unit is shown in Fig.7. The frequency 

deviation can be used as the control signal to the SCES unit (Δerrori = Δfi). Edi is then 

continuously controlled in accordance with this control signal. For the i
th

 area, if the 

frequency deviation Δfi (i.e., Δerrori = Δfi). of the power system is used as the control 

signal to SCES unit, then the deviation in the current, ΔIdi is given by 

     

 
divdiiCESi

DCi

di EKfK
sT

..
1

1

                

(17)  

 

 
 

Figure 7: block diagram with capacitor voltage deviation feedback 

 

     The control actions of Super Capacitor Energy Storage units are found to be 

superior to the action of the governor system in terms of the response speed against, 

the frequency fluctuations. The SCES units are tuned to suppress the peak value of 

frequency deviations quickly against the sudden load change, subsequently the 

governor system are actuated for compensating the steady state error of the frequency 
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deviations. Fig 8 shows the Linearized reduction model for the control design of two 

area interconnected power system with SCES.  

 

 
 

Figure 8: Linearized reduction model for the control design 

 

     The SCES unit is modeled as an active power source to area 1 with a time constant 

TSCES, and gain constant KSCES. Assuming the time constants TSCES is regarded as 0 

sec for the control design. Then the state equation of the system represented by Fig. 8 

becomes 
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             (18)

 

 

Control design of SCES unit 

The design process starts from the reduction of two area system into one area which 

represents the Inertia centre mode of the overall system. The controller of SCES unit 

is designed for the equivalent one area system to reduce the frequency deviation of 

inertia centre. The equivalent system is derived by assuming the synchronizing 

coefficient T12 to be large. From the state equation of 12TP  in Eq (18) 
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     Setting the value of T12 in Eq (19) to be infinity yields ΔF1 = ΔF2. Next, by 

multiplying state equation of 21 FandF  in Eq (18) by 
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     By summing Eq (20) and Eq (21) and using the above relation ΔF1 = ΔF2 = ΔF 
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     Where the load change in this system ΔPD is additionally considered, here the 

control  

     ΔPSCES = -KSCES ΔF is applied then.    
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     Where, C is the proportionality constant between change in frequency and change 

in load demand. Since the control action of SCES unit is to suppress the deviation of 

ΔF quickly against the sudden change of ΔPD, the percent reduction of the final value 

after applying a step change ΔPD can be given as a control specification. In Eq (23) 

the final values with KSCES = 0 and with KSCES 0 are C/A and C/(A+KSCES B) 

respectively therefore the percentage reduction is represented by  

     
100

)/( RACB) K+C/(A SCES
                 (24)

 

     For a given R, the control gain of SCES is calculated as 

     )100( R
BR

A
KSCES                    (25) 
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     The Linearized model of two- area reheat thermal interconnected power system 

considering nonlinearities with SCES unit using CPS1 and CPS2 as shown in Fig 9 

 

 
 

Figure 9: Linearized model of a Dual Mode Two Layered Fuzzy Logic Controller 

designed using CPS1 and CPS2 criteria for two- area interconnected reheat thermal 

power system with SCES unit considering GDB and GRC nonlinearities 

 

 

Simulation Results and Observations 
The optimum gain values of the conventional PI controllers are determined on the 

basis of Integral Squared Error (ISE) criterion by minimizing the quadratic 

performance cost index using Eq (2) for two-area interconnected power system 

without and with SCES unit. These controllers are implemented in the two- area 

interconnected reheat thermal power system considering GDB and GRC 

nonlinearities for 1% step load disturbance in area 1. The nominal parameters are 

given in Appendix. The gain values of SCES (KSCES) are calculated using Eq (25) for 

the given value of speed regulation coefficient (R) and found to be KSCES = 0.67. The 

dual mode two layered fuzzy logic controller is designed and implemented in the 

interconnected two area power system with GDB and GRC nonlinearities using 

control performance standards CPS1 and CPS2 without and with SCES unit for 1% 

step load disturbance in area 1. From the output responses obtained as shown in Fig10 

to12; it can be observed that the oscillations in area frequencies, tie-line power 

deviation and control input requirements have decreased to a considerable extent for 

the system adopted with Dual Mode Two Layer Fuzzy logic Controller using Control 

Performance Standards suggested by NERC Moreover the Super Capacitor Energy 

Storage unit is located in area 1 which is made to ensure the coordinated control 

action along with the governor unit to enable more improvement in the inertia mode 
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oscillations as shown in Fig 10 It is also evident that the settling time and peak 

over/under shoot of the frequency deviations in each area and tie-line power 

deviations decreases considerable amount with use of SCES unit. In Fig 11 it should 

be noted that SCES coordinated with governor unit requires lesser control effort. Fig 

12 shows the generation responses for the three case studies as the load disturbances 

have occurred in area1, at steady state, the powers generated by generating units in 

both areas are in proportion to the area participation factors. From the Table 4 it can 

be observed that the controller design using dual mode Two layered fuzzy logic 

controller using control performance standards for two area thermal reheat power 

system with SCES unit have not only reduces the cost function but also ensure better 

stability, as they possesses less over/under shoot and faster settling time. Thus SCES 

unit coordinated with governor unit improves not only inertia mode but also the inter 

area mode oscillations effectively.  

 

Table 4: Comparison of The System Performance For The Three Studies 

 

Two area interconnected power 

system with nonlinearities  

Setting time( s ) in (s) Peak over / under shoot 

F1 F2 Ptie 
F1 

(Hz) 
F2 (Hz) 

Ptie 

(p.u.MW) 

Case:1 

Dual Mode Two Layer Fuzzy 

Controller 

13.64 8.463 19.73 0.0172 0.0225 0.0047 

Case:2 

Dual Mode Two Layer Fuzzy 

Controller considering CPS1 and 

CPS2 criteria 

13.12 8.126 18.26 0.0142 0.0125 0.0036 

 Case:3 

Dual mode Two layer fuzzy 

controller considering CPS1 and 

CPS2 with SCES unit 

7.136 6.247 16.42 0.0078 0.0051 0.0021 
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Figure 10: Dynamic responses of the frequency deviations and tie line power 

deviation of a two-are thermal reheat interconnected power system considering 

nonlinearities for a step load disturbance of 0.01p.u.MW in area 1 

 

0 5 10 15 20 25 30 35 40 45 50
0

0.002

0.004

0.006

0.008

0.01

0.012

0.014

 

 

Dual mode two layer Fuzzy controller

Dual mode two layer Fuzzy controller considering CPS1 and CPS2

Dual mode two layer Fuzzy controller considering CPS1 and CPS2 with SCES unit

 

Time (s) 

Δ
F

2
 (

H
z)

 

 

Time (s) 

Δ
P

ti
e 1

2
 (
p

.u
.M

W
) 

Δ
P

c 1
 (p

.u
.M

W
) 

Time (s) 



Control Performance Standards Criteria Based Load Frequency Control et. al. 24053 

0 5 10 15 20 25 30 35 40 45 50
-0.5

0

0.5

1

1.5

2

2.5

3
x 10

-3

 

 

Dual mode two layer Fuzzy controller

Dual mode two layer Fuzzy controller considering CPS1 and CPS2

Dual mode two layer Fuzzy controller considering CPS1 and CPS2 with SCES unit

 
 

 

Figure 11: Dynamic responses of the Control input deviations of a two-area thermal 

reheat interconnected Power System considering nonlinearities with a step load 

disturbance of 0.01p.u.MW in area 1 
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Figure 12: Dynamic responses of the required additional mechanical power 

generation for two-area thermal reheat interconnected power system considering 

nonlinearities with a step load disturbance of 0.01 p. u. MW 
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adopted by converting the usual fuzzy system to two-layered hierarchical fuzzy 

system to solve the rule explosion problem in multi-input usual fuzzy logic system. In 

this the control scheme update the reference value of ACE according to control area 

compliance with NERC
, 
s standards and to manipulate the generator‟s set points only 

if need be to reduce the excessive maneuvering and hence minimize the cost of 

operation and maintenance associated with LFC. The concepts of dual-mode control 

in the fuzzy logic system eliminate the conflict between the static and dynamic 

accuracy. Simulation results show that the Dual Mode Two Layer Fuzzy Logic 

Controller is very effective and guarantees good robust performance against 

parametric uncertainties, load changes and disturbances even in the presence of GDB 

and GRC. The proposed scheme has superior steady-state and transient performance. 

Moreover the proposed controller has required less number of fuzzy rules thereby 

reducing computation time and improves the dynamic quality of system as compared 

with the usual fuzzy logic system. Due to the operational behaviour of the SCES unit 

the power system output response is found to be fast responsive nature and SCES unit 

contributes a lot in promoting the efficiency of overall generation control through the 

effective utilization not only in load levelling but also assuring the power quality. It 

can be concluded that, Super Capacitor Energy Storage devices with a sufficient 

margin of LFC capacity absorbs the speed governor capability in excess of falling 

short of the frequency bias value. SCES units can be utilized as a new ancillary 

service not only for the stabilization of the tie-line power oscillations even under 

congestion management environment of the power transfer but also to damp out the 

inertia mode and inter-area mode oscillations in an effective manner by suppressing 

the frequency deviation of two area system. 
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Appendix 
 

(i) Data for the two-area thermal reheat Power System with Reheat Turbines [9, 11].  

f
0
=60Hz, PR1=PR2=2000MW, Kp1=Kp2=120Hz/pu.MW, TpS1=TpS2=20sec, 

Tt1=Tt2=0.3sec, Tg1=Tg2=0.08sec, Kr1=Kr2=0.5, Tr1=Tr2=10 sec, 1= 2=0.425 

pu.MW/Hz, R1=R2=2.4 Hz/p.u MW, PD1 = 0.01 p.u MW, T12=0.545 pu.MW/Hz, N1 

=0.8,N2= -0.2, ∆ pgmax =0.1 p.u.MW/ min, ε1 =18mHz, ε10 = 5.7mHz, 

 

(ii) Data for Super Capacitor Energy Storage unit [19] 

Kvd = 0.1 kV/kA, KO = 70 kV/Hz , C = 1 F, R = 100Ω KSCES=0.7 Hz/pu Mw, TSCES 

=0.01 sec 

 


