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Abstract

This paper proposes a design of Genetic Algorithm (GA) based controllers for
the decentralized |oad-frequency control of two-area interconnected thermal
reheat power systems with and without Redox Flow Batteries (RFB)
considering Thyristor Controlled Phase Shifter (TCPS) in the Tie-line. The
GA based integral controllers are designed using Integral Square Error (1SE)
Criterion. The proposed controllers are implemented in a two-area
interconnected thermal power system with and without RFB and TCPS. The
output response of the system frequency, tie-line power and control input
deviations for 1% step-load disturbance are presented by simulating the
system. The result reveds that, the controller provides better transient
response and smaller settling time, for the two-area interconnected power
systems considering RFB and TCPS when compared with the output responses
obtained for the two-area interconnected power system without RFB and
TCPS.

Keywords. Decentralized Controllers, Genetic Algorithm, Integral Square
Error Criterion, Redox Flow Batteries, Load-Frequency Control, Thyristor
Controlled Phase Shifter.

Introduction
Power systems, with the increase in size and complexity, require interconnection
between the systems to ensure more reliable power supply even under emergencies by
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sharing the spinning reserve capacities. In the Load-Frequency Control (LFC) and
inter- areatie-line power flow control, a decentralized control schemeis essentia. The
paper proposes a control scheme that ensures reliability and quality of power supply,
with minimum transient deviations and ensures zero steady state error. The
importance of decentralized controllers for multi area load-frequency control system,
where in, each area controller uses only the local states for feedback, iswell known.

The stabilization of frequency oscillations in an interconnected power system
becomes challenging when implemented in the future competitive environment. So
advanced economic, high efficiency and improved control schemes [1-6] are required
to ensure the power system reliability. The conventional load-frequency controller
may no longer be able to attenuate the large frequency oscillation due to the slow
response of the governor [7]. The recent advances in power electronics have led to the
development of the Flexible Alternating Current Transmission (FACTS) devices to
enhance power system stability by using reliable and high speed electronic devices.
One of the capable FACTS devices is the Thyristor Controlled Phase Shifter (TCPS)
[8, 9] which changes the relative phase angle between the system voltages. Therefore,
the rea power flow can be regulated to mitigate the frequency oscillations and
enhance power system stability. The tie-line power flow will have a better control
when the TCPS is installed in series with the tie-line in between the two-area
interconnected power systems. This control strategy acts as new ancillary service for
stabilizing the frequency oscillations and the TCPS provides improvement in dynamic
and transient stabilities of power system [9].

The model development of rechargeable batteries such as redox flow batteries [10
—12] which are not aged by frequent charging and discharging, have a quick response
equivaent to SMES and outstanding function during overload. The RFB include load
frequency control which gives the excellent short time overload output. The effect of
generation control and absorption of fluctuation needed for power quality
mai ntenance are expected in the present power market scenario.

Genetic algorithm is a global search technique [13] which provides the solution of
optimization problems by minimizing the mechanism of natural selection and
genetics.

In the view of the above, the main objectives of the present work are

(1) To develop a linearized model. case(i) Linearized model of two area
interconnected thermal reheat power system. case(ii) Linearized model of two
— areainterconnected Thermal Reheat Power System with RFB and TCPS

(2) To optimize the gain setting of the integral controller using ISE criterion for
the two case studies.

(3) To study the effect of aredox flow batteries and TCPS in the tie - line on the
LFC dynamics of ainterconnected power system for 1% step load disturbance
in area 1by adopting Runge Kutta Gill method and compare the performances
of two area interconnected power systems with and without RFB and TCPS.
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Modelling For A Two — Area Interconnected Power Systems
Tie—Line Power Flow Model Considering TCPS

In this study, the figure 1 shows the schematic diagram of the two-area interconnected
reheat thermal power system with TCPS in series with tie line the TCPS is placed area
1. Theresistance of tielineis neglected. A TCPSis a device that changes the relative
phase angle between the system voltages [8, 9]. Therefore the real power flow can be
regulated to mitigate the frequency oscillations and enhance power system stability.

|V1|4§]_ |V1|4(§_I_ +9)

Figure 1. Schematic of a two-area interconnected thermal reheat power system with
TCPSin serieswith tie-line.

The interconnected tie-line power flow from area 1 to area 2 without considering
TCPS can be expressed as

27T
AP %eqr = diiY:

[Afl - Afz]
(1)

With the TCPSis placed in series with the tie-line near area 1 as shown in fig.1,

The complex power can be written as

1< 51 B 2452
Ptie_thielZ :|V1|4_(51+¢)([V| ( +:2 |V| ]

(2)

Separating the real part of tie-line power

Pietr = IV;||V2| sin(é, — &, + @) ©)
12
In equation (3) perturbing &1, 8, and ¢ from their nominal values &, &° and ¢°
respectively. Thetie line power deviation can be obtained as
5 AR, =T, (AS, — AS,) + T,,AP (4)

Itisknown that A8, = 2z[Af,dt  and AG, = 2 Af,dt -
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From the equation (4) and (5) APR,.,, = 27T, UAfldt - j AfzdtJ+T12A¢> ©)

2rT,
ARy (8) = — [AF,(8) = AF,(9)]+ T, A¢(s) 0
It is evident from the equation (7), tie line power flow can be controlled by
controlling the phase shifter angleA¢. The phase shifter angle A¢(s) can be
represented as

Ag(s) =

kg AError,(s)
1+sT ©

where k¢ isthe Gain of TCPS and Tps is the time constant of TCPS.

Modeling of Redox Flow Batteries

The rechargeable batteries such as redox flow which are not aged by a frequent
charging and discharging have a quick response and outstanding function during
overload. The batteries efficiency increased when the cycle period of charging and
discharging became shorter [10-12]. In addition to leveling load, the batteries are
advantageous for the secondary control of the power system and maintain a power
quality of distributed power resource. The RF batteries are capable of very fast
response [12] and so hunting due to a delay in response will not occur. For this reason
the Area Control Error (ACE) is used as the command vaue for the RFB in
controlling the output response in the LFC problem.
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Figure 2(b): RF Battery system reduced model.
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Krtbi
ARt = ;?;A ¢ or 9
(10)

ARfhi = KriniARy

State Space Representation
The power system model can be represented by the standard state model as shown in

figure (3)
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Figure 3: Block diagram of two area interconnected thermal reheat power system
with RFB considering TCPSin thetieline.

The state space equations
' (11)

X =AXx+Bu+TId

y=CX
where A issystem matrix, B istheinput distribution matrix, I" isthe disturbance

distribution matrix, Cisthe control output distribution matrix, x isthe state vector, u
isthe control vector and d is the disturbance vector consisting of load changes.
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Mathematical M odel
Case: i For atwo-areainterconnected thermal power system with reheat turbines

The proposed decentralized controller design is applied to interconnected two-area
thermal reheat power systems. Data for the system is taken from [5] and is given in
the appendix.

The state and other variables of the two-area interconnected thermal reheat power
system are

X= [Afl,APGLAPGll,Ax £1» APy, Afz’APGZ,ApezlaAXEZI]T ;

U; = AP4;U, = AP,,;d; = APp,;d, = APy, vy = ACE v, = ACE,;
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Case ii: For a two area interconnected thermal reheat power system with RFB
considering TCPSin thetieline

The proposed decentralized controller design is applied to interconnected two-area
thermal reheat power systems with RFB considering TCPS in the tie-line shown in
figure 3. Datafor the system istaken from [5, 9, 11] and is given in the appendix.

The state and other variables of the two-area interconnected thermal power
systemswith RFB & TCPS are

. . . T
Xy = [Afl,APGl’APGl AX g1, AD ,APtie, Af,, AP, APg, ,AX g, ] ;
U; = APy U, = AP, d; = APy;d, = APy, vy = ACE,; v, = ACE,;
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Optimization of Integral Gain Setting Using Genetic Algorithm
The proposed design of GA based integral controller with objective of achieving
minimum cost function and to ensure better transient response and gain setting. The
following quadratic performance index[14] is considered to obtain the optimum
decentralized controller output feedback integral gains for the interconnected two-area

(identical areas) thermal reheat power system(k, =---=k,, ).

305
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3, = [ (T Wixg ot i=12 (12)
where W, = diag{vvil,\NiZ} and XeiT = [Afi 'Apei]

w;, and w,, areweighting factors for the frequency deviation and tie-line power
deviation respectively of areai.

A. General Structureof GA

The sequential steps for searching optimal solution integral gain using GA as shown
infig 4(a)
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Figure 4(a): Computational Flow Chart.

B. Design M ethodology
The following algorithm describes the use of GA for determining the feedback gains
optimally.
() Randomly generate a set of possible feedback gains
(ii) Evauate the Performance Index to ensure the zero frequency deviation and
zero tie-line power deviation for astep load changein area 1.
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(ili)Use selection, crossover and mutation genetic operators to develop new
generation of feedback gains.

(iv) Evauate the Performance Index in step (ii) for the new generation of feedback
gains. Terminate if there is no more improvement in the value of the
Performance Index or if certain predetermined number of generations has been
used, otherwise go to step (iii)

The optimum integral feedback controller gain of case(i) and case(ii) at nominal

condition as shown in Table 1

Simulation Resultsand Observations

The decentralized integral controllers using output feedback designed on the basis of
GA criterion are implemented in the interconnected two-area power system with and
without RFB and TCPS. The performance of these controllersis as shown in figures 5
to 7. The proposed controller is implemented in a two-area interconnected thermal
reheat power system with and without RFB and TCPS for a step load disturbance of
0.01 p.uMW in area 1 and the responses of the frequency deviations AF, tie-line
power deviation APe and the control input deviations APc are obtained. For easy
comparison, the responses of AF, APe, APc of the system with the optimum integral
controller designed on the basis of GA for the two-area interconnected thermal reheat
power system with RFB and TCPS in the tie-line is compared with the responses
obtained for the two-area interconnected thermal reheat power systems.

The gain values and the cost function values of the various decentralized integral
controllers for the two-area thermal reheat power system with and without RFB and
TCPS are given in table 1. The settling time for the frequency deviations in area 1,
area 2 and tie-line power deviation for the two case studies are tabul ated.

From the tabulation, it can be found that the controller designed for two-area
thermal reheat power system with RFB and TCPS have not only have less cost
function but also have better stability, faster settling time and require less control
effort when compared with the controller designed for the two-area thermal reheat
power system without RFB and TCPS.

Moreover, the proposed controllers for the two-area thermal reheat power system
with RFB and TCPS very well satisfy the classical requirements of the decentralized
load-frequency control.
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Figure 5(a): Frequency deviation in area 1 of a two area interconnected thermal

reheat power systems without and with RFB and TCPS for 0.01 p.uMW step load
changeinareal

- - &F, Controller designed using 34 for case | ‘

— AF, Controller designed using GA for case 2
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Figure 5(b): Frequency deviation in area 2 of a two area interconnected thermal

reheat power systems without and with RFB and TCPS for 0.01 p.u. MW step load
changein areal.
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Figure6: Tie- line power deviation of two areainter connected thermal reheat power
systems without and with RFB and TCPS for 0.01 p.u.MW step load changein area 1
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Figure 7(a): Control input deviation in area 1 of atwo areainterconnected thermal
reheat power systems without and with RFB and TCPS for 0.01 p.u.MW step load

changein areal

- - - &Pe, Controller designed using G for case 1

— &Py Controfler designed using GA for case 2

Time in seconds

Figure 7(b): Control input deviation in area 2 of atwo areainterconnected thermal
reheat power systems without and with RFB and TCPS for 0.01 p.u.MW step load

changein areal.

Table 1. Comparison of the system performance for the two case studies.

System under 0.01 p.u.MW | Feedback | Cost function Setting time (7, in

step load disturbanceinareal | gain(Kj) value [J] seconds
AF; | AF; | APye

Case: 1l
Two-area interconnected | 0.6400 0.1300 33.60 | 32.80 | 26.80
thermal reheat power system
Case:2
Two-area interconnected | - 945, 01048 | 19.40 | 20.00| 208
thermal reheat power system ' ' ) ) )
withRFB & TCPSintieline
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Conclusion

This paper presents a design of decentralized controllers for |oad-frequency control of
interconnected power systems with and without RFB and TCPS in the tie-line. The
main aim in introducing RFB in the interconnected power system is to enhance
reduced ACE in the interconnected areas and TCPS regul ates the tie line power flow.
This design has been successfully applied to an interconnected two-area thermal
power system with and without RFB and TCPS. The proposed controller design is
found to be simple. Simulation results of the two-area thermal power system with
RFB and TCPS revea that, the output response with the proposed controller provides
a high quality transient and steady state response when compared to that of the output
response of the system without RFB and TCPS.
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Nomenclature
f Areafrequency in Hz

Cost function of area i

) Reheat coefficient of the steam turbine

| Optimum Integral feedback gain obtained using Integral Squared
Error (ISE) Criterion

K o Gain constant aim to ACE of the area i

AP, Power output from RFB inarea i to meet ACE

Number of interconnected areas

Thetotal power exchange of area i in p.u.MW / Hz

Arearea power load in p.u.MW

Mechanical (turbine) power output in p.u.MW

Steady state regulation of the governor in Hz / p.u.MW
Laplace frequency variable
Areatime constant in seconds

J
k
k

Time constant of the governing mechanism in seconds

e e e B s I vl v By o 4

Reheat time constant of the steam turbine in seconds
Time constant of the steam turbine in seconds
Governor valve position in p.uMW

Fregquency bias constant in p.u.MW / Hz

Incremental change of avariable
Phase Shifter angle

> > —
Eb> X
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Superscript

T Transpose of a matrix

Subscripts i, j Areaindices (i, j =1,2,...N)
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Appendix

(A) System Data[9]

Rating of each area = 2000 MW, Base power = 2000 MVA, f°=60Hz, R1 =R, =24
Hz / p.uMW, Ty = Tz = 0.08 sec, Ty = Trz = 10 sec, Ty = Trp = 0.3 sec, Ky = K2 =
120HZ/p.uMW, Ty = Tz = 20 sec, B1 = B2 = 0.425 p.uMW / Hz, K1 = Ki2 = 0.5,
27T, = 0.545 p.u.MW / Hz, a3, = -1, APp; = 0.01 p.uMW

(B) TCPS and RFB data[9,11]
Tps=0.1seC kg =1.5rad/ Hz , D, =107, D in =100 , Kii=18,T4=0,T,=0,K,=0



