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ABSTRACT

The interconnected two area systems are modeled and simulated by integration of Fuzzy controller with sliding gain
for improved performance specifications like settling time and peak overshoot over the conventional Pl controller. The
paper investigates the impact of addition of slider gain with fuzzy logic controller for load frequency control of
interconnected thermal-thermal and thermal-hydro interconnected power systems. The dynamic responses under small step
load increase i.e. 1% (0.01p.u) is obtained with fuzzy logic controller and compared with that of a conventional integral

controller, in MATLAB/SIMULINK environment.
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INTRODUCTION

Load Frequency Control (LFC) is being used for
several years as part of the Automatic Generation Control
(AGC) scheme in electric power systems. One of the
objectives of AGC is to maintain the system frequency at
nominal value (50 Hz). In actual power system operations,
the load is changing continuously and randomly. The
ability of the generation side to track the changing load is
limited due to physical/ technical consideration, causing
imbalance between the actual and the scheduled
generation quantities. This action leads to a frequency
variation, the difference between the actual and the
synchronous frequency causes mal operation of
sophisticated equipments like power converters by
producing harmonics [1]. Automatic generation control
(AGC) is the regulation of power output of controllable
generators within a prescribed area in response to change
in system frequency, tie-line loading, or a relation of these
to each other, so as to maintain the schedules system
frequency and / or the established interchange with other
areas within predetermined limits [2]. Therefore, a control
strategy is needed that not only maintains constancy of
frequency and desired tie-power flow but also achieves
zero steady state error and inadvertent interchange.
Among the various types of load frequency controllers, the
most widely employed is the conventional proportional
integral (PI) controller.

A number of state feedback controllers based on
linear optimal control theory have been proposed to
achieve better performance [3]. Fixed gain controllers are
designed at nominal operating conditions and failed to
provide best control performance over a wide range of
operating conditions. Fuzzy system has been applied [4] to
the load frequency control problems with rather promising
results. The fuzzy controller offers better performance
over the conventional controllers, especially, in complex
and nonlinearities associated system. In the steady state
of power system, the load demand is increased or
decreased in the form of Kinetic Energy stored in
generator prime mover set, which results variation of
speed and frequency accordingly.

Frequency is also a major stability criterion for
large-scale stability in multi area power systems. To
improve the stability of the power networks, it is necessary
to design a load frequency control (LFC) systems that
controls the power generation and active power at tie lines
of interconnected system. In interconnected power
networks with two or more areas, the generation within
each area has to be controlled to maintain the scheduled
power interchange. The active and reactive power
demands are never steady and they continuously changes
with the rising or falling trend of load demand. The
proportional integral (PI) controllers do the regulation by
taking care of small changes in load demand without
frequency and voltage exceeding the prescribed limit (+
49.5 Hz) [5].

The performance evaluation based on
conventional integral controller (PI) and fuzzy controller
for two area interconnected thermal-thermal and thermal-
hydro power system is proposed, in this paper. Slider gain
is included to enhance the performance of conventional
and fuzzy controller. The sliding concept arises due to
variable structure control (VSC). The objective of VSC [6]
has been greatly extended from stabilization to other
control functions. The most distinguished feature of VSC
is its ability to result in very robust invariant control
systems.

Two area control

A two area system consists of two single area
systems, connected through a power line called tie-line, is
shown in the Figure-1. Each area feeds its user pool, and
the tie line allows electric power to flow between the
areas. Information about the local area is found in the tie
line power fluctuations. Therefore, the tie-line power is
sensed, and the resulting tie-line power signal is fed back
into both areas. It is conveniently assumed that each
control area can be represented by an equivalent turbine,
generator and governor system. Symbol used with suffix 1
refer to area 1 and those with suffix 2 refer to area 2.
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Figure-1. Basic block diagram of conventional
two area system.

In an isolated control area case the incremental
power (APc - APp) was accounted for by the rate of
increase of stored kinetic energy and increase in area load
caused by increase in frequency. Since a tie line transports
power in or out of an area, this fact must be accounted for
in the incremental power balance equation of each area

[71.

Control of the tie-line
The power transfer equation through tie line is

P, = |V1|X|V2|

sin(s, - 65,) )
Where, ¢, and &, are Power angles of end voltages Vi,
V,. For small deviation in the angles , the tie line power
changes with the amount i.e. small deviation in 5 and s,
lotby as, and A s, , Power Py, changes to Py, +AP1.
Therefore, Power transferred from Area 1 to Area 2 is

Z”STO (Af,(s) - Af,(5)) 2

T° = Torque produced
In normal operation the power on the tie-line
follows from the equation i.e.

[A4R(5)- AP (9) - AR, (9] = 2T s (9)+BA(S) O

[¢]

AP, (s) =

- ZHlAfl(s)[ls +1j Q)
f, B,
¢ 2HB_ 11 L )
fO KPl Bl

Due to the action of turbine controllers, the
generator increases its output by the amount A P, .The

net surplus power A p. — AP, Will be absorbed by the
system.

Tie line control has steady state error in
frequency in tie-line power flow. To eliminate this, bias
control is used.

Let ACEL = area control error of area 1

ACE2 = Area control error of area 2

Now, APR1 and APR2 are mode integral of ACE1 and
ACE2 respectively.

APRlz—Ki1j(AP12+b1Af1)dt (6)
APRZ:-KiszAPszzAf )t @
Taking Laplace traonsform of the Eq. (9),

APR1(s) = -KTil[Aplz(s) + biAfa(s) | ©)
APR2(s) = -KTiZ[APﬂ(S) + b2Afa(s) | 9)

The step changes APp1 and APb2 are applied
simultaneously in control area 1 and 2 respectively. When
steady state conditions are reached, the output signals of
all integrating blocks will be constant and their input
signal must become zero i.e.

APz + b1 Afi = 0 (10)
AP2 + b2 Af2=10 (11)
Afi-Af2=0 (12)
AP12 = APtex  and AP21 = APti,2

Therefore APdwn T2 1 it (13)
AP 2 T2 az

Hence APtier = APte2 =0

APR 1 = APR 2,

And Afi= Af2=0

Thus, under steady state condition, change in the
tie- line power and frequency of each area converges to
zero.

Conventional integral controller

When an integral controller is added to each area
of the uncontrolled plant in forward path the steady state
error in the frequency becomes zero. The task of load
frequency controller is to generate a control signal u that
maintains system frequency and tie-line interchange power
at predetermined values [2].

The block diagram of PI controller is shown in
Figure-2 where, the control input

T T
ui = —Ki | (ACEi)dt = —Ki [ (APte, i + biafi)dt
0 0 (14)
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Figure-2. Conventional PI controller.
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controller (PI) provides zero steady state frequency
deviation, but it exhibits poor dynamic performance (such
as more number of oscillation and more settling time),
especially in the presence of parameters variation and non-
linearity [9]. In Pl Controller Proportionality constant
provides simplicity, reliability, directness etc. The
disadvantage of offset in it is eliminated by integration but
this system will have some oscillatory offset.

FUZZY LOGIC CONTROLLER

The Fuzzy logic control consists of three main
stages, namely the fuzzification interface, the inference
rules engine and the defuzzification interface [3]. For Load
Frequency Control the process operator is assumed to
respond to variables error (e) and change of error (ce).

| #e e Pasic
Fuzzy
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Controller o

£e Ve ™ e ™

Figure-3. Block diagram of a fuzzy logic controller.

The variable error is equal to the real power
system frequency deviation (Af). The frequency

deviation Af is the difference between the nominal or

scheduled power system frequency (fy) and the real power
system frequency (f).Taking the scaling gains into account,
the global function of the FLC output signal can be written
as.

APc = F[nce(k), nc ce(k)] (15)

Where, N sg N are the error and the change of error
scaling gains, respectively, and F is a fuzzy nonlinear
function. FLC is dependant to its inputs scaling gains [9].
The block diagram of FLC is shown in Figure-3. Output
control gain is n, and z is the maximum membership
degree [3].

A label set corresponding to linguistic variables
of the input control signals, e (k) and ce (k), with a
sampling time of 0.01 sec is as follows:

L(e, ce) = { NB, NM, ZE, PM, PB},

Where, NB = Negative Big, NM = Negative Medium,
ZE = Zero, PM = Positive Medium, PB= Positive Big

NB NI ZE FIV FB

-0.25 -0.125 o 0.125 0.25

Figure-4. Membership function for the control
input variables.

Fuzzy logic controller has been used in both the
thermal-thermal and hydro-thermal interconnected areas.
Attempt has been made to examine with five number of
triangular membership function (MFs) which provides
better dynamic response with the range on input (error in
frequency deviation and change in frequency deviation)
i.e. universe of discourse is -0.25 to 0.25. The numbers of
rules are 25. The dynamic response are obtained and
compared to those obtained with conventional integral
controllers. Further, several inputs have been tried out and
dynamic responses are examined in order to decide
suitable inputs to the fuzzy logic controller (FLC) [10].
The membership functions (MFs) for the input variables
are shown in Figure-4.

Table-1. Fuzzy inference rule for fuzzy logic controller.

Lpat (k)
HE HM ZE M FE
HE HE HE HM MM ZE
se(®) MM HE NE HM E ZE
E HM MM ZE FM FM
M ZE M 208 FE FE
FE ZE E FM FE FE

SIMULATION AND RESULTS

In this work, Thermal-Thermal and Thermal-
Hydro interconnected power system are considered with
Pl controller and fuzzy logic controller with and without
sliding gain to illustrate the performance of load frequency
control. The parameters are used for simulation [5] are as
given in appendix. The various simulink models
developed are shown in the Figures (Figure-5 to Figure-9).

For model given in Figure-5, frequency deviation
(Af ) plots for both cases (thermal and hydro) are drawn

separately for 1% step load increase (Figures 10 and 11). It
indicates that the steady state error is zero in both thermal
and hydro area with the settling time almost same (nearly
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40 sec) as shown in Figures 10 and 11. But the transient
response is different in both the cases because of the
system complexity and unequal area parameters.

Due to inclusion of sliding gain in Pl Controller
(Figure-6), for two area thermal-thermal interconnected
plants, the response shows that steady state error is
reduced to zero with settling time nearly of 10 sec. The
maximum peak overshoot in transient condition is nearly
0.027 pu absolute value. Hence, with the induction of
slider gains the numbers of oscillations are reduced along
with settling time (Figure-12).

With 1%(.01pu) step load increase in thermal-
thermal, the areas with fuzzy controllers (Figure-7), the
steady state error is minimized to zero with settling time
nearly of 10 sec (Figure-13). The maximum peak

overshoot in transient condition is nearly 0.030 pu
absolute value.

Having 0.01pu step load increase in both thermal-
thermal areas (Figure-8), the steady state error is
minimized to zero with settling time nearly of 07 sec, as
shown in Figure-14. The maximum peak overshoot in
transient condition is nearly 0.031 pu absolute value.

Hence, the inclusion of slider gain not only
reduces the number of oscillations but settling time as
well. With same step load increase in Hydro-Thermal
reheat areas, amalgamated fuzzy controller and slider gain
(Figure-9), the steady state error is minimized to zero and
settling time is nearly of 21 sec as shown in Figure-15.
The maximum peak overshoot in transient condition is
nearly 0.073 pu absolute value.
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Figure-5. Simulink model of the two area hydro-thermal interconnected with PI controller.
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Figure-6. Simulink model of the two area thermal- thermal plant interconnected Pl
controller with slider gain.
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Figure-7. Simulink model of two area interconnected thermal-thermal interconnected system with fuzzy controller.
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Figure-8. Simulink model of two area interconnected thermal-thermal plant with fuzzy controller and sliding gains.
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Figure-9. Simulink model of two area interconnected hydro-thermal reheat plant with fuzzy controller and sliding gains.
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Figure-10. Response of thermal plant with PI controller. Figure-13. Response of fuzzy controller with two area
thermal-thermal interconnected plant.
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Figure-12. Response of the PI controller with slider gain

Figure-11. Response of hydro plant with PI controller.

Figure-14. Response of two area thermal-thermal inter-

connected plant with fuzzy controller and slider gain.
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Figure-15. Response of two area interconnected hydro-
thermal reheat plant with fuzzy controller and slider gain.
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CONCLUSIONS

The integration of Fuzzy Controller with slider
gain provides better dynamic performance and reduces the
oscillation of the frequency deviation (Table-2) as
compared to the conventional PI controller, which
provides zero steady state frequency deviation with 1%
(0.01p.u) step load increment in power system, and also
exhibits poor dynamic performance (such as more number
of oscillation and more settling time) in the presence of
parameters variation and non-linearity.

Table-2. Comparative results.

Feal:
5:‘::39 Tetfling | Over
Cases of Sinmlation iw Time shoot
(pn) [ ahs olute
[pu) vahae)
Taro Area intercormectedl hydro - 0 40 03

Thermal) plantwith FI controller
Taro Area mterccnmected
[Thermal-hermal) plantwith PI 0 10 -0028
controller and shding zain
Taro Area mterccomected

[Themmal-henmal) plant with Fazzy 0 10 .05
controller
Twro Area interconmected
[ Thermal-Thermal) plant with 0 o7 .05

Fuezy controller and sliding zain
Taro Area interconmectedHydro-

Thermal Fehaater) plant with 0 21 -0073
Fuzzy controller and sliding gain

Therefore, the integration of slider gain with
fuzzy logic controller not only enhances the accuracy but
also responsible for the better PI control action, even for
complex dynamical systems
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Appendix

Parameters are as follows:

f =50 Hz,

R1 = R2 = 2.4 Hz/ per unit MW,
Tg =0.08 sec,

Tp = 20 sec,

P tiemax = 200 MW,

Tr =10 sec,

kr=10.5,

H1 =H2 =5 sec,

Pr1=Pr2 = 2000MW,
Tt=0.3sec ,

Kpl= Kp2 =120 Hz.p.u/MW,
Kd=4.0,

ki =5.0,

Tw = 1.0 sec,
D1=D2=8.33*10° p.u MW/Hz.

Nomenclature

F Nominal system frequency
Pri Area rated power,
H; Inertia constant,

A P o Incremental load change,
A Pg i Incremental generation change,

Di _ A P -Di
A fi

Tio: Synchronizing coefficient,

Tg: Steam governor time constant,

K, Reheat constant,
Tr Reheat time constant,
Ti Steam turbine time constant,

R Governor speed regulation parameter,
B; Frequency bias constant

Tpi 2Hi / f * Di,
Koi 1/ Di, Kj: Integral gain,
Ka, Ky, Ki Electric governor derivative, proportional and integral gains,

Kt Feedback gain of FLC,

Tw Water starting time,

ACE Area control error, P: Power,
E Generated voltage,

\ Terminal voltage,

) Angle of the Voltage V,

AS Change in angle,
AP Change in power,
A Change in supply frequency,

Q Reactive Power,

Ve Field voltage of generator field winding,
APC  Speed changer position,

R Speed regulation of the governor,

Ky Gain of speed governor,

Th Time constant of speed governor,

K1, K2, K3, K4, K5 Constants,

Ko 1/B = Power system gain,

Tp 2H / B f, = Power system time constant



