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Abstract: This study presents, a solution procedure using Fuzzy Logic Controller (FLC) to load frequency
control of an interconnected hydro-thermal system. Thermal system comprises of governor dead band and
generation rate constraint non-linearities and boiler dynamics. Hydro area incorporates both non-linearities.
For conventional control strategies, proportional-integral controller 1s used. Integral square error techmaque 1is
used to find optimum conventional controller gains. This controller does not provide adequate control
performance with the consideration of non-linearities and boiler dynamics, when external disturbance oceurs.
The proposed FLC 1s used to control the dynamic performance of the two area system. Seven membership
function 1s used to design the proposed controller. Time deomain simulation 1s utilized to study the system
performance. One percent step load disturbance is in given either area of the system. Finally, simulation results
conclude that the proposed controller has better control performance than conventional PT controller.
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INTRODUCTION

In recent years, major hike in power demand has been
seen from the mdustrial and domestic side all around the
world. To surpass this demand major changes have been
made in power station to improve the efficiency and to
increase the generating power. Load is actually a device
that taps energy from the network. It varies from time to
time due to uncertain demands of the consumers. When
there is a change in load beyond the permissible value,
the voltage and frequency get altered from the
predetermined value, which 1s undesirable because all the
electrical apparatus are designed to operate certain value.
In this study, Automatic Generation Control (AGC) or
Load Frequency Control (LFC) is an important issue in
power system operation and control. In reality, a major
power system is being divided into number of control
areas or pools. Each control area is characterized by
frequency and tie-line power. Naturally, all the control
areas are coherent i nature.

To increase the reliable and uninterrupted power,
there 1s a mnecessity to mterconnect all the power
systems. In this study, due attention is given to the
interconnection of hydro-thermal system. Normally,
thermal system consumes base load and hydro system for
peak load, due to easiness in control. These two systems

are interconnected through tie-lines. These tie-lines are
utilized for contractual energy exchange between areas
and provide inter-area support in case of abnormal
conditions. India has the largest asset of more than
40,000 km of 400 kV ac lines 1 the world. Presently, most
of the hydro electric power plants are situated in
Southern, North Eastern and Himalayan region in the
country. There are possibilities to generate more power
from North Eastern and Himalayan region in future and a
situation may arise for power engineers to have an
interconnected  hydroelectric  power plants and
hydrothermal power plants (Thraheem and Ahmad, 2004).

For a multi area power system, the Area Control Error
(ACE) comprises frequency deviation and tie-line power
deviation. In order to track, the changes in the operating
conditions and system parameters, proportional-integral
controllers have been proposed (Swain, 2006). Although,
the results of such controllers are acceptable, the tuning
process for such controllers 13 complicated and usually
requires perfect or explicit parameter values. These
conventional controllers are based on the fixed gain
irrespective of ACE. The dynamic performance of such
controllers decrease m the presence of boiler dynamics
and non-linearities such as Governor Dead Band (GDB)
and Generation Rate Constraint (GRC).
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To overcome the difficulties, soft controlleri.e., fuzzy
logic controller is proposed. Fuzzy logic control has been
found to be an effective altemative to conventional
control technique. Although FLC allows incorporating
knowledge centric to form a rule base which can be used
to obtain appropriate control strategy. In this study a
fuzzy logic based LFC for multi area power system
considering generation rate constraint and governor dead
band non-linearities and boiler dynamics is proposed.

The performance of the proposed FL.C is compared
with comventional PI controller when 1 step load
disturbance 1s given in either area of the system.

TWO AREA HYDRO-THERMAL SYSTEM

The block diagram model of two area intercormected
hydro-thermal power system with non-linearities and
boiler dynamics is shown in Fig. 1. The thermal area is
mcorporated with GRC, GDB and boiler dynamics. The
hydro area 1s incorporated with GRC and GDB. The

that hydro area talces more settling time than thermal area.
For this analysis, load disturbance 1s given in hydro area.

Governor dead band: Governor dead band 1s defined as
the total magnitude of a sustained speed change within
which there is no resulting change in valve position. The
backlash non-linearity tends to produce a continuous
sinusoidal oscillation with a natural period of about 2s
(Tripathy et al., 1992). The speed governor dead band has
significant effect on the dynamic performance of load
frequency control mechanism. In this study, describing
function approach is used to incorporate the governor
dead band non-linearity. The hysteresis types of non-
linearities are expresses as:

y = F(X,)Z)ratherthanasy:F(X) (1)

To solve the non-linear problem, it 1s necessary to
malke the basic assumption that the variable x, appearing
in the Eq. 1 1s sufficiently close to a sinusoidal Eq. 2 that

nominal parameters of the system are given in is:
Appendix 1. Matlab version 7.3 has been used to study x= A sinw;t (2)
the dynamic performance such as frequency deviation in ~ where:
areal and 2 (del F, and del F,), tie-line power deviation A Amplitude of oscillation.
(del P,,) and area control error in areal and 2 (ACE, and w, = Frequency of cscillation.
ACE,) for 1% step load disturbance in either area of the
system. The literature (Nanda ef af., 2006) have shown w,=2nf,=x (3
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Fig. 1: Two area mtercormected hydro-thermal system
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As the variable function is complex and periodic
function of time, it can be developed in a Fourier series as
(Tripathy et al., 1992):

Fx,x)=F + Nx+ &x-#— 4

“y

As the backlash non-linearity is symmetrical about
the crigin, F* is zerc. For the analysis, in this study,
backlash non-linearity of about 0.05% for thermal system
is considered. From the Eq. 4 simplification, neglect higher
order, the Fourier co-efficients are derived as N, = 0.8 and
N, = -0.2. By substituting the N, and N, values in Eq. 4,
the transfer function model of governor dead band non-
linearity is expressed as:

Fix,%) = 0.8x — 22 ©)
T

For hydro system, the deadbend non-linearity is
about 0.02% is considered, in this study.

Generation rate constraint: In practice, there exits a
minimum and maximum limit on the rate of change in the
generating power (AP;). Figure 2 shows the Generation
Rate Constraint (GRC).

Due to adiabatic expansion, sudden power decrease
would draw out excessive steam from boiler system to
cause steam condensation. The steam valve of high
pressure turbine acts as a control valve associated with
LFC. The boiler can afford to keep its steam pressure to be
constant for a while and thus, it 13 possible to increase
generation power up to certain limit of normal power
during the first few seconds. After the generation has
reached this upper bound the power increases of the
turbine should be restricted by GRC (Kundur, 1994).

The literature has shown that the dynamic responses
of the system with the presence of GRC have larger
overshoots and longer settling times, compared to the
system without GRC (Lu et af., 1995). Furthermore, if the
parameters of the controller are not chosen properly,
the system may become unstable. A generation rate
constraint of 0.0017 p.u. MW sec™ is considered here for
thermal system, i.e.,

AP, <0.lpuMWmin '=0.0017puMWsec ' ©®

The typical value of permissible rate of generation for
hydro system is much higher than thermal system. In this
present study, GRC of 4.5% sec™' for rising generation
and 6% sec™ for lowering generation is considered.
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Fig. 3: Boiler dynamics

Boiler dynamics: Boiler 15 a device for producing steam
under pressure. Figure 3 shows the model to represent the
boiler dynamics. Basically, this model is drum type boiler.
An o1l/gas fired boiler system has been considered in this
study, because such boilers respond to load demand
changes more quickly than coal fired units (Chen et al.,
2008). Drum type boiler is
recirculation boilers which rely on natural or forced
circulation of drum liquid to absorb energy from the hot

otherwise known as

furnace walls, called water walls for generating steam.
feed water which has
preheated in the economizer and provides saturated steam
outflow. Recirculation boiler make use of a drum to
separate steam flow from the recirculation water so that it

The boiler receives been

can proceed to the super heater as a heatable vapour,
hence, recirculation boiler are referred to as drum type
boiler.

For boiler control strategies or modes of operation,
there are four methods available, namely, boiler leading,
turbine leading, coordinated boiler turbine control and
sliding pressure control, here, boiler leading or turbine
following mode of control is considered. With this
operation, the MW demand signal is applied to
combustion controls. Steam flow and MW output closely
follow steam production in the boiler (Kundur, 1994).

Boiler following controller tends to be fairly response
to AGC signals, on the order of 3% min™" for a 30%
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excursion particularly if fueled by oil or gas. The AGC
signal usually drives the speed-load set pomnt adjusts on
the speed-governor control action which mn tum, causes
turbine valve movement. The boiler control senses the
changes in stem pressure to adjust flows of air, fuel etc.

CONVENTIONAL PI CONTROLLER

To achieve better dynamic performance and to
provide accuracy, Proportional Integral (P1) controller 1s
adopted. The mam 1dea of implementing PI controller is to
actuate the load reference point until the frequency
deviation becomes zero. Integral controller provides zero
steady state frequency deviation and proportional
controller reduce the overshoot. The load frequency
controller is based upon tie line bias control where each
area tends to reduce the Area Control Error (ACE) to zero.

Literature survey shows that many utilities such as
frequency control and voltage control use PI controller to
achieve improved dynamic performance. The task of load
frequency controller is to generate a control signal (u) that
maintains dynamic parameter at predetermined values.
The control signals can be written as:

u,=-K, -ACE, - K, [ACEdt (M

u, ==K, - ACE, —K, [ ACE,dt (®)

where, K, and K, are proporticnal and integral gams,
respectively. For conventional PI controller, the gain K,
and K, has been optimized using Integral Square Error
(TSE) criterion. For ISE technique, the objective function
used 1s,

t
1= [(AF? + AR + AP] )dt @)
o
Where:
AF = Change in frequency.
Apy. Change m tie line power.

Using TSE technique, the objective function Eq. 9 for
LFC, the tuning values of optimum proportional-integral
controller gains are found to be K= 03 and K, = 0.12.
Figure 4 shows the performance index curve, which 1s
used to find optimum conventional controller gain values.
By adopting the above PI gain, the two area hydro-
thermal system 1s simulated with 1 step load disturbance
in hydro area. The dynamic parameters such as frequency
deviation in area 1 and 2 and tie line power deviation are
not properly settling down even with the consideration of
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PI controller. From the simulation results, it is found
that the tie-line power deviation has high frequency
oscillation around the set pomt. So, it 18 necessary to
develop an alternate controller, which is capable of
handling area frequency deviation and tie-line power
deviation.

FUZZY LOGIC CONTROLLER

The method of fuzafication has found mereasing
applications in power systems. The applications of fuzzy
sets signify a major enhancement of power systems
analysis by avoiding heuristic assumptions in practical
cases. This 1s because fuzzy sets could be deployed
properly to represent power system uncertainties. The
advantage of using fuzzy logic is that the controller is
based on heuristic and therefore, able to incorporate
human intuition and experience.

The concept of fuzzy logic was developed by Zadeh
(1965), which widely exists in engineering problems. His
process approach emphasized modeling uncertamties that
arise commonly m human thought processes. The first
fuzzy controller was developed (Mamdam and Pappis
1977) was steam engine controller and later fuzzy traffic
lights. The design of FL.C can be normally divided into
three areas namely allocation of area of inputs,
determination of rules and defuzzifying of output into a
real value. In this study the proposed fuzzy controller
takes the input as ACE and ACE, which is given by:

ACE =FB + AP, (10)
where, B, 1s frequency bias constant, taken as:
1 /K, + /R, (1)
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Table 1: Fuzzy control miles

ACE
ACE NB NM NS Z0 PS FM PB
NB PB PB PB PB PM PM  PS
NM PB PM PM PM PS PS PS
NS PM PM PS PS PS PS Z0
Z0 NS NS NS Z0 PS PS PS
PS Z0 NS NS NS NS NM  NM
PM NS NS NM NM O NM NB NB
PB NS NM NB NB NB NB NB

:—’ N|—

Input

Fig. 5: Fuzzy logic controller

The block diagram of fuzzy logic controller is
shown in Fig. 5 (Nanda and Mangla, 2004). Membership
Functions (MF) specifies the degree to which a given
mput belongs to set. Here, seven membership function
have been used to explore best dynamic performance
namely,

* Negative Big (NB).

*  Negative Medium (NM).
¢ Negative Small (NS).

o Zero(Z0).

+  Positive Small (P3).

+  Positive Medium (PM).
*  Positive Big (PB).

Fuzzy rules are conditional statement that specifies
the relationship among fuzzy variables. These rules help
us to describe the control action in quantitative terms
and have been obtained by examining the output
response to corresponding mputs to the fuzzy controller.
Rules are given m Table 1. The rules are interpreted as
follows:

If ACE is PB and ACE is PS then cutput is NM

The mathematical procedure of converting fuzzy
values into crisp values is known as defuzzification. A
number of defuzzification methods are reported in
literature. In this present study, centre of area method is
adopted.

The fuzzy controller is designed with seven
linguistic variables and triangular membership functions.
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Fig. 6: Triangular membership fuctions a: input avriable
ACE; b: input variable (ACE); ¢: output variable

Figure 6a and b shows the input variables ACE and ACE |
respectively. Figure 6¢ shows the output variable.

RESULTS AND DISCUSSION

Simulations were performed using conventional
PI and fuzzy logic controllers applied to a two area
interconnected hydro-thermal system considering non-
linearities and boiler dynamics. Two performance criteria
such as settling time and overshoots were considered in
the simulation for the system dynamic parameter,
frequency deviation in both the area and tie-line power
deviations. The system is simulated with 1 step load
disturbance m hydro area (Nanda ef af, 2006) have
concluded that for the same perturbation, hydro area
takes more settling time than in thermal area.
and 2 with
conventional PI and FLC are shown in Fig. 7a and b,

Frequency deviation in area 1

respectively also tie-line power deviation 1s shown mn
Fig 7c.

By examine these results, conventional PI controller
does not provide good control performance also it takes
more settling time to settle down the steady state error,
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Fig. 7: A: frequencey deviation in area 1, b: frequencey deviation in area 2, c: Tie-line power deviation and d: area control
error in area 1, e: Area control crror in area for both PI and fuzzy controller

due to the fixed value of PI gains irrespective of changing
error. But fuzzy logic controller provides satisfactory
control performance, over conventional PI controller.
Referring Fig. 7c FLC gives very good performance
whereas PI controller has high oscillation nearer to set
point.

The simulation results of frequency deviations and
tie-line power deviation with FLC advocates, the
proposed controller is suitable for LFC schemes, which is
also verified through proper settlement of area control
error in area 1 and 2, as clearly shown in Fig. 7 d and e.
The area control error is defined as, a quantity reflecting
the deficiency or excess of power within a control area.
Here, the ACE in area 1 and 2 are also properly controlled
with FLC. From all responses obtained, it is evident that
the operation of FLC is more satisfied than that of
conventional PI controller.

CONCLUSION

In this study, fuzzy logic controller is proposed
for load frequency control scheme of a two area
interconnected  hydro-thermal power system. The
thermal system is incorporated with both non-linearities
(GDB and GRC) and boiler dynamics. The hydro area
includes both non-linearities. To design conventional PI
controller gains, Integral Square Error (ISE) technique is
used. Due to the fixed value of these gains the dynamic
performance is not satisfactory. So an alternate controller
i.e., fuzzy logic controller is proposed. Seven membership
functions are utilized. The system is simulated by giving
1 sudden load perturbation in area 2. The dynamic
parameters such as frequency deviations and tie-line
power deviation are taken to validate the controller
performance, which is also justified through area control
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error. The simulation results shows that FL.C has better
control performance over conventional PI controller even
with the consideration of non-linearities and boiler
dynamics. In conclusion, the proposed FL.C is very simple
and easy to implement since, it does not require the
system parameters also it provides quality and reliable
electric power supply.

Appendix 1: Nominal parameters

Systern data Buoiler {vil fired) data
Ty =0.3s K, =085

T, =028 K, =0.095

K, =0.333 K;=0.92

T,=10s C, =200

K, =120 Hzpu ' MW T;=0

Ty =20s Ty =10

Ty = 0.0707 MW rad™! K =0.03

R; =Ry =24 Hzpu! MW T, =26

K. =80 Hz pu~'MW Ty =69

T,e=13s
T, =48.7s (hydro area)
T, =0.513s ¢hydro area)
T;=10s (hydro area)
T, =1s (hydro area)
f=60Hz
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