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Abstract

Load frequency control (LFC) is required for reliable operation of a large interconnected power
system. The main work of load frequency control is to regulate the power output of the generator
within a specified area with respect to change in the system frequency and tie-line power; such as
to maintain the scheduled system frequency and power interchange with other areas in a prescribe
limits. In this paper, study of LFC system for single area and double area non-reheat thermal
system is carried out. Fuzzy logic controller is used for controlling the frequency and tie-line power
deviation. The robustness of the fuzzy logic controller is seen for different loading condition.
Frequency and tie-line power response of the interconnected areas have been compared on the
basis of peak-overshoot, peak-undershoot and settling time. The result of the fuzzy logic controller
is compared to that of with classical controller such as proportional derivative plus integral (PID)
controller, and it is found that the convention controller response is slow as compared to the

intelligent controller.
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Nomenclatures

R1, Ro represents the speed regulation.

D1, D2 represents the frequency-sensitive load coefficient.
Hi, H> represents inertia constant.

Ty1, Tyo represents the governor time constant.

Ti1, Ty represents the turbine time constant.

Bi, B represents the frequency bias factors.

1 Introduction

The objective of the load frequency control (LFC) is to maintain the scheduled frequency and
scheduled tie-line power in a normal mode of operation, during the small perturbation in operating
conditions. It maintains the generator-demand of an area in a prescribed limit by adjusting the
governor output [1, 2]. The large interconnected power systems are composed of control areas or
regions, representing a coherent group of generators. The different areas are inter-connected through
tie-lines. The tie-lines are utilized for exchanging the energy between the consecutive two-areas and
provides inter-area support in case of abnormal conditions of the power system [3]. On occurrence
of load change, the mismatch in frequency and scheduled power interchange between areas takes
place in the system. This mismatch has to be corrected by load frequency control (LFC), which is
defined as the regulation of power output of generators within a tolerable limit [4].

Number of conventional controller like PID, PI, I are used in a control system, as this controller
is simple to implement, easy to understand and having low cost. Nature of their control strategy
is reliable and reported as robust for some operating conditions. Hoewver, the response of system
with these controllers is slow and poor in comparison to the intelligent controller [5].

Many control techniques have been reported in literature to control the frequency and tie-Line
power in LFC system; like adaptive neuro fuzzy inference system (ANFIS), NARMAL-2 controller,
etc [6, 7].

Zadeh introduced fuzzy set theory and the first fuzzy logic control algorithm was implemented
by Mamdani on a steam engine [8, 9]. The large, complex and inter-connected power systems
suffer with a large number of nonlinear properties therefore, fuzzy logic controller is one of the
better controller these systems. In this paper, the fuzzy logic controller is used for control of
load frequency of the system. The fuzzy logic controller is based on fuzzy set theory and being
represented with the experience and knowledge of a human operator of the system [10, 11, 12, 13].
The fuzzy logic controller does not require mathematical knowledge of a system. On absorbing the
system output/behaviour; the rules can be discussed and the number of membership function are
defined as in [14, 15].

Many researchers have used conventional controller and optimal PID controller for controlling
frequency deviation and Tie-Line power. In this paper a single and double area LFC is designed
for frequency and power deviation control [16, 17]. The proposed Fuzzy logic gives the better
results than the conventional controller Like PID; the intelligent controller results are compared
with classical controller Using MATLAB software. The power deviation and frequency response
obtained by the fuzzy logic controller in LFC are compared with LFC having PID controller in
terms of settling time, rise time and peak-overshoot. It is found that fuzzy gives better result as
compared to the conventional controller.



Sambariya and Nath; BJMCS, 13(5): 1-19, 2016; Article no.BJMCS.22899

Nada and Mangal, (2004) have proposed work on fuzzy logic controller for automatic generation
control of hydro-thermal plant system and the results have been compared that of with PI controller
[3]. The robust fuzzy controller for uncertain non-linear power system have been presented in [18].
Yesil et al have proposed a self tuning fuzzy PID type controller for load frequency control problem
and its result compare with conventional controller [2]. Sahu at el have presented load frequency
controller for two area non-reheat turbine system and the PID controller parameters were optimized
using Teachinglearning based optimization (TLBO) technique [19]. Ikhe and kulkarni (2013) have
considered load frequency control using PID, PI, I controllers and compared the results [20]. Modi et
al have proposed LFC design for Tie-Line and frequency control using particle swarm optimization
(PSO) and genetic algorithm (GA) and compared that of with PI controller [21]. Recently, the
application of particle swarm optimization to fuzzy logic controller have been presented for load
frequency control in a smart grid [22]. The hierarchical control design and synthesis in the case
where the collection of subsystems is comprised of fuzzy logic controllers, and fuzzy knowledge-based
decision systems are well presented in [23]. It implements hierarchical behavior-based controllers for
autonomous navigation of one or more mobile robots. The number of rules increases exponentially
with the number of variables for FLC applications to large and complex systems. Hierarchical fuzzy
systems are one of the alternatives to reduce the number of rules as presented in [24].

This Paper is organized in five sections. The section 2, introduces the modeling aspects of single-
area and two-area power systems. Fuzzy Logic controller with its components is discussed in section
3. The results of system with proposed FLC and that of with PID controller presented by different
researchers are compared in section 4. Finally the purpose is concluded in section 5; followed by
appendix, nomenclature and references.

2 System for LFC

The reason of frequency drop is that the prime mover slows down to compensate for the imbalance
in power, however, the speed is controlled by the power generation. As the speed change diminishes;
the error signal becomes smaller, and the governor speed is made constant. However, it is impossible
to fix the governor speed to a set point because the load is varying with time; therefore, we use a
control system with an integrator. The control mechanism analyses the change and make corrections
accordingly to remove offsets. The ability of the system to come back to its normal value is termed
as reset point. Therefore, the AGC is a scheme which restores the frequency to its nominal value
automatically. In Fig. 1 the AGC for single area is shown, the AGC consist of a governor system
which provides a signal to the turbine to adjust its speed to maintain the frequency constant.

Generator Unit

Turbine / \
M)

Steam Valve

Valve Control AP,
Mechanism
* APtie
Load
P » Frequency
-« Frequency | Sensor
Control

Fig. 1. Block diagram of automatic load frequency control
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2.1 Modeling of single-area system

The main parts of the system consist of Governor, prime mover load and inertia model. These are
described as following;:

o Governor model: The command AP, is transformed by hydraulic amplifier to the steam

valve position AP,. The T, is governor time constant, the transfer function of governor is
given in Eqn. 2.1.
AP, (s) 1

AP, (s) 1+ Tys (2.1)

Prime mover model: The prime mover is used for producing mechanical power; it may be
steam for steam turbine, water wall for hydraulic turbine. The model of prime mover AP,,
relates the mechanical power output to change in steam valve AP, value the transfer function
is given in Eqn. 2.2.
APn,(s) 1
APU(S) a 1 +Tt$

(2.2)
Load and inertia model: The motor load is sensitive to the frequency change and can be

analysed by speed load characteristic as given in Eqn. 2.3.

Aw(s) 1
AP, —AP,~ 2H+D

(2.3)

Frequency bias factor: The frequency biased factor is sum of frequency sensitive load change
(D) and speed regulation as given in Eqn. 2.4.

+D (2.4)

The block diagram of the system can be presented using Eqn. 2.1 to Eqn. 2.4 and is shown in Fig.

2.

Ap, Y-
1 1 Ap 1 Ap,, 1 o
" > 17,5 T [1+Ts| % 2H+D -
- Controller " Governor Turbine - Intertia load
m Speed regulation
L& |

"]
Frequency bias factor

Fig. 2. Block diagram of load frequency control for single area system

2.2 Modeling of two-area system

A two-area system is represented by an equivalent generating unit interconnected by a lossless tie
line with reactance of Xy in Fig. 3.
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X X2 X,

[

E /S, E,/5,

Fig. 3. Representation of two-area system

The real power transferred over the tie-line during normal operating conditions is given by Eqn.

2.5.
_ |EA[|Es|

12

Pro sin Ad12 (2.5)

Consider a small deviation of rotor angle do the resulting tie line power A P2 is given by Eqn. 2.6.

O0P12
APy = 2.6
12 = a5 (2.6)

The synchronous power coefficient is given by Eqn. 2.7.
Ps = [Ea| | Bo| cos Adiz (2.7)

12

Considering a load change APp; in area-1 at the time of steady state in frequency. It results as
Aw = Aw; = Aws.
APrnl - APm,2 - APll = Ale

APps + APrs = AwDs (2:8)

The change in mechanical power is determined by using the governor speed characteristic and is
given as

APml - _RAW
Z A 2.9
AP7V‘L2 = RAQ ( )
—AP
AW = i (2.10)
APy = ﬁ(—APLl)

2.2.1 Tie-line bias control

The tie-line bias control is used to maintain frequency and power at a pre-specified value where
in each area manages its own load. The conventional LFC is based on the tie line bias control; in
which each area is trying to reduce error to zero. The area control error is given by (ACE).

ACFE; = APi2 + B1Aw

ACEs = APyr + BaAws (211)

By using the above Eqn. 2.11, the block diagram can be made as given below of a two area
interconnected power system is shown in Fig. 4.
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Fig. 4. Block diagram of two-area interconnected system

In this paper, a single area system and an interconnected power system with two-areas have taken
into consideration. The system model consists of a governor, non reheat turbine and load-inertia in
a transfer function form and speed regulation constant and frequency bias factor are the feedback
to the frequency output, there is a frequency deviation in isolated system given as Af, in two-
area system are two frequency deviation Af; for area-1 and Afs for area-2. The power demand
increment for area-1 is AP;; and for area-2 is A P2, this power demand is given in step load form.
The area control error (ACE) for the two area is given two the controller. The fuzzy logic controller
is used for controlling the frequency and power deviation in single and two are system. Designed
fuzzy logic controller has forty nine rules and seven membership functions are used for each input
and output. The triangular membership function is used for the controller and centroid method is
used for defuzzification [13, 14].

3 Fuzzy Logic Controller

The fuzzy logic controller is based on fuzzy logic and provides an algorithm which converts the
linguistic control strategy based on expert knowledge into an automatic control strategy [18, 25].
By complex control technique it is difficult to analysis complex problem [15]. Fuzzy logic controller
are mainly useful, whenever the source of information is uncertain or not exact [12, 13]. It consist
of four components, different part of fuzzy control is given in Fig. 5.

e Fuzzification: is related to the indefinite and indeterminate in a natural language. In fuzzy
control application the observed data are usually crisp [26]. The data manipulation in an
fuzzy logic controller is based on fuzzy set theory, fuzzification is necessary in an earlier stage
[27]. Following function is performed by fuzzification, it measures the values of input variables
and it performs a scale mapping that transforms the range of values of input variables into
corresponding universe or discourse. Performance the function of fuzzification that converts
input into suitable linguistic values, which may be viewed labels of fuzzy sets [28, 29]. For
LFC triangular membership function is used.

o Knowledge base: The knowledge base of a FLC consists of a database and a rule base. The
basic function of a database is to provide necessary information for the proper functioning
of the Fuzzification, the rule base, and the defuzzification. The data base gives information
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about fuzzy sets representing the meaning of the linguistic values of the process and the
control output variables [30]. Basic function of the rule base is to represent in a structure
way the control policy of an experienced process operator and control engineer in the form
of a set of production rules such as, If (process state) then (control output). The if part of
such a rule is called rule antecedent and is a description of a process state in term of logical
combination of atomic fuzzy propositions. The then part of rule is called rule consequent
and is again the description of control output in terms of a logical combination of fuzzy
proposition. These propositions state the linguistic values which the control outputs take
when the current process state matches the process state description in the rule-antecedent
[31]. Basically, fuzzy control rules provide a convenient way for expressing control policy and
domain knowledge.

Fuzzy Inference System: It is a way of mapping an input space to an output space using
fuzzy logic .FIS uses a collection of fuzzy membership functions and rules, instead of Boolean
logic, to reason about data [32]. Large neg (Ln), Medium neg (Mn), Small neg (Sn), Zero
(Ze), Small pos (Sp), Medium pos (Mp), large positive (Lp). In Table 1, it can see the seven
linguistic variables for inputlerror e and derivative of error Ae input-2 the linguistic variables
are taken, and this linguistic variable are multiple with is other in the inference engine and
forty nine rule are formed for LFC. In Defuzzification, the fuzzy output set is converted to
a crisp number. Some commonly used techniques are the centroid and maximum methods.
In the centroid method, the crisp value of the output variable is computed by finding the
variable value of the centre of gravity of the membership function for the fuzzy value. In the
maximum method, one of the variable values at which the fuzzy set has its maximum truth
value is chosen as the crisp value for the output variable.

A membership function (MF) is a curve that defines how each point in the input space is
mapped to a membership value (or degree of membership) between 0 and 1. The input space
is sometimes referred to as the universe of discourse. The simplest membership functions are
formed using straight lines. Of these, the simplest is the triangular membership function,
and it has the function name trimf. This function is nothing more than a collection of three
points forming a triangle. The trapezoidal membership function, trapmf, has a flat top and
really is just a truncated triangle curve. These straight line membership functions have the
advantage of simplicity. In this paper seven triangular type membership functions for each
input is taken which is shown below in Fig. 6.

Table 1. Rule base for load frequency control (LFC)

Freq. Rate of change of freq. devn.

devn. Ln Mn Sn Ze Lp Mp Sp
Ln Ln Ln Mn Ln Mn Sn Ze
Mn Ln Ln Ln Mn Sn Ze Mp
Sn Ln Ln Mn Sn Ze Lp Mp
Ze Ln Mn Sn Ze Lp Mp Sp
Lp Mn Sn Ze Lp Mp Sp Sp
Mp Sn Ze Lp Mp Sp Sp Sp
Sp Ze Mp Mp Sp Sp Sp Sp
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Table 2. Frequency deviation (Af) of single-area for LFC of proposed-fuzzy and PID

Controller Settling Time Undershoot
Fuzzy (Proposed) 13 —4.03 x 107*
PID [21] 28 —2.85 x 107*
PID [33] 18 —2.45 x 1074
PID [16] - —7.2x107*
PID [34] 28 —6.9x 107"
PID [35] - ~7.3x 107"

Rule Base Data Base

Knowledge Base

\ \ A
De-fuzzification | _ Decision Making | Fuzzification
Inference B Unit B Inference

A

Controlled System
(Process)

Fig. 5. Block diagram representation of fuzzy logic controller

_ 2 >
2 (A) Input-1 ¢
Fuzzy rulﬁ
) 2

(C) Output Af

) 2

(B) Input-2 Ae

Fuzzification Fuzzy Inference Defuzzification

Fig. 6. Membership function for load frequency control
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4 Results and Discussion

Simulations were performed using MATLAB and Simulink in connection with fuzzy logic tool box.
In this paper, the study of load frequency control (LFC) is carried out for single-area and two-area
model of non-reheat turbine power systems using fuzzy logic controller. The disturbance of 0.01
p-u. is given to both of the areas in two-area system. Data used for interconnected two-area system
are given in Appendix. However, the data for single-area power system have been considered as
that of the data for area-1 in the interconnected system as given in Appendix. Data for single-area
power system is similar to area-1 data as given in Appendix.

4.1 Single-area system

In isolated system (single-area), frequency (A f) is controlled using fuzzy logic controller. The robust
operation of single-area system with FLC is considered for different loading conditions as shown in
Fig. 7. Here, the step load is varied for wide range of operating conditions [36]. Comparison of
frequency response of the system with proposed fuzzy logic controller and that of with conventional
PID controllers as reported in literature is shown in Fig. 8. It can be seen, that the proposed
controller response appears with reduced settling time and under-shoot as compared to the PID
controllers in subject as mentioned in Table 2 (above). The PID controller parameters available in
literature are mentioned in Table 3.

Table 3. Comparing PID parameters in literature for single-area power system

Controller K, K; Kq

PID [21] 4.2155 4.5999 0.57889

PID [33] 0.7900 1.4252 0.4652

PID [16] 0.6669 1.0185 0.2235

PID [34] 0.06168 3.5600 0.8900

PID [35] 1.0000 0.2500 0.2800
x 1072 Robustness for Freq. devn.

S—— T s
. \‘Uu””
AT

A Ioad1 (Step load: 0.01)
‘‘‘‘‘ A load, (Step load: 0.02)

A Ioad3 (Step load: 0.03)
....... Aload, (Step load: 0.04) |

Frequency deviation

_4 L
....... Aload, (Step load: 0.05)
....... A load, (Step load: 0.06)
_5 . . . . . . .
0 5 10 15 20 25 30 35 40

Time (s)

Fig. 7. Frequency deviation of single-area (Af) for different loading condition
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4.2 'Two-area system

The frequency and the tie-Line power response of an inter-connected power system is presented
using fuzzy logic controller. The frequency deviation (Ajf1, Af2) and the tie-lie power deviation
(AP12) of the considered two-area power system is controlled using proposed fuzzy logic controller.
The robust operation of the proposed fuzzy logic controller is checked by varying load from 10 %
to 70 % load of the both areas and is shown in Fig. 9 - Fig. 10. The tie-line power response
for different loading conditions with proposed FLC is shown in Fig. 11. On close observation of
these response in Fig. 9 - Fig. 11, it is easy to state that the system is stable for different loading
condition of the system.

The comparison of frequency response and tie-Line power of system with proposed fuzzy controller
and that of with PID controllers reported in literature is shown in Fig. 12 - Fig. 14. The statistical
comparison of the responses in terms of settling-time and under-shoot is shown in Table 5 - Table
7. The PID controller parameters available in literature for two-area system are mentioned in Table
4. Tt could be easy to say that the proposed intelligent controller settles very fast as compared to
PID controller in literature.

Table 4. Comparing PID parameters in literature for two-area power system

Controller Area K, K; Ky
Area-1 0.1109 0.2742 0.1110
PID [20] Area-2 0.0121 0.2019 0.0030
Area-1 0.7900 1.4252 0.4652
PID [33] Area-2 0.7674 0.1776 0.1056
Area-1 0.0010 0.5350 0.1831
PID [37] Area-2 1.4785 1.7496 1.0342
Area-1 0.3259 0.5743 0.4024
PID [38] Area-2 0.3834 0.6127 0.4021
Area-1 0.7005 0.3802 -
PID [39] Area-2 0.7005 0.3802 -
PID [4] Area-1 0.6003 0.6204 0.5224
Area-2 0.3000 0.7319 0.3654

Table 5. Frequency deviation (Af;) of two-area for LFC of proposed-fuzzy and PID

controller
Controller Settling Time Undershoot
Fuzzy (Proposed) 12 ~1.4x107*
PID [20] 32 —6.4x 107"
PID [33] 44 —3.5x107*
PID [37] 27 —6.1x 107*
PID [38] 28 —-4x107*
PID [39] 15 —6.1x 107*
PID [4] - —3.5x107*

10
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x 107 Frequency response of single area system

T T T T

Frequency deviation

Fuzzy (proposed)
‘‘‘‘‘ PID (Modi, 2013) 1
PID (Lakshmi, 2014 )
+ v PID (Tan, 2009) 1
------- PID (Nely, 2014)
_7L¥ = = = PID (saadat, 2009)

0 10 20 30 40 50
Time (s)

Fig. 8. Frequency deviation of proposed fuzzy logic for single area (Af) compared
with PID controller

Table 6. Frequency deviation (Af;) of two-area for LFC of proposed-fuzzy and PID

controller
Controller Settling Time Undershoot
Fuzzy (Proposed) 9 —2.5x107*
PID [20] 25 —6.2 x 107*
PID [33] 23 -9.6 x 107*
PID [37] 22 -8.1x 107"
PID [38] 24 —5.0 x 10F~*
PID [39] 12 -5.0x 107"
PID [4] 23 —3.6x107*

Table 7. Tie-Line power deviation (AP ) of two-area for LFC of proposed-fuzzy and
PID controller

Controller Settling Time Undershoot
Fuzzy (Proposed) 26 -
PID [20] 40 -
PID [33] 44 -
PID [37] 40 -
PID [38] 38 -
PID [39] 30 —3x107*
PID [4] 35 ~14x107*

11
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/i

A Ioad1 (Step load: 0.01)
‘‘‘‘‘ A load, (Step load: 0.02)
- -Aload3 (Step load: 0.03)
oo A Ioad4 (Step load: 0.04) |
o A Ioad5 (Step load: 0.05)
oo A Ioad6 (Step load: 0.06)
oo A Ioad7 (Step load: 0.07)

0 5 10 15
Time (s)

Frequency devn.

Fig. 9. Frequency deviation of two area (Af;) for different loading condition

i x 107* Robustness of area-2 of Two-area system
1k |
0.5 b
. of FTTATTPTEeRTRr T T
c
>
[]
© -05 = h
3 =
c s .
3 " = A Ioad1 (Step load: 0.01) |
g K e Aload, (Step load: 0.02)
(18
-15 - = A Ioad3 (Step load: 0.03) -
v A Ioad4 (Step load: 0.04)
-2 +10 Aloady (Step load: 0.05) 1
o) oo A Ioad6 (Step load: 0.06) |
v A Ioad7 (Step load: 0.07)
-3 ‘ ‘ ‘
0 5 10 15 20

Time (s)

Fig. 10. Frequency deviation of two area (Af:) for different loading condition

12
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x 107 Tie-Line power response of two area system

2+ i

0 T
k_—_f_mmrnfw
. _ 3

Aload, (Step load: 0.01) |
‘‘‘‘‘ Aload, (Step load: 0.02) |
- -Aload3 (Step load: 0.03)
oo A Ioad4 (Step load: 0.04)
o A Ioad5 (Step load: 0.05)

Power devn.

_12 -
oo A Ioad6 (Step load: 0.06)
14} oo Aload,, (Step load: 0.07)
0 5 10 15 20 25 30 35 40

Time (s)

Fig. 11. Tie-line power deviation of two area (AP;2) for different loading condition

Frequency deviation

Fuzzy (proposed)

‘‘‘‘‘ PID (lkhe, 2013)

= = = P|D (Dhanlakshmi, 2015)
vvooon PID (Pain, 2014)

== PID (Shahu, 2015)

PID (Ali, 2013)
-7r = = = P|D (Farahani, 2012) 1
0 5 10 15 20 25 30 35 40

Time (s)

Fig. 12. Frequency deviation of two-area (Af1) compared with PID

13
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x 107 Frequency response of two area—2 system

Frequency deviation

Fuzzy (proposed)

‘‘‘‘‘ PID (lkhe, 2013)

= = = PID (Dhanlakshmi, 2015)

v PID (Pain, 2014)

== PID (Shahu, 2015) )
PID (Ali, 2013)

= = = PID (Farahani, 2012)

-10 . . . .
0 5 10 15 20 25 30 35 40

Time (s)

Fig. 13. Frequency deviation of two-area (Af2) compared with PID

2 x 1074 Tie-line power response of two area-12 system
Fuzzy (proposed)
‘‘‘‘‘ PID (Ikhe, 2013)
. = = = PID (Dhanlakshmi, 2015)
15} (AN oo PID (Pain, 2014) ,
hy ‘e “\, /= = PID (Shahu, 2015)
I pt \ . PID (Ali, 2013)
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OAMk e e e T PR -
-5 s s s s
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Fig. 14. Power deviation of Tie-line for two-area (APi2) compared with PID

14



Sambariya and Nath; BJMCS, 13(5): 1-19, 2016; Article no.BJMCS.22899

5 Conclusion

In this study, fuzzy logic control approach is employed for load frequency control of an isolated
system as well as on an inter-connected power system with non-reheat turbine system. The proposed
fuzzy controller is reported as with better performance in comparison to PID controllers reported
in literature. The system response is compared in terms of rise time and peak value of undershoot.
It is found that the system response with fuzzy logic controller better in comparison to the response
with PID controllers in literature for single-area as well as two-area systems.
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Appendix

Data for area-1 of two-area system
Ri = 0.005, Dy = 0.60, Hy = 5.0, BasePower = 1000MV A, Ty1 = 0.20, Tj1 = 0.50, By = 20.1

Data for area-2 of two-area system
Ry = 0.0625, D> = 0.90, Hz = 4.0, BasePower = 1000MV A, Ty> = 0.30, T2 = 0.60, By = 16.90
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