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Abstract -

In this paper, a PV grid connected two-area load frequency
control system with 45% penetration level is presented. The
model of the two-area system is introduced and the system
frequency errors due to various cases of load changes are
studied in this PV connected power grid. The design of
appropriate and effective fuzzy logic controller (FLC) is
presented to regulate those errors to keep the system response
within the required specifications: settling time less than 3s,
undershoot less than 0.02 Hz and steady state error equal to
zero. The system response due to FLC is also compared to that
due to the conventional PI controller designed for the same
system.
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1.INTRODUCTION

As the contribution of renewable energy is becoming an
essential part of the power generation, it is of critical
importance to study the effects of this increased penetration
of the renewable energy resources on the power system and
study the potential problems associated with it. The load
frequency control (LFC) is one of the main points to be
considered in the study of this interconnected system. [1] In
this paper, a well-structured fuzzy logic controller (FLC) has
been designed to assure a continuous and steady system
performance through system frequency control.

In this paper, section 2 presents the model of the two-area
LFC connected to PV system. Section 3 explains the FLC
design details and the response of the system with the FLC
implemented. Section 4 shows the comparison between the
response of the uncontrolled system and the controlled
system. Also, it presents the comparison between the
responses for the system with the conventional PI controller
only, and that with FLC included.

2.MODEL OF THE TWO-AREA LFC

The general components of the LFC are: The governor which
is used to monitor and measure the system speed changes
and to control the valve. The turbine which is the component
that transforms the input energy (in this case coming from
the steam) into mechanical energy that could then be an

input to the generator which will transform this mechanical
energy into electrical energy. The reheater makes the system
more efficient as it reheats the steam to keep the same high
temperature of the steam that entered the governor. [2]

In this section the specific mathematical model of each area
has been presented along with the connection of these two
areas in one system and the response of this system without
controllers. The final model is shown with the photovoltaic
system connected to it. This PV system has been designed
separately based on [ 3] butis not the focus of this paper. The
integral controller is required in both areas since one of the
criteria to be met is a steady state error equal to zero. Since
the integral controller adds one state variable to the model of
the system, it has been included to the models of both areas
for which the FL controller is designed.

2.1Mathematical Model of Area 1

The state model of the first area in this LFC with only the
integral controller is presented here. Table 1 shows the
parameters that were used in the modeling of the thermal
LFC under study and their definition.

Table -1: Parameters of the thermal power system

Parameter Definition Value
T Governor time constant 0.08
g
R Droop 2.4
Tt Turbine time constant 0.3
T Reheater time constant 10
r
K Reheater gain 0.5
r
T Generator time constant 20
14
K Gain constant 120

=

Figure 1 shows the block diagram representation of this area.
The change in load power APj,,4 is the input to this area
which is considered to be a disturbance.

The following state equations (Equations 1-5) represent area
1. As explained earlier, adding an integral controller to the
system increases the number of state variables by 1, thus, the
system now has a total of 5 state variables instead of only 4.

An integral controller with the gain value K; =0.6 produced
the best response, thus, has been added to the system.
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Fig -1: Block diagram of area 1.
, 1 2.2 Model of the Second Area
X1 = Exl + 6x9 — 6AP 54 @8]
Table -2: Parameters of area 2 model.
X2 = _0'1x2 - 1'566x3 + Ex"—l- (2) Parameter Definition Value
1 ng Governor time constant 0.08
xlg = X3 _-Xa [3) R, Droop 2.4
0.3 0.3 —
Ty Turbine time constant 0.3
1 1 1 i
. T Reheater time constant 0.5
Xq4 =— X1 — Xyq — X5 (4) 2
2.4x 0.08 0.08 0.08 K, Reheater gain 7
T Generator time constant 0.37
' p2
X5 = ki X X1 (5) sz Gain constant 1.428

Table 2 shows the parameter from which the state model of

Accordingly, the state model of the thermal power system
area 2 has been constructed and Figure 2 shows the block

with an integral controller becomes the following (Matrices 6

and 7). diagram. The state space equations of this LFC have been
calculated as follows (Equations 8-12). This model includes
- —1 1 the integral controller in order to force the steady state error
E 6 0 0 0 to be 0.
X1 g X1 1-6 :
. X = —2.7027x¢ + 3.859x7 + 3.859AP,,» — 3.859AP,
Gl |0 01 -1566 o 0 |lx| |0 ¢ ¢ ’ pv2 foadz
Xa|= 1 1 X+ 0 APjpad (8)
X4 0 0 — — 0 |[[*4 0 X7 = —2x7 + 14xg 9)
Xe 0.3 0.3 Xs 0
=521 0 0 -12.,5 —125
ke 00 0o 0 | Yo =~ xe + —— x4 (10)
(6) 0.3 0.3
X1
X2
Yy = [1 0 0 0 0] X3 (7) +D D p delta 12
X4 delta pm2 generated - load2
X5
0.1 | 1 1 J o7 e 1.428 )
s ’ Q | 0.08s+1 035 +1 "l 05s+1 % 037s+1
Integral Control2 Governar? Turbine2 Rehealer? Generator2 delta f2
freq_bias_factor2 droop2 * D I delta Pd (load)2
0.6 h2.4) change in load inputZ
A

Fig -2: Block diagram of area 2 in the LFC power system.
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x.g = —5.208)66 - IZ.SXQ - 12.5)610 (11)
x10 = fba X kizxe (12)
In matrix form, we have
. —2.7027 3.85946 0 0 0 7
o I T U T I G B
7 11 )]0
| = 0 0 — — 0 || %8|+ AP
;3 03 03 xi g [AProad]
9 -5.208 0 0 -125 -125 Y0
ol | gy 0 0 0 0| 0
(13)
Xg
X7 (14)
y=[1 0 0 0 0]|xs
X9
X10

2.3 Two-Area System

For the connection of these areas together, there are 5 state
variables from the first area and 5 state variables from the
second. However, the interconnection adds one more state
variable because of the tie-line power change giving a total of
11. For each area there is the input of change of load power
and another input from the PV system connected to the grid.
Therefore, for this interconnected system, it has 4 inputs

(AProaar, APP‘”, APioaaz & APp ¥2) and 2 outputs which are

the change in frequency of area 1 (2/1) represented by the 1st
state variable and the change in frequency of area 2 (4/2)
represented by the 6t state variable.

As to the full model of the two-area LFC system, it is obtained
by combining Equations 1-5 and 8-12 along with the
following modifications (demonstrated in Equations 15-18)
which give the state model accounting for the interconnected
parts between both areas. The state model of the two-area
system connected to PV is shown in matrices 19-22.

-1
xll =—X1 + 6.'7C2 — 6x11 + 6ﬂ'Pp!Jl - 6ﬁploadl

20
(15)
g = ~2.7027xg +3.859%; + 3,852y, +38590P,.5 ~ 38598P 0
(16)
Xx10 = fby X kijpxg — kizxqq 17)
x11 = 2nTx; + 2nTx, (18)

The system state matrix (A)=

. .
= 0 0 0 0 0 0 0 0 -6
0 —01 1366 ; 0 0 o 0 0 0 0
o o — L o 0 0 0 0 0 0

03 03

521 0 0 —125 -125 0 0o 0 0 0 0
foxk 0 0 0 0 0 o 0 0 0 k
0 0 0 0 0 -27027 3859 0 0 0 3859
0 0 0 00 0 2 14 0 0 0

11
0 0 0 00 0 0 & o3 00
0 0 0 0 0 528 0 0 -125 -125 0
0 0 0 0 0 fhxk,; 0 0 0 0 -k
LT 0 0 0o 0 2T 0 0 0 o0 0/
(19)
—6 6 0 0 7
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0 | o0
B=|10 0 -3.859 3.859
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
-0 0 0 0 -
62[10000000000 21)
0000 O0OCT1TTUO0TUO0OTQO0OTUO0OTO
D =[0] (22)

The controllability and observability of the system have also
been checked and the two-area system is controllable and
observable. The stability of the system has also been verified.

Figure 3 shows the response of the two-area system without

any controller (without even the integral controller), Figure 4
and Figure 5 show the response of both outputs in this
system with integral controller for various changes in load
(reasonable change in load and an extreme change in load
(50%)). Figure 7 shows the block diagram of the
interconnected two-area system with PV with integral
controllers.

© 2018,IRJET | ImpactFactor value: 6.171

IS0 9001:2008 Certified Journal | Page 1850




u, International Research Journal of Engineering and Technology (IRJET) e-ISSN: 2395-0056

JET Volume: 05 Issue: 02 | Feb-2018

www.irjet.net

p-ISSN: 2395-0072

0.04

Area 1
Area 2

-0.02 | \J ‘I"‘l
‘I

\ |
A
N an ~ B §
/ \I/ ‘}k/'\>.,,¢c*‘-\r:,#--'=~—-j—ﬂ>v—-—&~
I\ NG i
\\J
\y

004 J| / '/

-0.06 -

delta f (Hz)

-0.08 1| |

-0.1

0 2 4 6 8 10 12 14 16 18
time (s)

Fig -3: Response of the two-area system without any
controller due to 50% increase in load.
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Fig -4: Change of frequency of both areas (for the system
with integral controller only) for reasonable load.

It is observed that without using the integral controller the
steady state frequency error does not disappear, which is
undesirable. When including the integral controller, the
steady state error requirement is met, however the settling
time is much larger than the required 3s (it is more than 18s
in both cases) and the undershoot is also much larger than
therequired 0.02 Hz. The second case of a sudden increase in
load equal to 50% is an extreme case. However, even in the
first case (i.e. reasonable change in load power), neither the
undershoot nor the settling time criteria were met with
integral controller only. Thus, FL controller is designed to
enhance the system performance in terms of system
frequency.
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Fig -5: Change of frequency of both areas (for the
system with integral controller only) for 50% increase in
load.

3.FUZZY LOGIC CONTROLLER DESIGN

The concept of fuzzy logic [4] is based on a concept similar to
that ofthe binary logic (0,1). However, in the binarylogic, any
value can either be in a set (therefore, having a value of 1) or
not in a set (having a value of 0). Things in the binary logic
are either black or white. But in fuzzy logic, each value can be
considered as a member of a set by a certain percentage
(either alow or a high percentage). Thus, the values in fuzzy
logic have partial memberships in the set. [5]

Figure 6 shows the general steps of designing a fuzzy logic
controller (FLC) for a system. After defining the input(s) of
the FLC, membership functions and the ranges corresponding
to each should be determined through the stage called
Fuzzification. The number of these membership functions
and what each one represents are determined.

¢ | Fuzzification
controller

input

Fuzzy Rule Base

Fuzzy Logic Controller (FLC)

. Defuzzification "
controller

output

Fig -6: General fuzzy logic controller design stages.
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Fig -7: Block Diagram of the two-area system connected with the PV system.

Next stage is to design the rule base which consist of the
square of the number of membership functions chosen. The
output of the fuzzy logic controller is obtained based on these
rule as a fuzzy value, then the last stage (Defuzzification)
occurs to transform it from a fuzzy value to anumerical value.
The most commonly used defuzzification method is the
Centre-of-Gravity (Centroid) by weighing all the membership
functions for all variables (by weighing the control actions).

(5]

In the system presented in this paper, two inputs were
chosen for the fuzzy logic controller; the system frequency

error and the derivative of the error. [6]. In control systems,
usually the error derivative is chosen as a second inputto the
FL controller because the derivative of a curve is the slope,
which indicates the direction of the curve at each point. This
is crucial in determining what the controller output should be
based on whether the error is decreasing or increasing at that
point. [5]

The range of both these inputs should cover all the possible
values of the error and the change in error. Thus, the ranges
of error and change in error have been checked for various
loads, and the values never exceeded -3 and 3. Thus, this is
the range chosen for both.
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As to the output of the controller, there is only one outputand
it is negatively feedback to the system. The range of this
output has been chosen to be -0.5 and 0.5. This is the range
that produced the best response.

As to the first stage of fuzzy logic controller design which is
the fuzzification, the membership functions chosen are 7.
First, 3 and 5 membership functions were tried but did not
give the required specifications. Also, 9 membership
functions have been studied but did not have any noticeable
enhancement on the response than with only 7 membership
functions. Therefore, the best number for this application was
7 and they are the following: Negative Big (NB), Negative
Medium (NM), Negative Small (NS), ZZ (Zero Change),
Positive Small (PS), Positive Medium (PM) and Positive Big
(PB).

Ranges of membership functions have been distributed
equally among all membership functions from the original
range (between -3 and 3 for the inputs and -0.5 to 0.5 for the
output). Narrower ranges at some points are only required
when fine tuning and very accurate control is necessary at a
certain small range. [5] For the current application, narrower
ranges were tried but did not give much difference. Thus, the
equal ranges were implemented. As to the shape of these
functions, triangular shape was chosen.

The next stage in the design is creating the rules from which
the inference procedure will take place. Table 3 shows the
rules designed in this work and that gave the best response
for the system.

Table -3: Rules designed for this FL controller

e e NB NM NS YA A PS PM PB

NB NB NB NB NB NS NS 77
NM NB NM NM NM NS 77 PS
NS NB NB NM NS PS PM PB
Y44 NB NM NS 77 PS PM PB
PS NM NS 77 PS PS PM PM
PM NS 77 PS PM PM PM PM
PB 77 PS PM PB PB PB PB

The last stage in the fuzzy controller design is
defuzzification, i.e. changing the fuzzy value of the controller
output into a numerical value that could be feedback to the
system. There are several methods for defuzzification and
the one applied in this controller is the centroid (center of
gravity) method as it is the most commonly used.

An example of the defuzzification method is applied here to
illustrate the concept. Assume at one point the error has a
value of -3, this means that we are 100% certain that the
error is NB at this point according to the triangular shapes of
the membership functions. Thus, it has a membership value
of 1. Assume at the same point that the derivative of the

erroris-2.5. This means we are 50% certain that itis NBand
50% certain that it NM. This produces two possible rules to
be applied:

Rule 1: if e is NB and e’ is NB then fuzzy controller
outputis NB

Rule 2: if e is NB and e’ is NM then fuzzy controller
output is NB

Applying the inference method of minimum for both these
rules:

Uruter = min(u,, tte) = min(1,0.5) = 0.5 (23)
Lrutez = min(ip, ) = min(1,0.5) = 0.5 (24)

Thus, both rules have a probability of 0.5. They are equally
likely in this example. To do the defuzzification based on
weighing each rule, the center of NB is -3, and the center of
NM is -2. Calculating the shaded area of the triangle for the
derivative of the error:

h? 0.52

For Rule1: A, =w h—? =2 O.S—T = 0.75
h? 0.52

For Rule2: A, =w h—? =2 D.S—T =0.75

According to these values, the controller output can be
calculated [7] as in Equation 25:
_ 2by X membership value (-3 x0.75) + (-2 0.75)

=-25
(0.75 + 0.75)

Y membership values

(25)

The value -2.5 on the scale of the inputs (-3 to 3) refers to a
Negative Big value which is why the output is NB. The exact
value of the output would be the value that matches -2.5 on
the output scale which is (-0.5 and 0.5). By calculation, this
value would be:

0.5
—2.5% EN —0.42

By checking the output on MATLAB for the same input
values using, the value obtained was almost the same (-0.43).

Figure 8 shows the block diagram of the PV grid connected
two-area LFC system with this FL controller applied and
with PI controller. The K, and K; values in the PI controller of
area 1 were modified to K, =0.6 and K; =0.9 and for the
second area K; =1.1 because they gave the best response in
the two-area system.

© 2018,IRJET | ImpactFactor value: 6.171

IS0 9001:2008 Certified Journal | Page 1853



‘L International Research Journal of Engineering and Technology (IRJET) e-ISSN: 2395-0056
JET Volume: 05 Issue: 02 | Feb-2018 www.irjet.net p-ISSN: 2395-0072

_.@

ngal pv nsaanaoLs areErag povart
Ol Pirwai 1
It 63500 4 18809 + 1.137e 14 | £+ 3RS
077 + 6.909:04 A+ 10485 ) T 2R 3RS
T - e changi in Fy oulpal poesod in gu
DeZ-0C Booad Corvstar Gan s

Coiva gt i3 1o instartafos culpul gawert

- M2
oz coniroli oulpul
ol ehanga i eso and coninller cuiput
o] —] della_|
=

chiag i Tl |
[ 1 1 5+l 120 O
i —_— P
" ) (T Try] T T+l Hir+1
Dovarar Tusting [ Cafralns dutat
friq_bias_facls
chvanga in bogad - nput genarstad - load
dalta Pia, 12 et Pl
T pial0l t
5 -
Pleoanaion
Taa-Ling
il
Ditpid
it P2 Comart? Feantaniis vl e

Dtpiit Poswiar2

2 635050 + L REOF + 1.237ald £+ 394805
077 + 690904 ) 4+ 1045055 ) 27 + 354805

DC-AC Iirvanerd i changa i P outpul ol in pul

DC-DC Booat Convaitir Gand

Citraaiieg 175 (115 irkaitan iabiis Suljd poisr2

M- g

iy el af Gt
.‘: della_2
4’-]_@ dala g2 airale - lad?
o M changa it avod and conbolled oulpull
changa in e
—" 1 1 J o7 142 N
a1 [ @Eesl MomEE [ [ D
Fep— Tustinez Rataatard aiaiale? detat2
Trieg_boas_facicd
chaang in i inpid
Fig -8: Block diagram of the PV grid connected two-area LFC power system with both PI and FL controllers.
Figure 9 and Figure 10 show the response of both areas due controller as there is a maximum improvement that could
to a reasonable change in load that is equal between both occur after the application of the controller. Even with the PI
systems. The tie-line power change between both areas is case it has been shown that neither the undershoot nor the
shown in Figure 11. For this case, the response is within the settling time could be met even with many iterations in the
required criteria for the undershoot, the settling time and optimization process. This is because the nature of the
the steady state error. The settling time is close to the controller itself can only help improve a certain system to a
required range due to the limitation of the fuzzy logic certain extent. However, the enhancement that the FL
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controller provided to the system is obvious in comparison

with PI controllers and to the uncontrolled system.
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Figure 12 and Figure 13 show the response of the two-area
system with a sudden 50% increase in load. Figure 14 shows
the tie-line power change between both areas for this case.
The criteria of undershoot and settling time are not exactly
met, but they are fairly acceptable since this is the assumed
worst-case scenario. A big improvement of the system
response can still be observed from the uncontrolled case or

the controlled with PI.
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Fig. -14: Tie-line power change between area 1 and 2 for
the system with PI and FLC (50% change in load).

4.RESULTS AND COMPARISON ANALYSIS

PI controller has been designed for the same system. When
applying only the conventional PI controller to the LFC
system described in this paper, the system had more
oscillations and worse undershoot and settling time as
shown in Figures 15 and 16. It did improve the system
compared to the response of the uncontrolled system,
however, even with the optimized values of K, and K;

obtained in this work, neither the settling time nor the
undershoot specifications were met. Therefore, advanced
controllers such as FLC were required.

It can be observed in the two-area LFC system that FLC
improved the frequency oscillations and undershoot greatly
compared to the system with the conventional controller
(PI) only. Moreover, FLC made the response of the system
satisfy all conditions (as to the settling time, it is close to the
required value (3s)). This shows one of the biggest
advantages of FLC which is the ability to force the system to
meet the specifications even when the model of the system
becomes very complicated. [8] As to the extreme case of 50%
increase in load, FLC did not satisfy the undershoot
requirement. However, this is the worst-case scenario and
the FL controller still makes a big enhancement.

Figure 15 and Figure 16 show a comparison between the
responses of area 1 and 2 with the PI controller and with FLC
to observe this enhancement. In addition, Table 4
summarizes the specification values for all cases:
uncontrolled and controlled (with reasonable change inload
and extreme change in load).
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with Pl and FLC (area 2) due to 50% increase in load.

Table -4: Comparison between the response
specifications for the uncontrolled system and due to PI

and FLC
Settling Time Undershoot Steady State
Error
Area Area Area Area Area Area
1 2 1 2 1 2
Case 1 PI 9.598 22.1 -0.033 -0.018 0 0
(reason-
able FLC 7.4 6.48 -0.017 -0.014 0 0
increase
in load)
Case 2 Uncontrolled 23.14 20.6 -0.087 -0.067 -0.03 -0.03
(50%
increase I 15.11 141 -0.093 -0.071 0 0
in load)
PI 9.598 22.1 -0.083 -0.045 0 0
FLC 6.734 6.48 -0.046 -0.035 0 0
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5.CONCLUSION

This paper presented a model for a two-area LFC system
connected to a PV system. Fuzzy logic controller has been
designed and applied to this system in order to control the
frequency of the system due to various load changes. It has
been observed that the conventional PI controller was not
sufficient to meet the required specifications for the system
frequency (undershoot less than 0.02Hz, settling time less
than 3s and steady state error equal to zero). Therefore, FLC
was essential to enhance the performance of the system.

FLC made the undershoot and the steady state error meet the
criteria and made the settling time close to the required
value. This shows the big advantage of FLC in that it enhances
the system performance regardless of the complexity of the
mathematical model of the system. Thus, even with systems
that have complex mathematical models, a much-enhanced
response can be achieved using FLC.
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