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Abstract: An Automatic Generation Control (AGC) is considered a substantial stage in power systems to ensure that
the area-frequency response and the tie-line power of an interchanging steady state errors are acceptable values
especially at the transient state. Whiles, several techniques have been designed for the AGC, Fuzzy logic control is
commonly used. However, it is faced a longer processing time issues to adjust the accurate single in the transient state.
In this paper, a Single Input Fuzzy Logic Gain Scheduling PID Controller (SIFL-PID) is designed as a supplementary
loop for AGC of two area interconnected power system to reduce the processing time. The lower number of rules and
the simple parameters of the SIFL-PID will contribute to minimise the design time required for the Fuzzy Logic Gain
Scheduling FL-PID. The SIFL-PID also reduced the signed distance technique when it is generated one input variable
simple mathematical model of the system. In comparison with the FL-PID, the number of rules controlling system can
be significantly reduced. The main outcome of this work is that it is assessed the effectiveness of the SIFL-PID for
two power systems that are interconnected when it is compared with the FL-PID using the MATLAB/SIMULINK
environment. The results prove that, the simple design of the SIFL-PID control is validated under various condition
tests. Performance analysis standards are also performed. The results of all simulations demonstrate that the suggested
controller provides better performances such as like as minimum Performance analysis standards, frequency deviation
power deviations and low overshoot and undershoot.

Keywords: Two area interconnected power system, Automatic generation control, PID controller, Fuzzy gain

scheduling PID controller, Single input fuzzy logic, Frequency deviations.

1. Introduction

A concept of a power system is that the
interconnection of a large number of control areas are
connected to one another, and these control areas
comprise coherent groupings of generators [1]. Tie
lines are used to connect the control areas to one
another. The interconnection of power systems is
necessary in order to maintain the efficient flow of
power supply and to improve the system's level of
reliability [2, 3]. Each area contains own generation
unit and is supply of its own load-demand and
scheduled exchanges with neighbouring areas.
Because the load on a particular power system is
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always changing, the system frequency and tie-line
power flows will depart from the nominal values that
were designed for each. Automatic generation
control, often known as AGC, is a component that
must be present for the operation of an electric power
system to be considered stable [4].

AGC is an important control system that runs
continuously in interconnected power systems to
maintain a balance between the load and the
generation at the lowest possible cost. The AGC
systems have the advantage of adjusting the
frequency, managing the exchange of power, and
providing economic dispatch. The AGC process
gives about the necessary adjustments in generation
by transmitting signals to the generating units that are
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under its control. The operation of AGC is
particularly dependent on the approach in which
those generating units respond to the commands. The
response parameters of the generator unit are
sensitive to a wide variety of factors, including the
type of unit, the fuel, the control strategy, and the
operating point [3-5].

Frequency deviation is a useful metric for
deciding the load-demand with the power generation
by the connected generation unit are already out of
balance. An off-normal frequency deviation that is
persistent has a direct impact on the functioning of
the power system, as well as its reliability, security,
and overall efficiency. This occurs because the
deviation causes equipment damage, overloads
transmission lines, decreases load performance, and
engages protection devices [2, 6].

There are two main control loops in the AGC
scheme. These control loops are referred to as
primary and secondary, respectively. The primary
loop control, is responsible for achieving the main
objective of real power balance by modifying the
output of the turbine to meet a change in the demand
placed on it by the load. The change in the generation
is a result of contributions from all of the
participating generating units. However, steady-state
frequency deviations are produced whenever there is
a change in the load. In order to return the frequency
to its nominal value, an additional control loop, which
is referred to as the secondary loop or supplementary
loop, is required. The use of one of the Control
Techniques that reduce frequency deviations to levels
that are considered suitable allows for the successful
completion of this purpose [2].

Hence, several control mechanisms have been
suggested for the power systems' AGC. In this regard,
many AGC control strategies are put out in the
literature [1, 2, 4, 7] and are categorized into three
groups. The first group of controllers is known as
Conventional Control Techniques, which are
including; Linear-Quadratic-Regulator-Based
Controlling Technique [8], and Proportional-
Integral-Derivative (PID) Controlling-Technique [9].
Pl and PID control structures have found widespread
use in power system control because of their low cost
and easy implementation. In real AGC applications,
knowledgeable human experts typically carry out
tuning the PI and PID gains; consequently, it may be
impossible to achieve a performance level that is
desirable for AGC in large-scale power systems that
have a high order nonlinearities, time delays, and
uncertainties in the absence of precise mathematical
models [1].

The second group includes Model predictive
controls[10], adaptive and sliding mode controls [11],
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optimal controls, which are known as modern
controls. However, in order to remain effective, these
control strategies require some previous knowledge
of the system states, which are not always simple to
determine in their totality [1].

The third group is Modern Soft Computing
Techniques, which are mostly based on fuzzy logic
control. Fuzzy logic is utilized in practically every
area of science and technology today due to its ease
of use, robustness, and reliability [2]. One example of
this is the employment of fuzzy logic to solve a wide
variety of control challenges in the operation and
control of power systems. In contrast, it is efforts to
establish the controller in a way that is directly
dependent on the measurements, knowledge of the
domain experts and operators, and long-term
experiences due to a fundamentally linearized
mathematical model [12]. In comparison to the PI
controller, which may implement a well-established
design procedure such as the bode-plot methodology
and the Nyquist method, there is currently no
standardized method for the design of FLCs. As a
result, stability and optimal performance are
sometimes challenging to accomplish[13, 14].

This one has recently come to widespread
attention that combining fuzzy logic with PID
controller is an effective way to improve the AGC
system's overall performance by taking full
advantage of both control strategies [15, 16]. An
efficient solution to the issue of PID parameters
online self-tuning can be achieved through the
utilization of a fuzzy logic gain scheduling. It makes
it possible for the fuzzy rule base to take action on the
parameters of the PID controller and to change these
parameters in real time according to the error and its
derivative[17]. Because of this, the PID controller
may very well be adjusted to non-linear systems as
well as all of the operating conditions of the system.

Typically, the conventional fuzzy logic (CFL) is
implemented with two input sensors; an error and
change of error. In addition, processes of
fuzzification and defuzzification, as well as an
inference mechanism and storage for rule bases build
the structure of fuzzy logic control. Because of these
features, the controller will naturally become more
complicated, which will require a significant amount
of additional computing time [18-21]. However,
these research does not discuss the issue of tuning
FLC which is considered the major challenge to
design accurate controller. Consequently, it is
possible that those methods are not suitable for
implementation in real-time with a small sample time
as is needed in AGC [13].

In this paper, the design of AGC for two area
interconnected power system with Single Input
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Fuzzy Gain Scheduling PID Controller (SFLC-PID)
is proposed. Conventional fuzzy logic is the basis for
the formation of single-input fuzzy logic that has
been introduced by [22]. Instead of using two
variables as inputs like fuzzy logic does, the SIFLC
just uses one variable for its computation [23, 24].
Because it only require one input variable, single-
input fuzzy logic controllers (SIFLC) provide less of
a computational burden on the digital processor than
CFLC [25]. It brings the two-dimensional Toeplitz
rule base down to a one-dimensional rule vector,
which can be approximated using a piecewise linear
control surface. According to the results of computer
simulations, the control performance is almost
similar to that of a conventional fuzzy logic controller
[18, 26].

A MATLAB/ simulation of two areas of
interconnected power is proposed to test the
corresponding PID controller, a conventional Fuzzy
Gain Scheduling PID Controller, and a Single Input
Fuzzy Gain Scheduling PID Controller. This paper is
organized as following: The interconnected power
system model of AGC for two areas is discussed in
Section 2, The complete description of PID, FL-PID,
and SIFL-PID controller structures is introduced in
Section 3, while Section 4 includes the simulation
results. Finally, Section 5 reports the conclusion.

2. Two area interconnected power system

2.1 Modelling of two area interconnected power
system

The term "“two-area interconnected power
system" consists of a system that has tie line
connected with the two control areas. In this power
system, each area provides power to its own area, and
the tie line is responsible for facilitating the flow of
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power between areas. Each area of the Two Area
Interconnected Power System represents the turbine,
governor, synchronous generator (mass rotating), and
load models all in one compact system. One of the
most typical methods employed in mathematical
modelling of this system for the purpose of control
system analysis and design is widely recognized as
the transfer function as shown in the Fig. 1.

It is possible to obtain the model of the generator
unit by first using the swing equation based on a thin
incremental change. Next, the Laplace transform is
taken as given in Eq. (1) [27]:

AQ(S) = 5= (AP, — AP,) (1)

where Q(s) is represented the generation speed, H is
represented the generation inertia, APm is
represented the variation of the mechanical power,
and APe is represented the variation of the electrical
power.

The load can be broken down into two categories:
the first category has an independent-frequency, such
as a resistive load, while the second category is
sensitive-load to frequency- deviation included
motors.

AP, = AP, + DAw )

where the DAw is the sensitive-load and the Py is
constant sensitive load.

Finally, A gain K and a time constant » are used
to represent the generator (the rotating mass) and the
load, as given by:

AQ _ K
AP, (s)—APg(s) - 1+7ps

@)

I

Areal
Ri AP: | Load Disturbance 1
1
APren APw 1 APg 1 AP Ky Afy
Controller 1 > >+
1+‘tg1S 1+ 1pS 1 + Tp1S
Governor Turbine Rotating mass and Load
) 4
1 +
Tie Line APce s -
A
"‘ ez donteolierd APrerz APz 1 APy 1 APr2 A K, Af2
ontroller > >
A 1+ Tg2S 1+ T12S 1+ Tp1S
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1
A R AP: | Load Disturbance 2
2
T Area 2

Figure. 1 AGC block diagram of a two area interconnected power system
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Figure. 2 Steady state speed characteristics of governor

The mechanical power that is produced by the
turbine is proportional to the adjustments made to the
steam valve position as given by

APn(s) _ 1
AP,(s) ~ 1+41ps (4)

Where 74 is represented the time constant of
standard speed turbine. The essential duty of a speed
governor in a turbine is to modify the output power
P4 by making adjustments depending on the values of
the reference power P and the power 4Q/R of the
system.

AQ(s)

APy = APpop — ==

®)

where R denotes the adjustable speed regulator.
As seen in Fig.4, the speed of rotation of the turbine
slows down when there is an increase in the
connected load. It is possible to suppose that it has a
linear relationship with the time constant zg, as given
transfer function:

AP, 1
ap, = Teey (6)

Fig. 2 shows the one control area has three inputs
that are refer as load disturbance AP, tie line power
APie and the power reference APy the area control
area e error and frequency error Af is represented the
output of these system. The area control area e is
given by:

e = —BAf + AP, (7)

1
B=E+D (8)

2.2 Tie line power flow

A two-area power system is represented by two
generating units which are connected by a less tie line
with Xtie-reactance. As can be seen in Fig. 3, each
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Fig_ure. 3 Two area power system equivalent circuit

area is characterized by a voltage source that is
followed by an equivalent reactance.

Eqg. (9) is used to determine the active power
transferred through the tie line in normal operating
conditions.

|E1l|E-|

PlZ = Sin 612 (9)
where
X1z = X1 + X5 + Xije (10)
And
812 =61 — & (11)

If a small change occurs in the rotor angle, d; then
the resultant power on the tie line, AP, can be
calculated by using Eq. (12).

__dPqy
APy, = T

A612 = PSA(SlZ (12)
512

Ps is the synchronizing power coefficient, which
is define as the slope of the power angle curve at
beginning operating angle Ad1,=Ad1-Ad,. PS can be
determined by given eq

__dPyy __ |Eql|E;|
T ddy, 815 T X

The tie-line power deviation can be written into
its final form

P, cos &y (13)

APIZ = PS A612 (14)

Depending on the direction the power flow, the
tie-line power flow may present as an increase in load
in one region while simultaneously causing a
decrease in load in another area, i.e, if 8:>9, then the
power is transmitted from area 1 to area 2.

Assuming a change in the load in area 1, denoted
by AP, at the time when the frequency was at its
steady state i.e A/=Afi=Af2, and for first area

Pm1—APm2—AP12=AfD1 (15)
And for Second area:

Asz + APIZ = AfDZ (16)
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Using the governor speed characteristic, it is
determined that mechanical power changes and is
given as:

_ —Apl

f = B1+B, (17)
AP, = 1E, (18)

When the load in areal goes up by AP, the
frequency decreases in both areas and a tie-line power
flow of AP1, occurs. When the AP is positive, flow
is occurring from area 1 to area 2, and when it is
negative, flow is occurring in the other direction,
from area 2 to area 1.

The deviation of the tie line is a reflection of the
contribution of the regulation that is characteristic of
one area to another. The main goal of supplementary
control is that it is re-establishes the equilibrium
between the load generations in all of the different
areas. This goal is accomplished when the control
action is capable of maintaining: Frequency should
be kept close to the nominal value, as much as
possible, keep the flow of the tie line roughly on
schedule at all times. Hance, each area will be able to
absorb the changes in its own load.

In an ideal situation, the supplementary control
should just adjust for changes in that specific area. In
other words, if something changes in area 1, then the
supplemental control should only apply to Area 1 and
not in area 2. In order to accomplish this goal, the area
control error is applied which is given by

For area-1
el - APlZ + BlAf (19)

For area-2
ez = APZl + BzAf (20)

The deviation of tie-line power flowing in
between adjacent control areas during transient
events is commonly denoted AP This value is
obtained by:

APy = 2 (Af; — Afy) (21)

3. Controller structure
3.1 PID controller

The PID control structure is composed of the
addition of three different components, which are
referred to as the proportional, integral and derivative
of error value, respectively. Therefore, the PID
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controller's indicated transfer function can be written
as follows:

de(t)

u(t) = Kye(t) + K, f e(t)dt + Ky =

(22)

The constant values of major PID parameters Kp ,
Kiand Ky correspond to the proportional, integral and
derivative, respectively. The controller is applied to
improve the dynamic performance; the main aim of
this is to adjust the error value at stability state. The
dynamic response can be made more stable with the
use of proportional constants by reacting to changes
that take place in the observed error value. The
integral inserts a pole at the origin increases system
type by one and eliminates step function steady-state
error. The derivative provides an open loop system,
with a finite zero, which improves the system's
response to transient conditions.

PID tuning refers to the process of setting
controller parameters in order to meet a set of
predefined performance targets. There are two main
classifications that can be used to classify the PID
controllers that are discussed in the relevant literature.
The controller parameters in the first category are
fixed during control processing after they have been
tweaked or chosen in an optimal manner. Second
category controllers are built in a manner similar to
PID controllers. However, their parameters are
modified online based on parameter estimation,
which requires particular knowledge of the system,
such as the structure of the system model. This
knowledge is required in order for the parameter
estimate to be performed. The use of knowledge-
based systems in the control of processes is becoming
widespread, particularly in the topic of fuzzy logic. In
fuzzy logic, the linguistic representations of human
expertise in controlling the system are described as
fuzzy inference or relationships. This provides more
flexibility in the controller design.

3.2 Fuzzy gain scheduling PID controller

In the description of the Fuzzy-PID controller,
there are the major value of PID controller; K, , K;,
and Ky which are tuned based on Fuzzy Logic (FL)
as depicted in Fig. 4 . It is often difficult to tune the
Ky, Kiand Kg of the PID controller for a system that
has a high degree of nonlinearity with uncertain
parameter changes. This is because that the system's
behaviour can be unpredictable. Consequently, the
process of tuning the PID parameters ought to have
been done in an automated manner. Fig. 4 depicts the
overall architecture of the Fuzzy-PID controller.
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Figure. 4 Fuzzy gain scheduling PID controller scheme

The fuzzy logic, which generates a nonlinear
scaling from the error and derivative of error to the
PID parameter values, is used to tune the coefficients
of the PID transfer function, which results in PID
values that are more accurate. The scheme of the
fuzzy logic block shown in Fig. 5 has two inputs,
which are designated as error e(t) and derivative e’(t),
and it has three outputs, which are referred to as K,
Kir and Kgr respectively. According to Eq. (23), Kpr,
Kif and Kg are added to K, , Ki and Ky
correspondingly. The values of Ky, Kirand Kgr are
derived from the fuzzy logic block, and their values
dynamically and continually adjust in response to the
changing operating conditions of the interconnected
power system.

The scheme of the fuzzy logic block shown in Fig.

4 has two inputs, which are designated as error e(t)
and derivative e’(t), and it has three outputs, which
are referred to as Ky, Kir and Kqr respectively.
According to Eq. (23), Kpr, Kir and Kgr are added to
K, , Kiand Kq correspondingly. The values of Ky, Kit
and Kgrare derived from the fuzzy logic block, and
their values dynamically and continually adjust in
response to the changing operating conditions of the
interconnected power system.

u(®) = (K, + Kpp)e(® + (Ki + Kir)

[y e(®)dt + (Kg + Kap) 2 (23)

dt

The Mamdani model is applied as the structure of
the fuzzy logic; however, several improvements have
been made in order to achieve accurate values for Ky,
Kir and Kgr. Following the application of the seven
membership functions to frequency deviations and its
derivative accordingly, the total number of rules is
estimated to be 49. The membership function can be
divided into 7 different groups, which are labelled as
follows: ZE: Zero, NB: Negative Big, NM: Negative
Medium, NS: Negative Small, PS: Positive Small,
PM: Positive Medium, and PB: Positive Big.
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Figure. 6 Memberships of Ky, Kirand Kgs

Analysis of the time-domain system response
curve seen in Fig. 5is used to build the rule base table.
The positive error extreme points are represented by
the symbols that are indicated in Fig. 5 (including the
symbols a, e, and i). The symbols that are being
highlighted in Fig. 5 indicates the positive value
extreme points (such as a, e and i), the negative value
extreme points (such as C and G), and the zero value
points (such as b, d, f and h). Fig. 5 shows a response
curve that is composed of four different sorts of
sections, which can be characterized as follows[16].

The frequency deviation varies from the point of
extreme positive error to the point when it is been
close to zero-error (like as ab and ef). It is necessary
to increase k, and ki while decreasing kq in order to
make the necessary adjustments to the PID
parameters so that the response speed can be
improved close to the point of excessive positive
error. Nevertheless, k, and k; are lowered, and kg is
raised in order to enhance the amount of overshoot
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Table 1. The rule table for Kyt
NB | NM | NS | ZO | PS | PM | PB

NB | PB | PB | PB|PB|PM| PS | ZO
NM | PB | PB | PB |PM | PS | ZO | PS
NS | PB | PB |PM | PS | ZO | PS | PM
ZO | PB |[PM | PS | ZO | PS | PM | PB
PS |PM | PS | ZO | PS | PM | PB | PB
PM | PS | ZO | PS | PM | PB | PB | PB
PB | ZO | PS |PM | PB | PB | PB | PB

Table 2. The rule table for Kj
NB | NM NS Z0 PS PM PB

NB | NB | NB | NB | NB | NB |NM | ZO
NM | NB | NB | NB | NB | NM | ZO | PS
NS | NB | NB | NB |NM | ZO | PS | PM
ZO | NB | NB |NM | Z0 | PS | PM | PB
PS |NB|NM | ZO | PS | PM | PB | PB
PM | PS | ZO | PS | PM | PB | PB | PB
PB | ZO | PS | PM | PB | PB | PB | PB

Table 3. The rule table for Kgs
ée NB [NM | NS | ZO | PS | PM | PB

NB | PB | PB | PB | PB|PM]| PS | ZO
NM | PB | PB | PB |PM | PS | ZO | NS
NS | PB | PB |[PM | PS | ZO | NS | NM
ZO | PB | PM | PS | ZO | NS | NM | PB
PS |PM | PS | ZO | NS | NM | PB | PB
PM | PS | ZO | NS |[NM | PB | PB | PB
PB | ZO | NS |NM | PB | PB | PB | PB

that can be suppressed when the output frequency
deviations are getting closer to the zero-error point.

The frequency deviations move away from the
zero-error point and toward the extreme point of
negative error (such as bc and fg). At this stage of the
process, one of the objectives for regulating the PID
coefficients is to reduce the effects of the overshoot
by increasing k, and kq while decreasing ki.

After reaching an extreme point of negative error,
the frequency deviations move toward the point of
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zero-error (such as cd and gh). the regulation of the
PID parameters in this segment is dictated by the
upper right part of the rule table. This results in an
undesirable rapid response speed near the zero-error
point. The undesirable rapid response time would
result in an increase in the undershoot, which,
thankfully, would be reduced in the subsequent
segment.

The frequency variation changes from the zero-
value to the positive value (such as de and hi). In this
section, the PID coefficients are adjusted to minimise
the magnitude of the overshoot by raising the
parameter of PID controller. The modifications that
will need to be performed to the PID constants in
different sections of the curve-response are detailed
in Table 1 to 3.

3.3 Single input fuzzy logic (SIFL)

In Conventional Fuzzy Logic (CFL), the input
contains the error and the variation of this error while
the output contains form a two-dimensional rule.
Table 1 to 3 show the rules table structure of a typical
Toeplitz CFL. These tables have the Toeplitz array's
diagonal output membership. Moreover, the
magnitude of each point along a particular diagonal
line is proportional to its distance from its main
diagonal line.

As noticed from those Tables, a consistent pattern
in the output memberships allows for even more
simplification. Instead of utilizing two variables, a
single variable can be used to generate the desired
result. This single variable input represents the
absolute distance (d) between a parallel line and the
main diagonal line Lz. To calculate the distance (d),
let A be an intersection point on the main diagonal
line and the line vertical to it from a known operation
point B, as depicted in Fig. 6. The main diagonal line
is derived as follows.

sie+ e =0 (24)
The absolute distance between points A and B is

given as follows [24]. A and B's distance can be
calculated as

le;+2eq|

dy =+/(eg —e)? + (ey — e})? = T (29

As indicated from Fig. 6, the 1 is presented the
slope of the main diagonal line LZ. The following
equation is a generalization of Eq. (25):

__le'+2e|

Vi (26)
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While the signed distance for any arbitrary point
A is defined as:

+1 +A
ds = sgn(s) 8 = =22 @
where
(1 for s>0
sgn(s) = {—1 for s<0 (28)

Since the sign of the control, input is negative
when s is less than 0 and positive when s is greater
than 0, and its magnitude is proportional to the
distance from 0, we can deduce that:

u o —dg (29)

As a result, the entire control action is obtained
solely from ds. Next, the SIFL is referred. The
resulting distance ds can convert the two-side rule
table into a one-side rule, as illustrated in Table 4.
Where the main side lines are denoted as Lpi, Lpwm,
Lps, Lzo, Lns, Lam, and Lng respectively. These side
represent input, and the output of the diagonal line
that corresponds to them may be observed in Table 4.

Fig. 7 depicts the SIFL's structure, the signed
dimension was used to obtain this structure. Control
output u changes as a result of the fuzzy logic's input
d. CFL and SIFL can be differentiated from one
another. The input and output membership functions
of the CFL is presented in Fig. 6. In comparison to
CFL, the biggest benefit of SIFL is the reduction of

Table 4. Rules table based on the signed distance method
ds Lng | Lnm | Lns | Lzo | Les | Lem | Lee
Kee | PB | NM | NS | ZO | PS | PM | PB
Kifr | NB| NB |NM| ZO | PS | PM | PB
Koe | PB | PM | PS | ZO | NS | NM | PB
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rules. For a typical CFL with two inputs and a
fuzzification level of n, the number of rules to infer is
n2 In contrast, SIFL simply requires n rules.
According to the approach stated in [24, 25] and
presented in Table 4, the control surface of SIFL can
always be estimated as PWL.

Signed Distance Method

I } I 1 o } 1 I ]
k=1 T T T o T T T 1
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i
T

24

“AKp
Figure. 10 The control surface of Kyt
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Figure. 11 The control surface of Ki
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Figure. 12 The control surface of Kyt
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Table 5. Simulation parameters of two area power system
Area | Area
1 2

Frequency of the system (Hz) 60 60
Governor speed regulation R

Parameter

(Hz/pu) 0.05 | 0.0625
Governor time constant tg (sec.) 0.2 0.3
Governor time constant 1T (sec.) 0.5 0.6
Generator inertia constant H 5 4
Sensitive load frequency D (pu
MW/Hz) 06 | 09

Frequency base factor B (pu/Hz) 20 16.92
Kp=2.8, Ki=2.4, K=1.5

4. Simulation result

The two-area power system that is interconnected
is designed according to the modelling system
explained in Section 2 and Fig. 1. Table 5 provides
the system's parameter values and their respective
descriptions. Additionally, the implementation of the
PID, CFL-PID, and SIFL-PID are carried out in the
manner  described in  Section 3. The
MATLAB/Simulink platform was used to run the
simulations and get the results. SIFL-PID is
compared with CFL-PID and PID CONTTLERS in
order to evaluate its performance. Under the same
system settings and variation conditions, the
comparison processing is performed. The results of
the simulation include the behaviours of the power
system for the two-area interconnected power system
when subjected to a step change in load. Hance, the
load step change has been accomplished in three
different scenarios.

4.1 Load disturbance in the area-1

In the first scenario, the step load change is
applied on the system at t= 0 seconds with 20% of
nominal power in area 1 as shown in Fig. 13 to 15.
Firstly, Fig. 13 and 14 illustrate the ability of PID,
CFL-PID, and SIFL-PID to attenuate the system
frequency oscillations under load step changes with
differences in the transient response between the
three controllers.

Because of the load increase in area 1, the total
load demand is already higher than the power
generation that is available. Since this is the case, the
frequency in areas 1 and 2 will be decreased.
Secondly, Fig. 13 presents that the overshoot of the
frequency deviation in areal is considerably larger
with zero overshoot of the frequency deviation in area
2, as shown in Fig. 14. This is because that the load
disturbance happens in area-1 has a greater impact on
the frequency in area-2. In comparison to the CFL-
PID, the SIFL-PID has a low overshoot amplitude as
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indicate in Table 6 for the same active response and
better than PID as illustrated in Fig. 13 to 15 and
Table 6.

To assess the proposed method under different
states, four standard formulas is used; Integral of
Time-multiplied Squared Error (ITSE), Integral
Time-multiplied Absolute Error (ITAE), Integral
Absolute Error (IAE), and Integral Squared Error
(ISE), which are given in the following equations:

ITSE = [*™ tAf2 dt (30)

ITAE = [ ™ ¢t|Af|dt (31)
tsim.

IAE = [*™|Af]| dt (32)

ISE = [*™ Af2 dt (33)

From Table 7, the performance indices of the
SIFL-PID are better than the FL-PID and PID
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Figure. 13 Af; at step change load in area 1
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Table 6. Overshoot, undershoot, Af and AP of 1% scenario

Revised: September 13, 2022.

CFL- SIFL-
Area | Controller PID PID PID
overshoot 5x10 2.1x10% | 1.7x10*
1 undershoot | -6.6x10° | -4.2x10° | -4.4x10°°
Af 1.5x10° 6x107 5.9x108
overshoot 0 0 0
2 undershoot | -1.2x10° | 4.3x10* | 4.3x10*
Af -2x10°® | -7.7x107 | -7.6x10°®
overshoot 0 0 0
APiie | undershoot | -14x10% | -6.1x10% | -5.7x10°3
AP -4.2x10° | -1.6x10° | -1.6x10°
Table 7. Performance analysis standards of 1% scenario
Area | Control PID CFL-PID | SIFL-PID
ITSE 36x10° 4.2x10°® 4.1x10°®
1 ITEA 20x10°° 6.1x10° 6x10°°
IAE 11x10°° 3.9x10°° 3.8x10°°
ISE 4x106 8.1x10°® 8x10®
ITSE 20x10® 3.1x10°® 3x10®
2 ITEA 20x10°° 6.4x103 6.2x10°°
IAE 8x10°° 3.3x10°° 3.2x10°°
ISE 20x10® 4.7x10°® 4.7x10®

controllers. According to these results, it can be
concluded that the SIFL-PID controller is more
effective.

4.2 Load disturbance in the area 2

In the second scenario, the dynamic response of
the system is depicted in Fig. 16 to 18 for the same
load step in section but it applied on area-2. From Fig.
16, it can be seen the good design of controllers with
preferably using the SIFL-PID as indicate in Table 8.

While Fig. 18 establishes that the power flowing
along the tie-line of area-1 and area-2 is positive.
Because of that, the load is increased in area-2, in
contract, the load in area-1 remains the same state.
The power of area-1 is delivered to area-2 in order to
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mitigate the impact of the load increase in area-2.
However, the power flow in tie line regain becomes
positive value. On the other hand, the power flowing
over the tie line from area-2 to area-1 is negative
value, as shown in Fig. 15, because of the step-load
increase in area-1 as explained in Section 2.
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Figure. 16 Af; at step change load in area 2
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Table 8. Performance analysis standards of 2™ scenario

Revised: September 13, 2022.

Area | Control | PID | CFL-PID SF',lF'[;'
ITSE | 14x10° | 2.3x10° | 2.2x10°
) ITEA | 20x107 | 0.8x10° | 9.7x107
IAE | 7x107 | 3.2x10° | 3.2x107
ISE [ 14x10° | 2.7x10° | 2.7x10°
[TSE [ 63x10° | 9.5x10° | 9.3x10°
) ITEA | 35x10° | 14x10° | 14x10°
[AE | 14x10° | 6.1x10° | 6x107
ISE [ 63x10° | 16x10° | 16x10°
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4.3 Load disturbance in both areas

In the third scenario, the step load change is
applied on the area-1 and the area-2 at (t= 0) seconds
with (40%, and 20%) of nominal power, respectively,
as shown in Fig. 19 to 21, it abundantly clears the
supposed SIFL-PID superior robustness and dynamic
performance irrespective of the location or
magnitude of the disturbance. As compared to
scenarios 1 and 2, frequency deviations in scenario 3
become larger due to higher step load changes in both

x 10
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= 17 ——SIFL-PID
S.sttnN /0 | CFL-PID
=5 - —
-~ PID
2 F
25¢
3F [ 1 . 1 [
0 5 10 15 20 25 30

Time (sec.)
Figure. 21 APy at step change load in both areas

Table 9. Performance analysis standards of 3" scenario

areas.

Area | Control PID CFL-PID | SIFL-PID
ITSE 83x10° 9.7x10° 9.6x10°

1 ITEA 25x103 6.8x1073 6.7x10°°
IAE 16x103 5.6x10°° 5.6x10°

ISE 9x10°® 1.9x10° 1.9x10°

ITSE 72x106 10x10-6 9.9x106

5 ITEA 30x103 7.6%1073 7.1x1073
IAE 15x103 5.7x1073 5.6x107

ISE 73x10¢ 18x10°® 18x10°®

x 107
0
2
5 —— SIFL-PID
2 | R CFL-PID
= —PID
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-10 ] i i I | |
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Figure. 19 Af; at step change load in both areas
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5. Conclusions

In this paper, PID, FL-PID, and SIFL-PID
controllers have been designed and utilized
effectively to manage AGC for a two-area
interconnected power system. To sum up, The PID
controller's gains have been tuned by fuzzy logic
algorithm. Then, the performance of controllers is
validated and evaluated on a two-area power system
using a MATLAB/SIMULINK. Next, the controllers'
transient response performance with step-load
perturbation is introduced. Based on the comparison
of results, A SIFL-PID controller are clearly more
efficient in terms of overshoot, undershoot, and
performance standards: (ITSE), (ITAE), (IAE), and
(ISE) such as in third scenario it was about 9.6x107°,
6.7x10%3, 5.6x10 and 1.9x10° respectively, while,
the conventional FLC method reaches to 9.7x10°,
6.8x10% 5.6x10%,1.9x10° respectively, and the
conventional PID reaches around; 83x10®, 25x1073,
16x1073. 9x10° respectively. Moreover, the single
input fuzzy logic requires only one input with single-
dimensional array for the rule table, resulting in,
making its performance extremely simple to design,
implementation, and good for the tuning process.
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Notations
Q(s) The speed of the synchronous-
generator
H The inertia of the synchronous
generator
AP mechanical power deviation
AP; electrical power deviation
€1, €2 Area control errors
Ae Change of Area control errors
B, B Freqguency base factors
APref1, APres2 Power reference deviations
APy1, APy Governor valve position deviations
Tg1, T2 Governor time constants
APg1, APy Output power deviation of Governor
711, TT2 Turbine time constants
APt1, AP1 Output power deviation of Turbine
APy, AP; Load disturbance s
Ky, Ko Constants of power system
Tpl, T2 Power system time constants
Af1, A Freqguency deviations
AP. the changes of a resistive load
D Sensitive factor of Frequency
deviations
Ao speed deviation of the synchronous-
generator
Ri, Rz The speed regulators of governor
APyie Tie-line power deviation
Ei, E> Voltage of generators
01, 82 Rotor angles
X1,X2,X12 Reactance of area 1, 2 and tie line
a Synchronizing Coefficient for Tie Line
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