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Abstract: Frequency regulation is in a first line of preference for an interconnected power
system. Presence of nonlinearities in the generation systems further raises the complexity
level of the problem. In this scenario, this article presents a robust Automatic Genera-
tion Control (AGC) mechanism to maintain the frequency and tie-line power of the power
system to their nominal values. A Coefficient Diagram Method (CDM) based AGC mech-
anism including an AC/DC tie-line and Unified Power Flow Controller (UPFC) has been
developed and the performance in handling the frequency regulation has been analyzed.
The nonlinearities such as Governor Dead-Band (GDB) and Generation Rate Constraint
(GRC) are included in the system to analyze the proposed AGC scheme in a more realistic
approach. The AC/DC tie-line and UPFC which are included in the proposed AGC scheme
provides an immense strength to handle the active power variation as-well-as frequency
regulation. To develop a more effective AGC scheme, the parameters of an AC/DC tie-line
and UPFC are optimized by successful implementation of the Fruit Fly Optimization Algo-
rithm (FOA). The justification of the proposed AGC scheme has been carried out through
a step by step verification such as justifying the CDM based controller, effectiveness of
the proposed scheme and robustness of the system against parameters variation. The CDM
based controller has been compared with the conventional controllers to elevate the effec-
tiveness and the supremacy of the proposed AGC scheme has been examined by comparing
with previously published work. The design and simulation of the work has been carried
out by the MATLAB/Simulink® tool box.
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1. Introduction

In this contemporary world, the size and complexity of the power system have been increasing
at a swift pace. In this scenario, supplying quality power to the costumers is an important task
present in front of the electricity suppliers. Among the different power quality issues, frequency
regulation is concentrated in this article. Dynamics in load demand causes the deviation in fre-
quency and tie-line power from nominal values. AGC mechanism is a preferable solution for this
problem, which poses two control levels named as primary and secondary frequency regulation.
An effective controller at secondary frequency regulation level improves the dynamic response.
There are several fixed parameter controllers such as conventional controllers, cascaded topolo-
gies and 2-degree freedom-controllers for the secondary frequency regulation level are detailed
in [3-5]. Operating conditions of the modern power system may vary from time to time and
hence, it is important to develop an efficient controller which is suitable to all operating condi-
tions. Previous studies investigated fuzzy logic, artificial neural network and genetic algorithm
based controllers for suitability to different operating conditions and to mitigate backdrops of
the conventional controllers [6-8]. Despite desired results, the complication in algorithms and
displeased transient response encouraged the researchers to focus on some other elegant approach
to the AGC mechanism. As part of the progress, a Coefficient Diagram Method (CDM) to handle
the frequency and tie-line power variations is proposed in [9] for an interconnected power system.
On the other hand, the researcher’s provided effective alternatives to handle the active power vari-
ation. Articles [10-14] presented the accomplishment of improved dynamic response by using
energy storage systems and Flexible AC Transmission System (FACTS) devices. Several FACTS
devices, such as the Interline Power Flow Controller (IPFC), phase shifters, TCPS, and UPFC
etc. have shown an immense effect on the AGC mechanism to acquire better dynamic response
[15-18]. Further, the optimistic results obtained by using AC/DC tie-line [19-23] created a strong
motivation to develop a CDM based AGC mechanism in coordination with an UPFC and AC/DC
tie-line. In the articles mentioned so far, the parameters of the AC/DC tie-line model and UPFC
model are fixed. In advance, the FOA technique has been deployed to optimize those parameters
within the specified range. The contribution of this article for the research area of the frequency
regulation is as detailed below.

The formulation of the CDM based AGC mechanism for single-area as well as two-area
interconnected thermal power systems.

— The development of a novel CDM based AGC scheme by inclusion of an UPFC and parallel

AC/DC tie-line in the interconnected two area power system.
— The implementation of the fruit fly optimization technique to obtain the parameters of

UPFC and parallel AC/DC tie-line models successfully.
— The effectiveness of the proposed AGC scheme has been enhanced by comparing with

previously published work.
— The robustness of the proposed scheme has been checked by comparative analysis under

the case study of system parameter variations.

The remaining part of this paper has been managed into five more sections. The modeling of
the single as well as two area power systems, UPFC and AC/DC tie-line has been discussed in
section 2. The development of the CDM based controller is detailed in section 3 and section 4 ex-
plores the concept of the fruit fly optimization technique. The discussion of the studies conducted
and the conclusion drawn are detailed in remaining sections.
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2. Modeling of proposed AGC scheme

The development of an AGC scheme for a two-area interconnected system with inclusion of
an AC/DC tie-line and UPFC device has been analyzed with the support of several preliminaries.
The parameters of the two-area power system have been taken from the work presented in [9]
which is detailed in the appendix.

2.1. Preliminaries
A. Modeling of single-area power system

A single-area power system having a thermal system as generation sources, as depicted in
Fig. 1, is considered along with parameters presented in the appendix to develop a basic state
space model. The variation in active power demand varies the frequency of the power system.
The frequency of the power system can be retained by balancing the generation and load demand.
The state space equation of the described power system, having the deviation in frequency (Af),
power outputs of a governor and turbine (AP, and APpc,) as state variables and change in load
demand (APr) as well as change in a power command signal (APy) as input variables, has been
derived and expressed in (1)—(3).

1 + 7 mech - Af
Controller va 4 BN R R
ST e 4p ST, | | Ng/ ~|Ms+D
g - .
Dead-band Governor Turbine AP,

Fig. 1. Block diagram of a single-area thermal power system
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The state space representation of the single-area power system having deviation in frequency,
mechanical power output and governor power output as state variables is given as:

b1 1
Af M Pl 1 Af D APy
APmech = 0 o — APpech |+ O . 4)
. Tt Tt 1 AP()
AP, -1, oL AR 0
R.T, Tg &

The area control error is taken as input to the controller which can be given as ACE = BAf.
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B. Modeling of UPFC for proposed AGC scheme

Recent developments in power electronics devices encouraged the usage of FACTS devices
in the field of power system applications. An UPFC is considered as one of the most flexible
and adaptable FACTS devices to handle the stability problems in a tie-line. As mentioned in
the introduction section, articles elevated the application of the UPFC in support of an AGC
mechanism. The transfer function model of the UPFC, which relates the variation in power
supplied against the changes in frequency of the system, has been explained in this section.
A schematic diagram of the UPFC for a two-area interconnected power system is as depicted in
Fig. 2.

I .
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Fig. 2. Connection model of UPFC in a two-area interconnected power system

The complex power at the receiving end of the line can be expressed as:

(Ve + Ve - )

Preal — jQreactive = V_r*lline = V_r>F s
jX

®)

where,
E = |Vxe| < (d\‘ - ¢se) . (6)

Frequency control is possible through the real power control only and hence, from (5) and (6)
the expression for real power can be derived as:

Vv Vr . Vx Vse .
Preal = | |X| | sind + | |)|( | Sin(6 — @se) = Py (6) + Pse(0p5e), @)

where, V. is the series voltage magnitude of the line and ¢, is the phase angle of the series
voltage. Vi, = 0 depicts the real power of an uncompensated system. The change in the UPFC
power injected into the tie-line can be given as:

Kuprc

APyprc(s) = (m

)AF(s). ®)
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C. Modeling of AC/DC tie-line

The parallel connection of an AC/DC tie-line increases the power transfer capacity with
reduced power losses. The transfer function model to enhance the relation between the change in
the tie-line power and change in frequency has been described in this section. The power flow
from area-1 to area-2 through the AC tie-line can be expressed as:

Piie ac = P12max 8in(61 — 62). )
Subjecting to the linearization of Equation (9), it can be written as:
APiie ac = T12(A61 — Ad2), (10)

where T, is the synchronizing coefficient of the AC tie-line and it can be given as
T12 = P12max c0s(81 — 02). The deviation of the AC tie-line power in terms of frequency can be

written as:
2nTin

s
Further, a DC tie-line is considered to be in parallel with the AC tie-line and also assumed that
it is working in constant current mode. The change in the DC tie-line power can be expressed as:

APtie,AC =

(AF) — AF). (11)

Kpc

APgepc = (m

)(AFl -AR). (12)

Thus the total tie-line power including the effect of the AC/DC tie-line and UPFC is given as:
APrie12 = APiie ac + APiiepc + APuprc. (13)

2.2. Modeling of the proposed system

A two-area interconnected power system, each of which having a thermal system as generating
sources of the same capacity, has been considered as depicted in Fig. 3. To analyze in a more
realistic manner the nonlinearities like a GRC and dead band have been included in each generation
system. The modeling of the described system including an AC/DC tie-line and UPFC is as follows
below.

The state space equations for the state variables Af, Af,, and APe12 can be expressed as:

. -D, -1 1 -1
Afi =|—|A — | AP, — | AP — | AP 14
S (Ml) fl+(M1) AC+(M1) UPFC""(MI) DC» (14)
Afr = a2 APac + —Da Afy + a APyprc + ! APpc, (15)
M, M, M, M,
APyerz = 21T12 (Af1 — Af2) . (16)

The state space representation of the described power system having deviation in frequencies
and tie-line power as a state variable can be formed from Equations (14)—(16) as:

. S | Lo, -l
Afi -M,; M, Afi M, M; | [ APupkc
Afr |=| o P2 @il Af |42 o ZL]E AP | (A7)
APIielZ —M M, APtielz M2 M2 APDC

27TT12 —27TT12 0 0 0 O
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Fig. 3. Block diagram of the proposed two-area inter connected thermal power system

The input to the controller which is ACE can be expressed as summation of biased frequency
deviation and deviation in tie-line power. The expressions of the ACE for the considered two-area
power system are as given in (18).

ACE] = B]Af] + APtie]Z» ACE2 = BzAfQ + APtieZ] . (18)

3. Coefficient diagram method (CDM) for AGC mechanism

The CDM belongs to an algebraic type controller design approach, where a Bode plot is
replaced by a coefficient diagram. In this method the required response can be acquired by
the proper arrangement of the poles of a closed loop transfer function. Providing the stability,
robustness, and time response in a single diagram is the beauty of the coefficient diagram. There
are two axes present in the coefficient diagram, one is the logarithmic vertical axis and the other
is the horizontal axis. The first axis shows the characteristics of the polynomial (a;), equivalent
time constant (7) and stability indices (y;) whereas the next one shows the order (i) values
corresponding to each coefficient. The inclination of the curve, degree of convexity and shape of
the a; curve are the measures of the speed of response, stability and robustness of the system,
respectively. The designing of CDM controller for this work, carried out by the procedure given
in [9].

The block diagram of an LTI system having single-input single-output (SISO) with the
CDM controller is depicted in Fig. 4, where A(S), B(S), and F(S) are the forward denominator
polynomial, feedback numerator polynomial, and reference numerator polynomial, respectively.
The controller has two individual transfer functions and hence the system has two degrees of
freedom (2DOF). Further, R(S) is the system reference input, U (S) is the control signal, D(S) is
the disturbance signal and Y (.S) is the output. Let’s assume the transfer function of the plant process



www.czasopisma.pan.pl P N www.journals.pan.pl

N ‘\-
Vol. 69 (2020) A coefficient diagram method based AGC mechanism 293
Co T 1D(S)
R(S)| + 7| - Y(s)
—+»| FS) | _ — Process >
! A
| - | ues) Power System area
| |
: CDM Controller BS) |«

Fig. 4. Block diagram of the CDM controller

is denoted as N(S)/D(S), where N(S) is the numerator polynomial and D(S) the denominator
polynomial of the plant transfer function. Thus, the output of the controller is expressed as:

N(S)F(S) A(S)N(S)
Y(S) = ————R(S) + ————=D(S), 19
() o) () + o) () (19)
where C(S) is the characteristic polynomial of the closed-loop system and it can be expressed as:
C(S) = A(S)D(S) + B(S)N(S). (20)
The control polynomials A(S) and B(S) are defined as:
n . m .
A(S) = Z LS, B(S) = Z k:S'(n > m). 1)
i=0 i=0
Substituting (21) into (20), we have,
n . m . P .
C(S) = Y LS DS + D kS'NES) = > S, a2 0. (22)
i=0 i=0 i=0

The relation between the design parameters like 7, 7y, stability limit (y*) and the coefficients
of a characteristic polynomial (a;) are:
2

a; . aj
Yi=————. i€l (=Dl Yo=ya=w, T=-, (23)
ag+1)aa-1) ao
. 1 1 .
Yi=—t+——  ie[l (=Dl (24)
Yi-1  Yi+l
y; values are selected as [2.5, 2, 2, ..., 2] according to Manabe’s standard form, though they can

be changed as per the designer’s requirement. The target characteristic polynomial with the help
of the key parameters can be written as:

)4 i—-1
C =a, [[Z ( H %) (rs)f} FTs 4 1} ., where C(S) = C,(S). (25)

i=2 \ j=1Yi-j
Finally, the reference polynomial, F'(S), can be calculated as:

(P(S)l5-0)

F(S) = NGS)

(26)
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4. Fruit fly optimization technique

The fruit fly optimization technique is one of the recent optimization techniques in the class of
meta-heuristic techniques based on the foraging behavior of the fruit flies. In comparison to other
species, a fruit fly has superior sensory perceptions, chiefly its sense of smell and vision. Its range
of smell is almost 40km. After detecting the smell of food, a fruit fly, using its sharp vision, finds the
food and returns to its companions. This behavior of fruit flies has been described mathematically
and utilized to track the global beat solution for several complex problems in the article [24]. By
following the same footsteps, the FOA technique is deployed for AGC application in this work.
In this current research work, the FOA has been used to optimize the gains (Kpc, Kuprc) and
time constants (Tpc, Tuprc) of an AC/DC link and UPFC, respectively. The optimization of the
parameters has been carried out to minimize the objective function given in (27) which is an
integral square error (ISE).

t
ISE = f (Af+Af3 +APE) dt. 27)
0

STEPS OF FRUIT FLY OPTIMIZATION ALGORITHM

1 | Initialize the number of iterations and the population of a fruit fly swarm.

Assign the arbitrary initial location to the fruit fly swarm (i.e for the parameters to be
optimised).

Assign the direction and distance to each fly randomly, for search of food (to each
parameters).

Arbitrary set

Kpc (i) = Kpc(1) + random_value
4 Toc (i) = Tpc(1) + random_value
Kuprc (i) = Kypgc + random_value
TUppc(i ) = TUPFC + random_value

Evaluate the location of food by smelling, say ‘S’ (evaluation of fitness of the objective
function for different parameters).

6 | Identify the fly with maximum smell concentration (minimum value of the objective
function work best_obj = min(JS)).

7 | Assign Lbest = best_obj.

8 | Repeat (until the iteration = maximum iteration)

9 | Identify the best values obtained for each iteration and its corresponding index

10 | Update the global best value.

11 | Assign the values obtained to the parameters of an AC/DC tie-line and UPFC.
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The optimized values obtained for the parameters of an AC/DC tie-line and UPFC by following
the aforementioned steps are Kpcy = 0.05, Tpc1 = 0.1's, Kpcz = 0.23, Tpcz = 0.5 s, Kyprc =
0.31 and TUPFC =0.95s.

5. Simulation results and analysis

The proposed AGC scheme for the described two-area interconnected power systems has been
simulated using the MATLAB/Simulink® toolbox. A CDM controller has been implemented as
a secondary level control of an AGC for the thermal system present in the both areas. The
effect of the both dead-band and GRC non-linearities are also included to make the system more
realistic. The value of the governor dead-band has been taken as 0.05 pu and the GRC is taken to
be +£0.00167 pu/s. All the remaining system parameters are taken from [9] and presented in the
appendix. The AC/DC tie-line and UPFC are incorporated into the power system tie-line to support
the AGC mechanism along with the CDM controller. To get improved dynamic performance, all
the gains and time constants of the UPFC and AC/DC tie-line have been optimized using the FOA
technique. The proposed scheme of the AGC is investigated step by step, firstly with justification
of the controller, secondly comparing with previously published work and lastly robustness check
against the parameter variations.

5.1. Justification of the controller

Justification of the controller has been carried out by comparing it with conventional con-
trollers such as an integral (I) controller and proportional-integral (PI) controller on the platform
of a single-area power system shown in Fig. 1. A step load of AP;, = 0.02 pu at ¢ = 3 s has been
introduced to study the frequency response of the system. The characteristic polynomial for the
system having 7 = 2 and the system parameters, given in the appendix, can be expressed as:

C,=1+1.95+1.657 +0.665° +0.135* + 0.013S5°. (28)

The stability indices are y; = [2.5, 2, 1.25, 5.2];i € [1, 4]; yo = ¥5 = oo and the stability
limits are: yl’fl =1[0.5, 1.2, 0.7, 0.8];i € [1, 5]. Taking ky = 1 and solving Eqgs. (19)—(26), the
values of control polynomials come out to be:

A; = 0.0075 + 2.8 +2.452, Bi=1+1.045 + 5% where i€ [l,4]. 29)

The dynamic response in terms of frequency deviation, by using conventional controllers
and a CDM controller, is as depicted in Fig. 5. It was revealed that an improvement has been
accomplished by using the CDM controller in terms of maximum deviation and settling time. The
improvement has been in the dynamic response of the system in terms of maximum undershoot
and settling time. The obtained values of maximum deviation in frequency and settling time
are —0.0487 Hz and 6.75 s, respectively, by using the CDM controller. The numerical details
are presented in Table 2. The comparative analysis reveals that there is an improvement of
18.19% and 57.81% accomplished in maximum deviation and settling time, respectively, using
the CDM controller compared with the PI controller. The gain values of the I and PI controllers
are as tabulated in Table 1, which are obtained by the FOA technique explained in the prior
sections.
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Fig. 5. Comparative analysis of the CDM controller with conventional controller
in terms of frequency deviation

Table 1. Gain values of the I and PI controllers

Gains I controller PI controller
Kp - 0.0927
K; 0.3009 0.3078

Table 2. Comparison of CDM controller with conventional I and PI controllers

(%) Improvement by CDM

I controller | PI controller | CDM controller
controller over PI controller

Maximum deviation
in frequency (Hz)

Settling time (s) 16 12 6.75 57.81

—0.06553 —0.05953 —0.04870 18.19

5.2. Supremacy over previously published work

The optimistic results obtained in section 5.1 motivated to develop a CDM based AGC
mechanism including an AC/DC tie-line and UPFC. In the process of development of the proposed
AGC scheme, the AC/DC tie-line and UPFC are added step by step. The dynamic response of the
system for sudden change in load with inclusion of the AC/DC tie-line and UPFC individually is
depicted in Fig. 6 and Fig. 7, respectively. Further, the proposed AGC scheme has been examined
by comparing with the previous published work [9] under the same platform. A step change in
load demand (APr, = 0.02 pu) is applied at ¢t = 30 s in area-2 of the described power systems
depicted in Fig. 2. For a time constant as 7 = 2 s the various parameters of the controller have
been calculated as below.

For Area-1

Ci1 = 50 + 100s + 202.365% + 60.95° + 12.515* + 5> + 0.0098°. (30)
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Fig. 6. Dynamic response of the power system including AC/DC tie-line in terms of: (a) frequency deviation
of area-1; (b) frequency deviation of area-2; (c) tie-line power deviation

The stability indices are calculated as y;; = [1, 6.5, 1.5, 2.7, 7.2];i € [1,5]; Y0 = y6 = o
and the stability limits are yl.*l =[0.15, 1.67, 0.53, 0.67, 0.0014]; i € [1, 5]. Taking ko = 40 and
solving Eqgs. (19)—(26), the values of control polynomials come out to be:

A; = 148s + 1.985%, B = 40.1 + 69s + 100.0157. (31)
For Area-2
Cy» = 39.1 + 80.35s + 1615 + 51.35° + 6.55* + 0.606s> + 0.01485°. (32)

The stability indices are calculated as y;» = [1, 6.5, 2.2, 1.49, 3.8];i € [1, 5]; y0 = y6 = o
and the stability limits are: 772 =[0.155, 1.412, 0.826, 0.689, 0.65]; i € [1, 5]. Taking ko = 40
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Fig. 7. Dynamic response of the power system including UPFC in terms of: (a) frequency deviation of
area-1; (b) frequency deviation of area-2; (c) tie-line power deviation

and solving Egs. (19)—(26), the values of control polynomials come out to be:
Ay = 575 + 3.0452, B> = 32.4+52.9s + 100.1s>. (33)

Also, the optimal parameters of the AC/DC tie-line and UPFC, obtained by the FOA op-
timization are Kpc; = 0.05, Tpcy = 0.1s, Kpcpr = 0.23, Tper = 0.5 s, Kypre = 0.31 and
Tuprc = 0.95 s. The numerical data analyzed from the dynamic response, depicted in Fig. 8 in
terms of maximum deviation in area’s frequency and tie-line power, are tabulated in Table 3. The
comparative analysis reveals that there is an improvement of 23.88%, 22.35% and 34.23% which
has been accomplished over previously published work in terms of maximum deviation in area-1,
area-2 frequencies and tie-line power, respectively.
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Fig. 8. Comparative analysis with previously published work [9] in terms of: (a) frequency deviation of
area-1; (b) frequency deviation of area-2; (c) tie-line power deviation

Table 3. Comparison of proposed AGC scheme with previously published work

Maximum deviation in | With proposed scheme | M.Z. Bernard et al. [9] | Improvement (%)
Area-1 frequency (Hz) -0.0187 -0.0248 24.59
Area-2 frequency (Hz) —-0.0190 —-0.0246 22.76

Tie-line power (pu MW) 0.001694 0.002571 34.11

5.3. Robustness analysis

After successful justification of the proposed AGC scheme, it was subjected to robustness
verification against variation of system parameters. In this process, the time constants of the
governors and turbines in both areas (Ty; = Tg> = 0.12s, T;; = 0.052 s and ;> = 0.704 s) and
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parameters of rotating mass-load model (M; = 0.2167 pu.s, M, = 02420 pu.s, D1 = D, = 0.02)
have been varied by +25% and —25% of their nominal values. The dynamic response for each
case has been verified by using data provided in Table 4. The dynamic response depicted in
Fig. 9 reveals the robustness of the proposed AGC scheme against +25% variation in the system
parameters.

Table 4. Robustness analysis of two-area interconnected power system

% change in parameters
System parmeter Nominal
-25% +25%
Tg1, T2 0.12 0.03 0.15
Ty 0.052 0.013 0.065
Ty 0.704 0.176 0.88
M, 0.2167 0.0541 0.2708
M, 0.2420 0.0605 0.3025
Dy, Dy 0.02 0.005 0.025
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40 50 60 70 80
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Fig. 9. System dynamic response against the parameter variation: (a) frequency deviation in area-1;
(b) frequency deviation in area-2; (c) tie-line power deviation
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6. Conclusion

A robust CDM based AGC scheme has been developed for a two-area power system including
an AC/DC tie-line and UPFC to maintain the nominal frequency and tie-line power values. In
addition, the nonlinearities like a GRC and GDB are included to analyze the power system in a
more realistic manner. The assignment of the CDM controller as a secondary level of the AGC,
as well as the inclusion of the AC/DC tie-line and UPFC, whose parameters are optimized by the
FOA optimization technique, have shown effectiveness by improving the dynamic response of the
system. The supremacy of the proposed scheme has been proved by comparing with previously
published work and the robustness of the proposed scheme against the parameter variations has
been observed. Through the optimistic results observed from this work, it can be concluded that
the proposed system is efficient in improving dynamic response against sudden change in load
demand.

Appendix

Single area thermal power system: T, = 0.08 s, T;1 = 0.40' s, R = 3.0 Hz/pu, M = 0.1667,
D =0.015 pu/Hz, B = 1.

Two area thermal power system: Tg; = 0.08's, Tg2 = 0.06s, T;; = 040, Tjp = 0.44 s,
Ry = 3.0 Hz/pu, R, = 2.73 Hz/pu, M; = 0.1667 pu.s, M, = 0.2017 pu.s, D; = 0.015 pu/Hz,
D2 =0.016 pu/HZ, T]2 =0.2.
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