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Analysis of multiple-area renewable integrated
hydro-thermal system considering artificial rabbit
optimized PI (FOPD) cascade controller
and redox flow battery
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Puja DASH and Fausto Pedro GARCIA MARQUEZ

The current task explores automatic generation control knowledge under old-style circum-
stances for a triple-arena scheme. Sources in area-1 are thermal-solar thermal (ST); thermal-
geothermal power plant (GPP) in area-2 and thermal-hydro in area-3. An original endeavour has
been set out to execute a new performance index named hybrid peak area integral squared error
(HPA-ISE) and two-stage controller with amalgamation of proportional-integral and fractional
order proportional-derivative, hence named as PI(FOPD). The performance of PI(FOPD) has
been compared with varied controllers like proportional-integral (PI), proportional-integral-
derivative (PID). Various investigation express excellency of PI(FOPD) controller over other
controller from outlook regarding lessened level of peak anomalies and time duration for settling.
Thus, PI(FOPD) controller’s excellent performance is stated when comparison is undergone for
a three-area basic thermal system. The above said controller’s gains and related parameters are
developed by the aid of Artificial Rabbit Optimization (ARO). Also, studies with HPA-ISE
enhances system dynamics over ISE. Moreover, a study on various area capacity ratios (ACR)
suggests that high ACR shows better dynamics. The basic thermal system is united with re-
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newable sources ST in area-1 also GPP in area-2. Also, hydro unit is installed in area-3. The
performance of this new combination of system is compared with the basic thermal system
using PI(FOPD) controller. It is detected that dynamic presentation of new system is improved.
Action in existence of redox flow battery is also examined which provides with noteworthy
outcome. PI(FOPD) parameters values at nominal condition are appropriate for higher value of
disturbance without need for optimization.

Key words: solar thermal, automatic generation control, geothermal, artificial rabbit opti-
mization, redox flow battery, PI(FOPD) controller

1. Introduction

A balance between an amount of power generated and loss is the basic need
of power system. This balance is very difficult to obtain during high peak periods.
The mismatch reflects in the frequency and tie-line powers. If these discrepancies
persist for long time, then it leads to huge damage. These disparities are overcome
by the concept of automatic generation control (AGC).

Authors in [1,2] has implemented the numerical prototype of AGC. In earlier
times, utmost number of works were restricted to solo area scheme. Subsequently,
the works were passed frontward for manifold arenas like two area, three areas.
Golpria et al. [3] has undertaken scrutiny of a three-arena thermal scheme. Au-
thors in [4] has considered a two-arena scheme comprising of hydro and thermal
as generating units. The main source of electricity generation is fossil fuels. But
constant use of fossil fuel is depleting the natural resource and hampering the en-
vironment by constant boiling. This demands for the usage of sustainable causes
like solar, geothermal, and wind. Works obtainable in the arena of AGC knowl-
edge reflects the usage of solar, wind and geothermal. Sharma et al. [5], stated
the practice of solar in the learning of AGC. Saha et al. [6] stretched their effort
for reorganized scheme with enclosure of solar. Tasnin et al. [7] have exploited
geothermal in study of traditional AGC learning. Very few literatures point out the
usage of solar and geothermal together. Thus, it is of great opportunity to undergo
AGC knowledge with multiple sources in multiple arenas along with sustainable
sources. Further, system stabilization can be further achieved by incorporation
of energy storing devices (ESD). AGC learning reflects about the usage of redox
flow battery (RFB) [8]. Thus, the system combination with RFB calls for further
studies.

The main intention of AGC is towards declining the anomaly to zero for both
frequency and interlinking power of areas. To consummate this determination,
supplementary controllers are employed. In the learning of AGC various diverse
varieties of controller alike fractional order (FrO) [9], integral order (InO), higher
order, two-step controllers are stated in literature. The InO controllers alike inte-
gral (I) [3,10], PI [4,11], PID [5,12,13], integral-derivative with filter (IDF) [14]
by now find their usage in the learning of AGC. Advanced order subordinate
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controllers like dual-degree of freedom (dof), triple dof [15, 16] and fuzzy sub-
ordinate controllers [16] are too applied in AGC. The knowledge in AGC works
call attention to the procedure of InO order two-stage controllers PI-PD [17],
FrO two-stage controllers FOPI-FOPD [7], as well amalgamation of InO and FrO
controllers PIDN-FOPD [6], IDN-FOPD [8]. But series cascade combination of
PI with FrO proportional-derivative termed as FOPD has not been so far specified
in AGC works. Furthermore, usage of PI(IFOPD) controller in the triple-area solar
thermal-geothermal-hydro-thermal scheme has not been conveyed beforehand, so
claims the necessity of examination.

The literature proclaims about the practice of diverse optimization practices.
These methods are necessary for satisfactory alteration of controller gains and
related parameters. The methods of diverse categories like conventional and
evolutionary procedures (EAm) [18-21]. The conventional method is circum-
vented as the method is very chaotic and deliver bad outcomes as they experience
prospect of getting wedged in limited targets. EAm are unrestricted from the
drawbacks of conventional method. Several EAm find their relevance in the
arena of AGC. Some of them are genetic algorithm (GA) [3], firefly algorithm
(FA) [12, 14,22], whale optimization algorithm (WOA) [6], sine-cosine algo-
rithm (SCA) [7], biogeography-based algorithm (BBO) [16], ant-lion optimizer
(ALO) [13], bacterial foraging-based optimization technique (BFO) [10], grey
wolf optimizer (GWO) [23]. Wang et al. [24] have recently evolved an optimiza-
tion strategy named as artificial rabbit optimization (ARO). ARO has evolved
after being inspired by living tactics of rabbits in nature. Moreover, ARO method
has employed in AGC structure with solar thermal, geothermal, hydro, thermal
elements. This gives propositions of forthcoming valuations.

Regarding the above statements, intents of work are:

* To establish a triple-arena thermal scheme.

* To evaluate structural dynamics of scheme stated with diverse controllers
like PI, PID and PD(FOPI) with ARO to attain the superlative controller.

» Evaluate scheme dynamics by superlative controller attained by the practice
of diverse algorithms like FA, GWO, and ARO to realize the topmost
optimization method.

* To evaluate scheme dynamics in existence of solar thermal, geothermal and
hydro elements with superlative controller besides algorithm.

* Evaluate scheme dynamic execution with amalgamation of RFB.

* Undertake sensitivity valuation with superlative controller in consideration
of changed step load disturbance.
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2. System investigated

The system under consideration is a three-area system which encompasses so-
lar thermal-thermal units in arena- 1, geothermal-thermal units in arena-2, hydro-
thermal units in arena-3 along with energy storage device RFB in all areas.
The area capacity ratio considered is 1:3:5. The thermal unit is associated with
non-linearity generate rate constraint (GRC) of 3% per minute. The participa-
tion factors (pf) of each generating units of respective areas are as pf;; = 0.2,
pfi2 = 0.8 in area-1, pfy; = 0.25, pfr; = 0.75 in area-2 and pf3; = 0.3, pf3; = 0.7
in area-3.

Geothermal energy is a potential renewable source of energy where under-
ground thermal energy is transformed into electricity. The transfer function mod-
elling of GPP is similar to thermal plants but it does not have the boiler for
reheating steam. The first order transfer function of governor and turbine of GPP
are given by (1) and (2) respectively.

1
G = — 1
GPP = T 2o (D)
1
Topp = ———, 2
GPP = T (2)

g21 and fp1 are the time constants of governor and turbine of GPP respectively.
These values are obtained by optimization technique ARO within the prescribed
limits.

Redox flow battery is category of drift battery, established on the base of mo-
tionless energy stowing practices. RFB has initiated great numeral of utilization
in the arena of AGC. Here, the reactive substantive is missing in the construc-
tion relatively it is assisted from an exterior establishment of stowage containers.
Hence, the entire energy competence is reliant on the measure of electrolyte inside
exterior stowage reservoirs and power yield is linked to the association of elec-
trodes. Blend of sulfuric acid in grouping through vanadium ions is considered
as the electrolyte. A duo of drives is related to movement the solution by virtue
of cells (electrochemical type) of battery. Electrochemical reactions whichever
arise internal battery electrochemical cell throughout charging with discharging
are specified by (3)—(4).

At site of +ve electrical conductor:

Charge Discharge

V¥ 2 Vtrie. (3)

At site of —ve electrical conductor:

Charge Discharge

Vi*ie 2 VH 4)
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RFB is stated with prosperity of elongated operational duration and eases with
huge power capacity. Even has secure profits like quick small-span additional abil-
ity, huge efficiency, exposed from autonomous-discharge matters, inexpensive,
not cluttered by unforeseen charging or discharging.

The transfer function prototype of scheme is manifested in Fig. 1. The minimal
values of scheme limitations are specified in Addendum. The premium standards
of controller gains and related constraints are accomplished by the assistance of
by artificial rabbit optimization usage of HPA-ISE as the essential performance
index (Jgpa-1sE) [25, 26] revealing to 1% step load disturbance (SLP) at position
of area-1 is stated by (5).

t

JHPA-ISE = / ((Afi)2 + (APyici—)* + |A fi peak| + |APziei—jpeak|) dr. (5

o

Here, i and j are number of areas,i = 1, 2, 3andi # j.
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Figure 1: Transfer function (Trfn) structure of three-area multiple source scheme includ-
ing energy storage device RFB
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3. The proposed PI(FOPD) controller

The commended controller is aggregate of InO together with FrO controllers.
Commended controller is InO proportional-integral (PI) with FrO proportional-
derivative (FOPD), hence PI(FOPD). Arrangement of PI(FOPD) is substantiated
in Fig. 2. Segment-1 (B1) and Segment-2 (B2) are layout of PI and FOPD one-to-
one. Rs;(s) is the antecedent signal and Os;(s) is the outcome signal for PI(FOPD)
controller. The Trfn of B1;(s) is manifested by (6).

Trfn(pl)l- = Kpi + K],'/S. (6)

InO proportional gain is symbolized as Kp; and integral gain as Ky for i-th
suggested area.

Summarization of Riemann-Liouville for FrO derivative is obtainable from
(7) [29,30].

DO = o / (- (),
n—1<a<n, nisan integer, (7)

“D{ — fractional operator, I'(.) — Euler’s gamma function. The alteration of Fro
derivative in Laplace domain is given by (8).

.3
,_.

L{*D{f(1)} =s"F(s) - sk“D” o), (8)

0

>~
I

The detriment of boundless computation of poles and zeros by virtue of absolute
resemblance is manifested by Oustaloup et al. [31]. Here a convenient Trfn is
propounded which can be approximated FrO derivatives together with integrators
by dint of recursive distribution around poles and zeros substantiated by (9).

M 1+(ws )
sa:K]—[—Z’”. 9)

Suppose attuned gain K = 1, gain = 0 dB through 1 rad/s frequency, M — count
of poles along with zeros (fixed beforehand) and frequencies choice for poles and
zeros are manifested by (10)—(14).

wz = w\n, (10)
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Wpn =wWzue, n=1,..., M,

W7z n+l = wp,n\/ﬁa

(a)h)V/M
E=|— s
wj

(wn)(l—v)/M
n=\— .
wj

The Trfn for FOPD is given by (15).

Trfnkoppy = (Kkp)i + (Kkp)is™'.

The Trfn for PILIFOPD) controller is shown in (16).

Trfnpyropp) = (Kpi + Kji/s) X (Kkp)i + (Kgp)ish.

(11)
(12)

(13)

(14)

(15)

(16)

The Trfn demonstration of cascade PI(FOPD) controller is in Fig. 2. Commended

PI(FOPD) controller gains are boosted by ARO with margins in (17).
0<Kp; <1 0< Ky <1,

0<Kgpi<l, O0<Kgpi<l and O<py; <I.

FOPD controller

PI controller

Input R;(s)

Figure 2: Prototypical of PI(FOPD) controller

4. Optimization technique-ARO

(17)

The ARO has evolved from the existence tactics of rabbit in wildlife. The ARO
has been developed by Wang er al. [24] after being inspired by two important
features alike, rabbits hunt for meal distant from their shells and other one is
arbitrary shelter. ARO engage the rummaging and hiding approaches of actual
rabbits, along with their energy constriction leading to conversion amid both

approaches.
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1. Detour foraging i.e., exploration: Since, rabbits look for food away from
their own shelter so, in ARO it is considered that each of the rabbits has its own
arena with food and d number of holes. And, each rabbit moves arbitrarily to other
member’s arenas for the hunt of food. The numerical prototype of the exploration
of each rabbit is as follows:

Vi(t+1) =X;(r) + R - (X;(t) — X (1)) + round(0.5 - (0.05+r1)) - ny

i,j=1,...,n and i+# ]

where

v;(t+1) = Candidate location of i-th rabbit at (¢ + 1) time

X;(t) = Location of i-th rabbit at (¢) time

n = Size of rabbit population

R = Runing operator

- = Ceiling function

round = Rounding to nearest integer

ri = Random number in between (01)

n; = Subject to the standard normal distribution (18)

R=L-c
where
L = Running length

¢ = Mapping vector (19)
L= (e — 6(1;_1)2) sin (27try)
where

r» = Random number in between (0, 1) (20)

() = {1 if k == g(I)

0 else
where
d = Dimension of the problem

k=1,...,d and [ =1,...,[r3d]

r3 = Random number in (0, 1) 21

g = randperm(d)
where

randperm = returns a random permutation of the integers from 1 tod (22)
n; ~ N(O, 1). (23)

2. Arbitrary hiding i.e., exploitation: In the present ARO, at individual repeti-
tion, a rabbit constantly produces d hideaways about it along individual dimension
of the hunt area, and it continually arbitrarily selects single from all holes for hid-
ing to lessen the likelihood of being hunted. Here, the j-th hole of the i-th rabbit
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is engendered by:

bij()=%(t)+H-g-%(t), i=1,...,nand j=1,...,d

where
H = Hiding parameter (24)
T-r+1
where
r4 = Random number in between (0, 1) (25)
ny ~N(O, 1) (26)
1 if k==
g(k):{o else k=1,...,d. 27)

The equations needed to develop numerical prototype for arbitrary hiding
approach is as:

it +1) =%:(t) + R - (rabi, (1) = %i(1)), i=1,...,n
where

l;,-,,(t) = Randomly chosen burrow for hiding from its d burrows
r4 = Random number in (0, 1). (28)

After one complete process of exploration and exploitation, the spot of rabbit is
updated by

B+ 1) = Xi(t) f&i(r) < f(yi(r+1)) 29)
’ B fE@) > fEi 1)),

3. Energy constriction i.e. change from exploration to exploitation: The rabbits
have the nature to undergo exploration in the first phase followed by exploitation
in the next phase. This difference in search is due to the loss of energy in rabbits
in due course of time. This energy matter is designed by the following expression.

1

A1) :r(l - %)m;. 30)

The flow diagram of ARO is in Fig. 3.



870 A.SAHA, T. CHIRANJEEVI, R. DEVARAPALLIL P. DASH, N.R. BABU, F.P. GARCIA MARQUEZ

| Initialize rabbit’s position and control parameters |

| Calculate the energy factor A I‘ﬁ
)

Yes Choose a rabbit randomly and
perform detour foraging

Generate d burrows and
randomly pick one as hiding,
and perform random hiding

y

Calculate the fitness and update
the positions

No

Update the best solution found
so far

| Return the best solution

Figure 3: Flowchart of ARO

5. Outcomes and valuation

5.1. Valuation of Scheme Outcomes through Several Controllers
alike PI, PID and PI(FOPD)

A trio-area thermal scheme is engaged for valuation. The ACR of the con-
templated scheme is 1:3:5. The scheme is entitled with diverse controllers like
PI, PID and the projected PI(FOPD) controller on individual basis with HPA-ISE
as performance index. The premium standards of subordinate controller gains
and related constraints are accomplished employing ARO and the numerical
values are manifested in Table 1a. Potent frequency outcomes are exposed in
Figure 4a—4b. Tie-line power deflection outcome are manifested in Figure 4c—
4d. The values of peak anomaly (Pk_O, Pk_U) and settling_time (S_Time) are
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looked out in Table 1b. The responses of Figure 4 and values of Table 1b shows
the clarity of superior performance of PI(FOPD) controller in terms of Pk_O,
Pk U and S_Time.

(a) ARO optimized gains and related parameters of subordinate controllers considering HPA-ISE

(thermal system only)

Table 1

ol Kpi (ppy = 0.0621 Kri (pry = 0.5607 Kpapy) = 0.0591
Ko pry = 0.5861 Kpspr) = 0.0461 Kiz(pr) = 0.5868
Kpi(pip) = 0.5650 Kii(ppy) =0.7586 Kpi(pp) = 0.1642

PID Kpa(pip) = 0.5324 Kppipy = 0.7768 Kpapp) =0.1721
Kp3(pip) = 0.6133 K pipy = 0.7768 Kps(pipy = 0.1831
Kpi (pr(ropp)) = 0.0004 | Ky (pi(ropp)) = 0.3489 | Kkpi(pi(ropp)) = 0.0018
Kkpi(pi(ropp)) = 0.9963 | w1 (pr(ropp)) =0.0090 | Kpa(pi(ropp)) = 0.0036

PIFOPD) [k, prroppy) = 01271 | Kpa(picrory) = 0:0005 | Kxpa(eicrorny) = 0.9160

H2prFopD)) = 0.0089 | Kps(prropp)) = 0.0012 | Kz (pr(ropp)) = 0.1367
Kkp3(piropp)) = 0.0017 | Kkps(piropp)) = 0.9508 | u3(pi(ropp)) = 0.0041

(b) Evaluation of dynamic outcomes with respect to different characteristics using varied

controllers

Characteristics PI PID PI(FOPD)

Pk_O 0.0168 0.0159 0.0077

Afi Pk_U 0.0289 0.0304 0.0275
S_Time Not settling 70.00 sec 60.00 sec

Pk_O 0.0146 0.0106 0.0036

AL Pk_U 0.0261 0.0260 0.0241
S_Time Not settling 73.54 sec 65.56 sec

Pk_O 0.0017 0.0013 0.0011

APtiey_3 Pk_U 0.0035 0.0034 0.0032
S_Time Not settling 71.44 sec 67.36 sec

Pk_O 0.0010 0.0006 0.0005

APtie|—3 Pk_U 0.0085 0.0085 0.0082
S_Time Not settling 67.53 sec 62.55 sec

871
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Figure 4: Diagram of deflection in dynamic observation of the thermal scheme employing
subordinate controllers contrast time: (a) Deflection of frequency observation of arena-
1, (b) Deflection of frequency observation of arena-2, (c¢) Deflection in tie-line power
interlinking arena-2 and arena-3, (d) Deflection in tie-line power interlinking arena-1 and
arena-3

5.2. Evaluation of Scheme Outcomes for Diverse Algorithms In view of PI(FOPD)
Controller and HPA-ISE

Preceding sub-segment specifies that PILIFOPD) subordinate controller is the
finest attained controller. Presently, in current sub-segment PI(FOPD) subordi-
nate controller is once more augmented employing not many algorithms alike FA,
GWO, ARO in view of HPA-ISE as performance index. The finest values of the
controller gains in addition related constraints employing the above-mentioned
algorithms are manifested in Table 2a. The potent observation accomplished are
acknowledged in Figure 5a—5d. Contrasting convergence curvature is furnished
in Figure Se. Thorough examination of Figure 5a-5d demonstrate that potent
observation employing ARO optimized subordinate controller delivers enhanced
outcomes. Subsequently, observation of ARO optimized controller illustrates
diminished amount of Pk_O, Pk_U and S_Time. Correspondingly, the conver-
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gences curvature replicated in Figure Se with corresponding Jp ;s in Table 2b
states that ARO converges more rapidly than further contemplated optimization

approaches.

(a) Gains and related parameters of PI(FOPD) controller employing diverse algorithm alike FA,

Table 2

GWO and ARO in view of HPA-ISE (thermal system only)

Kp1(p1(ropp)) = 0.0188

K (pr(ropp)) = 0.7563

Kkp1(p1(ropp)) = 0.0065

Kkpi (pr(ropp)) = 0.5543

Hi(pr(ropp)) = 0.0045

Kpa(p1(ropp)) = 0.0164

Kp(pr(ropp)) = 0.7346

Kkp2(pr(ropp)) = 0.0041

FA | Kppiropp)) = 0.7768 | Kkpa(piropp)) = 0.0038 | Kkpapi(roppy) = 0.5646
Hacpi(Foppy) = 0.0034 | Kps(pi(ropp)) = 0.0178 | Ki3(pi(ropp)) = 0.8765
Kkp2(p1(ropp)) = 0.0168 | Kkpa(pr(ropp)) = 0.5432 | wa(pr(ropp)) = 0.0065
Kpipr(ropp)) = 0.0176 | Kyi(p1(ropp)) = 0.7563 | Kkpi(pi(ropp)) = 0.0061
Kkp1pi(roppy) = 0.5121 | pyprcroppy) = 0.0043 | Kpo(piroppy) = 0.0175

GWO

Kkpa(pr(Fopp)) = 0.6066

Ha(pi(Foppy) = 0.0043

Kp3(p1(Fopp)) = 0.0615

Kz (pi(ropp)) = 0.8565

Kkp3pi(roppy) = 0.0187

Kkp3(pi(ropp)) = 0.4321

Hapr(Fopp)) = 0.0071

(b) Valuation of dynamic Outcome with regard to diverse features using wide-ranging algorithms

Characteristics FA GWO ARO

Pk_O 0.0147 0.0128 0.0077

Afi Pk_U 0.0285 0.0283 0.0275
S_Time 64.34 sec 63.66 sec 60.00 sec

Pk_O 0.0122 0.0097 0.0036

AL Pk_U 0.2431 0.2422 0.0241
S_Time 81.51 sec 74.88 sec 65.56 sec

Pk_O 0.0014 0.0015 0.0011

APtiey_3 Pk_U 0.0034 0.0035 0.0032
S_Time 78.14 sec 73.58 sec 67.36 sec

Pk_O 0.0008 0.0006 0.0005

APtie|_3 Pk_U 0.0087 0.0084 0.0082
S_Time 78.55 sec 76.81 sec 62.55sec

JHpA-ISE 0.0068 0.0070 0.0067
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Figure 5: Diagram of deflection in potent observation and convergence curvature for
diverse schemes alike FA, GWO and ARO via PI(FOPD) subordinate controller contrast
time: (a) Deflection of frequency observation of arena-1, (b) Deflection of frequency
observation of arena-2, (c) Deflection in tie-line power interlinking arena-2 and arean-
3, (d) Deflection in tie-line power interlinking arena-1 and arena-3, (e) Contrasting
Convergence curvature

5.3. Contrast of scheme dynamics for various area capacity ratios (ACR)

This study is carried to identify the effect of various ACRs on the system in
Section 5.2. Various ACRs such as 1:1:1, 1:2:3 and 1:2:4 are deliberted for the
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study. The investigated is system with three ACRs is subjected to of PI(FOPD)
controller, whose gains are optimized by ARO controller considering HPA-ISE
as performance index. The obtained optimum values are noted in Table 3 and the
obtained responses are compared with response for system with ACR 1:3:5 and
plotted in Figure 6. From Figure 6; it is noted that as the ACR rises, the system
ehibits enhaced responses interms of Pk_O, Pk_U and S_Time.

Table 3: Outstanding gains and correlated parameters of PI(FOPD) subordinate controller
via varied various ACRs

ACR =1:1:1

Kpi (pr(ropp)) = 0.0178

K prropp)) = 0.7763

Kkpi1(pr(ropp)) = 0.0075

Kkpi (pr(ropp)) = 0.5453

H1(p1(Fopp)) = 0.0044

Kp2(p1(FopD)) = 0.0144

Ky (pr(roppy) = 0.7457

Kkp2(p1(ropD)) = 0.0034

Kxkp2(pi(ropp)) = 0.5647

H2cp1(ropD)) = 0.0035

Kp3(p1(ropp)) = 0.0165

Ky (pr(roppy) = 0.8546

Kkp3(p1(ropp)) = 0.0015

Kkpspi(ropp)) = 0.5546

u3(pr(Fopp)) = 0.0066

ACR =1:2:3

Kp1(p1(ropp)) = 0.0165

Kii (pr(ropp)) = 0.7546

Kkp1(p1(ropp)) = 0.0046

Kkpi(pi(ropp)) = 0.5643

H1(p1(Fopp)) = 0.0063

Kpa(pr(ropp)) = 0.0165

K (pr(roppy) = 0.7453

Kkp2(p1(ropp)) = 0.0034

Kxkp2(pi(ropp)) = 0.5543

Ha(pi(FopD)) = 0.0034

Kp3(p1(ropp)) = 0.0146

Kizpi(ropp)) = 0.8554

Kkp3(p1(ropp)) = 0.0015

Kkpspi(ropp)) = 0.5676

H3(P1(FoPD)) = 0.0065

ACR = 1:2:4

Kp1(p1(ropp)) = 0.0163

K pr(ropp)) = 0.7455

Kkp1(p1(ropp)) = 0.0045

Kkpi1 (pir(ropp)) = 0.6545

Hipi(ropp)) = 0.0054

Kpa(pr(ropp)) = 0.0234

Knpi(Fopp)) = 0.6879

Kkpa(pr(ropp)) = 0.0044

Kkp2(pi(Fopp)) = 0.6436

Hapr(Fopp)) = 0.0065

Kp3(p1(FoPD)) = 0.0234

K3 (p1(ropp)) = 0.6345

Kkp3(p1(ropp)) = 0.0032

Kkps(pr(ropp)) = 0.7698

H3(P1(FoPD)) = 0.0045

(1) area-1:area-2:area-3=1:1:1
--=-(2) area-1:area-2:area-3=1:2:3
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Figure 6: Dynamic response comparison with different ACR contrast time (a) Arena-1
frequency anomaly, (b) Arena-2 frequency anomaly, (c) Arena-3 frequency anomaly,
(d) Tie-power anomaly amid arena_1 and arena-3

5.4. System dynamic valuation among ISE and HPA-ISE

Scheme in segment-5.3 is provided with PI(FOPD) controller considering ISE
as performance index and gains are optimized by ARO technique. The obtained
optimum values with ISE are noted Table 4 and the responses with ISE are
compared with he obtained results from Section 5.3 (i.e., with HPA-ISE) and are
plotted in Figure 7. Observations suggests that results with HPA-ISE outperforms
over ISE.

Table 4: Gains and other parameters of PI(FOPD) controller considering ISE as a perfor-

mance index

Kp1(p1(FoPD)) = 0.0133

Kii (pi(ropp)) = 0.7563

Kkp1(pi(ropp)) = 0.0065

Kkpi(pi(ropp)) = 0.5543

H1(p1(ropp)) = 0.0045

Kp2p1(ropp)) = 0.0164

ACR =1:3:5

Kppi(ropp)) = 0.7768

Kkp2(pr(ropp)) = 0.0038

Kxkpa(pr(ropp)) = 0.5646

Hapi(ropp)) = 0.0034

Kp3(p1(FoPD)) = 0.0178

K3 (p1(ropp)) = 0.8765

Kkps(p1(ropp)) = 0.0168

Kkpspi(ropp)) = 0.5432

u3(p1(ropp)) = 0.0065

0.02 0.02
0.01
— 0
N
<
=001
< -0.02
-=-(1)ISE
ol "
——(2) HPA-ISE (2) HPA-ISE
-0.04 : 0
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Figure 7: System dynamic response comparison among ISE and HPA-ISE contrast time:
(a) Arena-1 frequency anomaly, (b) Arena-2 frequency anomaly, (c) Tie-power anomaly
amid arena-1 and arena-2, (d) Tie-power anomaly amid arena-2 and arena-3

5.5. Valuation of scheme dynamics with the amalgamation of solar thermal, geothermal
and hydro units

The elementary thermal system stated in segment 5.1 is at present state united
with solar thermal in arena-1, geothermal in arena-2 and hydro unit in arena-
3. The finest achieved controller PI(FOPD) from sector 5.1 along with HPA-
ISE is employed here. Correspondingly, ARO is enforced to acquire its best
grade of gains and related parameters. The ideal grades are specified in Table 5.
And the equivalent observation is strategized in Figure 8. Widespread valuation
of Figure 8, statuses that observation displays enhanced outcomes with much
diminished Pk_O, Pk_U, S_Time when the scheme is unified with solar thermal,
geothermal, and hydro elements.

Table 5: Outstanding gains and correlated parameters of PI(FOPD) subordinate controller
via ARO for thermal system with integration of solar thermal, geothermal and hydro units

Kp1 (p1(FopD)) = 0.0012

K prropp)) = 0.9796

Kkp1(pr(ropp)) = 0.0018

Kkp1 (pi(ropp)) = 0.8578

Hi(p1(FoPD)) =0.0017

Kp2(p1(FopD)) = 0.0037

Kp(pr(ropp)) = 0.9798

Kkp2(p1(ropp)) = 0.0017

Kkp2(p1(ropp)) = 0.9518

Hapr(ropp)) = 0.0018

Kp3(p1(Fopp)) = 0.0028

K (pr(ropp)) = 0.9785

Kkps(p1(Fopp)) = 0.0017

Kkp3(pi(ropp)) = 0.9448

H3p1(Fopp)) = 0.0013
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Figure 8: Diagram of deflection in dynamic observation for scheme with amalgamation
of solar thermal, geothermal and hydro units contrast time:(a) Deflection of frequency
observation of arena-1, (b) Deflection of frequency observation of arena-2, (c) Deflec-

tion in tie-line power interlinking arena-1 and arena-2, (d) Deflection in tie-line power
interlinking arena-1 and arena-3

5.6. Valuation of scheme dynamics with incorporation of RFB

Here and now, scheme stated in sub-segregation 5.3 is combined with an
energy storing device titled as RFB in all the arenas. This new-fangled scheme is
also provided with PI(FOPD) controller, HPA-ISE and ARO is utilised to acquire
its outstanding standards of gains in addition related constraints. The outstanding
expected values are recorded in Table 6 in addition conforming potent observation
are replicated in Figure 9a-9d. Widespread inspection of Figure.9 articulates

around the healthier presentation of observation through amalgamation of RFB
regarding lessened Pk_O, Pk_U and S_Time.
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Table 6: Outstanding Gains and correlated parameters of PI(FOPD) subordinate controller
for scheme with RFB using ARO

Kp1 (p1(FoPD)) = 0.1342

K11 (pi(roppy) = 0.9946

Kkpi1(pi(ropp)) = 0.2178

Kkpi (pi(ropp)) = 0.9489

H1(pi(Fopp)) = 0.0187

Kp2(p1(FOPD)) = 0.3411

K p1(ropp)) = 0.8516

Kkp2(p1(ropp)) = 0.1778

K2 p1(ropp)) = 0.9519

Hoprropp)) = 0.0197

Kp3(pr(roPD)) = 0.3031

K3 p1(ropp)) = 0.8586

Kkp3(p1(ropp)) = 0.1899

Kkp3(p1(ropp)) = 0.7529

H3prropp)) = 0.0154
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Figure 9: Design of deflection in dynamic observation for scheme with amalgamation of
RFB contrast time: (a) Deflection of frequency observation of arena-1, (b) Deflection of
frequency observation of arena-2, (c) Deflection in tie-line power interlinking arena-1—
arena-2, (d) Deflection in tie-line power interlinking arena-1—arena-3

5.7. Sensitivity valuation to inspect heftiness of proposed PI(FOPD) with ARO

Now in the current sub-category, dynamic observation of the scheme with
RFB are evaluated for higher order SLP of 3% from basic 1% SLP. The dynamic
observation is plotted using PI(FOPD) controller and its gains and parameters
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are collected by HPA-ISE with the usage of ARO. The finest values of PI(FOPD)
controller with ARO at 3% SLP is enlisted in Table 7 and the conforming dynamic
observation are evaluated in Figure 10a—10d. Valuation of Figure 10 articulates
that the observations attained are nearly analogous and requires no added alter-

ations.

Table 7: Gains and other related parameters of PI(FOPD) controller with ARO for 3%

SLP
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Kp1(p1(FOPD)) = 0.2215

K1 (pi(ropp)) = 0.9867

Kkpi1(pi(ropp)) = 0.4257

Kxkbpi pi(ropp)) = 0.7956

H1(pi(ropp)) = 0.0145

Kp2(p1(FOPD)) = 0.5141

K prropp)) = 0.7811

Kxp2(p1(ropp)) = 0.1987

Kkp2(pi(ropp)) = 0.5943

HaPr(Fopp)) = 0.0176

Kp3(pr(ropp)) = 0.3124

K13 (p1(ropp)) = 0.6865

Kkp3pr(ropp)) = 0.2134

Kkp3(pi(roppy) = 0.7867

H3pr(Fopp)) = 0.0187

100

100

Figure 10: Diagram of deflection in dynamic observation for scheme with SLP of 3%
contrast time: (a) Deflection of frequency observation of arena-1, (b) Deflection of

frequency observation of arena-2, (c) Deflection in tie-line power interlinking arena-1—

arena-2, (d) Deflection in tie-line power interlinking arena-1-arena-3
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6. Conclusion

In the current piece of work, an innovative optimization action named by
ARO inclusive of PI(FOPD) controller is proficiently employed in the examined
triple-area structure of scheme. A maiden effort was made to utilize HPA-ISE
as a performance index and studies shows that HPA-ISE outperforms over ISE.
The scheme’s dynamic observation are evaluated contemplating PI, PID and
PI(FOPD) controllers. Additionally, PI(FOPD) controller yield spectacular exe-
cution in association with peak value anomaly and duration of settling associated
to added controllers. The examination is taken frontward for contrast of ARO
with added optimization practices alike FA then GWO. Examination evidently
demonstrates the improved conduct of ARO as it converges quicker with modest
values. Also, studies are carried with various ACR and investigations reveal that
with high value of ACR, the system dynamics are enhanced. Moreover, amal-
gamation of solar thermal in arena-1, geothermal in arena-2 and hydro units in
arena-3 with thermal systems displays improved outcomes over thermal. Added
integration of RFB in all areas advances dynamics of the scheme. Sensitivity
analysis with higher value of SLP suggests that proposed PI(FOPD) controller is
robust and demands no further amendments.

ADDENDUM

Nominal scheme Parameters: F' = 60 Hz Tir.ac = 0.086pu MW/rad, H; =
5s,K,; =120 HZZMW pu, D; = 8.33- 1073 pu MW/Hz, B; =0.425 puMW/Hz
R; = 2.4 pu MW/Hz, T,; = 0.08s, T;; = 0.3s, T,; = 10s, K,; = 0.5s,
ij =20s,Ks; =1.8,Ts; =1.8s, SLP = 1%, loading = 50%, P, = 1000 MW,
P, = 2000 MW, Kpc = 0.5, Tpc = 0.03 5. Hydro: K; = 4, K, = 1, K; = 5,
T, = 1 s; Solar scheme: Ty, = 1.8 s, Kgg = 1.8, Ty = 3.0 s, gSS—IOS RFB:
Kr = 1, Td = O, T =0.78 S, KRFB =1.8.
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