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Abstract

Expert, intelligent and robust automatic generation control (AGC) scheme is requisite
tor stable operation and control of power system (PS) integrated with renewable energy
sources (RES) under sudden/random small load disturbances. Large frequency deviations
appear if AGC capacity is inept to compensate for the imbalances of generation and
demand. In this paper, a cascade-fractional order ID with filter (C—IAD'“N) controller is
proposed as an expert supplementary controller to promote AGC recital adequately in
electric power systems incorporated with RES like solar, wind and fuel cells. The imperi-
alist competitive algorithm is fruitfully exploited for optimizing the controller parameters.
First, a 2-area reheat thermal system is examined critically and then to authorize the worth
of the proposed controller, the study is protracted to a 2-area multi-source hydro-thermal
system. The prominent benefits of C-I"D*N controller with/without renewable energy
sources consist of its great indolence to large load disturbances and supetiority over various
optimized classical /fuzzy controllers published recently. The sensitivity study validates the
robustness of the recommended controller against £20% deviations in the system param-
eters and random step load perturbations.

frequency/scheduled tie power flows irrespective of load varia-
tions in control areas of interconnected PS during normal opet-

The generation control is progressively turning challenging due
to the gradual enhancement in the power demands and deple-
tion of power resources. The expanding power demands are
posing severe dangers to the stable conduct of power system.
The growing power demand causes sluggishness in turbine
speed and hence, frequency in output voltage of the alterna-
tor decline undesirably. In an interconnected large-scale power
system (PS), all the synchronously connected generation units
perform with the common frequency. It is desirable to sustain

ating and small abrupt disturbance conditions. To carry out this,
an efficient and intelligent automatic generation control (AGC)
strategy is vital to spontaneously manipulate the operation of
hydro or steam valves which regulates real output power of gen-
erators [1].

The PS is turning complicated day-by-day, because of
upsurge in its dimension and mixing of renewable energy
sources (RES). Because of the ongoing depletion of fos-
sil fuels and the environmental hazards caused by them, the
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infiltration of RES in modern power system is attracting elec-
tricity industry. The fascinating features of RES are that they
are environmentally-friendly and ample in nature. I'urthermore,
due to the advancement in technology and bulk production,
their energy conversion efficiency is swelling and the cost is
shrinking year by year [2]. However, the RES such as solar and
wind are extensively accessible in nature and dominate other
RES. Hence, the penetration of wind and solar into the pre-
vailing power systems has constantly been a prominent area
of curtiosity for researchers. Rahman et al. studied the impact
of a dish-Stitling solar thermal system in AGC of a 2-area
reheat thermal system (RTS) [2]. Kler et al. conducted an AGC
study on a 2-area RTS having RES like wind turbine genera-
tors (WTGs), solar thermal generators (STGs) and aqua elec-
trolyser (AE)-fuel cells (FCs) units [3]. An independent hybrid
generating system comprising of WTG, STG, solar photovoltaic
(PV), diesel engine generators, AE, FC, battery energy stor-
age system (BESS), flywheel energy storage system and ultra-
capacitors is studied comprehensively in [4]. The recent litera-
ture presented a critical study on the impact of AE-FC units on
AGC performance of interconnected 2-area non-reheat thermal
system, PV-reheat thermal and multi-source hydro-thermal sys-
tem (MSHTS) [5]. Further, the effects of STG and geo thermal
(GT) plants are recently inspected in 2 and 3-area deregulated
systems [6, 7]. An islanding smart distribution network heavily
penetrated with renewable sources is demonstrated in [8]. Hubei
power grid composed of thermal, pumped storage, hydro and
distributed renewable energy sources (DREs) is inspected in [9].
Guangdong power grid having thermal, hydro, wind, PV and
electric vehicles is studied in [10]. A 3-area micro grid system
having various DREs is proposed in [11]. Consequently, various
RES systems are studied in different AGC system. But, there
still exists scope for AGC of interconnected power systems with
integration of RES such as STGs, WI'Gs and AE-FC units. This
necessities additional examination as tried here.

The competence of an AGC system is stated in terms of
brisk and stress-free control action. With the integration of
RES, power system requires robust and efficient AGC strat-
egy to withstand its controllability and stability in the pres-
ence of stochastic nature of RES. To boost AGC outcome,
different control and tuning approaches are available in the
recent literature. Some of them implemented in various tra-
ditional and restructured systems are classical [1], minority-
charge carrier inspired algorithm optimized 1/PI/ID [1], bio-
geography based optimisation based 3-degree-of-freedom-PID
(3DOF-PID) [2], genetic algorithm (GA) based integral minus
proportional derivative (IPD)/P1/PID [3, 4], imperialist com-
petitive algorithm (ICA) based fuzzy-tlt-1-D with filter-double
integral (FTIDN-II) [5], sine—cosine algorithm (SCA) tuned
cascade fractional order (FO) PI-FOPIDN [6], SCA tuned
cascade FOPI-FOPDN [7], wolf pack hunting strategy based
control [8], multi-agent double deep QQ network-action dis-
covery (AD) based control [9], deep policy dynamics based
win or learn fast-policy hill climbing (PDWoLTF-PHC ) net-
work based control [10], PDWoLF-PHC(A) strategy [11, 12],
deep-reinforcement-learning-based three-network double-delay
actor-critic control strategy [13], SCA optimized proportional

derivative-proportional integral derivative with double deriva-
tive filter (PDPID + DDFT) [14], grey wolf optimization
(GWO) optmized PI/PID [15], artificial bee colony algo-
rithm (ABCA) optimized PI/PID [16], hybrid firefly algorithm-
pattern search (hFA-PS) technique optimized PI/PID [17],
ICA optimized PID [18], jaya algorithm-invasive weed opti-
mization (JA-IWO) optimized PID [19], bacterial swarm opti-
mization (BSO) optimized PID/FOPID [20], optics inspired
optimization (OIO) optimized PID [21], symbiotic organisms
search (SOS) algorithm optimized PID/PIDN [22, 23], quasi-
oppositional ditferential search algorithm (QODSA) optimized
PI/PID [24], hybrid IWO-PS (hIWO-PS) tuned 2DOL-PID
|25] and whale optimization algorithm (WOA) optimized cas-
cade PIDN-FOPD [26]. Since, the operating conditions of
power system are liable to vary widely over the time due to wear-
ing out of the components, the conventional controllers opti-
mized for fixed operating condition might work inappropriately
in changed operating condition. To overcome this difficulty and
to get excellent control of generation/frequency/tie power in
any interconnected PS, intelligent control system like fuzzy logic
controller (FLC) is recommended over conventional one [5].
FLC can handle small deviation in system operating con-
dition efficiently by automatically adjusting the controller
parameters online. With the aid of FLC, diverse intelligent
conventional controllers are proposed recently [5, 27-41]. The
choice of FLC parameters like input/output scaling factors
(SFs), control rules (CRs), membership functions (MFs) etc.
is an intricate assignment. Classically, their selection depends
on operator’s experiential rules and usually are non-optimal.
The inappropriate assortment of FL.C parameters might impact
the system results adversely. Hence, to overcome this problem,
various intelligent optimization methods are applied fruitfully
in different types of PSs for tuning the parameters of FLC
having different configurations. The procedure of concurrent
optimization of all FLC parameters might be a difficult, costly
and time consuming task. Hence, prevalent trend of FLC
optimization is the tuning/setting of input/output SFs only
and MFs/CRs are kept fixed for dissimilar models as getting
their values is simpler; and also they impact the system results
to a great extent [5, 27-41]. Recently, hybrid particle swarm
optimization-pattern search (hPSO-PS) [27] and bacterial forag-
ing optimization algorithm (BFOA) [28] techniques are adopted
to tune input/output SFs and ICA [29] to tune output SFs
of fuzzy PI (I'PI) controller. But, I'PI structure may probably
show substandard performance due to its inherent integral
action. To conquer this drawback, a derivative mode is attached
in PI configuration to get FPID structured controller. To
improve FPI performance, some researchers have implemented
different optimization methods to tune FPID controller. BFOA
|28] /hybrid PSO-levy flight algorithm (hPSO-LFA) [30] /hybrid
harmony search-cuckoo optimization algorithm (hHS-COA)
[31]/hybrid improved FA-PS (hIFA-PS) [32] and hybrid differ-
ential evolution-PSO (hDE-PSO) [33] are employed efficiently
to tune input/output SI's of FPID controller for different types
of systems. In FPID controller, since derivative block is affected
by higher frequency noise in area control error (ACE) fed to
FPID, a first order filter is employed in derivative block to
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attenuate higher frequency noise to get FPID with filter
(FPIDN) controller. In the literature, some researchers have
employed I'PIDN controller with input/output SI's selected
using hybrid local unimodal sampling-teaching learning based
optimization (hLUS-TLBO) [34] /jaya algorithm (JA) [35] algo-
rithm and it shows better performance than IFPID controller.

Fractional order (FO) controllers are earning fame in the cur-
rent years due to their extra flexibility and skill to handle con-
trol design specifications. FO controllers are verified to be supe-
rior than their integer order (I0) equivalents [36—41]. Recently,
FO controllers are implemented in PS models and desirable
results are observed. Further, the literature review indicates
that the hybridization of fuzzy controller with FO controller
shows enhanced performance compared to fuzzy hybridized
with conventional controller. A FO fuzzy PID (FOFPID) con-
troller tuned recently using ICA [36], BFOA [37, 38] and quasi-
oppositional harmony search algorithm (QOHSA) [39] dis-
plays healthier results compared to their conventional coun-
terparts for different single/multi-area PSs. Further, some
intelligent cascade controllers like SCA based FOPI-FOPID
[6]/FOPI-FOPD [7], WOA optimized PIDN-FOPD [20] and
ICA based FFOPI-FOPD [40]/FOPID [41] are appeared in
the literature. However, the performance assessment of cas-
cade fuzzy-FOIDN (C—IAD“N) structured controller has not
been explored so far. Considering these facts, a C-I"D*N con-
troller is recommended for 2-arca PS models. Besides the con-
troller construction, system performance also relies on the suit-
able choice of optimization technique to tune the controller
parameters. Due to better convergence rate, scarcity in AGC
applications, robust control performance of ICA against non-
linearities, constraints and parameters uncertainties, the opti-
mal adjustment of C-T*D#N controller parameters is attained by
adopting ICA.

Considering the above analysis, the novel contributions of
this work are stated as follows:

(i) To propose a novel [CA tuned C-T*D*N structured con-
troller for AGC of interconnected 2-area RES penetrated
RTS and MSHTS.

(ii) To authenticate the strength of the proposed method com-
pared to the various intelligent control strategies existing in
the state-of-the-art literature.

(iif) To exemplify the returns of RES penetration in RTS and
MSHTS.

1.1 | Power system models

The AGC models investigated are 2-area RTS displayed in Fig-
ure 5(a) [3, 16, 20, 22, 28, 33] and 2-area MSHTS displayed in
Figure 8 [15, 17, 28, 29, 34]. The systems consist of generating
areas of equal sizes. The RTS consists of one single reheat type
of turbine and MSHTS comprises of one non-reheat and one
hydro turbines in each area. Both systems in area-1 embrace
renewable energy sources (RES) based systems involving of
2 solar thermal generators (STGs), 3 wind turbine generators

(WTGs), 1 aqua-clectrolyser (AE) and 2 fuel cells (FCs). As this
study is conducted in low frequency domain, the transfer func-
tions (TT's) for these RES are denoted by first order lag [2-5].
The STG entails solar and thermal parts. The solar part com-
prises of parabolic collectors which targets the sunlight on to the
thermal part to generate steam to run the turbine [3]. The AE is
exploited to engage portion of the inconstant power produced
by STGs and WTGs to generate hydrogen [3, 5]. Analogous to
STGs and WTGs, the FC is also characterized via first order lag-
based TT having time constant obtained experimentally [3]. The
detailed RES system is demonstrated in Tigure 5(b) [3].

Every control area comprises its own speed governing sys-
tem, turbine and generator. There are three inputs and two out-
puts for an areca. The inputs are control input that is, AP,
change in load demand that is, APy, and change in tie power
thatis, APte. One extra input in area-1 exists due to RES output
thatis, AP,gps. The outputs consist of change in area frequency
(AF) and area control error (ACE). The test models are picked
up from the literature stated above. The data used for the sys-
tems have been taken from the stated references and given in
Appendix. The Nomenclature describes various symbols used.

2 | CONTROLLER STRUCTURE

The major intentions of a controller designed for an AGC sys-
tem are to force frequency, generation and tie power variations
to zero with least over/under shoots as swiftly as possible under
sudden/step load perturbation (SLP). Under SLP, the resultant
area control error (ACE) is employed to call upon the con-
troller action to curtail ACE to zero in possible minimum time
in cach area. Conventional PID controller is favoured in the
majority of PS industry due its simple design, robust perfor-
mance, inexpensive and effective potential for use in the engi-
neering disciplines. Though, because of the inherent intricacy of
the extended PS, presence of nonlinearities, uncertainties and
their combined impacts, PID controllers become comparably
ineffectual to provide a desired level of resilience and outcome
in changing operating situations of large scale PS. On the other
hand, PID with fuzzy logic (FL.) has demonstrated better flexi-
bility and performance to achieve the challenges in PS control.
The FL combined with P1/PID/PIDN/FOPID controller is
recommended in majority of the recently appeared AGC lit-
erature [5, 27-41]. But, cascade type of fuzzy controller has
not been discussed more. Hence, in this paper, a cascade fuzzy
FOIDN (C—IAD'“N) controller is recommended for AGC of
multi-area PSs as an expert, robust and intelligent controller.
The controller construction is exposed in Figure 1. It consists
of a FPIDN and *'D#N controllers connected in cascade. The
FPIDN has area control area (ACE) and derivatve of ACE as
two inputs. The area-1 (ACE,) and area-2 (ACE,) ACEs are
given by

ACE; = B|AF, + APrie, } M
ACEZ = BzAEg + fxleJJﬂelz
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ACE}

FLC

FIGURE 1

Configuration of C-I*D#N controller

where, B, is the frequency bias, A/ is area frequency deviation,
APriej; is tie flow deviation, &5 is the control area rating ratio.
The FLC output y performances as the input to PIDN con-
troller. The output of C-I*D“N controller is the control input
AP for the PS as represented by Equation (2).
#N1Ky,
sH+N1 )]

2K sNKy K
APC:[{(‘MJFTJFHN —al X(TH+
2

Practional calculus (FC) is expansion of the #th order contin-

uous differentiation/integration of an arbitrary function with a
real value order. The notions of FO controller connect with dif-
ferential equations employing FC. The FOPID /FOPIDN con-
troller is the expansion of the integer order (10) PID/PIDN
controller with fractional choice of integral-differential orders
along with the 10 PID/PIDN controller gains. The transfer
function (TT) portrayal of FOPID (PIAD“)/F‘OIDN (IAD*”N)

controller is given as:

K
Cl)=Kp + 7‘ + Kpys# (PIADH) 3)
K
_ Ky KN o
C)= 7 T i (I DEIN) ()

In Equations (2) and (4), NV and INV1 denote coefficients of
filter. The N/N1 curtails the impact of high frequency noise
that appears because of regular switching of loads. In this work
a well-known approximation termed as CRONE approxima-
tion, proposed by Oustaloup is utilized [6]. CRONE practices a
recursive dispersal of A poles and .4 zeros leading to a TF inside
a pre-specified frequency limit [, @}y]. For computer simula-
tions, the considered @y, wyy and A are 0.01 rad/s, 100 rad/s
and 6, in order. For further details of FO controllers, [6, 7, 20,
26, 36—41] can be referred.

The controller gains of C-I*D*N controller are to be selected
via an appropriate method. Here, seven membership functions
(MFs) are adopted for each inputs/output. The innermost five
MFs have triangular shapes and the outer two have trapezoidal
shapes as showcased in Figure 2 [29]. The rule base is utilized
from [29]. In Figure 2, the fuzzy linguistic variables L, N, M, S, 7.
and P signify large, negative, medium, small, zero and positive,
in order. The unfuzzified output of FLC is decided via center of

-1 -08-06-04-02 0 0.2 04 06 0.8 1
FIGURE 2  MFs for FLC inputs /output [29]

d.(s)
Secondary :

Controller

CZ(S) }i(sll G:(s)

Inner Loop

5, U(s)

Primary
Controller

Y(s)

Outer Loop

FIGURE 3

Cascade controller model

gravity defuzzification method and rule base is fired adopting
Mamdani fuzzy inference system (I'IS).

Handling two subsequent processes gives the notion of cas-
cade control (CC). CC can advance control system outcome
compared to single-loop control. CC is effective in fast distur-
bance rejection and provides fast/enhanced system response
|6, 41]. The basic CC system includes two control loops as
revealed in Figure 3. In Figure 3, primary/master/outer con-
troller C;(s) is FPIDN and secondary/slave/inner controller
C5(s) is FOIDN. The primary process is termed as Gj(s) and
the complete process is exposed to load disturbance 4, (s) cre-
ating Y(s) output. The input to Gi(s) is Uj(s), which is the
inner process output. Y(s) is organized in reference to R(s).
{/5(s) is the input to the secondary loop process G(s). The
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major purpose of the secondary loop is to bound the result of
secondary process gain deviations on the control system out-
come [6, 7]. These gain changes might originate from variations
in operating conditions.

3 | IMPERIALIST COMPETITIVE
ALGORITHM (ICA)

ICA, a meta-heuristic evolutionary algorithm stimulated by
socio-political practices of imperialistic competition of people
in the physical world was established by Atashpaz—Gargari and
Lucas [42]. Tt establishes abundant recital both in convergence
rate and global optimal solution achievement. It commences
with early population of countries segregated into two groups;
imperialists having the best/lowest values of fitness/cost func-
tion and other countries with less power named as colonies of
the imperialists and all together constitute few initial empires. In
the initial population, the colonies attached with the imperialists
based on imperialists’ powers so that the imperialist with extra
power has extra colonies. The empire’s power depends on the
powers of the imperialist and its colonies. The colonies begin
to vary their societies as per relevant imperialist. Here, colonies
start moving regarding their relevant imperialist and this process
is called assimilation. In it, the colony having more power may
swap the imperialist with less power and vice versa.

During the imperialistic competition among the empires; the
powerful empires try to boost their powers. The empires which
are not powerful enough to compete and not able to raise their
power will crumble. The competition will slightly enhance the
power of powerful empires and decrease the power of less-
powerful empires. Due to this, during imperialistic competition,
feeble empires will gradually lose their powers and breakdown
at last. At the completion of competition, countries converge to
a condition where there exists only one empire, all countries act
as colonies of this empire and these colonies occupy the equiv-
alent position/power as the imperialist.

The main steps concerned with the decision regarding the
optimal controller parameters via ICA are specified as follows.

3.1 | Initialize the empires

In this step, an array of variables (country) to be optimized is

decided as:

Country = [py, po, 3, oes Pa) 2= 1,2, e, Newe (5

where, p; are variables to be tuned. The country’s cost is deter-
mined as:

cost = f(country) = f(p1.p2:035 s Pu) (©)

To shape the early empires, the colonies are distributed
among imperialist evenly using the imperialist’s normalized cost

Imperialist

New Position
of Colony

Colony %

FIGURE 4  Shifting of a colony to its related imperialist [37]

described as:
C?? = Cli — max (C,) (7)

here, C, is the #th imperialist’s cost and C,, denotes its normal-
ized cost. The normalized power of each imperialist is obtained

as:

®)

here, Ny, denotes the powerful countries to be imperialists to
constitute empires. The nth empire’s colonies can be given as:

N xC, =round(P, X N_,) )

here, NV X C, denotes nth empire’s preliminary colonies and

N, 1s the total number of colonies.

32 |

Assimilation

The colonies of every imperialist are assimilated regarding their
particular imperialist as:

Anew x(»ltll + 5 Xx® (X]mp _ Xold) (1 U)

col co col

here, x‘c’(]:ﬂ depicts colony’s old position, § denotes assimila-
tion factor and x is a random wvariable with even distribution.

o new : R T s - :
Ximp» X are the imperialist’s position and colony’s new posi-
tion, in order. Figure 4 displays the drive of a colony near its
related imperialist. The progress is explained via x (distance) and

& (angle) chosen randomly with even distribution (11-12).
x=u(0, B xd) (11)
a=u(-n07) (12)

where 8 > 1, d denotes the distance between colony-imperialist
and 7) is a limit angle for adjusting departure from the original
direction [42].
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TABLE 1

Optimized gains of controllers

2-area reheat thermal system

2-area multi-source hydro-thermal system

Controller gains C-I*DFN C-T*DFN (RES) FPIDN C-I*DKN C-T*D*N (RES)
Kp 43654 48625 2.3021 2.3645 2.8599

K 9.5127 93283 7.8988 4.6854 5.9901

K 0.1354 0.2531 0.0894 0.1354 0.1845

N 4823548 397.2634 250.2364 409.6856 395.8695

K 7.3524 9.9289 - 43655 5.9649

A 0.3395 0.2595 - 0.5528 0.5027

Ky 0.5920 0.8121 = (.8369 0.8082

u 0.3843 0.3495 - 0.0525 0.0687

M 468.9861 406.4528 - 463.6857 426.5469

3.3 | Switching positions

During drive in the direction of the imperialist, a colony may
arrive at a station having lesser cost value compared to the impe-
rialist. In this case, the position of imperialist and colony are
interchanged and then colonies commence moving near this
new location.

3.4 | Total cost of empires
An empire comprises of the imperialists and colonies. Hence,
the cost of an empire is given as:

T x C, = f(imperialist,) + £ X mean({f(colonies of empires,,)}
(13)

here, 7'X €, is the nth empire’s total cost and £isa posi-
tive number < 1. A small value of £ implies that the empire’s
power is due to only the imperialist. However, a high value
of & implies that the empire’s total power is due to mainly the
colonies.

3.5 | Imperialist competition

In imperialist competition (IC), the power of frailer empires
gradually decreases and that of powerful ones increases. This
practice embraces the competition between imperialists to
snatch colonies associated with other imperialists and this is
performed by choosing the weakest colony from the weak-
est empire and creating a competition among all empires to
own this colony. The most dominant empire conquers the
selected colony. To initialize the IC, primary, the possession
probability (PP) of every empire is calculated on the basis of
its total power. The normalized cost of nth empire is computed

by

NTXC,=TxC,—max (T xC) (14)

here N7'X C,, is the nth empire’s normalized cost. The PP of

every empire is calculated as:

b _INTXC)] s
2= —— (15)

N
‘ Z .—imp 1\]7(: i
=1

After computing the PP vector, additional vector termed 1D
having the equal size is expressed by subtracting R (a random
vector) from the PP vector (10 = P — R), the possessed colony
owns the highest value of /).

3.6 | Revolution

In cach iteration, in addition to assimilation, the revolution
process is utilized to shift the colony positions. Few weak-
est colonies are selected and replaced with new colonies, hap-
hazardly. Revolution is a sudden change, which improves the
exploitation and exploration processes. It creates variety during
searching of solution space. Comparable to the mutation pro-
cess in GA, revolution advances the global convergence and
thwart [CA from being trapped in local minimum. The number
of colonies presumed to be interchanged with the equal number
of new colonies is:

Nre = round{P,ypiuion X No.(colonies of empire )} (16)

here Npe denotes revolutionary colonies and P, ojuton 15 the
revolution rate. Prior the movement of each colony, a ran-
dom number having constant distribution [0,1] is originated and
N, . . 5
matched with 2, juon- L this number is less than P, jukons

revolution process is adopted and the recent colony will substi-
tute with the previous one.

3.7 | Eliminating powerless empires

In the imperialist competition, feeble empires will breakdown
and colonies associated with them will be allocated among

remaining empires. An empire is expected to downfall when it
drops all of its colonies.
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FIGURE 5 (a) 2-area reheat thermal system model [28] and (b) renewable

energy sources model 3]

3.8 | Convergence

The preceding steps are replicated till the criterion decided for
convergence Is attained. At the convergence point all empires
breakdown except the utmost powerful one. In this condition,
all colonies occupy identical positions and costs; competition
ends and ICA stops. For more detail please refer [18, 42]. The
parameters used in ICA are taken from [29].

b 77 i i ABC: PID [16]

O | S B BSO: FOPID [20]
< Mi == SOS: PIDN [22]
Y ===hDE-PSO: FPID [33]
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FIGURE 6  2-area rcheat thermal system responses (a) AF, (b) AF, and
(C) Al’)ticlz

4 | OPTIMIZATION CONSTRICTIONS
AND OBJECTIVE FUNCTION

To tune the parameters of a controller utilizing an optimization
algorithm, an objective/cost function is needed. A cost func-
tion (/) is designed based on the desired provisions and limi-
tations. Some of the industry-linked cost functions are integral
time absolute error (ITAE), integral square error (ISE), integral
time square error (ITSE) and integral absolute error (IAE) [3, 6,
14, 28, 29, 36, 38, 40, 41]. However, in this paper, ISE is uti-
lized because of its better performance [28, 29, 3638, 40, 41].
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FIGURE 7  Z-area reheat thermal system responses (a) AFar¢q and (b)
APgArca-Z

ISE incorporates the square of the errors over the time, there-
fore, big errors are penalized more compared to smaller ones.
Other performance criteria are utilized to display an effective
comparison of the system results. The structure for ISE is given
in Equation (17) and other cost functions (/s) are expressed by
Equations (18)—(20).

o0
ISE = / {AF? + AF? + APtie}, }dt an

0

s}
ITSE = / t{AF? + AE} + APrict, pds (18)

0

IAE = / {IAF| + AB| + |APdeyy|}dr (19)
0

o0
ITAE:/ HIAB | + |AB] + |ADiep}dr (20)

0

The results of the systems are attained with the controller
parameters acquired for smallest value of Equation (17) using
ICA. /5 in Equations (18)—(20) are also computed for compar-
ison purpose. The parameters to be tuned for the proposed C-
*D*N controller are 9 (Kp/Ki/Kp/N/Kyy /24 Kpy /i/NT) and

TABLE 3  Comparative statistical analysis

Controllers Minimum Average Maximum SD
CI*DFN 1L07x 1077 487x 1077 985x 1077 017x 1077
C-I*DFN (RES) 331 x107%  643x107% 998x107® 0.62x107%

for outer loop FPIDN are 4 (Kp /K /Kp/N) parameters. Both
controllers are tuned using ICA to get smallest value of (17) in

the presence of the following restraints:

Kll)nin < KP < Kl_t)nax
K'lmin < Kvl < K'Imﬂx
KB]in < KD < ijax
]\nnin < N < [ymax
lqlriun < K]] < ](me L (21)
/’{min < ] < Jmax
&gllin S_KD I_S KB]]&);
,umin < u < ,umax
N1min < N1 < N1m

J

The min/max in Equation (21) represents mini-

mum,/maximum values of the concerned parameter.

5 | SIMULATION RESULTS
5.1 | Implementation of ICA based control
strategy

The models of the systems under examination shown in I'ig-
ures 5(a) and 8 are designed on MATLAB/SIMULINK plat-
form and ICA programs are prepared in .mfile. The applica-
ble parameters are listed in Appendix. The designed models are
simulated in separate programs with/without considering RES
for various disturbances in control areas. The objective func-
tion is computed in the .m file and utilized in the optmization
algorithm. Por the execution of ICA, the parameters should be
selected carefully as indicated in Section 4. In the present study,
no of countries = 500 and number of iteration are taken equal
to 100. MATLAB/SIMULINK 7.5.0 (R2007Db) is utilized for
coding, models and results of the systems. Simulations are per-
formed on an Intel(R), core(TM) 1-5-6200U CPU of 2.4 GHz
and 8 GB RAM computer. The optimization procedure is reit-
erated 50 times and the optimum parameters of FPIDN, C-
D#N and C-FD#N (RES) controllers obtained at minimum
values of [ are provided in Table 1 for 2-area RTS and 2-area
MSHTS PS models under study.

5.2 | 2-areareheat thermal system

Primarily, the study is conducted on a more pragmatic 2-area
reheat thermal system (RTS) integrated with renewable energy
sources (RES) in area-1 (Figure 5(a)). The details of RES are
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FIGURE 8

2-area multi-source hydro-thermal system model [29]

represented in Figure 5(b). The system dynamic results of
change in area-1 frequency (A7), change in area-2 frequency
(Al%) and change in tic power (Altic;;) with the proposed
method are obtained by directing a step load perturbation
(SLP) of 0.01 puMW in area-1 at time # = 0 s. Additionally, a
SLP of 0.001 puMW for each STG and 0.002 puMW for each
WTG at time 7= 0 s are considered. The results are exposed
in Figure 6(a—c). To reveal the contribution of C-*D*N con-
troller, its outcomes are matched with vatious existing and
the best claimed intelligent controllers like sine-cosine algo-
rithm (SCA) tuned cascade PDN-PIDN (C-PDN-PIDN) [14],
artificial bee colony (ABC) tuned PID [16], bacterial swarm
optimization (BSO) tuned fractional order PID (FOPID) [20],
SOS algorithm tuned PIDN [22], hybrid differential evolution-
PSO (hDE-PSO) tuned FPID [33] and jaya algorithm (JA)
tuned FPIDN [35] controllers. The inspection of Figure 6(a—)
divulges that the C-T*D*N controller significantly displays supe-
riority over other controllers in concerning swift responses, no
oscillations and negligible settling times (7§)/peak undershoots
(Us)/overshoots (Og) in AFy /AF, /A Priey, results.

To inspect the outcome of the C-I'D*N controller fur-
ther, the numerical values of ISE/ITSE/IAE/ITAE decfined
via Equations (17)—(20), 75, Us and Os arc calculated
through simulations and shown in Table 2. Error criteria
ISE/TTSE/IAE/TTAE are obtained via simulating the mod-
cls for 15 s and 7§ are obmined for a tolerance band of
+0.0005. Table 2 also demonstrates the advantage of ICA
tuned C-I*DHN controller over SCA C-PDN-PIDN [14], ABC
PID [16], BSO FOPID [20], SOS PIDN [22], hDE-PSO

Hydro Turbine-2
\I,( 2

1 APgThumml-Z
1+3T,, T 14T, =
Governor-2 Turbine-2 Loz p AL,
______________________ : 14sT g, .
1+sTy, |! 1-sTy, v
> 2 ps-2 .
14T, |1 | 140.55T, [AP a2 i |ﬂ|zAPtleu|

Controller-2

IFPID [33] and JA TPIDN [35] control schemes from least
ISE (1.07 x 107, ITSE (3.32 x 10_8), [AE (0.0006), ITAE
(0.0015), 75 (AF; = 011 s, AF, = 0.35 s, Alde;; = 0.36
s) and Us (AF, = —0.0010 Hz, AF, = —0.00013 Hz,
APter; = —0.000130 puMW) point of view: Fascinatingly, this
observation is not being raised in the corresponding literature
that is, in [3] and hence, it establishes a literature gap. It is plainly
perceived that C-T*D*N controller is competent in alleviating
the oscillations in the system responses. Hence, the disturbance
rejection characteristic of C-TDHN s reasonably appropriate
for the AGC compared to other methods.

Further, it is observed that RES comprising of solar ther-
mal generators (STGs), wind turbine generators (WTGs) and
aqua clectrolyser (AE)-fuel cells (FCs) assist frequency regula-
tion via generating powers in dynamic load condition as indi-
cated in Figure 6(a—c). With C-I*D*N controller in the pres-
ence of RES, system performance is observed enriched in
terms of further reduction in ISE (3.31 x 107%), ITSE (1.38
X 10_8), IAE (0.0004), ITAE (0.0007), 75 (AF; = 0.04 s,
AF, =021 s, APtiep, = 0.22 s) and Us (AF; = —0.0005 Hz,
AF, = —0.00007 Hz, APde;, = —0.000034 puMW (Table 2).
Next, the generated powers in area-1 (APppe,q) and arca-2
(A])g‘\rmfz) are shown in Figure 7(a,b). The generated pow-
ers by STGs, WIGs, fuel cells ('Cs) RES and area-1 ther-
mal are AP = 0.[)0;’)6 puMW, APy = 0.006 puMW;,
APgF(; = 1.536 X 107 puMW, APgRES = 0.00576 puMW,
APgThcrmal—l = 0.00424 puMW, respectively. The total power
generation in area-1 that is, AP,y = 0.01 puMW. Here, APy
(A])gR_ES + AJ)\gThtrmalfI) = APy, that is, generation is equal to
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the power demand. However, in area-2, as APy, = 0 puMW,
APgThcrmﬂl—Z = AI)gZ =0 I:“']]V‘[\xr

To check the stability of the proposed ICA based controller,
a comparative statistical investigation is performed. The statisti-
cal data of minimum, average, maximum and standard deviation
(SD) of ISE objective function values achieved in 50 indepen-
dent runs with the proposed controller (with/without RES) are
summarized in Table 3. From the analysis Table 3, it is vibrant
that minimum objective function value is attained with the pro-
posed C-I*DHN controller in the presence of RES (ISE = 3.31
% 107%) compared to C-*D“N controller (ASE = 1.07 x 1077).
It is also clear from Table 3 that C-I*D#N (RES) outperforms
C-I*DXN technique in terms of average, maximum and stan-
dard deviation values obtained. It can be stated that the pro-
posed controller is stable and superior specifically with RES for
an AGC problem.

53 |
system

2-area multi-source hydro-thermal

To examine the competence of the C-I*D*N controller to deal
with different AGC systems, the study is also widened to a 2-
area multi-source hydro-thermal system (MSHTS) whose TT
model is displayed in Figure 8. In an area, two units that is,
one non-reheat thermal and one mechanical governor outfitted
hydro are available. Additionally, RES are integrated in area-1
[3]- The symbols used in the figure are explained in Nomen-
clature and their values are specified in Appendix. The simu-
lation outcomes of the system at SLP = 0.015 puMW due to
the C—]AD'”N/fuzzy—PIDN (FPIDN) controllers developed in
the study and various other prevalent controllers like grey wolf
optimization (GWO) [15]/hFA-PS [17]/JA-IWO [19]/optics
inspired optimization (OlO) [21]/quasi oppositional differen-
tial search algorithm (QODSA) [24] optimized PID and BFOA
optimized FPI/FPID/FOPID [28, 38] are displayed in Fig-
ure 9(a—c) and Table 4. It is obvious from Figure 9(a—c) and
Table 4 that the offered controller parades improved dynamic
outcome in contrast to the published controllers and ICA
tuned FPIDN controller. It is perceived that lowest values of
ISE (9.41 x 10_7), ITSE (1.97 x 10_7), [AE (0.0015), ITAE
(0.0033), 75 (AF, = 0.24 s, AF, = 037 s, AlPxic;; = (.38
s) and U (AF; = —0.0027 Hz, AF, = —0.0004 Hz,
APie;, = —0.00015 puMW) are obtained with C-I*D*N con-
troller compared to ICA based FPIDN controller which pro-
vides somewhat greater values of ISE (= 6.01 X 10_6) ITSE
(=220 % 10_('), IAE ( = 0.0046), ITAE ( = 0.0082), 75
(AF), = 078 s, AF; = 1.59 s, APtie; = 0.60 s) and U
(AF, = —=0.0047 Hz, AF, = —0.0011 Hz, A Ptici; = —0.00043
puMW). It should be noted that ICA based FPIDN controller
offers better results than JA-IWO [19]/QODSA [24]/GWO
[15]/hFA-PS [17]/0O10 |21] based PID and BFOA based
FPI/FPID/FOPID [28, 38] controllers. However, perfor-
mance of the recommended C-I"D#N controller is additionally
advanced in the company of RES as clearly indicated in Fig-
ure 9(a—c) and Table 4.
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FIGURE 9  2-area multi-source hydro-thermal system responses: (a) Af,

(b) AF; and (c) APrieq,

The generation results in area-1 (APgArm,l) and area-2
(AP,Area2) are exposed in Figure 10(a,b). The generated pow-
ers by STGs, WTGs, I'Cs, RES, area-1 thermal and area-1
hydro are Alygrc = 0.[1036 puMW, ALyt = 0.006 puMW;
APjc = 1.536 X 107" puMW, APjgps = 0.00576 puMW,
APyrhermal-1 = 0.004622 puMW, A Py gro1 = 0.004618 puMW,



516

ARYA ET AL.
x10° 2
24 <3 0.9 T T r ¥ ‘ (a)
21 ""APgSTG D_g 0.8
18 AP e § 07
g 15 b= APQFC _§ 0.6
i) c
é 12 '\' == APgThermaM '% 0.5f
T 2 \""‘----—._ ===4P res o 04
o Pl el R B2 s 1 1] =
< 3*.7')‘: __________ APgHydr(H :H_T:____ D_E 0.3
o -~ _ E |
< 0%’ .......... = APQ1 ....... - B .
2 01
3t )
- 0 L L I L
B . = 0 20 40 60 80 100 120
0 10 20 30 40 50 = Time (s)
Time (s)
(2) %g — : . T o)
2t el e [
1.8} o 2 ALY 2% ""‘"‘t
< 181" AP Yo S
3 A W
— 172 R AP . 1
< é Oé : PQWTG b, !‘v‘r: M '\_...‘r‘..“M,"..a"n
= - —— = Q8) . 17" A grc j
g. 3 0'45' s AP
= < 0.2 gThermal-1
o o, Y il
«"s N
< THAL T
-0.6 AP ; Sy i S
D.m ---APgThermal-Q | —0.8‘!‘, ghHydro-1 el | s
. — k0 N S
Asz 0 20 40 60 80 100 120
. ) ) ] A gHydro-2 . Time (s)
~0 1 2 3 4 5 7L L . . . .
Time (s) (©
(b) ot
FIGURE 10 2-area multi-source hydro-thermal system responses: (a) %
APga\r«:a—l and (b) Alug:\rca-2 8_
o
®
<
respectively. The total power generation in area-1 that is, AP, a2 _--APgThemlal-2 t
(= A])gRES + A‘PgThcrm:ll—i + APgH_vdro-l) = 0015 pu]\T\W, Whlch < 3 _APQZ
is equal to the demand in area-1 thatis, APy . However,inarea- ™[ ... AP o2
7 7 gHiyaro-.
2! as AYPDZ =0 PUI\M’ APgThcmml—Z =0 PuM“'s APgH}'drch : 0 -40 2'0 4'0 6'0 8'0 160 120
PUL\I\X/ and Aj)gz = (A‘PgThcrnm]Q + APgHydrofz) =0 Pul\m"' Time (S)
Next, in practical scenario, the power outputs of STG and
WTG renewable sources are highly unpredictable and variable FIGURE 11

due to their dependence on environmental factors like solar
irradiation and wind speed. Consequently, the deviations in
their power outputs are inspected in the existence of random
powers (P,) and (Py) caused due to solar insolation and
wind speed respectively varying abruptly with time as shown
in Figure 11(a). However, SLP in area-1 remains the same.
With the proposed controller, the simulation results of gen-
erations in area-1 that is APgSTG: APgWTGs APgFC: APgRESs
APgThcmml-l 5 APgH_Yer_l and APg] are shown in Figure 11(b). It
is observed from Figure 11(b) that the generations are changing
randomly in contrast to Figure 10(a). However, in steady state,
AP, fluctuates around the required 0.015 puMW (= APp;)
power. The simulation results of generations in area-2 shown
in Figure 11(c) fluctuates around zero as APp, = 0 puMW,
which satisfies the AGC requirement effectively. It is observed
that the proposed controller works efficiently in this realistic

2-area multi-source hydro-thermal system responses under
abrupt £, /Py (a) P,/ Py, (b) APgArca—l and (c) APgAmﬂiz

circumstance. However, /g values increases from the values
shown in Table 4 (ISE = 3.68 x 10~/, ITSE = 5.86 X 107%,
TAE = 0.0008 and ITAE = 0.0013) due to longer simulation
time and abrupt/higher disturbances taking place in the form
of P,/ Py power as: ISE = 3.93 x 107* ITSE = 1.27 x 1072,
TAE = 0.2072 and ITAE = 11.32.

6 | SENSITIVITY STUDY

A sensitivity study is performed to check the robustness of the
recommended C-I*D¥N controller for extensive deviations in
the system operating conditions. To illustrate the robustness,
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FIGURE 12  Sensitivity study responses: (a) A of reheat thermal system

and (b) Al of multi-source hydro-thermal system

system’s nominal parameters stated in Appendix are altered
for +£20%. The C-I'DHN controller should behave healthy
devoid of considerable deterioration in the system’s results
under parameter deviations. Figure 12(a,b) demonstrates AF
results under nominal and +20% variations in parameters for
2-area reheat thermal system and multi-source hydro-thermal
system, in order with/without RES. Here, A/, and APtie,
responses are not provided to save the space. The inspection
of Figure 12(a,b) evidently reveals that all results with/without
RES are stable and they do not deviate much from the nomi-
nal responses. However, controller outperforms in the continu-
ation of RES. The several performance indices that is, 75 and
Js for nominal parameters and £20% of nominal parameter
variation cases for reheat thermal system (with/without RES)
and multi-source hydro-thermal system (with/without RES) are
given in Table 5 for AF}, AF; and APtiej; responses. It can be
perceived from Table 5 that settling time, ISE, ITSE, TAE and
ITAE values diverge within tolerable ranges and are more or less
equal to the corresponding values attained with nominal system
parameters. Therefore, it can be established that the proposed
controller is robust and executes suitably when system nominal
parameters deviate in the range £20%.
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FIGURE 13 Responses of reheat thermal system during sensitivity study
(a) RLPs in areas 1-2, (b) AF) and (c) APtieyy

Additionally, the robustness study of the C-I"DHN controller
is performed out under the existence of random load perturba-
tions (RLPs) of high magnitudes in both control areas of 2-area
reheat thermal system. Dissimilar RLPs in all control areas
represent a much more realistic power system environment.
At higher SLP/RLP scenario, the power system will become
unbalanced if the designed controller is non-robust. Figure 13(a)
shows RLPs of different magnitudes applied in areas 1 and 2
at /= 2 s of reheat thermal system. Figure 13(b,c) show Al
and APtie;, responses with parameters of the C-I'D*N
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TABLE 5  Sensitivity study data for 75 and /5

AF; AF, APtiey,
Parameter variations (Hz) (Hz) (puMW) ISE ITSE IAE ITAE
Reheat thermal system ((}l’lD“‘ N) (Figure 12(a))
Nominal parameters 0.11 0.35 0.36 1.07 x 1077 3.32x 1078 0.0006 0.0015
—-20% of Nominal parameters 0.12 0.36 0.37 1.66 x 1077 597 x 1078 0.0008 0.0018
+20% of Nominal parameters 0.10 0.34 0.35 0.11 x 1077 264 % 1078 0.0005 0.0014
Reheat thermal system (C-AD#N (RES) (Figure 12(a))
Nominal parameters 0.04 0.21 0.22 3.31 x 1078 138 % 1078 0.0004 0.0007
—20% of Nominal parameters 0.05 0.22 0.23 553 x 1078 308 x 1078 0.0005 0.0010
+20% of Nominal parameters 0.05 0.20 0.21 233 x 1078 716 % 1077 0.0003 0.0005
Multi-source hydro-thermal system (C—IAD"‘N) (Figure 12(b))
Nominal parameters 0.24 0.37 0.38 9.41 x 1077 1.97 x 1077 0.0015 0.0033
=20% of Nominal parameters 0.27 0.39 0.40 8.42 x 1077 245 %1077 0.0017 0.0038
+20% of Nominal parameters 0.21 0.33 0.34 113 % 107° 1.90 x 1077 0.0014 0.0028
Multi-source hydro-thermal system (C-T*DHN (RES) (Figure 12(b))
Nominal parameters 0.18 0.21 0.27 3.68 x 1077 586 x 1078 0.0008 0.0013
-20% of Nominal parameters 0.20 0.23 0.28 5.30 x 1077 1.10x 1077 0.0011 0.0015
+20% of Nominal parameters 0.18 0.20 0.26 6.14 %1077 9.03 x 1078 0.0009 0.0011
controller optimized at areca-1 SLP of 0.01 puMW area-1. The simulation results due to the proposed controller
(given in Table 1) and RLPs in areas 1-2. The are compared with the existing ABC tuned PID, BSO tuned
optimized  controller ~ parameters  obtained at  this FOPID, SOS tuned PIDN, hDE-PSO tuned IFPID and JA
SLP produce ISE = 947 x 107°/ITSE = 510 X tuned FPIDN controllers. It is noted that significant develop-

1073 /IAE = 0.0551/ITAE = 2.8890 and ISE = 3.26 X
107 /ITSE = 1.76 x 107*/IAE = 0.0372/ITAE = 1.9520
(with RES), which are greater than their corresponding values
given in Table 2. This means that the controller with RES
produces better performance regarding /5 and results shown
in Figure 13(b,c). Next, the optimized controller parameters
obtained at RLPs are Kp = 4.8589, K] = 4.6874, K = 0.1499,
N = 4604499, K, = 45624, 1 = 0.3401, K, = 0.8031,
= 0.4089 and N1 = 489.0021 and K} = 4.5682, K| = 4.9984,
Ky = 04681, N = 447.8067, K, = 4.9564, 1 = 0.2499,
Kpp = 09785, 4 = 0.4934 and N1 = 467.7896 (with RES).
The /g results are ISE = 557 X 10 /ITSE = 3.01 x
1073 /IAE = 0.0501/ITAE = 2.6360 and ISE = 1.46 X
107 /TTSE = 7.87 x 10~*/IAE = 0.0295/ITAE = 1.5470
(RES). Serious inspection of Figure 13(c) evidently discloses
that both the responses are stable. However, system responses
and /5 obtained at parameters optimized with RLPs are
superior. Thus, the stable performance of the system at dis-
similar operating conditions authorizes the robustness of ICA
optimized C-I"DHN controller.

7 | CONCLUSION

A novel ICA tuned C-PD#N controller is suggested for AGC
of 2-area electric PSs penetrated with RES. Initially, a 2-area
RIS is scrutinized in the presence of 1% SLP in control

ment regarding oscillation free results with smallest values of
15/Us/Os/]s are obtained due to the suggested ICA tuned
C-I*DMN controller over other controllers. However, further
enhanced results are acquired in the presence of RES inte-
grated in area-1. To further validate the capability, extensibil-
ity and advantage of the method for other systems, the work
is also protracted to a 2-area MSHTS. The asset of C-I'DHN
controller is established over ICA based FPIDN and intelli-
gent JA- IWO/QODSA/GWO /hFA-PS /OI0O tuned PID and
BFOA tuned FPI/FPID/FOPID controllers prevailing in the
literature. The worth of RES addition is validated via enhanced
system outcome with the C-I*DHN controller. The sensitiv-
ity analysis validates the robustness of the C-*D*N con-
troller with/without RES under +20% deviations in the sys-
tem’s parameters and random load perturbations (RLPs) cre-
ated in both areas of reheat thermal system. It is observed
that the proposed controller designed at nominal condition is
robust and shows stable performance at extensive changes in
the parameters of the systems and RLPs. Additionally, RES inte-
gration is suggested in PSs to get reliable, better quality, and
environmentally-friendly electrical power.

Hence, after analysis and discussion done above, it is assured
that the suggested ICA optimized C-T*D*N controller may be
an appropriate controller for solving more intricate engineer-
ing problems in isolated/multi-area interconnected traditional
as well as modern restructured AGC systems with/without RES
integration.
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Nomenclature

B frequency bias constant, puMW /Hz

Ky aqua electrolyser gain
Ky fuel cell gain
Kps  power system gain

reheater gain
solar thermal generator gains
wind turbine generator gain

R speed governor regulation parameter, Hz/puMW

T}, synchronizing coefficient of tie-line, puMW /rad
Thg  aqua clectrolyser time constant (TC), s
T fuel cell ime constant, s
ng thermal governor TC, s
I¢; hydro governor main servo TC, s
Tps power system time constant (TC), s
7. rcheater TC, s
1y hydro governor reset time, s
IRy time constant of hydro governor transient droop, s
75, Tt solar thermal generator TCs, s
7, thermal turbine TC, s
Ty water starting time, s
Tywre  wind turbine generator TC, s
Gy area rating ratio
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APPENDIX: SYSTEM DATA
2-area reheat thermal system (RTS) [16]:

P, = 2000 MW, Tpg; = 20 s, Kpg; = 120 Hz/puMW, Tgi =0.08
s, 1y =03 s, K; =05, 7; =10 s, 277 = 0.545 puMW /Hz,
B, = 0425 puMW/Hz, R, = 2.4 Hz/puMW, a, = —1,
' =60 Hz, initial loading = 50%.

2-area multi-source hydro-thermal system (MSHTS) [17]:

Pri = 2000 I\M TPSi =20 S, KPSi =100 HZ/pL]M\X/, Tti =03
s, Tgi = 0.08 s, B, = 2.4 Hz/puMW, 775 = 0.0707 puMW /rad,
B;=0425 puMW Hz <sp > -1 < ,/sp> I; =55, Ty = 48.7
8 R‘C"i =-1 S, TGHi =:0:513 §; R} =2 HZ/PUW Ay = —1,
F = 60 Hz, initial loading = 50%.

Renewable energy sources (RES) [3]:

Ky =18 73 =185, K =1, 1 = 03 5, Ky = 1,
TW'TG =15 S, KN = 06, K"\E — 0002, T;\E =0.5 S, KFC = 001,
Trc=4s.






