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a b s t r a c t

This work confers the simultaneous analysis of voltage and frequency control of the 3-area intercon-
nected hybrid power system (IHPS) consisting of parabolic-trough solar power system (PSP), wind
power system (WPS) and dish-stirling solar power system (DSP) under the paradigm of microgrid.
The speculated result of the IHPS is presented and analyzed considering real and reactive power
as the function of both voltage and frequency. 9The proposed IHPS under investigation has been
mathematically modeled for direct coupling like active power–frequency and reactive power–voltage
relationships and cross coupling like active power–voltage and reactive power–frequency relation-
ships. The system responses under different operating conditions have been investigated to see the
cross-coupling behavior of the proposed IHPS in the presence of voltage compensating devices like
dynamic voltage restorer (DVR) and Static Synchronous Compensator (STATCOM). Further, Demand
Response Scheme (DRS) as a frequency control strategy has been considered to enhance the system
stability. System responses have been critically analyzed under Mine Blast Algorithm (MBA) based
proportional–integral–derivative (PID) controllers

© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The concentrated solar power system (CSP) will play a vital
ole in the coming days to address the global warming and the
uture energy crisis (Ellingwood et al., 2019; Wang et al., 2019).
urrently, there are four common CSP technologies, out of which
arabolic-trough solar power system (PSP) is the most developed
nd commercially proven (Taqiyeddine et al., 2013) while dish-
tirling solar power system (DSP) reported to provide electricity
ith an efficiency of 32.17% (Praene et al., 2016). These tech-
ologies are being hybridized to enhance the energy harnessed
nd hence to enhance further CSP deployment (Ellingwood et al.,
020). Additionally, hybridization may reduce the capital cost and
O2 emission, improve the reliability and efficiency, and enhance
ispatch ability & flexibility (Powell Kody et al., 2017).
Notwithstanding the advantages of CSP, variable output power

f DSP and PSP in a hybrid power system (HPS) may cause system
oltage and frequency fluctuations which must be smoothened
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E-mail address: atif.iqbal@qu.edu.qa (A. Iqbal).
ttps://doi.org/10.1016/j.egyr.2021.10.100
352-4847/© 2021 The Authors. Published by Elsevier Ltd. This is an open access art
to ensure stability of HPS (Ju et al., 2017). The renewable energy
units, WPS, DSP and PSP are equipped with squirrel cage induc-
tion generator (SCIG), whereas synchronous generator is coupled
with diesel generator. SCIG has simple construction, rugged na-
ture and low maintenance cost, and hence has been a prevalent
choice for WPS, DSP and PSP operation (Hussain et al., 2017;
Sharma et al., 2013b). Nonetheless, SCIG needs reactive power
for developing magnetic field, it reduces the power factor and
has lower efficiency (Fukami et al., 2004). This may create voltage
stability problem when SCIG is connected in HPS.

In this context, reactive power compensating device, partic-
ularly static var compensator (SVC) has been used for catering
the reactive power demand in SCIG coupled wind turbine diesel
based HPS (Bansal and Bhatti, 2008; Wessels et al., 2013; Sit-
thidet et al., 2010). Further, controllers’ parameters employed
with SVC and automatic voltage regulator (AVR) are tuned by
genetic algorithm (Wessels et al., 2013). The system performance
has been examined considering random load perturbation on the
system, but the reactive power required by the SCIG is kept
fixed. Nonetheless, fixed reactive power supply may not meet the

reactive power demand of the SCIG as the output power from

icle under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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he WPS varies to some extent due to wind variation. There-
ore, appropriate reactive power compensating devices for such
ybrid system can be explored. To this end, Static Synchronous
ompensator (STATCOM) has been employed in Sharma et al.
2013a) for the wind–diesel based HPS. Three different generators
ike SCIG, permanent magnet synchronous generator (PMSG) and
ermanent magnet induction generator (PMIG) are employed in
PS model and performance of these generators are compared.
evertheless, coordinated control could be developed by opti-
izing the STATCOM and AVR control parameters simultaneously
onsidering the realistic features of reactive power generation
nd demand. Moving forward, it is learnt that dynamic voltage re-
torer (DVR) (Priyavarthini et al., 2018; Wang et al., 2006; Meena
t al., 2017) like SVC and STATCOM attenuates the fluctuation in
oltage profile significantly and have the capability to provide the
equired amount of voltage for proper system functioning. Re-
ently, DVR has been used (Meena et al., 2017) for improving the
nbalanced 3-phase voltage profile. Result is satisfactory. How-
ver, optimizing the controllers’ (current and voltage) parameters
ould improve the system performance further.
In an IHPS, in addition to voltage deviation, frequency fluc-

uation is also common phenomenon because the power output
rom the renewable energy units like WPS, DSP, PSP are de-
endent weather condition beside load variation in system. And
ence frequency control is also an important topic. Several works
evoted in this direction (Lee and Wang, 2008; Senjyu et al.,
005; Latif et al., 2021, 2020b; Shankar and Mukherjee, 2016).
ifferent auxiliary units like battery and aqua-electrolyzer (Lee
nd Wang, 2008; Senjyu et al., 2005) have been employed for
eveling the frequency fluctuations in HPS. Proportional–integral
PI) controller has been considered in Senjyu et al. (2005) to
radicate the mismatch in the active power generation and de-
and of the system. However, controllers’ parameters need to be
ptimized as fixed parameters may provide satisfactory perfor-
ance. Different controllers PI, proportional–integral–derivative

PID), fractional order proportional–integral–derivative (FOPID),
tc. has been reported in Latif et al. (2021, 2020b) in respect
o frequency control of hybrid power system. However, due to
implicity during implementation PID controllers are suitable for
HPS application. Recently, demand response schemes (DRS) have
een recognized and employed in HPS for frequency control
Bao et al., 2015; Huang and Li, 2013; Barik and Das, 2019;
ourmousavi and Nehrir, 2014; Li et al., 2021; Pourmousavi and
ehrir, 2012; Latif et al., 2020a; Zhu et al., 2017). Devices used
n DRS are normally non-critical loads (NCL) like air conditioners,
reezes, different types of electric water heaters (EWH) and so on.

The change in frequency and voltage due to change in active
ower and reactive power respectively can be interpreted as the
irect coupling as active power–frequency and reactive power–
oltage. However, this phenomenon is useful in very large power
ystem. On the other hand, cross-coupling can be significantly
bserved in the small hybrid power system which cannot be
verlooked (Avisha and Das, 2016). However, this cross-coupling
f Q–f and P–V is not as large as the direct-coupling of Q–V and P–
but this phenomenon is important and essential to be observed
n small hybrid power system.

Though there are several literatures available on the direct
oupling effect, only few papers have investigated the cross-
oupling effect or both. Authors in Avisha and Das (2016) have
nvestigated in details both the direct and cross coupling effect
n single wind–diesel hybrid power system as well as inter-
onnected two area system. The eigenvalue analysis has been
erformed using classical control method and peak deviation
f V and f has been examined which implies that the changes
n Q and P affect the system f and V, respectively, along with

he direct coupling effect. However, application of meta-heuristic 3
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based-on control strategy needs to be explored. The combined
effect of load frequency control (LFC) and AVR model in 2-area
HPS comprising of flywheel and wind turbine unit in area 1 and
2 respectively, while thermal generation, micro-turbine turbine
unit in both the area has been studied in Othman and El-Fergany
(2018). The performance of model predictive control strategy
has been compared with that of classical and genetic algorithm
(GA) based control techniques. Nevertheless, performance of the
hybrid model could have been appraised considering of realistic
features.

Therefore, a clear speculation of any small hybrid power sys-
tem is that the cross-coupling phenomenon can be investigated
along with its direct coupling analysis. Thus, the above literature
survey motivates to develop the hybrid power system and to
analyze the system responses under direct and cross coupling
relation. This has been the impetus towards development of IHPS
model and investigate the simultaneous control of voltage and
frequency of the system in presence of three different renewable
energy units like WPS, DSP and PSP. Beside three main sources,
diesel engine generators and some energy storing devices are
considered like superconducting magnetic energy storage system
(SMES), ultra-capacitor (UC), and battery energy storage system
(BESS). Investigation like, direct and the cross-coupling phenom-
ena in the presence of DRS and voltage compensating flexible
AC transmission system (FACTS) devices such as STATCOM and
DVR in such an IHPS is a novel work. This FACTS units are
integrated with the PID controllers to control the voltage profile
as per the requirement whose parameters are optimally adjusted
through the algorithmic techniques i.e., MBA. Moreover, DRS are
also considered to reduce the fluctuation in the frequency of the
system. The prime contributions in this work are as follows:

(i) Simultaneous control of frequency and voltage of 3-area
IHPS with renewable generating units like WTG, PSP and DSP
in each respective are along with other auxiliary units has been
studied for the first time.

(ii) Use of STATCOM and DVR for reactive power compensation
and compare the performance in terms of dynamic responses for
voltage stability.

(iii) Analysis of cross-coupling between frequency and voltage
for such IHPS has been done for the first time.

(iv) Application of DRS strategy and its analysis for maintain
frequency stability of the system.

(v) Use of MBA for optimum tuning of control parameters for
maintaining the stable concurrent voltage–frequency equilibrium
under various operating points.

2. Mathematical modeling of IHPS

In this work, a HPS includes the renewable energy sources
(RESs) like WPS, DSP, and PSP which has been illustrated in Fig. 3.
The proposed HPS has been mathematically developed keeping
the direct and cross coupling effect of the system parameters
into the consideration. The main objective to develop such a
HPS is to see the cross impact of reactive power deviation over
frequency and active power deviation over voltage in addition
to the direct impact of active power deviation on frequency and
reactive power deviation on voltage. The efficacy of the proposed
system is investigated through the system voltage and frequency
deviation limit. The considered system is operated and controlled
within the permissible limit of the voltage (Vrated = 440 V) and
the frequency (f = 50 Hz). The system has included the diesel
enerator comprising of SG to provide the required power under
on-accessibility of the main sources. Initially, the isolated HPS
as one area) has been developed considering the linear transfer
unction model of each device and then finally 3 area intercon-
ected HPS has been developed which are shown in Figs. 3(a),
(b) and 3(c) respectively.
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The proposed 3A-IHPS has been investigated under two volt-
ge compensating devices like STATCOM and DVR to see their
ffectiveness in controlling the voltage deviation. Meanwhile,
heir comparative study clarifies the better device to compensate
he reactive power of the IHPS. In addition to it, the proposed
ystem has also been investigated under DRS to control the fre-
uency irrespective of degree of penetration of the RESs in the
ystem.
Under balance or normal operating condition, the deviation in

requency and voltage is zero. The active power and the reactive
ower of the system could be illustrated by the following Eqs.
1) and (2) respectively under steady state condition. Here energy
torage system (ESS) delivers power during deficit of power in the
ystem and it draws power during surplus power in the system.
nsertion and removal of the NCLs as DRS are practiced in the
iscrete order to maintain the stable equilibrium operating point
f the system. The available aggregate NCLs is very large for
mooth control of the frequency deviation.

IG + PSG ± PESS = PNCL + PL (1)

SG + QVCD = QL + QIG (2)

Under unbalance or transient condition, the deviation in fre-
uency occurs as overall generated active power is not equal to
hat of load demand of the system and deviation in voltage occurs
s the load reactive power does not match with the generated
eactive power of the system. Therefore, the voltage deviation
nd frequency deviation can be expressed by the Eqs. (3) and (4)
Sitthidet et al., 2010) respectively.

V (s) =
Kv

1 + sTv

[∆QSG(s) + ∆QVCD(s) − ∆QIG(s) − ∆QL(s)] (3)

∆f =
Kf

1 + sTf
[∆PIG + ∆PSG ± ∆PESS ± ∆PNCL − ∆PL] (4)

Reactive power of the SG can be written as Eq. (5) (Sharma
et al., 2013a)

QSG =
(
EqV cos δ − V 2) /xd (5)

Under small perturbation, the change in reactive power of the SG
can be calculated by differentiating the Eq. (5), and which can be
expressed by (6).

∆QSG(s) =
1
xd′

[
V cos δ∆E ′

q + E ′

q cos δ∆V − 2V∆V + VE ′

q sin δ
]
(6)

urther Eq. (6) can be written as Eq. (7):

QSG =
V cos δ

xd′

∆E ′

q +
E ′
q cos δ − 2V

xd′

∆V +
VE ′

q sin δ

xd′

∆δ (7)

And then it can be written in Laplace form through Eq. (8):

∆QSG(s) = K1∆E ′

q(s) + K2∆V (s) + K3∆δ(s) (8)

here, K1 =
V cos δ

xd′

, K2 =
E ′
q cos δ − 2V

xd′

, and K3 =
VE ′

q sin δ

xd′

At small perturbation, voltage of the armature of synchronous
enerator deviates from its base value. That is why the equation
f linkage flux (Avisha and Das, 2016) under small perturbation
an be mathematically expressed by the Eq. (9).

d
dt

∆Eq =
∆Efd − ∆Eq

sT ′

d0
(9)

where, ∆Eq =
xd
xd′

∆E ′

q −
xd − xd′

xd′
cos δ∆V +

xd − xd′

xd′
V sin δ∆δ
7447
y solving Eq. (9), it can be expressed as:

Eq(s) =
1

1 + sTG

{
K4∆Efd(s) + K5∆V (s) + K6∆δ(s)

}
(10)

here, K4 =
xd
xd′

, K5 = −
xd − xd′

xd′
cos δ, and K6 =

xd − xd′

xd′
V sin δ

n similar manner, the deviation in the active power of the SG
Avisha and Das, 2016) can be written as:

PSG(s) = K7∆E ′

q(s) + K8∆V (s) + K9∆δ(s) (11)

here, K7 =
V sin δ

xd′

, K8 =
E ′
q sin δ

xd′

, and K9 =
VE ′

q cos δ

xd′

Similarly, real and reactive power of the induction generator
(Avisha and Das, 2016) can be expressed by the following Eqs.
(12), and (13) respectively.

∆PIG(s) = K10∆V (s) + K11∆PIP (s) (12)

∆QIG(s) = K12∆V (s) + K13∆PIP (s) (13)

here,

10 =
2VRY

(R2
Y + X2

eq)

[
1 +

V 2(Rd/RY )(R2
Y − X2

eq)

(R2
Y + X2

eq){2R Y (P − Pc) + V 2}

]

K11 =
−V 2(R2

Y − X2
eq)

(R2
Y + X2

eq){2R Y (P − Pc) + V 2}
,

K12 =
2VXeq

(R2
Y + X2

eq)

[
1 +

2V 2(RdRY )
(R2

Y + X2
eq){2R Y (P − Pc) + V 2}

]

K13 =
2V 2XeqRY

(R2
Y + X2

eq){2R Y (P − Pc) + V 2}

d =
r2′

s
(1 − s), RY = Rd + re PIP = Pc +

2V 2Rd

(R2
Y + X2

eq)

Eqs. (8), (9), and (10) provide the relation of the change in
eactive power of the SG with the change in voltage and the
hange in load angle. Eq. (13) governs the relation of the re-
ctive power of induction generator with the change in system
oltage and the change in active power. These above-mentioned
quations signify that the change in frequency or the change
n active power will also affect the reactive power or voltage
f the system. Similarly, Eqs. (11) and (12) show the impact of
hange in voltage overactive power or frequency of the SG and IG
espectively. All the above-mentioned equations explicitly clarify
he cross-coupling effect in the proposed HPS.

.1. Voltage control strategies

.1.1. Static synchronous compensator (STATCOM)
The STATCOM unit is leveraged to contain the voltage devia-

ion of the WPS, DSP, and PSP based interconnected hybrid power
ystem by minimizing the divergence between the reactive power
eneration and demand. The structural layout of the STATCOM
as been shown in Fig. 1 (Sharma et al., 2013b).
The reactive power introduced by the STATCOM unit can be

xpress as (Sharma et al., 2013b).

STAT = K
[
VDC

2B − VDCVB cos(α − ∂) + VDCG sin(α − ∂)
]

(14)

Where, V represents bus voltage. VDC represents capacitor’s volt-
age. The extractable angle of fundamental voltage and the phase
angle is represented by α and ∂ respectively. It is assumed that,
the converter’s losses and coupling transformer are zero, conduc-
tance (G) could be deliberated to be zero, where jB represents the
coupling transformer’s admittance. With reference voltage (V),
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Fig. 1. Schematic diagram of STATCOM.

∂ becomes zero, hence, the Eq. (14) can be written as Eq. (15)
(Sharma et al., 2013b).

∆QSTAT (s) = K13∆α(s) + K14∆V (s)

here, K13 = KVDCVB sinα, K14 = −KVDCVBCOSα
(15)

.1.2. Dynamic voltage restorer (DVR)
The utilization of power electronic based different FACTS units

n the power network increases the capability to contain the var-
ous network parameters like voltage, frequency, and the flow of
ctive and reactive power. DVR is a prominent FACTS unit which
s connected in series could be leveraged to improve the power
tability of the power network by enhancing stability margin.
his unit could be widely applicable for various purposes like the
lleviation of voltage sags, swells, decrease of voltage mismatch,
armonics filtering and the improvement of other power quality
ssues (Priyavarthini et al., 2018). In addition, this application
as been utilized in South Carolina based 13 kV, 2 MVA power
ubstation for the very first time. The fast-acting performance
f DVR which consists of power electronics-based voltage source
onvertor (VSC), the series coupling transformer with one energy
torage unit as depicted in Fig. 2. Considering the connection of
VR, the voltage injection of DVR is perpendicular to sensitive
ine current to stabilize the reactive power of the network. The
ynamic control strategy of DVR lies by controlling both voltage
agnitude and phase. The transfer function model of DVR could
e formulated as Eq. (16) (Wang et al., 2006; Meena et al., 2017):

DVR(s) =
2VCC (RcdLds + 1)

LdCds2 + (Rld + Rcd)Cds + 1
(16)

2.2. Frequency control strategies

2.2.1. Demand response scheme (DRS)
DRS consisting of non-critical loads (NCLs) can smoothen the

system frequency response through the proper management of
upper and lower limit of the frequency deviation of all the avail-
able non-critical loads. The DRS has two segments for its opera-
tion: the devices used as NCLs in the scheme and the controlling
part. Those devices are nonessential like electric heater, air con-
ditioning machine, refrigerators and so on (Bao et al., 2015;
Huang and Li, 2013; Barik and Das, 2019). Controlling scheme is
required to keep the number of devices on and off as to control
the consumed power by the devices according to the frequency
control scheme. For smooth operation, number of the DRS can be
incorporated to the system.

The important segment of DRS is the controlling scheme which
operates on the basis of deviation in the system frequency (Pour-
mousavi and Nehrir, 2014; Li et al., 2021). A threshold deviation
in frequency is considered to activate the noncritical loads of DRS.
Here, the behavior of the NCLs will be in the discrete form as
because all the devices will be either on or off. But the prob-
lem associated with the response in the discrete form can be
7448
overcome by designing and managing the threshold value of the
frequency deviation of each device.

Total power (∆PDRS) of the DRS can be activated at particular
time by estimating the power through the considered logic shown
in Eqs. (18), and (19), where LDRS and ∆PDRM are assumed as the
o-efficient and the total power of the DRS respectively.
The value of the co-efficient is optimized through the op-

imizing technique, and the maximum power is estimated on
he basis of the contract of the DRS. The maximum deviation in
he frequency for the operation of DRS is regulated through the
tility. Here, in this system, the maximum deviation in frequency
s considered as 0.05 Hz for the operation of DRS. In this work,
he linear Laplace transfer function model of the water heater has
een considered which is represented by the Eq. (17). Eq. (18)
hows the total power of the DRS connected to the proposed
ystem.

WH (s) =
KWH

1 + sTWH
(17)

∆PDRS =

⎧⎪⎪⎨⎪⎪⎩
∆f

|∆fm|
∆PDRM , −∆fm ≤ ∆f ≤ ∆fm

∆f
|∆f |

∆PDRM , otherwise

⎫⎪⎪⎬⎪⎪⎭ (18)

PDRSi =

⎧⎪⎪⎨⎪⎪⎩
∆fi

|∆fm|
∆PDRMi − LDRS∆Ptiei−i, −∆fm ≤ ∆f ≤ ∆fm

∆fi
|∆fm|

∆PDRMi, otherwise

⎫⎪⎪⎬⎪⎪⎭
(19)

The abovementioned equations will establish the Laplace
ransformation-based transfer function of excitation system, dis-
ributed synchronous generator, induction generator and consid-
red FACTS units (i.e., STATCOM, and DVR). Finally, by integrating
ll the above components together we develop an islanded hy-
rid power system as shown in Fig. 3(a), in which voltage and
requency fluctuation could be analyzed when the disturbances in
he generation and the demanded load active and reactive power.
irst order transfer function model of one isolated HPS (area) is
eveloped on the basis of above equations and shown in Fig. 3(b)
hereas the complete block diagram of the interconnected hy-
rid power system comprising of three different isolated RESs
s shown in Fig. 3(c). The required parameters of the proposed
ystem are obtained from the available literature (Hussain et al.,
017; Sharma et al., 2013b; Bansal and Bhatti, 2008; Lee and
ang, 2008; Senjyu et al., 2005; Ranjan et al., 2018) and some
alues are calculated on the basis of above derived equations and
ummarized in Table 1.

. Problem formulation

.1. Formulation of the objective function

Different types of the objective functions can be considered to
inimize voltage and frequency deviation and thus to control the
ystem against any disturbance. Proper selection of the objective
unctions for the problems associated with simultaneous control
f voltage and frequency plays an important role to get the
easible solution. In this study, integral time absolute error (ITAE)
s considered for all four cases as this objective function substan-
iates its higher potential to control the system parameters as
ompared to all other objective functions like integral absolute
rror (IAE), integral square error (ISE) and integral time square
rror (ITSE). The simultaneous control of voltage and frequency
ecomes complex as frequency response of the system is slower
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Fig. 2. Schematic with equivalent circuit structure of DVR.
able 1
umerical values of the system parameters (Hussain et al., 2017; Sharma et al., 2013b; Bansal and Bhatti, 2008; Lee and Wang, 2008; Senjyu et al., 2005; Ranjan
t al., 2018).
System parameters Symbols values

Gain and time constant of wind turbine, parabolic trough, dish stirling
respectively.

TW , TPSP , TDSPKW , KPSP , KDSP 1, 1.8, 1, 1.5 s.,
1.8 s., 5 s.

Gain and time constant of battery energy storage system, ultracapacitor, and
superconducting magnetic storage system.

TBESS , TUC , TSMES , TWHKBESS , KUC , KSMES , KWH 0.1, 0.2, 1, −0.003 s, 4 s, 3
s.

Gain and time constant of valve actuator and diesel engine. KVE , KDE ,TVE , TDE 1, 1, 0.05 s., 0.5 s.

Power transfer co-efficient. a12, a23, a13 −0.75, −0.33, −0.25.

Gain and time constant of synchronous generator, stabilizer, AVR, exciter, and
voltage transfer of the system.

TG, TF , TA, TE , TVKG, KF , KA, KE , KV 1, 0.5, 40, 1, 0.6667, 0.75 s,
0.715 s, 0.05 s, 0.55 s,
0.00061 s.

Time constant parameters and delay angle of the STATCOM. K1, K2, K3, K4, K5Tα, Td, α 0.0002 s, 0.00167 s,
140.020 .

Constant of the complete HPS for frequency and voltage analysis. K11, K12, K13, K14, K15K6, K7, K8, K9, K10 6.23, −7.36, −2.30, 0.15,
0.79, −0.30, 2.40, 2.29, 5.97,
0.03, 0.84, 0.097,
−0.444.
Fig. 3(a). Schematic diagram of the isolated HPS.

han that of the voltage response. In this study, scaling factor is
sed to develop the objective function depending on the distur-
ances in the reactive and active power of the system since the
eviation in frequency and voltage is of different range. When the
ystem is subjected to the reactive power change, n is multiplied
ith frequency deviation whereas scaling factor m is multiplied
ith voltage deviation when change in active power occurs. The
ange of m and n are taken in between 0 and 10.

1 =

∫ T

t (|∆fi| + m |∆Vi|) dt (20)

0
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J2 =

∫ T

0
t (|∆fi| + n |∆Vi|) dt (21)

where J1 and J2 given in Eqs. (20) and (21) are the objective
functions modeled for active power change and reactive power
change respectively. The optimized values of m and n for this
study for different cases are different which have been discussed
in result and discussions.

Here, the proposed system would be subjected to variation in
the load as well as generation to examine the feasibility of the
system which may lead to the deviation in voltage and frequency.
That is why J1 and J2 are modeled and interfaced with PID con-
trollers to minimize the deviations and to keep the system in
stable equilibrium operating conditions. J1 and J2 are minimized
keeping some constraints:

Kmin
p ≤ Kp ≤ Kmax

p

Kmin
i ≤ Ki ≤ Kmax

i

Kmin
d ≤ Kd ≤ Kmax

d

Proportional, Integral, and Differential controllers’ gains for
different sources connected in the system are ranging from 0–
20. Fig. 3(d) represents the approach regarding implementation
of MBA for optimizing the control parameters of PID Controllers.
As such, there are eighteen control parameters (total 6 PID con-
trollers) which are tuned by using MBA. ITAE of frequency devia-
tions and voltage deviations in all three areas has been considered
as the objective function. Then the MBA is employed to find the
minimum possible value of the objective function and thereby
optimum values of the controllers’ gains.

3.2. Mine blast algorithm (MBA)

Mine blast algorithm initiates with the point known as the first
shot point which can be expressed as xf0 where f represents the
no. of initial shot points varying from 1 to any defined number.



S. Ranjan, A. Latif, D.C. Das et al. Energy Reports 7 (2021) 7445–7459

f

x

Fig. 3(b). Linear Laplace transfer function model of one isolated HPS (area).
This technique generates the value of initial shot points by the
ollowing Eq. (22)

0 = lb + rand(ub − lb) (22)

where, x0, lb, ub and rand are initial shot point, upper bound,
lower bound and the operator to generate the random value in
between 0 and 1 respectively.

Explosion of the bombs producing the no. of shrapnel pieces
(ns) causes another place xn+1 to bomb;

xfn+1 = xfe(n+1) + exp

⎛⎝−

√mf
n+1

df

⎞⎠ xfn, n = 0, 1, 2, .. (23)

n+1

7450
xfe(n+1) = dfn x rand x cos θ (24)

where, x, d, and m are the location, distance and the direction of
the exploded shrapnel pieces respectively. θ is the velocity angle
of the shrapnel which can be calculated as θ = 360◦/n s. It is
dependent on the no. of shrapnel pieces.

In Eq. (22), the second part has been considered to improve the
location of the mining point under the influence of the previous
best solution. dfn+1 and mf

n+1 are distance and direction of the
shrapnel pieces respectively can be expressed by the following
Eqs. (25) and (26).

df =

√
(xf − xf )2 + (F f

− F f )2 (25)
n+1 n+1 n n+1 n
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Fig. 3(c). Block diagram of 3-area interconnected hybrid power system.
Fig. 3(d). Tuning of controllers’ parameters of 3-area interconnected hybrid power system.
f
n+1 =

F f
n+1 − F f

n

xfn+1 − xfn
, n = 0, 1, 2, . . . (26)

ere, F is defined as the function of x.
Another term, exploration factor defined as µ, is taken into

onsideration for search space designing, depending on smaller
r larger distances. The process of exploration starts when ex-
loration factor is greater than the defined index (k) for iteration
umber.
The exploration equations can be expressed as:

f
n+1 = dfn x(|randn|)

2, n = 0, 1, 2 . . . (27)

f
e(n+1) = xfe(n+1) x cos θ, n = 0, 1, 2 . . . (28)

ere, squaring randn provides better search capability for any
istances which in turn provides higher exploration ability at very
nitial stage.
7451
To enhance the search capability globally, the initial separation
between the shrapnel pieces is decreased and expressed as:

dfn =
dfn−1

exp
( k

α

) , n = 0, 1, 2 . . . (29)

In exploration process, the algorithm considers Eqs. (25) and
(26) for the calculation of location and the distances. Exploration
factor decides the complexity of the problem. Eq. (29) is consid-
ered for the exploitation (i.e., the condition for global optimum
solution). Eqs. (25), (26), and (29) imply that the MBA provides
the proper balance in between exploration and exploitation to get
optimal solution.

4. Simulated results and analysis

A systematic possibility investigation under various scenarios
is essential to evaluate the effects of DVR and DRS scheme to
reduce the problems related to frequency and voltage of an in-
terconnected system. A frequency–voltage response model has
been established and simulated in MATLAB/Simulink software.

The analysis has been carried out under all the practical based
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Fig. 4. Flow diagram of Mine Blast Algorithm.
isturbances such as sharp or step load change and the change
n intermittent climatic situations. The dynamic responses of the
roposed network has been clarifies in this section under the
aradigm of the interconnected micro grid. The efficacy and prac-
icality of the proposed network have been investigated under
our different scenarios. In the entire scenarios, the controllers’
arameters have been tuned through MBA. The efficacy of MBA
as been checked over the anticipated system at 5% load per-
urbation. Flow diagram of MBA for this specific problem has
een presented in Fig. 4. In Ranjan et al. (2018) authors have
llustrated MBA gives better dynamic responses as compared to
A, PSO and many other techniques. Ref. Sadollah et al. (2013)
as also been deliberated MBA in conventional load frequency
egulation as one of the essential tools to adjust the Fuzzy based
ID controllers (Sadollah et al., 2013). MBA has also been lever-
ged in Sadollah et al. (2013, 2012) to tune the parameters of the
ID controllers to control the frequency fluctuation of the IHPS.
his section has proceeded with the selection of proper objective
unction to minimize the frequency and voltage deviation. Mean-
hile, the comparative study among the considered algorithms

or optimizing the gains of the controllers has been done.

.1. Selection for the objective function

There are four diverse objective functions: IAE, ISE, ITSE, and
TAE. These objective functions are considered for optimal selec-
ion of the controllers’ gains on the basis of minimum frequency
eviation. In this section, these objective functions are compared
7452
Table 2
Gain values of the controllers for frequency control.
Algorithm Gain IAE ISE ISTE ITAE

MBA(with DRS)

PID 1
KP 10.628 8.665 6.698 3.552
KI 4.278 5.715 7.265 5.156
KD 5.542 2.809 0.006 3.042

PID 2
KP 7.242 2.244 3.579 0.426
KI 10.300 7.265 7.787 3.215
KD 0.025 6.565 2.609 0.049

PID 3
KP 0.520 1.743 7.624 4.107
KI 9.924 8.665 6.009 5.657
KD 2.622 1.290 0.013 2.385

Jmin (in 10−5) 2.752 1.667 0.5815 0.1658

by applying them on the first order P–f transfer function model
under DRS. For the selection of the suitable objective function,
P–f transfer function model is subjected to 5% change in the load
active power at 0 s, and 5 m/s change in wind velocity at 25 s
Frequency responses of P–f transfer function model for different
objective functions has been shown in Fig. 5(a). The convergence
curve for all the objective functions under MBA has been shown
in Fig. 5(b). The comparative assessment of the objective func-
tions on the basis of the illustration of the graphs and the their
minimum values shown in Table 2 ensures that the ITAE is better
as compared to others, therefore all the following case studies are
based on the MBA based PID controllers with ITAE as an objective
function.
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Fig. 5(a). Frequency response of P–f transfer function model under DRS.

Fig. 5(b). Convergence curve under MBA based PID controllers.

4.2. Direct coupling P–f and Q–V analysis

Case I: (a) Separate active power–frequency (P–f) response anal-
ysis of the isolated area under DRS

This case study has considered the area-1 in which WPS is
onnected as the source of supply and BESS as the energy storage
evice. The direct relation of active power–frequency has been
nvestigated with and without DRS. Only direct coupling of P–f
ransfer function model can be developed when K 7, K 8, and K 12
are set to zero. The P–f transfer function model is subjected to the
following disturbances: the wind velocity of the WPS is changed
by 5 m/s at 25 s, and the load of 5% is changed at 0 s In P–f transfer
function model, only MBA has been considered to optimize the
parameters of the PID controllers. The objective function chosen
for this case study is ITAE. The active power–frequency response
of the isolated hybrid power system is shown in Fig. 6(a). From
the illustration, it is evident that the frequency response of the
isolated system is better under DRS.

(b) Separate reactive power–voltage (Q–V) response analysis of
the isolated area under VCDs

The same area-1 is considered for Q–V response analysis. The
direct impact of the change in reactive power on the isolated HPS
has been investigated under STATCOM and DVR. Direct coupling
of Q–V transfer function model can be developed by setting K 3,
K 6, and K 9 to zero. The Q–V transfer function model has been
subjected to the change in load reactive power with 5% at 0 s PID
controller has been tuned with the help of MBA. Their gain values
are shown in Table 3. The voltage response of the isolated hybrid
power system under STATCOM and DVR illustrated in Fig. 6(b)
clearly signifies that the DVR as the voltage compensating unit is
better as compared to STATCOM.
 5
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Fig. 6(a). Frequency response for direct coupling analysis.

Fig. 6(b). Voltage response for direct coupling analysis.

Table 3
Frequency and voltage deviation and controllers’ gains.
Deviation STATCOM DVR Gain STATCOM DVR

F1 (in e−3) MUS 0.187 0.175
PID 2

KP 1.809 1.352
ST(s) 12.24 11.75 KI 2.040 3.009

F2 (in e−3) MUS 0.295 0.280 KD 0.041 1.342

ST (s) 13.25 12.24
PID 3

KP 4.001 0.015

F3 (in e−3) MUS 0.135 0.128 KI 5.017 2.092
ST 11.59 11.27 KD 3.255 2.886

V1 (in e−3) MUS 1.245 1.106
PID 4

KP 4.996 5.000
ST(s) 5.005 4.521 KI 3.295 5.000

V2 (in e−3) MUS 1.365 1.330 KD 1.620 0.016

ST (s) 6.132 6.120
PID 5

KP 1.294 2.366

V3 (in e−3) MUS 0.997 0.752 KI 4.189 1.689
ST 4.529 4.362 KD 3.785 2.971

PID 1
KP 1.215 2.022

PID 6
KP 1.005 4.523

KI 4.025 1.926 KI 4.996 4.125
KD 2.015 0.005 KD 0.744 0.002

4.3. Direct and cross coupling analysis

Case II: Frequency and voltage responses under STATCOM with
% change in reactive power in each area and no change in active
ower.
The proposed interconnected HPS is developed with the help

f first order Laplace transfer function model in
ATLAB/SIMULINK environment. The system has been developed

n such way so that the simultaneous deviation in frequency
nd voltage can be analyzed at both reactive and active power
hange. This case study has considered the IHPS in the presence
f STATCOM, where reactive power in each area is changed by
%. Small perturbation in reactive power occurs at 25 s, 75 s, and
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Fig. 7(a). Transient behavior of the system voltage.

Fig. 7(b). Transient behavior of the system frequency.

Fig. 7(c). Transient behavior of the tie-line power.

0 s respectively in area-1, area-2, and area-3. The corresponding
oltage deviation to the perturbation has been shown in Fig. 7(a).
he voltage deviation has been controlled with the help of VCD
ike STATCOM. Comparative analysis of the reactive power sup-
lied by the VCDs has been shown in Fig. 7(d). Fig. 7(a) shows the
irect relation in between reactive power and voltage as voltage
eviation occurs due to the perturbation in the reactive power
f the load in each area. But Fig. 7(b) clearly implies that the
ismatch in reactive power deviates the frequency as well so

t can be interpreted that there is a cross coupling in between
eactive power and frequency. Frequency gets deviated from its
ominal value at that instant when reactive power changes in
ach area. Corresponding deviation in the tie line power is shown
n Fig. 7(c).

Case III: Comparative study of frequency and voltage responses
under STATCOM and DVR with 5% change in reactive power in each
area and no change in active power.

This case study examines the characteristics of the proposed
-area interconnected HPS in the presence of VCDs when each
rea undergoes the change in reactive power at different instant
f time. Reactive power change in area-1, area-2 and area-3 has
ccurred at 25 s 75 s and 50 s respectively. Small perturbation
7454
Fig. 7(d). Transient behavior of the voltage compensating devices.

Fig. 8(a). Transient behavior of the system voltage.

Fig. 8(b). Transient behavior of the system frequency.

Fig. 8(c). Transient behavior of the tie-line powers.

in the load reactive power of only 5% is subjected to each area
at above mentioned interval of time to see the effects of voltage
deviation in each area. Reactive power change causes voltage
deviation which can be clearly figured out from Fig. 8(a). Devi-
ation in voltage shown in Fig. 8(a) signifies the direct coupling in
between reactive power and the system voltage. Meanwhile the
frequency oscillation in area-1, area-2, and area-3 occurs simul-
taneously at the same instant of time shown in Fig. 8(b) justifies
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Fig. 8(d). Transient behavior of the voltage compensating devices.

the cross relation in between reactive power and frequency of
the small HPS. In Figs. 8(a) and 8(b), shows the order of change
in voltage and frequency is somewhat different. The change in
voltage has higher order as compared to the change in frequency
which explicitly means that there is a loose coupling in between
reactive power and frequency whereas strong coupling is there
in between reactive power and the system voltage. This case has
considered the change in reactive power which causes the voltage
deviation that is why the voltage compensating devices (VCDs)
are included for proper compensation of reactive power. Here,
STATCOM and DVR as compensating devices are used where the
effectiveness of the DVR to control the voltage is higher as com-
pared to that of STATCOM which can be clearly seen in Fig. 8(a).
Since the isolated HPSs are interconnected with each other that
is why there is a tie-line power deviation occurred in the system
shown in Fig. 8(c). The reactive power responses of the VCDs are
shown in Fig. 8(d). Quantitative analysis of the system responses

have been encapsulated in Table 3, and the comparison between
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STATCOM and DVR is shown in Figs. 8(e) and 8(f) in terms of
overshoot and settling time of frequency and voltage.

Case IV: Comparative study of frequency and voltage responses
under DR Scheme

• Wind velocity in area 1 is changed by 5 m/s at 25 s.
• Solar irradiance in area 2 is changed by 150 W per meter

square at 75 s.
• Solar irradiance in area 3 is changed by 200 W per meter

square at 50 s.

This case study deals with the simultaneous control of frequency
and voltage of the proposed system by controlling active and
reactive power mismatch. The proposed system has three area
and all the 3 area have different generating units like WPS in area-
1, PSP in area-2 and DSP in area-3. In area-1, velocity is changed
by 5 m/s which directly affects the active power generation of
the WPS. In area-2 and area-3, solar irradiance is changed by
150 W/m2, and 200 W/m2 respectively which also lead to the
change in active power generation of PSP and DSP. The active
power mismatch results in frequency deviation apparently, but
in this case also from Fig. 9(a), it can be said that the change in
the active power in each area of the interconnected HPS causes
frequency deviation and at the same time from Fig. 9(b), it can
also be marked that the change in active power deviates the
system voltage up to some extent. Above waveform analysis
can lead this paper to indicate that there is a loose but cross
coupling in between the active power and the system voltage.
Frequency and voltage deviations can be seen simultaneously at
25 s, 75 s, and 50 s respectively in area-1, area-2, and area-3.
In addition to the simultaneous control of frequency and voltage
of the system through proper mathematical modeling active and

reactive power in terms of voltage and load angle, the proposed
Fig. 8(e). Frequency deviation in terms of MUS and ST.
Fig. 8(f). voltage deviation in terms of MUS and ST.
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Table 4
Frequency and voltage analysis of the proposed HPS and its controllers’ gains.
Deviation Without DR With DR Controllers gains Without DR With DR

F1 (in e−3) MOS 1.985 1.256
PID 2

KP 0.426 2.135
ST(s) 14.21 13.02 KI 3.215 4.448

F2 (in e−3) MOS 2.996 1.560 KD 0.049 3.245

ST(s) 12.02 11.00
PID 3

KP 4.107 1.508

F3 (in e−3) MOS 1.220 0.854 KI 5.000 1.000

ST(s) 10.20 9.014 KD 2.385 2.886

V1 (in e−3) MOS 0.385 0.187
PID 4

KP 5.000 4.598
ST(s) 8.024 7.156 KI 2.015 5.000

V2 (in e−3) MOS 0.752 0.409 KD 2.610 0.004

ST(s) 10.25 9.803
PID 5

KP 3.411 2.457

V3 (in e−3) MOS 0.370 0.185 KI 4.851 5.000
ST(s) 7.258 6.244 KD 0.012 1.791

PID 1
KP 4.552 3.254

PID 6
KP 1.000 5.000

KI 5.000 2.961 KI 5.000 4.125
KD 2.042 4.005 KD 1.235 0.009
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Fig. 9(a). Transient behavior of the system frequency.

ystem has included the demand response (DR) scheme which
irectly controls the deviation in the frequency shown in Fig. 9(a).
he waveform illustration of the frequency with and without
R schemes explicitly signify that the efficacy of DR scheme is
ignificant in suppressing the frequency deviation. This case has
onsidered only DVR as a VCD as DVR has shown the better
oltage compensating ability in the earlier two cases. DVR has
een connected to the system in the presence and absence of the
R scheme, whose reactive power waveforms have been shown
n Fig. 9(b). The tie-line power deviations and reactive power
esponses of the VCDs are shown in the Fig. 9(c) and Fig. 9(d),
espectively. This case study ultimately shows the significance of
he DR schemes and the cross coupling relation between the sys-
em parameters. Graphical and numerical analysis of the system
ehavior have been done under DR scheme and encapsulated in
he Table 4 and Figs. 9(a)–9(d). The comparative analysis has also
een done and shown in Figs. 9(e), and 9(f).
Case V: Dynamic responses under DR Scheme with uncertainty

in wind velocity and solar irradiance.
The simulated results may be reasonable for a specific system

ata but not for others. Hence, to check the robustness of the
ptimized controllers’ gains, the uncertain behavior of wind and
olar power has been realized through wind velocity variation
nd the variation in solar irradiances. In area-1, wind velocity is
ontinuously changing which corresponds to almost 5% variation
n active power generation whereas solar irradiance is variable
n area-2, and area-3 which also corresponds to 5% variation in
he power generation. In this case study, the perturbation has
een selected up to 5% which can be taken into consideration for
 w
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Fig. 9(b). Transient reactive power of system voltage.

Fig. 9(c). Transient reactive power of tie-line powers.

mall signal analysis. All the areas are subjected to the change
n active power continuously which cause frequency deviation
f the system shown in Fig. 10(a) and simultaneously system
oltage shown in Fig. 10(b) is also deviated from its nominal value
hich show the cross connection between the parameters like P–
and Q–f. In this case study, DR scheme has been considered to

educe the frequency oscillation as much as possible to maintain
he system stability which can be easily observed from Fig. 10(a)
nd realized the effectiveness of the DR scheme. Finally it can be
peculated that the DR increases the frequency stability margin
ignificantly. The change in tie line power due to the disturbance
n source power of the generation has been shown in Fig. 10(c).
eactive power responses of the VCDs are also shown in Fig. 10(d)
ith and without DR scheme which also lead to the conclusion
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Fig. 9(d). Transient reactive power of VCDs.

that the voltage of the small HPS has the tendency to be affected
by the change in active power.

As the system behavior has been analyzed considering above
four different cases with the help of MATLAB/SIMULINK to ensure
the proposed system adequacy. It can be clearly speculated that
the voltage deviation and frequency deviation found in all the
cases are within permissible limits in the presence of VCD and DR
scheme. The MATLAB waveforms, in fact, figure out the effective
use of VCDs and DR scheme in the mitigation of voltage and
frequency deviation. At the same time DVR makes the entire
system less vulnerable to reactive power changes. Comparison
of the system behaviors under different loading and generating
condition makes sure that the small HPS has not only the direct
relation in between the system parameters like P–f and Q–V but

also the indirect relation in between them like P–V and Q–f.

7457
Fig. 10(a). Transient behavior of the system frequency in different areas.

5. Conclusion

This study has highlighted the importance of the indirect
relation like P–V, and Q–f along with direct relation like P–f
and Q–V for the interconnected hybrid power system (IHPS).
The maiden attempt has been made to see the reactive power
effect on frequency and active power effect on the system voltage
especially in the interconnected hybrid power system (IHPS). For
this purpose, Laplace transfer function model of IHPS has been
developed mathematically. Four different conditions of the load
and the generation are considered, and their Simulink responses
have been illustrated to critically analyze the cross-coupling be-
havior of the proposed IHPS. The quantitative analysis of the
waveform in above cases clearly elucidates that the change in
Fig. 9(e). Frequency deviation in terms of MUS and ST.
Fig. 9(f). Voltage deviation in terms of MUS and ST.
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Fig. 10(b). Transient behavior of the system voltage in different areas.

Fig. 10(c). Transient behavior of tie-line powers.

Fig. 10(d). Transient reactive power of VCDs.

eactive power affects the system frequency and change in active
ower affects the system voltage as well. Moreover, the IHPS
as been simulated in the presence of STATCOM and DVR which
ontrol the deviation in voltage which can be seen in the above
aveforms where DVR performs better as compared to STATCOM.
requency instability is severe than voltage instability that is why
R scheme has also been introduced to see its effect on the
requency deviation. The quantitative analysis explicitly indicates
hat the DR scheme is much more effective in controlling the
requency deviation.
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