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ABSTRACT
This paper investigates the frequency control strategy of the Virtual Power Plant (VPP), with the
structure of an independent control area that includes diverse Distributed Energy Resources. The
proposed VPP system comprises generating units such as Solar PV, Archimedes Wave Energy Con-
version, Biodiesel driven Generator, and Plug-in Hybrid Electric Vehicle, which are interconnected
to conventional thermal power plant. Centralized control strategy is adopted for frequency con-
trol studies, by considering the communication time delays. Fractional order Proportional Integral
Derivative (FOPID), Proportional Integral Derivative (PID), and Proportional Integral (PI) controllers
are employed to perform the control action on generating units to perform the frequency control.
Tuning of the controllers is done using optimization algorithms such as Particle SwarmOptimization,
Firefly Algorithm, Grasshopper Optimization Algorithm, Ant Lion Optimizer, Sine Cosine Algorithm,
and Salp Swarm Algorithm (SSA). By comparative analysis, SSA algorithm is proved to outperform
the other algorithms in terms ofminimizing the objective function of Integral of Squared Error of the
deviations in system frequencies and tie-line power. The system is also investigated under various
scenarios of generation and load disturbances to study the comparative performance of the FOPID
controller over PID and PI controllers. Results prove the superiority of SSA-tuned FOPID controller
over PID and PI controllers in terms of providing better system responses. Sensitivity test has been
conducted on the system without resetting nominal controller gain values and the proposed SSA-
tuned FOPID controller is proved to be robust against the uncertainties in the load and parameters
of our system.
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1. INTRODUCTION

Power quality is one of the main objectives of the power
system operation. It mainly concerns maintaining the
quality of voltage, waveform, and frequency of the sup-
ply power within the specified limits. The grid frequency
is correlated with the active power balance in the grid.
In modern power systems supplying a large number of
consumers, the active power demand keeps on varying,
creating frequency fluctuations in the grid. To maintain
constant frequency in the grid, there should always be a
balance between generated and consumed power. Auto-
matic Load FrequencyControl (ALFC) plays a significant
role in maintaining this balance. ALFC senses the fre-
quency deviation in the grid and initiates the control sig-
nals to the generating units to maintain the total genera-
tion level same as the demand. For interconnected power
systems, the functionality of ALFC is to sustain both the
deviations in frequency and tie-line power flow from its
scheduled power flow level, which was committed based
on the electricity market [1–3].

Over time, the structure of the power system changes
very rapidly. Environmental concerns such as rising pol-
lution levels, changes in climatic conditions, and the lim-
ited availability of conventional energy resources increas-
ingly alarmed us tomove towards the renewable source of
electric power generation [4]. These factors motivate us
to think about the newpower system structure calledDis-
tributed Generation (DG), where the small-scale renew-
able generation technologies or conventional generation
technologies with less-emission, high-efficient nature are
installed near the customers’ location in the distribu-
tion network [5,6]. Initially, the interconnection of DG
to the distribution network is implemented using the “fit
and forget” approach [7]. Those passively interconnected
DGs in the distribution network faced technical and
operational issues because of the uncertain nature of the
interconnected RES [5,6]. The active control of the dis-
tribution network which can able to tackle these issues is
implemented using the flexible nature of components in
the distribution network. The flexibility and the control
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capability required for the active control are respectively
provided by the Distributed Energy Resources (DERs)
and smart grid technologies such as smart metering, and
Advanced Metering Infrastructure (AMI) [8]. The DERs
include controllableDG technologies, distributed Energy
Storage Systems (ESS) such as the battery, flywheel stor-
age systems, electric vehicles employed with V2G con-
figuration, and Demand Response (DR) programs [9].
Active control of distribution networks using DERs takes
different topology forms, each having its own advan-
tages and limitations [9,10].Microgrids are one such kind
of active distribution network that exploits the DERs,
effectively [10].

Even with such effective integration of DERs either sepa-
rately or in the form of microgrids, the need for Conven-
tional Power Plant (CPP) is still unavoidable. It is because
the DERs integration replaces the energy requirement
of the CPPs but not its capacity [11]. Ancillary services,
which are the support and security services required
for the grid’s proper operation, are still provided by the
CPPs. The ancillary services primarily include fault-ride
through, frequency control, voltage control, and conges-
tion management [12]. The DERs installed separately
or within the microgrids can supply these ancillary ser-
vices. However, its small-scale capacity and the con-
trol structure limit the provision of its ancillary services
only within the respective power delivery area. Thus the
higher-level network like transmission network cannot
benefit from the ancillary services capacity of DERs due
to its small-scale and distributed nature [12]. Thus, the
aggregation of the DERs within the network as a single
large entity and increasing its visibility to the higher-
level network controllers such as Transmission System
Operator (TSO) effectively increases the exploitation of
the benefits of the DERs [13]. This aggregation and
increased visibility of the DERs are provided by the Vir-
tual Power Plant framework [11,13]. The role of VPP is
to find the operational characteristics of different DERs
within its area, its technical and operational limits, and
the network constraints within the VPP and then aggre-
gate it to represent the single operational characteristics
to the TSO as a CPP [11,13]. To perform the aggre-
gation and control of DERs in the VPP, Information
and Communication Technologies (ICT) take a signif-
icant place [12]. The DERs in the VPP need not to
be in the same distribution network or the same geo-
graphical area. It can aggregate the distant DERs in the
different networks covering a large geographical area
[12]. And also, the VPP may be a single DER or aggre-
gation of distant DERs, single microgrid or combina-
tion of microgrids enabled with VPP control structure
[14]. Our study focuses on the VPP, with the structure

of an independent control area that aggregates diverse
DERs.

As the VPP aggregates the DERs mainly to explore the
provision of its ancillary services, its capability of fre-
quency control support to the transmission network
needs to be addressed. Literature survey reveals that sev-
eral studies have been performed on ALFC of multi-
area conventional power systems [15–18], isolated hybrid
power systems [19–22], and interconnected microgrids
[23–25], in order to sustain the frequency and tie-line
power deviations. The primary motivation behind these
works is to find a control strategy with a higher degree
of reliability and faster response rates to meet the strin-
gent quality requirements of the modern power system.
Thus, the controllers such as PI, PID [15–21,23,24,26],
Fractional order PID [25], H-infinity based [22] con-
trollers have been employed. To obtain the optimal gains
of the controllers, several meta-heuristic techniques like
Genetic Algorithm [20], Particle Swarm Optimization
[15], Biogeography based optimization [21], Artificial
Bee colony algorithm [16], Teaching Learning-based
optimization [17], Quasi Oppositional Harmony Search
algorithm [26], Water Cycle Algorithm [18], Social Spi-
der Optimizer [23], Firefly Algorithm [24], Butterfly
Optimization algorithm [25] have been implemented.

It is to be noted that Energy Management System (EMS)
is the heart of the VPP [27]. The functionalities of VPP
are to obtain the forecast of renewable energy sources,
needs of the customers of flexible loads and forecast of
market prices to schedule the components of VPP for
energy and ancillary services provision [27]. The opti-
mization algorithms are implemented in EMS to max-
imize the profit, minimize the losses and minimize the
cost of generation considering the technical and eco-
nomical constraints of theVPP components [27,28]. This
optimization and bidding in the EMS are done on day-
ahead basis [29]. The scheduling results obtained after
the market clearance are set for each DERs in the EMS
and used for real-time interface and control processes
[29]. VPP can be classified into two types based on its
operational features as Commercial VPP (CVPP) and
Technical VPP (TVPP) [29,30]. CVPP prepares the opti-
mal schedule of DERs formarket participation by obtain-
ing the load forecasts, market price forecast, and other
operational parameters of DERs [29,30]. TVPP collects
the technical parameters of the DERs, real-time net-
work constraints, and the optimal schedule from CVPP
[29,30]. From the collected inputs, the aggregated VPP
capabilities are computed and submitted to transmission
or distribution network operators to increase the visibil-
ity of DERs for providing services to the grid [29,30].
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During real-time generation and load disturbances, the
EMS sends the control signal to the DER units according
to the scheduled reserve capacities based on the market
results [30]. In this regard, EMS uses the communication
network to obtain the current status of each DERs and to
transfer the control signal from EMS to DERs in the VPP
system [27]. Thus, mathematical model representing this
bi-directional communication delay should be included
to simulate the real-time frequency control operation in
VPP systems. As our work focuses on implementing the
technical VPP to supply energy services to the grid net-
work, the market structure is not discussed in our study.
However, only a few works have been done on the fre-
quency regulation support provision by VPP. It is evident
in the studies [31–34] that the VPP can extend its ancil-
lary service support of frequency regulation to the grid
if there is any contingency. The primary level frequency
support can be provided by observing the frequency drop
and the control signals are initiated to DERs within the
VPP to adjust the generation, when there is any con-
tingency like faults in the transmission lines [31,34,35].
The secondary level frequency control can be carried out
on the VPP of the independent control area, which has
been executed in the work [36], using the Model Pre-
dictive Controller to sustain the frequency of the VPP
system. The ALFC study onVPP system, which acts as an
independent control area has been reported in the works
[37,38]. The RESs such as Wind energy [37,38], Central
receiver solar thermal system (CRSTS) [37], Parabolic-
trough solar thermal system [38], and storage units like
PHEV [37,38] have been integrated to the VPP in these
studies. The same strategy as the interconnected micro-
grids has been followed considering the communica-
tion delays [37,38]. To perform control action, the PI,
PID [37], and the dual-stage PI-(1+PD) [38] controllers
have been implemented. However, the more flexible and
robust fractional order PID controller (FOPID) has never
been explored in the ALFC study of the grid-tied VPP
system in the literature. And also regarding the generat-
ing units, theRESs such asOceanwave energy conversion
and dispatchable Bio-diesel based generators have not yet
been integrated in the grid-tied VPP model. Thus, the
present work aims to bridge the research gap mentioned
above.

1.1 Detailed Contributions of the Present Work

(1) To develop the transfer function model of Solar
PV-ArchimedesWave Energy Conversion (AWEC)-
Biodiesel drivenGenerator (BDDG)-Plug-inHybrid
Electric Vehicle (PHEV) based virtual power plant
integrated with the conventional grid of reheat type
thermal power plant.

(2) To obtain the optimal control parameters of FOPID
controllers by minimizing the ISE performance
index using different optimization techniques such
as PSO, FA,GOA,ALO, SCA, and SSAand then eval-
uate their performance to find the optimal algorithm
for the proposed model.

(3) To study the dynamic response of our system
employed with FOPID, PID, and PI controllers,
tuned by the Salp Swarm Algorithm (SSA) and then
evaluate their performance to find the optimal con-
troller.

(4) To perform sensitivity analysis of proposed SSA-
tuned FOPID controllers by considering the uncer-
tainties such as variations in loading conditions and
parameters such as synchronizing tie line coefficient
(T12) and frequency bias factors (B2) in the pro-
posed grid-integrated VPP model.

1.2 Organization of the Paper

The rest of the paper is organized as follows. The math-
ematical modeling of the DER units used in the system
is described in section 2. Section 3 discusses the objec-
tive function and the control methodology adopted in
our work. Section 4 addresses the simulation results of
the comparison of optimization techniques, comparison
of controllers, and sensitivity test of the system. Results
are concluded in section 5.

2. MODELING OF PROPOSED GRID-TIED VPP

The schematic of the proposed grid-tied VPP system is
presented in Figure 1. System nomenclature and the val-
ues are presented in Table 1. Working functionalities and
the mathematical modeling of the DER units employed
in the proposed system are described in the following
subsections.

2.1 Solar PV

Solar PV is advantageous in various aspects such as
less maintenance, no moving parts, no noise, and its
energy conversion process is environment-friendly [26].
The electrical power output from the solar PV primar-
ily depends on levels of solar irradiance and temperature
[23]. The solar PV system is always installed with Maxi-
mum Power Point Trackers (MPPT), which provides the
maximum power at the output by adjusting the operat-
ing point in the P-V curve. The mathematical equation
governing the electrical power output of solar PV is rep-
resented as [26],

PPV = Aη{1 − (Ta + 25)0.005}� (1)
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Figure 1: Schematic for proposed grid-tied VPP system

where A and η represent the surface area (m2) and con-
version efficiency (%) of the module, respectively. � and
Ta represent the solar irradiance (W/m2) and ambient
temperature (°C), respectively. In our study, the first-
order linear transfer function model of the PV system is
adopted and expressed as [26],

GPV = KPV

1 + sTPV
(2)

2.2 ArchimedesWave Energy Conversion

The research interest in tapping the wave energy in
oceans is developing because of its high energy density
nature. Several technologies are existing for wave energy
conversion, and AWEC is the more extensively imple-
mented, which has not yet been explored in VPP. The
Archimedes Wave Swing (AWS) floater on the ocean
experiences vertical motion due to the waves, and the
linear motion is transferred to the generator by the
fixed bottom part at the sea bottom. To extract electri-
cal power from the linear motion of the waves, the linear
permanent magnet synchronous generator (LPMSG) is
used [40].

The motion of the AWS can be expressed as [40],

Vf = dx
dt

(3)

FAWS = mtm
dVf

dt
+ βgdVf + βωdVf + kt (4)

where mtm represents the total mass (kg), Vf represents
the speed of the generator translator and floater (m/s),
x represents the displacement of the generator transla-
tor and floater (m), βgd and βωd represent the damping
parameters of generator and wave swing (N s/m), respec-
tively. kt denotes the constant spring parameter (N/m).
FAWS represents the force experienced by the floater (N)
of AWEC due to waves. Under irregular scenarios of
ocean waves, the force that acts on the floater can be
represented as [41],

FAWS = F sin(ωAWt) + F
2
sin(2ωAWt) + F

3
sin(3ωAWt)

(5)

where F represents the magnitude (N), ωAW represents
the angular frequency (rad/s) of forces due to waves. The
AWS coupled with LPMSG can be modeled using the
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Table 1: System nomenclature and values [16,25,37,39]
Symbol Nomenclature Value

PPV ,PAWEC ,PBDDG ,PEV Power output of solar
PV, AWEC, BDDG,
PHEV unit

–

Pd1, Pd2 Load demand (p.u) –
KPV Gain of Solar PV unit 1
TPV Time constant of

Solar PV unit
1.8 s

KAWEC Gain of AWEC unit 1
TAWEC Time constant of

AWEC unit
0.3 s

KPE Gain of Power
electronics unit

1

TPE Time constant
of Power
electronics unit

0.01 s

KVR Gain of valve actuator 1
TVR Time constatnt of

valve actuator
0.05 s

KCE Gain of combustion
engine unit

1

TCE Time constant of
combustion
engine unit

0.5 s

KEV Gain of PHEV unit 1
TEV Time constant of

PHEV unit
0.2 s

TH Time constant of
hydraulic amplifier

0.08 s

TT Time constant of
turbine

0.3 s

Kr Reheat gain 0.5
Tr Reheat time constant 10 s
M1,M2 Moments of inertia 0.2, 0.166 s
D1,D2 Damping constants 0.012, 0.008 (p.u MW/Hz)
R1,R2 Primary control

droop constants of
area-1 and 2

2.4 (HZ/p.u MW)

B1, B2 Bias factors 0.429, 0.424
TD1,TD2 Communication

delays
1.2, 1 s

T12 Synchronizing Tie-
Line Co-efficient

0.07

transfer function [41],

GAWEC = KAWEC

1 + sTAWEC
(6)

2.3 Power Electronics Interface

The transfer function model of generator side converters
and grid side inverters used to interface with the grid is
approximated as [41],

GPE = KPE

1 + sTPE
(7)

2.4 Bio-diesel Driven Generator (BDDG)

The output of RESs like Solar PV and AWEC is inter-
mittent. Thus, a controllable generation system such as
diesel engine generator is essential to provide reliable
power to the loads. Bio-diesel is the product of the pro-
cess of transesterification. It is renewable, bio-degradable,

non toxic, and can be produced from agricultural and
plant resources. It can be compatible with conventional
diesel and blended with it in any proportion. Thus, it can
be operated in a conventional diesel engine [42].

The speed at which the BDDG does the mechanical work
can be represented by [39,43],

dW
dθ

= �TVdisp

2

(
0.5 sin 2θ√

2(L/S)2 − (sin θ)2
− sinθ

)
(8)

where θ and T represent the angular movement mea-
sured from BDC in degree and the temperature at θ in
kelvin, respectively. L and Vdisp represent the connect-
ing rod length in meter and displacement volume in m3,
respectively. S represents the stroke length inmeters.� =
8.314 kJ/kmol K represents the universal gas constant.

The speed governor enabled with the control loop of reg-
ulation co-efficient R can be used to perform primary
load frequency support by adjusting the valve actuator of
the BDDG. The conventional diesel engine model can be
used for the BDDG model. The transfer function of the
valve actuator and combustion engine can be represented
as follows [23],

Valve actuator dynamics [23],

GVR = KVR

1 + sTVR
(9)

Combustion engine dynamics [23],

GCE = KCE

1 + sTCE
(10)

GBDDG =
(

KVR

1 + sTVR

)(
KCE

1 + sTCE

)
(11)

2.5 Plug-in Hybrid Electric Vehicle

With the penetration of unpredictable RESs, the ESS,
which stores the surplus renewable energy and supply
for the demand whenever needed, is essential. In this
regard, electric vehicle (EV), with its bidirectional con-
nection capability of the converter, can be used as an ESS
to absorb excess renewable energy and supply it to the
grid whenever needed. The real power transfer between
the battery of EVs and the power grid can be modeled
using a differential equation. Thus, a first-order lag trans-
fer function can be used for the frequency control model
of PHEV, which can be represented as [44],

GEV = KEV

1 + sTEV
(12)
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2.6 Conventional Synchronous Generator

In our study, the CPP includes a thermal power plant of
reheat type and is considered as the generating unit. The
transfer function model of reheat-thermal power plant
includes the hydraulic amplifier, reheat turbine model
and can be represented as [16,17],

GTP =
(

1
1 + sTH

)(
1

1 + sTT

)(
KrTrs + 1
1 + sTr

)
(13)

2.7 Load andMachine Dynamics of VPP

The frequency deviations occur upon any power imbal-
ance within the system. The net power imbalance at any
instant in the independent area of VPP can be repre-
sented as,

�Pe = (PPV + PAWEC + PBDDG ± PEV) − Pd1 (14)

The change in frequency due to change in net power is
represented by the transfer function as follows [39],

Gsys = �f
�Pe

= 1
Ms + D

(15)

The frequency got deviated based on the moments of
inertia (M) of the rotating mass in the system and the
damping coefficient of the loads (D) within the system.

2.8 Control and Communication Architecture of
VPP

The significant difference in the frequency control strat-
egy of the conventional multi-area power system model
and the grid-tied VPP model is its control and commu-
nication infrastructure. In the case of the grid-tied VPP
model, the centralized control concept is adopted, which
highly depends on ICT [31,37]. In the centralized control
concept, EMSmeasures the deviations of frequencies and
the tie-line power flow at the point of coupling between
CPP and VPP. The EMS generates and sends the ACE
signal to the central controller of the virtual power plant
located within the VPP through the communication net-
work, which is primarily a Wide Area Network (WAN)
[36].

The VPP controller regularly (at short time intervals)
receives information about the operating state of DERs
(i.e. real power output), which is located far away from
each other. On the basis of data from all DERs and ACE
signals from EMS, the generation output of each DER is
decided, and the central controller generates the control
signal.

This communication from the central controller of VPP
to DERs is generally through the Local Area Network
(LAN) [36]. Since DERs are widely distributed within
the VPP, communication delays are unavoidable in this
network. Thus, a single delay element is approximated
for both sending and receiving signals and included in
the control loop of the system. The communication delay
e−sTD is represented by the Pade first-order approxima-
tion in the form of the transfer function as [37]:

e−sTD =
−1
2 sTD + 1
1
2sTD + 1

(16)

3. METHODOLOGY

The objective problem formulation and the adopted con-
trol strategy for our analysis are illustrated in the follow-
ing topics.

3.1 Selection of Controllers

Choosing a suitable controller is essential to obtain effec-
tive system responses for our system. The most widely
employed controller for process control in industry is the
PID Controller. [45]. As the system complexity increases,
the search for a more reliable and flexible controller is
needed. In this regard, we have employed FOPID con-
troller for our system, and its dynamic performance is
compared with conventional PI and PID controllers.

3.1.1 Background of FOPID Controller
The development of fractional calculus, which is the
generalization of ordinary integration and differentia-
tion to non-integer order, paves the way for implying
additional flexibilities to the control action of conven-
tional PID controller [46]. The FOPID controller has two
more parameters (λ,μ) than the PID controller, which
improves the controlled system’s dynamic and steady-
state performance. Specifically, the integral andderivative
action with its non-integer order in the FOPID controller
increases the system’s stability and attenuates the high-
frequency noise signals, respectively. FOPID controller is
also proved to be more robust to plant uncertainties and
load disturbances [45,46].

The transfer function equation of the FOPID controller
is given by [47] (Figure 2),

TFFOPID = (Kp + Ki/sλ + Kdsμ) (17)

where λ and μ represent the order of integral and dif-
ferential operators in the FOPID controller, respectively.
When we set the orders λ = 1 and μ = 1, the FOPID
controller functionality is the same as the PID controller.
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Figure 2: Structure of FOPID controller

Figure 3: Plane representation of FOPID and PID controller

Thus FOPID controller can be regarded as the general
case of conventional PID controller [45] (Figure 3).

The most commonly used definition for fractional order
integral and differential operators is Riemann–Liouville
(RL) definition and is presented as [47]:

aDα
t f(t) = 1


(n–α)

dn

dtn
t
∫
a
(t–τ)n−α−1f(τ )dτ (18)

aD−α
t f(t) = 1


(α)

dn

dtn
t
∫
a
(t–τ)α–1f(τ )dτ ;

n − 1 ≥ α > n. (19)

where 
(.) represents Euler’s gamma function. aDα
t and

a D−α
t represent the fractional order differentiation

and integration, respectively. The Oustaloup recursive
approximation is used to represent the fractional integro-
differential operator in the frequency domain, which

represents a higher-order analog filter is [45],

sα = K
N∏

k=−N

s + ω′
k

s + ωk
(20)

where the poles, zeros, and gains can be calculated by
[45],

ωk = ωb

(
ωh

ωb

)(k+N+ 1+α
2
)
/(2N+1)

(21)

ω′
k = ωb

(
ωh

ωb

)(k+N+ 1−α
2
)
/(2N+1)

(22)

K = ωα
h (23)

where α represents the order of integral and differen-
tial operators. (2N+ 1) and (ωb,ωh) represent the fil-
ter order and ranges of frequency, respectively. In our
work, we have implemented oustaloup approximation of
fifth-order with the frequency range of (10−3, 103) using
FOMCON toolbox [48] in Simulink.

3.2 Formulation of Objective Function

An objective function should be formulated to imple-
ment the optimization problem. The integral perfor-
mance indices can be applied as a deciding parameter
to assess the dynamic characteristics of the responses
generated using various controllers. In this regard, Inte-
gral of Squared Error (ISE), Integral of time squared
error (ITSE), Integral of absolute error (IAE), Integral
of time absolute error (ITAE) have been widely used as
the objective function to obtain the optimal gains of the
controllers. ISE and ITAE are found to perform better
in ALFC studies as they specifically minimize the over-
shoots and settling time, respectively [26]. The ISE index
is effective in attenuating peak overshoots, undershoots,
and significant errors [26]. In our study, the ISE of the
frequency deviations of VPP, CPP, and tie-line power
deviations is considered as our objective function (J),
which is represented as follows [37]:

Minimize JISE =
tsim∫
0

{(�f1)2 + (�f2)2 + (�Ptie)2}.dt

(24)

It is subject to:

Kmin
p ≤ Kp ≤ Kmax

p

Kmin
i ≤ Ki ≤ Kmax

i

Kmin
d ≤ Kd ≤ Kmax

d

0 ≤ λ ≤ 2
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0 ≤ μ ≤ 2

whereKp, Ki, Kd, λ, μ are parameters of the FOPID con-
troller and tsim represents the simulation time range. The
minimization is done using optimization techniques by
which the optimal gains of the controller can be obtained.

3.3 Selection of Optimization Technique

In our study, themeta-heuristics optimization algorithms
such as PSO [49], FA [50], GOA [51], ALO [52], SCA
[53], and SSA [54] have been employed to minimize the
objective function. The parameters adopted for differ-
ent techniques are presented in Table 2. The comparative
analysis presented in Figures 5(a–d) shows that the SSA
provides minimal objective function values and better
dynamic performances than other techniques. Thus, SSA
technique is adopted to tune the gains of the controllers
in our study.

Table 2: Optimization technique parameters
Optimization algorithm Parameters

PSO c1 = 2
c2 = 2
w = 1
wdamp = 0.99

FA Randomness (α) = 0.25
Attractiveness (β) = 0.2
Absorption coefficient (γ ) = 0.5

ALO Ratio I = 1 (at starting)
SCA No algorithm-specific parameters
GOA Cmax = 1

Cmin = 0.00004
f = 0.5
L = 1.5

SSA c2 = rand(0,1)
c3 = rand(0,1)

3.3.1 Background of Salp SwarmAlgorithm
Salps are a family of marine creatures called Salpidae. Its
transparent body is formed like a barrel and it moves
forward by pumping the water through the body, which
is identical to the movement of jellyfish. Its swarming
behavior, called the salp chain, is inspired to form SSA.
Its swarming behavior aims to acquire better locomotion
and to search for food in oceans [54]. The flowchart of
SSA is presented in Figure 4.

The salp chain population is classified into two types. The
salp present at first in the salp chain is termed as leader
salp. The remaining salps in the salp chain are follower
salps. The leader salp guides the swarm, and the follower
salps follow each other. The behavior of the salp chain
is mathematically modeled to implement it as an opti-
mization technique. The location of salps is defined in an
n-dimensional search space. The salp chain is assumed to

Figure 4: Flowchart of SSA technique

advance towards the target in order to reach the food sup-
ply target F (optimal solution). The movements of leader
in the salp chain are defined by the following equation
[54]:

x1j =
{
Fj + C1((ubj − lbj)C2 + lbj), C3 ≥ 0
Fj − C1((ubj − lbj)C2 + lbj), C3 < 0 (25)

where Fj indicates the food source position in j-th
dimension, ubj and lbj denote the upper and lower bound
in j-th dimension, respectively. x1j indicates the position
of leader salp in j-th dimension. C2 and C3 are the
random numbers.

The parameter C1 is the main controlling variable in SSA
which balances the exploration and exploitation and is
represented as [54],

C1 = 2e−
(
4l
L

)2
(26)
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where l denotes the current iteration and L denotes the
maximum iteration. The movements of followers in the
salp chain are defined by the following equation [54],

xij = 1
2
(xij + xi−1

j ) (27)

where i ≥ 2 and xij indicates the position of i-th follower
salp in the j-th dimension.

The main factors of SSA are [54]:

I. F is always given the best solution found so far,
ensuring that it is never lost even if the swarm dete-
riorates.

II. The leader salp always exploits the search space and
follows the food source.

III. The follower salps gradually follow the leading salp,
by which they prevent SSA from trapping in local
optima.

IV. The parameter C1 decreases with iterations, by
which the search space is first explored and then
exploited (Figure 4).

4. SIMULATION RESULTS ANDDISCUSSION

The proposed system is developed in MATLAB/SIMU-
LINK R2021b environment. The Intel(R) Core(TM) i5-
8265U, 1.80GHz, 8GB RAM DELL laptop was used to
run the simulations. The upper and lower bounds of
the Kp, Ki, Kd parameters of the controllers are cho-
sen between −1 and +1 obtained after exhaustive trials
and errors. The fractional parameters λ and μ are chosen
between 0 and 2. The simulations were performed for the
maximum iteration of 200 to minimize J using optimiza-
tion algorithms. The simulation time considered for each
case is 120 s with a fixed step size of 0.001 s.

4.1 Case I: Performance Assessment of VPP
Systemwith PSO, FA, GOA, ALO, SCA, and
SSA-tuned FOPID Controllers

The Optimization techniques such as PSO, FA, GOA,
ALO, SCA, and SSA are employed in FOPID controlled

Table 3: Objective function values for different algorithms

Optimization Technique JISE (x 10−3)

ALO 7.58
FA 7.01
GOA 6.36
PSO 7.01
SCA 14.55
SSA 5.63

Figure 5: (a) Comparison of performance of ALO, FA, GOA, PSO,
SCA, and SSA. (b) �f1 under different algorithms. (c) �f2 under
different algorithms. (d):�Ptie under different algorithms
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system tominimize the objective function J for the distur-
bances. Table 3 presents the obtained ISE values, and Fig-
ures 5) compares convergence curves obtained by each
technique. From these results, it is clear that the SSA
technique provides a minimal value of ISE error over the
course of iterations.

The system responses �f1,�f2,�Ptie, obtained using
the different optimization algorithms are presented in
Figure 5 (b–d), respectively. By comparative analysis, it is
evident that the SSA technique can provide better system
responses over other techniques for the disturbances as
in Figure 6(a) in the system. In this regard, the SSA tech-
nique is chosen for tuning the controllers in our further
studies.

4.2 Case II: Performance Assessment of VPPModel
with FOPID, PID, and PI Controllers Tuned by
Salp Swarm Algorithm

In this study, the FOPID, PID, and PI controllers are
employed, and their dynamic performances under dif-
ferent scenarios of disturbances are analyzed. The SSA
technique is used to obtain the optimal gains of the con-
trollers. Figure 6) and Figure 7(a) represent two different
load and generation scenarios in the system.

4.2.1 Scenario-I

Table 4: Decision parameters for scenario-I
Dynamic characteristics PI PID FOPID

�f1 Peak Overshoot (Hz) 0.040 0.037 0.025
Peak Undershoot (Hz) 0.046 0.06 0.075
Settling Time (sec) 75.38 74.9 74.05

�f2 Peak Overshoot (Hz) 0.042 0.029 0.023
Peak Undershoot (Hz) 0.048 0.036 0.028
Settling Time (sec) 76.34 76.14 74.00

�Ptie Peak Overshoot (p.u) 0.011 0.008 0.005
Peak Undershoot (p.u) 0.013 0.012 0.008
Settling Time (sec) 73.33 75.31 71.34

Objective Function J(x 10−3) 14.44 9.17 5.63

4.2.2 Scenario-II
Figure 6(b–d) and Figure 7(b–d) show the system
responses for scenario-I and II, respectively. Each plot
compares the responses obtained using FOPID, PID, and
PI controllers. The minimized ISE values for each con-
troller and the dynamic characteristics obtained from
the response plots �f1, �f2, �Ptie for both scenarios are
presented in Tables 4 and 5. The results show that the
SSA-tuned FOPID controllers provide the least values of
the ISE function for both scenarios. It is also observed
that the SSA-tuned FOPID controller provides better per-
formances in terms of dynamic characteristics such as
peak overshoot, peak undershoot, and settling time for Figure 6: (a) Load and generation disturbance for scenario-I. (b)

�f1 under FOPID, PID, PI controllers. (c) �f2 under FOPID, PID, PI
controllers. (d)�Ptie under FOPID, PID, PI controllers
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Table 5: Decision parameters for scenario-II
Dynamic characteristics PI PID FOPID

�f1 Peak Overshoot (Hz) 0.053 0.048 0.035
Peak Undershoot (Hz) 0.064 0.074 0.079
Settling Time (sec) 75.12 73.60 72.26

�f2 Peak Overshoot (Hz) 0.053 0.037 0.034
Peak Undershoot (Hz) 0.060 0.046 0.045
Settling Time (sec) 76.02 75.41 73.71

�Ptie Peak Overshoot (p.u) 0.013 0.011 0.008
Peak Undershoot (p.u) 0.016 0.015 0.011
Settling Time (sec) 73.04 71.40 71.19

Objective Function J(x 10−3) 17.88 11.04 7.56

almost all the responses, except in the case of undershoot
of �f1.

4.2.3 Scenario III: Absence of Renewable Energy
Sources

In this case, the RESs such as Solar PV and Ocean wave
energy sources are considered to be under maintenance
or unavailable due to some adverse weather conditions.
The step load disturbances of 1.5% from t = 0 to 20 s,
then 4% from t = 20 to 70 s, and 3% from t = 70to
120 s as in scenario-II are simulated. Figure 8(a–c) shows
the system’s responses under certain conditions.

4.2.4 Scenario IV: RandomDisturbances of
Renewable Energy Sources

In this case, randomdisturbances of renewable sources as
in Figure 9(a) are simulated to reflect certain extreme
weather conditions. The responses of the system under
these conditions are presented in Figure 9(b–d).

From the system responses of the studied cases in sce-
narios III and IV, it is clear that the overall performance
of the SSA-tuned FOPID controller outperforms the PID
and PI controller for our grid-tied VPP model.

4.3 Case III: Sensitivity Test of SSA-tuned FOPID
Controllers Against System Uncertainties

4.3.1 Investigation of Robustness Against Load
Uncertainties

To study the robustness of the FOPID-controlled sys-
tem against load uncertainties, the disturbances as shown
in Figure 6(a) are considered without resetting the con-
troller’s optimal gains. The system is studied under
change in the loading condition up to ±25% of the nom-
inal conditions.

It can be observed in Figure 10(a–c) that the responses
due to the changes in load, almost follow the nomi-
nal load system responses but increase only in terms of
undershoots for increased loads.

Figure 7: (a) Load and generation disturbance for scenario-II; (b)
�f1 under FOPID, PID, PI controllers. (c) �f2 under FOPID, PID, PI
controllers. (d)�Ptie under FOPID, PID, PI controllers

4.3.2 Investigation of Robustness Against
Synchronizing Tie-Line Coefficient (T12)

The robustness of the FOPID-controlled system against
the Tie-Line Co-efficient (T12) parametric uncertainty
is studied under the disturbances as in Figure 6(a). The
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Figure 8: (a) �f1 under FOPID, PID, PI controllers. (b) �f2 under
FOPID, PID, PI controllers. (c)�Ptie under FOPID, PID, PI controllers

parameter T12 is considered to vary up to ±20% of its
nominal values, keeping nominal controller gain values.

It is observed in Figure 11(a–c), that the variations in T12
do not have much effect on the system responses, and
it retains almost the same responses as obtained under
nominal conditions.

Figure 9: (a): Randomdisturbancesof Renewable sources (b)�f1
under FOPID, PID, PI controllers. (c) �f2 under FOPID, PID, PI
controllers. (d)�Ptie under FOPID, PID, PI controllers

4.3.3 Investigation of Robustness Against Bias Factor
(B2)

To study the sturdiness of the FOPID-controlled sys-
tem against the Bias Factor (B2) parametric variations,
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Figure 10: (a)�f1 under load variations. (b)�f2 under load vari-
ations. (c)�Ptie under load variations

the system responses are studied under varying B2
up to ±20% of its nominal value. It is observed in
Figure 12(a–c) that the variations in B2 give the system
responses almost the same as the nominal responses.

Thus, the overall sensitivity test results proved that the
proposed SSA-tuned FOPID controller is robust against
the load and parametric uncertainties for our grid-tied
VPP system.

Figure 11: (a)�f1 under T12 variations. (b)�f2 under T12 varia-
tions. (c)�Ptie under T12 variations

5. CONCLUSION

This work studied the frequency regulation of the
grid-tied VPP with the structure of an independent
control area of diverse DERs. Employing the VPP system
with FOPID controller to analyze the system responses
under disturbed conditions is a maiden attempt. The
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Figure 12: (a) �f1 under B2 variations. (b) �f2 under B2 varia-
tions. (c)�Ptie under T12 variations

conclusions drawn from the work are summarized as
follows:

(1) The solar PV-AWEC-BDDG-PHEV units in VPP
and the conventional reheat-type thermal power
plant have been mathematically modeled in the
work.

(2) The implemented algorithm SSA outperforms the
other optimization algorithms in providing the ISE

value of 0.00563 which is lesser than the other
techniques like PSO (0.00701), FA(0.00701), SCA
(0.0145), ALO(0.00758) and GOA(0.00636). Thus,
SSA is chosen to obtain the optimal gains of the
controllers for our system.

(3) In the first scenario of disturbances, the SSA-tuned
FOPID controller is proved to provide aminimal ISE
value (0.00563) than PID (0.00917) and PI controller
(0.01444).

(4) In the second scenario of disturbances, the SSA-
tuned FOPID controller is proved to provide a min-
imal ISE value (0.00756) than PID (0.01104) and PI
controller (0.01788).

(5) Thus, the superiority of the SSA-tuned FOPID con-
troller over PID and PI controller is realized after
evaluating the time-domain specifications and ISE
objective function values.

(6) Finally, sensitivity analysis has been performed for
the proposed SSA-tuned FOPID controlled system,
taking into account the load and parametric uncer-
tainties, and from the analysis, the robustness of the
controller in withstanding the nominal responses
against uncertainties is proved.

Hence, it can be concluded that the SSA-tuned frac-
tional order PID controller is a better choice to sustain
deviations upon any disturbances in the grid-tied VPP
model.

In the future, modern controllers based control strategies
can be adopted using advanced optimization techniques
to improve the dynamic frequency response of the grid-
integrated VPP model.
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