
Citation: Pachauri, N.; Thangavel, V.;

Suresh, V.; Kantipudi, M.P.; Kotb, H.;

Tripathi, R.N.; Bajaj, M. A Robust

Fractional-Order Control Scheme for

PV-Penetrated Grid-Connected

Microgrid. Mathematics 2023, 11, 1283.

https://doi.org/10.3390/

math11061283

Academic Editor: Xinsong Yang

Received: 26 January 2023

Revised: 3 March 2023

Accepted: 3 March 2023

Published: 7 March 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

mathematics

Article

A Robust Fractional-Order Control Scheme for PV-Penetrated
Grid-Connected Microgrid
Nikhil Pachauri 1 , Vigneysh Thangavel 2, Velamuri Suresh 3 , Mvv Prasad Kantipudi 3 , Hossam Kotb 4 ,
Ravi Nath Tripathi 5,* and Mohit Bajaj 6,7,*

1 Department of Mechatronics, Manipal Institute of Technology, Manipal Academy of Higher Education,
Manipal 576104, India

2 School of Electrical and Electronics Engineering, SASTRA Deemed to Be University, Thanjavur 613401, India
3 Symbiosis Institute of Technology, Symbiosis International (Deemed University), Pune 412115, India
4 Department of Electrical Power and Machines, Faculty of Engineering, Alexandria University,

Alexandria 21544, Egypt
5 Nagamori Actuator Research Center, Kyoto University of Advanced Science, Kyoto 6158577, Japan
6 Department of Electrical Engineering, Graphic Era (Deemed to Be University), Dehradun 248002, India
7 Applied Science Research Center, Applied Science Private University, Amman 11931, Jordan
* Correspondence: tripathi.ravi@kuas.ac.jp (R.N.T.); mohitbajaj.ee@geu.ac.in or thebestbajaj@gmail.com (M.B.)

Abstract: This article presents a new cascaded control strategy to control the power flow in a
renewable-energy-based microgrid operating in grid-connected mode. The microgrid model is
composed of an AC utility grid interfaced with a multi-functional grid interactive converter (MF-
GIC) acting as a grid-forming converter, a photovoltaic (PV) power-generation system acting as
grid-feeding distributed generation unit, and various sensitive/non-sensitive customer loads. The
proposed control strategy consists of a fractional order PI (FO-PI) controller to smoothly regulate the
power flow between the utility grid, distributed generation unit, and the customers. The proposed
controller exploits the advantages of FO (Fractional Order) calculus in improving the steady-state and
dynamic performance of the renewable-energy-based microgrid under various operating conditions
and during system uncertainties. To tune the control parameters of the proposed controller, a recently
developed evaporation-rate-based water-cycle algorithm (ERWCA) is utilized. The performance of
the proposed control strategy is tested under various operating conditions to show its efficacy over
the conventional controller. The result shows that the proposed controller is effective and robust in
maintaining all the system parameters within limits under all operating conditions, including system
uncertainties.

Keywords: microgrid; renewable energy; power management; FO-PI; ER-WCA

MSC: 35B38; 74G65; 74H80

1. Introduction

Globally, the electricity demand is increasing at a rapid pace. It is customary to rely
on central power utilities to meet energy needs, resulting in high T&D losses. These
utilities are fueled primarily by fossil fuels and emit harmful NOX and SOX into the
environment. On the contrary, power generation from renewable energy sources has
several advantages, including reduced greenhouse gas emissions and economic feasibility.
Expansion of transmission networks to meet growing energy needs is not always viable.
Therefore, generating power locally at consumer premises (i.e., distributed generation) can
benefit central utilities by reducing T&D losses and enhancing reliability [1–3]. Distributed
generations (DGs) are mainly small-scale power generation sources such as solar PV, fuel
cell, small hydro, etc. These sources became one of the efficient ways of producing power
and have become an integral part of a microgrid (MG).
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An MG is a group of DGs with electronic interfaces, energy storage, and various
categories of loads which may function self-reliantly (islanded mode) or in tandem with the
utility grid (grid-connected mode) [3,4]. The MG may interchange power with the utility
while maintaining a steady frequency set by the utility grid when connected to the grid.
Developing an efficient control strategy for the power electronic interfaces is necessary to
establish a smooth power flow and maintain acceptable power quality. Table 1 summarizes
the control techniques proposed by several researchers for controlling voltage and current
in an MG.

Table 1. Literature review on MG controllers.

Author’s Control Schemes Inference

Malakondareddy et al. [5] Adaptive PI controller (API) An API-based control scheme is proposed for a grid-connected
PV system and reached dynamic response.

Safa et al. [6] Sliding mode control (SMC) The performance of SMC is tested under unbalanced operating
conditions.

Roselyn, J. P et al. [7] Fuzzy-logic control (FLC) The FLC-based real and reactive power control scheme is
implemented for the grid-connected PV system.

D. Arcos-Aviles et al. [8] FLC Fuzzy-logic-based energy management in residential
electro-thermal microgrid.

Vigneysh and Kumarappan [9] Adaptive fuzzy PI Dynamic performance of MG is improved using AFPI in
comparison to PI.

Mohamed, A. A et al. [10] Predictive Neural network controller (PNNC) A PNNC-based adaptive controller is implemented to regulate
DC bus voltage of grid-connected PV system.

Mohapatra et al. [11] Model predictive control (MPC) An MPC is implemented for grid-tied inverters under
unbalanced MG conditions.

Saleh et al. [12] Improved model predictive control (IMPC) IMPC handles balanced and unbalanced load efficiently in
comparison to conventional MPC

Ye et al. [13] Quasi-proportional-resonant controller (QPR) QPR is utilized to improve tracking capability of the MG
converter.

Zou et al. [14] PR+ repetitive controller This controller is utilized to improve current tracking accuracy.

Leitner, S et al. [15] Internal model control (IMC) An IMC is implemented for resonant current damping in
grid-connected MG

Zeng et al. [16] PI controller PI controller is utilized for enhancing power quality in an MG.
Pouresmaeil et al. [17] PI controller PI controller is utilized to connect RES to MG.

Bai, W et al. [18] ABC-optimized PI controller ABC tuned PI controller is adapted for grid-connected MG

Despite qualitative and quantitative progress in the design of controllers, the PI con-
troller is still widely used and effective. Usually, in renewable-energy-based MGs, multiple
PI controllers control the output current and voltage. The design of these controllers relies
on the mathematical model of the MG and the involved power electronic interfaces [16–19].
Generally, basic approaches with linear assumptions are utilized for tuning the PI con-
trollers. The presence of an integrator in a conventional PI controller leads to saturation
and additional phase lag, which in turn affects the overall stability margin. Moreover, the
PI controller cannot concurrently improve supervisory performance and disturbance rejec-
tion. Therefore, it may lead to steady-state errors when operating conditions or network
parameters of the MG change [20–23].

As discussed in the literature, apart from PI controllers, various controllers, such as
PR, SMC, MPC, IMC, Fuzzy-PI, etc., are implemented to control power flows in a grid-
connected MG. Every control scheme has advantages and disadvantages. SMC has benefits
such as swift dynamic response and resilience towards uncertainties. However, its chatter-
ing concerns might affect the steady-state performance at low switching frequencies [6].
The main drawback of fuzzy controllers is their rule-based development, which renders
them computationally exhaustive and complex [7–9]. MPC implementation for models
with significant uncertainty involves high costs and computational time [11,12].

Fractional order (FO) theory provides a versatile framework for developing robust
control techniques that can effectively address various complex engineering challenges.
While FO theory has been applied to various engineering fields, it has shown particular
promise in the realm of energy systems, where its unique advantages can be leveraged to
address the specific challenges of this domain. Recently, a few studies have been reported
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in the literature on the utilization of FO-based controllers for various applications such as
frequency control and frequency stability enhancement of microgrids [24,25], PV and wind-
integrated DC microgrid systems [26], and online frequency regulation in AC MG [26].
However, the design and implementation of FO controllers in renewable-energy-based
grid-integrated MGs still need to be explored.

In an MG, the network parameters such as resistance and reactance show “fractance”
behavior. Thus, it is convenient to model the dynamic behavior of an MG using frac-
tional order (FO)-calculus rather than integer order (IO)-calculus. Due to the outweighed
advantages, such as the selection of power for FO controllers, the trade-off between the
first- and second-order integrator part of the controller and FO-based control usage is
prevalent [27]. The integrator power in FO-PI is of fractional order, which necessitates
the tuning of one additional parameter compared to IO-PI. It facilitates achieving higher
flexibility in designing controllers for complex non-linear systems.

In the present work, a new dual-loop control approach comprising an FO-PI con-
troller is proposed to effectively control the operation of a multifunctional grid-interactive
converter (MF-GIC) in an MG system. The proposed dual-loop control strategy enables
the MF-GIC to inject the excess power into the grid and to simultaneously offer various
ancillary services, making it superior to other control approaches. The performance of the
proposed control approach is validated by considering different operating conditions and
uncertainties.

The proposed dual-loop control strategy requires optimizing six control parameters
(three for the voltage control loop and the rest for the current control loop), which is
difficult with traditional tuning methods. The difficulties in the simultaneous tuning of
control parameters can be addressed effectively using optimization techniques. In the
literature, various optimization techniques, such as GA, PSO, etc., are utilized for tuning
the controllers [28]. This work uses an optimization technique inspired by nature, ie, an
evaporation-rate-based water cycle algorithm (ERWCA), to adjust the control parame-
ters [29].

The uniqueness of the proposed work arises from the following:

1. A new dual-loop control approach that combines two FO-PI controllers is proposed
to operate a PV-interfaced grid-connected MG effectively.

2. The proposed dual-loop control strategy enables the grid-connected MG to provide
various ancillary services, even under various system operating conditions and uncer-
tainties.

3. An ERWCA technique is implemented to estimate the fractional-order PI controller’s
control parameters to efficiently exchange power flows between the utility grid and
the MG.

The following sections are written as follows. In Section 2, a description of MG is
given. Section 3 describes the proposed dual-loop control approach. In Section 4, ERWCA
for tuning controllers is explained. In Section 5, the results are presented and discussed.
Finally, the summary of the findings is given in Section 6.

2. Grid-Connected PV System

The schematic of the grid-connected PV system is presented in Figure 1. The PV
system is interconnected to the grid via MF-GIC and filter circuits. DC loads are joined at
the DC link fed directly by the PV system, and all other loads are connected at the PCC.
The PV system has interfaced DC-link capacitors, which help decouple it from the utility
grid [9] and facilitate autonomous control of MF-GIC whenever required.

2.1. Modelling of PV System

Solar PV systems are essential for reducing greenhouse gas emissions and minimizing
power-generation expenditures. The developed PV system’s modeling is based on the
single-diode solar cell model. Various parameters of PV array such as solar irradiance and
cell temperature are considered for the mathematical modeling to determine the power
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output. The developed PV system schematic is shown in Figure 2. The PV module is inte-
grated with a P&O-based MPPT system and a DC-DC boost converter to track maximum
power output. Equations (1)–(3) represent the single-diode solar cell model [9,10].
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The PV system output current is represented by

Ipv = Np Iph − Np Is

exp


q

(
Vpv

/
Ns

+
IpvRs

/
Np

)
kTc A

− 1

 (1)

where

Iph =
[

Isc + k1

(
Tc − Tre f

)]
λ
/

1000 (2)

The saturation current of PV cell is given by

Is = Irs

(
Tc

/
Tre f

)3

exp

qEg

(
1
/

Tre f
− 1
/

Tc

)/
kA

 (3)
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The number of series and parallel strings are represented by Np, Ns. q, λ, and K are the
electron charge, solar irradiance, and Boltzmann constant, respectively. The reference and
cell temperatures are indicated by Tref, Tc. The short-circuit and reverse saturation current
are given by Isc, Irs.

2.2. Reference Current Extraction

The primary goal of the designed dual-loop control technique is to exchange power
between the PV system and the utility grid after supplying power to DC loads. The MF-GIC
offers ancillary services such as adjusting imbalanced load and neutral currents, harmonic
mitigation, and managing reactive loads. The MF-GIC can perform this multi-tasking only
if an appropriate reference current is generated. Additionally, the suitable reference current
aids in maintaining balance in the grid current and permissible value of THD.

The developed control strategy for generating the reference current is given in Figure 3.
The excess current (IPV

∗) produced by DG is controlled only if the DC link voltage (Vdc)
is maintained effectively. The maintenance of Vdc is taken care of by the proposed FO-PI
controller. The load current (il,abc) and output of GIC (ic,abc) are measured for generating
the reference current for GIC. Equations (4) and (5) represent the active reference current
(icd
∗) and the reactive and neutral currents, respectively. The error signals produced from

(i∗cd, i∗cq, i∗c0) and (ic,abc) will be sent to the proposed FO-PI controller. It is worth noting that
an enhanced PLL (EPLL) is implemented for generating the angle (θ) for the synchronous
reference frame (dq0) [30].

icd
∗ = Ipv

∗ + ildh (4)

icq
∗ = ilq ; ic0

∗ = il0 (5)
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3. Proposed Cascaded FO-PI Controller for MF-GIC

Reforms in modern power systems, such as the integration of distributed energy re-
sources, energy storage systems, etc., render these power systems increasingly complicated.
Electronic interfaces controlled by conventional PI/PID controllers may not be sufficient
for the efficient operation of these complex power systems. Therefore, a novel dual-loop
control strategy with FO-based PI controllers is implemented for a grid-connected MG with
multifunctional capabilities. Furthermore, the proposed control strategy helps in balancing
the DC-link voltage and output current of MF-GIC effectively.
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FO-PI-Based Voltage/Current Controller

Fractional calculus derives a non-integer order (r), fundamental operator aDr
t from

generalized integration and differentiation with a and t as bounds of the operator and ∈R [31].
The integrodifferential operator is

aDr
t =


dr

dtr r > 0
1 r = 0∫ t

a (dτ)−r r < 0

 (6)

The FO transfer function in the s-domain is represented by

G(s) =
bmsrm + bm−1srm−1 + . . . . .+b0sr0

cnsan + cn−1san−1 + . . . . .+c0sa0
e−Ls (7)

where bm, bm−1, to b0, and cn, cn−1, to c0 are the coefficients of the numerator and denomi-
nator with a delay of L for the FO transfer function. Furthermore, different definitions of
fractional integrodifferential expressions are given by several authors as follows [32,33].

Grünwald–Letnikov expression,

aDr
t f (t) = lim

h→0
h−r

[ t−a
h ]

∑
j=0

(−1)j
(

r
j

)
f (t− jh) (8)

where (
r
j

)
=

Γ(r + 1)
Γ(j + 1)Γ(r− j + 1)

(9)

Riemann–Liouville and Caputo expressions are as follows [34].

aDr
t f (t) =

1
Γ(n− r)

dn

dtn

∫ t

a

f (τ)

(t− τ)r−n+1 dτ (10)

aDr
t f (t) =

1
Γ(r− n)

t∫
a

f (n)(τ)

(t− τ)r−n+1 dτ (11)

whereas n − 1 < r < n and Γ(n) is a popular Euler’s gamma function. By addition of
aDr

t f (t), the differentiator and integrator can be easily unified via Equations (10) and (11).
The gamma function is as follows:

Γ(n) =
∫ ∞

0
e−uun−1du (12)

FO integrodifferential is developed in this paper by utilizing “approximation of
Oustaloup”. This methodology uses a filter of order 2N + 1, which operates in the specified
frequency spectrum [ψL, ψH,]. The FO transfer function is given by [33].

sr = M
P

∏
k=−P

(
s + ψzk

)(
s + ψpk

) (13)

where M represents gain. The ψzk and ψpk , which are pole and zero frequencies, are given
below [32,33].

ψzk = ψL

(
ψH
ψL

) k+P+(1/2)(1−r)
2P+1

ψpk = ψL

(
ψH
ψL

) k+P+(1/2)(1+r)
2P+1

(14)
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In the time domain, FO-PI is represented by

u(t) = KP

(
1 +

1
Ti

D−λ

)
e(t) (15)

Here, the fractional power and proportional and Integral gains are λ KP, TI respec-
tively.

In the s-domain,

CFOPOI(s) =
U(s)
E(s)

= KP

(
1 +

1
Ti sλ

)
(16)

Figure 4 depicts the fundamental block diagram of the developed cascaded FO-PI
technique for MF-GIC. It involves an inner current control loop and an outer voltage control
loop to regulate the DC-link voltage efficiently.
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4. ERWCA Optimization

For any system, efficient and smooth operation involves determining optimal control
variables. Using trial and error or traditional approaches to fine-tune control settings is time-
consuming and will not produce desirable results in all operating situations. As a result,
it is advantageous to use metaheuristic approaches to determine the best control settings.
WCA is a metaheuristic algorithm inspired by the water cycle behavior of streams and
rivers. This algorithm has been proven to be efficient in solving global unconstrained and
constrained optimization problems. However, the WCA has some drawbacks, such as ease
of falling into local optimum and slow convergence speed. To overcome these shortcomings,
an enhanced WCA, which is associated with the evaporation rate, is developed to improve
these shortcomings. This ERWCA provides a better balance between exploitation and
exploration than WCA. Thus, the ERWCA metaheuristic technique is chosen to tune the
controller parameters optimally [29].

The following are the main steps for implementing ERWCA:

1. Input the variables by random generation within the bounds.
2. After evaluating fitness, define the maximum fitness value as SEA and other good

individuals as rivers.
3. Determine the flow rate of SEA and rivers.
4. Use below equations to merge SEA with rivers:

Xt+1
stream = Xt

stream + rand× C× (Xt
River − Xt

stream) (17)

Xt+1
stream = Xt

stream + rand× C× (Xt
sea − Xt

stream) (18)

1. From a stream, switch between river and sea locations to find the best solution.
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2. Merge the rivers with SEA using (19):

Xt+1
River = Xt

River + rand× C× (Xt
sea − Xt

stream) (19)

3. Again, switch between SEA and river locations if the river offers a better solution.
4. Determine the evaporation rate using (20):

ER =
Sum(NSn)

Nsr − 1
× rand n = 2, . . . . . ., Nsr (20)

5. Update the SEA and river locations based on the ER value.

XNew(t+1)
stream = L

→
B + rand× (U

→
B − L

→
B) (21)

XNew(t+1)
stream = Xt

sea +
√

µ× rand(1, N) (22)

6. Once the stopping criterion is reached, terminate the ERWCA process. Otherwise, go
to step 4.

The objective function chosen to determine the optimal control variable in this work
is the Integral Absolute Error (IAE). Figure 5 shows the ERWCA-tuned FO-PI for volt-
age/current control of MF-GIC. The parameters of ERWCA considered for determining the
optimal control variables are given in Table 2.

Table 2. ERWCA parameters.

Parameter Value

No. of Unknowns 6
Population 25
Max Iterations 20
Bounds for FO-PI Current Controller Kp1 ε [0.1, 2], Ki1 ε [100, 500], λ1 ε [0, 1],
Bounds for FO-PI Voltage Controller Kp2 ε [1, 15], Ki2 ε [100, 1000], λ2 ε [0, 1],
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5. Results and Discussion

In this section, a comprehensive analysis of the developed dual-loop control technique
for PV-based MF-GIC is presented. A detailed model of the system is implemented in
MATLAB/Simulink. Table 3 provides the design parameters considered for the study.
The proposed control technique is tested and validated in a multitude of scenarios as
follows: (i) a sudden modification in PV power output, (ii) a sudden modification in real
and reactive demand, and (iii) introducing imbalance and distortion on the grid side. It
is assumed that solar irradiance and temperature are time-varying during the simulation.
The switching of various types of loads is given in Table 4.
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Table 3. Parameters of microgrid.

Parameters Value

Nominal Voltage 400 V (L-L)
Rated Frequency 50 Hz
DC-link Voltage 700 V
Switching Frequency 10 kHz
DC-link Capacitor (Ca, Cb) 7500 µF

Filter Parameters Rg = 0.17 Rc = 0.06 Ω Ω, Rd = 1.495 Ω, Lc = 219.98
µH, Lg = 149.80 µH, Cf = 0.1 mF

PV parameters Rated Power = 50 kW; Cpv = 1500 µF, L1 = 4.8 mH.

Table 4. Switching sequence of various loads.

Type of Load Values Operating Period

Non-linear load and
un-balanced load

3ϕ: Rnl = 59.95 Ω, Lnl = 0.050 H
1ϕ (R-N): Rnl = 59.95 Ω, Lnl = 0.05 H
1ϕ (Y-N): Rnl = 59.95 Ω, Lnl = 0.05 H

0 s < t < 2 s

3ϕ balanced load
4.96 kVA at 0.85 PF 0 s < t < 2 s
4.96 kVA at 0.95 PF 0.7 s < t < 2.0 s
10 kVA at 0.95 PF 0.7 s < t < 1.2 s

DC load 10 kW 0.3 s < t < 2 s

As discussed, ERWCA is applied to assess the parameters of the FO-PI controller
(Kp1 = 0.89, Ki1 = 262.87, λ1 = 0.9892; Kp2 = 6.978, Ki2 = 712.30, λ2 = 0.9912). The Integral
Absolute Error (IAE) is minimal with the ERWCA-tuned parameters. The convergence
characteristics of ERWCA are given in Figure 6. It can be observed from Figure 6 that
ERWCA converges in less than 10 iterations for the specific problem. The time-varying
output power of the PV array is represented in Figure 7. At the starting point, the PV array
produces 39 kW output, and with a change in irradiance, the output power is gradually
reduced to 28 kW by 0.9 s, which is maintained until 1.6 s. Later, it rises to 36.2 kW for
the rest of the period. Figure 8 illustrates the equivalent PV output voltage and current.
The P&O algorithm can track variations in irradiance and aim to enhance power output
from the PV system. Figure 9 depicts the comparison of the MF-GIC voltage with PI.
The proposed controller’s tracking performance and disturbance rejection outperform the
conventional PI controller during various disturbances. Furthermore, it offers an excellent
response with a reduced peak and a quicker settling time under all operating conditions.
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Figure 9. DC-link voltage of MF-GIC.

Figure 10 depicts the actual power output of the utility grid. Initially, the power
generated from the PV system is supplied to the loads, and the surplus power is injected
into the utility grid. With gradual changes in solar irradiance, the FO-PI controller regulates
the power flows effectively throughout the period. The FO-PI controller is efficient in
controlling the power during sudden changes in MG load demand. At approximately
0.8 s, due to a deficit in output power from the PV system, the utility injects the real power
desired by the load. The proposed FO-PI controller provides better dynamic and transient
performance during these transitions. Table 5 compares performance indices such as peak
time, settling time, and rise time through the PI controller to illustrate the superiority
of the proposed FO-PI controller. In addition, the results are compared with existing
control approaches reported in the literature. The table verifies that the proposed FO-PI
controller has a lower overshoot and settling time when compared to other controllers. The
overall IAE and ITAE are low in the case of the proposed controller under all operational
conditions.
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Table 5. Performance indices of developed controller.

Instance Type Overshoot/
Undershoot (%)

Rise Time
(ms)

Settling Time
(ms) IAE ITAE

Step Increase in Load

PI 12 7.8 34 2.368 1.754
SMC [6] 9 - 98 - -
AFPI [9] 3.8 - 48 - -
Proposed 2.6 12.1 28 1.521 0.5548

Step Decrease in Load PI 13.8 8.2 42 2.861 2.035
Proposed 1.9 14 26 2.49 1.582

Figure 11 depicts the MF-GIC’s real power output. At t = 0.3 s, an additional DC load
is connected to the system, which necessitates effective regulation of the power output from
the PV system and the utility grid suddenly. This disturbance at the DC side is effectively
handled by the FO-PI controller in terms of the overshoot and settling time compared to
the PI controller. The comparison of active, current reference tracking errors between PI
and FO-PI is presented in Figure 12. The PI controller has a prominent steady-state error
while tracking active current references, whereas the FO-PI controller offers a negligible
error.
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Due to the presence of non-linear loads and three-AC loads, the reactive power
demand in the system increases abruptly. The MF-GIC can effectively handle this without
relying on a utility grid and additional active filters. The reactive power from the grid
is effectively regulated and maintained close to zero with less oscillations by the FO-PI
controller when compared to PI, which can be observed from Figures 13 and 14, respectively.
Therefore, it is proven that the proposed dual-loop control strategy effectively provides
reactive power compensation aside from its core purpose of controlling power flows. The
reactive current tracking of FO-PI and traditional PI is shown in Figure 15. It is seen that
FO-PI offers better tracking with fewer oscillations compared to the PI controller.

Mathematics 2023, 11, x FOR PEER REVIEW 14 of 20 
 

Due to the presence of non-linear loads and three-AC loads, the reactive power de-

mand in the system increases abruptly. The MF-GIC can effectively handle this without 

relying on a utility grid and additional active filters. The reactive power from the grid is 

effectively regulated and maintained close to zero with less oscillations by the FO-PI con-

troller when compared to PI, which can be observed from Figures 13 and 14, respectively. 

Therefore, it is proven that the proposed dual-loop control strategy effectively provides 

reactive power compensation aside from its core purpose of controlling power flows. The 

reactive current tracking of FO-PI and traditional PI is shown in Figure 15. It is seen that 

FO-PI offers better tracking with fewer oscillations compared to the PI controller. 

 

Figure 13. Comparison of the output of MF-GIC. 

 

Figure 14. Reactive power output of the grid. 

Figure 13. Comparison of the output of MF-GIC.

Mathematics 2023, 11, x FOR PEER REVIEW 14 of 20 
 

Due to the presence of non-linear loads and three-AC loads, the reactive power de-

mand in the system increases abruptly. The MF-GIC can effectively handle this without 

relying on a utility grid and additional active filters. The reactive power from the grid is 

effectively regulated and maintained close to zero with less oscillations by the FO-PI con-

troller when compared to PI, which can be observed from Figures 13 and 14, respectively. 

Therefore, it is proven that the proposed dual-loop control strategy effectively provides 

reactive power compensation aside from its core purpose of controlling power flows. The 

reactive current tracking of FO-PI and traditional PI is shown in Figure 15. It is seen that 

FO-PI offers better tracking with fewer oscillations compared to the PI controller. 

 

Figure 13. Comparison of the output of MF-GIC. 

 

Figure 14. Reactive power output of the grid. Figure 14. Reactive power output of the grid.

The existence of non-linear loads in an MG leads to the flow of neutral currents in the
system, which is undesirable. The proposed control strategy automatically takes care of
this issue without additional equipment. The neutral current waveforms of load, GIC, and
utility grid are shown in Figure 16. The load neutral current is compensated effectively by
the MF-GIC and maintains zero neutral currents at the utility.

The three-phase current waveforms of load, utility, and MF-GIC are presented in
Figure 17. The grid current is sinusoidal and balanced with a THD of 0.81% in the presence
of an unbalanced and distorted load current. As a result, it is possible to conclude that the
proposed control strategy has multifunctional capabilities in offering ancillary services.
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The study is advanced with the inclusion of distortions and grid-side imbalance to
verify the robustness of the developed dual-loop control technique. Figure 18 depicts the
distorted and imbalanced grid voltage used in the study. Figures 19 and 20 illustrate the grid
current and GIC current waveforms acquired using the proposed FO-PI and conventional PI,
respectively. The developed dual-loop control technique efficiently mitigates grid voltage
disturbances and maintains sinusoidal grid current with a THD of 1.30 percent. Under
this case, the PI controller fails to keep the grid current sinusoidal, as seen in Figure 20. In
this situation, the THD is estimated to be roughly 10.58 percent. This demonstrates the
strength of the proposed dual-loop control technique with a cascaded FO-PI in dealing
with grid-side uncertainties.
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6. Conclusions

Due to the uncertain nature of renewable energy resources, regulating power flows in
a microgrid is quite challenging. To effectively handle this issue, a new dual-loop control
strategy consisting of an FO-PI controller is proposed in this paper for controlling the MF-
GIC. The efficacy of the proposed controller is investigated on a grid-connected PV system
consisting of balanced, unbalanced, and non-linear loads. Various operating conditions
such as sudden changes in PV power output, power demand, and disturbances on the grid
side are considered. The results show that, with the proposed control approach, the steady-
state performance of the renewable energy microgrid in controlling the active and reactive
power flow is improved significantly. The dynamic performance is also enhanced with
the proposed control scheme during various operating conditions. The proposed control
strategy significantly improves settling time and reduces overshoot and oscillations during
disturbances. In addition to this, the MF-GIC has offered various ancillary services such
as reactive power compensation, mitigation of load current harmonics, and unbalanced
load and neutral current compensation to maintain good power quality. For future work,
the effect of adding constant power loads to the microgrid needs to be explored. Constant
power loads often bring stability issues due to their negative impedance characteristics.
Hence, the effect of the proposed control approach can be explored by including the impact
of constant power loads.
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Abbreviations

API Adaptive PI Control
DG Distributed Generation
ERWCA Evaporation-Rate-based Water Cycle Algorithm
FLC Fuzzy-Logic Control
FO Fractional Order
FO-PI Fractional Order PI
GIC Grid Interactive Converter
IAE Integral Absolute Error
IMC Internal Model Control
IMPC Internal Model Predictive Control
IO Integer Order
ITAE Integral Time Absolute Error
MF-GIC Multi-functional Grid Interactive Converter
MG Microgrid
MPC Model Predictive Control
MPPT Maximum Power Point Tracking
PCC Point of Common Coupling
PNNC Predictive Neural Network Controller
PV Photovoltaic
P&O Perturb & Observe
QPR Quasi-Proportional-Resonant Controller
SMC Sliding-Mode Control
THD Total Harmonic Distortion
T&D Transmission & Distribution
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