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Abstract- The primary goal of power control in an autonomous Microgrid (MG) is to reduce power fluctuations caused by
undesirable operational conditions. This paper presents a reliable control method for standalone-based Microgrids with a single
power source, specifically focusing on output voltage control. The proposed approach is based on a robust Fractional-Order
Proportional Integral (FO-PI) controller. To achieve accurate control of current and voltage, a comprehensive Voltage Source
Converter (VSC) model is developed, and the controller is meticulously tuned. The fractional voltage controller ensures a
specified phase margin and enhances system robustness. Controller parameters are obtained using the constrained optimization
algorithm. The robustness of the proposed controller is assessed under various conditions including voltage reference changes,
high resistive load variations, filter parameter adjustments, and nonlinear load perturbations. Simulation results are conducted
using MATLAB/Simulink and they highlight the advantages of the FO-PI controller over the conventional PI controller,
including reduced peak overshoot, improved response time, enhanced output voltage quality, and reduced total harmonic
distortion. Furthermore, the fractional characteristics of the FO-PI controller enhance the robustness of the Voltage Source
Converter system compared to the PI controller.

Keywords Standalone micro-grid, PI Controller, Fractional order Pl Controller, constrained optimization, Uncertainties, Load
variation.

1. Introduction sources. These encompass wind turbines, thermal solar

systems, solar photovoltaic (PV) installations, hydroelectric

Traditional power generation sources, such as coal, oil,
and natural gas, are centralized and often require the
transmission of electric energy over long distances.
However, distributed energy resources (DER) systems are
recently gaining more and more importance in the world’s
energy supply. These DER systems are decentralized and can
be located close to consumers. Various types of DER options
exist, encompassing both renewable and non-renewable

power, diesel generators, fuel cells, geothermal setups, and
micro-turbines. Despite potential drawbacks like voltage
control and protection system issues [45], adopting
Distributed Generation (DG) offers numerous benefits,
including minimized power losses, substantial reduction in
the consumption of fossil fuels, education of emissions of
greenhouse gases, prolonged postponement of investments
required for expanding the transmission system and
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enhanced Power Quality (PQ) achieved using inverter-based
DG. Despite the benefits associated with DER, improper
placement, and dimensioning of these units within
distribution systems can lead to significant technical hurdles
[46].

These technical challenges can have adverse effects on
voltage management, the reliability of power supply, system
stability, asset control, protection systems, and the
occurrence of unwanted islanding events [45,46].
Additionally, DG can impact economic considerations. For
instance, distribution companies partially offset their
expenses by charging fees for grid connectivity. The
introduction of DG units into the system could jeopardize
this source of income.

Another notable key point deserving more detailed
consideration pertains to heightened uncertainty when
Distributed Energy Resources (DER) are in the mix,
necessitating the integration of a capable and streamlined
energy management system. In this context, it's essential to
factor in the variability of DER power output, especially
when they serve as backup units, as this variability may
change over time. DER units are commonly situated either in
areas with substantial load demand or at the terminus of
feeders within radial distribution systems.

Distributed generation projects, influenced by factors like
system topology and power output variability, impact system
characteristics. Strategic placement of DG units in radial
distribution systems improves voltage profiles, reduces
overloads, cuts peak demand, and lowers greenhouse gas
emissions. DG units transform passive networks into active
microgrids, offering benefits such as delayed capacity
expansions, increased reliability, and smoother load demand
curves. [46,47]

The application of MGs aligns well with the objectives of
an energy transition approach and allows efficient energy
management [2,3]. MGs offer customers the opportunity to
reduce greenhouse gas emissions and improve energy
supply. They enable the deployment of a greater number of
zero-emission  electricity ~ sources, thus  promoting
environmentally friendly energy production. The installation
of autonomous off-grid MGs, known as standalone MGs,
constitutes an alternative to extending the electricity grid to
supply isolated areas where access to an electricity grid is not
available, such as islands and isolated cities [4].

DER systems in microgrids are connected to the load
through power electronic converters, such as voltage source
converters. Fluctuations in load dynamics can lead to
significant variations and unwanted harmonics within the
system. These fluctuations negatively impact the power
quality, pose risks to system functionality, and can cause
noticeable distortions in voltage and current waveforms [5].
Therefore, maintaining high voltage quality, especially for
critical loads under worst-case load variations, requires
effective control of the VSC output voltage. The VSC’s
control architecture consists of an inner current regulator to
manage the system's dynamics and an outer voltage regulator
responsible for monitoring the AC reference voltage.

In linear circuits with only single-frequency sinusoidal
currents and voltages, the power factor is defined by the
phase shift of the current and voltage. However, nonlinear
loads introduce harmonic currents in addition to the
fundamental frequency AC [6,7], and the current waveform
deviates from a pure sine wave and takes on a different
shape.

In MG power systems, non-linear loads can include
rectifiers, certain types of electric lighting, electronic devices
like computers, printers, TVs, servers, and telecom devices
that use switched-mode power supply (SMPS) technology, as
well as welding equipment and variable speed drives.
Furthermore, in addition to non-linear loads, MGs can suffer
from significant levels of unbalanced conditions caused by
the intermittency of energy sources.

However, the MG must perform efficiently even when
subjected to nonlinear and unbalanced loads without
experiencing any decline in performance [8]. According to
the guidelines outlined in the IEEE standards [9,10], it is
crucial to maintain the total harmonic distortion (THD) and
the power factor within the standard values as presented in
Table 1.

Table 1. IEEE and IEC standards.

Issue IEEE 1547 IEC 61727
Frequency range  |59.9Hz-60.5Hz 50+ 1Hz
Power factor 0.90 0.90

Voltage range 88% - 110% 85% - 110%

Nominal power 30KW 10KW

Nominal voltage (97V-121V) (196V-121V)

Maximum current THD 5% 5%

Current injection <1 % lout <1 % lout

Several approaches have been developed to control
distributed generation systems specifically designed for MG
applications [11,12]. These approaches involve the utilization
of various controllers to mitigate voltage fluctuations and
harmonics, such as adaptive control [13], sliding mode
control [14], neural network-based control [15,16], predictive
control [17], and nonlinear control [18]. Additionally, many
techniques have also been proposed to reduce the THD
voltage of an inverter when facing nonlinear load conditions,
including passive filters and active damping [19, 20].

However, it is important to note that these techniques are
primarily designed for single-bus MGs, and their utility in
multi-bus microgrid applications has not been extensively
studied. In [21], wvarious current and power-sharing
management schemes for inverters are explored to mitigate
the effects of unbalanced and nonlinear loads.

On the other hand, among the compensation strategies
proposed in the existing literature, the repetitive control
technique [22] is convenient for harmonic compensation.
Traditionally, VSC applications have relied on various
Proportional-Integral-Derivative (PID) controllers [23] and
Proportional-Integral (P1) controllers as described in [24]
[25]. However, these controllers are highly sensitive to
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parameter fluctuations and may struggle to ensure
satisfactory performance and robustness, particularly when
faced with variations in system parameters and operational
conditions [25,26].

To enhance the PI controller’s performance over a wide
operating range [27], the application of FO-PI controllers has
been suggested. This approach offers resilience against
system uncertainties and helps to reduce voltage THD while
providing robust disturbance rejection. Fractional calculus-
based controllers have become more interesting in both
research and industrial applications due to their ability to
improve closed-loop system performance under uncertain
conditions [28]. Particularly for complex nonlinear systems,
the fractional order integrator component of the PI controller
adds a substantial amount of flexibility to the controller
design [29]. It has recently been used in several electric
power system applications, such as load frequency
management, voltage control, and stability analysis [30].

In [31], the study focuses on investigating a decentralized
control technique known as FO-PI control to stabilize the
output voltage levels within a microgrid system.
Additionally, [32] presents a control scheme that utilizes an
optimal fractional proportional-integral controller to enhance
power sharing for parallel inverters. The researchers
demonstrate that the fractional controller exhibits local
stabilization capabilities, effective power distribution among
resources, and minimization of circulating current, all
without relying on communication links between distributed
generators (DGs). To tackle uncertainties within the system,
a similar fractional order controller is proposed for a
standalone three-phase voltage source converter in [33]. The
suggested FO-PI controller was compared to the traditional
PID controller and shown to be efficient in terms of
resilience against uncertainties and high-frequency
disturbances.

In [34], a novel approach for controller tuning in the LFC of
microgrid systems with communication delays is proposed.
The FOPI method has significantly better system robustness
concerning model gain variations. Furthermore, the study
[35] introduces a decentralized coordinated control strategy
to regulate the output voltage of various distributed
generation systems, including solid oxide fuel cell (SOFC),
photovoltaic (PV) systems, and battery energy storage
systems (BESS). This strategy incorporates two types of
controllers: a modified fractional-order proportional-integral
(MFO-PI) controller and a two-degree-of-freedom
proportional-integral (2DOF-PI) controller.

On the other hand, to improve the efficient operation of DG
systems and energy storage devices, [36] introduces an
effective frequency controller based on fractional order
proportional-integral-derivative  (FO-PID) control. The
MOEO (multi-objective external optimization) algorithm has
been employed in this controller's design to reduce the
frequency deviation and controller output signal. Recently,
suggested single-objective evolutionary algorithms, such as
Kriging-based surrogate modeling and real-coded population
extreme optimization-based FO-PID controllers, as well as

other techniques such as FO-PID/PID controllers based on
non-dominated sorting genetic algorithm, have been defeated
by the decentralized coordinated control strategy that
includes the FO-PID-based frequency controller. In the same
context, [37] proposes a Hybrid Fuzzy Fractional Order
Cascade Integrated Proportional Filter (HFI-FOCPD), as an
effective controller. To ensure active power balancing in
integrated hybrid systems including solar panels, wind
turbines, energy storage, and loads, this controller is
precisely developed in the voltage-controlled loop of the DC
bus.

This paper presents a robust FO-PI controller designed
for three-phase standalone MGs with a single power source.
The proposed controller includes detailed modeling of VSC
to integrate inner current and voltage control. A constrained
optimization approach is implemented for controller
parameter adjustments. Several simulations are performed
using MATLAB/SIMULINK to test the operation of the
suggested FO-PI  controller by considering various
uncertainty and load variation scenarios. An in-depth
analysis of the obtained results of the FO-PI controller in
comparison with those of a typical PI controller is conducted
to evaluate the performance and effectiveness of the
proposed method.

The paper is structured as follows: Section Il provides a
comprehensive system description, including the modeling of
the VSC connected to a load via an LC filter. Section Il
focuses on the development of methods for tuning the
controller parameters. Section IV presents the simulation
results of a standalone MG to demonstrate the effectiveness
of the proposed controller in handling load variation and
system parameter uncertainties.

1. System Description and Modeling

Figure 1 illustrates a schematic model of a voltage
source converter connected to a load through an LC filter.
The model contains a DC source with a Vpc input DC
voltage, L is the inductor filter, C is the capacitor filter, and R
corresponds to the equivalent resistance, which involves the
filter inductor Ohmic losses and the VSC switch resistance.
The output inverter current, denoted as iiny = i, represents the
current generated by the inverter. On the other hand, i, refers
to the VSC output current that flows after the capacitor.

DER-INVERTER

' Three phase Load
a Sh S¢ L ©
. ‘I@ 5, » 1 . s
N I i -
O =
A y

e ”'4(} :"‘4@
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SPWM
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Figure 1. Schematic of the studied system.
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The states of the semiconductor switches, which are
IGBTS, alternate in a complementary manner. The control of
these switching states is achieved through a PWM signal that
incorporates binary values of 0 and 1.

The transformation from the abc frame to the
Synchronous Reference Frame (SRF) dq allows the
derivation of each three-phase variable. This transformation
is expressed in the following equation:

[idJ: cosé cos@—%n’) cos((9+§7r) :a )
b

-sing —Sin(9+§7r) —Sin(9+§n') i,

To ensure that the generated power matches the
reference signal in terms of frequency and phase, a PLL can
be employed. This monitoring and adjustment process is
crucial as any deviations in frequency or phase can lead to
instabilities and impact the overall system performance.
Various phase loop control methods, such as Synchronous
Reference Frame PLL (SRF-PLL), Enhanced PLL (EPLL),
and Second Order Generalized Integrator PLL (SOGI-PLL),
have been used in the literature [38]. For DG inverter
applications, the SRF-PLL scheme presented in Figure 2 is
widely used due to its simple implementation and effective
design [39]. In situations where instability and perturbations
are encountered, the SRF-PLL demonstrates superior
performance compared to other techniques.

Vd
v abc/ |—>
Cabe V ] 9
dgH2 N B

SRE-PLL

Figure 2. PLL synchronization.

Using the transformation, the output current and voltage
of the inverter can be expressed as follows:

iy = 'fid + wiy +%(vd -Veg )
. . . +l
<Iq——flq—a)zd t(vq—ch) (2)
Ved = @Veq +é(id “ig )
) 1
Vegq = ~@Veqy +E(iq —iLq)

With: vy, idq are d-q axes of the inverter voltage and current
output.

Vedgs ILdg, are d-g axes filter voltage and current output; and
o is the inverter output angular speed.

3. Controller Tuning

Figure 3 presents a dual-control structure composed of an
inner-loop current controller and an outer-loop voltage
controller.

FLOROM e AN r
Contrlle '(I)—’ I Contrlle

Figure 3. Control schematic of the studied system.

As shown in Figure 4 presenting the voltage and current
control loop schematic, the outer voltage control is ensured
by the controllers Gy(s) considering the feedforward
decoupling voltage Cwvcgqand the current compensation iLgg.
Conversely, the controllers G¢(s) ensure the inner current
control by considering the feedforward decoupling wLiiqq
current and the voltage compensation Vgg.

ILg Vad

‘*‘—’>+ 5 Gy(s) 1% — Gi(s) —X—V

\—“—‘—N — Gy(s) =Y =4 — Gs) —> 21—V

; I\l 25 T
l|qT V('q

Figure 4. Schematic of voltage and current control loop.

3.1. Inner Current Control

In equation (2), there is cross-coupling between iq and
ig, which needs to be decoupled to independently control the
d-q axis. This decoupling is accomplished by introducing
system input feedforward compensation.

Ug = Lwi +Vey

q

— : 3
Uy = La)ld +ch

Where ug and uq are the d-g axis controller output.

The transfer function of the system is presented as follows:

1

H(s)=
©) Ls+R

)

and the current controller is:
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K.
GC(S) = Kpc +TIC (5)

In [41], the proportional Ky and integral Kic gains of
inner current control Gg(s) are achieved through pole
placement to achieve pole-zero cancellation. The tuning
method employed in this paper relies on an optimization
algorithm.

e ug 1
—5h G (8)———T>
L.stR

=

Figure 5. The current control loop diagram.

3.2. Outer Voltage Control

The closed-loop transfer function for the current control
loop is:

Koo s+1
Hy (8)= e (6)
bf -
K
kL s+ s+(-s+1)

To facilitate the voltage controller tuning, the closed-
loop transfer function for the current control loop can be
approximated by a simplified first-order pole with reduced
order.

K
Since in higher frequencies, Ls>>1

Ko k
Therefore, H; ()= = @)
Ls+R+k, l+zs
k
Where k= —"— and r=;
R+k,, R+k,.

Bode Diagram

-40

Magnitude (dB)
8

-45 N

Phase (deg)

-90 - - | o ""'i.-
10° 10° 10* 10° 108

Figure 6. Comparison between frequency responses of
approximated and original closed-loop voltage control
transfer function.

Figure 6 illustrates the comparison of Bode plots,
highlighting the similarity between the approximated and
original transfer functions in terms of frequency response at
the voltage outer loop bandwidth of wy = 1000 rad/s.

Figure 7 showcases the closed voltage control loop
where a FO-PI controller is proposed to regulate the output
voltage.

u\'d k. id o 1 Vud_b

| —

Y

—+ —»( )
T v(sT) 1+1s Cs

Figure 7. Schematic of the Voltage control loop.

The PI voltage controller is defined as:
K.
GV(S): va +f @
However, the FO-PI voltage controller is defined as:
G,(5)= K, (1+ i
V(s) - pv( ST) (9)

where A is the integrator order

3.3. Optimization Problem

MGs often face uncertainties in load and supply
parameters, which is why it is crucial to ensure reliable and
stable operation even in the presence of these uncertainties.
The stability of MGs is directly influenced by the controller’s
parameters. Therefore, to fix this issue, an optimization
problem is formulated using a transfer function model and
solved using an optimization technique.

Various optimization techniques have been developed to
tackle nonlinear problems and address these challenges.
However, these techniques have certain limitations. They are
generally classified based on the search space and objective
function, such as Linear Programming (LP), Nonlinear
Programming (NLP), and Dynamic Programming (DP).
Computational intelligence-based techniques, such as
Genetic Algorithm (GA) and Particle Swarm Optimization
(PSO), have been proposed to tackle optimization problems
[40]. Constrained optimization methods have also been
employed in controller design in numerous studies [41] [42]
[43]. Including constraints in the control system design can
improve its performance and ensure its robustness against
uncertainties and load variations.

In this study, the Fmincon function in MATLAB is used
to handle input Hessians in different ways, including interior
point, active set, and sequential quadratic programming. The
selection of the interior-point algorithm is motivated by its
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capability to efficiently solve large-scale optimization
problems and its well-known faster convergence compared to
other algorithms [44]. Figure 8 represents the flowchart of
the interior-point algorithm used by the Fmincon solver.

Start Process

Fmicon
Interior Point Algorithm
-Input Data
-Design Variable X0

|
Evaluation iter 0
X=X0
Fmicon-Function=>J
Fmincon-Constraint

Evaluation Iter I ; i>0

New X>X=Xi
Fmincon-Constraint
Fmincon-Function =J

The 10-PI and FO-PI analytical controller parameters for the
current and voltage controllers are presented in Table 2.

4. Simulation Results

In this section, a detailed analysis of the newly
developed FO-PI control strategy is elaborated to evaluate its
performance and robustness. Simulations were carried out
using the MATLAB/Simulink Sim Power Systems
environment considering an abrupt change in the resistive
load and several uncertainties such as voltage reference
variations, deviations of filter parameters, and disturbances
of the non-linear loads. A comparative study with a
conventional PI controller was also carried out. The
controller’s parameters obtained by applying the proposed
optimization method, presented in the previous section, as
well as the system parameters and the desired performance
are presented in Table 3.

Table 3. System specifications.

Parameters  [Notation | Value |  Unit
System
DC input voltage Vdc 700 \Y
Frequency fs 50 Hz
Nominal voltage \Y 380 \Y
Figure 8. Interior-point algorithm flowchart. Filter Inductance L 3.125 mH
Filter resistance R 0.1 Q
The problem is defined as follows: "Minimize equation Filter Capacitor C 50 HF
(10) subject to the constraints described by equations (11) Sf\pég%ghnc%/ fs 4 kHz
;nd (12)", \t/vrlire X:_replreser)tilthe m;nal variable vector, and Desired performance
represents the optimal variable vector. Desired & z 0707 -
The key specifications for tuning the controller’s DeSﬁzgrgir;ase #n() 0 rad
parameters are associated with the phase margin (¢m) and Unity gain o 1000 rads
the unity-gain frequency(wu). frequency
) o ) Current Controller
~ To guarantee robustness against variations in system Proportional Kpc 29 3312 -
gain, a r(]:onstramtdls |rrrl1posed to denf]ure t_hat th_e (;pen-loop Integral Kic 1.0782¢° s 1
system has a steady phase around the ur‘uty-g.a!n requency Voltage Integer Controller
(ou). Tl_ns constraint enhances _the system's resﬂle.nce to gain Proportional Kpv 0.85 ;
fluctuations, and it is mathematically expressed as: Integral Kiv 12.1535 =
] . Voltage Fractional Controller
|H(qu )C(jo, )|dB =0 (10) Proportional Kpv 0.0389 -
. . Integral Kiv 19.73 1
rg(H =-180+ 11
arg(H(es, )CGio, ) =-180 %+, (1) Lambda A | 05635 :
dw W=y
Table 2.  Controller parameter tuning
10-PI controller FO-PI controller
Transfer function _ K;
CE=K, > CO=K,(1+1)
K2+ (KD \/(1+ Ko '*cos(ﬁ ) +Ko ’}'sin(/l—n )y
Constraint (10) IHGeo, ), )| = K S KK i > i@y 2’ .
1+ 20,2 Y1+,
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Constraint (11) o
u'p

tan™( L )-tan(ro, )- Tw, =-180+¢,

Kiwu""sin(ﬂ)
=tan(tan™ (Ao, + Tw, + 0, )
1+ Kiwu’}'cos(v?n)

Based on the specific controller parameters listed in Table
3, the voltage open-loop Bode diagrams system controlled
with the 10-PI and FO-PI controller are presented in Figure 9.

" . _-_-___ X: 1000
g 10 = - Y:-0.02974
2 Tom
ER T
on
2 -100
; X
X: 1000
200 Y:-110
- 10-PI

Fhase (deg)
X
5
|
!
|
/_.
9’;{
y
-
o
]

18—

1072 10° 10° 10! 108
Figure 9. Open-loop system’s Bode diagrams.

It is shown that at the desired frequency w,=1000rad/s,
the phase margin is identical to the desired one, and the gain
at wy, frequency approaches zero.

The fractional order Pl controller satisfies the constraint
(12) and maintains a nearly constant value while exhibiting a
relatively flat phase profile around the w..

The controlled system enhanced the robustness with the
optimal choice of the parameter A, surpassing the performance
of the 10-PI controller in providing a wide range of stability.

The reliability of the proposed control technique is
improved by including varied disturbances and uncertainties.

4.1 High Resistive Load Variation

Initially, a 5 kW resistive load is connected to the voltage
source inverter, then, an abrupt voltage disturbance is
created at t = 0.15s, by switching "ON" a 10 kW resistive
load.

Sudden alterations in the connected load can cause
significant instability and perturbation within the controlled
system. This negatively affects the system's performance
and leads to various problems such as harmonics, poor
power factor, and fluctuations in load voltage magnitudes.

Figure 10 illustrates the output power curve, which
demonstrates that the FO-PI controller successfully
generates the desired load power demand.

Unlike the 10-PI controller, the observed behavior with
the FO-PI shows a smooth transition from 5 kW to 10 kW
and exhibits less overshoot.

14

10-PI
Fo-PI |

B e AN A e

Power(w)

0 005 01 015 02 0.25 03
Time(s)

Figure 10. Power output is given by the fractional controller
(red) and the conventional controller (blue) in case of a high
resistive load variation.

400
™\ -
300} {
|
|
P |
% 200( Vd-10-PI
g | Vg-lO-PI
E 100 Vd-FO-PI
Vg-FO-PI
’ T
100k . . . . . |
0 0.05 0.1 0.15 0.2 0.25 03

Time(s)

Figure 11. d-axe voltage output given by the fractional and
conventional controllers in case of a high resistive load
variation.

Figure 11 depicts voltage output in the d-q axis applying
integer and fractional Pl controllers. The FO-PI controller
succeeds in reducing overshoot, particularly in voltage and
power transients. It also exhibits greater current and voltage
output quality than the PI controller, as represented in Figure
12 and Figure 13, respectively.

400

Voltage(V)
o

‘l\‘ ‘1 \f ‘l“‘“ ‘I\L Hf \‘f’ }“‘ “\ ‘K\ ‘,f \H i \‘;‘ ‘;.‘ l‘ ‘l“‘“»vﬂ‘ :\
"‘“f't“‘l?‘i)\‘.!“ul I

o 0.05 0.1 0.15 0.2 0.25 0.3
Time(s)

Voltage(v)
o

Figure 12. (a) Load voltage with FO-PI controller and
(b) Load voltage with 10-P1 controller in case of a high
resistive load variation.
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Figure 13. (a) Load current with FO-PI controller and (b)
Load current with 10-PI controller in case of a high
resistive load variation.

4.2 Voltage Reference Tracking

To assess the tracking effectiveness of the suggested
fractional controller, a disturbance was added to the voltage
reference input. The nominal voltage value was reduced by
10% from 310 V to 280 V.

Figure 14 displays the voltage output tracking in response
to this perturbation for both treated controllers. The Fractional
order controller demonstrates a rapid response time, reduced
undershoot during the transitional phase and reduced settling
time compared to the PI controller.

400
f"\\’-- - —
3OD—||' ..... e
|
|’
= 200H WVd-10-P1
S | Vg-10-PI
= Vvd-FO-PI
= 100f Vg-FO-PI
Dp.-w
-100 . L - - L
0 0.05 0.1 0.15 0.2 0.25 0.3
Time(s)

Figure 14. Voltage output tracking with 10-PI and FO-PI in
case of a voltage input disturbance.

Figure 15 and Figure 16 exhibit the load current and
voltage output, respectively, using the suggested controllers.
The perturbation in the voltage reference amplifies the total
harmonic distortion in both the current and voltage output.
The proposed FO-PI exhibits lower harmonic distortion than
the 10-PI controller, particularly during the perturbation

phase.

400

200 ff|

Voltage(V)
o

-200

-400

400

N
o
=]

Voltage (v)
o

o
=}
S

-400 " " "
0.1

0.2 0.25 0.3

Time(s)

Figure 15. (b) Load voltage with FO-PI controller and
(b) Load voltage with 10-PI controller in case of a
voltage input disturbance.
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Figure 16. (a) Load current with FO-PI controller and (b)
Load current with 10-PI controller in case of a voltage
input disturbance.

4.3 Filter Parameters Variations

Harmonic filter circuits are specifically designed to
mitigate the presence of harmonic currents in the power
system. Their main objective is to reduce the flow of
harmonics originating from the power source, thereby
alleviating the distortion caused by harmonic voltages within
the system.

The variation of the filter parameters can significantly
affect the system damping, particularly when the phase
margin is reduced. Intending to evaluate the robustness of the
suggested fractional PI, the inductance (L) and resistance (R)
parameters of the VSC filter are modified. Figure 17 and
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Figure 18 illustrate the THD of the voltage output using 10-PI
and FO-PI controllers for two different sets of filter
parameters. The parameter values of L and R are adjusted
fromL =3.125e-3HandR=0.1QtoL=6.5e-3HandR =
0.2 Q.

. For L = 3.125e-3H and R = 0.1Q

Fundamental (50Hz) = 310.2, THD= 0.46%
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Figure 17. (a) Voltage output THD with 10-PI controller
(b) Voltage output THD with FO-PI controller.
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Figure 18. (a) Voltage output THD with 10-PI controller

(b) Voltage output THD with FO-PI controller.

The THD values for the voltage output with the FO-PI
controller are measured at 0.38% and 0.45%, while with the
I0-PI controller, they are recorded as 0.46% and 0.56%.

The proposed fractional Pl controller demonstrates reduced
THD in both current and voltage than the PI controller.

Despite that the filter parameters variation leads to
modifications in the system damping, the FO-PI controller
enhances robustness against system uncertainties and filter
parameters variations.

4.4 Nonlinear Load Variation

The voltage source controller is connected to a linear load
and leads to the production of sinusoidal currents and voltages
at a single frequency. The power factor is solely determined
by the phase disparity between the current and voltage.

However, the introduction of nonlinear load types causes
a deviation in the current waveform from a pure sine wave,
resulting in the manifestation of different types of waveforms.
Figure 19 presents a schematic of a nonlinear load.

VsC Non-linear

Vo -I

Figure 19. Schematic of the nonlinear load.

|

The presence of non-linear loads introduces harmonic
currents in the fundamental frequency AC.

The THD of the voltage waveform, considering Pl and
FO-PI controllers, is observed in Figure 20. Figure 21
illustrates the behavior of the system upon connection to a
non-linear load.

Non-linear loads cause a deviation in the current and
voltage waveform from a pure sine wave, as depicted in
Figure 21, by introducing additional harmonics.

The 10-PI controller exhibits an increase in voltage
harmonic distortion from 0.46% to 2.01%, while the THD
with the FO-PI controller increases from 0.38% to 1.75%,
compared to the linear load condition.

The FO-PI controller demonstrates enhanced robustness
against harmonic distortion, particularly when the system is
connected to a non-linear load when compared to the
conventional PI controller.
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Figure 20. (a)Voltage output THD with 10-PI controller
and (b)Voltage output THD with FO-PI in case of a
nonlinear load.
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Figure 21. (a)Voltage output with 10-P1 controller and
(b)Voltage output with FO-PI in case of a nonlinear load.

5. Conclusion

In this study, a robust control strategy was developed for
three-phase standalone MGs with a single power source. It
consists of a Fractional Order-Pl1 (FO-PI) controller which
integrates the inner current and voltage control and whose
parameters are adjusted through a constrained optimization
approach. The global system was implemented and simulated
using MATLAB/Simulink software. To evaluate the proposed
controller's effectiveness, various simulation tests are
conducted, including disturbances caused by high resistive
loads, changes in voltage references, variations in filter

parameters, and switching of nonlinear loads. The
performance of the proposed controller was compared with
that of a conventional PI controller. The fractional controller
exhibits superior performance in terms of robustness against
load variations and uncertainties in system parameters.
Moreover, it achieves a reduction in total harmonic distortion
of 0.45% in the case of a system connected to a linear load
and 1.75% in the presence of a nonlinear load.

Based on this work, there are several potential research
avenues to explore. Firstly, it is recommended to conduct a
comparative study between the proposed robust control
approach and other robust control methods, such as CRONE
and H-infinity control. This comparison would provide further
information on the performance and effectiveness of the
proposed approach.

Additionally, experimental validation of the proposed
controller can be carried out to assess its performance in real-
world scenarios. As a practical application, the proposed
controller can be used for smart microgrids with multiple
sources. Besides its application in microgrid control, the
proposed controller can be applied to other different fields
such as speed control of an induction motor and electric
vehicle (EV) traction. The major disadvantage of FOPI
controllers is that are more difficult to implement, and tune
compared to classical PI controllers.

Furthermore, it is possible to extend the application of the
FO-PI controller to the management of complex MGs
involving multiple objectives and constraints. This could open
new avenues for research and contribute to the advancement
of microgrid control techniques.
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