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Adaptive Voltage Regulation Control Strategy in a Stand-Alone
Islanded DC Microgrid based on distributed Wind / Photovoltaic /
Diesel/ Energy Storage Hybrid Energy Conversion System

Adel Elgammal and Tagore Ramlal

Abstract — An adaptive approach for optimal tuning of a
SMC for an automated voltage regulator system is displayed in
this study. The approach is centered on hybrid of the GA and
MOPSA. In addition, unique objective functions for the
controller's parameter optimization are suggested. The
performance of the resulting perfect sliding mode controller is
confirmed by comparing it to controllers adjusted using various
techniques that have been published in the literature. The
simulation outcomes indicate that controllers tuned with the
projected MOPSO and GA algorithms outperform controllers
tuned with existing methods. In addition, a comparison study is
performed to select the best controller for use in AVR systems.
The suggested algorithm's major benefit is a considerable boost
in convergence speed. With step changes and step load
modifications in input wind power, the system model with built-
in intelligent controller is generated in MATLAB/SIMULINK.
The benefits of the recommended intelligent control algorithm
are confirmed by comparing the outcomes of the sliding mode
controller and the projected MOPSO self-tuned controller. The
findings show that the hybrid Wind/PV system's reactive power
adjustment capabilities. When used in conjunction with BES, it
is extremely successful in optimising the voltage profile although
providing active energy to local load.

Key words — Automatic voltage regulation, Battery energy
storage, DC link voltage, Distribution system, intelligent
smoothing control, Reactive power, Sliding Mode controller,
Solar photovoltaic (PV), Wind Energy, wind/PV hybrid power
system.

I. INTRODUCTION

In remote places where expanding the public grid is
difficult, there is an increasing need to create and execute
economic power solutions to meet power burdens while
simultaneously  minimizing  potential  environmental
repercussions [1]. Hybrid power systems cantered on
biomass, photovoltaic, and wind, for example, are very
interesting solutions with a lot of promise for satisfying the
local demands of remote areas in a sustainable and effective
way [2]. The abundance of sun and wind energy found in
distant regions allows for the utilization of RE resources for
electricity generation [3]. Because renewable energy sources
are unpredictable and fluctuate in nature, achieving a stable
and high-quality supply necessitates a proper control
mechanism to keep frequency and voltage within prescribed
parameters [4]. The off grid hybrid power structure
investigated in the present study is made up of photovoltaic
(PV), wind, and diesel generators (DG). This sort of off grid
hybrid power structure has previously been installed on a few
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isolated settlements or tiny islands [5]. The reactive power
demand of the load, along with reactive power utilized
through induction generator linked to the wind turbine affect
system's reactive energy requirements. Inadequate voltage
control is caused by a reactive power imbalance in structure.
As aresult, system voltage variations may surpass the voltage
allowed limits, causing end users to be unsatisfied with the
quality of the power supply [6]. Previous research has been
published that used a static synchronous compensator and a
static voltage compensator for reactive power to manage the
voltage of off grid hybrid power structure [7]-[9]. The
possibility of distributed energy resources with a suitable
electronic power link to provide reactive power to the grid
along with active power supply has been considered in [10].
In off grid hybrid energy systems, the capacity of PV
inverters to create or utilize reactive power to regulate voltage
might be an answer to the power supply issue.

Inverter control is usually done using traditional Pl and
PID controllers. Under rated working circumstances, the
proportional-integral controller with fixed gains constants
executes admirably. However, it fails to provide greater
responsiveness under varying operating circumstances [11].
As a result, to manage the effects of changing structure
variables, control structures necessitate a flexible controller
with an adaptive character. The ability of Fuzzy Logic
Control (FLC) to function in a wide range of operating
situations has shown its strength. FLC rules are expressed in
natural language words and are flexible fuzzy rules that
mimic the approaches of a human operator [12], [13]. The
controller's proper tuning is critical for the automated voltage
regulator system's intended voltage response. To that
purpose, a vast number of existing research focus on
identifying the best parameter values. The particle swarm
optimization [19]-[21] and genetic algorithm [14]-[18] are
two of the most prominent optimization approaches based on
the use of metaheuristic algorithms. Also, Other algorithms
can be used for optimization, such as multi-objective
extremal optimization (MOEQO) [38], chaotic ant swarm
(CAS) [36], [37], craziness PSO (CRPSO) and velocity
update relaxation PSO (VURPSO) [35], harmony search
algorithm (HSA) [34], artificial bee colony (ABC) [32], [33],
symbiotic organisms search (SOS) [31], chaos optimization
algorithm (COA) [30], many optimizing liaisons (MOL) [29],
teaching—learning-based optimization (TLBO) [28], ant
colony optimization (ACO) [26], [27], cuckoo search (CS)
[24], [25], whale optimization algorithm (WOA) [23],
improved kidney—inspired algorithm (IKA) [22], and others.
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The fact that there are so many optimization approaches
implies that the current findings can be improved much
further.

PV and wind power production technologies have the
drawback of having an unpredictable power output, which
can severely influence microgrid and utility operations. This
problem can be overcome by combining solar and wind
energy with a battery energy storage device. Control
techniques for such hybrid generating systems must be
devised in order to efficiently dispatch electricity. As a result,
a fuzzy-logic-based wavelet filtering control approach for
smoothing the output fluctuation of wind and photovoltaic
hybrid power production structure is presented in this work.
Because voltage management is so important for supply
quality, regulating reactive energy has become an significant
part of off grid power structure. The gradual penetration of
solar photovoltaic (PV) and wind turbines in the distribution
system is causing voltage problems. During peak PV and
wind generation and peak load demand, the problem becomes
more complex. The voltage profile is managed in this study
using off grid hybrid power structure with VAR assistance.
The wind power provided by DE along Synchronous
Generator, a solar system with an inverter, and an induction
generator make up the DC-microgrid under discussion. The
combined functioning of the BES and hybrid PV/Wind is
being researched to ensure that the distribution system's
voltage profile is enhanced. Variations in PV and Wind
generation and load are taken into account to ensure that the
planned scheme is effective. The current standard for
smoothing intermittent solar or wind power production is the
battery energy storage system. When an inverter is large, its
reactive current capacity rises while inputting maximum
electric power, allowing it to supply the system with the
reactive power support it needs to keep the voltage profile
flat. This paper proposes an actual grid-connected use of
battery energy storage and PV/Wind to manage direct current
associated voltage and rectify reactive power while delivering
active power to local consumers. For minimizing output
power fluctuations of BESS/PV/wind hybrid power
generating systems, sliding mode controller based a voltage
smoothing control approach based on MOPSOQ is presented.
This study presents an intelligent control based on a SMC
technique with MOPSO for controlling reactive power of a
battery, wind, or PV inverter to manage load bus voltage. In
grid-connected mode, effective charging and discharging of
the battery has also been confirmed under changing power
supply and varied load conditions. The findings show that the
proposed hybrid system structure, as well as associated
control, has potential applicability in current renewable
energy-based grid developments. This article looks at voltage
regulation for a DC-microgrid system with constant power
demands, constant resistance, and battery, wind, and PV array
energy storage. To modify the controller's settings, this study
presented a self-tuned sliding mode controller based on
MOPSO. The voltage profile stability is investigated using
the suggested controller under various load conditions and
changing operational conditions. The suggested regulators
may achieve MPPT, load voltages of the photovoltaic power
output, and DC-microgrid control objectives, such as bus
global regulation. The control approach's important part is to
keep the grid linked hybrid system consistent under a variety
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of operating situations. The capacity of the hybrid model to
change reactive power has been used to enhance power
quality and system dependability.

Il. CONFIGURATION OF HYBRID POWER SYSTEM

The suggested Battery/Diesel/Wind/PV Hybrid power
structure considered in this research is depicted in Fig. 1. A
storage battery structure, variable wind speed turbine with
Solar photovoltaic and DFIG structure with DC-AC inverter,
and DG (Diesel Generator) with two RESs and excitation
control make up the Hybrid power system setup. The whole
load is grouped together and linked to a single bus. A
common coupling bus connects these two RESs to the
system. Two transmission lines and two transformers link this
common connection bus to the grid. This centralized DC bus
HPS topology has several advantages, including ease of
control, cost, and control reliability. At nominal operational
solar irradiance and cell temperature, the PV modules
evaluated provide a peak output power of 90 kW. A total of
twenty four solar panels are linked in series, while another 20
are linked in parallel. The solar PV system is made up of a
total of 480 panels. For the wind turbine, a 180 kW PMSG
type generator is being explored. The system's maximum
connected load is 70 kW, which includes a forty kilowatt base
load and two other 15 kW loads. Because it is considered an
island electrical load, the load is changeable. The BESS
(Battery Energy Storage System) has a capacity of 400
kilowatt-hours. One string comprises of seventy two 120 Ah
batteries linked in series and capable of storing 100 kilowatt-
hours of energy. Three of these strings are linked in parallel
to deliver three hundred kilowatt-hours of energy, implying
that the Battery Energy Storage System can power an 80 kW
load for 3 hours and 45 minutes. MATLAB/ Simulink is used
to model the system controllers and components. Changing
the amplitude of the injected current into the AC side is
commonly used to adjust the direct current bus voltage. The
direct current bus voltage lowers when the injected AC
current is raised, and vice versa. However, on the AC side,
this method may result in a considerable drop in power
quality. Two stages of DC-DC converters are utilised in the
proposed HPS technique to enable DC voltage stability and
MPP operation, as illustrated in Fig. 1. The boost converter is
the first stage in the MPP operating process. The direct
current bus voltage is controlled through the second
converter, the Buck-Boost converter. A SMC based MOPSO
for the HPS is proposed in this study, and it can electrify a
village load or a 55 kW Peak industrial load. The output
voltage of a solar PV system varies from 200 V to 450 V
depending on temperature and sun irradiation intensity.
Depending on the wind speed, the wind generator's output
voltage ranges from 200 to 500 volts. To increase the
voltages, the duty cycle of the Enhance converter is adjusted
in each case. The duty cycles are taken from the respective
Sliding Mode Controllers. Both the Wind and Solar
Generators use DC-DC Buck-Boost converters with Sliding
Mode controllers to keep the DC Bus voltage at 450 V, as
shown in Figure 1. STATCOM is linked to the structure at the
Power Control Centre and may be adjusted to enhance system
performance based on the voltage at the Power Control
Centre. STATCOM is made up of Voltage Source
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Converters, a coupling transformer and a direct current
capacitive energy storing device that connects the Voltage
Source Converters to the Power Control Centre's power
network in a shunt configuration. Based on the frequency of
the AC power supply, the Voltage Source Converters create
a set of controlled voltages. Depending on the difference
between the reference voltage and the Power Control Centre
voltage, STATCOM can work in capacitive or inductive
modes, with 1pu assuming a 450 V base voltage. If the
voltage amplitude at the Power Control Centre decreases, a
leading current is injected from STATCOM to the grid at the
Power Control Centre, resulting in reactive power generation
by the STATCOM (capacitive mode). A trailing current is
injected from STATCOM to the grid at Power Control Centre
when in inductive mode. As the Power Control Centre grows,
the STATCOM absorbs the reactive power. There is no
power exchange if the Power Control Centre voltage is not
altered. During fault occurrences, this controlled injected
current from STATCOM reduces voltage swings in the
Power Control Centre. The main contribution of the research
is the near-optimal scheduling of two sliding mode
controllers to efficiently drive the STATCOM and, as a
consequence, enhance the hybrid system dynamic
performance by minimizing voltage fluctuations. On the
input side of the inverter, the PV system studied in this study
is assumed to have a rigid direct current supply. As a result,
as presented in Fig 2, the control technique is constructed on
a self-tuning sliding mode controller that is limited to inverter
control alone. The PV grid connected inverter's control is
supplemented with voltage control depend on diesel
generator power output. The local voltage control circuitry
creates the inverter's reactive power reference Qref
depending on current characteristics and the local voltage
control target. By substituting this reactive power reference
Qref, the diesel generator is coupled to a function for
regulating local voltage. Distributed photovoltaic production,
according to the MPPT, achieves the reference value of the
inverter's diesel generator voltage in real time. In order to
maximize PV power production, it assembles current and
voltage output from photovoltaic cell array. The present iqref
reference value's active component is generated from outer
loop controller of direct current voltage. The current iqref
reactive component of reference value is generated from
outer-loop control of reactive power. The local voltage
control technique provides reference value for the reactive
power Qref. Finally, the Pulse Width Modulation drive signal
of an Insulated Gate Bipolar Transistor is generated by
combining PWM generating technique with current
management. The control scheme's main purpose is to adjust
voltage and reactive power of control inverter for an active
power based on the local grid's reference demand. Two
controlled outputs’ phase angle QIN and PIN, as well as
amount of inverter voltage, are adjustable inputs. As a result,
the control structure is divided into two loops, first for active
power control and second for voltage regulation. When the
operating point of the system changes owing to disturbances,
the control assembly based on fixed gain SMC exhibits
inadequate responsiveness. For optimal performance, the
gains of the voltage control loop's sliding mode controller are
dependent on the size of reactive power load. Fig. 3 displays
block schematic of the entire control architecture for Battery

DOI: http://dx.doi.org/10.24018/ejece.2021.5.4.343

EJECE, European Journal of Electrical Engineering and Computer Science
ISSN: 2736-5751

Energy system.

The considered Machine Side Converter (MSC) in the
system is the three-phase AC/DC converter of the
conventional topology of two-level voltage inverter. The use
of Rotor Field Oriented Controller to the control of DFIG
with MSC is based on vector control. Fig. 4 depicts the full
control system for GSC and MSC using Space Vector
Modulation. In the proposed control scheme, there are three
controller loops. The outer controller loop's goal is to regulate
generator's rotating speed. Two inner control loops are
designed for control of individual components of the stator
current vector. The sliding mode controller in the outer
control loop provides by control, that the generator speed is
following the reference course of optimal speed wopt of the
wind turbine, at which point full power of wind turbine is
produced. The reference signal isq* of the g-component of
stator current vector is generated as the output control signal
of the speed control loop. The reference signal isq*
determines the desired electromagnetic torque of DFIG. Both
stator current vector components: isd and isq are regulated
thorough two inner control loops with sliding mode
controllers. In the control system, the method of zero d-axis
stator current control is realized, and for this reason, the
reference component isd* of stator current vector is set to zero
value. As a result of this, the stator current vector will be
equal only to its g-axis component isq. With isd = 0, the
generator’s electromagnetic torque is proportional to current
component isq on g-axis. The stator current reference isq* is
achieved in the control system by using the operation of the
MPPT block. The reference dg-axis components isd* and
isq* of stator current vector are compared with the real
current components isd and isq, obtained from measurement
and transformation of real stator phase currents. As the result
of the comparison operation, the error control signals are
generated and sent to the individual sliding mode controllers.
Decoupling blocks have also been incorporated in the control
system to provide excellent control performance. Each
decoupling block's output signal is added to the appropriate
controller's output signal. In this way, the resultant control
signals that form the dg-axis reference components vpd* and
vpg* of the stator voltage vector are obtained. These
reference voltages are subsequently converted from a
spinning d-g-system to a fixed one and supplied to the MSC's
Space Vector Modulation block. The Grid Side Converter is
the three-phase DC/AC converter of the conventional
topology of two-level voltage inverter. For the control of
GSC the modern control method based on Direct Power
Control with SVM modulation has been implemented. The
GSC's primary goal is to execute the system's fundamental
control functions. Controlling the GSC's DC link voltage
along with instantaneous reactive and active power provided
to alternative current grid is among these responsibilities. In
the GSC's control system; there are three control loops with
sliding mode controllers. The GSC and DC bus DC
connection voltage is regulated by the outside control loop.
The reactive and active power delivered to loads and to AC
grid is regulated by 2 inner control loops. The reactive and
active power values are measured and then estimated in
specific blocks before being associated to reference values.
The reference of reactive grid power is set to zero in the
common operation of the control structure in order to run the
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structure at unity power factor. The active grid power
reference is calculated by multiplying the converter's
measured DC voltage by the grid current vector component's
reference value. The external control loop provides the
reference value for grid current vector constituent. The
reference grid voltage vector components and for GSC

DC Bus
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control are determined by the output signals from the inner PI
controllers. The control signals are obtained by transforming
these reference voltages from a spinning d-g-system to a
stationary system, and they are transmitted to the GSC's SVM
block.

AC Bus

Power Transformer

LEE.

Battery Storage System

Diesel Engine

Fig.1. An off-grid hybrid power structure is depicted in block diagram.

DC Bus

PV System Model

AC Bus

vqref' Varer

'qre( Larer

Fig. 2. The complete control strategy for the PV unit is depicted in this block diagram.
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AC Bus

Vqrel' vdref
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Fig. 3. The complete control strategy for the ES unit is depicted in block illustration.

Wind System Model

’qref Lirer

Qref

DC Bus

AC Bus

’qre/ Lirer

’qre( Lirer

Qref

Fig. 4. The complete control strategy for a wind turbine is depicted in this block diagram.

The Sliding mode controller is an accurate, non-linear, and
resilient control method for error signals e(t) or forwarding
control system states onto the sliding surface. Once the
sliding surface is reached, the control error signals are kept
near to the sliding surface. The sliding surface has the
following properties:

de(t)

T+ﬂ,le(t)+ﬂzj‘e(t)dt+/10Jxk (1)

S(t)=(

where e(t) is error signal and k, A0, Al, A2 are positive
constants. A nonlinear mapping between change of error
signal and error signal is used to create the SMC parameter
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settings (k, A0, A1, A2). The following equation is used to
calculate the change in the error signal Ae:

Ae(t) =e(t)—e(t-1) (2)

To allow the controller to ‘see' the outside control system,
the change of the error signal and the error are multiplied by
the scaling factors B1 and 2. The MOPSO tuning technique
may be used to produce resilient and rapid monitoring of
control system error signals by changing the SMC parameter
values (k, A0, A1, A2). The parameters tuning idea is centred
on the fact that sliding surface slope A1" large value results in
longer settling and overshoot times and shorter rise times.
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Whereas sliding surface slope A1 small values result in faster
reaching and slower tracking, large values result in faster
reaching and slower tracking. In the face of external
disturbances, the intercept A0 is adjusted to minimise the
reaching time and tracking error. Large Kk values result in a
reduced reaching time but a large chattering impact. The error
signal and its madification have a significant impact on the
control system's dynamic performance. As a result, these two
inputs are passed to the MOPSO, and the SMC is used to
adjust the objective functions by finding optimal values of
four gains (k, A0, A1, A2). MOPSO is in charge of scheduling
the parameters of two SMCs. The MOPSO algorithm is used
to reduce the integral of the square of error. The discrepancy
among the PCC and reference voltages is an example of such
an inaccuracy. The inverter's sliding mode gain must be
modified for optimal tuning due to the changing nature of the
load. The suggested control system is centred on the MOPSO
algorithm to auto regulate gains SMC which provides the
convenience of sliding mode with voltage control flexibility.
The gains of the SMC are continually adjusted by the
MOPSO according to operational conditions in MOPSO
control. The specification of system parameters is the first
step in the proposed MOPSO sliding mode controller. The
voltage variation at the load bus is the major controlled
variable, while controllable variables include inverter
reactive power. Wind speed perturbation and reactive power
load demand are the disturbances studied. The SPWM
method is used to produce switching pulses for STATCOM 3
level inverter in this study. As a result, the inverter voltage
delivered to grid is controlled by the phase angle control. The
MOPSO method for obtaining near-optimal sliding mode
controller settings for STATCOM is the paper's main
contribution. The MOGA optimization approach is utilised to
provide an unbiased comparative examination of dynamic
performance of system while controlled with optimised two
sliding mode controllers. MOPSO is primarily used to
determine near-optimal sliding mode control parameters for
controlling reactive power flow between the STATCOM and
grid based on hybrid system. As may be seen in Fig. 6-b, the
STATCOM is driven by two distinct sliding mode
controllers. Each controller in the sliding mode has its own
set of gains. The MOPSO optimization method is used to find
best SMC parameters while minimising objective functions
during fault events. J1-J4 is the objective functions that may
be defined as:

3= (AVie| AV )
I Y (E VAR AVA @
J3=j ((AVoo )" +(AVce )" et 5)
J, :E t (Voo )” +(Vece)* )t (6)
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Starting pollution is assumed for both controller
parameters, and the goal function is computed using these
initial values. Each particle's velocity and location are
updated. As a result, the new objective function is
established. Such a procedure is continued with continuous
updates until either the near-optimal solution or the maximum
no of iteration is reached. Finally, the population with highest
chance of achieving the lowest goal function is calculated.

I11.  SIMULATION RESULTS AND DISCUSSIONS

To demonstrate the efficacy of MOPSO sliding mode
control, the system is simulated in
SIMULINKTM/MATLAB using a SMC and a MOPSO
controller. The SIMULINKTM/MATLAB is used for
simulating the STATCOM and the hybrid off grid model. The
MOGA and MOPSO are used to schedule the two sliding
mode controller parameters for operating the STATCOM in
a near-optimal manner. As a result, for the period of any
abnormal operating situations, such as the Power Control
Centre’s unwanted three-phase faults, the entire system
dynamic performance is improved. Fig. 5-7 show the Power
Control Centre voltage with and without STATCOM. The
Power Control Centre voltage profile was improved by
adding the regulated STATCOM to the structure, with
MOGA outperforming MOPSO. Because the Power Control
Centre voltage changes inside the continuous operation zone,
adding the proposed regulated STATCOM to the system at
the Power Control Centre will keep the Renewable Energy
Source operational during a three-phase failure. As a result,
throughout this fault occurrence, the PV and wind systems
will be operational. The DC voltage profile improves and
falls within allowable levels when STATCOM is added to the
system. During normal operation, no reactive power is
exchanged between the system and the STATCOM. During
this catastrophic failure, the STATCOM's job is to perform as
a static volt-Ampere Reactive compensation, controlling the
Power Control Centre voltage. In the face of wind gusts,
STATCOMs are used to enhance the dynamic performance
of hybrid systems based on non-linear renewable energy,
such as PVs and WECS. It is a key concern to ensure the
structure's efficient continued functioning of Renewable
Energy Sources during failures. The reactive current supply
between the STATCOM and hybrid system is managed by
the relatively close programming of two SMCs utilizing the
MOGA and MOPSO optimizers, respectively. According to
numerical simulations, the MOPSO is an appropriate
optimization for the relatively close gain scheduling of
STATCOM SMC variables as an optimization approach.
Using the MOPSO to operate the STATCOM instead of the
MOGA allows the system's reactive power to be used during
fault occurrences and wind gusts. As a consequence, correct
STATCOM control effectively improves the dynamic
functioning of the hybrid grid linked power structure, which
comprises of PV and WECS systems. MOPSO outperforms
MOGA in terms of dynamic performance in a blind
qualitative and quantitative evaluation of the STATCOM-
SMC optimized by MOGA and MOPSO.
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Fig.5. Transient response of DC voltage deviation, DC bus current, Id, Iq using MOPSO.
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Fig.7 Transient response of DC voltage deviation, DC bus current, Id, 1q using Sliding Mode Controller.

IV. CONCLUSION

method is based on utilizing the GA algorithm to initialize the
MOPSO population, which has been shown to add

To The innovative hybrid MOPSO-GA method is shown  considerably to convergence time while tackling various
in this work to improve the settings of a SMC. The suggested  optimization problems. This paper's optimization of sliding
approach is a hybrid of the MOPSO and GA algorithms. This  mode controller settings also provides unique unbiased roles
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that tend to enhance the AVR system's step response quality.
It is demonstrated that the optimum SMC with the optimal
parameters outperforms the literature's equivalent controllers
whose parameters are obtained by different techniques. By
comparing the AVR system's step responses under nominal
settings, performing a robustness study, and examining the
AVR system's capacity to deal with various sorts of
disturbances, the gains produced by using the MOPSO
method in the optimization process are emphasized.
Simulations of the passivity-based low-gain control method
using a set of genuine DC-microgrid system characteristics
have proven its efficacy and practical practicality. When there
is parametric uncertainty in the DC-microgrid. The suggested
controller's outcomes are compared to the outcomes of
traditional Pl inverter control to validate the simulation
findings. It has been discovered that inverter control using
MOPSO has a greater control effect and can enhance the
structure’s transient and steady state responsiveness. It
showed improved voltage profile characteristics, decreased
overshoot, and oscillation under varied operating conditions,
as well as superior system performance in terms of rapid
settling time during dynamic reactive power load conditions.
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