Energy 230 (2021) 120649

Contents lists available at ScienceDirect

Energy

journal homepage: www.elsevier.com/locate/energy e
Optimal control of grid-connected microgrid PV-based source under N
partially shaded conditions e

A. Guichi "7, S. Mekhilef ¢, E.M. Berkouk €, A. Talha ¢

2 Electrical Engineering Laboratory, Faculty of Technology, University Med Boudiaf of M'sila, Algeria
b power Electronics and Renewable Energy Research Laboratory (PEARL), Department of Electrical Engineering, University of Malaya, Kuala Lumpur,

Malaysia

¢ Laboratoire de Commande de Processus, ENP Alger, Algeria

d Laboratoire d'instumentation, USTHB Alger, Algeria

€ School of Software and Electrical Engineering, Swinburne, Victoria, Australia

ARTICLE INFO

ABSTRACT

Article history:

Received 29 June 2020
Received in revised form

30 March 2021

Accepted 13 April 2021
Available online 28 April 2021

Keywords:

Microgrid

Distributed generation unit
Grid-connected PV system

Maximum power point tracking (MPPT)
PSO

Intermediate power point tracking (IPPT)

Microgrids are gaining increasing attention globally and becoming increasingly powered by photovoltaic
(PV) systems, thereby requiring high-efficiency control to function as a microgrid distributed generation
unit. Accordingly, this study presents an optimal control of a grid-connected Microgrid PV Source (MPVS)
under partially shaded conditions. The objective is to ensure the MPVSs ability to rapidly and precisely
deliver the amount of power assigned by the supervisory controller. Thus, MPVS must shift rapidly and
smoothly between the maximum and intermediate power point modes. The proposed system is
composed of PV array, grid emulators, and two converters coupled to a common DC bus. The control
strategy of the boost converter is based on the combination of two algorithms: particle swarm opti-
mization algorithm and the proposed intermediate power point tracker algorithm. The voltage source
inverter is controlled to keep the DC bus voltage constant and inject the power to the grid, in which the
voltage-oriented control technique is applied and combined with the phase-locked loop algorithm for
voltage synchronization. Lastly, all control algorithms are implemented in a DSpace 1104 environment
and largely tested under various partially shaded patterns.

Partial shading

© 2020 The Author(s). This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Electrical energy has become thrust engine of modern life,
thereby pushing the electricity demand to increase with the elec-
trification of our daily life activities. However, the electrical power
sector is facing the depletion of fossil fuel reserves and the exi-
gencies to reduce the emission of harmful gases [1,2]. Hence, the
authors in Ref. [3] concluded that only with fully renewable energy
(RE) system scenarios can our modern life meet the vast environ-
mental, socioeconomic, and ethical sustainability demands of
future electrical power systems. However, renewable energy
sources suffer from intermittent power output, which is a chal-
lenging problem that should be solved to achieve rapid growth rate.
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In small-scale power systems, this problem can be solved by the
insertion of energy storage devices. However, this solution often
results in significant RE cost increase [4], which will directly affect
the development pace of these clean sources. Another efficient
solution is to benefit from the complementarity of the generation
patterns of different RE sources to reduce variability in the aggre-
gate production. Hence, microgrids are cutting-edge technology
capable of integrating and hybridizing different RE sources in the
most reliable manner. This advantage is due to their advanced
control capabilities and flexibility, apart from their wide range of
benefits, such as their capability to disconnect from the traditional
grid and operate autonomously [5]. Microgrids are mainly
composed of renewable distributed generation units, typically solar
and wind, and commonly reinforced with gas-fired generators and
energy storage systems [6]. This resource mix makes microgrids
considerably resilient to disruptions in fuel supply chains or to
weather events that may impact renewable generation [7].
Among the renewable generations, the photovoltaic (PV)
resource, owing to its ease of installation, long-term operation,

0360-5442/© 2020 The Author(s). This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).



A. Guichi, S. Mekhilef, E.M. Berkouk et al.

local availability, and minimal maintenance, is an important sus-
tainable distributed generation source [8]. To enhance the role of
the PV resource as a DG unit in microgrids, its ability to adapt to the
changing working mode and providing the requested power by the
microgrid's supervisory must be ensured by an efficient control
strategy. The extremely efficient method of using a PV source
should be controlled to work on its maximum power point (MPP).
Owing to the volatility and intermittent nature of renewable gen-
eration, the uncertainties in the load profiles, and protection of
storage systems against overcharging, supervisors of microgrids
continuously assign new reference power to distributed generation
units to maintain the balance between load and generated power.
This situation pushes the PV source to operate below MPP to fulfill
the supervisory controller requirements. The power point that
comes below MPP is called intermediate power point (IPP).
Therefore, MPP is considered the most efficient power point,
whereas IPP is the inescapable power point required by microgrids’
supervisor under special operating conditions.

In the literature, MPP tracking has been extensively studied,
particularly under partially shaded conditions, in which specific
methods are used to track the global maximum power point
(GMPP) because conventional algorithms (e.g., perturb and observe
(P&0), hill climbing (HC), incremental conductance (INC)) may be
simply stick to one of the local maxima (LM). Different techniques
based on artificial intelligence, such as fuzzy logic control (FLC) and
artificial neural network (ANN), have been used to track GMPP.
However, these methods require massive training and broad
experience in a complex environment. Alternatively, recent studies
have exhibited special interest on the bio-inspired MPPT algo-
rithms, particularly swarm intelligence-based algorithms that have
given better results than evolutionary algorithms [9]. Numerous
studies have tested and evaluated these techniques under partial
shading conditions (PSC), particle swarm optimization (PSO) [10],
grey wolf optimization (GWO) technique [11], deterministic/dy-
namic cuckoo search algorithm (DCSA) [12,13], memetic salp
swarm algorithm (MSSA) [14], artificial bee colony (ABC) [15],
firefly algorithm (FA) [16], and ant colony optimization (ACO) [17].
Moreover, to enhance their performances and eliminate their
drawbacks, several studies have integrated these algorithms into
hybrid optimization methods, particularly by collaborating the
optimization ability of various searching mechanisms as developed
in Ref. [18] or into a combined forms of at least two techniques to
compensate for the shortcomings of one technique by the perfor-
mances of another [19,20]. Nevertheless, only few studies [21—26]
have briefly mentioned the IPP achievement and they are limited to
specific cases under a uniform insolation. To date, no algorithm has
been developed to track IPP under partially shaded conditions, as is
the case for GMPP, despite the crucial role of IPP in allowing the PV
source to reach any reference power lower than MPP/GMPP. This
situation will give the PV source the ability to meet all the microgrid
supervisory controller exigency and enhance its significant role in
this emerging system. In view of these shortcomings, the contri-
bution of this study is to propose an efficient dual mode control
strategy, which will allow the grid-connected microgrid PV source
(MPVS) to switch smoothly and rapidly between two modes (i.e.,
maximum power mode (MPM) and intermediate power mode
(IPM)) under any weather operating conditions. MPVS has been
principally controlled to operate in MPM, through the application
of the PSO algorithm, which has proven its superiority in speed
convergence and implementation simplicity compared with other
meta-heuristic optimization techniques [27] and guarantees less
computational burden in contrast with their combined forms [28].
Once the power generated by the microgrid exceeds the total load
demand and the storage system (if it exists) is fully charged, the
microgrid supervisory controller urges the various units to
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minimize their power according to the adopted strategy. Conse-
quently, MPVS is obliged to shift to IPM. At this stage, the inter-
mediate power point tracker (IPPT) algorithm, which we developed
for the PV source in Ref. [29] is applied to reach the appropriate
intermediate power level under uniform or partially shaded con-
ditions. The second objective of this study is to inject the extracted/
excess power to the utility grid. This process can be done either by
using the one-stage system, in which only the three-phase VSI is
interconnected between the PV array and grid; or by utilizing the
two-stage system, in which the first stage converter is used to boost
the PV array voltage and track the maximum operating point, then
it comes the role of the three-phase VSI to convert the DC output of
the first stage into an AC voltage [30]. Note that the one-stage
system is of simple and considerably efficient topology, along
with its new effective developed control strategies [31]. However,
this study adopts the two-stage topology owing to the common
sharing of the MPVS DC bus with other distributed generation units
or distributed energy storage systems. Therefore, the boost con-
verter is controlled to track either MPP/GMPP or IPP, whereas the
grid-interfacing inverter is controlled to maintain a constant DC bus
voltage and convert it into an AC voltage. To deliver the MPVS
power to the grid/microgrid, the output voltage of the three-phase
VSI should be synchronized with that of the latter as an imperative
condition to grid-connected systems. The detailed description of
the control schemes used will be provided in the succeeding
section.

The remainder of this paper is arranged as follows. Section 2
briefly discusses an overview of the microgrid design, manage-
ment, and control. Section 3 describes the power management
strategy within a microgrid. Section 4 presents the characteristics
and behavior of a PV array under uniform and partially shaded
conditions. Section 5 provides the detailed description of the pro-
posed system. Section 6 presents the control algorithms and stra-
tegies. Section 7 presents the experimental results. Lastly, Section 8
concludes this research.

2. Review of microgrid design, management, and control

To reduce the pressure on regional and national power utility
grids, which continue to increase over the years, cities around the
world has started to use microgrids that can contribute significantly
to achieve energy production targets. The US Department of Energy
[32] defines a microgrid as “a group of interconnected loads and
Distributed Energy Resources (DERs) within clearly defined elec-
trical boundaries that acts as a single controllable entity with
respect to the grid to enable it to operate in both grid-connected or
islanded modes.” This definition indicates that DERs with clearly
defined electrical boundaries, a centralized supervisory controller
that controls the entire system (DERs and loads), and being able to
guarantee load power demand without the need for power grids
could be considered a microgrid [6]. On the bases of these char-
acteristics that determine the components, control methods, and
power requirements of microgrids, Fig. 1 shows the general
microgrid structure and its hierarchical control technique. Micro-
grids mainly comprise DERs, loads, centralized/distributed con-
trollers, switches, and communication, protection, and metering
devices. DERs consist of distributed generation facilities called
distributed generators (DGs), which are mainly renewable and help
decentralize power generation; and energy storage systems (ESSs)
to store the excess of generated RE and ensure the continuous
supply of critical loads in difficult circumstances. The second
microgrid component includes the loads, which are generally
classified into two categories of either (1) fixed or variable/flexible
and (2) critical or non-critical. In terms of power management, the
first classification appears considerably appropriate because fixed
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Fig. 1. Structure and control configuration of a microgrid.

loads must be satisfied under normal microgrid operation condi-
tions, while flexible loads could be curtailed or deferred according
to the microgrid power management algorithm strategy and pur-
pose [6]. Variable loads increase the power imbalance in micro-
grids, which should be continuously restored by the power
management algorithm. However, the second classification is
considerably appropriate for the load itself, and the critical loads
require a continuous and instantaneous power supply, while the
non-critical loads can be shifted to work at the appropriate power
generation time [33]. The third part of microgrids is the control
architecture, which can be centralized or distributed. The distrib-
uted architecture is considered the high appropriate means for
power controlling and power sharing between the high number of
DGs, which are spread over the vast area, and have a limited
communication connections and computing facilities [34,35]. This
control architecture has a hierarchical structure that includes three
levels: primary, secondary, and tertiary levels. The primary control
level presented by local controllers (see Fig. 1) ensures the power,
voltage, and frequency regulation, while the power quality and
compensation of the voltage/frequency deviations are ensured by
the secondary control level, in addition to the grid synchronization
in the case of the grid-connected mode. The tertiary control level,
which can manage single or multiple microgrids, guarantees
adequate power sharing among the different DG units and power
exchange between the microgrid and utility grid, will regulate
power flow and maintain system stability [36].

3. Power management strategy in a microgrid

Microgrids can operate in a grid-connected mode or in islanded
mode and can shift between them as well. The increased integra-
tion of RE sources in this system is accompanied by the use of
energy storage system and/or back-up sources to address their
intermittent nature. This multi-source topology, which can work
under different modes, complicates the role of the power man-
agement algorithm, which has to share the load among the
different units, considering the power generation capability of each
source and maintaining the power balance of the entire system
[37], either in centralized or decentralized power management. To
achieve the stated power management goals, the algorithm must
ensure the accomplishment of the following tasks [38].

o If the generated power is less than that requested, then all DG
units are controlled to operate at their rated capacity. Moreover,
if they fail to cover the demand, then the storage system in-
tervenes to generate the lack of power. If the latter is unable to
respond, then the management algorithm solicits the backup
system or proceeds to the shedding solution.

In the case when the generated power exceeds the demand, all
surplus power is stored in the non-fully charged storage system
or injected to the utility grid, depending on the applied mode.

When the generated power continues to be greater than that
required and the storage system is fully charged, power
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curtailment must be applied by the power management algo-
rithm to maintain the power balance. In this particular case, the
application of this measure does not have to affect all DGs, and
the dynamics of the source itself should be considered.
Evidently, the PV source can respond rapidly to power curtail-
ment without any influence on its physical component, but the
case is different for the wind system. Accordingly, DGs should be
prioritized in this mode of operation according to their
dynamics.

3.1. PV unit operating modes in a microgrid

The integration of PV sources in microgrids has attracted
considerable attention because they can be easily installed every-
where and require minimal maintenance cost. To adapt this source
to the power management strategy of microgrids detailed in the
previous sections, it must be controlled to do the following tasks:

o Shift between MPM and IPM that allow to reach the rated ca-
pacity and power curtailment, respectively;

« Rapidly alternate from one mode to another under uniform and
partially shaded condition, which is caused in a real environ-
ment by clouds or neighboring buildings; and

e Enable the PV source to adapt to all operating modes of micro-
grids and respond to the power management controller under
all working circumstances.

Achieving this objective will strengthen and improve the posi-
tion of MPVS in microgrids and facilitate its integration. Under
uniform irradiance, each IPP, which represents every point below
MPP, has two voltages. Under the partially shaded conditions, the
number of IPPs varies between two and six points, which will be
detailed in the next section.

4. PV array under uniform and partially shaded conditions

To meet the rated power for MPVS, the PV panels must be
connected in series and/or parallel. The series connection increases
the output voltage, whereas the parallel connection increases the
PV array output current. To obtain a precise modeling of the PV
array that emulates the real one, the PV cell model must reproduce
the real I-V characteristic curve. In the literature, single and double
diodes are the most used models [39]. The first model is simple and
less complex compared with the double diode model that gives
more accurate results but with computation complexity. Moreover,
using the one diode model to show the partial shading effect is
more convenient, and gives sufficient results with minimal
complexity.

When the PV array modules are exposed to non-uniform irra-
diation, its power-voltage (P—V) characteristics exhibit multiple
peaks. The highest peak is called the global maximum point and the
others are the local maximum points. Under this type of irradiation,
two aspects should be mentioned and clarified: the number of
peaks depends on the number of panels that receives a different
irradiance level, and the position of the global maxima (GM) is
linked to the irradiance intensity and the location order of the panel
[29]. To illustrate this phenomena, three panels have been con-
nected in series and exposed to uniform and non-uniform irradi-
ance thereafter, in which the irradiance level is different for the
three panels.

Fig. 2 shows the results of exposing the three panels to the same
irradiance (i.e.,1 kW/m?). Under this condition, the entire produced
current flows only through the panels. Consequently, the P—V
characteristics develop only one MPP.
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With regard to the non-uniform irradiance, Fig. 3 depicts how
the three different irradiance levels develop three peaks, one GM
and two LM. Furthermore, the disparities between the irradiance
levels have permitted the GM to change its location: on the left side
for the 1000, 350, and 250 W/m? levels (Fig. 3(a)); in the middle for
the 1000,700, and 350 W/m? levels (Fig. 3(b)); and on the right for
the levels 1000,700, and 500 W/m? levels (Fig. 3(c)).

4.1. IPPs under non-uniform condition

The irradiance level (including the partial shading case) and
requested power from MPVS are not predictable. Consequently, the
supervisory PV power reference Py, may vary from small values up
to the GM point. Under the partial shading conditions, the same
power level also has different IPPs, as illustrated in Fig. 4. These IPPs
require other techniques and algorithms, other than the MPPT al-
gorithms, to respond precisely to the entire system supervisory
request. Thus, if the supervisory power reference Py, is not that of
GM, then the intermediate power may have two, four, or even six
points of the same power.

5. Proposed system description

To make the control of MPVS considerably effective in this study,
which will smoothen its injection in any type of microgrid, and to
allow it to respond precisely to the microgrid supervisory under
any circumstances, its overall control is developed, starting with
the tracking of the GM or the attaining of the IPP, until the injection
of the produced power to the utility grid. Fig. 5 shows all the blocks
of this MPVS. The PV generator is connected to the boost converter
used to track GM or attain IPP, which itself is connected to the DC
bus. The AC side begins with the three-phase voltage source
inverter (VSI) used to convert the DC voltage to the AC sinusoidal
voltage. The L filter at the output of VSI is used to reduce the output
current distortion, while the three-phase star-delta transformer is
used to isolate and boost the AC voltage level to reach that of the
utility grid. Eventually, a three phase switch is used to alternate the
produced power between feeding the AC load and being injected
into the utility grid. For the control of the DC/DC and DC/AC con-
verters, all the mentioned blocks, including the used methods, will
be detailed in the following section.

6. Control algorithms and strategies
6.1. Boost inverter control

To allow MPVS to fulfill the requirement of any microgrid su-
pervisory, the PV generator is controlled to instantly shift between
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MPM and IPM as soon as the mode selection signal is received. For
the first mode, the PSO algorithm has been selected among other
swarm intelligence algorithms to track GM owing to its minimal
computational complexity, which often takes time and requires
more advanced implantation platform, as well as its rapid and
precise GM tracking [40]. For the second mode, which makes it
possible to reach any power value below GM, the IPPT algorithm is
applied. The working principle of the two algorithms is detailed in
the following sections.

6.1.1. PSO overview and GM tracking mechanism

PSO is one of the swarm intelligence algorithms, and is based on
the positioning of particles in the search space of the optimization
problem called solution candidates. For each iteration, the inter-
communication and intercooperation of these particles push them
toward the true solution (GM) and prevent any particle from being
trapped in the illusory solution (LM). If the initial positions of these
particles are Xio, then their positions at next iteration Xil will be

determined according to the experiences and results obtained by all
the particles of the first iteration, among others. Their experiments
at each iteration will be encompassed in the velocity V;, which
permits to calculate the new positions of the particles as follows:

Xkt = xk 4yl (1)

where i = 1,2,..., Np is the number of particles and k represents the
number of iterations.

The new velocity ViK1 is updated on the basis of the previous

experiments of all the particles, including other parameters, as
expressed in the following equation:

vl =kt e (Pbest,i _sz) T2l (Gbe“ _X’k) (2)
where:

- w is the inertia weight factor;

- ¢; and c, are the individual particles' cognitive and social co-
efficients, respectively, of all particles;

- r; and r, are random variables with values that vary between
0and 1;

- Ppesri is the best particle that represents the best position X;
experienced by each particle during its previous iteration; and

- Gpest is the global best that gives the best position X; experienced
among all particles during their previous iteration.

In this study, the number of particles is chosen equal to the
number of peaks, while their initial values are chosen equal to 65%
of the open voltage V. of each panel, thereby accelerating the
tracking without the risk of missing the GM point.

6.1.2. IPPT algorithm overview and working mechanism
The IPPT algorithm allows to reach any power value other than
GM, and it permits to choose IPP of the highest voltage and lowest
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7.3. Discussions

Table 2 summarizes the numerical performance results of the
control algorithms during the two modes and across the three
cases. The IPPT algorithm has a rapid tracking speed compared with
the PSO technique, while it has less accuracy related to the power
reference of the limited power, which was set close to the power of
the GMPP, particularly in the right GM profile. The inclination in the

mebase _40mg Triger  EDER)
200s/dv[Stop 1000V
200ks  10ksis]Edge  Positie)

Fig. 17. Second profile of the DC bus voltage with zoom.

slope between the two points (i.e.,, GMPP and IPP) was also sub-
stantial. Moreover, the DC bus voltage decreased slightly in the
limited power mode owing to the significant decrease in the DC
power in this mode.

Notice that the switching between the two modes was consid-
erably smooth, even within the challenging set goals, including the
reduction of the power losses, which are achieved by choosing IPP
of the highest voltage and lowest current among other points of the
same power. Notice that in Case 1, the operating point shifted from
the point (183.6 W/32.5 V), which corresponds to GM; to the point
(126.3 W/103.53 V), which corresponds to IPP, thereby bypassing
five points (20.7,39.3, 50.2, 74.5, and 80 V) of the same power value
(=126 W). Similarly, the operating point in Case 2 moved from GM
(213.9 W/68.6 V) to IPP (152 W/106.25 V) bypassing two points
(76 V/81.7 V). For Case 3, GM and IPP are close to each other.
Furthermore, another notable feature of the IPPT algorithm is that

12
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once IPP is found, the Vi, value is held constant, which has elim-
inated the steady-state oscillations of the voltage Vpy, thereby
reducing the power loss and enhance system performance.
Evidently, the DC bus voltage at the inverter input is stably main-
tained at approximately 140 V. This result was achieved despite the
large Vpy voltage gap for the two points (i.e., GM and IPP), specif-
ically for Case 1 and with less impact in Case 2.

As discussed in the DC side results, the IPPT algorithm is robustly
capable of achieving any desired power reference lower than the
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Fig. 21. Voltage and current with a zoom of the PV unit in PPC for the third profile.
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Fig. 22. Screenshot of the grid emulator Chroma 61511.

MPP power, with considerable precision and speed regardless of
the irradiance profile. Maintaining the DC bus voltage constant,
even with rapid voltage variations during the tracking period and
mode-shifting, verifies the effectiveness and validates the perfor-
mance of the VOC strategy in the three-phase VSI control.

At PCC, the synchronization process was successful owing to the

Table 2

PLL technique. During the power injection interval, the PV unit and
grid emulator voltages were completely overlapped. Outside of this
interval, they are in phase with different amplitudes. However, the
current and voltage waveforms are in a phase opposition owing to
the power injection. Note that at the AC side, the system underwent
two test scenarios: resistive load supply and power injection.
Nevertheless, the first scenario has no amplitude voltage regula-
tion, thereby proving the capability of the system, with and without
operating point control, to switch to and from the power injection
mode; and to maintain the DC bus voltage constant despite the
disturbances occurring during the operating points tracking and
the mode shifting.

After discussing the results of the different cases, the experi-
mental validation confirms the ability of MPVS to respond suc-
cessfully to the dual control technique even under the challenging
conditions will eliminate the power control limits of this system,
expand its penetration, and strengthen its role inside the microgrid.
By contrast, it ensures the optimum performance of the IPPT al-
gorithm whether for speed tracking or efficiency.

Lastly, the efficiency and reliability of the proposed MPVS, in
terms of topology and control, are summarized in Table 3. The first
column outlined the properties and advantages of this unit, while

Summary of the numerical values of the experimental results of the three case studies.

Cases Power values Search time for Error percentage in DC bus voltage during

GMPP IPP PSO IPPT GMPP PP GMM IPM
Left GM profile 183.5W 120W 1.5s 0.2s 0.07% 5.25% 140V/0% 138V/1.42%
Middle GM profile 213.9W 150W 0.98s 0.33s 0.03% 1.29% 140V/0% 138.5V/1.07%
Right GM profile 269.4W 230W 1.17s 0.3s 2.88% 9.4% 140V/0% 139V/0.71%
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Summary of the proposed PV unit's properties and advantages with the obtained results.

Properties/Advantages Achieved results

Ease of insertion into a microgrid whatever the
working conditions could be.

Work under partial shading mode.
Considerably rapid response to the supervisory.

Precise response to the supervisory.

Good stability of the DC bus voltage.

Ability to switch smoothly and rapidly between the two modes (i.e., MPM and IPM);

Guarantee of minimal power loss in IPM;

The possibility of operating in grid-connected or islanded mode;

Ability of being interconnected with other sources via the DC bus.

Convincing results were obtained under different partial shading mode patterns.

For MPM, the tracking time varies between 0.98 s and 1.17 s.

For IPM, the searching time varies between 0.2 s and 0.33 s.

GM was reached with error varying between 0.03% and 2.88%.

IPP was reached with error varying between 1.29% and 9.4%.

The DC bus voltage was maintained constant despite the challenging test conditions, while its voltage reference

was achieved with an error rate varied between 0.7% and 1.4%.

Good power factor value.
Hardware implementation simplicity of the used e
algorithms

The power factor varies between 0.95 and 0.99.
The PSO, IPPT, and VOC algorithms requires minimal computation time, thereby reducing the implementation cost

the second column describes the achieved results.

8. Conclusion

This study developed a novel integral control strategy for MPVS
to strengthen its role in microgrid systems, facilitate its integration,
and increase its efficiency. The main findings can be presented as
follows.

e The two-stage topology is the most appropriate method to
interconnect the components of MPVS because it allows for
eventual sharing of the DC bus with the storage system or with
other distributed generation units.

The smooth switching between the two modes (i.e., MPM and
IPM) enables the efficient use of MPVS and increases its reli-
ability, as it is able to fulfill all modern microgrid supervisory
requirements.

The proposed IPPT algorithm is used to track the intermediate
power points under the partially shaded conditions. Apart from
achieving the precise power reference, it also has the ability to
choose the least current IPP among other points of the same
power.

The expected results from MPVS were verified experimentally.
Thus, under three partial shading profiles that exposed different
GM point locations, the PV unit has successively switched be-
tween the two modes, and responded rapidly and accurately to
the supervisory requirements while maintaining the DC bus
voltage constant.

Compared with the PSO technique, the IPPT algorithm has given
convincing results, while succeeding in reaching IPP in an
average time of 0.26 s versus PSO, which took an average time of
1 s to reach GMPP.

Further research may investigate the replacement of the three-
phase two-level inverter with multilevel inverter, and propose a
new control technique that addresses microgrid disturbances.
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