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Abstract—The use of distributed maximum power point
tracking (DMPPT) algorithms is spreading because of their higher
efficiency in the case of partial shading. The possibility of
integrating photovoltaic (PV) modules in a modular multilevel
converter (MMC) connected to the grid has been proposed in
recent literature with the advantage of integrating DMPPT
algorithms. In the case of partial shading, circulating currents
control is necessary to extract the maximum available power and
inject symmetric currents in the grid. Novel control strategies for
both the ac and dc circulating current components of a three-phase
MMC-based PV were proposed and analyzed in this work. Thanks
to the presence of a capacitor connected to the dc-side of the MMC,
the ac circulating currents could freely be controlled to extract the
maximum power from all the PV modules in any irradiance
condition while maintaining low power losses. Moreover, in
contrast to previous works, instead of measuring the active power
of legs and compensating for their imbalance using open-loop
control, the power leg mismatches are compensated exploiting the
dc loop currents generated through closed loop controls. The
effectiveness of the proposed control strategy was proved by
simulations performed using MATLAB Simulink®.

Index Terms—distributed MPPT, inhomogeneous irradiance
conditions, modular multilevel converter, PV panel.

1. INTRODUCTION

HE need to diversify production sources, reduce the

environmental impact, and make energy accessible to all
has led to the growing development of renewable energy
sources (RESs) such as photovoltaic (PV) plants and wind
turbines. Furthermore, the enhancement of the reliability and
efficiency of energy storage systems (ESSs) and their cost
reduction are improving power system flexibility, and
overcoming the obstacles to the variability and intermittency of
RESs. In particular, PV plants have been spreading in recent
years, with their total global installed capacity reaching 627
GW in 2019 [1].

Different static power converters can be used to interface
RESs and ESSs with the electrical network. In particular, PV
panels are often connected to the grid through voltage source
inverters (VSIs). To extract the maximum available power from
a PV panel, a maximum power point tracking (MPPT)
algorithm is usually implemented in a dc-dc converter
connected between the PV panel and the VSI. Typically, several
PV cells are connected in series and/or parallel to form a PV
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module. Different PV modules can be connected in series to
form a string, which increases the total output voltage. Finally,
different strings can be connected in parallel to form a PV array,
which increases the total available output power of the whole
PV system. The most diffused and simplest solution is to
connect the whole PV system to the ac grid by means of a single
centralized VSI (with or without an intermediate dc-dc
converter stage), extracting the maximum power available
through a centralized MPPT (CMPPT) algorithm [2]-[4].
However, this solution has several drawbacks. For example,
under partial shading conditions, because all the PV modules
are connected to the same dc-dc converter, it is not possible to
make all the PV panels work at their maximum power point
(MPP). Moreover, multiple MPPs can be identified in the
equivalent PV curve of the array, which cause the MPP tracker
to be inefficient [5]-[7]. These drawbacks can be overcome by
adopting one of the distributed MPPT (DMPPT) algorithms.
Even though several kinds of DMPPT algorithms are reported
in the literature, two main categories can be recognized: those
for DMPPT at the string level [8] and at the module level [9]-
[13]. In this way, each PV string or PV module is connected to
a dedicated converter and separately controlled. In both cases,
the maximum available power from each string or module can
be extracted under any irradiance conditions. Nevertheless, the
analyzed solutions do not present high control degrees of
freedom. Moreover, high voltages for the grid connection can
only be reached by using dedicated transformers. For these
reasons, several multilevel converter topologies have been
proposed to integrate PV systems. In [14]-[17], a cascaded H-
bridge converter was investigated for PV systems. In these
applications, the PV strings were interfaced through dedicated
dc-dc converters, which were capable of utilizing a distributed
MPPT algorithm, and an H-bridge converter. This allowed
higher voltage levels and power capabilities to be reached.
However, power imbalances due to inhomogeneous irradiance
conditions are challenging to manage. In [18], the authors
proposed a method to integrate a PV system through the dc-side
of a modular multilevel converter (MMC). Although this
application is quite simple, it can experience all the drawbacks
of the solutions with a centralized inverter. The authors made a
significant improvement in [19], [20]. In this case, the PV
modules were connected to the capacitors of the submodules
(SMs) of the MMC through dc-dc boost converters, allowing
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DMPPT. In the case of partial shading conditions, each PV
module could work around its theoretical MPP. Thus, high
efficiencies could be reached. However, many dc-dc converters
were required, preventing this solution from being optimal. A
cheaper and more effective solution was proposed in [21]. In
this case, the authors proposed a novel structure for interfacing
the PV modules directly with the SM capacitors. This solution
reduced the total cost of the system because no additional dc-dc
converters were needed, but it was more challenging to control
it because of the necessity to manage each capacitor voltage at
the optimal value provided by the DMPPT. To overcome the
power mismatch related to partial shading conditions, the
authors in [22] proposed a control strategy based on the
generation of both ac and dc circulating currents to balance the
power delivered to the grid among the three phases. However,
because of the converter topology studied, the three phases of
the proposed MMC structure were not entirely decoupled from
each other as a result of the absence of a closed path through
the dc-side of the converter itself. Therefore, in the case of
inhomogeneous irradiance conditions between the arms of one
leg of the converter, the ac circulating currents had to reclose in
the other two phases, causing greater power losses and higher
circulating voltages. Moreover, both the ac and dc circulating
current references were generated through open-loop controls
by measuring the active power values generated by all the PV
modules. Even though this is a simple control strategy, the lack
of closed-loop controllers could cause some system
instabilities. Another effective control strategy for exploiting
the available power of the PV modules using a single-phase
modular multilevel converter was proposed in [23]. In this case,
for the intrinsic structure of the single-phase converter, its
dc-side had to be connected to two capacitors with the middle
point accessible to provide a current return path for both the grid
and ac circulating currents. This is the main aspect that should
be given attention because it can be used even in a three-phase
MMC to better manage the power mismatch due to partial
shading conditions. Indeed, it could be useful in applications
like the one investigated in [22] because it could provide, under
specific irradiance conditions, a return path for the ac
circulating currents without affecting the other MMC legs and
could thus increase the overall system efficiency. Moreover,
unlike the method used in [22], the ac current reference is
generated through a closed-loop controller that tracks the
differences between the PV arm voltages.

In light of the above, this study investigated an innovative
control strategy for integrating the PV modules in the SMs of a
three-phase MMC with a capacitor on the dc-side. The first
main novelty of the present work was the use of the homopolar
component of the ac circulating currents to control them freely.
This solution has several benefits. A high efficiency can be
reached for the DMPPT, along with low power losses, and a
better equalization of the ac circulating voltages can be
achieved because all three phases of the converter are
decoupled. Therefore, in the case of inhomogeneous irradiance
conditions between two arms of the same leg, they do not
interact with each other. The second main contribution of the
present work is related to the generation of the ac and dc

circulating current references. Similar to the method used in
[23], the ac and dc circulating current references are both
generated through closed-loop controllers that track the
differences among the PV arm voltages and PV leg voltages,
respectively. This study investigated a three-phase MMC to
integrate PV modules in a low-voltage network with a rated
power of 20 kW. The validity of the proposed control strategy
was demonstrated using time-domain simulations performed in
a MATLAB Simulink® environment.

The paper is organized as follows. The topology of the
proposed three-phase MMC is analyzed in section II. The
proposed control strategy is reported in section III. The
simulation results that validated the proposed control strategy
are presented in section IV. The obtained results are discussed
in section V. Finally, some conclusions are drawn in section VI.

II. MMC THREE-PHASE CONVERTER TOPOLOGY

The proposed converter topology is shown in Fig. 1(a). It
consists of three legs, one for each phase. In turn, each leg is
composed of two arms connected to each other through a
mutually coupled inductor and referred to as upper and lower
arms. Each arm contains n series-connected SMs. Each SM
comprises series and parallel connections of PV modules
directly connected to a capacitor and half-bridge converter.
Furthermore, a capacitor is connected to the dc-side of the
MMC. Fig. 1(a) shows the electric circuit, where two series
capacitors are connected to the dc-side only to simplify the
model discussed in the following. In the real system, only one
dc capacitor is needed.

Considering Fig. 1(a), the following equations can be derived
for each phase, j, of the converter:
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where v, and vy, are the voltages developed by the upper and
lower arms of the j-th phase, respectively; v. is the dc-side
voltage; Rum is the arm resistance; Ly, is the arm inductance;
and M, is the mutual coupling of the arm inductances. Finally,
iup,j and iy,,; are the upper and lower arm currents, respectively.
Moreover, the voltages developed by the upper and lower arms
can be decomposed as follows:
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where v, is the j-th output phase grid component, while ve;rc;
is the circulating one. The grid current and circulating current
of a generic phase, j, are defined as follows:
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Fig. 1. Converter topology: a) MMC three-phase with the dc-side capacitor; b) Equivalent circuit of the MMC with the dc-side capacitor.
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Finally, the related circulating voltage needed to drive the
circulating current is represented by the following:
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The dc-side plays a crucial role in the controller proposed in
this work, as will be discussed later. Its voltage is supported by
the equivalent capacitor, Cq., and shown as follows:
1 t
v () =—— j i dr+v,(0) )
dc 0
where v.(0) is the initial voltage value of the dc-side capacitor,
and i. is the dc-side current:
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The main aim of the proposed control strategy is to deliver
the maximum power available from all the PV modules to the
ac grid under any irradiance conditions using a DMPPT
algorithm. This is achieved by properly controlling both the
grid and circulating currents. In particular, the latter are used to
manage the power mismatch among the PV modules due to
partial shading conditions. Indeed, each PV module, interfaced
through the SMs of the MMC, can deliver different power
values, leading to possible imbalances between its legs and/or
arms. In order to extract the maximum available power and
balance the power injected into the grid, proper ac and/or dc
components of the circulating currents are controlled through
the related circulating voltages. The generated circulating
currents and their paths are highlighted in the equivalent circuit
of the MMC reported in Fig. 1(b). In all cases, the output phase
grid voltages generated by the MMC should only contain the ac
positive sequence:

ac
=V

v ph.j
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while the circulating voltages must contain an opportune dc

voltage component to make the MMC work correctly. This is
the homopolar dc voltage, V., that charges the capacitor, Cy,
to the optimal dc-side voltage. In the case of homogeneous
irradiance conditions, the circulating voltages must only have
that homopolar dc component. In contrast, in case of
inhomogeneous irradiance conditions, the circulating voltages
may contain other ac and/or dc components:
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We can distinguish two main cases: i. in the case of partial
shading conditions among the converter legs, an opportune dc
circulating current component is used to balance the power
injected into the grid; ii. in the case of partial shading conditions
between the arms of the same leg, an opportune ac circulating
current component is used to make the DMMPT work properly
extracting the maximum power from each SM. The latter,
without the presence of the dc-side capacitor, must flow
through the other legs of the MMC (even if these other legs are
not affected by any inhomogeneous irradiance conditions), in
such a way that no active power is exchanged between their
arms [22]. Thus, the circulating current will be in quadrature
with respect to the other arm voltages by exchanging only
reactive power values. In this way, additional losses in both the
arm switches and inductors are involved because additional
circulating currents flow in the balanced legs of the converter.
On the other hand, when a capacitor is connected to the dc-side,
the ac circulating current component can flow through this
capacitor, without interfering with the other legs of the
converter. In this way, each inhomogeneous irradiance
condition of the converter legs can be decoupled and controlled
separately, with lower losses. Moreover, by opportunely sizing
the dc-side capacitor, it could be possible to better equalize the
ac circulating voltages. The circuit parameters, including the
minimum operational dc voltage, number of SMs, and number
of PV modules for each SM, were designed according to the
procedure reported in [23].



III. PROPOSED CONTROL STRATEGY

The control strategy proposed in [23] for a single-phase
system was here extended to a three-phase system. The aim of
the control strategy was to inject the maximum power
producible by the PV panels under any working condition (i.e.,
both homogeneous and inhomogeneous solar irradiance) by
means of a symmetric system of currents. This was achieved by
defining the proper voltage references for both the upper and
lower arms of each leg of the converter as follows:
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where v;; ; 1s the output phase grid voltage reference of the j-th

phase, and v,

., 18 the circulating voltage reference of the j-th
phase, which is defined as follows:
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Both the dc and ac circulating components can, in turn,
contain positive, negative, and zero sequences. As previously
mentioned, the dc circulating voltages must have the homopolar
component to maintain the average value of the dc-side voltage
at the best working value. Furthermore, these dc voltages can
also contain the positive and/or negative sequences needed to
extract the maximum power from each leg in a case of leg
unbalance conditions. Finally, the ac circulating voltages can
contain all three sequences controlled to extract the maximum
power from each arm of each leg in a case of arm unbalanced
conditions.

The proposed control strategy, shown in Fig. 2, is organized
in three main subsystems: the DMPPT controller, ac/dc power
management controller, and converter modulation controller.
The DMPPT controller tracks the optimal voltage references for
each PV module related to the SMs of the MMC. The power
management controller receives these references and generates
the related phase grid and circulating voltage references (10).
Lastly, the converter modulation controller, after defining the
upper and lower arm voltage references according to (9),
synthesizes the arm voltage references using the well-known
phase disposition pulse width modulation (PD-PWM) with SM

balance sorting.
Power management controller
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Fig. 2. Proposed control strategy subsystems.

A. DMPPT controller

The DMPPT controller provides the reference voltages
Vev mppt upij and  Vey mppi tow,ij for each i-th PV module

integrated into the SMs, for all the upper and lower arms, to
obtain their maximum power under any given solar irradiance
condition. In this work, the simplest and most diffused perturb
and observe (P&O) method is used. First, currents ipy ,;; and
iPv low,ij and voltages Vey up,i; and Vpy jow,i; of each PV module
of all the arms are measured, and then, the power produced is
calculated. Second, according to the sign of the ratio between
the power and voltage variations (dP/dV), a positive or negative
fixed voltage perturbation is applied.

B. Power management controller

The power management controller is the main novelty of the
present paper. It can be decomposed into three subsystems: the
grid controller, ac circulating controller, and dc circulating
controller. These controllers are detailed in the following.

1) Grid controller

The grid controller, depicted in Fig. 3(a), is composed of an
outer control loop with a PI regulator that tracks the dc-side

voltage, de , which is defined as the mean value of the voltages

of the equivalent dc-side related to the j-th leg:
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where 7, is the number of SMs per arm. Therefore, the dc-side
voltage is not constant, but changes as a result of the irradiance
conditions. This voltage is related to the maximum active power
available from all the PV modules. To exchange this power with
the grid, the direct component of the current phase reference,

i;h’ .- 1s obtained as the output of the outer PI regulator. On the

other hand, the reactive power can be regulated to the desired

value using the quadrature component of such a current, i;,w .
In this case, we assume that zero reactive power is exchanged
with the grid to have a unity power factor. Finally, the inner

control loop tracks these current components, generating the

phase voltage references v;h’d and v, ~through two PI

rhg
regulators. The grid controller is implemented through the Park
transformation in a synchronous reference frame locked to the
angle 0 of the grid voltage, v,, and leading to the conservation
of the amplitudes of the electrical quantities. The
synchronization is performed using the phase-locked loop
(PLL) control scheme of [24]. Furthermore, the feed-forward
terms may be used to make the dynamic response faster. It is
worth noting that the inner PI regulators were tuned using the
procedure of [25] considering the transfer function between the
phase voltages and currents obtainable from (1). The closed
loop cut-off frequency was defined equal to 100 Hz. The outer
PI regulators were tuned using the trial-and-error method. The
PI parameters are reported in Table I.

2) ac circulating controller

The ac circulating controller, shown in Fig. 3(b), is composed
of three outer control loops with three PI regulators. The latter
track, for each leg, the difference between the upper and lower
arms optimal PV reference voltages, provided by the DMMPT
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controller. They are defined as follows:
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This controller is implemented to manage the power
mismatch between two arms of the same leg and separately for
each leg, using the same strategy reported in [23] for a
single-phase MMC. In this way, each arm can operate to its
optimal voltage, providing the maximum active power. In
contrast to the controller proposed in [23], in order to make a
more precise ac circulating controller, it is better to refer to the
circulating currents with respect to the output phase grid
voltages, v,», instead of the grid voltage, v,, through the angle
O.pn. To do this, it is sufficient to add to the Park transformation
of the ac circulating controller, the displacement angle, i.e., the
phase angle between the output phase grid voltages, v,;, and
the grid voltage v,. This is achieved, applying another PLL to

5

the generated phase voltage references v, .

The outputs of the three outer PI regulators are the direct
components of the ac circulating current references, i

cire,d,j *

-ac*

The quadrature components of the circulating currents, iy, .,

are set equal to zero to prevent the arms from exchanging
reactive power.

In the three-phase MMC, the ac circulating currents are the
ones that should separately flow in each leg to manage any
power mismatch. Because the output phase grid voltages,
provided by the grid controller, according to (7), define a
fundamental ac positive sequence, although the three ac

. . wac* . .
circulating currents, i’ can have different amplitudes as a

cire,d, ]
function of the different irradiance conditions per leg, they must
be aligned with the related phase voltage (in phase or in
opposite phase, depending on the arm power mismatch
direction). Therefore, they have a displacement angle of 120°
compared to each other. Thus, we can compose a three-phase
set of currents whose phasors are expressed as follows (where

sac* _ .
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For this set of currents, all the sequence components
(positive, negative, zero) can be present. We obtain the positive,
negative, and zero sequences of the circulating current
reference according to the Fortescue transformation:
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Considering (13) and (14), we have the following:
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From (15), we recognize that
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The positive and negative sequences are reported in

a dq reference frame considering the real part as the direct
component and the imaginary part as the quadrature one. These
are compared with the measured circulating currents, which are
transformed using the Park transformation, in both the direct
and reverse reference frames. It is worth noting that, for the
reverse frame, we obtain a quantity that corresponds to the
conjugated negative sequence. In this way, we can track, using
four inner control PI regulators, the direct and quadrature
components of both the positive and negative circulating
current sequences. These PI regulators give the ac direct and
quadrature circulating voltage references for both the positive,

ac* ac*

1% 1%
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and negative, v v

e > Vare.q.— SEQUENCES.

The homopolar component of the ac circulating voltage can
be obtained by controlling the zero sequence of the ac
circulating currents according to (16). To do this, we need two
other inner PI regulators for the direct and quadrature
components of the single-phase quantity related to the
homopolar circulating current. Through the Hilbert
transformation, it is possible to obtain these direct and
quadrature components. It is worth noting that the inner PI
regulators were tuned using the procedure of [25] considering
the transfer function between the circulating voltages and
currents obtainable from (4). The closed loop cut-off frequency
was defined equal to 100 Hz. The outer PI regulators were tuned
using the trial-and-error method. The PI parameters are reported
in Table L.

3) dc circulating controller

The dc circulating controller, shown in Fig. 3(c), comprises
two outer control loops with two PI regulators that track the
differences between two pairs of leg PV reference voltages.
These are defined as follows:

* * *
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This controller is implemented to manage the power
mismatch among legs. The outputs of these controllers are the
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legs, which are defined as follows:
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steady-state conditions, the sum of the dc circulating currents is
nil. Using the Clarke transformation, the alpha, beta, and

are derived from (18), assuming that, under



homopolar components of the dc circulating current,
Igi:’a,lg‘;ﬁ,lgi’o, are obtained. Finally, three inner PI

regulators, from which the related dc circulation voltage
components are generated, track these current references. The
PI regulators were tuned exploiting the same methodology of
the ac circulating controller. However, in this case, the transfer
function of the inner loop can be derived from (1) analyzing the
dc circulating current path highlighted in Fig. 1(b). The PI
parameters are reported in Table I.

TABLEI
PARAMETERS OF THE PI REGULATORS
Controller Outer loop Inner loop
kp ki ky ki
Grid controller 2 30 2.4 88
ac circulating controller 4 1.2 2.5 6.3
dc circulating controller 3 2 2.5 6.3

C. Converter modulation controller

Through the inverse Park transformation, all the output
reference signals generated by the previous controllers are
provided, in the phase domain, to the converter modulation
controller (Fig. 4). The latter synthesizes the former signals
using the PD-PWM with SM balance sorting.
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ac* - V:;p ¥ Vup,j
Veire,j,- Arm Reference -

Voltages _| PD-PWM

ac* Calculation o
Veire,j,0 Viow,j Viow,j
—_—+ ac*

de* VYph,j

vcirc, J

vt

Fig. 4. Converter modulation controller.

IV. SIMULATION RESULTS

The wvalidity of the proposed control strategy was
demonstrated through time-domain simulations performed in
MATLAB Simulink®. Starting from homogeneous irradiance
conditions, different irradiance conditions were simulated at a
specific time. The inhomogeneous conditions were chosen to
highlight the effectiveness of the proposed control strategy.
Therefore, different partial shading conditions among arms,
legs, and even inside the arms were considered. A 20 kW
PV-system was connected to a 400 V low-voltage network. The
MMC-PV system parameters used in the simulations performed
are summarized in Table II. Furthermore, each PV module was
modeled according to equation (15) of [23], and the PV
temperature was fixed at 25 °C.

TABLEII
MMC-PV SYSTEM PARAMETERS
Parameters Value Units

Rated plant power Pyeq 20 kW

Rated grid phase voltage (rms) v, ; 230.9 A%
Grid + filter resistance R, 140 mQ
Grid + filter inductance L, 39 mH
Arm resistance R, 5 mQ
Arm inductance Ly, 1 mH
Mutual arm inductance M,,,, 0.99 mH
SM capacitance C, 50 mF
de-side capacitor Cy. 5 mF

Number of SMs per arm ny, 12 -
Switching frequency f; 9 kHz

Each PV module was directly connected to the capacitor of

the SM and a P&O MPPT algorithm was implemented for each
of them. Finally, the SM sorting based on the theoretical
optimal voltage was used [23]. Table III lists the PV module
parameters.

TABLE III
PV MODULE PARAMETERS
Parameters Value Units
Rated power Ppy 42.53 W
Minimum operative irradiance G, 200 W/m?
Minimum optimal operative PV voltage V., min 19.9 A\
Number of series PV submodules 7pp eries 4 -
Number of parallel PV submodules 7py ,uraiier 2 -

A. Partial shading conditions between arms of one leg

In this case, inhomogeneous irradiance conditions between
the arms of the same leg were analyzed. In this situation, an ac
circulating current will flow through the phase affected by
unbalanced conditions, making each arm work at its maximum
power point. The ac circulating current will not involve the
other two converter legs, but it will flow through the dc-side
capacitor. Initially, all the PV modules are subjected to the
maximum irradiance value, i.e., 1000 W/m?. Then, after 5 s, the
irradiance of the PV modules embedded in the lower arm of
phase a decreased to 390 W/m?. The irradiance of the SM
embedded in the arms of legs b and ¢ decreased to 700 W/m?,
guaranteeing that the power available is always the same for the
three legs and, thus, no dc circulating current is needed.
Table IV reports the power values generated in the arms. The
simulation results are reported in Fig. 5. In this scenario, it is
possible to recognize the basic principle of the proposed control
strategy. During the first 5 s, after a short transient, the arm
voltages reach, as mean values, their theoretical optimal values.
In this case, all the converter PV modules are irradiated in the
same way, and therefore no circulating currents are needed.
After 5 s, an ac circulating current is needed for leg a to ensure
that its arms work at the MPP. This current, because it must not
affect the other two converter legs, will flow through the dc-side
capacitor. The dc and ac (50 Hz) circulating currents and the
capacitor current were extrapolated through the fast Fourier
transform, and they are reported in Fig. 5(d). Moreover, no dc
circulating currents are needed because the power values
delivered by each converter leg are equal each other (Fig. 5(¢)).
Therefore, no dc circulating current is needed, and the power
delivered to the grid turns out to be constant (Fig. 5(f)). The
efficiency reached using the proposed DMPPT controller was
equal to 99.9%.

TABLEIV
GENERATED ARM POWER VALUES IN SCENARIO A
Leg Upper arm Lower arm
P (kW)
t=0-5s t=5-10s t=0-5s t=5-10s
Lega 4.083 4.083 4.083 1.505
Leg b 4.083 2.794 4.083 2.794
Leg c 4.083 2.794 4.083 2.794

B. Partial shading conditions between legs

In this case, inhomogeneous irradiance conditions among the
converter legs were analyzed. Initially, all the PV modules were
subjected to the maximum irradiance value, i.e., 1000 W/m?.
Therefore, no circulating components were needed. Then, after
5 s, the irradiance of the PV modules in the converter leg of



phase a was decreased to 600 W/m?. The irradiance of the PV
modules in the converter leg of phase b decreased to 200 W/m?
and the irradiance of the PV modules in the converter leg of
phase ¢ decreased to 800 W/m?. Table V reports the power
values generated by the arms. The simulation results are
reported in Fig. 6. In this scenario, after 5 s, three dc circulating
components are generated to balance the power among the
converter legs. In Fig. 6(d), the circulating current components,
analyzed through the fast Fourier transform, are reported. The
amplitudes of the three dc circulating currents depend on the
power mismatch among the phases. Because the power values
produced by legs a and c are greater than that of leg b, they will
transfer power to the latter. The dc circulating current related to
leg ¢ is the highest because it produces the highest power.
Moreover, no ac circulating currents are needed because the
arms of the same converter leg are irradiated homogeneously
(Fig. 6(d)) and power produced by the arms of the same leg are
equal each other (Fig. 6(e)). Finally, no unbalanced currents
flow through the grid, and the generated power remains
balanced (Fig. 6(f)), leading a DMPTT controller efficiency of
99.9%.

TABLE V
GENERATED ARM POWER VALUES IN SCENARIO B
Leg Upper arm Lower arm
P (kW)
t=0-5s t=5-10s t=0-5s t=5-10s
Leg a 4.083 2371 4.083 2.371
Leg b 4.083 0.734 4.083 0.734
Leg c 4.083 3.220 4.083 3.220

C. Partial shading conditions between arms and legs

In this case, inhomogeneous irradiance conditions among the
arms and legs of the converter were analyzed. Initially, all the
PV modules were subjected to the maximum irradiance value,
i.e., 1000 W/m?. Therefore, no circulating components were
needed. Then, after 5 s, the irradiance of the PV modules
changed in different ways between the converter arms, keeping
the same solar irradiance for the PV modules belonging to the
same arm. The generated power results are reported in Table
VI. The simulation results are reported in Fig. 7. In this
scenario, after 5 s, both the ac and dc circulating components
are generated to balance the power values due to the power
mismatch among the converter legs and arms (Fig. 7(e)). The
ac circulating components are used to extract the maximum
power among the arms, and their sum flows through the dc-side
capacitor. Instead, the dc circulating components balance the
power among the legs.

TABLE VI
GENERATED ARM POWER VALUES IN SCENARIO C
Leg Upper arm Lower arm
P (kW)
t=0-5s t=5-10s t=0-5s t=5-10s
Lega 4.083 3.612 4.083 2.165
Leg b 4.083 1.271 4.083 1.645
Leg ¢ 4.083 2.740 4.083 3.376

D. Partial shading conditions for one arm of the converter

In this case, inhomogeneous irradiance conditions for one
arm of the converter were analyzed. Initially, all the PV
modules were subjected to the maximum amount of irradiance,
i.e., 1000 W/m?. Then, after 5 s, the irradiance of the twelve PV

modules embedded in the upper arm of phase a changed to 0.4-
1-1-0.3-1-1-0.9-1-1-0.8-1-1 kW/m?, while the irradiance of all
the SMs embedded in the other converter arms decreased to
500 W/m?. Table VII reports the power values generated in the
arms. This condition involved a power mismatch between the
arms of leg a and between the three legs. Therefore, both ac and
dc circulating currents were needed to ensure that each arm
worked at its maximum power point and at the same time
injected balanced currents into the grid.

The simulation results are reported in Fig. 8. The same
conclusions for scenario C can be derived from the voltages,
currents, and grid power behavior. Moreover, looking at Fig. 9,
the effectiveness of the proposed control strategy is worth
noting. Indeed, even under extremely unbalanced irradiance
conditions, each PV module could work at its maximum power
point. As a result, the efficiency reached using the proposed
DMPPT controller was equal to 99.9% in this scenario.

TABLE VII
GENERATED ARM POWER VALUES IN SCENARIO D
Leg Upper arm Lower arm
P (kW)
t=0-5s t=5-10s t=0-5s t=5-10s
Lega 4.083 3.517 4.083 1.952
Leg b 4.083 1.952 4.083 1.952
Leg ¢ 4.083 1.952 4.083 1.952

V. DISCUSSION

The simulation results reported in the previous section

showed the robustness of the proposed MMC-based PV
three-phase system under any solar irradiance condition.
Indeed, in all the analyzed scenarios, each PV module produced
the maximum available power because the proposed DMPPT
achieved high efficiency.
Scenario A showed the first main aspect of the proposed
topology and control strategy. In this case, the unbalanced
irradiance conditions between two arms of leg a did not affect
the other two balanced phases of the MMC. Indeed, the
generated ac circulating current of the affected phase flowed in
the dc-side capacitor. With respect to the work presented in
[22], where the dc-side capacitor was not present, under the
same condition, the ac circulating current was constrained to
reclose in the other two legs, even if these other legs were not
affected by any inhomogeneous irradiance conditions. This
involved additional losses in legs b and ¢ and higher circulating
voltages. In fact, although it is outside of the scope of the
present work, it is possible to properly design the dc-side
capacitor to optimize the power losses and equalize the
circulating voltages among the legs. Scenario B showed the
second main feature of the proposed control strategy. In this
situation, unbalanced irradiance conditions among the
converter legs were analyzed. Because the arms belonging to
the same leg were equally irradiated, only dc circulating
currents were generated. In contrast to the method used in [22],
the current references were generated through closed control
loops that tracked the differences between two pairs of leg PV
reference voltages according to (17). Even though this method
is slightly more complex, it increases the system stability, and
the response of the system is not affected by disturbances.
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Finally, in scenarios C and D, unbalanced irradiance conditions
among arms and legs of the converter were analyzed, showing
the effectiveness of the entire system in which both ac and dc
circulating currents are present. In more detail, scenario D
showed a power mismatch even among the SMs of one arm of
the MMC.

VI. CONCLUSIONS

In this study, a novel control strategy for an MMC-based PV
three-phase system was proposed and analyzed.

The first main novelty of the present work is the use of the
dc-side of the MMC to freely control the homopolar component
of the ac circulating currents in a case of arm power mismatch.
Through the proposed control strategy, the ac circulating
currents, in general, can flow in the dc-side. In a case of an arm
power mismatch in only one leg, the ac circulating current of
the leg affected by the mismatch can reclose in the dc-side,
resulting in low power losses.

The second main contribution of the present work is the dc
circulating current control strategy. Instead of measuring the
active power mismatch among the legs as done in [22], in this
case, similarly to the ac circulating controller, the differences
between the optimal reference voltages for two different pairs
of legs given by the DMPPT are tracked. Lastly, the generated
dc loop circulating currents among the legs are controlled.
Finally, the effectiveness of the proposed control strategy was
proved by means of numerical simulation results. Under both
homogeneous and very inhomogeneous solar irradiance
conditions, the DMPPT efficiency was always 99.9%, while
keeping the currents injected into the grid balanced.
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