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Abstract

Recently, modular multilevel converters (MMCs) gained popularity for the grid integra-
tion of photovoltaic (PV), due to their many advantages, including low total harmonic
distortion, high control flexibility, and distributed maximum power point (MPP) track-
ing capability. Two distinguished families of MMCs exist: voltage source and current
source. Voltage source MMCs are mostly studied, but current source MMCs offer advan-
tages under certain operating conditions. This article compares voltage and current source
MMCs, for PV integration. To this aim, several key indicators are identified: number of
components, energy stored in passive elements, semiconductor power rating, and the num-
ber of MPP trackers. The results of the analysis, performed in MATLAB©, show that for
a fixed number of output voltage levels, power rating, and switching frequency, voltage
source MMCs have simpler control and higher number of MPP trackers. In contrast, cur-
rent source MMCs minimize the semiconductor power rating, the number of components
and the energy stored in passive elements. Regarding efficiency, in the analyzed case study,
voltage source MMCs perform better under both homogeneous and non-homogenous
irradiance conditions. This article provides a tool to select the optimal solution based on
the required target (e.g. efficiency, energy storage etc.), given the specific characteristics of
the application.

1 INTRODUCTION

In recent years, researchers, companies, and authorities have
employed significant resources for the study and development
of innovative technologies and solutions for the decarboniza-
tion of the energy production sector, directing a steadily
growing interest towards renewable energy sources (RES), such
as photovoltaic (PV) [1], to reduce greenhouse gas emissions.
However, the unpredictability of such RES poses significant
challenges for grid management, leading to the necessity to uti-
lize flexible interfaces for performing their integration within
the power grid [2]. A PV plant consists of several PV mod-
ules, which are suitably connected in series and in parallel to
constitute arrays. Those arrays are then interfaced with the AC
grid, typically by employing a power electronics-based power
conversion system (PCS). As the amount of power that the PV
system is able to deliver strongly depends on the modules irradi-
ance and temperature operating conditions [3], maximum power
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point tracking (MPPT) algorithms are implemented for the PCS
control - either on the main power converter or by means of
additional DC-DC stages - thus ensuring the injection of the
maximum available power into the grid [4].

The existing literature addresses many different realizations
of a PCS interface for PV plants. Traditional solutions require
a single-stage two-level three-phase voltage source converter
(VSC) [5], also implementing a centralized MPPT function.
Alternatively, an additional intermediate DC-DC stage can be
adopted to integrate the PV modules. In this solution, the
DC-DC converter is responsible for boosting the voltage and
perform the MPPT function. This additional stage can interface
with the whole PV system, achieving a centralized approach, or,
alternatively, several DC-DC stages can be used, one for each
subgroup of the PV plant, achieving a distributed approach [6].
Indeed, the maximum power point (MPP) of the PV system is
not unique, particularly in the case of non-homogeneous irradi-
ance conditions [7]. By adopting a distributed maximum power
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2 BARRESI ET AL.

point tracking (DMPPT) it becomes possible to track each local
MPP, consequently enhancing the overall efficiency of the PV
plant. Despite their simplicity, two-level VSCs require bulky fil-
ters and dedicated transformers for grid connection at high
voltages. In this context, PCS based on modular multilevel con-
verters (MMCs) provide significant advantages over previous
ones: the modular structure of MMCs enables a direct inter-
face of the PV arrays, without requiring additional conversion
stages for boosting the voltage of the modules, while at the same
time providing the possibility to implement DMPPT algorithms
[8]. Moreover, increasing the number of levels of the output
waveform considerably decreases its total harmonic distortion
(THD), therefore reducing filtering requirements [9].

An MMC consists of the repetitive interconnection of many
power electronics blocks, herein referred to as submodules
(SMs). In the literature, two main families of MMCs can be dis-
tinguished, namely voltage source and current source MMCs.
Their fundamental difference lies in the power source con-
nected on the DC side of the converter, operating either as a
constant voltage or current source, respectively, as well as on
several other structural and control aspects which are deeply
analyzed in this work.

Considering voltage source MMCs solutions, a two-stage
neutral point clamped converter is proposed in [10]. However,
the necessity to realize a common DC link actually limits the
possibility to implement a DMPPT, hence negatively affecting
the efficiency of the PCS under non-homogeneous irradiance
conditions. The same issue is also shared by flying capaci-
tor voltage source MMC topologies [11]. The authors of [12]
and [13] propose a single-phase cascaded H-bridge topology
with MPPT capability enabling the direct connection of the
PV system with a single-phase low voltage AC grid. Regard-
ing large-scale plants, three-phase cascaded H-bridge solutions
are preferred, with studies dealing with both star and delta-
connected cascaded H-bridge topologies [14–16]. Another
well-known voltage source MMC topology is the double star
chopper cell (DSCC) MMC. Several examples of DSCC PCS
interfaces for the grid integration of PV plants are present in
the literature, directly interconnecting the PV arrays to the con-
verter SMs [17, 18] or using additional flyback [19] or dual-active
bridge [20] DC-DC stages to provide galvanic isolation. In
this converter topology, internal power mismatches are typically
managed injecting opportune components of the circulating
currents [18, 20].

Several viable solutions can be found in the literature also
concerning current source converters. The authors of [21] pro-
pose the adoption of a single stage current source converter
with centralized MPPT capability for the grid interface of a
small scale PV system. A similar solution is proposed also by
[22], where the MPPT function is distributed and implemented
by means of additional DC-DC conversion stages. A further
development is introduced by the authors of [23], employing
an additional switch to enhance the inherent voltage boost
behavior of the classic current source converter interface [24].
Considering current source MMCs, the grid integration of a
large-scale PV plant can be realized with a current source cas-
caded H-bridge, as done in [25]. At last, [26] shows the adoption

of a modular multilevel current source topology comprising
several three-phase SMs connected in parallel to each other.
In this solution, each converter SM can be individually con-
trolled to inject the maximum power of the integrated PV arrays.
Therefore, compared to the DSCC MMC, no additional current
components should be generated.

The comparison between two different converter topologies
with different control strategies is not straightforward unless
specific criteria and constraints are fixed. In light of these con-
siderations, the aim of this work is to extend and finalize the
comparison between voltage and current source MMCs for PV
integration first introduced in [27]. The outcomes of this anal-
ysis provide engineers and power electronics designers with
useful insights about which solution maximizes the required
targets (e.g. efficiency, costs etc.) according to the specific
characteristics of the application. Among the several solutions
present in the literature, the topologies proposed in [17] and
[26] were selected. This choice was made because these archi-
tectures minimize the number of components, as they do not
require additional conversion stages within the converter SMs.

The article is organized as follows: after briefly introducing
the two converter topologies in Section 2, Section 3 summarizes
the results of [27] for the count of the number of SMs, active
and passive components, number of PI regulators, and MPP
trackers for two converters having the same number of levels
of the output waveforms. The energetic comparison between
the two solutions is finalized in Section 4 with the addition of
the power ratings of the semiconductors. Moreover, the analysis
takes into account the effects of non-homogeneous irradiance.
Specifically, for the modular multilevel voltage source (MMVS),
the occurrence of irradiance imbalances leads to the circulation
of additional AC and DC current components, thus impacting
both losses and the ratings of active and passive components.
On the other hand, this is not the case for current source MMCs,
as for the topology under analysis, the SMs of the converter
operate independently from each other even in the presence
of non-homogeneous irradiance conditions. Finally, Section 5
proposes a case study for the grid integration of a 50 kW PV
plant and compares the efficiency of the two MMCs consider-
ing for both homogeneous and non-homogeneous irradiance
conditions. Eventually, Section 6 concludes the article.

2 MODULAR MULTILEVEL
CONVERTERS TOPOLOGIES

As anticipated in Section 1, the aim of this work is to provide
to power electronics engineers a specific framework for com-
paring two MMCs topologies, namely, a voltage source and a
current source MMC, presented in [17] and [26], respectively.
This is performed by fixing specific constraints, both structural
and energetic (i.e. on the number of output levels or on the con-
verter rating). The comparison provides fruitful insights to the
designer, helping in understanding the advantages and disadvan-
tages of the two topologies under different operating conditions
(e.g. in case of homogeneous or non-homogeneous irradiance
of the PV arrays).
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BARRESI ET AL. 3

FIGURE 1 Voltage source MMC.

2.1 Voltage source MMC

The structure of the MMVS converter shown in Figure 1 con-
sists of the series connection of n half-bridge SMs and an
inductor with inductance Larm and stray resistance Rarm, form-
ing an arm. The interconnection of the upper and lower arms,
identified in Figure 1 by subscripts u and l, respectively, con-
stitutes a leg. The overall MMVS comprises three legs, one for
each phase of the converter. Each SM integrates a PV array,
together with a submodule capacitor of capacitance CSM, aimed
at smoothing the SM voltage ripple.

The MMVS is then interfaced with the power grid by means
of an inductive filter. Considering also the grid inductance
Lg, the equivalent output inductance of the converter is Lg +
Larm∕2 [17].

Concerning the modulation techniques, several different
solutions can be found in the literature [28]. For the scope of
this work, a modulation scheme able to provide 2n + 1 volt-
age levels has been considered (e.g. phase-disposition PWM),
to better exploit the converter capabilities in terms of number
of levels. Alternative modulation strategies provide only n + 1
levels at the output voltage terminals. Regarding the MMVS
control strategy, the same solution adopted in [20] has been
taken into account for the evaluation of the control complex-
ity. Indeed, compared to [17], which proposes managing internal
converter mismatches with redundant SMs, [20] exploits circu-
lating currents. Since this strategy is more common and does
not require additional components, it was preferred to achieve a
fair comparison between the converters.

FIGURE 2 Current source MMC.

2.2 Current source MMC

The overall structure of the current source MMC is shown in
Figure 2. Similarly to the voltage source MMC, the PV arrays are
directly connected to the SM through a parallel capacitor (Cdc)
and an inductor (Ldc) with stray resistance Rdc. A three-phase
capacitor bank filters the output current waveform at the con-
nection point with the AC grid. Unlike the voltage source MMC,
the SMs of this converter have three-phase outputs. Moreover,
depending on the application, particularly on the requirement
for either unidirectional or bidirectional current flow, the SMs
can be realized using different combinations of switches [29].
Referring to the target application of this work (i.e. the grid
integration of a PV system), power only flows from the PV
arrays to the grid, and the current flowing in the switches is
unidirectional. Therefore, current source MMCs can be further
subdivided into two subgroups: reverse-blocking modular mul-
tilevel current source (MMCS-RB) converters have SMs realized
with six reverse-blocking (RB) switches, such as IGBTs with RB
capability, while non reverse-blocking modular multilevel cur-
rent source (MMCS-NRB) converters use non reverse-blocking
(NRB) switches (such as SiC MOSFETs or IGBTs) with series
diodes, as shown in Figure 2. In the first case, six power elec-
tronics components are needed to realize each one of the M

SMs, while in the latter case twelve power electronics compo-
nents per submodule are required. For the sake of coherence, also
in this case, a modulation scheme able to provide 2M + 1 cur-
rent levels has been applied (i.e. phase shift carrier PWM), as
for the voltage source MMC. It is worth noting that, in case
of non-homogeneous irradiance condition, the DC current of
each SM might differ. Nevertheless, each SM is controlled to
operate with a unitary modulation index to extract its maximum
available power. Regarding the converter control, a dedicated
AC current PI regulator is considered for each submodule,
instead of using a centralized controller as in [26], enabling the
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4 BARRESI ET AL.

independent operation of each SM. This choice increases the
control complexity, as the number of PI regulators is higher,
but it improves the MPP tracking performances, enhancing the
efficiency of the PCS, especially in case of non-homogeneous
irradiance conditions.

3 CONVERTERS STRUCTURAL
COMPARISON

Referring to the results presented in [27], the structural compar-
ison between the two MMC topologies is developed by fixing
a constraint on the number of voltage or current levels provided
at the output phase terminals by each converter. Hence, it is
assumed that the two converters provide the same number of
levels Nlev of the output voltage or current waveforms, respec-
tively. Moreover, by assumption, both converters have the same
power rating and switching frequency.

Given these constraints, the passive and active electrical
components, and control elements (i.e. inductors, capacitors,
switches, diodes, PI regulators, and MPP trackers) needed to
realize a MMVS, an MMCS-RB, and an MMCS-NRB converter
are counted and compared.

Due to the adopted modulation schemes, the total number
of SMs of the two converters can be directly related to Nlev. For
the voltage source MMC, it holds that Nlev = 2n + 1, while for
the current source MMC, Nlev equals 2M + 1. However, while
for the current source MMC, M represents the total number of
SMs of the converter, for the voltage source MMC, n is the num-
ber of SMs in each arm. Hence, for a coherent comparison, the
total number of SMs N of the voltage source MMC has to be
considered. Indeed, Nlev and N are related as:

Nlev = N

3
+ 1. (1)

Therefore, the total number of submodules (i.e. N and M)
can be expressed as a function of Nlev:

N = 3(Nlev − 1), (2)

M = 1
2

(Nlev − 1). (3)

Figure 3 highlights that voltage source MMCs require more
SMs than their current source counterpart. This is due to the
different SMs structure, and in particular, it is related to the
three-phase nature of the SMs of the current source MMC.
Indeed, while the SMs of the voltage source MMC can only
modify the voltage of each leg—and thus, of each phase—the
SMs of the current source MMC are able to set the current levels
on the three output phases of the converter.

On the other hand, the SMs of a MMVS are built using just
two switches, while at least six power electronics components
are required for the SMs of a current source MMC (i.e. six for a
MMCS-RB, six plus six series diodes for a MMCS-NRB). There-
fore, Figure 4 puts under comparison the number of switches,
diodes, inductors, and capacitors required by the two converters,

FIGURE 3 Number of SMs, given Nlev.

given a fixed number of levels and considering both MMCS-RB
and MMCS-NRB sub-topologies. It can be observed that:

N MMCS−RB
switches = N MMCS-NRB

switches = 3(Nlev − 1),

N MMCS−RB
diodes = 0;N MMCS-NRB

diodes = 3(Nlev − 1),

N MMVS
switches = 6(Nlev − 1), (4)

where:

∙ N MMCS−RB
switches and N MMCS−RB

diodes are the number of switches and
diodes required by the MMCS-RB, respectively.

∙ N MMCS-NRB
switches and N MMCS-NRB

diodes are the number of switches and
diodes required by the MMCS-NRB, respectively.

∙ N MMVS
switches represents the number of switches required by the

MMVS.

Given Nlev, a current source MMC requires half the num-
ber of switches of a voltage source MMC. However, for the
MMCS-NRB, the number of power electronics components is
equal to the MMVS converters since the MMCS-NRB requires
connecting a diode in series to each switch. Instead, for the
same number of output levels, the MMCS-RB requires half the
components than the MMVS.

Concerning the passive components, a voltage source MMC
requires fewer inductors, that is, 6 (one for each arm), indepen-
dently of Nlev, while current source MMCs require one inductor
per submodule, that is, M . On the other hand, voltage source
MMCs require many more DC side capacitors, equal to the total
number of SMs, that is, N . Indeed, the voltage source MMCs
have more SMs for a fixed number of levels, Nlev. Instead, the
current source MMCs require one capacitor per submodule plus
3 output filter capacitors, thus, in total M + 3. In Figure 4, the
analysis of the number of components is reported. Specifically,
Figure 4c summarizes the structural comparison, considering
the total number of active and passive components together.
MMVS converters require the highest number of components;
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BARRESI ET AL. 5

FIGURE 4 (a) Number of switches and diodes; (b) number of passive
components; (c) total number of electrical components.

FIGURE 5 Number PI regulators and MPP trackers.

MMCS-RB converters the lowest, with MMCS-NRB converters
in between.

At last, the plot of Figure 5 provides insights into the number
of PI regulators and MPP trackers, to compare the control com-
plexity and the possibility to track different MPPs of the plant
in case of non-homogeneous irradiance conditions. Concerning
the number of PI regulators, voltage source MMCs perform bet-
ter than current source MMCs, especially as Nlev increases. The
reason is that the same number of PI regulators (independently
of the number of levels) are required for the control, while for
the current source MMCs, since independent control of each
SM is considered, the number of PI regulators increases with
the number of levels. In the voltage source MMCs, the con-
trol algorithm is based on the grid and circulating controller
[20]. The grid controller requires two PIs for controlling direct
and quadrature current components, and one external regula-
tor for defining the direct current components related to the
maximum power of the PV plant. The circulating controller
requires controlling 𝛼𝛽0 components of the AC and DC cir-
culating currents, and 5 external regulators (three for the AC
and two for the DC components) for defining the reference
circulating currents. In the current source MMCs, three PI reg-
ulators per submodule are needed. Two PIs for controlling direct
and quadrature current components, and one external regulator
for defining the direct current components related to the maxi-
mum power of the PV array integrated in the SM. Regarding the
number of MPP trackers, in both converters it increases propor-
tionally with Nlev. However, since it is equal to the number of
SMs, that is, N or M according to the converter topology, in the
current source MMCs increases in a slower way with respect to
voltage source MMCs. Indeed, the voltage source MMCs have
more SMs than current source MMCs, given the same number
of levels. This aspect, on one side, is positive since the power
production of the PV plant can be improved, since a more dis-
tributed approach is achieved, while on the other side increase
the control complexity.
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6 BARRESI ET AL.

4 ENERGETIC COMPARISON

In [27], a comparison of the total energy stored by all the
inductive and capacitive elements of the two MMC topolo-
gies was performed, considering, however, only homogeneous
irradiance conditions. In this work, this analysis was extended
and reformulated considering non-homogeneous irradiance of
the PV plant. Indeed, in this scenario the converters oper-
ation differ significantly. For instance, for the MMVS, it is
required to generate additional current components to ensure
delivering balanced power to the grid. In addition, also the
power semiconductor ratings are computed and included in the
comparison, considering the MMVS and both MMCS-RB and
MMCS-NRB converters.

The energetic analysis is performed in such a way as to
express all the quantities according to the rated values of the
system. In a rotating dq-axes reference frame, considering the
preservation of the amplitude of the electrical quantities, the
rated active and reactive power exchanged with the grid are:

Pac =
3
2

(vg,dig,d + vg,qig,q), (5)

Qac =
3
2

(vg,qig,d − vg,dig,q), (6)

where:

∙ Pac, Qac are the active and reactive power.
∙ vg,d, ig,q are the d-axis voltage and current.
∙ vg,q, ig,q are the q-axis voltage and current.

A decoupled control of active and reactive power is achieved
using a phase locked loop (PLL), which locks the phase of the
AC line-to-ground grid voltage, fixing vg,q = 0 [30]. Therefore,
the rated active and reactive power, Pr

ac and Qr
ac, respectively, can

be expressed as:

P r
ac =

3
2

vr
g,dir

g,d, (7)

Qr
ac = −3

2
vr
g,dir

g,q, (8)

where vr
g,d is the rated value of the d component of the grid volt-

age, and ir
g,d, and ir

g,q are the rated values of the dq components
of the output converter currents.

If active power losses are neglected, then Pdc ≈ Pac, where Pdc
is the power comprehensively produced by the PV plant and
injected by the SMs.

4.1 Voltage source MMC

4.1.1 Capacitive and inductive energy

The expression of the total capacitive energy Ec,vsc stored by
the capacitors in the SMs is:

Ec,vsc =
N

2
CSMV

VSC,r
SM

2
. (9)

Considering (7), the rated SM voltage, V
VSC,r

SM , is given by:

V
VSC,r

SM =
2vr

g,d

n
= 8

P r
ac

Nir
g,d
, (10)

where n = N∕6 is the number of SMs in each converter arm.
It is worth noting that (10) was derived considering that each
converter arm should be able to synthesize at least double of
the rated grid voltage. Even though a margin on the SM voltage
related to power regulation or PV sizing is typically considered,
for the sake of simplicity, it was neglected. Additionally, the
submodule capacitor could be sized according to [31] as:

CSM ≈
P r

ac

2𝜋 f 𝜉
rip
sm,vsc

√
(6 − 4

√
3)

(
𝜉

rip2

sm,vsc − 4

)
NV

VSC,r
SM

2

,

(11)
where:

∙ f is the frequency of the grid.
∙ 𝜉

rip
sm,vsc ∈ (0, 1] is fixed by the designer as a degree of freedom

and it represents the allowed voltage ripple of V
VSC,r

SM .

The SM capacitor expression was derived assuming the con-
verter is exchanging solely active power with the grid. Eventu-
ally, substituting (11) in (9), the total capacitive energy of the
MMVS becomes:

Ec,vsc =
P r

ac

4𝜋 f 𝜉
rip
sm,vsc

√
(6 − 4

√
3)

(
𝜉

rip2

sm,vsc − 4

) . (12)

It is interesting to highlight that Ec,vsc does not depend on
the structural characteristics of the voltage source MMC, that is,
on the number of SMs.

Concerning the total inductive energy stored in the arm
inductors, it is strictly related to the maximum arm current, imax

arm ,
as:

El,vsc =
6
2

Larmimax2

arm . (13)

The arm current, iu,k or il,k, for the upper or lower arm,
respectively, depends on two main components, that is, the out-
put converter currents, ig,k, and the circulating currents, icirc,k.
Considering Figure 1, the general expression of the arm current,
iarm,k, can be written as:

iarm,k = ±
ig,k

2
+ icirc,k. (14)

The grid currents are related to the active and reactive power
exchanged with the grid, while the circulating currents are
additional current components opportunely injected into the
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BARRESI ET AL. 7

converter to manage its internal energy [20]. In particular, in
the case of non-homogeneous irradiance conditions, the funda-
mental AC circulating component aims at managing the power
mismatches among the upper and lower arms, while the DC
component manages the power mismatches among the con-
verter legs. In this way, each arm can operate at the MPP,
optimizing the power production of the PV plant. It follows
that the worst-case scenario to be considered for determining
the energy stored by the inductive components is the one in
which these aforementioned current components are the high-
est. This occurs in the presence of strongly non-homogeneous
irradiance conditions. Assuming that the maximum power out-
put of one arm is equal to P r

ac∕6, it is possible to demonstrate
that the highest arm current occurs when [32]:

Pd,k = Pu,k − Pl ,k = ±P r
ac∕6 k ∈ a, b, c

Pd,y = Pd,z = −Pd,k y ≠ k, z ≠ y ≠ k
, (15)

where Pd,k is the active differential power, while Pu,k and Pl ,k

are the powers produced by the upper and lower arm of the k-
th phase, respectively. In this scenario, only extreme imbalances
among the arms are present, requiring injecting solely the AC
components of the circulating current. The PV system is pro-
ducing half of the rated power, that is, P r

ac∕2, and the maximum
value of the circulating current is given by (see Appendix):

imax
circ =

√
21ir

g,d

12
. (16)

Therefore, under this extreme arm unbalanced condition, the
maximum arm current is given by:

imax
arm =

|||||
ig,d

2

||||| + imax
circ =

ir
g,d

4
+

√
21ir

g,d

12
. (17)

It is worth noting that, even if half of the rated power is injected
into the grid, consequently decreasing the contribution of the
term ig,d, the additional circulating component increases the
arm current, making the extreme arm unbalanced condition
more critical than the case in which the plant maximum power
is exchanged with the grid.

After determining the maximum arm current, the arm induc-
tor should be designed. The scope of the arm inductors is to
smooth the ripple of the arm currents, Δiarm, which equals:

Δiarm = 𝜉
rip
armimax

arm =
ΔVLarm

Larm fs
, (18)

where fs is the converter switching frequency and 𝜉
rip
arm ∈ (0, 1]

represents the maximum allowed arm current ripple, and it is a
degree of freedom fixed by the designer. Additionally, the max-
imum voltage ripple across the inductor, ΔVLarm, it is equal to
rated SM voltage. The latter was defined in (10) as:

ΔVLarm = V
VSC,r

SM = 8
P r

ac

Nir
g,d
. (19)

Consequently, the sizing of the arm inductance, Larm, results:

Larm =
ΔVLarm

Δiarm fs
=

8P r
ac

𝜉
rip
armN ir

g,d
2

fs

(
12

3 +
√

21

)
. (20)

Lastly, substituting (20) and (17) in (13), the total inductive
energy stored in the arm inductors of the voltage source MMC
is computed as:

El,vsc =

(
6 + 2

√
21
)

P r
ac

fsN𝜉
rip
arm

. (21)

It is worth noting that, in the considered converter topol-
ogy, the arm inductor acts also as a filter for the converter
output currents.

4.1.2 Power semiconductors rating

Let us now compute the power semiconductor rating of the
voltage source MMC. It is worth including this quantity in
the energetic comparison, as it strongly relates to the cost of
the active switches. Also in this case, the power semiconduc-
tor rating is computed according to the most critical scenario.
Therefore, the extreme arm unbalanced condition should be
considered, since it represents the worst-case scenario for the
arm currents. According to (17), the switch sizing current,
I VSC
sw,min, can be defined as:

I VSC
sw,min =

imax
arm√

2
kv =

(
3 +

√
21

12
√

2

)
ir
g,dkv, (22)

where the margin factor kv > 1 holds for possible grid volt-
age variations. Indeed, for the same active power exchanged, if
the grid voltage decreases, the arm current rises proportionally.
The switch sizing voltage, V VSC

sw,min, equal to the maximum SM
voltage, which depends on the characteristics of the integrated
PV array and can be expressed as a function of P r

ac and ir
g,d as

follows:

V VSC
sw,min = V

VSC,r
SM kvkVSC

PV = 8
P r

ac

Nir
g,d

kvkVSC
PV , (23)

where kVSC
PV is defined as:

kVSC
PV =

V max
oc (Tmin)

V min
mpp (Tmax)

> 1, (24)

where V min
mpp (Tmax) is the minimum MPP voltage, determined

at minimum irradiance and at the maximum temperature at
which the PV module should operate, whereas V max

oc (Tmin) is
the maximum SM operating voltage (i.e. the open-circuit voltage
(OCV)) evaluated at maximum irradiance and minimum tem-
perature. The factor kVSC

PV allows the converter arms to operate
in the whole range (related to the ambient conditions) of the
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8 BARRESI ET AL.

integrated PV arrays. Hence, the semiconductor power rating
PMMVS

sw is obtained by multiplying V VSC
sw,min and I VSC

sw,min:

PMMVS
sw = 8

P r
ac

Nir
g,d

kvkVSC
PV

(
3 +

√
21

12
√

2

)
ir
g,dkv =

=

(
6 + 2

√
21

3
√

2

)
P r

ac

N
k2

vkVSC
PV . (25)

Finally, considering (2) and (4), the overall converter semicon-
ductor power rating, PMMVS

sw,tot , computed considering the total
number of switches of the MMVS, is given by:

PMMVS
sw,tot = N MMVS

switchesP
MMVS

sw =

= 2

(
6 + 2

√
21

3
√

2

)
P r

ack2
vkVSC

PV .
(26)

It is important to highlight that the previous analysis does
not account for the fact that the number of series and parallel-
connected PV modules in the SMs is integer. Therefore, the
actual values of the sizing voltage and current of the switches
might be slightly different from the ones provided by the
aforementioned formulas. Hence, the designer should verify a
posteriori (i.e. considering the exact number of PV modules
connected in series and in parallel in the SMs) that the volt-
age and current ratings of the chosen semiconductor match the
design requirements.

4.2 Current source MMC

The total capacitive energy of the current source MMC is stored
by the SMs capacitors and the output capacitive filter. The scope
of the SM capacitors is to smooth voltage ripples across the PV
arrays, acting as an ”energy buffer” and compensating power
mismatches. The energy stored by the SM capacitors is:

Edc =
M

2
CdcV

CSC,r
SM

2
, (27)

where V
CSC,r

SM is the rated SM voltage, which can be defined as:

V
CSC,r

SM =
P r

SM

I r
dc

=
P r

ac∕M

ir
g,d∕M

=
P r

ac

ir
g,d
. (28)

In (28), the rated SM power was considered equal to P r
SM =

P r
ac∕M and the rated SM DC current equal to I r

dc = ir
g,d∕M . In

fact, in this work, the phase-shift carrier PWM was considered
and each SM operates, according to the irradiance condition,
with unitary modulation index to extract its own maximum
available power. Therefore, ir

g,d∕M corresponds to I r
dc.

The sizing of the SM capacitor Cdc can be determined under
the assumption that Idc ≈ const and Rdc ≈ 0. The expression

for Cdc is:

Cdc =
ΔP

fsV
CSC,r

SM ΔV
CSC,r

SM

=
𝜉pP r

ac

M fs𝜉
rip
sm,cscV

CSC,r
SM

2
, (29)

where 𝜉
rip
sm,csc ∈ (0, 1] represents the voltage ripple for the rated

SM voltage, while 𝜉p ∈ (0, 1] is the expected power mismatch
between the power injected by the PV array and the SM output
power. It is interesting to note that, compared to the voltage
source MMC, due to the three-phase nature of the SMs, the
SM capacitors are not subject to 100 Hz voltage oscillations,
and they are sized to filter out the high-frequency component
instead. Merging (27) with (28) and (29), it follows that:

Edc =
M

2
CdcV

CSC,r
SM

2
=

𝜉pP r
ac

2 fs𝜉
rip
sm,csc

. (30)

Considering instead the output filter capacitors, the energy
stored by a wye-connected three-phase capacitor bank is:

Ef =
3
2

Cfv
r
g,d

2 = 2
3

Cf
P r

ac
2

ir
g,d

2
. (31)

The output capacitors aim at minimizing the output cur-
rent ripple, by providing a low impedance path for the current
harmonic component at the switching frequency. Therefore,
neglecting the voltage drop on the grid impedance, their sizing
is related to the allowed ripple of the rated grid current, Δir

g,d,
and to the maximum allowed voltage variation across the capac-
itors, Δvr

g,d. These can be both related to the rated grid voltage
and current through two design parameters (the grid voltage
and current ripple, that is, 𝜉vg and 𝜉ig, respectively), representing
two degrees of freedom fixed by the designer. In light of these
considerations, it follows that:

Cf =
Δir

g,d

2𝜋 fsΔvr
g,d

=
𝜉igir

g,d

2𝜋 fs𝜉vgvr
g,d

= 2
3

𝜉igP r
ac

2𝜋 fs𝜉vgvr
g,d

2
, (32)

where 𝜉ig ∈ (0, 1] and 𝜉vg ∈ (0, 1]. Merging (31) and (32), the
final expression of Ef is:

Ef =
𝜉igP r

ac

2𝜋 fs𝜉vg
. (33)

Therefore, the overall capacitive energy stored by the current
source MMC is computed as the sum of (30) and (33):

Ec,csc =
P r

ac

2𝜋 fs

(
𝜉p𝜋

𝜉
rip
sm,csc

+
𝜉ig

𝜉vg

)
. (34)

Concerning the total inductive energy stored in DC-side
inductors, it is strictly related to the DC current of the SMs, Idc,
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BARRESI ET AL. 9

and it can be expressed as:

El,csc =
M

2
LdcI r

dc
2 = M

2
Ldc

(
ir
g,d

M

)2

. (35)

The scope of the DC-side inductors is to suppress the high
frequency ripple on the DC SM current, ΔIdc, which equals:

ΔIdc = 𝜉
rip
i,dcI r

dc =
ΔVLdc

Ldc fs
(36)

where 𝜉
rip
i,dc ∈ (0, 1] represents the maximum allowed DC cur-

rent ripple, and it is a degree of freedom fixed by the designer.
Additionally, the maximum voltage ripple across the inductor,
ΔVLdc, is given by:

ΔVLdc =
|||V CSC,r

SM −
√

3vr
g,d
||| = |||||P r

SM

Idc
−
√

3vr
g,d

||||| =
=
||||||
P r

ac

ir
g,d

−
2
√

3P r
ac

3ir
g,d

||||||. (37)

Therefore, the DC-side inductors can be sized as:

Ldc =
ΔVLdc

ΔIdc fs
=

P r
acM

𝜉
rip
i,dcir

g,d
2

fs

||||||1 −
2
√

3
3

||||||. (38)

Lastly, the total inductive energy is given by:

El,csc =
P r

ac

2𝜉
rip
i,dc fs

||||||1 −
2
√

3
3

||||||. (39)

The semiconductor power rating is calculated separately for
a MMCS-RB and a MMCS-NRB. In particular, only six IGBTs
with RB capabilities are present in each SM for the MMCS-RB,
while the MMCS-NRB requires using MOSFETs with an addi-
tional series diode providing the RB capability. For each SM of
the MMCS-RB converter, the peak voltage applied to each RB-
IGBT is the grid line-to-line voltage, which relates to the direct

axis grid voltage as
√

3vr
g,d. Therefore, considering appropriate

margin factor, the switch sizing voltage, V CSC
sw,min, is equal to:

V CSC
sw,min =

√
3vr

g,dkv. (40)

Unlike voltage source MMCs, for current source MMCs, dif-
ferent levels of irradiance of the PV arrays directly affect only
the value of the DC side current Idc of each SM. Since each
SM of the current source MMC operates independently from
each other, the ratings of the semiconductors do not account
for the presence of additional circulating currents. The worst
case scenario occurs during the normal operation of the con-
verters, in which, the RMS currents of the active switches and
series reverse-blocking diodes are equal to I r

dc∕
√

3, indepen-
dently from the modulation index [33]. Moreover, it is necessary

to guarantee that the converter operates in boost mode, mean-
ing that the DC-bus voltage of the SM is lower than 3vr

g,d∕2.
On the other hand, it is preferable to connect as many mod-
ule as possible in series to limit their output current given the
same power. In this way, power losses reduce. Therefore, the
minimum sizing switch current, I CSC

sw,min, is:

I CSC
sw,min =

I r
dc√
3

kCSC
PV kv =

ir
g,d

M
√

3
kCSC

PV kv, (41)

where kCSC
PV is defined as:

kCSC
PV =

V max
oc (Tmin)

Vmpp
> 1, (42)

with Vmpp the MPP voltage of the PV module at standard
test conditions. Similarly to kVSC

PV , also for the current source
MMC the factor kCSC

PV allows the converter SMs to operate
in the whole range (related to the ambient conditions) of the
integrated PV arrays.

Hence, the power semiconductor rating, yields:

PMMCS−RB
sw =

√
3vr

g,d

I r
dc√
3

kCSC
PV k2

v =
vr
g,dir

g,d

M
kCSC

PV k2
v. (43)

Merging (43) with (3), (4), and (7), the overall converter
semiconductor power rating is given by:

PMMCS−RB
sw,tot =

(
N MMCS−RB

switches + N MMCS−RB
diodes

)
PMMCS−RB

sw =

= 4P r
ackCSC

PV k2
v.

(44)

Considering instead a MMCS-NRB converter, the power rat-
ing of the MOSFETs is computed again as in (44). However,
also the rating of the RB diodes has to be accounted for. Due
to the series connection, the current flowing into this compo-
nent is the same one as the MOSFET. Regarding the voltage,
the diode purpose is to provide the RB capability by blocking
the line-to-line voltage; therefore, the peak voltage across this

diode is also equal to
√

3vr
g,d. Therefore, accounting for these

considerations, it is possible to conclude that the diodes and
the MOSFETs of a MMCS-NRB have the same rating. Thus,
considering the MOSFETs with their series RB diode as a sin-
gle component, the overall MMCS-NRB semiconductor power
rating is expressed as:

PMMCS-NRB
sw,tot =

(
N MMCS-NRB

switches + N MMCS-NRB
diodes

)
PMMCS-NRB

sw =

= 2PMMCS−RB
sw,tot = 8P r

ackCSC
PV k2

v.
(45)

It is worth highlighting that, unlike voltage source MMCs,
both the energy stored by the passive components and the
power ratings of the semiconductors of current source MMCs
do not depend on the irradiance conditions of the PV plant.
Indeed, the operation of the converter is not affected by
possible irradiance imbalances, as the SMs of the MMC can
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10 BARRESI ET AL.

operate independently without requiring additional circulating
current components.

4.3 Inductive and capacitive energy ratios

After obtaining the expressions of the total inductive and capac-
itive energy for both families of converters, their comparison is
effectively performed by computing the ratios El,vsc∕El,csc and
Ec,vsc∕Ec,csc. Let us consider first the inductive energy. After
performing all the necessary simplifications, it follows that:

El,vsc

El,csc
=

4𝜉
rip
i,dc

N𝜉
rip
arm

(
3 +

√
21
)

||||1 − 2
√

3

3

||||
. (46)

It is possible to highlight that, supposing to fix the ripples on
the DC and on the arm inductor currents, 𝜉

rip
i,dc and 𝜉

rip
arm, respec-

tively, equal to, for example, 0.2 (as a suitable design choice),
then El,vsc∕El,csc ≈ 196∕N . Hence, considering that in a volt-
age source MMC N is always multiple of six, it follows that
voltage source MMCs store less inductive energy with respect
to current source MMCs only when N ≥ 198, which means
that the number of levels of the two converters has to be higher
than 77.

Let us now compute the capacitive energy ratio. The final
expression becomes:

Ec,vsc

Ec,csc
= mf

1

2𝜉
rip
sm,vsc

√
(6−4

√
3)

(
𝜉

rip2
sm,vsc−4

)
(

𝜋𝜉p

𝜉
rip
sm,csc

+ 𝜉ig

𝜉vg

) , (47)

where mf = fs∕ f is the frequency modulation index. In this
case, there is no dependence on the structural characteristics of
the two converters, that is, on the number of SMs. Consider-
ing to fix 𝜉

rip
sm,vsc, 𝜉p, 𝜉

rip
sm,csc, 𝜉ig, and 𝜉vg equal to 0.2, the value

of mf for which the capacitive energy ratio equals one results
mf ≈ 3.2. Therefore, it is possible to conclude that much more
capacitive energy is stored in a voltage source MMC than in a
current source MMC. Indeed, if fs = 10 kHz and f = 50 Hz

(i.e. mf = 200), then,
Ec,vsc

Ec,csc
≈ 63.

4.4 Semiconductor ratings ratios

Consider the expressions in (26), (44), and (45) for the semicon-
ductor ratings of a MMVS, a MMCS-RB, and a MMCS-NRB
converter, respectively. The same approach used for the total
capacitive and inductive energy is also applied to compare
these power ratings. To be more specific, the comparison
involves computing two ratios, that is, PMMVS

sw ∕PMMCS−RB
sw and

PMMVS
sw ∕PMMCS-NRB

sw , assuming that both converters provide
the same number of levels Nlev for the output voltage or
current waveforms.

The ratio between the power ratings of the semiconductors
for the MMVS and the MMCS-RB converter yields:

PMMVS
sw,tot

PMMCS−RB
sw,tot

=

(
3
√

2 +
√

42
)

6

kVSC
PV

kCSC
PV

. (48)

Hence, by fixing kVSC
PV = 1.2 ⋅ kCSC

PV (according to (24) and
(42), kVSC

PV is always greater than kCSC
PV ), the overall power rat-

ing of the switches of the MMVS is roughly double that of the
RB-IGBTs in an MMCS-RB converter.

Computing the same ratio for a MMVS and a MMCS-NRB
converter realized using MOSFETs with series RB diodes gives:

PMMVS
sw,tot

PMMCS-NRB
sw,tot

=

(
3 +

√
21
)

6
√

2

kVSC
PV

kCSC
PV

. (49)

According to the considerations provided in Section 4.3, (49)
results exactly equal to half of (48), since the power rating
of the MOSFETs and series diodes of a MMCS-NRB current
source converter are equal. Indeed, considering again kVSC

PV =
1.2 ⋅ kCSC

PV , the overall power rating of the semiconductors of an
MMVS is roughly the same as that of an MMCS-NRB.

It is once again worth noticing that these ratios do not depend
on the topological characteristics of the MMCs, that is, on the
number of SMs.

5 CASE STUDY

In this section, a case study is presented to compare the number
of components, regulators, total inductive and capacitive energy,
and semiconductor devices power ratings between the two con-
sidered MMC topologies, that is, voltage and current source
MMCs. Specifically, the current source MMC is considered to
be realized using non-reverse-blocking devices (MMCS-NRB),
and thus it requires additional series diodes. Eventually, the effi-
ciency of the two converters is evaluated for both cases of
uniform and non-homogeneous irradiance conditions.

The system consists of a 50 kW PV plant interfaced with a
400 V low-voltage grid. The number of levels for both MMCs is
fixed at 7 and the switching frequency is set to fs = 10 kHz.
Additionally, the PV module specifically considered for this
analysis is the JAM72S10 410/MR 410 W, produced by JA Solar.
The PV temperature range was considered between 10 ◦C and
60 ◦C. The PV module parameters are listed in Table 3. Lastly,
as for the previous considerations, the MMVS adopts phase-
disposition pulse width modulation (PD-PWM) as a modulation
scheme, while for the MMCS-NRB current source converter,
phase-shift carrier PWM (PSC-PWM) is employed.

5.1 Converters comparison

Table 1 presents the overall count of active and passive compo-
nents required for the realization of both MMCs, along with
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BARRESI ET AL. 11

TABLE 1 Main converters quantities.

MMVS MMCS-NRB Ratio

Quantity Value Eq. Value Eq. Value

SMs 18 (2) 3 (3) 6

Switches + diodes 36+0 (4) 18+18 (4) 1

Inductors 6 − 3 (3) 2

Capacitors 18 (2) 6 M + 3 3

PI regulators 14 − 9 3M 1.6

MPP trackers 18 (2) 3 (3) 6

Capacitive energy 207.5 J (12) 3.3 J (34) ≈ 63

Inductive energy 21.1 J (21) 1.9 J (39) 11.1

Semiconductor power rating 782.4 kW (26) 720.0 kW (45) 1.09

the total capacitive and inductive energy stored by the two
converters, the number of PI regulators and MPP trackers,
and the power ratings of the semiconductors. Additionally, the
resulting ratios for all the evaluated quantities are computed.
The following parameters are used for the computations: kv =
1.2, 𝜉

rip
sm,vsc, 𝜉

rip
sm,csc, 𝜉

rip
arm, 𝜉

rip
i,dc, 𝜉ig, 𝜉vg set to 0.2. Finally, accord-

ing to the characteristics of the adopted PV module, kVSC
PV is

determined to be 1.52, while kCSC
PV = 1.25.

As evident, to achieve the same number of output levels,
fewer SMs are required for the MMCS-NRB compared to the
MMVS. However, the total number of semiconductor devices is
the same for the two topologies. This is due to the necessity for
the MMCS-NRB to add one RB diode for each switch. Regard-
ing the passive components, the MMVS requires more elements,
mainly due to the higher number of SMs, and the total energy
stored in these components is much higher than that of the
MMCS-NRB. Additionally, even though the number of semi-
conductor devices is the same, the components employed in the
SMs are subject to different current and voltage values, leading
to different semiconductor power ratings. The switch current
ratings are lower for the MMCS-NRB compared to the MMVS;
however, the MMVS structure allows reducing the voltage that
the semiconductor devices have to withstand, as each SM is
responsible for synthesizing only a portion of the total output
voltage. Conversely, for the MMCS-NRB, due to the connec-
tion of the —which are in parallel with respect to the external
grid—each semiconductor device (i.e. both active switches and
RB diodes) must withstand the total line-to-line voltage at the
connection point. By computing the semiconductor power rat-
ings, it results that the MMVS semiconductor power rating is
9% higher than that of the MMCS-NRB. Finally, from a con-
trol perspective, the total number of PI regulators and MPP
trackers is higher for the MMVS compared to the MMCS-NRB.
The MMVS features a more distributed structure, allowing a
broader subdivision of the whole PV plant, thus better man-
aging the operation under irradiance imbalances. In contrast, it
is more challenging to control, requiring several MPP trackers
and additional regulation of the circulating current components.
However, as visible from Figure 5, in the case of a higher num-

ber of output levels compared to 3, as defined for this case
study, the number of PI regulators of the MMCS-NRB would
be greater than that of the MMVS.

5.2 Converters design and efficiency
analysis

In order to assess the efficiency of the two MMCs, it is essen-
tial to initially determine the rated values of the grid current
and voltage, as well as the number of PV modules integrated
into each SM. These quantities need to be computed first in
order to evaluate the adoptable passive components and semi-
conductor devices based on market availability. Consequently,
it should be noted that the total number of components, the
actual stored energy in the converter, and the power semicon-
ductor ratings could slightly differ from the values obtained
previously due to the discrete values of the components voltage
and current ratings. However, this aspect does not impact the
efficiency comparison between the two MMCs. Regarding the
passive components, only the inductor losses were considered
for the analysis.

5.2.1 Converters design

Given the rated power of the PV system and the rated grid volt-
age, that is, 50 kW and 400 V, respectively, and assuming only
active power injection into the grid, the rated values of the d

components of the grid voltages and currents are:

{
vr
g,d = 326.6 V

ir
g,d = 102.1 A

. (50)

For the MMVS, based on the grid requirements and the number
of SMs per arm, that is, N∕6 = 3, the number of series- and
parallel-connected PV modules in each SM, nMMVS

PV,s and nMMVS
PV,p ,

respectively, are determined as [34]:

⎧⎪⎪⎨⎪⎪⎩
nMMVS

PV,s = ceil

[
12vr

g,dkV

NV min
mpp (Tmax)

]
= 8

nMMVS
PV,p = ceil

[
P r

ac

NnMMVS
PV,s PPV,mod

]
= 1

, (51)

where PPV,mod is the rated power of a single PV module. The
series-connected PV modules are determined to synthesize the
required grid voltage (the DC voltage of each arm should be
at least double of the peak value of the grid voltage), while the
parallel-connected PV modules aim to achieve the rated power
of the plant. Considering the integrated PV array in each SM and
the maximum RMS value of the arm current, the power semi-
conductor device ratings for the MMVS are selected according
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12 BARRESI ET AL.

TABLE 2 Power semiconductors parameters.

Parameter C3M0025075K1 E4M0045075J2 C4D40120H

Vsw 750 V 750 V 1200 V

Isw 59 A 34 A 41 A

Ron 25 m� 45 m� 34.2 m�

Eon 0.144 mJ 0.073 mJ −

Eoff 0.224 mJ 0.013 mJ −

Vcc 500 V 500 V −

Icc 33.5 A 17.6 A −

Qrr 372 nC 184 nC 0 C

VF,d − − 3 V

to:

{
Vsw > nMMVS

PV,s ⋅V max
oc = 417.0 V

Isw > I VSC
sw,min = 54.7 A

, (52)

where Vsw and Isw are the rated voltage and current of
the semiconductor switch, respectively. Therefore, consider-
ing the market offering, the MOSFET C3M0025075K1 (59
A-750 V) produced by Wolfspeed is selected. The main switch
characteristics are listed in Table 2.

The converter arm inductors are evaluated using (20): its min-
imum required value is 1.7 mH. Considering the arm current,
the inductor 195 Series of Hammond Manufacturing was selected.
The inductors parameters are:

{
Larm = 2 mH

Rarm = 8 m�
. (53)

For the MMCS-NRB, according to the total number of SMs,
M = 3, the number of the series- and parallel-connected PV
modules in each SM, nMMVS

PV,s and nMMVS
PV,p , respectively, are:

⎧⎪⎪⎨⎪⎪⎩
nMMCS-NRB

PV,s = floor

[
3vr

g,d

2V max
oc (Tmin)

]
= 9

nMMCS-NRB
PV,p = ceil

[
P r

ac

MnMMCS-NRB
PV,s PPV,mod

]
= 5

. (54)

This choice ensures that each SM properly operates in volt-
age boost mode. Additionally, given the total number of PV
modules to integrate in each SM, it is preferable to connect as
many of them in series rather than in parallel. This allows for
the reduction of the current flowing into the DC side induc-
tor and in the semiconductor devices, consequently decreasing
the losses. According to the PV array in each SM, the power

TABLE 3 PV module JAM72S10 410/MR 410 W parameters.

Quantity Values

Rated power PPV,mod @ 25◦C 410 W

Open circuit voltage Voc @ 25◦C 50.12 V

MPP voltage Vmpp @ 25◦C 41.88 V

Short circuit current Isc @ 25◦C 10.45 A

MPP current Impp @ 25◦C 9.79 A

Maximum open circuit voltage V max
oc (Tmin ) @ 10◦C 52.16 V

Minimum MPP voltage V min
mpp (Tmax) @ 60◦C 34.52 V

semiconductor device rating is selected according to:

⎧⎪⎪⎨⎪⎪⎩

Vsw > V CSC
sw =

√
3vr

g,dkv = 678.8 V

Isw >

nMMCS-NRB
PV,p PPV,mod√

3Vmpp

kv = 33.9 A

, (55)

where Vmpp is the MPP voltage of the PV module at stan-
dard test conditions, the scenario in which the highest current
occurs since the maximum power is delivered by the SMs. It
is worth noting that the actual power rating of the semicon-
ductors differ from the one computed in (25) and (43), since
the number of series and parallel-connected PV modules form-
ing the integrated arrays are rounded to integers. In order to
determine the RMS value of the current flowing in the switches,
the DC-side current is considered. In the case of bypassing
the SM, an opportune control strategy can be employed to
alternatively short circuit the DC source with all three legs of
the SM, thereby avoiding the situation where the full DC cur-
rent flows through just one converter leg. Therefore, the worst
condition occurs during normal operation, in which the RMS

switch current is equal to I r
dc∕

√
3 [33]. Considering the required

voltage and current ratings, also for this converter, the MOS-
FET E4M0045075J2 (34 A-750 V), produced by Wolfspeed, is
selected. However, the MMCS-NRB requires also the series-
diodes, which have the same rating as the MOSFET. Thus,
the SiC diode C4D40120H produced by Wolfspeed is chosen. Its
main parameters are also listed in Table 2.

The minimum required inductance of the SM inductor,
designed according to (38), results in 1.1 mH. Therefore,
according to the SM DC current, the inductor 195 Series of
Hammond Manufacturing is selected, resulting in the following
parameters: {

Ldc = 2 mH

Rdc = 8 m�
. (56)

5.2.2 Efficiency analysis

In order to assess the efficiency of the converters, the conduc-
tion and switching losses are computed first. The conduction

 17521424, 0, D
ow

nloaded from
 https://ietresearch.onlinelibrary.w

iley.com
/doi/10.1049/rpg2.13099 by L

uigi Piegari - PO
L

IT
E

C
N

IC
O

 D
I M

IL
A

N
O

 , W
iley O

nline L
ibrary on [17/09/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



BARRESI ET AL. 13

losses of the MMVS are:

PMMVS
cond =

(
Rarm + N

6
RVSC

on

)
1
T ∫

T

0

∑
k=a,b,c

(
i2
u,k(t ) + i2

l ,k(t )
)

dt ,

(57)
where RVSC

on is the MOSFET on-state resistance, iu,k and il ,k
are the upper and lower arm currents of the k-th phase, eval-
uated as in (14), and T = 1∕ f is the fundamental period. It is
worth noting that, since MOSFETs have bidirectional current
flow capability, there is no need to differentiate which device
is conducting. For each SM, the number of MOSFETs in the
on-state is always equal to one.

The conduction losses of the MMCS-NRB are given by:

PMMCS−RB
cond =

6
(

RCSC
on + RCSC

on,d

)
T ∫

T

0

M∑
m=1

j=1,..,6

(
sm, j (t ) ⋅ Idc,m (t )

)2
dt+

+
6VF,d

T ∫
T

0

M∑
m=1

j=1,..,6

(
sm, j (t ) ⋅ Idc,m (t )

)
dt + RdcIdc,m (t )2.

(58)
The first term represents the conduction losses of the MOS-
FETs, while the second term accounts for the conduction losses
of the series-connected diodes. Specifically, RCSC

on is the on-
state resistance of the semiconductor device employed for the
MMCS-NRB, RCSC

on,d and VF,d are the on-state resistance and the
forward voltage of the RB diode, respectively, while sm, j is the
switching function of the j -th semiconductor device, and Idc,m
is the DC-side current of the m-th converter SM.

The switching losses are evaluated in the worst condition, that
is, in case of hard switching transition, and are expressed as:

Pcomm =
VSM

∑ncomm
c=1 |ic |

VccIcc

(
Eon + Eo f f

)
f +

+ ncommVSMQrr f , (59)

where ncomm is the total number of commutations occurring in
one fundamental period in all the converter SMs, VSM and ic
are the voltage and current at the commutation instants. Addi-
tionally, Qrr is the reverse recovery charge of the diode, and
Icc and Vcc are the operating voltage and current, defined by
the datasheet, at which the turn-on and turn-off switch ener-
gies, that is, Eoff and Eon, respectively, are provided in the
datasheet. For the sake of simplicity, equation (59) was reported
in a general form, without distinguishing the formulae for the
two converters. However, it is worth noting that, VSM is equal
to V VSC

SM or V CSC
SM for the MMVS or MMCS-RB, respectively,

and, all the semiconductor device parameters, should be defined
according to device adopted for the considered converter.

The converters efficiencies were evaluated under homoge-
neous and non-homogeneous irradiance condition fixing the
ambient temperature at 25◦C. Even though, according to the
sizing of the PV arrays as in (51) and (54), the maximum out-
put powers result 59.0 kW and 55.4 kW for the MMVS and
the MMCS-NRB, respectively, the numerical simulation were

limited to 50 kW, which is the rated power of the converters.
The simulation results for the first scenario are presented in
Figure 6. Specifically, the PV plant irradiance was varied from
100 W∕m2 to 1000 W∕m2. Conversely, Figure 7 shows the
results for the non-homogeneous irradiance condition. In this
case, the worst condition in terms of power losses for both con-
verters was considered. For the MMVS, the scenario described
in (15) was evaluated. Consequently, three arms are exposed to
the minimum irradiance condition, that is, 100 W∕m2, while the
others vary uniformly up to 1000 W∕m2. On the other hand, for
the MMCS-RB, the worst condition occurs when two SMs are
irradiated at the minimum, while the remaining one varies uni-
formly up to 1000 W∕m2. Analyzing Figure 6a under uniform
irradiance conditions, it is evident that the MMVS is more effi-
cient than the MMCS-NRB across the entire operating range
of the two converters. For both converters, conduction losses
predominate over switching losses (Figures 6b and 6c). In the
MMVS, the RMS current of the switch is equal to half of the

injected grid current, that is,
irg,d

2
√

2
. For the MMCS-NRB, accord-

ing to the considered modulation technique, the RMS value of

the individual semiconductor device is
irg,d

3
√

3
, while its average

value is
irg,d

9
. Therefore, in the analyzed power range and consid-

ering the equivalent converter resistances, the conduction losses
of the MMCS-NRB are more significant.

Figure 7 shows the results obtained under non-uniform irra-
diance conditions. In this situation, the power range of the
converters is different since the worst condition in terms of effi-
ciency occurs in different scenarios. For the MMVS, the highest
losses are experienced when half of the arms operate at the min-
imum irradiation level and the others at the maximum possible,
while for the MMCS-NRB, it occurs when one SM operates at
the minimum irradiation level while the others operate at the
maximum possible. Examining Figure 7a, it can be noted that,
in this case as well, the MMVS is more efficient than the MMCS-
NRB. The discrepancy between the converter efficiencies is
attributed to the higher conduction losses of the MMCS-NRB,
as illustrated in Figure 7b. Switching losses are comparable and
not significant for both converters, as depicted in Figure 7c.

Moreover, it can be noted that the MMVS experiences lower
efficiency compared to the homogeneous irradiance scenario.
To operate each arm at the maximum power point, addi-
tional circulating currents must be injected into the converter.
This is evident, as the same amount of output power can be
injected into the grid with varying efficiencies according to the
irradiance scenario. For instance, 20 kW under homogeneous
conditions are injected into the grid with 98.9% efficiency, while
under non-homogeneous condition the efficiency reduces to
97.1%, for the same output power. In contrast, the MMCS-NRB
allows independent control of each SM, enabling them to inject
their own maximum power individually. Consequently, the effi-
ciency of the MMCS-NRB remains around 98–97% for every
operating condition.

To summarize, for the considered case study, the MMVS
shows greater efficiency compared to the MMCS-NRB under
both homogeneous and non-homogeneous conditions.
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14 BARRESI ET AL.

FIGURE 6 Uniform irradiance condition. (a) converters efficiency; (b) conduction losses; (c) switching losses.

FIGURE 7 Non-homogeneous irradiance condition. (a) converters efficiency; (b) conduction losses; (c) switching losses.

However, it is worth pointing out that the efficiency evalu-
ation strongly depends on the choice of semiconductor devices.
To achieve a fair comparison, components from the same
manufacturer have been chosen. However, different results may
be obtained by adopting other available market solutions.

6 CONCLUSIONS

This article presents a comprehensive comparison between two
grid connected MMC topologies - a voltage source MMC and a
current source MMC - for PV integration.

Assuming that the two converters have the same power rat-
ing, switching frequency and number of levels of the output
voltage or current waveforms, this work firstly shows the results
of a structural comparison, performed by counting how many
active and passive elements are required for the realization of
the two MMCs. In general, it is observed that current source
MMCs require less SMs and thus also less active and passive
components, for the same number of levels. This results from
the different nature of the converters SMs: indeed, while the
SMs of a current source MMC have three phase nature, the ones
of a voltage source MMC are only able to modify the voltage
levels of each phase. Concerning instead the control complex-
ity, voltage source MMCs perform better than their current
source counterparts, providing better DMPPT capability with
a reduced control complexity.

The second part of this article highlights the comparison
between the total energy stored by all the inductive and capac-
itive components of the two MMCs under analysis, as well as
the comparison between the power ratings of the semiconduc-
tor devices. Voltage source MMCs store much more capacitive
energy than current source MMCs. Moreover, the comparison
shows that this energy is not depending on the structural char-
acteristics of the two converters. Concerning instead the energy
stored by the magnetics, again current source MMCs store less
energy than voltage source MMCs, unless for very high num-
ber of levels. About the power rating of the semiconductors,
considering the overall power accounting for all power electron-
ics devices of the two converters, it results that voltage source
MMCs and current source MMCs realized using MOSFETs
with series diode for providing the RB capability have approx-
imately the same global semiconductors power rating. On the
other hand, in comparison to a current source MMC realized
with RB-IGBTs, the overall semiconductors power rating of a
voltage source MMC is roughly doubled.

Eventually, an efficiency comparison between the two con-
verters is presented, as part of a case study regarding the
grid integration of a 50 kW PV plant, considering both
homogeneous and non-homogeneous irradiance conditions.
More in detail, for what concerns the operation under non-
homogeneous irradiance of the PV plant, the worst case
scenario - in terms of losses - is considered, for both MMC
topologies. It has to be highlighted that the efficiency compari-
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BARRESI ET AL. 15

TABLE 4 Comparison scores.

MMVS MMCS-NRB MMCS-RB

Quantity Score Score Score

Switches + diodes 5 5 8

Inductors 6 4 4

Capacitors 3 7 7

PI regulators 7 3 3

MPP trackers 8 2 2

Capacitive energy 1 10 10

Inductive energy 2 9 9

Semiconductor power rating 5 6 9

Average score: 5 6 7

son strongly depends on the choice of the components required
for the realization of the converters. Therefore, to allow a fair
comparison, the same inductors and active switches produced
by the same manufacturers were chosen, according to the mar-
ket availability and the sizing requirements of the components.
The comparison results indicate that voltage source MMCs are
more efficient than current source MMCs under both homoge-
neous and non-homogeneous irradiance conditions. Moreover,
while the efficiency of current source MMCs remains relatively
unchanged under both conditions, the opposite is true for volt-
age source MMCs. Indeed, the efficiency is sensibly different
under homogeneous or non-homogeneous irradiance of the PV
plant. More in detail, the efficiency decreases in case of par-
tial shading of the PV arrays. This results from the presence
of strong circulating current components, which are required to
enable balanced operation of voltage source MMCs under heavy
irradiance imbalances, thus increasing the power losses. Finally,
for what concerns the efficiency computation of current source
MMCs, the use of MOSFETs with series RB diodes is consid-
ered, in spite of using RB IGBTs. However, in case these latter
active components are chosen, the formulas to employ in the
calculations are not different. Indeed, even if the series diode
and the active switch are integrated within the same package,
datasheets of RB IGBTs expressively show the characteristics
of the two devices as if the two were separate.

Eventually, to quantitatively highlight the outcomes of the
analysis performed in this work, a score was assigned to the
two converters. These scores account for the structural char-
acteristics (i.e. the number of switches, diodes, inductors, and
capacitors), as well as the control complexity and MPP tracking
capabilities (i.e. the number of PI regulators and MPP trackers).
Additionally, the scores consider the energy perspective (i.e. the
energy stored by inductors and capacitors and the overall semi-
conductor power ratings of the two MMCs). However, no score
was assigned to the efficiency, as it is strongly dependent on
the specifications of the case study and the specific characteris-
tics of the electrical components (i.e. inductors, capacitors, and
power semiconductors) chosen for the converters. The scores
are reported in Table 4, considering a voltage source MMC,
as well as both MMCS-NRB and MMCS-RB converters. They

range from 1 to 10, with 1 indicating “worse” and 10 indicat-
ing “optimal.” On average, the current source MMC received a
higher score than its voltage source counterpart. Despite lacking
DMPPT capabilities and exhibiting higher control complexity
(i.e. requiring more PI regulators for the same number of levels),
current source MMCs can be built using capacitors, inductors,
and power semiconductor devices with lower energy and power
ratings. Moreover, when comparing the MMCS-NRB converter
with the MMCS-RB, the latter scored better on average due
to the reduced semiconductor count, which also has a lower
power rating. It is important to highlight that these average
scores have been obtained by weighting each single score in
the same way. However, different weights could be assigned to
each score, thus leading to different average results. The choice
of these weighting factors is devolved to the power electronics
designer, depending on the requirements and characteristics of
the specific application.
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APPENDIX: DERIVATION OF THE

MAXIMUM ARM CURRENT OF THE MMVS

The MMVS arm current, iarm,k, is defined as:

iarm,k = ±
ig,k

2
+ icirc,k. (A1)

where ig,k is the output converter current and depends on the
power exchanged with the grid, while icirc,k is the circulating cur-
rent and depends on the internal converter power imbalances.
The grid component is given by:

ig,d = 2
3

Pac

vr
g,d
. (A2)

Additionally, to derive the maximum value of the arm current
the influence of the circulating current components should be
considered. Depending on the internal converter power mis-
matches, specific components are generated. In particular, the
AC component is generated to make each converter arm work
at its own maximum power point, while the DC component to
balance the power injected into the grid. For each k-th phase,
the AC circulating current, iac

circ,k, is related to the instantaneous
differential power, pd,k, of the converter arms as [32]:

pd,k =
pu,k − pl,k

2
≃ vr

g,diac
circ,k = vr

ph,diac
circ,k, (A3)
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where vr
ph,d is the voltage component generated by the MMVS

responsible for exchanging power with the grid, and pu,k and
pl,k are the upper and lower instantaneous power, respectively.
In (A3), assuming neglecting the voltage drops on the converter
impedances, the voltage component vr

ph,d can be considered
equal to vr

g,d. By defining the AC circulating currents over time
as function of the positive and negative sequences, it can be
written:

iac
circ,k = I ac

circ,+ cos

(
𝜔t − 𝜑+ −

2𝜋(m − 1)
3

)
+ I ac

circ,− cos

(
𝜔t − 𝜑− +

2𝜋(m − 1)
3

)
,

(A4)

where m = 1, 2, 3 for k = a, b, c, respectively, I ac
circ,+ and I ac

circ,−
are the amplitudes of the positive and negative sequences,
respectively, 𝜑+ and 𝜑− are the phase displacement of the pos-
itive and negative sequences of the AC circulating currents
with respect to vr

g,d. Considering (A4) and (A3), the active and
reactive differential powers can be retrieved as:

⎧⎪⎪⎨⎪⎪⎩
Pd,k =

vr
g,d

2

[
I ac
circ,+ cos

(
𝜑+

)
+ I ac

circ,− cos

(
𝜑− +

2𝜋(m − 1)
3

)]
Qd,k = −

vr
g,d

2

[
I ac
circ,+ sin

(
𝜑+

)
+ I ac

circ,− sin

(
𝜑− +

2𝜋(m − 1)
3

)]
.

(A5)
The active arm differential powers Pd,k depend on the arm irra-
diance conditions, while Qd,k represents a degree of freedom
for the adopted control strategy. In order to maximize the effi-
ciency, it is possible to impose

∑
Qd,k = 0. Consequently, the

relationship between Pd,k and the sequence phasors of the AC
circulating currents can be derived as:

⎡⎢⎢⎢⎢⎣
I ac
circ,+ cos

(
𝜑+

)
I ac
circ,+ sin

(
𝜑+

)
I ac
circ,− cos (𝜑− )

I ac
circ,− − sin (𝜑− )

⎤⎥⎥⎥⎥⎦
= 2

3vr
g,d

⎡⎢⎢⎢⎢⎣
1 1 1

0 0 0

2 −1 −1

0
√

3 −
√

3

⎤⎥⎥⎥⎥⎦
⎡⎢⎢⎢⎣

Pd,a

Pd,b

Pd,c

⎤⎥⎥⎥⎦. (A6)

Lastly, the phasors of the phase AC circulating currents, Ī ac
circ,k,

and the active differential powers, Pd,k, are linked by:

⎡⎢⎢⎢⎣
Ī ac
circ,a

Ī ac
circ,b

Ī ac
circ,c

⎤⎥⎥⎥⎦ =
2

3vr
g,d

⎡⎢⎢⎢⎢⎣
3

√
3e

j
𝜋

2
√

3e
− j

𝜋

2√
3e

j
5

6
𝜋 3e

− j
2

3
𝜋

√
3e

− j
𝜋

6√
3e

− j
5

6
𝜋

√
3e

j
𝜋

6 3e
j

2

3
𝜋

⎤⎥⎥⎥⎥⎦
⎡⎢⎢⎢⎣

Pd,a

Pd,b

Pd,c

⎤⎥⎥⎥⎦.
(A7)

For each k-th phase, the DC circulating current, idc
circ,k, is

related to the active sum power, Ps,k, as:

idc
circ,k =

∑
k

Ps,k∕3 − Ps,k

2vr
g,d

, (A8)

where Ps,k =
(
Pu,k + Pl,k

)
, with Pu,k and Pl,k the upper and

lower active power, respectively. In (A8), the term at the denom-
inator represents the converter DC-bus voltage. Neglecting the
internal voltage drops, it can be defined as the two times the
peak value of the grid voltage. This value is the minimum DC
arm voltage required to synthesize the reference voltage.

In order to determine the maximum value of the arm current,
(A1) should be evaluated for different power exchanged with
the grid and internal converter power imbalances. For the sake
of simplicity, it was considered to exchange only active power
with grid. Assuming that the output power of one arm, Pu,k or
Pl,k, are defined in the following range (0, P r

ac∕6], the absolute
value of (A1) can be written as:

||iarm,k
|| = |||||

2
∑

k

(
Pu,k + Pl,k

)
3vr

g,d
+ iac

circ,k + idc
circ,k

|||||, (A9)

and evaluated, considering all the possible output arm powers,
in order to find the maximum arm current value, that is, imax

circ .
By numerically solving (A9), it is possible to demonstrate that

the highest arm current occurs when:

⎧⎪⎪⎨⎪⎪⎩

Pd,k = Pu,k − Pl ,k = ±P r
ac∕6 k ∈ a, b, c

Pd,y = Pd,z = −Pd,k y ≠ k, z ≠ y,≠ k

Ps,a = Ps,b = Ps,c∑
k=a,b,c

(
Pu,k + Pl ,k

)
= P r

ac∕2

. (A10)

In this scenario, only power imbalances among the arms are
present, therefore only the AC component of the circulating
current is considered. Instead, since all the leg powers, Ps,k,
are equal each others, the DC circulating components are zero
as deducible from (A8). Additionally, due to the internal arm
imbalances defined in (A10), the output converter results half
of the rated one, that is, P r

ac∕2. By substituting (A10) in (A7)
and considering (A2), the maximum value of the AC circulating
component can be retrieved. It is given by:

imax
circ =

√
21ir

g,d

12
. (A11)

Then, considering the output converter power, that is, P r
ac∕2, the

maximum value of the arm current yields:

imax
arm =

|||||
ig,d

2

||||| + imax
circ =

ir
g,d

4
+

√
21ir

g,d

12
. (A12)
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