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Abstract—Modular multilevel series-parallel converters (MM-
SPC) have become a suitable solution to provide higher operating
voltages, fault tolerance operation, and reliability at a reduced
cost, due to their ability to achieve a simpler internal voltage
balance. Therefore, MMSPC is a promising solution for appli-
cations where the nominal operating conditions are high voltage
levels on the DC side and high current ratings on the AC side of
the system. To allow this operation, it is necessary to design the
system with parallelization in each phase. Therefore, this article
proposes a design that incorporates parallelization in each phases
and analyzes the internal cross-circulating current generated
due to parallelization. This current creates an unbalance and
internal losses in the converter. In order to compensate for
the cross-circulating current, two cases are compared: the first
one with decoupled inductors in their phases, and the second
one with coupled inductors. This way, a comparison is made
to determine which case provides greater compensation of the
circulating current, allowing for the delivery of a high current
at the converter’s output with the least possible imbalance and
internal losses.

MMSPC, cross-circulating current, coupled inductors.

I. INTRODUCTION

ODULAR multilevel converters (MMC) have evolved

into the perfect option to interconnect medium-voltage
(MV) and high-voltage (HV) DC-links with a low-voltage
(LV) AC-grid. MMC offers multiple advantages compared
with other traditional power converters like the two-level volt-
age source converter (VSC), such as reduced total harmonic
distortion (THD) performance, lower common-mode voltage,
fault-tolerant operation, modularity and scalability to name a
few [1]-[3]. However, MMC has several key control objectives
like the voltage balance among the modules and between
the arms, DC-link current, AC-side currents, and circulating
currents, that need to be fulfilled to achieve a reliable and safe
operation of the system [4], [5].

Recently, several efforts have been made in the development
of new module configurations for the traditional MMC to
achieve an inherent energy balance, smaller voltage ripple, and
further reduction of power losses, to name a few [6]. Among
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these new circuits, the modular multilevel series/parallel con-
verter (MMSPC) owns important advantages compared with
the traditional power modules. The MMSPC allows not only
the series interconnection among them, but also allows their
parallel interconnection. This additional degree of freedom
in the switching states allows us to achieve different control
objectives, such as the internal voltage balance without the
need of extra sensors or control algorithms. This connection
also leads to the reduction of the total parasitic inductance and
resistance in the different energy paths [7]-[10].

Moreover, in the traditional MMC configuration, half of
the current of the AC system flows through the positive and
negative arm of each phase of the system, implying certain
restrictions due to the maximum current that the semiconduc-
tors of the system can withstand. For this reason, the parallel
interconnection in each phase of the system allows dividing the
current in each arm of the converter by a factor of 27, where
T is the number of equivalent phases that are interconnected
in parallel [11].

Hence, the parallel interconnection of the system phases
generates a cross-circulating current, caused by the parameters
mismatch in the components or difference in the instantaneous
voltages of each interconnected phase. This cross-circulating
current creates an increase in the internal losses of the system,
as well as compromising the stability of the system due to the
increase in the ripple voltage of the capacitors of each module.

In this work, an MMSPC with parallel connected phases is
presented. The effect generated by the parameters mismatch
between the phases that are connected in parallel, along with
the analysis of the effect on the ripple of the capacitors in each
one of the modules is analyzed. Also, the proposed system
presents the advantage of utilizing coupled inductors in the
interconnection of the AC system, leading to the cancellation
of the cross-circulating current components, and thus reducing
the internal losses, and keeping the system to operate in a
stable operation region.
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Figure 1: Proposed system topology

VXPl VXPZ
LXP LXP
iXPl ixpz L.
DC
ix

VXNl VXNZ

LXN LXN

™ bz

Figure 2: Model of the proposed system for T = 2

II. TOPOLOGY DESCRIPTION

The proposed system configuration is illustrated in Fig.1.
The converter is based on a three-phase modular multilevel
converter (MMC) topology, in which each phase of the con-
verter can be interconnected by Y equivalent phases connected
in parallel. In Fig.1(a), the system evaluated in this paper
is presented for ¥ = 2, or in other words, each phase of
the system is designed by two equivalent phases connected
in parallel. Each phase of the converter is composed of two
arms, the positive and negative arm, and each arm of the
proposed system is composed of several (/N) modules based
on a modular multilevel series/parallel converter (MMSPC).
The reason behind the use of MMSPC modules is to enable
the internal balance among the storage units without complex
control or modulation techniques [9], [12], [13]. In Fig.1(b),
the proposed system with N = 3 is depicted.

The aforementioned structure resembles the traditional
MMC, given that the DC system is connected at the extremes
of the positive and negative arms of each phase of the system,
while the AC system is interconnected at the midpoints of each
phase. The AC system is composed of a resistive-inductive
type load as shown in Fig.1.

III. INTERNAL CROSS-CIRCULATING CURRENT

The parallelization of the branches in each phase of the
system generates an internal cross-circulating current, which
can cause unbalance and internal losses. To identify the main
factors that generate the cross-circulating current, the model
of one phase of the proposed system with T = 2 is presented
in Fig.2. In this model, the N modules based on MMSPC
are represented by a controllable voltage source v,; where
x € {a,b,c} which defines the phase of the load, y defines
the positive or negative arm of the system (y € {p,n}), and j
defines the parallel phase. In the present study, j € {1,2} is
assumed. Moreover, each arm of the system has an inductance
(Lzy) and it is implemented with coupled inductors to achieve
the parallel interconnection among the phases. These inductors
(L1 and Lo) allow the reduction in the current peaks by having
voltage differences between the phases.

The arm currents are represented with i,,;, and they are
composed of three main current components: a DC component
equivalent to ipc/3Y, where ipc is the DC current that
circulating from the DC system to the converter phase. An
AC component is equivalent to i,/2Y, where i, is the AC
load current of the system. Finally, a circulating current is
represented with 7,,, which circulates internally between the
arms of the system and does not have any effect on either the
AC or DC sides of the system.

From Fig.2, the following expressions are obtained using
Kirchhoft’s current law:

Using equation (1) and (2), it is possible to define an
expression for the cross-circulating current as follows:

isz - Z’a:pl + Z.30712 - Z.Jcnl
2

From equation (3), it can be seen that the cross-circulating
current is generated by the instantaneous differences existing
among the arm currents of each of the phases connected
in parallel. These arm currents are a consequence from the
instantaneous differences existing in the power modules, the
inductance value mismatch and internal losses (parasitics) of
each arm. On the other hand, they also have an effect on
the circulating currents, hence further affecting the converter
efficiency.

Also, the inherent voltage differences in the arms and
cells, besides the tolerance on the component values, further
increases the cross-circulating current, which would result in
increased losses and unnecessary oversize of the components
present in this current path [14]. To reduce these effects,
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Figure 3: Proposed configurations: a) Inductor in series with
the line filter inductor for each phase of the proposed system.
b) Coupled inductor.

the solutions presented in Fig.3 can be implemented. Figure
3(a) shows the connection of an inductor in series with the
line filter inductor for each phase of the proposed system.
However, it has a limited effect on the circulating current
reduction process. Another approach proposes the use of
magnetic coupling among the inductors, in order to suppress
the cross-circulating current between the parallel interleaved
phases. This connection is shown in Fig.3(b) [14], and it will
be used in this paper.

A. Considerations of Coupled Inductor

Using the model of the system with coupled inductors
shown in Fig.3(b), the voltage-current relations are obtained
through electromagnetic analysis. In this paper, core and
copper losses, and leakage flux are neglected [15]. From the
models given in Fig.4 and Fig.5, the phase voltage is defined
as follows:

diy disy
e =L— —L— 4
" dt dt @
dio diy
=L——-L—
Vog 7 7 ®)
And the phase current is equivalent to:
by =11 + 2 (6)

I, | | ]
2 l_ll_ll_l{

[1 171711 I—X)
L N
1—) T 1 I — |

Figure 4: Coupled inductor structure
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Figure 5: Coupled inductor model

Where L is the self-inductance of a core-leg. The above
equations are further rewritten as:

div _ di,
L=ort % 7
U1 dt dt @

diy _ di,
L=orf2 % 8
b2 dt dt ®)

It is also possible to decompose the currents into the
common and differential modes. The differential mode current
is given in (3) and is equal to the cross-circulating current,
whereas the common mode current is defined as follows:

11+ 1
e = = ©)
Alternatively, the cross-circulating current is defined as:
Iq1 =11 — e = —lzg (10)
Ig2 = 12 — e = iz (11)
Using (10) and (11) it is possible to obtain:
dig
e =2L—— 12
U1 7 (12)
digo
e =2L—= 13
U2 dt (13)

Equations (12) and (13) demonstrate that the coupled in-
ductors do not provide any inductance for the common mode
current, but provide the effect of L for the differential mode.
In other words, the coupled inductors can be used to suppress
the cross-circulating current among the parallel branches.

IV. CONTROL AND MODULATION STRATEGY

The main objective of this work is to develop a simple
control method for the proposed system. This is done to avoid
the implementation of dedicated control loops for the internal
balance of the capacitor voltages of the MMSPC modules, and
other for reducing the cross-circulating current. Therefore, as
presented in Fig.6, the proposed control scheme is based on
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Figure 6: Proposed control scheme
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simple loops that regulate the dg current components of the
load, by the means of linear PI controllers.

To achieve the internal voltage balance between the N
modules that are connected in series within an arm of the
converter, MMSPC-type modules will be used. These modules
allow access to both sides of the capacitor to achieve a
parallel interconnection between neighboring cells for certain
switching states. Also, the remaining switching states permit
to connect the neighboring module in either series, anti-series
or bypass.

If the MMSPC modules of the same phase are connected
in series (anti-series), the phase output voltage will increase
(decrease) in one level. However, if the modules are connected
in parallel, the phase output voltage is maintained at the same
level, but the parallel connection of two adjacent MMSPC
modules generates charge-balancing currents, which allows
restoring the voltage balance between the MMSPC modules
without the implementation of control algorithms or extra
voltage/current sensors [16].

However, to achieve this operation, the modulation strategy
of each phase must ensure that the parallel state is imple-
mented the maximum number of times that are possible, and
the interval between leveling by parallelization should be kept
short, so that it reduces the balancing losses [13]. In specific,
the phase-shift pulse width modulation (PS-PWM) framework
is implemented in this work [16].

In this way, the system is internally balanced without
the need for control loops or additional sensors. In the
next section, the effects of considering coupled or separate
inductors will be analyzed through simulations, to achieve
the minimum cross-circulating current without the need for
additional control strategies.

Current [A]
o

-10 ’ | / ‘\“ \I‘ | ‘\‘ | / \‘ |
T
TAVAVRVAYAVAAVATAY
-30 : : : :
0.45 0.5 0.55 0.6
Time [s]

Figure 7: Output current %,

V. SIMULATION RESULTS

The parameters of the simulation are indicated in Table
I. The first test validates the correct control of the output
current i,. To achieve this, the current reference of the d-
axis component is changed from 743 = 16 A to 74 = 28 A at
t = 0.5 s. As presented in Fig. 7, the output current ¢, has a
perfect balance and good quality, due to the multilevel voltage
waveform enabled by the proposed system.

Table I: Simulation Parameters

Parameter Value
DC voltage system Vpe 1.5 kV
Carrier frequency of modulation framework 4.5 kHz
Arm Inductance L, 20 mH
Arm Resistance 2, 0.1 Q
Load Resistance R, 20 Q
Load Inductance L, 15 mH
AC output frequency 50 Hz
DC module voltage vg. 500 V
Inductance L; 16.5 mH
Inductance Lo 13.5 mH
Filter resistance R, 0.1 Q
Filter resistance Ro 0.1 Q

A. Internal Cross-Circulating Current

Then, to study the effects of parameter mismatches in the
converter, the inductances L1 and L2 are simulated with
a difference of 10% as shown in Table 1. This difference
produces an effect in the cross-circulating current. Depending
on the connection of the inductors, it is possible to obtain
a different effect on the cross-circulating current. In the first
approach, the resulting cross-circulating current presented in
Fig.8 is analyzed for the system with separate inductors (see
Fig.3(a)). In this case, the peak value of the cross-circulating
current reaches 2 A approximately. On the other hand, the
same system is evaluated with coupled inductors as shown in
Fig.3(b). It can be seen that this approach leads to a 30%
reduction in the cross-circulating current amplitude as shown
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Figure 8: Cross-circulating current with separate inductors
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Figure 9: Cross-circulating current with coupled inductors

in Fig.9. dropping to 1.4 A, hence leading to a reduction of
the internal losses as well.

B. Modules capacitor voltages

The use of MMSPC modules allows the balance of the
module capacitor voltages as illustrated in Fig.10 and Fig.11.
It is observed that the capacitor voltage of each module is
balanced around 500 V, regardless whether the system uses
separate or coupled inductors. It can be seen that the internal
voltage balance is achieved without any dedicated control
stages or extra sensors. Then, since the converter has N = 3
cells per arm, the 1.5 kV voltage in the DC port is equally
shared by them.

C. Modules capacitor voltage difference

The reduction in the cross-circulating current allows also a
reduction in the voltage difference among the modules of the
same arm. To corroborate this, the voltage difference of the
modules of the same arm is presented in Fig.12 and Fig.13. It
is observed that in Fig.12, the voltage difference with separate
inductors has a peak value equal to Av = 2.3V. However, in
Fig.13 the voltage difference with coupled inductors is equal
to Av = 0.25 mV. This result validates the reduction in
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Figure 10: Modules capacitor voltages with separate inductors
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Figure 11: Modules capacitor voltages with coupled inductors
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Figure 12: Voltage difference with separate inductors
the internal losses of the system and the improvement in the

performance of the proposed system when a coupled inductor
is considered for the interconnection of parallel phases.
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VI. CONCLUSIONS

This paper proposed a modular multilevel series-parallel
converter (MMSPC) with parallel-connected phases and cou-
pled inductors for high-current applications. The use of MM-
SPC modules in each arm of the proposed system allows the
internal voltage balance of each arm in a simple and direct
strategy, without any extra sensor or control loop in order to
achieve a reduction in size and cost of the implementation.
On the other hand, to achieve the operation of the proposed
system in high-current applications; the proposed system is
implemented with phases connected in parallel. Thereby, the
load current is divided into a number of phases that are
connected in parallel.

In this way, it is possible to identify the effects of the cross-
circulating current, which causes an increase in internal losses
and reduces the performance of the proposed system. In order
to reduce the effects of this current, a coupled inductor is
proposed. Although decoupled inductors have the advantage
that if one fails, it can be more easily replaced, they don’t have
significant effects on reducing circulating current compared to
coupled inductors.

When contrasting the obtained results, it is observed that
the use of coupled inductors reduces the cross-circulating
current by 30%, even under parameter mismatch. This reduc-
tion in the cross-circulating current significantly diminishes
the imbalance between the voltages of the capacitors in the
modules of the same phase. The voltage difference decreases
from 2.3 V with decoupled inductors to 0.25 mV when using
coupled inductors. The proposed system also shows superior
performance under current control only and maintains the
internal voltage balance among the modules without extra
sensors or control strategies. Moreover, the use of coupled
inductors reduces the cross-circulating current and allows the
operation of the system under parameter mismatches.
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