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Abstract: Battery Energy Storage Systems (BESS) offer scalable energy storage solutions, especially
valuable for remote, off-grid applications. However, traditional battery packs with fixed series-
parallel configurations lack reconfigurability and are limited by the weakest cell, hindering their
application for second-life batteries. The Modular Multilevel Series-Parallel Converter (MMSPC)
addresses these limitations by enabling dynamic reconfiguration, optimizing cell balancing, and
enhancing energy control. This paper experimentally evaluates a single-phase BESS based on the
MMSPC with an output power equivalent to 2 kW and two battery units (155V), demonstrating
stable output and reduced internal losses across varied battery parameters.

Keywords: MMSPC; second-life batteries; energy storage

1. Introduction

Battery modules are based in the hard-wired connection of a large number of battery
cells, aiming to achieve the desired voltage and current levels that each application requires.
Typically, these cells are connected in series to reach a desired voltage, which are then
connected in parallel to meet the current ratings. In off-grid application systems, there exists
the need to secure the electrical energy results in several hundreds of cells permanently
attached together [1]. This fixed series and parallel battery configuration is responsible
for multiple difficulties, such as the need to continuously maintain the internal energy
balance among the battery cells, along with the condition that the weakest cell determines
the overall string performance [2,3]. There are different battery cell balancing methods,
mainly classified as passive or active cell balancing. However, regardless of the selected
cell balancing strategy, it will have limitations due to the power limits or aging of some
cells [4,5]. This condition is especially critical if the battery pack is based on second life
battery cells. This is due to the possibility that the battery cells come from different
aging and applications, and that directly affects the possibility of achieving an internal
voltage/power balance among the battery cells [5].

A solution to these difficulties is the integration of power electronics into the bat-
tery module, in order to enable a dynamic reconfiguration of the battery sub units (cells,
modules, etc). This architecture is based on the power electronics building blocks (PEBB)
paradigm, similar to the concept of modular converters, such as the Cascaded H-Bridge or
the Modular Multilevel Converter, where the use of lower voltage units or cells is coordi-
nated in such a way to achieve a higher voltage output [6]. In the case of a battery, the use
of similar structures allow for the avoidance of a hard-wired connection of battery cells,
leading to a highly flexible storage unit [7,8].

Consequently, within the power electronics units that can be integrated into the
battery modules, the half or full H-bridge circuits appear as natural candidates. However,
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in both configurations, the main difficulty is to guarantee a balance in the power among
the battery units. Although some alternatives exist to alleviate such an imbalance, for
instance, providing the MMC, or in delta-connected CHB, more degrees of freedom exist
due to the circulating current control. However, this in turn reduces the efficiency of the
system [5,9]. However, another power electronics structure that can further extend the
benefits of conventional cells is the Modular Multilevel Series-Parallel Converter (MMSPC).
The MMSPC provides important advantages compared with the traditional half or Full
bridge power modules. The MMSPC not only allows for the series interconnection among
them, but also allows their parallel interconnection. The parallel interconnection among
the modules provides other features such as sensorless voltage balance (with no extra
sensors or complex control/sorting algorithms). In addition, parallel connection also
leads to a reduction in total parasitic inductance and resistance in the different energy
paths. This is why the additional parallel state provided by the Modular Multilevel Series-
Parallel Converter (MMSPC) is crucial for balancing the storage systems integrated into the
power system, a feature that is absent in traditional Battery Energy Storage System (BESS)
configurations [10,11].

The design of battery-based storage systems (BESS) based on the MMSPC allows the
seamless integration of heterogeneous battery energy storage systems, and therefore the
integration of second-cycle batteries as well. This converter allows the inherent voltage
balance between the different battery modules with important advantages, since the entire
system will not depend on the battery unit with the lowest quality or State of Health (SoH),
which refers to the overall condition of the battery compared to when it was new, as well
as the redundancy capacity of the system. In addition, this multilevel power converter
presents a high-quality output voltage and current, which has an impact on the design of
the passive output filtering stage, reducing its weight and size [12].

Other important aspects of a power converter are performance, efficiency, and relia-
bility. These aspects have in common the power losses generated as well as the thermal
stress undergone. In a multi-modular system, based on heterogeneous batteries, it is key
that the balance between the batteries occurs intrinsically and that it also allows each
power electronics module implemented in the topology to be subjected to an equivalent
thermal stress. Since other multilevel converters present voltage stress mismatch (this is
the case of CHB or other hybrids multilevel power converters), aging mismatch among the
power modules or even within the power modules (this is the case of the popular MMC),
the MMSPC converter allows for intrinsic power loss balancing and therefore equalized
thermal stress, which results in a balanced Remaining Useful Lifetime (RUL) of the whole
power converter [13]. By maintaining a homogeneous thermal stress in the modules, one of
the factors that affects the useful life of semiconductors [14] is reduced. Finally, the acoustic
noise that this system can generate is another interesting feature, since it is another aspect
that can provide motivation to replace storage systems based on fossil fuels, which are
noisy and generate polluting gases into the atmosphere during their operation. Instead,
given the nature of the modulation strategy produced to generate the switching signals, the
carrier frequency can be defined in order to reduce acoustic noise of the proposed system.

This paper presents a BESS based on the MMSPC converter with a simple energy
balance operation among the battery units. In addition, this converter allows for the
seamless combination of different battery modules as well as second-life batteries into a
highly versatile and adaptable BESS. To ensure the stability and reliability of the system, a
control strategy is proposed to maintain both the amplitude and frequency of the output
voltage stable, independent of load impacts. The rest of the manuscript is distributed as
follows: Section 2 explains the Topology used. Section 3 presents the control strategy as
well as the pertinent modulation scheme. Section 4 illustrates the feasibility of the proposal
in the down-scaled experimental mock-up. Finally, in Section 5, the conclusions of the work
are presented.
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2. Topology Description

The BESS based on the use of the MMSPC converter topology is presented in Figure 1.
A generalized version of the structure is displayed in Figure 1a, showing the capability
of integrating several types of battery modules with reconfigurable capability by the
means of power electronics cells. This reconfigurable structure is not only beneficial for
using heterogeneous battery modules, since it also features a high-quality output given
its multilevel behavior [15]. A single-phase version is chosen for the sake of simplicity
and to allow for a direct comparison with a diesel generator in residential applications, as
displayed in Figure 1b. This comparison is due to the fact that diesel generators are actually
the traditional and accessible way to generate electricity in sectors that do not have access
to the conventional electric grid. However, these generators use fossil fuels that generate
air pollution, as well as generating considerable noise. For this reason, it is necessary to
look for alternatives that allow operation and generation of electricity in remote sectors
and that are environmentally sustainable, and do not need a complicated or sophisticated
control scheme. Moreover, it is important to highlight the fact that the presented approach
can be directly extended to three-phase systems, for industrial applications that require
higher power levels.

This BESS structure is composed by three different parts: a distributed battery solution
integrated in the MMSPC cells, an output filter stage based on the conventional LCL filter
structure and a resistive load.

(a)

(b)

Figure 1. Battery energy storage system (BESS) based on the modular multilevel series-parallel
converter topology in grid-forming applications. (a) Generalized multicell three-phase structure for a
reconfigurable BESS. (b) Single-phase approach considering an LCL filtering stage and two cells.

The basic structure of the Modular Multilevel Series-Parallel Converter (MMSPC) is
based on multiple power cells (n) connected in series, similar to a Cascaded H-Bridge
(CHB) topology. Each cell comprises eight semiconductors along with a storage unit. These
eight semiconductors are configured to enable series, bypass, or parallel connections among
the power cells. This latter configuration, which represents an additional degree of freedom
provided by MMSPC cells compared to traditional modules like the H-Bridge, enables bal-
ancing across the interconnected storage units in the system [16,17]. The decision regarding
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when to activate this additional parallel connection mode is delegated to the modula-
tion stage. Various modulation strategies have emerged, aiming to optimize the internal
balancing of the storage units as well as to reduce the system’s internal losses [15,18–20].

As shown in Figure 1, the MMSPC converter is composed by n = 2 cells for its ex-
perimental validation. However, it is important to highlight that the system is completely
modular and scalable. This is because voltage and power levels can be adjusted by increas-
ing or decreasing the number of cells n connected within the proposed system. The key
feature of the MMSPC modules is the capacity to enable the internal balance among the
storage units without extra requirements or complex control and/or modulation algorithms
or the use of external or additional sensors [12,17,21].

The modulation strategy implemented is based on the PS-PWM method and has
already been published in previous works [18]. The main objective is to maximize the
number of times that the modules are connected in parallel, but only for short periods. In
this way, the internal balance between the storage systems can be regulated through the
frequency of the triangular carrier. The modulation strategy allows for the generation of the
states that connect the battery modules in series, parallel or bypass, leading to a simple and
sensorless balanced operation of the batteries. The method of selecting the switching states
basically depends on whether the switching of the internal or the external interconnections
between the modules is being controlled. In general terms, the modulation is based on
a Phase-Shifter PWM modulation strategy, where the switching states selected by the
modulation strategy are defined by the interconnection between two modules. Using this
concept, it is possible to define two types of interconnections: The internal interconnections
which are focused in the interconnection between two adjacent modules (from Figure 1 are
S3,S4,S5 and S6), and the external interconnection, which refers to the switches located at
both ends of the converter (from Figure 1 are S1,S2,S7 and S8). The carriers are implemented
with a phase-shift angle defined by

θ =
π

n
(1)

Since the system is validated with n = 2, it is necessary to define two couples of carrier
signals. For the internal interconnections of the system, one triangular carrier and its
polarity inverter signal are employed (C1 and C1N), as is described in Figure 2. If the
modulation signal is greater than the triangular carriers C1 and C1N , a series positive state
is selected (Figure 2c). If the modulation signal is smaller than the triangular carriers, a
series negative state is selected (Figure 2d), otherwise a parallel connection between the
modules is implemented (Figure 2a). On the other hand, for the external interconnection,
the modulation strategy alternates between series and bypass connections, as displayed in
Figure 3. The idea of the selection states is basically the comparison among the modulation
signal and the carriers C2 and C2N . The difference with the internal interconnection is
that the parallel interconnection is replaced by a bypass interconnection, as is presented in
Figure 3.

There are many methods for the design of the LCL filter stage [22]. In this work, for
the sake of simplicity, for the design of the third-order LCL output filter, the guidelines
from [23,24] are adjusted for a multilevel single-phase inverter enabled by a battery array.
First, the battery is sized in such a way that at the lowest state of charge (SoC), the amplitude
modulation index remains above 0.95 to ensure the converter can maintain a steady output
voltage under any scenario. Then, the first inductive stage of the filter L1 will be designed
to keep the converter-side current with a ripple under 5% at the worst operating condition.
Additionally, the filter capacitance C f is limited to absorb 4% of reactive power during rated
power operation. Finally, the grid-side inductance L2 is selected in such a way that the
voltage drop across both reactors is below 5% at the rated power operation, while locating
the resonant frequency of the filter in the range [10Fo, 0.5Fsw] [23,24]. These conditions
lead to
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C f = 0.04Cb (2)

L1 + L2 ≤ 0.05Lb (3)

L1 =
3 · n · Vdc

4Fsw∆Iomax

(1 − ma) (4)

where Cb is the base capacitance of the system, Lb is the base inductance, n is the number of
modules per phase of the MMSPC, ∆Iomax is the maximum current ripple at the converter
side at rated power, Vdc is the DC voltage of the battery modules and Fsw the output
equivalent switching frequency.

L2 =
L1

ω2
resL1C f − 1

(5)

where ωres is the resonance frequency of the LC filter. The experimental parameters for the
LCL is presented in the Table 1.

(a)

(b)

(c)

(d)

Figure 2. Modulation strategy for internal interconnection modules. (a) Triangular carrier definition
and pulses generation. (b) Module parallel connection. (c) Module serial positive connection.
(d) Module serial negative connection.
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(a)

(b)

(c)

(d)

Figure 3. Modulation strategy for external interconnection modules. (a) Triangular carrier def-
inition and pulses generation. (b) Serial positive connection. (c) Bypass connection. (d) Serial
negative connection.

Table 1. Simulation and Experimental Parameters.

Parameter Simulation Values Experimental Values

Battery voltage vbat1 , vbat2 155 V 155 V
Carrier frequency of modulation framework 3 kHz 3 kHz

Filter Inductance L1 1.1 mH 1.1 mH
Filter Inductance L2 1.2 mH 1.2 mH

Filter Capacitance C f 21.37 µF 25 µF
Load Resistance R 200 Ω 200 Ω

Resonance frequency 1.45 kHz 1.34 kHz
AC output frequency 50 Hz 50 Hz
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3. Control Strategy

The control strategy displayed in Figure 4 allows for the precise regulation of the AC
output voltage amplitude and frequency, regardless of the load condition in the system.
This aspect is fundamental for the application of BESS systems operating in grid-forming
mode. Moreover, as discussed in Section 2, the modulation strategy guarantees the voltage
balance among the batteries. This fact is critical to maintain the power quality of multilevel
converters and reduce the total harmonic distortion (THD) of the output voltage/current
signals. To achieve this, the system output voltage is sensed and compared to a reference
voltage. The control stage is performed via a cascaded control loop. The result of this
control scheme is the modulation signal, and it feeds into the modulation strategy.

The parameters for the PI controllers were obtained from the equations described in (6)
and (7), and detailed in the Table 2.

vo

io
=

1
C f ·L2·s2

R + C f · s + 1
R

(6)

io
ma

=
1

L1 · s + R1
(7)

Table 2. PI controller parameters.

Controller Proportional Gain Integration Gain

Current Controller kpi = −0.0085 kTi = 0.00023

Voltage Controller kpv = 0.14 kTv = 0.0045

Figure 4. Control strategy.

4. Experimental Results

A small-scale BESS has been developed for laboratory testing. The proper operation
and balancing capabilities of the proposal are validated using a the setup shown in Figure 5,
where it is possible to identify the MMSPC converter, LCL filter, battery emulator and the
load. The scenarios that will be analyzed in the experimental platform include: dynamic
performance under a 100% load impact, balancing of different SoCs among the units,
balancing current analysis during parallel states and thermal analysis of the setup.
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Figure 5. Experimental setup.

4.1. Load Impact

For the first case study, it is proposed that both batteries connected to the converter
have the same SoC. The experiment begins with a no-load system, followed by a 200 Ω load
impact with the objective of verifying the stability of the system and its ability to stabilize
the batteries’ energy without the need for dedicated sensors or control loops. The results of
this experiment are shown in Figure 6. It is important to note that during this process, the
converter voltage remains totally stable not only in the power converter terminals but also
in the output LCL filter stage reaching a voltage peak of 311 V with a voltage frequency
equal to 50 Hz, as is shown in Figure 6a. The resulting load current increases from 0 A to
approximately 1.5 A, as shown in Figure 6b.
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Figure 6. Experimental results for load impact verification. (a) Output voltage of the MMSPC con-
verter during the load insertion in its terminals (blue) and in the LCL output filter (red). (b) Resulting
transient current after a load insertion.

In addition, upon analyzing Figure 7, which represents the SOC and voltages of
both batteries, it can be observed that after the load impact, they tend to stabilize at the
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same voltage and SOC value. This validates the earlier statement regarding the inherent
stabilization of the energy storage elements connected to the converter, facilitated by the
serial and parallel connections achievable with the MMSPC topology.
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Figure 7. Evolution of the battery quantities during the load impact experiment. (a) Voltage measure-
ments in modules 1 (blue) and 2 (red). (b) State of Charge in modules 1 (blue) and 2 (red).

4.2. Battery Energy Balance

On the other hand, a second case study was conducted where the batteries had a 3%
difference in their SoC. In this scenario, the same load was connected from the beginning
and the results are shown in Figure 8. As is shown in Figure 8a, the resulting power
converter output voltage does not present any unbalance despite of the battery voltage
unbalance. This fact demonstrates the high quality output current in the connected load, as
is shown in Figure 8b.

-400

-200

0

200

400

V
ol

ta
ge

 (V
)

before after

0 20 40 60 80
Time (ms)

-2

-1

0

1

2

C
ur

re
nt

 (A
)

a

b

Figure 8. Experimental results for battery energy balance verification. (a) Output voltage of the
MMSPC converter during the load insertion in its terminals (blue) and in the LCL output filter (red).
(b) Resulting transient current during energy balance.
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The MMSPC converter allows for the achievement of the balance between the hetero-
geneous batteries connected to the system, appreciating the effect of the balance dynamics
in Figure 9 referring to the voltage and SoC, validating the capacity of the system-based
MMSPC to achieve an internal balance between energy storage units.
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Bat 1 Bat 2

Bat 1 Bat 2

Figure 9. Evolution of the battery quantities during the energy balance experiment. (a) Voltage
measurements in modules 1 (blue) and 2 (red). (b) State of Charge in modules 1 (blue) and 2 (red).

It is important to highlight that the balance between the batteries integrated into the
system is executed and developed decoupled from the control of the current and voltage
connected to the load.

4.3. Parallelization Current Analysis

As previously mentioned, internal currents in the MMSPC depend on the parallel
interconnection periods. In this sense, the effective switching frequency forced by the
carrier frequency adopts a key factor. Higher switching frequencies limit the internal
current peaks but also increase the switching loss of the whole power converter. On the
contrary, reducing switching frequency helps to reduce the switching loss but the internal
current peaks could be very high. This phenomenon is clearly shown in Figure 10a.

In order to mitigate the internal current surges, the integration of an inductance
among modules can also be considered, in order to dampen the dynamics of the currents,
especially in cases where the batteries interconnected in the system have considerable
voltage differences. This effect is shown in Figure 10b where a 5 mH inductance in the
interconnection between the modules has been integrated.
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Figure 10. Comparative of the Internal Current between modules and output voltage of the converter.
(a) Without inductor. (b) Using an interconnection inductor .

4.4. Thermal Losses in Power Modules

Figure 11 shows a thermal photograph presenting the maximum and minimum heat
points observed in the MOSFET modules. In this figure, seven measurements were carried
out: one before starting to operate the converter and the other six with an interval of
10 min between each sample, until completing 60 min. In this way, it was observed that the
modules maintain a similar temperature to each other, presenting slight variations, and
maintain an average temperature of 38 °C, with local maximums of up to 45 °C. These
maxima are represented in the figure as points in the deep red module. With these results,
it is confirmed that not only the voltages of the batteries connected to the converter are
balanced, but also that the converter losses are distributed uniformly. However, one of the
modules exceeds the average values presented in Table 3, reaching maxima of up to 51.4 °C.
This is because this module was powered with a different DC source than the one provided
by default by the company that develop the power modules.

Figure 11. Thermography of the modules.
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Table 3. Temperature measurements.

Time Temperature

0 min 24.0 °C
10 min 31.9–44.8 °C
20 min 33.5–42.8 °C
30 min 32.0–43.5 °C
40 min 31.8–43.8 °C
50 min 36.8–45.3 °C
60 min 37.2–43.8 °C

5. Conclusions

In this work, we presented a Second Life BESS based on a MMSPC configuration. The
proposed topology effectively demonstrates the ability to implement an electric power
generation system utilizing batteries while ensuring high-quality voltage waveforms due to
its multilevel architecture. Additionally, this configuration inherently balances the battery
units, enabling the integration of second-life batteries without compromising the system’s
dynamics and operational integrity.

However, a significant limitation identified in the proposed system is the variability
among the battery modules. When the voltage and dynamic characteristics of the second-
life batteries differ substantially, the integration of coupling inductances between the
modules becomes essential to mitigate potential current peaks, thereby preserving the
overall system efficiency. Moreover, the analysis indicates that operational losses are
distributed across the various modules, reinforcing the viability of the proposed solution
as an environmentally sustainable energy backup system.

Future research should explore strategies for optimizing the integration of heteroge-
neous battery technologies and advanced control methodologies to further enhance system
performance and reliability.
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