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Abstract—Due to the rising demand for energy storage systems
within the electrical power grid, the modular multilevel converter
with integrated batteries is discussed lately. With one advantage
being the capability to incorporate second-life batteries, lifetime
optimization is a key consideration to improve economic feasibil-
ity. In this paper, a new concept for battery lifetime optimization
is established, implemented in the control structure and validated
in a Hardware-in-the-Loop setup.

Index Terms—Keywords—Modular Multi-level Converter, En-
ergy Storage System, Battery Lifetime

I. INTRODUCTION

The need for battery energy storage systems (BESS) in
an electrical power grid with volatile sources and loads has
been discussed extensively in society and science. While tradi-
tional BESS become increasingly common, more sophisticated
approaches are still a niche topic. The capabilities of one
such approach are discussed in this paper. The topology of
a modular multilevel converter (MMC) [1] can be adapted
to incorporate batteries within its submodules [2]–[5]. This
approach brings the advantages of an MMC, such as high
voltage quality and flexibility, to the realm of BESS. Due to
the MMC’s modular nature, different battery modules can be
combined. This paper focuses on the combination of battery
modules with identical voltage range but different capacity,
current carrying capability and age. An approach to optimize
the battery lifetimes while running the system under changing
conditions is shown. Until now, the optimization objectives
discussed in research range from state of charge (SoC)-
Balancing [6] to multilayer equalization of the state of health
(SoH) [7]. A brief overview of the literature is given in Tab. I.

Currently, optimizing the battery lifetime in such a system
has rarely been discussed. SoH-balancing considers aging
but does not necessarily increase battery lifetime. Rather,
it results in all battery modules reaching theirEnd-of-Life
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(EOL) roughly simultaneously. However, this can become a
disadvantage when aiming at operation without interruption.
The exchange of a single battery module is possible during
operation, while the exchange of all batteries at once disrupts
operation. The influence of the current ripple from switching
and harmonics of the grid current on the aging has also been
discussed before, specifically for the MMC [8], [9]. Accord-
ing to this, reducing current harmonics can improve battery
lifetime by decreasing losses, while switching frequencies do
not have an evident effect on aging. It can also be argued
that different operating scenarios require different balancing
strategies [10]. However, this requires knowledge about the
intended type of operation, which is not always given.

After an introduction to the MMC-BESS topology, this
paper discusses a new concept to optimize battery lifetime.
Each battery module is assigned two values: One will be
called Need of Charge (NoC), indicating if charging the battery
has a more positive or a more negative effect on the aging
of that battery. The other will be called Need of Discharge
(NoD), indicating the same for discharging. After those are
established, balancing based on those values is applied in
simulation of a simplified setup and in hardware-in-the-loop
(HiL) emulation of the MMC-BESS. Finally, the paper gives
an outlook on the feasibility for a real MMC-BESS.

TABLE I
LITERATURE OVERVIEW OF BALANCING METHODS FOR MMC-BESS

Voltage SoC SoH Lifetime

2011 - [11]  G# # #
2014 - [6]   # #
2014 - [12]   # #
2019 - [9] G#  # G#
2022 - [10] #   #
2022 - [13] #  # #
2023 - [14]   # #
2023 - [8] # # # G#

 = discussed G# = partly disc. # = not disc.



II. TOPOLOGY

The MMC-BESS considered here [15] consists of multiple
submodules called power electronic storage blocks (PESBs),
each including a full bridge and a battery module. As shown in
Fig. 1, the PESBz

xy are arranged in three phases y ∈ {1,2,3},
each divided in a positive and negative arm x ∈ {p,n}.
The three phases are connected to the AC grid between their
positive and negative arm. Per arm, N = 20 PESB indexed
z ∈ {1,2...N} and an arm inductor are connected in series.
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Fig. 1. Schematic of the MMC-BESS.

Energy distribution within the MMC-BESS has multiple
aspects. On the battery cell level, balancing is crucial. Here,
this is managed by the individual battery modules’ battery
management system (BMS) is not part of the MMC-control.

Energy distribution between submodules is the basis for the
operation of a traditional MMC, where balancing the capacitor
voltages is essential. The same control mechanisms can be em-
ployed to MMC-BESS to distribute energy. Balancing within
one arm is done by prioritizing submodules in the selection
process for voltage generation. The modulation of the arm
voltages of the MMC is done using phase disposition pulse-
width modulation (PWM). In short, the setpoint arm voltage
is achieved by completely switching on a variable number of
submodules, while one submodule sets a duty cycle 0 < d < 1.
For arm p1, this means that the battery of any PESBz

p1 setting
a positive output voltage vzp1 while both the arm voltage vp1
and the arm current ip1 are positive, is charged. When ip1 is
negative, the battery is discharged. Depending on AC and DC
power, the polarity of ip1 can change at grid frequency. PESBs
are typically sorted, so that modules with a higher priority for
charging, i.e., due to lower voltage, are used more often and
for longer durations during periods of positive current.

Additionally, balancing between arms is possible. Horizon-
tal and vertical balancing can be differentiated; both require
appropriate converter control and can result in additional
internal currents and losses. While possible with the shown
approach, they are not the focus of this work. Higher abstrac-
tion levels of energy distribution and optimization are also
not discussed, e.g., the economic decision when to charge or
discharge the BESS.
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Fig. 2. Determination of Need of Charge and Need of Discharge.

III. CONCEPTUALIZING NEED OF CHARGE

To determine the charging and discharging priority of the
battery modules, each battery is now assigned two values.
They indicate whether charging and discharging have a more
positive or negative effect on aging, respectively. In analogy
to the term SoC, the term NoC is conceptualized here. The
NoC is arbitrarily defined as a cost function JNoC in the
interval [0,1]. The lower this value, the faster the aging of
the battery occurs when charging and vice versa. Analogously,
the NoD is defined for discharging. Note that the SoH always
decreases; the values of JNoC and JNoD simply imply whether
it decreases faster or slower. A schematic to determine NoC
and NoD is shown in Fig. 2 and is discussed in the following.

For both values, the current state of each battery must be
determined first, which is done by observers for all quantities
that cannot be measured directly. Given the battery status,
damage functions are used to estimate the influence charging
or discharging would have on the battery. Finally, these dam-
age functions are normalized and a weighted product model
is used to determine the NoC and the NoD.

A. Observers

Three observers are used to determine the SoC, the internal
temperature of the battery cell Ti and the SoH in terms of the
current battery capacity. To estimate the SoC, an Extended
Kalman Filter (EKF) is implemented. It is parameterized
based on [16] and uses lookup tables (LUTs) for the battery
parameters. The measured battery module parameters are
scaled to account for cells connected in parallel and series,
as the modules used are configured as 14s22p. The additional
connection resistance between the cells and within the module
is assumed constant and proportionally added to the internal
cell resistance.

The SoC-EKF is based on the Thevenin equivalent circuit
model (ECM) shown in Fig. 3. For time step k, the input
vector of the SoC-EKF is given depending on the battery cell
current icell as

u(k) =

 icell(k − 1)
sgn(icell(k − 1))

icell(k)

 . (1)

The battery cell voltage is used as the measurement variable

z(k) = vcell(k). (2)
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The system state is denoted as

x(k) =


SoC(k)
vR1(k)
vR2(k)
vRi(k)

 (3)

in accordance with the ECM. The open circuit voltage
vocv and the SoC can be converted into each other by a
LUT and are therefore interchangeable. The internal voltages
vRi, vR1 and vR2 calculated within the EKF represent the
voltages over the internal resistance Ri and the RC networks
used to approximate dynamic battery behavior, respectively.

To estimate the internal cell temperature Ti, a Kalman
Filter (KF) similar to [17] is used. The thermal parameters
are derived from measurements, a thermal ECM is shown in
Fig. 4. The filter also increases the resolution of the estimated
temperature Ti in comparison to the measured temperature
Tbat,q from the BMS quantized with a resolution of 1K. The
system input is given by the ambient temperature Ta and the
rate of heat flow Q̇ resulting from the SoC-EKF as

u(k) =

(
Q̇(k)
Ta(k)

)
, Q̇(k) = |ibat · (vR1(k)+vR2(k)+vRi(k))|.

(4)
The measurement variable is the quantized cell surface tem-
perature Tbat,q coming from the BMS given as

z(k) = Tbat,q(k) (5)

while the system state x(k) is given as

x(k) =

(
Ti(k)
Tbat(k)

)
. (6)

The latter consists of the internal battery cell temperature Ti(k)
and the estimated battery surface temperature Tbat(k).

The SoH can be estimated by periodically cycling the
battery modules. This has been shown for battery integrated
MMCs, e.g., in [18] but is not discussed here. The SoH for
simulation and HiL are given as model setpoints and not
determined by an observer.

B. Damage Functions

Stress factors for battery aging are manifold [19]. Especially
for second-life batteries, a precise lifetime estimation is hardly
possible. Instead, a heuristic and real-time capable definition
of the cost functions JNoC and JNoD for NoC and NoD is
used, considering the following stress factors:

• SoC is a major driver for calendar aging. Based on [20],
an exponential relation between SoC and aging is assumed
where aging doubles at 100% SoC and halves at 0% SoC
relative to the aging at 50% SoC. This is expressed as

aSoC = 0.25 · eln 4·SoC (7)

and shown in Fig. 5. The higher this value is, the higher the
NoD is supposed to be, while the NoC is supposed to decrease.
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Fig. 5. Damage Function aSoC.

• Temperature accelerates degradation processes for both
calendar and cyclic aging for high and low temperatures. An
average normal operation temperature range from −5 °C to
45 °C is chosen. To formulate the dependency, data for cyclic
aging fitted to Arrhenius equations is used [21]. This yields

aT = eb·(Ti−Tref ) with b =

{
0.0232, Ti ≥ Tref

−0.0579, Ti < Tref
(8)

and with Tref = 25 ◦C as shown in Fig. 6. The higher this
value is, the lower both NoD and NoC are supposed to be.
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Fig. 6. Damage Function aT.

• Current/C-rate leads to over- or undervoltage and any
anode potential close to or below 0V is known to accelerate
Li-Plating. Depending on the temperature and the SoC, the
current damage function is decribed as

aI = Imax,C(SoC,Ti) + Imax,D(SoC,Ti) (9)

with the discharge current Imax,D being defined as negative.
With this definition, higher values of aI imply higher NoC and
lower NoD. The data is derived from experimental cell data
and given as LUTs. Exemplary data for Imax,C and Imax,D is
shown in Fig. 7.
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• Depth of Discharge (DoD) increases material fatigue.
A real-time capable rainflow algorithm [5], [22] determines
whether the current cycle belongs to a smaller subcycle or to
a larger cycle. DoD,C and DoD,D are defined for charging
and discharging, respectively. The Wöhler-Curve given as

aDoD,C/D = a ·DoD2
C/D + b ·DoDC/D + c

with a = 1.4, b = 0.34, c = 0.032 (10)

from [23] is adopted to quantify damage done to the battery by
the DoD. The higher this value, the lower both NoC and NoD
must become. Note that the DoD from a rainflow algorithm
can be discontinuous over time. A smaller cycle becoming part
of a larger cycle results in an abrupt increase in DoD.
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Additionally, the actual current Capacity (SoH-dependent)
is used to normalize NoC/NoD for different batteries and is
denoted as aC.

C. Weighting
All damage functions are rescaled to [0,1] with the rescaled

damage functions being given as

a′K =
aK −min(aK)

max(aK)−min(aK)
withK ∈ {SoC,T,I,DoDC/D}.

(11)
The minimum and maximum values are determined for the
nominal range of operation. Furthermore, all stress factors
are considered independent, i.e., do not influence each other.
The cost functions JNoC and the JNoD are determined as
the product of the rescaled damage factors. This weighted
product model (WPM) is chosen to reflect the fact, that the
damage functions cannot outweigh each other. For the NoC,
the equation is given as

JNoC = (1− a′SoC)
wsoc · (1− a′T)

wT · (a′I)wI

· (1− a′DoD,C)
wDoD · (aC)wC (12)

while for the NoD it is given as

JNoD = (a′SoC)
wsoc · (1− a′T)

wT · (1− a′I)
wI

· (1− a′DoD,D)
wDoD · (aC)wC . (13)

All damage functions are scaled to the expected range of
operation so that all weighting factors wK are set to 1 for the
sake of simplicity. Different weights should be considered to
change the relative relevance of specific factors. For example,
increasing wSoC might be considered for systems with long
downtimes and thus increased calendar aging.

D. Implications

As an example for the implications of this approach, a
battery resting at 25 °C and 50% SoC is considered. Both
charging and discharging reduce battery lifetime only as much
as minimally possible due to the current throughput.+ For
a battery at higher or lower temperature, aging increases
so that both NoC and NoD decrease. Heating batteries at
low temperatures by current throughput is not considered
as lifetime improvement as the batteries in an MMC are
thermally coupled and can therefore heat each other. For
high SoC, NoC decreases while NoD increases. Ultimately,
at SoC = 100%, charging would result in overcharging,
therefore NoC = 0 while NoD = 1 if all other stress factors
were to be neglected. However, this approach is not intended
to effectively prevent any kind of overload of the batteries. To
prevent overcurrent even on short timescales, solutions limiting
the current by limiting the duty cycle are superior [24]. To
prevent operation outside the safe operating area, hard limits
must be implemented in addition to NoC/NoD.

IV. APPLICATION IN THE MMC-BESS

To use the concept of NoC and NoD in the MMC, all 120
battery modules in the MMC-BESS must be monitored, the
observers have to be executed, and JNoC and JNoD must be
determined. Here, this is done by a real-time capable control
platform [25] which also controls the converter itself. It is also
used in the HiL setup introduced in [5], [26] and utilized here.

A. Hardware-in-the-Loop Evaluation

The NoC-balancing is implemented in a HiL-setup of the
MMC-BESS as shown in Fig. 9. NoC and NoD are calculated
on the ARM core of the Xilinx Z7030 system-on-chip. The
control interrupt is executed at 8 kHz. The observers and the
calculation of NoC and NoD are executed serially for each
battery. Within one control clock period, the values for only
one battery module are calculated to not exceed the interrupt
duration. This is sufficient as the values are still updated at
least once per grid period at 50Hz. Sorting and modulation
are running on the emulator FPGA. The MMC model on the
emulator includes a state space converter model and ideal
power electronic models for one arm. The electrical battery
models are also running on the FPGA, while the thermal and
aging models are running on the processor.

The applicability of the approach is shown in Fig. 10. The
parameters of three exemplary battery modules are given in
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Tab. II. For the first 3 h, the system reference power is in
charging direction, after that it is discharging direction. As
expected, Module 3 is not charged in the beginning due to
its high SoC relative to the other modules. Module 2 is not
charged as high as both module 1 and 3 at t = 3h due to its
high SoH and low initial SoC. During charging, the behavior
can be compared to SoC-balancing. This is expected as all
modules are identical except for SoH. For some time during
discharging, the SoCs somewhat diverge due to temperature
and DoD differences but converge again when coming to lower
SoC.

TABLE II
BATTERY PARAMETERS FOR HIL (EXTRACT) AND SIMULATION

Battery SoCinit SoH Tinit HiL Tinit Sim.

Module 1 (New) 47% 97% 25 °C 25 °C
Module 2 (Aged) 50% 84% 25 °C 45 °C
Module 3 60% 88% 25 °C not applicable

B. Simplified Simulation for Traceability

The connections within the HiL model and the large number
of modules make it difficult to verify the behavior. Therefore,
Fig. 11 shows an exemplary behavior of NoC-balancing for
two battery modules with mostly the same properties as the
first two modules in HiL. The only difference is the higher
temperature of Module 2 in simulation, as shown in Tab. II.
An arbitrary total power reference over time is given and
distributed between the two batteries according to the values
calculated for JNoC in Fig. 11 (i) and JNoD in Fig. 11 (j).
Fig. 11 (a) shows that both modules SoC’s remain closely
together although their capacity is different due to their
respective SoH. The SoC of module 1 tends to reach lower
and higher values than that of module 1. The main reason
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is given by the higher temperature of module 2 as shown in
Fig. 11 (c) and the resulting damage function a′T shown in
Fig. 11 (e). As expected, the damage function a′soc shown
in Fig. 11 (d) follows the SoC and therefore supports the
SoC-balancing. When high and low SoC are reached, aI in
Fig. 11 (f) comes into play. At around 5 h and 10 h, the
battery current distribution shifts back and forth between the
two modules. The damage functions a′DoD,C and a′DoD,D are
shown in Fig. 11 (g) and Fig. 11 (h) respectively. It is worth
noting the behavior for module 2 at roughly 15 h. a′DoD,C

jumps to the value from its previous half-cycle as soon as its
SoC surpasses the maximum SoC of that previous cycle. After
that, the value slowly decreases as the battery is discharged.
When a new charging cycle starts at around 16 h, a′DoD,C starts
from zero as a new half cycle begins. All in all, the behavior
shows that all damage functions have the expected effect on
the charging and discharging priority.

V. CONCLUSION AND OUTLOOK

The shown approach for power distribution within an MMC-
BESS based on NoC and NoD allows lifetime optimized
battery operation without prior knowledge of system operation
mode. Combining the effect of multiple aging factors in the
two variables NoC and NoD allows real-time application in
the sorting algorithm of the MMC. This has been shown to
work as intended in a HiL-environment while the individual
impact of the included aging factors has been shown in
a traceable simulation. The calculations have already been
shown to be able to run on the real-time control system.
Therefore, realization in a real MMC-BESS is straightforward
and does not require changes. However, the quality of the
observed variables in the real system must be determined and
tested. In a next step, a comparison of the proposed method to
established methods like SoC-balancing should be executed.
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