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Influence of Current Ripples in Cascaded Multilevel
Topologies on the Aging of Lithium Batteries

Fengqi Chang

Abstract—Previous studies have proposed to use cascaded mul-
tilevel topologies in stationary battery energy storage systems
(BESSs) or in BESSs of electric vehicles, due to the balancing
capability or the high efficiency of these topologies. Because of
the elimination of the direct current (dc) bus, the batteries in
these topologies are expected to experience large current ripples.
However, whether these current ripples can accelerate the aging of
the batteries has not yet been dedicatedly investigated, although
it is a determining factor for the feasibility of this category of
topologies. Therefore, this article first summarizes the existing
studies regarding the influence of current ripples on the aging of
lithium batteries, which proves the necessity of an experimental
investigation. Then, a long-term aging experiment on battery cells
is conducted, in order to examine the influence of the current ripples
in cascaded multilevel topologies. According to the experimental re-
sults and the conclusions in previous studies, the ripples in cascaded
multilevel topologies generally have a negligible influence on the
aging of batteries, except in certain scenarios. These scenarios can
be identified by the three preconditions, first, current ripples must
contain micro charge and discharge cycles; second, the microcycles
are below 10 Hz; third, low frequency microcycles must contribute
a large amount of charge throughput.

Index Terms—Battery aging, electric vehicles, energy storage,
multilevel converter, ripple current.

NOMENCLATURE

cos 0 Power factor of the cascaded multilevel topology.

IaCpeak Peak value of the phase ac current.

Ivat_ave Average value of the battery current.

Ivat_RMS RMS value of the battery current.

Lipple_ RMs RMS value of the ripple components in the battery
current.

Ig Meycle  Charge throughput rate caused by the microcycles
in ripples.
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Ibat Current of the battery.

M, Modulation index of the topology.

N Carrier index of the topology.

Tac AC output period of the cascaded multilevel topol-
ogy.

Ts Switching period of the cascaded multilevel topol-
ogy.

Uacpeak Peak value of the phase ac voltage.

I. INTRODUCTION

INCE renewable energy and electric vehicles (EVs) start to

be accepted by the general public in recent years, battery
energy storage system (BESS) has become one of the main re-
search topics in the field of power electronics [1]-[9]. Stationary
BESSs are deemed by many researchers as the ultimate solution
to damp the fluctuations of solar or wind power in the power
grid, and the topologies or controlling algorithms of stationary
BESSs have attracted extensive efforts of research [8]-[13]. Dif-
ferent topologies and controlling algorithms are also proposed
to optimize the management or the utilization of the batteries
in EVs [14]-[18] (hereafter referred as on-board BESSs), as the
on-board BESSs still account for the most significant part in the
total cost of EVs [19], [20]. Among all the topologies for BESSs,
the cascaded multilevel topologies with an alternative current
(ac) interface were proved to be one of the most promising
options for both on-board and stationary BESSs, due to the
advantages in terms of modularity [21], [22], state-of-charge
(SOC) balancing [22]-[24], and cost and efficiency [14], [24].
A typical example of this kind of topologies is the cascaded
H-Bridge (CHB), as shown in Fig. 1. Instead of connecting all the
battery cells together to form a dc bus, these topologies distribute
the battery cells in many power conversion submodules. The
submodules are H-bridges in a CHB topology, as shown in Fig. 1.
Submodules are then cascaded to directly generate ac voltage
required by the load. This type of topology has been proposed
by several studies to use in EVs [14], [24].

However, due to the elimination of the dc bus in these topolo-
gies, the batteries are only supplying power for a single phase. As
aresult, the current of the battery cells contains large ripples that
are commonly visible on the dc bus of single-phase systems, e.g.,
uninterruptible power supplies and on-board chargers [25], [26].
The current waveform of one battery cell measured in a CHB
topology is depicted in Fig. 2, where positive current implies the
discharge of the battery cell. The battery current in a variety of
other cascaded multilevel topologies has the same pattern. The
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Fig.2. Current waveform of one battery cell in a CHB circuit, when the power

factor is 0.8.

current of the battery contains ripples in double ac frequency
and ripples in switching frequency. The switching frequency
ripples in the current are generated by the pulsewidth modulation
(PWM) process, because the batteries are directly connected to
the switches. The double ac frequency ripples are caused by the
intrinsic characteristics of single phase system. Further, when
the power factor is not strictly 1.0, negative current also appears
in the waveform [25]. From a conventional perspective, both
types of ripples might be able to accelerate the aging of lithium
batteries.

First, the switching frequency ripples might be able to accel-
erate the aging, because of their high C-rate, which is identified
as a driving factor for battery aging in multiple studies [25],
[26]. In Fig. 2, the average discharge current is only 2.4 A, but
the peak value of the switching frequency ripples is 9.09 A.
Such a high peak value is only instantaneous. However, it is
not certain if the repetitive instantaneous high current ripples in
switching frequency are harmful to battery cells. Second, due
to the double ac frequency ripples, the battery cells in the CHB
will be temporarily charged, while the CHB is discharging to
the load. Compared to the cells discharged by dc current, the
double ac frequency ripples create micro charge and discharge
cycles, and thus increase the charge throughput of cells. As the
charge throughput is proven to be one of the most significant
driving factors for the battery aging [27]-[30], the double ac
frequency ripples may also be harmful to batteries. The cycle
life of battery cells might be consumed much faster in the CHB,
due to the existence of the microcycles.
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Because of the concerns over the two types of current rip-
ples, before implementing multilevel topologies in BESSs, it is
necessary to investigate the impacts of the ripples in Fig. 2 on the
aging of lithium batteries. If identified to be significantly harmful
to lithium batteries, these topologies should be reconsidered,
especially for BEVs. In this article, the ripple current in the
CHB is taken as an example of evaluation. Nonetheless, as long
as the current ripples in other systems are the same as those
in the CHB, once the CHB is identified to be harmful or not
for batteries, this conclusion will also be applicable for these
systems.

With the objective of research defined, the rest of the article
is organized as follows: In Section II, previous investigations
on the influence of current ripples in the CHB are summarized,
which proves the necessity of conducting an experimental in-
vestigation. Subsequently, the configurations of the experiment
are introduced in Section III. Section IV, the results of the
experiment are stated and explained, followed by a more general
analysis trying to align different conclusions in previous studies.
The applicability of cascaded multilevel topologies (with the
same ripple patterns as in Fig. 2) in EVs is examined based
on the aligned theory. In the end, a conclusion regarding the
influence of current ripples is drawn based on the experimental
results and discussions.

II. STATE-OF-THE-ART

In previous studies, current ripples in cascaded multilevel
topologies with single-phase submodules, which are represented
by the CHB in this article, are mostly deemed as harmful to
lithium batteries. This can be partially proven by the availability
of literatures focusing on the suppression of the current ripples
in single-phase systems [31]-[40]. The studies regarding ripple
suppression mostly do not directly verify that current ripples can
damage batteries, but claim the damages in the introduction part
by quoting the assertions in other studies. However, tracing back
to the most original sources quoted in [31]-[40], only [41]-[44]
are found to have conducted experiments with ripple current.
Furthermore, in [41]-[43], the ripple current is implemented
on lead-acid batteries or fuel cells. Hence, the obtained results
are not applicable for the cascaded multilevel topologies using
lithium batteries. Bala et al. [44] tested lithium battery cells with
the current waveform shown in Fig. 2. The experiment in [44]
measures the electrochemical efficiency and the temperature of
the cells, when the cells are tested by current ripples. The results
indicate that the differences caused by ripples are rather minimal.
No long-term test is conducted to investigate the influences of
the ripples on the battery aging. Therefore, the damages of the
ripple current to lithium batteries claimed in [31]-[40] are not
concretely supported by experimental results.

If not restricting the shape of the current ripples to be the same
as the ripples in the CHB, shown in Fig. 2, a few more studies
are found to have investigated the influence of ripple current
in long-term battery aging experiments [45]-[49]. The ripple
current waveforms in these studies are formed by superimposing
a square or sinusoidal ripple current onto a constant dc current.

Uno and Tanaka [45] test 2 Ah lithium cobalt oxide (LiCo0O2)
cells with square wave current in float charging state. The square
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waves have an amplitude of =1 A and the frequency of the
waveforms varies from 1 to 10 kHz. In the experiment that lasted
147 days, if the frequency of the current waveform is 100 Hz
or higher, the ripples show no impact on the battery aging. For
cells tested by ripples with a frequency of 10 Hz or even lower,
an additional capacity fade of about 7% is observed. Therefore,
Uno and Tanaka [45] conclude that ripples in cascaded multilevel
topologies are significantly harmful to the batteries, when the
frequency is lower than a corner value. In the case of [45], the
corner frequency is 10 Hz.

Kim et al. [46] investigate the influence of 120 Hz half
sinewave ripples [46]. In each cycle, the tested cells are charged
by the ripple current until the SOC is 80%, and discharged by
constant dc current until the SOC equals 30%. After 250 test
cycles, compared to the cells only tested by the constant dc
current, the capacity reductions of the cells charged by ripple
current are on average 0.55% higher. However, as the difference
is low, the study does not confirm any concrete impact of the
current ripples.

An aging test is conducted in [47] using the same ripple cur-
rent waveform as in [46]. In each cycle, lithium battery cells are
charged by ripple current, and then discharged on a resistor until
2.8 V. After 2000 cycles, the capacity losses of the dc-charged
cell and the ripple-charged cell are, respectively, 15.1% and
16.3%. An additional capacity loss of 1.2% is attributed to the
ripple current. However, [47] deems this magnitude of additional
capacity loss as acceptable.

Breucker et al. [48] test the influence of switching frequency
ripples in a dc/dc converter [48]. Using two different filter
configurations, two 8 kHz ripple waveforms with different am-
plitudes 37.5 and 1 A, respectively, are generated. The two
current waveforms are applied on two 40 Ah battery packs. A
slightly higher capacity loss is observed on the pack tested by
the higher ripples. Nonetheless, Breucker et al. [48] conclude
the difference is not directly caused by the ripples, but by the
increased cell temperature, which could have been eliminated
with an improved cooling. Breucker et al. [48] explain the con-
clusion with the intrinsic equivalent double-layer capacitors of
the batteries, which can effectively filter the switching frequency
ripples.

The most recent result regarding the influence of ripples
is published by Brand et al. [49]. Nickel manganese cobalt
oxide (NMC) cells are tested, and the waveforms of the ripple
current are generated by superimposing a sinusoidal current
of £0.2 C onto a 0.225 C dc current. In the experiment, an
additional capacity loss is observed on the cells tested by
ripples. However, the difference is within 1%. The difference
starts to appear after the first 50 cycles, and does not increase
further as the test goes on. Therefore, it is suggested that the
battery cells can tolerate the current ripples. Besides the direct
experimental investigations, [49] also systematically summa-
rizes and compares the results in previous studies, especially
the experimental results in [45]. Brand et al. [49] reveal that
the battery aging is not significantly influenced by ripples, as
long as the temperature is kept the same as that of the cells
tested by dc current. The contradictions with [45] are mainly
explained by the difference in the method of cell capacity
measurement.
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In the earlier discussion, it is observed that the conclusions
of existing studies are inconsistent. Brand et al. [49] indicate
that the inconsistency of conclusions is caused by the difference
in thermal management and measurement methods, and that
current ripples are not harmful to batteries. Nonetheless, due
to the differences between the ripple waveform in [49] and the
ripple waveform in the CHB, the conclusions in [49] are not
directly applicable for the batteries in the CHB.

First, compared to the sinusoidal ripples with a single fre-
quency in [49], the ripple current in the CHB is a compound
of multiple frequencies, as visible in Fig. 2. An additional
compound effect of different frequencies is possible. Second,
the peak C-rate of the current ripples in the CHB is much higher
than those in [45]-[49]. It cannot be directly confirmed if the
conclusion in [49] still holds, when the amplitude of the ripples
becomes much higher. Third, the most significant difference is
that the battery current in the CHB crosses zero frequently, and
hence forms a large amount of microcycles. Similar microcycles
do not exist in the waveforms of the previous studies, except for
[45]. That means the ripples in [46]-[49] do not change the
charge throughput. In the analysis of [49], however, this factor
is only briefly mentioned in the discussion and not explicitly
investigated.

Additionally, for the investigation on the ripple current in
the CHB, battery aging models [27]-[30] are not capable of
generating a concrete conclusion, due to the limit of the time
resolution and modeling approach. Furthermore, in an aging
simulation, the conventional equivalent circuit model of battery
cells [50] is often used to provide inputs to the cell aging models.
However, according to the experimental results in [45] and [49],
the equivalent circuit model tends to neglect the filtering effect of
the battery cells and significantly overestimate the aging caused
by current ripples.

As previous studies cannot provide a concrete conclusion
whether current ripples are harmful to batteries or not, and a dedi-
cated investigation is not possible to be conducted in simulations,
an experimental investigation is necessary. In the experiment,
the current ripples in the CHB is taken as the representative of
the current ripples in cascaded multilevel topologies that have
single-phase submodules. The long-term influence on the aging
of batteries is monitored. Hence, a concrete conclusion regarding
the influence of current ripples can be drawn accordingly.

III. AGING EXPERIMENT

In this section, the hardware to generate ripple current and
the configurations of the experiment are introduced. In order to
examine the influence of current ripples in the CHB, five battery
cells are cycled with different current waveforms until their
end of life. Different ripple current waveforms are generated
by varying the power factor and the switching frequency of the
CHB.

A. Design of the Test Rig

For the experimental investigation, a specific test rig is de-
signed to generate the high frequency current ripples. Nonethe-
less, to generate the battery current waveform in a CHB, this
article does not put cells directly in H-bridges and discharge
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to a load resistor. On the one hand, if H-bridges are directly
used to create the current ripples, the accuracy of the current
will be influenced by the accuracy of the load resistors and
inductors. Tuning the accuracy of the current waveforms will
be consequently more inconvenient and time-consuming. On
the other hand, if conducting the cycling test of the cells in
H-bridges, an additional power supply will be required by each
H-bridge to charge the tested cell, which tends to make the
experimental setup more complicated.

Therefore, as an alternative solution, this article uses power
analog circuits to generate the required current waveforms. The
accuracy of the current can thus be ensured by simply selecting
components with high open-loop gains in a wide range of
frequency and temperature. With the selection of components
in this design, especially the selection of operational amplifiers
and high speed digital to analog converter, a bandwidth of O to
400 kHz is realized, which is sufficient to ensure the current
accuracy of the experiments. Additionally, since the designed
power analog circuits have bidirectional output capability, the
cells can be both charged and discharged in the test rig. An
assembled test rig is shown in Fig. 3. The vertically inserted
boards are the power analog circuit modules. They are paralleled
by the bus bar printed circuit board (PCB) underneath to enhance
the maximum output capability.

Before the experiment, the output current waveforms of all
the test rigs are measured by the current probe HZOS51 and the
oscilloscope HMO724 from Rohde and Schwarz. The accuracy
of the current waveforms is proven to be within a few percent.
Hence, the experiment results are not expected to be distorted
by the inaccuracy of the waveforms. Further, an electronic
load, Agilent N3300A, which provides an accuracy of 0.1%
for voltage and current according to the manual, is used for the
measurement of cell capacity and inner resistance. As the test
rig design is not relevant to the main topic of this article, the
details of the circuit is not further introduced.

B. Configuration of the Experiment

In the aging experiment, five Panasonic NCR18650BD cells
are cycled until their end of life. The cells have a nominal
capacity of 3 Ah. The cathode material of these cells is NMC
and the gravimetric energy density is 217 Wh/kg. According to
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TABLE I
PARAMETERS OF THE RIPPLES CURRENT WAVEFORMS
TO DISCHARGE THE CELLS

Parameters of the current waveform to test each cell

Cell

Y N The e ACT G S
Cell 1 Yes - - - 0.8C 0.8C
Cell 2 Yes - - - 0.8C 0.8C
Cell 3 No 2kHz 0.8 100 Hz 0.8C 132C
Cell 4 No 10kHz 0.8 100 Hz 0.8C 132C
Cell 5 No 10kHz 0.9 100 Hz 0.8C 122C

the datasheet [51], the full cycle life of the cell is only 500. That
means after 500 charge/discharge cycles, with a cycle depth of
100% (corresponding to cycling between 4.15 and 2.5 V), the
cells are expected to lose 20% of their original capacity. The
five cells are numbered and tested by different ripple current
waveforms that are generated by the test rigs shown in Fig. 3.
Cells are put in the open air of the laboratory, which has a stable
temperature of 21 °C due to the air conditioning setting. The
parameters of the current waveform for each cell are given in
Table I. The waveforms in Table I are only used for the discharge.
All five cells are still charged by dc current in the aging test.

All the five current waveforms for discharging have the same
average C-rate, 0.8 C, in case that the difference in average C-rate
could potentially distort the results. This C-rate is determined
by the maximum C-rate encountered in common driving cycles.
The average values of all five current waveforms are 2.4 A.
Among the five cells, cells 1 and 2 are tested by the dc current as
the control group. The other three cells, cell 3-5, are tested by
different ripple current waveforms and form the experimental
group.

The ripple current waveforms are described by the working
conditions of the CHB, where the corresponding current ripples
can be observed, as given in Table I. The three ripple current
waveforms are differentiated from each other by the switching
frequency and the power factor of the CHB. To demonstrate the
current waveforms in a clearer manner, the measured current
waveforms to test cell 3—5 are depicted in Fig. 4. Comparing cells
3 and 4, the switching frequency of is varied, but the amplitude of
the ripples and the depth of the microcycles stay constant. Hence,
comparing the aging behaviors of cells 3 and 4, the influence of
high frequency ripples could potentially be identified.

The current waveform of cell 5 is differentiated from that
of cell 4 by the power factor, cos 6. If cos 6 decreases (phase
lag increases), the negative part of the waveform will expand,
because the zero-crossing point of the ac voltage moves further
to the left and the current is flipped to negative earlier. Con-
sequently, the depth of the microcycles increases. In order to
maintain the average C-rate at 0.8 C and compensate for the
increased negative current, the peak value of the current should
also be increased. Therefore, as cos 6 decreases, the peak value of
the current and the depth of microcycles increase accordingly,
which could deteriorate the battery aging. Cos 6 defines the
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Fig.4. Measured current waveform for cells 3, 4, and 5. (a) Current waveform
of cell 3, 10 mV/A. (b) Current waveform of cell 4, 10 mV/A. (c¢) Current
waveform of cell 5, 20 mV/A.

amplitude of each pulse and the depth of the microcycles in the
current waveforms. Comparing cells 4 and 5, the influence of
the power factor can be investigated.

Additionally, all three ripple current waveforms are generated
implying that the CHB is working with a modulation index
of 0.8. That means each cell is equivalently supplying an ac
voltage with a peak value of 0.8uy,t to the load. up,y is the
voltage of the battery cell. With the modulation index given,
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the duration of each pulse in the current waveforms can be
determined accordingly.

After introducing the discharging current waveforms, the
current and voltage profile of one test cycle is demonstrated
in Fig. 5. The profile is applicable for all the cells, regardless of
the discharge waveform settings. As visible in the voltage curve
(the dotted curve, corresponding to the right Y-axis), every test
cycle starts from a cell voltage of 4.15 V. The cells are first
discharged by the corresponding 0.8 C current waveforms in
Table I, marked by the ripple indicator and the current curve
(solid curve, corresponding to the left Y-axis). A positive current
value refers to discharge. The discharge continues until the
terminal voltage of the battery reaches 2.5 V, and the charge
immediately starts.

The charge of all the battery cells follows the common con-
stant current constant voltage (CC-CV) scheme. No ripple is
injected during the charging process of all cells. The charge
starts with 3 A CC charging (1 C charging) and switches to CV
charging, once the terminal voltage reaches 4.15 V. When the
charge current is lower than 100 mA, the charging process stops.
In the end, after the cells are fully charged, a relaxation time of
15 min is provided to the cells, before entering the next testing
cycle. The cycle depth of this testing profile is thus 100%. One
cycle for a brand new cell takes almost three hours.

After every 50 cycles, the cells are taken out from the testing
rigs to measure their capacity (1 C discharge capacity) and inner
resistance (200 ms dc resistance at 80% SOC) manually. The
cells are measured by discharging to the electronic load intro-
duced in the previous section. Including the measurements, the
500 cycles took more than three months, started from September
of 2017, ended in January of 2018. The results of the aging
experiment are discussed in Section IV.

IV. RESULTS

In this article, the inner resistance and the capacity of the
cells are recorded, in order to monitor the aging behaviors of
the cells tested by different current waveforms. In this section,
the measured capacity reductions and the resistance increases of
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TABLE II
CAPACITY OF THE CELLS MEASURED OVER THE WHOLE AGING EXPERIMENT

The capacity normalized according to

Number of cycles the initial capacity of each cell

Celll Cell2 Cell3 Cell4 Cell5
0 100% 100% 100%  100% 100 %
50 927% 92.6% 924% 922% 92.5%
100 89.7% 89.5% 892% 889% 89.4%
150 843% 833% 857% 855% 839%
200 883% 874% 883% 854% 86.8%
250 86.2% 859% 863% 828% 850%
300 84.4% 84.8% 863% 81.8% 844%
350 85.1% 82.7% 83.7% 804% 832%
400 829% 819% 824% 80.6% 81.7%
450 82.5% 82.6% 81.6% 789% 802%
500 798% 80.2% 78.6% 77.5% T77.6%
2 o
§ 0.987 —%— DC aging curve |
s 0.961 ]
S 0.94r - A Ripple aging curve 1
22 0.9
=]
5 g 097
g»% 0.88r
é Zé 0.861
87 0.84f
2 o082
= 0.8
£ 0.78f
0.76

0 50 100 150 200 250 300 350 400 450 500
Number of Test Cycles

Fig. 6. Average capacity reduction curves of the cells tested by dc current and
ripple current.

the five cells are introduced in Section IV-A. Then, in Section
IV-B interprets the indications of the experimental results, in
order to conclude if current ripples in the CHB are harmful for
batteries.

A. Results of Measurement

The measured capacity reductions of the five cells are given
in Table II. With the results obtained in Table II, the average
capacity reduction curves of the dc-tested cells and the ripple-
tested cells are plotted in Fig. 6.

InFig. 6, the solid curve depicts the average capacity reduction
of the two cells tested by the dc current, i.e., cells 1 and 2. The
dotted curve depicts the average capacity reduction of cells 3-5,
which are tested by current ripples. As illustrated in Fig. 6, in the
first 100 cycles, there is no visible difference between the cells
tested by dc current and ripple current. Nonetheless, since the
200th cycle, a small difference around 2% is established. From
then on, the average capacity loss of the ripple-tested cells is
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Fig. 7. Three aging curves of the cells tested by ripple current waveforms.

constantly around 2% higher than that of the dc-tested cells. At
the end of the experiment, the dc-tested cells still have a capacity
of 80.0% on average, while the average residual capacity of the
ripple-tested cells is 77.9%. In the end of the experiment, the
ripple current is identified to cause an additional capacity loss
of 2.1% on average.

To investigate the influence of the power factor and the switch-
ing frequency, the aging curves of cells 3-5 are also compared to
each other in Fig. 7. In the first 100 cycles, almost no difference
can be identified between the three curves. The difference starts
to appear from the 200th cycle. From the 200th cycle, the residual
capacities of cells 3 and 5 are constantly higher than that of cell
4. However, from the 400th cycle until the end, the difference of
the three curves rapidly converges. Cells 3—5 even have almost
the same residual capacity in the end. Therefore, at the end of
life, the difference in switching frequency or the difference in
power factor does not cause any difference in terms of capacity
reduction.

The divergence of the capacity curves from the 200th to the
400th cycle could be explained by the stochastic property of
the aging, because the residual capacity values of the three cells
are close to each other in the end of the experiment. Similar
phenomena and explanations are reported in previous studies
as well [52]-[55]. Comparing the capacity reductions of cells 1
and 2 in Table II, which are tested by dc current, a divergence
with a similar magnitude is also observed from the 250th to the
450th cycle. Therefore, the capacity divergence in the aging test
is further confirmed not specific to the parameters of current
ripples.

Besides the capacity reduction curves, the records of the inner
resistance are also analyzed. The aging curves of the 200 ms dc
resistance of the cells are plotted in Fig. 8. After 500 cycles
of aging test, the inner resistance of all the cells is increased
from 50-60 mS2 to 90-100 m2. However, the resistance values
of the five cells are rather close to each other over the whole
experiment. The five cells cannot be differentiated from each
other by the difference in resistance growth. The spread of the
resistance values does not change much after 500 cycles of aging
test as well. The maximum difference of the inner resistance only
grows from 8 to 10 m{2.
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In the end, it is worth noting that the measurement results
at 150th cycle are not plotted in Figs. 6, 7, or 8, because the
batteries were not fully charged in the capacity measurement
due to an operation error, and the measurement values were
significantly lower. This operation error was only discovered,
when the capacity values at 200th cycle were obtained and show
a significant capacity recovery. Hence, it is not possible to redo
the measurement at 150th cycle. However, as the experiment had
taken long time by then, and the removal of one point does not
influence the validity of the experiment or the final conclusion,
the experiment was continued.

In this section, the experimental results are introduced. The
ripples seem to have negative influence on the capacity loss,
while the increase of inner resistance seems not influenced at all.
In order to determine if the CHB or other cascaded multilevel
topologies with the same ripple patterns should be rejected for
BESSs due to the additional capacity loss, the following section
further analyzes the results and the potential influence on the
system level.

B. Interpretation of the Results

The aging experiment shows that the current ripples in the
CHB increased the capacity reduction of battery cells by 2.1%.
Compared to the end-of-life criterion, 20% loss of the original
capacity, the ripples have accelerated the aging by 10%, which
seems to be significant. However, on the system level, this
additional capacity loss can be neglected, which makes the CHB
or other cascaded multilevel converters with the same ripple
pattern still an attractive concept.

First, although the capacity on cell level is reduced by the
current ripples, the usable capacity on the pack level will not
be influenced to the same extent, because the CHB can actively
balance the SOC of battery modules via different PWM algo-
rithms [56], [57], instead of dissipating the energy on the battery
management system. Due to the balancing capability, when
using the same cells, the CHB or cascaded multilevel topologies
with the same ripple patterns have a higher capacity on the
pack level than a conventional battery pack. Consequently, the
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additional capacity loss on the cell level can be counterbalanced
on the pack level. The extent of the counterbalance is determined
by the spread of the cell capacities. For aged cells or large
cells, which have a capacity spread of above 4% potentially
to be balanced by cascaded multilevel topologies [58], [59], the
additional capacity loss of 2.1% could be fully counterbalanced.
Therefore, for cascaded multilevel topologies with the same
ripple patterns, only when the additional capacity loss is much
higher than the capacity spread, the additional capacity loss can
be considered significant.

Second, due to the limited number of samples in the exper-
iment and the stochastic property of the aging, the observed
additional capacity loss might be overestimated. In the experi-
ment of [49], where 20 cells were tested and a similar behavior
of capacity aging was observed (referring to the fact that a small
additional capacity loss also appears in the first 100 cycles
and does not further increase in [49]), the additional capacity
loss attributed to current ripples is below 1%. This value could
be a better estimation of the average influence of ripples than
the results of this article, and hence indicates that the negative
influence of the ripples could be overestimated by the experiment
in this article.

Third, in Fig. 8, it is seen that the degradation of the inner
resistance is not influenced by the current ripples. Therefore,
in terms of the efficiency and the maximum power, which are
determined by the inner resistance, the performance of the cells
is not deteriorated by the current ripples. The usable capacity
measured at the output of the cells is thus not influenced.

To summarize, although the CHB or other cascaded multilevel
topologies with the same ripple patterns could cause a small
additional capacity loss, this additional capacity loss can be
counterbalanced by the active balancing capability on the pack
level. The degradation of the inner resistance is not influenced
and thus does not limit the usable capacity of the cells. Con-
sequently, the influence of current ripples on the aging can be
determined as insignificant. The cascaded multilevel topologies
remain an attractive concept.

V. DISCUSSION

According to the results in Section IV, the current ripples in
the CHB have no significant influence on the aging of batteries.
In this section, the insignificance in the experiment is explained.
Subsequently, the contradiction with the observations in [45] is
discussed. Based on the discussion, the preconditions for ripples
to become harmful can be identified. In the end, the applicability
of the CHB is examined for EVs.

A. Explanation of the Insignificant Influence

Compared to the experiments in [46]-[49], although the rip-
ples in the CHB or other cascaded multilevel topologies with
the same ripple patterns have a much higher ripple component,
the conclusions of experiments are similar. The similarity of the
results can be mainly explained by the heat increase and the
total charge throughput of the cells, which are the two factors
that ripples could possibly influence the aging behaviors [49].
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First, with the same cooling, the temperature increase caused
by ripples is only linked to the rms value the ripples, because the
heat in the cells is generated by the ohmic losses on the inner
resistance. The rms value of the battery current in the CHB,
Ivat_RrMsS, can be calculated using (1). 75 is the time length of
one switching period. /acpeak is the peak value of the phase
current. m, is the modulation index. 6 is the phase lag between
the phase current and the phase voltage. N is the carrier index.
Assuming N approaches to infinite, the sum in (1) can be further
converted to an integral and gives an analytical. I},;_ave 1S the
average value of the battery current. With the rms value of the
battery current obtained, the rms value of the ripple component,
Lipple_RMS, 1s determined by (2)

That_rRMS

1 N . (km 2 . km
= \/N Zk:l |:IACpeak Sin (N — 9):| + Mg SN W ) TS

mal3o., ”
= \/aACpec‘k / sin wtsin? (wt — 6)dwt

™ 0

~ 2lhatave (1 % cos 26) 0
~ cosé TMa,
[ripple,RMS = \/Igat_RMS — Igat_ave' (2)

Substituting the experimental settings into (1) and (2), i.e., cos
0 and m,, are both 0.8, the value of It rMms equals 1.641bat_ave-
That means the rms value of the ripples is 64% of the dc current.
Changing cos 6 to 0.9, the percentage value becomes 53%.
Therefore, the rms values of the ripples in the CHB are, in fact,
comparable to those in [46]-[49]. Hence, a similar temperature
increase is expected in cells. The peak C-rate of the ripples is
indeed much higher, but the rms values are relatively low and
only cause a limited temperature increase.

On the other hand, the influence of a higher rms caused by
the CHB can be quantitatively estimated by based on the heat
generation and the temperature measurements of a previous
study [60]. First, in the worst case, assuming the ripple current
flows through the same resistance as the dc current does (which
is not the case), heat generations of cells 3-5 are, respectively,
increased by 167%, 167%, and 134% by the higher rms values.
Second, according to the measurement results in [60], when
passively cooled, 1C discharge on a 18650 cell results in a
temperature increase of 6 °C compared to the ambience while 2C
discharge (corresponding to a 300% heat generation increase)
realizes an increase of 11 °C. A simple linear interpolation
between the two points thus estimates the additional temperature
increases caused by the ripples on cells 3-5 to be, respectively,
2.8°C,2.8°C,and 2.2 °C, when the average discharge rate is 1C.
It is seen that the additional temperature increase caused by the
ripples is insignificant even in the worst case. And according to
the aging model in [30], these worst case additional temperature
increases correspond to an extra capacity loss of lower than 0.5%
during the test. Therefore, the insignificant thermal influence of
the ripples in the CHB can also be quantitatively confirmed.
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TABLE III
RMS VALUES AND CHARGE THROUGHPUT OF THE CURRENT WAVEFORMS
USED TO TEST THE FIVE CELLS

Calculated parameters of the current waveforms

Cell No.
DCornot cos@ Ioacave Toarvs  Lripple Rus  1Q MCyele
Cell 1 Yes - 24A 24A 0 0
Cell 2 Yes - 24 A 24 A 0 0
Cell 3 No 0.8 24A 395A 3.14A 0.16C/s
Cell 4 No 0.8 24A 395A 314A 0.16C/s
Cell 5 No 0.9 24A 3.67A 278 A 0.05C/s

Besides the rms value of the current, the charge throughput
of the batteries in the CHB is also assessed to evaluate the
influence of the microcycles. In [46]-[49], as the battery current
never crosses zero, the charge throughput of the ripple-tested
cells is expected to be the same as the throughput of dc-tested
cells. However, for the CHB, due to the microcycles, the charge
throughput of the cells is increased. The rate of the additional
charge throughput caused by microcycles, Ig_wmcycle, is defined
in (3). Following the same approximation approach as in (1), an
analytical solution of /q_wmcycle 1s provided in (3). Tac is the
period of ac voltage

foTAC ‘ibat|

IQ_Mcycle = Thac

2‘[ at_ave
— That_ave = 2 bat_ave (tand — 0).
T
3)

The charge throughput of microcycles is only influenced by
the power factor of the CHB, cos 6. When cos 6 is 0.8 or 0.9,
Iq_Meycle equals respectively 0.0695h¢_ave OF 0.021754¢ ave-
That means that the microcycles increase the charge throughput
of the cells correspondingly by 6.9% or 2.1%. This extent of
increase is insignificant, as the aging is not linear with the
charge throughput. According to the aging model in [30], even if
assuming all the extra charge throughput effectively contributes
to the aging, the additional capacity loss is estimated to be 0.33%.
Besides, as proven in [45] and [49], a large amount of throughput
can actually be filtered and results in an even lower capacity loss.

Due to the similarities in terms of the temperature increase
and the charge throughput, the similarities of the results in this
paper to those in [46]-[49] can be explained. The rms values
and the microcycle throughputs of the five cells discussed above
are in Table III for the convenience of cross checking. The
absolute values are given, but they can be converted to C-rate by
dividing them with the nominal capacity, 3 Ah. Unit C/s refers
to Coulombs per second, as the microcycles are not directly
measurable current.

B. Explanation of the Contradiction and the Formation
of an Aligned Theory

Uno and Tanaka [45] implemented microcycles in the aging
test of lithium batteries, however, the obtained conclusion is
contradicting the conclusion of the experiment in this article.
Therefore, in the second part of the discussion, the contradiction
to [45] is explained by analyzing the stress factors caused by the
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without current ripples.

current ripples. Further, by explaining the contradiction with
[45], an aligned theory regarding the influence of ripple current
can be established.

In [45], all the cells are working in float charging status and
tested by ripples at different frequencies. The results are shown
in Fig. 9. The three curves are obtained respectively after 50, 80,
and 147 days of continuous tests. At the end of the experiment,
the cells that are tested by low frequency ripples experience an
additional capacity loss of 7%, almost twice the capacity loss
observed on the other cells. The capacity loss of the cells tested
by high frequency ripples shows no difference. Therefore, Uno
and Tanaka [45] conclude that current ripples are significantly
harmful for batteries, if the frequency is lower than 10 Hz.

Such an accelerated aging caused by low frequency ripples
is not visible in other studies or in this article. Brand et al. [49]
suggest this contradiction is mainly because of the method for
capacity measurement. However, by analyzing the test configu-
rations of [45], the significant difference can be better explained
by the amplified effect of the charge throughput caused by the
ripples.

In [45], the cells are working in float-charging state. The
current injected to the cells only contains microcycles (£1 A
square waves). Average values of the current waveforms are
zero. Hence, in [45], the charge throughput of the cells is only
caused by the microcycles. For the 2 Ah NMC cells in [45],
after 147 days of test, the accumulated charge throughput of
each cell is equivalent to 882 full cycles. In comparison, for the
CHB, even if the power factor is 0.8, after 500 cycles of test,
the charge throughput caused by microcycles is only equivalent
to 17 full cycles. Consequently, in the case of [45], the filtering
effect of the battery for different frequencies becomes the most
determining factor for the aging of batteries.

For microcycles at higher frequencies, because the large
amount of additional charge throughput can be removed com-
pletely, no extra aging is observed. That explains the consistency
of the ripples at 100 Hz or a higher frequency. For the microcy-
cles below 10 Hz, because the throughput can only be partially
filtered, a significant impact on the aging is expected, which
explains the 7% extra capacity loss. In fact, according to the
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aging model in [30], the 7% extra capacity loss corresponds to
180 additional effective full cycles. That means around 80% of
the throughput at the terminal is still removed by the filtering
effect.

Based on the analysis above, it is seen that the conclusion in
[45] is also reasonable. The conclusion reveals the influence of
the current ripples in a certain scenario, where the cells are not
cycled but only exposed to microcycles. In [46]-[49] and the
experiment of this article; however, the impact of microcycles
is restricted.

After confirming the negative conclusion in [45] regarding
the ripples is also reasonable, by summarizing the discussions
earlier, three preconditions for a ripple current waveform to be
harmful can be summarized as follows.

1) The ripples result in microcycles or high rms values.

2) The frequency of microcycles is lower than 10 Hz or a

corner frequency determined by experiments.

3) Microcycles form a large total charge throughput or high

rms values create a significant temperature increase.

First, the ripples should contain microcycles or result in a
significant increase of the rms value. Otherwise, as long as a
sufficient cooling power is provided to the cells, the ripples are
expected to have no impact on the aging, because the temper-
ature increase of the cells can be well restricted. Second, the
microcycles must have a frequency lower than 10 Hz. Third,
the working state of the batteries should allow microcycles to
contribute a large amount of charge throughput, or allow the
increased rms value of the ripples to create a high temperature
increase. An example where three preconditions are all met is
float charging. In this case, the extra charge throughput caused
by the microcycles can effectively cause extra degradations to
the battery cells.

The three preconditions can be used to examine if the current
ripples in a certain system or in a certain scenario are harmful to
batteries. An example of such an examination is provided in the
following section, where the applicability of the CHB or other
cascaded multilevel topologies with the same ripple patterns in
EVs is discussed.

C. Applicability of Cascaded Multilevel Topologies in EVs

Based on the three preconditions obtained in the final sec-
tion, this section examines the applicability of the CHB and
cascaded multilevel topologies with the same ripple patterns in
EVs. A number of studies proposed to use cascaded multilevel
topologies for EVs due to different motivations [14], [61]-[63].
These proposals should be reconsidered, if the current ripples
significantly accelerate the aging.

In the CHB, when the vehicle is driving at a low speed, the
frequency of the microcycles is possible to be lower than 10 Hz.
However, specifically for EVs, the possibility of this situation is
extremely low.

First, to make the frequency of microcycles below 10 Hz,
the ac frequency of the powertrain system must be lower than
5 Hz. Nonetheless, as automotive motors usually have a nominal
frequency of 200 Hz or above [64]-[66], such a low frequency
corresponds to an extremely low speed of the vehicle. Hence,
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this situation can rarely be encountered in a realistic driving
scenario. According to the powertrain model developed in [14],
for a typical EV model, BMW i3, an ac base frequency of 5 Hz
corresponds to a vehicle speed of only 0.8 km/h. The possibility
to meet the precondition regarding the frequency is negligible.

Second, in an EV, the additional charge throughput caused by
the CHB is limited, because the power factor of the motors in
EVs is usually high. For vehicles equipped with a permanent
magnet synchronous motor (PMSM), the power factor is almost
constantly close to 1.0. Still using the powertrain model in [ 14] of
a BMW i3, which is driven by a PMSM, the vehicle is simulated
in the WLTP C3 driving cycle. The distribution of the power
factor is plotted in the histogram in Fig. 10.

It is seen that the power factor is almost constantly above
0.9, when the vehicle is following the WLTP C3 driving cycle.
Considering the filtering effect of batteries, the effective charge
throughput caused by microcycles is negligible.

For an EV driven by an induction motor (IM), the power
factor is relatively lower, but still constantly above 0.65 [64],
[67]. The corresponding increase in the charge throughput at
the terminals of cells is thus 20% in the worst case, according to
(3). However, according to the results in [45], for microcycles at
10 Hz or lower frequencies, the filter effect is still able to remove
80% of the additional charge throughput. Therefore, even if the
IM would be constantly operating at a power factor of 0.65 and
with a frequency under 5 Hz, the effective increase in the charge
throughput would still be limited to 4%, corresponding to an
additional capacity fade below 1% [30]. As a result, even in
the worst case, the influence of the CHB on the aging is still
insignificant.

In summary, although the first and the second preconditions
are possible to be met for cascaded multilevel topologies in
EVs, the additional aging caused by the ripples is still expected
to be negligible, because the third precondition, a significant
charge throughput caused ripples, does not hold. Therefore,
cascaded multilevel topologies can be concluded to be generally
applicable for EVs.

This section only provides an example to use the three pre-
conditions. For a BESS in different applications, in order to
examine the applicability of cascaded multilevel topologies with
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the same ripple patterns as the CHB, a similar assessment can
be conducted.

VI. CONCLUSION

A number of studies have proposed to use different cascaded
multilevel topologies in stationary or on-board BESSs, due to
the advantages [21]-[24], [61]-[63] in different aspects. As the
batteries in these topologies only supply the power for a single
phase, the battery current contains large ripples. However, so far
no study has dedicatedly investigated whether the current ripples
in these topologies could significantly accelerate the aging of
batteries, which could fundamentally influence the applicability
of these topologies in BESSs. Motivated by the gap of research,
taking the CHB as a representative, this article investigates the
influence of cascaded multilevel topologies that have the same
ripple patterns as the CHB, via a long-term aging experiment
and the analysis of the experiments in existing studies.

The experiment proves that the ripples in the CHB or other
cascaded multilevel topologies with the same ripple patterns are
not supposed to cause a significant damage on the batteries,
regardless the switching frequency and the power factor. An
additional capacity reduction is observed, but the difference is
small and could be compensated by the SOC balancing capa-
bility. Similar insignificant influence is also observed in [68]
and [69], where double ac frequency and switching frequency
ripples were also used, although the tested current waveforms
are different from those in the CHB.

The insignificant influence is further explained by the limited
rms value of the ripples and the limited increase in charge
throughput of cells. By analyzing the experimental configu-
rations in [45], which draws a negative conclusion regarding
the influence of the current ripples, three preconditions for
the ripples to be harmful are identified, based on which an
assessment process is recommended to evaluate the feasibility
of cascaded multilevel topologies. The process is demonstrated
on an electric powertrain, and cascaded multilevel topologies are
confirmed generally applicable for the on-board BESSs of EVs.

However, this article does not indicate that all cascaded
multilevel topologies are applicable for all BESSs. First, if the
ripple patterns in a certain topology are different from those
in the CHB, a dedicated investigation is still required. Second,
in scenarios with a constantly high C-rate, due to the increas-
ingly significant thermal influence, the conclusion might also
not hold anymore. Further, if a BESS is constantly exposed to
microcycles even in idling period, similar to the experimental
configurations in [45], cascaded multilevel topologies should be
avoided. One example of such a system is a charger for batteries
working in float charging.

In the end, it is worth noting that the major limitation of the
research is the limited number of cells in the experiment. There-
fore, the experimental results in this article can only provide
a directional conclusion that the influence of the ripples in the
experiment is insignificant. The 2.1% additional capacity reduc-
tion observed in the experiment should not be taken as a strict
quantitative result, due to the limited number of samples and the
stochastic property of the battery aging behaviors. Additionally,
the conclusion of this article is restricted to lithium batteries.
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The conclusion and analysis in this paper are not applicable
for systems using other energy storage methods, e.g., lead-acid
batteries or fuel cells.
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