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Abstract—A method to optimally select sub-module (SM)
voltage for a cascaded H-bridge (CHB) battery energy storage
system (BESS) using Si MOSFETs has been presented. Design
of an 800 V DC equivalent EV powertrain has been used as an
illustrative example. The method takes into account converter
efficiency and bill of materials (BoM) cost. Battery capacity and
power utilization is also considered. Among devices with the
same drain-source breakdown voltage (BV) rating (corresponding
to the choice of the SM voltage), a cost times device on-state
resistance figure-of-merit (FoM) has been proposed to select the
optimal device. Between these devices with different BV ratings,
this FoM displays a generally decreasing trend with increasing
BV rating. However, at device BV ratings greater than 100 V, a
relatively large (and somewhat impractical) number of devices
are required to be connected in parallel to meet the conduction
loss target alone. Along with the large switching frequency due to
the reduced number of available output voltage levels, this raises
the switching losses to a level wherein a high efficiency target
(> 99%) cannot be met. Statistically, battery utilization has been
shown to change insignificantly with the choice of the SM voltage.
As an unintended consequence of distributing battery cells into
three separate phase strings, the likelihood of encountering a
lower battery capacity than expected from the scaled cell capacity
is in fact shown to increase.

Index Terms—Cascaded H-bridge, battery energy storage,
electric vehicles, inverter, Li-ion battery

[. INTRODUCTION

The demand for ultrafast charging has been driving a move
towards 800 V EV powertrain architectures [1]. Further, higher
voltage architectures are inherently preferred over conven-
tional 400 V architecture for heavy duty vehicle electrification
[1]. Similarly, the proliferation of stationary battery energy
storage across a wide range of application areas is driving
the need for modularity, reusability and lower costs [2]. In
both of these applications, the cascaded H-bridge (CHB)
converter with batteries embedded within the individual sub-
modules (SMs) utilizing Si MOSFETs can potentially out-
perform typical 2-level architectures using 1200V Si IGBTs
or SiC MOSFETs in terms of efficiency, while bringing in
additional benefits such as reduced volumetric iron and ac
copper loss in the electrical machine [3], improved battery
utilization and reliability [4], opportunity for simpler and more
robust auxiliary power unit designs [5] to list a few.
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The sub-module voltage in a CHB converter is a fundamen-
tal design choice that governs key metrics such as the output
voltage harmonic spectrum, converter efficiency and cost. For
the embedded battery modules, this governs the achievable
improvement in capacity and power utilization. Howerever, a
comprehensive method for selection of this key parameter has
been lacking in the literature. Some existing designs target
medium voltage applications, wherein the primary intent is
to demonstrate operation at voltages beyond the blocking
voltage of any single switching device, and hence implicitly
use devices with the highest available BV rating [6], [7]. Other
designs tend to chose the SM voltage rating around available
battery module voltage ratings [8].

Using the design of an 800 V DC bus equivalent CHB-
BESS, this article illustrates a method to optimally select SM
voltage rating. Converter efficiency and cost are addressed in
Section II. Battery capacity and power utilization is addressed
in Section III. Section IV concludes this article.

II. CONVERTER EFFICIENCY AND COST TRADEOFF

Fig. 1 shows the structure of the proposed CHB-BESS.
Np.cetrs cells are connected in parallel to form bricks, of
which N pricks are then connected in series to form battery
modules. These battery modules are connected to the DC side
of H-bridge power stages to realize H-bridge SMs. A series-
connection of these SMs is used to realize a phase leg which
are in-turn connected in a star configuration to realize the 3-
phase CHB-BESS. The CHB-BESS does not have a DC link
and the motor is directly connected to the three phase leg
outputs.

In a 2-level inverter, the minimum DC bus voltage is deter-
mined by the required peak value of the line-to-line voltage at
the output. This in-turn determines the number of battery cells
required to be connected in series. In a CHB-BESS, the same
constraint determines the total number of series-connected
battery cells across all SMs in any phase leg. However, the
number of SMs per phase leg N,,,q and subsequently the
number of battery cells within each SM is a design choice.
Table I lists all possible configurations for an 80 kWh, 800 V
DC equivalent CHB-BESS built using 5 Ah Li-NMC cells.
The cells are limited to a maximum terminal voltage of
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Fig. 1: CHB-BESS System Structure and Terminology

4.2 V (corresponding to the fully charged state). The drain-
source BV rating of the device chosen to realize the H-bridge
switches determines the maximum battery module voltage and
subsequently the number of series-connected bricks in each
SM and the number of SMs in each phase. The on-state
resistance of the device Ry, 4eo 1S related to its BV, so that it is
undesirable to leave excessive margins between the maximum
battery module voltage and the device BV. For simplicity, the
CHB-BESS is assumed to be driving a purely resistive load.
To reduce conduction loss, each of the four switches within
the H-bridge may be realized through a parallel connection of
Np.dev individual switching devices. This may also be driven
by cooling constraints limiting allowable heat generation. The
total conduction power loss in the CHB-BESS is given by (1).
The total switching power loss is given by (2).

Ron,d
Poss cond = 3Nmo 2172ms <M>:| (1)
: ’ ¢ ¢ [ Np,dev
Ploss,sw = 3Nmod |:4Np,dev{vmod—d (ton + toff)
Np,dev (2)
Cossvmod + VmOdQTT}:| fs

The temperature dependence of device on-state resistance
Ron,dev 1s factored into the loss calculations. In general, the
device choice is driven by the desire to meet the loss targets
at the lowest cost. The BoM cost for the CHB-BESS system
is given by (3). The balance BoM cost per SM excluding the
device cost should be nearly constant across all design choices
and was estimated to be approximately 80 USD. Perturbing
this estimate did not change the trend in the results. As a
result of a large number of output voltage levels, the CHB is
able to operate at a reduced switching frequency [9], keeping
switching losses in check so that conduction losses dominate.
The figure of merit (FoM) of interest proposed is therefore
the product of the CHB-BESS conduction loss and the system
cost and is given by (4).

COStCHB = 3Nmod (4Np,devCOStdev + COStbalance) (3)
FoM = Py,ssCost = T2N2 12, Ron.dev
COStbalance (4’)
Costgey + ——m—
(Comue+ S

Over a comprehensive database of commercially available de-
vices [10], this FoM was used to select the best device among
each set of devices with the same drain-source breakdown
voltage rating. Table I also lists the device part number, the de-
vice parallel count required to reach an efficiency greater than
99% and the FoM value for the best-suited devices. Between
these devices with different breakdown voltage ratings, this
FoM displays a generally decreasing trend with increasing BV
rating. As is expected, designs with large SM counts simply
end up being prohibitively expensive due to large component
counts. If the conduction losses alone were to be considered,
it is always more cost effective to use designs with high SM
voltages and low SM counts while paralleling large enough
number of devices to meet loss targets.

Table I also lists the switching frequencies that the designs
must operate at to achieve similar output voltage harmonic
spectrum as a 2-level inverter operating at 20 kHz [9]. The total
switching losses, including overlap, C,ss and reverse recovery,
as a fraction of the conduction loss have also been tabulated.
Due to the higher switching frequency and also in part due
to the large number of parallel-connected devices required to
meet the conduction loss target alone, using devices with BV
of 150 V or higher, the switching losses add up to a significant
value so that it is no longer possible to achieve the overall
loss target. The well-known phase-shifted PWM scheme was
used for the control, although the trend is expected remain
unchanged with a different modulation scheme. The same
is expected with regards to assumptions made regarding the
device current waveform and the device turn-on and turn-off
durations.

It is therefore concluded that using devices with BV be-
tween 80 to 100 V (with 14 to 16 cells in series per SM),
provides the best trade-off in terms of CHB-BESS cost and
efficiency.
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Structure | Vey (V)  Pack Config. Vsar (V) Npoa Fs (Hz) Device P/N Np,dev  FoM ($ kW) %
2-Level | 1200 22P 1928 806.4 - 20000 - - -
20 13P 3S 12.6 37 540 SISS80DN-T1-GE3 5 19862 0.03
30 13P 58 21 22 900 IQDH35N03LMSATMA1 2 6778 0.09
40 13P 7S 29.4 16 1250 TAUCNO4S7NO04ATMA1 2 4389 0.14
CHB 60 13P 10S 42 11 1820 NTMTSOD7NO6CTXG 2 3840 0.19
80 13P 14S 58.8 8 2500 TAUT300NO8S5NO11ATMA1 2 3024 0.22
100 13P 16S 67.2 7 2860 TAUT300N10S5N014ATMA 1 2 3045 0.23
120 13P 18S 75.6 6 3330 IPTO30N12N3GATMA1 3 3288 0.23
150 13P 228 92.4 5 4000 NVMTSC4D3N15MC 4 2956 0.30
200 13P 28S 117.6 4 5000 SUM90100E-GE3 7 2869 0.40

TABLE I: Possible configurations for an 80 kWh, 800 V DC equivalent CHB-BESS using 5 Ah Li-NMC cells
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Fig. 2: Comparison of capacity PDF across different BESS
system components and designs. The dashed vertical lines
represent the mean values of the corresponding distribution.

III. BATTERY UTILIZATION

The usable capacity of a battery pack is limited by its
constituent series-connected brick with the lowest capacity.
Similarly the peak power capability is also limited by the
brick with the highest resistance [11]. When connecting a
larger number of bricks in series, it is more likely to encounter
bricks with lower capacity or higher impedance [12]. It could
be therefore expected that the loss in usable pack capacity
and peak power capability will be larger for an 800 V pack
comprising a larger number of series-connected bricks vis-a-
vis a smaller voltage pack [12].

The CHB-BESS structure breaks down a larger battery pack
into smaller modules. Each of these can then be fully utilized
without any impact from weaker cells in other modules,
thus potentially overcoming some of the usable capacity and
power loss [8]. However, a larger number of these small SMs
although desirable, comes with increased cost and control
complexity. It is therefore important to obtain quantitative
metrics on capacity loss in battery packs arising from cell
level dissimilarities.

Consecutive combination of deviations in each of the many
cell manufacturing process steps can be assumed to render cell
capacity as normally distributed with mean p and variance
0c29 [12]. This is captured in (5). For a worst case analysis, the
effect of capacity-based binning has been ignored.

chll ~ N(/«LQ» U2Q) (5)

A brick is made up of N, cells connected in parallel so
that the brick capacity Qprick can be computed as the sum
of the constituent cell capacities, as shown in (6). The cell
capacities are all independent identically distributed (IID)
random variables. The brick capacity would therefore again be
a normally distributed random variable, but with mean N,/
and variance Npag2 as is shown in (7) [12].

NP

Qbrick = Z chll,i (6)
=1

Qurick ~ N (Nppq, Npod) ©)

The ratio of the normalized capacity standard deviation (ca-
pacity standard distribution divided by the respective mean
capacity) for an individual cell and a brick comprising N,
cells in parallel is shown in (8).

0Q,brick __ LU_Q

HQ,brick \/ﬁp HQ
It can be seen that the normalized standard deviation for a
brick is smaller than that of a cell by a factor \/ﬁp. The
probability density functions (PDFs) for cell capacity, that of
a 22P brick in a conventional pack and of a 13P brick in
a CHB-BESS SM are plotted in Fig. 2(a). The cell capacity
is assumed to have a mean value of 5 Ah with a tolerance
(30) of 5%. This is a conservative estimate and state- of-
the-art cell manufacturing processes typically yield highly

®)

Authorized licensed use limited to: Qin Huang. Downloaded on January 27,2025 at 17:29:12 UTC from IEEE Xplore. Restrictions apply.



consistent cells with much less variance. It can be seen that
the capacities of the 22P brick are expected to be far more
consistent than a single cell. This is due to differences in
cell capacities being averaged out during parallel connection
[12]. More importantly, for CHB-BESS, the need to distribute
cells into three phases forces the use of a smaller brick whose
capacity is expected to be less consistent than a brick intended
for a conventional pack.

Without any redistributive active balancing, pack capacity
Qpacr would simply be the minimum of constituent N, brick
capacities [11]. This is expressed in (9). The PDF of the
pack capacity fg,,., can be computed by first computing the
cumulative density function (CDF) Fg ... and is shown in
(10). The CDF of the pack capacity can be computed from
the CDF of the brick capacity Fy,,,., and is shown in (11).

Qpack: = . min Qbrick,i (9)
i=1...N,

s

]stl

prack (q) = NSleM‘ick (q) [1 - FQpack (q) (10)

FQpuu (a) = 1= [1 = Fgy 0 (9)™* (11)
A CHB-BESS can be controlled to load constituent SMs in
proportion to the capacity of the corresponding embedded
battery modules and therefore utilize the entire available
capacity across all SMs [8]. The system capacity is therefore
the mean value of the capacities of these embedded battery
modules. The PDF for these battery module capacities can be
computed using (7) and (10) for any configuration chosen from
Table I. Since the battery module capacities are IID random
variables, the system capacity (which is the mean of these
RVs) can be shown to have the same distribution as these
module capacities.

The probability density function for pack capacity for a
conventional 800 V battery pack and that of a CHB-BESS
is shown in Fig. 2(b). The PDF of the capacity for the 22P
brick has been included for reference. It can be observed
that the mean capacity for CHB-BESS systems is only very
marginally better than the mean capacity for a conventional
battery pack. In fact, the tail for the CHB-BESS distribution
spreads further left than the conventional packs, indicating a
larger likelihood to obtain packs with low capacity. As the
SM size becomes smaller and the SM count increases, the
mean value will approach that of the individual brick. Most
importantly, the achievable improvement is less than the SoC
estimation accuracy achievable with the current generation of
battery management systems [11]. The system controller relies
on SoC estimates to achieve full capacity utilization. It can
therefore be concluded that battery pack capacity utilization
is not a significant metric for CHB-BESS SM size selection
when using new batteries with small cylindrical cells. Similar
conclusions can be drawn for the difference in brick impedance
(causing deterioration in battery pack power availability) and
brick self-discharge rates across a battery system.

IV. CONCLUSION

Given an efficiency target, the proposed methodology en-
ables selection of a switching device that can meet the target
at the lowest cost. Using a smaller number of submodules
with higher battery voltages is preferred due to a lower cost,
till the point wherein it is simply no longer possible to meet
the efficiency target due to combination of large number of
parallel-connected devices and higher switching frequencies
causing the switching loss to become very high. For systems
utilizing small cylindrical cells, battery utilization is not a
dominant factor in the choice of submodule voltage. Battery
pack mean useable capacity, brick impedance mismatch and
self-discharge rate difference is not significantly improved by
distributing the cells into CHB-RESS submodules. Distribut-
ing the battery across the three phase strings forces the use
of bricks with smaller number of cells connected in parallel
which increases the likelihood of encountering bricks with
lower capacity. The conclusions may differ if large format
cells are used, reducing the parallel-connected cell count.
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