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Abstract: The increase in the average global temperature is a consequence of high greenhouse gas
emissions. Therefore, using alternative energy carriers that can replace fossil fuels, especially for
automotive applications, is of high importance. Introducing more electronics into an automotive
battery pack provides more precise control and increases the available energy from the pack. Battery-
integrated modular multilevel converters (BI-MMCs) have high efficiency, improved controllability,
and better fault isolation capability. However, integrating the battery and inverter influences the
maximum DC charging power. Therefore, the DC charging capabilities of 5 3-phase BI-MMCs for a
40-ton commercial vehicle designed for a maximum tractive power of 400 kW was investigated. Two
continuous DC charging scenarios are considered for two cases: the first considers the total number
of submodules during traction, and the second increases the total number of submodules to ensure a
maximum DC charging voltage of 1250 V. The investigation shows that both DC charging scenarios
have similar maximum power between 1 and 3 MW. Altering the number of submodules increases
the maximum DC charging power at the cost of increased losses.

Keywords: EV powertrain; DC charging; batteries; DC-AC converters; MMC; BI-MMC; AC batteries;
reconfigurable batteries; modular batteries

1. Introduction

Over the last several decades, the average global temperature has risen considerably
due to greenhouse gas emissions, and the automotive industry contributes about 15% of
the emissions [1,2]. It is essential to increase the utilization of alternative energy carriers to
replace fossil fuels. Automotive battery packs are typically made up of modules containing
several parallel and/or series-connected cells [3]. However, the energy and power are
determined not only by the cell type and size but, to a large extent, also by the configuration
and battery management system (BMS) [4,5]. By restructuring the cell interconnections and
introducing more electronics in the pack, more precise control and, thus, better utilization
of the energy in the individual modules can increase the energy and provide more benefits
such as improved battery life and increased usable capacity of the battery pack [6,7].

Currently, EV powertrains typically utilize a large battery pack with a conventional
two-level voltage source inverter [8]. The battery pack typically contains low-voltage
battery cells (e.g., 2-4 V) connected in parallel to achieve the required power rating. These
cells are then connected in series, providing high-voltage (e.g., 300-1000 V) [9]. Because
of differences in leakage currents and cells in homogeneity, individual cell voltage and
state-of-charge (SOC) distribution among the cells are non-homogeneous. As a result,
some cells discharge faster than other cells, thus limiting the total energy the pack can
deliver. Cell balancers are employed as part of the battery management systems (BMS) to
mitigate this problem [4]. However, individual cell control is desirable to maximize the
energy delivered by the battery pack. This is achieved by integrating power electronics
into the battery pack, thereby changing the battery interconnection pattern in response to
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the battery behavior and user demands. This provides enhanced fault tolerance, charge
and temperature balancing, extended energy delivery, and easy integration of batteries of
different ages and chemistry types [10].

Modular multilevel converters (MMCs) have gained popularity in the power distribu-
tion sector, especially in HV and MV applications where it has been proven to give several
advantages, such as low THD, high modularity, and scalability [11,12]. Furthermore, over
the last few years, battery-integrated MMCs (BI-MMCs) have gained popularity in battery
energy storage systems (BESS) [13-15]. References [16,17] indicate a significant benefit in
increasing the controllability of cells in terms of battery lifetime and battery utilization. A
slight increase in the battery lifetime and utilization typically results in tremendous bene-
fits [18]. BLMMC:s are, thus, particularly interesting for EV powertrains because of their
high efficiency, greater cell-level control, and provide better battery fault isolation [19-25].
Low power (7.4 to 43 kW) AC and higher power (63 to 350 kW) DC charging capabilities
for cascaded H-bridge topologies are presented in [26,27]. These articles report several ad-
vantages with BI-IMMCs while charging, such as active balancing during charging, flexible
DC charging voltage, and the potential elimination of a dedicated onboard charger for AC
charging. Although the shown interesting effort in the literature, the mega-watt (MW) DC
charging capabilities of BI-MMCs were not investigated.

The charging time for electric vehicles is significantly longer than the refueling time
for conventional vehicles. To achieve a short charging time, efficient DC fast chargers
capable of delivering high power are required. As a result, different standards for DC fast-
charging systems are developed [28]. The combined charging system (CCS) is a standard
for charging electric vehicles and can provide power up to 350 kW [29-31]. A key challenge
in electrifying heavy-duty vehicles (HDVs) such as 40-ton commercial vehicles, is the need
for high-energy storage capacity [32]. The anticipated size of the battery packs for HDVs
is about 250 to 750 kWh [31]. To meet the changing needs of medium- and heavy-duty
commercial vehicles’ large energy storage system’s short charging time intervals of 30 to
40 min, megawatt charging systems (MCS) are under development [33]. MCS chargers
have an estimated charging power of 1 MW or greater with a maximum charging voltage
and current of 1250V and 3000 A, respectively [34].

The battery pack is connected directly to the fast charger in a conventional powertrain.
However, the battery and the inverter are integrated into a BI-MMC, potentially increasing
the DC fast charging capabilities because higher voltages are achieved during charging
than during traction.

Contributions and Outline

The first contribution involves the derivation of the maximum DC charging power
of five three-phase BI-MMCs, considering the same submodule semiconductor losses
for a maximum tractive power of 400 kW for a 40-ton commercial vehicle. The second
contribution is a comparative assessment of five three-phase BI-MMCs with 1, 6, and
12 cascaded cells per submodule, considering two different design criteria either based
on the maximum motor voltage or maximum MCS DC charger voltage. The assessment
includes the maximum DC charging power, voltage, and current, the total number of
submodules, submodule losses, total semiconductor losses, and submodule temperature at
maximum charging power.

The article outline follows: Section 2 presents an overview of the five BI-MMC topolo-
gies. Section 3 presents the two different design criteria to determine the total number of
submodules either based on the maximum motor voltage or maximum MCS DC charger
voltage. Section 4 describes the power loss calculations for the two different design criteria.
The maximum DC charging current and power calculations are described in Section 5.
Section 6 presents the calculations of the submodule case temperature at maximum charg-
ing power. Section 7 presents the comparative assessment of 5 3-phase BI-MMCs with 1-, 6-,
and 12-cascaded cells per submodule. Finally, discussions and conclusions are presented in
Sections 8 and 9, respectively.
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2. Topology Review

Figure 1 presents the schematic of BI-MMC topologies. They consist of either one or
two arms per phase (Narms), and each arm is made up of several cascaded stages of power
converters and is commonly referred to as submodules (SM) (Nsm,arm SMs per arm). In
the figure, the terminals ‘P” and ‘N’ are used as the positive and negative terminals for DC
charging, and the circuit breaker, CB,, in the open position ensures that the electric machine
(EM) is disconnected from the BI-MMC during DC charging. Figure la,b present the
double-star half-bridge (DSHB) and double-star full-bridge (DSFB) topologies, respectively,
and Figure 1c,d gives the single-star half-bridge and single-star full-bridge topologies,
respectively. In single-star topologies, in addition to CB,, open, it is also necessary to ensure
that CB, is open for DC charging. In double-star BI-MMCs, arm inductors are used to
reduce the amplitude of circulating currents. Still, in single-star topologies, there is no path
for the circulating current during traction. Therefore, arm inductors are not required for
such a design. Figure 1e illustrates the single-delta topology. In this topology, in addition to
CB,, open, CB,, and CBy, should be in position "Y’ for DC charging. A detailed description
of all the topologies is presented in [35]. The SMs are bidirectional by design due to the
anti-parallel diode, and as a result, the AC side current can be controlled in both directions.
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Figure 1. Schematic of battery-integrated modular multilevel converters (BI-MMCs) for an N ph—phase
system during DC charging. (a) Double-star half-bridge (DSHB), (b) double-star full-bridge, (c) single-
star half-bridge (SSHB), (d) single-star full-bridge (SSFB), and (e) single-delta full-bridge (SDFB)
topologies [36].

Figure 2a shows the schematic of a typical megawatt (MW) DC charger. A medium
voltage (MV) three-phase electrical grid is connected to an active rectifier (AC/DC) and
followed by a stage of DC-to-DC converter (typically, a dual-active bridge) [37-39]. The
output of the DC-to-DC converter stage is connected to the ‘P’ and ‘N’ terminals of the
BI-MMC through the MCS connector for DC charging [40]. Figure 2b shows the constant
current (CC) and constant current constant voltage (CC-CV) charging process. A detailed
description of the charging process is described in [4]. The DC charger controls the current
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through the BI-MMC during DC charging. The figure clearly shows that the charging
power varies throughout the entire charging cycle. However, the maximum DC charging
power (Pi.,), such that the semiconductor losses per submodule during the traction and
charging are equal, is presented in Section 5.
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Figure 2. Schematic of a megawatt DC charger and different charging strategies. (a) megawatt Dc
charger schematic and (b) the constant current constant voltage (CC-CV) and constant current (CC)
charging strategies.

Figure 3a,b present the half-bridge (HB) and full-bridge (FB) submodules (SM), respec-
tively. The figure shows that the DC side of an SM contains a battery pack, configured with
Ni(cets) series and Npcels) parallel cells, and DC-link capacitors modeled as an RLC circuit
with an equivalent series resistance (ESR), equivalent capacitance, (C) and parasitic induc-
tance between the capacitors and the high-side switches (ESL). Ny(cclis) defines the desired
SM DC voltage (Us), and the required battery capacity per submodule defines Npcelis). An
SM consists of 2 or 4 switches (for HB- and FB-SMs, respectively), and each switch is made
of Np(mos) parallel MOSFETs. The HB-SM, shown in Figure 3a, has two complementary
switches S; and S;. When Sy is “off” (S, is ‘on’), usm is equal to 0 V, referred to as the bypass
state. Alternatively, when S; is ‘on’ (S, is ‘off’), the SM output voltage sy, is equal to the
DC side voltage Us; this is referred to as the insertion state. The FB-SM, shown in Figure 3b,
has four switches, Sy, S, and S3, S4, where 51, Sy, and S3, S4 are complementary switches.
When either Sy, S3, or Sy, S4 is ‘on’, ugm is 0 V (bypass states). When S; and Sy are ‘on’ (Sp
and Sj are “off’), then uspy, is equal to Us (insertion state). Similarly, when S; and S3 are “on’
(51 and Sy are “oft’), then usm is equal to —Us (insertion state). The RMS output voltage of
the HB-SM (Usm(hb)) and FB-SM (Usm(fb)) are:

u u
Usmnb) = Mmax %' Usm(fo) = Mmax 7%' 1

where M.y is the maximum modulation index.
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Figure 3. Schematic of battery-integrated MMC submodules. (a) half-bridge submodule (HB-SM)
and (b) full-bridge submodule (FB-SM) [36].

3. Total Number of Submodules

This section presents the two different methods of determining the total number of
submodules for continuous DC charging: CDC-T gives the total number of submodules
determined by the traction voltage, and CDC-C presents the total number of submodules
by the maximum DC charger voltage.

3.1. CDC-T: Total Number of Submodules Determined by the Traction Voltage

During traction, the SMs are operated as DC-AC inverters and the total number of
submodules (N,,) required to achieve an output RMS phase-to-neutral voltage of Upn is
calculated using the following relation:

h
N;m =-F Narms Nph/ 2)

where N, is the number of phases.

3.2. CDC-C: Total Number of Submodules Determined by Maximum DC Charger Voltage

During DC charging, the SMs are used as DC-DC buck converters and the B-MMC
DC-terminal voltage (Upn) is given as follows:

NE
ﬁ; Narms USI (3)

Upn -

One way to maximize the DC charging power is to ensure that Upy is equal to the

maximum voltage of the DC charger ( dc(c)) and the total number of submodules required
to ensure Upn = dc(c) (NS, is calculated as follows:

* dc: c)
Ngm Us Narms N ph- (4)
If a BI-MMC topology has Ng,, SMs, resulting in a phase-to-neutral RMS AC output
voltage of llph, and N&, < Nt , then U;h < Upp. As a result, the BI-MMC cannot reach
the maximum traction voltage, reducing traction power. Therefore, the total number of
submodules (Ng,,) required to ensure Upn > le whlle also ensuring a maximum AC
output voltage of Uy, is determined as follows:

NS = max (Nl N&). 5)

It is important to mention that when the total number of submodules (N, is altered,
the total number of parallel cells per SM will also change. This is because the total energy
stored in the batteries is the same. As a result, during charging, the change in the total
number of SM batteries in series compensates for the change in the number of parallel cells
per SM. Therefore, the battery losses in both CDC-T and CDC-C are identical.



Electricity 2023, 4

67

4. Power Loss Calculations

This section presents the power loss calculations during traction and DC charging.

4.1. Power Loss during Traction
The maximum arm current during traction (I',,,,) is calculated as follows:
Pt

It — max , 6
M Nph Uph c0s(¢) Narms ©)

where cos(¢) is the traction motor power factor and P, is the maximum tractive power.

The conduction and switching losses of a switch (Plc(ts)W and Pls(ts)w, respectively) are

determined as follows:

max

1 1 2 Ry | Z\f
Pc(,ts)w =5 (I;rm) ﬂ/ Ps(,ts)w = — Us I;tirm Esw tran)fswr (7)
2 N p(mos)

where Rys(on) is the MOSFET on-state resistance, Np(mos) is the number of parallel MOSFETs
per switch, tgy(tran) i the combined switching transient time, corresponding to the sum of
current rise and voltage fall time at turn-on and the voltage rise and current fall time at
a turn-off, i.e., tow(tran) = tri + tg + trv + t, and fstw is the MOSFET switching frequency.
Np(mos) is calculated, considered a maximum case temperature, fsy(tran) is determined
considering a maximum drain-to-source voltage ripple, and £, is selected such that the
DC-current harmonic components are bypassed by the DC-link capacitors [36].

The total losses in a submodule during traction (Pgﬂ) are given as follows:

1 1 1
Ps(rg = (Pc(,ts)w + Ps(,?w) Nsw/ (8)

where N, represents the number of switches per SM. It is important to mention that the
SM circuit board contains the switches and the DC-link capacitors. As a result, the total

losses per submodule include both PXY and the capacitor losses per SM. However, due to
the design choice of the DC-link capacitors, the capacitor losses per SM are far lower than

Pé(rtrz [36]. Therefore, the total losses per submodule are equal to PL&Q

The total semiconductor losses during traction (Pls(ct)) is given as follows:
1 1
Ps(ct) = PS(IR Nsm(tot)r (9)
where Ny tor) Tepresents the total number of submodules presented in either CDC-A or -B.

4.2. Power Loss during DC Charging

As mentioned previously, during DC charging, the SMs of the BI-MMCs are operated
as DC-DC buck converters, and the SM duty cycles (D.) are equal to 1, i.e., SMs are always
inserted. However, for the topologies where Upn > LI“; Q) then D. = Upn/ Ugﬁ’c‘). It is
worth mentioning that D. among SMs can be different and is determined by a BMS active
balancing algorithm to ensure an even SOC distribution among the SM cells. Furthermore,
the DC charging current magnitude is determined by the charger, and it is assumed
that there exists communication between the vehicle and the DC charger to control the
charging current.

The distribution of losses within the SM depends on D, i.e., during the insertion
period; S; in HB-SM, and S; and S3 in the FB-SM, bare the conduction losses; and during
the bypass period, the other switches bare the conduction losses. The DC charging con-

duction losses per switch during the insertion- and bypass-states P c.sw(ins) and Pi(gN (byp)’

respectively) are given as follows:
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R
)2 ds(on) , (10)

R
)2 ds(on) Pl(c) _ (1 DC)(IC
Np(mos)

©  _pre
g = el pmos)” cswbyp) o

c,sw(ins) arm

where I, is the DC arm current during charging and R 4g(on) is the MOSFET on-state resistance.

In the continuous DC charging (CDC) case, the MOSFET switching frequency is
equivalent to the rate of active balancing determined by the BMS, and the switching losses
are neglected. The total losses in a submodule during DC charging, P, is, thus, given

as follows:

_ (pl© 1(c) Nsw
P(s:m - <Pc,sw(ins) + PC,SW(bYP)> T (11)

The total semiconductor losses during DC charging (Pé(cc)) is given as follows:
1
PS(CC) = Pgm Nsm(tot)- (12)

5. Maximum DC Charging Power Calculations

In a conventional powertrain, during DC charging, the positive and negative terminals
of the battery pack are connected to the DC charger, and the losses incurred are only in
the battery. However, in a B-MMC-based powertrain, the battery and the inverter are
integrated, and as a result, the losses during DC charging are increased. Therefore, to
restrict the losses and cooling requirements per submodule, the submodule losses per
charging and traction are considered to be equal, i.e.,

P = P&, — P = (P9 (13)

c,sw(

1(c) Nsw
ins) + ¢,sw(byp) 2

The maximum DC charging arm current to ensure that the total semiconductor charg-

ing and traction losses are equal (Igim ) can, thus, be calculated as follows:

1
2P s(rtrzmax N p(mos)

arm max ’
ds(on) Nsw

Jomax

(14)

where PXU™ is the SM losses at P!, and Ron) is the MOSFET on-state resistance at

maximum junction temperature.
The maximum DC charging power is calculated using the following;:

PC i max IC

max — “tdc(c) ‘maxs where Icmax =N ph Igfﬁax' (15)

6. Submodule Case Temperature

The SM case temperature (T¢) is calculated using the following relation:
Te = Roca Pom + Ta, (16)

where Ry, is the case of ambient thermal resistance (presented in Appendix A), PL.. is the
submodule losses, and T, is the ambient temperature.

7. Comparative Assessment

The BI-MMC design parameters are presented in Table 1. The converter design con-
siders a maximum tractive power of 400 kW and a 20-pole traction motor with a nominal
speed of 1000 rpm. A maximum modulation index (Mmax) of 0.85 was considered, allowing
for 15% redundant submodules; 24 Ah Samsung NMC Li-ion cells were considered with
nominal and minimum cell voltages of 3.7V and 3.45V, respectively. The minimum cell
voltage selected from the open circuit voltage vs. state-of-charge curve corresponds to
65% depth-of-discharge. The total energy stored in the batteries of a 40-ton commercial
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vehicle is assumed to be one MWh. Appendix A shows the number of parallel MOSFETs
per switch, the maximum drain-to-source resistances, the MOSFET switching frequencies,
and the case of ambient thermal resistance, determined using the procedure shown in [36].

Table 1. Design parameters for a 400 kW 40-ton commercial vehicle.

Parameters Symbol Value
Maximum tractive power Pt 400 kW
AC phase-to-phase voltage Uy 440V
Electric machine nominal speed - 1000 rpm
Load power factor cos(¢) 0.9
Maximum modulation index Mmax 0.85
MCS DC charging voltage * U 1250V
MCS DC charging current * Ihes 3000 A
MOSFET CDC switching frequency CDCf¢, ~1mHz
Total energy stored in the batteries Epait 1 MWh

* MCS standards [34].

The two different DC charging scenarios for the comparative assessment are as follows:

CDC-T Continuous DC charging with the total number of submodules determined by
the traction voltage.

CDC-C Continuous DC charging with the total number of submodules determined by
the maximum DC charger voltage.

7.1. Number of Submodules

Figure 4 shows the total number of submodules determined by the traction volt-
age (N.,,) and maximum DC charger voltage (NS,) for all B-MMC topologies with 1, 6,
and 12 N, s(cells)-

7.1.1. Ng(cells) Comparison

The figure clearly shows that the total number of submodules (both Nt and N§)
decreases with an increase in Nelis) for a given topology. This is because as Nyclls)
increase, the DC-side SM voltage (Us) increases, thus increasing the SM output RMS
voltage (Usy,), and this, in turn, reduces the total number of submodules required to have
Uph (Upp is the same for all topologies and Nicerts))-

1 Ns(cclls) 6 ]Vs(cells) 12 ]vs(cells)
1470
. NV,
—= 1000 1000
=
n NC* Cx
= 500 945 sm 500 NS
o C I i 61 = 106, _\_ 0 123 61 61 _31_ 53, _\_
9%‘6% Q%Q% %cﬁ& %%Q% %OQ% Q%X\’% g)%Q% %%‘3& %%Q% %OQ% 9‘56% Q%Q% %cﬁ& %%Q% %QQ%

Topologies [-] Topologies [-] Topologies [-]

Figure 4. Total number of submodules determined by the traction voltage (N',) and maximum DC
charger voltage (Ngy,) for all topologies with 1, 6, and 12 N(celis)-

7.1.2. Topology Comparison

From the figure, it is clear that DSHB has a 50% lower N, than DSFB. This is because
Uy, for DSFB is two times more than that of DSHB because of the bi-polar nature of FB-SMs.
For the same reason, SSFB has 50% lower N', than SSHB, and N, for DSFB and SSHB are
identical for a given Nls)- SDFB has /3 times higher N, than that of SSFB because, in
the SDFB, Uy, and Uph are equal.
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Ngy, for all topologies is identical by the definition of CDC-C. However, in the DSHB
topology, Nt is greater than N5 since Upn is greater than doo)- Consequently, the
maximum AC traction phase-to-neutral voltage for DSHB with N§,, submodules is lower
than Uy, thus resulting in lower tractive power. Therefore, in CDC-C, DSHB Ngj, and N,
are the same, and during DC charging, the D of DSHB is equal to Ug{g)/ Upn. Ngp, for all

other topologies is the same as Ngp,.

7.2. Submodule Losses

Figure 5 presents the submodule semiconductor losses (PL.,) for the two different DC
charging cases, namely, CDC-T and CDC-C at a maximum charging power of P, for all
BI-MMC topologies with 1, 6, and 12 N(lis)- PL., for both the DC charging scenarios is
identical, and this is, by definition, i.e., ensuring that the submodule losses during charging

and traction are identical.

1 Ns(cells) 6 Ns(cells) 12 NS(Cclls)
500 500 500 f 418
E
g 152
& 10 30 2 o5 g AT oo 60
0 0 0
SEIESIP SRS SEIESRI R S L LKL
F &S S §F &S P
Topologies [-] Topologies [-] Topologies [-]

Figure 5. Total submodule losses for all the DC charging scenarios considering a maximum charging
C

power of Py, for all topologies with 1, 6, and 12 Ny(celis)-

7.2.1. Ng(cells) Comparison

It is clear that PlSm increases with an increase in Ny(cis) for a given topology. This is
because of the increase in the conduction losses due to the high Rys(on) of the higher voltage
class MOSFETs employed at higher Ngceiis)-

7.2.2. Topology Comparison

The DSFB has about two times more P., | than the DSHB because the DSFB has two
times more Ny than the DSHB for a given N(lis)- For the same reason, Pﬁm for SSFB is
two times more than in SSHB. P., . for SSHB is almost four times as in DSHB because SSHB
has two times more I,;;;; than DSHB. For the same reason, SSFB has three times more Pém
than DSFB. For 12 Ncelis), PlSm of SSHB is a factor of 3 higher than DSHB because SSHB
has slightly higher Npmos) than DSHB, and a detailed calculation for Np(mos) is described

in [36]. For the same reason, SSFB has three times more PlSm than DSFB at 12 Ncelis)- P!

sm

for SSFB is about three times higher than in SDFB because I, for SSFB is /3 times greater
than in SDFB.

The SSFB has the highest P, compared with the other topologies, but the thermal
resistance of the SSFB submodule is relatively low (as shown in Table A1). As a result, the
case temperature is kept under a maximum allowable case temperature (Tg'*) of 80 °C.
(as shown in Section 7.6). Since P, for FB-SM is two times that of the HB-SM, the cost
of the cooling system for the FB-SMs is higher than HB-SMs. This is reflected in the
case-to-ambient thermal resistance in Table A1.

7.3. Total Semiconductor Losses

Figure 6 presents the total semiconductor losses considering both Nt | (Pé(ct)) (CDC-T)
and Ng, (Pi(cc)) (CDC-C) during traction considering a maximum power of 400 kW for all
topologies with 1, 6, and 12 Ncels)-
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Figure 6. Total semiconductor losses considering both N, (Pls(ct>), CDC-T, and N§,, submodules (PIS(CC)),
CDC-C, during traction at a maximum power of 400 kW for all topologies with 1, 6, and 12 N(celis)-

7.3.1. Ng(cellsy Comparison

For a given topology, the total semiconductor losses, PSZC (both Pls(ct) and PIS(CC)), are the
lowest at 6 N(celis)- This is because as Nicelis) increases, the MOSFET R (on) increases but
not in proportion to the total number of submodules (both Ni and N&,,) decreases.

7.3.2. Topology Comparison

For a given Ny(clis) and topology: the losses per submodule for both the cases (CDC-C
and CDC-T) are identical (by definition). As a result, cht) and Pi(cc) are proportional to N,
and Ng,,, respectively. Therefore, all topologies except DSHB have higher Pé(cc) than Pé(ct) for
a given Nyclis)- In DSHB, Ng;,, and Nt are the same; thus, Pls(ct) and Pé(cc) are equal. PL(CC)
(CDC-C) for SSFB is about three times as Pls(ct) (CDC-T) because N, is about three times
as Ngq,.
Pg(ct) for SSHB is about two times more than DSHB. This is because the arm current
during traction (I!,,,) for SSHB is two times more than DSHB, and N, for DSHB is half
as much as DSHB. For the same reason, Pi(ct) for SSFB is two times more than DSFB. The
SSFB has about /3 times higher Pls(ct) than SDFB. This is because the I ., is v/3 times higher
and N!_, is about a factor /3 lower in SSFB than SDFB. Pls(ct) for DSHB and DSFB are almost
identical. This is because the N, for DSFB is half of DSHB, but DSFB has twice the number
of switches as DSHB. For the same reason, Pé(ct) for SSFB and SSHB are similar.

SSFB has about four times higher Pé(cc) than DSFB. This is because the arm’s current
during charging (I3,,,) is twice as much for SSFB than DSFB, and both topologies have
identical Ng,,. SSFB has about two times the Pi(cc) as SSHB because P. | for SSFB is around
twice as much as SSHB, and both topologies have identical Ng,. PX9 for DSFB is about 30%
more than DSHB because DSFB has twice the P.., as DSHB, but N¢,,, for DSHB is higher
than in DSFB.

Although the SSFB CDC-C has about three times higher Pi,(cc) than the SSFB CDC-T,
the SSFB CDC-C SM case temperature is lower than 80 °C. However, the high P:l;(cc) of SSFB
CDC-C significantly increases the cost of cooling systems.

7.4. Maximum DC Charging Voltage and Current

Figure 7 shows the maximum BI-MMC DC link voltage and maximum DC charging
current considering the two different scenarios, CDC-T and CDC-C, for all topologies with
1, 6, and 12 Nylis)- Figure7a gives the maximum BI-MMC DC link voltage (Upn) and
maximum MCS DC charger voltage (Ug{)- The figure shows that U is independent of
Ni(cells) for a given topology. This is because in CDC-T, the N{, is designed such that all
topologies have the same Upy, irrespective of Ny(celis), and in CDC-C, N, is determined
such that Upy, is equal to dca(’c‘), irrespective of N(celis). Upn for DSHB in CDC-T and CDC-C
are identical because both NS, and N., for DSHB are equal. In CDC-T, the distribution of
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Upn among topologies follows N{,, for a given N s(cells)- However, in CDC-C, by definition,
Upn and UG, are equal for all topologies except DSHB. Upn for DSHB is higher than UgSg,
because N, is greater than Ng,,.
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Figure 7. The maximum BI-MMC DC link voltage and maximum DC charger current considering the
two different DC charging scenarios: CDC-T and CDC-C for all topologies with 1, 6, and 12 N(celis)
with the maximum allowable DC voltage and current for MCS [34]. (a) maximum BI-MMC DC link
voltage (Upn) and the maximum MCS DC charger voltage ( dc(c))’ and (b) maximum DC charger
current (I3, ,,) the maximum MCS DC charger current (I3, ).

Figure 7b shows the maximum DC charging current (I5,,,), and itis clear that as Ny(cells)
increases, Ir,,,, increases margmally for a given topology. This is because f,,,, increases with
the increase in N, s(cells) I£ .« for CDC-T and CDC-C are similar for a glven topology and
N(cells), because Psm for CDC-T and CDC-C are similar (by definition). I}, for DSHB and
DSFB are similar even though PL,, for DSFB is two times more than DSHB. This is because
FB-SMs have twice the Ngw as HB-SMs, for a given Ny(celis). For the same reason, Iy, for
SSHB and SSFB are similar for 1 Ng(celis)- At 6 and 12 N(celis), however, IS ax SSFB is slightly
lower than SSHB because these topologies have different Nymos)- Imax for SSFB is about
two times more than in DSFB for a given Nycls). This is because Pém for SSFB is about four
times more than in DSFB. For the same reason, I,,, for SSHB is about twice as DSFB. DSFB

and SDFB have similar [, because these topologies have similar PL

7.5. Maximum DC Charging Power

Figure 8 shows the maximum DC charging power (P%,,,) considering the two different
DC charging scenarios, CDC-T and CDC-C, for all topologies with 1, 6, and 12 N(celts)-
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0
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Topologies [-] Topologies [-] Topologies [-]

Figure 8. The maximum DC charging power considering the two different DC charging scenarios,
CDC-T and CDC-C, for all topologies with 1, 6, and 12 N(celig)-
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7.5.1. Ng(cellsy Comparison

The figure shows that for a given topology, as Nyels) increases, Py, increases
marginally. This is because Iy, increases marginally with an increase in N(celts)-

7.5.2. Topology Comparison
The figure shows that P, ,, for CDC-C is higher than in CDC-T for all topologies except

max
DSHB. This is because Upn in CDC-C is much greater than in CDC-T for all topologies
except DSHB for a given Ncels). In CDC-C, Py, for all topologies follows I ., for a given
Ni(cells) because Upn for all the topologies is the same.

In CDC-T, Py, for SSFB and DSEB are similar for a given Ny|is). This is because
Upn for SSFB is half of that in DSFB, but If, ,, for SSFB is two times more than in DSFB. For
the same reason, Py, for SSHB is similar to that in DSHB. DSFB and SDFB have similar
Phhax because these topologies have similar Upy and I, irrespective of the DC charging
scenario (CDC-T or CDC-C).

P§,.x for DSHB in CDC-T and CDC-C are identical because N, and NS, are equal
for a given Nyells). Pmax for SSFB in CDC-C is about three times greater than in CDC-T
because N, is about three times higher than N . For the same reason, DSFB, SSHB, and
SDFB also have higher P} ., in CDC-C than in CDC-T and is proportional to the difference
between N, and N, ..

All the BI-MMC topologies have a maximum DC charging power between 800 kW to
3.3 MW. This corresponds to a maximum charging C-rate between 1C to 3 C assuming a

1 MWh battery system.

7.6. Submodule Temperature

Np(mos) is selected such that T for all topologies is below 80 °C considering an ambient
temperature of 40 °C, and is presented in Table Al. A minimum limit for Npmos) of 4 is
chosen to reduce the total losses. Figure 9 shows the T for all topologies with 1, 6, and 12

N(cells) at @ maximum charging power of Py,,.

7.6.1. Ng(cells) Comparison
As Ny(cells) increases, T also increases. This is because the MOSFET on-state resistance
also increases with an increase in N cis) (Table Al), thereby increasing Plsm.
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Figure 9. The submodule temperature for all topologies with 1, 6, and 12 Ngcepi5) at a maximum
charging power of Pj,,.

7.6.2. Topologies Comparison

The double-star topologies have a lower T, than for a given Nyclis)- This is because,
in the double-star topologies, the RMS output current is split equally between the two arms
resulting in lower losses. The SDFB is slightly more than in DSFB because P, for SDFB
is slightly more than in DSFB are similar. The T, for DSFB and DSHB are similar. This is
because Pém for DSFB is twice as in DSHB, but DSFB has 50% lower Ry, than DSHB (see
Table A1) since DSFB has twice as many switches as DSHB.
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8. Discussion

The DC charging power can be increased for both CDC-T and CDC-C scenarios by
increasing the maximum SM temperature above 80 °C during charging. However, this
increases the total semiconductor losses.

The total submodule losses include all the switches in the SM. Therefore, during DC
charging, the distribution of power losses among the switches within the SM is not even
and is dependent on the duty cycle of the submodule.

The underlying assumption for the analysis is that the total semiconductor losses
during charging and traction are identical. However, the vehicle is stationary during
charging, which affects the cooling. Therefore, to ensure that total semiconductor losses
during charging and traction are the same, possibly additional cooling requirements are
required. If all the topologies had the same number of parallel MOSFETs, then submodule
conduction losses during traction for the SSFB and SSHB topology would increase. This
also increases the submodule conduction losses during DC charging. As a result, the total
DC charging power will also increase, and so will the case temperature.

Extending the battery losses during traction from [36] to DC charging with a power of
1MW and a DC-link voltage of 800V, the battery losses are 4.5 kW. Furthermore, assuming
that the total energy stored in the battery pack of the two-level inverter-based powertrain
and the batteries in BI-MMCs is identical, the battery losses during charging for both pow-
ertrains are equal. However, the total losses during charging in a BI-MMC include the semi-
conductor losses much greater than the two-level inverter. Therefore, the total losses during
charging in BI-MMCs are much higher than in a two-level inverter-based powertrain.

9. Conclusions

Two different DC charging scenarios for five different three-phase BI-MMC topolo-
gies with 1, 6, and 12 cascaded cells per submodule designed for a maximum tractive
power of 400 kW for a 40-ton commercial vehicle were investigated. The two DC charging
scenarios are continuous DC charging with the total number of submodules determined
by the traction voltage (CDC-T) and continuous DC charging with the total number of
submodules determined by the maximum DC charger voltage (CDC-C). A topology’s
maximum charging power (P},,,) is defined as the power at which the total semiconductor
losses during traction and DC charging are equal.

Most BI-MMCs with the total number of submodules determined by the maximum
DC charger voltage (CDC-C) have higher P§, ., than BI-MMCs with the total number of
submodules determined by the traction voltage (CDC-T). In particular, SSFB Py,,, is about
three times as high in CDC-C than in CDC-T. However, the total semiconductor losses (P
are significantly higher in CDC-C than in CDC-T. As a result, the total power converter
efficiency reduces, potentially reducing the advantages of BI-MMCs, especially during
traction. For the DSHB, P%,,, in both CDC-C and CDC-T are identical. Therefore, P%,,, can
be further increased at the cost of increased submodule losses.

About 20% of BI-MMC topologies with 6 and 12 Nclis) have about 2.5 to 3.3 MW
of Pp.x, about 30% of all the topologies with 1, 6, and 12 Nyjis) have Py, of about
1.5 to 2.5 MW and all the other topologies have Pg,,, of about 800 kW to 1.5MW. All the

BI-MMC topologies can achieve 1 h or shorter charging time, corresponding to 1 C or higher
charging current.
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Appendix A

Table Al presents the number of parallel MOSFETS per switch (Np(mos)) for all topolo-
gies at different N (i), such that the case temperature does not exceed 80 °C calculated
using the relation in [36]. Most topologies have four Np(mes) because the minimum number
of parallel MOSFETs is limited to 4. The table also presents the maximum on-state resistance
(Rs(on)) for all topologies at different Ny(celis), and for a given Ni(ces), all topologies employ
the same MOSFET. Furthermore, the table presents the MOSFET switching frequency
during traction (f.,,) for all topologies at different Ny ce1s) using the optimization principle

presented in [36]. Finally, the table shows the SM case of ambient thermal resistance.

Table A1. The total number of parallel MOSFETs per switch, maximum MOSFET on-state resistance,
MOSEFET switching frequency during traction, and SM case-to-ambient thermal resistance for all
topologies with 1, 6, and 12 Ny(celig)-

Topology / Ny(celts) 1 6 12
Total number of parallel MOSFETS (Npmos))

DSHB 4 4 4

DSFB 4 4 4

SSHB 4 5 6

SSFB 4 4 5

SDFB 4 4 4

Maximum MOSFET on-state resistance (Rg‘s?’(; )

- 0.375 mQ) 0.6 mQ) 1.6 mQ)
MOSFET switching frequency during traction (f_,)
DSHB 42kHz 7.5kHz 9.8kHz
DSFB 2.5kHz 52kHz 8.8kHz
SSHB 3.2kHz 5.5kHz 7.5kHz
SSFB 1.8kHz 3.5kHz 6.2kHz
SDFB 2.2kHz 48kHz 8.2kHz
SM case-to-ambient thermal resistance (Rgc,)

DSHB 0.46 K/W 0.52 K/W 024 K/W
DSFB 0.23 K/W 0.27 K/W 0.12K/W
SSHB 0.46 K/W 0.52 K/W 024 K/W
SSFB 0.23K/W 0.27 K/W 0.12K/W
SDFB 0.23 K/W 0.27 K/W 0.12K/W
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