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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.
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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 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 distribution 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) [13,14,15]. 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 benefits [18]. BI-MMCs are, thus, particularly interesting for EV powertrains because of their high efficiency, greater cell-level control, and provide better battery fault isolation [19,20,21,22,23,24,25]. 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 advantages with BI-MMCs 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 [29,30,31]. 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 1250 V 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 topologies. 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 charging 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 Section 8 and Section 9, respectively.





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 n  ¯  , in the open position ensures that the electric machine (EM) is disconnected from the BI-MMC during DC charging. Figure 1a,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 n  ¯   open, it is also necessary to ensure that   CB n   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 n  ¯   open,   CB p   and   CB n   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.



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) [37,38,39]. 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 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 (  P  max  c  ), such that the semiconductor losses per submodule during the traction and charging are equal, is presented in Section 5.



Figure 3a,b present the half-bridge (HB) and full-bridge (FB) submodules (SM), respectively. The figure shows that the DC side of an SM contains a battery pack, configured with Ns(cells) series and Np(cells) parallel cells, and DC-link capacitors modeled as an RLC circuit with an equivalent series resistance (ESR), equivalent capacitance, (C) and parasitic inductance between the capacitors and the high-side switches (ESL). Ns(cells) defines the desired SM DC voltage (Us), and the required battery capacity per submodule defines Np(cells). 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 fig:HBFBa, has two complementary switches S1 and S2. When S1 is ‘off’ (S2 is ‘on’), usm is equal to 0 V, referred to as the bypass state. Alternatively, when S1 is ‘on’ (S2 is ‘off’), the SM output voltage usm is equal to the DC side voltage Us; this is referred to as the insertion state. The FB–SM, shown in fig:HBFBb, has four switches, S1, S2, and S3, S4, where S1, S2, and S3, S4 are complementary switches. When either S1, S3, or S2, S4 is ‘on’, usm is 0 V (bypass states). When S1 and S4 are ‘on’ (S2 and S3 are ‘off’), then usm is equal to Us (insertion state). Similarly, when S2 and S3 are ‘on’ (S1 and S4 are ‘off’), 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  sm ( hb )       =  M max      U s    2   2    ,      U  sm ( fb )       =  M max     U s   2   ,     



(1)




where Mmax is the maximum modulation index.




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  sm  t  ) required to achieve an output RMS phase-to-neutral voltage of Uph is calculated using the following relation:


      N  sm  t  =    U ph     U sm      N arms    N ph  ,     



(2)




where Nph 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 BI-MMC DC-terminal voltage (  U pn  ) is given as follows:


     U pn     =   N  sm  t   N ph     N arms    U s  ,     



(3)







One way to maximize the DC charging power is to ensure that   U pn   is equal to the maximum voltage of the DC charger (  U   dc ( c )   max  ) and the total number of submodules required to ensure   U pn   =   U   dc ( c )   max   (  N  sm   c ⋆   ) is calculated as follows:


     N  sm   c ⋆      =   U   dc ( c )   max    U s    N arms      N ph  .     



(4)







If a BI-MMC topology has   N  sm   c ⋆    SMs, resulting in a phase-to-neutral RMS AC output voltage of   U  ph    ′   , and   N  sm   c ⋆    <   N  sm  t  , then   U  ph    ′    < Uph. As a result, the BI-MMC cannot reach the maximum traction voltage, reducing traction power. Therefore, the total number of submodules (  N  sm  c  ) required to ensure   U pn   >   U   dc ( c )   max   while also ensuring a maximum AC output voltage of Uph is determined as follows:


      N  sm  c  = max   N  sm  t  ,   N  sm   c ⋆    .     



(5)







It is important to mention that when the total number of submodules (Nsm) 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.





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  arm  t  ) is calculated as follows:


     I  arm  t     =   P  max  t    N ph    U ph   cos ( ϕ )   N arms    ,     



(6)




where   cos ( ϕ )   is the traction motor power factor and   P  max  t   is the maximum tractive power.



The conduction and switching losses of a switch (  P   c , sw    l ( t )    and   P   s , sw    l ( t )   , respectively) are determined as follows:


     P   c , sw    l ( t )      =  1 2     I  arm  t   2      R  ds ( on )      N  p ( mos )     ,     P   s , sw    l ( t )      =   2  2   π    U s    I arm t    t  sw ( tran )     f sw t  ,     



(7)




where Rds(on) is the MOSFET on-state resistance, Np(mos) is the number of parallel MOSFETs per switch, tsw(tran) is 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.,    t  sw ( tran )   =  t ri  +  t fi  +  t rv  +  t fv   , and   f sw t   is the MOSFET switching frequency. Np(mos) is calculated, considered a maximum case temperature, tsw(tran) is determined considering a maximum drain-to-source voltage ripple, and   f sw t   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 (  P  sm   l ( t )   ) are given as follows:


     P  sm   l ( t )      =   P   c , sw    l ( t )   +  P   s , sw    l ( t )      N sw  ,     



(8)




where Nsw 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   P  sm   l ( t )    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   P  sm   l ( t )    [36]. Therefore, the total losses per submodule are equal to   P  sm   l ( t )   .



The total semiconductor losses during traction (  P  sc   l ( t )   ) is given as follows:


     P  sc   l ( t )      =  P  sm   l ( t )     N  sm ( tot )   ,     



(9)




where Nsm(tot) represents 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 c  ) are equal to 1, i.e., SMs are always inserted. However, for the topologies where   U pn   >   U   dc ( c )   max  , then   D c   =   U pn  /  U   dc ( c )   max  . It is worth mentioning that   D c   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 c  , i.e., during the insertion period; S1 in HB-SM, and S1 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 conduction losses per switch during the insertion- and bypass-states (  P   c , sw ( ins )    l ( c )    and   P   c , sw ( byp )    l ( c )   , respectively) are given as follows:


     P   c , sw ( ins )    l ( c )      =  D c     I  arm  c   2      R  ds ( on )      N  p ( mos )     ,     P   c , sw ( byp )    l ( c )      =  ( 1 −  D c  )     I  arm  c   2      R  ds ( on )      N  p ( mos )     ,     



(10)




where   I  arm  c   is the DC arm current during charging and Rds(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  sm  c  , is, thus, given as follows:


     P  sm  c     =   P   c , sw ( ins )    l ( c )   +  P   c , sw ( byp )    l ( c )        N sw   2  .     



(11)







The total semiconductor losses during DC charging (  P  sc   l ( c )   ) is given as follows:


     P  sc   l ( c )      =  P  sm  c    N  sm ( 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 BI-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  sm   l ( t )      =  P  sm  c  ,     ⇒  P  sm   l ( t )       =   P   c , sw ( ins )    l ( c )   +  P   c , sw ( byp )    l ( c )        N sw   2  .     



(13)







The maximum DC charging arm current to ensure that the total semiconductor charging and traction losses are equal (  I  arm   c , max   ) can, thus, be calculated as follows:


     I  arm   c , max      ≈    2   P  sm   l ( t ) max      N  p ( mos )       R   ds ( on )   max    N sw     ,     



(14)




where   P  sm   l ( t ) max    is the SM losses at   P  max  t   and   R   ds ( on )   max   is the MOSFET on-state resistance at maximum junction temperature.



The maximum DC charging power is calculated using the following:


     P  max  c     =  U   dc ( c )   max    I  max  c  ,     where   I  max  c      =  N ph    I  arm   c , max   .     



(15)








6. Submodule Case Temperature


The SM case temperature (Tc) is calculated using the following relation:


      T c      =  R  θ ca     P  sm  l  +  T a  ,     



(16)




where R θ ca is the case of ambient thermal resistance (presented in Appendix A),   P  sm  l   is the submodule losses, and Ta is the ambient temperature.




7. Comparative Assessment


The BI-MMC design parameters are presented in Table 1. The converter design considers 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 3.7 V and 3.45 V, 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 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].



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 voltage (  N  sm  t  ) and maximum DC charger voltage (  N  sm   c ⋆   ) for all BI-MMC topologies with 1, 6, and 12 Ns(cells).



7.1.1. Ns(cells) Comparison


The figure clearly shows that the total number of submodules (both   N  sm  t   and   N  sm  c  ) decreases with an increase in Ns(cells) for a given topology. This is because as Ns(cells) increase, the DC-side SM voltage (Us) increases, thus increasing the SM output RMS voltage (Usm), and this, in turn, reduces the total number of submodules required to have Uph (Uph is the same for all topologies and Ns(cells)).
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Figure 4. Total number of submodules determined by the traction voltage (  N  sm  t  ) and maximum DC charger voltage (  N  sm   c ⋆   ) for all topologies with 1, 6, and 12 Ns(cells). 






Figure 4. Total number of submodules determined by the traction voltage (  N  sm  t  ) and maximum DC charger voltage (  N  sm   c ⋆   ) for all topologies with 1, 6, and 12 Ns(cells).
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7.1.2. Topology Comparison


From the figure, it is clear that DSHB has a 50% lower   N  sm  t   than DSFB. This is because Usm 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  sm  t   than SSHB, and   N  sm  t   for DSFB and SSHB are identical for a given Ns(cells). SDFB has   3   times higher   N  sm  t   than that of SSFB because, in the SDFB, Uv and Uph are equal.



  N  sm   c ⋆    for all topologies is identical by the definition of CDC-C. However, in the DSHB topology,   N  sm  t   is greater than   N  sm   c ⋆    since   U pn   is greater than   U   dc ( c )   max  . Consequently, the maximum AC traction phase-to-neutral voltage for DSHB with   N  sm   c ⋆    submodules is lower than Uph, thus resulting in lower tractive power. Therefore, in CDC-C, DSHB   N  sm  c   and   N  sm  t   are the same, and during DC charging, the   D c   of DSHB is equal to   U   dc ( c )   max  /  U pn  .   N  sm  c   for all other topologies is the same as   N  sm   c ⋆   .





7.2. Submodule Losses


Figure 5 presents the submodule semiconductor losses (  P  sm  l  ) for the two different DC charging cases, namely, CDC-T and CDC-C at a maximum charging power of   P  max  c   for all BI-MMC topologies with 1, 6, and 12 Ns(cells).   P  sm  l   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.



7.2.1. Ns(cells) Comparison


It is clear that   P  sm  l   increases with an increase in Ns(cells) for a given topology. This is because of the increase in the conduction losses due to the high Rds(on) of the higher voltage class MOSFETs employed at higher Ns(cells).




7.2.2. Topology Comparison


The DSFB has about two times more   P  sm  l   than the DSHB because the DSFB has two times more Nsw than the DSHB for a given Ns(cells). For the same reason,   P  sm  l   for SSFB is two times more than in SSHB.   P  sm  l   for SSHB is almost four times as in DSHB because SSHB has two times more Iarm than DSHB. For the same reason, SSFB has three times more   P  sm  l   than DSFB. For 12 Ns(cells),   P  sm  l   of SSHB is a factor of 3 higher than DSHB because SSHB has slightly higher Np(mos) than DSHB, and a detailed calculation for Np(mos) is described in [36]. For the same reason, SSFB has three times more   P  sm  l   than DSFB at 12 Ns(cells).   P  sm  l   for SSFB is about three times higher than in SDFB because Iarm for SSFB is   3   times greater than in SDFB.



The SSFB has the highest   P  sm  l   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 (  T  c  max  ) of 80 °C. (as shown in Section 7.6). Since   P  sm  l   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   N  sm  t   (  P  sc   l ( t )   ) (CDC-T) and   N  sm  c   (  P  sc   l ( c )   ) (CDC-C) during traction considering a maximum power of 400 kW for all topologies with 1, 6, and 12 Ns(cells).



7.3.1. Ns(cells) Comparison


For a given topology, the total semiconductor losses,   P  sc  l   (both   P  sc   l ( t )    and   P  sc   l ( c )   ), are the lowest at 6 Ns(cells). This is because as Ns(cells) increases, the MOSFET Rds(on) increases but not in proportion to the total number of submodules (both   N  sm  t   and   N  sm  c  ) decreases.




7.3.2. Topology Comparison


For a given Ns(cells) and topology: the losses per submodule for both the cases (CDC-C and CDC-T) are identical (by definition). As a result,   P  sc   l ( t )    and   P  sc   l ( c )    are proportional to   N  sm  t   and   N  sm  c  , respectively. Therefore, all topologies except DSHB have higher   P  sc   l ( c )    than   P  sc   l ( t )    for a given Ns(cells). In DSHB,   N  sm  c   and   N  sm  t   are the same; thus,   P  sc   l ( t )    and   P  sc   l ( c )    are equal.   P  sc   l ( c )    (CDC-C) for SSFB is about three times as   P  sc   l ( t )    (CDC-T) because   N  sm  c   is about three times as   N  sm  t  .



  P  sc   l ( t )    for SSHB is about two times more than DSHB. This is because the arm current during traction (  I  arm  t  ) for SSHB is two times more than DSHB, and   N  sm  t   for DSHB is half as much as DSHB. For the same reason,   P  sc   l ( t )    for SSFB is two times more than DSFB. The SSFB has about   3   times higher   P  sc   l ( t )    than SDFB. This is because the   I  arm  t   is   3   times higher and   N  sm  t   is about a factor   3   lower in SSFB than SDFB.   P  sc   l ( t )    for DSHB and DSFB are almost identical. This is because the   N  sm  t   for DSFB is half of DSHB, but DSFB has twice the number of switches as DSHB. For the same reason,   P  sc   l ( t )    for SSFB and SSHB are similar.



SSFB has about four times higher   P  sc   l ( c )    than DSFB. This is because the arm’s current during charging (  I  arm  c  ) is twice as much for SSFB than DSFB, and both topologies have identical   N  sm  c  . SSFB has about two times the   P  sc   l ( c )    as SSHB because   P  sm  l   for SSFB is around twice as much as SSHB, and both topologies have identical   N  sm  c  .   P  sc   l ( c )    for DSFB is about 30% more than DSHB because DSFB has twice the   P  sm  l   as DSHB, but   N  sm  c   for DSHB is higher than in DSFB.



Although the SSFB CDC-C has about three times higher   P  sc   l ( c )    than the SSFB CDC-T, the SSFB CDC-C SM case temperature is lower than 80 °C. However, the high   P  sc   l ( c )    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 Ns(cells). Figure 7a gives the maximum BI-MMC DC link voltage (  U pn  ) and maximum MCS DC charger voltage (  U   dc ( c )   max  ). The figure shows that   U   dc ( c )   max   is independent of Ns(cells) for a given topology. This is because in CDC-T, the   N  sm  t   is designed such that all topologies have the same Uph, irrespective of Ns(cells), and in CDC-C,   N  sm  c   is determined such that   U pn   is equal to   U   dc ( c )   max  , irrespective of Ns(cells).   U pn   for DSHB in CDC-T and CDC-C are identical because both   N  sm  c   and   N  sm  t   for DSHB are equal. In CDC-T, the distribution of   U pn   among topologies follows   N  sm  t   for a given Ns(cells). However, in CDC-C, by definition,   U pn   and   U   dc ( c )   max   are equal for all topologies except DSHB.   U pn   for DSHB is higher than   U   dc ( c )   max   because   N  sm  c   is greater than   N  sm   c ⋆   .



Figure 7b shows the maximum DC charging current (  I  max  c  ), and it is clear that as Ns(cells) increases,   I  max  c   increases marginally for a given topology. This is because   f sw t   increases with the increase in Ns(cells).   I  max  c   for CDC-T and CDC-C are similar for a given topology and Ns(cells), because   P  sm  l   for CDC-T and CDC-C are similar (by definition).   I  max  c   for DSHB and DSFB are similar even though   P  sm  l   for DSFB is two times more than DSHB. This is because FB–SMs have twice the Nsw as HB-SMs, for a given Ns(cells). For the same reason,   I  max  c   for SSHB and SSFB are similar for 1 Ns(cells). At 6 and 12 Ns(cells), however,   I  max  c   SSFB is slightly lower than SSHB because these topologies have different Np(mos).   I  max  c   for SSFB is about two times more than in DSFB for a given Ns(cells). This is because   P  sm  l   for SSFB is about four times more than in DSFB. For the same reason,   I  max  c   for SSHB is about twice as DSFB. DSFB and SDFB have similar   I  max  c   because these topologies have similar   P  sm  l  .




7.5. Maximum DC Charging Power


Figure 8 shows the maximum DC charging power (  P  max  c  ) considering the two different DC charging scenarios, CDC-T and CDC-C, for all topologies with 1, 6, and 12 Ns(cells).



7.5.1. Ns(cells) Comparison


The figure shows that for a given topology, as Ns(cells) increases,   P  max  c   increases marginally. This is because   I  max  c   increases marginally with an increase in Ns(cells).




7.5.2. Topology Comparison


The figure shows that   P  max  c   for CDC-C is higher than in CDC-T for all topologies except DSHB. This is because   U pn   in CDC-C is much greater than in CDC-T for all topologies except DSHB for a given Ns(cells). In CDC-C,   P  max  c   for all topologies follows   I  max  c   for a given Ns(cells) because   U pn   for all the topologies is the same.



In CDC-T,   P  max  c   for SSFB and DSFB are similar for a given Ns(cells). This is because   U pn   for SSFB is half of that in DSFB, but   I  max  c   for SSFB is two times more than in DSFB. For the same reason,   P  max  c   for SSHB is similar to that in DSHB. DSFB and SDFB have similar   P  max  c   because these topologies have similar   U pn   and   I  max  c  , irrespective of the DC charging scenario (CDC-T or CDC-C).



  P  max  c   for DSHB in CDC-T and CDC-C are identical because   N  sm  t   and   N  sm  c   are equal for a given Ns(cells).   P  max  c   for SSFB in CDC-C is about three times greater than in CDC-T because   N  sm  c   is about three times higher than   N  sm  t  . For the same reason, DSFB, SSHB, and SDFB also have higher   P  max  c   in CDC-C than in CDC-T and is proportional to the difference between   N  sm  c   and   N  sm  t  .



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 1 C to 3 C assuming a 1 MWh battery system.





7.6. Submodule Temperature


Np(mos) is selected such that Tc for all topologies is below 80 °C considering an ambient temperature of 40 °C, and is presented in Table A1. A minimum limit for Np(mos) of 4 is chosen to reduce the total losses. Figure 9 shows the Tc for all topologies with 1, 6, and 12 Ns(cells) at a maximum charging power of   P  max  c  .



7.6.1. Ns(cells) Comparison


As Ns(cells) increases, Tc also increases. This is because the MOSFET on-state resistance also increases with an increase in Ns(cells) (Table A1), thereby increasing   P  sm  l  .




7.6.2. Topologies Comparison


The double-star topologies have a lower Tc than for a given Ns(cells). 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  sm  l   for SDFB is slightly more than in DSFB are similar. The Tc for DSFB and DSHB are similar. This is because   P  sm  l   for DSFB is twice as in DSHB, but DSFB has 50% lower R θ ca than DSHB (see Table A1) since DSFB has twice as many switches as DSHB.






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 1 MW and a DC-link voltage of 800 V, 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 powertrains are equal. However, the total losses during charging in a BI-MMC include the semiconductor 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 topologies 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  max  c  ) 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  max  c   than BI-MMCs with the total number of submodules determined by the traction voltage (CDC-T). In particular, SSFB   P  max  c   is about three times as high in CDC-C than in CDC-T. However, the total semiconductor losses (  P  sc  l  ) 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  max  c   in both CDC-C and CDC-T are identical. Therefore,   P  max  c   can be further increased at the cost of increased submodule losses.



About 20% of BI-MMC topologies with 6 and 12 Ns(cells) have about 2.5 to 3.3 MW of   P  max  c  , about 30% of all the topologies with 1, 6, and 12 Ns(cells) have   P  max  c   of about 1.5 to 2.5 MW and all the other topologies have   P  max  c   of about 800 kW to 1.5 MW. 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 A1 presents the number of parallel MOSFETs per switch (Np(mos)) for all topologies at different Ns(cells), such that the case temperature does not exceed 80 °C calculated using the relation in [36]. Most topologies have four Np(mos) because the minimum number of parallel MOSFETs is limited to 4. The table also presents the maximum on-state resistance (  R   ds ( on )   max  ) for all topologies at different Ns(cells), and for a given Ns(cells), all topologies employ the same MOSFET. Furthermore, the table presents the MOSFET switching frequency during traction (  f sw t  ) for all topologies at different Ns(cells) using the optimization principle presented in [36]. Finally, the table shows the SM case of ambient thermal resistance.
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Table A1. The total number of parallel MOSFETs per switch, maximum MOSFET on-state resistance, MOSFET switching frequency during traction, and SM case-to-ambient thermal resistance for all topologies with 1, 6, and 12 Ns(cells).






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





	
Topology / Ns(cells)

	
1

	
6

	
12






	
Total number of parallel MOSFETs (Np(mos))




	
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 (  R   ds ( on )   max  )




	
-

	
0.375 m Ω 

	
0.6 m Ω 

	
1.6 m Ω 




	
MOSFET switching frequency during traction (  f sw t  )




	
DSHB

	
4.2 kHz

	
7.5 kHz

	
9.8 kHz




	
DSFB

	
2.5 kHz

	
5.2 kHz

	
8.8 kHz




	
SSHB

	
3.2 kHz

	
5.5 kHz

	
7.5 kHz




	
SSFB

	
1.8 kHz

	
3.5 kHz

	
6.2 kHz




	
SDFB

	
2.2 kHz

	
4.8 kHz

	
8.2 kHz




	
SM case-to-ambient thermal resistance (R θ ca)




	
DSHB

	
0.46 K/W

	
0.52 K/W

	
0.24 K/W




	
DSFB

	
0.23 K/W

	
0.27 K/W

	
0.12 K/W




	
SSHB

	
0.46 K/W

	
0.52 K/W

	
0.24 K/W




	
SSFB

	
0.23 K/W

	
0.27 K/W

	
0.12 K/W




	
SDFB

	
0.23 K/W

	
0.27 K/W

	
0.12 K/W











References


	



Mamalis, A.; Spentzas, K.; Mamali, A. The impact of automotive industry and its supply chain to climate change: Somme techno-economic aspects. Eur. Transp. Res. Rev. 2013, 5, 1–10. [Google Scholar] [CrossRef]

	



Bonfils, C.J.; Santer, B.D.; Fyfe, J.C.; Marvel, K.; Phillips, T.J.; Zimmerman, S.R. Human influence on joint changes in temperature, rainfall and continental aridity. Nat. Clim. Chang. 2020, 10, 726–731. [Google Scholar] [CrossRef]

	



Jiang, J.; Zhang, C. Fundamentals and Applications of Lithium-Ion Batteries in Electric Drive Vehicles; John Wiley & Sons: Hoboken, NJ, USA, 2015. [Google Scholar]

	



Plett, G.L. Battery Management Systems, Volume II: Equivalent-Circuit Methods; Artech House: Norwood, MA, USA, 2015. [Google Scholar]

	



Berg, H. Batteries for Electric Vehicles: Materials and Electrochemistry; Cambridge University Press: Cambridge, MA, USA, 2015. [Google Scholar]

	



Li, Y.; Han, Y. A module-integrated distributed battery energy storage and management system. IEEE Trans. Power Electron. 2016, 31, 8260–8270. [Google Scholar] [CrossRef]

	



Lin, C.H.; Chao, H.Y.; Wang, C.M.; Hung, M.H. Battery management system with dual-balancing mechanism for LiFePO4 battery module. In Proceedings of the TENCON 2011 IEEE Region 10 Conference, Bali, Indonesia, 21–24 November 2011; pp. 863–867. [Google Scholar]

	



Estima, J.O.; Cardoso, A.J.M. Efficiency analysis of drive train topologies applied to electric/hybrid vehicles. IEEE Trans. Veh. Technol. 2012, 61, 1021–1031. [Google Scholar] [CrossRef]

	



Poorfakhraei, A.; Narimani, M.; Emadi, A. A review of modulation and control techniques for multilevel inverters in traction applications. IEEE Access 2021, 9, 24187–24204. [Google Scholar] [CrossRef]

	



Han, W.; Wik, T.; Kersten, A.; Dong, G.; Zou, C. Next-generation battery management systems: Dynamic reconfiguration. IEEE Ind. Electron. Mag. 2020, 14, 20–31. [Google Scholar] [CrossRef]

	



Lesnicar, A.; Marquardt, R. An innovative modular multilevel converter topology suitable for a wide power range. In Proceedings of the 2003 IEEE Bologna Power Tech Conference Proceedings, Bologna, Italy, 23–26 June 2003; Volume 3, pp. 1–6. [Google Scholar]

	



Sharifabadi, K.; Harnefors, L.; Nee, H.P.; Norrga, S.; Teodorescu, R. Design, Control, and Application of Modular Multilevel Converters for HVDC Transmission Systems; John Wiley & Sons: Hoboken, NJ, USA, 2016. [Google Scholar]

	



Trintis, I.; Munk-Nielsen, S.; Teodorescu, R. A new modular multilevel converter with integrated energy storage. In Proceedings of the IECON 2011-37th Annual Conference of the IEEE Industrial Electronics Society, Melbourne, Australia, 7–10 November 2011; pp. 1075–1080. [Google Scholar]

	



Ota, J.I.Y.; Sato, T.; Akagi, H. Enhancement of performance, availability, and flexibility of a battery energy storage system based on a modular multilevel cascaded converter (MMCC-SSBC). IEEE Trans. Power Electron. 2015, 31, 2791–2799. [Google Scholar] [CrossRef]

	



Lachichi, A. On modular multilevel converters-based batteries energy storage systems. In Proceedings of the 2015 IEEE 11th International Conference on Power Electronics and Drive Systems, Sydney, Australia, 9–12 June 2015; pp. 908–912. [Google Scholar]

	



Reniers, J.M.; Mulder, G.; Ober-Blöbaum, S.; Howey, D.A. Improving optimal control of grid-connected lithium-ion batteries through more accurate battery and degradation modelling. J. Power Sources 2018, 379, 91–102. [Google Scholar] [CrossRef]

	



Bouchhima, N.; Gossen, M.; Birke, K.P. Fundamental Aspects of Reconfigurable Batteries: Efficiency Enhancement and Lifetime Extension. In Modern Battery Engineering: A Comprehensive Introduction; World Scientific Publishing Company: Singapore, 2019; p. 101. [Google Scholar]

	



Bouchhima, N.; Gossen, M.; Schulte, S.; Birke, K.P. Lifetime of self-reconfigurable batteries compared with conventional batteries. J. Energy Storage 2018, 15, 400–407. [Google Scholar] [CrossRef]

	



Quraan, M.; Yeo, T.; Tricoli, P. Design and control of modular multilevel converters for battery electric vehicles. IEEE Trans. Power Electron. 2015, 31, 507–517. [Google Scholar] [CrossRef]

	



Kersten, A.; Kuder, M.; Grunditz, E.; Geng, Z.; Wikner, E.; Thiringer, T.; Weyh, T.; Eckerle, R. Inverter and battery drive cycle efficiency comparisons of chb and mmsp traction inverters for electric vehicles. In Proceedings of the 2019 21st European Conference on Power Electronics and Applications (EPE’19 ECCE Europe), Genova, Italy, 3–5 September 2019; pp. 1–12. [Google Scholar]

	



Josefsson, O. Investigation of a Multilevel Inverter for Electric Vehicle Applications. Ph.D. Thesis, Chalmers University of Technology, Göteborg, Sweden, 2015. [Google Scholar]

	



Wang, D.; Liu, J.; Piegari, L.; Song, S.; Chen, X.; De Simone, D. A Battery Lifetime Improved Control Strategy of Modular Multilevel Converter for Electric Vehicle Application. In Proceedings of the 2019 IEEE 10th International Symposium on Power Electronics for Distributed Generation Systems (PEDG), Xi’an, China, 3–6 June 2019; pp. 594–598. [Google Scholar]

	



Ma, Y.; Lin, H.; Wang, X.; Wang, Z.; Ze, Z. Analysis of battery fault tolerance in modular multilevel converter with integrated battery energy storage system. In Proceedings of the 2018 20th European Conference on Power Electronics and Applications (EPE’18 ECCE Europe), Riga, Latvia, 17–21 September 2018; pp. 1–8. [Google Scholar]

	



Tsirinomeny, M.; Rufer, A. Configurable modular multilevel converter (CMMC) for flexible EV. In Proceedings of the 2015 17th European Conference on Power Electronics and Applications (EPE’15 ECCE-Europe), Geneva, Switzerland, 8–10 September 2015; pp. 1–10. [Google Scholar]

	



Martel, T.; Rufer, A. Electric vehicle driving and fast charging system based on configurable modular multilevel converter (CMMC). In Proceedings of the 2013 15th European Conference on Power Electronics and Applications (EPE), Lille, France, 2–6 September 2013; pp. 1–10. [Google Scholar]

	



Buberger, J.; Kersten, A.; Kuder, M.; Singer, A.; Mashayekh, A.; Estaller, J.; Thiringer, T.; Eckerle, R.; Weyh, T. Charging strategy for battery electric vehicles with a battery modular multilevel management (bm3) converter system using a pr controller. In Proceedings of the 2021 23rd European Conference on Power Electronics and Applications (EPE’21 ECCE Europe), Ghent, Belgium, 6–10 September 2021; pp. 1–10. [Google Scholar]

	



Buberger, J.; Estaller, J.; Grupp, W.; Schwitzgebel, F.; Wiedenmann, A.; Mashayekh, A.; Kuder, M.; Eckerle, R.; Weyh, T. AC and DC Charging for Electric Vehicles with a Battery Modular Multilevel Management (BM3) Converter System. In Proceedings of the PCIM Europe 2022: International Exhibition and Conference for Power Electronics, Intelligent Motion, Renewable Energy and Energy Management, Nuremberg, Germany, 10–12 May 2022; pp. 1–8. [Google Scholar]

	



Ahmad, A.; Qin, Z.; Wijekoon, T.; Bauer, P. An Overview on Medium Voltage Grid Integration of Ultra-fast Charging Stations: Current Status and Future Trends. IEEE Open J. Ind. Electron. Soc. 2022, 3, 420–447. [Google Scholar] [CrossRef]

	



Tu, H.; Feng, H.; Srdic, S.; Lukic, S. Extreme fast charging of electric vehicles: A technology overview. IEEE Trans. Transp. Electrif. 2019, 5, 861–878. [Google Scholar] [CrossRef]

	



IEC 61851-1; Electric Vehicle Conductive Charging System-Part 1: General Requirements. IEC: Geneva, Switzerland, 2010; pp. 1–99.

	



Suarez, C.; Martinez, W. Fast and ultra-fast charging for battery electric vehicles–a review. In Proceedings of the 2019 IEEE Energy Conversion Congress and Exposition (ECCE), Baltimore, MD, USA, 29 September–3 October 2019; pp. 569–575. [Google Scholar]

	



Smith, D.; Ozpineci, B.; Graves, R.L.; Jones, P.; Lustbader, J.; Kelly, K.; Walkowicz, K.; Birky, A.; Payne, G.; Sigler, C.; et al. Medium-And Heavy-Duty Vehicle Electrification: An Assessment of Technology and Knowledge Gaps; Technical Report; Oak Ridge National Laboratory (ORNL): Oak Ridge, TN, USA, 2020. [Google Scholar]

	



Meintz, A.; Starke, M.; Bohn, T. Charging Infrastructure Technologies: Development of a Multiport, > 1 MW Charging System for Medium-and Heavy-Duty Electric Vehicles; Technical Report; National Renewable Energy Laboratory (NREL): Golden, CO, USA, 2022. [Google Scholar]

	



Industry Experts, Researchers Put Charging Systems for Electric Trucks to the Test—nrel.gov. Available online: https://www.nrel.gov/news/program/2021/industry-experts-researchers-put-charging-systems-for-electric-trucks-to-test.html (accessed on 21 November 2022).

	



Balachandran, A. Battery-Integrtated Modular Multilevel Converter Topologies for Automotive Applications. Ph.D. Thesis, Linköping University, Linköping, Sweden, 2023. [Google Scholar] [CrossRef]

	



Balachandran, A.; Jonsson, T.; Eriksson, L. Design and Analysis of Battery-Integrated Modular Multilevel Converters for Automotive Powertrain Applications. In Proceedings of the 2021 23rd European Conference on Power Electronics and Applications (EPE’21 ECCE Europe), Online, 6–10 September 2021; pp. 1–12. [Google Scholar]

	



Starke, M.; Moorthy, R.S.K.; Adib, A.; Dean, B.; Chinthavali, M.; Xiao, B.; Campbell, S. A MW scale charging architecture for supporting extreme fast charging of heavy-duty electric vehicles. In Proceedings of the 2022 IEEE Transportation Electrification Conference & Expo (ITEC), Anaheim, CA, USA, 15–17 June 2022; pp. 485–490. [Google Scholar]

	



Moorthy, R.; Starke, M.; Dean, B.; Adib, A.; Campbell, S.; Chinthavali, M. Megawatt Scale Charging System Architecture. In Proceedings of the 2022 IEEE Energy Conversion Congress and Exposition (ECCE), Detroit, MI, USA, 9–13 October 2022; pp. 1–8. [Google Scholar]

	



Makoschitz, M. Multi-megawatt charging to foster the mobility transition. In e & i Elektrotechnik und Informationstechnik; Springer: London, UK, 2022; pp. 1–3. [Google Scholar]

	



CharIN. CharIN Whitepaper Megawatt Charging System (MCS). 2022. Available online: https://www.charin.global/media/pages/technology/knowledge-base/c708ba3361-1670238823/whitepaper_megawatt_charging_system_1.0.pdf (accessed on 23 January 2023).








[image: Electricity 04 00005 g001 550] 





Figure 1. Schematic of battery-integrated modular multilevel converters (BI-MMCs) for an Nph-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]. 
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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. 
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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]. 
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Figure 5. Total submodule losses for all the DC charging scenarios considering a maximum charging power of   P  max  c   for all topologies with 1, 6, and 12 Ns(cells). 
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Figure 6. Total semiconductor losses considering both   N  sm  t   (  P  sc   l ( t )   ), CDC-T, and   N  sm  c   submodules (  P  sc   l ( c )   ), CDC-C, during traction at a maximum power of 400 kW for all topologies with 1, 6, and 12 Ns(cells). 
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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 Ns(cells) with the maximum allowable DC voltage and current for MCS [34]. (a) maximum BI-MMC DC link voltage (  U pn  ) and the maximum MCS DC charger voltage (  U   dc ( c )   max  ), and (b) maximum DC charger current (  I  max  c  ) the maximum MCS DC charger current (  I  mcs  c  ). 
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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 Ns(cells). 
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Figure 9. The submodule temperature for all topologies with 1, 6, and 12 Ns(cells) at a maximum charging power of   P  max  c  . 
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Table 1. Design parameters for a 400 kW 40-ton commercial vehicle.
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	Parameters
	Symbol
	Value





	Maximum tractive power
	   P  max  t   
	400 kW



	AC phase-to-phase voltage
	Uv
	440 V



	Electric machine nominal speed
	-
	1000 rpm



	Load power factor
	   cos ( ϕ )   
	0.9



	Maximum modulation index
	Mmax
	0.85



	MCS DC charging voltage †
	   U   dc ( c )   max   
	1250 V



	MCS DC charging current †
	   I  mcs  c   
	3000 A



	MOSFET CDC switching frequency
	CDC–  f sw c  
	≈1 mHz



	Total energy stored in the batteries
	Ebatt
	1 MWh







† MCS standards [34].
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