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Modelization and experimental validation of CHB
inverters for EVs and efficiency comparison with
IGBT and SiC inverters on realistic driving cycles

Gaël Pongnot, Anatole Desreveaux, Clément Mayet, Member, IEEE, Denis Labrousse

Abstract—Electric Vehicles (EVs) based on Cascaded H Bridge
(CHB) promise reduced consumption and improved modular-
ity, repairability, resilience, and versatility. This study focuses
on evaluating the efficiency of CHB inverters utilizing low-
voltage Si MOSFETs to improve EV performance and range.
Through a comprehensive system-level approach and modeling,
a simulation of the CHB-based powertrain is developed and
experimentally validated. Electrical and mechanical simulations
are conducted separately and finally combined to streamline
computation times. Subsequently, CHB-based EV is compared
with two-level inverters (2LI) across different driving cycles,
considering multiple sources of losses from the battery to the
road. Despite increased battery losses, CHB proves reduction of
consumption during urban driving cycles, making it a compelling
choice for sustainable commuter vehicles.

Index Terms—Cascaded H-bridge (CHB), Modular multilevel
converter (MMC), Multilevel inverter (MLI), Multilevel battery
storage system (BSS), SiC inverter, Energetic macroscopic repre-
sentation (EMR), Driving cycle, Loss evaluation, Electric Vehicles

I. INTRODUCTION

L IMITING global warming to 1.5 °C demands rapid and
deep cuts in greenhouse gas emissions [1]. Introducing

carbon budgets and striving for net zero emissions are vital
steps. Road transportation contributes one-sixth of global
emissions [2].

Electric vehicles powered by low-GHG electricity, coupled
with improved vehicle usage, could be transformative in this
regard [1], [2]. In 2022, EVs accounted for 21% of European
sales [3]. To penetrate the market further, EVs need better
range and cost, achievable through higher battery energy den-
sity and improved drivetrain efficiency. As renewable energy
sources rise, the need for energy storage grows, with EVs
potentially aiding future smart grids via Vehicle-to-Grid (V2G)
technology.
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Fig. 1. Cascaded H-Bridge inverter integrated to an electric vehicle

Li-ion batteries have become essential in EVs and grid
storage over the past decade [4], enabling vehicle electrifica-
tion. However, their high environmental footprint, [5], poses
challenges. Battery durability depends on vehicle usage [6],
[7]. Addressing these issues requires improving energy and
material efficiency in production and usage, enhancing system
durability and resilience, and promoting circular material flows
[1], [5].

Modern electric vehicles typically utilize two-level inverters
(2LI), predominantly with IGBT transistors or occasionally
incorporating SiC MOSFETs. The performance of this vehicle
architecture is well-documented [8], [9]. However, advance-
ments can be achieved by integrating greater intelligence
into batteries [10], [11]. Various modular multilevel converter
(MMC) structures, including the classical 6-legged MMC,
Cascaded H-bridges (CHB), and modular multilevel series
parallel (MMSP) converters, can be proposed for this purpose.
However, achieving the same motor voltage with an MMC
requires double the number of modules compared to a CHB,
leading to complex control strategies and requiring additional
inductors [12]. MMSP converters offer increased modularity
through parallel battery cell association but require numerous
switches, complex control strategies, and may induce cell
current pulses [13], [14]. Consequently, this article focus on
CHB multilevel converters, pioneered by Tolbert, Peng, and
Habetler [15].

The association of CHB converters with energy storage
devices has recently gained in importance [10], [16], [17].
This merging of energy storage with power electronics enables
direct AC supply to the traction machine and eliminates the
need for an onboard charger, figs. 1 and 2. This configuration
is also investigated for grid battery storage systems (BSS) and
holds promise for V2G applications [4], [18], [19].
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The literature typically discusses CHB configurations with
3 to 6 modules per phase [16]–[18], [20]–[22], requiring
medium-voltage Si MOSFETs, from 80 V to 120 V for 2 or
3 modules [16], [22]. In contrast, this study employs a 49-
level CHB with 24 modules per phase, enabling the use of
low-voltage Si MOSFETs with reduced on-resistance.

Various control strategies are available for CHB, including
selective harmonic elimination (SHE) [23], [24], phase-shifted
pulse width modulation (PS-PWM) [18], [20], [21], [25], and
nearest level control (NLC) [17], [26]. Unlike PS-PWM, SHE
and NLC exploit multiple levels to significantly reduce the
switching frequency, necessitating a large number of modules
to maintain waveform quality. Despite this, most articles opt
for PWM techniques. In this study, with a 49-level CHB,
NLC is chosen for its ease of implementation, substantial
reduction in switching losses, and high waveform quality at
higher voltages. However, NLC is rarely considered for power
electronics losses evaluation due to the inability to create an
average model.

Comparing the performance of different structures necessi-
tates a systemic approach with equitable modeling of each
element. Battery, power electronics, and machine control
strategies must be collectively examined to comprehend their
mutual interactions. Theliander, Kersten, Kuder, et al. [24]
focus on battery behavior using SHE. While Chang, Ilina,
Lienkamp, et al. [16] adopt a backward approach to compare
2LI and CHB during driving cycles, without considering
battery losses. Similarly, Ali and Khalid [22] focus solely on
power electronics. These works fail to account for the entirety
of the powertrain, resulting in limited scopes and inevitable
errors in efficiency evaluation, as they systematically neglect
the interaction between batteries and electronics. Present study
address this gap by comprehensively considering the various
losses incurred throughout the entire powertrain, enabling a
more equitable comparison with existing technologies.

To structure the system models and control of each com-
ponent, Energetic Macroscopic Representation (EMR) is em-
ployed, building upon prior research [27]. EMR formalism
is commonly employed in the transport field to model and
control complex and multi-source energetic systems [7], [28],
[29]. Its primary advantage lies in highlighting energetic inter-
actions between subsystems while adhering to the principles
of physical causality and properties [30].

Modelling cannot be used to compare structures only on
result simulations for well-chosen operating points. Evaluation
criteria for structures should include efficiency and consump-
tion during constant speed sequences or realistic driving cycles
[31]. However, driving cycle simulations can last several hours
and require substantial computing capacities, particularly when
considering electrical dynamics. Additionally, unlike PWM,
NLC cannot be averaged to reduce computation time [16],
[28]. Hence, our methodology distinguishes between electrical
and mechanical dynamics to address these challenges.

Therefore, the key contribution of this article is to compare
CHB, IGBT and SiC inverters demonstrating the need for
system approach. The following sections are organized as
follows. Firstly, section 2 presents CHB inverter structure and
its model. Our developed simulation tools are validated by

comparison with real tests on CHB prototype. Then, section 3
shows a comparison with conventional 2LI structures, IGBT
and SiC, from the model to the efficiency in the torque-speed
field. Finally, section 4 focus on the usage of these structures
for an electric vehicle, combining them with a vehicle model
including mechanical simulations. Evaluation and conclusion
are made on consumption during driving cycles.

II. CASCADED H-BRIDGE INVERTER

A. Structure and operating mode

A Cascaded H-bridge inverter supplies the electric machine
with three phases p, fig. 2. Three legs, each consisting of M
serial modules (24 in this case), produce the phase voltages
vp. A module comprises the association of an N -cell battery
(4 in this instance) with an H-bridge. The switches are created
using low voltage MOSFETs. To avoid on-board charger and
achieve European electric grid compatibility (230-400 V), the
embedded battery cells must be increased, totaling 288 cells.

MachineCascaded H-Bridge
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Fig. 2. Cascaded H-Bridge inverter connected to a Y-configured machine

The phase voltages vp can be expressed as the sum of
module voltages vp,m, eq. (1). Each module carry the same
phase current, eq. (2). By construction, eqs. (3) and (4)
demonstrate couplings inside a module from the machine side,
while eqs. (5) and (6) show the same from the battery side.

vp =

M∑
m=1

vp,m (1)

ip,m = ip (2)

vp,m = vp,m,1 − vp,m,2 (3)

ip,m,1 = −ip,m,2 = ip,m (4)

vp,m,b bat = vp,m bat (5)

ip,m bat = ip,m,1 bat + ip,m,2 bat (6)

The Nearest Level Command (NLC) is employed, lever-
aging the multitude of available levels. This strategy selects
the nearest available level from the reference, chosen for its
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Fig. 3. Energetic Macroscopic Representation of a CHB Inverter with a Y-PMSM

simplicity and reduced switching count compared to other
waveform modulations. On average, each transistor switch
less than twice during an electric period, making this choice
pertinent given the large number of modules considered.

B. Modelling

This paper adopts the Energetic Macroscopic Representation
(EMR) formalism to organize and interconnect models based
on physical energy properties. EMR, derived from Bond
Graph theory, provides a graphical depiction of complex
systems, illustrating interactions between elements through
action-reaction links while maintaining physical causality [30].
This technique effectively highlights the energetic properties
of the system, enabling the deduction of control structures and
strategies through model inversion [26].

The EMR of a CHB inverter connected to a machine is
depicted in Figure 3, providing the foundation for the ensuing
model equations. Vector representation is employed for a
concise and adaptable model, with vector dimensions indicated
between arrows. Equations (1) to (6) are represented using
coupling elements : double orange squares.

1) Batteries: Lithium batteries are intricate electrochemical
systems that can be accurately modeled, but their complexity
makes them impractical for implementation in powertrain
simulations. The dynamic behavior of batteries is generally
modelled with a serial RC network and a static resistor. These
models provides a reasonably accurate description of cell
behavior.

In most vehicular studies, only the static resistor is consid-
ered in the models because, in the case of a 2-Level Inverter
(2LI), the battery current remains constant when the output
power is constant. However, Theliander, Kersten, Kuder, et
al. [24] demonstrated that considering dynamic behavior leads
to improved efficiency in the case of CHB inverters, due to
the low-frequency component of the current. Despite this, for
the sake of reducing simulation times, this article intentionally
overestimates losses by employing a static model, see eq. (7).

vp,m bat = N ecell︸ ︷︷ ︸
ebat

−N Rcell︸ ︷︷ ︸
Rbat

ip,m bat (7)

Balancing module state of charge (SoC) is addressed by
various strategies developed for each control technique: SHE
[23], PS-PWM [18], [20], [21], and NLC [17], [26]. All these

strategies have demonstrated the capability to balance the SoC
effectively. Hence, this paper assumes that the battery cells are
perfectly balanced, and the open circuit voltage (OCV) ecell
is identical for every cell.

2) Si MOSFET: The H-bridge legs are controlled by a
switching command fp,m,b for switching cells (SC), illustrated
in fig. 3, with b representing the bridge index (1 or 2). These
legs experience both conduction and switching losses. Con-
duction losses are modeled using a voltage drop attributed to
a series resistance RDSon , see eq. (8). Additionally, switching
losses are modeled by an additional input current ip,m,b sw, see
eq. (9).

vp,m,b = fp,m,b vp,m,b bat −RDSon
ip,m,b (8)

ip,m,b bat = fp,m,b ip,m,b + ip,m,b sw (9)

Incorporating switching losses for Si MOSFETs is chal-
lenging because unlike IGBT or SiC modules, manufacturers
do not typically provide a characteristic of dissipated energies.
While analytical models do exist, they often require numerous
parameters and may lack fair accuracy [32].

In this study, switching energies will be determined using
simplified formulas, see eq. (10), following previous ap-
proaches [16], [33], which are based on an Infineon application
note. Three distinct terms are considered: channel conduction
Emos, diode recovery Erec, and diode conduction during free-
wheel time Efw. Their calculation relies on : the switching
time tsw, the free-wheel time tfw, the reverse recovery charge
Qrr and the diode model VF and RD.

Emos = vp,m,b bat ip,m,b tsw/2

Erec = Qrr vp,m,b bat

Efw = (VF +RD ip,m,b) ip,m,b tfw

(10)

The energies calculated as described are utilized as an
additional input current pulse on the battery side, as shown in
eq. (11), during a simulation period Tsim and when switching
is detected, denoted as δsw = 1.

ip,m,b sw =
Emos + Erec + Efw

Tsim vp,m,b bat
δsw (11)
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3) Permanent magnet synchronous machine (PMSM): A
synchronous machine with permanent magnets and salient
poles is considered. The machine’s behavior in the Park
domain is described by Equations (12) to (16). Dynamic
effects are derived from the inductances Ld and Lq. According
to the following equations, the PMSM presented in Figure 3
comprises three elements: Park transform, inductive energy
storage, and magneto-mechanical conversion.

 Ld(id, iq) id =
∫
(vd − ed −RCu(ω) id) dt

Lq(id, iq) iq =
∫
(vq − eq −RCu(ω) iq) dt

(12)

Copper losses are represented by a resistor in series with
the windings RCu(ω). This resistance includes a DC com-
ponent, which represents DC current losses, and a quadratic
component dependent on the speed ω, indicative of the skin
effect in the conductors. It is incorporated in the equation for
inductances, eq. (12), depicted in figs. 3 and 8 by the energy
storage element.  ed = −ωΦq(id, iq)

eq = +ωΦd(id, iq)
(13)

Magnetic fluxes Φd and Φq are functions of currents id and
iq. These flows are used in the expressions for electromotive
forces (emf) ed and eq, eq. (13), as well as the electromagnetic
torque Tem, eq. (14). These equations takes place on fig. 3 into
the multi-physical conversion element.

Tem = np (Φd(id, iq) iq − Φq(id, iq) id) (14)

ω = npΩ (15)

Iron losses are considered through a resistive torque TFe

calculated for a torque-speed operating point, as shown in
Equation 16. This element is highly dependent on the control
law employed, so they must be determined together.

T = Tem − TFe(Ω, Tem) (16)

4) Control and energy management: The system operates
in torque control mode, with the BEV source effectively acting
as an infinite inertia that dictates the machine’s rotational
speed. The magneto-mechanical element is inverted using
predetermined machine maps aimed at minimizing current
amplitude, referred to as Maximum Torque per Ampere
(MTPA), which generate reference currents i∗d and i∗q based
on reference torque T ∗ and measured speed Ω [34], [35]. The
machine inductances inversion requires a current controller,
implemented with a Proportional-Integral (PI) controller to
generate target dq voltages. Prior to performing the inverse
Park transform, a zero strategy may be introduced to modulate
the neutral point potential.

After finalizing machine control, the CHB inverter must
provide the requisite phase voltages v∗p . Transitioning from
3 pieces of information to 3M , the inversion of series module
coupling, eqs. (1) and (2), allows for enhanced degrees of
freedom. These are used to balanced the SoC among the

various battery modules [26]. Additionally, as described in
eq. (3), each H-bridge has four available configurations for
only three output states. The selection between the two zero-
voltage configurations is governed by the Module Strategy
block, which alternates between them. Finally, NLC is oper-
ated to recreate the sinusoids and determine the 6M command
orders fp,m,b.

As EMR is a flexible organisation tool, offering a quick
and simple means to modify the configuration of complex
systems by highlighting the coupling between different sub-
systems. This approach facilitates adjustments to the number
of modules M and the quantity of battery cells per module
N . Employing multiple strategy blocks within the proposed
framework simplifies the implementation of various control
strategies, such as alternative balancing methods or differ-
ent modulation techniques. Ultimately, adopting the approach
outlined in this paper enables the consideration of diverse
losses and constraints for each subsystem. Consequently, it
becomes feasible to separately quantify the contribution of
each subsystem, as demonstrated in this study.

C. Simulation of operating points

The simulation is conducted based on the previously ex-
pressed models to analyze the waveforms and energetic quan-
tities at each operating point (OP). Figure 4 illustrates two
critical OPs: high speed and high torque, both representing
the same mechanical power of 30 kW.

(a)

(b)
Fig. 4. Scopes of critical operating points. (a) High speed and low torque
(12 000 rpm, 2.5 N m). (b) High torque and low speed (300 rpm, 100 N m)

Impact of NLC is readily observed on these figures :
voltages progress in steps resembling stairs to form the desired
sinusoidal waveform. The current produced by the structure
at fig. 4a closely resembles a perfect sinusoid. Conversely,
when lower voltage levels are utilized, as shown in fig. 4b,
fewer modules are activated, resulting in a degradation of the
current waveform quality in the machine and consequently
leading to torque ripple. Furthermore, high currents affect the
voltage waveform, causing fluctuations in the voltage steps
due to voltage drops induced by phase currents.
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D. Experimental validation

A real size static prototype have been developed with a
battery capacity of 30 kWh [36] and a total of 72 modules,
fig. 5. Figure 6 illustrates a real operating point of the CHB
inverter connected to a driving machine. The voltage wave-
form exhibits distinct steps, indicating a poor low-frequency
harmonic content. However, the current remains smooth, with
only minor variations between pole pairs due to mechanical
imperfections in the machine.

(a) (b)
Fig. 5. Photos of a 49-level CHB prototype [36]. (a) Cluster of 3 modules.
(b) Phase rack.

Fig. 6. Experimental waveform at 5200 rpm and 40 N m

The primary objective of this article is to examine efficiency
and consumption. Therefore, the validation of the simulated
model will focus on energetic quantities. To achieve this, the
efficiency of the CHB inverter (comprising power electronics
and battery) is evaluated for three operating points through
both experimental tests and simulations, as shown in table I.

The measurement tests are conducted during a discharge
and recharge cycle of the battery. Initially, the State of Charge
(SoC) is set to 90 %, and the battery is discharged to a SoC
of 30 % using the driving machine at the selected operating
point. The energy flowing from the structure to the machine
is measured using an integrator power meter. Subsequently,
the battery is charged using AC recharge mode with a known
efficiency until reaching 90 % SoC again. The operating point
efficiency is then deduced by considering the discharge and

recharge energies, along with the recharge efficiency. A wide
range of SoC variation enhances the precision of SoC estima-
tion at start and end points but directly impacts efficiency due
to the OCV variation, resulting in a mean value.

However, the duration of the tests directly depends on the
power of the operating point and the battery capacity. The
tests conducted in this study required up to 6 hours for each,
and lower power tests would necessitate even more time,
potentially spanning days. Therefore, the validation is limited
to three medium-power points.

TABLE I
VALIDATION OF EFFICIENCY ESTIMATION

Speed [rpm] 2000 3500 5200
Torque [N.m] 60 50 40
Experiment [%] 90.7 95.4 96.1
Simulation [%] 92.6 94.9 96.2

Table I demonstrates promising findings, with experimental
results closely matching simulations, differing by less than two
percentage points, thus validating the previous models.

III. COMPARISON WITH TWO-LEVEL INVERTERS (2LI)

A. Structure and operating mode

A two-level inverter (2LI) acts as an interface between a
high-voltage DC bus and a 3-phase traction machine, utilizing
six high-voltage, high-current switches, typically IGBTs or
SiC MOSFETs, along with diodes.

MachineBattery IGBT Inverter

Fig. 7. Two-level inverter connected to a ∆-configured machine

When employing SiC MOSFETs, the DC bus voltage com-
monly increases, for instance, from 400 V to 800 V [37]. This
DC bus is supplied by a battery pack, which consists of battery
cells arranged in series or parallel connections. To create a
400-volt DC bus, two parallel branches of 108 serial Li-ion
NMC cells are used. When operating a 2LI, the available
output voltage is directly proportional to the DC bus voltage
and the number of serially connected cells S.

In the following, the SiC 2LI is used with a 800-volts
DC bus at a switching frequency of 20 kHz, double of the
IGBT 2LI in both cases [37]. To ensure a fair comparison
of the impact on power electronics and the battery, the same
machine is utilized in both cases. For consistency, the machine
is configured as ∆ for the IGBT setup and as Y for the
SiC configuration. This configuration ensures that the available
voltages observed by the machine are similar, table II.

The CHB configuration embed an increased number of cells
compared to 2LI configurations, due to the AC grid connection
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TABLE II
AVAILABLE VOLTAGE AND PMSM CONFIGURATION

2L Inverter CHB Inverter
Battery pack 108S2P 216S1P 24M4N

DC bus 400 V 800 V -
Phase voltage

√
2/4 SVcell

√
2/2 MNVcell

140 V 280 V 250 V
Line voltage 245 V 490 V 430 V

PMSM config. ∆ Y Y

constraint outlined in section II-A. This adjustment results in
the phase and line voltages presented in table II. To ensure a
fair comparison, the CHB will be Y-configured similar to the
SiC MOSFET 2LI, while the IGBT 2LI will be ∆-configured.

B. Modelling of IGBT and SiC inverters

Two-level inverters require a constant direct current from
the battery when the output power remains constant, which
is the case in electric simulations aiming to determine static
operating points. Therefore, this article employs only a clas-
sical serial resistor model, as depicted in eq. (17). Dynamic
behaviors are thus disregarded, like in most 2LI studies, having
no effect on losses and efficiency assessments.

The serial resistance Rbat and open-circuit voltage ebat of
the batteries are influenced by the characteristics of individual
cells, denoted by ecell and Rcell, as well as the configuration
of the battery pack. In this study, a serial-parallel battery pack
is analyzed, comprising S serial cells and P parallel branches.

vbat = S ecell︸ ︷︷ ︸
ebat

− S

P
Rcell︸ ︷︷ ︸

Rbat

ibat (17)

A DC bus connects the battery to the inverter legs (SC).
The coupling element on Figure 8 (double orange square)
represents this parallel association described by Equations (18)
and (19).

∀p, vp bat = vbat (18)

ibat =

3∑
p=1

ip bat (19)

Inverter legs are managed by a switching command fp,
experiencing conduction and switching losses. Conduction
losses are represented by a voltage drop vp cd, eq. (20), while

switching losses are captured by an additional input current
ip sw, eq. (21).

vp = fpvbat − vp cd (20)

ip bat = fpip + ip sw (21)

For IGBTs, the voltage drop vp cd is contingent on the
command fp and the current ip, as shown in eq. (22). To
estimate component voltages vF and vCE, a diode model is
applied, eq. (23), which is also suitable for IGBTs. Similarly,
for SiC MOSFETs, the voltage drop is directly proportional
to the forward current, as depicted in eq. (24), akin to Si
MOSFETs.

vp cd =

{
fp vCE(ip) + (fp − 1) vF(ip) if ip ≥ 0
fp vF(−ip) + (fp − 1) vCE(−ip) else if ip ≤ 0

(22)

v(i) = Vth log

(
1 +

i

Isat

)
+R i (23)

vp cd = RDSon
ip (24)

Switching losses are determined by the product of the
frequency and the switching energy. The latter is typically
provided by manufacturers under specific conditions and can
be fitted using linear or quadratic models depending on the
bus voltage vbat and phase current ip. Reference values for the
considered IGBT and SiC modules are outlined in Table III.
These losses are integrated into the model, as shown in
eq. (25), by adding an additional input current ip sw, defined
as the switching losses FEsw divided by the battery voltage
vbat.

ip sw =
Esw

vbat
F (25)

When the switching frequency is significantly higher than
the desired signal frequency, the command signal fp can be
replaced by its average value during a switching period α.
Equations (20) to (22) remain valid in this scenario, and
simulation steps can be wider than the switching period.

TABLE III
TRANSISTORS REFERENCES

Transistor Reference Producer Volt. rat.
IGBT FS400R07A1E3 Infineon 650 V
MOSFET Si confidential - < 80V
MOSFET SiC ADP280120W3 STMicro 1200 V

https://www.infineon.com/dgdl/Infineon-FS400R07A1E3-DS-v03_04-EN.pdf?fileId=db3a304325afd6e001261d0930996007
https://www.st.com/resource/en/datasheet/adp280120w3.pdf
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C. Efficiency in Torque-Speed field

Simulations of the efficiency across a wide range of OPs are
depicted in Figure 9, illustrating efficiency maps in the Torque-
Speed field for various structures: IGBT 2LI, SiC 2LI, and
CHB. These maps consider efficiency across batteries, power
electronics, and the machine.
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Fig. 9. Efficiency maps of the IGBT and SiC 2LI, and CHB powertrains.
The red curve represents the constant speed torque of the vehicle.

Figure 9 illustrates that the highest efficiency is attained with
SiC MOSFET 2LI, reaching 95.3 %. IGBT 2LI shows a slower
efficiency growth at low speeds, whereas SiC 2LI and CHB
exhibit enhancements in this aspect. Hence, an enhancement
in vehicle efficiency during urban cycles can be expected.

Regenerative braking stands as one of the most significant
improvements in electric vehicles compared to internal com-
bustion engine counterparts. Nevertheless, its indiscriminate
use can lead to inefficiencies, with certain areas of the Torque-
Speed field resulting in zero efficiency at low speed, wherein
battery energy is consumed for braking purposes. Hence, the
implementation of braking strategies becomes imperative in
vehicles [38]. As illustrated in Figure 9, these inefficient
regions are considerably smaller for SiC 2LI compared to
IGBT 2LI, and even smaller for CHB configurations.

Finally, vehicles are predominantly operated at low power
levels, which plays to the advantage of CHB configurations
since their higher-efficiency regions typically align with lower
power outputs compared to 2LI setups.

IV. ELECTRIC VEHICLE AND REALISTIC CONDITIONS

A. Methodology

Simulating a driving cycle (20 minutes) with a simulation
step compatible with electric period representation (8 ms at
100 km/h) can be computationally expensive. While estimating
the energetic behavior of a PWM-driven system is sufficient
with an average model [16], [28], the Nearest Level Control
strategy involves few switchings, sometimes using only a few
voltage levels. Therefore, simulations should deliver accurate
waveforms to ensure precise estimations of switching losses.

To avoid costly computation times, simulations are divided
between electrical and mechanical ones, which is possible
because mechanical dynamics are significantly slower than
electrical ones. This process is illustrated in Figure 10: a
first simulation campaign is conducted from the battery to the

Efficiency map

Driving cycle

Electrical dynamics

Mechanical dynamics

Data analysis

Efficiency and 
comsumption
according to 
source of loss

Fig. 10. Methodology, separated electrical and mechanical simulation

machine to obtain efficiency maps in the torque-speed field,
followed by a second campaign from the machine output to
the road to generate driving cycle trajectories in the same field.
The resulting data are then merged to determine the efficiency
and consumption of each element in the traction chain for
driving cycles. This approach gives similar results as an unique
simulation while reducing the computational burdens.

B. Mechanical transmission and vehicle models

A simplified longitudinal model of the BEV is employed,
assuming straight motion without considering curves. Conse-
quently, the torques of both sides wheels are assumed to be
perfectly equal. These hypotheses result in the EMR depicted
in fig. 11. Three energy sources are represented: the electric
drive (ED), the mechanical brake, and the environment.

Env.

Brake

BrakeGearbox Chassis

Braking
Strategy

Wheel

ED

Fig. 11. EMR of an electric vehicle

TABLE IV
VEHICLE PARAMETERS

Symbol Value
Vehicle mass m 1600 kg
Dynamic mass mdyn 1635 kg
Gearbox ratio rgb 9.8
Wheel radius Rwh 350 mm
Drag coefficient SCx 0.645 m2

Rolling resistance Crr 6.2 × 10−3

Air density ρ 1.2 kg/m3

The gearbox and differential are characterized by eq. (26),
where T represents the mechanical torque for the PMSM
and Ω denotes its rotational speed. The reduction ratio r
and other vehicle parameters are specified in Table IV. A
constant efficiency ηgb is assumed and applied depending on
power flow sign. These equations correspond to the relevant
conversion element depicted in fig. 11.
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{
Twh = r T η

sign(ΩT )
gb

Ω = rΩwh

(26)

Under the assumption of straight motion, a single equivalent
wheel is represented by eq. (27). The wheel radius Rwh

converts rotation to linear motion, where Twh denotes the
torque applied to the equivalent wheel, and Ωwh represents
its rotational speed.{

Fwh = Twh/Rwh

Ωwh = v/Rwh
(27)

An EMR source represent the mechanical brake, which
imposes a braking force Fbk equal to its reference F ∗

bk,
determined by the control of the BEV. The braking force Fbk

and force from the wheel Fwh are summed in eq. (28) to create
the driving force F of the vehicle. During slowdown phases,
a braking strategy needs to choose a distribution between
regenerative and dissipative brake according to the ED limits.
various solutions are available, as described by [39], [40].

F = Fwh + Fbk (28)

The vehicle’s motion is influenced by its dynamic mass
mdyn, composed of its mass m and the inertia of its rotating
parts, eq. (29). The vehicle speed v is determined by Newton’s
Law, eq. (30), calculated as the integral of the difference
between the total traction/braking force F and the resisting
force of the environment Fext. The latter, given by eq. (31),
accounts for rolling and drag forces.

mdyn = m+
4Jwh + Jgb

R2
wh

(29)

v =
1

mdyn

∫
(F − Fext) dt (30)

Fext = Crrmg +
1

2
ρSCxv

2 (31)

C. Constant speed study

Given the vehicle model, the torque required to sustain a
constant speed is computed eq. (32), and depicted in red on
fig. 9. The efficiency corresponding to this red curve is deter-
mined on fig. 12. Moreover, the consumption C attributable
to the traction chain can be evaluated using eq. (33) as the
expended energy E divided by the distance d (driving cycle)
or the expended power P divided by the vehicle speed v.

T =
Rwh

ηgb r

(
Crrmg +

1

2
ρSCx

(
Rwh

r
Ω

)2
)

(32)

C =
E

d
=

P

v
(33)

The plots depicted in Figure 12 illustrate superior efficiency
and lower consumption for CHB in comparison to SiC and
IGBT 2LI at low speeds. While SiC demonstrates better
performance than IGBT in this setup, CHB nearly reaches
the minimum achievable consumption owing to the machine’s
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Fig. 12. Efficiency and consumption of the traction chain at constant speed

performance constraints and despite using Nearest Level Con-
trol. The lowest consumption for each structure varies with
speed and is less (both in speed and consumption) for CHB
compared to SiC and IGBT, as outlined in table V.

TABLE V
LOWEST CONSTANT SPEED CONSUMPTION FROM BATTERY TO MACHINE

CHB 2LI SiC 2LI IGBT
Speed [km/h] 10.5 31.9 55.8
Consumption [kWh/100km] 0.50 0.74 0.97

On the contrary, CHB exhibits the highest consumption
at high speeds exceeding 130 km/h, performing worse than
IGBT. Nonetheless, this observation needs to be contextu-
alized within the influence of mechanical transmission and
aerodynamic forces, which predominantly affect consumption
at high speeds. Beyond 40 km/h, the powertrain contributes to
less than 20% of the vehicle’s consumption, a proportion that
diminishes towards 10% at higher speeds.

By nature, the constant speed approach neglects vehicle
dynamics and only examines a limited portion of the torque-
speed field. However, in reality, a significant portion of a
vehicle’s energy consumption occurs during dynamic phases.
Thus, driving cycles are essential for a more comprehensive
evaluation.

D. Driving cycle analysis

To evaluate and compare vehicule’s consumptions in real-
istic conditions, several driving cycles have been developped:
WLTC, USA City, Artemis... Here, INRETS cycles will be
used as they are representative of diverse European driving
scenarios, encompassing slow urban traffic (UL1), smooth
urban traffic (UF1), road (R1), highway (A1) conditions [31].

Figure 13 illustrates the exploration of the torque-speed
field by each of speed profile. As expected, urban driving
cycles predominantly operate at low speeds, while road and
highway profiles venture into higher speeds. Additionally,
road and highway cycles exhibit greater torque utilization for
more significant accelerations. Notably, the A1 cycle mainly
operates at high speeds and low torque, indicating constant
high-speed driving.

The vehicle’s comsumption can be split into four terms:
three for the powertrain (battery, power electronics and ma-
chine) and one for the rest (mechanical transmission, rolling
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Fig. 13. Torque-Speed histogram of four driving cycles
White to blue scale : occurrence frequency on arbitrary scale

and aerodynamic resistance) grouped under ”rolling” term.
The machine and rolling consumptions are independent of
the converter structure and remain consistent across different
structures for the same driving cycle.
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Fig. 14. Consumption of the EV for four driving cycles

Figure 14 shows the simulated consumption of each element
for the considered cycles. The use of CHB inverter allows a
great reduction of the consumption in slow urban speed profile
(UL1) compared to IGBT and SiC. CHB losses are no longer
located in power electronics but also in batteries. High speed
driving cycle illustrates the little impact of power electronics
and battery on the consumption. In this configuration, no sig-
nificant gains are expected from replacing the 2LI architecture.

V. CONCLUSION

A comparative study of power converters structure for
EV based on SiC MOSFET 2LI, IGBT 2LI, and Cascaded
H-Bridge (CHB) inverters reveals that SiC MOSFET 2LI
achieves the highest efficiency in the torque-speed domain,
reaching 95.3 %. Moreover, IGBT 2LI exhibits limited effi-
ciency at low speeds, while SiC 2LI and CHB show significant
improvements, suggesting a potential increase in the efficiency
of electric vehicles during urban driving cycles.

An analysis of efficiency maps, constant-speed curves, and
driving cycles reveals that the CHB exhibits superior effi-
ciency and lower consumption at low speeds compared to SiC
and IGBT 2LI. However, at very high speeds, CHB shows
higher consumption than SiC 2LI, although this is mitigated
by the dominant influence of mechanical transmissions and
aerodynamic forces at these speeds. Implementing a CHB
inverter leads to a significant reduction in consumption during
urban cycles compared to IGBT and SiC options. Nonetheless,
a limitation remains in maintaining the same vehicle mass
regardless of the structure.

Despite CHB-based EV offering improved efficiencies, our
findings suggest an increase in battery losses. This, combined
with changes in current loads, could potentially affect the
lifespan of battery cells. Further investigation is required.

The CHB-based EV model and its control, presented in this
paper, establish a versatile simulation tool that integrates all
constraints and strategies of the real system, including losses.
This tool has been validated through comparison with the
real system. Moreover, this method facilitates the adjustment
of system parameters and the implementation of various
control strategies. Moving forward, future studies will focus
on optimizing the distribution of cells within the structure
to determine the optimal division (M,N) of the battery into
modules. Altering the cell distribution affects the waveform,
and its implications on machine performance, as well as
harmonic content during recharge, will need to be evaluated.

The control strategy used here (NLC) has the advantage of
requiring very little switching. Contrary to initial expectations
in the literature regarding its performance at low speeds, our
findings suggest that NLC can be an efficient choice when a
sufficient number of levels are available. Exploring alternative
strategies like pulse width modulation may improve waveform
quality. A comparative study on the impact of these strategies
on efficiency, cell and machine aging, and harmonic distortion
could provide valuable insights.

CHB-based EVs seem to have a bright future. The reduction
in consumption is obvious. Combining these benefits with the
structure’s advantages in terms of modularity, repairability,
resilience, and versatility makes it a key asset for future EVs.
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