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ABSTRACT Electric Vehicles (EVs) based on Cascaded H Bridge (CHB) promise reduced consumption
and improved modularity, 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
standard 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 representation (EMR),
Driving cycle, Loss evaluation, Electric Vehicles

I. INTRODUCTION
Limiting 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 green-
house gases (GHG) 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
density and improved drivetrain efficiency. Battery durability
depends on vehicle usage [4], [5]. Addressing these issues
requires improving energy and material efficiency in produc-
tion and usage, enhancing system durability and resilience,
and promoting circular material flows [1], [6].

Electric vehicles typically utilize two-level inverters (2LI),
predominantly with IGBT transistors or more recently in-
corporating SiC MOSFETs. The performance of this vehicle
architecture is well-documented [7], [8]. However, advance-
ments can be achieved by integrating greater intelligence into
batteries to improve their life duration [9], [10]. Various
modular multilevel converter (MMC) structures, including
the classical 6-legged MMC and Cascaded H-bridges (CHB)
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 [11].
Consequently, this article focus on CHB multilevel convert-
ers, pioneered by Tolbert et al. [12]. The association of CHB
converters with energy storage devices has recently gained
in importance [9], [13], [14]. Automotive and battery storage
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FIGURE 1. Cascaded H-Bridge inverter integrated to an electric vehicle

companies consider this architecture as a future trend, like
Stellantis, Saft and others [15], [16]. 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 energy storage systems (BESS) and holds
promise for V2G applications [17]–[20].

The literature typically discusses CHB configurations with
3 to 6 modules per phase [13], [14], [18], [21]–[23], re-
quiring medium-voltage Si MOSFETs, from 80 V to 120 V
for 2 or 3 modules [13], [23]. A low number of modules
induce the use of high-frequency modulations to power the
electric motor. Mainly papers in the literature use phase-
shifted pulse-width modulation (PS-PWM) or level-shifted
PWM (LS-PWM) [18], [21], [22], [24]. Using PWM increase
the switching losses in the inverter.

Unlike PS-PWM, selective harmonic elimination (SHE)
[12], [25], and nearest level control (NLC) [14], [26] can
significantly reduce the switching frequency, but necessitat-
ing a large number of modules (greater than 10), to maintain
the waveform quality. This work aims to study a CHB with
24 modules per phase, connected directly at the battery
side (Fig. 1), based on a prototype developed by Stellantis
[15]. This highly modular configuration decreases the battery
module voltages, enhancing the safety, efficiency, and scal-
ability of the powertrain. Thus, H-Bridges are constructed
using low-voltage MOSFETs. In this study, NLC is chosen
for its ease of implementation and significant reduction in
switching losses.

However, NLC is rarely considered for power electronics
losses evaluation due to the inability to create an average
model for switching losses. So, there is a lack of knowledge
and methods to evaluate the potential of such a system for
EVs, as this paper wants to contribute.

Comparing performances 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. [25] focus on battery behavior using
SHE. While [13] adopt a backward approach to compare 2LI
and CHB during driving cycles, without considering battery
losses. Similarly, [23] focus solely on power electronics.
However, these works fail to consider the entirety of the

powertrain, resulting in limited scopes and inevitable errors
in efficiency evaluation, as they systematically neglect the in-
teraction between batteries and electronics. Present study ad-
dresses this gap by comprehensively considering the various
losses incurred throughout the entire powertrain, enabling a
more equitable comparison with existing technologies.

The objective of this paper is to evaluate the performance
of a low voltage CHB inverter for an EV application. To
that aims, the paper proposes a methodology to compute the
system from the high amount of battery modules (24 per
phase) to the vehicle chassis. This methodology should find
a compromise between highly detailed components models
and reduced simulation duration.

Evaluation criteria for structures should include efficiency
and consumption during constant speed sequences or realistic
driving cycles [27]. Modeling and simulation results for
specific operating points do not provide a fair basis for
comparing a CHB inverter with existing structures, such
as the 2LI. However, driving cycle simulations can spend
several hours and require substantial computing capacities,
particularly when considering electrical dynamics. Addi-
tionally, unlike PWM, NLC cannot be averaged to reduce
computation time [13], [28]. Hence, our methodology dis-
tinguishes between electrical and mechanical dynamics to
address these challenges. Therefore, a contribution is to
compare CHB, IGBT and SiC inverters demonstrating the
need for a systemic approach.

A novel system-level model has been developed, incor-
porating the entire system’s losses. Unlike conventional
methods that often study components individually [23], [25]
or combined using a backward approach [13], our model uses
a forward approach, capturing the reciprocal interactions
between all subsystems.

The key contributions of this paper are as follows:
1) A CHB inverter with a high number of modules per phase
(24) is proposed to power an electric vehicle (EV).
2) A methodology is developed to compute the inverter
losses when using Nearest Level Control (NLC), which is
integrated into a powertrain simulation.
3) The performances and losses at the component level,
including the batteries and CHB inverter, are analyzed across
a wide operating range.
4) The proposed vehicle’s performance is evaluated and
compared with current 400 V and 800 V vehicle topologies.

The following sections are organized as follows. Firstly,
section II presents CHB inverter structure and its model. Our
developed simulation tools are validated by comparison with
real tests on CHB prototype in section III. Then, section IV
shows a comparison with conventional 2LI structures, IGBT
and SiC, from the model to the efficiency in the torque-speed
field. Finally, section V 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.
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II. CASCADED H-BRIDGE INVERTER MODELING
A Cascaded H-bridge inverter supplies a PMSM, 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. As the battery cell voltage is around 4 volts, a
module voltage is approximately 16 V, which allows the use
of low-voltage MOSFETs for the H-bridges. To avoid the
need for an on-board charger and achieve European electric
grid compatibility (230-400 V), the embedded battery cells
must be increased, totaling 288 cells. Eliminating the charger
and placing the battery closer to the converter optimizes the
available space, allowing for increased battery capacity.
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FIGURE 2. Cascaded H-Bridge inverter connected to a PMSM

A. ENERGETIC MACROSCOPIC REPRESENTATION
To address the problem posed in this article, a comprehensive
system model must be developed, spanning from the battery
to the wheel, and leveraging existing models available in the
literature. This paper adopts the EMR formalism to organize
and interconnect models based on physical energy properties.
EMR formalism is commonly employed in the transport field
to model and control complex and multi-source energetic
systems [5], [28], [29]. 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 Fig. 3, providing the foundation for the ensuing
model equations. Vector representation is employed for a
concise and adaptable model, with dimensions indicated
between arrows. A complete description of the model is
given in [26]. The upper part of Fig. 3, in orange and green,
represents the model following the equations developed from
Section II.B to II.E. The lower parts, in light blue and
dark blue, represent the local control scheme and the global
control strategy with explanations provided in Section II.F.

B. STRUCTURE AND OPERATING MODE
The phase voltages vp can be expressed as the sum of
module voltages vp,m, (1). Each module carry the same
phase current, (2). By construction, (3) and (4) demonstrate
couplings inside a module from the machine side, while (5)
and (6) show the same from the battery side. Equations
(1) to (6) which model the H-Bridges and there serial
connections, are represented in EMR using three coupling
elements : double orange squares in Fig. 3.

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
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.

C. LITHIUM BATTERY CELLS
Lithium batteries are typically modeled using a serial RC
network and a static resistor, which provide a reasonable
approximation of cell behavior. This study adopts a static
model to reduce computation time and assumes perfectly
balanced battery cells with identical open-circuit voltage
(OCV). The CHB inverter allows for perfect SoC balancing
between cells due to its numerous modules. Several strategies
have been proposed in the literature [14], [26]. The strategy
described in [26] is implanted in the prototype used to
validate the models (section III-B).

D. LOW-VOLTAGE SILICON MOSFETS
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 ½-bridge
experience both conduction and switching losses. Conduc-
tion losses are modeled using a voltage drop attributed to
a series resistance RDSon

(7). Additionally, switching losses
are modeled by an additional input current ip,m,b sw (8).

vp,m,b = fp,m,b vp,m,b bat −RDSon
ip,m,b (7)

ip,m,b bat = fp,m,b ip,m,b + ip,m,b sw (8)

Switching losses for Si MOSFETs are challenging to
model due to limited manufacturer data and the complexity
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FIGURE 3. Energetic Macroscopic Representation of a CHB Inverter with a Y-PMSM

of analytical models [31]. This study employs simplified for-
mulas (9), based on an Infineon application note, to calculate
three key energy terms [13], [32] : channel conduction Emos,
diode recovery Erec, and free-wheel diode conduction Efw.

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

(9)

The energies calculated as described are utilized as an
additional input current pulse on the battery side, as shown
in (10), 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 (10)

E. PERMANENT MAGNET SYNCHRONOUS MACHINE
The considered PMSM with salient poles is modeled in the
Park domain, as described by (11) to (15). Its dynamics are
governed by the inductances Ld and Lq, and the machine
in Fig. 3 includes three key components: Park transform, in-
ductive 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

(11)

Copper losses are modeled by a series resistance RCu(ω),
which depends on the speed ω and reflects the skin effect in
conductors due to frequency. The inductance equation (11)
are represented as an energy storage element in Figs. 3 and 8. ed = −ωΦq(id, iq)

eq = +ωΦd(id, iq)
(12)

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, (12), as well as the
electromagnetic torque Tem, (13). These equations takes
place on Fig. 3 into the multi-physical conversion element.

Tem = np (Φd(id, iq) iq − Φq(id, iq) id) (13)

ω = npΩ (14)

Iron losses are considered through a resistive torque TFe

calculated for a torque-speed operating point, as shown in
Equation 15. This element is highly dependent on the control
law employed, so they must be determined together.

T = Tem − TFe(Ω, Tem) (15)

F. CONTROL AND ENERGY MANAGEMENT
The control of the system given by blue elements in Fig. 3
is succinctly presented below. More information are given
in [26]. 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 [33], [34]. 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, (1) and (2), allows for enhanced degrees of free-
dom. These are used to balanced the SoC among the various
battery modules [26]. Additionally, as described in (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 operated
to recreate the sinusoids and determine the 6M command
orders fp,m,b.
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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 different
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.

III. SIMULATION AND VALIDATION
A. SIMULATION OF OPERATING POINTS
The simulation is conducted based on the previously ex-
pressed models to analyze the waveforms and energetic
quantities at each operating point (OP). Fig. 4 illustrates two
critical OPs: high speed and high torque, both representing
the same mechanical power of 30 kW.

(a)

(b)

FIGURE 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 induced by phase currents.

B. EXPERIMENTAL VALIDATION
A real size static prototype have been developed with a
battery capacity of 30 kWh [15] and a total of 72 modules,

Fig. 5. Fig. 6 illustrates a real operating point of the
CHB inverter connected to a driving machine. The voltage
waveform 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)

FIGURE 5. Photos of a 49-level CHB prototype [15]. (a) Cluster of 3
modules. (b) Phase rack.

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

The voltage waveform contains many high-frequency
spikes, the origin of which is difficult to determine. Elec-
tromagnetic interference is suspected to perturb the high-
voltage differential probes through common-mode currents.
The current waveform shows no spikes, which eliminates the
hypothesis of high-frequency power transfer.

The primary objective of this article is to examine ef-
ficiency 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 operat-
ing points through both experimental tests and simulations,
as shown in Table 1.

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
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operating point. The energy flowing from the structure to
the machine is measured using an integrator power meter
HIOKI PW3337 with a 100 kHz bandwidth. 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 estimation 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 1. 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 1 demonstrates promising findings, with experimen-
tal results closely matching simulations, differing by less
than two percentage points, thus validating the previous
models.

IV. COMPARISON WITH TWO-LEVEL INVERTERS (2LI)
A. THREE STRUCTURES TO COMPARE
A two-level inverter (2LI) connects a high-voltage DC bus to
a 3-phase traction machine using high-power switches like
IGBTs or SiC MOSFETs. For a 400-volt DC bus, created
by two parallel branches of 108 serial Li-ion NMC cells, the
output line voltage is limited to 245 V due to the sinusoidal
waveform. Higher DC bus voltages, such as 800 V with SiC
MOSFETs, increase the available output voltage, as detailed
in Table 2.

MachineBattery IGBT Inverter

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

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 [35]. 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 2. 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

The CHB configuration embed an increased number of
cells compared to 2LI configurations, due to the AC grid con-
nection constraint outlined in section II-B. This adjustment
results in the phase and line voltages presented in Table 2.
To ensure a fair comparison, the CHB will be Y-configured
similar to the SiC MOSFET 2LI, while the IGBT 2LI will
be ∆-configured.

The model of a two-level inverter (2LI) has been ex-
tensively studied, notably through the use of Energetic
Macroscopic Representation (EMR) [28]. Fig. 8 shows the
representation considered here.

Battery is modeled using a simple serial resistor approach
to estimate battery losses. Dynamic behaviors are negligible
in efficiency assessments and the battery’s resistance and
voltage are determined by the configuration and characteris-
tics of its individual cells. Concerning power switches, con-
duction losses are considered with a voltage drop, depending
on the transistor behavior. Switching losses are determined
using energies provided by manufacturers and integrated as
additional input current. Considering switching frequency is
significantly higher than the desired signal frequency, duty
cycles replace switching signals. Thus, simulation steps can
be wider than switching period.

TABLE 3. Transistors references

Transistor Reference Producer Volt. rat.

IGBT FS400R07A1E3 Infineon 650 V
MOSFET Si confidential - < 80V

MOSFET SiC ADP280120W3 STMicro 1200 V

B. EFFICIENCY IN TORQUE-SPEED FIELD
Simulations of the efficiency across a wide range of OPs are
depicted in Fig. 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.

Fig. 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 exhibit some enhancements.CHB proposes significant
improvements in this aspect with efficiency higher than
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FIGURE 9. Efficiency maps of the IGBT and SiC 2LI, and CHB powertrains.
The red curve represents the constant speed torque of the vehicle.

90 % since speed exceed 400 rpm, while speed needs to be
increased to 1200 rpm for SiC to achieve the same result.
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 [36]. As illustrated in Fig. 9, these
inefficient regions are considerably smaller for SiC 2LI
compared to IGBT 2LI, and even smaller for CHB configu-
rations.

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.

V. 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 [13], [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.

Efficiency map

Driving cycle

Electrical dynamics

Mechanical dynamics

Data analysis

Efficiency and 
comsumption
according to 
source of loss

FIGURE 10. Methodology, separated electrical and mechanical simulation

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 Fig. 10: a first
simulation campaign is conducted from the battery to the
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.

A simplified longitudinal model of the BEV is employed,
assuming straight motion without considering curves. Con-
sequently, 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.

This model is a classic example of EMR vehicle repre-
sentation. The equations and the EMR are detailed in [37],
[38], considering three dissipative terms: gearbox efficiency,
drag coefficient, and rolling resistance. Important parameters
are summarized in Table 4.
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FIGURE 11. EMR of an electric vehicle

TABLE 4. Vehicle parameters

Symbol Value

Vehicle mass mev 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

B. CONSTANT SPEED STUDY
Given the vehicle model, the torque required to sustain
a constant speed is computed (16), and depicted in red
on Fig. 9. The efficiency corresponding to this red curve
is determined on Fig. 12. Moreover, the consumption C
attributable to the traction chain can be evaluated as the ratio
of expended energy per travelled distance (driving cycle) or
the ratio of expended power divided by the vehicle speed v.

T =
Rwh

ηgb r

(
Crrmg +

1

2
ρSCx

(
Rwh

r
Ω

)2
)

(16)

0 20 40 60 80
100

120
140

Speed [km/h]

0
10
20
30
40
50
60
70
80
90

100

Ef
fic

ie
nc

y 
[%

]

2LI IGBT
2LI SiC
CHB
PMSM efficiency

0 20 40 60 80
100

120
140

Speed [km/h]

0

0.5

1

1.5

2

2.5

3

Co
ns

um
pt

io
n 

[k
W

h/
10

0k
m

]

FIGURE 12. Efficiency and consumption at constant speed, limited to the
traction chain

Fig. 12 illustrates superior efficiency and lower consump-
tion 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 performance
constraints and despite using Nearest Level Control. 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 5.

TABLE 5. 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 contex-
tualized within the influence of mechanical transmission
and aerodynamic forces, which predominantly affect con-
sumption 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.

C. DRIVING CYCLE ANALYSIS
To evaluate and compare vehicule’s consumptions in realistic
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 [27].

Fig. 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.
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FIGURE 13. Torque-Speed histogram of four driving cycles

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
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 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 configu-
ration, no significant gains are expected from replacing the
2LI architecture.

VI. DISCUSSION
The modeling of the traction chain from the battery to the
road is clearly stated in this paper, using EMR and forward
methodology for clarity and accuracy. Literacy traditionally
considers less energetic element and without interaction
between them. It is based on existing models that simplify
reality to limit computational power and time required to
simulate the entire system and its energetic performances.
For instance, only a static model of the batteries is con-
sidered. In reality, the slowest time constant (around 10
seconds) can have different consequences due to the specific
stress of a CHB using NLC. The error has been evaluated
for a classic structure and is negligible in this case [39],
but not yet for the cascaded structure. Accounting for this
would require significantly heavier calculations, as well as
the consideration of a parallel capacitor to absorb high
frequencies, as is done in real-world applications.

The machine model used here does not consider the effect
of harmonics on losses, particularly iron losses [40]. The
spectrum produced by the CHB is significantly different from
that of a conventional inverter, which has implications for the
machine’s performance. Future studies will need to assess the
impact on efficiency and mechanical stress.

The integration of MOSFET transistor switching losses
is based on simplified models validated through simulation
[13]. Although current circuit simulations provide results ac-
curately, these models still involve significant simplifications.
However, because the use of NLC reduces the number of
switching events, switching losses constitute a minor fraction
of total losses, making the resulting error negligible.

Experimental validation was successfully conducted
within a specific range of the torque-speed plane, despite
certain mechanical and electrical constraints inherent to the
experimental setup. Furthermore, the current measurement

protocol necessitates longer test durations for lower power
levels, it allowed the collection of valuable data points.
Future improvements to the test bench would enable access
to a broader torque-speed range, and complementary opti-
mizations, such as reducing battery capacity, are expected to
further accelerate the testing process, thereby increasing the
volume of data collected for deeper analysis.

Nonetheless, the individual models have been validated
in the literature, and the results obtained are consistent
with the comparison approach used subsequently. This paper
effectively clarifies the models employed, facilitating future
improvements to refine the reported results. The key contri-
bution of this work lies in the methodology used to model
and compare different structures.

The comparative results obtained prompt further investi-
gation. Specifically, the change in stress as the current move
from DC to AC, and increased battery losses, raise questions
about battery aging. The literature remains sparse on this
topic, despite some recent studies [25].

Finally, an important finding of the study is that improve-
ments in consumption are achieved primarily at low-speed
operating points which are highly important as many EVs are
used only in urban area. The CHB then extends the limits of
the 2LI, and the limiting factor becomes the machine itself.
Conversely, at high speeds, the traction chain has minimal
impact on consumption, reducing the benefit of improving
efficiency in these conditions.

VII. CONCLUSION
A novel powertrain based on a CHB inverter with 24
modules per phase is proposed to enhance the scalability,
the efficiency and the driving range of EVs. Combining
these benefits with the structure’s advantages in terms of
modularity, repairability, resilience, and versatility may make
this powertrain a key asset for future EVs.

To demonstrate the interest of this electric drive in terms
of efficiency, this article has developed a new methodology
to consider the switching losses of the Cascaded H-Bridge
(CHB) inverter driving by nearest level control (NLC). As
this type of inverter control causes significant variations in
switching frequency over time, the evaluation of the losses
is complex and waste a huge amount of time. To reduce
the computation time, the electric dynamic is performed
first to calculate the losses of the different components of
the powertrain and then include them to a global vehicle
simulation tool.

By using the tool developed, a comprehensive analysis of
component-level losses and system-level energy consump-
tion is performed. As many papers on multilevel converters
in the literature performed a comparison with a low number
of operating points, our tool allows us to study any operating
condition and in particular enables the evaluation of driving
cycles which are classically performed in electric vehicle
studies.
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A comparative study of power converters structure for
EV based on SiC MOSFET 2LI, IGBT 2LI, and CHB
inverters shown that the CHB inverter achieves comparable
or superior performance to other structures. An analysis of
efficiency maps, constant-speed curves, and driving cycles
reveals that the CHB especially exhibits superior efficiency
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 aerody-
namic forces at these speeds. Implementing a CHB inverter
causes a significant reduction in consumption during urban
cycles compared to IGBT and SiC options. Nonetheless,
a limitation remains in maintaining the same vehicle mass
across all configurations.

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. From this tool, it is possible to
simulate a wide range of battery modules, especially for high
module numbers such as 24 in this article. 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 distri-
bution 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 few 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 alter-
native 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.

APPENDIX

TABLE 6. Nomenclature

Symbol Unit

Bridge index b -
Rolling resistance Crr -
Battery open circuit voltage ebat V
PMSM Park electromotive forces ed, eq V
Channel conduction energy Emos J
Diode recovery energy Erec J
Diode conduction energy Efw J
Switching energy Esw J
Switching command (2LI) fp -
Switching command (CHB) fp,m,b -
Vehicle force F N
External force Fext N
Braking force Fbk N
Wheel force Fwh N
PMSM Park currents id, iq A
PMSM Park current references i∗d, i∗q A
Battery current ibat A
Phase current ip A
Phase battery current (2LI) ip bat A
Module output current ip,m A
Module battery current ip,m bat A
Half-bridge output current ip,m,b A
Half-bridge battery current ip,m,b bat A
Switching additional current (CHB) ip,m,b sw A
PMSM Park inductances Ld, Lq H
Module index m -
Vehicle mass mev kg
Dynamic mass mdyn kg
Number of modules (CHB) M -
Number of pole pairs np -
Number of cells (CHB) N -
Phase index p -
Number of parallel battery cells (2LI) P -
Recovery charge Qrr C
Gearbox ratio rgb -
Diode conduction resistance (CHB) RD Ω

MOSFET conduction resistance RDSon Ω

PMSM conduction resistance RCu Ω

Wheel radius Rwh m
Number of serial battery cells (2LI) S -
Drag coefficient SCx m2

Switching duration tsw s
Free-wheel duration tfw s
PMSM Mechanical torque T N m
PMSM Mechanical torque reference T ∗ N m
Electromagnetic torque Tem N m
Iron losses torque TFe N m
Wheel torque Twh N m
Simulation period Tsim s
Vehicle speed v m s−1
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TABLE 6. Nomenclature (continued)

Symbol Unit

Battery voltage vbat V
PMSM Park voltages vd, vq V
PMSM Park voltage references v∗d, v∗q , v∗0 V
Phase voltage vp V
Phase voltage reference v∗p V
Module output voltage vp,m V
Module output voltage reference v∗p,m V
Module battery voltage vp,m bat V
Half-bridge output voltage vp,m,b V
Half-bridge output voltage reference v∗p,m,b V

Half-bridge battery voltage vp,m,b bat V
Diode forward voltage (CHB) VF V
Switching indicator δsw -
Gearbox effiency ηgb -
Air density ρ kg/m3

PMSM Park magnetic fluxes Φd, Φq Wb
Electrical speed ω rad s−1

Mechanical speed Ω rad s−1

Wheel speed Ωwh rad s−1
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Applications des Technologies de l’Information
et de l’Energie, ENS de Cachan, Cachan. Since

September 2012, he has been an Assistant Professor at the Conservatoire
National des Arts et Métiers, Paris, France, where he carries out research
at the SATIE Laboratory. His principal fields of research include the EMC
of the power electronics converters.

VOLUME 00, 2024 13

This article has been accepted for publication in IEEE Open Journal of Vehicular Technology. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/OJVT.2025.3531652

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License. For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/


	Introduction
	Cascaded H-Bridge inverter modeling
	Energetic Macroscopic Representation
	Structure and operating mode
	Lithium Battery cells
	Low-voltage Silicon MOSFETs
	Permanent magnet synchronous machine
	Control and energy management

	Simulation and validation
	Simulation of operating points
	Experimental validation

	Comparison with two-level inverters (2LI)
	Three structures to compare
	Efficiency in Torque-Speed field

	Electric vehicle and realistic conditions
	Methodology
	Constant speed study
	Driving cycle analysis

	DISCUSSION
	CONCLUSION
	Biographies
	Gaël Pongnot
	Anatole Desreveaux
	Clément Mayet
	Denis Labrousse


