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Abstract—Motor Vehicle Challenge, supported by IEEE Ve-
hicular Technology Society, is an annual activity to find an
appropriate energy management strategy to improve electric
vehicles’ performance. In Challenge 2024, power losses and
efficiency of power converters using silicon carbide MOSFET
and an internal permanent magnet (IPM) motor are modelled
and implemented into an electric vehicle powertrain model for a
racing vehicle with hybrid energy storage sources. The objective
of the developed energy management strategy is to minimise
both the size, energy consumption of the energy storage sources
and the losses and cost of all the power electronics converters.
Participants from both academia and industry are welcome to
participate and submit the solutions for the Challenge.

Index Terms—Energy management, power electronics convert-
ers, electric machines, silicon carbide MOSFET, efficiency

I. INTRODUCTION

To fight against global warming and to reduce CO2 emission
of road transportation, the numbers of the electric vehicles
(EVs) have been growing in an exponential way recently.
Despite the improvement in driving range and the overall
performance in the last decade, there are still concerns over
EVs’ limited battery life, charging infrastructures, higher cost
and overall efficiency. To address these issues, battery man-
agement, hybrid energy storage components managements,
reliable and more efficient power electronics converter and
electric machines are all the important research areas to bring a
step change for EVs’ performance in comparison with today’s
technology.

With the purpose to attract more researchers and engineers
to improve EVs’ performance, an annual Motor Vehicle Chal-
lenge (MVC) was launched in IEEE VPPC 2016 and the
Challenge was supported by IEEE Vehicular Technology So-
ciety (VTS). In previous editions of the MVC, the participants
were invited to propose an energy management strategy (EMS)
to reduce operation cost of an hybrid vehicle [1], its fuel
consumption and the battery recharging cost [2], hydrogen
consumption of a dual-mode locomotive [3] and heavy-duty
track [4], battery state-of-charge of a dual-motor all-wheel

drive [5], and sizing of a commercial EV with hybrid dual-
energy storage systems [6].

In addition to an effective energy management strategy
to improve EVs’ performance, the efficiency of the power
electronics converters and electric machines play an equally
important role to extend the range and reduce the overall
system cost [7], [8]. We note that in previous editions of
the MVC, the used simulation model for power electronics
converters and electric machines are quite simple, which do
not represent their real power losses and efficiency over an
entire driving cycle. To address the issue, in MVC2024, we
will propose a simulation model that take into consideration
of the losses and efficiency of the power electronics converters
and electric machines. Therefore, the developed EMS will
produce simulation results more close to the real applications
than using a simple model, and it would be interesting to know
whether the previous winning EMS were still the best options.

In this paper, we will provide an EV model of a racing
vehicle from the University of Nottingham, and we will add
additional models of power losses and efficiency of power
converters and electric machine. The participant are required
to develop an appropriate EMS not only to minimise the size
and to extend the battery life, but also to reduce the overall
losses and cost of power converters and electric machine.

The paper is structured with following sections. Section
II describes the studied EV powertrain model. Section III
presents the loss model of the power electronics converters
and the electric machine. Following that, the requirement of
the EMS is described with more details in Section IV. The
paper is concluded finally in Section V.

II. ELECTRIC VEHICLE POWERTRAIN MODEL

The configuration of the studied EV as the platform of the
challenge is illustrated in Fig. 1. This platform is based on
a racing vehicle from the University of Nottingham whose
energy storage system is modified by the addition of a super
capacitor pack and two bi-directional DC/DC converters. This
configuration forms a hybrid energy storage system (HESS)



(a) Photo

(b) Configuration

Fig. 1: Photo and configuration of the studied EV

Fig. 2: Connection in battery system

that need to be managed optimally to extend the battery life-
span and/or racing distance.

The HESS energizes an internal permanent magnet (IPM)
motor through an inverter. This traction motor is connected to a
gearbox to drive the rear wheel of the EV. In this paper, losses
of all power electronic converters as well as of the traction
motor are taken into account when the vehicle runs.

A. Energy storage components model

1) Modeling of battery system: The battery system consists
of numbers of cells that are connected in series and parallel
as described in Fig. 2. Each cell is modeled by its equivalent
circuit as follows.

ucell = uOCV (SoC)− icellRint

SoC = 1− 1

3600Qrated

∫
icelldt

(1)

where, ucell and icell are voltage and current of each cell,
respectively. Rint is the internal resistance of battery cell,
Qrated denotes the cell capacity. In the model (1), the open
circuit voltage uOCV is a function of the state-of-charge
of the battery cell which is provided by an experimental
characteristic.

The relationship of the output voltage ubat and current ibat
of the whole battery pack and those of each cell can be
described by (2). ubat = nbat seriucell

icell =
1

nbat par
ibat

(2)

2) Modeling of super capacitor system: Super capacitor
(SC) system contains various cell/module as well. In this
challenge, a simple model (3) of SC is used.

usc = usc 0 −Resrisc −
1

Crated

∫
iscdt (3)

where, usc and usc 0 are the output voltage and the initial
voltage of the whole SC pack, respectively. Resr denotes the
equivalent series resistor, Crated is the capacitance of the SC
pack. isc is the current, going in or out of the pack.

B. Power electronics converter model

As illustrated in Fig. 1b, two DC-DC bi-directional power
converters are used to connect between each energy storage
source and the DC bus. For battery converter, the voltage and
current are modelled by following equations (the SC converter
follows the same form):{

uch bat = mbatudc

ich bat = mbatibatη
−k

(4)

where mbat is the duty cycle, η is the efficiency and k is a
parameter represents the direction of the current ibat. k = 1
when ibat < 0 and k = −1 when ibat > 0.

C. Electric machine model

The model of the traction IPM motor is developed on
d-q frame which includes three parts, i.e., electric, electro-
mechanic, and mechanic models [9].

The electric equations of the IPM motor includes models of
the armature and the field which are the relationship between
input voltages in d-q frame Ud, Uq and motor currents Id, Iq .

Id = (Ud − Ed)
1

Lds+Rs

Iq = (Uq − Eq)
1

Lqs+Rs

(5)

where, Ld, Lq and Rs are inductance on d, q axes and
resistance of motor winding, respectively. Ed and Eq denote



Fig. 3: Commercial 1200V/100A SiC-MOSFET power module
[11]

the back electromotive force (EMF) which are obtained from
electro-mechanic model as follows.

Te =
3p

2
[ϕpmIq + (Ld − Lq)IdIq] (6)

Ed = −LqIqωe

Eq = LdIdωe + ϕpmωe

(7)

where, Te is the motor torque at its shaft, ϕpm is the flux of
the permanent magnet, ωe is the synchronous speed which is
calculated from the number of pole pair p and the rotor speed
Ωm, i.e., ωe = pΩm.

The mechanical model of the IPM motor is written as
follows.

Te − Tload = J
dΩm

dt
(8)

in which, Tload is the load torque, and J is the moment of
inertia of the motor. In EV applications, the load torque is all
resistance in the system that is converted to the shaft of the
motor, for example, air and rolling resistance force.

III. POWER ELECTRONICS CONVERTER AND ELECTRIC
MACHINE LOSSES MODEL

A. Silicon carbide power module

With the superior characteristics to operate at higher power,
efficiency and temperature than silicon power semiconductor
devices, silicon carbide (SiC) power transistors and modules
are becoming more and more popular to be applied in EV-
based power electronics converters [10].

We will use a 1200V/100A SiC-MOSFET module
(CAB011M12FM3) [11] for this challenge, which is shown in
Fig. 3. The module is in half-bridge layout, with one MOSFET
located at upper side and another one located at lower side.
As MOSFET has a body-diode, the current can flow through
each MOSFET in bi-direction.

Power losses of a SiC-MOSFET can be divided into both
conduction losses and switching losses. Dependent on the
current direction, the losses of each MOSFET is different and
will be analysed below.

B. Power converter losses mechanism

A half-bridge layout is presented in Fig. 4, where the control
signals of the two MOSFETs of one switching cycle are
complementary to each other. Between 0-t1 and t2-t3, the
lower device S2 is in conduction, and we need to count device
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Fig. 4: Loss mechanism of a half-bridge layout
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Fig. 5: Modelling power converter losses used in the EV
powertrain

conduction losses. By contrast, between t1-t2, we need to
count conduction losses Pcond of upper device S1. When the
current is superior to 0 under the direction illustrated in the
figure, there are switching losses Psw of S1 at instant t1 and
t2 because current and voltage of S1 are in the same sign. As
current and voltage of S2 are in opposite sign, the switching
losses of S2 can be neglected. Therefore, for MOSFET S1,
the average power losses PHS

loss of one switching cycle is:

PHS
loss = Pcond ·m+ Esw · fsw (9)

For MOSFET S2, the average power losses PLS
loss of one

switching cycle is:

PLS
loss = Pcond · (1−m) (10)

In the above equations, m is the duty cycle of MOSFET
S1, Esw is the switching energy and fsw is the switching
frequency.

When the current direction is inferior to 0, we need to only
consider Pcond for upper device, but both Pcond and Psw for
lower device.



(a) Dependency of Esw with switching current

(b) Dependency of Esw with temperature

Fig. 6: Dependency of Esw with switching current and tem-
perature [11]

TABLE I: Power losses of each transistor used in the EV
powertrain

ibat > 0 ibat < 0

PLS
loss of S2 Pcond(1-mbat)+Psw Pcond(1-mbat)

PHS
loss of S1 Pcondmbat Pcondmbat+Psw

C. Power converter losses model

The presented DC-DC converter can be replaced by the
above half-bridge circuit. The equivalent circuit is then given
in Fig. 5. The power losses of each transistor can be sum-
marised in TABLE I depending on the direction of the battery
current ibat.

Both eq.(9) (10) can be used to calculate transistor losses.

Pcond = i2bat ·Ron (11)

Where Ron is the ON-state resistance of the MOSFET, and
its dependency with the temperature is not considered here.

Fig. 7: Powertrain system representation including power
converter losses

Regarding switching energy Esw, it is mainly dependent on
the switching current rather than the temperature (Fig. 6). The
current dependency can be modelled by a linear function.

Esw = aswibat + bsw (12)

Finally, Tj of each MOSFET can be obtained by the thermal
equation:

Tj − Tamb = P x
loss ·Rth (13)

where x represents either HS or LS MOSFET, Tamb is
ambient temperature of 20◦C and Rth is junction to heatsink
thermal resistance of 0.5◦C/W .

Therefore, the total losses of the power converter is:

Ploss = PLS
loss + PHS

loss (14)

And the efficiency of the power converter can be obtained
as:

η =
ibat · udc ·mbat − Ploss

ibat · udc ·mbat
(15)

The implementation of the presented power converter loss
and efficiency model for both battery and SC DC-DC con-
verters is shown in Fig. 7, where the losses and efficiency
can be simulated and obtained together with the powertrain



system control model. For battery converter, the input to the
subsystem for loss and efficiency simulation is ibat, udc and
mbat, and the output of the subsystem is total power losses
and the efficiency η. The efficiency will be fed back to the
DC/DC converter model to compute the current ich bat.

The same loss and efficiency model is also implemented
for SC DC-DC converter and for the inverter, therefore the
loss and efficiency can be obtained with the whole powertrain
control model.

D. Electric machine losses model

The motor loss is mainly caused by materials of the motor,
in which, iron loss Pfe in the core and copper loss Pcu in the
stator coil are dominant. The iron loss consists of hysteresis
and eddy current losses which happen when working in
alternating field. Besides, there are also losses caused by
higher winding space and slot harmonics that is called stray
loss Pstr. The total motor loss Ptot in this paper is written as
follows [12].

Ptot = Pcu + Pfe + Pstr

=
3

2
Rs(I

2
d + I2q ) + cfeω

γ
e (λ

2
d + λ2

q) + cstrω
2
e(I

2
d + I2q )

(16)

where, λd = LdId + ϕpm and λq = LqIq are the motor flux
on the d- and q-axis. cfe, cstr are iron loss and stray loss
coefficients, respectively. γ is chosen of 1.6.

IV. ENERGY AND POWERTRAIN LOSSES MANAGEMENT

As illustrated in Fig. 7, we will use the approach of energetic
macroscopic representation (EMR) for the control of the
powertrain [13], as EMR has been widely applied for energy
management and control of complex electro-mechanic systems
such as electric vehicle [14], [15], railway [16], subway [17],
[18], and renewable energy systems [19].

A. Objective

The objective of the MVC is to propose a strategy to deal
with the two degrees of the freedom (Ibat ref and Id ref in
Fig. 7), which is able to minimise the size, energy consumption
of the energy storage components as well as the losses of
the powertrain (power converters and electric machine) and
the cost (the numbers of the SiC-MOSFET modules) over a
provided driving cycle (one example is given in Fig. 8).

An objective function is defined as

J = k1∆SoC+k2|∆usc|+k3σcell+k4Eregen+k5P
tot
loss+k6N

(17)
where kn is a weighting factor.
∆SoC shows the energy of the battery consumed for the

EV to travel throughout a given driving cycle.
σcell is the standard deviation of each battery cell current

which is obtained by (18)

σcell =

√∑N
i=1(icell(i)− µ)2

Ncell
(18)

Fig. 8: A driving cycle used in simulation

with µ is the value that is calculated as follows

µ =

∑N
i=1 icell(i)

N
(19)

Eregen is the regenerative energy to the battery when
deceleration/braking.

Eregen =

∫ t

0

ubatibatdτ

∣∣∣∣
ibat<0

(20)

P tot
loss is the total losses of battery DC-DC converter, su-

percapacitor DC-DC converter, the inverter and the traction
motor.

N is the number of the needed SiC-MOSFET modules to
satisfy the constraint of the maximal junction temperature
Tj,max (175◦C). Tj,max cannot be exceeded in simulation,
otherwise N should be increased to reduce the power losses
by P tot

loss

N .
The winning team will be selected to achieve a minimised

value of J and to satisfy the Tj constraints among all the
competition teams.

B. Case study

One case study of the obtained power losses and Tj of
the battery DC-DC converter over one driving cycle under a
chosen EMS is presented in Fig. 9, where one SiC-MOSFET
power module is used. It should be noted that to increase
simulation speed, we only include thermal resistance Rth in
the simulation (thermal capacitance Cth is not considered).
For S2, the peak Tj is inferior to Tj,max. However, for S1,
the peak Tj is superior to Tj,max, which does not satisfy the
constraint. To resolve it, at least two SiC-MOSFET power
module should be used in parallel to reduce the power losses
of each module if the same EMS is applied, or another EMS
should be proposed to reduce peak Tj value.
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Fig. 9: Obtained power losses and Tj of the battery DC-DC
converter over one driving cycle

V. CONCLUSION

In this paper, it is presented a powertrain model for a racing
vehicle. In comparison with the previously used powertrain
models in Motor Vehicle Challenge, the losses and efficiency
of the power converters and electric machine are considered
in the model. A 1200V/100A SiC-MOSFET half-bridge power
module is selected in the Challenge, and its power losses and
efficiency are implemented into the powertrain model. In order
to win the challenge, the participants are required to develop
an appropriate strategy to minimise both the size, energy
consumption of the energy storage components and the losses
and cost of all the power electronics converters and electric
machine. As power converter and electric machine real losses
are considered in the simulation model, it will produce results
more close to the real applications, which could eventually
improve the design accuracy.
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