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Abstract: In the past decade, car manufacturers have started electrifying the traction chain of their
vehicles. Although these vehicles attract more and more drivers, most of them have a limited range
and are prohibitively expensive. Manufacturers must therefore offer high-performance conversion
chains (particularly in terms of efficiency) while controlling costs. The power converter is a particu-
larly crucial element of the conversion chains: it supplies the traction motor, and its structure and the
way it is controlled can greatly influence the overall efficiency of the drive train. This paper studies
two conversion structures that can be used as vehicle power converters, which are modeled and
associated with an electric machine. The first is a classical three-phase inverter, and the second is a
breakthrough architecture called IBIS (Intelligent Battery Integrated System). This battery integrates
the conversion function directly into the battery, which reduces material costs. Two loss phenomena
are also studied and modeled (with the help of finite element methods): iron losses in the electrical
machine (magnetic losses in the ferromagnetic material used) and copper losses in the conductors
(AC and DC losses in the conductors). The impact of the architecture is evaluated on a set of operating
points from a road cycle standardized by the WLTP procedure.

Keywords: permanent magnet synchronous motor; electric vehicle; machine losses

1. Introduction

Environmental issues and economic constraints no longer allow for continuity in the
development of thermal powertrains in favor of electric vehicle powertrains [1,2]. An
electrical powertrain is a complex system whose components interact with each other:
for example, the battery voltage will force a current to flow through the power converter
and then into the machine. At each step of the powertrain where an energy conversion is
performed, Joule effect losses are generated in conjunction with many unwanted physical
phenomena (e.g., acoustic noise, risk of partial discharges, electromagnetic compatibility
problems). The choice of electronic, magnetic, and mechanical components in the pow-
ertrain therefore has a significant influence on these losses [3]. Future improvements of
materials for these components (e.g., very thin magnetic sheets, silicon carbide-based com-
ponents) and control laws offer the potential for efficiency gains for several points’ road
cycle operations.

There is thus a growing interest in the research and design of batteries, converters,
and electric machines. The greatest margins for improvement concern the cost reduction,
the energy efficiency of the processes [4], and the study of breakthrough architectures [5–8].
This is the context in which a new architecture called “IBIS” (Intelligent Battery Integrated
System) was developed. In a conventional electric vehicle, a large number of cells are
connected in series and in parallel to achieve the high capacity, voltage, and current values
required to operate the vehicle. This way of connecting the cells poses a lot of connection
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problems due to the values, which may be different in terms of aging, internal capacity, or
other factors [9]. It also poses a major problem for repairability. The “IBIS” architecture
is a non-conventional conversion and storage structure allowing the recovery of a three-
phase signal directly at the battery output. The conversion functional unit is distributed in
the battery and allows the use of low-voltage conversion components. This architecture
has different components and structure than the classical powertrain with a three-phase
inverter. It is therefore necessary to focus on the modeling of losses in these electric power
trains, which may be beneficial for the prediction of power train efficiency. It seems relevant
to study the behavior of these different conversion structures (three-phase inverter and
IBIS) and to compare the impact of these structures on the machine with the losses in
the machine. The problem of this study will be to compare the electrical losses and the
magnetic losses in the motor on a road cycle for two different power converter architectures:
a conventional inverter architecture and a breakthrough architecture with a distributed
inverted battery (here IBIS).

The detailed modeling of the losses induced in the machine according to the type of
converter is presented in this study. It may allow the strategic orientation of the industries
by analyzing the losses induced according to different chain architectures: with a classical
inverter and the architecture IBIS [10–12]. The first part will be dedicated to the presentation
of the electric machine and its modeling using different software and calculation codes.
The second part will present the machine control model, and in the third part, the different
conversion structures will be presented and their modeling explained. In the fourth part, a
time reduction strategy will be explained and after that, the different models of losses in the
machine will be presented. Finally, the last part will present the results of the simulations
at different operating points in a comparative study of the losses in the machine depending
on the type of conversion chosen.

2. Description of the Machine

The application proposed in the introduction is an electric machine of the synchronous
type with permanent magnets. For the sake of clarity, a brief reminder of the operating
principle of this type of machine is given here. In such a device, the magnetic field created
by a stator three-phase winding interacts with the rotor field (created by an even number
of magnets). The maximum torque is reached when fields are in quadrature.

A synchronous machine was used for this study. In fact, the automotive application
cited here led us to make this industrial choice and to propose a machine that allows high
speeds while guaranteeing high efficiency. The synchronous machine studied here, as
shown in Figure 1, is more compact and efficient than asynchronous machines in most
cases. The rotor consists of permanent magnets which are constantly polarized. The loss
map of this permanent magnet synchronous machine (PMSM) shows better efficiency at
low speeds than the asynchronous machine or a synchronous machine with a wound rotor,
for example.
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consider the whole machine by using the symmetry axes of the machine. In the end, a 2D 
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modeled by solving Maxwell’s equations on the mesh defined above. The torque values 
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Figure 2). 

Figure 1. Used permanent magnet synchronous machine (each pair of color shades represents a
machine phase).



Energies 2023, 16, 7993 3 of 12

This synchronous machine was first modeled in Matlab-Simulink, with the parameters
shown in Table 1, to recover the various output quantities of the machine: position, speed,
and currents flowing through it. This first modeling of the motor, coupled with the model-
ing of the whole traction chain, allows the recovery of the effective currents transmitted to
the machine to reach a certain speed and torque set point. This modeling was carried out
using the Simscape library of Matlab-Simulink. The second 2D modeling, this time using
finite elements, was then carried out. This model receives as input the currents calculated
for each operating point in the first model and returns the characteristic quantities of the
machine for each elementary volume of the model.

Table 1. Parameters of the model of the machine.

Number of phases 3

Number of pole pair 4

Number of slots per phase 2

External rotor radius 95 mm

External stator radius 66.5 mm

Air gap width 1 mm

Length of the motor 175 mm

The geometry used for the 2D finite element modeling in Matlab is shown in Figure 2.
It shows only one-quarter of the synchronous machine. The results of this paper consider
the whole machine by using the symmetry axes of the machine. In the end, a 2D model
of the machine is chosen for reduced computation time. The FEM problem is modeled by
solving Maxwell’s equations on the mesh defined above. The torque values of the electric
machine are also calculated using Maxwell’s tensor method. For finite element modeling,
the magnetic material used in the machine must be characterized. These magnetic charac-
teristics of the stator and rotor are obtained through the characterization of the laminations
used in the motor studied by the SATIE laboratory (see Figure 2).
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be applied: the MTPA (maximum torque per ampere) strategy to maximize torque per 
Ampere or the ML (minimum losses) strategy to minimize Joule losses. For the MTPA 
control strategy, the current equations in the Park domain are those presented in Equation 
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Figure 2. Geometry and mesh of the studied machine (a) and normalized anhysteretic curve of the
studied MSAP sheets (b).

Several Epstein strips of approximately the same thickness as the machine and an
excitation coil will allow the measurement of the magnetic field and the flux density in the
sample as a function of the input currents. Finally, the experiments carried out allowed the
acquisition of an average anhysteretic curve thanks to the calculation of the average of the
rising and falling curves of the cycles found.
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3. Machine Control Model

The drive train modeled in Matlab-Simulink has, as inputs, a motor torque and
speed command, calculated from a road cycle and by applying a road law adapted to the
morphology and characteristics of the vehicle. The machine, on the command, imposes
a current to the inverter and to the battery, both included in the model, and sends back
an adapted voltage. Figure 3 presents the effective modeling scheme, common to the two
studied architectures.
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Figure 3. Modeling scheme for architecture (a) and field-oriented control of the machine (b).

The control of the synchronous machine is performed using a field-oriented control.
The Park transform substitutes the rotating three-phase vectors (Xabc) into two vectors
in a fixed reference frame (Xdq). Speed and torque controls are included in the whole
control loop. In the speed loop, a conventional PI controller is used. The torque control is
done through the double control of the currents in the Park domain. Figure 3b presents a
schematic diagram of this double regulation for the torque. Several control strategies can be
applied: the MTPA (maximum torque per ampere) strategy to maximize torque per Ampere
or the ML (minimum losses) strategy to minimize Joule losses. For the MTPA control
strategy, the current equations in the Park domain are those presented in Equation (1), with
φ f the permanent magnet flux linkage, Ld and Lq the inductance values of the direct and
quadrature axes and Id and Iq the direct and quadrature axis currents.Id =

φ f −
√

φ2
f + 8(Ld − Lq)

2
I2
norm

−4(Ld−Lq)

Iq =
√

I2
norm − I2

d

(1)

Once these equations are implemented, the control is achieved for these current values
in the Park domain and will thus result in the values of input currents to the machine that
will maximize the value of torque per ampere.

4. Conversion Structures

The synchronous machine must receive sinusoidal currents in a steady state. For the
classic architecture, the aim here is to create square-wave voltage signals using pulse width
modulation (PWM) [13]. A typical three-phase inverter consists of several switching cells
receiving control signals from the PWM block.

The creation of a sine wave voltage can also be achieved by combining several switch-
ing battery cells in series. In this way, a multilevel output voltage is obtained, similar to
an analog-to-digital conversion of a sine signal. The IBIS architecture, developed within
Stellantis, has a similar purpose to the multilevel inverter architecture. This architecture
makes it possible to achieve a higher output voltage than the voltage withstands of each
switch, with the same number of cells in a classical architecture. This IBIS architecture is
shown in Figure 4. It also offers greater modularity and more precise control than the con-
ventional architecture. This architecture is composed of three different independent lines
and each line is composed of several battery cells associated with a low-voltage conversion
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structure. Figure 4 shows two current waves at the output of a conventional inverter and
an IBIS architecture for one phase. The magnitude of the chopping effect depends on the
chosen operating point: a higher speed implies a higher frequency, and a higher torque
demand implies a higher current magnitude.
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Figure 4. Scheme of the IBIS architecture (a) and inverter outputs for the standard and IBIS structure
for an arbitrarily chosen operating point (15 Nm, 5216 rpm) (b).

The above results were simulated using the acausal modeling of the electric drive train
in Simulink. The various conversion stages were modeled using switching blocks and the
storage function using Simulink elementary blocks. The modeling takes into account the
various losses in the switches and a first rough estimate of the losses in the machine. The
aim here is to obtain a current profile that can be used in the FEM modeling of the machine.

5. Road Cycles

A conventional approach to electrical machine design is to calculate the efficiency of
the machine for a given operating point [14]. This results in lower efficiency for variable
speed operation and, therefore, the oversizing of the components, which leads to higher
costs. On a road cycle, a vehicle will be loaded on a set of operating points. To increase
the total efficiency of the powertrain, the optimal method would be to design an electric
machine that minimizes the losses over all the operating points present in a given road cycle.
This method has the disadvantage of a long calculation time, which is a direct consequence
of the number of operating points present in a road cycle.

Another approach, already developed and used in [4,14–16], is to design an electric
machine design taking into account the nominal (Tn, Ωn) and maximum (Td, Ωd) operating
points of the machine. The operating points of the road cycle are then divided into several
operational areas and represented by centers of mass, weighted by the number of points
within the area. The method of calculating the barycenters implies an error in the calculated
energy loss [4]. The energy losses are calculated by an analytical model for all operating
points and the different barycenters. The relative error over the whole cycle is minimal and
will therefore allow faster calculations for the acquisition of losses in the engine over the
whole cycle.

For this study, the road cycle used will be the WLTC (Worldwide harmonized Light
vehicles Test Cycles). The barycenter method will be used for this cycle, and the barycenter
reduction is presented in Figure 5. The WLTC cycle is a procedure that considers all the
types of routes taken by the vehicles (city, road, expressway, motorway). The dashed lines
correspond to the characteristics of the electrical machine.
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6. Losses in the Machine

The losses in an electrical machine can be classified into several groups: the mechanical
losses, due to friction and the speed of the machine, the electrical losses in the windings
located in the slots of the machine stator (copper losses, composed of AC and DC losses [17]),
and the magnetic losses in the various ferromagnetic parts of the electric motor (iron losses),
which are divided into eddy current losses and hysteresis losses. The losses in the magnets
are neglected here. In this study, the estimation of magnetic and electrical losses will
be discussed.

6.1. Calculation of Iron Losses

The calculation of the iron losses is based on the use of the FEMM model of the ma-
chine presented or the finite element model in Matlab [18,19]. This machine model is fed
by the instantaneous currents, taking into account the presence of the inverter. By propos-
ing a spatial discretization of the motor according to its geometry, the value of the flux
density can be determined everywhere and with a consequent computing power, which
is necessary in order to have a temporal representation of the flux density in the motor
for some periods of the steady state. The flux density in the machine is presented in Figure 6.
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After recovering the flux density data with a spatial and temporal discretization, the
goal is to apply the Fourier transform. The flux density data are then discretized in space
and the frequency domain. By removing the computational noise induced by the numerical
errors of finite element computations, the entire frequency spectrum can be used. Here,
the computations will stop shortly after 10 kHz the frequency, around which the effects of
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inverter switching occur. A strong assumption is made in this subject: the linearity of the
calculation of losses in the frequency domain. Thus, the decomposition of flux densities
into Fourier series will be carried out in order to have a frequency representation of the
flux density in ferromagnetic materials [20–22].

Then, a formula for calculating the iron losses for each harmonic will be applied.
As the aim is to compare the two structures presented, the error in the iron losses due
to this method of calculation will not be a problem. Indeed, it is the difference in losses
between the two structures that is examined. We can nevertheless add that on not too high
frequencies and signals with few harmonics, the assumptions on the loss calculations seem
to be appropriate [23,24]. Finally, all these contributions will be summed up to obtain an
estimate of the iron losses in the machine. This approach is intended to provide a first
estimate without taking into account the effects of minor cycles in the material [25]. The
formula summarizing the calculation method used is shown as Equation (2), with the losses
pi,j, depending on the frequency and the flux density, summed up for all the frequency and
all the elementaries volumes.

Pf er =
nV

∑
i=1

n f

∑
j=1

pi,j
(

Bi,j, fi
)
dVi (2)

The volumetric iron losses in an element for a given frequency in the Fourier de-
composition are summed by frequency and for all elements, weighted with the volume
of the element, to obtain the total iron losses in the machine. Mapping is applied to the
frequency-domain representation of the flux density signals at different locations, and then
each volume loss value is correctly associated with its spatial discretization. Using the
Steinmetz formula, the presented mapping can be split into three parts, corresponding
to the two types of iron losses: hysteresis losses and eddy current losses. The Steinmetz
formula is given in Equation (3), where kh1, kh2, and αp are constants determined experi-
mentally through mapping. The term proportional to the frequency is related to the static
coercive field Hc, the second and third are dependent on the geometry of the material. The
first term represents the hysteresis losses and the second is the eddy current losses.

pfer =
[
kh1(2Bm) + kh2(2Bm)

2
]
f + 2π2αpB2

mf2 (3)

The mapping is thus applied to the frequency-domain representation of the flux density
signals at different locations, and then each volume loss value is correctly associated with
its spatial discretization. In the end, we obtain values of the iron losses in the motor as a
function of the harmonic frequencies present in the magnetic flux density of the motor, as
presented in Figure 7.
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The multilevel inverter structure seems to offer lower iron loss values than the conven-
tional inverter. Indeed, the harmonic content of the current and flux density quantities is
richer in the case of the conventional inverter than in the multilevel inverter. The deviations
vary according to the operating point and are reduced with an increase in speed.

6.2. Calculation of Copper Losses

The calculation of the copper losses can be carried out with FEMM software, and the
model used is presented above. By using FEMM, the AC component of copper losses in
the slots can be only estimated with sinusoidal currents for one position of the rotor. In
the same way as for the iron losses, a model directly under Matlab is used to carry out
the finite element calculations. A magneto-static resolution and a simplified geometry in
a magneto-dynamic resolution are coupled [26]. For this loss calculation, two different
meshes are used. Firstly, a mesh for the magneto-static calculation, which allows the
calculation of the flux density and the magnetic vector potential in the whole motor, is
used. This is the same as the one for the calculation of the iron losses. Then, a second mesh,
presented in Figure 8, is built to carry out a magneto-dynamic calculation only in a notch.
The calculated magnetic vector potential is applied as a boundary condition. For this study,
the notches will have only two conductors. The finite element quantities are interpolated
between the two meshes of different sizes (with the mortar method), from the full mesh to
the slot mesh (it is necessary to have a more accurate mesh in the slot than in the whole
electrical machine).
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With this method, the current density and thus the copper losses in the conductors
can be calculated by taking into account the flux density and magnetic field maps in the
machine with a reduced calculation time. The current density in a slot is shown in Figure 8.
The magneto-dynamic calculation provides maps of the current density in the slot and
thus calculates the distribution of copper losses (AC and DC). In the end, the calculation
provides an estimate of the copper losses in the entire motor, taking into account the depth
of the motor and the various simplifications due to magnetic symmetries.

6.3. Comparison of Losses

Finally, the efficiency and the different losses in the machine can be summarized in
Tables 2 and 3 according to the different barycenters of the WLTC road cycle. The barycen-
ter mapping effectively shows the advantage of the multilevel architecture compared to
the classical inverter architecture. The calculated efficiency in the case of a multilevel
architecture is higher than in the conventional case, whatever the barycenter chosen. The
harmonic richness of the currents leaving the conventional inverter increases the losses in
the motor.
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Table 2. Iron losses comparison in cycle.

Barycenters (Nm, rpm) Classic (W) IBIS (W) Profit (%)

(10, 853) 158 94 41

(15, 5216) 651 645 0.9

(17, 9434) 1637 1428 13

(57, 4540) 612 610 0.3

(59, 2080) 257 254 1.2

Table 3. Copper losses comparison in cycle.

Barycenters (Nm, rpm) Classic (W) IBIS (W) Profit (%)

(10, 853) 8.2 6.6 20

(15, 5216) 113 34 70

(17, 9434) 293 98 67

(57, 4540) 524 385 26

(59, 2080) 298 240 19

For the different barycenters chosen earlier, the copper loss values presented in Table 3
are obtained. As for the iron losses, the differences in copper losses between the structures
vary according to the operating point. The multilevel inverter structure is the most efficient
in terms of copper losses.

7. Experiments

In this section, an experimental protocol for simulating the operation of an electric
vehicle powertrain will be presented and several experiments will be carried out in order to
validate the modeling presented previously. As shown in Figure 9, the test bench consists of:

- A load machine to emulate driving conditions.
- An industrial rectifier and inverter unit for creating the three-phase mains voltage of

the load machine.
- A permanent magnet synchronous machine, named M0 (60 kW in nominal working),

and its cooling system.
- The IBIS battery and its cooling system.
- A torquemeter (measuring torque and speed) and a wattmeter (measuring electri-

cal power).
- Two cells for controlling and supervising the IBIS battery, the M0 machine and the

charging machine.
- A Brusa inverter.
- A 90 kW reversible power supply.

All these elements emulate the operation of a standard electric vehicle powertrain and
an IBIS powertrain. The M0 machine is torque-controlled by the control cell, which sends a
three-phase voltage setpoint to the IBIS battery or standard battery emulator. The speed of
the charging machine is controlled by the second supervision cell.

The purpose of the tests is to measure the efficiency of the M0 machine, which will be
defined by the following equation, where T, ω, Pe define the motor torque, the speed of
rotation of the machine, and the electrical power at the input to the machine.

η =

{
Pm
Pe

= Tω
Pe

i f T ≥ 0
Pe
Pm

= Pe
Tω i f T < 0

(4)
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The test is carried out at one operating point (torque, speed) for each type of drive train,
i.e., standard and IBIS. The electrical power is measured by a wattmeter and the torquemeter
is used to measure the torque and speed of rotation of the electrical machine, which gives
us the mechanical power output of the machine. The efficiency is then calculated using
relationship (4).

Finally, at a few operating points, the difference in efficiency between the two types of
drive train was measured and compared with the simulation results. Table 4 presents these
experimental results.

Table 4. Comparison of profit between experimental and simulated electric chain.

Operating Points (Nm, rpm) Experimental Profit (∆) Simulated Profit (∆)

(50, 1000) 0.41 0.11

(70, 1000) 0.55 0.03

(10, 2000) 2.3 1.65

(50, 2000) 1.02 0.51

(10, 3000) 2.77 1.59

These results show a static error in the efficiency gain between the experimental and
simulated electrical chains. On these few operating points, we observe a greater difference
in efficiency for the high-speed and low-torque points. The operating points at high torque
have a smaller difference. This difference can be explained by the fact that certain losses
in the machine are not taken into account in the simulated model. The error may come
from the estimation of the iron loss parameters. Assembly or machining constraints on the
machines, or the effect of the coil heads, have not been taken into account. The electrical
machine receives current either from the IBIS battery or from a complex system consisting
of a converter and a battery emulator. Finally, these experimental results also show the
difference in yield between a conventional architecture and an IBIS architecture.

8. Conclusions

In this study, a finite element modeling of a synchronous machine with permanent
magnets of a classic car was performed on Matlab. This modeling, which was quite precise
and meshed under FEMM, allowed a series of magneto-static and magneto-dynamic calcu-
lations with the aim of acquiring the magnetic and electrical quantities. The computation
of electromagnetic losses in the machine has been realized. These calculations were carried
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out on a set of operating points representing, through the calculation of the barycenters
of operating points of a classic road cycle of an electric vehicle (WLTP). This work has
allowed the development of a complete model of a drive train coupled with a fast method
for calculating losses in a synchronous machine. This method makes it possible to highlight
the impact of the conversion structure on these losses.

In the end, all the calculations made in this study show a clear advantage of the IBIS
architecture (which can be likened to a multilevel architecture) in terms of losses in the
machine. The advantage of this architecture in the cycle is shown in Table 4. Also, the
energy lost on the cycle can be calculated by weighting each barycenter by the number of
operating points it represents. Table 5 shows the simulated road cycle performance gains
of the architecture presented.

Table 5. Efficiency comparison in cycle.

Barycenters (Nm, rpm) Classic (Efficiency) IBIS (Efficiency) Profit (∆)

(10, 853) 81.3 88.8 7.4

(15, 5216) 90.7 91.7 1.0

(17, 9434) 88.5 90.9 2.4

(57, 4540) 95.8 96.3 0.5

(59, 2080) 95.7 96.2 0.5

Total cycle 90.5 92.2 1.7

The modeling of magnetic and electrical phenomena in the electric machine could in
the future be completed using mechanical, acoustic, and thermal approaches, allowing a
comparison of more advanced architectures. Another improvement method could take
into account the different machine modes (motor and generator). Future studies could
also focus in detail on the calculation methods and their optimization in order to reduce
calculation times, especially in the case of finite element calculations (interpolation methods
for example). At high frequencies, the loss calculation model can be less precise and could
also be improved. The last assumption regarding the limits of this work concerns the model
of command, which can differ from one type of structure to another and may be different
in the future.
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