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Abstract

This work is based on an innovative converter structure for an automotive application named Multi-Level
Inverter with Integrated Battery. An Energetic Macroscopic Representation of the converter is performed.
Conduction and switching losses are evaluated by simulation. The temporal evolution of the electrothermal
variables is analyzed. Finally, the efficiency of the converter is calculated as a function of the RMS voltage,

the RMS current and the frequency.

1 Introduction

Nowadays, electrification of the automotive pow-
ertrain, with technologies such as Battery Electric
Vehicles (BEV) or Hybrid Electric Vehicles (HEV),
is essential in research and development. The
need for energy-saving technologies and green-
house gas emission reduction is behind this trend.
Electromobility arrived on the market at the begin-
ning of the 21st century [1], [2], but is not yet a
game-breaker. Further improvements in terms of
efficiency, rechargeability, reliability, reconfigurabil-
ity, compacity, and second life possibility (especially
for the battery) are crucial to increase the market
penetration of BEV and HEV [3], [4].

The powertrain of conventional BEV uses a battery
pack (typically 400 V) composed of a combination
of individual battery cells (e.g., 3.3 V Li-ion cells) as-
sociated in series and parallel. The reliability of the
battery pack is ensured by a Battery Management
System (BMS), an additional component that con-
trols the operating conditions of each cell. The bat-
tery pack supplies an Electric Machine (EM) using a
Voltage Source Inverter (VSI). The VSI uses Pulse
Width Modulation (PWM) technique to adapt the
DC voltage of the battery to the requested AC volt-
age. Additionally, an external charger is required to
charge the battery.

This typical architecture has many variants due to

technical choices or innovative strategies. Variation
can occur on converter structure, charging strategy,
motor implementation, or even with the combination
of batteries with converters [4]-{[7].

In previous papers, an architecture using Multi-
Level Inverter with Integrated Battery (MLI-IB) has
been proposed [8], [9]. The MLI-IB integrates bat-
tery cells into cascaded H-Bridge Converters (HBC)
and is used to supply the EM of the traction sys-
tem. It aims to fulfill the roles of VSI, BMS, active
cells balancing, charger, and ensuring that each
cell is managed individually. Also, the modularity
of the MLI-IB offers opportunities for significant re-
configurations and the recovery and reuse of used
battery cells, which is a sustainable way of using
them considering the current global challenges of
energy storage. In addition, different controls can
be proposed, especially without using the PWM
technique, which can potentially reduce the overall
losses of the power electronics devices [9]. De-
spite the complexity of this topology, the MLI-IB
can, therefore, potentially offer significant improve-
ments compared to the conventional topology.

This paper aims to estimate the overall efficiency
of the MLI-IB. Two losses sources are consid-
ered: conduction and switching in semiconductors
switches. The analysis focuses on the power con-
version stage without considering battery losses or
electromagnetic losses. Modeling are presented
using Energetic Macroscopic Representation [10],
[11]. Simulations are then performed using MAT-



LAB Simulink.

The proposed architecture is presented in Section 2.
Section 3 and Section 4 describe the estimation of
conduction and switching losses. Simulation results
are provided, and the different sources of loss are
compared.

2 Architecture of MLI-IB

Previous papers describe the operation of an
MLI-IB system. One of them describes the control
[9] while another focuses on the EMR description
[8]. This section presents the main principles of
this architecture and the associated notations. Fig-
ure 1 represents the studied system and defines
the variables used in the following equations.

2.1 MLI-IB system principle

The system is composed of three phases. There
are M modules per phase. They provide three
possible output voltages: V), ,,,1,ac and 0. The first
index p is the phase index, and the second index
m indicates the module index in the phase p. The
serial connection of the modules allows obtaining
2M + 1 voltage levels per phase, thus forming a
multilevel inverter.

A module consists of a battery and two Unit Conver-
sion Elements (UCE). Each battery is composed
of Li-ion cells in series and parallel. The UCEs
are MOSFET inverter arms. They provide a cur-
rent i, mnout @and a voltage vy, ., nout- The index
n € {1,2} distinguishes the ECUs of the same
module. The association of the two arms creates
an H-bridge, which provides the three possible volt-
age levels at the output of a module. This paper
focuses on the study of the losses in the ECUs.
The battery behavior will be considered ideal.

2.2 Energetic Macroscopic Representa-
tion

Energetic Macroscopic Representation (EMR) is
a graphical description tool that describes com-
plex systems [10]. It shows the interactions be-
tween elements through action-reaction links and
respects systematically the physical causality of a
system. This technique highlights the energetic
properties of a complex system. It organizes the
system into interconnected basic elements: source
of energy (green oval), accumulation of energy (or-
ange crossed rectangle), mono (orange square) or
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Fig. 1: Structure of a 3-phase MLI-IB

multi (orange circle) domain conversion of energy,
and distribution/coupling of energy (double orange
square).

In addition, a control can be deduced from the EMR
using inversion rules. The control modes are de-
tailed in [9] and are not developed in this paper.
The control mode chosen is direct control. The ref-
erence voltages vy, nret @Nd vy rer are deduced
from the reference phase voltages v, according to
a control strategy not detailed here.

The EMR of the system (Fig. 2) is developed to
perform the simulation in this paper. It is an up-
date of the EMR presented by [8]. The variables
of Figure 1 are presented in vector form to have
a compact representation. For example, the nota-
tion v, represents a vector of size 3 and v, 1 out
represents a vector of size 6 M.

The study is limited to the converter. Two energy
sources are represented: the batteries (BAT) and
the electric machine (EM). These sources are con-
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sidered ideal, i.e., the input has no impact on the
output of the source. A more realistic behavior can
be modeled later by replacing these sources. Up,m,nin = Up,mbat (7)
Z'p,m bat = ip,m,lin + ip7m,2in (8)

2.3 Mathematical description

The EMR is used to organize the model. This sub-
section presents the different relationships between
the variables of the studied system. Theses vari-
ables are defined Fig. 1.

2.3.1 Energy sources

The batteries are considered ideal and identical,
which leads to Equation (1). The phase current is
three-phase sinusoidal (Eq. (2)).

Up,mbat = Vbat (1 )
ipzﬂwﬁgn@mﬁ—%:@—lﬁ )

2.3.2 Conversion and coupling elements

Kirchhoff’s laws applied to the modules lead to
Equations (3) and (4). Applying these laws inside
the modules leads to Equations (5) to (8).

M
Up = Z Up,m (3)
m=1
Z‘p,m = Z‘p (4)
Up,m = Up,m,1out — Upm,2out (5)
) | Fipm ifn=1
= | =2 (®)

Equations (9) and (10) reflect the ideal behavior of
ECUs. This paper focuses on integrating different
sources of losses in these equations.

Up,m,nout = Upm,nUpm,nin (9)

(10)

p,mmin = Upm,nlp,m,nout

3 Conduction losses

In a converter efficiency study, the first losses to
consider are conduction losses. They are simple
to calculate and generally dominate over the other
sources of losses.

3.1 Physical model

A power MOSFET in conduction is traditionally mod-
eled by a resistor Rpg,, (Fig. 3). A body diode
can also conduct if a significant reverse current is
supplied. In practice, it is rarely the case. In partic-
ular, the analysis is based on the NVMTS0D4N04C
component from ON-semi. For this transistor, the
current required for the diode to conduct when the
channel is on is greater than the maximum cur-
rent allowed by the manufacturer. It justifies not
considering this diode when the channel is on.

The introduction of this resistance in the model
results in a voltage drop proportional to the current
between upstream and downstream. This principle
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Fig. 3: Model of a MOSFET in conduction

is synthesized in Equation (11). Depending on
the state of the system, the output voltage can be
decreased or increased compared to the ideal case,
see Eq. (5).

Up,m,nout = Up,m,nUp,mmnin

=+ (1 - 2up:m7n)RDSonip:m:”011t

(11)

This voltage has two effects: the actual voltage is
different from the expected voltage, and power is
dissipated as heat (losses). Equation (12) gives
the expression of the losses. These losses are
differentiated between the high-side and low-side
transistor, denoted by k, to consider the thermal
behavior of each component in future studies.

EMR requires that the product of the action and the
reaction, which represent the exchange between
two elements, must be the transferred power. A new
variable must be introduced to respect this principle.
This variable ¢ is defined by Equation (13). It is
homogeneous to a power divided by a temperature
and can be interpreted as an entropy transfer.

up7m7nRDSoni12),m,nout If k=1
(1 — upvmvn)RDSoni}%,m,nout |f k = 2
(12)

Pp,m,n,k cd =

o Pp,m,n,k cd
Opm,n,kcd = T
p7m7n7k

(13)

3.2 Energetic Macroscopic Representa-
tion

In order to model this behavior, an electrothermal
coupling element is introduced in the EMR (Fig. 4).
It is placed downstream of the ideal arm. It acts
on the output voltage without modifying the current,
which corresponds to the model from the previ-
ous part. The internal variables defined in Equa-
tions (14) and (15) are used to depict the ideal
operation.

Op,m,n,kcd Tpmnk
Up,m,nin 1 Up,m,n out 0 Up,m,n out
] | 1 L
p,m,nin p,m,n out 0 Ip,m,n out
“/mn.u

Fig. 4: EMR of an UCE with conduction losses

Up,m,nout0 = Up,m,nUpmnin (1 4)

(15)

p,mmnin = Upm,nlpm,mout0

A thermal source models an ideal heat exchanger
(HX). The heat exchanger imposes a temperature
Tpmmnk = Tp for all transistors. This temperature is
used to determine the value of internal parameters
of the component, in particular the Rps,, (Tp.m,n.k)-

3.3 Results and discussion

Simulations are performed. Figures 5 and 6 il-
lustrate an operating point (100 Vgys, 100 Aguis,
80 °C, 50 Hz), where voltage and current are con-
sidered in phase. Under these conditions Rpgs,, =
0.56 mS2.

Figure 5 shows the evolution of the electrical vari-
ables associated with module 8 of phase 1. The
phase voltage v, takes the form of a quantified sine,
characteristic of the MLI-IB architecture. The volt-
age v g of the module is produced by the difference
of the voltages v; 8.10ut aNd v1820ut Oy €xploiting
the four possible states of the H-bridge: +V}at, +0,
—0 and —Vpat.

The phase current in the ECU produces Joule
losses. Whatever the configuration of the module,
two transistors are in conduction. Figure 6 repre-
sents the losses by conduction in the four switches
of module 8 of phase 1. These profiles have to be
compared with the output voltages of the ECUs and
the phase current. They are characteristic of losses
induced by a cut sinusoidal current.

From an overall point of view, the total conduction
losses of each phase P, .q evolve as a double fre-
quency sine with an offset. That is because, what-
ever the configuration of the modules, 2M switches
conduct the same phase current. The sum of the
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Fig. 5: Evolution of the electrical variables

conduction losses induced by each phase is con-
stant, which is interesting for the design of the cool-
ing system. Equation (16) gives the expression of
the total losses with a unitary power factor. Equa-
tion (17) shows that the efficiency increase with
the RMS voltage V; and decreases with the RMS
current I. The efficiency will be less suitable for
high current at low voltage. From the conduction
losses point of view, this behavior is comparable to
a classical inverter.

Peqg = 6MRpg,, (To)I?

P 1

= 7) n Pcd = 1 N 2MRD~€}JOH(TO)IO

Ui

4 Switching losses

The analytical modeling of semiconductors switch-
ing is complex. Switching has been studied many
times with relative success and several assump-
tions [12]-{15]. In this paper, the analysis of switch-
ing steps is not detailed. The results are based on
the following assumptions. The voltage and cur-
rent variations are linear. The body-diode conducts
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Fig. 6: Conduction losses of a module

during the whole dead-time. The reverse recov-
ery energy of the body-diode is linearly dependent
on the voltage and does not depend on any other
parameter.

4.1 Physical model
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Fig. 7: Dynamic model of a switching arm

Figure 7 presents the dynamic model commonly
used when studying switching. This model high-
lights the parasitic capacitances between the ter-
minals of the MOSFETs. These capacitances are



Tab. 1: Chain of action during switching

Tab. 2: Energy lost in the channel

Action chain I>0 I1<0 Eo I1>0 1<0
Risingedge T; — Dy — Ty T;—D; —Ts Rising edge  Yustl (1,0 + tyo)  — Y28l (41 + 1)
Falingedge Ty — Dy —T; Ty —D; —T; Falling edge  Yestl (2,1 +ty1)  —Yostd (40 + t32)

non-linear, in particular Cqop = Crss, Which is why

the curves Crss(Vps) and Vigs(Qe) provided by 1

the manufacturer are useful. taz =7In n 7 (20)

o o . -~ 9rs(Vau—Vr)
Switching takes place in d.lfferent stages o!ependlng _ Qep(Vew)Ra
on the control signal (rising edge or falling edge) th = v ] (21)
GH — 5-o —

and the current direction. In order to avoid short
circuits, a dead time of duration ¢,, is set up. During
this dead time, the body-diode of the corresponding
transistor conducts. Table 1 summarizes the steps
between the conducting elements.

The losses are of three kinds: losses in the transis-
tor channel, conduction losses in the body-diode,
and reverse recovery losses in the body-diode
[12]. The losses in the channel for a current
I =iy m kout > 0 are located in the transistor T1. If
the current is negative, they are located in the tran-
sistor T2. The conduction losses of the body-diode
are located in D2 for a direct current and inversely.
The reverse recovery losses occur only for a rising
edge with a direct current (D2) or a falling edge
with an inverse current (D1). Since transistors and
body-diodes cannot be physically distinguished, the
losses of T1 and D1 are grouped, idem for T2 and
D2.

4.1.1 Channel losses

A study of the voltage-current product of the transis-
tor and its transient regime is necessary to quantify
the losses in the channel. This study considers
two stages where either the voltage or the current
evolves linearly. Then, the duration of these two
stages must be determined by solving the dynamic
equations of the circuit. Table 2 presents the ener-
gies lost in the channel depending on the durations
defined in Equations (18) to (21).

Vba
tal - QGD(II‘b t)RG (18)
Vr+ = —Ver
1] )
tm=7In(1+ 19
. ( grs(Vr —Var) (19)

grs

The voltages Vi and Vi, correspond to the high
and low levels of the gate control voltage. The
transconductance grg is considered constant, as
is the gate threshold voltage V. The characteristic
time is set to 7 = Rz Crgs With the gate resistance
R¢ and the input capacitance Crss = Cgs + Cap
considered constant. The Gate-to-Drain charge
Q¢p varies according to Equation (22), with the
reverse transfer capacitance Crss(Vps) taken from
the manufacturer’s datasheet.

I
Qcp(Vps) = Crss(Vps) x (VDS —Vr— g|F‘s>

22)
4.1.2 Conduction losses in body-diode

The conduction losses of the body-diodes depend
directly on the dead-time t; chosen. For simplicity,
the body-diode is considered conductive during the
whole dead-time. The energy &p dissipated by
the diode during this period is expressed by the
Equation (23). This energy is the same whatever
the conducting diode.

Ep = (Vp|I| + RpI*)ty (23)

4.1.3 Reverse recovery losses in body-diode

When there is recovery, the energy dissipated by
this phenomenon can be expressed by the Equa-
tion (24). The Reverse Recovery Charge Qrr is
considered to be constant, so this energy is inde-
pendent of the output quantities of the system.

Srec = QRR%at (24)



4.2 Energetic Macroscopic Representa-
tion

Unlike conduction losses, the integration of switch-
ing losses in EMR is unclear. These losses do not
result in a drop in output voltage or an increase in in-
put current, but rather both at the same time, mixed
with an overlap between the output voltage and the
input current. Therefore, several modeling choices
are possible: replace the ideal conversion element
(orange square) with an electrothermal coupling
element, consider these losses as a pure voltage
drop or a pure current increase, or any other consis-
tent idea. This study considers the increase of the
input current, as shown in Figure 8. An electrother-
mal coupling block is inserted upstream of the ideal
converter. Then a coupling element is necessary
for the parallel thermal loss sources.

Op,m,n,k Tp.m.mk‘

Op,m,n,kcd

Op,m,n,ksw
Tp,m,n, kcd

n),m,n,kv sSwW

Up,m,,'n out
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i | 1 L

7"p7m,n, in \T—(‘Zﬂm,” in0 - 1p,m,n out [)\f/‘

Up m,n

Fig. 8: EMR of an UCE with conduction and switching
losses

Up,m,n in

Z[),'rn,‘ nout

In order to stay close to the physical waveform,
edge detection of the control signal is considered.
At the edges, the energies to be dissipated are
calculated and transformed into additional current
applied during a calculated time. For example, in
the case of a positive current rising edge, an ad-
ditional current iy »out is applied during a time
ta2 + tp2. The power P, ., » ksw IS the result of the
calculated energy divided by the time of applica-
tion of the corresponding current, applied to the
component during the dissipative period.

4.3 Results and discussion

Simulations using the presented model are per-
formed. Figure 9 presents the temporal evolution
of the variables for a particular operating point
(100 Vrms, 100 Agrus, 80 °C, 1000Hz). The pre-
vious choices lead to a current peak at the start
of conduction and a progressive decrease during
blocking. This behavior is not an exact represen-

tation of reality, but it allows to estimate the losses
and to locate them correctly over time.
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Fig. 9: Temporal evolution of electrical quantities

Equations (23) and (24) and table 2 express the
energies dissipated by the phenomena taking place
during switching. Therefore, the power dissipated
by the switching is proportional to the frequency.
Figure 10 shows the switching losses as a function
of the RMS current I, and the RMS voltage 1}
for two typical operating frequencies. As a first
approximation, we can consider that these losses
vary as Vply. The proportionality with frequency is
also verified.

The magnitudes involved in conduction and switch-
ing are not the same. Switching losses are al-
most negligible and have little influence on the total
losses (less than a few percent). The ratio between
switching losses and conduction losses is maxi-
mum when current is low and voltage is high but
stays under 3% for 15 A.

Figure 11 shows the evolution of the efficiency as a
function of V4 and I, for the two typical frequencies.
The curve presented corresponds to Equation (17),
and the influence of the frequency is not perceptible,
which shows once again that the switching losses
have little influence on the total losses. However,



a study with more simulation points will have to be
conducted to see the influence of the number of
activated modules on the losses.
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Fig. 11: Efficiency with conduction and switching losses

5 Conclusion

The modeling studied aims to estimate the effi-
ciency of an innovative Multi-Level Inverter with an
Integrated Battery. Therefore, it requires the consid-
eration of conduction and commutation losses. The

modeling shown in this paper is conducted using
a recent technique: Energetic Macroscopic Rep-
resentation, which insists on causality and power
transfer.

This work highlights that an architecture MLI-1B
can have benefits despite increasing the number
of switches. Indeed, this structure has constant
conduction losses and negligible switching losses.
The extraction of information for each component
and the multiscale modeling is allowed by EMR.

However, switching losses modeling suffers from
an insufficient representativity of the temporal evo-
lution of its electrical variables. Improvements must
be made on the switching modeling, even if this pa-
per shows them lower than conduction losses. Fur-
ther studies will study the evolution of the efficiency
with more details, mainly to show the influence
of the number of activated modules on switching
losses. Other aspects of the entire system should
be considered in future work, like batteries, traction
chain, heat exchange, or temperature dependence
of physical parameters. A long-term research axis
is to model the complete system on different oper-
ating cycles. Performance maps will be helpful to
achieve this goal.
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