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Abstract: This paper proposes a design methodology that is dedicated to improving the concept of a
modular hybrid power chain that uses interleaved converters. The approach involves optimising the
system under multi-physical constraints, where the number of cells in the interleaved converters is
considered as a key modular parameter. The methodology uses analytical models to strike a balance
between computation time and result accuracy. This compromise is indispensable to the construction
of a smart design approach under multi-physical constraints, such as electric, efficiency, volume,
and thermal constraints. The proposed approach has been applied to a hybrid fuel cell and battery
power system for automotive applications; the goal is to obtain a global optimal architecture chain
by optimising the number of interleaved converter cells and by determining appropriate power
electronics components and the optimal sizing of sources. This constitutes the primary step for
providing an effective pre-design support tool for considering architecture modularity, facilitating the
use of new technologies in the early design stage. The results showed that the interleaving concept
allows for better flexibility in respecting the design constraints to improve the design of hybrid power
systems. The analysis also highlights the current limitations and performance of the optimisation
method and suggests new areas for future work.
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1. Introduction
Interleaved Converters. Energies 2023,

16, 4068. https:/ /doi.org/10.3390/ Global warming and air pollution are serious issues that affect our everyday life [1].
en16104068 Air pollution is a significant problem in many industrialized cities worldwide, and vehicle
emissions are one of the primary contributors. The transportation sector is indeed a vital
aspect of human development and economic growth [2]; however, it also has negative envi-
ronmental impacts that must be addressed to ensure a sustainable future. Governments,
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reflected by the integration of new solutions that are, in essence, based on the electrification

concept. While electric vehicles (EVs) and hybrid electric vehicles (HEVs) have certainly

= made progress towards reducing emissions, they still face the limitations of battery technol-

ogy and charging infrastructure: autonomy, security, refueling, durability, etc., hence the
importance of introducing other promising solutions for mobility transition [3,4].

The fuel cell electric vehicle (FCEV) is one of the key solutions for this transition; it
is often based on the concept of hybridization, particularly the use of PEMFC technology
Attribution (CC BY) license (https:// (proton e>.<chan.ge membrane fuel cell) as the main source and a ‘.battery or sup'ercapamtor as

) ) the electric assistance [5]. Compared with conventional EVs, this class of vehicle allows for
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10)). a better driving range and faster refueling time, but it requires the construction of a complex
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system. Improving the design process and system integration is essential for increasing the
market penetration of FCEVs and for overcoming some of the challenges that are associated
with this technology, such as efficiency, durability /reliability, and cost. This implies the
need for design methodologies to have the ability to consider the multi-physical constraints
and available technologies, topologies, and strategies (control/energy management) to
achieve the system integration according to the considered performance indexes [6].

The concept of hybridization allows for the possibility of having multiple architectures.
Each architecture differs from the converter(s) used; it constitutes an essential element,
which is either used to increase the voltage of the energy source or lower it and have the
appropriate degrees of freedom for energy management strategy. Several converters have
been introduced in the literature for such an application (boost, buck, buck-boost, etc.)
In [7-9], brief studies on the different power conversion topologies were presented before
the designing of a multi-phase boost converter. These standard structures do not provide
any degree of freedom for the sizing, energy efficiency, continuity of service, etc. Another
promising concept that is emerging is named the interleaving technique; it consists of the
parallel arrangement of switching cells [10-12], which allows for the power to flow through
the different cells. Figure 1 illustrates the representation of an interleaved boost converter.
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Figure 1. Diagram of the N-cell interleaved boost converter.

This construction allows for a stress reduction on each cell (active and passive com-
ponents), which increases the possibilities for technical choices and thus favors the use
of more “standard” components. Another advantage of this type of architecture is the
apparent frequency that is increasing inside the converter, as shown in Figure 2, which
proportionally increases with the number of cells, thus reducing the need for filtering.
Refs. [11,13,14] present the different benefits of an interleaving boost converter in terms
of efficiency, fault tolerance, etc. The interleaving concept also allows for a current ripple
reduction at the input of the converter, which preserves the energy source from high current
fluctuations. This principle provides a better flexibility for respecting the design constraints,
and it expands the margin between the limit and its boundary, thus making it possible for
the technology to operate closer to its limits without exceeding them; this can allow for a
more compact and cost-effective design.

However, interleaving implies the implementation of an appropriate control that
allows for a balanced distribution between the cells and allows for the ability to perform
reconfiguration to benefit from the modularity [15]. It consists of a close control that follows
the same duty cycle («) and is regularly shifted from one cell to another (Td/q).
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Figure 2. Waveforms of a three-phase boost converter.

It can also be noted that the complexity of the powertrain is amplified by hybridization,
leading to various additional parameters, constraints, and multidisciplinary issues. This
includes a strong interaction between the components, new driving conditions, and other
challenges. To address this system complexity, numerous performance indexes and a range
of factors must be considered, such as the most suitable components, optimal sizes, and
associated energy management strategy; hence there is an industrial challenge to improve
the design process and enhance the performance and efficiency. This paper deals with these
challenges by developing an effective sizing approach that also addresses the modularity
concept by introducing the interleaved architecture.

Compared with other pre-sizing approaches that only focus on the interleaved con-
verter [16-18], the present design deals with a global hybrid architecture that employs
a fuel cell by addressing the interaction between the sources and the associated power
electronics; these interactions can have a significant impact on the performance of the
hybrid powertrain and must be carefully managed to ensure optimal operation, which can
be conducted by offering a more effective solution for optimising the performances and
efficiency.

This paper is structured as follows: the first part will detail the existing and used
topologies in the current studies of the field. Another section explains all the representations
used in this work. Finally, some results and an analysis will be exposed in the last part.

2. State-of-the-Art

After explaining the scientific concept of this study, this section will discuss the state-
of-the-art in the field considered, starting with the global architecture and then zooming in
on the components, namely the sources and converters within the power chain.

2.1. Architecture/Components

In this context, many FCEV architectures are possible, which differ according to
the energy sources chosen and the associated power electronics. Several topologies are
possible, as explained in [19,20]. An FCEV is usually composed of a fuel cell (FC), which
is considered to be an energy device with low dynamics (cannot provide power quickly),
along with an energy-storage system (ESS). The ESS can comprise various equipment, such
as a battery pack, ultra-capacitors, etc. For our use case, we chose to have a battery pack as
a power/energy storage system to create a hybrid architecture with FC downsizing that is
not supported by an ultracapacitor (power storage system). The three structures are mainly
used according to [21]:
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¢  The two-converter structure, consisting of the association of a converter for each
source. Although it is the arrangement with the largest number of degrees of freedom,
it remains a complex system in terms of control design.

¢ The direct parallel structure, which directly connects the sources to the load. This
disposition, however, requires an over-sized FC to provide the demanded power to
the load.

¢  The one-converter structure, which only places one converter at one source (usually
the FC) to downsize the associated source. It presents some constraints related to the
management of the battery state of charge.

Regarding the technology of the sources, many different fuel cell technologies have
been developed [22]; these are typically based on the operating temperature and electrolyte
type used. In the transport sector, low-temperature fuel cells are preferred, such as the
PEMFC, which has a low operating temperature (30-100 °C) and a solid membrane that
absorbs system vibrations [20,23-26]. In terms of modelling, there are several different
approaches depending on the level of detail required and the specific application (chemical,
electrochemical, efficiency, hydrogen consumption, etc.). Static models are one type of fuel
cell model that are commonly used based on steady-state operating conditions. They can be
relatively simple, with only a few parameters, or they can be more complex, with multiple
variables and inputs [27].

On the other hand, modelling batteries is also a complex task that requires the consid-
eration of various parameters, including the type of battery, its chemistry, and its operating
conditions. The choice of an appropriate battery model depends on the application and pur-
pose for which the battery will be used. There are several different types of battery models
that can be used, each with their own advantages and disadvantages. Some common types
of battery models include empirical models, equivalent circuit models, and electrochemical
models, as explicated in [28].

Concerning the power converters, as in this case, both energy sources provided a DC
voltage, i.e., only DC-DC converters were treated. There are different types of DC-DC
converters that are well explained in the literature [29,30] (step-down, step-up, galvanically
isolated or not, reversible or not, etc.). The choice of the appropriate DC-DC converter for
a fuel cell /battery system depends on several parameters, including the input and output
voltage, power rating, efficiency, size and weight, etc.

2.2. Design Approach

In the literature, several studies have proposed various approaches to design a hybrid
system that combines different power sources; two methods have emerged in HEV design
applications: empirical approaches and computational approaches, as explained in [31].
With the rise of computer science, optimisation-based approaches have become increasingly
popular for the design of hybrid systems. Compared with the traditional approaches
that make a solution according to the rated conditions, systemic approaches involving a
sequential process of individual optimisations or multi-objective optimisation methods
have also been introduced; they provide more comprehensive solutions that take into
account multiple performance criteria and constraints. Their implementation depends on
the compromise between the complexity of the structure, the computation time, and the
exploration capabilities. On this topic, many optimisation algorithms have emerged [32];
among them, two relevant techniques were selected: the particle swarm optimisation
(PSO) technique and the genetic algorithm (GA) [33]. Both techniques are rather simple
to implement and fast to process and a comparative study is essential in order to make a
choice between them according to the considered requirements.
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3. Implementation and Modelling
3.1. Approach Description

Our use case was based on a hybrid fuel cell/battery architecture with two boost
converters. The load was represented as a power demand based on a small city car driving
through a preset circuit. The pre-sizing approach here, shown in Figure 3, involves an
optimisation process with multi-physic constraints. These two algorithms (PSO and GA)
have been separately tested and compared in terms of computing time, convergence speed,
and accuracy; it results in a better convergence speed for the GA, although its computing
time for one iteration is clearly above that of the PSO. With respect to the accuracy, the
PSO provides better results and remains more accessible to manipulating and changing its
internal parameters. As it remains more flexible to exploit, the PSO algorithm was used
here; it realises the optimisation of the main sizing parameters, which were tested within
an objective function for minimisation purposes. This optimisation was constrained by
different condition limits according to the architecture’s integrity and specifications. The
optimisation loop will experiment a defined size for each particle according to a considered
driving cycle. After reaching the end of the cycle, some physical constraints (for example,
the SoC deviation throughout the simulation must be less than one) are evaluated and
added to the cost function as penalties. If the constraint is not respected, it adds a cost to
the objective function to exclude this solution. The load power profile is determined using
the longitudinal dynamics model, which takes into account the vehicle speed and forces
resulting from acceleration, drag, friction, and road slope [34].
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Figure 3. Overview of the suggested design approach.

There are several performance indexes that can be chosen as the cost function, such
as the overall volume, components lifespan, efficiency, etc. For this primary step of our
support tool, the objective function to minimise here was the system global volume as
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it remains an industrial challenge in the development of FCEVs. Through the article,
the different constraints associated with the cost function will be developed as electrical,
thermal, and efficiency constraints.

To implement the optimisation problem, the first step is to model the volume of each
component to evaluate the cost function. Then, the behaviour of the sources and convert-
ers are modelled. After that, the various ripples inside the converter will be described.
To express the converter’s efficiency, the losses in terms of the electrical losses will be
developed along with the thermal behaviour, which is also considered as a constraint.
The optimisation algorithm will be developed and explained in the last part. All of the
following implementations will follow the described formalism contained in Table 1.

Table 1. Optimisation problem formulation.

Formalism Mathematical Definition
Cost function F(X) = Volume ppep;i
Converter parameters, FC parameters, and

Optimisation parameters BAT parameters

Ripples < Ripple_max
Efficiency > fyin
Semi — conductor temperature < T_max
Prc min < FCMaxPower < Ppc ax

Constraints

3.2. Volume Cost Function

As the purpose here is to focus on the interleaving boost converter architecture, the
principal criterion about this part is the overall volume, including the volume of the sources
and converters. This study also gathered the constraints related to many different domains
(electrical, thermal, etc.) and therefore remains as an interesting case study. This converter
volume includes the passive and active components. The volume of the active components
is mainly represented by the heat sink volume. Regarding the converter volume, the
volume of the passive and active components volume are considered here, with the heat
sink volume largely constituting the volume of the active components. Analytical models
were computed to estimate the volume of inductance, capacitor, heat sink, and energy
sources.

3.2.1. Fuel Cell Volume

The fuel cell sizing mainly depends on the application area and operating conditions
(static or embedded environment). Modelling the fuel cell volume can be a complex task
as it involves taking into account various factors. For PEMFC technology, it is estimated
that the volume of the stack takes 30% of the overall system. Consequently, 70% is held
by the auxiliaries. It is common to refer to the Ragone diagram when estimating the
system volume. Using the data extracted from this diagram as well as the data from
existing vehicles such as the Toyota Mirai [35], it is possible to estimate that each kW of
fuel cell power required is equivalent to a volume increase of 1.5625 dm3. A fuel cell with a
maximum power of 10 kW will then have a volume of about 15.6 L, i.e.,

Volpc = 1.5625 X 1073 Prcynax (1)

3.2.2. Battery Volume

The battery pack of an electric vehicle is an assembly of serial or parallel electric cells.
Therefore, based on the cell used in the battery pack of the Renault Zoé, the LG Chem
E63, it is possible to estimate the volume of the battery pack as a function of the cell’s
dimensions, i.e.,

Volgar = ((length - width - thickness) - neeln,,,,,.) * Nstackpar, (2)
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where length = 325 mm, width = 125 mm, and thickness = 11.5 mm are the cell’s dimen-
sions, gy, 18 the number of serial cells of one stack, and Mstack g 15 the number of
parallel stacks.

3.2.3. Converter Volume

The converter volume is composed of the inductance, capacitor, and active components
volume. The heat sink volume represents the volume of the active components. As several
switching cells can be interconnected, each volume model presented here is given with
respect to an elementary cell.

Inductance volume:

The volume of an inductance is proportional to the stored energy, i.e.,
Volp ok -L-If, ®3)

where k; is a constant factor that describes the relationship between the stored energy and
the coil volume, L is the inductance value, and I, is the average current flowing through
the inductance. kj, can be calculated from the manufacturer’s databases for different
magnetic core sizes, inductance values, and current values. However, an approximation of
the volume can also be written by [36]:

Volp =kp1-L- I%moy ko L+kiz- I, @)

where the parameters kj 1 , k17, and k;3 depend on the shape of the coil. Here, only toroidal
cores are considered because of their high volume-to-inductance ratio.

Capacitor volume:

The volume of a capacitor depends on the geometry and material of the component. It
is also proportional to the stored energy plus a factor representing the voltage between the
capacitor terminals [36]:

Volc = ke - C-VE + ke (5)

where the parameter kc; describes the relationship of the capacitor volume and the stored
energy and kc; is a voltage-dependent factor. These factors can be determined using the
data of the manufacturers. C is the capacitance value and V(- is the voltage of the capacitor.

Active component volume:

The heat sink is chosen to respect a maximum junction temperature of 130 °C for the
semiconductors and occupy a volume that is as small as possible. Furthermore, the volume
of the diode and controlled switch are negligible in front of the heat sink volume. The
model used to calculate the volume of the heat sink as a function of the thermal resistance
was developed from the work of [37]. This gives the following formula:

Volggs = C1 - eC¥ Rtrad (6)
where the coefficients C1 and C2 are provided in the manufacturers’ charts [10].

3.3. Constraints

After illustrating the volume of the different components, the different multi-physics
constraints (electrical, thermal, etc.) will be explained in this section as part of the compo-
nents modelling (sources and converters).
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3.3.1. Fuel Cell System
Behaviour:

There are several fuel cell modelling approaches that are based on different param-
eters, which depend on the level of detail and complexity required for the application
(electrochemical, efficiency, hydrogen consumption, etc.), as previously explained. FC
modelling allows us to identify which parameters have the greatest impact for a future
optimisation. From a systemic point of view and for energy considerations, the number of
cells in the FC system and the active surface area of each cell are the two most important
parameters. These parameters will be used in the formulation of the optimisation problem.
In this context, the FC model used here was based on the electrochemical model described
in [23]. The fuel cell for one cell is modelled as:

Vcell =Vi— Vact — Vohm — Veon (7)
with
V, = 1.229 — 8510 *(Tpc — 298.15) + 4.31 - 10 °Trc In (PH2P8'25> ®)
_ RTgc i+iy
Vact - aF 11‘1( iO ) (9)
Voim = (i + iﬂ)r (10)
RT, i+1
Veon = — Zlfc In (1 - i n> (11)

where Trc is the fuel cell temperature, Py, and Pp, are the partial pressures of Hy and O,,
R is the ideal gas constant, z is the number of exchanged electrons, « is the charge transfer
coefficient, F is the Faraday constant, i is the current density, i, is the internal current
density, iy is the current density exchanged between the electrodes, r is the area-specific
resistance, and 7; is the limited current density. Note that the current density is a function
of the active surface area.

The total voltage across the fuel cell is expressed as follows:

VEc = Neet * 1rC * Veenr (12)

where N, represents the FC stack serial cells and #¢ represents the FC efficiency.

3.3.2. Battery Pack
Behaviour:

To model the battery pack, there are numerous representations that distinguish them-
selves from the physical constraint that they want to model. Here, temperature is not taken
into account. Consequently, only electrical models are considered interesting. The battery
model used is a two-time constant Thevenin model (two parallel RC networks), which
provides the best accuracy, as explained in [38]. It consists of a resistor in series that is used
to describe the ohmic resistance of the battery, which is associated with two parallel RC
networks (polarization aspects) as shown in Figure 4 [39].
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Figure 4. Second order battery modelling.

All of the parameters of this representation are a function of the state of charge (SoC),
which is calculated as:

SoC(t) = SoC(0) — Q1 /i(t) dt (13)

with SoC(0) being the initial state of charge, Quom being the nominal capacity, and i(t)
being the current. Note that the nominal capacity here is expressed in A/s.

3.3.3. Converter
Behaviour:

The average model of the converter includes two equations, one for the converter
behaviour and the other reflecting the DC bus behaviour:

dir,
dt
with i=1,...,q9 (15)

L; = Vin — Vout(l - 0‘) (14)

where L; is the elementary inductance, i, is the current flowing through the inductor, V;,
is the input voltage, V;, is the output voltage, « is the duty cycle, and g is the number of
switching cells. Regarding the DC bus, it is a function of all of the current flowing through
the capacitor; hence:

dVout _
TR

M&:

C

(iL,-) - iLoad (16)

Il
—_

where C is the capacitor value and i}, is the current demand from the load. The capacitor
is common to both sources, so it is important to keep in mind not to forget to sum all of the
currents from each source.

Electrical constraints:

The examined electrical constraints include the input inductance current ripple, output
capacitor voltage ripples, and current ripples in the elementary cell inductors. These are
the main ripples that are studied in this system. Additionally, models related to electrical
quantities, such as the mean, root mean square (RMS), and maximum currents, were
employed to determine the losses and thermal constraints. Note that this work only focuses
on the continuous conduction mode (CCM), i.e., the discontinuous conduction mode (DCM)
will not be discussed here. It is also assumed that all inductance values are assumed to be
the same, i.e.,, L1 = Ly = --- = L; = L. Therefore, the provided continuous conduction
mode modelling is formulated as follows:

Inductance current ripple:

_ Vour(1 —a)a

Al

(17)
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Output voltage ripple:
Loyt
AVour = (Zl} (18)
Input current ripple:
ALy, = 230 Vo (19)

Lf
where V,,; is the voltage at the output of the converter, a is the duty cycle, L is the
inductance value, f is the commutation frequency for one cell, C is the capacitor value,
Loyt is the output current of the converter, and g is the number of cells. Note that because
the control strategy is conducted without overlapping, (19) is only valid when (1/g) < a.
Time-domain simulations were utilised to validate these electrical models.

Efficiency:

To restrain the converter’s efficiency, loss analytical models for semiconductors and
passive components (i.e., inductors and capacitors) were employed. They will be split into
the semi-conductor losses at first, and then the inductance and capacitor losses will be
described. The global efficiency formula will be given in a last part.

Semi-Conductors Loss Models
Concerning the semi-conductors losses, there are three types of losses:

*  Switching losses when opening the semi-conductor Py, on;
e  Conduction losses P, ;
*  Switching losses when closing Py, OFF ;

The total losses are hence calculated as follows:

Ptot_sw = Pcom?ON + Pcand + Pcom?OFF (20)

Diode commutation losses are ignored. The only losses expressed here are the conduc-
tion losses, which are represented as an equivalent circuit shown in Figure 5:

Rason

vi) ——

it i(t)T

Figure 5. Equivalent circuit of a diode.

Vo

Consequently, the diode losses are expressed as:

Peond_d = R (It,,.)* + Vo - L, (21)

where I3, and Iy, are the RMS current and average current in the diode, respectively; R4
is the diode dynamic resistance and Vj is the diode voltage drop. These two parameters
depend on the temperature and current. They are obtained from the manufacturer’s data.

The equivalent circuit of a transistor in the conduction phase is similar to the diode’s
circuit. The expression concerning the conduction losses remains almost identical except
that here, the threshold voltage is negligible, thus changing Equation (21) into:

Pcond_t - RdS(ON) ’ (Itrms)z (22)
with I, = I\/a (23)
thus Pcond?t = Rds(ON) : (IL)Z A (24)
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where Ry on) is the switch dynamic resistance in the conduction state, It is the RMS
current, and I is the current flowing through the inductor of each cell.

The transistor commutation losses correspond to the energy lost in the switch’s activa-
tion and closing phases. By neglecting the current peaks and by assuming that the current
and voltage variations are linear, we can express the switching losses as:

1
Pcom_t - E ' Vout ' Imoy ' (tON + tOFF) f (25)

where Voy is the output voltage of the converter, I, is the maximum current flowing
through the transistor, ton and topr are the duration of the firing and blocking phases,
respectively, and f is the switching frequency of the transistor.

Finally, the total semi-conductor losses are expressed by:

Ptot_sw = Pcond?d + Pcond?t + Pcom_f (26)

where P,,,,; 4 is the diode conduction losses, P4 ; is the transistor commutation losses,
and Py, ¢ is the transistor conduction losses.

Inductor Losses models

Inductance losses are composed of copper losses in the winding and core losses created
by the magnetic field. Copper losses are divided into two phenomena, the skin effect losses
and the proximity effect losses. The geometry of the wire (cylindrical or square) is assumed
to not influence the representation of the losses. It will be modelled by:

Peopper = (K1 +K2)Rpc(I1,,,.)? (27)

where K1 is the resistance factor for the skin effect and K2 is for the proximity effect. Iy
is the RMS current through the inductance, and Rp¢ the DC resistance defined by

1
Rpc = = 28)

where p is the resistivity of the material, / is the length of the conductor, and S is the cross-
sectional area of the conductor. The K1 factor is determined using Levasseur’s formula for

cylindrical conductors [40]:
6 (3)° S \° 1
K1l = \/(4> + <Pe-(5> + i (29)

where S is the cross-sectional area, Pe is the perimeter of the conductor, and J is the skin

thickness, defined by
0
0= 30
\ moprmif 0

where p is the material resistivity, y is the vacuum permeability, y, is the material perme-
ability, and f is the chopping frequency.

Core losses in an inductance are due to hysteresis and eddy current losses. These
losses augment with the switching frequency and surface area of the magnetic circuit. They
increase with the square of the frequency and conductivity of the material. Hysteresis
losses are expressed using the formula of Steinmetz:

Pcore =k VcorefXB}qux (31)

where Py, is the power loss, f is the switching frequency, Vcore is the volume of the magnetic
core, By is the peak magnetic flux density, and k, X, and Y are the coefficients that are
specific to the material used. However, this formula is only applicable to a sinusoidal
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alternating current and is therefore not suitable for our application. It then can be modified
so that it is suitable in this case [41]:

AB™ AB™
2ar) * T i —aTy

where AB is the magnetic induction change, « is the duty cycle, and T is the switching
period. The parameters m and n are material-specific constants, which are obviously not
the same as those of Equation (31) as the core excitation is not of the same form. They are
taken as k = 1.214, m = 1.923, and n = 1.503, as stated in [41]. When the duty cycle is 50%,
this equation finds the same form as the Steinmetz Formula (31).

Peore = k Veore 1- D‘) (32)

Capacitor Losses

The capacitor losses are expressed using an equivalent circuit of a capacitor with an
equivalent resistance as shown in Figure 6.

> 1

ic[t) RE‘SF [:.

v (t
Figure 6. Equivalent circuit of a capacitor.

Losses in the dielectric material are generally represented by a dissipation factor tan dp
constant in frequency.

PC = ESR : (ICTWIS)Z (33)
. _ tan(dp)
with ESR = Cow (34)

where tan(dp) is the constant frequency dissipation factor, C is the capacitance of the
capacitor, and w = 27tf is the pulsation. The manufacturers provide charts that provide
the value of these parameters, which also depend on the temperature.

Total Losses

The efficiency of the converter is then calculated using the following model:

. PS o PS
Ps+ X losses  Ps+q- (Prot sw+ Peopper + Peore) + Pc

1 (35)

Thermal:

Only the major thermal stresses that are associated with semiconductors are considered
here. Even if all of the components are not ideal, because of their losses, they are subject
to a temperature rise. These temperature increases are negligible compared with those of
semiconductors. The thermal circuit of the components is represented by a set of thermal
resistances characterising each part of the component. Based on the model shown in
Figure 7, when assuming a shared heat sink, it is possible to estimate the switch and diode
junction temperatures (T; s, and T; 4) of an elementary cell. This model takes into account
the switch and diode losses (Psy and P;) as heating sources. The thermal resistances
(junction case: Rthjc g, and Rthj_g4; case sink: Rthes s and Rthe_g; sink air: Rths,) are
used to simulate the thermal exchanges between the semiconductor junction and its case,
between the case and the heat sink and between the heat sink and the environment.

Tj_sw =T, + (Rthjc_sw + Rthcs_sw)Psw + q- Rthsa(Psw + pd) (36)
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For the diode:

ijd =Ta+ (Rthjcfd + Rthcsfd)Pd +q- Rthsa(Psw + Pd) (37)

Pa

Rthjc 4

Rths ¢
T (junction) }jc

T.(case)
o ————T.(sink) te

* « T, (ambient air)

Figure 7. Thermal model of a semiconductor.

4. Results and Analysis
4.1. Use Case

Our architecture is a parallel hybrid fuel cell/battery architecture that uses a specific
power converter that is connected to each source. It is well suited for optimal design and
energy management, which is related to its high freedom degrees [21]. Figure 8 shows
this architecture, where the fuel cell is used as the main energy source and the battery is
the auxiliary energy source or ESS. The fuel cell adopted is a Ballard PEMFC. The battery
pack is considered to be a lithium ion cell stack as it is the most current developed type
of cell. It is treated as an auxiliary source whose main purpose is to provide peak power
when demanded by the load. Indeed, the fuel cell dynamic remains quite slow and cannot
provide the demanded power as fast as the battery pack would. The energy management
system consists of a frequency decomposition (using a two-order Butterworth analog filter).
Thus, small power fluctuations are taken by the fuel cell, and high fluctuations are absorbed
by the battery.

Proton Exchange Membrane Fuel Cell

Traction

pBA\’I'
>

A

Battery

Figure 8. Parallel hybrid power source architecture.

The use case specifications considered are related to a city car that is similar to a
Renault Zoé model, which is shown in Table 2. The load is a power demand working at a
specific voltage. The chosen driving cycle is the WLTC cycle.
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Table 2. Renault Zoé vehicle parameters.

Parameter Values
M 1425 (kg)
L 4.804 (m)

1 1.730 (m)
H 1.568 (m)
S 1 x H (m?)
Cx 0.29
Cr 0.012
o 0
g 9.81 (m-s—2)
e 1.184 (kg'm~3)

The approach has been deployed and implemented in a Matlab R2020b environ-
ment, and the optimisation algorithm was self-coded to have a flexibility concerning its
parameters.

The main optimisation parameters regarding the power converter are the number of
cells (g), which are considered to be a key optimisation parameter for determining the
converter architecture, switching frequency (f), elementary cell inductance (L), and output
capacitance (C). Due to the significant impact of passive component technology on both
the constraints and objective function, the technology parameters for each component are
incorporated as optimisation parameters. With respect to the sources, the two parameters
integrated in the optimisation process for the fuel cell are the number of cells in series and
the active surface area. For the battery pack, only the number of cells that are in series are
optimised here.

The optimisation aims to determine the optimal range values for minimising the
objective function according to considered constraints.

4.2. Optimisation Results

First, to validate the interest of interleaving in a FCEV, the initial step presented here
consists of analysing the benefits of the interleaving technique in a mono-source power
chain. It is represented as a fuel cell and its boost converter, which is associated with the
load, as shown in Figure 9:

Proton Exchange Membrane Fuel Cell
Traction

Figure 9. Mono-source power chain.

The main specifications considered in this case are the following:

¢ Output network voltage: 360 V
¢ Output power: 20 kW
e  Number of cells: 1,2,3,4

Moreover, the associated problem formulation is exposed in Table 3:
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Table 3. Optimisation problem formulation.

Formalism

Mathematical Definition

Cost function

F(X) = Volume gpeni

Optimisation parameters

Inductance, capacitance, frequency, magnetic
density, wire diameter, winding number, heat
sink thermal resistance, active surface area,
number of FC cells

Constraints

Input current ripple < 10%
Inductance current ripple < 50%
Output voltage ripple < 10%
Junction temperature MOSFET < 130° C
Junction temperature diode < 130° C
Efficiency > 80%

Vrc < 0.9x Output voltage
0.8 X Prc_max > PLoad
Input converter current < limited FC current
Prc_max <2 X Progd

The results of the obtained volumes are shown in Figures 10 and 11 when the number
of switching cells () is a fixed parameter that is considered as a specification.

65.00

60.00

55.00

50.00

Volume [L]

45.00

40.00

Number of cells

Figure 10. Optimal global volume.

17.00
16.00
15.00
14.00

13.00

Volume [L]

12.00

11.00

10.00

Number of cells

Figure 11. Converter global volume.

According to these figures, it appears that increasing the number of switching cells
results in a reduction in the overall volume of the converter. The reduction in volume is
most significant when moving from a one-cell converter to a two-cell converter, which
results in a reduction of almost 20% in volume compared with the previous configuration.
There is a diminishing return on the volume gain as the number of switching cells is
increased due to the presence of a “dead” volume in each component. This “dead” volume



Energies 2023, 16, 4068

16 of 21

cannot be made as small as possible, which limits the overall reduction in volume as more
cells are added to the converter (Figure 12).

w

Number of cells
N

10 15 20 25

30 35

Power (kW)

40

45 50

Figure 12. Optimal number of cells for different output power.

55

As shown in this figure, an optimal number of cells that minimises the overall volume
for each power level can be observed. As a result, for high power levels, interleaving results
in a significant reduction in the converter volume. On the other hand, the reduction in
volume gain is insignificant for low power levels. For the next validation, different sizing
will be presented and compared. In fact, the decomposition shows a maximum power
provided by the fuel cell of 40 kW with a cut-off frequency of 50 mHz, as evaluated in [42].
This will be taken as the most undersized structure (“dim1”) shown in Figure 13. The other
sizings are 50 kW, 60 kW, 70 kW, and 80 kW for “dim5”. The parameters chosen for the
converter and FC sizing of 40 kW are given in Table 4:

Converter efficiency

Diode junction temperature (°C)

Switch junction temperature (°C)

Number of cells
1 2 3 4 5
Constraints Results Results Results Results Results
Input current ripple (%) 0.21 0.2 0.2 0.2 0.20]
Output voltage ripple (%) 0.02 0.01 0.01 0 0.00
. Inductance ripple (%) 0.21 0.41 0.62 0.82 1.03]
dims - 80kW [ verter efficiency 58.91 80.93 84.9) 87.47
Diode junction temperature (°C) 140.76 119.64 109.56 103.66
Switch junction temperature (°C) 130.63 104.67 96.57 92.63 90.29
Input current ripple (%) 119 1.14] 1.09 1.04] 0.99]
Output voltage ripple (%) 0.12 0.06 0.04 0.03 0.02|
" Inductance ripple (%) 1.19 A 3.56 4.74 5.93|
dimd - 70kW Converter efficiency 79.95 84.10 86.80
Diode junction temperature (°C) 124.97 113.67, 107.04|
Switch junction temperature (°C) 119.82 105.29 98.71 94.98
Input current ripple (%) 1.73 1.62 A5l 1.40 1.29]
Output voltage ripple (%) 0.19 0.09 0.06 0.05 0.04
- . Inductance ripple (%) 1.73 3.46 5.20 6.93 8.66)
SIZIng dims3 - 60kW Converter efficiency 79.25 83.51 86.30
Diode junction temperature (°C) 128.67 116.52 109.39
Switch junction temperature (°C) 130.38 11135 102.94 98.24
Input current ripple (%) 4.40 3.10 181 0.52 0.59|
Output voltage ripple (%) 0.70 0.35 0.23 0.18 0.14|
dim2 - S0kW Inductance ri?;?le (%) 4.40 8.79 13.19| 17.59| 21.98|
Converter efficiency 77.41 81.00)
Diode junction temperature (°C) 137.04
Switch junction temperature (°C) 136.66
Input current ripple (%) 4.63 1.43 1.12 111 0.16|
Output voltage ripple (%) 1.26) 0.63 0.42 0.32 0.25)
dim1 - 40kW Inductance ripple (%) 4.63 9.26 13.89 18.52 23.15

Figure 13. Comparison of different sizings with different numbers of cells data.
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Table 4. Sizing parameters.

Parameter Values
L 0.001 (H)
C 0.001 (F)
freq 10,000 (Hz)
B 1.2(T)
Diameter 1-107% (m)
Winding number 300
Heat sink thermal resistance 0.5 (°C/W)
Number of FC cells 240
Active surface area 140 (m?)

Note that these parameters have been chosen based on the optimisation results for
an operating point of 40 kW. The following sizings are designed by increasing either the
number of cells or the active surface area. Hence, the results of all constraints with respect
to the sizings are presented in Figure 13.

The above table presents the constraint values of each sizing in relation to the number
of switching cells. The colour red highlights the constraints that stand well below their
limit. On the contrary, the colour green emphasizes the respected constraints. Finally, the
colour orange designates the constraints located around their boundary that are either
above or below the limit.

According to the table, the 60 kW sizing with five switching cells gives the same
results as the 80 kW sizing with three cells. Both have an efficiency that is close to the
boundary, but the other constraints are properly respected. Consequently, to respect all of
the constraints, there are two choices: either oversize the power chain, which leads to a
serious volume increase, or add several switching cells to the converter, which causes a
smaller volume augmentation as seen previously.

To simplify the reading of the previous figure, Figure 14 shows a schematic representa-
tion of the data collected. It can be read as follows: the sign “—" means that at least one
constraint is not respected, and “+” consequently means that almost all constraints are
respected. Note that the constraints here are the same as mentioned before. The two boxes
with only one “+” sign are the sizings that respect all constraints, but some of them are
located just above the limit. In contrast, the two boxes with “+—" have some constraints
that are just under their limits. For this reason, the red boxes show that the sizing chosen
does not respect the imposed constraints, whereas the green ones are the sizings that fulfill
all conditions.

According to these figures, choosing a sizing of 60 kW with five switching cells for
the converter gives the same results as selecting a structure of 80 kW with three or four
switching cells. In comparison, a sizing of 60 kW and five switching cells gives an overall
volume of 0.1265 m? or 126.5 L, whereas a sizing of 80 kW and three cells presents a
volume of 0.1625 m3 or 162.5 L. This is due to the fact that the source occupies a larger
volume than the converter, thus having a greater impact. These analyses show the benefits
of the interleaving principle, which permits to downsize a power chain, leading to a
smaller volume of overall architecture. Thanks to this interleaving approach, a single-cell
design that is considered as downsized (as it does not respect the constraints) becomes
suitable from a certain level of interleaving as the constraints become respected one-by-
one. The results can be improved by considering other performance indexes, such as:
consumption/efficiency, reliability, etc., in keeping with real expectations. Therefore, the
choice of the number of switching cells should be carefully evaluated based on a trade-off
analysis between theses performance indexes.
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Number of cells

Sizing

Figure 14. Comparison of different sizings with different numbers of cells, simplified.

5. Conclusions

This paper presents a pre-sizing approach that is intended for a hybrid battery-fuel
cell system with interleaved converters. The objective of the proposed approach is to assist
designers in obtaining an optimal sizing of power structures in accordance with the highly
restrictive specifications. By introducing the interleaving technique, the method leads to
a better flexibility for respecting the design constraints and enhances the performance.
The approach is based on an optimisation process using a PSO algorithm under multi-
physical constraints. A use case based on a hybrid power source system was considered to
analyse the benefits of the interleaving concept. Analytical models were used to represent
the behaviour of the studied system, including the sources and converters, as well as
the associated constraints (volume, electric, thermal, and efficiency). These models are
dependent on the number of switching cells of the converters, which is a key modular
design parameter.

The results of the first validation show that the overall volume of the mono-source
power chain decreases with the increase in the number of switching cells, reducing the
volume by up to 15%. In the second validation on a hybrid architecture with a simple
energy management system, the constraints on the architecture (such as electrical, thermal,
and efficiency constraints) were found to be enhanced when the number of cells increases.
This means that adding switching cells to an undersized architecture operating with only
one converter cell can improve its constraints without significantly increasing the overall
volume. In this example, an overall volume reduction of 22% was achieved. It is also worth
noting that the sources (i.e., fuel cells and batteries) take up the most significant portion of
the overall volume.

The limitations mentioned in the paper are important to consider for future work.
A mono-objective optimisation may not always be sufficient for capturing all aspects of
system performance, and a multi-objective optimisation could be used to find trade-offs
between different performance indexes such as power efficiency and component lifespan to
select the most suitable design solution based on the designer’s preferences. Additionally,
the reactive energy management approach used in this work may not be ideal for all
applications, and a more proactive approach could be explored by incorporating fault
tolerance considerations to enhance the performance and the reliability of the system.
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Abbreviations

The following abbreviations are used in this manuscript:

EV Electric vehicle

HEV Hybrid electric vehicle

FCEV Fuel cell electric vehicle

PEMFC  Proton exchange membrane fuel cell

FC Fuel cell

ESS Energy storage system

SoC State of charge

SoH State of health

DC Direct current

PSO Particle swarm optimisation

GA Genetic algorithm

RMS Root mean square

CCM Continuous conduction mode
DCM Discontinuous conduction mode
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