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Abstract

This paper presents a control strategy for hybrid power source based on fuel cell (FC)
as the main power source and battery/supercapacitor (SC) as auxiliary power sources for
electric vehicle application. In this study, a Battery and SC are auxiliary devices associated
with the FC to ensure the power reversibility in the drive train. The FC, Battery, and
SC are connected to the DC bus throughout an interleaved boost converter (IBC) and two
interleaved bidirectional converters (IBDC) respectively. The paper proposes the control
strategy based on power frequency splitting to avoid FC starvation problem, reduce the
battery stress and improve the fuel economy of FC. The detail of the control strategy is
presented and an Energetic Macroscopic Representation (EMR) is used to develop the whole
system. The simulation results are presented to validate the proposed method in the hybrid
system.
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Fuel cell (FC), Electric Vehicle (EV), Hybrid Electric Vehicle (HEV), Energy Management
System (EMS), Energetic Macroscopic Representation (EMR)

1. Introduction

In the last few years, fuel cells (FCs) have gained a growing interest for power generation
both for stationary and transportation applications. FCs are electrochemical devices that
convert chemical energy directly from an oxygen and hydrogen reaction into electrical energy
releasing water and heat, providing quietness of operation, reliability and enabling zero-
emission transportation [1, 2, 3, 4]. Therefore, hydrogen FCs are considered as a potential
propulsion technology for automotive transportation. But, despite the importance of these
technologies in reducing the environmental impact, many issues that have to be overcome
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are studied, such as FC stacks (membrane, catalyst) [5, 6], main subsystems including air
compressor [7], hydrogen storage and distributing infrastructure [8] and vehicle integration
[9]. Indeed, the FC conditions for use are investigated regarding the vehicle requirements,
such as FC lifetime and failure recovery [10], low dynamics and decreasing of efficiency at
high current density [11].

Among the existing technologies of FCs, proton exchange membrane fuel cell (PEMFC)
seems to be a potential candidate for vehicle applications thanks to its: (1) high power
density and solid electrolyte[12, 13, 14]; (2) lower operation temperature, which makes them
rapidly turned on and off; (3) lower operation pressure (which guarantees greater safety);
(4) easily setting into mode system; (5) lower emission ratio and (6) higher conversion
ratio [3, 13]. Furthermore, the slow response of the FC impacts on vehicle performances. At
present, no single energy-storage device could meet all requirements of hybrid electric vehicles
HEVs and electric vehicles (EVs). Besides, hybrid energy sources complement drawbacks of
a single device [14, 15]. As a result, FCs must be combined with, at least, an intermediate
energy storage element that possesses sufficient energy. They should also be able to deliver
large amounts of power. Previous research showed that using FC hybridization with a
battery or a supercapacitor (SC) results in reducing cost and fuel consumption reduction as
well as in improving the performance of EV [16, 17, 18].

In fact, the very high capacitance of SCs comes at a cost. The operating voltage of a
SC cell cannot exceed the potential at which the electrolyte undergoes chemical reactions
(typically [2.5-3]V per cell). For high voltage applications, SC cells, can be series-connected.
One of the most important advantages of batteries over SC is their high energy density.
Indeed, the amount of charge they can charge (3-30) times greater than that stored by
SCs. However, SCs can deliver hundreds to many thousands times the power of a similar
sized battery. Besides, the highly-reversible electrostatic charge storage in SCs does produce
changes in the volume that usually accompanies the redox reactions of the active masses
in batteries. Such volume changes are the main causes of the limited cycle life of batteries
(around 1000 cycles for a lead-acid battery), compared to the charge—discharge cycles for
SCs [13, 17, 19].

These electrochemical systems admit a varied combination between the FC, battery and
SC. Depending on the topology, the power management may change. For example, for the
FC/Battery case, the battery will be under severe power bursts [20], which could shorten the
battery life time. The FC/SC combination could improve the life time, because SCs present
higher power, more ramp capability than batteries [21]. However, SCs are characterized by
much lower energy density than batteries [17]. They could also cause problems related to
during vehicle start-up [22]. The B/SC combination could solve this last aspect, but it will
reduce the total energy density due to the fact that batteries have a lower energy density
than FCs [23]. Therefore, the FC/Battery/SC combination keeps its higher energy density
due to the FC. The high power density and ramp capability due to the implementation of
SC and batteries, as studied by Thounthong et all [19]. This combination is based on using
the FC, battery and SC by taking account of the intrinsic energetic characteristics of these
sources. C.H. Zheng et all. [24], already proposed a strategy of fuel economy evaluation
based on the equivalent fuel consumption without taking into account the dynamic of the
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FC. Premananda Pany et all [25], proposed a strategy of Active load current sharing without
controlling the State of Charge (SOC) of battery and FC consumption.

This paper propose an energy management system (EMS) for a hybrid FC Battery/SC
power source. The proposed system model and the control structure are depicted using
energetic macroscopic representation (EMR). The applied control strategy is based on power
frequency splitting in order to protect the hybrid sources, and improves the fuel economy
of FC. This paper is organized as follows: In Section Hybrid electric vehicle configuration,
the topology of the electrical system for FCHEV is discussed, including the interleaving
technic of the converters. The energy flows analysis of the hybrid system, and the reference
power for every source is studied in Section Energy management system for hybrid electric
vehicle. EMR, modeling and control of power converters are presented in section IV. In
Section Results and discussion, simulation results of the proposed strategy are presented,
considering hydrogen consumption and SOCs of Battery/SC. Finally, the conclusions are
summarized in Section Conclusion.

System under study
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Figure 1: Proposed structure of the FC/battery/SC hybrid power source

2. Hybrid electric vehicle configuration

The configuration of the traction system of the FCEV is illustrated in (Figure. 1). This
system is composed of the FC which represents the main power source connected to the DC
bus through unidirectional boost converter, and the auxiliary power sources (battery and
SC) connected to the same DC bus by two bidirectional converters to assist the propulsion of
the vehicle during transients and to absorb the kinetic energy during regenerative braking.
The presented topology is based on an interleaved boost converter (IBC) and two bidirec-
tional converters (IBDC), (Figure. 2). The inductors of each converter are the same and
independent (L; = Ly = L3 = L). These three converters have the same output capacitor.
The interleaving technics are characterized by their high voltage step up, reduced the output
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voltage ripple, reduced the input current ripple, low switching loss, reduced electromagnetic
interference, fast transient response and continuity of service.
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Figure 2: Schematic diagram of the proposed FCEV system

3. Energy management system for hybrid electric vehicles

The FCs for electric vehicle usually works under complex operating conditions, including
start /stop and frequently changing load condition. This is the main reason why the durabil-
ity of automotive FCs is shorter than that of the stationary ones. Thus, the performance of
the FC can be improved by establishing a good energy distribution between the FC and the
energy storage system (ESS). (Figure. 3) shows that fuel consumption (Hydrogen) is very
high when the FC is operating in low and high power areas.

Furthermore, at low power zone, the FC efficiency is low because the power is used to
supply the various components of the FC (compressors, valves...). It is also not elevated
in the high power zone due to the nature of the FC system. From the curves shown in
(Figure. 3) optimal exploitation zone of the FC in terms of efficiency and fuel consumption
varies between (30 and 70) % of its maximum power. (Figure. 4) shows the different time
response of the energy sources that must be taken into account when designing the control
algorithm.

According to (Figure. 3) and (Figure. 4), the applied control strategy must ensure the
optimal power flow between FC, Battery and SC. In this case, the FC must always be
controlled in its medium power range by imposing a very slow dynamic and the power or
the current low must be limited to avoid the lack of fuel. The SC bank must be checked to
satisfy all very fast transient demands and load peaks. The battery should be also checked
for intermediate dynamics.

The EMS is developed as function of the balance of the system throughout the lifetime
of the vehicle. The power produced by the FC is compared with the DC bus power (load
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Figure 4: Strategy for power frequency splitting

power). This comparison determines the distribution of the energy flow between the storage
elements and the DC bus.
The FC reference power is calculated by the following equation:

1

Pf.=—P, 1
f n(l+ ms) toad (1)

Where Py, represents the output net power of FC system, n corresponds to the EV
system efficiency, and 71 denotes the filter time constant of FC.

To protect the battery during operation of the EV, the battery power must be corrected
by considering a low pass filter. The SC and/or battery reference power (P,,) is calculated
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by the following equation:

1

P =—P. 2
net ?7(1 + 7_28) t ( )

Where 1, denotes the filter time constant of the battery. The control process described
in (Figure. 5) is detailed below

Poat = P
Psc = Psc

Phat = P
Pie=0

Pyat =0 || Poat =0 || Poat =0
Pac = Puet|| Pac=0 ||Psc=Pret

—pr
Poat = Pr
Pse = Pres

Poat = P,
Pse=0

n
Pse=0

Figure 5: Power management control

If the power difference (P,;) is positive (excess power), the control system must transfer
this excess to the storage system (Battery/SC) while respecting the dynamics and the limits
of use of each storage source. If P, is negative (deficit power), the control system must
draw this lack of power from the storage system. The SOC of the battery and the SC
must be known at driving mode. To guarantee a safety margin of the storage system with
respect to the SOCs, the dimensioning of the elements was carried out with a discharge
depth k = 55%. Indeed, the proposed control strategy aims at finding an optimal trajectory
of the power distribution between the three sources when the vehicle is in driving mode.
From this strategy, the power references (P ef, Poatref, and Pscrer) can be imposed to
control three DC/DC converters.

4. EMR, modeling and control of power converters

The structure of the power converters and their control methods are represented by
the Energetic Macroscopic Representation (EMR) shown in (Figure. 6). EMR is a graphic
formalism for the synthetic representation of the multidisciplinary energy system. It leads
to a functional description of an energy system. It also respects the integral causality
of the studied system, which systematic deduction of a control structure. The maximum
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control structure (SMC) can be defined from the EMR by inverting its elements [26]. From
(Figure. 6), we notice the existence of a mirror effect between the SMC and the EMR.

The EMR is based on three main elements used to describe each component, source
element, Accumulation element and Conversion element. The source element (green oval
pictogram) has a single input or a set of vector defined quantities and only one output or
output vector. Accumulation element (orange rectangular pictogram with slash) symbolizes
the notion of temporal break between the input and output variables. The accumulation
element can either be scalars or vectors. Indeed, the storage element stores energy internally
(with or without loss). Thereby, in order to respect the integral causality, their outputs are
integral functions entrances. Finally, in the Conversion element, there is no energy storage.
The input and output variables are, therefore, not defined before being connected to other
elements. Conversion elements are represented by orange square pictograms.

From the EMR of the system, we observe a control structure which consists of a maximum
of control and measurement operations. This structure must reverse the overall function of
the system. The principle of EMR inversion control is detailed in [26]. The global control
structure is broken down into several control blocks; each one of which them be reversed
directly from the EMR. The accumulation elements have controllers to solve the problem
inverting their state variables. All control blocks are represented by blue parallelograms.

4.1. FC converter

The interleaved boost DC/DC converter, for which the output voltage is always higher
than the FC voltage. In the diagram presented in (Figure. 6). A coupling element is
introduced into the FC converter to indicate the energy distribution, it is represented by
three intersected squares. This specific coupling device is associated with the following
relations:

Vfel = Vfe2 = VUfed = Vge (3)
Ufel +ifea +fe3 = Tgc

The current of each inductance can be expressed as:

Lfci? = VUfci — Vswi (4)

The modulation function of the interleaved boost converter can be expressed from the
switching functions as follows:

1
Vpus = vacz

1fcz. (5)
Ufes = Lfci0

fci
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4.2. Battery and SC converters

These converters were controlled to carry out the power flow between the DC bus and
the storage elements. The current of each inductor can be expressed as shown below:

i (6)

The modulation function of two IBDC converters can be expressed from the switching
functions as follows:

1 1
Vbus = Vbati Vbus = Vsei
miati ﬂfsci (7)
Lhati = Lbati_0 lsei = 1sci0
bati sci

The reference powers Prcoref, Ppat.oref, and Py grer can be derived from the control
strategy as shown in (Figure. 5) and must be applied to the power sources when controlling
the DC/DC converters. The DC bus power is defined by the following differential equation:

Ebus = Pfc,O + Pbat,[) + Psc,O + Pload (8)
where:
. Pfc,(),ref
Lferef = —
P
. bat_0_
Ybat_ref — ~batore] (9)
Vpat
i _ scOref
scref Vee

The control structure of the system is mainly based on reference [27, 28]. Which in-
cludes a summary for the controller design on internal model control (IMC).The latter is
a method used to implement controller design, for which the resulting controller becomes
directly parameterized in terms of the plant model parameters and the desired closed-loop
bandwidth.

The controller transfer function is given below:

aTL

Gray—a® V) (10)

With G is the plan (process), and n denotes the order of G.

C(s) =

4.83. DC bus voltage Controller

The DC bus voltage remains constant regardless of the required load power value. There-
fore, its measurement is necessary. The voltage regulator can be designed as a PI controller



with an anti-windup block (to limit the FC current). Besides, the output signal must be
limited to meet the constraints.

To define a controller, we can linearize the behavior of the system. The linearization
will be carried out by an inverse model placed an opposite model of the variable i.. It is,
therefore, necessary to find an expression which allows a unit transfer between the output
of the controller and the current i.. We must set i¢. to the reference value that is:

Vbus

iferef = — (e + tbus) (11)
Vfe
Thus, we obtain a linear relationship between i.(s) and vp,s(s):
Vpus () 1
Gy (s) = - 12

With G,(s) is the decoupled system transfer function from i. to vy,s. Based on IMC
method, we can write the following relation:

« o
F(s) = —2G7Hs)= =2
(s) . G, '(s) . sC (13)
Ky, = a,C

For this voltage control loop, the bandwidth «, should be smaller than the sampling
frequency F,[Hz].

4.4. FC current controller
To simply define the current controller, the linearization will be made by an opposite
model, we must find an expression to permit the unity transit between controller output
and voltage vrf;. We must set my.; to a reference value, that is:
My = 9Tl g (14)
Ubus
Where vrs; is a new control variable representing the voltage reference across each
inductor of the FC converter. We obtain a linear transfer function between vy s.(s) and

ifci(S)Z

ifci(s) 1
i(s) = = 1
Gails) vrfei(s)  SLypei + Ryei (15)

With Gy;(s) is the decoupled system transfer function of each leg of the converter from
ULfeci to Z'fci‘

QG 0%}
F(s) = ;Gi '(s) = ;(SLfci + Ryei)
Kpi = aiLfci (16)
Ki; = aiRye;

For this inner current control loop, the bandwidth «a; should be selected smaller than a
decade below the sampling frequency Fi[H z].
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4.5. Battery and SC current controllers

The connection of the storage elements to the DC bus must be carried out throughout
two IBDC converters, since the Battery and SC can be charged or discharged. The control
of these two converters is directly linked to the EMS. These converters are controlled to
supervise the power flue between the DC bus and the storage elements. For this purpose,
the current references are calculated from the DC bus power and the voltage of each storage
source.

The regulation carried out is a loop of current that could be able to ensure the control of
the power in the converter. To be able to define a simple current regulator, we can linearize
the system behavior. The linearization will be made by an opposite model, we must find
an expression to permit the unity transit between controller output and voltage vyuq; and
ULsei- We must set mpq; and myg; to a reference value, that is:

ULbati — Ubat
Mpati = y +1
bus 17
ULsci — Use ( )
Mge; = +1
Vbus

We obtain a linear transfer function between vrpe(s) and ippari(s) / visei(s) and ipge(s):

G o ibati<5) - 1
bati — -

VLbati(S) SLpati + Rbati (18)
G L isci<3) . 1

ULsci(S) SLsci + Rsci

With G;(s) is the decoupled system transfer function of each leg of converters from vpqs;
to Z-bati and VL sci to iLsci-

(7 Q;
Fbat(s) = ;Gba%fi(s) = ;(SLbati + Rbati)
sz‘ = ; Lpati (19)
Kii = o; Ryay;

Kpi = OCiLsci (20)
Kii = o; Ry

Fsc(s) - %G_I(S) - %(SLsci + Rsci)

5. Result and discussion

First and foremost, the FC model, Battery and SC auxiliary sources, as well as the
interleaved DC/DC converters with PI control of the input current and output voltage
were implemented in numerical simulations. Thus, the Matlab/Simulink was adopted as the
simulation tool.

The simulation was conducted to validate the proposed management strategy on a power
cycle which is representative of a vehicle power demand (Figure. 1). The load requirement
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consists in varying the load between two values (0 and 1700)WW. We note that the rated
power of the main source FC is 1500W. But, DC bus can absorb about 960W from FC
power. The main idea is to activate the FC at its best efficiency when an important power is
required by the vehicle. Then, the FC power will be imposed to its average value (30 —70)%
of its maximum power). The chosen profile of FC current is not optimal and is defined in
order to highlight the current sharing between FC, battery and the SC.

(Figure. 7) shows the powers of the three sources and the load power demand. The initial
state from (¢ = 0t010)s is zero for the load, FC, Battery and SC powers, which means that the
vehicle is stopped. (Figure. 9) and (Figure. 10) demonstrates that the Battery voltage vy,
SC voltage v, battery state of charge SOCy,; and SC state of charge SOC,. are maintained
around the optimal values (vpy; = 26V, vge = 27V, SOCyyy = 75%, SOC,. = 85%), which
means that the battery and SC modules are full of charge.

Beginning at t = 7s, the current delivered by the FC slowly increases to 18A. The FC
power will, then, be imposed to its average value (55% of its maximum power). In this
case, the FC cannot satisfy the power demand of the load. Therefore, the EMS makes the
Battery and SC deliver the deficit power. The auxiliary sources (Battery and SC) react
immediately after each variation of the load power and behave as a high bandpass filter
with a time response of a few milliseconds for SC and few seconds for Battery. When the
load power is suddenly changed, the FC power slowly adjusts to the new load level as shown
in (Figure. 7). During this time, it can be observed that on the Battery/SC currents shown
in (Figure. 8) and powers shown in (Figure. 7), the Battery and SC react immediately to
supply the transient energy demand which is not supplied by the FC.

The voltages and SOCs of the battery/SC tend to decrease, because they need to power
the load when FC power is lower than the load power. However, the voltages and the SOCs
of battery/SC start to increase, while the FC can provide the power and charge the Battery
and SC as shown in (Figure. 9) and (Figure. 10). The battery and SC voltages varies
inversely to the battery and SC currents, respectively. (Figure. 10) shows also that the
variations of the Battery/SC SOCs correspond really to the battery SC voltages variations,
and the variation of the SOCs is included between the min and max values imposed by the
control algorithm. These values range from (60 to 75)%, for battery, and from (53 to 84)%
for SC. FC voltage V. is not subject to any sudden drop related to a smooth FC current
behavior if., as shown in (Figure. 8).

Simulation results reveal the efficiency of the applied control strategy. The following key
points are particularly observed.

e The Battery/SC supplies most of the transient power required by the load.
e The FC power has the slowest dynamics, while Battery/SC powers have the fastest.
e The Battery/SC SOCs are always controlled.

e The load requirements are always satisfied on the whole driving cycle.
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These results demonstrate that the load demand could be met. They show, the efficiency
and good performance of the control strategies. In fact, the control strategy allows achieving
the main objective of energy management in the hybrid system.
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6. Conclusion

This paper dealt with the PEMFC electrical power hybridization which has already been
proved to be relevant for FC lifetime enhancement. Besides, an FC/Battery/SC hybrid
architecture was proposed. An EMR formulation was also used to describe the whole system
(the IBC, the IBDC and the hybrid power source). In fact, our study mainly focused on
the FC, Battery and SC by taking into account the intrinsic energetic characteristics of
these sources (i.e. energy and power densities, typical operating dynamics) in the EMS.
Simulation results showed the efficiency of the control management strategy results applied
on a FC/Battery/SC system. It was also observed that the FC slow dynamic was respected
using the auxiliary sources. The load requirements were always satisfied during the whole
driving cycle.
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