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Abstract —This paper presents a control strategy scheme k&b
on frequency-separation for Fuel cell-Battery Hybrd Electric

Vehicle (HEV), using a Fuel cell (FC) as a main engy source,
and a battery as an auxiliary power source. Firstan analysis of
hybrid architecture using an FC and batteries for aitomotive

applications is presented. Next, the model and theontrol

strategy are described.

In this strategy a frequency splitter is used for outing the low
frequency content of power demand into the FC andts high
frequencies into the battery, taking profit from the battery as a
peak power unit.

Simulation and experimental results validate the pdormance

of this strategy.
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enhanced freedom, sustainable mobility, and sustéen
economic growth and prosperity for society. In orde
achieve these, vehicles driven by electricity frahean,
secure, and smart energy are essential, but elkityri
driven vehicles have many advantages and challenges
Hybrid vehicles and fuel cells can be one of tHetfmns.

Fuel cell vehiclegFCVs) use FCs to generate electricity
from hydrogen. The electricity is either used tiverthe
vehicle or stored in an energy storage device, asdbattery
pack. Since FCs generates electricity from chemical
reaction, they do not burn fuel and therefore dbpnoduce
pollutants. The byproduct of a hydrogen FC is wated

Keywords — Fuel cell, hybrid source, battery, DC-DC Boostheat. FCVs provide quiet operation and more comfagitt

converter, Buck-boost converter, Frequency separafnergy
Management.

I. INTRODUCTION

The world faces a serious challenge in energy ddman
consume

and supply. People around the world
approximately 85 million barrels of oil every daytlthere
are only 1300 billion barrels of proven reservesibfAt the
current rate of consumption, the world will run aitoil in

2050. New discoveries of oil reserves are at a stquace

than the increase in demand. Among the oil consum

around the world, 60% is used for transportatidn [1
Gasoline and diesel fuel-powered vehicles are antioeg

major contributors to COemissions. In addition, there are

other emissions from conventional fossil fuel-pogeker
vehicles, including carbon monoxide (CO) and nitog
oxides (NO and N& or NQ) from burning gasoline;
hydrocarbons or volatile organic compounds (VOGejnf

evaporated, unburned fuel; and sulfur oxide andiquéate

matter (soot) from burning diesel fuel. These einiss

cause air pollution and ultimately affect human amimal

health [1].

It is why the society needs sustainability, but ¢herent
model is far from it. Cutting fossil fuel usage amdlucing
carbon emissions are part of the collective efforretain
human uses of natural resources within sustainibis.

Therefore, future personal transportation shoutrvipe

zero emissions. These vehicles are efficient, bidia
optimum, and long lasting at reasonable cost. Theye
greater efficiency compared to heat engines; FQ\8dche
a long-term solution [2].

Il. FUEL CELLS

The developments leading to an operational FC @an b
traced back to the early 1800's with Sir William oG
recognized as the discoverer in1839. A FC is arrggne
cpnversion device that converts the chemical enefgg
Uel directly into electricity. Energy is releasedhenever a
fuel (hydrogen) reacts chemically with the oxygenao.
The reaction occurs electrochemically and the enésg
released as a combination of electrical energy-{loltage
DC) and heat [3].

FC consists of an electrolyte sandwiched betweem tw
electrodes. The electrolyte has a special propbetyallows
positive ions (protons) to pass through while biogk
electrons. Hydrogen gas passes over one elecirallied an
anode, and with the help of a catalyst, separatés i
electrons and hydrogen protons, as shown in Fig.1.

The chemical reaction describing this processlis [4
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Load is warmed and later cooled, as at the rated cumeatly,

the same amount of energy is produced under heattfan
) under electrical form [5].

gwmr Types of FCs differ principally according the typé

electrolyte they utilizg4]. The type of electrolyte, which is

a substance that conducts ions, determines theatbmpr

temperature, which varies widely between types.tdhro

Exchange Membrane Fuel Cells (PEMFCs) are prestrely

most promising type of FC for automotive use angeha

been used in the majority of prototypes built ttef.
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Fig. 1.Fuel cell reactiof#]
2H, = 4H" + 4e” (1) At the present time and in the foreseeable future,

The protons pass through the electrolyte towards thbatteries have been agreed to be the major enetggesfor

cathode, and the electrons close the circuit thHrothge
electric load, performing electric work. In the lvade, the
protons and electrons combined with oxygen prodvater,
this reaction is described by:

EVs [7]. In FCVs, batteries are used as secondaunycs;
these batteries have high power density. The iatern
resistance is the major factor for the limited Heging and
charging current capability. The internal equivaleeries
resistance has different values under charging and

O, +4H" +4e :> 2H,0 _ _(2) discharging operating conditions. The charging and
The overall reaction that takes place in the fedlis: discharging efficiency are nonlinear functions ofrent and
2H,+0, = 2H,0 (3) state of charge (SOC). The battery can be modededna

Hydrogen oxidation and oxygen reductionare sepdratequivalent circuit such as a voltage source anchenal
by the membrane (20-2Q0m) which carries protons from resistor.
the anode to the cathode and is impermeable tdrefec There are many technologies of batteries used MSHE
(Fig.2). This protons flow drags water moleculegeslient ) _
of humidity, leads to water diffusion accordingthe local A. Lead-Acid Batteries

humidity of the membrane. Water molecules can t@in The lead—acid battery presents several advantages f
where the gases are humidified and the currentityens toqay, yielding a comparatively low-cost power s@urln
which is directly related to the protons flow thgbuthe  aqdition, lead—acid battery technology is a matachnique
membrane and the water produced on the cathode sidfe to its wide use over the past 50 years [8]. Bétery

Electrons that appear on the anode side cannos ¢h&s energy and power density are low due to the wedghead
membrane, so, they pass through the external tipefore gjlectors.

reaching the cathode [5]. ) _ _ _
B. Nickel-Metal Hydride (NiMH) Batteries
Flow Fields

& Currert Collectors
~

Backing Layers

The energy density of the NiIMH battery is twicettb&
the lead—acid battery. The NiMH battery is safeperate at
high voltage and has distinct advantages, sucht@asg
volumetric energy and power, long cycle life, wide
operation temperature ranges, and a resistanceover c
charge and discharge. On the other hand, if reglyate
discharged at high load currents, the memory effact
NiMH battery systems reduces the usable power Hier t
HEV, which reduces the usable SOC of the battera to
value smaller than 100% [9].

Water

Hydrogen \\nge

Membrane

MEA

Fig. 2 Fuel cell structurgs]

As the gases are supplied in excess to ensuredapho
operating, the non-consumed gases leave the F@irgarr
with them the produced water [5].

Generally, a water circuit is used to impose the FC
operating temperature (around 60°&%). At start up, the FC
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C. Lithium-lon Batteries

The lithiumion battery has been proven to have exce
performance in portable electronics amedical devices.
The lithiumion battery has high ener@nd power density,
with good high temperature performanmoreover it is
recyclable. The promisingspects of the lion batteries
include low memory effect, high specific power dd0:
Wi/kg, high specific energy of 100 Wh/kg, and | battery
life of more than 1000 cycles9]f These excellent
characteristics give the lithiumon battery a high possiby
of replacing NiMH as nextieneration batteries 1 vehicles.
Table | demonstrates the characteristics of comiadyr
available lead-acid, NiMH, and lidn batteries for vehicle
[10].

D. Nickel-Zinc (Ni—-Zn) Batteries

Nickel-Zinc batteries have high energand power
density, loweost materials, and deep cycle capability
are environmentallyfriendly. However, the suffer from
poor life g/cles due to the fast growth dendrites, which
prevents the development of Mir batteries in vehicul
applications [9].

E. Nickel-Cadmium (Ni—Cd) Batteries

Nickel-cadmium batteries have a long lifetime and
be fully discharged without damage. The specifiergg of
Ni—Cd batteries is around 55 Wh/kg, but it has low ec
density.

IV. MODELLING OF HYBRID DC SOURCES
A. Structure of the hybrid source

As shown in Fig. 3the studied system compri a DC
link supplied by a FC and a neaversiblc DC-DC Boost

converter, which maintains the Dgoltage Voc 1o its

reference value/,_and abattery storagdevice, which is

connected to th®C link through a current reversible I
DC converter. The function of FC is to supply mean
power to the load, whereas the sto device is used as a
power source: it supplies pealoads required durir
acceleration and braking [5].

~g—a.,  |m

DC
# Av,. Motor

= -

Fuel Cell

Fig. 3Hybrid sources structu
B. Dynamic modeling

The hyorid structure is given by Fi4. It is composed of
a FC as a main source associated to a-DC Boost
converter, a battery source connected to a cu

bidirectional DC-DCcurrentconverter, a DC Bus and a RL
load. [11].

EBI —nﬁn
Fig. 4Hybrid sources electrical mo([11]

Where ¢ , irc, Lec and ¢ are respectively the FC
voltage, current, inductan@nd transistor, ance iz , s ,
Lg and T are successivelythe battery voltage, current,
resistance, inductan@nd transist(, and \b¢ , ipc and G¢
are the DC bus voltageDC bus current and DC bus
capacitor and R L, are the load resistance and inducta

B.1 PEMFC mode(static model

The characteristic of the voltage versus currerthefF(
is presented in Fig..5The obtained curve is cposed of
three main regions corresponding to electrochemical
activation phenomena (region 1),a linear part (megR)
where the voltage drap due to electronic and ionic interr
resistances,ral the last region where the wsion kinetics
of gases through the electrodes becomes the lir factor
(region 3). This last zone is character by a brutal voltage
fall.
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Fig. SStatic FC characterist[5]



hal-01023557, version 1 - 14 Jul 2014

Lim

vFC:E—ADog['Ff'nj—Rm(iFC+in)+Blo{1—'F.°+'”J Q)
0
HenceVy = f (i..) , where E is the reversible loss

voltage of the FC, &is the measured op circuit voltage,
irc is the delivered current, is the exchange current, A
the slope of the Tafel liney is the limiting current, B it
the mass transfer constantisi the internal current al R, is
the membrane and contact resistan&gs [

B.2 PEMFC and FC Boost converter mo

di 1
(;tc L. [VFC _(l_luFC)VDC] ®)
Where if'uFC =1l Tee is closed
B.3 DC bus model
d .
(\ﬁc _ac (1 luFC) lec ™ _(1_ )IB] ®)

Where if4e =1 = Ts is closed and® =0
B.4 Battery + Battery DAC converter mod

V; =6 T,

& =L bbb v
B5R,L Ioad model

R o

\A :VDC

The overall model of thhybrid system can | written in
a state space model by choosing thiéowing state spac
vector:

x=[%, 2,3 %] =liceVociwi ] ©)
The control vector is
=t 18] =L ue) (1w ) (10)
Or
U=[ue U (11)

The 4" order overall state space model is tl

y 1
X= [- 1%, +Viec]
C

1
= + -
% Coo [ﬂlxi X X4]

X = [ +e, - 1) o
LB 2 B

1

=—|- +

X, LL[ RX, +x)]

y=%,

with Vre =Vee (Xl)given by (5). ¢ is considered as a

measured disturbancenda from physical consideratiotit

Clav,]

comes that Vec where Va is the desired DC bus

voltage.
V. SIMULATION RESULTSOF THE CONTROL STRATEGY

An implicit purpose of the proposed structi(Fig.4) is
to use the battery as a power source sung the transient
peak power. ulation (Fig.6) shows an energy
management based on frequy separation [12], [13], [14],
wherea PI regulator is used regulate the DC bus voltage
(Vpe) (Fig.8) and togive the DC bus current referer
(ipcrep), this reference is filtered willow-pass filter to obtain
the FC reference current gcre) (Fig.9), the cut-off
frequency of the filter is chosen so that the Furrent is
very smooth £ =08s). A Pl controller of the FC current
gives the control voltage of ttboost converter; the control
pulses sent to the IGBT of the boost cho are obtained
by applying the WM on this control voltage. Thbattery
reference currentd) is calculated by the difference betwe
the DC bus reference current and the FC referenoent
(Fig.9) [11], [15], [16].

A step ofload current was applieat 0.5 s (Fig.7) in
order to evalate the sources responses tcks of current.

Buck-
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Fig. 6 Global control strategyf energy management based on
frequeng separation
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Figure 8shows the response of the DC bus voltapc
to load current change (at t=0.59he DC Bus voltag
tracks well the referencep¢,.=100V.

Figure 9 shows the FC curremferenc irces @ sSmooth
behaviorof the FC current is observed regarding the chi
in the load current, this is because the batsupplies the
transient current. Figure 9 shovesso the battery current

referenceg,sresponse in presence ofcad current change.

The battery supplies power the loac in the start-up and
transients operations. Figures@ows the load power wi
sources powers.
VI. EXPERIMENTAL RESULTS
The experimental test benchbonsists of:a power
generator replaces the Fuel cell, twatteries Lead-Acid
12V/12Ah, Boost converter, buclebst converte, variable

resistor simulating the tos, sensors card and stabilized
power supply.

The energy managemebfised on frequencies separe
algorithm has been implemented oeZdsp-F2812 DSP
controller.

In Fig. 11, load currerdtef variation has been applied,
in order to evaluate the performance of the corsti@tegy.
The FC current issmoothed, while hic-frequency
components are presentthebattery current (Fig. 11).

HMO3524 (HW 0x10110012; SW 02.502) 2013-04-30

16:10:16

TB:S00ms T:0s ExXt. = 110mV S \DC 1ksa

CH1: 2V 2~

Fig.11.The performance of the cool strategy under load current
variations Ls/div,2A/div).

VII. CONCLUSION

This paper presents frequenc-separation-based energy
management strategy for the case of power sc
hybridization for anelectric vehicle. While using FC as
main power sourcethe electric vehicle is al equipped
with battery able to support fast and le variations of
power demand.

A dynamic modeling of a hybrid souis system is
presented (with a static model of the |

A simple control method of power sources based
physical constraint of FQyhich is the low current respon
time, is presented in this pajf, in order to increase FC life
time. For that, the DC bus reference current ter@dd by ¢
low-pass filter to obtain the FC reference curr

Encouraging simulatiomesults have been obtained ¢
discussed exhibiting thebustness of the proposed con
towards load curreatidden chang, and to validate the
present work, experimentations have been -carriet
validatingthe simulation result
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