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Energy Management and Control Strategy of Hybrid Erergy Storage
System for Fuel Cell Power Sources

T. Azib!, K.E. Hemsas C. Larouct

Abstract — This paper deals with the design of enenggnagement strategy (EMS) for a
fuel cell hybrid vehicle (FCHV) with hybricdnergy storage system (HESS) using energetic
macroscopic representation (EMR). It discussesdibgign options including power, energy, and
operating strategy as they relate to the energyaste system. The studied HESS is composed of
battery/ultracapacitor (BAT/UC) system allowing ieasing both the power capability and the
energy capacity of FCHV. In order to describe tlgetem and organize his control structure, the
EMR concept is used, which is well adapted for iplwysics complex systems. EMS has been
designed to control the power flow betweenrses and traction load, and to ensure
local protections. It is based on power djplg technique in the frequency domain
allowing a natural dynamics control withoutogl limitation to provide any load demand
and to satisfy the sources inherent charadiessFC, BAT and UC voltage and current limits
are considered, as well as slow FC dynamics and$i&8&te of charge (SOC).

Simulation results are presented to check the #teal analysis, ensure that the system well
operates under difference load conditions and destrate the robustness and stability of the
control strategy with good tracking responggopyright © 200X Praise Worthy Prize S.r.l. - All
rights reserved.

Keywords Hybrid power sources, energy management gyatefuel cell EV, hybrid

energy storage system, energetic macroscopic reptaton EMR

Nomenclature

EMS Energy management strategy

FCHV Fuel cell hybrid vehicle

EV, HEV Electric vehicle, Hybrid electric vehicle
HESS Hybrid energy storage system

EMR Energetic macroscopic representation
BAT Battery

ucC Ultracapacitor

FC Fuel cell

PEMFC Proton exchange membrane fuel cell
ECE European driving cycle

DC Direct current

MCS Maximum control structure
PCS Practical control structure
PWM Pulse width modulation

Pl Proportional integrator

LF, MF, HF Low, middle and high frequency

M (Fc. uc. Bat Power converters efficiency

AEyc Ultracapacitor energy

AV, ¢ Range and error of ultracapacitor
voltage

o, B,y Model coefficients

T (sec, min hou Multiple time-constant

A Tafel coefficient

Cga Battery capacity

Cuc Ultracapcitor capacity

C,,C Voltage and current controller

d (rc. Bat, uC Duty cycles of power converters

Ecen Cell voltage

fesy s frss Filtering frequencies

i Couplt (ref Total current sources, reference

Manuscript received and revised May 200X, acceptet: 200X

iCouplz (ref

iUC(:on

JStacl ’ |Stacl

kRJ ’ kRJ

L (rc. Bat, uc)

m, n

P (Loacs FC. UC, Bat'
PTrac ’ iTrac

R

RSerie:
SOC: SOG min , max

t
V, 1 (Fc, Bat, UC) , ref

V., | (Fc, Bat, UC), ref
VBus Jcbu

VocBAT
v, (FC, Bat, UC) min/max

FCHV technology using proton exchange membrane

Total current storage system, reference
Ultracapcitor compensation current
Current density, stack current
Strategy parameters

Inductor of power converters

Mass transfer coefficients

Power of the load and sources
Traction power and current
Membrane specific resistance
Series resistance

State of charge, initial, minimum and
maximum value

Time

Voltage and current of the sources,
reference

Voltage and current of the sources on
the converters output, reference

DC bus voltage and current

Voltage open circuit

Minimum and maximum current and
voltage sources

Introduction

fuel cell (PEMFC) holds much promise for reducihg t
demand for petroleum in the transportation sectith w
low emission characteristics [1], [2]. Its potehifapact

is highly dependent on the system design and tbeggn
management strategy (EMS), in particular, the gnerg

Copyrigh200X Praise Worthy Prize S.r.l. - All rights

reserved
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storage system (ESS). In fact, FCHV uses energagto between two subsystems. An EMR model allows a gmpl
technology to improve vehicle efficiency through FC and systematic deduction of the control structyreding
downsizing (decreasing it size and cost), FC lifieti inversion rules. For instance, this representatisn
prolongation (limiting FC dynamics) and by recowmgri  successfully achieved to model different light hgbr
energy normally lost during braking events [3]..[4] vehicles [10], their control [11], high redundanilitary
Nowadays, these energy storage systems can egther lvehicles [12], different electric vehicles [13],4]land
stored as mechanical (as in a flywheel) or as eta¢t PEMFC system [15]. For these reasons, in our stihdy,
energy (as in a battery or ultracapacitor). Alma#it  system modeling and its control architecture agated
existing hybrid power systems of FCHV mainly used using EMR approach. Indeed, in our applications thi
electrical storage devices and composed of fuel celtechnique allows highlighting degrees of freedom
/battery  hybrid  (FC/BAT) [3]-[6], or fuel (control parameters) of the control system andrljea
cell/ultracapacitor  hybrid (FC/UC) [4]-[6]. But shows how to define a relevant Energy Management
unfortunately none of them satisfies perfectly the Strategy (EMS), which would be a new step toward
requirements of the automotive applications. Fat th automatization of the EMS choice and design. The
reason, it is necessary to associate more thastorege  designed EMS uses a splitting frequency approach
technology creating a hybrid energy storage systenallowing a natural frequency decomposition of tloever
(HESS). Research is starting to look at the usallobf demands. Some simulation results, obtained by Matla
these components in a hybrid vehicle [4], [7], [8)]this Simulink™  software are showed, discussed and
work a HESS based on the association of a BAToreg-| compared. It confirms the effectiveness of the esyst
term storage device, and a UC, as a short-ternagor behavior and verifies the control method perfornesnc
device, is investigated. The association BAT/UCwty  The proposed hybrid power system and its associated
to take advantage of the characteristics of botticde =~ EMS has the following several advantages: 1) linoge
obtaining a high energy density, high power densiiyh power management and improve system efficiency; 2)

life-cycle and high efficiency [9]. during transient power demands, as the FC cannot
DCBUS- - Vehicle Power Train gz respond quickly, the HESS will provide or absorle th
L. “ unbalanced energy, so the dynamic characterisfitiseo
cas_ whole system is improved; and 3) the HESS proviekkp
FuelCell - o power, so the power rating of the FC can be deetkas
NS 4 (reduce the power stress), reducing the total cost.
o< Lot The remaining of this article is organized as falo
— - Section 2 presents the global system modeling €syst
NTLER YN km_._@)— and control) using EMR. The proposed EMS approach i
for oo & neruc T8 AL e \/ then discussed in section 3 and validated through
_Hybrid Energy Storage System HESS - ‘ _ extensive simulation under the European drivinglecyc
- Battery - - Ultracapacitor -

(ECE), in section 4. Finally, section 5 providesr ou

Fig. 1. Structure of Hybrid FC/BAT/UC power source . .
conclusion and suggestions for future work.

In order to describe such a complex system as

FC/BAT/UC and organize their control architectuee, . Global system modeling
system model and control tools/methodologies for
generating the control structure can be very affecin II.L1. System structure

this context, energetic macroscopic representation

(ENR), an energy basea rapnical modelng tol i 1,01 POVET. 8 bt <tuctre e conoiieumt
been introduced to obtain a complete understandfng P 9 .

. . .2 less component constraints, easy energy management
complex systems providing complete information

, : : ~ ' good reliability. It includes three power sourcas=C, a
regarding to the system as its functional perspesti paitery and an ultracapacitor (Fig. 1). These cesiare

[10]. It allows an accurate graphical descriptidntte connected to the same DC bus through appropriate st
multi-physics coupling and allows an easy desigithef  converters. This hybrid source meets different lpawer
control scheme. EMR organizes a complex system injemands, so the whole system features high peakspow
interconnected subsystems and implies to take int@apacity and good dynamic characteristics. The powe
account the physical causality principles. Indeedausal  balance in the DC bus must be fulfilled at evemyeti
modeling of the different parts of the system sifigd

the design of local control scheme. All elements ar P_ ., (t) =7rc P (t) +77gar Paat () +7uc Puc () Ot
connected according to the action and reactiorcimiie (1)
The product of the action variable and the reaction \Wwhere fec , near and yuc are the efficiency of the

variable is equal to the instantaneous power exgdthn power converters connecting to the different scairée

Copyright © 200X Praise Worthy Prize S.r.l. - Aiints reserved miional Review on Modelling and Simulations, Vfol.
N. X
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assume that the converters efficiencies are knomh a  WhereA¢q is the area of each cel is the stack cell
fixed in our case 90%. number,Ecg is the reversible cell voltaggyackis the FC
current density, R is the membrane area specific
resistance; A is the Tafel coefficieng,q stack current,
m and n are the two coefficients of the mass transfer
This section presents the model which will be used equation, andz, f andy are coefficients of 2nd order
design the control part of the system. EMR has beermnodel approximatinglsic as function of the output
introduced to describe such complex FC/BAT/UC currentiec [21], [22].
system. This approach has two main advantages; ifrs ~ The PEM fuel cell system EMR pictogram is a voltage
is an energy based graphical representation whici$OUrce, represented by a green oval block (FigThg.
respects strictly physical laws. Second, using risive output is the voltage computed by the fuel cellagiquns.

rules [18-19], control architectures are systeradjic --- Battery (BAT) modeling
deduced from their EMRs.

The global system modeling is depicted in uppet par
of Fig. 5. EMR is based on the action-reaction @ple
to organize the interconnections of sub-systemerdatg
to physical causality (i. e. integral causality)hi§
description highlights energetic properties of flystem
and also uses normalized shapes and colors tosegyire
different constituents (see Appendix. A): energy
accumulators (orange crossed rectangles), energgeso

[I.2.  Energy Macroscopic Representation

As a key component of HESS, batteries are
devices that transform chemical energy inezteical
one and conversely. For the battery model, an
electrical  equivalent  circuit [22] is selected
reproducing lithium-ion |-V characteristics ¢Fi 2).
The battery EMR pictogram is also a green oval
element, with voltage as output and current astjngsi
depicted in Fig. 2.

(green ovals), electrical conversion (orange s)aaad atery Pootes Rs  Rm  Fun
distribution of energy (double squares). All eletseare T New WW
connected according to the interaction principlde T _ Vooear | Ge | Gn S [VBAT
product of the action and reaction always leadshto foar 5

power exchanged by connected elements (example
p = vi) [14]-[19].

The following part shows the sources models to Where Voegar 1 voltage open CircuitRseres : series
simulate the studied system. The complexity of theresistance.Vgar : the BAT output voltage. The R-C
dynamic models has been chosen according with theircuits represent multiple time-constante{ zmn and
investigated phenomena and were previously valitlhye  th.) to model the BAT transient behavior. These
experiment and adapted to power levels cases [20], parameters are functions of the SOC [22].

The equations in the EMR sub-systems blocks moglelin  The battery SOC is calculated by the following
the FC/BAT/UC power sources are detailed in Table.  equation.

Fig. 2. Structure of Hybrid FC/BAT/UC power source

- Fuel cell (FC) modeling SOC=SOGC, +-—TBAT i 4 4
mod - G * 5600 5o [iar (4)
FCHYV produce his primary electricity using a fuellc
The fuel cell is powered by filling the fuel tankitkv WhereSOG, Cgar andigar are respectively the initial

hydrogen. Indeed, FC system is a complex multiasys value of battery SOC, the BAT capacity and the BAT
device with many auxiliary components which can becurrent.

described at different scales and can be estallifdre

different purposes. Our interest in this studyoisassess ---- Ultracapacitor (UC) modeling

the performances of the whole hybrid system. More

precisely, in low dynamic conditions, the fuel cell i ission li here th it d q
characteristics can be considered as a voltageeouth USES a fransmission fine where the Vo de) depen s
on distributed capacitance [24]. However, to takto i

ohmic, kinetic and mass transfer resistances. The

relationship between the FC voltagge. and the output account the UC beha.\v.ior during charge and dis<_:harge
currentirc is given by the following equations: and to preserve a sufficient accuracy, a RC madeséed

to describe the nonlinear electrode behavior. As an
energy storage unit of HEVs, the UC system is
VFC:N[ECeII'REJStack_ _ J @) necessarily composed of cells in series to atthim t
-A lIh(JStack *] ) -mexp(n JStack) required system voltage and np parallel cells tuiese
required current iyc and total capacity. The

Classically, for hybrid systems a UC theoreticaldelo

H — St . . .
Istack = A 2 3) Ultracapacitor has been modeled using a capacitlyr o
| : f‘a+ ) +y(' ) (Fig. 3). Indeed, UC losses can be neglected as tre
stack= 7 Bliec IFc low regarding the power transmitted and becauséJthe
Copyright © 200X Praise Worthy Prize S.r.l. - Aiints reserved miional Review on Modelling and Simulations, Vfol.
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current control use an integral correction whictsas a
natural compensator in this EMR representation.

Ultracapacitor

J

vuc[

CUC
iUC
Fig. 3. Ultracapacitor model : EMR (right) and ecaiént circuit (left)

--- Power train system modeling

This system is represented by a current sources@ng
oval block). The current generator imposes the eged
currentirc at the electrical coupling which returns the
voltage Vpys The output currentr, is the picture of
power required by a vehicle realizing a driving leyc
This current is obtained from the traction power, and
the DC bus voltag&/sys (Fig. 4). The equations of the
traction system are detailed in [20] using ECE [pean

driving cycle.

mac’_@?u
—

Fig. 4. Traction system model

Traction System

Veus C —

ITrac

ECE Cycle

Vsus

(Vehicle parametels
M, Cr,Cx, S

TABLE |
DETAILS OF THEEMR AND THE INVERSION-BASED CONTROL

EMR Inversion-based control
Veus dv. i
. P V i
Busf Slopus  p lobus = Cv(veusveq _Veus) BUS E’ff
Icbus : with C,: voltage controller  BUSref
Parallel couplings
1 ) .
commonVgs | Ichusref ITrac
Icbus = coupt ¥ Hrrac : iCuupllrefl
LI k 1
commonVg,g 1 [' roret = K Meouptret I Fcref
N _ ) —
Tcoupt = lcoupe +1ec 1 1|cuupErel =(1-k m)'Caupn:eriCDuerE,l
1 Kr1
1 i
o - BATref
COMMONVg g 1 [1'earrer = Kz Moouptrer . R
) oo 19, " i'uc vl
fcoupe =1'sartiuc 1 [ucer = (1K ol couprer ©
1
s)
fn b VY 1V 1d,
] i, =d = V, Veus V'n
Vsus V' i',=d, O, 1 BUS Eeae —
N with 0< dh< 1, : n={ FC, BAT, UC }
V, in " f ilnrei \V&
—n_, di, _., e = (inversion) i — nref
L—=t=Vv'-v, ;| "™ d, H— >
in v dt [V
1 et =& illnet ~ln
1

) q
Tnref Kl i
nref
«—

The analysis of energy paths (highlighted in green
Fig. 5 (upper part)) which is simplified by the EMR
shows that the system has three explicit contrdbisées
introduced by the three converters: duty cyctks, (dyc
anddga7) Which allows to control the power flow between
the two electrical sources and to control the DG bu
voltage. The analysis of the different links shalast:

with0<d, < 1,1 n={ FC, BAT, UC }
1 C; : current controller

» dec acts onV'gc voltage which is then filtered by
ch.

 dgaT acts onV'gat voltage which is then filtered by
LBAT.

Copyright © 200X Praise Worthy Prize S.r.l. - Aiints reserved
N. X

* dyc acts onV'yc voltage which is then filtered by
Luc.

* drc, deat anddyc act symmetrically on the DC bus
voltage Vpys by using the current8rc, i’ gar andi’ yc.
Hence, they can respond with the same potential
dynamics to the traction curref, variations.

As explained in [18-19], an inversion-based control
can be deduced from the EMR of the system model
directly. The next section is devoted to estahtigha
control-based model of the structure and an energy
management strategy associated to the studiedrsyste

Traction Sys(er\
fn sy
1)

BusDC
—

<

=)

Parallel Couplings
—

Veus Veus

: L

Icous
Converter icoupnf  [Vaus
—
Vec irc I'ec [T
Iec V'ec Vaus;
dec ~ A

Icoupi2

BUS irac

FuelCell Inductor
—

—
System

Vi . H
Battery Inductor  Converter BUS  Converter  Inductor Ultracapacitor

« —
« > > < > —

i'gar [

Vear igar

iec
- Inner
Control -

Control

f—1
Vrcret

Veus
L Veuss  §

pm—
Veusret §

icousret

Fig. 5. Traction system model

I1.3. Inversion based control

The inversion-based control relies on a step bp ste
inversion using specific inversion rules and actwdo
the analysis of energy paths witch make clear the
objectives and constraints of system. For complex
systems such as FC/BAT/UC hybrid system, it is iy ve
convenient tool based on a systematic inversion
approach. Generally, it leads to a cascaded closp |
scheme with P or PI controllers [18], which is aerly
the most widely known control structure in induesitri
applications.

All control blocks are depicted by parallelograass
they handle only information. Since accumulation
elements (rectangle with an oblique bar) repreadime-
dependence relationship, they cannot be inverted
physically, therefore a controller is required. Hwer,
conversion elements (triangle) can be directly iitedk
Coupling elements (overlapped pictogram) may requir
supplementary inputs for inversion. In this way, a
maximum control operations and measurements can be
obtained under the assumption that all variables ar
measurable. From this Maximum Control Structure
(MCS), non measurable signals are neglectedhéir

miional Review on Modelling and Simulations, Vfol.
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effect on the
controller, otherwise they are estimated to obsaiimally
Practical Control Structure (PCS). The entire aaintr
scheme (blue elements) is presented in lower gdfigo
5. Note that, equations in the control sub-systblosks
of the hybrid system are detailed under Table. 1.

The control design of the three sources part l¢ads
three similar inner control loops introduced by theee
converters, with the voltag@4c, Vgys andVyc acting as
disturbance variables. The idea is to drive theerirof
each source controlling each PWM'’s converter. ks t
purpose, a classical Pl controller has been dedigne
implemented with an anti-windup compensator sooas t
take into account the duty cycle range (0 < d <The
supervisor unit has to evaluate each converteentiget-
point. However, this model also reveals coupling
elements in an EMR representation (electric cogplin
The inversion of such coupling constituents leads t
distribution elements in the inversion-based cdnnwo
inserted blue rectangles in Fig. 2). This bloclow to
compute the two set-pointsecrer aNd icoupizrer from
icoupires IN the same way, the two set-poifitgarrer and
i" ucrer @re calculated frortgypizresr This second set-points
is introduced for managing the HESS. This calcatats
realized using a decomposition of the incoming alzlg
icoupiiret fOr the different output affected to sources. The
distribution element reveals weighting coefficiets
and kg, that can be exploited by a strategy block to
manage the whole system according to the contro
objectives (5).

IFcref = le mCouleref

iCoupllref = (1_ le)iCOUplll’ef (5)

IBATref = kRZ mCoupIZref

lucref = (1_ kRZ)'CoupIZref

These implicit degrees of freedokg{, kr,) are fixed
with the intention to define a relevant EMS. Soe th
control scheme deals with the local energy manageme
(sources limits) as well as simultaneously takingp i
account the global energy management of the sydtem.
this global level, the EMS is performed using thrategy
blocks in order to manage the whole system.
following, two methods for setting out the powerishg
between sources are designed according to the ctate
charge (SOC) of BAT: charge-depleting mode and
charge-sustaining mode.

. Energy management strategy of

the hybrid power system

An energy management strategy (EMS) is one of th
most important issues for the efficiency and penfamnce

Copyright © 200X Praise Worthy Prize S.r.l. - Aiints reserved
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response can be compensated by thef a hybrid vehicular system.

It consists in the
determination of power sharing between the multiple
energy sources in the system while respecting sagite
characteristics according to some control objestiva
our hybrid system, the objectives of EMS are:

- fulfill the driver's demand for the traction powe
(load requirements) even during transients fluobumat
(improve dynamic characteristics),

- respect the slow dynamic of FC mainly due to
compressor response time (increasing it operaifie)y |

- monitor the SOC of BAT in both functioning modes:
charge-depleting mode and charge-sustaining mode,

- maintain the SOC of UC to its optimal range,

- manage correctly the system operation and gusgant
continuity and safe functioning.

Therefore, proper EMS is important to affect these
objectives. There have been many papers on control
strategies of hybrid system energy management. The
most wildly acknowledged real-time control strategare
based on Rule-based strategy using the evolutictheof
state of the system [25], [27]. In this case, safgar
control algorithms are proposed to control thestem
when the operating mode changes due to [mader
variation. Despite this methodology is able to nggna
power flow allocation, its implementation is hamgeéby
fhe need to switch from one control algorithm tother
one. This can result in demanding a high instamase
current of the FC "chattering phenomenon", risking
damage the system. Thus, to overcome these olsstacle
EMS based on DC link controller using a frequency
decomposition of the power demand (power frequency
splitting) or frequency decoupling technique (casch
loop) are well adapted to this supervision strategy
specifications. Indeed, the first control stratégypased
on a parallel voltage-current loop (cascade) [29][The
main drawback of this approach is the fact that EMS
employs slop limitation to control every source ayric,
which can lead to undesirable interaction betwden t
loops and losing the whole system stability. Teratate
this issue, EMS based on power frequency technigsjue
suggested and investigated. It is well adaptedhts t

In thegypervision strategy with the advantages of high

efficiency, high power quality (in terms of voltagad
current, fluctuations, sags and swells), simple and
intuitive, and presents a good performances in seofin
energy management (optimal power sharing) without
slope limitation (natural dynamic decoupling).

From the inversion-based control of EMR that leads
naturally to cascaded control loops, a strategyclblo

E(blue) is added in order to introduce the EMS (opti

power sharing). Assuming that each load power tiaria
modifies the DC bus voltage, it is essential to ase

miional Review on Modelling and Simulations, Vfol.
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controller to monitor the DC link (DC bus voltayg,9 braking. The idea is to make use of the benefibaih
and allows to generate the load perturbation. Thisdevices — the high energy content of the batted, tae
controller can also be built as a Propoglon high power of the UC using each source -, thankbeo
Integrator (PI) with a time response ten tirhggher  suitable characteristics as a storage device. Bis, t
than the current loops to respect dynamics decagipli parameter is properly calculated from the desired

The proposed control strategy is based on pOWepperatlon mode in relation to battery state-of-gkar

splitting technique in order to impose an apprdpria charge depleting and charge sustaining modes.
operating point for each component of the hybristesy.

It uses the distribution coefficienkgs,; andkg, to allocate e
the appropriate power frequency components to each e
source thought the converter currents as depicted i 3

Fig. 6. Its main principle is to exploit the loadwer ~—  ‘ooes B

IFcret

lucref

Inversion

filter

decomposition directly in the frequency domain, theé S A
used (the fastest energy source) for supplyingfbiosp s

the high band of the load power frequency spec{idf)
and the middle frequency (MF) part is absorbed/segp
by BAT. Conversely, low frequencies (LF) are pradd In the first case, the FCHV operates in "charge

by FC, which contributes to long-term autonomy. depleting” mode, in which it freely draws down the
onboard battery to meet vehicle power demands. @nce

reaches its minimum SOC threshold (30%), it must be
recharged from electric recharging station (eleatri
grid). In this mode, we assumed that BAT helps &gl

(up to 20%) to meet their power need%d and that
strategy tends to deplete the BAT in order to miném
fuel consumption.

Fig. 7. Power Splitting Strategy

PW) /i(A)
‘Trac

Demand P I
Interpretation J i;,.

IF

FIPRRTIN] InN
—
t
Energy Management Strategy)
Kry, sy, SOC, ...

Fig. 6. Traction system model

In the second case, "charge-sustaining” mode is
functionally equivalent to vehicle operation in a
conventional HEV. During this mode of operatione th
) ) : . vehicle maintains the SOC within a limited opergtin
power reference, as depicted in Fig. 7. The tunlngenvelope and assures its control toward its reteren

parameters are the filtering frequenciégl(aqd frs) using stored battery energy to optimize FC openatmd
associated to two_second order low pass f|Iterx;r_whre recharging via either regenerative braking or FGigm
evaluated according to the FC and BAT reqwrementssource)

They guarantee the general current balance eqsgfon

To implement this strategy, two splitting frequessci
of the load power requirement are considered. Iy on
uses the current-time information to compute thgau

In consequence, each source current set-point is

The first filtering frequencyf§s;) is adjusted to respect restricted using as follows:

the low dynamics of the fuel cell. Previous work]has ) ) )

shown that even FC functioning at a low freqyen lecmin S1rc (t)SIFCmax

(0.01 Hz), an important parasitic hysteresid Wurve igaTmin = ~IBATmax < IFC (t)s i BATmax (6)
occurs and has an effect on the electric outpuhe
stack (hysteresis losses) due to reactant diffusion
phenomena (oxygen starvation). The hysteresisthwid In addition to these current boundaries, BAT and UC
increases with frequency until some limit, wéheit are also limited in SOC since overpassing theiedat
becomes impossible for the FC system to folltwe inducing their fast destruction. Whereas under ipgsa
load demand. This experiment demonstrates thaE¢he certain limit (commonly set as half of rated vallegds
response at 0.05 Hz allows to retrieve a compromisdo poor efficiency due to high current and insigmaift
between losses and dynamic performancespower. To ensure the UC voltage range and BAT SOC,
Consequently, the first filtering frequendigsf) is taken  the control strategy modifies the UC and BAT cutren
at 0.05 Hz. This choice leads to enhance both FQ@imits gradually, when the UCs voltage value moves
generator efficiency and stack lifetime. toward one of its boundaries (Fig. 8-a and b) :

lucmin = ~lucmax < luc (t) < lucmax

The second filtering frequencyi£) is introduced to - iucrefmax (iBaTremaxfOr BAT) is turned down to zero
determine the power split ratio of the dual BAT/UC whenVyc (SOC for BAT) comes up tdycmin (SOGuin).

sources. It allows HESS to respond to transientgpow iucremn (isatreminfor BAT) is turned up to zero when

req.uests, to compensate the |ntr|n5|f: I|m|tat|0|hstm> Ve (SOC for BAT) comes up tducmax (SOGra)-
main source (FC) and to recover kinetic energy when
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Consequently, this security system is based orand initial UC voltage is 75%. Furthermore, the
dynamic current limits and ensures a local provectf  frequencies cut-off of the filters which computee th
both sources. weighing coefficient kg; and kr;. This filters
implementation are Butterworth second order lowspas
soc ,e: . filters with a 50 mHz and 250 mHz cut-off frequency
LS oate respectively. The following figures show: FC/BAT/UC

power response Ptc, Pgan, Puc [W]), FC/BAT/UC

y | e — current responseigt, igan, iuc [A]), DC bus voltage

e e 1, (vmfvuc)} i o T %} response (gus Vasusrer [V]), BAT SOC (%) and UC
voltage response/(ic, Vucret [V])-

"

Fig. 8. Power Splitting Strategy

Furthermore, the UC is set as an accumulator bk, 10000 ST
a PI controller has to be tuned with a slower aive s000 1%~
action compared to the filter dynamics. The of 7
compensation signailyccomp iS combined with the UC 5000 1
reference ycer Monitors the UC  voltage = i

(Mucmin =Vucmax/2 <Vucret < Vucmay- The storage device S Y LN ﬂ: o T
can then return to its optimal value defined as:

Vucret =0.75Vycmax The referenc®/c.; is constant and | | |
determined so as the amount of the UC energy déecto 5 100 10 200 0 a0 30 400

+4Ec is equals to the restore ontE . sl
Fig. 9. Traction power/current profile (ECE-15uing cycle)

The objective of this strategy is to focus on cotse
connected at the DC Bus, the current referermes
not directly related to the FC and UC curres, a
control block is needed to invert (inversion) therent
modulation due to the converters.

- The simulation starts(&= 0 s) with no load power
demand, the BAT and the UC are initialized withithe
reference SOC and the DC bus voltage with its esies
value. Then, the load power sharply changes withpra
increases (acceleration from zero speed) and dallin

Finally, with this EMS, we pointed out that, the edges (deceleration starts and braking); the laaslep
control strategy is designed to achieve the hidilsieficy  dynamics roughly range from -10 kW to 10 kW.
operation region of the individual power source aod
regulate current and voltage at peak and averagermo
demand, without compromising the performance and
efficiency of the overall system.

- In both modes, the UC (power and current) reacts
immediately after each load power edge and behs\e a
high-band pass filter with a time response of few
milliseconds (high dynamics). They supply the trams
energy demand not ensured by the FC and BAT.

IV. Simulation results - Besides, the FC (power, current and voltagedtsea

slowly to the load changes and responds as a low-ba
ass filter with a time response of few secondausTh
frequency splitting control strategy effectivelyepents

Simulation results are presented in the following
section of the paper for FC powered EV, using HES
_battery and ultracapacitor based on the EMR and th e FC from responding to a large current slopechis
inversion-based control. It was carried out on klatl very important for FC life time
software, Simulink and SimPowerSystems Toolboxes. '
The results are taken by considering the urbanirgyiv - FC, BAT and UC currents responses show that the
cycle (ECE-15 driving cycle) which leads to a sfieci control strategy impose to each source respedsngwn
traction power/current (Fig. 9) to evaluate the atyic ~ characteristics. As can be seen, the main souncerntu
response of a developed methodology and makingec smoothly increases with a 4 A.s-1 slope. The
suggestions through the development in the overaliminimum FC current threshold is fixed at 2 A (2%F82
structure. This specific traction power/currenc&dFig.  rated) in order to avoid related corrosion phenamen
9) shows both positive and negative values, higkilig
the motoring and regenerative functions. The datdu
for the simulated system is given in Appendix. B.

- For convention purposes, it should be noticed tha
the positive sign ofigar and iyc means BAT and UC
recover energy and the negative one means the BAT a

Fig. 10, 11 present the simulation results (resparfs UC supply load.
the hy_brid system) obtained using respectivelyciarge - BAT would have to complement UC to assist the FC
depleting and charge sustaining mode. For both

. . o o . In meeting the power demand (middle dynamics),
simulations, it is assumed that initial BAT SOC88% because in the proposed strategy, the BAT opeeates
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buffer to make up the power difference between EC/
and the vehicle required power. This will avoid fael
starvation phenomenon under high peaks. Moreoker, t
BAT power, after a sharp increase (discharging),
decreases slowly to a constant discharge accotditite
BAT SOC mode.

- Indeed,
sustain the target value 80% using charge sustpinin
mode (Fig. 10). Conversely, in charge depleting enod

(Fig. 11) where BAT helps FC power needs up to 20 %

(FC is less used), which explains a more imporBt
power level in steady state than sustaining mo@C S
tends to decrease with increasing distance. Soust be
recharged from the grid after it has reached itsimrmum
SOC level.

150 200

0
411 T T
f I VeusMl

Y
oo e

120 .
| | | |
| \ [\ ._/\
110———\#——\\/)47774LL \Pl77+77 [Ep——
| |
\ VUCeTM \ | |
100 1 1 1
0 50 100 150 200 250 300 350 400
t[s]

Fig. 10. Simulation results in charge depletingimo

- Furthermore, the UC SOC is well managedsesin
in steady state, UC voltage tends to itéeremce
value (112.5 V) and no energy is extracted for UC

(iuc (0=0).

- In the meantime, the slow FC reaction essua
good regulation of the UC voltage which expdaihe
small overshoot of FC power during the transient UC
voltage compensation where it provides more power t
propel the vehicle and charge UC.

- The DC link voltageVgys is slightly affected by the
power load variations. A very low overshoot (lebatt
1%) and no steady state error are observed (tbecrefe
Veus 410 V is followed perfectly). These results prove
the effectiveness of the regulation voltage lood #me
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proposed EMS.

- Note that for deceleration and braking mode, HESS
current sign changes in order to absorb over enfeogy
the DC bus during the recovery mode and as a Isrigea
fuel cell produces electrical energy, inducing itherease
of the UC and BAT SOC.

it can be seen that the BAT SOC tends to

0

-5000 -

-10000 1 1 1 1

70 L
0 0 200 300 400
VuclV] i
120 - - - - — - —1- — — = *ﬂ***‘r***f***k***
I | | |
\ M SIS Shane. N [\
110———\\;,#——\ - 477747\/77 ——#\7%———7
| | |
| \ VUCfEf\ | | |
100 \ | ! | I | !
0 50 100 150 200 250 300 350 400
t[s]

Fig. 11. Simulation results in charge sustainiragien

- In addition, for the currents closed loops, therents
follow well their trajectories references withoutatic
error (Fig. 12, 13) for both modes, which makesveaht
the inner control. It demonstrates the power enéizent
capability of a controlled hybrid system and the
complementarily of sources used together to meet th
transient and steady-state loads.

1
350

2l‘)0
t[s]
Fig. 12. Currents trajectory (Charge depleting)

1
100 150 250 300 400

According to these simulation results, it should be
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mentioned that both modes have similar performanceso guarantee a continuity of operation and a safe
with no chattering phenomenon under the consideredunctioning.

load power demands. In addition, the robustnesstlzad
stability of the proposed EMS (frequency splitting
control) towards load variations without slop liatibn
are exhibited. Therefore, the preferred mode depend
the application. In automotive domain, a larger BAT
SOC would be used, allowing the vehicle to be driae
low power levels for a longer period of time withou
recharging the battery which makes relevant the
combination of both modes.

- EMS correctly manages the energy of system by
sharing out naturally the power demand of the syste
into three parts depending on the frequency witlstap
limitation to satisfy the sources inherent chanasties,

FC, BAT and UC voltage and current limits, as wal
slow FC dynamics.

- This study proves that EMR is well adapted te thi
problem, since it deals with energy exchanges in a
complex multi-source structure and it allows theigeer
to directly deduce a very relevant and reconfiglerab
control architecture.

The studied hybrid system can be easily adapted to
different sources requirements and can be scalethity
applications. Furthermore, the study may be extérde
achieve in such a way that each source is optimesgd
using adaptive power splitting technique.
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Appendix

Appendix. A. Synoptic of Energetic Macroscopic

-50

Presentation

-100 ‘ ] ‘ ] ‘ ] ‘ ourceof | s | Blementvich :l‘t—‘l: Commeriat
0 50 100 150 200 250 300 350 400 CI Scncrgyf :ﬂ_ energy (without energy j@: I:‘cncgr;»
t[s] aceumulation accumula tion) distribution)
Fig. 13. Currents trajectory (Charge sustaining) S— " N L Canoti
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1
V. Conclusion Appendix. B. Electric characteristics of hybridy®y system
) ) . Fuel Cell: Parameter Name Value Indl;c;?i;rsnée"tecraﬁg::ri]ies: Value
Th IS paper dealS Wlth the eleCtrlcaI power Open circuit voltage 150 V Inductql_f.sc ILeat ILuc 450/600/60QuH
hybridization of a PEMFC, which has already been [Rggieie” 1002 |[Opimal DC BusVariage oy
proved to be relevant for FC lifetime enhancemént. ""'”'m:jlmw"e“‘ 2A || Sampling frequency 20 khz
. tracapacitor: .
HSSE has been proposed to provide or to absorb the raameter Name value Battery :Parameter Name value
. . Rated Voltag 150 v Open circuit voltag 180V
dynamic power when the load varies and the fuel cel [Ratedcurrent 200A || Rated current 120A
cannot respond immediately, so the system dynamigopimaivorsg Tasv | so EIG)
characteristics are improved. Indeed, the combimifig |y mumeetes L oo
different power sources allows achieving higherrgpe Control parameters
denSiW, power denSity, and fuel efﬁciency_ Theref the Inner control (current controller PI) DC bus controller PI/ UC SOC controller Pl
. . Proportional gairfFC) 0.32 Proportional gai(DC bus) 16
power rating of the fuel cell can be decreased.clwvhi [integralgai o) 46 rad.™_|[integral gai (DC bus) 30 1Crad ("
Proportional gai (BAT, UC) 0.7€ Proportional gai (UC SOC) 0.5
reduces the total system cost. In order to endaethe Integral gainBAT, UC) 109 rad3 || Integral gainUC SOC) 10 rad 3
H H 1A H Frequencysplitting parameters
SyStem Operates with hlgh eﬁICIenCy’ this pap@‘ppse_s ) Filtering frequenc (fsp) [ 50mHz [ Filtering frequenc (fsr) [ 250 mH:
complete EMS scheme, based on power splitting
approach to balance the power flow and to contrcll References
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