N

N

Energy management strategy for coupling
supercapacitors and batteries with DC-DC converters
for hybrid vehicle applications

Mamadou Bailo Camara, Frédéric Gustin, Hasna Gualous, Alain Berthon

» To cite this version:

Mamadou Bailo Camara, Frédéric Gustin, Hasna Gualous, Alain Berthon. Energy management strat-
egy for coupling supercapacitors and batteries with DC-DC converters for hybrid vehicle applications.
2008 13th International Power Electronics and Motion Control Conference (EPE/PEMC 2008), Sep
2008, Poznan, Poland. pp.1542-1547, 10.1109/epepemc.2008.4635486 . hal-02994935

HAL Id: hal-02994935
https://hal.science/hal-02994935
Submitted on 8 Nov 2020

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License


https://hal.science/hal-02994935
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr

ResearchGate

See discussions, stats, and author profiles for this publication at: https://www.researchgate.net/publication/224331466

Energy management strategy for Coupling Supercapacitors and Batteries with
DC-DC converters for hybrid vehicle applications

Conference Paper - October 2008

DOI: 10.1109/EPEPEMC.2008.4635486 - Source: IEEE Xplore

CITATIONS READS
16 135

4 authors, including:

@ M.B. Camara Hamid Gualous
& Université du Havre Université de Caen Normandie
113 PUBLICATIONS 1,752 CITATIONS 244 PUBLICATIONS 4,010 CITATIONS
SEE PROFILE SEE PROFILE
A. Berthon

University of Franche-Comté

78 PUBLICATIONS 1,902 CITATIONS

SEE PROFILE

Some of the authors of this publication are also working on these related projects:

roiect  These Intitul View project

roiect  breaking arc and renewable energy View project

All content following this page was uploaded by M.B. Camara on 15 March 2015.

The user has requested enhancement of the downloaded file.


https://www.researchgate.net/publication/224331466_Energy_management_strategy_for_Coupling_Supercapacitors_and_Batteries_with_DC-DC_converters_for_hybrid_vehicle_applications?enrichId=rgreq-55b967c3c13472883217030b3da841d9-XXX&enrichSource=Y292ZXJQYWdlOzIyNDMzMTQ2NjtBUzoyMDczMzI4OTkzMzIwOTZAMTQyNjQ0MzQyMzI0Nw%3D%3D&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/224331466_Energy_management_strategy_for_Coupling_Supercapacitors_and_Batteries_with_DC-DC_converters_for_hybrid_vehicle_applications?enrichId=rgreq-55b967c3c13472883217030b3da841d9-XXX&enrichSource=Y292ZXJQYWdlOzIyNDMzMTQ2NjtBUzoyMDczMzI4OTkzMzIwOTZAMTQyNjQ0MzQyMzI0Nw%3D%3D&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/project/These-Intitul?enrichId=rgreq-55b967c3c13472883217030b3da841d9-XXX&enrichSource=Y292ZXJQYWdlOzIyNDMzMTQ2NjtBUzoyMDczMzI4OTkzMzIwOTZAMTQyNjQ0MzQyMzI0Nw%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/project/breaking-arc-and-renewable-energy?enrichId=rgreq-55b967c3c13472883217030b3da841d9-XXX&enrichSource=Y292ZXJQYWdlOzIyNDMzMTQ2NjtBUzoyMDczMzI4OTkzMzIwOTZAMTQyNjQ0MzQyMzI0Nw%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-55b967c3c13472883217030b3da841d9-XXX&enrichSource=Y292ZXJQYWdlOzIyNDMzMTQ2NjtBUzoyMDczMzI4OTkzMzIwOTZAMTQyNjQ0MzQyMzI0Nw%3D%3D&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/MB_Camara?enrichId=rgreq-55b967c3c13472883217030b3da841d9-XXX&enrichSource=Y292ZXJQYWdlOzIyNDMzMTQ2NjtBUzoyMDczMzI4OTkzMzIwOTZAMTQyNjQ0MzQyMzI0Nw%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/MB_Camara?enrichId=rgreq-55b967c3c13472883217030b3da841d9-XXX&enrichSource=Y292ZXJQYWdlOzIyNDMzMTQ2NjtBUzoyMDczMzI4OTkzMzIwOTZAMTQyNjQ0MzQyMzI0Nw%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Universite_du_Havre?enrichId=rgreq-55b967c3c13472883217030b3da841d9-XXX&enrichSource=Y292ZXJQYWdlOzIyNDMzMTQ2NjtBUzoyMDczMzI4OTkzMzIwOTZAMTQyNjQ0MzQyMzI0Nw%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/MB_Camara?enrichId=rgreq-55b967c3c13472883217030b3da841d9-XXX&enrichSource=Y292ZXJQYWdlOzIyNDMzMTQ2NjtBUzoyMDczMzI4OTkzMzIwOTZAMTQyNjQ0MzQyMzI0Nw%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Hamid_Gualous?enrichId=rgreq-55b967c3c13472883217030b3da841d9-XXX&enrichSource=Y292ZXJQYWdlOzIyNDMzMTQ2NjtBUzoyMDczMzI4OTkzMzIwOTZAMTQyNjQ0MzQyMzI0Nw%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Hamid_Gualous?enrichId=rgreq-55b967c3c13472883217030b3da841d9-XXX&enrichSource=Y292ZXJQYWdlOzIyNDMzMTQ2NjtBUzoyMDczMzI4OTkzMzIwOTZAMTQyNjQ0MzQyMzI0Nw%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Universite_de_Caen_Normandie?enrichId=rgreq-55b967c3c13472883217030b3da841d9-XXX&enrichSource=Y292ZXJQYWdlOzIyNDMzMTQ2NjtBUzoyMDczMzI4OTkzMzIwOTZAMTQyNjQ0MzQyMzI0Nw%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Hamid_Gualous?enrichId=rgreq-55b967c3c13472883217030b3da841d9-XXX&enrichSource=Y292ZXJQYWdlOzIyNDMzMTQ2NjtBUzoyMDczMzI4OTkzMzIwOTZAMTQyNjQ0MzQyMzI0Nw%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/A_Berthon?enrichId=rgreq-55b967c3c13472883217030b3da841d9-XXX&enrichSource=Y292ZXJQYWdlOzIyNDMzMTQ2NjtBUzoyMDczMzI4OTkzMzIwOTZAMTQyNjQ0MzQyMzI0Nw%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/A_Berthon?enrichId=rgreq-55b967c3c13472883217030b3da841d9-XXX&enrichSource=Y292ZXJQYWdlOzIyNDMzMTQ2NjtBUzoyMDczMzI4OTkzMzIwOTZAMTQyNjQ0MzQyMzI0Nw%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/University_of_Franche-Comte?enrichId=rgreq-55b967c3c13472883217030b3da841d9-XXX&enrichSource=Y292ZXJQYWdlOzIyNDMzMTQ2NjtBUzoyMDczMzI4OTkzMzIwOTZAMTQyNjQ0MzQyMzI0Nw%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/A_Berthon?enrichId=rgreq-55b967c3c13472883217030b3da841d9-XXX&enrichSource=Y292ZXJQYWdlOzIyNDMzMTQ2NjtBUzoyMDczMzI4OTkzMzIwOTZAMTQyNjQ0MzQyMzI0Nw%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/MB_Camara?enrichId=rgreq-55b967c3c13472883217030b3da841d9-XXX&enrichSource=Y292ZXJQYWdlOzIyNDMzMTQ2NjtBUzoyMDczMzI4OTkzMzIwOTZAMTQyNjQ0MzQyMzI0Nw%3D%3D&el=1_x_10&_esc=publicationCoverPdf

M.B Camara, F Gustin, H Gualous, A.Berthon,

“Energy management strategy for Coupling
Supercapacitors and Batteries with DC-DC converters
for hybrid vehicle applications",13™ IEEE Int. Power

Electronics and Motion Control Conf. (EPE-PEMC
2008), 1-3 September 2008, Poland, Proceedings
CD,pp.1565-1570, ISBN: 978-1-4244-1742-1




EPE-PEMC 2008

13th International Conference on Power Electronics and Motion Control

Energy management strategy for Coupling
Supercapacitors and Batteries with DC-DC
converters for hybrid vehicle applications

M.B. Camara, F. Gustin, H. Gualous, A. Berthon
University of Franche-Comte, L2ES Laboratory
Rue Thierry Mieg Belfort, FRANCE

alain.berthon@univ-fcomte.fr
Tel. +33 384 58 3604

Abstract—In this paper, the authors propose an approach
to the problem of the energy management in ECCE
laboratory project hybrid vehicle. ECCE is a series hybrid
vehicle which currently has three sources of energy: two
diesel motors each coupled with an alternator and a battery
module of rated voltage DC 540V. This contribution is
focused on the energy coupling between batteries and two
supercapacitors modules. The authors present a strategy for
coupling these power sources with the batteries in order to
find the best compromise between sizes of the on-board
devices, dynamics of the supply and efficiency of the energy
storage. The target is to provide 200kW power during 20s
from the supercapacitors modules.

Keywords—Hybrid electric vehicle (HEV), Supercapacitors,
Energy storage, Energy converters for HEV, Energy system
management, Hybrid power integration, Power converters
for HEV

I. INTRODUCTION

Since nineties, the cars manufacturers reacted to the
public interest regarding the urban pollution by
commercializing the electric vehicles. But the obstacle of
heavy, expensive battery and of insufficient capacity did
not solve the problem. Indeed, the battery must be
dimensioned to provide a sufficient energy, to reach the
performances of the vehicle and the peak power during
transient states. However the possibility of providing at the
same time energy and an important power is currently a
severe constraint, thus penalizing the batteries. To solve
this problem, it is interesting to find other solutions for the
implementation of an auxiliary power source to assist
batteries during transient states. Among the various
solutions of possible hybridization of the sources (batteries,
supercapacitors, fly-wheels, fuel cell), the hybrid vehicle
equipped with batteries and supercapacitors seems to be the
promising solution in the short term. ECCE is a special
HEYV truck developed to test some new energy solutions. In
this paper a short description of this 4 wheel drives truck
will be provide. The full power rated of the system is about
160 kW provided mainly by two diesel engines. A 2tons
pack of batteries will be connected to the DC common bus.
In this paper the purpose is to study the connection
between the batteries and a pack of supercapacitors which
target will be to provide 200 kW during 20s from a power

peak request. SABER software is used for simulation and a
data acquisition system with a microcontroller
(PIC18F4431) is setup. The general topology of the hybrid
system is presented in Figl.

> >
o S
_1/5 ococ  |—1 @ ECCE
—f— I loomvertors | —— | [Hybrid venicle
O ol test bench
sl [52]
o <
Supercapacitors Batteries

Figl. General topology of hybrid system

II. BoOoST CONVERTERS MODELING

To associate the supercapacitors and batteries in ECCE
hybrid vehicle DC-bus the parallel topology of the buck-
boost [1], [2], [3] has been proposed and this topology is
presented in Fig.2.

This topology ensures the power management between
the supercapacitors and battery [4], [5], [6], [7]. The
supercapacitors modules are used during the hybrid vehicle
transient states. The control strategy of these converters
depends of the hybrid vehicle power request. To define the
converters models the following assumptions are made:

* The semi conductors are ideal (no losses during
switching and conduction states),

* No losses in the connecting devices

Ibus1 IL  Ibat l

Vsc

Ibus2

Fig.2: Parallel topology of the buck-boost converters
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By convention the flowing currents Iy, Lo, 11, Ipus and
Iy are positive during the supercapacitors discharge
(boost converter mode). In this mode the PWMI1 signals
are ON and PWM?2 signals are OFF. The supercapacitors
module provides energy to the DC-bus [8], [9], [10]. The
analytical model of the boost converter is given by
equation (1); where «; variable define the converter
average duty cycle.

I/L =L'§t(isc)=l/sc_(l_al)'l/busl

Vsc =V§cl =V;62 (l)
Vﬁ. zi'%(ibat)zl/bat_l/busl

Ich =IL+Ibat

The voltages drops in the L and A inductances are
respectively given by Vi and V,. The converter average
model has a nonlinear behavior because of crosses between
the control variable (a;) and the (I, Vyusi) state variables.
The Viust, Ve, Len and Vi, variables are likely to disturb the
control; they must be measured and used in the estimate of
the control law to ensure a dynamics of control.

III. CONVERTERS CONTROL STRATEGY

The boost converters control strategy [11], [12] is
presented in Fig.3 and the used control law is defined by
the boost converters average duty cycle (2).

g L IL )
sc ~ _ £
V "1 ()

=1-
“ bat V;, 1

sc

This control law is used to generate PWMI signals. The
supercapacitors reference current (3) are obtained from
energy management between the supercapacitors modules
and DC-bus, where 1y and gy, are the first and second
boost converters theoretical efficiencies (95%).

1 7o Man j Vst
[Scre =5 . . IC - I atre; (3)
72 (773zh'774th 4 ( ! btf)

sc

The Viust, Ve, Len, and Vi, variables are likely to disturb
the control. They must be measured and used in the
estimate of the control law to ensure a dynamics of
control.

The control strategy used is to store all measurement
errors samples of the supercapacitors and battery currents
to estimate the voltage drops in L and A inductors.

I . estimation

PWM

Ihnt]‘ef

PWNM

g e

Fig.3 : Boost converters control strategy
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To make these estimations, it is necessary to provide to
system the desired battery current reference (Ipayer), the PI
corrector’s coefficients [11], the initial conditions of the
Vi and V,.

IV. DESIGN AND EXPERIMENTAL SETUP

For reasons of components cost and safety the
experimental test bench was carried out at a reduced scale
(1/10). This test bench is made of:

=  abatteries module of 4 cells in series,

= two supercapacitors modules of 10 cells
(Maxwell -MC2600) in series for each one,

= an active load who is used to simulate hybrid
vehicle power request,

= two buck-boost converters in parallel which
ensure power management between the
batteries and supercapacitors.

The supercapacitors modules voltages must be between
27V and 13.5V. The batteries module which imposes the
DC-bus voltage presents a rated voltage of 48V and the
DC-link voltage level must be between 43V and 60V.

The control of the system is ensured by a Microchip’s
microcontroller (PIC18F4431) who presents 9 ADC input
channels. The boost converters control frequency used is
10 kHz. The experimental parameters of the system and
converter setup are respectively presented in TABLE I and
Fig4.

TABLE I
EXPERIMENTAL TEST BENCH PARAMETERS
Symbol Value Name
L 50uH I smoothing
standard inductances
C =G 1500uF Vus1 Smoothing
standard capacitances
A 25uH Ipae Smoothing
inductance
Ve 13.5V-27V Supercapacitors
modules voltages
Viusi 43 V-60 V DC-link voltage
Te 100ps Sampling period

Fig.4: Experimental setup
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V. SIMULATION AND EXPERIMENTAL RESULTS

The boost converters experimental test is carried out
in the following conditions: During the supercapacitors
discharge, the batteries current reference (Ipyer) is fixed at
14A so that, the supercapacitors modules provide hybrid
vehicle power request during the transient states. For
these tests, the hybrid vehicle request (I,) was fixed at
54A. The experimental and simulations results of the
batteries current are compared in Fig.5. This figure shows
the batteries current control strategy is satisfactory during
40s after that it become insufficient because the
supercapacitors discharge. In other words these curves
show that the simulation model developed describes
correctly the behavior of the experimental system during
the first 40 seconds. After the first 40 seconds, the
difference that appears between the experimental and
simulation results explained by the fact one only
supercapacitors module among the two parallel set has
been characterized. This difference can be eliminated by
adjusting the supercapacitors capacitance value or
characterizing the two supercapacitors modules.

Fig.6 shows the supercapacitors experimental and
simulations results during hybrid vehicle traction states.
These results show the simulation model developed with
SABER software is satisfactory for hybrid vehicle test
bench behavior description.

'
'
4
l
'
'
'

m Sirmulation result
m— Eypetimental result

0
0 10 0 1[5l an 40 a0
Fig.5: Battery current control results
B0 : : : : :
40 1 1 1 [
T H
=) : : : : :

] SR — S foreanaeees o
= Sirmulation result : '
= Experimental result . '

0 i i i i i
0 10 20 5] a0 40 a0
Fig.7 : Hybrid vehicle DC-bus full current
56 : : : :
54 ARt s el Y
T : ! : .
= : : : :
o = Simulation resut |1+ i
—— Experimental result
a0 i i i i
0 10 0 [y . 40 50

Fig.9: Hybrid vehicle request current
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The DC-bus current (I;=40A) presented in Fig.7 is
ensure by two supercapacitors modules. The first boost
converter (K1-D2) ensures 50% and the second (K3-D4)
ensures also 50% of the DC-bus current. In other words
the two super capacitors modules ensure a (I.) current
of 40A to hybrid vehicle and 14A only is provided by the
batteries.

Fig.8 and Fig.10 show I, and I, currents are not same
because the supercapacitors modules dispersion. The
simulation and experimentation results of the hybrid
vehicle request (Io,) current are well fitted and these results
are presented in Fig.9.

Experimental and simulations results of the
supercapacitors modules current and DC-bus voltage are
respectively presented in Fig.11 and Fig.12. The first
figure show the control strategy of the supercapacitors
global current (I =I;+],) is satisfactory during hybrid
vehicle traction state.

The experimental tests is carried out with a classical
battery module not entirely charged this is why appears a
difference of 5V approximately between the DC-bus
voltage (Vpy1) experimental and simulations results
(Fig.12). This difference is also caused by the simulations
model which is ideal (no losses).

30
il [ Y N L B S
= Ll e R 1 e e e LR
w
=B m— Eyperimental result
] ooV orl=Vec2 |
= Sirnulation result
¥l 1 | | |
0 10 20 1l5] a0 40 a0
Fig.6: Two supercapacitors modules voltages
=
&
220 = Sirmulation result
10l oo = Expedmental resutt | 4]
. i | | |
0 10 0 g W 40 a0
Fig.8: First supercapacitors module current
z ! : :
w1} ' ' '
(5] 1 1 1
@ 10 1— Simulation result J
Y DR | === Experimental resutt | o |
. | | | |
0 10 20 30 40 50

t (=]

Fig.10: Second supercapacitors module current
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120
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Fig.11: Supercapacitors modules full current
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Fig.12: DC-bus voltage

V1. POWER SEMI-CONDUCTORS LOSSES ESTIMATION

The power semi-conductors (IGBT) present two main
types of losses [13]. The first losses are due to semi-
conductors dynamics resistances (internal) and second are
due to IGBT frequency switching [14] witch are not
studied in this paper. To illustrate and simplify the IGBT
and Diodes conduction losses estimation the voltage drops
in these components has been considered constant. The
power semi-conductors (SKM400GB124D) parameters
extracts in manufacturer datasheet are summarized in
TABLE.Il

To estimate the semiconductors losses, it is necessary to
know the DC/DC converters (boost) duty cycle average
value which is defined by (4).

V
d d — M 4
vausl ( )
TABLE 11
POWER SEMI-CONDUCTORS PARAMETERS
Symbol Value Name
VCE(TO) 1.25V IGBT threshold
voltage
Rce 5.3mQ Dynamic resistance
of IGBT
V(10) 1.2V Diodes threshold
voltage
Rt 3.5mQ Diodes dynamic
resistance
AISCI 10% ISCI ISCI variation
current
AISCZ 10% Isc2 ISCZ variation
current
<ISC1 > , <ISC2 > Isct, Isc2 Isci and Igeo
average values
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The conduction losses of the D2 and D4 diodes can be
estimated by using equation (5).

(1 dl)'<1sc1>'V(T0)+R 'Iézeﬂ
(1 dz)'<1.sc2> V;TO)+R ID4ef/

Iy = (- d)[ [ff>”<l>
k(i) e

For K1 and K3 semi-conductors (IGBT) conduction
losses, they can be estimated by using (6).

P
®)
P,

D4ej7 (

dl < Ycl> VCE(T0)+RCE 112<1eg (6)
dz < sc2>'VCE(T0) +R 112<3e;7”

2
Al
[Izﬂcf/ :dl' 1+ﬁ2'[<1 S?;] '<Iscl>2

2
Al
112(3577 d : 1+112(<IS‘22>J '<1302>2

The V(o) , Vcgmo, Reg and Ry parameters present
respectively the diode threshold voltage , IGBT threshold
voltage, IGBT internal resistance and the diode resistance.

By using these equations the experimental results of K1
and D2 semi-conductors conduction losses for first boost
converter is show in Fig.13 and that of second boost
converter (K3, D4) is presented in Fig.14. The Py, and Py;
values increases when the supercapacitors modules
voltages decreases.

The boost converter efficiency [15], [16] is defined by
the ratio between the DC-bus power and that of
supercapacitors (7).

This efficiency depends to supercapacitors current. The
progressive discharge of the supercapacitors modules is
compensated by supercapacitors current progressive
increase; which ensures increase the semi-conductors
losses.

n — (Ibml +Ibusl)' I/bml
P (T )

scl

™)

The boost converters experimental efficiency resulting
to this equation is presented in Fig.15. This figure shows
for I;=76A the converters efficiency is maximum (87.5%).
However, it is possible to improve this efficiency by
optimising the wiring and using low losses power semi-
conductors (IGB, diode).
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Fig.13: Losses of the first boost converter
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0 20 40 B0 g0 100
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Fig.14: Losses of the second boost converter
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Fig.15. DC/DC converter efficiency

VII. CONCLUSION

This paper presents a possibility of coupling the battery
module and the supercapacitors in the ECCE hybrid
vehicle DC-bus by using the parallel topology of the buck-
boost converters. This topology enables to decrease the
supercapacitors current smoothing inductances number.

In this paper, the authors present the boost converter
modeling and the original control strategy to share energy
between the supercapacitors and batteries. To control the
whole system, the boost converter law control is
established. The supercapacitors reference current is
calculated by the strategy of energy management in the
hybrid vehicle. The resulting algorithm is very robust and
simple to realize with a microcontroller or DSP
components.

For reasons of cost and safety, the experimental test
bench is carried out in reduced scale of (1/10). The
simulations and experimental results in reduced scale are
compared. The battery current follows the reference value
except when the supercapacitors modules voltages exceed
the minimum voltage.
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