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Abstract— Energy storage system is a key aspect for the
development of clean cars. The work proposed here deals with
the sizing of hybrid storage sources composed of a combination of
lithium-ion battery and supercapacitors. The batteries are used
as a main source and the supecrcapacitors are used as a
secondary one. Simulation results show the performance of the
gains obtained using the hybrid source in term of weight, volume
and cost. In this context, this sizing algorithm finds an "optimal*
solution that improves the performance of electric vehicles in
term of sizes and aging.
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. INTRODUCTION

The transport sector is responsible for 27% of global CO-
emissions [1]. It represents one of the main causes of global
warming. To reduce these emissions, many policies have been
launched to improve energy efficiency of thermal engines [1].
In the field of transport, hybridization aspect was initially
devoted to the study of energy management between a fossil
source and an electric power source and to improve
performances of thermal engines in the presence of an
auxiliary electric motor. Potential of this chain is limited by
embedded storage system. Lead acid batteries have low
power, which has an effect on electric chain during
acceleration, deceleration and energy recovery. Furthermore,
this technology of batteries has a very low lifetime [2]. This is
why, the association of supercapacitors with batteries may
solve the problem. The work presented in this paper takes this
approach a step further and propose a hybridization of Li-ion
batteries with a power source, made of supercapacitors, to
drive an all-electric vehicle. A sizing process is proposed to
define the hybrid source dimensions and confirm the
hybridization benefits in term of weight and cost. Frequency
decoupling strategy [2] is used to manage supercapacitors-
batteries hybrid sources.
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1. ELECTRICAL SOURCES HYBRIDIZATION

Hybridization concepts associate an energy source with a
power source so to optimize two sources use. [5] Such solution
may lead to a better performance, in terms of cost, size and
lifetime, than a system with batteries only, as is the case with
most current electric vehicles today.

A. Lithium-ion batteries

Lithium-ion batteries represent the next generation of storage
systems for electric vehicles [3]. Many studies have been
undertaken by vehicles and batteries manufacturers [4]. There
is a strong emulation driven by automotive technological
evolution. Different Lithium-ion technologies are available on
the market with different performance levels [1].

A Lithium-ion battery has a cathode (metal oxide), an anode
(porous carbon) and a conductor electrolyte, Fig.1.
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Fig.1 lon flow in lithium-ion battery [9] .
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| Acronyms I K040HE |
| interne resistance, mQ || 0.90 |
| charge/discharge rates, A || 40/40 |
| specific energy, Wh/kg || 167.25 |
| weight, kg || 0.885 |
| volume, | || 0.441 |
| cost, € || 76.33 |

Table 1: Ko40HE Li-ion battery specifications [1].

During charge-discharge cycles, ions shuttle between cathode
and anode. On discharge, the anode undergoes oxidation or
loss of electrons, and the cathode sees a reduction or a gain of
electrons. On charge the phenomenon is reversed. In this study,
lithium-ion battery uses a manganese (NMC) 40 HED
technology =~ (Ko40HE)  from  battery  manufacturer
DowKOKAM [9]. Table (1) shows characteristics of this
battery.

B. Supercapacitors

A supercapacitor is a type of capacitor that can store a large
amount of energy, typically 10 to 100 times more energy per

unit mass or volume compared to electrolytic capacitors [13].
It is preferred to batteries owing to its faster and simpler
charging, and faster delivery of charge. It is similar to a
capacitor except for the bigger area of its plates and the
smaller distance between these plates. Its plates are metallic
and are soaked in electrolytes and are separated by a very thin
insulator [10]. An electric double layer is created in the
supercapacitor as opposite charges are formed on both sides of
the separator when the plates are charged. This results in a
supercapacitor with greater capacitance. In other words, the
combination of plates and the larger effective surface area
enables a supercapacitor to have greater capacitance and
higher energy density. Unlike a battery, a supercapacitor has
an unlimited life cycle, with little wear and tear on long-term
use. Thus, it can be charged and discharged an unlimited
number of times [11].

A supercapacitor has many advantages. It can deliver high
power and enable high load currents owing to its low
resistance. Its charging mechanism is simple and fast and is
not subject to overcharging. Compared to a battery, a
supercapacitor has excellent high- and low-temperature charge
and discharge performance. It is also highly reliable and has
low impedance. However, supercapacitors have some
limitations such as cost and high self-discharging. Moreover,
unlike regular batteries, it has low specific energy and its use
of the full energy spectrum is hindered by linear discharge
voltage.[14]

Because of these properties, supercapacitors are used in
many applications. They are widely used to deliver power and
bridge power gaps. They are a good battery replacement for
many settings such as battery-free devices [12].

. VEHICLE DYNAMIC MODEL

Critical performance characteristics of a vehicle's drive
train are maximum speed, maximum slope, and maximum
acceleration. Moreover, in the field of electric vehicles, one
has to add autonomy as a determinant criterion for
performance. Power and energy are imposed by the dynamics
of electric vehicle under working conditions (speed cycles,
slope profile and vehicle mass) and path to be traveled.
Driving cycles are composed of a speed profile and a road
slope profile. Currently, different standardized and non-
standardized cycles exist (UDC, NEDC, ARTEMIS) [8].

In this study, an ARTEMIS (Asset and Reliability of
Transport Emission Models Inventory Systems) cycle is used.
Fig.2. shows the urban and road ARTEMIS cycle. The
average slope is 2.5%. This cycle has driving dynamics much
closer to reality than the UDC and NEDC cycles.
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Fig.2 ARTEMIS speed profile.

The load model is developed taking into account the road
and velocity profiles. Fig.3 shows forces acting on a vehicle

[61.[7].

Fig.3: Vehicle dynamic diagram.

Tractive force required for displacement of electric vehicle
is the sum of forces resisting advancement and accelerating
force. The load force is [3, 4].

'F;'ss = Fﬁa:l'o + F:-'GH + 'F,;r.r + FRCG (1)



Where Fguro is aerodynamic drag force, Fron is rolling
resistance force, Fg is gravitational force and Fac is
acceleration force. These forces are detailed in the literature

[3].

V. SIZING A HYBRID SOURCE FOR ELECTRIC VEHICLE

To achieve an autonomy of 150Km, the ARTEMIS driving
cycle is repeated seven times. Fig.4 shows the required power
and energy according to this driving cycle. Propulsion power is
presented positive while power recovered during regenerative
braking is negative. Autonomy is measured by electric vehicle
energy that is estimated by integrating power demand over
time according to equation:
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Fig.4: Typical power and energy required to achive ARTEMIS
driving cycle.

Three parameters will be used to size the HESS:

B

-~ ex¥_cens; Maximum power consumed.
FPey res : Maximum power recovered.
E

- “consze : Finale value of energy consumption.
Positive power corresponds to power that propulsion system

transmits to the wheels. Pﬂ}'_“'?lf being the maximum value of

this consumed power. Fey_res is the maximum value of power
recoverable by the source of energy storage [13].

Parameter Econso represents the maximum value of energy

consumed necessary for the autonomy of vehicle.

A.  Sizing battery pack
The battery pack is sized to provide power for 150 km
autonomy according to ARTEMIS driving cycle. To fulfill
such configuration, the battery pack has a number of cells in
series given by:

U
Nyge = % (3)
“Yeel-bat i i

Where Uy is driving voltage and Ucelat is nominal voltage of
lithium-ion battery cell

To find the number of branches in battery pack, its energy must
be defined:

Ebnr = anr'anr_p' C Dob (4)

C et paris nominal capacity of lithium ion battery cell. DOD
is discharge depth, set to 80% in this study.
The number of branches of battery pack is given by:
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The mass and volume of the battery pack are calculated by:

{Wi-cr =1+ Ebcr]'*n"ri-cr..'.-*n"rimrr_.' Weei—par (6)

Voor = 1+ }’bcr]-*ﬁ‘rbcf_-.-'*n"rimfp' Vel —bar
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Veel bat are respectively the mass and the

volume of cells of lithium-ion batteries.
Figure 5 shows the power and energy for a battery Li-ion.
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B.  Sizing supercapacitor pack
Voltage of a pack of supercapacitors has to be between a
maximum voltage Ug,. and a minimum voltage equal to
Y%.Ugue; Energy represents 75% of energy stored in
supercapacitors. The useful energy available in a pack of
N, selements in series and V.. ,, branches is expressed by:

8.0E, N,
Neep = . Q)

3. Uz —max Ceal—se

Ceer scand Uy, .. are respectively nominal capacity and
maximum voltage of a supercapacitor element.

The mass and volume of the pack of supercapacitors are
calculated by:

{wsr =(1+ Esr]'* Sr_-,-"n"rsrr,' Wegi_ac ®)
V. =01+ }’sr]-*n"r.sr..,.-*n"rsrr,-vrpi—sr
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W s and V. .. are mass and volume of supercapacitor

cell, respectively.
Figure 6 shows the power and energy for a supercapacitor.
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Fig.6. Power and energy for mono source system
(supercapacitor)

V. POWERING ELECTRIC VEHICLES WITH
HYBRID ENERGY SOURCES

Sizing hybrid energy sources with respect to power is very
restrictive and offers few degrees of freedom for optimization.
Furthermore, it is virtually impossible in most cases to recover
all braking energy due to technological constraints
(particularly low battery charging). Thus, in order to fully
recover this energy and to exploit characteristics of energy
storage systems to best advantage, hybridization is the best
solution. The general idea of this principle of hybridization of
energy storage systems is based on respecting the intrinsic
nature of energy and power sources. On this basis we will size
the components of the hybrid system considering that the role
of the battery pack is to ensure autonomy (energy source) and
that the presence of supercapacitors meets the dynamic
requirements of the EV peaks of power at acceleration and
braking).

The objective of the Energy Management Strategy is to
define the mission of each source. The used strategy in this
work is based on a frequency splitting. Its principle is
illustrated in Figure, the power (Pv) required to propel the
electric vehicle is filtered by a low pass filter. The part made
of low frequencies will be provided by the battery (Ppar), and
the harmonic high frequency portion is returned to the
supercapacitor pack (Psc). So the cutoff frequency value that
determines the mission of each source. This value is related to
the characteristics of the storage system sources. Figure 7
shows the energy management strategy for the hybrid system.
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Fig.7: Principle of the energy management strategy
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VI. THE IMPORTANT AND DIFFICULT TASK IN SIZING
PROCESS

The determination of the cells number of batteries and
supercapacitors is the main objective of the sizing process.
Indeed, this number depends on many parameters related to
the component mission profile as the maximum and minimum
energies (Emax, Emin), the maximum consumed and recovered
powers (Pcons,Preco) (se€ Figure.8). These parameters represent
the maximum stresses that can be ensured by the battery and
supercapacitors packs

VII. RESULTS

This section is dedicated to the presentation of the results
of the ESS sizing.

The Fig.9 shows the sizing results of the hybrid source and
the batteries only.

As shown in fig.9.a, the weight of the ESS is lower in case
of hybrid source with 55% compared to the batteries only.
This confirms that the ESS weight is affected by the
hybridization.

As shown in Fig.9.b, the ESS volume is lower too in case
of hybrid source by 45%, this rate is obtained because of the
high specefic energy of the batteries and the highspecific
power of the supercapacitors.

The ESS cost is enhanced by 44% in case of using hybrid
source (see Fig.9.d). this can confirm that the supercapacitors
can enhance greatly the ESS sizes and addionally the cost too.

Weight (Kg)

600

500
400
300
200
100

0

Battery only

hybrid system

-a-

Cost(€)

Battery only

-b-

4,00E+04
3,00E+04
2,00E+04

1,00E+04

0,00E+00
hybrid system

Volume (L)

200
150
100

50

Battery only hybrid system

_c_

Fig 9. Sizing results of the mono source and hybrid source

VIII. CONCLUSION

In this paper, the battery / supercapacitor hybrid energy
storage system was designed and compared with a battery only
supply in term of weight, cost and volume.

The obtained results show that the choice of the
hybridization is a key issue to improve the source size and its
cost. Using Scs as a secondary source can enhance greatly the
ESS caracterestics at the same time where considerable gains
are obtained compared to the batteries only use. The gains are
evaluated to 55 % in term of weight, 45% in term of volume
and 44% in term of cost .

As a result, it is noted that the hybridization of batteries
with the SCs is an interesting solution to make up the Energy
Storage System for automotive applications.
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