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Hybrid Supercapacitor-Lithium Battery Performance
for Electric Vehicles Under WLTP Protocol

C. Armenta-Déu"*, Erick Espin’

Abstract

This work aims to characterize the hybrid electric vehicle performance powered by a hybrid lithium
battery/supercapacitor system. The characterization process runs on a standard driving cycle,
the World Harmonized Light-duty Vehicle Test Procedure (WLTP), applied in many countries like the
European Union but it can be applied to other standards like the American FTP-75 and the Japanese
JCO08 with similar operational results. The paper shows a combination between a lithium battery and
a supercapacitor, improving the power source response towards the electric vehicle energy request
and power demand, and increasing energy management and efficiency. The hybridization also
contributes to lowering premature battery degradation and aging. The hybrid lithium
battery/supercapacitor system performance analysis shows a higher reliability in power source
operation and less battery wear due to the dual power source efficient management, and its
appropriate application to the specific power range request. The main contribution of this work to the
current state of the art is the absolute novelty of the method since the proposed procedure has never
been applied before, despite commercial electric vehicles with lithium batteries and supercapacitor
hybrid power sources being in production. This work represents a significant advance in the
automotive industry since it provides car manufacturers and traffic policymakers with a practical tool
to evaluate the performance of this type of vehicle under similar driving conditions to conventional
EVs, thus allowing a more accurate and reliable comparative analysis. On the other hand, the paper
proves the feasibility of the hybrid system and guarantees a continuous vehicle operation for specific
driving conditions, providing a practical tool for electric vehicle manufacturers and designers.
Additionally, the performance analysis of the hybrid lithium battery and supercapacitor system
indicates that this configuration is also valid for storage unit used as power sources in applications
other than electric vehicles, representing an added value for energy planners and designers.

Keywords: Electric vehicle (EV), supercapacitor, lithium battery, efficiency, driving cycle,
performance evaluation

INTRODUCTION

Vehicle fleet electrification is a must [1-2] if we try to reduce the uncontrolled increase of
greenhouse gasses (GHG) emissions [3-4], responsible for the global warming and climatic change in
our planet [5-6]. Electric vehicles, however,
confront resistance from potential drivers due to
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the lower driving range [7-8] and the need to
change driving patterns [9-11]. Modern protocols
arise to unify the electric vehicle driving range
under specific driving conditions [12-15]. Among
them, the most popular is the WLTP, implemented
by all UNECE members [16]. This protocol
applies to battery electric vehicles (BEVS);
however, it is not valid for fuel cell electric
vehicles (FCEV) or hybrid battery/fuel cell, battery
/ supercapacitor, fuel cell / supercapacitor, and any
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other hybrid combination. Recent works have studied the hybridization of batteries, fuel cells, and
supercapacitors to characterize the performance of hybrid power sources in electric vehicles [17-20]
or to determine the driving range [21-24]. These latter studies, however, are developed based on an
existing protocol, currently but not necessarily WLTP, which generates deviations from the current
driving range due to the different performance of batteries and hybrid power systems [25]. The main
consequence of applying standard driving protocols developed for battery electric vehicles to hybrid
power source electric vehicles is an inaccurate estimation of the driving range; therefore, specific
protocols adapted to the power source configuration are mandatory.

This work analyzes the performance of an electric vehicle with a hybrid battery and fuel cell power
source submitted to the WLTP protocol; the paper evaluates the driving range accurately considering
the specific characteristics of the hybrid power source and the response to WLTP driving conditions.
Since the hybrid power source reacts differently to the WLTP-specific changes in vehicle speed with
time, the evolution of the battery and fuel cell performance represents an accurate approach to the
adapted protocol.

OPERATIONAL BACKGROUND

Electric vehicle driving range results from the specific protocol application to a selected vehicle
model. The protocol follows a defined pattern that tries to reproduce current driving conditions. This
pattern consists of a series of route segments with specific setup acceleration, vehicle speed, and time
for every segment. After applying this pattern, the protocol supplies the traveled distance for the cycle
running time, corresponding to the specific battery Depth of Discharge (DOD). Extending the process
until the battery is exhausted (DOD=1), the protocol delivers the electric vehicle driving range as the
traveled distance in a cycle times the number of cycle repetitions.

The integration of energy storage systems, such as lithium batteries and supercapacitors, has gained
interest due to their ability to improve efficiency and reliability in many applications. The lithium
battery/supercapacitor combination offers a promising solution regarding power density, energy
capacity, and peak current management [26].

Supercapacitors play a crucial role in managing peak power demands in hybrid systems due to their
high power density and ability to charge and discharge quickly and efficiently. By harnessing
electrostatic storage capacity, supercapacitors can instantly provide power to meet transient current
demands, acting as fast-response energy storage in the system [27].

The designed hybrid power source consists of a supercapacitor coupled to a lithium battery; since
any of the individual power sources may deliver energy to propel the vehicle, it is necessary to
establish a protocol to determine which source supplies the energy at every moment. This protocol is
based on power source characteristics; therefore, the supercapacitor powers the vehicle in acceleration
or high power demand periods and the battery for other driving conditions. This configuration is
because the supercapacitor can supply power at a higher discharge rate than the battery without
degradation.

THEORETICAL FOUNDATIONS
The WLTP protocol follows the laws of Dynamics, where vehicle propelling force includes the
contribution of inertial, drag, rolling, and weight components. Mathematically:

F =ma+&V’ +umg +mgsina 1)
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m, a, and v represent the vehicle mass, acceleration, and speed, « and u are the drag and rolling
force coefficients, and a is the road slope. The drag coefficient depends on the vehicle’s aerodynamic
coefficient as in:

x=(1/2) pC,A )

C, and A are the vehicle aerodynamic coefficient and front area, and p is the air density.

The required power to propel the vehicle under specific driving conditions depends on the global
force and average speed <v>, as:

P,=F<v> (3)

Since the route segments in the WLTP protocol are of short time and distance, we can determine
average vehicle speed from the kinematic expression:

<V>= Vend +Vinit (4)
2
Analogously, the acceleration derives from the following equation:
V. — V..
a= end init (5)
t

op

Sub-indexes init and end account for initial and ending time of the process, and t,, corresponds to
the time interval.

Therefore, to reproduce any WLTP protocol segment, we apply the specific driving conditions,
speed, acceleration, and time; the energy consumption for this process derives from the expression:

5=[ma+(]/2)pCXAv2+ymg+mg sinoz]<v>tOp (6)
The product <v>t,, represents the traveled distance; replacing in equation 6:
&= ma+(1/2) pC,Av* + umg +mgsin |d ©)

Equation 7 provides the energy consumption for a segment. Extending the process for the whole
cycle:

§:Z{(mai +%pCXAvi2+,uimg+mgsinaijdi} (8)
i=1

Because this energy supplies current and voltage to the electric motor:

\ 1 2 H Vopli

|| ma, += pC AV’ + mg + mgsing; |d; ——*— =0 (9)
i=1 2 77977t

V,p is the operational voltage that matches the electric motor, battery, and supercapacitor output
voltage. Since the electric motor must operate at constant voltage, V., remains unchanged for the
whole process. I; is the discharge current, which varies according to the power demand, and #4 and #;
are the power generation and energy transmission efficiency.

The energy supplied by the battery generates a discharge computed by the DOD coefficient,
expressed as:
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& Vel mlit;

DOD™ = = = (10)

1 bat bat bat

VopCi VopCi Ci
Sub-index i accounts for the i-segment.
The battery capacity depends on the discharge rate [28]:
( bat )1.0148
Cibat = fCC:at 20957(|n)w (11)
Combining equations 10 and 11:
| 1.0148

ba i

DODI t :104577gtl [Wj (12)

We realize that the partial DOD for a specific route segment depends on the discharge current and
time.

If we use the supercapacitor for energy supply:

25
DOD* = —5' (13)
Vo, Q
The supercapacitor charge depends on its capacity and resistance as in Equation 14:
Qoe—t/r
= 14
Q QO (1_ eit/r ) ( )

The upper expression in Equation 14 accounts for discharging, and the lower for charging. The time
constant, z, is the product of capacity, C*, and resistance, R;

=RC* (15).
Replacing upper section of equation 14 in equation 13:

DODiSC = ift/r (16)
Vi Qo

We observe that the supercapacitor charge and discharge process are opposite, showing the same
pattern provided the time constant does not change; therefore, since the supercapacitor recharges from
the battery, it seems that it makes no difference to use the battery or the supercapacitor for a given
process since the energy we obtain from the supercapacitor must be replaced by the battery at the
same rate, given that the charging and discharging process of the supercapacitor is identical in each
case, regarding the evolution of the extracted or supplied intensity. In such a case, the battery DOD
associated to the supercapacitor charge is:

2&
DODibat—Sc — §I = (17)
V,,Q, (1-€7)
Nevertheless, if the supercapacitor charging time extends because the time interval between
consecutive uses delays, the supercapacitor charge and discharge process is not identical, influencing

the battery discharge process when charging the supercapacitor. The supercapacitor charging delays
by modifying the resistance since the capacity remains constant.

Considering a higher resistance for the supercapacitor, the battery discharge ratio is:
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I, 1-e'~
X 18
I, 1-e' a9
Sub-indexes o and x account for the initial and extended time discharge. Now, replacing in equation
12:
DOD® | 1.0148 1_et Iz, 10148 1_et JRC O\ 0148
foop = O—Ib:t = [—X = — =| T re (19)
DOD;; l, l-e 1-e

The coefficient fgg‘D represents the change in the battery DOD when modifying the supercapacitor
resistance. We realize that the coefficient lowers when R,>R, and vice versa.

Considering the electric vehicle driving range as the segment summation of the repetitive process of
the protocol cycle:

1.0148
DR = N7, [Z DOD™ +>° DODf°j = Nn,| 21.0457t (%) : Z
i—1 j=1 i=1 G, Q= (1 ¢ J/T)

(20)
N represents the number of protocol cycle repetitions.

Equation 20 determines the electric vehicle driving range as a function of the supercapacitor and
battery capacity, the operating voltage, the energy demand, the discharge rate, and the driving time.
Besides, energy transmission efficiency, power generation performance, and supercapacitor resistance
influence the driving range.

SYSTEM DESIGN AND OPERATION
The hybrid power system is connected in parallel to supply energy to the electric motor indistinctly.
Figure 1 shows the schematic diagram of the electric circuit.

Control
unit
e 0 o
Vp Relay#1 ( Vo
] ! arer Regulator ;
in4 Relay#2 TTIS lo
Battery — Super A— Electric
—_— capacitor ’ ‘ '\ Motor

Figure 1. Schematic diagram of the electric circuit for the hybrid power sourceThe electric circuit
equips two relays commanded by a control unit, which opens and closes the relays depending on the
operating conditions. If power demand exceeds the setup threshold, the battery relay opens, and the
supercapacitor relay closes. The electric motor runs on the supercapacitor for this configuration; if
power demand falls below the threshold, the control unit opens the supercapacitor relay and closes the
battery one. If the power demand exceeds the expected upper limit, the control unit closes both relays,
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and the two power sources supply energy to the electric motor; however, this situation is purely
incidental and only stands for a short time.

The hybrid supercapacitor/battery configuration is characterized by a higher power density inherent
to the supercapacitor and allows a significant increase in the amount of discharge current. This
increase effectively contributes to mitigating the adverse effects associated with higher discharge
intensity, resulting in an overall improvement in system performance.

In non-continuous charging conditions, the supercapacitor assumes an additional function as a
filter, reducing the maximum voltages experienced by the battery. This behavior is essential to
maintain system stability, integrity, and battery life. It demonstrates the added value of integrating
both components in a hybrid design.

The performance of this type of energy storage, characterized and evaluated under pulsed charging
currents, has been subject to exhaustive comparison with systems that exclusively use batteries. These
benchmarks provide a complete understanding of the advantages and challenges associated with
hybrid energy storage systems adoption in various practical applications [29].

The selected electric vehicle prototype for evaluation is a Sport Utility Vehicle (SUV) model
Toyota RAV4 whose characteristics are listed in Table 1 [30].

We should mention that we use the prototype as a reference since this model is not a full electric
vehicle; therefore, we apply some specific characteristics for our study like size, aerodynamic
coefficient and weight.

For the operating voltage we selected 400 V, which is a current value for electric vehicle’s motor,
and for the battery energy capacity 80 kWh corresponding to a vehicle mass of 2500 kg. These values
match the standard reference data from the literature [31-].

Parameter Value Unity

Weight 2710 kg
Front side area 3.135 m?
Aerodynamic coefficient 0.32 -—-

v

Battery j
\ / AC Electric
—_— —
r \ Inverter - —_— Motor -
DC/DC
H —_—
Supercapacitor — Convertor | o=

Figure 2. Schematic view of the system layout.

The electric motor operates at alternate current because this is the most frequent option selected by
the electric vehicle manufacturers; therefore, a DC/AC inverter should be included in the system
layout. Furthermore, since the supercapacitor supplies energy at different voltage than battery and
electric motor, a DC/DC converter in intercalated in the electric wiring from supercapacitor to the
inverter. Figure 2 shows the schematic view of the system layout.
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For the supercapacitor, based on previous studies applied to electric vehicles [31-], we select a 25-
unit pack of 5 F each, operating at a voltage of 2.5 volts per cell with a unit weight of 0.5 kg.

CONTROL PROCESS

The present study intends to apply to any electric vehicle and driving pattern; therefore, we design a
control process to determine the supercapacitor and battery energy capacity that fits the daily route
under current driving conditions. To this goal, we develop a control program that evaluates the
supercapacitor and battery capacity and determines if the selected value fulfills energy requirements.

The program sets up a specific value for the supercapacitor and battery capacity and runs the WLTP
protocol for this hybrid power system using the vehicle and road characteristics; if the supercapacitor
state of charge, after any intermediate step supplying power to the electric motor, remains positive,
the selected value is accepted and recorded in the database, if not, the program assigns a new capacity
value for the supercapacitor, and the program restarts.

A similar process runs for the battery with the only difference that the battery checking is at the end
of the WLTP cycle; if the state of charge remains positive, the selected value is accepted and recorded
in the database; otherwise, the program assigns a new capacity value for the battery and the program
restarts. Figure 3 shows the flowchart of the control process.

SIMULATION

The simulation runs on a MATLAB program with vehicle characteristics, speed, and operating time
as input data. The power demand threshold is set up before launching the program. The flowchart of
Figure 4 shows the protocol structure.

The control unit receives information about the power demand corresponding to the driving
conditions and compares the value with the setup threshold. If the power demand is above the
threshold, the control unit closes relay #2 and activates the supercapacitor, which starts supplying
energy to the electric motor; if not, it commutes the power supply from the supercapacitor to the
battery opening relay #2 and closing relay #1.

: Setup power
Vehicle data threshold

A

ENTER ) NO
i Capacity J

4
(Ballcry) CSupercapac
l

WLTP
cycle
Figure 3. Flowchart of the control process

END of
process

itorj

YES

Intermediate
step

END
of cycle
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Vehicle data

Vehicle speed
Operating time

NO

Supercapacitor

i YES
YES CEncrgy mlpplyj |STOP|

NO L«

v

Figure 4. Flowchart of the simulation protocol.

During this process, the control unit monitors the state of charge of the battery and supercapacitor;
if the supercapacitor is charged, the battery to supercapacitor circuit opens, and the supercapacitor
charge stops; otherwise, the battery charges the supercapacitor to maintain it at full state of charge. If
the battery reaches the 20% state of charge, the control unit switches the power supply to ECO mode,
reducing the acceleration and limiting the vehicle speed to preserve energy; when the battery reaches
the null state of charge, the vehicle stops.

The simulation uses the WLTP protocol as a reference to reproduce driving conditions; to this goal,
we parametrize the WLTP protocol, so the program collects data, vehicle speed, and time from
driving conditions at every moment. With these data, the program calculates the acceleration and
average speed to determine power demand, which is the reference input for the control protocol.
Figure 5 shows the vehicle speed and power demand according to the WLTP protocol for our
prototype. We apply Equations 3 to 5 for the power acceleration and average vehicle speed
determination.

To start the simulation we introduce the driving pattern, ECO, normal or sport; the program
automatically sets up the reference value for the acceleration from which it determines the power
threshold. Figure 6 shows the hybrid power source performance for specific power demand threshold.

We realize that the supercapacitor is inactive while the power demand remains below the threshold
(red line in the upper section of Figure 6), turning on as soon as the power demand crosses the
threshold line. When the control unit switches back the power supply to the battery, the supercapacitor
starts charging from the battery until it reaches the 100% state of charge (horizontal blue line in the
lower section of Figure 6).

We call the reader's attention to the supercapacitor energy evolution curve, which never reaches
zero value, which shows a good supercapacitor size design. If the supercapacitor reaches zero value,
the control unit claims for energy supply from the battery, which forces it to discharge at an
unexpectedly high rate; this reduces the driving range, generates premature degradation, and reduces
battery lifespan.

Regarding the battery behavior (Figure 7), we realize the battery discharges continuously, powering
the electric vehicle or charging the supercapacitor. As in the case of the supercapacitor, the battery
never reaches the null state of charge, proof that the battery size is correct. Figure 7 splits into
drawing lines and a bar graph to facilitate the comprehension of the battery state of charge evolution.
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In practice, the control unit only shows the current battery state of charge on the dashboard, similar
to the remaining fuel level in conventional cars. The control unit also indicates the final battery state
of charge at the end of the daily route. Upon request, the control unit shows the supercapacitor's
remaining charge. Figure 8 shows the dashboard information.
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% 50C — % | Display values
Capacitance: 11.8F
Battery Supercapacitor energy: 0.263 kWh
S0C =0.14 Battery: 13.8 Ah

Battery energy: 5.514 kWh

Figure 8. Dashboard information of battery and supercapacitor state of charge at the end of daily
route (ECO driving mode)

Table 2. Driving pattern characteristics.

Driving pattern Acceleration (m/s?) Power threshold (kW)
ECO 1.00 42
Normal 2.25 84
Sport 3.40 120

We repeat the simulation for normal and sport driving mode. Acceleration and power threshold for
the three driving patterns are listed in Table 2.

Figures 9 to 14 show the simulations results for normal and sport driving mode.

ANALYSIS OF RESULTS

The simulation results agree with the expected data from theoretical development. Indeed, as
we move from ECO to sport driving mode, the power demand and the power threshold increase in
close agreement with the acceleration value, leading to a higher battery and supercapacitor energy
capacity size.

When adjusting the reference power, we observe a variation in the nominal value of the capacity
and energy of both the supercapacitor and the battery. The lower the threshold value, the more energy
is required from the supercapacitor and less from the battery; if the threshold value increases, the
effect is the opposite.

Since each driving mode and reference power setting produces different results in terms of ratings,
we also note that there is a maximum reference power for which the battery and supercapacitor power
may or may not meet the duty cycle driving. When the configuration is extreme, the supercapacitor
and battery power may not be enough to fulfill their function.

We design the battery and supercapacitor to match the protocol driving cycle, driving mode, and
power reference. Although some configurations fulfill the protocol driving cycle, we should design
the vehicle performance for a higher driving range. In this sense, the battery capacity becomes critical
since the supercapacitor uses the same battery to recharge, thus eliminating the need to recalculate its
capacity. Considering that the WLTP cycle has a distance of 23.2781 km, to provide the vehicle with
a range of 300 km, the value of the battery capacity must be multiplied by 14 to satisfy the
requirement imposed by the WLTP cycle.

On the other hand, the results show that the simulation is capable of establishing the capacity and
energy values necessary to operate a vehicle with a battery/supercapacitor hybrid power system under
the conditions established by the WLTP standard protocol, adjusting said values to the established
driving, which means a relevant achievement in the development of prediction and control systems for
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electric vehicles.
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4

Battery
sS0C =013

4. Display values

Capacitance: 20.3F
Supercapacitor energy: 0.450 kWh
Battery: 21.6 Ah

Battery energy: 8.627 kWh

Figure 11. Dashboard information of battery
and supercapacitor state of charge at the end
of daily route (normal driving mode)

The simulation program calculates the new values of battery and supercapacitor energy capacity as
a function of the driving conditions and driving pattern so that the state of charge of the
supercapacitor and the battery are always positive or identically zero. The simulation results shown in
Figures 6, 7, 9, 10, 12, and 13 for the ECO, normal, and sport driving mode verify this statement.

CONCLUSIONS
The hybrid lithium battery and supercapacitor combination offers a unique synergy that improves
system responsiveness, reduces operational stress, and promotes greater energy efficiency.

This approach represents a significant energy management advance and has potential applications
in many fields, from electric vehicles to energy storage systems.

The hybrid system of supercapacitor and lithium battery has better performance than a system with
a single energy source (battery) due to the fact of transferring high power demand processes, which
require very high discharges, from the battery to the supercapacitor, which reduces premature
degradation and aging of the battery, lengthening its average life and increasing the reliability of
its response.

The hybrid supercapacitor/lithium battery system guarantees less battery wear and power system
efficiency improvement by operating each energy subsystem, battery, or supercapacitor in the range
of most suitable power. The limitation in battery high power draining increases the battery and
supercapacitor lifespan.

The correct sizing of the battery and supercapacitor from the simulation process guarantees
continuous vehicle operation for specific driving conditions, providing a practical tool for electric
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vehicle manufacturers and designers.
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4. Display values

Capacitance: 27.0F
Battery Supercapacitor energy: 0.599 kWh
SOC =0.12 Battery: 29.3 Ah

Battery energy: 11.727 kWh

Figure 14. Dashboard information of battery and supercapacitor state of charge at the end of daily
route (sport driving mode)
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