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Abstract—The objective of this work is to study the possibility
of implementation and performance impact of using a hybrid
energy storage system with batteries and supercapacitors on the
electric racetrack motorcycle TLM02e developed by the TLMoto
team.

To quantify the impact of the hybrid approach, a numerical
model of the TLM02e battery is formalized and its parameters
determined experimentally.

A numerical model of the motor and respective drive system
is proposed. Its parameters are determined theoretically and
adjusted experimental results.

A numerical model of the motorcycle and pilot behaviour
is formalized. The results are compared with those from other
teams, confirming its approximation to reality.

Passive and semi-active hybrid energy storage systems models
are developed. The sizing and modelling of a two quadrant
chopper is realized. A filter-based approach is used in the power
sharing algorithm and a supercapacitor pack voltage control
system is applied.

The simulation of the three systems demonstrate the expected
performance. Both hybrid approaches yield better results in the
acceleration test. In the full race simulation, while improving
efficiency, the passive hybrid approach produced worst results
in terms of top speed and race time. On the contrary, the semi-
active approach yielded better results in terms of race time but
performed worse regarding top speed and efficiency.

Index Terms—Energy Storage, Supercapacitors, Electric Mo-
torcycle, TLMoto

I. INTRODUCTION

A. Motivation

Motostudent is an international academic competition where
student teams must design and build functioning electric
motorcycle prototypes during the course of a two year period.
At the end of the two-year period, the prototypes are put
through a series of static and dynamic tests in the Motorland
Aragon facilities, Spain [21].

The Técnico Lisboa Motostudent (TLMoto) team was cre-
ated in 2012 with the aim of participating in the MotoStudent
competition. The design phase of its third prototype, TLM03e
(electric), is currently in its early steps, which motivated the
search for innovative solutions that can enhance its perfor-
mance.

All teams are obliged to use the electric motor supplied by
the MotoStudent organization and the maximum accumulator
voltage is 110V. In [17], a full propulsion and control system
was designed and implemented for the 2015/16 edition. It is

Fig. 1: Illustration of the propulsion system develloped in [17].

Fig. 2: General structure of the proposed HESS.

composed of a lithium-cobalt battery pack, directly connected
to a SEVCON GEN4 Size6 motor controller through the DC-
link, and the competition-issued electric motor, see figure 1.

The aggressive riding style of the pilot poses a challenge
to the prototype’s Energy Storage System (ESS), which is
subjected to elevated and highly variant load demands. This is
a ”textbook” situation in which the hybridization of the ESS
of the prototype, by combining energy sources with different
characteristics, could prove to be advantageous.

The general structure of an Hybrid Energy Storage System
(HESS) is shown in figure 2

B. State of the Art

HESSs have been comprehensively studied. However, no
studies were found on the case of competition electric mo-
torcycles. Thus, research was done on interface connection
topologies between energy sources, appropriated converters
and power sharing strategies.

1) Interface Topologies: In [31], four main categories are
proposed: passive, semi-active, fully active and discrete.

In the passive approach (see figure 3a), the Super Capacitor
(SC) pack is directly connected to the battery pack (and DC-
link). It acts as low-pass filter, attenuating high peaks and
low troughs, as demonstrated in [22]. The limitations of this
topology are that a small portion of the energy stored in the
SC pack is used, due to the small DC-link voltage variation.
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The semi-active category implies the decoupling of one of
the energy storage elements from the DC-link by means of a
power converter (see figure 3b). The most common topology
of this category is the capacitor-semi-active, used in [23], [10],
[24] and [25], where the battery pack is directly connected to
the DC-link and the SC pack is decoupled. The advantage of
this topology is the increased flexibility and controllability of
the load power split between the sources, and the better energy
utilization of the SC pack. The disadvantage is the need for a
high rating power converter.

In the fully active and discrete topologies, multiple con-
verters are used, usually decoupling both energy source from
the DC-link. These architectures are advantageous in terms
of system design flexibility and controllability, but the added
complexity and volume requirements renders them infeasible
in the present case.

(a) Passive topology,
[4].

(b) Supercapacitor
semi-active topology,
[4].

(c) Parallel fully-
active topology,
[4].

2) Power Converters: Power converters used to decouple
the SC pack from the battery pack (and DC-link) are typically
isolated or nonisolated bidirectional DC/DC converters [12],
[26]. Isolated converters are typically used in situations where
high voltage conversion ratio is required [3], which is not the
case. In [26], nonisolated converters are further categorized
into single-phase, single-phase with Zero Voltage Switching
(ZVS)/Zero Current Switching (ZCS) circuitry and interleaved
converters. In the first case, the most prominent solutions for
their simplicity are the two quadrant chopper (half bridge
converter), the CuK and the SEPIC/Zeta. The first option is
the most attractive due to its simplicity of control and low
component count.

The use of ZVS and ZCS techniques is useful in reducing
switching losses and increasing the power density of the
converters at the cost of higher complexity and component
count. Interleaved converters have been widely in this area due
to their advantageous performance regarding power density
and efficiency. Interleaved variations of the bidirectional half-
bridge converter have been used in [25] ,[10] and [2]. The
added benefits of interleaved architectures come at the cost of
higher control complexity and component count.

3) Power Sharing Strategies: The aim of the Power Sharing
Strategy (PSS) is to set appropriate current or power references
for the interface converter of the HESS, in order to fulfil the
hybridization objectives. The total load power is the sum of
the SC and battery pack individual powers. Four main classes
of approaches to PSSs are proposed in [25]. Of these four, the
rule-based and optimization-based are of practical interest for
this work.

Rule-based PSS can be further divided into deterministic
and fuzzy rule approaches. Deterministic PSSs presuppose that
the power split among both sources is performed according to

a set of rules. In this case, the power split is usually defined
either based on power level or frequency thresholds [25].

Fuzzy rule-based PSSs use a set of rules with attributed
weights and a set of inputs to determine the best power split
ratio at each time. This technique has been shown to perform
in par or better than their deterministic counterpart [24].

Optimization-based PSSs generally use analytic and nu-
meric methods to compute the optimal solution for an objective
function [25]. This class can be further divided into global
and real-time optimization methods. Most commonly, Model
Predictive Control (MPC) and variations of this approach have
demonstrated good results in traction applications [24].

C. Structure of the Work

This work is presented according to the following outline.
In section 2, a lithium battery cell model is proposed

and parameterized through experimentation. The experiment
design and the development of the hardware required are
presented.

In section 3, a mathematical model is formulated for the
electric motor, power inverter and respective control system.
A model validation experiment and respective test bench setup
are explained. The adjustment of the mathematical models’
parameters by analysis of the simulation and experiment data
is explored.

In section 4, a mathematical model of the motorcycle
mechanical behaviour is proposed. The dynamic tests are
simulated and a comparison with real test data from other
teams is performed.

In section 5, two hybridization solutions are proposed
and respective models developed. The electric and dynamic
performances of each solution in the track tests is compared
and evaluated.

Finally, in section 6 conclusions are presented and sugges-
tions for future work are briefly listed.

II. LITHIUM BATTERY MODEL

A. Lithium Cell Equivalent Electric Circuit

Equivalent Electric Circuit (EEC) models are generally used
in the area of Electric Vehicle (EV) modelling, providing
a reasonable representation of the lithium battery electric
behaviour. The commonly used Thevenin model EEC, [8],
can be seen in figure 4a. This circuit is composed by four

(a) General form of the Thevenin for the
lithium battery cell.

(b) Cell modules
with 4s2p
configuration, as
sold by multistar.

fundamental components: the ideal voltage source, Em, which
represents the cell Open Circuit Voltage (OCV); the resistor
R0, which models the internal resistance of the cell; a number
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of RC branches, which model the nonlinear behaviour of the
cell that results from its internal electrochemical reactions; and
the Zp and Ep branch, which models the cell’s self discharge
process. Each of the elements of the EEC is dependent on
State of Charge (SoC), temperature and discharge current rate
but only SoC dependence is modelled in this work.

The motorcycle battery pack developed in [17] was built
using Multistar RC model high power battery modules, see
figure 4b. Its characteristics of the cell can be seen in table I
The degrees of freedom of the model topology are the number

TABLE I: Characteristics of the modelled cell

Manufacturer Multistar
Chemistry LCO
Capacity [Ah] 16
Nominal Voltage [V] 3.6
Cycle Life 150+ @10C
C Rating 10C
Energy Density [Wh/kg] 174.9
Configuration 1s2p

of RC branches and the inclusion of the self-discharge branch.
Taking into account the results of [13] and [14], the chosen
number of RC branches was two. The self discharge branch
was not included because the expected operating time is not
sufficient for the effects of self discharge to be felt.

B. Numerical Model Implementation

The values of each component of the EEC for the different
levels of SoC are stored in lookup tables. Instead of using
capacitance values, the time constants τ1 and τ2 associated
with each branch are used. The values of C1 and C2 are
derived from the respective time constants.

C. Experimental Test Design

In order to capture the cell dynamic behaviour at different
SoC levels, a constant current pulse discharge test was chosen.
This experiment, is composed by a repetition of two cycles:

1) Discharge cycle
Where constant current is drawn from the cell until the
cell’s SoC is reduced by 5%.

2) Relaxation cycle
Where no current is drawn from the cell, during a period
of 3 minutes. The SoC remains unaffected in this process.

The chosen discharge rate for the current pulses was 1C,
16A. Although this rate falls short of the 10C proposed
by the manufacturer, the rating of the available components
were not sufficient for higher currents to be achieved. The
discharge circuit electric scheme can be seen on figure 5.
An IRFP4368PbF NMOS Metal-Oxide-Semiconductor Field-

Fig. 5: Discharge circuit electric scheme

Effect-Transistor (MOSFET) was used to control current
drawn from the battery and an LM324N OpAmp was used
to drive the Gate of the NMOS. The NUCLEOF446RE de-
velopment board was chosen to perform the control of the
drive circuit, and of the discharge test as a whole. To acquire
the experiment data, a PicoScope USB oscilloscope and a
NUCLEOF446RE were used. The complete cell testing system
diagram can be seen in figure 6.

Fig. 6: Cell testing full system diagram

D. EEC parameter estimation
The measured data was filtered using a moving average filter

in order to remove high frequency noise. The Em values were
set as the final value in each relaxation phase. The values of
R0 were determined using (1), where ∆V is the immediate
voltage sag at the beginning of each discharge cycle and Im
is the current drawn from the cell. k is the SoC level of the
last relaxation cycle before the one being analysed.

R0(k) =
∆V

Im
(1)

The values of the time constants, τ1, τ2, and RC branch resis-
tances, R1, R2 were determined using a brute force approach.
Based on direct analysis of the cell behaviour, a range of values
was defined for each parameter. The model was then simulated
using different parameter combinations, keeping the one that
resulted in the smallest total absolute value error sum.

E. Estimation Results
Using the estimated cell parameters, the simulated results

closely resemble the measured data see figure 7. The mean
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Fig. 7: Simulated vs measured data using final parameters for
the cell EEC.

and relative error information is given in table II.

TABLE II: Simulation VS Data error statistics.

Mean Error [V] 0.009039
Max. Error [V] 0.217975
Mean Error Percentage [%] 0.787485
Max. Error Percentage [%] 18.990999
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III. POWERTRAIN MODEL

A. Motor Model

1) Motor dq0 Model: The electric motor provided by the
Motostudent organization for the 5th edition of the competi-
tion, henceforth MEMSV, is a three phase Alternate Current-
Radial Flux Permanent Magnet Synchronous Machine (AC-
RFPMSM) with the parameters given in table III. The dq0 d-
aligned power variant mathematical transformation was used
to model the motor in the synchronous reference frame [18].
The motor voltage equation is (2), where the subscripts dq
define the direct or quadrature axis, ωe is the synchronous
angular speed and λpm is the motor magnets flux linkage.

ud = Rsid + Ld
d
dt id − ωeLqiq

uq = Rsiq + Lq
d
dt iq + ωeLdid + ωeλpm

(2)

The torque and input power equations of the Permanent
Magnet Synchronous Motor (PMSM) are expressed in (3) and
(4).

Tem =
3

2
npp(Ld − Lq)idiq +

3

2
nppλpmiq (3)

Pin =
3

2
(udid + uqiq) (4)

In (3) npp is the number of pole pairs of the machine. Lastly,
the motor mechanical equation is given in (5).

Jtotal
dωm

dt
= Tem − TL −Bωm (5)

In (5) ωm is the rotor and mechanical angular speed, TL is the
load torque, B is the viscous friction coefficient of the motor
and Jtotal is the sum of Jrotor and the remaining moments of
inertia associated with the mechanical load.

TABLE III: MEMSV electric motor main characteristics

Type RFPMSM
Phases 3

Pole Pairs 5
Rated DC-link Voltage [V] 96

Max. Power [kW] 48
Max. Torque [Nm] 120
Rated Power [kW] 12
Max. Speed [rpm] 8000

Phase Resistance Rs [mΩ] 2.7
Phase Inductance @1000Hz Ls [µH] 62-110

Voltage Constant Kv [V/rpm] 0.026
Torque Constant Kt [Nm/A] 0.22

Rotor Inertia Jr [kg.m2] 0.096
Efficiency [%] 92

2) Motor Parameter Determination: The values of the
inductances Ldq were determined experimentally following
[1], yielding Ld = 58.03µH and Lq = 61.44µH. The value for
λpm was determined through (6), yielding λpm = 0.0313Wb.

λpm =
2

3

Ka

npp
(6)

TABLE IV: SEVCON Gen4 family product voltage and cur-
rent ratings, [9].

Operating Voltage Range [V-V] 39-120
Short Term Current Rating[Arms] 550
Continuous Current Rating [Arms] 210

B. Controller Model

The main electrical characteristics of the SEVCON GEN4
Size 6 motor controller are given in IV. From [7] and [9],
it is possible to assume that the modulation technique used
is Space Vector Modulation (SVM) and that the the power
converter is a 6 switch MOSFET bridge i.e., a three phase,
two level inverter with a structure shown in 8.

Fig. 8: General structure of a three phase 6 switch inverter,
[19].

. The inverter output voltages, vabco, referred to fictitious
inverter neutral point, o, are written as (7), [20].

vabco =

vaovbo
vco

 (7)

From where the line to line voltages of the inverter can be
defined:

vLL =

vabvbc
vca

 =

 1 −1 0
0 1 −1
−1 0 1

vaovbo
vco

 (8)

The relationship between the phase voltages referred to the
inverter neutral point and the ones referred to the load neutral
point N , vabcN , is given by (9), where vaN + vbN + vcN = 0
holds. vaN

vbN
vcN

 =
1

3

 2 −1 −1
−1 2 −1
−1 −1 2

vao

vbo
vco

 (9)

The SVM modulator was assumed to implement symmetrical
SVM. This modulator was implemented using carrier-based
approach as proposed by [27] and [30]. In this case, an
homopolar component, calculated through (10), is added to
the three phase stator voltage references.

ei = −0.5(u∗max + u∗min) (10)

Where u∗max and u∗min are the amplitudes of the highest and
lowest voltage references generated by the control system.
The result is used as reference for comparison with the high
frequency carrier wave.

From [7] and [9], it is inferred that the control method is
direct Field Oriented Control (FOC) with Propotional Integral
(PI) regulation. it also implements the following features:
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field weakening control, speed limit control, voltage cutback
scheme, current limit control and overmodulation control.

1) FOC: The classical structure for the FOC controller
was constructed based on [15] and [28], and includes the
dq axes decoupling . In this case, the sum of the output of
the PI regulators and the decoupling terms are the voltage
demands that serve as input to the voltage governor, which
in turn generates the references sent to the SVM modulator.
The current references are generated by the reference governor,
which includes the field weakening control, speed limit control
and voltage cutback scheme. The block diagram of the FOC
implementation is shown in figure 9.

Fig. 9: FOC block diagram. In black: current PI regulator
circuit. In red: d and q axes decoupling.

2) Field Weakening: The implementation of this feature fol-
lows the approach used in [15], where a closed-loop controller
is used to determine a reference for id through (11).

i̇dref
= Kifw(Vsmax

−
√
v2dref

+ v2qref ) (11)

Where Kifw is the integral gain of the field weakening control
and Vsmax

= VDC√
3

is the theoretical maximum output phase
to motor-neutral voltage fundamental component of the three
phase inverter. In [15] an adaptive gain is proposed, determined
using (12). Where trfw is the rise time of the field weakening
regulator and ωb is the base speed of the motor.

Kifw =

{
ln(9)

trfwnppωbLd
ωr ≤ ωb

ln(9)
trfwnppωrLd

ωr > ωb

(12)

In order to respect the output current rating of the inverter,
iqref is limited to the value given by (13).

iqmax
=

√
I2smax

− i2dref
(13)

Where Ismax
is the controller output current rating. Note that

(13) also implements the aforementioned current limit control.
The block diagram of the field weakening controller is shown
in figure 10.

Fig. 10: Current reference Governor block diagram. In black:
Field weakening control. In blue: Speed limit control. In
yellow: Voltage cutback scheme.

3) Speed Limit Control: To implement this feature, a cor-
rective factor is generated by obtaining the difference between
the maximum motor speed and the actual motor speed, and
using it as input to a PI regulator fitted with an antiwindup
scheme. The output is limited to [0−120]Nm, 120Nm being
the maximum motor torque. The output of the regulator is
summed to the input reference torque in order to limit torque
demand when maximum speed is reached. The speed limit
controller block diagram is shown in figure 10.

4) Voltage Cutback Scheme: This feature is implemented
by limiting the torque demand from the pilot. The controller’s
voltage cutback table values were mapped in a lookup table to
determine the maximum allowable torque reference depending
on DC-link voltage. The Voltage cutback scheme block dia-
gram is shown in figure 10.

5) Overmodulation Control: As the SEVCON GEN4 motor
controller does not implement any overmodulation technique,
it must be prevented. This limitation is applied through (14),
where Vsmax

= VDC√
3

.

|Vd| ≤ Vsmax

|Vq| ≤
√
V 2
smax

− V 2
d

(14)

IV. PROPULSION SYSTEM MODEL AND VALIDATION

The complete propulsion system block diagram is shown in
figure 11.

Fig. 11: Propulsion system block diagram.

A. Experimental setup and results

1) Test Bench Setup: The test bench setup included the
actual TLM02e battery pack, the SEVCON GEN4 Size6 motor
controller and the MEMSV electric motor. The mechanical
load was added by coupling a generator, which was in turn
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TABLE V: Test bench load motor and resistor bank specifica-
tions.

Motor Type AFPMSM
Phases 3
Pole Pairs 4
Rated DClink Voltage [V] 96
Max. Power [kW] 35
Max. Torque [Nm] 80
Rated Power [kW] 12
Max. Speed [rpm] 6000
Configuration 3ph star 4P per phase
Power Rating [kW] 12
Phase Resistance [Ω] 0.55
Voltage Rating [V] 2500
Operating Temperature Range [oC] -25 - 250

connected to a custom-made resistor bank, the characteristics
of which are given in table V.

The measurements and estimations performed by the SEV-
CON controller were logged with a laptop via an IXXAT
CAN2USB device.

The applied throttle profile consisted on two sets of stepped
throttle signals ranging from 0Nm to 100Nm torque demand
in the first test, and from 0Nm to 120Nm torque demand in
the second. The setup of the test bench is shown in figure 12.

Fig. 12: Test bench setup.

2) Numerical Propulsion System Model Adjustment: The
experimental results were used to adjust the models parame-
ters. The lithium cell EEC model resistances were changed to
60% of their original values. The value of λpm was changed to
80% of its original value and Ld was defined as equal to Lq .
The modulator and inverter models were removed for ease of
simulation burden. The errors of the main electric quantities of
the simulation against the measured values are given in table
VI.

TABLE VI: Average relative error of model output signals
with and without the inverter and modulator model block.

Quantity w/ inverter model w/o inverter model
VDC 1.49% 1.49%
IDC 6.64% 6.56%
PDC 5.59% 5.55%
id 8.78% 6.34%
iq 8.44% 8.38%
Tem 4.96% 4.84%
ωm 1.18% 1.18%
Pmec 5.56% 5.31%

V. MOTORCYCLE DYNAMICS AND TRACK TESTS

The mechanical model followed the approach proposed in
[5].

A. Motorcycle Mathematical Model
1) Effect of the Resistive Forces: The resistive torque on the

motor shaft is given by (15), where rw is the wheel radius,
N is the transmission relation, m is the mass, g is the gravity
acceleration, ρ is the air density, CDA is the product of the
drag coefficient and frontal area of the fairings, α is the slope
angle and V is the linear speed of the motorcycle.

TRT =
rw
N

(mgsin(α) +
1

2
ρCDAV

2) (15)

2) Effect of Wheel and Motorcycle+Pilot Momentum: The
resistive force caused by the motorcycle and wheels change
of momentum is modelled as an extra inertial moment on the
rotor shaft, given by (16), where Jmw is the total added inertia
on the motor shaft. Jw = 1

2mwr
2
w is the inertia of each wheel.

Jmw =
mr2w
N2

+
Jw
N2

(16)

3) Motorcycle Geometry: The motorcycle geometry can be
characterized by the wheelbase p, the height of the centre of
gravity h and the distance between the rear wheel axle and
the centre of gravity, b, see figure 13.

Fig. 13: Motorcycle geometric parameters, [5].

4) Maximum Acceleration and Braking Forces: During
braking and acceleration, a load transfer occurs from the rear
to the front wheel in the first case, and from the front to the
rear in the second. The points at which one of the wheels
suffers a complete loss of load is defined as flip over in the
first case and wheelie in the second, and are the braking force
and accelerating force limits. These are defined in (17), where
FB is the maximum braking force and S is the maximum
acceleration force.

FB = mg
p− b
h

= 2255.63Nm

S = mg
b

h
= 2255.63Nm

(17)
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5) Maximum Cornering Speed: The maximum ideal cor-
nering speed was defined after [5] as (18), where ϕi is the
maximum lean angle, Rc is the curve radius and g is the
acceleration of gravity.

Vmax =
√
tan(ϕi)gRc (18)

An estimation of the maximum lean angle was performed
based on those for motorcycles of the Moto3 category, yielding
ϕi ≈ 50o, see figure 14

Fig. 14: Approximation of Moto3 category maximum lean
angles.

6) Transmission Elements: The TLM02e prototype is
equipped with a direct drive transmission consisting of the
the rear sprocket, attached to the wheel, the front sprocket,
fixed to the electric motor axle, and a chain connecting both
sprockets. The physically realizable values for the transmission
relation, N , are 2− 7.5

B. Motorcycle and Pilot Model Track Performance

1) MS2 Dynamic Tests: The Motostudent competition
scored dynamic tests consist on a best braking test, a best
acceleration test, a gymkhana, a best lap during free practices,
pole position during timed practices, fastest lap during the race
and the final race position.

2) Pilot Model: The pilot model was developed in order
to generate throttle and brake signals for the motorcycle
mechanical and propulsion system model. In it, the model
predicts the braking distance before a corner in order to enter
it at the correct speed.

3) Model Integration and Track Simulation: The previously
developed models for the powertrain, ESS, the motorcycle
dynamics and pilot response were combined to simulate the
behaviour of the full motorcycle in the MS2 dynamic tests.

The optimum gear ratio for the best acceleration and full
race tests was N = 6 and N = 4 respectively. The comparison
of the model performance with the competitors’ is shown in
table VII. While being better than the average, the simulation

TABLE VII: Results for the 2018 Motostudent edition: other
teams’ performances and TLM02e prototype performance.

Test Competitors av. result Simulation result
Best Acceleration 7.667s 7.195s

Best Braking 35.1m 30.376m
Best Lap 162.346s 152.774s

Top Speed 168.4km/h 202.139km/h

didn’t perform better than the best result with the exception
of the top speed, which was due to the idealities assumed for
the model.

The motorcycle speed and reference, and the electric and
mechanical powers for one lap are shown in figure 15
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Fig. 15: Speed reference tracking and motor torque and speed
in single lap simulation.

VI. HYBRID ENERGY STORAGE SYSTEM DESIGN AND
INTEGRATION

Supercapacitors are electrochemical capacitors that can be
divided into Electric Double Layer Capacitor (EDLC), pseu-
docapacitor and hybrid capacitors,[11]. The most commonly
available are the EDLC, called SC henceforth. They store
charge on the surfaces of contact of a porous electrode and
an electrolyte. The fundamental electrical representation of a
capacitor is an ideal capacitor and a series resistance referred
to as Equivalent Series Resistance (ESR). The energy stored
in a capacitor is given by (19).

E =
1

2
CV 2 (19)

Thus, the capacitor SoC is mostly dependent on its voltage
through (20).

SoC =
V 2

V 2
max

100% (20)

A small survey of commercially available SCs was performed,
gathering information on the parameters of 37 cells from
different brands sizes to be able to size an SC pack based
on real parameters.

The most common SC EECs used in power systems range
from the simple series RC model depicted in figure 16, to
the three branch model developed in [32]. Because there was
yet no choice of specific SC, no characterization experiments
could be performed, and the simple RC model was adopted.

A. ESS Hybridization

1) HESS Sizing and Constraints: The total load power
can be decomposed into: average and dynamic [16]. The
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Fig. 16: SC single RC model with leakage resistor,[29].

desired power rating of the SC pack can be determined as
the maximum absolute value of the dynamic portion of the
load power, 23kW.

The evolution of the average and dynamic energy compo-
nents is given by the cumulative integral of the the same
components of the load power. The total dynamic energy
required is given by (21).

Ereq,dyn = max{EL,dyn} −min{EL,dyn} = 111.68Wh
(21)

2) HESS Limitations and Objectives: The ultimate objec-
tive of the ESS hybridization is the performance improvement
of TLM02e prototype in the track tests, especially in the final
race. The most relevant restriction to the hybridized system is
the available volume of 6L for the pack and 3L for electronics.

3) Battery and Supercapacitor Interface Topology: From
the topologies covered in I-B, the passive and SC-semi-active
topologies were considered the most suited for the application
at hand due to their simplicity and low component count.

B. Passive System

1) System Sizing: In this structure, the SC acts as low-
pass filter for the load current drawn by the motor controller,
[6],[16]. The rated voltage of the pack must be equal or higher
than the maximum battery voltage. The SC pack parameters
are given in table VIII.

TABLE VIII: SCA0750 cell and resultant pack parameters.

Parameter Cell Pack
Rated voltage [V] 2.85 111.15
Capacitance [F] 750 19.23

ESR [mΩ] 0.6 23.4
Maximum stored energy [Wh] 0.85 33

Rated Power [kW] 1.624 63
Series connected cells - 39

Parallel strings - 1

2) Simulation Results: The powertrain and Passive Hybrid
Energy Storage System (PHESS) electrical performance dur-
ing the best acceleration test simulation are displayed in figure
17. By analysing the latter, it becomes apparent that the SC
pack behaves as a low-pass filter for the DC-link current, as
proposed in [6] and [16].

C. Supercapacitor Semi-Active System

A two quadrant chopper was chosen as interface converter
between the SC pack and the DC-link. The results of its sizing
are given in table IX.
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Fig. 17: Voltages and currents during the best acceleration test
for the PHESS.

TABLE X: SCA1200 cell and resultant pack parameters.

Parameter Cell Pack
Rated voltage [V] 2.85 74.10
Capacitance [F] 1200 46.15

ESR [mΩ] 0.30 7.54
Maximum stored energy [Wh] 1.35 35.20

Rated Power [kW] 3.36 87.39
Series connected cells - 26

Parallel strings - 1

TABLE IX: Two quadrant chopper parameters.

Parameter Value
Max. current [A] 400

Max. voltage conversion 3.64
Switching frequency [kHz] 100

Inductor value [µH] 20
Output capacitor value [mF] 5

Max. power [kW] 25

The characteristics of the SC pack for the Semi Active
Hybrid Energy Storage System (SAHESS) are given in table
X. A converter average dynamic model was used in the
simulations. The converter inductor current is controlled with
a PI regulator with gains Ki = 0.4672 and Kp = 0.0187.
The power reference for the SC pack is given by the output
of a high-pass filter with time constant of 5s. SC pack voltage
control is implemented by limiting the current reference as the
SC pack SoC approaches its limits.

1) Simulation Results: The simulation results for the SA-
HESS best acceleration are shown in figure 18. The SAHESS
behaves similarly to the PHESS in the first moments of
acceleration (1). As the SC pack SoC approaches its limit,
the SC current becomes null(2). The SC pack recovers energy
during braking (3).

VII. PERFORMANCE COMPARISON

The full race simulation results are summarized in table XI.
It is clear that the SAHESS yields the best results out of the
three solutions. The PHESS , albeit advantageous relatively
to the base approach on the best acceleration test and on the
beginning of the full race simulation, yields the worst time
result at the end of the race. As the DC-link voltage decreases,
less of the SC pack energy is used in accelerations, and the
improvement in performance resultant from the extra power
delivered by the SC pack becomes insufficient to compensate
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Fig. 18: SAHESS voltage and currents during the best accel-
eration test simulation.

TABLE XI: Full race results for the different ESS solutions.

Battery only PHESS SAHESS
Best Lap time [s] 152.774 152.831 152.478
Race time [s] 771.901 771.984 770.12
Top speed [km/h] 202.1 201.7 201.6
Max. DC-link power [kW] 37 40 41
Max. mmech. power [kW] 29 31 32.5
Av. battery current [A] 327 257 263
Av. battery pack efficiency [%] 87.5 87.6 87.2
Av. SC pack efficiency [%] − 98.9 96.4
Av. ESS efficiency [%] 87.5 87.8 86.7
Battery pack energy [kWh] 5.49 5.47 5.58

for its added weight. The PHESS reduces the overall battery
energy consumption of the prototype during the final race. On
the contrary, the SAHESS increases the energy consumption
of the battery pack.

VIII. CONCLUSION

A model of the propulsion system of the TLM02e prototype
was developed, showing good agreement to tests and to the
results of other teams. Two simple HESSs were designed and
included in the model. The simulation results obtained confirm
the expected improvement of power delivery by the ESS and
consequent increase in motor torque in the dynamic tests.
However, for the case of the PHESS topology, this was not
sufficient to have a positive impact on the full race. On the
contrary, the proposed SAHESS did boost the performance
of the prototype at the cost of a reduction in the overall
efficiency of the ESS. While proving that the hybridization
of the prototype’s current ESS can have a positive impact on
its performance, the effort required to do so is too elevated in
relation to the potential gains.

IX. FUTURE WORK

The introductory nature of the developed work means that
there are a multitude of hypothesis to be considered and tested.
A few are proposed below:

1) Design of an automated cell tester to characterize cells
under a broader range of working conditions.

2) Study the optimization of a battery pack design for
hybridization.

3) Development of improved converter topologies for the
battery-SC interface.

4) Study of more advanced power sharing strategies .
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