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Development of a compact regenerative braking system for electric
vehicles
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Eftichios Koutroulis? and Nikos C. Tsourveloudis®

Abstract—1In this paper, a detailed study and implementa-
tion of a reliable and efficient regenerative braking system
is presented. It is applied on a prototype electric vehicle,
that uses a hydrogen fuel cell as its only power source.
Supercapacitors are used to store the energy that is generated
during braking, transistors for switching the alternative circuits
and an embedded computer controller program undertakes the
synchronization of the system tasks. A finite state machine was
designed to create a simple but robust technique to control the
transistor switches according to the system’s sensory inputs.
The system is powered by its own supercapacitors, and thus it
may be used in a plug-and-play manner. On-road test drives
proved the system’s reliability and efficiency.

I. INTRODUCTION

Nowadays, more than ever, the use of oil, natural gas and
other fossil fuels as power source for the automotive vehicles
equipped with internal combustion engines (ICE), exposes its
important drawbacks opposed to the use of electricity at the
electric vehicles (EV):

1) The global fossil fuels reserves are finite. Instead,
the use of electricity, produced by renewable energy
sources (RES) [1], [2] and stored chemically in some
medium like hydrogen or batteries is a, long term,
environmentally friendly, cost-effective, zero-emission
solution for endless automotive power supply.

2) There are geopolitical and economical impacts due to
the existence of fossil fuels exclusively at just a few
locations around the world. However, this is not the
case with the RES, being available almost everywhere
around the world.

3) ICE operation is noisy while electric motors run
silently. ICE operation, also, pollutes air with exhaust
gases, like carbon dioxide and intensify the universal
greenhouse effect problem. Moreover, ICE need lubri-
cation and the used, toxic and contaminant lubricants
should be properly recycled at given intervals. On
the other hand, electricity and electric motors do not
produce any kind of dirty gases [1] or contaminated
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disposals. Finally, ICE efficiency in commecial vehi-
cles is around 30% [3] while contemporary electric
motors present efficiency up to 95% [4].

The use of hybrid techniques at EVs equipped with two
or more different electric power sources improves efficiency,
paying on the other hand the price of a higher level of
complexity [5]-[8]. Hybrid design offers the potential of
exploiting, in the sense of collecting, storing, monitoring and
reusing, a part of the excessive kinetic energy during the
intended deceleration of the EV [9]. At this deceleration-
regenerative phase the electric motor does not consume
energy to move the vehicle, instead its role changes to
become a generator. The electric energy collected by the
regenerative system should be properly stored for later use
[10].

A. Supercapacitors

Supercapacitors present the following characteristics, that
along with their relative small weight, make them an efficient
solution as a regenerative braking energy storage medium
and as a source of auxiliary power bursts at the EVs.

o They have extremely long shallow-cycle life and are
best suited for applications with low energy but high
power demand. They, also, do not suffer from degrada-
tion due to low temperatures. [10]

o They may be rapidly charged using simple charging
methods. They present low internal resistance, have
energy densities that are approximately 10% of conven-
tional batteries but their power density is 10-100 times
greater [11].

B. Electric Circuit Topology

A variety of topologies is presented at recent works of
EVs with regenerative braking system. The most common
architecture comprises of the following modules [5], [6], [9],
[12]:

« the EV’s main electric power source, either a hydrogen

fuel cell or rechargeable batteries,

« the regenerative energy storage medium, either SC or

rechargeable batteries,

o a charging device to regulate the regenerative electric

energy and charge the energy storage medium,

« the vehicle’s electric motor operated as generator,

« the electric motor’s driver-controller operated as recti-

fier,

« a set of electronically controllable switches to activate

and control the alternative paths and directions of the
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electric energy produced by the regenerative system and
consumed by the EV and
« the Regenerative system Embedded Computer (REC).

In [7] an alternative topology is presented: an additional
generator, instead of the EV’s electric motor, is used to
charge SC or batteries. Other alternative architectures use
the methods of superconducting magnetic energy storage
(SMES) or flywheel energy storage (FES) to accumulate
the energy harvested by the regenerative system [13]. SMES
uses magnetic field to store and instantly release energy, pre-
senting the advantages of high power density, theoretically
infinite number of charge-discharge cycles and efficiency
higher than 95% [14], [15]. Its high cost prevents this method
to be considered as the ideal solution for shorter duration
energy storage applications. The FES method uses a flywheel
rotor which is spun by the vehicle’s braking action. It offers
long lifetimes, an energy efficiency ratio of up to 90%
combined with high energy density [16]. The disadvantages
of the FES method are the energy losses along with the
reliability problems due to friction and mechanical stresses,
the potential hazard due to a possible mechanical failure, the
relatively poor energy density combined with the relative big
weight and the large standby losses [17]-[19].

C. Electronic switches

The switches are a significant part of a regenerative
system. They electronically actuate the alternative electric
circuits, connecting the main or the secondary-regenerative
power sources with the electric motor, the generator and the
regenerative energy storage medium. Electronic switches are
materialized using transistors, relays or contactors. The latter
two suffer from mechanical stress and contacts’ degradation
and thus their operating lifetime is limited to a certain
number of switching actions. Their turn on-off delay time
is hundred times slower than the transistors. Moreover,
they present higher current consumption in comparison to
a transistor acting as an electronic switch, especially in low
current flow values.

D. The TUCer-14 Case Study

Fig. 1.

The TUCer-14 prototype urban concept vehicle

The proposed regenerative system was designed to operate
as a part of the electrical propulsion system of the TUCer-14

EV [20], Fig. 1. The vehicle utilizes a hydrogen fuel cell and
a SC bank, charged via the regenerative system, as primary
and auxiliary energy sources respectively. It is a single seater,
prototype urban concept vehicle, designed to participate in
low consumption competitions. Instead of many recent works
on regenerative braking that rely on simulation or laboratory
testing [5], [6], [9], [13], [17], [21], the proposed system was
designed, developed and tested on the road, in real world
conditions. It follows specifications that comply with hard
restrictions regarding efficiency, reliability and dimensions.
Moreover, it is able to operate in a plug and play manner
and be easily added or removed from the vehicle’s powertrain
according to the specific driving conditions of each competi-
tion. Finally the control algorithm of the system’s controller
is implemented by a sequential Finite State Machine (FSM)
offering great potentials for expansion, easy maintenance
and debugging while at the same time it remains extremely
simple and straightforward.

The rest of the paper is organized in four sections. Section
IT analyses the basic design of the regenerative system includ-
ing the descriptions of the basic system’s module. Section
IIT describes the control methodology used to develop the
embedded computer controller program. Section IV refers to
the experimental results of the on-road testings and Section
V argues about the conclusions of the proposed work and
states about the future plans.

II. DESIGN CONCEPTS

Fig. 2.  The regenerative system. (1) supercapacitors bank, (2) buck
converter and MOS-FETs, (3) single board embedded computer.

The TUCer-14 regenerative system comprises of the fol-
lowing modules, Fig. 2, 3:

1) a 15V-312F SC bank acting as the regenerative energy
repository,

2) a Buck-Converter (BC) for the charging of the SC,

3) the vehicle’s three phase brushless electric motor and
its electronic driver-controller operating as genera-
tor and rectifier, respectively, during the regeneration
phase,

4) a contactor and a set of Metal-Oxide Semiconduc-
tor Field-Effect Transistors (MOS-FETs) operating as
electronically controlled switches and
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5) a single board embedded computer implementing the
regenerative control procedure.

An important system’s characteristic is its autonomy, in the
sense of powering its electronics by its own SC bank. There
is no need for connection to external power or ground signals.
Instead, the whole system may operate in a plug and play
manner, just by connecting it between the main power supply
and the electric motor driver of the EV. The regenerative
system’s total dimensions are 25 x 14 x 28cm and its total
weight is 3.4kg.

A. Supercapacitors

The SC bank consists of six Maxwell BPAK0052 P015
BO1 packs in parallel [22]. Each one of these packs has
nominal capacitance 52F, rated voltage 15V, equivalent series
resistance (ESR) 0.8mf) and maximum continuous current
20A, resulting to a total bank capacitance of 312F at 15V
and a total ESR of 0.133mf2. The choice of SC instead of
the other storage mediums, depicted at the previous section,
was made due to the following reasons:

o The relative small bank dimensions of 13 x 20 x 11lcm
and weight of 3kg.

o The adequate power and energy provided when the
bank is fully charged. The vehicle may easily start
moving and drive a few hundred meters when powered
exclusively from the SC auxiliary power source.

o The SC have extremely low ESR and may be instan-
taneously charged using the BC or provide sufficient
bursts of power during discharging.

o The SC theoretically may operate for an infinite number
of charge-discharge cycles.

B. Buck Converter

to Switch 1™
SC BC to Switch 2+ REC
)Y to Switch 3™
Switch 2 Switch 3
Switch 1
m
FC J. MD — MG

Fig. 3. The architecture of the proposed regenerative system: Switch 1,
2 and 3 activate the fuel cell (light blue), discharge SC (red) and charge
SC (green) operation modes respectively, FC is the hydrogen fuel cell, the
vehicle’s main power source, SC is the supercapacitors bank, the vehicle’s
auxiliary power source, BC is the buck converter used to charge the SC,
MD is the electric motor’s driver operating, also, as a rectifier during the
regenerative phase, M/G is the vehicle’s 3-phase motor operating, also, as a
generator during the regenerative phase, REC is the regenerative system’s
embedded computer that hosts the control processes and A-B are the motor
driver’s inputs or, during the regenerative phase, rectifier’s outputs.

During the deceleration of the vehicle the three-phase
electric motor and its driver circuit operate as generator and
rectifier respectively and the terminals A-B in Fig. 3 produce
unregulated voltage. Due to the extremely low RES of the
SC, it is necessary to connect their bank via a switch-mode

charger device to the regenerative current output of the A-B
terminals [23] to avoid a short circuit.

The unregulated voltage and current of the regenerative
electricity depends on the vehicle’s velocity during the de-
celeration. This fact may result in excessive current flows
from the generator to the SC via the rectifier along with
voltage values much higher than the SC bank rated voltage
that will potentially destroy the rectifier, the motor or both
of them.

The BC, employed between the rectifier and the SCs bank,
eliminates the above undesired conditions during charging
process and protects the system’s reliability. It operates as a
voltage source tuned to output the rated voltage of the SC
bank. The regenerative current is analogous to the potential
difference between the input voltage of the BC and the
instant voltage of the SC bank. Thus, as the voltage of the SC
bank increases during the regenerative process, the charging
current decreases.

C. Electronic Switches

TABLE I
SWITCHES’ STATE AND MODES OF OPERATION

mode
charging SC  discharging SC  FC operation
£ switch 1 D o o
-‘é switch 2 o . °
@ switch 3 o o °

The vehicle’s electric powertrain may operate in three
distinct, mutually exclusive modes.

Fuel cell operation: the vehicle is accelerating or mov-
ing with constant speed using the fuel cell as its main power
source.

Charging SC: the vehicle is deliberately decelerating,
charging the SC bank via the regenerative system.

Discharging SC: the vehicle is accelerating or moving
with constant speed using the electric energy stored at the
SC.

To implement the commutation between the above modes
three switches are used, Fig. 3. Each time, the regenerative
system controller program allows only one of them to be
at the turned on position. Table I summarizes the allowed
switches’ configuration and for each one of them shows
the respective mode of system’s operation. The e and the
o signs correspond to a switch operating at the turn on or
turn off position respectively. For safety reasons, the fuel
cell is equipped with an output contactor controlled by its
own embedded computer. This is the Switch I, Fig. 3, also
used by the REC to implement the fuel cell operation mode.
On the other hand SC discharging and charging operations
are handled by Switch 2 and Switch 3 MOS-FETs, Fig. 3,
operating as switches because of their advantages referenced
at the previous section. Studying their power consumption
during, for example, a typical discharge mode operation of
the system, the mean current value flowed from the SC bank
is approximately 4.5A and the power consumption of Switch

Preprint submitted to 23rd Mediterranean Conference on Control and Automation.
Received February 16, 2015.



CONFIDENTIAL. Limited circulation. For review only.

2 is 0.15W [24]. If a power relay was used as a switch
instead of the MOS-FET, then the power consumption on its
coil and contact resistance would be 1.32W [25].

D. Embedded Computer

The regenerative controller program is running on the
BeagleBone Black [26], an Arm-AS8, low power, small
factor embedded single board computer, powered by the
open source Debian operating system [27]. With dimensions
8.6 x 5.3cm, weight 0.04kg and a power consumption of 2W
BeagleBone Black is an attractive solution as a processing
unit for the TUCer-14 regenerative system.

III. CONTROL METHODOLOGY
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Fig. 4. Controller program’s Finite State Machine. The three different
colours depict the three different system’s operation modes: light blue for
the operation with the FC as main power source, green for the charging SC
mode and red for the discharging SC mode.

The regenerative system’s controller program is based on
an FSM used as a computational model consisting of a set
of states and transitions. This is a dynamic approach that
describes the evolution over time of a set of discrete and
continuous state variables. Controller program’s FSM can
be described as the tuple A = (Q, %, d, go, ) [28], where:

e Q@ = {qo,q1,--.,q16} is the finite set of states, de-
scribed in Table II. In Fig. 4 the light blue (FC is the
main power source), red (discharging SC) and green
(charging SC) colours in states’ figure indicate the
system’s operation mode.

e X is the the alphabet, consisting of a finite set of
symbols explained in Table III and shown in Fig. 4.

e 0: Q x X — Qs the state transition function described
in Table IV and Fig. 4. The Table IV defines for every
state in the first column the resulting state for the
alternative inputs in the second and third columns.

e qo € Q is the initial state of the FSM.

o F ={qg3} is the set of final states.

The FSM technique was chosen as the REC control strategy
representation because of its advantages described bellow:

1) It produces an object-oriented depiction of the system,
easily translated to a controller program using an object
oriented programming language. The REC controller
program was developed in C++.

2) The definition of @, 3 and ¢ finite sets is a strict but
at the same time straightforward method helping error
elimination and debugging.

3) It is intuitive and easily conceivable, even for someone
with less or none knowledge for the system.

4) It is less extensive and complicated than the other
representation and programming techniques, like the
algorithm or the flow chart.

5) The FSM technique provides the ability of making
changes to the system by adding or removing states
or transitions or both of them.

6) It is best suited to systems with sequential logic, like
the one described at this paper.

7) There are methods for FSM optimization by minimiz-
ing the ) and § sets [28].

The three first FSM states, qo ... g2 represent the hard-
ware initialization phase, during the regenerative system’s
start up process and ensure that all switches are turned
off. Afterwards, there are three, mutually exclusive, paths
corresponding to the three system operating modes: the
operation with the FC as main power source, the charging
and the discharging of the SC - light blue, green and red
paths respectively at Fig. 3, 4. Each one of these paths
implements the sequential control of the electronic switches
mentioned in Table 1. The g3 is the FSM’s final state and also
represents the idle condition in which the system returns after
every possible operation. The regenerative system utilizes
two sensors. The first is used as a throttle switch and senses
whether the driver presses the acceleration pedal or not. The
second estimates the SC state of charge by comparing the
voltage value of the SC bank with a given threshold. With
respect to the description of the FSM transitions in Table
IV, the throttle sensor value corresponds to the Sensorip,
transitions, while the comparison between the SC bank
voltage and the given threshold corresponds to the Sensor,
transitions.

When the throttle switch is turned on (transition
Sensorip,), meaning the driver wants to accelerate, the
system is transitioned to gu—Selecting energy source. From
q4, depending on the state of charge of the SC bank, the
system operates with the FC as the main power source (if
the SC bank is not charged—transition Sensor, ~ —light blue
colour path) or with the SC bank as auxiliary power source
@if the SC bank is charged—transistion Sensor,—red colour
path). When the system is at the discharge SC mode and the
driver releases the throttle OR the SC bank’s state of charge
is lower than the given threshold (transition O ), then the
system returns to the g3 state. When the system operates with
the FC as the main power source and the driver releases the
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throttle (transition Sensorp,” ), then the system returns to
the g3 state, as well.

If the throttle switch is turned off, meaning the driver
wants to decelerate, (transition Sensoryy,, ~) then the charging
SC mode is activated (green colour path). When the system
is at the charge SC mode and the driver presses the throttle
(transition Sensoryy,,) then the system returns to the gs state,
otherwise the SC charging continues (transition Sensoryp,,” ).

TABLE 11
DESCRIPTION OF FSM’S STATES

State State Description

qo Initializing system - waiting for Switch 1 to turn off
q1 Initializing system - waiting for Switch 3 to turn off
q2 Initializing system - waiting for Switch 2 to turn off
q3 Stand by - idle

qa Selecting energy source

qs Charging SC mode—waiting for Switch 1 to turn off

g6 Charging SC mode—waiting for Switch 2 to turn off

q7 Charging SC mode—waiting for Switch 3 to turn on

qs Charging SC mode—Charging SC

q9 Discharging SC mode—waiting for Switch 1 to turn off
q10 Discharging SC mode—waiting for Switch 3 to turn off
q11 Discharging SC mode—waiting for Switch 2 to turn on
q12 Discharging SC mode—using SC as auxiliary power source
q13 FC power source mode—waiting for Switch 3 to turn off
q14 FC power source mode—waiting for Switch 2 to turn off
q15 FC power source mode—waiting for Switch 1 to turn on
q16 FC power source mode—FC is the main power source

TABLE III

DESCRIPTION OF FSM’S ALPHABET

Symbol Symbol Description
Switch 1 Switch 1 (FC) is turned on
Switch 17 Switch 1 (FC) is turned off
Switch 2 Switch 2 (discharging SC) is turned on
Switch 2° Switch 2 (discharging SC) is turned off
Switch 3 Switch 3 (charging SC) is turned on
Switch 3~ Switch 3 (charging SC) is turned off
Sensory, SC’s voltage more than specified threshold
Sensor,, ~ SC’s voltage less than specified threshold
Sensorgp - Throttle is turned on
Sensorp,. ~ Throttle is turned off
(0] Sensor, AND Sensory,-
(0 Sensor,,” OR Sensoryp,.”

IV. EXPERIMENTAL TESTING

The proposed regenerative braking system was developed
and tested on-road using the prototype urban concept TUCer-
14 EV. The testing took place in the Technical University of
Crete campus at Chania, Hellas. The route followed is shown
in Fig. 5 and can be divided in 4 sections-tracks:

o The vehicle accelerates from the starting point, ap-
proaching the parking CP1 and stopping at its entrance-
exit (red track, 0.22km, slight downhill).

o Starting from CPI1 entrance-exit, the vehicle drives
around the parking with one instant stop at the half
of the route. It finally stops at the CP1 entrance-exit
(green track, 0.33km, flat).

TABLE IV

TRANSITION TABLE

Current state || Next state, Input || Next State, Input
qo qo, Switch 1 q1, Switch 17
q1 q1, Switch 3 g2, Switch 37
q2 g2, Switch 2 g3, Switch 27
q3 qa, Sensoryp g5, Sensoryp,”
q4 q9, Sensor,, q13, Sensor,,”
qs g5, Switch 1 g6, Switch 17
q6 g6, Switch 2 q7, Switch 27
q7 q7, Switch 37 qg, Switch 3
qs gs, Sensorypy” g3, Sensoryp
q9 qg, Switch 1 q10, Switch 17
q10 q10, Switch 3 q11, Switch 37
q11 q11, Switch 27 q12, Switch 2
q12 q12, O q3, O”
q13 q13, Switch 3 q14, Switch 37
q14 q14, Switch 2 q15, Switch 27
q15 q15, Switch 17 q16, Switch 1
q16 q16, Sensoryp- q3, Sensorgp,”

N

Fig. 5. The regenerative braking testing route inside the university campus.
(1) Starting point, (2) first campus parking entrance-exit, (3) first campus
parking CP1, (4) second campus parking CP2.

« Starting from CP1 entrance-exit, the vehicle approaches
the CP2 parking and stops at the point X (yellow track,
0.175km, slight downhill).

o The vehicle is driven inside CP2 parking, from the point
X to the point Y (blue track, 0.169km, flat).

The red and yellow tracks were driven with a speed up to
30km/h while the green and blue tracks were driven with
10km/h due to the university campus speed limits for the
urban and parking premises. The tracks and the driving
speeds are a typical example of the urban driving routine:
low speed values and recurring stop-and-go events. To gather
experimental results and evaluate the regenerative system,
the TUCer-14 EV was driven in the above tracks twice:
firstly, without the regenerative system, using the FC as the
only power source and secondly with the regenerative system
activated using both the FC and the SC bank as main and
auxiliary power sources respectively. The driving conditions
were controlled to be as same as possible between the two
consecutive test drives. The vehicle accelerates with a pre-
programmed acceleration ramp and uses electronic speed
control to maintain a given speed.
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A. Experimental Data

Figure 6 presents the speed profile of the tests and Fig. 7
shows the voltage and current values at the terminals A-B of
the motor driver shown in Fig. 3. Figure 8 shows the electric
power consumed by the electric motor. At the test drive with
the FC as the only power source for the electric motor the
voltage values, shown in Fig. 7 vary between 45-28V. When
the regenerative system is activated, then the voltage values
drop below 15V as either the system charges the SC bank
during deceleration (for example from the 11th until the 46th
second) or powers the electric motor via the auxiliary power
of the charged SC (from the 212th until the 280th second).
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Fig. 7. Voltage and current at the motor driver/rectifier terminals. At the

top figure the regenerative system was not activated.
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Fig. 6.

Speed profiles during the test drives.

1) Red Track: At the start of the test drive the vehicle
starts accelerating and reaches the speed of 20 km/h at the
9th second, Fig. 6. Then the driver releases the acceleration
pedal and the vehicle rolls the slight downhill until the
entrance-exit of the CP1. When the regenerative system was
not enabled (Fig. 6 red graph), the vehicle’s momentum
accelerated it up to 30km/h (22th second). On the other hand,
when the regenerative system was enabled (Fig. 6 green
graph), the vehicle’s top speed, until reaching CP1 entrance-
exit, is limited to 21.4km/h. This is ought to the additional
drag force due to the generator operation that converts a
part of the vehicle’s kinetic energy to electricity stored in
the SC bank (from the 10th until the 46th second). The
lower speed valuess during deceleration with the regenerative
system activated, explain the time deviation between the two
graphs in the figures. At the entrance of CP1 the vehicle
stops.

2) Green Track: The vehicle starts from the entrance of
CP1 and drives around the parking with a speed of 10km/h,
performs one instant stop at the half of the track and finally
stops at the CP1 exit. At this track the motor consumes
energy from the FC in both test drives.

3) Yellow Track: The vehicle accelerates until the 184th
second when it reaches the speed of 20km/h, then the driver
releases the acceleration pedal and the vehicle rolls the slight
downhill until the point X, where it performs an instant stop.
At the test drive with the regenerative system activated, the
SC bank is charged during the period from the 185th until
the 211th second.

4) Blue Track: Inside the CP2 the vehicle accelerates to
a speed of 10km/h and after 54s it finally stops at the point
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Fig. 8. Power consumption with and without regenerative braking. The

green graph (regenerative-partl) corresponds to the power consumption
during the test with the regenerative system activated until the 212th second
when the vehicle enters the blue track. The blue graph (regenerative-part2)
corresponds to the power consumption when the vehicle uses the auxiliary
SC bank as power source at the blue track.

Y. At the test drive with the regenerative system the motor
is powered from the SC bank during this track, as shown at
the blue graph of Fig. 8.

B. Results

During the test drive with the regenerative system activated
at the TUCer14 vehicle, the SC bank is charged during the
periods from the 10th until the 46th and from the 185th
until the 211th second. The charged SC operate as the
vehicle’s auxiliary power source from the 212th second until
the end of the test and offer 2482J. This is the gain from
the regenerative system operation, at a test drive scenario
that consumed in total 15322]. At the test drive that the
fuel cell was operating as the only power source, the energy
consumed at the same blue track was 3073J. This difference
is explained because of the different specifications of the two
power sources. The FC loses its efficiency whenever it has
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to encounter sudden load rises, like the one at the blue track
start from the 202th until the 206th second. On the contrary,
the SC bank behaves much more efficiently at this kind of
situations.

V. CONCLUSIONS AND FURTHER WORK

A compact regenerative system for EVs was developed
and tested at the TUCer-14 prototype. The main advantages
of the system is its compact design and the plug-and-play
philosophy. Its control strategy consists of a simple set of
rules applied on data provided by the two system’s sensors.
The combination of this control system with the hardware of
MOS-FETs, SCs and buck converters results to an integrated
regenerative braking system operating in three individual,
mutually exclusive modes: charging, discharging and FC-
operation. On-road testing proved the reliability and the
efficiency of the system on a prototype EV.

Future plans include several modifications that will poten-
tially improve the regenerative system’s efficiency:

o The ability from both SC and FC to power the system in
the same time connected in parallel, is an issue already
under consideration. The SC may counterbalance the
disadvantages of the FC efficiency, like for example
during sudden rises of the load.

o The SC bank may be charged, not only via the generator
during the vehicle’s deceleration, but also from the FC
during. This could exploit the periods when the vehicle
is stopped, in a standby mode and then the FC could
efficiently charge the SCs.

o The control procedure could be more intelligent, taking
into account data, not only from the SC voltage and the
throttle switch, but also from the vehicle’s speed, the
desired driving policy or the amount of fuel left inside
the tank.
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