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Abstract

Supercapacitor is one of electrical energy sources that have faster charging-discharging times when compared to
other power sources, such as battery and fuel cell. Therefore, it is often used as an additional power source in an
electric vehicle. In this paper, a prototype of small-scale electric vehicle simulator (EVS) is built and a simple
charging scheme of supercapacitor is used for education purpose. EVS is an electric vehicle prototype which can
show the vehicle’s powertrain on small-scale configuration. Main components of this device are two direct current
motors (DCMs) with a linked axis of rotation. Therefore one of them will be able to act as a generator. The
supercapacitor charging scheme is employed by controlling the relays. The hardware experimental result shows that
the averages of charging current are proportional to the maximum slope angle of the road profiles. This scheme is
simple due to the EVS utility and it is useful for education purpose.

Keywords: supercapacitor; charging; electric vehicle simulator (EVS); direct current motor (DCM).

I. INTRODUCTION

Nowadays, electric vehicle researches are still
being conducted. One of the research problems is
the use of the battery as an electrical energy
source for this vehicle. The limitation of battery
lifetime impacts the vehicle’s traveling time.
Therefore, the specific technique is required to
extend its lifetime. One of the solutions to
overcome this problem is utilizing the additional
power sources. Supercapacitor is one of electrical
energy sources that have a higher capacity of
storing energy compared to a normal capacitor.
This component also has faster charging-
discharging times when compared with other
power sources. Supercapacitor was worked as an
electrical source with the highest frequency,
while the battery was power source with a
frequency between the fuel cell and
supercapacitor [1]. It means that the charging-
discharging times of supercapacitor are faster
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than the others. Due to this advantage,
supercapacitors are often used as an additional
power source in an electric vehicle. On the other
hand, the electric motor as the main drive in
electric vehicles may be utilized as a source of
electrical energy through the regenerative braking.
This process is used for electric energy charging.
However, the problem is that the charging of the
batteries takes a long time while the regenerative
braking may take place in a relatively short time.
By having a faster charging-discharging time, it
is capable of storing electric energy faster, and
the received electric energy during regenerative
braking can be maximized. Therefore, it was
needed the specified strategy and technique to
overcome this problem.

Several solutions have been investigated and
discussed. A battery-supercapacitor energy
management and optimization for electric
vehicles have been discussed by Choi et al. [2]
and S. Pay et al. [3]. Modeling, evaluation, and
simulation of the applications of supercapacitors
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in power electronics have been investigated by
Zhang et al. [4] and Cultura et al. [5]. The
charging and discharging methods of this device
have also been presented Chan et al. [6] and Ban
et al. [7]. As an addition, the various balancing
circuits were used to overcome the imbalance of
supercapacitor’s voltage in series, as discussed
by Diab et al. [8] and Qu et al. [9].

In this paper, we will design the
supercapacitor charging scheme and implement it
on an electric vehicle simulator (EVS). A
laboratory at University of Pennsylvania, mLAB,
has developed an EVS in small scale by using a
direct current motor (DCM) as the main
component, known as Protodrive. Protodrive
board was modular and rapid prototyping
friendly, and the power flow indicator lights
make it intuitive to understand how energy was
transferred through the system (electric vehicle)
[10]. In its demonstration, a velocity profile,
altitude data, vehicle parameters and weather data
were used as inputs to generate a scaled torque
and speed profile which will be run on the
Protodrive hardware [11]. S. Diaz [12], has
designed various road profiles to show the

voltages required by the DCMs on the Protodrive.

Battery-supercapacitor energy management on
Protodrive has been investigated by W. Price [13]
with the result was consumption of battery power
could be reduced by 23.23%. Lastly, the control
algorithm has been described to run Protodrive
by Mulay et al. [14]. This paper presents a simple
charging scheme of a supercapacitor in an
electric vehicle. The simple supercapacitor
charging scheme is designed and implemented on
an EVS which refers to Protodrive. The road
profiles are designed at three types of road profile
scenarios, i.e. one hill, two hills and trapezoidal.
In this paper, the simple supercapacitor charging
schemes will also be elaborated more detail and
comprehensive.

Il. ELECTRIC VEHICLE SIMULATOR
The EVS is built to simulate the power train

in electric vehicles on a small scale configuration.

By using this device, electric vehicle’s power
train will be more easily observed with obtained
various scenarios. The preliminary simulator has
been built by mLab University of Pennsylvania
known as Protodrive. In this paper, an EVS is
built referring to Protodrive by using component
and configuration which are slightly different, as
presented by Al Tahtawi et al. [15]. The main
components of the simulator are two DCMs
which are directly connected each other by their
axis of rotation. The torque generated by DCM1
is assumed as the torque needed by vehicle’s

wheels, while the other is assumed as the torques
due to forces from surroundings which interacted
with the vehicle.

The EVS configuration consists of five main
components, i.e. two units of DCM, battery,
supercapacitor module, and microcontroller.
Current sensors, speed sensor, voltage sensors,
DC/DC converters, L298N H-bridge modules,
power supply, and SPDT relays are also used as
supporting components. Unlike Protodrive, this
simulator uses separated DC/DC converters and
H-bridge with SPDT relays, while Protodrive
uses DCM controller with regenerative braking
compatibility and equipped by DC/DC converter.
Besides that, microcontroller that used in this
EVS is ATMega 2560 on Arduino Mega 2560
board (Protodrive uses mBed microcontroller
board by ARM). Lastly, this EVS using DC
power supply for DCM2 (not using the battery as
Protodrive). Block diagram of EVS which was
modified from Protodrive is depicted in Figure 1.

To simulate an actual electric vehicle, a
particular algorithm is needed. In this paper, the
designed algorithm is aimed to calculate the
voltages needed for the two mechanically
connected DCMs as presented by A. Botelho and
W. Price [10], S. Diaz [12], and W. Price [13].
The algorithm for each DCM s called first and
second algorithms respectively. Where as in
research doing by A. Mulay et al. [14], the
algorithms were aimed at obtaining the voltage of
DCM1 and the current of DCM2 for closed loop
torque controls. The block diagram of the first
algorithm that used in this paper is shown in
Figure 2. The first algorithm needs two inputs, i.e.
speed profile and road profile, and it has output
voltages for two DCMs. The chosen speed profile
is a constant speed of 10 m/s or 36 km/h, while
the chosen road profiles consisted of three types,
i.e. one hill, two hills, and trapezoidal profiles.
The data collected from the aforementioned three
road profiles is a slope angle of the road for every
pre-determined distance. As a comparison, the
second algorithm has two references, which are
speed and torque. This algorithm is also using
control system, such as PID controller, to reach
the given references. Thus, the first algorithm
used in this study for simplicity due to education
purpose.

The first step for running this EVS is
designing the speed and road profiles. Designs of
both profiles are done by using MATLAB/M-file.
Speed profile is designed using the constant
function. Hills road profiles are designed using
sinusoidal functions, while trapezoidal road
profile is designed using partial linear equation.
Slope angle of road profile obtained by utilizing
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Figure 1. Block diagram of EVS

the gradient method. Road condition is also
limited to uphill and downhill with no turn
conditions.

Referring to Protodrive, the voltages needed
by the two DCMs, as mentioned in the first
algorithm, may be calculated as the following
derivation.

F,=F, +F,+F, +F (1)

where F, F,, Fy, Fy, and FE.  respectively are
forces of total traction at the wheels, acceleration,
gravity, aerodynamic drag and rolling resistance
of the tires. Based on Ehsani et al. [16], those

where m and m,, are total mass acting on the
wheels and mass of vehicle, a and g are
acceleration and gravity, @ is road’s slope angle,
v and v,, are vehicle and wind velocities, p, is
air density of dry air at 20°C, Ay is vehicle’s
frontal area, C; and C, are coefficients of
aerodynamic drag and tire rolling resistance.
Total mass acting on the wheel is obtained from
addition between mass of wheels and mass of
vehicle. Coefficient of rolling resistance is
defined as follows [16]:

3.6
¢, =001(1+ Ev) (6)
The torque acted on the vehicle is then calculated
in accordance with this following equation:
T = FtrTscalling (7)

where T, Tscquing, and r are torque, its scale and

radius of the wheels. The torque is scaled and
then used to calculate the two voltages needed by
the two DCMs. It must be conducted due to

w
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forces are derived from these following
equations:
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Figure 2. First algorithm of EVS
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small-scale configuration of the EVS. The two
voltages are obtained by referring to the DCM
electric equation as follows:

. di

Vmi = Riy, +L % + Vpems (8)
. di

Vmz = Riy, + L % + Vpems 9)

where V4 and Vy,, are both of DCM voltages, R
is resistance, iy, and iy, are currents of DCMs,
L is inductance, Vpems is back electromotive
force voltage. Since the two motors are
connected then V.., s produced will be equal and
fulfilled:

Vbemf = k(A) (10)

where k and @ are motor’s constant and DCM’s
angular velocity. Whereas, the rotational motion
equation of the two mechanically connected
DCMs (no friction assumption) is the following:

Ty1 + Tz =Ja (11)

where Ty, and Ty, are both of DCM torques, J
is moment of inertia, a is angular acceleration.
By using the connection between torque and
current:

i= % (12)

then from equations (8) and (9), under the
assumption that the inductance value of each
DCM was small, the followings are obtained:

Vi = R22 4 ko (13)
VMZ = R ]a_kTMl + k(l) (14)
These voltages are calculated in

MATLAB/Simulink and then sent to the DCMs
through microcontroller and H-bridge module in
the form of PWM signals. In the same time, the
battery-supercapacitor currents, battery-
supercapacitors voltages, and DCM’s velocity are
monitored through MATLAB/GUI (Figure 3).
Generally, the steps for running this EVS are: (1)
upload the EVS code to the microcontroller; (2)

run speed and road profiles codes in
MATLAB/M-file; (3) run calculate voltages code
in  MATLAB/Simulink; and  (4) run
MATLAB/GUI code for monitoring. The
sampling time for communication between EVS
and PC is determined by one second.

After designing the EVS, the next step is
hardware implementation. Hardware
implementation of EVS is conducted referring to
block diagram in Figure 1. The designed EVS is
shown in Figure 4.

111. SUPERCAPACITOR CHARGING
SCHEME

A. Supercapacitor Module

The supercapacitor used in this study is built
in a module form. The module consisted of four
cells of 100F/2.7V supercapacitor and formed in
series, so the module has 25F/10.8V. Based on
Nesscap [17], specifications of the supercapacitor
are presented in Table 1.

To overcome the imbalance of voltage of the
supercapacitor in series, the module is also
equipped with a balancing circuit. A passive
balancing circuit is used due to its simplicity in
terms of design and implementation.

Table 1.
Supercapacitor specifications [17]
Parameters Values
Maximum internal resistance (ESR) 13 mQ
DC11A
Rated current (25°C) 214 A
Maximum current (25°C) >58.7 A
Maximum leakage current (12 h, 25°C) 1.7 mA
Maximum stored energy (at 2.7 V) 364.5 Joule
(0.1013 Wh)
Specified energy 4.5 Wh/kg
Specified power (at matched load) 6.23 kKW/kg
Volume 17.1ml
Weight 225¢

Cycle life (25°C) 500,000 cycles
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Figure 4. Hardware implementation of EVS

Battery module

The balancer is formed by installing a parallel
resistor in each supercapacitor cell as shown in
Figure 5. In this way, the current resulted during
the imbalance will flow to the resistor. The
resistor value is 150 Q that obtained from
following equation based on [8].

— Vsemaks (15)

10-Ileakage
where R was the resistance of balancing resistor,
V, maks Was maximum supercapacitor cell’s
voltage, and ljeqkqge Was current leakage for

each supercapacitor cell.

B. Proposed Charging Schemes

The design of supercapacitor charging scheme
is conducted by controlling the relays. The relays
which used in this study are a single pole double
throws (SPDT) relays. The input of this
component is obtained from microcontroller’s
digital signal. When the input signal logic is
HIGH, the switch in Common (C) pin will move
from Normally Close (NC) pin to Normally Open
(NO) pin.

The proposed supercapacitor charging scheme
is shown in Figure 6. The red arrow shows the
discharging current, while green arrow shows the
charging current. Relayl (R1) controls the switch
between battery and supercapacitor, while the
other (R2) controls between charging and
discharging conditions. Specifications of DCMs
that used are: R1 =23 Ohm; R2 = 21.51 Ohm; L1

Figure 5. Supercapacitor balancing circuit

H-bridge modules Power supply

=1L2=0.1 H; K1 =K2=0.055; bl =b2=0.01
N.m.s; J1 = 0.0143 Kg.m% J2 = 0.0146 Kg.m".R
is DCM resistance, L is DCM inductance, K is
motor constant, b is friction constant, and J is
moment of inertia. 1 and two are mentioned for
DCM1 and DCM2. These parameters obtained
from identification by direct experiment based on
DCM’s parameter measurement rules. To
regulate and step up the generator voltage, a
DC/DC2 boost converter is placed between the
generator and supercapacitor. The DC/DC2 is
used to regulate generator’s voltage by 10.8 V
during charging condition in accordance with
supercapacitor’s maximum voltage, while the
other (DC/DC1) is used to regulate battery and
supercapacitor  voltages by 12V while
discharging condition occurs. DC/DC boost
converter that used in this scheme has been
integrated into LM2577-ADJ module. This
converter works by switching the transistor using
PWM signal. The connection between output and
input voltages of this converter fulfilled this
equation:
Vin

1-PWM duty cycle(%)

Vour = (16)

As an approach, the charging scheme occurs
during the regenerative braking process of the
electric vehicle. During the braking, the electric
motor in the vehicle will act as a generator.
Energy produced by this generator will then be
used as the electric energy source to charge the
supercapacitor.

This scheme occurs when the vehicle is at the
downhill profile. It is implemented by applying
no voltage to DCM1. The DCM1’s voltage which
is calculated in MATLAB/Simulink based on
speed and road profiles is set to be zero, so the
motors will be running by DCM2’s voltage. This
strategy is done by detecting both of the motor
voltages with this equation:
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Figure 6. Proposed charging scheme

VMlﬂ VMl = VMZ

VMl = { 0’ VMl < VMZ (17)

Vy1 i1s DCM1 (vehicle) voltage and V., is
DCM2 (load) voltage. First condition (Vy1>Vy>)
is assumed when the vehicle at the uphill or flat
road profile, while the second condition
(Va1 <Vp2) is assumed when the vehicle at the
downhill road profile. This algorithm is used
because of the linearity connection between
voltage and torque on electric vehicle. The
supercapacitor charging occurs when the second
condition is fulfilled. Thus, the voltage produced
by DCM1 (vehicle/generator) due to DCM2’s
voltage is used as an electric energy source to
charge the supercapacitor. The discharging
condition is done when the supercapacitor

Start

voltage is defined ready. Supercapacitor is
defined ready if its voltage is larger than 5 V.
This condition is conducted by sensoring the
supercapacitor’s voltage. To overcome the
relay’s chattering due to inaccuracies of sensor
values when the supercapacitor voltage around
+5 V, the hysteresis control is used in the
discharging condition. The values of lower and
upper limits are 4 V and 6 V. Variables which
used are supercapacitor voltage (V) and its
change (dV;./dt). Supercapacitor is defined ready
if (1) ;>4 and dV;./dt<0, or (2) V,.>6 and
dV,./dt>0. Figure 7 shows the flowchart of
supercapacitor  charging/discharging  scheme.
This flowchart is part of the overall flowchart of
the hardware simulator.
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Vi 25v?
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Figure 7. Supercapacitor charging/discharging flow chart
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IV. EXPERIMENTAL RESULT

To have an appropriate simulation, the actual
parameters of an electric vehicle are determined.
This parameter is then used to calculate the
voltages applied to DCMs. The parameters of the
vehicle are listed in Table 2.

In this simulation, the torque is scaled by
1:10°. Air density of dry air at 20°C is determined
by 1 kg/m*® and wind velocity is ignored for
simplicity. This test is done with vehicle’s speed
constant 36 km/h or 10 m/s or 166.7 rad/s with
0.3 m radius of the wheel. The road profile
scenarios are one hill, two hills and trapezoidal
with maximum slope angle respectively are -
8.52°, -16.66°, and -11.3°.
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Figure 8. Road profiles and its slope angles: (a) one hill; (b)

two hills; (c) trapezoidal

Designs of road profiles are shown in Figure 8
followed by its DCM voltages in Figure 9. As
shown in Figure 9, the DCM1 (vehicle) voltage
will be set to zero when DCM1 voltage is smaller
than DCM2 voltage as equation (17). This

Table 2.
Testing parameters [18]
Parameters Values
Mass of car 800 Kg
Mass of wheel 5 Kg
Mass of motor drive 5 Kg
Radius of wheel 0.3m
Gearbox ratio 1:5
Frontal area 1.8 m?
Coefficient of rolling resistance 0.01+3.6*velocity
Coefficient of aerodynamic drag 0.55
Gravity 9.8 m/s?
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Figure 9. DCM voltages for each road profile: (a) one hill;
(b) two hills; (c) trapezoidal
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Figure 10. Supercapacitor charging currents for three road profile: (a) one hill; (b) two hills; (c) trapezoidal
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Figure 11. Supercapacitor voltages for each road profile: (a) one hill; (b) two hills; (c) trapezoidal

condition is used for supercapacitor charging. condition supercapacitor voltage is defined ready.
The discharging condition is conducted when the Figure 10 and Figure 11 show the supercapacitor
vehicle is at uphill or flat road profile under charging currents and its voltages. Different
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slope angle for each road profile resulted in
different charging rate, which is shown by the
different of supercapacitor charging current.
Average values of charging current for three road
profiles respectively are -0.19 A, -0.21 A, and
-0.20 A. The increases of supercapacitor voltage
are also different for each road profile. Values of
the increase of supercapacitor voltage (during 25
seconds for similarity) respectively are 0.15 V,
0.17 V, and 0.16 V. Based on these values above,
it showed that the biggest charging current is
found in the two hills road profile that has a
maximum slope angle -16.66°. On the other hand,
the smallest charging current is found on the one
hill road profile with a maximum slope angle
-8.52°,

Based on hardware experimental results, the
steeper the hill slope, the higher the
supercapacitor charging current, which produces
a quicker charging rate. This fact is shown by the
increase of supercapacitor voltage. As a
consideration, current and voltage values
obtained are also not much different (around of
0.01 A). It is due to slope angle difference
between third road profiles less than 9°. In order
to obtain the significant current difference,
several ways may be taken, i.e. designing road
profiles with higher slope angle or by making a
vehicle’s mass become heavier. However, the
higher slope angle value or mass of the vehicle,
DCM voltages which are obtained will also be
higher.

V. CONCLUSION

A small-scale hardware EVS has been built
and a simple supercapacitor charging scheme has
been designed and successfully implemented in
the hardware. Hardware experimental result
shows that the averages of charging current are
different and proportional with the maximum
slope angle of the road profiles. It also has the
impact on the change of supercapacitor voltage.
This scheme is simple due to the EVS utility and
it is useful for education purpose.
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