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Abstract: This study presents an energy regeneration model and some theory required to construct a
regeneration braking system. Due to the effects of carbon dioxide (CO;) emissions, there is increasing
interest in the use of electric vehicles (EVs), electric bikes, electric bicycles, electric buses and electric
aircraft globally. In order to promote the use of electric transportation systems, there is a need to
underscore the impact of net zero emissions. The development of EVs requires regenerating braking
system. This study presents the advantages of regenerative braking. This system is globally seen
in applications such as electric cars, trams, and trains. In this study, the design specification, design
methodology, testing configurations, Simulink model, and recommendations will be outlined. A
unique element of this work is the practical experiment that was carried out using 1.5 Amps with
no load and 2.15 Amps with a load. The discharge voltage was purely from the 22 W bulb load
connected to the capacitor bank as we limited this study to the use of 1.5 Amps and it took 15 min for
a full discharge cycle, after which no charge was left in the capacitor bank. The results showed that
the discharge rate and charging rate for the regenerative braking system were effective but could
be improved. The objective of this paper is to investigate how a supercapacitor works alongside a
battery in regenerative braking applications. This study demonstrates that the superconductor used
can deliver maximum power when required. Also, it can also withstand elevated peaks in charging
or discharging current via the supercapacitor. Combining a battery with a supercapacitor reduces the
abrupt load on the battery by shifting it to the capacitor. When these two combinations are used in
tandem, the battery pack’s endurance and lifespan are both boosted.

Keywords: energy regeneration; electric vehicle; regenerative braking; battery; supercapacitor;
Simulink model; DC motors; renewable energy sources

1. Introduction

Electric vehicles (EVs) and Battery electric vehicles (BEVs) have seen an increase in
market share year by year over the past decade [1]. This is mostly due to the major benefits
that EVs and BEVs offer in comparison to conventional vehicles, including the reduction of
emissions and the savings on fuel. Additionally, the progress of battery technology and the
ongoing reduction in the cost of batteries have contributed to this growth [1-3]. Moving
a vehicle can use a lot of kinetic energy, due to the number of mechanical parts involved
to generate the needed energy. In vehicles that have traditional combustion engines, a
massive amount of energy is lost daily as frictional heat while stopping or slowing down.
Moreso, when the brake pedals are stepped on while driving, the pads and discs collide
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during the braking event to slow the vehicle down. The effort made to decelerate or stop
the car takes some energy and this form of heat energy cannot be recycled. Conversely,
when braking in the electric vehicles (EVs), the kinetic energy is not totally wasted from
slowing the vehicle down because the braking effect on the vehicle is created by the motor
moving freely without any induced potential energy from the battery. However, the vehicle
mass and kinetic energy already created can be used to turn the motor which creates its
own excitation voltage. This excitation voltage is used by applying a load to the motor such
as a capacitor bank, which will bring in some resistance. The applied resistance will cause
the motor to slow down gradually by itself and charging up the capacitor bank to be fed
back into the battery pack over time. According to an earlier study submitted at Stanford
University [4], regenerative braking extends electric vehicle ranges by as much as 10-25%.

Regenerative braking is very important in different applications such as electric cars
because it acts as a braking effect on the motor, which causes the motor to gradually bring
the vehicle to a stop. The braking effect is created by applying a load such as a capacitor
bank on the motor, which applies resistance, causing the motor to slow down gradually.
Sometimes, hydraulic braking is also required for sudden braking conditions; this is mainly
required for emergency braking conditions rather than gradual braking, in which case
the regenerative braking system will be used. Good braking systems in any vehicle are
important because they need to slow down at some point. This also applies to cars, trains,
trams, and aircraft. Generally, regenerative braking systems that use the motor to create the
braking effect utilize the brakes a lot less as the motor will carry out most of the braking;
so, the brake pads and discs do not need as much maintenance compared to the traditional
combustion engine vehicle. Thus, brake systems on electric vehicles typically last longer
than brake systems on conventional vehicles due to the application of regenerative braking
systems [5,6].

However, EVs are challenged with stability, fuel conservation and energy conservation,
though recent developments include use of hierarchical controls [7]. In principle, one of
the main reasons for the fuel efficiency in EVs is the regenerative braking system used in
these vehicles. According to Boretti [8], regenerative braking systems have improved the
fuel consumption coverage for the New European Driving Cycle by 25%. This is because
the energy is recuperated within the regenerative braking system, thus prolonging the
life of the batteries. Therefore, it has a longer range on each charge, and as a result, it
reduces the charge cycle time and increases the life of the batteries. Similarly, EVs also
have good battery systems as they are known to save energy, thereby having increased
fuel economy. Currently, EVs are designed with displays showing simplified mechanisms
on the pedal braking, battery savings or/and the energy efficiency indicator. This helps
the drivers/users of EVs to know the amount of charge left per trip. Figure 1 illustrates a
typical Electric vehicle with regenerative braking system for one-pedal driving.

Studies have shown that regenerative braking applications extend to electric power-
trains [9-12] as the development of electric vehicles involves the use of various component
systems. These may include hierarchical control [7], fuzzy logic [13,14] and different forms
of DC motors. The form of the DC motors that is used, such as PMDC [15], synchronous
motors [16-19], and BLDC [20-22], will be dependent on its design need. Regenerative
braking has been carried out on BLDC motors [22,23] and thus also aids the development
of batteries and other supercapacitors. Mohammad and Khan [23] presented the operat-
ing principles of a controller circuit for the BLDC motor using the Boolean equations for
regenerative and motoring modes of operation. For simplification, the behaviors in terms
of Boolean equations were used to understand the requirements to construct a controller
circuit. In addition, they carried out a cost analysis for the controller design and applied it
to an electric rickshaw, which saved some of the energy lost during braking. Another study
by Yang et al. [24] carried out a cost analysis on energy-regenerative systems, however,
there are other adaptive designs for regenerative braking energy systems. The main pur-
pose of research on energy-regenerative braking applications is energy efficiency [25,26],
friction effects [27,28], torque effects [29,30], brake assistant systems [31,32], energy manage-
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ment [33,34], and machine learning [35]. Another method to save energy and improve the
handling stability for distributed drive electric vehicles (DDEVs) was proposed by Liang
et al. [7,36], however there are several solutions available for EVs’ stability and braking.

Tha vahicla will remain at stop
upon releasing the regen paddia

(a)

If the driver begins to exit, the
wvehicle will automatically apply
the park brake or shift to park

Figure 1. Image showing the regenerative braking system for one-pedal driving for an electric vehicle.
It is designed with a display showing simplified mechanisms on the pedal braking, battery savings
and the energy efficiency indicator. (a) Interior of the EV with the one-pedal driving and gear system,
(b) Regen braking system for the EV with display system, and (c) visualization of the EV’s regen
system which provides one-pedal driving (Courtesy: General Motors).

In this study, a practical experiment and numerical simulation for regenerative braking
systems is presented. In that light, the objective is to obtain generated output gains to
charge the capacitor bank, which would indicate the braking effect to charge the capacitors
and power the load connected to it. Then, methodology will be presented, followed by the
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results, along with a Simulink model of regenerative braking system to demonstrate the
validation of this model and application of the theory. The findings from this study show
that the application of energy-regenerative braking systems is highly beneficial.

2. Literature Review
2.1. Supercapacitors

The role of supercapacitors within an energy braking system is important because it
stores the energy that has been created from the braking effect from the motor and transfers
the energy back to the batteries over time through a power electronic buck converter. Due
to this energy recycling process, EVs have varying battery power per charge. In an earlier
review, Leis-Pretto [4] stated that it typically returns 10-25% of power to its supply to gain
an extended range.

The reason why supercapacitors are the main desired choice to be used within electric
vehicles is that they have excellent power density and cycling characteristics. This is
because they have been well explored and tested. For example, the capacitance of a
supercapacitor lost 9% of capacitance with a charge and discharge rated when the test was
undertaken with 100 Amps charge rate [37]; however, capacitors are not generally charged
and discharged with 100 Amps. Electric vehicles contain supercapacitors that are usually
housed in a bank formation. This is to allow for a bigger storage density to recuperate
as much energy as possible. Supercapacitors generally have a low voltage (2.7 V) and a
large charge rating in Farads. So, generally, to gain a higher voltage rating supplied to
the capacitors, they are usually connected together in a series transformation rather than
in parallel. In addition, electric vehicles have very efficient acceleration and deceleration
times compared to traditional vehicles because the capacitors can discharge and charge
rapidly to meet the demand for a high amount of power instantaneously, which helps with
very fast accelerations and decelerations [38].

Supercapacitors do not hold as much charge capacity as traditional lithium-ion bat-
teries. However, supercapacitors have a very quick power drain depending on the load
and can be charged more quickly depending on the input power needed to charge them.
Lithium-ion batteries are still the preferred choice for electric vehicles because they can
supply the required power needed for a longer duration of time. Supercapacitors can
operate with thousands of charge and discharge cycles without deteriorating in perfor-
mance compared to lithium-ion batteries, which deteriorate and lose their capacity after a
thousand cycles [39].

Electric motors can create a lot of stray transients and voltage spikes from the battery
and the motor due to unpredictable loads that are needed to power the motor for accelera-
tions and decelerations. This effect can cause stress on the motor and result in heat due
to a resistance build-up. To overcome this problem, a smoothing capacitor bank can be
placed in parallel to the load across the rectifier output. Figure 2 illustrates the AC/DC
waveform showing the rectifier output and the smooth output. Though, as the output
voltage increases, the smoothing capacitors will rise and fill up like a reservoir. Thus, when
the input voltage decreases, the smoothing capacitors will discharge and flow back to the
supply. The main advantage of using smoothing capacitors connected to the load is that it
will reduce the ripple effect on the output waveform, and thus, it will not create a noisy
DC-varying output [40].

Supercapacitors have a large conductive plate, which is the electrode, and have mini-
mal space between both plates. Traditional capacitors use materials like Teflon and poly-
thene, whereas ultracapacitors use a gel liquid electrolyte and a carbon plate to create a
larger charge density at a low voltage with a high farad capacity rating. The construction
of supercapacitors includes using a battery system, thus, it can be deem to be similar to
that of the electrolytic-type capacitor (see Figure 3). Also, both may be having similar
performances but will differ in the output capacity.
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Figure 2. AC/DC waveform showing the rectifier output and the smooth output.
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Figure 3. Supercapacitor construction diagram. Source: [41].

The charging time of a supercapacitor is normally in the range of 1 to 10 s and uses
a low voltage but high current. The supercapacitor can charge much more quickly if it
has a high input current, but it cannot be too high because it will damage the capacitor
and the capacitor will lose some of its capacitance rating. For this reason, supercapacitors
are the preferred choice when used with regenerative braking systems. The reason is that
batteries can only be charged from low current over time whereas supercapacitors charge
very quickly. This is due to the high input current and power density, which will discharge
over time to re-charge the batteries slowly ([see description in [41]).

2.2. DC Motor Dynamic Braking

Motor dynamic braking uses an electric motor that is converted to a generator by
having a moving kinetic force. The motor creates its own electromotive force due to its
motion. This enables the motor to produce a potential voltage rating that can be used to
power designated loads such as a capacitor bank. As the motor is converted into a generator
and a load is applied to the generator, such as a power resistor or a capacitor bank, the
generator will create a counter electromotive force on the generator, and it will start to slow
down, thus creating a potential difference to charge the capacitors or go through the power
resistors to be dissipated as heat [42].

Separate excitation is performed by having the motor field windings connected sepa-
rately to the supply; this is because the flux in the field windings needs to be kept constant
to create a constant electromotive force. As the vehicle moves along freely without any
input power, it creates a potential difference, and the motor acts as a generator. Once a
load is connected across the generator, it creates a counter electromotive force, causing the
motor to slow down very quickly, and the load pulls the energy from the generator to be
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recycled back into the supply, thus creating the braking effect on the motor and slowing it
down [43].

As the motor turns from the kinetic energy without any supply needed to power the
motor, it creates its own self-excited electromotive force. Hence, when a load is placed on
the motor, it creates a counter electromotive force (emf), pushing against the emf that is
already being created by the motor; as this effect will cause the motor to gradually slow
down. However, to make the current rating safe, a resistance is connected in series to
the field windings, as illustrated in Figure 4 (see [44]. To create a self-excited field within
the motor, the field connections must be reversed so that the current flows in the correct
direction. This is so that the residual counter electromotive force is created. Subsequently,
the motor will operate as a self-excited series generator (see Figure 4).

Y'Y Y L
'I|+
A
<
=
]
AALL

Figure 4. Separate and self-excitation diagrams (Circuit Globe, 2020). Source: [45].

Frictional braking on a vehicle uses the discs and pads on each wheel to slow it down
quickly; however, frictional braking creates a lot of heat. To cool down the discs and pads,
they are designed so that cool air blows over them as the car moves along. In addition,
frictional brakes still require maintenance, and once the pads and discs are worn out, they
will need to be replaced. During maintenance, replacing a full set of discs and brake pads
can be very expensive. Also, these parts typically need to be replaced every couple of years
depending on the times used, mileage covered and braking conditions.

On the other hand, little or no maintenance is required when using motor dynamic
braking because it uses the counter electromotive force to push against the propelled kinetic
energy that the motor has already created such that there are no worn-out parts that will
need to be replaced. It is like two magnets with both poles facing each other, i.e., they repel
each other. Motor dynamic braking uses the same principle but with an electromotive force;
though studies are available on similar techniques applied in literature [44—48].

2.3. Power Electronics

Regenerative braking systems require a power converter to safely convert the high
amount of power that is stored within the capacitor bank to slowly charge up the batteries.
Power electronics in this aspect can be seen to be the transfer of power from the capacitor
bank back to the supply. Regenerative braking can be achieved through different methods
of operation; for example, a DC-to-DC converter can boost the counter electromotive force
to a desired level to charge the batteries back up. The alternative method that could be used
is supercapacitors; the charge that has been built up on the capacitors will be sent down
to the power electronic converter, which will send a steady charge back to the batteries.
Bidirectional DC/DC converters have the task of controlling the flow of the braking energy
according to the demands of the vehicle and energy storage. This means that the DC
converter performs two roles. The first role is that it transfers the power to the capacitor
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bank. The second role is that it transfers the power back to the supply once the capacitors
are fully charged. However, the DC/DC converter will adjust the voltage level and control
the energy flow according to the requirements set by the vehicle.

In order to control the converter in a way that works for the supply and the capacitor
bank, it must first charge up the capacitor bank. The DC/DC converter will need to
integrate the step-down configuration, which is known as a step-down buck converter.
This is because the voltage from the generation will be too high to charge up the capacitors;
s0, it must be reduced to a safe voltage to charge the capacitors safely, and it must be
regulated [49,50]. During the acceleration process, the buck converter will operate within
the step-up configuration to discharge the capacitors and boost the power to put it into the
motor to be used for the acceleration process [51].

2.4. Application of Regenerative Braking in Cars

There are different applications and developments in regenerative braking systems,
including their use in cars, called one-pedal braking. Vasiljevi¢ et al. [52] presented a recent
review on the applications and working principles of regenerative braking in EVs. On a
general note, there are four (4) advantages have been identified as being important for
regenerative braking applications by General Motors, as presented by Michaluk [53]. The
first is the ease of use, which provides continuous control with fewer pedal transitions,
as depicted in Figure 5; the acceleration pedal can dynamically adjust itself to provide
responsive propulsion and braking, as depicted in Figure 6; they have good performance
with jerk-free stops and less skill required, as depicted in Figure 7; and lastly, they result
in energy savings, as seen in the development of electric vehicles (EVs), as shown in
Figure 8. The energy savings for one-pedal driving improve the real-world application and
development of the electric vehicle (EV) range by increasing regeneration without expensive
blended braking systems. This can be seen in the additional energy capture plot for one-
pedal driving for the US06 aggressive driving cycle. As the driver continues to propel,
energy is captured over time and regenerated in the electric vehicle, thus saving energy.

Maximum
: —
Propulsion

Maximum [
Braking

Zero Torque f—---

Conventional Driving One-Pedal Driving
100% = 10 '\
Continuous
<=== torque
______ 0%l [ty B modulation
0%
E \ “ﬁi;‘

on ] _.

Driver Pedals Driver Pedals

Figure 5. The ease of use, i.e., continuous control with fewer pedal transitions (Source: [53]; Copyright:
Mathworks; Copyright Year: 2017).
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Figure 6. The acceleration pedal can dynamically adjust itself to provide responsive propulsion and
braking (Source: [53]; Copyright: Mathworks; Copyright Year: 2017).
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Mathworks; Copyright Year: 2017).
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Figure 8. Energy savings as seen in the development of electric vehicles (EVs). The red line shows
the brake pedal use required in other EVs, while the blue line shows the normal vehicle speed when
accelerating or having an aggressive driving cycle (Source: [53]; Copyright: Mathworks; Copyright
Year: 2017).
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3. Methodology
3.1. Experimental Model

This section presents the methods that have been implemented to create the circuit
design and circuit construction. In addition, the results of the experiment will also be
outlined, with details of the practical construction of the regenerative braking system.

3.1.1. Experimental Design Overview

The circuit construction consists of different elements; from the motor drive circuit,
which uses four MOSFET power transistors and an Arduino Uno that controls the speed of
the DC motor, to the batteries. The first DC motor is connected to the second DC motor to
turn it into a generator; as the generator then charges up the supercapacitor bank. Once the
capacitor bank is fully charged, it starts to discharge from the load that has been placed
across it. All the components were placed on a small piece of plywood; so, it was easy to
transport and to outline and present the individual sections within the project (see Figure 9).

Figure 9. Regenerative braking system: construction overview.

Health and safety play a key role in this project because there are harmful hazards
that could cause damage and physical harm if they are not outlined and dealt with [54-56].
There should also be adequate monitoring of the project to ensure safety. For example,
the drive belt connected to the two motors spins at a very fast speed, and if clothing or
fingers are caught in the belt, it can cause serious damage. To overcome this hazard, a
frame was built around the motor, and a plastic acrylic window was placed on the frame
so that it was still possible to see the belt turning. However, this eliminated the risk of
having any objects stuck in the belt because it was covered by the acrylic window. The other
hazard is that supercapacitors can store a massive amount of charge and can be extremely
dangerous if someone accidentally touches the contacts. To control this identified potential
electrocution hazard, the frame that was built around the motors was extended to cover the
capacitor bank, and an acrylic window was placed over the top of the frame so that it was
still possible to see the capacitors, but no one was able to touch them, thus avoiding the
risk of electrocution. While our approach in this present study has some novelty in design
and findings, there are a range of works on supercapacitors for regenerative braking in EVs
that portray different approaches [57-67].
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3.1.2. Experimental Circuit Design

Within this study, six supercapacitors were connected in series, with an individual
rating of 2.7 V and 500 F. When they were connected in series, they had a rating of 16.2 V
and 83.3 F. Figure 10 shows the capacitors charging from a 15 V input DC supply; when
using the Multisim software, it provided an unlimited power rating, which means that it is
very difficult to compare to when building the project practically. Figure 10 also shows an
Amp rating of 276 kA, which is unrealistic and would not happen practically. However, the
behavior of the circuit indicates that the capacitors were charging up fully instantly rather
than having a steady state current and charging over a period of time. Finally, it was fully
charged after some time. Figure 11 shows an Amp rating of 3.2 pA, which indicates that
the capacitor is fully charged, and on the oscilloscope, the waveform also shows that it is
fully charged.
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Figure 10. Capacitor charging and experimental design screenshots, showing the capacitors charging
from a 15 V input DC supply using the Multisim software (in Blackpool & The Fylde College).

The circuit design was constructed on Multisim; this was to try and achieve a fully
working circuit through a simulation before constructing it practically. This method helped
to find errors and design the circuit; so, it was fairly easy to create the circuit practically
because there was a circuit diagram to follow. Since Arduino Uno Atmega boards are not
available on Multisim’s current version to use within the circuit, there was a triggering
signal that could be used instead to turn the MOSFET transistors on via a gate-triggering
pulse. Thus, the network in Figure 12 with different charging outputs on the Multimeter.
In this design, a 12 V bulb was used instead of using a DC motor for indicating the load,
purely for the circuit indication purposes. Contrarily, the actual circuit used a universal
series-wound DC motor.
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3.1.3. Experimental Circuit Construction

The construction of the regenerative braking system took place on a piece of plywood
board. This was because there needed to be enough space on the board to place the relevant
components that were needed for the project. On the right side of the setup in Figure 13,
the breadboard is located, along with the transistors on it, as well as the Arduino Uno and
the 12 V lead acid battery to power the Arduino Uno. On the left side of the motors, the six
capacitor banks are located, with two switches above it. The black switch is for applying
the capacitive load onto the motor to start the charging process, while the red switch is for
discharging the capacitors by applying the 12 V bulb load (see Figure 13).

Figure 13. Experimental resources: (a) a 12 V 22 W bulb load, (b) a 12 V bulb’s current rated using a
meter, (c) a supercapacitor bank and (d) the experimental setup showing the red switch, black switch,
DC motor, light bulb, Multimeter, testing terminals, connection cables and the circuit board.

The 12 V bulb indicates the load that was connected to the capacitor bank. Once the
capacitors were fully charged, they needed to be observed then discharged by the bulb. It
took approximately 15 min to fully discharge the 22-Watt bulb once the capacitors were
charged up to 15 V (see Figure 13).
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The supercapacitors were rated individually at 2.7 V 500 farads because the bulb
load was rated at 12 V and the capacitors were only rated at 2.7 V; so, they needed to be
connected in a series transformation. Once they were connected in series, the new voltage
rating was 16.2 V, which was within the threshold of the load rating. The positive and
negative tabs on the top of the capacitors were soldered together with a thick cable to make
sure they would not be disconnected and that they could support the load current and heat
that were being fed to the load from the capacitors; however, in this instance, the load was
not too large in capacity as it was only around 22 Watts of power. So, it would not cause any
damage, e.g., by heating the capacitors, but if it did cause damage, it would be minimal.

The universal series-wound motor that was used within the braking system consisted
of the motor housing frame, brushes, commutator, armature, and field windings. It can
run from either a DC or AC power source. When running the motor from an AC power
source, the speed is proportional to the frequency that is applied upon it, whereas with
DC, a higher torque and higher RPM can be obtained because the motor does not rely on
the set frequency; however, one must be careful because if too much DC power is applied,
the motor could run above its recommended rating, and that could be very dangerous. To
overcome this problem, the motor would need to run from a DC inverter drive where the
speed can be varied to the desired setting and also operated. Figure 14 shows the output
devices used to obtain the motor’s voltage and current ratings.

Figure 14. The output devices used to obtain the motor’s voltage and current ratings.

3.2. Arduino Programming

The program for the regenerative braking system was created on a compiler and
uploaded onto an Arduino processor. The reason that this program had to be made
was because the motor that drives the generator needed to be controlled using a speed
control circuit. The circuit used four MOSFETS that were connected together, and the
gates of the MOSFETS were connected together to pin 9, as shown in Figure 15 on line one:
the command is setting pin 9 as the output to the MOSFETS; so, when the pulse-width-
modulated signal is set via the potentiometer, the PWM signal will go down pin 9 to trigger
the MOSFETS speed setting.
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int ight = 9; // the int command is setting pin.|

int pm = 0; // th int cormand is setting the pim value to 0.
int sensorvalue = 0;

void setup () {

/] this will control the speed of the bit baud rate.
// this command will set the ight as an output.

Serial.begin (9600);
pinMode (igbt, OUTEUT);
}

void loop () {

int sensorvalue = analogRead (A0); // this command 1s setting AD analog port as an input for the potentiomster ans will read the vaule from it.

pim = sensorvalue /4;
/1
// This command will delay the program in milliseconds.
// This command will write an analog value to a pin and can be used for driving a dc motor at differnt speeds.

Serial.println (pwm);
delay (1);
analoghirite

}

[ight, pum) ;

Figure 15. Motor control program in Arduino.

3.3. Numerical Model in Simulink

The numerical model for this study was developed using the MATLAB Simulink
package, academic edition, MATLAB version 2020a. The model for the regenerative
braking system using DC motors in Simulink was also designed as shown in Figure 16
and the scope readings in Figures 17-19. Based on the design, it was simplified to fit a
case study for braking using the Simulink package of MATLAB 2020a. This was found
to be suitable for the current study. However, it was limited to the demonstration in this
study, but leaves room for further works. In these readings, it can be observed that the
regenerative braking model was successfully modeled using the DC motor, which can also
be carried out using supercapacitors. For the model, two IGBTs, two Diodes, two Pulse
generators, two DC Voltage sources, one current measurement, one Voltage measurement,
one Series RLC branch, one scope with two channels, and one Continuous power GUI were
utilized in the Simulink model. Different variants of the model were also established based
on the individual unit needed. Figure 16 represents a simplified version of the regenerative
braking model developed and considered in this study. From the three scope readings in
Figures 17-19, we can see the amplitude of charge for the current being tested on the circuit.

4 RegenerativeBrakingDCMator * - Simulink academic use — ] x
SIMULATION
N Open ~ | mm ; — Stop Time | 100 | = =
':Dj " B 5] | ql I — 4 @ b %a &=
e Library o z Signal Boervel Step Run Step Data Logic
~ & Print * | Browser Table 5§ Fast Restart Back = - Forward Inspector Analyzer
L LIBRARY SIMULATE REVIEW RESULTS =
8 RegenerativeBrakingDCMotor 3
£ | @ |[PalRregenerativeBrakingDCMotor -3
£ @ )
= H
Ea
E3
Continuous
Scopel
EI -
— [
&
Current Measuremer|t
[
Vojtage Measursment
Pu!ss
Geengraior] 1GBT Diode
L Be Voltage Source 1
Series RLC Branch
“1- bC voltage Saurce
! Dm‘
Sme] IGBTT
)
«

Figure 16. Simplified regenerative braking model on MATLAB ’s Simulink with label.
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Figure 17. Scope reading for regenerative braking model on MATLAB’s Simulink.

Figure 19. Scope readings (2) for regenerative braking model on Simulink.
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3.4. Validation Calculations

Some calculations were carried out for the validation of the model using the ex-
periment, as described in this section. This includes the series calculation of the six ca-
pacitors used as the energy charge source for the supercapacitor. These are given in
Equations (1)—(10), while Equations (11)-(14) are for the peak voltage, average voltage, and
root mean square voltage calculations.

) . 1
Series total capacitance = % n % n % " % n % n % =83.33F (1)
Xe= 27'1ffc - 27'c><5(1)><83.3 =3820 @
Idrain = 1.3 A load Power drain =15V x 1.5 A=225W 3)
Constant motor power drain =32V x 1.55 A =49.6 W 4)
Motor load power drain =32V x 215 A = 68.8 W (5)
Field winding excitation power rating =28V x 1A =28W (6)
V=162V X o0 500 + 500530500 15001500 27 @
Q=CxV=833Fx162V =134946C (8)

13494

C— % _ 31692 ® _ 833F 9)
V= % = 13;)?;6 =162V (10)
Vpeak = 1.14 x Vrms = 1.14 x 8 = 11.312V (11)
Vrms = Vpeak x 0.707 = 11.312 X 0.707 =799V =8 V (12)
Vaverage = 0.637 x Vpeak = 0.637 x 11.312 =72V (13)
Vaverage = Zr;nls = % =72V (14)

4. Results and Discussion
4.1. Current and Voltage Testing

The main DC drive motor had an input voltage of 32 V and a constant current of
1.55 Amps with no load initiated. The power consumption for the main DC motor was
49.6 Watts. Once the capacitive load was connected from a drive belt to the main DC motor
via the generation motor, the revolutions per minute (rpm) slowed down. The reason that it
happened was because the load was upon the motor, and there was an increase of 0.6 Amps.
As such, the constant current went up to 2.15 Amps and the power rating increased to
68.8 Watts. With the applied load, the power increased by 19.2 Watts.

Since the universal motor was not self-excited, there needed to be a separate excitation
voltage and current connected to the field windings to excite them. A voltage of 2.8 Volts
and a current of 1 Amp were connected across the field windings to initiate the excitation



World Electr. Veh. ]. 2024, 15, 326

17 of 27

on the motor to transform it into a generator. As the capacitor bank started to charge up,
the load decreased on the drive motor; so, the rpm went up, and the input current started
to decrease because the motor had less of a load as the capacitor bank was filling up slowly.

When the capacitors are connected in series, they create a voltage of 16.2 V and a charge
rating of 83.3 farads. The input voltage and current from the power supply created enough
RPM, which meant the excitation voltage and current from the generator took 15 min to
fully charge the capacitor bank to 15 volts. The 12 V bulb load had an average current
rating of approximately 1.5 Amps, which created 22 Watts of power. The experimental
demonstration presented in Figure 13a,b shows that while testing the circuit, it pulled
1.24 Amps of current, as evident on the Multimeter’s display.

4.2. Waveform Testing

Figure 20 shows two waveforms that indicate the charging process on the capacitor
bank. The waveform on Figure 20a shows 833 mV, which indicates that the capacitors
are fully discharged and waiting to be charged up again. However, the waveform on
Figure 20b shows a rating of 15 V, which indicates that the capacitors are charged up to the
desired level.

Figure 20. Capacitor charging waveforms (a) before and (b) after charging.

Conversely, the root mean square (RMS) voltage of the waveform across the charging
on the capacitor bank is indicated in Figure 21, which is 8 V. In addition, the peak voltage
was also calculated to be 11.312 V, and the average voltage was 7.2 V.

Figure 21. The root mean square (RMS) voltage diagram, showing the RMS waveform across the
charging on the capacitor bank.
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4.3. Charging and Discharge Voltages

The capacitor charging and discharging graphs were created using Excel based on the
findings of the experiment. The graphs show the voltage rating against time at a given
period. As the capacitor bank started to charge up, the voltage readings were recorded at
certain time intervals. During the charging process, there were 15 readings taken at each
minute for the total duration of 15 min. The 16th reading taken was the time of origin, at
0's. Using this method, the data were gathered and used to gain an accurate set of results
to create the capacitor charging curve depicted in Figure 22. As shown in Figure 22, the
capacitor bank charged up smoothly compared to the time taken.

Charging Voltage (V)

O T T T T T T T 1
0 2 4 6 8 10 12 14 16

Time (minutes)

Figure 22. Capacitor charging voltage plot.

The capacitor discharging graph was produced using the same tool and was found
to be very similar to the charging graph; however, during the discharge, the capacitor
bank was discharging rather than charging. The same process of obtaining the voltages per
minute for 15 min was also carried out using the same method during the discharge process,
as shown in Figure 23. It is evident that the discharge happened a lot faster compared to
the charging; however, this depends on the load that was connected and the capacitance
rating that was available.

The inverse capacitor charging graph presented in Figure 24 indicates a quick drain
upon the capacitor bank. This is shown by the steep curve in Figure 24, and it could
indicate a fast acceleration. So, it will need the instant capacitance on the capacitor bank
to be drained to go into the motor. For example, it could be a short circuit, which means
that the capacitor bank would give the same result as shown in the inverse curve diagram.
This is similar to the energy-saving behavior observed by General Motors, as reported by
Michaluk [53], shown in Figure 8 as the regenerative braking on the system saves some
energy, which can be used for accelerating or devised for another operation in the EV.

However, the inverse capacitor discharge plot shows that during a negative discharge,
the system loses some energy, and such a supercapacitor or battery will need to be replaced
or switched to another backup supercapacitor, but it regains its charging capacity over time,
as shown in Figure 25. With the application of analytical methods for the power law, we
obtained Figures 26 and 27 for the regenerative braking capacitive energy system. Figure 26
shows a very good linearity (R? value of over 97%) between the logarithm of the capacitor
charging voltage and the logarithm of the charging time. Linearized capacitor charging
and discharging equations were used to produce the graphs, which had R? values of 94.7
and 96.6, respectively. The gradient of the graphs equated with —1/RC gave capacitors and
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resistor values very close to the ones used in the implementation, thus validating the results
obtained. The graph of the linearized capacitor charging equation is shown in Figure 28,
while the graph of the linearized capacitor discharging equation is shown in Figure 29. As
seen in Figures 22-29, the red dots are the recorded times in minutes obtained during the
experiment while charging/discharging, as the case may be. The steps for linearizing both
the charging and discharging equations are explained below.

Discharge Voltage (V)

Time (Minutes)

Figure 23. Capacitor discharging voltage plot.
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Figure 24. Inverse capacitor charging plot.
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Figure 26. Log diagram of capacitor charging voltage using power law.
The capacitor charging equation is given as follows:
t
Ve =Vi(1—e &) (15)

where V. is the voltage across the capacitor, V; is the supply voltage, t is the elapsed time
since the removal of the supply voltage, and RC is the time constant of the RC discharg-
ing circuit.

Conversely, the capacitor discharging equation is,

Ve = Vee (16)
Linearizing the capacitor charging equation gives the following:

Ve = Va(1—e ) (17)



World Electr. Veh. ]. 2024, 15, 326

21 of 27
Ve = Vi — Vie e (18)
Vo — V.= Vsef% (19)
& v Yoot (20)
Taking the natural logarithm of both sides gives the following:
7 t
t
In(Vs —V,)) —InV,; = RC (22)
t

In(Vs = Vo) = ——= +InV; (23)

RC

Compared to the equation of a straight line, y = mx + C, the graph will be a plot of

In(Vs; — V;) against ¢

The gradient on the graph is —1/RC, and the intercept is In V.

Log Discharging Voltage (V)

-0.6

Log Time (minutes)

Figure 27. Log diagram of capacitor discharging voltage using power law.

Linearization of the capacitor discharging equation:

_t
V.= Vse  RC
\% ¢
¢ — ¢ RC
Vs

Taking the natural logarithm of both sides gives the following:

Vs)  RC

t

InV,—InVy; = ———
nV,—InV; RC

1.4

(24)

(25)

(26)

(27)

(28)
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Figure 28. Graph of the linearized capacitor charging equation.
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Figure 29. Graph of the linearized capacitor discharging equation.
Compared to the straight-line equation, where

y=mx+C (30)
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The plot will be in the following form:
In V, against ¢ (31)

On the graph, the gradient is —1/RC, and the intercept is In V.

The analysis of the results shows very good agreement with the literature in terms
of an improvement in braking efficiency, recoverability of energy, and system control, as
highlighted below:

e  Efficient deceleration is achieved through regenerative braking, but for total stopping
force, especially in emergency situations or at low speeds, conventional friction brakes
are usually required as well.

e  The seamless transition between regenerative and friction braking is achieved by the
application of advanced control algorithms, which further improve driving safety
and comfort.

e  Although energy capture efficiency can vary, the result is that EVs will be able to travel
farther between charges as a large amount of their kinetic energy can be recovered
and used.

o  Thebattery’s capacity to swiftly and effectively accept and store the regenerated energy
has an impact on how successful energy recovery is achieved. The combination of a
supercapacitor with a battery makes this even more efficient.

e  Contemporary electric vehicles (EVs) employ advanced electronic control units (ECUs)
to regulate the regenerative braking mechanism, maximizing energy recovery while
preserving the vehicle’s stability and control [57].

e  Further work could be carried out using neural networks and machine learning
methods to optimize the regenerative braking system for EVs (see [35,68]). Also, more
work could be done on EV stability and torque control, as different authors consider a
range of parameters in their design [69-79]. Lastly, future works could consider the
regenerative braking systems for other EVs, plug-in hybrid electric vehicles (PHEVs)
and hybrid electric vehicles (HEVs).

5. Conclusions

Currently, there has been an increase in research on electric vehicles, electric trains,
electric aircraft, etc. With this increase in renewable energy sources, there is a need for
high-performance batteries and energy-regenerative charging systems. This study has
successfully presented a design of a regenerative braking system and successfully validated
the model. From this study, it can be seen that there are time-dependent gains with
regenerative braking systems. In this study, the experiment was carried out using 1.5 Amp
with no load and 2.15 Amp with a load. The discharge voltage was purely from the 22 W
bulb load connected to the capacitor bank and could only use 1.5 Amps. In addition, it
took 15 min for the capacitor bank to be fully discharged. The results showed the discharge
rate and the charging rate for the regenerative braking system, as expected, based on the
calculations made, and the capacity of the supercapacitors, among other things.

In addition to providing peak power when needed, the supercapacitor can withstand
high charging or discharging current peaks. When a battery and supercapacitor are used
together, the abrupt load on the battery is shifted to the capacitor, reducing battery heating.
The battery pack’s endurance is increased, and its lifespan is prolonged when these two
combinations are utilized together. Supercapacitors have the ability to store large amounts
of energy in a short amount of time and provide a high amount of power to a load without
reducing their lifespan. Supercapacitors also absorb energy during regenerative braking
more efficiently than batteries do. This work enhances energy management and the vehicle
driving range by utilizing the advantages of batteries and supercapacitors.

Based on the results of this study, it can be concluded that regenerative braking is
very important for increasing the range and efficiency of electric vehicles. This has been
used in different applications such as electric cars because it acts as a braking effect on the
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motor, which causes the motor to gradually bring the vehicle to a stop. The braking effect is
created by applying a load such as a capacitor bank on the motor, which applies resistance,
causing the motor to slow down gradually. Further work could be carried out using neural
networks and machine learning methods to optimize the regenerative braking system for
EVs. Based on the plots obtained in this study, it can be deduced that despite the time
dependence of charging and discharging systems, there is an effect of negative charges
or short-circuiting, as seen in the inverse graphs. This is not favorable as they need to
discharge slowly to go back into the supply or discharge quickly for acceleration purposes.
As shown by the curve, it increases rapidly and then decreases slowly. That implies a fast or
sharp drain, followed by a slow drain, which is not good for a regenerative braking system
or battery charging system. In this study, the theoretical basis of regenerative braking and
supercapacitors for EVs has been presented, although a comprehensive literature review is
recommended in future.

Lastly, this study shows the importance of braking in any vehicle because it needs
to slow down at some point. Generally, regenerative braking uses the motor to create the
braking effect and uses the brakes a lot less. The motor performs most of the braking; so,
the brake pads and discs do not need as much maintenance as the traditional combustion
engine vehicle. However, there are areas where this study could be improved for future
innovations by modifying the simplifications and carrying out larger-scale tests on the
supercapacitors. Future works could consider the regenerative braking systems for other
EVs, plug-in hybrid electric vehicles (PHEVs) and hybrid electric vehicles (HEVs).
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