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Abstract - Regenerative braking is used on electric vehicles to
improve energy efficiency and provide initial partial support for the
main braking force. The energy recovered from the regenerative
braking system depends on the speed of the vehicle when
decelerating and the braking torque of the electric motor. This paper
introduces the experimental process and application of
Matlab/Simulink to simulate the regenerative braking system on
electric vehicles using brushless electric motors combined with
supercapacitors and IGBT controllers. The purpose is to investigate
the relationship between the motor braking torque and the
recovered energy. Then analyze and select appropriate braking
methods under specific operating conditions. The results show that
the speed before braking and the set braking mode are proportional
and decisive factors for the level of recovered energy. The research
results can be applied to the design of regenerative braking
controllers on electric vehicles or small hybrid vehicles.

Key words - Brushless Direct current Motor (BLDC); Electric
Vehicle, IGBT; Regenerative braking; Supercapacitor

1. Introduction

Green energy is becoming a global trend. Promoting
electric vehicles, combined with renewable energy
conversion, is considered a sustainable solution [1].
Recently, regenerative braking has been deployed and
extensively researched on electric vehicles using Brushless
Direct current Motor (BLDC). Previous studies have
analyzed the generator mode on BLDC motors, examining
the relationship between output power, rotor speed, and
generator losses. The controller utilizes a circuit
comprising six or three IGBT/MOSFET switches, which
facilitates the recovery of energy to a high level [2, 3].
However, precisely controlling three IGBTs according to
the motor’s switching time (T) makes the algorithm more
complex. To ensure effective and safe braking for vehicles,
regenerative braking systems often work in conjunction
with conventional friction braking systems. Braking
performance affected by the load distribution between the
front, rear axles and the braking strategy during vehicle
deceleration in regenerator mode [4]. The research
underscores the necessity for improved braking strategies
and emphasizes their urgency. Based on investigations,
regenerative braking significantly influences vehicle
stability during braking, cornering, or various driving

Tém tit - Hé théng phanh tai sinh dugc st dung trén xe dién
nhim cai thién hiéu qua nang luong va hd trg mét phin luc phanh
cho hé théng phanh chinh. Néng luong thu h01 tir hé théng phanh
tai sinh phu thudc vao tbe do ctia xe khi giam tbc va moment xodn
clia dong co dién. Bai bao trinh bay tién trinh thuc nghiém va mg
dung Matlab/Simulink & m6 phong hé théng phanh tai sinh trén
xe dién st dung dong co khong chéi than két hop vdi siéu tu dién
va bo diéu khién IGBT. Myc dich 1a dé nghién ctru mdi quan hé
giita moment xoén ctia dong co va ning luong thu hdi dugc. Sau
d6 phan tich va lya chon cac phuong phap phanh pht hop trong
cac didu kién hoat dong cu thé. Két qua cho thay toc d6 trude khi
phanh va ché do phanh duogc thiét 1ap 1a cac yéu t6 ty 18 thuan va
quyét dinh dén mirc ning luong thu hdi. Két qua nghién ciru co
thé duoc ap dung vao thiét ké bo didu khién phanh tai sinh trén xe
dién hodc xe hybrid c& nho.

Tir khéa - Dong co dién mét chidu khong chdi than (BLDC); Xe
dién; IGBT; Phanh tai sinh; si€u tu dién

conditions [5]. Proactive control of the regenerative
braking force, specifically the ability to regulate the
braking torque of the electric motor during deceleration,
warrants further in-depth study [6].

During the process of receiving voltage, the storage will
act as a load, creating a braking torque to help the motor
decelerate. If using battery packs with fast charging
capability, the braking torque generated by the motor will
be greater. Previous studies have shown that electric drive
systems are supplemented with auxiliary energy storage
units, specialized to store the energy recovered during
braking, called Hybrid Energy Storage System - HESS.
Because of the limited energy density, the supercapacitor
is only suitable for short-term energy storage, the energy to
ensure the essential operation of the vehicle is still
provided by the battery [7-9]. However, several studies
have focused on optimizing Hybrid Energy Storage
Systems (HESS) for electric vehicles and micro-electric
vehicles, combining Li-ion batteries and supercapacitors
[10]. This solution aims to leverage the high energy density
of batteries and high-power output of the supercapacitors
to improve operational efficiency and extend the lifespan
of the power source. The authors proposed using intelligent
algorithms such as swarm optimization (PSO) and genetic
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algorithms (GA) to control the PID controller and fuzzy
logic, helping to distribute current efficiently between the
two storage sources. Integrating supercapacitors is key to
improving economic efficiency and promoting the
adoption of electric vehicles in urban areas. HESS systems
on electric vehicles are shown in Figure 1. Therefore, to
analyse and compare the impact of braking torque and give
a reasonable control algorithm, experiments and
simulations will use supercapacitors.

While driving, electric vehicles move through different
routes such as highways and inner-city roads [11]. When
encountering dangerous situations that require braking or
slowing down, the factors affecting the efficiency of
regenerative energy are the state of charge of the battery
pack (SoC), the speed at the time of starting to decelerate,
the braking intensity (i.e., the braking torque generated by
the motor), pedal travel, pedal travel change rate, and
steering angle. In addition, the braking control strategies
also have an influence [12-14].

o
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Figure 1. Typical HESS systems on electric vehicles

Accordingly, the general situation of recent studies
shows that the research trend in this field is focusing on the
distribution of braking force. To do that, the requirement is
to control the braking torque generated by the electric motor,
thereby creating a basis for studying the coordination
algorithm with the mechanical brake. In this study, to
simplify the control, IGBT switch is used to replace the 6
switches on the voltage divider. In addition, to control the
braking torque and analyze the recovered voltage at different
braking torques along with the energy recovery efficiency of
the supercapacitor in single-pedal mode, a control circuit
using IGBT power lock-up and an experiment were built.
Simulations were also performed on Matlab/Simulink to
analyze and record the results. This paper proposes a 4-mode
braking strategy that can be actively selected by the driver
depending on driving conditions for a regenerative braking
system on small electric vehicles. Using the STM32
microcontroller and various electronic components, a test
control circuit is fabricated, which can be flexibly used for
different regenerative braking systems.

2. Modeling development
2.1. Matlab/Simulink model

The BLDC motor can maximize energy recovery
during braking and maintain smoothness when the vehicle
decelerates [15]. The simulation of a BLDC motor in
Matlab/Simulink is done using the Permanent Magnet
Synchronous Machine block because it has trapezoidal

reverse emf, similar to the characteristics of a BLDC motor
in regenerative braking mode. The energy storage system
on electric vehicles usually uses lithium batteries, or some
vehicles use lead-acid batteries, both of which provide
direct current (DC). The BLDC motors used on vehicles
are three-phase AC motors. This type of motor can recover
renewable energy, which needs to be converted from three-
phase AC to DC. There are many methods for rectifying
three-phase current to DC current. Non-isolated topologies
include: buck, boost, buck—boost, switched capacitor,
interleaved structures, and multilevel stages [16]. Among
these methods, the diode bridge rectifier is considered the
most basic method and has a simple design, and is easy to
implement for this process. Therefore, in the scope of this
paper, a diode bridge will be used to rectify the current
from the BLDC motor during regenerative braking. The
voltage recovery will be performed by the supercapacitor
block because it has the characteristic of absorbing current
quickly. In order to investigate the relationship between the
braking torque of the BLDC motor and the recovery
voltage. The simulation of the supercapacitor in
Matlab/Simulink is performed through the Supercapacitor
block in the Simscape library.

According to the single-pedal principle, braking force
is handled by the electric motor when the pedal is lifted.
When accelerating, the pedal is pressed down again. The
simulation model used the motor speed and PWM pulses
to control the semiconductor switches according to each
braking mode. The speed and stopping time of the motor
were measured and recorded during the experiment. PWM
pulses were provided by the microcontroller. Therefore,
the speed parameters and PWM pulses in the simulation
will be coded and data will be entered into Simulink
through the Workspace block. After completing the
assembly of the component blocks, the simulation model
will be built with the structure as shown in Figure 2.
Parameters of the component blocks in the simulation are
presented in Table 1.

Table 1. Simulation Parameters in Matlab/Simulink

Module Parameter Value
BLDC Motor Number of phases 3
Back EMF waveform Trapezoidal
Mechanical Input ®
Stator phase resistance Rs 0.0485
Stator phase inductance Ls 8.5¢-3
Flux linkage 0.1194
Back EMF flat area 120
Capacitor Rated capacitance 6.66
Equivalent DC series Resist 8.9¢e-3
Rated voltage 64.8
Number of series Capacitors 24
Initial voltage 12.50
Diode Resistance Ron 0.001
Forward voltage Vf 0.8
Snubber resistance Rs 500
IGBT Resistance Ron 0.001
Forward voltage Vf 1.85
Snubber resistance Rs les5
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Figure 2. The simulation model of
the regenerative braking system

2.2. Experimental model

To verify simulation results, an experiment was
implemented. The 750W BLDC motor is combined with a
flywheel to simulate a small electric vehicle of about 200
kg in the process of deceleration. The experimental
diagram is shown in Figure 3.
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Figure 3. Diagram of a regenerative braking system
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Figure 4. Experimental setup for regenerative braking process

(a) Experimental overview model with (i) Encoder, (ii) Flywheel,
(iii) supercapacitor, (iv) Arduino, (v) Control circuit, (vi) Control
IC, (vii) BLDC; (b) Control circuit with (viii) STM32F103CBT6,
(ix) 12V port, (x) Voltage receiving port from rectifier bridge,
(xi) Charging port for supercapacitor, (xii) Mode selection button,
(xiii) Battery charging port, (xiv) Supercapacitor voltage reading
port, (xv) Battery voltage reading port, (xvi) Accelerator pedal
signal port and (xvii) Display screen

Figure 4 shows the experimental model. Based on the
input signal from the push button, the microcontroller will
automatically change the frequency or width of the PWM
pulse to achieve the desired control effect.

The motor speed is measured using an Arduino Uno R3
microcontroller, and the speed value is sent directly to the
computer via the serial port for data storage. The
measurement resolution depends on the pulse-counting
method and sampling interval, with an estimated accuracy
of approximately +1-2%. The voltage measurement of the
battery and supercapacitor, and the width of the PWM is
performed through the STM32F103CBT6 microcontroller,
the measured value is displayed through the OLED screen
designed to be mounted on the circuit, and the Oscilloscope
Hantek6022BE 20MHz. The accuracy of Hantek6022BE
is £3%, the sampling rate is 48 ms/s, and the default test
pulse on board is 1kHz 2V pp (square wave). Calibration
is performed before measurement to ensure accuracy. Each
experimental condition was repeated three times, and the
average value was used for analysis in order to improve
measurement reliability and reduce random errors.
However, several factors can cause discrepancies between
experimental and simulation results, including mechanical
and electrical losses, measurement noise, and differences
between the assumed parameters in the simulation and the
real hardware (e.g., resistance and inductance).

3. Results and discussion

Simulation on Matlab/Simulink is performed based on
experimental parameters. In which the motor speed range
is kept at the maximum level, and 4 braking modes provide
4 pulse widths from 0 to 100%. In experimental conditions,
when the car is running, the accelerator and brake pedals
are released, the car's speed will tend to decrease gradually
until it stops completely. Experiments and simulations will
be performed with the following parameters:

- Case (1): 535 RPM, PWM = 0%.

- Case (ii): 535 RPM, PWM =25%.

- Case (iii) : 535 RPM, PWM = 75%.

- Case (iv) : 535 RPM, PWM = 100%.
3.1. Analysis of case (i)

Figure 5 illustrates the electromagnetic torque
generated by BLDC, with the x-axis depicting time in
seconds and the y-axis representing electromagnetic
torque (N*m). It can be seen Te with slight oscillation in
the initial stage due to the motor being in the transition
phase from motor mode to generator mode. However, the
oscillation value is very small. The oscillation level is
around -1N*m for a very short period of time, less than
0.001 seconds. This is shown more clearly in Figure 6,
the braking force in this case will not be generated by the
electric motor.

If the vehicle is moving in unsafe road conditions or
when cornering, this case is recommended because it does
not cause the wheels to suddenly lock up, leading to
dangerous situations. However, the problem is to calculate
the recovery voltage power and the rated power of the
IGBT to ensure the safety of the circuit.
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Figure 5. Braking torque generated by the motor, voltage and
charging factor of the supercapacitor in case (i)
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Figure 6. Electromagnetic torque in case (i)
3.2. Analysis of case (ii)

Figure 7 shows the value of Electromagnetic torque
(Te), voltage (V), and state of charge (SoC) in this case.
The figure is divided into two stages, a and b. According to
stage a, the Te value fluctuates from 1.5N*m to -15N*m in
the first 1 second after deceleration. The voltage and state
of charge of the supercapacitor also increase rapidly.
Specifically, the voltage increases from 12.5V to more than
13.2V, the state of charge also increases from 15% to about
15.7%. This braking torque will cause the motor speed to
decrease, but the level of reduction is low, so in the later
stage (stage b), the speed range is still at a level that can
generate voltage. Then, the voltage continues to be
recharged into the supercapacitor according to each IGBT
open cycle in the following seconds. After stage b, the
vehicle will completely lose its braking force because the
energy is no longer recharged. At this time, the vehicle will
drift by inertia.
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Figure 7. Braking torque generated by the motor, voltage,
and charging factor of the supercapacitor in case (ii)

3.3. Analysis of case (iii) and case (iv)

The electromagnetic torque in Figure 8 is divided into
4 small stages. Stages a and b are where the electric motor
creates the largest braking torque, which can cause the
motor to stop suddenly. Stages b and ¢ are where the motor
speed has decreased, but can still create energy and braking
force. Stage d is where the motor speed is no longer large
enough to create energy.
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Figure 8. Braking torque generated by
the motor in case (iii) and case (iv)

Case 3, in stage a (about the first 0.5 seconds), due to
the high speed of the motor, the voltage generated is large,
so the Electromagnetic torque (Te) has an amplitude
ranging from 14N*m to -15N*m. At this time, the braking
torque generated by the motor is the largest. However,
because the IGBT only opens 75% of the cycle compared
to the total time, the braking torque received by the vehicle
is only about 75%, and there is still a ripple phenomenon
due to the IGBT's opening and closing cycle. Then, in
phase b to phase ¢, motor speed decreased but was still
maintained at the speed range that can generate voltage, the
braking torque is still generated, compared to phase a, it
decreased  significantly. The amplitude of the
electromagnetic torque oscillation is between 2N*m and -
I5N*m in phase b, then gradually decreases to ON*m in
phase c. In stage d, this is the stage where the electric motor
can no longer generate braking force because the speed has
decreased to a very low level. The total time from the start
of deceleration until the motor can no longer generate
braking torque in this case is about 3.84 seconds. Figure 9
presents the voltage and speed of the motor in case (iv). At
the 2-second mark after deceleration, the voltage of the
supercapacitor reached nearly 16V. However, the BLDC
speed had decreased to a low level, and no voltage could
be generated, so the supercapacitor voltage showed no
signs of increase.
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Figure 9. Voltage and speed of motor in case (iv)
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Vvoltage in case (iii) and case (iv)

Table 2. Voltage, ampe and deceleration time

' Sl T T "~ — 1 Case Deceleration Ampe  Initial Voltage after
’ time (s) (A) Voltage (V) deceleration (V)
_ ’ Case (i) 7.03 0 12.5 12.5
= Case (ii) 5.09 2.9 125 13.4
Case (iii) 4.04 3.26 12.5 14.4
——e Case (iv) 3.89 3.28 12.5 15.3
> ” 6 s — 10 Table 3. Regenerative energy recovery
b SocC in case (iii) and case (iv) Case Voltage (V) Energy (J) Efficiency (%)
I — 1 - - _ Case (i) 12.5 0 0
Case (ii) 13.4 82 2.7
Case (iii) 14.4 195 6.5
Case (iv) 15.3 330 10.0
3.4. Comparing simulation and experimental results
— -—casen] | Table 4 compares the experimental and simulated
o 2 4 6 8 10 voltage results for all four cases. The experimental results

Time (s)
Figure 10. Voltage and state of charge of Supercapacitor in
case (iii) and case (iv): a. Voltage, b. State of charge

Figure 10 depicts the voltage parameters and state of
charge (SoC) value of the supercapacitor in cases (iii) and
(iv) with Figure 10.a shows the voltage, and Figure 10.b
shows the SoC value. To evaluate the performance of a
regenerative braking system, the energy recovered and
stored by the supercapacitor will be calculated as follows

Eq. (1):
E= %C(sz —V3) (1)

Where C is the capacitance, and Vi, V» are voltages. In
case (iv), the supercapacitor voltage increases from 12.5V
to approximately 16V at a capacitance of 6.66F, yielding
an energy recovery of approximately 330 J. The initial
kinetic energy of the system, equivalent to the mass of the
car of about 200kg, can be calculated using the following
formula Eq. (2):

E, = §m172 ()

Based on the given parameters, the initial kinetic
energy is approximately 3 kJ. Therefore, the recovered
energy accounts for about 10% of the initial kinetic energy.
This is likely due to the remaining energy being dissipated
through various loss mechanisms, including copper losses
in the stator windings, power electronic losses in diode
bridges or switching devices, and mechanical losses such
as friction and air resistance, so only a portion of the kinetic
energy can be recovered. To compare the regenerative
braking under different braking modes, the recovered
energy and energy recovery efficiency were calculated for
all cases. The recovered energy stored in the supercapacitor
was determined based on the measured voltage variation.

The results (Table 2, 3) demonstrate that the recovered
energy increases proportionally with the PWM duty cycle
and braking torque. Case (iv) achieved the highest energy
recovery efficiency of approximately 10%, while case (i)
showed no energy recovery because the regenerative
braking function was disabled. These results confirm that
increasing the regenerative braking torque can
significantly improve the amount of recovered energy.

show good agreement with the simulation, with deviations
below 10%. To evaluate the agreement between the
simulation and experiment, the error between the simulated
and measured voltage was calculated using Eq. (3):
Vsim=V.
Er(%) = Wsim~Vexp 5""; expl 100 3)

exp

Where Vi is
experimental voltage.

simulated voltage and Ve, is

Table 4. Voltage of simulation and experiment

Case Simulation Experiment Er (%)
Case (1) 12.5 12.5 0
Case (ii) 13.2 134 1.49
Case (iii) 14.9 144 3.47
Case (iv) 15.8 15.3 3.27

Errors for cases are presented in Table 4. The results
indicate that the maximum deviation between simulation
and experimental data is below 4%, demonstrating good
agreement and validating the proposed simulation model.
The small discrepancies are mainly caused by practical
losses in the experimental system, including winding
resistance, switching losses of the IGBT, diode bridge
losses, friction losses of the flywheel system, and
measurement noise from the sensing devices.

i PWM = 0% Ve - v
Distance
DR @@

PWM = 25% Te

ii j‘“j_ ’““ ] @@
i | PWM=100% 3@;

Figure 11. Experiment and simulation results in four cases

Figure 11 illustrates the overview of the experiment
and simulation results of cases (i), (ii), (iii), and (iv).
Accordingly, in case (i), the motor has no braking torque,
so the stopping distance will be the longest, and the
energy recovery is nonexistent. The shortest stopping
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distance is in case (iv) when the braking torque is the
largest and the energy recovery is the highest compared
to the other cases.

3.5. Some limitations of the study

In this study, the accelerator pedal signal is used as the
main signal for the algorithm. For vehicles used for a long
time, the accelerator pedal will have a reduced lifespan,
the microcontroller receives a signal that is disturbed by
the accelerator pedal, leading to the operating modes in
the control circuit no longer being accurate. For example,
in the case of a light force on the accelerator pedal, the
electric motor will operate, but the wrong signal will
make the microcontroller misunderstand that the electric
motor is not yet operating or is decelerating, and the
PWM will be supplied. When the electric motor is
operating, the 3-phase wires of the motor take power from
the control IC, so the voltage at this time on the 3-phase
wires of the motor will be close to the voltage of the
battery source on the vehicle. Because the PWM is being
supplied, the IGBT will open the charging path to the
supercapacitor, and the vehicle will fall into a state of
running and charging. This is extremely harmful to the
electric motor and the supercapacitor. First, the
supercapacitor will be overcharged. Second, since the
supercapacitor is being charged, a braking force is also
created on the electric motor, which restrains the rotation
of the electric motor.

The PWM modes on the control circuit also need to be
manually selected by the driver, which can be inconvenient
when the driver always has to calculate and choose which
mode to use while moving, making the driver easily lose
concentration. However, this is also beneficial if the driver
wants to be more independent in recovering energy,
extending the vehicle's range, and ignoring the smoothness
when driving.

4. Conclusion

The paper presents the experimental construction and
Matlab/Simulink simulation of the regenerative braking
system on an electric vehicle using a BLDC motor
combined with supercapacitors. The relationship between
the braking torque of the BLDC motor and the recovered
regenerative energy, along with the selection of braking
mode, has been explained. Depending on the traffic
conditions and the remaining capacity of the vehicle's
battery, the driver can flexibly switch between modes to
balance the smoothness and recovered energy while
driving. To improve efficiency, the study proposes to
integrate the experimental controller on a real electric
vehicle to test the circuit's performance. The model can be
applied to the development of an effective regenerative
braking controller, suitable for small electric vehicles and
hybrid vehicles.
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