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Abstract

Most electric vehicle designs use regenerative braking to convert energy losses during braking
back into the battery. there have been studies with several approaches. Some research is on
the evaluation and functionality test of the regenerative braking system, but the system remains
to be improved and modified. The author proposes a braking mechanism that uses variable
ADC (analog to digital converter) to control the intensity of braking. The braking system is
used to slow down the speed of the vehicle or even stop a vehicle from running. The author
proposes to combine mechanical braking and regenerative braking to optimize the braking system
because if only a regenerative brake is used, the vehicle is not properly stopped. The regenerative
brake system is used to convert the kinetic energy from the vehicle to the battery through a
BLDC hub that is controlled by the converter. This converter can manage the intensity of the
braking during deceleration. An integrated braking system for electric vehicles is proposed using
the Field-Oriented Control (FOC) method to achieve optimization between braking performance
and mechanical endurance. Unlike the conventional FOC algorithm , the braking system in
this research inverses the direction of the magnetic field force of the BLDC stator coil from
driving to braking. FOC braking provides better control during braking of electric vehicles and
energy savings. The energy recovered from braking was 11.7% of the energy consumed during
acceleration. The experiment was conducted on a road with real-time data recording to measure
the energy recovered from the braking process, using a modified 250-watt BLDC motor. it can be
concluded that the energy recovered from the braking was 11.7% of the energy consumed during
acceleration.
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1 Introduction

Most electric vehicle designs incorporate regenerative braking, which converts energy losses during braking
back into the battery. Several studies have explored various approaches to this technology [1] [2]. Some
research focuses on the evaluation and functional testing of regenerative brake systems [3], although there
is still room for improvement and modification. The author proposes a braking mechanism that utilizes a
variable Analog-to-Digital Converter (ADC) to control the braking intensity. This system is intended to slow
down or stop a moving vehicle. Furthermore, the author suggests combining mechanical and regenerative
braking to optimize overall performance, as relying solely on regenerative braking may not effectively bring
the vehicle to a complete stop.

The regenerative braking system is an electric braking mechanism that decelerates the vehicle while recov-
ering kinetic energy during braking. Unlike conventional braking systems, where energy is dissipated as heat,
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regenerative braking converts this energy into electrical energy, which can be used to recharge the vehicle’s
battery, thereby extending its driving range. The key factors influencing the performance of regenerative
braking include the rotational speed of the motion source, the input power to the generator, and the output
power generated. These factors significantly impact the overall efficiency of the system. The block diagram
of the regenerative braking system is shown in Figure 1. A regenerative braking system converts the kinetic
energy of the vehicle into electrical energy, which is transferred to the battery through a BLDC hub motor
controlled by a converter. This converter regulates the braking intensity during deceleration. The system’s
block diagram is illustrated in Figure 1.

Figure 1: Block diagram of the braking system on a hub-type BLDC machine

In conventional braking systems, braking occurs when the brake lever is pulled or the pedal is pressed,
causing the brake pads to attach to the wheel rotors. This process converts mechanical energy into heat energy,
leading to inefficiencies. When applied to electric motorcycles, such braking systems become less effective.
Therefore, regenerative braking systems are used in electric motorcycles to improve efficiency by recovering
and storing energy during braking.

This study proposes an integrated braking system for electric vehicles using the Field-Oriented Control
(FOC) method to optimize both braking performance and mechanical durability. Unlike conventional FOC
algorithms [4] [5], the braking system in this research reverses the magnetic field force in the BLDC stator
coil from driving to braking mode [6] [7] [8]. This braking mechanism, commonly used in heavy-duty systems,
allows the vehicle to rapidly decelerate when inertia is high. In practice, the action of the brake causes the
electric motor to generate torque in the opposite direction. When the BLDC motor receives a braking signal,
the reverse rotor torque is produced by altering the current direction through the MOSFETs. This study
provides a theoretical explanation of the regenerative braking system, supported by experimental validation.

2 BLDC HUB Model

The HUB-type BLDC motor is an out-runner BLDC, where the rotor consists of a permanent magnet and
the stator is positioned at the center as a coil. This type of BLDC motor is commonly used in electric vehicles,
particularly electric bikes, because of its ease of installation and the reduction in mechanical components that
require maintenance or replacement. As a direct-drive motor, the HUB-type BLDC transfers power directly
to the wheel without intermediate components. The cross-sectional view of the BLDC Hub is depicted in
Figure 2. A BLDC motor can be described as three coils of wire arranged in a Y-configuration, each winding
possessing its own resistance and inductance. In a BLDC motor, the inductance and resistance values are
identical for each winding. The equivalent circuit model of the BLDC Hub motor is shown in Figure 3. Based
on Figure 3, a BLDC hub machine can be identified using Kirchoff’s law equation as follows:
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where vu, vv, vw are the three-phase voltages of the BLDC motor, iu, iv, iw are the three-phase currents, Rs

is the internal resistance of the BLDC motor, I3 is the 3 × 3, Ls is the self-inductance, M is the mutual
inductance and eu, ev, ew are the back electromotive forces.
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Figure 2: The structure of the Hub type BLDC. (a) Stator and Rotor view (b) Photo view of BLDC
hub

Figure 3: Equivalent circuit of BLDC Hub.

3 Control Strategy

3.1 System Architecture

Field-Oriented Control (FOC) is a type of vector control method used to regulate torque and flux in the
d and q coordinates of a BLDC motor. This control technique involves determining the angular difference
between the magnetic field of the rotor and the magnetic field of the stator. If the angle between these
two fields deviates from 90 degrees, a phase offset occurs between the back-EMF and the current, leading to
reduced efficiency. To address this issue, the FOC controller adjusts the control logic to maintain a 90-degree
angle between the fields, ensuring that the torque generated by the BLDC motor is maximized [9], [10], [11],
[12]. The main advantages of the FOC controller include reducing motor vibrations caused by PWM switching
and improving motor efficiency by optimizing power consumption [10]. If the angle of the magnetic field of the
rotor can be detected accurately, it becomes possible to generate a rotating magnetic field that maintains a 90o

separation from the magnetic field of the rotor. This 90o angle ensures that torque production is maximized.
Field-Oriented Control (FOC) achieves this by operating the motor at full torque while continuously

monitoring the angular position of the rotor [13], [14]. The system then adjusts the three-phase voltage to
ensure that the back EMF on the armature remains 90 degrees apart from the rotor flux [15] [16]. This method
is straightforward: by measuring the angular position of the rotor and adding 90o, the three-phase voltage
can be calculated to maintain the required 90o phase difference [17].

P = S + I +Rvu = Vm sin θ (2)

vv = Vm sin (θ − 120◦) (3)

vw = Vm sin (θ − 240◦) (4)
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The Field-Oriented Control (FOC) algorithm generates a three-phase voltage vector to regulate the three-
phase stator current. By transforming physical currents into a rotating reference frame, the components of
torque and flux become invariant in time [18], [19]. This transformation allows for the use of conventional
control techniques, such as Proportional-Integral (PI) controllers, similar to those used in DC motors.

In a brushed DC motor, the stator flux and the rotor flux are maintained at a 90-degree angle to each other,
resulting in maximum torque production. The Field-Oriented Control (FOC) technique similarly converts the
motor current into a two-axis vector, analogous to the approach used with DC motors [20], [21]. The process
begins by measuring the three-phase motor currents, as given in Fugre 4. However, in practice, measuring
only two of the three currents is sufficient to determine the third current, which reduces hardware costs by
requiring only two current sensors [22].

Figure 4: The coordinate system of FOC. (a) 3-axis stator reference, (b) 2-axis stator reference, and
(c) 2-axis rotating reference.

The Field-Oriented Control (FOC) algorithm is illustrated in a block diagram that includes coordinate
transformation, PI control iteration, back transformation, and PWM generation. This diagram outlines the
functions necessary to implement the FOC control. The error signals from the id and iq components, along with
reference values for id, are used to manage the magnetization flux of the rotor. To achieve maximum torque,
the flux vector must remain aligned with the magnetic poles of the rotor, which is ensured by maintaining
a zero flux reference. Here, id and iq represent the flux and torque components, respectively. The reference
value for iq controls the torque output of the motor [23]. The PI controller outputs Vd and Vq, which are the
voltage vectors applied to the BLDC motor. The new angle of coordinate transformation is computed based
on the motor speed, the time constant of the rotor voltage, and the values id and iq [24]. The proposed FOC
algorithm is illustrated in Figure 5.

Figure 5: The proposed algorithm

Field-Oriented Control (FOC) operates by using the updated angle to determine the next voltage vector
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required to generate the necessary torque to maintain the rotor motion. The output values Vd and Vq of
the PI controller are converted back to the stationary reference frame using this new angle, resulting in the
quadrature voltage components vα and vβ . These values vα and vβ are then transformed into three-phase
voltages Va, Vb and Vc. The three-phase voltage values are used to compute the PWM cycle, which generates
the desired voltage vector. The transformation angle θ and the motor speed are obtained from the hall sensor
mounted on the motor shaft.

3.2 Power Driver Design

The inverter topology is illustrated in Figure 6. In this diagram, VBatt represents the voltage source with an
associated capacitor C. The topology includes six MOSFETs with body diodes. For a clearer understanding
of how Space Vector Pulse Width Modulation (SVPWM) operates, the two-bridge MOSFET configuration
can be simplified to show only the switches that indicate whether the top or bottom MOSFET is closed. This
simplification is valid because, in each leg of the bridge, only one MOSFET is closed at a time, and each
leg must be closed to allow the three-phase current to flow. A simplified diagram is shown in Figure 6. The
SVPWM method utilizes six basic voltage vectors that correspond to different voltage states applied to the
motor terminals. The eight SVPWM states transition as follows [25] [26]: V0 (000) → V1 (001) → V2 (011)
→ V3 (010) → V4 (110) → V5 (100) → V6 (101) → V7 (111). These states represent combinations of voltage
variations of 0, −Vs, and Vs applied to the voltages Vuv, Vvw, and Vwu.

Figure 6: Power Topology on the BLDC controller

To determine the rotor reference position in the d–q coordinate system, the method described by [12] can
be used. This method involves calculating the position of the rotor using the techniques outlined in their
study.

dId
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so that
φd = LdId + φf , φq = LqIq (7)

where Lq and Ld are inductances on the d-axis and the q-axis, While Id and Iq are stator currents, P is the
number of poles, φf is mutual flux produce magnet, Rs is the stator resistance, Vd and Vq is the voltage d and
q-axis, while Ls is self-inductance. The electromagnetic torque is written by the equation:

Te =
3

2
P [(Ld − Lq)IdIq + Iqφf ] (8)

in this equation if Id = 0, then the flux φd on the d-axis is constant. since φf is constant, the electromagnetic
torque Tm is determined by the equation:

Tm =
3

2
PφfId (9)

The current vector is generated on the FOC-axis, and the rotor flux is generated only on the q-axis. This
setup achieves maximum torque because the torque produced by the motor is directly proportional to the
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current on the q-axis, while the flux of the d-axis rotor remains constant. With this feature, electromagnetic
torque is used not only for driving the motor but also for implementing brake functions to minimize torque
ripple during commutation. The above parameters can be implemented into the system through automatic
settings in the VESC software interface, as shown in Figure 7.

Figure 7: FOC Setting for BLDC Setup

3.3 Braking Control Mechanism

Plug braking, also known as counter-current braking, is an effective electric braking method for BLDC
motors. This technique involves altering the phase sequence of the input current to dissipate braking energy
within the motor itself. Unlike rheostatic and regenerative braking, plug braking requires an external energy
source to supply the braking force. However, it provides a sufficiently strong braking force to be used in
emergency situations, unlike the other two methods.

The principle of plug braking involves reversing the direction of the magnetic field by altering the phase
sequence of the three-phase current. This method is applied to the BLDC model, which is utilized for high-
performance control and is detailed in Section 2. The BLDC model is analyzed in various reference frames,
including the framework d–q for control purposes.

The eight switching states of SVPWM are transferred to the motor driver design to switch from V7 (111)
→ V6 (101) → V5 (100) → V4 (110) → V3 (010) → V2 (011) → V1 (001) → V0 (000) with voltage combinations
0, −V s and Vs assigned to Vuv, Vvw and Vwu. It is possible to control the rotation of the motor by setting
the frame of reference to a certain quantity of the motor.

Traditional regenerative brakes can easily be realized here for the purpose of recharging the battery. This
can be accomplished by disconnecting the drive unit and inverter and directing the back-EMF through the
inverter to the battery as shown in Figure 4, but with the SVPWM switching state reversed. Note that
because the IGBT does not have a body diode, diodes must be added to the collector and emitter to correct
the sinusoidal stator waveform.

Furthermore, following the previous design [10], the function of the electromagnetic brake system is also
built in to keep the vehicle’s slip ratio within the ideal range of the safety brake, namely ABS, by adjusting
the duty cycle of the driving current flow.

The braking process uses the electromotive force generated by the BLDC due to the inertial force on
the vehicle without a controller which will impact the driver because the vehicle stops suddenly and causes
discomfort. Based on these facts, the author added the braking mechanism using the variable duty cycle in
Pulse-width modulation (PWM).
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4 Implementation

To verify the performance of the regenerative braking system, hardware implementation is required in the
form of an electric bicycle unit using a BLDC motor. As shown in Figure 8, the frame is specially designed to
support the regenerative braking system. This frame was selected based on the criteria for rigid materials to
ensure that safety and riding comfort are maintained.

Figure 8: The Experimental Setup

Figure 9: The integrated driving/braking converter uses Flipsky 75/100

The converter circuit is shown in Figure 9. This converter can be used as a driver to drive the BLDC
hub and can also be used as a battery charger when braking. In this study the battery system used is 72
Volt or 20S lithium. To improve optimization in this converter, the use of a MOSFET with a high current
rating and low Rds is used as an option, in addition to dead-time being also added to prevent cross-conduction
when driving or braking.To validate this regenerative braking system, direct road testing is required. Figure
10 shows the route used for this testing.
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Figure 10: Road Testing Route Map

5 Result and Discussion

Figure 11 illustrates the regenerative current observed during testing. The drive region represents the
current during acceleration, while the regenerative region displays the reverse current during braking. The
presence of a negative current in the regenerative region confirms that a reverse current is generated during
deceleration. This reverse current is stored back in the battery, allowing the electric vehicle to achieve a longer
range compared to a system without regenerative braking.

Figure 11: Data results driving/braking

Figure 12 displays the energy generated during braking, expressed in ampere-hours (Ah). For a detailed
breakdown of the exact amount of energy generated from the braking process, refer to Table 1.
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Figure 12: Speed, Duty Cycle, and Ah Graphs During Testing

Table 1. Comparison of Initial Condition versus Final COndition of Braking Test

In this study, data collection was performed by recording data in real-time as the electric vehicle was
driven on the road. From the tests, it was found that the total energy recovered during braking was 3.5 Wh,
while the energy required to drive was 30.1 Wh. Based on this, it can be concluded that the energy recovered
from the brake was 11.7% of the energy consumed during acceleration.

6 Conclusion

Most electric vehicles currently employ conventional braking systems, such as brake pads that attach to
the wheel disks. However, this traditional method is not ideal for electric vehicles due to its inefficiency.
Instead, regenerative braking systems are commonly used, which convert the energy lost during braking into
electrical energy to recharge the battery. In this study, we integrated a regenerative braking system with
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other electric braking systems, using a new variable obtained by pulling the brake lever. The aim was to
improve both both safety and comfort of the driver of an electric motorcycle. We implemented a regenerative
brake system that utilizes the Field-Oriented Control (FOC) algorithm. The FOC system offers benefits such
as minimal ripple, low noise, and high efficiency compared to other methods. Additionally, the reverse-FOC
braking scheme provides a satisfactory response at both high and low speeds. These advantages contribute
to improved control during electric vehicle operation and greater energy savings. The energy recovered from
braking was 11.7% of the energy consumed during acceleration. The experiment was conducted on a road with
real-time data logging to measure the energy recovered from the braking process, using a modified 250-watt
BLDC motor.
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