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Abstract— Batteries are commonly used as the power source of plug-in electric vehicles. Low efficiency in a battery is responsible for 
the low-mileage of electric vehicles. Improving battery efficiency can be done by harvesting the energy wasted during braking, which 
is commonly called as regenerative braking. The braking energy is to be used to recharge the battery. However, this braking method 
is not implementable in some conditions, including the conditions when the battery is full, when the vehicle speed is very slow, and 
when the desired braking currents exceed the converter capability. Therefore, mechanical braking is also still required. This paper 
proposes a simple but effective technique to deal with the problems found so far in the regenerative braking implementation. The 
fuzzy-logic theory is implemented to control the sharing proportion between the use of regenerative and electric brakings using one 
single brake-lever. To improve the current response of electric braking, the proportional-integral control method is used. Being 
compared to the widely used braking techniques, the method proposed and explored through simulation in this paper offers double 
advantages, which is increasing the battery efficiency as well as the driving comfort and practicality. The implementation of the 
method can extend the battery life because the energy regeneration is adapted to the state-of-charge and charging capability of the 
battery so that the battery can be maintained not to be overcharged. 

 
Keywords—brushless direct current motor; plug-in electric vehicle; regenerative braking system; six-step method; voltage-source 
inverter.  
 
 

I. INTRODUCTION 

The shortage of fuel oil, as well as its continuously rising 
price in the world-markets, draws more attention to the 
development of electric vehicles (EV) than that of internal 
combustion engine (ICE) vehicles. Some plausible 
considerations including their associated higher efficiency, 
low/free emission, no noise, and more comfort make electric 
vehicles a promising alternative in the future. 

The plug-in type of electric vehicles (PEV) uses a battery 
as its source of energy. However, it has been widely known 
that its main drawback lies in the limited capacity and 
efficiency of the battery, which limits the maximum mileage 
to achieve. Recent developments of EVs have been focusing 
on improving battery efficiency and capacity. 

In conventional electric vehicles, some mechanical 
braking systems are still provided to decelerate the vehicles. 
In such kind of braking method the kinetic energy of EVs is 
changed into heat and wasted through friction pads. An 
attempt to increase the battery efficiency can be done by 
restoring the wasted energy back into the battery during 
deceleration using regenerative braking, which is not 
possible to do in the ICEs [1]-[4]. 

The regenerative braking method has undergone many 
developments. Some of the latest methods include the 

addition of a DC-DC converter [5]-[8], the energy storage 
system using ultracapacitors [9]-[12], and the electronic 
gearshifts method [13]-[15]. However, some disadvantages 
are still found in those proposed methods, for example the 
increase in production cost because a lot of extra 
components and converters are required, the reduction in 
efficiency due to power losses in extra converters, and the 
need of special motor design and complex control algorithm 
in the electronic gearshifts. 

This paper proposes a design of regenerative braking 
system using bidirectional voltage-source inverter (VSI). 
Just by controlling the switching sequence of the VSI based 
on the signals given by some Hall sensors, the brushless 
direct-current (BLDC) motor widely used in electric vehicles 
application can be operated in motoring mode or in 
regenerative braking mode. However, there are some 
circumstances where the regenerative braking cannot be 
applied. These conditions include those when the battery is 
fully charged, when the vehicle speed is very slow, when the 
vehicle must maintain its position on the uphill/downhill 
roads, and when the desired braking currents have exceeded 
the capacity of the converter. Considering all these 
conditions, a mechanical braking is still needed. 

This paper proposes a simple but effective technique to 
deal with the problems found so far in the regenerative 
braking implementation. The fuzzy-logic theory [16] is 
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implemented to automatically control the proportion 
distribution of regenerative and electric brakings through 
one single brake-lever. To improve the current response of 
electric braking, the proportional-integral control method is 
used. 

Being compared to the previously proposed methods, the 
technique proposed in this paper offers some advantages 
such as increasing the battery efficiency, as well as the 
comfort and ease of operation [17]. It brings the possibility 
to operate on all variations of speed just by using a single 
brake-lever. It is also less costly due to the low need of extra 
components, resulting in lower production cost. Moreover, 
the battery life can also be extended because the energy 
regeneration process is adapted to the state-of-charge (SoC) 
of the battery, in order not to overcharge the battery. 

II. MATERIAL AND METHOD 

A. BLDC Motor 

A BLDC motor is actually a three-phase alternating–
current (AC) synchronous motor with permanent magnets on 
its rotor. The magnetic field generated by the stator and that 
generated by the rotor rotation have the same frequency. A 
self-controlled mode is applied in a BLDC motor due to the 
existence of rotor position sensors and inverter to control the 
stator winding current. The reading result of sensors is fed 
back to the controller to determine the timing of inverter 
switching.  

The rotor position is detected using field-effect sensor 
being placed on the stator. In general, three field-effect 
sensors are required to form six variations of rotor position, 
so that the related inverter is commonly known as six-step 
inverter. 

BLDC motors are suitable for EVs applications due to 
their good torque-speed characteristics, wide speed-control 
range, simple structure, high dynamic response, high 
efficiency and reliability, long operating lifetime (no 
wearing-out brushes), noiseless operation, and their high 
torque-to-size  ratio[18]. 

Torque in a BLDC motor can be expressed as, 

                         (1) 

and because , then 

                       (2) 

Eq. (2) indicates that the torque increase is proportional to 
the armature current increase, which means that the BLDC 
motor torque can be controlled through its armature current 
(3). 

               (3) 

B. Bidirectional Voltage-Source Inverter (VSI) 

The main equipment in this proposed study is a 
bidirectional voltage-source inverter. It works in both ways, 
delivering power from the battery to the motor during the 
acceleration mode, and reversely from the motor to the 
battery during the regenerative braking process. Fig. 1 shows 
the equivalent circuit of a BLDC motor which is driven 
using a VSI, whereas Table I presents the motor parameters 
considered in this paper.  

 
Fig.1. BLDC motor equivalent circuit being driven using VSI 

In Fig. 1, a battery is used as the main power supply. R 
and L are the resistance and inductance of the motor 
armature; ea, eb, and ec are the back-emfs; S1-S6 represent the 
turning-on switches of the inverter; whereas D1 to D6 are the 
freewheeling diodes. The dc-link capacitor between the 
battery and inverter is used as temporary energy storage [17]. 

TABLE I 
SPECIFICATION OF MOTOR UNDER CONSIDERATION 

Parameters Specification 
Brand name  QS Motor 

Nominal voltage 48 VDC 
Nominal power 2 kW 
Winding connection  Y 
Poles number 56 
Slots number 63 
Armature inductance (test) 1400 μH/phase 

Armature resistance (test) 0.05 Ω/phase 
Maximum linear speed 70 km/h 
Nominal speed 730 rpm 

 
The inverter operation of this BLDC motor is based on 

the six-step method. During 360 electrical degrees, there are 
six types of commutation condition. The six-step mode 
applies the "120° conduction mode", which means that in 
one commutation condition there are only 2 switches being 
active simultaneously. Because all the six commutation 
states have the same principle, the state I in Table II is the 
only to discuss for explanation. 

In functioning the motor under the acceleration mode, the 
odd-numbered switches (high-side) are to be operated under 
the pulse-width modulation (PWM) mode using the 
sequence as determined based on the Hall sensors 
combination shown in Table II, whereas the even-numbered 
switches (low-side) continue to turn-on, as seen in the table.  

As seen in Fig. 2, when the switches S1 and S6 are 
conducting the current Ion is flowing from node a to b to 
charge the inductor. At the time the S1 is off, the inductor 
discharges, and the current Ioff flows through S6 and D4 to 
form a closed circuit. The voltage eab is the back-emf of the 
motor, being induced by the rotor. The effective current in 
the motor windings can be controlled by adjusting the duty 
cycle of the odd-numbered switches group. 
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TABLE II 
TIMING OF COMMUTATION UNDER ACCELERATION MODE 

State 
Sensors 

combination 
(a,b,c) 

S1 S3 S5 S4 S6 S2 

I 101 1 0 0 0 1 0 
II 100 1 0 0 0 0 1 
III 110 0 1 0 0 0 1 

IV 010 0 1 0 1 0 0 
V 011 0 0 1 1 0 0 
VI 001 0 0 1 0 1 0 

 

 
Fig.2. Current flow under acceleration mode (state I) 

The regenerative-plugging mode takes the benefit of 
combining the regenerative braking and plugging to get the 
deceleration. Being compared to the regenerative mode, this 
braking mode provides the wider braking-current control-
range, as well as better efficiency [18]. The regenerative-
plugging mode is realized by operating the switches in PWM 
mode based on the sequence shown in Table III [18].  

 

TABLE III 
TIMING OF COMMUTATION UNDER REGENERATIVE-PLUGGING MODE 

State 
Sensors 

combination 
(a,b,c) 

S1 S3 S5 S4 S6 S2 

I 101 0 1 0 1 0 0 
II 100 0 0 1 1 0 0 
III 110 0 0 1 0 1 0 

IV 010 1 0 0 0 1 0 
V 011 1 0 0 0 0 1 
VI 001 0 1 0 0 0 1 

 
As can be seen in Fig. 3, when the switches S3 and S4 

conduct, the current Ion flows from the battery passing the 
motor windings from node b to a (being opposite to the 
direction of current in the acceleration mode). In this 
condition, Ion charges the inductor. When S3 and S4 are off, 
the inductor discharges to make the current Ioff flow to the 
battery through the freewheeling diode D1 and D6, as 
indicated in Fig. 3.  

The armature current is obtained using,  

      (4) 

and, 

    (5) 

so that furthermore, 

                    (6) 

    (7) 

      (8) 

As Vo=RbIb, by substituting (8) into (6), the expression (9) is 
obtained.  

    (9) 

 
Fig.3. Current flow under regenerative-plugging mode (state I) 

Furthermore, the armature current can be stated as, 

              (10) 

Finally, the relationship between the effective current Ia 
and Io can be obtained using √(3∕2) as the coefficient factor 

relating the effective DC current to AC current. 

      (11) 

The ratio between  and  can be expressed as 
follows, 

              (12) 

         (13) 

          (14) 

                   (15) 

The energy involved during the plugging process is given 
in (16), whereas the energy being returned to the battery 
during the regenerative process is given in (17). 

                        (16) 

                       (17) 

By considering, 
               (18) 

the ratio between the energy resulted from the regenerative 
process to that from the plugging process is given as follows: 

                      (19) 
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                     (20) 

C. Magnetic Brake 

An important device in this study is a magnetic brake. It is 
used as the main actuator of the braking action. Its working 
principle is similar to that of drum brakes on a car. The main 
difference lies in the use of hydraulic pressure on the drum 
brakes, while the magnetic brake is driven by 
electromagnetic force. A simple configuration of a magnetic 
brake is shown in Fig. 4. 

 
Fig.4. Configuration of a magnetic brake 

 
When a current flows in the magnetic brake, it produces 

an electromagnetic force which will push the brake shoes 
(primary and secondary shoes). The brake shoes create 
frictional forces to generate deceleration torque. The braking 
torque can be adjusted by controlling the current given to the 
magnetic brake. 

D. Battery  

In this study, a battery is used to store energy in the plug-
in electric vehicles. The battery considered in this paper was 
of Lithium type, with the capacity of 20 Ah, the voltage of 
12 V, and consisting of 4 batteries in serial connection. The 
maximum charging current was 15 A. The special 
characteristics of Lithium battery required that for SoC 
below 10%, the charging current should not exceed 2 A. The 
allowed maximum charging current was 15 A when the SoC 
was within the range of 10%-90%. For the SoC above 90%, 
the charging current could not exceed 1 A. This design has 
been adapted based on the characteristics of the battery 
considered in this paper, otherwise, the fuzzy rule and the 
associated membership function for the battery should also 
be different. 

E. Braking Method  

In order to determine the sharing proportions between the 
use of the electric braking and the mechanical braking in this 
regenerative-plugging method, the fuzzy-logic control (FLC) 
theory is considered [16]. It enables to adjust the speed, the 
state-of-charge SoC of the battery, and the required braking 
torque. By using the FLC, the overcharging of the battery 
and the operation outside its working area are to be avoided. 
The braking current on the motor armature is controlled 
using a proportional-integral (PI) controller, as it has been 
widely known to provide a fast response in real-time error 
correction [19].  The related actuator used is a magnetic 
brake. The overall system configuration is shown in Fig. 5.  

 
Fig.5. Block diagram of the control method 

It consists of a lever /brake pedal to provide the information 
about the desired braking torque. The microcontroller unit 
(MCU) serves to adjust the braking proportion based on the 
feedback signals (state-of-charge of the battery, the current, 
Hall sensors), and the input (braking torque command). The 
MCU output comprises two signals representing two types 
of duty cycle. The first duty-cycle signal (6 pins) is used to 
control the bidirectional VSI in order to conduct 
regenerative-braking process, while the second duty-cycle 
signal (1 pin) is used to control the magnetic brake. 

Fig. 5 also indicates the strategy to control the braking 
current and the torque sharing between the mechanical and 
electrical braking modes. There are three entries to the FLC: 
the braking torque Tbrake provided through the pedal, the 
state-of-charge (SoC) of the battery, and the vehicle speed. 
The three inputs are processed to result in the proportion 
value (p) of the electrical braking. This value is multiplied 
by the braking torque and the torque constant (Kt = 0.827) to 
produce the current set-point (Iset), as mathematically 
represented by (21). Iset represents the desired electric 
braking current to be present in the armature windings of the 
motor. The current of the electric braking system is 
controlled using PI controller with current feedback [19]. 
The current controller output will result in the electric torque 
value after being multiplied by the torque constant (Kt), so 
that the mechanical torque to be applied to the magnetic 
brake is obtained from the reduction of total braking torque 
with electric torque, as stated in (22). 

    (21) 

                 (22) 

Regenerative braking torque to be applied to the system 
depends on many factors so that a single closed-equation is 
not possible to use. To facilitate the consideration of the 
sharing proportions between the mechanical and the 
electrical braking torques, the use of the FLC is beneficial. 
The FLC rules of the considered braking system with three 
entries: the braking torque, SoC, and speed, are shown in 
Table IV [19]. 

The braking torque Tbrake is divided into two categories, 
Low and High. The membership function for the braking 
torque Tbrake is shown in Fig. 6. 

Considering the characteristics of the Lithium battery, the 
state-of-charge (SoC) is divided into three sets, namely Low, 
Middle, and High. When the battery SoC value is below 
10%, the internal resistance of the battery is high, 
consequently charging it with high current is not suitable and 
the proportion of the regenerative braking should be of little 
value. When the battery SoC value is in the range of 10%-
90%, a large current can be used to charge the battery, so 
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that the proportion of the regenerative braking can be 
increased. When the battery SOC is greater than 90%, the 
proportion of regenerative braking should be reduced to 
prevent the overcharging of the battery. The considered 
membership function is shown in Fig. 7. 

 
Fig.6. Membership function of the braking torque Tbrake 

TABLE IV 
FUZZY-LOGIC CONTROL RULES 

TB SoC n p  TB SoC n p 
L L L 0  H M M 5 
H L L 0  L H M 8 
L M L 0  H H M 2 

H M L 0  L L H 5 
L H L 0  H L H 1 
H H L 0  L M H 10 
L L M 10  H M H 4 
H L M 5  L H H 2 

L M M 10  H H H 0 

 
Fig.7. Membership function of the SoC 

Based on the preliminary simulations previously done, it 
was found that the regenerative braking was not effective to 
be applied at speed below 100 rpm so that a purely 
mechanical braking should be used. For the speed range of 
100-400 rpm, the maximum braking current to be achieved 
was 20 A, while for the speed above 400 rpm it could not 
exceed 15 A. Considering these conditions, the speed set is 
divided into three categories, namely: Low, Middle, and 
High. The related membership function is shown in Fig. 8. 

 
Fig.8. Membership function of the speed 

The FLC output is divided into 11 sets, i.e. 
portion={p0,p1,p2,p3,p4,p5,p6,p7,p8,p9,p10}=(0;0.1;0.2;0.3
;0.4;0.5;0.6;0.7;0.8;0.9;1). The FLC used in this system 
adopts the Mamdani method. The membership function of 
the FLC output is given in Fig. 9. 

 
Fig.9. Membership function of the torque proportion 

III.  RESULTS AND DISCUSSION 

The purpose of the simulation performed during the 
research was to ensure that the sharing proportion of the 
braking torques being controlled using the FLC would be 
applicable to the real systems. The simulation was done to 
determine the operating area of the VSI under the 
regenerative-plugging mode. Some rules were obtained as 
follow: 

1) For the speed below 100 rpm, the mechanical braking 
proportion is 100% to perform deceleration. It is 
because the regenerative power is smaller than the 
power losses of the system. 

2) For the speed range of 100-400 rpm, the allowed 
maximum braking current is 20 A. 

3) For the speed beyond 400 rpm, the allowed maximum 
braking current is 15 A. 

The results of simulation to obtain the sharing proportions 
among the torque during the regenerative braking modes, the 
braking current, and the charging current of the battery, are 
indicated in Table V. The related graphs are shown in Fig. 
10-12. 

 
Fig.10. The torque proportion MF as a function of Tbrake and SoC 

Fig. 10 displays a three-dimensional graph of the output 
variable (the regenerative braking torque proportion MF) as 
a function of the input variables (the state-of-charge SoC and 
the pedal braking torque Tbrake). It can be seen that when the 
SoC is in the Middle set, the proportion of the regenerative 
braking will increase with the decrease of Tbrake. It is 
intended to maintain the converter within its optimum 
operating area. It also aims to avoid the battery overcharging. 
For the SoC values below 10% and above 90%, the 
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proportion of regenerative braking will also decrease being 
adapted to the battery characteristics. 

 

 
Fig.11. The torque proportion as a function of Tbrake and speed 

Fig. 11 displays a three-dimensional representation of the 
output variable (the regenerative braking torque proportion 
MF) as a function of the pedal braking torque Tbrake and the 
speed, as the input variables. For the increasing speed, the 
proportion of the electric braking will decrease in 
accordance with the braking-current generated by the 
converter. For the speed below 100 rpm the sharing of the 
electric braking is 0%. 

 

 
Fig.12 The torque proportion as a function of SoC and speed 

Fig. 12 illustrates a three-dimensional representation of 
the output variable (the regenerative braking torque 
proportion MF) as a function of the state-of-charge SoC of 
the battery and the vehicle speed, as the input variables. It 
indicates that while being in the state of Middle SoC, the 
sharing proportion of the regenerative braking has a high 
value in order to maximize the battery charging for the 
vehicle speed above 100 rpm. 

The results of laboratory testings done also indicate that 
the converter could be functioning in its working region and 
that the battery charging process was in accordance with its 
characteristics. 

IV.  CONCLUSION 

Some conclusions are drawn based on the analysis of the 
system being considered in this paper.  

The results of simulation show that the proposed method 
was able to maintain the battery charging characteristics as it 
should be. When the state-of-charge SoC of the battery was 
less than 10%, the charging current could not be more than 2 

A, when the SoC was in the range between 10% and 90%, 
the charging current could not exceed 15 A, whereas when 
the SoC was higher than 90%, the charging current could not 
be more than 1 A.  

The results of experiment indicated that for the speeds 
below 100 rpm, the electric braking was not favorable 
anymore because the regenerative power was smaller than 
the power system losses. Consequently, the proportion of the 
electric braking should be zero for the speed less than 100 
rpm.  The simulation results showed that the proportion of 
the electric braking for the speeds below 100 rpm was 0.05. 
It was also shown that within the speed range of 100-400 
rpm the achieved maximum braking current was not more 
than 20 A, while beyond the speed of 400 rpm it was not 
more than 15 A. It means that the desired sharing 
proportions between the braking modes were achieved. 

TABLE V 
RESULTS OF EXPERIMENT ON TORQUES DISTRIBUTION USING FUZZY-

LOGIC CONTROL 

TB SoC 
(%) 

N 
(rpm) p Te Tm Ia Io 

5.0 10 100 0.05 0.23 4.77 0.28 0.03 
5.0 10 101 0.95 4.77 0.24 5.76 0.61 
5.0 10 400 0.50 2.50 2.50 3.02 1.26 
5.0 50 100 0.05 0.23 4.77 0.28 0.03 
5.0 50 101 0.95 4.77 0.24 5.76 0.61 
5.0 50 400 0.95 4.77 0.24 5.76 2.40 
5.0 90 100 0.05 0.23 4.77 0.28 0.03 
5.0 90 101 0.80 4.00 1.00 4.84 0.51 
5.0 90 400 0.20 1.00 4.00 1.21 0.50 
12.5 10 100 0.05 0.58 11.92 0.71 0.07 
12.5 10 101 0.65 8,15 4.35 9.85 1.04 
12.5 10 400 0.31 3.88 8.63 4.69 1.95 
12.5 50 100 0.05 0.58 11.92 0.71 0.07 
12.5 50 101 0.65 8.15 4.35 9.85 1.04 
12.5 50 400 0.59 7.34 5.16 8.87 3.70 
12.5 90 100 0.05 0.58 11.92 0.71 0.07 
12.5 90 101 0.50 6.25 6.25 7.56 0.80 
12.5 90 400 0.16 1.95 10.55 2.36 0.98 

28.0 10 100 0.05 1.31 26.69 1.58 0.16 
28.0 10 101 0.50 14.00 14.00 16.93 1.78 
28.0 10 400 0.11 2.97 25.03 3.59 1.50 
28.0 50 100 0.05 1.31 26.69 1.58 0.16 
28.0 50 101 0.50 14.00 14.00 16.93 1.78 
28.0 50 400 0.40 11.20 16.80 13.54 5.64 
28.0 90 100 0.05 1.31 26.69 1.58 0.16 
28.0 90 101 0.20 5.60 22.40 6.77 0.71 
28.0 90 400 0.05 1.31 26.69 1.58 0.66 
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