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A new electric braking system is proposed for a brushless DC (BLDC) motor driven electric vehicle (EV) in
this paper based on stopping time and energy regeneration. This new braking system is developed by
combining various regenerative methods and plugging. Other than the existing performance measures
such as boost ratio, braking torque, and maximum conversion ratio; stopping time and energy recovery
for various methods are studied for different running conditions. It is observed that the stopping time is
less for plugging and increases in the order of two, three and single switch method. In addition, energy
recovery is better for single and three switch method. Based on these performances, a new braking strat-
egy is proposed which combine all the regenerative braking methods including plugging and switch
among themselves based on the brake pedal depression. The effectiveness of the proposed method is
shown using both simulation and experiment results.
� 2018 Karabuk University. Publishing services by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Electric vehicle (EV) is one of the alternatives to internal com-
bustion engine powered vehicle due to pollution concern, cost
and availability of the oil. These vehicles are propelled by electric
motors of either AC or DC. DC motors are mainly used for propul-
sion since batteries are used as the main power source. In recent
days, due to the advancement in power electronic converters,
motors such as brushless DC (BLDC) motors, permanent magnet
synchronous motors (PMSM) and switched reluctance motors are
used [1,2]. Among these, BLDC motors are often used due to high
efficiency, high power density, large starting torque, noiseless
operation, low weight and smaller in size [3]. Recent vehicles are
powered by hub type BLDC motors, motors in-build in the wheel,
to avoid complex power train mechanism [4].

Range (driving range) of the EV, the distance traveled by the
vehicle per charge, is an important parameter. Improving the range
is the main objective for most of the EV manufacturer. The range
can be improved by increasing the efficiency of the overall compo-
nents including the motor, power converter, and battery. Regener-
ative braking is one of the methods to increase the range by
charging the battery from the energy available during braking.
During regenerative braking, the vehicle inertia together with
power electronic converters makes the motor to act as the
generator to send the energy back to the battery [5,6]. Studies
are ensuring that the driving range can be improved by 8–25%
using regenerative braking [7].

Regenerative braking is achieved through various methods in
EVs. In [8–11], regenerative braking is achieved using additional
DC-DC converter which boosts the back electromotive force
(back-EMF) to the appropriate level to charge the battery. This
method requires extra converter which increases the cost and
weight of the system. In [12–15], regenerative braking is achieved
using ultracapacitor connected either in series or parallel with bat-
teries. The ultracapacitor stores the regenerative energy surge and
sends it back to the battery with the help of additional converters.
This method also increases the cost and weight of the overall
system.

Regenerative braking is achieved using electronic gear shift
technology [16,17] in which the electronic gear forms different
serial and parallel connections of batteries, motor winding, and
ultracapacitor based on vehicle speed to recover regenerative
energy. This method requires specially designed motors with mul-
tiple windings, various battery connections, and multiple switches.
Moreover, a complex switching topology has to be developed for
implementation.

To overcome the disadvantages of various regenerative scheme
discussed [8–17], an alternative method is proposed using the sin-
gle stage converter which drives the BLDC motor. The single stage
converter is able to perform regenerative braking by applying
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switching pulses in a proper sequence without any additional
power converter. In this single stage converter, different types of
braking methods based on different switching topology namely
single switch, two switch and three switch are studied [18,19].
Based on the study, it is concluded that single switch and three
switch are capable of producing required braking torque and better
energy recovery in mid to high-speed range. Moreover, two switch
is recommended for low speed or emergency braking case since it
produces high braking torque. Regenerative braking using the sin-
gle switch and two switch are also studied in [15,20–22]. Recently
a fully electrical regenerative braking is proposed for very fast and
precise braking torque control [23]. However, use of regenerative
braking alone is not effective at low speeds and for emergency case
[24,25].

In order to ensure effective braking at all speeds, this paper pro-
poses a new electrical braking system for a BLDC driven EV based
on various electric braking methods such as single, two, three
switching topologies and plugging. The performance indices such
as boost ratio, braking torque, and maximum voltage conversion
ratio are studied for each braking method. In addition, stopping
time and energy recovery are studied through simulation and
experiment for different running conditions. Based on stopping
time and energy recovery, a new braking strategy is developed to
combine different regenerative method and plugging using brake
pedal depression.

The paper is organized as follows. Section 2 describes the con-
ventional electric braking methods and stopping time. In Section 3,
the performance of the braking methods is studied by simulation
and experimentation. Section 4 explains the implementation of a
proposed braking system based on brake pedal depression and fol-
lowed by the conclusion in Section 5.

2. Conventional electric braking methods and stopping time

2.1. Single stage electric braking methods

In single stage electric braking method, the braking and energy
regeneration are achieved by the use of single stage bidirectional
DC/AC converter which is used to drive the BLDC motor. The BLDC
motor driven by a single stage bidirectional converter is shown in
Fig. 1. R and L are the phase resistance and phase inductance
respectively. Ea; Eb; Ec and Ia; Ib; Ic are back-EMF and armature
currents respectively. S1 to S6 are switches and D1 to D6 are the
Fig. 1. Equivalent circu
freewheeling diodes and C is the DC link capacitor. A dedicated
controller is used to switch the inverter in a particular fashion
based on the rotor position received from hall sensors Ha; Hb and
Hc . The switching sequences and the switches incorporated in
achieving various braking methods such as single switch, two
switch, three switch, and plugging are shown in Fig. 2. The
performance parameters are given in Table 1.

In single switch braking method, only one switch out of
switches S2, S4, S6 is operated in pulse width modulation (PWM)
switching mode at each commutation state [15,20]. In two switch
method, two switches out of switches S1-S6 are operated in PWM
switching mode at each commutation state [21,22]. In three switch
method, three switches S2, S4, S6 are operated in PWM switching
mode at the same time in each commutation state [18,19]. The
switching sequence of plugging is similar to that of two switch
method, where a continuous signal is applied instead of PWM
pulses [26]. The performance indices of these braking methods
such as boost ratio, braking torque and maximum voltage conver-
sion ratio [18,19] are presented in Table 2.

2.2. Stopping time calculation

In addition to the performance indices [18,19], the stopping
time of each braking method is obtained in this paper.

The motor dynamics can be expressed as

J
dx
dt

þ Bxþ Tl ¼ Te ð1Þ

On neglecting the friction coefficient and load torque, Eq. (1) can be
simplified as

J
dx
dt

¼ Te ð2Þ

While braking, the motor torque Te becomes negative and is written
as Te ¼ �Ktia. Therefore

J
dx
dt

¼ �Ktia ð3Þ

The equation of braking current for the single switch method at
steady state is [27],

ia ¼ Dð2Vemf Þ
Rb þ 2R

ð4Þ
it of BLDC motor.



Fig. 2. Switching sequence of conventional electric braking methods.

Table 1
List of symbols.

Symbol Description

Vbatt Battery voltage
2Vemf Line back-EMF
R Armature resistance per phase
Rb Equivalent load resistance of battery comprising of internal

resistance and the resistance due to chemical reaction
K Ratio of R to Rb

D Duty cycle
D0 1� D
ia Armature current
Tmax Maximum voltage conversion ratio
J Moment of inertia
B Friction coefficient
x Angular velocity
Tl Load torque
Te Motor torque
Kt Motor torque constant

Table 2
Performance indices of conventional electric braking methods.

Single
switch

Two switch Three
switch

Plugging

Boost ratio 2
D0 þ 2K

D0

2
ð2D0 � 1Þ þ 2K

ð2D0�1Þ

2
D0 þ ð74ÞðKD0 Þ

–

Braking
torque

Ktð2Vemf Þ
D02Rb þ 2R

Ktð2Vemf Þ
ð2D0 � 1Þ2Rb þ 2R

Ktð2Vemf Þ
D02Rb þ ð74ÞR

Ktð2Vemf Þ
Rb þ 2R

TmaxðD0Þ 1
ffiffiffiffiffi

2K
p � 1

ffiffiffiffiffi

2K
p 1

ffiffiffiffi

7
4K

p –

Deceleration �KtDð2Vemf Þ
JðRb þ 2RÞ �Ktð2Vemf þ DVbattÞ

JðRb þ 2RÞ �KtDð2Vemf Þ
JðRb þ 7

4RÞ
�Ktð2Vemf þ VbattÞ

JðRb þ 2RÞ

Fig. 3. Block diagram for performance evaluation of various electric braking
methods.

Table 4
Specification of BLDC motor.

Parameters Value

Number of phases 3
Stator phase resistance (ohm) 0.17
Stator phase inductance (H) 256e�6

Flux linkage established by magnets (V.s) 0.023354
Voltage Constant (Vpeak L-L/krpm) 112.5
Torque constant (N.m/Apeak) 1.0743

Inertia J(kg.m2) 0.1344
Viscous damping F(N.m.s) 0.084
Pole pairs 23
Static friction Tf(N.m) 0

Table 3
Deceleration values of braking methods.

Braking Method Deceleration ðrad=sec2Þ
Single �38.43
Three �39.14
Two �158.84
Plugging �240.82
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By substituting (4) in (3) and rearranging, the deceleration of single
switch is

dx
dt

¼ �KtDð2Vemf Þ
JðRb þ 2RÞ ð5Þ

Similarly the expression for two switch, three switch and plugging
are derived and are tabulated in the Table 2. To highlight the dis-
tinction of deceleration among the braking methods, the amount
of deceleration is calculated for motor running at a specific speed,
fixed battery voltage and at a particular duty cycle. The motor
parameters are as in Table 4, Rb ¼ 2X; 2Vemf ¼ 22:5 V (corresponds
to 200 rpm), Vbatt ¼ 48 V and D ¼ 0:5. The deceleration for single
switch is
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dx
dt

¼ � 1:0743� 0:5� 22:5
0:1344� ð2þ 2� 0:17Þ ¼ �38:43

rad
sec2

ð6Þ

Similarly, calculations are carried out for two switch, three switch
and plugging and are presented in Table 3. It is noted that the decel-
eration of single switch is less and increases in the order of three,
two and plugging. So the stopping time of the single switch is high
and decreases in the order of three, two and plugging.
3. Performance evaluation

The performance of various braking methods is carried out
using both simulation and experiments. Stopping time and average
energy recovery are studied from the simulation results for various
speed and state of charge (SOC) of the battery. The block diagram
of the performance evaluation study is depicted in Fig. 3. The sim-
ulation model constitutes a battery, three phase inverter, BLDC
motor and a control module. The control module is programmed
with various braking methods such as plugging, single switch,
two switch and three switch. The acceleration and brake com-
mands are given to the control module that drives the motor for
various driving conditions. When acceleration command is applied,
the brake command is made inactive and vice versa. The parameter
used for simulation is given in Table 4.
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Fig. 4. Simulation results for stopping time versus duty cycle for various SOC and speed. (
= 400 rpm. (d) SOC = 50%, speed = 200 rpm.
3.1. Simulation results

For the performance evaluation, first the BLDC motor is sub-
jected to run at a constant speed to apply brake signal. Each brak-
ing methods are studied for various duty cycle while maintaining
battery SOC constant.

3.1.1. Stopping time
Fig. 4 shows the comparison of stopping time among the brak-

ing methods at various speed and SOC level. For a particular motor
speed and SOC level as shown in Fig. 4(a), the stopping time is less
for plugging and increasing from two, three and single switch
respectively. With the duty cycle increase, the stopping time of
all the braking methods again decreases with a higher rate. The
stopping time for plugging is constant since the duty cycle is con-
stant. In Fig. 4(a) and (b), the stopping time is compared with a SOC
level of 80% for the speed of 400 rpm and 200 rpm. In general, the
stopping time of a motor depends upon the speed at which it is
running. In Fig. 4a and (b), the stopping time of motor running at
200 rpm take less time to stop compared to the motor running at
the speed at 400 rpm for all the methods and the same pattern is
followed. Similarly in Fig. 4(c) and (d), the stopping time is com-
pared with a SOC level of 50% for the speed of 400 rpm and 200
rpm and the same scenario can be observed.
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a) SOC = 80%, speed = 400 rpm. (b) SOC = 80%, speed = 200 rpm. (c) SOC = 50%, speed
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Fig. 5. Simulation results for average energy recovered versus duty cycle for various SOC and speed. (a) SOC = 80%, speed = 400 rpm. (b) SOC = 80%, speed = 200 rpm. (c) SOC
= 50%, speed = 400 rpm. (d) SOC = 50%, speed = 200 rpm.

Fig. 6. Experimental setup.
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3.1.2. Average energy recovered
The average energy recovered during the braking period is

compared for various speed and SOC level in Fig. 5. The average
energy is the area under the power versus time curve over the
braking period. During a particular speed with a SOC level as
shown in Fig. 5(a), the energy recovered by three switch is higher
among all the braking methods. The energy recovered in the single
switch is lesser than the three switch. As the duty cycle increases,
the average energy recovered first increase to a peak value and
then decreases and finally reaches zero when duty cycle attains
one. In plugging, the energy is consumed rather than recovery dur-
ing braking and it is positive. In two switch, as seen in Fig. 5(a), the
average energy is negative during the duty cycle ranging from 0 to
0.5 and positive during 0.5 to 1. This is because that, during the
duty cycle from 0 to 0.5, the amount of energy recovered is more
compared to the amount of energy consumed from the battery
Table 5
Stopping time and average current for various duty cycle.

Duty cycle Stop time (s)

Single Three Two Plugging

0.2 2.2 2.15 1.09 0.23
0.4 1.49 1.39 0.5 0.23
0.6 1.01 0.99 0.26 0.23
0.8 0.75 0.7 0.24 0.23

Fig. 7. Experiment results of performance evaluation for single switch and three switch
duty cycle. (c) three switch-0.4 duty cycle. (d) three switch-0.8 duty cycle.
over the braking period. Also when the duty cycle ranges from
0.5 to 1, the amount of energy recovered is less compared to the
amount of energy consumed from the battery and it is positive.
So in two switch, effective regeneration occurs in the duty cycle
range from 0 to 0.5.

Now the average energy is compared to the motor running at a
speed of 400 rpm and 200 rpm with 80% SOC level as shown in
Fig. 5(a) and (b). From these figures, it is observed that the average
energy recovered and average energy consumed for the speed 200
rpm is less in all the methods compared to the speed of 400 rpm. It
can be clearly seen in Fig. 5(b) that the amount of energy con-
sumed during plugging is less compared to the motor running at
400 rpm in Fig. 5(a). Similarly, the same comparison is done for
the motor running at 400 rpm and 200 rpm with 50% SOC level
as shown in Fig. 5(c) and (d) and the same scenario can be
observed.
Average current (A.s)

Single Three Two Plugging

�0.112 �0.214 �0.189 0.942
�0.239 �0.247 �0.091 0.942
�0.286 �0.289 0.355 0.942
�0.234 �0.244 0.889 0.942

for a specific SOC and speed. (a) single switch-0.4 duty cycle. (b) single switch-0.8
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3.2. Experimental procedure

In order to study the performance of different braking methods
in real time, an experimental setup is built in the laboratory which
emulates an EV. The experimental setup consists of a 48 V, 26 Ah
battery, a three-phase inverter to drive the BLDC motor, digital
controller, BLDC hub motor and permanent magnet DC (PMDC)
motor for loading purpose. The specification of the BLDC motor is
same as used for simulation, which is given in Table 4.

The digital controller dspic30f4011 is used as a PWM generator
for the three-phase inverter to drive the BLDC motor. A PMDC
motor is connected to the BLDC motor through a belt which acts
as a load that mimics the effect of uphill and downhill driving
conditions.

The performance study of each braking method is conducted
separately for a specific level of SOC and speed with various duty
cycle similar to simulation study. The variation of parameters such
as back-EMF, armature current, stopping time and battery current
is observed in the digital storage oscilloscope (DSO) from the point
of braking to zero speed of the motor. The stopping time and aver-
age regenerative current over the braking period for various duty
cycle are recorded and the summary is shown in the Table 5. The
motor is accelerated to run at a speed of 340 rpm and subjected
to braking after it attains steady speed. Figs. 7 and 8 show the
waveforms of back-EMF, armature current, speed, and battery cur-
rent in motoring region as well as braking regions for the duty
cycle of 0.4 and 0.8 under 50% SOC level.
Fig. 8. Experiment results of performance evaluation for two switch and plugging for a sp
plugging-0.4 duty cycle. (d) plugging-0.8 duty cycle.
In the experimental results, it is observed that in the motoring
region, the value of back-EMF is high corresponding to the steady
speed and the armature current is in phase with the back-EMF.
The battery current waveform in this region is positive. When sub-
jected to braking, the back-EMF starts decreasing and finally
reaches to zero. The armature current first increases and then
decreases gradually and is in out of phase with the back-EMF.
The zoomed view of back-EMF and armature current in motoring
region and braking region are shown in Fig. 7(a) and (b) respec-
tively. It is clearly observed that, in motoring region, back-EMF
and armature current are in phase and in the braking region, the
back-EMF and armature current is in out of phase. The battery cur-
rent waveform changes from positive to negative representing the
occurrence of regeneration and is indicated by circles.

The stopping time of each braking method is examined from the
speed waveform. For the duty cycle of 0.4 as shown in Figs. 7 and 8,
it can be seen that the stopping time is less for plugging and
increasing from two, three and single switch. Again, for the duty
cycle of 0.8, the same pattern is followed but the stopping time
of all the methods is reduced. By this observation, it is confirmed
that as the duty cycle increases the stopping time of each braking
method decreases with the same pattern.

The battery current waveform is observed in the view of energy
recovery as shown in Figs. 7 and 8. For the duty cycle of 0.4 and 0.8,
it can be observed from Fig. 7 that, the average regenerated current
in three switch is higher than the single switch. In two switch as
shown in Fig. 8(a) and (b), regeneration occurs for 0.4 duty cycle
ecific SOC and speed. (a) two switch-0.4 duty cycle. (b) two switch-0.8 duty cycle. (c)



Fig. 9. Brake pedal angle vs output voltage.

Fig. 11. Simulation result of proposed

Fig. 10. Picture of brake pedal.
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and no regeneration occurs in 0.8 duty cycle. In plugging as shown
in Fig. 8(c) and (d), it is clearly seen that more battery current is
consumed for stopping the motor and no regeneration occurs.
4. Proposed braking system

Based on the results obtained from the performance evaluation
of various braking methods, a new braking strategy is proposed
based on stopping time(deceleration) and energy recovery. The
strategy switches the braking methods in a sequence as shown in
Fig. 9 based on the brake pedal depression.

The brake pedal employed here is a linear hall effect based
pedal whose output voltage varies between 0.85 V and 4.2 V when
depressed from 0� to 18�. The picture of the brake pedal used is
shown in Fig. 10. A tolerance of 3� is given from the initial point
of the brake pedal as a safety measure and no braking method is
alloted. When the pedal is depressed above 3�, the single switch
is activated and again when depressed above 8�, three switch is
activated. Above 13�, two switch is activated and at 18�, plugging
is activated. As single switch and three switch has less deceleration
and more energy recovery, it is adapted for normal braking event
or deceleration purpose. Hence, these methods are placed at the
initial angle (3�–13�) of the brake pedal. As the deceleration of
two switch and plugging is high, two switch is adapted for rapid
stopping condition and plugging for emergency cases. So these
methods are placed at the final angle (13�–18�) of the brake pedal.

4.1. Simulation and experimental results

The working of proposed braking strategy is verified using both
simulation and experimental results. Simulation is performed in
the simulation model considered in performance evaluation. The
brake pedal for the simulation is realized by ramp signal with var-
ious slopes and different voltage levels. Experimental test is con-
ducted in the experimental setup shown in Fig. 6. Both the tests
are carried out by accelerating the motor to run at a speed of
412 rpm with 80% SOC level. The tests are conducted in a sequence
as explained as follows. After the motor reaches the steady speed,
initially brake pedal is depressed slightly to a level to activate sin-
gle switch method. The motor stops and after some time, the motor
braking system for 0.3 duty cycle.



Fig. 12. Simulation result of proposed braking system for 0.7 duty cycle.

Fig. 13. Experimental result of proposed braking system for 0.3 duty cycle. Fig. 14. Experimental result of proposed braking system for 0.7 duty cycle.

712 A. Joseph Godfrey, V. Sankaranarayanan / Engineering Science and Technology, an International Journal 21 (2018) 704–713
is again accelerated to run at steady speed. The brake pedal is
depressed again to some more level to activate three switch
method. The procedure is repeated for two switch and plugging
and the stopping time and energy recovery for each method are
measured from the graph. From the results obtained as shown in
Figs. 11–14, it can be clearly seen that each braking method is per-
fectly activated based on the brake pedal input and it is validated
that the proposed braking strategy is working effectively with
the brake pedal depression.

Figs. 11 and 12 show the simulation results of the proposed
braking system for the duty cycle of 0.3 and 0.7. For the duty cycle
of 0.3, it can be noted from Fig. 11 that, the stopping time decreases
in the order of single switch, three switch, two switch and plug-
ging. With the duty cycle increase (i.e 0.7), as shown in Fig. 12,
the stopping of each braking method is further reduced and the
same pattern is followed as observed in the performance evalua-
tion. The energy recovered by three switch is higher than single
switch in both the duty cycle. In two switch method, the propor-
tion of energy recovered by the battery is more for 0.3 duty cycle
and the proportion of energy recovered is less for 0.7 duty cycle.
In plugging, the amount of energy consumed is same and finally,
it can be observed that all the results are matching with the pattern
obtained in performance evaluation.

Similarly, experiments are conducted for the same duty cycle as
carried out in the simulation. Figs. 13 and 14 show the experimen-
tal results of the proposed braking system for 0.3 and 0.7 duty
cycle. The stopping time of each braking method decreases with
the same pattern against the increase in the duty cycle as observed
in the simulation results. Moreover, the pattern of energy recovery
of each braking method is also identical with the simulation
results. However, even the pattern of the result is same, it can be
noted that there is a mismatch between the simulation and exper-
imental results in terms of stopping time and energy values. This is
due to the difference between the theoretical model used in the
simulation and the actual model of the experimental setup. The
model mismatch is due to the time-varying friction of the motor
considered for the experimental study.
5. Conclusion

A novel electric braking strategy based on the brake pedal
depression is proposed in this paper. Various existing braking
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methods such as single, two, three switch topologies and plugging
are combined to achieve this new braking strategy. Two important
parameters namely stopping time and energy regeneration are
considered to arrive at this proposed scheme. As a first step, their
performances are studied using both numerical simulation and
experiments. It is concluded that the regeneration is better for sin-
gle, three switch method and stopping time is better for two switch
and plugging. Based on these results, the new braking strategy is
designed to switch among single, two, three switch topologies
and plugging using brake pedal depression. The proposed strategy
is able to stop the vehicle at any speed with possible energy regen-
eration. Simulation and experimental results are presented to
show the effectiveness of the proposed method.
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