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Performance Evaluation of Regenerative Braking System
Based on a HESS in Extended Range BEV
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Abstract — This paper proposed a regenerative braking system (RBS) strategy for battery electric
vehicles (BEVs) with a hybrid energy storage system (HESS) driven by a brushless DC (BLDC)
motor. In the regenerative braking mode of BEV, the BLDC motor works as a generator.
Consequently, the DC-link voltage is boosted and regenerative braking energy is transferred to a
battery and/or ultracapacitor (UC) using a suitable switching pattern of the three-phase inverter. The
energy stored in the HESS through reverse current flow can be exploited to improve acceleration and
maintain the batteries from frequent deep discharging during high power mode. In addition, the
artificial neural network (ANN)-based RBS control mechanism was utilized to optimize the switching
scheme of the vehicular breaking force distribution. Furthermore, constant torque braking can be
regulated using a PI controller. Different simulation and experiments were implemented and carried
out to verify the performance of the proposed RBS strategy. The UC/battery RBS also contributed to
improved vehicle acceleration and extended range BEVs.
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1. Introduction

Battery Electric Vehicle (BEV) offers definite advantages
including high efficiency, environmental responsiveness,
fashionability, reduced noise pollution, reduced maintenance
and energy efficiency. Most importantly, the BEV can be
used to reduce carbon emissions [1-4]. The BEV relies on
batteries for use as the main Energy Storage System (ESS)
components. However, using electrochemical batteries as
the sole energy storage device of the BEV has several
limitations including high initial cost, limited driving range,
short cycling life and limited power density [4, 5]. In
addition, the batteries need to be able to provide the power
demand of the BEV such as acceleration or driving uphill.
Therefore, the batteries have to be oversized in order to
deliver these functions. Ultracapacitors (UCs) with batteries
based Hybrid Energy Storage System (HESS) can be utilized
to improve the acceleration of vehicles and significantly
prolong the life cycle of the batteries [5-17]. Owing to the
rapid growth of UC technologies, one type of ultracapacitor
technology is the Electric Double Layer Capacitors
(EDLC), which offers many outstanding features such as
high power density and long life-cycle [9, 11]. Combining
the features of the UC and batteries based HESS has
significant benefits such as improvement acceleration or in
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the high power mode of the BEV and significantly prolonged
life cycle of the batteries, which is due to the UC assisting
the batteries during peak power demand by the vehicle [12-
18]. In addition, the high power density of the UC can also
be used to effectively harvest regeneration energy through
reverse current flow during regenerative braking mode,
which leads to increased driving range for the vehicle.

Various topologies of HESS are described in [5-21]. The
most widely utilized and researched is the battery/UC
topology for HESS. The objective of combining batteries
with a UC is to construct a hybrid energy storage system
with the high power density of a UC and the high energy
density of a battery. Since the HESS needs additional two
energy storage elements and power electronic interface,
such as a bidirectional DC/DC converter, it is typically not
cost effective [14, 18]. Furthermore, the bidirectional DC/
DC converter needs to match the power of the HESS
module and is utilized to convey the energy flow between
the UC and the battery pack. Hence, the efficiency of
regenerative braking is decreased due to the power
dissipation of the high power electronic interface. It also
significantly increases overall system costs [5-19].

In this paper, a configuration is proposed for appropriate
interaction between two energy storage elements (UC/
Battery) based on the HESS. The purposed HESS includes
the battery pack, UC module, power diode and unidirectional
DC/DC buck converter. In addition, a proposed a HESS
topology with four operation modes is discussed in detail.
Furthermore, a new RBS strategy is optimized for the
proposed HESS. During the braking or deceleration mode
of the vehicle, the suitable switching pattern of the three-
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phase inverter is activated; the voltage of DC-link can be
boosted. Hence, the power diode is forward biased. Then,
regenerative braking energy is transferred directly to the
UC module without using any additional power
electronic interface. The voltage of DC-link is regulated by
differentiation of the PWM duty-cycle in the three-phase
inverter. Consequently, in case of the UC is almost charged,
regenerative braking energy can be harvested through
the battery pack. In the proposed strategy, the efficiency
of regenerative braking energy is increased due to the
elimination of power electronics interfaces. Furthermore,
braking force distribution is improved via the Multilayer
Perceptron (MLP) function in an Artificial Neural Network
(ANN) controller. Simultaneously, the PI controller is used
to regulate the PWM duty-cycle in the three-phase inverter
to maintain constant torque braking. The organization of
this research is as follows: Section 1 is the introduction.
Section 2 discusses the UC/battery HESS topology and
operation modes. Section 3 describes the ANN-based control
mechanism of the proposed regenerative braking system
(RSB), while Section 4 deals with the simulations and
experimental results of the proposed RBS. The concluding
remarks are provided in Section 5

2. The Proposed HESS Topology and Operation
Modes

The configuration of the proposed HESS topology is
shown in Fig. 1. In the proposed HESS topology, the
voltage of DC-link can be maintained relatively constant
due to the DC-link being directly connected to the battery
pack. The battery pack is connected to the UC module
through a DC/DC buck converter. In addition, the voltage
of the UC module is controlled to keep it higher than the
battery pack voltage. The UC module is paralleled with the
battery pack through a regenerative diode. Meanwhile, the
proposed HESS is used to supply the BLDC motor through
the three-phase inverter, Vgay = Vcink < Ve Which Viay,
V aaink and Ve refer to voltage of the battery pack, DC-link,
and UC module respectively. In normal situations, the
battery has enough power to supply the three-phase BLDC
motor. Thus, the battery pack can handle the load demand
alone. During high power modes such as vehicle
acceleration or high speeds, the UC module assists to
supply the BLDC motor with the battery pack through the
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Fig. 1. Configuration of the proposed HESS
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unidirectional DC/DC buck converter. In normal driving
mode, the regenerative diode is always reverse biased.
The buck converter is regulated to maintain UC voltage
greater than the voltage of the battery pack. In braking
mode, the BLDC motor acts as a generator [22-23].
Therefore, by utilizing the IGBTs in the three-phase
inverter with inductances in the three-phase BLDC motor
and a suitable switching pattern, the inverter can be
boosted. Con-sequently, in regenerative braking conditions,
the power diode is forward biased due to the voltage of
DC-link being boosted. Therefore, energy can be efficiently
stored through the UC module during the braking process.

Different individual cells of the two energy storage
elements are required to be utilized. A degree of freedom
arises for the distribution of power demand. Effectively
splitting the power demand of the BEV between the UC
module and the battery pack is a major challenge. Utilizing
higher voltage for the UC module has many advantages
from implementation in comparison with utilizing higher
voltage of the batteries. On the other hand, the State of
Charge (SOC) of the UC can be easily measured due to
being proportional to the UC voltage. Moreover, active
cell balancing circuits in the UC module are easier to be
implemented and can reduce the overall cost of the system.

The proposed HESS with unidirectional DC/DC buck
converter and three phase inverter can be separated into
four different operation modes of BEV which are discussed
in detail below.

2.1 Normal or low power mode

In the normal mode, since the battery has enough power
to supply the required power demand for the BEV, the
voltage of the UC can be maintained higher than the
battery pack voltage. Consequently, the power demand is
equal or less than the battery power. This operating mode is
referred to as normal mode. Fig. 2 shows energy flow for
the normal mode of operation in the proposed HESS. In the
normal mode, the power diode is reverse biased since the
voltage of the UC module is higher than the battery pack
voltage. As a result, the battery pack supplies the BLDC
motor alone in this condition.

2.2 Acceleration mode

In the acceleration mode of the vehicle, the required
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Fig. 3. Energy flow in acceleration mode of the proposed
HESS

power demand is greater than available by battery power.
In this condition, battery voltage can no longer be
maintained due to the battery suffering frequent deep
discharge cycles. Vehicle acceleration could also be
degraded as a result. In this condition, the UC will start to
assist the battery pack via the DC-DC buck converter when
the voltage of the UC is higher than the minimum
threshold (Vyc>Vuyema)- If the UC voltage drops below the
battery voltage, the battery might unnecessarily charge the
UC module in the circumstance, which increases the
stresses in the battery pack. Hence, the UC only provides
assistance to the battery pack until the UC voltage is higher
than the battery voltage, which is adjusted by the loop
control system strategy. In this condition, the regenerative
diode (D) is usually reverse biased. The energy from both
the UC bank and the battery pack is also providing power
to the BLDC motor. Energy flow in the acceleration mode
is shown in Fig. 3.

2.3 Regenerative braking with UC mode

During vehicle braking, in this mode, can be divided into
two events. In Event I, the voltage of DC-link must be
boosted. Hence D, is forward biased and regenerative
braking energy could be absorbed by the UC module,
which is referred to as regenerative braking with UC. The
energy flow of the regenerative braking with UC is shown
in Fig. 4. A boost circuit of the three-phase inverter can be
formed. High sides of the switches of the half-bridge are
turned off and the low sides of the switches are pulse width
modulated. In addition, this operation mode is activated
only when Vyc < Viycmax in Which Ve, 1s the maximum
voltage limit of the UC module that is commonly analyzed
for secure operating systems.

2.4 Regenerative braking with battery mode

Fig. 5 shows the energy flow of regenerative braking in
Event II, which is referred to the regenerative braking with
battery. In this condition, the energy of regenerative
braking cannot be transferred to the UC module. In the
operation principle of this condition, the voltage of DC-
link can be boosted. Hence D; is forward biased and
braking energy will be absorbed by the battery pack via D;.
While the voltage of DC-link is boosted for achievement of
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Fig. 4. Energy flow in the regenerative braking with UC
mode of the proposed HESS.
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Fig. 5. Energy flow in the regenerative braking with battery
mode of the proposed HESS

regenerative braking by the HSC, both D, and D; are
forward biased.

It should be noted that Fig. 4 is only operated in Vg, >
Vgeiink > Vue, and Fig. 5. is only operated in V< Vgeink <
Vyc. In other cases, the regenerated current flows in both
sides, including the UC and battery. Thus, it cannot control
the magnitude of the charging current. It is only determined
by the voltage of the battery, DC-link, and UC.

3. Control strategy of the proposed Regenerative
Braking System

3.1 The DC/AC inverter concepts

The equivalent circuit of the three-phase DC/AC inverter
uses six IGBTs, the three-phase BLDC motor and proposed
topology of the HESS with unidirectional buck DC/DC
converter are shown in Fig. 6, in which R, and L, are the
armature of resistance and inductance, respectively. In
addition, EMFy, EMFy and EMF; refer to the back EMFs
generated in the armature of phase X, Y and Z respectively.
In the regenerative braking mode of the vehicle, the BLDC
motor works as a generator. Braking energy can be harvested
through the HESS. In order to achieve this purpose, the
voltage of DC-link must be boosted. Consequently the
regenerative diode D, and/or D; are forward-biased so that
regenerative braking energy can be transferred into the
battery and/or the UC utilized through a suitable switching
pattern in the three-phase inverter.

In normal situations, six IGBTs in the DC/AC converter
are commutated to allow the rotor position, which is
attained through Hall Effect sensors. During regenerative
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Fig. 6. The equivalent circuit of the proposed HESS, three
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Fig. 7. Waveforms of the back-EMFs, the armature

currents and the switching scheme: (a) normal
operational mode, (b) regenerative braking mod

braking, the high side IGBTs of the half bridge are turned
off and the low side switches are controlled by the PWM to
choose the suitable switching pattern. The three-phase
back-EMFs, current of the three-phase armature, suitable
switching patterns and Hall Effect signals are shown in Fig.
7. During the regenerative braking condition, six rotation
time periods and only an individual IGBT is turned on and
off during each time period.

3.2 Tractive Force of the BEV

The kinematics of vehicle model is used for evaluation
of the dynamic traction power requirement for the BEV
powertrain [24-26]. Normally, driving forces can be
separated into four main segments which are presented
below:

3.2.1 Energy loss associated with rolling resistance

The force to overcome that resists the motion of a tries
rolling on the road, which is called rolling friction or
rolling resistance, can be calculated as:

Frou = K goymgcost (D

where Kp,; is the rolling resistance coefficient, m is mass

1968 | J Electr Eng Technol.2018; 13(5): 1965-1977

of the vehicle (kg), 6 is the slope angle and g is the
acceleration of gravity constant (/s”).

3.2.2 Aerodynamic loss

This loss results from air resistance force against the
body of the vehicle. Aerodynamic loss can be calculated
as:

1
Fy=2rCy A7 )
In (2), p is the density of air (kg/m?), C, is the coefficient

of drag force, 4, is the vehicle frontal area (m?) and v is the
speed of the vehicle (m/s%).

3.2.3 Gradient force

In certain driving conditions such as climbing resistance,
inclined road force and uphill driving, gradient force is
generated via gravitational forces, which significantly
affects the performance of the vehicle. Gradient resistance
force can be represented as:

F, = mgsinf 3)

3.2.4 Transient force
This is the required force to acceleration or deceleration

of the vehicle and can be calculated as: m% Hence, the

required force for the front and rear wheels of the vehicle
can be calculated as:

FT=FR0,,+FA+Fg+m% 4)
Substituting (1)-(3) in (4) yields:
1 2 . dV
F = KROngCOS9+EpCdAfv +mgszn0+m; 5)

In (5), Fris the required force supplied by the vehicle
powertrain to driven the vehicle. Eq. (5) can also be used to
reach the required braking force to breaking of the vehicle
in a predestine distance specified.

3.3 Regenerative braking control strategy for the
BEV

Fig. 8 show configuration of the control strategy of the
proposed RBS strategy. The ANNs, PI controller and the
braking force distribution are the main part, which are
discussed in subsections as given by:

3.3.1 Braking force distribution of the BEV

In braking condition, braking energy will be transferred
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Fig. 8. Configuration of the control system of the proposed RBS strategy

to the hybrid energy storage elements. In some braking
circumstances, the HESS will gain its maximum capacity
and cannot receive additional charge from the induction
machine, which limits regenerative energy. Accordingly,
participation of frictional braking forces is critical for
achieve the braking purpose. Therefore, the total braking
force of the vehicle consists mainly of the front and rear
braking forces:

F

vehicle = Ff + F; (6)
where F, is regenerative and mechanical forces of the
front wheel and F, is only the mechanical force of the rear
wheel. These forces can be represented as follows:

F, =0 mg(C, + Whv) (7
: L
C h
v @M ®

In (7) and (8), & is the coefficient of adhesion, m is the
overall mass of the vehicle, g is the gravitational constant,
C, is the centroid of the vehicle to the rear axle centerline
length, C; is the centroid of the vehicle to the front axle
centerline length, 4, is the height of the centroid of the BEV,
and L is the distance from front axle to the rear axle of the

o ..
BEV(L =C;+C,). Furthermore, w is defined as W= —rehicle.
. g

in which @ ;.. 1s the acceleration of the vehicle.
Substituting (7) to (8) yields:

F, hicle :Ff +Fr = ng (9)

ve

The maximum braking force of the vehicle that can
enable the front and rear wheels to lock concurrently for
every adhesion condition can be calculated as:

1\mg |, 4hL mgC,
F=—|—= v +——F,— L+2F 10
! 2|:hv \/ mg / h, 4 (10)

Table 1. Parameters of the BEV and road conditions

Parameter Definition value
Mass of the BEV 1080 kg
6 Slope angle 0 degree
g Gravitational constant 9.81 m/s’
p Air density 1.18 kg/m’
Ag Frontal area of the BEV 2.4 m’
Cw the wheel radius 042 m
hy Height of the centroid of the BEV 0.5m
L Distance between front axle to the rear axle 24 m
Krol Rolling resistance coefficient 0.011
Cs Centroid of BEV to the front axle centerline 1.15m
C, Centroid of BEV to the rear axle centerline 1.25m

Solving (9) and (10) yields the braking force required to
stop the vehicle with the front and rear wheels. Normally,
vehicle weight substantially affects the behavior of braking.
In this paper, the weight of the BEV including HESS and
overall load is 1080 kg. Moreover, other BEV parameters
are listed in Table 1.

3.3.2 Design of Artificial Neural Network (ANN) controller

The proposed RBS control strategy concept is shown in
Fig. 8. During braking of the vehicle, in accordance with
frequent of the pedal, the force required to brake can be
obtained by (5). Braking force values, for both the front
and rear wheels in BEVs can be considered based on the
distribution of braking force, as discussed in the previous
subsection. Conditions for the vehicle such as speed rate,
auxiliary subsystem controllers, and State-of-Charge (SOC)
of the battery are usually used to define the values of the
mechanical and regenerative braking forces for wheels.
Anywise, in condition of the BEV base on HESS, the SOCs
of both UC and battery need to be taken into account in
which implementation processes lead to complexity. Braking
force distribution between the front wheel and rear wheel
of the vehicle reduces the risk of vehicle instability such as
spinning and sliding. The complicated dynamics systems
have not been effectively controlled by previous controllers.

Base on the aforementioned, the proposed ANN controller
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is utilized to distribute the required braking force between
the different wheels of the BEV. ANNs are intelligent
computational models based on large inter-connected com-
ponents called artificial neurons, which can be defined by
the association of both input and output arrays Multilayer
Perceptron (MLP), which is a well-known function of ANNs.

ANN performance depends mainly on the design
procedure. All possible circumstances must be prepared in
a training dataset for learning by the ANN. Then, the ANN
can be trained by the collected training datasets. Finally,
evaluation and validation of the trained ANN scheme with
other training datasets is necessary to examine infallibility
in the system.

A four layer MLP neural network in various simulations
provides desirable performance. The speed of vehicle, state
of charge of the UC and battery and brake pedal depression
are specified input of the MLP. One hidden layer with 5
neurons is considered. The mechanical braking forces of
the front and rear wheels and the regenerative braking
force of the front wheel are outputs of the utilized ANN.
The activation function for the neurons in the hidden layers
using sigmoid functions can be represented as follows:

1
1+e™" (1

Jwy =

Fig. 9 shows the proposed MLP neuron network
configuration [27]. Association with the brake pedal
depression, the braking force of front and rear wheels can
be calculated using the ideal braking force distribution,
which is discussed in the previous subsection. In addition
to the training dataset, it should also include enough data
for the mechanical braking and regenerative braking forces
for various functional conditions [28-29].

The Simulink within MATLAB is utilized to establish
the training dataset with different simulations by using
various values for state of charge of the UC and battery.
The speed of the vehicle and braking force are created by
the rich training dataset of drive cycles that can be obtained
from the braking situation occurring at various BEV speeds
and different brake forces. The selection of the drive loop
is very significant for braking simulation.

The Normalized Root Mean Square Error (NRMSE) is
one of the principles used to evaluate the performance of
the ANNs, which is the maximum error between the
analyzed output and the real output, and can be represented
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Table 2. Simulation and experimental specifications

Specifications Simulation Experimental
Lithium-ion Battery pack from | Lithium-ion Battery
Battery ADVISOR pack 12 Volt 20Ah 3

12 Volt 20Ah 3 packs in series
Maxwell Ultracapacitor
ucC BoostCap 2.7V 500 Farad 18

cell in series

Three-Phase BLDC Motor,

packs in series
Ultracapacitor 2.7V
500 Farad 18 cell
in series
Three-Phase BLDC

Motor 5 kW from ADVISOR Motor, 5 kW from
LapVolt series
Measurement Data Acquisition and Control Interface 9063
Instrument

Table 3. Specification of battery and UC

Parameter Value Unit

Rated Battery voltage 36-40 \Y

Battery capacity 20 Ah

Battery energy storage 760 Wh

Battery maximum charge/discharge current 10/20 A
Rated UC voltage 48.6 \Y

Rated UC capacitance 27 F

UC energy storage 9.12 Wh

UC maximum charge/discharge current 50/50 A

as follows:

>, [F ()= ()]
2 Fy

where (n) and F'(n) are the estimated and goal values of
the outputs respectively and » is number of data unit. In the
training stage, 328 cases are simulated through various
SOCs. The NRMSE is calculated 0.017, 0.011, 0.016 for
the rear force, front force and regenerative-braking force
respectively.

Fig. 10 shows a diagram of the simulated drivetrain
consisting mainly of mechanical and electrical modules.
The simulation and experimental parameters are shown in
Table 2. Moreover, the specifications of the battery and UC
are listed in Table 3.

NRMSE = (12)

3.3.3 PI Controller

When braking force distribution is achieved by the ANN,
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the front wheel braking force is converted to the regenerative
braking current by (13):

I'=kx F;’egenerative braking (13)

Regenerative braking torque is regulated by the PI

controller using the PWM duty-cycle procedure. Therefore,

regenerative braking constant torque is achieved by the
proposed method for realizing security objectives.

3.4 The efficiency consideration of the proposed RBS

Normally, the regenerative braking efficiency of the
proposed system depends on several conditions such as the
SOCs of UC and battery, the velocity of wvehicle,
information for drive-cycle, etc. Efficiency is given as
follows:

x100 (14)

n
D _AE,
i=1

In (14), n is the number of braking processes of the
BEV in the drive-cycle. Furthermore, AE,- 1is the
differentiation of energy density in the UC during braking
and can be obtained with the following equation:

AE, = %CVZ (15)
where C is the specific capacitance of the UC and p? is
the rated voltage or potential window of the UC module
during braking of the vehicle. AEy,;; is energy density in
the battery during braking according to the following
relationship:

t2

AEB(zttt = I (VBattiBatt -R (t) igatt ) dt (16)
t1

where R is initial internal resistance of the charging battery.
Vgay and iz, are the voltage and current of the battery,
respectively. Additionally, ¢, and ¢, are the beginning and
stopping of decelerating or braking processes. Finally,
AEg; is the differentiation of kinetic energy in the BEV
which can be obtained as follows:

AEy;, =%m(v§ —vlz) (17)

where m is the mass of the BEV and v, and v, are vehicle
velocities during braking.

3.5 Analysis of the system losses in the proposed
system

In this study, the conduction and switching losses of the

unidirectional dc—dc converter are considered for Buck
mode. The dc—dc converter conduction losses of the high-
side switch is computed as

out

vV
R)n,H :Iz XRon,HXO_m (18)

in

The dc—dc converter conduction losses of the low-side
IGBT can be written as

V
Bm,L = Ifut ><Ron,L X(l _VO_MJ (]9)

in

where V;, is the input voltage, V,,, is the output voltage.
R, s the high-side IGBT on resistance, R,,; is the low-
side IGBT on resistance.

The switching losses of dc—dc converter can be
expressed as:

lVC 1.](e, +tf)+%VC2C

Psw,loss = fs 2 ” (20)
+QchargeVG + VC er

The inductor current is /;, which is equal to the UC
current /,.. The output capacitance of the dc—dc converter
is C and V, is the voltage across. The switching frequency
Js is 50 kHz. ¢, and ¢, are the rise-time and fall-time
transitions of IGBTs during switching periods. C, is the
output capacitance of IGBT. Q. is the gate charge due
to charging the gate capacitance by gate voltage. Q,, is the
reverse recovery charge. V; is the gate voltage.

The reverse recovery loss in the body diode can be
written as

1
PDiadf_’:EXVinX]rrxtrrxfs (21)

where 7., is the peak value of body diode reverse recovery
current. ¢,, is the body diode reverse recovery time.

As regards both the electrical losses of the inverter and
the motor, these can be expressed by the approximate
relationship
})Inv,Mot,loss = Pcnns + kPZ (22)
where P, 11011055 1 the power of losses at power level (P).
P, is the power of constant losses. k is the constant [W™].

The values of parameters k, P, are defined by the
systems losses analysis of the inverter and motor as a
function of operating power. Assuming therefore that the
mean power during braking is given as

(23)
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where AE,; is the kinetic energy portion converted into
electric energy. . 1s the set time of braking.

The total power losses in HESS are the sum of power
losses in the dc—dc buck converter, inverter, motor, during
braking and the UC/battery as

PHESS,loss =Lon,H + Pan,L + Ryw,loss + PDiade

2 2
+PInv.Mot,loss + Pbrake + [UCRUC + Ibatt (24)

Since the total power loss is obtained, the efficiency can
be calculated with the following equation

Vour *Lour

n= 25
( (CA))

Vour *1our ) + PUEss joss

where Vo is the output voltage. /7 is the output current.

4. Experimental and Simulation Results

The proposed regenerative braking was simulated and
modeled using Simulink within MATLAB. The New York
City Cycle (NYCC) drive cycle was selected to evaluate
regenerative braking performance. The length of the drive
cycle for testing was 8210.28 meters using total actual
driving time of 824 seconds. The maximum speed of the
vehicle stretched 78.48 km/h and in driving time, the BEV
spent 36.31% in decelerating mode. The entire BEV
components, comprised of the BLDC motor, battery, UC,
etc., were modeled as data analysis applications as well as
lookup table and efficiency maps based on the empirical
measurements obtained from literature, datasheets, etc. The
model uses specified speeds as inputs and controls the rate
power, velocity, and torque that meet the velocity of the
vehicle. Table 2 show that the parameters of the HESS and
RBS for the simulations and experiments

Fig. 11(a) shows speed curve of the vehicle drive-cycle.
The BEV is accelerated to a constant speed. After that, it is
decelerated to standstill mode again. This process is
repeated two more times at a constantly increasing velocity.
Consequently, the proposed HESS can be activated at all
operating modes using the simulation in a virtual driving
environment.

The motor torque curve of the BEV is illustrated in
Fig. 11(b). In the acceleration mode of the vehicle, the
required motor torque reaches approximately 154 N.m.
The highlighted area is demonstrates the regenerative
braking area, in which energy is transferred to the HESS.
While, constant speeds are increased, the braking torque is
increased, that clearly illustrating the efficient performance
of the proposed ANN controller.

The distribution of braking force of the front, rear wheel
and proportion of regenerative braking forces as well as the
mechanical forces are achieved through operation in real
time by the ANN controller, as illustrated in Fig. 12(a). It
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Fig. 11. (a) Simulated speed curves of the proposed RBS
in NYCC drive cycle; (b) Motor-Generator torque
curve of the proposed RBS

can be summarize that the braking force of the front wheel
is significantly larger than the braking force of the rear
wheel. Furthermore, regenerative braking proportion is
increased at further constant speeds of the vehicle. In
addition, regenerative braking will be considerably lower
via the ANN controller at low vehicle speeds and shares to
braking force for stability deceleration of the BEV.

In acceleration mode of the vehicle is shown in Fig. 11
(b). The BLDC motor is required a high transient torque.
Hence, a large transient current will be drawn from the
HESS element, which can substantially degrade battery life.
As shown in Fig. 12(b), the UC module assists the battery
pack during acceleration mode and high power mode of
the BEV. When the battery discharge current reaches the
maximum value of 20 A, the UC module will be provide
the rest of the current demand by regulating PWM in the
power converter. Moreover, it can be concluded that the
large current of regenerative braking is harvested through
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the UC module, which not only increases braking
efficiency, but also maintains the battery from large
currents of charging.

The efficiency of the proposed scheme can be estimated
using the state of charge of the HESS during the drive-
cycle. Fig. 13(a) shows the initial SOC of the UC and the
battery. In the first circumstance, the SOC of the UC and
battery are set to 88.1% and 83.3%, respectively. Con-
sequently, UC voltage is much lower than the maximum
safety zone (95%). Accordingly, braking energy is harvested
by only the UC. In the second circumstance, the state of
charge of the UC reaches 98.07%, as shown in Fig. 13(b).
Consequently, the SOC of the UC is over the safety
threshold. Hence, braking energy cannot be harvested
through the UC. Therefore, regenerative braking is harvested
through the battery by regulating the DC-link voltage. Fig.
13(c) shows the battery SOCs in case the vehicle is driven
with only the battery.

For the two conditions mentioned above, where the
SOCs of the UC are 88.1% and 98.07%, efficiency is
calculated at 49.2% and 45.4%, respectively. In the second
case, the battery is used for regenerative braking since the
UC voltage is beyond the safety threshold during the
braking circumstances. Since the battery maximum charge
current is limited, heat of the braking energy will be
transferred through frictional braking. Hence, the efficiency
of regenerative braking is decreased 3.8%, according to
(14). In case the BEV is driven with only the battery (ESS),
efficiency is decreased about 27% compared to case 1
(Regenerative braking with UC).

Moreover, the power loss evaluation of the regenerative
braking with battery of the proposed HESS (Fig. 13b) is
analyzed and compared with the regenerative braking with
only the battery (the BEV driven with only the battery).
Since the conduction loss is increased, the power loss of
the regenerative braking with battery of the proposed
HESS is increased by 9.83 W compared to the regenerative
braking with only the battery (the BEV driven with only
the battery).

In the case of the proposed system, the result shows the
UC assists the battery pack during BEV acceleration and
high speeds, as seen in Fig. 13(a) and 13(b), respectively.
After arriving of the battery maximum discharge current,
the UC supplies the rest of the load demand. Moreover, a
large braking energy is harvested by the UC module (Fig.
11 (b)), which not only improves the braking efficiency,
but also protects the battery from deep discharge. Since the
braking current could be effectively stored, the BEV
driving range can be significantly increased with compared
to the BEV driven with only the battery (ESS), In Fig.
13(c), shows the SOC of the battery during the BEV is
driven with only the battery.

The drive range of the BEV is computed more intuitive
to estimate the performance of the RBS. The initial SOCs
of the UC and the battery are selected 99% and 97%,
respectively and the result is shown in Fig. 13(d).
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Fig.13(d) shows the drive range is about 13 cycles in
case of the BEV driven with only the battery (ESS) and
driving cycle pattern is shown in Fig. 11(a), which a distance
per cycle approximately 8.2 kilometers. Accordingly, it can
be seen that the purposed HESS and the RBS strategy are
improved the drive range of the BEV approximately 74
kilometers. Moreover, the drive range can increase approxi-
mately 49 kilometers compared with the regenerative
braking with ESS.

The proposed RBS strategy was tested in the laboratory
in order to perform an evaluation. The laboratory and
equipment configurations for testing of the proposed RBS
strategy are shown in Fig. 14. The battery module is an EP-
2415F lithium ion battery module rated at 12 Volt 20Ah 3
packs in series and weight about 6.8 kg. The BoostCap
ultracapacitor is rated at 2.7V, 500 Farad from Maxwell
Technologies are connected in 18 cells in series and weight
about 1.3 kg. The unidirectional dc/dec buck converter is
rated at 1.25 kW and is used to interface the UC module
and battery pack. The motor controller is rated at 24—-120 v,
600 A from VEC300 model. The BLDC motor is rated at
48-120 vdc, 3000-5000 rpm 5 kW from LapVolt series. The
Data Acquisition and Control Interface 9063 are used to
record the electrical characteristics data. The specifications
of the UC and battery are presented in Table 3.

Fig.15 shows waveforms of the current and voltage of
DC-link, battery current, UC current and Back EMF
waveform, which generated in stator winding during
braking mode. When the brake pedal is engaged, the
controller will regulate the voltage of DC-link for constant
torque braking with the UC. In this time duration, most of
the current of DC-link is transferred to the UC and the
current of battery is zero. After the voltage of the UC is
beyond the maximum safety threshold, the controller will
regulate the voltage of the DC-link for constant torque
braking by battery. In this case, the voltage of DC-link is
lower than the voltage of the UC and D3 is reverse biased.
Therefore, the current of UC is relatively zero. The current
of DC-link is charging with the battery pack.

During the braking process, the Back-EMFs begin to
decrease. The system switches to frictional braking by the
controller. Fig. 15(d) shows the voltage of DC-link at
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Fig. 15. Experimental results of the proposed RBS: (a) Voltage and current waveforms of the DC-link during normal
conditions and regenerative braking; (c) Back-EMFs of the stator windings during normal conditions and
regenerative braking; (d) DC-link voltage at different speeds duty and duty cycles.

various duty-cycles and speeds. It is clear that the proposed
RBS with suitable switching pattern, as explained in
Section3 operates precisely. Moreover, the voltage of DC-
link is able to be adjusted by the regulation of PWM duty
cycle in the three-phase inverter.

5. Conclusion

In this paper, proposed HESS with a novel RBS strategy
for BEVs driven using a three-phase BLDC motor based
on the utilization of UC/Battery for HESS. In regenerative
braking mode, braking energy is harvested through the UC
using suitable switching pattern of a three-phase inverter.
Hence, regenerative braking efficiency is increased due to
the elimination of power electronics interfaces. Meanwhile,
braking force distribution between the front and rear
wheels of the BEV is controlled by a Multilayer Perceptron
(MLP) function in ANN controller. In addition, a PI
controller is utilized to regulate the PWM duty cycle in the
three phase inverter to improve constant torque braking.

The proposed RBS strategy demonstrates excellent

efficiency and is simpler to implement compared to other
types of RBS strategies. The BEV is simulated in NYCC
drive cycle, which illustrates that the efficiency of
regenerative braking is improved by approximately 27%
compared to the regenerative braking with ESS. Moreover,
it has been shown that the driving range of the BEV is
increased by approximately 6 cycles. It can be concluded
that the proposed scheme is able to improve the efficiency
of braking energy while ensuring safe and stable
deceleration of the BEV.
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