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ABSTRACT Under raising pressure of global energy and environmental issues in recent years, electric
vehicles (EVs) have been an alternative solution of the automobile industry owing to its high energy
efficiency, low noise, and zero emission. However, the short driving range is an urgent problem to be solved
for EVs. Energy recovery is an important technology to improve energy efficiency and extend driving range
of EVs. In this paper, an improved braking energy recovery strategy based on ideal braking force distribution
(curve I) was proposed for the regenerative braking system (RBS) of a small four-wheel drive (FWD) EV.
Compared with previous study, the improved braking energy recovery strategy gives more consideration to
braking stability and covers broader braking situations of the vehicle. The braking energy recovery strategy
is extensively validated through numerical simulations of a previously built vehicle system model under
different fixed braking strength and continuously varying braking strength. The simulation results show that
the proposed braking energy recovery strategy is able to effectively achieve the regenerative braking function

under different braking conditions while ensuring braking efficiency and braking stability.

INDEX TERMS Electric vehicle, energy recovery, braking stability, ideal braking force distribution.

I. INTRODUCTION

Due to the continuous depletion of global nonrenewable fossil
fuels, the energy crisis is becoming more prominent than ever
[1]. To mitigate the energy crisis, researchers have been mak-
ing a lot of efforts in the fields of renewable energy [2]-[4],
energy recovery [5]-[8], energy storage [9], [10], energy
efficiency [11]-[14] et al. In automobile industry, electric
vehicles (EVs) have been an alternative solution owing to its
high energy efficiency, low noise, and zero emission [15].
However, the short driving range is an urgent problem to
be solved. Regenerative braking plays an important role in
improving energy efficiency and extending driving range of
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EVs, particularly in urban road conditions with frequent start-
stop or acceleration-deceleration drive patterns. When EV
is in braking, the regenerative braking system (RBS) can
convert the kinetic energy or potential energy of the vehicle
into electrical energy to charge the power battery, and pro-
vide motor braking torque to assist braking and reduce the
brake temperature rise. Therefore, RBS not only realizes the
recovery of regenerative braking energy, but also improves
the braking efficiency and braking safety performance.

For most EVs, the hybrid braking system (HBS) is the most
often form of braking system in which the friction braking
and the electric motor braking are both used. In order to
obtain better braking energy recovery capacity and maintain
in braking safety, reasonable braking energy recovery strat-
egy or hybrid braking force distribution strategy are essential.
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There are a lot of research work focusing on the cooperative
control strategy between the friction braking system and the
RBS for both pure EVs and hybrid electric vehicles (HEVs)
in the literature. In [16], the braking energy recovery of a
RBS for HEV was validated through hardware-in-the-loop
(HIL) simulation method. And then, a regenerative braking
algorithm with continuously variable powertrain (CVT) ratio
control was proposed in [17]. In [18], a regenerative braking
energy management strategy for mild HEV was presented
to maximize the braking energy recovery under the pre-
condition of the Economic Commission for Europe (ECE)
braking regulation (ECE R13). In [19] and [20], the cooper-
ative control for regenerative braking and friction braking to
increase energy recovery was studied, and a cooperative con-
trol algorithm was developed for automatic powertrain (AT)
HEV. In [21], a series of simulations based on advanced
regenerative braking strategies were conducted for plug-in
HEV. In [13] and [22], a potential field approach-based tra-
jectory control for autonomous EVs with in-wheel motors
was studied, and a RBS configuration with new braking
torque distribution strategy was proposed to improve energy
recovery efficiency. In [23], two braking control methods
were compared for a front wheel driven EV, and the energy
recovery could be improved from 3.7% to 11.2%. In the case
of normal braking, the braking force distribution between the
front and rear wheels would affect the braking energy recov-
ery efficiency. One popular distribution method was to make
the braking force be proportional to the tire normal load [24].
In [25], the authors proposed a braking energy recovery strat-
egy based on ideal braking force distribution (curve I), and
analyzed its effectiveness under different braking strength
through simulations.

The studies above are mainly carried out under the
situations of decelerating and braking. During driving,
the kinetic energy of the vehicle can be recovered under
three situations which are respectively decelerating, braking,
and coasting. Compared with the decelerating and braking
situations, only a few researchers studied the regenerative
braking under coasting situations [26]-[30], especially for
pure EVs. In [26] and [27], the regenerative braking of a
HEV in coasting mode was investigated, and a braking energy
recovery strategy was proposed, which applied maximum
motor braking torque to speeds above a certain threshold
speed, and provided only friction brakes at low speeds.
In [28], the adaptive-learning regeneration control for the EV
in coasting mode was presented, but the control algorithm
needs large amount of calculation and was not suitable for real
time control. The authors in [29] studied the coasting con-
trol for EV based on the driving feeling. Simulation results
demonstrated that the state of charge (SOC) of the battery
could be increased by 0.036% and 0.021% in the initial speed
of 100 km/h and 50 km/h, respectively. In [30], an energy
recovery mode with the control strategy based on driver’s
intention was presented for RBS of EV, in which the energy
recovery and driving range could be improved by 15.8% and
8.81% respectively compared with benchmark mode.
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FIGURE 1. The RBS configuration of the FWD EV.

From the existing study, it can be found that there is a con-
flict between the braking energy recovery efficiency and the
braking stability for the RBS of pure front-drive EV or pure
rear-drive EV. The RBS of four-wheel drive (FWD) EV
can obtain the maximum braking energy recovery capac-
ity through reasonable braking force distribution between
the front and rear axles on the premise of ensuring vehicle
braking stability [14], [21], [22]. The main contribution of
this paper is an improved braking energy recovery strategy
based on the authors’ previous study in [25]. Compared with
previous study, the improved braking energy recovery strat-
egy gives more consideration to braking stability and covers
broader and more realistic braking situations of the vehicle.
It is designed for the RBS of a small FWD EV.

The rest of the paper is organized as follows. In Section II,
the vehicle system model is briefly introduced, includ-
ing the RBS configuration, the vehicle subsystem models,
and the parameters of the whole vehicle, motor and battery.
Section III describes the improved braking energy recovery
strategy based on ideal braking force distribution (curve I)
of the FWD EV RBS. Simulations under different fixed
braking strength and continuously varying braking strength,
and analyses of the proposed energy recovery strategy are
presented in Section IV. Finally, conclusions are given in
Section V.

Il. SYSTEM MODEL

In this paper, a small FWD EV with dual motors providing
torque respectively for the front and rear axles is used as
a platform to design the RBS and energy recovery strat-
egy. The RBS configuration of the FWD EV is shown in
Figure 1. It consists of two parts which are conventional
friction braking subsystem and electrical motor braking sub-
system, respectively. The RBS configuration can realize the
free switch of pure front-drive, pure rear-drive and FWD
of the EV according to different driving conditions and the
driver’s needs, so as to maximize the utilization of the adhe-
sion coefficient of the front and rear wheels. In FWD mode,
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TABLE 1. The whole vehicle parameters of the FWD EV.

Parameter Value
Curb weight m (kg) 1250
Wheel base L (m) 2.40
Front track width /; (m) 1.49
Rear track width /, (m) 1.48
Distance from the center of gravity to front axle a (m) 1.20
Distance from the center of gravity to rear axle b (m) 1.20
Height of the center of gravity /, (m) 0.54
Wheel rotational inertia J,, (kg-m?) 0.6
Tire type number 175/70 R13
Sprung mass m, (kg) 1167
Front unsprung mass n1,, (kg) 41.5
Rear unsprung mass m,, (kg) 41.5
Final drive ratio i, 5.46
Frontal area 4 (m?) 22
Air resistance coefficient Cp 0.33
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FIGURE 2. The vehicle transmission system model built in AVL CRUISE.

A

it can obtain better braking energy recovery capacity through
reasonable braking force distribution between the front and
rear axles while ensuring vehicle braking stability.

The vehicle system model of the FWD EV has been
established in previous study which can be seen in authorised
articles [25], [31], [32]. The subsystem models, including
motor model and battery model, final drive model, differential
model, hydraulic braking system model et al., were built in
AVL CRUISE environment by modular and parametric mod-
eling method. Table 1 shows the whole vehicle parameters
of the FWD EV. Figure 2 shows the transmission system
model built in AVL CRUISE. The same motor is used for
the front and rear axles of the FWD EV. The electrical motor
and battery utilized in the model are respectively permanent
magnetic brushless DC motor and lithium ion battery with the
main parameters listing in Table 2 and Table 3.

The controller model is developed in MATLAB/Simulink
which is shown in Section 3. In model simulation, the vehicle
system model established in AVL CRUISE is embedded in
MATLAB/Simulink by co-simulation interface in the form
of S-Function.
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TABLE 2. The main parameters of electrical motor.

Parameter Value
Norminal voltage (V) 144
Rotational inertia (kg-m?) 0.15
Weight (kg) 18
Rated speed (rpm) 2000
Maximum speed (rpm) 3750
Maximum electric current (A) 150
Maximum generating current (A) 150
Maximum working temperature (°C) 170
Peak power (kW) 20
Rated power (kW) 10

TABLE 3. The main parameters of lithium ion cell.

Parameter Value
Nominal capacity (Ah) 10
Norminal voltage (V) 3.2
Maximum voltage (V) 4.2
Minimum voltage (V) 2.2
Average charging internal resistance (m£) 0.8
Average discharge internal resistance (m€) 0.6

Ill. BRAKING ENERGY RECOVERY STRATERGY
A. IDEAL BRAKING FORCE DISTRIBUTION
When the vehicle is in braking, the condition that front wheel
and rear wheel are locked simultaneously is most beneficial to
both the full use of the attachment conditions and the vehicle
direction stability. It is an ideal case, in which front wheel
and rear wheel are in ideal braking force distribution, and is
named to curve L.

The situation that front wheel and rear wheel are in ideal
braking force distribution (curve I) is as follows:

Fui+Fu=¢G

Fu1 = ¢Fz (D
Fux = ¢Fz

Or
Fui+Fup=9G
Fu _ 21 )
Fo Fp

where F,; and F, are respectively the braking force of
front wheel and rear wheel. Fz; and Fz, are respectively the
ground normal reaction force of front wheel and rear wheel.
G is the gravity of the vehicle. ¢ is the adhesion coefficient
of tire-road.

In order to analysis the braking force distribution of front
wheel and rear wheel under different braking conditions,
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the braking strength z can be given as:
v
1= 3)
8
where V4 is the braking deceleration. g is the acceleration of
gravity, g = 9.8m /s>
When the vehicle is in braking, the ground normal reaction
force of front wheel and rear wheel is as follows:
G(b+zh
g Gl )

G (a = hy) @

L
where a and b are respectively the longitudinal distance from
the center of gravity (CG) to front axle and rear axle. L is the
wheel base, thus, L = a + b. h, is the height of vehicle CG.
When front wheel and rear wheel are in ideal braking force
distribution (curve I), z = ¢. Submitting (4) to (2), (2) can be
expressed as:

Fz, =

Ful + F;ﬂ =¢G
Fur _ b+ ohg 5)
F T a— ©hy
If the adhesion coefficient of tire-road ¢ is replaced by
braking strength z, (5) can be rewritten as:

Ful +FM2 =zG
Fn _b+Z/’lg 6)

Fuo a—zhg

In real application, if the braking force distribution of the
front and rear wheels is above curve I, the rear wheels will
be locked first and the vehicle is prone to side slip on the
rear axle, which is a very dangerous and unstable braking
condition. In order to ensure braking stability and maximize
the use of adhesion conditions, the braking force distribution
of the front and rear wheels must be below curve I and as
close as possible to curve L.

B. CONTROL STRATERGY

In this study, the vehicle braking state is divided into two con-
ditions, which are normal braking condition (0 < z < 0.7),
and emergency braking condition (z > 0.7), respectively. The
RBS in this study mainly works in normal braking condition.
In case of normal braking (0 < z < 0.7), the main objective is
to recover as much braking energy as possible while ensuring
the braking efficiency and braking stability. For this pur-
pose, the braking force distribution strategy between electric
motor braking and hydraulic braking under different braking
strength and adhesion coefficient of tire-road is proposed
later.

In case of emergency braking (z > 0.7), the main
objective is to make the vehicle wheel slip ratio track the opti-
mal slip ratio to minimize the braking distance. Therefore,
the braking energy recovery is not considered and the motor’s
regenerative braking function is turned off.

In addition, the motor’s regenerative braking function will
also be turned off when motor speed is lower than the lower
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FIGURE 3. Braking force distribution strategy based on curve I.

limit (generally 500r/min), because the back electromotive
force of the internal armature of the motor is too low to
provide effective braking energy recovery.

In case of normal braking (0 < z < 0.7), the braking
force distribution strategy is proposed as shown in Figure 3.
The main idea is to ensure the braking force distribution
of the front and rear axles meeting curve I. If the braking
force distribution can not meet curve I, it should be below
curve I and meet the total braking force requirements and
ECE regulations. In Figure 3, line Z is the total braking force
requirement of the front and rear axles. Line $ is the hydraulic
braking force distribution of the front and rear axles. Point A
is the intersection of curve I and line Z, which meets both
the total braking force requirement and the ideal braking
force distribution. Point C is the intersection of line B and
line Z, which meet both the total braking force requirement
and the hydraulic braking force distribution. Point B is a point
on line Z and between point A and point C, on which the
vehicle’s braking efficiency and braking stability are better
than that of pure hydraulic braking, but weaker than that
of the ideal braking force distribution. The braking force
distribution strategy is proposed as follows.

The compound braking force of the front and rear axles
from electric motor braking and hydraulic braking should
first be distributed as point A. If it can not meet point A,
the electro-hydraulic compound braking force should be
distributed as point B. When the motor’s regenerative braking
function is turned off, the braking force is distributed as
point C.

The braking force of the front and rear axles is composed
of hydraulic braking force and electric motor braking force,
which can be expressed as:

Fxp1 = th_F + Fregl (7
Fxpp = F hy_R + F reg2
where Fyp1 and Fypo are respectively the total braking force
of front axle and rear axle. Fj,y r and Fpy g are respectively
the hydraulic braking force of front axle and rear axle. Feg1
and F. are respectively the electric motor braking force of
front axle and rear axle.

In order to ensure braking stability, the braking force of

front axle should first meet curve I as follows:

Frr = Fy1 = thfF + Fregl )
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FIGURE 4. Control algorithm logic of braking force distribution between
front axle and rear axle.

The maximum braking force of electric motor is the func-
tion of motor speed n. So the maximum braking force of
front motor and rear motor are written as max (F reg_F (n)) and
max (Freq_g (n)), respectively. The control algorithm logic of
braking force distribution is proposed as shown in Figure 4.

(1) If max (F reg_F (n)) > Fpr, max (F reg_F (n)) can meet
FFr. So the electric motor braking force and hydraulic braking
force of front axle are defined as:

F regl = Frp 9)

Fpyr=0 (10)

For the 4WD EV in this study, the braking force required
by rear wheel is smaller than that of front wheel in braking
(Fpr > Fpgy). Because the front and rear motors of the FWD
EV are the same, max (F reg_R (n)) can also meet Fg;. Thus

the electric motor braking force and hydraulic braking force
of rear axle are defined as:

Fregp = Fri = F; — Fpy (1)
Fryg =0 (12)

2) If max (F reg_F (n)) < Fpy, the hydraulic braking force
of front axle is expressed as:

Fpy r = Fpr —max (Freg_F (n)) (13)

And the hydraulic braking force of front axle can be
obtained:

Fry_r = Fny_r (1 = Bo) /Bp (14)

where f, represents the hydraulic braking force distribution
relationship of the front and rear axles, and is given as
Bb = Fuy_r/ (Fuy_r + Fiy_r)-
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In this study, the RBS is developed for a low-cost 4WD EV.
So it is assumed that the hydraulic braking force distribution
relationship of the front and rear wheels is fixed, and B, is a
fixed value. In this case, two situations are considered:

1) If max (Freg_g (0)) + Fhy_g > Fgy, the electric motor
braking force of rear axle is defined as:

Freg2 = Fg; _thfR (15)

2) If max (Freg g (0)) + Fpy g < Fgi, rear wheels are
not locked. The electric motor braking force of rear axle is
defined as:

FregZ = max (Freng (n)) (16)

According to curve I, the hydraulic braking force of rear
axle can be increased as:

Fny g = Frr — max (Freng (n)) (17
And the hydraulic braking force of front axle is updated as:
Fny_r = Fny_rBr/ (1 — Bp) (18)

In this case, another two situations are considered as
follows:

() If Fpr > Fpy p & max (Freg r (0)) + Fpy r > Frr,
the electric motor braking force of front axle is defined as:

Fregl = Fpr — thfF (19)

(b) Otherwise, the electric motor braking force and
hydraulic braking force of the front and rear axles are
defined as:

Fregt = max (Freg_r (1))
Fregy = max (Freg g (n))
Fuy_F = (Fz = Fregt — Freg2) Bo
Fhy R = (Fz: — Fregl — Freg2) (1 — Bp)
According to the braking force distribution strategy above,
the controller model of braking energy recovery strategy

based on curve I is established in Matlab/Simulink as shown
in Figure 5.

(20)

IV. SIMULATIONS AND RESULTS ANALYSIS
The proposed braking energy recovery strategy in Section 3 is
validated using the vehicle system model built in Section 2
through the numerical simulations under different fixed
braking strength and continuously varying braking strength,
respectively. We assume that the road pavement is straight
and homogeneous with a uniform tire-road adhesion coef-
ficient of 0.85. The initial SOC of battery is set to 40%.
The vehicle is first accelerated to a speed of 80 km/h at full
load, and then is decelerated by braking at different braking
strength.

During braking, the total braking energy can be obtained
by the following equation:

1 2
E, = Emvo 2n

where Ey is the total braking energy. m is the mass of vehicle
and load. vy is the initial braking speed.
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FIGURE 5. Controller model of braking energy recovery strategy in Matlab/Simulink.

The recovery rate of braking energy can be expressed as:

Ep
n= =2 x100%

E (22)

where E}, is the energy recovered by the RBS.

A. SIMULATIONS OF DIFFERENT FIXED

BRAKING STRENGTH

The braking simulations are carried out under three braking
strength, which are low braking strength (z = 0.10), medium
braking strength (z = 0.35), and emergency braking strength
(z =0.75).

The simulation results under low braking strength
(z 0.10) are shown in Figure 6. Figure 6 (a) shows the
driving and braking torque responses of the front and rear
wheels from motors and hydraulic braking. Because the simu-
lation is carried out on straight and homogeneous road, it only
shows the driving-braking torque responses of left wheels.
Figure 6 (b) shows the battery energy responses in charge
and discharge. From the figures, it can be seen the vehicle
is in acceleration phase from 0 s to 19.56 s and then starts
to brake. In acceleration phase, the driving torque responses
of the front and rear wheels are the same, which present a
driving torque output with constant torque characteristics at
low speed and with constant power characteristics at high
speed. The regenerative braking function starts to work at
19.56 s, and turn off at 37.65 s with the hydraulic braking
system starting work at the same time. Obviously, the motor
braking force of the front and rear axles can fully meet the
vehicle’s braking requirement under low braking strength
(z = 0.10).

The simulation results under medium braking strength
(z = 0.35) are shown in Figure 7. From Figure 7 (a), it can
be seen that the motor braking force of the front and rear
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FIGURE 6. Simulation results under low braking strength (z = 0.10).
(a) Driving-braking torque responses of the front and rear wheels.
(b) Battery energy responses in charge and discharge.

axles can not meet the vehicle’s braking requirement under
medium braking strength (z = 0.35), so the hydraulic braking
system is working together at the same time. For this reason,
the braking energy recovered under medium braking strength
(z = 0.35) is less than that in low braking strength (z = 0.10).
In addition, it can be found that the regenerative braking
force of the front motor reaches the maximum value of its
external characteristics, but that of the rear motor does not
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FIGURE 7. Simulation results under medium braking strength. (z = 0.35).
(a) Driving-braking torque responses of the front and rear wheels.
(b) Battery energy responses in charge and discharge.

reach the maximum value. It’s mainly due to the control
strategy of braking energy recovery in this study. In order
to ensure braking stability, the braking force of front axle
is designed to meet curve I first. Because the motor braking
force of front axle can not meet the braking requirement of
curve I, the hydraulic braking force of front wheel increases
to make up for it, which leads to the increase of the hydraulic
braking force of rear wheel according to the fixed distribution
relationship By. So the regenerative braking force of the rear
motor does not reach the maximum value.

Obviously, the control strategy in this study can not achieve
the maximum capacity of braking energy recovery for the
vehicle with fixed hydraulic braking force distribution of
the front and rear wheels under medium strength braking.
If the hydraulic braking force distribution of the front and
rear wheels can be adjusted freely, the braking energy can
be recovered to maximum, but it will increase the cost of the
vehicle braking system.

The simulation results under emergency braking strength
(z = 0.75) are shown in Figure 8. Obviously, the front
and rear motors do not participate in braking, the hydraulic
braking force of the front and rear wheels are distributed
according to 8. In this case, there is no braking energy being
recovered and charging the battery.

According to (21) and (22), the total braking energy,
recovered braking energy, and braking energy recovery rate
under different braking strength can be obtained, which is
listed in Table 4. In view of braking energy recovery rate,
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FIGURE 8. Simulation results under emergency braking strength
(z = 0.75). (a) Driving-braking torque responses of the front and rear
wheels. (b) Battery energy responses in charge and discharge.

TABLE 4. Comparison of brake energy recovery under different braking
strength.

Braking Total braking Recovered energy  Energy recovery
strength z energy Ejp (kJ) E, (kJ) rate 1 (%)
0.10 343.49 269.88 78.55
0.35 343.49 96.45 28.80
0.75 343.49 0 0

the vehicle achieves the highest braking energy recovery rate
of 78.55% under low braking strength (z = 0.10). In case
of medium braking strength (z = 0.35), the braking energy
recovery rate is not very high owing to the consumption of
hydraulic braking. In emergency braking, the motor’s regen-
erative braking function is turned off, and there is no braking
energy being recovered.

B. SIMULATIONS OF CONTINUOUSLY VARING

BRAKING STRENGTH

The simulation is carried out under a continuously varying
braking strength as shown in Figure 9. The vehicle is in
acceleration phase from 0 s to 19.56 s and then starts to brake.
Figure 10 shows the driving-braking torque responses of the
front and rear wheels. It can be seen that regenerative braking
of the front and rear motors start to work at 19.56 s, and
turn off at 28.50 s. The motor braking force responses of the
front and rear axles are the same. When they can not meet
the braking requirement of curve I, the hydraulic braking
system starts to work together with them. Figure 11 shows the
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comparison of actual braking force distribution with curve 1.
It can be found the actual braking force distribution of the
front and rear axles can meet the braking requirement of curve
I'in low braking strength. As the braking strength increases,
it begins to deviate downward from curve I to ensure braking
stability.

The simulation results above show that the proposed
braking energy recovery strategy is able to achieve the
regenerative braking function under both different fixed brak-
ing strength and continuously varying braking strength while
ensuring the braking efficiency and braking stability.

V. CONCLUSION
Aiming at the characteristic that the braking energy recovery
of small EVs is mainly concentrated in the stage of low and
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medium braking strength, an improved braking energy recov-
ery strategy based on ideal braking force distribution (curve I)
was proposed for the RBS of a small FWD EV. Compared
with previous study, the improved braking energy recovery
strategy gives more consideration to braking stability and
covers broader and more realistic braking situations of the
vehicle.

And then, the braking energy recovery strategy is
extensively validated through numerical simulations of a
previously built vehicle system model under different fixed
braking strength and continuously varying braking strength.
In model simulations, it can achieve the braking energy recov-
ery rate of about 79% under low braking strength and about
29% under medium braking strength. The simulation results
show that the proposed braking energy recovery strategy is
able to effectively achieve the regenerative braking function
under different braking conditions while ensuring the braking
efficiency and braking stability.
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