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Abstract
Background Dynamics modeling and control of the electric vehicles (EV) in regenerative braking process are feasible for 
energy reservation.
Method To recover more energy and ensure braking safety in the regenerative braking process, dynamic model of EV in 
braking process has been established. Besides, a braking force distribution strategy, discussing the relationship between the 
relationship curve between braking forces of the front and the rear wheels (the F curve) and the Economic Commission for 
Europe (ECE) curve, is proposed based on the desired force distribution curve (I curve) and ECE curve. In addition, the fuzzy 
logic regulations between braking force and the braking requirements, vehicle velocity, and battery SOC are established 
which can ensure driving safety and battery safety simultaneously. The proposed control strategies are performed efficiently 
in ensuring driving safety, comfort, stability, and battery safety of EV by employed Hardware In-the-Loop (HIL) simulation.
Result The total energy usage efficiency of EV can be improved about 10% and the one-time charging mileage of EV is 
prolonged.
Conclusion The new control strategy is feasible in recovering more energy in the braking process.

Keywords Regenerative braking · Braking force redistribution · Fuzzy logic · HIL simulation

Introduction

Vehicle, as the mainstay of the world’s economy, is also 
one of the most important transportations for human beings. 
However, the great increase of vehicle applications inevi-
tably leads to the problems of energy shortage and envi-
ronmental problems such as climate changes and global 
warming [1, 2]. Recently, the regenerative braking is one of 
the most effective ways to improve energy economy of EVs 
[3]. Prius developed by TOYOTA can recycle about 23% 
energy using the regenerative braking system. In city cycle, 
50% of the total energy provided by motors is consumed 
by brakes, but about 80% braking energy can be recovered, 
which means that about 40% energy of all the energy can be 
recycled theoretically [4].

To ensure the braking safety or to recover more energy 
from the braking, many researchers and institutions have 
done a lot of work on the law of braking force distribu-
tion, and have made great achievements [5, 6]. Among 
them, some researchers are committed to ensuring safety 
of the braking. In [7], when the ratio of electromotive force 
to mechanical braking force is 4–1, the motor can supply 
enough braking torque at any velocity. According to the 
braking strength, Lian et al. [8] divided the Regenerative 
Braking Force (RBF) distribution strategy into three grades, 
and a braking torque distribution regulation according to the 
continuity of regenerative braking strength was proposed to 
ensure safety. The method is that the tractor rear, the trailer, 
and the tractor front wheel slips decreased in order [9]. In 
this paper, the slip ratio was considered adequately to ensure 
braking safety, but cannot ensure recycle more energy. In 
[10], a ratio k is introduced to redistribute the braking force 
which will affect the braking force. The principle to opti-
mize the performance of the strategy is the wheels slip ratio 
and the motor loss. The optimal distribution regulation only 
depends on the vehicle velocity and acceleration. In the lit-
erature [11], the ratio of the driving force distribution for 
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reducing the input energy of the inverter was generated with 
considering load transfer and motor losses. The proposed 
method is effective on various driving states such as constant 
velocity, acceleration, and deceleration due to the distribu-
tion regulation only based on vehicle speed and acceleration, 
which is not required for pre-computation and control. By 
applying the hydraulic braking force on the front wheels less 
than the baseline control method and the RBF applied on the 
rear wheels, a modified regenerative braking control method 
was presented in the literature [11] that helps to improve 
the regeneration efficiency. On average, a force distribution 
strategy based on the tire dynamic load and the minimum 
objective function was proposed to control the motor and 
the RBF to ensure the braking stability [12]. In paper [13], 
an optimal force distribution method was proposed for EV 
which has four wheel motors independently to improve vehi-
cle safety. To improve the recycling efficiency of the regen-
erated brake energy in hybrid electric vehicle, the control 
strategy according to the maximum braking torque recovery 
is proposed [14]. However, the regenerative braking torque 
depends on the front wheel-braking curve; therefore, the 
maximum braking energy cannot be ensured. By the way of 
yaw velocity error feedback, the front–rear force distribution 
can be changed. Besides, the purpose of maintaining vehicle 
path and maximizing acceleration was achieved through the 
left–right lateral acceleration error feedback [15]. Based on 
the force distribution regulation, a brake control method was 
presented to improve comfortable sensation in the braking. 
According to the phase plane theory, an optimal brake force 
is obtained for ABS control of an EV and an RBS control 
method named “serial control strategy” is designed for EVs 
during anti-lock braking process [16]. Based on the wheel 
slips, a braking force distribution method was proposed to 
improve braking stability under different deceleration levels 
in [13]. However, this force distribution method proposed 
above mainly focuses on ensuring braking safety while can-
not recover as much energy as possible, or even ignoring the 
problem of energy recovery in the braking process. Finally, 
the experiment set-up, which has four types of tire–road 
adhesion ratio, is established and the testing result shows 
effectiveness of the control method.

In addition, in the design of force distribution strategy, 
many researchers pay more attention to ensure braking 
energy, but fail to take full account of safety problems. For 
instance, according to the quality of the motor, Gao [17] pro-
posed a control method based on the maximum motor brak-
ing torque curve. However, this method may cause safety 
issue to the vehicles due to other factors such as the slip ratio 
and the State of Charge (SOC) which are not sufficiently 
considered. In paper [18], a regenerative braking force con-
troller (RBFC) was designed. This is a special case of brake 
force distribution, which mainly focuses on the ensuring 

stability operation in the swerve period. Therefore, it is only 
applicable to small turning and slip coefficients and other 
cases are not discussed in this paper. In [19], taking into 
account the SOC and car speed included by the weight factor 
to determine the regeneration braking force, it is allocated 
among vehicle wheels evenly to regenerate more energy 
from the braking. However, only SOC and vehicle speed are 
considered in the braking strategy, so braking safety cannot 
be guaranteed. Considering the requirements of the power 
and maximum speed of motor and the stability of vehicles, a 
braking force distribution strategy was proposed in [20] for 
maximum recovering of energy at the expense of ensuring 
the safety of vehicles.

Through all the references above, the demands of the 
braking safety and the energy conversation cannot always 
be satisfied simultaneously. In 1999, Gao and Ehsani [21] 
proposed the “ideal” distribution equation of the braking 
torques among vehicle axles to ensure the driving safety. On 
the basis of this theory, Li Peng [22] developed a regenera-
tive braking strategy that if the adhesion coefficient is large 
enough, the distribution ratio will follow the desired curve. 
However, this method cannot clearly distinguish the value of 
the adhesion coefficient. Thereafter, Zou [23] put forward an 
improved force distribution law, which is applicable to vari-
ous adhesive coefficients. However, it is difficult to choose 
the appropriate adjustment curve. In [24], based on the ECE 
distribution regulation, the RBF distribution can generate 
maximum regenerative braking torque, and energy recovery 
maximization can be achieved compared with ideal distri-
bution of the braking force and speed regulation. Zhang, 
et al. [25], obtained the braking torque based on the I curve, 
while complying with ECE curves. Besides, the method is 
realized by the interpolation via offline optimization infor-
mation. Through simulation results, it demonstrates that the 
force allocation scheme proposed in the paper can recover 
more energy in the braking. In [26], a force distribution 
method was presented. When the vertical loads of vehicle 
wheels are known, the front- and rear-braking forces follow 
the I curve. When the vertical wheel loads cannot be meas-
ured, the actual braking force curve would locate between 
the unloaded ideal braking force distribution curve and the 
minimum rear wheel-braking force limitation curve. How-
ever, this method cannot ensure regenerate as much more 
energy as possible. In [27], excess brake force was distrib-
uted driven wheels. In the braking distribution regulation 
design process, it is desirable to recover as much energy as 
possible for improving the driving range and fuel economy. 
However, with respect to vehicle behavior, the brake force 
distribution would increasingly deviate from the ideal curve 
as the amount of energy regenerated increases, and the cor-
nering force would decrease accordingly.
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In addition, selection and design of reasonable control 
strategy are also the focus of current research. In [28], the 
DP control method was used to distribute energy and the 
hierarchical control strategy is used in [29] to decide the 
optimal downshift point, and cooperate control of regenera-
tive and hydraulic braking.  SOCmax,  SOCmin,  SOChigh, and 
 SOClow were set 0.65, 0.25, 0.60, and 0.30, respectively. 
Gao et al. [30] introduced the neural network to calculate 
the value of RBF. In practical industry, the safety, reliability, 
and ease applications are the main performance indicators. 
Therefore, the fuzzy logic control has attracted more atten-
tions of researchers in the field of regenerative braking. Yao 
[31] designed a motor torque controller based on the Mam-
dani’s fuzzy controller. However, it only takes the pedal and 
speed into consideration to determine the RBF. Zhang [32] 
presented a fuzzy controller including two inputs batteries’ 
SOC and a special parameter P defined by the torque input 
and the maximum torque of the motor. However, this method 
only considers vehicle velocity and motor’s achievable force, 
but without the maximum allowed charging current of the 
battery. Li [33] proposed a fuzzy control logic controller 
including the braking pedal and the motor speed. In [34], an 
estimation algorithm of the tire–road friction based on the 
fuzzy logic was proposed and used in BFD control strategy, 
which introduces the longitudinal wheel slip measured by 
acceleration and speed sensors. The algorithm is integrated 
in the controller which can improve the braking energy 
recovery. In controller [35], it only considers the front brak-
ing force, the SOC, and the EV speed as input. From the ref-
erences listed above, the fuzzy logic is an effective method 
in the regenerative braking system design.

Therefore, a fuzzy logic-based regenerative braking 
controller is proposed. To improve energy efficiency and 
braking safety, a force redistribution regulation among the 
front-mechanical, the rear-mechanical, and the RBFs is 
obtained. Besides, the RBFC designed in the paper includes 
the braking requirement and the car velocity related to brak-
ing safety, also considers the factors such as the battery SOC 
and temperature, which are important to ensure the battery 
safety. Furthermore, an HIL simulation experiment set-up 
and the simulation model system are established to validate 
the proposed strategy.

In the next section, basic components and working prin-
ciples of the regenerative braking system are introduced fol-
lowed by which the force redistribution regulation of the EV 
will be presented. Next, the fuzzy logic-based controller is 
designed to realize the regenerative braking control. An HIL 
experimental platform, which is used to validate the method, 
is explained in the subsequent section. Before the concluding 
section, the performance of the method in ensuring braking 
safety and energy conservation is given. Conclusions are 
summarized in the last section.

Dynamic model of EV in braking process

Preliminaries of regenerative braking

The regenerative braking system of EV can be seen in Fig. 1. 
According to the driving requirements, the driver treads on 
brake pedal. The angle senor which measures inclination of 
the pedal will send the driver’s driving demands to the fuzzy 
controller. According to the controller, the braking forces 
can be obtained.

Dynamic analysis of vehicle in braking process

The force analysis of EV during braking is revealed in Fig. 2. 
When ignoring the deceleration, the rotating mass gener-
ates the roll resistance couple moment, the air resistance, 
and inertia coupling. Besides, in the following analysis, the 
rolling and slipping process during braking is neglected, and 
the adhesion coefficient is constant φ0 [36].
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Taking the contacting points of the front wheels and the 
rear wheels as research objects, the moment can be calcu-
lated from Eqs. (1) and (2):

Rear wheels:

Front wheels:

where Fzf, Fzr are forces applied to vehicle by the surface, 
respectively; G is the vehicle weight, G = mg, and m is the 
vehicle mass; hg is the distance between the gravity center 
and the surface; c, b are the distance between the front axles, 
the rear axles, and the gravity center, respectively; L is the 
distance between the vehicle axles; Fj is the inertia force 
during braking. It equates to Fj = m×dv/dt = ma; herein, v is 
the car speed and a is the acceleration.

The adhesion coefficients are different with different 
loads. We assume that all the wheels are locked, and then, 
the vehicle will remain in pure sliding state, Fxf = Fxr = Gφ, 
as the forces applied to the vehicle are equal: Fj = m × dv/
dt = Fxf = Fxr = Gφ, so, dv/dt = φg.

From Eqs. (1) and (2), we can obtain the forces applied 
to vehicle by the surface are as follows:

Basement of the Force Distribution Regulation

The meaning and analysis of all braking forces distribution 
curves can be seen from Fig. 3. I curve indicates the ideal 

(1)FzfL = Gb+Fjhg.

(2)FzrL = Gc+Fjhg,

(3)Fzf = G ×
(
b + � × hg

)/
L,

(4)Fzr = G ×
(
b − � × hg

)/
L.

distribution of front and rear wheels, and its can be calcu-
lated by the equation as follows:

where Ff, Fr are the front and the rear wheel-braking forces.
ECE curve [37] means the command curve of braking 

forces between front and rear wheels of two-axle vehi-
cle, drawn up by the European commercial committee of 
UN, and the vehicles satisfy z ≥ 0.1 + 0.85(� − 0.2) , with 
0.2 < φ < 0.8, and then, calculation equation of ECE curve 
can be written as follows:

where z is the braking severity, and its calculation equation 
is defined as z = j/g [38].

F curve [38] is the relationship curve between braking 
force of front and rear wheels. As the front wheels locked, 
the rear wheels are unlocked on the roads with different φ:

where Ff, Fr are the front and rear wheels braking forces 
when all of them are locked, respectively.

According to the braking pedal, the braking force dis-
tribution curve is obtained and the calculation equation as 
follows:

where F means the REquired Braking Force (REBF) of 
driver.

Calculation of Braking Force in the Braking

In the process of braking, the driver will push the pedal 
down to different angles according to driving conditions 
and required braking commands. The relationship between 
brake pedal angle and braking force is proportionate. Herein, 
assuming that the ratio is k, then F = kα, α is the brake pedal 
angle (0° ≤ α ≤ 90°); k is different depending on the type of 
vehicle that can be estimated from experiments.

(5)Fr =
1

2

⎡⎢⎢⎣
G

hg

�
b2 +

4hgL

G
Ff −

�
Gb

hg
+ 2Ff

�⎤⎥⎥⎦
,

(6)

⎧
⎪⎪⎨⎪⎪⎩

Ff =
z + 0.07

0.85

G

L

�
b + zhg

�

Fr = Gz − Ff

z = 0.1 + 0.85(� − 0.2)

,

(7)Fr =
L − � − g

�hg
Ff −

Gb

hg
,

(8)F = Ff + Fr

                               Ff

   
   

   
   

   
   

   
   

Fr F curve

I curve

ECE 
curve

Braking force 
distribution  

curve

BO AH

C D

P

Fig. 3  Braking force distribution



183Journal of Vibration Engineering & Technologies (2020) 8:179–197 

1 3

Calculation of the Maximum Braking Force

According to the relationships of the capacity of batteries, 
SOC, SOH, temperature, conformity, and the motor braking 
force, we obtain the algorithm flowchart Fig. 4 as follows.

Force Distribution Regulation Design

At present, the purpose of the regenerative braking strategy 
is increasing the electric one to produce more energy. On 
most occasions, the current generated by electrical braking 
force cannot be totally regenerated for restrictions of bat-
teries and so on. At the same time, the charging current can 
cause damage to batteries if it is larger than the permitted 
maximum charging current, and the braking safety, comfort, 
and stability will also be decreased. To solve these problems, 
we introduce the maximum braking force Fm into the dis-
tribution strategy, which has the advantage of regenerating 
as much energy as possible and improve the braking safety, 
comfort and safety in emergency braking. The force distri-
bution among the vehicle wheels can be divided into the 
following two conditions.

The F Curve and the ECE Curve are Tangent 
or Disjoint

(1) When FB ≥ FA, the front–rear wheel force distributions 
can be shown as the thick curve of Fig. 5a. In the fig-
ure, at the OA stage, all the force is only generated 
by motor due to the braking force is small; at the AC 
stage, with the increment of braking force required by 
vehicle, both the electrical force and mechanical force 

of rear wheels have contribution to generate braking 
force; Then, at the CD stage, the braking force can be 
provided by mechanical force and electrical force of the 
vehicle wheels to ensure safety of the vehicle, owing 
to the requirements of large braking force and decel-
eration. The relationships of force distribution can be 
calculated by Eqs. (9–11).

  If F ≤ Fm1 then

  If Fm1 < F ≤ G
[√

b2 + 4 × hg × L∕GFm1 − b
]/

hg , 
then

  If 1
2

G

hg

[√
b2 +

4hgL

G
Fm1 − b

]
< F ≤ (A + B) , then

(2) In the second cases, FB ≤ FA, FB ≤ FH, and FC ≤ FD, the 
redesigned force distribution regulation of the vehicle 
wheels is shown in Fig. 5b, c. At the OB stage, the 
braking force of vehicle is only provided by motor; at 
the BP stage, the braking force can be generated by 

(9)
[
Ff,Fr

]
= [F, 0].
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[
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=
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electrical force and mechanical force of rear wheels 
based on the regulation of maximum motor torque 
curve; At the CD stage, the braking force is generated 
by electrical force and mechanical forces of the vehicle 
wheels. The relationships can be presented in Eqs. (12–
15)

  If F ≤
Gb�

(L−�hg)
 , then

  If Gb𝜑

(L−𝜑hg)
< F ≤

(
Fm1L

𝜑hg
−

Gb

hg

)
 , then

(12)
[
Ff,Fr

]
= [F, 0]

(13)
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]
=

[
�hg

L

(
F +

Gb

hg

)
,

(
1 −

�hg

L

)
F +

�Gb

L

]
.

Fig. 5  The F curve and the ECE 
curve are tangent or disjoint
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  If  
(
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𝜑hg
−
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)
< F ≤
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(√
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4hgL

G
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 , 

then

  If G
2hg

(√
b2 +

4hgL

G
Fm1 − 1

)
< F ≤ (A + B) then

(3) When FA ≥ FB, FH ≥ FB and FC ≥ FD, the front–rear 
wheel force distributions are shown as the thick curves 
in Fig. 5d, e. At the OB stage, the braking force of vehicle 

(14)
[
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is only generated by motor; at the BD stage, and the brak-
ing force is generated by electrical force and mechanical 
force wheels of rear wheels based on the F curve. The 
relationships can be expressed as Eqs. (16) to (17).
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The F Curve and the ECE Curve are Intersect

(1) When FA ≤ FH, the front–rear wheel force distributions 
will follow the thick curve showing in Fig. 6a. At the 
OA stage, the vehicle braking force can be calculated 
by Eq. (18); at the AC stage, the estimation equation 
of braking force is presented as (19) that is generated 
by electrical force and mechanical force of rear wheels 
with the increment of braking force required by vehicle; 
At the CD stage, Eq. (20) is used to calculate the brak-
ing force, which is provided by electrical and mechani-
cal forces of the vehicle wheels.

  If F ≤ Fm1, then

  I f 
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(2) When FB ≥ FA ≥ FH, the front–rear wheel force distribu-
tions are presented in Fig. 6b with the thick curve. At 
the OH stage, the braking force of vehicle can be only 
provided by motor and its calculation equation is writ-
ten as (21); At the HP stage, according to the standard 
of ECE braking force regulation, the force distribution 
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regulation is the same as ECE [see Eq. (22)]; At the 
CP stage, with the increment of braking force required 
by vehicle, electrical braking force reaches the maxi-
mum, and its distribution can be expressed in Eq. (23); 
At the CD stage, based on Eq. (24), get the braking 
force, and both the electrical and mechanical forces and 
rear wheels have contributed to the force to ensure the 
safety of the vehicle.

  If F ≤ Gz = G × [0.1 + 0.85(� − 0.2)] = G × 0.1 , 
then

  I f 
0.1G < F ≤ G(0.07G − 0.85LbFm1)∕ (0.85LbFm1 − G) , 
then

  I f 
G(0.07G − 0.85LbFm1)

/
(0.85LhgFm1 − G) < F ≤

1

2[
G

hg

√
b2 +

4hgL

G
Fm1 −

(
Gb

hg

+ 2Fm1

)]
+Fm1 , then

(21)
[
Ff,Fr

]
= [F, 0]

(22)

[
Ff,Fr

]
=
[
z + 0.07

0.85

G

L

(
b + zhg

)
,Gz −

z + 0.07

0.85

G

L

(
b + zhg

)]
.

(23)
[
Ff,Fr

]
= [Fm1,F − Fm1]
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  If 1
2

[
G

hg

√
b2 +

4hgL

G
Fm1 −

(
Gb

hg
+ 2Fm1

)]
+Fm1 < F ≤ (A + B) , 

then

(3) When FA ≥ FB and FC ≥ FD, the front–rear wheel force 
distributions can be shown as the thick curve in Fig. 6c. 
At the OH stage, the force of vehicle is only gener-
ated by motor as the braking force is small; At the HP 
stage, based on the standard of ECE regulation, the 
force distribution regulation is consistent with the ECE; 
At the PD stage, for the reason of large braking force 
and deceleration, the braking force is applied by electri-
cal force and mechanical forces of the wheels to ensure 
vehicle safety. The relationships can be expressed as 
Eqs. (25–27).

  If F ≤ Gz = G × [0.1 + 0.85(� − 0.2)] = G × 0.1 , 
then

  If 0.1G < F ≤ X , then

  If X < F ≤ Ff + F , then

  X is the intersection of the following three equations, 
as F = Fr + Ff

  Then, we can get Fr =
2L

�Gb
−

√
1 +

4hgL

G
.

(24)
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where A =
Gb

2hg

�⎡⎢⎢⎣
L − �hg

�hg
−

G

2hg

�
b2 +

4hgL

G
+1

⎤⎥⎥⎦
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z = 0.1 + 0.85(� − 0.2),� ∈ [0.2, 0.8].

(25)
[
Ff,Fr

]
= [F, 0].

(26)

[
Ff,Fr

]
=
[
z + 0.07
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G

L
(b + zhg),Gz −

z + 0.07
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G

L
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]

(27)
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)
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L

(
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)
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]
.
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Ff =
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0.85

G

L

�
b + zhg

�

Fr = Gz − Ff

Fr =
L − �hg

�hg
Ff −

Gb

hg

(4) When FA ≥ FB and FD ≥ FC, the front–rear wheel force 
distributions can be shown in Fig. 6d as the thick curve. 
At the OH stage, the braking force of vehicle can be 

only provided by motor for the reason the value is 
small; At the HM stage, according to the standard of 
ECE regulation, the force distribution regulation is the 
same as the ECE; At the MN stage, the rear wheel-
braking force is generated by electrical force and 
mechanical force according to the F curve; at the CP 
stage, with the increment of the braking force required 
by the vehicle, electrical one get to the maximum; At 
the CD stage, for the reason of large force and decelera-
tion, the braking force is generated by mechanical force 
and electrical force of both the rear and front wheels. 
The relationships are expressed as Eqs. (28–31).

  If F ≤ Gz = G × [0.1 + 0.85(� − 0.2)] = G × 0.1 , 
then

  If 0.1G < F ≤ X , then
(28)

[
Ff,Fr

]
= [F, 0]

(29)

[Ff,Fr] =
[
z + 0.07

0.85

G

L
(b + zhg),Gz −

z + 0.07

0.85

G

L
(b + zhg)

]

Fig. 7  Structure of control system
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  I f 
LFm1

𝜙hg
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Gb
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< F ≤
1

2

[
G
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√
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4hgL

G
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(
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)]
+Fm1  , 

then

  If 1
2

[
G

hg

√
b2 +

4hgL

G
Fm1 −

(
Gb

hg

+ 2Fm1

)]
+Fm1 < F ≤ (A + B) , 

then

  X is the intersection of the following three equations, 
with F = Fr + Ff, where

Fuzzy Logic‑Based Motor Force Controller

Controller Structure

The control structure and the RBFC can be seen in Figs. 7 
and 8, respectively. Herein, the driver’s braking requirement 
can be obtained by the pedal sensor. Then, according to the 
front–rear wheel-braking force allocation regulations, the 
front- and rear-braking forces are available, respectively. As 
revealed in Fig. 8, the RBF can be obtained. Then, the front-
mechanical, the regenerative, and the rear-braking forces are 
generated through the comparator in Fig. 7, respectively.

(30)
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To improve performance of the controller, some improve-
ments are made in the paper. First, more factors are consid-
ered in the controller. The controller proposed in the paper 
includes the driver’s braking requirement and the vehicle 
speed related to the braking safety, and also considers the 
factors such as the battery SOC and temperature, which are 
important to ensure the battery safety.

Furthermore, some improvements are made in the rules 
design. For instance, the actual universe of discourses of 
the vehicle velocity is [0, 1000]. However, the braking force 
will be zero when the vehicle velocity is zero if the actual 
universe of discourses is adopted. This condition is not true 
for example when the vehicle in the braking state. Besides, 
the membership functions of the controller are smooth to 
ensure security and comfort.

The detailed design process of the controller is presented 
in “The factors and the RBF” and “Fuzzy logic variables 
and rules”.

The Factors and the RBF

The RBF would be influenced by the vehicle velocity, brake 
demand, and battery restriction, etc. Besides, the braking 
safety is also affected by the factors such as the car speed 
and the braking requirements. The battery quantity and the 
maximum permissible charging current are the factors deter-
mine the battery limitation. The battery quantity is reflected 
by State Of Charge (SOC), while the maximum permissible 
charging current equals to f (Q, T, SOC, SOH, EQ), where Q 
is battery quantity, T means battery temperature, SOH is the 
state of the battery health, and EQ means equal qualities of 
batteries [39, 40]. Herein, the effect of calculating the maxi-
mum allowable charging current is limited due to the SOH 
and EQ are difficult to be assessed. Therefore, this paper 
only considers the factors SOC and battery temperature.

A. Battery temperature
  Function ratio of the maximum allowable charging 

current and the battery temperature is shown in the fol-
lowing equation: [39].

Battery SOC

Battery 
temperature

Fuzzy 
logic 

controller

regenerative 
braking 

forceVehicle speed
(motor rotating 

speed)

Required force

Fig. 8  RBFC
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where ηi is the compensation ratio; ηi1 and ηi2 are tem-
perature ratios that vary with the companies. Set ηi1 
equals to 0.33 and ηi2 equals to 0.0549. When tempera-
ture is 20 °C, the current is I and the current becomes 
I/3 when it is 0 °C.

(32)𝜂i =

⎧
⎪⎪⎨⎪⎪⎩

𝜂i1e
𝜂i2T − 20 ◦C ≤ T < 20 ◦C

1 20 ◦C ≤ T < 45 ◦C

(50 − T)∕5 45 ◦C ≤ T < 50 ◦C

0 T < −20 ◦C and T > 50 ◦C

,

  Based on the momentum theorem, P = FV = UI. Under 
the same V but with different temperatures, the I has the 
same decreasing or increasing tendency as F. There-
fore, the relationship between the RBF and battery tem-
perature can be expressed by the equation of maximum 
allowable charging current and temperature.

B. SOC
  The internal resistance of the battery is very large as 

the value of SOC is lower than 10%, which is unsuitable 
for charging. Therefore, the ratio of the RBF would be 
small; as the value of the SOC value is between 10% and 
90%, the battery should be charged with high current; 
when the value of SOC is larger than 90%, the charging 

Fig. 9  SOC

Fig. 10  Vehicle velocity

Fig. 11  REBF
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current will be reduced to avoid the lithium ion from 
depositing, and the RBF would also be small.

C. Vehicle velocity
  Vehicle velocity is important in ensuring vehicle 

safety, so it is inevitable to consider the influence of 
vehicle velocity [39]. When the velocity is small, the 
RBF should be small to ensure safety; when the veloc-
ity is middle, the RBF should be increased; the ratio of 
RBF can be increased to the maximum level when the 
velocity is high.

D. REBF
  To ensure braking safety, the driver wants to brake the 

vehicle within a certain time and distance. Therefore, 
to stop the vehicle urgently, the RBF should be small, 
while it can increase if the driver wants the vehicle to 
stop slowly.

Fuzzy Logic Variables and Rules

A. Input and output variables
  Based on the above analysis, this paper prefers to 

select the SOC, the vehicle velocity, and the REBF as 
the three inputs of the fuzzy logic controller, and define 
the RBF as the control output. The sets of SOC, vehicle 
velocity, and REBF are {low(L), middle(M), high(H)} 
and the universe of discourses are [0, 1], [− 10, 1000], 
and [− 10, 2000], respectively.

  The membership functions can be seen from Figs. 9, 
10, and 11. The fuzzy controller of the Sugeno type is 
adopted. The concourse of the RBF is: T = {T0, T1, T2, 
T3, T4, T5, T6, T7, T8, T9, T10} = (0, 0.1, 0.2, 0.3, 0.4, 
0.5, 0.6, 0.7, 0.8, 0.9, 1.0).

B. Fuzzy rules
  The control model is with two inputs and one output, 

and therefore, the structure of the controller is if premise 
1 and premise 2 THEN get the conclusions. The detailed 

Table 1  Fuzzy rules

REBF Battery SOC Vehicle velocity Motor force

High H H T1
M T1
L T0

M H T2
M T2
L T1

L H T3
M T3
L T2

Middle H H T5
M T3
L T3

M H T7
M T5
L T4

L H T8
M T8
L T4

Low H H T6
M T5
L T4

M H T10
M T10
L T9

L H T10
M T10
L T9

Fig. 12  Relationships among inputs and output of the controller. a Flowchart; b equipment platform
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rules can be seen in Table 1. To show the fuzzy control-
ler intuitively, the relationship between the three inputs 
and output can be seen from Fig. 12.

  In Fig. 12a, b, the relationship of the SOC and the 
motor torque can be known by changing the driving 
state of the vehicle accordingly. In Fig. 12a, the axis is 
defined as the required force of vehicle, and it is vehicle 
speed in Fig. 12b. From the figures, it can be shown that 
the battery SOC plays an important role in determining 
the motor force. With increasing of the battery SOC, 
the motor force decreased. Besides, under the condi-
tion of certain battery SOC, we can see the influence 
of the vehicle force and velocity on the motor torque. 
It is visible from the figures, they are positively related, 
which means that the motor force will increase accord-

ingly with increase of required force and vehicle speed. 
Therefore, the curves are smooth that can ensure the 
safety and stability of the driving.

HIL Simulation Platform

HIL Controller Design

The flowchart of HIL simulation system of vehicle controller 
is shown in Fig. 13a. The HIL controller exports signals to 
the VCU, and then, the VCU transfers the relevant data to the 
CAN bus. MATLAB gets the data through USB, transform-
ing from the CAN bus by applying the MEX file. Besides, 
the battery SOC, motor speed, and pedal requirements can 
be simulated in the HIL controller. Finally, the real-time 
state of vehicle controller is monitored directly through the 
results displayed on the PC screen, especially the regenera-
tive braking information, including the braking, the motor, 
the front-mechanical and the rear-mechanical forces, bat-
tery temperature, battery SOC, and VEH. The HIL equip-
ment platform is demonstrated in Fig. 13b. In this paper, the 
software analysis tool adopts the latest version of ADVI-
SOR2002, which is used to analyze the performances of 
traditional, electrical, and hybrid vehicles, and it is widely 
used software in the field of vehicle simulations.

Definition of Electric Vehicle and Driving Cycle

In the simulation, an EV model is after selecting the drive-
train configuration of EV, and all the components of selected 
vehicle are listed in Table 2 as follows. We adopt the driving 
cycle of city road named CYC_UDDS drafted by the Envi-
ronmental Protection Agency due to it represents the actual 
situations of EV in life.

(a) Flow chart

(b)  Equipment platform

Power 
module

VCU( vehicle 
controller unite)

Hardware 
in-the-loop 
controller

PC
MATLAB 
Programme

(MEX)

PC 
screenCAN-USB

SOC
Motor speed

Pedal

Fig. 13  HIL set-up

Table 2  Components of EV
Vehicle model-VEH_SMCAR Vehicle mass 592 kg

Cargo mass 136 kg
Wheel distance 2.6 m
Front air contact area 2.0 m2

Height of the weight center 0.5 m
Front axle fraction of vehicle Weight 0.6

Motor MC_AC75
Energy storage ESS_PB25
Transmission TX_1SPD
Wheel/axle WH_SMCAR 
Accessory ACC_HYBRID
Powertrain control PTC_EV
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Fig. 14  Modified force distribution regulations

Fig. 15  Required velocity of 
driving cycle

Fig. 16  Velocity of vehicle
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Vehicle Control Diagram

According to the force distribution regulations proposed in 
“Force distribution regulation design”, and the fuzzy logic 
calculator designed in “Fuzzy logic-based motor force con-
troller”, we modify the original model of the braking strat-
egy in < vc > . The modified model, concluding the fuzzy 
controller and the new braking force distribution regulation, 
is shown in Fig. 14.

As shown above, the force distribution controller will 
allocate the front-mechanical, the front-motor, and the rear-
braking forces based on the required force. The RBF can be 
obtained by taking the driving requirements, battery SOC, 

vehicle velocity, and temperature of battery pack. Compar-
ing the RBF calculated using the fuzzy logic calculator and 
the front-motor braking force obtained from the braking 
force distribution controller, the minimum will be the best 
RBF. Finally, the braking forces of model output are the 
front- and the rear-mechanical braking force, respectively.

Simulation Results and Analysis

Braking Safety Insurance

A. Kinematic results

Fig. 17  Distance

Fig. 18  Vehicle force achieved

Fig. 19  Wheel torque achieved
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  Based on the above HIL simulation experiment plat-
form, the required velocity of the driving cycle can be 
seen in Fig. 15. To compare the validity of the method, 
the simulations of the modified and original control 
method are with the same required velocity in the whole 
driving cycle as shown in the figure.

  To ensure driving safety, the vehicle should follow the 
required velocity and driving distance. Therefore, in the 
experiments, the factors of the velocity of vehicle and 
the distance are considered. From Figs. 16 and 17, it is 
clearly that the modified curves and the original curves 
of vehicle’s velocity and distance achieved coincide with 
each other very well. The vehicle, using the modified 
braking strategy, satisfies the drive cycle’s requirement 

well in the aspects of vehicle velocity and distance, 
which means that the braking safety and stability of the 
EV can be ensured based on the modified braking con-
trol method.

B. Dynamic results
  Apart from kinematic aspect, the dynamic factor is 

also considered in this braking system. Theoretically, the 
vehicle force achieved under the same driving conditions 
should be the same as that of simulation. As shown in 
Fig. 18, the experimental results of the modified model 
and the original model have the same vehicle power 
exactly. The results show the method can ensure brak-
ing safety of vehicle.

Fig. 20  Final drive torque out-
puts achieved

Fig. 21  Gearbox torque outputs 
achieved

Fig. 22  Motor torque outputs 
achieved
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  The wheel torque reflects the mechanical braking 
force exerted to the vehicle, as seen in Fig. 19. When 
wheel torque is positive, the vehicle is in a forward state; 
when the wheel torque is less than zero, the vehicle is 
in braking state. The modified model is coherent with 

the original one when the wheel torque is greater than 
zero, which means that the improved vehicle can reach 
the desired wheel torque under the driving forward 
condition. However, under the braking condition, the 
absolute wheel torque of the modified model is greater 
than that of the original wheel torque, which means that 
the wheels need to exert more torque. Therefore, more 
energy can be recovered during the braking process.

  For the final drive torque outputs, gearbox torque out-
puts, and motor torque outputs, there are similar situa-
tions. According to Fig. 20, on the positive axis of y, the 
curve of the modified model overlaps completely with 
the original model curve; on the negative axis of the y, 
the absolute value of the modified model is much larger 
than that of the original. The simulation shows that, in 
the dynamic aspect, the driving safety can be ensured, 
and more torque will occur in the process of braking 
regeneration.

  To produce more energy, the motor should play a 
major role in the regenerative braking, and the gearbox 
torque output is another factor reflecting recirculation of 
the motor. As shown in Fig. 21, the improved model can 
recover more energy.

  At last, the motor torque output figure gives the torque 
curve of motor during braking. In Fig. 22, the motor out-

Fig. 23  Energy storage history 
of SOC

Fig. 24  Energy stored in the 
storage system varies with time

Table 3  Energy use

Parts Motor/con-
troller

Gearbox Braking Overall 
energy 
efficiency

Original In/kJ 837 926 – –
Out/kJ 565 837 – –
Loss/kJ 272 89 770 –
Efficiency 0.67 0.9 – 0.341

Modified In/kJ 2466 2611 – –
Out/kJ 1915 2466 – –
Loss/kJ 551 146 − 2630 –
Efficiency 0.78 0.94 – 0.374
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put torque is much larger during the braking process, so 
naturally more energy will be recovered in the process.

Energy Results

The energy storage history of SOC can be seen from Fig. 23. 
Obviously, the charging state in the modified model is higher 
than that of the original one by rough calculation, and the 
improvement value of SOC is about 15%. This is a con-
vincing proof of the validity of the new control method in 
improving energy efficiency.

As shown in Fig. 24, the modified model (red curve) can 
be found to be able to store more energy by comparing the 
energy in the storage system that varies with time.

The above figures are all simulation results of the driving 
process, and the details of the energy recovery and usage of 
each part can be seen in Table 3.

According to Table 3, the energy efficiency of the modi-
fied control method is obviously better than the original one. 
In the modified model, both the input energy and output 
energy of motor/controller and gearbox have increased by 
(0.78 − 0.67)/0.67 = 16.42% and (0.94 − 0.9)/0.9 = 4.44%, 
respectively, which proves the effectiveness of the new 
control strategy. The energy consumed by brake is shown 
in the third column of Table 3. In the original model, the 
braking energy is 770 kJ, while, in the modified model, 
it is − 2630 kJ. Herein, the “ − ” means that the energy is 
increased in the modified model that is a direct proof of 
the validity of the modified control strategy. By calculation, 
the 3400 kJ energy can be recovered during regenerative 
braking.

Besides, in ADVISOR’s simulation software, a param-
eter named overall energy efficiency is defined. In the origi-
nal model, the overall energy efficiency is 0.341, while the 
modified model is 0.374. The increase in energy efficiency 
is (0.374 − 0.341)/0.341 = 9.68%.

Conclusion

A novel regenerative braking control method is proposed. 
First, the force distribution regulation among the front-
mechanical, the rear-mechanical, and the RBFs is designed. 
The regulation cannot only ensure the driving safety of vehi-
cle, but also recycling more energy during braking process. 
Besides, using the fuzzy controller, a regenerative braking 
control method is designed. The controller includes the driv-
er’s braking requirement and the vehicle speed related to the 
braking safety also considers the factors such as the battery 
SOC and temperature, which are important to ensure the bat-
tery safety. Furthermore, an HIL simulation experiment set-
up and the simulation model system are established to testify 
the validity of the proposed strategy. Through experimental 

results, the driving safety can be ensured from the aspects 
of kinematics and dynamics, and energy utilization has 
increased about 10%. Therefore, the proposed RBS is an 
effective method to ensure driving safety and improving 
energy utilization efficiency.
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