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RESEARCH ON DESIGN OPTIMIZATION AND SIMULATION OF
REGENERATIVE BRAKING CONTROL STRATEGY FOR PURE
ELECTRIC VEHICLE BASED ON EMB SYSTEMS

Summary

The benefits of electromechanical braking (EMB) systems are short response time, high
braking efficiency, ease of assembly and easy integration with other electronic control systems.
Therefore, a model of an EMB system is developed based on which the braking stability,
braking efficiency, and the regenerative braking energy recovery in electric vehicles are
investigated. Electric vehicles can effectively increase their driving range by using a rational
regenerative braking control strategy. Firstly, a fuzzy regenerative braking control strategy is
developed for comparison, and an optimized regenerative braking control strategy is designed
based on the NSGA-II algorithm. The technique for order preference by similarity to ideal
solution (TOPSIS) is used to comprehensively evaluate the Pareto optimal solution set and to
select an optimal solution for the optimization problem. Secondly, a Takagi-Sugeno fuzzy
neural network is trained with the optimized discrete data, and then the braking force
distribution controller is obtained. Simulink and AVL CRUISE are used to simulate the control
strategy. The simulation results for variable intensity braking conditions and cyclic conditions
NEDC, FTP75, and CLTC-P show that the optimized control strategy outperforms the fuzzy
control strategy in braking stability and braking energy recovery.

Key words: electromechanical brake; pure electric vehicle; regenerative braking
control strategy, genetic algorithm, fuzzy neural network

1. Introduction

The automotive industry relies heavily on oil resources accelerating the depletion of
natural resources. Exhaust gases emitted by automobiles also cause severe damage to the
environment [1]. Therefore, electric vehicles have gained in popularity due to their zero-
emissions driving and small energy losses [2]. However, the development of the electric vehicle
market is still restricted, hence the core technical problems that restrict this growth need to be
solved [3]. The primary problem to be solved is driving range [4]. By utilizing the braking
energy recovered by the regenerative braking system, the driving range of pure electric vehicles
can be effectively increased.
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Many scholars have studied the EMB braking technology. Saric et al. [5] developed a
clamping force estimation model based on dynamic stiffness relationships and a torque balance
approach and used the maximum likelihood estimation to fuse the outputs of two independent
models. Ki et al.[6] proposed a clamping force estimation method based on the information about
the rotor position in the motor and the hysteresis characteristics of the executive components in
the EMB system, which performed better than existing estimation methods. Combining the EMB
system with ABS, Zhou et al. [7] proposed a vehicle control strategy based on the slip rate. Jo et
al. [8] proposed an adaptive proportional-integral-derivative (PID) control strategy for the EMB
clamping force control. The EMB system tracks the clamping force quite well and maintains the
ideal braking clearance. Haggag et al. [9] proposed an optimal control tracking strategy for the
EMB system, which tracks brake pedal commands and brake deceleration effectively protecting
the braking mechanism from high currents.

Designing regenerative braking control strategies has emerged as an important research
orientation to solve the driving range problem. Grandone et al. [10] built a real-time braking
control model considering the change in axle load and wheel slip. The braking control strategy
based on this model can achieve a balance between friction braking and motor braking. Rajendran
etal. [11] designed an intelligent sliding mode control strategy, which can well track the expected
slip rate under emergency braking conditions. This strategy allows for the recycling of braking
energy as much as possible while ensuring battery safety. Considering the motor power, the anti-
lock braking system and the battery operating characteristics together, Oleksowicz et al. [12]
developed three regenerative braking control strategies and conducted a simulation study.
Khastgir et al. [ 13] proposed a regenerative braking control strategy that uses regenerative braking
force for front wheels. With this strategy, the vehicle can recover approximately 30% of the
braking energy. Maiad et al. [14] proposed a regenerative braking control strategy based on the
fuzzy set theory. The strategy improves the braking energy recovery rate by regarding the vehicle
acceleration, acceleration rate of change and road gradient as input variables and the proportion
of regenerative braking force as output variables.

The issue of driving range is an important factor restricting the development of pure electric
vehicles [15]. The researchers working on batteries are faced with a dilemma about the need to
develop the technology further and the lack of money and safety. Therefore, this paper studies
the regenerative braking control strategy to make full use of the advantages of the regenerative
braking system to ensure braking stability and improve the driving range of electric vehicles.

2. Braking force distribution requirements

The maximum torque of the electric motor is 240 N-m, the maximum power is 75 kW,
and the maximum speed is 7500 r/min. The working voltage of the lithium iron phosphate
battery pack is 320 V, and the capacity is 59.85 Ah.

The force diagram of the vehicle braking is simplified, as shown in Figure 1:
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Fig. 1 Force diagram of vehicle during braking

The basic parameters of the selected vehicle are shown in Table 1.
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Table 1 Vehicle parameters

Parameter Value Unit
Curb weight 1250 kg
Full load weight 1580 kg
Centroid height 0.52 m
Wheelbase 2.605 m
Distance from the centroid to the
front axle 117 m
Distance fro;: ;rzxclzntrmd to the 1.435 m
Wheel rolling radius 0.301 m
Rolling resistance coefficient 0.015 -
Windward area 1.97 m?
Wind resistance coefficient 0.34 -

Before designing a braking energy recovery strategy, the requirements for the braking
force distribution in electric vehicles need to be analyzed so that the strategy can meet the
relevant regulations [16]. The normal reaction force of the ground to the front and rear wheels
is obtained according to the principle of moment balance as:

G
Fy =L+ 2h)
o , (1)
frzr :I(La —Zhg)

where F,¢ and F,, are the normal reaction forces of the ground to the front and rear wheels; G is
the gravity of the vehicle; L is the wheelbase; L, and L;, are the distances from the centroid to
the front and rear axles; z is the braking strength; /, is the height of the centroid.

During vehicle braking, simultaneous locking of the front and rear wheels is in a stable
condition. For different ¢ values of the road surface, the distribution curve of the front and rear
wheel braking force is called the ideal braking force distribution curve (I curve), which satisfies
the following relationship:

F+ Fo=9G
ﬂsz+¢hg )
F. L —oh,
4h L
F=t 2+ 2 g - Ehapy |, ()
2| h, h,

where ¢ is the road adhesion coefficient; F; and F,. are the ground frictions of the front and rear
axles.

When the braking force distribution points are distributed below the I curve, there is no
danger of the rear wheels locking up first. The closer the distribution point to the I curve, the
better the braking stability and the more fully utilized the ground adhesion conditions.

The f line corresponding to a certain value of ¢ when the brakes are applied can be
expressed as:

G
F.=p—(L,+zh
f wL(bzg) (4)
Gz=F.+F
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Arranging Eq. (4), the relationship between the rear wheel braking force and the front
wheel braking force is:

L—oph L
(DgFf—Gb )
@h, h

g

Fr:

Similarly, the r line corresponding to a certain value of ¢ when the brakes are applied
can be expressed as:

G
F =p—(L —zh
: <0L(a zh,) ©)
Gz=F,+F,

Arranging Eq. (6), the braking force distribution relationship between the front and rear
wheels on the r line is:

P~ oGL
r f
L+ oph,

2 7
L+ oph, 0

ECER13 regulations stipulate that to ensure the stability and safety of the braking process
of a vehicle, for all vehicles between ¢ = 0.2~0.8, the braking strength is required to meet the
following requirement:

2>0.1+0.85(p—0.2) (8)

The curve in the part of F. > 0 is used as the boundary line specified by the Economic

Commission for Europe (ECE) regulations and is represented as follows:

_zH007G
0.85 L : ©)
F =Gz-F,

In general, the utilization coefficient of adhesion of the front axle of the vehicle should be
greater than the utilization coefficient of adhesion of the rear axle. When z = 0.3 ~ 0.4, the
utilization coefficient of attachment of the front axle is allowed to be smaller than that of the rear
axle as long as the utilization coefficient of attachment of the rear axle is not greater than z + 0.05.

3. EMB system model

3.1 EMB system mathematical model

The EMB model is mainly composed of an executive motor model, a deceleration and
torque-increasing mechanism model, a motion conversion mechanism model, and a load
mechanism model. Each part of the EMB system requires a mathematical model.

The brushless DC torque motor is selected as the executive motor of the EMB system. Its
mathematical model is as follows:

U, =E +L d]“+IR (10)
a a a dt a a
E=Ke%=1{ea)m (11)
T =K, (12)
d’6
Jm dlzm :Tm_]}_TLa (13)
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where U, is the motor armature voltage; I, is the motor armature current; R, is the motor
armature resistance; L, is the motor armature inductance; K, is the motor back emf coefficient;
0., is the motor rotation angle; J,, is the equivalent moment of inertia; T, is the motor
electromagnetic torque; Ty is the motor friction torque; T}, is the motor load torque, N'm; K, is
the motor torque coefficient.

The Stribeck friction model is selected as the friction model of the motor. The planetary
gear mechanism is selected as the deceleration and torque-increasing mechanism of the EMB
actuator, which is responsible for amplifying and transmitting the torque output by the EMB
actuator motor to the ball screw. The output angle and the linear displacement generated when
the ball screw is pushed can be expressed as:

0,=0,1i (14)
x =S g — S 0., (15)

Y27 " 27

where T is the maximum static friction torque; T, is the coulomb friction torque; wg is the
Stribeck velocity; B, is the viscous friction coefficient; § is the empirical constant.

As a motion conversion mechanism, the ball screw is used to convert the rotary motion
of the upper-level mechanism into the linear motion of the lead screw to generate the pressing
force for the brake caliper to press the brake disc. Simplifying the roller screw into a "mass-
spring-damping" system, the corresponding mathematical model is as follows:

Ax=x, — x, (16)
2

F =M Yk ave B 9 (17)
dr dr

1 I 1

_—— (18)

Ka Kb Ks

X, =X, +Xx_, (19)

where F; is the driving force of the ball screw; M, is the equivalent mass of the friction plate
and the ball screw; x; is the linear displacement of the screw; B, is the damping coefficient of
the system; K|, is the equivalent axial stiffness of the system; K}, is the bearing stiffness; K, is
the axial stiffness of the screw; x, is the braking clearance; x, is the deformation of the friction
plate.

The test results of the related research show that the clamping force exerted on the brake
disc is a cubic polynomial of the deformation of the friction lining. The brake disc clamping
force is expressed as:

F::l = klxc3 +k2x02 +k3xc H (20)

where kq, k,, and k5 are the clamping force coefficients.
The braking torque output of the floating caliper disc brake model is expressed as follows:

]:1 =2uF R, (21)

where u is the friction coefficient of the brake disc; R}, is the effective friction radius of the
brake disc.
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3.2 EMB system response control

In this paper, a clamping force-velocity-current triple closed-loop PID control strategy is
used to control the response of the EMB braking system. A particle swarm algorithm is used to
determine optimal parameters of the PID control system. To verify the effectiveness of the EMB
controller, a step signal and a high-frequency sinusoidal signal are fed to the control system. It
is required that the clamping force ring can respond quickly to the input quantity, the overshoot
should not exceed 5%, and the braking gap elimination time should not exceed 0.1s.
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Fig. 2 (a) Tracking of clamping force under emergency braking condition
(b) Tracking of clamping force under continuous braking condition

By comparing the step response curves of the EMB system before and after particle
swarm optimization (PSO), it can be seen that the EMB system under the unoptimized PID
control eliminates the braking gap after 0.03 s, the motor begins to enter the locked-rotor state
and completely tracks the target clamping at 0.215 s force. The EMB system controlled by the
PSO_PID controller eliminates the braking gap in 0.03 s and fully tracks the desired clamping
force in 0.205 s with almost no overshoot. The results show that both controllers can realize the
fast-tracking of the target clamping force exerted by the EMB system, and the response speed
and accuracy of the PID controller optimized are better when the PSO is applied.

The controller enables an efficient tracking of the sinusoidal response to the desired
clamping force. When the EMB is activated for the first time, it can quickly eliminate the
braking gap (the time to eliminate the braking gap is less than 0.1 s). After eliminating the
braking gap, the actual clamping force of the EMB basically coincides with the expected
clamping force, which can meet the braking requirements. After the clearance is eliminated and
partial amplification results of about 6.25 s are observed, the response speed of the EMB
controlled by the PSO_PID controller is faster, and the actual clamping force output is closer
to the target clamping force. The above results verify that the PSO_PID controller designed in
this paper has an ideal response speed and accuracy when compared to the PID controller
operating under continuous multiple braking conditions.

4. Fuzzy control strategy based on braking safety area

The braking force distribution process during the vehicle braking is difficult to control
by applying traditional mathematical modelling ideas. Fuzzy control does not require
mathematical modelling and completes logical thinking decisions through fuzzy reasoning
[17]. Therefore, a strategy based on the fuzzy mathematical theory can reasonably control the
process of distributing the braking force of the regenerative braking system in electric
vehicles [18]. The braking force distribution strategy designed based on the fuzzy control
theory is shown in Figure 3.
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Fig. 3 Regenerative braking control strategy based on fuzzy set theory

The control strategy is split into two parts: the top-level controller and the bottom-level
controller. Considering the braking stability and safety of the whole vehicle, the distribution
point of the vehicle braking force in this paper is limited to a polygonal area, which is called
the braking safety area [19]. The top-level controller is responsible for generating the front and
rear axle brake force distribution control lines within the braking safe area. The bottom-level
controller uses the fuzzy controller to create the regenerative braking ratio. In the top-level
controller, the control line is divided into two cases in accordance with the different road
attachment coefficients, and the design ideas are shown in Figure 4.
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Fig. 4 Front and rear axle braking force distribution control line

When the road adhesion coefficient is small, the OABC curve is the braking force
distribution control line at this time. When the braking intensity is less than point A, the braking
force is provided by the front axle only (section OA); when the braking intensity increases, the
braking force is provided by both the front and rear wheels (section AB). In the figure, the front
axle braking force on the AB line is 90% of the f line of equal braking intensity. When the
braking intensity is greater than point B, the braking force is distributed according to the I curve
until the braking intensity increases to the current road adhesion coefficient. When the road
adhesion coefficient is large, the ODEFG curve is the braking force distribution control line.
The DE section coincides with the ECE line distributing more braking force to the front axle.
The other braking sections are the same as at small adhesion coefficients.
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The fuzzy controller has three inputs: velocity, state of charge (SOC), and braking
intensity, and the output is the ratio of regenerative braking. According to the theoretical
analysis and practical experience, the corresponding fuzzy rules are formulated [20].

5. Regenerative braking control strategy based on multi-objective optimization

5.1 Objective function and constraints

The conventional braking zone is the area of the vehicle where braking is frequent, and
the motor is capable of energy recovery in this zone most of the time. This section focuses on
the braking force distribution in this area.

The main purpose of the optimization in this paper is to distribute the braking force
effectively and reasonably according to the real-time signal obtained from the vehicle to achieve
a reasonable balance between the braking stability of the vehicle and the effect of the braking
energy recovery. Problems with contradictions among multiple objectives are called multi-
objective optimization problems [21]. In this paper, the front and rear axle braking force
distribution coefficients and the regenerative braking ratio are selected as design variables for
optimization.

There are two optimization objectives in this paper. The objective function that
characterizes the braking stability is to use the closeness of the adhesion coefficient to the
braking intensity, namely:

minJ, =Y (¢, —2)° (22)

Fy zfL
O =—T=7""
F. L +hgz 23
_F, _Ld-p)z

" FE, L —hz

zr

After arranging Eqgs. (12) and (13), the objective function representing braking stability
is obtained as:

min J, = \/(%—2)2 +(%—z)2 (24)

The braking energy recovery efficiency is chosen as the objective function to characterize
the degree of the braking energy recovery, namely:

E, | Taotn,d

minJ, = (25)

1
brake 5 m(vtz — VOZ)

_ mgzrBK 7,
i

reg 2 (26)
where w(t) is the speed of the motor at time t; E, is the energy recovered by the motor
regenerative braking; E} ... 1S the total braking energy; n,, is the power generation efficiency;
T,y 1s the motor regenerative braking torque; v, is the initial vehicle speed; v; is the final
vehicle speed.
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In the process of automobile regenerative braking, the distribution of braking force is
affected by many factors. These factors constitute the constraints of the multi-objective
optimization. The main influencing factors of regenerative braking [22] are as follows:

(1) Restrictions on the external characteristics of the motor

Tm 1naxi/r77t n S ne
< _
19550, i/ e, n>n,

m_ max

; 27)

where n is the current speed of the motor; F,, na is the maximum regenerative braking force;
T max 1S the maximum braking torque of the motor; P, ;45 1S the maximum braking power
of the motor.

(2) Limitation of battery charging characteristics

In order to prevent overheating and power loss caused by the low battery SOC and
overcharging of the battery caused by the high battery SOC, the charging current of the
regenerative braking system shall not override the maximum charging current of the battery
pack, so the following constraints are introduced:

_O-55ER, i _ 9:55¢ 1 1 U(0)],

m max —
nan,nr milnr

R
at_max O)Z (28)

at_max

where P, .« 1s the maximum charging power of the battery; I, max 15 the maximum charging
current; _U(a) is the battery open circuit voltage; o is the batter;/ SOC value; € is the limiting
factor to prevent battery overcharge; when the SOC value is greater than 0.9, ¢ is 0; when the
SOC value is less than 0.9, € is 1.
(3) Restrictions of the ECE braking regulations
The constraints constituted by the ECE braking regulations are as follows:
or>@, 0<z<1
0r < 9,03<z<04and ¢, <z+0.05 (29)
05 ¢r < (z+0.07)/0.850.1 <2< 0.6

By substituting the expressions of ¢, and ¢,- about the design variable § into Eq. (29)
Eq. (30) can be obtained:

0<B<10<z<1

p>2 0<z<030r04<z<1
(z+0.05)(Lg—zhg)
Jp21 -T2 03 < 2 < 04 (30)

g < EH00DUbt7hg) 4 ) 0568
0.85zL

0.75(Lp+2hyg)
< b 79
k‘B - zL

0.568 <z <0.75

The braking safety zone determined by the above constraints on the regenerative braking
force distribution is shown in Figure 5. When z < 0.1, the braking force distribution coefficient
B is taken as 1. At this time, the braking force of the entire vehicle is provided entirely by the
front axle. When z > 0.75, f is taken along the ideal I curve. In this paper, the conventional
braking range is targeted, i.e., 0.1 <z < 0.75, with 3 values restricted to the shaded region in
the above figure, and the multi-objective optimization is performed for this braking region.
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Fig. 5 Range of braking force distribution coefficient

5.2 Pareto optimal solution based on NSGA-II genetic algorithm

The non-dominated sorting genetic algorithm II (NSGA-II) with an elitist strategy is a
widely recognized multi-objective optimization algorithm. The algorithm has high
computational accuracy and low computational complexity. It can also find a global optimal
solution quickly.

The parameters of the NSGA-II algorithm are set as follows: the maximum number of
iterations is 200, the optimal front-end coefficient is set to 0.3, and the population size is 200.
Different combinations of vehicle speed (0~120km/h), battery SOC (0~80%), and braking
intensity (0.1~0.75) are selected as the reference variables for the optimization problem in this
paper. The Pareto-optimal solution is to be discovered corresponding to each group of reference
variables.

Figure 6(a) presents the braking force distribution coefficient and the regenerative
braking rate in each optimal scheme obtained by optimization at the braking intensity of 0.25,
the vehicle speed of 50 km/h, and the battery SOC of 50%. In this group of solutions, the force
distribution coefficients are in the range from 0.6 to 0.9, which is consistent with the safety
range of § when the corresponding braking intensity is 0.25 as shown in the figure. At this time,
the braking intensity and the vehicle speed are low, and the braking torque that can be provided
by the motor is so large that the braking force of the front axle can be almost completely
provided by the motor, so the ratio of regenerative braking is nearly 1.
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Fig. 6 (a) Braking force distribution coefficient diagram
(b) Proximity of allocation scheme

42 TRANSACTIONS OF FAMENA XLVII-4 (2023)



Research on Design Optimization and Simulation of S. Zhou, J. Liu, Z. Wang, S. Sun
Regenerative Braking Control Strategy for
Pure Electric Vehicle Based on EMB Systems

In this paper, the TOPSIS evaluation method [23], comparing a set of alternatives and
choosing an alternative most similar to the ideal solution, is used to make a final decision on
the braking force allocation problem. The closeness value of each solution in the above optimal
solution set is obtained, as presented in Figure 6(b). As shown in the figure, among all 60
solutions, the 20th solution has the largest closeness value, so this solution is finally selected as
the optimal braking force distribution scheme under this set of reference variables. The optimal
braking force distribution scheme for other cases is determined by the same process as above.

5.3 Design of a braking force distribution controller based on fuzzy neural network

The fuzzy neural network is an effective method to solve uncertain and nonlinear system
problems without establishing an accurate mathematical model [24]. This control method is
widely used in automotive control systems. The adaptive fuzzy inference system based on a
neural network can directly adjust the membership function parameters and fuzzy rules
according to the training data, thereby improving the performance of the control system [25].
Also, compared with fuzzy systems, the neural network based adaptive fuzzy inference system
has strong self-learning and adaptive capabilities [26]. To build an optimized regenerative
braking control strategy, a braking force distribution controller based on a Takagi-Sugeno fuzzy
neural network is designed. The fuzzy neural network controller is trained and tested by using
the optimized discrete data as the controller sample. Figure 7(a) shows a comparison between
the braking force distribution coefficient and the regenerative braking ratio of the network
output to the actual sample data; Figure 7(b) shows the training error.
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Fig. 7 (a) Training results of front and rear axle braking force distribution coefficient,
(b) Training results of regenerative braking ratio
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The figure shows that the training error is small for both the braking force distribution
coefficients and the ratio of regenerative braking. The learning effect of the trained fuzzy neural
network is ideal for the optimized sample data.

5.4 Braking force distribution rules

The braking force distribution rules established in this paper are expressed in the
following three parts:

(1) Vehicles in the light braking mode use only the front axle for braking. According to
the operating characteristics of the motor and the battery, the data of the maximum
braking torque of the motor with the vehicle speed and the SOC of the battery under
light braking are calculated and imported into the strategy to obtain a control strategy
under the light braking mode.

(2) The vehicle in the conventional braking mode uses a fuzzy neural network controller
to accomplish a reasonable distribution of front and rear axle and regenerative
braking forces, and to calculate real-time mechanical and electrical torques.
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(3) When the vehicle is in the emergency braking mode, the motor regenerative braking
is completely withdrawn to ensure the reliability and safety of braking, and the
controller distributes the braking force according to the ideal I curve.

6. Simulation and results

The fast and flexible simulation platform AVL CRUISE is suitable for a simulation study
of regenerative braking control strategies [27]. Therefore, the effectiveness of the control
strategy can be verified by simulating using CRUISE [28] and Simulink together, and the
CRUISE solver is called in Simulink. The regenerative braking control strategy based on EMB
system and the vehicle co-simulation model are shown in Figure 8.
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Fig. 8 Joint simulation model of control strategy and a vehicle with EMB system

6.1 Analysis of the simulation of variable strength braking conditions

For the variable-intensity braking conditions designed in this paper, the variation of speed
and braking intensity with time is shown in Figure 9(a).
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Fig. 9 (a) Variable strength braking conditions
(b) Comparison of SOC and recovered energy of battery under variable intensity conditions

The braking energy recovery in these operating conditions is shown in Figure 9(b). Under
the optimized strategy, the battery recovered energy was 87.13 kJ, and the battery SOC
increased from the initial 50% to 50.112%. With the fuzzy control strategy, the battery
recovered energy was 58.93 kJ, and the battery SOC increased to 50.074%. The optimized
control strategy can recover more energy during the variable intensity braking.

The variation curves of the adhesion coefficient utilized by each axis under the two
strategies are shown in Fig. 10(a) and Fig. 10(b). As can be seen from the figure, in the range
of 0.15 <z <0.54, the utilization adhesion coefficients of each axis of the fuzzy control strategy
are distributed on the specified line of the ECE regulations, and the braking stability of the
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vehicle is poor. In the range of z>0.35, the utilization adhesion coefficient curves of the front
and rear axles of the optimized strategy are basically near the braking strength line. This enables
the vehicle to obtain a sufficiently large braking effect and better braking stability.
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Fig. 10 (a) Adhesion coefficient variation curve using fuzzy control strategy
(b) Adhesion coefficient variation curve using optimized strategy
The braking force distribution curves are presented in Figures 11(a) and 11(b).
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Fig. 11 (a) Braking force distribution curve under fuzzy control strategy
(b) Braking force distribution curve under optimized strategy

The total braking force of the front axle under the fuzzy control strategy has already
exceeded the maximum braking force that the motor can provide. As time changes, the speed
gradually decreases and the braking intensity gradually increases. The proportion of the
regenerative braking output by the controller is reduced, so that the regenerative braking force
is always smaller than the maximum braking force of the motor, which makes the energy
recovery effect of this strategy poor. Under the optimized control strategy, the regenerative
braking force is always close to the maximum braking force line of the motor and, combined
with the adhesion coefficient curve, it can be seen that after the braking intensity has reached
the value of 0.35, all axes are basically distributed along the ideal I curve.

The comparison of the braking force distribution results between the two strategies shows
that the optimized control strategy takes into account the braking demand of the vehicle, the
operating characteristics of the motor and battery, and the braking stability. It allows for a more
rational distribution of the braking force between the front and rear axles while improving the

efficiency of energy recovery.

6.2  Analysis of the simulation of cyclic conditions

The simulation of the regenerative braking system under cyclic conditions can more
comprehensively and truly measure the advantages and disadvantages of the regenerative
braking control strategy and its influencing factors. In this section, three typical operating cycles
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of the New European Driving Cycle (NEDC), the American Federal Test Procedure (FTP-75)
and the China Light-duty vehicle test cycle for passenger cars (CLTC-P) are selected for
simulation. The initial SOC of the battery under the three driving conditions is 50%.

The simulation results of the NEDC driving conditions are presented in Figure 12.
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Fig. 12 (a) Braking energy recovered from battery, (b) Changes in battery SOC

The comparison of the battery SOC and the recovered energy under the two control
strategies shows that the energy recovery in the case of the fuzzy control strategy is 758.2 kJ,
while the energy recovery in the case of the optimal control strategy is 870.6 kJ, which is 14.7%
higher than in the case of the fuzzy control strategy.

The simulation results of the FTP-75 driving conditions are shown in Figure 13.
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Fig. 13 (a) Braking energy recovered from battery, (b) Changes in battery SOC
The figure shows that the optimized control strategy has a 19.6% higher energy recovery
rate than the fuzzy control strategy.
The simulation results of the CLTC-P conditions are presented in Figure 14.
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Fig. 14 (a) Braking energy recovered from battery, (b) Changes in battery SOC
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The results show that the braking energy recovered when the optimized control strategy
is applied is 1799.6 kJ, which is 16.7% higher than in the case of the fuzzy control strategy,
indicating the effectiveness of the optimized strategy under CLTC-P conditions.

The concept of optimum efficiency of braking energy recovery is introduced, and its value
is the ratio of the total battery charging energy to the battery discharging energy. It can
effectively evaluate the energy recovery effect of cycle conditions. Table 2 shows the
simulation results of the efficiency of braking energy recovery of different control strategies
under various cycle conditions.

Table 2 Efficiency of braking energy recovery

Cycle conditions Fuzzy control strategy Optimized control strategy
NEDC 18.99% 21.92%
CLTC-P 25.53% 29.79%
FTP-75 24.43% 29.11%

The table shows that the optimized control strategy can make the braking energy recovery
of the vehicle more efficient, which further verifies the effectiveness and rationality of the
optimized control strategy presented in this paper.

7. Conclusion

(1) An EMB system model is developed and validated in this paper. It is introduced into
the electric vehicle regenerative braking control strategy to replace the conventional
hydraulic braking system. In addition, a fuzzy control strategy based on the braking
safety area is designed. Considering the braking stability and braking energy recovery
efficiency, a multi-objective optimal control strategy based on the NSGA-II algorithm
is proposed. An optimal solution of the optimization problem is found by using the
TOPSIS method. By analyzing the optimization data, the rationality of the optimization
results is verified.

(2) Fuzzy neural networks are trained by using optimized discrete data to obtain inter-axle
braking force and regenerative braking force distribution controllers, and a co-
simulation model of the control strategy and the vehicle is developed. Under variable
intensity braking conditions, the braking energy recovered by the optimized strategy is
28.2 kJ higher than that of the original fuzzy strategy, and the braking force distribution
is more reasonable.

(3) Three representative cycling conditions, NEDC, FTP-75, and CLTC-P, are simulated
and analyzed at an initial SOC of 50% of the battery. The results show that under
different cycle conditions, the optimized control strategy recovers more braking energy
than the fuzzy control strategy, which verifies the superiority and rationality of the
optimized strategy.
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