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Regenerative braking can extend the driving range and reduce PM emissions from abrasion for battery electric heavy-duty trucks
(BETs). The composite braking control strategy including torque distribution and dynamic coordinated control for the four-axle
BET equipped with the electromechanical braking system is studied. A segmented torque distribution strategy is proposed to
maximize energy recovery while ensuring braking stability. The simulation results reveal that the strategy shows better
comprehensive braking performance than the two benchmark strategies, and the energy recovery rate in different load states
under CHTC-D is above 40%. The proposed coordinated control strategy takes advantage of regenerative braking’s rapid
response and precise control to compensate for torque deviations caused by the hysteresis of friction braking. For two common
braking mode transition conditions, regenerative braking torque correction and advance of the mode switching timing are
adopted to enable the motor to obtain the torque compensation ability. This method leads to a slight loss of braking energy,
and the maximum torque deviation during the mode switching process is suppressed to less than 1.4 kN-m, and the jerk and
braking distance is reduced accordingly, which is of great importance in improving driving comfort and braking safety.

1. Introduction

Heavy-duty trucks (HDTs) have an irreplaceable position in
freight transportation. Owing to the large share of fossil fuel
consumption and exhaust emissions, regulations and poli-
cies have been promulgated by countries to promote HDTs’
development towards zero emissions and renewable energy
[1, 2]. Battery electric heavy-duty trucks (BETs) have superi-
ority in short-haul transportation [3], and the maturity of
battery fast charging technology and the popularization of
charging stations are continuously enhancing the competi-
tiveness of BETs in long-haul transportation [4, 5].
Regenerative braking, as a key technology for electric
vehicles (EVs), converts the kinetic and potential energy of
the vehicle into electrical energy and stores it in the energy
storage device to achieve braking energy recovery [6]. The
energy consumed during braking accounts for about half
of the total driving energy in typical urban driving cycles
and is considerable even in expressway driving cycles with
low acceleration and deceleration frequency, accounting for
15% [7]. Recycling this braking energy can effectively

improve energy utilization efficiency and extend the driving
range. Furthermore, regenerative braking plays a vital role in
PM,, and PM, . emission reduction for BETs by reducing
the use of friction braking [8].

Ample researches have been conducted on electrome-
chanical composite braking control strategies, which are
mainly divided into two aspects: braking torque distribution
and dynamic coordinated control. The distribution of brak-
ing torque between axles mainly affects the braking effi-
ciency and stability and restricts the regenerative braking
of the drive axle. Li et al. [9] distributed the braking torque
between the front and rear axles based on the ECE regula-
tion curve and ideal braking force distribution curve (I
curve). Spichartz and Sourkounis [10] proposed an adaptive
distribution method based on real-time road adhesion coef-
ficient estimation. The braking torque is distributed to the
drive axle to maximize the recoverable braking energy when
the braking intensity is less than the adhesion coefficient.
The braking torque is distributed according to the I curve
when the braking intensity is larger than the adhesion coef-
ficient, which can make full use of the adhesion conditions
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while ensuring vehicle direction stability. Zhang et al. [11]
proposed a simplified braking torque distribution method
for rear-drive EVs. When the braking intensity exceeds the
preset threshold, the rear axle braking torque remains con-
stant, and the front axle braking torque starts to intervene
and increase. When the braking intensity increases further,
the braking torque of the front and rear axles is distributed
in a fixed proportion.

The distribution of regenerative braking and friction
braking torque of the drive axle determines the amount of
recovered braking energy, which is associated with the
energy utilization efliciency of EVs. The rule-based torque
distribution strategy is easy to implement and requires only
minor modifications to the composite braking system.
Kumar and Subramanian [12] improved the conventional
parallel torque distribution strategy by adding a linear sole-
noid actuator between the brake pedal and the brake booster
to produce an additional period of idle pedal travel, in which
the regenerative braking works alone. The road test results
showed that the braking energy recovered by the improved
strategy is nearly doubled in an urban driving scenario.
Zhang et al. [13] developed three strategies to achieve max-
imum regeneration efficiency, good pedal feel, and coordina-
tion of the former two without changing the original braking
torque distribution of the front and rear axles. Xu et al. [14]
formulated torque distribution rules based on the identified
braking intentions. The braking torque is preferentially pro-
vided by the motor under slight and middle braking, while
regenerative braking is withdrawn to ensure safety under
emergency braking.

The fuzzy logic can imitate human reasoning and
decision-making behavior, so it is applied to the construc-
tion of models and strategies in various fields [15-17]. Xu
et al. [18] took the required braking torque, vehicle speed,
battery SOC (state of charge), and temperature as inputs
and the regenerative braking torque as output, and the fuzzy
rules were developed to take into account battery protection,
driving safety, and energy recovery. The experimental results
show that the fuzzy logic-based strategy can increase the
maximum driving range by 25.7%. To address the braking
and battery safety issues, Zhang and Dong [19] proposed a
dual-fuzzy-logic-controller-based torque distribution strat-
egy, in which slip coefficient, vehicle speed, and braking
requirement were selected as inputs of the braking safety
controller and battery SOC and temperature were selected
as inputs of the battery safety controller. Similarly, Huang
et al. [20] adjusted the regenerative braking ratio according
to the battery status and actively controlled the charging cur-
rent to achieve effective battery thermal management. Such
strategies have comparatively strong robustness but rely on
practical knowledge and massive experimental data, and
the fuzzification of vehicle state information may lead to
low control precision and poor dynamic performance [21].

The optimization-based torque distribution strategy has
attracted more attention in recent years. Considering the
constraints of vehicle configuration, motor torque character-
istics, battery charge characteristics, and braking regulations,
the objective functions were constructed based on different
optimization objectives and braking modes. And then, the
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exhaustive search method [22], genetic algorithm [23], par-
ticle swarm optimization algorithm [24], sequential qua-
dratic programming [25], and multidisciplinary design
optimization [26] were used to solve the optimal braking
torque distribution online or offline. For the online optimi-
zation strategy, the number of control variables was reduced
or the objective function and constraints of the optimization
model were reasonably adjusted to meet the real-time
requirement of the industry control [27]. Nevertheless,
real-time control of the offline optimization strategy was
implemented by constructing lookup table or approximate
models [28]. Besides, the artificial neural network was also
used in braking torque distribution due to its advantages in
processing fuzzy and random data, but the requirements
for the quality and quantity of training data are strin-
gent [29].

Due to the difference in response characteristics between
the motor and friction braking system, torque deficit or tor-
que fluctuation may occur in the braking mode transition
conditions, so it is necessary to study the dynamic coordi-
nated control strategy. Shang et al. [30] enhanced the control
precision and response speed of the composite braking sys-
tem by combining feedforward and feedback control and
used friction braking to compensate for the gap that regen-
erative braking could not meet the total torque demand.
This method improves the system dynamic performance to
some extent but does not fundamentally eliminate the
response characteristics difference between the two braking
subsystems. Kwon et al. [31] used proportional-integral
(PI) control to make the motor torque response time con-
trollable and improved the transient characteristics of the
composite braking system by controlling the response speed
of the motor and hydraulic braking system to be consistent.
Xu et al. [14] proposed a torque compensation strategy
based on fuzzy PI control, using regenerative braking to
compensate for the response lag when the pneumatic brak-
ing is involved and using pneumatic braking to compensate
for the torque deficit when the regenerative braking is with-
drawn, but the torque compensation capacity of the motor
and the torque compensation speed of the pneumatic brak-
ing system were not considered. He et al. [32] corrected
the regenerative braking torque only in accordance with
braking intensity to ensure that the motor is capable of com-
pensating the torque deviation, yet the torque compensation
capacity of the motor is also closely related to its operating
state.

The existing studies on composite braking control strat-
egies have been conducted on two-axle EVs, but few on mul-
tiaxle BETs. On the one hand, the torque distribution
between axles for multiaxle vehicles is more complex, which
is related to the locking sequence of wheels and directly
affects the braking stability. On the other hand, the recover-
able braking energy of BETSs is enormous because they are
several times heavier than passenger cars. Moreover, the
existing coordinated control strategies mostly exploited the
response advantage of motor regenerative braking to com-
pensate for torque deviations, but the torque compensation
capacity of the motor has not been well studied. Therefore,
the composite braking control of the four-axle BET
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FIGURE 1: Structure of the composite braking system.

FiGURE 2: The longitudinal half-vehicle model.

equipped with electromechanical braking (EMB) system is
investigated in this paper. A segmented torque distribution
strategy is proposed to maximize braking energy recovery
while ensuring braking safety, and a coordinated control
strategy is proposed to get better dynamic performance for
the two common braking mode transition conditions. By
analyzing the torque compensation capacity of the motor
in the transition condition from regenerative braking to
composite braking mode, a fuzzy logic-based correction
coeflicient is proposed to correct the regenerative braking
torque for compensating the torque deviation. In the transi-
tion condition from composite braking or regenerative brak-
ing to friction braking mode, an EMB intervention trigger
speed based on the current braking intensity is proposed to
advance the mode switching timing, so that the torque com-
pensation ability can be obtained.

The mass of heavy-duty trucks in unloaded and loaded
states varies considerably, which has a great impact on brak-
ing performance. For transportation cost considerations,
manufacturers usually set the maximum design mass of

trucks over the regulation limit, and research has shown that
relaxing restrictions on load mass will give further play to
the CO, reduction for BETs [5, 33]. Therefore, the unloaded,
loaded, and overloaded state of the BET should be taken into
account in the analysis and simulation.

The remainder of this paper is structured as follows. Sec-
tion 2 introduces the models of the vehicle, EMB system,
and regenerative braking system. The torque distribution
strategy and coordinated control strategy are proposed,
respectively, in Section 3 and Section 4. Section 5 provides
the simulation results and analysis, and the study is summa-
rized in Section 6.

2. Composite Braking System Model

The composite braking system in this study includes two
subsystems, the regenerative braking system and the EMB
system, which provide regenerative and friction braking tor-
que, respectively. Its structure is shown in Figure 1. The
composite braking controller acquires the torque demand
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FiGURE 3: The relationship between suspension deformation.
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FIGURE 4: Structure of EMB system.

from the brake pedal signal and distributes the braking tor-
que according to the control strategy and vehicle states and
simultaneously sends control commands to the braking
subsystems.

2.1. BET Model. This study is aimed at the energy distribu-
tion and coordinated control of the four-axle BETs in the
braking process, so a longitudinal vehicle dynamic model
was developed. The vertical loads on the two rear axles of
BET's with tandem suspension are always equal, and the tor-
que from the drivetrain is evenly distributed on both axles,
so the two axles are simplified to one axle [34]. Figure 2
shows the forces on the BET during braking, in which the
driving resistance is ignored, and the half-vehicle model
can be expressed as follows:

v CpApv?
m— +mgsin o =— in—i,
dr i=1,2,3 \.,2,_/ )
Fﬂ)
T ldwwi — Rthxi B Thi
v dt 2 ’

where m is the vehicle mass, v is the vehicle speed, g is the
acceleration due to gravity, « is the road grade angle, F,; is
the ground braking force of the i-axle, F, is the aerodynamic
drag resistance, Cp, is the drag coefficient, A is the frontal

area, p is the air density, J,; is the moment of inertia of
the i-axle wheel, w,,; is the wheel speed of the i-axle, R, is
the wheel radius, and T; is the braking torque of the i
-axle, which can be expressed as

T, i=1,2,
T,={ " )
Tfr + Treg’ i=3,

where T, is the friction braking torque and T,,, is the
regenerative braking torque.

The ground braking force is the key to vehicle decelera-
tion, so it is necessary to accurately obtain the ground brak-
ing force to study the vehicle braking performance. The
magic tire model with satisfactory fitting precision and low
complexity is adopted, and the expression is as follows [35]:

F,;=F_D, sin {C, arctan [B,s; — E,(B,s; —arctan (B,s;))]},

(3)

where F; is the ground normal reaction force of the i-axle,
which is equal to the i-axle vertical load, B,, C,, D,, and E,
denote the structural factors related to the tire model, and s;
is the wheel slip ratio, which can be expressed as

Wi Rwh

s;=1-

(4)

V

The axle load transfer will occur during vehicle braking,
and there is a functional relationship between axle load and
braking deceleration. According to the forces in the direc-
tion perpendicular to the ground in Figure 2, the force and
moment equilibrium equations are as follows:

3
Z F,;=mg cos a,
i=1

3
dv
EF.I': I - i —\h,,
Lili=mg cos al, m(gs1noc+dt> g

i=1

where [; is the distance between the first axle and the i-axle of
the BET, I. is the distance between the first axle and the cen-
ter of gravity, and h, is the height of the center of gravity.
To solve the ground normal reaction force of each axle,
the suspension constraint is taken into consideration, and
the suspension is regarded as an elastic element so that the
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vehicle model is statically determinate. Since the deforma-
tion of the frame is much smaller than that of the suspension
and tires, the frame is regarded as a rigid body. The defor-
mation relationship of the suspension is simplified, assum-
ing that the connection point between the suspension and
the frame is kept in a straight line [36], as shown in
Figure 3. In previous studies, the unsprung mass has been
usually ignored, or the combined stiffness of suspension

and tire has been taken as the overall equivalent stiffness,
which may lead to considerable errors. Therefore, the nor-
mal reaction force is divided into two parts as follows:

F,,=G+R,i=12,3, (6)

where G; is the reaction force of the ground to the unsprung
mass of the i-axle, and its value is regarded as unchanged
during braking, R; is the reaction force of the frame on the
sprung mass of the i-axle, and its value can be obtained from
the suspension deformation equation as follows:

R =kAz, i=1,2,3, (7)
where k; and Az; are the stiffness and the deformation of the
i-axle suspension, respectively.

The deformation geometric equation of suspension is
obtained from the constraints of frame and suspension as
follows:

(h-1)(Aes - 42)) = (I - )(A2, ~ Az)). (8)

From Equations (6)-(8), the ground normal reaction
force of each axle can be solved as follows:

dv
=Gicosoc+Ki<gsmoc+E) + G,

mh kY2 k(1 - 1,)
Ki J=1""7
S Yok~ 1) (b~ 1) ©)
)

)
B mgcosockZ] k(=1 (1 - )
1 z] 1Zm 1% m( l])(lm )

2.2. EMB System Model. The EMB system has the advantages
of compact structure, high control precision, and good pedal
feel, compared with the traditional pneumatic braking sys-
tem commonly used in HDTs. The decoupling composite
braking system, in which the friction braking torque is pro-
vided by the EMB system, offers more possibilities for the
composite braking control strategy and also supports the
hardware basis for the implementation of the strategies.

Different from the disc brake in typical EMB systems,
the drum brake is adopted in this study. The structure is
shown in Figure 4, and its working principle is as follows:
when the driver presses the brake pedal, the composite brak-
ing controller identifies the braking intention through the
pedal information and sends out the corresponding torque
control command. The EMB system controls the drive
motor working when received the command, and the rota-
tional motion of the motor is converted into linear motion
of the push rod through the planetary roller screw mecha-
nism, which also has the function of reducing speed and
generating large torque. The camshaft is driven to rotate
by the brake adjusting arm under the thrust from the push
rod, and the rotation of the cam causes the brake shoe to
push outward and friction with the brake drum to generate
braking torque.
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TaBLE 1: The torque compensation capacity in different load states.
z (unloaded) z (loaded) z (overloaded)
v 0.3 0.4 0.5 0.6 0.08 0.1 0.2 0.3 0.05 0.1 0.2 0.3
20 100 92.88 89.93 89.93 100 92.71 72 58.22 100 56.96 51.06 37.92
30 100 92.92 85.55 84.79 100 92.71 72.05 58.25 100 57.82 51.25 38
40 100 92.96 85.57 84.82 100 92.71 72.09 58.28 100 59.82 51.28 38.02
50 100 93.01 85.59 84.83 100 92.38 72.24 58.35 100 55.48 51.46 38.44
60 100 89.01 83.42 83.42 91.02 77.09 64.47 53.05 100 40.14 41.26 30.09
70 88.9 80.11 79.64 79.64 75.33 61.62 54.98 43.36 83.14 20.85 22.73 16.19
80 82 76.68 76.72 76.72 62.29 48.4 46.67 34.53 68.66 3.35 4.39 3.66

The permanent magnet DC motor is selected as the drive
motor of the EMB system, and its equivalent circuit is shown
in Figure 5. The general motor model is constructed as fol-
lows:

U,=L di, +RJI,+E
a~ aa ata b
do
E,=K,—Z,
T (10)
&0,
I g = Tn= Ty =T,
T, =K,

where U, L, I, and R, are motor armature voltage, induc-
tance, current, and resistance, respectively, E, is the back
electromotive force (EMF), K, and K, are the back EMF
constant and torque constant, respectively, 8,, is the motor
rotation angle, J,, is the moment of inertia of the motor,
and T,,, T, and T are electromagnetic torque, friction tor-

que, and load torque of the motor, respectively.

The planetary roller screw mechanism is selected as the
motion conversion mechanism to convert rotational motion
into linear motion, which includes planetary carrier and
planetary roller set. The planetary roller has external threads
to match the internal threads of the hollow input shaft,
which is fixedly connected with the motor rotor. The
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TaBLE 2: Fuzzy rules base.
z (unloaded) z (loaded) z (overloaded)
v S M L S M L S M L
S MF6 MF6 MF5 MEF8 MF7 MF6 MF9 MF7 MF6
M MF4 MEF3 ME2 MF5 MF4 ME2 MF5 MF4 MF1
L MF3 MF2 MF1 MF3 MF3 MF1 MF3 MEF2 MF1
displacement of the push rod can be derived as follows: F, =K,x, (12)

x=Pn, (11)

where i is the transmission ratio between the hollow input
shaft and the planetary roll and s is the thread lead of the
planetary roller.

The linear relationship between displacement and thrust
of the push rod has been proven by bench test, so the push
rod force can be expressed as follows:

where K, is the thrust coefficient of the push rod.

The torque generated by the thrust reaction of the push
rod on the planetary roller is equal to the torque borne by
the hollow input shaft, so the load torque of the drive motor
can be expressed as follows:

F s

3 1
= (13)
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where # is the mechanical efficiency of the motion conver-
sion mechanism.

The cam drum brake is adopted in the EMB system, and
its mathematical model of braking torque is described by

L
Ty =KpnyR, r—b Fyp (14)
c

where K, is the brake efficiency factor, #, is the mechanical
efficiency of the actuating mechanism, R, is the radius of the
brake drum, L, is the length of the brake adjusting arm, and
r. is the effective radius of the cam.

2.3. Regenerative Braking System Model. The motor, as the
core component of the regenerative braking system, works

in generator mode during regenerative braking. The kinetic
energy of the vehicle is converted into electrical energy and
stored in the battery, while braking torque is generated and
transmitted to the wheels through the drivetrain.

The motor model is established based on the perfor-
mance test data, which is obtained through the bench test
and stored in the data table, and then, the motor efficiency
corresponding to the torque and rotation speed is obtained
by using the lookup tables. The maximum regenerative brak-
ing torque of the motor can be expressed as follows:

Tm_maxrlm’ " S nh’
T, = 9550P,, max!Tm n>n, (15)
n
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TABLE 3: Main parameters of the BET.
Item Parameter Value
Mass (kg) 45000 (overloaded)/31000(loaded)/14500 (unloaded)
. Wheelbase (m) 1.84+3.2+14
Vehicle
Height of the center of gravity (m) 1.8 (overloaded and loaded)/1.4 (unloaded)
Distance between the first axle and the center of gravity (m) 4.1 (overloaded and loaded)/3.4 (unloaded)
Transmission Gear ratio 6.5/4.0/2.1/1
Main reducer Gear ratio 5.7
Maximum torque (N-m) 2500
Motor .
Maximum power (KW) 360
Capacity (A-h) 645
Battery .
Nominal voltage (V) 615
where T, ... is the maximum torque of the motor, P,, ... T . Otimized braking force distributi i
is the maximum power of the motor, Moy is the motor effi- ABLE 4: Optimized braking force distribution coefhicient.
ciency, and n and n, are motor rotation speed and the rated Braking force distribution coefficient
speed, respectively. Load state B, B, Bs
To well reflect th'e dynamic characteristics of the.mc.)tor, Unloaded 03 023 047
the torque response is regarded as a first-order inertia link:
Loaded 0.28 0.22 0.5
1 Overloaded 0.29 0.22 0.49
Tm_act = ﬁ Tm_ref’ (16)

where T, ., and T,, . are the actual torque and target tor-
que of the motor, respectively, and 7,, is the time constant of
the motor.

As the energy storage device of BETS, batteries are used to
store the recovered braking energy during regenerative brak-
ing. Battery models are mainly divided into three categories:
electrochemical model, mathematical model, and equivalent
circuit model [37]. In this study, the Rint equivalent circuit
model is used to estimate the battery state, which includes an
ideal voltage source and an equivalent resistance, as shown
in Figure 6. Based on Kirchhoft’s law and the relationship
between battery power, voltage, and current, it yields

I= Uoc Y Uocz B 4R0Pbut

2R,

(17)
p
l t: —;a[,

where Py, is the battery charging power, U, and I are the bat-
tery output voltage and current, respectively, and U, and R,
are the open circuit voltage and the internal resistance,
respectively.

Battery SOC is obtained by ampere-hour integral method:

SOC(t) = SOC(t,) - Ci Jt I(t)dt, (18)

ndt,

where SOC(t) is the battery SOC at time ¢, SOC(t,) is the initial
SOC, and C,, is the battery capacity.

The regenerative braking torque from the motor is trans-
mitted to the wheel through the transmission, drive shaft, and

main reducer. Automated mechanical transmission (AMT) is
widely adopted in HDTs for its high efficiency and low cost.
Considering that the dynamic characteristics of AMT have little
impact on vehicle braking, the shift actuator is ignored [38], and
the simplified AMT model can be expressed as

. dn
Ttr = Tmotlgrltr - ]tr T;y >

; (19)

where T, and T,,,, are AMT output and input torque, respec-
tively, i, is the gear ratio of AMT, 7,, is transmission efficiency,
J . is the moment of inertia of AMT output shaft, and #,, and
ot are AMT output and input rotation speed, respectively.

Similarly, the model of the drive shaft and main reducer
can be expressed as

. dn dng,
Ty, = Tn’o’kh’?fd =T T;h - ]dei» (20)
n
Mgy = Myps Npg = TSh
0

where T, is the output torque of the main reducer, i, is the
gear ratio of the main reducer, 7, and 77, are the transmis-
sion efficiency of the drive shaft and the main reducer,
respectively, ], and J;,; are the moment of inertia of the
drive shaft and the main reducer, respectively, and n and
ns, are the rotation speed of the drive shaft and the output

rotation speed of the main reducer, respectively.
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FIGURE 14: Simulation results in the unloaded state under single braking condition 1. Torque distribution of (a) strategy A, (b) strategy B,

and (c) strategy C. (d) Comparison of the recovered energy.

3. The Braking Torque Distribution Strategy

The proposed torque distribution strategy first distributes
the braking torque between axles and then distributes the
friction braking and regenerative braking torque of the drive
axle (the equivalent rear axle in this paper). Whether the tor-
que distribution between axles is reasonable or not directly
determines the braking safety of HDTs, and ECE braking
regulations stipulate the braking torque distribution between
axles of multiaxle vehicles, which can be described as

z+0.07
Q< ——m, 0.1<z<0.61,
0.85
z-0.08<¢;<z+0.08, 0.15<z<0.3,
21
Psi> Py 0.15<z<0.3 2D
< z-0.02 2503
Pri="074 =0

where z is the braking intensity, ¢, is the utilization adhesion
coefficient of the i-axle, and ¢; and ¢,; are the utilization

adhesion coefficient of the front and rear axles, respectively.

For BETs, the torque distribution between axles also
affects the braking energy recovery; that is, more torque dis-
tributed to the drive axle helps to reach the full potential of
regenerative braking. A segmented braking torque distribu-
tion strategy is developed, and the principle followed is to
fully utilize braking energy recovery (distribute as much tor-
que as possible to the equivalent rear axle) while ensuring
braking stability and braking efficiency (satisfying ECE reg-
ulations). The specific torque distribution strategy is as
follows.

If z <z, then 3, =3, =0, and 3, = 1. The braking tor-
que is distributed to the equivalent rear axle.

If z, <2 <0.15, then 3, =0.15F 3|,y 5/F,, and 3, =3,
= (1 - f3;)/2. The braking torque of the equivalent rear axle
remains constant, and the braking torque of the first and
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F1GURE 15: Simulation results in the unloaded state under single braking condition 2. Torque distribution of (a) strategy A, (b) strategy B,

and (c) strategy C. (d) Comparison of the recovered energy.

second axles is equally distributed. z,, is a dynamic threshold,
which is determined by the condition

Fx|z:zO < 0'15Fz3|z:0.15’ (22)
Fx’z:zﬂ+0.01 > 0'15Fz3}z:0,15’

so as to avoid the reduction of equivalent rear axle tor-
que with the increase of braking intensity.

If z>0.15, then 8, = (2F,/F,) +0.02, 3, = (zF ,/F,) +
0.01, and B, =1 - B, — 3,. The braking torque is distributed
according to a modified optimal braking efficiency strategy.
The so-called optimal braking efficiency strategy is to meet
the requirement that the utilization adhesion coeflicient is
equal to the braking intensity, but the braking instability
with the rear axle locked first may occur in this case due to
the influence of uncertainties such as sensor signal noise or
torque control error. Therefore, the strategy is modified to
obtain a relatively high braking efficiency while ensuring

that the utilization adhesion coefficient of the equivalent rear
axle is less than that of the first and second axles at any time.
Taking the loaded state as an example, the utilization adhe-
sion coefficient of each axle is shown in Figure 7.

To maximize braking energy recovery, the torque distri-
bution of the drive axle adopts the principle of regenerative
braking priority; that is, friction braking only works when
regenerative braking cannot meet the torque demand. The
torque distribution of the equivalent rear axle is as follows:

Treg

TEMB-S = Treq -T

=min (T,eq, Treg_max)’

(23)

reg’

where T, is the required braking torque of the equivalent
rear axle, T, oy is the maximum regenerative braking tor-
que, which is related to motor maximum torque, battery
SOC and maximum charging power, and T,z 5 is the fric-
tion braking torque of the equivalent rear axle.
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TaBLE 5: Simulation results under single braking conditions.

Braking time Braking distance Recovered Energy recovery
Load state Torque distribution strategy (s) (m) energy (kJ) rate (%)
1 2 1 2 1 2 1 2
Strategy A 25.42 6.86 180.5 60.94 495.2 575 35.73 41.5
Unloaded Strategy B 25.30 6.46 178.8 55.76 414.2 523.8 29.89 37.8
Strategy C 25.01 6.41 176.7 55.50 884.4 596.4 63.82 43.04
Strategy A 25.20 6.77 180.6 60.69 1273 803.9 42.56 26.89
Loaded Strategy B 25.14 6.38 179.1 5547 974 741.3 32.58 24.79
Strategy C 25.01 6.36 178.2 55.38 1952 790.3 65.28 26.43
Strategy A 25.36 6.76 181.4 60.73 1859 846.5 42.83 19.5
Overloaded Strategy B 25.13 6.36 179.3 55.43 1398 769.3 32.20 17.73

Strategy C 25.03 6.36 178.8 55.37 2838 808.4 65.38 18.63
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4. The Dynamic Coordinated Control Strategy

The composite braking system has three braking modes:
regenerative braking, friction braking, and composite brak-
ing. As driving cycles and vehicle status change, there are
two common braking mode transition conditions, as shown
in Figure 8.

Transition condition 1: transition from regenerative
braking mode to composite braking mode when the torque
demand increases and regenerative braking cannot be met

Transition condition 2: transition from composite brak-
ing mode (high braking intensity) or regenerative braking
mode (low braking intensity) to friction braking mode when
the vehicle speed is reduced so that the motor cannot pro-
vide regenerative braking torque

Due to the inherent difference in dynamic response
characteristics between the motor and the EMB system,
response lag and sudden acceleration change will occur dur-
ing the braking mode switching process. This may not only
worsen the riding comfort but also lead to the inconsistent
braking feeling, which will affect the driver’s judgment and
cause misoperation, seriously threatening driving safety.

Figure 9 shows the composite braking process without
coordinated control. As the torque demand increases, fric-
tion braking begins to participate when regenerative braking
torque reaches the maximum and cannot meet the demand.
There is a noticeable lag in transition condition 1 due to the
relatively slow response of the EMB system. In addition,
when the vehicle speed is reduced to about 14km/h, the
motor rotation speed is so low that the back EMF is less than
the battery charging voltage, so it is unable to generate
regenerative braking torque. At this time, the regenerative
braking exits, and the friction braking works independently.
Also limited by the response speed of the EMB system, the
friction braking cannot compensate for the lack of regenera-
tive braking torque immediately. There is a large difference
between the actual torque and the target torque in transition
condition 2, which leads to a sudden change of acceleration.

Compared with the EMB system, the motor is superior
in aspects of response speed and control precision, so it is
feasible to use regenerative braking to compensate for the
torque deficit caused by the hysteresis of friction braking.

However, in the above two braking mode transition condi-
tions, the motor loses its torque compensation ability
because the regenerative braking torque has reached the
upper limit or cannot be generated. Consequently, the core
of the coordinated control strategy is to enable the motor
to obtain the regenerative braking torque compensation

ability.

4.1. The Coordinated Control Strategy for Transition
Condition 1. During the transition condition 1, the motor
regenerative braking torque has reached the maximum, so
it is unable to provide additional torque. To obtain the tor-
que compensation ability of the motor and reduce the loss
of braking energy recovery simultaneously, the regenerative
braking torque is corrected as follows:

Treg_m =Y. Treg’ (24)

where T\, ,,
and y, is the correction coeflicient with a range of [0, 1],
which is related to vehicle speed and braking intensity, and

can be expressed as

v, z), z> 0,
yc={y( b (25)

1, z<0,

is the corrected regenerative braking torque

where z is the change rate of braking intensity. The regener-
ative braking torque is corrected only during the increase of
braking intensity, and the original torque distribution strat-
egy is implemented when the braking intensity decreases or
remains constant.

The correction of the regenerative braking torque is
equivalent to redistributing the braking torques on the drive
axle on the basis of the original torque distribution strategy,
as shown in Figure 10. The output torque of the composite
braking system is as follows:

(26)

J

{ TEMB_3 = Treq - Treg_m’
reg = Treg_m * €Temb-
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state. Regenerative braking torque on the equivalent rear axle in (b) the unloaded state, (d) the loaded state, and (f) the overloaded state.

The friction braking torque deviation e, (that is, the
difference between target torque and actual torque of the
EMB system) varies with braking intensity, and the maxi-
mum regenerative braking torque is closely related to the
motor rotation speed. The shift control during braking is
not considered in this study, so there is a fixed relationship
between the motor rotation speed and the vehicle speed.

Therefore, the torque compensation capacity of the motor,
which is defined as 1 — erepp/Teg_max> under different brak-
ing intensities and vehicle speeds is analyzed, and the results
are shown in Table 1. If the value is larger, the motor has a
better ability to compensate for the friction braking torque
deviation, and the less regenerative braking torque is dis-
carded when it is corrected.
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It can be seen from the table that the torque compensation
capacity of the motor is the largest in the unloaded state and
decreases with the increasing load mass of the BET. That is
because the torque demand of the drive axle increases with
the load mass at the same braking intensity, which will lead to
the increase of friction braking torque deviation. The regenera-
tive braking can meet the torque demand of the drive axle at low
braking intensity, so there is no need for the motor to compen-
sate for the torque deviation. The torque demand of friction
braking increases with the braking intensity, and its torque devi-
ation increases first and then remains at a certain level. The
maximum regenerative braking torque is basically constant
when the motor rotation speed is less than the rated speed, so
the torque compensation capacity is close when the vehicle
speed is lower than 50 km/h. With the further increase in vehi-
cle speed, the maximum regenerative braking torque decreases,
which will cause the attenuation of the torque compensation
capacity.

Based on the above analysis, the regenerative braking torque
is corrected by using fuzzy logic. Mamdani-type fuzzy inference
model is adopted, with vehicle speed v and braking intensity z
as inputs and regenerative braking torque correction coefficient
y. as output. The membership functions are shown in
Figure 11, and the fuzzy rules formulated are shown in Table 2.

4.2. The Coordinated Control Strategy for Transition
Condition 2. When the rotation speed drops below the thresh-
old, the back EMF provided by the motor is not enough to
charge the battery. In this case, the braking energy cannot be
effectively recovered and may cause the problem of motor
heating, so the regenerative braking should be withdrawn.
The low-speed threshold is dynamic, which is related to the
motor specification, battery state, and vehicle driving condi-
tions [39]. Since its influence on the coordinated control
research is minimal, a fixed low-speed threshold is set in this
study; that is, the regenerative braking is withdrawn when
the motor rotation speed is lower than 300 rpm.

With the withdrawal of regenerative braking, composite
braking or regenerative braking is transitioned to friction brak-
ing mode, and the response lag of the EMB system in the pro-

TABLE 6: Parameters of single braking conditions.

Single braking condition Condition 3 Condition 4 Condition 5
Initial speed (km/h) 30 50 65
Braking intensity 0.05 0.25 0.5

cess of filling in the missing regenerative braking will cause a
deficit of total braking torque. To complete the compensation
of friction braking hysteresis before the regenerative braking
withdrawal and eliminate torque deficit, it is necessary to
advance the timing of braking mode switching. However, too
much advance will lead to a waste of braking energy and reduce
the energy recovery efficiency, while not enough advance will
not allow the motor to obtain sufficient torque compensation
capacity. Therefore, an EMB intervention trigger speed based
on the real-time braking intensity was proposed, which controls
the EMB system to take over the braking demand in advance, so
that the braking mode switching can be completed before the
vehicle speed drops to the low-speed threshold, and the impact
on the braking energy recovery can be minimized.

The vehicle speed when regenerative braking is with-
drawn can be obtained according to the current vehicle state:

Rwh s
.. b

igiy

Vo = 0.377 (27)

where 7, is the low-speed threshold of the motor.

As shown in Figure 12, combined with the real-time
braking intensity, the EMB intervention trigger speed can
be calculated as follows:

Vin = Vmin T 9240 prrp (28)

where Atp,;; is the response time of the EMB system.
During the braking process, when the vehicle speed

drops to the trigger speed, the total torque demand of the

drive axle is met by the EMB system, and regenerative
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FIGURE 20: Simulation results under single braking condition 3. (a) Braking torque, and (b) acceleration and jerk without coordinated
control. (c) Braking torque and (d) acceleration and jerk with coordinated control.

braking is only used to compensate for the friction braking
torque deviation. Due to the small hysteresis of motor regen-
erative braking, the actual total torque is obviously larger
than the target torque in the compensation control process,
as shown in Figure 13. Therefore, an adjustment factor is
introduced to eliminate the inevitable torque deviation
caused by the difference in response characteristics when
the two braking torques change in reverse (one increases
and the other decreases). The output torque of the compos-
ite braking system is as follows:

{ Tpyps= Treq’ (29)

Treg = Gr€Temb>

where ¢, is the adjustment factor, which is related to the
response characteristics of the motor and the EMB system,
and can be taken as 0.6~0.8 by experimental analysis.

5. Simulation Results and Analysis

To verify the effect of the proposed control strategy, the
models and control strategy were established in Matlab/
Simulink environment. The main parameters of the BET
are shown in Table 3.

5.1. Simulation and Analysis of Torque Distribution Strategy.
The other two torque distribution strategies were proposed
as a comparison, and the simulation tests of single braking
conditions and CHTC-D condition were carried out to
prove the superiority of the proposed torque distribution
strategy in braking energy recovery.

5.1.1. The Benchmark Strategy A (Optimal Braking Efficiency
Strategy). When the utilization adhesion coefficient is equal
to the braking intensity, the braking efficiency of each axle
is optimal in any load state, and the braking force of each
axle is as follows:

F_=zF

X1

(30)

zi*

5.1.2. The Benchmark Strategy B (Optimal Fixed Proportion
Distribution Strategy). At present, HDTs mostly adopt the
fixed proportion distribution strategy, and the braking force
distribution coefficient in different load states is adjusted by
a load sensing proportioning valve. To meet the require-
ments of braking stability and make full use of the tire-
road adhesion conditions, the distribution coefficient in dif-
ferent load states was optimized. The objective function is to
minimize the square sum of the difference between the utili-
zation adhesion coefficient of each axle and the braking
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FiGure 21: Simulation results under single braking condition 4. (a) Braking torque and (b) acceleration and jerk without coordinated
control. (c) Braking torque and (d) acceleration and jerk with coordinated control.

intensity, that is,

(31)

where utilization adhesion coeflicient ¢, is a function of
braking force distribution coefficient f;, which can be
expressed as ¢, = 3,F,/F ;.

The constraint condition is the inequality (21), and the
exhaustive search method was used to solve the optimal
braking force distribution coefficient in unloaded, loaded,
and overloaded states, as shown in Table 4.

5.1.3. Single Braking Condition. To clearly show the torque
distribution during braking and its impact on energy recov-
ery, two single braking conditions are set: the initial vehicle
speed is 50 km/h, and when the time reaches 1s, the braking
intensity gradually increases to 0.05 (single braking condi-
tion 1) and 0.3 (single braking condition 2) and remains
constant until the speed decreases to 0. The three torque dis-
tribution strategies in different load states were simulated
and compared. It should be noted that strategy A refers to
the optimal braking efficiency strategy, strategy B refers to

the optimal fixed proportion distribution strategy, and strat-
egy C refers to the proposed segmented distribution strategy.

Taking the unloaded state as an example, the comparison
of torque distribution and recovered energy under two single
braking conditions is shown in Figures 14 and 15. The braking
intensity of single braking condition 1 is small, and part of the
braking torque is assigned to the front two axles in strategy A
and strategy B, while the braking torque is all provided by the
equivalent rear axle in strategy C. The regenerative braking
torque can meet the torque demand, so the EMB system of
the rear axle only works after the regenerative braking is with-
drawn. As the proportion of regenerative braking increases,
more braking energy is recovered. Figure 14(d) shows that
strategy C has a huge advantage in braking energy recovery
at low braking intensity.

Under single braking condition 2, the EMB systems of
the front two axles participate in the whole braking process
in strategy A and strategy B, while they gradually start to
work as the braking intensity increases in strategy C.

With the increase of the load mass or braking intensity,
the energy recovery capacity of strategy C is slightly inferior
to that of strategy A. Figure 16 shows the simulation results
in the loaded state under single braking condition 2, and
more braking energy is recovered in strategy A because of
its long braking time.
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TaBLE 7: Simulation results of single braking conditions.

Single braking condition ~Coordinated control ela) (N-m) eza) (N-m) jzb) (m/s’)  Recovered energy (kJ) Braking distance (m)
. Without — 3231.49 5.025 558.9 68.75
Condition 3 .
With — 91.86 0.12 530.0 68.39
. Without 4996.83 5815.04 7.895 877.5 59.86
Condition 4 )
With 667.45 554.44 0.850 837.2 59.30
. Without 6391.22 6110.58 7.902 864.1 66.63
Condition 5 )
With 503.55 1365.21 2.315 821.8 65.75

a)

transition condition 2.

Table 5 shows the simulation results of braking perfor-
mance in different torque distribution strategies and load
states under two single braking conditions. Among them,
the energy recovery rate & is defined as follows:

Ereg _ fUhathatdt
E, 1/2mv}

§= (32)

where E,,; is the recovered braking energy and E,, is the total

energy dissipated in the whole braking process, that is, the
kinetic energy of the BET at the initial moment.

e, and e, denote the maximum torque deviation in transition condition 1 and transition condition 2, respectively; ™j, denotes the maximum jerk in

The following findings can be drawn: in terms of braking
time and braking distance, the proposed strategy outper-
forms the two benchmark strategies under any braking
intensity and load state, showing better braking safety. In
terms of braking energy recovery, the proposed strategy
achieves the best performance at low braking intensity, and
strategy A has a similar or even better effect at high braking
intensity, due to its longer braking time. On the whole, the
proposed torque distribution strategy has better comprehen-
sive braking performance.

5.1.4. CHTC-D Condition. CHTC-D (China heavy-duty
commercial vehicle test cycle-dump) is developed for the
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testing and evaluation of energy consumption and emissions
of dump trucks, which is used to compare the energy-saving
effect of three torque distribution strategies. The classic two-
parameter shift schedule was adopted during the driving
process, and the vehicle speed can be followed well in vari-
ous states, as shown in Figure 17.

Figure 18 shows the simulation results in three load
states under CHTC-D condition, and the initial battery
SOC of the BET is set as 80%. It can be observed that strat-
egy C has a much larger percentage of regenerative braking,
and its final SOC is significantly higher than the other two
strategies. In addition, the recovered braking energy and
energy recovery rate of the three torque distribution strate-
gies during the entire process are compared in Figure 19.
The recovered energy increases in proportion to the load
mass, but the energy recovery rate does not show a direct
correlation with the load mass. The energy recovery rate of
strategy C reaches more than 40% in any load state, which
greatly improves the energy efficiency of the BETs.

5.2. Simulation and Analysis of Coordinated Control
Strategy. To verify the effectiveness of the proposed coordi-
nated control strategy in the two common braking mode tran-
sition conditions, three single braking conditions with different
initial speeds and braking intensities were designed as shown in
Table 6. The BET runs at the set initial speed and starts braking
at 1s. The braking intensity gradually increases to the target
value and remains until the vehicle speed drops to 0.

Figures 20-22 show the simulation results with and with-
out coordinated control in the loaded state. Due to the small
braking intensity in single braking condition 3, regenerative
braking can meet the torque demand of the drive axle, so there
is no transition condition 1. Without coordinated control, the
maximum torque deviation and the maximum jerk in transi-
tion condition 2 reach 3231.49N-m and 5.025m/s, respec-
tively. With coordinated control, the EMB system starts to
intervene before the speed drops to the low-speed threshold,
and the motor regenerative braking is used to compensate
for the hysteresis of friction braking, which almost eliminates
the torque deviation during the braking mode switching pro-
cess so that the vehicle can decelerate smoothly.

Under single braking condition 4, without coordinated
control, the friction braking begins to participate when the
regenerative braking torque increases to the maximum. At
this time, the motor is operating in a saturated state and
no longer can compensate for torque deviation. With coor-
dinated control, due to the correction of regenerative brak-
ing torque, the motor outputs relatively large torque during
the increasing braking intensity, reserving space to compen-
sate for friction braking torque deviation, so that the actual
total torque can follow the target well in transition condition
1, as shown in Figure 21(c). In contrast, the braking intensity
and vehicle speed of single braking condition 5 are higher, so
larger torque compensation space needs to be reserved, and
the EMB system participates earlier, as shown in
Figure 22(c). When the braking intensity is no longer
increased, the motor outputs the maximum regenerative
braking torque to ensure energy recovery efficiency. Com-
paring Figures 21 and 22 shows that the different braking

19

intensities in single braking conditions result in the differ-
ence in the advance degree of regenerative braking with-
drawal in transition condition 2. With coordinated control,
the difference between the actual torque and the target tor-
que is significantly reduced, and the fluctuation of accelera-
tion is effectively suppressed, which greatly improves the
braking comfort.

By analyzing the influence of coordinated control on brak-
ing energy recovery, it can be observed from Table 7 that the
loss of braking energy recovery is less because the single brak-
ing condition 3 has no transition condition 1 and the braking
intensity and speed are low. To enable the motor to obtain the
torque compensation ability, the energy recovered in the
whole braking process is reduced by 40.3k] and 42.3k],
respectively, under single braking conditions 4 and 5.

In general, the proposed coordinated control strategy
solves the problem of response lag and torque deficit in the
two common braking mode transition conditions at the
expense of slight braking energy, and the braking distance
is shortened with the consideration of the composite braking
coordination and energy recovery efficiency.

6. Conclusion

In this study, the four-axle BET equipped with an EMB sys-
tem was taken as the research object, and its composite brak-
ing control strategy was presented, including torque
distribution strategy and dynamic coordination control
strategy. The segmented torque distribution strategy maxi-
mizes braking energy recovery while meeting ECE regula-
tions even in the presence of the sensor or control error.
This strategy showed better comprehensive performance
than the other two benchmark strategies, with the energy
recovery rate of 44.58%, 46.07%, and 40.68% in the
unloaded, loaded, and overloaded states, respectively, under
CHTC-D condition, which effectively improves the energy
utilization efficiency and the driving range of BETs.

The coordinated control strategy based on regenerative
braking torque compensation was proposed to solve the unco-
ordinated problem caused by the different response character-
istics of the braking subsystems in the two common braking
mode transition conditions. The regenerative braking torque
was corrected based on fuzzy logic in transition condition 1,
and the timing of braking mode switching was advanced
according to the real-time braking intensity in transition con-
dition 2, so that the motor can output braking torque sufficient
to compensate for torque deviations caused by the hysteresis
of the EMB system. An adjustment factor was introduced into
the regenerative braking torque control to eliminate the torque
fluctuation when the two braking torques change in reverse.
The simulation results showed that the coordinated control
strategy reduces the difference between actual torque and tar-
get torque to less than 1.4 kN-m at the expense of losing a small
amount of braking energy, which improves the vehicle riding
comfort and shortens the braking distance.

The proposed control strategy has satisfactory perfor-
mance and low complexity, which is suitable for practical
application. In the subsequent research, it will be further ver-
ified by the hardware-in-the-loop simulation and real
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vehicle test. Moreover, the composite braking control strat-
egy for BETs under downhill conditions needs to be studied
deeply. Downbhill safety has always been a vital issue, and the
tradeoff between braking energy recovery and battery loss
should be considered in this case.
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