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Abstract

Due to quick response and large quantity of electric motor torque, the traction wheels of battery electric vehicle are
easy to slip during the initial phase of starting. In this paper, a sliding mode control approach of acceleration slip requ-
lation is designed to prevent the slip of the traction wheels. The wheel slip ratio is used as the state variable for the
formulation of system dynamics model. The fuzzy algorithm is utilized to adjust the switch function of sliding mode
controller. After stability and robustness analysis, the sliding mode control law is transferred into C code and down-
loaded into vehicle control unit, which is validated under wet and dry road conditions. The experimental results with a
small overshoot and a quick response during starting indicate that the sliding mode controller has good control effect
on the slip ratio regulation. This article proposes an acceleration slip regulation method that improves the safety dur-

ing acceleration for battery electric vehicle.
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1 Introduction

With the increasing attention of the environmental and
energy issues, both reducing emissions of fuel vehicles
and finding alternatives have become the first priority
of the automotive industry currently. As a kind of zero-
emission vehicles, battery electric vehicle (BEV) is gradu-
ally attracting more and more attention and becomes a
research focus [1]. The acceleration slip regulation (ASR)
system has been widely used in internal combustion
engine (ICE) vehicles. Compared with the output torque
of the ICE, the permanent magnet synchronous motor
(PMSM) torque has the characteristics of quick-response
and large-quantity, which makes wheel slip easily dur-
ing the acceleration process [2], which not only reduces
the driving efficiency of vehicle, accelerates tire wear,
increase powertrain load and energy consumption, but
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also damage the driving maneuverability, stability and
comfort. Therefore, the ASR is benefit to improve driving
safety and reduce the risk of accidents for battery electric
vehicle [3].

Measures of the anti-slip for ICE vehicles include cut-
ting down the opening degree of throttles to reduce
engine power, controlling wheel-side braking torque, and
adjusting hold-down force of clutch [4]. Compared with
the ICE, the PMSM has several advantages, such as rapid
response and precise control [5]. Hence, the wheel slip
can be controlled by regulating the output torque of elec-
tric motor [6].

Considering the security during the acceleration pro-
cess, some literatures take the vehicle yaw moment into
account. When the traction wheels are of slip, there will
be a problem of generating undesired yaw moment and
yaw angular velocity. For a battery electric vehicle with
rear wheel drive alone, a dynamic torque distribution
controller is designed to solve this problem [7]. On the
basis of model predictive control (MPC), apart from the
regulation of wheel slip, Yuan et al. optimized vehicle
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safety, braking performance, driver comfort, and energy
efficiency by adding some additional cost functions [8].

Most of anti-slip systems focus on two-wheel inde-
pendent drive (2WID) or four-wheel independent drive
(4WID) electric vehicles. In fact, due to the disadvantages
of immature technology and high cost, wheel hub motor
is rarely applied into vehicle architecture [9]. In addition,
it is essential for 4WID electric vehicles to be equipped
with additional speed sensors due to adopting the slip-
ratio-based anti-slip system. Therefore, most of litera-
tures is still in a simulation stage and does not carry out
verification on road test. In this paper, the research object
is a rear-drive logistics BEV, the speed of which can be
obtained by front wheels so that the designed approach
will be tested and verified in engineering practice.

In the past ten years, some algorithms have been
applied into this field [10]. Owing to the advantages of
PID control that it does not depend on the system model,
as well as dealing with uncertain and complex problems,
Guo et al. took it as the core control algorithm. At the
same time, for the assumption of constant longitudinal
force, a compensator is designed to offset the calcula-
tion error [11]. However, the individual PID control is
not suitable for changing environment. Li and Qu applied
fuzzy PID control to ASR system. The parameters of the
controller are amended in real time to make it satisfy the
adaptability of nonlinear and time-variant system [12].
Considering the advantages of good robustness, adapt-
ability, and better fault tolerance [13], fuzzy control is
another method to solve the problem. Yin et al. put for-
ward a kind of ASR control system, which is designed by
controlling the difference of actual angular acceleration
and the threshold of angular acceleration. Compensating
an adjusting torque on the basis of the expected one, the
slip ratio can be controlled in an ideal range [14]. How-
ever, fuzzy control will lead to low control accuracy and
poor dynamic quality, but it is suitable for the use in con-
junction with other control algorithms. A rolling optimi-
zation strategy instead of a global one-time optimization
is used in MPC algorithm, which can compensate uncer-
tainty timely and has better dynamic performance [15—
17]. Sekour and Hartani proposed a non-linear model
prediction (NMP) direct torque control (DTC) algorithm
[18]. In this paper, a fuzzy controller is used to gener-
ate weight factors online, which can guarantee a high
response speed under the flexible loads.

Sliding mode control (SMC) is a kind of non-lin-
ear control method and has many advantages like fast
response, insensitive to parameter changes and distur-
bances, etc [19, 20]. Therefore, SMC is applied into ASR
system by many literatures [21-25]. However, it will lead
to system oscillation without targeted measures [21, 22,
26]. In order to make the system have a good dynamic
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quality during the process, an approach with a positive
control gain coefficient is adopted in Ref. [23]. However,
due to the existence of the ground longitudinal force
observer, the error of the observer may cause the system
to be unstable. In order to reduce the system oscillation,
Zhou et al. applied a special switching function, which
makes the system have less speed when near the sliding
surface [24]. Ricardo et al. proposed a continuous SMC
algorithm and the sign function are replaced by continu-
ous approximation [25]. Experimental results show good
performance of the slip regulation and robustness to
disturbances.

In order to solve the problem of wheel slip during the
acceleration process of battery electric vehicle, a sliding
mode control approach is designed in this paper. Consid-
ering the system oscillation, a regulator based on fuzzy
algorithm is established to adjust the key parameters of
the controller. The effectiveness of the proposed control
law has been validated in a battery electric vehicle.

The rest of this paper is given as follows. Section 2
introduces the vehicle control problem. In Section 3, the
sliding mode controller and a factor correction algorithm
based on fuzzy control algorithm is described. The Lya-
punov stability and robustness analysis of the control
laws are in Section 4. The experimental results are ana-
lyzed in Section 5. Finally, some concluding remarks are
shown in Section 6.

2 Problem Description

2.1 Vehicle Architecture

The architecture of the tested 4.5 t rear-drive logistics
BEV is illustrated in Figure 1, in which a new type of
motor direct drive axle is adopted. Compared with the
conventional motor drive axle architecture, this drive
train is more compact, which can reduce the vehicle’s
unloaded mass by about 20% and increase the transmis-
sion efficiency by 10%. An open differential is used in the
drive axle, which allows the two wheels to have different
speeds while outputting the same torque. The PMSM can
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Figure 1 Architecture of battery electric vehicle
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Table 1 Parameters of the on-board electric motor

Parameter Value Parameter Value
Peak power (kW) 150 Rated power (kW) 70
Peak speed (r/min) 8600 Rated speed (r/min) 3290
Peak torque (N-m) 550 Rated torque (N-m) 203

output a peak torque in a short time and some param-
eters of the motor are shown in Table 1. The accelerator
pedal is an electronic pedal with a voltage sensor in a
range of 0.5—3.2 V to cover the entire pedal stroke. Anti-
lock brake system (ABS) adopts wheel speed sensors to
obtain angular speed in real-time. Controllers on board
communicate with each other through controller area
network (CAN).

The VCU obtains the maximum torque by estimating
system capacity of the current state, which is mainly lim-
ited by the drive motor performance and the power. The
torque T, limited by the motor depends on the external
characteristic curve. The torque T}, limited by the bat-
tery maximum discharge power can be obtained by the
following formula,

Tn
P = ,
9550

(1)

where P is the maximum battery discharge power, kKW; T
is the motor torque, N-m; # is the motor rotation speed,
r/min.

As mentioned above, the maximum torque T¢,, of the
current state can be obtained by taking the smaller one
between T, and T,. Besides, by applying lookup table
method according to the pedal opening degree, the VCU
can analyze driver’s acceleration intention and the driver
torque coefficient Cp; can be gained. Finally, the execu-
tion torque Tpg can be obtained as follows,

Tpcs = Cpri - min(That, Tmot) = Cpri - TCap- (2)

2.2 Problem Discovery

There is a problem encountered in the development
process of automobile. Due to the low-speed and high-
torque working characteristics of PMSM, it is easy to
cause wheels slip on the low-adhesion condition, which
can lead to vehicle instability. Based on this problem, the
following control objectives should be considered.

1) It must be reliable to prevent wheel from slipping
during the traction process.

2) The vehicle can achieve good longitudinal accel-
eration performance on the premise of vehicle sta-
bility.
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3) Practical application of the controller should be
guaranteed.

As shown in Figure 2, when the slip ratio is in the
optimal control zone, the biggest adhesion coefficient
can be obtained. However, when a slip ratio is over the
optimal value 1, it will be difficult to achieve precise
control and easy to cause a risk of side-slip. Therefore,
at the same time, limiting the wheel slip ratio within the
optimal control zone can ensure high longitudinal adhe-
sion and avoid possible out-of-control. The relationship
between the adhesion coefficient and the slip ratio can be
expressed by the following formula [27, 28],

2max Ai )vopt

12 12
A + /“opt

M= ’ (3)

where y); is the wheel adhesion coefficient and 4, is the
wheel slip ratio. The selected Eq. (3) has high fitting accu-
racy both in the stable zone and the optimal control zone.

When the drive wheels exceed A, the ASR controller
needs to be activated immediately. Therefore, a control
approach is designed to solve the problem, which is when
the VCU enters and exits ASR system.

2.3 Problem Solution

In this subsection, a brief description of the control
approach is presented. As illustrated in Figure 3, the
VCU is in the DCS by default. Before entering the ASR
system, two judgments need to be performed.

Case 1: Due to the property of the slip ratio formula,
the measurement errors of the wheel speed sensors are
amplified when the vehicle drives in a low speed, which
will cause a slip ratio mutation. Therefore, by setting a
speed threshold vy, the misjudging of the slip ratio can
be eliminated.

Case 2: When A, is bigger than A,;, the wheel is con-
sidered in a slippage state. With a view to the capac-
ity limit, the smaller value between the ASR controller
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Figure 2 Relationship between adhesion coefficient and slip ratio
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Figure 3 Traction torque control of acceleration slip regulation

torque Tgz and T,p is chosen as the final target torque
Trpp-

When the vehicle is in the ASR control mode, another
two conditions will be judged in a loop.

Case 3: The driver’s acceleration intention is estimated
by comparing Cp,; with a threshold o.

Case 4: The research in this paper focuses on the
straight driving condition.

When the vehicle steers or the left and right adhe-
sions are different, a slip difference between the two drive
wheels will be generated. If Case 3 or Case 4 is not sat-
isfied, the VCU will exit the ASR system immediately.
Before entering another mode, it will always stay in the
current state. During each judgment, anti-shake process
is required and the time threshold is set as 10 cycles.
The two control systems, DCS and ASR, can be switched
in time according to the different working conditions,
which makes the ASR system become a practical active
safe driving assistance system.

3 Sliding Mode Controller

The structure of the ASR controller is shown in Figure 4,
including the slip ratio dynamics model, sliding mode
controller, and fuzzy algorithm adjustment.

3.1 Vehicle Dynamics
3.1.1 Slip Ratio Formulation
The wheel slip ratio is defined as follows,

L 4
A= —————,
max (Vy,, V) (4)
where v, is the wheel linear speed, m/s; v is the vehicle
longitudinal speed, m/s.
When the vehicle drives on the road with uneven
adhesion coefficients, there will be a difference of slip
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Figure 4 Architecture of sliding mode control approach

ratio between the two drive wheels. Therefore, the
“high-election principle” is adopted to take the larger
slip ratio as the control object, before which, the larger
wheel angular speed has to be obtained as follows,

w; = max (wl’ wr); (5)

where w; and o, are the angular speeds of the left and
right wheels, respectively.

In the driving process, the relationship between v,
and v satisfies v, > v all the time. Therefore, the larger
slip ratio can be obtained as follows,

Vo —V  Fw;—V

b= = ©

Vo rwi

3.1.2 Wheel Dynamics Model
In this paper, the following points are assumed when
the vehicle is simplified into a single wheel model.

1) The air resistance and wheel rolling resistance
are ignored.

2) The left and right wheels have the same physical
characteristics, such as the moment of inertia and
rolling radius.

The formulation of wheel revolution can be obtained

as follows,

Jiwy = T; — rFy;, (7)

M{) = in; (8)

where J; is the moment of inertia, kg-m? T is the driving
torque on the wheel, N-m; 7 is the rolling radius of the
wheel, m; F,; is the wheel longitudinal force, N; and M is
the half mass of the whole vehicle, kg.
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The relationship between the ground longitudinal force
F,; and the ground normal force F,; can be written as
follows,

Fyi = wj,Fa. 9)

3.1.3 Slip Ratio Dynamics

Because of the inherent discontinuous switching charac-
teristics, in an actual system, there must be jitter near the
sliding mode surface. Moreover, it is impossible to elimi-
nate the jitter and it can only be weakened. For the ASR
system applied to BEV, the high-frequency vibration gen-
erated by chattering will accelerate the wear of the trans-
mission system, increase the load on the motor, and make
the system unstable. In general, the chattering is caused
by the following four parts.

1) The time lag of the switch.
2) The space lag of the switch.
3) The effect of system inertia.
4) Discrete system itself.

In short, when the system reaches the switching sur-
face, the moving point passes through it due to the
system inertia. Finally, chattering is formed and super-
imposes on the ideal sliding mode [29]. Therefore, the
chattering can be weakened effectively by reducing the
reaching speed and system inertia.

The derivative of Eq. (6) can be obtained as follows,

. d)iV — a)if/
Ai=——F5. (10)

2
rw;

Substituting Eq. (7), Eq. (8), and Eq. (9) into Eq. (10), the
differential equation of slip ratio is as follows,

. vT; Fyv n Fy
l_]ﬂ"w,«2 Hai ]iw,'z rMw; |

Substituting Eq. (3) into Eq. (11), the slip ratio dynamics
model is as follows,

(11)

b=

vT; _ 2,umax/li/lopt Fv Fy
]ﬂ"wiz

+ . 12
212, \Jia? eri> (12)

3.2 Control Law
The sliding mode surface is defined as follows,

S =i — Jopt- (13)

In order to meet the arrival conditions while consider-
ing the approach speed and approach quality together, an
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improved exponential approach law is used in this paper
as follows,

S =—e(S/¢ )%sgn(S) — kS, (14)

where ¢ is the thickness of the boundary layer, and sgn is
the sign function.

Multiplying Eq. (13) by Eq. (14) to get the following
formula,

sS3sgn(S)

5 kS? < 0.
Y

§-§= (15)

The approach law satisfies the existence conditions of
the generalized sliding mode. Therefore, it satisfies the
reachability condition of the sliding mode,

S = 2i — Jopt = —&(S/9 )?sgn(S) — kS. (16)

Substituting Eq. (12) into Eq. (16) to obtain the sliding
mode control law,

2l/«max)voptlli 2Mmax/10pt/li JiFziw;
) 7 i+ — 2
Aopt + 45 Aopt T 45 My (17)
_ r],'a)l.z

» (S(S/ga )ngn(S) + kS).

As can be seen from the formula above, the sliding
mode control law consists of three parts. The first part
%r]’zi is the main part of the acceleration torque.

opt %Y

tmaxtopthi  JiFsiw;
The second part ZAmexopti | JiEzi®i

AoptHi; My
wheel inertia on the driving torque. The wheel moment
of inertia is usually very small, which results in that this
term hag very little effect on the driving torque. The third
part r]’% (a(S/go )ngn(S) + kS) is the control adjustment
item. When the wheel slip ratio exceeds the threshold,
this item will provide a negative torque to correct the
total driving force, and vice-versa.

is the influence of the

3.3 Fuzzy Algorithm

In this subsection, through a quantitative analysis of the
relationship between the approach law coefficient (ALC)
and chattering, an adaptive correction algorithm based
on a fuzzy controller is proposed. When the error of the
wheel angular acceleration and slip ratio is large, a larger
ALC will be selected to achieve a faster approach speed
and a smaller ALC will be selected when the error is
small. The dynamical adjusting of the ALC can make the
motion trajectory more suitable for the sliding mode sur-
face, which can ensure the dynamic quality of the arrival
process and reduce the high-frequency chattering of sys-
tem at the same time.

Substituting Eq. (6) into Eq. (10),
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When the wheel slip ratio is stable at a certain value, ), is

0, and the above formula becomes
B v
CEh

@ (19)

It can be seen from the equation above that when the
slip ratio is stable, the wheel angular acceleration is cor-
related positively with the vehicle acceleration. There-
fore, when the vehicle has the maximum acceleration, the
optimal reference value of wheel angular acceleration can
be obtained.

From Eq. (8) and Eq. (9), the maximum acceleration of
a certain road is as follows,

. _ inmax _ ’u’/loptFZi
Vmax = = .

M M

(20)

Therefore, the reference optimal wheel angular accel-
eration is as follows,

Hopt Fy

(= Jop)Mr” (1)

Uopt = d)opt =

The first input variable is AE; = 4; — Aopt. Based on
the theoretical derivation and practical experience, in
order to provide sufficient coverage, AE, is divided into

five fuzzy subsets: [NS, ZO, PS, PM, PB]. The mem-
bership function is shown in Figure 5(a). ‘N’ and ‘P’
stand for ‘Negative’ and ‘Positive;, respectively. ‘B, ‘M,
and ‘S’ stand for ‘Big, ‘Middle; and ‘Small; respectively.
The second input variable is AEy = @; — wopt and it is
divided into seven fuzzy subsets: [NS, NM, NB, ZO,
PS, PM, PB]. The membership function is shown in
Figure 5(b).

In the fuzzy controller, the Mamdani method is used
to perform the fuzzy logic calculation. The fuzzy rules
are shown in Table 2. The defuzzification method is the
gravity center. Based on the multiple simulation results,
the factors are divided into five fuzzy subsets: [A, B, C,
D, E], and the membership function is shown in Fig-
ure 5(c) and (d).

Table 2 Fuzzy rule

e/k NS Z0 PS PM PB
NB AA BB CcC DD EE
NM BB cC DD EE bD
NS CcC DD EE DD CcC
Z0 DD EE DD CcC BB
PS EE DD [c@ BB BB
PM DD CcC BB BB AA
PB CcC BB BB AA AA
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4 Controller Analysis

4.1 Stability Analysis

In order to verify the stability of the proposed closed-
loop controller, the Lyapunov function is defined as
the following,

V= (4 — dopt) - (22)

It can be seen from Eq. (22) that the control system
energy function is positive definite. To ensure the asymp-
totic stability of the system, the derivative of V should be
negative definite and computed as follows,
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Substituting Eq. (11) into Eq. (23), the following for-
mula can be obtained as follows,

Tiv inV + in
Jrw? N\ a2 T Mo

Replacing T}, by Eq. (26),

AT,-V+ T;v inv+ Fy
Jirw?  Jira? Hai Jiw?  rMw; ) |

i (28)

V =24 — Jopt)

(27)

V = 2(4 — Jopt)

Substituting Eq. (11) and Eq. (16) into Eq. (28),

ATy

V = 2(1; - /{opt) {]r’a)z + {8 I:()LL — )»opt)/(ﬂ]z sgn(ﬂv,‘ — )vopt) + k(/ll - ;Lopt)}}.

(29)

V = 2(% — Jopt)- (23)

Substituting Eq. (14) into Eq. (23), the following for-
mula can be obtained as follows,

It can be concluded that AT, should satisfy the follow-
ing equation,

V= =20 = Jop { [ — Jop) /9 |5 = Jope) + k(s = o) }-

(24)
(30)

In Eq. (24), the ALCs are set to be positive definite.
Therefore, it can be inferred as follows,

{ V <0, )vi =< /lopt, (25)

V <0,2 > Jopt.

As can be seen from Eq. (25) that V is negative defi-
nite, so the proposed sliding mode controller is stable
asymptotically.

4.2 Robustness Analysis

In fact, BEV is a non-linear and uncertain system.
Therefore,it is necessary to perform robust analyses. In
this subsection, for the errors of the motor torque and
the road adhesion coefficient, the robustness of the slid-
ing mode controller is analyzed.

4.2.1 Motor Torque Error
There is an error between the actual output torque and
the required value. Assuming that AT; is the torque error,

the actual torque is as follows,
Tia = T; + ATj, (26)

where T, is the real output torque.

Y
AT < (17

[—s(sm )2sgn(S) — kS} .

Lyapunov function V is less than 0 and it means that
when the torque error of the driving motor satisfies Eq.
(30), the sliding mode controller is stable and robust, and
vice versa.

4.2.2 Adhesion Coefficient Error

The road surface adhesion coefficient is usually obtained
by some estimation methods. It will lead to an error
between the actual adhesion coefficient and the estimat-
ing one. Ay; is assumed as the adhesion coefficient error.
Therefore, the actual adhesion coefficient y;, can be

defined as follows,
Mig = Api + [, (31)

Substituting Eq. (31) for y; in Eq. (27),

. Tv Fyv F,i
V =2(4—4 — —(Apu; 2l B .
( i opt) |:]irw2 (Api + pi) <]iwl2 + eri>:|

i (32)

Substituting Eq. (11) and Eq. (16) into Eq. (32),
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V= 2(11' - j~opt) {Aﬂli <]zwzz + May + {‘9 [(’LL’ - /Lopt) /‘P] sgn(4; — Aopt) + k(4 — iopt)} . (33)

Therefore, it can be inferred that Ay; should satisfy the
following equation,

Jiro?M

A < |t
Apl < Ei(rMy + Jiw)

—&(S/e )ngn(S) — kS} .

(34)
Lyapunov function V is less than 0 and it means that
when the adhesion coefficient error satisfies Eq. (34), the
ASR controller is stable and robust, and vice versa.

5 Vehicle Road Test

Some real vehicle tests under the two typical kinds of
road conditions, wet and dry, are performed in this sec-
tion to verify the performance of the proposed accel-
eration slip control approach. Figure 6 shows the used
battery electric vehicle test platform with VCU and ABS.
The ASR controller model is embedded into the VCU as
a subsystem of the main functions.

A part of parameters of the used BEV are shown in
Table 3. The ABS is equipped with wheel speed sensors
and the signal frequency of sampling is 100 Hz. Com-
puter sampling results have a high frequency of 1000 Hz.
The used parameters of the proposed controller are listed
in Table 4.

5.1 Wet Road Condition

In this subsection, the real vehicle tests are carried out on
a low adhesion road condition, which is a slippery pave-
ment with a maximum adhesion coefficient of 0.4 and an
optimal slip ratio of 0.11. Because of the limited length
of the road on the test site, the maximum vehicle speed
should not exceed 60 km/h to reserve a sufficient safety
distance.

Figure 6 Test platform of battery electric vehicle

It can be seen from Figure 7(a) and (b) that, in the
absence of ASR system, the output torque of the DCS
increases to the maximum value quickly and then
decreases to the rated torque with the increasing speed.
The slip ratio increases to about 0.7 and remains at a
high level for a while. However, with the ASR system, the
VCU is in the DCS by default. When the driver presses
the accelerator pedal, the slip ratio and the vehicle speed
exceed their thresholds respectively and the VCU enters
the ASR controller. Low ABS sensor accuracy is difficult
to obtain an accurate slip rate during low vehicle speed.
Therefore, the BEV is accelerated to a certain speed
before testing first. For the same reason, the slip ratio
may approach 1 at low speed as illustrated in Figure 7(b).
With the torque adjustment, the slip ratio is changing up
and down along the optimal slip ratio all the time. When
the vehicle speed is close to 60 km/h, the driver releases
the accelerator pedal gradually and the VCU enters the
DCS.

As indicated in Figure 7(c), when with the ASR sys-
tem, the wheel speed is higher than vehicle speed slightly
throughout the acceleration process. After 6.5 s, the
vehicle speed reaches 52 km/h. The acceleration curves,
shown in Figure 7(d) illustrated that, compared to the

Table 3 Parameters of the used battery electric vehicle

Description Value
Gross vehicle weight (kg) 2200
Radius of tire (mm) 364
Wheelbase (mm) 3360
Moment of inertial of wheel (kg~m2) 1
Transmission ratio 13.52
Unsprung mass of front axle (kg) 400
Unsprung mass of rear axle (kg) 500
Table 4 Parameters of the controller in vehicle tests

Description Wet road Dry road
Speed threshold vy, (km/h) 5.0 15
Optimal slip ratio Ay, 0.11 0.17

Slip ratio threshold Aq, 0.11 0.17

Slip ratio difference Ay 0.5 0.05
Torque coefficient threshold o 0.6 0.8
Maximum road adhesion ., 04 08
Boundary layer thickness ¢ 0.01 0.01
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Figure 7 Vehicle test under wet road condition

DCS, it has better continuous acceleration performance.
In addition, the vehicle does not show a tendency to side-
slip and the vehicle posture is stable.

5.2 Dry Road Condition

In this subsection, the road condition is a dry cement
pavement with a maximum adhesion coefficient of 0.8
and an optimal slip ratio of 0.17. In order to reserve a
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sufficient safety distance, the maximum speed does not
exceed 40 km/h. It can be seen from Figure 8(a) and (b)
that, in the absence of ASR system, the output torque of
the DCS increases to the maximum value quickly and
then decreases to the rated torque with the increasing
speed. The slip ratio increases to about 0.35 and remains
at a high level for a while. However, when the ASR sys-
tem works, the VCU is in the DCS by default. When the
driver presses the accelerator pedal, the slip ratio and the
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vehicle speed exceed their thresholds respectively and
the VCU enters the working mode of the ASR control-
ler. After an adjustment process, the slip ratio stabilizes
in optimal control zone and lasts about 1 s. When the
vehicle speed is close to 40 km/h, the driver releases the
accelerator pedal gradually and the VCU enters the DCS.

As indicated in Figure 8(c), the wheel speed is higher
than the vehicle speed slightly throughout the accelera-
tion process when with the ASR system. After 2.5 s, the
vehicle speed reaches 37 km/h. The acceleration curves
are shown in Figure 8(d). Compared to the DCS, the
acceleration performance of BEV calculated by the mean
accelerations can be improved. In addition, the vehicle
does not show a tendency to side-slip and the vehicle
posture is stable.

Based on the analysis above, it can be concluded that
under the driving conditions of low and high adhesion
roads, the proposed ASR controller can reduce the wheel
slip effectively. Besides, there is good straight-line driving
stability during the acceleration process. The slip ratio
can be regulated around the optimal control zone and the
quick response is proved.

5.3 Test Results Comparison

There are few real vehicle verifications in the field of
research on the acceleration slip regulation of BEV cur-
rently. In order to further verify the control effect of the
proposed approach, Ref. [14] with fuzzy control and Ref.
[8] with predictive control algorithm are selected to be
compared, both of which only carried out simulation val-
idation. When the vehicle starts under slippery road, the
vehicle acceleration in Ref. [14] is 1.11 m/s?, in Ref. [8] is
2.78 m/s% and around 2.01 m/s? in this paper. It indicates
that the accelerated start performance can be effectively
guaranteed by the proposed approach.

As for the control effect on the wheel slip ratio, there
are many uncertain interference factors in the real vehi-
cle tests of this paper, which are not considered in the
simulation validations as shown in the two comparative
literatures. Although the unstable fluctuation of slip ratio
is unavoidable, the tracking error of the slip ratio can be
kept within a small range. Therefore, it can be concluded
that the proposed approach has good control effect on
the wheel slip during acceleration with high feasibility in
the controller hardware.

6 Conclusions

The slip process occurs in a short period of time, which
requires the ASR system to have a small overshoot and
quick response. Some concluding remarks of this paper
are concluded as follows.
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(1) Propose a sliding mode control law to prevent the
driving wheels slip by regulating the slip ratio, which
provides a new idea for solving the wheel slip prob-
lem in the driving process of battery electric vehicle.
(2) Design a control algorithm on the basis of fuzzy
controller to adjust key parameters of the approach
law for weakening the system oscillation.

(3) Validate the effectiveness of the proposed control
approach by real vehicle tests, which provides the
foundation for engineering application.

The experimental results indicate that the designed
control approach for the acceleration slip regulation has a
small overshoot and a quick response under both low and
high adhesion road conditions.
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