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Abstract: With the development of in-wheel technology (IWT), the design of the electric vehicles
(EV) is getting much improved. The anti-lock braking system (ABS), which is a safety benchmark for
automotive braking, is particularly important. Installing the braking motor at each fixed position
of the wheel improves the intelligent control of each wheel. The nonlinear ABS with robustness
performance is highly needed during the vehicle’s braking. The anti-lock braking controller (CAB)
designed in this paper considered the well-known adhesion force, the resistance force from air
and the wheel rolling friction force, which bring the vehicle model closer to the real situation.
A sliding mode wheel slip ratio controller (SMWSC) is proposed to yield anti-lock control of wheels
with an adaptive sliding surface. The vehicle dynamics model is established and simulated with
consideration of different initial braking velocities, different vehicle masses and different road
conditions. By comparing the braking effects with various CAB parameters, including stop distance,
braking torque and wheel slip ratio, the SMWSC proposed in this paper has superior fast convergence
and stability characteristics. Moreover, this SMWSC also has an added road-detection module,
which makes the proposed braking controller more intelligent. In addition, the important brain
of this proposed ABS controller is the control algorithm, which can be used in all vehicles’ ABS
controller design.

Keywords: anti-lock braking system (ABS); anti-lock braking controller (CAB); fuzzy control;
PID control; sliding mode wheel slip ratio controller (SMWSC)

1. Introduction

The ABS is a very important safety component for vehicles because it is inevitable that an
emergency situation will occur during the operation of a vehicle. When the braking force of wheel is
greater than its road adhesion, the wheel of a vehicle without ABS will be locked and will start to skid.
In addition, vehicles without ABS are prone to becoming locked under certain conditions of friction
and speed, and then dangerous phenomena occur such as drift and even over-turn or turning around.
Therefore, the design of ABS has always been the top priority of safe driving. The development of
hydraulic ABS for fuel vehicles is relatively mature, but such hydraulic ABSs cannot be applied to
electric vehicles (EV). With the world’s awareness of energy conservation, EVs are considered as
one of the most promising options for sustainable transportation systems [1], thus their performance
improvement has become a hot research topic. With the new legislation on EV and the relative maturity
in EV technology and lower cost in research and development of EV parts, the growth of EVs in the
automotive market is increasing rapidly; therefore, the safe driving of EVs is worthy of research
and development. Recently, some electro-hydraulic hybrid braking controllers for EVs have been
studied, such as the novel electro-hydraulic braking system mentioned in [2,3]. However, the EV with
a pure electronic based CAB contributed extensively to the world and is relatively new compared
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to the traditional hydraulic and electro-hydraulic braking systems. The electric braking system
includes hybrid-electric and pure-electric and requires internal wheel control to support its flexible
implementation [4–6]. High-performance motor drives [7] are extensively developed, which facilitates
the development of EVs’ ABS.

The braking system based on wheel control is widely used in nonlinear ABS controller design [8].
The principle of wheel control is that the four wheels of a vehicle are individually controlled by
its independent controller via internal wheel motors [5]. Since the CAB directly controls a single
wheel, it can respond quickly to disturbances and adjust the braking force to compensate for the
effects from the disturbances. Several strategies have been proposed to design the CAB, such as
logic threshold control, PID control, fuzzy PID control, etc. Due to the higher requirements of the
nonlinear performance of CAB design, the controller with robustness and fault-tolerance stands out
and becomes the main direction of ABS research. For instance, a fuzzy observer-based steering control
method is proposed by Zhang [9], which uses the T–S fuzzy control [10] to build the fuzzy vehicle
dynamics model. Wang et al. [11] described the adaptive robustness online constructive fuzzy control,
which combines the adaptive decoupling function to improve the robustness performance.

A summary of several drawbacks of the recent popular anti-lock brake controllers (CABs) [5,9,12]
and shown in the following:

• These papers just consider a few well-known forces during vehicle dynamics analyses. Usually,
one or two of the drag forces from air and the wheel rolling friction force are ignored, which leads
to unrealistic model building.

• During the simulation, the initial control point is given as zero (for, e.g., wheel slip ratio and
braking torque) and the simulation does not consider disturbances that exist during vehicle
braking, which makes the control situation too simple and does not meet the actual situation.

• In these CAB designs, road conditions during braking simulations are all given as the known
parameters, which do not match the actual braking situation.

The fuzzy control algorithm is a reasoning mechanism that is essentially a method based on
the designer’s experience. Its advantage is that no accurate system mathematical model is needed,
and the designer can yield better control performance according to the experience of various working
states. However, the control effect depends entirely on the designer’s experience, which means that
the parameter adjustment process will be very complicated as the vehicle’s braking state increases.
The key point is that the CAB based on the simple fuzzy control algorithm finds it difficult to meet the
robustness requirements of the vehicle braking process when there are many uncertainties. Therefore,
a sliding mode control algorithm is added, the main working principle of which is to ensure that
the control state enters the pre-set sliding surface by continuously switching the control amount.
This pre-set sliding surface can keep the control performance stable when encountering parameter
disturbances and external disturbances, which ensures that the sliding mode-based CAB will meet the
control requirements of the vehicle braking process.

To yield a more realistic and reliable vehicle model, and further lay out the foundation for verifying
the control characteristics of the proposed CAB algorithm, more practical factors have been considered:

• As we all know, when the wheel is in the anti-lock state, there must exist the wheel rolling friction
force. Besides, when the vehicle is running, it must withstand air resistance. Under normal
circumstances, this air drag force is positively related to the vehicle’s velocity. Therefore,
the vehicle model establishment here contains both the drag force from air and the wheel rolling
friction force.

• In the case of real vehicle braking, it should be that when the wheel slip rate is too high and
there is a risk of locking, the ABS starts to control the wheel to maintain the anti-lock state.
Therefore, it is impossible to start vehicle braking from the point where the wheel slip ratio is zero.
To make the whole vehicle braking period more reasonable and further service the verification
of this CAB’s control performance, select the wheel slip ratio 0.8 as the initial braking point of
all simulations.
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• As a rule of thumb, when the ABS starts to operate, the initial control point is also affected by the
vehicle model parameters themselves, that is, the speed displayed on the vehicle’s meter is not
the initial speed of the brake. For this reason, during this simulation model, the vehicle initial
drive state reflected by vehicle parameters are also considered.

Based on the analyses mentioned above, this new realistic vehicle model is built, which further
helps to make subsequent proposed controllers’ control performance verification more reliable. Besides,
an optimal SMWSC is proposed in this paper, based on the wheel slip ratio control, to realize the
optimal slip ratio control of wheels during the vehicle’s braking. In addition, the proposed ABS design
does not include a road condition automatic detection module, which is critical for automotive braking
processes. Even though some automotive ECUs include a road condition monitoring mechanism,
there will be a delay once it is detected and transmitted to the ABS, which will further lead to very
serious consequences. The ABS with a road condition automatic detection module will largely reduce
the delay time and increase the control accuracy. Therefore, in this ABS module design, the road
automatic detection part is added, which largely improves the intelligence of the proposed ABS
controller and makes it more novel. Moreover, the variables and parameters of this proposed SMWSC
and vehicle model are based on BYD’s electric vehicle: BYD F0. Besides, this paper is conducted under
the EV project, so the title, content and further experiments are mainly based on EV. In other words,
this kind of ABS controller can be used in the latest and most difficult electric vehicles, not to mention
other cars.

The main contributions can be summaries as below:

• More realistic forces which can affect the braking effect to varying degrees are added.
• The whole control is made to start with difficult initial braking situations, which restores the

actual car brakes as much as possible; for instance, the initial braking wheel slip ratio is set as 0.8
at dry roads; the initial vehicle braking state is related to this time’s vehicle velocity.

• The road condition automatic detection module is added, which can give the road condition and
improve the control accuracy and intelligence.

After the introduction, this paper introduces the analyses of vehicle dynamics, which should
be considered as the theoretical basis of the CAB design, in detail in Section 2. In this section,
some necessary conditions for designing the controller are also given, such as road conditions and
control object of the proposed controller. Then the design flow of the controller is described in detail
around this control object in Section 3. To better describe the control process, this section first analyses
the state of the vehicle during braking and then selects one case to give a detailed description. Then
simulation results are given in Section 4. In this section, the vehicle real test module is firstly established,
based on the vehicle dynamics mentioned in Section 2, which operates during the whole braking
period, that is, the road condition automatic detection period and ABS control period. Then, separately,
the design of the road condition detection module and the SMWSC module are given. Besides, different
control comparisons on different types of CABs, different road conditions and different uncertain
disturbances are all given in the results part. Finally, Section 5 gives the conclusion.

2. Vehicle Dynamics

In order to design a more realistic and reliable ABS controller, the vehicle dynamic model
considered as the cornerstone must be established. As the car braking process is ever-changing,
the straight-line vehicle braking case is firstly chosen as a more common phenomenon for analysis.
The force applied to the vehicle by tires, gravity and aerodynamics are considered in this vehicle
dynamics; besides this, the drag force from air (0.5× ρ · Cair · Aair · vvx

2) and the resistance force
derived from the wheel rolling friction are also considered in this vehicle model to make the constructed
vehicle more realistic.

In addition, it is assumed that the road condition keeps unchanged during the whole vehicle
braking period and the wear on tires is ignored, which means all four wheels are in the same
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situation. Therefore, the dynamic equation of a single wheel and a whole vehicle can be obtained in
Equation (1) [12,13]; besides this, parameters are defined in Table A1.

According to the magic formula (Tire–Road Interaction), which was firstly proposed by
Pacejka [10], the relationship between the longitudinal wheel slip ratio λ and the friction coefficient of
the road µ is shown in Figure 1 [14,15]. Several key points of these typical road conditions are based
on Figure 1, and are summarized and shown in Table 1.{

J · ω̇w = Ff f w · Rw + (1− λ) · Fr f w · Rw − Tbw

M · v̇vx = −4Ff f w − 4(1− λ) · Fr f w − Fair
(1)

Figure 1. The relationship between λ and µ.

Table 1. Several key points of µ(λ) curve.

Road Condition Slip Ratio (Optimal) Coefficient (Maxmium) Coefficient (Slip Ratio = 1)

Dry 0.18 0.8800 0.7945
Wet 0.09 0.6099 0.4272

Snow 0.3 0.2200 0.2055
Ice 0.37 0.1100 0.1062

For the vehicle braking model, λ is defined as the real-time wheel slip ratio, which is calculated
based on the vehicle velocity, and λ̇ is the dynamics of the wheel slip ratio.

λ =
vvx −ωwRw

vvx

= 1− ωwRw

vvx

λ̇ = − 1
vvx

[ω̇wRw − v̇vx (1− λ)] (2)

Combining Equations (1) and (2), the λ̇ can be described with vehicle parameters and shown in
Equation (3).

λ̇ = − 1
vvx

[
µMg
4mw

+ (
µr f Mg

4mw
+ µg + µr f g(1− λ) +

0.34v2
vx

M
)

(1− λ)] +
Tbw

vvx mwRw

(3)
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3. Design of Sliding Mode Wheel Slip Ratio Controller

3.1. Four Wheels Joint Control for Straight Line Case

Based on the assumptions mentioned in the previous section, the vehicle is driving on a horizontal
road with a straight-line situation, which driving state is shown in Figure 2. In this figure, vvx and
vvy are the vehicle’s longitudinal and lateral velocities; (m/s), Fy fL

, Fy fR
, FyrL

and FyrR
are the wheel’s

longitudinal force (N); Fx fL
, Fx fR

, FxrL
and FxrR

are the wheel’s lateral force (N); γ is the yaw rate of the
vehicle and Mz is the center of mass [16,17]. Besides, w is the spacing between left and right wheels
and l f and lr are the distance from Mz to the front and rear axles.

Figure 2. Real vehicle model.

The vehicle’s motion equation can be described in Equation (4) [18,19].
M · ax = Fx fl

+ Fx fr
+ Fxrl

+ Fxrr

M · ay = Fy fl
+ Fy fr

+ Fy fl
+ Fyrr

Mz = (Fxrr − Fxrl
)w

2 + (Fx fr
− Fx fl

)w
2

(4)

Based on the principle of axle load proportional distribution shown in Equation (5),
the longitudinal force of every wheel is obtained in Equation (6) [17,20]. For this case, controlling all
four wheels with unlock situations separately can ensure the steering wheel is under a controllable state.FL f =

M(glr−axh)
lr+l f

FL f =
M(gl f +axh)

lr+l f

(5)



Fw1 =
FL f

(Max− 2Mz
d )

2Mg

Fw2 =
FL f

(Max+
2Mz

d )

2Mg

Fw3 =
FLr (Max− 2Mz

d )
2Mg

Fw4 =
FLr (Max+

2Mz
d )

2Mg

(6)

3.2. The Wheel Braking Torque Module

In this section, the SMWSC is proposed to yield safe and fast braking standards, especially the
safety one. As it is known, all four wheels operate under a braking state when the vehicle starts to
brake. Therefore, controlling the operation of every single wheel in the anti-lock state during the
vehicle brake ensures that the steering wheel can be flexibly controlled. The control mechanism of the
SMWSC is built based on the control object mentioned above and shown in Equation (7).

Tbw = λ̇vvx mwRw + mwRw[
µMg
4mw

+ (
µr f Mg

4mw
+ µg + µr f g(1− λ) +

0.34v2

M
)(1− λ)] (7)



Energies 2019, 12, 2501 6 of 22

In the straight-line case mentioned in Figure 2, every single wheel operates under the same
situation. We select the front left wheel as an example to show the control details, for which the control
flow is shown in Figure 3. The main operating principle is to control the vehicle to approximate the
optimal wheel slip ratio of different road conditions within the controllable range of the slip ratio.
The wheel braking torque Tbw, which is the output variable of SMWSC, mainly works on adjusting the
wheel angular velocity to control the wheel slip ratio in an optimal changing trend during the SMWSC
control period for vehicle braking [21,22].

Figure 3. Control flow for single wheel.

3.3. The Fuzzy Part of the SMWSC

Shown as Figure 3, after the SMWSC starts working, the wheel slip ratio first enters the fuzzy
control phase. Define the error and error change rate of wheel slip ratio as e = λo − λ and ė = λ̇o − λ̇,
where λo is the optimal vehicle slip ratio of different road conditions at the maximum road friction
coefficient mentioned in Table 1. The Takagi–Sugeuo–Kang (TSK) fuzzy system [23] is added to yield
the robustness performance, the input and output variables of which are defined in Equation (8) [24,25].

e = NB, NM, NS, ZO, PS, PM, PB

ė = NB, NM, NS, ZO, PS, PM, PB

kp,i,d(e,ė) = NB, NM, NS, ZO, PS, PM, PB

(8)

where, N means negative, P means positive, B means big, M means middle, S means small and ZO
means zero. Therefore, NB, NM, NS, ZO, PS, PM and PB stand for the level.

Rules of this fuzzy inference system (FIS) are defined based on Equation (9) [26], where, kp, ki and
kd are weighted values of Kp(e,ė), Ki(e,ė) and Kd(e,ė) in different states.

Kp(e,ė) =
∑7

i=1 µi(|e|,|ė|)kp

∑7
i=1 µi(|e|,|ė|)

Ki(e,ė) =
∑7

i=1 µi(|e|,|ė|)ki

∑7
i=1 µi(|e|,|ė|)

Kd(e,ė) =
∑7

i=1 µi(|e|,|ė|)kd

∑7
i=1 µi(|e|,|ė|)

(9)
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Actually, the fuzzy control module and PID control module are considered as the compound
fuzzy PID controller. The output variables of the fuzzy controller, kp(e, ė), ki(e, ė) and kd(e, ė), are then
put through the PID control module and become the final output variables of the fuzzy PID controller,
shown in Equation (10). 

Kp = kp0 × kp(e,ė) × kp1

Ki = ki0 × ki(e,ė) × ki1

Kd = kd0 × kd(e,ė) × kd1

(10)

The definitions can be described as follows:

• kp0 , ki0 and kd0 are initial PID variables of the fuzzy PID controller.
• kp1 , ki1 and kd1 are correction PID variables of the fuzzy PID controller.
• Kp, Ki and Kd are final output variables of the fuzzy PID controller.

3.4. The Sliding Mode Part of the SMWSC

While the above control parts have certain adaptive and robustness abilities, their stability is still
not good enough, especially under uncertain disturbances. To solve this problem, this proposed CAB
is defined with the sliding mode control, which lets the control operate in a defined sliding surface and
keeps the control easier. To design the sliding mode control, assume the control system has uncertain
interference I(t); thus, the control function can be described as:

λ̇ = f (λ) + b(µ(t) + I(t)) =⇒ I(t) =
λ̇− f (λ)

b
− u(t) (11)

Obviously,
µr f Mg

4mw
>> µr f (1− λ)g [27]; thus, Equation (3) can be simplified as shown in

Equation (12).

λ̇ = − 1
vvx

[
µMg
4mw

+ (
µr f Mg

4mw
+ µg +

0.34v2
vx

M
)(1− λ)] +

Tbw
vvx mwRw

(12)

Based on these two equations, two definitions can be obtained: f (λ) = − 1
vvx

[ µMg
4mw

+ (
µr f Mg

4mw
+ µg +

0.34v2
vx

M )(1− λ)]

b = 1
vvx mwRw

(13)

The sliding mode modules are defined in Equation (14), where s is the sliding surface.{
s = e + Kp

∫
e + Ki

∫ ∫
e + Kde

ṡ = ė + Kpe + Ki
∫

e + Kd ė
(14)

According to the exponential approach law in Equation (15), the control object of this proposed
SMWSC can be described as in Equation (16).

ṡ = −ε(t)sgn(s)− I(t) (15)

u(t) =
1
b
(λ̇o − f (λ) + (b− 1)ė) + Kpe + Ki

∫
e + Kd ė + ε(t)sgn(s) (16)

Based on the stability function Lyapunov v = 1
2 s2, we can get:

v̇ = sṡ = s(−ε(t)sgn(s)− I(t)) = −ε(t)|s| − I(t)s < 0 (17)

ε(t) > |I(t)| (18)
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where ε(t) is the compensation of an uncertain part, which is used to judge whether the sliding
mode existence condition is satisfied. Using the integral method to estimate the upper bound of ε(t),
then Equation (16) can be described as in Equation (20).

ε̂(t) = η
∫ t

0
∆εdt (19)

u(t) =
1
b
(λ̇o − f (λ) + (b− 1)ė) + Kpe + Ki

∫
e + Kd ė + ε̂(t)sgn(s) (20)

The fuzzy rule of sliding mode is proposed: When sṡ > 0, ε̂(t) needs to be increased and when
sṡ < 0, ε̂(t) needs to be decreased.

4. Simulation

4.1. Establishment of the Vehicle model and the Control Module

This section shows the simulation part contains the vehicle model establishment based on the
vehicle dynamics mentioned in Section 2 and the ABS control modules based on Section 3.

The braking situation is consideration a straight-line case. The initial condition is set as wheel
slip ratio λinitial = 0.8 on dry road, and simulation results are chosen at initial vehicle velocity
v0 = 100 km/h. In addition, the force initial states influenced by the vehicle initial braking velocity,
such as wheel rolling friction force and air resistant force, are considered.

Besides, this simulation is built based on the logic of the formula of the road condition curve,
this curve is further improved and the curve shift disturbances are simulated to verify the robustness
performance of this proposed ABS controller when resisting these curve changes. The drawback may
be that only four typical road conditions are considered.

Firstly, select the front left wheel as an example to build the real test module. Before SMWSC
starts, the vehicle is driven with the road condition automatic detection module under a fixed braking
force during a short calculation period ∆t = 0.029 s, shown in the left of Figure 4. This short calculation
period is the vehicle’s earliest braking stable time obtained through a short training [28] on different
road conditions with different initial braking velocities. After the calculation part of this module,
shown in Figure 3, the road condition is determined then given to the ABS control module. The outputs
of the road condition automatic detection module are λo, vv and ωw, which are also considered as the
input variables of the ABS controller’s input variables.

Figure 4 shows the entire brake control process, which is based on the control flow shown in
Figure 3 and contains two stages: The road automatic detection period and the ABS control period.

Figure 4. The whole braking process: The road automatic detection period and the ABS control period.
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4.2. Simulation Results and Discussions

There have many indicators that measure the control performance of the ABS controller during
the whole vehicle braking period; select the three most important options: The stop distance D is
considered as the parameter that is finally displayed, the braking torque Tbw is the guarantee of the
automobile motor’s lifetime and the wheel real-time slip ratio λ is the steering wheel controllable sign.
The initial vehicle braking velocities v0 = 30 km/h, 40 km/h, 50 km/h, 60 km/h, 70 km/h, 80 km/h,
90 km/h and 100 km/h are all tested in this simulation. Besides, all simulations are simulated with
different classic road conditions: Dry, wet, snow and ice roads.

This subsection first gives a comparison of the braking control performance of the vehicle with
different types of ABS controllers: Normal PID-based CAB, improved PID-based CAB, fuzzy PID-based
CAB and fuzzy sliding mode PID-based CAB. PID parameters used in these four CABs are set as the
same values and shown in Table 2. Considering that using the real-time data will largely increase the
complexity of the analysis and using average data can largely show the trend of data, the comparison
data used in the following three figures are all average values.

Table 2. PID parameters for different CABs.

CAB Type Kp Ki Kd

Normal PID 544 1 750
Improved PID 544 1 750

Kp0 Kp1 Ki0 Ki1 Kd0 Kd1

Fuzzy PID 68 8 10 0.1 25 30
Fuzzy sliding Mode 68 8 10 0.1 25 30

Figures 5–7 show D, Tbw and λ control performance comparison of different types of CABs on
different road conditions with different initial vehicle velocities, separately.

Figure 5 show clearly the stop distance comparison:

• The improved PID-based CAB has a little shorter D on dry road compared with a normal
PID-based CAB. However, the D of the improved PID-based CAB is slightly longer than the
normal PID-based CAB on snow roads and ice roads with all the initial vehicle velocities.

• The stop distance of the two robustness type CABs are much shorter than the pure PID-based
CABs on dry, wet, snow and ice roads with all the initial vehicle velocities.

• The fuzzy PID-based CABs have longer stop distance compared with fuzzy sliding mode
based-CABs on all four road conditions with all the initial vehicle velocities, especially on
dry roads.

Figure 6 shows clearly the braking torque comparison:

• The braking torque of a normal PID-based CAB is the largest one on all the four road conditions
with all the initial vehicle velocities compared with the other three types of CABs. Besides, Tbw of
this normal PID-based CAB on dry and wet roads is very similar and is also very similar on snow
roads and ice roads.

• The braking torque of the improved PID-based CAB is different on different road conditions with
different initial vehicle velocities. Moreover, the improved PID-based CAB needs larger braking
torque compared to the two robustness CABs, on almost all four kinds roads with different initial
vehicle velocities.

• The two robustness CABs, fuzzy PID-based CAB and fuzzy sliding mode-based CAB,
need smaller braking torque compared with pure PID-based CABs on all road conditions with all
initial vehicle velocities.
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Figure 5. The D comparison under different CABs on various road conditions.

Figure 6. The Tbw comparison under different CABs on various road conditions.

Figure 7 show real-time wheel slip ratio comparison clearly:

• The wheel slip ratio of normal PID-based CABs is almost 1 on all road conditions with all initial
vehicle velocities.

• The wheel slip ratio of improved PID-based CABs is close to 1 on dry and wet roads with all
initial vehicle velocities. Besides, the wheel slip ratio of improved PID-based CABs is almost
equal to 1 on snow roads with 70 km/h, 80 km/h, 90 km/h and 100 km/h and on ice roads with
90 km/h and 100 km/h.

• The wheel slip ratios of the two robustness CABs are small enough on all the four road conditions
with all initial vehicle velocities compared with the other two pure PID-based CABs. In addition,
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the wheel slip ratios of these two robustness CABs are around 0.1 on dry and wet roads and
around 0.3 on snow roads and ice roads; these slip ratios are all closer to the optimal slip ratio of
different roads.

Figure 7. The λ comparison under different CABs on various road conditions.

The conclusion obtained from the analysis in Figure 5 is that the two robustness CABs have
good braking control performance, as they can make the vehicle brake quickly. In Figure 6, the pure
PID-based CABs need higher braking torque and are almost unadjustable, which largely increases the
energy loss and shortens the vehicle’s lifetime. In contrast, the robustness CABs require very little
braking torque and can be flexibly adjusted for different road conditions. Figure 7 shows the control
performance analysis of wheel stability during vehicle braking. The wheel under control of pure PID
CABs will quickly lock on all four road conditions with all velocities. However, the wheel under
robustness CABs will maintain an anti-lock state during whole braking period.

From the analyses mentioned above, the only conclusion that can be drawn is that the robustness
CABs have more prominent control performances. In order to better show the proposed SMWSC’s
control advantages, the wheel real-time slip ratio and braking torque regulation on dry, wet, snow and
ice roads are given in Figure 8. The large image represents the entire braking process and the small
image highlights the stage of the initial adjustment. Through the comparison of λ and Tbw, especially
with the small images, the proposed SMWSC is verified to have better convergence and stability.

As is well known, once the ABS controller starts working, a set of operating parameters is fixed in
SMWSC as the initial braking parameter. When the actual situation changes, the ABS controller will
adjust the braking torque according to the feedback signal from the vehicle real test module. To have a
deep study of SMWSC’s dependence on the road conditions and vehicle parameters during its control
period, the following figures and tables are shown.
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Figure 8. The whole sliding mode wheel slip ratio controller (SMWSC)-based braking process on
different road conditions with v0 = 100 km/h.

For the road condition disturbances, the µ(λ) curve shifting left and right represents the road
type change and moving up and down stands for the rough level change of road. Figure 9 shows the
curve µ(λ) shifts left and right significantly on different road conditions, separately. In this figure,
the original unchanged curve is the black line s, other curves shift around this curve: s1 = 0.8 and
s2 = 0.9 shift to the right and s3 = 1.1 and s4 = 1.2 shift to the left. Table 3 gives the results data,
where DS is the original stop distance and DSi , i = 1, 2, 3, 4 is the stop distance when the vehicle drives
on the changed curve; thus, |DS − DSi | is the control difference of the stop distance. Besides, TS is
the original average braking torque and TSi , i = 1, 2, 3, 4 is the braking torque required by the ABS
controller when the vehicle is driven on the corresponding road condition curve; thus, |TS − TSi | is the
control difference of the stop distance. In addition, select 30 km/h, 60 km/h, 80 km/h and 100 km/h
to show comparison details.

From the comparison data shown in Table 3, we can obtain that:

• On dry roads, the |DS − DSi | keeps within 0.4 m even if the curve shifts left and right; the largest
one is 0.375 m at 100 km/h. Correspondingly, the braking torque required by the ABS controller
under these road conditions is similar and its difference remains within 5 N·m.
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• On wet roads, the |DS − DSi | keeps within 0.8 m and the largest one is 0.784 m at 100 km/h.
To yield the small |DS − DSi |, the ABS controller will greatly adjust the braking torque,
for example, |TS − TSi | = 27.627 N·m under s4 road conditions.

• On snow roads, the |DS − DSi | keeps within 1.8 m; most difference remains below 1 m.
Correspondingly, the braking torque required by the ABS controller under these road conditions
is similar and its difference remains within 1.9 N·m.

• On ice roads, the |DS − DSi | keeps within 2.1 m; this data is below 0.6 m under s2, s3 and s4.
The braking torque required by the ABS controller under these road conditions is similar and its
difference remains within 1 N·m.

Figure 9. The horizontal change of the curve µ(λ).

Therefore, we can get the conclusion that this road condition change has little impact on braking
control performance under SMWSC, which further verifies that this proposed SMWSC has enough
abilities to adjust braking torque to resist these kinds of disturbances.

Table 3 gives the results data, where DS is the original stop distance, DSi and i = 1, 2, 3, 4 is the
stop distance when vehicle drives on the changed curve; thus, |DS − DSi | is the control difference of
the stop distance. Besides, TS is the original average braking torque and TSi , i = 1, 2, 3, 4 is the braking
torque required by the ABS controller when the vehicle is driven on the corresponding road condition
curve; thus, |TS − TSi | is the control difference of the stop distance. In addition, select 30 km/h,
60 km/h, 80 km/h and 100 km/h to show comparison details.

Figure 10 shows the curve µ(λ) moves up and down significantly on different road conditions,
separately. In this figure, the original unchanged curve is the black line µ, other curves are moved
around this curve: u1 = 0.8 and u2 = 0.9 move down and u3 = 1.1 and u4 = 1.2 move up. Table 4 gives
the result details of D and Tbw regulations, where definitions of |Du − Dui | and |Tu − Tui | are similar
to Table 3. In addition, select 30 km/h, 60 km/h, 80 km/h and 100 km/h to show comparison details.
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Table 3. Edistance and ETbw with dsi , (i = 1, 2, 3, 4).

Road Velocity (km/h) s1 s2 s3 s4 s1 s2 s3 s4

|Ds − Dsi |(m) |Ts − Tsi |(N ·m)

Dry

30 0.051 0.026 0.019 0.036 4.148 2.008 1.311 2.164
60 0.232 0.101 0.064 0.111 4.968 2.092 1.017 1.520
80 0.352 0.137 0.094 0.067 4.554 1.724 0.847 0.278

100 0.375 0.157 0.126 0.189 3.524 1.371 0.731 0.870

Wet

30 0.084 0.035 0.0173 0.031 7.057 3.263 0.302 0.297
60 0.324 0.129 0.003 0.234 8.193 3.727 2.435 17.215
80 0.525 0.191 0.084 0.700 8.332 3.612 6.568 23.827

100 0.784 0.278 0.237 1.384 8.451 3.604 9.277 27.627

Snow

30 0.211 0.126 0.074 0.126 1.440 0.745 0.377 0.560
60 1.096 0.520 0.157 0.202 1.830 0.778 0.173 0.052
80 1.444 0.527 0.211 0.186 1.556 0.529 0.115 0.118

100 1.791 0.567 0.083 0.008 1.387 0.418 0.026 0.485

Ice

30 0.452 0.174 0.107 0.174 0.806 0.295 0.143 0.182
60 1.312 0.515 0.163 0.221 0.670 0.234 0.039 0.024
80 1.772 0.582 0.173 0.092 0.592 0.181 0.014 0.082

100 2.035 0.572 0.007 0.374 0.514 0.136 0.034 0.189

Figure 10. The vertical change of the curve µ(λ).

From the comparison data shown in Table 4, we can obtain that:

• On dry roads, the |Du − Dui | with 100 km/h is 11.7115 m, others remain below 8 m. In addition,
the braking torque adjustment is relatively strong; the largest one is 132.868 N·m on u1 road with
100 km/h.

• On wet roads, |Du − Dui | increases and |Tu − Tui | also increases. The largest one is (28.489 m,
149.386 N·m) on u1 road with 100 km/h.

• On snow roads, |Du − Dui | and |Tu − Tui | all have large values; the largest one is (18.399 m,
17.9476 N·m) on u2 road with 100 km/h.

• On ice roads, |Du − Dui | and |Tu − Tui | still have large values, the largest |Du − Dui | is 62.336 m
on u1 road with 100 km/h, the largest |Tu − Tui | is 17.146 N·m on u1 road with 80 km/h.
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Table 4. Edistance and ETbw with dui , (i = 1, 2, 3, 4).

Road Velocity (km/h) u1 u2 u3 u4 u1 u2 u3 u4

|Du − Dui |(m) |Tu − Tui |(N ·m)

Dry

30 0.969 0.423 0.174 241 108.17 54.94 4.93 4.523
60 4.276 1.885 0.801 1.151 125.64 65.566 3.246 3.584
80 7.577 3.338 1.435 1.991 130.14 68.273 2.882 2.445
100 11.7115 5.203 2.263 3.288 132.868 70.107 2.764 3.346

Wet

30 2.461 1.198 0.135 0.174 134.356 87.944 0.753 0.478
60 10.490 5.185 0.612 0.813 145.51 97.557 0.756 0.759
80 18.441 9.164 1.096 1.469 148.07 99.965 0.780 0.916
100 28.489 14.218 1.713 2.308 149.386 101.259 0.821 0.994

Snow

30 3.925 1.741 1.021 1.601 30.378 15.534 4.828 6.457
60 16.261 7.293 4.088 6.404 33.750 17.582 2.932 4.086
80 1.444 12.199 7.034 11.080 1.444 17.676 2.604 3.731
100 1.791 18.399 10.957 17.179 1.791 17.947 2.631 3.749

Ice

30 7.814 3.463 2.364 3.822 16.318 8.303 3.475 3.91
60 29.870 13.339 8.899 14.688 17.044 8.778 2.361 3.021
80 49.098 21.925 14.790 24.439 17.146 8.841 2.202 2.917
100 62.336 31.022 21.643 35.926 16.312 8.749 2.175 2.999

Obviously, the change of µ has a little bit of an influence on control performance, especially on
snow and ice roads. It can also be seen from Figure 1, that even a slight change of µ can have a large
difference on λ. In other words, the ABS controller needs to increase the modulation intensity to a
large extent to meet the trend of µ change. Therefore, this proposed ABS controller’s robustness ability
to handle this disturbance is not strong enough.

For the vehicle parameters disturbances, this paper only considers the most common factor vehicle
mass M here. Table 5 shows the comparison results, M is the original vehicle mass is unchanged and
0.9M means the vehicle mass decreases to 90%M, while 1.1M, 1.2M and 1.3M denote that the vehicle
mass increase; besides, |DM − DMchange | is the stop distance difference. |TM − TMchange | is the braking
torque difference.

Table 5. Edistance and ETbw with dM.

Road Velocity (km/h) 0.9M 1.1M 1.2M 1.3M 0.9M 1.1M 1.2M 1.3M

|DM − DMchange |(m) |TM − TMchange |(N ·m)

Dry

30 0.0281 0.0281 0.0558 0.0852 35.547 35.291 70.141 104.265
60 0.0287 0.0321 0.0734 0.1015 38.981 38.814 77.266 115.682
80 0.0623 0.0462 0.1845 0.2312 39.513 39.595 77.951 116.678
100 0.0828 0.071 0.1483 0.2151 40.131 40.111 78.55 118.545

Wet

30 0.0239 0.0235 0.0487 0.0759 26.801 26.385 52.177 77.218
60 0.0336 0.037 0.0762 0.1119 28.073 27.918 55.436 82.724
80 0.0702 0.0738 0.1637 0.2556 28.351 27.342 53.129 78.953
100 0.1148 0.185 0.397 0.5904 28.63 24.779 48.528 72.852

Snow

30 0.0604 0.0711 0.1235 0.2117 9.919 9.813 19.621 29.168
60 0.0101 0.1437 0.2571 0.1295 10.616 10.417 20.822 31.348
80 0.3614 0.3282 0.6731 0.9365 10.481 10.445 20.04 30.623
100 0.7817 0.3994 1.0853 1.6434 10.539 10.57 19.545 30.375

Ice

30 0.0453 0.0467 0.0967 0.136 5.371 5.37 10.724 16.092
60 0.3358 0.388 0.6646 0.9685 5.443 5.408 10.835 16.242
80 1.2232 1.0938 2.0462 2.9035 5.391 5.379 10.751 16.114
100 2.6274 2.3443 4.4511 8.2676 5.394 5.343 10.665 15.989

From the comparison data shown in Table 5, we can obtain that:
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• On dry roads, |DM − DMchange | and |TM − TMchange | are all very small; the largest |DM − DMchange |
is 0.2312 m with 1.3M and 80 km/h; the largest |TM − TMchange | is 118.545 N· m with 1.3M and
100 km/h

• On wet roads, |DM − DMchange | are all below 0.6 m; the largest |DM − DMchange | is 0.5904 m with
1.3M and 100 km/h; the largest |TM − TMchange | is 82.724 N·m with 1.3M and 60 km/h

• On snow roads, |DM − DMchange | are all below 1.7 m; the largest |DM − DMchange | is 1.6434 m with
1.3M and 100 km/h; the largest |TM − TMchange | is 118.545 N·m with 1.3M and 60 km/h

• On ice roads, |DM − DMchange | are all below 8.5 m; the largest |DM − DMchange | is 8.2676 m with
1.3M and 100 km/h; the largest |TM − TMchange | is 118.545 N·m with 1.3M and 60 km/h.

It is clear that, even though the |DM−DMchange | is near 8.5 m on ice roads with 1.3M and 100 km/h,
it still can be considered as relatively small compared to the real stop distance shown in Figure 5.
Therefore, the conclusion can be obtained that the SMWSC has enough robustness to overcome the
change effect of vehicle mass on dry, wet and snow roads.

All the above results are given based on known road conditions; however, the road condition is
unknown when the vehicle is driven during the braking period. Therefore, the road detection module
is added to improve road condition automatic detection performance of SMWSC.

Figure 11 shows the changes in integral action parameters inside the fuzzy PID control module.
As all know, the parameters of the conventional PID controller are fixed after the controller’s design;
however, PID parameters are designed with the adaptive capability after being combined with the
fuzzy control part. Figure 12 shows the adaptive changes of the wheel slip ratio error e = λo − λt and
de; besides, Figure 13 shows the output parameters of the fuzzy control module.

Figure 11. Fuzzy-PID control output parameters: KP, KI and KD with adaptive capability.
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Figure 12. The wheel slip ratio error: e = λo − λt and de with adaptive capability.

Figure 13. Fuzzy control output parameters: Kp(e,ė), Ki(e,ė) and Kd(e,ė) with adaptive capability.
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Select v0 = 100 km/h and dry road as an example to describe the whole braking process,
which control details are shown in Figure 14. The road condition automatic detection module firstly
works and gives the road condition after the calculation period ∆t. Then the SMWSC starts to adjust
the Tbw and lets the vehicle drive under the stable anti-lock braking situation until it stops.

Figure 14. SMWSC control on dry roads with v0 = 100 km/h.

Figure 15 shows the adaptive changes of sliding mode surfaces during the whole ABS control
period. In addition, Figure 16 shows the parameter change details of the sliding model control module.

Figure 15. The adaptive sliding surface.
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Figure 16. The output parameters of fuzzy sliding control module.

5. Conclusions

An SMWSC is proposed in this paper to yield optimal braking performance of a vehicle, which has
the capability to ensure the vehicle not to skid during braking and shorten the stop distance on certain
road conditions. Compared to the delay of traditional hydraulic ABSs, this pure electric braking system
can quickly process the brake signal, which largely improves the EV’s braking performance. Moreover,
this proposed ABS controller contains the road detection module, which improves the intelligent
feature of the braking process. This SMWSC can avoid the out-of-control direction and wheel side
slip ratio during an emergency brake, so that the wheel will not be locked when braking. The tire
is not allowed to rub against the ground at one point of the wheel, thereby increasing friction and
braking efficiency.

In addition, after analysis of the µ(λ) curve’s horizontal and vertical changes, this SMWSC
is verified and has the capability to overcome disturbances on road conditions and vehicle mass.
While this proposed ABS controller has advantages for improved braking performance, its limitations
exist, such as when the vehicle with SMWSC brakes on an ice road, and its ability on the adjustment
range of the braking force is not ideal.

Moreover, the assumptions, limitations, and relative merits of the proposed method in comparison
with other conventional methods currently used in real applications are shown in the below description.

• The assumptions: This proposed ABS controller is designed based on a straight-line case. Besides,
real existing forces and real initial braking situations are all considered in the initial state of wheel
slip ratio and vehicle braking torque state.

• The limitations: This sliding mode wheel slip controller is firstly established based on vehicle
parameters, such as µ(λ) curve and vehicle mass, but then there are simulations to verify the effect
of these parameters on the control effect. Through simulation results comparison, this control
algorithm is verified to have enough robustness capability to resist these parameters’ disturbances.

• The relative merits: This proposed ABS controller has the road condition automatic
detection module, which is new to the existing ABS controllers and can largely improve the
intelligence performance.
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The wear on tires, which may influence the change of adhesion and friction, and the mechanical
structure, which may impact the adjustment of braking torque, will be considered in further studies
and real experiments [29,30].
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Appendix A

Table A1. Variables and parameters of SMWSC for BYD F0.

Sign Parameter Value

D (m) stop distance of vehicle -
λ longitudinal wheel slip ratio -

vvx (m/s) vehicle longitudinal velocity -
ωw (rad/s) wheel angular speed -

µ friction coefficient of road -
µr f wheel rolling friction coefficient 0.015
µd friction coefficient of braking disc 2× 0.38 (two discs)

M (kg) full mass of vehicle 938 (with two persons)
Rw (m) wheel radius 0.2768
Rd (m) radius of braking disc 0.1025

mw (kg) mass of wheel 12
J (kg/m2) wheel inertia mw · R2

w
Fair (N) drag force from air -

ρ (kg/m3) air density 1.25
Cair air resistance coefficient 0.23

Aair (m2) air resistance area 1.618× 1.465
Ff f w (N) friction force of single wheel µ ·M · g/4
Fr f w (N) rolling friction force of single wheel µr f ·M · g/4
Fp (N) friction force from two pads 2× µd · Fa
Fa (N) required actuator force Tbw/(2× Rd · µd)

Tbw (N ·m) braking torque of single wheel Rd · Fp
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