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ABSTRACT In this paper, a slip ratio controller based on model predictive control (MPC) considering
road roughness is proposed for electric vehicle (EV) to improve the driving/braking performance under low
adhesion coefficient road. A half vehicle dynamic model is derived in which pitching, wheel rolling, and tire
vertical movement is taking into account. The influence of vertical force variation caused by road unevenness
and tire load transfer is analyzed to design slip ratio controller. In order to ensure vehicle safety, wheel slip
stable zone is considered as time-domain constraints of the nonlinear-MPC. Besides, the motor output torque
is limited by the motor maximum torque, which is considered as system time-varying constraints. The control
objectives include vehicle safety, good longitudinal acceleration and braking performance, preservation
of driver comfort, and lower power consumption. The proposed slip ratio controller is verified on a
13-degree-of-freedom (13DOF) EV model in MATLAB/Simulink. Simulation results of different maneuver

on roughness surfaces show the benefits of the controller.

INDEX TERMS Slip ratio control system, driving/braking torque, uneven road, MPC, electric vehicle.

I. INTRODUCTION

In recent years, the environment concerns and energy con-
servation has stimulated an increasing research trend towards
EVs [1]. The EV with four independent in-wheel motors
have become engineering-focus because of their unique
structure [2]. Compared with traditional internal combus-
tion engine driving vehicles (ICVs), four wheels can be
directly actuated by in-wheel motors without any mechan-
ical links [3] [4]. The motors can be operated in traction
and braking modes which promote the development of EV
slip ratio control (SRC) system. The SRC strategy also be
called longitudinal control, such as anti-lock braking sys-
tem (ABS) or traction control system (TCS), can effectively
prevent the vehicle wheels from locking up during brak-
ing or traction [5] [6] [7], thereby enhancing the directional
stability and safety of the vehicle. However, SRC do not
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consider the suppression of vertical vibration under uneven
road conditions. Longitudinal-vertical coordinated control
is carried out for ABS or ESC with continuous damping
control (CDC) or active suspension system (ASS) [8] [9].
The longitudinal-vertical force cooperative control in [10] is
based on ABS and CDC. In this paper, a 1/4 vehicle model
is established, and the active suspension force of the active
suspension output is controlled according to the change of
the braking torque of each wheel, so as to control the vertical
load of each wheel and obtain the maximum braking force
under the current conditions. In [11], a 1/2 vehicle model
is established based on [10], and proposed a strategy to
consider the joint control of anti-lock braking system and
active suspension. In this paper, the active suspension con-
trol system sacrifices the comfort of the vehicle to achieve
the optimal value of the wheel slip ratio and the maximum
value of the tire normal reaction force as the control target,
so that the controlled system obtains the maximum brak-
ing force and improves the vehicle’s Braking performance.
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In [12], alayered integrated control system based on 1/2 vehi-
cle model is designed. The control system is divided into
two layers. The bottom layer is ASS system and ABS sys-
tem. In [13], the synergistic control of ESC and CDC under
different conditions is proposed. ESC and CDC work inde-
pendently to improve drive/brake performance and comfort,
respectively.

There are several control strategies in the longitudinal-
vertical control The goals are achieved by employing nonlin-
ear backstepping schemes, whose design procedure consists
of two parts to construct the anti-lock braking and active
suspension controllers individually in [14]. The coordinated
control of ABS and ASS is proposed in [15] [16] using
fuzzy logic control theories to improve braking performance.
By derived longitudinal and vertical dynamic nonlinear sys-
tem models, longitudinal-vertical force coordinated control
is realized. In [10], two gain-scheduled controllers are syn-
thesized to achieve attitude and yaw performances according
to the driving situation. A layered integrated control system
based on a 1/2 vehicle model is designed in [17] to divide
the control system into two layers. The bottom layer is the
ASS system and the ABS system. The upper layer is the
coordinated controller. Through the subsystem controllers,
the two subsystems on the bottom layer are coordinated con-
trolled. Subsystem controller applies fuzzy logic algorithm
and pitch movement of the vehicle body is taken into account
in [11] to control the driving posture of the vehicle. A new
type ABS is developed based on full-time feedback control
algorithm in [18]. Model predictive controller-based multi-
model control system (MPC-MMCS) is proposed to solve
the longitudinal stability problem in [19]. However, there are
less research on longitudinal-vertical control based on passive
suspension under consideration of low adhesion coefficient
on uneven road surface. Because the vehicle is easy to slip
on a surface with low adhesion coefficient, coupled with the
impact of uneven road surface, it will have a great impact
on the performance of the vehicle. It is usually required to
compensate the vertical force of the active suspension to
increase the vertical force, a larger driving force or braking
force can be provided. When an electric vehicle equipped
with an active suspension is driven, the motor vibration at the
vehicle suspension is an important factor affecting the ride
comfort, and the presence of multiple motors increases the
cost of the electric vehicle. So passive suspension is used in
this paper to increase the difficulty of controller design.

During the design process, we considered the vertical load
change of the tire under uneven road conditions and con-
sidered the physical saturation constraints of the motor. The
problems solved by the nonlinear model predictive controller
proposed in this paper are as follows: (1) The problem of
slip is described as the constraint tracking problem (2) When
considering the state equation of the control system the effect
of uneven road surface is considered, and the vertical direc-
tion is suppressed. (3) More importantly, the MPC strategy
can effectively handle the existing constraints (Motor satu-
ration hard constraints and slip ratio constraints) and achieve
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FIGURE 1. Half vehicle model.

effective vertical control of the vehicle. The simulation results
show that the controller can effectively improve the vehicle
handling and comfort performance, and slip ratio can be
controlled on the road with low coefficient of friction.

The organization of this paper is as follows. In Section 2,
a control oriented nonlinear model of EV system is derived
and a control problem of slip control is stated in detail.
In Section 3, a model predictive control approach for slip
ratio control is introduced. Section 4 gives the simulation
results to validate the effectiveness of the proposed controller
under snow road. Finally the conclusion and future work are
summarized in Section 5.

Il. VEHICLE DYNAMIC MODEL FOR CONTROLLER DESIGN
A half vehicle dynamic model considering pitching, wheel
rolling and tire vertical movement is described in Figure 1
[20], [21].

The vertical vibration displacement of the body at the front
suspension and rear suspension is:

be ch—aé (1)
Zpr = Ze + bl 2)

where zp; are vertical displacement of front and rear ends of
the vehicle body, 0 is pitching angle, z. is vertical displace-
ment at the center of mass of the car.

Referring to the D’ Alembert’s principle, the dynamic dif-
ferential equation for the half passive suspension system can
be derived. The dynamic equation of the vertical vibration at
the center of mass is

—MppZe + Cor(Zwr — Zbr) + Csf(iwf — be)

ksr (Zwr — 2br) + kg (@nr — 2pr) = 0 3)
where i = f,r means the front wheels and rear wheels,
myp 1s the vehicle mass, m,,; are wheel mass, z,; are the

vertical displacement of the wheel, ¢y are damping of the
suspension, kg; are elasticity coefficient of the suspension.
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The dynamic equation of the pitch motion at the center of
mass is:

Inp0 + alksr (zof — zwf) + Cof G — Zbf))
—b(ksi(zpi — z2wi) + CsiGzwi — i) =0 (4)

Bring equations (1) and (2) into (3):

Zof — Acst (Zwf — Zbf) + Besr(Zwr — Zor)

+ Ak (zwf — 2bf) + Bkgr (zywr — 26r) =0 5)
Zpr — Begr (Zwr — 2op) + Cesr(Zwr — Zbr)

+Bkgs (2yr — 2br) + Chsg (Zwr — 2r) =0 (6)

- (L4 ~ (L _a _
where A = <mhb+lhb)’B - (mhb 1hb>’ ¢ =

(L n i)

mpy Ay )"

By analyzing the mechanical relationship between the sus-
pension and the tire, the equation (7) can be derived.

Fl; = kii(zwi — Zoi) + ¢ii(zwi — Zoi) @)

where F z/,i are pressure on the tire in the vertical model, z,;,
i = f, r are the front and rear wheel excitation.

According to the moment balance, the wheel rotation
dynamics can be obtained as

Jiwi =Toi = Tpi —RFy,i=f,r (8

where J; are moment of inertia of the wheel, T,; are driving
torque, Tp; are braking torque, R is wheel effective radius,
F; are longitudinal force.

Accordingly, the dynamics of a half vehicle can be
expressed as

— Fron (9)

where vy is longitudinal speed of the vehicle, F;,y is rolling
friction force.

The vertical loads F; of four wheels in EVs can be com-
puted as follows. Notice that the pitch of the car body is taken
into account.

MppVy = Fxf+Fxr

F b h 1 hay n lF
= m —_— — —q _— —_ .
AN T A\ 2 g ) T2
F b h 1 n hay n IF
= m, —_— — a — _ —
dr =M\ T T A ™) 3T e ) T2
P - n h 1 hay n lF
zrl = Mpp a+bg a+bax 3 g 5l
For = bt 2 L B )
zrr = Mpb a+bg a+bax 2 e 5l
The tire-load force can be described as
inzﬂ()h)'invi:fvr (11)
where
) = ci(l — e ) = c3n (12)

The values of three variable parameters ci, c2,c3
under five ordinary road surfaces are obtained, as shown
in Table 1 [22].
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TABLE 1. Parameter values under different pavement conditions.

Road conditions c1 c2 c3
Dry asphalt 1.2801 23.99 0.52
‘Wet asphalt 0.857 33.822 0.347
Dry cement 1.1973 | 25.168 | 0.5373
Snow 0.1946 | 94.129 | 0.0646
Ice 0.05 306 0
1.2
dry asphalt
wet asphalt
1+ = = =dry cement
0.8 =

0.6

0.4 1§

Coefficient of friction

0.2

____________________

0 0.2 0.4 0.6 0.8 1.0 1.2
Slip Ratio

FIGURE 2. Relationship between slip ratio and friction coefficient.

According to the five groups of parameters in Table 1,
the five curves shown in Figure 2 can be obtained.

From equations (8) (10) (11), the required wheel drive
torque can be obtained:

Tep =g -J+R-pn(d)

b h 1 hay\ 1
[mpp (mg - m%) (5 - tf_g> + EFZf]
T = ap-J +R-p(d)
b h 1 hay\ 1
[mpp (mg - m%) (5 + tf_g) + EFZf]
Terg = @ - J + R - (i)
b h 1 hay) 1
Iy (mg + axb x> (E - E) + EFU]
Terr = o -J +R - (X))
b h 1 hay\ 1
[mnp (mg +o bax> (5 + E) + 3 F]

Taking the acceleration process as an example and the
equation based on the slip ratio can be calculated:

wR — vy
A= —" 14
R (14)
Combining equations (13) (14):
i = (1 = MIT; — Ru()ZilmppR
wiJmppR
MNZi — FronlJ
[M()‘—m”]’ i=f,r (15)

wiJmppR

The vertical vibration model and longitudinal dynamic
model are derived considering the unevenness of the road
surface. The vertical forces are obtained by adding the ver-
tical forces in the two models. At the same time, the opti-
mal conditions for snow conditions are obtained through the
friction coefficient-slip curve. The slip ratio, combined with
tire model, can finally be related to the vertical force. In the
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other word, the state equation of the slip ratio related to the
road roughness. Next, the control system will be designed
based on this state equation.

Ill. LONGITUDINAL-VERTICAL CONTROLLER DESIGN

In this section, the longitudinal-vertical controller is mainly
designed. The general idea is shown in Figure 3. The
longitudinal-vertical controller in this paper does not only
consider the road surface roughness during modeling, but
also considers the road surface roughness when designing the
NMPC controller, which is reflected in the equations of state
and constraints.

Based on the 1/2 model design controller, the vertical force,
the optimal slip ratio and the current time slip ratio are input
into the controller. The controller outputs the hub motor
demand value, and detects the wheel speed and the vehicle
speed input to the slip ratio calculator to calculate the current
time slip ratio.

According to the vehicle model analysis, the dynamic
equation with the longitudinal slip ratio is adopted as the state
variables. The state space equation (16) can be obtained.

Z WX F i — Frop

) Ti — Ruu(xi)Fy i=f.r
Yo=—""7"—""00-x)—
wiJ; mw;R
T: — Ru(u)F Z M(xi)in — Frou
i = $R—(l l)’ =f.r (16)
\E mvy

where x = [Ar, Ar]7 is the state variable, represents the slip
ratio of the front and rear wheels, u = [Tyr, Tor]” is the input
of the system, y = [Ar, A-]1T represents the slip ratio of the
front and rear wheels, is the output of the system.

In order to use the computer to solve the optimization
control problem, the system state equation is discretized by
numerical calculation method, as shown in equation (17).

x(k + 1) = fEh), uk)) - At + x(k),
yk) = C - x(k) (17)

where f¥ is the rate of change of the state variable of the
controlled system at the time, At is the sampling step, C =
[1, 1] is the output matrix.
Then the equation (18) is given.
T; — Ru(x(k))Z;

xptk +1) = [——————=(1 — x(k))
w;J;
%: M(x(k))zi — Frou
p— 1At + x(k)
ok + 1) = [Ti —RM(JX(k))ZiR
VxJi
Z M(x(k))zi - Froll
—(1 + x(k) L 1AL+ x(k)
y(k) = C - x(k). (18)

This article defines ¢ the control time domain and defines p
the prediction time domain. At the & sampling point, the out-
put of the slip ratio control system U (k) and the predicted
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system Y (k) output sequence are shown below.

u(k|k) y(k + 1]k)
u(k + 1\k) y(k + 21k)

Uk) = : Yk) = : (19)
u(k + c — 1]k) y(k -|:p|k)

R(k) is the reference value output by the controlled system,
the reference value output in this paper is the optimal value of
each tire slip ratio. It is related to the road surface condition.
Under the condition of the road surface condition, the slip
ratio of the tire is a fixed value. Equation (12) is calculated,
so there are R(k) = [Agr, Agr]T.

At the k sampling time, y(k) is the initial value predicted
by the control system, y(k|k) = y(k). The updated equations
for predicting state variables and predicted outputs of the
controlled system are as shown in equations (20) and (21).
The state variables and input of the controlled system will
be updated according to the current state variable values and
system input calculations. The first item of the derived control
sequence will be used as the system input to act on the next
moment and combined with the controlled system at the next
moment. The output solves the optimization problem, so that
the rolling optimization of the control sequence is achieved
repeatedly, and the state of the future moment is solved.

x(k + ilk) = fRGek + i — 11k), utk + i — 1]k)) - At
+xk+i—1k), l<i<c (20)

yk +ilk) = C(F*(x(k + i — 1]k), utk + i — 1]k)) - At
+x(k+i—1lk), 1<i<p (21)

In order to precisely control the slip ratio of each wheel, this
section carries out the design of the objective function of the
multiple-input and multiple-output slip ratio control system
based on the analysis of the control requirements to obtain the
three-point control objectives. Based on the control objectives
described above, the cost function of the slip rate controller
is divided into four parts. The details are as follows.

1. During the running of the vehicle, the tire should provide
as long as possible longitudinal force for the vehicle to obtain
good acceleration performance and braking performance.
Therefore, the slip ratio of the wheel needs to be as large
as possible in the stable interval. At the same time, each tire
slip ratio is controlled by an objective function in order to
be consistent with the rule that the smaller the total objective
function value is better.

Ji

P 1
Z < y(k + ilk)* + 52 ¢

1
. 22
Ar(k+i|k)2+az] ¢

p
+
; [,\f(k + ilk)? 482

where y denotes the slip ratio of front and rear wheel
Q is a weighted matrix and is used to adjust the weight
of the item. When the vehicle starts, the tire slip rate is 0, then
equation (20) will appear infinity, this is the controller should
not appear, in order to prevent infinity, adding a minimum

VOLUME 7, 2019



Y. Ma et al.: MPC-Based Slip Ratio Control for EV Considering Road Roughness

IEEE Access

lf}’lfnlﬂsirr lﬂ,lﬁ’ﬂw,iﬂ,v
y —_—
ok ks
(e — A2 200 13-DOF EV Slip calculator
: > model with hub module
B — Hes b, NMPC T
I Longitudinal- [~
\__4—Acurve J vertical
Controller
Y r— ittt
[ .
| 1/2 vehicle : constraints £f’>
7 | model ;
y M 172 vertical ! et F 1| Tome
oo o0 w03 | model A, <A (k+jlk)<A
_ Road input | s Ly P <Ak + 10 < 2, -
I :_V> l= ﬂ’ﬁ’rl’rr - -
—_—— : 1/2 longitudinal| |
Speed calculate | model ' Function
Initial ™ Erky : min J(x(k),u(k)) |7,
oci > : T o _er‘ -
a. \_ J \. J

FIGURE 3. Overall structure of longitudinal-vertical control algorithm.

constant § in the objective function to prevent the denomina-
tor of the objective function is zero, after a large number of
experiments, 6 = 0.0001 in this paper.

2. Considering that in the actual driving process of the
vehicle, if the longitudinal force of each wheel reaches
the maximum, the transverse force of the vehicle may be
too small and the lateral stability may be lost. Therefore,
adding the objective function J1, together with the objective
function J;, enables the vehicle to obtain a large longitudinal
force while also ensuring lateral balance.

p
Ty =Yyt +ilk) — rk + DI

i=1

P
= Y181 - (k4 ilk) — ik + D)’
i=1
+8; - (or(k 4 ilk) — r(k + )] (23)

where r (k + i) represents the optimal value of the longitu-
dinal slip ratio of the wheel and the value of this variable is
determined by the road surface condition.

3. In order to save the energy of the electric vehicle, on the
basis of meeting the performance requirements, the output
torque of each wheel should be reduced as much as possible,
that is, the smaller the square of the output torque of the
wheel, the better. This goal is achieved by adding an objective
function J3.

c—1
Ty =" llutk + ilk)|1 g
i=0
c—1
= > IRy (T + i)

i=0
+Ry (T, (k + il6)?) 24
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4. If there is a large amount of vibration in the acceler-
ation and braking process of the vehicle, it will affect the
comfort of the driver, and even affect the operation of the
driver, and there are potential safety hazards. In order to avoid
this hidden danger, it is required that under the premise of
satisfying vehicle performance, the smaller the change rate of
each wheel torque is, the better is to ensure the acceleration
of the vehicle or the smoothing of the braking by reducing
the square sum of the wheel torque change rate. Therefore,
the rate of change of the wheel torque is adjusted by adding
an objective function J4.

c—1
Jo ="l Autk + i)
i=0
c—1
-y 1 (ATf(k T ilk)z)
i=0
+P2 (AT (K +ilK)?)] (25)

Considering the above objective function synthetically and
combining all the objective functions in the form of addition
as an expression, the overall objective function of the slip
ratio control system of the electric vehicle is formed, as shown
in equation (26). Equation (27) and (28) is the system con-
straint of the slip ratio control system. Equation (27)indicates
that the output torque of the hub motor cannot be infinite,
so the actual torque must be limited to the range of the
maximum torque that the hub motor can provide. Inside, this
constraint is a hard linear constraint. The equation (27)is used
to constrain the longitudinal slip ratio of each tire so that
the slip ratio of each wheel is controlled in a stable interval
to ensure the acceleration and braking performance of the
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FIGURE 4. 13-DOF vehicle model.

vehicle. The constraint is a nonlinear constraint.

min J(x(k), Uk)) = J1 +J2 + J3 + J4
— ¢ 1 Q
ok + k)% + 62

p
+ D vtk + ilk) — r(k + D) - S
i=1
c—1
+ ) llutk + il - R
i=0
c—1
+ >l Auk + ilk)|) - P. (26)
=0
s.t |T(31(k +J|k)| ETemaxJ.:O,lw--,c_l; (27)
_)"pif)‘i(k +]|k)5)"pl7]= 11~-'7p- (28)

IV. SIMULATION AND ANALYSIS

The vehicle model used in this study is shown in Figure 4. It is
a 13-DOF vehicle model for lateral longitudinal and vertical
dynamics, which also takes into account the nonlinearities
between vehicle body dynamics and tire forces. Degrees of
freedom associated with the model are the rotation of the
four wheels, the vertical movement of the four wheels, and
the longitudinal and lateral movement of the vehicle, and the
pitch, roll and yaw of the vehicle body.

The effectiveness and control performance of the above-
designed EV slip ratio control system is verified offline under
the Matlab/Simulink. In this paper, a 13-DOF four-wheel
hub motor-driven EV model is built in Simulink, which can
largely approximate the dynamic characteristics of the real
vehicle, and is used to verify the effectiveness of the slip
ratio control system on the actual vehicle. The slip ratio
controller’s objectives are as follows:

(1) The slip ratio is controlled in a stable interval and is
close to the optimal value to ensure the acceleration perfor-
mance and braking performance of the vehicle and improve
the vehicle’s manipulation.

(2) Under the premise of guaranteeing vehicle performance
requirements, try to reduce the magnitude of torque and
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TABLE 2. Main parameters of the vehicle model.

Parameter Symbol Value
Mass of the half-car m 663.5kg
Moment of inertia of wheels J 1kg - m?
Rolling radius of the tire R 0.291m
Distance from centroid to front axle a 1.2m
Distance from centroid to rear axle b 1.48m
Height of the vehicle centroid h 0.574m
Stiffness of the tires kig, ktr 220000N/m
Damping of the tires Ctf,Ctr 100N/(m/s)
Stiffness of the front suspension kst 24000N/m
Stiffness of the rear suspension ksr 26000N/m
Damping of the front suspension Csf 3900N/(m/s)
Damping of the rear suspension Csr 4300N/(m/s)

the magnitude of torque change to save energy and ensure
driver’s comfort.

The slip ratio control system must ensure the braking force
and driving force of the vehicle to improve the safety and
maneuverability of the vehicle even under uneven road con-
ditions. Therefore, this subject chooses to use snow uneven
pavement as the external environment. The excitation of the
tires on an uneven road surface is a vertical displacement of
up to 0.08m and a minimum of -0.03m generated by white
noise superposition.

The weighting matrix in the objective function selects
the appropriate values Q, S, R, P through a large number of
experiments. The prediction time domain P should be greater
than or equal to the control time domain C. The greater
the value of the two, the more accurate the control result
obtained, but the calculation amount of the control system
will also increase accordingly. After repeated experiments,
the prediction time domain and the control time domain are
all selected to be 3, so that the control performance can be sat-
isfied and the control system calculation amount is controlled
within an acceptable range. Since the vehicle speed during
the simulation is small and the air resistance is very small, air
resistance is ignored. The rolling resistance of the vehicle is
Fron = 0.01mg. To ensure the real-time performance of the
model predictive control, the simulation sampling time is set
to Ims. The main parameters of electric vehicles are shown
in Table 2. The snow-covered road surface is achieved by
selecting corresponding fixed-value coefficients for the tire
model. According to Table 1, the three selected coefficients
are ¢; = 0.1946,c, = 94.129,c3 = 0.0646. The effec-
tiveness of the slip ratio control system is verified through
three conditions: starting, driving and braking. These three
conditions are typical conditions for verifying the longitudi-
nal mechanical properties of the vehicle. Each condition is
divided into no load. For people and five people with full load,
the average weight of each person is calculated as 60kg.

A. ACCELERATING CONDITIONS BASED ON UNEVEN
SNOW COVER

In the accelerating conditions, the initial speed of the vehi-
cle is 40km/h, and the road surface conditions are the
snow-covered uneven road surface mentioned above. At this
time, the best slip ratio of the tire is 0.06, and the maximum
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FIGURE 5. Accelerating conditions for no-load vehicles under snow
covered roads.

tire-road friction coefficient is 0.19. The vehicle accelerates
along a straight line. In the simulation model of a four-wheel
hub-driven electric vehicle, the number of steering angles of
the two front wheels is set to O degrees.

(1) The vehicle is empty

Under this operating condition, the EV will start along
a straight line and accelerate, thus obtaining the simulation
results of the starting conditions of the vehicle under snow-
covered uneven road conditions, as shown in Figure 5.

It can be seen from Figure Sthe speed curve that the vehicle
accelerates from 40km/h to 50km/h within 5s. Since the
vehicle is on the snow-covered road, the vehicle needs to
continuously control the torque to ensure that the vehicle does
not slip. When the vehicle starts to accelerate, the slip ratio
reaches 0.1 to provide a large driving force from the slip ratio
curve. But slip ratio quickly converges to an optimum value
of 0.06, which ensures the driving performance of the vehicle.
Through the curve of the vehicle’s pitch angle, the vehicle’s
pitch angle changes from -0.005 to 0.005 rad to ensure the
comfort of the vehicle.

(2) The vehicle is fully loaded with 5 people

In the case of five people, the total mass of the vehicle is
increased from 1360 kg without load to 1660 kg. The external
road conditions are the same as the no-load conditions. The
simulation results are shown in Figure 6.

It can be seen from the speed curve that the vehicle accel-
erates from 40km/h to 63km/h within 5s. The vehicle torque
is about 200Nm. Compared with Figure 5, the vehicle torque
becomes larger, which is caused by the increase of the vehicle
load. It can be seen from the slip ratio curve that the wheel
slip ratio reaches 0.4 in about 1.3s, and the wheel slips.
Compared with torque shows that the front wheel torque
decreases rapidly and the slip ratio tends to be stable. The
wheel slip ratio is around the optimal slip ratio 0.06 after
1.5s. The safety and driveability of the vehicle are guaranteed.
Compared witch the pitch angle curve, it can be seen that the
pitch angle of the wheel also produces a jitter, but the pitch
angle is always maintained between -0.02 and 0.02 rad, which
ensures the comfort of the vehicle.
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FIGURE 6. Accelerating conditions under full load on snow under uneven
snow conditions.
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Through two experiments, it can be seen that, the vehicle
can guarantee a good driving performance on the snow-
covered road, and the controller is effective.

B. BRAKING CONDITIONS BASED ON

UNEVEN SNOW COVER

In the braking condition, the initial speed of the vehicle is
80km/h, and the road surface condition is also the snow-
covered uneven surface. The optimal slip ratio of the wheel
is —0.06, corresponding to the tire and the road surface. The
maximum friction coefficient is 0.19, and the steering angle
of the two front wheels is set to 0 degrees.

(1) Empty Vehicle

The simulation results of the EV’s no-load brake condition
are shown in Figure 7.

Through the speed curve, it can be seen that the speed of
the vehicle is decelerated from 85km/h to 63km/h within Ss.
During the emergency braking process, the vehicle tire load
is transferred from the rear wheel to the front wheel, so the
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driving torque of the front wheel is about 200Nm. The rear
wheel drive torque is about 100Nm. The slip ratio is kept near
0.03, which ensures the safety performance of the vehicle and
the braking performance. The vehicle’s pitch angle changes
between -0.005 to 0.005 rad, which ensures the comfort of
the vehicle.

(2) The vehicle is fully loaded with 5 people

The simulation results under full load of the vehicle are
shown in Figure 8. Compared with the braking situation under
no-load condition Figure 7, the braking torque of the vehicle
is slightly larger and faster. This is because the load is getting
bigger, and the wheels are more sensitive to the road. The
slip ratio is maintained near 0.06 optimal slip ratio during
the entire braking process.The vehicle speed is reduced from
85km/h to 70km/h, which ensures the braking performance
of the vehicle. The vehicle’s pitch angle changes between-
0.005 to 0.005 rad, which ensures the comfort of the vehicle.

The experimental results under the braking conditions
under snow cover and uneven road conditions, the slip ratio
control system designed in this paper can avoid exces-
sive slippage of tires under no-load or full-load conditions,
thereby improving vehicle safety and acceleration perfor-
mance. At the same time, it guarantees less energy consump-
tion and also ensures driver’s comfort.

V. CONCLUSION

The problem of slip ratio control of four-wheel hub-drive
EVs on uneven adhesion surfaces is solved. The system fully
utilize the wheel load to provide more reasonable driving
force or braking force for electric vehicles and improve the
performance of EV’s safety and motivation. The impact of
uneven road surface on electric vehicles is taken in account
in the modeling process. By considering the safety con-
straints, the slip controller designed by the hard-constrained
motor suppresses the vertical load changes caused by uneven
road surfaces, while providing greater longitudinal forces.
The designed controller is verified on the 13DOF model.
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The results show that the control of the slip ratio is in the
stable range. It provides a large drive braking force with a
small range of pitch angle and ensures comfortable. In the
future, the integrated control of longitudinal lateral and verti-
cal will be taken into account. Then, the hardware-in-the-loop
experiment of FPGA will be added.
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