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ABSTRACT Slip rate control is important in improving vehicle stability and driving efficiency. In this
paper, a robust slip rate control system is designed for distributed drive electric vehicles that consists of
two slip rate estimators for multi-driving conditions, a vehicle speed estimator, and an anti-windup robust
variable structure slip rate tracking controller. Because there is no driven wheel in a four-in-wheel-motor
distributed drive electric vehicle, the estimators for small and large slip rates are designed based on dynamic
and kinematic methods, respectively, which can switch according to the slip conditions. The convergence
of the estimation error is discussed with the Lyapunov stability law and is less than 2% under the condition
of acceleration on a low-friction road. The slip rate tracking controller is designed based on the sliding
mode control law and the proportional-integral (PI) control method to handle model nonlinearity, modelling
and estimation errors, and disturbances and to control the input chattering and saturation. The asymptotic
stability of the tracking error is proven by Lyapunov theory. A joint control variable composed of the wheel
angular acceleration and slip rate is designed to improve the robustness of the controller against the slip rate
estimation error. Simulations and experiments under various conditions are performed to verify the proposed
anti-slip control method. The results show that compared with a distributed drive vehicle without a slip rate
controller, the controlled vehicle can prevent serious wheel skid on low-adhesion roads and improve the
driving performance.

INDEX TERMS Distributed drive electric vehicle, Lyapunov stability, sliding mode control, slip rate control,

slip rate estimation, vehicle speed estimation.

I. INTRODUCTION

Energy conservation and environmental protection have led
to the rapid development of electric vehicles in recent
years. The distributed drive electric vehicle (DDEV) with
in-wheel motors has a short drive chain, high transmission
efficiency, and compact structure, with an easy to realize
modular design of the chassis; the DDEV is one of the most
important development directions of electric vehicles [1].
In-wheel motors are fast and accurate actuators and sensors
that can accurately and quickly provide speed and torque
information. Through the coordinated distribution of wheel
torque, a distributed drive electric vehicle equipped with four
in-wheel motors can flexibly achieve various dynamic control
functions.
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The anti-slip regulator (ASR), which is used to control the
wheel slip rate, is one of the most significant vehicle active
safety systems to prevent the vehicle from over slipping under
high-acceleration and low-adhesion road conditions, leading
to an improvement of vehicle safety. Traditional vehicles
use an internal-combustion engine and a hydraulic braking
system as actuators to realize traction control. Because of
the slow response and poor control accuracy of actuators,
the threshold value method has been widely applied [2].
However, this method makes the wheel slip rate chatter in
a certain range, which negatively affects the stability and
comfort of the vehicle.

The basic principle of anti-slip control for a DDEV is
controlling the wheels in real time to track the optimal
slip rate under the current tire-road attachment conditions.
However, this goal is not easy to achieve due to the tire force
nonlinearities and model uncertainties associated with tire
and road adhesion conditions, as well as disturbances, such
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as measurement noise. Compared with traditional vehicles
that use internal combustion engines and hydraulic systems
with slow response speeds and large dynamic performance
differences to implement the ASR, DDEVs can implement
the ASR based on in-wheel motors, which reduces the
difficulty of control caused by actuator dynamics, which
involve three main aspects: 1) Estimation of the tire-road peak
friction coefficient, which determines the maximum driving
force provided by the road to the tires. The reference slip
rate varies with the tire-road peak friction coefficient; 2) the
real-time slip rate. Since the four wheels of the DDEV are
driving wheels, the vehicle speed cannot be obtained from any
driven wheels. Therefore, accurate estimation of the vehicle
longitudinal speed is difficult to perform in the real-time slip
rate calculation; and 3) the control algorithm. According to
the real-time slip rate, an appropriate motor torque should
be calculated by the control algorithm to track the reference
value [3].

Many scholars have successfully conducted extensive
research on methods to estimate the tire-road peak friction
coefficient. The estimation methods are mainly divided into
three types: 1) Measuring the local stress and strain of the
vehicle tire surface and using empirical formulas to analyze
the instantaneous road adhesion coefficient and its corre-
sponding changes [4]; 2) analyzing the noise between the tire
and the ground to predict the tire-road friction [5], [6]; and
3) using the dynamic equation to estimate the tire-road peak
friction coefficient based on the mechanical characteristics of
the tire [7], [8].

Without expensive sensors, such as a high-accuracy GPS,
camera and laser radar, speed estimation methods can
be mainly divided into kinematic methods and dynamic
methods. Both types of methods have merits and drawbacks.
As a typical kinematics estimation method, the minimum-
wheel-speed method uses the minimum value of four wheels
as the reference speed [9], which is susceptible to the effect
of the sensor precision and wheel slip condition, and the
estimation accuracy greatly deteriorates on low-adhesion
roads. If all the wheels are over-slipping, the method is
completely ineffective. In [10], a gain matrix that adjusts the
Kalman filter was proposed to estimate vehicle speed, which
can detect the wheel slip rate and tune the gain matrix of the
Kalman filter online. However, as the gain matrix was built
based on a typical Kalman filter, its estimation performance
was affected by noise from the sensors and differential
operations, which greatly differed from white noise. Dynamic
methods estimate the key vehicle states based on sensor
information and include established dynamic models such as
vehicle models and tire models. To improve the adaptability
of the nonlinear system under the conditions of large slip
rates or large side slip angles of tires, the adaptive extended
Kalman filter (AEKF) and unscented Kalman filter (UKF)
were adopted in [11], [12] for vehicle velocity estimation.
Tannoury et al. [13] designed a variable structure observer
to estimate the wheel rolling radius and rotational speed
based on the nonlinear relationship between the slip rate and
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friction coefficient. Imsland et al. [14] designed a nonlinear
speed observer based on the acceleration, yaw rate and wheel
speeds. Because of the nonlinearity and strong coupling of the
vehicle system, changes in vehicle parameters will strongly
affect the accuracy of the vehicle model. Speed estimation
methods, which fuse different sub-estimators or observers,
were used in [15] and [16] and enhanced the robustness
against sensor bias and modelling errors.

In the design of the driving torque control algorithm,
ensuring the robustness against model uncertainties is an
important requirement that is not easy to accomplish. A logic
threshold control method based on the angular acceleration
of the driving wheels and its gain coefficient was presented
in [17] and has been widely used in anti-lock braking systems.
However, many calibration tests are required to determine
the threshold value of different working conditions. The
PID control method is easy for on-board application and
very attractive from an implementation viewpoint, as it has
shown a significant traction performance improvement on
low-adhesion roads [18], [19], but the calibration of the
control parameters and stability of the control system can
only be analyzed in a few cases of concern. Model predictive
control has received extensive attentions in recent years.
Tavernini et al. [20] designed an ASR for electric vehicles
with in-wheel motors based on explicit nonlinear model
predictive control of the wheel slip velocity and obtained
better traction performance than a well-tuned PI controller.
Based on the fuzzy logic control, an ASR was designed to
maintain wheel slip in the optimal range using the wheel
angular acceleration and slip rate [21]. However, the effect of
fuzzy logic control depends on the accuracy of the empirical
function, which indicates that it is difficult to establish
control rules. Sliding mode control is robust to model
uncertainties and nonlinearities [22], so it is suitable for slip
rate control, such as in the anti-lock braking system [23],
hybrid braking system [24] and traction control system [25].
Sliding mode control divides the control moment into an
equivalent moment and a switching moment. The design of
the switching moment includes an uncertain upper bound
and an approaching term, which cover the model uncertainty
and external disturbance, to ensure that the system state can
converge to the sliding mode surface. To reduce chattering
near the sliding mode surface, the high-order sliding mode
variable structure method is generally adopted [26], and the
symbolic function is replaced by the saturation function or
continuous functions [27]. However, there is a lack of a
complete theoretical proof for the stability of the sliding mode
control system with a variable structure. Although sliding
mode control is robust to uncertainties, the slip rate as a
control variable has an estimation error, so a method to ensure
the effect of slip rate control requires further study.

The main contributions of this article are: 1) Slip
rate and vehicle speed estimators based on dynamic and
kinematic methods are built and integrated according to
the characteristics of the different estimation methods. The
kinematic estimation method for large-slip-rate conditions is
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designed to avoid the deterioration of the estimation accuracy
caused by tire modelling errors. Because wheels normally
always run in a small-slip-rate range, the dynamic estimation
method is designed to avoid sensor error accumulation.
A reasonable switching mechanism for the two estimation
methods is designed to improve the smoothness and accuracy
of the speed estimation. 2) A sliding mode variable structure
controller against integral saturation is designed to realize slip
rate tracking control, in which the sliding mode algorithm
can quickly converge the slip rate to the boundary layer
when the slip rate is too large and the anti-windup PI
algorithm in the boundary layer can stabilize the tracking
error. Inspired by [28], the global asymptotic stability of the
variable structure controller for driving anti-slip is proven
with Lyapunov stability theory. In addition, a joint control
variable that combines wheel angular acceleration and the
slip rate is designed, which can effectively suppress the
deterioration of the slip rate control effect caused by the speed
estimation error. 3) The designed controller is verified in
various simulations and field tests.

The remainder of the article is organized as follows: In
Section II, the tire slip rate and vehicle speed estimation
methods are introduced. The design and proven progress
of the slip rate controller are presented in Section IIL
The tire-road peak friction coefficient is estimated by the
authors’ team in [29] and assumed to be known in this paper.
In Section IV, simulation and field tests results are presented.
Conclusions are drawn in Section V.

II. TIRE SLIP RATE AND VEHICLE SPEED ESTIMATION

In this section, based on the situation of tire slip, two slip rate
estimation methods under different working conditions are
designed to reduce estimation errors. The characteristics of
the error convergence under the two estimators are analyzed.
Finally, the vehicle longitudinal speed is estimated based on
the slip rate estimation results of the four wheels.

A. DYNAMIC SLIP RATE ESTIMATION METHOD

In the case of a small slip rate, the tire model can be
approximately considered to be a linear model, and the
longitudinal slip stiffness fitting error based on the tire test
is small. The four-wheel drive electric vehicle must obtain
speed information through the estimator throughout the
driving process, and the wheels do not quickly slip under most
driving conditions. Therefore, a dynamic estimation method
with a better estimation accuracy and without cumulative
errors is appropriate.

Under the driving conditions, the slip rate is defined as:

A= 2w Vw 1)

wry,

where,  is the wheel speed, v,, is the velocity at the center
of the wheel, and r,, is the rolling radius.

As shown in (2), the longitudinal acceleration at the center
of the wheel is obtained by considering vehicle steering and
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neglecting tire sideslip.

. vy — 0.5bry
v = -
Wl Ccos of

{’w,rl = ‘./x - 0~5br)}7

by +0.5bry
cos of
“}w,rr = ‘.’x + OSbrV (2)

Vw fr =

where, v, is the vehicle longitudinal speed; y is the yaw rate;
by and b, are the front wheel track and rear wheel track,
respectively; dr is the steering angle; i = fI, fr, rl, rr refers to
the front left, front right, rear left and rear right wheels (the
same as below), respectively.

To simplify the expression, assuming the vehicle travels in
a straight line. Then, (2) can be expressed as:

B = by 3)

Based on the single-wheel model shown in Figure 1,
the dynamic equation of wheel rotation is obtained:

Jww =T — Fxryy =T — rypFu(X) 4)

where, J,, is the equivalent moment of inertia at the wheel, T
is the wheel torque, F is the tire longitudinal force, F7 is the
tire vertical load, and ©(A) is the product of the normalized
longitudinal slip stiffness and slip rate under the current road
surface and the slip rate obtained based on the tire model.

FIGURE 1. Single-wheel model.

According to the derivatives of (1), (3) and (4), the dynamic
equation for the slip rate is:

b=0- 2y =a-n2 -2
wry, ®w  wry
T — rpFu(A V
=(1- A)M _ 3)
Jyw wry,
The dynamic observer is designed as follows:
= -HE X
®  wry
T —rF 0y
— (-3 rywFi(A) W (6)
Jyw Wty
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where, I:"Z, ,ll,i represent the estimated values of the
corresponding variables; v, is the measured value of the
acceleration sensor. The estimated vertical load of each wheel
is:

hy hel,
mg— —m-— —m a
T T bl
I h hgl
Fm:ﬂwj—m§@+méﬁy
- T hely
mg-— m—a, —m—
ol = e T T
I h hgl
Fep = mg -+ m=Say b{ ) @)

where, g = 9.8m/s? is the gravitational acceleration; m is the
vehicle mass; A, is the height of the center of gravity (CoG);
I and [, are the distances from the front axle and rear axle to
the CoG, respectively; | = Iy + I, is the wheelbase; ay is the
longitudinal acceleration; and ay, is the lateral acceleration.

Define X = x — x to be the error between the true value of
x and its estimated or measured value X.

The derivative of the slip rate estimation error A = i A
can be obtained from (5) and (6):

b= = FAG) — F &
Jyw W wry,
Iy »~ o a2 Iy
+ F (A — ——Fu()r
Jw Jyww
> Tw %
= —[(1—2)—A] Fu(A)
Jw w
Ty
Jyw Wty
1—Mr, A a roF i) =T ~ a
e I BT PRl
Jyww Jyow Wry
(1= Xry A A A oA
= ———A{[Fu(h) — Fou)] + [Fopu(R) — Fou(A)]
Jyww
A A a reF00) =T~ G
+[Fopuh) — F A0} + ———— ) — —
Jyw wry
1 A -
= —[-rF,Ci(1 = A) + rpFu(A) — TIA
Jyww
A=y = o~ o~ @
+———[-Fop() — Fop] — — ®)
Jyw Wiy,

Considering the wheel dynamics described in (4), equa-
tion (8) can be rewritten as

i:_mEQ“_M+L@X

Jyw
(I =My ~ 2 AL axJy

+—[|-Fu)) —Fi — —
Tow [—Fzu(R) M 1— )\)rv%
According to the coefficient of each term in (8) ’, the slip
rate estimation error is convergent and bounded under the
acceleration conditions. In particular, when the slip rate is
overestimated (A = A — A > 0), the Lyapunov function is

constructed as:

] ®)

1.
V=-32

5 ®
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Then
V:ii:_mnchqo+mép
Jyw
(I =My - 2 A axw -
— a0 —Fa—-——Y 1k <0 (10
R (M) —F i (1__A)r%] <0 10

Thus, the slip rate estimation error is asymptotically stable
to the extent that the tire model can be considered linear.
Therefore, when the slip rate is in a reasonably small range,
it can be estimated based on the dynamic model. However,
when the slip rate is large, its value estimated by the dynamic
method is not reliable, so the kinematic method is proposed.

B. KINEMATIC SLIP RATE ESTIMATION METHOD
According to the previous analysis, at large slip rates, the tire
modelling error may be large, so a slip rate estimator is
constructed based on the kinematic equation. In addition,
to avoid cumulative errors of the sensor signal, the working
duration of the kinematic estimator should not be too long,
which can be ensured by using it in combination with the slip
rate controller and switching strategy.

The kinematic estimator is designed according to the slip
rate differential equation in (5):

Vx

B=(1— (11)
o1y,
From (5) and (11), we obtain:
h=h—h=( -2 -l
1) ®  wr, o
@ - ©  ay
= iy a-nZ- (12)
w w wry,

The boundary of the solution of (12), i.e., X, can be
expressed as

] < [rw] e[ -2

[U_“HH Mﬂ] (13)

Iy

+ sup i
HhW=<t=<f W
Analysis (13): 1) When the wheel seriously slips, )
becomes large and results in a large cf)/d). Thus, the initial
error of the exponential term converges. However, the
intervention of the ASR will reduce the very large @ ina
short time, which causes a large steady-state error in the
estimation of the slip rate, especially when the initial error
HA (to) H is large, i.e., the first exponential term does not
have sufficient time to converge to zero. Thus, when we
switch from the dynamic estimation method to the kinematic
estimation method, it is necessary to ensure timely switching
to obtain a small initial estimation error of the slip rate.
2) The steady-state error of (13) is mainly caused by:
2.1) The calculation error of the wheel angular accelera-
tion. This term can be considered to have a mean value of
zero, so it will not cause a cumulative error to the steady-state
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value, but it will make the estimated value jitter near the true
value.

2.2) Acceleration zero drift. Because the slip time is
short, @ does not maintain a large value. When ® decreases,
lay || / (cf),-r) gradually increases and causes a large steady-
state error. Therefore, to avoid the continuous accumulation
of errors, the kinematic estimator should be withdrawn in
time and switched to the dynamic estimator.

C. SLIP RATE ESTIMATOR SWITCHING STRATEGY

The switching strategy of the dynamic estimator and kine-
matic estimator is designed as shown in Figure 2, in which
the wheel angular acceleration is used as the main criterion,
and is associated with the wheel speed threshold.

—N@ynamic estimato\rw—

%
NO
d A
YES
Vip = Vest T _[ a dt
T
P g a)>wzhrcshold - NO
N J’():a)r_‘}tmp/ -
r -

~
-

‘ Kinematic estimator ‘

NO
A

/// \\ NO A T T~
<\.@§ASR :/:}HTZ =T, +1 <\\TZ\> gz//>
YES
Slag oz =1

FIGURE 2. Logic diagram of the slip rate estimator switching strategy.

The switching process is as follows:

1) When it is determined from the wheel speed signal that
the wheel speed is rapidly increasing, i.e., the difference in
the wheel speed at time k [w (k)] and time (k-1) [w (k — 1)]
is larger than a threshold wypeshold » it enters the ready state for
switching. At this moment, the estimated value of the vehicle
speed v is recorded, and a temporary vehicle speed vy,
based on the integral of longitudinal acceleration is obtained:

wk) — wk — 1) > Omreshold

m
Vinp(k +m) = vest (k) + ) ax(k + DAt
i=0

162200

2) The noise in wheel speed measurement will cause
a misjudgement if the wheel speed is the only criterion.
Therefore, it is determined that the wheel begins to skid after
both the wheel speed variation and wheel angular acceleration
have reached the thresholds. At this moment, the temporary
vehicle speed and current wheel speed are used to calculate
the current slip rate and replace the estimated value:

w(k) > d)threshold

v_acc(k +m) = viup(k) + > ay(k + i) At

i=0
Aest(k) = a)(k)rv:o (—k )vr_acc(k)

3) After the kinematics estimator is used, we must confirm
whether the slip rate controller is involved at this time.
If the slip rate controller intervenes (flagask = 1), then
the kinematic estimator exits, and the dynamic estimation
method works after the slip rate controller has worked for a
time period Atp. If the slip rate controller does not intervene
(flagask = 0), then prevent deterioration of the estimation
result caused by long-term operation under large-slip-rate
conditions, the slip rate controller is actively activated after
Aty. Then, the kinematic estimator exits, and the dynamic
estimator works instead after the slip rate controller has
worked for a time period At;.

D. VEHICLE SPEED ESTIMATION

Because the slip rate estimation result may jitter during the
convergence progress, the vehicle speed directly calculated
by the estimated slip rate will abruptly change. A wheel center
speed estimator is designed in (14). The vehicle longitudinal
speed is obtained by fusing the center speeds of the four
wheels.

‘ i et |
Vei=&-sat\— — - | —F—— —ow|{,
E E(l—)»i)l"w
(i=fl,fr,rl,rr) (14)

where, ¥y ; and A; are the estimated center speed and the slip
rate of the corresponding wheel, respectively. The physical
meaning of the saturation function is that the longitudinal
acceleration is less than &, and L > O is the estimator
parameter. The estimation error dynamics are

2 A .
Vx,i = Vx,i — Vx,i

L Loy ik

— ———Vx,i — x ~x 15
(1—,\,~)rwv’ (1—Ai)(1—>»i)rw+a ()

By analysing the coefficients of (15), it can be seen that the
vehicle speed estimation error is converged and bounded as
shown in (16)

Bl < ol e w00
=
+ sup [——=- ‘

to<t<t [1 —A;

+@ - ||ax||] (16)

2
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Slip rate
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Motor

Wheel speed
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Longitudinal
Control } Force —
target } L estimator )
. I n L IR Torque
ref | F y2 Vehicle speed
X
‘Pa\‘/emer'lt} i 4 ~ Estimation Wheel speed
Estimation Peak And o
..... Re attachment Control variable | Longitudinal
! ! Coefficient calculation acceleration
! ! estimator -
! I - Tire force
S G ... T T -
FIGURE 3. Block diagram of the slip rate controller.
As shown in (17), the estimated wheel center speeds vy ; v,
4

are converted into the longitudinal speed v, at the CoG.

1
7 (vx,ﬂ + Vx fr + Ve t+ vx,rr) ,FLAG =4
— 1
e = E (nﬂVx,ﬂ + N Vx fr + NVl + 7Irer,rr) ,
FLAG # 4
Ni = WifAi- 2 _ﬂagi) Ny :ﬂvfr’ rl, rr

H:nﬂ+77fr+77rl+77rr

0, Dynamic slip rate estimator works
flagi = )

FLAG = flagp + flags + flag, + flag,

where, u is the tire-road peak friction coefficient.

The principles of the calculation of v, are:

1) When all four wheels adopt the kinematic estimation
method, the average value of the four estimated vehicle
speeds is used as the estimated longitudinal vehicle speed.

2) Since the dynamic estimator works under the small-slip-
rate condition with an accurate tire model, it outputs precise
results and has a greater weight factor than the kinematic
estimator. Furthermore, for multiple wheels using dynamic
slip rate estimators, a larger u/A corresponds to a more
strictly linear tire characteristic curve and a greater weighting
coefficient in the vehicle speed fusion process.

Kinematic slip rate estimator works
7)

IIl. SLIP RATE CONTROLLER

Based on the estimation results presented in Section II,
a robust adaptive anti-integral saturation variable structure
controller of the slip rate is designed.

A. SLIDING MODE VARIABLE STRUCTURE CONTROL LAW
According to the quarter vehicle model shown in Figure 4:

Joo =Ty — rFy

myVy = Fx —f (13)
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FIGURE 4. Quarter vehicle model.

where, T; > 0 is the desired driving torque from an upper
control layer, m,, is the equivalent mass of a quarter vehicle
and f is the rolling resistance.

In (5), the design control inputis u € [0, 1]; then, the wheel
driving torque is T = uT,, and

i g (D Y ) Gy —uT
T mwrgv.l—)»_i_ w4 =l
(19)
Define
~ Fy
1) = Jw ! 1) rpFop(h
W( ) = (mwrv%'m"' )rw ZM( )
&u>=( ”2+1—x>mﬂﬂu) (20)
my, 1y
Obtain:
= —k [1/}(/\)—qu a —)\)] Q1)
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Design control law:

1 ra
w= [1//(,\) - Tstat(g)]
s = e+ koo
. s 6
0 = —koo + Osat(=), |o(0)] < —
0 ko
e=Xx— dpf (22)

where, controller parameters kg and 6 are positive real
numbers decided by calibration, ky is the scale factor and 6 is
the boundary layer thickness. lﬂ(k) is the estimated value of
1}()\) and satisfies

YD) — ()

- YAaeD=1[0,11 (23)

=< p(A),
and

B = p(A) +Bo, By > 0 24)

B. STABILITY PROOF
Lemma 1 and Lemma 2 are proposed.

Lemma 1: Define set D, = {|lo| < 6/ko}, where ¢ =
—koo + Osat(s/0) and o (0) € D, is a positive invariant set,
which implies that o (¢) € Dy, YVt > 0.

Proof:
Design the Lyapunov function

1 2
V=30 25)

then

V=006 =0 -[—koo + Osat(s/0)] (26)

At the boundary of D, {—6/ko, 6 /ko,}, there are

) 62 02 s 6% 62
V()= = = sar (5) = == = (-1 =0
ko ko ko 0 ko ko
.0 62 92 s 6% o°
V(—)=—— 4 — -sat (-) <———.1=0
k() ko k() 0 k() kO
(27)
Thus, D, is a positive invariant set. |

Lemma 2: Define set 1y = {(e,0) € D, XDy : |s(e, 0)| <
0}, there is sat(s/e) = sgn(e) when (e, o) ¢ Ily.
Proof:
When (e, o) ¢ Ilg, i.e., |s| > 0, there is

sat(s/e) = sgn(s) = sgn(e + koo)
According to Lemma 1, o(¢) € Dy, YVt > 0. Define set
Y ={(e,;0):let+koo| > 0,kolo| <6} (28)
Divide ¥ into

={(e,0) e+ koo > 0,kolo| <6}
{(e,o0) e+ koo < —0,kylo| <6} 29)

pONS
S

162202

V(e,0) € X4,3e+kooc >0 => e >0—kpo =0—0 =0.

sgn(e + koo) = sgn(e) = 1.

V(,o0) € X_,3e+kypo < -0 = e < —0 — kgo <
-0 —(—0)=0.

sgn(e + koo) = sgn(e) = —1.

Based on the previous analysis, sgn(e + koo) = sgn(e)
when (e,0) € X4 U X_, which means sat(s/e) = sgn(e)
when (e, o) ¢ Ilp. |

Theorem: When the control law designed in (22) satis-
fies (23),

1) V(e(0), 0(0)) € D, x Dy can converge to the set Iy
within a finite amount of time;

2) In the set Iy, the equilibrium point (e, o) described
in (30) is asymptotically stable.

0
6=06=-"-" A 30
(3 7 ko [p()”ref) + BO] ( f)) G0

‘1/}()\)_1/}0\)’ A()\)

where, A (1) = Ty N oo +50

condition.
Proof:
1) According to Lemma 1, D, is a positive invariant set.
Design the Lyapunov function

satisfy the Lipschitz

V= %ez (31)
then
V=ee=ci=—ei {0 — (1 =) [J )~ Tubsar ()] |
(32)

When (e, 0) ¢ Iy, according to Lemma 2, there is:

V= —er {1 =900 - (1 =2 [F0) - Tabsgn(e)] |

Y) —¥)
Ty

=—ek (1 -1)Ty [ + Bsgn(e)]

< —k(1=2)TgqBole| =0 (33)

» V(e(0),0(0)) € D, x D, the set ITy can be reached
within a finite amount of time.

2)

2-a) When (e, o) ¢ Ilg and e # 0,

o =c¢e
e=i=-% [&m PN (R . )}
(34)
Define
G=0-G,5=s—55=e+ko =k (35
The Lyapunov function is
V=1 s (36)
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then
V=5+66=554+66=5(+koe)+de
|~ ~ e+ koo
= —5k [1//(?») -1 =0)Y@R)+Tq-BQ)- (T)}
+5koe +Ge (37)
Substitute e = 5 — koo in (37), get
. |- n 5+5
V = —sk [\ﬂ()»)—(l—k) Y(A)+Tg - BletAref) - (7)}
+ koS5 — koo ) + o (5 — koo)

B A
= — I:IZTd —(e-; ref) — k0i| 5

— k5T, [‘/’(’\) —d=MyR Ble + )»ref)i:|
T (%
— (k3 — 156 — koG> (38)
In (38), define
5 — kod — —0 - A(dref)
B()Vref)
x(A) = ’Z'TdB()‘ref)
then
V=— [W - ko] 32— x(e+ Arer)
A R () W (3)
TyB(e + )Wef)
~Arer) . .
— x(e 4 href )5 B(AW; = (k& — 1)56 — ko5

A
<- [—X(e“; o) _ ko] P — (k2 — 1)56 — koo

+ x(e + Aref) |5

(At hy) A | MB)|
B(e + )\ref) B()\ref) TyB(e + )\ref)
where,
Aleth) Alhg) | M) | _ o a0
B(e + Aref)  B(hrer) TaB(e+ Apef)| —

Because 6 is bounded, N > L can be found and makes
Lle| 4+ 0 < N |e] when e # 0.

Vo< _ |:X(e+)tref)
- 0

+ |1+ 1+ N e+ ) | 51151 — ko2

=V <[5l |s|]P["}'}

|51

—ko—Nx(e+ )»ref)i| 5

. k3 +1+N x(e+Arer)
0 _
2
P= 2
k24 14N x(e+Arer) 1
-0 ) il X(€+)Lref)<§_N>_k0

(41)
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(42) exists and makes matrix P negative definite.

ko > 0,6 € (0,6%)

0* = min[N + R
eeD, X (e + Aref)
1 1+k02Jrz\lkox(eJr)k,ef))z]_1 @2)
kox (e + Arer) 2

2-b) Whene =0,5 =5 —5 = e + koo — koo = koo, then
V =55+66 = koo - koo + 66

= (R5+5)6=(kRo+5)6=0 @3

From 2-a) and 2-b) the second characteristic in the

Theorem is proven.
Via the analyses of 1) and 2), the Theorem is proven. W

C. JOINT CONTROL VARIABLE
There are inevitable errors in the slip rate estimation caused
by model error, sensor zero drift and disturbances. Therefore,
the wheel speed information directly measured by the sensor
is used to introduce wheel angular acceleration into the
control variable to improve the problem of the decrease of
the control effect, which may be caused by the slip rate as the
single control variable.

According to (5), the derivative of the slip rate is
“F, 1—Xx

=- +—on,  (44)
my,wr,, wry,

Vx Vx

A=— Wry
wry (a)rw)2

when the slip rate converges to the equilibrium point, A = 0,
PF, Fr )
wr = =
my(1=24)  my (1-2)

where, (1) can be expressed by the modified Burckhardt
tire model:

(45)

C
w()=C—C; eXp[—C—z()»-I-Cs)»z)] — Cyhsgn(h) + Car?
1
(46)

where, C;(i = 1,2,3,4) are tire model factors that can be
fitted according to tire test results.

From (45), the one-to-one correspondence between the
angular acceleration and the slip rate can be obtained, when
the slip rate is in a steady state.

Assuming that F,/m,,g, we define the Angular Accelera-
tion Coefficient (AAC)

pi= 2 (47)
8
and the AAC at the steady state slip rate is
_ )
= —= 48
=13 (48)
Design the joint control variable
e=ar+(l—-a), O<a<l 49)

Figure 5 shows the  — A curve described by (46) and the
reference slip rates on different road surfaces.
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The n — A curves are made based on the same tire model
shown in Figure 5 and (48) shown in Figure 6. Corresponding
to A = Apef, 1 = Nyer is marked with a horizontal line.
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FIGURE 7. 7 — X curve and joint controlled variables under different road
adhesion conditions.

The reference joint control variable is described in (50) and
Figure7.

Eref = a}\ref + (1= O‘)ﬁref (50
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IV. SIMULATION AND EXPERIMENT

The simulation and experiment platform in this paper is a
distributed drive electric vehicle with four in-wheel motors.
The parameters of the vehicle and motor are shown in Table 1.

TABLE 1. Main parameters of the test vehicle.

Parameter Value

Mass (kg) 1343.8
Wheel base (m) 2.305
Wheel track (m) 1.356
Height of COG (m) 0.54

Tire rolling radius (m) 0.29
Distance between COG and rear axle (m)  1.193
Motor peak torque (Nm) 320

A. LOW-FRICTION ROAD SIMULATION

The simulation was performed in the CarSim®  and
MATLAB/Simulink environment. In CarSim®, an initial
vehicle speed of 0.1 km/h was set, the driver accelerated
at full throttle, and the road adhesion coefficient was 0.2.
To simulate the measurement of the signal noise and delay,
white noise was added to the wheel speeds and longitudinal
acceleration signals in Simulink, and we increased the time
constant of the motor torque signal by a delay of 0.004 s. The
simulation results are shown in Figure 8, where “w/o. ctrl.”
indicates the simulation without the proposed control method,
and “w. ctrl.” indicates the simulation with the control.

In the simulation, with the torque control of the ASR,
the speed error finally converged to less than 2%, as shown
in Figure 8(a). The joint control variable, which is composed
of the slip rate and angular acceleration coefficient was used
as the joint control variable of the controller, and ¢ = 0.2.
Although the slip rate was not the only control variable,
Figure 8(b) shows that the slip rate controlled by the ASR
finally converged to the optimal slip rate of approximately
0.005; at the same time, Figure 8(c) shows that the final
wheel angular acceleration also converged to 7., Which
corresponds to the ‘“low-adhesion road” shown in Figure 6.
In Figures 8 (b) and (C), the wheel without ASR control
seriously slipped; the slip rate and AAC decreased after a
period of acceleration since the external characteristics of the
motor at high speeds were limited and reduced the driving
torque. Figure 8(d) shows the wheel torque received from
the motor control unit when the vehicle was controlled by
the proposed ASR. It has been proven that the joint control
variable can ensure a good slip rate control effect when there
are signal noise and estimation errors.

Table 2 shows a comparison of road adhesion utilization
rates [calculated by (51)] when different o values and £5%
speed error were introduced.

N 4
> ZF)”(I’Z)
Muse = —ar— (51)

2 2 wi(n) Fri(n)

n=0i=1
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FIGURE 8. Simulation results on a low-friction road.

where, N is the number of operations in the simulation
process.

Table 2 shows that under real vehicle speeds, compared
to the slip rate control variable alone, the road adhesion
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FIGURE 9. Experiment results on a joint-friction road.

utilization rate decreased by no more than 1% after using the
joint control variable. In the case of vehicle speed estimation
error, the results of the experimental group, which only used
the slip rate as the control variable, significantly deteriorated;
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FIGURE 10. Experiment results on a split-friction road.

however, use of the joint control variable can maintain a high
utilization rate of road adhesion and be robust against speed
estimation errors.

B. JOINT-FRICTION ROAD EXPERIMENT
The test conditions were set as follows: the vehicle started on
adry tiled road and subsequently entered a wet tiled road. The
test results are shown in Figure 9.

In Figure 9 (the same below), the “real” slip rate was
calculated by (1), where the “real” vehicle speed was
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TABLE 2. Comparison of the road adhesion utilization rates.

Condition a02  a=04  a=06 a-10
(only slip rate)

Real speed (Vr) 98.54%  99.05%  99.15% 99.42%

95% Vr 98.30%  96.67%  95.18% 92.06%

105% Vr 97.84%  95.21%  95.25% 95.24%

Estimated speed 97.51%  92.85%  91.52% 93.74%

measured using a high-precision GPS and inertial navigation
system (Oxford® RT 3003); the wheel speed, which was
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equal to the in-wheel motor speed, was fed back from the
motor control unit.

The tire-road peak adhesion coefficient estimated with the
method proposed in [29] is shown in Figure 9(b). Figures 9(b)
and (c¢) indicate that after the wheel entered the wet tile road
and began to slip, the kinematic speed estimation method
was activated (flag_kin = 1) and switched to the dynamic
estimator after a certain amount of time (flag_kin = 0 when
the dynamic and kinematic estimators worked alternately).
The speed shown in Figure 9(a) indicates that after the vehicle
entered the wet tile road, the speed estimation error gradually
decreased with the intervention of the slip rate controller and
dynamic speed estimator.

Figures 9(c) and (d) show that the slip rate control was not
involved and that the motor provided the torque required by
the driver when the vehicle was on the dry tile road. After the
vehicle entered the low-adhesion road, the slip rate controller
intervened to reduce the slip rate to the reference value,
which effectively suppressed wheel skidding and ensured the
driving performance of the vehicle. The proposed controller
was robust against speed estimation errors and changes in the
tire-road friction condition.

C. SPLIT-FRICTION ROAD EXPERIMENT

The experiment conditions were set as follows: the left wheel
was on the dry tile road and the right wheel was on the wet
tile road. The experiment results of the front left wheel and
rear right wheel are shown in Figure 10.

Figure 10 shows that the wheel on the dry tile road did
not excessively slide, and the slip rate control flag was 0; the
controller of the wheel on the wet tile road was involved, and
the slip rate gradually decreased to near the reference value
to ensure stability.

V. CONCLUSION

In this paper, the robust variable structure slip rate control
system for distributed drive electric vehicles is designed,
including tire slip rate estimators, the speed estimator and the
slip rate controller, that can calculate the slip rate in real time
and make the joint control variable track its reference value
using fast, precise and independent motor torque control.

1) Using the interaction between kinematic and dynamic
estimation models, the dynamic model is adopted when the
slip rate is small, which avoids the problem of the cumulative
errors and the high dependence on the information quality
of the sensors. In the case of a large slip rate, the kinematic
method is adopted to estimate the vehicle speed, which avoids
the problem of a decrease in tire model accuracy.

2) Based on the speed and slip rates obtained from
low-cost sensors and the designed estimators, the joint
control variable, which consists of the slip rate and angular
acceleration coefficient, is proposed. The anti-windup sliding
mode variable structure control law is designed, which shows
good performance even in the presence of speed estimation
error, and the asymptotic stability of the tracking error is
proven by Lyapunov theory.
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3) The results under various simulation and experimental
conditions verify that the speed estimation algorithms can
estimate the speed on both high- and low-adhesion roads well.
The adopted slip rate control algorithm can intervene in time
when the wheel is over skidding, restrain the rapid increase
of the wheel slip rate, prevent serious wheel skidding on
low-adhesion roads, ensure wheel stability and improve the
vehicle driving performance.
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