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－Brief Paper－ 

DESIGN OF ANTI-SLIP CONTROLLER FOR AN ELECTRIC 
VEHICLE WITH AN ADHESION STATUS ANALYZER 

BASED ON THE EV SIMULATOR 

Lianbing Li, Shinya Kodama, and Yoichi Hori 

ABSTRACT 

The In this paper, a simulator of a one-wheel Electric Vehicle system is 
designed for testing an anti-slip controller using the Motor-Generator sys-
tem. The drive motor of the M-G system is used to simulate the drive wheel 
of the Electric Vehicle, and the load motor is used to simulate the load force 
of the chassis. In the driving process, the torque of the load motor is 
changed according to the drive force of the chassis that is calculated by the 
program. So it can simulate the dynamic process of the tire-road system. 
Based on this simulator system, an anti-slip controller based on an Adhesion 
Status Analyzer is proposed. Information about the wheel speed is acquired 
by using a Back EMF Observer. A load torque disturbance observer is de-
signed to stabilize the acceleration of the wheels. The Adhesion Status 
Analyzer is used to generate safe acceleration commands for the anti-slip 
controller. When a slip occurs, the anti-slip controller will decrease the 
torque quickly, and at the same time, by estimating the dynamic status of 
adhesion, the Adhesion Status Analyzer will restrain the acceleration com-
mand within a safe area. The effectiveness of the proposed approach is veri-
fied by using the EV slip simulator. 

KeyWords: EV, anti-slip control, adhesion.  

I. INTRODUCTION 

The adhesion characteristics between a tire and road 
surface have great effects on the driving and braking con-
trol of a vehicle. In order to acquire high-performance mo-
tion characteristics, the traction force of the engine or mo-
tor should be regulated to maintain a good adhesion status. 
This means that the vehicle stability and safety can be im-

proved through drive torque control. In order to acquire 
better adhesion performance under any road conditions, a 
slip prevention controller is needed. A slip caused by ac-
celerating, decelerating or braking usually leads to unsafe 
motion of the vehicle. To prevent slips, many technologies 
have been developed, such as Model Following Control 
(MFC) [1,2], and optimal slip ratio control [3]. Sliding 
mode measurement feedback control [4], and slip ratio 
fuzzy control [5] also have achieved fine results in slip 
control. Current disturbance observers also can be used to 
limit the increase in wheel speed [6]. Slip controllers based 
on disturbance observers [7] or road conditions estimators 
[3,8] have also been studied recently. In this paper, a novel 
controller scheme based on an observer of the inertia mo-
ment is proposed.  

In fact, the testing of skid controllers is difficult and 
expensive. Commonly, real vehicles, real slippery roads 
and other expensive equipment are needed to test the valid-
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ity of a slip controller. In this paper, a simulator of a 
one-wheel Electric Vehicle (EV) system is proposed for 
testing slip prevention controllers using the M-G set. The 
drive motor of the M-G setup is used to simulate the drive 
wheel of the EV, and the load motor is used to simulate the 
load force of the chassis. In the driving process, the torque 
of the load motor is changed according to the drive force of 
the chassis that is calculated by the program. So it can 
simulate the dynamic process of the tire-road system. 
Based on this simulator system, a novel slip control method 
is proposed and has been tested. The simulation results 
obtained with MATLAB and experiment results have the 
same features, and the results verify the simulation per-
formance of the M-G system. The experiment results prove 
the validity of the slip controller.  

II. VEHICLE DYNAMIC MODEL 

The problem of wheel slip control can be analyzed by 
using a one-wheel-car model [4] as shown in Fig. 1. There 
are two inertias in this system, the rotating wheel and the 
body of the car. The dynamic equation of the system can be 
expressed as 

( )d w
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where T is the sum of the driving and braking torques, i.e., 
T = Td − Tb; Fd is the drive force of the chassis; Fw is the 
average friction force of the driving wheels for acceleration 
and the average friction force of all wheels for deceleration; 
FV is the wind force of the vehicle. M is the mass of the 
chassis and the wheels of the vehicle, i.e.,  M = Mv + Mw.  

The slip ratio λ is used to describe the slip status be-
tween the road and tire. It is defined as 
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where VW is the wheel speed, and V is the velocity of the 
chassis.  
 
 

 
Fig. 1. One-wheel vehicle model. 

The friction coefficient µ is a function of slip ratio λ, 
µ = f (λ), which is dependent on the road conditions. For 
different conditions of the road, such as dry, wet, snowy, 
etc., the relationship between λ and µ is different.  

The drive force of the vehicle Fd is proportional with 
the friction coefficient and the pressure on the road.After 
the friction coefficient µ is found from the slip ratio λ by 
using the µ − λ curve, the driving force Fd can be calcu-
lated by  

( )dF N= µ λ ,  (5) 

where N is the normal component of the reactive effect on 
the tires. A block diagram of the vehicle is shown in Fig. 2. 

III. THE WHEEL DYNAMIC SIMULATOR 
USING THE M-G SETUP 

Based on the block diagram shown in Fig. 2, a vehicle 
simulator using the M-G set can be designed as shown in 
the block diagram in Fig. 3. The slip ratio λ of the vehicle 
system can be calculated based on the speed of the wheel 
and the chassis. According to the simulated road status, 
such as dry, wet, or icy road, ramp road, and so on, the 
friction coefficient and the load torque as well as the load 
current can be calculated. 

 
Fig. 2. Block diagram of the vehicle. 

 
Fig. 3. Block diagram of the vehicle simulator based on 

the M-G set. 
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For four kinds of conditions, (A) normal asphalt road, 
(B) slippery road, (C) ramp up road, and (D) ramp down 
road, the vehicle simulator was tested, and the experimental 
results are shown in Fig. 4. 

The parameters, such as the inertia moment of the 
wheel and the chassis, can be adjusted freely to adapt to 
different vehicle characteristics. At the same time, friction 
and wind resistance can also be simulated by the system. 
Here, these disturbances were ignored in the simulation and 
experiment. 

IV.  SLIP PREVENTION SCHEME 
UTILIZING THE CHARACTERISTIC 

OF BACK-EMF 

4.1 Back EMF observer 
When there is no speed sensor, the slip prevention con-

troller can also be realized with other signals such as the 
back EMF (ElectroMotive Force). This kind of slip control-
ler may have greater reliability and more robust perform-
ance. But the signal of the back EMF cannot be detected 
directly, so it is necessary to set up an observer to estimate 
the value of the back EMF. A current disturbance observer 
with variable gain and time constant was discussed 
 

  
       (a) Wheel speed                (b) Chassis speed 

   
         (c) Slip ratio               (d) Friction coefficient 

   
       (e) Drive current                 (f) Load current 

Fig. 4. Experiment results obtained with the vehicle simulator 
under different road conditions. 

in [6], where the torque drop characteristic was used to 
limit the torque when a slip occurred. The current dis tur-
bance observer was used to compensate for the voltage 
drop caused by the back EMF, so in fact it was also a back 
EMF observer. In this paper, it is employed to estimate the 
back EMF, and with the EMF signal, the acceleration also 
can be acquired as shown in Fig. 5. 

The estimated back EMF can be expressed as  

( )ˆ
1emf
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. (6) 

The acceleration can be expressed as  
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where 1/τs + 1 and 1/τ1s + 1 represent a low-pass filter for 
restraining the noise of the estimated value. Jn is the normal 
value of the equivalent inertia of the vehicle on its wheel. 

In the inner loop of the controller, an appropriate cur-
rent regulator (ACR) is designed to follow the current 
command quickly. 

4.2 Nonlinear noise filter of the observed back EMF 
In order to deal with the noise problem in the observed 

back EMF or other signals, a novel filter is designed as 
shown in Fig. 6. It is applicable if the original signal with-
out noise is differentiable. If the limit1 is regulated with the 
true differential value, better performance may be achieced. 

 

 

Fig. 5. The acceleration observer. 

 

 

Fig. 6. Block diagram of the nonlinear filter. 
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The simulation curves obtained using the novel filter 
are shown in Fig. 7. Compared with the normal low-pass 
filter, it shows special merits. There is no large time delay, 
and the curve is smooth when the proposed filter is used. 
The experimental curves shown in Fig. 8 have the same 
feature as the simulation curves.  

4.3 The slip prevention scheme based on the load 
torque observer with back EMF 
With necessary information about acceleration, it is 

possible to construct a load torque observer, as shown in 
Fig. 5. With this approach, the load torque disturbance can 
be observed without a speed sensor. In Fig. 5, since the 
current is proportional to the torque, the load torque ex-
pressed by its current iL, and id is the induced current of Fd. 

 

   
  (a) Original and noised signal      (b) Comparison of the curves 

Fig. 7. Simulation curves obtained with the proposed nonlin-
ear filter. 

 

  
(a) Observed EMF signal with noise   (b) Filtered back EMF curve 

Fig. 8. Experiment curves obtained with the novel filter. 

 

Fig. 9. Slip prevention system based on load the disturbance ob-
server. 

As the time constant of the inner loop is more than 10 
times smaller than that of the outer loop, in order to sim-
plify dynamic analysis of the system, the transfer function 
from i* to i is considered tobe 1. Thus the open loop trans-
fer function from the human drive command iH to the drive 
current id is  

1 2( 1)( 1)OL
KG

s s K
=

+ + −τ τ
. (8) 

Drawing the Bode diagram of the open transfer func-
tion as shown in Fig. 10, the dynamics of the system can be 
analyzed as follows. 

The Bode diagram shows that, when K ≤ 1, the gain 
margin and phase margin are big enough, but when K > 1, 
due to the small stability margin, the system will has poor 
performance against uncertainty in low and high frequency 
parts.  

The closed loop transfer function from iH to id is 

1 2

1 2

( 1)( 1)
( 1)( 1) ( 1)CL

n

s sG
s s K J J

+ +=
+ + + / −

τ τ
τ τ

. (9) 

This indicates that, under equivalent inertia of the vehicle 
model J = Jn , the closed loop transfer function will be 
equal to 1; that is, the current command, i.e., the torque 
command, will be exactly realized by the controller. And if 
a slip happens, the inertia J will decrease, and the transfer 
function will also decrease with the change of J. On the 
other hand, when J increases, the transfer function will also 
increase to keep the acceleration at a constant value.  

Based on this analysis, K should be kept under 1. Un-
der this condition, the controller can maintain the given 
acceleration, but this may also lead to slips. 
 
 
 

 

Fig. 10. Bode diagram of the slip controller based on a sload 
torque observer. 
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V. SKID PREVENTION CONTROLLER 
BASED ON ADHESION STATUS 

ANALYZER 

Although the skid prevention controller can limit the 
torque to some extend when a slip occurs, if the torque 
command does not decrease, the wheel may slip on a slippy 
road. Thus, an Adhesion Status Analyzer (ASA) has been 
designed to solve this problem. The Adhesion Status Ana-
lyzer is responsible for observing the friction coefficient, 
evaluating the adhesion status index, and calculating the 
maximum safe friction coefficient. Thus, when a slip oc-
curs, the torque command will be limited within the calcu-
lated maximum safe acceleration value. 

5.1 Friction coefficient observer 
According to the equation (1), the load force of the 

wheel is  

( ( ))d w wF T J F r= − − /ω ω . (10) 

From Eq. (5) and Eq. (10), the friction coefficient can 
be calculated as  

( )
( ) w wT J F r

Nr
− −

=
ω ω

µ λ . (11) 

If Fw(ω) is small enough to be ignored, the equation of 
friction coefficient can be simplified as  

( ) wT J
Nr

−= ωµ λ .  (12) 

In some cases, it is necessary to consider the other 
forces. Suppose that in the equation of acceleration, that is 
Eq. (2), the main part of the resistance force FV(V) is the 
drag force of the wind, and suppose that 

2
( )

2V d
VF V C Ar= ,  (13) 

where, Cd is the drag coefficient, r is the air density, A is 
reference area, and V is the vehicle velocity. Because the 
variables are constant except for the velocity V, the drag 
force can be written as  

2( )V fF V C V= .  (14) 

5.2 Adhesion status index 
In the drive mode without slips, when the electric 

torque T increases, the speed of the wheel also increases. 
This leads to a bigger speed difference ∆V = (Vw − V) Thus, 
the drive force Fd, as well as the velocity of the vehicle, 
also increases. After the transient process, the working 
point of the µ − λ curve moves up to reach a new balance 
point as shown in Fig. 11. And when the working point is 

near the top point, the same ∆T results in a bigger ∆V, 
leading to the new balance point. So we can derive the fol-
lowing lemma.  

Lemma. Before the working point reaches the maximum 
point of (λtop, µmax) , if the torque increases, then the λ must 
increase, and vice versa. 

A wheel-road system can be considered as a geared 
system. When the slip ratio λ is near zero, the engagement 
of the gears is good. When λ increases to 1, the engage-
ment status becomes worse; the efficiency of drive trans-
mission also decreases. With the same increase of the elec-
tric torque, the force increase occurring on the vehicle side 
becomes smaller and smaller while the working point 
moves up along the λ − µ curve. When λ is 1, there is no 
engaging but rathen sliding friction, which has almost no 
relation with the electric torque of the wheel side.  

Thus, in the adhesion region of [0, λtop], the efficiency 
of drive transmission decreases while the working point 
moves from (0, 0) to (λtop, µmax). And it should exhibit 
monotonicity before λ reaches λtop. 

Based on this analysis, the adhesion status, i.e., the 
drive transmission status, between the tire and road can be 
described by the efficiency of drive transmission. The ad-
hesion status index Q can be defined as 

1
dF VQ K

T
=

ω
.  (15) 

Suppose that before λ reaches λtop, V rω  , and N is a 
constant. Then Eq. (15) can be expressed as  

1Q K
T

= µ ,  (16) 

where K1 is a constant, which keeps the index values near 1. 

5.3 Maximum safe acceleration 
With the value of Q, the position of the working point 

on the λ − µ curve can be estimated approximately. At the 
same time, the maximum µmax can be found by judging the 
value of the adhesion status index Q without calculating the 
slip ratio λ. Considering a safety factor of µmax, defined as ς, 

 
Fig. 11. Analysis of λ − µ curve. 
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we can get the safe friction coefficient, µs = ςµmax. Thus, the 
maximum safe acceleration can be determined as  

max
sNa

M
= µ .  (17) 

Then a proper speed pattern can be generated based on 
the on-line estimated maximum safe acceleration amax. 

5.4 Stop distance predictor 
Safe braking is an important performance feature of a 

vehicle, especially in the case of an emergency or slippy 
road. For this reason, predicting the emergent stop distance 
under the current road status and current speed can help the 
driver control the velocity and ensure the safety of the ve-
hicle. 

In the Emergent Brake mode, the maximum brake ac-
celeration can be used immediately. The shortest brake 
time and the shortest brake distance can be expressed as  

2
0

2break break
max max

vvt d
a a

= , = . (18) 

 

5.5 Experimental results of slip prevention with the 
adhesion status analyzer 
Suppose that the vehicle is moving from a dry road 

onto an icy road, and that the surface of the icy road is very 
smooth, so that the friction between the tire and the road 
rapidly decreases. At the same time, if the motor of the EV 
is still maintaining the driving torque as before, then the 
wheel will slip on the icy road quickly. The slip phenome-
non was simulated using MATLAB for the EV system as 
shown in Figs. 2 and 9. Suppose the EV starts to accelerate 
on the dry road at t = 0 and that at t = 3 sec, it mores onto 
the icy road. The parameters of the EV system were used 
with those of “UOT March I.” In order to compare simula-
tion result with the experiment, the simulation outputs were 
proportionally converted into the scope of the experiment 
results.  

In order to show the effect of the skid prevention con-
troller with the Adhesion Status Analyzer (ASA), the sys-
tem was tested without the Adhesion Status Analyzer and 
with the Adhesion Status Analyzer under safety factors of 1, 
0.75, and 0. The experimental results are shown in Fig. 12. 
Fig. 12(a) to Fig. 12 (h) show the curves of the wheel speed, 
chassis speed, torque, acceleration, observed back EMF, 
friction coefficient, adhesion status index, and slip ratio. 
The new safety maximum friction coefficient changes 
when Q < 0.65. The comparison proves that the Adhesion 
status Analyzer can estimate the proper maximum accel-
eration and that then a new acceleration command can be 
generated with the new maximum acceleration. The slip 
ratio can be restrained effectively with the proper safety 
factor. 

   
       (a) Wheel speed                (b) Vehicle speed 

 

   
        (c) Motor torque            (d) Wheel Acceleration 

 

   
      (e) Observed back EMF    (f) Observed frictional coefficient µ 

   
    (g) Adhesion status index Q          (h) Slip ratio λ 

Fig. 12. Experimental results obtained with skid prevention 
controller and Adhesion Status Analyzer. 

VI. CONCLUSIONS 

A comparison of the simulation results and the ex-
periment results shows that the vehicle slip simulator using 
the M-G setup can be tested easily and that the conditions 
of the controller and system can adjusted freely. The fea-
tures of the simulator system are similar to those of a real 
vehicle. It can be used to verify the slip controller before 
in-field experiment are performed. With the anti-slip con-
troller and back EMF observer, the system does not need a 
wheel encoder, and the reliability of the slip prevention 
controller can be enhanced. The Adhesion Status Analyzer 
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can be used to help the driver adapt to a slippy road. Its 
anti-slip performance can be regulated with the safety fac-
tor µs. The simulation and experiment prove its feasibility 
and validity. 
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