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A MODEL BASED ON PREVIEW MECHANISM OF DRIVER
FOR THE ELECTRONIC STABILITY PROGRAM

Gu JUN?, Lin XIAONING?, Huang MANHONG?®

Reference model is the benchmark for vehicle dynamics control. However, the
time delay from the driving intention to the reference model output will aggravate
the instability of vehicle under limit working conditions. Therefore, a reference
model based on preview mechanism of driver is proposed to reduce the influence of
the time delay. Firstly, the preview mechanism of driver is used to compute the
predicted steering wheel angle, which can enhance the driving intention. Then, the
reference model is established by combining the steering angle of driver input and
the predicted steering wheel angle. Secondly, the yaw moment controller is designed
according to the sliding control theory and the required yaw moment is allocated
according to the quadratic programming theory. Finally, simulation results show
that the vehicle stability control system based on the proposed reference model has a
better performance than the traditional control system, and the proposed method is
able to improve the control intervention instant.
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1. Introduction

Electronics Stability Program (ESP) system is one kind of new active
security technology. Recently, ESP system has been a new vehicle safety standard
for all light vehicle. During the transient steering process, the output value of
reference model is regarded as the most important driving intention variable to
realize the driving operation, which is the tracking goal for ESP system.

In order to obtain a good maneuverability, the reference model has been
studied and different models were put forward by the researchers [1-3]. According
to human drivers are familiar with the linear handling characteristics, Nagai et al.
[1] proposed a reference model for ESP system, which is based on the Tow
Degree of Freedom (2DOF) vehicle model. Moreover, Geng C et al. [2] modified
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the 2DOF reference model by considering the road adhesion to limit the lateral
acceleration. But these reference models cannot stabilize the vehicle adequately
under limited working conditions. Therefore, Jonasson et al. [3] proposed a
reference model that is constrained by side slip angle to improve the vehicle
stability.

However, as the reference models continuous improvement, the vehicle
has still happened to instability under limited working conditions. The reasons for
this situation are the fuzziness of driving intention, the parameter uncertainty with
the vehicle and so on. Therefore, the research scholars proposed the other
reference models aiming to solve these problems [4-5]. Raksincharoensak et al. [4]
used Hidden Markov Model to predict the driver’s steer intention, and enhanced
the reference model’s driving intention via this information. Xiong et al. [5]
proposed a tire cornering stiffness estimation method to ensure the control
robustness against environmental disturbances as well as parameter uncertainty,
which can modify the output value of reference model. However, even if the
reference model could be properly modified, a vehicle dynamics stability
controller might still not achieve a satisfactory result, because there is a delay
while the output value of reference model response to the driving intention.

A number of tests have shown the existence of that delay. The delay
mainly caused by the neural response of driver and steering system of vehicle, and
varies from 100ms to 300ms depending on the driver’s reaction time,
maneuvering conditions and the road conditions [6]. However, the control
intervention instant can be brought forward to some degree with a driver model.
Chen et al. [7] proposed a new method to enhance the driving intention of
reference model based on a single point preview driver model [8], which can
predict the driver’s intention. However, papers about the driver model to improve
the control intervention are seen rarely. Thus, this paper proposes a novel
reference model based on the driver’s preview mechanism. The reference model
can enhances its driving intention by introducing prediction of steering wheel
angle, which can be obtained via a direction preview driver model [9]. In order to
minimize the influence on the driver’s operation, it uses fuzzy control method to
establish the reference model.

This paper is arranged as follows. The second section describes the
specific method of the proposed ESP system. Simulation results of the two ESP
systems are shown, and a comparison is made between these two kinds of ESP
system in the third section. Finally, conclusions are drawn in the fourth section.
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2. ESP System

The proposed ESP system utilized in this paper is illustrated in Figure 1.
The system includes: prediction of steering wheel angle algorithm, novel
reference model, yaw moment controller and control allocation algorithm. The
prediction of steering wheel angle algorithm obtains the predict steering wheel
angle based on the driver model, and is used to compensate the reference model’s
driving intention. Then the novel reference model can be established by
introducing the predicted steering wheel angle.

+ Steering wheel angle dsw

\ A

Vehicle
state
—

8DOF
vehicle
model

(CO——» Driver
Control

—_—
Tracking §
Lateral 6SW
deviation I — l;lovel Yaw M,
from camera Predlctlon reference moment !
L———— of steering —> model controller allocation

trajectory -
Yo wheel angle s \

Output trajectory y

Fig. 1. Structure of ESP system

2.1. Prediction of steering wheel angle algorithm

Due to the driver model can reflect the human driver’s behavior, which is
based on the human driver, therefore it can be used to compensate the driving
intention for the reference model. It can obtain the prediction of steering wheel
angle via the preview mechanism of driver which is according to a direction
preview driver model [9-10].
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Fig. 2. The preview mechanism of driver

From Figure 2, the human driver takes a preview decision for the tracking
path before the steering wheel angle has to be decided. The predicted lateral
displacement at the distance in front of vehicle of I, can be expressed as follows
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2
YC(t+T):yc(t)"'T'YC(t)"'T?'YC(t) (1)
Where T is the preview time and is equivalent to 1_/vy, 1. is the preview
distance, y is the heading angle of the vehicle, vy, (t) is the location of the
vehicle, y_(t+T) is the desired path after T.

In the process of ideal tracking, the desired lateral displacement at the
preview  point and  predicted lateral  displacement  must  be
equal (y,*(t+T)=y,(t+T)). Therefore, the required lateral acceleration can be

calculated as follows

2

0-28 e (non i) 20 @

Where vy, (t) is the vehicle’s lateral deviation, which is quite possible to
detect the road information in advance using modern sensors. In this paper, the
road information acquisition algorithm is not mentioned, and vy, (t) is considered
to be known.

When the body side slip angle is negligible, the kinematics relationship
between the yaw rate and lateral acceleration can be expressed as 7y, (t)=v, -r(t),
by substituting it into Eq.(2), the desired yaw rate can be obtained by the lateral
deviation as follows

2V

r (t) = |32x Yor (t) (3)

Using the 2DOF vehicle model, the transfer function of the steady state
gain from steering wheel angle input to yaw rate can be calculated as follows

r v,
Oou n(l + KVVXZ) (4)
b .
Where K, =|m[c——ci] denotes the understeer gradient.
f r

Considering Eq. (3) and (4) lead to prediction of steering wheel angle as
follows

2
Gy = (1K) e (1) )
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2.2. Proposed reference model
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Fig. 3. Difference between two reference models

The role of the reference model is to calculate the desired yaw rate, which
can provide the tracking goal for the yaw moment controller. In Figure 3(a),
2DOF model is widely used as a traditional reference model because human
drivers are very familiar with the linear handling characteristics [1]. Based on this
model, the desired yaw rate rq can be derived from the steering wheel angle Jsw
and longitudinal vehicle velocity v as

r — . SW
’ (I + vaxz) n (6)
Besides, assuming the friction coefficient is x, and in order to avoid large
lateral acceleration that exceeds tire cornering capability, the desired yaw rate is
constrained as

HY
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In fact, the yaw rate response to the steering angle is the first-order delay
system. Therefore, the desired yaw rate can be described as follows

r =min{ }-sgn(éw)'

Where r, the delay is time and sgn is a sign function.

The traditional reference models depend on the driver’s output steering
wheel angle, which characterizes the driving intention. Although this steering
wheel angle has strong robustness and adapts to different road conditions, it limits
the driver’s physiological conditions and vehicle structure. This means that s,
doesn’t reflect the driver’s intention adequately. Compared with &, , the predicted

steering wheel angle &, is not constrained by these conditions and is an ideal
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tracking goal for the vehicle, which can reduce the influence of these conditions.

However, if the predicted steering wheel angle can combine with the
steering wheel angle by human driver, it could not only enhance the driving
intention of reference model, but also improve the stability of vehicle. Therefore,
the novel reference model proposed in this article uses fuzzy control method as it
is shown in Figure 3(b). Due to fuzzy logic control can be used to deal with
complicated non-linear dynamic control problems, which is a non-linear control
method [11-12]. There are two main advantages of fuzzy models in comparison
with conventional mathematical models. The one is the possibility of elaborating
them on the basis of far fewer amounts of information about a system. The other
one is that fuzzy logic enables the heuristic rule-based techniques to be extended
for use in the continuously variable situation without significantly. In this context,
the number of applications of fuzzy logic to vehicle has increased significantly
over the last years with good results [13].

The architecture of fuzzy logic controller consists of three steps:

(i) Fuzzification

Two input variables for the fuzzy logic control are the error between the
human driver’s steering wheel angle and predicted steering wheel angle, i.e.
E=0,,—J,4, and the error between the human driver’s steering wheel angle rate

swd o

and predicted steering wheel angle rate, i.e. EC=46,,—J,,4. The output variable is

the steering wheel angle adjustmentas .

To provide enough rule coverage, seven fuzzy sets are used for input
variables: PB (positive big), PM (positive medium), PS (positive small), ZO
(zero), NB (negative big), NM (negative medium), and NS (negative small).
Similarly, the output variables are also fuzzified into seven fuzzy sets: {NB, NM,
NS, ZO, PS, PM, PB}.

(if) Fuzzy decision process

It processes a list of rules from the knowledge base using fuzzy input from
the previous step to produce the fuzzy output. Table 1 shows rules for the
proposed fuzzy logic controller. These rules are introduced based on expert
knowledge and extensive simulations performed in this study. The steering wheel
angle adjustment As mainly influences on steering wheel angle s,,. For this
reason, the rules follow the next criteria:

e If E=0,-0,, IS positive that means the vehicle is oversteer, it occurs
that:

e 5, >0and 6, >0 with s, >5,,. In this case, it is necessary to
generate a negative As that s,, todecrease &, .

<0and ¢5,, <0 with 5, <g,,. In this case, it is necessary to
generate a positive As that &,,toincrease o, .

swd

° 55

W
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° If E= 5sw _5swd
that:
e 5, >0and ¢

swd

generate a positive As that &,
e 5, <0and ¢

is negative that means the vehicle is understeer, it occurs

> 0 with s, <&,,. In this case, it is necessary to

to increase o,,.
» w < 0 with s, >0

. - IN this case, it is necessary to
generate a negative As that o, todecrease o, .

* The higher the difference between the steering wheel angle and predicted
steering angle, the higher the steering wheel angle is adjusted. Meanwhile the
error rate EC will be considering into the adjusting process, which is

characterized the degree of steering urgency.
Table 1.

Fuzzy control rule for A6
E

PB PM PS ZO NS NM NB
PB  NB NB NB NB NM NS ZO
PM NB NB NB NM NM NS PS
PS NB NB NM NS ZO PS PS
ZO NB NM NS ZO PS PM PB
NS NS NS ZO PS PM PB PB
NM NS PS PM PM PB PB PB
NB ZzO PS PM PB PB PB PB

EC

Rules based on the criteria above, we can tune considering the effect on
the vehicle state’s response lots of simulations. The fuzzy controller uses the
Mamdani Fuzzy Inference System (FIS), which is characterized by the following
fuzzy rule schema:

IFEisAand ECisBTHEN As isC
Where A and B are fuzzy sets defined on the input and output domains
respectively.

(iii) Defuzzification

It scales and maps the fuzzy out from fuzzy decision process to produce an
output, which is the input to the system controller. In this case, the steering wheel
angle adjustment. The defuzzification method used in this project is the center of
area. This method determines the center of the area below the combined
membership function.

Figure 4 shows the membership functions and ranges of values of E, EC
and As respectively. The universe of discourse of inputs and output are
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normalized in the range of [-7 7].
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Fig. 4. Membership functions of input and output variables:

After the Fuzzy controller outputs the steering wheel angle adjustment, the
desired steering wheel angel can be written as

5., =0, +AS (9)
Combined with Eq. (9) and (8), the desired yaw rate described as follows

ry = min{

2.3 Yaw Moment Controller

v, &S,
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The yaw moment controller is to ensure that the desired yaw rate is
realizable. Considering the nonlinear characteristics of vehicle, the sliding control
theory is beneficial to solve this problem [14]. Therefore, this paper uses the
sliding control theory to design the controller.The sliding surface S is defined as
S =r—r,, differentiating it and combining Eq. (10) yields, it can be written as

0,

2 2
csa“+c,b
B R Y U I

n

(11)

Vv

Z X

S=6=F—t, =Ii((crb—cfa)ﬂ—

To make the system slide to the sliding surface S, the exponential
converging velocity is defined as S=-KS—esgn(S), where K and ¢ are the
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positive gains.
Then, implementing the convergence condition of sliding mode control, the
required yaw moment M, is obtained from Eq. (11) as follows

cb—cia  cra’+cb® ca
M,=1,|-—— g 2180w ¢ _Ks—esgn(s) (12)
I, I,v I, n

According to Lyapunov stability criterion, the stability of control system
needs to be proved. The Lyapunov function is structured as Vv,, =S, /2, then make

a derivation to it and combine S=r-r, yields

. . cb-cia  ca?+cb® cib
V=88 =g| T Ct8 B8 TED L C0 0w M, (13)
I, I,v, I, n 1,

Substituting Eq. (12) into Eq. (13) with proper simplification as follows

Vi, =SS =S(~KS—¢&sgn(9)) (14)
Because S, sgn(s), K and & are the positive, therefore the v, is a
negative and this can be proved the control system is stable.
Besides, the controller uses a saturation function to alleviate clutch
chattering and improve its robustness by substituting sign function. In a similar
way, Eq. (12) can be written as follows

cb-c.a cia’+cb? cias
M, =1, —— Ly Wi 27 %w ¢ KS - gsatS
: Z[ 1 v I, n ¢ (s) (15)

The saturation function is designed as follows

sgn(S) [s|=A

s/A |s|<A (16)

sat(S/A)= {
Where A is the boundary layer thickness.
2.4. Control allocation algorithm

The control allocation algorithm is designed to generate the total
longitudinal force F, and yaw moment M, . It requires for the controlled

vehicle to follow the reference model responses as well as to meet with the
driving intention. In order to allocate reasonable to realize the control target, this
paper uses the quadratic programming method to design the optimal allocation,
which is an effectively method to solve the controlled problem of over-actuated
systems [15].
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From 8DOF vehicle model, assuming that s, is a small value, then
sing, ~1 and coss, ~1. The total longitudinal force as well as the yaw moment
generated by tire longitudinal forces can be expressed as follows

with T = F,R,,i=fl, fr,rl, rr (17)

Xi'w?

{Fxfl + I:><fr + I:xrl + I:><rr = de

(Far = Fa )Tt /24 (Fyy = F ) Tur /2= M,

Where F, and T, are denotes the longitudinal tire force and torque
output of the in-wheel motor, respectively. T, and T, are the front and rear
wheel tread, respectively.

In order to obtain an excellent control performance, the optimization
objective is designed by introducing the characterization of whole vehicle road
load conditions as follows

. L eFZ & T’ -
min J :Z‘ F2 = PRIF with i = fl, fr,rl,rr (18)
Where c; is weighting coefficient and  is road adhesion coefficient.
The longitudinal tire forces are limited by the nominal friction coefficient

and normal load. Combining Eq. (17), it can be written as follows

—A<T, <A, (A=R,Ju'F;—F%i=Al fr,rl,m) (19)
According to the above optimization objective and constrain conditions,
the quadratic programming standard can be expressed as follows

{minJ =u"Wu (20)

st. Bu=v, u,, Su<u,,

min —

where W =diag(c,/(uF, )),v=(F, M,)T,

— _ ]'/Rw 1/RW 1/RW :L/RW
u=(y T Ta TIT, B_{—wa JR T [R0 =T /2R, = Wf/szJ'

3. Simulation results and discussion

In order to analyze the performance of the strategy, computer simulation is
performed utilizing the 8DOF nonlinear vehicle model [16], which established by
the ‘Dugoff model’ tire model [17].

To validate the effectiveness of the strategy for ESP system, the following
simulation is used, i.e. a double-lane change (DLC) simulation test, which can
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reflect that the driver under the emergency operation of obstacle avoidance to the
response characteristics of vehicle. The responses of a vehicle with the proposed
ESP system is compared with the traditional ESP system, which is used the

traditional reference model as shown in Figure 5(a).
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Fig. 5. Simulation comparison (V = 80 km/m, x = 0.8)

Fig. 5 displays the proposed and traditional ESP control results at an initial
velocity of 80km/h and nominal friction coefficient x is 0.8. From Fig. 5, both the
proposed ESP and traditional system can stabilize the vehicle to pass the DLC
path, the former obviously better than the latter such as Figure 5(a)~(c). Especially,
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in Figure 5(d) and (e), the vehicle final speed of the proposed ESP system is
higher than that of the traditional ESP system and the driver manipulate the
vehicle under the proposed ESP control with a smoother and smaller steering
wheel angle than the traditional ESP control, which can help the driver to relieve
the driving fatigue. It illustrates that proposed ESP had better performance than
the tradition ESP by the timely intervention to control vehicle.
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Fig. 6. Simulation comparison (V = 40 km/m, x = 0.3)

Fig. 6 is the simulation results with an initial longitudinal velocity of
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40km/h and nominal friction coefficient p is 0.3. In this DLC condition, the
proposed ESP system is evidently better than the traditional ESP system from
Figure 6. As Figure 6(a)-(d) shown, the proposed ESP can have better
maneuverability and more potential to stabilize the vehicle. In the low friction
coefficient condition, the timely intervention made the great help for the vehicle to
stabilized vehicle. And it shows that the proposed ESP system not only solves the
time delay problem, but also improves the control intervention time.

4. Conclusions

(1) In this paper, a novel reference model is proposed based on the preview
mechanism of driver. In order to enhance the traditional reference model’s driving
intention, it used the prediction of steering wheel angle to compensate the driving
intention. The proposed reference model is established by the fuzzy control
method, which introduced the predicted steering wheel angle.

(2) Simulation results of the ESP system based on the proposed reference
model show a more responsive and better performance than a traditional method.
The proposed reference model and the new ESP control system are able to
improve the vehicle stability under critical situations.
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