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ABSTRACT

For four-wheel independently driven in-wheel motors electric vehicle, vehicle dynamic control systems such as
direct yaw moment control (DYC) can be easily achieved. Accurate estimation of vehicle state variables and
uncertain parameters can improve the robustness of vehicle dynamic control system. In order to estimate tire-road
friction better, the process mathematical model( 1/ = K[5) was built on the basis of the proportional relations in
the linear region of u-s curve and then identified parameter K by using Recursive Least Square algorithm (RLS).
The rotational dynamics of the wheel model has been taken here to characterize the tire force. The paper designed
parameter K identification algorithm and computed the input and output value of the proposed process
mathematical model by the application of Matlab/Smulink software and acquired real-time data by means of
AMESmM. The results of simulation proved the feasibility of the proposed tire-road friction identification theory
better.
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INTRODUCTION

In the field of automotive chassis electronic cohtechnology, real-time identification of road &dion conditions
is the key technology of active safety control egsfABS, TCS, VSC, ACC, etc.), such as the tire-rbadion
coefficient in the VSC system determines the igealing angular velocity of the vehicle. Therefaseme domestic
and foreign scholars put forward the real-time tifiation of tire-road friction coefficient of aariety of different
ways in recent years, however, using the curvdiogiship {1-s curve) between adhesion coefficient and slip ist
the most influential theory. Thg-s curve is divided into linear and nonlinear pamtshis method, to identify the
pavement through the different K values of lindaps inu-s curve on different pavement.

Real vehicle tests have been carried out using rtfeéthod in reference[3], the experimental resubisify the
reliability of the theory, however, thes curve can be divided into linear area part, Ipdarear part, nonlinear part
according taqu-s curve actually. Scholars like Wang classifiednty linear area as linear area when identifyimg t
K value, this will cause inaccurate in identificatioh K value inevitably, resulting in the unreliabilityf the
tire-road friction coefficient during real-time idéfication. Take these factors into consideratitnis paper divides
u-s curve into linear area, nearly linear area amulinear area, then identifies, only, #evalue of linear zone in
order to eliminate misalignment il values, and then estimate the reliable tire-ro@tidn coefficient.

THE TIRE -ROAD FRICTION COEFFICIENTIDENTIFICATION

THEORY BASED ON M-SCURVE

The tire adhesion coefficient and slip rate cutve(curve) can be divided into linear area (OA),riyelnear area
(AB) and nonlinear area(BC) as shown in figure @ribg (OA), the used adhesion coefficient and sife is in the
proportion relationship absolutely, while area (AB)not in proportion relationship. During the pess from the
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static to the movement, normally, the vehicle whelgd ratio is gradual change from zero, and tHatienship

between the adhesion coefficient and the wheelratip is also changing. In other words, the relahip between
the adhesion coefficient and the wheel slip ratianges from (OA) to (AB) area eventually into tBEJ. Thus, we
just can use their relation curve in (OA) sectidnttee process to establish mathematical model, rdaug the

proportional relationship between them.

As shown in Figure 2, the relationship curves betwadhesion coefficient and slip rate under differ@ad
conditions, which show that of th& values of the curve family are not the same inlithear area, so we can
identify the corresponding road adhesion accorttindpe K value in the linear zone. During the vehicles fagn
process, the used adhesion coefficient and theralip can be calculated in real time with the e&hidynamics
model and wheel speed sensor, that is to say,ning iand output signal in the mathematical modetari be
acquired in real time, then the next step is tatifie the model parameteK and to achieve identification of road
adhesion conditions.

To identify parameterK , this paper choose the widely used recursivet legisares methodRLS), which has
good convergence and tracking properties, and @aee the predicted value using the observed valighe same
time can also to estimate and correct the unknawmoertain model parameters and noise statigimameters .

To make it clear, thinks to the road recognitioedtty in this paper strictly distinguish the lingane and the nearly

linear zoneto identify the parametdf in a linear area, however, the length of the linene in theu-s curve is
different under different road conditions. If theed length of linear zone overstep the boundampénprocess of
identification which results in larger slip raterigcognition, then the linear area will extendhe hearly linear area,

where the process mathematical mogel= K['S is not true, resulting in great deviation of thargmeter

identification. This is the reason why this papeguas that the parametdf identification in ref. [3] is not
accurate, so in view of the slip rate this papke the principle of "make the linear zone narrowwigle".
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Fig.1 characteristics of p and sFig.2 p-s curve of different road conditions

REAL-TIME ESTIMATION OF TIRE-ROAD FRICTION

1.Vehicle Modéel

The Figure 3 shows the vehicle dynamics model. Tiedel ignores the role of the suspension and tire
characteristics change of the left and right wheleks to the change of the load. Only the verticatement of the
car body and the tire force isconsidered.

-«
Fu
™ - ,
h | ﬂu' mg| h% -
P
Fy F
< - >

Ly L,

Fig.3 vehicle dynamic model
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Based on vehicle dynamics balance equation, tadadingitudinal forcef, ) and tire vertical forcelf, )can be
calculated:

F,=F¢ +F,=m|a, [t fmg+C Av,” /21.1F 1)
— _ 2
F, = mgL, —ma,h LCDAVX /21.15 "
L, +mah+C,Av,”/21.15
Fzr — rng f rna‘x L D X (3)

Where, mrefers to the mass of the vehicld; refers to the coefficient of rolling resistanc€&, refers to the
coefficient of air resistancé; refers to the longitudinal acceleratiorV, refers to the vehicle velocity L, refers to

the distance between CG and front axlk, refers to the distance between CG and rear; atleefers to the
wheelbase.

2.Wheel Dynamics
The rotational dynamics of the 4 wheels are givethie following torque balance equation

(AR =T-34 “

X il

Here TI refer to the drive/brake torque transmitted to ¢beresponding wheeI,Ji refers to the rotational inertia

and @ refers tothe wheel velocity of the corresponding wheéll.refers to the effective rolling radius of the

corresponding wheel= f,r

Fig.4 Quarter model of vehicle.

Hence,the lateral force can be expressed as

P =2 (T -9@)-F,1 ®
r

3. Computationof Slip Rate

The vehicle model in this article is front-wheeiver so the vehicle speed can be calculated ubiagitiven pulley
wheel speed. It can also be estimated bythe exteR@déman filtering state observer algorithm. Instharticle,
computation formula of slip rate shows as follows:

s=|w, @, -v,| /{max(w, 0,.v, )} (6)

Where W, is the rotate speed of the front wheg|; is the rolling radius of the tire.

4.Process M athematical M odel
In order to illustrate the usefulness of this readognition theory, an example of how to build thathematical
model based on the front-wheel drive vehicle iraidleis given as follows:
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Assumes that the vehicle runs on the road witthglsiattachment coefficient, and the relationstgpween (/ and

sis linear, namely/ = K[, then the tire longitudinal forcﬁx) will conform to the equation (7K - Kr values

relate to the quantity and structure charactesgifcthe front and back wheels, and have nothirdptavith the road
adhesion conditions.Therefore, equation(7) can exdad into (8), a is the scaling factor, which depends on the
guantity and structure characteristics of the fiaomd back wheels.

If the vehicle is front-wheel drive or rear-wheeive, then o (or]/a' Jequals 0.The equation(8) can be converted
into (9).

Fx:Fxf+Fxr:luszf +/J|,FZ|,:Kfo |:Isz-I_Kr|$'|:|Fzr (7)

Fx = Fxf +Fxr: Kf Ef Dsz +Kr |Er |:H:zr = K(anfo +Fzrsr)

1 (8)
=K(F;s; +;Fzrsr)

Fx:KDFzr&r (Fx:KDsz |3f) (9)

According to the foregoing parts, the tire forde, . F, . F, and slip rateS, . S; all can be obtained in real-time,

then the mathematical modegll = KIS can be build based on equations (7),(8) and (9).

5.1dentification of Parameter K by RLS
The stand form of parameter K identification basad/ = K[’S and the basic principle of RLS algorithm is:

y(t) =u" (1)) +e(t) (10)

In this article, y(t) means real-time measured or calculated tire lodgiai forceF, , the@(t) means parameters
K (t) ,u(t)stands for slip rate multiply front wheel vertidabdF , e(t) means the error between the output

valuey(t) and the estimated value.

Figure 5 shows the process of identification Kf values. The parameterK recognition program was written in
the Matlab/Simulink according to the flow charttla¢ same time, the signals of operation stat@@ehicle in the
AMESIim is acquired in real-time befor& value was program output. It is important to ndtattthe above
parametersK identification process combined with the "make lthear zone narrow not wide" principle, namely
setting the parameter identification boundary ie LS algorithm .When the slip rate beyond bourdarthe
program will automatically stop identification parater K, thus ensuring the accuracy of road recimgmi

ANALYSISAND EVALUATION OF SSIMULATION RESULTS

A combination of Simulink and AMESIim simulation neldis set up based on the content above, using the
visualization of road surface model in the AMESioftware to verify the feasibility of this road regmtion theory.
During the process of simulation, at first, the ieihvelocity is 10 km/h, and began to accelerdtier anaintain 6 s,

to the target speed(80 km/h). Vehicles run in theadphalt pavement, wet asphalt pavement, graeel pavement,

ice and snow pavement respectively. The real tiampding frequency of the vehicle motion is 1Hz ihthe
conditions.

As shown in figure 6 to figure 9:the actual sperd the parametelK curve under different pavement. It can be

seen that parameter can be well identified in the following curve, redkess that the vehicle is normal
acceleration to the target speed or appear skidgrhenon lead to abnormal. In other words, the ifleation of
parameter K has nothing to do with the traffic conditions.
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Fig.5Flow chart of parameter K identification
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Fig.8The curve of actual vehicle speed and parameter K on the

Fig.9T he curve of actual vehicle speed and parameter K on the
gravel road surface

iceand snow road surface
As show in the curves above, the greater paramdfevalue the better tire-road friction condition, swshon
dry asphalt pavement, the paramdder 41, while on icy pavement, the parametér=13.This conclusion is

consistent with actual pavement properties in Eigyrand verifies the road recognition theory pegabin this
article.
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CONCLUSION

The theory analysis and simulation results show fherameter identification method based on the ge®c
mathematical model is very good to achieve thertigal friction condition recognition, and explaimywang and
other scholars may not be accurate on the roadyné@mn at the same time. In order to further wetHe feasibility
and practicability of road recognition theory, ttgam will use this road recognition theory to caory the real
vehicle test.
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