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Abstract: According to the road adaptive requirements for the
vehicle longitudinal safety assistant system, an estimation
method of the road longitudinal friction coefficient is
proposed. The method can simultaneously be applied to both
Based on the

simplified magic formula tire model, the road longitudinal

the high and the low slip ratio conditions.

friction coefficient is preliminarily estimated by the recursive
least squares method. The estimated friction coefficient and
the tires model parameters are considered as extended states.
The extended Kalman filter algorithm is employed to filter out
the noise and adaptively adjust the tire model parameters.
Then the final road longitudinal friction coefficient is
accurately and robustly estimated. The Carsim simulation
results show that the proposed method is better than the
The
coefficient can be quickly and accurately estimated under both

conventional algorithm. road longitudinal friction
the high and the low slip ratio conditions. The error is less
than 0. 1 and the response time is less than 2 s, which meets
the requirements of the vehicle longitudinal safety assistant
system.
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ith the implementation of active safety control
W systems, vehicles have become safer to drive with
less involvement in fatal accidents. These active safety
control systems can greatly profit from being made road-
adaptive; i.e., the control algorithms can be modified to
account for the external road conditions if the actual tire-
road friction coefficient information is available in real
time. The longitudinal tire-road friction coefficient is an
essential parameter for the vehicle longitudinal active
safety control systems.

For example, in an adaptive
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cruise control (ACC) system, road condition information
from the friction coefficient estimation can be used to ad-
just the longitudinal spacing headway from the preceding
vehicle that the ACC vehicle should maintain.

The tire-road friction coefficient must be estimated in
real-time to meet the requirements of the vehicle longitu-
dinal active safety control systems under normal driving
conditions. So the method of tire-road friction coefficient
estimation based on vehicle longitudinal dynamics is most
feasible.

The relationship between the normalized longitudinal
tire force and the slip ratio is different under different road
conditions, which is the basis of utilizing the vehicle lon-
gitudinal dynamics to estimate the tire-road friction coeffi-
cient'. The most well known research in this area is on
the use of slip-slope for friction coefficient identifica-
31 In this method,

force is considered proportional to the slip ratio at low

tion the normalized longitudinal
slip ratios. The slope of the relationship between the nor-
malized longitudinal force and the slip ratio at low slip ra-
tios is called slip-slope. The basic idea behind the use of
slip-slope for friction coefficient estimation is that at low
slip ratios, the tire-road friction coefficient is proportional
to slip-slope. Thus, by estimating slip-slope, the tire-
road friction coefficient can be estimated. But this meth-
od is only suitable for the condition of low slip ratios.
The parameter estimation method is another commonly
used method'”” . But only at the large slip ratios, the esti-
mation results will be close to the true value. Domestic
researches® ™ are based on the above two methods, the
drawbacks as mentioned above also exist. Shim et al. '’
assumed a tire-road friction coefficient, and then the re-
sponse of the vehicle is estimated based on the vehicle dy-
namics model. According to the differences between the
estimated response and the actual vehicle response, the
tire-road friction coefficient can be calculated. But the
method is difficult to apply to complex road conditions
since it requires a lot of experience.

As mentioned above, the main problem of the tire-
road friction coefficient estimation algorithms is that the
algorithms cannot be applied to both high and low slip
ratios simultaneously. To solve this problem, the recur-
sive least squares (RLS) method with the forgetting fac-
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tor and the extended Kalman filter (EKF) algorithm are
employed to estimate the longitudinal tire-road friction
coefficient in this paper. The method utilizes the rela-
tionship between the normalized longitudinal tire force
and the slip ratio to identify the longitudinal tire-road
friction coefficient g, which can be applicable to for
both the high and the low slip ratios, and the effective-

ness and feasibility are verified by simulation.

1 Proposed Method

If only the longitudinal motion is considered and the
lateral force is ignored, the normalized longitudinal tire
force ¢ and the slip ratio s at each wheel can be represen-

ted as

wl —V

- max(wr, v) (D
F\
b=p (2)

where w is the angular wheel speed; r is the effective tire
radius; v is the vehicle’s absolute velocity; F_ is the lon-
gitudinal force from ground to wheel; and F is the nor-
mal force.

Fig. 1 shows a typical relationship between s and ¢ for
various values of the tire-road friction coefficient. y is the
tire-road friction coefficient.
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Fig.1 s-¢ curves with different friction coefficients

In this paper, the friction coefficient is assumed to
be the same at each wheel of the vehicle. By calculat-
ing s and ¢, the longitudinal tire-road friction coeffi-
cient y can be estimated by the RLS method with the
forgetting factor, which is based on the simplified
magic formula tire model. Then the estimated x and
the tire model parameters are used as extended states.
The EKF algorithm is employed to filter out the noise
and adaptively adjust the tire model parameters. Then
the final road longitudinal friction coefficient is accu-
rately and robustly estimated. The flowchart of the es-
timation method is shown in Fig. 2.
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Fig.2 Flowchart of estimation method

2 Vehicle and Tire Models

The longitudinal vehicle dynamics model can be written

as
max = Fx - Davz - Crollmg (3)

where m is the mass of the vehicle; a, is the vehicle lon-
gitudinal acceleration; D, is the air resistance coefficient;
C,, is the rolling resistance coefficient; and g is the ac-
celeration of gravity.

][lll

A simplified magic formula tire mode is adopted in

this paper.
¢ = psin[ Carctan( Bs) | (4)
where B and C are the model parameters.

3 Road Friction Coefficient Preliminarily Esti-
mated based on RLS

3.1 Longitudinal slip ratio calculation
The effective tire radius r is calculated as

et sin[cos™ (r./r,)] (3)

cos ' (r/r,)

where r, is the undeformed radius of the tire; r_ is the
static tire radius and it can be described as r, =r, - F /k,,
k, is the vertical tire stiffness. The longitudinal slip ratio

can be calculated by Eq. (1).
3.2 Normalized longitudinal tire force calculation
Eq. (3) can be rewritten as
F.=F,+F, =ma +Dy +C,,mg (6)

where F ;and F are the traction forces of the front and the
rear wheels. The total vehicle longitudinal force F, can be
obtained by Eq. (6).

The normal forces at the front and rear tires can be cal-

culated as follows:
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F _ mgb _ mga
fTa+b T a+b

(7)

where F and F, are the normal forces at the front and the
rear tires; a and b are the distances from the center of
gravity to the front and the rear axles.

The relationship between s and ¢ for the front and rear
tires can be written as

xf

F
b = 7 =usin[ Carctan( Bs,) ]
zf

(8)

F
o, = F” = usin[ Carctan(Bs,) |

ar

(9)

3.3 Preliminary estimates of u

Assuming that the front and rear tires are under the
same road surface condition, which is true for many driv-
ing situations, the total longitudinal force is

Fx:FAf+Fxr :d)(’F:I'-I—d)err =
pA{F ¢sin[ Carctan( Bs;) | + Fsin[ Carctan(Bs,) ] }
(10)

Eq. (10) can be rewritten into a standard parameter
identification format as

y(k) =" (k) O(k) +e(k) (11)

where k denotes the discrete time; y(k) = F_ is the system
output; @(k) =u is the unknown parameter of interest;
(k) = {F_sin[ Carctan(Bs;) ] + F_sin[ Carctan(Bs,) ]} is
the measured regression vector; e(k) is the identification
error. Then the only unknown parameter @(k) =u can be
identified in real-time using the RLS method with the for-
getting factor as follows:

1) Measure the system output y( k) and calculate the
regression vector ¢( k).

2) Calculate the identification error e( k),

e(k) =y(k) =" (k) O(k - 1)

3) Calculate the updated gain vector K(k) as

N(k=1) (k)
A +@' (k) N(k=1) (k)

And calculate the covariance matrix N(k) by

_ N(k-1) (k)¢ (K N(k-1)
A+ (HNCk-1)ep(k)

K(k) =

1
N(k) = N(k-1)

The parameter A is called the forgetting factor, which
is used to effectively reduce the influence of old data
which may no longer be relevant to the model, and,
therefore, prevents a covariance wind-up problem.

4) Update the parameter estimate vector @( k),

0(k) =0(k-1) + K(k)e(k)

The road friction coefficient u can be preliminary esti-
mated in real-time.

4 Longitudinal Tire-Road Friction Coefficient
Identification based on EKF

In the tire-road friction coefficient estimation process
described above, the model parameters B and C are as-
sumed to be known and constant. However, during vehi-
cle operation, B and C cannot be directly measured and
they are time-varying, which may affect the accuracy of
the estimation of the tire-road friction coefficient. In or-
der to real-time update B and C, and filter u, the EKF
model is established based on the longitudinal dynamic
model using Eq. (3).

The discretized state equation and measurement equa-

tion can be written as

X(k) =f(X(k—1))+W(k—1)} (12)

Z(k) =h(X(k)) +V(k)

where k refers to the discrete-time step; the state vector X =
{v,u, B, C}T; the measurement vector Z = {a_, v,,u}T; w
and V are the system and measurement noise vectors, re-
spectively; f(+) and h (+) are the nonlinear system and
measurement functions which can be deduced from Eq. (3).

Assuming that the system and measurement noises to
be Gaussian with a zero mean and their covariance matri-
ces are Q and R, respectively, the EKF process consists
of the following two phases.

1) Time update

X(kk-1) =f(X(k-1))
P(k,k-1)=A(k,k-1)P(k-1)A"(k,k-1) +Q(k-1)
2) Measurement update :

K(k) =
P(k,k-1)H (k)[H(K)P(k,k-1)H'(k) +R(k) ]

X(k) =X(k,k-1) +K(k)[Z(k) —H(k)X(k,k-1)]
P(k) =[I-K(k)H(k)]P(k,k-1)

where I is the identity matrix; A and H are the Jacobian
matrices of the system function f( +) and the measurement
function A( -) with respect to X; i.e. ,

i o . .
A[i,j]:ax‘(X(kak_1>) l:1’2,3,4;]:1,2,3,4
J
an, | |
H[ivj]:ax.(x(k’k_l)) 1:1’2’3;]:1,2’3’4’
7

The model parameters B and C, estimated by the EKF,
are feedbacks to the tire model, so the estimated values
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by the RLS can be updated in real-time. Therefore, the
estimation accuracy of the tire-road friction coefficient can
be improved, and the estimated values can respond to the
road state changes. The y output by the EKF is the final
estimation result.

5 Simulation Results and Discussion

To evaluate the performance of the proposed estimation
method of the longitudinal friction coefficient, numerical
simulations are performed using Carsim in Matlab/ Simulink.
According to Ref. [127], the initial values of model parame-
ters B and C are 14 and 1.3, respectively. The forgetting
factor A is set to be 0.995. The proposed algorithm is vali-
dated under the high and the low slip ratio conditions with
the tire-road friction coefficient changing, and the estimation
results are compared with the conventional slip-slope algo-
rithm. Simulation results show that the proposed algorithm
can be applied to both the high and the low slip ratios; the
estimation results are accurate and robust, and they can
quickly respond to the changes in road conditions.

5.1 Simulation under low slip ratio condition

The main vehicle parameters used in the simulations
are; k, =230 N/mm, m =1 220 kg, r, =310. 8 mm, r,
=304 mm, a=1.04 mm, b =1.56 mm. Fig.3 and Fig.
4 are the simulation results. The figures show that the
values of the slip ratio are small, and the proposed meth-
od can quickly identify the road friction coefficient with
high accuracy; the error is less than 0. 1. From Fig. 4,
we can see that the proposed method can converge to the
true value within 2 s when the tire-road friction coefficient
jumps, which meets the real-time requirements.
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5.2 Simulation under high slip ratio condition

The conventional slip-slope algorithm is no longer suit-
able for the high slip ratio condition because the relation-
ship between s and ¢ is not linear. Fig.5 and Fig. 6 are
the simulation results. The figures show that estimation
results by the slip-slope algorithm produce a great error.
The proposed method can quickly identify the road fric-
tion coefficient with high accuracy at high slip ratios and

quickly respond to the changes in road conditions.
6 Conclusion

Simulation results show that the proposed algorithm can
quickly and accurately estimate the tire-road friction coef-
ficient under both the high and the low slip ratio condi-
tions, which can meet the requirements of the vehicle
longitudinal active safety system. And the proposed
method only needs the existing sensors in commercial ve-
hicles, so the proposed method is suitable for on-board
applications with low computational complexity.

The key of the proposed algorithm is to obtain an accu-
rate s-¢p curve. The s-¢ curve can be obtained by the
bench test, but the friction conditions on an actual road is
different from the bench test, and the accuracy of the re-
al-time tire-road friction coefficient is also reduced due
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Fig.6 Simulation results of high slip ratios with friction coefficient changing. (a) Slip ratio; (b) Friction coefficient estimated by the

proposed method; (c) Friction coefficient estimated by the slip-slope method

to the high dynamic characteristics and noises. So the fur-
ther work must focus on building s-¢ relationships in dif-
ferent roads by a lot of vehicle tests on the common road,
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