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ABSTRACT The inherent flexibility of hierarchical structure scheme with main-servo loop control structure
is proposed to the problem of integrated chassis control system for the vehicle. It includes both main loop,
which calculates and allocates the aim force using the optimal robust control algorithm and servo loop control
systems, which track and achieve the target force using the onboard independent brake actuators. In fact, for
the brake actuator, the aim friction is obtained by tracking the corresponding slip ratio of target force. For
the coefficient of tire-road friction varying with different road surface, to get the nonlinear time-varying
target slip ratio, the most famous quasi-static magic formula is proposed to estimate and predict real-time
coefficient of different road surface and the constrained hybrid genetic algorithm (GA) is used to identify
the key parameters of the magic formula on-line. Then, a self-tuning longitudinal slip ratio controller (LSC)
based on the nonsingular and fast terminal sliding mode (NFT'SM) control method is designed to improve
the tracking accuracy and response speed of the actuators. At last, the proposed integrated chassis control
strategies and the self-tuning control strategies are verified by computer simulations.

INDEX TERMS Main-servo loop control structure, parameters identification, tire-road friction control,

constrained hybrid genetic algorithm, nonlinear sliding mode control.

I. INTRODUCTION

Today, a variety of active electronic control systems are
used to improve the handling performance, comfort, active
safety of the vehicle in complex driving conditions, such
as antilock brake system (ABS) which is used to control
the value of the braking force, so that the wheel is not
locked in the edge of the maximum slip to ensure optimal
braking force and stability of the of the vehicle [1]-[3],
four wheel steering (4WS) which is designed to improve
the handling performance and stability of the vehicle using
the rear two wheel as the steering wheel, in addition to
the traditional front wheel [4], [5] and electronic stability
program (ESP) which using differential braking to improve
vehicle stability based on ABS [6], [7], etc. However, most
of the above electronic systems have focused on the single
function optimization and can not solve the growing conflict
between these systems, the integrated control which

consolidates and optimizes more than two these systems
has gradually become a research hotspot, and achieved a
series of results, such combined system of active suspension
system and ESP, active front steer angle control system
and direct yaw moment control system [8]-[10]. Further-
more, significant developments in Intelligent Vehicles and
Transportation Systems have been achieved during the last
decade [11], [12], [53], which have improved the road safety,
comfort, efficiency and intelligence [13]. By the vehicle-
to-vehicle (V2V) communications using Dedicated Short
Range Communications (DSRC), the vehicle gets infor-
mation not only from itself, but the preview information
of the front one which can drastically reduce oscillations
and fuel consumption due to speed changes [14]-[16].
Based on the adaptive cruise control(ACC), cooperative
adaptive cruise control (CACC) has been developing rapidly,
which can effectively improve the traffic capacity, efficiency,
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fluency [17]-[19]. For the extension of the Forward Collision
Warning (FCW) only warning the potential collision risk with
the obstacles or a moving vehicle in front of the vehicle
toward the Advanced Emergency Braking System (AEBS)
which can warn and control the vehicle when exists a poten-
tial collision risk using radar or camera information and
effectively prevents accidents and reduces casualties simul-
taneously [20], [21]. Now, while one line of the vast majority
of research projects centered on Advanced Driver Assistance
Systems (ADAS) [11], the next step in the development of
Intelligent Vehicles or Transportation Systems points toward
the fully autonomous vehicles [22], [23].

Indeed, these studies really improve vehicle handling per-
formance, active safety and comfort. However, most of them
only afford to estimate of tire friction or total yaw moment,
rather than their effective implementation [24], [25]. Little
consideration is taken for the tyre-road friction generating
principle and implementation [26]—-[28]. While some of these
studies have considered these factors and designed the con-
trol strategies, they are provided the only simple methods
to allocate the yaw moment of the vehicle to brake forces
in one single axle [29]-[31]. Consequently, the seemingly
ideal control strategies and theoretical analysis results might
probably be Utopia because of the ignorance of an overall
consideration of the tyre—road saturation and interaction. For
example, when a greater tyre force or body yaw torque is
needed, simply increasing braking torque will make thing
worse if the slip ratio of the tyre has been near or exceed
the saturation area [7], [32]. So, the combined control logics
are analyzed and designed to solve this problem [33]-[37].
However, with the rapid development of integrated control,
since the realization of the tyre friction remains to be a key
issue concerning the vehicle handling and stability perfor-
mance and active safety.

In our previous studies, a hierarchical integrated control
system with the main/servo loop is proposed to solve the
problem of nonlinear interaction and coupling in vehicle
dynamics control systems [38]-[41]. As an in-depth improve-
ment and supplement, this paper focus on the control strategy
to realize tyre friction identification and self tuning control in
the servo loop [42], [43].

Furthermore, sliding-mode control (SMC) is a well-known
efficient robust algorithm which has been widely applied for
both linear and nonlinear systems [44]. This is an efficient
robust algorithm for the dynamical systems with uncertain-
ties. In general, an arbitrary linear manifold is considered
as a sliding surface to guarantee the speed and accuracy
performance of the closed-loop control system. However, the
main disadvantage of SMC scheme is that the system states
cannot reach the equilibrium point in finite time. But, in
recent years, a new control scheme called terminal sliding-
mode control (TSMC) is proposed to overcome this draw-
back utilizing nonlinear sliding surface [45], [46]. Nonlinear
switching hyper planes in TSMC can improve the transient
performance substantially. Besides, compared with the con-
ventional SMC with linear sliding manifold, TSMC offers
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some superior properties such as faster, finite time conver-
gence, and higher control precision. Furthermore, a non-
singular fast terminal sliding mode (NFTSM) method is
proposed to avoid the singularity in TSM control sys-
tems and have a good advantage in tracking time per-
formance compared with other controllers, such as PID
controller [47], [48], [63]-[65].

Then, Genetic Algorithm (GA) combined with sequen-
tial quadratic programming (SQP) algorithm is proposed
to optimize the key parameter identification effect which
combined with a variety of algorithm advantages, such as
natural genetics, randomly structured information exchange
and Darwinian ‘survival of the fittest’ theory [49], [50],
Genetic algorithms (GA), first formulated by John Henry
Holland (1975) [51], [52], offer an appropriate approach
to optimization problems requiring efficient and effective
global search processes. Specifically, the genetic algorithm
consists of three key factors with different functions they
are ‘reproduction’, ‘crossover’ and ‘mutation’. The ‘repro-
duction’ obtained higher probabilities with breeding their
copies in the new generation quickly. The ‘crossover’ selected
portioning position of two chromosomes randomly to choose
the better qualities among the preferred good strings and
extend the genetic search space. The ‘Mutation’ reinforces
the chance of reaching the optimal point using random heuris-
tics. In the following, each binary numeric value of the strings
of the actual parameters is decoded to be its decimal values
and sent to objective function. Then, the optimal value of per-
formance index is obtained and decoded to get the optimized
parameters of the reference model [53]-[55].

Based on the above analysis, this paper is organized as fol-
lows: the proposed vehicle model is designed in section 2. The
self-tuning friction controller is presented in section 3. The
aim longitudinal slip ratio is calculated in section 4. The hier-
archical integrated control system is presented in section 5.
And, computer simulation and analysis results are shown
in section 6.

FIGURE 1. Vehicle model.

Il. VEHICLE MODEL

In order to master the dynamic characteristics of the vehi-
cle system, here, the vehicle dynamics mathematical model
including longitudinal, lateral and yaw three degrees of free-
dom is established to design the integrated control system,
as shown in Figure 1, without considering the aerodynamics,
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ground slope and rolling resistance in the vehicle dynamics
model in this interim work phase.

In the plane coordinate system, vehicle system dynamics
equation be obtained as follows

my (it — w/:/) i=FL,FR,RL,RRF
: = Vi
(V) i=FL,FR,RL,RR M
Ly 3 M,
i=FL,FR,RL,RR

where, Y Fy ; is the total vehicle longitudinal dynamics,
> F,,i is the lateral force, and ) M. ; is the yaw moment,
which are essentially obtained by the interactions of the tyre—
road and the inherent dynamics of the vehicle implicitly
expressed by the combined slip magic tyre model which, as
a best fit between experimental data and theoretical model,
can produce typically lateral and longitudinal force and self-
aligning torque of the vehicle at the contact patch [28].

Ill. CONTROL STRUCTURE OF SELF-TUNING TYRE-ROAD
FRICTION FORCE CONTROLLER

In the hierarchical integrated control system, whose structure
is diagrammatized in Figure 3, self-tuning tyre-road friction
force controller and active steering control system is designed
to track the aim control force and aim steering angle as
the servo actuators. In this section, self-tuning braking force
controller is used to calculate and track the allocated tyre
friction from the upper layer controller. Here, we mainly
focus on the longitudinal tyre friction control.

Driver

Input Main-loop system

Servo-loop system

forces
distribution

Tyre friction _I‘ |

control

L,
-1
uv, W,A,0. |
Self-tuning controller \
P e o
| Step 1 Step 2 |
F, . - Ref T,
Ref | Calculation of target g b
" 4 LSC
slip ratio |

FIGURE 2. Schematic diagram of hierarchical integrated control system
and self-tuning controller.

For the existing nonlinear time, varying characteristics
between the slip ratio and the tyre-road friction force during
the different road surface, it is difficult to directly obtain
the corresponding slip ratio of the desired friction force.
So, as showed in Figure 2, two steps are included in the
self-tuning controller. First of all, the reference tyre-road
friction model is established based on the magic formula
to predict the slip rate changing with the tire force. Its key
varying parameters is identified on-line using constrained
hybrid genetic algorithm (GA). Then, the aim ratio slip of the
desired friction is calculated via the numerical method. This
means the controller is endowed to the ability of self-tuning to
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road variations through this process. Next, LSC is provided to
track the calculated slip ratio rapidly and precisely based the
exerting brake system using the nonsingular and fast terminal
sliding mode (NFTSM) algorithm.

FIGURE 3. Schematic of quarter-car model.

IV. ESTIMATION OF DESIRED SLIP RATIO
A. QUARTER-CAR MODEL
The LuGre model is popular because its parameters have
a physical significance and its velocity-dependency is also
physically consistent. However, the quasi-static value of the
aim slip is necessary for the controller design of ABS. So, the
alleged Magic formula is the root of the reference tire model
in this paper. In terms of research on vehicle dynamics, it is an
extensively used semi-empirical tire model which be used to
calculate steady-state tire force and moment characteristics.
In order to master the dynamic characteristics of braking sys-
tem and estimate the tyre-road friction, a quarter-car model is
established, as shown in Figure 3. For the previous studies,
there has been an attempt to measure the brake torque of
conventional vehicles by force transducer mounted on the
brake caliper support [3], [58], [59], here, the brake torque
is measured by transducers mounted in Electronic Brake
System(EBS) is designed to control brakes through electrical
means using brake-by-wire technology. Then, the tyre friction
can be calculated using the following method.

The dynamic equations of the quarter-car model are shown
as follows:

du @)
m— = —
dt xb
792 pFy - T 3)
= —y —
7 b I xb b
F7 = mg 4)
Where,
m is the mass of the quarter-car
u is the vehicle speed
F\p is the tyre-road friction
J is the wheel inertia
1) is wheel angular speed

rp is wheel radius

Ty  is brake torque

F7  is vertical force of the vehicle
g is acceleration of gravity
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The tyre-road friction force can be calculated by the fol-
lowing equation:

~ Jdow T

F xb = — -

&)

rp Z rp
And the longitudinal desired slip ratio Axp with respect
to Fyp is estimated by

A U — wrp
Axp =

(6)

The equation (7) is deduced to describe the non-linear rela-
tionship of the tyre-road friction Fy;, and the corresponding
ratio slip Ayp

Fup = Fz - o (Axp) @)
where [y, 18 tyre-road coefficient.

V. REFERENCE TYRE MODEL

In this paper, the most famous magic formula is proposed
as the reference tyre model to study the basic principles
of tire-road force [28]. It is a widely used semi-empirical
tyre model to calculate steady-state tyre force and moment
for the vehicle dynamics studies. The general form of the
formula that holds for given values of vertical load and the
longitudinal dynamics can be get as the following

ur = (A, Br,CrL, D, EL)
= Dy sin[bCy arctan {Bp A — Er (Br A — arctan(Br A))}]

®)

where
ur  the tyre-road friction coefficient
A the ratio slip
By stiffness factor of the magic formula
Cr  shape factor of the magic formula
Dy peak value of the magic formula
E;  curvature factor of the magic formula

Usually, the driving conditions of vehicle are changeable,
e.g., the variation of road surface. So, the varying parameters
of Magic formula By, Cr, Dy and Ej, should be estimated
on-line.

A. CONSTRAINED HYBRID GENETIC ALGORITHM FOR
REFERENCE TIRE MODEL PARAMETERS IDENTIFICATION
The weighted sum of squares of the error of the estimated

AN
value and the true value F of the tire-road friction force is

presented as the optimiza)lctljién index to minimize the error of
the estimated value and the true value of By, Cr, Dy, and Ej,,
as shown in the equation(9). Then the above parameter iden-
tification problem is converted to a constrained optimization
problem, we get

N
~ ~ 2
min P =Y wi| Funi = Fzut (Rapin 7 ) |

X i=1
x =[Br,CL, DL, EL]" (9a)

S.f. Xmin < X < Xmax (9b)
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where w; weighting factor of optimization index xmi, and
Xmax are respectively the maximum and minimum constrained
range for By, Cr, Dy and E} .

In this section, constrained hybrid genetic algorithm,
which takes the advantage of each other of Genetic Algo-
rithm (GA) and the active-set sequential quadratic program-
ming (SQP) method, is proposed to minimized the PI. The
advantage of GA is that it can reach the region near an
optimum point relatively quickly. However, the lack of algo-
rithm is it can take many function evaluations to achieve
convergence [47], [48]. On the contrary, SQP can achieve
convergence near an optimum point quickly. So, the hybrid
algorithm is designed to run GA for a small number of
generations to get near an optimum point. Then the solution
from GA is used as an initial point for SQP approach which
is faster and more efficient for local search [55], [56].

As described above, the GA is proposed to calculate and
search the optimal values of By, Cr, Dy and Ep. Their
encoded binary string of fixed length can be get as the
following

N A S3 Sy

P i A
B, CL, D, E

string
Each value of By, Cr, Dy, and E;, are encoded as N1,N2,
N3 and N4 bits respectively. Then, we get the whole length
of the string, i.e., the chromosome in GA for the optimization
calculation process, have a total of N14+N2+N3+4-N4 bits.
It gets that, if

Sy = 10.--0100100
N— ——

N 1bits
00---010101
_\/_/

N2bits

S, =

S4 = 10---000101
—_— ——
N4bits

then the decoded decimal values of By, Cr, Dy and E; are
given as

dp, i

BL = BL,min + ﬁ (BL,max - BL,min)
de, i

CL = CL,min + ﬁ (CL,max - CL,min)
dg, i

EL = EL,min + ﬁ (EL,max - EL,min)

where, dp ;, dc,, ..., dg,; respectively represent the binary
value for B;,Cy,....Er [53], [57].

Furthermore, several key genetic parameters during
GA-based searching procedure, such as generation num-
ber, population size, the crossover rate et al. is described
in section 6, in addition to encoding the parameters and
derivation of performance index(PI).

Active set SQP subject to the near-optimal region nonlinear
inequalities constrained optimization algorithm is provided
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as the combined function with GA for the hybrid genetic
algorithm [59], [60].

In order to establish the mathematical formula of the opti-
mization algorithm, the upper and lower bound constraints
mathematical formula, as shown in equation (9a), can be
transformed into common inequality constraints as following

Acx > b, (10)
A. =1, _I]T s be = [Xmin, _xmax]T (11)

Where, I € R is 4 x 4 identity matrix.
Then the Lagrangian equation of the upper and lower
bound constrained problem (9) can be get as

L(x,¢) =PI (x) =) ¢i(aix — b)) (12)
iey
where i € Y are the inequality constraints as described in the
equation (10). The active set for any feasible x is defined as

Aq (x) ={i € Y|Acx = bc} (13)

For Lagrangian equation cannot be used to solve the
inequality-constraints optimization problem (9) , the active
set SQP algorithm is extended for the equality-constrained
problem transformed from the inequality-constrained one.
Firstly, the so-called working set /®) is selected from a
subset of constraints at each iteration x*) by the proposed
algorithm. Then, the proposed algorithm solves only equality-
constrained subproblems, the constraints in the working sets
are imposed as equalities and all other constraints are ignored.
The proposed algorithm updates the working set of the con-
straints at every iteration by designed rules.

Suppose the updated set at the iterate (x(k), (p(k)), we can
get the quadratic programming as following

) 1
ming (p) = VPIl p + EpTWkp (14a)

s.t.Alp+Ac () —be >0 (14b)

At the working set /) the equality-constraints optimiza-
tion problem is solved as the following equation:

. T 1 7
min VP p + P Wip

s.t.a'p + Al (x(k)) —b.=0,iel® (15)

Define
s=p—ph (16)

We get

1

a(5+pY) =VPIs+ 38 Wis+q(p) (7

where g (p(k)) is independent of q.

For, without changing the solution of the above optimiza-
tion problem, the value ¢ (p(k)) can be dropped from the
objective, the QP subproblem can be solved at the kth iter-

ation as:
. T 1 o7
min VPI; § + 55 Wié (18a)

s.t.d8=0,iel® (18b)
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If, at the iteration that the optimal §; from (18a) is nonzero,
the step value of move along this direction need to be decided
for the next step. If pr + dx is feasible to all the constraints,
set px+1 = pk + Sk. Otherwise, we set

Pk+1 = Pk + a0k (19)

To maximize the decrease in g, we want o to be as large as
possible in the range of [0, 1] subject to retaining feasibility,

we get
T
def . ( . bCai_ac.ipk>
o =min{1, min —————

iel® ais<0  al .8

c,i

(20)

The value of Wy as an approximation of the Hessian of
the Lagrangian is a key parameter and a choice for Any SQP
calculation method in the quadratic model. A quasi-Newton
approximation can be used as a way to approximate the
Hessian of the Lagrangian, such as the BFGS, which updates
the formula with Hessian approximation By rather than Wy,
we have

Sk = Xkl — Xk
Yk = VxL (Xg+1, Xk+1) — VaL (xk, X¢) 21
Bisks{ B yiyp

57 Bisi St Vi

Bi+1 = By — (22)

Using this approximation method, if V)%XL is positive at
the sequence of points x, the above method will converge
rapidly; However, if VJ%XL is not positive, this approximation
method may not work well.

So, an improved approximate method named damped
BFGS updating for SQP was devised to ensure that the update
is always well-defined. Using this idea, we have

T = Okyr — (1 — 0k) Bisg (23)

where the scalar 6 is defined as

1, if S,{yk > O'ZS]ZBkSk
O =1 0.8s! Bys 24
k %, if s,{yk < O.ZSI{Bksk @4
S Bisk — 83 Yk
Update By, as the following equation
BisksI By rrl
Bi+1 = By — k £ (25)

T T
i Biesk S Tk

This method ensures that the updated Bj4; is positive
definite [61], [62].

As above analysis, the chart of the constrained hybrid GA
is shown as Figure 4.

VI. MAIN-SERVO LOOP INTEGRATED CONTROL DESIGN
In this section, upper control system of the hierarchical inte-
grated control system is implemented into the main-servo-
loop hierarchical control problems, including the design
of main-loop controller, the forces and moment optimal
distribution system and LSC controller which is shown
in Figure 3.
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Hybrid
Genetic
Algorithm

FRef _FZ ';Lfef(i,x*) =O|

Numerical method

v

FIGURE 4. Flow chart of the estimation of desired slip ratio.

A. MAIN-LOOP CONTROL SYSTEM
According to the inherent dynamic characteristics of automo-
tive, in order to ensure the vehicle stability, its side-slip angle
should be made as small as possible. Meanwhile, the absolute
value of the error between the desired yaw rate and its real
value should be as small as possible. It is achieved by the
main-loop controller which is designed to track the reference
model [v =0, w = ¢d]T of the vehicle with three degrees of
freedom.

The desired yaw rate y; can be obtained using the
designed understeer characteristics and nominal longitudinal
velocity ug as

1 uo

R — 26
Ya l—}—K(u%/Lg)LD (26)
with the constraint
. UR
Y| < |24 27)
uo

where K is nominal understeer characteristic value and L is
wheelbase of the vehicle.

Here, using the vehicle characteristics at the external
inputs, the vehicle dynamics equations (1) can be linearized
into the state-space form as

X = AX + Bywi + Bow (28)

where, the motion state deduced from steady state values are
defined as the state vector X

s T
X = [Au, Av, AY/]
with the external disturbances introduced from the same
_ _  _.qr
channels as w| = [F;V,FyW,MZW] .
The errors of interest between the real values and the

desired ones can be suppressed using the feedback controller.
With a similar principle, a standard Hs, regulation system is
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designed to a weighted system model based on equation (28)

and
21
%) =

|: WippoWyu 022 i| |: WppPo ]

03x3  O3%x2 Wou
y PoWyu Wy Po
w1
X [wz ] (29)
u

with respect to the performance vector
- T
21 = [Au, Av, AY]

In equation (29), po is the nominal plant value which is
determined by equation (28). The measurement values are
assumed to be the same as z; which is obtained from sensors
and estimation. z; and z; are the weighted performance vec-
tors z2. W, and W), are defined as the weighting matrices for
the motion performance and control magnitude constraints
respectively; W, and W, are provided as the weighting
matrices for input value disturbances and measurement noise
respectively.

Due to the resultant Hy, norm of the above closed-loop
system, the corresponding value K the Hy, controller can be
calculated for the total forces and yaw moments which is used
for vehicle motion control. It is shown as follow

_ _ _ T
Fug = ut, = [FfooFfooMfw] (30)

B. FORCES AND MOMENTS OPTIMAL
DISTRIBUTION SYSTEM
Coupling interaction between the vehicle and the different
road surface, the allocation of the F,; to the four indepen-
dent actuator can be described as a nonlinearly constrained
optimization problem, which is constrained by the tyre-road
adhesion constraints, rate/magnitude limits and so on. Using
the sequential quadratic programming (SQP) approach, the
original constrained optimization problem is transformed in
to an unconstrained programming problem, in which the
changing rates and the magnitudes of actuator inputs are
suppressed to the minimum level.

Then, the weighted cost function Jggp is established as

Jsop = ETWEE + Aul WayAue +ul Waue — (31)

where the force tracking errors E = F,q, — F, are the
difference between desired value and actual value of vehicle
control forces; Au, are the tyre variable magnitudes, which
are described as the equation

Aue = [AFy 1, AFy pr, AFy gL, AFy gR, Acty F, Aay g]T

(32)
while Wi, Wa, and W,, are weighting matrices.
At the(K + 1) (K + 1)th time step, get the equations:
uc (K +1) = uc (K) + Auc (33)
Fy(K+1)~ F,(K)+ JeopAute 34
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Where, the corresponding Jacobian matrix J,,p is obtained as
the following

oF,
ou,

Jeob = (35)
For Jsppis the cost function and should be minimized with
respect to the control input variable u,, it can be deduced as

dJsop 0
ou,

With the Equations (33) and (34), the allocated tyre vari-
ables can be solved from the following equation

—1 -
Auf = (WM+WAM+JCTDbWEJwb) x [JCTObWEE —W,u, (k)]
(36)

where E = F,, — F,(k) is the error of the stabilizing forces
between the desired and the current values.

Finally, through LSC which is mainly focused on in this
paper and active steering system, the obtained optimal tyre
variables from Equation (36) will be further converted into
tyre control inputs, i.e. wheel torques and active steering
angles and will be implemented using these active actuators.

C. LSC USING NFTSM
In this section, self-tuning controller for the slip ratios
is presented using the non-singular fast terminal sliding
mode (NFTSM) control algorithm, which has great robust-
ness to measurement parameter uncertainties and input vari-
ables disturbances [63]-[65]. The control tracking accuracy
and response speed can be improved greatly for the reason
that the NFTSM maintains linear convergence when the value
of sliding mode surface far away from the equilibrium and
speeds up to converge with a non-linear characteristic when
the value in the range of near the stable convergence point.
Furthermore, it can avoid the singularity in control systems
compared with fast terminal sliding mode (FTSM) and can
converge in finite time compared with general sliding mode
control.

The design details are described in the following para-
graphs.Firstly, the time-varying sliding mode surface is
defined as:

s=é+ae+ Bei 37)

where e € R; «, B are constant and @ > 0; p, g are the positive
odd integers and p < g < 2p.
The error of the longitudinal slip rate is defined as:

e = A — ARef (38)

Combining the equation (5), (6) and (38), we get

2
—riyFxp .
—L2 =+ A-MNa T .
P e S L L/ W (39)
u uJ

For the sliding mode control algorithm, which usually
employ the discontinuous switch control method to deliver
a finite time reachability of the controller, there are two
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phases named the reaching phase and the sliding phase must
be taken during the control process. However, it is one of
the major contributors to the “chattering” behaviors well
known existed in sliding mode control. In this section, a well-
designed ‘nonlinear terminal attractor’ is applied to develop a
chattering free NFTSM controller, which is shown as follows

§=(—gs—ysi)es! (40)

where ¢ € R*;y € R™, are tunable parameters to adjust
the corresponding variable weights; m and n are the given
positive odd integers and 0 < m/n < 1. Combined the
equations (37), (38),(39) and (40), the NFTSM control law
can be obtained as:

u-J q w1t . m
Tpy=—— —(—e~e i —q-e-e q—(—qbs—ysn))
n |B-p
2
—ri Fxp .
L=+ A—-MNu .
- — hRef (41)
u
Where
—r2F, .
. s =N Ty,
e = — —a)'l’b— M+ u
u u-J
o (I=ni .
(1= 2) i} = =3 — Aot (42)

For0 < 1 — %’, from the equation (40), the proposed

control system is able to converge to equilibrium following
the sliding surface, without the singularity problem. And,
from the equation(41), we get that the NFTSM control law
can be effectively reduced the “chattering” phenomenon for
the proposed control law is a time continuous variable without
the discontinuous function term similar to k - sign(x) which

is used in SMC.
k,x >0

0,x=0
—k,x <0

From equation(42), high frequency variables, such
as @ and i, are estimated from the measurement @ and
estimated term u , the noise should be considered in those
terms for application. For the paper focus is on paying more
attention to the overall theoretical design of the proposed self-
tuning integrated controller, the effect of noise measurements
can be temporarily ignored which will be implemented in the
next work.

From equation s = 0, it can be deduced as:

Where k - sign(x) = and k is a constant.

2, 1-2
e et+ae 1=-—0 (43)
1-2
Letz =¢ 4, have:
dz - -
e (44)
dt q q
when e = 0,7 = 0, = t.
6655



IEEE Access

R. ZHANG et al.: Study on Self-Tuning Tyre Friction Control for Developing Main-Servo Loop Integrated Chassis Control System

Solving the equation (44), ty, can be deduced as the
following:

q-p
q

q ax(0) ¢ + B
In

Ca(g-p) B
Obviously, from the equation (45), ty; is a finite value. The

analytical result indicates that the designed controller can
reach the system equilibrium and converge in finite time.

(45)

Iy =

VII. SIMULATIONS RESULTS AND ANALYSIS

In order to verify the validity of the proposed systems,
we conducted a simulation lab using the tool of Carsim,
Matlab/Simulink and the simulation in this part. The con-
troller of LSC is designed using the Matlab/Simulink and the
vehicle model is proposed using the Carsim, which is used
worldwide by over 110 OEMs and Tier 1 suppliers and over
200 universities and government research labs. Firstly, the
tracking performance of LSC is simulated and analyzed and
the superiority and differences of the NFTSM is compared
with NTSM. Then, the overall system performance of the
self-tuning friction control is verified under different p-jump
road surface.

TABLE 1. Parameters of different road surface.

Road BL CL D, i E i
Snow 17.430 1.4500 0.20 0.6500
Cobblestone,wet 14.027 1.4500 0.40 0.6000
Asphalt,wet 15.635 1.6000 0.80 0.4500
Cobblestone,dry 10.695 1.4000 0.85 0.6450
Concrete,dry 13.427 1.6402 0.97 0.5372
Asphalt,dry 13.427 1.5500 1.10 0.5327

The key parameters of the Magic Formula for several
different typical road surfaces are provided in Table 1 and
are shown in figure 5. Due to these parameters information
of the different road surface, the constrained range of By,
C1, Dy, and Ep, can be obtained respectively. The overall key
parameters of the vehicle used in the following simulations
are provided in Table 2.

A. VERIFICATION OF PARAMETERS IDENTIFICATION
Given the sampling points]f*“x;J and A, the simulation is
carried out to verify the effectiveness and efficiency of the
proposed identification scheme. The real parameters of tyre
model are By = 13.427,C; = 1.6402, D;, = 0.97 and
E; = 0.5372, and the identified values are BL = 15.9205,
Cr = 14655, Dy = 0.9701 and E; = 0.3438. Then,
the relationships between slip ratio and adhesion coefficient
using above two sets of parameters are shown in Figure 6.
It can be concluded that the accuracy of identification process
can be ensured by the proposed hybrid GA method.
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TABLE 2. Parameters used in simulations.

Notation Value Unit
m mass of quarter-car 382.5 kg
u vehicle velocity 120 kmfh
g acceleration of gravity 9.8 mfs*
J wheel inertia 12 kg -m?
r, wheel radius 0.25 m
N, number of sampling points 10 -

B, ... lower bond of stiffness factor

L,min

C, min lower bond of shape factor 1 -
D, ., lower bond of peak value 0.1 -
E, ., lower bond of curvature factor 0.1 -
B, .. upper bond of stiffness factor 18 -
C, max Upper bond of shape factor 1.7 -
D, ... upper bond of peak value 1.5 -
E, ... upper bond of curvature factor 0.9 -
GA: initial population size 30 -
GA: max number of generation 100 -
GA : crossover rate 0.2 -
GA : mutation rate 0.8 -

B. VERIFICATION OF LSC TRACKING PERFORMANCE

The desired value of Aref = 0.19 is given to the LSC
controller to testify the tracking performance of the non-
singular fast terminal sliding mode control system, the
result is shown in Figure 7. It can be concluded that the
NFTSM has shorter response time and higher control accu-
racy than NTSM. Furthermore, the proposed nonlinear con-
trol system is continuous and avoid the singular phenomenon
effectively.
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C. SIMULATION UNDER ;1-JUMP ROAD CONDITIONS
In this section, the simulation is designed for the vehicle
under p-jump road conditions. The step reference tyre fric-
tion Fgy input value is 2624N after 0.5s. And at 1.5s, the
vehicle drives from asphalt, dry road to asphalt, wet road. The
results of the simulation are shown in Figures 8~10.

As shown in Figure 8 and Figure 9, the response
of the nonsingular fast terminal sliding mode controller,
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which combines the advantage of the tracking factor of the
linear term ¢ + ae and the nonlinear fractional term BeP/4
to obtain an optimal control variable after 0.5s and 1.5s.
Similarly, the response performance of vehicle acceleration
of NFTSM is also more sensitive than that of NTSM, which is
shown in Figure 10. The simulation results show the designed
control system to be effective in tracking desired tyre friction
and in adaptation to the variation in road surface.

D. SIMULATION RESULTS OF MAIN-SERVO LOOP
SYSTEM WITH THE SELF-TUNING LSC UNDER STEP
STEER MANOEUVRE
In this section, the vehicles with the proposed controller with
a 120 km/h forward speed on a dry road, are subjected to a
step steer input angle at 0.3 sec, with a front wheel steering
angle of6°. For comparison, the simulation is carried out for
three different configurations respectively, i.e. for the vehicle
equipped with self-tuning LSC only, for the vehicle with 4WS
only, and for the vehicle with INT equipped with a combi-
nation of the above two subsystems. The vehicle dynamic
responses results are shown in Figures 11 ~ 15.

Figure 11-12 show the simulation resultants of yaw rate
and side-slip responses of the vehicle with different controller
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respectively, the simulation results show that, for the self-
tuning LSC configuration, the steady state tracking errors
are evident and, for the 4WS configuration, a large response
overshoot is demonstrated while, for the INT configuration,
both the nominal yaw rate tracking and the side-slip angle
suppression performances are significant.

Since the vehicle motion upper layer designs are the same
for three configurations, the greatly improvement in vehicle
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performance for control integration is obvious from the sub-
system control coordination based on force and moment
optimal distribution among the four wheels. Furthermore,
this also shows the designed self-tuning tyre friction control
system to be effective in tracking desired tyre-road friction.
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FIGURE 14. Wheel toque(LSC).
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FIGURE 15. Wheel toque(INT).

Figures 13, 14, and 15 show the results of the different
control input demands for the vehicle with various different
configurations. Compared with the 4WS configuration, the
steering demands for the INT case are obviously reduced
and the wheel torque demands for LSC are reduced more
significantly. But, in the LSC configurations, larger wheel
control torques value are required to obtain the same control
effect.

VIIl. CONCLUSION

In this paper, a flexibility of hierarchical structure scheme
is proposed for the vehicle integrated control system. The
upper controller is designed to calculate and allocate the
aim force using the optimal robust control algorithm. Then,
specifically, here focuses on a component of the servo loop
to realize self-tuning tyre friction control which adaptive to
variation of road condition. On-line identifying system of
the Magic Formula parameters is designed to calculate and
predict tyre-road friction force using a hybrid GA method
and correspondingly acquiring slip ratio for LSC is obtained
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using a numerical method. Besides, the vehicle main-servo
loop integrated control system is designed consisting of the
proposed self-tuning friction controller based the NFTSM.
The simulations show that the self-tuning tyre friction con-
troller can effectively tracking the desired target. Compared
with individual LSC or 4WS control system, the proposed
hierarchical integrated control system can effectively coordi-
nate active steering and active wheel torque, and improve the
vehicle handling performances significantly.
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