Chin. J. Mech. Eng. (2017) 30:711-721
DOI 10.1007/s10033-017-0103-7

CrossMark

@

ORIGINAL ARTICLE

Optimal Predictive Control for Path Following of a Full Drive

-by-Wire Vehicle at Varying Speeds

Pan SONG' - Bolin GAO' - Shugang XIE' - Rui FANG'

Received: 27 June 2016/Revised: 29 August 2016/ Accepted: 10 October 2016 /Published online: 20 March 2017
© Chinese Mechanical Engineering Society and Springer-Verlag Berlin Heidelberg 2017

Abstract The current research of the global chassis control
problem for the full drive-by-wire vehicle focuses on the
control allocation (CA) of the four-wheel-distributed trac-
tion/braking/steering systems. However, the path following
performance and the handling stability of the vehicle can
be enhanced a step further by automatically adjusting the
vehicle speed to the optimal value. The optimal solution for
the combined longitudinal and lateral motion control (MC)
problem is given. First, a new variable step-size spatial
transformation method is proposed and utilized in the
prediction model to derive the dynamics of the vehicle with
respect to the road, such that the tracking errors can be
explicitly obtained over the prediction horizon at varying
speeds. Second, a nonlinear model predictive con-
trol (NMPC) algorithm is introduced to handle the non-
linear coupling between any two directions of the vehicular
planar motion and computes the sequence of the optimal
motion states for following the desired path. Third, a
hierarchical control structure is proposed to separate the
motion controller into a NMPC based path planner and a
terminal sliding mode control (TSMC) based path fol-
lower. As revealed through off-line simulations, the hier-
archical methodology brings nearly 1700% improvement
in computational efficiency without loss of control per-
formance. Finally, the control algorithm is verified through
a hardware in-the-loop simulation system. Double-lane-
change (DLC) test results show that by using the optimal
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predictive controller, the root-mean-square (RMS) values
of the lateral deviations and the orientation errors can be
reduced by 41% and 30%, respectively, comparing to those
by the optimal preview acceleration (OPA) driver model
with the non-preview speed-tracking method. Additionally,
the average vehicle speed is increased by 0.26 km/h with
the peak sideslip angle suppressed to 1.9°. This research
proposes a novel motion controller, which provides the full
drive-by-wire vehicle with better lane-keeping and colli-
sion-avoidance capabilities during autonomous driving.

Keywords Vehicle dynamics - Spatial transformation -
Model predictive control - Sliding mode control -
Automated lane guidance

1 Introduction

A full drive-by-wire vehicle is an ideal platform to study
the next-generation global chassis control problem, whose
four-wheel traction/braking torques and steering angles are
controlled simultaneously and independently [1]. This kind
of over-actuated distributed control system is proven to be
able to enhance the vehicle dynamic performance by
making the best use of the available tire forces [2]. Based
on the control hierarchy summarized by JOHANSEN et al.
[3], the vehicle dynamics control algorithm is functionally
divided into two: the motion control (MC) and the control
allocation (CA) levels. HARKEGARD et al. [4] pointed
out that by choosing weight matrices appropriately, the
high-level MC and the low-level CA can be separated
without loss of control performance in the framework of
optimal control. As demonstrated in previous work, the tire
force CA level reflects the superiority of the integrated
chassis controller for the full drive-by-wire vehicles. This
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is for the reason that the redundant degrees of control
freedom provide additional flexibility in the CA design, so
that various objective functions can be formulated to gain
some extra performance, for example, maximization of MC
efforts [5, 6], minimization of tire workloads [6-9], and
increase of the total energy efficiency [10, 11], etc.

In view of the MC design, the combined control of
longitudinal and lateral dynamics is often neglected by
considering the capabilities of the vehicle more than those
of the human driver [12]. Nevertheless, there are still some
improvements to be made. CHEN et al. [13] demonstrates
that the vehicle stability depends not only on the lateral
dynamic states during the steering process but also on the
longitudinal states before steering. Although the idea of
improving the vehicle lateral stability via limiting the
vehicle speed is intuitive and theoretically appealing, yet it
is undesirable that the speed drops to such a low level that
neither the driver nor the chassis controller is able to make
a fast lane change to avoid an oncoming obstacle.
Nonetheless, it is possible to develop a motion controller,
the control objective of which is to automatically follow a
given path as closely as possible while automatically
adjusting the vehicle speed to its optimal value. This pro-
vides the vehicle with enhanced lane-keeping and colli-
sion-avoidance capabilities during autonomous driving.
Meanwhile, the vehicle handling stability is guaranteed
regardless of whether the tires are operating in their non-
linear region. Moreover, because all the actuators in a full
drive-by-wire vehicle are using X-by-wire technology, it is
more suitable for achieving autonomous driving than a
conventional vehicle [14].

On account of the nonlinear coupling between any two
directions of the vehicle motion, the path following problem
at varying speeds is often decomposed into a trajectory
tracking and a velocity tracking sub-tasks [15-18], which
simplifies the optimization problem but also yields a sub-
optimal solution as compared to incorporating the longitu-
dinal and lateral control within the same framework. Another
option is to employ the model predictive control (MPC) to
solve the combined MC problem under the state and input
constraints, which is an attractive method for the automated
lane guidance [19, 20] and the obstacle avoidance [21]
applications. Note that due to the computational complexity
of solving the constrained finite-time optimal control
(CFTOC) problem, nonlinear MPC (NMPC) is still not
generally applicable to agile autonomous vehicles, thus
limiting the usability of detailed nonlinear prediction models
[14]. In an attempt to overcome this, researchers often
reduced the computational effort by means of successive
online linearization of the nonlinear vehicle model, which is
approximated by a linear time-varying (LTV) system with a
parameter-varying state transition and a parameter-varying
input matrix [22-25]. However, the performance of the LTV
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MPC deteriorates when the prediction horizon is large.
Besides, their assumption on the constant velocity for
obtaining the reference trajectories over the prediction
horizon is invalid when the vehicle travels at varying speeds.

Based on the aforementioned consideration, this paper
presents a hierarchical motion controller featuring a high
level path-follow motion planner and a low level motion
follower. The proposed methodology of decomposition of
the NMPC problem into a two-level MC problem allows the
motion controller to be implemented in real time. The rest of
this paper is organized as follows: the spatial vehicle
dynamics model is described in section 2; the whole motion
controller design is described in section 3, in which the
detailed formulation of the CFTOC problem that originates
in Ref. [14] is illustrated in section 3.1, the hierarchical
structure as well as the calculation of the reference motion
states is presented in section 3.2 and the motion follower for
path following is introduced in section 3.3; In section 4, the
proposed controller with the tire force CA for the full drive-
by-wire vehicles as discussed by SONG et al. [6] is validated
through both the off-line and real-time simulations by
comparing the results with other control configurations; The
conclusions are reached in section 5.

2 Spatial Vehicle Dynamics Model

Fig. 1 describes the planar motion of the vehicle body
within a lane. The vehicle model undergoes a coordinate
transformation to derive the dynamics of the vehicle about

Lat. position ¥

Y (sq)

Reference trajectory

o X(sq) Long. position X

Fig. 1 Vehicle model in a road-aligned coordinate frame
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the reference trajectory, such that the independent variable
becomes the distance along the path s4 instead of time
t. This spatial transformation allows the position of the
vehicle as well as the tracking errors to be known explicitly
at each sampling instant even if the vehicle travels a por-
tion of the desired path at varying speeds. The time-de-
pendent vehicle dynamics can be transformed into the
position-dependent dynamics by multiplying the scaling
factor Scg, which is derived from the geometry of Fig. 1:

Scr = (1 —ey/py)/(Vicosey, — Vysiney), (1)

where e, and ey, denote the lateral deviation error and the
orientation error at the cog (center of gravity), respectively;
pq 1s the radius of curvature at the sampling point; V, and
V), are the longitudinal and lateral velocities, respectively;
v, is the projected vehicle speed along the direction of the
reference trajectory.

The spatial vehicle dynamics model is described by the
following set of differential equations, given by Eq. (2).
Here and hereinafter, the superscript of (-)" denotes the
spatial derivative with respect to the road.

V! = (JVy — poCpAtV2/2m + Fya/m) - Scr,
V) = (—Vy + Fyq/m) - Scr,
l//” = (Mzd/lz) : SCF; (2)

ef// :l/'/'SCF_w:jv
e, = (V,siney + Vycosey) - Scr,

where V is the yaw angle, the first- and second- order time
derivatives of which are the yaw rate and yaw angular
acceleration, respectively and /4 is the road path heading
angle; m is the total vehicle mass; I, is the moment of inertia
round the vertical axis; pg is the air density; Cp, is the drag
coefficient factor; A¢is the vehicle front area; Fq and F,q are
the resultant longitudinal and lateral forces of four tires,
respectively and M4 is the resultant yaw moment.

The complexity of the MC problem is greatly reduced by
taking into account as few variables as possible. Therefore, the
motion controller only needs to determine Fiyq, Fyq, and M4
for the vehicular planar motion. The range of the control
efforts should be properly defined such that the tire forces can
be distributed within the tire adhesive limits, as shown in
Fig. 2. However, as for a conventional vehicle, the longitu-
dinal and lateral tire forces of the four wheels are internally
coupled with respect to the mechanisms like steering linkage,
transmission, and differential, etc. The explicit constraint of
these efforts is hard to determine and the electronic control
systems may not be able to achieve the resultant forces and
moment. According to HATTORI et al. [26], the constraint
between the resultant forces and moment of the full drive-by-
wire vehicle is modeled as the convex set, expressed as

Range of motion control
efforts for vehicle

Friction circle of each
tire adhesive limit

»

Fig. 2 Range of the motion control efforts by taking the tire adhesive
limits into consideration

Vo Byt W2 [ (mgp) < s <1, (3)

where g is the gravitational constant (9.8 m/s®); u is the
friction coefficient; W, is the constant weight balancing
forces and moment, which in Ref. [2] is chosen as the
reciprocal of the typical length between the wheel and the
cog; the factor Ay ma.x is introduced to describe the upper
bound of the total workload of the four tires. For a full
drive-by-wire vehicle, 4, max can be regarded as a constant
value during the control interval and is set to 0.95 in this
paper.

The nonlinear vehicle dynamics can be expressed in the
following compact form:

X (Sa) = 12" (Xe(8a), we(sa)), (4)

where the subscript of (-). denotes the control-related
variables here and hereinafter; the state vector x. and the
input vector u. are given by:

xe= (Vi Vi ¥ ¢ ey)T7

(5)
uc=(Fyq Fyu Mzd)T-

By using the Euler method, the spatial vehicle dynamics
model is discretized at the sampling point s} with the fixed
sampling distance dsq, given by

xe (53 + dsa) = fed (ve (53) e (53))- (6)

Also, we denote by Au. the control input increment
computed at the sampling point s}:

Auc(sy) = uc(sy) —uc(t —T5), (7)

where u.(t — Ty) is the applied control input at the last
sampling time.

3 Controller Design

A NMPC problem is formulated to achieve the optimal
combined MC for the full drive-by-wire vehicles, in which
the nonlinear prediction model is the above-mentioned
spatial vehicle dynamics model. Also, a hierarchical con-
trol structure is proposed to improve the system’s real-time
performance without sacrificing its tracking ability.
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Fig. 3 Schematic of model predictive control
3.1 Spatial Model Predictive Controller

As shown in Fig. 3, the basis of the MPC method is to predict
the evolution of the plant model over a finite horizon based
on a sequence of future inputs in order to optimize the system
cost under the given constraints with restricted preview.

As for the spatial MPC (SMPC), the optimization variables
are chosen as the state sequence &, and the input increments
vector AU, with respect to the sampling points along the
reference trajectory, given by Egs. (8) and (9), respectively.

xc(s3 + dsq)
. xc(s3+2 - dsqg)
éc (Sd) = : ) (8)

X (s(*1 + Hp - dsd)

Au, (s(’;)
Au, (sf1 + dsd)

T

, , )
Au, (S:; + (HC - 1) . de)

where Hp is the length of the prediction horizon and Hc is
the length of the control horizon.

The cost function J.. to be minimized takes the following
form:

e (8 (s3), AU(s3))
Hp

Hchc (sjl +1i- dsd) — Vet (s(*j +i- dsd)
i=1

Hc
3 llme(ss + = 1) - dsa) [

2
lo.

(10)
£ A s+ (- 1) -dsa) 3
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where Q., R, and S. are 3 x 3 weighting matrices to
penalize the tracking errors, the control input efforts and
the control input increments, respectively;

C ¢—Ssystem output matrix,

1 0000
c.=(0o 00 1 0]
0000 1

yref—reference output vector,

Yret = (vref 0 O)T;
vief—longitudinal reference speed.

The vehicle speed becomes critical when approaching
a bend. Since no active lateral stabilization is considered
in the cost function J., the vehicle stability may be lost
and/or the tracking performance will be degraded in
extreme handling maneuvers at high speed. Therefore,
the longitudinal reference velocity v.r should be adap-
ted. According to ATTIA et al. [18], the maximum
longitudinal velocity vy, considering the road curvature
is given by:

Viim = 4aV/ &1/ Py, (11)

where the adjustment factor A4 is employed to adjust the
speed limit and is set to 0.85 in this paper.

It can be seen that v, only depends on the road
geometry information and can be readily evaluated in real
time. Nevertheless, the simple description given by this
criterion may be inappropriate to determine the admissi-
ble speed. For example, the maximum speed on a straight
lane is infinite. Therefore, the longitudinal reference
velocity is defined by

Vref = min(VSCh Vlim)a (12)

where v, is the speed profile considering the legal speed limit.

In summary, assuming that the full measurement or esti-
mation of the vehicle state x. is available at the current running
time ¢, the SMPC problem is then formulated as follow, which
is repeatedly solved online for a finite receding horizon:

in J. (& (s3), AU (s
{zﬂlg? (& (s3) (1))

s.txc(sy+ (i + 1) - dsa) = fo8 (xc (s + i - dsq),
uc(sy+i-dsq)),Vi=0,....,Hp— 1,
u(sy+i-dsa) =uc(sy+ (i—1)-dsq)
+ Auc(sy+i-dsg), Vi=0,...,Hp—1,
Auc(sj+i-dsq) =0, Vi=Hc,...,Hp—1,
Huc(sj +1i- dsd)“iv < Aymaxmgy, Vi=0,1,... Hc—1,
xe(sy) = xc(t), Vt>0,
uc(sy—dsq) =uc(t —1Ty), Vi>T,,

(13)
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where W =diag(1 1 W;).

The nonlinear CFTOC problem is calculated using an
interior-point algorithm. Parameters Hp, Hc, R, S., and Q.
determine the performance of the SMPC feedback control
and should be finely tuned to guarantee stability and fea-
sibility [27]. It is noted that active collision avoidance can
be easily realized with the proposed controller by simply
imposing the obstacle constraints on the vehicle position
states in this formulation.

Let AU, denote the first sample of the optimal solution
AU, at the sampling point sj. The closed-loop control law
applied to the system at the current running time ¢ is given
by:

u.(t) =u(t—T;) + AUz‘fl. (14)

At the next sampling instant, the problem is solved over
the shifted horizon based on the new state. The spatial step
size dsq should be adapted so that the calculated state
xc (s + dsq) at the next distance point corresponds to the
system’s actual state x.(7 4+ T) at the next time step. Only
then can the generated control efforts correspond to the
control actions applied to the plant in the time domain. The
spatial step size at point s} is given by

ds = (Vi(s3) - cos ey (s3)) — Vo (s3) - sin(ey (s3)))
% (1= e,(s5) /p(53)) ' % T.
(15)

The SMPC controller only calculates the resultant forces
and moment of the vehicle in order to best follow the given
trajectory. These MC efforts are optimally distributed to
the four wheels under some performance index or cost
function. At last, the magnitude and direction of each tire
force should be individually translated to the steering angle
and traction/braking torque of each wheel.

3.2 Hierarchical Control Scheme

At each iteration step, the SMPC controller developed in
the above section needs to obtain an exact optimal solution
for the high-dimensional differential equations of the spa-
tial vehicle dynamics model with strong nonlinearity under
the given constraints (i.e. the ellipsoidal constraint of the
MC efforts). As a result, simulations are very time con-
suming and the tuning is difficult. However, only the first
sample of the optimal sequence of the MC efforts is applied
to the system via the control allocation layer and the
executive layer, which in some way causes unnecessary
computational cost. In order to improve the real-time per-
formance, this paper proposes a hierarchical control
structure by implementing the SMPC controller for path-
follow motion planning and introducing the motion follow

layer to calculate the resultant forces and moment of the
vehicle, as shown in Fig. 4.

Let & denote the sequence of optimal motion states
over the prediction horizon Hp at the sampling point s3,
which is generated by SMPC with lower frequency, given
by
&= (xc(sj—|—dsf13),...,xc(s;+Hp -dsf)) . (16)

5xHp

Assuming that the function f,j of the spatial vehicle
dynamics model is continuous at every point in its domain,
the optimal vehicle motion states can be approximately
acquired through linearly interpolating & to any inter-
mediate point:

xc (s Exc (s:; +n- ds;;z) + (sél — X (s:; +n- dsff‘))
X (xc (s:; +n+1)- dsf‘) — X (s(*1 +n- dsz:‘))/ds;;,
Vsi+n- dsff‘ <shsi+(n+1) ~dsz|‘*‘,
(17)

where s/} is the projected vehicle position along the refer-
ence trajectory at time .

Due to the vehicle dynamic response, the motion states
will not follow exactly the desired trajectory. It still takes
some time for the states to converge to the reference val-
ues, even if they remain constant in the process. Therefore,

the control objective of the motion follow layer is to track

ref

the optimal motion states x{

at a specific position, which

is chosen as s} after two time steps (i.e. sf;rzr’) in this paper,
given by

x?f =X (sfijLZTs) = ( er Vyr lpr €yr  Eyr )T7 (18)
si sy +2T(1) / (1 = ¢,(1) / p(1)), (19)

where the subscript of (-), denotes the reference vehicle
states here and hereinafter. Note that the vehicle motion in
the longitudinal direction varies more slowly than that in
the lateral or yaw direction. Therefore, the reference

42T

sampling point s;"“"* is not included in the optimal motion

Path-follow
Path following (Result)% &(Target)
algorithm based Optimal sequence of
on spatial MPC I reference vehicle motion

Motion follow

(slow)
ptimal sequence
4 P of vehicle
Control motion control |
allocation layer efforts .
I Lateral & longitudinal
orces of tires

Forces & moment of
vehicle

Control
allocation layer

4.} ateral & longitudinal

forces of tires
Executive layer

SN
Y

Executive layer

SMPC+CCA/NCCA SMPC+TSMC+CCA

Fig. 4 Real-time performance improvement via hierarchical control
structure
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states as the destination position in order to avoid
“aggressive” longitudinal control effort.

Note that the MPC with a large prediction horizon tends
to exert smooth control actions, so it is reasonable to make
the assumption that the time derivatives of the linear and

angular velocities are close to zero when the time step T is

ref

small enough. Then the time derivative of x{

as

is expressed
- ref h . T
MT=(0 0 0 Y, Vgsiney+ Vircosey) . (20)

3.3 Terminal Sliding Mode Based Motion Follower

In the design of the motion follower, the nonlinearity of the
vehicle dynamics is usually handled by employing the
sliding mode control (SMC) method. Thus, the longitudi-
nal, lateral, and yaw errors follow the dynamics embedded
in three sliding surfaces leading to convergence of these
variables. A terminal SMC (TSMC) is a type of sliding
control, in which the finite-time convergence and quick
responsiveness can be achieved on the terminal sliding
manifold [28]. Here, the global fast TSMC proposed by
PARK et al. [29] is employed to design the sliding surface
s; while the nonsingular TSMC technique proposed by
FENG et al. [30] is applied to design the sliding surfaces s,
and s;. The sliding surfaces are defined by

s1= (Ve = Vi) + 0 (Ve = Vi) + By (Ve — V)P,
S2=0 (ey - eyr) + ﬁz(Vy - Vyr)pz/qz7

53 = a3(ey — eyr) + B3 (W _ l/-/r)pz/qa7
(1)

where oy and f; are the strictly positive constants of TSMC
(k =1, 2, 3); pr and g, are the positive odd numbers and
DPi > qr- In particular, for k = 2, 3, we also have: 1 < p/
qr < 2.

Because the longitudinal velocity follows the dynamics of
a first-order system, the control law u; is directly derived
from the sliding surface by letting s; be equal to “0”.
Meanwhile, the lateral motion and the yaw motion follow the
dynamics of the second-order systems, thus the control laws
are obtained from the differential equations, expressed as

Sk = ukn,Vk S {2, 3}, (22)

where uy, is the approaching law for the sliding surfaces s,
and s3. Here, the nonlinear reaching law proposed by
REN et al. [31] rather than a linear one is adopted to
achieve the finite-time convergence of the states when
Sy =0, and thus allows us to have a better control
performance:

Ugn = —OgnSk — ﬁknszkn/pkn7Vk € {2a 3}v (23)

@ Springer

where oy, and [, are the strictly positive constants; py, and
Qin are the positive odd numbers and py, > G-
To sum up, the control laws are given by

CpAV? ; »
de =uy = m(% - Vyw - O‘l(Vx - er) - ﬁl(vx - er)“/q‘>7

Fya=u, = m((v“l/}>7/3a72;2 (V), _ Vyr)lfpz/qz

x (Vysin(ey) + Vycos(ey) — Viesin(eyr) — Vyrcos(eyr))),

P L N2-p3 /s | —o3nS3 — G3n/P3n
M= =L 28 () ey SR
Bsp3 % (l// B l//d>

(24)

The control frequency of the TSMC based motion fol-
lower is set to 100 Hz, which is much higher than that of
the SMPC based path planner (2 Hz), such that the system
stability and the tracking performance at high speed are
well guaranteed. To prove the nonlinear stability and the
finite-time convergence of the global fast TSMC as well as
the nonsingular TSMC, interested readers please refer to
Refs. [6] and [32] for details.

4 Results and Discussion

The reference trajectory presented by FALCONE et al. [19]
is employed to perform an emergency double-lane-change
(DLC) maneuver. The objective of this DLC test is to
evaluate the behavior of the proposed control strategy in
critical situations. Some of the vehicle and controller
parameters are listed in Table 1.

The responses of the vehicles with different control
configurations are compared with one another. Here and
hereinafter, the controllers using the SMPC presented in
section 3.1 with the nonlinear constrained CA (NCCA)
proposed by ONO et al. [2] and the linear constrained CA
(CCA) in Ref. [6] are referred to as “SMPC + NCCA” and
“SMPC + CCA”, respectively. The controller using the
hierarchical structure presented in section 3.2 with CCA is
referred to as “SMPC 4 TSMC + CCA”. The integrated
chassis controller proposed by SONG et al. [6] with the
optimal preview acceleration (OPA) driver model proposed
by GUO et al. [33] tracking the desired path and the refer-
ence speed is referred to as “OPA 4 TSMC + CCA”.

4.1 Off-Line Simulation

At this stage, all the controllers as well as the vehicle
dynamics model are developed in the MATLAB/Simulink
environment and validated through off-line simulations.
The results are shown in Figs. 5, 6, 7, 8, 9, and 10 and
Tables 2 and 3.
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Table 1 List of vehicle and controller parameters

Vehicle or controller parameter Value
Total mass of vehicle m/kg 830
Moment of inertia around vertical axis Iz/(kg~m2) 1157.1
Road friction coefficient, u 0.6
SMPC sampling time Ty/s 0.05
Hierarchical SMPC sampling time T/s 0.5
Desired speed Veed (km-h™h) 72
Prediction horizon Hp 20
Control horizon H¢ 4
Weighting constant W,/m™! 0.85

Weighting matrix Q. diag(1,100,10)

Weighting matrix R, 10~ >.diag(1,1,

W)
Weighting matrix S, 1073-diag(1,1,
W)
4 T Reference trajectory
E —+—OPA +TSMC + CCA
*; HL —a— SMPC +UCCA
S \ ——SMPC+CCA
3 W\ —o— SMPC + TSMC + CCA
Q. N\ X
32
J
0 Long. position X/ m 140
1.0
=]
§= 0.5+
S E
é; 0.0
E —0.5
—10¢ L L L | | | ]
0 20 40 60 80 100 120 140

Long. position X/ m

Fig. 5 Reference trajectory tracking

As can be seen in Fig. 5, the maximum lateral deviation
occurs just before the vehicle with each controller enters
into the second straight section of the DLC path. The
proposed SMPC controllers with CCA and NCCA yield
almost the same control effects and their lateral position
errors never exceed 0.65m. Even  though
“SMPC + TSMC 4 CCA” has the smaller maximum
lateral offset of 0.6 m, yet its tracking accuracy is inferior
to the former ones, which results in a larger root-mean-
square (RMS) value of e, (see Table 2). Nevertheless, the
hierarchical controller still significantly improves the
vehicle’s  tracking  performance  comparing  to
“OPA + TSMC + CCA”. It should be pointed out that
the reference trajectory is not used directly in the SMPC
formulation. The desired lane is assumed to be known only

over the preview distance dsff X Hp and is obtained by
some road information acquisition algorithm.

Ny
X 0
© i Reference yaw angle
% —10 - —+— OPA +TSMC+ CCA
s —a— SMPC +NCCA
8 20F ——SMPC +CCA
30 —o—SMPC +TSMC ;+ CCA
0 Long. position X/m 140

ey/ (%)

Orientation error

Long. position X/ m

Fig. 6 Reference yaw angle tracking

22
IS !
L 9 181 e,
4 g Y= == Reference speed
%b <>< 16 —+—OPA+TSMC+CCA
S Ky —a—SMPC+NCCA
14+ .7\ ——SMPC+CCA
> N —o— SMPC + TSMCI+ CCA
0 Time ¢/s 8
6 —
20
2L
2 E 2L
=~
S N 0
) ! ! ! ! ! I I
0 1 2 3 4 5 6 7 8

Time /s

Fig. 7 Reference longitudinal velocity tracking

Fig. 6 shows the yaw angles of these vehicles with
respect to the longitudinal position. Because of the quick
responsiveness and high steady-state precision of the
TSMC based motion follower, the yaw angle by
“SMPC + TSMC 4 CCA” is well matched with the ref-
erence road heading angle. The maximum orientation error
is less than 2.17°, which occurs in roughly the same
location with the maximum lateral offset and is the
smallest among all schemes under study. The RMS value
of the yaw errors by this hierarchical controller is also the
smallest as presented in Table 2.

Fig. 7 shows the evolution of the reference and the
actual longitudinal and lateral velocities throughout the
simulation. Although the generated speed limit profiles
change rapidly with respect to time, yet the vehicle with
SMPC control increases or decreases the speed gradually
but still follows the reference closely. Among them,

@ Springer



718

Pan SONG et al.

§ E . SMPC +NCCA
£ 0
=
2= 0
S o —]
- L
S 2
cne’: 4
~
g5 0
3 o —4
x %0 -8 : [
0 Time ¢/s §
~ Left front
i 3 10 - —~~——\ e Right front
: E ol Left rear
<050 /v Right rear
=35 ) I \ ! ' ' ' ‘
3 P2 3 4 5 6 7 8
Time /s

Fig. 8 Actuator efforts of four wheels by “SMPC + NCCA”

z 2 SMPC + CCA
-4
e~ 1 ;
2% 0
[=EY _1
S g 2
&

(e}

Time ¢/s 8

Steering
angle &3/ (°)
ot o
%

0 Time ¢/s 8
=1.5r
- 3 Left front
8 3 1.0 b s W Right front
2 g " v Left
5 % o5l y eft rear
x5 S N U Right rear
3 i I I I l I ! {

(e}
—
S
w
~
W
(o)}

7 8
Time ¢/s

Fig. 9 Actuator efforts of four wheels by “SMPC 4+ CCA”

“SMPC + TSMC + CCA” provides better speed-tracking
performance than the other two controllers while main-
taining the vehicle directional stability. The sideslip angle
reaches the maximum (absolute) value of 4.08° when the
longitudinal velocity drops to 16.87 m/s. In the meanwhile,
the vehicle with “OPA 4+ TSMC + CCA” loses its lateral
stability and the maximum sideslip angle reaches 15.92°
when the longitudinal velocity drops to 14.09 m/s.

Figs. 8,9, and 10 show the distributed actuator efforts
of the four wheels by “SMPC + NCCA”,
“SMPC + CCA”, and “SMPC 4 TSMC + CCA”,
respectively. It can be found that the CCA algorithms
developed by SONG et al. [6] yields smother control
actions than NCCA, where the pu rate of each tire is
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controlled to the same value [2]. The MC efforts become
“aggressive” by introducing the TSMC based motion fol-
lower, the parameters of which should be finely tuned in
order to mitigate this effect.

Table 3 presents the recorded CPU time consumed by
each controller, the algorithm of which is executed on an
Intel Core 17-4710MQ CPU with 4 GB RAM that runs at
2.50 GHz under Microsoft Windows 7. It can be seen that
the hierarchical control structure brings up to 1700%
improvement in  computational  efficiency. The
“SMPC + TSMC + CCA” controller has an approximate
elapsed time compared with that of the simple
“OPA + TSMC + CCA” controller, and thus satisfies the
real-time requirement of on-board applications.

4.2 Real-Time Simulation

When the vehicle operates under less severe handling
conditions, the performance of the path-following control
cannot be improved further by applying the control of the
longitudinal velocity. Hence, the effectiveness of the con-
troller should better be investigated on a test vehicle at high
speeds. However, it is of great risk to perform such
experiments with a full drive-by-wire prototype vehicle.
For safety concerns, the control algorithm is verified
through a hardware in-the-loop simulation system.
Because of high  computational burden of
“SMPC + NCCA” and “SMPC + CCA”, only the algo-
rithms of “SMPC 4 TSMC + CCA” and “OPA 4 TSMC
+ CCA” can possibly be implemented on the real-time con-
troller, i.e. the PXI controller running LabVIEW and its real-
time module. CarSim is employed for the full car simulation
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Table 2 Performance evaluation of different controllers

Control configuration Average  RMS value of RMS value
speed lateral offset  of yaw
V. /(m/s) e,/m error e,/(°)
OPA + TSMC + CCA  18.5162 0.3665 6.2705
SMPC + NCCA 18.4401 0.2220 0.7558
SMPC + CCA 18.4422 0.2217 0.7606
SMPC + TSMC + CCA 18.4183 0.2303 0.7131

Table 3 Elapsed CPU time of MATLAB simulation

Elapsed CPU time of 8 sec
simulation Tg;,/s

Control configuration

OPA + TSMC + CCA 4.9455
SMPC + NCCA 121.2039
SMPC + CCA 58.8432
SMPC + TSMC + CCA 6.8377

=55 @®OPA-+TSMC+CCA
. & RMS of e, 02392
®SMPC+TSMC+CCA

RMS of e, 0.1426
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Fig. 11 Real-time simulation results

and controller validation, in which a high-fidelity A-class
hatchback model is selected and modified into a full drive-by-
wire vehicle. Figs. 11, 12, and 13 show the simulation results.

Fig. 11 presents the path-following performance of the
controllers in the real-time simulations. The arrows point to
the vehicle’s heading direction at each sampling time,
while their sizes give a rough indication of the magnitude
of the longitudinal velocity. Unlike the off-line simulation
results as shown in Table 1, the vehicle with
“SMPC + TSMC + CCA” gains a shorter tracking time
than that with “OPA + TSMC + CCA”. The average
vehicle speed is increased by 0.26 km/h. This is primarily
because the cornering strategies employed by the two
controllers are quite different from one another: @ The
non-preview method is used by the OPA driver model for
the speed-tracking control, and brakes the vehicle after
passing the first corner resulting in a higher average speed
during the first half of the maneuver; @ The “slow-in, fast-
out” technique is attained by the proposed controller, and
makes the vehicle rotate easier and get higher corner exit
speed. As a result, the vehicle with “OPA + TSMC
+ CCA” tends to be less stable before entering into the
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80
B
8
E~
o)
=}
S
0 Time ¢/s 12
6 OPA 4+ TSMC +CCA
o 4k ) (constant speed)
72,1 RMS: 13167 ——OPA +TSMC+CCA
2] RMS: 0.2633 A —O—SMPC +TSMC +CCA
5w 0 SO Rk S RO ORI
ie
5 ® RMS: 0.6434
> 74 | | I | | |
0 2 4 6 8 10 12
Time ¢/s

Fig. 13 Comparisons of vehicle motion states

second straight section of the path and consequently causes
larger tracking errors. By taking account of the lateral
deviations in the portion of the path from 55 m to 160 m,
the RMS values of e, can be reduced by 41% through the
use of the proposed control method.

Figs. 12 and 13 respectively compare the tracking errors
and the motion states of the two controllers. The vehicle
driving at a constant speed (72 km/h) is also added for
comparison. It can be seen that better tracking performance
and handling stability can be achieved with the longitudinal
velocity adapted to the road geometry. The vehicle with
“SMPC + TSMC + CCA” has the smallest deviation and
orientation errors. The RMS value of the orientation errors
is reduced by 30% and 68% compared to those attained by
the OPA driver model with the non-preview and constant
speed control methods, respectively. However, unlike the
situation in the off-line simulations, the proposed controller
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yields slightly larger sideslip angles, the peak (absolute)
value of which is suppressed to 1.9°.

5 Conclusions

ey

©))

3)

“

&)

A novel approach is devised for the automated lane
guidance of a full drive-by-wire vehicle traveling at
varying speeds, such that the vehicle can follow a
given path as closely and quickly as possible while
its stability can be well guaranteed in extreme han-
dling situations.

For explicit acquisition of the vehicle position as
well as the tracking errors over the prediction
horizon, the prediction model utilizes the improved
variable step-size spatial transformation to derive the
dynamics of the vehicle about the reference
trajectory.

In the path planner, the NMPC problem is formu-
lated to compute the sequence of the optimal motion
states for path following. With sets of off-line
simulations, the SMPC can obtain the best path-
following performance of the full drive-by-wire
vehicle with the deviation and orientation errors
being the smallest among all schemes under study.
Moreover, the reference speed is appropriately
generated and accurately tracked to maintain the
vehicle with good handling stability.

The TSMC based motion follower is designed to
calculate the resultant forces and moment of the
vehicle so as to track the generated optimal states.
The MC efforts strictly confined within a convex set
are readily distributed to the four wheels by using
either the NCCA or the CCA tire force distribution
method, of which the Ilatter exerts relatively
smoother control actions.

The hierarchical control structure is able to bring up to
1700% improvement in the computational efficiency
without sacrificing its control performance. Therefore,
the proposed hierarchical “SMPC + TSMC + CCA”
algorithm can be implemented on a real-time con-
troller. DLC test results show that the RMS values of
the lateral deviations and the orientation errors can be
reduced by 41% and 30%, respectively, comparing to
those by the simple OPA driver model with the non-
preview speed-tracking method. Also the full drive-by-
wire vehicle with “SMPC + TSMC + CCA” com-
pletes the route in a shorter time with the peak sideslip
angle suppressed to 1.9°.

Acknowledgements The authors are grateful to Dr. ZHONG Yuan
from China Automotive Technology and Research Center for his
comments and linguistic check of this paper.

@ Springer

References

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

. SONG P, ZONG C F, ZHENG H Y, et al. Rapid prototyping for

the vehicle control unit of a full drive-by-wire electric vehi-
cle[C)//4th International Conference on Manufacturing Science
and Engineering, Dalian, March 30-31, 2013: 1573-1581.

. ONO E, HATTORI Y, MURAGISHI Y, et al. Vehicle dynamics

integrated control for four-wheel-distributed steering and four-
wheel-distributed traction/braking systems[J]. Vehicle System
Dynamics, 2006, 44(2): 139-151.

. JOHANSEN T A, FOSSEN T I. Control allocation—a survey[J].

Automatica, 2013, 49(5): 1087-1103.

. HARKEGARD O, GLAD S T. Resolving actuator redundancy—

optimal control vs. control allocation[J]. Automatica, 2005, 41(1):
137-144.

. WANG J M, LONGORIA R G. Coordinated and reconfigurable

vehicle dynamics control[J]. IEEE Transactions on Control
Systems Technology, 2009, 17(3): 723-732.

. SONG P, TOMIZUKA M, ZONG C F. A novel integrated chassis

controller for full drive-by-wire vehicles[J]. Vehicle System
Dynamics, 2015, 53(2): 215-236.

. MOKHIAMAR O, ABE M. Simultaneous optimal distribution of

lateral and longitudinal tire forces for the model following con-
trol[J]. Journal of dynamic systems, measurement, and control,
2004, 126(4): 753-763.

. SUZUKI Y, KANO Y, ABE M. A study on tyre force distribution

controls for full drive-by-wire electric vehicle[J]. Vehicle System
Dynamics, 2014, 52(supl): 235-250.

. WEISKIRCHER T, MULLER S. Control performance of a road

vehicle with four independent single-wheel electric motors and
steer-by-wire system[J]. Vehicle System Dynamics, 2012,
50(supl): 53-69.

CHEN Y, WANG J M. Energy-efficient control allocation with
applications on planar motion control of electric ground vehi-
cles[C)//Proceedings of the 2011 American Control Conference,
San Francisco, June 29-July 1, 2011: 2719-2724.

QIAN HH, XU G Q, YAN J Y, et al. Energy management for
four-wheel independent driving vehicle[C]//2010 IEEE/RSJ
International Conference on Intelligent Robots and Systems,
Taipei, October 18-22, 2010: 5532-5537.

PLOCHL M, EDELMANN 1J. Driver models in automobile
dynamics application[J]. Vehicle System Dynamics, 2007,
45(7-8): 699-741.

CHEN J, SONG J, LI L, et al. A novel pre-control method of
vehicle dynamics stability based on critical stable velocity during
transient steering maneuvering[J]. Chinese Journal of Mechani-
cal Engineering, 2016, 29(3): 475-485.

SONG P, ZONG C F, TOMIZUKA M. Combined longitudinal
and lateral control for automated lane guidance of full drive-by-
wire vehicles[J]. SAE International Journal of Passenger Cars-
Electronic and Electrical Systems, 2015, 8(2): 419-424.
THOMMYPPILLAI M, EVANGELOU S, SHARP R S. Car
driving at the limit by adaptive linear optimal preview control[J].
Vehicle System Dynamics, 2009, 47(12): 1535-1550.
THOMMYPPILLAI M, EVANGELOU S, SHARP R S. Advan-
ces in the development of a virtual car driver[J]. Multibody
System Dynamics, 2009, 22(3): 245-267.

SHARP R S, PENG H. Vehicle dynamics applications of optimal
control theory[J]. Vehicle System Dynamics, 2011, 49(7):
1073-1111.

ATTIA R, ORJUELA R, BASSET M. Combined longitudinal
and lateral control for automated vehicle guidance[J]. Vehicle
System Dynamics, 2014, 52(2): 261-279.

FALCONE P, BORRELLI F, ASGARI J, et al. Predictive active
steering control for autonomous vehicle systems[J]. IEEE



Optimal Predictive Control for Path Following of a Full Drive-by-Wire Vehicle at Varying Speeds

721

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

Transactions on Control Systems Technology, 2007, 15(3):
566-580.

FALCONE P, TSENG H E, BORRELLIF, et al. MPC-based yaw
and lateral stabilisation via active front steering and braking[J].
Vehicle System Dynamics, 2008, 46(S1): 611-628.

FRASH J V, GARY A, ZANON M, et al. An auto-generated
nonlinear MPC algorithm for real-time obstacle avoidance of
ground vehicles[C]//Control Conference(ECC), 2013 European,
Zurich, July 17-19, 2013: 4136-4141.

FALCONE P, BORRELLI F, TSENG H E, et al. Linear time-
varying model predictive control and its application to active
steering systems: Stability analysis and experimental valida-
tion[J]. International journal of robust and nonlinear control,
2008, 18(8): 862-875.

SHARP R S, CASANOVA D, SYMONDS P. A mathematical
model for driver steering control, with design, tuning and per-
formance results[J]. Vehicle System Dynamics, 2000, 33(5):
289-326.

KATRINIOK A, MASCHUW J P, CHRISTEN F, et al. Optimal
vehicle dynamics control for combined longitudinal and lateral
autonomous vehicle guidance[C]//2013 European Control Con-
ference, Zurich, July 17-19, 2013: 974-979.

KATRINIOK A, ABEL D. LTV-MPC approach for lateral
vehicle guidance by front steering at the limits of vehicle
dynamics[C]//2011 50th IEEE Conference on Decision and
Control and European Control Conference, Orlando, December
12-15, 2011: 6828-6833.

HATTORI Y, ONO E, HOSOE S. Optimum vehicle trajectory
control for obstacle avoidance problem[J]. IEEE/ASME Trans-
actions on Mechatronics, 2006, 11(5): 507-512.

MAYNE D Q, RAWLINGS J B, RAO C V, et al. Constrained
model predictive control: stability and optimality[J]. Automatica,
2000, 36(6): 789-814.

LIU J K, WANG X H. Advanced sliding mode control for
mechanical systems[M]. Berlin: Springer, 2012.

PARK K B, TSUJI T. Terminal sliding mode control of second-
order nonlinear uncertain systems[J]. International Journal of
Robust and Nonlinear Control, 1999, 9(11): 769-780.

FENG Y, YU X H, MAN Z H. Non-singular terminal sliding
mode control of rigid manipulators[J]. Automatica, 2002, 38(12):
2159-2167.

31. REN D B, ZHANG J Y, ZHANG J M, et al. Trajectory planning
and yaw rate tracking control for lane changing of intelligent
vehicle on curved road[J]. Science China Technological Sciences,
2011, 54(3): 630-642.

32. SONG P, ZONG C F, TOMIZUKA M. A terminal sliding mode
based torque distribution control for an individual-wheel-drive
vehicle[J]. Journal of Zhejiang University SCIENCE A, 2014,
15(9): 681-693.

33. GUO K H, GUAN H. Modelling of driver/vehicle directional
control system[J]. Vehicle System Dynamics, 1993, 22(3-4):
141-184

Pan SONG, born in 1988, is currently an engineer at China
Automotive Technology and Research Center, Tianjin, China. He
received his PhD degree from Jilin University, China, in 2015 and
was a visiting student researcher at University of California, Berkeley,
USA, from 2013 to 2014. His research interests include vehicle
dynamics, simulation, and control. Tel: +86-22-84379777 ext. 8063;
E-mail: songpan@catarc.ac.cn

Bolin GAO, born in 1986, is currently a senior engineer at China
Automotive Technology and Research Center, Tianjin, China. He
received his PhD degree on automotive engineering in Tongji
University, China, in 2013. Tel: +86-22-84379777 ext. 8085; E-mail:
gaobolin@catarc.ac.cn

Shugang XIE, born in 1977, is currently a senior engineer at China
Automotive Technology and Research Center, Tianjin, China. He
received his master degree on engineering mechanics in Ningbo
University, China, in 2006. Tel: +486139-2096-1075; E-mail:
xieshugang @yahoo.com

Rui FANG, born in 1985, is currently a senior engineer at China
Automotive Technology and Research Center, Tianjin, China. She
received her master degree on mechanical engineering in Southwest
Jiaotong University, China, in 2008. Tel: +86-22-84379746; E-mail:
fangrui @catarc.ac.cn

@ Springer



	Optimal Predictive Control for Path Following of a Full Drive -by-Wire Vehicle at Varying Speeds
	Abstract
	Introduction
	Spatial Vehicle Dynamics Model
	Controller Design
	Spatial Model Predictive Controller
	Hierarchical Control Scheme
	Terminal Sliding Mode Based Motion Follower

	Results and Discussion
	Off-Line Simulation
	Real-Time Simulation

	Conclusions
	Acknowledgements
	References




