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ABSTRACT

Unlike an autonomous driving system, a shared control
system keeps the driver in the loop to exploit human’s decision-
making, path-planning, and control skills in vehicle motion
control. In the meantime, a shared control system consistently
provides support to the driver in hazardous situations. Typical
shared control systems concentrate on altering vehicle steering
actions through either active front steering or haptic steering
torque. However, an active front steering system requires costly
hardware and a haptic steering torque explicitly interferences
with the driver hand-wheel steering. To overcome the drawbacks
of the steering-based strategies, this paper introduces a driver
support system based on direct yaw moment control for high-
speed collision avoidance maneuvers. The new system maintains
a hierarchical structure with a high-level lateral velocity planner
and a low-level lateral velocity governor. In addition, the
personally-preferred collision avoidance trajectories of each
driver are taken into account to make the controller
personalizable. Carsim-Simulink joint simulations demonstrate
that this novel shared control system can successfully assist the
driver in high-speed collision avoidance maneuvers. Moreover,
both physical and mental loads of the driver are substantially
reduced in contrast to using an active front steering system.

1 INTRODUCTION

Autonomous vehicles have the potential of revolutionizing
the transportation mode in the future. However, its safety
benefits will not be evident until they become commonly
affordable and acceptable [1]. Besides, by isolating the human
from the control loop, autonomous driving may lead to unsafe
driver take-over scenarios in emergency cases. Moreover,
authors in [2] indicated that autonomous driving may exacerbate
passenger’s fatigue instead of mitigating it. On the contrary, a
shared control system keeps the driver in the loop and interacts
with the driver in a cooperative manner.

Under the shared control framework, the automation system
must consider the driver’s intention to reduce unnecessary
interferences [3] and enhance prediction accuracy of vehicle
states in the near future [4]. For instance, to quantitatively
analyze a driver’s intent, authors in [5] demonstrated that there
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exists an individually-preferred trajectory for each specific
person when he or she initiates a collision avoidance lane
change. Furthermore, the personalized parameters of the driver
steering model can be identified from historical driving data.

A high-speed lane change maneuver for collision avoidance
may destabilize the vehicle and various accidents—road
departure, front-end collision with another car in the target lane,
side collision during lane change, etc.—may occur. To support
the driver in this challenging situation, typical shared control
systems focus on correcting driver’s steering through either
active front steering (AFS) [6] or haptic steering torque [7].
However, current commercial vehicles are in general not
equipped with AFS and the haptic steering torque bluntly
disturbs a driver’s hand-wheel steering, which can not only
deteriorate vehicle handling feeling [8] but also trigger
unexpected (and probably risky) human behaviors [9].

To overcome the drawbacks of the steering-based shared
control, this paper alternatively proposes a direct yaw moment
control (DYC) based system for assisting the driver in high-
speed collision avoidance maneuvers. This new system includes
a high-level lateral velocity planner and a low-level lateral
velocity controller. For the purpose of generating the desired
lateral velocity, an AFS controller is designed on the basis of an
extended driver-vehicle system. A linear time varying model
predictive control (LTVMPC) technique is applied on the
extended driver-vehicle system for determining the desired
lateral velocity. Then, we take advantage of the differentially flat
property of the bicycle model to determine the desired external
yaw moment M, which is responsible for tracking the desired

lateral velocity from the high-level planner. Actually, vehicle
lateral motion control via DYC has been investigated for a very
long time [10]. For example, DYC can act as a backup for
steering fault-tolerate control [11]. Moreover, in contrast to AFS
which needs costly hardware, DYC can be easily realized for
four-wheel-drive (4WD) vehicles or vehicles equipped with in-
wheel motors [12]. Furthermore, it was proved in [13] that a
DYC can enhance vehicle cornering response, increase agility,
and ensure stability in extreme transient operations.
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The rest of the paper is organized as follows. The global
control structure is depicted in Section 2. The extended driver-
vehicle system modeling is illustrated and verified in Section 3.
The high-level lateral velocity planner is specified in Section 4,
followed by the low-level lateral velocity controller in Section 5.
Simulink-Carsim joint simulations in Section 6 demonstrate the
efficiency of the novel system in driver assistance. Finally,
Section 7 concludes this paper.

2 CONTROL STRUCTURE
The overall architecture of the proposed shared control
system for high speed collision avoidance is depicted in Fig. 1.
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Fig. 1. Overall control scheme.

At the outset, the AFS model predictive control (MPC)
lateral velocity planner utilizes vehicle states, driver hand-wheel

steering angle J,, and hand-wheel steering rate 5d to decide

the optimal AFS control sequence. Based upon the optimal AFS
control sequence, the corresponding optimal lateral velocity
series within the prediction horizon can be specified. To
condense this optimal lateral velocity series, it is then converted
into a third-order polynomial through a curve-fitting module.
The ultimate outputs of this MPC lateral velocity planner are the
coefficients a,,a,,a,,a, of the third-order polynomial.

Subsequently, a,,a,,a,,a, are passed through a referential
velocity generation module to update not only the desired lateral
velocity V] (Z) but also its first- and second-order derivatives

v, (¢),V, (1) at each MPC sampling step. The referential lateral

¥y

velocity signals V) (z),v; (¢),V,(¢) are then used by the

y J
flatness DYC controller for calculating the desired external yaw
moment M, which guarantees V] (t) tracking.

Finally, a yaw moment allocation module is designed to
allocate M to four wheels’ optimal extra spinning torques

AT, AT, ,AT,,AT,. In contrast to the AFS or the haptic

fro rl>
steering torque, the outputs of the proposed shared control
system are decoupled from the driver hand-wheel steering angle
0, toreduce the human-automation conflicts.

3 SYSTEM MODELING

When design a driver assistance system, it is beneficial to
combine the vehicle dynamics with a driver behavior model. In
this way, the preview accuracy of a driver’s input can be
improved [3], the mismatch between the predicted and actual
vehicle states can be reduced [4], and the timely system

intervention can be expected [7]. In this Section, we will
illustrate a procedure to integrate a human steering model into a
vehicle kinodynamic model, which eventually produces an
extended driver-vehicle system.

3.1 COLLISION AVOIDANCE PATH

As demonstrated in [5], there exists a particularly-preferred
collision avoidance trajectory for each driver in a maneuver. This
trajectory can be expressed with different functions such as a
polynomial [5], or a hyperbolic tangent function [14]. In this
paper, the latter is chosen for its globally smooth property.

As indicated in [15], a double lane change (DLC) path can be
used to describe this collision avoidance trajectory and it can be

depicted as the desired lateral coordinate Y (X) and yaw
angle y° (X ) in term of the actual longitudinal coordinate X :

z, = sty (X—Xup)—bias,

z, =st, (X - X, )—bias,
Y*(X):?(1+tanh(zl))—();—Z)(1+tanh(zz))j (1

v (X)= arctan(dY* (X)/dX).

In (1), st,,st, correspond to the stiffness factors, X, ,X,

up > “* down
indicate lane change positions, Y,Y represent individually the

upper and the lower thresholds of Y™ (X)), and bias determines

*

the horizontal shift of Y *(X ),(// (X ) According to (1), the
driver-preferred collision avoidance trajectory can be completely
bias,Y Y.

By using a driver simulator, the personalized results in regard to
these seven parameters can be identified [14].

3.2 DRIVER STEERING MODEL
Driver steering behavior can be modeled as a feedback plus
feedforward system [5], as:

Sy =Ky (XW),
S+ T84 =G, (Y (X,.) =Y, ), )

determined with seven parameters: st,,st,,, X, , X,

up >~ down >

Sy =0y + 0,

In(2), 6,, andg,

s» indicate separately the feedforward and the

feedback parts of the driver hand-wheel steering angle. Both
6, and &, aredefined with respect to a driver preview point

(X Y ) , which can be expressed as:

pre = pre
X,.=X+vT, cos(y),
Y, =Y+v.T sin(y),

pre

3)

where(X Y ) are the actual longitudinal and lateral coordinates
of the vehicle’s center of gravity (CG),  is the actual vehicle
yaw angle, v_ presents vehicle longitudinal velocity at its CG,
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and T, corresponds to the preview time. Intuitively, v.7, is

the preview distance along the vehicle heading direction.

In (2), 6,, is the product of the feedforward gain K,

and the desired vehicle yaw rate at the driver preview point, as:
v (X, )=v (X,,) 4)
In (4), x (X e ) indicates the desired road curvature on the

trajectory (1) at the driver preview point (3), as:

. _ar?(x) or' (x)Y )
‘ (Xp,g)_ﬂ/[l{a)(]] NG

X=X,

Then, &,

» N (2) can be determined according to the

previewed vehicle lateral tracking error Y (X m)—Y at the

pre

same driver preview point (3), with:

Y (XW) =Y (X)|X:XW , (6)
being the desired lateral coordinate of the driver-preferred

collision avoidance trajectory (1) when X=X, , and Y,

being the lateral coordinate of the driver preview point, as
calculated in (3). G, 7, in the expression of &, are separately

the feedback gain and the first-order time constant.
Similar to the seven parameters of the driver-preferred
collision avoidance trajectory in (1), K,,G,,T,,and 7, ofa

specific driver can also be identified from driving simulator
experiments [5]. An exemplary driver-preferred collision
avoidance trajectory, the corresponding road centerline, and the
actual vehicle trajectory realized by the driver steering model (2)
can be found in Fig. 2.

___ Driver preferred
4 p— collision avoidance trajectory
T N Actual trajectory with driver model
. [~~~Road centerline

"o 50 100 150 200
X (m)
Fig. 2. Driver preferred collision avoidance trajectory.

3.3 EXTENDED DRIVER-VEHICLE SYSTEM
The vehicle longitudinal velocity is assumed constant in this

paper because of two reasons: 1) The proposed DYC based
shared control system has a pretty small influence on v . 2)
Constant velocity reflects the common driver intention in
highway driving scenario [16]. Therefore, a vehicle kinodynamic
model can be described on the basis of the two-degree-of-
freedom (2DoF) bicycle model, as:

X =v, cos(y)-v,sin(y),

Y =v,sin(y)+v, cos(),

v=7, 7

v,=F, cos(ﬁf )+Fyr/m—vx}/,

j=F,l cos(5,)-F,L /L.

In (7), X,Y are the actual longitudinal and lateral
coordinates of the vehicle, w is vehicle yaw angle, v_,v,

x>y

represent the longitudinal and lateral velocities at vehicle CG,
7 indicates the yaw rate, [ [, are separately the distance

from CG to the front and the rear axle, m is the vehicle mass,

and [, is the yaw inertia. Besides, &, stands for the vehicle

front road wheel angle and F ,F,  are the lateral tire force of

the front and rear axle.
If no AFS is applied and the unique steering input comes
from driver hand-wheel steering angle J,, then we have:

5/' = 5{1 Nratio s (8)

with N__  as the steering ratio from the driver hand-wheel to

vehicle road wheel.
With the nonlinear brush tire model [17], we have:

2

2
S, tan |«
for 1
R e BT
Siry St
-fbimh{/’ r} -flfrmh{/ r}
-fbru.vh{f,r} - —t 2 ‘z’ ’fhm,vh{f,r} S3ﬂF;{f,r}
E)ruxh{fm} = 3'UFZ{.N} 27u FZ{.N} >
ﬂF‘z{/",r}’-fbmsh{/,r} >3ﬂF;{/",r}’
(10)
and
tan| o F, X
{f,"} brushi f,r
F==C, ( 1 ) el (11)
s{/‘,r} + fbrush{f,r}
with sideslip angle of front or rear axle as:
v, +1y
_ y J
a, —arctan[ . J—5f,
Xl (12)
v, =1
a, = arctan[ : 7}.
V‘C

In(9)and (11), C,,C, represent the longitudinal and cornering
stiffness of the lumped tire, S0 indicate the average tire slip
ratio of front and rear axle, which can be obtained through the
anti-lock braking system (ABS) sensor. In (10), # is the tire-
road friction coefficientand F, . , symbolizes the vertical load
of the front or rear axle [17]. Although the 2DoF bicycle model
with a nonlinear tire model simplifies the actual vehicle
dynamics, author in [18] demonstrated that it captures the basic
features of the vehicle lateral movement in emergency situations.

Finally, to integrate the driver steering model (2) with the
kinodynamic vehicle model (7), the driver hand-wheel steering
angle &, needs to be regarded as an extra system state. In other

words, we have an extended state set as:
T
x=[X.Y.yv,.7.0,] . (13)

based upon which Sd needs to be expressed.
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By substituting (4) into (2), we have:

Sy =K yv (X,..), (14)
S+ T84 =G, (Y (X,.)~Y,.)-
Hence, &, can be calculated as:
: dx" (X) . .
§d :Kffvxd—X Xpre+§d/b' (15)
X=X,
According to (3), X e N (15) becomes:

X,.=X-vT sin(y)y. (16)

Also, by rearranging the second equation in (14), we have:

6,=0,+0

dff dfb (17)

= Kff vxK (Xpre ) + Gh (Y* (Xpre ) pre ) T 5{1’]7)
Finally, by multiplying both sides of (15) with 7, and then
adding (15) to (17), we have:

dx” (X) ¥
y — 7
: 0 x dX L pre
e (18)
Ko (X,.) Gi(Y'(X,)-Y,.)
+ + .
T, T,
Comparison between the calculated driver handwheel
steering rate (18) and the directly measured value can be found

in Fig. 3, which verifies the correctness of our calculation.
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Fig. 3. Verification of calculated handwheel steering rate.

Therefore, by combining (7), (8), and (18), the extended
driver-vehicle system can be compactly expressed as:

i=g, (%), (19)
with x defined in (13).

4 MPC LATERAL VELOCITY PLANNER

An AFS controller based upon the extended driver-vehicle
system (19) serves as the high-level lateral velocity planner.
With a unique input 6,,,, the complete system of this lateral

velocity planner can be expressed as:
X=g, (x,u), (20)
with u=7J,,,. In contrast to (8), the total vehicle front road

wheel angle consequently becomeS'
o,=0,N (21)

ratio

with N,

The LTVMPC technique is applied on this single-input
system to determine the optimal AFS control sequence. Then,

fixed as 1/15.176 in this paper.

the resulting optimal lateral velocity series within the prediction
horizon serves as the basis for generating the referential lateral

velocity signals: v, (¢),V](¢),V](¢).

4.1 MPC CONSTRAINTS

The AFS controller must ensure collision avoidance,
guarantee vehicle stability, consider driver comfort, and
ultimately, provide referential lateral velocity signals. In accord
with these requirements, the output of (20) is chosen as:

77=[Y %
i €{f.r},je{r.l}asthesideslip of each tire [17].

The constraints for the AFS controller are summarized as:

T
a, a, a, a, v, ] S (22)

with o

X, =Ax,, +B, (u,H), +Auk4,)+dk,,k =t.t+H,
n.=Cx., +D, (uk i +Auk,)+ekt,k—t...t+Hp,
5, maxe SU, T O, N oo < Efmm, =t.t+H, -1, (23)
“AS s SAU +AO, N, SAS k=10 H -,
i imint —Eij S 4 S e T E k=14 1LE+H |,
Yoiwrs =V, Y, <Y, H Y nk=t+10+H,

In (23), x,, represents the system’s current states and
X k=t+l.t+H, are the predicted states within the
prediction horizon H,. Then, u, ,, indicates the applied
AFS command at the last step and Au, ,,k =¢...t + H,, constitute the

increments of the AFS  angle. ~We  assume
Au,,=0,k=t+H,.t+H, where H, is the control horizon.

The first two equations in (23) represent individually the
successively linearized system (20) as well as its output (22).
4,,B,,C,,D, are the Jacobian matrices and d, e, indicate

the linearization residues.
The third equation in (23) limits the magnitude of &, in

(21). The magnitude of the vehicle front road-wheel angle o,
is bounded for two purposes: 1) A large &, can lead to a high
lateral acceleration a,, which can affect the driver’s comfort
and even destabilize the vehicle. 2) A large 6, will consume

most of the available tire force, making it difficult to realize the
desired external yaw moment M with a DYC [10]. B

adopting the concept of safe envelop of steering wheel angle in
[19], we have:

@ (1, +1 mv, (1) (1 -1,

— U ; 3| LAY 2’) SENC)
Ve (t) C_v (Zl + lf)

witha . = ug, where g is the gravity constant. C, in (24) is

still the lumped tire cornering stiffness.

Similar to the third equation, the fourth equation in (23)
constrains the changing rate of &, to help stabilize the vehicle
[18] and avoid extreme lateral jerk [20].

In the fourth equation of (23), we have:
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Au,, =u,, —uk_l,t,k=t...t+HC—1, (25)

as the increments of the AFS in the control horizon. What’s
more,

A8, =6,T, (26)
implies the increment of driver hand-wheel steering angle at the
current step, with 7, being the sampling period of the

LTVMPC and &, as the driver hand-wheel steering rate from

(18).
Like (24), AJ,,,, canbe calculated as:
L+L)|  my (e) (L1,
—— ( )y e ;) I. @)
’ v, (1) 2C, (1. +1,)
where @, =30m/s’ for a sharp lane change [21].

ymax

The fifth equation in (23) restrains the four tires’ sideslip
angles to ensure the stability of the vehicle. The upper and lower
bounds «, a are chosen according to the adaptive

i, jmax¢> i, jmint
threshold on the tire sideslip in [17].

Finally, the last equation in (23) limits the vehicle lateral
coordinate within the prediction horizon. As illustrated in [22],
either static or moving obstacles give us a drivable tubes. By
enforcing the predicted vehicle trajectory to always lay within
one of the drivable tubes, a collision-free trajectory can be found
in real-time. The idea is illustrated in Fig. 4.

@ Another moving obstacle
——

Shared control car

Fig. 4. A drivable tube.

In Fig. 4, the ego-car initiates a DLC for avoiding a static
obstacle in front. In the meantime, there exists a moving obstacle
in the adjacent lane. The bold red lines depict the bounds of a
drivable tube. We assume that the CG of the moving obstacle can
be measured. Also, to account for sensor errors, an error ellipse
[23] is used to expand the size of the moving obstacle. For the
sake of simplicity, we assume the physical size of the moving
obstacle is akin to the size of the shared control car. Thus, the

mathematical expression of the error ellipse (X,, Y, )around

the moving obstacle can be fixed as:
(X Xn/n( ))2 + (Y Y;bc( ))
([/_{_lr) (151d)

where (X, (1), Y,

obs

=1, (28)

(t)) represent the measured longitudinal

and lateral coordinates of the obstacle, /, shows the ego-car’s
half-track, and /, +/, equals the wheelbase of the ego-car.

At each MPC update step, the shared control car predicts its
longitudinal coordinate X ,. Then, it determines the bound of

its predicted lateral coordinate at each step within the prediction
horizon as follows.

If X, (1)-1, -1, <X, <X, (t)+],+1, then Y _ ..
constrained by the lower boundary of the error ellipse. Else,
Y must be restricted by the upper road boundary. As for

max k,t

Y

mink,¢
static obstacle can always be dodged by the driver steering model
(2) even without the AFS intervention.

To ensure feasibility of the MPC, the last two constraints in
(23) are set soft with slackness variables ¢, and Y,.

is

, it is simplified as the lower road boundary because the

4.2 MPC COST FUNCTION
The cost function of the LTVMPC is formulated as:

min J(x AU,¢, ,, ,) (29)

b
AU & Lt

R

with AU =Au, .,k =t..t+ H, ~1,and the expression of J is:

HI) X )
J(xz [,AU & it z): Z"l/luj,z _V/Hj,[ ||Q +
Jj=1 v
* 2
Z| i z+/1|| +Z| z+u| +Z||AMH”| (30)
lefi )eu )
530 9 i
i=right j=front

In (30), the first and the second terms penalize the yaw angle
and the lateral coordinate tracking errors in regard to the driver-
preferred collision avoidance trajectory (1). The third term limits
the magnitude of the intrusive AFS while the fourth term
constraints the increment of the AFS. And the last two terms
correspond to the soft constraints’ violation penalties.

To decide the weighting matrices Q,,0,,S,R,p, ;,G in

(30), the range-based MPC tuning rule in [24] is adopted.
Specifically speaking, Q,,0, arerespectively the range of

the yaw angle and the lateral coordinate of the driver-preferred
collision avoidance trajectory, as:

0, = max(l//* (X))—min(y/* (X)),

X i (31)
0, = max(Y (X))—min(Y (X)),
where Y™ (X),y" (X) are described in (1).
Then, according to the third equation in (23), we have:
_é‘fmaxt 5 Nratzo < uk,t S 5fmaxt 5 Nmtw > (32)
with &, .., being defined in (24). Consequently, a penalty
matrix S can be naturally determined as:
§=20 - (33)
In a similar manner, we have:
R=2A6, 0> (34)
with A6, .., defined in (27).
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Afterward, the weight coefficient p, ; in regard to violation

of the soft constraint on tire sideslip angle is designed as:

oF, . .
p,, = tan| | 1Lt || (35)
» 2 aﬁ)ruxhi J

where F, and f,.,., come from the identical brush

brushi, j
model (9)-(11), but applied on each single tire. Details on
Fui; and  f, .. can be found in [17]. The relationship

b

between the weight coefficient p, , and the tire force usage

Sy 18 depicted in Fig. 5.

1000 T

800

600

400

200

Weight coefficient

0 1000 2000 3000 4000 5000 6000 7000 3000
Tire force usage

Fig. 5. Weight coefficient of sideslip constraint violation.

As demonstrated in Fig. 5, when the tire force usage f,,,.; ;
approaches to the saturation limit 3uF, , the corresponding
p, ; drastically increases. This intense enhancement of p, ; can
restrain the tire sideslip angle «,; from entering into the

saturated region and preserve the stability of the vehicle.

Finally, G—the weight coefficient with regard to the
violation of the soft constraint on vehicle lateral coordinate—is
simply fixed as an extremely large constant, because collision
avoidance must have the highest priority among all the control
objectives in (30).

4.3 LATERAL VELOCITY GENERATION

After solving the optimization problem (29) under multiple
constraints (23), the optimal AFS control increment sequence:
Aug,,k=t.t+H -1 can be obtained. For a special vehicle

equipped with an AFS, it can be directly used for shared control.
However, as we emphasized in Section 1, AFS is in general not
available for most passenger cars.

Instead, Au, ,is then substituted back into the first equation

of (23) to decide the optimal predicted state series:
x,k=t+1.1+H, As indicated in (13), we can then isolate

*

Yok

To  condense the  useful information  within
v k=t+1.1+H, a third-order polynomial curve fitting is

k=t+1.1+H, from other states.

applied to fit v, with respect to the corresponding time stamp

sequence: 7+7. ..+ H T, with 7 asthe current time stamp.

pos?
The fitted result is the desired lateral velocity, as:

v;(t):af+a2t2+a3t+a4,te[T,T+HpTS]. (36)

From (36), the first-order and second-order derivatives of
v, (¢) can be determined, as:
v (t):Sa]tz+2a2t+a3,te[7,r+HpT\], 7
VI (1) =6at+2a,,t |:T,Z'+HPTS].
The coefficients a,,a,,a;,a, in (36) are updated at each

MPC sampling step. Between two consecutive sampling steps,
they are regarded as constant.

5 FLATNESS DYC CONTROLLER
The objective of the low-level DYC controller is to generate

the desired external yaw moment M for tracking the desired
lateral velocity v} (t) The differentially flat property of the

2DoF bicycle model is exploited to facilitate controller design.

5.1 DIFFERENTIAL FLATNESS SYSTEM

A dynamic system X = f(x,u) with xeR" and ueR”"
is differentially flat [25] if there exists a set of variables,
y= h(x,u,a,...,u(’)),y e R”,reN, called a flat output, such

that x= A(y,y,...,y(v‘)),u = @(y,j/,...,y(v“)), with A and
O being either linear or nonlinear functions, which satisfy:

AN (v 33 ) ft = £(A(32 350000 5),0 (3, 50007,
with geN.

If a nonlinear system is differentially flat, then it can be
exactly linearized with respect to the flat output.

5.2 FLATNESS CONTROLLER DESIGN
As proved in [26], by treating the vehicle front road wheel
angle &, as a measurable parameter and the desired external

yaw moment M as the unigue system input, then the 2DoF
bicycle model:
o F, cos(5f)+F

) yr
Vy = _vx}/ El
m

F.l cos(J/.)—F [ +M

. wr'r
V= I >

is a differentially flat system with the flat outputas v, .

Based on the brush tire model (9)-(11), the lateral tire forces
of front and rear axle can be compactly expressed as:

Fiyn =8 (”»Fzm Ao Sirn ) (39)

In (39), 1 is supposed to be constant. Also, F, y }remains

N

(3%

almost unchanged owing to a negligible load transfer from the
constant v . Finally, we ignore the derivatives of tire slip ratios

S due to the relatively fast wheel dynamics.
With the above three simplifications, we can follow the

method in [26] to find the linear affine relationship between the
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second order derivative of the flat output v, and the unique

system input M, as:

i)'y = Aﬂat +Bﬂathr’ (40)
with

A/Ial

1 OF, cos(5,) [2cos(d,

s o f 10l
B vf+(vv+l/;/)2

Ve Oy R

1 OF,, m oa (é‘/»)(m I JF”
_Za (é‘/) + v‘f +(Vv +l/,}/)2

1 OF, cos(d,) [l cos(o,

mw|\vfy+vx[ }E’l /)7 ! IZ( /)]F;/\| (41)
" vf +(vy —Z,}/)z

o, (1,0,

da, "\m I ”7 Xﬂ_,cos(&,)l/

m(vf-!—(vv—l,y) ) 1.

Fl F,
+V'T 7)’ 1n(5,»)5/,

and
OF ,
ﬁcos(é})vxlf %vxlr )

By, =——" ' - (42)

ml, (vf + (vy + lf;/)z) ) ml (vf + (vy —l’_y)z) I
In (41) and (42), the vehicle front road wheel angle 6, can

be directly measured according to (8) and its derivative is
Sf =4,N

s Where 3, comes from (18).
According to the linear affine relationship in (40), it

becomes straightforward to design the desired external yaw
moment M as:

i + K (9, =0, )+ K (v, v, ) = A
= 2 . (43)

flat

In (43), v,,v,,V, are the referential lateral velocity signals

M’

from (36) and (37). Time index (t) is omitted for brevity.

By substituting (43) back into (40) and assigning
e, =v, —v,,wehave:

6 =Ké, +Kee, . (44)

e, 0 17e,

The eigenvalues of the system matrix in (45) can be
expressed as:

Or equivalently,

K, +K? +4K, K, — K} +4K,
A= 5 A, = 5 . (46)
By making the real parts of A,,4, strictly negative, we have
limv, (t)> v, (t). To treat the system uncertainty, it is
preferable to make the real parts of A,,4, far less than zero.

However, in this way, the generated A may be too large to be
tracked.

5.3 EXTERNAL YAW MOMENT ALLOCATION

The desired external yaw moment from (43) needs to be
allocated to the four wheels’ optimal extra spinning torques.
Typical approaches of yaw moment allocation include pseudo-
inverse [27], [28] and numerical optimization [29]. In this paper,
the pseudo-inverse method is preferred for its slight
computational burden.

To begin with, we can establish the relationship between any
given external yaw moment A _ and the added four wheels’

longitudinal tire forces: AF, =[AF AF  AF ,,AF, JT as:

xfl° xfir? xrl 2 xrr
M, =GAF,, (47)
where
G =[~cos(8, )1, +sin(8,)1,,cos(8, )1, +sin (8, )1,,~1,1, ] (48)
Thereafter, we can design a cost function for allocating M
in (43) into AF,, as:
J,. =AFIWAF, +(GAF, ~M!) H(GAF, ~M!).  (49)

M
In (49), the first term aims at constraining excessive AF)

and the second term is responsible for restricting the allocation
error. W in (49) is chosen as a 4*4 diagonal matrix with the
diagonal elements as:

Cmax (L ERSFILERY ) max(FRER FER)

Wll -

> Wy >

max max
FY/’ Fyfr' (50)
max  prmax  pimax  prmax max  pmax  pomax prmax
= max(F VA L S ) I maX(Fxﬂ Y QYA Sy )
3= ax > W = max
o Fyy

In (50), F2™ is the maximum available longitudinal tire

xij
force of each wheel, as:
max 2 2
Ey =\(uF,) ~F. (51)

xij

where F ., F, represent individually the lateral and vertical
tire force of each wheel [17].
Then, H in (49) is designed as:
H = gmax (w, wy,, wy;, Wy, ), ¢ € R, ¢ 1, (52)

to guarantee a small allocation error.

As a canonical quadratic programming problem, (49) can be
analytically solved. The optimally added four wheels’
longitudinal tire forces become:

AF; =(W+G"HG) G"HM. (53)

Finally, by omitting wheel dynamics, four wheels’ optimal
extra spinning torques can be calculated as:

7 Copyright © 2019 by ASME



AT,y = AFyR

ew

(54)
where R,, stands for effective wheel radius. AT, in (54) is

a 4*1 column, and its first, second, third, and last element
correspond individually to AT,,AT, ,AT,,AT, inFig. 1.

vl

6 SIMULATION RESULTS

A collision-avoidance scenario with a moving obstacle is
created to verify the effectiveness of the novel DYC based shared
control system. As depicted in Fig. 4, the shared control car
initiates a DLC maneuver for avoiding the static obstacle ahead.
However, there exists another moving vehicle in the adjacent
lane. Hence, the shared-control vehicle must also avoid a side
collision during lane change.

Vehicle parameters were set as: C_ =66900N,

C,=62700N /rad, 1, =1232m, I =1.468m, m=1723kg,

[, =0.77m, I. =1960kg -m’, R, =0.31m.The high-level MPC
controller was tuned with 7, =0.05s,N, =30,N, =2. The
gains in (44) were chosen as: K, =-24,K =-144,and ¢ in
(52) was set as 10. To realize a shared control structure, driver’s
hand-wheel steering angle o, was generated according to the
driver steering model (2) with parameters set as: K, =0.15,
G,=0.15T7,=03,

\ T,=1.0. Besides, tire road friction
coefficient was set as 4 =0.75. Finally, vehicle longitudinal

velocity was chosen as v, = 70mph.

6.1 HIGH LEVEL AFS VERIFICATION

Firstly, we verify that the LTVMPC lateral velocity planner
in Section 4 works properly. By solving the optimization
problem (29) under the constraints (23), we can obtain the
optimal AFS control sequence. At each MPC sampling step, the
first element in this sequence was virtually applied on the shared
control vehicle. The optimal AFS angle as well as its increment

is drawn in Fig. 6.
0.05 T

2
=)
&

|

0.01

Incrcament (rad) d—,\FR (rad)
o
o

|
T

» 001 ‘ : ‘ ‘
< 0 I 2 3 Time (s) 4
Fig. 6. AFS magnitude and increment constraints.

As indicated in Fig. 6, both the AFS angle and its increment
observed the third and the fourth constraints in (23).

Then, the sideslip angle of each wheel is exhibited in Fig. 7.
The red dashed lines correspond to the adaptive sideslip
thresholds, as indicated in [17]. Therefore, all four tires’ sideslip
angles respected the fifth constraint in (23).

Front left
sideslip (deg)
Front right
sideslip (deg)

Rear left
sideslip (deg)
Rear right

sideslip (deg)

o

6

=]

.4 4
T'ime (s) Time (s)

Fig. 7. Constraints on sideslip angles.

6.2 HIERARCHICAL STRUCTURE VERIFICATION
In this Section, the complete shared-control structure in Fig.
1 is verified.
Firstly, the referential lateral velocity  signals

v, (¢).v; (¢),V, () from (36) and (37) are depicted in Fig. 8.

¥

4 15 !
=15 fi R i 5
5 i T2 TR
= ; = g i
1 P — 5| i
= i S0 - 5
= 05 = Fohe dii e
E g -2 £ 0
g o0- 2 25
2 < i <
= <05+ = H &=-10 o
-6 3 ¥

i
=]

2 4 6 2 4 2 4
Time (s) Time (s) Time (s)

Fig. 8. Referential velocities generation.

Then, the lateral velocity tracking result is depicted in Fig.

°

2 T

i T
=X — Actual lateral velocity
L5 ’ -=-= Referential lateral velocity|

Lateral velocity (m/s)

Time (s)

Fig. 9. Lateral velocity tracking with flatness DYC.

As shown in Fig. 9, the actual lateral velocity closely
followed the desired lateral velocity. The tracking error did exist,
principally due to the modelling errors.

Subsequently, the four wheels’ optimal extra spinning
torques in (54) are shown in Fig. 10. For a four-wheel
independent actuated (4WIA) vehicle [28], the extra spinning
torque of each wheel can be implemented by individually control

the respective in-wheel motor.
500 T T "

T T

Front left wheel
ront right wheel
ear left wheel

Rear right wheel

Torque (N.m.)

Time (s)

Fig. 10. Allocated four wheels’ torques.

8 Copyright © 2019 by ASME



As stated in Fig. 10, extra wheel spinning torques produced
by DYC had approximately the same magnitude but opposite
sign on the right and left sides of the vehicle, which justified the
assumption that the longitudinal velocity v, can be roughly
regarded as constant.

Finally, the collision avoidance trajectories by AFS and
DYC intervention are compared in Fig. 11.

95 100105110 115

m)

5 - @ -
e p g g p polDI P f” 2P0 0 a
— B 4 4
0 . = N S S A
- --Actual path with DYC
-5 Actual path with AFS
L 1 1 1 L
0 50 100 150 200 250

X{(m)
Fig. 11. Collision avoidance trajectory comparison.

In Fig. 11, the green solid line corresponds to the trajectory
when AFS command was directly applied on the shared-control
vehicle. The blue dashed line represents the resulting trajectory
with DYC allocation. The gray rectangle with a surrounding
ellipse represented the moving obstacle. For demonstration
purpose, the CGs of the obstacle and the shared-control vehicle
were connected together via a straight line. Clearly, both AFS
and DYC can help the shared-control car avoid the side collision.
Although the AFS controller gave us a more damped trajectory,
AFS, as we emphasized in Section 1, is not a standard actuator
for current commercial vehicles.

6.3 DRIVER WORKLOAD COMPARISON
The driver hand-wheel steering angle 6, and steering rate 5

with either AFS or DYC 1ntervent10n are compared in Fig. 12
o 20

Driver hand whccl
steering angle (deg

Driver hand wheel
steering rate (deg/s)
'

S0 1 2 3 4 5 6 7
Time (s)

Fig. 12. Driver input with either AFS or DYC intervention.

As described in Fig. 12, both o,

smoother by the use of DYC. Furthermore, as explained in [30],
the driver’s physical load and mental load within a time period

[0,7] can be quantified as:

T
Lphyxical = J‘O 5(1 (t)z dt/T,

Ly = IOT 5,1 (f)z dt/T.

The driver physical and mental loads with either AFS or
DYC intervention are summarized in Table. 1.

and 5;, became

(35)

Table 1 Driver workloads

Lmemal (deg/s )2 ph} sical (deg)

DYC 136.1 12.1
AFS 164.0 25.0

According to Table 1, the DYC can effectively lessen the
driver’s physical and mental loads. The mental load was reduced
more than 17% and the physical load was even reduced more
than 51% with respect to AFS. This is because that the DYC
eliminates the explicit human-machine conflict by decoupling
the system intervention from driver hand-wheel steering.

7 CONCLUSIONS

This paper proposes a novel shared control system for
assisting driver in high speed collision-avoidance maneuvers.
The new system maintains a hierarchical structure with a high-
level MPC based lateral velocity planner and a low-level flatness
DYC lateral velocity controller. Simulation results demonstrate
the efficiency of this new system. Compared with an
prohibitively expensive AFS controller, the proposed system can
substantially reduce the driver workloads. Furthermore, this
novel shared control system uses driver-preferred collision
avoidance trajectory and extended driver-vehicle system to
account for driver’s intention, which makes it personalizable.

Future work will concentrate on driver adaption issue,
system robustness, and actuator constraints.
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