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ABSTRACT Drivers of man-machine cooperative driving intelligent vehicles are affected by driving skills,
physiological reactions, and other factors. Under emergency conditions, they often subconsciously forcefully
take over control rights and produce unreasonable stress steering, which brings new accident risks to
vehicles. To avoid collisions, this paper proposes an emergency collision avoidance control strategy for
man-machine cooperative driving vehicles. In the collision avoidance path planning layer, considering the
obstacle distance, road adhesion coefficient, vehicle speed, steering wheel stress angle, and driver’s linear
steering cognition, a circular arc lane-change path is designed. The curvature mutation is smoothed using
the third-order Bezier function. In the tracking control layer, a method of additional yaw moment control is
designed by using the model predictive control (MPC) algorithm to track the path. The accuracy and safety of
vehicle tracking are guaranteed only by adjusting the braking torque of each wheel of the vehicle, to correct
the unreasonable input when the driver forces to take over. The co-simulation results show that the collision
avoidance control system can effectively correct the unreasonable input during forced take-over, and ensure
the safety of stress steering.

INDEX TERMS Man-machine cooperative driving vehicles, additional yaw moment control, emergency

collision avoidance system, model predictive control.

I. INTRODUCTION
The vehicle emergency collision avoidance system is one of
the necessary active safety functions of intelligent vehicles.
It requires intelligent vehicles to perceive their state and the
surrounding environment, predict sudden traffic accidents
in the path planning process and adopt methods to reduce
the possibility of accidents, and optimize the target value
of the control system so that it can effectively correct the
unreasonable input when the driver forces to take over.

At present, most researches focus on the collision avoid-
ance control of autonomous vehicles without considering
the driver-in-the-loop, and tracking the planned path by
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controlling the wheel angle [1]-[4]. For man-machine coop-
erative driving intelligent vehicles, more researches on han-
dover between autonomous driving and human driving.
Russell ef al. studied the handover of vehicles between
full autonomous driving and full human driving [5], and
the study indicated that designing for autonomous driv-
ing should carefully consider the period of compromised
vehicle steering behavior during the handover of control.
Othersen et al. considered the interaction between driver’s
cognitive take-over ability [6], the situational complexity, and
various dimensions of a Non-driving Related (NDR) task to
improve the driver’s ability to have take-over control after a
period of automated driving. Sentouh et al. presented a new
cooperative control method [7], which manages the control
authority between the autonomous driving system and the

51757


https://orcid.org/0000-0002-8102-4156
https://orcid.org/0000-0001-8215-2515
https://orcid.org/0000-0001-5117-3655
https://orcid.org/0000-0002-2079-3867
https://orcid.org/0000-0003-2648-0025
https://orcid.org/0000-0003-4249-171X
https://orcid.org/0000-0002-6559-7501

IEEE Access

C. Yuan et al.: Research on Emergency Collision Avoidance System of Man-Machine Cooperative Driving Vehicles

driver based on driver monitoring and the risk assessment.
However, there are few studies on the driver forced to take
over the vehicle for steering control under emergency condi-
tions, and if the collision avoidance system still takes the front
wheel turning angle as the control variable or directly to the
control of the autonomous driving system under this condi-
tion, it will seriously affect the driver’s trust in the collision
avoidance system. Therefore, the man-machine cooperative
control of emergency collision avoidance system considering
the driver-in-the-loop needs further research.

The vehicle emergency collision avoidance system usually
includes collision avoidance path planning and trajectory
tracking control. The commonly used collision avoidance
lane-changing paths include paths generated based on the sine
function [8], seventh-order Bezier curve [9], and fifth-degree
polynomial [10], [11], etc. Path calculation based on the sine
function is simple and smooth, but the maximum value of path
curvature appears at the starting point and the ending point,
which makes the vehicle unable to meet the constraint condi-
tions. The path generated based on the seventh-order Bezier
curve can meet the constraint conditions of collision avoid-
ance, but it needs to determine too many target points and the
calculation is large, which limits the real-time performance.
The path generated based on the fifth-degree polynomial
has the advantage of continuous curvature without mutation,
but the path does not meet the driver’s cognition of steer-
ing and is not suitable for man-machine cooperative driving
vehicles.

In recent years, the tracking control algorithms that
have been studied more include proportion integral deriva-
tive (PID) control [12], optimal preview control [13], and
model predictive control (MPC) algorithm based on vehicle
kinematics or dynamics model [14]-[16]. The PID control
algorithm tracks the desired path according to the vehicle’s
driving position deviation. The algorithm is simple, but the
acceleration mutation will affect the trajectory tracking effect,
which is not suitable for emergency collision avoidance con-
ditions. The optimal preview control algorithm aims to min-
imize the tracking deviation in the preview window, and the
control quantity is mostly the front wheel angle of the vehicle,
so that the vehicle can accurately track the desired path, which
is not suitable for the driver’s forced steering. The model
predictive control algorithm can constrain the intermediate
state variables of vehicles, and determine the importance of
each parameter in the tracking control process with differ-
ent weight coefficients, which is suitable for solving multi-
constrained problems.

For the emergency collision avoidance system of man-
machine cooperative driving vehicles, this paper adopts dif-
ferent circular arc lane-changing paths based on the distance
to obstacles, road adhesion coefficient, vehicle speed, steer-
ing wheel stress angle, and driver’s linear steering cognition,
and uses the third-order Bezier function to smooth at the
curvature mutation, and establishes a lateral safety distance
model to determine whether there is a risk of collision. The
model predictive control algorithm is designed according
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to the changes of state variables and constraints during the
vehicle stress emergency steering, and the additional yaw
moment to ensure the tracking accuracy and safety is cal-
culated and distributed proportionally to the vertical load,
and the unreasonable input during the forced take-over is
effectively corrected by controlling the braking torque of
each wheel. Finally, a co-simulation environment was built
using Matlab/Simulink-CarSim to verify the effectiveness
and superiority of the system.

The main contributions of this paper include:

1. The improved circular arc lane-changing path conforms
to the current environmental constraints, the vehicle dynamic
characteristics, and the driver’s steering cognition, so that the
ordinary driver can know the path for collision avoidance in
advance and make the corresponding operation in time.

2. The designed model predictive control algorithm con-
forms to the constraints of vehicle state variables, and the
calculated additional yaw moment is reasonably distributed
to ensure the accuracy and safety of vehicle tracking. The
unreasonable input during forced takeover is effectively cor-
rected by controlling the braking torque of each wheel, which
reduces the risk of sudden traffic accidents of man-machine
cooperative driving intelligent vehicles.

This paper is organized as follows. In Section II, the vehi-
cle dynamics model is given. In Section III, the emergency
steering driver model with adaptive preview distance is estab-
lished. In Section IV, the emergency steering path is designed
and analyzed. In Section V, the model predictive control
algorithm is designed. In Section VI, the simulation results
are analyzed. Finally, some concluding remarks of this paper
are presented in Section VIII.

Il. VEHICLE DYNAMICS MODEL

Under the premise of ensuring the stability and safety of
vehicle trajectory tracking, to improve the accuracy of vehi-
cle trajectory tracking and reduce the calculation amount
in the control process, and to meet the real-time perfor-
mance of the system, this paper uses the three degrees of
freedom (3DOF) vehicle dynamics model [17]. Meanwhile,
the necessary simplification and assumptions are made as
follows:

1) Assuming that the intelligent vehicle is driving on a
horizontal road, without considering vertical motion.

2) Assuming that the vehicle is a rigid body, ignoring the
influence of the suspension system.

3) Assuming that the left and right angles of the vehicle
are consistent, without considering the influence of the
Ackermann angle.

4) Vehicle roll and pitch motion are not considered.

5) The influence of air resistance is not considered.

According to the above assumptions, the intelligent vehicle

is simplified into the three degrees of freedom vehicle dynam-
ics model with longitudinal, lateral, and yaw. Let the origin of
the oxy coordinate system coincide with the vehicle’s center
of mass, and OXY is the global coordinate system, as shown
in Fig. 1.
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FIGURE 1. Vehicle dynamics model.

The vehicle dynamics can be described as:

mx = m)')(p—i-Fxﬂ + Fyfp + Fxi + Far
my = —megb-i-Fyﬂ +Fyr +Fyrl+Fyrr
15 = a(Fyp + Fu) — b (Fyt + Fyr)
+C(—Fxﬂ +Fxr_Fxrl+Fxrr)+AMz (1)

where m is the total vehicle mass, x and y are the longitudinal
and lateral velocity respectively, X and y are the longitudinal
and lateral acceleration respectively, Fy; and Fy; are the
longitudinal and lateral tire forces of the ijth wheel, ij denotes
A1, fr, rl, and rr, which refers to front left, front right, rear left,
and rear right wheel respectively, I, is the vehicle moment
of inertia about the z-axis, ¢ is the vehicle yaw acceleration,
a is the distance of the front-axle to the mass center, b is the
distance of the rear-axle to the mass center, c is the half of the
distance between wheels, AM, is the additional yaw moment.

The coordinate conversion of the vehicle body coordinate
system oxy to the global coordinate system OXY is described
as:

X = xcosg — ysing
Y = xsing 4+ ycosg 2)
In this paper, considering only the front wheel steering, the
longitudinal and lateral forces generated by the four wheels in

the x-axis and y-axis directions of the vehicle body coordinate
system are described as:

Fyy = Figcosé — Fepy sindy
Fyy = Fy sin 8f + Fep cos 6f
Fyr = Fifr cos & — Fepr sin b
Fyfr = Fipr sindy + Fepr 08 &y

Fyi = Fin
Fyrl = Fepy
Fxrr = Flrr
Fyrr = L¢rr (3)

where Fj;; and F;; are the longitudinal and lateral forces of
the 7jth wheel in the wheel coordinate system, & is the front
wheel steering angle.
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Referring to the Magic Formula tire model, the longitudi-
nal force and lateral forces of the tire are described as:

Fr =fia,s, u, F)
FC:fC(avsﬂlbL’FZ) (4)

Combining Equations (1) to (4), the steering dynamics of
the intelligent vehicle can be analyzed to obtain the vehicle
nonlinear dynamics model, the vehicle system state space
equation can be rewritten as:

E=fEw )

Ill. EMERGENCY STEERING DRIVER MODEL

To better study the driver-in-the-loop vehicle emergency col-
lision avoidance system and obtain the steering wheel angle
change during emergency collision avoidance, it is necessary
to establish an emergency steering driver model. In the gen-
eral steering manipulation process, the visual preview infor-
mation of the driver comes from far and near two regions.
The preview near point information makes the driver reduce
the lateral displacement deviation, and the preview far point
information makes the driver predict the curvature of the
road ahead in advance [18]-[20]. However, in the case of
emergency collision avoidance, the driver cannot predict the
distance information in advance in a very short time. There-
fore, the single-point preview driver model can better reflect
the driver’s stress steering mechanism.

According to the preview following theory, the lateral error
that the driver always wants to reach the preview point after
driving is zero, as shown in Fig. 2. The lateral position at the
preview point is described as:

2
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Y+ AN =y@)+AL-3(0) + —5 () (6)
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FIGURE 2. Single-point preview driver model.
The preview distance d is described as:
d=v-At @)
And considering the vehicle kinematics.
(0 =v*/R
d =L/R ®)
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The relationship between steering wheel angle and front
wheel steering angle is described as:

Ssw =1- Sf 9)

Combining Equations (6) to (9), the steering wheel angle
is described as:

2iL .
dow=—7 WU+ A) =y (@) = AL- (1)) (10)

Therefore, only selecting the appropriate preview distance
can conform to the real driver steering behavior. The real
driver’s preview distance isn’t fixed in emergency collision
avoidance, that is, the preview line should be adjusted adap-
tively with the curvature of the target path and the vehicle
speed. When the vehicle speed is high and the curvature of
the target path is small, the driver’s preview distance should
be increased adaptively. When the vehicle speed is low and
the curvature of the target path is large, the driver’s preview
distance should be reduced adaptively.

Based on the above analysis, this paper proposes an emer-
gency steering driver model with adaptive preview distance,
that is, when the driver is in emergency steering, the preview
distance is adaptively adjusted with vehicle speed and the
curvature of the target path. Although the preview styles of
different drivers are different, the change trend of preview
distance of each driver is consistent. Different empirical coef-
ficients are used to simulate, and the preview distance is
described as:

ki -V
d = min (do—i—l—,DMF) (11)

ekap
where dj is the initial preview distance, reference scholars
Land and Horwood research, set the initial preview distance
of 6 meters, k; and k, are the empirical coefficients of
speed and path curvature for different drivers respectively.
Dyr is the longitudinal distance between the vehicle and the
obstacle.

The emergency steering driver model with adaptive pre-
view distance established in this section has a clear physical
meaning, and can well conduct steering control, which largely
reflects the emergency steering behavior of real drivers.

IV. EMERGENCY STEERING PATH PLANNING
A. COLLISION AVOIDANCE MULTI-CONSTRAINT DESIGN
The driving environment around the vehicle is complex and
changeable. To ensure that the man-machine cooperative
driving vehicle can avoid collisions in the process of emer-
gency steering [21], it is necessary to design the emergency
collision avoidance process with multi-constraints based on
the characteristics of the driving environment and dynamics.
The aim is comprehensive to reflect the rationality of vehicle
emergency steering path and the safety of emergency colli-
sion avoidance.

To study the emergency situation, the vehicle can no longer
avoid collision only by braking, but needs to take steering
lane-change to avoid collision. This paper first clarifies the
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driving environment before collision avoidance, as shown
in Fig. 3.

L DL]:.\ Dwr

FIGURE 3. Emergency steering spatial constraints. M is the host
vehicle, F is the obstacle vehicle in front, H is the road guardrail.

1) SPATIAL CONSTRAINT

The principle of spatial constraints is that the driver, in the
face of unexpected emergencies, will produce steering lane-
change collision avoidance needs. In this process, the most
dangerous is to collide with the obstacle vehicle F in this lane,
so the lower boundary of the spatial constraint is obtained
by making a circular arc from the starting point of the
host vehicle M to the critical point of the collision to the
obstacle vehicle F. Taking the minimum turning radius of
the host vehicle M as another arc, and limited by the road
guardrail H, the upper boundary of the spatial constraint is
obtained. The scope of emergency steering space constraints
as shown in Fig. 3.

Assuming that the host vehicle and the obstacle vehicle are
both of the same model, the coordinate system is established
as shown in Fig. 3. And the O point coordinate is (xas, yar),
the O point coordinate is (xp7, y1), the O; point coordinate is
(xam, y2), the Py point coordinate is (xps + L + Dpr4, yu), the
P, point coordinate is (xpy + L + Drq, yu + B), the Q; point
coordinate is (xps + L + Dr, + Dyr, yu + B), the Q, point
coordinate is (xg2, yu + B+ Dp). Where B is the vehicle
width, Dg is the distance from the left side of the host vehicle
to the road guardrail, L is the vehicle wheelbase, Dy, is
the vehicle front overhang, Dyr is the longitudinal distance
between the host vehicle M and the obstacle vehicle F.

The circular arc P;_Q; satisfies the relationship of
Equation (12):

=)+ —y)* =R (12)

where R? = (y1 — B — yu)*+(L + Drq + Dyr)?. The equa-
tion of the circular arc P;_Q can be obtained by substituting
the coordinates of the points P; and Q; into Equation (12)
respectively.
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The circular arc P>_Q, satisfies the relationship of
Equation (13):

C—xm)+ 00— =R (13)

where Ry = Rpin — B, Rmin is the minimum turning radius
of the host vehicle M. The equation of the circular arc
P>_Q> can be obtained by substituting the coordinates of the
points P> and Q3 into Equation (13) respectively.

2) STABILITY CONSTRAINTS
The principle of stability constraints is that the yaw rate
and the sideslip angle of mass center will increase rapidly
when the driver is steering rapidly. When the upper limit of
the two aspects is exceeded, the stability of the vehicle will
deteriorate [22]. The upper limit of yaw rate and sideslip
angle are directly related to road adhesion coefficient. The
upper limit of yaw rate is wmax = 0.851g/vy [23], and the
upper limit of side-slip angle is Bnax = arctan (0.02ug).
Among them, the yaw rate o represents the vehicle steering
characteristics, which is more reflected in the stability. The
sideslip angle of mass center S represents the deviation from
the reference trajectory in the vehicle steering process, which
is more reflected in the vehicle trajectory tracking [24].
When the vehicle is braked by the left and right side
wheels, the additional yaw moment will be produced, can be
described as:

AM, = I, - Aw
1%
= — 14
®= g (14)

The above equation shows that when the wheel braking
force is the maximum value, the resulting limit additional yaw
moment will increase or decrease the yaw rate of the vehicle.
At a certain speed, the radius of the steering trajectory R is
inversely proportional to the yaw rate w, and there exists a
minimum value of the radius of the steering trajectory.

B. EMERGENCY STEERING PATH ANALYSIS

The ordinary driver’s cognition of vehicle steering in the face
of an emergency is often based on linearity [25]. The reason
is that people will actively decelerate when driving a vehicle
steering in daily life, resulting in the driving experience accu-
mulated by ordinary drivers mostly in low-speed conditions,
which is suitable for vehicle linear model. To avoid collisions,
the driver’s steering intention is an ideal circular arc steering
trajectory, but this steering trajectory has a sudden change
in curvature at the junction of the two arcs, which is to be
avoided in the steering process. Therefore, in this paper, the
smoothing process at the junction of circular arcs is consid-
ered in trajectory generation.

The Bezier curve is a curve that can limit the curve range
through the control points, and the curvature of the third-order
Bezier curve is continuous. Using this curve in the design of
vehicle steering path can reduce the requirements of curvature
mutation on steering control, reduce the difficulty of control
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and improve the control effect. The third-order Bezier curve
equation is described as:

B(t) = Py (1—1)>+3P1t (1—1)2 43Pyt (1—1) + P13,
te0,1] (15)

where Py, Pi, P>, and P3 are control points of the Bezier
curve.

For higher safety requirements, spatial constraints and sta-
bility constraints are considered in emergency steering path
generation. From the spatial constraint and stability constraint
in the previous section, the value range of the emergency
steering radius R at the vehicle’s center of mass is described
as:

2

B B Vi
Ry+ - <R=<Ri —-&R > (16)
2 2 0.85ug

Considering that the impact on the vehicle should be
minimized under the premise of ensuring safety, different
emergency steering radius R are set for different driver stress
reactions, as shown in Table 1.

TABLE 1. The value of emergency steering radius R.

- - —— - -
Driver stress steering radius R Emergency steering radius R

Remaxlr+Z Y | AR R:maX{RZ+§’08‘§ }+A3R
= 2T 085ug | 3 OHE
v B AR
R, + : SCSRSR-T-—
max{ P2 0.35/15,} 3 "2 03 R:R,—B—ﬁ
2 2
_B_AR_p Rog -B_AR
2 3 2 3

Where AR is the difference of the range of values, that is,
AR = (R; — B/2) — max {R> + B/2,v2/0.85ug}, different
emergency steering radius R corresponding to different cir-
cular arc emergency steering path and its curvature change.

To verify the smoothing effect of the third-order Bezier
curve on the intersection of circular trajectories, the vehicle
and road environment parameters were selected as shown
in Table 2. The curvature change before processing is shown
in Fig. 4.

TABLE 2. Vehicle parameters and road environment parameters.

Symbol Parameters Values
L Wheelbase 2.603m
D, Front overhang 0.82m
B Vehicle width 1.706m
R Minimum turning radius 5.5m
D, Distance from the obstacle vehicle 20m
4 Velocity of the host vehicle 20m/s
A Velocity of the obstacle vehicle Om/s
w Lane width 3.75m
1% Road adhesion coefficient 0.85
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FIGURE 4. Before processing: Curvature change of circular arc emergency
steering path.

Curvature (% 10‘3)
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FIGURE 5. After processing: Curvature change after smoothing at circular
arc junction.

The curvature change after smoothing the -circular
arc junction with third-order Bezier curve is shown
in Fig. 5.

Fig. 4 and Fig. 5 describe the time response of the curvature
change. After the third-order Bezier curve processing, the
curvature change at the circular arc junction is improved, and
the steering path becomes more reasonable.

C. LATERAL SAFETY DISTANCE MODEL
There are few existing lateral safety distance models. For
man-machine cooperative driving intelligent vehicles in the
process of emergency obstacle avoidance steering, to avoid
collision accidents with obstacles or guardrails, a multi-factor
lateral limit safety distance model under this condition is
established for research.

The steering radius Ry, of the vehicle at high speed steering
is analyzed. The steering motion is shown in Fig. 6, ignoring
the Ackermann angle when steering, and assuming that the
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FIGURE 6. Steering motion of the vehicle.

steering angle of the inside and out-side front wheels is
consistent.

According to the geometric relationship, it can be calcu-
lated that the vehicle steering radius Ry, is described as:

L -tan (6f —
Dy = o0l —o) (17)
tan (o) + tan (8; — o)
Dy, L

tan (8 — ay) " tan (ay) + tan (8 — o)

(18)

where Dy is the distance from point of steering radius
perpendicular to wheelbase to forward shaft, oy and o, are
sideslip angle of front and rear wheels.

When the vehicle is driving on the road, in the pro-
cess of emergency collision avoidance steering when
encountering an unexpected situation, it has the risk
of corner collision with the obstacle vehicle in front
and the road guardrail. The relative position relationship
between the host vehicle and the obstacle vehicle, and
between the host vehicle and the road guardrail are shown
in Fig. 7.

By defining Dy, = Dp1 + Dig, the establishment of a
lateral safety distance model between the host vehicle and the
obstacle vehicle:

Dy—obc = \/(DLla + Dyr + VZtl)2

B 2
- (Rm+5) 02, (19)

W 20)

Wo
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vehicle

(c) Start steering between the host vehicle and the road guardrail

FIGURE 7. The relative position relationship.

D
& = arctan LI”B 21
Rp+ 3
R, — B
& = arccos G > (22)
2 B
DLla + (Rm + 7)

Vi

VDR + (Rt 8)
where V| is the velocity of the host vehicle, V3 is the velocity

of the obstacle vehicle, t; is the critical time of vehicle
avoiding corner collision.

(23)

Wo
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Establishment of lateral safety distance model between the
host vehicle and the road guardrail:

B\2
Dy_gua = \/(DLla + Dyn)* + (Rm + 5)

B 2
-sin (Y +6) — (Rm+5) +D?,. (24

5]
v = f wdt (25)
0

Rn+%
0 = arctan | ——— 2 (26)
Dria + Dur

where Dy is the distance between the host vehicle and the
road guardrail, v is the vehicle yaw angle, 1, is the time for
the driver to start reverse steering.

In Equations (19) and (24), Dyr and Dyg are obtained
from the actual measurement by millimeter wave radar, V5 is
calculated from the distance Dy and the velocity V.

V. EMERGENCY COLLISION AVOIDANCE TRAJECTORY
TRACKING CONTROL

In the aspect of trajectory tracking control, model pre-
dictive control (MPC) does not require high accuracy of
the whole vehicle model compared with other control
algorithms [26], [27], and can effectively deal with mul-
tivariate problems and constrains the vehicle intermediate
state to improve the trajectory tracking ability and ensure the
robustness and stability of the system. In this section, the
emergency collision avoidance trajectory tracking controller
is designed based on the MPC algorithm.

A. PREDICTIVE MODEL
Considering Equation (5), the nonlinear dynamic model of
intelligent vehicle is described as:

édyn Zfdyn (den, udyn) 27

In this model, the state variables are defined as &4y, =
[x, v, 0,0, X, Y17 and the control variable is Udgyn = AM;.

To simplify the operation, the model needs to be linearized,
according to the state trajectory obtained from the input
constant control variable and the deviation of the actual state
variables of the system, the linear time-varying equation is
described as, Equations (28)—(30), shown at the bottom of the
next page.

s 2C 8¢ (3+ag
where % — _2Ca¥0+ad)
ax mx2 ’
afy . 2Cr +ap)+2Cer (y—bg
3_J;; =—¢+ of G+ag) i or (0 (ﬂ)’

mx
Uy _ 2[aCes G+ag)—bCer (—bg)]
ox = [E :

The Equation (28) is discretized by the forward Euler
method, and the discrete state space expression is described
as:

den k+1) = Adyn (k) Edyn (k) + den (k) Udyn ®) 3D
where Agy, (k) = I + TAgyn (1), Bayn (k) = TBay, (1).
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B. CONSTRAINT CONDITION

To meet the requirements of stability and safety [28], it is
necessary to limit the dynamic characteristics and lateral
displacement of the intelligent vehicle in the process of emer-
gency collision avoidance steering at high speed.

Referring to the relevant literature [23], [29], the yaw rate
constraint is —0.85ug/vy < w < 0.85ug/vy. Steering to
avoid collision on the road with standard width of 3.75m
cannot collide with the guardrail on both sides of the road,
so the lateral displacement constraint is B/2 — 1.875 < Y <
5.625 — B/2. Considering the limit constraint of the control
variable in the control process, the additional yaw moment
constraint is —F,uB/4 < AM, < F,uB/4.

C. OPTIMIZATION SOLUTION

To improve the trajectory tracking accuracy and stabil-
ity of the intelligent vehicle in the process of emergency
collision avoidance steering, the objective function of tra-
jectory error, control increment, and relaxation factor is
established [30], [31].

J (Edyn @), Udyn -1, AUdyn (t))
Np 5
= Z ||77dyn (t+ilt) — Ndyn,ref (t+1il) ”Q
i=1
Nc—1 5
+ D A (1 + il + pe? (32)
i=1

where Np is the prediction horizon, N¢ is the control horizon,
Q and R are the weight matrix, ¢ is the relaxation factor, p is
the weight matrix of relaxation factor.

Considering the constraints, the optimization problem of
trajectory tracking controller can be described as:

Nc—1
£ 3 L G+ 0+ o
i=1
s.t. AUalyn,min < AUa’yn,t < AUa’yn,max
Udyn,min < AA Udyn,t + Udyn,t < Udyn,max
Yhe,min = Yhe = Yhc,max
Yse;min — € < Yse < Ysc,max 1+ €
e>0 (33)

where AUgyy,, is the increment of the control variable at
time t, yj. is the hard constraint output, y,. is the soft con-
straint output.

Equation (33) is solved in each control cycle, and a series of
control input increments and relaxation factors in the control
horizon can be obtained.

T
* _ * * *
AUdyn,t - [Audyn,t’ AI’tdyn,t—i-l’ T Al'{dyn,t-',-NC—l:I
(34)

According to the principle of model predictive control, the
first element in the obtained control sequence is acted on the
system as the actual control input increment, that is:

Udyn (1) = ugyn (t — 1) + Aug,,, (35)

After entering the next control cycle, repeat the above pro-
cess, so circular rolling optimization, and ultimately achieve
the desired trajectory tracking control.

D. ADDITIONAL YAW MOMENT DISTRIBUTION

Since the tracking trajectory control of the man-machine
cooperative driving vehicles considering the driver-in-the-
loop is realized by adjusting the additional yaw moment, that
is, when the vehicle is running, appropriate braking forces
are applied to the corresponding wheels in different states.
According to the literature [32]-[34], the existing studies

Np ) are mostly single-wheel braking and unilateral double-wheel
Aflfjlin Z Inayn (2t + i1 1) = nayn.rer (¢ + il 1) ||Q braking strategies. Considering the road adhesion condi-
e i tions, in order to ensure the braking stability and generate
Eayn = Adyn (1) Edyn (1) + Bayn (1) tayn (1) (28)
fdyn
Agyn (1) = ——
" a%_dyn
r dfi . 2Cy6 . 2aCxé 7
We 51 29y 0 y+=—2L o0
dax mx mx
8_f.y _2 (Ccf + Ccr) 0 Cis 2 (chr - aCcf) 00
ax mx mx
— 0 0 1 00 (29)
afy 2(bCer — aCer) 0 2 (a*Cer + b*Cey) 00
0x Ix Lx
cos ¢ —sing —Xsing —ycos g 0 00
| sing cos XCcosp — ysing 0 00|
fay 1 T
den(;):ﬂ:[ooo—oo} (30)
a"‘dyn I
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greater additional yaw moment, this paper adopts a unilateral
double-wheel braking strategy. Therefore, after the model
predictive controller calculates the additional yaw moment
required to track the emergency collision avoidance trajec-
tory, it needs to be properly distributed.

The tire adhesion ellipse is described as:

Fli+ Fp < u’F (36)

where F; is the vertical load of the ijth wheel.

The longitudinal and lateral tire forces can be described as:

0 < Fuj < \JWPF; — F};
0 < Fyj < /W2 F3 — F}; (37)

Therefore, to make full use of the adhesion condition and
ignore the transfer of axle-load during motion, the additional
yaw moment generated by unilateral front and rear wheel
braking is allocated according to the vertical load ratio.

1) When AM, > 0, the additional yaw moment of each
wheel is described as:

Fap
AMyy = —— AM,
) Fzﬂ + Fzrl
F.
AM,,; = _ Tl
Fzﬂ + Fzrl
AMy; =0
AM, = 0 (38)

2) When AM, < 0, the additional yaw moment of each
wheel is described as:

AM; =0
AM;; =0
_ F,

AMy = —2 AM,

szr + Fzrr

F

AM,, = —AM, (39)

F zfr +F zrr

VI. CO-SIMULATION AND ANALYSIS

In this section, three groups of simulation cases, including
the no control vs. MPC control test, the change parameter
simulation test, and the PID vs. MPC control test, are pre-
sented to evaluate the effectiveness and superiority of the pro-
posed control method. The first and second groups are used
to verify the effectiveness of the man-machine cooperative
driving vehicle emergency collision avoidance path planning
and trajectory tracking control algorithm, and the third group
to verify the superiority. Matlab/Simulink-CarSim are used
to establish a co-simulation test platform. The simulation
parameters are shown in Table 3, and the model is shown
in Fig. 8.

A. ALGORITHM EFFECTIVENESS VERIFICATION
To verify the excellent effectiveness of the control algorithm,
two groups of contrast simulation tests are set up.

VOLUME 10, 2022

TABLE 3. Intelligent vehicle related parameters.

Symbol Parameters Values
a Distance from the center of mass to the front-axle 1.183m
b Distance from the center of mass to the rear-axle 1.420m
D, Distance between wheels 1.5m
D, Front overhang 0.82m
B Vehicle width 1.706m
m Total vehicle mass 1305kg
1. Moment of inertia about the z-axis 2612kg-m’

y_dot

T . - “::" »
T2 phi
P deit:
- :‘ TR1 phi_dot
en  TR2
¥ . T
|delta_mz e«
H MPC_Controller
ol

¥ _ref|
S S
=

FIGURE 8. Matlab/Simulink-CarSim co-simulation model.

CarSim S-Function
Vehicle Code: i_|

XY

Group I: Contrast simulation test of stress steering colli-
sion avoidance about no control and MPC control. The host
vehicle was set at a speed of 20m/s on the road with the
adhesion coefficient of 0.85, and the lane width was 3.75m.
After driving 40 meters, the driver suddenly found that there
was a stationary vehicle in the front 20 meters, which was
the same as the host vehicle, and the host vehicle was forced
to avoid collision by steering. The simulation results of stress
steering collision avoidance with no control and MPC control
are shown in Fig. 9.

The results in Fig. 9(a) show that, the host vehicle with
no control when the stress steering collision avoidance will
produce a large lateral displacement, the maximum lateral
displacement is 6.178m, which will collide with the road
guardrail at 5.625m. However, the planned collision avoid-
ance path can be better tracked during MPC control, therefore
avoiding the collision. It can be found from Fig. 9(b-d) that,
the host vehicle with no control has a larger yaw rate and
lateral acceleration, which can cause the vehicle’s stability
to deteriorate. Compared with the no control, the MPC con-
trol effectively improves the stability of the vehicle during
collision avoidance. The yaw rate of the controlled vehicle
decreases from 22.75°/s to 13.99°/s, the lateral acceleration
decreases from 6.53m/s? to 4.77m/s?, and the sideslip angle
of the mass center decreases from 2.17° to 1.93°. It can
be seen that the designed control algorithm has excellent
effectiveness for stress steering collision avoidance.

Group 1I: Contrast simulation test of stress steering
collision avoidance under different speeds, different road
adhesion coefficients, and different driver stress angles.
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In condition one, the host vehicle was set to speeds of 20m/s,
25m/s, and 30m/s on the road with the adhesion coefficient of
0.85, and the lane width was 3.75m. After driving 40 meters,
the driver suddenly found that there was a stationary vehicle
in the front of 20 meters, which was the same as the host
vehicle, and the host vehicle was forced to avoid collision
by steering. The peak steering angle was 77°. The simulation
results are shown in Fig. 10(a-c). In condition two, only the
road adhesion coefficient was changed to 0.85, 0.70, and
0.55 respectively, and other conditions remained unchanged.
The simulation results are shown in Figure 10(a), (d), and (e).
In condition three, only the steering wheel angle peak was
changed to 77°, 87°, and 97°, respectively, and other condi-
tions remained unchanged. The simulation results are shown
in Fig. 10(a), (f), and (g).
The results in Fig. 10(a-c) show that, with the increase
of speed, the effect of additional yaw moment makes the
controlled vehicles can follow the designed path better to
avoid collision. However, if the speed is too high, the tracking
error will be too large at 60m, and the controlled vehicle has
the risk of collision with the front stationary vehicle. It can
be found from Fig. 10(a), (d), and (e) that, with the decrease
of the road adhesion coefficient, the effect of the additional
yaw moment makes the controlled vehicle can also track
the designed path better to avoid a collision. But if the road
adhesion coefficient is too low, which will lead to too large
tracking error at the late stage of steering collision avoidance
and the controlled vehicle has a short-lived risk of rear-axle
sideslip. This is because in the condition of low road adhesion
coefficient, the road provides less lateral tire force. It can be
found from Fig. 10(a), (f), and (g) that, the different driver
stress steering wheel angles have less influence on the control
system, and the additional yaw moment makes the controlled
vehicle can track the designed path well to avoid a collision.
The MPC control algorithm is effective in avoiding collisions
under different speeds, different road adhesion coefficients,
and different driver stress steering angles.

B. ALGORITHM SUPERIORITY VERIFICATION

To verify the excellent superiority of the control algorithm,
the MPC is compared with the classical PID, and the third
group of contrast simulation test is set up.

Group I1I: Contrast simulation test of stress steering col-
lision avoidance about PID control and MPC control. The
host vehicle was set at a speed of 20m/s on the road with the
adhesion coefficient of 0.85, and the lane width was 3.75m.
After driving 40 meters, the driver suddenly found that there
was a stationary vehicle in the front 20 meters, which was the
same as the host vehicle, and the host vehicle was forced to
avoid collision by steering. The simulation results of vehicle
steering collision avoidance with PID control and MPC con-
trol are shown in Fig. 11.

The results in Fig. 11(a) show that, the PID control
and MPC control can both track the planned path to
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avoid collision. Compared with the MPC control, the PID
control has certain hysteresis and poor tracking effect. This
is because MPC is more suitable for the control of nonlinear
systems than PID control. Moreover, MPC has a prediction
link and can constrain the vehicle intermediate state. It can
be found from Fig. 11(b-d) that, the stability of the MPC
control is better than that of PID control in vehicle collision
avoidance. Compared with the PID control, the MPC control
is 25.86% lower in the yaw rate, 19.02% lower in the lateral
acceleration, and 21.86% lower in the sideslip angle of the
mass center. It can be seen that the designed MPC control
algorithm has excellent superiority.

ABBREVIATION

m Total vehicle mass
a Distance from the center of mass to the
front-axle
Distance from the center of mass to the
rear-axle
Half of the distance between wheels
Vehicle width
Wheelbase
Lane width
Road adhesion coefficient
Relaxation factor
Weight matrix of relaxation factor
Longitudinal velocity
Lateral velocity
Longitudinal acceleration
Lateral acceleration
Vehicle yaw acceleration
ij Longitudinal tire forces of the ijth wheel
i Lateral tire forces of the ijth wheel
ij Vertical load of the #jth wheel
Fij Longitudinal forces of the ijth wheel in the
wheel coordinate system
Fejj Lateral forces of the ijth wheel in the
wheel coordinate system
I, Moment of inertia about the z-axis
S Front wheel steering angle
do Initial preview distance
Ruin Minimum turning radius
AM,  Additional yaw moment
Dyr Longitudinal distance between the vehicle
and the obstacle

S

MM eE R D R o WO

Dw Distance between wheels
Dyq Front overhang

NDR  Non-driving related

PID Proportion integral derivative

MPC  Model predictive control

3DOF Three degrees of freedom

oxy Vehicle body coordinate system
OXY  Global coordinate system
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VIi. CONCLUSION

This paper proposed a novel emergency collision avoidance
system of man-machine cooperative driving vehicles based
on additional yaw moment control. An emergency steering
driver model with adaptive preview distance is established.
An improved circular arc lane changing path based on the
obstacle distance, road adhesion coefficient, vehicle speed,
steering wheel stress angle, and driver’s linear steering cog-
nition is established. A model predictive control algorithm
based on the state change and constraints in the process of
vehicle emergency steering is designed. The braking torque
of each wheel is adjusted to ensure the accuracy and safety
of vehicle tracking by additional yaw moment control. The
results of co-simulation show that, the effectiveness and supe-
riority of the designed intelligent vehicle emergency colli-
sion avoidance path planning and trajectory tracking control
algorithm.

It should be noted that this study does not consider some
limiting conditions, such as emergency collision avoidance
on icy roads with extremely low road adhesion coefficients.
The variation of tire nonlinear characteristics throughout the
whole collision avoidance process is also not considered.
Meanwhile, this paper does not carry out real vehicle test
verification. These will be considered in our future work to
expand the future applications of the algorithm.
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