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ABSTRACT Under emergency conditions, the safety distance between vehicles is insufficient, and drivers
initiate unreasonable obstacle avoidance, which results in accident risks to vehicles. Therefore, an emergency
obstacle avoidance system is needed for intervention to avoid traffic accidents. This paper proposes a
coordinated steering and braking obstacle avoidance control strategy based on a safety distance model.
The strategy takes into account handling stability and ride comfort. In the emergency braking obstacle
avoidance module, the safety distance model and the graded warning mechanism based on the braking
process are established. In the emergency steering obstacle avoidance module, a steering safety distance
mode with multiple constraints is established, the obstacle avoidance trajectory is planned using the fifth-
degree polynomial, and the obstacle avoidance trajectory is tracked using the model predictive control
algorithm. The co-simulation results show that the emergency obstacle avoidance strategy proposed in this
paper can select the appropriate way to complete obstacle avoidance under different working conditions.
In braking obstacle avoidance, the braking deceleration essentially matches the expected value. In steering
obstacle avoidance, the maximum error of lateral displacement can be reduced to 0.09 m. The research in
this paper can provide a theoretical and practical basis for improving the driving safety, handling stability
and ride comfort of intelligent vehicles.

INDEX TERMS Intelligent vehicle, emergency obstacle avoidance, safety distance model, trajectory
planning, model predictive control.

I. INTRODUCTION
Among the three elements of human-vehicle-road traffic,
humans are the most uncontrollable [1]. According to the
U.S. National Highway Traffic Safety Administration, more
than 88% of traffic accidents are caused by misjudgments
or slow responses of drivers [2]. An emergency obstacle
avoidance system that can reduce accidents caused by human
factors and improve driving safety is one of the key tech-
nologies of intelligent vehicles that has attracted extensive
attention [3], [4], [5]. An emergency obstacle avoidance sys-
tem can process and analyze obstacle information, vehicle
speed, the surrounding environment and other information.

The associate editor coordinating the review of this manuscript and

approving it for publication was Jie Gao .

According to the obstacle avoidance strategy, the best obsta-
cle avoidance method is reasonably selected and the cor-
responding action is completed by controlling the vehicle.
Emergency obstacle avoidance mainly includes longitudi-
nal braking obstacle avoidance and lateral steering obstacle
avoidance.

Braking obstacle avoidance research mainly includes brak-
ing safety distance models and obstacle avoidance control
strategies. The accuracy of the obstacle avoidance strat-
egy is determined by whether the safety distance model
is reasonable, and the effectiveness of obstacle avoidance
strategy is determined by the accuracy of obstacle avoid-
ance control. References [6] and [7] designed an emergency
braking algorithm that took ramps into account to improve
the performance of emergency obstacle avoidance systems
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on sloping roads. References [8], [9], and [10] proposed
a braking obstacle avoidance strategy based on the col-
lision safety time that improved the accuracy of obstacle
avoidance. References [11] and [12] designed an emergency
braking algorithm considering road adhesion coefficient that
improved the adaptability of an emergency obstacle avoid-
ance system on different roads. The above research was
mainly focused on braking obstacle avoidance. When the
speed is high or the road adhesion coefficient is low, the brak-
ing distance will be greatly increased. In these conditions,
steering obstacle avoidance is a better choice.

Steering obstacle avoidance research mainly includes path
planning and path tracking. Due to the nonlinearity of a vehi-
cle, it is necessary to consider the stability of the vehicle in the
course of lane changes [13], [14], [15]. References [16], [17],
and [18] designed obstacle avoidance trajectory planning
with the motion constraints of a vehicle to achieve reasonable
lane change obstacle avoidance. References [19] and [20]
designed an algorithm for path-tracking control based on the
safety distance model to achieve the requirements of stable
collision avoidance. References [21], [22], and [23] designed
a corresponding controller for real-time steering obstacle
avoidance and verified the effectiveness of the algorithm
through experiments. The above research was mainly focused
on steering obstacle avoidance.

Some scholars studied the coordinated steering and brak-
ing control of intelligent vehicles in emergency obstacles.
Reference [24] considered the factors of obstacle vehicles
to determine the priorities of steering and braking. When
steering was the priority, the intervention of traffic elements
in the side lane was considered, and then the best reasonable
collision avoidance mode was selected. Reference [25] used
an estimation of the road adhesion coefficient to calculate the
safety warning distance of braking and steering for decision-
making. Reference [26] considered the relative speed and
relative acceleration combined with the road adhesion coeffi-
cient to determine the steering or braking collision avoidance.
The above research was mainly focused on obstacle avoid-
ance decision-making, and it ignored the handling stability
and ride comfort in obstacle avoidance control.

In summary, this paper proposes a coordinated steering and
braking control obstacle avoidance strategy, considering the
handling stability and ride comfort, that can select the best
obstacle avoidance mode according to the driving environ-
ment of a vehicle.

II. INTELLIGENT VEHICLE DYNAMICS MODEL
A. THREE DRGRFF OF FREEDOM (3-DOF) VEHICLE MODEL
The vehicle is actually a complex nonlinear system. The
forces coupled with each other are complex in the driving
process. In order to make the study of the vehicle dynamics
simple, the following assumptions are made:
(1) Assuming that the vehicle runs on a flat road surface, and

ignoring the vertical motion of the vehicle.
(2) Assuming that the tire is always in the sideslip range

during driving, and ignoring the coupling of tire force.

(3) Assuming that the vehicle and the suspension are rigid
bodies, and ignoring the effect of the suspension.

(4) Assuming that the vehicle only rolls during driving with-
out sliding.

(5) Lateral and longitudinal aerodynamics are not
considered.

A 3-DOF vehicle dynamics model with longitudinal, lat-
eral and yaw motions is established as shown in Fig.1.

FIGURE 1. Vehicle 3-DOF model.

The dynamic equations of the vehicle can be derived as

mẍ = mẏϕ̇+2
[
Clf + Ccf

(
δf −

ẏ+aϕ̇
ẋ

)
δf + Clrsr

]
mÿ = −mẋϕ̇+2

[
Ccf

(
δf −

ẏ+aϕ̇
ẋ

)
+ Ccr

bϕ̇ − ẏ
ẋ

]
I ϕ̈ = 2

[
aCcf

(
δf −

ẏ+ aϕ̇
ẋ

)
− bCcr

bϕ̇ − ẏ
ẋ

]
Ẋ = ẋ cosϕ − ẏ sinϕ

Ẏ = ẋ sinϕ + ẏ cosϕ

(1)

wherem is the total vehicle mass, ẋ and ẍ are the longitudinal
velocity and longitudinal acceleration, ẏ and ÿ are the lateral
velocity and lateral acceleration, I is the vehicle moment of
inertia about the z-axis, ϕ and ϕ̇ are the yaw angle and yaw
rate respectively, a and b are the distance from the vehicle
center of mass to the front and rear axle of the vehicle, Cl is
the longitudinal stiffness of the tire; Cc is the lateral stiffness
of the tire, δf is the front wheel steering angle.

B. LONGITUDINAL CONTROL VEHICLE MODEL
When the vehicle is at a constant speed, the equation of
motion is:

Ft = Fw + Ff + Fi + Fj (2)

where Ft is the driving force, Fw is the air resistance, Ff is
the rolling resistance, Fi is the climbing resistance, and Fj is
the acceleration resistance.

When the vehicle is in an accelerated state, the driving
force is:

Ft = ma−

∑
F (v) (3)
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where
∑
F (v) is the sum of resistance in driving. To facilitate

the calculation, just considering rolling resistance and air
resistance, that is:∑

F (v) = Fw + Ff =
1
2
CDAaρv2 + mgf (4)

where CD is the air resistance coefficient, Aa is the windward
area, ρ is the air density and f is the rolling resistance
coefficient.

The relationship between the driving force and the motor
torque is:

Ft =
Tmotor
r

i0ηt (5)

where Tmotor is the driving torque of the motor, r is the rolling
radius of the wheel, i0 is the transmission ratio of the main
reducer, ηt is the mechanical efficiency of the transmission
system.

Combining equation (3) to (5), the driving torque of the
motor can be obtained:

Tmotor =

r
(
ma+

1
2CDAaρv

2
+ mgf

)
i0ηt

(6)

When the vehicle is braking, the desired braking force can
be obtained:

Fd = −mades −
1
2
CDAaρv2 − mgf (7)

where ades is the desired acceleration.
If the desired braking force is within the maximum braking

force allowed on the ground, there is a linear relationship
between the braking force and the pressure in the braking
pipeline. The desired brake pipeline pressure can be described
as follows:

Pdes =
−mades −

1
2CDAaρv

2
− mgf

k
(8)

where k is the linear coefficient between braking force and
braking pipeline, and Pdes is the desired pressure of braking
pipeline.

When the driving force of the vehicle is zero, only air resis-
tance and friction resistance in the longitudinal direction, the
maximum acceleration is called the maximum sliding decel-
eration. The maximum sliding deceleration can be described
as:

as =
Fw + Fi

m
=
CDAaρv2 + 2mgf

2m
(9)

To avoid frequent switching of driving mode and braking
mode, a threshold on both sides of the maximum sliding
acceleration 1a is set. According to experience, generally
1a = 0.1 m/s2. The driving and braking switching strategy
of the vehicle is established as shown in Fig 2.

The driving and braking switching strategy of vehicle is
designed as follows:
(1) When the desired acceleration is less than as − 1a, the

vehicle performs a braking mode and decelerates;

FIGURE 2. Driving and braking switching strategy of vehicle.

(2) When the desired acceleration is greater than as + 1a,
the vehicle performs a driving mode and accelerates;

(3) When the desired acceleration is at [as − 1a, as + 1a],
the state of the vehicle remains unchanged.

III. DESIGN OF INTELLIGENT VEHICLE EMERGENCY
OBSTACLE AVOIDANCE SYSTEM
A. DESIGN OF EMERGENCY OBSTACLE AVOIDANCE
SYSTEM
The emergency obstacle avoidance system includes environ-
ment perception module, planning and decision module and
execution control module. The emergency obstacle avoidance
system designed in this paper is shown in Figure 3.

FIGURE 3. Emergency obstacle avoidance system.

The obstacle avoidance strategy designed in this paper is
shown in Figure 4.
When the intelligent vehicle detects an obstacle vehicle

ahead, the minimum safety distance required for braking
obstacle avoidance and steering obstacle avoidance is calcu-
lated.When the real-time vehicle distance dr between the host
vehicle and the obstacle vehicle is greater than the maximum
value of the steering safety distance ds and the braking safety
distance db, that is, when dr > max {db, ds}, braking or
steering can be achieved for obstacle avoidance and safe
driving. Considering the convenience of driving operation,
the braking obstacle avoidance is selected; When the real-
time vehicle distance is greater than the steering safety dis-
tance and less than the braking safety distance, that is, when
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FIGURE 4. Obstacle avoidance strategy.

db < dr < ds, the braking obstacle avoidance cannot meet
the obstacle avoidance requirements, and steering obstacle
avoidance is selected; When dr < {db, ds}, braking and
steering cannot achieve obstacle avoidance, and braking is
selected to minimize collisions and reduce casualties and
property losses.

B. EMERGENCY BRAKING OBSTACLE AVOIDANCE
In the process of braking obstacle avoidance, the change
curve of braking acceleration with time is shown in Figure 5.

FIGURE 5. Relationship between braking acceleration and time.

t1-Driver’s reaction time;t2- Brake coordination time;
t3- Brake force increase time; t4-Continuous braking time;
amax- Maximum braking acceleration
The braking distance S1 in t1 and t2 is:

S1 = v1(t1 + t2) (10)

The braking distance S2 in t3 is:

S2 = v1t3 −
1
6
amaxt23 (11)

The braking distance S3 in t4 is:

S3 =
v21

2amax
−
v1t3
2

+
1
8
amaxt23 (12)

The total braking distance during the braking process is:

S = v1(t1 + t2 +
t3
2
) +

v21
2amax

−
1
24
amaxt23 (13)

The relationship between the road adhesion coefficient and
the maximum acceleration is:

amax = µmaxg (14)

where µmax is the maximum adhesion coefficient of the
current road.

In general, the value of t1 is 1 seconds, the values of t2
and t3 are determined by the performance of the braking
system, the value of t2 is 0.2 seconds, the value of t3 is about
0.04 seconds [27], so the last term in formula (13) can be
ignored.

When the obstacle vehicle is stationary or driving at a
constant speed, which is far greater than the speed of the
host vehicle, that is, when v2 ≫ v1, the two vehicles will
not collide; When the speed of the obstacle vehicle is less
than the speed of the host vehicle, that is, when v2 < v1,
the two vehicles may collide, and the distance between the
two vehicles becomes smaller with the passage of time. The
host vehicle must brake until the two vehicles are at a same
speed with a certain safe distance. The distance traveled by
the vehicle is:

d1 = v1(t1 + t2 +
t3
2
) +

v21 − v22
2amax

(15)

d2 = v2(t1 + t2 + t3 +
v1 − amaxt3 − v2

amax
) (16)

where d1 is the distance traveled by the host vehicle, d2 is the
distance traveled by the obstacle vehicle. The safety warning
distance db between the two vehicles can be obtained:

db = d1 − d2 + d0

= (v1 − v2) (t1 + t2) −
v1t3
2

+
v21 − 2v1v2
2amax

+ d0 (17)

where d0 is the minimum safe distance between the two
vehicles after the host vehicle decelerates, generally its value
is 2-5 m, and 3 m is selected in this paper.

The difference between the safety warning distance and the
distance traveled in the driver’s reaction time is the critical
braking distance dbl , that is:

dbl = (v1 − v2) t2 −
v1t3
2

+
v21 − 2v1v2
2amax

+ d0 (18)

When the obstacle vehicle brakes, the host vehicle must
also brake to ensure a certain safety distance between the
two vehicles. Assuming that the host vehicle brakes at the
maximum braking acceleration until the two vehicles are at
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the same speed v, the safety warning distance between the
two vehicles is described as:

db = d1 − d2 + d0

= v1

(
t1 + t2 +

t3
2

)
+
a2v21 + a1v22 − (a1 + a2) v2

2a1a2
+ d0

(19)

The critical braking distance is derived as:

dbl = v1

(
t2 +

t3
2

)
+
a2v21 + a1v22 − (a1 + a2) v2

2a1a2
+ d0

(20)

The environmental perception module of the obstacle
avoidance system monitors the relative distance dr between
the vehicles in real-time, and the decision control module
compares dr , db and dbl to establish a graded warning. When
dr > db, there is no collision risk, the system does not carry
out an early warning, and the warning level is Level 0. When
dbl < dr < db, the warning level is Level 1, and the system
uses the signal light, voice broadcast or another method to
remind the driver to take action. When dr < dbl , the warning
level is Level 2, and the system performs emergency braking
to avoid obstacles.

C. EMERGENCY STEERING OBSTACLE AVOIDANCE
1) EMERGENCY STEERING SAFETY DISTANCE MODEL
When the vehicle performs emergency steering to avoid
obstacles, the lane-changing time is short and the longitudinal
speed of the vehicle is fast in most cases. It can be considered
that the longitudinal speed of the vehicle is constant in the
lane changing process and the initial lateral velocity is zero
with an acceleration ay.

When the obstacle vehicle is stationary or driving at a
constant speed that is less than the host vehicle’s speed, that
is, when v2 < v1, a collision may occur. With the passage of
time, the distance between the two vehicles becomes smaller
and it is necessary to steer to avoid obstacles. The minimum
longitudinal safety distance is described as:

ds = v1tc − v2tc + d0 (21)

When the obstacle vehicle decelerates at the maximum
deceleration, the minimum longitudinal safety distance is
described as:

ds = v1tc −

(
v2tc −

1
2
a2t2c

)
+ d0 (22)

2) EMERGENCY STEERING TRAJECTORY PLANNING
There are many kinds of trajectory planning methods suit-
able for different scenes and conditions. The commonly used
trajectory planning methods include B-spline curve trajec-
tory planning [28], the artificial potential field method [29],
an A ∗ algorithm [30], and a rapidly-exploring random tree
algorithm [31], [32]. The vehicle lane changing trajectory fit-
ted with the fifth-degree polynomial has the advantage of the
continuous and smooth curvature of each point. Therefore,

in this research the fifth-degree polynomial is selected to plan
the lane-changing trajectory.

The general form of the fifth-degree polynomial with the
longitudinal displacement of the lane change as the indepen-
dent variable and the lateral displacement of the lane change
as the dependent variable is:

y (x) = a0 + a1x + a2x2 + a3x3 + a4x4 + a5x5 (23)

The lateral velocity and acceleration at the beginning and
end of lane change are zero, so the function boundary condi-
tion is:

y(0) = 0, ẏ(0) = ẏ(xe) = 0, ÿ(0) = ÿ(xe) = 0 (24)

The fifth-degree polynomial is derived as:

y (x) = ye

[
10

(
x
xe

)3

− 15
(
x
xe

)4

+ 6
(
x
xe

)5
]

(25)

where xe is the longitudinal displacement required to com-
plete lane change collision avoidance, ye is the lateral dis-
placement required to complete the lane change collision
avoidance.

Assuming that the longitudinal speed of the vehicle vx is
constant in the lane changing process, and xe is obtained as:

xe = vx te (26)

where te is the time required to complete the lane change.
The lane-changing collision avoidance model with time as

a variable can be obtained:

y (t) = ye

[
10

(
t
te

)3

− 15
(
t
te

)4

+ 6
(
t
te

)5
]

(27)

The lane-changing obstacle avoidance trajectory is shown
in figure 6.

FIGURE 6. Lane-changing obstacle avoidance trajectory.

3) EMERGENCY STEERING CONSTRAINTS
a: LATERAL ACCELERATION CONSTRAINT
The lateral acceleration of the vehicle ay in the lane chang-
ing process can be obtained by taking two derivatives of
equation (27):

ay (t) = y (t) =
60ye
te

(
t2e t − 3tet2 + 2t3

)
(28)
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It can be found from equation (28) that lateral acceleration
is related to the lane-changing time and the lateral distance.
The greater the lateral acceleration, the shorter the time
required to complete obstacle avoidance. However, an exces-
sive lateral acceleration will cause discomfort to the driver
and affect the stability of the vehicle.

The lateral acceleration is a cubic polynomial with respect
to the lane change time, and there is an extreme value in
(0, te). The first derivative of lateral acceleration is:

ay (t) =
60ye
t5e

(
t2e − 6tet + 6t2

)
(29)

The maximum lateral acceleration can be obtained:

aymax =
10

√
3 ye

3t2e
(30)

The lateral acceleration is also constrained by the road
adhesion. The maximum lateral acceleration should not
exceed the road adhesion coefficient when the vehicle is
steering, that is, the maximum lateral acceleration should
satisfy aymax < µg. When the lateral acceleration is high
in the limit lane change condition, there is:

aymax ≪ 0.67µg (31)

When the lateral acceleration is too large, it is easy to cause
vehicle instability and rollover. When the lateral acceleration
is too small, a larger longitudinal safety distance is required,
that is contrary to the purpose of obstacle avoidance. The
lateral acceleration is generally not more than 0.35 g. The
steering obstacle avoidance studied in this paper is a relatively
emergency condition, considering the ride comfort, the lim-
ited acceleration is not more than 0.30 g. In order to ensure
that the lateral acceleration is always within the allowable
range in the lane changing process, there is:

te ≥ taymax =

√
10

√
3 ye

3aymax
(32)

b: SECURITY CONSTRAINTS
The steering obstacle avoidance trajectory is shown
in Figure 7.

FIGURE 7. Schematic diagram of safe lane changing and collision
avoidance.

Where, O is the center of mass of the vehicle, A is the right
rear point of the vehicle, wo is half the width of the obstacle

vehicle, ϕ is the yaw angle, and LOA is the distance from the
vehicle center of mass to the right rear point.

In the lane changing process, the easiest point to collide
with the obstacle vehicle is the right front and rear points of
the host vehicle, and the right rear point is the last collision
point. Therefore, it is only necessary to ensure that the right
rear point of the host vehicle crosses the obstacle vehicle
within the limited longitudinal distance [33]. According to
reference [33], the critical collision time tc of the vehicle can
be obtained:

wo = ye

[
10

(
tc
te

)3

− 15
(
tc
te

)4

+ 6
(
tc
te

)5
]

−LOA cos (90 − ϕmax − β) (33)

In order to ensure safety in the lane changing process, the
time te to complete lane changing must be greater than the
time tc of critical collision.

c: ROAD BOUNDARY CONSTRAINTS
In the process of steering obstacle avoidance, the vehicle
needs to abide by the traffic law, and it must be ensured that
the vehicle is always within the road boundary and cannot
exceed the road solid line or the road boundary, that is:

ye + wo < {ys, yb} (34)

where ys is the lateral distance from the center line of the
vehicle to the solid line of the road, yb is the lateral distance
from the center line of the vehicle to the road boundary.

D. TRAJECTORY TRACKING
To verify the effectiveness of the steering obstacle avoidance
trajectory planning method, it is necessary to consider that
the vehicle can accurately track the obstacle avoidance path,
and the driving safety and ride comfort can be satisfied.
Therefore, the maximum lateral acceleration, the roll angle
and the yaw angle of the vehicle in the steering process
should be within the allowable range. The model predictive
control (MPC) algorithm can constraint the vehicle inter-
mediate state, and determine the importance of parameters
in the tracking control process with different weight coeffi-
cients, which is suitable for solving multi-constrained prob-
lems [34], [35]. The principle of model predictive control is
shown in Figure 8.

1) LINEAR PREDICTION MODEL
The state quantity of vehicle is described as ξ =

[X ,Y , ẋ, ẏ, ϕ, ϕ̇], and the control quantity is u = δf , where
X and Y are the coordinate value of longitudinal and lateral
displacement in the geodetic coordinate system, ẋ is the
longitudinal velocity of the vehicle center of mass, ẏ is the
lateral velocity of the vehicle center of mass, ϕ is the yaw
angle, ϕ̇ is the yaw rate, δf is the front wheel steering angle.

The equation of the state and control quantities at each
moment on the trajectory is:

ξ̇r = f (ξr , ur ) (35)
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FIGURE 8. Principle of Model Predictive Control.

By Taylor expansion, it can be obtained:

1ξ̇ = A (t) · 1ξ + B (t) · 1u (36)

where equations A (t) ,B (t) , as shown at the bottom of the
page.

By discretizing the continuous form state equation through
the first-order difference quotient, it can be obtained:

ξ (k + 1) = A (k) ξ (k) + B (k) u (k) (37)

To realize the prediction function, there is:

p (k|t) =

[
ξ (k|t)

u (k − 1|t)

]
(38)

p (k + 1|t) = Ã (k) p (k) + B̃ (k) 1u (k) (39)

where Ã (k) =

[
A (k) B (k)
Om×n Im

]
, B̃ (k) =

[
B (k)
Im

]
, m is

the number of control variables, n is the number of state
variables.

2) OBJECTIVE FUNCTION DESIGN
In order to prevent sudden changes in the front wheel angle
during trajectory tracking, the increment of the control vari-
able can be controlled to ensure that the front wheel angle
is always within the allowable variation range in each cycle.
The control objective function is:

J (k) =

Np∑
i=1

[
η (k + i) − ηref (k + i)

]T
Q

[
η (k + i) − ηref (k + i)

]
+

Nc−1∑
i=1

1u (k + i)R1u (k + i) + ρε2 (40)

where ηref is the expected output of the planned trajectory,
1u is the front wheel angle increment,Q and R are the weight
matrices, ρ is a weight coefficient, ε is a relaxation factor to
avoid the situation that there is no solution due to too tight
constraint.

The following constraints are established during control.

a: SIDESLIP ANGLE CONSTRAINT
The sideslip angle is one of the important indexes that affect
the stability performance of the vehicle. When the vehicle is
on the roadwith a high adhesion coefficient, the sideslip angle
limit can reach ± 12◦. When the vehicle is on the road with
a low adhesion coefficient, the sideslip angle limit is ± 2◦.
Therefore, the range of the sideslip angle is described as:

−12◦ < β < 12◦ (41)
−2◦ < β < 2◦ (42)

b: TIRE SLIP ANGLE CONSTRAINT
There is a linear relationship between the slip angle and the
lateral force when the tire slip angle is within 5◦. Under the
assumption of a small angle, the range of the tire lateral force
is described as:

−2.5◦ < α < 2.5◦ (43)

c: MAXIMUM LATERAL ACCELERATION CONSTRAINT
In order to ensure the stability of the vehicle in the lane
changing process, the range of the lateral acceleration is
described as: ∣∣ay∣∣ ≤ 0.3 g (44)

In order to ensure there is an optimal solution, the range of
lateral acceleration is described as:

ay,min − ε ≤ ay ≤ ay,max + ε (45)

d: FRONT WHEEL STEERING ANGLE AND ITS INCREMENTAL
CONSTRAINT
When the input of the front wheel steering angle is too large,
it will make the vehicle run-out, and even rollover. According
to experience, the range of the front wheel steering angle and
its increment constraint are described as:

−25◦ < δ < 25◦ (46)
−0.47◦ < 1δ < 0.47◦ (47)

A (t) =
δf
δξ

=



−2(Ccf +Ccr)
mẋ

δf ẏ
δẋ 0 −ẋ +

2(bCcr−aCcf )
mẋ 0 0

φ̇ −
2ccf δf
mẋ

δf ẋ
δẋ 0 ẏ−

2aCcf δf
mẋ 0 0

0 0 0 1 0 0
2(bCcr−aCcf )

Isẋ
δf φ̇
δẋ 0

2
(
a2Ccf −b2Ccr

)
Isẋ

0 0
cosφ sinφ ẋ cosφ − ẏ sinφ 0 0 0

− sinφ cosφ −ẏ cosφ − ẋ sinφ 0 0 0


B(t) =

∂f
∂u

=

[
2Ccf
m

2Ccf
(
2δf −

ẏ−bϕ̇
ẋ

)
m 0 2aCcf

Is
0 0

]
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FIGURE 9. Simulation results of emergency braking: (a) Relative velocity; (b) Relative distance; (c) Braking deceleration; (d) Warning signals.

In order to reduce the computation time, the solution
of model predictive control is transformed into a standard
quadratic programming problem. The general format of
quadratic programming with inequality and upper and lower
bound constraints is:

min
1
2
xTHx + f T x (48)

s.t. Fx ≤ b

lb ≤ x ≤ ub (49)

where H is a positive definite Hessian matrix, lb and ub are
the lower and upper bounds of x respectively.
Combining objective functions and constraints, the MPC-

based mathematical optimization problem is described as:

min
[
sc,min1UT , ε

]T
H [1U , ε] + G

[
1UT , ε

]

1Umin ≤ 1Uk ≤ 1Umax

1Umin − Uk ≤ M1Uk+1 ≤ 1Umax − Uk
yhc,min ≤ yhc ≤ yhc,max

yhc,min − ε ≤ yhc ≤ yhc,max − ε

ε > 0 (50)

The control increment sequence in the control time domain
can be obtained:

1U = [1u (k |t ) , 1u (k + 1 |t ) , · · · , 1u (k + Nc − 1 |t )]T

(51)

Add the first value of the increment sequence to the control
at the previous time, it can be obtained:

u (k |t ) = u (k − 1 |t ) + 1u (k |t ) (52)
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FIGURE 10. Simulation results of emergency steering: (a) Path tracking; (b) Sideslip angle; (c)Yaw angle; (d) Front wheel steering angle.

Equation (51) is the updated control, and at the next time
equation (50) is resolved to obtain a new control increment
sequence, that is circulated until the trajectory tracking is
completed.

IV. CO-SIMULATION RESULTS
To verify the effectiveness of the proposed emergency obsta-
cle avoidance control strategy, MATLAB / CARSIM are used
to establish a co-simulation test. The specific basic parame-
ters of the vehicle are shown in Table 1.

A. EMERGENC BRAKING OBSTACLE AVOIDANCE
VERIFICATION
The vehicle is set at a speed of 50 km/h on the road with the
adhesion coefficient of 0.8, and there is a stationary obstacle
50 m ahead. According to the calculation of the emergency

obstacle avoidance system, the minimum longitudinal dis-
tance required for braking obstacle avoidance is 18.12 m, and
the longitudinal distance required for steering obstacle avoid-
ance is 29.17 m. At this time, both methods can be selected
to achieve obstacle avoidance, but the longitudinal distance
required for braking obstacle avoidance is smaller, so the
braking obstacle avoidance is selected under the condition.
The simulation results are shown in Figure 9.

It can be found fromFig. 9(a)(b)(c) that the vehicle receives
a level-1 warning signal at 0.61 seconds to remind the driver
to pay attention to the obstacles ahead. However, due to the
driver’s failure or incorrect operation, the vehicle speed does
not change. The system sends a level-2 warning signal at
1.75 seconds. At this time, the obstacle avoidance system
intervenes to start emergency braking, the vehicle stops at
about 3.74 seconds and maintains a safe reserved distance
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TABLE 1. Basic parameters of the vehicle.

of 3 m from the obstacle vehicle in front. It can be found from
Fig. 9(d) that the braking deceleration fluctuates when the
vehicle starts braking, but the difference from the expected
acceleration is not large, which can meet the demand.

B. EMERGENCY STEERING OBSTACLE AVOIDANCE
VERIFICATION
The host vehicle is set at a speed of 120 km/h on the road
with the adhesion coefficient of 0.40, and there is an obstacle
vehicle 85 m ahead, which is braking at the initial speed of
30 km/h with the maximum deceleration. According to the
calculation of the emergency obstacle avoidance system, the
minimum longitudinal distance required for braking obstacle
avoidance is 172.24 m, and the minimum longitudinal dis-
tance required for steering obstacle avoidance is 79.65 m.
At this time, only steering obstacle avoidance can achieve
safe driving, so the emergency steering obstacle avoidance
is selected. The simulation results are shown in Fig. 10.
It can be found from Fig. 10(a) that, both the controller

with and without lateral constraint can track the designed
path well in the initial stage of tracking, but the controller
without lateral constraint has a large tracking error in the
middle and end stages of lane changing, and the maximum
error is 0.25 m. Compared with the controller without lateral
constraint, the controller with lateral constraint can track the
designed path better, the maximum error is 0.09 m.

It can be found from Fig. 10(b) that, both side-slip angles
of the center of mass are in the constraint range of −2◦ to
2◦ on the road with the low adhesion coefficient. Compared
with the controller without lateral constraint, the controller
with lateral constraint has smaller fluctuation, which shows
that the controller with lateral constraint can achieve stability
faster.

It can be found from Fig.10(c) that, compared with the
controller with lateral constraint, the controller without lateral
constraint has a great fluctuation at the middle and the end
of lane changing in the yaw angle. The controller with lateral

constraint is essentiallymatches the expected value in the yaw
angle.

It can be found from Fig. 10 (d) that, both the front wheel
steering angles are in the constraint range of −25◦ to 25◦.
Compared with the controller without lateral constraint, the
controller with lateral constraint has a small fluctuation in the
front wheel steering angle, which shows that the controller
with lateral constraint has better handling stability.

V. CONCLUSION
(1) The longitudinal control model of the intelligent vehicle
including driving system model, the braking system model
and driving and braking switching strategy is established.
The braking safety distance model based on the braking
process and the steering safety distance model with multiple
constraints are established. The Emergency obstacle avoid-
ance decision is designed. By calculating and comparing the
longitudinal distance required for steering obstacle avoidance
and braking obstacle avoidance, the method with a smaller
longitudinal distance is selected as the obstacle avoidance
priority, so that the intelligent vehicle can select the appro-
priate obstacle avoidance method under different working
conditions.

(2) The emergency braking obstacle avoidance scenario is
set up for simulation. The results show that the intelligent
vehicle can perform emergency obstacle avoidance according
to the safe distance. During the test, as the longitudinal safety
distance between the two vehicles gradually decreases, the
vehicle starts to brake after receiving the secondary signal,
and maintains a safe reserved distance of 3 m from the front
obstacle vehicle.

(3) The emergency steering obstacle avoidance scenario
is set up for simulation. The results show that the designed
control strategy can select a reasonable obstacle avoidance
method under the current working condition. Compared with
the unconstrained controller, the trajectory tracking controller
with constraints has a better tracking effect on the desired
path, and the maximum error of lateral displacement can be
reduced to 0.09 m, which improves the handling stability of
the vehicle. The sideslip angle and the yaw rate are reduced,
which can better control the change of the vehicle attitude and
improve the ride comfort.
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