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Abstract: When an intelligent vehicle changes lanes, the state of other vehicles may change, which
increases the risk of collision. Therefore, real-time local path replanning is needed at this time. Based
on model predictive control (MPC), a lane-change trajectory replanning strategy was proposed, which
was divided into a lane-change trajectory correction strategy, a lane-change switchback strategy and
forward active collision avoidance strategy according to collision risk. Based on the collision risk
function of the rectangular safety neighborhood, the objective functions were designed according
to the specific requirements of different strategies. The vehicle lateral controller based on MPC and
the vehicle longitudinal motion controller were established. The longitudinal velocity was taken as
the joint point to establish the lateral and longitudinal integrated controller. The trajectory planning
module, trajectory replanning module and trajectory tracking module were integrated in layers, and
the three trajectory replanning strategies of lane-change trajectory correction, lane-change switchback
and forward active collision avoidance were respectively simulated and verified. The simulation re-
sults showed the trajectory replanning strategy achieves collision avoidance under different scenarios
and ensures the vehicle’s driving stability. The trajectory tracking layer achieves accurate tracking of
the conventional lane-change trajectory and has good driving stability and comfort.

Keywords: intelligent vehicle; lane-change replanning; trajectory tracking; model predictive control

1. Introduction

Vehicle driving behavior on structured roads mainly includes lane keeping and vehicle
lane changes. Compared with lane keeping, the vehicle lane-change process is more prone
to traffic accidents and has greater impact on traffic efficiency. For the safe lane-change of
intelligent vehicles, lane-change trajectory planning and lane-change trajectory tracking
play an important role.

Lane-change trajectory planning requires intelligent vehicles to plan a safe collision-
free path from the starting point of the lane change to the target point of the lane change
according to the surrounding traffic environment and the motion state of the vehicle, and to
take into account lane-change efficiency and comfort [1]. Model predictive control (MPC) is
used to realize static and dynamic lane-change trajectory planning [2]. In the literature [3],
path tracking control using optimal preview and model predictive control are compared and
MPC shows better control performances. The authors of [4] describe a dynamic trajectory
planning method for lane-changing maneuvering of connected and automated vehicles. The
authors of [5] propose a vehicle lane-changing control strategy based on a neural network-
enhanced non-singular fast terminal sliding mode control method, and the collision-free
path planning problem in conditions with large road curvatures is investigated with
the consideration of environmental safety constraints, drivers’ comfort, vehicle actuator
constraints, etc. [6]. A personalized motion planning and tracking control framework is
proposed to prevent autonomous vehicles from colliding with obstacles ahead [7].

Trajectory tracking control requires intelligent vehicles to control, steer, drive or brake
under the premise that the scene environment and reference trajectory are known, so as to
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realize the tracking of the reference trajectory [8]. In order to improve trajectory tracking
accuracy, a reinforcement learning method is employed to address the trajectory tracking
task in autonomous driving [9]. The authors of [10] proposed a combined trajectory
planning and tracking algorithm for vehicle control, while [11] presents a lateral and
longitudinal coupling controller for a trajectory-tracking control system. The proposed
controller can simultaneously minimize lateral tracking deviation while tracking the desired
trajectory and vehicle velocity. In [12], an adaptive dual-time domain MPC parameter path
tracking controller is proposed, and the optimal prediction time domain and control time
domain under different working conditions are obtained by establishing a comprehensive
evaluation index of the path tracking performance of autonomous vehicles, so as to improve
the path tracking accuracy under the premise of ensuring driving safety.

At present, most of the research on vehicle lane changing assumes that the driving state
of other vehicles is unchanged during the lane-change process, but this is not consistent
with actual situations. During the lane-change process, if the driving state of other vehicles
changes, the risk of collision with the vehicle will increase, and the lane-change trajectory
should be replanned according to the collision risk to achieve safe collision avoidance [13].
Aiming at the multi-vehicle traffic environment scenario, considering the changing state
of other vehicles, this paper proposes a lane-change trajectory replanning and trajectory
tracking control strategy based on model predictive control, so as to realize vehicle collision
avoidance in different scenarios and ensure the driving stability of the vehicle.

2. Intelligent Vehicle Lane-Change Trajectory Planning

Under structured road conditions, a vehicle lane-change environment model diagram
is shown in Figure 1. In the figure, the self-driving vehicle is represented as vehicle M, the
vehicles in front and behind the original lane are represented as Fy and Ry, respectively, and
the vehicles in front and behind the target lane are represented as F; and Ry, respectively.

Figure 1. Schematic diagram of vehicle lane-change environment model.

The model is appropriately simplified, assuming that vehicles Fy, Ry, F1 and R; are
always traveling along the centerline of the lane where they are located; vehicle M is
traveling along the centerline of the lane before the start of the lane change and after the
end of the lane change; during the lane change, the change of vehicle M’s heading angle is
small, and the change of vehicle lateral velocity will not lead to the change of longitudinal
velocity. In accordance with the relevant regulatory requirements, the adjacent driving
vehicle Ry behind this lane needs to actively maintain a longitudinal safety distance from
this vehicle, and Ry is not considered in the lane-change safety distance model.

Define the lane-change safety factor Uy of vehicle M and Fj as shown in Equation (1),
where the numerator is the initial longitudinal distance S1(t;) between the two vehicles and
the denominator is the minimum lane-change safety distance Sg,¢; between M and F.

)

Define the lane-change collision safety factor U, between vehicle M and F; as shown
in Equation (2), where the numerator is the longitudinal distance Sy(ts) between the two
vehicles at the initial moment of lane change minus the safe following distance Ss used to
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avoid rear-end accidents after the lane change is completed, and the denominator is the
minimum longitudinal safety distance Sqy¢e» between M and F;.

_ SZ(ts) - Ss

Urz
S safe2

2
Define the lane-change collision safety factor Uy 3 for vehicle M and R; as shown in
Equation (3), where the numerator is the longitudinal distance S3(ts) between the two
vehicles at the initial moment of lane change minus the safe following distance S;, and the
denominator is the minimum longitudinal safe distance Sg,¢3 between M and R;.

_ S3(ts) - SS

Ups
S safe3

®)

The safety factor Uy of lane change for the current road environment is shown in
Equation (4). If U}, < 1, it means that the lane change is not feasible and the lane change
needs to be abandoned; U}, > 1 means that the lane-change feasibility is satisfied and the
lane-change operation can be performed.

Uup = min{ Urq, Uy, ULS} (4)

Based on the quintuple polynomial for lane-change trajectory planning, considering
lane-change safety, lane-change efficiency and comfort, the optimization problem based on
a quintuple polynomial lane-change trajectory was constructed, as shown in Equation (5).

. - |Hym| |jym| ( tr LX )
mln] - (,U] a}/max + jymax + (Uz thax + LXmaX
s.t. ’aym’ < Aymax ®)
0< 53 < fLmax

w1+ wr =1

where w; is the lane-change comfort weight and w is the lane-change efficiency weight;
aym is the maximum value of lateral acceleration of the selected lane-change trajectory and
dymax is the maximum value of lateral acceleration in the lane-change trajectory cluster;
Jym is the maximum value of vehicle impact of the selected changeover trajectory and
Jymax is the maximum vehicle impact in the lane-change trajectory cluster; t; is the lane-
change duration of the selected lane-change trajectory and f max is the longest lane-change
duration in the lane-change trajectory cluster; Ly denotes the longitudinal displacement of
the current lane-change process and Lymax denotes the longest lane-change longitudinal
displacement in the lane-change trajectory cluster.

The optimal lane-change time is solved by Equation (5), and the optimal vehicle lane-
change trajectory is obtained by substituting it into the vehicle lane-change trajectory based
on the quintuple polynomial.

3. Lane-Change Replanning Based on Model Predictive Control
3.1. Lane-Change Replanning Strategy

The above lane-change trajectory planning algorithm is based on ideal conditions
where the running state of surrounding traffic vehicles does not change during a period
of time from the beginning of the lane change to the end of the lane change. In the actual
lane-change process, there is the possibility of emergency braking of other vehicles, which
leads to the risk of collision in the planned path. Therefore, the driving state of surrounding
vehicles needs to be monitored during the lane-change process. When other vehicles change
their driving state so that this may lead to collision, lane-change replanning is required to
ensure vehicle driving safety as follows.
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(1) Fpis braking and the state of F; is unchanged.

If Fy still meets the safety conditions of the original planning trajectory after braking
and decelerating, the original planning trajectory is still used. If the safety conditions of the
original planning trajectory are not satisfied, driving according to the original planning
trajectory may lead to a collision between this car and Fy. At this time, the driving status
of Fy in the target lane is not changed, and there is still enough longitudinal space in the
target lane for this car to drive into, so it is necessary to replan the lateral movement of this
car to complete the lane change safely, as shown in Figure 2.

Original planned trajectory

—_— Past driving trajectory

Replanned trajectory

Figure 2. Lane-change trajectory correction diagram.

(2) The state of Fy is unchanged and F; is braking.

If the safety condition of the original planning trajectory is still satisfied after F; braking
and deceleration, the original planning trajectory is still used. If the safety conditions of
the original planning trajectory are not satisfied, the driving state of the vehicle in front of
the original lane is unchanged at this time, and the uncertainty of the driving state of the
vehicle in the original lane is less than that of the target lane. If the original lane meets the
safety conditions required for turning back at this time, turning back to the original lane is
a safer choice, as shown in Figure 3.

Original planned trajectory

Past driving trajectory

Replanned trajectory

Is1

Figure 3. Diagram showing trajectory when changing lanes to turn back.

Because the lane-change trajectory planning will reserve the vehicle and the target
lane ahead of the following safety distance, the turnback safety distance condition may not
be met. At this time, the vehicle moving into the target lane will be braked with the same
braking deceleration as the front vehicle; therefore, collision with the front vehicle can be
avoided, as shown in Figure 4.
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Original planned trajectory

Past driving trajectory

Replanned trajectory

Figure 4. Forward active collision avoidance diagram.

(3) Fpand F; are braking.

If the original lane and the target lane meet the safety conditions of the original
planning trajectory after the driving state is changed, the original planning trajectory is still
used. If the target lane still meets the safety conditions of the original planning trajectory
after the driving state is changed, and the original lane does not meet the safety conditions
of the original planning trajectory, then the trajectory correction of lane change is carried
out. If the driving state changes, the target lane does not meet the safety conditions of the
original planning trajectory: because the vehicles in the original lane and the target lane are
braking and decelerating at this time, it is known that both lanes have large uncertainty in
the driving state of vehicles, and the risk of collision is large, so the forward active collision
avoidance strategy is carried out to ensure safety.

Thus, the lane-change replanning strategy for intelligent vehicles is shown in Figure 5.

No
g required
No
Track change
7| correction strategy
No
Yes
Yes
. Does the original lane meet the safety No
- conditions of the original lane change? d required
Vehicle motion N Forward active
" s the original lane safe for A
condition collision avoidance
; reentry?
monitoring No strategy
Lane change
reentry strategy
Does the target lane mee Forward active
the original lane change | collision avoidance
safety conditions? strategy
No No replanni
> Front brake in original lane » required
Does the original lane meef
the safety conditions of Track change
the original lane correction strategy
change?
No
i required

Figure 5. Lane-change replanning strategy.

As the lane-change replanning needs to plan a safe lane-change trajectory when the
driving state of other vehicles changes, the traffic environment presents strong uncertainty.
When the trajectory planning based on the quintuple polynomial fails, it needs to plan
a safe lane-change trajectory dynamically online according to the time-varying obstacle
vehicle state information and the state information of this vehicle. Model predictive control
can predict the vehicle state in the future period, has strong multi-constraint processing
capability, and can dynamically solve the multi-objective optimization problem at each
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control moment. Therefore, the lane-change replanning strategy is implemented in the
following based on model predictive control.

3.2. Lane-Change Trajectory Correction Based on MPC

In the process of vehicles changing lanes, when the vehicle in front of the original
lane carries out braking, leading to a sharp decrease in the longitudinal distance between
vehicles, this means the original lane does not meet the original lane-change safety con-
ditions, and while the target lane still has sufficient space for a lane change, the original
lane-change trajectory needs to be amended to replan the safe trajectory to complete the
lane change in order to avoid collision accidents.

For the trajectory planning stage, the vehicle point mass model can be used to simplify
the vehicle into mass points to improve the real-time performance of the system. Based
on the vehicle point mass model and the transformation relationship between the earth
coordinate system and the body coordinate system, it can be calculated:

X = dy,
Yy =4y,
. _ uy
$=% (6)

X = xcos ¢ — ysin ¢,

Y = xsing + ycos ¢

From this, a nonlinear state space model can be established as shown in Equation (7),
where the state variable § = [x,y, ¢, X, Y]T and control variable u is the declination angle
of the front wheels of the vehicle, x is the vehicle velocity in the x directions, y is the
vehicle velocity in the x directions, ¢ is the vehicle yaw angle, X is the abscissa in the body

coordinate system and Y is the ordinate in the body coordinate system.

&(t) = F(&(t),u(t) @)

Define the sampling period at the current moment k, the sampling period at trajectory
replanning as Ts, with the prediction time domain denoted as Ny, and the control time
domain denoted as N.. Using the forward Euler method to discretize this, we calculate:

Ck+i+1)=¢(k+1)+ Tsf (E(k+1),uk+1)),

, ®)
i=0,1,---Np—1
Define the system outputas # = [Y, ¢] T then:
n=Cg
c_[0 0001 9
10 0100

According to the relationship between the system state variable and output variable,
the discrete output variable of the system can be derived as shown in Equation (10).

nk+i+1) =Cg(k+i)+ CTsf(¢(k+1),u(k+1i)),

(10)

i=0,1,---Np—1
The left and right contour lines of the vehicle outer envelope rectangle and their
extensions are translated outward by a certain transverse distance, so that the obstacle
in the space beyond the two straight lines after translation has little risk of collision with
this vehicle. Define this lateral distance as the lateral safety distance, noted as S,. Then,
define the area in front of the vehicle and between the two straight lines as the collision
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risk zone [14]. Only the point of the obstacle in the collision risk zone has a collision risk
with this vehicle. The value of the lateral safety distance Sy is related to the velocity of this
vehicle, as shown in Equation (11), where Sy, is the lateral safety distance in m; vy, is the
velocity of this vehicle in km/h.

05,  0< oy <50
Sy ={0.0loy, 50 < vy < 100; (11)
1, om > 100.

Suppose there are N obstacle points in the collision risk zone: define the obstacle point
with the smallest longitudinal distance between the N obstacle points and the center of
mass of this vehicle as the maximum collision risk obstacle point, and the longitudinal
distance between this point and the center of mass of this vehicle can be expressed as:

Xop,min = Min{xy;}

(12)
i=1,23,...,N
As a result, the proposed collision risk function is shown below:
Jop = ——ob M (13)

Xob,min — ZH + g

where |, denotes the collision risk function; w), denotes the collision risk coefficient; and {
is a very small positive number, which serves to prevent the denominator from being zero.

According to the above requirements of lane-change trajectory correction, the re-
planned trajectory needs to avoid the obstacle points to reduce the collision risk; the
difference between the original lane-change trajectory and the replanned lane-change trajec-
tory is as small as possible to be close to the original planned trajectory; the control variable
applied should be as small as possible to meet the comfort requirements. Therefore, the
objective function needs to include the collision risk function term, the deviation term be-
tween the replanned trajectory and the original planned trajectory and the control variable
term. In summary, the objective function of the lane-change trajectory correction is shown
in Equation (14).

NP NP
JIE®), Eon (D, UM = T Joo(t+i18) + B lln(t+118) = et +il1) I

1=

(14)
Nc . 2

+,21||u<t+z— 11t) |1k
1=

where Jop(t) denotes the value of the collision risk function at time ¢, U(t) denotes the
sequence of control quantities; #,¢ is the information related to the original planning
trajectory, fret = [Yref, Pref] T. Qis the output quantity deviation weight matrix and R is the
control quantity weight matrix.

In order that the replanned lane-change trajectory can ensure the driving stability
and the driving comfort of the vehicle, it is necessary to add constraints to the objective
function. At this point, the optimization problem is to find the sequence of control quantities
corresponding to the minimum value of the objective function under multiple constraints:

Np Np
mind = X Tt 1)+ X e+ 1) i+
N¢ ) 2
+'Zl||u(f+l—1|f)||1</ (15)
i=

s.t. ﬂmingﬂ(i“)gﬂmax/ i:t+1/t+2/"'/t+Np;
umingu(ilt)gumax: i=t+1,t+2,---,t+ N
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Solve the minimum value of the objective function and its corresponding optimal
control sequence, and bring the optimal control quantity obtained from the solution to
Equation (5) to obtain the replanning trajectory discrete points in the future period. Use
the quintuple polynomial to fit the replanning trajectory discrete points, input the fitted
replanning trajectory curve to the vehicle trajectory tracking control module to control
the vehicle, and input the actual state quantity of the vehicle to the trajectory replanning
module at the next trajectory replanning time, so as to achieve rolling replanning.

3.3. Changing Lanes and Turning Back Based on MPC

In the lane-change process, if in the target lane the front car is braking and decelerating,
according to the original planning route it cannot complete the lane change, and the original
lane of the front car driving has not changed. At this time the uncertainty of the target
lane compared to the original lane is larger, so moving into the target lane may mean the
driving efficiency is reduced, and even lead to collisions. Therefore, if the safety conditions
for turning back to the original lane are met, it is safer to turn back to the original lane
and return to the original lane for a period of time before looking for a suitable time to
change lanes.

The vehicle-following safety distance model is based on the time to collision (TTC)
model [15], as shown in Equation (16).

S — {(Ur —vf)trrc + Ss0, V5 S vy
s =

16
Ss0, vf > Uy 16)

where S; denotes the longitudinal safe following distance, v, denotes the rear vehicle
velocity, vf denotes the front vehicle velocity and t7rc denotes the collision time, t7rc =3 s.

Returning to the original lane can generally be done within 7 s. In the process of
returning to the original lane, if the velocity of the car in front of the original lane is slower
than the velocity of the car, it may have an impact on the car. If the velocity of the car in
front of the original lane is greater than the velocity of the following car or the distance
between the car and the car in front of the original lane at the beginning of the trajectory
replanning is Sye > 10 % (v, — v f) + S50, then the minimum safe following distance can still
be met after the lane change is completed, and this working condition considers that there
is no collision risk in the original lane during the turnback process. The car maintains the
original velocity in the planning of the turnback process, and then adjusts the distance
between the following car and the front car after the turnback process is completed. If the
distance S;e between this car and the car in front of the original lane at the starting moment
of trajectory replanning satisfies 3 * (v, — v¢) + Sso < Sre < 10 (vy — vf) + Sso, the risk
of collision will increase if this car keeps the original velocity on the way to turning back,
and it needs to slow down appropriately to keep following at a safe distance from the car
in front.

N, N,
JIE(E), Eop (1), U(E)] = 21 It +ilt) *ﬂco(f+i|f)||%g+,il oo (£ +i[t)
= = (17)

N ] 5
+ L [t +i =11 .
1=

where 1 is the Y coordinate of the original lane centerline, 7.0 = [Yco-

The constraint conditions and solution functions are the same as above. After obtaining
the discrete points of the turnback trajectory, the same quintuple polynomial is used for
fitting, and the fitted trajectory curve is input to the vehicle trajectory tracking control
module to control the vehicle and achieve the turnback replanning.

And if the original lane is at risk of collision, under this condition, the vehicle lateral
movement is controlled while appropriate deceleration is required until the velocity is the
same as that of the vehicle in front of the original lane.
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Design the turnback process of longitudinal velocity change for uniform deceleration:
the initial velocity for the start of the replanning moment ¢, of this car’s velocity is vy, the
final velocity for the original lane front car’s velocity is vpg; acceleration is ay, ay is negative;
deceleration time is t,:

UR) — UMs = fx " ta (18)

In the process of deceleration and turning back, it is necessary to ensure that the actual
longitudinal distance is always larger than the longitudinal safe following distance, in
order to deal with special situations such as emergency braking of the car in front of the
original lane.

Let the longitudinal distance between the two vehicles at the initial moment of replan-
ning be:

S(tre) = (vMs - UFO) “ts0 + Sso (19)

where Sgg indicates the static safe following distance to be maintained when the relative
velocity of the two vehicles is zero, tsg indicates that the two vehicles are driving in
accordance with the t,, moment state from the t,, moment until the rear vehicle arrives at
the front vehicle rear distance Sg position of time.

After the start of the deceleration, the longitudinal distance between the two cars at
moment t and the longitudinal safe following distance is:

N 2
S(t) = S(tre) +vr0 - (t — tre) — [Oms - (t — tre) + %L
tre <t < tye PR

(20)

Ss(t) = [UMS +ay - (t - tRe) - UFO] “ts0 + Ss0,

~ (21)
tTE S t S ti’E + UFOaxUMS

Under the condition of t;, < t < t,e + UMSL;UFO, consider the limit case; that is, the
longitudinal distance between this car and the car in front of the original lane at the initial
moment of lane-change replanning is exactly equal to the longitudinal safe following
distance; that is, t;p = 3 s, and solving the minimum value of the absolute value of the
acceleration that makes S(t) > Ss(t) constant is a, = Z'FO%OUN“ After tyy > 3's, and decelerates
with this rate of deceleration, it can ensure that the actual longitudinal distance between
the two cars is constantly larger than the longitudinal safe following distance threshold to
meet the safety condition.

Therefore, the longitudinal acceleration of the car from the beginning of the lane

change to the end of the turnback is:

0, 0 <t <ty
Ay = %/ tre <t <tpe+tg; (22)
0, t >t + t,.

By bringing the longitudinal acceleration to Equation (28), a vehicle state prediction
model under the time-varying condition of longitudinal acceleration can be established.
The objective function, constraints, construction and solution of the optimization problem,
and discrete point fitting method are all consistent with the original lane collision-free risk
above. The fitted replanned trajectory is input to the vehicle trajectory tracking control
module for lateral and longitudinal control of the vehicle, and then replanning of the
deceleration and return trajectory can be achieved.

3.4. Forward Active Collision Avoidance Based on MPC

In the vehicle lane-change process, if in the target lane the front car is emergency
braking, so that the original planning trajectory cannot safely complete the lane change,
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while the original lane does not meet the turnback safety distance conditions or the original
lane front car at this time is also braking and decelerating, then forward active collision
avoidance is needed.

Under the premise that there is a safe distance from the initial moment, if the front car
brakes urgently, the present car brakes with the same acceleration, and the collision can be
avoided. Therefore, the longitudinal acceleration of the present car is planned as:

0, 0 <t <ty

Ay = § ar1, fbre St <tpe+tg; (23)

0, t2>tr+ts

where ap; denotes the braking deceleration of the vehicle in front of the target lane, te
denotes the start moment of lane-change replanning, and ¢, denotes the duration from the
start of deceleration of this vehicle to complete stop.

By bringing the planned longitudinal acceleration of this vehicle into Equation (28),
a vehicle prediction model under time-varying longitudinal acceleration conditions can
be established.

When forward active collision avoidance is needed, the target lane and the original
lane vehicles are braked, and both lanes have a large collision risk, so the time of a vehicle
travelling across the two lanes should be minimized. That is, it should enter the target
lane as soon as possible and be as close as possible to the centerline of the target lane;
the replanned trajectory needs to be as far away from the obstacles as possible to reduce
the collision risk; the planned route imposes as small a control range as possible to meet
the comfort requirements. Therefore, the objective function should contain the term of
deviation of the replanned trajectory from the centerline of the target lane, the term of
collision risk function and the term of control range. In summary, the objective function is
proposed as shown below:

Np Np
JIE®), Eon (B, UB)] = L llg(t+ilt) —na(t+ilt) G+ L Joo (£ +ilt)
i=1 i=1 (24)

N ) 2
+ L [t i =110k
i=

where .1 is the Y coordinate of the centerline of the target lane, 7.1 = [Yo1].

The constraint conditions, the construction and solution of the optimization problem,
and the discrete point fitting approach are consistent with the above. The fitted replanned
trajectory is input to the vehicle trajectory tracking control module for lateral and longitu-
dinal control of the vehicle, and then the replanning of forward active collision avoidance
can be achieved.

4. Trajectory Tracking Based on Model Predictive Control

Trajectory tracking requires control of the vehicle’s lateral and longitudinal motions.
For lateral control, the MPC-based vehicle lateral motion controller is designed to solve
the problem of the optimal front wheel turning angle. For longitudinal control, the ve-
hicle longitudinal motion controller is designed based on dual PID to solve the vehicle
drive/brake control value problems. The longitudinal velocity is used as the joint point,
and the constraints are added to establish the integrated lateral and longitudinal controls
for the whole vehicle.

4.1. Lateral Motion Controller Based on MPC

In Figure 6, XQOY is the geodetic coordinate system, oxy is the body coordinate system,
and o is the vehicle’s center of mass. The names of vehicle-related parameters are shown in
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Table 1. Based on the vehicle three-degrees-of-freedom dynamics model, a nonlinear three-
degrees-of-freedom vehicle dynamics model can be obtained, as shown in Equation (25).

AY

Figure 6. Three-degrees-of-freedom dynamics model.

Table 1. Vehicle model-related parameters.

Parameters Name Parameters Name

m Vehicle mass F., Rear tire lateral force

L Wheelbase Fy, Rear tire longitudinal force
a Front wheelbase oy Front tire slip angle

b Rear wheelbase oy Rear tire slip angle

@ Yaw angle Sf Front tire slip ratio

oy Steering angle Sy Rear tire slip ratio

I, Yaw inertia Cy Front tire lateral stiffness

B Side slip angle Cer Rear tire lateral stiffness
Fy Front tire lateral force Cr Front tire longitudinal stiffness
Fy Front tire longitudinal force Cp Rear tire longitudinal stiffness

= —ip+2[ L (6 - L2 + S (222)]

X X

- e (25)
52 - ()]

X =xcos¢p —ysing

The above model can be expressed as Equation (26), where the state volume is
¢ =[xy eeX Y]T and the control volume is u = [§ f].

G(t) = F(§(1),u(t)) (26)

Linearizing and discretizing the above model yields a linear time-varying discrete
system as shown in Equation (26), where Ay ; = I+ TA(t), By; =1+ TB(t), where I is
the unit matrix and T is the control layer sampling period.

G(k+1) = A& (k) + By pu(k) (27)
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Linearizing and discretizing the above model yields a linear time-varying discrete
system as shown in Equation (27), where Ay ; = I+ TA(t), By; =1+ TB(t), where I is
the unit matrix and T is the control layer sampling period.

x(k+1) = Agx(k) + By s Au(k) (28)

In the formula:

i Ay Bkt] = [Bkt] [ g(k) } Wk — @
Ay = ’ A — Hox(k) = |2 , Au(k) =u(k) —u(k—1
= Lo o] B = ] a0 = [ G0 | w0 =00 e 1)

In order to make the vehicle achieve the tracking of the reference trajectory as accu-
rately and stably as possible, it is necessary to minimize the deviation of the predicted
output quantity from the reference output quantity and minimize the control increment.
Therefore, the objective function is set as shown in Equation (29).

N
JOc(0), Ut —1),AU(E), &) = ¥ [[n(t+ilt) — nees(t +i18) 5
=1 (29)

N.—1 . 5 ’
+ L [ Au(t i)k +pe
i=

where Q denotes the output quantity deviation weight matrix, Q = diag(Ay, Ay, -+ ,Ap),
where p denotes the number of output quantities and A;(i = 1,2,---,p) denotes the
weight value of the ith output quantity deviation; R is the control quantity weight ma-
trix, R = diag(A1, A, - -+ ,AQ), where g denotes the number of control quantities and
Ai(i = 1,2,---,Q) denotes the weight value of the ith control quantity; ¢ is the relaxation
factor and p is the relaxation factor weight coefficient.

To ensure the driving stability of the vehicle during the control process, it is necessary
to constrain the system control amount, control increment, output amount and relaxation
factor. Combining the objective function and constraints, the optimization problem that
needs to be solved is shown in Equation (30).

min J(x(t), U(t 1), AU(E), )

Ault),
st Umin <u(t+ilt) < tmax,1=0,1,2,--- ,N. —1
Attin < u(t +i|t) < Attmax,i =0,1,2,-- ,Ne — 1 (30)

fmin — €Ly <t +i[t) < fmax +eLp, i =1,2,--- , N,
0 <& < éemax

Umin and #max are the upper and lower limits of the control value, Aty and Aumax are
the upper and lower limits of the control increment, L, is a p-dimensional column matrix
with 1 for each element, #in and #max represents the lower output and the upper output.

By solving the optimization problem, the optimal front wheel turning angle increment
sequence is obtained, and the first term of the optimal control sequence is input to the
controlled vehicle as the actual control value. In the next control cycle, the optimal control
sequence continues to be solved, and so on, to achieve MPC rolling optimization.

4.2. Longitudinal Motion Controller Based on Double PID

The longitudinal control adopts a hierarchical design, and the upper controller adopts
double PID control to calculate the desired acceleration based on the difference between
the current position and velocity and the reference position and velocity, and outputs it
to the lower controller. The lower controller selects the drive or brake mode or maintains
the idle state according to the desired acceleration, calculates the relevant control values
through the vehicle inverse dynamics model, and inputs them to the controlled vehicle to
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complete the vehicle longitudinal velocity control. The vehicle longitudinal controller is
shown in Figure 7.

Upper Controller

Desired
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Controlled Vehicle Module }
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Figure 7. Longitudinal velocity controller.

4.3. Integrated Lateral and Longitudinal Controller

Since the lateral motion of the vehicle has less influence on the longitudinal motion
control, the variation of the longitudinal vehicle velocity has more influence on the lateral
motion control of the vehicle. Therefore, the actual longitudinal vehicle velocity is input
to the lateral motion control system as a state value, the time-varying longitudinal vehi-
cle velocity parameters are considered, and the vehicle prediction model is continuously
updated by using the characteristics of MPC feedback correction. The integrated lateral
and longitudinal controller of the whole vehicle is shown in Figure 8. In order to ensure
the stability of the integrated lateral-longitudinal control, the constraints of lateral acceler-
ation and trajectory curvature on the vehicle longitudinal velocity and the friction circle
constraints related to the road surface adhesion coefficient and vehicle vertical load need to
be added, as shown in Equations (31) and (32), respectively.

0< v, </ (31)

sz + Fyz < (,UFZ)2 (32)
a + ’lyz < (Vg)z

Y, ref  Pref Lateral \'/ehiCIC Front wheel angle
> motion >
controller

7y %
Trajectory Ve @

planning Controlled

vehicle
module v, 0%

Vehicle Motor torque
Varef - 10ngitlldinal Brake master
d motion cylinder pressure
controller

»
>

Figure 8. Integrated lateral and longitudinal controller.
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R is the trajectory curvature, p is the coefficient of pavement friction, a, is longitu-
dinal acceleration, a, lateral acceleration, Fy is lateral force, F, is longitudinal force, F; is
vertical force.

5. Integrated Simulation Verification

Based on the above lane-change trajectory planning module, lane-change replanning
module and trajectory tracking module, the intelligent vehicle-integrated lane-change
control is established, as shown in Figure 9.

Lane Change Trajectory Planning Layer

Conventional lane
" change trajecto =
No o
Change lanes to correct E
Lane change trajectories a
Taicolo & Change track - - =
. [¢]
yectory Need to replan? replanning o
planning Y module path g
module Forward collision =~
avoidance trajectory
Vehicle status
information
Other vehicle Controlled Front wheel angle Trajectory tracking
information vehicle control layer
Motor torque
Brake master
cylinder pressure

Figure 9. Integrated control of lane change.

A joint simulation platform based on CarSim/Simulink was built to simulate and
verify the intelligent vehicle lane-change control. The simulated vehicle parameters, lane-
change replanning MPC controller and lateral motion trajectory tracking MPC controller-
related parameters are shown in Tables 2—4, respectively.

Table 2. Lane-change replanning MPC controller.

Parameter Name Parameter Value Parameter Name Parameter Value
. Lateral stiffness of rear
Vehicle mass m/kg 1723 axle Coy/(N-1a dfl) —62,700
Vehicle length L/m 4.70 Tire size 225/60 R18
Vehicle width B/m 1.80 Yaw inertia I,/ (kg-mz) 3234
Front wheelbase By/m 1.23 Air drag coefficient p 0.34
Rear wheelbase B, /m 1.47 Frontal area A/m? 2.35
Lateral stiffness of front . ..
axle Cp/(N-ra a1 —66,900 Rolling drag coefficient f 0.015
Table 3. Lane-change replanning MPC controller.
Parameter Name Parameter Value Parameter Name Parameter Value
Sampling time Ts/ms 100 Weight matrix R 200
Predict horizon Np 20 Weight matrix Q 10
Control horizon N¢ 2
Table 4. Lateral motion trajectory tracking MPC controller.
Parameter Name Parameter Value Parameter Name Parameter Value
Sampling time Ts/ms 20 Slack factor weight coefficient p 1000
Predict horizon Np 30 Output volume bias weight [5 % 10°]
matrix R
Control horizon N 1 Control Volum.e bias weight 2000 0
matrix Q 0 10,000
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5.1. Lane-Change Trajectory Correction Verification

Simulation conditions are set: the adhesion coefficient is 0.8, the initial velocity of the
car in question is 20 m/s, the initial velocity of the car in front of the original lane is 16 m/s,
and the longitudinal distance from the car is 12 m. Then, 0.5 s after the start of the lane
change, the car in front of the original lane starts to decelerate at a deceleration velocity of
—3m/s?; 1s after the start of the lane change, the car in front of the original lane increases
its braking intensity and brakes at a deceleration velocity of —5 m/s? until it stops.

The feasibility analysis of lane change is carried out at the initial moment of lane
change. Under the current road adhesion conditions, the vehicle lateral acceleration thresh-
old is 0.4 g, the shortest lane-change time is 2.35 s, the minimum safe lane-change distance
is 5.08 m under the limit of lane-change conditions, and the lane-change safety factor
Up =2.36, which satisfies the lane-change feasibility conditions. The path planning based
on the quintuple polynomial yields a changing time of 4.27 s and plans the changing path.

After the front car driving state changes, if there is no lane-change replanning, the
longitudinal distance between the car in question and the original lane front car decreases
sharply due to the emergency braking of the front car, and the longitudinal distance
between the two cars will be reduced to zero after 1.96 s of the start of the lane change, and
an oblique collision occurs. At this time, the vehicle position relationship diagram is shown
in Figure 10.

Y/m
<IN ST e
T
1

20 25 30 35 40 45 50 55 60

Figure 10. The original lane-change trajectory vehicle location relationship diagram.

In order to avoid collision, lane-change replanning is carried out. According to the
lane-change replanning selection strategy, 0.5 s after the start of the lane change, the car in
front of the original lane starts to decelerate with a deceleration velocity of —3 m/s?. At this
time, the original lane still meets the safety conditions for a lane change, so no replanning
is needed. One second after the start of the lane change, the car in front of the original lane
increases its braking intensity and brakes with a deceleration velocity of —5 m/s?; at this
time, the original lane does not meet the safety conditions for a lane change, the target lane
meets the safety conditions for a lane change, and the lane-change trajectory is corrected.
The simulation results of the lane-change trajectory correction conditions are shown in
Figure 11.

As can be seen from Figure 11a, within 1 s from the start of the lane change, the vehicle
tracks the original planned trajectory. When the lane change processis at 1 s, trigger the lane-
change replanning and correct the lane-change trajectory. It can be seen from Figure 11b,c
that in the process of lane-change replanning, in order to avoid rear-end collision with the
vehicle in front and emergency braking, emergency obstacle avoidance must be carried
out through rapid steering, resulting in certain fluctuations in the declination angle and
yaw angle speed of the center of mass of the vehicle. The phase plane is widely used as the
vehicle driving stability criterion for vehicle stability judgment [16]. The two black dashed
lines in Figure 11d represent the boundary of the phase plane stabilization zone. And it
can be seen that the driving state is always located in the phase plane stability zone during
lane-change replanning.
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Figure 11. (a) Original planning trajectory and actual replanning trajectory. (b) Side slip angle.
(c) Yaw velocity. (d) B — B Phase plane.

Using the vehicle center-of-mass position and heading angle information, the coor-
dinates of the four corner points of the vehicle are calculated. At the moment ¢;; =1.82s
when the vehicle completely crosses the collision risk auxiliary line Linel, which overlaps
with the left side of the vehicle in front of the original lane after the lane change trajectory
correction, the position relationship between this vehicle and the vehicle in front of the
original lane at this time is shown in Figure 12.
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Figure 12. Vehicle position relationship diagram after lane-change trajectory correction.

Figure 12 shows that before the moment of ¢.1, the longitudinal distance between the
two vehicles is always larger than 0, and no collision will occur; after the moment of ¢, this
vehicle completely crosses the collision risk auxiliary line Linel, and there is no collision
risk. The simulation verifies that the lane-change trajectory correction can replan the safe
lane-change trajectory to avoid collision, while the trajectory tracking control ensures the
vehicle’s driving state stability.

5.2. Lane-Change Turnback Verification
5.2.1. No Risk of Collision in the Original Lane

Simulation conditions are set: on a road with an adhesion coefficient of 0.8, the car in
question is driving at a velocity of 20 m/s and the car in front of the target lane is driving
at a velocity of 22 m/s with a longitudinal distance of 10 m from the car. At 1.5 s after the
start of the lane change, the car in front of the target lane brakes at a reduced velocity of
—5m/s? until it stops.

At the start of the lane change, the velocity of the car in front of the target lane is larger
than that of the car in question and the initial longitudinal distance is sufficient; if the car in
front keeps its current driving state and there is no collision risk with the car, the safety
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factor of lane change is Uy, = 3 and the time of lane change is t;, = 5.31 s. Within 1.5 s from
the start of the lane change, the vehicle follows the original planning trajectory. After 1.5 s,
the longitudinal distance between the two vehicles decreases sharply due to the braking of
the vehicle in front of the target lane. If the car still tracks the original planning trajectory, a
rear-end collision will occur at 4.22 s, as shown in Figure 13.

6 : : ‘
(I e — ]
>0
-2 ) ‘ ) ) ) ) )
70 75 80 85 90 95 100 105 110

X/m

Figure 13. Vehicle position relationship diagram before lane-change trajectory correction.

In order to avoid collision, lane-change replanning is required. According to the
lane-change replanning strategy, 1.5 s after the start of the lane change, the car in front of
the target lane brakes urgently, resulting in the target lane not meeting the safety conditions
for a lane change, while at this time the original lane meets the safety conditions for turning
back and takes the lane change to turn back. The simulation results of changing lanes and
turning back are shown in Figure 14.
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Figure 14. The simulation results of changing lanes and turning back. (a) Original planning trajectory
and actual replanning trajectory. (b) Side slip angle. (c) Yaw velocity. (d) § — B Phase plane.

As can be seen from Figure 14a, within 1.5 s of the start of the lane change, the vehicle
tracks the original planned trajectory. When the lane-change process is at 1.5 s, trigger the
lane-change replanning and perform the lane-change trajectory switchback. It can be seen
from Figure 14b—d that during the lane switchback, the amplitude and fluctuation of the
declination angle of the vehicle’s center of mass are small, the amplitude of the vehicle’s
yaw angle speed is small, and the vehicle’s driving state is always located in the phase
plane stability zone. From the beginning of the lane change to the end of the lane-change
switchback, the vehicle has not crossed the collision risk auxiliary line that coincides with
the right side of the vehicle in front of the target lane, and there is no risk of collision. The
simulation shows that the lane-change switchback retraces the safe switchback trajectory
under the premise of ensuring the stability of the vehicle.
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5.2.2. Original Lane at Risk of Collision

Simulation conditions are set: on a road surface with an adhesion coefficient of 0.8,
the velocity of the car in front of the original lane is 15 m/s, and the initial longitudinal
distance from the car is 25 m. The velocity and position parameters of the car and the car in
front of the target lane are the same as those of the original lane without the collision risk
conditions above. At 1.5 s after the start of the lane change, the target lane does not meet
the safety conditions for lane change, and the turnback safety distance is 17 m, while the
longitudinal distance between the car and the original lane in front is 17.5 m, which meets
the turnback safety conditions, but requires appropriate deceleration on the way back. The
simulation results of the deceleration and turnback condition are shown in Figure 15.
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Figure 15. The simulation results of the deceleration and turnback conditions. (a) Original planning
trajectory and actual replanning trajectory. (b) Side slip angle. (c) Yaw velocity. (d) 8 — 8 Phase plane.
(e) Longitudinal velocity deviation. (f) Frictional circle constraint.

As can be seen from Figure 15a, within 1.5 s of the start of the lane change, the
vehicle tracks the original planned trajectory. When the lane change is at 1.5 s, trigger
the lane-change replanning and perform the lane-change trajectory switchback. It can be
seen from Figure 15e that under the deceleration switchback conditions, the deviation
between the longitudinal speed of the vehicle and the reference speed is small, and the
maximum deviation is 0.28 km/h. As can be seen from Figure 15b—d,f, during the lane-
change switchback, the amplitude and fluctuation of the declination angle of the center of
mass of the vehicle are small, the amplitude of the vehicle yaw angle speed is small, and
the vehicle driving state is always located in the phase plane stability zone. The vehicle
conforms to the friction circle constraint. From the start of the lane change to the end of the
lane switchback, the vehicle has not crossed the collision risk auxiliary line that coincides
with the right side of the vehicle in front of the target lane, so the vehicle and the vehicle in
front of the target lane will not collide. From the beginning of the lane change to the end of
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the switchback, the longitudinal distance between the car and the vehicle in front of the
original lane is always greater than zero, and there will be no collision with the vehicle in
front of the original lane. The simulation verified that the deceleration switchback strategy
can meet the driving safety and stability of the vehicle at the same time.

5.3. Forward Active Collision Avoidance Verification

Simulation conditions were as followings: on the road surface with adhesion coefficient
0.8, the self-car is driving at 20 m/s; the car in front of the target lane is driving at 22 m/s
with a longitudinal distance of 10 m from the car; the car in front of the original lane is
driving at 16 m/s with a longitudinal distance of 12 m from the car. At 1.5 s after the start
of the lane change, both the car in front of the target lane and the car in front of the original
lane brake at a deceleration velocity of —4 m/s? until stopping.

According to the initial conditions of the lane change, the safety coefficient of the lane
change Uy, =2.36, and lane-change time t], = 4.27 s. At 1.5 s after the start of the lane change,
the vehicle tracks the original planning trajectory; 1.5 s after the start of the lane change due
to the target lane in front braking, the original planning trajectory cannot safely complete
the lane change, while the original lane also does not meet the conditions of turning back.
At this time, forward active collision avoidance is executed, and the vehicle is slowed down
and merged into the target lane as soon as possible to minimize the time of crossing two
lanes. The simulation results of forward active collision avoidance conditions are shown in
Figure 16.
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Figure 16. The simulation results of forward active collision avoidance conditions. (a) Original
planning trajectory and actual replanning trajectory. (b) Side slip angle. (c) Yaw velocity. (d) 8 — 8
Phase plane. (e) Longitudinal velocity deviation. (f) Frictional circle constraint.

As can be seen from Figure 16a,e, the vehicle begins to perform forward active collision
avoidance 1.5 s after the start of lane change, increases the steering angle to merge into the
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target lane as soon as possible, and brakes to decelerate. It can be seen from Figure 16b—d,f
that the longitudinal and lateral acceleration of the vehicle is large, but it still meets the
friction circle constraint. The declination angle and yaw angle velocity of the center of mass
cause large fluctuations due to emergency obstacle avoidance, but the driving state of the
vehicle is always in the phase plane stability zone. Stable driving is achieved throughout.
The simulation verified that under the conditions that the vehicle in front of the original
lane and the target lane are braking at the same time, forward active collision avoidance
can avoid collision and effectively ensure the driving stability of the vehicle.

6. Conclusions

(1) In an intelligent vehicle lane-change process, other traffic vehicles’ driving state
changing will increase the risk of collision, so there is a need to carry out lane-change
replanning. According to different traffic conditions, lane-change replanning is carried
out for lane-change trajectory correction, lane-change turnback and forward active
collision avoidance operation. All three operation strategies were implemented based
on model predictive control, and different objective functions were designed according
to the specific requirements of different strategies to obtain the optimal control volume
under different working conditions, and the replanning trajectory was fitted based on
the quintuple polynomial, which was input to the trajectory tracking control module,
and the optimal control value continued to be solved at the next replanning moment
to achieve rolling replanning.

(2) We established a lateral controller based on model predictive control and on the three-
degrees-of-freedom model of the vehicle. We also established a vehicle longitudinal
motion controller based on double PID. Taking the longitudinal vehicle velocity
as the joint point and adding constraints, we established an integrated lateral and
longitudinal controller for the whole vehicle to achieve accurate tracking of the
reference trajectory.

(3) We designed an integrated controller which contained a lane-change trajectory plan-
ning layer and trajectory tracking control layer. The upper layer of the integrated
controller carried out the trajectory planning based on the quintuple polynomial and
the trajectory replanning based on MPC; the lower layer of the integrated controller
consisted of the vehicle lateral motion controller based on MPC and the vehicle longi-
tudinal motion controller based on double PID. The joint simulation results showed
that the trajectory replanning strategy can achieve vehicle collision avoidance in the
corresponding scenario while ensuring the driving stability of the vehicle, and the
trajectory tracking layer can achieve accurate tracking of the conventional lane-change
trajectory while ensuring good driving stability and driving comfort.

(4) The lane-change scenarios studied in this paper were based on a design with same-
direction dual lanes, and certain idealization assumptions were made; the driving
environment faced by vehicles in actual traffic scenarios will be more complex, for
example, the scenario where vehicles in other lanes cut into the lane in question.
Further research will continue to improve the lane-change trajectory planning strategy
so that it can adapt to more complex traffic conditions.
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