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Abstract: The current literature lacks uniform calculation
methods for following trajectory control for autonomous
vehicles, including the calculation of errors, determination of
tracking points, and design of feedforward controllers. Hence,
a complete calculation method is proposed to address this gap.
First, a control equation in the form of an error is obtained
according to the dynamic equation of the vehicle coordinate
system and the trajectory following model. Secondly, the
deviation of the vehicle state is obtained according to the
current vehicle’s state and the following control model.
Finally, a linear quadratic regulator (LQR) controller with
feedforward control is designed according to the characteristics
of the dynamic equation. With the proposed LQR, the
simulation of computational time, anti-interference, and
reliability analysis of the trajectory following control is
performed by programming using MATLAB. The simulation
outcomes are then compared with the experimental results from
the literature. The comparison indicates that the proposed
complete calculation method is effective, reliable, and capable
of achieving real-time and anti-interference following control
performance. The simulation results with or without
feedforward control show that the steady-state error is
eliminated and that good control performance is obtained by
introducing feedforward control.
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‘ x T ith the development of advanced sensing and artifi-

cial intelligence techniques, autonomous vehicles
are gaining increasing attention from the industry and aca-
demic communities and are regarded as the most promis-
ing industry for improving road safety in the future '~
An autonomous vehicle is a highly integrated electrome-

chanical coupling system comprising many vital technolo-
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gies, such as car perception, image identification and
processing, trajectory planning, trajectory following con-
trol, anti-lock brake, active suspension control technolo-
gy, and automatic parking technologies. Trajectory fol-
lowing control, in particular, plays a vital role in the
driving performances of autonomous vehicles. This tech-
nology is mainly aimed at tracking desired trajectories
continuously and smoothly with the highest precision pos-
sible.

In the past decades, many studies have focused on traj-
ectory following for autonomous vehicles. Specifically,
these studies have mainly applied advanced control algo-
rithms or proposed novel control algorithms so as to en-
sure driving safety and thereby achieve good control in
situations in which vehicle models cannot be established
accurately and uncertain external disturbances exist. At
present, the control algorithms that are widely used in
trajectory following control for autonomous vehicles in-

. . . 4-5 . qe
clude feedback linearization'*’, sliding mode con-
6-10]

11-13
, neural network control "'

1 [14-19]

trol' , and model predic-
tive contro

Although a large number of studies in trajectory follow-
ing for autonomous vehicles have been carried out, cer-
tain shortcomings remain. Most existing studies aimed to
propose or use a new method from the control algorithm
itself to show its outstanding performance by comparing it
with other control methods. Only a few articles report
calculation methods for trajectory following control that
are detailed and complete, especially in terms of the cal-
culation of errors, determination of tracking points, and
design of feedforward controllers. For example, the work
in Refs. [20 —23] did not consider feedforward control in
eliminating steady-state errors. Hence, the results are not
useful in evaluating and fairly comparing the performance
of control methods.

Accordingly, the current study presents a complete cal-
culation method for trajectory following control for auton-
omous vehicles by calculating real-time tracking points on
the basis of current vehicle states. The proposed method’s
implementation steps, in which computational equations
are deduced by the dynamic equation of the global coordi-
nate and control equation of trajectory following with an
error form, are introduced systematically. A sample sim-
ulation of trajectory following control based on a linear
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quadratic regulator (LQR) with a feedforward controller
is performed by developing a program in MATLAB to fa-
cilitate the understanding of the calculation method. The
implementation process and simulation results are de-
scribed accordingly. Computational cost and reliability
analyses are also performed.

1 Vehicle Dynamical Modeling for Trajectory
Following Control

The vehicle handling dynamics model using three de-
grees of freedom (DOF) essentially describes trajectory
following control. To facilitate the description of the cal-
culation method for trajectory following control, this
1) The
differences in the tire cornering properties between the left

work makes the following main assumptions:

and right wheels due to load variation are ignored, and
the tire model is approximated as linear; 2) The vehicle
only executes front-wheel steering; 3) Longitudinal ve-
locity is a constant value. The vehicle dynamical model is
shown in Fig. 1, where OXYZ represents the global coor-
dinate system and Cxyz represents the vehicle coordinate
system whose origin is the vehicle centroid and the x-axis
is the driving direction.

Fig.1 Vehicle dynamical model

1.1 Dynamical equation under the vehicle coordinate
system

In the maneuvering dynamical model, the external
force transmitted by the tire to the vehicle primarily de-
pends on the speed variable rather than on the absolute
position coordinates and heading angle of the vehicle.
Therefore, the dynamical equation is established using
the coordinate system Cxyz fixed on the vehicle. Ac-
cording to the assumption that the longitudinal velocity

is constant, the dynamical equation can be obtained

as [8.16]
ro 1 0 0 7
¥ 0 _ZCM +2C, -2[.C,.+2l.C, ~
y mV, mV, *
el |0 0 0 1
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where y is the lateral displacement; y is the lateral veloci-
ty; ¢ is the yaw angle; ¢ is the yaw rate; m is the total
vehicle mass; I, represents the vehicle inertia around the
axis C; V_ is the longitudinal velocity; §, is the front
steering angle; [, and [ denote the distances between the
front and rear wheel axles with C, respectively; and C,,
and C_, represent the front and rear cornering stiffness, re-
spectively.

1.2 Dynamical equation under the global coordinate
system

When performing trajectory following control in an ac-
tual road,
measure and estimate the current vehicle states, such as
the yaw rate, longitudinal velocity, and lateral velocity,
by utilizing a GPS/INS navigation system *''. Similarly,
an autonomous vehicle needs to obtain these states by
using the dynamical equation on the global coordinate
system when performing simulation control for trajectory
following. An increasing number of studies have adopted
the multibody dynamical model on the basis of dynamic
software, such as ADAMS, SIMPACK, and CarSim, to
compute vehicle states accurately.

As the current work mainly focuses on the calculation
method for trajectory following, a 3-DOF dynamical
model is employed for computing vehicle states. Accord-
ing to the momentum and moment of momentum theorem

an autonomous vehicle needs to accurately

under the assumption of constant longitudinal velocity,
the dynamical equation on the global coordinate system
can be obtained as

mX = —=2F ;sin(p) —2F, sin(¢) (2)
mY =2F ;cos(¢p) +2F  cos(¢) (3)
I ¢ =2(aF, - bF)) (4)

where X and Y represent the vehicle’s center-of-mass co-
ordinate with respect to OXYZ; ¢ represents the attitude
of oxyz with respect to OXYZ (i.e., yaw angle of the ve-
hicle); and F, and F, denote the y-axis component of the
front and rear lateral tire forces with respect to oxyz, re-
spectively.

The transformation relationship between oxyz and OXYZ
is given by

[x]z[ cos()

sin( @) 1[ X
5
y - sin( ) ] [ Y] )

cos( )

F . and F, are respectively calculated by the tire side-slip
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characteristics as

y+1 ¢
FnyCaf(Bf—ngo) (6)

y-le¢
F,=C,[-2—% 7
=5 M

The dynamical equations under the global coordinate
system can be obtained by substituting Eqs. (5) to (7)
into Eqs. (2) to (4).

1.3 Control equation with error form

The vehicle trajectory following model is shown in
Fig. 2, where C, is the desired position and C is the real
position of the vehicle’s center of mass. In Fig. 2, point
C, is on the desired trajectory, and vector CC, and the
tangent of C, are perpendicular. The desired coordinate
system C,x,y,z, can be defined as follows: the tangent of
C, is the x-axis, and vector C,C is the y-axis. In Fig. 2,
@q and ¢, respectively represent the desired yaw angle
and yaw rate of the vehicle; V,

e Tepresents the desired
longitudinal velocity; and V., y, ¥, ¢, ¢, and ¢ respec-
tively denote the actual longitudinal velocity, lateral ve-
locity, lateral acceleration, yaw angle, yaw rate, and an-

v

xdes

gular acceleration of the vehicle. The magnitudes of
and V_ are equal, but their directions are different.

g Real trajectory
#

X

=

Fig.2 Trajectory following model

Transforming the states into the same coordinate system
is necessary to obtain the errors between actual states and
desired states. After performing the projection operation
of the states into the desired coordinate system, the error
between the actual and desired lateral accelerations can be
expressed as

éy =(y+ ¢Vx) cos( ¢ - Qodes) - ¢y5in(¢ - @des) = Pues Vides
(8)

The error between the actual lateral and the desired lat-
eral velocities is given by

€, =ycos(@ — @q,) +V.sin(e - @) 9)

As the value of ¢ — ¢, is extremely small, y is far less

than V, and the magnitudes of V_and V,  are equal.

es

Therefore, Eqs. (8) and (9) can be simplified as

(10)
(11)

The error between the actual and desired yaw angles is
defined as

é\’ :j} + Vr(go _éodes)
e, =y+Vle-eu)

egp =@~ Pues (12)

The error between the actual yaw rate and the desired
yaw rate is given as

e¢:¢_¢des (13)

By substituting Eqs. (10) to (13) into Eq. (1), the
dynamical equation with the error form can be obtained as

é =Ae +B5; +C ¢, (14)
where
-0 - _ 0 ;
e, 2C,, -21,C,+21C,
e ¥ m mVX *
e= e | B = 0o I C-= 0
. 21,C,, 2,C, +21C,
- Iz - - I: Vx
ro 1 0 0
2C,+2C,  2C,+2C,  -21,C,+2lC,
- mV, m mV,
A4=10 0 0 1
21,C,-21.C, 2I,C,-2C, 2°C,+2C,
LY Ly, I. A

2 Calculation Method for Trajectory Following
Control

With a plan for the desired trajectory in place, trajecto-
ry following control is aimed toward driving the vehicle
along such trajectory as closely as possible. Control algo-
rithms include PID control, LQR control, sliding mode
control, and fuzzy neural network control. In the current
work, the LQR method, which is one of the most repre-
sentative control methods, is adopted to facilitate the un-
derstanding of the calculation method for trajectory fol-
lowing control.

To realize trajectory following control, this study pro-
poses the following six steps:

Step 1  Plan the desired trajectory according to the
driving purpose.

Step 2  Obtain the current vehicle states, such as actu-
al position, longitudinal velocity, lateral velocity, yaw
angle, and yaw rate, on the basis of the vehicle dynami-
cal model or vehicle perception equipment.

Step 3  Determine the desired point states and their
deviations between the actual point and the tracking point
according to the current vehicle states and the desired traj-
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ectory.

Step 4 Calculate the control input on the basis of the
control equation with the error form, feedforward con-
trol, and LQR control method.

Step 5 Obtain the actual vehicle position, longitudi-
nal velocity, lateral velocity, yaw angle, and yaw rate at
the next moment by using the vehicle simulation model
after inputting the control quantity obtained from step 4.

Step 6 Repeat steps 2 to 5 until the end.

2.1 Planning the desired trajectory

Several geometric forms can be used to plan the follow-
ing trajectory. In particular, polynomial trajectories are
the most common form used in automated driving 7.
In this work, the following cubic polynomial is adopted

to express the desired trajectory:

Y=AX) =a,X’ +a,X" +a,X' +aq, (15)

where a, to a, are the fit coefficients of the cubic polyno-
mial.

2.2 Calculating errors between desired and actual

states

The assumption is that vehicle states (X (t), Y (1),

o(1), X(0),Y(1), ¢(1)) at moment ¢ have been obtained
on the basis of the vehicle dynamical model. The follow-
ing five calculation steps are given for calculating the de-
sired states and actual errors at moment ¢:

1) Calculate X, (f) and Y, (#). According to the actu-
al point C[ X(t), Y(¢)] from the vehicle’s center of mass,
calculate tracking point C, with trajectory function y = f
(x). The straight line CC, and tangent of C, satisfy

(Y(1) =X (D) (Xoos (1)) +X(1) = X, (1) =0
(16)

des es

X,.,(1) can be easily obtained by solving the algebraic
Eq. (16) while considering X (#) as the initial point.
Then, Y, (f) can be acquired by trajectory function y =

des
f(x).
2) Calculate ¢, (). In accordance with X, (7) and

trajectory function y =f(x), ¢, (f) is given as
@ (1) = arctanf( X, (1)) (17)

3) Determine ¢, (t). With the curvature radius formu-
la, the curvature of point C, is given as

X))
(1+(f (X (D))

Then, the desired yaw rate at moment ¢ is calculated as

qbdcs( t) = VxK( t)

k(1) (18)

(19)

4) Calculate e (7) and ¢ (7). By transforming the ac-
tual and desired points into the desired coordinate system

Cyxyy424, €,(1) and e (1) can be respectively calculated
as

e, (1) = —(X(1) = Xy () sin( e, (1) +
(Y(1) =Yy (1) cos( gy, (1)) (20)

é,(0) = =X(0)sin(@y, (1) + Y (1) cos(py (1) (21)

5) Obtain e, (1) and € (1), according to Egs. (12)
and (13).

2.3 Determining the control input

According to Eq. (14) and the LQR method, the con-
trol input &, () is obtained as

8a(n = -K[e ) et e(n ¢, (D] (22)

where K is the feedback gain matrix of the optimal control
and can be expressed as

K=R 'B'P (23)

where P can be obtained by the Riccati equation, which
has the following form:

PA+A"P-PBR'B'P+Q=0 (24)

where R is the weight matrix on the control input and Q is
the weight matrix on the error.

As the variation of the desired angular velocity results
from the different curvatures of the desired trajectory at
different times, a feedforward controller is adopted to
minimize tracking errors and ensure zero steady-state er-
rors. The autonomous vehicle with only front wheel steer-
ing belongs to the under-actuated control system, which
cannot completely eliminate the steady-state errors from
the two states. Nevertheless, we can ensure zero lateral
steady-state error, which is more important than angular
steady-state error.

Therefore, the feedforward controller—used for com-
pletely eliminating the lateral steady-state error—is intro-
duced in detail. However, an angular steady-state error
still exists in the under-actuated control system. Accord-
ing to feedback gain matrix K, the closed-loop matrix A,

can be expressed as
A, =A-BK (25)

As the first and third rows of B are zero, A, is always
satisfied as follows, regardless of the value of K:

A,(1,1) =A,(1,3) =A,(1,4) =0, A,(1,2) =1
(26)

A,(3,1) =A,(3,2) =A4,(3,3) =0, A,(3,4) =1
(27)

Hence, on the basis of Eq. (14) and ¢ (1) =¢ (1) =
0, the relationship between the steady-state error and the
feedforward control can be written as the following matrix
equation:
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Ab(z’l) Ab(2,3) 6‘}_5(t)
[Ab(4, 1) A,(4,3) ] [ e‘ps(t)]

[B(Z)sz(t) +C(2)¢des(t)] ~ [0]
Lo

. (28)
B(4)6,(1) + C(4) ¢4, (1)

where e, (7) and e‘ps( t) respectively denote the lateral and
angular steady-state errors at moment .

After ensuring e (1) = 0, the steady-state angular er-
ror and feedforward control quantity at moment ¢ can be
expressed as the following matrix equation:

[ewm . [Ab<2,3>

B(2)17'rc(2)
Su(n ] [A,(4,3) ] [

B(4)] lLC4) ]‘pdes( ‘)
(29)

By combining the LQR with the feedforward control,
the total control input can be calculated as

6:(1) =8,(1) +6,(1) (30)

As a result of the demand for vehicle safety and physi-
cal implementation, the control input is not completely
determined by Eq. (30), and the value range needs to
be considered. Herein, the ranges of the front steering
angle and front steering angle velocity are respectively

given by
6min $6t( t) s6111::)( (31)
6.(1) =6,(1 A1
hS—————— < 32
min At max ( )
where §,,, and §,,,, represent the maximum and minimum

values of the front steering angle, respectively; and &,

and §,,, represent the maximum and minimum values of
the front steering angle velocity, respectively.

2.4 Vehicle dynamics simulation under control input

The next moment vehicle states—X (¢ + Ar), Y(t + A1),

o(t+Af), X(t+At), Y(t+ At), and o(t + Af)—can be
calculated according to the vehicle dynamical model in
Section 1. 2 and the control input obtained by Section
2.3. By repeating the steps detailed in Sections 2. 2,
2.3, and 2.4 until the end, the simulation results for traj-
ectory following control can be obtained.

3 Simulation and Analysis

A program is independently developed in MATLAB to
evaluate the feasibility and effectiveness of the proposed
calculation method in Section 2. The developed program
is used to implement the trajectory following control sim-
ulation.

3.1 Desired trajectory

The desired trajectory adopts the polynomial expression
where a, =0, a, =0.999 886 710 218 506, a, =

—0.004 998 300 653 278, and a, = - 0. 566 448 9 x
10°, as shown in Fig. 3. The desired trajectory has a
minimum curvature radius of 100 mm. The control effect
of trajectory following is known to depend largely on the
curvature radius of the desired trajectory. In other words,
the smaller the curvature radius is, the harder the control
becomes. Following this trajectory under the longitudinal
velocity of 10 m/s is relatively difficult, but this trajecto-
ry has certain representativeness.

60

_ | | L L |
604 50 100 150 200 250

X/m

Fig.3 Desired trajectory curve

3.2 Vehicle simulation parameters
The simulation parameters are shown in Tab. 1.

Tab.1 Simulation parameters of the vehicle model

Parameter Value
Vehicle mass m/kg 1575
Vehicle yaw moment ./ (kg - mz) 2875
Front-CG distance /;/m 1.2
Rear-CG distance [./m 1.6
Cornering stiffness of front tires C;/(kN - rad ') 19
Cornering stiffness of rear tires C,/(kN « rad ") 33
Maximum steering angle §,,,,/rad 0.523 6
Minimum steering angle §,,,/rad -0.5236
Maximum steering angle velocity & ,,./(rad + s ") 0.261 8
Minimum steering angle velocity & ;,/(rad + s ") -0.2618
Longitudinal velocity V /(m - s~") 10

3.3 Simulation results and analysis

The initial states are defined as follows: The yaw angle
of the vehicle relative to the global coordinate system is
0.785 3 rad, the yaw rate is O rad/s, the longitudinal ve-
locity is 10 m/s, and the lateral velocity is O m/s. The
global coordinate of the vehicle’s center of mass is (0, 1)
m. In the initial states, the simulation time is set to 30 s,
and the simulation results of the trajectory following con-
trol are shown in Figs. 4 to 6.

—Desired trajectory

50 - Actual trajectory
25
10 .
g
S 0 6 Actual point
=25 2 rack point
0 2 4 6 8
_50 1 1 1 1 ]
0 50 100 150 200 250

X/m

Fig.4 Contrast between desired and actual trajectories
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Fig.5 Response of error. (a) Lateral error; (b) Angular error
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Fig.6 Response of front steering angle

Fig. 4 shows the tracking process from the actual vehi-
cle position to the desired trajectory position. The simula-
tion presents a good trajectory following effect, and the
actual vehicle position fluctuates around the desired trajec-
tory at a small-scale level. The standard deviation be-
tween the actual trajectory and the desired trajectory is
calculated as 0. 11 m.

Fig. 5 presents the error responses. The lateral and an-
gular errors gradually decrease by controlling the front
steering angle, which achieves the desired control effect.
Furthermore, the steady-state errors gradually tend to ap-
proach zero because of the introduction of feedforward
control. As illustrated in Fig. 5 (a), the lateral steady-
state error can be completely eliminated, although the
trajectory curvature is not zero. The simulation results al-
so reveal that when the vehicle passes through the position
with a relatively large curvature, the tracking effect dete-
riorates to a certain extent despite the introduction of
feedforward control.

Fig. 6 shows the response of the front steering angle
provided by the LQR controller with feedforward control.
The front steering angle is limited to the given range,
which meets the requirements of the vehicle’s physical re-
alizability. In addition, the front steering angle is much
smaller than the given boundary value, and the variation
range of the angle is small. These features can strongly
guarantee vehicle safety.

For the purpose of illustrating the strong anti-interfer-
ence ability of the proposed method that calculates trace
points in real-time on the basis of current vehicle states,
an accidental interference in 7.5 s is assumed to cause
large deviations (0.5 m, 0.5 m, 0.1 rad) between the
actual vehicle position and the calculated position. Figs.
7 and 8 show the responses of the error and front steering
angle. After being greatly disturbed in 7.5 s, the system
automatically adjusts the trace point to eliminate the devi-
ation according to the current actual states so that the ve-
hicle drives along the desired trajectory and achieves a
good control effect.

0.8

E

£ 04

o

=

g o

<

-]

. L L L | | |

04— 10 15 20 25 30
Time/s
(a)

8

§ 4

5

E 0

[~}

8 _y

<

-8 1 ! 1 L L |

0 5 10 15 20 25 30

Time/s
(b)

Fig.7 Response of error with accidental interference. (a) Lat-
eral error; (b) Angular error

>
E 30 Upper boundary
on
g 10}
on
8 \/\/\\/\//
f_,E -10 -
é Lower boundary
5-30 : ! ' i )
= 0 5 10 15 20 25 30
Time/s
Fig.8 Response of front steering angle with accidental inter-
ference

3.4 Computational cost

Computational cost is a crucial factor that determines
whether the proposed algorithm can be used in practice.
Hence, it requires evaluation. The computer configura-
tions for the simulation are as follows: Windows 10 64-
bit operating system, AMD Ryzen 7 CPU, 16 GB RAM
with 3 200 MHz, and MATLAB version R2018a.

Under this computing environment, the computation
time can be obtained by using a timer. When the simula-
tion time is set to 30 s, the computation time is 0. 56 s,
which is the average time for 20 repetitions. Further-
more, the timer indicates that the computational cost
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mainly depends on “fsolve” [i.e., the solution of alge-
braic Eq. (16)]. Nevertheless, the computation time is
so small that the real-time performance is generally easy
to satisfy under the computing environment. The algo-
rithm can be further optimized in the future, particularly
in terms of the calculation of the tracking point.

4 Reliability Analysis and Discussion by Experi-
mental Comparison

The simulation results based on the proposed calcula-
tion method and the experimental results from Ref. [21]
are compared under the same vehicle parameters and
tracking trajectory to further analyze the reliability of the
simulation results. The tracking trajectory is defined as
trajectory 1. The simulation parameters of the experimen-
tal vehicle are not given in the literature, but after a care-
ful search "', the vehicle parameters are established.
Meanwhile, Gaussian noise considering sensor accuracy is
added to the vehicle state in the simulation to effectively
reflect the actual states of the vehicle. The coordinate axis
and its range are unified to ensure a good comparison with
the results from the literature (see Figs. 9 to 12).

15 - — Desired trajectory
1oL— Actual trajectory
£ s 100 m 400m
= oL 180m e
=5
-10 1 1 1 1 1 1 1
50 100 150 200 250 300 350
X/m
(a)
1.0 -
—— Desired trajectory
Otwes. Actual trajectory
E-05} N ..., Actual point
= o
—10L Track point
-15 1 1 1
0o 1 2 3 4 5 6 7 8
X/m
(b)

Fig.9 Desired trajectory and actual trajectory based on trajec-
tory 1. (a) Global view at O to 320 m; (b) Partial enlarged
view at 0 to 8 m

For clarity, an enlarged view at 0-8 m is shown in Fig.
9 (b). Fig. 9 shows that good tracking performance is
achieved.

Feedforward control is not considered in eliminating the
steady-state error in this study. The dotted curves in
Figs. 10 to 12 show the counterparts without the feedfor-
ward controller (i.e., no §;,). Relative to this literature,
the simulation results without the feedforward controller
(see Figs. 10 to 12) are consistent with the experimental
results. The simulation results of yaw rate and front steer-
ing angle, in particular, are nearly identical to the experi-

- Without feedforward controller

g 021 — With feedforward controller
g 0.1
5
g 0
=-0.1
—
—0.2
Distance/m
(a)

~

- Without feedforward controller
— With feefiforward controller

[\S]

Angular error /(°)
o

300

L
200
Distance/m

(b)

0 100

Fig.10  Response of error based on trajectory 1. (a) Lateral
error; (b) Angular error

o
o

-------- Without feedforward controller
— With feedforward controller

. W

o
-

|
o <
o =

Yaw rate/(rad-s™)
(=)

1 1
200 300
Distance/m

1
100

(=)

Fig.11 Response of yaw rate based on trajectory 1

Q 4 — Without feedforward controller

0 — With feedforward controller

22

<

2o

§ /

@ =2

=

S 4 1 I I I 1 )

=0 50 100 150 200 250 300
Time/s

Fig.12 Response of front steering angle based on trajectory 1

mental results. Hence, the simulation results are reliable,
and the proposed calculation method is feasible.

According to the complete calculation method proposed
in this work, the feedforward controller should also be
considered to obtain good control performance. The solid
curves in Figs. 10 to 12 show the simulation results with
the feedforward controller. The lateral steady-state error
can be adjusted to zero while the changes in the angular
error, yaw rate, and front steering angle are not appar-
ent. After careful observation (see Figs. 10 to 12), the
angular error, yaw rate, and front wheel angle are slight-
ly smaller than their counterparts in the case without the
feedforward controller. Hence, a good control effect is
achieved with the complete calculation method for trajec-
tory following control despite the control method being
traditional.
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5 Conclusions

1) A complete calculation method is proposed for the
trajectory following control of autonomous vehicles. The
implementation steps are also systematically introduced.
The feedforward controller with LQR is designed for com-
pletely eliminating lateral steady-state errors according to
the characteristics of the dynamical equation.

2) A program is independently developed in MAT-
LAB, and a sample simulation is performed. The simula-
tion results show that the control strategies based on the
proposed calculation method achieve strong tracking and
anti-interference performance.

3) The simulation results are determined to be reliable,
and the proposed calculation method is deemed feasible
by comparing the experimental results from the literature.
In addition, good control performance is achieved with
the proposed complete calculation method for trajectory
following control, particularly through the introduction of
the feedforward controller.
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