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To improve the stability and accuracy of quintic polynomial trajectory tracking, an MPC (model predictive control) and fuzzy PID
(proportional-integral-difference)- based control method are proposed. A lateral tracking controller is designed by using MPC
with rule-based horizon parameters. The lateral tracking controller controls the steering angle to reduce the lateral tracking errors.
A longitudinal tracking controller is designed by using a fuzzy PID. The longitudinal controller controls the motor torque and
brake pressure referring to a throttle/brake calibration table to reduce the longitudinal tracking errors. By combining the two
controllers, we achieve satisfactory trajectory tracking control. Relative vehicle trajectory tracking simulation is carried out under
common scenarios of quintic polynomial trajectory in the Simulink/Carsim platform. The result shows that the strategy can avoid
excessive trajectory tracking errors which ensures a better performance for trajectory tracking with high safety, stability,

and adaptability.

1. Introduction

Autonomous vehicles have brought huge benefits to traffic
safety, reducing traffic congestion, environment protection,
and productivity. As a key part of autonomous driving,
trajectory tracking control has a high demand on the safety
and stability of the trajectory tracking. To meet this chal-
lenge, it is urgent to propose a combined lateral and lon-
gitudinal tracking strategy that ensures the tracking
performance [1]. Active front steering (AFS) and electronic
stability control (ESC) have been proven effective for en-
hancing vehicle stability and decreasing vehicle accidents
[2]. By combining the two actuators using a proper control
strategy, more advantages can be obtained such as solving
the problems related to vehicle motion control and trajec-
tory tracking control [3].

To achieve the lateral tracking control capability of in-
telligent vehicles, a number of studies and advancements
have been made. Guo et al. [4] developed a fuzzy logic-based
lateral controller with parameters tuned through a genetic
algorithm. Norouzi et al. [5] adopted the Lyapunov theory

for the lateral control, and the sliding mode algorithm and
backstepping algorithm were also used to achieve the lateral
control. He et al. [6] developed a lateral controller with two
layers. Its upper controller was designed based on a linear
time-varying MPC algorithm with parameters improved by
the PSO algorithm, and its lower controller was designed
based on a neural network algorithm to track the desired
steering angle quickly. Liu et al. [7] developed a lateral
controller with a steering angle compensation method and
adaptively changing prediction horizon parameters. Brown
et al. [8] developed a framework for an intelligent vehicle
motion control system. It included path planning and
tracking functions using an MPC algorithm and a multi-
objective optimization index to track trajectory safely. Re-
ferring to more literature [9-11] and MPC algorithm’s
advantages to solve the vehicle motion control problems
with constraints, the MPC algorithm has been developed
and applied more in the lateral tracking control.

To achieve the longitudinal tracking control capability of
intelligent vehicles, many proven methods have been de-
veloped. Sun et al. [12] developed a vehicle longitudinal
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speed controller with the hybrid MPC algorithm. The
switching strategy of the operation modes and the torques
desired were tuned by mixed-integer quadratic program-
ming. El Majdoub et al. [13] proposed a nonlinear controller
based on Lyapunov theory to realize the longitudinal con-
trol. Kim et al. [14] developed a method for adaptive time-
varying controller parameter and throttle and brake control
for speed tracking. The method can be used for different
types of vehicles without knowing the details of the drive and
brake systems. Kebbati et al. [15] developed two longitudinal
controllers, respectively, using genetic algorithm and neural
network algorithm and compared the performance of each
controller.

Since there are strong couplings between the lateral
control and the longitudinal control of autonomous vehicles,
it is inappropriate to focus on only one of them. It is essential
to propose a combined lateral and longitudinal trajectory
tracking control method. Aiming at this problem, Attia et al.
[16] developed a combined longitudinal and lateral control
method including a steering strategy based on MPC and a
nonlinear speed tracking algorithm considering the pow-
ertrain dynamics. Zhang and Li [17] developed a combined
controller based on the LQR algorithm and dual-PID al-
gorithm which considers feedforward control and com-
pensation for steering angle. Xu et al. [18] developed a
coupled lateral and longitudinal control method integrating
efficient controllers unsensitive to system parameters. The
longitudinal controller was designed to be a model reference
adaptive control system, and the lateral controller was
designed based on the SMC algorithm.

Given this, based on previous studies, a combined lateral
and longitudinal control method is developed. We propose a
combined lateral and longitudinal controller with prediction
function and parameter structure with adaptive changes. The
strategy decouples the lateral and longitudinal tracking
problems, makes it possible to design each controller sep-
arately, and adopts the quintic polynomial curve as the
reference trajectory. The lateral controller is designed based
on MPC with a rule-based horizon parameters selection
strategy. The longitudinal control method is based on fuzzy
PID and inverse dynamics methods. By combining the two
controllers with adaptive features, we achieve satisfactory
trajectory tracking control. Relative simulation tests’ results
show a satisfactory performance of the proposed controller.

2. Vehicle Dynamics Model

Mathematical models of vehicle are particularly important in
the vehicle motion control. In this study, a 2DOF vehicle
model is applied to construct the trajectory tracking control
system to increase computing efficiency and ensure the
tracking accuracy.

The vehicle model is shown in Figure 1, and it is created
according to relative assumptions as follows [19]:

(1) We assume that the vehicle and the suspension are
rigid bodies and neglect the suspension dynamics

(2) We assume that the vehicle uses front wheels to steer,
and the two wheels are steered at the same angle
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FiGUure 1: 2DOF vehicle dynamics model.

(3) We assume that each axle’s wheels are combined as a
single wheel along the vehicle’s centerline

Let x be the longitudinal direction of the vehicle, y be the
lateral direction of the vehicle, X be the longitudinal di-
rection of the absolute coordinate system, and Y be the
lateral direction of the absolute coordinate system.

By analyzing the force in the y-axis, we can get the
following equation:

F},fcos8f+Fyr=may, (1)
where F  ; is the front wheels’ cornering force, F, is the rear
wheels’ cornering force, m is the vehicle weight, and a,, is the
acceleration in the y-axis.

a,=j +¢x, (2)

where j is the acceleration in the y-axis caused by the vehicle
motion, x is the speed in the x-axis, ¢ is the yaw angle, and ¢
is the yaw rate.

By substituting equation (2) into equation (1), we can get
the following equation:

Fyfc058f+Fy,:m(j/' + @X). (3)

According to the rotation law, we can get the following
equation:

1,9 =aF,;cosd - bF,,, (4)

where a is the distance between the vehicle’s center of gravity
and the front axle and b is the distance between the vehicle’s
center of gravity and the rear axle.

According to the cornering force equation, we can get
the following equation:

{ F}Vf :ZCafocf, (5)
Fy‘f = zctx‘r‘xr’
where C,¢ is the front tires’ cornering stiffness, C,, is the

rear tires’ cornering stiffness, a is the front tire’s slip angle,
and a, is the rear tires’ slip angle.

By analyzing the vehicle motion status, we can get the
following equation:
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a + v TABLE 1: Vehicle model’s parameters.
a=0-8,=""2 s, :
X Parameters Value
() m (kg) 1400
_y-¢b a (m) 1.015
&= b (m) 1.895
Cyy (N/rad) ~108000
where 6 is the vehicle’s heading angle. C,, (N/rad) —108000
According to equations (1)-(6), we can get the following I, (kg m*) 1502.9
equation:
. 2 C{Xf + Ctxr . aCocf - bczxr . ..
y:a[ x y+ _x \p—Caf(Sf —x(p,
(7)
. 2 aczxf - bCar . azcaf + bzcar .
(PZE[ % Y+ % ‘P_acaf(sf’
where I, is the vehicle’s rotational inertia along z-axis and & ¢ We rewrite equation (7) to get the following matrix form:
is the front wheels’ steering angle.
70 1 0 0 7 [0 ]
7] Cop+Co  aCyp —bC 7]
af : ar 0 af ar % Cle
¥y mx mx y m
ol |o 0 0 1 ¢ 0
- o Cos ~¥Cur @’Coy +0°Cpr |97 | acC,,
L I.x Ix § L I, |
Relative vehicle model’s structural parameters are listed Since the vehicle’s position, yaw angle, and acceleration
in Table 1. are continuous, the trajectory curve should be continuous,
and the curve should be continuous at both the first and
3. Reference Trajectory second orders [21-23]. In this study, quintic polynomial

curves are implemented to meet the constraints and test the
In the trajectory planning algorithm, the reference path is  .ntroller’s performance.

derived as discrete points in a finite time domain, and the
curve fitting method is the primary method for processing
the points [20].

The trajectory curve is a function of time ¢ and can be
written as follows:

[ X(t) = a, + ayt + a;t* + a,t” +ast® +agt’,
Y(X)=b, +b,X +b;X* +b,X°> + b X* + b X,

1 6, (1) = arctan(Y [X (1)]), ©)

b= L IXOL

(1+Y [X(1)])




where a,,a,,as;,a,,as,dg, b, b,, by, by, by are coefficients to
be determined.

According to equation (9), the following parameters are
required to get the reference trajectory curve [21]:

Xstart = (X(O)’ X(O) > X(O))7
Yo =(Y (0, Y (0.Y ©)):
Xend = (X (ttotal)’ X (ttotal) > X (ttotal));

Yend = <Y(Xend) Y (Xend) Y (Xend)>’

(10)

where t, is total time interval for the reference trajectory
and X, 4 is the vehicle’s longitudinal position at the end
point along the reference trajectory.

4. Lateral Control

MPC algorithm is applied to the lateral controller design
according to its advantages of predictive control and solving
control problems with constraints [24]. The controller en-
sures accurate lateral tracking control through real-time roll
optimization of the front wheel steering angle. The principle
of the lateral controller is demonstrated in Figure 2. Y is the
vehicle position’s projection on Y-axis of the absolute co-
ordinate system, and X is the vehicle position’s projection on
X-axis of the absolute coordinate system.

4.1. Analysis of Vehicle Lateral Tracking Error. In this section,
we discuss the lateral tracking errors under the Frenet co-
ordinate system, and the diagram of corresponding errors is
shown in Figure 3. Point A and Point B are, respectively, the
actual and reference position of the vehicle at the current
moment in the absolute coordinate system. Point C is ob-
tained by projecting point A onto the curve.

By observing Figure 3, we can get the following equation:

(d.=(x~x,,y-y,)
N, = (-sin6,, cosb,),

T, = (cosB,, sin6,),

{es=dgn,, (11)
e,=dt,
6, =6, +ek,

L 69 = 6 - QP,

where d, is the vector difference between Point A and Point
B, 7, is the tangent vector of point B on the curve, 7, is the
normal vector of point B on the curve, e; is the lateral
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FIGURE 3: Diagram of trajectory tracking error.

position error, e, is the longitudinal position error, and ey is
the heading angle error.
Furthermore, the following equation can be obtained:

' €q = dznr’
e; = j/cos(q) - HP) +x sin(<p - HP),
€1 =Y +eyx,
~ | (12)
€y = ((p - Gp)%(Zpl),
e, = ¢ —k,s,
=50,

where ¢, is the yaw angle error, ¢, is the rate of yaw angle
error change, s is the projection of Point A’s speed onto
Point C, 0, is the heading angle of Point B, and 6, is the
heading angle of Point C.
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4.2. Lateral Tracking Controller Design. A predictive model is
necessary to estimate the dynamic system’s future states. In
the prediction time domain, the MPC controller performs
rolling optimization for the input with constraints to ensure
that the cost function is minimized.

In this section, a linear time-varying model predictive
control method is used for the design of the controller based
on equation (9). We can get the trajectory tracking state
error matrix as follows:

ey ey
€, €,
. S A + B8f, (13)
€y €y
€y €y
where
[0 1 0 0 ]
Caf + Car Cle + Ctxr aC,Xf - bCM
mx m mx
A= ,
0 0 0 1
o aC,; - bC,, aC,;-bC,, a’C,+b'C,
| I,x I, I,x J
P
Caf
m
B=
0
aCaf
L I,

(14)

N N.-1

P
I:A%? ;y(t+i|t)—y,(t+i|t)(22+ D AS(t +ilt)y +pe |, AS

i=1

where y, = [0,0]", N p is the prediction horizon, N. is the
control horizon, 8,,;, is the minimum of d;, d,,,, is the
maximum of 8, Ad;, is the minimum of Ad, Ad,,, is the
maximum of A, ¢ is the relaxation factor, Q is the weighting
matrix of the tracking effect, and R is the weighting matrix of

the input energy.

4.3. Rule-Based Horizon Parameters Selection. The deter-
minations of the MPC controller’s cost function, weighting
matrices, and horizon parameters are of great importance.

According to equation (11), we can get the following
equation [25]:

X = Ax + BJ, (15)
where
. [ I . 17T
X = [ed,ed,eq,,eq,] X = [ed, € eq,,eq,] ,0= [8f]. (16)
By discretizing equation (12), the following equation can
be obtained:
{X(k+ 1) = Ayx (k) + B;d (k), (17)
x(k+1) = Ay () + By[8 (k- 1) + AS (W),

where A, is the discrete period matrix of A and B, is the
discrete period matrix of B.

Furthermore,
E(k +1) = Ayé (k) + By AS (k), (18)
where
k . A; B . B
f(k)z[aé(—)l) ’A"z[ 0 Id]’de[ Id]' )
Let
y (k) = Ci (), (20)

where y = [ed,e(p]T,Cd =[10100].
According to equation (15), the MPC controller’s cost
function can be written as follows:

AS(t) <AS 6

max?

minS mingé(t)samax’£>0’ (21)

Due to the complex driving conditions of the vehicle, if the
MPC controller only uses fixed horizon parameters, it may
not be able to obtain a satisfactory trajectory tracking
performance [26]. For different trajectories, the optimal
horizon parameter selection may be different. In order to
avoid that the horizon parameters matching workload is too
large, the MPC controller adopts a rule-based method to
match horizon parameters N , and N adaptively according
to the vehicle speed v (km/h§.

By referring to the simulation results, the horizon pa-
rameters are adjusted to ensure the tracking errors are



acceptable. The matching rules for the horizon parameters
are created as follows:

(15,1),v< 10,
(20,2),10 < v <60, (22)
(25,22),60 < v.

(Np’Nc)=

4.4. Relative Parameters Setting. The lateral controller’s
parameters are shown as follows:

[ T, = 20ms,
—0.17rad <u <0.17rad,
—0.015rad < Au <0.015rad,
3 1000 0 (23)
:[ 0 30 ]
R =10,
| p = 1000,

where T is sample time.

4.5. Simulation Results. The effect of the lateral controller is
evaluated through simulations under two scenarios, and the
changing trend in lateral errors during the tracking process
is discussed.

Scenario 1 (double lane-change maneuver): To test the
controller’s performance under critical work condition,
we adopt double lane-change maneuvers with different
speeds as the test scenarios and LQR lateral controller
are adopted as a control group. The simulation pro-
cesses of test 1~test 3 and relative results are shown in
Figures 4-7 and Tables 2 and 3.

Scenario 2 (guidance of a highway exit): To test the
controller’s performance under large steering condi-
tion, we conduct simulation tests under this scenario
with different speeds. The simulation processes of test
4~test 6 and relative results are shown in Figures 8-10
and Table 4.

Scenario 1 (double lane-change maneuver):

(1) Test 1. By observing Figure 4, Tables 2 and 3, and
Figure 7, during Testl using the proposed MPC
controller, the average lateral position error is
within a satisfactory range of 0.5cm, and the av-
erage heading angle error is less than 0.007 rad.
When compared to the test with LQR controller,
the average lateral position error decreases by
5.25cm.

(2) Test 2. By observing Figure 5, Tables 2 and 3, and
Figure 7, during Test2 using the proposed MPC
controller, as the vehicle speed increases, the lateral
position error reaches a maximum of 3.28 cm, and
the average lateral position error reaches 0.83 cm.
The average heading angle error is basically un-
changed compared with Testl using the MPC
controller. When compared to the test with LQR
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controller, the average lateral position error de-
creases by 30.55 cm.
As the LQR controller mainly controls the steering
angle according to the current tracking errors
without prediction, the lateral position error in-
creases to 33.83 cm.

(3) Test 3. By observing Figures 6 and 7, and Tables 2
and 3, during Testl using the proposed MPC
controller, the lateral position error is less than
0.85cm, and the heading angle error slightly in-
creases as vehicle speed increases. However, the
maximum lateral position error increases to
51.71 cm under the LQR control, which represents
the loss of safety.

Scenario 2 (guidance of a highway exit):

By observing the results of Test 4~Test 6 shown in
Figure 8~Figure 10 and Table 4, it can be seen that during the
simulation tests using the proposed lateral controller, the
lateral position error and heading angle error remain within
reasonable ranges of 3 cm and 0.03 rad.

According to the above analysis, we can know that the
proposed lateral controller has a good control effect and is
conducive to improving the control effect of lateral tracking.

5. Longitudinal Control

The fuzzy PID algorithm is applied to the longitudinal
controller design. The longitudinal controller receives the
real-time speed error and position error and then corrects
the vehicle acceleration demand. Based on the inverse dy-
namics method, the optimal motor torque and brake
pressure are solved in real time to achieve longitudinal
control. The longitudinal tracking control flow is shown in
Figure 11.

5.1. Analysis of Vehicle Longitudinal Tracking Error. In this
subsection, the longitudinal tracking problem mainly con-
siders the longitudinal speed error and position error.

According to Figure 3 and equations (9) and (10), the
following equation is obtained:

_ T
€ = Trde >

Xcose, — ysine

[ [
V, =E———————, 24
1 Tp l—k,*ed ( )

L €, =V _Vrp’

where v, s the projection of point A’s speed in the tangent
direction of point C and e, is the longitudinal speed error.

5.2. Throttle/Brake Calibration. The throttle-brake calibra-
tion is the foundation to ensure precise longitudinal tracking
control of the vehicle. When the longitudinal tracking
control system receives acceleration and deceleration signals
at a specific speed, the control module solves the accurate
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FIGURE 4: Simulation process of lateral tracking under the double lane-change maneuver at 10km/h: (a) position tracking; (b) lateral

position error; (c) heading angle error; (d) steering angle.

throttle opening Thr and brake pressure P by looking up the
throttle/brake calibration table Z = vlookup (a, v).

The throttle-brake calibration table is created through
the cosimulation based on Carsim and Matlab.

(1) When input throttle opening Thr increasing from 0
to 100% to the vehicle model in Carsim, changing
speed v and acceleration a are recorded in the process
of accelerating from 0km/h to the 144 km/h speed
corresponding to each throttle opening Thr into the
Matlab workspace.

(2) When input brake pressure P increasing from 0 to
7MPa to the vehicle model in Carsim, changing

speed v and acceleration a are recorded in the process
of decelerating from 144km/h to Okm/h corre-
sponding to each brake pressure P into the Matlab
workspace.

By integrating data obtained previously, the throttle/
brake calibration table can be obtained as shown in
Figure 12.

The longitudinal tracking controller based on the inverse
dynamics method receives reference acceleration signals and
solves the accurate throttle opening Thr and brake pressure P
referring to Figure 12. According to motor speed, the Thr/P
values and simplified motor speed-torque curve are shown
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FIGure 5: Simulation process of lateral tracking under the double lane-change maneuver at 30 km/h: (a) position tracking; (b) lateral

position error; (c) heading angle error; (d) steering angle.

in Figure 13, and the motor torque demand can be obtained
to achieve real-time longitudinal tracking control.

5.3. Longitudinal Tracking Controller Design. Since the
tracking control system itself and multiple table lookups may
lead to tracking errors, only controlling the real-time ac-
celeration may lead to the longitudinal speed and position to
deviate from the reference trajectory. We adopt the fuzzy
PID algorithm in the controller to reduce the tracking errors.
The longitudinal controller adjusts the required acceleration
and brake pressure to ensure the accuracy of the longitudinal
tracking control.

The parameters K, K; and K; completely determine the
characteristics of a conventional PID controller, and this
may lead to the unsatisfactory dynamic performance of

nonlinear control systems. However, the fuzzy PID con-
troller tunes the relative parameters adaptively referring to
the rules. The common structure of a fuzzy PID controller
can be depicted as shown in Figure 14.

From Figure 14, we can see that the fuzzy controller
adopts the value of K, K;, and K; adaptively according to e
and e,. The center of gravity method is applied as the
defuzzification method and considers the errors of longi-
tudinal speed, longitudinal position, and their rate of
change.

Fuzzy rules are set and adjusted referring to the following
principles [27] and the actual e and e, in the simulation
process:

(1) When e and e, are large, a large k,, should be taken to
speed up the system response; a small k; should be
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FIGUure 6: Simulation process of lateral tracking under the double lane-change maneuver at 60 km/h: (a) position tracking; (b) lateral

position error; (c) heading angle error; (d) steering angle.

taken to avoid large system overshoot; a medium k,
should be taken to avoid derivative saturation.

(2) When e and e, are medium, a small k, should be
taken to avoid system overshoot; medium k; and k;
should be taken to guarantee system responsiveness.

(3) When e is small, kp and k; should be increased to
improve system stability. To avoid the oscillation
phenomenon and improve the anti-interference
performance of the system, relatively large k; should
be taken when e. is small and relatively small k,
should be taken when e, is large.

According to the theories, simulation analysis, and ex-
pert experience [28~31], relative membership functions are
created as shown in Figures 15 and 16, and the fuzzy rules are
created as shown in Tables 5-10.

5.4. Simulation Results. 'The effect of the longitudinal con-
troller is evaluated through the following simulation.

A part of the CLTC work condition is used to test the
performance of the baseline dual PID controller and the
proposed controller. The longitudinal tracking control
process and relative results are shown in Figure 17 and
Table 11.

According to Figure 17 and Table 11, it can be seen that
the reference speed and longitudinal position are well
tracked by using the proposed controller, the longitudinal
position error remains within a reasonable range of 5cm,
and the average speed error is less than 0.008 m/s.

However, the simulation test using the dual PID con-
troller reaches a longitudinal position error of 36.08 cm and
a longitudinal speed error of 0.6792m/s, which are
unacceptable.
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FIGURE 7: Lateral tracking errors of the simulation tests: (a) maximum lateral position errors; (b) average lateral position errors; (c)

maximum heading angle errors; (d) average heading angle errors.

Figures 17(c) and 17(d) show that the longitudinal
errors can be corrected automatically by the longitudinal
controller based on fuzzy PID while the position error and
speed error cannot be corrected in time by using the dual
PID strategy.

The proposed controller can tune the parameters
adaptively referring to the fuzzy rules to achieve more ac-
curate trajectory tracking, which is different from the
baseline dual PID controller.

According to the above analysis, we can know that the
proposed longitudinal control method reaches a satisfactory
control effect of longitudinal tracking.

6. Combined Longitudinal and Lateral
Controller

We design the lateral controller and longitudinal con-
troller in the previous sections. To verify the reference
trajectory tracking performance of proposed controllers,
this section shows the details of the structure of the

combined lateral and longitudinal trajectory tracking
controller. The tracking results of the simulation tests are
analyzed to verify the performance of the combined
controller in this section.

6.1. Global Tracking Control Architecture. The goal of the

combined lateral and longitudinal controller is to realize

tracking control accurately. Based on the previous controller

designs, the lateral controller and the longitudinal controller

are combined in the architecture as shown in Figure 18.
In the global architecture,

(1) The quintic polynomial curve illustrated in Section 3
is selected as the fitting curve of reference trajectory
input to the combined controller

(2) Based on the reference trajectory, the steering angle,
the motor torque, and the brake pressure are cal-
culated to ensure the efficient vehicle tracking
control
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6.2. Trajectory Tracking Controller Performance Analysis.
To verify the performance of the proposed combined con-
troller proposed, the simulation tests using the MPC-fuzzy
PID controller and LQR-dual PID controller are carried out
under the common scenarios of quintic polynomial
trajectory.

The representative parking and lane-changing driving
scenarios of the quintic polynomial curve planning trajec-
tory are selected for simulation tests.

The lateral and longitudinal position error, velocity er-
ror, and heading angle error are regarded as evaluation
criteria to evaluate the effect of the trajectory tracking.

6.2.1. Simulation Analysis of Parking Scenario. Settings of
the parking scenario: Based on equation (9), the initial
vehicle state is set to X, = (0,0,0), Yy, = (0,0,0), the

end state of the vehicle is set to X, 4 = (150,0,0), Yo,q =
(12,0,0), and the simulation duration is set to 30s. The

quintic polynomial trajectory corresponds to the side
parking scenario where the vehicle first accelerates and then
decelerates to stop. The simulation process and relative
results are shown in Figures 19 and 20 and Table 12.

As can be seen in Figures 19 and 20 and Table 12, in the
simulation using MPC-fuzzy PID controller, the lateral posi-
tion error does not exceed 0.5 cm, and the heading error is less
than 0.009rad under parking scenario. The maximum and
average lateral position errors are reduced by 2.55cm and
1.24 cm, respectively, compared with the simulation using the
LQR-dual PID controller. The data shown previously dem-
onstrate that the lateral controller based on MPC has satis-
factory performance for lateral tracking accuracy. The
maximum longitudinal position error is 1.39 cm, the average
longitudinal position error is 0.35cm, the maximum longi-
tudinal speed error is 0.0349 m/s, and the average longitudinal
speed error is 0.0026 m/s. The maximum and average longi-
tudinal position error is reduced by 9.84cm and 2.25cm,
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FIGURE 9: Simulation process of lateral tracking under the guidance of a highway exit at constant speed 30 km/h: (a) position tracking; (b)

lateral position error; (c) heading angle error; (d) steering angle.

respectively, compared with the simulation using the LQR-dual
PID controller. The data shown previously demonstrate that
the longitudinal controller based on fuzzy PID has satisfactory
performance for longitudinal tracking accuracy.

Moreover, the evaluation criteria shown previously in
the simulation test using MPC-fuzzy PID controller change
stably remain within a reasonable range. It can be inferred
that the trajectory tracking controller proposed in this paper
has more satisfactory performance than the LQR-dual PID
controller for trajectory tracking.

6.2.2. Simulation Analysis of Lane-Changing Scenario.
Settings of the lane-changing scenario: According to
equation (9), the initial state of the vehicle is set to X, =
(0,0,0), Yy, = (0,0,0), the end state of the vehicle is set to
X ng = (400,25,0),X..4 = (30,0,0), and the simulation
duration is set to 30s. The quintic polynomial trajectory

corresponds to the lane-changing scenario where the vehicle
accelerates first and then changes into a far-side high-speed
lane. The simulation process is shown in Figures 21 and 22.
The simulation results are shown in Table 13.

As can be seen in Figures 21 and 22 and Table 13, in the
simulation using the MPC-fuzzy PID controller, the lateral
position error does not exceed 0.2 cm, and the heading angle
error remains within an acceptable range of 0.0023 rad under
the lane-changing scenario. The lateral position error’s
maximum and average are, respectively, reduced by 2.63 cm
and 0.9655 cm compared with the control group. The data
shown previously demonstrate that the lateral controller
based on MPC has satisfactory performance for lateral
tracking accuracy. The longitudinal position error does not
exceed 1.9 cm, and the longitudinal speed error is less than
0.04 m/s. The longitudinal position error’s maximum and
average are reduced by 5.84cm and 3.27 cm, respectively,
compared with the control group. The data shown
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FiGure 10: Simulation process of lateral tracking under the guidance of a highway exit at constant speed 50 km/h: (a) position tracking; (b)

lateral position error; (c) heading angle error; (d) steering angle.

TaBLE 2: The results obtained with the LQR controller.

Parameters Test 1 Test 2 Test 3
Cavg (M) 5.72 8.36 12.72
€max (CM) 21.09 33.83 51.71
Cayg (rad) 0.0089 0.0091 0.0107
€omax (rad) 0.0451 0.0522 0.0599

TaBLE 3: The results obtained with the MPC controller.

TaBLE 4: The results obtained with the MPC controller.

Parameters Test 1 Test 2 Test3 Parameters Test 4 Test 5 Test 6
€iavg (cm) 0.47 0.83 0.23 €avg (cm) 0.8 1.45 1.09
€max (CM) 1.84 3.28 0.84 €mayx (€M) 1.5 2.86 2.46
Couyg (rad) 0.0067 0.0066 0.0077 Couyg (rad) 0.0115 0.0114 0.012
€omax (rad) 0.0265 0.0259 0.0333 €omax (rad) 0.0212 0.0212 0.022

previously demonstrate that the longitudinal controller
based on fuzzy PID has satisfactory performance for lon-
gitudinal tracking accuracy.

Moreover, the evaluation criteria shown previously in
the simulation test using MPC-fuzzy PID controller
change stably remain within a reasonable range. It can be
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TaBLE 11: Results of the longitudinal control tests.

Parameters Dual PID Fuzzy PID
gy (c) 6.23 0.53
€gmax (€M) 36.08 4.57
€y (M/S) 0.0355 0.0076
€ymax (/) 0.6792 0.2011
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FIGURe 19: Simulation process of trajectory tracking under parking scenario. (a) position tracking process; (b) speed tracking process; (c)
speed error; (d) lateral position error; (e) longitudinal position error; (f) heading angle error; (g) steering angle.
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TaBLE 12: Simulation results of the trajectory tracking under parking scenario.

Parameters LQR-dual PID MPC-fuzzy PID
€max (€M) 2.96 0.41
€avg (cm) 1.42 0.18
epmax (rad) 0.0081 0.0081
€gavg (rad) 0.0042 0.0041
€,max (1M/8) 0.0731 0.0349
€ayg (M/S) 0.0111 0.0026
€gmax (€M) 11.23 1.39
oy (Cm) 2.6 0.35
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FicUre 21: Continued.
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TaBLE 13: Simulation results of the trajectory tracking under the lane-changing scenario.

Parameters LQR-dual PID MPC-fuzzy PID
€max (€M) 2.79 0.16

Cavg (M) 1.03 0.0645
Comax (rad) 0.0021 0.0023
Cgayg (rad) 0.00072 0.00079
Cyma (M/S) 0.0872 0.0352
€yayg (m/9) 0.0139 0.0022
€ymax (€M) 7.74 1.9

€ ave (€M) 3.89 0.62

savg

inferred that the proposed controller has more effective
performance than LQR-dual PID controller for trajectory
tracking.

According to the above analysis, it can be inferred that
the proposed MPC-fuzzy PID controller achieves a more
satisfactory trajectory tracking effect with the global archi-
tecture as proposed in Section 6.

7. Conclusions

The proposed combined lateral and longitudinal trajectory
tracking controller based on MPC and fuzzy PID algorithms
proposed realizes the following advantages:

(1) The trajectory tracking controller combines the
advantages of MPC and fuzzy PID algorithm and can
realize accurate tracking control under general
scenarios with different speeds of quintic polynomial
trajectory.

(2) The rule-based horizon parameters selection and the
throttle/brake calibration table are proposed to en-
sure more precise trajectory tracking control.

(3) The proposed strategy decouples the lateral and
longitudinal tracking problems and makes it possible
to design each controller separately. By combining
the lateral controller with the longitudinal controller,
the controllers work in coordination and promote
each other to achieve a satisfactory control effect.

According to the results of the simulation tests, we can
know that the proposed controller reaches a satisfactory
control effect and ensures the accuracy and stability of the
trajectory tracking process. The results shown in the article
are promising, and the control strategy is waiting to be
applied on a testbench. Due to complex vehicle work
conditions, the proposed controller can be further developed
by taking into account the useability of different work
conditions such as path curvatures.
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