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Abstract: Unmanned vehicles are currently facing many difficulties and
challenges in improving safety performance when running in complex urban
road traffic environments, such as low intelligence and poor comfort perfor-
mance in the driving process. The real-time performance of vehicles and the
comfort requirements of passengers in path planning and tracking control of
unmanned vehicles have attracted more and more attentions. In this paper,
in order to improve the real-time performance of the autonomous vehicle
planning module and the comfort requirements of passengers that a local
granular-based path planning method and tracking control based on multi-
segment Bezier curve splicing and model predictive control theory are pro-
posed. Especially, the maximum trajectory curvature satisfying ride comfort
is regarded as an important constraint condition, and the corresponding
curvature threshold is utilized to calculate the control points of Bezier curve.
By using low-order interpolation curve splicing, the planning computation
is reduced, and the real-time performance of planning is improved, com-
pared with one-segment curve fitting method. Furthermore, the comfort
performance of the planned path is reflected intuitively by the curvature
information of the path. Finally, the effectiveness of the proposed control
method is verified by the co-simulation platform built by MATLAB/Simulink
and Carsim. The simulation results show that the path tracking effect of multi-
segment Bezier curve fitting is better than that of high-order curve planning
in terms of real-time performance and comfort.
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1 Introduction

With the rapid development of internet and communication technology, the traditional automo-
bile begins to develop towards the direction of network and automation. Full automation of cars,
i.e., unmanned vehicles are expected to become a reality in the future. Leading the transformation
of automotive industry is of great significance to socio-economic development. Path planning and
tracking control are core issues in the field of autonomous vehicle research, and their performance
directly affects the execution effect of autonomous driving behavior. An integrated longitudinal and
transverse trajectory tracking control method based on nonlinear Model Predictive Control (MPC)
has been proposed in [1], which improved the tracking accuracy through the effective combination of
nonlinear MPC and obstacle function method. Guo et al. [2] developed a neural ergonomics-based
lateral control model for vehicles by integrating MPC algorithm and arm muscle model on the basis
of a neural ergonomics cognitive architecture. The intelligent driving path tracking controller has
been designed based on the model prediction principle in [3], and the cost function and constraints
conditions of the controller have been designed according to the data clustering results. For the optimal
control problem, Chen et al. [4] proposed the constrained iterative linear quadratic regulator method.
This method is suitable for nonlinear dynamical systems with constraints. Bae et al. [5] provided
a feasible real-time path planning and tracking method for autonomous vehicles based on fifth-
order Bezier curves, however, the overall real-time performance of the system needs to be improved.
Feng et al. [6] proposed a vector field histogram search method, which combined with Bezier curve
as the reference line, selected the optimal trajectory points and searched collision-free states. Many
scholars have made great contributions in the field of path planning and control of unmanned vehicles,
but there are still some deficiencies in practical applications.

For unmanned vehicles, driving safety is the top priority [7], so the path planning and control
module plays a decisive role in driving safety. For example, a control block based on a super-
twisting second-order sliding mode controller has been investigated in [8] for steering of a quadcopter
Unmanned Aerial Vehicle (UAV) to achieve the desired position and attitude. At the same time,
unmanned vehicles need to meet the comfort requirements of passengers. Therefore, this paper focuses
on a local path planning and tracking method based on multi-segment Bezier curve stitching and MPC
theory. By using low-order interpolation curve splicing, the planning computation cost can be reduced,
and the real-time performance of planning can be improved. By arranging the position of the relevant
control points of Bezier curve reasonably, the constraint of the planned path on the comfort level can
be achieved. Finally, the algorithm is verified by the co-simulation platform.

In addition, the piecewise fitting method proposed in this paper can accurately fit the global
path, and the fitting error can be controlled within the allowable range. The traditional fitting method
often has the following problems when facing the complex road environment: First of all, when low-
order curves are used for fitting, they will not be able to fit a reasonable driving path for unmanned
vehicles, which will result in planning failure. Second, when the higher-order curve is used for fitting,
the computation amount of planning module will be greatly increased, which will result in the real-
time performance of planning is poor. The method proposed in this paper can solve these two problems
effectively.

Fig. 1 shows the different effects of the global path fitted by multi-segment low-order Bezier
curve and a one-segment high-order Bezier curve. It can be seen that the path accuracy of multi-
segment splicing fitting is obviously better than that of a one-segment high-order curve. In terms of
real-time performance, the multi-segment low-order Bezier curve stitching approach also outperforms
one-segment high-order curve fitting, which will be verified in detail later.
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Figure 1: Initial path curve fitting

In this paper, a multi-segment Bezier curve fitting path planning and tracking control method
based on MPC is proposed. The fitting method of multi-segment low-order curve splicing reduces
the calculation amount of planning module and improves the real-time performance. At the same
time, in this paper, the comfort performance of planned path is reflected intuitively by the curvature
information. Finally, the co-simulation platform is used to verify the effectiveness of the algorithm.

2 Vehicle Dynamics Modeling

The construction of vehicle dynamics or kinematics model is of great significance to planning
and tracking of unmanned vehicles. The vehicle dynamics model can be used to predict the motion
of vehicles over time and generate the optimal trajectory satisfying various geometric and safety
constraints in advance, which can improve the feasibility of planning process to a certain extent.
To make path planning algorithm works efficiently when facing complex traffic environments, it is
necessary to simplify the dynamics model [9,10].

In this section, the motion is considered in three directions: lateral, longitudinal and transverse.
Namely, a vehicle transverse dynamics model based on three-degree-of-freedom is developed, and the
slip between tires and ground is considered. Compared with kinematics model, the dynamics model
can better simulate force situation of vehicles in the process of driving, and more in line with the
actual situation of vehicles in the process of high-speed driving. During the modeling process, the
following ideal assumptions should be made: (1) The influence of aerodynamics on vehicle’s motion
state should be ignored to reduce the complexity of algorithm and improve the efficiency. (2) A
small angle assumption should be made for the front wheel deflection angle δf [11]. Based on above
assumptions, the monorail vehicle transverse pendulum dynamics model is established, as shown in
Fig. 2.

A force analysis of the vehicle is carried out in the following equation:⎧⎪⎨
⎪⎩

m
(
v̇x − vyφ̇

) = Fxf cos
(
δf

)+ Fxr − Fyf sin
(
δf

)
m
(
v̇y + vxφ̇

) = Fxf sin
(
δf

)+ Fyr + Fyf cos
(
δf

)
Izφ̈ = a

[
Fxf sin

(
δf

)+ Fyf cos
(
δf

)]− bFyr

(1)
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Figure 2: Vehicle dynamics model

where m is the vehicle mass; vx and vy are longitudinal and lateral velocities of the centre of mass in
vehicle coordinate system respectively; Iz is rotational inertia of the vehicle around z-axis; a and b are
distances from the vehicle center of mass to front and rear axis respectively; Fyf and Fyr are combined
forces of lateral forces exerted on the vehicle by tires; Fxf and Fxr are combined forces of longitudinal
forces exerted on the vehicle by tires.

The longitudinal forces exerted on the front and rear tires are:

Fxf = Clf · sf , Fxr = Clr · sr, (2)

where Clf and Clr is longitudinal stiffnesses of the front and rear tires respectively, sf and sr is slip rate
of the front and rear wheels. When the tire lateral deflection angle α is small, the lateral force of tire is
approximately a linear function with tire’s lateral deflection angle, that is: Fy = Cαα. Therefore, lateral
forces of the front and rear tires are:

Fyf = Cαf · αf , Fyr = Cαr · αr, (3)

where Cαf and Cαr is lateral deflection stiffnesses of the front and rear tires, respectively.

αf = acrtan
(

vy + aφ̇

vx

)
− δf ≈ vy + aφ̇

vx

− δf , (4)

αr = acrtan
(

vy − bφ̇

vx

)
≈ vy − bφ̇

vx

Combining Eqs. (1) to (4), the vehicle yaw dynamics model considering tire slip rate can be
obtained, whose expression is:⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

v̇y = −vxφ̇ +
2
[

Cαf

(
δf − vy + aφ̇

vx

)
+ Cαr

bφ̇ − vy

vx

]
m

,

v̇x = vyφ̇ +
2
[

Clf · sf + Clr · sr + Cαf

(
δf − vy + aφ̇

vx

)
δf

]
m

φ̈ =
2
[

a · Cαf

(
δf − vy + aφ̇

vx

)
+ b · Cαr

bφ̇ − vy

vx

]
Iz

,

Ẏ = vx sin φ + vy cos φ,
Ẋ = vx cos φ − vy sin φ.

, (5)
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The construction of the dynamics model lays a foundation for the determination of the subsequent
MPC controller [11]. In this system, the state is chosen as ξ = [

ẏ, ẋ, φ, φ̇, Y , X
]
, and the control vector

is chosen as U = δf . Relevant parameters of the vehicle used in this paper are shown in Table 1.

Table 1: Vehicle parameters

Parameter name Numerical value

Vehicle quality (m) 1723 kg
Rotational inertia around Z-axis (Iz) 4175 kg·m2

Front wheel lateral deflection stiffness (Cαf ) 66900
Rear wheel lateral deflection stiffness (Cαr) 62700
Front wheel longitudinal lateral deflection stiffness (Clf ) 66900
Rear wheel longitudinal lateral deflection stiffness (Clr) 62700
Front and rear wheel slip rate (sf , sr) 0.2
Front wheel-center of mass distance (a) 1.232 m
Rear wheel-center of mass distance (b) 1.468 m

3 Motion Planning and Tracking Control
3.1 Segmented Bezier Curve

In this paper, Bezier curve will be used for trajectory fitting in the stage of path planning. There are
two main reasons for this: First, all the control points of Bezier curve are connected in turn to form
a convex polygon which contains the Bezier curve. This property is used to ensure that there is no
collision between the planned path and obstacles. Secondly, the first and last control points of Bezier
curve are the starting and ending point of the whole curve respectively, the first and last edges of the
characteristic polygon are tangent lines of the starting and ending point respectively. This property is
of great significance for the smooth connection of each segment of Bezier curves.

The calculation cost of path planner will increase as the order of the Bezier curve increases. In
order to solve the problem of numerical stability and computational efficiency [12], this paper adopts
low-order Bezier curve stitching fitting method for trajectory planning. Theoretically, this method can
greatly improve the performance of path planner, which is the core problem to be studied in this paper.

The specific mathematical formula of Bezier curve is given as follows:

Pi (t) =
n∑

i=0

Bi,n (t) · Pi (6)

Bi,n (t) = Ci
n (1 − t)n−i · ti, t ∈ (0, 1) (7)

where Pi (t) is the coordinate of each point on the curve; Pi is the control point that determines the
shape of curve; n is the number of control points; n-1 is the order of Bezier curve; and Bi,n (t) is called
Bernstein basis function, which is the core part of Bezier curve.

The continuity of path concatenation is of great significance for unmanned vehicle systems. The
continuity of parametric curves can be divided into two types: parametric continuity and geometric
continuity, which are denoted as Cn continuity and Gn continuity, respectively. If curves l1(s0, s1 : s) and
l2(t0, t1 : t) satisfy l1(s1) = l2(t0) at the joint, and the natural parametric equations of curves l1 and l2
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at the joint satisfy Cn continuity, then curves l1 and l2 satisfy the geometric continuity, which will be
called Gn continuity. Specially, G0 continuity means that two curves share the same connecting end
point, which is consistent with the condition of C0. G1 continuity means that the two curves have a
common tangent line at the connection point, that is, the direction of the tangent line is continuous;
G2 continuity means that these two curves have the same curvature circle at the connection point,
namely curvature continuity.

For mobile robots (unmanned vehicles belong to high-speed mobile robots), they generally have
a minimum rotation radius or speed constraint, requiring the curvature of the tracked path to be
less than maximum turning curvature of the robot. Therefore, the geometric continuity of piecewise
splicing fitting path becomes very important for path planning of unmanned vehicles.

To achieve a smooth transition of entire trajectory, the following conditions should be met when
Bezier curves of two adjacent segments are at the splice: (1) The position is continuous, and the end
point P2 of the former segment curve is required to coincide with the beginning point Q0 of the latter
segment. (2) Tangential vectors are continuous, requiring points P1, P2(Q0) and Q1 are coincident.
(3) Continuity of curvature, which requires two adjacent curves satisfy the continuity of position and
tangent vector when all control points are coplanar. In order to simplify the planning algorithm, these
two Bezier curves are assumed to be symmetric [13]. As shown in Fig. 3, after the location information
of obstacle is clarified, the obstacle position will be set as the first control point of the first Bezier curve
For the Bezier curve will not pass through the control point, namely, the obstacle is avoided.

Figure 3: Bezier curves stitching process

The curvature expression for each point on Bezier curve is shown as below. First, the expression
of Bezier curve in Eq. (6) is transformed into the form with respect to its transverse coordinates x and
longitudinal coordinates y. Then the curvature of each point on Bezier curve is calculated through the
following expression in Eq. (8).

K (t) = ẋ (t) ÿ (t) − ẏ (t) ẍ (t)

(ẋ2 (t) + ẏ2 (t))
3
2

. (8)

In this paper, the perception module of unmanned vehicle is not considered, i.e., the position
information of obstacles is known. To meet the requirement of the initial position state of the vehicle,
let the first control point be P0 (0,−D/2). And the position information of the obstacle P1 is known,
noted as (a,−D/2), the position of the control point P2 is set as (c, 0). Where D is the width of the
road and is set as 4 m. The curvature of the whole planned trajectory is determined by the horizontal
coordinate c of the control point P2:

K (t, c) = ẋ (t) ÿ (t) − ẏ (t) ẍ (t)

(ẋ2 (t) + ẏ2 (t))
3
2

= 1
2

√√√√√√√
a2

(
D
2

)2

{
a2 + 2a (−2a + c) t +

[
(−2a + c)2 + (

D
2

)2
]

t2

}3 (9)
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Let f (t) =
{

a2 + 2a (−2a + c) t +
[
(−2a + c)2 +

(
D
2

)2
]

t2

}3/2

, when f (t) takes the minimum

value, i.e., ḟ (t) = 0, the curvature of planned Bezier curve reaches the maximum value. The maximum

curvature is obtained whent = 2a2 − ac

4a2 − 4ac + c2 +
(

D
2

)2 (0 < t < 1).

Kmax (t, c) = 1
2

√√√√√√√√√

[
(−2a + c)2 +

(
D
2

)2
]3

a4

(
D
2

)4 = 1
8a2

√[
(−2a + c)2 + 4

]3
. (10)

Guo et al. [14] systematically introduced various factors that affect vehicle comfort in the process
of lanes change. In the present stage, unmanned vehicles focus more on how to realize the automation
rather than the intelligence. Passengers’ comfort requirements are an important indicator to evaluate
how similar the process of autonomous driving is to that of human driving. In this paper, the curvature
of the planned path is associated with lateral acceleration that generated by the vehicle, and the comfort
of vehicle driving process is taken as an important constraint in the process of path planning. In order
to meet the comfort requirements of passengers, the lateral acceleration during the vehicle driving
process is often less than or equal to 0.05 g:
v2

R
≤ 0.05 g. (11)

Equivalent to

Kmax (t, c) ≤ 0.05 g
v2

. (12)

The horizontal coordinates c of the control point P2(Q0) can be obtained by Eq. (10), which is

c =
√(

8a2Kmax

)2/3 − 4 + 2a. (13)

Since these two Bezier curves are symmetric, the transverse coordinates of control points Q1 and
Q2 can be obtained by symmetry property:

xQ1 = 2c − a, xQ2 = 2c. (14)

For different vehicle driving conditions, by setting different speed v and combining with Eq. (12),
the maximum trajectory curvature K satisfying passenger ride comfort can be obtained. Then, by using
the horizontal coordinate information of obstacle a and applying Eq. (10), the transverse coordinate c
of the control point P2(Q0) can be obtained. The maximum curvature calculated by Eq. (12) is used as
the curvature threshold that meets the comfort condition. The location data of specific control points
calculated by MATLAB are shown in Table 2.

The control points of Bezier curve are properly configured to ensure the global continuity and
curvature continuity of splicing path. In this way, the unmanned vehicle can effectively track the
planned path [15]. The multiple low-order Bezier curve stitching method reduces the complexity of
planning module, the real-time performance of planning module is improved.
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Table 2: Control point locations

Vehicle speed Obstacle location P2(Q0) Q1 Q2 Curvature threshold

15 m/s (50, −2) (102.9, 0) (155.8, 2) (205.8, 2) 2.22 ∗ 10−3

(100, −2) (205.3 0) (310.5, 2) (410.5, 2)
20 m/s (50, −2) (102.1, 0) (154.3, 2) (204.3, 2) 1.25 ∗ 10−3

(100, −2) (204.2, 0) (308.4, 2) (408.4, 2)
30 m/s (50, −2) (101.0, 0) (151.9, 2) (201.9, 2) 5.60 ∗ 10−4

(100, −2) (202.9, 0) (305.8, 2) (405.8, 2)

By selecting several typical working conditions and using Eq. (8), the curvature of planned path is
calculated by MATLAB, and the curvature value of complete path at each point is obtained, as shown
in Fig. 4.

Figure 4: The trajectory of curvature

According to Table 2, the curvature threshold that satisfies passenger riding comfort can be
obtained. Curvature information of paths under different driving conditions is shown in Fig. 4. As you
can see from the pictures, the curvature of vehicle when avoiding obstacles is lower than the curvature
threshold that satisfies the comfort requirements. However, when the speed is high and the obstacle
is close to initial position of the vehicle, as shown in Fig. 5 (obstacle a = 50 m, v = 30 m/s), the
transverse acceleration of the vehicle will become huge, and the curvature of planned path will exceed
the curvature threshold, which cannot meet the requirements of passenger ride comfort. Therefore,
this situation should be avoided during the whole driving process.



IASC, 2023, vol.37, no.1 393

Figure 5: The trajectory when a = 50 m, v = 30 m/s

In terms of computational speed, the multi-segment low-order Bezier curve splicing method
adopted in this paper is also improved compared with traditional one-segment high-order curve fitting
method. To verify this issue, the simulation speed of curve stitching planning method proposed in this
paper will be compared with that of traditional one-stage curve planning method. The computer used
in this paper has an Intel Core i5-10400 processor with a 2.90 HGZ CPU.

In the simulation experiment, the path planning time of two second-order Bezier curves was
compared with that of a fourth-order Bezier curve. The two planning methods were tested 1000 times
under different conditions, taking the average time of path generation as the final time. Specific data
can be obtained through simulation experiments, as shown in Table 3.

Table 3: Calculation speed comparison

Multi-segment splicing One curve

Total T1 (s) Ave T1 (s) Total T2 (s) Ave T2 (s)

15 m/s 2.1409 0.0021 2.2406 0.0022
20 m/s 2.1627 0.0022 2.2400 0.0022
30 m/s 2.1869 0.0022 2.2224 0.0022

It can be seen from the data in Table 3 that the calculation time of path planning with multi-
segment stitching is slightly higher than that with one-segment stitching of the curve. As the actual
operating conditions of unmanned vehicles are very complex, the calculation cost will increase
dramatically, so the gap in computation time between the multi-segment splicing fitting method and
the one-segment curve fitting method will be enlarged. Therefore, the use of multi-segment stitching
has a certain effect on improving the real-time performance.

3.2 Model Predictive Controller Design
The basic idea of model predictive control (MPC) is to predict the future output of system by using

the established mathematical model, the current state of system and the future control of system. The
system control objectives with constraints are solved by multiple iterations [16]. The whole process is
shown in Fig. 6.
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Figure 6: MPC schematic diagram

Eq. (5) shows a three-degree-of-freedom vehicle yaw nonlinear dynamics model ξ̇ = f (ξ , u), where
the state vector is ξ = [

ẏ, ẋ, φ, φ̇, Y , X
]

and the output control is U = δf . When the vehicle is traveling
at a high speed, the real-time requirement of controller will be increasingly high. At this time, the use
of nonlinear dynamics model cannot meet the requirements of MPC. Therefore, before designing the
controller, it is necessary to linearize the dynamics model constructed by Eq. (5) to obtain the linear
time-varying equation as follows [17].

ξ̇ = A (t) ξ (t) + B (t) u (t) , (15)

where

A (t) = ∂f
∂ξ

|ξt, ut =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

−2
(
Cαr + Cαf

)
mẋt

∂fẏ

∂ẋ

φ̇ − 2Cαf δf ,t−1

mẋt

∂fẋ

∂ẋ

0 −ẋt + 2
(
bCαr − aCαf

)
mẋt

0 ẏt − 2aCαf δf ,t−1

mẋt

0 0
0 0

0 0

2
(
bCαr − aCαf

)
Izẋt

∂fφ̇

∂ẋ

0 1

0
−2
(
a2Cαf + b2Cαr

)
Izẋt

0 0
0 0

cos (φt) sin (φt)

− sin (φt) cos (φt)

ẋt cos (φt) − ẏt sin (φt) 0

−ẏt cos (φt) − ẋt sin (φt) 0

0 0
0 0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

B (t) = ∂f
∂u

|ξt, ut =
⎡
⎣2Cαf

m

2Cαf

(
2δf ,t−1 − ẏt + aφ̇t

ẋt

)
m

0
2aCαf

Iz

0 0

⎤
⎦

∂fẏ

∂ẋ
= 2Cαf

(
ẏt + aφ̇t

)+ 2Cαr

(
ẏt − bφ̇t

)
mẋ2

t − φ̇t

∂fẋ

∂ẋ
= 2Cαf δf ,t−1

(
ẏt + aφ̇t

)
mẋ2

t

∂fφ̇

∂ẋ
= 2aCαf

(
ẏt + aφ̇t

)− 2bCαr

(
ẏt − bφ̇t

)
Izẋ2

t

Relevant parameters in the above equation are shown in Table 1.

The desired system response characteristics should have the following two characteristics:

(1) For the state vector, the tracking deviation should be able to converge to zero quickly and
smoothly, and finally remain balanced.
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(2) For the control vector, the control input should be as small as possible.

This type of problem is a typical multi-objective optimal control problem. Therefore, the weighted
sum of cumulative tracking deviation and accumulated control input generated in the tracking process
can be constructed as an objective function, which is expressed in the following formula:

J =
Np∑
i=1

∥∥η (k + i) − ηref (k + i)
∥∥2

Q
+

Nc∑
i=1

‖u(k + i)‖2
R + ρε2 (16)

where Q is positive definite state weighting matrix; R is positive definite control weighting matrix; Np

is prediction time domain; Nc is control time domain; and βε2 is relaxation factor, which is intended
to prevent the controller from failing to obtain the optimal solution during its execution [18].

After designing the objective function, the next step is to set the corresponding constraints. In
the design process of the controller, the control limit constraints and the control increment limit
constraints will be main object to be considered in the control process [19], and their expressions are
given as follows:

umin (t + k) ≤ u (t + k) ≤ umax (t + k) , (17)

Δumin (t + k) ≤ Δu (t + k) ≤ Δumax (t + k) , k = 0, 1, · · · , Nc − 1. (18)

where Δu is used to denote the variable solved in the objective function. Therefore, when setting
constraints, the constraints need to be expressed as Δu or Δu multiplied by the transformation matrix,
namely constraints need to be transformed. So the constraints in Eqs. (17) and (18) can be transformed
into:

Umin ≤ Ut + AΔU ≤ Umax, (19)

ΔUmin ≤ ΔU ≤ ΔUmax. (20)

Combining the above objective function and the relevant constraints, the whole control model can
be expressed as following:

J =
Np∑
i=1

∥∥η (k + i) − ηref (k + i)
∥∥2

Q
+

Nc∑
i=1

‖u (k + i)‖2
R + ρε2

s.t.Umin ≤ Ut + AΔU ≤ Umax

ΔUmin ≤ ΔU ≤ ΔUmax

yhc,min ≤ yhc ≤ yhc,max

ysc,min − ε ≤ ysc ≤ ysc,max + ε

0 ≤ ε

where yhc is a hard constraint, i.e., a constraint that cannot be relaxed, such as the vehicle lateral speed
constraint; ysc is a soft constraint, which can be adjusted by a relaxation factor to prevent the situation
of no optimal solution. The above optimization problem can be simplified into a standard quadratic
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programming problem, and then solved by a simulation software to obtain all control increments and
relaxation factors in the control time domain [20].

ΔU∗
t = [

Δu∗
t , Δu∗

t+1, Δu∗
t+2, · · · , Δu∗

t+Nc−1, ε
]

. (21)

The first term of the control increment is extracted, and the optimal control is obtained by
applying the expression u (t) = u (t − 1) + Δu∗

t between the control increment and the control vector.
In this way, the tracking control of the unmanned vehicle can be realized, and the specific process is
shown in Fig. 7.

Figure 7: Flow chart of MPC design

4 Joint Simulation Analysis

To make the experimental results more clear and more intuitive, Carsim and MATLAB/Simulink
are used to build a co-simulation platform. Fig. 8 shows the simulation example of MPC based on
the vehicle dynamics model. In this co-simulation, Carsim is responsible for providing the vehicle
dynamics model and setting up the input and output ports, Simulink is mainly responsible for building
the overall structure of controller and implementing the planning control module through the S-
Function.

Figure 8: Co-simulation platform
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4.1 Trajectory Tracking and Obstacle Avoidance Performance Analysis
In the simulation process, different simulation conditions are set to analyze the performance of

the controller. Obstacles are set to be located at 50 and 100 m in front of the car, and the car avoid
the obstacle at different speeds of 15, 20 and 30 m/s, respectively. Tracking and obstacle avoidance
performances are tested by simulation, and the simulation results are shown in Fig. 9.

Figure 9: The diagram of trajectory tracking

As can be seen from the tracking results, the actual tracking path of the vehicle fits closely
with the planned path no matter the vehicle is driving at a low-speed or a high-speed. The tracking
effect is acceptable. At the same time, the vehicle can effectively avoid the obstacle. The stability and
effectiveness of the proposed controller based on MPC meet the expected requirement.

4.2 Comfort Performance Analysis
The lateral acceleration can be obtained by the curvature information of the path, which is

the main index that affects the comfort requirements of passengers. In the path planning stage,
curvature constraint conditions are considered in advance to ensure the control accuracy and reduce
the restrictions in the control stage. Relevant data show that passengers will feel uncomfortable during
the driving, when the lateral acceleration is greater than 0.05 g. In this paper, several typical working
conditions were selected for comfort performance analysis, and the lateral acceleration of the vehicle
during driving process was extracted to compare with the threshold value of 0.05 g. By this way, it
is clear to evaluate the comfort of the path which planned by the planner. The simulation results are
shown in Fig. 10.

It can be seen from the lateral acceleration reflected in Fig. 10a, when the vehicle avoids the
obstacle at a low speed, that is, when v = 15 m/s, the lateral acceleration of the vehicle is less than
the threshold value of 0.05 g, the lateral acceleration of the vehicle is relatively gentle during the whole
driving process, which can meet the comfort requirements of passengers. As shown in Fig. 10b, when
the speed of the vehicle reaches 20 m/s, the lateral acceleration exceeds the corresponding threshold
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value at the initial stage of driving, that is, 0–1 s, but the maintenance time is short and the lateral
acceleration exceeds the amount within the error allowed. The reason for this is that the front wheel
angle changes in a short period of time, leading to a large lateral force due to the initial high speed of
the vehicle. In order to avoid this situation, the corresponding constraint conditions can be set in the
controller. As shown in Fig. 10c, when the speed of vehicle reaches 30 m/s, due to the obstacle located
50 m in front of the vehicle, the vehicle will avoid the close-distance obstacle at a high speed. As a result,
a large lateral acceleration will be generated in the process of avoiding obstacle, which will seriously
affect the passenger’s riding experience. When the obstacle is placed 100 m in front of the vehicle and
the obstacle is avoided at the same speed, the driving path meets the requirements of riding comfort,
which conforms to the objective law, as shown in Fig. 10d. Therefore, in the actual driving process,
the occurrence of such working conditions with higher speed should be avoided, in order to ensure the
safety of passengers and drivers.

Figure 10: The diagram of lateral acceleration

5 Conclusion

In the planning layer, this paper implements the path planning process of unmanned vehicles based
on low-order Bezier curves and multi-segmented splicing. In the control layer, a tracking controller is
designed based on the MPC theory to achieve accurate tracking of the planned path. Especially, the
maximum path curvature which satisfies ride comfort is regarded as an important constraint condition,
and the corresponding curvature threshold is used to calculate control points of Bezier curve, so as to
achieve the requirement of path comfort. Simulation results show that the proposed path planning
method has advantages of small computation cost and high real-time performance and can also be
applied to the trajectory planning of UAVs to improve the ability of obstacle avoidance. In addition, for
automated guided vehicle material trolley which does not need to consider ride comfort, the flexibility
of material trolley can be improved by using the proposed planning method.

In practical engineering applications, with the increase of constraints, the computation cost of
the MPC will also increase, thus affecting the real-time performance of vehicles. How to simplify the
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vehicle model and optimize the MPC algorithm to maximize the efficiency of the controller are the
focus of future work.
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