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Abstract

This paper investigates the active steering control of the tractor and the trailer for the articu-
lated heavy vehicle (AHV) to improve its high-speed lateral stability and low-speed path fol-
lowing. The four-degree-of-freedom (4-DOF) single track dynamic model of the AHV with a
front-wheel steered trailer is established. Considering that the road information at the driv-
er’s focus is the most clear and those away from the focus blurred, a new kind controller
based on the fractional calculus, i.e., a focus preview controller is designed to provide the
steering input for the tractor to make it travel along the desired path. In addition, the active
steering controllers based on the linear quadratic regulator (LQR) and single-point preview
controller respectively are also proposed for the trailer. However, the latter is designed on
the basis of the articulation angle between the tractor and trailer, inspired by the idea of the
driver’s single-point preview controller. Finally, the single lane change maneuver and 90°
turn maneuver are carried out. And the simulation results show that compared with the sin-
gle-point preview controller, the new kind preview controller for the tractor can have good
high speed maneuvering stability and low speed path tracking ability by adjusting the frac-
tional order of the controller. On this basis, three different AHV's with the same tractor are
simulated and the simulation results show that the AHV whose trailer adopts the single-point
preview controller has better high-speed lateral stability and low-speed path tracking than
the AHV whose trailer adopts the LQR controller.

1. Introduction

With the development of automotive computer-aided engineering (CAE) [1-4], automotive
electronic control technology [5, 6] and intelligent vehicle technology [7], and the study on the
influencing factors of traffic accidents [8], articulated heavy vehicles (AHV) also develop rap-
idly with the demand of efficient transportation of goods in recent years. Conventional AHVs
are usually equipped with non-steerable trailers, which exhibit jack-knifing, trailer swinging,
roll-over, trailer off-tracking and so on, and result in poor high-speed lateral stability and low-
speed path following [9, 10].

The lateral stability and path following are usually evaluated by rearward amplification
(RWA) and path-following off-tracking (PFOT), respectively. And the definition of the RWA
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is the ratio of the peak lateral acceleration of the trailer’s center of gravity (CG) to that of the
tractor’s CG under an obstacle avoidance lane-change maneuver [11, 12]. The PFOT refers to
the maximum radial offset between the path of the tractor’s front-axle and that of the trailer’s
rear-axle [13, 14]. And a number of passive trailer steering systems have been developed,
which can improve the low-speed performance at the cost of worse high-speed performance.
However, the active steering of the tractor and the trailer can improve both the low and high-
speed performances of the AHVs.

Several control strategies, i.e., active yaw torque controls at the truck CG, dolly CG and
trailer CG were proposed for a six-axle truck/full-trailer, and the controller performance index
parameters were determined based on the target value of RWA. And simulation results indi-
cated that the dynamic performance and roll stability can be improved effectively when active
yaw torque was applied to the truck or the last trailer [12]. For a tractor with three full-trailers,
the command-steering of the trailers’ front axles were designed proportionately to the articula-
tion angles between the tractor and corresponding trailers, and the optimal linear quadratic
regulator (LQR) controller based on insights gain was also proposed. Simulation results dem-
onstrated that the latter was effective for all speeds [13]. The front axle steering angle of the
full-trailer was assumed to be proportional to that of the tractor and solved by setting the trac-
tor’s sideslip angle as zero. The effect of an additional steering wheel in the full-trailer’s front
axle on the directional response during lane change at high speed and 90° turn maneuver at
low speed was analyzed, which demonstrated that the trailer’s active steering can increase the
directional stability and reduce the lateral force during steady turning [15].

Active steering control strategies were developed for the tractor/semi-trailer to achieve the
accurate path following. Specifically, the low-speed controller based on kinematics and the
high-speed controller based on dynamics were designed. In the intermediate speed range the
two controllers were blended together using a speed-dependent gain. And the simulation
results showed that the directional performance can be improved significantly by the active
steering throughout the speed range [16]. In order to reduce the low-speed off-tracking of the
tractor/semi-trailer whose all wheels were steerable, two-layer controllers composed of fuzzy
controller and PID controller for both the tractor and the semi-trailer were independently
designed to ensure that the end points of both the tractor and the trailer can exactly follow the
path of the tractor’s first point. Simulation results confirmed the control effects [17]. For the
directional control of a tractor/semi-trailer, the yaw rate, lateral velocity of the tractor, and the
articulation angle were selected as the control variables, and a LQR was designed based on the
linear model of the articulated vehicle to make the control variables follow the desired
responses. And a nonlinear 14 DOF model was used to evaluate the proposed control method.
Simulation results of the high-speed lane change maneuver on a slippery road showed that the
directional behavior of the articulated vehicle was improved [18]. A linear vehicle model of
tractor/semi-trailer was constructed. Based on the optimal control theory, the ‘virtual driver’
steering control for the semi-trailer was designed to minimize the path-tracking deviation of
trailer rear end relative to the path of the hitch point, and improve its roll stability as well as.
And the control effect was verified by the simulation results [19]. A comprehensive design
framework for multi-semi-trailer AHV lateral stability performance optimization was pro-
posed. The framework included active trailer steering, trailer differential braking, active roll
control or coordinated control of the three. The proposed framework and performance indica-
tors can effectively identify expected variables and reliably predict the performance range of
AHV with active steering system [20].

The 5 degree-of-freedom (DOF) model of the tractor/semi-trailer was established. Based on
the model predictive control, the active semi-trailer steering controller was designed to com-
prehensively control the path and attitude by making the trailer’s path and yaw angle follow
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the desired ones and as well as minimizing its sideslip angle. Simulation results indicated that
the proposed controller can greatly improve its lateral stability and off-tracking [21]. A 3 DOF
model of the tractor/semi-trailer with steered semi-trailer axles was built. The active steering
controller based on LQR of the tractor and the trailer were proposed to make both the tractor
and the trailer follow the desired yaw rate and minimize their side-slip angles at the same time.
Simulation results showed that the active steering controller can improve maneuverability at
low speed and lateral stability at high speed [22].

For a double combination (tractor-semitrailer-dolly-semitrailer), a robust static output
feedback controller was designed to improve its high-speed lateral performance by the
active steering of the dolly unit. Both H,, and H, methods were proposed to synthesize the
controller’s robust against the cornering stiffness parameters of the tires in the semi-trailers.
Simulation results verify the significant reduction in rearward amplification of yaw rate and
high-speed transient off-tracking [23]. Considering the parametric uncertainty of the pay-
load, a robust recursive regulator was proposed for the truck/semi-trailer to minimize the
given cost function. Simulation results showed that the proposed method had better perfor-
mance than Hoo controller in terms of robustness, lateral stability, driving smoothness and
safety. And the main advantage of the proposed controller was that it did not depend on the
offline adjustment of tuning parameters [24]. Four different controllers, i.e., LQR, sliding
mode control (SMC), nonlinear sliding mode control (NSMC) and mu-synthesis (MS),
were designed for active steering system of a tractor/semi-trailer in terms of the directional
performance. And their robustness was examined by which the steering angles of the tractor
rear and semitrailer axle wheels were manipulated. Simulation results indicated that the MS
was the most robust to the uncertainties of the trailer mass and the longitudinal trailer CG
position [25].

In conclusion, many active steering controllers including LQR, SMC and H,, which
mainly concentrated on either [15, 20, 23-25] or both [21, 22] of the low-speed path following
and high-speed lateral stabilities, have been proposed for the AHV’s, especially for the tractor/
semi-trailer. However, only a few controllers can simultaneously ensure low-speed path track-
ing and high-speed lateral stabilities and the focus previewer controller was never used in these
studies. In this paper a focus preview controller based on the fractional calculus for the tractor
is proposed to provide the steering input for its front wheels so that the tractor can drive along
the ideal path. And a single-point preview control is designed for the trailer to further improve
the performance of the AHV, which is also never reported in the relative literatures.

In this study the contributions are as follows: (1) A focus preview controller based on the
fractional calculus is introduced for the tractor of the AHV due to the characteristics of the
driver’s sight. (2) The active steering controllers for the trailer based on the LQR and the sin-
gle-point preview are designed. And the latter is designed on the basis of the articulation angle
between the tractor and trailer, inspired by the idea of the driver’s single-point preview. (3)
The simulations of the high-speed single lane change and low-speed 90° turn maneuvers are
carried out to obtain the optimal fractional orders of the focus preview controllers for the trac-
tors, and verify the designed controllers for the trailer.

The rest of this paper is as follows: The 4 DOF single track dynamic model of the AHV with
a front-wheel steerable trailer is established in Section 2. The active steering control strategy of
the AHYV is illustrated in Section 3. Section 4 introduces the fractional calculus to describe the
driver’s sight characteristics, and designs the focus preview controller for the tractor. The LQR
controller and single-point controller for the trailer are designed in section 5. Simulation
results are analyzed in Section 6. Section 7 is the conclusion.
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2. AHV model

There are many types of AHV. However, the AHV studied in this paper is composed of a trac-
tor and a full trailer, which connects with each other by a hitch at point o, and is presented as a
single track vehicle in Fig 1.

As shown in Fig 1, the geodetic coordinate system is XOY, and the vehicle coordinate sys-
tems fixed at the CG of the tractor and trailer are X;0,Y; and X,0,Y, respectively. Ignoring
the pitch, bounce motions and aerodynamic forces, and assuming the front wheels of the
trailer can also steer, the motion of the tractor can be expressed as

{ ZFYI = Fy1COS($1 +Fy2 +Fuy = myu,(y, + ﬁ1)
M, = Fy1a1C0551 - Fbel - Fuy(bl +¢) =17,

The motion of the trailer can be described as

{ZFYQ = y3C0552+Fy4 —F,= Myt (7, + B,) 2)
YoM, = Fy3a2C0552 - Fy4b2 - Fty(aQ +d) =1,), 7

where m; (i = 1,2) is the mass of the tractor/trailer; I; is the moment of inertia about Z; axis of
the tractor/trailer; a; and b; are the distances from the CG to the front and the rear axle of the
tractor/trailer, respectively; c and d are the distances from the hitch point to the rear axle of the
tractor and front axle of the trailer, respectively; u; is the longitudinal velocity of the tractor/
trailer, B; and y; are the sideslip angle and yaw rate of the tractor/trailer, respectively; J; is the
front-wheel steering angle of the tractor/trailer, Ag is the articulation angle between the tractor
and trailer, F,; is the lateral forces on the front and the rear tires of the tractor and trailer

(j = 1,2,3,4), F,, and F,, are the longitudinal and lateral force acting on the tractor by the trailer

YA

v

Fig 1. Dynamics model of AHV.

https://doi.org/10.1371/journal.pone.0252098.g001
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at the hitch point, respectively; F;, and F,, are the longitudinal and lateral force acting on the
trailer by the tractor at the hitch point, respectively.

Because the dynamic coordinates of the tractor and trailer are different, the following rela-
tions can be obtained by the velocity projection law from Fig 1.

u,cosf, = u,cosf,cosAg + [y,(b, + ¢) — u,sinf]sinA¢
7,(ay + d) + uysinf, = u,cosp,sinAg — [y, (b, + c) — u,sinf,|cosA¢’

Assuming A¢ and f; are very small, then u; = u,, F,y, = Fy, Fax = Fy, and the following
expression can be obtained from (2).

bl—i—c a,+d

By =B, +Ap -, — Vs u (4)

Assuming that the vehicle lateral acceleration is less than 0.4g, the relationship between F,;
and ¢; can be expressed as
F,=ko j=1,2,3,4,

J

Y by a,y Y
o =0,—B — 11 _%_ﬁha‘s: — By — 227 oy 22 — B, (5)

1 1 2

where k; and @; are the cornering stiffness and sideslip angle of the front and the rear tires of
the tractor/trailer.
In addition,

A(P =" =7 (6)

Submit the Eqs (3) and (4) into (1) and (2), and set X = [B, 7, 7> Aq)]T, the corresponding
state Eqs of (1), (2) and (5) is as follows:

X = AX + B,d, + B,d,, (7)

where A = —M_IN, B] = M_lHl, B3 = M1H3, b]] = ki(al+bi+c)+kzc, b21 = k1+k2+k3+k4,
by =ki(a, +b + )% — k2 + mu(b, +c), by =k 2 — k2 — k2L — kB 4o,
byy = —ky 2 — k2 4 myu, byy = kstky, bsy = (kitks) (ap+d)+ksaz—ksba, bss = ksa—kab,

by, = (ag+d) (kyay —kaby )+(by +¢) (—kap +kyby) + myu(a, +d), by, = *k:sazd+k4bz(“2+bz+d)’
[ mu(b, + ) 1, 0 0 b, b, 0 0
M — (ml + mz)u _mz(bl + C) _mz(az + d) myu N = b21 b22 b23 b24 H
- b - b 1
m,u(a, +d) 0 I, 0 by by by by
0 0 0 1 0o -1 1 0
b, — kyc 0
k, k;a,
= B 3 fr—
(a, +4d) k,
0 0
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3. Problem formulation

The AHV consists of a tractor and a full trailer, and the tractor does not bear the load of the trailer,
but only provides the traction by the hitch to make the trailer move. That is to say, for the normal
AHVs the trailer is only passively pulled by the tractor, which results in its poor path following
performance when driving in a curve. Therefore, compared with a single vehicle the control of the
AHV is relatively complex, which includes both of the controls of the front-wheel steering angles
of the tractor and the trailer. And the proposed control block diagram is shown in Fig 2.

According to the desired path in the field of vision and the output signal of the AHV, the
focus preview controller of the tractor will provide the front-wheel steering angle of the tractor,
01, to the AHV model by calculating the lateral preview error, y,, and the deviation between the
desired path and the actual path, y.. In addition, the front-wheel steering angle of the trailer, 3,
can be obtained by the active steering controller of the trailer. Therefore under the joint action of
61 and 83, the AHV can drive along the desired path and have good performance.

4. Active steering control of tractor

In the normal driving behavior, the driver observes the external road information visually and
transmits the information to the brain. The brain determines the preview distance according
to the previous driving experience, and adjusts the steering wheel angle according to the devia-
tion between the actual path and the ideal path of the vehicle, then realizes the change of the
actual path through the change of the front wheel steering angle.

In the classic single-point preview model, it is usually assumed that the driver’s eyes only
focus on the road information of a certain point ahead, while in the multi-point preview
model, it is assumed that the driver focuses on the road conditions of a region ahead [26]. In
fact, the drivers often not only focus on the road information of a certain point in front of
them, but also take into account other road information in the field of vision. When we define
the certain point, which the drivers pay attention to, as the focus of vision, the road informa-
tion at the focus is the most clear, and the road information away from the focus is gradually
blurred. This clarity and fuzziness of the vision can be reflected by the weight distribution, that
is to say, the weight at the focus is the largest, and the weight away from the focus is smaller
and smaller. In order to describe this sight characteristic, the fractional calculus is introduced,
and the preview model established in turn is called focus preview model.

4.1. Fractional calculus

If the function of an independent variable, x, is flx), the & order fractional calculus of f{x) can
be recorded as follows,

Df(x) =f(x) x€(ab), (8)

where the value of & can be any complex number, R(e) is the real part. If a> 0, ,D,” is the

v

- 0,
: = Focus Preview 1
Desied Path "1 Controller of Tractor g

AHV B ¥V Ap
Model

Active Steering 53
Controller of Trailer

Fig 2. Control block diagram of AHV.
https://doi.org/10.1371/journal.pone.0252098.g002
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fractional order derivation. Otherwise, it is the fractional order integration. When the natural
number, #, is taken as the order « of the fractional calculus, then ,D,*f(x) =f"(x), i.e., it
becomes the integral derivative of f{x) in the general sense. When a = -n, it represents the inte-
ger order integral.

There are many definitions of fractional calculus [27], here we adopt the Griinwald-Letni-
kov (G-L) definition as the follows.

b—a)/h]

Df(x) :%[( o flx—kh) k=1.2,....n, (9)

a_x
0

o~
Il

where h is the space step, »” is the normalized weight [19] and

w}({“) = (_1)k<z> = (_1)k k'(aal k)| ) (10)

which can be directly obtained by the following recursive formula.

o =1

1 7 (11)
w;(f)=<1—a+ )w;@” k=12,....n

k

It can be seen from (11) that when o changes between -1 and 0, there exist the inequality,
o <o, <ol k=12, . .n Thatisto say, the weight coefficient o becomes smaller
and smaller with the increase of k when « is fixed. And the different o will also result in differ-
ent weight coefficients.

Specifically, we can establish the driver’s field of vision as shown in Fig 3, where the driver’s
field of vision is represented by the dark blue sector area, point A is the driver’s position, point
B is the driver’s focus located ahead in the longitudinal axis direction of the tractor. The dis-
tance between A and B is the preview distance, L. D and E are the closest and farthest points on

desired path

0 X
Fig 3. Sight characteristics of driver.

https://doi.org/10.1371/journal.pone.0252098.g003
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the ideal path in the field of vision. The intersection point of the line perpendicular to AB
through B and the ideal path is C, and BC is the distance between the focus and ideal path, y,,
0 is the heading angle of the tractor. The desired path is represented by f{x). And at the point
B, k = 0 and the weight coefficient is the biggest. With the point away from B, k becomes larger
and the weight coefficient becomes smaller. Therefore, we can make good use of the weight
characteristics of the fractional calculus to simulate the driver’s sight characteristic. And this is
the reason why we introduce the fractional calculus.

4.2. Design of focus preview controller

The purpose of the focus preview controller is to simulate the driver’s driving behavior and
obtain the front wheel steering angle of the tractor so that the AHV can travel along the ideal
path. The focus preview diagram is shown in Fig 4.

Because both of the road information of the focus and others in the visual field should be
pay attention by the driver, and the road information at the focus is the most clear while those
away from the focus are gradually blurred, the fractional calculus is introduced to comprehen-
sively consider the path information within the field of view. And the distance between B and
C can be expressed as:

oD D) )

Xg—Xp

Assuming that the tractor is running in a straight line with the current heading angle, the
deviation between the ideal path and the actual path can be expressed as

Ve =ya— LBy, (13)

Based on the deviation, y, the driver will adjust the steering wheel to get the front wheel
steering angle of the tractor, &1, which can be expressed as follows.

51(t) :Kmlys(t_ Tsl)? (14)
where K,,,; is the system gain, T, is the delay time of the steering system.

'y desired path
Y

v

Fig 4. Schematic of focus preview.

https://doi.org/10.1371/journal.pone.0252098.g004
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Its Laplace transformation can be obtained as

51(s) = Km2e) (15)

eTsIS
Considering Ty, is very small, the higher-order terms of e”* are close to zero, keep the first
two terms and carry out the Laplace inverse transformation, we can have the differential equa-
tion of the front wheel steering angle of the tractor as follows, which is the control strategy of
the focus preview controller.

. 1 1
0,(t) = _T_él(t) +T_Km1yg(t)= (16)
sl sl

4.3. Determination of preview point and direction of front-wheel steering
angle

Seen from (16), it is necessary to calculate the driver’s preview deviation and sign at each dis-
crete time in the process of numerical simulation of the AHVs, and take them as the decisive
factors of the tractor’s front-wheel steering angle.

As shown in Fig 4, the coordinate of A and B are (x,, y,), and (x5 yp), respectively, the head-
ing angle is 6, then

x; = x, + Lcos0
(17)

¥ =+ Lsinf’

The straight line passing through B and perpendicular to the line AB can be described as,
()’f‘%)()’_yf) +(xf_xv)(x_xf) =0, (18)

which intersects with the preview path at point C with coordinates (x,, y.), and C is the preview
point.
Substitute (17) into (18), then

xcost) + ysinf) = x;cosl) + y;sin0. (19)

Suppose the coordinates of the two points on the target preview route are (x;, y;) and (x;, 1,
yi+1)> the line equation composed by them is

('xi+l - xi)(y _}’i) - (yi+l _yi)(x - xi) =0, (20)

The coordinate of C, (x,, y..), can be obtained by combining (19) and (20). If it satisfies the
condition, x;<x.<x;,1, the coordinate (x,, y.) is the preview point C. Otherwise, i will be
increased by 1, and continue to search until the calculation result meet the condition. After
obtaining the preview point, the distance y,; between point C and point B is the preview
deviation.

On this basis, it is necessary to further judge the direction of the front-wheel steering angle
of the tractor. Here, point (x; y;) and point (x;,y, y;11) constitute vector a, point (x;, ¥;) and
point B constitute vector b, then we can judge the preview point located on the left or right
sides in front of the vehicle through the sign of the vector product of a and b.

5. Active steering control of trailer

Although the trajectory tracking of the tractor to the ideal path can be achieved through the
above controller, the trailer’s following performance is certainly not ideal if it only follows
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passively without the active steering. Here two control strategies, the LQR control and single-
point preview control, are proposed. And the former is used to compare with the latter.

5.1. Design of LQR controller

The LQR controller is an optimal dynamic controller designed based on the state space tech-
nology. The system model is a linear system in the form of state space, and its objective func-
tion is a quadratic function of state and control input. The quadratic problem is to select the
control input to minimize the quadratic objective function under the constraints of the linear
system.

The sideslip angle is the angle between the vehicle longitudinal and the motion direction of
the vehicle CG, i.e., the tangential angle of the vehicle rotary circular showing the vehicle atti-
tude in the uniform circular motion. When both of §; and 3, are approaching to zero, the
instant direction of the vehicle CG is close to the tangent direction of the rotating circle during
the turning. And the smaller the value of the longitudinal angle between the tractor and trailer,
Ag, the tractor and the trailer is more similar to drive in a line. Therefore, the performance
index is constructed as follows and subjected to (7).

00

T [la8:+ 5+ a9) + a0, @

0

where g, and g, are the weighting factors that impose penalties upon the magnitude and dura-
tion of B, B, and Ag, and the active steering angle, ,, respectively.

Note that the item on the right side of (21) represents the energy consumption of the sys-
tem. Substituting (4) into (21), then (21) can be converted to a two-time matrix like this:

J= / (X"QX + U'RU)dt, (22)
0
where U =83, R = [q5],
i 5 bt _a,+d ] T
u u
b+ (b1+C)2 (by+c)@+d) b +c
Q=g u u u? u
oatd (b +o)(a,+d) Gtd. (@ td
u u? u u
! b+ (ay+4d) 5
L u u J

By solving the algebraic Riccati equation, the solution is the control vector of the form

U= —KX, (23)

where K is the control gain matrix with a dimension of 1x4.

5.2. Design of singer-point preview controller

In this section, the steering control strategy is given by referring to the driver’s single-point
theory, so as to maintain the articulation angle between the tractor and the trailer in a stable
range, reduce the lateral force interference between the trailer and the tractor, and improve the
following performance and driving stability of the trailer.
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As we all know, the smaller the value of the articulation angle between the tractor and the
trailer, Ag, the trailer’s following performance is more better because the tractor and the trailer
is more similar to drive in a line. Considering the driver’s preview control is that the driver
constantly adjusts the steering wheel angle according to the deviation between the actual path
and ideal path to make the vehicle travel along the idea path, we put forward the front-wheel
steering angle control strategy of the trailer based on the single-point preview by analogy. That
is to say, the front-wheel steering angle of the trailer is adjusted according to Ag to make the
trailer run in a straight line of the tractor as much as possible, which can be expressed as fol-
lows.

53(t) - Km2A§0(t - Ts2)a (24)

where K, is the system gain, T, is the delay time of the steering system.
The Laplace transformation of (24) is as follows.
K., A9(s)
d5(s) = meT’ (25)
Considering T, is very small, the higher-order terms of Taylor series expression of e’ are
close to zero, retain the first two terms, the following control strategy can be obtained after
Laplace inverse transformation.

ZAQ, (26)

where K,,,, is the system gain, T, is the delay time of the steering system.

6. Simulation results and analysis

For the AHVs, the single lane change maneuver and 90° turn maneuver are important meth-
ods to examine the maneuvering stability at high speed and the path tracking performance at
low speed. The parameters used in the simulation are as follows: m, = 27715kg, I, =
19665kgm2, a; =2.0m, b, = 3.135m, m, = 29927kg, I, = 180117kgm2, a, = 2.6m, b, = 2.535m,
¢=1.15m, d = 2.12m, k; = 920000N/rad, k, = 590000N/rad, k3 = k4 = 1200000N/rad.

6.1. Single lane change maneuver

In this section, the simulations of the active steering control of the tractor and the trailer at
high speed (u = 20m/s) are carried out by Simulink/MATLAB. Firstly, the tractors with differ-
ent controllers are simulated, and their curves of trajectory, yaw rate and lateral acceleration
are presented in Fig 5.

It can be seen from Fig 5A that the tractor with focus preview controller (o = —0.9) can
track the path most accurately, followed by the tractor with single-point preview controller,
the tractor with focus preview controller (@ = —0.5), and the tractor with focus preview con-
troller (& = -0.1). And Fig 5B and 5C show that both of the peak value of the yaw rate and lat-
eral acceleration of the tractor with focus preview controller (o = —0.9) are the minimum,
followed by the tractor with single-point preview controller, the tractor with focus preview
controller (a = —0.5) and the tractor with focus preview controller (a = —0.1).

From the above analysis, we can see that the focus preview controllers with different frac-
tional orders have different maneuvering stability. That is to say, the tractor with focus preview
controller (& = —0.9) can make the tractor have better characteristics than that with the single-
point preview controller at high speed.
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Fig 5. Single lane change simulation. (A) Trajectory curves. (B) Yaw rate curves. (C) Lateral acceleration curves.
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On this basis, the active steering controls of the trailer are carried out. Here three different
of AHVs are simulated, i.e., trailer without controller, trailer with LQR controller and trailer
with single-point preview controller, however whose tractors all adopt the focus preview con-
troller (@ = —0.9). And the trajectory, yaw rate and lateral acceleration of the tractors and the
trailers are presented in Figs 6-8.

From Fig 6, it can be seen that all tractors of the three AHVSs can follow the desired path
very well. As Shown in Fig 6A, the trajectory of the trailer without controller is very different
from the desired path. And Fig 6B and 6C show that the deviation between the path of the
trailers with LQR controller and the desired path is reduced, especially that the trailer with the
single-point preview controller can track the desired path even better.

Fig 7 presents the yaw rates of the three kinds of AHV's and we can see that the yaw rates
vary for all of the tractors. For the AHV whose trailer cannot steer, the peak values of the trac-
tor and trailer are 0.229 and 0.28 rad/s, respectively. For the AHV with LQR controller of the
trailer, the peak values of the tractor and the trailer are 0.167 and 0.195 rad/s, reduced by
27.1% and 30.4%. For the AHV with single-point preview controller of the trailer, the peak val-
ues of the tractor and the trailer are 0.145 and 0.172 rad/s, reduced by 36.7% and 38.6%.

Fig 8 illustrates the lateral accelerations of the three different AHVs. For the AHV whose
trailer cannot steer, the peak values of the tractor and the trailer are 2.09 and 2.45 m/s2, respec-
tively. For the AHV with LQR controller of the trailer, the peak values of the tractor and the
trailer are 1.88 and 1.76 m/s2, reduced by 10% and 28.2%. For the AHV with single-point pre-
view controller of the trailer, the peak values of the tractor and the trailer are 1.61 and 1.46 m/
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100 |~ —— Tractor | 100 |~ — — " Tractor 100 |~ — —  Tractor
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Fig 6. Trajectory curves. (A) Trailer without controller. (B) Trailer with LQR controller. (C) Trailer with single-point preview controller.

https://doi.org/10.1371/journal.pone.0252098.9006
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Fig 7. Yaw rate curves. (A) Trailer without controller. (B) Trailer with LQR controller. (C) Trailer with single-point preview controller.
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s2, reduced by 15.3% and 33.1%. According to the definition, the RWA of the three different
of AHVs can be obtained as 1.17, 0.94, and 0.91.

Based on the above analysis, we can see that the single-point preview controller of the trailer
has better control effect than LQR controller of the trailer.

6.2. 90° turn maneuver

In this section, the simulations of the active steering control of the tractor and the trailer at low
speed (u = 2.22m/s) are carried out by Simulink/MATLAB. Firstly, the tractors with different
controllers are simulated, and Fig 9 show their trajectory and PFOT value.

From Fig 9A, the conclusion can be drawn that the tractor with focus preview controller (o
=—0.5) can track the path very well, followed by the tractor with single-point preview control-
ler, the tractor with focus preview controller (o = —0.9), and the tractor with focus preview
controller (& = —0.1). And Fig 9B demonstrates that PFOT peak values of the tractor with
focus preview controller (a = —0.1), tractor with focus preview controller (o = -0.9), tractor
with single-point preview controller and tractor with focus preview controller (o = —0.5) are
2.03, 1.69, 1.47 and 1.34m, respectively.

In a conclusion, the focus preview controllers with different fractional order, @, can make
the tractor have different path tracking ability. And at low speed, the tractor with focus preview
controller (& = —0.5) can make the AHV have better characteristics than that with the single-
point preview controller.
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Fig 8. Lateral acceleration curves. (A) Trailer without controller. (B) Trailer with LQR controller. (C) Trailer with single-point preview controller.

https://doi.org/10.1371/journal.pone.0252098.9008

PLOS ONE | https://doi.org/10.1371/journal.pone.0252098 May 25, 2021 13/17


https://doi.org/10.1371/journal.pone.0252098.g007
https://doi.org/10.1371/journal.pone.0252098.g008
https://doi.org/10.1371/journal.pone.0252098

PLOS ONE Active steering control based on preview theory for articulated heavy vehicles

a0 Desired path d : : ] — — — Focus preview controller (alfa=-0.9)
— — — - Focus preview controller (alfa=-0.9) i | Focus preview controller (alfa=-0.5) Vi |
—-—-=+Focus preview controller (alfa=-0.5) | ¢ Single-point preview controller i
Single-point preview controller | — — — - Focus preview controller (alfa=-0.1) / \
25 |~ — — - Focus preview controller (alfa=-0.1) IR 1.6 VAN
\
\
7 \
14 i \\ \
[0 -
201 12 RN
= — D)
g 6 b 15 Sy
£ E A/ Vi
2 g 1 A Yayh
] 2 5 el
ERT S 2 \
B s VA Sy
S = 08 g L o AR
) a2 Ry
8 <) Ba 4 ‘.\\ \\
- ~ L 2 o \
ok 0.6 o e )\
7 p B s R
04+ AT T e T N
P
5 S R
L L & W\
0.2 & N
Vi N
obmeae® N
0
. L . L . 02 . L . L L .
0 5 10 15 20 25 0 5 10 15 20 25 30 35
X Coordinate (m) Times (s)

Fig 9. 90° turn simulation. (A) Trajectory curves. (B) POFT values.
https://doi.org/10.1371/journal.pone.0252098.9009

Then three different AHVs without/with different controller of the trailer are simulated,
and their trajectory and PFOT value are illustrated in Figs 10 and 11.

Form Fig 10 we can see that all of the tractors of the different AHVs can follow the desired
path very well. However, the trajectory of the trailer without controller is different from the
desired path. And the deviation between the path of the trailers with LQR controller and the
desired path is reduced apparently, especially the deviation between the path of the trailers
with single-point preview controller and the desired path. Fig 11 presents the PFOT value of
the three kinds of AHVs. It can be seen that the peak value of the AHV whose trailer cannot
steer is 1.34m. The peak value of the AHV with LQR controller of the trailer is 0.84m, reduced
by 37.3%, and that of the AHV with single-point preview controller of the trailer is 0.51m,
reduced by 61.9%. That is to say, the single-point preview controller of the trailer has better
control effect than LQR controller of the trailer.

Based on the above analysis, the focus preview controller for the tractor can improve the
path tracking and lateral stability of the tractor at different speeds by changing the fractional
order. On this basis, the LQR control of the front wheel of the trailer can not only improve the
trajectory of the trailer, but also improve the yaw rate and lateral acceleration of the AHV. In
addition, the single-point preview control of the front wheel of the trailer can make the AHV
have better kinematic response and lateral stability than the former.
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Fig 10. Trajectory curves. (A) Trailer without controller. (B) Trailer with LQR controller. (C) Trailer with single-point preview controller.

https://doi.org/10.1371/journal.pone.0252098.9010
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7. Conclusion

The active steering control of the AHV is studied. Considering the driver’s sight characteris-
tics, the focus preview controller for the tractor is designed to provide the steering input to
make it travel along the desired path. And simulation results indicate that the focus preview
controllers with different fractional order for the tractors have different lateral stability and
path tracking ability. Similar to the driver’s single-point preview, a single-point preview
method based on the articulation angle of the tractor and the trailer is proposed for the trailer.
At high speed, the tractor with focus preview controller (o = —0.9) have good lateral stability.
Compared with the LQR controller, the trailer with single-point preview controller has better
lateral stability. At low speed, the tractor with focus preview controller (o = —0.5) have good
path tracking ability. Compared with the LQR controller, the trailer with single-point preview
controller has better path tracking ability. In the future, the roll of the AHV and the nonlinear
characteristics of the tires can be taken into account.
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