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Abstract: To improve the high-speed lateral stability of the tractor-semitrailer, a lateral stability
control strategy based on the additional yaw moment caused by differential braking is proposed and
investigated based on the co-simulation environment. First of all, a five-degree-of-freedom (5-DOF)
yaw-roll dynamic model of the tractor-semitrailer is established, and the model accuracy is verified.
Secondly, the lateral stability control strategy of the tractor-semitrailer is proposed, two yaw moment
controllers and the braking torque distributor are designed. Then, the effectiveness of the proposed
control strategy and the influence of the yaw moment controller on the lateral stability of the tractor-
semitrailer are investigated under the high-speed lane-change maneuvers. Finally, the controller
robustness is discussed. Research results show that the proposed high-speed lateral stability control
strategy can ensure the tractor-semitrailer to perform safely the single lane-change (SLC) maneuver
at 110 km/h and the double lane-change (DLC) maneuver at 88 km/h; the yaw moment controller
has significant influence on the lateral dynamic performance of the tractor-semitrailer; compared
with the proportional-derivative (PD) control, the model predictive control (MPC) can make the
tractor-semitrailer obtain better lateral stability under high-speed lane-change maneuvers; MPC and
PD controllers exhibit good robustness to the considered vehicle parameter uncertainties.
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In recent years, tractor-semitrailers have become one of the most important means in
doi.org/10.3390/ machines10080716

the field of transportation because of its low transportation cost and high transportation
Academic Editor: Ignacio efficiency. However, compared with single vehicles the maneuverability and stability
Gonzélez-Prieto of tractor-semitrailers are usually more difficult and worse due to their heavy weight,
high position of the center of gravity (CG), and the coupling effect between the tractor
and the trailer. For the common high-speed lane-change maneuvers on the highway,
it requires the tractor-semitrailer can change to the adjacent lane at a speed of not less
than 80 km/h, and sometimes even requires the tractor-semitrailer to realize continuous
lane-change maneuvers at high speed. This process involves the instantaneous turning of
the vehicle, and the probability of the tractor-semitrailer instability will greatly increase,
often causing serious traffic accidents [1-4]. Therefore, the high-speed driving stability of
tractor-semitrailers has always been a hot topic for scholars at home and abroad [5-7].

At present, typical control strategies applied to the stability control of tractor-semitrailers
include the active steering of the trailer wheels [8-10], and providing the additional yaw
moment by differential braking [11-13]. Compared with the active steering of the trailer
wheels, the additional yaw moment provided by differential braking can improve the lateral
This article is an open access article  Stability of the vehicle more quickly, directly, and effectively. Furthermore, the additional
distributed under the terms and ~ yaw moment provided by differential braking does not need to make structural changes to
conditions of the Creative Commons  the vehicle. Therefore, the yaw moment control through differential braking has received
Attribution (CC BY) license (https:// ~ MoTe attention in recent years. Li et al. investigated a vehicle stability control scheme
creativecommons.org/ licenses/by / integrating both the direct yaw moment control and active rear steering, the results showed
40/). that for different maneuvers the proposed control scheme can help to achieve substantial
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enhancements in the handling performance and the stability performance of the vehicle [14].
Elhemly et al. presented a semitrailer differential braking technique to improve the stability of
a two-axle tractor combined with a three-axle semitrailer during evasive maneuvers at high
speed. The proposed control strategy was based on monitoring of the yaw rate difference
between the tractor and semitrailer, and applying differential braking on the semitrailer at a
certain articulation rate threshold [15]. Lee studied an active trailer differential braking system
and designed a linear quadratic regulator controller and a robust controller to enhance the
stability of the car-trailer combination [16]. Cui et al. proposed a safety system which consisted
of the autonomous steering subsystem and differential braking subsystem to mediate the
conflict objectives of vehicle stability and rear-end collision avoidance in highway driving, and
the simulation results demonstrated that the proposed safety system can effectively achieve
better balance between an emergency collision avoidance maneuver and vehicle stability at
high speed in different conditions [17]. Li et al. developed an integrated control system based
on fuzzy differential braking for off-road vehicles, and the designed yaw and rollover control
system was a two-level structure with the upper additional moment controller. The fuzzy
proportional-integral-derivative (PID) was adopted to coordinate the yaw and rollover control
simultaneously in the design of the upper integrated control algorithm. The implemented
simulation results showed that the proposed control system could improve the vehicle yaw
and roll stability, and prevent rollover happening [18]. Zhang et al. proposed an integrated
control system that can simultaneously invoke differential braking and active steering of
multi-axle vehicles, and the research results showed that the proposed system had better
control performance than individual differential braking and individual active steering [19].

For the differential braking control, accurate additional yaw moment is very important.
However, due to the influence of environmental factors and vehicle state parameters, a
large deviation between the theoretical reference model established after simplification
hypothesis and the actual vehicle model often exists, which leads to the inaccuracy of the
additional yaw moment. Bai et al. adopted fuzzy PID control to obtain active yaw torque
values of the tractor and semi-trailer [20]. Due to model predictive control (MPC) can
mitigate the adverse effect of the time delay between the driver’s inputs and the responses
of the vehicle dynamic states on vehicle stability control, more scholars prefer to obtain
the additional yaw moment by the MPC. Li et al. designed a three-dimensional dynamic
stability controller for the stability control, and the MPC was used to calculate the desired
tire forces of four wheels [21]. Ataei et al. developed an integrated multi-objective controller
for electric vehicles and provided a centralized structure to improve the overall stability
of the vehicle. The unified integrated controller was developed using the MPC approach
and the simulation results showed the effectiveness of the controller in improving the
stability and safety of the vehicles in different situations [22]. Choi et al. presented a control
scheme utilizing active front steering and differential braking for vehicle lateral stability,
and captured the lagged characteristics of tire force based on the MPC using the extended
bicycle model [23]. Jalali et al. studied the MPC of lateral stability of vehicles using
coordinated active front steering and differential brakes [24]. Abroshan et al. developed
a MPC to prevent the instability modes in a car-trailer vehicle equipped with differential
braking [25].

The motivations and contributions in this study focus on two aspects. The first purpose
is to design a lateral stability control system aiming at improving the lateral stability of
the tractor-semitrailer under the SLC and DLC maneuvers at high speed. The second
purpose is to reveal the influence of the yaw moment controller on the lateral stability of
the tractor-semitrailer under the SLC and DLC maneuvers at high speed.

The remainder of this article is organized as follows. The dynamic model of the
tractor-semitrailer is established in the following section. In Section 3, the stability control
system for the tractor-semitrailer is proposed and designed. In Section 4, the numerical
experiments and the results are discussed. Finally, in the last section, concluding remarks
are provided.
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2. Dynamic Modelling

In this section, a five-degree-of-freedom (5-DOF) yaw-roll vehicle model is established
to represent the tractor-semitrailer and shown in Figure 1.

CG of the trailer \lzz CG of the tractor z,
A

hy, Hitch point A
— — ~ X, N é X, hy,
DO T 0O
A Y y
df ¢ b a,
‘dz“ P b, P a4 T B -
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Figure 1. Schematic representation of the tractor-semitrailer model. (a) Side view; (b) top view;

(c) rear view.

In Figure 1, each axle is represented by a single wheel. The pitch and bounce motions of
the tractor-semitrailer and their aerodynamic force are ignored. The tire model used in this
study is linear. The articulation angle between the tractor and the trailer is assumed to be
small. The roll stiffness and the damping coefficient of the suspension system are constant
in the range of the roll motions involved. The forward velocity of the tractor-semitrailer
and the steering angle of the tractor’s front-axle wheel are given.

The dynamic model of the tractor-semitrailer comprises the motions of lateral, yaw and
the sprung mass roll for both the tractor and trailer and the coupling constraints between them.
As detailed in [1], the dynamic equations for the tractor and semitrailer can be developed using
body-fixed coordinate systems x1-11—z1 and xp—/>—z, respectively. Applying Newton’s second
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law to the tractor and semitrailer, we can obtain Equations (1)-(6), wherein Equations (1)—(3)
are used to describe the motion of the tractor (lateral force equation, yaw moment equation,
and the sprung mass roll moment equation), and Equations (4)—(6) are used to describe the
motion of the semitrailer (lateral force equation, yaw moment equation, and the sprung mass
roll moment equation). In the following equations, subscript 1 denotes the tractor, subscript
2 denotes the trailer.

m1031 (By + 1) — mas (s — by )y = Fig + Fip + Fiy — Fioy (1)

Lizspy — Lisxzpy = Fipay — Fiyuby — Fiy (b1 + c1 + d1) + Fioy(by + ¢1) )

[Ilsxx + mys (hls - hlr)z} ¢1 - Ilsxzip] = Mis (hls - hlr) [le (ﬁ] + lpl) - (hls - hlr)‘i’]} + 6)
mis§ (s — hiy )1 — Ky — Cipy + Kia (2 — 1) + Froyhicr

m2032(By + 1) — s (has — hay)y = Fag + Fay + Foy + Fay 4

1222¢2 - Istz‘i’z = _FZbe - FZm(b2 + C2) - FZr(bZ +cy + d2) + FZoya2 (5)

[IZSxx + mipg (h25 - h2r>2} 4‘72 - IstziPz = Mg (hZS - th) [UXZ (:BZ + IPZ) - (hZS - th)éﬁZ} + (6)

mas§(has — Moy )po — Ko — 30, — Kia (2 — 1) — Fooyhioer

According to reference [1,26], the kinematic constraint between the tractor and trailer
can be written as Equation (7).

,82 = ,81 - hlcr(i)l/vxl + h26r¢2/0x2 - (bl + Cl)ip] /le - aZiPz/UxZ + ¢1 - lpz (7)

In this study, tire forces are modeled using the linear tire model. The linear tire model
is the relationship between the lateral tire force and tire slip angle at a small slip ratio and
slip angle [1,27]. Moreover, the tire lateral force and tire slip angle have a linear relationship,
which does not harm the linearity of the vehicle model [27]. Equation (8) shows the lateral
tire force on each axle expressed through the linear tire model.

Fip = kypagp = kip(B1 + arpy /vsq — b15)

Fim = kimttim = ki (B1 — b1y /v31) _

Fyy = kyparr = ki [P — (b1 + c1 + dv)§y /0]
Fop = kapaar = ko (B2 — batpy /vxa)

Fom = komtom = kom[B2 — (b2 + c2) P,/ vx2]
For = kopttyr = koy[B2 — (ba + c2 + do) 1, / 052

®)

Based on the above equations, the state space form of the tractor-semitrailer motion
equations can be written as Equation (9).

MX=AX+BJ )

where M is the inertial matrix, A is the system matrix, B is the disturbance matrix, and X is

the state variable vector which is defined as:
: - : T
X=p1 41 91 61 p2 2 02 P (10)
The description of the above notations is provided in Appendix A, and the matrices

M, A, and B are presented in Appendix B.

The tractor-semitrailer will be a very complex dynamic system, if considering the
nonlinear characteristics of the tire, the pitching and bouncing motions of the vehicle body,
and the changes of the roll stiffness and suspension damping coefficient in the process of
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body roll [28]. The establishment of 5-DOF yaw-roll vehicle model is based on the above
assumptions, namely the 5-DOF yaw-roll vehicle model is a simplified description for the
complex tractor-semitrailer model. Therefore, it is very necessary to verify the accuracy of
the 5-DOF vehicle model.

TruckSim is a widely used commercial multibody modelling software package devel-
oped by Mechanical Simulation Corporation. The vehicle model built in TruckSim is based
on the nonlinear vehicle models tested from various experiments, and has been proven to
be able to represent the real vehicle system with high fidelity [29]. Therefore, the accuracy
verification of the 5-DOF yaw-roll vehicle model is carried out by the software TruckSim
8.1 under the high-speed SLC maneuver. The vehicle model constructed in TruckSim is
the six-axle tractor-semitrailer whose type is “3A Cab Over w/3A Euro Trailer”. Some
vehicle parameters and the tire cornering stiffness and suspension roll stiffness obtained by
parameter identification method are given in Appendix A. The verification results show
that there is good agreement between the dynamic responses of the 5-DOF model and
those of the TruckSim model. So, the 5-DOF yaw-roll model can be used for the design of
stability controller of the tractor-semitrailer in the following section.

3. Stability Control System Design

As is known that the yaw rate is a crucial state parameter for vehicle stability and
can be measured directly by sensors. Therefore, the yaw rates of the tractor-semitrailer are
considered as the referenced responses, and the motions of the tractor and semitrailer are
controlled individually to follow the referenced responses. The stability control system
of the tractor-semitrailer shown in Figure 2 include three control layers. The upper layer
is the determination of the referenced responses of the tractor-semitrailer based on the
5-DOF referenced model and the adhesion limit of the tire force. The middle layer is
the yaw moment controller, which aims at judging the stability of the tractor-semitrailer
and then determining the yaw moments M,; and M,,. The yaw moments M,; and M,
will be exerted on the tractor and semitrailer, respectively. The lower layer is the braking
torque distributor, which decides the target wheels to be braked and distributes the braking
torques on the target wheels to achieve the required yaw moments. With this closed-loop
feedback control, the state adjustment and stability control of the tractor-semitrailer under
the lane-change maneuvers at high speed can be realized.

[
- 5-DOF Yaw Moment
Referenced Model controller
- A
VsV Vs 1 M.,
[ Y
: Tr Tractor
: : Braking Torque
Trucksim ; Tar Distributor
Vehicle | 7y
Oy Model | 7 Semitrailer
L Braking Torque [
: Tor Distributor

Figure 2. Block diagram of the stability control system.

In Figure 2, 6y is the front wheel steering angle of the tractor, 1[]15 and l[J; are the

LA A
referenced yaw rates of the tractor and semitrailer, 1, and 1, are the actual yaw rates of
the tractor and semitrailer, Ty, T, (i = 1, 2, 3, 4, 5, 6) are the braking torques acting on the
left and right wheels of the axles from the first to the sixth axle.
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3.1. Referenced Responses

When the tractor-semitrailer is in a steady state, the derivative of the state variable
equals zero, namely X = 0. Substituting it into Equation (9), the steady-state responses of
the tractor-semitrailer can be obtained.

X =—-A"'Bdy (11)

The expected yaw rates of the tractor and semitrailer ¢, and ¢, can be described as:

{lpl =0 1
$,=1[0 0

The effect of the road adhesion coefficient is not taken into account in the 5-DOF
yaw-roll vehicle model. However, the expected yaw rates shown in Equation (12) may not

be obtained under the condition of low adhesion. Therefore, the steady-state responses of
the yaw rates should satisfy the Equation (13).

0
0

o O

0 0 0]Xx
10

0
0 0]x 12)

H8
Ux1,x2

1 < (13)

’

where y is the road adhesion coefficient, g is the gravitational acceleration, and vy x is the
longitudinal velocities of the tractor and semitrailer, respectively.

Therefore, the referenced yaw rates of the tractor and semitrailer 1,01K and zp; can be
written as Equation (14).

Jsen(iy)
Jsen(iy)

1/’: = min{‘ipl
IP; = min{‘{pz

K

7| vx
14

g (14)
Ux2

7

To compare the influence of yaw moment controller on the lateral stability of the
tractor-semitrailer under the lane-change maneuvers at high speed, two yaw moment
controllers of the proportional-derivative (PD) control and the model predictive control
(MPC) are designed.

3.2. Proportional-Derivative Control
A feedback proportional-derivative (PD) controller, which neglects the integral term of a
typical PID controller [30,31], is used here to keep the tractor-semitrailer’s yaw rates following

the referenced yaw rates. The yaw rate deviations Al]Jl and Al]Jz between the actual yaw rates
and the referenced yaw rates are taken as the inputs of the PD controller. The yaw moments
M1 and M, exerted on the tractor and semitrailer can be expressed as [32]:

{le = Kp1 A, (£) + Kgp - dAP, (1) /dt a5)

Mz = Kpahipy (1) + Kaz - ddipy () /dlt

where Al,bl =

A Lok . A Lk
|~ ‘1/’1 ‘ and Ay, = (¢, | — ’lpz
gains of the proportional item and the derivative item. PD gains are obtained by trial-and-
error method.

As there is always an error between the linear 5-DOF yaw-roll vehicle model and the
TruckSim vehicle model, the deviations between the actual yaw rates and the referenced
yaw rates cannot equal zero. Therefore, the phenomenon of frequent braking will occur. It
is well known that frequent braking may lead to the shortened life of brakes and nervous

, the K;; and Ky; (i = 1, 2) are control
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drivers. To avoid this phenomenon the deviations of the yaw rates should be constrained
in a range listed in Equation (16) [33].

A¢1 2 Cy1|Py (16)

. *
Ay | = |9,

where ¢y and ¢y are the coefficients used to determine whether to implement the yaw
moment control for the tractor and the semitrailer. The values of the coefficients c;; and ¢y,
are empirical values determined by the system parameters of the tractor-semitrailer. When
the yaw rate deviations conform to Equation (16), the yaw moment controller will operate
and output required yaw moments to the braking torque distributors.

3.3. Model Predictive Control

The model predictive control is extensively employed for vehicle dynamics control [21-25].
The essence of MPC is to solve an open-loop optimal control problem. At every sampling
moment, according to the current measurement information, solve the finite time domain
open-loop optimization problem, send the control data to the controlled object which obtained
from the current state and enter the next sampling time. Repeat the above process and update
the optimization problem with new measured values, and then solve it again, so as to form a
closed-loop control system. Through rolling optimization, MPC can minimize the deviation
between the predicted future output and the expected output of the controlled object, and
compensate the error caused by system instability.

To realize the stable lane-change maneuver of the tractor-semitrailer at high speed,
u is selected as the control variable, u = [M,; My,]T. The state-space equation of the
tractor-semitrailer with MPC can be expressed as [33]:
{ X:Aax+Bb(51f+Blu (17)
y=Cx

where A, = M~ 'A and B,=M ~1B, the matrices M, A and B are presented in Appendix B,
and B; is the control variable coefficient matrix which can be written as:

e R T T N T I
The coefficient matrix C can be written as:
10000000
¢~ 50001000 a9
00000100

Since the MPC system generally adopts the discrete state space model, the continuous
state space model shown in Equation (17) needs to be discretized, and the discrete state
space equation can be written as [24]:
x(k+1) = Agax(k) + Byad(k) + By qu(k) (20)
y(k+1) = Cyx(k+1)

where x(k) and x(k + 1) are the states of the system at the last sampling time and the current
sampling time, respectively; y(k + 1) is the output of the system at the current sampling
time; A, 4, By 4, By 4, and C; are the parameter matrices of the discrete system state space.
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The above parameter matrices can be expressed as Formula (21) and the symbol T is the
sampling time of the system [24].

Au,d = eATS
Bb,d = fOTS EATdT . Bb
Bl,d = fgSEATdT . Bl
C;=C

(21)

The objective of the MPC is to ensure the deviations between the actual yaw rates and
the referenced yaw rates are as small as possible. To provide the smooth operation of the
controller and impose certain constraints on the control increment, the objective control
function is defined as [24]:

Np Ne—1
J= Z%lIJ/(kJri\k) —y(k+ilk) G+ Zi [Au(k +ilk) | + pe? (22)
1= 1=

where y(k + il k) is the predicted value at the k + i sampling time based on the output at
the k sampling time, y*(k + i | k) is the expected reference value, and [y(k + i | k)—y*(k + i1 k)]
reflects the tracking capability of the system; Au(k + i1k) is the control increment of the
system at the sampling time k + i, reflecting the operation stability of the system; Q and R
are weight matrixes, reflecting the relative importance of tracking error and control action;
p is the weight coefficient; ¢ is the relaxation factor in ensuring that a feasible solution can
be obtained for each optimization; N, and N, are the prediction time domain and control
time domain of the control system, respectively.

To make the tractor-semitrailer change lanes smoothly at high speed, the MPC is
required not to output excessive yaw moment at one time, and at the same time limit
the yaw moment increment. Therefore, the saturation characteristic is introduced in
Formula (23) to constrain the yaw moment and its increment [24].

Umin < u(k+ 1) < Umax
Attin < Au(k + 1) < Aumax (23)
i=01,---,N.—1

where Ui, and umax are the thresholds of the yaw moment, Auni, and Aumax are the
thresholds of the increment of the yaw moment.
The following constraint shown in Formula (24) needs to be added to the system
output [24].
]/minﬁ]/(k+i)§]/max (izofl"“'NP) (24)

where Ymin and ymax are the thresholds of the yaw rate of the tractor-semitrailer.
By substituting Formulas (23) and (24) into Formula (22), the optimization problem is
transformed into a quadratic programming problem.

3.4. Braking Torque Distributor

The braking torque distributors are used to determine the target wheels to be braked
and distribute the braking torques on the target wheels to achieve yaw moments. Selection
of the target wheels to be braked involves two aspects: one is the yaw motion of the tractor-
semitrailer when braking different wheels; the other is the direction of the yaw moment to
be provided, which is mainly determined by the actual and referenced yaw rates. For the
tractor-semitrailer the specific selection rules of the target wheels to be braked are shown
in Tables 1 and 2. In the tables, “—" and “+” represent the direction of the yaw motion, and

. , A .
“—" represents the counterclockwise and “+” represents the clockwise; I ¢, | — 13 1| and

- A .k
I, | =19 2| are used to compare the actual yaw rates with the referenced yaw rates, and
“>0"” means to cause a yaw motion in clockwise and “<0” means to cause a yaw motion in
counterclockwise; L1, L2, and L3 and R1, R2, and R3 represent the left and right wheels on
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the three axles of the tractor, respectively; L4, L5, and L6 and R4, R5, and R6 refer to the
left and right wheels on the three axles of the semitrailer, respectively; “\” indicates the
selection of target braking wheels has no relation with the yaw rate deviation.

Table 1. Selection rules for the target braking wheels of the tractor.

Referenced Actual Yaw Directi Tareet
Yaw Rate Yaw Rate Rate Deviation trection .arge
e - A A -k of M1 Braking Wheel
(¥y) (¥y) (g =19y D
_ — >0 + R1
— - <0 — 12,13
+ + >0 — L1
+ + <0 + R2,R3
_ + \ — L1
- — \ + R1
0 + \ - L1
0 - \ + R1
— 0 \ - 12,13
+ 0 \ + R2,R3

Table 2. Selection rules for the target braking wheels of the semitrailer.

Referenced Actual Yaw . .
. Direction Target Braking
Yaw Rate Yaw Rate Rate Deviation
L -A “A e of M, Wheel

;) (W,) (T, 1 =11, 1)

_ — + + R4, R5, R6

_ _ - — L4,15 L6

+ + + — L4,15,L6

+ + — + R4, R5, R6

_ + \ — L4,15 L6

— - \ + R4, R5, R6

0 + \ — L4,15 L6

0 — \ + R4, R5, R6

— 0 \ — L4,15,L6

+ 0 \ + R4, R5, R6

After the target wheel is determined, the braking torque applied to the target wheels
can be calculated according to the yaw moment. Because the front wheel angle of the tractor
will change during braking, if the target braking wheel is the front wheel, the influence
of the front wheel angle should be considered when calculating the braking torque. To
simplify the calculation, except the front axle it is assumed that the braking torque on the
left and right wheels of the same axle is the same.

The braking torque on the left and right wheels on the front axle of the tractor can be
written as [23]:

{ Ty = Mz1r1/(—aysindyf + 0.5B cos dy¢) (25)
Ty, = Myir1/ (611 sin 51f + 0.5B4 cos (Slf)

The braking torque on the left and right wheels on the intermediate and rear axles of
the tractor can be written as:

Ty = Toy = (Mn12/3)/(B2/2) (26)

The braking torque on the left and right wheels on each axle of the semitrailer can be

written as:
T3 = T3, = (M2r3/3)/(B3/2) (27)

In the above formula, 71, 12, and r3 are the rolling radii of the wheels on the front axle
of the tractor, the wheels on the intermediate and rear axles of the tractor, and the wheels
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of the semitrailer, respectively; By, By, and Bs are the track widths between the left and
right wheels on the tractor front axle, on the tractor intermediate and rear axles, and on the
semitrailer three axles, respectively.

4. Simulation Results

In this section, the effectiveness of the proposed control strategy and the influence of
the PD and MPC yaw moment controllers on the lateral stability of the tractor-semitrailer
are investigated under the high-speed SLC and DLC maneuvers. The nominal values of
the system parameters for the tractor-semitrailer are given in Appendix A.

The simulation platform of the tractor-semitrailer is established based on the software
of TruckSim 8.1 and Matlab/Simulink 2018b. The proposed controller is designed by
the Simulink blocks and interfaced with TruckSim. The actual yaw rates of the tractor-
semitrailer output from TruckSim are input to Simulink, and compared with the referenced
yaw rates. The required braking torque on target wheels of the tractor-semitrailer is
calculated in Simulink and fed to the TruckSim. The yaw moment control of the tractor-
semitrailer is formed in a closed-loop manner and implemented by numerical simulation.
The adhesion coefficient of the simulation road is 0.85, the simulation time step is set
to 0.001 s, and the simulation time is 12 s and 15 s for the SLC and DLC maneuvers,
respectively. To simplify the expression, PD case is used to denote the tractor-semitrailer
with PD controller, and MPC case is used to denote the tractor-semitrailer with MPC.

4.1. Single Lane-Change (SLC) Maneuver

The SLC maneuver of the tractor-semitrailer is performed at the speed of 110 km/h.
Four dynamic responses are used to describe the lateral stability of the tractor-semitrailer at
high speed, such as the sideslip angles and lateral accelerations at the CG of the tractor and
trailer, the yaw rates and roll angles of the tractor and trailer. Figure 3 demonstrates the four
dynamic responses of the tractor-semitrailer with the PD or MPC yaw moment controller.
Figure 3 shows that except for the roll angle, the dynamic responses of the trailer all lag
behind those of the tractor. From Figure 3a it can be seen that for the PD case, the peak
sideslip angles at the CG of the tractor and trailer are 2.2° and 3.3°, respectively; for the
MPC case, the corresponding values of the tractor and trailer are 1.9° and 2.6°, respectively.
Compared with the PD case, the peak sideslip angles at the CG of the tractor and trailer
with MPC are decreased by 13.6% and 21.2%, respectively. Figure 3b demonstrates the
time history of yaw rates. From the figure, it can be seen that the second peak yaw rate
of the MPC case is significantly less than that of the PD case. It means the MPC can
control the yaw motion of the trailer faster. Figure 3c,d show the time history of lateral
acceleration and roll angle of the tractor-semitrailer. It is obvious that the second peak
lateral acceleration and roll angle of the tractor-semitrailer with MPC are significantly less
than those of the tractor-semitrailer with PD controller. Compared with the PD case, for the
MPC case the second peak lateral acceleration for the tractor and trailer are, respectively,
decreased by 65.2% and 66.4%, and those of the roll angle for the tractor and trailer are
decreased by 73.8% and 72.5%, respectively. Furthermore, compared with the PD case, the
tractor-semitrailer with MPC has shorter dynamic responding time and can reach a new
steady state after a shorter time.

To sum up, it can be seen that under the SLC maneuver the tractor-semitrailer con-
trolled by the MPC has better lateral dynamic performance than that controlled by the PD
controller. The tractor-semitrailer with MPC has lower peak values of dynamic responses,
shorter dynamic responding time, and can reach a new steady state after a shorter time.
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Figure 3. Comparison of dynamic responses for the tractor-semitrailer with MPC and PD controller
under the SLC maneuver: (a) sideslip angle; (b) yaw rate; (c) lateral acceleration; (d) roll angle.

4.2. Double Lane-Change (DLC) Maneuver

For the tractor-semitrailer, the high-speed DLC maneuver is a hazardous operating con-
dition which is very prone to transient rollover accidents. In this subsection, the influence
of the PD and MPC yaw moment controllers on the lateral stability of the tractor-semitrailer
is investigated under the DLC maneuvers at the speed of 88 km/h. Four dynamic responses
of the tractor-semitrailer under the DLC maneuver are shown in Figure 4. It is easy to see
that the yaw rate and lateral acceleration of the trailer lag behind those of the tractor to
some extent in terms of responding time. Figure 4a shows that for the PD case, the peak
sideslip angles at the CG of the tractor and trailer are 1.9° and 2.1°, respectively; for the
MPC case, the corresponding values of the tractor and trailer are 1.7° and 1.8°, respectively.
Compared with the PD case the peak sideslip angles at the CG of the tractor and trailer
with MPC are decreased by 10.5% and 14.3%, respectively. Figure 4b,c show that the yaw
moment controller has no obvious influence on the yaw rate and the lateral acceleration of
the tractor-semitrailer. In Figure 4c, the lateral acceleration curve of the tractor partially
behaves jagged, which means that the tractor has a slight shimmy under the DLC maneuver.
Figure 4d shows the roll angles of the tractor and trailer under the DLC maneuver. As is
shown in the figure, for the PD case, the peak roll angles of the tractor and trailer are 2.7°
and 3.1°, respectively; for the MPC case, the corresponding peak values are 2.5° and 2.9°,
respectively. Compared with the PD case, the peak roll angles of the tractor and trailer with
MPC are decreased by 7.4% and 6.5%, respectively.
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Figure 4. Comparison of dynamic responses for the tractor-semitrailer with MPC and PD controller
under the DLC maneuver: (a) sideslip angle; (b) yaw rate; (c) lateral acceleration; (d) roll angle.

5. Controller Sensitivity to Parameter Uncertainties

For further investigation of the controller robustness, its sensitivity to vehicle param-
eter uncertainties is investigated under the SLC and DLC maneuvers. In this study, the
considered vehicle parameters for this purpose are the semitrailer sprung mass, semitrailer
CG longitudinal position, and semitrailer CG vertical position.

Rearward amplification (RWA) ratio is a very important performance measure for
high-speed lateral stability of tractor-semitrailers, which is defined as the ratio of the peak
lateral acceleration at the rearmost trailer’s CG to that of the tractor in an obstacle avoidance
lane-change maneuvers [9]. The lower the RWA, the better the lateral stability. Therefore,
in this study lateral acceleration RWA is used as the stability evaluation index to investigate
the sensitivity of the controllers to the parameter uncertainties.

The semitrailer sprung mass is varied in the controller independently by +20% from
the nominal values. Figure 5 illustrates the effect of uncertainties in semitrailer sprung
mass on the MPC and PD controller performance and the obtained lateral acceleration
RWA. It can be seen that the MPC and PD controllers are quite robust with respect to the
semitrailer sprung mass under two test environments of the SLC and DLC maneuvers.

Considering the wheelbase length of the semitrailer, the considered amount of uncer-
tainty for the longitudinal position of the semitrailer CG is 1 m. The results of analysis
of the controller sensitivity to uncertainties in the semitrailer CG longitudinal position
are shown in Figure 6. It can be seen that the MPC and PD controllers can exhibit good
robustness to the semitrailer CG longitudinal position. The estimating semitrailer CG
longitudinal position further rearward than the nominal position slightly reduces the
controller effectiveness.
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Figure 5. Effect of semitrailer sprung mass uncertainties on obtained lateral acceleration RWA for
MPC case and PD case: (a) under the SLC maneuver; (b) under the DLC maneuver.
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Figure 6. Effect of semitrailer CG longitudinal position uncertainties on obtained lateral acceleration
RWA for MPC case and PD case: (a) under the SLC maneuver; (b) under the DLC maneuver.

The amount of uncertainty for the vertical position of the semitrailer CG is 0.5 m
considering the restrictions of relevant regulations on the height of loaded cargo. The
results of analysis of the controller sensitivity to uncertainties in the semitrailer CG vertical
position are shown in Figure 7. It can be seen that the controller performance does not
vary considerably, which means the MPC and PD controllers are robust with respect to the
semitrailer CG vertical position. The estimating semitrailer CG vertical position further
upward than the nominal position slightly reduces the controller effectiveness.
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Figure 7. Effect of semitrailer CG vertical position uncertainties on obtained lateral acceleration RWA
for MPC case and PD case: (a) under the SLC maneuver; (b) under the DLC maneuver.

6. Conclusions

The high-speed lateral stability control strategy based on the additional yaw moment

is proposed, and the effectiveness of the designed controller and its influence on the lateral
stability of the tractor-semitrailer are investigated. Main conclusions are drawn as follows.

@

@

®)

The proposed high-speed lateral stability control strategy is feasible, which is based on
the additional yaw moment caused by differential braking and can ensure the tractor-
semitrailer to safely perform the SLC maneuver at 110 km/h and DLC maneuver
at 88 kmm/h.

The yaw moment controller has significant influence on the lateral dynamic perfor-
mance of the tractor-semitrailer, and the influence under the SLC maneuver is more
notable than that under the DLC maneuver. Compared with the PD case, under the
SLC maneuver the tractor-semitrailer with MPC has lower peak values of dynamic
responses, shorter dynamic responding time, and can reach a new steady state after a
shorter time. Under the DLC maneuver, the MPC yaw moment controller can reduce
the peak values of the dynamic responses to a certain extent, but it has no obvious
advantage over the PD controller in terms of the responding time.

The MPC and PD controllers exhibit good robustness to the considered vehicle pa-
rameter uncertainties. The robustness of the two controllers under the DLC maneuver
is better than that under the SLC maneuver. Compared with the PD controller, the
MPC can make the tractor-semitrailer obtain lower lateral acceleration RWA and
better stability.
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Appendix A

Table Al. Description and Nominal Values of the Parameters for the Tractor-Semitrailer Dy-
namic Model.

Symbol Description Nominal Value

my Total mass of the tractor 6360 kg

Mg Sprung mass of the tractor 4455 kg

my Total mass of the semitrailer 25,910 kg

Mg Sprung mass of the semitrailer 23,840 kg

aq Distance between the center of gravity (CG) of the tractor and its front axle 2.35m

by Distance between the CG of the tractor and its intermediate axle 1.15m

€1 Distance between the hitch point and the intermediate axle of the tractor 0.64 m

dq Distance between the hitch point and the rear axle of the tractor 0.64 m

ap Distance between the hitch point and the CG of the semitrailer 5.61lm

by Distance between the CG of the semitrailer and its front axle 1.11m

c Distance between the front axle and the intermediate axle of the semitrailer 1.20m

dy Distance between the rear axle and the intermediate axle of the semitrailer 1.20m

r Rolling radius of the wheels on the front axle of the tractor 0.52m

o) Rolling radius of the wheels on the intermediate and rear axles of the tractor 0.52 m

3 Rolling radius of the wheels of the semitrailer 0.52m

B, Track width between the front left and right wheels of the tractor 2.03m

B, Track width between the left and right wheels of the tractor intermediate and rear axles 1.86 m

B3 Track width between the left and right wheels of the semitrailer 1.86 m

hys Height of the CG of the sprung mass for the tractor 1.18 m

hos Height of the CG of the sprung mass for the semitrailer 2.19m

hiy Height of the roll center of the sprung mass for the tractor 0.61m

hy, Height of the roll center of the sprung mass for the semitrailer 1.02m

hy Height of the hitch point 1.10 m

Jops Yaw moment of inertia of the whole mass of the tractor 45,0759 kg m?
Dsxx Roll moment of inertia of the sprung mass of the tractor 2283.9 kg m?
Tz Roll-yaw product of inertia of the sprung mass of the tractor 1626 kg m?
Iy, Yaw moment of inertia of the whole mass of the semitrailer 285,516 kg m?
Ipsxx Roll moment of inertia of the sprung mass of the semitrailer 21,802.3 kg m?
Dygyr Roll-yaw product of inertia of the sprung mass of the semitrailer Okg m?

Kq* Roll stiffness of the tractor 1,631,140 N m/rad
Ky* Roll stiffness of the semitrailer 4,265,880 N m/rad
Kqp Roll stiffness of the articulation joint between the tractor and semitrailer 5,729,578 N m/rad
Cr* Roll damping of the tractor’s suspension 48,150 N m s/rad
Cr* Roll damping of the semitrailer’s suspension 45,000 N m s/rad
klf Tire cornering stiffness of the front axle of the tractor —231,430 N/rad
k1m Tire cornering stiffness of the intermediate axle of the tractor —520,000 N /rad
k1, Tire cornering stiffness of the rear axle of the tractor —520,000 N /rad

sz Tire cornering stiffness of the front axle of the semitrailer —553,000 N /rad
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Table Al. Cont.

Symbol Description Nominal Value
kom Tire cornering stiffness of the intermediate axle of the semitrailer —553,000 N /rad
koy Tire cornering stiffness of the rear axle of the semitrailer —553,000 N/rad

Fyy /Fim/F1r Lateral forces subjected by the front, intermediate and rear axles of the tractor
Fyr /Fom/Foy Lateral forces subjected by the front, intermediate and rear axles of the semitrailer
ayp/ 0am/ Q1 Tire slip angles for the front, intermediate and rear axles of the tractor
o / Qo / 02y Tire slip angles for the front, intermediate and rear axles of the semitrailer
B1/B2 Sideslip angles at CG of the tractor and semitrailer
/9, Yaw rates of the tractor and semitrailer
o1/ ¢ Roll angles of the sprung mass of the tractor and semitrailer
15 Front wheel steering angle of the tractor
Distances between the hitch point and roll center of the sprung mass for the tractor
her/ hoer EP
and semitrailer
Distances between the CG and roll center of the sprung mass for the tractor
hlsr/ hZST I
and semitrailer
Fioy/Faoy Lateral reaction forces at the hitch point for the tractor and semitrailer
Ux1/Vx2 Longitudinal velocities of the tractor and semitrailer
v1/vp Forward velocities of the tractor and semitrailer
Appendix B Relevant Matrices Definition
In Equation (9), the matrices M, A, and B are defined as:
(mq1  mqp 0 myy 0 0 0 07 f[a;7 ap 0 0 O 0 0 07
Mop1 Mipp M3 1Mopy 0 0 0 0 ar1 dpp a23 0 0 0 ary 0
0 0 1 0 0 0 0 0 0 0 0 1 0 0 0 O
M— 0 0 0 0 mys  Mye 0 iy A 0 0 0 0 azs 46 0 0
0 0 0 0 MmMss Msg Mgy  MNsg ! 0 0 as3 0 ass dse  Ads7 0
0 0 0 0 0 0 1 0 0 0 0 0 O 0 0 1
mz71 0 0 my myps 0O 0 myg a7y a7z 0 0 azp az 0 O
| 1 msp 0 mgy —1 LTS 0 mss | | 0 —1 0 0 0 1 0 0]
T
B = [—(111 + b +C1)k1f _hlcrklf 0 0 0O _klf 0]
In matrix M, the relevant elements are given as:
myy = myoy (by + 1) myy = hzz,
Mg = 7[mlshlsr (bl + Cl) + Ilsxz}/ my1 = mlvxlhlcr - mlshlsrvxlr
My = — sy, my3 = Cj,
Moy = —mishisehiey + Isxx — Zmlsh%sw Mys5 = MUx202,
mye = —Iozz, myg = —moshosan + sy,
mss = MoUx2hoey — Moshosy Uy, mse = —Ipgyz,
ms7 = C;, msg = —moshoshocr + Ipsyx + ZmZSh%sw
My71 = M1y, Mgy = —Myshs,
Mz5 = Ma0Vyxa, mzg = —Mashasy,
mgy = —(by +c1)/vn, Mgy = —hicr /0y,
Mmge = —a2/vxa, mgg = —hacr /Vxa.

In matrix A, the relevant elements are given as:
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a1 = (a1 + by +c1)kif + crkyy — dikyy, az1 = hier (kg + ki + k),
a1 = [ay(ag + by + c1)kif — bicikyy +di(by + c1 +di)ky] /v — myo1(by + 1),
a2 = hier[arkef — bikyy — (b1 + c1 +di)kir]/vx1 — myvrhe + misv1hig,

a3 = mysghysy — K — Kqp, ax7 = Ky,
ag5 = (a2 + ba)kog + (a2 + by + c2 ko + (a2 + b2 + c2 + da)kay,
g6 = [—ba(az + ba)kyp — (b2 + c2) (a2 + by + c2)kam — (b2 + ca + da) (a2 + by + ca + da ) ko, ] /022 — mp02a2,
as3 = K1z, as5 = hoer (kaf + kam + ko),
as6 = hacr[—bokap — (ba + c2)kam — (b2 + 2 + da )kay) |/ Vxa — Mo hoey + Mosv2hogy,
asy = mysghysy — Ki — Ky, az1 = ki + ki + ky,
az = |arkif — bikyy — (b + o1 + dl)ku] /Uy — M0y, azs = kof + kom + kor,
aze = | —bakyp — (ba +ca)kam — (b2 +ca + dZ)er)} /vy — MpVx2.
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