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Abstract

:

To ensure that a liquid tank semi-trailer has good yaw stability and path-following performance on low-adhesion roads under turning conditions, a multi-object PID differential braking-control method is proposed, which takes the tractor yaw rate, semi-trailer yaw rate, and articulation angle as the control parameters. According to the principle of equivalence, the trammel pendulum (TP) model is used to simulate the liquid sloshing effect in the liquid tank, and the Fluent software is used to identify the key parameters of the trammel pendulum model and verify the correctness of its simulation effect. Then, a co-simulation model is built based on TruckSim and MATLAB/Simulink. Based on the simplified six degrees of freedom model and the co-simulation model of a liquid tank semi-trailer, a multi-object PID differential braking-control method is designed, and the vehicle state responses with and without control are compared when it is turning on a low-adhesion road. The simulation results show that the proposed multi-object PID differential braking-control method can effectively improve the yaw stability and path-following performance of the liquid tank semi-trailer when turning on a low-adhesion road.
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1. Introduction


With its large transportation capacity and low transportation cost, the liquid tank semi-trailer has become the main vehicle for transporting liquid chemical products. Compared with ordinary freight cars, liquid tank semi-trailers not only have the characteristics of a high center of mass position and large cargo weight but also are more prone to instability than ordinary semi-trailers, because of the coupling relationship between the lateral sloshing of the liquid in the tank and the tank body [1].



The dangerous working conditions of liquid tank semi-trailers are mainly divided into yaw instability and roll instability. When a vehicle is running on a low-adhesion road, due to the small adhesion between the tires and the road, the lateral force of the tires is easy to become saturated, which leads to the occurrence of yaw instability; when driving on a high adhesion road, a vehicle is prone to roll instability [2]. At present, most scholars’ research mainly focuses on the influencing factors and improved methods of the roll stability of liquid tank semi-trailers. Li, X. [3] established a dynamic model of a liquid tank vehicle based on the trammel pendulum (TP) model and analyzed the influence of the liquid filling ratio and other influencing factors on the driving stability of the liquid tank vehicle. Peng, G. [4] established a volume of fluid (VOF) multi-phase flow model and a standard k-ε turbulence model to study the effects of transportation conditions, such as the liquid-filling ratio, the elliptical ratio of the tank section, and the number of baffles, on the vehicle’s roll stability. Saeedi, M.A. [5] improved the roll stability of a liquid-carrying articulated vehicle based on the proposed two control methods to avoid rollover, shimmy, and folding accidents.



These studies analyzed the influencing factors of the roll stability of a liquid tank semi-trailer on a good road and provided the corresponding improvement methods, but there were few studies on the yaw stability of vehicles turning on low-adhesion roads. In addition, most research on the path-following problem concentrates on the field of intelligent vehicles [6], while little research focuses on the field of heavy semi-trailers or liquid tank semi-trailers. Therefore, this paper studies the yaw stability and path-following performance of liquid tank semi-trailers when turning on low-adhesion roads.



To study the yaw stability control method of liquid tank semi-trailers when driving on low-adhesion roads under turning conditions, it is necessary to study the liquid sloshing law in the tank. At present, the main research methods of liquid sloshing are hydrodynamics, the quasi-static model, the equivalent mechanical model, etc. [7]. With the ability to describe the large amplitude of liquid sloshing and the convenience of being coupled with the vehicle dynamic model, the equivalent mechanical model is widely used in practical engineering.



The most commonly used equivalent mechanical models mainly include the spring-mass model, the simple pendulum model, and the TP model [8]. However, the spring-mass model is only suitable for small amplitude shaking; for the simple pendulum model, the motion track of it is a circular arc, which is only suitable for describing the liquid sloshing effect in a cylindrical tank but not for an elliptical cylinder tank. To solve this problem, Salem [9] studied the liquid impact in the horizontal elliptical cylinder tank and proposed the TP model, which is suitable for simulating the liquid sloshing effect in the elliptical cylinder tank.



In terms of vehicle yaw stability control methods, there are mainly active steering, active suspension, differential braking, etc. [10]. Among these methods, the actuator of active steering is complex and costly, the damping adjustment range of active suspension is small, and the suspension adjustment time is too long. Differential braking generates the additional yaw moment by controlling the braking force of different wheels; since the hardware cost is low, it has been widely used [11].



In terms of control algorithms, the main methods include fuzzy PID control, optimal control, MPC control, sliding mode control, and other control algorithms [12]. Easy to use and not requiring a specific mathematical model to be obtained, the fuzzy PID control method is suitable for such highly nonlinear models as liquid tank semi-trailers.



In Section 2, according to the principle of equivalence, the TP model is taken to simulate the liquid sloshing effect in the liquid tank, and the Fluent software is used to verify the effectiveness. In Section 3, a simplified six degrees of freedom model of a liquid tank semi-trailer is built and verified based on TruckSim and MATLAB/Simulink; the control parameters and expected values are selected and determined. In Section 4, a multi-object PID differential braking-control method is designed; the calculation and distribution of the additional yaw moment are determined; and the wheel-slip-rate control method is introduced. In Section 5, the double-lane change and the step-steering-angle input working conditions are chosen to verify the effectiveness of the proposed method in improving the yaw stability and path-following performance of the liquid tank semi-trailer when running on a low-adhesion road; the robustness of the proposed method is also discussed and verified when the input disturbance pulses are included and the control parameters are changed.




2. Equivalent Model of Liquid Sloshing for the Liquid Tank Semi-Trailer and the Establishment of Its Co-Simulation Analysis Model


2.1. Equivalent Model of Liquid Sloshing for the Liquid Tank Semi-Trailer


The schematic diagram of the TP model is shown in Figure 1, and its symbols are explained in Table 1.



For the TP model, the liquid in the tank is divided into the sloshing part and the static part. The movement of the sloshing part is equivalent to the swing of the pendulum ball. The motion track is circular or elliptical and is similar to the tank section profile, which meets the following requirements:


     l a     l b    =    l  a c g      l  b c g     =    l  a p      l  b p     = ζ  



(1)







Based on Lagrange mechanics, the motion equation of the pendulum ball in the accelerated translational tank can be derived as follows [13]:


   γ ¨   (   l  a p  2    sin  2  γ +  l  b p  2    cos  2  γ  )  +  1 2    γ ˙  2   (   l  a p  2  −  l  b p  2   )   (  sin 2 γ − g  l  b p   cos γ −  a y   l  a p   sin γ  )  = 0  



(2)







The lateral sloshing force    F W    on the tank caused by liquid sloshing is


   F w  =  m p   (   a y  −  l  a p    γ ¨  sin γ −  l  a p     γ ˙  2  cos γ  )  +  m s   a y   



(3)







The sloshing torque    M w    around the lowest point of the tank caused by liquid sloshing is


   M w  = −  m s   a y   l  b s   +  m p   |       l  a p   cos γ      l b  −  l  b p   sin γ        a y  −  l  a p    (   γ ¨  sin γ +   γ ˙  2  cos γ  )       l  b p    (    γ ˙  2  sin γ −  γ ¨  cos γ  )  + g      |   



(4)







The TP model parameters shall be determined using the parameter identification method. According to the equivalence principle of dynamic similarity, kinematic similarity, and geometric similarity [14], the simulation results of an elliptical cylinder tank under step excitation of unit lateral acceleration are simulated by fluid numerical simulation using the Fluent software for parameter identification, and the TP model parameters are obtained as shown in Table 1.




2.2. Verification of Equivalent Model of Liquid Sloshing for the Liquid Tank Semi-Trailer


To verify the accuracy of the TP model in simulating the liquid sloshing effect of the tank when subjected to lateral excitation, a typical liquid tank is selected, and its basic parameters are shown in Table 1. The time-varying lateral acceleration    a y    applied on the tank body is


   a y  = 0.2 g sin  (  0.4 t  )   



(5)







The Fluent software and the TP model are, respectively, used to simulate the sloshing force and torque generated by the liquid sloshing in the tank. The results are shown in Figure 2a,b.



It can be seen from Figure 2a,b that the magnitude and frequency of liquid sloshing force and torque obtained by the Fluent software and the TP model maintain good consistency, indicating that the TP model can simulate the liquid sloshing effect when the liquid in the tank is subjected to time-varying lateral excitation.




2.3. Co-Simulation Analysis Model of Liquid Sloshing Characteristics for the Liquid Tank Semi-Trailer


Considering the danger of the real vehicle test, a co-simulation model of the liquid tank semi-trailer is established based on TruckSim and MATLAB/Simulink, as shown in Figure 3. In this model, the lateral acceleration of the TruckSim model is input into the liquid sloshing model, and the liquid sloshing model outputs the force and torque generated by liquid sloshing to the TruckSim model [15].



As a famous simulation analysis software for commercial vehicles, TruckSim provides a data communication interface with MATLAB/Simulink. When the simulation test is carried out under different working conditions, it is only necessary to set the relevant structural parameters and driving conditions of the vehicle in TruckSim, set the input parameters and output parameters, and then generate the corresponding S function for Simulink to call to achieve the data communication between the two.



The TruckSim input/output setting module is shown in Figure 4, in which the input setting module’s Import Channel is the force and torque generated by liquid shaking, and the output setting module’s Output Channel is the lateral acceleration of the liquid tank semi-trailer.



For the TP model, it is written in the MATLAB function module in Simulink, which uses the ode45 function to solve the simulation test in real time, so the calculation step size should be consistent with that of TruckSim.





3. Simplified Six Degrees of Freedom Model and Control Parameters of the Liquid Tank Semi-Trailer for Yaw Stability Control


3.1. Simplified Six Degrees of Freedom Model of the Liquid Tank Semi-Trailer for Yaw Stability Control


In this paper, a six-axle liquid tank semi-trailer is selected for research. The schematic diagram of the single-track model of the vehicle is shown in Figure 5. Figure 5a shows the XOY plane layout of the selected vehicle, Figure 5b,c explain the roll motion between the sprung mass and the chassis when the vehicle is turning on a road. The origin point of the tractor and semi-trailer are, respectively, the intersection of the centroid cross section and its roll axis. The X-axis points to the front of the vehicle, the Y-axis points to the left of the driver, and the Z-axis points to the top of the vehicle.



According to the definition in Figure 5, considering the lateral, yaw, and roll motions of the tractor and semi-trailer, the differential motion equations of the two are listed as follows.



For the lateral motion of the tractor:


   m 1   u 1   (    β ˙  1  +   ψ ˙  1   )  −  m  1 s    h 1     ϕ ¨   1  =  F  y 1   cos δ +  F  y 2   +  F  y H    



(6)




where    m 1    is the mass of the tractor,   kg  ;    m  1 s     is the sprung mass of the tractor,   kg  ;    u 1    is the longitudinal velocity of the tractor,   m / s  ;    β 1    is the sideslip angle of the tractor’s center of mass,   rad  ;     ψ ˙  1    is the yaw rate of the tractor,   rad / s  ;      ϕ ¨   1    is the tractor roll angular acceleration,   rad /  s 2   ;    F  y i     is the lateral force of wheel   i  (  i = 1 ,   2 ,   3  )   , N;    F  y H     is the lateral force at the articulated point,  N ;  δ  is the steering wheel angle,   rad  ; and    h 1    is the distance from the tractor centroid to its roll axis,  m .



For the yaw motion of the tractor:


   I  1 z z      ψ ¨   1  −  I  1 x z      ϕ ¨   1  =  F  y 1   a cos δ −  F  y 2   −  F  y H   c  



(7)




where    I  1 z z     is the moment of inertia of the tractor around the  Z  axis,   kg ·  m 2   ;    I  1 x z     is the centroid yaw-roll inertia product of the tractor,   kg ·  m 2   ;  a  is the distance from the front axle of the tractor to its centroid,  m ; and  c  is the distance from the tractor centroid to the articulated point,  m .



For the roll motion of the tractor:


    (   I  1 x x   +  m  1 s    h 1 2   )     ϕ ¨   1  −  I  1 x z      ψ ¨   1  =  m  1 s   g  h 1  sin  ϕ 1   m  1 s      +  u 1   (   (    β ˙  1  +   ψ ˙  1   )  −  h 1     ϕ ¨   1   )   h 1  −  k  r 1    ϕ 1  −  c 1    ϕ ˙  1  +  k  12    (   ϕ 2  −  ϕ 1   )  −  F  y H    h  1 c     



(8)




where    I  1 x x     is the moment of inertia of the tractor around the X-axis,   kg ·  m 2   ;    h  1 c     is the distance from the articulation point to the tractor roll axis, m;    k  r 1     is the roll stiffness of the tractor,   N · m / rad  ;    c 1    is the roll damping of the tractor,   N · m · s / rad  ;    k  12     is the coupling roll stiffness of the fifth wheel,   N · m / rad  .



For the lateral motion of the semi-trailer:


   m 2   u 2   (    β ˙  2  +   ψ ˙  2   )  −  m  2 s    h 2     ϕ ¨   2  = −  F  y T   +  F  y 3    



(9)




where:    m 2    is the mass of the semi-trailer,   kg  ;    m  2 s     is the sprung mass of the semi-trailer,   kg  ;    u 2    is the longitudinal velocity of the semi-trailer,   m / s  ;    β 2    is the sideslip angle of the semi-trailer,   rad  ;     ψ ˙  2    is the yaw rate of the semi-trailer,   rad / s  ;      ϕ ¨   2    is the roll angular acceleration of semi-trailer,   rad /  s 2   ;    F  y T     is the lateral force at the articulated point, N; and    h 2    is the distance from the centroid of the semi-trailer to its roll axis, m.



For the yaw motion of the semi-trailer:


   I  2 z z      ψ ¨   2  −  I  2 x z      ϕ ¨   2  = −  F  y T   e −  F  y 3   d  



(10)




where    I  2 z z     is the moment of inertia of the semi-trailer around the Z axis,   kg ·  m 2   ;    I  2 x z     is the centroid yaw-roll inertia product of the semi-trailer,   kg ·  m 2   ;  d  is the distance from the axle of the semi-trailer to its center of mass, m; and  e  is the distance from the centroid of the semi-trailer to the articulated point, m.



For the semi-trailer roll movement:


    (   I  2 xx   +  m  2 s    h 2 2   )     ϕ ¨   2  −  I  2 x z      ψ ¨   2  =  m  2 s   g  h 2  sin  ϕ 2     +  m  2 s    (   u 2   (    β ˙  2  +   ψ ˙  2   )  −  h 2     ϕ ¨   2   )   h 2  +  F  y T    h  2 c   −  c 2    ϕ ˙  2  −  k  r 2    ϕ 2  −  k  12    (   ϕ 2  −  ϕ 1   )    



(11)




where    I  2 x x     is the moment of inertia of the semi-trailer around the X-axis,   kg ·  m 2   ;    h  2 c     is the distance from the articulated point to the roll axis of the semi-trailer,  m ;    k  r 2     is the semi-trailer roll stiffness,   N · m / rad  ; and    c 2    is semi-trailer roll damping,   N · m · s / rad  .



The constraint equation at the fifth wheel is as follows:


   {       F  y T   =  F  y H   cos θ        θ ˙  =   ψ ˙  2  −   ψ ˙  1         β 2  =  β 1  −    h  1 c      u 1      ϕ ˙  1  +    h  2 c      u 2      ϕ ˙  2  −  c   u 1      ψ ˙  1  −  e   u 2      ψ ˙  2  − θ        



(12)







The linear tire model is adopted for vehicle tires as follows:


   {       F  y 1   =  k 1   α 1  =  k 1   (   β 1  +   a   ψ ˙  1   u  − δ  )         F  y 2   =  k 2   α 2  =  k 2   (   β 1  −   b   ψ ˙  1   u   )         F  y 3   =  k 3   α 3  =  k 3   (   β 2  −   d   ψ ˙  2   u   )         



(13)




where  θ  is the articulated angle,   rad  ;    k i    is the lateral stiffness of wheel   i  (  i = 1 ,   2 ,   3  )   ,   N / rad  ; and    α i    is the side slip angle of wheel i,   rad  .



Combining Equations (6)–(13) and eliminating the fifth wheel force    F  y H    , a simplified dynamic model of the liquid tank semi-trailer is obtained as follows:


  M  X ˙  = N X + K U  



(14)




where  X  is the state variable, and   X =    [   β 1      ψ ˙  1     ϕ 1      ϕ ˙  1     ϕ 2      ϕ ˙  2     θ ˙    θ  ]   T   ; U is the input, and   U = δ  ;



Matrix   M =  


   (      c  m 1   u 1       I   1 zz       0    −  I   1 xz    − c  h 1   m   1 s       0   0   0   0      (  h   1 c     m 1  −  h 1   m   1 s    )  u 1      −  I   1 xz       0     m   1 s    ( 2  h 1    2  −  h   1 c     h 1  ) +  I   1 xx       0   0   0   0       m 1   u 1  +  m 2   u 2      − e  m 2  −   c  m 2   u 2     u 1       0    −  h 1   m   1 s    −    h   1 c     m 2   u 2     u 1       0     h   2 c     m 2  −  h 2   m   2 s        − e  m 2     0      − e  m 2   u 2       I   2 zz    +  e 2   m 2  +   c e  m 2   u 2     u 1       0      e  h   1 c     m 2   u 2     u 1       0    e (  h 2   m   2 s    −  h   2 c     m 2  ) −  I   2 xz         m 2   e 2  +  I   2 zz       0      (  h   2 c     m 2  −  h 2   m   2 s    )  u 2      e (  h 2   m   2 s    −  h   2 c     m 2  ) −  I   2 xz    +   c (  h 2   m   2 s    −  h   2 c     m 2  )  u 2     u 1       0       h   1 c    (  h 2   m   2 s    −  h   2 c     m 2  )  u 2     u 1       0    2  m   2 s    (  h 2  −  h   2 c    ) +  m 2   h   2 c      2  +  I   2 xx        e (  h 2   m   2 s    −  h   2 c     m 2  ) −  I   2 xz       0     0   0   1   0   0   0   0   0     0   0   0   0   1   0   0   0     0   0   0   0   0   0   0   1     )   











Matrix   N =  


   (      ( a + c )  k 1  − ( b − c )  k 2        (  a 2  + a c )  k 1  + (  b 2  − b c )  k 2     u 1    − c  m 1   u 1     0   0   0   0   0   0       h   1 c    (  k 1  +  k 2  )     (  h 1   m   1 s    −  h   1 c     m 1  )  u 1  +   ( a  k 1  − b  k 2  )  h   1 c       u 1        g  h 1   m   1 s    −  k   r 1    −  k  12       −  c   r 1         k  12      0   0   0       k 1  +  k 2  +  k 3        a  k 1  − b  k 2  − c  k 3     u 1    −  m 2   u 2  −  m 1   u 1  −   ( d + e )  k 3     u 2       0    −    h   1 c     k 3     u 1       0       h   2 c     k 3     u 2        −   ( d + e )  k 3     u 2        −  k 3        − d  k 3  − e  k 3          ( d + e )  2   k 3     u 2    + e  m 2   u 2  +   c ( d + e )  k 3     u 1       0      ( d + e )  h   1 c     k 3     u 1       0    −   ( d + e )  h   2 c     k 3     u 2            ( d + e )  2   k 3     u 2        ( d + e )  k 3         h   2 c     k 3      (  h 2   m   2 s    −  h   2 c     m 2  )  u 2  −   c  h   2 c     k 3     u 1    −   ( d + e )  h   2 c     k 3     u 2         k  12       −    h   1 c     h   2 c     k 3     u 1        g  h 2   m   2 s    −  k   r 2    −  k  12          h   2 c      2   k 3     u 2    −  c   r 2        −   ( d + e )  h   2 c     k 3     u 2        −  h   2 c     k 3       0   0   0   1   0   0   0   0     0   0   0   0   0   1   0   0     0   0   0   0   0   0   1   0     )   











Matrix   K =    [  −  (  a + c  )   k 1  −  h  1 c    k 1  −  k 1    0   0   0  ]   T   .




3.2. Verification of Simplified Six Degrees of Freedom Model of the Liquid Tank Semi-Trailer for Yaw Stability Control


To verify the accuracy of the simplified model for the liquid tank semi-trailer, the state responses of the simplified model and the TruckSim vehicle model under the double-lane shifting condition are compared. The initial vehicle speed is set to 80 km/h, the ground adhesion coefficient is 0.4, and the basic vehicle parameters are shown in Table 2.



It can be seen from Figure 6a,b that the established simplified six degrees of freedom model of the liquid tank semi-trailer can reflect the vehicle state and can be used for the development of the yaw stability control method of the liquid tank semitrailer.




3.3. Selection of Control Parameters for Yaw Stability Control of the Liquid Tank Semi-Trailer


In terms of the selection of the control parameters, the yaw rate, the sideslip angle of the centroid, and the lateral acceleration are generally taken for stability control [16]. When these variables are used for the control, the vehicle’s yaw stability will be greatly improved, but the driving path deviation would be produced compared with the path under steady-state driving. The magnitude of the articulated angle of the liquid tank semi-trailer directly reflects the steering characteristics and driving path of the liquid tank semi-trailer. The deviation of the driving path indicates the path-following ability of the semi-trailer to the tractor [17]. The greater the deviation is, the worse the path-following performance would be. Therefore, if the articulation angle can be adjusted to that of the steady state, while maintaining the stability of the vehicle’s yaw rate, the vehicle would have both good yaw stability and good path-following performance.



Therefore, the tractor yaw rate, the semi-trailer yaw rate, and the articulation angle are selected as the control parameters.




3.4. Determination of Expected Values for Yaw Stability Control Parameters of the Liquid Tank Semi-Trailer


When implementing the control method, it is necessary to obtain the vehicle state value when the vehicle is running stably, that is, the expected value of the vehicle state response. Take the derivative value of each state variable in the six degrees of freedom model of the liquid tank semi-trailer in Section 2.1 as zero, to obtain the vehicle linear reference model required by the control system, that is      β 1   ˙  =    ψ ¨   1  =   ϕ ˙  1  =    ϕ ¨   1  =   ϕ ˙  2  =    ϕ ¨   2  =  θ ˙  = 0  . Then, the expected value of each state variable under a stable state can be determined as    X d   :


   {       X d  =    [   β  1 d       ψ ˙   1 d      ϕ  1 d      ϕ  2 d      θ d   ]   T        0 =  N d   X d  +  K d   U d         



(15)




where    U d    is the system input,    U d  = δ  ;    K d    is a   5 × 1   dimensional matrix,    K d  =    [  −  (  a + c  )   k 1  −  h  1 c    k 1  −  k 1    0   0   0  ]   T   ; and    N d    is a   5 × 5   dimensional matrix.


   N d  =  [       (  a + c  )   k 1  +  (  c − b  )   k 2       N  d 12      0   0   0       (   k 1  +  k 2   )   h  1 c        N  d 22        N  d 23        k  12      0       k 1  +  k 2  +  k 3       N  d 32      0   0    −  k 3        −  (  d + e  )   k 3       N  d 42      0   0     (  d + e  )   k 3         h  2 c    k 3       N  d 52        k  12        N  d 54       −  h  2 c    k 3       ]   



(16)






   N  d 12   =    (   a 2  + a c  )   k 1     u 1    +    (   b 2  − b c  )   k 2     u 1    −  m 1   u 1  c ;    N  d 22   =  (   m  1 s    h 1  −  m 1   h  1 c    )   u 1  +    (  a  k 1  − b  k 2   )   h  1 c      u 1     










   N  d 32   =   a  k 1  − b  k 2  − c  k 3     u 1    −  m 2   u 2  −  m 1   u 1  −    (  d + e  )   k 3     u 2    ;    N  d 42   =      (  d + e  )   2   k 3     u 2    +  m 2   u 2  e +    (  d + e  )  c  k 3     u 1     










   N  d 52   =  (   m  2 s    h 2  −  m 2   h  2 c    )   u 2  −   c  h  2 c    k 3     u 1    −    (  d + e  )   h  2 c    k 3     u 2    ;  N  d 23   =  m  1 s    h 1  g −  k  r 1   −  k  12   ;    N  d 54    =  m  2 s   g  h 2  −  k  r 2   −  k  12    











Considering the road adhesion coefficient  μ , the desired yaw rate shall meet the following relations:


    ψ ˙   i d   ≤   μ g    v i    ,    (  i = 1 ,   2  )   



(17)







To sum up, the expected value of the yaw rate is


    ψ ˙   i r   = min  {    ψ ˙   i d   ,  |    μ g    v i     |   }  s i g n  ( δ )  ,    (  i = 1 ,   2  )   



(18)




where    v i    is the lateral velocity of the tractor or semi-trailer,   m / s  .



The expected articulation angle is


   θ r  =  θ d   



(19)









4. Yaw Stability Control Method for the Liquid Tank Semi-Trailer and Its Implementation


4.1. General Architecture of Yaw Stability Control Method for the Liquid Tank Semi-Trailer


The general architecture of the yaw stability control method for the liquid tank semi-trailer is shown in Figure 7. The TP model calculates the force and torque generated by liquid sloshing, the TruckSim software provides the real-time state parameters of the vehicle, and the reference model provides the expected values of state parameters of the vehicle. The difference between the real-time state parameters and the stable state parameters is controlled by the tractor yaw rate fuzzy PID controller, the semi-trailer yaw rate fuzzy PID controller, and the articulation angle fuzzy PID controller, and the final additional yaw moment required by the tractor and semi-trailer is obtained after the weighted control of the above three. The additional yaw moment of the vehicle is provided by the braking torque of the wheels. Through the braking torque distribution and the wheel slip rate control, the braking torque of each wheel of the tractor and the semi-trailer is fed back to the TruckSim software to correct the state of the vehicle in real-time, to achieve the yaw stability control of the liquid tank semi-trailer.




4.2. Calculation of the Additional Yaw Moment of Yaw Stability Control Method for the Liquid Tank Semi-Trailer


Considering the high nonlinearity of the liquid tank semi-trailer model, the fuzzy PID controller with a simple structure and strong robustness is taken to calculate the additional yaw moment required by the tractor and semi-trailer. Its typical structure is shown in Figure 8. The inputs of the fuzzy PID controller are deviation  e  and deviation change rate    e c   . The outputs are the increments of the control parameters of the fuzzy PID controller,   Δ  K P  ,   Δ  K I  ,   Δ  K D   .



The control parameters of the fuzzy PID controller are


   {       K P  =  K  P 0   + Δ  K P  ·  k  u P          K I  =  K  I 0   + Δ  K I  ·  k  u I          K D  =  K  D 0   + Δ  K D  ·  k  u D          



(20)




where    K  P 0   ,    K  I 0   ,    K  D 0     are the initial values of the parameters of the fuzzy PID controller;   Δ  K P  ,   Δ  K I  ,   Δ  K D    are the outputs of the fuzzy controller;    k  u P   ,    k  u I   ,    k  u D     are the scale factors of the fuzzy PID controller; and    K P  ,    K I  ,    K D    are the actual control values of the controller.



The parameters of the fuzzy PID controller are set as follows: deviation  e , deviation change rate    e c   , and PID parameter variation   Δ  K P  ,   Δ  K I  ,   Δ  K D    all adopt the Gaussian membership function. After fuzzification, the fuzzy values of deviation  e  and deviation change rate    e c    are [−6,6], while those of the PID parameters   Δ  K P  ,   Δ  K I  ,   Δ  K D    are [−1,1].



The language variables are negative big (NB), negative middle (NM), negative small (NS), zero (ZO), positive small (PS), positive middle (PM), and positive big (PB), and the corresponding fuzzy subsets are {NB, NM, NS, ZO, PS, PM, PB}.



Finally, the input and output of the fuzzy PID controller are shown in Figure 9. The surface relationships between the input value and the output value are shown in Figure 10. The fuzzy rules of parameters   Δ  K P  ,   Δ  K I  ,   Δ  K D    are shown in Table 3, Table 4 and Table 5.



Through the above analysis, the additional yaw moment provided by the tractor yaw rate fuzzy PID controller    M   ω 1     , the additional yaw moment provided by the fuzzy PID controller for the yaw rate of the semi-trailer    M   ω 2     , and the additional yaw moment provided by the articulation angle fuzzy PID controller    M θ    can be obtained by Equation (21).


   {       M   ω 1    =  K P   e   ω 1    +  K I   ∫ 0 t   e   ω 1    d t +  K D    d  e   ω 1      d t          M   ω 2    =  K P   e   ω 2    +  K I   ∫ 0 t   e   ω 2    d t +  K D    d  e   ω 2      d t          M θ  =  K P   e θ  +  K I   ∫ 0 t   e θ  d t +  K D    d  e θ    d t          



(21)







Through the weighted control of the three, the additional yaw moment   Δ  M 1    required by the tractor and the additional yaw moment   Δ  M 2    required by the semi-trailer can be obtained by Equation (22).


   {      Δ  M 1  =  M   ω 1          Δ  M 2  =  w 1   M   ω 2    +  w 2   M θ         



(22)




where    w 1  ,  w 2    are the weight coefficients of the yaw rate controller and the articulation angle controller of the semi-trailer, respectively. After several simulation comparisons, the weight coefficient    w 1    is taken as 0.6, and    w 2    is taken as 0.4.




4.3. Calculation and Distribution of Braking Torque of Yaw Stability Control Method for the Liquid Tank Semi-Trailer


When the additional yaw moment required for differential braking of the liquid tank semi-trailer is calculated based on the multi-object PID controller, it is necessary to calculate the braking moment generated by the wheels of the tractor and semi-trailer    T 1   ,    T 2   . The additional yaw moment of the vehicle is provided by the braking force applied to the wheels. Therefore, only by determining the relationship between the additional yaw moment and the braking force of different wheels can the braking torque be accurately calculated. Take the direction in which the vehicle turns left as the positive one and the other as the negative one. The relationship between the additional yaw moment and the braking moment of the liquid tank semi-trailer under the left-turning condition is shown in Figure 11.



In Figure 12,    t  w 1   ,  t  w 2   ,    t  w 3     is the track width of the front axle of the tractor, the second and third axles of the tractor and the fourth, fifth, and sixth axles of the semi-trailer;   Δ  M 1  , Δ  M 2    is the additional yaw moment of the tractor and semi-trailer. When the vehicle performs differential braking, supposing that the braking force is applied to the left wheel of the first axle of the tractor and the left wheels of the fourth, fifth, and sixth axles of the semi-trailer, it can be obtained from the mechanical knowledge that


    {      Δ  M 1  =  F  x l 1   ·    t  w 1    2        Δ  M 2  =  (   F  x l 4   +  F  x l 5   +  F  x l 6    )  ·    t  w 3    2            



(23)




where    F  x l 1     is the braking force applied to the left wheel of the first axle of the tractor;    F  x l 4   ,  F  x l 5   ,  F  x l 6     are the braking forces applied to the left wheels of the fourth, fifth, and sixth axles of the semi-trailer, respectively; and    t  w 1   ,  t  w 3     are the first axle base of the tractor and the fourth, fifth, and sixth axle bases of the semi-trailer, respectively.



The cornering stiffness of the tire will change due to the change in the vertical load of the tire, and the change in the cornering stiffness of the tire will affect the yaw stability of the vehicle. Assuming that the moment of the braking wheel when the tire is not locked is approximately proportional to its vertical load, the braking force applied by the left wheel of the first axle of the tractor and the braking force distribution formula of the left wheel of the fourth, fifth, and sixth axles of the semi-trailer can be expressed, respectively, as follows:


   F  x f l   =   2 Δ  M 1     t  w 1      



(24)






   {       F  x l 4   =    F  z l 4      F  z l 4   +  F  z l 5   +  F  z l 6     ·   2 Δ  M 2     t  w 3            F  x l 5   =    F  z l 5      F  z l 4   +  F  z l 5   +  F  z l 6     ·   2 Δ  M 2     t  w 3            F  x l 6   =    F  z l 6      F  z l 4   +  F  z l 5   +  F  z l 6     ·   2 Δ  M 2     t  w 3            



(25)




where    F  z l 4   ,  F  z l 5   ,  F  z l 6     are the vertical load of the left wheel of the fourth, fifth, and sixth axles of the semi-trailer, respectively.



The braking moment of the left wheel on the first axle of the tractor and the left wheel on the fourth, fifth, and sixth axles of the semi-trailer can be expressed, respectively, as follows:


   T  l 1   =  F  x l 1    R 1  =   2 Δ  M 1     t  w 1     ·  R 1   



(26)






   {       T  l 4   =  F  x l 4    R 3  =    F  I l 4      F  z l 4   +  F  z l 5   +  F  z l 6     ·   2 Δ  M 2     t  w 3     ·  R 3         T  l 5   =  F  x l 5    R 3  =    F  z l 5      F  z l 4   +  F  I l 5   +  F  z l 6     ·   2 Δ  M 2     t  w 3     ·  R 3         T  l 6   =  F  x l 6    R 3  =    F  z l 6      F  z l 4   +  F  z l 5   +  F  z l 6     ·   2 Δ  M 2     t  w 3     ·  R 3         



(27)




where    R 1    is the wheel rolling radius of the first axle of the tractor; and    R 3    is the wheel rolling radius of the fourth, fifth, and sixth axles of the semi-trailer.



From the previous analysis, the additional yaw moment required by the tractor and semi-trailer can be converted into the braking moment of the wheel. After that, the target braking wheel needs to be determined to generate the additional yaw moment efficiently.



As shown in Figure 12a, when the outer front wheels of the vehicle brake, the generated yaw moment gradually increases outwards; when the outer rear wheels of the vehicle brake, the yaw moment produced gradually increases and then decreases outwards, and finally gradually increases inwards; when the inner front wheels of the vehicle brake, the yaw moment generated gradually increases, then decreases inwards, and finally increases outwards; when the inner rear wheels of the vehicle brake, the yaw moment generated gradually increases inwards.



As shown in Figure 12b, when the liquid tank semi-trailer runs in a steady circular motion, the brake of the vehicle’s outer front wheel will cause the vehicle to understeer, and the trend is large; the brake of the vehicle’s outer rear wheel will cause the vehicle to understeer, and the trend is relatively small; the front wheel braking in the vehicle will cause the vehicle to oversteer, and the trend is relatively small; and the rear wheel braking in the vehicle will cause the vehicle to oversteer, and the trend is large.



Based on this, when the outer front wheel and the outer rear wheel of the vehicle brake, the brake efficiency of the outer front wheel is higher under the same conditions; when the inner front wheel and inner rear wheel of the vehicle brake, the brake efficiency of the inner rear wheel is higher under the same conditions [18].



To sum up, the wheel braking moment should be distributed by judging the deviation between the actual value and the expected value of the steering direction and yaw rate, and the deviation between the actual value and the expected value of the articulation angle. The final distribution rules are shown in Table 6.




4.4. Wheel Slip Rate Control in Yaw Stability Control Method for the Liquid Tank Semi-Trailer


The calculation formula of the wheel slip ratio is


  λ =   u −  r w  w  u   



(28)




where  u  is the longitudinal velocity of the tractor or semi-trailer;    r w    is the rolling radius of the wheel; and  w  is the angular velocity of the wheel.



Figure 13 shows that when the slip ratio is 0.15–0.20, the longitudinal adhesion coefficient and lateral adhesion coefficient are both large, and the longitudinal force and lateral force on the tire are also sufficient, so the vehicle can maintain good dynamic performance and stability.



To control the vehicle tire slip rate within 0.15–0.20, when the wheel slip rate is greater than 0.20, the braking torque shall be reduced to reduce the wheel slip rate; when the wheel slip ratio is between 0.15 and 0.20, the braking torque should remain unchanged; when the wheel slip rate is lower than 0.15, the wheel braking torque shall be increased to increase the wheel slip rate. It should be noted that in the process of increasing or decreasing the braking torque, the appropriate growth rate and decline rate should be selected. When the growth rate and decline rate are too large, the slip rate will overshoot and even cause system vibration; when the values of the growth rate and the decline rate are too small, the slip rate changes slowly, and the system response is not sensitive. According to the characteristics of the wheel, the appropriate growth rate and decline rate are selected, and the corresponding braking torque can be obtained


   {       T  t + 1   =  T t  +  k i   T s  ,     S < 0.15        T  t + 1   =  T t  ,           0.15 ≤ S ≤ 0.2        T  t + 1   =  T t  −  k d   T s  ,     S > 0.2        



(29)




where    T  t + 1     is the output value of braking torque at time   t + 1  ;    T t    is the output value of braking torque at time  t ;    T s    is the calculation time interval, 0.005 s;    k i    is the growth rate, which is   6000    N  · m / s  ; and    k d    is decline rate,   6000    N  · m / s  .





5. Verification of the Effectiveness and Robustness of the Yaw Stability Control Method for the Liquid Tank Semi-Trailer


To verify the effectiveness of the proposed control method, based on the liquid tank semi-trailer co-simulation model, the different vehicle state responses are compared while taking the multi-object PID differential braking-control (multi-object), tractor yaw rate + semi-trailer yaw rate differential braking-control (   ω 1  +  ω 2   ), tractor yaw rate + articulation angle differential braking-control (   ω 1  + θ  ), and no control methods, respectively. For the verification of the proposed control method, the double-lane change and the step-steering-angle input’s working conditions are selected, the initial vehicle speed is set as 80    km / h  , the road adhesion coefficient is set as 0.3, and the basic vehicle parameters can be referred to in Table 2.



To verify the robustness of the proposed method, the robustness of the proposed control method is analyzed and verified when the multi-object PID control parameters are changed.



5.1. Verification of the Effectiveness of the Yaw Stability Control Method under the Double-Lane Change Working Condition


In this section, the double-lane change working condition simulation test is performed when the liquid tank semi-trailer is running on a low-adhesion coefficient road. The comparison diagrams of the yaw rate, the vehicle track, and the articulation angle of the tractor and semi-trailer are shown in Figure 14, Figure 15 and Figure 16, respectively.



It can be seen from Figure 14a,b that compared with no control, multi-object control reduces the maximum yaw rate of the tractor by 45.45% and the maximum yaw rate of the semi-trailer by 4.55%; for    ω 1  +  ω 2   , the maximum yaw rate of the tractor is reduced by 50.15%, and the maximum yaw rate of the semi-trailer is reduced by 6.82%; for    ω 1  + θ  , the control reduces the maximum yaw rate of the tractor by 40.91%, and the maximum yaw rate of the semi-trailer by 2.27%. In conclusion, compared with the no control strategy, the multi-object control and    ω 1  +  ω 2    control can effectively reduce the maximum yaw rate of the tractor and semi-trailer.



It can be seen from Figure 15 and Figure 16 that compared with no control, the maximum lateral displacement deviation of the tractor under multi-object control is reduced by 3.71%, the maximum lateral displacement deviation of the semi-trailer is reduced by 5.45%, and the maximum articulation angle is reduced by 46.67%; for    ω 1  +  ω 2    control, the lateral displacement deviation of the tractor, semi-trailer, and the maximum articulation angle are reduced by 1.85%, 3.64%, and 33.33%, respectively; the    ω 1  + θ   control reduced the lateral displacement deviation of the tractor by 5.56%, the lateral displacement deviation of the semi-trailer by 7.28%, and the maximum articulation angle by 58.33%. In conclusion, compared with the no control strategy, the multi-object control and    ω 1  + θ   control can effectively reduce the maximum lateral displacement deviation and articulation angle of the tractor and semi-trailer.




5.2. Verification of the Effectiveness of the Yaw Stability Control Method under the Step-Steering-Angle Input Working Condition


In this section, the step-steering-angle input working condition simulation test is per-formed when the liquid tank semi-trailer is running on a low-adhesion coefficient road. The comparison diagrams of the yaw rate, the vehicle track, and the articulation angle of the tractor and semi-trailer are shown in Figure 17, Figure 18 and Figure 19, respectively.



It can be seen from Figure 17a,b that compared with no control, multi-object control reduces the maximum yaw rate of the tractor by 52.5% and the maximum yaw rate of the semi-trailer by 43.3%; for    ω 1  +  ω 2   , the maximum yaw rate of the tractor is reduced by 57.5%, and the maximum yaw rate of the semi-trailer is reduced by 46.7%; for    ω 1  + θ  , the control reduces the maximum yaw rate of the tractor by 37.5%, and the maximum yaw rate of the semi-trailer by 36.7%. In conclusion, compared with the no control strategy, the multi-object control and    ω 1  +  ω 2    control can effectively reduce the maximum yaw rate of the tractor and semi-trailer.



It can be seen from Figure 18 and Figure 19 that compared with no control, the maximum lateral displacement deviation of the tractor under multi-object control is reduced by 31.3%, the maximum lateral displacement deviation of the semi-trailer is reduced by 38.9%, and the maximum articulation angle is reduced by 81.5%; for    ω 1  +  ω 2    control, the lateral displacement deviation of the tractor, semi-trailer, and the maximum articulation angle are reduced by 25.3%, 33.3%, and 25.5% respectively; the    ω 1  + θ   control reduced the lateral displacement deviation of the tractor by 37.5%, the lateral displacement deviation of the semi-trailer by 42.2%, and the maximum articulation angle by 88.2%. In conclusion, compared with the no control strategy, the multi-object control and    ω 1  + θ   control can effectively reduce the maximum lateral displacement deviation and articulation angle of the tractor and semi-trailer.



To sum up, compared with the differential braking control aiming at the yaw rate or articulation angle of the tractor, the multi-object PID differential braking control can not only improve the yaw stability of the semi-trailer turning on the low-adhesion road but also improve the path-following performance.




5.3. Verification of the Robustness of the Yaw Stability Control Method


The effectiveness of the proposed control method in controlling the vehicle yaw stability is verified in the previous two sections. As another important criterion to evaluate the quality of the control system, the robustness of the proposed control method is analyzed and verified.



The robustness of control system means that the system has the ability to maintain a certain performance under the disturbance of uncertainty [19]. The proposed multi-objective PID control method is established based on the fuzzy PID control method, which has good stability and robustness [20]. To verify the robustness of the proposed control method, the tractor yaw rates under the step-steering-angle input working condition are compared when the control parameters    K P   ,    K I   , and    K D    of the multi-object PID control method are increased by 30%. The other simulation parameters are the same with those in Section 5.2, and the comparison results are shown in Figure 20.



It can be seen from Figure 20 that compared with the control effect of the optimal parameters, the differences between the tractor yaw rate curves are not significant when these three parameters    K P   ,    K I   , and    K D    are increased by 30%, which proves the robustness of the proposed control method.





6. Conclusions


	(1)

	
The TP model is established to simulate the sloshing effect of the liquid in the elliptical cylinder tank under lateral excitation, and its simulation effect is validated using the Fluent software. Based on it, a co-simulation model is established based on TruckSim and MATLAB/Simulink.




	(2)

	
A simplified six degrees of freedom model of the liquid tank semi-trailer is established and verified using the TruckSim software. Taking the tractor yaw rate, semi-trailer yaw rate, and articulation angle as the control parameters, a multi-object PID differential braking-control method is proposed and implemented.




	(3)

	
The vehicle state responses with and without control are compared under the double-lane change and the step-steering-angle input working conditions on a low-adhesion road. The simulation results show that, compared with the differential braking control, which targets the yaw rate or articulation angle of the tractor, the multi-object PID differential braking control can not only improve the yaw stability of the vehicle but also improve the path-following performance of the semi-trailer.
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Figure 1. Schematic diagram of the TP model. 
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Figure 2. Comparison of liquid sloshing results: (a) sloshing force and (b) sloshing torque between Fluent software and the TP model. 
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Figure 3. Schematic diagram of co-simulation model for liquid tank semi-trailer. 
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Figure 4. TruckSim I/O setting module: (a) input module and (b) output module. 






Figure 4. TruckSim I/O setting module: (a) input module and (b) output module.



[image: Applsci 13 00039 g004]







[image: Applsci 13 00039 g005 550] 





Figure 5. Schematic diagram of the liquid tank semi-trailer: (a) XOY plane diagram, (b) tractor roll model, and (c) semi-trailer roll model. 
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Figure 6. Comparison of vehicle state responses between simplified model and TruckSim model: (a) comparison of yaw rate of the tractor and (b) comparison of articulation angle. 
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Figure 7. The general architecture of the multi-object PID differential braking-control method. 
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Figure 8. Structure of fuzzy PID controller. 
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Figure 9. Input and output of the fuzzy controller. 
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Figure 10. Fuzzy PID output surface relationships: (a)   Δ  K P    output surface, (b)   Δ  K I    output surface, and (c)   Δ  K D    output surface. 
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Figure 11. Relationship between additional yaw moment and braking torque of liquid tank semi-trailer. 
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Figure 12. Braking characteristics of different brake wheels: (a) relationship between yaw moment generated by braking of different wheels and longitudinal braking force and (b) influence of single wheel braking on vehicle steering. 
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Figure 13. Relationship between longitudinal and lateral adhesion coefficient and slip ratio. 
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Figure 14. Comparison of vehicle yaw rate under the double-lane change working condition: (a) comparison of tractor yaw rate and (b) comparison of semi-trailer yaw rate. 
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Figure 15. Comparison of vehicle track under the double-lane change working condition: (a) comparison of tractor track and (b) comparison of semi-trailer track. 
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Figure 16. Comparison of articulation angle under the double-lane change working condition. 
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Figure 17. Comparison of vehicle yaw rate under the step-steering-angle input working condition: (a) comparison of tractor yaw rate and (b) comparison of semi-trailer yaw rate. 
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Figure 18. Comparison of vehicle track under the step-steering-angle input working condition: (a) comparison of tractor track and (b) comparison of semi-trailer track. 
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Figure 19. Comparison of articulation angle under the step-steering-angle input working condition. 
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Figure 20. Comparison of the tractor yaw rates under the step-steering-angle input working condition when the control parameters    K P   ,    K I   , and    K D    of the multi-object PID control method are increased by 30%. 
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Table 1. Description and value of TP model parameters and basic parameters of the tank.
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	Parameter
	Description
	Value
	Unit





	    l  a p     
	long semi-axes of the motion track of the pendulum ball
	   0.5613   
	  m  



	    l  b p     
	short semi-axes of the motion track of the pendulum ball
	   0.3742   
	  m  



	    l  a c g     
	long semi-axes of the liquid center of mass motion track
	  −  
	  m  



	    l  b c g     
	short semi-axes of the liquid center of mass motion track
	  −  
	  m  



	    l a    
	long semi-axes of the tank body section
	   1.0925   
	  m  



	    l b    
	short semi-axes of the tank body section
	   0.7283   
	  m  



	    l  b s     
	distance from the centroid of the liquid at rest to the bottom of the tank
	   0.6939   
	  m  



	    m s    
	mass of the liquid at rest
	   5631   
	   kg   



	    m p    
	mass of the swing ball
	   7826   
	   kg   



	    m w    
	total mass of liquid in the tank
	   13 , 457   
	   kg   



	  ζ  
	ellipticity of the section of the liquid tank
	   1.5   
	  −  



	  γ  
	liquid swing angle
	  −  
	  °  



	  Δ  
	liquid filling ratio in the tank
	   0.6   
	  −  



	  L  
	tank body length
	  9  
	  m  



	  ρ  
	liquid density in the tank
	   997   
	   kg /  m 3    



	    a y    
	lateral excitation of the tank body
	1
	   m /  s 2    
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Table 2. Basic parameters of the liquid tank semi-trailer.
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	Parameter
	Value
	Unit
	Parameter
	Value
	Unit





	    m 1    
	   5876   
	   kg   
	    m  1 s     
	   4457   
	   kg   



	    m 2    
	   25 , 876   
	   kg   
	    m  2 s     
	   20 , 000   
	   kg   



	  a  
	  2  
	  m  
	  b  
	   2.478   
	  m  



	  c  
	   2.189   
	  m  
	  d  
	   4.693   
	  m  



	  e  
	   5.4   
	  m  
	    h 1    
	   1.175   
	  m  



	    h 2    
	   2.125   
	  m  
	    h  1 c     
	   1.1   
	  m  



	    h  2 c     
	   1.1   
	  m  
	    I  1 x x     
	   2283   
	   kg ·  m 2      



	    I  1 y y     
	   35 , 402   
	   kg ·  m 2    
	    I  1 z z     
	   34 , 802   
	   kg ·  m 2    



	    I  1 x z     
	   1626   
	   kg ·  m 2    
	    I  2 x x     
	   22 , 330   
	   kg ·  m 2    



	    I  2 z z     
	   250 , 416   
	   kg ·  m 2    
	    I  2 x z     
	  0  
	   kg ·  m 2    
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Table 3. Fuzzy rule table of   Δ  K p   .
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    Δ  K p     
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Table 4. Fuzzy rule table of   Δ  K I   .
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Table 5. Fuzzy rule table of   Δ  K D   .
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Table 6. Rules for wheel braking moment distribution.






Table 6. Rules for wheel braking moment distribution.





	
Front Wheel Angle  δ 

	
Tractor/Semi-Trailer

	
Control Parameter Deviation

	
Steering Characteristics

	
Target Brake Wheel




	
    ω   r  1   ,  ω   r  2     

	
    ω 1  ,  ω 2    

	
    e 1  =  ω  r 1   −  ω 1    

    e 2  =  ω  r 2   −  ω 2    

    e θ  =  θ r  − θ   

	
Tractor

	
Semitrailer






	
+

	
+

	
+

	
+

	
Understeer

	
L2, L3

	
L4, L5, L6




	
+

	
+

	
+

	
0

	
\

	
\

	
\




	
+

	
+

	
+

	
-

	
Oversteer

	
R1

	
R4, R5, R6




	
+

	
+

	
0

	
+

	
Understeer

	
L2, L3

	
L4, L5, L6




	
+

	
+

	
-

	
+

	
Understeer

	
L2, L3

	
L4, L5, L6




	
0

	
0

	
+

	
-

	
Oversteer

	
R1

	
R4, R5, R6




	
0

	
0

	
-

	
+

	
Oversteer

	
L1

	
L4, L5, L6




	
0

	
0

	
0

	
0

	
\

	
\

	
\




	
-

	
-

	
+

	
-

	
Understeer

	
R2, R3

	
R4, R5, R6




	
-

	
-

	
0

	
-

	
Understeer

	
R2, R3

	
R4, R5, R6




	
-

	
-

	
-

	
+

	
Oversteer

	
L1

	
L4, L5, L6




	
-

	
-

	
-

	
0

	
\

	
\

	
\




	
-

	
-

	
-

	
-

	
Understeer

	
R2, R3

	
R4, R5, R6








Note 1: “+”, “-”, “0”, and “\” in the table represent “positive”, “negative”, “0”, and “no control action”, respectively. Note 2: “L1, R1” in the table refer to the left and right wheels of the tractor steering axle; “L2, R2, L3, R3” refer to the left and right wheels of the drive axles of the tractor; “L4, R4, L5, R5, L6, R6” refer to the left and right wheels of the semi-trailer axles.
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