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ABSTRACT The handling stability of tracked vehicles not only affects the handling convenience of drivers
but is also an important part of vehicle active safety. A zero-differential steering controller for tracked
vehicles with hydraulic-mechanical transmissions was designed in this paper. First, the working principle
of the steer-by-wire systems of tracked vehicles was analyzed, and the vehicle speed calculation model was
established. Then, the steering dynamics model of the tracked vehicle was established based on the shear
stress model. Finally, based on the particle swarm optimization algorithm, the established tracked vehicle
steering dynamics model was iteratively solved, and the optimal yaw rate gain K, was calculated in real
time and used for vehicle steering control. The steering control simulation model of tracked vehicles was
established in MATLAB/Simulink, and the control effect of the designed steering controller was verified
by the simulation. The control effect was evaluated by the comprehensive evaluation index of the handling
stability. The simulation results showed that the steering controller based on the particle swarm optimization
algorithm effectively improved the handling stability of the tracked vehicle and reduced the burden on the
driver.

INDEX TERMS Particle swarm optimization algorithm, steer-by-wire system, tracked vehicle, zero-
differential steering controller.

I. INTRODUCTION travel along the reference trajectory, the driver must always

The steering system is an important component of vehi-
cles, and its characteristics play a decisive role in vehicle
handling stability and safety [1]. The steering wheel of the
conventional steering system is mechanically connected to
the steering mechanism, and the steering ratio is fixed. With
change in vehicle speed and lateral acceleration, vehicle
steering characteristics show strong nonlinear time-varying
characteristics [2], [3], [4]. In order to control the vehicle to

The associate editor coordinating the review of this manuscript and

approving it for publication was Giulio Reina

predict and adjust the steering behavior based on the change
in vehicle steering characteristics [5]. This design of a fixed
steering ratio makes it difficult for vehicles to meet the
requirements for handling stability at high speeds, and it can
also easily to cause driver fatigue [6]. A steer-by-wire (SBW)
system eliminates the mechanical connection between the
steering wheel and the steering mechanism. Steer-by-wire
technology is used to control the steering of a vehicle through
electrical signals [7], [8]. The steering ratio can be arbitrarily
designed, so that the vehicle handling stability and safety are
significantly improved [9]. The research on improving the
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handling stability and safety of SBW systems was mainly for
wheeled vehicles, and less research has been conducted on
the handling stability and safety of SBW systems for tracked
vehicles. The working environment of tracked vehicles is
complex, and the driving principle is different from that of
wheeled vehicles [10], [11], [12]. With the development of
high-speed tracked vehicles, the research on the handling
stability of SBW systems under the high-speed steering of
tracked vehicles has attracted widespread attention.
Researchers have conducted in-depth research on how to
improve the handling stability and comfort of the SBW sys-
tem. Chai et al. [13] evaluated the driving characteristics
of drivers in different age groups and determined that older
drivers have driving characteristics with large reaction and
maneuvering delays. By adjusting the steering gain and steer-
ing derivative time constant of the SBW control model, the
driving comfort of an elderly driver was effectively improved.
Li et al. [14] analyzed the influence of the steering ratio on
the steering sensitivity and expected yaw rate gain through
simulations. Through the analysis, it was found that the
fixed steering ratio method of a vehicle at high speeds might
cause the vehicle to oversteer and the vehicle handling sta-
bility to decrease. To improve the vehicle handling stability,
it was necessary to increase the steering ratio at high speeds.
Oh et al [15]. used the front wheel angle and vehicle speed
as control inputs to establish the vehicle understeer gradient
equation and performed feedforward control on the steering
ratio. This method increased the steering ratio of the vehicle
at high speeds and improved the vehicle handling stability.
Based on the work of Oh et al., Fahami et al. [16] further
considered the influence of the initial front wheel angle and
improved the understeer gradient equation. The simulation
results showed that this method allowed the vehicle to achieve
variable steering ratio control in the steering process and
improved the vehicle maneuverability and handling stability.
Zheng et al. [17] proposed a steering control strategy with
a variable steering ratio by setting a fixed yaw rate gain.
Then, a vehicle steering dynamics model was established
using the genetic algorithm to solve the optimal yaw rate
gain in real time. The experimental results showed that using
the optimized yaw rate gain to design the SBW steering
ratio could effectively improve the vehicle handling stabil-
ity and reduce the driving burden. Krishna et al. [18] took
the yaw rate error, the steering angle given by the driver,
and the vehicle body side slip angle as control inputs, and
they proposed a fuzzy-logic-based yaw stability controller for
the active front steering of a four-wheeled road vehicle by
using a steer-by-wire system. After improving the steering
stability of the vehicle by setting a fixed yaw rate gain,
Dongzr et al. [19] further proposed a rear-wheel active steer-
ing control strategy based on the linear-quadratic regulator
(LQR) algorithm to improve the trajectory tracking accuracy
of the vehicle. Jin et al. [20] established a vehicle steering
dynamics model, proposed a comprehensive evaluation index
for vehicle steering control that integrated yaw, lateral, and
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roll motions, optimized the steering ratio of the vehicle under
different working conditions by the genetic algorithm, and
proposed a corresponding anti-rollover control strategy for
vehicle rollover. The simulation results showed that the pro-
posed method improved the low-speed steering flexibility and
high-speed steering stability, and it effectively reduced the
risk of vehicle rollover in some conditions.

In this paper, a tracked vehicle with a hydraulic-mechanical
transmission was taken as the research object, and a zero-
differential steering controller was designed for the SBW
system. The working principle of the SBW system was ana-
lyzed, and the vehicle speed calculation model was estab-
lished. Based on the shear stress model, the steering dynamics
model of a tracked vehicle was established, and the relation-
ship between the yaw rate 6 and the circumferential veloc-
ity difference of the sprocket Au was calculated when the
tracked vehicle steered on a sand road at different theoretical
centroid speeds vy,. The yaw rate gain K, was selected as
the control object, and the steering controller was designed
based on the particle swarm optimization (PSO) algorithm.
The optimal K, was obtained in real time and used for the
tracked vehicle steering control. The steering control simula-
tion model of the tracked vehicle was established by using
MATLAB/Simulink, and the effectiveness of the designed
SBW controller of the tracked vehicle was simulated and
verified.

II. PRINCIPLE OF ZERO-DIFFERENTIAL STEERING
CONTROL

A. WORKING PRINCIPLE OF STEER-BY-WIRE (SBW)
SYSTEM

The structure of the tracked vehicle SBW system is shown
in Fig. 1. n, is the engine speed (r/min). i, is the ratio from
the engine to the fixed-shaft gearbox. iy, is the ratio of the
fixed-shaft gearbox when the vehicle is driving in n-th gear.
ip is the ratio of the engine to the variable pump. iy; and iy, are
the ratios of the left and right hydraulic pump-motor systems,
respectively, where iy, = 1/¢pn and iy, = —1/&pn. &, is the
variable pump displacement ratio. 7 is the transfer efficiency
of the hydraulic pump-motor system. iy, is the ratio of the
hydraulic motor to the sun gear of the planetary gear. k is the

steering wheel

left kleft right k right

sprocket planetary fixed-shaft  planetary sprocket

gear gearbox  gear
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FIGURE 1. Steer-by-wire (SBW) system structure of the tracked vehicle.
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characteristic parameter of the planetary gear. i is the ratio
of the side reducer.

The steering wheel angle sensor collects the steering wheel
angle signal &y, and sends it to the electronic control unit
(ECU). According to the steering control rules, the ECU
converts Jy,, into command variable pump displacements ¢,
and —e¢, to the left and right hydraulic pump-motor sys-
tems, respectively, and changes the transmission ratios iy;
and iy, of the hydraulic pump-motor system on both sides.
The hydraulic motors on the left and right sides have the
same speed and the opposite rotation directions. Through the
transmission mechanism, the sun gears on both sides of the
planetary gear rotate in the opposite direction at the same
speed, resulting in an increase in the speed of the sprocket
on one side and a decrease in the speed of the sprocket on the
other side.

The traditional steering system control rules usually set
the corresponding relationship iz between the steering wheel
angle and the displacement ratio of the variable pump as a
fixed value:

e = —. ey

The control principle of this method is simple, but it is
difficult to adapt to the nonlinear characteristics of tracked
vehicles during high-speed steering [21]. The design of vehi-
cle SBW control rules by changing the yaw rate gain can
effectively reduce the driver’s driving burden. The yaw rate
gain K, of the tracked vehicle is the ratio of the yaw rate 6 to
85w, which can be expressed as follows:

K, = i 2)
8SW

6 is determined by the theoretical centroid speed vy, of the
tracked vehicle and the circumferential velocity difference of
the sprocket Au. It can be expressed as follows:

0 =G5 Au. (3)

where GéA“ is the corresponding relationship between 6 and
Au when the tracked vehicle turns at different v, values. For a
zero-differential steering tracked vehicle, the theoretical cen-
troid speed vy, is determined by the circumferential velocity
of the sprocket on both sides, vy = (47 + u,) /2, and u; and
u, are the circumferential velocities of the sprocket on both
sides.

B. VEHICLE SPEED CALCULATION MODEL

A part of the engine power is transmitted to the fixed-
shaft gearbox for straight-line driving and speed changes of
the tracked vehicle, and the other part is transmitted to the
hydraulic pump-motor steering system for the vehicle steer-
ing. When the vehicle is driving straight, the transmission
ratio iy from the engine to the sprocket can be expressed as
follows:

i= (1+k) iqibn
s = kil .

“
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When the tracked vehicle turns, the ratios iy and i of the
engine to the left and right sprockets change, as follows:

; (L + k) igipnipiyiip
t = T . .
igipn + Kipiyiiy
. (I + k) igipnipiyrim
tr — .

&)

Q)

iqipn + Kipiyring
u; and u, can be expressed as follows:
L Tner (igipn + kipiyiip) -
1= .
30 (1 + k) igipnipiyiipin
wner (igipn + kipiyriv)
30 (1 + k) igipnipiyrimin

®

Ur

where r is the radius of the sprocket.

When the tracked vehicle is driving at vy, the variable
pump displacement ¢, is determined by Au, and it can be
expressed as follows:

15Au (1 + k) ipini
&y = ( )th 9)

NeTrn

The yaw rate 6 obtained by the Formulas (3) and (9) can be
expressed as follows:

GéA"apnenrn

0= ——"——"—. (10)
15 (1 4+ k) ipipin

The i, of the SBW system is determined by the yaw rate
gain K, and it can be expressed as follows:

by MGy an
g 150+ k) ipininK,

lg

Ill. STEERING DYNAMICS MODEL
The following assumptions were made in the process of
establishing the tracked vehicle steering dynamics model:

(1) The centroid position of the tracked vehicle is located
in the geometric center of the vehicle.

(2) Track subsidence and side pushing effects of the track
slab are neglected.

(3) The track is not stretchable, and the ground pressure
at each point on the track ground plane is evenly distributed
when the vehicle is stationary. Thus, ignoring the influence
of the track width on the ground pressure is neglected.

(4) During the steering process of the tracked vehicle, the
force on the track is calculated by the following shear stress
model [22]:

T = (c + otang) (1 - e—f/K) (12)

where, 7 is the shear stress at any point on the track, c is the
soil cohesion, o is the normal stress, ¢ is the angle of internal
shearing resistance of the terrain, j is the shear displacement,
and K is the shear deformation modulus.
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A. KINEMATICS MODEL OF TRACKED VEHICLE

In order to facilitate the analysis, the geodetic coordinate
system XOY was established, and the body coordinate system
xoy was established at the centroid of the tracked vehicle. The
coordinate origin o coincides with the centroid position, and
the x-axis direction is the forward direction of the tracked
vehicle. The relationship between the motion parameters of
the tracked vehicle is shown in Fig. 2. v is the actual centroid
velocity of the tracked vehicle under the geodetic coordi-
nate system XOY. vy and vy are the components of v in the

x-direction and y-direction, respectively, and v = | /v 4 v3.
0 is the yaw angle of the tracked vehicle. ¢ is the angle
between v and the X-axis. B is the sideslip angle, and 8 =
arctan (vy/vx). L is the length of the track contact with the
ground. B is the distance between the track center lines on
both sides. b is the width of the unilateral track. i is the
angle between the direction of the velocity at a point on the
track and the x-axis. O; and O, are the instantaneous steering
centers of left-side track and right-side track respectively.
d is the offset of the steering center O, relative to the y-axis,
d =v,/6.

Y A

0 X

FIGURE 2. Relationship between the motion parameters of the tracked
vehicle during steering.

The trajectory of the tracked vehicle when turning under
XOY can be expressed as follows:
X = [y veos(6 — B)dt 13)
Y = [y vsin(@ — B)dt
The accelerations a, and a, of the vehicle centroid along
the x-axis and y-axis can be expressed as follows:

. (14)

ay =Vy +v)0
ay = Vy — V0

In the geodetic coordinate system XOY, each point on the
same track center line has the same velocity in the x-direction.
The speed of a point (xp,y,) on the left track center line
in the y-direction is determined by 6 and the x-coordinate
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value x, of the point. The shear velocities vy and vy in
the x-direction and the shear velocities vy and vy, in the
y-direction of this point and the symmetric point (xp, —yp)
on the right track with respect to the x-axis can be expressed
as follows:

B .
Vi = Vx + 20 —u
Vsxr = Vx — _é — Ur (15)
2 .
Vsyl = Vsyr = Vy — Xp0.

The angle between the speed of a point on the center line
of the track on both sides and the x-axis can be expressed as

follows:
Y = arccos (stl/\/M) (16)

- 2 2
Y, = arccos (vm I\ Veer T Viyr

The slip ratios §; and §, of the left and right tracks, respec-
tively, can be expressed as follows:

5 = Vixl
. _ max (u; ‘;tx:’)sxlv up) a7

max (uy + Vg, Ur) ’

During the steering process of the tracked vehicle, the shear
displacements j; and j, of a point (xp, yp) on the center line of
the left track and the symmetric point (x,, —y;) on the right
track can be obtained by integrating the shear velocity, and
they can be expressed as follows:

v L
Jxl = f()t Vedt = (S_XI> (E - xP)

WAL (18)
er = f(; Verdt = ( er) (_ - p) >

7. 2

. 1 L.\ /(L 1 ./L 2
=gy (=59 (=) 50 (5 )

, 1 L.\ /(L 1 .(L 2
= (5 50) (G #2005

19)

. ) )
Jr =I5
xl yl (20)

jr = \/j)%r +]§r

B. STEERING FORCE ANALYSIS
The inertial force generated by the steering of the tracked
vehicle causes changes of the track ground pressures on both
sides. The normal load distribution of the track on both sides
under the influence of the inertial force is shown in Fig. 3.
The components may, and ma, of the inertial force in
the x-direction and y-direction, respectively, redistribute the
ground pressure on the unilateral track. The unit area ground
pressures p; and p, at a point on the left track (xp, yp) and the
symmetric point on the right track (xp, —yp) can be expressed
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(b) Ground pressure distribution of road wheels on unilateral track

FIGURE 3. Normal load distribution of the track on both sides under
influence of inertial forces.

as follows:
_ mg  mayh  6maghx,
PU=2bL ~ BbL bL3
(2D
mg mayh B 6may hxp
Pr=5L " BbL b3

where £ is the height of the centroid of the tracked vehicle.

| A% s /%' 0c
L/2 i 1 p

Mp v =yl ¢
y ! F. MRr E,
- i vl P — T 'yr
- i I PN _:>
\' vy '0 may
i ma,
L/2
A
Fa 4 B g Ee
al Ll

FIGURE 4. Steering forces of the tracked vehicle.

The forces on the track when the tracked vehicle turns are
shown in Fig. 4. F; and F,, are the components of the shear
force of the left and right tracks and the ground in the x-
direction, respectively. Fy; and Fy, are the components of the
shear force in the y-direction, respectively. Mg; and Mg, are
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the steering resistance torques of the track on both sides, and
Fpg; and Fg, are the rolling resistances of the track on both
sides. By Formulas (12) and (16)-(21), the shear force of the
track on both sides in the x-direction and y-direction can be
obtained, which can be expressed as follows:

gjzfiﬁc+pmmm( —eK)hmﬂ¢r+NNh

Fir = I, e+ prtang) (1= %) boos (v + 1 dx,

(22)
Fy = fi (¢ + ptang) (1 - e‘jfl) bsin (Y, + ) dx
L2
Fy, = ij (c + prtang) (1 e~ ) bsin (Y + ) dx.
2
(23)

The rolling resistances Fg; and Fg, on both sides of the
track can be expressed as follows:

x\:

m, mayh
s (-
N (24)
F :f @ + %
Rr ) B s

where f is the coefficient of rolling resistance.
The steering resistance torques Mg; and Mg, on both sides
of the track can be expressed as follows:

Mg = f?L (¢ + pitang) ( —e IK) bsin (Y + ) xdx
2

Mg, = f_%% (c + prtang) (1 = e~%) bsin (9 + ) xd,
(25)

The steering balance equation of the tracked vehicle can be
expressed as follows:

may = Fy, + Fy — Fg; — Fgy
may = Fy, + Fy

. B B
Iz9:E(Fxl_Fxr)_E(FRI_FRI‘)_MRZ_MRP

(26)

By combining Formulas (14) and (26) the accelerations vy,
vy and the yaw angular acceleration 6 of the tracked vehicle
in x-direction and y-direction can be expressed as follows:

Uy = (Fy + Fy — Fri — Fry) /m — w0
vy = (Fyr + Fy) /m+vy0

.. B B
0 = (E(Fxl_Fxr)_E(FRI_FRr)_MRl_MRr)/Iz-
(27)

The changes of the parameters of the tracked vehicle
steering process were calculated, and the sand road was
selected. The vehicle structure and road parameters are shown
in Table 1.

When the tracked vehicle turned at different theoretical
centroid speeds vy, the relationship between 6 and Au is
shown in Fig. 5.
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TABLE 1. Vehicle and road parameters.

Road parameters (sand road)

c(Py) K(cm) 6 f
1.3 1.2 31.1 0.065
Vehicle parameters
m(kg) I,(kg'm?) L(m) B(m)
36500 13000 3.78 2.64
b(m) l(m) r(m) h(m)
0.58 0.18 0.283 1.159
iq iy iy in
0.7 0.633 4 4.75
k n 6sw (o) ibn
2.375 0.9 [-50,50] 6/2.8/2/1.43/0.91
70 T T T T T T T T
—d— vy =2 m/s vyp=6m/s @ vy =10 m/s
- O vy=4m/s —A—uvy=8m/s |
60 | ao- ©
50 | 4
a0 ]
< 30| 4
20} -
10 i
0 . . . A . A . A
0 0.5 1 15 25 3 35 4 45

2
du (m/s)

FIGURE 5. 6 variations with Az when the tracked vehicle turned on a
sand road.

IV. STEERING CONTROLLER DESIGN
A. COMPREHENSIVE EVALUATION INDEX
According to the comprehensive evaluation index J7g of the
tracked vehicle handling stability, the control effect of the
designed SBW system controller was evaluated [23]. The
selected evaluation indices mainly the following:

(1) The trajectory tracking evaluation index J,, which is
used to evaluate the accuracy of the tracked vehicle tracking
reference trajectory, is expressed as follows:

2
Jer = J (@) ar

2
Joo = [ (%) dr

WelJezl + WeZJezz
Jo=,| —————=

(28)

Wel + We2

where 1, is the sampling time, f (¢) is the expected trajectory
at time ¢, and y (¢) is the actual position of the vehicle at
time 7. E is the standard value of the trajectory tracking
error, where £ = 1. B is the sideslip centroid angular veloc-
ity. B is the standard value of the sideslip centroid angular

A~

velocity, B = 0.8g, g is the acceleration of gravity, where
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g= 9.8m2/s. we1 and wep are weights, where w,; = 0.8 and
wep = 0.2.

(2) The evaluation index of the handling burden Jj, based on
according to the change of the steering wheel angular velocity
can be expressed as follows:

WS (O
Jb:/ (srv()) ar,
0 Bsw

where SSWA is the standard value of the steering wheel angular
velocity, 85, = lrad/s.
(3) The evaluation index J, of the tracked vehicle rollover

risk is expressed as follows:

th t 2
h=/)C@3)m
0 ay

where SSW is the standard value of the lateral acceleration, and
Ssw = lrad/s.
(4) The evaluation index Js of the side slip risk of the

tracked vehicle is expressed as follows:

hz(amvmawmy
o
J_(ﬂmvmvwmy

(29)

(30)

€1y

sro—

~

L
Jy = max(Jy, Jgr),

where [i is the standard value of the lateral adhesion coeffi-
cient, ;1 = 0.3g.

The comprehensive evaluation index of the tracked vehicle
handling stability and comfort is the weighted average of the
four evaluation indices, which is expressed as follows:

T2+ wpd} 4+ w2+ w2
JW:JWE Mol THAIPTMS (32

We + wp + wpJ2 4+ w2

where w, = wp = w, = wy = 0.25.

B. DESIGN OF STEERING CONTROLLER
The yaw rate gain K, was selected as the control target,
and the PSO algorithm was used to obtain the optimal K,
in real time, which was applied for the steering control of
the tracked vehicle. The PSO algorithm has a strong global
optimization capability, and the solution process is shown in
Fig. 6, where i is the current number of iterations, N is the
maximum number of iterations, and D is the particle swarm
dimension.

The particle swarm velocity update equation of the
i-th iteration is as follows:

vk, (i 4+ 1) = wvg, (i) + c1r1 (Kyp () — K;r ()
+can (Krg(i) - Kr(l)) s
(33)
where w is the inertia weight, ¢ is the individual learning

weight, ¢ is the group learning weight, and r; and r, are
random numbers generated in the range of [0, 1].
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Get current vehicle status
X, Y, vy, vy, Ay, y, 0, S5
!

The particle swarm position K, and
velocity vy, in the restricted range are
randomly generated. ,K-(0) €
[Krmin'Kqu LUKV(i) = [Ymin, Vmax]

Each particle evaluation index Jrg is Update the particle
calculated according to the steering swarm position K,-(i)
dynamics model I

i

Obtain the individual global optimal
value K;, (i) and the population
history optimal value K., ()

Update particle swarm vy, (i)

No

i>N?

Yes

Output the optimal result
of this calculation K,

End

FIGURE 6. Steering controller solution process based on the particle
swarm optimization (PSO) algorithm.

The particle swarm position update equation can be
expressed as follows:

K.(i+1) =K@ +vg,(i+1) (34)

The maximum number of iterations was set as the termi-
nation condition of the PSO controller optimization. When
the number of iterations exceeded the maximum number of
iterations, the historical optimal value of the output group was
used as the control quantity of the yaw rate gain at this time.

The process of solving for the corresponding comprehen-
sive evaluation index J7g, by substituting the position K, of
a single particle p into the tracked vehicle steering dynamics
equation is shown in Fig. 7.

C. DRIVER MODEL
The driver model is an important tool for analyzing the per-
formance of a human-vehicle closed-loop system. Based on
the previous work of Guo et al. [24], a driver’s ideal lateral
acceleration preview model was established. For a known
expected trajectory, the driver’s ideal lateral acceleration pre-
view model is shown in Fig. 8. XOY is the geodetic coordinate
system, and x,Oy, is the relative coordinate system. X ()
and Y (¢) are the absolute coordinates of the centroid of the
tracked vehicle at time ¢, x,.(t) and y,.(t) are the relative
coordinates of the centroid of the tracked vehicle at time ¢,
and 6 is the yaw angle of the tracked vehicle.

The relationship between x, Oy, and XOY can be expressed
as follows:

{x, = Xcosf + Ysinf (35)

vy = Ycosf — Xsinf
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Assuming that 6 is constant at time ¢, the velocity compo-
nents of the centroid of the tracked vehicle in the X -direction
and Y-direction can be expressed as follows:

. (36)

X = vy, cost) — vy,sind
Y = vysinf + vy,cosf

If the driver’s preview time is T, the abscissa of the preview
point in the geodetic coordinate system can be expressed as
follows:

Xt+T)=X @) +XT. (37)

Y (t 4 T) can be obtained by the known expected trajectory
function f(¢). The coordinate y.(t 4+ T) transformed using
Formula (35) can be expressed as follows:

vt +T)=Y(t+T)cosd — X (t + T)sinf (38)

According to the principle of the minimum expected tra-
jectory error, the ideal lateral acceleration y, (£)* can be
determined as follows:

2
yr ()" = ﬁ)’(t +T) = yr(t) = TH(). (39

According to the preview following theory, the steering
wheel angle 8}, can be obtained as follows:

WL Htes elds
Gay 14+ ths’

85 =5 (1) (40)
where G,y is the lateral acceleration gain, 7. is the steering
derivative time constant, 7z is the driver’s nervous system
response delay time, #; is the operation delay time considering
the driver’s arm operation and steering wheel inertia.

V. SIMULATION
The steering control simulation model of a zero-difference
tracked vehicle was established by MATLAB/Simulink, and
the proposed steering control method was simulated and veri-
fied. The driving model of the tracked vehicle was established
according to the work of Purdy et al. [25]. The simulation
model structure is shown in Fig. 9. Three methods were
selected to control the steering of the tracked vehicle:

1) Method 1: steering control of the tracked vehicle with
fixed i., where i, = 60,

2) Method 2: fixed yaw rate gain control method, where
K, = 0.6,

3) Method 3: steering controller based on PSO algorithm.

The fixed yaw rate gain was set to K, = 0.6, and the
variations of i, are shown in Fig. 10.

A. SIMULATION EXPERIMENT OF CONTINUOUS
STEERING OF TRACKED VEHICLE BASED ON SINUSOIDAL
REFERENCE TRAJECTORY

1) LOW-SPEED STEERING CONTROL

The tracked vehicle was controlled by three methods to steer
continuously according to the sinusoidal reference trajectory
atvy, = 3m/sin 2nd gear. Fig. 11 shows the steering trajecto-
ries. At low speed, all three methods could control the tracked
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FIGURE 9. Simulation model structure.

wheel angle made the driver’s steering operation behavior
cumbersome and increased the driver’s driving burden. Under
vehicle to follow the reference trajectory, with method 3 con- the control of methods 2 and 3, the steering wheel angle
trolling the tracked vehicle with a higher trajectory tracking of the tracked vehicle changed less, and the steering wheel
accuracy. Fig. 12 shows the variations of 6. When the tracked was more sensitive, which was more in line with the driver’s

vehicle steering was controlled by method 1, 6 varied sig- driving habits when the tracked vehicle turned at low speed.
nificantly, and 6pn,x = 0.3 rad/s. The large variations of 6 Fig. 14 shows the change of comprehensive evaluation index.
reduced the steering stability of the tracked vehicle. Fig. 13 Under the control of method 3, the comprehensive evaluation

shows the change of the steering wheel angle. Under the index of the tracked vehicle was significantly lower than that
control of method 1, the steering wheel variations of the of methods 1 and 2. The simulation results illustrated that
tracked vehicle increased. The large change of the steering the designed PSO-algorithm-based steering controller was
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FIGURE 12. Variations of 6 when the tracked vehicle was continuously
steered at vy, = 3 m/s.

more suitable for low-speed steering control of the tracked
vehicle.
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FIGURE 13. Variations of the steering wheel angle when the tracked
vehicle was continuously steered at vy, =3 m/s.
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FIGURE 14. Variations of the comprehensive evaluation index when the
tracked vehicle was continuously steered at vy, = 3 m/s.

2) HIGH-SPEED STEERING CONTROL

The tracked vehicle was controlled by three methods to steer
continuously according to the sinusoidal reference trajectory
at vy, = 6 m/s in 3rd gear. Fig. 15 shows the steering
trajectories. Compared with the steering performance of the
tracked vehicle at v, = 3 m/s, method 1 had difficulty accu-
rately controlling the tracked vehicle to track the expected
trajectory at v, = 6 m/s. The steering trajectory of the
tracked vehicle oscillated around the reference trajectory.
The reason was that the steering wheel was too sensitive at
high speed. The driver’s response and operation delay could
not meet the driving requirements of the high-speed steering
control of the tracked vehicle using method 1. In order to
improve the steering stability, it was necessary to increase
the i, of the tracked vehicle at high speed. Under the con-
trol of methods 2 and 3, the trajectory tracking error of the
tracked vehicle increased compared with that at low speed.
The variations of 6 are shown in Fig.16. When the tracked
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FIGURE 15. Driving trajectories when the tracked vehicle was
continuously steered at vy, = 6 m/s.
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FIGURE 16. Variations of 6 when the tracked vehicle was continuously
steered at vy, = 6 m/s.

vehicle steered at high speed, 6 increased and the steering
stability of the tracked vehicle decreased. Fig. 17 shows the
change of the steering wheel angle. Under the control of
method 1, the steering wheel of the tracked vehicle con-
tinuously changed significantly. When the tracked vehicle
turned at high speed, continuously and significantly adjusting
the steering wheel angle would cause the tracked vehicle
handling and steering stability to be low, and it would also
greatly increase the driver’s burden and improve the driving
difficulty. For the driver, when using method 1 for vehicle
steering control, in order to reduce the steering wheel vari-
ation range and increase the steering stability, the preview
distance could be appropriately increased. Under the control
of methods 2 and 3, the angular velocity of the steering wheel
increased compared to that under the low-speed control of
the tracked vehicle, the steering wheel sensitivity decreased,
and the handling stability increased. The variations of the
comprehensive evaluation index are shown in Fig. 18. When
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FIGURE 18. Variations of the comprehensive evaluation index when the
tracked vehicle was continuously steered at vy, = 6 m/s.

using methods 2 and 3 for tracked vehicle steering control, the
comprehensive evaluation index was reduced, which showed
that the two steering control methods had higher handling
stability when the tracked vehicle was continuously steered
at a higher speed according to the sinusoidal trajectory.

B. SIMULATION EXPERIMENT OF TRACKED VEHICLE
STEERING BASED ON DOUBLE LANE CHANGE
REFERENCE TRAJECTORY

1) LOW-SPEED STEERING CONTROL

The tracked vehicle steered according to the double lane
change reference trajectory at vy; = 3 m/s in 2nd gear.
Fig. 19 shows the variations of the steering trajectory. At low
speed, the trajectory tracking accuracy of method 3 to control
the tracked vehicle for a double lane change was higher.
Fig. 20 shows the change of §. When method 1 controlled
the tracked vehicle steering, the yaw rate changed signif-
icantly, and the tracked vehicle steering stability was low.
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FIGURE 19. Steering trajectories when the tracked vehicle steered under
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FIGURE 20. Variations of § when the tracked vehicle was steered under
double lane change conditions at v, =3 m/s.
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FIGURE 21. Variations of steering wheel angle when the tracked vehicle
was steered under double lane change conditions at vy, =3 m/s.

Fig. 21 shows the change of the steering wheel angle. The
steering wheel variation range of method 3 was smaller than
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FIGURE 23. Steering trajectories when the tracked vehicle was steered
under double lane change conditions at v, = 6 m/s.

those in methods 1 and 2, which proved that method 3 was
more sensitive for controlling the steering wheel of the
tracked vehicle at low speed. Fig. 22 shows the change of the
comprehensive evaluation index. At low speed, the handling
stability of method 3 was better than that of methods 1 and 2 in
controlling the steering of the tracked vehicle.

2) HIGH-SPEED STEERING CONTROL

The tracked vehicle steered according to the double lane
change reference trajectory at vy, = 6 m/s in 3rd gear. Fig. 23
shows the steering trajectories. When using method 1 to
control the tracked vehicle for the double lane change steering
control, the tracked vehicle trajectory oscillated up and down
around the reference trajectory. Fig. 24 shows the change of 6.
The yaw rate of double lane change steering control increased
and the steering stability decreased at high speed compared
to those at the low speed. Fig. 25 shows the steering wheel
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TABLE 3. Calculated values of the evaluation index of the steering control.

Path Speed Je Jepar  Jb Jomar I Jrpax Js Jsmax JrE Jrey,
method 1 0.072 0375 0.025 0.22 0.24 1.904 0.529 3.818 0.288 0.945
Sinusoidal vy, = 3m/s method2 0.054 0266 0.019 0.147 0.24 1.893 0.537 3.827 0.268 0.95
Reference method3  0.033  0.184 0.003 0.042 0.037 0.131 0.091 0.289 0.082 0.222
Trajectory method 1 1.38 6484 0959 3.823 0454 1299 1.06 2.67 1.2 4.576
Vg, = 6m/s method2 0.118 0.591 0.04 0.222  0.172 0.871 0.389 2.652 0.289 0.893
method3  0.108  0.63 0.036 0479 0.148 0982 0.349 247 0.284 0.882
method 1 0.046 0.31 0.028 0.25 0.34 1.847 0.753 3.843 0.371 0.944
Double Vg, = 3m/s  method2  0.04 0.329 0.026 0.351 0.325 1.851 0.717 3982 0339 0095
Lane method3  0.025 0.236  0.014 0.162 0.17 1.561 0.38 3426 0.253  0.926
Change method 1 0376 4.069 0.28 3.001 0.207 1439 0477 285 0.306 2.934
Vg, = 6m/s  method2  0.06 0.993 0.054 0.837 0.099 1.112 0.189 2.636 0.193 091
method 3 0.04 0.747 0.029 0.585 0.076 1.09 0.151 2.523 0.113  0.881
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FIGURE 24. Variations of ¢ when the tracked vehicle was steered under
double lane change conditions at vy, = 6 m/s.
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FIGURE 25. Variations of steering wheel angle when the tracked vehicle
was steered under double lane change conditions at vy, = 6 m/s.

angle changes. When method 1 controlled the tracked vehicle
steering, the steering wheel angle changed continuously and
significantly, which could easily cause driver fatigue. Fig. 26
shows the change of the comprehensive evaluation index.
When methods 2 and 3 were used to control the tracked
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FIGURE 26. Variations of comprehensive evaluation index when the
tracked vehicle was steered under double lane change conditions at
Vi = 6 m/s.

vehicle steering in the double lane change condition at high
speed, the tracked vehicle had better handling stability.
Table 3 shows the calculated values of the evaluation index
of the steering control of the tracked vehicle at different
speeds according to the sinusoidal reference trajectory and
double lane change reference trajectory. From the calcula-
tion results of J, and J,, ., when the tracked vehicle was
controlled by method 1 for high-speed steering, the J, and
Jemax Values of the vehicle steering control increased rapidly,
and the tracked vehicle had difficulty accurately following the
reference trajectory. Methods 2 and 3 ensured the trajectory
tracking accuracy of the tracked vehicle when steering at
high speed. From the calculation results of J, and Jp,_, the
Jp and Jp,, values when method 1 was used to control the
vehicle steering at high speed significantly increased.
The results showed that the driver had difficulty adapting to
the steering wheel sensitivity of the tracked vehicle at high
speed. In order to control the tracked vehicle to accurately
track the reference trajectory, the steering wheel had to be
adjusted continuously. In this case, experienced drivers with
longer preview distances and shorter operation response
times might be required to complete the corresponding steer-
ing operation. According to the calculation results of the
rollover and skidding risk assessment indices I, jx, Jrinax
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and Jy, . were still very large when using methods 2 and 3
to control the tracked vehicle for high-speed steering. The
high-speed steering safety of the tracked vehicle was the next
research focus. It can be seen from the calculation results
of Jrg and JTE,.x that the control effect of method 2 was
significantly improved compared with that of method 1 at
high speed. However, the tracked vehicle handling stability
when using method 2 to control vehicle steering was almost
not improved at low speed. At low speed, the J7¢ calculated
by method 3 was reduced by 49.17% and 44.8% compared
with those of methods 1 and 2, respectively. At high speed, the
Jre was reduced by 73.64% and 17.63%, respectively. The
calculation results showed that compared with the other two
methods, the steering controller based on the PSO algorithm
could greatly improve the handling stability of the tracked
vehicle and had better adaptability to changes of the steering
conditions and vehicle speed.

VI. CONCLUSION

A conclusion might elaborate on the importance of the
work or suggest applications and extensions. Aiming at the
zero-differential steering control problem of the hydraulic-
mechanical transmission tracked vehicle, a vehicle steer-
ing dynamics model was established based on the shear
stress model, and a steer-by-wire controller was designed
based on the PSO algorithm. The steering control simula-
tion model of the tracked vehicle was established by using
MATLAB/Simulink. The tracked vehicle was controlled by
a method with a fixed i., the fixed yaw rate gain control
method, and an SBW controller designed using the PSO
algorithm. The following conclusions could be drawn from
the simulation results:

(1) When the tracked vehicle was steered at high speed
with fixed i, the steering wheel was too sensitive, making
it difficult for the tracked vehicle to steer according to the
reference trajectory. The continuous and significant change
of the steering wheel angle increased the driver’s burden, and
the vehicle handling stability was poor.

(2) The fixed yaw rate gain method was used to control the
steering of the tracked vehicle, which effectively improved
the handling stability of the vehicle at high speed. However,
compared with the fixed i, method, this method did not
improve the vehicle handling stability at low speed.

(3) Compared with the fixed yaw rate gain control method,
the vehicle steering controller based on the PSO algorithm
further optimized the handling stability of the vehicle during
high-speed steering. During low-speed steering, the vehicle
handling stability was still significantly improved compared
with that of the fixed i method. This method has better
control adaptability to the changes of the tracked vehicle
speed and steering conditions.
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