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ABSTRACT The traditional articulated steering vehicles rely on the hydraulic steering system and seg-
mented body structure to achieve vehicle steering. The folding steering process exhibits strong hysteresis,
which reduces the steering maneuverability and also impacts the autonomous driving performance. This
paper proposes a novel control method of folding steering based on differential-hydraulic frequency division
cooperation for the redundant drive characteristic of distributed-drive articulated steering vehicles. The
main contributions of this paper are as follows: 1) By introducing the speed term into the folding angle
control, a position-velocity double closed-loop structure is employed to determine the steering demand
torque and achieve the variable steering ratio and accurate control of the folding angle. 2) According to the
frequency-domain characteristics of the hydraulic and differential steering systems, a first-order low-pass fil-
tering algorithm is utilized to decompose the steering demand torque into high-frequency and low-frequency
components. The high-frequency torque is borne by the differential system, while the low-frequency torque
is borne by the hydraulic system, thereby addressing the challenge of cooperative control of multiple
actuators. 3) An experimental platform for the distributed-drive articulated steering vehicle is constructed,
and the credibility of the dynamic model is experimentally validated. 4) The manipulation and path-tracking
performances of the proposed folding steering control method are analyzed. The results indicate that,
compared to the hydraulic steering system, the average folding angle rise time and phase delay are reduced
by 19.8% and 44.4%, respectively, significantly improving the follow-up performance of folding steering.
Furthermore, the average lateral position error and heading angle error in path tracking control are reduced
by 38.1% and 27.5%, respectively, which contribute to the electrification and intelligent development of
articulated steering vehicles.

INDEX TERMS Articulated steering vehicles, distributed driving, differential-hydraulic frequency division
cooperation, folding steering control, path tracking.

I. INTRODUCTION

Articulated steering vehicles (ASVs) are a kind of low-
speed, special-operation vehicle suitable for driving on
all-terrain surfaces and in narrow spaces. They con-
sist of two vehicle bodies and are connected by an
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intermediate articulated mechanism, which has the advan-
tages of a small steering radius, large load capacity, and
high flexibility. ASVs are widely used in the fields of
mining, construction, and agriculture. References [1] and
[2], especially in the mining trackless auxiliary transport
and operation system, where they play an important role
and effectively reduce manual labor intensity and safety
risks [3].
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The traditional ASVs adopt the centralized drive and
hydraulic steering, resulting in low control freedom for
the whole vehicle [4], [5]. With the advancement of elec-
tronic control technology, the ASVs are gradually developing
towards distributed electric drive and composite steering, i.e.,
distributed-drive articulated steering vehicles (DASV), sig-
nificantly enhancing vehicle control flexibility [6]. In recent
years, numerous scholars have conducted extensive research
on the performance optimization of the hydraulic system,
energy consumption control, and path tracking control of
DASVs, achieving notable results [7], [8], [9], [10], [11],
[12]. In [7], a differential drive collaborative steering (DDCS)
method is proposed, which utilizes differential torque to
overcome steering resistance, thereby reducing energy con-
sumption of the steering system. The influence of DDCS on
vehicle motion and the differential torque axis distribution
coefficient on drive system energy consumption is explored.
In [9], the stability difference between the nonlinear and
linear models of ASVs under the action of external dis-
turbances is analyzed, and a new method to improve the
stability of ASVs by controlling the oil filling pressure is pro-
posed, which has the advantages of simple control and lower
energy consumption. In [12], a path-tracking control method
is proposed that combines preview control with sideslip com-
pensation. This compensation mechanism is used to further
eliminate tracking errors under sideslip conditions, thereby
not only improving control accuracy but also accelerating
convergence speed. However, the unique characteristics of
ASVs, such as body structure, steering mode, and driving
conditions, lead to strong nonlinear and hysteresis of the
folding steering system [6], [13], which restricts the improve-
ment of vehicle maneuverability and driving safety, as well as
the application of autonomous driving technology. Therefore,
it is necessary to conduct more intensive research on the
folding steering performance of DASVs.

At present, the folding steering methods of DASVs are
divided into three types: hydraulic steering, differential
steering, and differential-hydraulic cooperative steering. The
hydraulic steering method achieves folding steering by push-
ing the relative rotation of the front and rear bodies around
the articulation point, utilizing the expansion and contraction
movements of hydraulic cylinders arranged symmetrically
on both sides of the vehicle body. Due to the hydraulic
system suffers from numerous transmission links, poor seal-
ing of components, the compressibility of the oil, and other
problems, resulting in poor response speed and energy uti-
lization [14]. Additionally, the range of the folding angle
will be limited by the stroke of the hydraulic cylinder [15].
However, its high power density can provide sufficient steer-
ing torque, and the hydraulic system has a certain damping,
which contributes to the steering stability of the vehicle [16].
The differential steering method does not require special
steering devices. By controlling the output torque of the
driving motors on the left and right sides of the vehicle, the
longitudinal forces acting on the inside and outside wheels
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are altered, thereby generating a yaw moment that drives the
vehicle to change its folding angle [17]. Based on the advan-
tage of the DASVs can independently control the driving
force of each wheel, the differential steering method offers
faster response speed and higher energy utilization [18], [19].
In [1] and [6], both studies use the yaw velocity of the vehicle
body as a reference and design a direct yaw moment control
system using a sliding mode controller (SMC) and a com-
bined algorithm of composite nonlinear feedback and active
disturbance rejection control (CNF+ADRC), respectively.
In this manner, the differential steering method completely
replaces the hydraulic steering method, improving the steer-
ing response performance and path-tracking control accuracy
of the vehicle. However, the magnitude of the differential
steering torque is limited by the performance of the drive
motors and the adhesion condition of the wheels. Addition-
ally, because there is no additional support at the articulation
point, the vehicle body is more prone to swaying behavior
under the action of external interference.

The differential-hydraulic cooperative steering method
effectively combines the advantages of both steering meth-
ods. The differential torque generated by each wheel can
assist the hydraulic steering system to operate more effi-
ciently and improve the response performance of the vehicle
steering [17]. Simultaneously, the intervention of differential
steering will inevitably share part of the steering resistance,
thereby reducing the working pressure and energy consump-
tion of the hydraulic system. Furthermore, the stability of
folding steering can be improved by absorbing the fluctua-
tions of the steering demand torque through the appropriate
yaw moment [20], [21]. To obtain the appropriate yaw
moment, in [22], a direct yaw torque control strategy is
designed based on feedforward and feedback compensation
by using a 3-DOF model as the steering reference model,
with the yaw velocity and the sideslip angle of the center of
mass of the front and the rear bodies as the control variables.
In [23], the feedforward and feedback control strategy is
also adopted, but it adds the Ackermann steering geometry
relationship in the 2-DOF reference model to determine the
feedforward control quantity of the direct yaw moment and
utilizes the linear quadratic regulator (LQR) to calculate the
feedback compensation control quantity. In [24], by lineariz-
ing and discretizing the vehicle mathematical model, the
MPC method was used to calculate the direct yaw moment
required by the front and rear bodies under external distur-
bances, aiming to reduce their impact on vehicle stability.
Although the application of various intelligent algorithms
enables precise calculation of the required yaw steering
torque, the output of the hydraulic steering system is not
fully considered, i.e., the coupling manner of the two steering
modes, so it is difficult to form a favorable cooperation with
the hydraulic steering system.

All the above researches focus on the energy saving and
stability control problems in the steering process of ASVs,
and the lack of research on the follow-up performance in
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the folding process. Specifically, the whole vehicle steering
process of ASVs can be divided into two stages: folding and
steering. Among them, the folding stage refers to the process
from the steering command to the change of the folding angle
(the angle of relative rotation of the vehicle body on both
sides of the articulation point), and its main index is the
rapidity and accuracy, i.e., the folding angle needs to respond
to the steering command quickly so that the vehicle can adjust
the attitude in time. At the same time, the folding process
needs to be precisely controlled to ensure the accuracy and
safety of the steering. The steering stage refers to the process
from the steering command to the change of the vehicle
heading angle (the angle of the vehicle relative to the geodetic
coordinate system), and its main index is stability to avoid the
occurrence of dangerous situations such as yaw, overturning,
and skidding. Since the heading change of ASVs is realized
by the folding motion, the folding process is a prerequisite for
the steering, which has a significant influence on the steering
performance of the whole vehicle.

Different from the previous research, this paper focuses
on the folding process of DASVs. The primary objective is
to improve the follow-up performance of folding steering
and address the coupling problem between differential and
hydraulic steering. To achieve this, by fully utilizing the char-
acteristics of the rapid motor response and redundant drive
of the DASVs, and the precision control offered by the dou-
ble closed-loop control structure, a folding steering control
method based on differential-hydraulic frequency division
coordination is proposed. The overall control idea is as fol-
lows: the vehicle steering demand torque is determined based
on the deviations of the target steering angle and steering
velocity from the actual feedback of the vehicle folding angle
and folding velocity, and then the steering demand torque is
divided into high-frequency torque and low-frequency torque
by a low-pass filtering algorithm. The high-frequency torque
is converted into the driving torque of each wheel through
the differential torque distribution model. The low-frequency
torque is converted into the input and output pressure of the
hydraulic cylinder through the inverse dynamics model of
the hydraulic steering system, and then the hydraulic steering
control system controls the thrust generated by the hydraulic
cylinder acting on the front and rear bodies. Considering that
the filter coefficient significantly impacts the low-pass filter-
ing outcome, the turning point of the phase delay trend for
the hydraulic steering system is used as the cut-off frequency
to determine the filter coefficient. This approach ensures a
rational distribution of the steering demand torque. The final
analysis is not only concerned with the performance index of
the folding process itself but also investigates its influence on
path tracking control.

The rest of the paper is organized as follows: In Section I,
the nonlinear vehicle dynamics model of DASVs is estab-
lished. In Section III, the folding steering control strategy
based on differential-hydraulic frequency division coopera-
tion is introduced in detail. In Section IV, the whole vehicle
model is experimentally validated and the performance of the
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proposed method is analyzed in terms of folding follow-up
performance and path tracking performance, respectively.
Finally, the main conclusions are given in Section V.

Il. DYNAMIC MODEL OF DASVs

A. VEHICLE BODY MODEL

Assuming that the vehicle travels on a flat road surface and
neglecting the effects of slope gradients and air resistance,
the DASVs can be described as a vehicle model with eight
degrees of freedom, including longitudinal, lateral, and yaw
movement of the front body, yaw movement of the rear
body, and rotational motions of the four wheels. As shown
in Fig. 1, O1X;Y; and O2X,Y, are the local coordinates
of the center of mass for the front and rear bodies, respec-
tively. The moment subjected to the vehicle body is positive
in the clockwise direction and negative in the counter-
clockwise direction. The force direction is positive in the
coordinate system direction and negative in the reverse
direction.

FIGURE 1. Force diagram of the DASVs.

According to the force balance at the articulation point and
the vehicle kinematic relationship, the dynamic differential
equations of the forces and moments of the front and rear
bodies in the longitudinal, lateral, and yaw directions are
established as follows:

my (i —viw1) = Fp + Frp + Ry

my (V1 +uiw1) = Fip + Fipyr — Ry (1)

Loy = Mg + Myy + Mg + RyLy>

my (it — vywy) = Frp — Fyr — Ry cOSO — Ry sin 6

my (Vo + upwn) = Fryr + Fpyr — Ry sin® + Ry cos 6

han = My + My + Mg + (Rycos6 — R, sin6)L,
2

where 6 is the folding angle, u; and u» are the longitudinal
speed of the front and rear bodies, v and v, are the lateral
speed of the front and rear bodies, m; and m; are the mass of
the front and rear bodies, /; and /> are the moment of inertia
of the front and rear bodies around the center of mass, w; and
w» are the yaw velocity of the front and rear bodies around
the center of mass, Ry, Ry, R, and R|, are the internal force
of the interaction between the two bodies at the articulation
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point, Ry = —Ry, R, = —Ry. The remaining variables are
defined as follows.

The equivalent resultant forces along the X-axis and Y-axis
of the center of mass, and the moment around the Z-axis,
which are generated by the longitudinal and lateral forces
acting on the wheels, are expressed as:

Fop = Fx1 + Fx2
Fiyr = Fy1 + Fy 3)
Fir = Fx3+ Frg

l Ftyr = Fy3 + Fy4

[ My = (Fx1 — Fx2)B
My = (Fy1 + Fy2)Lgy @)
My = (Fx3 — Fx4)B
My, = (Fy3 + Fya)Lyy

where F); and Fy; are the longitudinal and lateral forces of
each wheel, i € (1 — 4) representing the left front, right
front, left rear, and right rear wheels, respectively, B is half of
the wheelbase, Ly; and L, are the distance from the center
of mass of the front and rear bodies to the axles of their
respective body, respectively.

The equivalent component forces of the hydraulic cylinder
thrust along the X-axis and Y-axis of the front and rear bodies
are expressed as:

Fhyy = Fprcosay + Fpreosan
Fnyr = Fpp sinay — Fprsinag )

Fryr = Fppcosasz + Fprcosoy
Fpyr = Fprsinay — Fyp sinag

where Fp;, and Fjg are the thrust force of the left and right
hydraulic cylinders, and ¢;, i € (1 — 4) is the angle between
the axis of the hydraulic cylinder and the longitudinal axis of
the front body and rear body, respectively, as shown in Fig. 2.

Rear body

FIGURE 2. Schematic diagram of articulated steering structure.

The yaw moments generated by the hydraulic cylinder
thrust around the Z-axis at the center of mass of the front and
rear bodies are expressed as:

(6

My = AFprc+ AFpyrLes
Mg = AFpyd + AthrLr3
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AFpyy = Fpcosay — Fpreosan

AFpy = —Fpr sino + Fpg sinayp )
AFp = —Fppcosas + Fprcosoy
AFpy, = —Fpp sinaz + Fprsinay

Since the front and rear bodies are connected via the
steering pin, their velocities at the steering pin are equal.
Consequently, the motion state of the rear body relative to
the front body can be described as:

t
% :/ (w1 — wo)dt
0

uy = uj cos — (vi — Lppwy) sin6

®
V2 + Lyiwz = up sinf + (vi — Lypwy) cos 0

The angular speed of wheel rotation wy; is related to the
motor driving torque T,,;, then the differential equation of
wheel rotation dynamics can be expressed as:

L = Tyiion — (fFz + Fyi)ry 9

where I; is the moment of inertia of the wheel, iy is the
transmission ratio of the wheel reducer, 7 is the transmission
efficiency, f; is the rolling resistance coefficient of the wheel,
ry 18 the rolling radius of the wheel, F; is the vertical load of
the tire, i € (1 — 4).

According to the kinematic constraints between the front
and rear bodies, and eliminating the internal forces Ry and R,
at the articulation point, the vehicle dynamics model is shown
in (10). Among them, the inputs of the vehicle dynamics
model are the hydraulic cylinder thrust Fj; and Fpg, and the
tire force F;, and Fy,. The outputs are the velocity u; and v of
the front body, the yaw velocity w; and w», and the rotational
velocity wy; of the wheel. Other vehicle parameters, such as
folding angle 6, rear body speed up and v, can be further
derived from the above outputs.

(my +mp)ity — maLypwy sin® = (my +m)viwy - - -
—mszzw% — merzw% cos 0 + Fy cos + Fiyp - - -
+Fpyr sin6 + Fyr €080 + Fpyp sin0 + Fyr

(my +mp)v; — mszzd)l — mpLowy cosf = Fryf -+~
—(my + my)urwy + merza)% sin@ + Fyy, cosf - - -
—Fpyr 8in€ — Fpy sin€ + Fpyr cos 0 + Fpyr

miLavy + oy = —miLpuywy + FryeLp + Mg - -
TFhyr L2 + Miyr + My

myL,pity sin® +myL,ovi cosO + hhawy = My, - - -
—muiLypwy cosO + FprLy cosO + My, - - -
+mviLyow1 sin @ + Fpp Ly sinf + Mg, - - -

+Fyr Lo sin® + Fpyr Ly cos 6

Ly = Titon — (fsFzi + Fxi)r

(10)

B. TIRE MODEL
As an important medium for the interaction between the
vehicle and the ground, the tire provides various input
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forces needed in the vehicle [25]. The Fiala tire model is a
dimensionless analytic formula derived from the simplified
theoretical model of the tire, which can calculate the change
law of longitudinal force and lateral force with the slip rate
and sideslip angle [26]. Compared with other tire models, the
Fiala tire model has the advantages of simple form, small
calculation amount, and strong versatility, and it has high
accuracy under good steering conditions excluding longitu-
dinal and lateral combined slip [27]. The longitudinal force
Fy is:

K.s, Is| < Sge
Fe=1 . (WF)*
) szgn(s)(uleI— Lk ) Is| > S
X
(11)
wF;
See = 12
» ‘sz (12)

where K, is the tire longitudinal stiffness, Sy is the critical
point of rolling and sliding at the tire grounding mark. When
|s| < Sy, the tire is rolling. When [s| > Sy, the tire is sliding.
1 is the friction coefficient between the tire and the road
surface, which is a function of the static friction coefficient
s when the wheel is pure rolling (s = 0), the kinetic friction
coefficient u; when the wheel is pure sliding (s = 1), and the
tire slip rate s, expressed as:

— (15 — i)V + tan’ (@) (13)

The lateral force F) is:

n = Ks

po_ | mRIFI O = Esign(en) + vKy, el <
| = 1F sign(an), loe| > @t
(14)
K, |t
H=1- M (15)
3 |Fy|
3u|F.
e = arctan( a Zl) (16)
Ky

where K, is the tire lateral stiffness, K, is the tire camber
stiffness, y is the tire camber angle, «; is the tire sideslip
angle, a is the critical point of rolling and sliding at the tire
grounding mark, when |o;| < o, the tire is rolling, when
lor| > e, the tire is sliding.

C. HYDRAULIC STEERING SYSTEM MODEL

The hydraulic steering system adopts the structure form of
a symmetrical valve controlling an asymmetric hydraulic
cylinder, and the main components include a three-position
four-way electro-hydraulic proportional directional valve,
hydraulic cylinder, and hydraulic pump station, as shown
in Fig. 3.

The displacement of the valve spool and differential pres-
sure determine the flow rate at the inlet and outlet of the
electro-hydraulic proportional directional valve. Therefore,
the load flow equation for the oil inlet and oil return circuit in
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Proportional directional
control valve

Pressure transmitter
Temperature transmitter

FIGURE 3. The overall structure of the hydraulic steering system: 1-left
side hydraulic cylinder, 2-right side hydraulic cylinder, 3-proportional
direction valve, 4-oil pump, 5-overflow valve, 6-hydraulic accumulator,
7-pressure transmitter, 8-temperature transmitter.

the hydraulic steering system is as follows:

H 41 = Cawxen/2ps — p1)/p

a7
g2 = Cawxe\/2(p2 — po)/p
where ¢ and g, are the flow rate at the inlet and outlet of the
valve, Cy is the flow coefficient, w is the area gradient of valve
port, and w = Apax / Xmax, Ps and pg is the oil supply pressure
and return pressure for the hydraulic system, pjand p» is the
oil inlet pressure and return pressure of the hydraulic cylinder,
p is the density of hydraulic oil, x, is the displacement of
value spool, and x, = Kijic, i, is the control current of the
proportional electromagnet, the positive current indicates that
the hydraulic oil flows from port P to port A, and the negative
current indicates that the hydraulic oil flows from port P to
port B.
The flow rate at the inlet and outlet of the steering system
consists of two parts, expressed as:

q1 =qrL1 +4qr2, 92 = qr2 +qr1  ic > 0.25
g1=0,9o=0 -025<i.<025 (18)
q1 =412+ 4qr1,92 =qrL1 +qr2  ic < —0.25

where qr.1, q1.2, qr1, and gg2 are the flow rates of the rodless
and rodded chamber of the left and right hydraulic cylinders,
respectively, expressed as (19) and (20), shown at the bottom
of the next page, where A and A, are the areas of the rodless
and rodded chamber of the hydraulic cylinder, respectively,
E is the elastic modulus of oil, C;and C, are the internal
and external leakage coefficients of the hydraulic cylinder,
Vij and p;ji = L,R, j = 1,2) are the oil volume and
pressure for the rodless and rodded chamber of the left and
right hydraulic cylinder, respectively, Ap;, = pr1 — pr2,
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Apr = Pr1 — PRr2, AXp and AXp are the changes in the
length of the left and right hydraulic cylinder, respectively,
where a positive value indicates that the hydraulic cylinder is
extended, and a negative value indicates that it is shortened,
and AXL = XL — XL(), AXR = XR — XR(), XL and XR
are the length of the left and right hydraulic cylinder when
steering, X7 o and Xgo are the initial length of the left and right
hydraulic cylinders, respectively.

According to the directional characteristics of the
hydraulic cylinder and the proportional valve, it is known
that:

p1=pL1 =PR2, P2 =PRI =pLr2 ic >0.25 21
pP1 =PRI =pLr2, P2 =PR2 =pL1 ic <—=0.25

The oil volume of each chamber of the hydraulic cylinder
is expressed as:

Vi = Ai(l) + AXL)
Vio = Ax(l — AXL)
Vg1 = A1(lh + AXR)
Vg2 = Ax(l — AXR)

(22)

where /1 and I, is the length of the rodless and rodded
chambers of the hydraulic cylinder at the beginning.

Based on (18) and combined with (19) to (22), the differ-
ential equation of oil pressure p; and p> can be obtained as
follows (23)—(25), shown at the bottom of the next page.
where V| and V; are the oil volume of the hydraulic cylinder,
and Vi = Vi1 + Vgo, Vo = Vg1 + Vi

Then the left and right hydraulic cylinder thrust F;; and
Fyr are expressed as:

) (26)
Fpr = A1pr1 — Aopro — fs1 AXR

[ Frno = Aipr1 — Aopro — f1 AXp

where f;1 is the coefficient of kinetic friction.

By bringing the hydraulic cylinder thrust Fj; and

Fpr, wheel force F, and F) into the vehicle body

model, the vehicle nonlinear dynamics model coupled with

the steering system and tire model of DASVs can be
obtained.

Realization of folding steering control of DASVs based on
differential-hydraulic frequency division cooperation

Driver ©\ Control ‘!_
Inputs command'i

Upper level control system

Folding steering control

A
Solving for 1 .1 ¢ Y
. | Chopper
Eeneanand : torque { processing
P— S
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|| S EEEE 4

| I
“ s Q
. Drivin Z|2
I Drive control £ Z|g
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|
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FIGURE 4. The workflow of the proposed steering control strategy.

Ill. FOLDING STEERING CONTROL EMPLOYING
DIFFERENTIAL-HYDRAULIC FREQUENCY DIVISION
COOPERATION

The control system employs a hierarchical architecture, with
the upper level determining the folding steering torque and
driving torque, and the lower level distributing the target
torque to each actuator. The overall workflow of this control
strategy is shown in Fig. 4. The upper level control system
solves the steering demand torque based on the steering
command and the vehicle state information. To avoid the
hydraulic pressure shock generated in the switching pro-
cess of positive and negative steering torque, the chopper
regulator is used to divide the vehicle steering torque into
positive torque (the torque in the same direction of the folding
velocity) and negative torque (the torque in the opposite direc-
tion of the folding velocity). The lower level control system
inputs the positive torque into the high and low-frequency
dynamic distribution model and is further decomposed into
low-frequency components and high-frequency components
by frequency division processing. To ensure the basic steer-
ing ability, the low-frequency positive torque is executed by

qr2
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[ 11 = AV AXL + priVii/E1 + CiAprL + Cepri
qr2 = —A2AXR + proVre/E1 — CiApR + Cepra
qr1 = —A1AXg — priVr1/E1 — CiApR + Cepri
a2 = Ao AXy — praVia/Er + CiApr + Ceppo
qr1 = —A1AXL — pLiVii/Er — CiApr + Cepr
A2 AXg — praVra/E1 + CiApr + Cepro
qr1 = A|AXg + priVri/E1 + CiApg + Cepri
| q12 = —A2AXp + praVia/E1 — CiApr + Cepra

ic > 0.25 (19)

i. < —0.25 (20)
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the hydraulic steering mechanism. To improve the respon-
siveness of the vehicle folding steering, the high-frequency
positive torque and all negative torque are executed by the
differential steering mechanism, so that the hydraulic and
differential steering form a favorable cooperation. Finally, the
target pressure of the hydraulic cylinders and the target torque
of each driving wheel are calculated by the hydraulic control
model and the differential control model. The specific design
process of the controller is as follows.

A. STEERING TORQUE SOLUTION BASED ON
POSITION-SPEED DOUBLE-LOOP REGULATION

The ideal steering control necessitates simultaneous control
over both speed and position. Therefore, the speed term
is incorporated into the position control loop to improve
the system response performance from an internal control
perspective. The controller structure of double closed-loop
control of both folding position and speed for ASVs is shown
in Fig. 5. Among them, the input of the position loop is
the target steering angle and the actual folding angle of the
vehicle, and the output is the folding velocity. The role of
the position loop is to enable the vehicle to follow the target
steering angle issued by the driver. The input of the speed
loop is the folding velocity output by the position loop and
the actual folding velocity of the vehicle, and the output is the
whole vehicle steering demand torque. The role of the speed
loop is to enable the vehicle to quickly respond to the change
in the target folding angle.

C, ()

out

\/

G, (s)

L Position loop e

FIGURE 5. The structure of double closed-loop controller with folding
position-speed.

Since the speed is related to the position, the controller
adopts the form of a folding position loop and speed loop in
series. The inner loop is the folding speed loop, and the outer
loop is the folding position loop. The output of the previous

loop is the input of the next loop, and the output of the
last loop is the steering control amount 7. The closed-loop
control adopts the PID algorithm, then the inner and outer
loop transfer functions are as follows:

1
Cin(s) = Kpfin + Ki*in; + Ki—ins 27

1
Cour(s) = Kp—out + Ki—out; + Ki—ours (28)

Based on the dynamics model of ASVs and using a sinusoidal
signal as input, PID parameters are determined through time
domain analysis of the folding steering process. Among them,
the frequency range of the sinusoidal signal from 0.1 Hz
to 2 Hz, changing by 0.1 Hz at each step, the amplitude range
from O deg to 30 deg, changing by 5 deg at each step, and
the range of steering torque is set to be between -11600 N-m
to 11600 N-m. Finally, the outer-loop parameters of the dou-
ble closed-loop controller are specified as K, o, = 30000,
Ki—oww = 0, Kg_ouy = 20000, and the inner loop adopts
proportional control with a parameter K,,_;, = 5.

Chopping refers to a signal processing technique where
the steering demand torque signal is modulated to distinguish
between components that are the same with and opposed
to the direction of the folding motion. This chopping pro-
cess is implemented through an amplitude limiting operation,
denoted as:

Tsp =T Tsp =0
Tsp = 07 Tsn = TS

sign(Ty) = sign(y)
sign(Ty) # sign(6y)

where T, is the torque where the steering demand torque is
in the same direction as the folding velocity, and Ty, is the
torque where the steering demand torque is in the opposite
direction to the folding velocity.

(29)

B. FOLDING STEERING TORQUE DISTRIBUTION BASED
ON FREQUENCY DIVISION COOPERATION

Since the frequency domain characteristics depict the
response capability of the system to various frequency input
signals, the steering demand torque is allocated based on
the frequency domain characteristics of both the differential
steering system and the hydraulic steering system. Specif-
ically, the respective target steering torques for the two

-25< i, <25,606=0
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[ p1 = E1/Vilg1 — A1 AX + Ay AXR — 2Ci(p1 — p2) — 2Cepi]

P2 = E1/Va[—q2 — A1 AXg + A2 AXp + 2Ci(p1 — p2) + 2Cep2] (23)
ic>25, 60 >0 (Turnright)

p1 = E1/Valq1 — A|AXg + Ay AXp, — 2Ci(p1 — p2) — 2Cepi]

P2 = E1/Vil—q2 — A1 AXL + A2 AXR + 2Ci(p1 — p2) + 2C.p2] (24)
ir < =25, 6 <0 (Turn left)

p1 = E1/Vo[—A1 AXg + A2 AX — 2Ci(p1 — p2) — 2Cepi]

P2 = E1/Vi[—A1AXL, + Ay AXR + 2Ci(p1 — p2) + 2Cep2] (25)
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steering systems are derived through the frequency decom-
position of the steering demand torque. In this manner, the
two steering modes can be coordinated to avoid mutual
interference. Furthermore, the steering demand torque after
frequency decomposition represents the respective desired
output of the two steering systems. However, these values
cannot be directly employed as the control targets for the
drive motor and hydraulic cylinder. Instead, they must be
further transformed into the control inputs for each actuator
through the differential torque distribution model and the
reverse solution model of hydraulic pressure.

1) HIGH-LOW FREQUENCY DYNAMIC DISTRIBUTION MODEL
In the steering control process of ASVs, the steering demand
torque is composed of components of different frequencies.

Among them, the high-frequency component contains the
rapid changes or details of the signal, and the low-frequency
component represents the overall trend or smooth part of the
signal. In this paper, the frequency domain characteristics of
the differential steering system and hydraulic steering system
are utilized to assign steering demand torque, specifically by
employing filtering technology to decompose the frequency
components of the steering demand torque.

The first-order low-pass filtering algorithm is a classical
signal processing technology with a simple structure, fast
calculation speed, and stable filtering effect [28], [29]. There-
fore, based on the first-order low-pass filtering algorithm,
this study designed the high-low frequency dynamic distri-
bution model of the frequency division cooperative steering
control strategy. The working principle is to calculate the
current filter output value through the weighted average of the
current sampling value and the previous filter output value.
Therefore, the positive torque Ty, in the vehicle steering
demand torque is taken as the input, and it is divided into
high-frequency torque T, , and low-frequency torque Ty 4,
expressed as:

[ Top 1 (1) = aTy () + (1 —a) Tep 1 (t — 1) o)

Tsp_h @) = Tsp @) — Tsp_l ()
where Ty, (¢) is the sampling value of the filter, T, ; (t — 1)
is the filtering result of the previous moment, and a is the
filtering coefficient, between 0 to 1, which determines the
filtering effect of the algorithm, expressed as:

1

:—f
1+m

where f is the sampling frequency, and fy is the cut-off
frequency.

a

(3D

2) DIFFERENTIAL TORQUE DISTRIBUTION MODEL

The torque distribution algorithm of distributed-drive vehi-
cles to achieve differential steering is primarily categorized
into two types: rule-based and optimization-based [30],
[31]. Although the optimization-based torque distribution
algorithm offers potential advantages, it tends to be more
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complex and exhibits poorer real-time performance. Con-
sequently, the rule-based torque distribution algorithm is
adopted. Since the yaw movement direction of the front body
and rear body for the ASVs is opposite when steering, the
relationship between the differential steering torque of the
front body and rear body and the high-frequency torque T, 5,
and negative torque Ty, is as follows:

[ Mtxf = Tsp_h + Tsn

(32)
Mtxr = _(Tsp_h + Tsn)

To reduce the sensitivity of the differential folding steer-
ing system to the disturbance with high frequency and tiny
amplitude, further restrictions need to be imposed on the
upper bound of the frequency response of differential steering
torque M,y and My, . The restriction method still adopts the
low-pass filter in equation (30), where the filter coefficient is
calibrated according to the driving experience in real vehicle
applications. The relationship between differential steering
torque and wheel force is as follows:

[ My = (Fyi — Fx2)B = 2AF, B o)

My = (Fy3 — Fx4)B = 2AFt)ch

Therefore, the amounts of torque variation required by the
front and rear drive motors to achieve differential steering are:

M
aty = Moo,
AT, = L

2Biy

To ensure the vehicle speed does not change greatly after
applying the differential torque, the driving torque of the
whole vehicle needs to remain unchanged. Therefore, during
the differential steering process, when the driving torque on
one side of the body increases, the driving torque on the other
side should be reduced to ensure the total driving torque of
the same axle remains unchanged. The target output torque
of each drive motor is as follows:

Top h + T

T = Tdf + ?17_2 Bio =

T T — Tsp h+ Ton

m2 df 2Bl0 (35)

Tsp_h + Tsn

Tz = Tar — 2Bio
T, n + T,

Tpg = Tyr + YI772Bl’0 8

where Ty is the drive torque to maintain the vehicle speed,

ie(f,r).

3) HYDRAULIC PRESSURE REVERSE SOLUTION MODEL

The relationship between the hydraulic steering torque at
the center of mass for the front and rear bodies and the
low-frequency steering torque Ty, ; is:

Msf = Tsp_l (36)
Msr = _Tsp_l
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According to the force relationship (6) of the articulated
structure in Part A of Section II, the relationship between the
hydraulic cylinder thrust and the torque acting on the center
of mass of the front and rear bodies is equation (37), as shown
at the bottom of the page, then the hydraulic cylinder thrust is
shown in equation (38), as shown at the bottom of the page.

According to the dynamic model of the hydraulic steering
system in Part C of Section II, the force balance equation of
the hydraulic cylinder is as follows:

’ Fpr = A\Ppy — AoPro — fu AXL (39)

Fir = A1PR1 — AyPry — fs1 AXR

Define the pressure relationship in each chamber of the
hydraulic cylinder as:

P =Py =P
[ L1 R2 (40)

P’ =Pgi =Pp

By reverse solving (38) to (40), the relationship between
the target pressure of the hydraulic cylinder and the
low-frequency steering torque during steering can be
obtained as follows:

p_ Jsi AXp, + Ay AXg) + Fi A1 + FirAs
= 2_ 2
. A4

_ [s1(A1AXR + Ay AXL) + FprA1 + Fpr Ay
= 2_ A2
AT — 43

(41)
P//

C. FILTER COEFFICIENT DETERMINATION BASED ON
FREQUENCY DOMAIN ANALYSIS

When the sampling frequency has been determined, accord-
ing to the filter coefficient formula (31), a higher cut-off fre-
quency results in a larger filter coefficient @, which increases
the weight of the current input, enhancing the tracking effect
on the input and reducing amplitude attenuation. Conversely,
a lower cut-off frequency leads to a smaller filter coefficient
a, making the filtering effect more pronounced and caus-
ing amplitude attenuation, as high-frequency components are
more effectively suppressed. Given the critical role of the cut-
off frequency, it is essential to determine it in the design of
the filter. In this study, the frequency characteristics of the
differential steering system and hydraulic steering system are
used to determine the cut-off frequency. The transfer func-
tions of two steering systems are established and analyzed as
follows.

1) DIFFERENTIAL STEERING SYSTEM

The differential steering system primarily relies on the elec-
tric wheels on both sides of the vehicle body to output
different longitudinal forces to achieve vehicle steering.
Therefore, the motor adopts the torque control method. From
the working characteristics of the motor, it can be seen that
there is a certain response hysteresis, arising from both the
processing of the motor controller and the transition from the
input regulation voltage to the torque output, resulting in a
delay from the target torque to the actual torque response.
Assuming that the motor output torque follows the target
torque well, and the target torque does not exceed the lim-
itations of the motor characteristics, then the relationship
between the target torque Tyurge; and the actual output T,
of the motor can be equivalent to a first-order inertia sys-
tem [32], as follows:

Kk
"o ts + 1

where k is the proportional constant, here is 1, #,, is the time
constant of the motor response, and 7,, is motor efficiency.

According to the differential equation of wheel rotation
dynamics (9), ignoring the rolling resistance of the wheel
and assuming the vehicle is running in a steady state, i.e., the
angular acceleration of wheel rotation @ = 0, the longitudinal
force of the wheel is expressed as:

TiargetMm 42)

Tnit
Fy= mil0Nt (43)

Iy

When the driving force of the wheels on both sides of the
vehicle body is unequal, a differential torque will be gener-
ated at the center of the axle, and eventually transferred to the
center of mass of the vehicle body. Therefore, the maximum
differential steering torque formed by unequal wheel forces
from the left and right wheels is expressed as:

T, = (Fxl - FXZ)B ~ 2FxlB (44)

Based on (42) to (44), the closed-loop transfer function of
a differential steering system with motor target torque Trqyger
as input and steering torque T as output is as follows:
2Bign;nmk

M(s) = 45
() FywltmS + 1y + 2Bign: nmk 43)

2) HYDRAULIC STEERING SYSTEM

The principle of the hydraulic steering system controlled by
an electro-hydraulic proportional valve is shown in Fig. 6.

My = (Fprcosay — Fyreosan)e + (Fpg sinap — Fyp sinay)Ly3

My, = (Fpreosag — Fppcosasz)d + (Fpgsinag — Fpp sinaz)L,3 37
Foy = Ty gl(dcosay + Ly3 sinay) + (Ly3 sinap — ccosas)]
(ccosay — Ly3 sin 0%1 )dcosayg + L,3 sin q4) + (dcosaz + L,3 sin qg)(Lfg sin oy — ccosay) (38)
Fip = . sp_1[(dcosaz + Lr.3 sin «3) — (ccosay — Lf3. sino)] .
(L3 sinap — ccosap)(dcosas + Ly3 sinasz) + (dcosay + Ly3 sinag)(ccosay — Ly sinay)
VOLUME 12, 2024 143703
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P 4
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Ps Po

FIGURE 6. Hydraulic steering system of electro-hydraulic proportional
valve controlled.

Taking the state of the vehicle turning to the right as an
example, the hydraulic steering system model is simplified
to obtain the system transfer function.

Within the effective stroke of the valve spool, the elec-
tromagnetic force of the proportional solenoid valve is
approximately proportional to the input current i.. Therefore,
the dynamic equation of the spool is as follows:

d%x, dx,

g T ey T 2Kexe

where m, is the equivalent mass of the valve spool, x, is
the displacement of the valve spool, K, is the spring stiff-
ness, C, is the viscous damping coefficient, and K; is the
force-current amplification coefficient of the proportional
solenoid.

When the vehicle turns right, x, > 0, p; > p2, the load
flow equation of the electro-hydraulic proportional direction
valve is:

Kiic = m, (46)

2

q1 = Cawxe, | ;(Ps —p1) 47
2

q2 = Cawx, ;Pz (48)

Since the steering system is composed of two hydraulic
cylinders in parallel, the oil volume of the hydraulic cylinder
contains two parts, expressed as:
Vi =Vori +Ai1AXL + Vory — A2 AXR
Va2 = Vora — A2 AXL + Vori + A1 AXR

(49)
(50)

where V| is the volume of the left rodless chamber and the
right rodded chamber, V> is the volume of the right rodless
chamber and the left rodded chamber, Vor1, Vor2 and Vog1,
Vor2 are the initial volumes of the rodless and rodded cham-
ber of the left and right hydraulic cylinders, respectively. Then
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the flow continuity equation of the hydraulic cylinder is as

follows:
A dAXy A dAXg 20 )
a=A— 2 ip1 — P2
dpi
+ 2Cep1 +)»1? (29
dAXg dAX],
=A —A
q2 1 i 2 i
dp>
+2Ci(p1 — p2) — 2Cep2 — A2 (52)

dr

where A1 ~ (Vo1 + Vor2)/E1, A2 = (Vor2 + Vor1)/Er.
Define p; and g7 denote the load pressure and load flow,

respectively. According to the power balance principle can be

obtained:
PL X qL =Pp1qg1 — p2q2 = (P1 — np2) 41 (533)
Then define:
pL =p1—np2 (54)
qr = q1 (55
Combining (47) and (48), g2/q1 = A2/A| = n, then obtain:
p2 = (ps — pon’ (56)
By eliminating p; or p, from (56) and (54), then obtain:
L 28
nzl(l?—t ’ pL) ©7)
PE T

Based on (55) and (57), linearizing (47) at any working point
(PLa» Xeq) 18 Obtained:

- chL (58)

2 ps—DPLa
K,=C —(—
q dw‘,p(1+n3)

is the flow amplification coefficient, and

qL = que

where

CawXey
2(ps — PLa)

is the flow-pressure amplification coefficient.

z Ps —PLa
o 1+nd

K. = )

Based on (51) and combined with (55) to (57), obtained:
dAXy dAXg dpy,
=A —A C; C, AMl—
qL 1 7 2 ar + Ciipr + Ce1ps + 211 dr
(59
where
Al I Voir + Vozr
)\, = = y
D=9 T 1r n3( E| )
2Ci(n® — n?) +2C.n3 2Ci(1 +n*) +2C,
Cel - 3 k) il = 3 .
1+n 1+n
Laplace transform is performed on (46), (58), and (59), as:
KiI = mesX, + CosX, + 2K X, (60)
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0L = Kqu —K.PL (61)
0Or = A1sAXp — AasAXg + Cit Pp + Co1 P + A11SPL
(62)

Based on (60), the transfer function of the electro-hydraulic
proportional directional valve is as follows:
X K;

G(s) = =% = 63
() I mes?+ Cos + 2K, ©3)

By combining (61) and (62), eliminating intermediate
variables Oy, and ignoring internal and external leakage coef-
ficient, the system transfer function with spool displacement
X, as input and Py, as output is obtained as:

Ky
H(s) =
1S + K
K
B 2 : Vo1V, (64)
1-:;13 I:%(ll + l2)E—!1 + %}02[3] s+ KC

To facilitate calculation, assuming that the length of the
steering arm in the hydraulic steering system is constant and
equal to dy = d; = d», the closed-loop transfer function of
the hydraulic steering system with the spool control current
i as input and the steering torque T as output is as follows:

Cls) = G(s)H (s)(A1 + A2)dy 65)
1 + G(s)H(s)(A1 + A2)dy

Fig. 7 shows closed-loop Bode diagrams for differential
and hydraulic steering systems. Among them, the pressure
of the hydraulic system is 5 MPa, and assuming that the load
pressure of the light load condition is 1 MPa, and the load
pressure of the heavy load condition is 4 MPa. It can be
seen that the closed-loop cutoff frequency of the differential
steering system is 66.6 Hz, and that of the hydraulic steering
system under light and heavy load conditions is 14.5 Hz and
11.4 Hz, respectively. Obviously, the system bandwidth of
the differential steering system is higher. When the amplitude
decays to -3 dB, the phase delay of the differential steering
system is 44.6 deg, and that of the hydraulic steering sys-
tem under light and heavy load conditions is 151.2 deg and
131.4 deg, respectively. Therefore, under the same amplitude
ratio, the phase delay of the differential steering system is
the smallest and has higher real-time performance. From
the phase-frequency characteristic curve, it can be seen that
around 0.3 Hz, the hydraulic steering system and the dif-
ferential steering system begin to show an obvious phase
delay phenomenon, and the phase delay trend of the hydraulic
steering system under heavy load conditions is the largest.
To make full use of the rapid response ability of differ-
ential steering system and reduce the impact of bandwidth
limitation of hydraulic steering system on folding steering
performance, the turning point of phase delay of the hydraulic
steering system is determined as the cutoff frequency of first-
order low-pass filtering algorithm, i.e., fy = 0.3 Hz, the
filtering coefficient a = 0.018.
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FIGURE 7. Closed-loop Bode diagrams for differential and hydraulic
steering systems.

IV. CASE STUDY

To verify the effectiveness of the proposed folding steering
control method based on the differential-hydraulic frequency
division cooperation (CSC), a numerical simulation model
is established in MATLAB/Simulink, based on the verified
dynamic model of the DASVs, as shown in Fig. 8. The
comparison object is the hydraulic steering control (HSC).

A. SIMULATION MODEL ESTABLISHMENT AND
VERIFICATION

To ensure the credibility of the performance analysis results
of the folding steering control, the simulation model is first
verified based on real-vehicle experiments. In the validation
scheme, the actual driving signals recorded during the real-
vehicle experiments, such as vehicle speed and steering angle,
are utilized as inputs to the numerical simulation model. This
ensures that the simulation environment is approximately
consistent with the experimental conditions. By comparing
the experimental and simulation data of key vehicle state
parameters in the time domain, the accuracy of the simulation
model is verified, and the key parameters in the simulation
model are corrected according to the analysis results.

The experimental vehicle is a scale prototype of the mine
underground support handling vehicle, which adopts the drive
and control systems of the real vehicle, as well as the four-
wheel-drive form of the motor plus reducer combination,
as shown in Fig. 9. To detect the vehicle state information
during the experiment, the vehicle is also equipped with the
wheel speed encoder, angle sensor, displacement sensor, and
an integrated navigation system. And the acquisition system
consists of the bus test software (Vehicle Spy3) and the CAN
data acquisition module (ValueCAN3), which can record the
data from each sensor and the vehicle control system in real
time. The main parameters of the experimental vehicle are
listed in Table 1.
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FIGURE 9. Experimental vehicle and sensor layout (Angle sensor:
SME-64, 0-360 deg @ 0.08 deg, Linear displacement sensor: KPM18-300,
0-300 mm @ 0.01 mm, Integrated Navigation System: CSL-410, attitude +
400 deg, acceleration + 8g).

The experiment employs full-load transient steering con-
dition, i.e., when the vehicle is driving at a constant speed,
the folding angle changes continuously from one value to
another. The experimental site is a single-shift line path
arranged with conical barrels, in which the longitudinal
length is 10 m and the lateral length is 5 m of the lane
change section. During the experiment, first drive the vehi-
cle to accelerate from a standstill to 10 km/h, and then
maintain a constant speed. When reaching the lane change
section, the steering lever is operated to make the vehicle shift
to the left to the straight lane on the other side. Fig. 10 shows
the experimental scene, as well as the driving signals about
vehicle speed and steering angle.

Fig. 11 shows the comparison of the vehicle parame-
ters between the simulation and experiment. As shown in
Fig. 11(a), both experimental and simulated values of the
folding angle closely track the changes in the steering con-
trol target. Notably, the folding angle attains its maximum
values for left and right turns approximately at 11.5s and
13.5s, respectively, which is consistent with the steering con-
trol inputs. In Fig. 11(b), the variation in vehicle speed is
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TABLE 1. The main parameters of the experimental vehicle.

Parameters Value Unit
Front body mass with unload 570 kg
Front body mass with full load 1570 kg
Rear body mass 1350 kg
Moment of inertia for front body at unload 164.9 kg-m?
Moment of inertia for front body at full load 409.4 kg-m?
Moment of inertia for rear body 529.8 kg-m?
Rolling radius 0.34 m
Rolling resistance coefficient 0.02 -
Maximal articulation angle 35 deg
Wheel track 1.16 m
Rated torque of drive motor 92.5 N'm
Gear ratio of the wheel reducer 64 -
Longitudinal tire stiffness 115000 N-m!
Lateral tire stiffness 57000 N-rad™!

presented. Apart from a relatively minor amplitude deviation
observed during the steering process, the simulated vehicle
speed can follow the experimental speed trend and remains
stable at approximately 10 km/h. Combining the changes in
the yaw velocity of the front and rear bodies in Fig. 11(c) and
Fig.11(d), it can be seen that the simulation results are largely
congruent with the experimental results. Notably, during the
steering process, the simulation also shows the oscillation
phenomenon of the steering system, which arises from the
compression of oil in the hydraulic cylinder, due to the insta-
bility of the steering lever and the inertia movement of the
counterweight.

Fig. 12 shows the comparison between the actual vehicle
trajectory and the simulated trajectory. During the steering
process, the lateral movement distance of the vehicle is about
4 m, and the longitudinal distance is about 10 m, which con-
forms to the experimental scheme. Moreover, the trajectory
variation trend of the simulation is consistent with that of
the actual vehicle. The maximum trajectory deviation of the
front and rear body occurs at the lateral displacement in the
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FIGURE 10. Experiment process of full load transient steering condition.

process of lane change, and the deviation values are 0.19 m
and 0.26 m, respectively. Based on the above analysis, it can
be observed that the variation trend of vehicle state parame-
ters and motion trajectory in the DASVs model established
in this study is consistent with experimental results, with
smaller deviation values. Therefore, the model possesses high
credibility and can be utilized for subsequent folding control
and path tracking control analyses.

B. STEERING CONTROL PERFORMANCE ANALYSIS

To analyze the folding follow-up performance of the CSC,
simulations were conducted using step inputs of contin-
uous steering angle with steady-state values of 5 deg,
10 deg, and 15 deg, as well as sinusoidal inputs of steer-
ing angle with amplitudes of 10 deg, 20 deg, and 30 deg,
and a frequency of 0.8 Hz. These simulations were per-
formed on a good road surface, at a speed of 10 km/h,
and under unloaded conditions. The results are presented
in Fig. 13 and 14.

As can be seen from Fig. 13(a), there is no overshoot or
oscillation in the folding angle of CSC and HSC, therefore,
the steering control system is relatively stable. Moreover,
under the continuous step input of 5 deg, 10 deg, and
15 deg, the average rise time of folding angle for CSC is
0.789s, 0.766s, and 0.863s, and for HSC is 0.998s, 1.006s,
and 1.014s, respectively. Compared with HSC, CSC has a
20.9%, 23.9%, and 14.9% reduction in folding angle rise
time, respectively, which enables fast tracking of steady-state
steering targets. It is worth noting that, at t=10s, the tangent
slopes of the response curves for the CSC are 36.4, 48.6,
and, 56.9, and for the HSC are 9.4, 18.3, and 26.5, respec-
tively. The intervention of the differential torque at the initial
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FIGURE 11. Comparison of vehicle state parameters.

steering moment makes the folding response of the CSC
faster. Fig. 13(b) shows the control results during the step
steering at every 10 deg interval. It can be seen that the total
steering demand torque shows a sudden change at the initial
steering moment, then slowly decreases, and finally stays
near a stable value to maintain the steady steering process.
This is because the vehicle must overcome a large body iner-
tia of mass when transitioning from steady-state driving to
transient steering, which requires a large and rapid response
in steering torque to ensure prompt steering action. Compared
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FIGURE 12. Comparison of vehicle trajectories.

with HSC, the rapid response of motor torque in the CSC
is fully utilized at the initial steering moment, so that the
folding angle of CSC can quickly follow the desired steering
angle. In combination with Fig. 13(c), the variation of vehicle
speed for CSC has a more obvious fluctuation, but the overall
fluctuation amplitude is smaller, staying within 1 km/h. How-
ever, for ASVs with low driving speed and complex operating
conditions, the improvement of steering performance is more
important than driving.

As shown in Fig. 14(a), under the sinusoidal input of the
steering angle with amplitudes of 10 deg, 20 deg, and 30 deg,
the average amplitude ratios of the folding angle for CSC
are 1.005, 0.998, and 1.014, and the average phase delays
are 3.8 deg, 4 deg, and 4.7 deg, respectively. The average
amplitude ratios of HSC are 0.963, 0.968, and 0.971, and
the average phase delays are all 7.5 deg. In contrast, the
phase delay of CSC is reduced by 49.6%, 46.2%, and 37.7%,
respectively, and the lag time and amplitude difference are
smaller, which has better transient following performance.
Fig. 14(b) shows the control result of the sinusoidal input with
an amplitude of 10 deg. It can be seen that the differential
steering system can always provide a certain steering torque
at the moment of each reversal, which slows down the impact
of the hydraulic system during the reversal process, resulting
in the yaw velocity of the front and rear bodies smoother,
and ensures better stability during the steering process of
the vehicle. Fig. 14(c) shows the vehicle speed variation of
the sinusoidal input with an amplitude of 10 deg. The speed
fluctuation amplitude of the two steering systems is kept in
a small range. According to the above analysis, the folding
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FIGURE 15. Single-shift line path tracing results.

steering system based on CSC has better steady state and
transient control effects.

C. PATH TRACKING PERFORMANCE ANALYSIS

Being able to execute steering control commands accurately,
stably, and rapidly is an important foundation for achiev-
ing unmanned autonomous driving [33]. In this section,
a path-tracking controller for ASVs based on PurePursit is
established according to reference [34], and path-tracking
performance under both CSC and HSC are compared and
analyzed, respectively.

Typical reference paths for path tracking tests include
straight line, ring, snake, and single-shift line paths, etc.
Among them, the single-shift line path contains the char-
acteristics of both straight-line driving and left and right
turns [35]. Therefore, the test condition utilizes a single-shift
line path with a vehicle speed of 10 km/h under full load. The
results are shown in Fig. 15. Overall, the path tracking error
appears at the turn, and the tracking error at the second turn
is significantly larger than that at the first turn, which is due
to the greater curvature at the second turn. Specifically, the
peak lateral error of HSC is 0.335 m and the peak heading
angle error is 0.272 rad, whereas for CSC is 0.177 m and
0.198 rad, respectively. By comparison, the maximum lateral
error and heading angle error of CSC are reduced by 47.2%
and 27.2%, respectively, which shows that CSC can improve
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FIGURE 16. Vehicle motion state parameters.

path-tracking accuracy. Moreover, CSC can make the vehicle
enter the stable state earlier at the end of the turning, indicat-
ing that the vehicle returns to the right direction faster under
the cooperative steering.

At the same time, according to the vehicle state parameters
shown in Fig. 16, it can be seen that both CSC and HSC
can effectively maintain the vehicle speed at the reference
level. Although the speed fluctuations of CSC are relatively
pronounced, the overall variation amplitude remains minimal
(£0.1 km/h), which does not have a significant impact on
vehicle driving. Furthermore, the changes in yaw velocity
and folding angle are relatively smooth, and the changing
trends of both are basically similar. From the above analysis,
it can be seen that the path-tracking performance of DASVs
utilizing CSC is superior to that achieved with HSC, i.e.,
different chassis steering-by-wire systems have a significant
impact on the path-tracking performance. Specifically, if the
folding pro-cess can be completed quickly and accurately,
tracking deviation due to folding errors will be reduced, and
conversely, the path tracking deviation will be increased.

Fig. 17 presents a radar chart that visually compares the
performance of the folding control system. In this chart,
smaller values along each axis indicate superior performance
in the corresponding aspect. The evaluation indexes use the
average folding angle rise time and delay time, both of which
represent the folding performance, and the average lateral
position error and heading angle error, both of which rep-
resent the path tracking performance, as shown in Table 2.
Compared with HSC, CSC reduces the average rise time,
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FIGURE 17. Comprehensive performance comparison.

TABLE 2. Evaluation indicators.

Indicator Computational formula

O =(ts+1,,+ tms)/S

Folding angle rise time
0, = (00 +laz0 +1450)/3
o, =Z|N e,‘/N
0.=% e /N

Folding angle delay time
Lateral position error

Heading angle error

delay time, lateral position error, and heading angle error by
19.8%, 44.4%, 38.1%, and 27.5%, respectively. Therefore,
the comprehensive performance of CSC is significantly better
than that of HSC, especially the delay time of folding angle
has been greatly improved, and has better folding follow-up
performance.

V. CONCLUSION

This paper introduces a novel control method for fold-
ing steering based on differential and hydraulic frequency
division cooperation. Specifically, a double closed-loop con-
trol of folding angle and folding velocity is employed to
determine the folding steering demand torque. Utilizing a
first-order low-pass filtering algorithm, the steering demand
torque is decomposed into high-frequency and low-frequency
components, which are then allocated to the differential and
hydraulic systems, respectively. Based on the experimentally
verified articulated steering vehicle model and the PurePursit
path tracking control algorithm, the performance of the pro-
posed folding motion control method and its implication on
path tracking accuracy are analyzed. The main conclusions
are as follows:

1) The folding process of articulated steering vehicles
can be decoupled from the overall vehicle steering pro-
cess, enabling separate research to be conducted on the
folding control process and improving the dynamic respon-
siveness of vehicle steering by optimizing the folding motion
performance.
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2) Frequency division cooperation can make full use of
the respective advantages of the differential steering system
and the hydraulic steering system, effectively improve the
follow-up performance of the folding steering process, and
avoid conflicts and interference between different steering
actuators.

3) Folding motion control has a significant impact on the
path-tracking performance of articulated steering vehicles,
offering novel insights and guidance for enhancing the overall
path-tracking control performance of these vehicles.
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