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Abstract. To address the problem of reduced comfort caused by vehicle tilt for hilly tractor driver, a novel seat posture
omnidirectional levelling system is designed, and an omnidirectional rapid levelling control strategy (QBP-PID) is proposed,
which fuses Q-learning, Back Propagation (BP) neural network, and Proportional-Integral-Derivative (PID) control. Firstly, an
omnidirectional levelling system for seat posture is designed based on kinematic principles. On this basis, a model for the
omnidirectional levelling system is established using valve-controlled hydraulic cylinder principles. Subsequently, addressing
the challenge of difficult parameter tuning for the levelling system's PID control, a multi-level parameter update strategy
employing QBP-PID is proposed for rapid omnidirectional levelling control. Simulation results show that under QBP-PID
control, the 15° lateral levelling time is 2.98 s with an overshoot of 0.32°; The longitudinal levelling time at 20° is 3.41 s with
an overshoot of 0.95°. Compared to BP-PID and PID, the lateral levelling time is reduced by 18.13% and 27.66% respectively,
while the longitudinal levelling time decreased by 17.63% and 31.6% respectively. The superiority of the QBP-PID

omnidirectional rapid levelling control strategy has been demonstrated.

Key words: seat posture, omnidirectional levelling, back propagation neural network, Q-learning.

1. INTRODUCTION

Hilly and mountainous terrain accounts for approximately 24%
of the world's land area, extending across multiple continents
including Asia, Europe and the Americas. It constitutes one of
the key regions for agricultural production [1]. However, the
rugged terrain, steep slopes and narrow roads in such areas pose
significant challenges to agricultural mechanization operations
[2-4]. As the primary power source for agricultural production
in hilly and mountainous terrain, the performance of tractor
directly impacts the quality of field operations [5-8]. In
response to the issue of reduced driver comfort arising from
altered seating positions due to cab tilt during ploughing
operations on hilly terrain with varying ridge heights, levelling
technology emerges as a critical solution. This technology
effectively enhances the driver's experience and boosts
operational efficiency [9,10]. With the continuous advancement
of intelligent and automated technologies, related research has
garnered increasing attention.

Levelling systems were first applied to the body levelling of
agricultural machinery. Tracked combine harvesters produced
by Japanese companies such as Kubota and Daido utilize track
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lifting mechanisms to adjust the height of individual tracks,
thereby compensating for lateral body tilt [11,12]. In the paper
[13], a manually operated levelling mechanism for mowers was
devised to ensure the cutting deck remains consistently level
with the tractor. In the paper [14], a levelling system for
combine harvester header was devised. However, the above
levelling systems are not suitable for certain working conditions,
such as mountainous tractor ploughing operations. In the paper
[15], an automatic tractor body levelling system was devised
that controls the extension and retraction of hydraulic cylinders
by acquiring tilt information from the tractor body, thereby
adjusting the tractor's posture. In the papers [16,17], an adaptive
levelling chassis suitable for hilly terrain was designed,
reducing chassis roll and pitch angles through dynamic
levelling. In the paper [18], a posture adjustment mechanism
based on a parallel four-bar linkage was proposed, enabling
lateral and longitudinal posture adjustments of the body.
Regarding cab levelling technology, the SKH-60 mountain
tractor produced by Swiss company Rigi and the Terratrac
series mountain tractors manufactured by Swiss firm Aebi
feature adjustable cab posture functionality [8]. Regarding
driving comfort enhancements, while body and cab levelling
improve overall machine stability, these systems suffer from
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high adjustment masses, slow response times, and potential
impacts on vehicle centre of gravity distribution and handling
characteristics. Seat levelling technology, however, offers
advantages of low adjustment mass and rapid response,
enabling precise real-time compensation. As an independent
system, it causes minimal interference with the vehicle as a
whole and offers high safety. However, seat levelling primarily
addresses perceived seating posture without eliminating visual
inclination, and its adjustment range is structurally constrained.
After comprehensively weighing performance, cost, safety, and
engineering feasibility, seat levelling technology is deemed the
most cost-effective and viable solution for enhancing driving
comfort in hilly terrain tractors under current technical
conditions. As regards seat posture levelling systems, their
practical application to tractor seat remains relatively
uncommon, with most tractor seat levelling research and
development still largely confined to the prototype
development stage. In the paper [19], an automatic levelling
system for agricultural machinery driver seat was investigated,
achieving lateral levelling between 2° and 13°. In the paper [20],
a seat levelling device capable of automatically adjusting the
driver's seat according to the machine's lateral tilt angle during
operation was designed. In the paper [21], a seat cushion
levelling device was developed and field trials were conducted
on the Dongfanghong LX754 tractor, verifying its practicality.
However, the above studies focused solely on lateral levelling,
failing to address the driver's forward or backward leaning
caused by pitch attitude changes when the machinery traverses
slopes or encounters undulating terrain. Consequently,
achieving omnidirectional seat levelling is crucial for ensuring
sustained driving comfort and operational stability.

To achieve precise and rapid response in a seat levelling
system, mechanical design alone is insufficient; efficient and
intelligent control methods play a decisive role. Currently,
Proportional-Integral-Derivative (PID) control is
predominantly employed for levelling systems, with common
variants including classical PID control, fuzzy PID control,
dual-loop fuzzy PID control, and PID control based on back
propagation neural network (BP-PID). In the paper [22], an
automatic levelling system for rotary tillers was designed,
employing a PID controller to regulate the electromagnetic
directional control valve and thereby control hydraulic cylinder
operation for automatic implement levelling. However, the PID
parameter tuning process proved complex, yielding suboptimal
control performance. In the paper [23], a fuzzy PID control
algorithm for a tractor automatic levelling control system was
developed, establishing mathematical models for X-axis and Y-
axis velocity levelling control of the tractor chassis platform. In
the paper [24], a dual-closed-loop fuzzy PID control algorithm
was devised capable of proactively adjusting the tractor
chassis's posture according to terrain characteristics,
demonstrating favorable adaptability on slopes. Whilst the
fuzzy PID approach achieves adaptive parameter tuning, its
fuzzy rules rely on expert knowledge and lack self-learning
capabilities. In the paper [25], a synchronous control system for
vehicle body and agricultural implement posture based on a
neural network PID algorithm was designed, enhancing the
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response speed and control accuracy of the posture control
system. In the paper [26], a neural network PID control
algorithm for vehicle chassis automatic levelling control
systems was proposed, addressing issues of overshoot and high
levelling delay in PID control. However, neural networks are
prone to local optima and their training convergence requires
improvement. In addition, in the paper [27], reinforcement-
learning (RL)-based adaptive PID control strategies have
recently been reported. Although such approaches exhibit
strong self-learning capability, they typically enlarge the action
space and increase computational burden, which may limit their
real-time applicability in electro-hydraulic systems. In recent
years, model-free Q-learning algorithms with autonomous
learning capabilities have demonstrated significant potential in
complex system control [28,29]. Integrating these with neural
networks holds promise for overcoming limitations in existing
control strategies and achieving higher-precision adaptive
control. Compared with existing hybrid control methods based
on neural networks and reinforcement learning, the proposed
QBP-PID strategy presents a distinct structural characteristic.
In conventional BP-PID, PID parameters are updated solely via
gradient descent, which may lead to slow convergence and local
optima. In RL-based adaptive PID, reinforcement learning
directly adjusts controller parameters or actions, increasing
computational complexity. In contrast, the proposed approach
employs Q-learning to optimize the BP weight update
dynamics rather than directly acting on the hydraulic system.
This results in a hierarchical and lightweight hybrid structure
that preserves PID interpretability and stability while improving
convergence and adaptability. However, research applying this
advanced composite control algorithm to address real-time seat
posture levelling for tractor in hilly and mountainous terrain
remains unexplored. A comparison of adaptive PID-based
control is summarized in Table 1.

TABLE 1. Comparison of adaptive PID-based control strategies

Control Parameter Self- Computational | Real-Time
strategy adaptation learning complexity Suitability
ability
Classical | Manual tuning None Low High
PID
Fuzzy Rule-based Limited Medium Moderate
PID adjustment
BP-PID | Neural network Yes Medium Moderate
tuning
RL- Direct RL Strong High Moderate—
based adjustment of Low
PID gains/actions
Proposed | BP tuning + Q- Strong Moderate High
QBP- learning
PID dynamics

It should be noted that, unlike RL-based PID methods where
reinforcement learning directly optimizes controller actions or
parameters, the proposed QBP-PID strategy only uses Q-
learning to adjust the momentum factor in the BP neural
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network weight update process. Therefore, the action space
remains small and the online computational burden is reduced.

Based on this, this paper addresses the requirement for seat
posture levelling in tractor operating in hilly and mountainous
terrain. Utilizing principles of kinematics, a novel seat posture
omnidirectional levelling system is designed. Building upon
this, a model for the seat posture omnidirectional levelling
system is established based on valve-controlled hydraulic
cylinder principles, and a QBP-PID omnidirectional rapid
levelling control strategy is proposed, which fuses Q-learning,
back propagation neural network, and PID control. The core of
this paper is to achieve omnidirectional, rapid and precise
levelling of the seat's posture, thereby enhancing driver comfort
and safety during slope operations and advancing the intelligent
development of agricultural machinery for hilly and
mountainous terrain. The main innovations of this paper are as
follows:

(1) Addressing driving comfort issues for tractor operators in
hilly and mountainous terrain caused by vehicle tilt, a novel
seat posture omnidirectional levelling system is designed
based on kinematic principles.

(2) To overcome the difficulty in tuning PID control
parameters for the omnidirectional seat levelling system, a
QBP-PID rapid levelling control strategy integrating Q-
learning, BP neural network and PID control is proposed.

The rest of this paper are as follows: Section 2 details the
design of the novel omnidirectional seat posture levelling
system. The novel seat posture omnidirectional levelling
system is designed in Section 3. Section 4 proposes the QBP-

PID rapid levelling control strategy. Section 5 presents

simulation analyses. Section 6 summarizes the main

conclusions of this paper.

2. DESIGN OF THE SEAT POSTURE OMNIDIRECTIONAL
LEVELLING SYSTEM

The core of the seat posture levelling system lies in its posture
adjustment actuator. Conventional seat levelling systems can
only adjust the seat's lateral tilt angle. When operating on
complex terrain, such as hilly or mountainous regions, where
the tractor undergoes pitching motions, maintaining the
driver's comfortable seating position becomes challenging. To
address this limitation, a novel seat posture omnidirectional
levelling system is designed in this paper. Its innovation lies
in achieving posture levelling across both lateral and
longitudinal degrees of freedom, thereby realizing true
omnidirectional levelling. Section 2.1 first designs the seat
posture omnidirectional levelling system based on kinematic
principles, establishing the relationship between hydraulic
cylinder displacement and seat tilt angle. Subsequently,
Section 2.2 outlines the operational principles of the seat
posture omnidirectional levelling system and details the
design of its hydraulic circuit.

21.
To address the complex terrain of hills and mountains with
steep slopes and narrow roads, this paper employs seat posture
levelling technology to enhance driver comfort. Capitalizing on

The seat posture omnidirectional levelling system
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the characteristic that the longitudinal installation space of the
seat exceeds its lateral dimensions, the designed levelling
system achieves a greater longitudinal levelling angle. The
omnidirectional levelling system designed in this paper is
essentially a simplified configuration of the Stewart platform.
As a classic parallel structure, the Stewart platform offers
advantages such as compact design, high rigidity, and high
motion precision. Its stability has been extensively validated in
the field of multi-degree-of-freedom attitude control. The
structure of the novel seat posture omnidirectional levelling
system is illustrated in Fig. 1, comprising three components: the
seat, the seat suspension, and the levelling system. The seat
posture omnidirectional levelling system serves as the core
actuator for achieving full-range seat posture adjustment in hill-
terrain tractors. The overall seat posture levelling system
configuration comprises: an upper layer forming the seat plane;
a middle layer comprising the seat suspension, which includes
a scissor-type seat structure, coil spring, and damper. The
elastic element is a coil spring. The two shear arms are
connected to each other, and the connection between the shear
arms and the upper/lower base plates forms a hinge mechanism.
The lower layer comprises the omnidirectional levelling system,
which connects to the middle layer suspension base and the
lower levelling base via hydraulic cylinders. The seat plane,
seat suspension, and omnidirectional levelling system form a
three-layer structure. This design reduces the working load on
the hydraulic cylinders and enhances the system's load-bearing
capacity. The intermediate suspension base and lower levelling
base employ a separate hydraulic system. Through the
extension and compression of hydraulic cylinders, the seat
maintains horizontal alignment in all directions. Specifically,
the intermediate suspension base and lower levelling base are
connected via a triangular hinge structure and four hydraulic
cylinders respectively. Two lateral hydraulic cylinders are
symmetrically arranged about the seat's longitudinal center
plane to ensure lateral levelling, while two longitudinal
hydraulic cylinders are symmetrically positioned about the
seat's transverse center plane to achieve longitudinal levelling.

Seat

Omnidirectional :
levelling system :

1. Seat surface, 2. Scissor-type seat mechanism, 3. Coil spring, 4. Damper,
5. Suspension base, 6. Longitudinal levelling cylinder, 7. Lateral levelling
cylinder, 8. Levelling base.

Fig.1. Structure of the seat posture omnidirectional levelling system

To more clearly illustrate the relationship between seat tilt
angle and seat geometric parameters, the complex structure
depicted in Fig. 1 has been simplified. Figure 2 shows the
simplified levelling system structure. Points O and C represent
the fixed central points of the seat posture omnidirectional
levelling system. Points D, E, F, and G represent the mounting
points of the lateral and longitudinal hydraulic cylinders on the
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levelling base. Points 4, B, H, and I denote the mounting points
of the lateral and longitudinal hydraulic cylinders on the
suspension base. Points 4’ and B’ correspond to points 4 and B
after tilting 6, while points A’ and I’ correspond to points H and
1 after tilting 6,. ¢o denotes the initial angle between CA4 and CD,
while ¢; denotes the initial angle between CH and CF.

Az 5 Az r

B H

(b)

Fig.2. Structure of the levelling system: a) lateral, b) longitudinal
Taking the lateral direction as an example, prior to tilt (6, =
0°), in triangle ACD:

(AD)? = (CA)* +(CD)? = 2(CA)(CD)cos ¢, (1)

After tilting (by angle 8;), the angle becomes (¢o - 6)).
Similarly:

(AD)* =(CA') +(CD)* —=2(CA)(CD)cos(¢,—6,)  (2)

Subtracting formulas (1) and (2) and employing geometric
formulas ultimately yields the expression for lateral tilt angle
in terms of hydraulic cylinder displacement:

(4D +Y,)’ =(4D)* ¥,
2(CA)(CD)

cos ¢,

3
(C4) sing, @

6, = arcsin(

where Y is the displacement of the lateral hydraulic cylinder,
Yo=(4'D)~(4D), in mm.

Similarly, the expression for the longitudinal tilt angle and
the hydraulic cylinder displacement can be derived:

(HF +Y,)’ = (HF)* Y, ‘cos¢1)

. 4)
2(CH)(CF) (CH) sing,

6, =arcsin(

where Y, denotes the displacement of the longitudinal
hydraulic cylinder, Y1=(H F)-(HF), in mm.

According to formulas (3) and (4), the displacement of the
lateral and longitudinal hydraulic cylinders can be converted
into the corresponding seat tilt angle.

The ideal seat tilt angles refer to the posture where the seat
plane is perpendicular to the direction of gravity, meaning the
normal vector of the seat plane aligns with the gravitational
vector. At this point, both ; and 6, are 0°. During actual
operations in hilly terrain, as the tractor continuously traverses
undulating landscapes, the vehicle's posture undergoes
dynamic changes. Consequently, the ideal seat tilt angles (6,
6,) are not fixed values but rather time-varying dynamic target
signals.

Equations (1-4) are derived from geometric relationships
without trigonometric linearization and are applicable within
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the typical operating inclination ranges encountered in hilly
terrain (lateral £15°, longitudinal +£20°). These equations are
formulated under the assumption that lateral and longitudinal
tilts are considered independently. Under compound
inclination conditions, coupled kinematic relationships should
be analyzed, resulting in a more complex geometric model.

2.2. Hydraulic circuit design for seat posture
omnidirectional levelling system

To ensure the hydraulic circuit of the seat posture
omnidirectional levelling system achieves the anticipated
load-bearing capacity and dynamic response performance,
this section shall first elucidate its operating principle.
Subsequently, based on this principle, the core parameters of
the actuator's lateral and longitudinal levelling hydraulic
cylinders (including cylinder bore and piston rod diameter)
and the power source (working pressure and flow rate of the
hydraulic pump) shall be designed. The direct objective of this
series of design tasks is to provide precise parameter
specifications for the system, thereby ensuring its capability
to achieve omnidirectional, stable, and rapid levelling
functionality.

The hydraulic operating principle of the seat posture
omnidirectional levelling system is illustrated in Fig.3. The
levelling system primarily comprises electromagnetic
proportional directional control valves and hydraulic
cylinders. The levelling system employs solenoid valves to
regulate the inflow or outflow of hydraulic oil into the
cylinder. When the control current is positive, the high-
pressure source forces oil into the hydraulic cylinder; when
the control current is negative, the oil flows in the opposite
direction. TL and TR denote the left and right lateral levelling
hydraulic cylinders responsible for seat lateral adjustment
respectively; V-TL and V-TR denote the left and right three-
position four-way solenoid proportional directional control
valves for the lateral levelling cylinders respectively; DF and
DB denote the front and rear longitudinal levelling cylinders
respectively; V-DF and V-DB denote the three-position four-
way electro-proportional directional valves for the front and
rear longitudinal levelling cylinders respectively. For lateral
levelling, the electromagnetic proportional directional valves
V-TL and V-TR control the oil flow into and out of the
hydraulic cylinders TL and TR. When oil enters the rodless
chamber of TR and the rod chamber of TL, while oil exits the
rod chamber of TR and the rodless chamber of TL, the right
of the seat rises; conversely, the left rises. For longitudinal
levelling, the hydraulic cylinders DF and DB are controlled
via the proportional directional valves V-DF and V-DB. When
oil enters the rodless chamber of DB and the rod chamber of
DF, while oil exits the rod chamber of DB and the rodless
chamber of DF, the back of the seat rises. Conversely, the
front rises.

The omnidirectional seat levelling system designed in this
paper employs independent lateral and longitudinal control.
During lateral levelling, the controller calculates control
signals based on lateral inclination error, driving electro-
hydraulic proportional directional valves V-TL and V-TR
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respectively to independently control the movement of the left
hydraulic cylinder TL and right hydraulic cylinder TR,
thereby achieving synchronous symmetrical adjustment of the
left and right cylinders. At this stage, the front and rear
hydraulic cylinders DF and DB operate in a follow-up state
and are not actively controlled. During longitudinal levelling,
the controller generates control signals based on longitudinal
tilt error. These signals drive electro-hydraulic proportional
directional valves V-DF and V-DB to synchronously and
symmetrically control the front and rear hydraulic cylinders
DF and DB respectively. Concurrently, the left and right
hydraulic cylinders TL and TR remain in a trailing state and
are not actively controlled.

Lateral levelling :L ongitudinal levelling

|
| |
|
4 TR L : DF DB |
,

N ! A | :
3 | | | |

h | | A\
| ! A !
i V-TR VAIL 1 : DB |
' |
|

wiLEZIX 0 I X

1. Electro-proportional directional valve, 2. Hydraulic cylinder, 3. Rodless
chamber, 4. Rod chamber.

Fig.3. Hydraulic working principle of the seat posture omnidirectional
levelling system

To ensure the load-bearing capacity and safety of the
hydraulic cylinders, the maximum external load on the lateral
levelling hydraulic cylinder shall not be less than 1500 N, and
the maximum external load on the longitudinal levelling
hydraulic cylinder shall not be less than 2000 N. For double-
acting single-rod hydraulic cylinders, the cylinder remains
under pressure throughout the levelling process. The active
output force F of the hydraulic cylinder can be expressed as:

F=R4 P4, )
where:
T2
AZZD (6)
_ T2 2
A2_4(D &) (7

where F denotes the driving force output by the hydraulic
cylinder, in N; A represents the effective piston area of the
rodless chamber, in mm?; 4, represents the effective piston
area of the rod chamber, in mm?; P; denotes the pressure in
the rodless chamber of the hydraulic cylinder, in MPa; P>
denotes the pressure in the rod chamber of the hydraulic
cylinder, in MPa; D denotes the piston diameter, mm; d
denotes the piston rod diameter, in mm.

The initial working chamber pressure of the hydraulic
cylinder is set at 2.5 MPa, while the return oil chamber
pressure is 0 MPa. According to formula (5), the inner
diameter of the hydraulic cylinder is:
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4F
D= |[—
1/”3 ®)

According to the Mechanical Design Handbook, the
diameter of the hydraulic cylinder piston rod is:

d=0.7D 9)

From formulas (8) and (9), the diameter of the lateral
levelling hydraulic cylinder is 27.6 mm with a piston rod
diameter of 19.3 mm, while the longitudinal levelling cylinder
has a diameter of 31.9 mm and a piston rod diameter of 22.3
mm. Ultimately, in accordance with national standard GB/T
2348-2018, the lateral levelling cylinder diameter is selected
as 32 mm with a piston rod diameter of 20 mm; The
longitudinal levelling hydraulic cylinder diameter is 40 mm,
with a piston rod diameter of 25 mm.

Based on the hydraulic cylinder bore and piston rod
diameter, the system working pressure P is determined as:

A= ail ~1.6MPa

5~
7D

(10)
The working flow rate O of the hydraulic system is:

7r(D2—d2)v

0=—

)]

where v denotes the rapid extension velocity of the hydraulic
cylinder, in mm/s. Formula (11) is employed for the
preliminary design of hydraulic systems and the selection of
pumps, with the objective of determining the rated flow rate
required from the hydraulic pump to satisfy the system's
demands under the most demanding operating conditions
(namely, single-cylinder extension at maximum design
velocity).

Taking v = 200 mm/s, the working flow rate of the
hydraulic system is calculated to be 9.2 L-min™..

From the system working pressure, the hydraulic pump
working pressure P, can be calculated as:

R2R+) AP (12)

where AP represents the pressure loss in the piping between
the hydraulic pump and the hydraulic cylinder, taken as 0.2
MPa.

From the system working flow rate Q, the hydraulic pump
flow rate Qs can be calculated as:

0, 2 K0 (13)

where 4 is the multi-cylinder drive coefficient, selected as
2.8; K is the leakage coefficient, taken as 1.2.
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According to formulas (12) and (13), the hydraulic pump
operating pressure is determined to exceed 1.8 MPa, with an
operating flow rate exceeding 30.91 L-min™!. Table 2 presents
the principal technical parameters of the seat posture
omnidirectional levelling system.

TABLE 2. Key technical parameters of the seat posture omnidirectional
levelling system

Parameter Lateral | Longitudinal
Seat surface/m 0.4 0.5
Levelling layer height/m 0.2 0.2
Hydraulic pump working pressure/pa 2.0x10° 2.0x10°
Hydraulic pump operating flow rate/L-min’! 5.55 5.55
Hydraulic cylinder original length/m 0.25 0.28
Hydraulic cylinder diameter/mm 32 40
Hydraulic cylinder piston rod diameter /mm 20 25
Effective piston area of the rod chamber/mm? 490 765
Effective piston area of the rodless 804 1256
chamber/mm?

3. MODEL ESTABLISHMENT OF THE SEAT POSTURE
OMNIDIRECTIONAL LEVELLING SYSTEM

This paper employs control of the input current to the
electromagnetic proportional directional valve to regulate the
flow rate and pressure of oil entering the hydraulic cylinder. To
achieve precise control of the seat posture omnidirectional
levelling system, the oil supply system is configured as a
constant-pressure source system. The constant-pressure source
system effectively suppresses pressure fluctuations during
multi-cylinder coordinated operation, thereby ensuring stable
system performance. Consequently, this section does not model
the individual components of the oil supply system, focusing
solely on modelling the seat valve-controlled hydraulic cylinder
system.

There are numerous types and classification methods for
hydraulic control systems. Based on different combinations of
hydraulic amplifiers and actuators, they can be categorized into
four types: valve-controlled cylinders, valve-controlled motors,
pump-controlled cylinders, and pump-controlled motors.
Among these, valve-controlled cylinders offer rapid response,
high precision, and the widest range of applications [30,31].
Consequently, this paper undertakes mathematical modelling
and analysis of valve-controlled asymmetric hydraulic cylinder
systems. Servo valves currently in practical use predominantly
employ four-way solenoid valves for the main valve section.
This is a structurally symmetric valve, where the structural
parameters of the inlet and return sides are identical. However,
asymmetric hydraulic cylinders possess a piston rod on only
one side, resulting in unequal chamber volumes. relative to the
system, this disrupts the overall symmetry, altering the

mechanical motion parameters of the actuator in both directions.

To achieve satisfactory bidirectional control performance, both
the mathematical model and control strategy, originally
established based on symmetry, must be correspondingly
modified.
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Currently, mathematical modelling typically involves
establishing the fundamental equations for both the solenoid
valve and the hydraulic cylinder separately, followed by
simplification to complete the process [32]. The valve-
controlled asymmetric hydraulic cylinder levelling system is
illustrated in Fig.4.

s

Illp I[
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Fig.4. Valve-controlled asymmetric hydraulic cylinder levelling system
Continuity equation for the rodless and rod chamber flow
of a hydraulic cylinder:

0, =C,(R-P)+CR+ B+,
: (14)
V.o
0.=C/(R-P)-C.P= 2P,

e

where O: denotes the flow rate in the rodless chamber of the
hydraulic cylinder, in L-min’!; O, denotes the flow rate in the
rod chamber of the hydraulic cylinder, in L-min'; C
represents the internal leakage coefficient of the hydraulic
cylinder; C. represents the external leakage coefficient of the
hydraulic cylinder; V7 denotes the effective volume of the
rodless chamber of the hydraulic cylinder, in m?; V> denotes
the effective volume of the rod chamber of the hydraulic
cylinder, in m?; . denotes the equivalent volumetric elastic
modulus of the hydraulic oil, in MPa.

The force balance equation for a hydraulic cylinder is:

BA-PA,=my+By+Ky+F (15
where m denotes the mass above the seat posture
omnidirectional levelling system, in kg; y represents the
displacement of the hydraulic cylinder, in m; B. is the
damping coefficient of the piston and load; K is the load
spring stiffness, in N/m; F is the arbitrary time-varying
external load force acting on the piston, in N.

It should be noted that in practical electro-hydraulic
systems, friction may exhibit nonlinear characteristics at low
velocities, such as Stribeck and stick—slip effects. In this study,
friction is simplified and incorporated into the equivalent
damping coefficient B., mainly representing viscous friction.
Nonlinear friction may introduce small steady-state residual
errors near zero velocity. However, the integral action of PID
compensates steady-state bias, and the adaptive parameter
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tuning mechanism of the proposed QBP-PID enhances
robustness against moderate unmodelled nonlinearities.
Introducing auxiliary variables:

p=p-2p (16)
1
A
0+°20,
0,=—— (17)
1+==
A

where Py is the load pressure; Q; denotes the load flow rate.
The flow equation of the valve is the key link between the

hydraulic circuit and the mechanical motion of the spool. The

generalized flow formula for a spool valve can be expressed

as [33]:
qu@xﬁﬂp (18)
Yol

where C; represents the flow coefficient; w is the gradient in
the spool valve area; p denotes the oil density, in kg/m?; x
represents the displacement of the solenoid valve spool, in m.

The parameter values in the above equations are shown in
Table 3.

TABLE 3. The parameter values in the above equations

Parameter Symbol Value
Flow coefficient C, 0.61
Area gradient of the spool area [ 0.235
Hydraulic oil density kg/m® P 850
Equivalent volumetric modulus of elasticity for pe 6.8x10%
hydraulic oil/MPa
External leakage coefficient of hydraulic C. 0
cylinder
Internal leakage coefficient of hydraulic cylinder C; 3x10°
Mass above the seat posture omnidirectional m 150
levelling system/kg

In valve-controlled hydraulic cylinder systems, variations
in the internal leakage coefficient C; and the equivalent
volumetric elastic modulus f. of the hydraulic fluid
significantly impact hydraulic system performance. C; reflects
leakage at the piston seal (piston seal area), primarily reducing
the system's static stiffness. This is equivalent to increasing
the system's damping, potentially resulting in reduced
overshoot during step responses but slower response speeds.
pe reflects the compressibility of the hydraulic fluid. The
ingress of air into the fluid or an increase in temperature will
cause f. to decrease, slowing dynamic responses and
potentially inducing resonance. The external leakage
coefficient C. is set to 0 in this paper is not a theoretical
absolute assumption. Rather, during normal system operation,
the influence of C. on system dynamics is a higher-order
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negligible quantity compared to C; and f.. Consequently, it is
reasonably omitted in the controller design model.

By linearizing equation (18) at the zero-position operating
point, a linear expression is obtained between the load flow
QO and the valve spool displacement x, load pressure Py:

0, =K, x-K,P, (19)
where:
K - , _ 0|
"o, oF, |,

where K, is the flow velocity gain coefficient; K. denotes the
pressure gain coefficient.

Performing a Laplace transform on equation (15), then
substituting equation (16) and assuming the external load
force F(s) =0, yields:

(ms® +B.s)Y(s)= 4P, (s) (20)

Furthermore, applying the Laplace transform to equation
(14) and substituting into equation (17), then simplifying
using the relationship in equation (16), yields another
expression for the load flow QO:

0, (s)= AsY (s)+ C,P, (s)+%SPL (s) 1)

e

where:

c, =q(l+<i>2],V,=Vl+[ﬁsz
4 4

where C; denotes the total leakage coefficient; V; represents
the equivalent volume.

Performing the Laplace transform on equation (19) and
combining it with equation (21) to eliminate Qy(s) yields:

K, X, (s)-K.P,(s)=AsY(s)+C,P, (s)+%sPL (s)(22)

e

By combining Equations (20) and (22) to eliminate the
intermediate variable P(s) and rearranging the resulting
equation, the transfer function of the valve-controlled
hydraulic cylinder, which relates the valve spool displacement
X(s) (input) to the cylinder displacement Y(s) (output), is
derived as follows:

Kq
_Y(s) _ 4 (23)
Gl(S)_X(S) S{“gz+érs+1j
o, o,
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where:

4ﬂeA12 Kc + Cd ﬂem Bc V;
®, = 26 = =
Vm 4 V. 44\ pm
where w; denotes the natural frequency of the hydraulic
cylinder; & represents the damping ratio of the hydraulic

cylinder.
The transfer function of the solenoid valve is [34]:

_X(S): K,
SSE oy sl
o o

v v

where K, denotes the gain coefficient of the solenoid valve's
electromagnet, in m/A; w, represents the natural frequency of
the electromagnet, in rad/s; and &, signifies the damping ratio
of the electromagnet.

The transfer function obtained after connecting the
hydraulic cylinder and the solenoid valve in series, with the
solenoid valve current as the input and the hydraulic cylinder
displacement as the output, is:

K K
v (25)
— Al
- 2 2
s[s2+2§"s+1]{sz+ 2, S+1j
a)h wh wv wv

Stability analysis of the designed levelling system was
conducted using MATLAB. The Bode diagram is shown in
Fig. 5. It can be observed that the amplitude margin and phase
margin are 5.19 dB and 25.1°, respectively. According to
classical control theory, a control system is generally
considered stable when both the amplitude margin and phase
margin are positive. Therefore, the designed single hydraulic

cylinder system possesses good stability and strong
interference resistance.
Bode Diagram
Gm =5.19dB, Pm = 25.1 deg
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Fig.5. Bode diagram
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The above stability analysis is conducted for a single
hydraulic cylinder subsystem. In the practical omnidirectional
levelling system, mechanical coupling between lateral and
longitudinal cylinders may occur. However, the system adopts
independent control channels with symmetric cylinder
configurations. During single-direction levelling, the
orthogonal cylinders operate in a follow-up state, reducing
dynamic cross-interaction.

From a control perspective, coupling effects can be
regarded as bounded disturbances acting on each subsystem.
Since each hydraulic loop exhibits sufficient gain and phase
margins, the overall closed-loop system maintains practical
stability under moderate coupling conditions.

Formula (25) represents a high-order complex model,
rendering its direct application in controller design rather
cumbersome. To simplify analysis and highlight the dominant
dynamics, whilst facilitating subsequent discretization and
digital controller implementation, the model undergoes
appropriate order reduction. This ultimately yields the state-
space equations of the continuous-time levelling system:

{x(t +1)= A4, x(t)+B,I(¢)

(26)
W) =C,x(1)
where:
0 1 0 0
A4,=10 0 1 ,B,=| 0 |,C,=[1 0 0]
o .1 L+ | | K
TT, IT, T
where:
KK 1 Vm
K= g ,Tv =—,];1 = ! >
4 , 4p.4;

Discretization of equation (26) using Euler's method
yields the state-space equation in discrete form:

{x(k +1) =4, x(k)+B, , 1(k)

(27)
k) =C,  x(k)
where:
1 T 0 0
Ad P 0 1 Ts ’Bd,k = 0 |

T T(T,+T,) K
— s 1 _ -
T, T, | IT,
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where T is the sampling time.

4. USING THE TEMPLATE DESIGN OF QBP-PID
OMNIDIRECTIONAL RAPID LEVELLING CONTROL
STRATEGY

The difficulty with classical PID control lies in the parameter
design of proportional, integral, and derivative gains. Moreover,
once parameters are determined, they cannot be adjusted online,
rendering the control performance incapable of adapting to
environmental changes [35]. For the seat levelling system
studied in this paper, such variations primarily include: 1)
Differences in driver weight; 2) Changes in the dynamic target
signals (ideal tilt angle). This paper employs the self-learning
capability of BP neural network to perform real-time updates of
PID control parameters, thereby addressing the challenge of
PID parameter tuning [36]. However, the introduction of neural
network in BP-PID results in prolonged algorithm training
times, and the difficulty in determining connection weights
between neurons across layers constrains the algorithm's
performance. This paper fuses BP neural network with the Q-
learning algorithm to design a QBP-PID strategy for rapid
omnidirectional levelling control of seat posture. Q-learning
requires no specific model consideration, possesses strong
autonomous exploration capabilities, and can effectively
perform parameter search and tuning [27]. Meanwhile, the BP
neural network, with its self-learning ability, can achieve non-
linear mapping of models. Introducing the BP neural network
enables online real-time optimization of PID control parameters,
while the Q-learning algorithm updates the connection weights
of the BP neural network in real time. The QBP-PID control
algorithm, formed by the combination of these three algorithms,
can resolve the issue of poor parameter adaptation in traditional
PID control.
The control rate expression for the classic PID controller is:

10) = K0+ K, Tt o, 20

(28)

where Kp is the proportional gain; K; denotes the integral gain;
Kp represents the derivative gain.

After simultaneously differentiating both sides of the
continuous-time PID equation and subsequently discretizing
it, the control rate expression for the discrete-time BP-PID
controller is obtained as follows:

1(k)=1(k=1)+ K, (e(k) - e(k —1))
KT,
2
“e(k —1)+e(k —2))

+ (e(k)+e(k—1))+ K, (e(k) (29)

Express the state-space equation of the levelling system as:
v(k+1)= A(x(k +1),1(k)) (30)

where A() is the levelling system control function.
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The BP neural network employs a three-layer architecture
with 3-6-3 nodes. The input layer comprises three nodes, the
single hidden layer contains six nodes, and the output layer
consists of three nodes. The three input layer nodes are
denoted as x; (i = 1, 2, 3). Inputs e(k), e(k) - e(k-1), and e(k) -
2e(k-1) + e(k-2) undergo normalization processing before
being fed as inputs x;. The number of output layer nodes
relates to the actual controlled object. The neural network's
hidden layer outputs are Oj(k), corresponding to the three
control parameters of PID control. The output layer outputs
are Oy(k), calculated as follows:

0, (k)= 1, {i%x, —01}
o (31)
O, (k) = f, {Z ®,,0,(k)— ek}

where wj; is the connection weight between the input layer and
the hidden layer neuron nodes; w; denotes the connection
weight between the output layer and the hidden layer neuron
nodes; O; represents the bias of the jth neuron in the hidden
layer; 0y is the bias of the kth neuron in the output layer; fi(*)
and f>(*) are the activation functions.

The Sigmoid function is selected as the activation function,
and its expression is:

2
Cltet
1
Cltet

-1

1

(32)

e

The control gain for the QBP-PID is:

I
S

KP
K, (33)
K

[
Q

2

I
Q

D 3

For the seat posture omnidirectional levelling system, the
performance indicator function J is defined as:

J=3J, =Y [ (k+D)Qe(k+ 1)+ 1" ()R I(k)] (34)

1

N N
k= k=

where N is the total time step; Ok and Ry are the connection
weight matrix.

The connection weights w;(k) and w(k) of the BP neural
network are updated using the gradient descent method [37]:

o aJ,
k)= ®-nli-pb]-
g L 35)
o &
Ok +D) =0, ()= 1=y )] ’Ek) Wi, lzk)
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where 5 is the learning rate, # > 0; w(k) represents the
momentum factor, 0 < y(k) < 1.

Since the error state x; in PID control fully reflects the
system's dynamic requirements, aligning perfectly with the
input layer of BP neural network while offering reduced
dimensionality, the momentum factor (k) effectively
suppresses frequent oscillations during the learning process,
enhancing learning efficiency. As a scalar within the range
[0,1], it minimizes the action space. Therefore, in the Q-
learning algorithm design, the momentum factor w(k) is
treated as the action set, while the QBP-PID inputs x;,(i=1,2,3)
constitute the state set.

For the Q-learning algorithm, the reward function
determines the optimal sequence of actions. By setting an
input-related reward function, the action strategy at each time
step is established. An ideal control outcome is achieved when
the seat tilt angle error e(k) = 0°. Therefore, reducing the error
e(k) is treated as a reward, prompting learning adjustments in
that direction. Conversely, increasing the error is treated as a
penalty, prompting learning adjustments in the opposite
direction. The reward function is defined as:

R =—[e(k)-0T (36)

Based on the design of Q-learning's state, action, and
reward, the current levelling system selects the action with the
maximum Q value. It calculates the reward obtained during
the update process and dynamically adjusts connection
weights by updating the Q table. The iterative Q value
equation for Q-learning can be expressed as:

QM(Skaak) ZQ(Sk’ak)

37
+a|:R(Sk+l’ak)+ymg(sk+l’ak)_g(skaak)]( )
where Qf(si,ax) is the Q value of action a; in state si; «
represents the learning rate; y is the discount factor; and
R(sk+1,ax) signifies the reward value under action ax.

Following the completion of the Q-learning design, the
online real-time parameter collection and dynamic
optimization of the QBP-PID are implemented according to
the corresponding iterative steps. The specific process is
illustrated in Fig.6.
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Establishing the fundamental structure
of the QBP-PID algorithm

[«
v
Given the initial values for the connection
weights between layers a;(k),w;(k)

!

Select the learning rate #,determine the
momentum factor y,and set k=1

v

Perform normalization on e(k),e(k)-e(k-1)
and e(k)-2e(k-1)+e(k-2) as input x;

|

Calculate the output of the QBP-PID and
determine the control output /(k)

v

Calculate the Q value of the QBP-PID
under the current state

|

Adjust the weighting coetficients w;(k)
and w;(k) of the QBP-PID

'

f=k+1

O converges to the optimal
value function

Complete parameter optimization to determine
connection weights w;(k) and w;(k)

Fig.6. Dynamic optimization process for QBP-PID parameters

During the online operation of the QBP-PID system, both
the BP neural network and Q-learning utilize error state x; as
inputs, with their synergistic interaction facilitated through the
momentum term factor w(k). The BP neural network performs
forward calculations at each control cycle, outputting PID
parameters Kp, K;, and Kp, thereby calculating the solenoid
valve control current (k) applied to the levelling system.
Concurrently, the system's control performance is reflected in
the performance indicator function Ji. Ji is converted into the
reward R; for Q-learning, which adjusts w(k) based on this
reward. Consequently, the connection weights w;(k) and w;x(k)
of the BP neural network are updated.

The principle of the QBP-PID omnidirectional rapid
levelling control strategy is illustrated in Fig.7. 84(k) is the
ideal seat tilt angle, O(k) represents the actual seat tilt angle
signal, e(k) indicates the seat tilt angle error, /(k) signifies the
solenoid valve control current signal for the levelling system,
and Y(k) denotes the hydraulic cylinder displacement. The
QBP-PID algorithm performs real-time online correction of
the BP neural network connection weights w;(k) and w(k)
based on the e(k). It outputs optimal PID control parameters
Kp, K;, and Kp, ultimately controlling the extension and
retraction of the levelling system's hydraulic cylinder to
achieve seat posture levelling control.

10

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication.



PID controller

P K, (e(k)—e(k—1)
I%K,I;(e(k)Jre(k—l) >
|
iR

| |
den Output | D Kp(dk)*mk*1)+dk*2))‘ |
| layer _ layer _layer | | ]
VS = {x, %%} Ko, (k).0,(0)] 1k
Q-learning | Equation (35 |
| X

J(k—1)

—_1
Equation (34;|<—

| | Y(k)

e o 1 | Equations (3),(4) |<—|

Fig.7. Principle of the QBP-PID omnidirectional rapid levelling control
strategy

The specific control process for the QBP-PID
omnidirectional rapid levelling control strategy is as follows:
(1) Attime £, the error e(k) between the actual seat tilt angle

6(k) and the desired seat tilt angle 84(k) is normalized and
used as input x; (i =1, 2, 3).

(2) The connection weights m;(k) and wx(k) at time k are
determined by the momentum factor w(k-1) and the
performance indicator function J(k-1) from time (k-1),
then input to the BP neural network.

(3) The outputs O1, O, and O; from the output layer serve as
the PID controller parameters Kp, K;, and Kp respectively
to calculate the control current signal (k) for the levelling
system.

(4) The control current signal I(k) governs the extension and
retraction of the hydraulic cylinder, which outputs
displacement Y(k). Simultaneously, I(k) update the
performance function J through equation (31), thereby
updating the connection weights for the subsequent
control cycle. This concludes the control cycle at time .

(5) The hydraulic cylinder displacement is reconverted into
the actual seat tilt angle signal through equations (3) and
(4), initiating the next control cycle for the levelling
system.

Under time-varying disturbances, the QBP-PID adaptation
mechanism operates within a closed-loop stable framework.
The neural network weights are updated using gradient descent
with a bounded learning rate and momentum factor w(k) € (0,1),
ensuring bounded weight increments at each step. In addition,
Q-learning selects the momentum factor from a finite action set,
and under the standard update rule (0 <a<1and 0 <y <1), Q-
values remain bounded.

It should be noted that bounded parameter updates do not
imply strict convergence of the overall adaptive process.
Instead, the proposed method ensures that parameter evolution
remains bounded during online learning. In practical control
scenarios, the adaptation process is driven by the error signal
and exhibits stable adaptive behavior. Consequently, under
moderate nonstationary disturbances and varying operating
conditions, the controller maintains practical stability and
robustness without parameter divergence during online
operation.
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5. SIMULATION RESULTS VERIFICATION AND
ANALYSIS

Based on the MATLAB simulation platform, a model of the
seat posture omnidirectional levelling system is established.
Using the seat tilt angle signal as the controller input and the
solenoid valve current signal as the controller output, a
simulation platform for the omnidirectional levelling control
system is constructed. Initial seat tilt angle signals of 15°
laterally and 20° longitudinally are set, with the desired seat
lateral/longitudinal tilt angles set to 0°. This yield seat tilt
angle error e(k) in two directions, which are input to the QBP-
PID controller. After controller operation, control signal for
the hydraulic cylinder of levelling system are output, thereby
adjusting the seat tilt angle. To validate the levelling
performance of the proposed QBP-PID omnidirectional rapid
levelling control strategy, BP-PID and PID control strategies
are employed as comparative strategies. Control parameters
are obtained through trial-and-error methods, as presented in
Table 4.

TABLE 4. Control parameter configuration

PID BP-PID/QBP-PID
Parameter — —
Lateral | Longitudinal | Lateral | Longitudinal
Kp 1.4 0.8 1.7 1.3
K; 0.6 0.3 0.6 0.6
Kp 0.4 0.5 0.1 0

In this system design, the prioritizations of control
performance are as follows: levelling time > overshoot >
smoothness. That is, under the premise of ensuring stability,
priority is given to reducing levelling time to minimize driver
fatigue caused by sustained tilting, while simultaneously
limiting overshoot to prevent secondary discomfort, and
ensuring smooth motion to enhance overall comfort.

5.1.

The initial lateral tilt angle was set to 15°, with a simulation
duration of 10 seconds. The lateral simulation results are shown
in Fig. 8 to Fig. 13.

Lateral levelling
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Fig.8. Lateral hydraulic cylinder displacement
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Figure 8 depicts the displacement variation curve of the

15

hydraulic cylinder during lateral levelling. As shown in Fig. 8, _; ' ' ' D
under PID control, the maximum displacement of the hydraulic —_ L e BP-PID
cylinder reaches 0.102 m with an overshoot of 0.014 m, % QBP-PID
accompanied by oscillation; Under BP-PID control, the =0 10 0} . pramcmmm———
maximum displacement of the hydraulic cylinder is 0.097 m 8
with an overshoot of 0.009 m; whereas under QBP-PID control, E
the maximum displacement is 0.094 m with an overshoot of = 5 2 3 4
0.006 m; Both QBP-PID and BP-PID eliminated oscillations, § /
but the QBP-PID exhibits a smaller displacement overshoot. = |
Compared to BP-PID and PID control, displacement overshoot § 0 \oza T
isreduced by 57.14% and 33.33%, respectively. This is because @
the QBP-PID control employs reinforcement learning to
optimize BP neural network weights online, effectively -5 0 2 "‘ é é 50
minimizing displacement overshoot. Time (s)
0.2 ‘
PID Fig.10. Seat lateral tilt angle
----------- BP-PID The variation in seat lateral tilt angle directly reflects lateral
0.15 .. QBP-PID 1 levelling performance. Figure 10 illustrates the seat lateral tilt
_f ".' angle curve during lateral levelling. It can be observed that
0.10 1 ] under PID control, the lateral levelling time is 4.12 s, with an

overshoot of 1.71° and oscillation occurring. Under BP-PID
control, the lateral levelling time was 3.64 s with an overshoot

0.05 | of 1.01°. Under QBP-PID control, the lateral levelling time
decreased to 2.98 s and the overshoot reduces to 0.32°.
ol v S compared to BP-PID and PID, representing reductions of 18.13%

and 27.66%, respectively. As demonstrated in Fig.8 and Fig. 9,
the QBP-PID control effectively suppresses displacement

Hydraulic cylinder velocity (m/s)

'0'050 2 4 6 8 10 overshoot, optimizes velocity planning, and achieves ‘rapid and
Time (s) smooth’ lateral levelling of the seat.
2
Fig.9. Lateral hydraulic cylinder velocity - K p

Figure 9 is the hydraulic cylinder velocity variation curve s —K,
during lateral levelling. As shown in Fig. 9, the hydraulic S 15] K]
cylinder exhibits a high initial velocity. Under PID control, the 5 b
maximum velocity reaches 0.17 m/s; under BP-PID control, the E 1k
maximum velocity reaches 0.143 m/s; and under QBP-PID =
control, the maximum velocity is 0.105 m/s. Compared to BP- =
PID and PID control, the maximum velocity is reduced by 15.9% £ 0.5 I
and 38.2%, respectively. Excessively rapid levelling velocity ; MM“ ey
compromise driver comfort. By optimizing the BP neural = ol Y
network weights, the QBP-PID control devises an optimal a2,
velocity curve, thereby enhancing driver comfort. /M

% 2 4 6 8 10

Time (s)

Fig.11. BP-PID control Parameters
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Fig.12. QBP-PID control Parameters

Figure 11 and Figure 12 show the control parameters
variation curve during lateral levelling. As evident from Fig. 11,
at the start of levelling, the initial values of the QBP-PID and
BP-PID control parameters are the same. The BP-PID
completed levelling at 3.64 s, with control parameters
stabilizing at Kp = 1.1, K; = 0.18, and Kp = 0. The QBP-PID
concluded levelling at 2.98 s, maintaining control parameters at
Kp=1, K;=0.25, and Kp = 0. Comparing Fig. 11 and Fig. 12
reveals that, relative to BP-PID, the QBP-PID control
parameters exhibit smoother and more stable variation
throughout the lateral levelling process. This stems from the
fact that while BP-PID updates control parameters by
incorporating BP neural network, QBP-PID employs
reinforcement learning to optimize the BP neural network
weights online. This enables the control parameters to adapt

more effectively to the lateral levelling conditions.
1 : ; :

QBP-PID

=
=] W
T

Current (A)

1
(=]
=i

— BP-PID

=
n
:
.

o
T
z

Current (A)

s
]

PID

.
n
:

\

Current (A)

!
-l
i i
S —

4 6
Time (s)

Fig.13. Solenoid valve control current

Figure 13 shows the variation curve of the solenoid valve
control current during lateral levelling. As evident from Fig.
12, the solenoid valve control current decreases as the seat tilt
angle diminishes. Both QBP-PID and BP-PID exhibit the
same peak currents of 0.82 A. Compared to PID, the peak
current is reduced by 18%. However, the QBP-PID control
strategy delivers the smoothest current response. This
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demonstrates that the Q-learning algorithm effectively
optimizes the BP neural network weights, resulting in more
precise and stable control current outputs.

5.2. Longitudinal levelling

The initial longitudinal tilt angle is set to 20°, and the
longitudinal simulation results are shown in Fig. 14 to Fig. 19.
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S
—

PID
0.08

f QBP-PID
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Fig.14. Longitudinal hydraulic cylinder displacement

Figure 14 is the displacement variation curve of the hydraulic
cylinder during longitudinal levelling. It can be observed that
under PID control, the maximum displacement of the hydraulic
cylinder reaches 0.117 m, with an overshoot of 0.021 m and
oscillation occurring; Under BP-PID control, the maximum
displacement of the hydraulic cylinder is 0.109 m with an
overshoot of 0.013 m, also exhibiting oscillations; whereas
under the QBP-PID control, the maximum displacement is
0.105 m with an overshoot of 0.009 m. Compared to BP-PID
and PID control, the QBP-PID eliminates oscillations, with
overshoot being reduced by 30.76% and 57.14%, respectively.
This is due to the QBP-PID control effectively reducing
longitudinal hydraulic cylinder displacement overshoot by
optimizing the BP neural network weights.
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Fig.15. Longitudinal hydraulic cylinder velocity
Figure 15 shows the hydraulic cylinder velocity variation
curve during longitudinal levelling. As evident from Fig. 14, the
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hydraulic cylinder velocity is relatively high at the start of
levelling. Under PID control, the maximum velocity reaches
0.189 m/s; under BP-PID control, it peaks at 0.157 m/s; and
under QBP-PID control, the maximum velocity is 0.127 m/s.
Compared to BP-PID and PID control, the maximum velocity
isreduced by 19.1% and 32.8%, respectively. Excessively rapid
levelling velocity can also cause discomfort to the driver. The
QBP-PID control enhances driver comfort by optimizing the
BP neural network weights and dynamically adjusting the
optimal hydraulic cylinder velocity.
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Fig.16. Seat longitudinal tilt angle

Figure 16 is the variation curve of the seat's longitudinal tilt
angle during longitudinal levelling. It can be observed that
under PID control, the seat's longitudinal levelling time is 4.59
s, with an overshoot of 2.87° and oscillation occurring. Under
BP-PID control, the seat's longitudinal levelling time is 4.14
s, with an overshoot of 2.04°, and oscillation similarly occurs.
whereas under QBP-PID control, the longitudinal levelling
time is reduced to 3.41 s with overshoot diminished to 0.95°,
eliminating oscillations. Compared to BP-PID and PID, the
longitudinal levelling time is reduced by 17.63% and 31.6%,
respectively. Combining Fig. 14 and Fig. 15 reveals that the
QBP-PID control effectively suppresses displacement
overshoot, optimizes velocity planning, and achieves ‘rapid
and smooth’ longitudinal levelling of the seat.

2
5 o
s 1-5 1 _KI b
5 1
(=5
e 05
R
S ol
a
=
o 05
[~
-1 L L L L
0 2 4 6 8 10

Time (s)
Fig.17. BP-PID control parameters
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Fig.18. QBP-PID control parameters

Figure 17 and Figure 18 depict the control parameters
variation curves during longitudinal levelling. It can be
observed that at the beginning of levelling, the initial values
of the QBP-PID and BP-PID control parameters are the same,
with BP-PID completing levelling at 4.14 s, maintaining
control parameters at Kp=0.9, K;= 0.3, and Kp = 0; QBP-PID
completes levelling at 3.41 s, with control parameters
stabilizing at Kp = 1.2, K; = 0.55, Kp = 0. Comparing Fig. 17
and Fig. 18 reveals that the QBP-PID exhibits smoother and
more stable control parameters throughout the levelling

process compared to BP-PID.
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Fig.19. Solenoid valve control current

Figure 19 depicts the solenoid valve control current variation
curve during longitudinal levelling. When considered alongside
Fig. 16, it is evident that the solenoid valve control current
exhibits the same variation trends to the seat's longitudinal tilt
angle. Both the QBP-PID and BP-PID achieve identical peak
currents of 1 A. Compared to the PID, the peak current is
reduced by 23%. However, the QBP-PID control strategy
delivers the smoothest current response relative to the BP-PID
and PID.

In summary, during both lateral and longitudinal seat
levelling, the QBP-PID omnidirectional rapid levelling control
strategy demonstrates significant superiority over the BP-PID
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and PID control strategies in both response speed and control
accuracy. This effectively enhances driver comfort, providing
an advanced and effective solution for improving the
omnidirectional levelling performance of tractor seat in hilly
and mountainous terrain.

6. CONCLUSIONS

To address the diminished comfort experienced by tractor

driver in hilly and mountainous terrain due to vehicle tilt, a

novel seat posture omnidirectional levelling system is designed

and a QBP-PID omnidirectional rapid levelling control strategy
for seat posture is proposed in this paper. Using the BP-PID and

PID as comparison strategies, simulation experiments are

conducted on the QBP-PID omnidirectional rapid levelling

control strategy based on the MATLAB simulation platform,
validating its effectiveness. The main conclusions of this study
are as follows:

(1) At a lateral tilt angle of 15°, the lateral levelling time
under the PID control is 4.12 s, under the BP-PID control,
the lateral levelling time is 3.64 s, while under the QBP-
PID control, the lateral levelling time is reduced to 2.98 s.
Compared to the BP-PID and PID, the lateral levelling
time is reduced by 18.13% and 27.66%, respectively.

(2) At a longitudinal tilt angle of 20°, the longitudinal
levelling time under the PID control is 4.59 s, under the
BP-PID control, the longitudinal levelling time is 4.14 s,
whereas under the QBP-PID control, it decreases to 3.41
s. Compared to BP-PID and PID, the longitudinal
levelling time is decreased by 17.63% and 31.6%
respectively.

The QBP-PID omnidirectional rapid levelling control
strategy proposed in this paper significantly reduces the
levelling time for tractor seats in hilly and mountainous terrain.
It effectively enhances driver comfort, alleviates operational
fatigue, and provides an effective intelligent control solution for
improving field operation efficiency and safety. However,
certain limitations exist: the oil supply system was
appropriately simplified during modelling; current simulations
only address initial tilt angles of 15° laterally and 20°
longitudinally. Future work will involve a thorough analysis of
the impact of the oil supply system on levelling performance,
further testing under continuously varying dynamic composite
conditions, and consideration of hardware-in-the-loop
simulation experiments to comprehensively validate the
levelling system's capabilities.
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