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Abstract

Research on Single-Axis Motion and Multi-Axis
Coordinated Control of Digital Hydraulic Excavators

Abstract: High-precision control of the bucket tooth tip trajectory is the cornerstone of
intelligent excavator operations. Precise single-axis motion and efficient multi-axis
coordination form the core elements of accurate and efficient bucket tooth tip operations.
The hydraulic transmission system, acting as the ‘skeleton and muscles’ of the excavator,
provides flow/power distribution for the actuators and is the key guarantee for achieving
single-axis and multi-axis motion control. Existing domestic hydraulic transmission
systems suffer from weak perception capabilities, significant throttling losses,
difficulties in precise control, and poor multi-axis coordination, which restrict the
intelligent development of excavators. In contrast, the digital electrohydraulic system
with independent regulation of the two-chamber pressure/flow of the hydraulic actuator
offers advantages such as multidimensional state perception, high control precision, and
fast dynamic response. It is gradually gaining market favor and is the inevitable path for
the intelligentization of excavators.This paper conducts theoretical and experimental
research on several aspects of the digital electrohydraulic system, including the
principle design and structural optimization of the multi-way valve, which is the core
element for flow/power distribution, perception and spool control, single-axis precise
motion, and multi-axis efficient coordination of the electrohydraulic system. The aim is
to improve the control precision of single-axis and multi-axis operations in hydraulic
excavators and lay the foundation for intelligent and connected excavator operations.

(1) Design and Structural Optimization of Digital Hydraulic Multiway Valve
Configuration. We independently developed a digital hydraulic multiway valve and
proposed a global structural optimization method. First, we designed a new type of
electro-hydraulic valve that is energy-efficient, structurally simple, capable of multi-
source state perception, and has independent inlet and outlet ports. Second, based on
load power matching, the pilot valve was used as the power element and the main stage
as the actuating element. The basic parameters of the pilot valve were determined by the

tangency of the main stage load trajectory and the pilot valve output characteristic curve
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at the maximum power output point. Third, with matching performance, linearity, and
control sensitivity as optimization objectives, and without self-excited oscillation as a
constraint condition, the structural parameters of the pilot valve were adaptively
optimized. Finally, based on the power bond graph theory, a state-space equation of the
main stage closed-loop system was established, which included structural features such
as pressure-reducing valves, relief valves, system piping, and chambers. Using the first-
order sensitivity method, the influence of these structural parameters on the dynamic
characteristics of the main valve position was revealed and verified experimentally. This
work lays the hardware foundation for the position control of the multiway valve and
the composition of the electro-hydraulic system in the subsequent chapters.

(2) Precise Control of Spool Displacement in Digital Hydraulic Multiway Valves.
Multiway valves typically achieve flow/power distribution required by multiple
actuators in an electro-hydraulic system through orifice matching. Precise control of
spool displacement is essential for realizing single/multi-axis control in electro-
hydraulic systems. First, a two-stage digital hydraulic multiway valve is simplified into
a valve-controlled symmetric cylinder model with an elastic load, and a state-space
equation is established. Then, based on the linear extended state observer and
disturbance observer, estimates are made of the unmeasured states and dynamic
unmodeled error disturbances in the system. Additionally, a continuously differentiable
friction model is employed to compensate for the nonlinear friction present in the
system, thereby reducing the burden on the disturbance observer. Furthermore, the
information obtained above is integrated into a hyperbolic cosine barrier Lyapunov
function controller designed using the backstepping method. This ensures that the
transient behavior of the tracking error and all state errors remains within the desired
range. The stability of the closed-loop system is analyzed using Lyapunov theory, and
comparative experiments are conducted to verify the superiority of the proposed
controller. This work lays the software foundation for high-performance control of the
electro-hydraulic system in the subsequent chapters.

(3) Single-Axis Precision Motion Control of Electrohydraulic Systems Based on
Digital Hydraulic Multi-Way Valves.Single-axis precision motion is the foundation for
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Abstract

efficient multi-axis coordination. The objective of single-axis precision motion is to
achieve precise tracking of command signals. The core of this process is to compensate
for nonlinearities, multi-joint coupling, and unknown disturbances within the
electromechanical-hydraulic coupled system. First, the reinforcement learning-based
actor-critic neural network architecture is integrated into the motion control of the
excavator's hydraulic manipulator. The critic neural network constructs a performance
evaluation function to estimate the cumulative error of the electrohydraulic system. By
minimizing the cumulative error, the control performance of the system is assessed, and
real-time feedback is provided to the actor neural network to encourage continuous
updates of its control strategy. The actor neural network estimates unmodeled errors and
unknown disturbances within the system, thereby improving the tracking accuracy of
the command signals. Under this architecture, single-axis precision motion control
strategies for the excavator's hydraulic manipulator are designed based on both model-
driven and data-driven approaches. Furthermore, a return oil pressure controller is
designed to reduce system energy consumption. Finally, the corresponding valve orifice
opening is calculated based on the flow required by each actuator, and the position
control strategy proposed in this paper is applied to achieve high-precision following of
the valve orifice opening, thereby realizing single-axis precision control of the
electrohydraulic system.

(4) Efficient Multi-Axis Coordinated Control of Excavators Considering the
Performance Constraints of Electrohydraulic Systems.Efficient multi-axis coordination
is crucial for achieving the desired motion of the bucket tooth tip. When excavators
operate under complex working conditions, factors such as constant power output,
excessive output force, and spool displacement limitations in the electrohydraulic
system can cause mismatches between the actual output flow and the required flow for
the planned tooth tip trajectory. This mismatch leads to imbalances in multi-axis
coordination and reduces operational efficiency. To address this issue, the following
steps are taken:Firstly, based on the Sth-order B-spline and the NSGA-II algorithm, an
optimal trajectory for the excavator bucket tooth tip is constructed through interpolation.

This trajectory aims to achieve the shortest time, minimum energy consumption, and
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minimal pulsation. By doing so, the impact of joint pulsation on multi-axis coordination
is mitigated.Secondly, a velocity vector field for the bucket tooth tip is designed based
on the optimal trajectory, with the velocity field principle as the core. This helps in
better controlling the motion dynamics.Furthermore, a comprehensive system constraint
model is established for the hydraulic system, focusing on power constraints and spool
displacement constraints. This model ensures that the system operates within the desired
performance limits.Then, dynamic adjustment weights are introduced into the planned
velocity vector of the bucket tooth tip. Through iterative weight optimization, the
velocity of the bucket tooth tip that satisfies the comprehensive electrohydraulic system
constraint model is calculated in real time. This velocity is then decomposed into speed
commands for different actuators.Finally, the single-axis motion control algorithm
proposed in this paper is applied to accurately track these speed commands. This
approach enables efficient and coordinated multi-axis control, thereby improving the
overall operational efficiency of the excavator.

(5) Digital transformation and experimental test of hydraulic excavator. The 1.6-
ton excavator electromechanical hydraulic system is digitally transformed, and the
power unit, data collection system and electrical unit are redesigned. The multi-channel
valve is the digital hydraulic multi-channel valve designed in this paper. The hydraulic
pump adopts Rexroth SYDFE.-2X/71 electric proportional pump, and the control
programming is carried out by MATLAB/SIMULINK based on dSPACE controller. The
single-axis control and multi-axis coordination tests are carried out to verify the
superiority of the control strategy proposed in this paper.

Keywords: Hydraulic excavator; Digital hydraulic multiway valve; Electrohydraulic
system; Single axis motion control; Multiaxis coordination control
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