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ABSTRACT

ABSTRACT

Fluid transmission and control technology is extensively applied in critical domains such
as aerospace, ocean engineering, metallurgy, mining, heavy machinery, and nuclear power
plants. As the core component of fluid transmission and control systems, electro-hydraulic
proportional valves accurately regulate output displacement, flow, and pressure via electrical
signals, with their performance directly determining the control precision of equipment.
Although China has achieved significant advancements in system integration, a notable
technical gap remains in core components, particularly high-performance proportional
directional valves and servo proportional valves. This gap severely hinders the independent
development of China's equipment manufacturing industry. With the advancement of Industry
4.0 and intelligent technologies, hydraulic systems are confronted with dual challenges:
efficient operation and precise control. To achieve accurate actuator control, system-level
closed-loop control is frequently employed. However, this approach heavily relies on numerous
position and speed sensors, as well as high-precision servo proportional valves, leading to
increased costs. Moreover, its applicability is significantly constrained in harsh operating
conditions or under limited budgets. By precisely controlling the flow within the hydraulic
system, the position and speed of the actuator can be effectively managed without requiring
position or speed sensors. This not only reduces system costs but also enhances the system's
environmental adaptability while maintaining control accuracy. Additionally, flow information
is critical for fault diagnosis and predictive maintenance in hydraulic systems, offering a key
technical pathway for the intelligent upgrade of such systems. The government fully recognizes
the strategic importance of this issue. With "Made in China 2025," the focus is on intelligent
transformation and green upgrading as starting points to comprehensively promote the national
strategy of becoming a manufacturing powerhouse. This includes strengthening the industrial
base through projects that consolidate the foundation of intelligent manufacturing. Furthermore,
the "14th Five-Year Plan" explicitly identifies high-end breakthroughs as the primary direction
for advancement, aiming to cultivate strategic emerging industries, including smart equipment
and green manufacturing, to construct a modern industrial system. Based on the support of the

“ ”( ) and
the “ ”?
( ), this dissertation systematically investigates the fundamental theories

and technological innovations of the electro-hydraulic proportional directional flow valve with
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measurement and control integrated strategy. Through an in-depth analysis of their performance
causes and control mechanisms, it establishes a high-performance proportional flow control
component research and development system with independent intellectual property rights.
This work overcomes the technical bottlenecks associated with high-pressure and large-flow
precision control and online sensing, providing theoretical support for achieving continuous
flow measurement and control without additional components. Furthermore, it lays the
technical foundation for the upgrade of intelligent equipment and lifecycle management.

This dissertation innovatively introduces the electro-hydraulic proportional directional
flow valve with measurement and control integrated strategy. Its novel architecture comprises
four key modules: an integrated controller, a pilot drive unit, a main valve with flow feedback,
and a flow sensor with active regulation. In terms of technological innovation, the feedback slot
structure of the movable valve sleeve in the main valve is designed to achieve displacement
amplification and flow amplification from the main valve to the pilot valve. Furthermore, an
active control throttling flow sensor with integrated electromagnet has been developed. This
advancement overcomes the technical limitations of traditional flow measurement in dynamic
response, pressure loss, and measurement accuracy, enabling variable flow gain control
functionality. Finally, by embedding the flow sensor between the pilot valve and the main valve,
an electro-hydraulic proportional directional flow valve with measurement and control
integrated strategy is constructed. This design enables closed-loop precise control of pilot flow
and adaptive accurate amplification of main valve flow without requiring series pressure
compensation valves or high-cost flowmeters that incur pressure losses. Thus, the dual
functions of flow measurement and control are achieved using only the control valve.

In order to validate the aforementioned theoretical innovations, this study employs a
multidisciplinary collaborative research approach. At the modeling and analysis stage, a
parametric model of the valve structure was developed using the 3D modeling platform.
Additionally, a multidisciplinary co-simulation model encompassing mechanical, electrical,
hydraulic, measurement, and control systems was established through the multi-disciplinary co-
simulation software. This approach systematically elucidates the factors influencing valve
performance and the coupling mechanisms between stages. At the control strategy level, an
innovative high-precision displacement/flow composite control method based on minimal
sensor configuration was devised. For displacement open-loop control mode, compensation
algorithms for flow force and spring force were designed. For flow control mode, pressure
difference displacement correction and active flow control strategies were also developed.

Finally, at the test validation stage, the prototype valve was fabricated and tested on a hydraulic
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ABSTRACT

valve testing platform. The static and dynamic characteristics of displacement control for the
direct-acting pilot valve and flow feedback main valve were comprehensively evaluated.
Furthermore, the flow control characteristics and anti-load disturbance capabilities of the
electro-hydraulic proportional directional flow valve with measurement and control integrated
strategy were also validated. The results demonstrate that the designed valve exhibits excellent
dynamic and static control characteristics. Under closed-loop control, the displacement
hysteresis is 0.13%, while under open-loop control, it is 1.47%. Additionally, the valve
possesses a redundant control function. The 0-100% step response time is 28 ms (with an oil
supply pressure of 7 MPa). Regarding flow control, high-precision control is achieved without
the need for an additional pressure compensation valve. The accuracy of the three designed
flow control strategies is 4%, 8%, and 2%, respectively.

The basic structure of this dissertation is as follows:

Chapter 1 provides an overview of the research progress on proportional directional valves
both domestically and internationally, reviews advancements in flow measurement and control
methods, identifies the limitations of existing technologies, and proposes innovative solutions
to address these challenges.

Chapter 2 introduces the concept of the proportional directional flow valve with
measurement and control integrated strategy, detailing its configuration and working principle.
A mathematical model is established to analyze its mechanism and the influence of key
parameters on its performance.

Chapter 3 establishes a multidisciplinary joint simulation model of “mechanical, electrical,
hydraulic, measurement, and control” using the multi-disciplinary co-simulation software.
Through simulations, the critical parameters of the valve are optimized, the effects of each
parameter on valve performance are analyzed, and the coupling law between the pilot valve and
the main valve stages is explored.

Chapter 4 proposes a high-precision displacement control strategy with reduced-sensor or
sensorless. A flow force and spring force compensation strategy is designed for the
displacement open-loop control mode to enhance the precision of sensorless displacement
control. The prototype valve is processed and trial-manufactured, and the dynamic and static
characteristics of displacement control for the direct-acting pilot valve and the flow feedback
main valve are validated on a hydraulic valve test platform.

Chapter 5 proposes a high-precision flow control strategy with reduced-sensor or
sensorless. A flow control strategy based on pressure difference displacement correction and

flow sensor with active regulation is designed to improve the accuracy of non-flow sensor
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control. The prototype of the flow sensor with active regulation is processed and trial-
manufactured, installed on the prototype valve from Chapter 4, forming an electro-hydraulic
proportional directional flow valve with measurement and control integrated strategy. The flow
control characteristics and anti-load disturbance capabilities of the direct-acting pilot valve and
the electro-hydraulic proportional directional flow valve with measurement and control
integrated strategy are validated on a hydraulic valve test platform.

Chapter 6 summarizes the research work conducted in this thesis, outlines the conclusions,

highlights the innovations achieved, and discusses potential directions for future research.

Keywords: electro-hydraulic proportional control; proportional direction valve; flow control;

flow measurement; integrated of measurement and control
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