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Abstract: With the development and growth of society and economy, the transportation
industry is continuously expanding. However, traditional transportation methods suffer
from energy waste and environmental pollution. Improving transportation efficiency and
reducing environmental impact have become one of the current research hotspots. The
vehicle hydraulic power generation system is a technology that converts wasted hydraulic
energy during vehicle operation into electrical energy. It enables the recovery and
utilization of energy during transportation, thus improving energy utilization efficiency and
reducing environmental impact. Therefore, studying the design optimization and
performance analysis of the vehicle hydraulic power generation system is of great
significance in promoting sustainable development and energy conservation in
transportation.

1. Introduction

The vehicle hydraulic power generation system is a new energy technology that utilizes the
pressure generated during vehicle operation to convert it into electrical energy. Compared to
traditional mechanical power generation methods, the vehicle hydraulic power generation system
offers advantages such as high energy utilization efficiency and environmental cleanliness. However,
in practical applications, issues such as low system efficiency and unstable operation often arise due
to factors like improper system design parameters or substandard component quality. Therefore, how
to optimize the design and enhance system performance has become one of the pressing issues that
need to be addressed in order to further promote and apply vehicle hydraulic power generation
systems.

2. Basic Components and Working Principles of Vehicle Hydraulic Power Generation System
2.1. Basic composition

2.1.1. Hydraulic Power Unit

The hydraulic power unit is the core component of the vehicle hydraulic power generation system,
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responsible for converting mechanical energy into hydraulic energy. It consists of one or more
hydraulic pumps, hydraulic motors, hydraulic cylinders, etc. The hydraulic pump converts
mechanical energy into hydraulic energy, which is then supplied to hydraulic motors or hydraulic
cylinders.

2.1.2. Hydraulic Control Valves

Hydraulic control valves are used to control the flow rate, pressure, and direction of the hydraulic
system. They include one-way valves, proportional valves, directional control valves, etc. By
configuring and adjusting the control valves appropriately, precise control and regulation of the
hydraulic system can be achieved.

2.1.3. Energy Conversion Device

The energy conversion device is used to convert hydraulic energy into electrical energy. Typically,
hydraulic energy is converted into mechanical energy through hydraulic motors or hydraulic
generators, and then mechanical energy is further converted into electrical energy through a generator.
Hydraulic generators usually combine hydraulic motors with generators to directly convert hydraulic
energy into electrical energy.

2.1.4. Control System

The control system is responsible for monitoring and controlling the hydraulic power generation
system. It includes sensors, controllers, actuators, etc. Sensors are used to monitor parameters of the
hydraulic system, such as flow rate, pressure, temperature, etc., and transmit these parameter signals
to the controller. The controller analyzes and processes the sensor signals and issues control
commands to the actuators to control the operating state of the hydraulic system.

2.1.5. Auxiliary Devices

Auxiliary devices include hydraulic oil tanks, cooling systems, filters, etc. The hydraulic oil tank
stores hydraulic oil and provides the required hydraulic oil flow for the hydraulic system. The cooling
system is used to cool the hydraulic oil and prevent the system from overheating.[1] Filters are used
to remove impurities and contaminants from the hydraulic oil, ensuring the normal operation and
lifespan of the hydraulic system.

2.2. Operational principle

2.2.1. Working Principle of the Hydraulic Power Unit

The vehicle hydraulic power generation system converts mechanical energy into hydraulic energy
through the hydraulic power unit. The hydraulic pump is driven by a power source such as an engine
or an electric motor.[2] It rotates the rotor, drawing in hydraulic oil and increasing its pressure to
generate high-pressure hydraulic flow. The high-pressure hydraulic flow enters the hydraulic motor
or hydraulic cylinder through hydraulic control valves, driving the hydraulic motor to output torque
or the hydraulic cylinder to output force, thereby providing power to the mechanical device.[3]

2.2.2. Working Principle of the Energy Conversion Device

The hydraulic motor converts hydraulic energy into mechanical energy by driving the hydraulic
generator with its output shaft. Inside the hydraulic generator, there is a rotor and a stator. When
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hydraulic energy from the hydraulic motor is inputted into the hydraulic generator, the rotational force
of the hydraulic motor drives the rotor to rotate.[4] The interaction between the magnetic field of the
rotor and the stator induces electromagnetic induction, converting the mechanical energy into
electrical energy output.

2.2.3. Working Principle of the Control System

The control system plays a role in monitoring and controlling the vehicle hydraulic power
generation system. Sensors are installed in the hydraulic system to sense parameters such as hydraulic
oil flow rate, pressure, and temperature. These parameters are converted into electrical signals by the
sensors and transmitted to the controller. The controller receives and processes the sensor signals and
issues control commands according to system requirements and preset parameters.[5] The actuators
adjust the working state of the hydraulic system based on the control commands, such as controlling
the flow rate and pressure of the hydraulic pump or adjusting the speed of the hydraulic motor.

2.2.4. Working Principle of the Auxiliary Devices

The hydraulic oil tank stores hydraulic oil and supplies it to the hydraulic system through an oil
pump. The cooling system cools the hydraulic oil through a radiator or a cooler to prevent the system
from overheating. The filter removes impurities and contaminants from the hydraulic oil, ensuring
the cleanliness of the hydraulic oil and the normal operation and lifespan of the hydraulic system.

3. Specific Applications of Energy Regulation Technology in Vehicle Hydraulic Power
Generation Systems

Energy regulation technology refers to a technique used in vehicle hydraulic power generation
systems to precisely adjust and control parameters such as output voltage, power, and frequency
through the design of rational control algorithms and optimization of electrical component matching.
The specific applications of energy regulation technology in vehicle hydraulic power generation
systems include:

3.1. Volume control technology for hydraulic pumps

Energy regulation technology utilizes the characteristics of variable displacement pumps to control
the system flow by changing the volume of the hydraulic pump. Flow sensors are used to monitor the
hydraulic oil flow in real time, providing feedback signals for dynamic adjustment and control of
output parameters. In practice, various techniques such as pressure control, accumulator volume
control, generator speed control, and hydraulic valve control are employed to meet different
requirements in different scenarios.

3.2. Pressure control technology

By controlling the working pressure of the hydraulic system, the output power and voltage of the
system can be effectively controlled. Common pressure control techniques include valve control and
electronic control.[6] Valve control adjusts the working pressure of the system by regulating the
opening of hydraulic control components such as integrated pressure relief valves or proportional
valves. Electronic control adopts control algorithms such as PID, adjusts the working status of
hydraulic pumps and generators based on measured feedback signals, and achieves control over
electrical/hydraulic equipment.
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3.3. Accumulator volume control technology

The accumulator is an energy storage component in the vehicle hydraulic power generation system,
and its volume determines the energy storage and release modes. If the accumulator volume is too
small, the stored energy may be insufficient to support normal system operation. Conversely, if the
volume is too large, the system's response speed may be affected. Therefore, it is necessary to select
an appropriate accumulator volume based on the application scenario and control output parameters
such as voltage and power by optimizing the charging and discharging pressure of the accumulator.

3.4. Generator speed control technology

The speed of the generator is a critical factor affecting the output voltage and frequency of the
alternating current. Therefore, reliable control methods are needed to regulate and control generator
speed. Generator speed control technology mainly employs feedback control algorithms such as PID,
combined with speed sensors for real-time measurement and adjustment. By controlling the generator
speed and matching the appropriate load, precise control of voltage, power, and frequency parameters
can be achieved. In applications, suitable control panels and control components need to be selected
according to specific requirements, and system fault self-diagnosis and protection capabilities should
be improved to enhance system stability and reliability.

3.5. Hydraulic valve control technology

Hydraulic valves are crucial control components in vehicle hydraulic power generation systems,
including proportional valves, safety valves, check valves, etc. Proportional valves adjust flow or
pressure by changing their opening, enabling precise control of the hydraulic system. Safety valves
automatically open when the system pressure exceeds the rated value, protecting the system from
overpressure damage. Check valves prevent fluid backflow and ensure the normal operation of the
system. In applications, valve parameters such as size and type should be selected according to
specific scenarios, and control and adjustment can be done through hydraulic control panels,
touchscreens, and other user interfaces. Additionally, understanding the characteristics and
application ranges of different valves and selecting a suitable combination of valves are necessary to
adapt to changing work environments.

4. Design Optimization Strategies for Vehicle Hydraulic Power Generation Systems Based on
Energy Regulation Technology

4.1. Power Matching and Matching Control Strategy

In the design of vehicle hydraulic power generation systems, achieving power matching between
hydraulic pumps and hydraulic generators is crucial. To achieve this, accurate analysis and prediction
of the system's power demand are required to determine the appropriate parameters and operating
states of the hydraulic pump and hydraulic generator. System adaptability and efficiency should also
be taken into consideration. In practical applications, intelligent control algorithms and feedback
regulation strategies can be employed to monitor the system'’s power demand and energy conversion
efficiency in real-time. By adjusting the speed and output torque of the hydraulic pump and hydraulic
motor, the system can be kept at its optimal operating point, thus achieving optimized power matching.
The use of advanced matching control algorithms and real-time monitoring technology improves the
precision and real-time performance of matching control, leading to better system optimization and
performance enhancement.
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4.2. Energy Recovery and Storage Strategy

During vehicle operation, there are significant energy losses, such as kinetic energy and friction
energy during braking. These energy losses not only reduce the vehicle's driving efficiency and
economy but also have negative impacts on the environment. By implementing energy recovery and
storage strategies, these lost energies can be converted into hydraulic energy and stored for future use.
For example, using a regenerative hydraulic pump during braking allows the hydraulic energy
generated during braking to be recovered into the hydraulic oil tank, reducing energy losses and
improving the vehicle's economy and reliability. Additionally, efficient energy storage devices such
as supercapacitors or energy storage units can be employed to temporarily store energy and release it
when needed, providing energy support to the vehicle's power generation system during high-load
conditions such as acceleration or uphill driving.

4.3. Efficient Energy Conversion Strategy

A complete hydraulic power generation system also needs to consider energy storage and
management systems. For energy recovery and storage, it is necessary to select efficient energy
storage devices and employ appropriate energy management strategies to maximize energy storage
efficiency. Furthermore, to ensure good matching and transmission efficiency between hydraulic
power devices and energy conversion devices, system maintenance and quality control should be
taken into account. Timely inspection and replacement of aging or faulty components and parts are
crucial. When designing a hydraulic power generation system, emphasis should be placed on system
reliability and safety to ensure the absence of safety hazards such as oil leakage and explosions. It is
also important to establish scientifically reasonable operational maintenance standards and
procedures. In summary, optimizing a hydraulic power generation system requires not only
considering energy conversion efficiency but also focusing on system stability, reliability, and safety
to ensure long-term stable operation and performance.

4.4, System Integration and Optimization Strategy

Vehicle hydraulic power generation systems are complex systems that involve hydraulic power
devices, energy conversion devices, control systems, and other components. To achieve efficient
system operation and optimal design, system integration and optimization are necessary. In terms of
system integration, the compatibility, coordination, and stability between various components need
to be considered to ensure the overall performance of the system reaches its optimum. In terms of
system optimization, a system-level optimization design can be employed to consider energy
requirements and system performance under different operating conditions, selecting appropriate
component parameters and configuration schemes to achieve the best overall system performance.

4.5. Fault Diagnosis and Intelligent Control Strategy

Fault diagnosis and intelligent control of vehicle hydraulic power generation systems are key
technologies for improving system reliability and safety. Advanced fault detection and diagnosis
techniques can utilize real-time collection of system operational status information through sensors.
By using data analysis and modeling methods, system parameters and state information can be
monitored, analyzed, and diagnosed, enabling fast and accurate identification of fault types and
locations, and providing corresponding strategies and repair solutions. In addition, intelligent control
algorithms can dynamically adjust energy flow and control signals based on real-time system
information, optimizing the system's operating point and improving its conversion efficiency and
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power output. Furthermore, comprehensive design incorporating hardware-software integration and
machine learning in multiple aspects can improve system responsiveness and accuracy, further
enhancing system stability and reliability.

4.6. Energy-saving and Environmental Protection Strategy

Energy regulation technology is a common energy-saving and environmental protection strategy.
Its principle is to adjust the system's output energy based on the load variation, thereby achieving
efficient energy utilization and reducing waste while lowering oil temperature, reducing leaks and
viscous losses, and extending system life. In vehicle hydraulic power generation systems,
optimization design and configuration of energy regulation technology should be conducted based on
actual working conditions and requirements. Through the coordinated action of control software and
hardware, monitoring, analysis, and adaptive control of the system's operating state and parameters
can be achieved, improving system performance and stability.

5. Performance of Vehicle Hydraulic Power Generation System Based on Energy Regulation
Technology

5.1. High-efficiency Energy Conversion

The hydraulic pump and hydraulic motor, as the core components of the vehicle hydraulic power
generation system based on energy regulation technology, play a crucial role in the efficiency of
energy conversion through their design and selection. To achieve high-efficiency energy conversion,
the hydraulic pump needs to possess efficient, stable, and reliable characteristics, capable of operating
under different load conditions and meeting the requirements of the energy regulation system. The
hydraulic motor, on the other hand, requires high power density, response speed, and torque
transmission capability to achieve efficient conversion in the hydraulic system. Therefore, by
optimizing the parameter configuration of the hydraulic pump and hydraulic motor, their operational
efficiency and performance matching can be improved, leading to higher energy conversion efficiency.
The optimization design of the hydraulic pump and hydraulic motor relies on advanced design and
analysis methods. During the design phase, thorough simulation analysis and experimental testing are
necessary to verify their performance and parameter configurations against the system requirements.
Additionally, optimization techniques such as algorithms and multi-objective decision models are
employed to optimize the design of the hydraulic pump and hydraulic motor, aiming for more efficient
energy conversion and performance matching. In practical applications, regular inspection and
maintenance of the hydraulic pump and hydraulic motor components are essential to ensure their
long-term stable operation and high-efficiency power generation capability.

5.2. Stability and Reliability

Stability and reliability are key factors for the power generation efficiency and practicality of the
vehicle hydraulic power generation system during its operation. Energy regulation technology
enables stable regulation and control of the system by controlling parameters such as pressure, flow
rate, and valve opening and closing, ensuring long-term stable operation and reliable power
generation performance. By optimizing the design and parameter configuration of the hydraulic pump
and hydraulic motor, energy waste in the system can be effectively reduced, thereby increasing the
system's efficiency and response speed. Enhancing stability and reliability requires comprehensive
consideration and optimization during the system design and application phases. Firstly, during the
design stage, system stability and reliability are evaluated and analyzed through considering
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variations in system environment and load conditions, utilizing high-quality hydraulic components
and accessories, and employing scientific and technological methods. Secondly, during the system
application phase, standardized use and maintenance practices are implemented, including
developing emergency handling plans, conducting regular inspections and maintenance, performing
fault diagnosis and repairs, etc., to ensure the long-term stable operation and high-efficiency power
generation capability of the system.

5.3. Power Matching and Matching Control

The application of energy regulation technology in the vehicle hydraulic power generation system
enables not only efficient and stable energy conversion but also power matching and matching control
of the vehicle apparatus. During vehicle operations, the hydraulic system needs to adjust the output
power and operating state in real-time based on the working conditions and load requirements of the
vehicle apparatus to meet the power generation needs under different driving conditions. Through
optimizing power matching and matching control strategies, the system's adaptability and
effectiveness can be improved, ensuring stable operation and optimized power generation
performance under different operating conditions. Factors such as response speed, energy conversion
efficiency, and operational stability need to be considered in power matching and matching control.
Advanced matching control algorithms and real-time monitoring technologies enable optimization of
the precision and real-time performance of the matching control system. In practical applications,
analysis and evaluation of the system's actual operating environment and load conditions, combined
with the parameter configuration and optimization design of the hydraulic pump and hydraulic motor,
are performed to determine the optimal power matching and matching control strategies to meet
various operating conditions and power generation requirements of the vehicle apparatus.

5.4. Energy Recovery and Storage

The performance of the vehicle hydraulic power generation system can be further enhanced not
only through energy regulation technology but also through energy recovery and storage methods.
Energy recovery and storage techniques are effective means of energy utilization, allowing the
conversion of surplus energy generated during vehicle operation into electric energy, thereby
improving the system's energy efficiency and power generation performance. In terms of energy
recovery, efficient energy recovery devices such as regenerative generators and capacitors are
employed to convert surplus energy generated during vehicle operation into electrical energy for
recovery. As for energy storage, high-quality energy storage systems such as supercapacitors and
lithium-ion batteries are used to store the recovered electrical energy, providing power support to the
system when needed, thereby enhancing the system's response speed and operational efficiency.
Through the application of energy recovery and storage technologies, the vehicle hydraulic power
generation system can convert inertial energy, braking energy, and other forms of energy generated
during vehicle operation into electrical energy for storage, thereby improving energy efficiency and
power generation efficiency of the system. During the system design and application process, the
practical feasibility and cost-effectiveness of energy recovery and storage need to be considered
comprehensively, and the optimization design and configuration of the system should be based on the
system's operating conditions and load characteristics to achieve maximum energy recovery and
storage, thereby further enhancing the power generation performance of the system.

6. Conclusion

In summary, by adopting energy regulation technology, significant improvements can be achieved
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in the performance of the vehicle hydraulic power generation system, including energy consumption,
stability, environmental impact, and maintenance costs. Future research can further explore the
application of energy regulation technology in the vehicle hydraulic power generation system and
investigate how to enhance system performance and reliability through means such as structural
innovation and intelligent control.
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