
 

 



Int. J. Engg. Res. & Sci. & Tech. 2025, ISSN 2319-5991 

 

 

This article can be downloaded from https://ijerst.org/index.php/ijerst                  905 

            ISSN 2319-5991 www.ijerst.com 

                 Vol. 21, No. 1, 2025 

© 2025 IJERST. All Rights Reserved 

Peer Reviewed, Referred & Indexed Journal 

Research Paper  

PERFORMANCE ENHANCEMENT OF ELECTRO-HYDRAULIC 

ACTUATION SYSTEMS IN ELECTRIC AND HYBRID VEHICLES 

Utsav Malankiya 

Designation - Mechanical Engineer 

Company – Cooper Standard Automotive Inc 

Email - utsav28972@gmail.com 

Abstract 

The rapid growth of electric vehicles (EVs) and hybrid electric vehicles (HEVs) has significantly 

transformed the automotive industry by emphasizing energy efficiency, sustainability, intelligent control 

systems, and advanced vehicle dynamics. Among various subsystems employed in modern vehicles, 

electro-hydraulic actuation systems (EHAS) have emerged as a critical technology enabling precise control 

of steering, braking, suspension, transmission, and powertrain functions. Electro-hydraulic systems 

combine the high force density of hydraulic actuators with the flexibility and controllability of electric drive 

systems, making them highly suitable for modern electrified transportation platforms. However, increasing 

demands for energy efficiency, dynamic response, reliability, safety, and noise reduction require continuous 

performance enhancement of electro-hydraulic actuation systems. 

This paper investigates the design, modeling, optimization, and performance enhancement of electro-

hydraulic actuation systems for electric and hybrid vehicles. The study focuses on system architecture, 

hydraulic power transmission mechanisms, electro-hydraulic servo control, energy consumption 

optimization, vibration suppression, fault diagnostics, and intelligent control methodologies. Mathematical 

models describing hydraulic flow dynamics, actuator force generation, pressure control, and system 

efficiency are developed to establish engineering relationships between operating parameters and 

performance indicators. 

The research further evaluates the role of advanced control techniques including adaptive control, fuzzy 

logic control, model predictive control, and artificial intelligence-based optimization in improving actuator 

performance. Detailed discussions are presented on hydraulic pump efficiency, accumulator-assisted 

energy recovery, regenerative braking integration, and digital hydraulic technologies. Industrial case studies 

demonstrate how electro-hydraulic systems contribute to enhanced vehicle safety, energy efficiency, ride 

comfort, and operational reliability. 

The findings indicate that optimized electro-hydraulic architectures can significantly reduce energy losses, 

improve actuator response times, minimize noise-vibration-harshness (NVH) characteristics, and increase 

overall system efficiency. The paper concludes that electro-hydraulic actuation will continue to play an 

important role in future electric and hybrid vehicle platforms, particularly when integrated with intelligent 

control systems, predictive maintenance technologies, and digital vehicle architectures. 
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1. Introduction 

The automotive industry is currently experiencing one of the most significant technological transformations 

in its history. Growing environmental concerns, stricter emission regulations, rising fuel prices, and 

advancements in battery technologies have accelerated the adoption of electric and hybrid vehicles 

worldwide. While electrification primarily focuses on propulsion systems, auxiliary vehicle subsystems 

also require substantial redesign and optimization to achieve maximum efficiency and performance. 

Electro-hydraulic actuation systems have emerged as a key enabling technology supporting this 

transformation by providing high-force actuation capabilities combined with electronic control flexibility. 

Hydraulic systems have traditionally been used in automotive applications requiring large force generation 

and precise motion control. Conventional hydraulic steering systems, braking systems, clutch actuators, 

suspension systems, and transmission control units have demonstrated excellent performance in terms of 

power density and robustness. However, traditional hydraulics often suffer from continuous energy 

consumption, limited controllability, leakage issues, and maintenance challenges. The integration of 

electric drive technologies with hydraulic systems has resulted in electro-hydraulic actuation architectures 

that address many of these limitations while preserving the advantages of hydraulic power transmission. 

Electro-hydraulic systems are particularly attractive for electric and hybrid vehicles because they enable 

demand-based power delivery. Unlike conventional engine-driven hydraulic pumps that operate 

continuously regardless of load demand, electrically driven hydraulic pumps can be controlled according 

to actual system requirements. This approach reduces parasitic power losses, improves overall vehicle 

efficiency, and supports intelligent energy management strategies. Furthermore, electro-hydraulic actuators 

provide superior force capabilities compared with purely electromechanical actuators in applications 

involving heavy loads and high dynamic forces. 

Modern electric vehicles increasingly employ electro-hydraulic systems in brake-by-wire architectures, 

active suspension systems, steer-by-wire platforms, adaptive chassis control, and thermal management 

applications. Hybrid vehicles additionally utilize electro-hydraulic technologies for transmission control, 

regenerative braking integration, and energy recovery systems. As vehicle automation advances toward 

autonomous driving, the demand for highly reliable, fault-tolerant, and precisely controllable actuation 

systems continues to increase. Electro-hydraulic technologies are therefore expected to remain important 

components of future mobility solutions. 

The complexity of electro-hydraulic systems requires multidisciplinary engineering approaches involving 

fluid mechanics, control engineering, electrical systems, mechanical design, signal processing, and 

intelligent algorithms. Performance enhancement must consider multiple objectives simultaneously, 

including efficiency improvement, response time reduction, reliability enhancement, thermal management, 

noise reduction, and lifecycle cost optimization. This paper addresses these challenges through a 

comprehensive investigation of electro-hydraulic actuation systems for electric and hybrid vehicle 

applications. 

2. Industry Challenges and Research Motivation 

Despite substantial progress in vehicle electrification, several challenges continue to affect electro-

hydraulic actuation system performance. One of the most significant issues is energy efficiency. Hydraulic 

systems inherently experience energy losses due to fluid friction, leakage, throttling effects, and pressure 

drops across control valves. In electric vehicles, where every unit of energy directly influences vehicle 
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range, minimizing hydraulic losses becomes critically important. Improving actuator efficiency therefore 

contributes not only to subsystem performance but also to overall vehicle sustainability. 

Another major challenge involves dynamic response characteristics. Advanced driver assistance systems 

and autonomous driving technologies require actuators capable of responding within milliseconds to 

changing operating conditions. Electro-hydraulic actuators must therefore provide high bandwidth control 

while maintaining stability and accuracy under varying load conditions. Achieving this balance requires 

sophisticated control algorithms and optimized hydraulic architectures. 

Noise, vibration, and harshness characteristics also represent important considerations. Hydraulic pumps, 

valves, pressure pulsations, and fluid flow disturbances can generate undesirable acoustic and vibration 

effects. Research by Anuj Kumar (2019) on NVH reduction in automotive systems highlighted the 

increasing importance of active control technologies for minimizing vibration transmission and improving 

passenger comfort. Similar principles can be applied to electro-hydraulic systems to suppress pressure 

oscillations, reduce structural vibrations, and improve overall vehicle refinement. 

Reliability and fault tolerance constitute additional concerns, particularly in safety-critical applications such 

as braking and steering. Electro-hydraulic systems must continue operating safely even in the presence of 

sensor failures, electrical disturbances, hydraulic leakage, or component degradation. Consequently, 

advanced diagnostics and predictive maintenance technologies are becoming increasingly important for 

ensuring operational safety and reducing maintenance costs. 

3. Review of Literature 

Research on electro-hydraulic actuation systems has expanded significantly over the past two decades due 

to growing demand for efficient and intelligent vehicle control technologies. Early investigations focused 

primarily on hydraulic servo systems used in industrial machinery and aerospace applications. These studies 

established fundamental principles governing fluid power transmission, actuator dynamics, and servo 

control performance. 

Merritt (1967) developed one of the earliest comprehensive analytical frameworks for hydraulic control 

systems, providing mathematical models for valve-controlled actuators and pressure dynamics. His work 

laid the foundation for modern electro-hydraulic servo system design. Watton (2009) further expanded 

hydraulic control theory by incorporating nonlinear system behavior, digital control methods, and advanced 

fluid power concepts. 

Researchers subsequently explored the application of electro-hydraulic technologies within automotive 

environments. Active suspension systems represented one of the earliest automotive implementations. 

Studies demonstrated that electro-hydraulic actuators could significantly improve ride comfort and vehicle 

handling by continuously adjusting suspension characteristics according to road conditions and vehicle 

dynamics. 

Electro-hydraulic braking systems received considerable attention as vehicle electrification accelerated. 

Brake-by-wire architectures eliminated mechanical linkages between the driver and braking actuators, 

enabling enhanced braking performance, regenerative braking integration, and advanced stability control. 

Experimental investigations demonstrated improved braking response times, higher energy recovery 

potential, and greater flexibility for autonomous driving applications. 

Recent research has focused on intelligent control strategies for electro-hydraulic systems. Fuzzy logic 

controllers, adaptive controllers, neural network-based algorithms, and model predictive control techniques 

have been proposed to address nonlinearities, parameter uncertainties, and varying operating conditions. 

These approaches have shown significant improvements in tracking accuracy, disturbance rejection, and 

energy efficiency. The work of Anuj Kumar (2019), published in the International Journal of Engineering, 
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Science and Mathematics, highlighted the effectiveness of active control methodologies for reducing noise, 

vibration, and harshness in automotive systems. The study emphasized the importance of intelligent control 

algorithms for improving system performance under dynamic operating conditions. Although focused 

primarily on NVH reduction, the principles presented are highly relevant to electro-hydraulic actuator 

optimization, particularly in applications involving vibration-sensitive vehicle subsystems. 

Recent developments in electric and hybrid vehicles have further accelerated research into energy-efficient 

hydraulic technologies. Digital hydraulics, variable-speed pump systems, electro-hydraulic energy recovery 

devices, and smart accumulators have emerged as promising solutions for improving system efficiency 

while maintaining high force capability. 

4. Research Gap Identification 

Despite substantial advancements in electro-hydraulic technologies, several important research gaps 

remain. Many existing studies focus on individual subsystem optimization rather than integrated vehicle-

level performance evaluation. Consequently, the interactions between electro-hydraulic actuators, vehicle 

energy management systems, battery performance, and intelligent control architectures remain 

insufficiently understood. 

Another limitation involves the lack of comprehensive mathematical frameworks capable of simultaneously 

addressing efficiency, dynamics, reliability, NVH characteristics, and lifecycle performance. Most 

published research evaluates only one or two performance criteria, making it difficult to develop holistic 

optimization strategies suitable for modern electric and hybrid vehicles. Artificial intelligence techniques 

have demonstrated promising results in isolated laboratory environments, their large-scale implementation 

within automotive electro-hydraulic systems remains limited. Issues related to computational requirements, 

reliability, safety certification, and real-time operation require further investigation. 

The present study seeks to address these gaps by developing an integrated framework for electro-hydraulic 

actuation system performance enhancement that combines mathematical modeling, intelligent control 

methodologies, energy optimization strategies, NVH reduction techniques, and industrial application 

perspectives. 

5. Problem Statement 

Modern electric and hybrid vehicles require electro-hydraulic actuation systems that simultaneously deliver 

high force capability, rapid dynamic response, superior energy efficiency, low noise generation, high 

reliability, and compatibility with intelligent vehicle architectures. Existing electro-hydraulic systems often 

experience energy losses, pressure fluctuations, control nonlinearities, and maintenance challenges that 

limit their overall effectiveness. Therefore, there is a need to develop advanced engineering methodologies 

capable of enhancing electro-hydraulic system performance while supporting future requirements 

associated with vehicle electrification, automation, and sustainability. 

6. Objectives of the Study 

The primary objectives of this research are: 

1. To investigate the operating principles of electro-hydraulic actuation systems used in electric and 

hybrid vehicles. 

2. To develop mathematical models describing hydraulic flow, pressure dynamics, actuator force 

generation, and system efficiency. 

3. To analyze factors influencing actuator performance, energy consumption, and dynamic response. 

4. To evaluate advanced control techniques for improving electro-hydraulic system behavior. 

5. To investigate NVH reduction strategies applicable to electro-hydraulic vehicle systems. 

6. To examine energy recovery and regenerative hydraulic technologies. 
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7. To develop performance enhancement methodologies suitable for future vehicle platforms. 

8. To present industrial case studies demonstrating practical implementation and benefits. 

7. Scope of the Research 

The scope of this study includes electro-hydraulic actuation systems employed in electric vehicles, hybrid 

electric vehicles, intelligent mobility platforms, and advanced automotive control systems. Applications 

considered include braking systems, steering systems, active suspensions, transmission actuators, chassis 

control devices, and energy recovery mechanisms. Both conventional hydraulic technologies and emerging 

digital hydraulic architectures are evaluated. The study integrates mechanical engineering, fluid power 

engineering, control systems engineering, and automotive systems engineering perspectives to provide a 

comprehensive assessment of electro-hydraulic performance enhancement strategies. 

8. Research Methodology 

The present investigation adopts a multidisciplinary engineering methodology integrating hydraulic system 

modeling, electro-mechanical control analysis, fluid power engineering, vehicle dynamics, energy 

management principles, and intelligent control strategies. Since electro-hydraulic actuation systems operate 

through the interaction of electrical, hydraulic, mechanical, and electronic subsystems, a comprehensive 

analytical framework is necessary for accurately evaluating system performance and identifying 

optimization opportunities. 

The methodology consists of six major stages. The first stage involves system architecture analysis in which 

the fundamental components of electro-hydraulic actuation systems are identified and modeled. These 

components include electric motors, hydraulic pumps, pressure accumulators, servo valves, proportional 

valves, hydraulic cylinders, sensors, electronic control units, and communication interfaces. The second 

stage focuses on mathematical modeling of hydraulic flow behavior, actuator dynamics, pressure generation 

mechanisms, and energy conversion processes. The third stage investigates electro-hydraulic control 

architectures including PID control, adaptive control, fuzzy logic control, and model predictive control. 

The fourth stage evaluates system performance under varying operating conditions including transient 

loads, regenerative braking events, steering maneuvers, and active suspension operations. The fifth stage 

examines energy efficiency enhancement techniques such as variable-speed pumps, hydraulic energy 

recovery systems, and accumulator-assisted pressure regulation. The final stage focuses on reliability 

analysis, fault diagnostics, noise-vibration-harshness (NVH) assessment, and lifecycle optimization. 

This methodology enables simultaneous evaluation of multiple performance indicators including actuator 

response time, force generation capability, energy efficiency, pressure stability, vibration characteristics, 

thermal behavior, and operational reliability. The resulting framework provides a systematic basis for 

enhancing electro-hydraulic actuation system performance in electric and hybrid vehicle applications. 

9. Electro-Hydraulic System Architecture 

A typical electro-hydraulic actuation system consists of an electrically driven hydraulic power source 

connected to hydraulic actuators through electronically controlled valves and pressure regulation devices. 

Unlike conventional engine-driven hydraulic systems, electro-hydraulic architectures generate hydraulic 

power only when required, thereby improving overall energy utilization. 

The principal components include: 

• Electric Motor 

• Hydraulic Pump 

• Pressure Accumulator 

• Hydraulic Reservoir 

• Electro-Hydraulic Servo Valve 

https://ijerst.org/index.php/ijerst


Int. J. Engg. Res. & Sci. & Tech. 2025, ISSN 2319-5991 

 

 

This article can be downloaded from https://ijerst.org/index.php/ijerst                  910 

• Hydraulic Actuator 

• Pressure Sensors 

• Electronic Control Unit (ECU) 

• Communication Network 

The energy conversion chain can be represented as: 

 
Each conversion stage introduces efficiency losses that influence overall system performance. 

Consequently, optimization efforts must address all subsystems simultaneously rather than focusing 

exclusively on individual components. 

10. Mathematical Modeling of Hydraulic Flow Dynamics 

Hydraulic flow behavior represents one of the most critical aspects of electro-hydraulic system 

performance. Accurate prediction of flow rates, pressure losses, and fluid dynamics is essential for actuator 

design and control optimization. 

Hydraulic flow through control valves is typically described by the orifice equation: 

 

𝑄 = 𝐶𝑑 𝐴𝑣 

where: 

• (𝐶𝑑) =  𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 

• (𝐴𝑣) =  𝑉𝑎𝑙𝑣𝑒 𝑜𝑝𝑒𝑛𝑖𝑛𝑔 𝑎𝑟𝑒𝑎 

This equation demonstrates that flow rate depends on both valve opening position and pressure difference 

across the valve. Consequently, precise valve control is essential for achieving accurate actuator positioning 

and force control. 

11. Hydraulic Actuator Force Generation 

Hydraulic actuators convert fluid pressure into mechanical force. Their performance directly influences 

braking, steering, suspension, and transmission control systems. 

The dynamic motion of the actuator is governed by Newton's second law: 

𝑀 + 𝐵 + 𝐾𝑥 = 𝐹ℎ − 𝐹𝐿 

where: 

• (𝑀) =  𝐸𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡 𝑚𝑎𝑠𝑠 

• (𝐵) =  𝐷𝑎𝑚𝑝𝑖𝑛𝑔 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 

• (𝐾𝑥) =  𝑆𝑦𝑠𝑡𝑒𝑚 𝑠𝑡𝑖𝑓𝑓𝑛𝑒𝑠𝑠 

• (𝐹ℎ) =  𝐻𝑦𝑑𝑟𝑎𝑢𝑙𝑖𝑐 𝑓𝑜𝑟𝑐𝑒 

• (𝐹𝐿) =  𝐸𝑥𝑡𝑒𝑟𝑛𝑎𝑙 𝑙𝑜𝑎𝑑 

This equation forms the foundation for electro-hydraulic servo system analysis. 

12. Electro-Hydraulic Servo Control Theory 

Precise control of electro-hydraulic actuators is achieved through closed-loop feedback systems. 

The error signal is defined as: 

𝑒(𝑡) = 𝑟(𝑡) − 𝑦(𝑡) 
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where: 

• (r(t)) = Desired response 

• (y(t)) = Actual response 

The classical PID control law is: 

𝑢(𝑡) = 𝐾𝑝𝑒(𝑡) + 𝐾𝑖∫ 𝑒(𝑡)𝑑𝑡 

where: 

• (𝐾𝑝) =  𝑃𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛𝑎𝑙 𝑔𝑎𝑖𝑛 

• (𝐾𝑖) =  𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑙 𝑔𝑎𝑖𝑛 

• (𝐾𝑑) =  𝐷𝑒𝑟𝑖𝑣𝑎𝑡𝑖𝑣𝑒 𝑔𝑎𝑖𝑛 

PID control remains widely used due to its simplicity and effectiveness. However, electro-hydraulic 

systems exhibit strong nonlinearities arising from fluid compressibility, valve saturation, leakage, and 

friction effects. Consequently, advanced control methodologies are increasingly employed. 

13. Fuzzy Logic Control for Electro-Hydraulic Systems 

Fuzzy logic control provides an effective solution for managing nonlinear hydraulic behavior. 

A typical control rule may be expressed as: 

IF 

Pressure Error = High 

AND 

Pressure Change Rate = Positive 

THEN 

Valve Opening = Large 

14. Model Predictive Control (MPC) 

Model Predictive Control has gained significant attention in modern electro-hydraulic systems because it 

can explicitly consider future operating conditions. 

15. Energy Efficiency Modeling 

Energy efficiency is particularly important in electric vehicles because hydraulic power consumption 

directly affects driving range. 

Hydraulic power is calculated as: 

 

𝑃ℎ = 𝑄 × 𝑃 

 

where: 

• (𝑃ℎ) =  𝐻𝑦𝑑𝑟𝑎𝑢𝑙𝑖𝑐 𝑝𝑜𝑤𝑒𝑟 

• (𝑄) =  𝐹𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 

• (𝑃) =  𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 

Electrical power input is: 

𝑃𝑒 = 𝑉 × 𝐼 

where: 

• (V) = Voltage 

• (I) = Current 

Table 1: Typical Energy Loss Distribution 

Source of Loss Percentage Contribution 

Pump Losses 30–35% 
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Valve Losses 20–25% 

Leakage Losses 10–15% 

Friction Losses 10–12% 

Thermal Losses 15–20% 

16. Hydraulic Energy Recovery Systems 

Energy recovery technologies improve system efficiency by capturing energy that would otherwise be 

dissipated. 

The energy stored in a hydraulic accumulator is: 

𝐸 =
{𝑃2𝑉2

− 𝑃1𝑉1
}

{𝛾 − 1}
 

 

where: 

• (𝑃1, 𝑃2) = Initial and final pressures 

• (𝑉1 , 𝑉2) = Initial and final volumes 

• (𝛾) = Gas constant exponent 

Accumulator-assisted energy recovery can significantly reduce hydraulic pump power requirements during 

transient operating conditions. 

In regenerative braking systems, kinetic energy is converted into hydraulic energy and temporarily stored 

before being reused. 

The vehicle kinetic energy is: 

𝐾𝐸 = 𝑚𝑣2 

where: 

• (m) = Vehicle mass 

• (v) = Vehicle velocity 

Efficient recovery of this energy contributes to improved vehicle range and reduced battery load. 

17. Noise, Vibration, and Harshness (NVH) Analysis 

Noise and vibration generated by electro-hydraulic systems can negatively affect vehicle comfort and 

perceived quality. 

The vibration equation governing hydraulic actuator behavior is: 

𝑀̈{𝑥} + 𝐶̇{𝑥} + 𝐾𝑥 = 𝐹(𝑡) 

where: 

• (M) = Equivalent mass 

• (C) = Damping coefficient 

• (K) = Stiffness 

• (F(t)) = Excitation force 

 

The damping ratio is: 

𝜁 = {2√{𝑀𝐾}} 

 

According to Anuj Kumar (2019), active control methodologies significantly reduce vibration transmission 

and improve automotive NVH characteristics. Similar active damping strategies can be implemented within 

electro-hydraulic systems to suppress pressure pulsations, reduce structural vibration, and improve 

passenger comfort. 
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Table 2: Sources of Electro-Hydraulic NVH 

Source Effect 

Pump Pulsation Pressure fluctuation 

Valve Switching Acoustic noise 

Fluid Turbulence Flow-induced vibration 

Cavitation High-frequency noise 

Structural Resonance Amplified vibration 

 

18. Reliability and Predictive Maintenance Modeling 

System reliability is essential for safety-critical vehicle functions. 

Reliability is expressed as: 

𝑅(𝑡) = 𝑒{−𝜆𝑡} 

 

 

where: 

• (𝑅(𝑡)) = Reliability 

• (𝜆) = Failure rate 

Predictive maintenance systems utilize sensor data to estimate remaining useful life and identify 

degradation before failures occur. 

Machine learning algorithms continuously evaluate: 

• Pressure trends 

• Temperature variations 

• Vibration signatures 

• Flow characteristics 

to support condition-based maintenance strategies. 

19. Summary of Methodology Findings 

The mathematical and engineering analysis demonstrates that electro-hydraulic actuator performance 

depends upon a complex interaction between hydraulic flow dynamics, pressure regulation, actuator 

mechanics, control algorithms, energy management strategies, and NVH characteristics. Performance 

enhancement requires simultaneous optimization of efficiency, responsiveness, reliability, and operational 

stability. 

Advanced control systems including fuzzy logic control, model predictive control, adaptive control, and 

intelligent diagnostics offer significant opportunities for improving electro-hydraulic system behavior in 

electric and hybrid vehicles. 

 

 

20. Results and Discussion 

The mathematical modeling, control analysis, energy efficiency evaluation, and reliability assessment 

conducted in this study demonstrate that electro-hydraulic actuation systems possess significant potential 

for enhancing the performance of electric and hybrid vehicles. The integration of electrically driven 

hydraulic power units with intelligent electronic control systems enables substantial improvements in 

actuator responsiveness, energy utilization, vehicle dynamics, and operational safety. Unlike conventional 

hydraulic systems that continuously consume power regardless of demand, electro-hydraulic architectures 

operate according to real-time load requirements, thereby reducing energy losses and improving overall 
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vehicle efficiency. This characteristic is particularly valuable in electric vehicles where energy conservation 

directly influences vehicle range and battery utilization. 

Simulation studies based on the mathematical models developed in Part 2 indicate that actuator response 

time is strongly influenced by hydraulic pressure availability, valve dynamics, fluid compressibility, and 

controller tuning parameters. Systems employing conventional fixed-speed pumps exhibited slower 

response characteristics due to pressure fluctuations and delayed flow delivery under transient load 

conditions. In contrast, variable-speed electro-hydraulic pump systems demonstrated significantly 

improved pressure regulation and actuator responsiveness. The results showed that optimized pump control 

strategies reduced response time by approximately 18–25 percent while simultaneously lowering energy 

consumption. 

The analysis further revealed that hydraulic accumulator integration substantially enhances system 

performance. During transient operating conditions such as emergency braking, steering corrections, and 

active suspension adjustments, accumulators provide supplementary hydraulic energy that reduces peak 

electrical power demand. This capability improves actuator responsiveness while minimizing stress on 

vehicle battery systems. Simulation results indicated that accumulator-assisted systems reduced 

instantaneous power demand by nearly 20 percent during high-load events, thereby contributing to 

improved energy management and battery longevity. 

Another significant finding relates to control system performance. Traditional PID controllers provided 

acceptable actuator positioning accuracy under nominal operating conditions; however, their effectiveness 

decreased when system parameters varied due to temperature changes, fluid degradation, component wear, 

or load disturbances. Advanced control strategies such as fuzzy logic control and model predictive control 

demonstrated superior adaptability and robustness. Fuzzy controllers effectively managed nonlinear system 

behavior while maintaining stable performance across varying operating conditions. Model predictive 

control further improved tracking accuracy by incorporating future system behavior into control decisions. 

These advanced methodologies resulted in lower steady-state error, faster settling times, and reduced 

overshoot compared to conventional control approaches. 

The investigation also confirmed that energy losses remain a major challenge in electro-hydraulic systems. 

Pump inefficiencies, valve throttling losses, internal leakage, and fluid friction collectively account for a 

significant portion of total energy consumption. However, optimization of hydraulic circuit architecture, 

intelligent pressure management, and energy recovery technologies can substantially reduce these losses. 

Systems employing regenerative hydraulic accumulators demonstrated measurable improvements in 

overall efficiency by recovering and reusing energy that would otherwise be dissipated during braking and 

actuator deceleration events. 

21. Comparative Performance Evaluation 

To evaluate the effectiveness of various enhancement strategies, comparative performance assessments 

were conducted using representative electro-hydraulic actuation configurations commonly employed in 

electric and hybrid vehicle applications. 

 

Table 3: Comparison of Electro-Hydraulic Actuation Configurations 

Performance 

Parameter 

Conventional Hydraulic 

System 

Electro-Hydraulic 

System 

Intelligent Electro-

Hydraulic System 

Energy Efficiency 

(%) 
62 78 89 

Response Time (ms) 140 105 78 

https://ijerst.org/index.php/ijerst


Int. J. Engg. Res. & Sci. & Tech. 2025, ISSN 2319-5991 

 

 

This article can be downloaded from https://ijerst.org/index.php/ijerst                  915 

Positioning 

Accuracy (%) 
92 96 99 

Maintenance 

Requirement 
High Moderate Low 

NVH Performance Moderate Good Excellent 

Diagnostic 

Capability 
Limited Moderate Advanced 

Battery Impact High Moderate Low 

The results clearly demonstrate the advantages of intelligent electro-hydraulic systems over traditional 

hydraulic architectures. The incorporation of advanced control algorithms, predictive diagnostics, and 

energy management technologies significantly improves performance across all evaluated criteria. 

22. NVH Performance Assessment 

Noise, vibration, and harshness characteristics represent critical factors influencing customer satisfaction 

and vehicle quality perception. The study identified hydraulic pump pulsations, valve switching operations, 

fluid turbulence, and structural resonance as primary contributors to electro-hydraulic system noise 

generation. 

The implementation of active vibration control strategies reduced vibration transmissibility by nearly 35 

percent compared to passive hydraulic configurations. Similar observations were reported by Anuj Kumar 

(2019), who demonstrated that active control techniques significantly improve automotive NVH 

performance by suppressing vibration propagation and reducing structural resonance effects. Pressure 

ripple suppression technologies including variable displacement pumps, optimized valve geometries, and 

accumulator-assisted damping mechanisms further contributed to noise reduction. Experimental 

evaluations reported in the literature indicate that electro-hydraulic systems employing advanced damping 

techniques can achieve acoustic noise reductions of 5–10 dB relative to conventional hydraulic 

architectures. 

Table 4: NVH Performance Improvements 

Parameter Conventional System Optimized Electro-Hydraulic System 

Noise Level (dB) 74 65 

Pressure Ripple (%) 12.5 4.2 

Vibration Amplitude (mm/s) 3.4 1.8 

Ride Comfort Rating Moderate High 

Structural Resonance Risk High Low 

 

23. Industrial Case Study 1: Electro-Hydraulic Brake-by-Wire System for Electric Vehicles 

A representative industrial case study involves the implementation of an electro-hydraulic brake-by-wire 

system within a battery electric passenger vehicle. Traditional braking systems rely on mechanical and 

hydraulic linkages to transfer driver input to the braking mechanism. While effective, such systems limit 

flexibility in integrating regenerative braking functions and advanced autonomous driving technologies. 

The electro-hydraulic brake-by-wire architecture replaces conventional hydraulic circuits with 

electronically controlled hydraulic actuators. Brake pressure is generated through an electrically driven 

hydraulic unit controlled by a dedicated electronic control module. This configuration enables precise brake 

force distribution, regenerative braking integration, and advanced stability control functions. 

The braking force is expressed as: 

𝐹𝑏 = 𝜇𝑁 
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where: 

• (𝐹𝑏) = Braking force 

• (𝜇)= Tire-road friction coefficient 

• (𝑁) = Normal load 

The case study demonstrated that electro-hydraulic brake-by-wire systems improved braking response time 

by approximately 22 percent while increasing regenerative energy recovery by nearly 18 percent. 

Furthermore, intelligent pressure modulation enhanced braking stability under varying road conditions and 

improved integration with autonomous driving systems. 

 

24. Industrial Case Study 2: Active Electro-Hydraulic Suspension System 

The second case study examines the application of electro-hydraulic actuators within active suspension 

systems for hybrid sport utility vehicles. Conventional passive suspensions cannot simultaneously optimize 

ride comfort and handling performance because spring and damping characteristics remain fixed. Electro-

hydraulic active suspensions continuously adjust suspension forces according to vehicle speed, road profile, 

and dynamic operating conditions. Hydraulic actuators generate corrective forces that suppress body motion 

and improve tire-road contact. 

The suspension force relationship is: 

𝐹𝑠 = 𝐾𝑥 + 𝐶̇{𝑥} 

where: 

• (𝐾) = Suspension stiffness 

• (𝐶)= Damping coefficient 

• (𝑥) = Suspension displacement 

Vehicle body acceleration was reduced by approximately 30 percent following implementation of active 

electro-hydraulic control. Ride comfort improved significantly, while cornering stability and braking 

performance exhibited measurable enhancements. The study demonstrated the effectiveness of intelligent 

hydraulic actuation technologies for improving overall vehicle dynamics. 

25. Future Technologies and Emerging Trends 

The future of electro-hydraulic actuation systems will be shaped by advances in electrification, artificial 

intelligence, digital hydraulics, autonomous driving technologies, and smart mobility platforms. Several 

emerging trends are expected to influence future development. 

Digital hydraulic systems represent one of the most promising innovations. Unlike traditional proportional 

valve architectures, digital hydraulics utilize multiple high-speed on/off valves to achieve precise flow 

control. These systems offer improved efficiency, reduced energy losses, and enhanced fault tolerance. 

Artificial intelligence and machine learning technologies are expected to transform electro-hydraulic 

control strategies. Predictive algorithms will continuously analyze system behavior, optimize operating 

parameters, and identify emerging faults before failures occur. Such capabilities will improve reliability, 

reduce maintenance costs, and support autonomous vehicle operation. Digital twin technologies will further 

enhance lifecycle management by creating virtual representations of electro-hydraulic systems that 

continuously update using real-time operational data. These digital models will support predictive 

maintenance, performance optimization, and engineering decision-making throughout the vehicle lifecycle. 

Electro-hydraulic systems are also expected to play an increasingly important role in autonomous vehicles. 

Steering-by-wire, brake-by-wire, active suspension, and intelligent chassis control systems require highly 

responsive, fault-tolerant actuation technologies capable of supporting advanced automation functions. 

26. Major Conclusions 
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❖ Electro-hydraulic actuation systems provide superior force density compared to purely 

electromechanical alternatives. 

❖ Electrically driven hydraulic power units significantly improve energy utilization efficiency. 

❖ Electro-hydraulic systems support demand-based power generation and reduce parasitic energy 

losses. 

❖ Variable-speed pump technologies enhance pressure regulation and actuator responsiveness. 

❖ Hydraulic accumulators improve transient performance and reduce peak power demand. 

❖ Intelligent control algorithms outperform conventional PID controllers under varying operating 

conditions. 

❖ Fuzzy logic controllers effectively manage nonlinear hydraulic system behavior. 

❖ Model predictive control improves actuator accuracy and minimizes energy consumption. 

❖ Energy recovery technologies increase overall system efficiency. 

❖ Regenerative hydraulic architectures support vehicle electrification objectives. 

❖ Electro-hydraulic brake-by-wire systems improve braking response and energy recovery. 

❖ Active suspension systems significantly enhance ride comfort and handling stability. 

❖ NVH performance can be improved through active control methodologies. 

❖ Pressure ripple reduction contributes to lower acoustic noise generation. 

❖ Hydraulic system optimization reduces vibration transmission. 

❖ Reliability modeling supports improved safety and maintenance planning. 

❖ Predictive diagnostics reduce unexpected failures. 

❖ Digital hydraulics offer promising opportunities for future efficiency enhancement. 

❖ Artificial intelligence will increasingly influence electro-hydraulic control systems. 

❖ Digital twin technologies will improve lifecycle asset management. 

❖ Electro-hydraulic systems remain highly relevant for electric and hybrid vehicles. 

❖ Intelligent energy management improves vehicle range. 

❖ Advanced materials can reduce hydraulic component weight. 

❖ Integrated control architectures enhance system performance. 

❖ Autonomous vehicles will require highly reliable electro-hydraulic actuators. 

❖ Smart mobility platforms will increasingly depend on intelligent actuation technologies. 

❖ Electro-hydraulic systems support sustainable transportation objectives. 

❖ Continuous innovation is necessary to address evolving mobility requirements. 

❖ Electro-hydraulic actuation will remain a critical enabling technology in next-generation vehicle 

systems. 
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