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ABSTRACT 
 Fuel-powered construction machinery performs its 
operational tasks through heavy-duty implements that 
are primarily driven by energy inefficient valve-
controlled hydraulic systems. These hydraulic systems 
exhibit poor energy performance due to throttling losses, 
resulting in substantial energy waste. In this paper, an 
electromechanical-hydraulic hybrid implement driving 
system is proposed that utilize energy-efficient green 
electromechanical actuator (EMA) for controlling the 
displacement and velocity of the implement, while 
hydraulic cylinders-accumulator pair having high-power 
density is used for recovering implement’s gravitational 
potential energy and compensate for the limited load-
bearing capacity of EMA through load sharing. A detailed 
simulative model of a mid-size excavator is developed, 
integrating multibody dynamics with cascaded, position-
controlled EMA and a hydraulic sub-system. Moreover, 
an energy-aware mode-switching control scheme is 
designed, enabling the system to switch to the 
corresponding control mode depending upon the pre-set 
conditions. For energy efficiency validation of the 
proposed system, simulation results of boom 
implement’s lowering and lifting process were compared 
with a base-line model of hydraulic excavator grounded 
on load sensing (LS) system. Under identical operating 
conditions, the proposed greener hybrid driving system 
demonstrated better control performance, alongside an 
overall 22.5% increase in operating efficiency and a 
31.4% reduction in energy consumption. The results also 
demonstrate energy recovery potential of such high-
pollutant machinery.  
 

 
 This is a paper for the 17th International Conference on Applied Energy (ICAE2025), December 8-12, 2025, Bangkok, Thailand. 
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NOMENCLATURE 
Abbreviations  
CM 
EX 
EMA 
LS 
ICE 
FOC 
SoE 

Construction Machinery 
Excavator 
Electromechanical actuator 
Load Sensing 
Internal-combustion engines 
Field oriented control 
State of energy 

Symbols  
Jcon 

Xref 
ath 
FEHH 
Wm 
PRD, PRL 

Control input  
Trajectory input 
Acceleration threshold 
Output force 
Motor speed 
Pressures 

1. INTRODUCTION 
Pressing environmental regulations and deepening 

energy crisis asks for development of electrified, energy-
efficient construction machinery (CM). Typical machines, 
like hydraulic Excavators (EXs), are powered by internal 
combustion engines (ICE) and leverage traditional valve-
controlled hydraulic systems for their functional 
performant tasks. These mobile hydraulic systems 
employ multi-way control valves to regulate pressure 
and flow to actuators, thereby controlling their 
displacement and velocity. However, this architecture 
results in substantial throttling losses, resulting in low 
overall efficiency, typically ranging from 21%-30% across 
all mobile applications [1]. Moreover, CM consumes 
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about 0.25 quads [2] of energy annually, and as per 
recent report contributes appx 400 MMTCO2 in global 

emissions [3]. To meet carbon neutrality targets and 
improve overall efficiency of CM, researchers have 
developed various solutions to mitigate losses and 
reduce overall energy consumption. For instance, load 
sensing (LS) systems, that employ a variable 
displacement pump that adjusts supply to match the 
highest load pressure, thereby reducing throttling losses 
[4]. Another approach is independent metering control, 
which decouples metering orifices (in and out) of the 
control valves, resulting in significant energy savings 
compared with LS system [5]. However, both LS and 
independent metering systems usually incur energy 
losses under multi-actuator compound motion due to 
load differentials [6]. To address this, closed pump-
control technology has been investigated and developed 
[7], replacing valve-controlled systems with variable 
speed or variable-displacement pumps to directly 
control actuator velocity [8].  

Using linear electrical actuators to drive heavy-duty 
implements of CM can completely eliminate throttling 
losses by directly converting electrical energy into linear 
motion through permanent magnet synchronous motor 
(PMSM), reducer and rigid ball-screw pair, thereby 
achieving extremely high efficiency. However, EMAs 
suffer from low power density and limited output force, 
restricting their standalone application in heavier 
machines. While EMAs have been proposed as an 
alternative to purely valve-controlled hydraulic system 
[9-10], their application in CM have been largely limited 

to compact or mini-class machines, leaving high-
pollutant variants, where efficiency gains are critical, out 

of integration pathways.    
This paper proposes a novel hybrid implement 

driving system that realize fusion of linear EMAs and 
hydraulics. Driving system is integrated on a boom of a 
mid-size EX (35-Ton), where instead of hydraulic valves, 
linear EMA controls the boom movement, achieving 
robust control performance and tracking accuracy. To 
further enhance efficiency, an intelligent energy-aware 
mode switching scheme is implemented to regulate the 
boom’s lowering and raising cycle.  

2. MATERIAL & METHODS 

2.1 System configuration and working principle 

An electromechanical-hydraulic hybrid implement 
driving system applied to the boom of an EX is shown as 
Fig. 1. The system primarily consists of three sub-parts: 
hydraulic cylinders arranged in parallel with an EMA, a 
60-L gas-charged hydraulic accumulator for energy 
recovery and a power-unit comprising of a variable 
displacement pump and an electric motor. The EMA 
includes a servo motor, a 3-stage spur gearbox, and a 
screw-nut pair. In the proposed system, EMA is 
responsible for the motion and the velocity control of the 
boom, thereby replacing conventional valve-controlled 
regulation. During lowering phase, the inertial load and 
self-weight of the boom forces high-pressure oil from the 
from the non-rod chambers into accumulator, charging it 
with hydraulic energy. This stored energy is subsequently 

 
Fig. 1 Principle of the proposed Electromechanical-hydraulic hybrid system 
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released in the lifting phase to assist boom motion, 
enabling direct conversions of gravitational P.E into 
hydraulic energy, with minimal energy conversion link. 
Control valves a and b are used for changing the oil flow 
direction during boom motion. Also, to enable energy-
aware operation, openings of valve a and valve b are also 

regulated as function of boom motion phase. 
Compared to the conventional diesel-powered 

hydraulic EX, the power source of the proposed system 
is an electric motor. A proportional variable 
displacement pump with closed loop regulation of flow 
and pressure supplies the hydraulic circuit. Arm and 
bucket actuators remain driven by conventional valve-
controlled hydraulic system. Similarly, EMA parameters 
were sized against the dynamic load requirements of the 
boom while aligning with the installed power ratings of a 
mid-size EX. The main components and their parameters 
are shown in Table 1. 

Table 1. Components and their parameters 

Component Parameter 

Screw lead 15mm/r 

Reduction ratio of reducer 9.82 

Servomotor rated speed 3000 r/min 

Non-Rod chamber of hydraulic 
cylinder 

23015mm2 

Rod chamber of hydraulic cylinder 16450mm2 

Boom cylinder stroke 1200mm 

Hydraulic accumulator volume 60L 

 

 

 

2.2 Control strategy and energy-aware mode switching 

In this study, a robust control scheme based on 
energy-aware mode switching is realized to improve 
motion control and energy efficiency. Fig. 2 illustrates 
the overall control schematics of the system. During 
boom motion, the hydraulic cylinders provide an 

assistance force to the EMA and counteract the self-
weight mg  of the implement. Operator input is 
represented by a normalized joystick command Jୡ୭୬ ∈
[1, −1]. The mode switching logic maps Jcon into control 
signals for the control valves and a displacement 
reference for the pump. Control signals  uୟ and  uୠ also 
regulate system pressure to increase hydraulic stiffness 
and shield the EMA from impact forces generated during 
acceleration and deceleration phases of boom’s motion. 
To maintain operation in an energy-efficient region, 
pump displacement command Pୢ୧ୱ୮ is generated only 
during the boom lowering, while during raising the pump 
operates at minimum displacement to limit power and 
energy consumption. The PMSM driving the EMA is 
controlled through a cascaded position loop based on 
field-oriented control (FOC).  

To realize energy aware operation, the mode 
switching scheme utilizes actuator displacement 
xୢ୧ୱ୮, velocity v, acceleration a, and chamber pressures 
Pୖ ୐  and Pୖ ୈ  as feedback signals. The implement 
motion, commanded by input Jୡ୭୬  and reference 
trajectory x୰ୣ୤  and reference velocity v୰ୣ୤  is divided 
into 3-phases according to expected energy demand: 1) 
Dynamic acceleration/ deceleration phase, in which the 
motion state of the large inertia boom will suddenly 
change, demanding high force FEHH and peak power 2) 
Uniform/ steady motion state where acceleration ≈0, 
valve ports are fully open to minimize throttling, while 
the EMA maintains position and velocity control 3) 
Transient/ reversal condition, where motion direction of 
hydraulic cylinders and PMSM changes, requiring large 

 
Fig. 2 Control scheme and energy-aware switching modes 
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transient forces to overcome inertia. Control logic for 
different modes is formulated as follows: 

 

Mୢ୷୬ = ቐ

1, if |a| > a୲୦ 

1, if |v − v୰ୣ୤ | > vୢୣ୴,୲୦

1, if หJୡ୭୬ −  Jୡ୭୬,୮୰ୣ୴ ห > J୲୦

 

 
 

Mୱ୲ୣୟୢ୷ = ቐ

1, if |a| < a୲୦ 

1, if |v −  v୰ | < vୢୣ୴,୲୦

1, if P୲୦୰୭୲୲୪ୣ < P୲୦୰୭୲୲୪ୣ,୲୦

 

Here, a୲୦ is the acceleration threshold of the boom 
actuator, and vୢୣ୴,୲୦ is the speed deviation threshold. 
A joystick dead-zone of ( 𝐽௧௛ = 0.2) is introduced to 
suppress sudden command switching of the implement. 
The working principle of different energy-aware modes 
for motion states of boom are shown as Fig. 3. 

 
Fig. 3  Boom lowering cycle    

Across all operating modes, the servomotor torque T୑ 
and speed ω୫  are constantly fed to the controller, 
keeping EMA in active motion control. 

2.3 Model development 

The simulation model of the proposed system was 
developed in MATLAB/ SIMULINKTM environment, 
integrating hydraulics, controls systems, power 
electronics, and mechanics of an EX. The hydraulic 
subsystem was modeled using Simscape fluids library. 
EMA model was decomposed into its physical elements, 
with nonlinear electrical effects such as filtering and 
sampling included to capture parasitic dynamics. For 
dynamic performance evaluation, a 3D mechanical model 
of a 35-ton midsize EX was developed and imported into 
Simscape Multibody environment.  

3. THEORY & CALCULATION 

3.1 Mathematical analysis and system equations 

Based on the working principle of the system, boom 
displacement and velocity are related to PMSM shaft 
motion through the ball screw and reducer: 

xୢ୧ୱ୮ =  
l୮

2πi୰
θ୫ 

 

(1) 

v =  
dxୢ୧ୱ୮

dt
=

l୮

2πi୥
ω୫ 

(2) 

 
where, l୮ is the lead of the ball-screw pair; i୰ denotes 
the overall transmission of 3-stage spur gearbox (EMA 
reducer), θ୫ is the PMSM shaft angular position, and 
ω୫  is its angular velocity. The EMA output force is 
expressed as a function of the motor torque, while 
accounting for transmission efficiency η୘ଡ଼: 
 

     F୉୑୅ =  η୘ଡ଼
ଶ஠୧ౝ

୪౦
T୫ (3) 

 
Under FOC, the PMSM electromagnetic torque T୫  is 
expressed as a function of the q-axis current: 

T୫ =  
3

2
Pψ୔୑i୯ 

(4) 

 
Here, P indicates the number of pole pairs, ψ୔୑ is the 
permanent magnet flux linkage and i୯ is the quadrature 
axis current. For maximum torque per ampere, the iୢ =
0 strategy is adopted. In the hydraulic subsystem, the 
accumulator pressure-volume dynamics are modeled as 
a polytropic process: 
 

p଴V଴
୬ = pଵVଵ

୬ = cosnt (5) 

Here, p଴  is the accumulator pre-charge pressure and 
V଴ is the pre-charge gas volume. Similarly, the state of 
energy (SoE) of the accumulator, corresponding to the 
hydraulic energy stored and released during operation, 
is obtained from the integral of the hydraulic power 
input, expressed as: 
  

SoE = Eୟୡୡ = ∫ (pୟୡୡ.q୧୬)dt (6) 

Where q୧୬  is the flowrate of pressurized fluid into 
accumulator and Pୟୡୡ is the instantaneous pressure. 
Overall output force of the hybrid implements driving 
system can be expressed as: 
 
F୉୑୅ + Fୌଢ଼ୈ = mẍ + Bẋ + (PଵAୖୈ − PଶAୖ୐)     (7) 

EHH 
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Where  𝐁𝐱̇  is the damping force, FEMA is the overall 
output force of EMA and FHYD is net hydraulic force.  

4. RESULTS & DISCUSSION 

4.1 Dynamic Analysis 

The dynamic response and the energy saving 
characteristics of the proposed system was evaluated for 
boom lifting and lowering cycles. For the baseline LS 
system, the boom motion response exhibits 
irregularities, with fluctuations in the velocity profile and 
pronounced spikes in acceleration curve, as seen in Fig. 
4(a). These are typical non-linear effects arising from 
valve dynamics, leakage, and fluid compressibility in 
conventional hydraulic systems, amplified by boom 
inertia. In the hybrid driving system, the EMA controls 
boom motion, and its higher control authority with 
improved tracking performance reduces velocity 
fluctuations and acceleration spikes throughout the 
cycle, as illustrated in Fig. 4(b).   

 
(a) LS system-based implement driving 

 
(b) Electromechanical hydraulic hybrid driving 

Fig. 4 Displacement and velocity curves 
 
Fig. 5(a) shows the power and cumulative energy 
characteristics of the baseline LS system. During both 

lowering and raising, the pump supplies high-pressure oil 
to the rod and rodless chambers, with peak pump power 
reaching 389 kW in lowering and 409 kW for raising 
phase. Pump energy consumption rises steadily during 
lowering to ~1450kJ; during raising, the regeneration 
path through the multi-way valve and LS gallery 
moderates pump demand, yet the cumulative energy 
consumption over a 700mm stroke still reaches 2389 kJ. 
For electromechanical-hydraulic hybrid system (Fig 5. 
(b)), the boom lowering cycle is pump-driven, and the 
pump power rises to a peak of ~300 kW. In the same 
cycle, accumulators store 440 kJ of energy by absorbing 
high-pressure inflow from the non-rod chambers as per 
Eq (6) - converting gravitational potential energy into 
hydraulic energy, with peak power reaching 174 kW. 
During boom raising, the accumulator discharges the 
recovered energy to assist the EMA in driving the boom, 
thereby reducing pump demand and lowering overall 
energy consumption.  

(a) Ex with LS system 

(b) Electromechanical-hydraulic hybrid 
Fig. 5 Power and energy characteristics curves 
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To further enhance energy performance, during 
accelerated lowering/ raising and deceleration braking 
(|a| > a୲୦, |v −  v୰ | > vୢୣ୴,୲୦), the controller switches 
to Mdyn for the initial phase of the boom movement, as 
the system has to overcome large inertia forces. In this 
mode it generates ua and ub and pump displacement 
reference to regulate ∆𝑝 , thereby reducing throttling 
losses across the valves. System switches to Mୱ୲ୣୟୢ୷ 
once the velocity and acceleration profile of the boom 
implement stabilizes after the initial phase, further 
bringing down the overall energy consumption. Energy-
aware mode recognition for different working phases of 
the boom implement is shown in Fig. 6.  
 

Fig. 6 Energy-aware mode recognition  

During boom lowering, the peak power of the 
servomotor of the hybrid driving system is 10.4 kW and 
energy consumption is 15 kJ, mainly because hydraulic 
cylinders (FHYD) balance most of the inertial load of the 
boom (Eq 7), with EMA primarily providing motion 
regulation. For raising, peak power of servomotor 

reaches 28.44 kW, which is well within the peak power 
rating. Fig. 7 summarizes the system-level energy 
balance for a single boom cycle. As shown in figure, 
without EMA driving and energy-aware modes, the 
baseline LS system consumes 2389 kJ of energy, where 
most of the energy is expended in valves and other 
hydraulic losses (Fig 7a). The proposed hybrid driving 
system utilizes gravitational energy and avoids throttling 
losses using mode switching based on energy condition, 
resulting in increase of 22.5% system efficiency and 
decrease of 31% in overall energy consumption.  

 

 
Fig. 7 Energy balance of the system 

5. CONCLUSION 
 
To address the problem of high energy consumption 

and low overall efficiency of the traditional valve-
controlled hydraulic systems in CM, a novel 
electromechanical-hydraulic hybrid implement driving 
system has been proposed. Combining linear EMA with 
hydraulics, the resulting system demonstrated good 
operation characteristics and enhanced energy saving 
effects. With energy-aware mode switching, the system- 
level energy balance further improved, resulting in 31% 
decrease in energy consumption for a mid-size EX. For 
future work, the proposed system will be integrated with 
the arm and bucket implement to further improve the 
energy saving performance for standard working cycles 
of these machines. 
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