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Abstract. This paper conducts research focusing on the core requirements of power loss
suppression and energy efficiency optimization in hydraulic systems. By analyzing the power
transmission paths and loss characteristics of hydraulic systems, a dynamic power loss model of the
system is established, and an energy efficiency optimization method integrating loss modeling and an
improved optimization algorithm is proposed. Based on the technical route of theoretical modeling,
simulation analysis, and experimental verification, the effectiveness of the proposed method in
suppressing power loss and improving system energy efficiency is verified. The research results show
that this optimization method can significantly reduce the power loss rate of hydraulic systems and
improve energy utilization efficiency, providing a theoretical basis and technical support for the
energy-saving design and efficient operation of hydraulic systems.
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Anomauis. L{s cmamms npucesauena 00C1i0OHCeHHI0 OCHOBHUX BUMO2 WOOO0 3MEHULeHHs 8mpam
NOMYHCHOCIE Ma ONMUMI3ayii enepeemudHoi epekmueHocmi 2iOpagIiuHUX cUcmem y NPOMUCIO8il
cghepi. Mema — nowupenns npobaemu 2iOpasIivHUX CUCMeM 3a PISHUX pedcumie pobomu, 30Kpema
empamu euepeii ma CKIAOHOCMI MeXauizmie empam, 3anponoHO8AHI MEXHIUHI piuleHHs O
ni0BUWEHHsT eKOHOMIYHOCMI eKcnayamayii ma eunepeosbepedicenns cucmem. Ha niocmasi
CUCTNEMHO20 AHANI3y WIAXI6 NepedasaHHs NOMYNCHOCMI OCHOBHUX KOMNOHEHMmI8 (2iopasniuui
HAcocu, KOHMPOAbHI KIANAHU, 2IOpAGNiuHi YULIHOpU, mpybonposoou), 0emaibHO20 BUBYEHHS.
OCHOBHUX Munie empam (MUCKY, piOuHu) i iXHIX XapaKmepucmux, 3 ypaxy8aHHsaM 3aKOHOMIpHOCMel
3MIH OUHAMIYHUX PedcUMie pobomu po3pooieHO OUHAMIUHY MOOelb 8MPam NOMY*CHOCMI CUCEMU,
AKa Oibu MOUHO 8i000padicac peanvhull cmawn ekcnayamayii. Ha yiii ocHogi 3anpononogano memoo
onmumizayii enepeemuyHoi eghekmueHocmi, AKUL iHmezpye MoOen08aAHHA 6MpPam i 600CKOHAICHUL
ONMUMI3AYIUHULL  ACOPUMM  (800CKOHANeHULl 2eHemuunull aneopumm, BI'A), 3abezneuyrouu
oOpeaniuHe NOEOHAHHS KIIbKICHO20 AHANI3y 6mMpam ma inmeaeKkmyaibHoi onmumizayii. J{ocuioxcenHs
301lICHEHO 34 NOBHUM MEXHIYHUM MAPULPYIMOM «meopemuyHe MoOeN08aAHHA — CUMYAYIUHUL AHANI3
— eKCnepuMeHmanbHa Nnepesipkay, OJisl AK020 6UOPAHO MpU MUNOBUX pedcumu pobomu (1ezke
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HABAHMAIICEHHS 3 HU3bKOK WBUOKICIIO, CEPEOHE 3 CePEeOHbOI0, BANCKE 3 BUCOKOIO) Ol NPOBEOEHHS.
NOPIBHANbHUX —eKcnepumenmis. I3 nooeiliHol nepesipkoio modeni cumynayii  Simulink ma
eKCNePUMEeHMAanbHOl niam@opmu 2iopasiiyHoi cucmemu OYiHeHo a0anmueHicms i eqheKmusHicmo
3anponoHOB8AH020 Memody 3a PIZHUX pedcumie pobomu. Pesynibmamu 00Caiodxcenb nOKA3yiomsy, wo
yeu onmuMizayiuHull Memoo 3HAYHO 3MEHULYE Pi6eHb 8MPam NOMYAHCHOCMIE 2IOPABIIUHUX CUCTEM,
npu Ybomy epexm sMeHUeHHs eHePeOCNONACUBAHHS € OLIbUL BUPAICEHUM NOPIBHAHO 3 MPAOUYIUHUMU
cxemamu, a mMakodc NiOBUWYE epheKmusHiCmb BUKOPUCAHHA eHepeli i cmabitbhicms pobomu
cucmemu. Pesynomamu cmeoproioms miyny meopemuuny OCHO8Y mMa NPAKMUYHE MeXHIuHe
3a6e3neyeHts 01 eHep2030epicaroyo2o KOHCMPYKMUBHO20 NPOEKMYBAHHS, A0ANMUBHO20 KePYBAHHSL
pesrcumamu pobomu i echekmueHoi excniryamayii 2i0pasiiuHuUx CUcmem, a MaKodc Maromy 8aAX}CIUBE
NpaKmuyHe 3SHAUeHHs 01 Npozpecy 2iOPaBIiuHO20 0ONAOHAHHS WOOO 3HUNCEHHS 8V2lleyeB8020 BUKUQDY

ma enepeo3oepesiceHnnsi.

Knrwuoei cnoesa: 2iopagniuni cucmemu, 3MeHUIEHHS 6mMpam HNOMYICHOCMI, ONMUMizayis
eHepeemuyHol ehekmueHoCcmi, OUHAMIYHE MOOETIOBAHHS, 2eHEMUYHULL ACOPUMM.

1. Introduction

1.1. Research
Significance

Hydraulic systems occupy an irrep-
laceable position in construction machinery,
aerospace, intelligent manufacturing and other
fields due to their advantages of high power
density, fast response speed, and high control
precision [1, 3]. However, hydraulic systems
experience multiple forms of power loss during
energy  transmission, mainly including
volumetric and mechanical losses of hydraulic
pumps, leakage losses of hydraulic cylinders
and motors, throttling losses of control valves,
and frictional and local pressure losses in
pipelines. These losses generally result in low
energy efficiency of the system [15].

Against the backdrop of the intensifying
global energy crisis and the advancement of the
«dual-carbon» goals, reducing power loss and
improving energy efficiency of hydraulic
systems have become urgent needs for
industrial development [2, 4, 8]. Power loss
suppression not only reduces equipment
operating costs, energy consumption and
carbon emissions, but also decreases system
heat generation, extending the service life of
components and enhancing the operational
reliability of the system. Therefore, conducting
research on energy efficiency optimization
methods for hydraulic systems based on power
loss suppression holds significant theoretical
value and engineering application significance.

Background and

1.2. Research Status at Home and
Abroad

In recent years, scholars worldwide have
carried out extensive research on energy
efficiency optimization of hydraulic systems [5,
7, 9]. Foreign research focuses on multi-physics
coupling modeling, application of intelligent
optimization algorithms, and development of
new energy-saving components, such as
adaptive energy-saving strategies based on
model predictive control and loss minimization
control methods for electro-hydraulic servo
systems. Domestic research, guided by
engineering applications [11, 13], focuses on
the integration and improvement of energy-
saving technologies such as load-sensing
control, variable frequency speed regulation,
and secondary regulation technologies [6].

However, existing studies still have
limitations: most research focuses on
optimizing a single loss source or under a single
operating condition, lacking  systematic
analysis of the coupling effects of multiple loss
sources under full operating conditions of the
system [1, 16]; some optimization algorithms
suffer from slow convergence speed and are
prone to falling into local optima, making it
difficult to meet the real-time control
requirements in engineering.  Therefore,
constructing a system model considering the
coupling of multiple loss sources and designing
efficient global optimization algorithms are the
current key points and difficulties in research
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on energy efficiency optimization of hydraulic
systems [10, 12].

1.3. Research Content and Innovations

This paper takes power loss suppression
of hydraulic systems as the core objective and
carries out the following research work:
analyzing the power loss mechanism of each
component in  hydraulic systems and
establishing a dynamic power loss model of the
system [2, 15]; designing an energy efficiency
optimization strategy based on an improved
genetic  algorithm to achieve global
optimization of system operating parameters
[7]; verifying the effectiveness of the proposed
method through simulation and experiments.

The innovations of this paper are mainly
reflected in two aspects: first, coupling
modeling of multiple loss  sources,
comprehensively considering the power losses
of hydraulic pumps, actuators [8], control
valves and pipelines to construct a more
practical system energy efficiency model,
second, improving the optimization algorithm
by introducing adaptive weight factors and
local search mechanisms to enhance the
convergence speed and global optimization
capability of the genetic algorithm, achieving
optimal energy efficiency control under full
operating conditions [1, 6].

2. Analysis of Power Loss Mechanism
and Characteristics of Hydraulic Systems

2.1. Basic Composition and Power
Transmission Path of Hydraulic Systems

A typical hydraulic system consists of
four parts: power components (hydraulic
pumps), actuators (hydraulic cylinders,
hydraulic motors), control components (relief
valves, throttle valves, proportional valves
etc.), and auxiliary components (oil tanks,
pipelines, filters) [3].

The power transmission path of the
system is as follows: the prime mover outputs
mechanical energy to drive the hydraulic pump,
which converts mechanical energy into
hydraulic energy (pressure energy) [13];
hydraulic oil is transported to the control valve
through pipelines, and after the control valve
adjusts pressure and flow according to
operating conditions, the hydraulic energy is

delivered to the actuator [8]; the actuator
converts hydraulic energy into mechanical
energy to drive the load to perform work;
auxiliary components provide support func-
tions such as medium storage, transportation
and purification for the system [7, 11].
Inevitably, energy loss occurs in each link
of power transmission, and these losses are
ultimately dissipated in the form of heat, resul-
ting in decreased system energy efficiency [11].
2.2. Classification and Calculation
Models of Power Loss in Hydraulic Systems
The power loss of hydraulic systems can
be divided into two categories: component loss
and pipeline loss. The generation mechanism
and calculation model of each type of loss are
as follows:
2.2.1. Power Loss of Hydraulic Pumps
The power loss of hydraulic pumps
includes volumetric loss and mechanical loss
[8, 14]. Volumetric loss is caused by internal
and external leakage of hydraulic oil, and
mechanical loss is caused by frictional
resistance of friction pairs in the pump. The
calculation formulas for the input power Ppin,
output power Ppout and power loss APp of
hydraulic pumps are:

Pp,in= Tpwp , (1)

Pp.out = PpQp , (2)
APp = Pp,in— Ppout=Tpwp = Pp(Vpwp = 4pPp), (3)

where T, — is the input torque of the hydraulic
pump;

wp — Is the angular velocity of the
hydraulic pump;

pp — is the outlet pressure of the hydraulic

pump;

Qp — is the output flow of the hydraulic
pump;

Vp — is the displacement of the hydraulic
pump;

Ap — is the leakage coefficient of the
hydraulic pump.
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2.2.2. Power Loss of Actuators
Taking hydraulic cylinders as an
example, their power loss mainly comes from

output power Pcout and power loss AP. of
hydraulic cylinders are:

leakage loss and friction loss [7, 12]. The Pcin = p1Q1 — p2Q2, (4)
calculation formulas for the input power Pgin,

PUt-p Peout = FLVe, )

AP¢ = Pgin — Peout = (p1A1 — pZAZ)Vc — FLve + pidcpr, (6)

where p1 and p> —are the pressures of the
rodless chamber and rod chamber of the
hydraulic cylinder respectively;

Q1 and Q2 — are the inlet flow and return
flow of the hydraulic cylinder respectively;

FL — is the load force;

V¢ — IS the piston movement speed;

A1 and Az — are the effective areas of the
rodless chamber and rod chamber respectively;

Ac — IS the leakage coefficient of the
hydraulic cylinder.

2.2.3. Power Loss of Control Valves

The power loss of control valves is
mainly throttling loss. When hydraulic oil flows
through the valve port, pressure drop occurs due
to throttling effect, resulting in energy loss [5,
9]. Taking throttle valves as an example, the
calculation formula for their power loss APy is:

,ZA ”
AP, = Ap,Qy, = (Pin — Pout)CvAy Tp’ (7)

where Apy — is the pressure difference between
the inlet and outlet of the valve port;

Qv —is the flow through the valve port;

Cv — is the flow coefficient of the valve
port;

Ay — is the flow area of the valve port;

p — is the density of hydraulic oil.

2.2.4. Power Loss of Pipelines

The power loss of pipelines includes
along-the-path pressure loss and local pressure
loss [14]. The calculation formula for the total
loss

AP = (4ps + Apj)Q1 (8)

where Aps — Is the along-the-path pressure loss;
Apj — is the local pressure loss;
Qi —is the flow in the pipeline.

2.3. Influencing Factors and
Optimization Difficulties of Power Loss

The power loss of hydraulic systems is
affected by both operating parameters and

structural parameters: operating parameters
include load force [13], movement speed,
system pressure, etc.; structural parameters
include hydraulic pump displacement, effective
area of hydraulic cylinder, valve port diameter,
pipeline length and diameter etc. [2, 15].

The difficulties in  power loss
optimization are mainly reflected in three
aspects: first, multi-parameter coupling, the
influence of each parameter on loss is
interrelated, and single parameter optimization
is difficult to achieve global optimization [3, 9,
12]; second, variability of operating conditions,
in actual engineering, load and speed change
with tasks, and the optimization strategy needs
to have adaptive ability; third, real-time
requirements, in engineering applications, the
optimization algorithm needs to complete
parameter optimization in milliseconds to meet
the system dynamic response requirements [6,
10].

30ipHux HaykoBux npaub YKpAY3T, 2026, Bun. 215



30ipHUK HAYKOBHUX Npanb Y KPaiHCHKOI0 AeP:KAaBHOI0 YHIBEPCUTETY 3aJi3HUYHOI0 TPAHCIIOPTY

3. Dynamic Modeling of Hydraulic
Systems Considering Multiple Loss Sources

3.1. Establishment of Overall System
Energy Efficiency Model

The energy efficiency n of a hydraulic
system is defined as the ratio of the output
power of the actuator to the input power of the
prime mover, that is:

n = Pecour _ FLVc (9)

Ppin  Tpwp

PC,O‘LLL'

Combined with the power loss models of
each component in Section 2.2, the total power
loss APtotal OF the system can be derived as:

APtotal = APp + AP + APy + APy . (10)

The system energy efficiency model can
be further expressed as:

F1v,

n =

Pc,out+AP total

This model comprehensively considers
the power losses of hydraulic pumps, hydraulic
cylinders, control valves and pipelines, and can
accurately reflect the mapping relationship
between system energy efficiency and various
operating parameters [5, 8, 9].

3.2. Dynamic Characteristic Modeling
and Simulation Analysis

To analyze the law of system energy
efficiency change under dynamic operating

- _ K,
Pp =7 (@p —
T = U,
{}c T om

where Ke — is the bulk modulus of hydraulic oil;

Vi — is the total volume of the system
high-pressure chamber;

Qieak — is the total leakage of the system;
m is the total load mass;

f — is the damping coefficient.

3.3. Model Verification and Parameter
Identification

The least square method is used to
identify model parameters to improve model

FLvc+APp+APc+AP,+AP;

(11)

conditions, a state-space model of the hydraulic
system is established based on the power loss
mechanism [14]. Select the hydraulic pump
outlet pressure pp, hydraulic cylinder piston
displacement xc and piston speed v as state
variables, select the hydraulic pump speed wp
and control valve opening A, as control
variables, and the load force F_ as the
disturbance variable to establish the state
equation:

QL‘ = QIE&F.:)

, (12)

— l(Plfh — pady — Fp — f'l-'c)

accuracy [7, 13]. A certain type of hydraulic
system is selected as the research object, and
the hydraulic pump outlet pressure, hydraulic
cylinder speed and system energy efficiency
data under different operating conditions are
collected through experiments (Fig. 1). The key
parameters such as leakage coefficients Ap, Ac
and damping coefficient f in the model are
corrected using the identification algorithm [1,
15].
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HYDRAULIC

ONTROL Be HYDRAULIC
PUMP MODULE ALVE MODULE CYLINDER

PIPELINE LOS LOAD
MODULE MODULE

Fig. 1. Simulink simulation model of hydraulic system

By comparing experimental data with
simulation data, the results show that the
average error between model output and
experimental data is less than 5 %, which

PUMP

VARIABLE DISPLACEMENT

verifies the accuracy and reliability of the
established model and provides a basis for the
subsequent design of energy efficiency
optimization strategies (Fig. 2) [2, 7, 14].

A

L SERVO VALVE J

MODULE

)
L

ACCUMULATOR
SYSTEM

Fig. 2. Energy-saving hydraulic architecture

4. Energy Efficiency Optimization
Strategy Based on Improved Genetic
Algorithm

4.1. Optimization
Constraint Conditions

The optimization objective of this
research is to minimize the system power loss

Objectives and

rate, that is, to maximize the system energy
efficiency [11]. The optimization objective
function can be expressed as:
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min J:%:l—ﬂﬂ.t.

Piin

where pmin, Pmax — are the minimum and
maximum allowable working pressures of the
hydraulic pump;

®min, ®max — are the minimum and
maximum allowable angular velocities of the
hydraulic pump;

Vmin, Vmax — are the minimum and
maximum allowable movement speeds of the
hydraulic cylinder piston;

Avmin, Avmax — are the minimum and
maximum allowable opening degrees of the
control valve.

4.2. Design of Improved Genetic
Algorithm

Genetic  Algorithm (GA) has the
characteristics of strong global optimization

Pmin E pp E Pmaz

Wmin = Wp < Wmnaz , (13)
Umin < Ve < Umaz
Au.,min i: A'u E Av'mz

ability and adaptability to complex

optimization problems [8, 12], but the
traditional genetic algorithm has the defects of
slow convergence speed and easy falling into
local optima. To solve these problems, this
paper designs an Improved Genetic Algorithm
(IGA), and the main improvement measures are
as follows (Fig. 3):

1) adaptive  crossover and mutation
operators: The crossover rate Pc and mutation rate
Pm are dynamically adjusted with the number of
iterations. In the early stage of iteration, larger P¢
and Pm are used to ensure population diversity,
and in the later stage of iteration, Pc and Pm
are reduced to accelerate the convergence speed
[2,9]

{Pr.. mor _Pf.rrll'rl :IG

pc — pc,mam _

pm — Pm,mam D

where Pcmax, Pemin — are the maximum and
minimum values of the crossover rate;

Pmmax, Pmmin — are the maximum and
minimum values of the mutation rate;

G — is the current number of iterations;

Gmax — IS the maximum number of
iterations;

2) local search mechanism: After each
iteration, neighborhood search is performed on
the optimal individual, and better solutions are
found by fine-tuning parameter values to

G?IJUI , (14)

{Pﬂ.'..'rl-u: _Pru.r.ltz'rl jG

G.l?ld.!

improve the local optimization ability of the
algorithm [1, 6, 13];

3) fitness function design: Combined
with the optimization objectives and constraint
conditions, the fitness function F is designed as:

F=2-t_-_1_ (15)
Jt+e 1-n+e&

where ¢ — is an infinitesimal positive number to
avoid zero denominator.
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CYLINDER 1 CYLINDER 2

MECHANICAL
FRICTIOR 2

! | <\LINE LOSSES -
- BEND

FLOW RESTRCTION -
VALVE A

PRESSURE DROP
- PUMP OUTLET

POWER LOSS ZONE I EFFICIENT FLOW

Fig. 3. Hydraulic system-power loss analysis

4.3. Implementation Process of the optimization strategy based on the improved
Optimization Strategy genetic algorithm is as follows (Fig. 4).

The implementation process of the
hydraulic system energy efficiency

3

POPULATION FITNESS SELECTION ;

INITIALIZATION EVALUATION OPERATION

#4A6FA

CROSSOVER MUTATION
OPERATION OPERATION LOCAL SEARCH

ELITIST OUTPUT THE

LOCAL SEARCH PRESERVATION Wy OPTIMAL SOLUTION
CONDITION?

Fig. 4. Flow chart of improved genetic algorithm

Data collection: Real-time collect system calculate the power loss rate under the current
parameters such as working pressure, flow rate, operating conditions;
piston speed and load force through sensors; Parameter optimization: Taking the
Model solution: Input the collected data minimization of power loss rate as the goal, use
into the system energy efficiency model to the improved genetic algorithm to optimize the

36ipunk HaykoBux npaub YkpAY3T, 2026, Bun. 215
14



30ipHUK HAYKOBHUX Npanb Y KPaiHCHKOI0 AeP:KAaBHOI0 YHIBEPCUTETY 3aJi3HUYHOI0 TPAHCIIOPTY

hydraulic pump speed wp and control valve
opening Ay;

Parameter output: Output the optimized
parameters to the controller to adjust the
operating status of the hydraulic pump and
control valve;

Cyclic iteration: Repeat the above steps to
realize real-time energy efficiency optimization
under full operating conditions [5, 9].

5. Simulation and
Verification

5.1. Simulation Verification and Result
Analysis

Based on the Simulink simulation model
built in Section 3.2, three schemes are used for

Experimental

simulation comparison experiments: traditional
genetic algorithm (GA), improved genetic
algorithm (IGA) and no optimization strategy.
Three typical operating conditions are selected
for the experiment: light load and low speed,
medium load and medium speed, heavy load
and high speed. The simulation results are
shown in Fig. 5.

The simulation results show that
compared with the no-optimization strategy,
the IGA optimization strategy can improve the
system energy efficiency by 23 %; compared
with the traditional GA, the convergence speed
of IGA is increased by about 40 %, and it can
avoid falling into local optima, verifying the
superiority of the improved algorithm [7, 10].

HYRAULIC SYSTEM EFFICIENCY OPTIMIZATION
SYSTEM EFFICIENCY (7%)

w
N ) - o
o o o o

POWR CONSUMPTION (KW)

G

r
7
i I

PUMP ACTUATOR
BEFORE OPTIMIZATION

o

AFTER OPTIMIZATION
ENERGY SAVINGS: 23%

COMPONENT

Fig. 5. Hydraulic system efficiency optimization

5.2. Experimental Platform
Construction

To further verify the actual effect of the
optimization strategy, a hydraulic system
energy efficiency optimization experimental
platform is built [2, 15]. The experimental

platform  mainly includes: three-phase

asynchronous  motor,  fixed-displacement
hydraulic pump, electromagnetic directional
valve, single-rod hydraulic cylinder, force
sensor, displacement sensor, pressure sensor,
data acquisition card and industrial computer
(Fig. 6) [13].
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Ve liud =
- -
- }
.FIXED-DISPLACEMENT‘
HYDRAULIC PUMP -

THREE-PHASE

DRIVE MOTOR FORCE SENSOR

LOAD CAPACITY

SYSTEM WERKING
PRESSURE RANGES
MPal~20MPa

Fig. 6. Hydraulic System Experimental Platform

The parameters of the experimental
platform are consistent with the simulation
model:  hydraulic  pump  displacement
Vp =10 cm3/rev, hydraulic cylinder rodless
chamber area A;=50cm? load mass
m =500 kg, system working pressure range
5 MPa ~ 20 MPa.

5.3. Experimental
Discussion

The same three operating conditions as
the simulation experiment are wused for
experimental verification [4], and the system
energy efficiency and power loss of the three
schemes (no optimization, GA optimization,
IGA optimization) are compared [8, 14]. The
experimental results show that under the IGA
optimization strategy, the system energy
efficiency under light load and low speed,
medium load and medium speed, heavy load
and high speed operating conditions reaches
0.80, 0.77 and 0.71 respectively, and the error
with the simulation results is less than 3 %,
which verifies the actual effectiveness of the
proposed optimization strategy [4, 9].

In addition, the experiment found that the
optimization strategy has the largest energy
efficiency improvement under heavy load and
high speed operating conditions, because the

Results and

system power loss accounts for the highest
proportion under this operating condition, and
the optimization space is larger [1, 16]. At the
same time, the real-time performance of the
improved genetic algorithm meets the
engineering requirements, and the single
parameter optimization time is less than 10 ms,
which can realize online optimization under
dynamic operating conditions [7].

6. Conclusions and Prospects

6.1. Research Conclusions

Aiming at the problems of power loss
suppression and energy efficiency optimization
of hydraulic systems, this paper carries out
research work such as loss mechanism analysis,
dynamic modeling, optimization algorithm
design and simulation experiment verification.
The main conclusions are as follows: The power
loss of hydraulic systems is composed of the
coupling of losses of hydraulic pumps, actuators,
control valves and pipelines [3]. The established
multi-loss source coupled energy efficiency
model can accurately reflect the relationship
between system energy efficiency and operating
parameters; the designed improved genetic
algorithm effectively improves the convergence
speed and global optimization ability of the
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algorithm through adaptive crossover and
mutation  operators and local  search
mechanisms; simulation and experimental
results show that the proposed optimization
strategy can significantly improve the energy
efficiency of hydraulic systems, and the energy
efficiency improvement under heavy load and
high speed operating conditions can reach 23 %,
which has good engineering application value
[2, 15].

6.2. Summary of Innovations

The innovations of this paper can be
summarized into two points: first, constructing
a system energy efficiency model coupled with
multiple loss sources, breaking through the
limitations of single loss source modeling;
second, proposing an improved genetic
algorithm optimization strategy, solving the
problems of slow convergence and easy falling

6.3. Future Work Prospects

Although certain achievements have been
made in this research, there are still expandable
directions: further consider the influence of
hydraulic oil temperature on parameters such as
leakage coefficient and viscosity, establish a
thermal-hydraulic coupled energy efficiency
model, and improve the accuracy of the model
under  variable  temperature  operating
conditions; explore the combination of
improved genetic algorithm and model
predictive control, design a predictive
optimization control strategy, and realize
forward-looking  optimization of future
operating conditions; apply the optimization
strategy to multi-actuator hydraulic systems,
study multi-actuator coordinated optimization
methods, and expand the application scope of
the technology.

into local optima of traditional algorithms.
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