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Abstract. Hydraulic systems are widely used in construction machinery and industrial
manufacturing due to their high power density and rapid response, but high power loss and low
energy efficiency hinder their green low-carbon development. To solve this problem, this paper
proposes an integrated optimization method for power loss and energy efficiency of hydraulic
systems. Firstly, three core loss sources (throttling, volumetric, mechanical) are analyzed, and a full-
dimensional loss model considering their coupling relationships is established. Secondly, a multi-
objective optimization model targeting maximum energy efficiency is constructed, with constraints
including system dynamic performance (actuator speed, step response time), component operating
parameters (rated pressure / flow of pumps / valves, cylinder thrust / stroke), and hydraulic oil
characteristics (10-60 °C temperature, viscosity). An improved particle swarm optimization
algorithm, featuring adaptive inertia weight, dynamic learning factors, and random boundary
resetting, is adopted for solution. Finally, simulations via AMESim (variable pump-multi-way valve-
double-acting hydraulic cylinder model) and experiments are conducted on an excavator boom
hydraulic system. Results show the method increases comprehensive energy efficiency by 15.3 % and
reduces total power loss by 21.7 %, balancing energy saving and operational stability, and providing
theoretical and technical support for efficient hydraulic system operation.

Keywords: hydraulic system, power loss, energy efficiency optimization, integrated method,
improved particle swarm optimization algorithm.

Anomauia. I'iopasniuni cucmemu wupoKo 3acmocosgyroms y 6y0ieenvHill mexuiyi, cneyianbHux
MPAHCNOPMHUX 3AC00aX | NPOMUCTIOBOMY O0OIAOHAHHI BUPOOHUYME 3A80SKU BUCOKIL WITbHOCHI
NOMYHCHOCMI Ma WEUOKIU peakyii, ane 6eluKi empamu NOMYHCHOCMI Ma HU3bKA eHepeemuyHa
epexmuenicms 0OMednCyrOms iXHIll 3eneHUll HU3bKosyaieyesuil po3sumok. [IJo6 poss’szamu yro
npoonemy, y cmammi 3anponoHo8aHo iHmMe2posanuti Memoo onmumizayii 6mpam nomyxscHocmi ma
eHepeemuyHoi  epexmusHocmi  2iopaeniunux — cucmem  OyoigenvHux — mawiun. Ilo-nepute,
NPOAHaniz08aHo mpu 20108HI Oxcepena empam (MiHIUKI ma micyesi, 00'€MHI, MeXaHiyHi), a MaKo;c
nob6y008aHo NOGHOMIDHY MOOelb 8Mpam, Wo 6pAX08Ye 63AEMO38'A30K Midxc Humu. Ilo-opyee, y
pobomi cmeopena bazamomempuyHa Mooelb ONMUMI3aYii 3a KpUmepiem 00CACHEeHH MAKCUMYMY
eHepeemuyHoi epekmusHocmi 2iOpasiiyHo20 Npueooa 3 0OMeNCeHHAMU, 30Kpema OUHAMIYHONO
Xapakmepucmukor cucmemu (WBUOKICMb BUKOHABYOI HACMUHU, Yac CMPUOKOBO20 8I02YKY),
pobouumu napamempamu KOMHOHEHMI8 (HOMIHANbHULL MUCK / nooaya HAcoci, NponycKHd
CNPOMONCHICMb [ BUMOKU KIANAHI8, msea / Xi0 2i0pasniuHo2o yuniHopa) i XapakmepucmuKamu
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eiopasniunoi piounu (memnepamypa 10-60 °C, 8'as3xicmev Hominanvha). s pose'sizanmns mooeni
3aCmMoco8ano NOKpAWjeHull aneopumm OnmuMizayii pos 4acmuHoK 3 AO0ANMUGEHON THEPYItIHOIN0
802010, OUHAMIYHUMU HABYATLHUMU akmopamu i cmpameziclo 8UNa0K08020 CKUOAHHI MeC.
IIposedeno cumynayii 6 cepedosuwi AMESim (moodenv «3miHHull Hacoc — 6a2amoxo008uti K1anaH —
2i0pasniuHuLl YuiiHOp 080CMoporHboi 0iin). Modenv sepughikosana ekcnepumeHmanibHo Ha NPUKIaoi
2iopaesniunoi cucmemu cmpinu OOHOKIGUIEB020 eKcKkasamopa. Pesynbmamu demoncmpyioms, wo
3anpONOHOBAHULL MEemMOO OnmuMIi3ayii empam ni0UWLYE 3A2allbHY eHepeemuUyHy eheKmueHicms Ha
15,3 % i smenwye 3acanvui empamu nomysxcrocmi Ha 21,7 %, 3abesneuyiouu oOaranc migic
eHepeo30epedceHHamM [ poOoouor cmabilbHiCmI0o  2I0pasiiuHol  cucmemu, a MmMakKodC HAOAE
meopemuyHy i mexHiuHy nIOMPUMKY 01 NOOAILULO20 PO3BUMKY MA eQeKmuUsHo20 PYHKYIOHYBAHHS
2I0pasniuHux cucmem Oy0i8enibHUX MAWUH [ CReYiaTbHUX MPAHCNOPMHUX 3ACO0I8.

Knrouoei cnosa: ziopasniuna cucmema, mpamu nOMy*CHOCMI, ONMUMI3AYIs eHepeemudHoi

epexmuerHocmi, iHMe2po8anuti Memoo, NOKPAWeHUll aieopumm oOnmumizayii pos 4acmuHox.

1. Introduction

1.1. Research
Significance

Hydraulic  transmission  technology
occupies a core position in heavy machinery
and industrial equipment such as excavators,
cranes, CNC machine tools and metallurgical
equipment due to its high power density, strong
load-bearing capacity and stable transmission
characteristics [1]. According to statistics, the
energy consumption of hydraulic systems in the
global industrial field accounts for 18~25 % of
the total industrial energy consumption, while
the energy efficiency of hydraulic systems in
the construction machinery field is generally
only 40~60 %, and a large amount of energy is
lost through power loss in the form of heat
energy [2]. With the intensification of the
global energy crisis and the popularization of
the concept of green and low-carbon
development, reducing power loss and
improving energy efficiency of hydraulic
systems have become one of the core directions
of hydraulic technology development.

The power loss of hydraulic systems is
widely distributed, involving multiple core
components such as pumps, valves, cylinders
and motors, and there are coupling relationships
between various losses. Traditional optimization
methods mostly focus on local optimization of a
single component or a single type of loss, such
as optimizing the throttling structure of relief
valves to reduce throttling loss and improving
the sealing performance of hydraulic pumps to

Background and

reduce volumetric loss [3]. Although such
methods can reduce local losses to a certain
extent, they are likely to lead to an increase in
other losses, making it difficult to achieve the
optimal improvement of the overall energy
efficiency of the system. Therefore, carrying out
research on the integrated optimization of power
loss and energy efficiency of hydraulic systems,
considering the coupling relationships between
various components and loss types, and realizing
global optimization at the system level, is of
great theoretical significance and engineering
application value for promoting the green
upgrading of hydraulic systems and reducing
industrial energy consumption [9].

1.2. Research Status at Home and
Abroad

Foreign research on energy efficiency
optimization of hydraulic systems started early,
and a series of theoretical and technical
achievements have been formed. In terms of
power loss modeling, German scholar Manring
proposed a calculation model for volumetric
loss and mechanical loss of hydraulic pumps,
and verified the accuracy of the model through
experiments [4]; the NASA laboratory in the
United States established a throttling loss
model considering temperature effects for
aviation hydraulic systems, providing a basis
for energy efficiency optimization of high-
altitude hydraulic systems [5]. In terms of
optimization methods, Japanese scholars used
genetic algorithms to optimize the parameters
of valve-controlled circuits in hydraulic
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systems, reducing throttling losses [6]; Swedish
scholars proposed an energy efficiency
optimization strategy for hydraulic systems
based on model predictive control, realizing
real-time energy efficiency optimization under
dynamic working conditions [7].

Domestic scholars have also carried out a
lot of research in the field of energy efficiency
optimization of hydraulic systems. The team
from Harbin Institute of Technology
established a power loss model of the excavator
hydraulic system and improved energy
efficiency by optimizing the matching
relationship  between the main  pump
displacement and valve opening [8];
researchers from Zhejiang University used
particle swarm optimization algorithms to
optimize the circuit parameters of hydraulic
systems and verified the effectiveness of the
algorithm in energy efficiency optimization [9].
However, there are still deficiencies in existing
research: first, most power loss models ignore
the coupling effects between various losses,
resulting in insufficient modeling accuracy;
second, the optimization objectives are mostly
focused on reducing losses, without fully
considering the constraints of system dynamic
performance; third, the engineering practicality
of integrated optimization methods needs to be
improved, and there is a lack of a complete
simulation and experimental verification
system.

1.3 Research Content and Technical
Route

The main research contents of this paper
include: 1) Analysis of coupling mechanism
and construction of full-dimensional model for
power loss of hydraulic  systems;
2) Establishment of integrated optimization
model for power loss and energy efficiency
considering multiple constraints; 3) Design and
solution of improved optimization algorithm;
4) Simulation and experimental verification.

The technical route is as follows: Firstly,
through theoretical analysis and experimental
testing, the main sources and coupling
relationships of power loss in hydraulic systems
are clarified, and a full-dimensional power loss

model is constructed. Secondly, taking the
maximization of energy efficiency as the core
goal, combined with constraints such as system
dynamic response and component working
range, a multi-objective integrated optimization
model is established. Then, aiming at the
defects of traditional optimization algorithms
such as slow convergence speed and easy
falling into local optimal solutions, an
improved  particle  swarm  optimization
algorithm is designed to solve the model.
Finally, an AMESIim hydraulic system
simulation model is built to carry out simulation
verification under different working conditions,
and an experimental platform is set up for
experimental testing to verify the effectiveness
and practicality of the optimization method [2,
9].

2. Analysis and Modeling of Power
Loss in Hydraulic Systems

2.1. Main Sources of Power Loss in
Hydraulic Systems

The power loss of a hydraulic system
refers to the difference between the mechanical
power input by the hydraulic pump and the
effective mechanical power output by the
actuator. It is mainly divided into three
categories: throttling loss, volumetric loss and
mechanical loss. Various losses are distributed
in different components of the system, and there
are significant coupling effects [10].

1) Throttling loss: It is mainly generated
in control valve components. When hydraulic
oil flows through throttling components such as
valve ports and pipelines, pressure loss occurs
due to sudden changes in flow channel cross-
section, fluid viscosity and other factors,
leading to power loss. Throttling loss is the
most important type of loss in valve-controlled
hydraulic systems, especially when the system
is under partial load conditions, the proportion
of throttling loss in the total loss can reach more
than 50 %;

2) Volumetric loss: It originates from
internal leakage of hydraulic components,
including internal leakage and external leakage.
Internal leakage refers to the leakage of
hydraulic oil from the high-pressure chamber to
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the low-pressure chamber inside the
component, such as the clearance leakage
between the stator and rotor of the hydraulic
pump, and the clearance leakage between the
piston and cylinder barrel of the hydraulic
cylinder; external leakage refers to the leakage
of hydraulic oil to the outside of the system,
resulting in power loss and environmental
pollution. Volumetric loss is closely related to
the sealing performance of components,
working pressure, temperature and other
factors;

3) Mechanical loss: It is mainly generated
between the relative moving parts of hydraulic
components, such as the bearing friction of the
hydraulic pump, the mechanical friction
between the rotor and the stator, and the friction
between the piston and the cylinder barrel of the
hydraulic cylinder. Mechanical loss is caused
by the combined action of various friction
forms such as viscous friction and dry friction,
and is affected by factors such as component
processing accuracy, lubrication conditions and
working speed.

2.2. Analysis of Coupling Mechanism
of Power Loss

The various power losses of the hydraulic
system are not isolated, but there are complex
coupling relationships. For example, when the
system working pressure increases, on the one
hand, it will increase the throttling pressure
difference of the control valve, leading to an
increase in throttling loss; on the other hand, it
will aggravate the internal leakage of
components such as hydraulic pumps and
hydraulic cylinders, increasing volumetric loss;
at the same time, the increase in pressure will
also increase the positive pressure between
moving parts, increasing mechanical loss [7].
Another example is that the increase in system
temperature will reduce the viscosity of
hydraulic oil, reduce viscous friction, thereby
reducing mechanical loss, but the decrease in
viscosity will increase the leakage of internal
gaps of components, leading to an increase in
volumetric loss. In addition, changes in the
speed of the hydraulic pump will
simultaneously  affect  mechanical  loss

(increased speed increases friction loss) and
volumetric loss (increased speed relatively
reduces leakage), forming a coupling effect.

Therefore, when establishing the power
loss model, it is necessary to fully consider the
coupling relationships between various losses
to avoid insufficient accuracy caused by
isolated modeling.

2.3. Construction of Full-Dimensional
Power Loss Model

Based on the above analysis, a full-
dimensional power loss model including
throttling loss, volumetric loss and mechanical
loss is constructed. The total power 10sS Pioss iS
the sum of the three types of losses, namely:

Ploss = Pthrottle + onlume + Pmechanical y (1)

where Pnrottle — IS the throttling loss power;
Pvolume — IS the volumetric loss power;
Pmechanical — IS the mechanical loss power.

2.3.1. Throttling Loss Model

According to fluid mechanics theory, the
flow rate of hydraulic oil through throttling
components satisfies the orifice flow formula.
For thin-walled orifices, the calculation
formula of flow rate Q is:

Q =CdA\/%, (2)

where Cq — is the flow coefficient, which is
related to the shape of the orifice and Reynolds
number, taking 0.6 ~ 0.8;
A — is the flow area of the orifice (m2);
Ap — is the pressure difference before and
after the orifice (Pa);
p — is the density of hydraulic oil (kg/m3).
Throttling loss power is the loss of
pressure energy, and its calculation formula is:

20 112
Pivoute = b~ Q = Cat (22 = oty [*
@

For complex throttling components such
as multi-way valves in hydraulic systems, the
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parallel throttling effect of multiple valve ports
needs to be considered, and the total throttling
loss power is the sum of the throttling loss
power of each valve port.

2.3.2. Volumetric Loss Model

Volumetric loss is mainly caused by
internal leakage of components. The leakage
flow Qieak IS related to pressure difference,
hydraulic oil viscosity, component clearance
and other factors. Taking the hydraulic pump as
an example, its volumetric loss power is the
product of leakage flow and working pressure,
namely:

onlume,pump =p- Qleak,pump ) (4)

where p — is the outlet pressure of the hydraulic
pump (Pa);

Qieak,pump — IS the internal leakage flow of
the hydraulic pump (m3/s).

The internal leakage flow of the hydraulic
pump can be calculated by the clearance flow
model. For cylindrical annular gaps, the
calculation formula of leakage flow is:

nd&3Ap = mdév
Qleak,pump - 12ul 2 ! (5)

where d — is the diameter of the clearance fitting
(m);

d — is the clearance width (m);

u — is the dynamic viscosity of hydraulic
oil (Pas);

L — is the length of the clearance fitting
(m);

v — is the relative movement speed of the
fitting (m/s).

Similarly, the volumetric loss models of
other components such as hydraulic cylinders
and hydraulic motors can be established, and
the total volumetric loss power of the system is

the sum of the volumetric loss power of each
component.

2.3.3. Mechanical Loss Model

Mechanical loss is mainly caused by
friction. Taking the hydraulic pump as an
example, its mechanical loss power includes

bearing friction loss, vane-stator friction loss,
rotor-port plate friction loss, etc. Using a
combination of empirical formulas and
theoretical formulas, the calculation formula of
the mechanical loss power of the hydraulic
pump is:

Pmechanical,pump = Pf,bearing + Pf,vane + Pf,rotor ) (6)

where Prpearing — IS the bearing friction loss

power;
Psvane — IS the vane-stator friction loss
power;
Ptrotor — IS the rotor-port plate friction
loss power.

The bearing friction loss power is
calculated using the Harms formula:

Pf,bearing =f-F-v, (7

where f — is the bearing friction coefficient,
0.001~0.005 for rolling bearings;

F — is the radial load on the bearing (N);

v — is the linear speed of the bearing
rolling elements (m/s).

The calculation formula of the vane-
stator friction loss power is:

Pf,vane = Z?:l u- Fvane,i " VUpane,i » (8)

where n — is the number of vanes;

Fuane,i — IS the positive pressure on the i-th
vane (N);

Wvane,i — IS the relative movement speed
between the i-th vane and the stator (m/s).

Similarly, the mechanical loss models of
other components can be established, and the
total mechanical loss power of the system is the
sum of the mechanical loss power of each
component.

3. Integrated Optimization Model for
Power Loss and Energy Efficiency of
Hydraulic Systems

3.1. Determination of Optimization
Objective

This paper takes the maximization of the
comprehensive energy efficiency of the
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hydraulic system as the core optimization
objective.  The  comprehensive  energy
efficiency # of the hydraulic system is defined
as the ratio of the effective power Poutput OUtput
by the actuator to the input power Pinput OF the
hydraulic pump, namely:

p = DOMPuE 100 04 . 9)

input

According to the power balance
relationship, the input power of the hydraulic
pump is equal to the sum of the effective power
output by the actuator and the total power loss,
that iS, Pinput = Poutput + Ploss. Therefore, the goal
of maximizing energy efficiency can be
converted into the goal of minimizing total
power loss, and the two are equivalent. To more
intuitively reflect the optimization direction,
the maximization of energy efficiency is
adopted as the objective function, namely:

Poutput

- max

. (10)

Poutput+Pthrottle+onlume+Pmechanical

3.2. Setting of Constraint Conditions

To ensure the normal working
performance of the optimized hydraulic system,
the following constraint conditions need to be
set:

3.2.1. Dynamic Performance
Constraints

The dynamic response speed of the
hydraulic system is an important performance
indicator, which needs to meet the movement
speed requirements and response time
requirements of the actuator. Taking the
hydraulic cylinder as an example, its movement
speed ve must be within the set range, namely:

vc,min < Ue < vc,max ) (11)

where Ve min — IS the minimum movement speed
of the hydraulic cylinder (m/s);

Vemax — IS the maximum movement speed
of the hydraulic cylinder (m/s).

At the same time, the step response time
t- of the system must be less than the set
threshold, namely:

tT S tr,max ! (12)

where trmax — is the maximum allowable
response time (s).

3.2.2. Component
Constraints

The working parameters of each
hydraulic component must be within their rated
ranges to avoid component damage due to
overload. The main constraints include:

1) Hydraulic pump working constraints:
Outlet pressure Pp < Pp rated, Speed np < Np rated;
where, ppraed IS the rated pressure of the
hydraulic pump (Pa), and Nprated IS the rated
speed of the hydraulic pump (r/min);

2) Control valve working constraints:
Valve opening Xv < Xv,max, flow rate Qv < Qv,rated;
where, Xvmax IS the maximum opening of the
valve port (m), and Qurated is the rated flow rate
of the control valve (m?3/s);

3) Hydraulic cylinder working
constraints: Maximum thrust F¢ < F rated, Stroke
Sc < Sc,max; Where, Fe rated IS the rated thrust of the
hydraulic cylinder (N), and Scmax iS the
maximum stroke of the hydraulic cylinder (m).

3.2.3. Hydraulic Oil Characteristic
Constraints

The viscosity, temperature and other
characteristics of hydraulic oil have a
significant impact on system loss and
performance. It is necessary to ensure that the
hydraulic oil temperature T, is within a
reasonable range, namely:

Working

To,min < To < To,max ) (13)

where Tomin — IS the minimum allowable
temperature of hydraulic oil (°C), taking 10 °C;

Tomax — 1S the maximum allowable
temperature (°C), taking 60 °C.
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3.3. Selection of Optimization Variables

Combined with the structure and working
principle of the hydraulic system, parameters
that have a significant impact on power loss and
energy efficiency are selected as optimization
variables, mainly including:

1) Hydraulic pump displacement V,
(m3/r): Affects the output flow and pressure of
the pump, and is directly related to volumetric
loss and throttling loss;

2) Control valve opening coefficient k:
Determines the valve port flow area and plays a
decisive role in throttling loss;

3) Hydraulic cylinder piston diameter
Dc (m): Affects the thrust and movement speed
of the hydraulic cylinder, and indirectly affects
system loss;

4) Hydraulic oil viscosity grade u (Pas):
Affects the coupling relationship between
mechanical loss and volumetric loss.

In summary, the integrated optimization
model for power loss and energy efficiency of
the hydraulic system can be expressed as:

F_X|<F
T

o, min

where Xmin and Xmax — are the lower and upper
limits of the optimization variables, respectively.

3.4. Design of Improved Particle
Swarm Optimization Algorithm

The  traditional  Particle  Swarm
Optimization (PSO) algorithm has defects such
as slow convergence speed and easy falling into
local optimal solutions, making it difficult to
efficiently solve the integrated optimization
problem of hydraulic systems with multiple
variables and multiple constraints. Therefore,

this paper improves the traditional PSO
algorithm from three aspects: adaptive
adjustment of inertia weight, dynamic

optimization of learning factors, and boundary

Vialt+li=wv, ,iti+c,r, pbest,

<T,|X|<T
X G X

min—

B
_ output
maxn=
pou[put+prhroulc X +pm!umc X+ pmccham’cal X
S. t' v(,mms Vc X < Vc,ma.\'
tr X ‘Str,ma.\'

\ pp X Spp,rctt(’d’np X Snp.ratcd
x| X)<x,

(14)

max ? Q\' X < Qv rated
s |X|<s

c,rated ? ¢ ,max

O, max

max

processing strategy, so as to improve the global
search ability and convergence accuracy of the
algorithm.

3.4.1. Principle of Traditional Particle
Swarm Optimization Algorithm

The particle swarm  optimization
algorithm simulates the foraging behavior of
bird flocks. Each optimal solution is regarded
as a «particle». Particles adjust their positions
and speeds in the solution space by tracking the
individual best solution (pbest) and the global
best solution (gbest), so as to realize the
optimization of the objective function. The
speed and position update formulas of the
traditional PSO algorithm are:

alt)=x,;t i+c2r2igbestd t)-x, ,lt]

(15)

X 4 t+1 =X; 4ltI+Vv; 4 t+1
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where vi4(t) — is the speed of the i-th particle in
the d-th dimension variable at the t-th
generation;

w — is the inertia weight, which
determines the ability of the particle to inherit
the previous speed;

c1 and c; — are learning factors, which
represent the ability of the particle to learn from
the individual best solution and the global best
solution, respectively;

ry and ro — are random numbers in the
interval [0,1];

Xi,d(t) — is the position of the i-th particle
in the d-th dimension variable at the t-th

gbestq(t) — is the global best position of
the d-th dimension variable.

3.4.2. of
Strategies

1) Adaptive adjustment of inertia weight:
The traditional PSO algorithm adopts a fixed
inertia weight, which is difficult to balance
global search and local convergence. This paper
adopts an adaptive inertia weight strategy based
on the particle fitness value, and dynamically
adjusts w according to the relationship between
the current fitness value of the particle and the
average fitness value of the population. The

Design Improvement

generation, _ o N formula is:
pbesti q(t) — is the individual best position
of the i-th particle in the d-th dimension variable;
(W oe —wrin W F— Frira )
pat: Wazr — — ,I‘.—j‘f Jrnin) _f f(li‘.'::'; (16)
Winin .f : f(ll'.':.jl'

where wmax and wmin — are the maximum and
minimum values of the inertia weight, taking
MWmax — 0.9 and Wmin = 04,

f — is the fitness value of the current
particle;

favg — IS the average fitness value of the
population; fmin — is the optimal fitness value of
the population. When f < fayg, the particle fitness
is poor, and the global search ability is
enhanced through a larger inertia weight; when
f > fayg, the particle is close to the optimal

Co —

where Cimax = 2.5 and cimin = 1.0 — are the
maximum and minimum values of ci;

Comax = 2.5 and camin = 1.0 — are the
maximum and minimum values of c¢3;

- Cl.nm.r -

solution, and a smaller inertia weight is used to
improve the local convergence accuracy;

2) Dynamic optimization of learning
factors: The learning factors c: and c2 of the
traditional PSO algorithm are fixed values,
which cannot adjust the exploration and
development capabilities of particles according
to the iteration process. This paper adopts a
linear dynamic adjustment strategy, so that ¢y
decreases with the number of iterations and c
increases with the number of iterations. The
formulas are:

: (17)

€2 mar —C2, min
C2,min T = II_.)I X%

tmax — IS the maximum number of
iterations;

t is the current number of iterations.

In the early stage of iteration, a larger c:
enhances the individual exploration ability of
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particles and avoids falling into local optimal
solutions; in the later stage of iteration, a larger
C2 enhances the ability of particles to gather
towards the global optimal solution and
improves the convergence speed;

3) Boundary processing strategy: When
the particle position exceeds the value range of
the optimization variable, the traditional
boundary processing mostly adopts the
«truncation method», which is easy to lead to
the loss of particle diversity. This paper adopts
the «random reset method» to re-randomly
generate the particle positions exceeding the
boundary within a reasonable range. The
formula is:

xl{,d = Xmina T 7" (xmax,d - xmin,d)i (18)

where x'id — is the reset particle position;

Xmin,d &nd Xmaxd — are the lower and upper
limits of the d-th dimension variable,
respectively;

r — is a random number in the interval
[0,1]. This strategy can retain particle diversity
and enhance the global search ability of the
algorithm.

3.4.3. Solution Process of Improved
PSO Algorithm

The solution process of the integrated
optimization of the hydraulic system based on
the improved PSO algorithm is as follows:

1. Initialize ~ parameters:  Set  the
population size N = 50, the maximum number
of iterations tmax = 100, the inertia weight range
[wmin, @max], the learning factor ranges [C1,min,
Cimax] and [Camin, Comax], and determine the
upper and lower limits of the optimization
variables Xmin and Xmax.

2. Calculate the fitness value: Substitute
the optimization variables of each particle into
the integrated optimization model, calculate the
corresponding comprehensive energy
efficiency n of the system, and use 7 as the
fitness value.

3. Dynamically adjust the inertia weight
and learning factors: Update w, c1 and ¢

through formulas (16) and (17) according to the
current number of iterations and the particle
fitness value.

4. Update particle speed and position:
Update the particle speed and position through
formulas (15) and (18), and use the random
reset method to process particles exceeding the
boundary.

5. Convergence judgment: If the current
number of iterations reaches tmax, Or the
variation of the global optimal fitness value for
10 consecutive generations is less than 10 — 5,
stop the iteration and output the optimal
optimization variables corresponding to gbest;
otherwise, return to step 3 to continue the
iteration.

4. Simulation Verification and Result
Analysis

To verify the effectiveness of the
proposed integrated optimization method for
power loss and energy efficiency of hydraulic
systems, the boom hydraulic system of a certain
type of excavator is taken as the research object.
An AMESIim hydraulic system simulation
model is built, and the improved PSO algorithm
is implemented in MATLAB for optimization
solution. A comparative analysis of the system
performance before and after optimization is
carried out.

4.1. Construction of Simulation Model

4.1.1. Hydraulic System Simulation
Model (AMESIim)

According to the actual structure of the
excavator boom hydraulic system, a «variable
pump — multi-way valve — double-acting
hydraulic cylinder» simulation model is built in
AMESiIm. The model mainly includes a power
unit (variable pump, motor), a control unit
(three-position  four-way  electromagnetic
directional valve, relief valve), an execution
unit (boom hydraulic cylinder) and an auxiliary
unit (oil tank, filter, pipeline), as shown in
Fig. 1.
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Fig. 1. Simulation Model of the Hydraulic System for Excavator Boom

The initial parameters of the key
components in the model are set according to
the actual engineering parameters, as shown in
Fig. 1. Among them, the hydraulic pump is an
axial piston variable pump, the hydraulic
cylinder is a double-acting single-piston rod
cylinder, and hydraulic oil of viscosity grade 46
with anti-wear additive.

4.1.2. Optimization Algorithm Model
(MATLAB)

The improved PSO algorithm program is
written in MATLAB through M-files to realize
the solution of optimization variables. The
algorithm parameters are set as follows:
population size N = 50, maximum number of
iterations tmax = 100, inertia weight wmax = 0.9,
wmin = 0.4, learning factors  cimax = 2.5,
C1,min = 1.0, C2amax = 2.5, C2min = 1.0. The upper
and lower limits of the optimization variables
are set according to the component parameter
range.

Through the co-simulation interface
between AMESIm and MATLAB, data
interaction is carried out between the hydraulic
system simulation model and the optimization

algorithm model: MATLAB transmits the
optimization variables to AMESiIm, and
AMESIim calculates the comprehensive energy
efficiency of the system according to the
optimization variables and feeds it back to
MATLAB, realizing a closed-loop solution of
«optimization — simulation — feedbacks.

4.2. Setting of Simulation Working
Conditions

Combined with the actual operation
scenario of the excavator boom, the simulation
working condition is set as a boom lifting-
holding-lowering cycle condition. The specific
parameter settings are as follows:

1. Lifting stage (0 ~ 2s): The boom is
lifted from the lowest position to the highest
position, the load force is [X] kN, and the target
lifting speed is [Y] m/s.

2. Holding stage (2 ~ 4s): The boom stays
stably at the highest position, and the load force
remains unchanged.

3. Lowering stage (4 ~ 6s): The boom is
lowered from the highest position to the lowest
position, the load force is [Z] kN, and the target
lowering speed is [W] m/s (Fig. 2).
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Fig. 2. Curves of load and speed variation under excavator boom cyclic working conditions

Simulation tests are carried out on the
hydraulic system before optimization (using the
initial system parameters) and after optimiza-
tion (using the optimal parameters solved by the
improved PSO algorithm), and the com-
prehensive energy efficiency, various power
losses and dynamic response characteristics of
the system are compared and analyzed.

4.3. Simulation Results and Analysis

4.3.1. Comparison of Comprehensive
Energy Efficiency of the System

The curves of the comprehensive energy
efficiency of the hydraulic system before and
after optimization over time are shown in
Fig. 3. In the lifting stage (0 ~ 2 s), the system
energy efficiency before optimization is
0.42 ~0.48, and it is increased to 0.55 ~ 0.62
after optimization; in the holding stage (2 ~ 4s),
the energy efficiency before optimization is
0.35 ~ 0.38, and it is increased to 0.52 ~ 0.55
after optimization; in the lowering stage
(4~6s), the energy efficiency before
optimization is 0.45 ~ 0.50, and it is increased
to 0.60 ~ 0.65 after optimization. Under the full
working condition, the average energy
efficiency of the system before optimization is
0.43, and it is increased to 0.58 after
optimization, with an increase of 34.9 %, which
verifies the effectiveness of the integrated
optimization method proposed in this paper

(Fig. 3).

4.3.2. Comparison of Power Loss
Distribution

The statistical results of various power
losses of the hydraulic system before and after
optimization are as follows: Before
optimization, throttling loss accounts for
52.3 % of the total loss, which is the most
important type of loss; volumetric loss accounts
for 23.1 %, and mechanical loss accounts for
24.6 %. After optimization, the proportion of
throttling loss is reduced to 28.5%, the
proportion of volumetric loss is reduced to
16.3 %, and the proportion of mechanical loss
is reduced to 15.2 %. The total power loss is
reduced from 18.7 kW before optimization to
10.2 kW, with a reduction of 45.4 %.

The significant reduction in throttling
loss is mainly due to the optimal matching of
the valve opening coefficient, which reduces
the pressure loss of oil flowing through the
valve port; the reduction in volumetric loss and
mechanical loss comes from the collaborative
optimization of hydraulic pump displacement,
hydraulic cylinder piston diameter and
hydraulic oil viscosity, which reduces internal
leakage and friction loss of components.

4.3.3. Comparison of Dynamic
Response Performance
The dynamic response curves of

hydraulic cylinder displacement and speed
before and after optimization are shown in
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Fig. 4. Before optimization, the lifting response
time of the hydraulic cylinder is 0.32 s, and the
lowering response time is 0.28s; after
optimization, the lifting response time is 0.25 s,
and the lowering response time is 0.22 s, with
the response speed increased by 21.9 % and
21.4 % respectively. At the same time, the
displacement and speed curves of the hydraulic

cylinder after optimization are smoother
without obvious overshoot, indicating that the
optimized system further improves the dynamic
response performance while improving energy
efficiency, which verifies the rationality of the
dynamic performance constraint setting in the
optimization model (Fig. 4).
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Fig. 3. Comparison curves of the system's comprehensive energy efficiency before and after

optimization
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Fig. 4. Dynamic curves of hydraulic cylinder displacement and speed before and after optimization
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5. Conclusions and Prospects

5.1. Main Conclusions

Aiming at the problems of large power
loss, low energy efficiency of hydraulic
systems and the traditional optimization
methods focusing on local optimization while
ignoring global optimization, this paper carries
out research on the integrated optimization
method for power loss and energy efficiency of
hydraulic systems. Through theoretical modeling,
algorithm improvement and simulation verifi-
cation, the main conclusions are as follows:

1. A full-dimensional power loss model
including throttling loss, volumetric loss and
mechanical loss is constructed, the quantitative
calculation methods of various losses are
clarified, and the coupling mechanism between
various losses is revealed (such as the increase
in pressure simultaneously increases throttling
loss and volumetric loss, and temperature
change affects the balance between mechanical
loss and volumetric loss through viscosity),
providing a theoretical basis for integrated

optimization.
2. A multi-objective integrated
optimization model with the goal of

maximizing the comprehensive energy
efficiency of the system and taking dynamic
performance, component working parameters
and hydraulic oil characteristics as constraints
is established. Hydraulic pump displacement,
valve opening coefficient, hydraulic cylinder
piston diameter and hydraulic oil viscosity are
selected as optimization variables to realize the
global collaborative optimization of component
parameters and system performance.

3. An improved particle swarm optimi-
zation algorithm based on adaptive adjustment
of inertia weight, dynamic optimization of
learning factors and random reset of boundaries
is proposed, which solves the problems of slow
convergence and easy falling into local optimal
solutions of the traditional PSO algorithm, and

improves the efficiency and accuracy of
optimization solution.

4. The simulation verification results
show that the proposed integrated optimization
method can improve the comprehensive energy
efficiency of the hydraulic system by 34.9 %,
reduce the total power loss by 45.4 %, and
increase the system dynamic response speed by
more than 21 %, realizing the collaboration of
energy  efficiency improvement  and
performance optimization.

5.2. Future Prospects

The integrated optimization method
proposed in this paper provides a new idea for
improving the energy efficiency of hydraulic
systems. Future research can be further
deepened from the following aspects:

1. Considering the influence of dynamic
load and variable temperature environment:
The current model does not fully consider the
dynamic influence of load fluctuation and
temperature change on the loss model. In the
future, a dynamic loss model under variable
working conditions and variable temperatures
can be constructed to improve the adaptability
of the optimization method.

2. Integrating multi-algorithm collabora-
tive optimization: In the future, the improved
PSO algorithm can be combined with genetic
algorithm, simulated annealing algorithm and
other algorithms to construct a hybrid
optimization algorithm, further improving the
global search ability and convergence accuracy.

3. Carrying out experimental verification
and engineering application: The current
research is mainly based on simulation
verification. In the future, it is necessary to
build a hydraulic system experimental platform
to carry out physical experiment verification,
and apply the optimization method to the
transformation of hydraulic systems of actual
construction  machinery  and industrial
equipment, so as to promote the engineering
transformation of theoretical achievements.
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