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Abstract. This paper investigates multi-scale power losses and global energy-efficiency
optimization in process machinery hydraulic systems. Power-loss mechanisms are analyzed at three
levels: micro (components), meso (circuits), and macro (system), and a quantitative model accounting
for their interactions is developed. A global energy-efficiency model is established, and a collaborative
control strategy based on an improved adaptive genetic algorithm (IAGA) is proposed to optimize
energy consumption and dynamic performance. Simulation and experimental results confirm that
hydraulic pump volumetric losses, control valve throttling losses, and circuit coupling losses account
for over 75% of total power losses. The proposed strategy improves system energy efficiency by 12%-—
18% and reduces dynamic response overshoot by more than 60%. The results provide a theoretical and
practical basis for energy-efficient hydraulic system design and control.
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Introduction.

Process machinery is the core equipment of industrial production, covering fields such as
metallurgical rolling mills, CNC machine tools, mining machinery, and injection molding
machines. Its operational stability, efficiency, and energy consumption directly determine the
quality, cost, and environmental performance of industrial production. Hydraulic
transmission, as the core power transfer mode of process machinery, has become the preferred
transmission scheme for most medium- and large-scale process machinery by virtue of its
advantages of high-power density, fast response, precise positioning, and strong resistance to
load impact, occupying an irreplaceable position in modern industrial production.

However, process machinery hydraulic systems exhibit significant power losses during
energy conversion and transmission. Industrial field measurement data show that the energy
efficiency of traditional process machinery hydraulic systems generally ranges between 45%
and 60%, far lower than that of electrical drive systems, with a large amount of energy wasted
in the form of heat and leakage [10, 14]. With the intensification of the global energy crisis
and the advancement of the "dual carbon™ goal, the pressure for energy conservation and
emission reduction in the industrial sector is increasing. As high-energy-consuming
equipment, improving the energy efficiency of the hydraulic systems of process machinery
has become a key engineering problem to be solved urgently [1, 9].

Compared with ordinary hydraulic systems, process machinery hydraulic systems are
characterized by complex and variable operating conditions (large load fluctuations, frequent
start-stop, wide speed regulation range), the collaborative operation of multiple actuators, and
the coupling of multiple circuits [3, 11]. Consequently, their power losses exhibit obvious
multi-scale characteristics: at the micro level, friction and leakage losses exist inside
components such as hydraulic pumps, cylinders, and control valves; at the meso level, uneven
flow distribution and pressure interference among circuits give rise to coupling losses; and at
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the macro level, overall system power matching imbalance causes redundant losses. The
losses at different scales are coupled and mutually influential, making it difficult for
traditional single-scale, single-component energy-saving control methods to achieve a
significant improvement in the global energy efficiency of the system [4, 12, 14].

Therefore, an in-depth investigation of the multi-scale mechanism of power loss in
process machinery hydraulic systems, the revelation of the coupling laws among losses at
different scales, and the proposal of a global energy-efficiency collaborative control method
that considers both multi-scale loss compensation and system dynamic performance can not
only enrich the theoretical system of hydraulic system energy-efficiency optimization [2,
13].but also provide a practical and feasible technical solution for the energy-saving retrofit of
process machinery hydraulic systems in industrial sites, reduce industrial energy consumption
and environmental pollution, and promote the green and efficient upgrading of the process
machinery industry. This has important theoretical significance and engineering application
value [2, 3, 13].

Literature Review.

In recent years, scholars at home and abroad have carried out extensive research on
power loss and energy-efficiency optimization of hydraulic systems, forming a series of
theoretical and technical achievements, mainly focusing on three aspects: loss mechanism
analysis, energy-saving design of individual components, and control strategy optimization
[5, 7, 10].

In the field of power-loss mechanism research, early foreign scholars focused mainly on
the loss analysis of individual components, such as establishing leakage and friction models
of hydraulic pumps to quantify volumetric and mechanical losses, and proposing loss-
suppression methods based on component structure optimization [1, 14]. With the deepening
of research, attention gradually shifted to the problem of loss coupling at the system level, and
a "component-system" two-level loss analysis framework was proposed [11]. However, the
boundaries of multi-scale losses were not clearly defined, and research on meso-scale circuit
coupling losses remains relatively weak [14]. Domestic scholars, on the other hand, have
focused more on the loss measurement and analysis of hydraulic systems at industrial sites,
quantifying the loss distribution of hydraulic systems under different operating conditions by
building experimental platforms, but most of this research remains at the macro level, lacking
in-depth research on the coupling mechanism of multi-scale losses and making it difficult to
reveal the essential causes of loss generation [3, 9].

In the field of energy-saving design of individual components, scholars at home and
abroad have mainly focused on structural improvements to core components such as hydraulic
pumps and control valves, such as replacing fixed-displacement pumps with variable-
displacement pumps to achieve matching between flow and load by adjusting displacement,
thereby reducing redundant losses; and developing low-leakage, low-friction hydraulic valves
to reduce throttling and leakage losses [1, 4, 6]. In addition, the research and application of
new energy-saving components (such as digital hydraulic valves and high-efficiency variable-
displacement pumps) have provided new technical paths for energy saving at the component
level. However, such methods target only individual components and do not consider the
coupling relationships among components and circuits, making it difficult to achieve an
improvement in the global energy efficiency of the system [4].

In the field of control strategy optimization, foreign research has mainly focused on the
application of advanced control algorithms, such as fuzzy control, PID control, and model
predictive control, to achieve precise control of flow and pressure in hydraulic systems and
reduce throttling losses [5]. Domestic research has focused more on the engineering
application of load-sensing control and variable-frequency speed-regulation technologies,
which achieve matching between energy supply and load demand by dynamically adjusting
system operating parameters [5, 9, 12]. However, most existing control strategies focus on
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energy-efficiency optimization under a single operating condition or at a single scale, lacking
collaborative consideration of multi-scale losses [12]. In the complex and variable operating
scenarios of process machinery, it is difficult to balance system energy efficiency and
dynamic performance, and the control effect is limited [12, 13, 15].

In summary, existing research still has three prominent problems [3]. First, the analysis of
power-loss mechanisms lacks a multi-scale perspective, and the boundaries and coupling laws
of losses at different scales have not been clearly defined, making it difficult to
comprehensively reveal the essential causes of loss generation. Second, energy-efficiency
control strategies lack global coordination, mostly targeting individual components or single
operating conditions, and cannot achieve collaborative suppression of multi-scale losses [3,
11]. Third, the correlation between multi-scale loss models and energy-efficiency models is
insufficient, making it difficult to provide precise theoretical support for global collaborative
control [8, 13]. Therefore, carrying out research on the multi-scale mechanism of power loss
and the global energy-efficiency collaborative control of process machinery hydraulic systems
has become a research hotspot and difficulty in the field of hydraulic system energy saving [2,
10].

This paper carries out systematic research on the multi-scale mechanism of power loss
and the global energy-efficiency improvement collaborative control of process machinery
hydraulic systems [3]. The specific research content is as follows:

1. Multi-scale classification and mechanism analysis of power loss in process machinery
hydraulic systems. The multi-scale classification criterion (micro, meso, macro) is defined,
the causes and influencing factors of power loss at each scale are analyzed separately,
quantitative models of power loss at each scale are established, and the coupling laws of
multi-scale losses are revealed [4, 9, 11, 14].

2. Global energy-efficiency modeling of process machinery hydraulic systems. Based on
the multi-scale power-loss model and the energy balance principle, a global energy-efficiency
model covering "component—circuit-system" is constructed, and the relationship between
multi-scale losses and system energy efficiency is established, providing a theoretical basis
for energy-efficiency optimization control [2, 10].

3. Design of the global energy-efficiency collaborative control strategy. In view of the
coupling characteristics of multi-scale losses, a control strategy integrating multi-scale loss
compensation and global parameter collaborative optimization is proposed [13], and an
improved adaptive genetic algorithm-based optimization controller is designed to achieve
coordinated improvement of system energy consumption and dynamic performance.

4. Simulation and experimental verification. A simulation platform based on
Simulink/SimHydraulics is built to verify the effectiveness of the multi-scale loss model and
the collaborative control strategy; an experimental platform for the process machinery
hydraulic system is constructed, and the practicability and reliability of the proposed method
are further verified through measured data [2, 4].

The innovations of this paper are mainly reflected in the following three aspects:

1. A multi-scale classification criterion for power loss in process machinery hydraulic
systems is proposed, and a "micro—meso—macro™ three-level loss quantitative model is
constructed, clarifying the coupling mechanism among losses at different scales. This breaks
through the limitation of traditional single-scale loss analysis and can reveal the essential
causes of loss generation more comprehensively and accurately [5, 7, 9].

2. A global energy-efficiency model covering multi-scale losses is established, directly
correlating the losses at different scales with system energy efficiency. This solves the
problem that traditional energy-efficiency models cannot reflect the influence of multi-scale
coupling and provides precise theoretical support for global energy-efficiency optimization
control [2].

3. A multi-scale collaborative global energy-efficiency improvement control strategy is
proposed, integrating multi-scale loss compensation and parameter collaborative optimization,
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and an improved adaptive genetic algorithm controller is designed [4, 6]. This achieves
coordinated improvement of system energy efficiency and dynamic performance, solving the
difficulty of balancing energy efficiency and dynamic performance in traditional control
strategies [8,15].

Research Methodology.

Multi-Scale Mechanism Analysis of Power Loss in Process Machinery Hydraulic
Systems

Multi-Scale Classification Criterion and Boundary Definition

Combining the structural characteristics and energy transfer laws of process machinery
hydraulic systems, this paper divides power loss into three scales—micro, meso, and macro—
and clarifies the boundaries and research objects of each scale to ensure the systematicness
and pertinence of the multi-scale mechanism analysis [3, 9, 14].

1. Micro scale: The core components of the hydraulic system (hydraulic pump, cylinder,
control valve, hydraulic motor, etc.) are taken as the research objects, focusing on power loss
inside the components, mainly including friction loss, leakage loss, and throttling loss. The
essential cause of these losses is the interaction among the internal structure, material
properties, and operating parameters of the components [1, 7, 13].

2. Meso scale: A single circuit or the coupling part of multiple circuits of the hydraulic
system is taken as the research object, focusing on power loss at the circuit level, mainly
including uneven flow distribution loss, pressure interference loss, and pipeline friction
(distributed) and local resistance losses. The essential cause of these losses is the insufficient
cooperative matching among components [11, 13, 14].

3. Macro scale: The entire process machinery hydraulic system is taken as the research
object, focusing on the power loss of the whole system, mainly including power matching
imbalance loss, redundant power loss, and auxiliary system loss (e.g., cooling and filtration
systems) [3, 10]. The essential cause of these losses is the mismatch between the overall
system operating parameters and the process operating-condition requirements [2].

The three scales are interrelated and mutually coupled: micro component losses form the
basis of meso circuit losses and macro system losses; meso circuit losses are the concentrated
manifestation of micro component losses and simultaneously influence the distribution of
macro system losses; macro system losses reflect the overall effect of multi-scale losses [1, 4,
10]. Together, the three scales determine the overall energy efficiency of the process
machinery hydraulic system [11].

Micro-Scale Power-Loss Mechanism and Quantitative Model

Micro-scale power loss mainly originates from core components such as the hydraulic
pump, cylinder, and control valve, whose loss types and mechanisms differ. They are
analyzed separately and quantitative models are established below [2, 5, 14].

Power Loss of the Hydraulic Pump

As the power source of the hydraulic system, the power loss of the hydraulic pump
mainly includes volumetric loss, mechanical loss, and hydraulic loss, among which
volumetric and mechanical losses are the main forms (accounting for more than 90% of the
total pump loss) [1, 14].

1. Volumetric loss. Due to internal clearances of the hydraulic pump (e.g., between the
rotor and the stator, and between the vanes and the slots), part of the hydraulic oil leaks from
the high-pressure chamber to the low-pressure chamber, causing flow loss and thereby
producing volumetric loss [14]. According to the principles of fluid mechanics, the volumetric
loss power can be expressed as:

Pvcul = ﬂ'pp ' Qleal-r. (1)
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where Py is the volumetric loss power of the hydraulic pump (W); App is the pressure
difference between the inlet and outlet of the pump (Pa); and Qieax is the leakage flow (m3/s).

The leakage flow is related to factors such as clearance size, pressure difference, and oil
viscosity [6, 10]. For laminar leakage through an annular clearance, the calculation formula is:

g3
QHR=T%£#(1+15§j (2)
where d is the mating surface diameter (m); h is the mating clearance (m); u is the dynamic
viscosity of the hydraulic oil (Pa-s); L is the mating surface length (m); and = is the
eccentricity ratio.

2. Mechanical loss. Owing to the friction between the moving parts inside the hydraulic
pump (such as between the vanes and the slots, and between the rotor and the bearings), as
well as the viscous friction of the hydraulic oil, part of the input power is consumed,
producing mechanical loss [1, 5, 7]. The mechanical loss power can be expressed as:

P =T w (3)

mech
where Pmech IS the mechanical loss power of the hydraulic pump (W); Tt is the total friction
torque (N-m); and « is the angular velocity of the pump (rad/s).
The total friction torque comprises the solid friction torque and the viscous friction
torque:

TF = Tsnl.ld + Tviscnus = anr + uAmr (4)

where Tsoiig is the solid friction torque (N-m); Tviscous is the viscous friction torque (N-m); f is
the friction coefficient; Fn is the normal force (N); r is the friction radius (m); and A is the
viscous friction area (m?).

The total micro-scale loss power of the hydraulic pump is the sum of the volumetric loss
and the mechanical loss:

Ppump = Pvcil + Pmec'h' (5)

Power Loss of the Control Valve

The control valve is the control core of the hydraulic system, and its power loss is mainly
throttling loss, i.e., when the hydraulic oil passes through the valve port, a pressure drop
occurs due to the throttling effect, and part of the energy is converted into heat and lost
[3,7,13]. According to the throttling principle, the throttling loss power can be expressed as:

P;:hr = ﬂ"pv ' Qv (6)
where Py is the throttling loss power of the control valve (W); Apy is the pressure difference
across the valve port (Pa); and Q,, is the flow through the valve port (m?/s).

According to the thin-walled orifice flow formula, the flow through the valve port can be
expressed as:
2Ap,,

=C |
Qv dﬁv,‘d

where Cq is the flow coefficient; Ay is the orifice area of the valve port (m?); and p is the
density of the hydraulic oil (kg/m?).

(7

1]

Power Loss of the Hydraulic Cylinder

As the actuator, the power loss of the hydraulic cylinder mainly includes leakage loss and
friction loss, which are similar to those of the hydraulic pump but differ in mechanism [12].

1. Leakage loss. This is divided into internal leakage and external leakage. Internal
leakage refers to the leakage of hydraulic oil from the rodless chamber to the rod chamber of
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the cylinder, while external leakage refers to the leakage of hydraulic oil to the outside
through the clearances between the cylinder body and the piston and between the piston rod
and the seals. Internal leakage is the main form [2, 9, 11, 15]. The leakage loss power can be
expressed as:

Pc‘yl,leal{ = ﬂl'I::'L' ' Qc‘,leal—: (8)

where Peyiieak 1S the leakage loss power of the cylinder (W); Apc is the pressure difference
between the two chambers of the cylinder (Pa); and Qc.ieak IS the cylinder leakage flow (m?/s).

2. Friction loss. Owing to the friction between the piston and the cylinder body and
between the piston rod and the seals [13], part of the hydraulic energy is consumed. The
friction loss power can be expressed as:

P

eyl fric = FEF "V (9)

where Peyifrec IS the friction loss power of the cylinder (W); Fct is the piston motion friction
force (N); and v is the piston motion velocity (m/s).
The total micro-scale loss power of the hydraulic cylinder is:

Pc'yl = Pc'yl_.lea.l-: + Pc'yl,Fric' (10)

Meso-Scale Power-Loss Mechanism and Quantitative Model

Meso-scale power loss mainly originates from the coupling and matching insufficiency at
the circuit level [10]. The single-circuit resistance loss and the multi-circuit coupling loss are
analyzed, and quantitative models are established in combination with the circuit
characteristics of process machinery hydraulic systems (such as multi-actuator collaborative
circuits and high/low-pressure circuits) [3].

Pipeline Resistance Loss

The hydraulic pipeline is the carrier of energy transfer. When hydraulic oil flows in the
pipeline, it is subjected to distributed and local resistance, producing pipeline resistance loss
[11, 12]. The loss power can be expressed as:

P (11)

pipe = APpipe " Qpipe

where Ppipe is the pipeline resistance loss power (W); Appipe IS the total pipeline pressure loss
(Pa); and Qpipe is the flow in the pipeline (m?/s).

The total pipeline pressure loss includes the distributed pressure loss and the local
pressure loss:

&pFiPE = dllpnﬂis! + dllpln:\u:' = EP:_ + EPTV_ (12)
where Apgis is the distributed pressure loss (Pa); Apioc is the local pressure loss (Pa); A is the
distributed resistance coefficient; L is the pipeline length (m); d is the pipeline inner diameter
(m); v is the flow velocity of the hydraulic oil in the pipeline (m/s); and Z is the local

resistance coefficient (determined by local structures such as bends and joints).

Multi-Circuit Coupling Loss

Process machinery hydraulic systems mostly adopt a multi-actuator collaborative
working mode (e.g., the feed circuit and the spindle circuit of machine tools, the screw-down
circuit and the drive circuit of metallurgical rolling mills). There exist problems such as
uneven flow distribution and pressure interference among circuits, resulting in coupling loss
[13,14]. The coupling loss power can be expressed as:

Pooup = i1 =i +1 4P Qj; (13)
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where Pcoyp s the multi-circuit coupling loss power (W); n is the number of circuits; Apjj is the
pressure interference difference between circuit i and circuit j (Pa); and Qjj is the interference
flow between the two circuits (m?3/s). Note that the interference flow here is defined strictly as
the cross-circuit exchange flow beyond the designed flow distribution, so as to avoid double
counting with the pipeline friction loss.

The total meso-scale loss power is the sum of the pipeline resistance loss and the multi-
circuit coupling loss:

Pmesc\ = Ppipe + Pm:\up

(14)

Macro-Scale Power-Loss Mechanism and Quantitative Model

Macro-scale power loss is mainly manifested as the power matching imbalance and
redundant loss of the whole system. In view of the operating characteristics of process
machinery (large load fluctuations, frequent start-stop), the power matching loss and the
auxiliary system loss are analyzed, and quantitative models are established [7].

Power Matching Loss

The power matching loss refers to the redundant power loss caused by the mismatch
between the output power of the hydraulic system and the load-demand power of the process.
When the system output power is greater than the load-demand power, the redundant power is
consumed in forms such as overflow and throttling; when the system output power is smaller
than the load-demand power, the system cannot work normally and additional power must be
consumed to compensate [9,13]. The power matching loss power can be expressed as:

P atch Pnut - Plnad (15)

I

where Pmatch 1S the power matching loss power (W); Pout is the output power of the hydraulic
system (W); and Pioad is the process load-demand power (W).

The output power of the hydraulic system is the sum of the output powers of the
individual components, while the load-demand power is determined by the process operating
conditions and can be obtained by measurement or calculation from process parameters [10].

Auxiliary System Loss

The auxiliary systems of process machinery hydraulic systems (cooling, filtration, and
lubrication systems) also consume a certain amount of power during operation, forming
auxiliary system loss [1,2,8]. The loss power is mainly determined by the rated power and
operating efficiency of the auxiliary equipment:

Paux = Eﬂi:l]:m:l—:‘mi (16)
where Paux is the auxiliary system loss power (W); m is the number of auxiliary devices;
P.rated 1S the rated power of the k-th auxiliary device (W); and 1, is the operating efficiency of
the k-th auxiliary device.

The total macro-scale loss power is the sum of the power matching loss and the auxiliary
system loss:

Pmac'rn = Pmatc'h + Paux (17)

Analysis of the Coupling Law of Multi-Scale Losses

The multi-scale losses of process machinery hydraulic systems are not independent of
each other but exhibit significant coupling relationships [11]. The coupling law is mainly
reflected in three aspects:

1. Coupling between micro component losses and meso circuit losses. The leakage and
friction losses of micro components cause fluctuations in the flow and pressure of the circuit,
which in turn aggravate the pipeline resistance loss and the multi-circuit coupling loss;
conversely, the pressure interference and uneven flow distribution of meso circuits cause the
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operating parameters of components to deviate from the optimal values, further increasing
micro component losses. For example, the leakage loss of the hydraulic pump causes
insufficient circuit flow; to satisfy the load demand, the control valve must increase the valve-
port opening, resulting in increased throttling loss, while the intensified circuit pressure
fluctuation increases the pipeline resistance loss [3, 7, 12, 14, 15].

2. Coupling between meso circuit losses and macro system losses. Meso circuit losses
cause a decrease in the overall output power of the system [9]. To maintain normal system
operation, the input power of the hydraulic pump must be increased, thereby increasing the
macro power matching loss; conversely, macro power matching imbalance causes the
pressure and flow of the circuit to be in a non-optimal state, aggravating meso circuit losses.
For example, when the system power matching is insufficient, the hydraulic pump must
operate at a high speed and high pressure for a long time, causing the circuit pressure to be
too high and significantly increasing the pipeline resistance loss and the coupling loss [2, 5].

3. Indirect coupling between micro component losses and macro system losses. The
accumulation of micro component losses leads to a decline in the overall system energy
efficiency, which in turn aggravates the macro power matching loss; macro power matching
imbalance causes components to operate in a harsh state for a long time, accelerating
component wear and increasing micro losses [4]. For example, if the hydraulic pump operates
at a high load for a long time, the friction between the vanes and the slots intensifies, the
micro mechanical loss increases, and meanwhile the system energy efficiency decreases and
the macro power matching loss further increases [1, 9].

Based on the above coupling law, the total system power loss is the sum of the losses at
the three scales:

Protal = Fmicro T Pmeso T Fmacro (18)
where Pmicro IS the total micro-scale loss power (W).
Global Energy-Efficiency Modeling of Process Machinery Hydraulic Systems
Global Energy-Efficiency Definition and Evaluation Indicators

The global energy efficiency of a process machinery hydraulic system is defined as the
ratio of the effective output power to the input power over the entire working cycle, reflecting
the efficiency of multi-scale energy conversion and transfer across "component—circuit—
system":

where ngiobal IS the global system energy efficiency (%); Pess is the effective output power
of the system (W), i.e., the power used to drive the process load; and Pi, is the input power of
the system (W), i.e., the input power of the hydraulic pump.

Combined with the multi-scale loss characteristics, the effective output power equals the
system input power minus the total multi-scale loss power:

PEFF = Pri.|:1 - R:ntal (20)

To comprehensively evaluate the global energy efficiency, in addition to the global
energy efficiency, the following auxiliary evaluation indicators are defined:

1. Micro energy efficiency: the ratio of the effective output power to the input power of a
component, reflecting the energy conversion efficiency of the micro component [3];

2. Meso energy efficiency: the ratio of the effective output power to the input power of a
circuit, reflecting the energy transfer efficiency at the circuit level [9];

3. Energy consumption reduction rate: the ratio of the difference between the total energy
consumption after optimization and that before optimization to the total consumption before
optimization, reflecting the effect of energy-efficiency optimization [11];
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4. Dynamic performance indicators: including system response time and overshoot, used
to evaluate the change in system dynamic performance during energy-efficiency optimization
to ensure that the energy-efficiency improvement does not affect normal system operation
[14].

Establishment of the Global Energy-Efficiency Model

Based on the multi-scale power-loss model and the energy balance principle, combined
with the structural characteristics and operating-condition characteristics of process
machinery hydraulic systems, a global energy-efficiency model covering "micro—meso—
macro” is established [2, 13].

First, the micro component energy-efficiency model is established [10]. Taking the
hydraulic pump, control valve, and cylinder as the core, their energy-efficiency models are
established respectively:

— Zpumpout o 4 400 (21)

n
pump Ppump in

— Bvalve out 4 504 (22)

Neal
vate Pyalve,in

Negt = ~Z2 X 1000%. (23)
pc'_r,'l in
The total micro-scale energy efficiency is the weighted average of the energy efficiencies
of the individual components, with the weights being the proportions of the input power of
each component in the total micro-scale input power:

Nemicra — Z%{:J.winirzt::1wl =1 (24)
where K is the number of micro components; w; is the weight of the i-th component; and n; is
the micro energy efficiency of the i-th component.

Second, the meso circuit energy-efficiency model is established. The meso circuit energy
efficiency is the ratio of the effective output power of the circuit to the input power of the

circuit [9]. Considering the pipeline resistance loss and the multi-circuit coupling loss, the
model is:

— Prircuit,eft % 1009 (25)

rl meso . e
PE‘lf cuit.in

where nmeso IS the meso circuit energy efficiency (%); Pcircuitefr 1S the effective output power of
the circuit (W); and Pcircuitin IS the input power of the circuit (W), equal to the sum of the
output powers of the components.

Finally, the macro system global energy-efficiency model is established. The macro
system input power is the input power of the hydraulic pump, and the effective output power
is the load-demand power [14]. Combined with the multi-scale losses, the global energy-
efficiency model is:

T]glu:ubal. = piﬂ;& X100 = [1 -

in Pin

Pmicro tPmess +F

macre) x 100%. (26)

Substituting the micro, meso, and macro loss models into the above equation yields the
relationship between the global energy efficiency and the parameters at each scale (such as
component structural parameters, circuit parameters, and system operating parameters),
providing a theoretical basis for subsequent energy-efficiency optimization control [3, 6, 11],
as shown in Fig.1.

Model Validation and Parameter Identification

To ensure the accuracy and reliability of the global energy-efficiency model, parameter
identification and experimental validation are carried out to adjust the model parameters so
that the model output is consistent with the actual system [12].
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Fig. 1 Energy flow relationship of the global energy-efficiency model.

Parameter Identification Method

The least-squares method is selected for parameter identification. For the unknown
parameters in the multi-scale loss model and the global energy-efficiency model (such as the
pump leakage clearance, friction coefficient, pipeline resistance coefficient, and coupling loss
coefficient), system operating data are collected through experiments, an identification
objective function is established, and the unknown parameters are solved [5, 14].

The identification objective function is:

I= Ele[nmndel(t] ~ Nmeas (tj]: (27)

where J is the identification error; N is the number of sampling points; nmodel(t) is the
global energy efficiency output by the model at time t; and nmmeas(t) is the global energy
efficiency actually measured at time t.

By solving the above objective function using the least-squares method, the optimal
estimates of the unknown parameters are obtained and substituted into the model to complete
the model parameter identification [9].

Model Validation

A general CNC machine tool hydraulic system is adopted as the verification object of the
model, and a supporting experimental test platform is constructed [11]. Measured data
including system input power, load power and multi-scale loss power under multiple working
conditions are collected and compared with the model calculation outputs to conduct
benchmark analysis, so as to complete the accuracy verification of the model [8,10].

The validation results demonstrate that the relative error between the global energy
efficiency output by the model and the measured global energy efficiency is less than 5%, and
the error between the calculated values and measured values of multi-scale loss power is
controlled within 8%. It is thus verified that the global energy-efficiency model established in
this paper can accurately characterize the laws of power loss and energy efficiency variation
of hydraulic systems for process machinery, and can provide reliable theoretical support for
the subsequent collaborative optimization control of system energy efficiency [7, 11, 14].

Design of the Global Energy-Efficiency Improvement Collaborative Control
Strategy

Control Objectives and Constraints

The core objective of the proposed global energy-efficiency collaborative control strategy
is to achieve "collaborative suppression of multi-scale losses and coordinated improvement of
energy efficiency and dynamic performance”, specifically including:

1. Core objective: maximize the global system energy efficiency, achieving an energy-
efficiency improvement of more than 10% under different process operating conditions;
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2. Secondary objective: suppress multi-scale power losses, reduce total system energy
consumption, and simultaneously ensure that the system dynamic performance (response
time, overshoot) satisfies the process requirements without affecting the process production
accuracy and efficiency [2, 9].

The control objective can be quantified as:

max],p; = Nglobal — Mty — 420 (28)

where t; is the response time (s); o is the overshoot (%); and A1, A> are weighting coefficients.

Combined with the operating characteristics and process requirements of process
machinery hydraulic systems, the following control constraints are set:

1. Pressure constraint: the system working pressure P must be within the set range
(Pmin < P < Pmax), to ensure normal operation of the actuators and avoid system damage caused
by excessive pressure or failure to meet load demand caused by insufficient pressure;

2. Flow constraint: the system flow Q must match the load demand (Qmin < Q < Qmax), t0
avoid slow system response caused by insufficient flow or increased loss caused by flow
redundancy;

3. Dynamic performance constraint: the system step response time t; < trmax and
overshoot o < omax, t0 ensure that the system dynamic performance meets the process
production requirements;

4. Parameter constraint: the control parameters (such as the pump speed and valve-port
opening) must be within the allowable range of the equipment, to avoid equipment damage
caused by exceeding the rated parameters [3, 6, 11].

Collaborative Control Strategy Framework

In view of the coupling characteristics of multi-scale losses and the collaborative control
logic of process machinery hydraulic systems, a collaborative control strategy of "multi-scale
loss compensation + global parameter collaborative optimization™ is proposed, and its
framework [7], as shown in Fig. 2.

Meso-Scale
Micro-Scale Loss Model Marro-Snergy-
Loss Model Efficiency
System Pine Loss Model
Boundary 1P
Friction
Pump
Input Volumetric
Power P;, Loss
Load APy Global Energy-Efficiency
oa =
Power Resistance i Py, x 100%
P, Valve Throttling Loss
load Y A P) e ¢
Pressure p APy Op.umal .
Flow Rate Q Loop Operating Point
Rotational %’_"".dcr Co&)slgng
riction
Speed Loss AP, couple
Va.lve N
Opening xy v

Total Power Loss Py =
APmicro + APmcso + APmacro

Fig. 2 Multi-scale loss mechanism and global energy efficiency modeling framework.

The control strategy framework mainly includes three layers:
1. Perception layer: sensors collect the multi-scale operating parameters of the system,
including micro component parameters (pump speed, pressure, flow; cylinder displacement
ndustrial
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and velocity; valve-port opening), meso circuit parameters (pipeline pressure, flow, circuit
coupling pressure difference), and macro system parameters (input power, load power, energy
consumption), providing data support for control decision-making [2, 3, 7].

2. Decision layer: based on the data collected by the perception layer, combined with the
multi-scale loss model and the global energy-efficiency model, the improved adaptive genetic
algorithm is used to collaboratively optimize the system control parameters and output the
optimal control commands (such as pump speed regulation commands and valve-port opening
regulation commands) [6, 14].

3. Execution layer: according to the control commands output by the decision layer, the
execution mechanisms (variable-frequency drives, servo valves) adjust the system operating
parameters to achieve collaborative suppression of multi-scale losses and improve the global
system energy efficiency, while ensuring that the system dynamic performance meets the
requirements [5, 8, 13].

In addition, a feedback regulation module is provided to compare in real time the actual
system energy efficiency and dynamic performance with the target and constraints. If a
deviation exists, the control parameters are adjusted in time to realize closed-loop control and
ensure the stability and effectiveness of the control strategy [2, 9].

Design of the Improved Adaptive Genetic Algorithm

Traditional genetic algorithms suffer from problems such as slow convergence and a
tendency to fall into local optima, making it difficult to meet the real-time optimization
requirements of process machinery hydraulic systems under complex operating conditions.
Therefore, this paper improves the traditional genetic algorithm and designs an improved
adaptive genetic algorithm for global parameter collaborative optimization [4, 10, 11].

Algorithm Improvement Ideas

Adaptive crossover rate and mutation rate design. According to the distribution of
population fitness values, the crossover rate and mutation rate are dynamically adjusted to
avoid the algorithm falling into local optima or converging too slowly [7]. When the
difference in population fitness values is small, the crossover rate and mutation rate are
increased to enhance population diversity; when the difference is large, they are reduced to
accelerate convergence [11].

The adaptive adjustment formulas for the crossover rate and mutation rate are:

P _ (Pcmax —Pemin ) (F—favg) F=f
P={"" foas—fevg | F (29)
Pc',maxf f< favg
(Pm max ~Pm min) (Fmax—F)
: =
P_= {Pm,mm * Fmex —fave ’ f o fﬂvg (30)
m =
Pmmax’ f< favg

where Pcmax and Pemin are the upper and lower limits of the crossover rate (taken as 0.9 and
0.4 in this paper); Pmmax and Pmmin are the upper and lower limits of the mutation rate (taken
as 0.1 and 0.01 in this paper); f is the individual fitness value; favg is the average population
fitness value; and f__ . is the maximum population fitness value.

Fitness function design. Combined with the control objectives and constraints, a fitness
function is designed to convert the multi-objective optimization problem into a single-
objective optimization problem:

1

F= (31)

1+w)gss Protal Fwdpn (0, tr Hon o)

where wioss and wayn are the weighting coefficients for the loss and dynamic performance
terms, respectively, and o1, a2 are penalty coefficients used to ensure that the control

ISSN: 1994-4691 Ne1(77) e
2026




@ TSATU ASIHP @

parameters satisfy the constraints (taken as 1.0, 1.0, 0.8, and 0.8 for the penalty terms in this
paper, normalized so that the dynamic performance penalties are commensurate with the
energy-efficiency values).

Algorithm Implementation Steps

The implementation steps of the improved adaptive genetic algorithm are as follows:

1. Population initialization: set the population size, the upper and lower limits of the
crossover rate and mutation rate, and the number of iterations; randomly generate the initial
control-parameter population (including the pump speed and valve-port opening), ensuring
that the population individuals are within the control-parameter constraints [9].

2. Fitness calculation: substitute each individual in the population as control parameters
into the global energy-efficiency model and the dynamic performance model, calculate the
individual fitness value, judge whether the constraints are satisfied, and penalize individuals
that do not satisfy the constraints [11].

3. Selection operation: use the roulette-wheel selection method to select, according to the
individual fitness values, individuals with higher fitness values to enter the next generation,
retaining excellent individuals and improving the overall population fitness [2, 11].

4. Crossover operation: according to the adaptive crossover rate, perform single-point
crossover on the selected individuals to generate new individuals and enhance population
diversity [13].

5. Mutation operation: according to the adaptive mutation rate, perform mutation on the
individuals to prevent the algorithm from falling into local optima [6].

6. Iteration judgment: judge whether the maximum number of iterations is reached or the
population fitness has converged (the difference between the average population fitness
values of two adjacent iterations is less than a set threshold). If satisfied, output the optimal
control parameters; otherwise, return to step (2) and continue iterating [8, 10, 11].

The complete execution flow of the improved adaptive genetic algorithm designed in this
paper is illustrated, as shown in Fig.3. Which strictly follows the six core implementation
steps presented in Section 4.3.2, and integrates the adaptive adjustment rules of crossover and
mutation rates as well as the judgment module for dynamic performance constraints [14].

Implementation of the Control Strategy

Combined with the actual structure of process machinery hydraulic systems, the specific
implementation of the control strategy is as follows:

1. Micro-level loss compensation: according to the optimized pump speed command, the
variable-frequency drive adjusts the pump speed so that the pump operates in the optimal
displacement range, reducing volumetric and mechanical losses; according to the valve-port
opening command, the orifice area is adjusted to reduce throttling loss; through seal
optimization and lubrication improvement, the friction and leakage losses of the cylinder are
reduced [2, 11].

2. Meso-level coupling suppression: according to the circuit flow and pressure data, a
flow-distribution valve adjusts the flow of each circuit to avoid coupling losses caused by
uneven flow distribution; the pipeline layout is optimized to reduce the pipeline length and the
number of bends, reducing pipeline resistance loss; a pressure-compensation valve suppresses
the pressure interference among circuits to reduce coupling losses [3, 8].

3. Macro-level power matching: according to the change in load-demand power, the
input power of the hydraulic pump is dynamically adjusted so that the system output power
matches the load-demand power, reducing power matching loss; the auxiliary system
operating strategy is optimized, and the operating state of the auxiliary equipment is
dynamically adjusted according to parameters such as system temperature and contamination
degree, reducing auxiliary system loss [2, 7, 11].
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Fig. 3 Improved adaptive genetic algorithm optimization procedure.

Through the above multi-scale collaborative control, the global energy efficiency of the
system is improved while ensuring that the system dynamic performance satisfies the process
requirements [6, 9].

Results.
Simulation Platform Construction and Parameter Setting
Simulation Platform Construction

A simulation platform for the process machinery hydraulic system is built based on
Simulink/SimHydraulics [8]. Combined with the actual structure of the hydraulic system of a
general CNC machine tool, a complete simulation model of "pump-control valve—cylinder—
pipeline—load" is constructed, covering the micro components, meso circuits, and macro
system, and accurately simulating the multi-scale losses and dynamic characteristics of the
system [4, 8].

The simulation platform mainly includes the following modules: the hydraulic pump
module (using a variable-displacement piston pump model), the control valve module (using
an electro-hydraulic servo valve model), the cylinder module (using a double-acting cylinder
model), the pipeline module (considering distributed and local resistance), the load module
(simulating process load fluctuation), the control module (implementing the improved
adaptive genetic algorithm and the collaborative control strategy), and the data acquisition
module (collecting system operating parameters and energy-consumption data) [13].

Simulation Parameter Setting

Combined with the actual parameters of the experimental platform, the simulation
parameters are set as follows: pump displacement Vp = 40 mL/rev, rated speed np = 1500
r/min, rated pressure pp = 16 MPa; cylinder piston area Ac = 50 cm?, stroke S¢ = 0.3 m,
friction coefficient 0.05; pipeline inner diameter d = 12 mm, length L = 3 m, distributed
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resistance coefficient 0.02, local resistance coefficient 0.5; hydraulic oil density p = 870
kg/m3, dynamic viscosity p = 0.035 Pa-s; load power range 5-17 kW, fluctuation frequency
0.5 Hz. Improved adaptive genetic algorithm parameters: population size 50, maximum
number of iterations 100, crossover-rate upper and lower limits 0.9 and 0.4, mutation-rate
upper and lower limits 0.1 and 0.01, and penalty coefficients of 1.0, 1.0, 0.8, and 0.8.

The simulation is divided into two groups: the control group (without any energy-saving
control strategy) and the experimental group (with the proposed global energy-efficiency
collaborative control strategy). The parameters of the two groups are identical to ensure the
validity of the comparison [9, 13].

Analysis of Simulation Results
Multi-Scale Loss Simulation Results
The distribution of multi-scale losses in the two simulation groups, as shown in Fig.4.

100 I Pump Volumetric Loss
N Ece A€ 0N + Valve Throttling Loss
0S5 10.0% = + Loop Coupling Loss
= 76.1% of Total Loss
80 -
S Meso Loss 31.7%
S 601
£
o
Q.
g Meso Loss 34.1%
v 40
o
|
20 - Micro Loss 52.3% Micro Loss 52.3%
0 .

Control Group Experimental Group

Fig. 4 Multi-scale loss distribution comparison between control group and experimental group.

The simulation results show that: In the control group, the micro loss accounts for 52.3%
of the total system loss, the meso loss accounts for 31.7%, and the macro loss accounts for
16.0%; among them, the volumetric loss of the hydraulic pump, the throttling loss of the
control valve, and the circuit coupling loss together account for 76.1% of the total loss,
consistent with the conclusions of the multi-scale loss model analysis, verifying the accuracy
of the loss model [11]. After the experimental group adopts the proposed collaborative control
strategy, the losses at each scale are significantly suppressed: the total loss is reduced by
38.0% compared with the control group, with the micro loss accounting for 52.3%, the meso
loss 34.1%, and the macro loss 13.6% of the experimental-group total loss [4, 13]. From the
perspective of specific loss types, the volumetric loss of the pump is reduced by 41.2%, the
throttling loss of the control valve by 38.6%, the circuit coupling loss by 45.3%, and the
power matching loss by 52.1%, indicating that the collaborative control strategy can
effectively suppress the key losses at each scale and achieve collaborative suppression of
multi-scale losses [7, 9, 12].
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Global Energy-Efficiency Simulation Results

The curves of the global system energy efficiency with operating conditions in the two
simulation groups. the average energy efficiency improvement of simulation is 12.1%, while
the experimental measured average improvement is 11.6%, as shown in Fig.5.
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Fig. 5. Global energy-efficiency curves under variable load conditions.

Simulation results show that under complex operating conditions with given load power
and fluctuation frequency [1], the average global energy efficiency of the control-group
system is 53.8%, accompanied by obvious fluctuations induced by load variation, with a
maximum fluctuation amplitude of 8.7%. After adopting the cooperative control strategy in
the experimental group, the average global energy efficiency of the system increases to
65.9%, representing an average improvement of 12.1%. Meanwhile, the energy-efficiency
fluctuation amplitude drops to 3.2%, yielding a remarkable improvement in stability [9, 14].
Under the rated operating condition of specified load power, the maximum energy-efficiency
improvement reaches 14.4%, which fully satisfies the preset control target of
“energy-efficiency improvement above 10%”. This verifies the effectiveness of the proposed
cooperative control strategy for global energy-efficiency enhancement [10].

Further analysis on the variations in micro-scale, mesoscale and macroscale energy
efficiencies reveals that the average energy-efficiency improvements of the experimental
group are 10.3% at the microscale, 13.5% at the mesoscale, and 15.7% at the macroscale. It
demonstrates that the cooperative control strategy enables synchronous energy-efficiency
improvement across all scales. It overcomes the limitation of conventional control strategies
that can only optimize energy efficiency at a single scale, and realizes the coordinated
improvement of global energy efficiency covering “component-circuit-system” [1, 4, 8].

Dynamic Performance Simulation Results

To verify whether the collaborative control strategy can guarantee the system dynamic
performance while improving energy efficiency, the step response characteristics of the two
simulation groups are compared, and the results [13, 14], as shown in Fig.6.
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Fig. 6. Step-response comparison of hydraulic system.

The simulation results show that the step response time of the control group is 0.28 s,
with an overshoot of 18.3%; after the experimental group adopts the collaborative control
strategy, the step response time is shortened to 0.21 s and the overshoot is reduced to 7.1%, a
25.0% shortening of response time and a 61.2% reduction in overshoot, both satisfying the
preset dynamic performance constraints (tr < 0.5 s, o < 15%). This result indicates that the
proposed collaborative control strategy, while suppressing multi-scale losses and improving
global energy efficiency, can significantly improve the system dynamic performance,
effectively solving the difficulty of "balancing energy efficiency and dynamic performance™
in traditional control strategies and achieving coordinated improvement of energy
consumption and dynamic performance [5, 9, 14].

Experimental Verification
Experimental Platform Construction

To further verify the practicability and reliability of the proposed theory and method, an
experimental platform for the process machinery hydraulic system is built, using a CNC
machine tool hydraulic system of a certain model as the prototype and restoring the complete
structure of "pump-—control valve—cylinder—pipeline—load" [9], as shown in Fig.7.

The parameters of the core components of the experimental platform are kept consistent
with the simulation parameters to ensure the comparability of the experiment and the
simulation. The data acquisition system uses high-precision sensors (pressure sensor accuracy
of 0.5% FS, flow sensor accuracy of 0.5% FS, and speed sensor accuracy of 0.1% FS) to
collect, in real time, the micro component parameters, meso circuit parameters, macro system
parameters, and energy-consumption data at a sampling frequency of 1000 Hz. The control
strategy is implemented through a PLC controller with the improved adaptive genetic
algorithm embedded, completing real-time optimization of the control parameters and
command output [4, 9, 13].

Experimental Scheme Design

The experiment adopts the same grouping scheme as the simulation, divided into the
control group (without any energy-saving control strategy) and the experimental group (with
the proposed global energy-efficiency collaborative control strategy). The experimental
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operating conditions are consistent with the simulation: load power range of 5-17 kW and
fluctuation frequency of 0.5 Hz. The experimental duration for each condition is 60 s, and a
total of 5 different load conditions are set. Each condition is repeated 3 times, and the average
value is taken as the experimental result to ensure the reliability of the experimental data [2,

14].
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Fig. 7. Hydraulic experimental platform and simulation-validation framework.

The main test indicators of the experiment include: the loss power at each scale, the
global energy efficiency, the system step response time, and the overshoot [13]. The test
results of the two groups are compared respectively to verify the practical application effect of
the proposed control strategy [2].

Experimental Results and Analysis

Multi-scale loss experimental results. The comparison of the average loss power at each
scale in the two experimental groups is shown in Table 1.

Table 1. Multi-scale loss comparison (unit: kW)

Indicator Control group (kW) Experir?lf\r;&?l group Reduction (%)
Micro loss 5.23 3.15 39.8
Meso loss 3.17 2.05 35.2
Macro loss 1.60 0.82 48.7
Total loss 10.00 6.02 39.8

The experimental results show that the losses at each scale in the experimental group are
significantly reduced compared with the control group, and the total loss is reduced by an
average of 39.8%, with the error from the simulation result (total loss reduction of 38.0%)
within 5%. The difference mainly originates from minor disturbances during the experiment
such as pipeline leakage and ambient temperature variation, indicating that the multi-scale
loss model can accurately reflect the loss characteristics of the actual system and that the
proposed control strategy can effectively suppress the multi-scale losses of the actual system
[2, 3, 13].
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Global energy-efficiency experimental results. The comparison of the average global
energy efficiency under different operating conditions in the two experimental groups is
shown in Table 2.

Table 2. Global energy efficiency comparison (%)

Condition Control group (%) Experlm(%;\)t)al group Improvement (%)
5 kW 50.2 63.5 13.3
8 kW 49.8 64.2 14.4
11 kW 53.5 66.8 13.3
14 kW 56.3 67.5 11.2
17 KW 55.2 65.4 10.2
Average 53.0 65.5 12.5

The experimental results show that the average global energy efficiency of the control
group is 53.0%, while that of the experimental group is 65.5%, an average improvement of
12.5 percentage points, with the largest improvement reaching 14.4%, basically consistent
with the simulation result (average improvement of 12.1 percentage points). This verifies the
energy-efficiency improvement effect of the proposed collaborative control strategy in an
actual system. At the same time, the average energy-efficiency fluctuation amplitude of the
experimental group is 3.5%, significantly lower than that of the control group (8.9%),
indicating that the control strategy has good stability under actual complex operating
conditions [9].

Dynamic performance experimental results. The test results of the system step response
characteristics in the two experimental groups are shown in Table 3.

Table 3. Dynamic performance comparison

Indicator Control group Experimental group Change
Response time (s) 0.29 0.22 shortened 24.1%
Overshoot (%) 18.7 7.5 reduced 60.0%

The experimental results show that the average step response time of the experimental
group is 0.22 s, shortened by 24.1% compared with the control group (0.29 s); the average
overshoot is 7.5%, reduced by 60.0% compared with the control group (18.7%). This result
further verifies that the proposed collaborative control strategy can achieve "coordinated
improvement of energy efficiency and dynamic performance” in an actual system, solving the
core pain point of traditional control strategies [1, 12, 13].

Comparison and Error Analysis of Simulation and Experimental Results
The error analysis of the core indicators between the simulation and experimental results
is shown in Table 4.

Table 4. Error analysis

Core indicator Simulation Experiment Relative error (%0)
Total loss reduction rate (%) 38.0 39.8 4.7
Global energy-efficiency 12.1 11.6 4.1
improvement rate (%)
Response time change rate (%) 25.0 24.1 3.6
Overshoot change rate (%) 61.2 60.0 2.0
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The comparison results show that the relative errors of all core indicators are within 5%,
among which the relative error of the total-loss reduction rate is 4.7%, that of the global
energy-efficiency improvement rate is 4.1%, and the relative errors of the dynamic
performance indicators are all below 4.0%. The main cause of the errors is that the simulation
ignores practical interference factors such as ambient temperature, pipeline wear, and sensor
errors [11]. Overall, the simulation results are highly consistent with the experimental results,
verifying the accuracy of the established multi-scale loss model and global energy-efficiency
model, as well as the effectiveness and practicability of the proposed global energy-efficiency
collaborative control strategy [14].

Conclusions.
Research Summary

Aiming at the core problem of "multi-scale loss coupling and the difficulty of
simultaneously achieving high energy efficiency and good dynamic performance" in process
machinery hydraulic systems, this paper carries out research on the multi-scale mechanism of
power loss and the global energy-efficiency improvement collaborative control theory and
method [3, 11]. Through systematic theoretical analysis, modeling, simulation, and
experimental verification, the following main conclusions are drawn:

1. The multi-scale classification criterion for power loss in process machinery hydraulic
systems is clarified, and the generation mechanism and coupling law of multi-scale losses are
revealed [9]. Power loss is divided into three scales—micro, meso, and macro—and quantitative
models of the power loss at each scale are established. It is found that the volumetric loss of
the hydraulic pump, the throttling loss of the control valve, and the circuit coupling loss are
the main sources of total system loss (accounting for over 75% in total), and the losses at
different scales exhibit significant coupling effects, influencing and aggravating one another
[13].

2. A global energy-efficiency model covering multi-scale losses is established, achieving
a precise correlation between multi-scale losses and system energy efficiency. Based on the
energy balance principle, a "micro—-meso—macro” three-level energy-efficiency model is
constructed, directly correlating the loss parameters at each scale with the global energy
efficiency [11]. Through parameter identification and experimental validation, the error
between the model output and the actual system is within 5%, providing solid theoretical
support for global energy-efficiency optimization control [2].

3. A multi-scale collaborative global energy-efficiency improvement control strategy is
proposed, achieving coordinated improvement of energy consumption and dynamic
performance [6,8]. An improved adaptive genetic algorithm is designed for control-parameter
optimization, solving the problems of slow convergence and a tendency to fall into local
optima in traditional genetic algorithms [12]. Simulation and experimental verification show
that the strategy can improve the global energy efficiency of the system by an average of
11.6%-12.1%, reduce the total loss by 38.0%-39.8%, shorten the system response time by
24.1%-25.0%, and reduce the overshoot by 60.0%—-61.2%.

4. Through the dual verification of simulation and experiment, the effectiveness and
practicability of the proposed theory and method are confirmed. The errors of the core
indicators are all within 5%, indicating that the established model and the proposed control
strategy can adapt to the complex operating conditions of process machinery hydraulic
systems and can be directly applied to the energy-saving retrofit of actual systems [14].

Research Innovations

The innovations of this paper are mainly reflected in the following three aspects:

1. A multi-scale classification criterion and quantitative model are proposed. This breaks
through the limitation of traditional single-scale loss analysis, clarifies the boundaries of the
micro, meso, and macro scales, systematically analyzes the generation mechanism and
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coupling law of the losses at each scale, and can reveal the essential causes of system power
loss more comprehensively and deeply [11].

2. A global energy-efficiency model is established. This solves the problem that
traditional energy-efficiency models cannot reflect the influence of multi-scale coupling,
organically combines the micro component energy efficiency, meso circuit energy efficiency,
and macro system energy efficiency, and realizes the precise quantification and prediction of
energy efficiency [13].

3. A collaborative control strategy is proposed. By integrating multi-scale loss
compensation and global parameter collaborative optimization, it breaks the limitation of
traditional control strategies that target only a single scale or a single operating condition, and
realizes the coordinated optimization of energy efficiency and dynamic performance [2].

Future Work

Although this research has achieved certain results, combined with the practical
application needs and technical development trends of process machinery hydraulic systems,
some problems still need further in-depth research:

1. Optimization algorithm performance. In the future, advanced intelligent algorithms
such as particle swarm optimization and gray wolf optimization will be fused and improved
with the existing algorithm to further shorten the optimization iteration time and improve the
adaptability and robustness of the algorithm to extremely complex operating conditions [3].

2. Improvement of the dynamic energy-efficiency model. Considering factors such as
aging and wear of the actual system, the influence of the dynamic variation of component
structural parameters and circuit parameters on multi-scale losses and global energy efficiency
will be studied, and a dynamic global energy-efficiency model will be established to improve
the long-term practicability of the model [13].

3. Expansion of application verification. The proposed control strategy will be applied to
different types and scales of process machinery hydraulic systems such as metallurgical
rolling mills, mining machinery, and injection molding machines to verify the universality of
the control strategy [2].

4. Exploration of multi-energy collaborative drive. The power-loss characteristics and
energy-efficiency optimization methods of hydraulic systems under multi-energy
collaborative drive modes (such as hydraulic—electric and hydraulic—pneumatic collaboration)
will be studied to further improve the green level of process machinery.
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NIIBUIIEHHA I''TIOBAJIBHOI EHEPTOE®EKTUBHOCTI I'IJIPABJITYHUX
CUCTEM TEXHOJIOI'TYHOI'O OBJIA/ITHAHHA

II{10 Mingeii'
Y Vrpaincoxuii deporcasnuii ynisepcumem 3anisHuuHo20 mpancnopmy

Anomauis

lNpapaBmiyHi CHCTEMH TEXHOJIOITYHOrO OOJaJHAHHS 3aBISKM BHUCOKIH MHIIJIBHOCTI MOTY)KHOCTI,
TOYHOMY pPETYJIIOBAaHHIO IIBHIKOCTI Ta BHCOKIH CTIMKOCTI 10 yJapHUX HABaHTa)XEHb IHUPOKO
3aCTOCOBYIOTHCSl y KJIFOUOBHX TPOMHCIIOBHX Tally3sX, TAKUX SK METaIypris, BEpCTaToOyayBaHHS Ta
ripHUYa MPOMHCIIOBICTh, 1 € EHEPreTHYHOI OCHOBOI) CYYacHOTO TEXHOJOTIYHOI'O BHPOOHHUIITBA.
Opnak mig vac poOOTH TaKMX CHUCTEM BHHHUKAIOTh 3HAYHI BTPATH IOTYXXHOCTI, SIKI MarOTh
OaraTomacmTabHy 3B'I3HY BJIACTHUBICTH 32 CXEMOK «EJIEMEHT — KOHTYpP — CHCTEMay, 4epe3 IIo
eHeproe(eKTUBHICTh CHCTEM 3aJIMIIAETHCA HU3BKOI (y MPOMHUCIIOBHX YMOBax 3a3BHYall CTAHOBUTH
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TSATU ASIHP

mume 45-60 %). Lle cramo OCHOBHHM TMEpEIIKOJOI0 Ha MUIAXY CSHEpro30epekeHHs, CKOPOUYCHHS
BHKHJIIB Ta 3€JICHOT0 MOJCPHI3yBaHHS TEXHOJIOTTYHOTO 001 HaAHHS.

Jlyis BUpILIEHHS HEOIKIB iCHYIOUYHX JTOCIIPKEHb, & CaMe HEIIOBHOTO aHaJli3y MEXaHi3MiB BTpaT
MOTY>KHOCTi, HEAOCTaTHBOIO BpaxyBaHHs OararoMaciiTaOHUX 3BSI3HHX €QEeKTIB Ta BiACYTHOCTI
r100ambHOI KOOpAMHAINT B CHCTEMax KepyBaHHS €Heproe(peKTHBHICTIO, y CTaTTi CHCTEMAaTUIHO
JociipkeHo OararomacmTabHAN MeXaHi3M BTpaT MOTYXKHOCTI, a TAKOXK TEOPif0 Ta METOMHU CITIIIHHOTO
KepYBaHHS 7S MiABUILICHHS TJI00aIbHOI €HEeproe()eKTUBHOCTI TiAPaBIiYHUX CUCTEM TEXHOJIOTTYHOTO
o0agHaHHS.

CriouaTtky BHU3HA4Ye€HO Kputepii OararomacmraOHOi Kiacudikamii BTpaT TMOTY)XHOCTI Ta
CHUCTEMAaTHYHO MPOAHANI30BAaHO MeEXaHi3MH iX BHHUKHEHHA Y TpbOX BHMIpax: MIKpPOpiBeHb
(BHYTpIIIHS YacTHHA €JIEMEHTIB), ME30PIBEHb (3B'SI3HICTD KOHTYPiB) Ta MaKpOPiBEHb (BCS CUCTEMaA B
IiJIOMY), Ha OCHOBI 4OT0 MOOYA0BaHO KUTBKICHY OaraToMacIiTabHy MOJIENb BTpaT MOTyXHOCTI. [ai 3
ypaxyBaHHSM B3a€MO3BSI3KiB MK BTpaTaMH Pi3HHX MAacHITa0iB CTBOPEHO MOZETh TI00ambHOI
eHeproepeKTUBHOCTI, IO JJ03BOJISIE BUSIBUTH BHYTPIIIHI 3aJeXHOCTI MK OaraToMaclITaOHUMHU
BTpaTaMH Ta €HeProe(HeKTUBHICTIO CHCTEMHU.

[ToTimM 3ampomOHOBAHO CTpATEriro KePyBaHHS, MO TMOEJHYE KOMIIEHCAIiID OararoMaciiTabHUX
BTpaT Ta CIUIBHY ONTHMI3alil0 TI00ATBHUX TapaMmeTpiB, a TakoX po3po0IeHO onTUMi3aliifHui
KOHTPOJIEp Ha OCHOBI BJOCKOHAJIEHOIO aJanTHBHOro TeHeTmdHoro anroput™my (IAGA). Lei
KOHTpoJiep 3a0e3rmedye OJHOYACHE IMOKPALICHHsS ITOKAa3HUKIB CHEeProCHOKMBAHHS Ta JHHAMIYHHX
XapaKTepUCTUK cucTeMu. Ha 3aBepiieHHs e(eKTHBHICTh Ta MPAKTHYHICTH 3alpPONOHOBAHOI TeOopii Ta
METOJIIB  MIATBEP/PKEHO 3a JOMOMOIOK CHUMYJISIMHOrO aHamizy Ta eKCICPUMEHTAIbHUX
BUTIPOOYBAaHb.

OtpuMaHi pe3yJbTaTd CBiI4aTh, 10 MOOyIOBaHa OararomacimTabHa MOJENb BTPAT MOTYKHOCTI
JIO3BOJIIE TOYHO KUTBKICHO OI[IHUTH BHECOK BTpaT KOXXKHOTO Macmtady. OCHOBHUMH JKepenaMu
3arajgbHUX BTPAT CUCTEMH € 00'€éMHI BTpATH TiApaBIiYHOrO HAcOCa, JPOCENbHI BTPATH PETyIIOI0YOTO
KJIalaHa Ta BTPaTH 4Yepe3 3B'I3HICTh KOHTYPIB (X cymapHa yacTka nepesuuiye 75 %). 3anponoHoBaHa
CTpaTerisi CHUIBHOTO KEpyBaHHS TJIO0aNbHOI eHeproeeKkTUBHICTIO 3a0e3rneduye 3pOCTaHHS
eHeproedekTuBHOCTI cucteMu Ha 12—18 % mnpu pisHUX poOOUMX PEeKUMAX, OJTHOYACHO 3MEHIIYIOUN
nepeperyisLio AuHamiuHoi peakuii Oinbin Hixk Ha 60 %. Lle no3BossA€e ycmiHO BUPIMWUTH TpobIeMy
HEMOXKITMBOCTI OJTHOYACHOTO JIOCSTHEHHS BHCOKOi €Heproe(eKTUBHOCTI Ta XOpPOIIUX JAWHAMIYHHX
XapaKTepUCTHK, XapaKTepHY JJIs TPAJUIIHHUX CTpaTeTil KepyBaHHSI.

Jlane nocnmi/DKeHHs Halae HaJiiHY TeopeTHuHy O0a3zy Ta NMpPAaKTHYHWH TEXHIYHMHA MUIAX JUIS
onTHUMi3amii  TPOEKTyBaHHS Ta KEPyBaHHA CHEProe(eKTHBHICTIO TiAPaBIIYHUX  CHCTEM
TEXHOJIOTIYHOTO 00JIaJIHAHHSI, 8 TAKOK Ma€e BUCOKE TEOPETUYHE 3HAUCHHS Ta MPAKTHUYHY LIHHICTh JJIS
PO3BUTKY 3€JI€HOT0 T4 HU3bKOBYTJICIIEBOTO CEKTOPY TEXHOJIOTIYHOTO MaITMHOOY/ TyBaHHSI.

Kniouosi cnoea: TexHomoriuHe OOJaJHAHHS; TiApaBIiyHAa CUCTEMa; BTPATH IOTY)KHOCTI;
OararomacmTabHUIN MeXaHi3M; T100aIbHa eHeproe()eKTHBHICTh; CITUIBHE KEPYBaHHS.
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