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Abstract

Reciprocating compressor air volume control systems have been extensively investigated,
with a primary objective of reducing energy consumption and associated carbon footprints.
As a multi-actuator system, failures in this energy-efficient configuration can trigger se-
vere operational disruptions with cascading consequences. To address this, we initially
constructed numerical models of the multi-actuator energy-efficient system to decode
the variational patterns of compressor dynamic pressure pulsations and connecting-rod
small-end bush tribological behaviors under partial actuator fault conditions, thereby
establishing foundational data for fault degradation stratification. Building upon this,
we propose a Prognostics and Health Management (PHM) algorithm using fault degra-
dation analysis, thereby materializing self-recovery functionality in response to various
fault conditions. Experimental validation demonstrates that the self-recovery algorithm
successfully contained deterioration propagation through proactive intervention. The
system achieved autonomous healing within 8 s (mild faults) and 13 s (moderate faults),
constraining discharge fluctuations and vibration amplitude within allowable thresholds.
This study establishes a solution framework for preserving multi-actuator energy-efficient
systems’ health, accuracy, and economy.

Keywords: prognostics and health management (PHM); fault degradation analysis; air
volume regulation; self-recovery algorithm

1. Introduction

The evolution of reciprocating compressors has spanned more than 50 years (cf. Pur-
due Compressor Conferences, 1972-2025). The urgency of the global energy transition
has heightened the focus on industrial energy efficiency. The European Union’s Green
Deal Industrial Plan [1] states that by 2050, the industrial sectors of EU member states
must achieve climate neutrality. Reciprocating compressors have become a key area of
concern due to their substantial energy consumption. In China, there are over 1.2 million
reciprocating compressors in service, accounting for 7.3% of total industrial electricity
consumption annually. However, their average operational efficiency is only 72.5% [2].
Approximately 68% of reciprocating compressors operate long term within a load range of
60% to 85%, with actual energy consumption of 18% to 25% higher than theoretical values,
indicating significant energy waste [3].

To respond to the national “Dual Carbon” strategy and the development needs of new
productive forces, the use of partial-stroke top-opening intake valve regulation, initially
proposed by BAUER, has emerged as a core solution. This technology is characterized by a
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wide adjustment range, high precision, and outstanding energy-saving benefits [4], capable
of reducing energy consumption by 15% to 40% during partial-load operation [5]. These
systems directly align with UN Sustainable Development Goal 7 (Affordable and Clean
Energy), with each 100kW compressor unit reducing carbon emissions by 0.8 to 1.2 tons
annually [6].

1.1. Literature Review

As a multi-actuator energy-saving mechanism, this method requires an actuator to be
installed on each suction valve. These actuators must achieve high-frequency (movements)
on the millisecond scale [7], resulting in a highly complex mechanical structure [8]. They
commonly suffer from drawbacks such as motion lag, low reliability of elastic forces, and
poor flow efficiency [9,10], leading to energy losses. Concurrently, the control parameters
between different actuators are highly interrelated and influential, leading to a tendency for
frequent and concurrent actuator faults, which severely impact production efficiency [11].
Inevitably, issues such as severe valve plate impact wear and limited flow area occur [12,13],
restricting the dynamic response and flow efficiency of the valves. This cascading risk
landscape underscores the imperative for establishing robust Prognostics and Health
Management (PHM) paradigms that ensure system resilience through real-time health
assessment and autonomous fault mitigation, thereby preserving operational stability and
economic sustainability.

In research on Prognostics and Health Management (PHM) for multi-actuator energy-
saving systems, ensuring the overall health of the compressor is paramount. Actuator
faults at different positions disrupt the compressor’s inherent dynamic balance, potentially
triggering more severe failures; if auxiliary energy-saving system faults lead to the damage
of critical compressor components, the consequences would outweigh the benefits. Addi-
tionally, maintaining the accuracy of compressor discharge volume is essential. Failures
of varying numbers of actuators disrupt the compressor’s original thermodynamic equi-
librium, leading to fluctuations in discharge volume. As they are critical equipment in
chemical production processes, compressors failing to deliver precise discharge volumes
as required can severely impact downstream chemical operations. Furthermore, ensuring
the system’s economic viability is imperative. Actuator faults inevitably reduce the sys-
tem’s energy-saving rate, necessitating the maintenance of sufficient energy efficiency to
guarantee the economic sustainability of the energy-saving system.

However, existing research models lack integration of dynamic and thermodynamic
performance, and current PHM approaches lack self-healing control technologies based on
fault degradation analysis. Such technology aims to establish an active fault-tolerant mech-
anism during equipment operation, achieving active mitigation or fundamental elimination
of fault effects through real-time perception of fault status, dynamic implementation of sup-
pression strategies, and autonomous execution of repair processes [14], ultimately achieving
the restoration of continuous operational integrity without the need for shutdown interven-
tion. SaSa M et al. [15] pointed out that tribological phenomena and mechanical losses are
the key factors affecting the performance and operational characteristics of reciprocating
air compressors. The energy losses caused thereby not only reduce the working efficiency
of compressors, but also exacerbate the wear of components, shortening the service life of
equipment and further impairing the operational stability and economic efficiency of the
entire internal combustion engine system. Hong et al. [16] proposed a self-healing control
method based on sliding mode variable structure fault-tolerant control to address actuator
failure, providing an effective approach to improve system fault tolerance and stability;
however, this method was only verified through numerical simulations and lacked data
validation on an actual test bench. Zhang et al. [17] designed a control system based on Em-
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pirical Wavelet Transform (EWT) and a Dual Kernel Extreme Learning Machine (DKELM)
for actuator fault diagnosis, improving system reliability and practicality; however, this
method did not analyze fault elimination and neglected the comparison before and after
fault removal. Wang et al. [18] proposed a self-healing control method utilizing contraction
and reconstruction of the gas volume distribution network to address actuator degradation
phenomena such as fatigue and wear, offering new insights for long-term stable operation
and performance improvement in the system; however, this method was limited to single
valve fault scenarios and neglected multi-valve fault conditions. Liu et al. [19] analyzed the
causes of degraded compressor capacity regulation performance, obtained the laws of sys-
tem performance degradation, and established a system control parameter compensation
optimization method based on load prediction and system degradation rate. This method
enables timely restoration of regulation performance after degradation; however, it only
considers the thermodynamic performance degradation of the compressor and neglects the
impact of faults on the compressor’s dynamic performance.

1.2. Scientific Contribution

To address these issues, this paper, in Section 2, develops a thermodynamic numeri-
cal model for the multi-actuator energy-saving system, analyzing the dynamic pressure
pulsation characteristics of the compressor under actuator fault conditions. A dynamic
numerical model of the multi-actuator energy-saving system is also constructed to resolve
the variations in tribological properties of the connecting-rod small-end bushing under
actuator fault conditions. Additionally, a PHM (Prognostics and Health Management)
self-recovery algorithm is proposed, which selects corresponding self-recovery regulation
strategies based on fault degradation analysis, thereby enabling self-recovery functionality
for various fault conditions. Section 3 introduces the experimental platform employed for
self-recovery experiments. Fault degradation intervals are delineated through dynamic
and thermodynamic analyses of actuator faults. Experimental validation confirms that the
PHM self-recovery algorithm can successfully contain the propagation of fault deterioration
through active intervention. Section 4 presents a detailed analysis of the experimental
results. Through the self-recovery algorithm, the system achieves autonomous recovery
within 8 s for mild faults and 13 s for moderate faults, controlling discharge fluctuations and
vibration amplitudes within allowable thresholds. These thresholds refer to the maximum
permissible ranges of discharge pulsations and vibration amplitudes for the safe, stable
and efficient operation of the compressor, which are determined based on the compressor’s
design parameters, industrial standards and practical operational requirements. Among
them, the allowable threshold for discharge pulsations is <3% of the rated pressure, and
the allowable threshold for vibration amplitudes is <0.5 mm/s RMS, while ensuring the
health, accuracy, and economic efficiency of the multi-actuator energy-saving system.

2. Numerical Model of Multi-Actuator Energy-Efficient System

A reciprocating compressor integrated with a capacity control system was selected for
this study, and each of its suction valves is equipped with an anti-backflow check valve
actuator to prevent reverse flow during the suction stroke. The gas valve (Figure 1a) adopts
a spring-loaded plate valve mechanism, and Figure 1b presents a detailed cross-sectional
view of the actuator, showing the structure of dual springs (with a stiffness of 220 N/mm)
and oil channels with a diameter of 1.5 mm [20]. All mechanical forces including gas
pressure, spring preload and adhesion force are incorporated into the model, and the
schematic diagram of the actuator’s operation is shown in Figure 1c.
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Figure 1. (a) Schematic diagram of valve structure. (b) Section view of the actuator. (c) Schematic
diagram of actuator operation.

2.1. Thermodynamics Model

A complete operational cycle of reciprocating compressors equipped with air volume
control systems comprises five distinct processes: expansion, suction, reflux, compression
and discharge. A simulation model of compressor operation was established using MAT-
LAB software (Software Declaration: Model implemented in MATLAB R2023a. License:
40611877H1), where the signal generation module produces a key-phasor signal, and the
data processing module is responsible for processing the generated data.

2.1.1. Cycle Model of Compressors

(The governing equations of this model are original derivations of this paper with no
reference to any external literature.) Specifically, during the expansion and compression

https:/ /doi.org/10.3390/app16041982


https://doi.org/10.3390/app16041982

Appl. Sci. 2026, 16,1982 5 of 24

processes, all valves are fully closed, and the cylinder is in a completely sealed state. The

gas undergoes adiabatic expansion and adiabatic compression, respectively. The differential

equations for the expansion and compression processes are derived as follows:
According to the first law of thermodynamics, the following equation is derived:

dU + pdV =0 (1)

Pavi Y _

CU(RdV+de>+pdV—O ()

Substituting the properties of ideal gas into the above equations yields the following;:
Vdp 4+ kpdV =0 3)

Substituting the relationship between V and 0 yields the following equation:

- .
v, <e n %59 n i‘sine) dp + kpV, (“;19 + 251’7129) —0 )

After rearrangement, we obtain the following;:

dp = —kp <‘“’12”9 4 251’1129) / <s n @ n 251’719) )

where A is the crank-connecting rod ratio; p is the suction pressure; k is the adiabatic index;
¢ is the relative clearance volume; 6 is the crankshaft rotation angle; dU is the change in
total gas energy; dV is the change in gas working volume.

For industrial reciprocating compressors operating within the range of standard
working conditions, the assumption of constant specific heat (constant pressure specific
heat, constant volume specific heat) is valid, with the variation rate of specific heat being
less than 2%. All errors fall within the acceptable tolerance range for the predictive and
health management (PHM) systems of industrial equipment.

During the suction process, the suction valve opens and closes automatically as a
self-acting valve. This movement of the valve plate is not driven by an actuator but is
accomplished under the combined action of gas force and spring force; thus, it can be
derived using the theoretical model of self-acting valves.

To develop the multi-actuator air volume regulation model, independent coefficients
are introduced for each suction valve: effective flow area a, A, and gas thrust coefficient
B; and for each unloader, unloading force F is introduced, ensuring mutual independence
between individual suction valves and actuators.

When gas enters the cylinder from the outside, it passes through all suction valves,
each with an independent effective flow area a,A,. This process yields a total effective
flow area [ayAp]. Assuming the compressor has N suction valves, which are considered in
parallel, the total effective flow area is calculated as follows:

N .

i=1 \/1 + (01272 dep) 12/ (e Ar)?

(6)

where /1 is the valve plate displacement; a, is the flow coefficient of the valve seat passage;
Ae is the area of the valve seat passage; 2.d.) is the sum of the mean diameters of each ring
in the annular valve.

Assuming the suction valve is an annular valve, with each ring opening and closing
simultaneously and undergoing single-degree-of-freedom motion. When the valve plate
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opening is small, the effective force-bearing area is the annular flow area between the valve
gap and the valve seat. The gas thrust coefficient for each valve is thus as follows:

1+ (a27%dey) 212/ AcAy

7
1+ (a2712dep) 12/ (e Ae)? 7

Bi=

where A is the flow area at the valve seat outlet.

Each suction valve plate has an independent gas thrust coefficient, which can be
aggregated into a total thrust coefficient [81, B2, . .., BN]-

In summary, the differential equation for the suction process is as follows:

dn? 1
5 =~ [Bidpps(9 — 1) + ZK(Ho + )]
,Bi = [161!1821"' ,BN]
—1

dp &k 2kRTs ,/ B ®)
0 - wv (Pd() [0 Ao]y/ % 1
SRR S

S0 1+ (02nEde) 2 h2/ (aeAe)?

where R is the gas constant; Z is the number of springs; K is the spring stiffness coefficient;
Hy is the spring pre-compression; M is the moving mass of the valve plate.

At the end of the suction process, the suction valve plate is subjected to an unloading
force from the actuator, which forces the valve to remain open. As the piston moves, part
of the gas in the cylinder flows back through the suction valve—a process referred to as the
reflux process. When the piston reaches the phase where the actuator retracts, the actuator
withdraws, the unloading force dissipates, the suction valve closes, and the reflux process
terminates. Each actuator has an independent unloading force, which can be aggregated
into a total unloading force [Fy, F, ..., Fy].

In summary, the differential equation for the reflux process is as follows:

dn? 1
76 = "oz (BiArps(9 —1) + ZK(Ho + i) + F]

Bi = [B1, B2, -, BN]
F=[F,bB,... Fyl

de k ZkRT — 1 )
-~ = go — [apAd] ,/ “pk\[1—
do wV d9

N w127t%dep ) h;
[D(UAU} — Z ( 1 c;) i :
i=1 \/1 + (11272dey ) hi? / (e Ae)

In general, the number of exhaust valves in a compressor is equal to that of suction
valves. Since the system does not install actuators on the exhaust valves, the opening and
closing of exhaust valves can be regarded as self-acting valves. According to the principle
of self-acting valves, the differential equation for the exhaust process is as follows:

do _ k 2kRTs Lo

1
0= [wrp 77+ NayAy —@F

{ %=ﬁ[wﬁmps( —1) + NZK( 0”1)] } (10)
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2.1.2. Multi-Actuator Fault Model

For the energy-efficient system with multi-actuator faults, the mathematical expression
is as follows [21]:
O(t) = AP(t) + BDx(t) (11)

where A is the system matrix; B is the control input matrix; O(t) is the output matrix;
P(t) € Ris the compressor state matrix; 77(f) € R is the actuator input matrix.
The actuator fault matrix D is defined as follows:

D = diag{1,ky,ky, ..., kn} (12)

where k; is a scalar characterizing actuator effectiveness, satisfying k; € [0, 1].

Different values of k; represent different actuator fault states: k; = 0 indicates complete
actuator failure; k; = 1 indicates a fully functional actuator. When 0 < k; < 1, actuator
effectiveness is degraded, with smaller k; values indicating more severe faults [22].

To simplify the expression, the real-time health status of the system is generally
described using the fault-injected actuator input matrix D7 (#):

Dy(t) = [, k1, ka, ... k)" (13)

where 7 is the specific execution scalar input to the actuator, i.e., the specific load input to
the system, satisfying 7 € [#,in, 1].

In summary, the multi-actuator air volume control equation incorporating actuator
failure faults is as follows:

Dy(t) = [, ki, ka, ... kn)"
17 € [Wmin/ 1]
k; € [0, 1]
dh? 1
dTle = M2 [BiApps(9 —1) + ZK(Ho + hy) + k;F;]
;Bi - [,817/32/' . lﬁN]
F =[F,b,...,FN] (14)
1
dg k 2kRTS
et — k
a9~ wV 9”d9 Aol 7 1=¢
N 112775 ) i
oAy = ¥ (1 C;) j :
FU 14 (027 2dep) 2 (e Ae)

2.2. Dynamics Model

Three-dimensional solid models of the key moving components of the reciprocating
compressor on the test bench were constructed using SolidWorks 2025. These models
were imported into the RecurDyn software (Software Declaration: Model implemented in
RecurDyn v10.3. License: #AC-2025-98745.) in x_t format, where corresponding constraints
and kinematic pairs were added based on the motion relationships between components,
and their respective material properties were set.

2.2.1. Physical Model

During normal operation of the compressor, the force schematic is shown in Figure 2,
where the acting forces mainly include three types: reciprocating inertial force, gas force,
and friction force.
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Figure 2. Kinematic model of connecting rod mechanism for reciprocating compressor.

The gas force acting on the piston is the difference between the gas pressure in the
working chambers on both sides of the piston and their corresponding piston force-bearing
areas. The gas forces on the head side and crank side are, respectively, as follows:

F,=Ap X py (15)

Fo=—(Ap—A) X pe (16)

The sum of the gas forces on the crank and head sides is the total gas force, i.e., the gas
force vector applied to the model is as follows:

Fg =F+Fk= Ahph + Acpc (17)

When the moving parts in the compressor perform non-uniform linear motion or
rotational motion, inertial force is generated:

F; = msrw?(cos® + Acos26) (18)

The friction force between the contact surfaces of the compressor depends on the
normal pressure and friction coefficient between them. Obviously, the friction force changes
continuously with the crank angle, making it difficult to calculate accurately. The friction
force fluctuates within a range of 8 N (accounting for <5.8% of the gas force), resulting
in a vibration prediction deviation of only 0.03 mm/s. Considering that the magnitude of
friction force is much smaller than that of gas force and inertial force, it can be regarded as
a constant value to simplify the calculation:

_ pi(t/ g = 1)
Fr = (0.6 ~07) 15/30 (19)

The resultant force of friction force, gas force, and reciprocating inertial force is called
the comprehensive piston force:

Fy=F+FE+F (20)

2.2.2. Tribological Model

Figure 3 shows the schematic diagram of the small-end-bearing lubrication model.
The lubrication mechanism of the connecting rod small-end bushing is investigated, a
mathematical model is established, the lubrication state is determined via key parame-
ters, and the wide-range variation characteristics of the coefficient of friction (COF) are
examined [23]. (The governing equations of this model are original derivations of this
paper with no reference to any external literature.) The relative motion between the journal
and the bearing mainly includes three modes: full-film lubrication, mixed lubrication, and
rough contact. Therefore, there are fluid lubrication zones and contact zones on the mating
surfaces. In the lubrication zone, the average Reynolds equation considers the influence
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of surface topography on fluid lubrication and is suitable for solving the oil film pressure
distribution in mixed lubrication:

a< h3ap> a< h38P>_Ul+U28hT U, — U, d¢s = ohr

wx\Ppax) T\Tzpay )T 2 T2 T T @Y

y

Lubricant

Figure 3. Lubrication model of connecting rod small-end bushing.

In the contact zone, the rough surface contact model is used to calculate the rough

contact pressure:
— 16\/5 o
Pe = =5 7(Ax0)°Ey | Fas(H) (22)

When the film thickness ratio H < 4, rough surface contact occurs in the region:

44086 x 107° x (4— H)**™ H <4

23
0 H>4 @)

hs5(H) = {

By integrating the oil film pressure and contact pressure over the lubrication domain,
the oil film support force can be obtained. The horizontal and vertical components of the
oil film support force are, respectively, as follows:

F, = sinfyjj (P + P¢)cosOdxdy + cos'yfj (P + P.)sinfdxdy (24)
Q Q

F, = cos'yjf (P + Pc)cosfdxdy — sin’yjf (P + P.)sinfdxdy (25)
o o

An EHD model was established between the crosshead pin and bushing. The parame-
ter settings are shown in Table 1. The oil film calculation domain was meshed and oil holes
were set. The oil holes were rectangular with a width of 12 mm and a single span of 60 °, as
shown in Figure 4.

Table 1. EHD model parameter of small head tile.

Parameters Parameter Values
Journal diameter/mm 100
Bearing width/mm 120
Lubrication clearance/um 50
Dynamic viscosity /Pa-s 0.002
Oil hole pressure/MPa 0.12
Comprehensive standard deviation in roughness/mm 1x1073
Elastic modulus/N/mm? 68,000
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Oil film mesh

Oil feed hole

Pin Bushing

Figure 4. EHD model of connecting-rod small-end bush.

2.3. PHM Self-Recovery Algorithm

In the case of actuator failure, the self-recovery control principle of the compressor
multi-actuator energy-efficient system ensures that the compressor’s displacement can still
be effectively regulated even when the system fails, while maintaining the force balance
of the compressor’s transmission components and preserving the system'’s energy-saving
effect. To achieve these goals, dynamic and thermodynamic balance of the system is re-
quired, and the flowchart is shown in Figure 5. First, after detecting fault information, the
system evaluates the fault degradation severity, mainly based on the variation amplitude of
compressor displacement, the load difference amplitude between the head side and crank
side, and the reduction amplitude of system energy-saving rate; second, the corresponding
self-recovery control strategy is selected according to the fault degradation severity, as
shown in Table 2; furthermore, through the load redistribution calculation of actuators, the
regulation calculation of reflux valves, and the energy-saving rate calculation of the system,
the specific PHM self-recovery algorithm can be obtained, and its pseudocode is shown in
Algorithm 1.

Algorithm 1 PHM Self-recovery Algorithm

1 Data: System data Q, N, 1), Nmin, @maxs fault degradation stratification

» Initialization:

3

4

5

Repeat

protocol

t—t+1
until t > M

Set t = 0. Preset maximum number of iterations M
if Q > Nnqmax then determine the count of failed actuators n

if Q € Mild, then activate Self-recovery Control Strategy I

Open the isolation switch valves of the »n actuators based on fault information

Derive the processing parameter n* using Formula (27)

Execute the load redistribution procedure: adjust the load of the (N —n) non-failed actuators to n”

if Q € Moderate, then activate Self-recovery Control Strategy II

Open the isolation switch valves of the »n actuators based on fault information

Counterbalance cover-side and shaft-side dynamic loads to achieve force equilibrium

Derive the processing parameter 1" using Formula (27), and derive the processing parameter n, using
Formula (29)

Execute the load redistribution procedure: adjust the load of the (N — n) non-failed actuators to n*

if 1n* = nn;, then execute the reflux valve control procedure: adjust the reflux valve to ny

else € Severe Activate Self-recovery Control Strategy III. Close system and open reflux valve; activate alarm

https:/ /doi.org/10.3390/app16041982
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Figure 5. Self-recovery control flowchart for actuator faults. (See Section 3.2 for quantitative criteria).

Table 2. Selection of self-recovery regulation strategies.

Degree of Fault Degradation

Self-Recovery Regulation Strategies

Mild

Self-recovery Regulation Strategy I:

Isolate failed actuators;

Restore normal operation through load redistribution steering.
(See Section 3.2 for quantitative criteria)

Moderate

Self-recovery Regulation Strategy II:

Isolate faulty actuators;

Mitigate vibrations through counterbalancing cover-side and shaft-side loads;
Contain deterioration propagation through load redistribution steering;
Restore normal operation through modulating reflux valve flow area.

(See Section 3.2 for quantitative criteria)

Severe

Self-recovery Regulation Strategy III:

Initiate controlled system shutdown to prevent catastrophic failure propagation;
Maintain discharge volume through alternative modulation pathways (e.g., reflux
valve throttling);

Activate alarm protocol.

(See Section 3.2 for quantitative criteria)

2.3.1. Load Redistribution Calculation

According to the system thermodynamics model, the compressor displacement is

determined by the actual air volume load of each actuator, where 17(# = q/qmax) is the air

volume load of the actuator; g is the actual ventilation volume of a single actuator; g;ax

is the maximum ventilation volume of a single actuator. Under fault-free conditions, the

total air volume load of the system is evenly distributed to each actuator. When # out of N

actuators fail, these n actuators are isolated, and the load is restored to the full air volume

Gmax- Assuming the redistributed load of the valves in the non-faulty area after contraction

of the unilateral cylinder area is 7™ (1™ = q*/qmax),q" is the ventilation volume of a single
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non-faulty valve after load redistribution, and the compressor displacement is maintained
constant through redistributing the air volume load:

NWGmax = NGmax + (N - n)‘/]* (26)
«  Nny—mn
T =" N-n @7)

2.3.2. Reflux Valve Control Calculation

According to the system thermodynamics model, in actual production processes, reflux
channels are generally used simultaneously to ensure stable compressor displacement. #,;,
is the minimum limit load of a single actuator, where 17 € [1,in,, 1]. If the fault degradation
severity increases, (17" < #min ), the calculated value may exceed the actuator load range,
making it impossible to complete the self-recovery task through load redistribution alone.
In such cases, the reflux valve needs to be activated for self-recovery control. The calculation
formula for the reflux valve control load is as follows:

N’?q"mx = NGmax + (N - n)ﬂmin‘]max — N Qmax (28)
_ (N =m)1min n
= TN (29)

where Q is the actual displacement of the compressor; Quax(Qmax = Nqmax) is the maxi-
mum displacement of the compressor; 7y is the control load of the reflux valve.

2.3.3. Energy-Saving Rate Calculation

Through load redistribution and reflux valve control calculations, self-recovery control
can be achieved for faults with moderate or lower degradation severity. If the fault degra-
dation severity further increases, 7y gradually rises, leading to an increase in compressor
work input, which in turn causes a decrease in the energy-saving rate | of the system. The
calculation formula for the energy-saving rate is as follows:

_ Wmux -W- WT
Wmax

] x 100% (30)
where W is the actual work input of the compressor; Wy,ay is the maximum work input of
the compressor; Wr is the total energy consumption of the system.

The calculation formula for the system’s expected energy-saving rate Jo is Jo = (1 —1#7) x
100%, if A] = Jo — ] > 20%. The benefit of operating the system is too low to meet the energy-
saving and environmental protection requirements of production operations.

A] is the deviation in the actual energy-saving rate of the compressor from its rated
energy-saving rate. The establishment of the 20% threshold is based on the economic
optimization model: the maintenance cost function C = 5000A] + 8000e%24 (e is the natural
constant) reaches its minimum value at AJ = 19.7% (with an error of +0.3%). This threshold
is also consistent with the classification criterion for high risk for an efficiency loss > 20% in
the risk matrix of API 581:2023.

3. Self-Recovery Experiment Considering Fault Degradation
Analysis Effects

3.1. Experimental Setup

The numerical model mentioned earlier applies to multi-actuator systems with any
number of actuators. The multi-actuator energy-efficient system discussed in this study is
implemented on the reciprocating compressor shown in Figure 6. This system consists of
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eight actuators, divided into four actuators on the cylinder cover side (denoted as C1, C2,
C3, C4) and four actuators on the cylinder shaft side (denoted as S1, 52, 53, 54) as illustrated
in Figure 7. The compressor experimental equipment was activated to investigate its
thermodynamic and dynamic performance.

]

Noise measuring
instrument
Model: YSD130

| Vibration sensor
= =\ Model: IMI-608
S~ ey 1

J‘ “l'“‘glﬁl iu‘!ll‘]hﬁ T
‘ ‘ <L el N

- ! -
P Reflux passage [
N/~ 2

[ <

-

Model: WIKA IS-3 L

. i
| Dynamic pressure sensor ~1 \l
< ]

Control

Hydraulic Data

Computer

Parameter
setting

Figure 6. (a). Physical diagram of compressor experimental equipment. (b). Schematic diagram of
compressor experimental equipment.

The P-V diagrams under different loads are shown in Figure 8. Their variation trends
align with the theoretically calculated dynamic pressure changes in the compressor. The
duration of the reflux process varies with load: as load decreases, reflux time increases,
discharge time shortens, and discharge volume reduces. As the area enclosed by the P-V
diagram decreases, compressor work output reduces and energy-saving rate correspond-
ingly increases.

The oil film forces under different loads are presented in Figure 9. Their variation
patterns match the theoretical resultant piston force calculations. Under all load conditions,
distinct impact phenomena are observed in Zone B near the piston reversal point. This
is because the piston must overcome significant inertial forces during motion reversal.
Simultaneously, gas force changes occur when the inner cylinder transitions from discharge
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to expansion and the outer cylinder shifts from suction to reflux or compression. The
superposition of these forces creates a pronounced impact.

oL |

Controller 6 7

Figure 7. Composition of the compressor experimental equipment and actuator fault self-recovery
control system 1. Intake valve 2. Air valve unloading device 3. Air volume control actuator 4.
Dynamic pressure sensor 5. Vibration sensor 6. Cylinder 7. Piston 8. Reflux valve 9. Reflux passage.
the sensor is mounted on the outer sidewall of the compressor crankcase (10 mm from the cylinder
block junction and 50 mm from the equipment base). This position serves as a key measuring point
for capturing the comprehensive vibration signals of the internal moving parts of the compressor
and can effectively avoid interference from external noise. The RMS values are calculated based on
the time-domain vibration acceleration signals collected by the sensor using the standard formula.
Prior to the calculation, the original vibration signals are preprocessed for denoising (a fifth-order
Butterworth low-pass filter with a cutoff frequency of 100 Hz is adopted) to eliminate high-frequency
interference. The discharge volume is derived from pressure data.

Crosshead pin orbital trajectories under different loads are depicted in Figure 10.
The crosshead pin center predominantly maintains positive Y-direction values due to the
resultant piston force acting along its horizontal motion axis. With the piston positioned on
the crankshaft’s right side and the crankshaft rotating clockwise, force analysis confirms
that contact forces between the crosshead pin and bushing concentrate on the pin’s upper
semicircle (Quadrants I and II). The figure shows the following: Rubbing A occurs in
Quadrant I; Rubbing B occurs in Quadrant II. All orbital trajectories exhibit figure-eight
patterns with consistent movement direction across loads and periodic cycles under fixed
loads. Load reduction minimally affects orbital shapes. Impacts correspond to sharp
corners or directional changes in trajectories, affecting oil film stability. However, while
impacts thin the oil film on the impact side, they simultaneously form adequate lubrication
clearance on the opposite side where the lubricant can enter to dissipate heat and debris.
Thus, impact effects cannot be uniformly assessed. Pre- and post-rubbing orbital trajectories
become complex, extending oil film instability duration and adversely affecting small-end
bush lubrication.
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Figure 8. Compressor PV diagrams under different loads.
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Figure 9. Oil film force under different loads.

0.020 T T T T T

0.015f u

0.010} 4

Y(mm)

D
D
D
w

0.000 1

-0. 005 ; ; :
-0.03 -0.02 -0.01 0.00 0.01 0.02  0.03

X(mm)

Figure 10. Orbit of crosshead pin under different loads.

3.2. Fault Degradation Stratifications

As illustrated in Figure 11, controlled manual override of actuator energization/de-
energization states on the compressor test rig enabled the simulation of diverse fault
conditions. This methodology facilitated the systematic investigation of thermodynamic
and dynamic performance alterations across varying operational loads.
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Figure 11. Schematic diagram of actuator malfunction.

Different fault conditions and varying loads significantly impact discharge volume,
energy-saving rate, and other parameters. As the set load decreases, the actuation du-
ration of the valve unloading device on the suction valve plate during the compressor’s
reflux stage progressively increases. This gradually intensifies the intervention effect of the
capacity control system on the compressor. Should actuator failure occur, the alteration
in intervention becomes more pronounced than under higher-load conditions. Specifi-
cally, this manifests as an amplified increase in compressor discharge volume and a more
substantial reduction in system energy-saving rate. Furthermore, a greater number of
failed actuators correlates with larger magnitudes of discharge volume increase and energy-
saving rate reduction, thereby accelerating the degradation of the capacity control system,
as shown in Figure 12 and Table 3. Prompt load redistribution is imperative to mitigate the
impact on compressor thermodynamic performance.
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Figure 12. Changes in system energy-saving rate and compressor discharge under different fault
conditions.

Table 3. Changes in system energy-saving rate and compressor discharge.

Energy-Saving Rate J/% | | Compressor Discharge Q/(x10-3 m3)

Condition Faulty Actuator Actuator Fault Matrix D
7=03 7 =0.5 7=0.7 7=0.9

Cover: [1,1,1,1,1]T
Shaft: [5,1,1,1,1]T
Cover: [1,0,1,1,1]T

Normal None 69.5118.26 49.71113.75 29.81119.27 9.81124.77

Fault condition 1 C1; 81 553111229 424111596 266112018 93112495
ault condition ; Shaft : [)7/0’ 1, 1,1}T
. T
Fault condition 2 C1;C2;S1; S2 Cover: [1,0, 011 396111651 326111853 219112147 79112532
Shaft : [#,0,0,1,1]
C1,C2;C3 Cover : [1,0,0,0,1]7

Fault condition 3 23.31121.12 20.11122.01 14.71123.49 6.71125.68

S1;52; S3 Shaft : [4,0,0,0,1]T

During rubbing contact, the oil film ruptures, while immense contact forces gener-
ate excessive frictional heat. Under such adverse lubrication conditions, severe bearing
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bush wear may lead to scoring. A smaller rubbing angle is therefore more conducive to
lubrication performance. During compressor operation, insufficient load reversal of the
piston rod risks thermal burnout of components such as the crosshead, crosshead pin, and
connecting-rod small-end bush. Maintaining an adequately large reversal angle is thus
critical. Different fault scenarios and load levels also affect the rubbing angle and reversal
angle: under identical load conditions and with an equal number of failed actuators, shaft-
side actuator failures induce larger rubbing angles and smaller reversal angles compared to
cover-side failures, as illustrated in Figure 13 and Table 4. Consequently, shaft-side actuator
failures exhibit higher degradation severity than cover-side counterparts. When confronted
with severe degradation, immediate balancing of cover-side and shaft-side loads is cru-
cial. Prolonged unilateral adjustment must be avoided, with priority given to reducing
cover-side loads to minimize adverse impacts on compressor dynamic performance.

00 —=e— Fault condition 4 rubbing angle 200 A —®— Fault condition 6 rubbing angle
[ -*-®=- Fault condition 5 rubbing angle ~--8=:- Fault condition 7 rubbing angle
180 -~ - - Fault condition 4 reversal angle eme-cem 180 I - . = -~ Fault condition 6 reversal angle _aert
160 (= - Fault condition 5 reversal ang]e".——i e . 160 | - - = - - Fault condition 7 reversal anglem---""" o :
- = =
140 - 140 | i -
—~ - 5 -
& 120 Rty il 120
< - <
S0 F . 5,100
g : E
80 e sy e 80
\*om-._.g.-..“_»
————O—i=o
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g
. . .
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0 b T 1 L L L . e L 1 L L
0.1 0.3 05 0.7 09 1 0.1 03 05 0.7 09 1
Load Load 5
(a) Rubbing angle (b) Reversal angle

Figure 13. Changes in compressor rubbing angle and reversal angle under different fault conditions.

Table 4. Changes in compressor rubbing angle and reversal angle.

Rubbing Angle/(°) | | Reversal Angle/(°)

Condition Faulty Actuator Actuator Fault Matrix D
7=03 7=0.5 n=0.7 7=0.9
. T
Fault condition 4 C1;C2 Cover: [1,0, 011 69.21 1121 7011 1123 6511166 60311178
Shaft : [7,1,1,1,1]
. T
Fault condition 5 S1;52 Cover: [’7'1'1'1'”T 7621 110 75311123 64911152 62711169
Shaft : [5,0,0,1,1]
. T
Fault condition 6 C1;C2;C3 Cover: [1,0,0,0,1) 85111101 71211134 70511159 65311171
Shaft: [,1,1,1,1]
. T
Fault condition 7 S1;52;S3 Cover: [y,1,1,1,1] 901110 87.21120 78911135 69.61 1160

Shaft : [5,0,0,0,1]7

Based on the comprehensive analysis of actuator failures” impact on compressor
thermodynamic and dynamic performance as discussed earlier, the fault degradation is
classified as follows: Mild fault degradation (Level 1) occurs with single-actuator failure,
characterized by discharge volume deviation of +3~+5%, energy-saving rate reduction of
—5~—8%, and oil film thickness fluctuations within £0.3 pm. This level requires fault-
tolerant control without shutdown. Moderate degradation (Level 2) manifests under dual-
actuator failure, showing discharge deviation of +6~+10%, energy-saving rate reduction of
—9~—15%, rubbing angle exceeding 70°, reversal angle below 20°, and vibration increase
of 4.5~7.0 mm/s RMS. Thermal performance deterioration necessitates load redistribution
steering with prioritized cover-side load reduction and scheduled maintenance within
72 h. Severe degradation (Level 3) triggers when shaft-side actuators fail or more actuators
malfunction, exhibiting discharge deviation >+12%, energy-saving rate reduction <—18%,
oil film thickness < 0.5 pm, and orbit distortion > 35%. This mechanical damage risk
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condition demands immediate shutdown, forced cover/shaft load balancing, and actuator
replacement within 4 h.

According to the multi-actuator air volume regulation model, the fault degradation
severity under variable load conditions can be evaluated based on two key indicators:
the minimum limit load of individual actuators #,,;;, and the reduction amplitude of the
energy-saving rate of the air volume regulation system AJ. Table 5 presents the boundary
loads for classifying fault degradation severity. Using these boundary load divisions, the
corresponding compressor fault degradation severity diagram can be plotted, as shown in
Figure 14a for the test bench compressor.

Table 5. Boundary load of fault deterioration degree.

Boundary Load 7
Number of Actuator Failure Faults n "
1 = Hmin = 0.08 AJ =20%
1 0.21 0.31
2 0.45 0.54
3 0.63 0.77

z [ Mild fault degradation
1 Moderate fault degradation

Mild fault degradation
Moderate fault degradation
30 [ Severe fault degradation

Severe fault degradation

w
s
1

16.61

Compressor discharge Q(x10°m%/s)
Compressor discharge O(x10°m?/s)

i ? . L3 > \ 15.36
15 > i‘;/S::lf—n:cuvtry i/ 375
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Figure 14. Degradation degree of compressor failure in the experimental equipment.

The load threshold refers to the critical load value for distinguishing the fault levels
of the compressor under different performance degradation conditions, which is deter-
mined by integrating the compressor’s rated load, material fatigue limit and practical
operational safety margin; the energy-saving rate threshold is the minimum acceptable
energy-saving performance index of the compressor at different fault levels, formulated
with reference to industrial energy efficiency standards and the design energy-saving target
of the compressor in this study.

The boundary load values are derived by combining the thermodynamic cycle model
and the tribological model. After integrating the experimentally measured load data and
the simulated load distribution characteristics, the critical inflection points of load variation
corresponding to the three fault levels (mild, moderate, severe) are defined as the boundary
load values. The critical load at the boundary between mild and moderate fault levels is
obtained by substituting #* = 7,,;;, = 0.08 into Equations (26) and (27); the critical load
at the boundary between moderate and severe fault levels is obtained by substituting
A] = 20% into Equations (28)—(30).

This classification diagram clearly illustrates the compressor’s fault degradation sever-
ity under different loads and its variation with load. Through the assessment of fault
degradation severity, the operating state of the system can be better understood, and nec-
essary maintenance and repair measures can be taken in a timely manner to ensure the
normal operation and stable performance of the system.
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3.3. Self-Recovery Experiment

The self-recovery experiment tested the PHM self-recovery process of the multi-
actuator energy-efficient system under two fault degradation conditions: mild and moder-
ate. Figures 15 and 16, respectively, show the changes in discharge fluctuation and vibration
amplitude under actuator fault self-recovery regulation.
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Figure 15. Discharge fluctuation during self-recovery experiment.
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Figure 16. Vibration amplitude during self-recovery experiment.

In Figure 15, Curve Fault Degradation I represents mild fault degradation, with
a normal operating load of 0.35. A fault occurred at time F1, where actuators S2 and
54 failed, causing a sudden load increase that rapidly raised the discharge volume to
1.047 x 1072 m?/s. The PHM self-recovery algorithm was immediately activated, employ-
ing Self-recovery Regulation Strategy I. At time A, the faulty actuators were isolated, and
load redistribution adjustment was performed, restoring the discharge volume to normal
at time B.

In Figure 15, Curve Fault Degradation II represents moderate fault degradation, with a
normal operating load of 0.5. A fault occurred at time F2, where actuator C3 failed, causing
a sudden load increase that rapidly raised the discharge volume to 1.661 x 1072 m?/s.
The PHM self-recovery algorithm was immediately activated, employing Self-recovery
Regulation Strategy II. At time C, the faulty actuator was isolated; connecting-rod small-end
bush tribological behaviors were improved by counterbalancing cover-side and shaft-side
loads, and fault progression was timely suppressed through load redistribution adjustment,
reducing the discharge volume to 1.536 x 1072 m?/s at time D. Subsequently, adjustment
of the reflux valve flow area was performed at time D, restoring the discharge volume to
normal at time E.
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4. Result Analysis

The self-recovery experiment verification demonstrates that the PHM self-recovery
algorithm based on fault degradation analysis successfully contained deterioration propa-
gation through proactive intervention. The indicators during the self-recovery experiment
are presented in Table 6. As shown in Figures 14b, 15 and 16 and Table 6, the self-healing
control algorithm completes fault identification, fault isolation, fault degradation severity
assessment, and self-healing control strategy selection within 1 s after fault occurrence.

Table 6. Indicators during the self-recovery experiment.

Indicators
Self-Recovery Degree of lfault Actuato.r Fault Discharge Vibration Noise Val Fault Steady-State
Experiment Degradation Matrix D Fluctuation Amplitude oligB)a ue Self-Recovery Deviation
(10-4 m3/s) (mm/s) Time (s) (10-3 m®/s)
. Cover : [0.35 1,1,0,17 A (+8.4)— A (7.82)— A (88)—
1f- 1 1 R . -3
Self-recovery Mild Shaft : [0.35,1,1,1,1]" B (+0.07) B (126) B (70) 8 0.05>10
, . C(+28.6)= C(10.36)— C(105)—
Self-recovery 1T Moderate gi’l"fer.‘ (05,1, “’”T D (+16.1)— D (3.97)— D (79)— 13 0.09 x 103
aft: [0.5,1,0,1,0] E(+0.12) E (1.56) E(72)

See Section 3.3 for detailed descriptions of Time Points A to E and their corresponding
operations in the self-recovery experiment. Under mild fault degradation, from point
A to point B, isolation of faulty actuators, load redistribution, and adaptive parameter
adjustment are achieved within 8 s. Under moderate fault degradation, from point C to
point D, isolation of the faulty actuator, load redistribution, and counterbalancing of cover-
side and shaft-side loads are completed within 6 s; from point D to point E, adjustment of
the reflux valve flow area and adaptive parameter adjustment are finished within 13 s.

The steady-state deviations in the discharge volume of the capacity control system
after self-healing regulation compared to pre-fault conditions are 0.05 x 10~3 m?/s and
0.09 x 1073 m3/s, respectively, both within the allowable range of 2%.

In summary, for compressors equipped with a multi-actuator energy-efficient system,
corresponding self-healing control strategies can be selected according to different fault
degradation severities. The PHM self-recovery algorithm balances thermodynamic and
dynamic performance by adjusting the suction valve reflux duration, regulating the reflux
valve flow area, and counterbalancing cover-side and shaft-side loads. This rapidly controls
discharge fluctuation and vibration amplitude caused by compressor capacity regulation
failures within allowable ranges (as shown in Figure 17), ensuring the multi-actuator
energy-efficient system simultaneously meets economy, accuracy, and health requirements.
This achieves the goal of system self-recovery without shutdown, thereby ensuring the
healthy operation of the compressor.

Health Health

100%

100%

i :; Thresholds z : _ Thresholds

Economy Cla—-["Js Accuracy Economy CJc-[CIn-[JE Keenracy,
(a) Mild fault degradation (b) Moderate fault degradation

Figure 17. Indicators radar chart.
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For detailed information on this experimental operation, the specifications of the
experimental compressor is shown in Table 7, the experimental measuring equipment is
shown in Table 8, the experimental test conditions are shown in Table 9, and the software
declaration is shown in Table 10.

Table 7. Specifications of the experimental compressor.

Parameters Values Parameters Values
Operating speed /r-min~! 300 Oil inlet pressure/MPa 8
Connecting-rod length/m 0.45 Oil return pressure/MPa 0

Crank radius/m 0.09 Return spring stiffness/N-m 80,000
Actuator mass/g 31.5 Crosshead pin radius/mm 1.5
Actuator lift/mm 100 Suction pressure/kPa 2

Discharge pressure/kPa 300 Cylinder mounting angle/° 45
Valve plate lift/mm 2 Cylinder piston diameter/mm 12

Table 8. Experimental measuring equipment.

Meatsurmg Dynamic Pressure Vibration Transducer Noise Meter
Equipment Transducer
Model: WIKA IS-3 Model: IMI-608 Model: YSD130
Transducer Measuring range: 0~1 MPa Measuring range: =50 g Frequency range:
Parameters Output signal: 4~20 mA Resolution: 350 mg 20 Hz~12.5 kHz
Accuracy: <+0.25% of full Frequency range: 0.5 Hz-10kHz  Measuring range: 30~130 dB
scale Sensitivity: 100 mV /g Sensitivity: 30 mV /Pa

Table 9. Experimental test conditions.

Parameter Value Measurement Method
Temperature 23 +£2°C PT100 probe (£0.1 °C)
Humidity 45 + 5% RH Hygrometer (Vaisala HMP110)

Table 10. Software declaration.

Software Model License Number
MATLAB MATLAB R2023a 40611877H1
RecurDyn RecurDyn v10.3 AC-2025-98745

5. Conclusions

Aiming at the actuator failure problem in multi-actuator energy-efficient systems, this
paper combines thermodynamic and dynamic modeling with experimental verification to
investigate the effects of failures on compressor operational characteristics and the control
performance of the Prognostics and Health Management (PHM) self-recovery algorithm.
An in-depth discussion based on experimental data is presented as follows:

(1) The number of actuator failures is positively correlated with the degree of system
fault degradation: the more failures occur, the greater the increase in compressor
discharge volume and the decrease in system energy-saving rate. The core cause is the
disruption of the cooperative characteristics of multi-actuator air volume regulation,
which leads to internal airflow turbulence, increased friction and energy consumption,
and ultimately exacerbates system fault degradation.

(2) Shaft-side actuator failures are more likely to cause an increase in rubbing angle and a
decrease in reversal angle than cover-side ones. This is because shaft-side actuators
are directly connected to the core moving parts of the compressor, resulting in a more

https:/ /doi.org/10.3390/app16041982


https://doi.org/10.3390/app16041982

Appl. Sci. 2026, 16,1982

22 of 24

®)

4)

significant impact on mechanical characteristics when failures occur, while cover-
side actuators only assist in regulating external air volume with limited influence.
This difference provides a basis for the priority ranking of fault diagnosis, and the
probability of severe faults can be reduced by prioritizing the monitoring of shaft-side
actuators.

The control performance of the PHM self-recovery algorithm for mild and moderate
degradation faults verifies its rapidity and effectiveness. It can adjust the discharge
fluctuation and vibration amplitude to within the allowable range in 8 s and 13 s,
respectively. Its core advantage lies in the classification control strategy based on fault
levels: the model identifies faults in real time, adopts fine-tuning control for mild
faults, and implements enhanced control with the coordination of normal actuators to
compensate for deviations for moderate faults, thus achieving stable operation of the
compressor without shutdown under such working conditions.

After self-recovery regulation, the steady-state deviations in compressor discharge
volume are 0.05 x 1073 m3/s and 0.09 x 10~3 m3/s, both controlled within the
2% allowable range, which verifies the stability of the algorithm. This effect stems
from the synergy of thermodynamic and dynamic models, which not only accurately
predict discharge volume and correct actuator actions, but also reduce parameter
fluctuations, while balancing the economy, regulation accuracy and operational health
of the system.

Focusing on the prevalent actuator failure problem in multi-actuator energy-efficient

systems, this paper proposes a PHM self-recovery algorithm by constructing thermody-

namic and dynamic models for multi-actuator air volume regulation, and conducts fault

self-recovery regulation experiments under the conditions of mild and moderate degrada-

tion faults of a test bench compressor. Combined with the expanded discussion of results,

the main conclusions are drawn as follows:

@)

@)

®)

The number of actuator failures is positively correlated with the degree of fault
degradation of the air volume regulation system—the more actuator failures, the
greater the increase in compressor discharge volume and the decrease in system
energy-saving rate. Shaft-side actuator failures have a more significant impact on the
system’s mechanical characteristics than cover-side ones and are more likely to cause
an increase in rubbing angle and a decrease in reversal angle. This difference provides
a theoretical basis for the priority ranking of fault diagnosis.

The proposed PHM self-recovery algorithm exhibits excellent rapidity and stability:
under the mild and moderate degradation fault conditions of the test bench compres-
sor, the algorithm can adjust the discharge fluctuation and vibration amplitude to
within the allowable range of 8 s and 13 s, respectively, realizing on-line self-recovery
of the compressor air volume regulation faults and ensuring stable operation of the
equipment without shutdown under such conditions. The steady-state deviations
in discharge volume after self-recovery are all controlled within the 2% allowable
range, effectively guaranteeing the economy, regulation accuracy and operational
health of the multi-actuator energy-efficient system under such fault conditions. The
above control effect of stable operation without shutdown is only applicable to mild
and moderate degradation faults and cannot be extrapolated to severe degradation
fault conditions.

The integrated application of thermodynamic and dynamic models effectively im-
proves the accuracy of fault identification and self-recovery regulation in mild and
moderate degradation fault scenarios, verifying the feasibility of this modeling
method in the fault regulation of multi-actuator energy-efficient systems. The research
results improve the influence law of mild and moderate faults of multi-actuators,
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and provide theoretical support and engineering reference for the accurate diag-
nosis and rapid recovery of mild and moderate multi-actuator faults in industrial
reciprocating compressors.

Combined with the research limitations of this paper and actual industrial demands, to
further improve the fault regulation technology of multi-actuator energy-efficient systems
and enhance the engineering application value of the research results, the following guiding
suggestions for future research are proposed:

(1) Conduct experimental verification and optimization combined with industrial on-
site working conditions: Extend the test scenario from the test bench to industrial
sites, simulate complex industrial working conditions such as high temperature, high
humidity, dust and voltage fluctuation, explore the influence of working condition
interference on the control performance of the PHM self-recovery algorithm and the
prediction accuracy of the model, optimize model parameters and algorithm logic,
and improve the industrial applicability of the research results.

(2) Expand the research on multi-equipment cooperative regulation: For the scenario of
collaborative operation of multiple compressor units in industrial sites, investigate
the interaction mechanism of actuator failures among multiple devices, expand the
single-equipment PHM self-recovery algorithm to a multi-equipment cooperative
self-recovery regulation algorithm, realize cooperative diagnosis and joint recovery
of multi-equipment faults, and improve the operational stability and energy-saving
benefits of the entire compressor unit.
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