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Piston pump fault diagnosis and RUL prediction
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Plunger pumps, as the hydraulic system's "power heart"”, play a vital role in key power
transmission in fields like construction machinery, aerospace, hydraulic engineering, and
national defense equipment. However, their complex structure, harsh working conditions,
diverse failure modes, and variable degradation patterns make them prone to failures.
Failures can cause increased leakage and reduced motion accuracy, severely impacting
system stability and lifespan. Moreover, the application of Prognostics and Health
Management (PHM) technology in industrial scenarios is restricted by issues like unclear
failure mechanisms and difficulties in multi-source data fusion. This study reveals the
failure mechanisms of two typical plunger pump faults - distributor plate wear and
increased ball joint clearance - under complex working conditions. It also explores a
plunger pump fault diagnosis method that dynamically integrates degradation models with
field data to predict the pump's remaining service life.
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Plunger pump failures stem from wear in internal friction pairs (distribution pairs) and increased ball
head clearance. Distribution pairs experience abrasive wear under mixed lubrication during start-
stop, heavy loads, and high surface roughness. Ball head clearance, caused by multiple stresses,
has a complex failure mechanism. Research focuses on abrasive wear in mixed lubrication for
precise diagnosis of distribution pair wear, analyzing energy dissipation. For ball head clearance, a
'S model combining wear mechanics and neural networks, alongside Bayesian network methods using
multi-sensor energy features, enables dynamic monitoring and diagnosis.
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This method uses math models to describe how plunger ( wmss X O ‘N pasm  }—» wae — i ™ o v PPN
pumps work in different conditions, then adjusts them with < N . Y

real-time sensor data. By updating repeatedly, it reduces gaps
between the model and reality, improving fault detection and
ensuring accurate diagnoses in tough, changing environments.
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First, establish a physics-of-failure-based wear degradation model for valve plates and
a stochastic-process-driven clearance enlargement degradation model for spherical
joints. Considering load uncertainties and degradation randomness, we integrate real-
time data with these models through particle filtering and Bayesian estimation to
dynamically update model parameters and predict remaining useful life of each plunger

B RiEn
maﬁ@h!ﬁ‘l‘bﬁi

BEFhEtidiEay
BRSLEIPRIEKIB(IRE

pump.
InH3Z#E Funding Support
SEiHHE LESEMATITE LERY) KaRmRE
. ZIEZEIRFERIR AR BRI d il S T
= KEHEHIXZ 2% Shanxi Provincial Basic Research Program

(Industrial Development) Joint Funding Project
Monitoring and prediction of failure of key components
of multi-plunger parallel pumping station

petEnl SERRTZ




PY A OEE

TAIYUAN UNIVERSITY OF TECHNOLOGY

Wl 7R Tt IS IE A RS an Tl
Failure mechanism and RUL prediction
of Screw piston composite load-bearing heavy-duty linear actuator
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Screw piston composite load-bearing heavy-duty linear actuator(electromechanical S ?_ - mechanism | | :C_hf;;f)ej
and hydraulic hybrid drive linear actuator) is a new type of actuator that integrates 5 3 el T T A ——— l;_f_‘t_‘.'_j‘*’
motor drive and hydraulic drive, which combines the efficient control performance B, | .. coamber hole i chambert - rod
of motor drive and the high power density characteristics of hydraulic drive by Ol or @
rigidly connecting the mechanical transmission parts of the motor and the piston Thrust ball bearing k o CVILIMIC, o) por

of the hydraulic cylinder. The advantage is that the motor drive enables precise e BRISR Do
movement at light loads, and the hydraulic drive provides power at heavy loads,
significantly reducing energy consumption and increasing load capacity.

?ﬁi?fg{é&%ﬁﬁﬁﬁ?’ﬁﬂ%ﬁﬁ%é. KEMESSHTERR. A, HRERESSMEBESHE (M. RE. BDF) EEHENESS, SRIEEITFGIIMELS

Dual-power actuators are suitable for heavy-duty applications such as aircraft, where failure can lead to serious consequences. However, its high level of
integration and multiphysics coupling (mechanical, hydraulic, thermodynamic) make the failure mechanisms complex, so predictive maintenance is important.
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heavy-duty linear actuator
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The failure mechanisms of Screw piston composite load-bearing heavy-duty linear actuator primarily
involve the following aspects. Firstly, the lead screw and the hollow-structured piston rod endure long-
term high-frequency dynamic loads, leading to cracks at the contact surface between the lead screw and
the piston, which results in abnormal noise, jamming, and even transmission failure. In response, this
, d study has developed a lead screw crack propagation model that couples impact and natural degradation.
Secondly, during high-speed motion of the nut, the friction pair between the piston and the cylinder
o operates under boundary lubrication conditions, causing adhesive wear and abrasive wear. Accordingly,
e _ this study has established a wear mechanism model for the piston-cylinder friction pair under varying

R operating conditions of boundary lubrication.
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This study develops a standardized energy accumulation-based lifespan
prediction framework for Screw piston composite load-bearing heavy-duty

linear actuator. For lead screw crack propagation (impact-degradation ET G BiR RS BT S @R 4 RAALE
coupling), it unifies instantaneous energy injection (shock damage) and

continuous energy dissipation (natural degradation) via energy conservation, e o S L e B e
establishing precise energy-damage-lifespan mapping. For piston-cylinder | | BR80T RIRE JI m L BIFER i G ERE ERIREE |

friction pair wear under variable-condition boundary lubrication, a friction et MR Eesssssesssisecstnes
work accumulation model integrates lubrication state factors and load
fluctuation coefficients to quantify dynamic friction energy dissipation and HI-ge=iR{%0 20BN EISEFasnnl)
performance degradation. By transcending time-based approaches, the
framework enables adaptive remaining lifespan prediction using real-worlid
load energy spectra.
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Design theory and method of a new hybrid principle of high-
energy efficiency to drive a heavy-duty robotic arm

e Y 0 w g
KRBT XE

— AXRETIXF

“

REEILEF R BESRIxG R —RinR S a8 a6 S R RIRR



EFWZK S

TAIYUAN UNIVERSITY OF TECHNOLOGY

HTFYIE(E B MEREINE HIEERIRS Il S 5
Health Status Monitoring and Prognostics of Aviation Oil Filters
Based Physics-informed Neural Networks

Bar5¥khk Background and Challenges
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Safety |_
Oil contamination drives over 70% of hydraulic failures.Aircraft systems use filters to valve L l.
trap contaminants, but the filters degrade with use. While scheduled filter replacements - | e
ensure safety, they risk resource waste and unexpected failures. Prognostics and Health ( ""I;‘I';'::If'"ﬁ Return line Chamber|  |Chamber

Management (PHM) addresses this through real-time monitoring and Remaining Useful filters
Life (RUL) prediction, balancing maintenance efficiency with system reliability. 0
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Remaining Useful Life (RUL) prediction is the core of PHM,with three predominant methodologies: physics-based modeling, data-driven approaches, and
their hybrid integrations.However, Oil filter degradation involves multi-physics coupling, yet current methods face limitations: physics models lack dynamic
degradation tracking, data-driven approaches suffer from sparse data and poor interpretability, and hybrid models struggle with deep knowledge integration.
Physics-informed neural networks (PINN) offer a solution by combining physical principles with data-driven learning, enabling interpretable, real-time, and
precise predictions.
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Pressure gYes . ¢Informed- AP = s g s Oil filter degradation modeling focuses on pressure differential as the key
-0 = D,¢'a &' D,a parameter, exhibiting three phases: clean filtration, clogging, and restricted
No ! growth. A modified Ergun equation quantifies relationships between pressure
| differential and critical factors like filtration area, flow rate, and porosity.
Hidden Layer Yt —Mﬁ;ﬂk Yt Yt ve | | @ BEFLSTMELHIEEZETTMHHEZMZE LSTM-based neural network for oil filter
——_— Loss [ ‘ £ differential pressure prediction
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e £ <y = i LSTM neural networks excel in time-series prediction and are suitable for oil filter
- degradation forecasting. The model uses a three-layer LSTM structure,
T leveraging forget, input, and output gates to capture temporal dependencies in
Contaminant Level ~ Temperature  Pressure Data Flow Rate pressure drop data via a sliding window. It integrates a modified Ergun equation
as a physical regularization term.
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This study proposes a PINN-based method for oil filter health monitoring -
and prediction, combining the Ergun equation with LSTM to reduce -
reliance on large datasets. By embedding physical constraints, the T e e T e P P e e e e e
method improves accuracy and interpretability, enabling reliable Biia)(s) adial(s)
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Fault Diagnosis for Key Components
of Civil Aircraft Hydraulic Systems
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The hydraulic system is essential for flight control and safety in civil aircraft, operating critical
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components such as landing gear, brakes, and flight control surfaces. Key elements like the priority
valve (flow distribution), fire shutoff valve (emergency isolation), and oil filter (contaminant removal) are

vital for system performance. Failures in these components can severely compromise flight safety,
making efficient fault diagnosis crucial for ensuring reliability and reducing operational risks.
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Fault diagnosis for key hydraulic components faces significant challenges. Fault mechanisms are " ' Eﬂ ¢

complex and coupled, such as priority valve response lag, fire shutoff valve sealing degradation, and oil
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filter clogging. Sensor limitations (e.g., only pressure and flow sensors) prevent direct monitoring of

critical parameters like valve displacement or clogging rates, while noise and fluid pulsation mask weak AR
fault signals, leading to high early fault detection failures. High-precision diagnosis is crucial for [ aanz ol
proactive health monitoring and cost reduction. e
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O mi | | PESCRISHIR ARSI /8 For typical faults like priority valve sticking, fire shutoff valve failure to open/close, and oil
‘ filter clogging, 3D models were developed. Finite element analysis under flight profile
conditions revealed fault mechanisms: abnormal pressure from valve sticking, sealing failure
R Y T 3 ' ' TS ﬂf" under high temperatures, and pressure drop due to clogging. Stress, flow, and dynamic
e SRESIA response analyses established quantitative links between faults and system performance
— : degradation.
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PP PO 5 | W | w ST = Sy, (= 123.) predict system dynamics under fault conditions. By accurately modeling spool movement,
ol =0 | e spring characteristics, and throttle orifices, the simulation replicated typical failure states,
e il M a1 i P including priority valve switching faults and fire shutoff valve failure to close. Dynamic
. >4 |7/ - AN | simulations were performed under flight profile load conditions.
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Fault Diagnosis Method for Multi-Plunger Pump Parallel Pump
Stations Based on Bayesian Networks

Bargitkk Background and Challenges
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The hydraulic pump is the core of the hydraulic system, responsible for providing power. In
scenarios requiring high pressure and large flow rates, multiple piston pumps are typically
connected in parallel. For instance, the 10,000-ton press serviced by Yuci hydraulic factory
requires 40 hydraulic pumps operating in parallel. The safe operation of the hydraulic system is
critical. If one pump fails, it not only affects the flow output but also increases the load on the o
remaining pumps, shortening their service life and potentially causing equipment shutdown, FIRR IR E
leading to economic losses and safety risks.
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Parallel pump stations use multiple pumps working together, but plunger pumps are complicated and can fail in many ways, with research on these failures still
limited. If one pump fails, it can affect nearby pumps and the entire system. Harsh conditions, unreliable sensors, unclear signals, and random factors like load
and environment make pump wear unpredictable. These issues make it tough to monitor faults and warn about problems early in multi-pump stations.
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AN Regarding the abrasive wear mechanism of the valve train under mixed
R - | _ — — lubrication state, considering the variations of external loads such as the
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pressure in the plunger cavity, the friction force of the plunger, the radial force

of the rotor, and the supporting torque of the bearing, based on the Reynolds equation and the contact mechanics of rough surfaces, the laws of oil film
thickness and pressure distribution in the contact area and the non-contact area are established respectively. Combined with the abrasive particle size, the
abrasive wear mechanism of the valve train under mixed lubrication state is explored. Secondly, for the fault of increased ball head clearance, based on the
friction and wear mechanism, considering the impact load and residual stress, a model for the evolution of increased ball head clearance based on the combined

wear mechanism and neural network is established, revealing the law of increased ball head clearance under the coupling effect of wear, impact and residual
stress.
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From the perspective of the essence of hydraulic transmission - energy transfer, fully s
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explore the hierarchical energy dissipation and transfer laws, and based on the energy =+ BRSLERRIEA
characteristics constructed from multi-sensor information, conduct fault state
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monitoring of parallel pump stations for piston pumps. Firstly, establish an energy
dissipation model under the fault state of piston pumps, revealing the mapping
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relationship between the fault state and energy dissipation processes such as vibration S—

and leakage from the energy perspective; Secondly, establish an energy transfer model B2 >  wesEEmes

for parallel pump stations, describing the influence of the fault state of piston pumps on
adjacent piston pumps, parallel pump stations, and the entire system; Finally, layout

sensors for collecting energy characteristics at different levels, considering the HEE N
hierarchical structure of the system and the complementary information characteristics BN N wseemamen |G
of multiple sensors, and establish a parallel pump station fault diagnosis method based

on Bayesian networks.
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Energy Dissipation-Based Fault Diagnosis Method for Hydraulic
Systems in Engineering Machinery

Bargitkk Background and Challenges

RERFAEIZNREN. ZENSFTENMMEFEZONDEME, REEEEEFEHEE, WRERFZNMECEEFRETENMSFIEEANERNXE. A, RE
RFATHEFRZE (WARER. =, REISF) , SEEAMRZS (NRETR. BAER, SREE)  BEERMASHERSNRTS, SHE—WEIR
HEMEERESHNAREE, I, TEIMESETTER. &ik. SEWERDPESTIRT, BEERERENESHETIMXRE. AN, RERAXESH
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Hydraulic systems, crucial for construction machinery like excavators and loaders, face significant diagnostic challenges. Their complex components
(pumps, valves, cylinders) exhibit diverse failure modes (leakage, wear, blockages), often in coupled multi-fault states. Harsh operating conditions (high
temperature, vibration, contamination) cause sensor signal interference, while ambiguous mapping between monitoring parameters (pressure, flow,
vibration) and specific failures complicates feature extraction and analysis, creating substantial fault identification uncertainties.

RIERZRFZZODIGEEEENEES FE, BiE{TASBEdEESH (K. mE. k. k) BUFIE. BFRESHNERd s, HElnERaaRZRmZ R,
;:.EW##IFF#E%I‘Q &, zAreERARITHIEZEBARIE. EREDMEEFIRERZE, LUEEHUENE, sRFRAERITE, AHEMEESFEANRIMEZER
iE.

The core functionality of hydraulic systems lies in energy transmission and distribution, with operational status being intuitively characterized by energy
parameters (pressure, flow rate, vibration, and temperature). However, flow parameter measurement faces challenges including excessive costs, sensor
installation constraints, and fluid characteristic interference, creating bottlenecks for fault diagnosis through energy dissipation analysis. By
implementing pressure compensation control methods for flow regulation - using control strategies to replace direct measurement - this approach
enables cost-effective acquisition of precise flow data. This technological advancement ensures reliable implementation of energy dissipation-based faulit
diagnosis systems.

A %P‘]‘Q' Research Work ® XIETTEMFSISEINIESERIE Key Component Failure Mechanisms and Characterization

IRIERERAREOARSE, WSEMERITEENES R, MRERIMFNNERS ISR

e el 12h0, SIRIREhEEEEN, RERRHESHED. RESK, SIRRERSEY, REIS

B e g G RESHMHLSHNET, WESKRESEEN, SIRNMSREESEY. SRS eLE

) __ :?E ﬁtz—@ E ‘aﬁ_ % %‘ﬁE ' g é 79,'5,-"‘35 E %‘ﬁEo

R FeE g EERMOFET Based on the distinct characteristics of hydraulic system components, mechanism

| _ analysis was conducted for key components: mechanical wear in hydraulic pumps

Lriia e " induces vibration amplification with vibrational energy dissipation; internal leakage in

T b e hydraulic valves alters pressure/flow characteristics, causing hydraulic energy

' dissipation; hydraulic cylinder wear modifies dynamic parameters while internal

leakage shifts hydraulic parameters, leading to combined mechanical and hydraulic

energy dissipation. Energy signatures of individual components were derived and
integrated into a comprehensive energy profile.

o ETF RSt RE—HEIRMENMEZEIZHT Energy Dissipation-Based M A CXTTTD
1D Convolutional Neural Network for Fault Diagnosis

Ak
T
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il

RETCEMEEEFERI D, RISFREMYREEERE. ARBIRSHMIGESEE x| mwes =
=, SEMEREFEEEREANEERIGESE. AHERENMIEREPE A= ETHROSHERRS| ¥ | | 2
HIFE, RESZEERE, RASRE—H#HEME. FIA 3 MERIE | jeE s R
FREAHITEIRIRIE, ARMNIEREBAEESAFRERNIFEISIE, EMESE WE R A 0 BEzmes SvaEes] | ReioE
BfBE, BN o ERESHENRERCE, REIUSIIEIS 3 FMSIE ' - e
BE, HAASIEEERRTHE, ISIZIMMMEIS TSR SNERIRTIIE, I aU S
FRIF R T 2 TSR S B, - OL0 e G
Based on component-level energy dissipation analysis, energy —1
dissipation quantities were derived. To mitigate interference from ke
operational condition-induced energy fluctuations, energy dissipation 000000 -00000O0 I —
efficiency was adopted as the fault signature parameter. A multi-scale e
1D neural network was employed to enhance diagnostic accuracy by P00 5800 BSOSO -S00S) SO B e)
capturing localized fault features. The network utilized three parallel 600-000] 500 000 500000 ke
branches with convolutional kernels of varying sizes (e.g., 3x1, 5x1, 660 6666 Goo6_ 0666e oSsed-seees 7
7x1) to extract multi-frequency fault features. Each branch contained T | 500000} sontene
two convolutional layers and two pooling layers for hierarchical feature N | ' — " |
learning. The flattened features from all branches were concatenated 900000 000000 SERE
and fed into fully connected layers for classification. The model was = |
trained by integrating fault features, with parameters updated via e e- - BReeee et
backpropagation for optimization. 00 00 Softmax
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Physics-informed glucose-insulin neural network model for
glucose prediction

Bargitkk Background and Challenges

fEBER A RERNB=XKRK, BEHERFTE2RENIFKERESRSFT. B, /R
REUNEEHNEEEXER., Bal, MHEWNEEILISAEEARRIHEERNAR, (B, £iE
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ZH IR SE MAETIRE, KEEREFIIREEHIEZXNPSEENHEI ZMA.

Diabetes stands as the third most significant threat to human health, with patients often relying
on blood glucose levels to guide insulin administration. Consequently, accurate prediction of
blood glucose fluctuations is of paramount importance for both patients and healthcare
providers. Currently, methods for blood glucose prediction can be categorized into two types:
those driven by physiological knowledge and those driven by data. However, the complexity of
physiologically knowledge-driven methods and their insufficient adaptability to individual
differences limit their effectiveness and practicality in real-world applications. Data-driven
methods, on the other hand, utilize clinical data to train blood glucose prediction models, with
deep learning models, in particular, being widely adopted due to their powerful fitting capabilities.

X, BEREFICEEMBFINES TIKEARE, AFMBEMECEIEEIR. BRREMSSITERIFBIR. REHEENERFRNEE, HIEEMAXHRIaRRN AR
Atk MRV HESEFRSTGNAEE? IMTUEETEREBIRASE LEMSWEERNEEFIRESE? NHHZREE IFREREIEIRENIREL? LA
IESlaFREERPHEZENEEE.

However, despite significant advancements in the application of deep learning for blood glucose prediction, its widespread clinical adoption still faces
challenges due to the scarcity of personalized glucose data, limited computational resources in diabetes medical devices, and the poor interpretability of
black-box models. How can we achieve higher prediction accuracy with limited data? How can we deploy efficient and accurate deep learning models on

devices with constrained computational resources? How can we develop highly interpretable data-driven models to enhance their acceptance and trust in
clinical practice?
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A ?-"t,ljil"’é _____ ResearchWork o EFMMFEMISYIIBNIBAIIMEZMLEIER Physics-informed glucose-
Physical information insulin neural network model (PlGNN)
_— o SRR AGEN M HSIERR, HEEEERE, UEEEs
e S ; [, FHRASHIRMERERSRR0EES, EEhEmss
A 60, 50, g ohysical informed loss DI\ IAEACIBRNDSHERY, IS BT IS TR R A0 R LIS,
\:. 5% ) (1) 5()- () b ~ Inresponse to the challenges faced by data-driven methods, such as
) > Plama ——> G dalzf)__al(f’)w(t) d);ft)zAX(tHBu(t) ~ the scarcity of personalized data, high computational resource
kG, Sy dadt(t) a (Z) o : requirements, and poor interpretability, this study fully leverages the
l e T ; X () X, -X, physical information from glucose metabolism mechanistic models.
dG(1) __1000S, i\ KTG(1)-G,]+K.a (1) H dt A - By incorporating a glucose metabolism dynamics model into the
; suee g B0 o K L &0 5.8y | neural network, a novel neural network model based on the physical
e Y — - ~ mechanisms of glucose metabolism is proposed.
- A A T B, WRREKGEHCICHMENS (LSTV) (ENEIES, EFH
z — Cle D R AME RS ERS  EIS N R RO, 5, &
1. 1. - w166, - SINPIE(ERLIRRYIRKR NI MEZH TSR, ALAE) RS MZRISENE

=E), IRatE R IERETN eI RERETE.

Specifically, the research employs a Long Short-Term Memory (LSTM)
neural network as the foundational framework, with input features
and time windows designed based on the team’s previously
established glucose metabolic dynamics model. Additionally, by
introducing a physics-informed constrained loss function to train the

network, the parameter search space of the neural network is
narrowed, thereby improving its performance and interpretability.

o HFPIGNNEBIAYIN#ETH:N Blood Glucose Prediction Based on the PIGNN Model

EHRAREERAT, SR ENMEBLNNE, BESESINESHAEAUEAL N\ , H \ |
EIEEPIGNNIREE, BFEFEHEFIIGFAIPIGNNIREIE)STRIARFR 3057+ ERY MAEK | N ~~
S (PH=30min) , FRERBEESHMEGIESERHEE. S S R, e, R
In scenarios with insufficient data, the PIGNN model is trained using a limited e

amount of blood glucose monitoring data, insulin infusion data, and carbohydrate

intake data. Leveraging the updated data and the trained PIGNN model, it
dynamically predicts blood glucose levels 30 minutes into the future (PH=30min),

Blood Glucose
Level(mmol/L)
£ o 0o M Aoy
Blood Glucose
Level(mmol/L)
N 00 40 o — o o

Absolute
Error{(mmol/L)

providing support for personalized blood glucose management in diabetic patients. h fimefous © : A '” mefors © 2
A = - -
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Fault Diagnosis of Insulin Pumps Based on Digital Twin Technology

B55Hki% Background and Challenges v
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MRS =R) SRS HNRSRENESE. SREERMEABHRENEN, REEAEIEEES SN, Bt j? B~ o
SHNMEREASTSIRRERPSSTERR, FENEERREEEGRS. Hib, RE. BESHES & B p L) enn | WEIE
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Exogenous insulin infusion is a primary clinical method for lowering and controlling blood glucose in 7 gﬁggﬁﬁjﬁﬁ

patients with Type | and some Type |l diabetes. The portable continuous subcutaneous insulin infusion

system, commonly known as the insulin pump, represents the forefront of insulin delivery technology. b FIEZE BERR P E

When the insulin pump or its components malfunction, insulin may not be delivered at the prescribed >

dosage, potentially leading to dangerously high blood glucose levels and severe complications such as

ketoacidosis, which can be life-threatening. Therefore, the rapid and accurate diagnosis of insulin pump S 5hitE MEEEHS

component failures is crucial to ensuring the safe use of insulin pumps.

BE, SREERSERMEZHEIGLITHNE: —hh, REERUESHELERINSE, S5—HHE, AFRESERRENEZEEFHY
[SEHREZ. MFFERATLNSIRMREHITESERERTE, FHRRLEBETFHAFEERERTERSFEREMSZH.

However, high-precision fault diagnosis of insulin pumps faces the following challenges: on one hand, the fault parameters of insulin pumps are difficult to
measure directly; on the other hand, since patients must immediately inspect or replace the device after an insulin pump fails, fault data is scarce. Digital
twin technology enables high-fidelity real-time simulation of multi-domain models. This study proposes a fault diagnosis method for insulin pump systems
based on digital twin models.

VI EEIRSE, S
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H5RAE Research Work ¢ F-A—IISREHFISHIEBIIEE The high-fidelity digital twin model of pump-human
integration digital twin

[RSEREATNEIRERSRESERNVFMEENRE AR MAECEERE RN GRS, SRS

=Rz hehl, RERSHE, BFUFRESENZERSERAMEIRE, TmHEIHNESS
 MEERXANEE, EFPIGNNISZMAECEHRE, BURS=REE(FEAPBESISHIRE
XS, MR- A—E8FZEERE, IR E, SIAN—FIETEN, XNZEBEBHITER.

RS IRER-A— P HF=EIRE,

The process of blood glucose regulation by an insulin pump involves two components:
the fluid transmission model of the insulin pump and the blood glucose metabolism model
s 2 o =) of the human body. To address the challenges of multi-energy domains and fluid-structure
: coupling in insulin pumps, a fluid transmission model of the insulin pump is constructed

EESIE) gﬁégg - PIG*I\EII;g]I[lﬁ based on power bond graphs. To tackle the complexities of blood glucose metabolism
+ BREE mechanisms and significant individual variations, a blood glucose metabolism model is

;—gyﬁﬁzm developed using PIGNN. By utilizing insulin infusion rates as an intermediate variable,
these two models are integrated to form a pump-human digital twin model. Building upon

\\ R-A—FEFEE / this framework, a consistency evaluation criterion is introduced to update the twin model,

resulting in a high-fidelity pump-human integrated digital twin model.
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o HFHFZEARPNIESERAERRINSILEN Health Status Monitoring of Insulin Pump Systems Based on Digital Twin Technology

FNIRSERMESHELI BRETERIZNENRE, FERIANFEEREBEEFIRGISLEHIA e
SHARMENSIREINEED, ARETFTHAFEENERASEINGZE. EdMEZENESHFRER-A P
—FRERENFEERE, ERFENNEFSISNESNRE, BF)IGRIRNES S MER
IREIXRAMNZE. &E, BEFISKENABMEFERNERRSFZREES LR GIT, 6
ERIRESEREFRRS, SMESHXTEREHEN, BSERRAEANIEHEE,

Addressing the challenge of directly measuring fault parameters in insulin pump ey i = H%%%E*;ﬂé PIGNN#=E: ifTJ’E?ﬁE
through sensors, and considering the capability of digital twin models to map the state BEH asq M g\/ i
of physical entities into virtual dynamic models, a health status monitoring method i f=8Y jﬂ% '737/77 ;
based on digital twins is developed. Utilizing the constructed high-fidelity pump-human ! . :

integrated digital twin model, a wealth of fault samples and data are generated to train
an observer that reflects the mapping relationship between fault parameters and blood

glucose levels. Finally, real-time estimation of insulin pump fault parameters is A= i iheR 4 | Ike i
conducted based on dynamically collected human blood glucose data streams, BT e T — & e -
indirectly reflecting the health status of the insulin pump. When fault parameters exceed L *E—ﬂ . a @ I - FREIE
a set threshold, the insulin pump is determined to be in a fault state, triggering an : S KX i
alarm. | o Y :
A = - -
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In Silico Simulation and Implementation of a Fully Closed-Loop
Artificial Pancreas System

B =3¥kd% Background and Challenges

AR A LEREERREENEGERA, BdENSHETERESZ=EAISEMNSINTSA L
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MAREARAMR, The fully closed-loop artificial pancreas represents a revolutionary

technology in diabetes management. By enabling real-time dynamic adjustment of
insulin infusion to achieve comprehensive artificial blood glucose closed-loop s
regulation, it stands as the ultimate goal of blood glucose closed-loop control. However, EE;"‘E%E ﬁﬁ[ﬂlﬁﬂ;ﬂu
developing a truly autonomous artificial blood glucose closed-loop regulatory system |
remains a critical research challenge. Practical applications impose stringent demands

on the reliability, stability, and adaptability of closed-loop blood glucose regulation

systems. Key technical obstacles hindering its implementation include the high risks .

associated with validating blood glucose control algorithms in vivo and the difficulty of N . 2 A EREE

real-time blood glucose data acquisition, which collectively pose significant technical

barriers to the practical application of fully closed-loop artificial pancreas systems.

tHRAE Research Work o DAMIEHIA THER(FEClosed-loop control strategy for artificial

pancreas systems

=—&- & B FFDAIMERIUVa/Padovat@flzs a2 MEMRIRE =] (MPC)
. 2 e - Hi&, (ERRIERERRIEI 1 BIFERRR B & it iEsl SAXT MAERE
= s o N R A EEED, PEESMNEHA TR ME R SEA T,
GGGGGG o B e ANy, A personalized Model Predictive Control (MPC) algorithm was
o - O | | A | l | developed and implemented using the FDA-approved
e 87 0000 300 600 900 1200 1500 1800 2100 2400 UVa/Padova simulator, and its blood glucose regulation
o 1200 2 performance was rigorously tested on virtual type 1 diabetes
N _ (T _— mellitus (T1DM) patient cohorts generated by the simulator. This

800 -~ 8

approach establishes a robust theoretical and technical
foundation for advancing the realization of fully closed-loop

ML%HWM nﬁﬁwﬁfﬂhﬁ(hﬂr artificial pancreas systems, addressing critical challenges in

0000 300 600 1200 1500 1800 2100 2400 clinical translation through high-fidelity in silico validation.
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o MR A TERPREI—MAEEIES in eI fl{EFESFully Closed-Loop Controlled

Artificial Pancreas — Blood Glucose Data Multi-Device Visualization Platform

MERSRIREEERE— I =NBiER, BERBEERELUEAZ IS FiREERN
B5E. FEMNEERAESEMAELNERRNEE. SERAE, MEXRES IR
RICESIRIA T ERIRNMAELGEFEE, A LRBRSERSRE MPEERIR 2

}5. The Blood Glucose Data Multi-Device Visualization Platform is a cloud-
based application that allows diabetic patients to view, store, and share data
from continuous glucose monitoring (CGM) sensors in real-time across
multiple device endpoints. Once set up, the platform serves as a blood
glucose data repository for artificial pancreas systems, supporting real-time
data collection for artificial pancreas operations.

AT IEIREREST AIﬂ;ﬂ,iﬁém,*em o A i=HIA LIRIRCI——IRSZ=5ERFiFully Closed-Loop

Controlled Artificial Pancreas — Insulin Infusion System

iR 5 =i E R AR IERT MR EUE 25 im v 46 & R ERRISERT I AE ST HEH
TIIESrALRIENRSRRTIRRE, HEHRESREHREHITEE
B=AEE, SEMATIRIREAES], The Insulin Infusion System
performs computational analysis on real-time blood glucose data
collected by the Blood Glucose Data Multi-Device Visualization
Platform, generates optimal insulin infusion regimens, and
controls insulin delivery devices to administer precise doses,
thereby achieving fully closed-loop control of artificial pancreas

systems.
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Precise Treatment of Diabetes
Based on Real-time Insulin Regulation

Bargitkk Background and Challenges
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Diabetes mellitus is the third biggest disease threatening human health. Insulin infusion -

treatment is effective while current infusion schemes can not be adjusted in real time CSl| CGMS
according to physical condition and has many adverse consequences. Closed-loop

blood glucose control system (Artificial pancreas) is considered to be the most

promising method, which combines existing blood glucose monitoring system and N FERB RS ) o
insulin infusion system as well as a closed-loop control system, can achieve self- TRl %EHJC%”?% g o R

adaptive insulin infusion and improve living quality and survival rate of diabetic patients. ERIRG

MEZCHENMPERKR,. EhEZS, BS5ESNERRENAHEABEXESINAENEKCSUSIESZNWIEEEX, SHINEIRNIEREH A EEEIHEIERIR
& FUMAEZAHE: IfEFTHREXEEESIEIRIEXE, BepdEsla ARSI mMAERER. BE. RiE. Z2i@EE. B, iErEE8 3 mECisse
73, SPFRINEHED T AR ELINIS TR 2B WRHZHI G ER A L R IFERARMEEI R AR KE,

There are significant individual differences and many influencing factors in blood glucose regulation, which is related to both intra-corporal glucose
metabolism and intake of external carbohydrate and insulin; Besides, blood glucose regulation is severely time delayed and asymmetric, therefore, depicting

the metabolic ability of blood glucose, revealing the blood glucose regulation mechanism under external disturbances and designing a safe, fast and
effective control method are the keys to build the closed-loop blood glucose control system.

ARHE Research Work

o ERAMHE FHIMNIEIEEEHE(CIEHHIEEndogenous glucose metabolism mechanism

G(Ax, | £,0)7(0)

Bl R R W E Sy o B SRR X (Ax =, —x ) with complex uncertainty

nENEEmEEEE EGR) T S HRYEEREZERSTHNESENEERE, ERENERSESEERSWEED. SEAEE
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| G(1)0) FEHIREMERLS, RRABARITREENEENENE, BRZRNSTIRIOMZGHE.
Endogenous glucose is the main source of glucose in the state of fasting. Its metabolism is
AR R 2 " related to intra-corporal insulin secretion, glucose metabolism of relevant tissues and organs,
DUHHFIEIE Mgy -~ ———— as well as exercise, sleep and other uncertain factors. Random process is introduced to
| /- L/ s e=ew 1 describe individual differences and randomness. Based on Bayesian theory, real-time blood

g g
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00.0 zlfl ] "4‘3 i) 2800
ta[2] sample: 1000

P("'AXJZIG(MLGM(GMB ' GUb.x) ¥ "o glucose information is fused with physiological-based random model. The real-time
“ M I - ++wwswww Metabolic mechanism of endogenous glucose is accurately depicted, and the change law of
blood glucose In fasting state is revealed.
¢ K SMSIRSRRSIER TIAEZH#EBlood glucose R . By R ewemrae
regulation under the coupling of carbohydrate and insulin X Iﬂéﬁﬁﬂﬁ*ﬁﬁ?i R
BEFitESRRBEENISEMBEENEASISER TRESEWIER, & (NEE3R)
RAEMHZSMSIFESHKEESY. BESRBABURMNESE & et s (B (r—r),| DS
ZZERHHPIEE, ETFRFEHEANMAIMES, RKETHER - Y<k>=fm[y(k_1), ...... Vomoy 1 ] Wig
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Based on the data of CGMS and CSIl, a mathematical model % - SKH) ik
with multi-information including carbohydrate, insulin intake * =

and blood glucose data of mass diabetic patients is trained g
using circulating neural network. The real-time information of 1 -
object is fused by particle filter to obtain the accurate dynamic = —,
model of blood glucose under the coupling of carbohydrate . S
and insulin.
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4 o HFREIFN=HIrIIES Z=nNSiEEZDynamic control of blood
glucose based on MPC
RS ERT RSN GEE, BEFZESEGRHATHNAEIRE, X
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LEEREENMPNERESERIERERE, EMERBIISERTT.
Considering the time delay of insulin modulation system, based on
. the fasting and postprandial glucose metabolism model, using
H w model predictive control theory and real-time blood glucose data,
L the infusion of insulin is predicted and optimized step by step,
0 90 180 270 360 450 540 630 then the optimal insulin injection scheme for individual patient is
time (min) given to achieve precise treatment.
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