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Research background of internal combustion engine fault monitoring and diagnosis
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Common fault 1: cylinder misfire

Significance of research difficulties: the most common fault
has a wide application prospect and is easy to be misjudged
by the change of working conditions

Common fault 2: valve failure

Significance of research difficulties: the fault characteristics
are gradual and difficult to identify in the early stage of fault,
and it is easy to be misjudged by the change of working
conditions

Common fault 3: connecting rod bearing bush fault
Significance of research difficulties: the fault characteristics
are gradual, and the impact in the early stage of the fault is
weak, which is difficult to identify.
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Multi-sources signals and characteristics of internal combustion engine
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##f8(5= Key-phase Signal BRAdE5#E(SS Instantaneous speed signal
YEFE: PR EHA(E SEEE YEFE: BEEES A
Function: the basis for intercepting the whole Function: basis of various fault analysis

cycle signal of internal combustion engine

IREN{SS Vibration signal H{ti{SS Other signal
1ER: SRS HTEML YEF: SEHEHBN ST

Function: basis of various fault analysis Function: Auxiliary Analysis of various faults
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#2855 Key-phase Signal
{EF: R Z RIS SEEE
BF: HRnERSEUBES
EFEISERT . BEHE-UEDT

Function: the basis for intercepting the whole cycle signal of internal

combustion engine
Specific: displacement signal of eddy current sensor 5 o
Main characteristic analysis: peak number position analysis HREEREE

1LHQ tinstvel FEERH/E)

BFAY3EIER(S S Instantaneous speed signal

{EA: SRS E

Bif: BranERkasEEs, ITEnEES

FERIFIERH: &ERX, $SEXEEEL

Function: basis of various fault analysis

Specifically: eddy current sensor displacement signal and calculate
the spectrum signal

Main characteristic analysis: peak correlation, specific interval " 0 0 0 0 a0 0 0 30 0 0 90 S 50 59 S0 6 6 60 50 0 T

energy ratio ZNEESES E‘%j_'%zs. 55 T*%IE (B)  &"/E (%)



02 (==5iEsiF Signals and Features

;EE}J ‘%‘% Vi b ra ti ons i g na I oq 210201973 Fsasg Tseom/s2] [£@52815,1274.1m/s2]

{FR: SISt ELRE |
Bib: EEREHSIEERES, ROHEREES
QiF: HERMES, BINRIES; SO —
EEHEST: BERX, BEREERL, BEEF (EE,
BE) | BEATISR (HM38E) .

+

Function: basis of various fault analysis
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Specifically: piezoelectric sensor acceleration signal,

HERNES (& REBX)

Including: cylinder head vibration signal; Box ol PEEEIE 2 KOl e nle) G TSI

integral calculation speed signal

[#R0X 0045647 20.136%,2635.77m /2]

vibration signal
Main characteristic analysis: peak correlation,

specific interval energy ratio, specific index (skewness, [REERaEE

kurtosis), specific artificial index (work ability) S ey |
FERIRNEEERES (15%, 25%)

..........................................
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¥&5{SS Vibration signal

{EM: SHRBEDHTEM

Bif: EREKSIINEEES, FRoITEREES

8. [ISERaES, BNRES,

EFESER: IBERX, FeXEgEL, SeiEr (BE,
IEEE) , $FEATLISMR (Theen) ...

Function: basis of various fault analysis

Specifically: piezoelectric sensor acceleration signal,
integral calculation speed signal

Including: cylinder head vibration signal; Box
vibration signal

Main characteristic analysis: peak correlation,
specific interval energy ratio, specific index (skewness,
kurtosis), specific artificial index (work ability)
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Multi cylinder continuous vibration waveform
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Efth{= Other signal

3z R b
. BEES, HRES, ..
FEBIED: BEEES, Hm. BEREES

AR EFSESEE
Function: auxiliary fault analysis
Specific: temperature signal, oil signal,

Main characteristic analysis: temperature value
trend, oil and abrasive value trend

A —ER A [E)E iR E B A
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Intelligent warning and diagnosis methods of internal combustion engine
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FSEST TR

Feature
analysis

RESS
(DI=T:To)
Learning

DHARE:
AL FEEESHIERIKE

Analysis content:

Manually analyze the
correlation between
characteristic trend and fault

DHTRE:
FEMLSE: BIESTENERERE
IENAFAE

Analysis content:
Depth network : mining deep
adaptive features of faults

SHTIES:
TR SRR Z ANEA
TS UESTRPRES, BT (SRSt
(PHBARFRSHIT

Analysis content:

Combination between actual
monitoring data and model data:
obtain the real-time state of the
unit, and predict the future state
of the unit through model
simulation
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PYIR Analysis object

HELEER

Bearing
bush
failure

EIAIRK SIIEE

cylinder valve
misfire clearance

2% diagnosis method

st
Digital
twin

FHIES =T

Feature Deep

analysis Learning

FHNSBIRINES
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RERPAIAIIZERIDRE Solve the problem

i#*EF 3] Deep Learning

1, BTRERAE: SESTETOLE, EXESERIRE, fméfﬁ%ﬁﬁﬁkl%ﬂ*
REMHBTUREMEDIELeNet-5. VGG, AlexNet gL
‘ Adding adaptive features to

Convolution neural network includes convolution layer and

pooling layer, which is the main feature extraction network. improve the problem of

: : : incomplete artificial
Representative convolutional neural networks include P

LeNet-5. VGG, AlexNet. features

2, JEIMREMEEERTESNF LLIRRAIEARNIE, 22X MEIFfE AR B IF A R A
FHDTHFERIEREMERZS, AFRMEAIMRNN, LSTM ‘ IREZ IR LA s G

Recurrent neural network neural network is better at From the perspective of
processing samples with time series connection. It is the timing, better deal with the
main correlation network before and after analysis features, data of internal combustion

such as RNN and LSTM engine sequence change
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i#®EF>] Deep Learning FERABANIZEREIRE Solve the problem
3. ERIHAMEXT SFIBIREFAE SRR, BT F BRI A pEE SRHNAE R A B kLA
MRS REEEIRSHTY 128, BB ESELEIES RYEEE. % P EAEEHE A R EiR5E
ERIINGAN ‘ Adding generated samples

The two sides of generative adversarial network are discrimination to improve the problem of

model and generation model. Through the confrontation training small sample or sample

of two neural networks, discriminant model and generative model, balance of internal

new data in line with the real data distribution can be effectively combustion engine fault

generated. Representative such as GAN SESFEHES, TR
4, FEZHNH, FTEINEHETZFRSBE S EEENERE, £150 SIS S(5S AlEkXERE,

A EPEAFAE STREA Z [BIHIKERRL /I BT BE. Assign attention coefficient to

Attention mechanism. The main function of attention mechanism ‘ visualize the correlation

is to make it possible to visualize the correlation between fault between internal combustion

features and source samples by allocating attention coefficients engine fault and signal angle

domain.
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#7254 Digital twin

1. EFCNEYE, #{(hERE,
Based on the measured data, the simulation model is
established.

2. ARSI, EEIEISEIET.
Carry out fault test on the real machine and simulate
fault operation with the model.

3. EHLNEPEER, RESREENLS
The real machine measured the fault results, and the
model obtained the simulation results.

4, BIELEEE, SHETEIE
Modify the simulation model and get the fault
mechanism

5. N, PEEEEALA
Optimize monitoring points and reduce monitoring
costs
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—. EIA%K Common fault 1: cylinder misfire

1.0 T T an T T T T
E o5t | l‘J L |
(1) $51E2Hr Feature analysis = 00 ol eeris J.f"’m' ’u“‘} s s
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Features: vibration intensity trend within standard 600 goo ”l”'uh‘f‘(f ud““ ”‘|#'ﬂ‘n‘fm*-%«*wi
With oil 05 F J 4
. . oy . J
~ 660 degrees in the ignition section L
Time(Angle)
60l 4 —=— Normal[600°~660°]
| ia 2 H —=— Fault{600°~660°]
3 assy . ‘) i MA A " --4- Normal[622°~637°]
(2) #ESF> Deep Learning 107 atia ai«'*‘k":‘:.‘ - Ai 4 |7 Faul[622"~6377]
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c
. 73
Features: through the combination of deep § 20 5
convolution network and sparse attention B =
. e eie . o 607
mechanism, the fault ignition interval is reduced to -
622 ~ 637 degrees. 40 _WWFI
20 [V WP W VT W W, iﬁ

Samples
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EIASX cylinder misfire

g0°r _ .
SEEW: HATETR, FEFIMHFSEMSIA, %E'le ....._._'ﬁ
H—E AR KA SRS 2l 48t B
P S S Eofrp ,’w
B, I R
Reference significance: 160—: ., y [ Fomareeso:
As can be seen from the following figure on the 140 - :*‘ ) %f'f‘-‘ 2 A . - Egmgggiggr]
A'a T A

right, the introduction of deep learning and
digital twin can accurately delineate the fault
angle domain caused by fire fault for a unit.
Compared with the original preset angle domain,
the vibration energy characteristics are more

clearly distinguished, which reduces the ® _WWW#
20 W WY WV b4

monitoring cost.

A A :
A adb L‘ AL ) A ) Al gt
i A il i 14 /TJ'

Root Mean square
8
L | L 1 1
ey

W

¥

¥

o

IRl

Samples



03 iztAnix diagnosis method

S JiEE valve clearance

#%:?Eﬁ*ﬁ §§[€$2 - Fire Valve Opening Valve Closing
Feature analysis Deep Learning

FHIE: BELSTMSIEANEIRS, SHSIIEESHLX.
SIIFXAEGERRS

Features: LSTM and Attention mechanism. ignition
caused by valve clearance and abnormal phase of valve

Amplitude

switch o
N400 E
==
SEEN: W—atlBAMEEE 5 BSESIIEREFS EASIER NS00 j%lj
B, RSI2EhERE, PEHEENRE. Fo AN
F400 ﬁ
Reference significance: c00
For a unit, the fault interval caused by the real valve S s S e e A e
clearance is carefully divided to improve the diagnosis Angle(* )
accuracy and reduce the monitoring cost. . ——— e — !

0.0 0.2 0.4 0.6 0.8 1.0
normalized attention weight
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S JiEp& valve clearance

#}FIHE Digital twin

= Constraint . .
LURbENXT SR hEANLYTRE] application object | CONstraint pair
e St tenEl Car;igii;cdand Rotating pair
S Camshaft and :
S SHEE e Ll tappet Contact pair
R ST R Tappet and push Hooke
B SR RS Push rod and Contact pair
- e . Rocker arm and : -
EBSHE e nfIE il e Rotating pair
EESSIE A Rockerarmand | contact pair
S|ME55I1] ElERl VaIvevcaol\\//:r 2is Fixed pair
= a . Valve cover and :
SIIE5EE SRR ] cylinder head Spring force
SII5HE s valve and cylinder | gjiging pair
IS SHmE B Cyllncéergnigd and Fixed pair
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#=Fas4 Digital twin
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Compared with the normal
state, after the abnormal
increase of valve clearance:

1.The shock vibration
amplitude of valve closing
increases significantly

2. There is a certain advance
in the impact phase of valve
closing
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iMELEEIR Bearing bush wear

ISERHR REYS S A Z— -

Feature analysis Deep Learning oo prprapid e ;

FHIE: BISRNLE, GANSIEDNFIES, SHMRSE p A i =

IS R ST T T O T
. . Eoo """A-’gw'?&‘; X ! W ’ ‘Nﬁ

Features:CNN., GAN and Attention mechanism. e - » i 1 =

Abnormal impact of upper and lower dead center 700 PTRPVRR IR AP SR RS VS W

caused by bearing bush e e e e W

Medium High

2SN W—atBHEE] 5 B FUERFTS ERMIEXE, =2 | |

RISHHRE, RIS, RSN ZESIENIEAF. i

Reference significance: R o

For a unit, the fault interval caused by real bearing bush &os| "

wear is carefully divided to improve the diagnosis accuracy, 00 — &

reduce the monitoring cost, and increase the understanding
of the fault mechanism.

F F ¥ F

0.00 5.12 10.24 15.36 20.48 25,60
Frequency(kHz)
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iMELEEIR Bearing bush wear
HFTE

Features: Digital twin . Abnormal impact of oil film

Digital twin EEE
=
HiE: 1EAMFZSE, I ESEHERHEEDLIRS £
& 22|
JJ
h

pressure by bearing bush

SEEN: W—atNBMEL S B FERXIELA Rz H
REDSH, IRSCHRE, FFRENRE, RRIEINTZ

SXRSHNERIAK, R J1/MPa
Reference significance: | B 260
For a unit, the wear interval and oil film pressure [ 230
distribution by real bearing bush wear is carefully L] 200
divided to improve the diagnosis accuracy, reduce g o
the monitoring cost, and increase the understanding ] 110
of the fault mechanism. ] =0

B so

Bo
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On-line monitoring and diagnosis system of internal combustion engine







04 EIpiF+RSFE Startup analysis + evaluation report

—. BIIERMHER (#S, &£X)

Two stages in the starting process

il
{gas supply and ignition} %EIJL
o
=
(ESXKA: #HEESE, TEE (L) | FHIFENE S

() , BRIIEEEE], fIERDE, Mot (BTF)

=3 =Jo

The signal adopts: Key phasor signal diagram,
speed up diagram (upper right), cycle time
diagram (middle right), instantaneous speed
diagram, cylinder head vibration diagram, work

analysis (lower right), etc.

Installation of measuring points



04 EIpiF+RSFE Startup analysis + evaluation report

. BISERMHE (#S, &X)

Two stages in the starting process

{gas supply and ignition}

FHIERA: IRaDZUE, M08E0, BIE, FEHENK,
MEHEE, FHDEIR, BN AKIEFFFHIL.

B BalErhiRS

BiY: £EHESRBIETIIRE

Features: vibration intensity, work capacity, starting

position, duration of two cycles, number of two cycles,

cycle division point, first firing cylinder, etc.
Method: automatically generate evaluation report
Objective: to comprehensively evaluate the starting

process of diesel engine

1000

$Er/nin

FHisE g2k B [t -wa ]
Velocity analysis T
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—. 1@E™dfE Stabilization process

(E5%KH:

HEESE, BEHRE, (IERNE (L) | BEINEERE
(B%) , fEiRIE, KBEVRNE, EaifaiRaiE, LR
iAot EIEE (A1) FF

The signal adopts:

Key phasor signal diagram, stable speed diagram,
cylinder head vibration diagram (upper right),
instantaneous speed diagram (middle right), box
vibration diagram, generator vibration diagram,
transmission box vibration diagram, as well as the above

vibration calculation spectrum diagram (lower right), etc

Installation of measuring points
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—. &Edi® Stabilization process vibration analysis
X 468 %ﬁi‘#jﬁl@ﬁ#ﬂlﬁﬁf@
‘ 437 407 B 08 46 BT 95
BERA: RANMIBOW, RZUEDH, REEESH, % 7" wpaup ol 2w s 1=

B EIRNZUELCDHT, REERDT, KRR DT,
ZEHsEERERDT, EFHRED TN ITES.

Bl BalEHEiRS Speed analysis

% e e /s
=
—

=
i

Al A2 A3 A4 AS A6 AT AR A9 Bl B2 B3 B4 BS Bo B7 BS BY

B4y BB A W Y
° \\ / \\ < S > & 1 | | | | |
HiY: SEHESEETIKEIE TEERE ’
S |iﬂ'l A~ ."‘{\". '-"—\\“ i :"“‘\“ ;’“\\ | ] ;I] } "@ ?F%
0 i l; ‘r'"‘t\‘ / k."u/" / "-‘,-.Iyl ;‘ \\\.\/‘J"‘ "-_) i ‘r\;‘ AV d HJTJ E{i :I;_E
. . . . . [V V W\ \ /N i ﬁj\
.. | \J \ | \ ‘v' k Al zh W
Features: : kurtosis ratio, vibration frequency analysis, Al VAR [ F
vibration intensity analysis, full period analysis, key positio -1 - ' ' - ' | -
0 100 200 300 400 500 600 700

analysis, vibration intensity analysis, etc. Spectrum analysis

Method: automatically generate evaluation report RS
. . : : 1
Objective: to comprehensively evaluate the long-term ?'jﬁti
=
operation state of diesel engine %j;

e ——————— |

BN 0 A0 M) 4B S0 S0 K0 &0 60 70 60 B0 B0 60 90 %0 1000
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=. MPFEIZHRTRZE Fault diagnosis and warning

ESRA: RE+ENATEES

WHIERA: TEEEANT, KEENES,

AR B ETARS

HH: SEFESEKEETORRS, EaFEREES

Signal: stable + start all signals

Features: hard threshold judgment, soft threshold judgment and so on.

Method: automatically generate evaluation report

Objective: to comprehensively evaluate the status of diesel engine during long-term operation and

whether there is fault trend
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2551 hﬁlﬁﬁzllgﬁﬁlj Example. cyllnder pulllng fault case
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Real time monitoring
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The vibration of a measuring point increases abnormally
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One eigenvalue monitoring
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One eigenvalue monitoring
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_Abnormal vibration intensity in valve angle domain -

| -
W e ! : >
= TR f
S o fow e S | ESIRTIE
B o APV SN Picture of
N7 = g:" 500 o ..' ' .'--." 'y " "'“‘. u e ©
}E é E ’; ‘. “q r‘x""' —l e = e fault site

v ] 'M e ___ I
j;% g ' 0 5 IO I* 25 ’OT —lﬂ 40 45 :'; 5I5

B E ]

= < o

One eigenvalue monitoring
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One eigenvalue monitoring
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[1] Nanyang Zhao, Jinjie Zhang, Zhiwei Mao, Zhinong Jiang. Variational time—frequency adaptive decomposition of machine

multi-impact vibration signals, Mechanical Systems and Signal Processing, 2023, 189, 110084. (1XTOP)

[2] Zijia Wang, Zhiwei Mao, Jinjie Zhang, Zhinong Jiang, Guoging Xiong. A temporal correlation micro-visco-elastohy

drodynamic lubrication model and its applications on internal combustion engine, Tribology International, 2023, 178, 108101.
(1XTOP)

[3] Nanyang Zhao, Jinjie Zhang, Wensheng Ma, Zhinong Jiang, Zhiwei Mao. Variational time-domain decomposition of
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[4] Zijia Wang, Jinjie Zhang, Zhinong Jiang, Wei Xiong, Zhiwei Mao. A transient and time lag deformation alternating-

coupling micro elastohydrodynamic lubrication model, International Journal of Mechanical Sciences, 2021, 210, 106744. (1

[XTOP)

[5] Wang Zijia, Zhang Jinjie, Jiang Zhinong, Mao Zhiwei, Chang Kun, Wang Chenguang. Quantitative misalignment

detection method for diesel engine based on the average of shaft vibration and shaft shape characteristics, Measurement, 2021,
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| SERRRSEERE, MBEREWEHAN, HEISE (1F)
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LOAD IDENTIFICATION METHOD FOR
RECIPROCATING MACHINERY BASED
ON INFORMATION ENTROPY AND
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