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Abstract

This study aims to employ advanced deep learning techniques for industrial data analysis to
diagnose faults in complex mechanical systems. A practical application was conducted on triplex
reciprocating pumps, where a dynamic model was developed in a Python environment to simulate
the physical behavior of the pump under both normal and faulty operating conditions, including
typical mechanical and hydraulic failures. To overcome the limitations of acquiring real
operational data, synthetic data were generated to emulate realistic sensor signals—such as
pressure, vibration, and electric current—while incorporating controlled noise to reflect real-world
variability. The Continuous Wavelet Transform (CWT) was applied to convert these signals into
time—frequency Scalograms, which capture both temporal and spectral characteristics. Deep
learning architectures, specifically Convolutional Neural Networks (CNNs), Long Short-Term
Memory (LSTM) networks, and a hybrid CNN-LSTM model, were employed for automated fault
classification. The results revealed that the CNN model outperformed the others, achieving an
accuracy of 96%, confirming its capability to extract subtle, discriminative features from complex
industrial data and enhance the reliability of predictive maintenance. This work provides a
meaningful scientific contribution toward expanding the use of artificial intelligence in industrial
systems and establishes a foundation for integrating physical modeling with deep learning to
develop intelligent, self-diagnostic maintenance frameworks.

The researcher recommends expanding the vibration database with real-world reciprocating pump
data covering diverse faults and operating conditions to enhance model generalization. They also
advise exploring deeper CNN architectures, including advanced structures or transfer learning with
large pre-trained networks when high computing resources are available. Finally, the researcher
suggests integrating additional sensor data, such as pressure and temperature, to create a more
comprehensive and reliable diagnostic system.

Keywords: Artificial Intelligence; Deep Learning; Continuous Wavelet Transform;

Convolutional Neural Network; Fault Diagnosis; Synthetic Data; Predictive Maintenance.
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Triplex reciprocating pump
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oald Cia Jie) sas o Aaadll GlbisSa (e (g sSe JS i (Classes) e calial s Jlga JS8 3 35S0 ok
JalSia allai (e i Sall 038 mad s ya o cAaladl e aleiy 23 5aill 31 dlee Jenn Lo (Sl JAT5 slenally
BlSlaal A3k ) 8 shad JS 8 Ol sSall G (A paall 5 qa sl g Jaaall€) il puriall ) fad iy (ALASH Al da sl Jiay
Al ol 3al o JalSll Saaliall e il

4o Ul il wlgiy JUae ) dalai 2.3

Ula ) LYl L) Jlae V) e s 5l (0 de gane Jiiad (5 czdladll Hlia) 5y pail Alald iy s 8 oLisy
Al ol Jaaal

Aagiaal) ) Jiiaiy yaa3 1.2.3

:(Szczepaski AN 4303yl laiadl & dilal) Jdae Y (e aad ) Qe ¥ i e el JDa S il
't WS & Kijak, 2023; Kong & Chen, 2004; Du et al., 2013

ae 5 8 yate A glay Sl g1l jlue Adlaly Jlaal) 134 S (Piston Seal Leakage): ouSall alial o s
okl b sl ol ) (s rass Lae (Jlaall 305

Discharge
Pressure
10.0 bar

: 2
Piston 1 « Cuchage
S— Valve

100 mm Connecting
Rod

Crank Radius

PISTON SEAL
LEAKAGE FAULT
Motor Speed

PISTON 1 LEAKAGE '
SEVERITY: HIGH %%’é”f:r:'g"t% 1500 rpm

LEAKAGE FLOW RATE | 200mm
0,8+ BASE VALVE COEFF
10

TRIPLEX RECIPRECATING PUMP

Sl clAL a6l Al (uiSal) qupudid il B (5 s Jiial (2) Joddl
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£Dlial o Lae el aleca ye il 4 glia 33b  Slad (Suction Valve Blockage): sl alaa dlauil o
¢JalS 5 S ) sl o 0Sans ccannall Jaia (midy 5 A3 gy

A aY) okl dlaa 6 axill daglia 3ol ) 8 Jich (Discharge Valve Blockage): 2 bl slaa slavil o
tdiall 3k (8 L gmaa g okl v b a2 )1 () g

Laa (3 pall dgee ol (Sl 48 ja o dlia) iSial 38 dilaly Jhall 138 Llud (Bearing Wear): delaall JSU - o
¢ ) Y o Sy s ASalSiall Saaiall & S

Lade il aria 8 ala aldd) & gany Lo 85 Sy A8y Leliai &y gmam o2 ) (Cavitation): <aisadll 38l o
Al ) laria e Jaxaall Jiy

dagll 028zl &g sl Alladl 8 (9100) s Aeddead) Al (8 (%0) G2 sl s ieS Jlae JS 304 Jidd
A s )y aSall by ) 23 sadl) Y alas e

clibd) A gy Jadal) gl 2.2.3

L by Yl calide aa Jaladll e a3 )38 g 23 gaill 4 e Glaal e gile il (gl it BlSal) qﬁf

el
Cag sl o) lSlal (RPM) dalide o) 50 Y arae 2 G.'Jj.qﬂ\ o A (Motor Speeds); Sadl Gl o
. L. :..~n

Al Ja ¥ s Jiiadl k) sl s & il AN da s a5 a kI ) lasiin o

5ol adl da 0 DRI Aaida sl RAEKY b ddh e lieY) b sl sl all ds e Bl pallad o
Lllull 48 5 3L )

s 3 i1 488 A ) B2l BlSLaall Jn (5 ya 3330 A g (e Jlany 3 1 el il ) g i s I

el o 3at gyl IS g gl paniay Loy cAilinall il s jliaud) i st iy Sl sane ciadi] @l il gha dia

G Gaeall

gl dbla) g A Uil ladind) ity 315 .3.2.3

4 Saalinall 3lSLaall A (e A8 Ale LeUlaial el by o 65 &5 ¢ Laall Gadatll 5 Ay i) A daill (s sadl) a3 )

Cagyla Slad dadly iy 50l (G 5SH daga ghall oda Sady ¢ (3. 1)amdll 8 255 WS cdaiaall by )l 23 galll

Al ULl el (e Lo daladl) Jlac Y Lalail 5 dugial) Jull

s A 3l Odlebaal) s 5 Ala JS Gy caliiad Goslaall Jhaall g 53 sl Cagjla aashy slSlal) dle Sy

s Lae caiadiy Jhaadl da 50 pa 38150 Lay (ol Jlise ol IS 358 5l alacall daglia Jia) zasall Jals dlal)

LSaalinal) Al gl 5 yilie

A de Ulaia) il paiiual) <l L) ) Ak &5 oz salll ) 5 g

¢4 shal JS Al (Sl AS a5 S0 5 Haed) Saalial) (e (3idia (Pe(t)): U shaul) bz o

¢ ) 33 a8 aodii g (Sl Ao sanal A0S0 ISalinll e (el gp(t): el g )l o
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G yaall e ddiaal) aca i 53 JSI SlSoall Jaall e 13l ) cind Tm(t): <aall eSS
oe ) iy sl BlSlad A puinae e Uhaal el gain Caiial ¢ e liall @8l 5l (pa UL 038 (585 oo )
.(Becker, 2022) il 15) jiul 5 48l 5 ST bl Jragy Lea ediid) Jal sall 5 jladiu¥) 8 jeal
delbay) jladiuy) cliby Jo Jia 3.3
o5 A M Ao UlaaY) ladin¥) il e e (1) Jstal) 8 ¢t 235l e i) 5 Al a5
USla el Al 5 6lim i 2] 2my ) e (2) sl glsd Laiy chiaall gy 3 BlSLaall (a5 5t Lo J pamal
Agal) Galall Cag oyl

Gl sl BlSkaad) a) MARBEINT e lihuaY) jladiul) iy e die (1) Jsta

(Umal) & aall (2&/a) JsY) GuSall £l (0% LAY L shaul) i (&) e
5.00 0.00 10.00 0.000
5.10 0.50 10.25 0.001
5.25 1.20 10.80 0.002
5.40 1.80 11.50 0.003
5.55 2.30 12.30 0.004
5.65 2.50 13.00 0.005

AWGN(sba gz 48l 3y ) L gdiall Ao Uil jadin) cliby (e ddee (2) Jsa

(Ual) & aall L (2&/a) usall £ sl (L) Bl (&) e
5.01 0.03 10.02 0.000
5.08 0.48 10.23 0.001
5.23 1.22 10.77 0.002
5.42 1.78 11.55 0.003
5.53 2.33 12.28 0.004
5.66 2.47 12.98 0.005

i) Ay g asl) A6 Galiad

(3.1).pnsll 8 an yi a3 LS ddimll 5l o lull A€l slSlaall dam Jglaall oda (A dua g yeall all
AU goabaall () laad 55 sty

Pe(t): bl shu¥) laxia a8 o

Cranza Lzl 2 el Alladl 88 il @l shud Jals GuSall 48 ja s Jiall 30335 Sl (e adll) 028 7 jaiud
Gl sh e sla sy clalasall @l ) 525 GuiSall A ja (aSiry s 4l (50 S5 (UL 305 10 () (b (A (Sl
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Jolases aatl) GuSall plial e Jio e Jia) a5 ¢(Mao et al., 2018) £ il liiadll 3 jpaall pailadl) ae
B3 sy %155 Ow sl B Aoy Jasall (5 gusalll il A gl 5 aliad) eday (Dl sk 36l o JI8y s
Lo giall Jazazal) adi i o(dadi yo 4530 550 A sliaS Jiag) 2 kal) alana lass) Al 8 Ll ¢ gl (S35 8 0 535 g (Jhaadl
Zhang & Li, Lh!) dle ot ax o Jxsila Lbaia ad elis b 35 e S8 ) dead (550305
(2018.;Wang & Hu, 2006)

ap(t):osSall & Jlsiaf o

A5 A5 nell 6 58l pe puSall Jold e aaia s (AS i) <l gSall ASalSaall AS jal) 1Salinn (e il 038 (aliind
ke Upsn Uaw Lelady BB 20/ 50 o gl af psloB Amalll G RN bl
(ol all e e liati ) g jlul) daas (o i Adlal (558 ) seda ) 3 S5 sl SuilSae IS 2 5a 5 1Y)
(Wu et al., Jae ¥ [adis 8 deadiual 5 5ad W |5 e Ledaay Lae 63 )LEY) 8 Baaa 40 55 i oS Jad
adl o daad) aca i A KISl deadl o 13l ) aill 028 casd Tmi(t):€l sl S 252020)
LAY e Gy ual 855 (o Al D) 8 & jad) LS 7 5l iy ¢S g Jariall (5 58 Jady 5315 ¢l yeSl)
OSaiy s ¢SSl Jaall 23 cllaall dlawd) 5l Jalaal) JSU Jie I8 5 g s dlla 8 Ll ol 550 (uSai 4y ) 50
Loy e leSh Ll aa il Ciuka 8 3aa dils liga ) sela 51% 2010 Aamdy LU dans s 535 JSG e elld
«(Kim et al., 2020; Becker, 2022) Jbe ¥ jainis o8 (MCSA) S jaall Ll ad o8 dilas (salie e 390 5
oabiad # il e g0l lleay Lae deliasy cul HLaY) dallee dla jo 3 Aellaa¥) bl oda o o) Qi
8y JheY) Cuieail Gaeall alail) zilai o)y 8 Lida g &5 Gay (CWT) atesall oagsall Jasal aladiuly 3 huee
e

CWT Scalogram - Healthy Pump (Cylinder 1 Pressure) 1e6

600

500

400

Frequency (Hz)

300

Magnitude of Wavelet Coefficients

200

100

0.525 0.550 0.575 0.600 0.625 0.650 0.675
Time (s)

(1 ad pusall bus) daglu Adaal jaieall (g 9all Jugaill ) ja gl hhbia (3) Jodd)

i) 4y g slida gual) ddz) 4.3
(Addltlve White 48liaa :\,.w}l.c ;La.a:\.l ;.LAAJ.\A d\AJ“ r:j 6:\.91_\&\1\ Qh\:un :\.G)AA.A 3\4)..4} 2:\’3\} SJLL}S
Al L5l 23 el e ladd & 238 L) S ) Gaussian Noise — AWGN)
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53! 5l Al @l sl e il (i giill dum e fale () sSE AR ) el ULy Y 4y 5 a5 shadll o2 aa
B ga (e il il gine BSlae il Las ¢ (SNR)ebiasaall () 3 )LEY) G s elia gaall (5 siane B aSaThy clguds
:2\3\3-\1\ Ualaally \;\m\_g‘) glia gl ddlia) Aol e )..ué} ‘ (Torrence & Compoj 1998)&.3,_.143\ Sl }i C’_\\W\

Xnoisy(®) = Xclean(®) T Anoise (t)

.ol e sliia suall Aila] ay A lilana¥) 5 LY X050,

Audi (e 3 e c;"“l-‘.)h GS}J\ e Bile Al Mag il fx:dm‘j\ s LY Xclean(t)
g0 )late (5 e il jadl g Jha dou gie G glian dugle clia i IS e e :noise(t)
35 6l (SNR) el gl 1) 5 LEY1 s ini 1) 4508 5235 (9357 Com coloim gl s 3 oS5 iloe -

sl (5 gia

(a2 5 Jhaal) & 55 ol dailes) Jarndall Als ) s ) (Labels) Lo s ae Ul 583 cdia ) <l JLaY) ad 55 ey
dal e JOA EaY dalled)) 5ol Pandas DataFrames Jshas sl NumPy b sioae 2 6 adasil) 13 Lais)
el bl eyl

Adagl) bl g p g sl) g Ao lihal) clibyll 4o ganal Lpapliall 434d) (3) Jo2a

GUaill s jall g Al Sl ) Aadl) Al aail) SNR B g5 A
(VL8 Si/laiin) (Saed) | Sl | A | S

(ol Aoy daiad) ayaal / 2&/a [ £50 JL10-30 30| e il | 001
A A (Bl (atad (Jamil mal5-8 zlia

& Azami, 2021) ,(Al-Jumaili &
Jabbar, 2020)

o Al i ¥l e o) L 5 haxazall (alaas) 25 | 20% cod | 002
G sal) Jlae Y1 & gl (A glaiiy) 5—15%Awsis Al
(Zhang & Li, 2018 oeSal)
C¥alaa (A S 5 Hael) daslaall 20l ) / (Ok (335 bazall gl ) 20 | 60% Alawil 003
4 g jeall Jlae V) Laladl calasall 3435 —10) < aall i sy alaa
Zhang & Li, 2018) ,(Kim et ) %)20 3kl
(al., 2020
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CWT Scalogram - Healthy Pump (Cylinder 1 Pressure) 1e6

ncy (Hz)

Freque:

o

Magnitude of Wavelet Coefficients

e
o

0.600
Time (s)

dasall KU al 2 gl CWT  habida (4) ol

2.00
175
2
g
150
g
_ H
z 1255 .
CWT Llia
;7 100 ;
& £ T .
mé FEUSI| ?‘ PES }J\S.u
2
z
050 a a l!
r
025
0.600
Time (s)
- . . &
Aol dduiaal o) ja S CWThbda (4) Joil)
CWT Scalogram - Bearing Wear (Cylinder 1 Pressure) 1e6
T 3
20
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el Cun ¢ (CWT) sl (o sall Jasatil) aladinly Liadlas 2ny <l JLEB (g3 - e 3l Caall il sua 1) 038 Jiai
JEaY W Gaead) aledl) ziles o Jga Lae cdilina) Jlae Y1 Jalail 5 daglall Dadl (g 4 joad) lEDERY)
wailadll 7 Al g &l Ly dallee 5.3

il b Lete 5y Guead) aill zilal (Say pailad ) AN bl Josatdl Ruulad §gha @l LaY) Aallae
coaiiadl) #1 Al sadl 0 sad Al i ey e el cilleall (g Tae dla el oda Jodiiy  JeY) e ity
oaddie mb a5l (Band-pass) GUaill el wlsall Jie dpad Il clacdi pall p23id Cua sl gudal) i Yl
s cJhadly A jall Glesleall Aol paliall 8 58l 050 e el e LSl A13Y (Low-pass) il
(Mao etal., 2018; Wang & Hu, 2006; Lee et al., 2021). telias 5 jaiul 53 L3Y) el laal 45 )5 jin b shad
o bl ana JlE) Alagie o) Alaxie 5yl Ak ) 2 g5 ) AL shall die 3l Judladl 28 Cun ¢ a3 anedill) (G
G AY) 235l B g gl g sall Jiladl) Sadat J8 Ua geads a3l 5 e Apmam gl il il Jilas (Sais eo a IS
(Lee et al., 2021; Zhang et al., 2023).

8 BaY aaaid ) A58 dae N5 Aoyl pailaddl 2l aduY deedle ST Ledeay (S bl @ shall o2a (3¢
kel A oy il

aibadll z1 Alul g (CWT) saewal) g gall Juladl) 6.3

J3ad ) @il 4 il daiaal Jlaef (apiiil Ayl dagiall 8 LaulaY1 SN e palisad] g gal) Jygadll 32
(Scalogram).sl g WSl auly Cajmy g i gie) Jiad Al Sl Jdadl e MA@l edid)l @l L)
& Lass Y edliall dgia 1) ol LEY) A L el ameay B e palliad (adlaiul Lo 45,8 8 Jysaill 1 dpeal (a5
e 8y CWT Jna «suliill a8 Jisnd @A oy o Mall Saalinall 3l i olim gually ansti Al Joiil] g
sodall a5 AL e cul iy Jilanl Als S1af Adeay Lae clie 235105 el (e JS (B Gl il ) 5 aaa
(Torrence & Compo, 1998; Mao et al., 2018; Lee et al., <lacaall 8 Jdae O 3 jaall cilawd) Jiai )
2021; Zhang et al., 2023).

6235l ) gine LY 56U )5 g sl s cdaiallS dellaial¥l el i) e s lal JS e Jysaill 138 3ilals
VA ot e dnaall GlGAN (a8 3 EaY aadied B U jeas S gl Lae (a3l e oy skl aiiy Aadll
Adlle dEy Jae Y 5 Al

(Torrence & Compo, 1998):4ull A8Mally Ly ) (CWT) _aiusall o gall Jasaill 5 LS

CWT (a,b) JM ! (t_b>dt
a,b) = —xpVy|—
— o0 1/Ial a

JLaVEN
¢35l (8 bl o) ) LalSe can il GuSe Jag o) o uliall Jalaa 58 i1 @
‘L)A‘)l‘ J9a ‘;‘c 3‘)\.&}” cA}A .JJ;_\QQJ“ :L\.m‘)j‘ a;\‘):}[\ Jelza A :h e

.ey\ A gall Syl 38 ) 58 Yo °©
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LY 5 A il 5 A 30 A8y 380 035 e e el cinll 138 B oY) Anggall (S 4l ) e Ay e LA o
ld laa il Al dglass Glasal asliall (unliall Uas aaad &85 (Jlae Y1 (apdidn g <l 31 Y dilad 3 Lealasiiu)

el s ISy Jlae Y e Al Ll lehs) 5 alall

2l el e ol de el Adal) Jid (p) k) dlaY) AdS ddsias CWT Gabd e i
Sedan 3 QU Jae ad e dlaal) cV ce dalad) VAT Gadi LINA e (S 8 nae Ualadl cilal g IS s3a e
G s Ay (Sar e sa sl 550 e 2ana s 3a DA (e g2 Bl de Al R %) gea & Jhaall
A sall dday 2l 4
) 2l dalal dna 1 L) Jysad iy 3) (ABaDU) Gaead) aladl) Ala e dgulel COAMS Gl e ISl oda aadiud
il e ey Winllae (Say L) Lo Caat daga I palbadll #ljaiul dage disad b)) 4 ) 5ea
.CNNss 48laiy) Sl
JUae ) sy (Gaaad) alail) 7.3
Gaaad) aladll zilad Gy 5 8 AUl ULl padiud « CWT e paibadll 71 jadul 5 <l JLaY) dallas (e sleiil) 2oy
Jhall g 5 way ddmd] Alasdll YA Caiss Jal o
Gaend) adill clilal) 2le) L1.7.3
sl 83 sa Glawal Apulal @l shi s o) ja) Caay sl Z3ld) ) clild) Jlas) Jé
Zaulie NumPy <l sias L) Lie daadudl dgbasy) pallasll 5 2l g Sl Ll ja J3ad cclild) Jysas o
TensorFlow/Keras. <LiSa 8 Lllay
150 o) adl) 3las a3 Standardization s Min—Max Scaling Jie aadall il sihad camadl g audaill o
Aol il (s alaill dlee el ldg o1 (5 st (5 obma iladl 5 (g sien Jasi gias
Agud ) e gaae G ) i) s B L8 bl i o
de ganay oSl L8 aiey el sl (15%) G3adll de sene (zisall aldedl (70%) crodll de sanse
Mase A ye e Gl o z3sall elaf apiil (15%) laay)
(One-Hot Encoding):ldll jue 3 o
Ll aaeie ol alga AN S oy el ) (Ml (M Madl Jie) VAN Cilans J3a
(LSTM / CNN-LSTM)izendl abil) zilad azana’ 2.7.3
(Sun et dsasl) AN ol dde ju s 4is e (modsill Tensor Flow <liSa aladinly diseall zilaill aveai o
A3 a5 A yaall Cpulal ulS dleie ) &3 S <al., 2018)
Gl dalledd Bapad deaadll o jpailly dyshll 5 SISl 0 JST ) dida (e callhy (LSTM gisai o
(Hochreiter & Schmidhuber, 1997)3,LaY! Jals iy shll a3l Lla¥) S5 e g8 Juady dlulul)
. (Overfitting)alaill L j§ Julisl 245N cilidal) 38 of ladall o Dropout <lida x5
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Ll patliadll adaiu) 4 (CNN) adlaly) Glill @l s o aesy 0 CNN-LSTMipaddl z3salll o
a3l Ll Qs 8 LSTM 55 ol 2 SISl 1ol A (g A0 il
%>d Reshapes) Flatten dls e 4303 ¢ Scalogramssia¥) 4l bl )3 ae Jaladll 22 Conv2D § 55 padid
AU LSTM iy Leday )5 il Al
aillad il e 5o 5 (LSTM e dute 3l ciladtiil) s ) ¢ CNNL= 4na il il sl e Capatll zaall 13 iy
(Lee & Kim, 2017; Li et al., 2020) delie claghs 4

gl axi g GSLA.'\S\ )X 3.7.3

ol e o

Adam il (Categorical Cross-Entropy) <lll aseie Caybaill duliall 3880 Alls aladinly oz 3ail) oy y35 o3

(Yang et al., 2021).Suill lE5 ag poust (8 456l Ca gyl

e Sl G AT Sabad pe ey il el 3 el w05 (W) oant ) 1 3S (Accuracy) sl 48y Crariinl

S L i aid 3ad) de gana ela] A Gueaill (a8 g3

eV s e

aliall (e de sama alasinly alal) Ll (uldl Al il de gaan o zaladll L) &5 ey al olgil axy

rJedd cdpulall

¢l Jaa) (e dasall Glipiaill 40 (Accuracy): 4831 -

ialadll YA en (30 e S LLE) 2 3 YA G (Recall): sle syl -

s se Ll o cadila ) GV ases o dsaall YA daws (Precision ): dslagy) 484 -

) s e bl Gl 0S8 e aaiud s cole S5 A8 (81 gl Jane i) FI: e -

o) e oo ) b)) aaai g 438 S S 8 23 saill elal xaa sl (Confusion Matrix): osld¥) 4d siias -
(Kankar et al., 2011).

e Y1 Cagiomi 8 Allad Y1 2l 3 CNN-LSTM e LSTM 3l ool ¢y o) e Jilad s af 151

Adiaoll dalis o) Ale &) WS i
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A s )

AN da0 il Aaadll CJ}A—\ sl

2l g dae)

(3e siia Jlae | 5 dadu ci¥la) duelilaia¥) il w5

o

el

gzl 5 LY A sl o glad) (an) maaal) ddL)

Al A yalf

(et s i yi s A) LU 45V dalladl)

(CWT) aissall (g sall Jy 53l

25 el o)lsE sail (Morlet) 4d) s s e Gk

aibadl) ) Aldul g 8 LY Axllaa

Ay Al (Scalograms) e\)f;;l\&ml\ Ll A L)

QAN A gl

al)

(Do iy anii g adai) oy paill ULl Aiyes

(CNN) A8 ASull) 3 5a8 )

andill 5 (3aasll

(LSTM) 4l ASulll =3 s oy 8

(CNN-LSTM) el z3sall oLy

() A8 shian — F1 — gla yia¥) — 2831) oY) aps

[ Al ALY 5 gl ]
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A8l ui 4

iy Jia b il agsall dysadll aladind dled adl cual i Colall gl (ol il i Juadll 18
Z3 aladinly Jae V) Vs Caieal b Wi 65 23 (e g cal 2 sl Tl ja (K3 e 40 4o yill Azl <l ) yial
P ) 23l A Al ) 5 i aall el

¢((CNN) 2>l dyuaall 40510 o

(LSTM) sl alysha 5 5 puaill 3 SIA 405 o

A3l 5 A8l Gaibaddl gy ey oA CNN-LSTM el z35adl o

b e Cliby Cle gada o (Al anadll) 1.4

(352 100 &) 50 () anall 53 same by Gle sens aladiuly Dzl las) 23 claill e SV Al ) &
DS e pana o cupaill 8 S A a3 ) g0 panadd Ji oo 5 Y 23 saill aad s 316V (5 saall (e Gaaill Gl
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Appendix A. Physical Modelling and Synthetic Data Generation Framework

A.1. Mathematical Modeling of the Triplex Reciprocating Pump

The triplex reciprocating pump model is constructed based on the conservation laws of mass
and momentum within each cylinder, as well as valve dynamics. Each pistoni € {1,2,3}is
assumed to operate with a 120° phase shift to ensure nearly continuous flow.
1. Piston Kinematics:
x_i(t) = rcos(wt + @_i) + 1 — V(2 = (rsin(wt + ¢_i))?)
2. Chamber Pressure Dynamics:
dP_i/dt = (B/V_i(t)) » (Q_in,i — Q_out,i — A_p * dx_i/dt)
3. Valve Flow Modeling:
Qv =Cd* Av x sqrt(2 * |P_up — P_down| /p) * sign(P_up — P_down)
4. Fault Representation:
- Seal Leakage: Modeled as a bypass orifice with variable resistance R _leak inversely
proportional to leak severity.
- Valve Blockage: Represented by reduction of A v by a percentage (20—-80%).
- Bearing Wear: Modeled as sinusoidal fluctuation in piston velocity phase and

amplitude.
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A.2. Synthetic Signal Generation
Synthetic datasets were generated using the simulated time-domain pressure and vibration
signals, under both healthy and faulty conditions.
Sampling frequency fs = 10 kHz, duration per sample = 1.0 s, total signals = 600 (divided into 6
fault classes + healthy).
Noise Injection:
y(t) = s(t) + n(t),wheren(t) ~ N(0,6%) with SNR ranging between 20-40 dB.
Transformation using Morlet wavelet:
CWT : W(a,b) = [ s(t)y =((t —b)/a) dt, producing 224x224 scalograms for
CNN input.
A.3. Python Implementation Overview
import numpy as np
import pywt
from scipy.signal import savgol filter
def simulate_pump_signal(fault_type = "healthy', noise_level = 0.02):
t = np.linspace(0,1,10000)
base = np.sin(2 *np.pi* 10 *t) + 0.3 * np.sin(2 *np.pi * 50 * t)
if fault_type == 'leak':
base *= (1 — 0.15*np.sin(2 * np.pi * 2 x t))
elif fault_type == 'valve_block':
base += 0.2 *np.sin(2 * np.pi * 70 * t)
noise = np.random.normal(0, noise_level,len(t))
return savgol_filter(base + noise, 51, 3)
signal = simulate_pump_signal('leak’, 0.03)

coeffs, freqs = pywt.cwt(signal, scales = np.arange (1,128),wavelet = 'morl")

Appendix B. Neural Network Architecture and Training Parameters

B.1. Overview
This appendix details the deep learning architectures used for the classification of reciprocating
pump fault conditions. Three models were evaluated: a Convolutional Neural Network (CNN),
a Long Short-Term Memory network (LSTM), and a hybrid CNN-LSTM model combining

spatial and temporal learning capabilities.
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B.2. CNN Architecture
The CNN model was designed to process 2D scalogram images of size 224x224%3 generated
from the Continuous Wavelet Transform (CWT). It consists of four convolutional blocks
followed by fully connected layers and a softmax output layer.
Layer Configuration:
- Input Layer: 224x224x3 (Scalogram images)
- Conv2D (32 filters, 3x3 kernel, ReLU activation)
- MaxPooling2D (2x2)
- Conv2D (64 filters, 3x3 kernel, ReLU activation)
- MaxPooling2D (2x2)
- Conv2D (128 filters, 3x3 kernel, ReLU activation)
- Flatten
- Dense (128 neurons, ReLU)
- Dropout (0.5)
- Output Layer: Dense (7 neurons, Softmax)
B.3. LSTM Architecture
The LSTM network was used for time-sequence representations derived from vibration signals
directly. It consisted of one or two stacked LSTM layers followed by dense layers for
classification.
Layer Configuration:
- Input: Sequential signal data (10000 time steps)
- LSTM Layer (64 units)
- Dropout (0.3)
- Dense (64 neurons, ReL.U)
- Output Layer: Dense (7 neurons, Softmax)
B.4. Hybrid CNN-LSTM Model
The hybrid CNN-LSTM model combines spatial feature extraction from scalograms (via CNN)
and temporal dependency learning (via LSTM). The CNN layers extract key spatial-frequency
features, which are then flattened and reshaped into sequences to feed into the LSTM layer.
Layer Configuration:
- CNN feature extractor: same as CNN above (up to Flatten)

- Reshape to (timesteps, features)
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- LSTM (64 units)
- Dense (128 neurons, ReLU)
- Dropout (0.5)
- Output Layer: Dense (7 neurons, Softmax)
B.S. Training Parameters
All models were trained using the same hyperparameters to ensure fair comparison:
- Optimizer: Adam
- Learning Rate: 0.001
- Batch Size: 32
- Epochs: 100
- Loss Function: Categorical Cross-Entropy
- Validation Split: 20%
- Early Stopping: Enabled (patience=10)
B.6. Evaluation Metrics
The following statistical metrics were used to evaluate model performance:
1. Accuracy: (TP + TN) / (TP + TN + FP + FN)
2. Precision: TP / (TP + FP)
3. Recall: TP/ (TP + FN)
4. F1-Score: 2 x (Precision x Recall) / (Precision + Recall)

5. Confusion Matrix: Visual comparison of predicted vs actual classes.
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