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Summary:

In industry, keeping the production line running in good conditions, is an objective of the maintenance
department in a factory. This is crucial to avoid both of the equipment failure and the production loss.
The same concept can be applied to maintain the proper operation of the medical equipment in a hospital.
To achieve such a requirement the hospital should organize a predictive maintenance program that
anticipates any operation fault and gives the necessary warning to take the proper maintenance action,
This goal will guarantee the safe operation process of the equipment together with .he reduction of the
maintenance cost. Getting the accurate information about the equipment performance at the right time is
necessary to detect any fault occurrence, In this work, the Electrical Signature Analysis (ESA) is applied
to identify the medical equipment-operating modes, ESA is also applied for fault detection during the
equipment performance. A noninvasive data acquisition system was built to record the electric current
consumption of the equipment. Based on the recorded data, the operating modes are identified and its
performance is evaluated. The developed system is installed and tested to monitor several types of
medical equipment. This monitoring technique was able to detect modes of operation, faults or
degradation of its performance. ESA provides quantitative measurements of the equipment effective
usability. Such measurements give indications about the equipment availability. Promising results were
obtained from testing several equipment.



Disclaimer

1 hereby decline that this thesis is my own original work and that no part of it
has been submitted for a degree qualification at any other university or institute.

| further declare that | have appropriately acknowledged all sources used and
have cited them in the references section.

Name: Essam El-Deen Naguib Mohammed Tawfik Date: / /2020

Signature:



Dedication

My heartfelt thanks go to all of my family members and especially my friends Dr.
Zaid Abduh Hassan, Eng. Hossam Senior, my daughter Ola, and my wife whose
sacrifice, support, loves; caring inspired me to overcome all the difficulties throughout
my academic life. This dissertation process would not be successful without having

their patience, love, and dedication.



Acknowledgment

Thanks to God first and foremost for his generosity and grace on me in the
completion of this thesis. Then | would like to express my sincere appreciation to my
thesis main advisor, Prof. Dr. Ahmed H. Kandil, Prof. Dr. Ahmed M. Elbialy, and
Associate Prof. Dr. Sahar A. Fawzi for the encouragement, guidance, critics,
advices, motivation, idea, and his patience from the beginning to the end of this thesis.
Without having his continual support and interest, this thesis would not have been the
same as present here.



DISCLAIMER ...ccuuiiiiiiiiiiiiiiiiieiiitiiestotatcsstessscsssssssosssssnsssnsonne |
DEDICATION ..iiiuiiiiiiniiiiiniiiiinetesessscssesssssesssossssssssssssosssssssssnssons 1
ACKNOWLEDGMENT .1utiiiiiiieiiiniiiietseatesecssarosnscssssossscsssssssscsnsns i
TABLE OF CONTENTS ..iuiiiiiiiiiiiiiiiiiiiiiiiiiieiiiatciistesntcsnsssesscsnscnes v
LIST OF FIGURES ..c.uiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiniiieiatintosssssssnsossnses VII
NOMENCLATURE .tiiitiiiiiiiiiiiiiiiiiiiiitiieietntcsetsestcssssssssssssssnssonns IX
N S 1 R Xl
CHAPTER 1: INTRODUCTION ...cutiiiiiniiiiiinrieiinnicscssccsessscsssssscsnnsss 1
1.1 INtroduction .....coeveiuiiieiniiiiiiiiiiiiiiiiiiiiiiiiiici e 1
1.2 Thesis ObDJECtIVES «ouveeiriiieiieiieiierrerrarsessessassecsrsnssssssssssosssssssssssssssss 2
1.3 Challenging and Contribution Statements ............cccccvviiiiiiiiiiiininnnnn.. 3
1.4 Thesis Organization  .i.iieceiieeeireeeieesnsesensersssessscnsossnssssnssssssessasessas 3
CHAPTER 2: BACKGROUND ...ciiitiiiiiniiiiiinnicissnsicssssscsssssscsesssccsnns 4
2.1 Medical eqUIPMENt ....cuiiiuiiiiniiiieiiiinieiieeisacntersnssssnsossssessnsessssesssss 4
2.2 SMArt hoSPItals ..ooviveiieiiiiieiieiieiierieiieirersetseteecnsssossssssssssssssssossonass 4
2.3 Reliability, Availability, and Maintainability...........c..cccciviiiiiiiiiinna.. 5
24 AT B 10111 (P 1 6
2.4.1 The Corrective Maintenance (CM) ..........ccoviiiiiiiiiiiiiiiiiieeenn 8
2.4.2  The Preventive Maintenance (PM) ..........ccoiiiiiiiiiiiiiiiiiin, 9
2.4.2.1 The Time Based Maintenance (TBM) .............cooviiiiiiiiiiiiiininn, 9
2.4.2.2 The Condition Based Maintenance (CBM) ................ccoevviinenne... 10
2.5 Condition MONITOFING tueeeiieieireinisecerreenrescessssscessssessnsessssessssnssssesssas 11
2.6 Electrical signature analysis (ESA) .....ccveveiiniiuieiiiiniiiiieiiiininiiinnenenene. 11
2.7 I 3111 L D T 1 ) | 11
2.8 Degradation .....ccveeveiiiiieiieiieiieiinionionisetsessersassatsnssnssnssnsonsonssnssnsons 12
CHAPTER 3: METHODS AND MATERIALS ...ccccviiiiiiiiiiiniiiiiinnicnnnns 14
3.1 Proposed SYSTEIM ...cuvveiieiiniiniiniiaiieiieisntsntsntsssesssssssssnssssssssassssssssnssass 14
3.1.1 Modes of operation calculation ...............oeevuiuiiiinininiiniieeienn 15
3.1.2 Fault detection calculation ................oooiiiiiiiiiiii 16
3.1.3 Degradation calculation ... 17
3.2 Hardware Design «....ccoeveiniiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiicneieceneceene 17
3.2.1 Hardware components and materials ...............ccccviiriiiiiiiiiiniinnennn.. 18
3.2.1.1 ATmega328P microcontroller ..........ccoviviiiiniiiiiiiiiiiieieaeenen, 18
3.2.1.2 Arduino UNO board ...........cooieieiiiiiiiiiii e 19
3.2.1.3 Arduin0 NANO DOAID ......ocvrvriiiiriisieiie e 19

Table of Contents



R I S O 0 ¢ =T | A1 4 <o ] SO ORTRI 20

3.2.1.5 BIUetooth module ........cccceiiiiiiiiiiece e 21
3.2.1.6 Alphanumerical LCD diSplay .......cccccocerveiviiiiieninneiereeeeeese e 21
3.2.1.7 Graphical LCD diSplay .......cccoviviiiiiiiiiiinicieese e 22
3.2.1.8 TFT LCD diSPIAY ...vcveteireeieirinieieii sttt 22
3.2.2 Hardware Design VEISIONS ........ccccorerrerierninirieireeeiese e 23
3.2.2.1 Microcontroller design with Single SENSOF ..........ccceeriveiiriiineiree e 24
3.2.2.2 Arduino with alphanumeric LCD display and single sensor .................. 27
3.2.2.3 Arduino Nano with Alphanumerical display and zero-point calibration 28
3.2.2.4 Arduino with Graphic LCD display and single sensor ............cccccvevnene. 30
3.2.2.5 Arduino Nano with TFT LCD display and three current sensors ........... 31
3.3 Software of the PropoSed SYSTEIM ........ccoeiiiiiiiiieseee s 33
3.4 System Calibration and VerifiCation ... 35
CHAPTER 4: RESULTS AND DISCUSSION .....ccoooiiiiiiiiini e 36
4.1, RESUILS ...vviuueeienirneiicnsnnicsssssreossssscsssssssessssssesssssssesssssasssnssressistsessissesssssseesssnsseessssessses 36
4.1.1. Simulation using Proteus SOTtWArE ...........cccoceiererieininieieee e 36
I I I = T T ol 31 (o | SRS 37
4.1.1.2. Alphanumerical display with zero point calibration ...........c.ccccooevneennn. 37
4.1.1.3. Arduino Nano with alphanumerical LCD display ..........ccoceovvvieneienienan 40
4.1.1.4. Arduino Nano with Graphic display .........c.ccoceeriininnininiece 42
4.1.1.5. Arduino Nano with TFT LCD display & three sensors ..........cccccevvveveenens 44
4.1.2. Practical experiments of the proposed design..........cccvevrererereieiencnienen. 46
4.1.2.1. Modes of operation deteCtion ...........cccoeiereiereiennenneee e 49
41211 FANTHEALET ..ottt e
4.1.2.1.2. Dental chair
4.1.2.1.3. INTANE WAIMIET ..ot 51
4.1.2.1.4. Infant INCUDALON .....c.ovviue e 51
4.1.2.2. Duration calculations of operating Modes ..........ccccevevvvriievececic s 52
4.1.2.2.1. Laboratory CeNtrifUge ........ccoviiriirieieciiree s 52
4.1.2.2.2. Electrosurgical unit
4.1.2.2.3. Medical ventilator
4.1.2.2.4. PROLOTNEIAPY ... .c.veiriiieeeiee ettt
4.1.2.3. FAUIL dEtECLION ..o.veeiceeee e e
4.1.2.3.1. Spectrophotometer
4.1.2.3.2. Chemistry ANAIYZEN .........ccoiiiiiiiiieiee et e 62
4.1.2. 4. Degradation deteCtion ..........ccooevvenieinieecee e 64
4.1.2.4.1. Heart Lung MacChine ..........ccccoeiiininiiiieiieese e 64
4.2, DISCUSSION ...ttt ittt sttt ettt et e st e se et s be st e st eneesease et e s enestensenenneas 65
4.2.1. Modes of operation MONITOIING ........cccovrerereiiiierierierieeee s 66
4.2.2 Calculating the operating modes duration ...........cccceoeriereeienenenie e 67
R o 10| | o (=] (=Tox 1o AR 68
4.2.4 DEQradatiOn ........ccveiuriirieitiriesieieie sttt ettt 70
CHAPTER 5: CONCLUSION AND FUTURE WORK .......cccooiiiieeieee e 71
5.1 (0] 0 10] [T S]] L SO SSSRSN 71



5.2 FUBUTE WWOTK oottt ettt ettt et ettt e e s e ettt e e e e s e e e e et e e s e esenrareeesenaans

RETEIEINCES ... ettt ettt ettt e et e e et e et e e et et e et e e eteeeeeeeeeneneens

Vi



List of Figures

Figure 2.1: Maintenance cost control for planned and unplanned work [44] ..........cccccveu..e. 7
Figure 2.2: Maintenance strategies versus system efficiency [43] ....ccccccooviveiiviiiiiinenenn, 8
Figure 2.3: Main types of the maintenance strategies [45] .......cccoevririneneieise e 8
Figure 3.1: Block diagram of the proposed SYSTEM ..........cccceveieiirineneieiese e 14
Figure 3.2: Operating modes detection by electrical consUMpPLion ............ccccevvineinieninnns 15
Figure 3.3: Flow Chart of Fault Detection SYStEM .........cccvcvveviieeicie e 17
Figure 3.4: Pin mapping of an ATmega328P chip [108] ........ccccovivriieieiieine e 18
Figure 3.5: Arduino UNO board [111] ...ccecoeieieieeieee et 19
Figure 3.6: Arduino NANO board [113].......ccoiiiiiiieiiiiese s 19
Figure 3.7: ACS712 Current SeNSOr [L15]....ccuciiiiieiieirierieieeise e 20
Figure 3.8: HC-05 MOAUIE [122] ...cceoiviiiie ettt sttt 21
Figure 3.9: Alphanumeric Liquid Crystal Diode (LCD) display [125] .......cccccoovivniiienienenn 21
Figure 3.10: The Nokia-5110 graphic LCD [127] ..cecoveieiiieee et 22
Figure 3.11: TFT-LCD for Arduino’ shield [132] ........cccciiiiiiiiiiiiiieieeee s 23
Figure 3.12: The different design versions of proposed SYStem ...........ccccocvrerenniineieriennns 23
Figure 3.13: The block diagram of a basic microcontroller with ATmega328P .................. 24
Figure 3.14: The basic microcontroller ATmega328P circuit diagram ............cccceeevverienne 24
Figure 3.15: The routine schedule of a microcontroller chip for a basic circuit .................. 25
Figure 3.16: The block diagram of a basic microcontroller board with LCD ..................... 26
Figure 3.17: Circuit diagram of basic microcontroller board with LCD ...........ccccoeininne. 26
Figure 3.18: Block diagram of Arduino Nano board method .............cccccoeviii i, 27
Figure 3.19: Circuit diagram of Arduino Nano board with LCD ..........cccccoeevviiiiinninnne 27
Figure 3.20: The block diagram of a basic Arduino Nano board ............c.ccccoceeveiiiiinnnnenn, 28
Figure 3.21: The circuit diagram of a basic Arduino Nano board ............cccceeeveveiiiiennenne. 29
Figure 3.22: The flow chart of a basic Arduino Nano board ...........cccccevveiineiniiencnens 29
Figure 3.23: The block diagram of an advanced Arduino Nano board ...............ccccveevenine. 30
Figure 3.24: The circuit diagram of an advanced Arduino Nano board .............ccccccvvnnenne. 30
Figure 3.25: The flow chart of an advanced Arduino Nano board ..............ccccccvviinnennn, 31
Figure 3.26: Block diagram of the Arduino board self-identification .............c.ccceeevenenis 31
Figure 3.27: The self-identification circuit diagram of an Arduino Nano board ................. 32
Figure 3.28: The flow chart schedule of an Arduino Nano board ...............cccccevviviienns 32
Figure 3.29: The real photo of the implemented CIrCUIt ............cocoiiiiiiiiiiieccee 33
Figure 3.30: The flow chart of the proposed deSign ..........cccoceiriiieeieiseeeeeeeeea 34
Figure 3.31: System Calibration ............ccoceiiiiiiiie e 35
Figure 4.1: Simulated of basic circuit with serial output data to PC ..........cccocovviiiinnenn. 37
Figure 4.2: Zero calibration (relay-off) with serial print ...........ccocoooieiiiiiee 38
Figure 4.3: An equipment on simulation (relay-0n) ... 38
Figure 4.4: An equipment off simulation (relay-off) .......c.cccooiiiiiiie e 39
Figure 4.5: Output data for serial print by the virtual terminal ............ccocooiriiiiiiniien 39
Figure 4.6: The output of current sensor by the virtual 0scilloSCOPE ..........cccocvvevrvrcreiennns 40
Figure 4.7: Zero calibration before monitoring for Arduino NANO & LCD .........ccccceeeee 40

vii



