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Abstract

The prior knowledge of incipient failures of primary flight command
electromechanical actuators (EMAs) with prognostic algorithms can be very
beneficial. Indeed, an early and proper detection and interpretation of the
deterioration pattern can warn for the replacement of the servomechanism before the
actual manifestation of the abnormal behavior. Such algorithms often exploit a
model-based approach established on the direct comparison between the real (High
Fidelity) system and the monitor (Low Fidelity) system to identify fault parameters
through optimization processes, with the monitor model allowing to acquire accurate
and precise results with a contained computational effort.

To this purpose, the thesis aims at presenting a prognostic technique consisting of

a simplified monitor model capable of faithfully reproducing the dynamic response
of the reference model in terms of position, speed and equivalent current, taking into
account the presence of several mechanical and electrical faults: friction, backlash,
coil short circuit, static rotor eccentricity, and proportional gain. Fault detection and
isolation is performed by comparing the output signal of the reference system with
the one obtained from the monitor model.
After that, the Genetic Algorithm is chosen as the optimization algorithm to match
the two signals by iteratively changing the fault parameters to detect the global
minimum of a quadratic error function. Once a suitable fit is obtained, the
corresponding parameters are assumed to be acceptable. The reference models
analyzed in this work have been previously developed in Matlab-Simulink by
researchers of the ASTRA Group of the Department of Mechanical and Aerospace
Engineering of the Politecnico di Torino.






Table of contents

LiSt Of TaDIeS...uuuuiiiiiiiiiiiniiiiiintiiisinieiisnnticssntnccssnsticsssssnesssssnesssssssssssssnsssssssnsssnns I
LiSt Of FIGUIES «.uueeeiiinneiiiinniiisinneiisinnencsssnneecssneecssssssecsssssesssssssessssssnsssssssnssssssanssnns 11
1. INErOUCHION cuuueeeecnenieiiiniieeiineeecssneeecssneeesssnneesssssseecssssseecsssssessssssasssssssessssssaees 1
LT OVEIVIBW ...ttt ettt et h e e et e bt e et e e sbe e st e e bt e eabeesbeesabeenbeeenbeennee 1
1.2 FIGIE CONEIOLS ..ottt et ettt ettt e et e e e e e aeeenbeeees 3
1.2.1 Primary Flight Controls .......ccccccoriiiiiiiiiiiieieeeeeeee e 4
1.2.2 Secondary FIight CONIOLS .....eiviuiiiiiiieiiieeeieeeiee ettt s 5

1.3 ACTUALION SYSLEIMIS ....euvvieiiieeiiieiie et etie et e site et e eetteebeestteeebeesseesnseessaesnseenseeenseensseenseensseenseennns 7
1.3.1 Hydromechanical aCtUAtION ..........ceovuieeriiieiniiiieniieeeiteesie et 8
1.3.2 Electrohydraulic aCtuation ..........c..eecueerieiieeniieeieesieeee ettt 9
1.3.3 Electrohydrostatic aCtUation............cvverterierieeniinieniesieeie ettt 10
1.3.4 Electromechanical aCtUAtOTS .......ceevveeiiveeiiieeeiiieeesieeeiieessreesieeesiee s sbe e essaree s 12

1.4 Brushless Electrical MOtOTS .......cc..ovutiiiriiiieieeiesieeiesiere ettt 15
1.4.1 BLDC MOTOTS ..cccuutiiiiiiiiiiieiiiie ettt s 15
1.4.2 PMSIM IMOTOTS ..uetteiiiieiiiee ettt ettt ettt ettt e et sab e e s b e s st essnreesnbeeeeaneesennes 18

2. High Fidelity Model........cccoovvurriecissrsnnneccsssssnnsescsssssssssesssssssssssssssssssasssssssssns 21
2.1 MOAE] AESCIIPLION ...veeueiieiiieiieeiieciie ettt ettt ettt et e et e e teesaaeebeessbeeseesnseenseesnseensnesnsens 21
2.1.1 COM BLOCK .. 23
2.1.2 TR ODIOCK ettt ettt et b e st e e sbe e sabeesbeesaeeas 24
2.1.3 Control Electronics (PID) BlOCK .......uetiviiiiiiiiiiieeiieeieeeeeeeeeeee e 24
2.1.4 RESOIVET DIOCK ...ttt s 25
2.1.5 INVEITET DIOCK ...eeieieiiietee ettt sttt et e sbe e st eteas 25
2.1.6 PMSM Electromagnetic Model block .........ccccveiiiriiiiiiiniiniiiiiiiccccccics 29
2.1.7 Motor-Transmission Dynamical Model block..........cocceviriiniiiiniiiniiiiienececiee 31
2.1.8 Signal acquiSItion DIOCK .....ccuviiiiiiiiiiiiiiiiiiesiie et 32

2.2 Reference Model Output RESPONSE ......c.eeeviiriiieiiieeiiieiieeieeriie ettt eaeees 33
3. LoW Fidelity Model......ccouiiiinvvniiiiisnnicsssnnicsssnnncssssssecsssnssesssnssscssssssssssssassaes 34
3.1 MOl dESCIIPLION ..eeuviiiiieiieeiieeiee ettt ettt ettt et eebeesteeesbeessaeesseeseeenseensseensaensseans 34
3.1.1 Controller BIOCK ....cvvieiieiiiiieee e e 35
3.1.2 Electrical Model DIOCK .......coiuiiiiiiiiii et 36
3.1.2.1 WiINding SC COrTECION. ...uvuiiriieiriieesiiee sttt siteesie e e st e sireessreessareessaseessaeee s 38

3.1.2.2 Rotor Eccentricity COITECION ......ccuevuviriieiririiriieniiereeiteie ettt 39

3.1.3 Mechanical Model blOCK.........couiiiiiiiiiiiieeeee e 41

3.2 Monitor Model Output RESPONSE......c..eevuiiiiriiriiiiiriieteeeerie et 43



4. Fault analysis and implementation ........ccoceeeeccessccnnnrecccsssssnneneccssssnsssseccsens 44

4.1 Introduction t0 fAUIES .....cocuiiiii e 44
4.2 FTICHIOM .ottt ettt et b et sh et e e st e sa e bees b e sate s bt e beeatenbeenteenneneeens 45
4.3 BACKIASI ...ttt s 46
4.4 SNOTE CITCUIL.....eetteeitee ettt ettt ettt et e st e bt e et e e bt e st e e bt e eabeeseesmbeebeeenseenseesnseas 48
4.5 StatiC TOOT ECCENIIICILY «..eeuvirutiriieieeieeite ettt sttt ettt ettt e bt et st s bt et easesbeeaeeanesaeens 50
4.6 ProportionNal SAIN.......cc.uiiiuiiiiiiiiieite ettt ettt st e b e et saeeas 52
5. OptimizZation ProcCess......iiciiicnssnicssssnnicsssssnesssssssessssssscsssssssssssssssssssssssssss 54
5.1 Optimization alGOTIERINS ......ccuiiiiiiiiiiie et tee e s bee e e e e e ebeeeens 54
5.2 Genetic alOTItRIM....c...ooiiiiiiie ettt 55
5.2 OptimiZation tOOIDOX ......ceciiiiiieiiieiieeieee ettt ettt e e beesteeebe e beeenbeensaesnseenneeens 57
5.4 Choice of the fitness fUNCHON .......coouiiiiiiiiiii e 60
5.5 Normalization of the fitness function arguments.............ccoecueeveeriieiieniienie e 63
5.6 ParalleliZation .........cc.eeieiuiiiiiiiiniieieete ettt e 64
6. Model OPtIMIZATION....eeeiiiirrirsrnrreicsssssnnieecssssssnnsesssssssssssassssssssssssssssssssssssssssssne 65
6.1 OPtiMIZAtiON PATAMETETS ...c.vveeivieiieeiiertieeieerteeteestteeteesteeebeesseessseessseesseessreenseesseesnseensseans 65
6.2 Model calibration in normal CONAITIONS .......cc.eeriiiiiiiiiiiiiieiieeieeee e 66
6.3 Single fault 1SOIATION .....eeeiuiiieiiee ettt e e tae e s e e e s raeessaeeeseseeeenas 70
6.3.1 FLICtION fAUIL.....ooiiiiieiee ettt ettt e e 71
6.3.2 Backlash fault........cooooiiiiiie e 73
6.3.3 ShOrt CIrCUIt FAUIL .....eiieeiie ettt 75
6.3.4 Rotor eccentriCity fault ........coeiviiiiriiiiie e 77
6.3.5 Proportional gain fault ..........cccoeeiiiiiiiiiiii e 80

6.4 Multiple fault 1SOIatioN........ieeiiiieiiiieeiie e e 82

T CONCIUSIONS weuuereinnriiinriissnnecsnnissnecsssnecssseessseessssscssssessssssssssassssssssssssssssssssssssss 84

Bibliography.....cccocvvveeiiicniinrnniiccssssssnnninssssssssnsssssssssssssssssssssssssssssssssssssssssssssssssssssss 87



Table 6.
Table 6.
Table 6.
Table 6.
Table 6.
Table 6.
Table 6.
Table 6.
Table 6.
Table 6.
Table 6.
Table 6.
Table 6.
Table 6.
Table 6.
Table 6.
Table 6.

List of Tables

1 — Results of calibration at nominal cONditions............ceecueiiieiiiiniienieiieee e 69
2 — Low friction optimization TeSULLS.......cccueriiriiriiniiiieieneeeeeeee e 71
3 — Medium friction optimization TeSUILS ..........cccuieruieriiierieiiieie et 72
4 — High friction optimization T€SUILS ........c.ceervuieiiiieeiiee ettt e 72
5 — Low backlash optimization reSUlts ..........cccceevveriiiinieniiienieniececcee e 73
6 — Medium backlash optimization reSults ...........cccceeeeiieriiiiiieniieiee e 74
7 — High backlash optimization 1€SUltS...........cceeriiiiiriiieiiiieeeeecee e 75
8 — Low short circuit optimization reSUILS ...........oeiieiiiiiiiiiiieeie e 76
9 — Medium short circuit Optimization TeSUILS ........cceevvieerieriiieiieeiieie et 76
10 — High short circuit optimization reSUlLS..........ccueeeviieriiieriieeeieece e 77
11 — Low rotor eccentricity optimization reSUILS ..........c.eereeriiieiieriieenieeieeie e 78
12 — Medium rotor eccentricity optimization resSultS.........ccoecvevieeviienieiiiienieeiienee e 78
13 — High rotor eccentricity optimization reSults ..........ccccceeeviieniieeniieeniie e 79
14 — Low proportional gain optimization reSults...........ccccvveeeiiieeiieeniieesiie e 80
15 — Medium proportional gain optimization reSults...........eccevveriereriienienenrienienenn 81
16 — High proportional gain optimization reSUILS ............cccueeerieriieerieenieeiieeieeieesee e 81
17 — Random multiple fault parameters results ..........ccceeeciieeciieeiiiecieecee e 82



Figure 1.
Figure 1.
Figure 1.
Figure 1.
Figure 1.
Figure 1.
Figure 1.
Figure 1.
Figure 1.
Figure 1.
Figure 1.
Figure 1.
Figure 1.
Figure 1.
Figure 1.
Figure 1.
Figure 1.
Figure 1.
Figure 1.
Figure 1.
Figure 2.
Figure 2.
Figure 2.
Figure 2.
Figure 2.
Figure 2.
Figure 2.
Figure 2.
Figure 2.
Figure 2.
Figure 2.
Figure 2.
Figure 2.
Figure 2.
Figure 2.
Figure 2.
Figure 2.
Figure 2.
Figure 2.
Figure 2.
Figure 3.

List of Figures

1 — Prognostics and Health Management taXOnomy .........c.ccecervenirniinieneenienieeneenneenne. 2
2 — Mechanical flight cONtrol SYStEM .......ccccvirviiiriiiiiiirieerie e 3
3 — Airplane controls, movements, axes of rotation and type of stability ..........c.ccccuee. 4
4 — Five common types Of flaps ..cc.eeveriirieiiiiiiiicieeeceeces e 6
5 — Leading edge high Lift deVICeS......cuiiviiiiiiiiiiiiciecceeee e 6
0 — TTIM TADS ...ee ittt sttt st st be e st e b e saeeens 7
7 — Simplified schematic of hydraulic CIrCUIt.......cueevvieeriieiriiienieeecee e 9
8 — Simplified schematic for an electrohydraulic actuator............cceccveevenienicniniennns 9
9 — Aircraft control surface system powered by an electrohydraulic servovalve......... 10
10 - Simplified schematic for an electrohydrostatic actuator ..........c.cccccervverieviereennenne 11
11 — Diagram of the main components of an electrohydrostatic actuator..................... 11
12 - Simplified schematic for an electromechanical actuator..........c..cccceeeveviiiiiniennenne 12
13 — Diagram of the main components of an electromechanical actuator .................... 13
14 — Structure of the BLDC MOtOT ......coiviiiiiiiiiiiieiieeeesieeee e 16
15 — Trends of currents and of e.m.f E in BLDC mMOtOTS .....cc.cevverveniieienienieeieeeeeneee 16
16 — Cogging and skewing phenomena in BLDC mOtors ........cocueeveerieenieeriieenieeieenee 17
17 — Block diagram of @ BLDC moOtor drive.......ceecvereeierienieeieeieneeie e 18
18 — Structure of @ PMSM MOTOT ....cccueiiiiiiiiiieiee et 18
19 — PMSM MOtOr WaVETOTINS ...eeuviiiiiiiiiiieiieniie ettt ettt sttt st 19
20 - Block diagram of @ PMSM moOtor drivVe.......cccueeriieiniiieiniieeniiecsiee e 20
1 — Overview of the High Fidelity model............cccoooiiiiiiiiiiiiieeee e 21
2 — Inside the Sinusoidal EMA blOCK........cccoiiiiiiiiiiiiieeeeeeeeee 23
3 = COmM DIOCK ittt 23
4 — TR DBIOCK .ottt ettt ettt 24
5 — Control Electronics (PID) BIOCK ..........ccciiriiiiiiiiiieiiecieeieece e 25
6 — RESOIVET DIOCK ... 25
T = INVETtEr BLOCK. ..c..eiitiiiieiiiii ittt 26
8 — Evaluation of phase currents SUDSYStEM ..........cceeviierieeiiieriieeiierie e 26
O — 1INV Park SUDSYSIEM .......eiiiiiieiie e e 27
10 — inV Clarke SUDSYSIEM......ccuiiiiieiieiiieieee ettt et 27
11 — Hysteresis PWM SUDSYSIEM .....cc.eoviieriiiiiieiieeie ettt ettt e 27
12 — 3-phase bridge SUDSYSIEM ......uiiiiiieciie ettt e e 28
13 — PMSM Electromagnetic Model block ........c..cooveriiiiniiniiiiiiiicicnccccecee 29
14 — Computation of back-EMF coefficients block ..........c.cccveeeiieiiiiiieniiniicieeienne, 29
15 — Computation of motor torque SUbSYStEM .......ceeiviieiiieeiiieeieeee e 30
16 — Three phase RL model........coooiiiiiiiiiiii e 30
17 — Motor-Transmission Dynamical Model block ............ccccoeiieiiiiiiiniiiniiiiene, 31
18 — Borello Friction Model SubSYStem ...........coovcviveiiieeiiieeiieeieeee e 31
19 — Signal acquisition blOCK .......cccociiiiiiiiiiiii e 32
20 — Output response of the reference model...........ccooovvveiieiiiiiiiniiciieeeeeeee 33
1 — Overview of the Low Fidelity model ...........ccccoooiiiiiiiiiiiiiieeee e 34



Figure 3.
Figure 3.
Figure 3.
Figure 3.
Figure 3.
Figure 3.
Figure 3.
Figure 4.
Figure 4.
Figure 4.
Figure 4.
Figure 4.
Figure 4.
Figure 4.
Figure 4.
Figure 4.
Figure 5.
Figure 5.
Figure 5.
Figure 5.
Figure 6.
Figure 6.
Figure 6.

2 — Controller BIOCK ....c..eeiiiiiiiieii it 35
3 — Electrical Model BIOCK .....c...ooiiiiiiiiiiiiiice e 36
4 — Winding SC Correction SUDSYSTEIM .....c..eeeiuiieriiiieeiieeeieeeeieeeeteeeereeesreeesreeeseree e 38
5 — Rotor Eccentricity Correction SUDSYStEIM ........cevuvieuierieeniienieeiieeie e 39
6 — Static ecCeNtriCItY SCREIME ....cueviiiiiieiiiecieeceee e e e e 40
7 —Mechanical Model bIOCK ........c.ooiuiiiiiiiiiii e 41
8 — Output response of the monitor model ............cccoeviiiiiiiiiiiiiiiiee e, 43
1 — Simulink implementation of the Borello friction block ..........ccccceveriiniininnnenne. 46
2 — The backlash fault implemented in the reference model in Simulink ..................... 47
3 — The backlash fault implemented in the monitor model in Simulink ....................... 47
4 — The short circuit fault implemented in the monitor model............ccccoevvinieriniennen. 50
5 — Scheme of the air gap in the presence of rotor eccentriCity .........ccceeevveercvveerreeennee. 50
6 — Implementation of the rotor eccentricity fault in the reference model.................... 51
7 — Implementation of the rotor eccentricity fault in the monitor model ...................... 52
8 — Implementation of the proportional gain fault in the reference model.................... 53
9 — Implementation of the proportional gain fault in the monitor model...................... 53
1 — Population, chromosomes and genes of a genetic algorithm .............c..cccoevvrennnne. 56
2 — Roulette Wheel SElECtION .......eeiuiiiiiiiiiiiiie e 56
3 — The Optimtool GUI for the genetic algorithm..........c.cocoeviriiniiiiiiiniiniiiicee 57
4 — Representation of the Total Least Squares method ............cccovviviiiiiiiniininicnnn. 61
1 — Comparison of the output currents before calibration............ccccecveeevieeniiieenneennee. 66
2 — Close-up of the comparison of the output currents before calibration .................... 67
3 — Comparison of the two output currents after calibration............ccccceevveerciienieennenne. 69






Study of innovative model-based prognostic algorithms applied to aerospace electromechanical actuators

1. Introduction

1.1 Overview

Prognostics is a field of study focused on predicting when a particular component
loses its functionality and is no longer able to be fully effective or achieve the
required performance. It is based on the analysis and prediction of all possible failure
scenarios and of the ability to detect the early signs of aging and wear. When
properly assembled and organized, such a database can be used effectively as an
input to an appropriate failure propagation model. For what concerns other
technological fields, the application of prognostics to acronautics could result into a
valuable asset on the maintenance aspect, as it could cut down both costs and
inspection time. The purpose of what is known as Prognostics and Health
Management (PHM) is the provision of real-time data regarding the ongoing state
of the system and to deduce the Remaining Useful Life (RUL) before the occurrence
of a fault which can lead to the inability of the component to perform its
functionalities at the required degree. The benefit of implementing PHM strategies
is clearly evident from the comparison with traditional concepts of monitoring and
maintenance, based on overhaul or parts with limited lifespan.

Primary flight controls are a critical feature of the aircraft system and hence designed
with a conservative safe-life approach, which requires replacing associated
components after enduring a certain number of flight hours or operating cycles.
When applying this approach, however, the actual condition of the components is
not assessed, and maintenance is limited to the specific scheduled operation.
Particularly, the safe life design criterion does not have the ability to assess initial
defects, which could arise from the manufacturing process and could escalate into a
sudden fault that compromises the safety of the aircraft. As a matter of fact, the
gradual degradation of a component of the system, which initially does not present
any unacceptable behavior, often leads to a condition in which the efficiency of such
a component is weakened, and as a consequence the functionality of the actuator is

1
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compromised. In addition, the safe-life criterion does not allow the detection of the
cause and location of the malfunction, whereas an accurate identification of the
specific failed subcomponent could be effective in reducing maintenance
inefficiencies and costs, such as replacing the single subcomponent, instead of the
entire system, might be sufficient to restore the system functionality.

By applying PHM strategies, failure may be managed more effectively, with the
following benefits:

- Lower operating costs;

- Less maintenance interventions;

- Limited amount of necessary redundancies to be installed on board aircraft;

- Improvement of the aircraft safety and reliability;

- Simpler logistic, as maintenance can be scheduled properly with the
instantaneous outcome of limited downtime and related costs and a more
effective management of spare parts warehouses.

It should be noted that prognostic concepts, due to the variety of applications and
the considerable impact they generate, have attracted great interest in the scientific
and technological world and, especially in recent years, have been the subject of in-
depth development and dissemination in the field of scientific literature. Very often
these contributions, although extremely innovative and significant, are too
theoretical or specific and tend to overlook a more comprehensive approach, a
systematic vision, focusing on well-defined aspects of the problem considered.

Data-driven
Statistical

Failure
analysis

Possibly Through
with

Fault
Diagnostics
Condition
Monitoring

Remaining
useful life
prediction

b
Vn'leracting

Require Determines

Health

Prognostics
9 Monitoring

Condition-based
maintenance

That 3

o —
Enable | Estimated Time

To Failure
Artificial
Intelligence

Figure 1. 1 — Prognostics and Health Management taxonomy

Predictive
techniques

Figure 1.1 illustrates the development of prognostics, which depends mainly on fault
diagnosis parameters that connect the failure modes and calculates an estimated
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Remailing Useful Life (RUL) of the components. As a result, it is necessary to use
the dependability analysis techniques, because dependability, in general, involves
the identification of reliability, availability and maintainability of the system. Thus,
after detecting the operating condition of the component, the collected data may be
processed by statistical algorithms and/or models of Al to Estimated Time To Failure
(ETTF), which is a prediction of the time period from the measurement of a current
operating status to a time when the machine enters a functional fault condition.
Once PHM is implemented, health monitoring machines, by means of inspection
routes, can aid decision making for planning and scheduling of Condition-based
Maintenance (CBM). Thus, timely interventions for recovery or repair can be carried
out, mitigating contingencies and ensuring manufacturing productivity.

1.2 Flight controls

Flight control systems are employed by pilots to control the flight forces as well as
the direction and attitude of the aircraft. Their characteristics can vary considerably
depending on the type of aircraft used. The most basic designs of flight control
systems are mechanical and date back to the earliest airplanes. They work with a set
of mechanical parts, such as rods, cables, pulleys and sometimes chains so forces
can be transmitted to the control surfaces from the flight deck controls. Mechanical
flight control systems are still used today in small aircrafts where aerodynamic
forces are not enormous.

Control stick

Elevator

Cable Push rod

Figure 1. 2 — Mechanical flight control system
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Aircraft flight control systems include primary and secondary systems. The primary
control system is constituted by ailerons, elevator (or stabilizer), and rudder which
are necessary to control an aircraft safely during flight. Wing flaps, leading edge
devices, spoilers and trim systems are part of the secondary control system which
improves the performance characteristics of the aircraft and makes excessive control
forces manageable by the pilot.

1.2.1 Primary Flight Controls

Aircraft control systems are carefully designed to provide suitable responses to
control inputs while allowing a natural feel. At low speeds, the controls are generally
soft and slow, and the aircraft responds gradually to control applications. At higher
speeds, the controls become much more stable and the aircraft response is faster.
Air circulation and pressure distribution over and around the airfoil change by means
of the movement of one of the three main flight control surfaces: ailerons, elevator
or stabilizer, or rudder. These changes affect the lift and drag produced and allow a
pilot to manage the vehicle around its three axes of rotation.

Rudder—Yaw

Figure 1. 3 — Airplane controls, movements, axes of rotation and type of stability

4
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Ailerons control the roll movement about the longitudinal axis. They are attached to
the outboard trailing edge of each wing and work opposite to each other. They are
connected to a control wheel by means of cables, bell cranks, pulleys, and/or push-
pull tubes. By moving such wheel to the right side, the right aileron deflects upward
reducing the camber and resulting in lower lift on the right wing whereas the left
aileron deflects downward increasing the camber and resulting in higher lift on the
left wing. Consequently, the aircraft will roll to the right. The opposite occurs when
moving the control wheel to the left.

The elevator controls the pitch movement about the lateral axis. Like in the case of
ailerons on small aircraft, a series of mechanical links connect the elevator to the
control column on the flight. The backward movement of such column deflects the
trailing edge of the elevator surface up, reducing the camber of the elevator and
creating a downward aerodynamic force greater than the normal tail-down force that
exists in the straight flight. The overall effect causes the tail of the aircraft to descend
and the nose to pitch up about the center of gravity (CG). The strength of the pitching
moment can be established by the distance between the CG and the horizontal tail
surface, as well as by the aerodynamic efficiency of the horizontal tail surface. The
opposite effect is obtained by moving the control column forward.

The rudder controls the yaw movement of the aircraft about its vertical axis. It is a
movable surface hinged to the vertical stabilizer and it is controlled by the left and
right rudder pedals. By stepping on the left pedal, the rudder moves left altering the
airflow around the vertical stabilizer and creating a sideward lift that moves the tail
to the right and yaws the nose of the airplane to the left. Rudder effectiveness
increases with speed.

1.2.2 Secondary Flight Controls

Secondary flight controls are intended to change aerodynamic force coefficient to
adapt them to different flight conditions. They may consist of wing flaps, leading
edge devices, spoilers, and trim systems.

Flaps are the most common high-lift devices used on aircraft. They are attached to
the trailing edge of the wing and they increase both lift and induced drag for any
value of the angle of attack. They provide a compromise between high cruising speed
and low landing speed thanks to their feature that allows them to extend when needed
and retract into the wing structure when not needed. There are five common types
of flaps: plain, split, slotted, Fowler flaps and slotted Fowler flaps.
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Basic section Slotted flap

AN

Plain flap Fowler flap

Figure 1. 4 — Five common types of flaps

High-lift devices can be applied to the leading edge of the airfoil, the part which first
meets the oncoming air. The most common types are fixed slots, movable slots,
leading edge flaps and cuffs.

Fixed slot Leading edge flap

Figure 1. 5 — Leading edge high lift devices

Spoilers can be found on some fixed-wing aircraft and they are deployed from the
wings to spoil the smooth airflow, with a consequent reduction of lift and increase
of drag. They are mostly used on gliders to control the descent rate for landings,
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whereas on other planes they are usually employed to control roll leading to the
elimination of adverse yaw. Using spoilers on both wings simultaneously allows the
aircraft to descend without an increase in terms of speed. They can be used to help
reduce roll after landing as well.

Trim systems are employed to help the pilot maintain a constant pressure on flight
controls, and often include flight deck controls and small hinged devices attached to
the trailing edge of one or more of the primary flight control surfaces. They
aerodynamically assist the movement and position of the flight control surface to
which they are attached, being designed to minimize a pilot’s workload throughout
the flight. Common types of trim systems include trim tabs, balance tabs, antiservo
tabs, ground adjustable tabs, and an adjustable stabilizer.

——  Trim tabs -

Figure 1. 6 — Trim tabs

1.3 Actuation systems

Aircraft actuators perform several functions including adjusting flight control
surfaces. Over the past decades, the source control signals together with power for
actuators onboard aircraft has evolved, with actuation technology gradually
advancing toward hydraulically and electrically driven solutions moving from

7
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manual sources like cables and rods. Such transition started with hydromechanical
systems in which the operation of control valves in the hydraulic circuits could
operate by means of the movement of a control column or lever transmitted
mechanically, filling and emptying cylinders to produce actuator movement.
Fly-by-wire systems then replaced mechanical linkages with electrical cables. In
such systems, a flight computer interprets the pilot’s control column movements and
sends electrical signals to actuator control electronics, which instruct the operation
of either hydraulic control valves to move hydraulic actuators or electric motors to
put in motion electromechanical actuators. Fly-by-wire systems allowed aircraft
manufacturers to integrate more electrically powered actuators in aircraft systems
such as electrohydrostatic actuators and electromechanical actuators, which are
powered by electricity produced by engine-driven generators delivered over power-
by-wire systems. The reason why the aerospace industry wants to convert
mechanical, pneumatic and hydraulic systems to electric systems is driven by a
desire to optimize aircraft performance, reduce maintenance and operating costs,
increase fuel efficiency and reduce emissions.

1.3.1 Hydromechanical actuation

The complexity and weight of flight control systems greatly increase with the size
and performance of the aircraft, but the use of hydromechanical actuators helps
overcome these limitations. With hydraulic flight control systems, the size and
performance limitations of the aircraft are due to economic reasons and not the pilot's
muscular strength. In the early days, only partially assisted systems were used, so
the pilot still had the feeling of aerodynamic loads on the control surfaces

A hydromechanical flight control system is mainly composed of:

- A mechanical circuit, which connects the cockpit controls with the hydraulic
circuits; it 1s composed of rods, cables, pulleys, and sometimes chains.

- A hydraulic circuit, with hydraulic pumps, tanks, filters, pipes, valves and
hydraulic actuators. The actuators are powered by the hydraulic pressure
generated by the pumps in the hydraulic circuit and convert the hydraulic
pressure into movements of the control surfaces. Servo valves control the
movement of the actuators.

The pilot's action on a control in the cabin causes the mechanical circuit to open the
corresponding servovalve in the hydraulic circuit. The hydraulic circuit activates the
actuators that move the control surfaces. When the actuator comes into operation,
the servo valve is closed by a feedback link which blocks the movement of the
control surface to the desired position.
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Hydraulic piston
|
0 ——©

Retraction/Extension
Reservoir y 2 e\

Control valve

Filter Pump

Figure 1. 7 — Simplified schematic of hydraulic circuit

1.3.2 Electrohydraulic actuation

Conventional electrohydraulic actuator systems need a central hydraulic power
supply with hydraulic lines connected to each actuator. The amount of hydraulic
fluid supplied to the actuator from the main hydraulic fluid supply can be varied by
a servovalve which is controlled by electric command signals.

accumulator

cylinder
extend / retract

Figure 1. 8 — Simplified schematic for an electrohydraulic actuator
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Figure 1. 9 — Aircraft control surface system powered by an electrohydraulic
servovalve

This kind of electrohydraulic servo-actuator system is able of producing very high
forces without backlash, but it necessitates of a centralized hydraulic network that
should be maintained at constant pressure (30005000 psi) by hydraulic pumps
relentlessly draining energy from the engines. The continuous consumption of
energy leads to the heating of the hydraulic fluid, which then required a cooling
system to maintain an acceptable temperature of the hydraulic fluid.

The central hydraulic network also needs a system of pipes to deliver pressurized
hydraulic fluid to actuators distributed throughout the aircraft, adding extra weight
and occupying space. The large hydraulic network increases the risk of leaks and
requires a large volume of hydraulic fluid.

Traditional electrohydraulic actuators have remarkable power density (kW/kg)
equipment wise but low power density when considering the power distribution
network.

1.3.3 Electrohydrostatic actuation

Electrohydrostatic actuators are self-contained hydraulic units that do not a central
hydraulic power source and the associated hydraulic lines. They take advantage of

10
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the high power density at the equipment level and eliminate the inefficiencies related
to a central hydraulic power distribution network.

hydraulic
pump

power
electronics

electric
machine

cylinder extend / retract

Figure 1. 10 - Simplified schematic for an electrohydrostatic actuator

Electrohydrostatic actuation systems convert electrical energy locally at the
actuation location to hydraulic energy and then to mechanical energy. The
standalone unit consists of an electric motor that drives a hydraulic pump to
pressurize the fluid for a hydraulic actuator. In order to control the output of an
electrohydrostatic actuator, the output flow of the pump must be controlled. This can
be achieved with a variable speed electric motor that drives a fixed displacement
hydraulic pump or a fixed speed electric motor that drives a variable displacement
hydraulic pump.

The electronic control signals are sent to the electrohydrostatic actuator by means of
electric cables. They control the speed of the electric motor to provide rotational
power to the hydraulic pump which creates pressurized hydraulic fluid to move the
hydraulic cylinder locally at the actuator.

Extension/|
Retraction|

Electric Power Supply

Electric to Mechanic
Power Conversion

Hydrostatic Transmission

Figure 1. 11 — Diagram of the main components of an electrohydrostatic actuator
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Electrohydrostatic actuators work with greater energy efficiency compared to
conventional electrohydraulic actuators. Rather than continuously venting the power
from the motors to keep a large hydraulic network at constant pressure,
electrohydrostatic actuators only consume electricity when they are moving the load.
Lower energy consumption creates less heat in the hydraulic fluid, so no cooling
system is required. With fewer faults compared to a central hydraulic network with
extensive pipelines, the leakage potential as well as the maintenance effort are
reduced. Moreover, a higher power density enables them to generate higher forces
in a more compact housing. They also have no backlash problems and allow precise
positioning with no errors caused by gaps between mechanical components. In
addition, electrohydrostatic actuators do not suffer from the risk of jamming caused
by interference between gear teeth or screw threads in electromechanical actuators.
A disadvantage of electrohydrostatic actuators is that they require hydraulic fluid to
operate. Although the fluid volume is greatly reduced compared to conventional
electro-hydraulic actuation systems, the presence of the fluid invalidates the
potential for 100% leakage-free operation.

1.3.4 Electromechanical actuators

A major advantage of electromechanical actuators (EMAs) over traditional
electrohydraulic actuators is the elimination of hydraulic fluid. The lack of this liquid
and the pipes required for it leads to increased safety, lower weight, more space,
higher energy efficiency and lower environmental pollution. Easier maintenance is
facilitated by the lack of leaks and of liquid conditioning tasks such as filling,
loading, flushing and filtering.

electric
machine

power =
electronics E gearbox
E o)

<4+
ball / roller screw extend / retract

®) [

Figure 1. 12 - Simplified schematic for an electromechanical actuator

12



Study of innovative model-based prognostic algorithms applied to aerospace electromechanical actuators

Electric Power Supply

i | ] g, D 0

Servo Motor Driven
Extension/ Load

Electric to Mechanic . _ Retraction
. Mechanical Transmission
Power Conversion

Figure 1. 13 — Diagram of the main components of an electromechanical actuator

The functions and characteristics of the main components are described as follows:

Electronic Control Unit: it works with a voltage of 28V from a power supply
unit. The power control determines the motor current by voltage pulse width
modulation to the motor in response to a position or torque command signal.
The EMA position and load sensor sends the position / speed and load
information to the ECU for position feedback and current limitation. For the
flight status when the external load is high, additional temperature sensors are
usually installed on the controller housing near the connections to record the
rise in outside temperature and to alert high temperatures.

Servo Motor: it has variable speed, high reliability, high power density, and
acceptable heat dissipation. Several types of motors may be suitable, and three
common options are the permanent magnet synchronous motor (PMSM), the
BLDC motor, and the switched reluctance motor (SR). The choice of motors
usually depends on the power supply on board. For example, the PMSM may
be a suitable type when an AC power supply is directly driving a servo motor.
The motor control is used to control the speed and direction through the
electrical switch of the windings via power electronic devices.

Gearbox: its main purpose is to convert the high speed and low torque of the
servomotor into low speed and high torque of a screw mechanism. Harmonic
reducers, cycloidal reducers, or planetary gears are an effective option
because of their compact structure, easy accessibility without backlash, and
high efficiency. It should be noted that when planetary gears are used, a large
part of the actuator mass can be devoted to the servo motor due to its low gear
ratio compared to the high reduction ratios of harmonic and cycloidal gear
reducers.

13
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- Screw Mechanism: either a ball screw mechanism or a planetary roller screw
mechanism is used to convert the rotary motion into linear motion with a
required force. By connecting the servo motor and the external load, the torque
and speed are matched to one another by the transition mechanism. The
overall mass of the actuator tends to decrease as the gear ratio increases by
increasing the gear ratio of the reducer and decreasing the pitch of the screw
mechanism. To maximize stiffness while minimizing weight, a hollow screw
shaft is selected to accommodate a linear variable differential transformer and
measure the linear position of the screw rod to close the loop.

Electromechanical actuators appear to be an optimal solution for more electric and
fully electric aircraft as they completely eliminate the need for hydraulic fluid.
Current electromechanical actuator technology, however, has limitations in
applications that require high output forces. In such cases, hydraulic actuators have
a power density advantage that can generate large forces in a small space under harsh
conditions without the need for a liquid cooling system for the engine.

The drawbacks of electromechanical actuators include backlash, jamming, and
thermal management problems. Backlash can occur due to gaps between
intermeshing gear teeth or screw threads and can lead to positional inaccuracies.
Backlash can increase as repeated cycles of wear lead to surface deterioration.
Jamming is a risk for electromechanical actuators due to possible failures where
screw components interfere or become stuck, preventing the actuator from moving.
This can have the following causes:

- Mechanical wear of the gear and screw assembly including fatigue from
external loads that cause high contact stresses on the raceway;

- Reduced lubricant viscosity and thickness due to high temperatures;

- Catastrophic failure of components.

Thermal management is also a problem for electromechanical actuators in high load
applications. In electromechanical actuators, heat is generated in the electric motor
due to the electrical resistance in the copper stator windings and the iron stator core,
as well as the friction in the gearbox and screw mechanism. Heat dissipation in
conventional hydraulic systems is more easily accomplished through hydraulic fluid
circulation and heat exchange in the main tank. Electromechanical actuators, on the
other hand, have to deal with heat dissipation locally. Possible solutions include heat
sinks, heat pipes, liquid cooling, and phase change materials.

Despite the challenges, electromechanical actuator technology continues to advance
as the industry seeks improvements in reliability, thermal efficiency, and case sizes.
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1.4 Brushless Electrical Motors

Brushless motors are ideally derived from DC motors with the purpose of
eliminating the commutator and therefore the brushes. There are two types of
brushless motor:

- Trapezoidal or Brushless Direct Current (BLDC);

- Sinusoidal or Permanent Magnet Synchronous Motor (PMSM);
Since brushless DC motors have no brushes that can worn out with continuous use,
they represent a major leap forward in modern technology. Brushless motors are
significantly more efficient and less prone to mechanical wear than their brushed
counterparts.
They have several other benefits such as:

- Higher torque to weight ratio;

- Higher efficiency due to the increased torque per watt of power input;

- Greater reliability and reduced maintenance requirements;

- Lower operational and mechanical noise;

- Longer lifespan;

- No ionizing sparks from the commutator;

- Minimal electromagnetic interference.

1.4.1 BLDC motors

In a brushed DC motor, the rotor winding (induced) is powered from the outside
through the brushes and the commutator blades. The rotation of the rotor determines
the relative movement of the brushes on the commutator and the consequent feeding
of the appropriate coils. The commutator together with the brushes acts as an
automatic power switch on the rotor windings.

In brushless motors, the commutator is replaced by an electronic controlled switch
which makes it possible to exchange the positions between rotor and stator, ie the
field i1s now generated by permanent magnets placed on the rotor, while the windings
are placed on the stator. An evolution has led to the creation of this machine with
three stator windings placed at 120°.

The trapezoidal brushless has such a magnetization of the rotor that, once set in
rotation, it produces an induced e.m.f on the stator windings with trapezoidal
characteristics. This will therefore be the profile of the e.m.f £ during the operation
of the machine. The three stator windings, placed at 120° from each other, will have
E with their respective time delays.
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Figure 1. 15 — Trends of currents and of e.m.f E in BLDC motors

By powering the motor and appropriately piloting the currents I so that they are as
in Figure 15, it can be seen that at every instant the product E-I, equivalent to the
mechanical power and therefore linked to the torque, is due to two windings at a
time and is constant. Therefore:

P=2-E-I (1.1)
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In order to operate, the motor needs a control circuit that takes into account the
angular position of the shaft, through some sensors (Hall effect), which must be
correctly positioned in phase on the stator.

For this motor, the torque can be expressed as:

T=I-<i¢) l)=1<51) (1.2)

dt ™ w )

where I is the matrix of the stator currents, @, is the magnetic flux of the rotor and
w 1s the angular velocity.

If you manually rotate the shaft of a brushless DC motor, you will hear some clicks.
These are signs of a negative cogging effect. The rotor tends to position itself in such
a way as to create magnetic paths with minimum reluctance, such as the sections of
the stator magnetic circuit between two consecutive slots. This gives rise to a torque
discontinuity called torque ripple which can have amplitudes of up to 30%. In order
to reduce the problem, the motor is built with a certain rotor skewing or with a slight
longitudinal screwing of the magnetic circuit or in the arrangement of the magnets.
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Rotor skewing
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y 4 y 4
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Figure 1. 16 — Cogging and skewing phenomena in BLDC motors

17



Study of innovative model-based prognostic algorithms applied to aerospace electromechanical actuators

The figure below shows the block diagram of a drive for brushless DC motors.

Hall sensors logic Modulator
. / +
Set point Regulator >
+ — +
4@_. — —@ >
, 0 - +
- 0
] —
A 6
Motor
Commands
s B } Uor\ <
Dinamo tach. \w
/ / 3 phase inverter
Hall sensor phase shift
P Hall sensor current 4’ 3

Supply

Figure 1. 17 — Block diagram of a BLDC motor drive

1.4.2 PMSM motors

The brushless AC motor has some similarities to the BLDC motor but is driven by
a sinusoidal signal for less torque ripple. It is essentially an evolution of the DC one.

Three phase
AC) ac power

Figure 1. 18 — Structure of a PMSM motor
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Figure 1. 19 — PMSM motor waveforms

The torque T, is still determined by the product of the e.m.f. E and from the armature
current [,,,,

1, == tm (1.3)

In order to obtain a constant torque, it is necessary that the e.m.f. also has a sinusoidal
trend. This is achieved by suitably magnetizing the rotor.
The torque is linked to the currents, but since these are sinusoidal, it is difficult to
control by the drive. It is therefore necessary to have a model that highlights a
controllable component of the current that influences the torque itself: if, in
particular, it is possible to decompose I,,, into the component that generates torque
and into the component that generates flux, it leads back to the well-known situation
of the DC motor. Two transformations are needed:

- Three-phase-two-phase transformation of the reference for electrical

quantities;

- Transformation of the reference from fixed to rotating.
These transformations lead to refer the quantities to two orthogonal rotating axes:
the d axis aligned with the flow and the q axis placed in quadrature (oriented
machine).
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It can be shown that the expression of the mechanical torque is:

Tn = Om g (1.4)
Thus, with the appropriate orientation of the machine, the mechanical torque control
is carried out by verifying the i, component of the absorbed current. However, it
should be noted that i, will not be directly read by a sensor, but will be calculated
in real time through the I absorbed by the phases and taking into account the exact
rotor position. The brushless AC therefore needs at least two current transducers to
read the absorbed current, a rotor position transducer and a very fast calculation
system, such as a DSP (Digital Signal Processor), to obtain the i; and to
consequently control the supply.

Obviously, having the need to vary the three three-phase voltages that drive the
motor as desired, it is also necessary to integrate an inverter into the system.
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Figure 1. 20 - Block diagram of a PMSM motor drive
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2. High Fidelity Model

2.1 Model description

It represents the numerical reference model able to simulate the behavior of a real
servomechanism in order to carry out an early identification of the symptoms that
are considered to be the failure precursors of EMA degradations. A suitable
simulation test bench has been developed in MATLAB/Simulink.

theta_mf—— Pl E>_>
Com [—————pcom

Ditheta m|—

theta ul— o

TR —pload

_8eq > V_C

sinusoidal EMA

L iHF.mat

Figure 2. 1 — Overview of the High Fidelity model
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The detailed model simulates a flap control with a response time between the
primary and the secondary flight control systems. Table 2.1 reports the simulation

parameters that have been considered.

Parameter Symbol Value UOM
Controller proportional gain controller.Gprop 10° 1
s
Proportional gain of the PID controller.PID.GAP 0.05 Nms
controller rad
Integrative gain of the PID controller.PID.GAI 0 N_m
controller rad
Derivative gain of the PID controller controller.PID.GAD 0 Nms?
rad
Maximum current controller.I Max 22.5 A
Maximum power supply voltage inverter.Hbridge.Vdc 48 \Y
Current hysteresis bandwidth inverter. PWM.hb 0.5
Maximum motor torque PMSM.TMM 1.689 Nm
Back-EMF constant PMSM.k, 0.0752 Nm
2 A
Phase-to-phase resistance PMSM.Rs 2.13 Q
Phase-to-phase inductance PMSM.Ls 7.2-10~% H
Number of pole-pairs per phase PMSM.P 2 -
Nominal rotor static eccentricity PMSM.zeta 0.5 -
Nominal rotor static eccentricity PMSM.phi 1 -
phase
Inertial Torque of the motor dynamics.JM 1.3-107° kg - m?
Viscous damping coefficient of the dynamics.CM 30 10-6 Nms
motor ra rad
Inertial Torque of the user dynamics.JU 1.2-107° kg - m?
Viscous damping coefficient of the dynamics.CU 451077 Nms
user rad
Static friction torque of the motor dynamics.friction.FSTm 0.06:°PMSM.TMM Nm
Dynamic friction torque of the | dynamics.friction.FDTm | dynamics.friction.FSTm/2 Nm
motor
Static friction torque of the user dynamics.friction.FSTu 0.04-PMSM.TMM Nm
Dynamic friction torque of the user | dynamics.friction.FDTu | dynamics.friction.FSTu/2 Nm
Nominal backlash dynamics.BLK 10° rad

Table 2. 1 — Main simulation parameters
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The sinusoidal EMA block includes the subsystems shown in Figure 2.2.
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Figure 2. 2 — Inside the Sinusoidal EMA block

2.1.1 Com block
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Figure 2. 3 — Com block
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It allows to choose from several input commands such as step, ramp, sine wave,
chirp or user defined time history. The selected command is sent to the actuator,
which gives as output an angle that is then sent to the Sinusoidal EMA block. For
this work, a chirp command has been chosen.

2.1.2 TR block

It is the torque of the external shaft and it represents the load needed by the Motor
Transmission Dynamical Model block to produce the necessary data. It simulates the
aerodynamic torques acting on the moving surfaces controlled by the actuator.
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Figure 2. 4 — TR block

2.1.3 Control Electronics (PID) block

This block allows to control the overall EMA system. Given the inputs com (the
position command), 6,, (the feedback user position) and ,, (the motor angular
speed), it provides the reference current I,..5 as output.

The position error ETT,,4, given by comparing the position command com with the

actual user position 8,,, is suitably transformed into a speed signal by multiplying it
by the Controller Proportional Gain Gpyep, and it is limited by the saturation block

between -8000 rpm and +8000 rpm. The resulting speed value @;er is then

compared to 8,,, producing the error sent to the PID controller. Here, the input
signal is transformed into a reference torque, which is divided by the torque gain in
order to obtain the reference current that is saturated at the maximum value of 22,5A
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so as to avoid any failure condition of the motor. Before the computation of the real
value of the reference current, a white-noise disturbance block is added generating
random numbers that are suitable for continuous or hybrid systems. The acquired
values are multiplied by 10~° to make the two signals comparable. The noise gain
Knoise is then set to 0 since it would possibly amplify white noise affecting the
feedback signals.

controller.Gprop

e
L [rads) T
PID TM_ret W f I_ref o
l_p Current -

Reference
Limiter

PID i

[rad]

eta ‘

(3

DiFeta
[rad]

Figure 2. 5 — Control Electronics (PID) block

2.1.4 Resolver block

It converts the motor mechanical angular position 8,, to the electrical one .,
through the following expression:

2*pi*(PMSM.P*u/2/pi - floor(PMSM.P*u/2/pi))

theta_m theta_e
computation of theta_e

Figure 2. 6 — Resolver block

2.1.5 Inverter block

It takes in the reference current I,..¢, the motor electrical position 8., and the three-
phased currents I4, Ip and I, as feedback from the output of the PMSM
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electromagnetic model to which it is physically connected through A, B, C
connections.

3-phase bridge
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Figure 2. 7 — Inverter block

The Evaluation of phase currents subsystem transforms the single-phased reference
current I into the three phases Iyerg, Irepp and Ipepc through the Clarke-Park

transformation, as showed below.

1) piq Iref_a
I_ref I_refA
i_alpha P i_alpha
0 pid Iref_b
I_refB
id -
i_beta P i_beta
2 5} P theta_r Iref_c
theta_e I_refC
inv Park inv Clarke

Figure 2. 8 — Evaluation of phase currents subsystem
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Figure 2. 9 —inv Park subsystem
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Figure 2. 10 — inv Clarke subsystem

Then, the feedback currents I4, Ig and I are subtracted from the acquired three-
phased currents producing current errors Ipppra, Ierrp and Ippc. These will be the
inputs of the Hysteresis PWM subsystem containing the pulse width modulation
process, whose products feed the 3-phase Bridge box containing the three-phase
bridge electrical model.

O (D)
I_errA PWM_A
(2)y— (2
I_errB PWM_B
(3 ) » — »{ 3 )
I_errC PWM_C

Figure 2. 11 — Hysteresis PWM subsystem
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The three-phase bridge block simulates the H-bridge static power converter. It
employs a Universal Bridge Simulink block from the Simscape library, and it
connects it to a DC voltage source corresponding to the inverter supply voltage Vp .
Each PWM Boolean signal and its negation activate one of the six MOSFET
transistors of the three phase H-bridge. Being the two PWM signals complementary,
when the transistor connecting one phase to the supply voltage is on, the
corresponding one connecting the same phase to ground is off and vice versa. In this
way, it avoids any short-circuit that may occur between supply and ground inside
the bridge. The three output voltages from the H-bridge are then fed to the Three
Phase RL Model of the PMSM Electromagnetic Model block.
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Figure 2. 12 — 3-phase bridge subsystem
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2.1.6 PMSM Electromagnetic Model block

This block receives the motor angular position 6,, and speed ,,, as inputs, computes
the back EMF coefficients and, through an ohmic-inductive model, produces the
motor torque and phase currents.
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Figure 2. 13 — PMSM Electromagnetic Model block
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Figure 2. 14 — Computation of back-EMF coefficients block
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Figure 2. 16 — Three phase RL model
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2.1.7 Motor-Transmission Dynamical Model block

It contains the mechanical model of the motor-reducer group, including the Borello’s
friction model. It is able to provide the motor and the user angular speeds and
positions, starting from the motor torque and the external load.

-3
i

gear ratio Ii‘
Sat Port D2ThM
o) rpnd | Omne i) : tf W =

1/0M+JU) gear ratio
J DThM Albaro Valoce
{ et
Borela

Fi < »{_1
i (1)
@ =
Dtheta_m

CM+CU

Figure 2. 17 — Motor-Transmission Dynamical Model block
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Figure 2. 18 — Borello Friction Model subsystem
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2.1.8 Signal acquisition block

It computes a single-phasic current “proportional” to the three-phasic one.

( : }—’[A] I_A
LA1 i_alpha o »!i_alpha
' d " Signal
-l i Filter "
[A]
I_B1
I_beta > |_beta
| Al L
G e
_c1 A
Clarke
Signal
La > g »( 1)
Filter I 3eq
4 } rad] p theta_e
theta_e

Park

Figure 2. 19 — Signal acquisition block

The single-phase currents I 41, Ip1, and I, which are the contributions of the single
coils coming from the PMSM electromagnetic model, go through the Clarke-Park
transformation boxes to produce the direct and quadrature currents, I; and I;. A
filtering stage is needed to get rid of higher frequencies in the signal caused by PWM
and undesired noise.

Being the output parameter of the monitor model single phasic, the output of the
real model should be a single-phase equivalent current in order to be comparable to
it. This current is a function of the direct and quadrature currents:

A

Iieg =1l G +14-d @.1)
1 . V3
Iy = -1, + E(IB +1.)|sinb, + 7(13 —I-)cosé, (2.2)

To ensure a proper permutation sequence, the resultant coils supply current should
always be perpendicular (in terms of electric angle) to the rotor magnetic field.
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As a consequence, I; is always going to be null, thus causing:
I, =0 (2.3)
Izeq =1~ q 2.4)

The direct current /5., will then be compared to the one resulting from the monitor
model.

2.2 Reference Model Output Response

Real Response

T
E
L ol ‘ ‘
B
)
|_
i<}
L
o
0]
e
vl
< 5t
L
X

iHF

Theta

»
Thetg,
=10 | | | | | | | | | |
0.5 1 15 2 2.5 3 3.5 4 4.5 5

Time [Ks] %10°

Figure 2. 20 — Output response of the reference model
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3. Low Fidelity Model

3.1 Model description

The monitor model is a simplification of the real model. The three-phase current
conversion has been skipped and with it the Clarke-Park inverse transformation,
hysteresis PWM generation and the three-phase electrical model. The electro-
magnetic model, on the other hand, does not require the computation of the EMF
parameters and it is replaced by a single-phase ohmic-inductive model which the
Electrical Model block.

theta_u »( 1)
~ » oad theta_u
Load
- P Com Dtheta_m @
Com Dtheta_m
—p{theta_u I_ref »{I_ret
™ ™
theta_m »(3)
~! Dtheta_m theta_m
Controller ¥\ Dtheta_m Mechanical model
Signal
L3eq| —m — ()
S Filter I_3eq

Electrical Model

Figure 3. 1 — Overview of the Low Fidelity model
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Com is the position command in radians elaborated by the Control Electronics (PID)
block, together with “low speed” shaft angular position (0,,, due to a reduction stage
downstream of the motor) and motor speed loops (8,,, related to “high speed” shaft),
which produces a reference current I.of as output.

3.1.1 Controller block

The control electronics block computes the position error (ET1y,,,= Com - 8,,)
and multiplies it by the controller proportional gain, set to:

1
GAPm1 = 105 H (3.1)

controller.GAPm1 :/: — controller.GAPm2/electrical.Kv > :}/:
Com I_ref
Speed I_max
Reterence

Limiter

theta_u

3)

Dtheta_m

Figure 3. 2 — Controller block

Thus, the actuation speed is obtained, followed by its saturation set to:

21 m [rad
] (3.2)

Wrepiim = £8000 [RPM] 0= +800 - = —

Next is the speed error calculation (Erry = W.of —0,,,), which is then multiplied
by the PID proportional gain. The reference current I.f is obtained, and its admitted
boundary values are set by the 1,4, box:

Ireflim = tlnaxnr = £22.5 [A] (3.3)

where I,qyr = £22.5 [A] is the maximum allowed current for the high fidelity
model.
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3.1.2 Electrical Model block

Once I,y 1s obtained from the controller, the signal enters the Electrical model
system, containing the following:

Cor
2]

num(s)

electrical.vdcm den(s)

Coeff. Forza Elettromotrice
kem==ktm

4.|thm_m ione CC Sp\ml

effetto CC Spire
CO—

e

effetto eccentricita rotore

Figure 3. 3 — Electrical Model block

The I.f, subtracted of the Cor loop, produces I ¢y
Loy = Lyes — Cor [A] (3.4)

Which enters the Current Sign block, deducting its sign in order to assign it to the
Supply Voltage:

Vdem = 48 [V] (3.5)

Another subtraction stage deprives Vdcm of the series of multiplications which
involve:

e The Back ElectroMotive Force contribution, given by the motor angular
speed 6,, multiplied by the Back EMF Coefficient, equal to:

K = 0.0752 [V s (3.6)
¢ 3 rad

36



Study of innovative model-based prognostic algorithms applied to aerospace electromechanical actuators

Thus having:

V [V] = Dthet [rad]K Vs 3.7
[]_ ea—m S e[rad ()

o The Winding SC Correction and Rotor Eccentricity Correction, which take
6., as input and contain a form function able to model, respectively, the effect
of partial windings short circuit and mechanical failures due to rotor
deformation or misalignment. In both cases, a non-dimensional multiplicative
coefficient is generated and is going to affect V (Back EMF contribution),
producing V¢ [V], Iy, giving I [A] and TM, having TM ¢ [Nm].

The mechanical correction has no direct effects on the ohmic-inductive motor model.
Thus, I,,: 1s given by the motor phase-to-phase resistance Rm which, being
proportional to the number of working coils, needs to be multiplied by the SC
correction which has a precise contribution of the inductance Lm multiplying it by
SC correction too. A better solution has been considered using the mean working
coils number N,,,/3. This way, the motor transfer function affected by faults, is
going to be:

1
(3.8)
L, N,
bR Zm, _“tot) o 4 1
sc " fm [(Rm 3 )S ]
For nominal condition we have the following data:
R,, = 2.130 [Q] (3.9)
L, = 720 [uH] (3.10)
Ny,=Ng=N,=1 (3.11)
NtOt =NA+NB +NC =3 (312)

®sc 1s the SC correction function value and Ny g ¢ is the percentage of windings A,
B, C working coils with 0 < Nyp . < 1, where 1 means completely functional,
while 0 means totally damaged.

The 1,,; goes both to the output 2, as I, and through the Gain Torque:

Nm
GT = 0.0752 [T] (3.13)

obtained by the calibration process.
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It then goes through the Torque Saturation box given by the eventual I,,.,- saturation
and equal to:

TMy;m = +1.689 [Nm] (3.14)
TM is the output number 1.
After that, one has:
Vf =(DSC'CDE'V['Q] (3.15)
TM; = dgp - O - TM [Nm] (3.16)

@ being the eccentricity correction function parameter.

It can be observed from the overall picture that the torque output needs to be
modified as well by the form function: that’s because the gain torque, which is
basically the same as BEMF coefficient, is affected by the number of working coils
and by the air-gap depth, whose contributions are not included into the motor model
transfer function modification, as might be thought.

3.1.2.1 Winding SC Correction

electrical.Nabe(1)*2/3

correzione
CC Spire

theta_m

electrical.Nabe(3)*2/3

Figure 3. 4 — Winding SC Correction subsystem

The Winding SC correction subsystem provides as an output the correction
coefficient which is proportional to the percentage of working coils [Ny, Ng, Nc] and
to the motor angular position.
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It starts by converting the mechanical angular position into an electrical one by
multiplying it by the number of pole pairs per phase, whereas the second section of
the block contains the actual form function which models the possible short circuits
within the single phase as follows:

2 2 2r 2 21
Np - NA-§-sm (Hm)+NB-§-sm (Hm—?)+NC-§-sm (0m+?) (3.17)

Where N; is the short circuit total contribution gain and N, is the short circuit
single contribution gain, and they are both needed to minimize the error adjusting
between the high fidelity and the monitor model.

3.1.2.2 Rotor Eccentricity Correction

A similar procedure has been adopted for the Rotor Eccentricity Correction
subsystem.

@ Th_el

Th_m

electrical.Z 1-0.42*u(2)*(cos(electrical.P u(1)+u(3)))m_b'@

— correzione eccentricita
effetto eccentricita rotore

electrical.phi

Figure 3. 5 — Rotor Eccentricity Correction subsystem

The computation of the rotor eccentricity generates a non-dimensional correction
coefficient which has an effect on the Back emf and the output torque, without
affecting the output current thanks to its mechanical nature. Specifically, the aim of
this subsystem 1s to represent the static misalignment caused by a possible
deformation of the rotor axis, by accepting as input a value in the range:

A
0<Z<1-0<-—<1
<Z<1- =7 (3.18)
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where A is the distance between the rotational axis in normal conditions and the
deformed one and Z is the nominal air gap depth.

Ba

Stator

Figure 3. 6 — Static eccentricity scheme

Therefore, static eccentricity 1s present when the rotational axis coincides with the
deformed rotor axis so that the closest and the furthest points to the stator are in the
same angular position.

The value 0 represents the case with no axis deformation whereas 1 is the condition
which can cause creeping between stator and rotor.

The second input is the phase eccentricity which indicates the maximum deflection
angular position with respect to the reference system:

0<¢;<1 - 0<¢, <@n)y - 0< ¢, < (4n), (3.19)

_ b _ ba (3.20)
2n)ym  (47),

¢z

Where m denotes the mechanical angle, e the electrical angle and ¢ the normalized
value of ¢, with respect to the chosen angle.
The third input is theta m which is then converted in 6,:

6,=Np-0,, =20, (3.21)
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The total effect of the rotor eccentricity is then given by the following equation:
dp =1—0.42-Z[cos(0, + ¢z,] (3.22)

where No is the number of pair poles and the value 0.42 is the starting value that has
been chosen since it works well for the PMSM motor.

3.1.3 Mechanical Model block

wj=
-
v

@

Sat Porl lf;zl ThMm T
Act 1/mechanicalJm » ﬁ mechanical.tau (1)
- th
il f J Backlash eia-
5 BLK

1/Mm
U SP J
L ED)

Act Torqua C-I theta_m
FFBorello
DThMm

mechanical .Cm [« »{ 2 )
Dtheta_m

CMm

Figure 3. 7 — Mechanical Model block

The inputs are given by Load and motor torque TM coming from the Electrical
Model. The first one is multiplied by the Gear Ratio:

1

=_—— 3.23
500 (3.23)

T

TM, on the other hand, is subtracted of the load contribution and of viscous friction
factor, given by:

(Cp +C) -0,y = Cogy * Oy (3.24)

41



Study of innovative model-based prognostic algorithms applied to aerospace electromechanical actuators

Where the dumping component of the system is equal to:

(3.25)

Nm-s
Coym =Cp +C, = 5.1727° [ ]

rad

With C,,, and C,, being, respectively, the motor and user contribution. This way one
has:

g Nm-s1 [rad
TM [Nm] — 7 - Load [Nm] — Cypy, - 6 [m d] [ ] T [Nm] (3.26)

The next step is the active torque calculation Act_ThC producing Act as output:
Act_ThC =T — Ty [Nm] (3.27)

With Tr being the Coulomb friction contribution to the motor torque, computed by
Borello Friction Model. The FFFBorello block chooses between static and dynamic
friction coefficients by evaluating whether the motor angular speed changed sign or
not, through a detection point. When this happens, it sends a reset signal to the first
integrator, in order to set the speed output to zero. Then, the friction model receives
as inputs two consecutive motor speed steps (8ym (-1) and 8y,,) and the torque T,
which is needed to understand whether the conditions are complementary or
opposite. The Act ThC enters a switch box which verifies whether mechanical end-
stops conditions occurred or not and states which output we are going to have,
respectively, between zero and the input active torque. Hence, this box needs the
saturation port Saturation signal, coming from the integrator to 6,,, which is going
to produce the following values:

+1 Upper mechanical end — stop
0  Not limitated (3.28)
—1 Lower mechanical end — stop

Hence, if Act_ ThC has the same sign as Saturation, then the output is going to be
null, while in all the other cases, it states Act = Act_ ThC. Notice that, if Saturation
is other than zero, a second kind of reset signal is sent to the first integrator, allowing
it to produce a null speed value for the next integration step. The Act encounters the
gain:

1 :i: 1 rad ] (3.29)
JmntJu  Jeor 2.57° lkg-m?
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With J;,+ being the system total moment of inertia, given by the sum of the motor
(J;m) and user (J,,) ones. In such a way, we obtain the motor angular acceleration 6,,,
applying the fundamental law of rotational dynamics, given by:

T=]-9,'n=»0','n=§ (3.30)

The following step is the first integration, providing the angular speed 6,,and whose
box was a reset signal input port and a state port about which has already been
discussed. The second integration box is limited, as could be understood from what
was said above, and these limits represent the mechanical end-stops in terms of
motor angular position; its output is , indeed, motor mechanical angle 6,,. As last

“non-linearity” we have a Backlash box, coarsely modeling the reducer mechanical
clearance.

3.2 Monitor Model Output Response

Monitor Response
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Figure 3. 8 — Output response of the monitor model
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4. Fault analysis and implementation

4.1 Introduction to faults

As stated before, electromechanical actuators have been employed in aerospace
applications only recently, making the accumulated flight hours or installations on
board insufficient data to use to get reliable statistics on recurring failures. However,
it is possible to distinguish between four main categories of failures:

- Mechanical or structural, affecting gear reducer and transmission and they
are mainly due to high loads, manufacturing defects and problems related to
lubrication;

- PMSM motor failures, linked to the vibrations and stress applied to the rotor
bearing because of the high rotational speed of the motor. Overheating as well
can produce damages as temperature is hard to control in electrical motors
compared to hydraulic ones;

- Electronics failures, due to overheating and overcurrents that can lead to short
circuit and vibrations;

- Sensor failures, mainly bias, scaling or drift faults. They can influence the
dynamic response of the system as feedback signals can be measured
incorrectly.

Only the first two categories will be analyzed in this work, in particular the effects
of mechanical failures resulting from progressive wear, which manifests itself in an
increase of backlash and friction, as well as two common PMSM motor failures, the
coil-short circuits and the bearing gear generating rotor static eccentricity, together
with a drift of the proportional gain of the controller. Very often, the detection as
well as the assessment of mechanical failure due to friction and/or backlash is carried
out directly by performing an analysis on specific properties of the dynamic response
of the overall actuation system, in terms of position, speed or acceleration. On the
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other hand, when taking into account motor progressive failures such as coil short
circuit or rotor static eccentricity, the characteristics of the mechanical transmission,
present as inertia, dry and viscous frictions, backlashes, etc., may conceal or in some
cases reduce the effects that such failures can cause resulting in the inaccuracy, and
in serious cases the inefficiency, of any prognostic attempt. In these situations, a
more accurate result and better understanding of the incipient failure and its
progression may be achieved by analyzing the electrical harmonics (e.g. phase
currents). Electronic and sensor failures are no less relevant, although their failure
precursors are often hard to identify and analyze as they usually occur very quickly,
if not instantaneously.

4.2 Friction

Dry friction can be defined as the resistance to relative movements of two solid
surfaces in contact and all machines consume frictional energy because their parts
slide against each other. Therefore, it occurs when two surfaces are in relative motion
and, as its coefficient increases due to wear, the reaction torque grows as well leading
to the need of greater torques from the motor to operate on the control surfaces. Such
an increase of the dry friction causes the breakdown of the entire system in addition
to a reduction in the servomechanism accuracy and occasionally the generation of
unexpected behaviors, such as stick-slip or limit cycles, in the system dynamic
response. It can cause other types of instabilities due to the decrease in the frictional
force with increasing sliding speed, by material expansion due to the generation of
heat during friction, or by pure dynamic effects of sliding of two elastic materials.
Friction is implemented in both the reference and the monitor model in the Borello
block as a linear Coulomb friction. The numerical method has been employed in the
time domain and its mathematical model can be modeled as follows:

Fact 9.CzoanactISst
Ff = Fd] ' Sign(FaCt) x=0nN |Fact| > FS] (41)
Fgj - sign(x) x+0

where Fy is the computed friction force, F,; 1s the active force applied to the system,
F; is the friction force in stick condition and Fy; the friction force in dynamic
conditions.
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Figure 4. 1 — Simulink implementation of the Borello friction block

4.3 Backlash

Another outcome of mechanical wear is backlash, which can be generated in the
moving components of the electromechanical actuators such as gears, hinges,
bearings and especially screw actuators. Consequently, a major power consumption
takes place resulting into jamming or early on breakdown of the motor in case the
issue is not solved promptly.

Backlash is the mechanical play between two moving components and in the case of
electromechanical actuators it is represented by the gap between the surface of the
motor and user shafts. Backlash may have many causes and one of the main factors
i1s poor lubrication. It may be minimized by design, but there must be a certain
amount to allow lubrication between moving parts. If there is no lubrication or it is
present in contained quantities, the rubbing of the parts creates undesirable
clearances that add extra play. Another cause of backlash is poor gear
manufacturing, especially if the gear teeth are cut too deep.

Too much backlash in a system can lead to several many failures. A simple failure
can cause the destruction or the loss of manufactured parts, which is a waste of
material and time. This is because the machine is no longer as precise as it used to
be due to the loss of position when moving in either direction. This loss leads to the
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machine moving and falling below its target position and achieving undesirable
results during execution.

Backlash is implemented in both the reference and the monitor model in Simulink
by selecting the Backlash block from the Discontinuities library and it is positioned
downstream the motor position sensors. As a consequence, only the outer position
loop will be affected by this fault and in the meanwhile the electrical control law
will remain unchanged as the rotor angular position sensors reports the correct
measured value.
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Figure 4. 2 — The backlash fault implemented in the reference model in Simulink
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Figure 4. 3 — The backlash fault implemented in the monitor model in Simulink
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4.4 Short circuit

Moving on to the electrical failures, it is possible to have either progressive coil short
circuits or rotor static eccentricity generated by bearing wear. Short circuits often
begin between a pair of coils belonging to the same phase. In short-circuited coils,
the voltage doesn’t vary while the resistance is reduced, resulting in an increase of
the currents as well as the generation of a localized temperature in the conductor,
which promotes the propagation of the failure to adjacent coils. This situation can
cause serious damages if not detected promptly.
Short circuit can manifest itself in different modes:

- Between two windings that are part of the same phase (coil-coil);

- Between two windings that are part of different phases (phase-phase);

- Between a winding and the iron stator core (phase-ground).
In a complete system breakdown scenario, the short circuit fault starts as a coil-coil
type; then, the damage caused by the located heating produced will propagate to a
phase-phase or a phase-ground short circuit. Accordingly, prognostic analysis
mainly focuses on the early identification of a coil-coil short circuit.
In the reference model, the short circuit fault is implemented in the highly detailed
modeling of the three phases of the motor stator. The partial coil-coil short circuit
can lead to a decrease of the phase resistance as well as the inductance and it can
cause a reduction of the counter electromotive and torque gains, which can be
initially approximated as follows:

¢ _NAa(fA [ B-7ds)

Ke=Cu=5%5-= 30,

(4.2)

where N is the number of windings, A the winding area and B the magnetic flux
density of the rotor.

Thus, the percentage of short circuit windings of the i-th phase (N;) can affect the
following computations:

K. = K. N; 4.3)

R, = Rs (4.4)
Y2 (N +N) '

Ls (4.5)
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R, (4.6)
R, =
l 2Nl

Ls
L: = 4.7
‘2N @7

where K,; is the counter electromotive coefficient used to compute the counter
electromotive force, R; and L, are respectively the phase-phase resistance and
inductance of the motor without faults, R;; and L;; are respectively the phase-phase
resistance and inductance of the faulty motor, and R; and L; the coil-coil resistance
and inductance of the motor when taking into consideration faults.

In nominal conditions,

(Ny=Ng =N, =1 (4.8)
R
R, = > (4.9)
L 4.1
(=5 o

In the monitor model, the short circuit fault is implemented differently since the
model simulates the behavior of a single-phase equivalent motor whereas in the case
of the reference model the three currents are assessed for a single-phase equivalent
actuator. Therefore, the percentage of short circuit can be evaluated as:

NA+NB+NC (4]1)
Nequiv = f

Consequently, the electrical parameters are computed as:

Requiv = Nequiv ) RequivNC (4.12)
Lequiv = Nezquiv ) LequivNC (4.13)
kfcem = Nequiv ) kfcemNC (4.14)

GMequiU = Nequiv ) GMequinC (415)

where ‘NC’ stands for normal conditions.
The rest of the procedure has already been discussed in the paragraph 3.1.2.1.
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Figure 4. 4 — The short circuit fault implemented in the monitor model

4.5 Static rotor eccentricity

The rotor static eccentricity ¢, instead, consists in the misalignment between the
rotor rotation axis and the stator axis symmetry. This misalignment is mainly due to
tolerances and imperfections that occur during the construction of the motor or to a
gradual increase in rotor shaft bearing wear. When this error occurs, the motor with
more than one polar pair will generate a periodically variable magnetic flux as the
air gap changes during its 360° rotation.

Figure 4. 5 — Scheme of the air gap in the presence of rotor eccentricity
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With static eccentricity, the air gap changes during the rotor rotation depending on
the rotor position 0,:

g'(6:) = go + xocos(6;)

where g, = R; — R, is the clearance between the stator and rotor with no
misalignment and x,cos(6,.) the variation of the air gap.

Regarding motor performances, the torque provided is less than under nominal
conditions, while spectral analysis shows the presence of subharmonics, which
increase with higher eccentricities. The static eccentricity of the rotor and the partial
short-circuit effects of the stator coil have been modeled using a simplified
numerical algorithm. Since both failures change the magnetic coupling between the
stator and rotor, they can actually be modeled by changing the values and angle
modulations of the back-EMF coefficients:

Kea = Kep " Cey (1 + (COS(HT))

where ( is the rotor static eccentricity. The constants K, 4, K.z and K, are employed
to compute the corresponding counter-electromotive forces and to assess the
mechanical couples, C,.4, C.p and C,., generated by the three motor phases.

In the reference model, the rotor eccentricity is implemented by computing the
coefficients of the counter electromotive force as a function of the rotor eccentricity
and angular position in the PMSM electromagnetic model block. In this way, it
enables the exact reproduction of the system behavior with the help of an analytical
representation of magnetic interactions between rotor and stator.
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Figure 4. 6 — Implementation of the rotor eccentricity fault in the reference model

The implementation of the rotor eccentricity in the monitor model has already been
discussed in the paragraph 3.1.2.2.
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Figure 4. 7 — Implementation of the rotor eccentricity fault in the monitor model

4.6 Proportional gain

The last fault to be considered is proportional gain Gy, Which is part of the Control
Electronics block. Due to the abrupt nature of most electronic faults, a prognostic
analysis cannot be applied as it is not possible to evaluate their expected RUL. In
order to prevent a catastrophic system failure, the only solution is to employ
redundancies so the damaged part can be easily identified, isolated and substituted.
The proportional gain can affect the actuator dynamic response and by varying its
value it 1s possible to see the change of the dynamic response of the models.

The implementation of this fault in both the reference and the monitor model is
relatively easy as it only requires the modification of the input parameter: it is
multiplied by a value in the range 0.5-1.5 so the nominal value equal to 10° [s71]
can assume a value between 0.5 - 10° [s™1] and 1.5 105 [s71].
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Figure 4. 8 — Implementation of the proportional gain fault in the reference model
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Figure 4. 9 — Implementation of the proportional gain fault in the monitor model
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5. Optimization Process

5.1 Optimization algorithms

Optimization algorithms are numerical methods which are carried out iteratively by
comparing different solutions until a satisfactory solution is found. They can be
divided in two main branches:

- Deterministic algorithms, which employ certain rules to move from one

solution to another and they rely on precise mathematical models;
- Stochastic algorithms, which are in nature with probabilistic translation rules
and use a random search of the best solution.

Although a probabilistic method can provide lower computational cost and effort
when the number of variables considered is high, deterministic algorithms are still
better since they provide the same output given a particular input, so their
convergence relies greatly on the initial condition and this is important for searching
local minima.
In this work, optimization algorithms may be employed to have the monitor model
generate parameters as close as possible to the one produced by the reference model.
A predetermined fault is implemented in the reference model before it is launched.
Thereby, it is possible with the simulation to receive all signals of position, speed,
torque and current in a faulty state as an output. After that, the simulation of the
monitor model is executed: it is necessary to approximate the parameters of the
reference as closely as possible in order to detect the introduced fault. To attain this
goal, the monitor model must run many times with different parameters and select
those that come closest to the reference model: these variations of the main features
of the monitor model in each simulation are made by suitable optimization
algorithms. The Genetic Algorithm (GA) has been chosen as the optimization
algorithm for this work.
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5.2 Genetic algorithm

A genetic algorithm is a search heuristic inspired by the theory of natural evolution
of Charles Darwin. This algorithm mirrors the process of natural selection, in which
the most suitable individuals are chosen for reproduction in order to produce
offspring of the next generation.

The process of natural selection begins with choosing the best individuals from a
population by means of an objective function. Such individuals produce offspring
that inherit the characteristics of the parents and are added to the next generation.
When parents are in better fitness, their offspring will be better than them and will
have a better chance of survival. The process keeps repeating itself and in the end a
generation with the best people is acquired.

Genetic algorithms can be used for a search problem by considering a number of
solutions and selecting the best out of them. The genetic algorithm consists of five
phases:

- Initial population: the process starts with a group of individuals composing a
population which is fixed. Each one of them is a solution to the problem they
want to solve. One individual is characterized by the genes, which consist of
a number of parameters (variables). These genes are put together in a string to
form a chromosome, which is the solution.

- Fitness function: it establishes how fit an individual is in terms of ability to
compete with others. It gives each individual a fitness score that will be the
factor determining the probability an individual will be selected for
reproduction.

- Selection: here the most suitable individuals are picked, and they are allowed

to pass their genes on to the next generation. The parents are selected based
on their fitness score. When new generations are formed, the least fit
individuals die and make room for new offspring.
Many selection processes employ a “roulette wheel” mechanism to choose in
a probabilistic manner the individuals based on some measures of their
performance. A real-valued interval, sum, is computed either as the sum of the
expected selection probabilities if the individual or the sum of its fitness score
over all other individuals of the population. Individuals are then mapped one
to one in connected intervals in the range [0,sum]. The size of each individual
interval corresponds to the fitness score of the associated individual. An
example applied to five individuals is shown in Figure 5.2.

- Crossover: it 1s the most important phase in a generic algorithm. A crossover
point is randomly selected from the genes of each pair of parents to be mated;
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the genes from the parents are exchanged until the crossover point is reached,
creating new offspring which will added to the population.

- Mutation: there is a low chance that some of the genes of the newly formed
offspring may be mutated. This implies that some of the bits in the bit
sequence may be flipped. Mutation occurs in order to retain diversity within
the population and avoid having premature convergence.

Al

A2

A3

A4

Gene
Chromosome

Population

Figure 5. 2 — Roulette wheel selection
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The sequence of phases is repeated to generate individuals in each new generation
who are better than the previous one.

The algorithm ends when the population has converged as no offspring that differs
from the previous generation has been created. It is then that a set of solution are
said to have been provided to the problem.

5.2 Optimization toolbox

The MATLAB Optimizer consists of a graphical user interface that can be used to
solve an optimization problem without having to write a script to invoke the Toolbox
functions. In fact, it offers a user-friendly, fast and uncomplicated way of setting the
desired optimization algorithm.

The tool can be started either by typing 'optimtool' on the command line or from the
MATLAB Apps tab. Consequently, the user interface will appear. With the tool, the
user can then select a solver from the Optimization Toolbox, which ranges from
gradient-based algorithms to non-deterministic methods such as simulated
annealing, genetic algorithms or pattern searches. The user interface depends on the
solver selection, based on the options available for the selected algorithm. Only the
genetic algorithm has been considered for this work by setting the solver to “ga”.

File Help
Problem Setup and Results Options Quick Reference <<
= Population i i
Solver:  ga - Genetic Algorithm 2 P Genetic Algorithm
Problem Population type: Double vector Solver
oo This tool corresponds to the
Fitness function: Population size * Use default: 50 for five or fewer va ga function,
Number of variables: Specify: Click to expand the section
below corresponding to your
Creation function:  Constraint dependent task

Constraints:

. } Problem Setup and Results
Linear inequalities: A b:

X Problem
. . Initial population: '« Use default: []
Linear equalities: Aeq; beq: » Constraints
Specify: .
Bounds: Lower: Upper: Run solver and view results
Initial scores ¢ Use default: []
Nonlinear constraint function: Options
Specify: Specify options for the
Integer variable indices: Genetic Algorithm solver.
Initial range: * Use default: [-10;10] 9
Run solver and view results Population
Specify:
Use random states from previous run » Fitness scaling
= Fitness scaling . "
Start Pause Stop Selection
Scaling function:  Rank Repraduction
Current iteration: Clear Results
» Mutation
» Crossover
» Migration

= Selection
» Constraint parameters

Selection function:  Stochastic uniform Hybrid function
» Stopping criteria
» Plot Functions

Output function

Figure 5. 3 — The Optimtool GUI for the genetic algorithm
57



Study of innovative model-based prognostic algorithms applied to aerospace electromechanical actuators

The main setup options are located on the left side of the GUI. Firstly, there is the
Problem Setup and Results section, which defines the problem and starts
optimization. The Problem subsection contains the Fitness Function and Number of
Variables fields, which are both mandatory: the objective function must be inserted
as a function handle in the form '@objfun', where 'objfun.m' is the matlab file that
contains the fitness function that must be receive a vector as input and return a scalar.
The dimension of the input vector must be specified in the Number of Variables
field. In the Constraints subsection, linear equalities constraints can be specified in
the form [A]{x} = {b}, linear inequalities in the form [A]{x} < {b}, bounds
constraints, or nonlinear constraints defined by a user-defined function. At least one
bound constraint is required to start optimization.

In the subsection Run Solver and View Results one can start, stop and pause the
optimization Details about the optimization are displayed in the Status and Results
area, while the resolution to the problem is displayed in the Final point area.

In the middle area of the Optimtool window, Options for optimization can be set
which are useful for improving the robustness of the algorithm, the computational
efficiency as well as the convergence. The subsection Population enables the
selection of the population type between double vector, bit string or custom.
Population size indicates the number of individuals who make up each generation.
The Creation function is used to generate people of the original population: it can be
Constraint dependent (1.e. uniform if there are no restrictions and otherwise feasible
population) or custom. It 1s also possible to set the initial population, initial scores,
or initial range by specifying each individual, rating, or the upper and lower limits
for the first generation, respectively.

Fitness scaling allows a scaling function to be defined, i.e., an algorithm for
converting raw fitness scores returned by the fitness function into values fit for the
selection function. The Rank option scales the ratings of each individual depending
on their position in the sorted ratings: the fittest person receives rank 1, the second
strongest rank 2, and so on, which eliminates the effect of scattering the raw scores.
Proportional scaling sets everyone's expectations in proportion to their score: this is
the simplest option, but can have a weakness if the raw scores are not in a favorable
range. The Top option picks the best n individuals for reproduction with the same
probability, where n is the number given in the Quantity field, while the others have
no reproduction probability. Shift linear scales the raw values in such a way that the
expectation of the fitter individual is equal to the constant specified as the Maximum
survival rate, multiplied by the average score, whereas Custom allows the user to
define its own scaling function in the form of ‘@Scalefcn’.

The selection function selects parents for the next generation based on their scaled
fitness values. By specifying the stochastic uniform, the parents are selected at
random, with the probability being proportional to their expectations.
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The Remainder deterministically assigns the parents from the integer part of each
individual's scaled value and then uses the roulette selection for the remaining
fraction. Uniform randomly selects parents from an even distribution using the
expectations and number of parents: the user can use it to test the genetic algorithm.
Roulette simulates a roulette wheel, with the area of each segment proportional to its
expectation. The algorithm then uses a random number to select one of the sections
with a probability that corresponds to its area. Tournament randomly selects a
subgroup of individuals whose size is reported as the Tournament size and then picks
the best person from the subgroup as the parent. Finally, with Custom the user can
specify a selection function as "@SelectFen".

The Reproduction options establish how the algorithm generates individuals for the
next generation. The Elite count indicates the number of individuals who survived
from the previous generation, while the Crossover faction establishes the next
generation faction produced by crossover.

The Mutation function carries out small random variations to the individuals in the
population that offer genetic diversity and allow the genetic algorithm to search a
wider space. This parameter can be selected under Constraint dependent, which is
Gaussian 1f there are no constraints or Adaptive feasible otherwise. Uniform, where
a fraction of an individual's vector entry is replaced with a probability equal to the
mutation rate with a random number uniformly selected from the range for that entry
or Custom that allows the user to write a mutation function that is called
'@MutateFen .

The Crossover function brings two parents together to form one child. Scattered
crossover randomly selects each gene from one of the parents and assigns it to the
child. Intermediate Crossover generates a child as a weighted average between the
parents with random weights. Heuristic crossover randomly creates a child in the
parent row who is near the best match parent away from the worst match parent.
Arithmetic crossover creates a child as a random arithmetic average of the parents,
while the Custom option enables a custom function to be entered as usual.

If more than one subpopulation is accounted for in the population subsection by
entering a vector with a dimension greater than one as the population size, it is
feasible to implement the migration option which simulates the movement of people
between subpopulations. The Direction indicates whether people can migrate
Forward or in Both directions. The Fraction establishes the number of individuals
who migrate, expressed as a fraction of the smallest population, while the Interval
controls how many generations cross between migrations.

In the Constraint Parameters subsection, one can configure the initial penalty and
penalty factor used by the nonlinear constraint solver algorithm.
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The Hybrid function option enables further minimization after completing the
genetic algorithm. The options available are fminsearch, patternearch, fminunc, and
fmincon.

The Stopping criteria settings establish why the algorithm stops. It is possible to
limit the maximum number of generations, the maximum computation time, the
maximum number of stable generations (over which changes in the fitness function
are less than the functional tolerance) or the tolerance for the maximum nonlinear
constraint violation .

From the Plot Functions subsection, various aspects of the genetic algorithm can be
plotted during its execution. Each quantity is shown on a separate axis in the same
figure. The choices available are the best fitness value for each generation, entries
of the best individual, the average distance between individuals at each iteration, the
expected number of children compared to the raw values, the genealogy number of
people (only available at the end of optimization) maximum, minimum, and mean
fitness, score of individuals of each generation, parents selected for reproduction,
stopping criteria, maximum nonlinear constraint violation, or a custom function
specified as '@PlotFen'.

In addition, it is possible to specify an output function that the genetic algorithm calls
every generation and the amount of diagnostic information that is displayed in the
command window.

As a final note, the User Function Evaluation option establishes how fitness and
constraint functions are rated. With in serial selection, the functions are assessed
separately for each individual; The vectored evaluation calculates the fitness and
constraints for all individuals in a population in a function call, but the functions
must be set in such a way that they accept vectored input. Finally, the in parallel
option allows the fitness and limitations of a group of processors to be assessed,
which can significantly speed up optimization when assessing a computationally
intensive function on a multicore processor. To enable this feature, the worker
cluster must be started with the ‘matlabpool’ command before the solver is started.
This will open the specified number of MATLAB processes, which will allow the
processor resources to be used to the full.

5.4 Choice of the fitness function

The objective function is used in order to provide an evaluation of how individuals
performed in the problem. In the case of a minimization problem, the most suitable
individuals have the lowest numerical value of the associated objective function. It
is also known as the fitness function: it expresses how much the monitor model is
comparable to the high fidelity one in a satisfactory manner. If the algorithm
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executes the monitor model with a certain fault vector k& at every sample time, the
single-phase current is stored in the workspace of Matlab in a suitable variable. This
value is then compared with the reference equivalent current, which is assessed as
described at the beginning of Chapter 2 in order to compute the error between the
two signals. The comparison has been made as a first approximation using the Least
Squares method:

err = Z(IHF(to) - ILF(LLO))2 (5-1)

where Iy 1s the reference model output current, I} is the monitor model output
current and t is a generic time instant of the simulation time. The two current trends
are compared in the equation 5.1, whereby the minimum of the signal described is
determined. This means that the error must stay as close to zero as possible. On
closer inspection, the equation 5.1 turned out to be not quite accurate as it resulted
in very small differences between the behavior of the reference and monitor models
not being detected, a situation which could lead to a phase shift in the rotor angular
position measured between the two models. This inaccuracy is notably exacerbated
with abrupt changes in the commanded current.

A solution to this problem could be implemented by employing the Total Least
Squares method: it takes into account not only the dependent variable, but also the
independent variable. It evaluates the accuracy of the fit in different ways from the
Least squares method as it minimizes the sum of the squared vertical distances from
the acquired data to the fit curve.

L=

C 11 _12 A
dl,/dt

»
»

t

Figure 5. 4 — Representation of the Total Least Squares method
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In our case, the acquired data is the output of the reference model, and the
approximation is performed by the optimization algorithm applied to the monitor
model. When using the Total Least Squares method, the computation of the error is
only possible when assessing the normal distance between a data trend and a fit curve
as shown in Figure 5.4.

Considering I; = Iyp and I, = I;; and assuming that the distance BC is small
enough to match the segment with the curve, the length of the segment AC would
be:

AC = dl,/dt

Being AH the height right-angled triangle, one can say that for every time instant:

AR - A(C (11_12)'—11_12
AH = AB_'AC _ dl,/dt _ (I, — 1) (5.3)
BC dI?
L-L\ [=i+1
—1)2 1~ B
(Il 12) + (d]l/dt> dt

Thus, the error with the Total Least Squares method can be computed as:

err = z (h(to) — Iz(to))z _ z (IHF(tO) — ILF(tO))Z (5.4)

dl(ty)? JdIHF(to)Z
‘ \/T“ CoNT et

The error is finally multiplied by the sample time to avoid its dependence on the
compiling time.

A major concern resides on the unit of measure when defining the error related to
the use of Pythagoras theorem to evaluate the sum of the two values with different
units of measure. As a matter of fact, the nominator of equation 5.2 is a distance
between values with the same unit of measurement, whereas the derivative is
introduced at the denominator. In order to solve this issue, some solutions can be
applied by either replacing the normal distance with the horizontal and vertical
distance remainders or normalizing the variables with the precision measurement
analysis. Both solutions have some drawbacks: the first one undervalues the error
when the derivative of the curve is too small, whereas with the second it is not easy
to acquire the precision measurement as the error must be equal to zero from time to
time in nominal conditions. It has been decided to replace the derivative at the
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denominator with its Root Mean Square value in normal conditions so the current
can attain a unitary average derivative.

5.5 Normalization of the fitness function arguments

Fault parameters are introduced to both the reference and monitor models in the form
of an eight-elements normalized vector k. These elements represent the arguments
of the fitness function described in the previous paragraph. Because genetic
algorithms are found to provide a faster convergence with normalized parameters,
each argument of the fitness function has been made to vary between 0 and 1 by
performing a linear interpolation based on the minimum and maximum values for
each fault:

» k(1) € [0,1] refers to the normalized friction fault: k(1) = 0 in normal
conditions, whereas k(1) = 1 when the value is three times the one in normal
conditions.

= k(2) €[0,1] refers to the normalized backlash fault: k(2) = 0 in normal
conditions, whereas k(2) = 1 when the value is one hundred times the one in
nominal conditions.

" k(3),k(4),k(5) €[0,1] represent respectively the normalized short circuit
of phases A, B and C: k(3) = 0 when phase A is fully functional, whereas
k(3) =1 when there’s a complete short circuit for the same phase. In order
to avoid any divergence through the simulation, whenever two of the three
parameters reach simultaneously the maximum value (1), they are
immediately set to 0.99 because otherwise two fully short-circuited phases
will make the monitor model current diverge to infinite. This condition may
lead to the total breakdown of the motor.

= k(6), k(7) € [0,1] represent the eccentricity fault in terms of amplitude and
phase. k(6) is the rotor eccentricity amplitude, k(6) = 0 when the rotor
eccentricity is null whereas k(6) = 1 when it is equal to 1. k(7) is the rotor
eccentricity phase, which is the direction of the minimum air gap, k(7) = 0
when the phase is equal to -t whereas k(7) = 1 when it is equal to w. Due to
the fact that the eccentricity phase can assume any value between -t and ©
when the magnitude is null, it can to be suitably managed during the
assessment of the function error.

» k(8) € [0,1] is the proportional gain fault. k(8) = 0 when only the 50% of
the nominal value is considered and k(8) =1 when the percentage is
increased to 150%. Thus, in nominal conditions k(8) = 0.5.
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Once normalized, the fault vector is:
k =10,0,0,0,0,0,0.5,0.5] (5.5)

During the execution of the optimization algorithm, the fault parameters of the
reference model are varied depending on whether single fault or multiple fault
optimization is chosen. By comparing the current trends of the two models, the
algorithm generates suitable values of the fault parameters in the monitor model.

5.6 Parallelization

Parallelization is the choice of whether the computational effort should be divided
between different cores or not. Not parallelizing means that the simulation is
executed in serial mode so that the algorithm only calls up the fitness function for
one individual at a time. The use of the parallel calculation means that the algorithm
calls simultaneously several individuals, based on the number of core processors, to
assess their suitability with the goal. A MacBook Pro has been employed to carry
out the simulation, so two core processors were available for the execution in parallel
mode.
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6. Model optimization

6.1 Optimization parameters

In order to acquire reliable and precise data from the simulation, the right
optimization parameters have to be chosen. In particular, the main parameters taken
into account are:

= Population size: it represents the number of individuals of each generation.
Increasing this parameter can provide better accuracy and reliable data, but
the computation time is no longer acceptable. After several calibration
attempts, a population size of 20 has been chosen.

»  Number of generations: it represents the maximum number iterations. In each
generation, the best individuals are selected as a temporary solution to the
problem: the algorithm stops when one of these solutions is found to be the
best out of all. Increasing the number of generations has the same effect as in
the case of the population size: it increases the computational time by a lot
even though it gives better solutions. Given that the number of variables
(faults) considered is 8 and the number of generations is obtained by
multiplying it by 100, it should be equal to 800. However, after several
calibration attempts, it has been found that a number of generations equal to
200 can give acceptable results with lower computational time.

»  Function tolerance: it represents the average relative variation in the best
score of the fitness function. By setting this number, the algorithm halts the
iteration in case the relative variation between the best value of one generation
and the one of the next generation is lower than the set value. The value set
by default is 107° and it has been changed to 102 for this simulation.
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" Parallelization: as already explained in paragraph 5.6, two core processors
could be employed reducing significantly the completion time of the
optimization process.

The user can vary any of these parameters taking into account that the genetic
algorithm will halt as soon as one of these conditions is met.

6.2 Model calibration in normal conditions

Comparison

iHF

-10 ! ! ! ! ! ! ! ! ! |
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Time [us] x10°

Figure 6. 1 — Comparison of the output currents before calibration

In both signals, the amplitude rises as the command frequency increases, even
though the magnitude of the latter does not vary during the whole actuation. This is
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due to the inertial forces which increase alongside the frequency and when faster
direction inversions are needed, the system produces larger acceleration with

consequent larger speeds and torque which are required when imposing the new
direction. The current is directly proportional to the motor torque, as a consequence
it increases and decreases at the same rate. At the initial stage of the response, the
signal line is mainly horizontal, and it becomes steeper as the actuation speed
increases together with the position error, until they come vertical. This new trend
represents the condition in which the static friction has to be overcome: once the
direction is changed, the system reacts with its own dynamics and the actuator has
to stop by inverting the actual position speed. Consequently, as the static friction
torque is greater than the dynamic one, a sudden increase of current is required in
order to initialize again the system. This explains the jumps in the current trend.

Comparison
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Figure 6. 2 — Close-up of the comparison of the output currents before calibration
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At the first stage of actuation, the signal has initially a linear behavior and then one
can observe an overshoot typical of second order systems, which not the case for this
study.

When considering the models in nominal conditions, one can observe how the
current trends are comparable, they differ for a small offset in terms of magnitude
that can be regarded as an ‘error’ which can be compensated through the Genetic
Algorithm included in Matlab Optimization Toolbox. This error is due to a slightly
lower stator-rotor electromagnetic coupling in the monitor model and this results in
a higher equivalent current when the same operating conditions in terms of torque
and speed are considered. Another consequence of this configuration is that the
maximum zero-load actuating speed of the monitor model results moderately higher
and leads to the accumulation of a position offset when working near saturation.
Hence, a different response can be observed from position and velocity time histories
as the faster model will reach first the commanded position. When a fault in the
electrical model is taken into account, the angular position phase displacement gives
current ripples signal, hindering the correct fault identification.

In order to minimize the position error in nominal condition, the BEMF coefficient
k. as well as the motor gain torque G of the monitor model have to be calibrated
by applying the genetic algorithm to find the values for which the minimum error is
obtained. After that, the objective function that the genetic algorithm will try to
minimize is chosen as the Mean Squared Error (MSE) computed as follows:

MSE = z(IHF — I p)? [A?] (6.1)

=1

where Iy and Iy are, respectively, the high fidelity and the low fidelity current
components at each integration step, whereas n is the sampling number. Before the
calibration, the MSE has a value equal to:

MSE;n;: = 0,1292 [A?] (6.2)
With the acquired values of k, and Gy, the following result is obtained:

MSE_, = 0,0644 [A?] (6.3)
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Figure 6. 3 — Comparison of the two output currents after calibration

KE GT MSE
NOMINAL CONDITIONS 0.0752 0.0752 0.1292
AFTER CALIBRATION 0.085897 0.080072 0.0644

Table 6. 1 — Results of calibration at nominal conditions
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6.3 Single fault isolation

As previously stated, the reference current is produced by feeding a fault vector k
into the reference model. The fault detection is them performed by the genetic
algorithm which, through the monitor model, attempts to approximate as closely as
possible the values of each fault coefficient corresponding to the equivalent current
trend. The acquired results are shown in the tables of the following paragraphs for
each fault. The percentage of error is computed by using the following relation:

6
%err = 100 - Z(ki —k) ke (ky—ky) + (ks —Ks)'  (64)

=1

where k; is the value of the i-th fault parameter of the monitor model and k; is the
corresponding i-th fault parameter of the reference model.

The relation 6.4 is exactly the same as a mean square error with a minor dissimilarity
in the definition of the eccentricity phase error k-, which can assume any value
when the eccentricity coefficient ¢ is null.

Three distinct objective functions are examined for each fault: the low fault detection
(with k; < 0.25), medium fault detection (with 0.25 < k; < 0.7) and high fault
detection (with k; > 0.7).

The optimization has been performed not only for the single fault application, but
also for the multiple fault application.

In order to emphasize the stochastic behavior of the genetic algorithm, ten
optimizations have been carried out for each case, with slightly different results
being achieved each time. The execution time has an average value of 12°15”,
reaching a maximum of 17°42”. The computation time is mainly affected by the
number of iterations that are executed to achieve convergence.
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6.3.1 Friction fault

Friction fault has been assessed by implementing a low (k; = 0.25), medium (k; =
0.5) and high (k; = 0.75) level of damage to analyze the behavior of the system in
each of these scenarios. For each case, ten optimizations have been executed and the
results have been reported in the tables below.

key k, ke k4 ks ke ke kg
Ref. 0.25 0 0 0 0 0 0.5 0.5 %err
1 0.2390 0.0028 0.0013 0.0007 0.0039 0.0029 0.7492 0.4758
1.1% 028% 0.13% 0.07% 0.39% 0.29% 24.92% 242% 2.49%
2 0.2471 0.0004 0.0060 0.0022 0 0.0047 0.9652 0.4859
0.29% 0.04% 0.6% 0.22% 0% 0.47% 46.52% 0.41% 1.62%
3 0.2399 0.0013 0 0.0051 0.0049 0.0032 0.6273 0.4836
1.01% 0.13% 0% 0.51% 0.49% 0.32% 12.73% 1.64% 1.82%
4 0.2463 0.0017 0.0053 0.0048 0.0023 0.0005 0.0027 0.5105
0.37% 0.17% 0.53% 0.48% 0.23% 0.05% 49.73% 1.05% 1.30%
5 0.2506 0 0.0051 0.0015 0 0.0009 0.3653 0.4863
0.06% 0% 0.51% 0.15% 0% 0.09% 13.47% 137% 1.47%
6 0.2447 0.0034 0 0 0.0045 0.0039 0.4678 0.5154
0.53% 0.34% 0% 0% 0.45% 039% 3.22% 1.54% 1.69%
7 0.2471 0.0019 0.0038 0.0052 0.0019 0.0074 0.6330 0.4778
029% 0.19% 0.38% 0.52% 0.19% 0.74% 13.30% 2.22% 2.44%
8 0.2501 0.0023 0.0015 0.0082 0.0008 0.0071 0.0762 0.4756
0.01% 0.23% 0.15% 0.82% 0.08% 0.71% 42.38% 2.44% 2.69%
9 0.2478 0.0001 0 0.0097 0.0013 0.0057 0.5049 0.4893
0.22% 0.01% 0% 097% 0.13% 0.57% 0.49% 1.07% 1.56%
10 0.2422 0.0009 0.0024 0.0014 0.0037 0 0.9955 0.4723
0.78%  0.09% 0.24% 0.14% 0.37% 0%  49.55% 2.77% 2.81%

Table 6. 2 — Low friction optimization results

k4 k, k; k, ks ke k, kg

Ref. 0.5 0 0 0 0 0 0.5 0.5 %err

1 0.4938 0.0102 0.0008 0.0127 0.0079 0.0107 0.7192 0.4858
0.62% 1.02% 0.08% 1.27% 0.79% 1.07% 21.92% 1.42% 2.54%

2 0.5012 0.0068 0.0038 0 0.0114 0.0139 0.7530 0.5024
0.12% 0.68% 0.38% 0% 1.14% 1.39% 25.30% 0.24% 1.97%

3 0.4841 0.0125 0 0.0084 0 0.0082 0.4084 0.4872
1.59% 1.25% 0% 0.84% 0% 0.82% 9.16% 1.28% 2.14%

4 04748 0.0183 0.0014 0.0140 0.0036 0 0.6334 0.4775
2.52%  1.83% 0.14% 1.4% 0.36% 0% 13.34% 2.25% 3.24%
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10

Ref.

10

0.4948
0.52%
0.4809
1.91%
0.4957
0.43%
0.4714
2.86%
0.4882
1.18%
0.5042
0.42%

0.75
0.7382
1.18%
0.7408
0.92%
0.7390
1.1%
0.7449
0.51%
0.7389
1.11%
0.7401
0.99%
0.7461
0.39%
0.7368
1.32%
0.7493
0.07%
0.7482
0.18%

0.0179
1.79%
0.0033
0.33%
0.0098
0.98%
0.0046
0.46%
0.0075
0.75%
0.0221
2.21%

Table 6.

k,

0
0.0005
0.05%
0.0057
0.57%

0

0%
0.0136
1.36%
0.0026
0.26%
0.0003
0.03%

0

0%
0.0039
0.39%
0.0014
0.14%
0.0031
0.31%

0.0009
0.09%
0
0%
0.0034
0.34%
0
0%
0.0116
1.16%
0.0022
0.22%

0
0%

0
0%
0.0093
0.93%
0.0089
0.89%
0.0036
0.36%
0
0%

0.0006
0.06%
0.0032
0.32%
0.0095
0.95%
0.0014
0.14%
0
0%
0.0093
0.93%

0.0064
0.64%
0.0008
0.08%
0.0021
0.21%
0.0069
0.69%
0.0162
1.62%
0
0%

0.3463
15.37%
0.1049
39.51%
0.8051
30.51%
0.9035
40.35%
0.0057
49.43%
0.5948
9.48%

3 — Medium friction optimization results

ke
0
0
0%
0.0003
0.03%
0.0046
0.46%
0.0064
0.64%
0
0%
0.0002
0.02%
0.0028
0.28%
0.0071
0.71%
0
0%
0.0001
0.01%

ks
0
0.0012
0.12%
0
0%
0.0191
1.91%
0
0%
0.0129
1.29%
0.0021
0.21%
0
0%
0.0073
0.73%
0.0048
0.48%
0
0%

kes
0
0.0005
0.05%
0.0307
3.07%
0.0032
0.32%
0
0%

0
0%
0.0055
0.55%
0
0%
0.0016
0.16%
0.0032
0.32%
0.0081
0.81%

kg
0
0.0097
0.97%
0.0109
1.09%
0
0%
0.0012
0.12%
0
0%
0.0040
0.40%
0.0007
0.07%
0.0071
0.71%
0
0%
0.0037
0.37%

ke
0.5

0.7259
22.59%
0.0095
49.05%
0.6939
19.39%
0.6655
16.55%
0.2059
29.41%
0.5862
8.62%
0.3140
18.60%
0.1747
32.53%
0.6461
14.61%
0.0070
49.30%

Table 6. 4 — High friction optimization results
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0.4933
0.67%
0.4768
2.32%
0.4931
0.69%
0.4873
1.27%
0.5036
0.36%
0.4904
0.96%

kg
0.5

0.4835
1.65%
0.4924
0.76%
0.4081
9.19%
0.3992
10.08%
0.4048
9.52%
0.4731
2.69%
0.4160

8.4%
0.4769
2.31%
0.4235
7.65%
0.3844
11.56%

2.02%

2.37%

1.83%

1.76%

2.19%

2.59%

%err

1.92%

3.39%

9.40%

10.19%

9.61%

2.78%

8.40%

2.66%

7.67%

11.60%
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It can be observed from the tables how the average error is higher for higher values
of the friction compared to the low friction optimization results. This is due to the
nature of optimization processes as they work better with values that are closer to
the nominal ones in non-faulty conditions.

6.3.2 Backlash fault

Backlash fault has been assessed by implementing a low (k, = 0.2), medium (k, =
0.6) and high (k, = 0.8) level of damage to analyze the behavior of the system in
each of these scenarios. For each case, ten optimizations have been executed and the
results have been reported in the tables below.

ke, k, ke ke, ks ke ke kg
Ref. 0 0.2 0 0 0 0 0.5 0.5 %err
1 0.0029 0.1889 0.0013 0 0.0002 0.0018 0.2094 0.4846
0.29% 1.11% 0.13% 0% 0.02% 0.18% 29.06% 1.54% 1.91%
2 0.0003 0.1941 0.0011 0.0009 0.0014 0 0.1044 0.4735
0.03% 0.59% 0.11% 0.09% 0.14% 0%  39.56% 2.65% 2.72%
3 0.0032  0.1892 0 0.0016 0.0038 0.0009 0.6330 0.5083
0.32% 1.08% 0% 0.16% 0.38% 0.09% 133% 0.83% 1.43%
4 0.0017 0.1907 0.0005 0 0.0017 0.0012 0.2241 0.4749
0.17% 0.93% 0.05% 0% 0.17% 0.12% 27.59% 2.51% 2.69%
5 0.0013 0.1871 0.0021 0.0031 0 0 0.8656  0.4930
0.13% 1.29% 0.21% 0.31% 0% 0%  36.56% 0.7% 1.51%
6 0.0001 0.1893 0 0.0019 0.0001 0.0029 0.9728 0.4895
0.01% 1.07% 0% 0.19% 0.01% 0.29% 47.28% 1.05% 1.54%

7 0 0.1909 0 0.0004 0.0001 0.0016 0.5742 0.4775
0% 0.91% 0% 0.04% 0.01% 0.16% 7.42% 2.25% 2.43%
8 0 0.1958 0.0003 0 0.0015 0 0.3967 0.4909

0% 0.42%  0.03% 0% 0.15% 0% 10.33% 091% 1.21%

9 0.0011 0.1981 0.0012 0.0004 0 0.0009 0.2803 0.4821
0.11% 0.19% 0.12% 0.04% 0% 0.09% 21.97% 1.79% 1.81%

10 0.0038 0.1869 0 0.0011 0.0023 0.0002 0.6350 0.4870
0.38% 1.31% 0% 0.11% 0.23% 0.02% 13.5% 13% 1.86%

Table 6. 5 — Low backlash optimization results
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Ref.

10

Ref.

ke
0
0.0003
0.03%
0.0011
0.11%
0
0%

0
0%
0.0004
0.04%
0.0018
0.18%
0.0003
0.03%
0
0%
0.0021
0.21%
0.0016
0.16%

0.0003
0.03%
0.0015
0.15%
0.0017
0.17%
0.0017
0.17%
0.0008
0.08%
0.0003
0.03%
0.0008
0.08%
0.0005
0.05%

k,
0.6
0.5983
0.17%
0.5785
2.15%
0.6030
0.3%
0.6039
0.39%
0.574
2.6%
0.6042
0.42%
0.5870
1.43%
0.6045
0.45%
0.5784
2.16%
0.5849
1.51%

Table 6. 6 — Medium backlash optimization results

k,
0.8
0.7959
0.41%
0.7839
1.61%
0.7929
0.71%
0.8092
0.92%
0.7847
1.53%
0.7965
0.35%
0.7837
1.63%
0.7873
1.27%

ks
0
0.0009
0.09%
0.0016
0.16%
0
0%
0.0002
0.02%
0.0007
0.07%
0
0%
0.0012
0.12%
0.0012
0.12%
0.0008
0.08%
0.0003
0.03%

ke
0
0.0008
0.08%
0.0004
0.04%
0
0%
0.0001
0.01%
0.0011
0.011%
0.0028
0.28%
0
0%
0.0002
0.02%

ks
0
0
0%
0.0002
0.02%
0
0%
0.0013
0.13%
0
0%
0.0021
0.21%
0.0025
0.25%
0.0009
0.09%
0
0%
0
0%

k4
0
0
0%
0.0015
0.15%
0.0019
0.19%
0.0124
1.24%
0.0001
0.01%
0.0004
0.04%
0.0021
0.21%
0.0211
2.11%
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ks
0
0.0005
0.05%
0.0007
0.07%
0
0%
0.0004
0.04%
0.0011
0.11%
0.0011
0.11%
0.0009
0.09%
0
0%
0
0%
0.0002
0.02%

ks

0
0.0010
0.10%
0.0035
0.35%
0.0021
0.21%

0%
0.0004
0.04%

0%
0.0031
0.31%
0.0018
0.18%

ke
0
0

0%

0
0%
0.0027
0.27%
0.0019
0.19%
0.0009
0.09%
0.0014
0.14%
0.0017
0.17%
0
0%
0.0022
0.22%
0.0016
0.16%

ke

0
0.0023
0.23%

0%
0.0034
0.34%
0.0182
1.82%
0.0018
0.18%
0.0124
1.24%

0%
0.0009
0.09%

ke
0.5
0.3449
15.51%
0.5950
9.50%
0.7535
25.35%
0.3979
10.21%
0.0717
42.83%
0.6136
11.36%
0.2658
23.42%
0.2963
20.37%
0.4485
5.15%
0.9619
46.19%

k
0.5
0.6434
14.34%
0.1066
39.34%
0.5855
8.55%
0.2041
29.59%
0.5879
8.79%
0.1839
31.61%
0.3023
19.77%
0.0654
43.46%

kg
0.5
0.4732
2.68%
0.4974
0.26%
0.4750
2.5%
0.4966
0.34%
0.5045
0.45%
0.4795
2.05%
0.4834
1.66%
0.4781
2.19%
0.4738
2.62%
0.4893
1.07%

kg

0.5
0.4858
1.42%
0.4915
0.85%
0.4760
2.4%
0.4947
0.53%
0.5075
0.75%
0.5032
0.32%
0.4961
0.39%
0.4841
1.59%

%err

2.69%

2.17%

2.53%

0.57%

2.64%

2.11%

2.22%

2.24%

3.40%

1.86%

%err

1.50%

1.86%

2.54%

2.44%

1.72%

1.36%

1.72%

2.94%
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9 0.0018 0.7934 0.0009 0 0.0014 0.0209 0.5541 0.4825

0.18% 0.66% 0.09% 0% 0.14% 2.09% 541% 1.75% 2.81%
10 0.0006 0.7920 0.0012 0.0025 0.0014 0 0.9476  0.5090

0.06% 0.8%  0.12% 0.25% 0.14% 0% 44.76% 0.9% 1.24%

Table 6. 7 — High backlash optimization results

Backlash detection is more straightforward compared to the other faults and the
results acquired through the optimization process confirm that. Indeed, the average
error as well as the compiling time for each level of damage are relatively low
providing higher accuracy with lower computational effort.

6.3.3 Short circuit fault

Short circuit fault parameters k3, k, and kg5 behave in a similar fashion, so only the
case in which phase A is in short circuit has been considered. It has been assessed
by implementing a low (k3 = 0.2), medium (k3 = 0.4) and high (k; = 0.7) level of
damage to analyze the behavior of the system in each of these scenarios. For each
case, ten optimizations have been executed and the results have been reported in the
tables below.

key k; ke ks kes ke ke kg
Ref. 0 0 0.2 0 0 0 0.5 0.5 %err
1 0.0002 0.0128 0.1935 0 0.0028 0.0031 0.7852 0.4926

0.02% 1.28% 0.65% 0% 0.28% 031% 28.52% 0.74% 1.67%
2 0 0.0029 0.1883 0.0021 0.0011 0 0.6630 0.5468

0% 029% 1.17% 0.21% 0.11% 0% 16.30% 4.68% 4.84%
3 0.0019 0.0071 0.1297 0 0.0231 0 0.2479  0.5247

0.19% 0.71% 7.03% 0% 2.31% 0%  2521% 2.47% 7.83%
4 0.0020 0 0.1908 0.0004 0.0029 0.0327 0.4127 0.4918

0.20% 0% 0.92% 0.04% 029% 3.27% 8.73% 0.82% 3.51%
5 0.0009 0 0.2004 0.0223 0 0 0.0173  0.5350

0.09% 0% 0.04 2.23% 0% 0%  4827% 45%  5.02%
6 0.0024 0.0155 0.1228 0.0019 0.0001 0.0063 0.5331 0.5061

024% 1.55% 7.72% 0.19% 0.01% 0.63% 3.31% 0.61% 8.01%
7 0.0039 0.0082 0.1835 0 0.0010 0.0025 0.3485 0.4944

0.39% 0.82% 1.65% 0% 0.10% 0.25% 15.15% 0.56% 1.94%
8 0.0006 0.0047 0.1367 0 0.0026 0 0.2345 0.5169

0.06% 0.47% 6.33% 0% 0.26% 0%  26.55% 1.69% 6.57%
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10

Ref.

10

Ref.

0%
0.0001
0.01%

key
0
0.0047
0.47%
0.0028
0.28%
0.0011
0.11%
0.0005
0.05%
0.0027
0.27%
0.0042
0.42%
0.0004
0.04%
0.0017
0.17%
0.0017
0.17%
0.0009
0.09%

0.0203
2.03%
0.0025
0.25%

Table 6. 8 — Low short circuit optimization results

k,

0
0.0054
0.54%
0.0007
0.07%
0.0056
0.56%
0.0042
0.42%
0.0002
0.02%
0.0008
0.08%
0.0027
0.27%
0.0047
0.47%
0.0015
0.15%
0.0023
0.23%

0.1890
1.1%
0.1913
0.87%

ke
0.4
0.3650
3.5%
0.3868
1.32%
0.3747
2.53%
0.3224
7.76%
0.3789
2.11%
0.3713
2.87%
0.3490
5.1%
0.3744
2.56%
0.3705
2.95%
0.3527
4.73%

0.0108
1.08%
0.0014
0.14%

k4
0
0.0095
0.95%
0.0203
2.03%
0.0079
0.79%
0.0176
1.76%
0.0227
2.27%
0.0403
4.03%
0.0116
1.16%
0.0008
0.08%
0.0074
0.74%
0.0091
0.91%

0
0%
0.0039
0.39%

ks
0
0.0126
1.26%
0.0027
0.27%
0.0150
1.50%
0.0163
1.63%
0.0202
2.02%
0.0084
0.84%
0.0059
0.59%
0.0172
1.72%
0.0038
0.38%
0.0067
0.67%

0.0003
0.03%
0.0008
0.08%

ke
0
0.0038
0.38%
0.0154
1.54%
0.0237
2.37%
0.0073
0.73%
0.0024
0.24%
0.0192
1.92%
0.0005
0.05%
0.0048
0.48%
0.0304
3.04%
0.0056
0.56%

0.6864
18.64%
0.8239
32.39%

k
0.5
0.7858
28.58%
0.4847
1.53%
0.2589
24.11%
0.0652
43.48%
0.0398
46.02%
0.7571
25.71%
0.2637
23.63%
0.4337
6.63%
0.8831
38.31%
0.2264
27.36%

0.5387
3.87%
0.5326
3.26%

kg
0.5
0.5102
1.02%
0.5070
0.7%
0.5149
1.49%
0.5229
2.29%
0.5023
0.23%
0.5053
0.53%
0.5527
2.27%
0.5176
1.76%
0.5041
0.41%
0.4951
0.49%

Table 6. 9 — Medium short circuit optimization results

ke

0
0.0053
0.53%
0.0038
0.38%
0.0021
0.21%

k,

0
0.0048
0.48%
0.0024
0.24%
0.0041
0.41%

ks

0.7
0.6364
6.36%
0.6545
4.55%
0.6593
4.07%

ks

0
0.0241
2.41%
0.0093
0.93%
0.0089
0.89%
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ks

0
0.0082
0.82%
0.0127
1.27%
0.0420
4.20%

ke

0
0.0307
3.07%
0.0069
0.69%
0.0314
3.14%

k;
0.5
0.4080
9.20%
0.8464
34.64%
0.3244
17.56%

kg

0.5
0.5316
3.16%
0.5239
2.39%
0.5087
0.87%

4.63%

3.41%

%err

4.03%

2.97%

4.17%

8.48%

3.71%

5.40%

5.47%

3.61%

4.34%

4.93%

%err

8.16%

5.42%

6.77%
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4 0.0027 0.0018 0.6624 0.0103 0.0079 0.0083 0.7617 0.5248

027% 0.18% 3.76% 1.03% 0.79% 0.83% 26.17% 2.48% 4.76%
5 0.0045 0.0005 0.6473 0.0218 0.0062 0.0148 0.0211 0.5313

0.45% 0.05% 5.27% 2.18% 0.62% 1.48% 47.89% 3.13% 6.70%
6 0.0009 0.0026 0.6534 0.0327 0.0227 0.0008 0.7087 0.5159

0.09% 0.26% 4.66% 3.27% 227% 0.08% 20.87% 1.59% 6.34%
7 0.0005 0.0069 0.6622 0.0060 0.0053 0.0005 0.5542 0.5381

0.05% 0.69% 3.78% 0.60% 0.53% 0.05% 5.42% 3.81% 5.47%
8 0.0039 0.0032 0.6491 0.0027 0.0089 0.0041 0.9108 0.5010

0.39% 0.32% 5.09% 027% 0.89% 0.41% 41.08% 0.1% 5.20%
9 0.0024 0.0011 0.6337 0.0092 0.0006 0.0162 0.0719 0.5173

0.24% 0.11% 6.63% 0.92% 0.06% 1.62% 42.81% 1.73% 7.10%
10 0.0013 0.0038 0.6672 0.0278 0.0198 0.0025 0.6919 0.5381

0.13% 0.38% 3.28% 2.78% 198% 0.25% 19.19% 3.81% 6.09%

Table 6. 10 — High short circuit optimization results

It can be observed from the tables how the average error increases as the short circuit
parameter value approaches 1. However, the accuracy provided is still satisfactory
compared to other faults.

6.3.4 Rotor eccentricity fault

Rotor eccentricity fault has been assessed by implementing a low (kg = 0.2),
medium (kg = 0.4) and high (ks = 0.7) level of damage to analyze the behavior of
the system in each of these scenarios. For each case, ten optimizations have been
executed and the results have been reported in the tables below.

ke k, ke k4 ks ke ke kg
Ref. 0 0 0 0 0 0.2 0.5 0.5 %err
1 0.0005 0 0.0003 0.0032 0.0016 0.2068 0.5062 0.4993
0.05% 0% 0.03% 0.32% 0.16% 0.68% 0.62% 0.07% 0.77%
2 0.0016 0.0032 0 0.0010 0.0035 0.2073 0.4996 0.4945
0.16% 0.32% 0% 0.10% 0.35% 0.73% 0.04% 0.55% 1.03%
3 0.0002 0.0017 0.0021 0.0005 0 0.2007 0.5027 0.5043
0.02% 0.17% 0.21% 0.05% 0% 0.07% 0.27% 0.43% 0.52%
4 0 0.0010 0.0004 0.0005 0.0001 0.2061 0.5004 0.4917
0% 0.10% 0.04% 0.05% 0.01% 0.61% 0.04% 0.83% 1.04%
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10

Ref.

10

0
0%
0.0012
0.12%
0.0007
0.07%
0.0027
0.27%
0.0015
0.15%
0.0008
0.08%

0.0026
0.26%
0.0005
0.05%
0.0081
0.81%
0.0017
0.17%
0
0%
0.0002
0.02%

0.0004
0.04%
0.0018
0.18%
0.0029
0.29%
0
0%
0.0004
0.04%
0.0018
0.18%

0
0%
0.0027
0.27%
0.0009
0.09%
0.0015
0.15%
0.0003
0.03%
0.0011
0.11%

0.0021
0.21%
0.0025
0.25%
0.0003
0.03%
0.0018
0.18%
0
0%
0.0006
0.06%

0.2075
0.75%
0.2106
1.06%
0
20%
0.2075
0.75%
0.2055
0.55%
0.2124
1.24%

0.5022
0.22%
0.5015
0.15%
0.4991
0.09%
0.5039
0.39%
0.5009
0.09%
0.5066
0.66%

0.4933
0.67%
0.5036
0.36%
0.4998
0.02%
0.5005
0.05%
0.4937
0.63%
0.5011
0.11%

Table 6. 11 — Low rotor eccentricity optimization results

key
0
0.0028
0.28%
0.0013
0.13%
0.0001
0.01%
0
0%

0
0%
0.0030
0.30%
0.0012
0.12%
0.0035
0.35%
0.0008
0.08%
0
0%

k,

0
0.0003
0.03%

0

0%
0.0026
0.26%
0.0013
0.13%
0.0002
0.02%
0.0002
0.02%
0.0017
0.17%
0.0009
0.09%

0

0%
0.0003
0.03%

ke
0
0.0018
0.18%
0.0023
0.23%
0
0%
0.0009
0.09%
0.0004
0.04%
0
0%

0
0%
0.0012
0.12%
0.0007
0.07%
0.0020
0.20%

k4
0
0
0%
0.0011
0.11%
0.0007
0.07%
0
0%
0.0022
0.22%
0.0006
0.06%
0
0%

0
0%
0.0010
0.10%
0.0107
1.07%

ks
0
0.0023
0.23%
0
0%
0.0005
0.05%
0.0005
0.05%
0
0%

0
0%
0.0001
0.01%
0.0010
0.10%
0.0002
0.02%
0
0%

ke
0.4
0.4096
0.96%
0.3993
0.07%
0.4084
0.84%
0.3839
1.61%
0.3679
3.21%
0.3942
0.58%
0.3896
1.04%
0.3768
2.32%
0.3890
1.1%
0.3945
0.55%

ke
0.5
0.4974
0.26%
0.5170
1.70%
0.4941
0.59%
0.5089
0.89%
0.4945
0.55%
0.4854
1.46%
0.4897
1.03%
0.5095
0.95%
0.4965
0.35%
0.4896
1.04%

kg
0.5
0.4753
2.47%
0.4706
2.94%
0.5099
0.99%
0.4798
2.02%
0.5132
1.32%
0.4777
2.23%
0.4730
2.7%
0.5186
1.86%
0.5169
1.69%
0.4979
0.21%

Table 6. 12 — Medium rotor eccentricity optimization results
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1.06%

1.19%

20.02%

0.81%

0.84%

1.26%

%err

2.67%

2.95%

1.33%

2.59%

3.48%

2.31%

2.90%

2.98%

2.02%

1.24%
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ke k, ke k4 ks ke k7 kg
Ref. 0 0 0 0 0 0.7 0.5 0.5 %err
1 0.0030 0 0.0001 0.0004 0.0016 0.7072 0.5024 0.4744
0.30% 0% 0.01% 0.04% 0.16% 0.72% 0.24% 2.56% 2.66%
2 0.0004 0 0.0022 0 0 0.7062 0.4764 0.5159
0.04% 0% 0.22% 0% 0% 0.62% 2.36% 1.59% 1.72%
3 0.0004 0.0002 0.0009 0.0017 0.0004 0.6961 0.4867 0.4722
0.04% 0.02%  0.09% 0.17% 0.04% 0.39% 1.33% 2.78% 2.81%
4 0 0.0002  0.0009 0 0.0002 0.6908 0.4718 0.4877
0% 0.02%  0.09% 0% 0.02% 0.92% 2.82% 1.23% 1.54%
5 0.0012 0.0027 0.0018 0.0026 0.0013 0.7055 0.4879 0.4781
0.12% 0.27% 0.18% 0.26% 0.13% 0.55% 1.21% 2.19% 2.30%
6 0.0029 0.0015 0 0.0028 0.0022 0.7068 0.5182 0.4906
0.29% 0.15% 0% 0.28% 0.22% 0.68% 1.82% 0.94% 1.22%

7 0 0.0017 0.0027 0.0003 0.0006 0.6983 0.5071 0.5180
0% 0.17% 0.27% 0.03% 0.06% 0.17% 0.71% 1.8% 1.84%
8 0 0.0021 0.0010 0.0016 0 0.7021 0.4716 0.4871

0% 0.21% 0.10% 0.16% 0% 021% 2.84% 1.29% 1.34%

9 0.0008 0 0.00019 0.0009 0.0001 0.6923 0.4757 0.5118
0.08% 0% 0.19% 0.09% 0.01% 0.77% 2.43% 1.18% 1.42%

10 0.0017 0 0.0003 0 0.0012 0.6951 0.4858 0.5101
0.17% 0% 0.03% 0% 0.12% 0.49% 1.42% 1.01% 1.13%

Table 6. 13 — High rotor eccentricity optimization results

The average error in all three cases is relatively small and an acceptable accuracy is
acquired. It is noteworthy to point out how the rotor eccentricity phase is easier to
detect in this case and it’s more accurate compared to when the rotor eccentricity
amplitude value was very small: this is because the optimization process is unable
to understand which is the correct rotor phase as all the considered rotor phase values
produce small effects, so it gives as output random values that may be or not
comparable with the reference value. Thus, a further calibration of the genetic
algorithm parameters is needed to solve this issue.
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6.3.5 Proportional gain fault

Proportional gain fault has been assessed by implementing a low (kg = 0.2),
medium (kg = 0.4) and high (kg = 0.7) level of damage to analyze the behavior of
the system in each of these scenarios. For each case, ten optimizations have been

executed and the results have been reported in the tables below.

ky k; ke ky kes ke k7 kg
Ref. 0 0 0 0 0 0 0.5 0.2 %err
1 0.0016 0.0034 0.0013 0.0036 0.0037 0.0169 0.5541 0.2086
0.16% 0.34% 0.13% 036% 0.37% 1.69% 5.41% 0.86% 2%
2 0.0007 0.0012 0 0.0024 0 0.0086 0.1132 0.2069
0.07% 0.12% 0% 0.24% 0% 0.86% 38.68% 0.69% 1.13%
3 0.0029 0.0010 0.0027 0.0003 0.0013 0.0052 0.7416 0.2130
0.29% 0.10% 0.27% 0.03% 0.13% 0.52% 24.16% 13% 1.44%
4 0.0018 0 0.0018 0.0011 0.0045 0.0205 0.9781 0.2048
0.18% 0% 0.18% 0.11% 0.45% 2.05% 47.81% 0.48% 2.16%
5 0.0030 0.0023 0.0006 0.0028 0.0004 0.0170 0.8665 0.2024
0.30% 0.23% 0.06% 0.28% 0.04% 1.70% 36.65% 0.24% 1.76%
6 0.0004 0.0017 0.0012 0.0007 0.0026 0.0069 0.1577 0.2149
0.04% 0.17% 0.12% 0.07% 0.26% 0.69% 34.23% 1.49% 1.68%
7 0 0.0001 0.0025 0.0012 0.0009 0.0181 0.7016 0.2074
0% 0.01% 0.25% 0.12% 0.09% 1.81% 20.16% 0.74% 1.98%
8 0.0006 0.0016 0.0031 0.0010 0.0021 0.0089 0.2155 0.2181
0.06% 0.16% 031% 0.10% 0.21% 0.89% 28.45% 1.81% 2.06%
9 0.0013 0.0005 0.0017 0 0.0047 0.0244 04521 0.2134
0.13% 0.05% 0.17% 0% 0.47% 2.44% 4.79% 1.34% 2.83%
10 0.0003 0 0.0002 0.0008 0.0019 0.0094 0.7168 0.2087
0.03% 0% 0.02% 0.08% 0.19% 0.94% 21.68% 0.87% 1.30%
Table 6. 14 — Low proportional gain optimization results
ky k; ks ky kes ke k; kg
Ref. 0 0 0 0 0 0 0.5 0.4 %err
1 0.0008 0.0014 0.0007 0.0005 0.0025 0 0.6589  0.4095
0.08% 0.14% 0.07% 0.05% 0.25% 0% 15.89% 0.95% 1%
2 0.0011 0.0027 0.0003 0.0029 0.0009 0.0010 0.3236 0.4183
0.11% 0.27% 0.03% 0.29% 0.09% 0.10% 17.64% 1.83% 1.88%
3 0 0.0004 0 0.0017 0.0005 0.0010 0.8106 0.4143
0% 0.04% 0% 0.17% 0.05% 0.10% 31.06% 1.43% 1.44%
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4 0.0009
0.09%
5 0.0009
0.09%
6 0
0%
7 0.0022
0.22%
8 0.0002
0.02%
9 0.0010
0.10%
10 0
0%
Table

key
Ref. 0
1 0.0005
0.05%
2 0.0003
0.03%
3 0.0007
0.07%
4 0
0%
5 0.0011
0.11%
6 0.0004
0.04%
7 0.0004
0.04%
8 0
0%
9 0.0003
0.03%
10 0.0001
0.01%

0.0004
0.04%
0
0%
0.0010
0.10%
0
0%
0.0001
0.01%
0.0012
0.12%
0
0%

0.0003
0.03%
0
0%
0.0014
0.14%
0.0012
0.12%
0.0008
0.08%
0.0017
0.17%
0.0011
0.11%

0.0031
0.31%
0.0006
0.06%
0.0004
0.04%
0.0011
0.11%
0.0002
0.02%
0
0%
0
0%

0
0%

0
0%
0.0001
0.01%
0
0%

0
0%
0.0023
0.23%
0.0015
0.15%

0.0016
0.16%
0
0%

0
0%

0
0%
0.0028
0.28%
0.0035
0.35%
0.0018
0.18%

0.9166
41.66%
0.2071
29.29%
0.6650
16.50%
0.6402
14.02%
0.2612
23.88%
0.1713
32.87%
0.5924
9.24%

0.4084
0.84%
0.4162
1.62%
0.4057
0.57%
0.4113
1.13%
0.4170
1.7%
0.4037
0.37%
0.4093
0.93%

6. 15 — Medium proportional gain optimization results

k,

0
0.0002
0.02%
0
0%
0.0004
0.04%
0.0010
0.10%
0.0001
0.01%
0
0%

0

0%
0.0002
0.02%
0.0008
0.08%
0

0%

ke
0

0.0009
0.09%
0.0002
0.02%
0

0%
0.0002
0.02%
0

0%
0.0009
0.09%
0.0012
0.12%
0.0006
0.06%
0.0015
0.15%
0.0007
0.07%

k4
0

0.0004
0.04%
0.0012
0.12%
0

0%

0

0%
0.0001
0.01%
0.0006
0.06%
0.0006
0.06%
0

0%
0.0004
0.04%
0.0010
0.10%

ks
0

0.0011
0.11%
0.0009
0.09%
0.0002
0.02%
0.0002
0.02%
0.0008
0.08%
0

0%
0.0013
0.13%
0.0027
0.27%
0.0009
0.09%
0

0%

ke
0
0.0029
0.29%
0.0038
0.38%
0.0074
0.74%
0.0043
0.43%
0.0086
0.86%
0.0012
0.12%
0.0035
0.35%
0.0019
0.19%
0.0028
0.28%
0.0051
0.51%

ke
0.5
0.3461
15.39%
0.3648
13.52%
0.2677
23.23%
0.9420
44.20%
0.1862
31.38%
0.4268
7.32%
0.7485
24.85%
0.3179
18.21%
0.8210
32.10%
0.6537
15.37%

kg

0.7
0.6903
0.97%
0.7009
0.09%
0.6938
0.62%
0.6992
0.08%
0.7043
0.43%
0.7130
1.3%
0.7115
1.15%
0.7053
0.53%
0.6901
0.99%
0.6959
0.41%

Table 6. 16 — High proportional gain optimization results
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0.92%

1.62%

0.6%

1.16%

1.73%

0.6%

0.97%

%err

1.02%

0.42%

0.97%

0.45%

0.97%

1.31%

1.22%

0.63%

1.05%

0.67%
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By comparing the results acquired from the proportional gain fault isolation to the
other faults, it can be deduced that it is the most detectable out of all. Indeed, the
average error for all levels of damage is very low reaching a maximum of 2.83%,
providing a very high accuracy.

6.4 Multiple fault isolation

In a real scenario, faults do not occur one at a time but there may be situations in
which multiple faults are present. In order to test the performance and the accuracy
of the genetic algorithm, a multiple fault optimization is executed. The reference
values can be introduced either to liking or randomly. The latter method has been
chosen and the results acquired are shown in the table below.

ke k, ke k4 ks ke ke kg

Ref. 0.2383 0.5003 5.32-1077 0.4503 0.0404 0.0028 0.2785 0.5 %err

1 0.2051 0.4727 9.44-10~* 0.4414 0.0445 0.0041 0.4334 0.4950
3.32% 2.76%  0.09%  0.89% 0.41% 0.13% 15.49% 0.5% 4.46%

2 0.2137 0.4680 0.0111  0.4449 0.0033 0.0006 0.6516 0.4949
2.46% 3.23% 1.11%  0.54% 3.71% 0.22% 37.31% 0.51% 5.66%

3 0.2192 0.4858 5.59-107> 0.4421 0.0026 0.0067 0.1195 0.5096
1.91% 1.45%  0.01%  0.82% 3.78% 0.39% 15.90% 0.96% 4.67%

4 0.2132 0.4732 0.0015 0.4466 0.0221 0.0010 0.0874 0.4962
251% 2.71%  0.15%  037% 1.83% 0.18% 19.11% 0.38% 4.16%

5 0.2137 0.4813 2-107* 0.4504 0.0021 0.0067 0.1402 0.4970
2.46% 1.9% 0.02%  0.01% 3.83% 0.39% 13.83% 0.3% 4.96%

6 0.2143 0.4771 0.0012  0.4545 0.0031 0.0052 0.2438 0.4999
24% 232%  0.12%  042% 3.73% 0.24% 347% 0.01% 5.03%

7 0.2011 0.4936 7.9-107* 0.5019 0.0178 0.0066 0.5405 0.5350
3.72% 0.67%  0.08%  5.16% 2.26% 0.38% 26.20% 3.5% 7.64%

8 0.1959 0.4807 7.52-10~* 0.4776 0.0373 0.0017 0.1992 0.4995
4.24% 196%  0.08%  2.73% 0.31% 0.11%  7.93% 0.05% 5.42%

9 0.2123 0.4780 2.59-10~* 0.4660 0.0087 0.0009 0.6436 0.4978
26% 2.23%  0.03% 1.57% 3.17% 0.19% 36.51% 0.22% 4.93%

10 02142 0.4784 3.5-107> 0.4590 0.0018 0.0015 0.9062 0.4996
241% 2.19% 0% 0.87% 3.86% 0.13% 62.77% 0.04% 5.13%

Table 6. 17 — Random multiple fault parameters results
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The algorithm has chosen mostly small fault parameters, showing a good accuracy
and error values that are on a par with the ones obtained from the single fault
isolation. It is worth noticing how backlash and short circuit faults contribute the
most to the total error: that is due to the fact that they are more difficult to detect
appropriately as they have a lower effect on the equivalent output current.

Overall, the genetic algorithm has demonstrated to be a valuable optimization
method for both the single and the multiple fault isolation, providing satisfactory
results with quite high accuracy.
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7 Conclusions

The prior knowledge of incipient failures of primary flight command
electromechanical actuators (EMAs) with prognostic algorithms constitutes the
main topic of this work. Such algorithms often exploit a model-based approach
established on the direct comparison between the real (High Fidelity) system and the
monitor (Low Fidelity) system to identify fault parameters through optimization
processes, with the monitor model allowing to acquire accurate and precise results
with a contained computational effort. Indeed, employing an algorithm capable of
detecting the most common errors at an early stage would enable a more effective
maintenance program to be activated, as each component could only be replaced
when needed and almost every corrective action planned in advance. To this end,
the application of the Genetic Algorithm for fault detection in an electromechanical
actuator has been performed attaining rather promising results.

First of all, the opening chapter deals with all the theoretical concepts concerning
prognostics and the description of how flight controls, actuation systems as well as
brushless electrical motors work. After that, the reference and the monitor models
have been deeply analyzed and their output in terms of position, speed and current
trends has been displayed. Then, a fault analysis has been performed to introduce
the main mechanical and electrical faults that can occur in the system studied:
friction, backlash, coil short circuit, static rotor eccentricity, and proportional gain.
Fault detection and isolation is performed by comparing the output signal of the
reference system with the one obtained from the monitor model. Finally, after the
description of the Genetic Algorithm and the definition of the fitness function and
its arguments, the optimization has been performed and its results have been
disclosed.
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Generally, genetic algorithms are intrinsically non-deterministic and, as such, it is
unreasonable to expect a perfect success rate. Certainly, running the optimization
taking into account the same reference data produces slightly different results each
time and sometimes the impact on the overall error can be quite significant.
However, executing the optimization ten times with the same inputs mostly results
in a proper fault isolation and the outcome can be considered satisfactory, albeit this
work leaves room for further improvements to attain a much higher accuracy.

One way of enhancing the efficiency of the system is by speeding up the
optimization process. One solution has been already proposed in paragraph 5.6
which is parallelization: by using a multi-core architecture, it is possible to reduce
the compiling time up to 25% by assigning the job to multiple core processors
instead of having one do all the optimization and, hence, making the process last for
an unreasonable amount of time. Another solution could be to introduce some
changes to the monitor model in terms of connection lines that may be simplified in
some other form.

Another problem relies on the correct estimation of the rotor eccentricity phase as
stated in paragraph 6.3.4: when the rotor eccentricity amplitude value is very small,
the optimization process is unable to understand which is the correct rotor phase as
all the considered rotor phase values produce small effects, so it gives as output
random values that may be or not comparable with the reference value. Thus, a
further development of the models has to be done in order to solve this issue.

Lastly, different optimization algorithms could certainly be introduced and
examined to find out which is the best compromise to investigate the issue: truly,
there are many rapidly growing algorithms such as Grey Wolf Optimization, Particle
Swarm Optimization and Different Evolution that may achieve more reliable results.
These algorithms may also be tested in a real situation, possibly using the data of a
real sensor located on a test bench.
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