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Electric and hybrid-electric aircraft require high-performance and reliable electricmotors
to meet aviation performance and safety requirementsOne of the most commonfailure
mechanisms inelectric motors is winding insulationbreakdown. In this paper, an initial set
of aging experiments are carried out ontwisted pairs and motorette specimens. The twisted
pairs are aged with multiple steadytemperature thermal aging cycles. The motorette
specimens are thermally cycled by applying current tothe windings. Partial discharge
inception voltage is tracked and reported througlout the aging process. Thend goal of this
work is to develop methods and models foassessinghe lifetime of motor winding insulation
in electric and hybrid electric aircraft applications.

I. Introduction

Electric and hybrid electric aircraft must mebe samesafety and reliabilitevelsast o d acgnéestional
aircraft to gain public acceptance. The reliability of electric and hybrid electric airctafaisly dependent on the
reliability of their electric motor drivetrainsA NASA sponsored studfl] concludedthat currentelectrc motor
reliability was not sufficient to enable electric aircraft to meet target industry reliability métsatiscussed if2],
motor winding insulatiorbreakdownis one of the leading causes of electric motor drivetfailure; however,
models and data sufficient to design higlfiability and highspecificpower electric motors for electric aircraft
applications is not availabl&pecifically, data and models fohanges in theartial discharge inception voltage
(PDIV) of windings subjected tthe thermemechanical agingpavenot been well developg@]. As was shown in
[4] and [5], when electric motors are designed for represemtaiipan air mobility(UAM) missions, winding
thermoemechanicaktresswill play a significant role in limiting the achievable specific power of a motor.

Recent workfor both automotive and aviation industriesis targetd tracking changes in PDIV with thermal
cycling of motorettes Loubeau et a[6] tracked PDIV of standardnotoretteswith both constantemperature
thermal aging and themhcycling. The application of the work was automotive motors. Results show that thermal
cycling contributed more significantly to the insulation degradation than cottetaperature aging. Samarakoon et
al [7], completed thenal cycling of motorettestargeted towards$JAM applications. Preliminary results show
degradation of tunto-turn PDIV with thermal cycling of the motor windingout issues with specimen
manufacturing prevented the collection of phtsground PDIV degraation data In [8], Mancinelli et al. carried
out example qualification of automotive hairpin windings subject to thermal and mechanical stress and feund turn
to-turn breakdown of the insulation to occur prematurely due tcksracthe insulation resulting from combined
thermaemechanical aging.
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This paper presents preliminary set of motor winding insulation lifetime experiments targeted towards
understanding the thermmaechanicaland thermechemicaldegradation of motor windg PDIV. The end goal of
this work is to developnethods and modefsr characterizinghe lifetime ofmotor winding insulation systesrfor
electric aircraft applicationsThere are three areas of motor winding insulation considered in this study. First,
insulation between different turns of wire within the same coil, referred torasto-turn insulation. Second,
insulation between different coils within the same slotenred to aphaseto-phaseinsulation. Third, insulation
between coils and the rest of the structure of the motor (the iron core for traditional machines), referpbdde as
to-ground insulation.For this preliminary studybuilding and testindull motors to failure would be impractical.
Results for two representative spaen types, twisted pairs and motorettes, are presented here. Twisted pairs
consist of two magnewires twisted togetheand represent areas where wires are in close proximity, likettd
turninsulationandin some caseghaseto-phasensulation Motorettes consist of a flat iron core with teeth and slots
nearly matching the geometry of an actual motor and coils wound around theBwepénimental results are
presented here fdPDIV degradation withconstant temperature and thermal cycling aging of twisted pairs and
motorette.

Section Il of this papediscusses the partial dischaf@b) experimental setup. Section fifesentshe constant
temperature aging results famimpregnaed, epoxycoated, andepoxypotted twistedwire pairs. Section IV
presents the results of initial thermal cycling experimentsiiotiorettes.

II. Partial Discharge Testing Setup and Procedure

PD testing was carried out using the same PD testing setup as was u$dd Figure 1 shows the setup
graphically. The primary PD measuremegstemin the setup is a commerciaff-the-shelf PD detecting system
developed per IEC 60270[10]. The system measures PD using a coupling capacitor and measurement impedance
labeled Zm in the figurein parallel to the test object. The coupling capacitor has a capacitance of ITBenF.
measurement imuiment processs the voltage signals to detect and record PD pulseBhe secondary PD
measurement system consists of a high frequency current transformer and an oscilloscope. Theeosomnt
placed on the ground side of the object under test. The segosetap is used to confirm that PD detected by the
primary setup is real and not system npisé ro direct results from the secondary setup are reported in this paper.
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Fig. 1 Partial Discharge Testing Experimental Setup

A commercial off the shelf kpot testemwasused to apply voltage to the PD testing circuit. Thpdtitestemwas
used to detect breakdown of the object under test if it occurs befonafietectedBreakdownof the insulation in
this paper is definetly a 5 mA leakage currer 60 Hz sinusoidalvoltagewaveform was used in this testings
discussed if2] [3] [11] [12], converter fregencies relevant to aircraft applications will change tloelectrical
field is distributed in an insulation system as the relative permeability of the insulation components will be different
at those frequencies than they are at 608821z waveformswvereused in this work due to the unavailability of a



high voltage converter waveform generator. Futfferts plan toincorporate a high voltageonverterwaveform
generator an@®DIV testingwith convertewaveforms

Voltage was applied to the test circattdiscrée voltage levels for 5 secondshichis 300 cyclesat 60 Hz One
second ramp up and ramp down témeere usedo reach each test voltage lev€he voltage levels used in this

testing are provided in Table These voltage levelsere selectethased on the results of the testing completed in

[9] to provide greater resolution around tRABIV of the unimpregnated magnet wire twisted pafesr all teststhe
full 5 second voltagéest period was completed regardless of the presence dfffeDumber of PD pulses and the

peak PD magnitude were recorded with each PDIV measurement. Completing PDIV testing in this manner adds
some amount of electrical aging to the test objectf]infor an example twisted pair, the authors showed that the
cycl es

number of voltage
the specimens however should still be noted assaiple contributor to the degradation of the speciGRbBsV.

applied

this

Tablel Voltage Levels Used in PDIV Measurement Testing

Voltage Test Levels (Mg
250 275 300 325 350 375 400
425 450 475 500 525 550 575
600 675 700 725 750 775 800
850 900 950 1000 | 1050 | 1100 | 1200
1300 | 1400 | 1500 | 1600 | 1700 | 1800 | 1900
2000 | 2100 | 2200 | 2300 | 2400 | 2500 | 2750

The PD sensing systemmonitors the voltage signatross the measurement impedafiocémpulsesthat look like
PD events.The measurement system recottle magnitude of each PD event in terms of the totargein
Coulombs A PD calibrator was used to calibrate the PD detection sgsem c al cul at i o for each
specimen typdy applyingknown magnitude current pulse across a specimen per IEC §0Z70

Thevoltagesupplyused in this work producetbise whichwasregistered akbbow magnitudePD pulses by the PD
sensing systenThe magnitude of theoiserecorded as PDy the sensing systeseta noise floor below whicheal
PD could not berecorded Correspondinglyreducing the noise flocallows for detection of smaller amplitude PD
events.To reduce the noise floor of the gptrelative to what was reported for the syster{Bin the digital band

testing

PD mac

pass filter parameters within the commercial off the shelf PD measurement instrument was shifted to a center of

1300 kHz and a bandwidth of 400 kHEhis change reduced thgpical noise floor for a twisted pair test from ~48
pC in[9] to ~21 pC in the testing presented héiee exact noise level depends on bothdhpacitance of the test
specimen and the voltage being outpy the voltage source.

For each type ofest specimen, the maximuRD charge magnitude of the noise from the voltage source was

observed and any PD events at or below that |evigh a small margin addedere ignoredFor twisted pairs, that
thresholdwas 35 pCFor the motorettegjue tovariation in capacitance between differentls and over the course
of aging the noise level was nabnsistentsothe threshold had to be selected manually for each test

In addition to noise from the voltage sourtleere were occasionally other falB® events recordedue to
external sourced-orinstancestatic dischargeausd by thehuman operatgy or equipmat in the room switching
on or off causingerturbations in the ground voltage. &eoid these noise sourceffecting PDIV measurements
PDIV in this workwas defined bya minimum of 5 PD pulsesver thefull test cycle consisting ahmp up,voltage
hold, andramp downOnly pulsesoccurringin the first and third quadrant of the voltage waveform were eolunt

To ensurehe full system was operating correctlyiop to each round of testing 3 steps were talkérst, thePD
PD magni t.Nekenoigedobtrcwith the Hpad n
voltage source turned on and off were recordemhally, PDIV was measured oma reference unaged and

calibrator was used teetcalibratethe PD detectod s

unimpregnated twisted pair specimen. Appendix A provides all calibration and noise level data for the twisted pair

testing.

As has been shown [A43], [14], [15], and numerous other publications, PDIV is effected by humidity, pressure,
and temperature. All PDIV tests in this paper were carried out at ~600 ft above sea level (elevation of Cleveland
Ohio) in a room temperature environment. No attewgs made to monitor or control the humidity of the testing
environment. Correspondingly, the reported values are not directly applicable to the PDIV of electric vehicle motors

that operate at significantly elevated temperatures and in varying ambissingeand humidities.



[ll. Twisted Pair Constant Temperature Aging

Preliminary onstanttemperaturethermal aging cycles of twisted pair specimens ese carried outwith the
primary goal of capturing theeffect ofthermaechemical aging o turn-to-turn insulationPDIV. However, t is not
possible to decouple thermatiemical andhermemechanical aging of winding insulation as heating the twisted
pairs to temperature results in mechanical stress in the insulation components duecmeffieient of themal
expansion CTE) mismatch with the copper wire. Additionalljperely forming the twisted pairs results in plastic
deformation of the insulation and the copper and corresponding stored residual stress between the magnet wire
insulation and the wire itfe As discussed beloythe thermal aging cycle count (mechanical stress cycles) and time
at temperaturareboth shown toaffectthe insulation system.

Threetypes of magnet wire twisted pair were testati.specimens are made with 16 AWG magnet wirehwit
heavy buildMW-16C polyimide insulation per NEMA 100(016]. The twisted pairsvere prepared peASTM
D2307[17]. Thethreetypes are

1. Unimpregnated insulated magnet wire
2. Epoxy-coatednsulatedmagnet wire
3. Epoxypottedinsulatedmagnet wire

An example of thaunimpregnated magnet wigpecimens is shown in FiguBe These twisted pairs have no
added epoxyThe coated twisted pajrshown in Figure8, only have a light coating of epoxy filling the space
between twisted pairs. The coating was applied by brushing the epoxy onto the twisted pairs prior to applying
vacuum and pressure to the specimens and curirgpotted twisted pairshown inFig. 13, are incased in a
roughly 1 cm thick plate of epoxy

The intent with these three specimen types wasty both the therro-chemical and thermmechanical sess
environment for theinsulation between the twisted pairBor the thermemechanical stress variation, the
unimpregnated pairs have only the differential thermal expansion of the polyimide insulation and the copper wire.
The coated twisted pairs addethlifferential expansion of the epoxy to the loading. The potted twisted pairs add
additional epoxyand correspondingly morgress de to the differential expansion of the epoxy. Additionally, the
potted pairs have a larger thermal mass and are morepshizdo mechanical stresses caused differential
heating and cooling rates through their thickness.

Oxidation is the primary mechanism oherno-chemical degradation of insulation systerfisl]. The
unimpregnated twistedagrs directly expose the polyimide insulation to the surrounding environmkatcoated
twisted pairsput athin layer of epoxy between the polyimide and #revironmentsimilar to thecase of the outer
end winding of a motor coilThepolyimide isnot directlyexposed t@tmospherehut theepoxy isitself exposed to
the atmosphereThe potted twisted pairs add aicth layer of epoxy between theires and the atmosphere
eliminating direct exposure of the intéaurn insulation to thetmosphereinitially. However in the potted twisted
pairs the higher thermemechanical stress led to crackinfythe epoxy In some caseshé¢ cracksn the potted
twisted pairexposed thénter-turn insulation more directly to the ambient environmentthednsulation degrade
similarly to the coated twisted pairs afterwards.

Groups of wisted pairs wergiven the three different epoxy treatmeatsl agedt three different temperatures
Table2 Twisted pair groups names based on insulation type and aging temp@&edile2 shows the names of each
groupand the number of agples in each groudhe first groupwasaged at 300 °C to get a large amount of aging
on the unimpregnated twisted pairs quicklyd inform future testdNo epoxy potted or coated twisted paivere
tested at this temperatuas the results if9] suggested that 30 would be too high of a testing temperature for
this epoxy The selection 0f270 °C for next groupwasbased on the results 8] with the goal ofapplying a large
amount of aging tehe potted and coated twisted pdagly quickly. The final group was aged at 250 b&cause
the potted twisted pairs saw significant degradation after thetfiesimal aging cycla t 2 .7AQinge@tG lower
temperatureedues the thermomechanical stresses aatlows for more resolution in the degradation of PDIV
during the initial period of rapid degradation

Table 2 Twisted pair groups names based on insulation type and aging temperature.

Insulation type
Unimpregnated Coated Potted
Aging 300°C 300TP
Temperature 270°C 270TP 270CTP 270PTP
250°C 250TP 250CTP 250PTP




The thermal aging cycles were carried out vaitlentemperature set tihe nominal aging temperaturgo verify
the accuracy of the oven set pointharmocouplevasplaced in direct contact with the specimevhen the oven
was set to 300 °Ghe temperature of the thermocouple typically read around 297ab Steéady stateAppendixB
containsovenwarm up and cool down temperature profiles for3@e °C aging cycles.

The following sections show the results of each aging groups PDIV degradation with time. Appeoditains
tableswith the datdrom the plots

A. 300°C Aging Group results

A total of 13 aging cyclesat 300 °Cwere caried outon this group of sampleJhe first cycle heldhe furnace
300°C temperatureset point for 46 hours. The second throsgtth held the 300C set point for 23 hoursach The
remainingsevencycles held the set point for 46 hoetach

Figure 2shows the changes imeasuredPDIV for the 300TP specimermver the aging cyclesThe PDIV
dropped by about180 Vms on average for the specimeoger the aging completedsteady decay in PDIV is seen
with aging Aging wassuspended afte483 hoursof time at 300°C; however, the twisted pairs still haRBIV
values greater than the lowest voltages that would be relevant to electric diatafé test for these specimens will
continuetheirthermal aging and/aomplete electrical aging at or arautheir PDIV value

Figures3 through 5 showphotos ofthe 300TPsamplesat different points in théesting.Figure3 shows 300TP
before aging. Figurd shows the specimen after the first aging cydgnificant color changes visible Figure5
shows300TP after 7 cycles, minimal color change relativ&itgure 4 is visible.
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Fig. 3 300TPprior to aging.
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Fig. 5 300TPafter seventhermal agingcyclesand 207 hours at 300 eC

B. 270°C Aging Group

The 270°C aging group consisted of eiset ofunimpregnated twisted pairs (270TP), one set of coated twisted
pairs (270CTBH, and one set of potted twisted pairs (270Pg)ng was completed with the furnace tempera
set point as 270C. 270°C was selected astamperature to age thpottedand coated twisted pairs & significant
level of degradation in a reasonable amount of tiEleventhermal aging cyclesiere completedeach of which
held the furnace set point at 270 for 46 hours.

Figure6 shows the results for the 270TP d@egradatiorfrom an average initial PDIV value of 700ms to an
average PDIV value of 23Vimsis shownover500hours oftime at 270°C. This roughly 15 Vimsdrop in PDIVon
averages almost equivalent to the averagemin PDIV experienced by the 300TP set onarghly the same aging
time, but at 300 CAs is discussed in Section 1D, one possible explanation for thienilar degradatiotis that the
number of aging cycle@hermamechanical stress cycles) are rougiyivalent for the two specimen sets.



750
700
650

o
o

o
o

PDIV (Vrms)

A 01 01 O
a1l
o

A
o

400
350

300
0 100 200 300 400 500 600

Time at 270 eC (hr)

——270TP1 —8—270TP2 270TP3 270TP4 —e—270TP5
——270TP6 ——270TP7 ——270TP8 ——270TP9 ——270TP10

Fig. 6 270°C aging group unimpregnated twisted pairs(270 TP)PDIV vs time at2 7 0 overCset point

Figure7 shows themeasured PDIV vs time a?@ °C for the 270CTP set. The averdgBlV of the 270TP set vs
time at Z0 °C is shown as a referencehere is gnificant variability in the initial PDIV for th 70CTPset due to
the relatively uncontrolled manufacturing process of brushing the epoxy onto the twistedJmaaseragePDIV
for the 27@TP set dropped b¥82 Vims over the aging cycles completethe PDIV values of the270CTPset stay
above the PDIV of the 270TP aging sethttimes. At 500 hours oftime at 270 °Cthe 270CTPset PDIV values
match that of the initial PDIV \faes for the270TPand300TP unimpregnated twisted pair sets.

Figures8 through11 showphotos ofthe270CTPaging sets at 4 different times during the aging process. Figure
8 shows the270CTPspecimens initiallywith the grey epoxy and orange magnet wire insulation visible. Figure
showsthe 270CTPset after a single aging cycle of 46 hours at 2Z0Both the epoxy and the polyimide magnet
wire are shown to have darkened significantly. Figudeshiows the speciems after 3 aging cyclehe white
ceramicfiller used in the epoxy has become visible at this stage likely asptivey burned away. Figurel shows
the specimens after all completed aging cycd¢ghe end of testing relative to aftg cycles thespeémens appear
to be slightly whiter in car as more epoxy hdskedaway leavingmore ceramic visible.
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Fig.11 270CTPafter 11 thermal aging cycles.

Figure 2 shows thevariation of PDIV with timeat2 7 0 foetl@ 270PTP agingamplesinitial PDIV values
again &iow significant variation but all initial values are higher than the highest PDIV value recorded for the
270CTPset.Figures B through15 showphotos ofthe potted twisted paiygior to aging, after thérst aging cycle,
and after the last aging cyclespectively

After the first aging cyclethe 270PTP set had a large average P@INgp of about 900 M was visually
discolored, ad had several largeracks as shown in Figure4l Thelarge drop in PV is likely due to the cracks,
since270CTPsamples had a similar discoloratiafter a singg cycleand did not seesdarge of adrop in PDIV.
After the significantdrop in PDIV with the first cycle the specimens exhibited similar behavior to the coated
twisted pairswith a steay decay of PDIV occuing with time at temperater The PDIV values stayed above the
average value of the 270T8amplesexcept at ongoint for 270PTP7 at roughly320 hours of time at 20 °C.
Similar to the270CTR at the end of the cycling the 270PTP set had an average PDW¥ tddke initial PDIV
values forthe unimpregnated twisted pair se@70TP and 300TP) Figure B shows the270PTP to also have
appreciable ceramic powder on its surface after the aging was completed.
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Fig.13 270PTPprior to aging.
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Fig. 15 270PTPafter lastaging cycle.

C. 250°C Aging Group

The 250°C aging group consisted of eiset of unimpregnated twisted pairs (250TP), one set of coated twisted
pairs (2500P), and one set of potted twisted pairs (250PTP). Aging was completed with the furnace temperature
set point as 250C. 250 °C was selectedor the aging temperatuiia the hope of slowing down the aging of the
potted twisted pairi order to capture the PDIV changes withe that would haveccurredduring the initial cycle
of the 270PTPEighttotal thermal aging cyctehave been completed on @0 °C aging groupsCycles 1 though
4 heldthe 250 °C set point for 23 hour<Lycles 5and6 held the 250C set point for 46 hourLycle 7 held 250 °C
set point for 38 hours. No PDIV measurements were made after cycle 7. Cycles 8 anth8 B8@i°C set point for
46 hours.

Figure B shows thePDIV vs time at 80 °C results for the 250/ aging setThe 250TP setvas constructed
from the same wire type from the same vendoalhsther specimens in this paper, but from a differenbkgde
initial PDIV for this unimpregnated twisted pair seas50 to 75 Vims below the initial PDIV values of the other
unimpregnated twisted pasets With the lower agingtemperaturendless time at temperatuoempletedon these
twisted pairgo date the PDIV has only dropped by 25 to 5.y
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Fig. 16 250°C aging group twisted pair (250TP)PDIV vstimeat2 50. ¢ C

Figures 17 and 18 show the 250TP and 250PTHPDIV vstime at2 7 0 Hagl@r initial PDIV values for both
the 250CH and 25@TPare observed relative to tRFOCTPand270PTP setsreflecting a better epoxy application
and potting results for the 25C aging group setg-or the 250CPT aging sedignificantPDIV degradation is seen
for specimens 1 and 3 after the fitkermal cycle and for specimen 5 after the second theagiaf cycle. An

average total degradation of 11W@hs has occurred over ttethermal cycles
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Fig. 17 250°C aging group coatedtwisted pair (250CTP)PDIV vstimeat2 50 e C.

For the 250PTRetsin Figure21, significant variation in degradatiasf PDIV vs cycles and time &50 °C is
shown. The significant variation in how the specimens degrade can be correlated witanehetgercracks in the
250PTPtwisted pairepoxyoccurred.Figure19 shows the 250 PT&et initially. Figure20 shows the specimen after
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6 cycles. Cracks are visibla the upper left and lower leftornerof the specimenin Figure 18, the PDIV results
after 6 cycles384hours of aging) showthat all specimens except Z5P 3, 4, and have degraded such that their
PDIV is less than 1 kVThis result matches with the observed location of the cracks in the epoxingtigere 20
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Fig. 19 250PTPprior to aging. Pairs are numbered 1 to 8 from the bottom of the photo to top.
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Fig. 20 250PTPafter 6 aging cycles.Pairs are numbered 1 to 8 from the top of the photo to bottom.

D. Comparison Across Groups

In this sectioran estimated equivalent time at 24D aging metric is useb normalize the times at temperature
to one scale The estimated equivalent time at 24Q is calculated assuming the halving rwé thumb
approximatia for the Arrheniusequation(eachl10 °C increase in temperature reduces life by ljaff). The halving
rule is used here as an initial approximation of the Arrhenius equation for these materials. A better fit for the
Arrhenius equation for the epoxy and the polyimide will be developed as more data is generated with further testing
at lower tempratures.240 °C is selected for ¢haging metric, becauslee polyimide wire insulation is rated for an
operational life of 20,000 hours at 240 °C p&TM D2307[17]. The equivalent time is calculatég,

o vgog pmtzA 8 * Qo (1)

where6 is the estimated equivalent time at 240 @ the total time of the experimefi¥js the temperature, and
Ois time.

Figure 21 shows the data for all unimpregnated twisted pairs tested vs estimgtadi val ent td me at
number of thermal aging cycleShe 300TP set is shown to have been aged past 20,000 hours of equivalent time
using this metric and still maintained PDIV above 450 V on average230€P pairs have accumulated minimal
equivaknt time at 240°C and show very little degradation. The 270TP set have accumulated 4000 hours of
equivalent time at 240C and show appreciably more PDIV degradation than the 300TP set at roughly the same
amount of estimated equivalent aging tirAgpossble explanation for the larger drop experienced by the 270TP set
relative to the 300TRetover the same estimated aging time is that the 270C aging set took significantly more
thermal cycles to get to 4000 hours of equivalent time at’@40he 270TP seaverage verses humber of thermal
cycles shows comparable degradation to that experienced by the 300TP setipfiestthé cycles. The 250T8et
shows minimal degradatiowith cycles todate possibly due to the lowr temperature used. Whether cyclirg) i
playing a significant role in the degradation of the unimpregnated twisted pairs at this time is inconclusive.
Subsequent experiments will cycle different groups of twisted pairs to the same temperature but with different times
at temperature to studydhelative importance of cycles vs time at temperature.
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Fig. 21  All unimpregnated twisted pair aging sets average PDIV vs number of thermal cycles.

Figure 2 shows averagand minimumPDIV versusestimated equivalent time a#0 °C for both 250°C and
270°C coated and potted twisted paiFsgure B showthe same PDIV data vaumber of thermal aging cyclebhe
270PTP set is shown to have simidaerageand minmum PDIV to that of the 270CTP group after the first cycle
This similarity suggest that after the cracking on the first cycle for the 270PTP grthg 270PTRaged like the
coated twisted pair©ver the first 35@quivalent hours of 240 °@ging, he270PTP,250CTR and250PTP groups
all have similar average PDIV dedation curvesvertime, althoughthe 270PTPgroup only hag pointsin that
period so thecurve is not well resolvedAll specimen groups have similar minimugDIV values aftef3 thermal
aging cyclesExtracting trends fothe dependance of tlepoxy aging on temperature from the available data at this
time is difficult becaus#éhe 250 °C and 270 °C groupssed differenhumbes of cyclesto reachequivalent levels of
thermal aging Further aging experimentst lower temperatures will use longeycle timesto match the aging
points for the 250C aging group.
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Fig. 22  Average andminimum PDIV for 250 °C and 270°C coated andpotted twisted pair groups vs
estimated eguivalent aging time at 240°C.
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Fig. 23  Average andminimum PDIV for 250°C and 270C coated andpotted twisted pair groups vs
number of thermal cycles.

IV. Motorette Thermal Cycling

Thermal cycling ofmotoretts was carried out to collect an initial data set fordagradation of thésulation
system withrepresentativdakeoff and climb cycles ofraeVTOL UAM mission. Motorette specimens were
produced using a representative 100 kW UAM motor geometry desigri€dl iareliminary aging esults forsix
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motorettes are completed and presented in this papao of thesix motorettes tested were wound by an external
vendorand were used for preliminary checkout of the thermal cycling experimentalesetigscribed idppendix

D. The otherfour were wound irhouse at NASAThe following sections describe the speciméahe aging setup,
and the results for thie-house wound specimens.

A. Description of Specimens
A schematiof the motoretts is shown inFigure24 and a photo of one motorette prior to potting is in Figie 2
Each motorette consists of 8 concentrated winding coils. The number of coils was selected based on what would fit
linearly on a single Xihch sheet of electrical steel. Low grade M15 eleatrsteellaminations were used for the
motorette cores to minimize cost. The drawing for the motorette core is provided in Apgendix
Three different PDIV measurements were made omtbmrettesas models of different insulation areas in a
motor.
1. Voltage applied to onavire in a col (for example 1A in the figureyhile the othemwire in the same coill
(1B in the figure)is grounded represertisrn -to-turn voltage stress in a motdfor motorettes with
more than two parallel wires, voltage was applielalh the wires while the other half were grounded.
2. Voltage appliedo all parallel wire of one coivhile all parallel wires of an adjacent caite grounded
represets phaseto-phasevoltage stress in a motdPhaseto-phasemeasurementsere only made for
the extend vendor wound specimenssgdussed in Appendix D.
3. Voltage applied to alparallel wiresof a coil while the iron teeth are grounded represghéseto-
ground voltage stress in a motdgrounding the irortore wasaccomplished bglamping metal strips
to the exposed laminations

NI T T T T T

MM M bm b

Fig. 24  Motorette schematic Each of the eightiron teethis shown in darkgray and numbered.Each coll,

shown in orange, is wound around a tooth withwo or more wires wound together.Coil 1 is shown with 2

wires in green and purple For simplicity, all other coils are shown with one black line representing the
bundle of wires.

The motorettes arevound with 23 turns of two parallel 16 AWG magnet wires. The magnet wires are heavy
build MW-16C wire per[16] matching the twisted pair in Section IAramid paper0.08 mm thick[18] is used for
the slot liner insulation between the core and the windiiwgp end boards made o&rbonfiber-filled 3D printed
nylon wereplacedat eachend of the slots anslightly oversized relative to the cores to keep the wiresshridiner
from fretting against the core during the winding procBssighly 40% slot fill is achieved in the specimens. # 1
2 mm gap Rists between adjacent coils in the slots as the hand winding exceeded expecthiolamge gap
between phases made ph&s@hasemeasurementsripracticalas the only location adjacent phases came into close
proximity was on the lead wires. Phaseground andurn-to-turn PDIV were measured fahese speciméns coi | s
after each round of thermal cyclingesting results for these 4 specimens are in Sectigd. |V

All motorette specimens were potted in the same epoxy as the twisted paispetimens were cured through
the 180°C postcurestep[19]. The final curing step at 21 recommended by the epoxy manufacturer was not
completed for the motorette specimethse to temperature limits on theylon plastic ed boards used in the
specimensFigure & shows a motorette after potting and prior to aging.
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Fig. 26 Example motorette specimenafter potting.

B. Thermal Cycling Experimental Setup

Figure 27 shows a graphical representation of the thermal cycle s€éhesetup is developed to replicate the
setup used to complete similar work [if]. The motoretts are placé on a cold plate with a thin layer of high
thermalconductivity heatsink compound applied between them and the @ikl flhe cold plate is supplied with
propylene glycol watecoolantat 0 °C. Current is supplied to the motorette windimga lowvoltage highcurrent
power supplyThermaouplesareapplied to themotorettes on top of their end windingwith the heat sik thermal
interfacecompoundand taped down with polyimide tapEhermocouples were nembedded in the coil® avoid
arny possibility of themeffecting the PD measuremenihe thermaouple signalwas sent to a computer which
recorded the cycling datdleat up cycles were run for set durations of either 3.5 or 5 min with set cu@ents.
heating cycle durations rather than set max temperatures were ¢hoseoid sensitivty to changes in thermal
performance of the insulatiar a bad thermocouple reading. Additionafiyed duration cyclesnore closely match
motorsduse in aircraft applications where the motor may be asked to do the same mission at the beginning and end
of its life. After a heating cycleall coils in asampe werecooled back t@ set mimmum temperaturg35 °C) before
starting the next cycleMinimum and maimum temperaturesnd cycle timegor each experiment are discussed in
the subsequent section.
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Diagram of motorette thermal cycling setup.

Based on thémitationsof the power supplandthe resistance of the caithe motorettes were cycledith only
4 out of 8 of the coils connected at a time 2series, 2parallel configuration. For examplas shown irFigure28,
coils 1 and 2 were connected in parallel and then series connected to the parallel connection of coils 3 and 4. This
allowed current®f up to 150 A (the power supply current limit) to be used without exceeding the power supply
voltage limit. Figure29 showsrepresentativéhermocouple readings frorm motorette testedavith half the coils
powered. Coils 13 have similar thermocouple readings while 4 has a lower reading and 5 gets slighthyAw2Dm.
FEA thermal modelshown in Figure @ shows a similar temperature distributiofhe first half slot and the
subsequent three full slots (coils3land half of coil 4) achieve similar temperature distributions. The middle slot
sees some temperature rigadthe last 3 and a half slots seeappreciableéncrease in temperature.

TC Temperatur

3

;

1
VA

2 4
VW WA

VWA

— \/+

Fig. 28  Winding configuration for motorette testing.
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Fig.29 Examplethermocoupledata from a motorette with coils 1-4 powered andcoils 58 unpowered.
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Fig. 30 2D thermal FEA model showing temperature distribution through a cross section of a motorette
when only half the windings are powered.

Figure 3 shows accidental additional evidence of the of therowmoupling between the gwered and
unpowered windings when cycling half the windings at a tikhetorette 2 experienced an owemperature event
during a round of cycling on coils4. Due to a program error, the coils were not shut down but ragheat high
temperature (>25€C) for ~2 days. Due to the control program error, no thermocouple data was collected during the
~2 days.Coils 1-4 are visibly burned and damaged while coi® Show no color changerovidingvisual evidence
that the powered coils and unpowered caitsfairly well thermally decoupled.

LB & |

Fig. 31 Motorette number 2 after an accidental~2 daycycleat >250°C on coils 1-4. Visual aging of coils 14
(left) vs 58 (right) provides additional evidence of the lack of thermatoupling between the two halves of the
motorette when one half is powered.

PDIV measurements for threotoretts were completed using the PDIV measurement setup discusSedtion
Il. As mentioned irSectionll, the voltage sourcgenerates noise that can mask &@ntsandother noise sources
cantrigger false PDreadings The highercapacitance and inductance of thetanettescompared to twisted pairs
make these effects mopeonounced. In additiorthere is more variability between motorettel€and more shift in
impedances athey agemaking it more challenging to confidently select an appropriate PD chargediaresh
these factors togethertroduce a greater level of uncertainty in the motorette resnttsnitigating them will be the
focus of future work.

C. TestResults

Threemotoretts were cycledusing the thermal cycling setuyth cycle durations described 8 High currents
and highpeaktemperaturesvere selected to ensusgnificant degradation oaered within the first 1000 cycles.
Futuretests will usdower currens andpeaktemperatureto complete longer duration testinthe fourth motorette
was aged for two cycles in the oven at 250 °C with the 250 °C twisted pair aging Goowgach of thenotorette
cycling cases, a 3D FEA model of one quarter of one coil of the motorette was used to simulate e therm
mechanical cyclegxperienced by the coils. Details of the model are shown in Appdnditom the model,
estimated hotspot temperaturetie winding at every point in time was extracted. Those temperatures were then
numerically integrated using Equation 1 to quantify ékématedequivalent 240 °C steaeltate temperature aging
experienced at the hotspot. Von Mises stress at hotspoit@tunn stress) and Von Miseressnear the iron core
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(phaseto-ground stress) in the table were evaluated in the polyimide insul@tierlVonMises stresses reported are
intended as representative numbers for the themachanical stress in the insudat as there is appreciable

difficulty in accurately modeling the geometry of these random wound dailsle 4 provides a summary of the

results from the model.

Table 3 Motorette thermal cycle parameters

. Cycle on Threshold Peak temperature
Motorette| Coll Current duration | temperature for cyclg recorded on
number | numbes | (Aoc) (min) restart (°C) thermocouple (°C)
1-4
1 ) 150 3.5 190210
1-4
2 53 135 5 35 190205
3 1-4 130 5 190
5-8 125 5 18190

Table4 3D FEA model estimates ofmotorette peaktemperatures,stresses, ancequivalent times at

temperature.
Von .
. Von Mises . Total
Motorette Coil Hotspot Misses Stressat Equalent Equivalent
Temperature Stress at Time at 240 | Cycles ;
number | numbers 5 Ground o Time at 240
(°C) Hotspot Wall (MPa) C Per Cycle oC
(MPa)
1-4 1603 46.4
1 c8 261 56 104 0.029 1197 346
1-4 769 6.49
2 c8 236.96 55 88 0.00844 504 2.5
3 1-4 218.5 52 78 0.00257 463 1.98
5-8 200.72 51 63 0.00081 1168 0.5
4 1-8 250 95 90 46.5 2 93

1. Motorette 1Results

Figures 32 and 33 show the aging results fanotorette1l. After cycling, significant PDIV degradation is
observed in most measuremerithe mediarturn-to-turn PDIV decreased from 125@ms to 550 ims With every
coil decreasing by at least 175« For the phaséo-ground insulation, &lf of the coils hadinsulation breakdown
occurand three of the remaining four coils had PRidcrease<Coils 58 hadgreater degradation iroth turn-to-
turn and phaséo-groundPDIV than coils 14 despite experiencing fewer total cycldm further cycles wereun
for motaretteafter theinsulation breakdown wasbserveduring PDIV testing
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Fig. 32 Motorette 1 coils 1-4 phaseto-ground PDIV measurements (Left) andurn-to-turn PDIV
measurements (Rightlvs cycles completed of 150 A for 3inutes Cycle countdisted for each measurement
are cumulative. Cross hatched bars signify a breakdown measurement rather than PDIV.
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Fig. 33  Motorette 1 coils 5-8 phaseto-ground PDIV measuements(Left) and turn -to-turn PDIV
measurements (Rightys cycles completed of 150 A for 3.5 Min. Cycle counts listed for each measurement are
cumulative. Cross hatched bars signify a breakdown measurement rather than PDLV

2. Motorette 2 Results
Figures34 and35 show thePDIV measurements fdvlotorette 2 Coils 1-4 received 769 cycles while colis8

received 504 cyclenly one coil had an appreciable decreasphiaseto-ground PDIVwith the limited cycles
completed for this motoretteTurn-to-turn PDIV trended down for even out of eightcoils with one coil
experiencingbreakdown Aging of motorette2 was suspended at less than 1000 cydlesto the accidental
overheatingof coils 1-4 as discussedboveand shown in Figurel3 Theturnto-tum shortin coil 3 may be theoot

cause of the ovaemperaturevent
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Fig. 34  Motorette 2 coils 1-4 phaseto-ground PDIV measurements (Left) andurn-to-turn PDIV
measurements (Rightlvs cycles completed of35A for 5 min. Cycle counts listed for each measurement are
cumulative. Cross hatched bars signify a breakdown measurement rather than PDLV
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Fig. 35 Motorette 2 coils 58 phaseto-ground PDIV measurementgLeft) and turn-to-turn PDIV
measurements (Rightls cycles completed 0f35A for 5 min. Cycle counts listed for each measurement are
cumulative.

3. Motorette 3 Coil 1 to 4 Results
Figures36 and 37 show the PDIV measurements fdiotorette 3 Coils 1 to 4 received 46Bermalcycles.In

three out of four coilsno significant degralation has occurreth the phaseto-groundPDIV insulationover the

cycles completg Coil 2 to ground failed due to breddwn on the first measurenteafter any cyclingpotentially

indicatinga defectpresenbeforeany testing was completed/i t h t he exception of-tocoi l nu.
turn PDIV is shown to have degraded over the first 463 cycles on edilm Figure 36. Coil 3 had a low initial

PDIV value, followed by a significant increase in measured PDIV after the first 249 cycles. This result suggests that

the initial value measured for coil 3 tutorturn PDIV was inaccurate, and the coil is degradingtipersubsequent

measurements.
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Fig. 36  Motorette 3 Coils 1-4 Phaseto-ground PDIV Measurements (Left) and Turnto-turn PDIV
measurements (Right) Vs cycles completed of 130 A for 5 Min. Cycle counts listed for eabasurement are
cumulative. Cross hatched bars signify a breakdown measurement rather than PDIV.

4. Motorette 3, Coil 5 to 8 Results
Coils 58 received 1168 thermal cyclaslower current than coils-4. All coils show degradation in thgdhase

to-ground insulation. Coil 5, similar to coil, failed due to breakdown after the first set of cycles compldted.
other three a@ils showed no degradation aftire first 514 cycles butdo show significantphaseto-ground PDIV

degradation after BB cycles.
For turnto-turn insulationno degradation in PDIV is observable for coils 6 and 8 through 1168 thermal cycles

in Figure 37 Coil 5 shows significant degradation to breakdown of the insulation, busthéieved taesult from
both parallewires forming the coil being shortedtogroyméé r t h e r e s u l-tb-grdundrinsutation.| 506 s
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Fig. 37 Motorette 3 Coils 58 Phaseto-ground PDIV Measurements (Left) andTurn -to-turn PDIV
measurements (Right) Vs cycles completed @P5A for 5 Min. Cycle counts listed for each measurement are
cumulative. Cross hatched bars signify a breakdown measurement rather than PDLV
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5. Motorette 4 Results
Figures 38 and 39, show thephaseto-ground and turnto-turn PDIV resultsfor Motorette 4 The estimated

equivalent time at 240C afterthe first thermal aging cycle is 46.5 hours and after the second cycle is 93lhours.
Figure 38 eme phas#o-ground degradation of PDIV is shown; however, nib egperienced breakdown to ground
or had a PDIV value measure less than 4QQ. \&imilarly, Figure 39 showsverall notrend ofdegradation in tumn

to-turn PDIV.
1-G 2-G 3-G 4-G 5-G 6-G 7-G 8-G

Phase #
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40
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minitial m23 hrs at 250 C m46 hrs at 250 C

Fig. 38  Motorette 4 phaseto-ground PDIV measurements. Hours at 80°C are cumulative.
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Fig. 39 Motorette 4 turn-to-turn PDIV measurements. Hours at 250°C are cumulative.

6. Comparison Across Motorettes
Motorette 4 had the least degradation in PDIV in both-tasturn andphaseto-ground espite receivingnore

than twice as many houdd 240 °Cequivalentagingat the hotspof93 hour$ than any other motorestindicating
that for the cycled motorettethermechemical agingaloneis not asignificant source of degradatian PDIV.
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Figure 40 shows side by side pictures of Motorette 1 and Motorette 4 after all their aging cycles. Motorette 4 is
darkened completelindicatingappreciabldhermachemicalagingof the full motorettevhile motorette lonly has

some dark spot irhe end windings close the windinghotspotlocation Motorette 4 hadhe highestmodeledvon

Misses stress at the hotspot and second highest stress at the groundigalhg thathigh stressalone does not
immediatelydegrade the insulatigperformance

Among the motorettes aged on the cyclig, motorette 1 coils and motorette3 coils 58 had significant
degradation in phag®-ground insulatiorwith 5 out of 12 coils shortingThose motoretteoil groups were the @s
with cycle counts close to 100adicating the approximatié etime of the ground wall insulation at the temperatures
and stress levelssed in the experimentilotorette 1 had the highest modeled Von Misses stress at the ground wall,
while motorette Joils 58 had the lowest stregsiplying that all other motorettes woulbe likely to experience
ground wall failures if cycled out to greater than 1000 cycdé&e resolution of the PDIV testing points does not
make it possible taraw a relationship beeen stresscycles, and PDIWvith the available datdzuture work will
focus on developing that relationship.

The ground wall insulation of motorettes 1 thru 3 saw very little equivalent time at temperature. The estimated
aging times in Table 2 are fdra hotspot of the cycling motorette and the temperatures of the ground wall insulation
and equival ent aging are significantly | ess. For exa
temperature of 220 °C and only experienced Bours of equivant time at 240 °C based on the FEA model.
Correspondingly the degradation of their ground wall insulation can be attributed almost entiré¢hertmo
mechanical effectsThe degradation of the ground wall insulation for motorettes 1 araflaBve to the minimal
degradation for motorettedds g r oun d wanphaizes thesimpbreance af thermal cycling relative to time
at temperaturéor the degradation dhe ground wall insulatian

For turnto-turn insulationput of the 24 coilsthat were thermatycledon the rig,22 had PDIV degradatioand
more than half saw their PDIV drop below 70@.&/The degradation is more apparent for motorettes 1 and 2 which
had higher temperatures and slightly higher model predicted stresses thastte@®nly motorette 3 coils 6 and
8 saw no degradation in their PDIV owbethermal cycles completeghd theywere part of the coil group that saw
the lowest temperature atmlvest estimated hot spot mechanical strBsdative to motorette 4 whiclag minimal
turnto-turn PDIV degradation and had no coils PDIV drop below 7@, Vhe degradation of the cycled motorette
coils point to therelative significance ofhermal mechanical cyclinfpr the degradation of thenotoretted  ttat r n
turn insulatian.

Nearterm cycling experiments will reducress levels on motorettesttempt to extend cycle counts out past
1000 cycles withoubreakdown of the insulatiorand work to develop relationships between cycles, temperature,
stresses, and PDIV.

7

Fig. 40 Motorette 4 (left) and motorette 1 (right) after their aging cycles.

V. Conclusion

In this paperjnitial experiments exploring theelationshipbetween thermal cycling and time at temperature for
motor insulationdegradationwere presentedTwisted pairs were aged with long constterhperature thermal
cycleswith the intent of showing the impact of therraleemical agingThe twisted pas did show degradation over
time at elevatedemperatures; however, it is impossible to fully separate thelmamical and thermmechanical
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aging andtie degradation also depeutbn the number of thermal cyclébhe effects othermemechanical stress
were particularly pronounced theepoxy pottedsamples which developed large cracks.

Threemotoretts were aged with siulated thermal transient cycles at relevant time sdaleelectric vertical
takeoffandlanding aircraftvehicle takeoff and climb mission segmerse motorette was aged with lorduration
constanttemperature thermal cycleshe motorette withvery few longduration constantemperature cyclebad
very little overallinsulation performanceegradationThe motorettesthat were exposed to simulatedkénff and
climb mission segmenthermal cycles had significant insulation degradatibne resultpoints to thepotential
greaterimportance of thermonechanical stress relative to thertttemical stres$or the lifetime of motors in
electric aircraft applications.

The next phaseof these experiments witontinue to explore the importance mimber ofcycles mechanical
stress, andime at temperaturen insulation degradatiormwisted pair experimentsilvfocus on separating the
impact of number of cycles and temperature. Motorette experiments will focuengerduration lower
temperature cycling experiments target thermoemechanical degradatiowithout any thermechemical aging
Additional future work in this area wilfocus on improving the experimental setuipsparticular reducing the noise
in the PDdetectionsetup), incorporating electrical aging with converter frequency waveforms, and extending the
testing to other specimen geometries amsdli@ming materials

Appendix

A. PD System Calibration and Noise Level Data

The following sections contain the noise and calibration information for every round of PD testing completed in
this paperThroughoutthis section Noise External refers to the nomseorded by the PD detector when ttodtage
source is powered off. Noise Source is the noise recorded with the voltage source powereditnthetvoltage
output not activeWhile actively outputting voltage the noise increages the value of thahcreased noiseasnot
recordedCalibration is theehargelevel output byPD calibratorRef Specimen is the PDIV of theraged reference
twisted pair.

Table5 300 °C unimpregnated twisted pair noise and cdiration data.

Noise External| Noise Sourceg Calibration | Ref Specimen
Test # Date (pC) (pC) (pC) (Vims)
5/31/2023
0 6/01/2023 1.45 45.60 20 650
1 6/28/2023 0.66 47.90 20 650
2 71312023 0.52 48.50 20 650
3 71712023 0.65 48.2 20 650
4 7/12/2023 1.41 48.20 20 650
5 7/14/2023 0.45 48.10 20 650
Testing 6 7/20/2023 0.41 47.50 20 675
Completed 7 7/31/2023 ~ 47.50 20 675
in Previous
Work 8 8/4/2023 ~ 48.00 20 650
9 8/9/2023 0.80 ~ 20 650
10 8/15/2023 0.80 ~ 20 675
11 8/18/2023 ~ 47.10 20 675
12 8/24/2023 0.50 47.80 20 675
13 8/30/2023 0.53 47.50 20 675
14 9/7/2023 0.75 47.00 20 650
15 9/14/2023 1.05 47.00 20 650
Testing 16 10/4/2023 ~ 25.00 20 675
Completed 17| 10/13/2023 0.35 25.70 20 625
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with 300 18|  10/16/2023 0.4 27.3 20 650
kHz center
600 kHz 19 10/20/2023 27.4 20 675
Bandwidth 20 10/23/2023 0.15 26.6 20 700
21 10/25/2023 0.22 26.6 20 675
22 10/27/2023 0.2 26.5 20 675
23 10/30/2023 0.3 26.9 20 675
24 11/1/2023 0.35 28 20 700
Testing 25 3/5/2024 0.28 21.9 20 650
Completed 26 3/8/2024 0.08 21 10 650
1300 kHz
Center andl___27 | 3/11/2024 ~ 21.3 10 675
400 kHz 28 3/14/2024 ~ 21.2 10 675
Band With 29| 3/19/2024 1.66 20.9 10 650
Table6 270 °C noise anctalibration data. All tests completed with 1300 kHz center frequency and 400 kHz
bandwidth.
Test# Date Noise SourcépC) Calibration(pC) Ref SpecimeriVims)
0 3/22/2024 215 10
1 3/25/2024 21 10 700
2 3/28/2024 21.9 10 700
3 4/1/2024 21.2 10 675
4 4/4/2024 21.6 10 700
5 4/9/2024 20.9 10 675
6 4/12/2024 21.2 10 625
7 4/15/2024 21 10 700
8 4/18/2024 20.7 10 650
9 4/22/2024 21.3 10 650
10 4/24/2024 21.5 10 650
11 4/29/2024 20.8 10 650
Table7 250 °C noise andcalibration data. All tests completed with 1300 kHz center frequency and 400 kHz
bandwidth.
Noise External Noise Source Ref Specimen
Test# Date (pQC) (pQC) Calibration(pC) (Vimg
0 5/8/2024 21.1 20 650
1 5/10/2024 22 20 675
2 5/13/2024 1.07 21.3 20 675
3 5/16/2024 21.9 20 650
4 5/20/2024 0.3 22 20 675
5 5/23/2024 0.57 21.1 20 675
6 5/28/2024 0.57 21.1 20 675
7 6/3/2024 20 675
8 6/6/2024 0.15 21.8 10 650
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B. Constant Temperature Aging Thermocouple Data

For all constant temperature aging cycles, thermocouple data was recorded using a thermocouple in contact with
a specimen being aged. Figure 41 shows all thermocouple data recorded for the constant temperature aging
completed at a furnace set point of 3@ Note that aging cycles had different durations and correspondingly the
time at which cooldown begins is different for each aging cycle. The measured TC temperature was 2ypiaally
below the set point.

150

100

Ther mocoupl

50

0 10 20 30 40 50 60
Time (hr)

Fig. 41 Recordedthermocoupletemperature data points from 300 °C constanttemperature aging.

C. Twisted Pair PDIV Data Tables
Table 8 300°C unimpregnated twisted pair data.

. Equivalent PDIV (Vims)
Test# Date |'Me (itr)mo tirr?e at240C

(hn) 300TP1 | 300TP2 | 300TP3| 300TP4 | 300TP5| 300TP6 | 300TP7 | 300TP8| 300TP9 | 300TP10| Avg Min
0 10/4/2023 0 0 675 625 650 675 650 675 675 675 700 700 670 625
1 10/13/2023 46 2234 650 600 625 625 625 625 625 650 675 675 670 625
2 10/16/2023 69 3351 625 550 600 625 600 600 625 575 650 625 670 625
3 10/20/2023 %2 4555 650 600 625 575 575 600 625 600 625 625 670 625
4 10/23/2025] 115 5759 625 550 625 625 600 600 625 575 625 625 670 625
5 10/25/2023| 138 7005 600 550 600 575 550 575 600 575 600 600 670 625
6 10/27/2023] 161 8252 600 575 575 600 575 575 600 552 525 600 670 625
7 10/30/2023| 207 10644 600 575 550 550 550 575 575 550 575 600 670 625
3 11/1/2023 253 12822 600 575 550 575 550 575 575 550 600 575 670 625
9 3/5/2024 299 15368 550 500 500 500 500 550 550 525 525 550 670 625
10 3/8/2024 345 17931 550 500 505 500 550 525 550 500 550 525 670 625
11 3/11/2024 391 20494 525 500 500 550 525 525 525 500 550 575 670 625
12 3/14/2024 437 23057 500 500 475 475 475 500 500 475 500 500 670 625
13 3/19/2024 483 25620 525 475 500 450 425 475 500 525 500 500 670 625
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Table9 270°C unimpregnated twisted pair data.

Time at |Equivalent Ti PDIV (Vims)

Test# Date 270(hr) | at240C(hr) | 270TP1 | 270TP2 | 270TP3 | 270TP4 | 270TP5 | 270TP6 | 270TP7 | 270TP8 | 270TP9 | 270TP10| Avg Min
0 3/22/2024 0 0.00 675 675 725 700 725 700 700 700 750 725 707.5 675
1 3/25/2024 46 367.75 725 675 725 725 725 700 700 685 700 700 706 675
2 3/28/2024 92 735.50 700 675 725 675 700 700 675 675 700 675 690 675
3 4/1/2024 138 1103.25 650 675 675 675 700 675 700 650 675 650 672.5 650
4 41412024 184 1471.00 650 650 650 625 675 650 625 625 650 625 642.5 625
5 4/9/2024 230 1838.75 625 625 650 650 675 650 625 600 675 675 645 600
6 4/12/2024 276 2206.50 600 600 625 625 675 550 650 600 650 625 620 550
7 4/15/2024 322 2574.25 550 575 625 625 625 625 600 625 625 625 610 550
8 4/18/2024 368 2942.00 525 575 575 525 600 600 575 625 600 575 5775 525
9 4/22/2024 414 3309.75 500 575 525 575 600 600 575 550 550 550 560 500
10 412412024 460 3677.50 550 550 575 475 650 625 575 600 600 550 575 475
11 4/29/2024 506 4045.25 475 600 475 500 525 550 500 600 625 475 532.5 475

Table 10 270°C coatedtwisted pair data.
Time at |Equivalent Timx PDIV (Vims)

Test# Date 270 (hr) at 240 C (hr) | 279CTP1| 279CTP2| 279CTP3| 279CTP4| 279CTP5| 279CTP6| 279CTP7| 279CTP8 Avg Min
0 3/22/2024 0.00 0 1200 1200 1200 1300 1100 1300 900 1200 1175 900
1 3/25/2024 46.00 368 1050 1050 1050 1200 950 1050 900 1100 1044 900
2 3/28/2024 92.00 736 1000 900 950 1050 900 950 850 1000 950 850
3 4/1/2024 138.00 1103 950 900 900 1000 850 800 850 900 894 800
4 4/4/2024 184.00 1471 900 825 900 900 825 750 850 900 856 750
5 4/9/2024 230.00 1839 900 825 800 825 800 700 900 825 822 700
6 4/12/2024 276.00 2207 800 800 725 825 725 725 825 800 778 725
7 4/15/2024 322.00 2574 800 800 775 800 750 750 850 725 781 725
8 4/18/2024 368.00 2942 750 750 725 750 750 775 725 700 741 700
9 4/22/2024 |  414.00 3310 800 725 775 800 750 825 800 725 775 725
10 4/24/2024 | 460.00 3678 775 775 750 750 750 825 800 725 769 725
11 4/29/2024 | 506.00 4045 725 700 675 675 675 700 700 700 694 675

Table 11 270°C potted twisted pair data.
Time at |Equivalent Timg PDIV (Vims)

Test# Date 270 (hr) at 240 C (hr) | 270PTP 1f 270PTP 2| 270PTP 3| 270PTP 4| 270PTP 5| 270PTP 6 270PTP 7| 270PTP §| Avg Min
0 3/22/2024 0 0 1400 1900 2500 1800 1500 1600 2750 1900 1919 1400
1 3/25/2024 46 368 950 950 1200 1050 900 750 1200 950 994 750
2 3/28/2024 92 736 1000 900 1100 900 900 950 1050 900 963 900
3 4/1/2024 138 1103 1000 900 1050 850 900 950 800 950 925 800
4 4/4/2024 184 1471 1000 900 1000 900 900 750 725 1000 897 725
5 4/9/2024 230 1839 775 825 1100 725 700 750 825 800 813 700
6 4/12/2024 276 2207 750 750 750 950 725 725 750 800 775 725
7 4/15/2024 322 2574 775 825 900 825 750 750 600 800 778 600
8 4/18/2024 368 2942 700 800 900 800 675 700 700 750 753 675
9 4/22/2024 414 3310 750 750 1000 850 750 725 700 825 794 700
10 4]24/2024 460 3678 800 775 800 725 725 700 700 750 747 700
11 4/29/2024 506 4045 700 675 725 725 650 675 675 650 684 650

Table 12 250°C unimpregnated twisted pair data.
Test # Date Time at | Equivalent Time af] PDIV (Vims .

250 (hr) 240 C (hr) 250TP1 | 250TP2 | 250TP3 | 250TP4 | 250TP5 | 250TP6 | 250TP7 | 250TP8 | 250TP9 Avag Min
0 5/8/2024 0 0 625 625 625 625 625 625 625 625 625 625 625
1 5/10/2024 23 47 650 650 675 625 650 625 625 625 625 639 625
2 5/13/2024 46 93 650 650 625 625 575 625 625 625 625 625 625
3 5/16/2024 69 140 650 625 650 650 625 625 625 675 625 639 625
4 5/20/2024 92 186 625 625 600 625 625 625 625 600 625 619 625
5 5/23/2024 138 278 650 650 625 650 650 650 650 625 625 642 625
6 5/28/2024 184 371 625 625 625 650 625 625 650 650 650 636 625
7 6/3/2024 268 542 600 625 625 600 625 600 625 625 625 617 625
8 6/6/2024 314 634 575 600 575 625 600 600 600 600 600 597 625
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Table 13 250°C coatedtwisted pair data.

Time at | Equivalent Time af PDIV (Vrms)
Test# Date -

250 (hr) 240 C (hr) 250CTP1| 250CTP2| 250CTP3| 250CTP4| 250CTP5| 250CTP6| 250CTP7| 250CTP8| Avg Min
0 5/8/2024 0 0 2000 2000 2400 1700 1800 1800 1700 1400 1850 1400
1 5/10/2024 23 47 900 2000 1100 1900 1400 1700 1600 1700 1538 900
2 5/13/2024 46 93 1000 1900 1200 1800 1500 n/a 850 1600 1407 850
3 5/16/2024 69 140 1100 1600 1500 1700 1200 1500 800 1400 1350 800
4 5/20/2024 92 186 1100 1600 1300 1300 1400 1400 1050 750 1238 750
5 5/23/2024 138 278 1300 1100 1400 1200 1600 1050 1050 1050 1219 1050
6 5/28/2024 184 371 900 900 1000 900 1300 950 950 900 975 900
7 6/3/2024 268 542 800 850 800 750 950 800 825 825 825 750
8 6/6/2024 314 634 775 675 750 725 775 750 775 775 750 675

Table 14 250°C coatedtwisted pair data.
Time at | Equivalent Time af PDIV (Vrms)
Test # Date -

250 (hr) 240 C (hr) 250PTP1| 250PTP2| 250PTP3| 250PTP4| 250PTP5| 250PTP6| 250PTP7| 250PTP8| Avg Min
0 5/8/2024 0 0 2750 2500 2300 2750 2400 2100 2100 2100 2375 2100
1 5/10/2024 23 47 2300 2500 2200 2200 2300 1500 1300 1400 1963 1300
2 5/13/2024 46 93 2200 2400 2000 2400 2300 1400 1200 1200 1888 1200
3 5/16/2024 69 140 800 700 1600 2300 2100 1500 950 900 1356 700
4 5/20/2024 92 186 950 775 1600 1900 2000 675 950 950 1225 675
5 5/23/2024 138 278 775 750 1400 1600 1200 675 1300 900 1075 675
6 5/28/2024 184 371 825 750 1500 1900 2200 700 1000 825 1213 700
7 6/3/2024 268 542 600 700 1200 2300 2100 675 650 800 1128 600
8 6/6/2024 314 634 675 650 1200 2100 1900 650 625 676 1060 625

D. Vendor Wound Motorettes

Two motorettes wound by an outside vendor were testedrplete initial checkout of the thermal cycling rig
and obtain information to inform the thermal cycling of thénouse wound motorettes. Figur2 ghows one of the

vendorwound motorettes before potting and Apperizontains a corresponding drawing.

These motorettes were wound with 25 turns of 25 AWG magnet wire. Eight wires were wound in parallel for
each turn. Heavy build MW6C insulation was maintained for the magnéte insulation. Coils were wound
external
liner. End boards were made of the same 3D printed nylon with fiber fill material. The end boards were not
oversized for the externally wound specimens. As is shown in Fig@reketexternally wound stators have much
longer end windings that due not hug closely to the end boards like the windings ehtheséncoils. Additionally,
the external winding caloverlap significantly in the slots and no gap is present between coils like withitbese
windings. These windings did not meet the desired geometry or specifications for the motorettes. Due to the high
number of turns in parallel, it was difficulb tseparate out wires sufficiently for tutmturn PDIV measurements
and ensure that the PDIV being measured was within the coil rather than in the lead wires outside of the potting.
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Phaseo-ground and phast-phase PDIV measurements are reported faetlspecimens

The first, EM1, was used for initial check out and was cycled with all the machine coils connected in series. Due
to the high phase resistance resulting from having all coils connected at once, the current in each coil was limited to
40 A. After some initial checkout cycles, EM1 was cycled between average thermocouple readings of 35 °C and 110
°C. Figure43 shows example thermal cycle data recorded by the thermocouples on top of the motorette end
windings. Figuregl4 and 45how the measuredd®V after different total number of cycles. No notable degradation

is shown for any of the phase-phase or phas®-ground PDIV measurements.
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Fig. 42 EMZ1 prior to potting.
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Fig. 43 Examplethermocoupletemperaturereadings forEM 1.
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Fig. 44 EM1 phaseto-ground PDIV measurements.
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Fig.45 EM1 phaseto-phase PDIVmeasurements.

The second vendor wound motorette (EM2) was used to complete a series of single thermal cycles to
progressively higher temperatures with PDIV measurements between each cycle. The motorette was then cycled for
modest number of cycles at high temperature 2Eior to aging had 2 significant defects. The first was a broken
phase lead in coil #8, this led to very high temperatures on coil number 7 as coil number 8 received 66% of the
current coils 5 and 6 received and coil number 7 received 133% of the aoilsr® and 6 received. The second
defect in the motorette was with the end slots for coils 1 and 8. In both locations the loose coil was taped into the
slot by the external vendor such that the winding touched the tooth tip without any slot liner bittamedihe
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corebs tooth tip. As is shown bel ow, this Adogrounck!| i eved

insulation of coils 1 and 8.

Figures46 and 47 show thephaseto-ground and phaseto-phasePDIV measurement results for EM2 coils
through 4. Coils 1 through 4 were first cycled twice to around 120 °C as a checkout test, then they were cycled once
to 140 °C and then to 180 °C with PDIV measured after each cycle. The coils were then cycled 6 times to 180 °C
and then 125 cycles weoempleted to 180 °C. PDIV was measured after each cycling set. In Biguapart from
the first coil which had the previously mentioned defect, no significant degradation intplgasend PDIV is
visible. In Figure Z, phaseo-phase PDIV degradationag be seen for all phase combinations. The all have
decayed by at least 10Q.¥with 1-2 having the most degradation at 50Q<V
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Fig. 46 EM2 coils1-4 phaseto-ground PDIV measurements.
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Fig. 47 EMZ2 cails 1-4 phaseto-phase PDIVmeasurements.

Coils 5 through 8 were first cycled to 120 °C like coitd.1Then they were cycled such that coil number 7 (the
one with the most current) got to 220 °C and then 260 °C on its thermocouple readings for siegleTtyekoils
where then cycled using set currents for set time durations. Five cycles were completed with 150 A for 4.5 min
giving coil 7 thermocouple temperatures around 250 °C. Then 87 cycles were completed with 110 A for 6 mins
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giving coil number 7 pdatemperatures around 260 °C. Figdi@shows the 5 thermal cycles with 150 A for 4.5
min. Coils 5, 6, angJB are shown to have similar temperatures significantly below that of Coil 7.
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Fig. 48 Examplethermal profiles for EM2 coils 5-8.

Figures49 and ® show the PDIV measured after each of the cycling runs. In F&fyrer the phas¢o-ground
measurements, phase 8 to ground shows significant degradation due to the previously mentioned defect in the phase
to-ground insulation for coils 1 and 8 of EM2. Phase 6 to ground and 5 to ground show no change in PDIV. Phase 7
to ground shows significant degradation of 40@.s\Vafter the 87 cycles to 260 °C. In the phé&s@hase
measurements (FigufD), all phaseto-phase pairs show significant degradation over the cycle count. Phase 5 to 6
shows the most degradation, but also had the highest initial PDIV value. The key conclusion from the EM2 testing
was the immediate failure or overly large degradation would not becesg for internally wound motorettes
specimens with small cycle counts to temperatures around 200 °C.
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Fig. 49 EM2 coils5-8 phaseto-ground PDIV measurements.
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Fig. 50 EMZ2 coils 5-8 phaseto-phase PDIVmeasurements.

E. Motorette Drawings

Figures 51 to 53 show the engineering drawings for the motorettes.
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. Drawing is for dimension reference only

Dimensions are in mm

Core is constructed of 29 gage M15 laminated electrical steel
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Motorette iron core geometry.
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Fig. 53 Vendor wound motorette geometry

F. 3D FEA Model of Thermal Cycling Setup

In order to obtain estimates of thetspottemperature and the thernmakchanical stress in tleternally wound
motorettes during their cycling, a 3D FEArsulation of % of onecoil was usedFigure 54 shows the simulation
geometry and meshll insulation components including the polyimide and Nomex were modeled explRdtym
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temperature mechanicand thermalproperties were usedif all componentsAll materials were modeled as
linearly elasticHeat was applied to the windirgased on the current applied in the experiment anégtimated
resistivity of thewinding based on the temperatures collected by the thermocouples irptmarent.Figure 55
shows the heat load simulated and resulting temperature profildgldmrette 2. Images of the thermal and
mechanical stress results for the full simulation of IM 2 are in Fig6reThe resulting stress in the individual
insulation omponents are iRigure57.

The thermal simulation is solved for the full transient. The mechanical stress simulation is only solved at the
peak temperatureStresses reported in Tableare evaluated in the polyimide insulation either inhbéspotor as
the overall maximumThere is significant difficulty in modeling random wound wires accurately in a finite element
simulation. Correspondinglythe stress values reportetiould be taken as a representative number rather than an
explicit estimate of thetress in the insulation components.
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Fig. 54 In-housewound specimenmodel geometry andmesh
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Fig. 55 Exampletransient thermal profile from FEA model of motorette 2.

38



Time=300s Volume: Temperature (degC) Volume: von Mises stress (N/m?)

x10°

Fig. 56 Winding stressresults atpeak temperature from Figure 55. Left shows the temperature
distribution. Right shows the mechanical stresdistribution.

Volume: von Mises stress (Nlmz)

Fig. 57 Simulated Von-Misesstressdistributions in motorette 2. Upper left shows the epoxy stress. Upper
right shows the polyimide insulation stress. Lower left shows the stress in the copper wires. Lower right
shows the stress in the Nomex.
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