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Fig. 1.1 Oil demand and supply in the world™
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Space factor = 40% (Circular wire)

(@) Circular wire motor

Space factor = 60% (Rectangular wire)

(b) Rectangular wire motor

Fig. 1.5 Cross section of stator core in ISG!*?!
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Fig. 1.6 Configuration of electrical circuit for driving in the vehicle
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Fig. 1.7 Pulse generation of three phase sinusoidal PWM inverter™®!
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Fig. 1.8 Switching waveforms of voltage and current*!
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Fig. 1.9 Details of loss within power device
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Fig. 1.10 Surge voltage in each part of motor driven system!*®!
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(a) Arrangement of motor windings (b) Motor terminal voltage

Fig. 1.11 Coil voltage distribution™
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Fig. 1.12 Wire winding structure and applied voltage!*”’
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Fig.1.13 Partial discharges between coil wires®!
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Fig. 1.14 Film erosion under voltage endurance test(?!

,15,




10000 —

= S S — — PR — ol | . Ny - b=t -1 .
w B e B ek o e s l e o f.""{. = ':-.Ti"' —"’
£ kom || - NEs S i S 11 N
4 l T \ BN applied voltage U ||
2 1: 1500 V
? 1000 2 1000 V
5 ) _| & 700 V
= = 4 500V |-

- - T e e

= | N I N A
m N
b oto0 fr o T s T TR Rl Y
'45 4 j
o
o
- 10
2
@]

-

x
M
o
o 1 . ‘ e s ki

01 1 10 100 1000 pym 10000

Length of field line in air gap |,
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,16,



1.6 E—42 DGRt

EREMm X, S DEPHIR, 2 —W—I2 k0| EITREEEIR AR
ENRELSEDY, BIFRDOZT D2HCERNET 201K L, LD ERIC
L CHBIET 2 2 & EITHREZHMRFT 2 Z &R0 b5, BEXEMIC
BOWTL, ETHOET—Z M kg FOREGICL > TH#ET 2 L, VAT A
ICE o TS ETHRHK R 8D 2 LD, EEOFBHRREIZE W TEWE
e E ORI LE L 72D,

X 1.16 1%, E— % OMGRIEDE % F7 2 w4, Spick~7= X 91, =—%
DffsfxfERICIE, E—XNTHOHELHREISERNZENEETHY, 20
TeDIZiE, E—FNaA NVHORKEMEZIEL, FEERO FIZBNTH

DIMEPRRELBRNLIICAaA NVORELZES 252 LT, aALHoxT
X v v TEBIC LHENBEZMHEIT DL ENRMETH S, £lo. MEHRIED
B D, BUEREE CREOBN-OENDS N & 2R T 57200 THHRE
LOFETEHEETH S, LrL, PDIV I8y v = i b b b D kIS
JEIC R > TEB T 2012 %, BERECWRE, ¥ —UEER EOBERIBIC
Lo THEBMT L LnMENTWAEPL F72, THREICK O TiE, &

(ZH D ERELHWOND D, ZOWRERESBGOHEMALH D )03
LD, 2Ok, T—XaA VORBEREIL, &K PDIV Z8)5y %42 T
E[E L7- PDIV OFFAHE Loy & PDIV HIERFDIX S D& & Bid, b %
BT PDIV ORBNOIRDDGLER DD, LLZOHEIX, D72
TREBEERE R L, Bk L7ERRICE—X AT —Z DAy MNIZEBIT % 5
DR TIZERY, VAT LOMRBEZETIETLE S, ZORREEMNS, i
FE O LAV ZERDTICHR DR Y O RIREEIC T 5 2 EREETH D03,
ZDIOIE, aANVEHOY—VEEEZHKLR VKRS IMATZET, PDIV O
R EHRDIBVBOTHERD D,

,17,



A NVENZRAT L — VBB EOFAZTER E L TE K LITITRTRRIC B4
RBRPD D, A /3= Z WA TIIRBROFREA &7 5 o X LB O RIETR
I L > TBIEDOA— "= a— MR E, 7 =TV TIEEEO R CHLRE
Lo TH—VEENLEFH L, TE—FNTIIAAL v F U 7OBRBIZE T H AT
Ui 2 A N SOBEPREF LA NV HRICER L T —VBEREL D, 2O7D,
ETNENTRAET L —VEELHEL., BWUIRISEHE LD 0EDN B 5D,
ZOEE, Y —VEEEAHEET D2 FIENHIVLRARRR N EIZR D, T
WL, A NN—F DAL v F TN THRET D —VEENTF—T V%
LU THRTZEABICONTIX, BIED KT T /000 €3 A T 7 L 23
EENTWAP, F7- ZRICMA TE—FNTERET 52— UBEICON
THHETLI2MERH D, L, TROHDET ML, T =T NARE—F K
DEBMNVETHD Z LA, FFEDOY — Y ORAEMPTIC L T 720
e, EFHEEATAZENELY, ZDD, AT D877 FIER
EENnD,

—J7. X116 (2817 5 PDIV ORI AR T 5 72 011T, ERRO HmEREE

}17 5 PDIV OB ER ZHE L, S HICIFTHIZBWT PDIV & T 5
BEOREL S D& AR T 2 MERH D,

,18,



iRl
‘/ﬁ%W§

%%
(MEBEETHERE)

BHMES

)

[ BROBSHERA

(FE&FT)

REORKXEE b

u LA B B

IR IR E T D FE

Fig. 1.16 Way of thinking on insurance for motor insulation!?”!

1554./’5"7’5147(

V= Ldl/dt L

(A7 \—’;1) (’7‘—7)L)

? HIRE(RS) O BARAOES +HIE
18—5HA \J—j—sw: \ a0

Fig. 1.17 Factors of generating surge voltagel?”

,19,



1.7 a4 IILEERIZE 5 PDIV DEHER

i Tulk 7= PDIV OB R 2K 1.18 (2773, PDIV £8) D EXK 1%
(ZHE FIEGE o CEM Tk, EERUNITE, HEFIE), BERR(RRUE.
A, MENZ KBS, LR ENEN DR Z R,

1.71 AEFE
L, Bk pC FREE DN EEART S ns A — & — ORI RN ORI B E)
THERGEDTZH, L EHRIT DD, wJEEE - UNETE OB AT
VB LD, HOBEOERBLFIEEL LXK 119 IR TR BB
Wooth, Yo, FEFEE L CHRIT 2 FiERS BP0, 2—s okl
BWTHOHELZRET HRIT, T—FNOHLWDLEFTHAELLEATDH
e < TE, S HICHRRIRIEDOBLR TEEMICHBITE 2 FENHEE L
W, B, EICXDFER. B —ORE G IO R O R A E T IS X
S THRHEENZLT 2 Z ENBES N, ETET—FNHOKE LIS
HRITE W E WS IERH 5, Zhixh LERRETFEZ, E—2Haeko
HOMEERINTE, FEREEZITY 2L CEENICHRBITLZ ENTEXHZ
D, BRI T 2 EN DR WFIELE TR D,
BIEOHNTT LR KO B OHE FEIZ OV TE, BRI E I FEERED
A N ZFREE— W= VEERERE LRSS FERH H, E—F 2
ANVOREICEE LT, M 1201277 X512, OFRFEA, O, @%FHifHE >
RENEE S HP2N0 = o5 5 @xtfOMEICE L CiX, EsL, V
—VIHIEOWT S EELHINT 2 2 &Rtk D 8, ORMEA, OFREIZON
V RERRNE TIEDY o TR TR W R B A FUINE 2 & Eil2ME R LT L
E OO BEN MDD ST, —VBEER EOEmWEREZ NG 2 LEN &
%, 2014 2B E iz IEC k4 (IEC60034-18-41) Tl YV — Y EEZHIINT

,20,



© YIE T OTHEREH N oy el
- YAZIR =

@ ZEBRIR O Rid
> PRI EIFRITRINER

L R
i

LD KED
@ =B OERE YL
» AEV—3R

@ BREGEN  GREE -8R XUE)
> RS £ AR (AR
> B BIROW SN L DA R AL

> EHIBREACIRAE Gaath, g | G0 fds i
® Y—UEIEEIB LR RIS U
> ACEAY 7V A (likatE, Hifstk)

© HukEBRIAG BBl L ZRIERY
> ahTRER, Wbl Wih
Wt Lo o B b B % BT |

Fig. 1.18 Variable factor of PDIV?®

1INV
B mEgcT
—©
i St ]
"""" 403
——
I > mommEEs

(a) Detection of current by CT

SPZAV 73

St 7T

RZEROE — SIMEES

(b) Detection of electromagnetism by antenna

Fig. 1.19 Detecting method of partial discharge!®”!

,21,



HEROE B REFEIC OV TERINTEB Y, K 121 IR THRIC, #0HGE
fA4AFEIE(RPDIV) & —EBE D /L ZEE 2 0 IK LEVIN L 72BRO B D5 A&
EG LA 5 FENT SN T RN,

— = A NO S HEBEEIIHICEBEDON D LNV HEICL > TEDD 20,
BICEBER N RV = — 2 NELEDOS MR D & IEMERBRA N LR, #
GRAEDOEEMENMETLTLEY, Z0kd, TE—FHLTIEARL VAT AT
MaARIERE & FefR 9 2 B T — X 2B\ TIE, BERBIEY AT LEFEICHE
MRIFICRET D ENEENS, LL, h—VBEORRIZEEDNL S LA
0D NRAWETH —VELEO LV AENRBE WA, PDIV N RKE < ZHT 572Dk
BHEMEOBBROLEDLD Z D, ZNE TICHHIE T ORAERRIZE SN
PDIV O H#E & P0ouia it £ co 7 m & 2B pp g A4 o i #E08 EERSS ) pD
DOFRABNB® R L Bix RN B Z b TE 7,

Fo, aA NVEICEDBRENRET D L. HEBNSEERmICHEEL, 2
DEMIZE > THX v v FERDNEHE T ITEM S, PDIV DE(LT 5, Zh
Xt L, 2 ETICREOHEEN & PDIV OBHRIZ OV THHA L 72 4 Tix,
ML K> THELLDRMEN DO TETERT ¥ v T OBMAENEDY , £DE

B S T HHUNEE 2720 PDIV (Z2ET 5 Z LB L ISR TS

[40-43]

1.7.2 BIEIRE

A VIO PDIV IZRET HEREER & LT, KRUE, RE, BENETH
b, X122 1 3I5EEEFE LB PDIV JIEHZ 5~ L TEY, PDIV ITX/E
DIE T > TR T+ 2M, ABH A OMERE & LTI mE 4300m o & il iE
BAFEL, ZOHETILPDIV 23 200K FT 5L \Wx b, ZOK &I,
L5EI TR LIy v = VIl OEFE LR & —8T 2 Z L3R SN

,22,



egiteE: S (i3
R-HR-% R-#-a7 -8R

00 O OO
B8 /|37
!@*Tiﬂf‘aﬁ ffﬁfﬁ%ﬁ/\—
S a7 (r—3R)

RiRETEMI IS EEBENOMBRBGHERISEE

SRR T AVl FIR . i TR A (— R )
(EABEDRERE) SRR L E— A DHE &> TRES

Fig. 1.20 Inspection point of motor insulation®”!

m Voltage impulse  ®m PD pulse

Voltage

2500

2000 Repiv
RPDEV

1500 - ppDIV |
""""" / PDEV
-y oy o o o o e . ﬁ—--q o | = g,

1000

- lmll ‘/

i ARLIR i I|

Time

Fig. 1.21 Measurement method of RPDIVF?

,23,



TWo, £z, IEOZEIZONTY, M 123 IR THRICIEEN BRI 5138
PDIV 2ME T 51, QTR TR EFIC X % PDIV O T3 id, KUKHE O
KTickabn0tEZ 515,

— 05, BEDOEBIZOWTL, TFANBROT A FE—ARLEEDOE—X A
T —H VTR 72 E DR 2 Il S FHI R H Y | I X > T PDIV IERE
KEBELZZTHTENHMLNTWD, KT, —RAIZEEEMmRM OZZMIZIs 1T
5 MEBRGIT, MAHBEICHEBEZ 52 ERMLN TS, ZhizxtL,
T F AVHRIE OBk A MR AR T O FCEE R LT . PRI ISR A 2 D 2 L ME
fanTna™M 12413, BERFEEDHVIR LA VAR T DS IRE
FHAFREEMZ BRI IC TN 7 v Fr B UBROE R T, NRPDIV(%
RPDIV (2%} L CIRE « KJEMIEZ4T o ) I xHEE O ERIC L > TR&E <
ETT2ZENRENEFHTHHPY, ZORBHERO—> L L CITEEER
OEEBENEMIN TN b OO, FHIOFIEREM/2 EE2ED | WEDORE
IZOWTITAREIZ 2 > TWRWEDRZ N,

PLEDORRIZ, O FIESCEMEIC L o T PDIV OEFBHVIEL IR R D L
DD, DA =ZALIONTIE AR SN TWD LIFER T, FICEE T
DOBGRINIEERBEDO —D & F 2 5,

,24,



Ratio of PDIV to Basis(%)

100

Basis : standard atmosphere
4 SINS0Hz

20

0
1200 1000 800 600 400 200 O

Atmospheric pressure(hPa)
Lk L 11 ¥ras
0 2000 5000 8000

1 Elevation(m)

Mt.Evans,America(4,278m)
The 5th station of Mt.Fuji,Japan (2,400m)

motorway

Fig. 1.22 PDIV as a function of atmospheric pressurel*®!

Basis:25°C

120 SIN50Hz

g

Ratio of PDIV to Basis(%)
3

40
20
0
=100 0 100 200 300
Environmental temperature(°C)
‘ SRR

Motor Operating range

Fig. 1.23 PDIV as a function of atmospheric temperature!®!

,25,



ol S S S

|
1
o -

2.50

L] T
00}-
] TE—

(A) 001 AIAdYN

1.50

80 100

HR.H.)

60

40

20

{
\

Relative Humidity

Fig. 1.24 NRPDIV as a function of relative humidity™?

,26,



1.8 RNIARD B ERFRIXDIBRL
ULbD X512, S50 EXEMORESCEE N LARkdbbNLH, £—X
VAT AO/NIENRAENERE L I o TV D, ZHUSK L, MafgakE oA E L -
RBEAITE—F AT LDO/NEZRCICARAIRREHZTHY, PTH, £—
5 A VIO REEZARBT 587, 3LV PDIV D6 SE 2RI 54
fhrzfEsc L, b ZRBEOREHINIY S Z L3O THR TH D,
Z 2T ARWIFE TR, B A ffkakat & LA oS Bk - b A BAYIC
LITF D 2 iz ARSI 21T o 72,
) ET—Z P —VBEOHEE FIEOMNL & Y — VBEEOIMGIEM OISR
(2)PDIV OZEFHE K O & 13X 52 & 2+ 5 FiEORE
¥, AKRESCTIEL, PDIV llERD PDIV 2t ZIXH>& & L, PDIV Ol
A AR, WA (TD &, HEB)Z £ L TPDIVOEHE) & KLT D,
A0k, 7ETHR SN TEY . MEEILTO®EY Th o,
i
JE S BT\ & B — 2 — VEIEDOHEE
F— = UBEOM
A8 R O ER 4y i AR
T UREIZ L D PDIV EB) A 1 =X A

il
3

1

B OH B OB
AwWwDN
%ﬁ o

&
o1
il

T—H AT =ZIIBT HEIE SO E 72 PDIV HIEFIE
57 RS

H2ETIE, BE—X AJIOBIEREZICONT, BREISEHEREZ#EHT 5
LT, BERIKRDDFIECOWVTHRHNEIT I,

WIETIE, F2ETHN LY —VEEOHEFELZH W, £ —FD
AL F U TEIENE—F ASTROY —VEEICE 2 5B RE L —F
JEEARIKT DAL v T TRE = BRET D,

i
il

t

,27,



54 FEX, T X OB TS O T RE~O K Z BRI, FARO

TARE—=RARLEMBPE—HF AT —ZIZBIT D aA VI ELKEEZEINL
TEBRDEREE - WESA: & PDIV Rt DBt 254 L. PDIV BNEE) T 5 E[K % I
HMNTT B,

#5ETIL, B4 FEICTHIE L7 PDIV OZEHERIZHOW T, BRSO fE

e Zlzk v, PDIV OEE) R 51 = X NEfRIAT 5,

%6 ETIE, EBEOFEMABE—XEZH\, PDIV ZFEENZIHOWTT A FE—2X

EDEFEWEAMIZT S, £, HEETHONTLAD=AL0E, KIEHHSX

£72% PDIV OPEFIEZRE L, BRI TZOMREFGET D,

5T ETIE, AR THLNCRSTCHRE AT =L TRHDHEND

BoNTEBHT-TFEEE DD L HIT, TOERIIOVTIERD,

F1EDSEXE

(1]
(2]
(3]
[4]
(5]

(6]
[7]

8]
(9]

/ML TBP #EEHT LD 2013 AED R O = /L F — 1§55 |, HART L F—RFIFIERT,
2014.

BP Global: "BP Statistical Review of World Energy June 2014", 2014.

JRIR  THEBRIERRAL X SR OBEEE |, RAEBRBEER5E, Vol.41, No.4, PP.A27-A34, 2006.
FIRT R X—)T 0 PR 25 R R X — A1 E |, Pk 25 FET R LF—IZT 5
U &, 2014

K. Saga: "The Challenges of Electric Mobility ~from PHV Demonstration~", EVTeC &
APE Japan 2014, Plenary Session, 2014.

FUALREFEIFZERT [ = — ROV H B B il O B sg B & fRZEF) |, 2013,

g : INAT7 YUy FAU—DORR—ERGEER F 3% 170 02 BHIEWEE], JoAt,
1999.

A Te— 2 Hifro@hm &R, )Y =7 H#H, Vol.55, No.3, pp.144-149, 2009.
A. T. de Almeida, F. J. T. E. Ferreira and G. Baoming: "Beyond Induction
Motors—Technology Trends to Move Up Efficiency”, IEEE Trans. on Industry Applications,
\Vol.50, No.3, pp.2103-2114, 2014.

[10] E. N. Hildebrand and H. Roehrdanz: "Losses in Three-Phase Induction Machines Fed by

Converter”, IEEE Trans. on Energy Conversion, Vol.16, No.3, pp.228-233, 2001.

[11] #, 7% [ERXEBEF GO L PRS- T 27 - 2— 4 —Xthahie LT,

PEERE M ITETIEEE, 2014,

,28,



[12] &, MM, kM [EEEE ISG (Integrated Starter Generator) DBH¥E |, HEhHLH TS
2015 FEEFEKRE, By v a FES 88, 2015.

[13] &1 : [PWM 7 ﬁﬂﬁ/XTA NT—x L7 ha=7 ADOHME-|, H3LHIAR, 2007,

[14] ¥&iT, /I, @A TEE IGBT &Y = —/L ), & L, Vol.82, No.6, pp.375-379, 2009.

[15] 7)1 : TG a N/S 1 ¥=SE(RKOHFSE - HeAfrEhm ), 2 13 FlE b 5400 A5t 2012,

[16] £J& : TR AT —F A 2D HEVEA~OISHIT DWW T, 5 13 B2 b8R8 1
hFgE4s, 2012.

[17] K. Hamada, M. Nagao, M. Ajioka and F. Kawai: "SiC-Emerging Power Device Technology
for Next-Generation Electrically Powered Environmentally Friendly Vehicles”, IEEE Trans.
on Electron Devices, Vol.62, No.2, pp.278-285, 2015.

[18] s A< : TEV, HEV &—Z OmEEifixlC B D058 - mBREE & & E L 7= b
WEIE~DEE- |, TV —T 7 =7V E 2—,\Vol.16, 2011,

[19] it, FnH, B, K, )UK, B [0 o =2 — D OfaH & I N BT O ],
?'-é?éﬁﬁ D, Vol.126, No.6, p.771-777, 2006.

[20] A : TE V. HE VE—% O &M ), TECHNO-FRONTIER 2015 % 35 [5]E
*‘5?&1/1?‘//7]?‘/'71%, Ty a v kAL 2015.

[21] H. Kikuchi and H. Hanawa: "Inverter Surge Resistant Enameled Wire with Nanocomposite
Insulating Material”, IEEE Trans. on Dielectrics and Electrical Insulation, Vol.19, No.1,
pp.99-106, 2012.

[22] KAk« TR Sam — G & 0 —), A — At 2011,

[23] M. Kaufhold, H. Auinger, M. Berth, J. Speck and M. Eberhardt: "Electrical Stress and Failure
Mechanism of the Winding Insulation in PWM-Inverter-fed Low-Voltage Induction Motors",
IEEE Trans. on Industrial Electronics, Vol.47, No.2, pp.396-402, 2000.

[24] A. Amarir and K. Al-Haddad: "A Modeling Technique to Analyze the Impact of Inverter
Supply Voltage and Cable Length on Industrial Motor-Drives"”, IEEE Trans. on Power
Electronics, Vol.23, No.2, pp.753-762, 2008.

[25] S. A. Pignari and A. Orlandi: "Long-Cable Effects on Conducted Emissions Levels"”, IEEE
Trans. on Electromagnetic Compatibility, Vol.45, No.1, pp.43-54, 2003.

[26] G. Antonini and A. Orlandi: "Efficient Transient Analysis of Long Lossy Shielded Cables",
IEEE Trans. on Electromagnetic Compatibility, Vol.48, No.1, pp.42-56, 2006.

[27] N. Mutoh and M. Kanesaki: "A Suitable Method for Ecovehicles to Control Surge Voltage
Occurring at Motor Terminals Connected to PWM Inverters and to Control Induced EMI
Noise", IEEE Trans. on Vehicular Technology, Vol.57, No.4, pp.2089-2098, 2008.

[28] /K H : [A o /N— & BRE)E — 2 O HUE - #ix O HER I EFEMNL |, TECHNO-FRONTIER
2015 %5 35 [AlE— X i VARV T A, vy va v Huigsrl, 2015.

[ BE#E : A > N — BT — MR ICEH T 5EEREEO KT M,
TECHNO-FRONTIER 2015 %5 35 [IE—ZEHiff AR T U A, By a v kg,
2015.

[30] H. Okubo, N. Hayakawa and G. C. Montanari: "Technical Development on Partial Discharge
Measurement and Electrical Insulation Techniques for Low Voltage Motors Driven by Voltage
Inverters”, IEEE Trans. on Dielectrics and Electrical Insulation, Vol.14, No.6, pp.1516-1530,

,29,



2007.

[31] International Electrotechnical Commission, IEC 60034-18-41, 2014.

[32] ERFR MM AL 1218 & : TV K LA > /L RZEBT Dy iRl & A v/ —
2 —Uihifx], 2011

[33] N. Hayakawa, F. Shimizu and H.Okubo: "Estimation of Partial Discharge Inception Voltage of
Magnet Wires under Inverter Surge Voltage by Volume-Time Theory”, IEEE Trans. on
Dielectrics and Electrical Insulation, Vol.19, No.2, pp.550-557, 2012.

[34] N. Hayakawa, H. Inano and H. Okubo: "Time Variation of Partial Discharge Activity Leading
to Breakdown of Magnet Wire under Repetitive Surge Voltage Application”, IEEE Trans. on
Dielectrics and Electrical Insulation, Vol.15, No.6, pp.550-557, 2008.

[35] Y. Luo, G. Wu, J. Liu, P. Wang, J. Peng and K. Cao: "PD Characteristics and Microscopic
Analysis of Polyimide Film Used as Turn Insulation in Inverter-fed Motor”, IEEE Trans. on
Dielectrics and Electrical Insulation, Vol.21, No.5, pp.2237-2244, 2014.

[36] F. Guastavino and A. Dardano: "Life Tests on Twisted Pairs in Presence of Partial Discharges:
Influence of the Voltage Waveform”, IEEE Trans. on Dielectrics and Electrical Insulation,
\Vol.19, No.1, pp.45-52, 2012.

[37] P. Wang, A. Cavallini, G. C. Montanari and G. Wu: "Effect of Rise Time on PD Pulse Features
under Repetitive Square Wave Voltages”, IEEE Trans. on Dielectrics and Electrical Insulation,
\Vol.20, No.1, pp.245-254, 2013.

[38] P. Wang, A. Cavallini and G. C. Montanari: "The Influence of Repetitive Square Wave \Voltage
Parameters on Enameled Wire Endurance”, IEEE Trans. on Dielectrics and Electrical
Insulation, Vol.21, No.3, pp.1276-1283, 2014.

[39] E. Lindell, T. Bengtsson, J. Blennow and S. M. Gubanski: "Influence of Rise Time on Partial
Discharge Extinction Voltage at Semi-square Voltage Waveforms™, IEEE Trans. on Dielectrics
and Electrical Insulation, Vol.17, No.1, pp.141-148, 2010.

[40] D. Fabiani, G. C. Montanari, A Cavallini and G. Mazzanti: "Relation Between Space Charge
Accumulation and Partial Discharge Activity in Enameled Wires Under PWM-like Voltage
Waveforms", IEEE Trans. on Dielectrics and Electrical Insulation, Vol.11, No.3, pp.393-405,
2004.

[41] J. P. Bellomo, P. Castelan and T. Lebey: "The effect of Pulsed Voltages on Dielectric Material
Properties"”, IEEE Trans. on Dielectrics and Electrical Insulation, Vol.6, No.1, pp.20-26, 1999.

[42] FJZIK DNiEg, BK, $nfE : [E MERAED b X 2R T T RAOKETH, EXTFE i

76 A, Vol.20, No.4, pp.490-498, 2000.

[43) I, &, B, &, Al BE: E&EZERE v v TEAHEGRICB T 5E
ik KL OB Sr BB AR TR E I KT T R B O ), R #wCEE A, Vol 135,
No.4, pp-235-240, 2015.

[44] M. Fenger and G.C. Stone: "Investigations into the Effect of Humidity on Stator Winding
Partial Discharges”, IEEE Trans. on Dielectrics and Electrical Insulation, Vol.12, No.2,
pp.341-346, 2005.

,30,



F2F RBKBCEBMICLLIE—FI—UBEDHERTE

21 FAME

A UNR=2ZE, Ny T U —OEREEZ IR TE—Z RO 72D DAL

ICEBT D2 EBROOND, A VNN —FOENREFTEERLELT

X, RHERR NN —FTFORMAE . AL v T U TEBORELNIZET b,
—J7, BE=ZIZBWTIE, #xziEkT2OETE—FRNO A VR KEE
IR U, MOMELEZ SRV al VERIREEZ R T 20LERDH D, DD,
A U= L NI OBIERE DS T — 4 NOBER 2 T Lk et K95
ZEIFREFHTHY, Z2OEDIIE, HL1ETHERZL I —7 VEHOK
HEFTARETMA, E—FNOEBLESAAEET MET DFIENLEITR D,
E—FNOBENMEET MET HFEE LTE, E—FWNESAMEREK T
KTk W S r—T L B H DA U F 2 R B R R E R
AT 2 VTRV 5 Tk BB BSREtshTcws bon, 2ok T
EIX S AT 2 Z EIIREETH D EF 2D, THUSK L, AR RS AR
MW TH — VEERIE 2 EEEFHR LRREE &2 HEE TE iU, R RIEKE
BAnE LTI LI/ R D ATREEDN B 5,

Z ZCABETIE, BREFMAET—X ORKELEZ @S IHET D FIEEHE
THZ LA, A o N=ZHNPIEN ST —F ANEmOEFT 262 &
BIERSTT L, JER AT ECOW TR ZIT-o 72, LUTF, 2.2 i Tl Ik

(AL DY —VBEEOFMAE R, 2.3 i TIEY — VEED AR IO
TOBLE, 24 TIIY —VEEOHEFIEL LT, r—7 V& nET HBRDHE
BB R 22 A T2 T B B DRt & MRERE R UC DV Tk x| 25 i, 2.6
HiCIIY—VEENEE T LBRDOERL L LDHEITI,

,31,



2.2 EHEEFE IR O

fENT IR L LIE—H VAT LDO# LR 21 IR, T—H &AL RN—X
(AT 24T 2 T OB W e, RE—F VAT LB BRA_ T2 Tl
L, B 21 2R A o= D& T — % ATl 2 EEIE 4 [
DFEF T o —THHNA T 2 a—A 2 k0 FERCHEIE LT,

X 2.2 1%, &— & BEEIFF(1000 rpm, 10 Arms) D EER & /R~9, AR AT LT
X, A R —=FZ IO —EEN B0V THHDIIR L, T—X D AT
TIL610V T/ 80V LR L7z, /o, v—TVBEOFRAERE., FEEK 5 MHz
DEIERE(Y X v )BFA LTz, b, I 2 A L OHukikE 4 5] &
29 ER Y I DR A A M HERRER EHEAT O B o iR AR EEE DR )
O, v—VEENBOV LRI DL KIKE 50 um, KIELEEER 4.0 055 T
A VIR 2 ) 63 um(26 WHIMICIELS 3725 2 ENHBEIZRY | T—F YA
ADOKRAULL AV a A N EROBS CTERETERWIEE 25,

23 EERSFETILEAVEE—RADBOY—EFEDEAE
fr—T VA ARET B — VBT e(x, )X, F— T NVENERTH D LRET
X AR (2. 1)THEINBE

e(x, t)=e*f(t—x/v) [V] )
R, [o+t—xlv
o =

1

x107°

V=

.
3
.

[m/ps] se0(2.1)

Z, =

O|lr

(]

R =R,V1+ cw ‘m]

,32,



ZIZTR: =7 NOEH[QYm], L: A &7 % A[HIm], C: HEXE[F/M],
Ro : 77— 7 /VEEHI[Q/m], o : REZDELRE us/rad], o : BEERE[L/m], v
=T N OV — AR E [m/ps], Zp: V=T L E—F U R[Q], o AREE
#[rad/us], f(t) : WEBIEK[VITH D, X(2.1)L Y, BEKFHZI L > TE—HX A
T RAET D — VBIEO IR s [MHZIXE LK N r—7 V% 24EEH L T
LEM e D70, r—7vEE2dmEB &, X(2.2)TRIND,

f =
T 4d [MHZl - - - (2.2)

P W= =T V(R 8 mm)DA X 7 X A LT 0.3 uH/m, FEA R
ClT40pF/im Thote, ZOMENDL, F—7NVEdMEETE L L xDORE
—VEEE s [MHZ] 2 (2. 1), (2.2)bRdD &, W23DLH b, %
7o WMELEEE—ZANMGO Y X o ZJEEREZ KTy N5, F—7
NELImMmOLEEOKF—VREEIL 72 MHZ TH D OIZx L, BIEMIFK 5
MHz LARWEIRIC&® 2, X 2.3 1R T R — P (EREL fs) N EEICHAET S
DIE, A N —=Z WM HEEDONL S B2 KR 7 — 7 Vs 2 s fk 3 5
fEdhV)EZY RN GETHY , 7y —7AE1Im DA T35ns L FTHHLE
WD, T L, RAT AONE B3R 2.2 £ 0100 ns &,
B —UNRETHRMELD bRV, 1200V #k IGBT IZBIF DAL v F 7
DILH B0 RV T 50ns FE TH W M RICZ D & 5 e T 22
WA TH R — VRO R KRIEGLS LR VBN —7 Vv & 21118
T D EEE) L, 1UGB0nsx4) =5 MHz [RA L 725 Z b, KEH—U 054
THOIIE, K23 X0 r—7 AN 15ml EXNEBICRD B0,

Flo, P—VERERT TN A B LS LIZBIEREE T D 2 L TRAET
Lz, T—H AImOBIEILY X O U4 BT T ER TS
ERDZ s, Tk L, JIERR TR, A o —Z I bmsEE

,38,



Table 2.1 Specifications of motor system

\oltage 500 V
MAX Power 150 kW
Motor type IPM (Interior Permanent Magnet)
Motor winding type Distributed winding
Motor phase, pole 3 phase, 8 pole
Cable length 1m,3m
Inverter Motor

Inverter output
J%} JI,'):?L JE} Motor input

yy I’

| _Y_\,) Cable Ir!

944

Fig. 2.1 Measurement configuration
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Fig. 2.2 Experimental waveforms at the inverter output terminals and the motor input

terminals
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Fig. 2.3 Relationship between cable length and reflected wave frequency
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Fig. 2.4 Calculated model
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Fig. 2.5 Configuration for measuring transfer characteristics
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Fig. 2.6 Result of a measurement of transfer characteristics
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Fig. 2.7 Transformation of the input waveform
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Fig. 2.8 Calculation result of the motor input waveform
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Fig. 2.10 Comparison of measured value and calculated value
(Cable length 1m, waveform B)
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Fig. 2.11 Comparison of gain characteristics
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Fig. 4.4 Cross section of wire
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Table 4.1 Specifications of rectangular wires

Sample A Sample B
Size 2.3x1.5mm 2.8x2.1mm
Coating thickness 40um 160pm
Coating material AW AIW
Permittivity of coating 4.0 4.0

Table 4.2 Conditions for PD measurement

Environmental conditions

25°C/ 20%RH, 90%RH

Pre-discharge conditions

1kHz, 1.2xPDIV@1kHz

PDIV measurement frequency

5Hz, 50 Hz, 1 kHz

PD detection sensitivity

5pC

Voltage rise/ decrease speed

20V/s

Pre-discharge (1 kHz) —

PDIV measurement (5 Hz, 50 Hz, 1 kH)
and PD observation

O

SSA 5s 10
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......... e,
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Fig. 4.5 PDIV measurement procedure
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Fig. 4.8 Frequency dependence of PDIV for different insulation thickness and
pre-discharge time (90 % RH)
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Image Intensifier

Fig. 4.9 State of measurement configuration
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Fig. 4.10 PD luminescence images at PDIV @ 50 Hz
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Fig. 5.1 Fluctuating factor in PDIV measurement
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Fig. 5.2 Erosion of coatings by pre-discharge
(Sample A(40 um), Pre-discharge 60 s, Initial PDIV X 1.2@ 1 kHz)
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Fig. 5.3 Mechanism of surface modification™!

,84,



53PDIVEHD A H=X L
AKEITIEPDIVEEB DO XA = AL EHLNT D202, 7 VEIZ L D PDIV
RIEFTO#ERB O EZ TV, S HICHEB L ORERmEEROL(IC L

5% v T BRI ~DH IS CHIRATET S .

531PDIVEHA N X L(REHE

R BN OPERR A K 5.4 17T, FEHI, & 4 2 TR L 72 A &
U Sample A(FZIEIE 40 um)Z VY, — O Z i TS g 727 X h e — 2R
IZTIT 272, 5 4 BOREREFEOFIAT, 7 VERHICH T2 PDIV £H)
ZET D LRI PDIV % JIE 9~ % [ELAT O - A2 Al iR 55 o0 H#5 #E FEAL %2
S5mm B AL EN DIRBIFEM O EHWTHE LTz, Z0' O HlE
FHiPHIZ 925 mm TH Y | Z OFLFHIZ I 1T D REZ w0 O X EN 2 BifF L TV 5,
mB. B HIIMGIEICY T— N TBEBT 58RICR > TE Y, PDIV RIETIE
AP LRSI TR E, REBEMUERFOAREME BB ST 2 LT,
PDIV HIFEH DX ¥ » TER~OEE YR LT, REE 2 EIRERANICER
BTHZ LT, BESKMERoTEEE, —#HOREZIT o7,

5512, 25 “C/20 %RH 35 1 1890 %RH (ZH8\W\ T, 7 VBRI 95 %
NI L OVPDIV 2 JIE LI RE 2 Ehrd, 7223, 90 %RH FIZH W\ T
B8 & FAM L 72 BRI, Sample A D SEARRIZ IV TS 7 LD i THI L 72,
BEORER, () 20 %RH TlL, FUVIKEMHIZ PDIV IEZL D RFEL, 7L
ERBIZAEDVE S S XIE T LA=oloxt L, ZHEEMIT. 7 VIRENICT
Z A AL, PDIV (65 LAERIC T VIRERFIC > TR 95 2 &2
5. MFICHBEN R SN, —F., 90%RH F(b)TiX, PDIV XY LEIZ L -
TR T L2 R 2\ R 2 b(HER) 2/ m Lol L, £m
BALIL PDIV 2 — AR T 92 7 VS THNC B L PDIV 28 E5FIZ

,85,



Wire

Wire

' Measuring area

Sensor

Measurement range =5 kV
Measurement area ¢ 25 mm (Distance 5 mm)

Fig. 5.4 Experimental setup for surface charge measurement
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Fig.5.5 Measurement results of PDIV and surface potential
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Fig.5.6 Calculation model for electric field distribution analysis

Table 5.1 Calculation conditions for electrical field distribution analysis

& o [S/m]
Copper - 5.9x107
Enamel 4.0 0
Air 1.0 0
Moisture 80.0 5.0x106~5.0
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Electric field strength [k\V/mm]
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Fig. 5.7 Electric field distribution for different moisture conductivity
(Frequency 50 Hz)
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5.8 Electric field strength in air gap as a function of moisture conductivity

_90_



FHZTX v v THLEOMER LTS, ZHUE, Ml AW EARRICE
WT, Ry v VI G R U 72 E8 53 i BR ARy o0 B R BEBE LA S 9 5, X
5.8 DEMAMR LY | RIEREIK P ET D & KIPEERD & < FNEE
DRI NMENNFEE X v v TERBEMNME T 5, A0, WECHW-EE R
TS LTV DK DEE R 6, 13 6.5x10° [S/M] TH Y . ZOME L 0 & @V iE
S CERMENMET LT\ 5, FEEICKBEER IS LD K5, [HiR &R
ENCEMEBEEOAMY 72 & CEHBRN EHTHEEZLND, LLEDOEZFE)
5. FEBRICT VHEICER U TRIERR KD BMEE LI2GE, Ky oEER
Lo THXy v VERBEOLEBNEXHBL LS 2D,

533 KN M EM [ LS A E LI-BEOERBES T

AFEAT TR WIS EARRIZ N T, BRI O IEFE AT &2 /3 v o = Rl
HRDDE, Fv oy THIEEHE 40 um & 720 | R OEEE D O BT IE T
BRRAELIED D, 207, @il FICBWTIE T VIRENRAE LIALEN D
KGDBHELTE Y v FHOERSHNZENLL, PDIV BRE LT THIESH
D, I T, AETIE, 7 VHENREE LI B IS E Ky B35 Lz &
RE L, F v v 7H 40 pm (137 O RIRE IS KM & LIS A2 OV TEHA
ZiTo72, K59 WICEHHEET NV ART, KON ERIT, 7 VHENFEAL
HBOLHX Y v 7R 40 um ZELHAEICR D X512, 1.5 mm OFFH(EE 2 um)
ICRRE L, Ko DEER 0, 13 5.8 DFFFEAE RO 8B BURHE 2 Al FTRE 72
1.0x10% [S/m] & M7,

B ORI A X 5.10 (TR T, Fv v THOERBEIL, KODBME
LTWDBEEEATE L TOWRWETEL L TWD 2 Ebnd, 20X bx
ERMICFHET 2720, EARMOBME S O T 27 ¥y v 7
REOBESBEZ T 0y b LISREREZK 511177, KROBESRICA & LT

,91,



Contact point

Fig. 5.9 Calculation model for electric field distribution
(Moisture layer is attached to coil coating except contact point).
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Fig. 5.10 Electric field distribution for different frequencies
(Moisture layer is attached to coil coating except contact point)
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Fig. 5.11 Electric field strength when moisture layer is attached to coil coating
containing contact point.
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Fig. 5.12 Relationship between electric field distribution in air gap and Paschen curve
(Moisture layer is attached to coil coating containing contact point).
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isture

Contact point

Fig. 5.13 Calculation model for electric field distribution
(Moisture layer is attached to coil coating containing contact point).
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Fig. 5.14 Electric field distribution for different frequencies
(Moisture layer is attached to coil coating containing contact point).
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Fig. 5.15 Electric field strength when moisture layer is attached to coil coating
containing contact point.
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Fig. 5.16 Relationship between electric field distribution in air gap and Paschen curve
(Moisture layer is attached to coil coating containing contact point).
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Fig. 5.17 Change of moisture adhesion area, PD location and PDIV value for
pre-discharge time at high humidity.
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Fig. 5.18 Measurement system of surface potential distribution

Pre_discharge (l kHz) PDIV measurement (50 HZ)
Surface potential measurement

L P >
14OOV 7 V“
1200
/i PDIV increase
S 1000
S )
8 600 [-——PDIV decrease
400
200
25 °C/ 57 %RH
Oo 20 40 60 80 100 120

Total time of pre-discharge @1 kHz [s]

Fig. 5.19 PDIV transition of measurement sample
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Fig. 5.20 Measurement area of surface potential
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Fig. 5.21 Surface potential distribution (Pre-discharge time 0 s)
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Fig. 5.22 Surface potential distribution (Pre-discharge time 30 s)
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Fig. 5.23 Surface potential distribution (Pre-discharge time 100 s)
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Fig. 5.24 Comparison of surface potential after PDIV measurement for pre-discharge
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Fig. 6.1 Rectangular wire motor stator without varnish treatment

Table 6.1 Specifications of motor stator

Max output 2.5 KW
Wire connection Double star
Coil wire Rectangular wire
2.3 mmXx15mm
Wire coating 40 um (AIW)
Varnish Untreated
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X
v /m_\— Neutral point: Unconnected
Y500 ——
W
/ Z

Fig. 6.2 Measurement point

Neutral point: Unconr}ected

Thermo-hygrosta{

400 kQ —
200 pPF__
Function <f\> P
generator Motor stator
CR CR

5Hz, 50 Hz, 1 kHz

PD detect CR circuit

1nF
IN 1kQ 21kQ OUT
—POO pF (Oscilloscope)
e} > ¢ g O

Fig. 6.3 Experimental setup for PDIV measurement in motor stator

Table 6.2 Conditions for PD measurement

Environmental conditions 25°C/
20 %, 50 %, 90 %RH
. e 1 kHz,
Pre-discharge conditions 1.2xPDIV@ 1 kHz
PDIV measurement frequency 50 Hz, 1 kHz
PD detection sensitivity 5pC
\oltage rise/ decrease speed 20 VIs
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Sine wave

Motor stator

Neutral point: Unconnected

Isolation probe

Oscilloscope

Phase[deg]

Gain [dB]
=20 X log,, (Vout / Vin)

Fig. 6.4 Configuration for measuring transfer characteristics
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6 — W-U
) / —X-Y
= 2 \
2 \
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§ -2 \
4 \
) v
_8 \Vj
10 10k 100k 1M 10M 100M

Frequency [Hz]

Fig. 6.5 Gain characteristics in each measurement point
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(b) 50 %RH (Pre-discharge: 1200 Vp)

Fig. 6.6 PDIV as a function of pre-discharge time (Motor stator)
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Fig. 6.6 PDIV as a function of pre-discharge time (Motor stator)
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Table 6.3 Effecting factors for PDIV in test sample and motor stator

Test sample Motor stator
= IN-
Number of contacts 1 Approx. 60
Contact pattern R 8 X = g %
Surface state New article Oil, Contaminations

Varnish Untreated Untreated

(a) Contact at corner  (b) Contact at plane (c) Noncontact

Fig. 6.7 Contact patterns between rectangular wires in motor stator
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(a) Contact at corner 0

-

(b) Contact at plane
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Fig. 6.8 PDIV as a function of pre-discharge time (Test pieces)
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A

Overall model

-

Contact point 100gm

Fig. 6.9 Calculation model for electric field analysis
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Fig. 6.10 Electric field strength at PD inception point

= === PD|V measurement value in motor stator (50 Hz)

(Contact)
g Pre-discharge disappeared 8 (Contact)

50 Hz

PDIV
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0

, /4
[/ -
74 Applied voltage of S
~ pre-discharge @ 1 kHz 50 Hz, 1 kHz
Pre-discharge time Pre-discharge time
(a) Without noncontact point (b) With noncontact point

Fig. 6.11 Schematic illustration of fluctuation and transition of PDIV in motor stator.

- 124 -



FLUC PD A LielT 5729, PDIV ITBIEMIZ EH Lavy, X 6.6(c)D AT —

CBTAHHERED S B, NO3 DY LTI TRLNEZHEZ, T—F AT —
ZND A VEIZ 100 pm FEEEOIEEMS N 1 DL EFEL TV EE 2B
Do eI, T OIEEMAO PDIV (X, BB EEN 2I1F L EFH L. BEh T E
LLEE—HAT—H TORNEMICHEZLZ KT SRR D), SRERGE LT
100 um BREO DT N2 IEHEZ TR LI2 56 O HEENBN D (7 U HEICH LT
DEEN VIR D) eEZDBND,

6.4 AT—R 24 LEIZEITS PDIVDILS DEEREFE

bk, AREIZBWTINE TICHME LIRS, AT —% a1 L@ PDIV
ZIRITHOE THMET 212D DOFIELBT D, FAME—F D a1 )L[H PDIV
RIS SETHET L2720I21E, MERRICL > TERGTNELRY, £OF
IEA [ 6.12 12”7, HERIEZEHTE 524561, W4 50 %RH fHTicd %
ZETRE L PDIV JIENTA D, T, T ORI ESCEL F DKL
EEEEERECOEBELZ T WD EEZLND, £, HEREL2E
HTXRWEE, RRE F T VREINADTH D, — . mBERET
TIET VB ZT O & HEEEEERD EFIZES PDIV OHEE AT 5 73,
WIE B A L35 2 & TPDIV OB A T 5 LEx b5,

EFEO PDIV JIEEZMRRET D722, B— % AT — % & W R 20 %RH,
50 %RH, 90 %RH 3 L OV L i ER 0's, 30 s [Z8 W\ CHRIEE R 2 2 L7-
B> PDIV % 34l L7-, #5H %X 6.13 12789, 50 %RH TiX, 7L KEOs b
PDIV (50 HZ)DIEH & ME T L7=DIx L, 20 %RH Fix, L kE% 30 s
175 Z & TPDIV (50 HZ)DIE B> X HE T L7z, —J7. 90 %RH Fi% PDIV D]
EEW A 1kHZ 1 5 2 & T, 7 UHcE (05, 30 s)IC & 2288 2 4| <
EHT L amRE LT,

- 125 -



Control of environmental humidity for 50 %RH

lllf environmental humidity can not be controlled
Dry humidity y
(< 50 %RH) Pre-discharge
> —>
. (1 kHz, 30 s etc.) )
High humidity y
(> 50 %RH) _[Higher measurement frequency
g —>
. (1 kHz etc.) )

Calculation for standard condition

Fig. 6.12 Measurement method for PDIV with low fluctuation in motor stator

20 %RH 50 %RH 90 %RH

1 kHz 1200 —Max
Pre- —1000 — ] _{r- === -~

i S == . Dy s
discharge 800 ? | : f 3

Os % 600 —
o

Low fluctuation No transient change

>
30s I 600
a

1 10 100 1000 | 1 10 100 1000 | 1 10 100 1000
Frequency [Hz] Frequency [Hz] Frequency [Hz]

Fig. 6.13 Frequency dependence of PDIV for different pre-discharge time and relative
humidity (Motor stator)
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