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Research progress on failure mechanism and delay measures of
inverter motors insulation

YUAN Shunan, GAO Bo, BAI Changshan, LIU Kai, WU Guangning
(School of Electrical Engineering, Southwest Jiaotong University, Chengdu 611756, China)

Abstract: The frequent disconnection of inverter power devices and load characteristics of motor can lead to high-frequency
pulse overvoltage, which would lead to premature failure of generator insulation and bring challenges to the stability and
reliability of system. From the failure mechanism of inverter motor insulation, the different stress failure forms of inverter
motor insulation were investigated firstly, and the main factors affecting the failure of the insulation system were sorted out.
Then the state detection methods of inverter motor insulation and the delay measures were comprehensively reviewed.

Finally, the major challenges and future research direction currently faced by inverter motor insulation were emphasized.

Key words: inverter motor; inverter; high-frequency pulse overvoltage; insulation failure

0 3l

AR R A W (SICO AR (37 2 98 2515 D 3R 2%
AP DR HL A L v 28R R e A8 A 5 D5 T Y B
REVL A AR IR RGP AR B N . X AR
BT BT B0 ARV L SR, B SN
e s S8 73 AT e H R AL 26 5 1K) R SZ Y T DT T I
% PA% Gt ) A8 G XURK T R (IGBT) 122 25 5
N A A . ARSI 5 R g, B
T M AR SR G BT TR DA R IE A
B  BEX AZPEAR I AL 1 2 A IR ML ) AT
RN TT » AT R e 248 25 ¥ v 72 (4t ik i 208 A 9
H . % T 22 5] s LR S AT 78 3 2 4L T IGBT
AR 38 75 T, 17 5% T SiC GaN 45 B8 2 iy 1 A8 25 (1
FEARXT D

ASCRBE T 20 2 5K [E Y Fb 27 35 X6 28 i 28 4
LA 25 SR RRIT 7, 5 AE ] B0 A2 25 SR 50 T FL AL
9 G O SOHL B KT FC 3 R, O R A % (1 B 9 4
Jith » LAS O 9 A i IR Bl AL ML R G 448 G5 K AU JiE

FRWESH . W RGBSR, R AR
et K e e T RS EATL 6 5 Ok LB L A i T
D7 35 0 73 47 SRS 5 Dy B e 3 PP A AL 26 5 0K 2K
Y SR 87 XU (5 it 9 7 R A R 5 %€

1 IESRE LA 5| R G4 S Im A AR im 5% 1

A 5| HE R ATRAOE AR, HHE
BATHEZ AL, BN GAE T m e R0 R
FAAR Al K ELRE 0 B R O A AN TN B 5 A
SR> S B T, ™ B R AR A AL RIS AT 7 o

AZ AL A5 1 AR 4 2 A] GE Id H R E SR, B ) AE
LB 3 4k 51 A TR VR I RS, K B LEE 4503 i
IR 7R T, AL 5 it 1) EE R Bk R A 5 2 AR AR
SR AL o Ak 7 A v T o R IR W 1 TR
IR o SR B 51 T R Ak e B AR R DL A AL
SE T Ge 2H L W) 246 5 il 7 R 8] 246 25 2R 3055 1) Y,
W 2 oo R R P T i g s ML SR 4 %%
K 52 0d W R AR 2R, A8 R K b il T B 45



18 A2 R

2024,57(8)

R AR AV R 54k . FLIR ARSI L
e BB AT UE R 1 S AR AR 51N B T A A
T 200 I8 5 5 R AL PAY TS T RS v LA 85 5 32 T A8 68 %
ORMERE AR T BE . BeAh, AR SR DR B
BRO) e T BUB ALY AP A% 2 2 48 1 e IR
B, 2 51 LGB 57 G I R AT P F AL 45
L8 2 A4 R 0 0 88 AR ALEE

I “ AR R

WBGI¥ &%

HLB L3 L

|

Bl SRy Rk Edh & ikis

Fig.1 Line voltage overshoot and oscillation of inverter motor
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Fig.2 Physical diagram of system insulation failure
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Table 1 Influence of various ageing factors on
insulation performance
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Fig.3 Voltage waveforms on the inverter side and

motor side during ageing
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Fig.4 Life test results at different rise time

LI AR o PR R AL WEIUR Y,
2 2% 5 T AR R A B DT B PR R B RO P
AR RF R B U OCPY . Oy 1 S s B A AR
W BFER BE , G MAZZANTI 463K F 4k 205 8L, LA figé
IR R AR AL IR IR T S A SRR S WA R
AT A A/ E A R A B TV

SR 2410 5% T A AR AL 28 498 v 2 (] H A AR 2R
IR 5E K 2 4R PR T Si 8RR 4t I, T SiC #%
PP 5 e e 2 o I N R A FE L SR AL B 5 kS BE ™
R FEL AN Fy e BRI, A 0 B O T WGB B
a5 ML % A2 5] R g8 b 5 A A B i S
WANG Y L ZEF0 AR 5% el il 3E 4T 1 B AR AT 7T, 38
I B P B B T SIC BEERL, PRI TR B A
o 2 v (¥ 2 [ LG 30 0 57, TR SELAS 2 I LI 20 A A
B 5 s 5 AT 78 2% WY H A 2 o 8 A BILAE e 3 i o R
R S50A 5 305 R 7 Wi A, oF 4 5 W S A A s B
SR, BRI IR 25 58 1 AR AL HL S 7 F) B A
I 5 ik Z 50 FE At Nz g A FT A S i LA BIE 92 [
Il 1) R fr 3R AU B L8 2H PD R P 0 B T i A
W, 3 75 BEAT IR B FE
212 HRIIIR

AR AR o HH R v U BAE L Se A TR RN
T U R 5 3 BURR A R M S BB RESE AN, I DA
RETE 30 B, B AR B LA AR IR T3 & . TONG
W MU AR B e LR 2 T B K B R 0 r AL EEAT
TR A, AR E 6 in, AR T e
A7 IR 3 AT o 5 LRI, 7R A0 AR A0 45 K
M TAET , BRI N7y T R B AEN B
IR, A RGN SRR

BB Ak, PWM i 4% 7 3 51 R 5k 28R 0 B

AR

TN
||

5 0 5 0 5 10 15 20
2% ) FL 1) 45 5 /(C/m?) FL37 58 B /(K V/mm)
(a) 25 6] LA 70 AT (b) FI% A

Es5 ZTEBEENEER

Fig.5 Measurement results of space charge
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Fig.6 Simulation of the thermal field of

permanent magnet motor
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Fig.8 TSC curves at different polarization temperatures
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Fig.10 Simulation model of inverter-cable-motor system
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Partial discharge amplitude at different rise time
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Fig.12 Taps used to measure voltage distribution
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Table 2 Relative stress categories of Type I insulation systems

IN¥] SURCLIPSE -/ G U USE 3 i N LT i P ) 5B 19))

25 Vol Vae /us IRV, /V
A-RTE <1.1 >1.00 1240
B-H1 %% <15 20.30 1691
C-h4 <2.0 20.10 2255
D-/=H <25 >0.05 2818

S e RB I T A R LA R T TR A T R
LA R R 2 (UHF) i i 5 LA AS & (HFCT)
MG A SR AL LS, X LR TR 9
FXFEVE ML 3. UHF iIXATHFCT 2 H AT A T 1
LG8 20 246 25 Jy 348 T r 00 A 7 A 29 T vk, e
UHF 32 A] 0 £ 1) 450 B v B — M2 L R 22 21 L
T IR 2% 2 (87", HFCT & vl & 80| T 6 25 ) )1
JEh 22 2 18] s N ATUBLYE Bl F) 1 2 oKk, UHF Bl & 1)
S B Y [l b HFCT 2K, fH HFC'T B8 & 7 T /49 L Ui
AN, 0 T RE ek N 3 Y. AR
A0 T % A L B O ik g R PR S S R T
5 F RG0S Ge 2 2 W 30047 Jmy B T8 s 0 3K, B 13
NIZTGRER . ARG TR B A IR R
2415 W EE AN B AR 00 15X B PR ) O % ),
SEORLE T AR R R N S ALE T A
BEPUE W) & R, B R A B A I R, B
SEHL T LR B BCR RIE A S
%3 TREBHGABGINIT AL
Table 3 Comparison of insulation detection methods for
windings of inverter motor
Jiik e [
FEAH ARG THRCR Tovk s B BERk s 5 10 o
B e L B R 5 Ik

M T PDE S HRBLT UM ATBEIERREUE AR T AR

HFCT %

UHF %

A P4 S FEL P KB 53 10 PD 4
. T T T
ek (0 He e ( i )
»

RGN UG B G 52 B 73 18] B 47 AL R 1) 52
e, 1 22 B 9038 T A, 22 0] HL AT A2 8 4 4 25 2R 38T
KPR R, H w7, X 2 (8] B A (9 I & 3 2R A
7 ik ik (PBAD AR 380 923 (TSCD o X1
SO i V- A it 0 v s R PEA HORIINR T #F
vt 7 TR0 AR 28 1R 2% [ W A, GO0 222 B ] 14 Bz o



24 AR

2024,57(8)

{Iﬁ[{"ﬁ"g ?’Fﬂ?lj %"ﬁ
(25°C 40%HXHE )

HEITHHIEA
L TFRS ] A:20 ns~1 pus

E3Z 7 :0~30 KV

|IEEE 488.2 Bl s
Lecroy960pro
B3 EESKEEETBHREMNT R

Fig.13 Partial discharge test system under repetitive

square wave voltage

R, N
e | - Bt e

PR i IR

RS (=] [
— LURF. WEEE

f*)i£—"1 mi - Hgiﬁﬁﬁ‘&
sl [ fim
PR e B |

THOK H 6 —H i

=SVHLYE [~ R AL

~ R
& 14 PEAZEHTEIUEERE

Fig.14 PEA space charge measurement device

K LAU &85 98 58 /5 26 2 M L (1) )2 246 % v 2%
HEAT TSC W & , UF B T Bl AL 56 4k ML 48 2 /£ PWM
PRI H R Rk A A B R I R T N . AR, AE
HRREW T, U E S AT R T —
MBERE RN AREN . A T EEEE & AT
N JE BLAY T A B B e 20 A » G MAZZANTI &7
G NIEARBE T T BB R & 2 A i) 38, FHid i )
B TR 2 T FEBE ) TSC 92560 45 kAT I AIE , iE W
TR EGEE RE AT AT
3.2 STEBHLLE LG R £ 5 3 B X SR B
3.2.1  FEARMLuG T HE U 3 A A

TE 1 B R BRI R, AL R G0 AR g T
PN = W e [ I 14 i A b R PR IR 38 0 % 2 i A
(1) PR 9 S ST DA % 6 4L I ) R 1 A7 AS 357150125 ]
R, B8R Ty 20 25 A 08 T I FEE e L i it R s DR U .
A AT R R A A8 AT 2 Gt 4 25 61 R 7K 52 1R B BN AT
TEAR SRR AL A 51 KB R Gu b, H AR A 148 it A oA
T3k,

(1) AR Dy 28 484 3k 2 77 =X, 8 3 A U i A i
Bl 3 2 S AR 28 AF B TF SRS [A], 41 ZHAO S 2574
HH 3 5 E AR S 0 AT AR N FL AR C e 107 2 H
SR 15 FroR. HET B AT R 5 vk s

B S I 4% 1), SRR ITVEAE N IR AN R g . LIX
SEEISOLTR R 3 3 T S I 3 P 47 N A AR I T Y A R
LA P U A% 7 A Bl 1) 3 A 4% 1) i S 9 N B 1) EE
ARG F BTV o 200 AR AR R e s A8 1 2 R 1) 2
50% A Ar . BRI, AEFC NG DL T, FRAR i IR AR AL
{3 [ B 75 T~ 47 8 2B O O 1) 3 B K O Ok 51 1) B R
BAESERIE -

smdswd )sm

gd

R,

Cd»cx(
ol Lo N0
T - t

"R, SW, JSW.) ) W 5’
v, G o] G
Cgs»cxl —|_ —|— —|_

El15 FIEMABRRE

Fig.15 Variable input capacitance method

(2) B A8 396 A% 2% 18 i) SR W , 4k B 20 o LR VR
A A VR I ST (S-HANPC) B 3 8 40 40, 7T B 1)
P 1) SiC 3 A8 4% 1) Jok R e {1521,

(3) 7578 45245 i H i B R AL 3 A1 5 0 G Y59
B IR IR A, H AR o R UE AR DR U R i 16
FiR o
3.2.2 L AT K R I E 540 1R A8 b RLIE T

A3

SRy 1 5 AR A H AL A 2 M e LA BT A,
ZE BT R R A AR e A AR
FERI L o TR, — 7, 15 2% A AL EE SRk [
P F T 0 R S5 SRR 52 A M ORE BRI 9T I 4R A
FE AU, SCHR[85-87]4 18 T TiO, % 4K B A 3K
BHA BT 8GR GRS PR 24 e . SR, Bk
W FE ARV B AL 5 5 9K R & 2 R K &R
R 7 G AR 45 A8 % = A IR . S — 7T,
29 BB A R HCAE i o FEL S I PR RS T, T B s A 6
ORI D SN I T KN s € AR G L R O <
W5 LI i 28 25 R G V) RE A AL ARG P S DAY % LA
FH 3 2 H AL AR 30 1 52 [ ) 2 T PR ML 46 25 4 el
XoF 5 P KN )38 B e

N T IR AR SR A G AR THD I P B R, o ke O
FR B, 75 B A = e H % R
()4 2 o 1 B 2 8 B ML 5 FE S AT U I TE AL =
IR ORIERL IR B B A e bRk, DA R ) 3 A T e 4
FAE N BRI 5% A R IR AR




SR - A AL A8 2% O LB 2 S 2 45 Tt T ek g

25

50
AR

i M“IIIIIIN
50

0 10 20 30 40 50 60 70 80 90 100

U/Nv

I} ] /ms
(a) NN JE I 25110
AR
40
A inl nl AL
%0 \
-20
\V \V \V \V \V
_400 10 20 30 40 50 60 70 80 90 100
i ] /ms
(b) N RV 3% J5

El16 ShitilRiE KAl EREEEE
Fig.16 Differential mode voltage before and after
adding passive filter

4 PrER R AREKAR G E
4.1 HkE

4 H 5% T AR AL 48 2R RL R 49 1 F A T I
ZEPR . TN BE TR R T B ) T AR
PETE AR 28 b (VB 7E N B HL R g 3 BUR A
W28 25 THI s 58 03 1Y) H . ) 5 8B g o Lk, %
T LR 3 K F 0 A XA BR , E 52 7E WBG
DIZR SR, A5 45 F AL 40 25 1 5 26 Bk 45 1 5
NERE, TWERANG . oAb, B arE A s
S IR AR S € I IVE 72 R DI R 7
AR, B IR P S AN R IR 25 A T I A8 5 2R 3%
PR PEAS A 25 & B BB S . B, A 4%
B T K 22 R 18 L IR - 2R, oA AE R AU S
bR T35, JE V2 V) AR RE 22 A0 FE R A G HLEE, R
R SIC I 0T 48 25 7 i (10 REL B ik 1 BIR A1) 17 A4 Rk S B R
FME

FEE QA S e v Jm 0 T PR K 2 [a) Fe it Pk
5 R 0T R 78 AR 5 1) A7 AE — 58 WO S e DL S B
BT RE N o IR B — 1R b v A0 AR T YR 1
R, 5 O TR SEBR AR AR (0 T S AN S PR IR A

Bt — B IRAE MR T . — M, SRR, FLRG
RO HL 25 55 % 2 1) 1) A% i 20 3808 305 738 24 vy A
BT S5 X AT AL RS R R R .
R P H A R R 2 I T e LA X R, R AR
AEE R TR S H AL E AL, T A T AR AU B R
JR A 25 I 1) TE A A AR R Tk e i b xof AR AR
WL hh o

42 KRFKMRFGE

TE AR FE A 5 Sy 5 A T b 2 A A8 450 H B 446
G BHR G I Z WU, RS &5 T ) SEER L
o AVEE S I 9T, g B LA S (1 B A B 4 SRk B ]
FEMTR T W RSB B LE G RELL K
(IR L, BRI DA T 4 5

(1) R e S BF B T 2 AR, S ST F— P AL -
IRIE N Bk 2 Al A 0 DA B 40 6 R £ R N
JIMEAL B FRFE B . W S0 0T WROWL A B DN, % 8
SN H BB 22 M, B A8 bR 32 55 Rl N g 5
(15 BLHEAT 2 804k, AT A5 245 oy T BE A 3& B 52 A4

QKA ERA, B R ks
JOE FOAA 1 4 B R AR S, b — A B A A B -
FL 25— 78 A0 R LR A 5 ELIAR ST & 5 SEZBIL AR A5 HL
75| RGAGARE M LEE VTG

(3) 38 I 5k 30 A 2% ¥ 0 1 v A 4K e B HE A
77 ORI b0 P 20, DL A FH 0 38 2 B 1
P S e L AU R G P T R B 5 RS S T LR
) B A )

(4Dt A2 S50 ELL , FROA HE 387 284 F i 2 R 4
GBI R, INEGE H T s oAk 1R i da gk
PEBEMN R B 5 1 &, LA YO UL 22 51 3 ) &
G5 440 25 1E 7R S 3078 2% 5] RS TR VR T R B g B ) T

95 ] J
5 ZEERiE

A SLERIR T ARG i 26 25 10 2K LB A
T 5 R AR AL 4 % SR AR 8 ) 3R LA A R
FHL % 2 ) R T AR SR A R L ) L R A
FARE F AN R HEFBURRORE g 0 B 48 IR 3 AL A 5
DL B 93 PR BN e o B v VR Herp, H
N2 73 B FRRE T 5 AR A ML 28 25 b R 2 3
T Ao SR SR BLINAR 2h 55 2 58 /) 45 48 %
R BB 1, 24 48 2% 5 37 5038 B s F I (B
A FEAEGNERE R LW AL L5 K



26 AR

2024,57(8)

RSB R 3R T e A T 3 o DL e SR 2 W T 20 AT
RIS SIVE 4 AL, — AT RE 51 A AL
SeH G N IR AR IR, S L ZIZH 5
A5 AT B A HLATL FR) A7

KA AL 5 R G AR SR G B, 5 P
A7 A HL A8 B L BIL A A R R 2 B A A K 1 R T
P AT AR F AL 3 52 380 AR v A b vl e o LR
FI B 5 PUHL 2 R BRI T P v i (08 2 A kAT B
TG SRR S U T ST BR R RICR -

Sk References

[1] SCOTT M J, FU L X, YAO C C, et al. Design considerations for
wide bandgap based motor drive systems[C]//2014 IEEE Interna-
tional Electric Vehicle Conference. Florence,Italy:IEEE,2014:1-6.

[2] BALCELLS J, BOGONEZ-FRANCO P. Effect of drive to gate
coupling circuits on EMI produced by SiC MOSFETs[C]//2013
International

Brugge,Belgium:IEEE,2013:209-214.

Symposium on Electromagnetic Compatibility.

[3] GONG X, FERREIRA J A. Comparison and reduction of conduct-
ed EMI in SiC JFET and Si IGBT-based motor drives[J]. IEEE
Transaction on Power Electronics,2014,29(4):1757-1767.

[4] GERADA D, MEBARKI A, BROWN N L, et al. High-speed
electrical machines: technologies, trends, and developments[J].
IEEE Transactions on Industrial Electronics, 2014, 61(6): 2946-
2959.

[5] LEUZZI R, MONOPOLI V G, ROVERE L, et al. Effects of elec-
trical ageing on winding insulation in high-speed motors: analysis
and modelling[C]//2018 IEEE Energy Conversion Congress and
Exposition, Portland, USA:IEEE,2018:6886-6892.

[6] MONTANARI G C, SERI P. About the definition of PDIV and
RPDIV in designing insulation systems for rotating machines
controlled by inverters[C]//2018 IEEE Electrical Insulation Con-
ference, San Antonio, USA:IEEE,2018:554-557.

[77 LUSUARDI L, RUMI A, CAVALLINI A, et al. Partial discharge
phenomena in electrical machines for the more electrical aircraft.
part II: impact of reduced pressures and wide bandgap devices[J].
IEEE Access,2021,9:27485-27495.

[8] M — 35 e A7 ARSI LA 5% 5K R000 AT B TR B 0. 1 7R v
F1HAR,2008(3):4-8.

XIE'Y H, DANG C L. Analysis and solutions of insulation failure
of inverter motor[J]. Gansu Electric Power Technology, 2008(3):
4-8.

[9] TR ARSI Bl 0 28 5 I AR AR 2 5 HE B HL R R 4 2%
FEL P i S M0 IO TE 72 [0]. 4244 81,2014,47(1):93-96.

YU Q X, REN W E, ZHONG L S,et al. Effects of thermal aging
on the electrical properties of magnetic wire insulation in inverter-

fed traction motor[J]. Insulating Materials,2014,47(1):93-96.

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

DANG C, PARPAL J L, CRINE J P. Electrical aging of extruded
cable:review of existing theories and data[J]. IEEE Transactions
on Dielectrics and Electrical Insulation,1996,3(2):237-247.
A, TR . 3 R A A 5] RO 4 2 A R 2 R L B
W FLLI]. AR Tl 22 5% Filf E.46,2017,7(10):60-62.

LIS J, TIAN Z P. Research on the thermal failure mechanism of
insulated bearing coating for EMU traction motor [J]. Modern
Industrial Economy and Informationization,2017,7(10):60-62.
LINDELL E, BENGTSSON T, BLENNOW J, et al. Measure-
ment of partial discharges at rapidly changing voltages[J]. IEEE
Transactions on Dielectrics and Electrical Insulation,2008,15(3):
823-831.

TANG C, CHEN G, FU M, et al. Space charge behavior in
multi-layer oil-paper insulation under different DC voltages and
temperatures[J]. IEEE Transactions on Dielectrics and Electrical
Insulation,2010,17(3):775-784.

LUSUARDI L, RUMI A, CAVALLINI A, et al. Can low voltage
inverter-fed induction motors be designed allowing partial dis-
charge activity[C]//2019 IEEE Electrical Insulation Conference.
Calgary, Canada:IEEE,2019:79-82.

LEE K B, NIAM S S, LEE W. Frequency spectrum analysis of
partial discharge activities in WBG-based AC machine drives
[C]//2023 IEEE Applied Power Electronics Conference and
Exposition. Orlando, USA: IEEE,2023:715-720.

SRIDE . T H VAL Y R AR K A i R G T AL (D AR
Bl K 5,2015.

ZONG X. Study on current source converter-long cable trans-
mission system[D]. Xuzhou: China, University of Mining and
Technology,2015.

BHATTACHARYA S, RESTA L, DIVAN D M, et al. Experi-
mental comparison of motor bearing currents with PWM hard
and soft-switched voltage-source inverters[J]. IEEE Transac-
tions on Power Electronics,1999,14(3):552-562.

FRAR SR . RN AR M 5| L R P 1A S M WL B AF FE [ D]
JCHD VU AT K ,2013.

ZHANG Y Q. Study on the thermal effect on insulation perfor-
mance of inverter-fed traction motor[D]. Chengdu:Southwest Ji-
aotong University,2013.

ABADIE C, BILLARD T, LEBEY T. Partial discharges in motor
fed by inverter: from detection to winding configuration[J].
IEEE Transactions on Industry Applications, 2019, 55(2): 1332-
1341.

MG 5 I st R X SR SR R R A A AL S A i R T AL
FEFFE[D]. #7420 K %,2013.

WANG P. Influence and mechanism of square wave voltage on
partial discharge and motor insulation life[D]. Chengdu: South-

west Jiaotong University,2013.
MG, g, R A I 5% AT E U R AR AR L4



SR - A AL A8 2% O LB 2 S 2 45 Tt T ek g

27

(22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

25 )5 WO ARE M T L. v L 4R ,2016,42(12):3895-3900.
WANG P, ZHOU W Y, WANG K J, et al. Comparison of PD
characteristics for inverter-fed motor insulation under inusoidal
and repetitive square wave voltage conditions[J]. High Voltage
Engineering,2016,42(12):3895-3900.

ELORZA A, ALMANDOZ G, EGEA A, et al. Study of partial
discharge inception voltage in inverter fed electric motor insula-
tion systems[J]. Applied Sciences,2023,13(4):2417.

WANG P, WANG J, XU HYY, et al. Comparison of PD character-
istics for inverter-fed motor insulation under inusoidal and repet-
itive square wave voltage conditions[C]//2016 IEEE Internation-
al Conference on High Voltage Engineering and Application.
Chengdu, China:IEEE.

FABIANI D, MONTANARI G C, CAVALLINI A, et al. Rela-
tion between space charge accumulation and partial discharge
activity in enameled wires under PWM-like voltage waveforms
[J]. IEEE Transactions on Dielectrics and Electrics Insulation,
2004,11(3):393-405.

RUMI A, CAVALLINI A, LUSUARDI L. Impact of WBG con-
verter voltage rise-time and switching frequency on the PDIV of
twisted pairs[C]//2020 IEEE 3rd International Conference on Di-
electrics. Valencia,Spain:IEEE,2020:902-905.

WANG P, CAVALLINI A, MONTANARI G C. The influence of
square wave voltage duty cycle on PD behavior[C]//2015 IEEE
Conference on Electrical Insulation and Dielectric Phenomena.
Ann Arbor,USA:IEEE,2015:338-341.

BHSCH R, POHLMANN F, MULLER K. The influence of
several environmental conditions on the partial discharge charac-
teristics and on the lifetime of magnet wires under inverter pulse
operation[C]//2001 International Symposium on Electrical Insu-
lating Materials. Himeji, Japan:IEEE,2001:645-648.
TAKASHIMA M, SODA K, TAKADA T. Measurement of elec-
tric charges at the interface between two dielectric layers using
an electro-acoustic transducer technique[J]. IEEE Transactions
on Electrical Insulation,1988,23(2):287-295.

MAZZANTI G, MONTANARI G C, ALISON J M. A space-
charge based method for the estimation of apparent mobility and
trap depth as markers for insulation degradation-theoretical
basis and experimental validation[J]. IEEE Transactions on
Dielectrics and Electrical Insulation,2003,10(2):187-197.

WANG Y L, DING Y, YUAN Z, et al. Space-charge accumula-
tion and its impact on high-voltage power module partial
discharge under DC and PWM waves: testing and modeling[J].
IEEE Transactions on Power Electronics, 2021, 36(10): 11097-
11108.

TONG W M, SUN R, LI S Q, et al. Loss and thermal analysis
for high-speed amorphous metal PMSMs using 3-D electromag-

netic-thermal bi-directional coupling[J]. IEEE Transactions on

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

Energy Conversion,2021,36(4):2839-2849.

GUASTAVINO F, COTELLA G, DARDANO A, et al. Influence
of the rise time and of the temperature on the PD inception volt-
age of enameled wires[C]//2010 Annual Report Conference on
Electrical Insulation and Dielectic Phenomena. Lafayette, USA:
2010.

FRUTH B, LIPTAK G, ULLRICH L, et al. Aging of rotating
machines insulation Mechanisms measurement techniques[C]//
The 3rd International Conference on Conduction Breakdown in
Solid Dielectrics. Trondheim,Norway:IEEE,1989.

JETEIL It R e A A A 5] HUHLAE 222 AL IR B2 R LB 52 (D).
JAHS: P R A2 T K A,2009.

ZHOU K. Effect of pulse waveform on ageing of inverter-fed
traction motor insulation[D]. Chengdu: Southwest Jiaotong
University,2009.

KN TN . PWM A 45 1 4 5 F AL 46 2 SR AL B A A0 28 B A
[D]. %45 75 B 22 1l K 52,2004,

ZHANG L L. Study on premature failure mechenism of PWM
inverter-fed traction motor[D]. Chengdu: Southwest Jiaotong
University,2004.

i S5 35 SC LA ST LK 225 0], 2544 K1 ,2001,34(3):29-34.
LU B Q. Test and application of insulation for AC inverter-fed
motors[J]. Insulating Materials,2001,34(3):29-34.

TR o i 1T 2 ) RULE 1 o R SR AL R B D T S b
[I]. EBHLE AR 2020(5):15-18,22.

QIAO C S, TANG Y W, ZHONG B. Calculation and analysis on
electromagnetic force of the stator end winding in traction mo-
tors[J]. Electrical Machinery Technology,2020(5):15-18,22.
MIYATAKE K, TATEHANA K, TANAKA Y, et al. Space
charge accumulation in PET film under process of rising and
falling temperature[C]//The 6th International Conference on
Properties and Applications of Dielectric Materials. Xi'an,China:
IEEE,2000:42-45.

MEYER D R, CAVALLINI A, LUSUARDI L, et al. Influence
of impulse voltage repetition frequency on RPDIV in partial
vacuum[J]. IEEE Trans. Dielectric Electrical Insulation,2018,25:
873-882.

CHONG Y L, CHEN G, HO Y F F. Temperature effect on space
charge dynamics in XLPE insulation[C]//2003 Annual Report
Conference on Electrical Insulation and Dielectric Phenomena,
EEE Transactions on Dielectrics and Electrical Insulation. Albu-
querque, USA:2003:65-76.

BOUDOU L, GRISERIL V, GUASTAVINOL I, et al. Effect of
temperature on space charge formation in low density polyethyl-
ene of antioxidant[C]//2004 IEEE International Conference on
Solid Dielectrics. Toulouse, France:IEEE,2004:252-255.

ZHOU K, WU G N, DENG T, et al Aging time effect on PD and

space charge behavior in magenet wire under high PWM voltage



28

A2 R

2024,57(8)

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[C)//Conference Record of the 2006 IEEE International Sympo-
sium on Electrical Insulation. Toronto, Canada: IEEE, 2006:
159-162.

MELFI M. Low-voltage PWM inverter-fed motor insulation is-
sues[J]. IEEE Transactions Industry Applications, 2006, 42(1):
128-133.

CAVALLINI A, FABIANI D, MONTANARI G C. Power elec-
tronics and electrical insulation systems-Part 1: phenomenology
overview[J]. IEEE Electrical Insulation Magazine, 2010, 26(3):
7-15.

T3t AR, B AR RS X PWM AR £ UK Bl L AL
HL B2 [J]. HE 77 HL 3R, 2001(6):26-29.

WAN J R, LIN Z Q, YU H J. Effects of cable distance on the ter-
minal voltage of motor fed by PWM inverter[J]. Power Electron-
ics, 2001(06):26-29.

TR BRI R A AT PWMLE AR 25 DK 3 5700 B LR
KL AL IR v s S B G FE]. o I R ML R 24,2001,
(11):110-114.

MA H F, XU D G, CHEN XY, et al.Research of voltage reflec-
tion of PWM inverter-fed induction motor with long motor leads
[J]. Proceedings of the CSEE,2001,(11):110-114.

HYYPIO D B. Effects of risetime and cable length on motor in-
sulation degradation resulting from operation on PWM voltage
source inverters[C]//1997 1IEEE International Electric Machines
and Drives Conference Record. Milwaukee,USA:IEEE,1997.
R, S, S B A | A ko o v X AR A L2 5 R
JECHE AR G FE S R KR KR S FR) S A E ST 0. o ] L A R,
2019,39(15):4541-4550.

LI J Q, WANG P, WU Q, et al. The influence of overvoltage
from repetitive impulsive voltages on PDIV and PDEV of invert-
er-fed motor insulation[J]. Proceedings of the CSEE, 2019, 39
(15):4541-4550.

F 80, AL, F MG, 5 F SR e b T I A0 AR S L 24 25
e Tl S PR s PR B2 R T T[] 8 AR 2018,51(8):37-42.
WANG J, ZHOU K, WANG P, et al. Influence of repetitive im-
pulse voltage rise time on partial discharge inception voltage of
inverter-fed motors insulation[J]. Insulating Materials, 2018, 51
(8):37-42.

BT, TR B MG, A SRR b T I )R AR L 2 2
Je S TR G R T R R[], 46 26 8,2018,51(10):50-56.
ZHENG C J, LET'Y, WANG P, et al. Influence of repetitive short
impulsive voltage rise time on partial discharge statistical prop-
erties of inverter-fed motor insulation[J]. Insulating Materials,
2018,51(10):50-56.

S, R R B A Ik ol o s A A L I ) 4 25
ik HL 52 25 i S AL E TT[0]. 48 G0 1, 2020,53(1):64-69.

WANG P, CHEN B, XU HY, et al. Effect of duty cycle of repeti-

tive impulsive voltage on corona-resistant lifetime of turn-to-

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

turn insulation for inverter-fed motors[J]. Insulating Materials,
2020,53(1):64-69.

AR, A, MG, A5 . IR SR K 5 U A R SR M 4
WEFL[I). 46244 8,2020,53(8):55-61.

ZHAO M, ZHOU Q, WANG P, et al. Lifetime of polyimide insu-
lation under sinusoidal pulse width modulated voltage[J]. Insu-
lating Materials,2020,53(8):55-61.

JESE 5%, T S, R, 5 R AU I B X T o A A R L 4 5
RESCIA AT FE[J]. 462544 81,2021,54(4):41-49.

GU Y H, WANG P, DONG H, et al. Effects of deadtime of
repetitive square wave voltage on performance of insulation for
inverter-fed motors[J]. Insulating Materials, 2021,54(4):41-49.
WA o, T, B B, A6 A T U A o R g T e M
SEMARE T[], 462544 %1,2020,53(7):45-50.

CHEN J Q, WANG P, HUANG Y, et al. Influence of polarity of
repetitive square wave voltage on corona resistance of polyimide
[J]. Insulating Materials,2020,53(7):45-50.
Fatie, MY, BURE, A . A SR K B 7 I H S A R AR A
ML L0 2 J5) B0 TR 4 T R M S D). 46 2 MR, 2018,51(11):
56-63.

YANG N, WANG P, ZHAO Z J, et al. Effect of repetitive short
impulse and square wave voltage frequency on partial discharge
statistical properties of inverter-fed motor insulation[J]. Insula-
ting Materials,2018,51(11):56-63.

WANG L W, HO C N M, CANALES F, et al. High-frequency
cable and motor modeling of long-cable-fed induction motor
drive systems[C]//2010 IEEE Energy Conversion Congress and
Exposition. Atlanta, USA:IEEE,2010:846-852.

FRGHE o AR A K 2 P 88 IR 50 2R 4 7 T AR 23 B e 5
[D]. %45 76 rE A2 1 K %2,2016.

LI Y. Analysis on adverse effects of high voltage inverter drive
system with long cable and the associated countermeasures[D].
Chengdu: Southwest Jiaotong University,2016.

FLORKOWSKA B, ZYDRON P, FLORKOWSKI M. Effects of
inverter pulses on the electrical insulation system of motors[C]/
2011 IEEE International Symposium on Industrial Electronics.
Gdansk, Poland: IEEE,2011:573-578.

HWANG D H, KIM Y J, BAE S W, et al. Analysis of voltage
stress in stator winding of IGBT PWM inverter-fed induction
motor systems[C]//Sixth International Conference on Electrical
Machines and Systems. Beijing, China:IEEE,2003,945-950.
TOUDIJI M, PARENT G, DUCHESNE S, et al. Determination
of winding lumped parameter equivalent circuit by means of fi-
nite element method[C]//2018 IEEE Conference on Electromag-
netic Field Computation. Miami, USA:IEEE,2016;1-4.
MAGDUN O, BLATT S, BINDER A. Calculation of stator
winding parameters to predict the voltage distributions in invert-

er fed AC machines[C]//2013 9th IEEE International Sympo-



SR - A AL A8 2% O LB 2 S 2 45 Tt T ek g

29

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

(71]

sium on Diagnostics for Electric Machines, Power Electronics
and Drives. Valencia, Spain: IEEE,2013:447-453.

MIHAILA V, DUCHESNE S, ROGER D. A simulation method
to predict the turn-to-turn voltage spikes in a PWM fed motor
winding[J]. IEEE Transactions on Dielectrics and Electrical
Insulation,2011,18(5):1609-1615.

SUNDEEP S, WANG J, GRIFFO A. Prediction of transient volt-
age distribution in inverter-fed stator winding, considering mutu-
al couplings in time domain[C]//2020 IEEE Energy Conversion
Congress and Exposition. Detroit, USA:IEEE,2020:517-524.
XIE Y Y, ZHANG T T, LEONARDI F, et al. Voltage stress
modeling and measurement for random-wound machine
windings driven by inverters[J]. IEEE Transactions on Industry
Applications,2020,56(4):3536-3548.

STRANGES M K W, STONE G. C,BOGH D L, et al. IEC
60034-18-41: a new draft technical specification for qualifica-
tion and acceptance tests of inverter duty motor insulation[C]//
Record of Conference Papers Industry Applications Society
52nd Annual Petroleum and Chemical Industry Conference,
Denver, USA: IEEE,2005:297-302.

STRANGES M K W, STONE G C, BOGH D L. Progress on
IEC 60034-18-42 for qualification of stator insulation for medi-
um-voltage inverter duty applications[C]//2007 IEEE Petroleum
and Chemical Industry Technical Conference. Calgary, Canada:
IEEE,2007;1-7.

HU B, WEI Z, YOU H Y, et al. A partial discharge study of
medium-voltage motor winding insulation under two-level
voltage pulses with high dv/d¢[J]. IEEE Open Journal of Power
Electronics,2021,2:225-235.

Tyt <, IS, R 984, 48 AR L 28 25 3R 5 SR 30 i LA D 5
PEAE AR BT [J]. S R BR,2023,49(11):4798-4807.

MA S J, WANG P, ZHU Y W, et al. Design of flexible sensor for
PD detection of inverter-fed motors insulation system[J]. High
Voltage Engineering,2023,49(11):4798-4807.

OKUBO H, HAYAKAWA N, MONTANARI G C. Technical
development on partial discharge measurement and electrical
insulation techniques for low voltage machines driven by volt-
age inverters[J]. IEEE Transactions Dielectrics and Electrical
Insulation,2007,14(6):1516-1530.

HAYAKAWA N, INANO H, OKUBO H. Partial discharge
inception characteristics by different measuring methods in
magnet wire under surge voltage application[C]//2007 Annual
Report-Conference on Electrical Insulation and Dielectric
Phenomena. IEEE, Vancouver, Anada:IEEE,2007:1-7.

kG 52, Dt P,V 1,55 R T D-SHIEYE 2 5 B Rk G 5 R3O0
LTI -UHF A e I ) GIS Jay f8 i B A8 R il (). e 564 8
2022,55(11):109-117.

GENG Y W, RUL'Y F, FAN L, et al.GIS partial discharge pattern

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

recognition based on D-S evidence multi-source information fu-
sion and solid state photomultiplier-UHF combined detection[J].
Insulating Materials,2022,55(11):109-117.

o GBI, A, A PP AR R AR 4R L AR v e R A
SE I I RCR BT FL )], 48250 ),2022,55(7):41-49.

MENG F, SHAO M Z, NIU Y, et al.Electrical tree initiation volt-
age test method of polypropylene and effects of voltage stabili-
zers[J]. Insulating Materials,2022,55(7):41-49.

MAZZANTI G, MONTANARI G C. Electrical aging and life
models: the role of space charge[J]. IEEE Transactions on
Dielectrics Electrical Insulation,2005,12(5):876-890.

U, S, v [ i, A kSR I 45 2 B SR AL 3
WFFERE R[], 1 e L 2,2016,52(7):10-18.

LIU Y, WU G N, GAO G Q, et al.Progress of research into the
Polyimide insulation failure mechanism under square impulse
stress[J]. High Voltage Apparatus,2016,52(7):10-18.

LAU K, VAUGHAN A, CHEN G, et al. On the space charge
and DC breakdown behavior of polyethylene/silica nanocompo-
sites[J]. IEEE Transactions on Dielectrics and Electrical Insula-
tion,2014,21(1):340-351.

MAZZANTI G, MONTANARI G C, DISSADO L A. Elemental
strain and trapped space charge in thermoelectrical aging of insu-
lating materials: life modeling[J]. IEEE Transactions on Dielec-
trics and Electrical Insulation,2001,8(6):966-971.

HUDON C, AMYOT N, KANDEV N. Evidence of charge injec-
tion resulting from fast pulse operation of inverter drives[C]//
1998 Annual Report Conference on Electrical Insulation and
Dielectric Phenomena. Atlanta,USA:IEEE,1998:714-718.
WANG Y, WU J, YIN Y. A modified thermally stimulated
current analysis method for direct determination of trap energy
distribution[J]. IEEE Transactions on Dielectrics and Electrical
Insulation,2017,24(5):3138-3143.

ZHAO S, ZHAO X C, WEI Y Q, et al. A review of switching
slew rate control for silicon carbide devices using active gate
drivers[J]. IEEE Journal of Emerging and Selected Topics in
Power Electronics,2021,9(4):4096-4114.

LI X, LIU R, KE Z W, et al. Simple switching strategies for dv/
dt reduction in SiC-device-based modular multilevel converters
[J]. IEEE Transactions on Power Electronics,2023,38(2): 1485-
1493.

BELKHODE S, SHUKLA A, DOOLLA S. Split-output hybrid
active neutral-point-clamped converter for MV applications[J].
IEEE Journal of Emerging and Selected Topics in Industrial
Electronics,2021,2(2):184-195.

SHAHANE R, BELKHODE S, SHUKLA A, et al. A highly effi-
cient hybrid devices-based mmc with a novel modulation
scheme using hardware-in-loop system[C]//2022 IEEE Applied

Power Electronics Conference and Exposition. Houston, USA:



30

AR

2024,57(8)

[83]

[84]

[85]

[86]

IEEE,2022:675-680.

B, SVES IS L CLC 28 PWM 38 A5 45 3 0 U 0k 8 25 1 BE T[]
FLYR 24 41,2021,19(3):33-39.

YANG Y G, SUN H M. Design of CLC-type PWM inverter pas-
sive filter[J]. Journal of Power Supply, 2021,19(3):33-39.
AR R IR 0 32, 45 TR PWIML AR 2 G R B A T
WEAL[I]. LS 3 ) 741, 2005(1):5-10.

JIANG Y S, XU D G, LIU Y, et al.Research on a novel PWM in-
verter output passive filter[J]. Electric Machines and Control,
2005(1):5-10.

ZHA J W, SONG H T, DANG Z M, et al. Mechanism analysis
of improved corona-resistant characteristic in polyimide/TiO,
nanohybrid films[J]. Applied Physics Letters,2008,93(19):192911.
CAO Y, IRWIN P C, YOUNSI K. The future of nanodielectrics

in the electrical power industry[J]. IEEE Transactions on Dielec-

[87]

[88]

trics and Electrical Insulation,2004,11(5):797-807.

YIN Y, DONG X, CHEN J, et al. High field electrical conduc-
tion in the nanocomposite of low-density polyethylene and
Nano-SiOx[J]. IEEJ Transactions on Fundamentals & Materials,
2007,126(11):1064-1071.

LybRSR S S L S B IR Bl AL A 26 R BUR
5] it Tlk,2020(4):52-57.

MA L Q, ZHOU C, HUANG S R, et al. Current situation and de-
velopment trend of insulating materials for electric vehicle drive

motors[J]. China Electrical Equipment Industry,2020(4):52-57.

5 HEA:2023-12-06; 1&[E H#A: 2024-03-19.
TEHE N

F AR (2000—), % (k) ,ITHmIHMA R A, THNF

BWE L BSH R,





