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ABSTRACT

The limitations of traditional fossil energy promote the development and
application of the renewable energy sources, especially the wind power generation.
However, research has shown that power converter is one of the most vulnerable parts
in the wind turbine power converter system. The converter availability depends on the
components reliability. The failure of power semiconductors is one of the easiest failure
components. Consequently, it is urgent that a reliable lifetime estimation of power
devices be well studied, and some targeted improvements are proposed.

Power device failures mainly belong to Package-related failure modes, and are
mainly caused by the thermal cycling swings which are crucial prerequisites for lifetime
estimation of power devices. Reducing the fluctuations of thermal cycling is an
effective way for improving the reliability of power devices. To consider the long-term
mission profiles of wind power converter, this paper proposes a method for evaluating
the long-term thermal cycling of power devices, and then establishes the multi-time sale
lifetime evaluation model of power modules. Based on the multi-time sale lifetime
consumption of power devices, this paper also presents a new idea which can guide the
thermal management behaviors of power devices, and this idea can be applied to
improve the lifetime of power devices. The main contents are as follows:

Firstly, the failure primarily results from thermal cycling, which will be affected by
the wind speed and ambient temperature. Besides, the external environment change with
day and season, and the long-term mission profiles should be transformed into the
thermal cycling of power devices. So this paper proposes a numerical IGBT junction
temperature calculation method based on the analysis of the electric-thermal analogy
theory. Performance comparison among the proposed method, the electro-thermal
simulation, the analytical solution method, and the IGBT junction temperature online
measure method based on the infrared camera is also conducted. Results show that
when the long-term mission profiles will be included, the proposed method ensures the
calculation accuracy, but greatly reduces the computational time.

Secondly, the long-term thermal cycling of power devices has the characteristics of
multiple-time scale. The thermal cycling with different time scale will result in different
lifetime consumption. So the multi-time sale lifetime consumption of power devices are

evaluated, and we may propose the targeted measures to improve the reliability of
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power devices. So this paper establishes the multi-time sale lifetime evaluation model
based on the multi-time sale distribution of thermal cycling, and analyzes the
distribution characteristics of lifetime consumption. The results show that the multi-time
sale lifetime consumption can be evaluated through the proposed model, and the great
majority of the lifetime of power semiconductors due to fundamental frequency thermal
cycling is consumed when the wind speed is equal to and higher than the wind speed
which is close to the rated wind speed, however, the probability of this wind speed
range is much small. The lifetime consumption due to low frequency thermal cycling
mainly attribute to the larger thermal cycling swings with lower probability.

Finally, the thermal cycling swings can be reduced as far as possible to improve the
reliability of power devices. However, the thermal management methods may affect the
operation of power converter. So it is necessary to research some targeted improvement
measures. Based on the multi-time sale lifetime consumption, this paper presents a new
idea a new idea which can guide the specific thermal management behaviors of power
devices. To verify the reasonability of this idea, the Pulse Width Modulation (PWM)
schemes will be regarded as the variable. After the performance of the presented
modulation scheme is verified and compared with that of other PWM schemes, this
paper proposes a new hybrid modulation scheme. The results show that the lifetime of
power devices with the presented hybrid approach is longer than that with the
continuous Pulse Width Modulation (CPWM), and is shorter than that with the
discontinuous Pulse Width Modulation (DPWM). Moreover, the power quality of the
power converters with the hybrid modulation scheme can be guaranteed in all operation

conditions, which may not be achieved with DPWMs.

Keywords: Reliability, IGBT modules, Fundamental frequency junction temperature,
Low frequency junction temperature, Space WVector Pulse Width
Modulation
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Fig.1.8 Number of power cycles to failure Nr as function of device temperature
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Fig. 2.1. Diagram of the junction temperature calculation of power module
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Tab.2.1 Parameters of 1.2 MW wind conversion system
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Fig. 2.3. Mission profiles in Dublin between 2011 and 2012: (a) wind speed, and (b) air temperature

2.2.2 TiRESH IGBT IR ThRIGFEER

IGBT Hitk i th#E 35 IGBT IhkE POFI Diode Ih#E PoM. T ThRE4EHM
LEA Y TR PR Y, HASAFIT QR Wi /N T L (s 0, DRk ] DK 28 1
IHFESRFF 5 H V38 5 /R M 4 (4 A5, DL IGBT 156 - 34 ohe PO 5
N, POOEFE FIEEIFE Preond® .\ FFIEIHE Pon®RICHIFE Pror®, Preond®HITHE
T FE R (2.5) R,

Pl =| (a0Ty ™ +a 10 + (BT{ +,) 10D (2.5)

X DM IGBT 28 k MR 25k, &% aow aiv bo Ml by &%, mlhdd
LA DI T P L1 IGBT At T b UV oy Rkt th 245 210, IF H
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SR B)EFT A, AR k-1 ATF R IGBT S5 H5TE k TP
() FIEAHE Preong®, RIETRA T S0 83 0 A TL (O . 1IGBT 55 K AT )
I TFAEARE Pron® RN SEMT R Pror®FRA T4 1T 1 2K (2.6) A1 (2.7) T SR A 37577801,

R =(an (107) b, (1) + mjuuﬁ fou (T ) (2.6)

ton on"c

P = (109) B (1) 19| 7 1, (T ) @D

rated

s @ons bons Cons BAKZ @offs Dot Corf NHIZEALEZHL: cov cov do M dy 22 W 4K,
P PR E AR B Urated AR AR T W8 AR A€ R s faw
AT RARE s Uae NETBEFE B, I HAE—NF O BA R B R i 5h JL-F 7T LA
BREATE, $OUEREE . BTSN T AR A 1) B4 4, (R e 2R
FE— AT 50 FE T P9 (0 FELIAC U8 30 AT DA 208, AR SO REAN O ) 1A A 1] B 21 ) FRLA
N 1cW, BT 1cMF1 DOTE—ANTF R I B & 2 ). Diode 197 & 1
R ThFE PaOMITHE TS PO
2.2.3 IR Eeh IGBT Ay Lg1E R

HAT, BFFCN R R — 455 A X 4 T T R 2 (S5 . — 4R IR 4%
FF5r N Cauer # ML ERLAT Foster # ST PHE, Foster #2555 %1 5 Cauer
PN LB AR TLLE IGBT/ Ak A% (Diode) ) 45 4b 275 A1 [5] 1t Fh 5k 5454, {H 2 Foster
BT TO T 2 NGS5, RS HUE — BT B NS 50 T 15
2, FUEE R, ARSCIhRSAF M 28R TR R F Foster #AEE Y

Tymy

I
I
Cajct Cujc Cujcs Caies 41 Cach

=i

1
sk hﬁmﬁ;

L e e e e e e e e e e e e e o ] . 1 | I 1
To/Tay N IGBT/ WA 451 s Tio/Tae N IGBT/ M 52l To MBI IR T O NREEIE T
Rijc1-4/Raje1-a A NGBT/ A 4572 #4BH ; Cicr-a/Cajer-a N NGBT/ M 4555 4% s Rien/Rach A IGBT/
TR AT IABH ;s Cren/Caon A IGBT/ AR e BT #4748 : Rna B ABH; Cra
NHFA RIS PYPo N IGBT/ AR FF 5 B AT 24 hiAE .
Kl 2.4 IGBT Hedh o) 45
Fig. 2.4 Thermal network of the IGBT modules
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KINZ IGBT fith—Me i £ 4~ IGBT i /v & Diod FHEEAE &, DRI A e —
A IGBT #EH N & T AN AR IR DL . 2 )2 4500 1IGBT ARER— 5 e i i A
P RRHE 2 E RS, A IGBT BB R G M 1 F1E IGBT
RN 2 RS RR FA DR 2 FR A BRI, L —4E Foster #M 4 4hitgin B 2.4 FoR
[6,36]

A F I Sh 228 0F 2 Infineon () IGBT f&bk, & 2.4 &350 2% % ]
PSR4 ) 4 By Foster #u X 2%8Y; IGBT Al Diode 7B #4044 ik
F 1 B Foster #4445, FHSHAT M Infineon #3LEEE FAMZ 2] B IR B 1) #4
4% 22 Infineon-IPOSIM /4R I 1 By Foster #2572, 75 IGBT e
drh, BRI G SZIR RS, (H R RE AR 7 B AN B R B H s 2%~5%, K
ZHUE L T LG T IGBT A A H (1 sema 8, (R AR 45 iR T 5, AL
IRANTE FE A 28 A B AR . 1] 2.4 1 IGBT RN 25 1 S 4 sk 2.2
s, R 1_giciy=R_gici) C_giciy

K 2.2 IGBT AR 25 [ AH R 24K

Tab. 2.2 Parameters related to heat network of the IGBT module

F IGBT Diode
Ric_1/(K/KW) 0.8 3
Tjc.1/s 0.000 8 0.000 8
Ric_2/(K/KW) 3.7 11.5
Tic_2lS 0.013 0.013
Ric_3/(K/W) 17 30
Tic 3/S 0.05 0.05
Ric_a/(K/KW) 2.5 35
Tjc_4ls 0.6 0.6
Ren/(K/KW) 9 18
Tjch/S 1 1
Rna/ (K/KW) 0.047
ThalS 100

2.3 IGBT RS B R EITE &

SR — i A S TR I R R — 2 A SR Ay RS R I 3 LA A
Mol b, R TS e e 57 L BB, A 0 45 1) L A P 2% 1, 31T
FH B 46 T 4 BT HA D 26 {1, 2% 2.3 B2 1 3004 LA S M ) f e 0 2R 128,
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*® 2.3 AN R

Tab. 2.3 Thermal-electrical analogy conversion table

HZ3 HSH
HLE UV REZE TIK
HLJE 1A IR PIW
H & Q/C FAEE Quld
HiBH R/Q HBH Rin/ (KIW)
H%% CIF Y Cnl(JIK)

R 2.3 HHEMSHG N KR, K 2.3 H ) IGBT 1 Diode 453445 i 25 11
BT e S A ity e H R TR, R AT R R 4 B e R R RS L SRR
LI 8 A A e B FE AT UH B . AFIR A IGBT Bl ah i BUE 1T H 7 A A%
IGBT AR (1T 2 ] 0 8 W v B A S8 40 ) S ) 25 R 55
2.3.1 IGBT 2R A XK AN RITE

PLES k NTF 2 E A IGBT/Diode 4515 TiMITg®iH 8851, 8T 4R
TR, T® Ta®Om T 5 2 n0(2.8) F1(2.9).

4
T =L ATS, +ATS + AT +T, (2.8)
i
4
Td(jk) = ZATd(jIg T ATd(c? + ATh(:) +T, (2.9
i1

A ATyei®/AToe© /& IGBT/Diode £5-7% Foster #4525 | A~ RC JEIHHL TG
Z(i N 14 BEH); ATW IATW4n /& IGBT/Diode Fe—HIA A IR ZE, T TWh,
R TOREIERE. Q)M EH, RFIHHEEE 2.4
H1 %% RC FFIBEER TGS K ANTT GBI IR 2 kvl 73 Ty T,

AR SCR L R 28 B T B 2.4 4% RC R TT S kK MR A WIIE 2, DA
IGBT &3¢ Foster # W4 HH 5 | A~ RC H BB ITCHIIEZE AT ONBI, HitH iR
n=(2.10).

-T, “Tow

— F)t(k)R . G-_etljc,i) + AT (k'l)etljc,i (2.10>

tic, i tic, i

ATH

tic, i
A TN 1~4 BBEHEG R N 4o NIRRT BG Tow NP SRR AThei®Y
FEER k=1 MR IR 2 POREE K AN FF OB IGBT P ThkE. Tt
A TARE JE B A, 7] AYERR S5 IR BB my i 73 DR ] DAAS 25 e I 5C Jl 1
NSRS, ¥ 1IGBT A1 Diode /™1 5% J& 45 AR IS 21 i 25 J A 9 3 AN O Ji 3
gl . [FIEEIGBT Fe-B N 2 K MR 2 ATen®@ AT R 30(2.11) R 13
T Tou

W

AT =RIOR, Ge ™) + ATS e ™ 211
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H 0(2.10)F1(2.10) Rl 5 58 kAN TE OGS A B 22 R 55 kAT SR T

F& POOFIEE k-1 AN PO B IR Z 304705, 1 POV 2026 k-1 ANTF SR I

ghiih TD, FAMRYE(2.5)-(2.7), TE—DIFREMN, PORTRINE k MK
%ﬁﬂﬁﬁﬁiﬁ%ﬂ@éﬂ%ﬁ@ﬁz M=X(2.10) T # 4: 93X(2.12)

AT = 3ol AT+ 2l ATE Y+ 2l AT 4 (212)

XA A2 aWhcim, aWicni, aOai Al b O 5 RIS HH O, F+ HARNITF
KEWATEEE R, Fit(2.10)RRA:

4
AT = D al AT +allATE™ +agd o AT+ (2.13)
m=1
ﬁﬁ’mwﬂﬁkA%%HWMh%AwAWwmm@ﬁﬁ%ﬁ@mﬁmna
djc i Z adjc i mATth ri + adch ,ATd(ckh = + adh; |ATha + bd o (2.14)
dch Z adch mATth ri + adchATd(ci = + a(gﬁl,chATlfak_l) + bcgl(:h) ( 215 )

$(2.14)F1(2.15) H BT O Ja) AR 22 35 T id o 30(2.20) R (2. 1) R AU H A 3
RYE FR ot EeiRE Ty ORMBRBESSEOTE PO, FRYE(2.8)-(2.15)
THEEE K ANMTFREIAM S5 T Tg®D, BT as R PG 77T iA 5 R T 2 ah
AZHRIF . N TIEREE T 5100, A SR A RE R s BT 58 N I
7%, 1 ATRR 11 AR, 1130(2.16).

k k k k k k T
AT! —[ATl ATM} [AT o AT ATS AT, o AT, AT, ATh(a]j| (2.16)

tic,1 tic4 tch djc,1 djc,4

(2.12)-(2.15) ) REFIRE FAERE AT R, naR(2.17)F1(2.18), 1T a@&AMT
M, T bOE RS .
a=[al o all]-[all, o a. all A, o al. all, al] (21D
b“=[b® - BT =[b{, - b, bl b - b, b pH]  (218)
WA k4T, ABARIFSEE #AP IGBT I Diode (¥ FTAT IR EAEAELRIEX R, R
AT RN T RERE T FR BN, nX2.19).
AT® =@ AT O 4 ) (2.19
RO a0 11501 H AR, T 002 11 3 EAFE, S5 h RS 5,
IRER(2.19) T4, AT B IR 2 T B B A 3] AN B i IR 2,
T 5% A AGE AT N T B I
2.3.2 IGBT =R ESNME AR ITE
LI 2.4 #2890 R, 1 IGBT TR 45 IR S AL b, AT R i
00 IGBT ZE40 A 4 IR 55 R NS T & N AT Tows — A
IGBT 45 & JAL5 IR & N A6 8 WA 45 15 40
HRAER(2.19), % m ANEAFE I 1 IR IR TF 56 G 22 ATm 5 2
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FIEE m-1 AR HEE N NP AR ZE ATmo™ (m F84R5E m ANESE D ,
M ATmY, j=2,..., N, m ANESE I AR ZE ATm® Y. BTESE m
ANESRIAN, 55 1A EIRIRZE T S AL R RR Z T A EE 7, FRE
FA 2 EANFEA0E IR 7, R AR AR PR A5 B A 11N 1 it 22 AT 38— b
IR TR R, W13(2.20).

ATY 0 - 0] a(‘:ll)' ATY
0 00 :
AT : ATO
i = » +
AT 0 - 0 AT
(N N
LAT )—(m) 0 0i 0 Jat )_(m-l) (2.20)
S) 00T ATO T [ p® ]
0 0o AT ) b
0 a, O AT b
0 . 0 :
o | ) )
0 0 0 a, 0| LAT™ ] (6™,

A IS AR 2 (2.20) K s A R B BRI T 2

ATimy = AAT oy + AAT ) +By (2.2
LH, ATm=[ATmOT  ATm®T ATmMNTT 2 1IN 5 RE, 1 ATm®T FoR
55 m ANFEATE NS K ASTF O IR 2 R . 5X(2.20) 5 B J7 R I R B R AT 3R
RNE(2.21)F1(2.22).

M oy
0 0 : a(m-l)
0 070 (2.22)
A= i
0 - 0 ¢ :
0 0! 0 |
) 0 i0
al 0 . 0 !0
o . 0 : 3
A2: . 0] .
0 a(m) 0 :
C0 .0 |
0 0 - 0 a 0

R ALNI=MMEM, A NEERBR E=M%M, H ALF A XHMITEN 0
1M BayE 28 m N IESE 2 W R BUEE, eI T2 E 5:(2.12)-(2.15)F 1)
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REH K. A RAFFFHN AR, 152 TINXUIN B AR R .

ATy =(1=A) " AATy + (1= A) 7 By (2.24)
WRAE0(2.24) AT 1, B th i S IR AUE TR 2 R AR E IR, R4 IR T
AR IEARE R IAT R . 30(2.24)H (1-A2) AL i dE AT 7+ 1) Gauss-Seidel [,
W2 12 o[ (1-Ax) TAL <L 24 REE AR 3(2.24) AT BT UG 1Al B ATOFA A= (11548 5 51
AT 8 78 B 4482, 5 4h A il it Matlab-m #2572k 35 B IGBT/Diode (453,

FEATS 19 /> A0 30 A O 22 0 P 2 TR(2.25) I, AR P iR B
[T, -AT, | <& (2.25)

(],

b RAER/NIES DhRBARERTT SRR E 2.5 Pron. RSN
ETHE D A AEA: —RIFRBEA 5, R AT 5. PR
WITEIR T S5 R 462 N ANTFOCE I IGBT A1 Diode &5 AX3BIT5, 17 3645 1
IR 5 o S A2 3 2 X(2.25) . Matlab-m F2)7 g e i a8 H T A iTh#e, H
it TR EE BN JT 20 A 31 64 IGBT/Diode 451, FEAR#E DUAE LS R HHIF 5 iR 2,
BEMTHESSR, — BRI R 2 2.5 B k=N, SERA IO 58 4R 5
o SRIG, RRAH AT WA A I 50 A IR 72 2 1599 2 30(2.25) s iR i 26 AF
A AN AR T EEAT R — R G IR AR A THSR, BB A2 A B 2K

ﬂ%ﬂ%%ﬁﬁﬁl

Tu(k)/Tduk)

|%%ﬂ% LR |

Kl 2.5 SRS SRR
Fig. 2.5 Flow chart of the junction temperature

iterative calculation

24 ERBEBTEGANBERR
ASCEL 1.2MW ELIRRHLRGEA . 5 FT R SR 57 BT A 1 1GBT
Yl Infineon LD EUECHE IPOSIMUZRIR BT T 5728 (0 VA 45 S 47 LU
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2 AR & P DR AR A 1 AT DA

FH T Infineon 2 & & 77 $244L 1 IPOSIM HE #4475 L A2 PA Infineon IR ZHE Nk B
SEIR VPR B, AT DM AR UESS), SCRR[76] AT TH R AT S IR I B A
Ti (KGR Timax AN IR Timin 2D FIPIEEIR T (BREEIR Timax AER/NEE
1 Timin Z A 1/2) B, K REEHRR R IR . N T8 T 2510 0P 5 v E
B, AT RS T R LS, BOE B IR E N 50°C

KA A (2.24)F Gauss-Seidel [ (1-A2) Ay 1342 p[(1-A2) *A AT T
H, 4 MATLAB 2P 1T 5, ARIKGE R 42 0[(1-A2) AN 0, EE R S5HFE A,
BEMTA R, p[(1-A) A<, PRI B 25k ARk, Be BT DA SR
B RE T IGBT BB 45 iR o AR 45 15 BUE T+ 57 v IS a1, 4 AT 3K (2.24)
WG R ATOR 4 Fk AT HI AT R RIS 5 ATOTE K . fRIE T E R, &
2.4 W% 1 A RC H TR AR I 21 3R 22 e e ARIE MR T EATO, i H ik
17 BN 4 IR IS 2 IR 25 0, A WG H EATOIREUN Z [H & .

Kl 2.6 RN ARG THEHFKH A, IPOSIM Fgh iR BUE TH 5 705 1)
IGBT Fl Diode 4. HTF M iR 552 521K IGBT fEh st i,
IEANT IPOSIM I ZE5 i HE T3 77 6 i v 55 ) B 6 T 50 AT LA, i B & e vt
52 s UE—ANEMFE T IGBT/Diode 45i% 5 IPOSIM 25T LI, 1Kl 2.6
RS AR FRAACR AR IR 20 . R 2.6 ATLLE Y, S5EHEIF5EM IGBT Al
Diode £5if £ 5 IPOSIM JLF-E A, it ErEERE. Bk, g5iREAR81E T
R LB m RS TR S HME R ARG R, BRSGRESAT AFER Tin
%, B 2.7 fE 2.8 ARG IREUE T E 7% IPOSIM FIfET T BT 5B
ANFRGE T IGBT R i) e K25 UR Timax AR /NES IR Timino

85 70 I I I

' T
A

N 5 |
~IPOSIM HL A E 1 ::fgtsmi#ifﬁﬁ

Py Ja) ) Ja) g
NV AN ANER AN oAl AL A
Juc] 3 ‘ ‘ ‘
SN N NN g
il \\4/ \\// \\1/ \\f/ B, N,
o

700 0.02 0.04 0.06 0.08 580 002 0.04 0.06 008
5 [F)/s TS
@) (b)

Fig. 2.6. IGBT fEHLE 7 45/ NIEE: () IGBT (b) —f&

Fig. 2.6. Comparison of IGBTSs junction temperature: () IGBT, and (b) diode
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% IR B N CT
—IPOSIM | |~IPOSIM } |
8O ity o R
o o | W\ﬁ o .
B, |l 25C o/ ool WL AC
3 AL, 125°C / X ki, 125C | 4
= LA . Pr=s
»—6 | .8" } o
3 /%‘/ av =
~s50 . = il L
5
R EREEEE: B 3 4 5 6 7 8 9 1 1D
X/ (mis) X/ (mis)
(@) (b)

Fig.2.7. XU vwina 5 IGBT B A

Fig. 2.7. Comparison of IGBTs maximum junction temperature: (a) IGBT, and (b) diode

Z RIS 4 (a) IGBT (b) iK%

W T T ] | T T
1 —IPOSIM i —IPOSIM
TG i ST it
F || TmL s /. By | 250
¥ b, 125C $§ b1, 125°C A
S 6 K | | r“/
® 4 gy L P
% , ,,J;;v/% F % L,;?‘//
e =
=50 25 s
4 45
1 2 3 4 5 6 7 8 9 10 U 12 1 2 3 4 5 6 7 8 9 10 U 12
AN (mis) AN (mis)
(a) (b)

Fig. 2.8. XU vwina 5 IGBT BB/ NARL 2 [R]f5< % (2) IGBT (b) A&
Fig. 2.8. Comparison of IGBTs minimum junction temperature: (a) IGBT, and (b) diode

HE 2.7 #1128 7JA0, SSIRBUETTEREEEZS IPOSIM sV 74515 ih 2k
JUTEA, FILFR B B EE T H 7 B R . RIS
iNf, P B LAL 3 2% 2 E1200(Celeron Dual Core 1.6 GHz)B4, kUit 54
30 ms, 1 IPOSIM #4754 20 min, K SLERTHEEE R AT HE . S8 XA
FITAb A 1) SR 2 AT AR, BLZ R 22 Dublin EIle), —4 ip S s KA
/MR ZERGE 20°C, SZhRAIEAS RN BOH ZE LBk, BRI S5 IR TR 2 FEER
B IEA . #5 RGEFASE LA Imin Nid kA6, —FKA T 50 7RG, KA
IPOSIM HLFH TR E —E L A BeiH B H A TO0 T 825, 145 AT B
HHEMEE SR, RE 20min A4, HEOEERHAER I E.

X T 25°C 1 125°C I MT it 507, RS ahkent, R (2.5)-2.7)h 5
AR MR LEFTA IO W4 #E 25°C 8 125°C, R E A i N A H 5
Wi o R R 25°C F1 125°C [ fildr ok B 6Pl Y IGBT #idk i th 2k 5 IPOSIM
PEAS ) IGBT il i th 22 B & BEARAK, JUHRAE m WOk X 8. & 2.7 Fi1 2.8 T i
Prit 6 IGBT fbfr K45iR 5 IPOSIM Al G 2 8200 10 °C, IXFEAT AT AEXT
D283 73 A VP A 25 5L 7 AR K IR S THT 500
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2.5 HiRBETTHE G AL INIE

MR EE 1.2 TR, DR I 8 B DR R il 51 2 1 &% 2 A LA R
IS S EU, R D 2R 2% P 0 U R 3 P I B 5 PP A A T SR AT 9 )
15 (11 = 1 B == A i R 203 i = 20 B R 7 B o 1B R 7 k201 B R R L

© HEPNEZ: (FR TSP (Temperature Sensitive Parameters) 585 $02:):
e P FH O 2 B 22 5 B | B T T B Veesars TR BRI Loss FIAMHAR BRI FELIE. Vorn 25,
55 IGBT il (R AR S, 368 3t S i 0 B 6 H, 2% 200 (] 42200 & 48 U ) O v
PUNER N IGBT WA £ 61, 1GBT 158/ Ny, Z510 510 A &% 2 147
ERERIZMERR (B 2.9 24 Infineon #4554 FF75R12RT4 [ IGBT #HR Tj-Veesar
KAL), FULAEA N R T IGBT M s f& if e 220 B 435 . TSP
BBSHOE BN R E IGBT Hpy s v P g5, A & 5%
IGBT TAFH MBI TH, T ELHERNEH IGBT K5I .

SR NERE
—dME A

L L L L L
03 04 05 06
IGBT WfI &R IV

lg 2.9 Tj'Vcesat 9‘%/% Eﬁ%

Fig2.9 Relation curve of Tj and Vesat

@ VAR HREoTHE (AR AL NTC(Negative Temperature
Coefficient) /it R A L BHZS ) JE3E7E IGBT ({8 s DCB itk I, IGBT itk
PR 0 U P AR K s e VBT AR B HELAE S, BRI IE BT R 2 B SR
Z AN AR I AT LA FL AT . AR Z 7 v 1 A2 IGBT d5f 2 Py i B sk (IR
e 2B (I, [ B RO AR B e B mT RE ) IGBT AR IE AT = AR R I

@ MR H FTH 60005258 B0 2 A ARG A . LLAME 2R
ANRERSE, B RHDE RG GRS Re R, P R ER S e
55 LR R0 B G R T S AR R R . bl T 20 AR UG AN e % DR HE
W& H YR RTAR S, KNSR 2 LM RUG A EIA Re % HERf Il
= IGBT ORI SN RS, H2FTW IGBT By e ik, #iim
DNEA LA S 1t B, R R 2 000 T 107 EAOE T SE 5 i 9t
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S5 LFTIR, LLAMARUBAX RE S AR & Y IGBT R N S T 5% A 4 i, [
AT IE T A AMARAG SO 2 K IGBT 45 s 5 B o7 v 45 r Bs 317 Lk
B, B PIRUE TR S IR EUE T T VR B HERA
2.5.1 EFLIIMARIGURY IGBT 5B AL NESLHL LA

SCHEETAAMARAZ A IGBT 258 7E 28I 52 DL —AH Th 2R AR I 28 il it~ F

G (B 2.10), ik i a8 4% hi S ng ot S5 I 2 sz my, AR 8 KA PWM FFIR
P, IGBT ALELIKSNHR ()75 B PWM fii N\ {55t DSP $ft; ARias H IR & 1F 5
o LC JEBE RS, A AFONA LM, BRaSET s 24.

U Y'Y
" . ® e L
c
Sz Se KES S| @W
- A
Si-6
DSP #%
i i

K 2.10. =HATRAH #

Fig. 2.10. Three-phase power converter

R 2.4 R FAEA RS

Tab.2.4 Related parameters of power converter

ZH Bl
HMAEE Use/V - 200
P EE M 0.5
TF R A% [kHz 4.95
B HL P R/Q 4.4
F A L/mH 1.1
H1%¥ C/IuF 20

fEE] 2.10 F1, AL B F C A=/ HH =AM 37 IGBT B R, BRI A
B 8 AR — RN A S AR A BOAES Bs So IR, SR IRER T
BaE i, KA E L EPLES N 2MBI75VA-120-50 713 IGBT (1 2.11(a)),
MR S IGBT O A AN Diode 5 Fi A4 B89,y T ZL AN A AR A iR 2
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HERRIN &, IGBT Al N B R I 5E AR B, [RIRT A T ARIE IGBT & F 3K 1H

R E)—FOME T HERSREN IGBT O A FJIR Y, 1E IGBT 1 diode 5 1y R THI v
— Z A EURH(E 2.11(0)), SEEIURIE A ST 3R 15 E N 0.98.

(@) (b)
Fig.2.11. (a) FFEIHAZREERAVINRELL (b) LL4MK{%

Fig. 2.11. (a) The unencapsulated power module free of gel, and (b) infrared imaging

NTAETF 45 IR EE TR A IRAE, 98> BOAERX IRVEAS IR, R
it K BB S R IGBT A1 diode U8 Fy K HE A SEIR, AT 200 76 2R 153 [ Huf
TR K B AR [ 7E IGBT B 72 RS, HoAr B IEXTF 58 S1 b IGBT A diode
SR IHL R SRR E IR 2 B R FLIR A 852 SCT700M [ZL4MA
BAGA (B 2.12), @ T KTEEY 1.5 — Sum BN, 5N R T
Bk HE T 1) IGBT #EH 5 5 AR, [ rld it Altair ZCHRINE 85 R TR E S .
T 4R EUE T B G B2 IGBT A diode o0 2 1 A R AR 1 R 0L P 1y 45
e, RS AR RG0S v R TR I B SR8 )5, P S5 IR B (1 LA

AR SCF R 28 AR gs B . Pk St AR AR SRS SR,
FFET P th M 25 IR BUE VHE D AR BOE 1) L0 NVl IGBT Bk g5 iR i, If
53T # G AN IGBT A diode 5 1 F 1 (1138 45 I3k 47 50 Ll s, F T 300IE
BT H 4 VA 7712 I HERR PE

31



H R KA 2 AL

N
7 iy
EEEEEEOBBEEEE
WL e - -

----- o o
LC QIUQ %g DSP Tﬁi
ok | OO0

e WS

| e

/ R AR 7
> ’.\ v/ | ) l ‘
B 2.12. FEFLAMNARAR A IGBT 45k &

Fig. 2.12. Test bench of the IGBT junction temperature for infrared camera

2.5.2 ETFLIMARIGICNE IGBT 58 HIEAISLIELES

ARSCERL T =AMEAT Tok: Yt iE sy 5Hz. 10Hz #1 50Hz, 1i& 2.10
W= A T N A S — 8. B 2,03 =R T S A% R R AN SR R
B . Bl 2.14-2.16 38 =Fhi B ARZR T, JE T ZREUE THE T VERIIE T i fg
AT IGBT S0 & 5 15 BT iRt i IGBT 1 Diode £5iR 2k . N T 27625 [T &k
FERIE AR b B, =M 00 AR A R Mt 23 79 ¥ € 7y 100Hz. 100Hz AT 500Hz
(BEFD43 e 5 #5100 A1 500 7k H % B A )
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Fig.2.13. JE 23 R ATk FEE: () 5Hz (b) 10HZ (c) 50Hz
Fig. 2.13. Current of the filter inductance and voltage of load: (a) 5Hz, (b) 10Hz, and (c) 50Hz
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Fig.2.14. &y 5Hz '~ IGBT A 45 iR LA () IGBT (b) iR
Fig. 2.14. Comparison of the IGBT junction temperature when the output frequency of power

converter is 5 Hz: (a) IGBT, and (b) diode
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Fig.2.15. A%y 10Hz T IGBT BEERE5IR K LLEL: (a) IGBT (b) K&
Fig. 2.15. Comparison of the IGBT junction temperature when the output frequency of power

converter is 10 Hz: (a) IGBT, and (b) diode
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Fig.2.16. &y 50Hz T IGBT B 45 M LA () IGBT (b) &
Fig. 2.16. Comparison of the IGBT junction temperature when the output frequency of power

converter is 50 Hz: (a) IGBT, and (b) diode

i 2.14-2.16, Ay B AR, IGBT F diode 451G 3 shith(%; 18
I =F AT IGBT A diode 45 IR 20HE I bhAs, AR iast b A2tk sy, H5ET K
A1) IGBT Al diode Z5 IR AHEL, B ¥ (1K) Tk & R A 45 I8 B0l v 507 VDR A
M2iREdE 52 EEREEBRIC. 7l —0 5w 8 LRSS IR BUE T 55 77 v B VP4l R
JE, DU REE IR Timax FIEE RIS AT ARG, 441 T =R T IGBT 1 diode
ANFESTE A e R S5 IR AN S5 IR sh BdE, ek 2.5,

* 2.5 IGBT #H 48R
Tab.2.5 Junction temperature of IGBT Modules

i 2 R S
5] Al
Fix Bl f&ix

IGBT fit R45IR/C | 69.8575 69.23 0.6275
IGBT 45iR350/°C | 6.4725 575 0.7225

oHz Diode ft K45i/°C | 65.2678  64.37  0.8978
Diode 4515 5h/°C | 42527 338 0.8727
IGBT i K&45/C | 68.5485  67.14 1.4085
IGBT 45 %50/I°C | 48487 299  1.8587

tortz Diode £z K451R/°C | 67.1226 6594 1.1826
Diode £ #5)/'C | 3.3527 22 11527
IGBT e K&50/C | 68.2262 66.84 1.3862
IGBT 45 %3)/°C | 21383 042 17183

50Hz

Diode fx K45#/C | 61.6763 60.54 1.1363
Diode 53Ry sh/°C | 1.4184 025 1.1684
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M2 2.5 A A1, Z5IEEUE T E A IGBT A1 diode 4515 Xdh 5 3 T s A543 &
1) IGBT #1 diode &4l 142 23578 2°C LA, (H2 5K 2.14-2.16 fAERT ]
REAH R, B 24750 ge 9%y SHz F1 10HZ I, BT B I 45 16 B0l 5 7 1 R
TR FR B AL RS B, T 24 R A2 )y S0HzZ INF, PRAh 7 V20 A 0 45 T B 2= A ek,
FEAE I ) A AT B IH R T S5 IR EUE T 57 VR AR G Foster #4445 : — &5 Al fg
LI 28 ZE A O, — AN ST A P 88 2 MR B 5 A ) 45 P A ) O Ok
H T 2 2451 IGBT BLHL A 2 1) FA T (8] % 5 — e A 1s, HHAE—MRIE T,
T[] HOR O T Z5 35 Bk /N, DRI R Foster #5 R0 26 AR E PR 55 /1N 285 R %
B SEA TR AN SR B S EU SR S FR A G, Foster #4428 B 201 S 44
ECIoh i H UL 5 2 40 2 6 6 T VA 4 TR AR RS

T AT N () O G5 IR T SR RS, AR S RA— AN B P D) S g
P AR N AR B, A R 50HZ I, S5 TR B 1T 5 7 v DRl A T
AR AT = — AN AR BA N IGBT (1~ 4515 707~ 67.1571°C F1 66.63°C, 1M
diode X B () °F- 351 45 5 73 51l v 60.9671°C A1 60.415°C, BFPJ53: N IGBT 1 diode 1)
PRI I 0.5 CRLN, FEEMEE T Hm. Bt FIREZRAFE, A Refd
185 IR BUE THE T VEME VA BN DI 2R 28R 45 IR e 5, R R 45 IR B v 507 v
T8 ABAR I T B0R 22 VTAS ThaR 84 1 45 3L

SCHR[BB]AN[87] [FIAE f K H B AGAX ) IGBT £ 3R M B A IR e bR, SOk
[8617E 15 [ T F AT &5 R VP4l 751 5 SR ACTPA B A LL, 45 IR 0HR ETE
2°CE| 5°CA A SCHR[BT]FIFENE HA AR S EAL B AE IR bR tE, (E2 BT VPAS 1 45
2 5 MG OO BB B A ERE, SRR RANHRZEERS T 10C. Fhgs
AU, SO TR H RS TR T ST VR RE R AR A DS B VT A5 Y IGBT Al diode
rghid. SR 2.14-2.16 IR 2.5 BEARXNT AT 0 5 IR BUE v 7847 7 —
IOAE, (HARMM AT IGBT iR & EAFEE A AR, BEAHE—DR
EITTRE, TP AT 45U 7V LR R T LR AR &R

© SCH AT E] D FEAE TS G0 0L = b s T A A o R R O
TAFE M 267 S LR (B AR B0, EXTEOR th 227K, SEA G AEE R, BEL
RZBR, R0 IGBT Al diode M IAETTH 545, ARMETE AN SERRIKS) FEBH . DK3)
LRSS iR BE 7 S5 R 0 IGBT A ke i sgma, Rtk 142 m 45 imvP A A B2
ALk R O HERA I S AR RS, I Hook N Bk PR R 52

@ ACEEME IGBT 1 diode & Fr vt sUB BLF 72 IR, 1 25 38 $0E
THENEVAG AR, 2K IGBT B2 & F iR A |« B 5 B
A S EU S E SRR R AR, IGBT RSB SR (1) 3R 1H 5B & AN [F — 1)
B AS 6] A ) el A AR 22 7, DR 5 i 5 T 5B v B 7 VR B VPl &5
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@ ARG 7 TN R RS -5 I YRR (K S R ARG R, RSt
REGYIRMEL RIS AR EF R A o, IOy 1 38 iy s R A I ok
JE, LI R AR IR SIS S I R R} K SEBR A A AT IR, AR R
PSR ARG L

DRl b ad e T N SR S DR 2% 6 4 R B T 5 I A I SR AN & T VA AT
Sk, AR TTVE T AL 0 IGBT AR S 45 T P02 A AR P FUYIS 15 25 v
AR P RAIE S e a5 iR B TSR A R L

2.6 KE/EE

ST VA AR T S8 R IGBT MBI K HEAT , AR T — TR SR 4E
U T B . AR T T R AR S8 ek IGBT MBI I FE,
$5 KWL R Gk TR 00T« IGBT ASHThE 1 SR A0 1A o 2 RS T80 1 g e 2%
SRIGHE TR AR LIRS, SR T IGBT REH 5% o) S5 A A3 0 4 0 v
e B R T T S P R S B AT EL . R T R T R
1AL () 1GBT L1 Ll B 7 b AT Xt b S50

@ 5 E AT ERRHTH BT RIS S, SRR, BT H ) Th 3 28 R 4h
TR V7 VR T G R R R T AT 2L, ST L, RS
TSR R

@ SETFLIMRIZN IGBT G5B L, A B g iR WA 7735
TG IGBT IR 55250 45 W & P REAR AT, 75— SERLRE_LIRAE T B4R 73 (0 ik o
@

® AR R, ST AR IGBT A diode 4R HILL,
P G5 R B T B VA (1 5 TR B 5 2 B A PR A, X A AT A b A0
2 LE R AT BB SR B AR

PN SR DN S 7S g WIAPIE S RS E R e NI LA n I
BRI A, T TRt 0 G5 TR DA v T Tt F BB e, BT VP A
B SRS T SRR T — SR IR 2
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3 MBI AR P IR F R ARV TP

3.1 5|8

WARES 1 S 0MR, TR PRI AT Stk 1 5 5 RS2 BB LA A 26, [
B Rk 2 B0 26 ORI T DD 3 S8, R POF MR BB R 2B
HELTRY B e T [T S AR, T R BT AR 17 7 S U0 Th R B 0k i BB o AR
SCHRAE NS 6 ] SR IT38), g T K e ] SR 83— i £ S o041
BREH AR B BT, WP SRR 0B TS T AE5542 . SRTT H Rl L
HF POF WAFEIF B IGBT BLb al S VPG 1R A TU 4 70 Th 3 Sk o vl
PESRGL T A A ME R 2 . BT R AR O 5 o T SR 8 1K R L S
(A JRBE R4 AR, AN [ IR () 4B 4 SBR[ (O Th 2R S8 5 fr i kE . OF
EL2 SR E 4 A e, DR VR A Th e S8R AR (R ) LR (0 5 G i HE, A T A
32 B LR P O TH SR B AT SR i . BT IR, TE 2 BRI
TR SRR PR T I R b, AR T i AR (b T % 58
P22 I )RR 25 i VR A AL

AR AT T RS 5% IGBT A B P TAT 110 22 16 1) LB 43 A4 5, IR S
HET G5 IR BB T S e T Th SR I 2 I 1A R IR 3, MR AR T
IGBT ASHL [ 2 6 [ R i, VA% 5 HLOUAI U AE J 88 h IGBT Bibefty 2 it
(B R A5 G RE 0 T SR R R 6 R 5 i R AT 0T, SRR AT
T KIS IR ISR Th I SR [ RBE TS o RE PO B

3.2 MEIT RS IGBT = A] M4 AU Z RS e) R E1E4

A ST IGBT MBI 11 22 B 18] R, 1) 1 0 26 B 0 0 B )
PRI, RS T IGBT BEHL 2 1N i K RE 7 A iR AR
3.2.1 MEETREFY IGBT =R Z AT R E H a1 Rz

AR 2 SRR, KUHLAS 58 o IGBT 0B ) 34 38 5 5 JXsa L 45 A
HOPREEAT S5, T P [ B A7 0 Th R SR AR S R, BRI
SRR, R R AR S IGBT R A A A 1% 2 R UL & 46
KK I (— MR — 4 DL L) S R BRI B R o AR  7E  p K e ) RS R IR 1
BRI TC S P AR 0 22 1) RRE 5 i VR A AL

AR 55 2 25 B 2 0 45 IR BB T B VR I B 4 1 2 TR IXUHL R 45 1
BUARES B 0 AR [ e 0 3 T 5 5 1 9 25 2 1 1o e o 9 8 AR 7 T B, f
KL RS T B — R RS Tl . 3T LR, Al R e A8 I 2% vh o
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AR AT AT 2 I 18] RUBE R 20, W] 0 S0 D T O J 0T < 0 ) S R AT A A
MR R E e, Wil 3.1,

A 3] B 3] 5K el 34
B 3.1 IS [A] A A 1Y) 22 N 1) RUBE 737

Fig.3.1 Multi-time Scale distribution of the long-term thermal cycling

AR A90 i) 7 445 U5 38k 2 DR XSk Bt AL 98 30 T 7 2 1 45 iR 8 3, 80 A B — ok
JUTFP R JUERD, 1 A5 R R R AR AL 38 ) H AR, R AT IR % B 5 AR AR I
TAERESH R, W — o)L= 2L 8 20, 5mg iRk si i,
FAM G5 IR e B IR RS, VBB A B, M RSB R ERZ . 5
Gb, FE—ANFFREHIN, IGBT fFLEHXBNIE, B A7 75 A0 26 1) I B
3. SR IGBT S5 ks SMAE A K, — B E, RERIN, T
B LT 2%, JFRMERIR RS AR . SCk[22][91]48 i, JEH /MK
B W% IGBT FHdn JL A, KU ASCTE IGBT Rk £ i (8] ] 7 iy 1P
ity 20 S5 R B OC R IR BT, IR 2 R ARG AT ] R AR S A O A A X 8 A A
THAFERI 2

W m Ay A B AR AR BRI A I FUE, B KGR S A R AR 2 &
BB AR . BT KGR AR B TR AR fe K, Rk m A B K
SR 52 PR T XTI 0 S B304 AT SC R R B SR A, m AN, B m B
/NI R 75 2 RS AL R Gl 2 Tk R G D 2R A8 A S5 IR 2 o (Rl ER A i BRI
7=, W m B EAN— 8, FEEAEGNEITIRE WR R RE AR .

AEE T D) Z A A 22 I TR R A3 vPAl i A2 1 ] 3.2 LA Dublin —4F 1 X
HA R EE AR, B AR KWL E (TN RGE Veur in FIVETE XGE Vrated 55) THE
A RGE vwing T XSS TS SH, ARG 45 GR84S 8 (W n ot g2
fows ELURMIBEZE HL R Uge 55) AR Ta R PR S5 IREUETH 751 E IGBT
F1 Diode (253 Ty F1 Tojo 24 IGBT BB (B S5 IR IRAUS ,  H4-K I [A] R far 43
SN ATE HA 2 U RS WS T, S e s BT S 1) IGBT BB T A A 8 4 Sl V1Al
AIAER A0 & 1 5 2 AR A 45 ik 30 59 17 ¥ B 1) D 26 88 5 i Y
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Fig.3.2 Flow-chart of lifetime evaluation of power devices in the wind power converters

3.2.2 IGBT 1R S B8] R B A E o

AR 2 &k, KR LI b A R R 5 ML R S0E 4T 28
FIURGE Vwing B3, TR BSAEIREA 240 T B8 Th 250t B, R R 1 30 409
AR AR S S R L A S 2 2 UL R SR AS R X IGBT B 1
N, TSR — RIIF S TOU T AP R o FE 0 A A7 P M £
WA AR S — R AR T KGR A 5%, MR, AR A
U7 KGRI . S5 T8 2 S IR MGG i, TR A RS T
BN TR B IR, 4T U BIIRA . AT S S5 . 181 3.3 KUk,
A5 37 3 Hh AT e ECAT IR ) A3 A

x 10

3 .

2
X
K1
i
&
N

16.5
P Vi (V) 45 77 giking

25 0.5

K1 3.3 XU ALIAZ &% i AR R AR 3 Al

Fig.3.3 Wind speed, frequency of in the generator side converter and its number
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H1 &1 3.3 Ik, ML IGBT AR AT i 70 AT 8 S TR AR AR XU [X
dek, i e X (X35 R Ay AR A R (BRI A B . IX 2 Dublin XU
I RGE I3 A 4T 5%, Dublin KU & TRKGE X LY, -7 EI XDy 5.18m/s, X,
W EEE AR X d . O 1 k25 B KU 37 R D A S A A A T (14 73 A
R, DANLINAZAS  Diode B, A4 B KENIR Timaxs SRNEHIR Tjmine
FAIEIAREL N MUXGE K — AN DU ED) T, 1] 3.4 BERAE AR UCE Nn (R

ra " Rs)

3.4 ML Diode 1A% 4

Fig.3.4 Fundamental frequency dates of Diode in the generator side converter

ML 3.4 7] LA HY, HLIN Diode 53R 32 B8 A AE (R XU [X 3, HIX — X35 Diode
R SRR s, IS 118 3.3 i 4 RIS B Ji4h, 25
ANRBLT IGBT £ MM AR — S T R45R . SoRE iR iR/ N iR,
X =AEERE B —HdEd . D Blovid s A, — S ARG A
ANE) 50 AN IEAT I, R RAAE] 50 74 IGBT S5l Edixt . y 73RBS
SRS R, Je Xt g 50 JTANIN PR R S IR BEAT A S R, KR RO
P AR R R T 29 P S IR O B O R i, ISR A OKAE Timaxr 24 2245
IR RN RN, BUES IR S /ME. Timin, AR AT ASREL S8 F R ASS I (0 &
3.5), DAL A 2 iR AR A 10 2 JXU R 3 v XU PR IS PP PR AT SR P
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Fig.3.5 Low frequency junction temperature of Diode in the generator side converter

N T VA DRI 91445 5 11 3 S0P Th R 85 AF A7 A T AR, R X TR U F S 45 14
RS IR B 2 M I Sk AL HE, 38— RIS BN B G S, BIE5R 1)
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Fig. 3.6 distribution of low frequency junction temperature of Diode

in the generator side converter (CGe).
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3.2.3 IGBT #RIRHY Z B [B) R B H A tE 2

R 1.2 FHEIR, 22451 IGBT B KA 3 R & JZ MR K £
B 2= T, R AN R FE B R 4E B, KA RS 5 3 #RE 55 R
N TRBEIMER AN IGBT B A My 52, 752 N IEIR %A R 70 IGBT itk
HEAT g 210 iR 5 (Accelerated Degradation Testing, ADT), 2R J& ) FH AN 5] Th & 2444
(IR A S B0 A5 B T AT 0 R I A LA PR R R RS Ne 54N 4 2
(A6 RIMRAT 5 e A Y, T VRS Dh 238 h (0 Z i o MR 25 SR K AR 0 52 e R 3 A
m, i AEaBRE 2 MEERA, # @ Coffin-Manson #i & |
Coffin-Manson-Arrhenius #7%4 Fl Bayerer #5174 25[3.2892.93]

TEfRNT 77 a8, Coffin-Manson £ H 25 58 T 28 R E I 8 AT X 881477
IR, SR ARYE KK LESIT 0 H X5 AN A 23 & i 1) 1IGBT A AT 210
5, ZEHRE, DhRBAFRIF A ALEGIE— A AN IR BNIRE AT
Hx, MEHTHME TnA K. HILAE Coffin-Manson B IERE F, fifbT 7 dy e
RN 5INT Arrhenius 5, sl an((3.1)%;

E, 1
N, =A AT, ™ -exp(—2>-—
o= ACAT - ep( Tm)

N Ne(Tm, AT)RIRTE ATj & T FRIDIZRAEINR AT AL S50 Ay no HIRER S
PN IRTT, Ea NBOHREE AL, kK NBIRZL 2 H . SR AR JE R 55 B w1,
TRt PRI AN B[] AR A0 26 56 D] 3%t 0T F 75 A 52, (R LG IGBT AR 1) 77 A A 2R i
FETE N Al 2 B0 a8 A OS2, AN PR 4 0 ) p B T A (D ) A A A
(31951 Bayerer #i %4 /& Infineon A T IGBT 25 VU AR Dh R4 1) IGBT b ith47
WE 2 AR I A5 2 ) 5 a2, B R B R AR B R — DG IR &5 iR
BBl ATj, B/ Timino IHFVESH] ton, BMBBEA L@ A RUE 1, TR
BEHLHE UL U/L00) AR S A 2RI BLAE D,  HFik Ui (3.2),

B,

(3.1

Ni =K(Tjma =T,

jmin

)Bl eTimin +213 tgz | ﬁAU Bs Dﬁe (3 2)

% 3.1 Bayerer 58 1) AH K S

Tab.3.1 Related parameters of Bayerer model

S g AQIE
k 9.3el4
B -4.416
B2 1285
B3 -0.463
Pa -0.716
Bs -0.761
Be -0.5
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Bayerer #E RGeS K L2 A A S mXT SRR A IR, (HR AT H e
WA PRAN TS5 T DY Z B8 PR 2 I BIE IR I, TR T VP AE Tl T
2B A FE, — MR & R AL, VRS A R AR &4 T
IGBT 1) RAAE Ay #6, 13 (3.3) P37,
Ly =3 o (3.3)

SN,
H Neo 2R BT 2 A BT AT BB EE n DR FAAIE 0 B 5o B2 1R 40 2 2K 2550 1A
$r, M0 No 2 H BT B G IR IR M Th R 8 38 57 54 R B — e R
Bl CLicet % T 1 I fi, KB IGBT ¥4 K4k .

AP R AR A 22 I TR)RRE A7 iy VP A5 R AR P T DAk 2 A A B A A
ARG AT A FRe8 1m7 10 5 B0 75 A TH KR 1T Bayerer A2 DUARE 2B AL 1) Infineon
DB NZAR R, BT MR 75 a8, T A SO F () #8442 Infineon
AFAEFARALS ) FF1000R17IE4 (1) IGBT #idk, [ ikHL Bayerer #iBI/E Ky ipAl
Th 23 F 77 dm Y AR 1) AT SE VAR AL AR G B

K| 2 A1 ) 1A A Ang T VH FE R 234 F5 Ay CLicer ¢ P ELAZEA) H 0 (3.2) F1(3.3) 114
1 Timax A1 Tjmin /& AN ST A 4 2814 2530 1 S KRR /MEL, ton D 1/(2Fs) (fs /2
B0, FEMMAR AR fs 9 50Hz, TENLIIARR AR fs 5 XA %), | R EE
i FL A RUE (R AR L #s T 4G FLA RUE Y 1/96, [R5 FF1000R171E4 1
IGBT R &L BB 96), V4T 17, D A 300um. HIFHENXGE T XK H £
G B AT IR FR L 1) g — 20 %h, I (3.3) 4 N VBRI R, 25T 60f01, —4F
NANE 50 3R, B Fatt SRS KU 24 R 00 S Pl far 5 B0 75 A T FE
PR YR 2 M SR AR B2 1 B4 B B 1) S A 5 i A

X T R AT A S5 15 T S B 28 F 77 AV FE Clieer L MUTHE, B SGSRELE T
(PR ) A iR, 3 T 28 0 W AL ARV A B 3t ] B 92458 31 5X0(3.2) A (3. 3) R A AN A B4
TN RRSENE, ME2)MHHMSEE, Flanbideil &2, BfHE R
R G BARSE, HEAE A aridRET R — 2. 541 IGBT [k ar v #E
Al (3.4) THEARR], RIEE AT ) RS T R A

Cliger =Cliger_¢ +Cliger 1 (3.4)

BT R AT 75 A B AL R 48 ME SR AR TG B AL 1Y) IGBT m 4 VAl 455 1Y 2 1 e Pk
T IEAE A, — % RS FH T VR Ad IGBT B Diode 3 2 2 2T 444 16 75 A
WA M T —ANIEERRGENE, HTHAE IGBT Al Diode &5/, REH
73— MR T R G0 P B B 5 A B R PO FEN S R IGBT BB N
FAERRBATR T, RSN RS0 75 ] B (3.5)1HE S 2.

1/ ClLyggrs =min{1/ Cliggr 1/ Clpoqe } (3.5)
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3.3 IGBT A BRI B| R E & iHFER T ER

JETFr R B IGBT M 2 i (8] U 5 APt 7%, LL9E/R 2% Dublin —4E A
JRHE AN IR LR, 43 A AL OIRN o 00 IGBT A b (G A U o 3 R A0 48 U
BT FERI A Ay, IERRT EC 2 A5 AR
3.3.1 IGBT 1R AT S2 {4 /Y 25 Bt 8] R 74

AR 3.0 XL AR VR S8 2 1] 1) R A5 it 77, %6 3.2 4 IGBT B AN el i
) R TR B8 5 A

* 3.2 IGBT B ) 4F A f i #E
Tab.3.2 Consumed lifetime of IGBT modules

! CLL CLr CL+CLe  H/F
MU IGBT  4.18%  0.3% 4.48% 20.83
P Diode  16.61% 19.11%  35.72% 2.8
MM IGBT  7.44%  0.1% 7.54% 13.26

Kl Diode  3.22%  0.011% 3.231% 30.95

N T BRSSP &5 A R, AR IGBT T ay PRk 45 2R -5 STk
PEAl &5 AT LU o AT FE 2 LR AR AR B AL 2 o 00 25t B PP Al IGBT ki 77
fir, WL IGBT #iH Ny 2.8 4F, M IGBT Ay 13.26 4F, 111 SCHR[6]HL 01 F01 X 1]
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ABLIPEAL PN IGBT B 754, 73y 28.5 4-A1 22 4F, UL 45 R 52 4b
TR—HER, FIE—e R LU T BT vP A5 50 & 2.

MFE 3.2 T LAE H, AL IGBT BB Ay 2.8 45, T M IGBT B (1)
F7n A 13.26 4F, HLNAZFL g IGBT Btk g an B W IGBT BLEANALM IGBT
PRI A AE M2 IR 3 B T BUN 7 AV #E, 1T P 3 B 73 Y FE 2 B DXONAE T
DR AT 45 i U BN T 5 B 75 A fi FE . IX E 225 IGBT Ml Diode ZEATS, 1L (1) 9% 3l 5
Ko B 3.7 53N RGE vwing S5 HLIFTR T IGBT/Diode 547 45 I 1 5 K e K45 T
[R5 2 i 26 (U2 1350 11.5°C).

44



3 AR a DR SR A B AT SR DA

40, T 100 8 i 80
|

| |
= IGBT 45 k3) =IGBT 4:i53)
30 +- Diode Z5ii%3) - Diode &3l / 50

P
al
=)

+1GBT B k4 +IGBT HkZ i 4
© - Diode £ AL S o £ 4 Diode FAL I P e e B
@2 50 :‘\E g 4 40 8
= b = $§
e X T =
Ry ]:1%& S I]IE‘—
ivewezsescanan SN G0 o :
0 n ../5/ 0 0 . a B 0
0 10 15 0 5 10 15
K v mls JRGE v m/s
@) (b)

Fig. 3.7. XUH vwina 5 IGBT B S5 IR (A H) R & () HLOW IGBT Kb (b) KU IGBT itk
Fig. 3.7. Comparison of IGBTSs junction temperature: (@) IGBT modules in the CGe, and (b) IGBT

modules in the grid side converter (CGr).
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P 3.10 F3 o RGEE AR 40 A . HLOWAT RN IGBT Ak DR 92 47 1A 45 35 17 5 2
IFFarH R AT I 2R AR T 8 B B K T BB AUE v PR XU [X 42k XU
R p(Vwind >Vin)-5 TR 2544 75 am I FE CLr_coe(Vwind™>Vin)» CL E_cor(Vwind >Vin)(CGe F1 CGr
FRARHL AN MR AR 2% IGBT AEH) IR, A WGHTERT vin RS X [F] 14,
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Fig. 3.10. Distribution of the wind speed and the lifetime consumption of IGBT modules: (a) IGBT
modules in the CGe, and (b) IGBT modules in the CGr.

3.3 KU A K IGBT HLHHE A4 i Vi FE (¥ LL 451

Tab.3.3 Wind speed probability and percentage of its lifetime consumption

Of power devices due to Fundamental frequency junction temperature

EIRIENAN CL ¢ cce (Vwind>Vih) CLF_cor (Vwind>Vin)
T T /CLE cor
3 76.62% 100% 100%

4 61.63% 99.98% 100%
5 46.42% 99.94% 100%
6 34.08% 99.73% 100%
7 23.02% 98.89% 100%
8 15.07% 96.48% 100%
9 9.66% 90.60% 99.4%
10 5.81% 75.69% 91.48%
11 3.47% 48.38% 60.61%
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3K — XUIH X 8] P 254 BT ¥ 6 119 75 i 70 A (1 0007 Vi FE R BT o5 (0 Lo e, S
KGEAZ A 5.81%, MALMIARIM IGBT FRb ) dr g FE 15 Eb 2 A 75.69% A1
91.48%. N T FEAIK IGBT LB PR AT 4 i v 2l T FE 1K 77 i, AT DAZE K T4 ARG
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Fig. 3.11. Lifetime consumption of IGBT modules due to low frequency thermal cycling () IGBT
modules in the CGe, and (b) IGBT modules in the CGr.

N B HTHLNAI RN AS A28 IGBT AR A &) HH A Ar A e 75
i T FEAE BT A A 3 75 dm R I o5 B AR, AR SORHIR AT A FR A 48 R I
TR 5 BV EAREAT AT, Trer 4BARIRFE B BN B, p(T >Trer) Ran AR far Hi 4
O T>Tres 1 5 EE, 10 CLL_cee(T >Tref)/ CL L_cce M1 CLL_cer(T >Trer)/ CL L_cor "N
75 i T FEAE BRI S I 75 dr T AE ) 5 BE, sk 3.4 A1 3.5,
% 3.4 PIEIMER S ILHUN IGBT LA 7 i 15 FE 1A EL 5]

Tab.3.4 Probability of thermal cycling and percentage of its lifetime consumption

of power devices in the CGe due to low frequency junction temperature

1 W B CLL_cge(T >Trer)
T " ol e

5 84.83% 100%

10 54.1% 100%

15 32.07% 99.97%

20 18.98% 99.89%

25 11.40% 99.67%

30 5.45% 99.02%

35 3.54% 98.48%

40 2.46% 97.78%

47



HPRR AL 226 183

# 3.5 MIEIMER K I IGBT BLERARAIA: iy S5 #E 1) b A1
Tab.3.5 Probability of thermal cycling and percentage of its lifetime consumption

of power devices in the CGr due to low frequency junction temperature

i T SR
5 22.28% 100%
10 9.09% 99.99%
15 5.26% 99.97%
20 3.49% 99.91%
25 2.5% 99.78%
30 1.76% 99.5%
35 1.3% 99.06%
40 1% 98.45%

M 3.4 A1 35 B uf DU H, RIATHLN IGBT A5 A4 ) JA 45 iR i s
SR AF A T AR T B AR KRR AR L X4, MR AR, (ERE & LA
BOR /NS IR B BT 3 BUR Z3 i T FEDN - DR IR P s W 5 HL R A x4
1o Z8 ERTIR, ARSI WSS IR Al /AT, 1K T B X A B BEHLIEAT O,
HLI R 8 2 22 Uy KB I S5 e 3 SRS, DR P IR A i 1 i At
JASAZE IR BN, T LASE I PR AR A7 i T A

3.4 [REEINT IGBT R A ERf ) R EH driEFE RS20

S bR R AR BE AL BN, BL%Z R 2= Dublin KR A BT, —4E Py
RSB E/NIRZEN 20°C, BT84 Ak s, dEmmsgmit 2
A T RE, DR AE R AR 2% 7R IGBT AR B () A 5 P PPy H B 4 N AR
NIRRT BT AR AN [F I [R) ROBE 5 dn T R RE I, AT T SR T
JE AR FNAN T 8 AR A A TR T2 B A IR B[] RUBE R 25 i T #E

B FE TN A A X D 2 2R RS M . — SR AR TS B R S IR T NI
R Tas ZRAEVHASZHF RIS, AURIL T IR Tam THE . BFR AT W0 FN
U IGBT i 75 A VE FE W1 3E 3.6 F, 1M 3.12 Al 3.13 43 il P ot b 1) R
SEIRIE BN T3 20 T FE I A it 2k
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Tab.3.6 Consumed lifetime of IGBT Module Considering Air Temperature due to Low Frequency

Thermal Cycling

) ‘ 2877 A VH R
I i
CLe CL. CL.+CLg
Ml IGBT Ta 7.44% 0.1% 7.54%
it T.=11.5C | 5.13% 0.1% 5.23%
B IGBT Ta 16.61%  19.11% 35.72%
it T=115C | 11.5% 19.27% 30.77%
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£ 164
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Fig. 3.12. Consumed lifetime of IGBT module with low frequency thermal cycling in the CGr and
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Fig. 3.13. Lifetime consumption of IGBT module with the fundamental frequency cycling: (a) IGBT

modules in the CGe and (b) IGBT modules in the CGr.
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Fig. 4.1 Thermal management of wind power converter
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Fig. 4.3 Multi-region smooth strategy of junction temperature of power devices
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Tab. 4.1 Lifetime consumption of IGBT module
Ih AR R ) 5 1) CLL CLr CLe+CL. FFUE

HLM IGBT L (SVPWM)  16.61% 19.11% 35.72%
ML IGBT #ik(DPWM1) 7.85% 6.33% 14.18% 60.3%
ML IGBT #iHt(DPWMO0) 6.81% 5.56% 12.37% 65.37%
B IGBT #ik(DPWM2) 4.41% 4.27% 8.68% 75.7%

R IGBT #EEL(SVPWM)  7.44%  0.1%  7.54%
KM IGBT 5L (DPWM1) 2.44% 0.044% 2.484% 67.06%
K IGBT #£5L(DPWMO0)  1.90% 0.023% 1.923% 74.5%
R IGBT #55(DPWM2)  1.56% 0.015% 1.575% 79.11%

MR 4.1 FATLUE H, MR # K DPWMO. DPWM1 fil DPWM2 i,

AU D 90 AZ 33 25 o IGBT 55 H 1) 4F 75 fiw V4 #E 35 K PR AR, H R | DPWM2
FRANIS, D)2 a4 77 o Vi FE PR IR 5 =, ALIUAT X 1IGBT A5 e 77 i ¥ FE 1R 43
BIER] T 75.7%H1 79.11% . 3X B K D 2 AR A4 R B AN IE SRR S, 1)
RIEA 13 B CAENME, BT R B RRIL T 1/3, XK
W B AR IGBT B (1) F S B FE, T PR AR D) 28 28 AF B 4R . DANLI AR R 88 o 1
MriE IGBT A1 Diode Jufil, I & K 4f I A0 45 iR ik 2 il XU (1) A8 4k i £k dn /] 4.3
A 4.4 FiR o
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Fig. 4.3. Junction temperature of IGBT: (a) maximum junction temperature, and (b) junction

temperature fluctuations
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Fig. 4.4. Junction temperature of diode: (a) maximum junction temperature, and (b) junction

temperature fluctuations
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