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WORAWUT BOONPEANG : A NEW MODELING OF IGBT BASED ON
ELECTRICAL BEHAVIOR WITH INDEPENDENTLY OF TIME

CONDITION. THESIS ADVISOR : ASSOC. PROF. CHANCHALI

THONGSOPA, Ph.D., 112 PP.

IGBT/BEHAVIORAL MODELING/LEAST SQUARES REGRESSION/BILINEAR

INTERPOLATION

IGBT has received much attention over the last two decades. It was widely used
in many areas of circuit application, such as, flyback inverter, half-bridge inverter, full-
bridge inverter, etc. From the past until now, because it is primarily advantageous in terms
of having high power density properties, then IGBT device has been increasingly used in
various high power application. From those reasons, many researchers have developed
mathematical models to evaluate electrical behavior in application circuit to reduce the
failure or unexpected phenomena that may happen in hardware implementation.
Currently, an IGBT model can be separate into two gategolizes such as physical model
and electrical behavioral model. Usually, physical model can be considered complicated
when compared to electrical behavioral model. But some of simple electrical behavioral
model still not flexible and cover the IGBT behavior. From that reasons, we interested in
study and design a new electrical behavioral IGBT model. Which has the flexibility and
embraces main IGBT behaviors. The model was constructed from the manufacturer
specification sheet and experimental setup. By using least squares regression method to
model an electrical characteristic in terms of collector-emitter current versus collector-

emitter voltage at each point of gate-emitter voltage that freely depends on both collector-



emitter voltage and gate-emitter voltage. From both methods, a conductance function was
proposed. Finally, an equivalent circuit for the model consisted of only fundamental

component as well as the method for estimating each parameter will be presented.
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3.1.2 Bilinear Interpolation Method
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3.1.3 Newton-Raphson Method
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a d 2 d axA o Y o 1 Y 1
NITUATIENNIT mzﬂu’mwmﬂwmmiammmmmmmmmuuazﬂszuﬁllv\lﬂﬂmmaz
o 1 F2 v 9 o 1 =2 ad A 9 o
G]”ILLWU\‘]"UBQ'N%i"lﬂ GL‘L!“I’TTU@E]ﬂllﬂﬁWﬂa”I'Jﬂ\‘]‘ﬂf]‘]&lj;]%Lﬂﬂ?%ﬂﬂﬂﬂ?ﬂﬁ]iﬁﬂyjﬂeﬂﬂﬂT‘Viﬂﬂiujﬂﬂi

A ) 9
HHIIUININUIDU

33 msrmesanyavedlaalisesmigainnuien

Y
= 1

Twidetisznandanguinerdesiunszuiumsmianasauyan lsunui vaa
~ ] A Y ' < @ . . .
nsegmeluaaadrantimsadeauumdman llihuuunada (Dynamics of Magnetic Field)
: [ a d o o ¥ (% { '
Farzihldinalsingnisaldniiinszudalvadu (Bddy Currents) YuluTvandnarsniieeg

£y ) ' 2 A sAq Yo o £y [

moeldvaaiaainan Tasisuan lweannadiasnaas lddmsouddymimausman T
% { ] <3 { ] o
FaaunsnaseunguiSuiauazlsingmssimaniman llihneglugdm Tl luwuuaums
a o Ia Y v ' 7 s .
WIOUNUTUNINUA 4 AUNTHANITINIAUNITUBANNEGIAA (Maxwell's Equations) (Bastos

& Sadowski, 2017) sian lavaas 3 luaunisn (3.22) audeaunisn (3.25)

i i 478 (3.22)
ot

V-B=0 (3.23)

vxE__ 98 (3.24)
ot

vV.D=p (3.25)

o A FemANUITNELINILIMAN (Magnetic Field Intensity) Twinoilu A/m, J fie
annunuinuunszua 1 (Blectric Current Density) H¥u1e13]u A/m?, D Asa1ndy
numduveanand 1 (Electric Flux Density) Inuqeilu o/m’, B fsainnuvuiuniu
aNFUIMAN (Magnetic Flux Density) ivudeid]u T, £ Asarnnuduauiy 1 (Electric
Field Intensity) H¥ 1101511 Vim, uaz p Asarnnuvuinsiulszy 1 (Electric Charge
Density) H112813)u C/m’

Tuns@ivessingmsaimieninnudendilulawwdminefigesnmsudilam

o { {a I @
Uszneualeiagsssueuaznszua Iihnszdundowdmounavesssuuiludyanuse
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d‘d d' 2, [ . S 9 d'i = [ d'
AMUNTANVAAT NT2UEVIA (Displacement Currents) 3 AT veNINEBIRsUAUATZLAN I1a
@ o = = o tg‘ 4 [
Tugni \aD/az\ < ‘J‘ mldmeansoaznanativesnszuaudald
° o @ o 1 @ @ A ¢§’ . .
dmfuanuduiuilyunadennuduiuiauauaniAveaiioas (Constitutive
. 2 g [ o A = wa @ @ A 1 Y A ]
Relations) Fuilunnuduwusnuaasdeguaniiavesiagainalsiiuanarenuiie1vog
9 ] < [ o c’t:y Y o t:' = d’
meldauuiman i Tasanudunusiansauaadldasaunsn (3.26) audaaunmsn

(3.28)

B=ul (3.26)
B e of (3.27)
J ook (3.28)

o u AearnnuEuauIingn (Magnetic Permeability) iniaesly Him, & Aoan
amneaunu 1dn1a 1 (Electric Permittivity) Ivuedlu Fim, az o Aearammwiinlui
(Electrical Conductivity) ﬁmiwﬁlu S/m

TaslunszuaunsvesnsuddamluiG esvesdanaraiineedmelfauimin
nWain ‘ﬁﬁﬂﬁ’;ﬁ@ﬂima"lﬂmuﬁluﬁﬁymmuazﬂizuﬁﬁ’aﬂa'ndmaiﬁ'ﬁwmm%’auga (Joule
Heat) 111 aursauddyn11dlaeldndnnisddUaamy “A, V - A formulation” 3 39%

ﬂﬁgﬂﬂﬂﬁ}’lﬁlﬁWNﬁiJﬂﬁﬁ@ﬁﬁJﬂﬁ“I?l (3.29) IUDIFUMTN (3.31) (Kuczmann, n.d.)

V-a{—az—vr/j:o (3.29)
ot
VX(vai)—v-(VvAT)ma—;lmvrfzo (3.30)
ot
Vx(Wxd)-V (W)=, (3.31)

4 v o 1 o — = - & {
Lﬁf) v=1/p UagANUFUNUTICHIN 4 DU B ﬁ’é) B=Vx4 ‘%Qﬁuﬂﬁﬁ (3.29) Ung
A a o A ] 1 <] (%
AUNIIN (3.30) ﬂzgmmawﬂuiwmumaﬂwaﬂ'ﬂgmwagma“luﬁmmmmaﬂwam e

A a o A o A A
aunNITNn (3.31) ﬁ]xgﬂﬁlﬂﬂxﬁiuiﬂmuﬁllENmmﬁ‘Hi’ﬂWJﬂaNi@‘U‘] [$VNQ] Js ADAINIY

nuniunszua ldhnszduindounnuaainduna
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vinngeuazaunisnldanannllludredu s ldaunsomansesauyaveslvan
iled1i11a Tasld CENOS Platform (“CENOS | 3D Simulation & Modelling Software for
. . < ) £ ) Aa £
Induction Heating,” n.d.) #uiluldsunsulumssiassyununazuaatnlulSgiiawia e
o ' o Y [ ' Y L v = Y
Tsunsuaananzimsudtlyminssuuseniemsallaswesduumimanwadauas

v o o 2 Y = asy Jd a 14
mﬁ%ﬂmmmﬂum«vmmiﬂaﬁlﬁmzmamﬁ”lﬂ”lumaamuﬂ



UNN 4

szlguITamSuUMsasaluaa IGBT Tusanganssu

Y '
luunilagnadanssonuuunioszdeudsnlslumsadaTuaa 1GBT Tas 14
s A [ A k) 1 A 2 ~ Yo o 1 9
noursenanmsnlanan Tl Tuuniidun Tasezisunnirwsauyangitoiudue aenae
1 o o 1 o 1 a
mseonuuy lugivestenfuninnuiiaseunaunganssunielvlih DC vee IGBT uaz
1 9 1 1 d’ a c!'
ApRleN1sooNLULLAYNITHIA1vea1n1ue lihneluiaseunqungdAnssunisnl deu

a01USUDN IGBT

v

S YA

1 (2 o v aQ <
Tudanvessasauyangisoinaue Imslduanuuinavesnisues IGBT iy
Black-Box tienovduesnioudtlymlundvesnisadiaTuma 1GBT Tasngad 19 Tuaa laj
ANTINIVTazBoan30v1Av0e 1n5eas 19n1eTuves IGBT 14 dredraumuy vuiaves
X A a A 1 ag 1 J A
WU nana vinavesnnuruvesnuIu liihing vinavessesasiiloulAazdIY Hio
[ T < { v o S o
WnaanududuveimsIadas uaedlsnawisasauyanditninauendindiilng
#3937 MU0 Inseadanemeninves IGBT ldnanliluund 2 Tugid 2.16 Taoh
) 7 Yo < < Y1 A o i~
2vsauyaidItainaueiugunsonaasldasgili 4.1 vwiu @i nasauyaiinaued
4 Y VoA ] ~ = A
pedllsznoudesniiniiedlurcesauyanieamoeninlunni 2 Taslinsnlaoumlag

A . IL Yy ¢ o & "y Yy A A o
F1YALLDYATIANYTIUAIYN U !W@IW@Qﬂﬂjgﬂ@‘].lﬂﬂ@]:]ulﬁﬂlﬂiﬂW”Iﬂ]ulﬂiﬂﬂlsﬁlﬂﬁi’)\ﬁ\lﬂjﬂ

'
aA Ya v o

< A 1 ) Aa oA 1 o = (% 1 Y
M lllegauiesl §ianssmwnuIsAgIvnnaue Fe91n199sauyaninalszneunie
s g { 3
a11uy ihatelu ¢ Fuiumansznuain Cd, Ceduag Cox Tugdi 2.16, Cop 11U
9 < 2 \
HANTZNVIIN Cd 1Az Cee, tazganie C, Turansznuan Cge vonnniludiwves G,

'
o =<

A Jd o 1 o A d v o o A~ = 9 Y
ﬂﬂﬁﬂﬂ%uﬂTﬂ'J”I?Ju”IVIHJu@]’ﬁ]”Ia@Qﬂ"ISHT"h/‘I‘ﬂVU@Q IGBT tHOUNTITNINIU HIVNYIVDIND

wodVlﬁJl

_ B s ' ) . .
YsuamsTadasidlumansznuaeaninii Iidhvesasiedanihin ldnan ldTuoni 2
' A A A v = = 1 1 ° =
uagdIUNMaD R, AoANAIUNIUAINANIZAIHANTZNUADNITT1ADINITADLAUDINNA
4 S o J : ] s Y X o
wonnntudndalidiuves laToadeaziiogdralu IGBT woeshgiveldnaaou i lalon

1 d v ' o A o () o !
wilszneudledesdiu G, asvangumaruihniudisassmsi liihweslaTeaiol

M3 uaz ¥, Asussauanason laTeavmziiam



49

IGBT ¢ Diod
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E

317 4.1 29935auyavesluma IGBT Minaue
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41 m3vanuuULarmMsMIAWINFUMIAINIEIUY IGBT

1 da/ ' = Jd o 1 o

TudutivznandanszuiumseenuuulensuaInuiued IGBT (Ge (Vg Ver )
hoglurevsauyagili 4.1 FuileiiarsanvinngueaTeyy (Ohm's Law) ¥ =IR %30 G=1/V
d v 1 o dy Y o o

vawsamendumnihi Idoninanuduiusvesms Inavesnszuallhan Collector

A o v v 1 @ 1 [ . ' @
1) Emitter Nduwusnvawssau Inlianasen Collector 1 Emitter wazams sau Tuldian
A30W Gate N Emitter Taolandunindmhdsnanasaaiicldandoyangdnsumig

Tyivhwes IGBT Tag lisuiludeslddoyanaauiiamemeninued IGBT (Physical Properties)

G Q

&

Y a

& J £ < 4 A
G]Niuﬁ’musﬂuuilz!,‘ﬂuﬂsz‘u’mﬂ1iLﬂ‘1J611mJaWimﬂ333J1/lNhl‘1/M1 DC ﬂl@ﬂ@ﬂﬂiﬂ! IGBT n
9

U

f o o -4
dvan1s Tasluunanwillddudus Tuiaa IGBT vosginsaitues 2MBI100VA-120-50
(“2MBI100V A-120-50 Datasheet | Fuji Electric - Datasheetspdf.Com,” n.d.)
1 <3 a 4 ?x’; o
ludauvesmsmudoyanganssuma il Dc veaginsaiiu inawnsnsilddes
anl as = Y A A [ . Aan A = o (Y] 1 ' Y
7% I5usnAv141A09007A [-V Characteristic 11azITNABINDNINIIAAUBNAININUHUTOYA
W12 (Data Sheet) TUd@IUVDINT W\Iﬂmﬁv N M Collector Current, Collector-Emitter Voltage,
4 v
118z Gate-Emitter Voltage Taolunnaiuil ldiaueisndosnisaauena1ainunudoya
o = axy (% a KR aldl 1 [}
Sz Tagsgazidenvoadbmsuazoanos nuawnsoag lanaianuan v ludiuvesnsaa

' oy o & g 1 Y 2 Yo A
llﬂﬂﬂ1ﬂ1ﬂllwum@ya%u‘w1$ “]Nﬂl’t)yav1iﬁ3u14ulﬂmﬂﬂi$‘1numiufﬂm’imlﬁﬂﬂﬂmmﬁi‘ﬂ

= 9 [ Y

< [ A Y9 ..
4.1 Llagwa@@lﬂﬁ']wvlﬂﬂ\ﬁﬂﬂ 4.2 Fi]'lﬂﬁ3\1uﬂ%gulﬂslleuaﬁ'lﬁiﬂﬁi'lq/ﬁmﬂ']ﬁ DC Characteristics

U U
o & = ¥ ]

v ! ' 9 Y 9 ~ as
ﬂ\‘luuﬁluﬁ’JUGl@l’lﬂﬂgﬂﬁTJﬂ\‘lﬂTiﬁ"iNﬁiJﬂﬁﬂWﬂﬂl@llaﬂulﬂiﬂﬂal“lﬁm‘uEJ‘U’J‘E Least Squares

U

Regression by Polynomials



A 9 ' Y 1 ~
AT 1NN 4.1 mﬂgamqmuﬂ"lﬂmﬂﬂszmumsﬂmmﬂu

50

Collector- Collector-Emitter Current (A) at each Gate-Emitter Voltage
Emitter 8V 10V 12V 15V 20V
Voltage (V)

0 0 0 0 0 0
0.676 0 0 0 0 0
0.811 1.214 1.214 2.427 2.427 3.641
0.946 6.068 7.282 9.709 9.709 12.136
1.081 9.709 15.777 18.204 18.204 21.845
1.216 10.922 24.272 27.913 27.913 33.981
1.351 12.136 33.981 37.621 43.689 54.612
1.486 12.136 42.476 53.398 59.466 71.602
1.622 12.136 52.184 67.961 77.67 92.233
1.757 12.136 60.68 81.311 97.087 114.078
1.892 12.136 69.175 94.66 115.291 135.922
2.027 12.136 75.243 108.01 134.709 158.981
2.162 12.136 80.097 121.359 152.913 184.466
2.297 12.136 84.951 133.495 172.33
2432 12.136 88.592 145.631 191.748
2.568 12.136 89.806 156.553
2.703 12.136 92.233 166.262
2.838 12.136 92.233 174.757
2973 12.136 93.447 183.252
3.108 12.136 93.447 189.32
3.243 12.136 94.66 195.388
3.378 12.136 94.66 199.029
3.514 12.136 95.874 202.67
3.649 12.136 95.874
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180
— \Vge =8V
160 - === Vge = 10V
------ Vge = 12V
__ 1401 —e— \/ge = 15V
= —¥— Vge = 20V
@ 120
g
o 100 1 R
{7 [ 4 T
b=
: >
g
g o0
©
(W)
40 B
20 1
0 1 T T

0.0 0.5 10 15 2.0 25 3.0 35
collector-emitter voltage (V)

v

310 4.2 nalvesdoyanaauon 1@
nndoyan lavinmsiSufiovawisairll1dadvaunmsTae143%5 Least Squares
. . A9y A v Y 1 i .
Regression by Polynomials n'lananldluunn 3 luidedesn 3.1.1 Least Squares Regression

by Polynomials Taaizuaindeyaludiunuseauanason Gate-Emitter 110U 8 V enansndoy

I@aaauman (4.1)

0, Ve <0.703855

4.1)
texs () —~0.037838+21.6397V; —369.496 (Ve ) +2235.37 (Ve )’ —6428.56 (Ve )*
e +9750.11(Veg )’ 797532V ) +3333.3(Veg ) —559.518(Veg ), 0.703855 <V <1.32232
12136, Vg 21.32232
A = Y o A
Nniov ﬁ'ﬁﬂiﬂﬁ]ﬂullﬂﬂﬂﬁllﬂ"ﬁ‘ﬂ 4.2)
0, V. <0.682059 4.2)

eers Ves) ~0.8137+29.8023Vy —146.241(Vey, ) +222.085(Vey: )’ —119.032 (Ve )
O 107 4120 (Vep ) —2.32489 (Ve )°, 0.682059 <V <3.43329

95.873, Vg 23.43329
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7112 v annsodeu ldaaaqunian (4.3)

0, V. <0.684558

4.3)
Iegy, (Vep) =16.46642-59.1606Vp +82.3672(Vig )2 —14.2348 (Vg )3, 0.684558 <V, <3.22808
107.78 +27.0083 Ve, Ve >3.22808
15 v annsodeu ldaeaunisn (4.4)
0, Vg <0.605108 (4.4)
Teg s (VCE ) = 2
1.59022-30.6318Vy +46.2789(Veg )™, Vep 20.605108
120 v ensareu ldasannisn 4.5)
0, Vg <0.633139 (4.5)

ICE,ZO (VCE ) = {

4.12014 - 442401V +59.5962( Vg )2, Vep > 0.633139

{ <
wazh 7V ennsodouldiiu 7., (7, )=0
= = A o = 9 = Y '
Mnaumsn (4.1) lvudsaumsi (4.5) duaunisiasounqudoyaiussauannson
. 1w ' = o R o ' a
Gate-Emitter 1110 UA1 las s uniny 4963 linseuaguuganssunia i DC veq
Y =2 o < 9 yas A ! g 1 A = A
IGBT naviua 393 1iludoa1935ms Bilinear Interpolation Aauaaumsh (3.7) llaudaaumsh
] ' A vy ¥ A a ¥ &L daA A
(3.11) 1F2ewe IR Idaun1sNATaUAQUNNANT IHUDY IGBT NIHUAFINADAD

v o J ' { 1 {2 " @ [ { 1
mmmmuﬁﬁzmnmmﬁﬁ"lwamu Collector-Emitter ﬁ%maﬂmwmu‘ﬁ@mﬂﬁau Collector-

U

=

% 1 o ] 4 4 A
Emitter a2 590 UNANATON Gate-Emitter NA119 1144249 0 Tyadaud e 20 11ad lasisuan

v
I 1

1 { { X I 1 { ' 1
MImAes ¥, Nogluaunsn (3.8) Tdaudeaunish .11) Fuiluaniianiesna v,

U

Ay v S 19 1A <] 9 = v o Y
Lﬂ1ﬁl]18|ﬂlf]\‘] ICE NOABDINITNIAN Tﬂaumuaamnwmmﬂuaacmmmimmms«mmauwuﬁ"lﬂ

Saaumsa (4.6)
Vegi =V = AV (4.6)

v v Yo A
Lae VCE2 ﬁ”l?J”ISﬂLLfTﬂQﬂ'JﬁJﬁllWH‘ﬁllﬂ@Nﬁllfﬂi‘ﬂ (4.7)
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4.7)
VCEz = VCE + AVCE

= A ' Yy Ay A ]

VINAUNSN (4.6) uazaumsn (4.7) Mo AV, zdesliaiooiiolinmslszana
1 Y A2 [ 9 a d' [ 1
aved 7, ithuuieeenuilndifesnudeyasswiniiga Tasninnmsnageuliugual
[ v VoA a0 LY <3 VA Y] 9 9 1
aanannun Aa AV, Jauminu o.1 Humfaunsoseniylduaz lvnsiszuanives

Y v Y

V., sonunlndifesnudeyavesnsiv

Tudruirmunldnanddsmsmaives v, uagawes V., Iagasmiainanla

Y A ~ 1 dy I [ [ 1 ~ Yy =R
uand 13 luaunisn (4.6) tazaunsn (4.7) lagaoanitluaiudaandiunudd ¥y
NANDIDMIMAWBY 7, taza1ves V,, Nogluaunisn (3.8) Tdaudsaunisi (3.11)
& I~ oA 1 [ ~ 1 ~ 9 1 £ @ o 4
Fuiumneglugranaseuaguar ¥, iWhnueves 7, Ndean1swia1 Feanuduwus

dmsulslumsmamaies 7, amnsouaasldasaunisn (4.8)

0, 0V, <8 (4.8)
8 8=V, <10

10, 10<V, <12

12, 12<V, <15

Iy V£ Vi<V

15, V=20

VGE] =

o o @

pazganuduiusdmsuldlunmsmannaives 7, dunsoudaslaasdunisi

(4.9)

8, 0=V, <8 (4.9)
10, &<V, <10

12, 10<V, <12

15, 12<V,. <15

20, 15<V, <20

20, Vg =20

Vsz =

AAUMIN (3.8) Taudaaumsn G.11) uazaunsn (4.6) Waudsaumsn (4.9) 2z

o 1

{ o PR 1 { ] 1 X
laaunshaseunguanuduiusnanuasznaenszuan naru Collector-Emitter N1 0

U
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AULSIAUNANATON Collector-Emitter 1azU5IAUNANATOU Gate-Emitter NA11ae) Tagisn
a5anIAIveInszua N Inan1u Collector-Emitter aana1 Idainaunish (3.7) ¥soglu
anyazvesauMs AN unU TasTin LU IS IAUNANATON Collector-Emitter (1A 1159A UA
1 I 1A Y { [ {
ANATOY Gate-Emitter 11 utnuvosndunavosfansunszuai lvan1u Collector-Emitter 9
9 @ 1 ~ a g‘; Ay ¥ Y
ApIN131i1 Tagaunisnsnaniaseunqunganssuna Il DC favua A ldnndoyaves
J o <] Lﬂy a Y o A
IGBT 103 2MBI100VA-120-50 @1115071n15Wa0ans 1WA (Surface Plot) 1Aasglh 4.3
[ ' < Y1 <] Ay Y A v ds! an
Tagninglaenanzmiuldinnimnmsnasansilaninaunsia1siuTagisns Least
Squares Regression 5931 Bilinear Interpolation inuAsoUAgNY19v8Y0YaN 14910 IGBT

¢ g = g < V1 ax o o q Yy ¥ &
1U83 2MBI100VA-120-50 N3viuaA ﬂ\WI‘i\31!‘1]%!‘Viuvlﬂ31%1ﬂﬁ’0\‘]’3‘ﬁﬂTﬁﬂ\‘lﬂﬁTJ“Vlfl‘ﬂulﬂiJW]N

'
o A

{ ] g’/ 1 o ] ] Jd o U
aumsnaseunguIIveITayanInya uadina luegylvesilansuainnuimeainise
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1139512112995 18 daiuludiuda llaznandaE oo wlansuamanuihndunusnu
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1 dy 1 | Jd o 1 o A o v o ~ 9 1 A
Tugautiiznandaowealinsumamhnduwusiuaumsi laana i
J v 1 o A 1 { o a d o
Taelandumnnuiieglugdindomi 1 lumsnsizdiiesaunsonaadlageaums

i (4.10) Tagil V, =7V

0, Vg

<V
G (VCE e ) =11y (VCE Ve )_ I (VCE — AV, Ve )
AV

(4.10)

, Ve >V5

4 J v 1 ) { ) a Jd
fansatiag Idansuannuiiwes IGBT andeniin i 1Fnulumsinsizriees lu
J v ' Jd o 1 o @ . . : g {a
druae lrgnandaleanduainnuivesdilalen (Freewheeling Diode) Faudu'la Toanaa
[ 4 3 o [ 1 1 A
11N IGBT 103 2MBI100VA-120 Taegna3eiuluga IGBT ainaegnouudl Tagisuan
o ! 3 A v o 7o
Wansuveanszueaun Ina (Cathode Current) F3e1u150 a3 197U Tasld5Renunulansu
' vy & Ja . Y Jd v
nszuaved IGBT nounu1iulaeleIs Least Squares Regression wldaunsvealandu

AszuavedloToanaaumsn (4.11)

0, Vi <0685511
291465194867V +7.35414(Vy )’ +21.6919(Vai )'s Vg 2 0.685511

4.11)

Lk (VAK):{

{ 1 Y 1 ) [ {
INFUNTN (4.11) ’ﬁ1lﬂiﬂ?ﬁﬂ"lﬁ\1ﬂ“b'uﬂTﬂ’ﬂﬁJ‘L!1mﬂﬂllﬂiﬂﬂllﬁjﬂﬂﬂllﬂ1i‘ﬁ (4.12)

O, Vi <Ve (4.12)
GAK(VAK)= IAK(VAK)_IAK(VAK_AVAK) Vo>V
AV, ) 4K =VF

{ d v [ 1 o o
TagnlanFuvesnsaauiinnasouiallaToeavazsi1911 (Forward on Voltage)

Y o A
'ﬁ"l?JﬁﬂLLﬁﬂQ"lﬂﬂQﬁllﬂ"ﬁTl (4.13)

0, V<0 (4.13)
V,=
0.7, V, >0
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= dy 9 d o 1 o g’; [l 1 £
faasatiag lalenduaeeainnuimaludiuves IGBT nazdiuvedlaloa &
Jdo v 1 ] { o a L4 { o
Wenduasnaneglugidanfenazii i ldaulunmsimsziiesawisesauyan ldvuaue
{ | < 1w 1 a J o Ao ] 1 X 3 1 @
Tugain 4.1 9ngdd 4.1 vzmuldndalsmslimes uedandalunsuam Fuilusivesds
< A 1 @ 1 = =] &
nuilszgiegnely IGBT muisssauyadena aanszuiumadaunulszymelunivua

3‘, a v Y o
uu%a‘ﬁmﬂummaaﬂ“lﬂ

' a

42 msmmanug lihiedmealy IGBT

A A Yo o = = [V <3 A = A

eann Tuaa N Itetiuea uelin3gaann1sued IGBT 1/ Black-Box IHonana s

Yy y 4 q 9 2 9gna o g y X yy
milddeyalassadiannmenin e li lweanditeiuauenuansaadninlduas
1 PN ' @ Y ¥y A A o O A ] A oA
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A new Modeling of IGBT and Freewheeling Diode based on
Electrical Behavioral with Independently of Time Condition

Abstract. Severai iGBT modei proposed and consiructed over the past years have exposed different essentiai quaiities. However, in this paper, a
new model of IGBT and Freewheeling diode based on electrical behavior is presented. The proposed parameters extraction process adopts the least
squares regression and bilinear interpolation and, a two-level capacitance technique. and the model's structure solely consists of fundamental
components. In addition, the proposed model validates its simplicity for parameters extraction process, and its user-friendly application for a circuit
topology of fundamental components. Some key factors of our proposed model are; independent time constraint, implementation flexibility, easily
application by different topologies. These enumerated factors reinforce the reliability and suitability of our proposed model for a circuit simulation and
optimization. The verification of our proposed model was steered with the use of an experimental circuit that consists of commercial components.
Lastly, our simulation results showed a pattern of consistency with the experimental results.

Streszczenie. W artykule opisano nowy model IGBT wykorzystujacy diode ruchu swobodnego (freewheeling diode).Model opiera sie na
niezaleznym, ograniczeniu czasu, elastycznos$ci zastosowania | fatwym zastosowaniu w réznych topologiach. Przeprowadzono symulacle i
optymalizacje modelu. Wyniki zweryfikowano eksperymentalnie. .Nowy model IGBT bazujacy na diodzit h

typu Fr g o4
ograniczeniem czasu
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Introduction

The development of IGBT over the last 20 years has led
to different and continuous interests in its application
capabilities. It is used in many areas of circuit application
such as; flyback inverter, half-bridge inverter and full-bridge
inverter [29-31], and also in general applications such as:
cooktop appliance, induction forging, induction hardening
and electric vehicle [32-35]. The widely use of IGBT device
for various high power applications could be associated with
its high power density properties. Many researchers have
developed different mathematical models for the evaluation
of its electric behavior in application circuits for the
mitigation of unwarranted occurrences that may arise during
hardware implementation.

An analytical IGBT model derived from the physical
property of an IGBT device that initializes from an am-
bipolar diffusion equation and a fundamental equation of a
semiconductor device were proposed [1-11]. Authors of
literatures [12-15] presented models derived from the
fundamental equations of MOSFET and BJT combination.
The electrical and thermal effects that comprise of silicon
chip surface temperature package, header temperature
package, case temperature, and ambient temperature were
demonstrated by the models in [16, 17].

Researchers in [18], designed and proved the
implementation of Saber Circuit Simulator with static and
dynamic condition, and their results were similar to the
expected experimental results. An equivalent circuit suitable
for SPICE simulation was proposed [19-21]. As stated
above, an analytical IGBT model has been widely
implemented in numerous applications, however,
parameters extraction process for an analytical model from
physical phenomenon requires a professional technique, in
order to complete the model construction. There are many
parameters that are difficult to specify, and are unstated in
the manufacturer's specifications sheet, which makes the
implementation of the analytical model difficult.
Nonetheless, the behavioral model is less complex than the
analytical model.

Different mathematical modeling techniques using an
electrical behavior were proposed in [22, 23]. Authors of
these literatures proposed a behavioral model which
initializes from the fundamental equations of MOSFET and

BJT, but its implementation still remains problematic. A
simplified behavioral model based on data measurement,
corresponding circuit, mathematical model, construction
method was proposed in [24]. Though, the disadvantage of
this model might not be overseen by ambiguous and
complex shape of its gate signal, because its conductance
function is separated into a state of time, and it is also
independent on voltage drop between the gate and the
emitter. A model that governs this ambiguous and complex
shape of gate was proposed [25]. This technique was
structured on neuron-fuzzy functions, which could be
considered as a complex method in the construction
process, when compare with the method proposed in [26].
The author’'s approach embraces the Hammersten Model,
which consists of nonlinear static block and a linear
dynamic block, this model is governed by IGBT
phenomena. Nevertheless, our proposed model that
embraces a simplified circuit simulation and optimization
technique is technically different from the model proposed
in [26]. The proposed model is presented as schematic’
diagram, and consists of inactive components.

Finally, we present a technique for modeling an IGBT
and Freewheeling diode, the model was constructed with
the use of manufacturer's specifications sheet, and
experimental setup. This technique is based on the least
squared regression method with electrical characteristics, in
terms of collector-emitter current against collector-emitter
voltage at each point of gate-emitter voltage. A bilinear
interpolation method for conductance function modeling,
was also adopted.

IGBT and Freewheeling diode conductance modeling
An equivalent circuit of our proposed IGBT and
Freewheeling diode model is presented in this section. It is
made up of fundamental components as displayed in Fig. 1.
The conductance modeling process is divided into two
parts. The first part is the G IGBT conductance modeling

process, which is also sub-divided into two parts; the
modeling of electrical characteristics in terms of the
collector-emitter voltage against collector-emitter current at
each point of gate-emitter voltage, and the use of bilinear
interpolation method that depends on both the collector-
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emitter voltage and gate-emitter voltage for the governing of
conductance function.
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Fig. 1. Schematic diagram of IGBT and a Freewheeling diode
model.

The first part of IGBT conductance modeling involves
the formulation of the proposed least squares regression
with polynomials. Eq. (1) represents the fundamentals of
least squares regression by polynomials as a general form
of collector-emitter current a variation against collector-
emitter voltage [28].

() Ieg (VegsVee ) = a0 +aVeg + Vg +...+a, Vi .

The collector-emitter current ([”5 ), collector-emitter

voltage (VCE ), gate-emitter voltage (VGE ), and the

coefficients  “0>@>92>%m transform Eq. (1) into data

curve. ™ is less than the total number of data minus one
('"("_]), which means that one set of data includes "
Vg1t 8
data point in the form of ( G CE), while 1=h23...n 1o
model a collector-emitter current against collector-emitter
voltage at each gate-emitter voltage curve, we used data
from manufacturer's specifications sheet of IGBT-
2MBI100VA-120-50 [38]. Solving Eq. (1) leads to the
mathematical Eq. (2), and from the curve in manufacturer's
specifications sheet, the gate-emitter voltage at 8V:

()

0, Vg <0.703855

D ~0.037838 + 21,6397V —369.496(Vey )' +2235.37(Vey ) - 6428.56( Ve )

ex (Ver 8) = o s
+9750.11 (Ve ) =7975.32( Vg )" +3333.3( Ve ) -s59. S18( Vg ;', 0703855 <V, < 132232
12,136, Ve 2132232

at 10V:

0, Ve <0.682059

’
~0.8137+ 29.8023V, ~146.241(Vy )} + 222.085( Vi)' - 119.032(V )*

Tek (V,-,.le: 5
+27.4129( Ve )

232489(Vie )',  0.682059 < Vi < 3.43329

95.873, Vi 23.43329
at 12V:
(4)
0, Ve <0.684558
Teg (Ve 12) = | 6.46642 - 59.1606V,; +82.3672(Vy)’ ~14.2348(Ve)',  0.684558 < V., <3.22808
107.78+27.0083Vy, Vi 2 3.22808
at 15V:
(5)
0, Vg <0.605108
I('E(V(‘E’ls)= 2
1.59022 - 30.63 18V + 46.2789(V(-,_: )’ . Ve 20605108
at 20V:
(6)

0, Vg <0.633139
4.12014 - 442401V +59.5962(Veg ) Ve 2 0.633139
. and at 7V, the gate-emitter threshold voltage is given as
Teg (Vee:7)=0

The governing conductance function that depends on

both the collector-emitter voltage, and gate-emitter voltage.
The characteristics curve from the manufacturer's

’(‘E(V(‘L'~20)={
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specifications sheet could be considered as rectangular
grids, with the proposed bilinear interpolation method. The
graphical representation of bilinear interpolation for a two-
dimensional interpolation is shown in Fig. 2.
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Fig. 2. Graphical depiction of two-dimensional bilinear interpolation.

The general form of bilinear interpolation that relates the
collector-emitter current, collector-emitter voltage with the
gate-emitter voltage is given as the surface equation in Eq.
(7) [36].

() Lee (VersVor) = +bVeg +bVee +byVerVoe -

and from Eq. (7) the values of coefficient bisby,by and by
are into four parts as follows.

Biy
(8

VesVoraler (Verr-Vor )~ VeeVarilce (Vor Voer ) ~VerVaerlee (Vers Vg )+ VerVari e (Vees Var:)
a (Verz =Ver ) (Var2 —Von )

b

by:

©)

“Vaealee (Ve Var ) + Vo lee (Ver Vora ) + Vaea e (Veea Vo) = Ve lee (Vera Va2 )
(Verz = Ver )(Vorz — Ve )

by, =

(10
(- 7"(‘51’('[ ("ll!‘v(ikl) 'V(’I!I(f ("1')\“;;}3 )4 Vl'}.l’l'} (VI'PI'VIFH )_VI'HI('}. (Vl'hI‘
=

(Ver2 ~Ver ) Vaez Va1

Voe:)

and % as:

(11)

b4 4 I(’l: (V('LI'VGEI )—ll'l. (V('}.I'V(il:".')_ l(‘E (V('E'."V(il‘.'l )+ I('E (‘/('LZ'V(:'E'.')
(Vll! _V(‘EI )(VGEJ = (;EI)

V, Yo 5
CEl and "CE2 are given as:

(12) Ver=Vee —AVeg
(13) Vegs =Veg + AV -
and an acceptable value of AVex =0‘l. Finally, Ve and
Va2 are given as:

0, 0<Vg <8

8, 8<V; <10
(14) 10, 10<Vg <12,

Verr =

12, 12<Vg <15
15, 15<Vg <20
15, V220
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8 0<Vg <8
10, 8<Vg <10

12, 10<Vg, <12
15, 12<Vg <15
20, 15<Vg, <20

(15) Voe2 =

20, Vgp220
The derivation of a complete conductance function (GCE )is
given as:
(16)
0, VezsVy

G('E(V('E‘V(iﬁ)z I('l:‘ (V('E‘V(iﬁ)_ll'h'(v('h' _AV(‘E'V(;E) V.. >V

AV“,— ’ GE T
while vV, =7V .

The second part involves the modeling the conductance
function of a Freewheeling diode, which is based on the
electrical behavior of the diode adopted from the
Manufacturer's specifications sheet. The anode-cathode
current and the anode-cathode voltage with least square
regression method. the cathode current function is stated in
Eq. (1) as:

(17)
0, V, <0.685511

’u(‘ﬂxh{ . - ;)3 ’
2.91465 - 19.4867V,y +7.35414( Vi ) +21.6919(Vuc ), Vig 20.685511

, from Eq. (17) the diode conductance is derived as:
(18)

0, Vue<Ve
Gk (VAK)= Ik (V,\ )_’,\K(VAK _AVAK) V..>V
R , AK=YF

, while the forward on voltage of diode is given as:
(19)
Vi <0

0,
Ve = .
0.7, V20

Internal capacitance estimation

In this section, a two-level capacitance estimation
process is presented. It is divided into 2 parts; capacitance
estimation (1), and capacitance estimation (2), both parts
are used in the experimental set up as shown in Fig 3. The
diode section was excluded because the experiment was
solely conducted on the positive side of IGBT device. Other

3 B R Ve
necessary assigned parameters before estimation are; "4,

V"". R‘, and RZ, it must be noted that appropriate
parameters are required for a precise and definite
estimation process. The parameters chosen for a clear and

concise signal measurement are; Ve =48V, 51 a ‘49.

Rl:SOQ. and Vin was assigned with a one-period

rounded shape rectangular pulse that has a rise and fall
time of 46 ns, width of 41.7 us, and amplitude of 12V.

o= 14 value was adopted from the Manufacturer's
specifications sheet. The results from the measurement

points of Vee and Y6E could be separated into signal wave
forms of 9 states, ! to /7, as shown in Fig 4. While the

dash line of VCE , and the solid line of Ve represent the
signal wave forms.
First, is the capacitance estimation process level 1,

which consists of CCE, Cee and CGE. These

100

capacitances function when internal collector-gate voltage

Veg >0

level greater than zero ( )- The variables at level 1

are given as: CCE'. Cc1 ang Corn respectively. The
derivation process for solving these variables are presented
as follows [27, 37]:

h h

(20) VT+ =12e Cear R =]+ eC('(;(;uR:
Cecarr:
(21) Cecerr =Ccai + Coers
and
(22) Cor1 =1Ccq -
Ve
R,

ig. 3. Schematic diagram for internal capacitance estimation.
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Fig. 4. Transition state of IGBT.

The final derivation of level 1 capacitance completed by
solving Eq. (23)
(23)

Geg (Vs V5 )1z

48¢  Cooer

(14 Gy (Vs V7 )R

1y
)-(-R= ) 5
Ceae Ry Goz (VY’VT:)RI +e CeaeerRy

Vi =

1+Geg (VY‘V;)RI

\’/vhile Ceger) 18 given as:

(24) Ceacrr = Cear +Cepn -

from Eq. (20) and Eq. (23), 1, and ¢, are time durations as
depicted in Fig. 4, which obtainable from the measurement
data. V4 is voltage value that is slightly greater than the
gate-emitter threshold voltage. Vg is collector-emitter

saturation voltage which can be obtained from
manufacturer's specifications sheet. In order to achieve
desirable values for Cco; and Cgr from Eq. (22),

coefficient ratio 5 could be adopted from the (Tunable
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parameter). By using the assigned values of (0.2]6x10_6
and 0.275x107) from the experimental data, for 1, and 1, ,
and solving Eq. (20) and Eq. (23) with Newton method [28],
values of Ceggr =6.564x107° and Cegepy =29.412x107°
were obtained. 5 =11, and solving Eq. (21) and Eq. (24) the

LCG1 = V-
,and Cep =28.865x107°F were obtained.

Second, is the capacitance estimation process level 2.
These capacitances function, when internal collector-gate
voltage level less than or equal to zero (Vy;<0). The
variables at level 2 are given as: Ccpy, Cegy and Cgp, -
The derivation process for solving these variables are
presented as follows:

51y Sty

= 126‘ Cecara Ry _04'5 - ecmm 2Ry

(25) Vim\

CeGoer':

(26) Ceceer =Ccg2 + Caeas
and

(27) Corz =1Ccca-

The final derivation of level 2 capacitance completed by
solving Eq. (28)
(28)

Sale¥i)s g

48¢  *Ceacr2

Vs =

+Gep Vs Yos R,
)=( ) u’(‘ k;‘b,'ﬁ
J

2cacrzki| 0,854 +0.146Gg (Vs Vi R +e  2Ceoces
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measures; the simulation of the resistive load, and the
inductive load respectively.

The schematic diagram in Fig. 3 is a representation of a
simulated resistive load, and the technical procedures
observed are as follows; assigning of components’ values

such as; Ry= 53‘49, Ry=50Q however, Vin was assigned

by one-period rounded shape rectangular pulse that has a
width nf A1 7 1

s and an
wiGh G &3.7 US,

anG an

rica and fall tima of AR neo
nS€ anG ian ume G 50 NS,

amplitude of 12 V. The next step is solving a time domain
differential equation, using coded Python Language
platform, and a Numpy as reference library [39-41]. The
simulation results from this process are displayed in Fig. 5.
However, these results are chronologically grouped into
three parts: input voltage, gate-emitter voltage, and the
collector-emitter voltage. While the last component voltage

supply Ve is assigned the value of 48 V.

M

' . p SN
il

i.q.

ol —— —

I+G(‘E(V,\"V;)RI

while Cegep, is given as:
(29) Ceeeer = Cega + Cea -
from Eq. (25) and Eq. (28) V,,, an amplitude of V,,. By

using the assigned values of (1.992x107° and 7.853x107%)
the experimental data, for 1; and 1, solving Eq. (25) and

Eq. (28), the values of CCGGEZ=43.021xl0'9 and

CCGCEZ=I46.158><IO‘° were obtained. r, =0.111, and
solving Eq. (26) and Eq. (29) the solution values of

Cegr =38.723x107°F, Copr =4298x107°F and

Cepr =107.435x107"F were obtained.

To complete the internal capacitance estimation
process the final representation of Cp; , Cipand Cp can
be written as

(& , Ve <0
(30) Ce ={ cG2 cGi <0
Ceer» Veai >0
Gy Vo 20
(31) Cor ={ a2 Veai <O
Ceers VeGi >0
Cerrs Ve <0
(32) Cer _{ cez» VeGSO
Ceers VeGi >0

Simulation Results and Discussion

The simulation and experimental outcomes of our
proposed model's verification process are theoretically
explained in this section. It involves two procedural

4
"

e

Mea: s ement Meny

Fig. 6. Resistive load experimental result, input voltage against
gate-emitter voltage.
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Fig. 7. Resistive load experimental result, gate-emitter voltage
against collector-emitter voltage.
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The experimental process of the resistive load
simulation was carried out with a circuit of same
parameters, and results are shown in Fig. 6 and Fig. 7
respectively. Fig. 6 shows the input voltage graph below
and the gate-emitter voltage graph above, while Fig. 7
illustrates the gate-emitter signal and the collector-emitter
signal below. The measurement of data for Fig. 6 was
carried out using an oscilloscope adjusted to Time/Div of 5
us, Volts/Div of 5V, Probe of 1:1 for channel 1, and 10:1 for
channel 2. While for Fig. 7, the oscilloscope was readjusted
to the values of 10 us for Time/Div, 5V and 20V for Volt/Div,
and probe ratio of both channels remained unchanged.
Lastly, signals from channel 1 and channel 2 are displayed
as the upper and lower graphs in Fig. 7.

From the simulation results, the transition states are
separated into 9 states is shown in Fig. 4 the internal
capacitance estimation section, which is also illustrated in
Fig. 5 for the middle and bottom gate-emitter voltage and
collector-emitter voltage. The time duration in each state is
presented in Table 1, Column 2, while Column 3 is for the
time duration of each state of the experimental results.

The transition states for both simulation and
experimental results are the same, the time duration in each
state of the simulation is also constant, and closely related
to that of the experimental results. This feature reflects the
strength and effectiveness of our model for the simulation of
any resistive circuit connected with a resistive load.

Table 1. Comparison between the simulation and experimental
results

102

Both IGBT and Freewheeling diode were considered in
the verification process of the model's capability for an
inductive load simulation. The simulation and experimental
results are depicted in Fig. 9 and Fig. 10 respectively. The
simulation curve resulted from the conducted experiment,
and it reveals that IGBT and Freewheeling diode are always
in complete synchronization for an inductive load
simulation.

i
i ’

e s s ¥ 5§

vt e b (¥

Fig. 9. Inductive load simulation result.

T_S00v/_2 j0ov/ W00 2000/ Sop__ ¥ 2 GO0V
wmmeu'r
TECmL OGaS.

In the second part of an inductive load simulation, the
schematic diagram of Fig. 8 was adopted with parameter s’

. L =100x10°H ¢, =0.8179x10°F
values of; ; s

o s . These components’ values remained constant in
the resistive load simulation process.

and

Vie

E
L GND

Fig. 8. Schematic diagram for an inductive load simulation.

s Simulation Experimental B\ - 1 S e T D G W T e
Transition state result (us) result (us) ¥
4 0.350 0.330 0w
Ampl(1}
t 0.262 0.296 1 120v
£ 3.138 3.106 \
la 1023 1049 g @ s 0
Iy +ts +1g 38.01 39.06

k 150 1.44 Fig. 10. Inductive load experimental result.
t 2.10 223 Simulation results from the resistive and inductive load
7 » 20 " 03 have shown that our proposed IGBT and Freewheeling
8 i s diode model is suitable for both resistive and inductive load

Iy +1y 7.20 7.47 simulation circuits. However, the practical benefits of this

model are sub-divided into three parts. First, the transition

state results from "1 to " of this model are closely related
in term of physical behavior to that of the experimental

results, in accordance with 12:13:17 ang 8+ on the high
power side are duly considered. Second, the model is
without time-constraint, which portrays its implementation
flexibility .~ for different circuits’ topologies. Lastly,
fundamental components such as; G, L, and C, are
incorporated in our model for simplicity use in circuit
topology.

Conclusions

Though there have been different proposed models of
IGBT, however, our proposed model, which is based on
electrical behavior of IGBT and Freewheeling diode opens
up an interesting area of research that could be further
explored in the future. The experimental results of the
proposed model proved without doubt, its simulative
capability for resistive and inductive loads. Furthermore, it
showed the simplicity of the model's parameters extraction
nuance. Lastly, the consistency of our simulation results
with the experimental results reveals the reliability and
technical accuracy of model's framework.
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