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IMigBUIIEHHS TOYHOCTI MOJCJIBAHHA IMepPexilHMX mnpoueciB i
PO3pPaxyHKy BTpAT MOTY>KHOCTI HAIIiBIPOBIIHUKOBHUX
nepersoproBaviB y nporpamiaomy cepeaosuini NI Multisim

Y cmammi nasedeno Oocniodcenus nepexionux npoyecie i pe3yibmamiu po3PAXYHKI6 CMAMUYHUX | OUHAMIYHUX
empam nomyosichocmi 6 cunosux IGBT- ma MOSFET-mpanszucmopax npu MoOemo8anHi y NPOSPAMHUX Cepedosutyax
Matlab / Simulink i NI Multisim. Busuaueno, wo moodemosannsa ¢ NI Multisim 6invwu kopekmue i mouHo 8i0obpadicye
nepexioni npoyecu 86iMKHEHHs Ma 6UMKHEHHSl CULOBUX MPAH3UCTOPIE | 360POMHO20 8IOHOBIeHHA 0i0dis, Wo 0ae 3M02y
BUBHAYAMU OUHAMIYHI GMPAMU CULOBUX MPAHZUCTNOPIB I CUNOBUX 010018. Tlokazano, wo MoOdenb CUNOBUX MPAHZUCTIOPIE
v NI Multisim epaxosye 6invuie copoka cemu napamempie, KIOYAOYYU MeMNEPamypHi XapaKmepucmuKku, napasumui
6XIOHI ma BUXIOHI €EMHOCMI | IHOYKMUBHOCMI, HEMIHIUHOCTNE BOLIN-AMNEPHUX XAPAKMEPUCTUK MPAH3UCMOPIe mowjo. YV
npoepamuomy cepedosuwi NI Multisim pospoodneno cxemy mpansucmoproco MOSFET-knroua IRFZ44n, xkepysanmus
30iticnioe Opatieep IR2104PBF. Ilodano adexgammuicmo 4acié 66IMKHEHMHS MAd GUMKHEHHS CUN08020 MPAH3UCMOPA,
Xapaxkmep nepexioHux npoyecié npu pesucmuGHOMy mMd pPe3UCMUBHO-IHOYKMUGHOMY HABAHMANCEHHI, 3ANEHCHICTNb
CYMAPHUX 86MpPam NOMy*CHOCMI 8i0 4acmomu KoOMymayii.

Knrwouosi cnosa: Matlab, NI Multisim, éonbm-amnepra xapaxmepucmuka, 6mpamu nomys*CHOCHi, HanienposioHUKOGUI
nepemeopiosay, nepexionull npoyec, CULO8UL MpaH3uCmop.

Beryn

OgHuM 3 BaOXJIMBHX  HANPSAMIB  JOCIIKCHHS
HAIBIPOBITHAKOBUX TICPETBOPIOBAYIB € BU3HAYCHHS
iXHpOrO KoeilieHTa KOPHUCHOI Oii Ta CKJIaJOBUX BTpat
MTOTYXKHOCTI, 8 TAKOX JIOCTIKCHHS IUISIXIB ITOKPAIICHHS
eHepreTyHoi eheKTUBHOCTI mepeTBoproBadiB [1, 2]. [Ipu
LBOMY KOMIT IOTEpHE MO/ICTIIOBaHHS pobotn
MIEPETBOPIOBAYIB € BAXKIIMBUM €TAIlOM y PO3POOIJICHHI Ta
JTOCTTIKCHH1 €HEPreTUUHUX ITOKa3HUKIB
HAITiBIIPOBIIHUKOBHUX IIE€PETBOPIOBAYIB I Yac iXHBOTO
TIPOEKTYBAHHSI. (0)11:1717¢ i3 HANTIOMYIIIPHIIITIX
IHCTPYMEHTIB npu MO/ICITIOBaHHI CHJIOBHX
HAIBIPOBITHAKOBUX  IIEPETBOPIOBAYIB € TIPOrpamMHE
cepemoBume Matlab / Simulink [3, 4]. Jlo mnepesar
MOJICITIOBAHHST ~ HAIBIPOBIMHUKOBUX  IIEPETBOPIOBAYIB
MOXKHA BijHECTH [5, 6]:

— YHIBEpPCAIIbHICTh, TOOTO MOXIIUBICTh MOJICITIOBAHHS
Oymb-sKMX CHJIOBHX €JICKTPUYHUX CXEM 3 MaJUMH
CTpyMaMH Ta OyAb-SKUX CUCTEM KEpYBaHHS;

—3py4Huil iHTEepdeiic, SKUH 3a paXyHOK CTBOPEHHS
OJI0YHHMX CXEM Ja€ 3MOr'y JOCHTh MPOCTO Oe3 3HaHb MOB
MIPOrpaMyBaHHSl CTBOPIOBATH JIOCHTh CKJIaJHI CHCTEMH
KEpyBaHHS;

— NIOTYXHMI BOY/IOBaHMH MaTeMaTHYHUH amapat, Io
Jla€ 3MOTY NIPOBOJIUTH AYXKe OaraTto pi3HUX BUAIB aHAJTI3Y
(dyp’e-anami3, anropuTMH cuHTE3y LU(poBUX Ta
aHAJIOTOBHUX (DUIBTPIB, AITOPUTMHU CHHTE3Y PETYISTOPIB 1

T. IL.).

Hnst OTpUMAaHHS aJICKBaTHUX pe3yabTaTiB
MOJICITIOBAHHS POOOTH CICKTPUYHUX CXEM BAXKIUBUM €
BpaxyBaHHS BHYTPIIIHIX OCHOBHHX 1 HapasuUTHHUX
mapaMeTpiB  HAMIBIOPOBIIHUKIB, IO HEOOXiTHO IS
BU3HAYCHHS XapaKTepy TMEpeXifHUX TMpPOIECIB  IpH

KOMYTallii, a TakoX BHU3HAYCHHS BTPAT ITOTYXHOCTI Ta
TieperpiBy CHI0BUX KiIrouiB [7, 8].
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IHocranoBka mnpobjieMu, aHaJdi3 JOCIHIIKeHb |
nyoaikanii

I[pu BupimieHHI 3aBHaHHA MJOCHIDKEHHS BTpaT
MTOTYXKHOCTI B CHIIOBUX HAITiBIIPOB1 THUKOBHX

nepeTBoproBadax 0a30BHi  (DYHKIIOHAJ TMPOTrPaMHOTO
cepenoBuma Matlab / Simulink wmae mocuts  cyTTeBi
memonmiku  [9, 10]: TpuM  MOHENIOBaHHI  CHIJIOBHX
MIepEeTBOPIOBAaYiB HEKOPEKTHO BHM3HAYAIOTHCS CTATHYHI
BTpaTH noryxHocti B cuwioBux IGBT-, MOSFET-, GTO-
TPaH3UCTOPAX, a TaKOX IIOBHICTIO HE BPaXOBYIOTHCS
JIUHAMIYHI BTpaTu NOTYXHOCTI. Lle moB’s3aHo 3 TUM, 10
Matlab / Simulink He BimoOpakye mpormecu 3pocTaHHS Ta
CHaJaHHs CTPYMY 1 Hampyru B 4aci mpu komyranii. Yepes
1l BU3HAYEHHS JUHAMIYHUX BTPAT IOTYXHOCTI B CHJIOBHX
TPaH3UCTOPAX MPAKTUYHO HEMOXKJIMBO. | 11e mpu ToMy, 110
JUHAMIYHI BTpPaTH IIOTYXKHOCTI CKJIaJaloTh OLIBIIY
YaCTHHY BiJTHOCHO CTAaTHYHUX BTPAT MOTY)KHOCTI.

OpnuM 31 NUIAXIB  TOYHOTO BpaxyBaHHS BTpaT
MOTY)KHOCTI B CHJIOBHUX TPAaH3HUCTOpPAax y HPOTrpaMHOMY
cepenosuii Matlab / Simulink € cTBopeHHS nOAAaTKOBHX
cyOMozenei, 1o 3IiMCHIOIOT pPO3paxXyHOK MHTTEBHX
3HA4YeHb CTATHYHMX 1 JUHAMIYHUX BTPAT TOTYXXHOCTI Y
(GyHKIIT 3HaYEeHHS BEJIMYMHN MUTTEBOro ctpymy [11, 12].
i MeToAMKN AAIOTh 3MOT'y BU3HAYaTH BTPATH MOTY>KHOCTI
B CHJIOBHX TPaH3UCTOPAaX, NPOTE BUMAararoTh IONEPEIHBOL
JIIHIAHOL 9 IOJIIHOMIaJIBHOT arpOKCUMAIIii
xapakrepuctik U (D), E,(I), EI), E.(I). 3a
BiJICYTHOCTI IUX XapaKTEPUCTUK y JOKYMEHTAIlil HaBeaeH]
METOJIMKH 3aCTOCYBaTH HEMOXKIIMBO.

Y my6mikamii [13] momaHO METOIWKY MOICTIOBAHHS
TIepexiIHUX TPOIEciB KOMYyTamii CHIOBUX TPaH3UCTOPIB Y
mporpaMHOMY cepemoBuii  Matlab / Simulink  mmrsxom
JIOAAaBaHHA 10  MOJENi  TNapa3uTHHX  IapaMeTpiB
IHIyKTUBHOCTI Ta eMHOCTi. [IpoTe 1eit MeToq He BU3HAUae
3aJIeKHOCTEH NEPEXiTHOro MPOoIeCy BiJ MapaMeTpiB ONopy
pes3ucTopa 3aTBopa.

Y nyOmixkamii [14] HaBegeHO CYTTEBY PpI3HUIIO
pe3yNbTaTiB  MOJENIOBAHHSA  IEpeXiHUX  IPOIECIiB
KOMYTallii CWIOBHX TPAaH3UCTOPIB y HPOrpaMHOMY
cepenoBuiti Matlab / Simulink, Spice-moznemoBanni Ta
PE3yNbTATIB PEATbHUX OCLIMIOIPaM.

— IOCHIDKEHHS AeTaii3amnii MOIEIIOBAHHSA CHJIOBHX

MeTta Ta 3aBJaHHA JOCTiIKEeHHS

Meroro  poboTH €  MABUINCHHS  TOYHOCTI
MOJICITIOBAHHSL ~ TEPEXiTHUX  TMPOILECIB y  CHJIOBHX
HAIBOPOBITHUKOBUX  IIEPETBOpIOBaYax, IO  JACTh

MOXJIMBICT  OUTBII KOPEKTHO BHU3HAYATH JAWHAMIYHI
BTpaTd TMOTYXHOCTi. JInsg JOocATHEHHS MeTH Oyio
II0CTABJIEHO TaKl 3aBJIaHHs:

—OIJIAJ ~ HEpexiHoro Ipouecy B CHIOBOMY
TPaH3UCTOPI MiJ Yac KOMyTaii;
— BU3HAYEHHS HENOJIKIB MOJEIIOBAHHS CHIIOBHX

TPaH3UCTOPIB 1 [IOAIB Yy NPOrpaMHOMY CEpEJOBHIIL
Matlab / Simulink;

TPaH3UCTOPIB 1 [IOAIB Yy NPOrpaMHOMY CEpEJOBHIIL
NI Multisim;

— IIOJaHHs TEPEXiTHUX IPOLECiB KOMYTalil CTpyMy,
Halpyru 1 TOTY)XHOCTI B  pO3poOyeHid  momeni
HaIBOpPOBiHUKOBOro kKimroua Ha 0a3zi  MOSFET-
TPaH3UCTOPA.

BukjiaieHHs1 0OCHOBHOI0 MaTepiairy
Pospaxynox empam nomydxycuocmi 6 Ccuio8ux

mpan3ucmopax i oOiodax. IlepeximHuil mporec 3MiHH
HAMpPYTH, CTPYMY Ta MOTYXXHOCTI B CHJIOBOMY TPaH3UCTOP1
ITiJ] 9ac KoMyTailii HaBeaeHo Ha puc. 1 [15, 16].

A I

C

~Y

Puc. 1. Ilepexignuii mporec y CHIIOBOMY TPaH3UCTOPi
ITiJ] 9ac KOMYTaIii

Ha puc. 1 Bu3HaYeHO YOTUPH iHTEPBAIN KOMYTAITi1.

IarepBan fy—¢;. llum iHTEpBAIIOM dYacy OIMMCAHO
BUMKHCHWI CTaH CHJIOBOI'O TpaH3UCTOpa. Ha mpomy
IHTepBaJi Yacy Hampyra, MpUKIaJcHa IO TPAH3UCTOpaA, €
MaKCHMAJIBHOI, ajie¢ CTPyM dYepe3 TPaH3UCTOp He
NpoTikae. BinmoBinHO BTpaTH MOTYXHOCTI Ha HBOMY
JIOPiBHIOIOTH HYIIIO.

IarepBan ¢, —t,. Ilig 4ac pOro iHTEpPBANLY OMHCAHO
MpoIec KOMYTAIlii CHIIOBOT'O TPAH3UCTOPA MiCIs TOJaHHS
Ha HBOT'O CHTHANY BBIMKHEHHS. Ha mpoMy iHTEpBaii dacy
Hampyra, TpUKIaJicHa 0 TPAH3UCTOpPA, 3MEHIIYETHCS 3
MaKCHMAJIBHOI JI0 BEIWYHHHU TMPSIMOTO TMAJiHHA HAMpPyTd
U,. B TpaH3uCTOpi, @ CTPyM UYepe3 TPAH3WCTOP MOYHHAE
3pocTaTH 3 HyIS [0 MAaKCHUMAJIbHOTO 3HAYCHHS.
BimnoBimHO eHepris, M0 BiIIOBiTa€ THHAMIYHUM BTpaTaM
MTOTYXKHOCTI Ha iHTEpBaTi BBIMKHECHHS, BU3HAYAETHCS SIK
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t2
E, =[1-U,-dt, (1)
t1

ne 1., U, — BeIMYMHH CTyMy Ta HAIPYr'd B IPOBIIHOMY
CTaHi KJII0Ya.

InrepBan #, —#; BigNOBiZA€ TNPOBIAHOMY CTaHy
Tpanszucropa. Llei iHTepBanm uacy BHM3HA4a€ CTaTHYHI
BTPaTH HOTYXHOCTI B TpaH3ucTopi. Ha mpomy inTepBai
CHTHAJIM BBIMKHEHHS 200 BMMKHEHHS Ha TPaH3HCTOp He
nopatoThes. IIpy iboMy Harpyra Ta CTpyM Ha TpaH3UCTOpi
BH3HAYAIOTHCS CXEMOIO, Y AKiH IpaIfoe TPaH3UCTOp, TOOTO
MOXYTb OYTH TIOCTIHHMMH, HalpHKIaJ y cXeMi dJorepa,
abo 3MiHIOBAaTHCh y 4aci, HamOpUKIaZ y cXemi
ITi IBUIITYBAJIBHOT O IMITYJICHOTO TIepeTBOPIOBAYa.
BinmosinHO eHepris, po3ciroBaHa Ha TPAH3HUCTOPI ITiJ yac
IMIyZIbCy BBIMKHEHHS, BiJIIOBiJa€ CTaTHYHAM BTpaTam

MOTY)KHOCTI 1 AaHAJOTiYHO BU3HAYAETHCA 1HTETPAJIOM
MUTTEBOI TIOTY>KHOCTI STK
3
= . . 2
Econd J. Ic Uce dt ( )
2

IarepBan #3— 14 BIONOBiZae iHTEpPBANy TIpOIECY
KOMyTamii BUMKHEHHS CHJIOBOTO TpaH3ucropa. llei
iHTEepBaJ 4Yacy BH3HAYa€ AWHAMIYHI BTPATH HOTY>KHOCTI
BUMKHCHHA. BIOMOBiAHO  e€Hepris, po3citoBaHa Ha
TPaH3UCTOPI i 9Yac BUMKHEHHS, BiNIOBia€ THHAMIYHUM
BTpaTaM MOTY)KHOCTI BUMKHCHHS | BU3HAYAETHCS 5K

t4
E(!ff = tj; Ic ’ Uce : dt (3)

VY pexuMi mHUpOTHO-iMITyabcHOI Moxmyismii (IIIM)
npu  pexnMmi pobOTH TepeTBopioBada 3  IOCTIHHUM
HABAaHTAXKCHHA Ta TOCTIHHOIO BEIMYMHOK Koe(ilieHTa
samoHeHHS B IIIIM cratwyni Ta JAWHAMIYHI BTpaTH
MTOTY>KHOCTI MOXKHA BU3HAYHTH sK [17, 18]

P

cond

= [L' : UL'e : 7/7 (4)

nie y — koedinieHt 3anoHeHHs B 111IM;

Py = fom '(Eon +Eo_[f)’ ®)

1€ fpwy — 4acToTa KOMyTaIlii.

VY cunoBux [iogax Iponec BUHUKHEHHS CTaTHYHHX
BTpaT IOTYXXHOCTI € aHayoriuHuMm. llpore nuHAMivHI
BTPATH MOTYKHOCTI B CHJIOBUX J10Jjax BiJIPi3HAIOTHCS.

Ha puc. 2 naBeneHo onuH i3 THIIOBUX (DparMeHTIB
SNIEKTPUYHHAX CXEM 3 i0JaMH Ta HAIiBIPOBIIHUKOBUMHU
kmrouamu. Ll cxema BH3HA4a€ JKOPCTKHMH PpEXUM
BiTHOBJICHHSI 3BOPOTHOI MPOBITHOCTI miona. Ha mpuknami

i€l CXeMH IOSICHEHO MpOLEC BiJHOBJIEHHS 3BOPOTHOL
MIPOBITHOCTI Jiofa. A 4acoBi JiarpaMu CTpyMIB 1 HaIpyr,
110 ONHUCYIOTh NPOLIECH y CXEMi, HaBEIEHO Ha puc. 3.
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Puc. 3. TIporec 3BOpOTHOTO BiTHOBIICHHS A0/

Y moyaTKOBHM Yac HAMiBIPOBIMHUKOBHH  KITFOY
3aKpUTHH, 1 CTPYM IHIYKTUBHOCTI HOBHICTIO 3aMHKA€THCS
yepes xiox. [licns mogayi kepyrodoro imMIryabcy Ha 3aTBOP
TPaH3UCTOpPA 1 TEPEBUILEHHS HUM JESKOI IOpPOroBOi
Halpyru BifOYyBAa€ThCs IIOCTYNIOBE 3POCTaHHSI CTPYMY

uepes Kimod Lgyy, TOUMHAIOUHA 3 49aCy Lsywirch. 1IpH HBOMY
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CTpyM, w1I0 OpoTikae depe3 mion [Ip, MOCTYIIOBO
3MEHIIYETHCS, OCKUIBKM CTPYM IHIYKTUBHOCTI ITOYMHAE
YAaCTKOBO BWTIKaTH dYepe3 KIIOY, IO BiAKPUBAETHCA. Y
JIesIKUi MOMEHT 4acy (T04aToK iHTepBaly f4), KOJIH CTPYM
IHIYKTUBHOCTI  ITOBHICTIO 3aMKHETBCS 4Yepe3  KIII0Y
(I, = Isw), ctpym 4epe3 1ioa 3MiHUTH CBill HAMPSMOK. Y
TIepIiii MONOBHHI IMITyJIbCYy PEBEPCHOro CTpyMmy (mepion
t4) BimOYBa€THCS pPO3PAN EMHOCTI p-H-TIEPEXOMLY, MPU
OMY Hampyra Ha MioAli MAEIKWMH dYac 3aJMIIA€THCS
MO3UTHBHOIO, @ 3BOPOTHHH CTPYM JIOCSTa€ MaKCHUMyMY.
Jlaii 3BOpoTHHI CTpYM depe3 Aioj MOYMHAE 3HIKYBATHCh
(mepion ?p), a 3BOpOTHAa Hampyra 3pOCTa€ 0 HANPYTH
mwxeperna Upc.

B
E.=[1,-U,-dt, (6)

A

ne E,.. — eHeprist 3BOPOTHOTO BiHOBJICHHSI.

[Ipy wHbOMY BHPOOHUKH CHJIOBHX TpPaH3HUCTOPIB
HABOIATh Yy JOKYMEHTAIlil Ha CHJIOBI TPAH3UCTOPH BKE
BHU3HAYCHI 3QJICXKHOCTI €HEPTil BiTHOBJICHHS BiJl BEIHIHHA
KOMYTOBAHOTO CTPpyMY. 3aJEXKHICTh €HEprii 3BOPOTHOIO
BITHOBJIIOBAHHS BiJ] BEIUYWHH KOMYTOBAaHOTO CTPYMY
cunoBoro giona RM1000DC-66F naBeneno Ha puc. 4.

3.0 ,

U, ~1800 B

L =150:nln
2 S S SO S
2.0

=~ ~
) D

S
[N

EHepeisi 360pomHo20 8iOH0GIeHHS, [[ic/imn.

800 1200 1600

Hpsimuii cmpym, A

0 400 2000

Puc. 4. 3anexHicts eHeprii 3BOpOTHOTO
BiJTHOBJIIOBAHHS BiJI KOMyTOBAHOTO CTPyMY

3Hatoun (akTHYHE 3HAYCHHS 3aJISKHOCTI EHepril
BigHoBieHHs 3HaueHHs IIM mnpm pexumi poborn 3i
CTaJIOIO YaCTOTOIO €HEPTisl 3BOPOTHOTO BiIHOBJICHHS MOXKeE
OyTy BHU3Ha4YEHA SIK

})rec = Erec . fPWM . (7)

Hemanizayia modenein cunosux mpaH3ucmopis i
diodie y npozpamuomy cepedosuwyi Matlab / Simulink.
CraTr4Hi BTpaTH NOTY)KHOCTI TPaH3MCTOPIB 1 MAiOIIB
BH3HAYAIOTHCS 3HAYCHHAMH CTpyMy Ta Hampyra y
nposigHoMYy ctadi [19, 20]. Ilpu npomy Hampyra Ha Aioai
Ta TPAH3UCTOpI 3aJCKUTh BiJ BEIUYMHA CTPyMYy, LIO
BH3HAYAETHCS BOJIBT-aMIIEPHOIO XapakTepucTrkoio (BAX)
kimroya. [Ipy 1pOoMy 3HAa4YeHHS NaliHHA HANpPYrH, Kpim
CTpyMy, TaKOX 3aJICKUTHh BiJl BEIMYHMHU TEeMIEpaTypH
HamiBrpoBifHMKa. Ha puc. 5 HaBeneno peasibHi BOJBT-
aMIIepHI XapaKTEepUCTUKH cwioBoro xioga RM1000DC-
66F 3 manpyroro 3,3 kB i HominaneHUM cTpymom 1000 A i
BOJIbT-aMIIEpPHY XapaKTepPHCTHKY, 3a SIKOIO MOIYIIOETHCS

pobora cunoBoro ngioma Tta IGBT-tpam3ucropa B
Matlab / Simulink.
2000 > T ;
. b 3
1600 [t o e
; !
=150°C
~ b :
§1200 -------------------------- foo P
Y AN !
§ | A :]253 C
L e A oo
=
400 S R AR
0 : : : :
0 1 2 3 4 5

Ipsma nanpyea, B

Puc. 5. BonbT-aMnepHa XapakTepUCTHKa CUIOBOIO
nioga RM1000DC-66F:
1 — peanpHi; 2 — nomansst BAX y Matlab / Simulink

SAx BUOHO 3 pHC. S5, peadbHI  BOJNBT-AMIICPHI
XapaKTEePUCTUKH Jliofa 1pu TemrepaTtypax 25 °C, 125 °C i
150 °C marote mapaGomiuny ¢opmy. UepBOHOIO IliHIEO
HaBeneHo BAX mioma Ta cmmoBoro IGBT-tpansucropa,
mo MomemoeTbess B Matlab / Simulink 3HaueHHAMU 3a
3amoBuyBaHHAM  (default settings). Bombr-ammepna
XapaKTepuCcThKa CcmioBoro mgioma B Matlab / Simulink
MOJIETIOETBCA AK BEIMYMHA MPAMOro NaaiHHsA Hanpyru Uy
(cranmaptre 3HadyeHHsA 0,8 B) 3 MOCTIMOBHUM akTHBHUM
omopoM R,,=1MOm. IIi 3HaueHHS MOXYTb OYyTH
HAJAIMTOBAaHUMH, MpoTe 3amiHa mapabomu BAX mioma Ta
IGBT-Tpan3ucropa NpsMOI0 TaK YW iHAKIIE B ITOBHOMY
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Jiama3oHi CTPyMy KJIIOYa TNPHU3BOAUTH A0 MHOXHOOK Y
pO3paxyHKax CTaTHYHUX BTPAT HOTY>KHOCTI.

CyTTEBUM HENOJIIKOM MOJISIIIOBaHHS POOOTH CHIIOBHX
TPaH3UCTOPIB 1 [MIOMIB € BIJICYTHICTH Y MOJCIAX
Mapa3uTHUX MapaMeTpiB  BHYTPIIIHIX €MHOCTEH Ta
IHAYKTUBHOCTEH, BHACIIJOK YOr0 KOMYTAIlisl CHJIOBHX
TPaH3UCTOPIB  BiOyBAaeTbCs 3a OAMH  IIPOTpaMHHIN
iHTEepBaa po3paxyHKky B wmoxeni Matlab / Simulink [21,
22]. BHacnigok 1bOro AMHaAMiKa, a caMe Jac BMHKaHHS 1
BUMHKaHHS CHJIOBUX TPaH3HCTOPIB y MOZEINI ITHOPYIOTHCH,
IuHaMivHI BTpaté mortyxHocTi B cmoBux MOSFET- Ta
IGBT-1pan3ucropax irHOpytoThesa. IIpomec komyrarmii
cunoBoro IGBT-tpan3ucropa, a caMe MHTTEBI 3HAUYCHHS
HANpyry, CTpPyMY Ta HOTY)KHOCTI MiJl 4Yac BBIMKHEHHS Ta
BUMKHEHHS, HABEZEHO Ha pHUC. 6.

: : : : S
6.78 6.7805 6.781 6.7815 6.782 <10 t, ¢

Puc. 6. PesynbraT MofeIOBaHHS MEpexiaHUX
TIPOLIECIB ITPX KOMYTaIlii
IGBT-tpan3ucropa B Matlab / Simulink

3 puc. 6 BUIHO, IO Yac BBIMKHCHHS i BHMKHCHHS
CHIIOBOTO TpAaH3WUCTOpa CKiamae | MKC, TIpoTe IIe
3YMOBJICHO HE BIACTUBICTIO MOJENI TpPAH3UCTOpa, a
3aralbHUMH ~ HAJAIITYBAHHAMH  MIHIMQJIIFHOTO  9acy
IucKperm3amii  mozgemoBaHHs B Matlab / Simulink.
BHacnmiok mbOro MPOMIXKHI TOYKHM MHUTTEBUX 3HAYCHB
CTpyMy Ta HANpPYTH 3HAXOAATHCS B MEKax OJHIET
JUCKPETH dYacy, TOOTO MHUTTEBHUX 3HAUYCHHSIX CTPYyMY i
HAIPYTH MiXX 3HAYCHHSIMH BHUMKHCHHS Ta BBIMKHCHHS
(t1=0,0678¢c 1 1, =0,067801c), i mporpamor0 He
po3paxoByroThcs. [Ipu mpomMy opMa HapyTH Ta CTPyMY
IGBT-xmoua  1pu  KOMyTamii  pE3UCTUBHOTO UM
PE3UCTUBHO-IHAYKTHBHOTO HaBaHTaKCHHS HE

Bimpi3HsgeThcsa. ToOro mim wac komyTamii (cepemwHa
TIpoLIecy), KOJIM MUTTEBE 3HAUCHHS CTPyMY CKiagae 15 A,
3HAUYEHHS Hamnpyrn Ha TpaH3ucTopi nopiBHioe 30 B,
MUTTEBE 3HAYCHHS NOTY)KHOCTI Mae jnopiBHIoBaTH 450 Br.
[Ipore BHACIIZOK TOrO, IO HMPOMIXHI TOYKH CTPYyMY Ta
HaIpyryu Kio4ya HE po3paxoByroThes, Matlab / Simulink
pO3paxoBye IIMIIE MHTTEBI 3HAYEHHS JO Ta MICHA
KOMYyTalii, BHACIHiOK [Or0 TPOMDKHE 3HAYCHHS
MUTTEBOI MTOTY)KHOCTI IIiJl Yac KOMYTallii BiqoOpaXKyeThCs
sk 15 Br. Kpim Toro, Matlab/ Simulink He Mozemroe
MPOIIECH 3BOPOTHOTO BiTHOBIICHHS CHJIOBHX JIIOIIB,
BHACJII/IOK YOT'O €HEPTis BiIHOBIECHHS AI0/IB Y MOJIEIISX HE
BPaxoOBYETHCS.

OTxe, MOJICITIOBAHHS CHJIOBHX cxeMm y
Matlab / Simulink mpuHIMITIOBO HE Ia€ 3MOTH BH3HAYATH
JUHAMIYHI BTPATH MOTYXXHOCTI B CHJIOBHX TPaH3UCTOPAX 1
niogax. II{ogo craTnyHMX BTpaT MOTYKHOCTI, 32 PaxyHOK
HaJIAIITYBaHHS BEJIMYMHM NPSMOrO NaJiHHSA HAlpyru Ta
BHYTPIIIHBOIO AaKTUBHOI'O ONOPY KJIOYa B IEBHOMY
Jiama3oHi BENWYMH CTPYMIB CTaTW4HI BTPAaTH MOXKHA
MOJICTTIOBATH KOPEKTHO, MPOTE Y BHUMIAJKY, KOJIU MHUTTEBI
3HAQUEHHS CTPyMYy KJIo4a 3MIHIOIOTBCS BiJ HYJIS JI0
MaKCHMyMy, PO3PaXxyHOK CTaTHYHMX BTPAT IOTY)KHOCTI
O0yne matu noxuOku. Kpim Toro, Matlab / Simulink He mae
3MOTHY BU3HAYaTH e(heKTUBHICTH POOOTH CHAOEPiB CHIIOBHX
TPaH3UCTOPIB, HE JO3BOJSE JIOCTIKYBaTH  CHJIOBI
TIepeTBOpIOBadi B peXXxuMax poOoTH zero-voltage switching
Ta zero-current switching, BIUIMB 3aTBOPHOTO pE3HCTOPY
Ha  TPUBAICTh  MEPEXifHOro  Tpolecy,  BIUIUB
TEMIIepaTypHUX MapaMeTpiB i OaraTo iHIIMX MapameTpiB
[23, 24].

Hemanizayia moodenein cunosux mpaH3ucmopie i
diodie 'y npozpamuomy cepedosuwi NI Multisim.
IMporpamue cepenosume NI Multisim BuKOpHCTOBYE
CXOXHMH NPUHLIUI MOJETIOBAHHS EJICKTPUYHHX CXEM:
CTBOPEHHSI CHUCTeM Ju(depeHIialbHuX pIiBHSAHb, IO
OITUCYIOTb EJIEKTPUYHY CXEMY, 1 PO3B’SI3aHHS 1i€i CHCTEMH
YHUCEIbHUMHU METOZaMH 3 3aJaHUM 4YacoM AMCKpeTH3alii
[25, 26]. IIpore 6a30Bi pO3paxyHKOBI MOjEINi CHIIOBHX
TPAH3UCTOPIB 1 MIOMIB CYTTEBO BiIPi3HAIOTHCA. Momeri
CHJIOBUX fiofiB i TpansucropiB y NI Multisim € cyrreBo
CKJIQJHIIIMMHU Ta BPAaXOBYIOTh 3HAYHO OULIBIIY KUIBKICTH
rapaMmerTpiB, a TaKOX BIUIMB Ha MapaMeTpH KIIOYiB
temrepatypu [27, 28]. Tak, nanpuxnazn, mogens MOSFET
BpaxoBye 47 mapaMmeTpiB KII04a, a MOJENb CHIJIOBOTO
niona BpaxoBye 28 mapaMerpis.

Iepenik  mapamerpiB  SPICE-monmeni  MOSFET-
TpaH3UCTOpa Ta iXHI 3HAYEHHS 32 3aMoBuyBaHHAM (default
settings) HaBeneHO HA puc. 7.
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.model NMOS__TRANSISTORS _VIRTUAL__1 nmes Toolz = Vews +
Mame Desaiption Value Units Use default A
VTO Thresheld voltage o v =]
kP Transconductance parameter 2e-5 A2 =]
GAMMA Bulk threshold parameter i} V~0.5 ]
PHI Surface potential 06 v %
LAMEDA Channel length modulation 0 W =}
RD Drain ohmic resistance i a o
RS Source ohmic resistance 0 Q 5}
RG Gate ohmic resistance 0 Q 5}
RE Bulk ohmic resistance 0 Q 5}
RDS Drain source shunt resistance 0 Q =i}
CED Bulk-drain junction capaditance ] F 5}
o] Bulk-source junction capacitance ] F =}
15 Bulk junction saturation current 1e-14 A =]
B Bulk junction potential 0.8 v =]
CGs0 Gate-source overlap capadtance 1] Ffm =]
CGDO Gate-drain overlap capadtance i} Ffm ]
CGBO Gate-bulk overlap capadtance ] Ffm 5}
RSH Sheet resistance 0 Qfsq. M
Ccl Bottom junction capadtance per area a Ffm2 =]
M3 Bottom grading coeffident 0.5 =]
casw Side junction capadtance per area a Ffm =]
MIs Side grading coeffident 0,33 7]
15 Bulk junction saturation current density 0 Ffm? 7]
TOX Oxide thickness 49 m ]
LD Lateral diffusion ] m 5}
uo Surface mobility 00 a?f... =]
FE Forward bias junction fit parameter 0.5 7]
NSUB Substrate doping 1} 1fam? M
PG Gate type 1 ]
[ Surface state density ] 1fam? M
TNOM Parameter measurement temperature 7 < =]
KF Flicker noise coeffident ] 5}
AF Flider noige exponent 1 =]
L Length 100e6 m 5

Width 100e-6 m ]
WD Lateral diffusion (Width) 0 m =}
N Bulk PN emission coeffident 1 =]
1350 Bulk P-N saturation sidewall currentfle.., 0 Afm =]
PESW Bulk P-N sidewall potential 0 v o
T Bulk p-n transit time i} sec ]
MLEV Noise equation selector 2 7]
GDSNOT Channel shot noise coefficent (Used w... 1 M
T_MEASURED Parameter measurement temperature 7 o =]
T_ABS Absolute temperature 7 i o8 =]
T_REL GLOBAL  Relative to current global temperature i} L =] o

Puc. 7. ITapamerpu SPICE-moneni MOSFET-Tpan3ucropa Ta iXHi 3HaYE€HHS

BHacimifok [IOCHTH TOYHOI JAeTamizamil Moueiel
CHIIOBHX TPaH3UCTOPIB BOJBT-aMIICPHI XapaKTEPUCTHUKU
CHJIOBHX TPAH3UCTOPIiB 1 JiOMIB MOJIEIIOIOTHCS JIOCHTH

togHo [29, 30]. BAX cunoBoro mioma SURS8340T3G B

NI Multisim

HaBCIACHO

Ha puc. 8.
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W analyzer-XIW1
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1: [ -200 Y
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Current range (A)
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T
s [a]
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Log |

Reverse

Simulate param. |
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7
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Puc. 8. Mozneni BAX nanisnpoignukis B NI Multisim:
a —n-p-n tpamzucropa NSS12501UW3T2G; 6 — cunosoro nioga SURS8340T3G

VY nmoxymenranii Ha mionq SURS8340T3G 3a3naucHO,
10 TIPY BEIMYHHI CTPYMY 3 A BENUYMHA TaliHHSI HATIPYTH
Ha HhOMY Oyme ckmamatu 1,25 B. Ilpu mozjentoBaHHI B
NI Multisim BennunHa maainHs Hanpyru ckiagae 1,251 B.
Mooenweannsa nepexionux npouecie i empam
nomyycnocmi 6 MOSFET-mpansucmopi IRFZ44N. s

OLIIHIOBAHHS aJIeKBaTHOCTI MOJEIIOBAHHS II€PEXiTHUX
NPOLIECIB Y CHWJIOBHX TPAH3UCTOpaxX Yy HPOrpaMHOMY
cepenoBuiti NI Multisim Oynmo  pospoOiieHo  cxemy
cunoBoro  MOSFET-tpansucropa  IRFZ44N,  mo
KepyeTbes apaiisepoM IR2104 (puc. 9).
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Puc. 9. Jocnigna monens BusnaueHHs napamerpiB MOSFET-tpansuctopa IRFZ44N 3 npaiisepom IR2104

Ha moneni Oyio Bu3HaueHo:

—BmB RC-cHabepa Ha BTpaTH MOTYXHOCTI B
—TepexiJHi NpoLecH Hampyrd 1 CTpyMy Ha

CHJIOBOMY TPaH3HCTOPI.

TPaH3UCTODI; [Nepexinnmii mpouec KOMyTallii CTpyMy Ta Harpyrd B
—3aJekHICTh  BTpaT mnoryxHocti Big uvactoth  MOSFET-tpansuctopi IRFZ44N B NI Multisim HaBeneHo
KOMYyTallii; Ha puc. 10.
Oscilloscope-¥5C1 =
t t | ; | i
< >
Tl Ch |_& Ch | B F ¢
e L 350.ggs'us 7105.3”12 v zqa.ggsi
T2 | 3 350.007 us 28.072V 450. 127 my
T2T1 60,253 ns 27.362V 24,213y | save | bt
Timebase Channel & Channel B Trigger
Seale: Seale: el 10V Big: [ L% [ & | &8 |[ &
X pos. (i) [o ] s [e=  Jresom: g Leve: g [v]
add || Bia || am | ac_|[_o [ be | I A | o [ oe - | single Normal || Auto || Mome 1
a
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Grapher View o x

File Edit View Graph Trace Cursor Llegend Tools Help
gHYxBR|HEMN@|ASA|EGI@BRO|A M B BB B
Osdlloscope-XSC1. | OsciloscopeX5C3 | Four channel oscilloscope-¥5CS | Osciloscope-X5C1 | Oscloscope-XSC3 | Four channel osdloscope-XSC5 | OsciloscopeX5C1 | Oscloscope-XSC3 | Four channel osciloscope XSC5  Transient [+]]
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Transient
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4193m 4.19%9m 42000m 42001m 4.2002m 4.2003m 42004m 42005m 4.2006m 42007m
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g DD W V1)

Trace: -I(VOD)*(V{vdd)-V(10))

o

Puc. 10. Ocumnorpamu komyranii cuoBoro Tpanzucropa IRFZ44N mpu komyranii ctpymy 25A
3 PE3UCTHBHUM HABAHTAXKCHHSIM:
a — Hatmpyra i cTpyM; 6 — MHTT€EBE 3HAYEHHS IOTY>KHOCTI

Ax  BumHo 3 puc. 10, ©Opu  pPE3UCTHBHOMY Py, Bm
HaBaHTaxeHHI 4vac BBiIMKHeHHs1 MOSFET-tpansucropa 9
ckiamae 60,25 Hc, a wac BumuKaHHa - 20 HC, 1O

BiINIOBila€ BEeNMYMHAX 4YACiB loy 1 [y, BKa3saHUM y
JMIOKYMEHTAIlil Ha TpaH3UCTOp. MakcuManbHE iMIyIbCHE
3HAYCHHS MHTTEBOI MOTY)KHOCTI Ha TPAH3UCTOPi CKIIATA€e
173 Br.

Cepenni Ha T1iepiofli 3HAYEHHS CyMapHHX BTpaT
MTOTYXKHOCTI, IO PO3CIIOIOTHCS B CHJIOBOMY TPaH3UCTOPI,

BU3HAYAIOTHCS K P DU SUUUNS SUUUUUU SUUUUIRY ASSUUUS SEUPRON
1 T 2 """""""""""""""""""""""""""""
Pzz—-.[AP-dt, ®) /S SN SO S S
T % : , , , ,
0 ‘ : : , :
. 0 100 200 300 400 500 fop, xlYy
ne AP — MUTTEBe 3HAYCHHS BTPAT IMOTY)KHOCTI Ha ‘
TPaH3UCTOPI. ) .
3aieKHICTh CyMapHHUX BTPAT HOTY:KHOCTI B CHJIOBOMY Puc. 11. 3””’““??’ CyMapHHX BTPAT IOTYKHOCTL B1JL
MOSFET-Tpansuctopi Bif 4acToTH KoMyTauii mpu YaCTOTH KOMYTALIl IPU PE3UCTUBHOMY HABAHTAXKCHHI
nocTiiHii ckBaxknocti B IIIIM (6e3 cHabepHOI JTaHKH) IpH ) o
HOMiHATBHOMY  HABaHTAaXeHHs  Tpamsucropa 25 A 3a HasABHOCTI B KOJi IHIYKTHBHOTO HABaHTAXKCHHS
HaBeJeHO Ha puc. 11. MepexifiHi Mpolecu CTpyMy, Halpyrd Ta HOTY)KHOCTI B

CHJIOBOMY TPaH3UCTOPI 3HAYHO 3MiHIOIOTECS (puc. 12).
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Puc. 12. Ocuunorpamu komyranii cunoBoro Tpanszucropa IRFZ44N npu komyranii ctpymy 25 A

3 Pe3UCTUBHO-IHAYKTUBHNM HaBaHTaXeHHsM (1,12 Om i | MxI'H):
a — Hatmpyra i cTpyM; 6 — MUTT€EBE 3HAYEHHS IOTY>KHOCTI
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Sk BuaHO 3 puc. 12, npu pe3UCTUBHO-IHIYKTUBHOMY
HaBaHTaXEHHI  mepexigHi mnpomecu B MOSFET-
TPAaH3UCTOPAX CYTTEBO 3MIHIOIOTBCS 1 HaOyBalOTh
KOJIMBAJILHOI'O XapaKTepy HANpyrw Ha TPaH3HCTOpI NpH
BMuKaHHi. [Ipy npoMy 4ac BBIMKHEHHS Ta BHMKHEHHS
MOSFET-tpan3ucropa 3HAYHO 301TBITYETHCS:

Lon=0,750 MKc, Iof=3,22 Mxc. IMnynbcHE 3HavEHHS
TIOTY)KHOCTI Ha TPAaH3UCTOpI TEXK 3pPOCTAE Ta JIOCATAE
1,32 kBr, BiANOBiAHO NpHM IBOMY 3pOCTAa€ 1 BEIMYMHA
JMUHAMIYHUX BTPAT IMOTYKHOCTI Ha TpaH3ucTopi (puc. 13).

Py, Bm
90
80
70
60
50
40
30
20
10};

0 50 100 150 200 250 fo, <y

Puc. 13. 3anexHicTs cyMapHUX BTpaT HOTY>KHOCTI BiJ
YaCTOTH KOMYTalii IIPpU pe3UCTUBHO-IHIYKTUBHOMY
HaBaHTa)KEHHI

OTXe, MOJENIOBaHHS B MPOIPAaMHOMY CEpEIOBHIIL
NI Multisim mae 3Mory OiNBII TOYHO BU3HAYATH BILIHB
pobotn jpaiiBepa, BEIMYMHH ONOPY 3aTBOpPA, POOOTY
cHabepiB, IO BIUIMBA€ HAa Yac BMHUKAHHS Ta BUMHKaHHS
TPaH3UCTOPA, BU3HAYATH AWHAMIYHI BTPATH, IO JO3BOJISIE
OINITHMI3YBaTH BEIMYMHY BTpaT MoOTykKHOCTi. Kpim Toro,
cyrreBuMu  riepeBaramu NI Multisim €  HasBHICTB
6i6miorekn SPICE-mopeneif 10CHTH BEIMKOI KiIBKICTI
HAITIBIIPOBITHUKOBUX €JIEMEHTIB 1 MIKPOCXEM, TaKuX SK
CHJIOBI TpaH3ucTopH, napaiiBepu, IIIIM-koHTpOnEepu Ta
0arato iHIINX; MOXJIMBICTH 3aJ[aBaHHS TEMIIEPATYypH, IO
BIUIMBA€E HA BOJIET-aMIIEPHI XapaKTEPUCTUKH Ta Mapa3uTHI
rapamMeTpH KITI0UiB.

BucnoBkn i
BUKOPHMCTAHHS

peKkoMeHAamii 100  NOAAJILIIOIO

Ha mincrasi npoBeneHuX 1OCHTIPKEHb MOXKHA 3pOOHUTH
TaKi BUCHOBKH:

— PO3MIITHYTO ~TEpEeXiHUHA TMpomec y CHIOBOMY
TpPaH3UCTOPI A dYac KoMyTamii, IO CKJIAQJAETHCI 3
YOTHUPHOX IHTEpBAIB, KOXKEH 3 KX BH3HA4Ya€ JAWHAMIUHI
BTpPATH MOTYKHOCTI;

— BU3HAYEHO, III0 MOJIETIOBAHHS MEPEXiJHNX MTPOIECiB
Yy CWIOBMX TpaH3UCTOpax ICHWJIOBMX  Jiojax y

nporpaMHOMYy cepemoBuni Matlab / Simulink 3ymoBitoe
PAA  HENONIKIB, cepell SKAX BIACYTHICTH y MO
mmapaMeTpiB Mapa3uTHUX €MHOCTEH Ta IHAYKTUBHOCTEH, a
TaKOXX HENIHIHHOCTEH BONBT-aMIICPHUX XapaKTEPUCTHK,
BHACIIJIOK YOTO IEpeXiJHi MPOIECH KOMYTAaIlii CHIOBUX
TPAaH3UCTOPIB  BiJIOOPaKYIOTbCS HEKOPEKTHO, a TOMY
BH3HAYCHHS JWHAMIYHUAX BTpAT IOTY)XHOCTI B CHJIOBHX
TPAH3UCTOPAX € HEMOXIIUBUM;

— TIOKa3aHO, IO B MOJEJSIX CHJIOBHX TPAH3UCTOPIB i

nmiomiB y mporpamHoMy  cepemoBumii NI Multisim
BPaxoBYEThCS 3HAYHO OiNbIIA KiJIBbKICTH Hapamerpis,
KOPEKTHO BiJIOOpaXKyIOThCS BOJIBT-aMIIEPHI

XapaKTEPUCTUKH, a TaKOX IAapa3uTHI IHAYKTUBHOCTI Ta
€MHOCTI, BHACIIIZIOK 9OI0 MO)KHA BH3HAYaTH SIK CTATHYHI,
Tak 1 [JWHaMiYHI BTPaTH IIOTY)XHOCTI B CHIJIOBHX
TPaH3UCTOPAaX, a TaKOX BTPAaTH €EHEpPrii BiJHOBIICHHS
CHJIOBUX JIIOJIB;

—IIOJaHO TIEpeXigHi IIPOLECH KoMyTalii CTpymy,
HAIPYTH 1 MOTYXHOCTI, 3aJIEXHICTh BTPAT MOTY)KHOCTI BiJ
yactotn Komyrauii MOSFET-rpamsucropa IRFZ44N npu
PE3UCTHBHOMY, a TaKOX pE3HCTHBHO-IHIYKTUBHOMY
HaBaHTa)KEHHI, [TPY IbOMY CUT'HAJI KEpyBaHHS ()OPMYETHCS
MIKpPOCXEMOIO ApaiiBepa BepxHboro mreda IR2104.

Cmammio  nid2omoeneHo 6 paMKAM NpPOBEOCHHs
docaiodicentst 3a OepaicOrdxicemnor0 memor «Pospobka
HAYKOBUX OCHO8 niosuuerHs eHep2emuyHol
eghexmusHOCmi Ma NOKpAwjer s AKOCMI eleKmpoenepeii 8
CNeKMPUYHUX Mepexcaxy (0epiucasHull peecmpayiiHul
nomep 0121U109440).
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Abstract. The article presents a study of the adequacy of
modeling transient processes, as well as static and dynamic
power losses in power IGBT and MOSFET-transistors in
Matlab / Simulink and NI Multisim programs. It is shown
that when modeling transient switching processes in power
transistors, the Matlab/Simulink does not allow to
adequately determine the transient processes of turning on
and off power transistors, which leads to the impossibility
of determining the energy of turning on the transistor, the
energy of turning off the transistor, as well as the recovery
energy of power diodes. In addition, the simulation of

static power losses of power diodes and transistors in
Matlab / Simulink is carried out with a significant error
due to incorrect representation of the current-current
characteristics of diodes and IGBT-transistors. It is shown
that for more correct and accurate modeling of transient
power transistors, including the determination of static and
dynamic power losses, it is more expedient to conduct
simulations in the Multisim program. Models of power
transistors in Multisim take into account more than forty-
seven parameters, including temperature characteristics,
parasitic input and output capacitances and inductances,
nonlinearity of current-voltage characteristics of
transistors, and others. In the Multisim, the circuit of the
IRFZ44n transistor MOSFET-switch, which is controlled
by the IR2104PBF driver, is developed. Adequacy of
power transistor turn-on and turn-off times to the data
given in the documentation is determined, the nature of
transient processes at resistive and resistive-inductive load
is given, the dependence of total power losses on the
switching frequency is presented. It is shown that the
simulation in the Multisim program correctly reflects the
transient processes of turning on and off power transistors
and the reverse recovery of diodes, which allows
determining the dynamic losses of power transistors and
power diodes.

Keywords: Matlab, NI Multisim, volt-ampere
characteristic, power losses, semiconductor converter,
transition process, power transistor.
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