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Abstract. It is noted in the introductory part of the article that approaches based on
application of the powerful commercial software such as MATLAB/Simulink are widely
employed in the research works of the design organizations associated with the various types
of the switched-mode DC-DC voltage converters development. At the same time, the trend
associated with development of simpler computing tools, which can be relied upon not only
while conducting specific computational studies of the said converters, but also for
reliability confirming of the results obtained based on this software as well, is still being
called for. The purpose of the article consists in describing one of the like type of
computational tools based on the numerical integration method and designed for studying
transient and steady state operation modes of the converters under discussion.

The article points out that systems of differential equations describing the dynamics of
the switched-mode DC-DC voltage converters are characterized by the presence of specifics
associated with abrupt changes of their parameters in time initiated by switching by pulse-
width modulators with a given clock frequency f and a period T = 1/f. With reference to the
work of one of the co-authors of the article, dealt with the numerical solution of dynamics
problems of the electro-mechanical systems with discontinuous features (such as dry
friction), the authors note that a simple and effective way of numerical implementation in
such cases is application of an unconditionally computationally stable implicit Euler scheme
when integrating over time.

The main content of the article deals with the description of the said approach in
relation to the numerical simulation of transients in the operation of a buck switched-mode
DC-DC voltage converter. The article presents a design diagram of the converter and

corresponding dynamics problem is formulated in the form of a system of the two first-order



differential equations (with respect to the inductor current i and the load voltage U) with
discontinuous features. The algorithm of the numerical solution, implemented in the form
of a program in the Fortran language, is recounted. The article presents the results of
computations performed by this program related to the transient operation modes of the two
concrete buck converters. These results fidelity is confirmed by comparison with the
simulation results available in the open sources, performed in the MATLAB/Simulink. The
article points at the option of the proposed model application (accounting for the
discontinuous specifics) in the version corresponding to the so-called “continuous” or
“averaged” model. On the example of the transient process computing for one of the
considered buck converters performed with “discontinuous” and “continuous” versions of
the developed computational model the article demonstrates that computational results of
these versions are in good agreement with each other.

The final part of the article contains conclusions on the research performed. It is noted
here that the article presents (based on the implicit Euler scheme implementation) an
approach to the numerical modeling of transients of the switched-mode DC-DC voltage
converters operation, with account for discontinuous features in the formulation of
differential equations describing dynamics of such devices. Transients of two options of the
DC-DC buck voltage converters (described in literature) were subjected to the numerical
analysis. Fidelity of the numerical simulation results has been confirmed by practical
concurrence with the results of computer modeling and physical experiment available in the
literature. Capabilities of the continuous version of the developed computational model for
solving problems of dynamics of the buck switched-mode DC-DC voltage converters have

been demonstrated.
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B wuccienoBarensckux pabotax [1-6] MPOEKTHBIX OpraHW3aIvii, CBS3aHHBIX C
pa3pabOTKOM  Pa3IMYHBIX THUIOB HMIIYJIBCHBIX IpeoOpa3oBaTeieil  HampsLKEHUS
MOCTOSIHHOTO TOKa, MIMPOKOE TNPHUMEHEHHE IOJYYHIM ITOJXOIbl, OCHOBAHHBIE Ha
UCIIOJIb30BAHUM TaKUX MOIIHBIX KOMMEPYECKHX MPOrPaMMHBIX KOMIUIEKCOB, Kak
MATLAB/Simulink [7-18]. B To ke BpeMsi BOCTpeOOBaHHBIM OCTAETCS HAIpPaBJICHHE,
CBSI3aHHOE C Pa3BUTHEM 00JI€€ MPOCTHIX BBIUMCIUTEIBHBIX MHCTPYMEHTOB, Ha KOTOPBIC
MOJKHO OINHUPATHCSA HE TOJBKO IPU MPOBEICHHHM KOHKPETHBIX PACUETHBIX HCCIICIOBAHMIMA
OTMEYEHHBIX Tpeobpa3oBareieil, HO TakXKe IS MOATBEPXKACHUS JTOCTOBEPHOCTH
MOJy4YaeMbIX Ha OCHOBE YKa3aHHBIX IMPOTPAMMHBIX KOMILIEKCOB pe3yabTaToB. Hike
NPEACTaBICHO ONUCAaHWE OJHOTO0 M3 IOJO0OHOT0 THIA PACYETHBIX HMHCTPYMEHTOB,
OCHOBAaHHOTO Ha METOJC YHCICHHOTO WHTETPUPOBAHUS U MPEAHA3HAYCHHOTO IS
UCCIICIOBAHMsI TEPEXOJHBIX M YCTAHOBUBIIMXCS PEKHMOB B paboTe 00CYyXIaeMbIX
npeoOpa3oBartenei.

VkaxeMm, 4T0 IS cucTeM AudQepeHIraIbHbIX YPaBHEHUH, OMUCHIBAIOIIMX
IWHAMHUKY UMIYJIBCHBIX MpeoOpa3oBaTeieil HaupsHKCHHUH MMOCTOSHHOTO TOKa, XapaKTEPHO

HaJIM4he OCOOEHHOCTEH, CBSI3aHHBIX CO CKAa4YKOOOpa3HbIM HM3MEHEHHEM BO BpPEMEHU
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BXOJAIIMX B HUX IIApaMETPOB, HWHULUHAPYEMBIX IEPEKIIOYEHUSMH, KOTOpbIE
OCYIIECTBIISIIOTCS IMPOTHO-UMIYJIBCHBIME MoAyisitopamu [19] ¢ 3amaHHON TakTOBOIA
gacroroit f u mepumogom T=1/f. OmHrM U3 MOAXOIOB K pacu€THOMY HCCIIECIOBAHHIO
MEPEXOIHBIX PEXUMOB B paboTe MOJOOHBIX OOBEKTOB SIBISETCS HCIOJIB30BAHUE MPH
PELICHNN YKa3aHHBIX CUCTEM METOJOB YUCIEHHOTO MHTETPUPOBAHUS. 3/1€Ch MOTYT OBITh
IPUMEHEHBI, B YACTHOCTH, BBICOKOTOUYHBIE CXEMbl MHTETpUpoBaHMs Tuna PyHnre-Kyrtra.
Takue cxeMbl O3BOJISIIOT O0ECIEUnBaTh HEOOXOJUMYIO BBIYMCIUTENBHYIO TOUHOCTD MIPH
BBIOOpE JOCTATOYHO KPYIHOIO I11ara MHTErpupoBaHus 1o BpeMeHu. OJIHaKo MpHU pelIeHun
o0cy>/1aeMoro Tuna 3ajad Iar HHTErpPUPOBaHUSI HEOOXOAMMO MENIbUUTh, YTOOBI OJTYUYNUTh
MOAPOOHYI0 KApTUHY KOJIeOaHUHM 3HAUEHU UCCIIETyEeMbIX TOKOB U HAMPSDKECHUN HA KaXKJI0M
U3 TaKTOBBIX MEPUOIOB T. DTO OTHOCUTCS M K IPOOJIeMe BHIYMCICHUS CPEIHUX 3HAYCHUM
Ha TAaKTOBOM II€PUOJIE€ OTMEUYEHHBIX MapaMmeTpoB. DPPEKTUBHBIM B YCIOBHUSAX BbIOOpa
MEJIKOTO Illara CHOCOOOM YHCIIEHHOTO pELIeHUs 3aJad AUHAMHUKH C pa3pbIBHBIMU
ocoOeHHOCTSIMU ~ siBIsieTcst  (Kak — TMokKa3aHo, Hampumep, B paborax [20,21,22])
UCIIOJIb30BAaHUE TMIPU HWHTEIPUPOBAHUM 1O BPEMEHU O€3yCIOBHO YCTOWYMBOM B
BBIYMCIIUTEILHOM OTHOILIEHHH HESIBHOM cXeMbl Diepa. [IponmumrocTpupyem BO3MOKHOCTH
MOA0OOHOr0 MOAXOAA K  YHCIEHHOMY MOJICJIMPOBAaHUIO IEPEXOJHBIX  PEKHUMOB
NPUMEHUTENBHO K paboTe MOHMXKAIOIIET0 UMITYJIbCHOIO IpeoOpa3oBaTeis HampsKeHUs

ITOCTOAHHOI'O TOKA.
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Puc. 1. PacuérHas cxema NOHMXAIOIIETO MpeoOpa3oBaTesl.

Hrak, paccMaTpuBaeM OHMKAIOIINAN TPe0Opa3oBaTeib, pacu€THas CXeMa KOTOPOro
npencrasiieHa Ha puc. 1. CoOOTBETCTBYIOIIME YpaBHEHUS JUHAMUKM  TAaKOTO

npeoOpa3oBateliss MOTYT OBITh NIPEICTABJICHBI B BUjE (CM., Hampumep, [9]):

dv.
d_tl =auV, tapVv, + bluly(t)!

dv (1)
d_t2 =a,V, +a,V, +bU,y(t),
rie Y(t) - mepuoaudeckast pyHKIHS, IpecTaBUMAas Ha eprojic T B BUJIC
1 mpuO<t<r,
-5 @
npu T <t<T.
[TapameTpsl, BXozsIue B 3amuch (1), onmpeaesstoTes Mo cXxeme
v, =1, v,=U,,
a,=-r/L, a,=-1/L, a,, =(LR, —CR,I.1)/d, 3)

a,, =—(CR,r. +L)/d, by=1/L, b,=R,r./Q,
g=L(R, +r.), d=gC.

Uucnennoe penenne cuctemsl quddepeHnnansubiX ypaBHeHu# (1) mpu HagambHbBIX
yenoBusix (V1 = 0, Vo = 0 mpu t = 0) ocymiecTBisieM ¢ UCIOJIb30BaHUEM HESIBHOU CXEMBI
Oitnepa. Cuutas mar At ”HTErpUPOBAHUS 110 BPEMEHU 1I0CTATOYHO MAJIbIM, B COOTBETCTBUU

C YKa3aHHOM CXeMOoM peAcTaBisieM ypaBHeHus (1) Ha TakoM 1are B BUJE



1 0

Vl - Vl 1 1
At =a;,V; +a,V; + bluly(tl)!
Vi —Vv? @
2 " V2 1 1
At =a,V; +tayV; + bZUIy(tl)'
31ech V,),V; - 3HAYCHWS MCKOMBIX (YHKIMH B Hadaje TEKYIIEro Iiara

UHTErpUpoBanus (pH t=t,), a V;,v; - UX 3HAYCHUS B KOHIIE JaHHOro miara (TIpu t=t, ),

KOTOPBIE ONPEACIISIIOTCS HA OCHOBE PEIICHUS] CUCTEMBI alreOpandecKux ypaBHeHUH (4).
AJNTOPUTM YUCIIEHHOTO PEIICHUs 33a/la4l PEaM30BaH B BUJIE IIMKJIA IO BPEMEHHBIM

maram At ¢ BEIYHCIEHHEM 3HAYEHHUH V;,V; Ha OCHOBE cHCTEMBI (4). IIpu 5TOM B 3aBepIIIeHHE
Ka’KJIOTO [I1ara OTMEYECHHBIE 3HAYEHHs] IIPMHMUMAIOTCS B KAY€CTBE HCXOAHBIX JIAHHBIX V., Vs,

HEOOXOAMMBIX JJisl BBINOJHEHUs pacuy€roB Ha cienytouieM mare. Hamuume nuona B
pacuéTHOM cxeme yuuThIBaeTcs ciaeayromum odpa3zoMm. OOpaiiaeM BHUMaHUE Ha TO, YTO
IO/, TOJKEH MPOITYCKAaTh TOK TOJIBKO B ITOJIOKUTEIIBHOM HAIPABJICHUU B YCIIOBUAX, KOT 1A
KJIF0Y HAXOJUTCS B MOJIOKEHUU 2. YTOOBI HE TOMYCTUTh BO3MOKHOCTb MIPOTEKaHUs TOKA B
ITPOTUBOITOJIOKHOM HANPABJIEHNUU B CUTYyalllUH, KOraa i <0, IPUCBAMBAEM CONPOTUBIICHUIO
I upe3BbMaiiHo Gombmioe 3HadeHue (Hampumep, 10'%). AnropuTm peanmsoBaH B BHIE
nporpaMmmbl  Ha  s3bike  Doprtpan. HanéxHoOCTh  pe3ysbTaToB, NOJNYYaeMBIX C
UCIIOJIb30BAHUEM JIAHHOW IIPOrpaMMBbl, IPOAEMOHCTPUPYEM IIYTEM CPAaBHEHHUS C
Npe/CTaBlIeHHBIMA B cTathe [13] pesynbraTamu KOMIIBIOTEPHOTO MOJCITUPOBAHUS H
(pU3UYECKOro HIKCIEPUMEHTA, IEPEXOTHOTO U YCTAHOBUBILETOCS PEKUMOB B pa00OTE OJJTHOTO
U3 NIpEJICTaBUTENIEH TOHWKAIOLIUX [TPeoOpa3oBaTeieH.

Wrak, paccMaTpuBaeM MOHMKAIOUMK MpeoOpa3oBaTesb, HMEIOMINH, coriacHo [7],

cnenyronue xapakrepuctuku: Ui=25B, rc=80 mOwm, r=124 mOwm, R,=57 Om, L=15 mI'H,



C=25 wmk®. TakroBas wyacToTa mepekmouareias cocrapisser BenuuuHy f=1000 I’

(COOTBETCTBEHHO, TAKTOBBIN MEepHOA UMeeT 3HaueHue T=1/f=1uc), mpu 3Tom y=1/T=0,5.

UH(t/T) i(t/T)
25 0,8
20 0,6
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Puc. 2. KapTunsl nepexoaHbIX TpOLECCOB Il HaNpsKeHus Harpy3ku U, u
TOKa | B Apoccere (BapuaHT npeodpazosaress u3 padbotsl [13]).
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Puc. 3. KapTunbl ycTaHOBJIEHHUS BO BPEMEHHU CPEAHMX (IO TAKTOBOMY MEPHOTY )
3Ha4YCHUH HampsbkeHus: Harpy3ku U, u Toka | B ipoccere (BapuaHT
npeoOpaszoBarens u3 pabotsi [13]).

Ha puc. 2 u 3 mnpencrtaBieHbl NOJIYYECHHBIE YHUCICHHBIM MOACIMPOBAHUEM
pe3yabTaThl, Kacarolyecs MPOTeKaHUs MEPEXO0IHBIX IPOLIECCOB MO HANIPSHKEHUIO HArpy3KH

U, u mo Toky i B apoccene. Cpeanue (10 TAKTOBOMY MEPHOJY) 3HAUCHUS HAMPSIKCHHS



Harpy3ku U, ¥ TOKa I B Ipoccelie MoJydeHbl B IPOIECCE YUCICHHOTO HHTETPUPOBAHUS C
WCIIOJL30BAaHUEM MPOLEAYPhl OCPEIHEHHS B paMKax KaKJIO0ro TEKyIero mnepuonaa 1.
OTMeTnM, YTO Ha KaxJOM W3 TNEPUOJIOB HHTETPUPOBAHUE IO cXeme Oujepa
ocymiecTBisioch ¢ BbiOopoM 4000 maros. IIpoBonsi cpaBHEHUE MNPEACTABICHHBIX Ha
rpaduKax pacyETHBIX PE3yJIbTATOB C aHAJOTUYHBIMH Pe3yJIbTaTaMu 1o napamerpam U, u |,
HOJy4YeHHBIMU B pabore [13] myTéM MojenupoBaHus B Cpejie MPOrPaMMHOIO KOMILIEKCA
Simulink, otmeuaem ux xopoiiee coriacoBaHue. B vacTHOCTH (CM. pHC. 2), 3TO OTHOCHTCS
K TUKOBBIM 3HaueHusM mapamerpoB U, m i (20,3 B u 0,75 A), kK MakCHMaJbHBIM U
MUHHAMAJIBHBIM MX 3HaUYCHUSM B ycTaHoBHUBIIeMcs pexkume (13,5 Bu 11,5 B; 0,45A u 0 A),
a TaK)K€ BPEMEHHU IEepexojia K YCTAaHOBUBIIEMYCSI PEXUMY (MOPSAIKA YETHIPEX TAKTOBBIX
HIepUOJIOB). 31eCh CIIEeIyeT yKa3aTh, YTO peali3allii OTPUIIATSIBLHBIX 3HAYCHHUI TOKa | B
Jpoccesie MPenaTCTBYeT HaJu4Kue MUo/a B pacu€THOM cxeMe mpeoOpazoBarens. [loaTomy
BMECTO OTPHIATEIBHBIX PEAIM3YIOTCA JIMIIL HYyJIEBbIC 3HAUCHUS Tapamerpa |.
VYmensbiienssie (1o 18 B u 0,5 A) nukoBbie 3HaYeHus napameTrpoB U, o, 1 iz, (cM. puc. 3)
10 CPABHEHUIO C TEM, YTO OTMEYAJIOCh Ha PHUC. 2, CBSA3aHO C UCMOJIb30BAHUEM IPOIIEAYPhI
OCPEIHCHUSI YKa3aHHBIX MMapaMeTPOB Ha KaXJIOM TEKYIIEM TaKTOBOM Iepuoze. B pamkax
ATOW MPOIEIypPhI TTOJyUeHbl U cpennue 3HaueHus (12,5 B u 0,22 A) napametpoB U, u i B
YCTaHOBUBIIIEMCSI PEKHUME, YTO COTJIACYETCS C pe3yJibTaTaMu, IIPEJACTABICHHBIMU B paboTe
[13].

Janee ucnonb3yeM MPEACTAaBICHHYIO BBIUUCIUTEIBbHYIO MOJIENb (C pa3pbIBHBIMU
OCOOCHHOCTSIMHU) [IJIsI OLICHKU TOYHOCTHU PE3YJIbTATOB, MOJy4YaeMbIX C HCIOJIb30BAHHEM
COOTBETCTBYIOIIEH HEMPEPHIBHOW MOJIENIM MTOHMKAIOIIETO TTpeoOpa3oBaTesi, CTposIIecs

B paMKax TaK Ha3bIBaeMoi mporueaypbl "ocpeanenus” [23]. YkaxkeMm, 4TO OTMEUCHHOE



"ocpenHeHHE" 03HAYACT UCIOJIb30BaHUE B KauecTBe 3HadYeHus pyHkiuu Y(f) Ha TakToBOM
nepuojie e€ CpeIHero Ha nepuoje 3HadeHus y=t/T. B kauecTBe 00beKTa MOJICTUPOBAHMS
MPUHUMAEM TMOHWXKAIONUH TpeoOpa3oBaTeib, AKCICPUMEHTATIBLHO WCCIICIOBAHHBIN B
pabote [24].

WTak, paccMaTpuBaeM MOHMKAIOIIUHI MTpeoOpa3oBaresb, UMerouii, cornacHo [20],
cnenyrontue xapakrepuctuku: U;=18B, rc=0,365 Owm, r=0,12 Om, R,=10 Om, L=560 mkI'H,
C=98 wmk®. TakrtoBas wyacToTa IepeKiouareass cocraBiaseT BenmumuuHy =20 kI

(COOTBETCTBEHHO, TAKTOBBIN MEeprOT UMeeT 3HaueHue T=1/f=50muxc ), mpu 3Tom y=7/T=0,338.

UH (t/T) i (t/T)
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Puc. 4. KapTuHBI TepexoIHbIX MPOIIECCOB I HanpsyKeHus Harpysku U, u
TOKa I B ipoccerne (BapuaHT rmpeodpasoparesist u3 padoThl [24]).
KpacHblii nBeT - pacyéTHas MOJEIb C pa3phIBHBIMU 0COOCHHOCTSIMH,

CUHMU LBET - HENPEPBIBHAS MOJIEIIb.
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Puc. 5. KapTHHBI yCTaHOBJICHUS BO BPEMECHU CPEIHUX 3HAUCHUIN HAIIPSKCHUS
Harpy3ku U, u Toka i B ipoccesie (BapuaHT mpeoOpa3oBareiis U3 padotsl [24]).
KpacHblii IBET - pacyéTHas MOJICIb C pa3pbIBHBIMU 0COOCHHOCTSIMH,

CHUHUI OBCT - HCIIPCPBIBHAA MOICIIb.

Ha puc. 4 u 5 mnpencraBieHbl NOJYYEHHBIE YHCICHHBIM MOJECIIMPOBAHUEM
pEe3yJIbTAThI, KACAIOIIUECS MTPOTEKAHMS MIEPEXOAHBIX IIPOLIECCOB MO HAIPSKEHUIO HATPY3KU
U, u 1o ToKy I B ipoccelie, a TakKe BbIX0/1a Ha YCTaHOBUBIIHMICS pekuM. KpacHBIM 1[BETOM
M300paK€Hbl KPHUBbBIC, COOTBETCTBYIOIIUE pe3yjbTaTaM, IOJYYEHHBIM Ha OCHOBE
BBIYMCIUTEILHON MOJICNIM MPeoOpa3oBatTesis, YUUTHIBAIOIIEH pa3phbIBHBIE OCOOEHHOCTU B
ero (yHKIIMOHUPOBAaHWH, a CUHUM IIBETOM - pe3yJbTaTaM pacu€ToB Ha OCHOBE
HenpepbiBHOM Mozenu. OTMedaeM XOpOIlee COIrJIaCOBAaHUE ATUX PE3YJbTaTOB MEXKIY
co00l. DTO OTHOCUTCS U K TMTUKOBBIM 3HAUYCHUSIM TIOJIy4aeMbIX HAa OCHOBE 3THX MOJENeH
pe3yabTaToB (cM. puc. 4) o mapamerpam U, u i, a umenHo, (9 B u 2,55 A) B ciyuae moaenu
C pa3pbiBHBIMH ocoOeHHOCTsIMU U (8,52 B u 2,38 A) - B cityuae HeNpepbhIBHOW MOJIEIH.
CooTBETCTBYIOIIME 3TUM MoJensM rpaduku mo nmapamerpam U, o, u 1. (cM. puc. 5),

BKJIIO4Yas ¥ IIMKOBLIC 3HAYCHH, ITIPAKTUYCCKH COBIIAAAIOT. O06e MOJCIHU IPUBOJAT K OAHOMY



Y TOMY K€ BPEMEHH MIEPEX0/1a K YCTAHOBUBIIEMYCS PEXKUMY, KOTOPOE COCTABISAET NOPAIKA
100 TakTOBBIX MEPUOJOB (B JAHHOM CIIydae MOPSAKA 5 MC), U K OJIMHAKOBBIM CPEIHUM
3HayeHusiM (6 B u 0,6 A) mapamerpos U, u I.

B kayecTBe BBIBOJOB IO BBINOJHEHHOMY MCCIIEIOBAHUIO OTMETHM CIIEIYIOLIEE.
[IpeacraBinen (OCHOBaHHBIM Ha NPUMEHEHUM HESIBHOM cxeMbl OJilepa) MOAXOJ K
YUCJICHHOMY MOJITUPOBAHUIO TMEPEXOJHBIX IMPOLECCOB B pabdoTe UMITYJIbCHBIX
npeoOpazoBaTeneil HanpsKEHUsI MOCTOSTHHOTO TOKA C YYETOM pa3pbIBHBIX OCOOCHHOCTEH B
dbopmynupoBke audpdepeHINaTbHbIX YPAaBHEHUM, OMUCHIBAIOMIMX JUHAMHUKY MOJI00HBIX
yCcTpoicTB. YUHCIEHHOMY aHaldu3y TMOJIBEPTHYThI MEPEXOAHBIC MPOIECChl [JIs JIBYX
(omMCcaHHBIX B JIUTEpAType) BapUaHTOB MOHWKAIOIIMX IMpeoOpa3oBaresield HaMpsHKEHUs
MOCTOSTHHOTO ~ TOKa. JIOCTOBEpPHOCTh  PE3yJIbTATOB  YHCICHHOTO  MOJEIMPOBAHUS
NOATBEPKACHA TPAKTUUYECKUM COBIAJECHUEM C UMEIOIINMUCA B JIUTEPATYpPE PE3yIbTaTaMu
KOMITBIOTEPHOT'O MOJICIMPOBAHUSA U (PU3NYECKOTO dKcrepuMenTa. [IponeMoHCcTprupoBaHbl
BO3MOXKHOCTH HENPEPHIBHOM BepCUU pa3paO0TaHHOM BBIYMCIUTEIIBHOM MO MpHU
pelIeHn: 3a/1ady AMHAMUKHU MOHIKAIOIIMX UMIYJIBCHBIX MpeoOpa3oBaTesiell HampsHKeHUs

IIOCTOAHHOTI'O TOKA.
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