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BBe,n;eHHe 

8cpcpeKT ,ll;)Ko3ecpcoHa 

lfacneHHbie MeTOAhI AaBHO CTaJIH 3q>q>eKTHBHbIM HHCTpyMeHTOM AA.II Q)H3HKOB. 

0Hn n03BOJl.ll!OT HaXOAHTb OTBeTbI B 3aAaqax, KOTOpbie He no,u.n;a!OTC.ll aHaJIHTH­

'leCKOMY peIIIeHH!O. IlpnMepoM MO)Kt)T CJIJ)KHTb 3q>q>eKT ~03eq>COHa, KOTOpbill 

.llBJI.lleTC.ll OAHHM H3 Han6onee Ba)KHhIX 3q>q>eKTOB COBpeMeHHOii q>H3HKH KOHAeHCH­
poBaHHOro COCTO.llHH.ll. 

CyTh 3q>q>eKTa ~03eq>COHa COCTOHT B CJie~!O~eM. PaccMOTpHM KOHTaKT ABYX 

CBepxnpOBO~HKOB, Pa3AeJieHHhIX TOHKHM AH3JieKTPH'leCKHM CJIOeM H onnchrnae­

MbIX BOJIHOBhIMH q>yHKU,H.llMH fnH36ypra-JlaHAay 1Pn = l1Pnl expi0n, rAe n = l, 2, 
1¢nl - MO~Jlb, a 0n - q>a3a BOJIHOBOii <PYHKIJ,HH. 

I 

(b)~· Is 
Id 

lqp 

Pnc. B.l. (a) 9neKTPH'leCKa.H CXeMa AA.II HCCJieAOBaHH.ll 3q>q>eKTa ~03eq>COHa B 

KOHTaKTe cBepxnpOBO~HK-n30JI.HTop-cBepxnpoBo~nK (SIS). 3AeCb R - nepeMeH­

Hoe conpOTHBJieHne; Cele - HCTO'IHHK noCTO.llHHOro TOKa; A - aMnepMeTp; V - BOJibT­

MeTp. (b) ,LI:)K03eq>COHOBCKHii nepexoA B pe3HCTHBHOH MOAeJIH 

IlyCTb KOHTaKT BKJI!O'leH B 3JieKTpnqecKy!O u.enb, KaK 3TO nOKa3aHo Ha pnc. B.l. 
KaK 3TO 6hIJIO npeACKa3aHo ,n:)K03eq>eoHoM, qepe3 AaHHbIH KOHTaKT, KOTOphlii Te­

nepb Ha3hIBa!OT A)K03eq>eOHOBCKHM nepexOAOM (,LI:Il), MO)KeT npoTeKaTb CBepxnpo­
BOA.HIIJ,Hii TOK 

ls = le sin cp, (B.l) 

6 

3aBHC.ll~Hfi OT pa3HOCTH q>a.3 cp = 01 - 02 3THX CBepxnpOBOAHHKOB. B 3TOM 3aKJIJO­

qaeTC.ll CTaU,HOHapHbifi 3q>q>eKT ~03eq>COHa. YMeHbIII,a.ll nepeMeHHOe conpOTHBJie­

HHe R, Mb! yBeJIH'IHBaeM TOK -.i:epe3 ,n:rr, OAHaKO BOJibTMeTp V nOKa3hIBaeT HyJieBoe 

3Ha'leHne Hanp.ll)KeHH.ll. Ecnn BeJIH'IHHa 3JieKTPH'leCKOro TOKa CTaHOBHTC.ll 60Jibtne 

onpeAeJieHHOro KPHTH'leCKOrO 3Ha'leHH.ll le, B KOHTaKTe B03HHKaeT 3JieKTpH'leCKOe 

Hanp.H)KeHne V(t); 3aBHC.ll~ee OT npOH3BOAHOfi pa3HOCTH q>a3 no BpeMeHn: 

h dcp = V(t). 
2e dt 

(B.2) 

B AaHHOM cnyqae peann3yeTC.ll HeCTaU,HOHapHhIH 3q>q>eKT ~ooeq>COHa. Ko­

He'IHO, B peanhHOM 3KCnepnMeHTe H3Mep.HeTC.ll ycpe~eHHOe no BpeMeHH 3Ha'leHne 

Hanp.H)KeHH.ll < V(t) >= V. , 
0CHOBHbie oco6eHHOCTH paccMaTpHBaeMoro KOHTaKTa ABYX CBepxnpOBOAHHKOB 

xopOIIIO onHCbIBa!OTC.ll pe3HCTHBHhIMH MOAeJI.HMH.- 9TH MOAeJIH npHBOA.HT K HeJIH­

HeiiHhIM AHq>q>epeHU,HaJibHhIM ypaBHeHH.llM, peIIIeHH.ll KOTOpbIX He MOryT 6b!Tb Hafi­

'AeHhI aHaJIHTH'leCKHMH MeTo,D;aMH. B HaCTO.ll~eM noco6nn HaMH AeMOHCTpnpy!OTC.ll 

B03MO)KHOCTH 'IHCJieHHhIX MeTO,D;OB AA.II onncaHH.ll CTPYKTYP, B KOTOphIX npO.llBJl.ll­

eTC.ll 3q>q>eKT ~o3eq>COHa. 

Pe3HCTHBHa~Mo~e~h 

B paMKax pe3HCTHBHOfi MOAeJin MaK-KaM6epa-CT10apTa noJIHhIH TOK qepe3 ,n:IT 
onpeAeJI.HeTC.ll cyMMOfi TOKOB - CBepxnpoBOA.ll~ero ls, KBa3H'laCTH'IHOro lqp H TOKa 

cMe~eHH.ll Id: 

I= ls+ lqp +Id= lesincp+ V/R+ C~~, (B.3) 

rAe C - eMKOCTh ,n:rr, a R - er6 conpoTHBJieHne B HOpMMhHOM cocTO.HHHH. 9To cooT­

HOIIIeHn~ BMeCTe C A)K03eq>eOHOBCKHM COOTHOIIIeHHeM (B.2) o6pa3ye; OCHOBY ,ZI,n.ll 

pac'leTa BOJibT-aMnepHoil: xapaK'i'epncTnKn (BAX) ,LI:Il. IloACTaBJI.ll.ll. Bb1pa)KeHne 

(B.2) AA.II VB Bhlpa)KeHne AA.II TOKa (B.3), Mhl npnxo.n;nM K .n;nq>q>epeiiu.nanhHOMY 

ypaBHeHH!O BTOporo nop.HAKa 

n dcp Ch<flcp 
I . + +-­' I= e smcp 2eR dt 2e _dt2 ' 

·(B.4) 

KOTOpoe .llBJI.lleTC.ll HeJIHHeiiHhIM H3-3a 'IJieHa C sin cp H ·MO)KeT 6hITb peIIIeHO TOJI~ 

KO 'IHCJieHHO. AHaJIHTH'leCKOe peIIIeHHe 3TOro ypaBHeHH.ll cy~eCTByeT B npeAeJie. 

C = o. l1Me!OTC.ll TaK)Ke .n:pyrne CHCTeMhI, AeMOHCTpnpymru.ne AHHaMH'leCKOe noBe­

AeHHe, onHChIBaeMOe TeM )Ke caMbIM ypaBHeHHeM (B.4). B 'laCTHOCTH, HeJIHHefiHhlfi 

OCU,HJIJI.llTOp (Ma.HTHHK) HJIH 'laCTHU,a B none noTeHu,nana THna "crnpaJibHOfi AOCKH". 

B CJiyqae Ma.llTHHKa / eCTb MexaHH'leCKHil: MOMeHT, B03AefiCTBYIO~Hfi Ha Ma.HTHHK, 
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cp - yron OTKJIOHemrn, le sin cp = .mgl sin cp - B0CCTaHaBJIHBa10rn;nil: M0MeHT ( l - AJIH-

C/i 2 . • Ii 
Ha, m - Macca MaHTHHKa), - = ml eCTb M0MeHT HHepu,HH, 'IJieH c 

2 
R 0IIHCbIBaeT 

~ e . 
dcp 

3aTyxaHHe. YrJIOBaH CK0p0CTb -d C00TBeTCTByeT HaIIPH*eHHIO B ,n;rr. 
, t . 
,Il;na yrrporn;eHHH ypaBHeHHH (B.4) H ero pemeHHH 'IHCJieHHbIMH MeTO,n;aMH ypaB-

HeHne CJie,n;yeT o6ropa3MepHTb. O6bl'IHO HCII0Jih3YIOTCH CJie,n;y10rn;ne ,n;Ba THIIa H0p­

MHpOBOK BpeMeHH: 7 = w;1t HJIH 7 = w;1t, r,n;e Wp - ~03eq>COHOBCKaH IIJla3MeH-

HaH 'IaCTOTa (w; = ~~c), HMeIOrn;aa II0pH,n;0K ~ 109 -1012 ru., a We - xapaKTepHaH 

'IaCTOTa, HMeIOrn;aH IIOpH,n;OK ~ 1012 
- 1014 fu, H CBH3aHHaH C xapaKTepHbIM HaIIpH-

liwc 
*eHHeM C00TH0IIIeHHeM Vc = lcRN = 2e. 

HopMHpOBKa 7 = w;1t IIpHB0,n;HT ypaBHeHHe (B.4) K BH,n;y 

{)2cp 8cp . l 
872 + /3 {)7 + sm cp = le' (B.5) 

r,n;e /3 = wpRC. Ilpn H0pMHp0BKe 7 = w;1t//3 = w;1t HMeeM 

82cp 8cp . l 
f3c {)72 + {)7 + smcp = fc' (B.6) 

r,n;e f3c - rrapaMeTp MaK-KaM6epa. OH xapaKTepn3yeT ~03eq>cOHOBCKYIO CHCTeMy 
H orrpe,n;enaeTCH cne,n;y10rn;HMH q,opMyJiaMn: 

2 

f3c = w2R 2C 2 = We = CRNWc, 
P w; /3 = 1 

WpRC' 
132 = _!__ 

f3c. (B.7) 

TyHHeJibHhIH rrepexo,n; o6na,n;aeT eMK0CTblO C, T. e. HBJIHeTCH K0H,n;eHCaTopoM, 

II03TOMy MO*eT HMeTh ::ineKTPH'IeCKHil: 3apa,n; Q = CV, r,n;e C = cS/41rd, c -

,ll;H3JieKTpH'IeCKaH rrpoHHu,aeM0CTb, s - IIJI0ID;a,ll;b o6KJia,n;oK K0H,n;eHcaTopa, d - TOJI­

IIl;HHa ,ll;H3JieKTpH'IeCKoro CJI0H. IlpeHe6peraH ,ll;HCCHrrau,neil:, ypaBHeHHe (B.4) M0*H0 
3aIIHCaTb B BH,n;e 

82cp/872 + w; sincp = 0. (B.8) 

IlpH MaJibIX 3Ha'IeHHHX Pa3H0CTH q>a3, sin cp M0*H0 3aMeHHTb Ha cp. IIonyqa-

10rn;eecH ypaBHeHHe OIIHCbIBaeT rrepH0,ll;H'IeCKHil: o6MeH ~03eq>COHQBCKOH 3Hepmn 

6apbepa lilc(l - cos cp)/2e H ::ineKTp0CTaTH'IecKoil: 3HepmH (2en) 2 /2C. TaKne K0Jie-
6aHHH Ha3bIBaIOTCH IIJia3MeHHbIMH. . 
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fJiaBa 1. 

Mo,n;eJIIIpoBaHIIe cpa3oBoii ,IJ;IIHaMIIKII · 

II BOJibT-aMnepHoii xapaKTepIICTIIKII 

,IJ;)K03ecpcoHoBcKoro nepexo,n;a 

1.1. MeTO,[I;HKa pacqeTa BpeMeHHbIX 3aBHCHMOCTe:li 

pa3HOCTH q:>a3 H aarrp.SDI(eHHSI 

I1ccne,n;onaHne q>a3onoil: ,n;HHaMHKH M 3aKJIIO'IaeTCH B orrpe,n;eneHHH npeMeHHOil 

3aBHCHM0CTH pa3H0CTH q>a3 cp(t) Hee rrp0H3B0,ll;H0il JiH6o pa3H0CTH q>a3 H HarrpH*e­

HHH V(t). ,Il;anee 6y,n;eT II0Ka3aHo, 'ITO B cnyqae CHCTeMbl CBH3aHHbIX ,n;rr ~o3eq>­

C0H0BCK0e C00TH0IIIeHHe o6o6rn;aeTCH H rrp0H3B0,n;HaH pa3H0CTH q>a3 He orrpe,n;eJIHeT 

Harrpa*eHne n ,n;aHH0M ,Il;II. IIo::iToMy n rrepnoM cnyqae ,n;na orrpe,n;eneHHH BAX Ha­

,n;o 6y,n;eT rrepec'IHTaTh Harrpa*eHHe Ha M rro ,n;*o3eq>coHOBCKOMY cooTH0meHHIO. 

MbI 6y,n;eM HCII0Jib30BaTb BTOpoil: MeTo,n; H o6cy,n;nM 0CH0BHble n,n;en, HCII0Jih3yeMble 

rrpn 'IHCJieHH0M pacqeTe cp(t) H V(t). 
I1crroJib3YH C00TH0IIIeHHe ~03eq>COHa (B.2) H Bbipa*eHHe ,n;JIH T0Ka (B.5), Mbl 

II0JIY'IHM CHCTeMy ypaBHeHHil 

8t ' 

{ 

8cp = V 

. dV = l - sincp - 13 8
'P + Asin(wt) 

dt 8t 

,n;JIH pac'IeTa pa3H0CTH q>a3 H HaIIpH*eHHH rrpH q>HKCHpOBaHHOM 3Ha'IeHHH TOKa /. 

3,n;ech A H w - aMttJIHTy,n;a H qacTOTa BHemHero 3JieKTP0MarHHTH0ro H3Jly'IeHHH 

C00TBeTCTBeHH0. 

BBe,n;eM B pacCM0TpeHHe BpeMeHH0H ,ll;0MeH pa3MepoM T f H pa306beM ero Ha 

HHTepBaJihI c maroM TP. CornacHo rrpou,e,n;ype PyHre-KYTTa, 3Ha'IeHHH pa3HOCTH 

q>a3 cp(t +TP) H HarrpH)l(eHHH V(t +TP) Ha cne,n;y10rn;eM mare rro npeMeHH t+TP 
M0*H0 orrpe,n;eJIHTb Ha 0CH0Be HX 3Ha'IeHHR B M0MeHT npeMeHH t: 
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{ 

<p7+l = <p1 + D.<p', 

Vi+l =Vi+ t,.Vi, { 

. 1 . . . . 
t,.,,.J - -(P1 + 2P.1 + 2P1 + P1 ) 'f" -6 1 2 3 4, 

t,.Vi = i(Kf + 2K4 + 2K4 + Ki), 

r,n,e K03cpcpm1.I1eHTbI PyHre-KyTTa ,D,JI.H pa3HOCTII cpa.3 P1, P2 , P3, P4 II Hanp.H)K~HII.H 

K1, K2, K3, K4 onpe,n,eJI.HIOTC.H nocpe,n,cTBOM 

{ 

Pi=VTP, 

K 1 ~ {I - sincp}TP- /3P1, 

P2 = { V + ~1 
}TP, 

{ K2 = { I - sin (cp + ~l) }TP - /3P2, 

P3 = V+ 2 TP, 

{ 
{ K2}· 

K3 = { I - sin (cp + ~2
) }TP-/3P3, 

{ 

P4 = {V + K3}TP, 

K4 = {I - sin(cp + P3)}TP - /3P4. 

Ha nepBOM mare IIO BpeMeHII B Ka'!eCTBe IICXO,D,HbIX 3Ha'IeHilfi 'Po II lfo IICIIOJib-

3YIOTC.H Ha'IaJibHble ycJIOBII.H. 

PacqeT IIpOBO,D,IITC.H B BbI6paHHOM BpeMeHHOM IIHTepBaJie (0, Tf) c maroM IIO 

BpeMeHII T P. 3aTeM Mbl yBeJIIl'IIIBaeM BeJIIl'IHHY TOKa Ha mar JP II IIOBTOp.HeM 

npOIJ.e,n,ypy ,D,JI.H TOKa I + JP B HOBOM BpeMeHHOM IIHTepBaJie (T f, 2T f). CxeMa, 

onpe,n,eJI.HIOIIJ.a.H MeTO,D,HKY pacqeTa BAX II BpeMeHHbIX xapaKTepIICTIIK ,1],fl, npe,n,­

CTaBJieHa Ha pIIC. 1.1. 3Ha'!eHII.H pa3HOCTII cpa.3 II HaIIp.H)KeHII.H B KOHIJ.e nepBoro 

BpeMeHHOrO ,D,OMeHa IICIIOJib3YIOTC.H B Ka'!eCTBe Ha'IaJibHbIX yCJIOBilfi ,D,JI.H CJie,n,y­

IOIIJ.ero BpeMeHHOro IIHTepBaJia II T. ,n,. B HaIIlIIX paC'IeTax Mbl o6bi'IHO IIOJiaraeM 

Tf = 1000, TP = 0.05, JP = 0.0001, xorn B p.11,n,e cJiyqaeB, B qacTHOCTil,KO­

r,n,a He06XO,D,IIMO corJiaCOBaHile pa3Mepa BpeMeHHOro ,D,OMeHa C nepIIO,D,OM BHemHero 

ClffHaJia IIJIII, Tpe6yeTC.H 6oJiee •BbICOKa.H TO'IHOCTb, 3TII. napaMeTpbI Il3MeH.HIOTC.H. 

YcTOfi'IIIBOCTb pemeHilil: npoBep.11eTC.11 BJIII.HHileM Ha BAX Il3MeHeHII.H napaMeTpoB 

3a,D,a'III, B qacTHOCTII, Y,D,BOeHII.H II yMeHhmeHII.H B,D,BOe mara IIO BpeMeHII TP. 
BpeMeHHa.H 3aBIICIIMOCTb HaIIp.H)KeHII.H B onpe,n,eJieHHOM IIHTepBaJie TOKa cpaKTil­

qeCKII CKJia,D,bIBaeTC.H Il3 I13MeHeHII.H BO BpeMeHII Ha Ka)K,Ll,OM mare IIO TOKy. 11HTep-. 

BaJI BpeMeHII, B Te'!eHI1e KOTOporo 3aIIHCbIBaeTC.H BpeMeHHa.H 3aBIICIIMOCTb Hanp.11-

.>KeHII.H B ,IJ,TI, onpe,n,eJI.11eTc.11 KaK TP + T J(/0 - 1)/ol, r,n,e / 0 .HBJI.HeTc.11 Ha'IaJihHhIM 
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o:._:T~p---t---- -I, 
Tf Time 

l
1
+6lt ________ ,__ __ __, 

c 
~ 
::J 
(.) 

tN=Tf/Tp 
"1=t•TP+ Tf (1.-1) / 61 

O~t~tN 

t,.- recording lime; 

I - number of lime steps; 
IN -total number of steps; 
ti - Initial number for 

averaging procedure; 
Tp-tlme step; 
Tl - time domain; 
Tl - initial lime for 

averaging procedure; 
11 - initial current for lime 

dependence recording; 
~I - step in current; 

Tp=0.05; 
Tl=50-500; 
Tl= 250 • 25000; 

PIie. 1.1. CxeMa, onpe,n,eJI.HIOIIJ.a.H MeTO,D,IIKY pacqeTa BAX II BpeMeHHbIX 3aBIICII­

MOCTeil: xapaKTepIICTIIK ,IJ,TI. 3,n,ech IICIIOJib3OBaHbI CJie,D,yIOIIJ.lle o603Ha'!eHII.H: trt 

- BpeM.H IIPII 3aIIIICII_ BpeMeHHOil: 3aBIICIIMOCTII; t - 'IIICJIO maroB IIO BpeMeHilj tN 
- KOJIIl'IeCTBO marOB IIO BpeMeHII B O,D,HOM BpeMeHHOM ,D,OMeHej ti - HOMep ma-

ra, C KOTOporo Ha'IIIHaeTC.H ycpe,n,HeHilej T p - BeJIIl'IIIHa mara IIO BpeMeHilj T f -
BeJIIl'IIIHa BpeMeHHOrO ,D,OMeHa; Ti - 3Ha'IeHile BpeMeHII, C KOTOporo Ha'IIIHaeTC.H 

ycpe,n,HeHilej J, - Ha'IaJibHOe 3Ha'IeHile TOKa ,D,JI.H 3aIIIICII BpeMeHHOfi 3aBIICIIMOCTilj 

81 - mar IIO TOKY (JP B KO,D,e nporpaMMbI). TiapaMeTpbI 6epyTC.H B IIHTepBaJiax 

Ti = 50 - 500, T f = 250 -:- 25000; T P = 0.05 

3Ha'!eHileM TOKa, C KOTOporo BpeMeHHa.H 3aBIICIIMOCTb perI1CTpI1pyeTC.H. 

1. 2. Y cpe,n;HeH:u:e Hanp.sI)KeHIHI H COCTaBJI.sIIOIIJ.HX 6a-

30BOro TOKa 

,1],JI.11 HaxO)K,D,eHII.H Hanp.H)KeHII.H Ha ,1],I1 IIpH onpe,n,eJieHHOM 3Ha'IeHIIII 6a30BOro 

TOKa Heo6xo,D,IIMO ycpe,D,HIITb IIOJiy'IeHHYIO BpeMeHHYIO 3aBIICIIMOCTb V(t). 
KaK 6hIJIO OTMe'IeHo Bblme, ,D,JI.H onpe,n,eJieHII.H BAX ,IJ,TI HaM1i' pemaeTc.11 Cil­

cTeMa ypaBHeHilii C IICIIOJib3OBaHileM MeTO,D,a PyHre-KyTTa qeTBepTOt'O nop.11,D,Ka. 

B pe3yJibTaTe IIPII q>IIKCilpOBaHHOM 3Ha'!eHIIII 6a30BOro TOKa I onpe,D,eJI.HIOTC.H pa.3-

HOCTb cpa.3 cp(t) II HaIIp.H.>KeHile V(t) KaK cpyHKIJ.IIII BpeMeHII BO BpeMeHHOM IIHTep­

BaJie (0, Tmax) c maroM T P. qaCTb 3Toro mtTepBaJia, Ha'IIIHa.H c onpe,n,eJieHHoro 

3Ha'!eHII.H Tmin, IICIIOJib3yeTC.H ,D,JIS npOIJ.e,D,ypbI ycpe,n,HeHII.H IIO BpeMeHII. 

Cpe,D,Hee no BpeMeHII Hanp.11)KeHI1e < V > BhI'IIICJI.HeTC.H nocpe,n,cTBOM 

1 1T ... 
< V >= T. -T. Vdt, 

max min Tma 

(1.1) 

r,n,e Tmin II T max onpe,n,eJI.HIOT Ha'IaJIO II. KOHeIJ. BpeMeHHOrO IIHTepBaJia ,D,JI.H ycpe,n,­

HeHH.H. ,1],JI.11 pacqeTa IIHTerpaJia B npaBoil: qaCTII Mbl IICIIOJib3yeM MeTO,D, np.HMO-
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yrOJibHllKOB. CyTb MeTO,n.a 3aKJIIO'IaeTCH B arrrrp0KCIIMau;nn llCX0)J.H0rO llHTerpana 
CyMM0ii:: 

T. n-1 Ir .. ~ V(t)dt ~ ~ V;(t;+i - t;). (1.2) 

AHaJIOrll'IHO MO)KHO paCC'IllTaTb cpe,n.Hne 3Ha'IeHnH C0CTaBJIHIOiu;llX 6a3oaoro 
TOKa /disp, lqp II 18 : ' 

J = /disp + fqp + 18 ; (1.3) 
KOTOpbre 0Ka3bIBaIOTCH II0Jie3HbIMll )J.JIH aHaJill3a )J.IIHaMIIKll )],II. 

1.3. KpaTKHe cne,n;eHH.H o KOMaH,n;ax rrporpaMMHpo­
BaHH.H M .H3bIKe C++ 

3,n.ecb Mbl IIPllBO)J.llM OCH0BHhle cae)I.eHnH 0 H3bIKe C++, 'KOTOpbiii: llCII0Jib3Y­
eTCH B Harnnx rrporpaMMax. <I>aii:JI, co,n.ep)Kaiu;n:ii: Ko,n. rrporpaMMhl Ha H3bIKe C++, 
)J.0JI)KeH nMeTb pacrnnpeHne cpp. 

B OCHOBHOM rrporpaMMhl Ha C++ Ha'InHaIOTCH co CJie,n.y10iu;nx CTp0K: 
#include<llMl!: ~aiina> 
int main() { 

} 

Te.110 npozpa.M.Mw 

return(0); 

BHa'IaJie Heo6XO)J.llMO II0)J.KJIIO'IllTb 3ar0JI0B0'IHbie <paiiJibI ll3 CTaH,n.apTH0ii: 6n6-

JlllOTeKn C++ c IIOMOiu;bIO CTp0Kll #include<mm ~amxa>. 3aTeM o6'bHBJIHeTCH oc­

HOBHaH <pyHKD;llH rrporpaMMbl int main()' KOTopaH co,n.ep)KIIT TeJio rrporpaMMbI. 
OrrncaHne orrepaTopoa. 

1. Orreparop u;nKJia for. 

Teno D;llKJia ( T.e. TO, 'ITO CTOIIT B <pnrypHbIX CK06Kax IIOCJie for()) 6y,n.eT BbI-
IIOJIHHTbCH ,ll.O Te,x rrop, IIOKa yCJIOBne llCTllHHO (true). 

II ~opMa 38.IIHCH onepaTopa ~a for: 

for (l*BIIIJ>aieHHe1*/; l*BIIIJ>aieHHe2*I; l*BIIIJ>aieHHe3*I) 
{ 

1*0,ll;Kl{ onepaTop rum: 6JioK onepaTopoB*I; 
} 

2. OrrepaTop u;HKJia do while. 

B D;llKJie do while CHa'IaJia BbIIIOJIHHeTCH TeJIO D;llKJia, a 3aTeM rrpoBepHeTCH 
yCJioane rrpo,n.oJI)KeHnH u;HKJia. TaKnM o6pa3oM, eCJin ycJioane do while 3aae,n.oMo 

JIO)KHOe, TO XOTH 6bl 0)1.llH pa3 6JIOK orreparopoB B TeJie D;llKJia do while BbIIIOJI­
HllTCH. 
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II ~opMa 3anHcn onepaTopa u;HKJia do while: 

do II Ha'IaJIO ~a do while 
{ 

l*EJIOK orrepaTOpOB*I; 
} 

while (l*Ycnoane Bb!IloJIHeHHH u;HKJia*I); II KoHeu; u;HKJia do while 

3. Oneparop ycJIOBIIH if else. 

YcJIOBHbiii: onepaTOp peann3yeT BbIIlOJIHeHHe K0MaH,n. nepaoro 6JIOKa (nepBbiii: 

6JIOK orreparopoB HaxO)J.llTCH B <pnrypHbIX CK06Kax Il0CJie if) npn ycJIOBllll, 'ITO 

HeKOTOpoe JIOrnqecKo'e Bblpa)KeHne (yCJIOBne, KOTopoe HaXO)J.llTCH B KpyrJibIX CK06-

KaX IIOCJie if) rrpHHHMaeT 3Ha'IeHne "ncTIIHa" (true). EcJill YCJIOBlle "JIO)KHo'' ( f al­

se), TO BbIIIOJIHHIOTCH KOMaH)J.bl ll3 BTOporo 6JIOKa (BTOpoii: 6JIOK orrepaTopOB Haxo­

,ll.HTCH B <pnrypHbIX CK06Kax IIOCJie else). 

if (YcnoBHe) II 3aronoaoK onepaTopa H ycnoane 
{ 

IIEcJIH ycnOBHe HCTHHHO, TO •.• 

II . .. Bb!IlOJilUieTCH nepBh!H 6JIOK onepaTopoB 
} 

else II A ecJIH ycnoBHe noimo ••. 
{ 

II ... TO Bb!IlOJilffleTCH .•. 

II ... BTOpOH 6JIOK onepaTopoB 
} 

4; OrrepaTOpbI BBO,n.a/BbIBO)J.a cin, cout: 

cout - CTaH,n.apTHblii: IIOTOK BbIBO)J.a. OH llCIIOJlb3yeTCH )J.JIH BbIBO)J.a TeKCTa ll 

3Ha'IeHnfi rrepeMeHHbIX Ha 3KpaH. 

cin :-- CTaH,n.apTHbifi IIOTOK BBO)J.a. lkrrOJib3yeTCH )J.JIH BBO)J.a TeKCTa C KJiaBnaTy­

pbl. 

Ilpn pa6oTe co CTaH,n.apTHbIMll IIOTOKaMn cout ll cin HY)KHO llCIIOJib30BaTb IIO­

CJie,n.oaaTeJibHOCTb CllMBOJIOB < ll >, Y)J.BOeHHhle 3HaKll "MeHbIIIe" ll "60JibIIIe" C0OT­

BeTCTBeHHO. CnMBOJI < o6o3Ha'IaeT 3aIIIICb llJlll IIOMeiu;eHIIH 3Ha'IeHIIH B YKa3aHHbiil 

CJieBa rrpneMHllK, a CllMBOJI > - Bbl60pKy llJill ll3BJie'IeHne 3Ha'IeHIIH ll3 yKa3aHHOrO 

CJieBa llCTO'IHIIKa. 

5. Orreparop rrpepbIBaHnH break. 

KoMaH,n.a break rrpepbIBaeT BbIIIOJIHeHne 6JIII)KafiIIIero BHeIIIHero D;llKJia llJill 

YCJIOBH0rO orrepaTopa, a K0TOpOM OHa oro6pa)KaeTCH. YrrpaBJieHne rrepe,n.aeTCH CJie­

,n.y10iu;eMy orrepaTopy rroCJie u;nKJia. 

6. OrrepaTop 3arrncn B <paii:JI fprintf O. 
<I>yHKD;IIH fprintf O rrepe,n.aeT IIH<pOpMau;n10 (a HarneM CJiy'Iae 3Ha'IeHne rrepe­

MeHHhlX) B IIOTOK. B rrpocTefirneM CJiyqae 3Ta q>YHKD;IIH nMeeT cJie,n.y10ru;ne apry­

MeHThl, KOTOpble YKa3bIBaIOTCH B KPYrJibIX CK06Kax: 

• llMH IIOTOKa; 

• q>OpMaT rrepe,n.aBaeMofi IIH<pOpMau;nn; 
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• rrepe,n;aBaeMa.H HH<popMaD;H.H. 

HarrpHMep, B cnyqae fprintf (f5, "¼f\t", time) f5-H83BaHHe IIOTOKa, KOTO­

pbill rrepe,n;aeT nHCpopMau;mo, "¼f\t"- q>OpMaT rrepe,n;aBaeMoii nHq>OpMau;nn. "¼f" 

03HaqaeT BbI6op ,n;ec.HTnqHoro qncna C rrnaBaJOm;ett TOqKoii, rrocne TOqKn 3aIIHCbl­

BaeTC.H 6 u;nq>p, \ t 03HaqaeT BCTaBKY rrpo6ena. time - rrepe,n;aBaeMa.H nHq>OpMau;n.H, 

T.e. rrepeMeHHa.H, 3HaqeHHe KOTOpoii 3aIIHCbIBaeTC.H B q>aiin. 

1.4. CocTaBJieHHe nporpaMMhl ,LJ;JI.H pacqeTa BOJihT­

aMnepHO:ii xapaKTepHCTHKH ,lJ;)K03ecpcoHOBCKOrO 

nepexo,n;a 

IlpHBe,n;eM rrpnMep COCTaBneHH.H rrporpaMMbI, KOTOpa.H 6y,n;eT paccqnTbIBaTb 

BAX ,ll;IT, a TaK>Ke BpeMeHHYJO 3aBncnMOCTb p83HOCTH q>a3 H HarrpmKeHn.H rrpn 

q>HKCHpOBaHHOM 3HaqeHHH 6830BOro TOKa (nnn B orrpe,n;eneHHOM ero HHTepBane). 

1.4.1. IJO,D;KJIIO~eHIIe CTaH,n;apTHhIX 6:0:6JUIOTeK C++ 

B Harnett rrporpaMMe HaM rroHa,n;o6nTC.H iostream - 3aronoBO'l;Hbiii q>aiin c 

KnaccaMn, <PYHKD;ll.HMH H rrepeMeHHbIMH ,ll;Jl.H opraHH3au;nn BBO,D;a-Bb!BO,D;a Ha .H3b!Ke 

rrporpaMMHpOBaHH.H c++. OH BKnJOqeH B CTaH,n;apTIIyJO 6H6nnoTeKy C++. H83Ba­

HHe o6pa3oBaHo oT Input/Output Stream (rroToK BBo,n;a-Bbrno,n;a). <I>aiin iostream 

yrrpaBn.HeT BBO,ll;OM-Bb!BO,ll;OM, T.e. rrepe,n;aqefi HHq>OpMau;nH B/H3 CTaH,n;apTHblX rro­

TOKOB BBO,n;a H Bb!BO,n;a COOTBeTCTBeHHO. 3,rr.ecb TaK)Ke 6brnaeT rrpne3HO o6'b.HBHTb 

rrpOCTpaHCTBO HMeH using namespace std, II03BOn.HJOm;ee Harrp.HMYIO pa60TaTb C 

orrepaTOpaMH, He o6pam;a.HCb Ka)K,ll,blll p83 K std: : . 

,ll;n.H BbIIIOnHeHH.H rrpOCTblX MaTeMaTnqecKHX orrepau;nii H BbJqncneHH.H :rneMeH­

TapHbIX <PYHKD;Hii BBO,ll,HTC.H ¢attn math. h. B 3TOM q>aiine <PYHKD;HH rrpHHHMa!OT 

THII c:l.ouble, ecnn He orrpe,n;eneHo nHaqe, 

. ,ll;JI.H pa60Tbl C THIIaMH float H long double ncnonb3JIOTC.H <PYHKD;HIL C IIOCT­

q>HKCaMH f H 1 COOTBeTCTBeHHO. <l>yHKD;HH, npHHHMaJOm;ne nnn B03Bpam;a10m;ne 

yron, pa6oTaJOT c pa,rr.1rnHaMn. . 

Heo6xo,n;HMO BBeCTH TaK)Ke stdio.h - 3aronoBOqHblll q>aiin CTaH,n;apTHOii 6H6-

nnoTeKH .H3b!Ka c++' co,n;ep:llmm;nii onpe,n;eneHH.H MaKpOCOB, KOHCTaHTbl H 06'b­

.HBneHHe <PYHKD;Hii H THIIOB, ncnonb3yeMblX ,n;n.H p83nnqHbJX orrepau;ntt CTaH,n;apT­

Horo BBo,n;a n Bb!Bo,n;a. H83BaHne o6p83oBaHo OT standard input/output header -
. . . ' 

CTaH,n;apTIIblii 3aronoBOqHblii ¢attn BBO,ll,a-Bb!BO,D;a, B qaCTHOCTH, Mb! ncnonb3yeM 

stdio. h, qT06bl HMeTb B03MO)KH0CTb 3aITHCbIBaTb pacqeTHble ,n;aHHble B ¢attn. 

TaKHM o6p830M, nepBblMH CTpOKaMH Harnett nporpaMMbl .HBn.HIOTC.H: 

#include<iostream> 

#include<math.h> 

#include<stdio.h> 
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using namespace std; 

OcTaJibHa.H qaCTb KO,n;a nporpaMMbl nnrneTC.H BHYTPH <PYHKD;HH main: 

int main() { 

return(0); 

} 

1.4.2. 06'MIBJieHHe nepeMeHHhlX 

Ka)K,ll,Ott nepeMeHHOtt Bbl,ll,eJIHeTC.H gqeiiKa onepaTHBHOtt naMHTH KOMilb!OTepa, 

B KOTOpoii MO)KeT xpaHHTbC.H Heo6xo,n;nMaH HHq>OpMau;nH. B nporpaMMHpOBaHHH 

nepeMeHHaH, KaK H B MaTeMaTnKe, MO)KeT nMeTh Ha3BaHne, COCTO.Hm;ee H3 O,rr.HOtt 

naTHHCKOli 6yKBbl, H3 HeCKOnbKHX CHMBOnOB, u;enoro CJIOBa nnn HeCKOnbKHX cnoB. 

B H3b!Ke c++ BCe nepeMeHHble nMe!OT onpe,n;eneHHbltt THil ,rr.aHHblX. HanpnMep, 

nepeMeHHa.H, nMe10m;aH u;enoqnCJieHHbltt Tnn, He MO)KeT co,rr.ep)KaTh Hnqero, KpoMe 

u;enhlx qncen, a nepeMeHHa.H c nnaBa10m;eli ToqKoli - TOnhKO ,rr.po6HbJe qncna. Tnrr 

,rr.aHHblX npncBanBaeTCH nepeMeHHOli npn ee o6'b.HBJieHHH nnn HHHD;HaJIH3au;nn. Ilpn 

o6'b.HBneHHH nepeMeHHOtt B c++ CHaqana YK83bIBaeTCH THil ,n;aHHblX ,ll;JIH 3TOli ne­

peMeHHOtt, a 3aTeM ee H83BaHne. B Harneii nporpaMMe MbI ncnonb3yeM nepeMeHHble 

.n;BYX THITOB: int - u;enoqncneHHbltt THil ,n;aHHblX, double - THil ,n;aHHblX C nnaBalQ­

m;eii 3an.HTOii ,ll;BOliHOli TOqHOCTH. 
B nporpaMMe, ITOMHMO nepeMeHHbIX, KOTOpbie qinrypnpy!OT B MaTeMaTnqeCKHX 

Bbipa)KeHH.HX (HanpnMep, aneKTpnqecKnli .TOK J, HarrpH)KeHne V, p83HOCTb q>83 cp 
H T.,n;.), ncnonh3JIOTC.H nepeMeHHbie, KOTOpb!e ynpaBnHIOT npou;eccoM, HanpnMep, 

3a,n;a10T HanpaBneHne TOKa nnn onpe,n;en.HJOT COCTO.HHHe CHCTeMbl, B qacTHOCTH, rro­

p.H,n;KOBblll HOMep 0Tpe3Ka BpeMeHH Ha ,n;HCKpeTHOii BpeMeHHOii OCH. 

Hn)Ke Mb! npHBO,ll;HM CITHCOK nepeMeHHblX c KOMMeHTapH.HMH, KOTOpbie o6'b.HB­

nenbl B Harnett nporpaMMe. OTMeTHM, qTO npn o6'b.HBneHHH HeCKOnbKHX nepeMeH­

HblX O,D;BOrO Tnna OHH ,rr.omKHbl 6b!Tb p83,n;eneHbl Me)K,ll;y co6oli 3aIT.HTOtt, a nocne 

o6'b.HBneHH.H noCJie,n;Heii nepeMeHHOii ,n;on)KHa CTO.HTb TOqKa C 3an.HTOli. B Harneii 

nporpaMMe o6'hHBneHbI cne,n;y10m;ne u;enoqncneHHbJe nepeMeHHble: · 

int 
t, //HoMep mara (HH.D;eKc) no BpeMeHH; 

ti, //HoMep mara no BpeMeHH, c KOToporo Ha'iHHaeTCH 

HHTerpnpoBaHHe; 
a=1, //IlapaMeTP ~ onpe'AeneHHH HanpaBneHHH Toxa; 

tN, //KoJIH'ieCTBO maroB no BpeMeHH; 

breakcurrent=0, //IlapaMeTP, onpe'Ae.ruDOIIIHH ycnoBne ocTaHOBKH 

pac'l:eTa BAX; 
backcurrent=0, //IlapaMeTP, onpe'Ae.ruDOIIIHH ycnoBne B03BpaTa TOKa; 

at=-1; // HanpaBJieHHe TOKa npn 3anHCH BpeMeHHOR 3aBHCHMOCTH. 

B cny'l:ae 1 BpeMeHHa.H 3aBHCHMOCTb 3anHCHBaeTC.H npH B03paCTaHHH TOKa, 

B cny'l:ae -1 - npn ero•y6HBaHHH; · 
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IlepeMeHHhJe, HMeIOm;He MaTeMaTHqeCKHil: xapaKTep (HarrpHMep, q>H3HqecKHe 

BeJrnqnHhI, 3HaqeHH.H rrepeMeHHb!X HT. ,n;.), ,ll;OJDKHhl OTHOCHThC.H K THIIY double: 

double 

TfO=2OO, //BpeMeHHOH ,tr;OMeH .z:1ID1 o~oro mara no TOKy; 

Tf1=2OO, //BpeMeHHoH ,n;oMeH .z:1ID1 o~oro mara no TOKY npn Bhl'illCJieHHH 
Bp8M8HHOH 3aBHCHMOCTH; 

TP=O.O125, //mar no BpeMeHH; 

Ti=5O, //BpeMH, C KOToporo rrpOH3BO)].HTC.H ycpe~eHHe no BpeMeHH; 

JPO=O.OO5, //mar no TOKY (BHe HHTepBana [Imore1,Imore2]); 

JP1=O.OO1, //mar no TOKY B =epBane [Imore1,Imore2]; 

Imore1=O.5, //HaqanhHOe 3HaqeHHe HHTepBana c H3MeHemwM maroM no 

TOKy; 

Imore2=1", / /KoHeqffoe 3HaqeHHe HHTepBana c H3MeHemwM maroM no' ToKy; 

IO=O.1, //HaqanhHOe 3HaqeHHe TOKa; 

Imax=1 . 1, / /MaKCHManhHOe 3HaqeHHe TOKa; 

Imin=O,//MimRManhHOe 3HaqeHHe TOKa; 

Ibreak=O,//ToK, npn KOTopoM Bhl'llcneHHe ocTaHaBnnaaeTc.11; 

beta=O.2, //IlapaMeTP ,D.Hccnn~; 

Itime1=O.8, //HaqanhHOe 3HaqeHHe HHT8pBana TOKa .z:IIDI 3anHCH 

Bp8M8HHOH 3aBHCHMOCTH; 

Itime2=O.8, //KoHeqffoe 

Bp8M8HHOH 3aBHCHMOCTH; 

I, //Bxo~oH TOK 

3HaqeHHe HHT8pBana TOKa ,l:IJUI 3anHCH 

P1,P2,P3,P4, //Kosqxlln~e= PyHre-Ky=a .z:IIDI pa3HOCTH ~a3; 

V1,V2,V3,V4, //Kosqxll~e= PyHre-Ky=a .z:IIDI HanpileHHH; 

Ba)f(HO OTMeTHTb cne.zzyrom;nil: MOMeHT. EcJIH 3HaqeHHe nepeMeHHOil: BbJqncJI.H­

eTC.11 B xo,n;e nporpaMMhI, TO ,n;ocTaToqHo o6'h.HBHTh nepeMeHHyro. A ecJIH 3HaqeHHe 

rrepeMeHHOil: HCIIOJ!h3yeTC.H B BbJqHcJieHHHX, TO Cpa3y, IIOCJie o6'b.HBJieHH.H, Heo6xo­

,ll;HMO IIpHCBOlITb HY)KHOe 3Ha'IeHHe rrepeMeHHOil:. 

1.4.3. 3a,n;amm HaqaJibHbIX ycJIOBHH ,n;m1 ,n;mpcpepeHIJ;HaJibHO­

ro ypaBHeHH.H 

~.II Bhl"llICJieHHil: Mb! ,ll;OJl)KHbl 3a,n;aTb Ha'IaJibHhle ycJIOBH.H: 

//HaqanhHble ycnOBHH; 

v=O, II Cpe~ee HanpileHHe; 

intV=O, //IlepeMeHHax ~ HHTerpHpOBaHHH HanpileHHH; 

V=O, //Hanpil8HH8 npn ~HKCHpOBaHHOM BpeMeHH; 

ph=O,- //Pa3HOCTh ~a3 npn ~HKCHpOBaHHOM BpeMeHH; 

'time=O, //BpeMH .z:IIDI 3anncn; 

Tf=TfO, //B Haqane pacqeTa pa3Mep BpeMeHHoro ,n;oMeHa 

npnpaaHHBaeTc.11 TfO; 

JP=JPO; //B'Haqa:Jte ,pacqeTa mar no ToKy JPO; , 

tN=(Tf/TP); //PaoqeT''KOJ!llqecTBa lllarOB•B O~OM BpeMeHHOM ,ll;OM8He; 

16; 

ti=tN*Ti/Tf; //PacqeT HOMepa mara, C KOTOporo HaqHHaeTC.11 

ycpe~eHHe; 
ICounter=O; //O6HyneHHe cqe~a TOKa; 

1.4.4. Co3,n;aHHe cpaiiJIOB )];JI.SI 3anHCH qHCJieHHbIX ,n;aHHblX 

PaccMoTpHM rrpou.ecc co3,n;amrn q>ail:JIOB. ~.H co3,n;aHH.H ¢ail:JIOB HCIIOJib3yeTCH 

cTpOKa FILE *f. 3,n;ecb *f o603Ha'IaeT Ha3BaHHe IIOTOKa ,n;JI.H pa60Tbl C q>ail:na­

Mll- CTpOKOil: f=fopen("name .dat "w"); YKa3b!BaeTC.H q>ail:JI, B KOTOpblfi IIOTOK f 

rrepe,n;aeT ,n;aHHble. IlycTOfi q>afiJI aBTOMaTnqecKH CO3,n;aeTC.H H OTKpb!BaeTC.H. YKa3a­

TeJih w orrpe,n;eJI.HeT pe)KlIM OTKpb!TlI.H nycToro q>ail:na, T.e. ,ll;OJI)KeH OTKpb!Tb rrycTOfi 

¢ail:JI. IlpH 3TOM, ecnn q>ail:JI name .dat y)Ke c03,n;aH B pe3yJihTaTe npe,n;hl.zzym;eil: pa-

6oThI nporpaMMhl, TO ero co,n;ep)KlIMOe yHnqTO)KaeTc.H. B Hamett nporpaMMe q>afiJihl 

CO3,D;aHhl CJie,IzyIOm;HM o6pa30M: 

FILE *f,*f5,*f6; 
f=fopen("Voltage .dat "w"); //~aHJI .z:1ID1 3anncn BAX; 

f5=fopen("V(time) .dat "w"); / /~aHJI ,tr;JI.H 3anncn 

:,J8M8HHOH 3aBHCHMOCTH HanpileHHH; 
f6=fopen("ph(time) .dat "w"); / /~aHJI .z:1ID1 3anncn 

,peMeHHOH 3aBHCHMOCTH pa3HOCTH ~a3; 
B KOHU.e nporpaMMhI, noCJie Toro KaK pa60Ta c q>afinaMn 3aKOHqeHa, ace oT-

l(phIThle nOTOKlI ,lJ;OJI)KHbl 6b!Th 3aKpb!Tbl q>yHKII,Hefi fclose: 

fclose(f); 

fclose(f5); 

fclose(f6); 
<I>yHKII,H.H fclose 3aKpb!BaeT q>afiJI H OTKJIIOqaeT nOTOK. 

1.4.5. Il;HKJI no TOKY 

BAX onpe,n;en.11eT H3MeHeHHe Hanp.H)KeHH.H V rrpH H3MeHeHnn 6a3oaoro TOKa 

I B orrpe,n;eneHHOM ero HHTepaane. Ka)K,ll;oe 3Ha'IeHHe cpe,n;Hero V pacc'IHTbIBaeT­

c.11 npH orrpe,n;eJieHHOM q>lIKCllpOBaHHOM 3Ha'IeHHH 6a30BOrO TOKa. TaKHM o6pa3OM, 

HaM Heo6XO)J.HMO 3a,n.aTh U.HKJI no 6a30BOMY TOKY C orrpe,n;eJieHHh!M waroM ero H3-

MeHeHH.H. U:HKJI no TOKY 3a,D.aeTC.H nocpe,n;CTBOM onepaTopa do while: 
I=IO 
do //Haqano ~a 
{ 

Te.110 qu7'.lla 
}while(I<=1OO); //YcnoBne BlilXO,tr;a n3 ~a; 

Ilpn Ka)K,ll;OM 3Ha'IeHHlI 6a30BOro TOKa BhlnOJIH.HIOTC.H CJie.zzyrom;He ,n;onoJIHHTeJ!b-

Hble onepaII,HH: 

• ocym;eCTBJI.HeTC.H IIOJ!Hhlfi U.HKJI no BpeMeHH, rrpH KOTOpOM peIIIaeTC.11 ClICTeMa 

,D.Hq>q>epeHU.HaJihH~HHfi MetoAOM Pyare 'Kyll~ qeTBepToro nop.H,n;Ka 
H a1,1q11CJI.HIOTC.H H ~9('tfDJ.IHf>lH~ ) B ,lI.11 KaK q>yHKII.HH 
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BpeMem1, a TaK)Ke 3aIHIChIBaJOTCH BpeMeHHbie 3aBIICIIMOCTII pa3HOCTII q>a3 II 
HaITp.11)KeH1IH; 

• Bbl'IIICJrneTCH cpe,n;Hee 3Ha'IeHIIe HaITpH)KeHIIH ITPII ,n;aHHOM 3Ha'IeHIIII TOKa. 

BhI'IIICJ1eHHh1e 3Ha'IeHIIH 3aITIIChIBaIOTcH B q>afin Voltage.dat II BhIBO,!l;HTCH Ha 
3KpaH ITPII pactieTe. 

1.4.6. II;HKJI no BpeMeHH 

Ilocne Toro KaK ITpoae,n;eHa ITpe,n;aap1ITeJ1bHaH ITo~rOTOBKa, ofrhHBJieHbI ITepeMeH­

Hhie, 3a)];ctHbl Ha'IaJibHbie )'CJIOBIIH H OITpe,n;eneHbl ~apaMeTpbl, C03)];aHbl q>afiJlhl )];JIH. 

3aITHCH ,!l;aHHbIX, MO)KH() ITpHCT)'ITaTb K 'IHCJleHHOMy pemeHHIO ypaBHemrn (nnn, KaK 

B HameM cnyqae, CHCTeMbl ypaBHeHnii). <l>HKCHpyH 3Ha'IeHHe 6a30Boro TOKa, Ha'IH­
HaeM ~IIKJI ITO .BpeMeHH B HHTepBane 3a,n;aHHOro BpeMeHHOro ,!l;OMeHa T JO. • 

IJ;nKJI ITO apeMeHn 3a,n;aeTcH BHYTPH ~HKJia ITO TOKY TaK)Ke c ITOMO~bJO oITepa-
Topa do while: 

t=0; //C'IeT'IHK ~a 

do //ffaqano ~a 
{ 

Te.tto '4Uli:.lla 

}while(++t<tN+1); //YCJIOBHe BhDtOAa H3 ~KJia; 

IJ;mcn ITO BpeMeHH BblITO.TIHHeTcH OT t=0 ,!l;O t=tN. :r:ipn K~OM mare ITpOBO,!J;.HTCH 
cne,n;yJO~e OITepa~HII: 

• BhI'IIIcneHne 3Ha'IeHnii HaITpH)KeHII.H V(t) II pa3HOCTII q>a3 cp(t) M()TO,n;oM PyHre-
KyTTa Ha ,n;aHHOM mare; · 

• IIHTerplipOBaHHe HaITpH)KeHIIH ITO BpeMeHII MeTO,!l;OM ITpHMoyrOJlbHIIKOB; 

• 3aITIICb 3Ha'IeHIIfi HaITpH)KeHIIH V(t) H pa3HOCTII q>a3 cp(t) B COOTBeTCTBYIO~He 
q>aiinhI "V(time).dat'.'n "ph(time).dat". 

B IT.3.3 OITHCaH MeTo,n; PyHre-KyTTa '1eTBepToro ITOpH,n;Ka n pacIT1ICaHa ITO ITYHK­

TaM ITpo~e,n;ypa pemeHIIH Hamefi. CIICTeMbI ypaaHeH1Iii. HH)Ke ITp1Iae,n;eHa 'IaCTh ITpo­

rpaMMhI, OTBeTCTBeHHaH 3a pemeHIIe ,!l;IIq>q>epeH~IIaJlbHOro ypaBHeHHH MeTO,!l;OM 
PyHre-KyTTa C KOHKpeTHblMH K03q>q>H~IIeHTaMII: 

//Haqano MeTOAa PyHre-KyTTa 

//IlepBhle K034xl>~eHT1,I MeTOAa PyHre-KyTTa 

V1=TP*(I+Amp*sin(0mega*(TP*t+TP/2+ICounter*tN*TP)) 
-sin(ph)-beta*V); 

P1=TP*V; . 

//BTOphle K034xl>~eHT1,I MeTOAa PyHre-KyTTa 

V2=TP*(I+Amp*sin(0mega*(TP*t+TP/2+ICounter*tN*TP)) 
-sin(ph+P1/2)-beta*(V+V1/2)); 

P2=TP* (V+V1/2) ••C, """ '-• 

. //TpeTI,H K034xl>~e':in-i,{';MeTOAa PyHre.:.Kyria 
r: '.., 

;j ::-}.~; ! ' 

V3=TP*(I+Amp*sin(0mega*(TP*t+TP/2+ICounter*tN*TP)) 

-sin(ph+P2/2)-beta*(V+V2/2)); 

P3=TP*(V+V2/2); 

//qenepThle K034xl>~eHT1iI MeTOAa PyHre-KyTTa 

V4=TP*(I+Amp*sin(0mega*(TP*t+TP/2+ICounter*tN*TP)) 

-sin(ph+P3)-beta*(V+V3)); 

P4=TP*(V+V3); 

,L(anee ITPOHCXO,!l;IIT Bbl'IHCJleHHe 3Ha'IeHHH pa3HOCTH q>a3 

ph=ph+(P1+2*P2+2*P3+P4)/6 

II HaITpH)KeHHH 

V=V+(V1+2*V2+2*V3+V4)/6 

,!l;JIH ,n;aHHOro mara ITO BpeMeHH. 

B pe3yJibTaTe npo~e,n;yphl PyHre-KyTTa Mb! ITonyqaeM cp(t) H V(t) KaK <PYHK~HH 

BpeMeHH ITPH q>HKCHpOBaHHOM 3Ha'IeHHH TOKa. ,Ll..nH HaxO)K,!l;eHHH cpe,!l;llero 3Ha'Ie­

HHH HaITpH)KeHHH a .nrr Heo6xo,n;HMO ITPOHHTerpHpOBaTb HaITpH)KeHHe ITO BpeMeHH. 

KaK YKa3b!BaJIOCb Bhime, 3TO HHTerpHpOBaHHe ITpOBO,!l;IITCH MeTO,!l;OM ITPHMOyrOJlb­

HHKOB (cM. ypaBHeHHe (1.2)). Cne,n;yeT OTMeTHTh, 'ITO HHTerpHpOBaHHe Ha'IHHaeTCH 

ITPH t = ti, a 3aKaH'IHBaeTCH ITPH t = tN: 
if(t>ti) intV=V*TP+intV; //Ha'IHHax c HOMepa ~KJia ti, 

mrrerpnpyeTCR HanpHXeHHe; 

3,n;ech HCITOJlb30BaH YCJIOBHhlfi OITepaTOp if () . 

1.4. 7. 3arrHCb BpeMeHHbIX 3aBHCHMOCTeii H HX corJiaCoBaHHe C 

BOJibT-aMrrepHOii xapaKTepHCTHKOii 

B pH,n;e CJiy'IaeB B03HHKaeT Heo6xO,!l;IIMOCTb HCCJle,!l;OBaTb ,!l;IIHaMHKy pa3HOCTH 

q>a3 H HaITpH)KeHHH B .nrr B OITpe,n;eneHHOM HHTepBane 6a30BOro TOKa. ,Ll..nH 3TOrO 

B ITporpaMMe BBO)];HTCH 3Ha'IeHHH TOKOB Itime1 H Itime2, OITpe,n;eJIHIO~He rpaHH­

~bl ,n;aHHOrO HHTepaana, B KOTOpOM 3aITHCbIBaeTCH BpeMeHHaH 3aBHCHMOCTb. O6bl'I­

HO, 'IT06bl ITOJIY'IHTb 6onee ,!l;eTaJlbHYIO HHq>opMa~HJO, B 3TOM HHTepBane 6epeTCH 

yMeHbmeHHblll mar ITO TOKY H yBeJIH'IeHHblll pa3Mep COOTBeTCTByJO~ero BpeMeHHO­

ro ,!l;OMeHa. l103TOMY Ba)KHO cornacoBaTb Ha'IaJIO H OKOH'IaHHe 3aITHCH C ,n;aHHbIM 

H3MeHeHHeM mara ITO TOKy, KOTOpoe Bhlpa)KaeTCH B ,n;o6aaKe H Bbl'IHTaHHH ITOJIOBH­

Hbl BeJIH'IHHbl mara ITO TOKY K COOTBeTCTBYJO~efi rpaHH~e. BHyTpH ~HKJla ITO Bpe­

MeHH 3a,n;aeTCH YCJIOBHe, KOTopoe cpaBHHBaeT ,n;auuoe 3Ha'IeHHe TOKa C rpaHH~aMH 

HHTepaana ,!l;JIH 3aITHCH BpeMeHHblX 3aBHCHMOCTefi. YCJIOBHe (a==at) OITpe,n;enHeT, 

XOTHM Jill Mbl 3aITHCaTh BpeMeHHYJO 3aBHCHMOCTb ITPH yaeJIH'IeHHH TOKa HJIH ITPH 

ero yMeHbmeHHH. 

Mo)KHO ITpe,!l;ITOJIO)KHTb, 'ITO yCJIOBHe )];JIH rpaHH~ 3aITHCH MO)KHO 3a)];aTb B BH,n;e 

if(I>=Itime1) &:&: (I<=Itime2), T.e. c ITOMO~b!O OITepaTOpOB <= H >=. Ho KOMITH­

JIHTOpbl HCITOJ1b3YIOT 'IHCJIO C ITJlaBaJO~en TO'IKOfi, IT03TOMY paBeHCTBa I=Itime1 H 

I=Itime2 BblITOJIHHIOTCH He BCer,n;a. 9TO ITpHBO,!l;IIT K ITOTepe ,!l;Byx maroB no Bpe­

MeHH B npo~ecce 3aITHCH ,n;aHHblX B ¢attn npH BXo,n;e B HHTepBaJI H BbIXO,!J;e H3 Hero. 

~fro6bl H36e)KaTb 3TOro, MO)KHO 3a,n;aTb yCJIOBHe BXO,n;a H BblXO,n;a H3 HHTepBana 
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[Itimel, /time2J onepaTopaMII <II>, a TaK:lKe ,n;o6aaneHileM II BblqIITaHIIeM nono­

BIIHHOro mara no TOKy. HanpIIMep, I<(Itime2+JP1/2) ·11 I>(Itimel-JPl/2). 

(a) ---
JPOI 1111 

JP! IJPO ••• 
111 I 

Itimel Itime2 

(b) -
JPOI JP! JPO 

II I I ,· .. 1111 
Itimel Itime2 

PIie. 1.2. CxeMa, 6npe,n;em11om;a.11 MeTO,!l;IIKY 3anI1cn apeMeHHbIX 3aBIICIIMOCTeii xa-
paKTepIICTIIK ,[I,TI ' 

3anIICb a ¢attn BhlnonmieTC.H c nOMOIIl;bIO <PYHKIJ;IIII fpiintf. 

Mb! IICnonb3yeM cne,n;yrom;Ile napaMeTpbl ¢opMaTI1pOBaHI1.H: \n-nepexo,n; K cne­

,n;yrom;efi CTpOKe, "¼e"-aKcnoHeHIJ;IlaJibHa.H ¢opMa 3anI1CII qI1cen, HanpIIMep, qilcno 

0.0123456789 3anIICbIBaeTC.H B Bil,n;e 1.23456789 · 10-2 , T.e. ,n;po6Hoe qilcno, YMHO­
:lKeHHOe Ha 10 B onpe,n;eneHHOfi CTeneHII. 

TaKRM o6pa30M, KO.U. 3anI1CI1 BpeMeHHbIX 3aBIICIIMOCTefi ,n;aeTC.H B Bil,n;e 
// Haqano 3a.ImCII BpeMeHm!X 3~IICHMOC±eii . 

if((I<(Itime2+JP1/2)) && (I>(Itimel-JPl/2)) && (a==at)) 
{ 

tN=Tfl/TP; 

Tf=Tfl; 

//~opeyrw ~ Bhl'l.l!Cnemm saimch!BaeMoro BpeMeHH. 
if(at==-1) 
{ 

time=hTP-(TP*tN* (Itime2-I) *at)/ JP; 
} 

if (at==l) 
{ 

time=t*TP+(TP*tN*(I-Itimel)*at)/JP; 
} 

fprintf(f5,"¼f\tll,time); //3aimc1, 3HaqemmBpeMeHH B ct,aiine, 
r~e 3a.ImCh!BaeTCX V(t) 

fprintf(f6,"¼f\t",time); //3aimc1, 3Haqemm BpeMeHH B ct,aiine, 
r~e 3a.ImChlBaeTCX ph(t) 

fprintf(f6,"¼e\t",ph); //3aimcb pa3HOCTH ct,as B'ct,aiin 

· fprintf (f5, "¼e\ t", V); //3axmc1, Hanpmtemm B ct,aiin 
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fprintf (f5, "¼f\ t", I); //3axmc1, 6asoBoro TOKa B ct,aiin 

fprintf(f6,"¼f\t",I); //3axmc1, 6a30BOrO TOKa B ct,aiin 

fprintf(f5,"\n"); //IIepexo~ Ha HOByio CTPOKY 

fprintf(f6,"\n"); //IIepexo~ Ha HOByio CTPOKY 

}else 

{ 

} 

tN=TfO/TP; 

Tf=TfO; 

//KoHen; Bhl'IHCJiemm BpeMeHllh!X 3aBIICHMOCTeH 

1.4.8. Ycpe,n;Hemrn Harrpsrn<:emu1 H 3arrnch BOJihT-aMrrepHoii xa­
paKTepncTHKH B cpaiiJI 

B IJ;IIKne no BpeMeHII nporpaMMa paccqIIThlBaeT 3HaqeHII.H IIHTerpaJia ( cyMMbl 

npoI13Be,n;eHilfi V*TP) BO BpeMeHHOM .n,oMeHe OT Ti .u,o Tf. lknonb3Y.H 3HaqeHII.H 

BblqilcneHHOro IIHTerpaJia, MO:lKHO HafiTII cpe,D,Hee Hanp.H:lKeHile. Ko.n, nporpaMMbI, 

KOTOphlfi BhlnOnH.HeT ycpe,D,HeHile, IIMeeT BII.U, 

v=intV/(Tf-Ti); //Ycpe,D,HeHHe Hanpmtemm 

intV=O; 

Cne,n;yeT OTMeTIITb, qTo nepeMeHHa.H, KOTOpa.H xpaHIIT 3HaqeHII.H HHTerpaJia, 

.U,On:lKHa npHpaBHHBaTbC.H Hynro nocne ee HCnOnb3OBaHH.H, nOCKOnbKY ,n;aJiee HRqH­

HaeTC.H npou;ecc HHTerpHpoBaHH.H cne,n;yrom;ero mara no TOKy. 

Pe3ynbTRThl pa60Tbl nporpaMMhl, a llMeHHO 3HaqeHne TOKa H BhlqncneHHOe )I,JI.H 

.n,aHHOrO TOKa Hanp.H:lKeHne, MO:lKHO BbIBeCTll Ha 3KpaH. B nporpaMMe 3TO peaJin3y­
eTC.H nocpe.n,cTBOM o6'heKTa cout: 

cout < 11 \n\nl:" <I< 11 \tV:" < v; //Bh!Bo~ pesyn1,TaTOB Ha 3KpaH; 

B npou;ecce pa60Thl Ha 3KpaHe MOHllTOpa Mb! Bll)I,llM: "I : 3HaqeHHe TOKa", 3aTeM 

cne,n;yeT Ta6yn.HIJ;ll.H "V : 3HaqeHHe Hanp.H:lKeHn.H". 

,[I,aJiee BhlqncneHHOe 3HaqeHne cpe,D,Hero Hanp.H:lKeHll.H C COOTBeTCTBYIOIIl;llM 3Ha­
qeHneM TOKa 3anncbIBaIOTC.H B ¢attn: 

fprintf(f,"¼f\t¼e\n",I,v); 

IlpH pacqeTe BAX rrpHxo.u,nTC.H ll3MeH.HTb HarrpaaneHHe 6a30Boro TOKa (T.e. yBe­
nnqeHne TOKa CMeH.HeTC.H Ha ero yMeHhmeHne, n Hao6opoT). 

9TH ycnOBll.H B rrporpaMMe 3a,D,aHbl cne,n;yrom;nM o6pa30M. 

YcnoBne )I,JI.H ll3MeHeHll.H HarrpaBneHll.H TOKa Ha yMeHbllleHne rrpH .U,OCTll:lKeHllll 

I~: 
if (I>Imax) 
{ 

cout < "here is max of current so we go back"< endl; 

a=-1; 
} 

YCJIOBHe )I,JI.H ll3MeHeHll.H HaIIpaBJieHll.H TOKa Ha BO3paCTaHne rrpn )J,OCTll:lKeHHll 

Im1n: 
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if ((I<=Imin+JPl/2) && (backcurrent==0) && (a==-1)) 
{ 

backcurrent=l; //ec= backcurrent=l, cneA0BaTeJihHo, 

nponsomna cMeHa HanpaBnelllffl pac'!eTa; 

breakcurrant=l; //ec1IH breakcurrant=l, cneAoBaTeJibH0, 

npn AOCTHXeHHH 3Ha'!elllffl !break nporpaMMa 6yAeT OCTaHOBJieHa; 
a=l; 

} 

YcJIOBHe ,Ll,JI.H OCTaHOBKll Bhl'IllCJieHnfi ITpll ,ll;OCTIDKeHllll Jbrealt: 

if ((backcurrent==l) && (I>=Ibreak-JPl/2) && (a==l)) //YcnoBne 
Ami 0CTaHOBKH Bhl'llCJieHHfi 

{ 

break; 
} 

B ITporpaMMe ll3MeHeHne 3Ha'!eHll.H Ha Ka:lK)];OM mare ITO TOKY 3a,n:aHO B Bll,ll;e 
I=I+a*JP; 

MbI OTMe'!ann Bhlme, 'ITO B OITpe,n:eneHHOi1 o6nacTn BAX, ,LJ,JI.H 6onee ,n:eTaJihHOro 

ee nccne,n:oBaHH.H, MO:lKHO yMeHbmllTb mar ITO TOKy. YcJIOBlle ,Ll,JI.H ll3MeHeHll.H mara 
ITO TOKY B ITporpaMMe 3a,n:aHO B Bll)];e 

if ((I<=Imore2+JP1/2) && (I>=Imore1-JP1/2)) 
{ 

} 

JP=JP1; 

tN=Tfl/TP; 

Tf=Tfl; 

else 
{ 

} 

JP=JP0; 

tN=Tf0/,TP; 

Tf=Tf0; 

Ilocne IJ;llKJia ITO TOKY MbI ,ll;OJI:lKHbl 3aKpb!Tb ITOTOKll: 
fclose{f); 

fclose (f5) ;, 

fclose(f6); 

L5. IllyM B qHcJieHHhIX pacqeTax. reHepaTophI my­
Ma 

Y'IeT myMa ITpn MO,n:ennpoBaHnn ,n:nHaMnKn )],II nrpaeT 6onhmy10 ponb. Mo:lK­

HO BbI,ll;eJillTb )];Ba llCTO'IHllKa myMa: BHJTpeHHlle ( co6cTBeHHbie) cpnyKTyau;nn ll 

BHemHne (HaBO,ll;Kll). Mb! 6y,n:eM paccMaTpnBaTb B03,n:ei1cTBlle Jillmh co6CTBeHHbIX 

cpnyKTyau;nfi, TaK KaK C llCITOJib30BaHlleM <PllJibTpOB B 3KCITepnMeHTe 06bi'IHO y,n:aeT­

C.H CHll3llTb pa3Max BHemHllX cpnyKzyau;nfi. I1cTO'IHllKOM BHYTPeHHllX <PJIYKTyau;nfi 
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.HBJI.HeTC.H HOpMaJihHa.H COCTaBJI.HIOiu;a.H TOKa. TaKllM o6pa30M, CBOi1CTBa cpnyKTya­

IJ;llOHHOrO TOKa Inoise TaKne :lKe, KaK y KOHTaKTa B HOpMaJibHOM COCTO.HHllll. ,1],n.H 

MaJihlX HaITp.H:lKeHlli1 

eV;SkT (1.4) 

OCHOBHYIO pOJib nrpaIOT TeITJIOBbie cpnyKTyau;nn. B 3T0M CJIJ'Iae CITeKTpaJibHa.H 

ITJIOTHOCTb Si(w) TOKa Inoise ITOCTO.HHHa: 

GN 
Si(w) = ·-kT = const. 

7r 
(1.5) 

Cnny B03,n:ei1CTBll.H TeilJIOBbIX cpnyKTyau;nlt MO:lKHO oxapaKTepll30BaTb BeJill'Ill­

HOit 

kT 2ekT Ir 2ekT 
'Y = Ee = life = le, Ir = -li- ~ 0.084 T [K]. (1.6) 

TaKnM o6pa30M, ITpn TeMITepaType T ~ 4.2 K Ir~ 0.3 MICA. Ecnn KpnTH'!ecKnfi 

TOK le cyiu;eCTBeHHO ITpeBb1maeT Ir, TO BJill.HHlle TeITJIOBbIX cpnyKTyau;nlt OTHOCll-

TeJihHO MaJIO. 

Ecnn Hanp.H:lKeHne Ha KOHTaKTe cTaHOBllTC.H 6onhmnM, TO eV ~ kT. Tor,n:a cy­

iu;ecTBeHHYIO pOJib Ha'InHaIOT nrpaTb TaK Ha3bIBaeMbie ,n:po60BbJe <PJIYKTyau;nn, CB.H-

3aHHbie C ,l);llCKpeTHOCTb!O 3ap.H,n:a KBa3ll'!aCTllIJ;. Mx CITeKTpaJibHa.H ITJIOTHOCTb 

S ( ) 
eIN , 

t w = ~ = const. (1.7) 

B Hameli ITporpaMMe reHepau;n.H rnyMa COCTOllT ll3 .n;BYX '!aCTei1. B nepBOi1 '!a­

CTll reHepnpyeTC.H cny'Iai1Hoe 'IllCJIO Ha OCHOBe HOMepa TaKTa ITpou;eccopa C MOMeHTa 

ITocne,n:Bero c6poca. OITpe,n:en.HeTc.H MaKCHMaJihHO B03MO:lKHOe 3Ha'IeHne reHepnpye­

MhIX cny'!ai1HhIX 'Incen ranmax, n 3TO 3Ha'IeHne cpnKcnpyeTc.H. OITpe,n:eneHne 3Ha'!e­

Hll.H ranmax HaM Heo6xO,D;llMO ,LJ,JI.H HOpMllpOBKll cny'Iai1HhIX 'IllCeJI, .IIOCKOJibKY Mbl 

xoTnM ITOJIJ'IllTb pacITpe,n:eneHne cny'!ai1HhIX '!ncen B llHTepBane [-1, 1]. Bo BTOpolt 

'IaCTll reHepnpyIOTC.H cny'Iai1Hble 'IllCJia B llHTepBane OT HJJI.H ,n:o ranmax ll HOpMll­

pyIOTC.H Ha ranmax. 3aTeM ITOJiy'IeHHOe pacITpe,n:eneHne YMHO:lKaeTC.H iia aMITJillTY,ll;Y 

myMa noisemax, B pe3yJihTaTe '!ero MbI ITOJIJ'IllM 3Ha'IeHne myMoBoro TOKa. B npo­

u;ecce BhIIIOJIHeHll.H ITporpaMMhI ITepBa.H '!aCTb reHepau;mi IIIyMa ocyiu;eCTBJI.HeTC.H 

Beere, O,ll;llH pa3 ll onpe,n:en.HeTC.H ranmax. A BTOpa.H 'IaCTb BbIUOJIH.HeTC.H ITPH Ka:lK­

,ll;OM 3Ha'!eHllll BHemHero TOKa II B KO,n:e ITporpaMMbl HaxO,D;HTC.H BHYTPH IJ;llKJia ITO 

TOKy. 

TeITepb Il03TanHO paCCMOTpllM KO)]; nporpaMMbI, KOTOpbilt reHepnpyeT IIIJM. BHa­

'IaJie o6'b.HBJI.HIOTC.H Heo6XO,D;HMbie nepeMeHHbie ,Ll,JI.H pa60TbI C IIIYMOM: 

long int 
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ranmax=0,//MaxcHMaJihHOe 3Haqemre cnyqafuioro 'IBCJia 

ran=0;//3Haqemre cnyqafuioro 'IBCJia ~ orrpe~enemm ranmax 

long long x1;//IlepeMeHHaH ~ HOMepa TaKTa rrpou;eccopa 
(3epHo cnyqa.mrax qncen) 

float irand; //3Haqemre cnyqafuioro 'IBCJia ~ HOpMHpOBKH cnyqamihlx 
qncen 

double 

!rand //3Haqemre myMOBOro TOKa, KOTopoe ~o6aBnH8TCH K 6a30BOMY 

TOKY 

noisemax //AMIImlf.T'f~a myMoBoro TOKa; 

Orrpe,n;eJiemrn HOMepa TaKTa rrpou;eccopa BhIIIOJIH.HeTc.11 c rroMOIIJ,hJO acceM6Jiep­

HOii HHCTPYKD;HH rdtsc (aHrn. Read Time Stamp Counter), KOTopa.11 B03BpaIIJ,aeT 

KOJIHqeCTBO TaKTOB rrpou;eccopa c MOMeHTa IIOCJie,n;Hero c6poca. B rrporpaMMHOM 

KO,n;e Ha .H3bIKe c++ :na IIHCTPYKD;II.11 3a,n;aeTC.H KJIJOqeBbIM CJIOBOM asm. KJiroqeBoe 

CJIOBO asm IICIIOJib3yeTC.H ,!I/I.II BCTaBKII B C++-rrporpaMMY 0,!l;HOll HJIH HeCKOJibKIIX 

IIHCTPYKD;IIll acceM6JiepHoro KO,n;a. O6IIJ,a.H q>OpMa 3aIIIICII orrepaTopa asm IIMeeT BII,!l; 

asm("HHc-rpyKu;II.H"). Tor,n;a Ko,n;, KOTOpbiii orrpe,n;eJI.HeT HOMep TaKTa rrpou;eccopa, 

3aIIIICblBaeTC.H B BII,!1;8 

asm("rdtsc": -A" (xi)); 

CJie,n;yJOIIJ,IIM maroM .HBJI.HeTCH IIHIID;IIaJIII3aD;IIH, T.e. C03,!l;aHIIe reHepaTopa CJiy­

qaiiHhIX qIICeJI rand(). 8TO ,n;efiCTBIIe BbIIIOJIH.HeTC.11 C IIOMOIIJ,b!O srand '('':3epHO re­

HepaTOpa"). KaK YIIOMHHJTO Bhlm_e, B HaIIIeM CJiyqae 3epHOM reHepaTopa HBJIHeTCH. 

Xl - HOMep TaKTa rrpon;eccopa. ,lJjrn TOrO qT06bI HeCKOJibKO pa3 cremipIIp0BaTb 

CJiyqafiHhie qIIcJia II orrpe,n;eJIHTb MaKCIIMaJibHO B03MO::>KH08 3HaqeHIIe ranmax, 3a­

,n;aeTC.H D;IIKJI. TaKIIM o6pa30M, KO,!l; rrepBOll qacTII reHepan;IIII myMa 3aIIHCbIBaeTC.H 

CJie,n;yJOIIJ,IIM o6pa30M: 

i=1; 
do{ asm("rdtsc": -A"(x1)); 

srand(x1); 

ran=rand(); //feHepau;HH cnyqaii:Horo 'IBCJia; 

if(ranmax<ran)ranmax=ran; //IlonyqeHHoe cnyqafuioe 3Haqemre 

cpaBHIIBaeTCH C MaKCHMaJlhHh!M; 

}while(++i<=100000); 
cout < "random max is:"< ranmax < endl; 

B rrpou;ecce BblIIOJIHeHII.11 n;IIKJia rrpoIICXO,!l;IIT cpaBHeHIIe 3HaqeHII.H IIOJiyqeHHOro 

CJiyqaiiHoro qll(<Jia ran C MaKCIIMaJibHblM ranmax •. ECJIII. IIOJiyqeHHOe qIICJIO 60JihIIIe 

ranmax, TO 3HaqeHIIe ranmax 3aM8H.H8TC.H 9TIIM qIICJIOM. HopMIIpOBKa ·CJiyqafiHblX 

qIIceJI rrpOBO,!l;IITCH no q>OpMyJie 2[(iran/ranmax) - 0.5]. TaKIIM o6pa30M, K0,!1; 

,!I/Ill reHepan;IIII IIIJMOBoro TOKa rrpII q>IIKCIIpOBaHHOM 3HaqeHIIII 6a30Boro TOKa 3a­

IIIICb1BaeTCH TaK: 

irand=rand () ; 
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irand=2*(irand/ranmax-0.5); 

Irand=noismax*irand; 

cout«"\n number:"«i«"\t random:"«Irand; 

B HaillIIX pacqeTax aMIIJIHTy,n;a myMa HOpMIIpyeTC.11 Ha BeJIIIqIIHY KPIITIIqecKoro 

TOKa le II 06b1qHo rrpIIHIIMaeTCH paBHOfi 10-s. 

1.6. KoMIIHJI.si:u;1rn: 1:1 3arrycK rrporpaMMhI 

,l];JIH BblIIOJIHeHII.11 IIJIII 3arrycKa rrporpaMMbl Heo6X0,!1;1IMO ee CKOMIIIIJIIIpOBaTh. B 
pe3JJlbTaTe KOMIIIIJIHD;IIII C03,n;aeTCH ''IlcrrOJIHHeMhlll" <paiiJI, 3arrycK KOTOporo II rro,n;­

pa3yMeBaeT 3arrycK co3,n;aHHOii rrporpaMMbI. IlporpaMMHOe 06ecrreqeH1Ie, KOTopoe 

Heo6xo,n;IIMO ,!l;JIH KOMIIHJI.HD;HII rrporpaMMHOro KO,!l;a, Ha3bIBa!OT KOMIIIIJI.HTOpOM. Cy­

in;eCTBJIOT pa3JIIIqHbJe KOMIIIIJI.HTOpbl H3bIKa c++: OT rrpOCTbIX, rrpe,n;Ha3HaqeHHbIX 

TOJibKO ,!I/I.II KOMIIIIJIIIpOBaHIIH, ,n;o KOMIIJieKCHbIX, C ,!l;OIIOJIHIITeJibHblMII <pyHKD;II.11-

MII, IIHCTpyMeHTaMII II pe,n;aKTOpaMII. B qaCTHOCTII, xopomo ce6.11 3apeKOMeH,n;OBaJIII 

GNU, Intel C++ compiler, minGW, Visual C++, Borland C++. B HamIIx 11pII­

Mepax MO::>KHO IICIIOJih30BaTh GNU compiler, Intel C++ compiler, minGW. OHII 

,!l;OCTaToqHO IlpOCTbl B IICIIOJib30BaHHII II pa6oTa!OT Ha pa3HblX IIJiaTq>OpMaX (Linux 

II Windows). 



fnaBa 2. 

BJIH.HHHe rrapaMeTpoB Mo,n;eJIH H 
napaMeTpOB pac11eTa Ha 
xapaKTepHCTHKH ,I1;)K03ecpcoHOBCKOro 
rrepexo,n;a 

I1p1I pacqeTe rrporpaMMa Short-JJ.cpp, rrpe,n;cTaBJieHHalI B rrp1IJIO)KeH1I1I, co3,n;aeT 

TplI dat-cpafina c ,n;aHHhIMII: Voltage.dat, V(time).dat II ph(time}.dat. B HIIX co,n;ep- _ 

)KaTCH BAX CIICTeMhI, BpeMeHHbie 3aBIICIIMOCTH HarrplI)KeHIIlI H pa3HOCTH q>a3 COOT­

BeTCTBeHHO. Mb! paCCMOTpHM OT,Ll;eJibHO cnyqan C MaJIOfi H 60JibIIIOfi ,Ll;IICCHrrau;nefi H 

rrpoaHaJIH3HpyeM pe3yJibTaTbl pacqeTa BAX CHCTeMhl H BpeMeHHbIX 3aBIICIIMOCTefi. 

2.1. ,ll;)K03eq>COHOBCKHH nepeXO,lJ; C Ma.TIOH ,lJ;HCCHna­

u;Heii (,8 = Q.2) 

KaK YKa3b!BaJIOCb BbIIIIe, 0,Ll;HOfi H3 OCHOBHbIX xapaKTepHCTIIK ,z:r:rr lIBJilieTClI ,n;nc­

c1rnaa;1IlI, KOTOpalI orrpe,n;eJilieT eMKOCTb rrepexo,n;a, KplITnqecKHfi TOK H corrpOTIIB­

JieHIJe ,z:r:rr B HOpMaJibHOM COCTOlIHHII. ll:nccnrrau;nlI xapaKTepu3yeTClI rrapaMeTpOM 

/3, KOTOpblfi CBlI3aH C rrapaMeTpOM MaK-KaM6epa f3c COOTHOIIIeHneM /3 = 1/,,/lT,,. 

Ha p1Ic. 2.l(a) rrpe,n;cTaBJieHa BAX, paccqnTaHHalI rrp1I 3HaqeHIIH rrapaMeTpa 

,n:1Iccnrrau;nn /3 = 0.2. PacqeT rrpoBO,Ll;HJIClI c HyJieBoro 3HaqeHnlI TOKa I = O ,n;o 
/max= 4 II o6paTHO ,n;o HYJilI, 3aTeM pa6oTa rrporpaMMhI rrpeKpaiu;anacb. CTpeJIKH 

YKa3hIBa!OT HarrpaBJieHne II3MeHeHHlI TOKa. ByKBaMH Ha pncyHKe OTMeqeHbl TOqKn, 

B KOTOPbIX coxpaHlIJiaCb BpeMeHHalI 3aBIICHMOCTb HarrplI)KeHIIlI H pa3HOCTH q>a3. 

IIonyqeHHalI BAX oTpa~eT cocTOlIHne ,z:r:rr c HyneBhIM HarrplI)KeHneM B HHTepBane 

TOKa [O, 1], a TaK)Ke ,n;eMOHCTplipyeT HaJinque rncTepe3nca B pe3HCTHBHOM COCTOlI­

HHII, xapaKTepn3yeMoe orrpe,n;eJieHHhIM 3HaqenneM TOKa B03BpaTa Ir B CBepxrrpOBO­

,Ll;lIIU:ee COCTOlIHIIe (coCTOlIHHe C HyJieBbIM HarrplI)KeHIIeM}. 

BpeMeHHaH 3aBHCIIMOCTb pa3HOCTH q>a3 ,Ll;JllI Tpex 3HaqeHIIfi TOKa I = 0, 0.0001, 

0.0002 IIOKa3aHa Ha pnc. 2.l(b). Ona paccqnTbIBaJiacb rrpn Tf = 500 n TP = 0.05. 
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P1Ic. 2.1. (a) BAX o,n;Horo ,z:r:rr rrp1I /3 = 0.2; (b) BpeMeHHalI 3aBnCHMOCTh pa3HO­

CTII cpa3 B CBepxrrpOBO,Ll;lIIII;efi o6JiaCTH; (c) BpeMeHHalI 3aBIICIIMOCTb HarrplI)KeHIIlI B 

CBepxrrpOBO,Ll;lIIII;efi o6JiaCTH; (d},(e) H (f} BpeMeHHalI 3aBHCHMOCTb HaIIplI)KeHHlI B 

TOqKax B,C n D cooTBeTCTBeHHO 

KaK MO)KHO Bn,n;eTb, yBeJinqeHne TOKa I rrpHBO,Ll;IIT K CKaqKoo6pa3HOMY II3MeHeHH!O 

pa3HOCTH cpa3 cp = arcsin(/). Ha BCTaBKe IIOKa3aHbl OCII;HJIJilIII;HH, B03HHKa!OIII;He 

rrpn H3MeHeHIIH TOKa, BbI3BaHHbie rrepeXO,n;HbIMH rrpou;eccaMH B CHCTeMe. KaK If 

CJie,n;oBaJIO O)KH,Ll;aTb, rrpn MaJibIX 3HaqeHHlIX TOKa arcsin(/} = /. 
Ha BpeMeHHOfi 3aBHCHMOCTII HarrplI)KeHHlI ( CM. pnc. 2.1 ( C)) TaK)Ke Ha6JIJO,L1;a!OTClI 

rrepexo,n;Hbie rrpou;ecCbI, HO 3HaqeHne HarrplI)KeHHlI KOJie6JieTClI OKOJIO HYJilI, TaK KaK 

B CBepxrrpoBO,Ll;lliu;efi o6nacTn HarrplI)KeH1Ie Ha rrepexo,n;e OTCYTCTByeT ( cpe,n;Hee Ha­

rrplI)KeHne paBHO HYJI!O). Ilpn ycpe,n;HeHHH no BpeMeHH OCII;HJIJilIII;HII MOryT BHOCHTb 

orrpe,n;eJieHHY!O OIIIII6Ky, II03TOMY ycpe,n;HeHne ,Ll;OJI)KHO rrpoBO,Ll;IITbClI B IIHTepBaJie 

T f - Ti, r,n;e Ti - ,n;JIHHa HHTepBana no BpeMeHII, B KOTopoM Ha6JIJO,n;aJOTClI rrepe­

xo,n;Hhre 0CII;HJIJilIII;HH. Cne,n;oBaTeJibHO, 3T0T IIHTepBaJI ,Ll;0JI)KeH 6hITb HCKJIJOqeH H3 

rrpou;ecca ycpe,n;HeHIIlI. 

XapaKTep OCII;HJIJilIII;Hfi HarrplI)KeHHlI B pe3HCTHBH0M C0CTOlIHHH rrplI pa3JIIIqHbIX 

3HaqeHHlIX 6a30BOro T0Ka ,n;eM0HCTPIIpyeTCH Ha p1IC. 2.1 ( d,e,f}' r,n;e rrpe,n;cTaBJieHbI 

BpeMeHHbie 3aBIICHM0CTH HarrplI)KeHlrn B TQqKax B, C H D, OTMeqeHHbIX Ha pnc. 

2.l(a). 51CHO, qTO yBeJinqeHHe HarrplI)KeHHlI C00TBeTCTByeT B03pacTaHH!O qacT0Thl 

0CII;IIJIJilIII;IIfi, HO 3,Ll;eCb Ba)KHQ 0TMeTHTb cyiu;eCTBeHH0e 0TJilfqne xapaKTepa KOJie6a­

HIIfi HarrplI)KeHHlI OT CHHYC0II,Ll;aJibH0fi 3aBHCIIM0CTII B o6JiaCTII rlICTepe3HCa B6JIH3H 

T0qKH D. cho CBlI3aH0 C CHJibHbIM BJIHlIHHeM HeJIHHefiH0fiCTH B 3T0fi 06JiaCTH. 
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2.2. ,ll;)K.03ecpcoHOBCKHH rrepexo,r:,; C 60JihillOH ,D;HCCH­

rrau;11eii (/3 = 1.5) 

B CJiyqae 60JibIIIOii: ,!I.HCCHIIan;HH KapTHHa cym;ecTBeHHO ll3MemrnTCH. Ha pnc. 

2.2(a) rrpe,!].CTaBJieHa BAX, pacc'!HTaHHaH npn 3Ha'!eHnn napaMeTpa ,!l.nccnnau;nn 

(3 = 1. 5. B ,!].aHHOM CJiyqae pacqeT npoBe,!].eH KaK ,!I.JIH IIOJIO:lKHTeJibHbIX, TaK n ,!1.JIH 

oTpnu;aTeJibHhIX 3Ha'leHnii: TOKa. IloJiy'leHHaH BAX oTpa:iKaeT cocTOHHne ,ll;IT c HY­

JieBhIM HanpH:lKeHHeM B HHTepBaJie TOKa [-1, + 1] ll pe3HCTHBHOe COCTOHHHe npn 

ocTMhHhIX ero 3Ha'leHnHx. Mbl BH,!I.HM, 'ITO BAX ,ll;Il ,!l.eMOHCTpIIpyeT oTcyTcTBne 

rIICTepe3nca ll CIIMMeTpH'!Ha OTHOCHTeJibHO I = 0. BpeMeHHaH 3aBHCHMOCTb Ha­

npH:lKeHHH II Pa3HOCTH q:>a3 ,!I.JIH ,!I.Byx 3Ha'leHIIii: TOKa B6JIH3H TO'IKII A nOKa3aHa Ha 

pIIC. 2.2(b,c). KaK II CJie,!].OBaJIO O:lKII,!].aTb, pa3HOCTb cpa3 pacTeT CKa'!K006pa3HO npII 

nepexo,!].e K cJie,!J.YIOm;eMy 3Ha'leHIIIO TOKa, npII 3TOM o6JiaCTh nepexO,!J.HhIX npou;ec­

COB cym;eCTBeHHO MeHbIIIe (KaK nOKa3aHO Ha BCTaBKe), 3TO CBH3aHO C yBeJin'leHIIeM 

,!I.HCCHnau;nn B CHCTeMe. 
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Pnc. 2.2. (a) BAX o,!].Horo ,ll;Il npII (3 = 1.5; (b) BpeMeHHaH 3aBncnMOCTh pa3HO­

CTII cpa3 B CBepxrrpOBO,!I.Hm;eii: o6JiaCTII; (c) BpeMeHHaH 3aBIICIIMOCTb HanpH:lKeHHH 

B CBepxnpOBO,!I.Hm;eil: o6JiacTII; (d),(e) II (f) BpeMeHHaH 3aBIICHMOCTb HanpH:lKeHHH 

B TO'!Kax B,C H D COOTBeTCTBeHHO; (g) BpeMeHHaH 3aBHCHMOCTb pa3HOCTII cpa3 B 

TO'IKe B 

Ha pIIC. 2.2(d,e,f) nOKa3aHbl BpeMeHHble 3aBIICIIMOCTH HanpH:iKeHHH B TO'!Kax B, 

C II D cooTBeTCTBeHHO. KaK II B CJiyqae c MaJIOii: ,!I.HCcnnau;IIeii:, npII 6oJihIIInx 3Ha'!e­

mrnx T0Ka (TO'!Ka C) OCD;IIJIJIHD;Hll HanpH:lKeHHH HMeIOT CHHyCOH,!].aJibHblil: xapaKTep, 
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T0r,!l.a KaK B T0'IKaX B n D (pnc. 2.2(a,c)) xapaKTep 0CD;HJIJIHD;Hil: CHJibHO OTJIH'laeT­

CH OT CHHYC0H,!l.aJibH0ro, 3TO TaK:lKe CBH3aHO C HeJIHHeii:H0CTbIO B 3THX o6JiaCTHX. Ha 

pnc. 2.2(g) npe,!].CTaBJieHa 3aBHCHMOCTb Pa3H0CTH cpa3 OT BpeMeHH npn 3Ha'leHHH 

T0Ka I = 1.5 B6JIH3H TO'IKH B, ,!].eM0HCTpnpy10m;aH MOHOT0HHbIH 0CD;HJIJIHpy10m;Hii: 

p0CT pa3H0CTH q:>a3bl ,!I.JIH nepexo,!].a c 6oJibIIIOil: ,!1.HCCHnau;Heii:. 

2.3. BJIH.HHHe rrapaMeTpoB pacqeTa 

t.-1HcJieHHbiii: pac'leT BAX HMIITHpyeT ee 3KcnepHMeHTaJihHOe H3MepeHHe. KaK H 

B 3KCrrepnMeHTe, npH 'IHCJieHHOM pacqeTe II3MeHHeTCH 3JieKTpn'leCKHil: TOK II onpe­

,!].eJIHeTCH HarrpH:lKeHHe Ha ,ll;Il. ,ll;JIH noJiy'leHHH BAX, corJiacy10m;nxcH c aKcnepH­

MeHTaJihHhIMII, Ba:lKHO npaBHJihHO 3a,!].aTh rrapaMeTpb! pacqeTa. 

2.3.1. Bmrn:mrn mara no TOKY 

O,!J.HHM H3 TaKHX napaMeTpOB HBJIHeTCH Illar no TOKy. Ha pHc. 2.3 npe,!].CTaBJieHbl 

BAX ,ll;Il c napaMeTpoM ,!1.HCCHnan;HII (3 = 0.2 npH pa3JIH'lHbIX 3Ha'leHHHX IIIara no 

T0Ky: JP = 0.l(a), 0.0l(b), 0.00l(c), 0.000l(d). CHMBOJibl YKa3hIBaIOT pac'!eTHbie 

3Ha'leHHH, KOTOpbie coe,!].HHeHbl JIHHHHMII ,!I.JIH HarJIH,!].HOCTII. Pac'leT npOBO,!I.HJICH 

npH 0,!1.HHx H Tex :iKe 3HMeHHHX napaMeTpoB: T f = 1000, Ti = 50, Tp = 0.05, 

IO= 0.1, /max= 2. Ha BCTaBKax K pHc. 2.3 noKa3aHa qacTh BAX, coOTBeTCTBYio­

m;aH CBepxrrp0BO,!].HIIl;eMy COCTOHHH!O ,n;rr, KaK rrpn yBeJIII'leHHH 6a30BOro TOKa, TaK 

ll IIPH ero yMeHbIIIeHHH. TaKHM o6pa30M, yMeHbIIIeHHe IIIara no TOKY npHB0,!I.HT K 

crJia:lKHBaHH!O xapaKTepHCTHKH II yMeHhIIIeHH!O aMnJIIITY,!J.bl OCD;HJIJIHD;Hil: HarrpH:lKe­

HHH B CBepxrrpOBO,!].HIIl;eM C0CTOHHIIH (B6JIH3H HYJIH) rrepe,!]. nepexo,!].OM B pe3HCTHBHOe 

C0CT0HHHe. 

2.3.2. BJnurnne pa3Mepa BpeMeHHoro ,n;oMeHa 

B cooTBeTCTBHH c rrporpaMMOii: Short-JJ (cM. npnJio:lKeHIIe 1), Ha Ka)K,!I.0M IIIare 

no T0KY paCC'lHTbIBaeTCH BpeMeHHaH 3aBHCHM0CTb pa3HOCTII cpa3 H HanpH:lKeHHH B 

,n;rr. 9TOT paC'leT Be,!].eTCH B onpe,!].eJieHHOM BpeMeHHOM ,!I.OMeHe Tf. Ha PHC. 2.4 no­

Ka3aHbl BpeMeHHbie 3aBHCHM0CTH HanpH:lKeHHH B6JIH3H 3Ha'leHIIH TOKa I = 0. 7 ,!I.JIH 

cJie,!J.YIOIIl;HX pa3MepoB BpeMeHHoro ,!I.OMeHa: (a) Tf = 50; (b)Tf = 100; (c)Tf = 250. 

BH,!1.HO, 'ITO OCD;HJIJIHD;HH HanpH:lKeHHH, B03HHKaIOm;He npH nepexo,!].e K CJie,!].yIOm;eMy 

3Ha'leHH!O T0Ka, CBH3aHbl C TeM, 'ITO TOK H3MeHHeTCH CKa'lK006pa3HO H npH HHTep­

BaJie ycpe,!].HeHHH T f = 50 peIIIeHHH He ycrreBa!OT Bb!HTH B o6JiaCTb CTa6HJibHO­

CTH (pHC. 2.4(a)). KaK Pe3YJihTaT, cpe,!].Hee HarrpH:lKeHHe q:>JIYKTyHpyeT ,!I.0CTaTO'lH0 

CHJibHO. B TaKHX CJiyqaHX rOB0pHT O 60JibIIIOM BKJia,!].e nepeXO,!I.HbIX npou;eccoB. IlpH 

T f = 100 peIIIeHHH BhIXO,!J.HT Ha 3Ha'leHHe V = 0 (pHc. 2.4(b)), O,!I.HaKo cooTBeTCTBY­

IOIIl;IIil: HHTepBaJI cpaBHIIM c o6JiaCTb!O nepeX0,!J.H0r0 npou;ecca H npH ycpe,!].HeHHII HX 

BJIHHHHe 6y,!l.eT BeJIHK0. B cJiyqae Tf = 250 (cM. pIIc. 2.4(c)) cpe,!].Hee HanpH:lKeHHe 

npaKTH'leCKII PaBH0 HYJI!O. TaKIIM o6pa30M, ,!I.JIH noJiy'leHHH npaBHJibH0ro pe3yJih­

TaTa Heo6xo,!I.HMO CJie,!].HTb 3a Bb160pOM HHTepBaJia ycpe,!].HeHHH. 
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PIIc. 2.3. BAX ,n:rr npII /3 = 0.2 II pa3Hh1x 3Ha"leHIIHx mara no ToKy: (a) JP= 0.l, 

(b) 0.Dl, (c) 0.001, (d) 0.0001 

2.3.3. Bmurn11e mara no BpeMeHH 

O,!l;HOil: ll3 Ba)1rneil:IIIIIX npon;e,!l;Jp npII IICCJie)];OBaHIIII ,!l;llHaMIIKII Cl!CTeMbl "ll!C­

JieHHbIMII MeTO)];aMII HBJIHeTCH ,!l;IICKpeTII3an;IIH no BpeMeHII, T.e. BbI6op mara no 
BpeMeHII. 

PacCMOTpllM BJIIIHHIIe BbI6opa mara no BpeMeHII T P Ha Pe3JJibTaT "ll!CJieHH0ro 

pac"!eTa. Ha pIIc. 2.5 npe)];cTaBJieHbI BAX ,n:rr, pacc"!IITaHHhie npII 3Ha"leHIIHX mara 

no BpeMeHII TP = 0.05(a), 0.5(b), l(c). Pac"leT npOBO,!l;IIJICH ,!l;JIH ,n:rr c /3 = 0.2 II 

npII 3Ha"leHIIHX napaMeTpOB Tf = 1000, Ti= 50, JP= 0.0001, IO= 0.1, /max= 2. 

BAX npII T P = 0.05, npe)];CTaBJieHHaH na pIIc. 2.5(a), OTpa)KaeT nepeKJIIO"leHIIe 

,n:rr ll3 CBepxnpOBO,!l;HID;ero C0CT0HHIIH B pe3IICTIIBHOe npll / = 1. J:l:aHHaH xapaKTe­

pIICTIIKa COOTBeTCTByeT 9KcnepIIMeHTaJibHO ll3MepHeMbIM BAX. JlerKO BII)];eTb, 'ITO 

3Ha"leHIIe nanpH)KeHIIH V = 8.49 npl! / = 1. 7 COOTBeTCTByeT cpe)];neMy 3Ha"leHIIIO 

Ha BpeMeHHOH 3aBIICIIMOCTII, npe)];CTaBJieHHOil: Ha pIIC. 2.5(e). 

BAX npII TP = 0.5, npe)];CTaBJieHHaH Ha pIIc. 2.5(b), Ka"lecTBenno coBna)];aeT 

C npe)];bl,!l;JID;IIM CJIJ"laeM, 0,!l;HaKO Mbl Bll,!l;llM Ha pl!C. 2.5(f), 'ITO BpeMennaH 3aBII­

CHMOCTb B )];aHHOM CJiy"!ae 0Ka3bIBaeTCH ''MO,!l;YJillpOBaHHOil:", 'ITO npIIBO,!l;IIT K OT­

JIII"laIOin;eMyCH 3Ha"leHIIIO HanpH)KeHIIH V = 8.4507 npII / = 1. 7. TaK)Ke Ha BAX 

Ha6JIIO)];aeTCH cTyneHbKa T0Ka npII V ;::::: 6.283. J:1:aJibHeil:mee yBeJIII"leHIIe mara no 

BpeMeHII Be)];eT K B03HIIKHOBeHIIIO )];eq>eKTOB B BII)];e CTyneneK TOKa Ha BCeil: BAX 

(pIIC. 2.5(c)). 9To CBH3aHO C TeM, 'ITO orpaHII"leHIIe TO"IHOCTII, KOTOpoe HBJIHeTCH 

HeII36e)KHbIM npl! "lllCJieHHbIX pac"!eTax, M0)KeT npl!BO,!l;l!Tb K Heq>II3II"leCKIIM pe-
3JJibTaTaM. 
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PIie. 2.4. BpeMeHHble 3aBIICIIMOCTII HanpH)KeHIIH B TO"!Ke I = 0.7, paCC"lIITaHHbie 

npII: (a) Tf = 50, (b) 100, (c) 250 

(b)1:l~(d) 
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PIie. 2.5. BAX ,n:rr npII /3 = 0.2 II pa3Hhlx 3Ha"leHIIHX mara no BpeMeHII: (a) 

TP = 0.05, (b) 0.5, (c) 1. BpeMeHHble 3aBIICIIMOCTII HanpH)KeHIIH B T0"!Ke I= 1.7, 

pacc"lIITaHHbie npII: (d) TP = 0.05, (e) 0.5, (f) 1 

Ha pI1c.2.6(a), (b) II (c) noKa3aHhI BAX ,n:rr, pacc"lI1TaHHhie c noMOID;hIO npo­

rpaMMhl Short-JJ.cpp npn T P = 0.05 II npII 3Ha"leHIIHX napaMeTpa ,!l;llCCHnan;IIII 

/3 = 0.01, 0.05 H 0.1. Ha Bcex pHCJHKax BAX )];eMoncTpnpyeT CTJneHbKY npn 

V = 125.6. 

(a) , t, (b) (c) 
~~ t ~~-

100 100 100 

> > > 
Jl=0.01 Jl=O.OS Jl=O.t J ';:'~ '" !:::'i,"l '" / :..~~ 

0o o.5 1 I 1.5 2 °o 2 4 I 6 a 0
o , 5 10 I 15 

Pnc. 2.6. BAX JJ:Il npII pa3JIH"lHbIX 3Ha"leHIIHX napaMeTpa ,!l;IICCHnan;nn: (a) /3 = 
0.01; (b) 0.05; (c) 0.1 

O6hl"IHO, KaK Mbl y6e,!l;llMCH )];aJiee (B n. 2.6), CTyneHbKII Ha BAX B03HIIKaIOT 
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npn Ha.rmqnn nepHo,!1,HqecKoro cnrHaJia B cncTeMe. O,n;HaKo B HameM cJiyqae ero 

HeT. CJie,n;oBaTeJibHO, cym;eCTByeT .n;pyroii MexaHil3M, np1rno,n;Hm;Ilii K n0HBJieHHIO 

CTyneHbKil npH V = 125.6. OTBeT 3aKJIIOqaeTC.H B B03HilKHOBeHHil ,n;onOJIHHTeJibHOii 

qacTOTbI Il3-3a npHMeH.HeMOii ,Ll;IlCKpeTH3aIJ;Hil no BpeMeHH. ,LI:eiiCTBHTeJibHO, eCJIIl 
21r 

paccqnTaTb qaCTOTy no qiopMyJie Wo = T p' TO Mbl Il noJiyqnM BeJIIlqllHY Wo = V = 
125.6. 

2.3.4. Bb16op HHTepBaJia ,n;m1 ycpe,n;Hemrn: 

B pe3yJibTaTe pemeHH.H CHCTeMbI ypaBHeHHii (1.1) Mbl noJiyqaeM 3aBHC.Hlli;Ile 

OT BpeMeHH pa3HOCTb <pa3 cp(t) Il HanpmKeHHe V(t) ,Ll;Jl.H ,n;aHHOro 3HaqeHH.H TOKa. 

KaK y)Ke OTMeqaJIQCb paHee, Ha 3TOii BpeMeHHOii 3aBHCilMOCTil B HaqaJie Ka)K,Ll;oro 

BpeMeHHOrO IlHTepBaJia eCTb OCIJ;IlJIJI.HIJ;Illl, CB.H3aHHbie C nepeXO,Ll;HbIMil npon;ecca­

Mll. Ilpll ycpe,n;HeHHH no BpeMeHH 3TH OCIJ;HJIJI.Hll;HH 6y.n;yT ,n;o6aBJI.HTb omn6KH B 

qncJieHHhlii pacqeT. 1-ho6bI H36e)K8Tb 3TOro, ycpe,n;HeHHe ,Ll;OJI)KHO npOB0,!1,HTbC.H He 

no BCeMy BpeMeHH0MY ,n;oMeHy, a HaqnHa.H c Ti, Kor,n;a nepexo,n;Hhrii npon;ecc y)Ke 

3aKOHqHJIC.H. TaKHM o6pa30M, HHTepBaJI ycpe,n;HeHH.H CJie.n;yeT BbI6HpaTb paBHbIM 

Tf-Ti. 
Ha pnc. 2.7(a) npo,n;eMoHCTpnpoBaHbI BAX .D:II npn 3HaqeHHHX Ti= 0, 10, 50. 

PacqeT npOBO,D;IlJICH ,Ll;Jl.H ,n:rr c /3 = 0.2 H npH 3HaqeHH.HX napaMeTpOB T f = 1000, 

JP= 0.0001, IO= 0.1, Jmax = 2. Ha BCTaBKe noKaJaHa BpeMeHHaH 3aBHCHM0CTb 

Hanp.H)KeHH.H B CBepxnpOBO,D;Hm;eM COCTO.HHHH IIpH J = 0. 7. Bn,n;Ho, qTO npH Ti = 0 

n Ti = 10 HHTepBaJI ycpe,n;HeHnii BKJIJOqaeT nepexo,n;Hbrii npon;ecc, TOr,n;a KaK npn 

Ti = 50 Hanp.H)KeHHe y)Ke rrpaKTilqecKH CTaHOBHTC.H nOCTO.HHHbIM (paBHbIM HYJIIO). 

Ha pnc. 2.7(b,c,d) yBeJinqeHa qacTh BAX, cooTBeTCTBy10m;a.H CBepxnpoBo,n;Hm;eMy 

COCTO.HHHIO, paccqnTaHHa.H npH BbimeyKaJaHHbIX 3HaqeHH.HX Ti. lllTpHXOBOii JIHHil­

eii oTMeqeHo Hanp.H)KeHne V = 0. Mb! BH,D;HM, qTo B cJiyqagx Ti = 0 n Ti = 10 

Hanp.H)KeHHe OTJIHqaeTC.H OT HYJIH, TOr,n;a KaK ,D;JI.H Ti= 50 HanpH)KeHHe paBHO HYJIIO 

Ha npOT.H)KeHHII BCeii o6JiaCTil CBepxnpOBO,D;.Hm;ero COCTO.HHil.H. 

2.4. BpeMeHHa.H 3aBJICIIMOCTb KOMIIOHeHT IIOJIHOro 

TOKa 

,LI:JIH Toro qTo6br Jiyqme npe,n;cTaBHTb ,n;nHaMHKY .D:II B RCSJ-Mo,n;eJIH, MbI pac­

cqHTaJIH BpeMeHHYIO ,Ll;HHaMHKY TOKOB B CBepxnpOBO,D;Hlli;efi Il pe3HCTHBHOii o6Jia­

CT.HX. BpeMeHHa.H 3aBHCHMOCTb TOKOB B CBepxrrpoBO,D;Hm;eii o6JiaCTH nOKa3aHa Ha 

pHC. 2.8. PacqeT npoBe,n;eH npH MaJIOM 3HaqeHHH napaMeTpa ,!l,HCCHnan;HH /3 = 0.2 H 

COOTBeTCTByeT Jbias = 0.4. KaK MO)KHO BH,Ll;eTb, B CBepxrrpOBO,D;Hm;eii o6JiaCTH TOKil 

He 3aBHC.HT OT BpeMeHH. Cpe,n;Hee 3HaqeHHe CBepxnpOBO.n;Hm;ero TOKa I. = Jbias = 0.4 

(cM. pHC. 2.8(a)). BpeMeHHa.H 3aBHCilMOCTb KBa3HqaCTilqHoro TOKa Iqp H TOKa CMe­

m;eHH.H Jdisp nOKa3aHa Ha pnc. 2.8(b). Cpe,n;Hee 3HaqeHHe 3THX TOKOB B CBepxnpo­

BO,D;Hm;eii o6JiaCTH paBHO HYJIIO. 
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Pnc. 2.7. (a) BAX O,n;Horo ,n:rr rrpn /3 = 0.2 H pa3HbIX 3HaqeHHHX HaqaJia HHTepBaJia 

ycpe,n;HeHH.H Ti = 0, 10, 50. Ha BCTaBKe IIOKa3aHa BpeMeHHa.H 3aBHCHMOCTb HaIIp.H­

)KeHH.H B o6JiaCTH HyJieBoro Hanp.H)KeHH.H (I= 0.7). O6JiaCTb HyJieBoro HaIIp.H)KeHil.H 

Ha BAX rrpn pa3HbIX 3HaqeHHHX HaqaJia HHTepBaJia ycpe,n;HeHn.H: (b) Ti = O; (c) 

10; (d) 50 

(a) 0~40•t·\ ~ 
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0.39 
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Pnc. 2.8. BpeMeHHaH 3aBHCHMOCTb TOKOB: (a) cBepxrrpoBO.n;Hm;ero I.; (b) KBaJnqa­

CTHqHoro Iqp n TOKa CMem;eHil.H Jdisp B ,11,II npH /3 = 0;2 n /bias = 0.4. ( c) BpeMeHHa.H 

3aBHCHMOCTb TOKOB 1., Iqp ll Jdisp B ,11,II npn f3 = 0.2 H /bias = 1.1 

Kor,n;a TOK, rrpoTeKaIOm;Hii qepe3 nepexo,n; /bias, CTaHOBHTC.H 60Jibme KpHTilqe­

CKoro (/bias > 1), ,n:rr nepexo,n;nT B pe3HCTHBHOe COCTO.HHHe. KaK xopomo BH,Ll;HO Ha 

pnc. 2.8(c), B pe3HCTHBHOii o6naCTH CBepxrrpOBO,Il;Hlli;Hfi TOK HaqnHaeT OCIJ;HJIJIHPO­

BaTb BOKpyr HYJIH C IIOCTO.HHHOii aMIIJIHTy,n;oii. B CHCTeMe B03HHKaeT nepeMeHHa.H 

C0CTaBJI.HIOlli;a.H TOKa, qTO IIPilBO,Ll;IlT K II0.HBJieHHIO TOKa CMem;eHH.H. AMIIJIHTy,n;a H 

qacTOTa CBepxrrpOBO,Ll;Hlli;ero T0Ka I. H TOKa CMem;eHH.H Jdisp O,Ll;HHaK0BbI, HO 0Cil,HJI­

Jl.HIJ;HH HaXO,D;.HTC.H B IIpOTHBO<pa3e. CyMMa 1. + Jdisp paBHa HYJIIO B pe3HCTHBHOii 

06JiaCTH. Cpe,n;Hee 3HaqeHHe KBaJnqacTnqHoro T0Ka, B CB0IO oqepe,Ll;b, C00TBeTCTBy­

eT II0JIH0MY TOKY, rrpoTeKaIOm;eMy qepe3 ,11,II: < Iqp >=/bias= 1.1. 

,LI:JI.H ,n:rr C CHJibH0ii ,!l,HCCHIIan.neii npn f3 = 1.5 B6JIH3H KpHTnqecKoro T0Ka 

/bias = 1.1 xapaKTepHbI HecnHycon,n;aJibHble 0Cil,HJIJI.HIJ;IlH T0K0B (cM. pnc. 2.9). 

Cpe,n;Hee 3Ha'leHne I. He paBH0 HYJIIO (cM. pnc. 2.9(a)), HeCM0TpH Ha TO, 'ITO ,11,II 
Haxo,n;HTC.H B pe3HCTHBH0M C0CTO.HHHH:. /bias= 1.1. 

XapaKTep 0Cil,HJIJI.Hll,Hii T0K0B H3MeH.HeTC.H rrpn y,n;aneHHH OT KpHTH'leCKOro T0Ka 

/bias= 1. Ha pnc. 2.9(c) H (d) II0Ka3aHbI BpeMeHHbie 3aBHCHM0CTH TOK0B, C0OTBeT­

CTBYIOIIl,He /bias = 2. Cpe,n;Hee 3Ha'leHne CyMMhl I.+ Idisp npn6JIH)K8eTC.H K HYJIIO ( CM. 
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Pnc. 2.9. BpeMeHHMI 3aBllCllMOCTb TOKOB: (a) I.; (b) lqp ll Jdisp B ,n:IT Ilpll /3 = 1.5 

n /bias= 1.1; (c) 1. n Jdispi (d) lqp B ,n:IT Ilpll /3 = 1.5 ll /bias= 2 

pnc. 2.9( c)). Cpe~ee 3Ha'leHHe KBa3H'laCTll'IHOro TOKa lqp cooT~eTCTByeT Jbia~ ,= 2. 

2.5. ct>ypbe-aHaJHl3 BpeMeHHbIX 3aBIICIIMOCTe:ii 

Hanp.SI)KeHII.SI 

B p.H,n;e 3a)];a'l Ilpll aHaJill3e BpeMeHHOit 33.BllCllMOCTll Hanpmi~eHll.H B03HllKaeT 

He06XO)];llMOCTb onpe,n;eneHll.H 'JaCTOT B CllCTeMe. fix MO)KHO onpe,n;eJillTb C IIOMOIIJ;bID 

npeo6pa30BaHH.H «l>ypbe, KOTOpoe IIIllpOKO llCIIOJib3YeTC.H ,ll,.JI.H pa3Jill'IHbIX IIpIIJIO:lKe­

Hllit B TeXHHKe n HayKe. BhICTpoe npeo6pa30Baitne <Pyphe (FFT) ecTh aJiropnTM 

,!l,Jl.H BbI'lllCJieHll.H )];llCKpeTHOro npeo6pa30BaHll.H «l>ypbe. <tiypbe-aHaJill3 npeo6pa3y­

eT BpeM.H (npOCTpaHCTBO) B 'JaCTOTY (BOJIHOBOH BeKTOp). llMeeTC.H p.H,!l, KOMMep'Ie­

CKllX nporpaMM, KOTOpbie TI03BOJI.HIDT npoBO)];llTh FFT-aHaJill3. 

, ITpnBe,n;eM npnMep llCIIOJib30BaHH.H FFT B Hamnx 3a,n;a'lax. Ha pnc. 2.10 (a) 

noKa3aHa BAX ,[I.IT-c napaMeTpoM ,n;nccnnau,.nn f3 = 0.2. CTPeJIKOii OTMe'leHo 3Ha­

'leHne TOKa, npll KOTOpOM 3aIIHCbIBaJiaCb BpeMeHHa.H 3aBHCllMOCTb HaIIp.H:lKeHll.H, 

npnBe,n;eHHa.H Ha pnc. 2.10_ (b). Pe3yJihTaT FFT noKa3aH Ha pnc. 2.10 (c). OH CBH­

,n;eTeJibCTByeT O HaJill'Illll OCU..llJIJIHU..llH HaIIpmKeHH.H C O,!l,HOH ,!l,)K03e<pCOHOBCKOfi 'Ja­

CTOTOH. Bhlme OTMe'laJIOCh, 'ITO BpeM.H B HallillX pac'leTaX T. = twp, T._e. llCTllHHOe 

BpeM.H HOpMHpOBaHO lla o6paTHyro IlJia3MeHHYID 'JaCTOTY t/w;1
, II03TOMY pe3yJibTaT 

FFT ,n;aeT HaM OTHomeHne w /21rwp, T.e. TO, 'ITO MbI Bll,!l,HM no ocn a6cu;ncc. CJie- , 

,n;oBaTeJibH0, ero Ha,!l,O yMHO:lKHTh Ha 21r;. 'IT06bl IIOJIY'IHTh w / Wp- Tor,n;a MbI MO:lKeM 

onpe,!],eJIHTh Hanp.H)KeHne, TaK KaK w/wp = V/Vo. °YMHO:lKa.H noJiy'leHHOe 3Ha'le­

Hlle 'JaCTOTbI 0.393 Ha 21r, HaXO,!l,llM OTHOllieHlle w/wp = 2.469, 'ITO npaKTll'leCKll 

coB11a,n;aeT c Hanp.H:lKeHneM V/V0 = 2.467 Ha BAX. 

2.6. ,A)K03eq>COHOBCKllll nepexo,n; no,n; ,n;eiiCTBIIeM 

BHemHero 3JieKTpOMarHIITHOro ll3Jiy-cieHII.SI 

BHemHee 3JieKTpOMarHllTHOe I13JIY'JeHlle C03,!],aeT ,!],OIIOJIHllTeJibHbifi nepeMeHHhlfi 

sneKTPH'leCKHfi TOK -qepe3 ,[I.IT, paBHbiii A sin WT, r,L1,e A - aMIIJIHTy,!l,a BHemHero H3- ' 
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8 

lb) ·~, 6 }'Atfi· 
Q.393 X 2,r = 2.469 
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Pnc. 2.10. (a) BAX ,[I.IT npn f3 = 0.2; (b) BpeMeHHa.H 3aBHCHMOCTh Hanp.H)KeHH.H 

,!l,Jl.H TOKa I = 0.5; (c) pe3yJihTaT FFT-aHaJIH3a ,ll,.JI.H TOKa I = 0.5 ll HaIIp.H)KeHH.H 

V = 2.467 

Jiy'leHll.H, HOpMllpOBaHHa.H Ha BeJill'lllHY KpllTll'leCKOro TOKa; w - ero 'JaCTOTa, HOp­

MllpOBaHHa.H Ha IIJla3MeHHYID 'JaCTOTY- TaKllM o6pa30M, B ,n;aHHOM CJiy'lae CllCTeMa 

ypaBHeHnii (B.4) npHHHMaeT Bll,!l, 

{ 

ac,o =V. 
8T ' 
av . ac,o . noise 
a-r = I - smcp - /3 a-r + Asmw-r + I . 

(2.1) 

ITpll 'IHCJieHHOM pemeHllll ,!],aHHOil: CllCTeMhl CJie,!],yeT o6paTHTb BHllMaHlle Ha CJie­

,!l,YIDm;ee HOBOe o6CTO.HTeJibCTBO B cpaBHeHllll co CJiy'laeM 6e3 ll3Jly'leHH.H: ,!l,06aBJieHa 

.HBHO 3aBllC.HIIJ;a.H OT BpeMeHH nepHO)];ll'leCKa.H <PYHKIJ;ll.H. 9TO npllBO,!l,llT K Heo6xo­

,!l,llMOCTll corJiaCOBaHll.H BpeMeHHbIX xapaKTepllCTllK C nepllO,!l,OM BHemHero B03,!],efi­

CTBll.H T = 21r /w, T.e. nepllO,!l, pa36HBaeTC.H Ha u;enoe 'lllCJIO maroB no BpeMeHH, a 

BpeMeHHOit ,!l,OMeH T f ,!l,OJI:lKeH CO,!],ep:lKaTb IJ,.eJioe 'IllCJIO nepHO,!l,OB T. 
B npou;e,n;ype PyHre-KyTTa pemeHne cncTeMbI ypasHeHHil: llIIJ;eTC.H BO BpeMeH­

HOM HHTepBaJie [O, T f] npn <pHKCHpoBaHHOM 3Ha'leHHH TOKa. "lfro6bl HapacTaHne 

BpeMeHH -r B apryMeHTe <PYHKIJ,.Hll sinw-r 6bIJIO HenpepbIBHhIM, Heo6xO,!l,IIMO y•rnTbI­

BaTb C,!],eJiaHHOe KOJill'leCTBO maroB IIO TOKY C IIOMOIIJ;bID C'JeT'IHKa TOKa fcounter• To­

r,!],a IIOJIHOe BpeM.H OIIpe,!],eJI.HeTC.H Bhlpa:lKeHHeM T = t X Tp + /counter X Tj, r,n;e fcounter 

Ha'lnHaeTC.H c HYJI.Hj t - u,.eJioe 'IHCJIO, npo6eraeT 3Ha'leHH.H OT O ,n;o tN = T f /T P. 
Kor,n;a IIpll ll3MeHeHHH 6a30BOro TOKa ,!l,)K03eq>COHOBCKa.H 'JaCTOTa npH6JIH:lKaeT­

C.H K 'JaCTOTe BHemHero ll3Jiy'leHll.H, IlpOHCXO,ll;llT ee 3axBaT BHelliHHM ll3JIY'leHHeM 

H Ha BAX ,[I.IT Ha6Jiro,n;aeTc.H cTyneHbKa TOKa. 9TOT scpcpeKT Ha6nro,n;anc.H 3KCIIe­

PHMeHTaJihHO BIIepBbie C. Illannpo, II03TOMY ,!l,aHHble CTyneHbKll TOKa Ha3bIBaIOT­

ca CTyneHbKaMll Illannpo. B npHHIJ,.llIIe, B 3aBllCllMOCTll OT BeJill'lllHbI aMIIJIHTY,!l,hI 

BHemHero ll3JIY'leHH.H ll eMKOCTH ,[I.IT, B03MO)KHO Ha6Jiro,n;eHne Ha llAX KaK rapMO­

HHK, TaK n cy6rapMOHllK Illannpo npll YCJIOBllH nwJ = mw, r,n;e n n m - u;eJible 

'lllCJia. 

BAX O,!l)IHO'IHOro ,[I.IT npn w = 2 ll A = 0.5 ,ll,.JI.H CJiy'laa c 6onhmoii ,n;HCCHIIaIJ,.Heil: 

npn f3 = 0.2 npe,n;cTaBJieHa Ha pHc. 2.ll(a). MbI Bll,!l,HM CTyneHhKY Illannpo npn 

V = w = 2, a TaK)Ke ee cy6rapMOHHKll npn V = (m/n)w. 
BpeMeHHhle 3aBllCllMOCTll HaIIpa)KeHll.H ll CBepxnpOBO,!l,.Hm;ero TOKa 1. B o6JiaCTll 

CTyneHbKll Illannpo npn I = 0.4 npe,n;cTaBJieHhI Ha pHc. 2.ll(b) ll (c). KoJie6aHH.H 
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Harrp.H:lKemrn B 3TOH o6JiaCTH rrp0HCXO,ll..lIT C 0)1,H0H qaCTOTOii H aMIIJIHTy,n;oii. qaCTO­
Ta 3THX KOJie6aHHll paBHa qacT0Te BHenrnero B03,D;eiiCTBH.H, Ha6mo,n;aeTC.H TaK Ha-
3hIBaeMblll 3aXBaT qacTOTbI. CBepxrrpOBO,ll..lI~ii TOK B 3TOH o6JiaCTH rrpe,n;cTaBJI.IIeT 
co6oii 06h1qHyIO CHHYC0H,D;y C aMIIJinTy,n;oii, paBHOfi e,n;HHmi;e. B,n;a.rrn OT CTyrreHhKH 
lllarrnpo rrpn l = 0.8 (pnc. 2.ll(d) n (e)) ocrr.nnn~n Harrp.H)KeHH.H Mo,n;ynnpoBa­
HhI BHeIIIHHM B03,n;efiCTBHeM, a qacTOTa KOJie6aHHfi ls 6oJibIIIe, qTo C0OTBeTCTBYeT 

6oJibIIIeMy Harrp.11:lKeHnIO Ha BAX. 

<•>sl m=2.A=O.S,jla(l.2 

>3 

"wJifiM"··~ 
> 2\s.:...------'--= \.:.k.-----..,-.--,---, 

600 610 t 620 600 610 t 620 

0o 0.2 0.8 1 

·Nww{··1 · --.:.be-----=~--.,,, --.:MN#M 
600 610 t 620 600 6lo t 620 

Pnc. 2.11. (a) BAX JJ:II rrpn fJ = 0.2 rro,n; ,n;eiicTBneM BHernHero a.neKTpoMarHHTHoro 
H3JiyqeHn.lI C qacTOTOii w = 2 H aMIIJIHTy,n;o:fi A = 0.5; (b) BpeMeHHa.H 3aBHCHMOCTb 
Harrp.11:lKeHn.11 ,n;JI.H TOKa l = 0.4; (c) BpeMeHHa.11 3aBHCHMOCTh cBepxrrpoBO,lJ..IIIIJ.ero 

T0Ka rrpn l = 0.4; (d) n (e) TO :lKe caMoe, qTO B (b) H (c), ,n;JI.H T0Ka l = 0.8 

BAX ,n;JI.II CJiyqa.11 c 6oJihIIIHM 3aTyxaHneM rrpn fJ = 1.5, paccqnTaHHaH rrpn 
w = 0.5 n A= o:5, rrpe,n;CTaBJieli:a Ha pnc.2.12(a). OHa ,n;eMOHCTpHpyeT CTyrreHhKY 
lllarrnpo rrpn V = w = 0.5 11 p.11,n; cy6rapMOHHK. Ha Bpe~eHHhIX 3aBHCHMOCT.IIX Ha­

rrp11:lKeHH.II H cBepxrrpoB0,ll..lIIIJ.ero T0Ka ls B 06.fiacTH cTyrreHbKH lllarrnpo rrp11 l = 1.2 
Ha6nro,n;aeTC.II M0,D;yJIHIJ.HH KOJie6aHrrfi HallpH:lKeHHH (prrc.2.12(b)), Bbl3BaHHaH HeCH­
HYCOH,D;aJihHhIM noBe,n;eHrreM c:aepxToKa (cM. prrc,2.12(c)). B,n;an11 :lKe OT cTyneHbKH 
lllarr11po rrprr l = 1.52 (prrc.2.12(d) 11 (e)) MO,lI,YJIHIJ.HH KaK ls, TaK rr H~rrp11:lKeHH.II 
TOJibK0 yCHJIHBaIOTCH, TaK KaK HaKJia,D;blBa¥JTC.II ~CIJ;HJIJI.IIIJ.HH, Bbl3BaHHble BHeIIIHHM 

B03,n;eiicTBHeM. 

<•>1 
-.S.A~.S.i!=IJ/4.S 

r 
N • 

o_.8 :;;: • 

0.6 · t &t 
> . A 
0.4 

0.2 

"o _o.5 I 1 1.5 

:.~·~:~ 
0 . 0 
6~U 5Q020640t6llo ·•rom"•m -•O . -•O 

~ ~ 
50020640t"f'u 50620tJl660 

Prrc. 2.12. (a) BAX JJ:II rrprr fJ = 1.5 no,n; ,n;eiicTBHeM BHeIIIHero aneKTpoMarHHTH9ro 
H3JiyqeHH.II C qaCT0TOii w = 0.5 H aMIIJIHTy,n;oii A= 0.5; (b) BpeMeHHa.H 3aBHCHMOCTb 
HarrpmKeHrrH ,n;JI.H. TOKa l = 1.2; (c) BpeMeHHaH 3aa11c11MOCTh cBepxnpoB0,lJ..IIIIJ.ero 

T0Ka rrpn l = 1.2; (d) n (e) TO :lKe caMoe, ~To B (b) 11 (c), ,n;JIH TOKa l = 1.52 
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2. 7. 3aBIICIIMOCTb mIIpIIHbl CTyrreHbKII IllarrIIpO OT 

aMrrRIITY~hlII3RYqeHII~ 

IlpoHCXO)K,ll;eHHe CTyrreHeK lllarrrrpo M0:lKH0 II0HHTh, rrp0Be,n;.11 rrpn6JIH:lKeHHblll 
aHaJIH3 CBepxrrpoB0,D;.HIIJ.ero T0Ka ls = le sin cp c yqeT0M BHernHero H3nyqeHnH. IIpe,n;­
rroJiara.11, qTo 110,D; ,n;eiiCTBHeM BHeIIIHero H3JiyqeHHH B ,n:rr II0HBJIHeTC.II ,D;0II0JIHHTeJib­
H0e HaIIpH:lKeHne A cos wt, r,n;e A-aMIIJIHTy,n;a H W - qaCT0Ta BHernHero H3JiyqeHHH, 
H 110,D;CTaBJIH.II cyMMapHoe HaIIpH:lKeHne 

V = Vi +Acoswt, (2.2) 

H3 C0OTHOIIIeHHH ,D::lK03ecpcoHa HaXO,D;HM B03HHKaIOIIJ.YIO pa3HOCTb q>a3 

J 2e j 2e 2e 2e A . 
cp(t)= ,;Vdt= ,;(VJ+Acoswt)dt=,;VJt+,;~smwt+cpo. (2.3) 

Tor.n;a Bhlpa:lKeHne ,n;JI.11 cBepxrrpoBo.n;11IIJ.ero T0Ka 

(
2e 2eA ) 

ls= lesincp = le sin ,;Vit +,;~sin wt+ 'Po (2.4) 

C yqeTOM rrpeo6pa30BaHHH 

00 

sin(zsinx) = 2 L J2k+i(z) sin(2k + l)x, 
k=O 

00 

cos(z sin x) = J0(z) + 2 L J2k(z) cos 2kx 
k=l 

3arrnrneM TaK: 

ls= le ~(-ltJn (~~) sin [~Vit- nwt + 'Pol (2.5) 

2e 
OTcro.n;a BH,D;HO, qTo rrpn BhIII0JIHeHHH ycJI0BH.II ,;VJ= nw (n = 1,2 ... ) CBepx-

IIp0BO,D;.IIIIJ.Hll TOK He 3aBHCHT OT BpeMeHH. TaKHM o6pa30M, B cyMMe ocTaeTCH qJieH, 
He 3aBHCHIIJ.Hii OT BpeMeHn, KOTOpblll ,n;o6aBJIHeTC.II K CBepxrrp0BO,lJ..IIIIJ.eMy TOKY, qTQ 
H IlpOHBJIHeTCH Ha BAX ,n:rr B BH,D;e cTyrreHbKH TOKa rrpn IIOCTO.IIHH0M Harrp11:lKe­
HHH, CJie,D;yIOIIJ.eM H3 ,n;aHHOrO YCJIOBH.II. 3aBHCHMOCTb rnnpHHhl CTyrreHhKH lllarmpo 
OT aMIIJIHTY,D;bI H qacT0Thl BHeIIIHero H3JiyqeHH.II 3a,n;aeTC.II Bblpa:lKeHHeM 

D,.l = 2IJn(f)I; f = 2e~ 
Ii w. (2.6) 

Bonee rro.n;po6Hoe rrccne,n;oBaHrre cBepxnpoBo,n;11IIJ.ero TOKa c yqeToM BHernHero 
H3Jiyqemrn rrpnBO,D;HT K cpopMyne 
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1:::i,.1 = 2IJnU)I; 
2eA R. 

f ;= nZ"; ✓1 + (RwC) 2 ' 
(2.7) 

r,11.e R - COI!pOTIIBJieHHe ,IJ:TI B HOpMaJibHOM COCTOHHHHj C - eMKOCTb ,IJ:TI. B 6e3-

. pa3MepHbIX BeJIHqHHaX Bb!pa)l<eHHe (2.7) I!pHHHMaeT BH,11. 

1:::i,.1 = 2IJnU)I, J= !J_ __ l 
wff+w2 

(2.8) 

l .. facJieHHblil: MeT0,11. OIIpe,11.eneHHH aMIJJIIITY,11.HOii 3aBHCHMOCTH IIIHpHHbl CTyIIeHb­

KH lliaIIHpO IIPH q>HKCHpOBaHHOii qaCTOTe BHeIIIHero H3JiyqeHHH OCHOBaH Ha pacqe­

Te BAX ,11.JIH Ka)!{,11.oro 3HaqeHHH aMIIJIHTY,11.hI. IIpn 3TOM Ha Ka)l(,11.0M IIIare IIO TOKy 

OIIpe,11.eJISieTCH COBIIa,11.eHHe ,11.)1(03eq>COHOBCKOii qaCTOTbl C qacTOTOil: H3JiyqeHHH, H, 

ecJIH OHO BblIIOJIHHeTCH, ,11.aHHOe 3HaqeHHe TOKa 3aIJHCbIBaeTCH B COOTBeTCTBYIOIIIHil: 

qiail:JI. BHaqane pacqeT I!pOB0,11.HTCH I!pH yMeHbIIIeHHH TOKa, 3aTeM, I!pH IIOBTOpHOM 

pacqeTe, IJOCJie IJepexo,11.a Ha CTyIIeHbKY lliaIIHpO HaIJpaBJieHHe TOKa H3MeHHeTCH Ha 

ero yBennqeHHe. Pe3yJibTaTbl pacqeTa 3aBHCHMOCTH IIIHpHHbl CTyIIeHbKH lliaIIHpO 

OT aMIIJIHTY,11.hl B HHTepBaJie [O, 10] IIPH q>HKCHpOBaHHOii qacTOTe w = 0.5 B cnyqae 

6e3rncTepe3HCHOro pe,KHMa (fl = 1.5, overdamped case) IIpnBe,11.eHbI Ha pnc.2.13(a). 

0.8 
<i 

0.6 

0.4 

0.2 

0 

Overdamped case 
OF0.5, ~= 1.5 

(\ (\ 
I \ i \ I\ 

I \/ \/ \ /\ 
v \ \/ • 

2 4 6 8 10 
A 

0.8 
<i 

0.6 

0.4 

/\ Underdamped case 
ro=2, ~=0.2 

I \ 

I \ 
I\/\\(\ 
' \ I 

I '\ i \ I \ 

I / ' I \ 
0.2µ, \1 \J \j 

j 

0 10 20 30 40 
A 

Puc. 2.13. (a) 3aBHCHMOCTb IIIHpHHbl CTyIJeHbKH lliaIIHpO OT aMIIJIHTY,11.bI IIPH fl = 
1.5; (b) TO )Ke caMoe IIPH fl= 0.2 

Ha pnc.2.13(b) I!pHBe,11.eHa 3aBHCHMOCTb IIIHPHHbl CTyIJeHbKH lliaIIHPO OT aM­

IJJIHTY,11.hl IIpH qacToTe w = 2 B cnyqae c mcTepe3HCOM (fl = 0.2, underdamped 

case). CpaBHHBaH 3aBHCHMOCTH I!pH pa3HblX IJapaMeTpax ,11.HCCHIJaIIHH, MO)KHO OT­

MeTHTb, qTO IJepBblii 6ecceJieBCKHii MaKCHMYM B cnyqae C 60JibIIIOii ,11.HCCHIJaIIHeil: 

Ha6nro,11.aeTCH IIpH ropa3,11.0 MeHbIIIeil: aMIIJIHTy,11.e, T.e. IIPH ropa3,ll.O MeHbIIIeil: MOIII­

HOCTH BHeIIIHero H3JiyqeHHH. 9TOT q>aKT OIIpe,11.eJISieT B03MO,KHOCTb HCIIOJib30BaHHH 

,n:II C 60JibIIIOil: ,11.HCCilI!aIIHeil: B KaqecTBe CTaH,11.apTa BOJlbTa. 
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TEMbl ,11.JlH ,IJ:AJibHEiillIErO I1CCJIE,IJ:OBAHI1.H. 

1. Mo,ll.eJIHpOBaHHe q>a30BOii ,11.HHaMHKH H BOJibT-aMIIepHblX xapaKTepHCTHK 

,11.)1(03eq>COHOBCKOro IIepexo,11.a, IIIYHTHpOBaHHOro pe30HaHCHblM LC-KOHTypOM, BO 

BHeIIIHeM 3JieKTpOMarHHTHOM IIOJie. 

2. XaoTnqecKHe COCTOHHHH ,ll.)K03eq>COHOBCKOro IJepexo,11.a BO BHeIIIHeM 3JieK-

TpOMarHHTHOM IJOJie. 

3. Mo,11.eJIHpOBaHHe q>a30B0il: ,11.HHaMHKH H BOJibT-aMIIepHblX xapaKTepHCTHK 

,11.BYX IIapanneJibHO coe,11.HHeHHblX ,ll.)K03eq>COHOBCKHX IJepeX0,11.0B. 



fJiaBa 3. 

Mo,n;eJIHpoBaHMe cpa3oBoii ,II;MHaMMKM 

ClICTeMbI CB~3aHHbIX 

,II;2K03ecpcoHoBcKMX rrepexo,n;oB 

3.1. Mo,n;eJIH )];JI» OIIHCaHH» CHCTeMbl CB»3aHHbIX 

,l1;)K03eq_)COHOBCKHX rrepexo,n;oB 

rJrnBa 1 61,rna IIOCBHIIleHa Mo,n;eJmpoBaHHIO qJH3HqeCKHX HBJieHHfi B OT)];eJibHOM 

,[!;II. 3,n;ech )Ke Mbl paCCMOTpHM CHCTeMy CBH3aHHbIX ,!l;)K03ecpcoHOBCKHX rrepexo­

,!l;OB (C,[!;II), 3JieKTpnqecKaH cxeMa ,!l;JIH HCCJie)];OBaHHH KOTopofi rrpe,n;cTaBJieHa Ha 

pnc.3.1. 

S I S s s s 
I 

Pnc. 3.1. 9JieKTpnqecKaH cxeMa ,!l;JIH nccne,n;oBaHHH cncTeMhl C,[l;II 

Hccne,n;oBaHHe TaKOfi CHCTeMbl rrpHBO,n;HT K p51,!1;y HOBblX HBJieHnfi, KOTOpble OT­

cyTCTBYIOT B OT,!l;eJibHOM ,[!;II. C ee IIOMOIIlbIO MO)KHO MO,!l;eJIHpOBaTh qJH3HqecKne 

HBJieHHH B CJIOHCTbIX CBepxrrpOBO,!l;HHKax, B PMe BblCOKOTeMrreparypHbIX CBepXIIpO­

BO,!l;HHKOB (BTCII), B qacrHOCTH B BSCCO. B 3THX MaTepnanax B03HHKaeT BHyT­

peHHHfi acpcpeKT ~03ecpc0Ha, 3aKJIIOqa10JWifiCH B TYHHeJIHpOBaHHH KyrrepoBCKHX 
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rrap Me)K,n;y CMe)KHblMH CBepxrrpOBO,!l;HIIIHMH IIJIOCKOCTHMH CuD2, qTO ,n;aeT OCHOBa­

HHH paccMaTpnBaT1> BTCII KaK cncTeMy C,[l;II. ,il;aHHI>Ifi scpcpeKT HBJIHeTCH cocTaB­

HOfi qacThIO MHomx Teopnfi BTCII n HMeeT rrepBOCTerreHHoe 3HaqeHne ,n;Jrn orrpe­

,n;eJieHHH BAX TYHHeJI1>H1>1x CTPYKTYP Ha ocHoBe BTCII. CncTeMa C,[l;II HBJIHeTcH 

O,!l;HHM H3 rrepcrreKTHBHbIX ofrbeKTOB CBepxrrpOBO,!l;Hlllefi 3JieKTPOHHKH, HHTeHCHBHO 

HCCJie,n;yeMbIX B HaCTOHIIlee BpeMH. B qacTHOCTH, IIIHpOKHe B03M0)KHOCTH ,!l;JIH pa3-

JlllqHbIX rrpnMeHeHHfi rrpe,n;cTaBJIHeT KorepeHTHOe 3JleKTpOMarHHTl!Oe II3JiyqeHHe B 

TeparepIIOBOfi o6JiaCTH qacTOT H3 CHCTeMbl BHyTpeHHHX ,[!;II. 

0,n;Hofi H3 11an6onee IIIHpOKO HCIIOJib3yeMbIX MO,n;eJiefi ,!l;JIH OIIHCaHHH CBOfiCTB 

BHyTpeHHHX ,[!;II B BTCII HBJIHeTCH Mo,n;en1> c eMKOCTHOfi CBH3hIO (CCJJ-Mo,n;en1>). 

B 3TOfi MO,n;eJIH IIOJIHhlfi TOK, rrpoTeKaIOIIIHll qepe3 CJIOHCTyIO CHCTeMy, rrpe,n;cTaB­

JIHeT co6ofi CYMMY CBepxrrpOBO,!l;Hlllero, KBa3HqacTHqHOro TOKOB n TOKa CMellleHHH. 

B Heil: TaK)Ke rrpOH3Be,n;eHO 0606II1eHHe ,!l;)K03ecpcoHOBCKOrO COOTHOIIIeHHH Ha OCHO­

Be HepaBHOBeCHOCTH cncTeMbI. II03)Ke CCJJ-Mo,n;eJib 61,rna ,n;orroJIHeHa ,n;ncpcpy3n­

OHHhIM TOKOM (DC) n Ha3BaHa KaK CCJJ+DC-Mo,n;eJib. Bo3HHKaIOIIlaH rrpn 3TOM 

CHCTeMa HeJIHHefiHblX ,n;ncpcpepeHIIHaJibHbIX ypaBHeHHfi ,!l;JIH pa3!!0CTH cpa3 HaXO,!l;HT 

CBOe o6oCHOBaHne B paMKax MHKpocKorrnqecKofi Teopnn. C rroMOIIlhIO CCJJ+DC­

Mo,n;enn 61,rn IIOJiyqeH pH,n; HOBbIX H HHTepeCHblX pe3yJI1>TaTOB, B qaCTHOCTH, IIOKa-

3aHO HaJinqne rrapaMeTpnqecKoro pe3oHaHca n po)K,n;e11ne rrpo,n;OJibHOfi rrJia3MeHHOfi 

BOJIHbl B CHCTeMe C,[l;II. Ba)KHbIM HBJIHeTCH TaK)Ke TOT cpaKT, qTo, B OTJIHqne OT 

CCJJ-Mo,n;enn, B CCJJ+DC-Mo,n;enn BeTBnCTaH CTPYKTypa Ha BAX HBJIHeTcH aK­

BH,n;ncTaHTHOfi, qTo 061,1qHO H Ha6JIIO,n;aeTC51 B 3KCIIepnMeHTe. 

IIepefi,n;eM K 6onee rro,n;po6HoMy orrncaHHIO BHyTpeHHHX ,!l;)K03ecpcoHoBcKnx rre­

pexo,n;oB, peann3yIOIIIHXCH B CJIOHCTbIX BTCII. B 3THX MaTepnanax cncTeMa N + 1 
CBepxrrpOBO,!l;HIIIHX CJIOeB (S-cnoeB), xapaKTepH3YIOIIIHXC51 rrapaMeTpaMH rropH,n;Ka 

~z(t) = 1~1 exp(i01(t)) C 3aBHCHIIlefi OT BpeMeHH cpa30ll 0i(t), o6pa3yeT N ,[!;II. Cxe­

Ma TaKOfi CJIOHCTOfi CHCTeMbl ,[!;II rrpe,n;cTaBJieHa Ha pnc. 3.2. TOJIIIIHHa S-cJIOeB B 

BTCII ( ~ 3 A) cpaBHnMa c ,n;e6aeBCKofi ,n;JinHofi 3KpaHnpoBaHHH aneKTpnqecKoro 

3apH,n;a rv, II03TOMY B OT,n;eJibHOM S-CJIOe HeT IIOJIHOfi 3KpaHHpOBKH 3apH,n;a H 3JieK­

TpnqecKoe IIOJie, HaBe,n;eHHOe B OT,n;eJibHOM ,[!;II, rrpOHHKaeT B coce,n;Hne rrepeXO,!l;bl. 

8JieKTpnqecKa51 HeiiTpaJibHOCTb S-cJIOeB OKa3bIBaeTC51 ,!l;HHaMnqecKH HapymeHHO:ii, 

H B CJiyqae rrepeMeHHOro 3cpcpeKTa ,il;)K03ecpcoHa B03HHKaeT eMKOCTHaH CB513b Me)K­

,n;y rrepexo,n;aMH. 0TCYTCTBHe IIOJIHoro 3KpaHnpoBaHH51 3apH,n;a B S-cJioe rrpHBO,!l;HT K 

0606II1eHHOMY CKaJIHpHOMY IIOTeH11HaJiy CJIOH cl>1, orrpe,n;eJIHeMOMY qepe3 CKaJIHpHblfi 

IIOTeHIIHaJI ¢1 H rrpOH3BO,!l;HyIO cpa3bl CBepxrrpOBO,!l;Hlllero rrapaMeTpa rropH,n;Ka 01 KaK 
d01 ~---

cl>i(t) = ¢1 - Vodt, r.n;e Vo= nwp/(2e), Wp = ✓2elc/liC ecTh IIJla3MeHHaH qaCTOTa, 

le - KpHTnqecKnfi TOK H C - eMKOCTb ,[!;II. 0606II1eHHblfi CKaJIHpHblfi IIOTeHIIHaJI 
1 

CB513aH C BeJinqHHOfi IIJIOTHOCTH 3apH,n;a Q1 Ha S-cJioe rrocpe,n;CTBOM Q1 = ---2-cl>1. 
41rrv 

Bo3HHKHOBeHne CB513H Me)K,!l;Y 3JieKTpnqecKHM 3apH,ll;OM l-ro CJIOH Q1 H 0606II1eH­

Hb!M CKaJIHpHbIM IIOTeHIIHaJIOM 3TOro CJIOH cl>1 Bblpa~eT HepaBHOBeCHYIO rrpnpo,n;y 

rrepeMeHHoro acpcpeKTa ~03ecpcoHa B CJIOHCTblX CBepxrrpOBO,ll;HHKax. IIpn 3TOM 

COOTHOIIIeHHe ,il;)K03ecpcoHa 0606II1aeTCH H rrpHHHMaeT BH,ll; 
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.....__ 

1~1~:~=:~1J~ 
"''-1 ~} q,, 

H!tb1'ff littilc1 } 
1-1 ~ <Pi 

1 

Pnc. 3.2. CxeMa <popMnpoBaHHH cncTeMhI BHyTpeHHIIX ,JJ,II B BTCII. CBepxrrpoBo­

,D,HIIJ,He CJIOH, HyMepyeMbie qnCJiaMH OT O /l,O N H xapaKTepM3yeMble napaMeTpOM 

rropH)J.Ka C MO)J.yJieM Ll1 H cpa30fi 01, o6pa3yIOT CHCTeMy ,II.II C pa3HOCTHMII <pa3 

cp1 = 01 -0,_1• ToJIIIJ,HHa S-cnoeB o6o3HaqeHa KaK ds, a TOJIIIIJIHa )J.H::meKTpHqecKoro 

cJioH - qepe3 d 

Ii dcp1 
2e dt = Vi - a(Vi+1 + Vi-1 - 2Vj), (3.1) 

r)].e Vj = Vi,1-1 eCTb HarrpH:lKeHHe Me)K)J.y CBepxrrpOBO)].HIIIHMH CJIOHMII l H l - 1, a 

2e I 
cp, = cp1,1-1 = 01(t) - 0z_1(t) - ,; J;_1 dzAz(z, t) ecTb KaJI1I6pOBoqHo-1mBap1Ia11rnasr 

pa3HOCTh cpa3 Me)K)J.y CJIOHMH l H l - 1; R - conpOTHBJieHne rrepexo)J.a; Az - BeKTOp­

Hblfi IIOTeHIIHaJI B 6apbepe. B paBHOBeCHOM COCTOHHHH <I>1(t) = 0 H BbIITOJIHHeTCH 

Ii d(01 - 01-1) Ii dcp1 
06b1qHoe cooTHOIIIeHJie ,Il.:lKo3ecpcoHa Vi= </>1 - </>1-1 = d = --d · 2e t 2e t 

YpaBHeHJie (3.1) BMeCTe C Bb!pa:lKeHHeM ,l],JIH IIOJIHOrO TOKa qepe3 CIICTeMy ,II.II, 
CKJia,l],bIBaIOIIIeroCH H3 ,l],:lK03ecpcoHOBCKOro Is, KBa3JiqaCTHqHoro Iqp H TOKa CMeIIIe­

HHH Jdisp 

dVj . Vi 
I= Cdt + Icsmcp1 + R' (3.2) 

onpe)J.eJIHeT MO,Il;eJih C,II.11 c eMKOCT11ofi CBH3hIO (CCJJ-Mo,n;enh). 

Kor,l],a qepe3 CJIOIICTYIO CHCTeMY CBH3aHHblX ,II.IT npOXO,l],HT BHeIIIHHfi :meKTPH­

qeCKHfi TOK, CBepxnpOBO,l],HIIJ,He CJIOH OKa3bIBaIOTCH B HepaBHOBeCHOM COCTOHHIIH 

II3-3a HH:lKeKIIHH KBa3JiqacTHII H KynepOBCKIIX nap. HaJIHqJie B HIIX HeCKOMIIeH­

cnpoBaHHOro 3JieKTpnqecKoro 3apsr,n;a npHBO,!l,HT K He06XO,l],HMOCTII yqeTa ,l],OIIOJIHII­

TeJibHOro TOKa Me)K)J.y CBepxnpOBO,!l,HIIJ,HMH CJIOHMH. 9TOT BKJia,l], B KBa3HqaCTHqHblfi 

TOK, o6yCJIOBJieHHblfi pa3HOCTbIO 0606I11eHHbIX CKaJIHpHbIX IIOTeHIIIIaJIOB, Ha3bIBaIOT 

)J.Hcp<:pY3HOHHbIM TOKOM Iiif• Mo:lKllO 3anncaTb CJie)J.yIOIIJ,He Bbipa:lKeHIIH ,l],JIH ,l],II<p-

42 

cpy3HOHHoro TOKa: 

I
I _ <l>1 - <l>1-1 _ 
dif - fcR -

(Q1 - Q1-1) _ (Q1 - Q1-1) 
41rr'1IcR - 2e2N(O)IcR" 

(3.3) 

B 3THX Bbipa:lKeHHHX ,l],!Icpcpy3JIOHHblfi TOK HOpMIIpOBaH Ha BeJIJiqHHY KpiITHqecKoro 

TOKa le, a N(O) o603HaqaeT nJIOTHOCTb COCTOHHHfi Ha ypoBHe <I>epMH. 

C yqeTOM ,l],1Icpcpy3HOIIHOrO TOKa Bbipa:lKemrn ,l],JIH noJIHOro TOKa npno6peTaeT 

cJie)J.yIOIIIHfi BH,l],: 

dVj . Ii dcp1 
I= Cdt + Icsmcp, + 2eR dt. (3.4) 

OHO OTJIHqaeTCH OT COOTBeTCTByIOi11,ero Bbipa:lKeHHH ,l],JIH IIOJIHOrO TOKa B CCJJ­

MO,l],eJIH TpeTblIM qJieHOM B npaBofi qacTM ypaBHeHMH (3.4). B CCJJ-Mo)J.eJIM OH 

paBeH Vi/R. 
HopMIIPYH Bb!pa:lKeHHH (3.1) II (3.4), Mbl nonyqaeM CHCTeMy 6e3pa3MepHbIX 

ypaBHeHHfi ,l],JIH pa3HOCTH cpa3 H HanpH:lKeHHfi BO BCex ,II.II: 

{ 

fJcp1 8T = Vi - a(Vi+1 + Vi-1 - 2Vj), 

f)Vj . • fJcpz - = I - smcp1 - /3-, 
fJT fJT 

(3.5) 

r)J.e T = Wpt - 6e3pa3MepHOe BpeMH; /3 = nwp/(2eRfe) = 1/.._/Fc, f3e - napaMeTp 

MaK-KaM6epa. B cncTeMe (3.5) TOK I HOpMHpOBaH Ha KpHTnqecKHfi TOK le, a Ha­

nw 
rrpH:lKeHne HOpMMpoBaHo Ha Vo = _P. KaK YKa3bIBaJIOCh BblIIIe, B CCJJ-Mo,n;eJIH 

2e 
IIOCJie,l],HIIfi qJieH B npaBOfi qaCTII BTOporo ypaBHeHJIH paBeH f3Vj, qTo, COrJiaCHO nep-

dcp1 
BOMY ypaBHeHHIO 3TOfi CIICTeMhI, OTJIHqaeTCH OT f3dt Ha qJieH a/3(Vi+1 + Vi-1 -2Vj). 

YqHTbIBaH paBeHCTBO 1/ IeR = f3 /Vo H 0606I11eHHOe cooTHOIIIeHHe ,1],:lK03ecpcoHa 

(3.1 ), Mbl MO:lKeM 3aIIJICaTb Bbipa:lKeHJie )J.JIH ,l],1Icpcpy3HOHHOrO TOKa B BH,l],e 

I!if = to (<I>1 - <I>1-1) = f3cp1 - f3Vj (3.6) 

l!Jll! B BJI,l],e 

Itt = -af3(Vi+1 + Vi-1 - 2Vj). (3.7) 

TaKMM o6pa3oM, B CCJJ+DC-Mo,n;eJIM Bbipa:lKeHJie ,n;JIH rroJIHoro TOKa qepe3 

CJIOIICTYIO CIICTeMy CKJia,l],bIBaeTCH II3 ,l],)K03ecpcoHOBCKOro Is, KBa3hqacn1qHoro Iqp, 
,Il;1IcpcpY3l!OHHOro Jdif TOKOB II TOKa CMeIIIeHHH Jdisp: 

J! = sincp1; I!P = /3Vi; 
dVj 

I =-; 
Jdisp dT 

I dcp1 
Jdif = /3( dT - Vj). (3.8) 

,Il.McpcpepeHIIHpyH 0606I11eH11oe COOTIIOIIIeHHe ,1],:lK03ecpcoHa no BpeMeHll H l!C­

nOJib3YH Bbipa:lKeHHe (3.8) ,l],JIH nOJIHOrO TOKa, MO:lKIIO IIOJiyql!Tb CJie,lJ.YIOIIIYIO CH­

CTeMy ,n;JIHaMJiqecKnx ypaBHeHnfi )J.JIH pa3HOCTH cpa3 cp1 B CCJJ+DC-Mo,n;enJI: 
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d
2
cpi/dt2 = L Aw[I - sincp1, - /Jdcp,,fdt], 

I' 

r,11;e MaTJ)m:i;a A npn nepno,11;nqeCKllX rpaHnqHblX yCJIOBllHX llMee-r Bll,11; 

(

l~~a 

A= 0 

-a 

-a 
1+2a 
-a 

0 
-a 

1 +2a 
0 

-a 0 

0 -a 

-a) 
1 _;·2a 

(3.9) 

(3.10) 

3,11;ecb ll B ,ll;aJlbHeiirneM Mbl llCnOJib3yeM t ,ll;JIH o603HaqeHHH 6e3pa3MepHoro Bpe­

MeHll. OTMe'rllM, qTo pacqeTbl IIpOBO,ll;HTCH rrpn ycJIOBllll, qTo BeJinqnHa KpllTllqe-

CKOro TOKa O,ll;llHaKoBa BO Bcex rrepexo,11;ax: I! = le. · 

3.2. MeTO,ll;lIKa pacqeTa BOJibT-aMnepHoii xapaKTepH­

CTlIKlI lI BpeMeHHblX 3aBHClIMOCTeii xapaKTepH­

CTlIK ClICTeMbl CBSI3aHHblX ,ll;)K03ecpcoHOBCKlIX ne­

pexo,n;oB 

,nirn onpe,11;eJieHnH BAX CllCTeMbl CBH3aHHblX ,n:n HaMll pernaeTCH CllCTeMa ypaB­

HeHnii (3.5) c ncnoJib30BaHneM Mero,11;a PJHre-KyTTa qeTBeproro nopH,ll;Ka. Ilpn 

q>llKCllpOBaHHOM 3HaqeHllll 6a30BOro TOKa I onpe,11;eJIHIOTCH Pa3HOCTb q>a3 'P1(t) ll 

HanpH.>KeHne ½ KaK q>yHKD;llll BpeMem1 BO BpeMeHHOM llHTepBaJie [0, Tmax]. 3aTeM 

Bb1qncJIHeTCH cpe)];Hee no BpeMeHn Hanp11.>KeHne 

I 1T ... 
< ½ >= T. _ T. . ½dt, 

max min Tma 
(3.11) 

r,11;e Tmin ll Tmax onpe,11;eJIHIOT HaqaJio ll KOHen; BpeMeHHOro llHTepBaJia ,ll;JIH ycpe,11;He­

HllH. IlOJIHOe HanpH.>KeHne V HaxO,ll;llTCH KaK CJMMa HanpH.>KeHnii Ha Bcex ,n:rr: 

N 

V=L<½>. (3.12) 
l=l 

lITaK, Mbl pernaeM CllCTeMy ,ll;llHaMnqecKllX ypaBHeHnfi ,ll;JIH Pa3HOCTII q>a3 npn 

q>llKCllpOBaHHOM 3HaqeHllll TOKa [ B HeKOTOpOM BpeMeHHOM llHTepBaJie [0, Tmax] C 

rnaroM ot. qacTb aroro HHTepBana, HaqnHaH c onpe,11;eneHHoro 3HaqeHHH Tmin, nc­

nOJib3yeTCH ,ll;JIH rrpon;e,ll;JPbl ycpe)];HeHllH no BpeMeHll. 3aTeM MbI MeHHeM BeJinqnHy 

TOKa Ha mar oI ll nOBTOpHeM npon;e,11;ypy ,ll;JIH TOKa I +ol B HOBOM BpeMeHHOM llHTep­

BaJie [Tmax, 2Tmax]- 3HaqeHHH Pa3HOCTII q>a3 ll ee npOll3BO,ll;HOfi (llJill pa3HOCTII q>a3 ll 
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HanpmKeHmr) )];JIH Ka)K,11.0ro ,n:rr B KOHD;e nepBoro BpeMeHHOro llHTepBaJia ncnOJib-

3y!OTCH B KaqeCTBe HaqaJibHbIX ycJIOBllii ,ll;JIH CJie)];yJOID;ero BpeMeHHOro llHTepBaJia 

II T.,11;. B Harnnx pacqeTax MbI 06b1qHo noJiarann Tmax = 1000, ot = 0.05, i5I = 0.0001, 
XOTH B p11,11;e CJiyqaeB, KOr,11;a Tpe6oBaJiaCb 6oJiee BbICOKa.H TOqHOCTb, 3TH napaMeTpbI 

MeHHJIHCb. YcTofiqnBOCTb perneHIIii npoBep.11eTCH BJIH.HHHeM Ha BAX H3MeHeHHH na­

paMeTpOB 3a,11;aqn, B qaCTHOCTH yBeJinqeHH.ll ll yMeHbllleHH.ll B,ll;BOe IIIara no BpeMeHH 

8t. 
B pacqeTax K 6rooBoMy TOKY ,11;06aBJI.HJIC.H IIIYM, reHepnpyeMbiii cJiyqaiiHbIM o6-

pa30M. ,II:JI.H 3TOro HCnOJib30BaJIC.ll reHepaTop CJiyqaiiHblX qnceJI. AMnJIHTy,11;a IIIJMa 

HOpMHpOBaJiaCb Ha BeJI:uqnHy KpHTHqecKoro TOKa le. 
MccJie,ll;OBaHH.H BpeMeHHOii 3aBHCHMOCTH 3ap.11,11;a B CBepxnpoB0,11;.IIID;HX CJIO.IIX. B 

CIICTeMe CB.H3aHHbIX ,n:rr npOBO,ll;HTCH CJie)];ylOID;HM o6pa30M. McnOJib3J.ll ypaBHeHne 

MaKCBeJIJia div(ccoE) = Q, Mb! Bbipa)KaeM nJIOTHOCTb 3ap.11,11;a Qi (B ,ll;aJibHeiiIIIeM 

Ha3bIBaeM ee npocTo 3ap.11,11;0M) Ha S-cJioe l qepe3 Hanp.H)KeHH.H ½ n ½+1 B coce,11;Hnx 

,11;:uaJieKTpnqecKnx CJIO.HX: Qi = Q0a(½+1 - ½), r,11;e Q0 = ccoVa/r1. PeIIIeHne cn­

CTeMbI ,ll;HHaMHqecKHX ypaBHeHllii )];JI.II KaJIH6pOBOqHO-llHBapnaHTHOii pa3HOCTH q>a3 

Me)K)];y S-CJIO.IIMH ,11;aeT HaM Hanp.H)KeHIIe ½ KaK q>yHKIJ;lllO BpeMeHH Ha Bcex ,n:rr, ll 

3TO II03BOJI.HeT HCCJie)];OBaTb BpeMeHHYIO 3aBHCHMOCTb aJieKTpHqecKoro 3ap.11,11;a Ha 

Ka)K)];OM S-CJIOe. IloJIHaH BpeMeHHa.H 3aBHCHMOCTb 3ap.11,11;a Ha CJIOe CKJia)];bJBaeTC.ll ll3 

ll3MeHeHH.ll BO BpeMeHH Ha Ka)K,ll;OM IIIare !IO TOKy. I1HTepBaJI BpeMeHH, B TeqeHne 

KOTOporo 3aIIHCbJBaeTCH BpeMeHHaH 3aBHCHMOCTb 3ap11,11;a Ha CJIOe, orrpe,11;eJI.HeTC.ll 

KaK t + Tmaxllo - Il/ol, r,11;e Io .IIBJI.HeTC.ll HaqaJibHbIM 3HaqeHHeM TOKa, C KOTOporo 

perncTpnpyeTC.ll BpeMeHHa.H 3aBHCHMOCTb. 

PacqeT BpeMeHHOii 3aBHCHMOCTH TOKOB ll HX ycpe,11;HeHHblX 3naqennii rrpOBO,ll;HT­

C.ll aHaJiornqHbIM o6pa30M. Ha OCHOBe Bbipa)KeH:uii (3.8) BbJqllCJI.HIOTC.ll TOKH I., Iqp, 
Idisp H Idif KaK q>yHKIJ;llll BpeMeHn rrpn q>HKCHpoBaHHOM 3uaqeHHH 6a30BOrO TOKa. 

Ycpe,11;HeHne TOKOB !IO BpeMeHH rrpOBO,ll;HTC.ll aHaJIOrnqHO ycpe,11;HeHHIO narrp.H)KeHJrn 

(3.11). 

3.3. PemeHHe CIICTeMbl ,n;IIcpcpepenu;IIaJibHbIX ypaB­

HeHIIii MeTo,n;oM PyHre-KyTTa qeTBepToro rro­

pSI,n;Ka 

KaK yKa3b!BaJIOCb Bbime, B CJiyqae CHCTeMbI CB.H3aHHbIX ,n:rr COOTHOIIIeHne ,n:)K0-

3eq>coHa o6o6ID;aeTC.H n rrpnnnMaeT CJie,ll;Y!OID;Hii Bn,n;: 

Ii acp; 
-- = ½ - a(½+1 + ½ 1 - 2½) 
2e at ' ' ,- ' ' 

c:r2 
r,n;e a = dir -napaMeTp eMKOCTHOH CB.ll3ll Me)K)];y ,IJ:fI. TOK qepe3 Ka)K,11.bIH ,IJ:fI 
CKJia,ll;bIBaeTC.ll ll3 

fJV; 
I i_ = Cr7,t; d1sp u 

. V;. 
I:W = R/ I! = le sin cp;; 

45 



I'. = <I>; - <I>;-1 = 2-(.!!:._ acp; - v.) 
dit Ri Ri 2e 8t ' · 

CJie,n;oBaTeJihHO, 

I= f!isp + I'qp +I!+ J!if• 

TaKnM o6pa3oM, B cJiy'Iae CCJJ+DC-Mo,n;eJIH o6o6rn;eHHoe cooTHOIIIeHne ~o-
3eq>coHa BMeCTe C Bbipa)KeHHeM ,11,JUI IIOJIHOro TOKa o6pa3yeT CHCTeMy .n;nq>q>epeH­
D;HaJibHbIX ypaBHeHHil:, KOTOpaH OIIHCbIBaeT ,ll;HHaMHKY CHCTeMbI )];TI C eMKOCTHOll 

CBH3bIO: 

{ 

.!!:._ acp; = V; - a(¼+1 + ¼-1 - 2¼), 
2e at 

av. . n acp; 
I= Ci a:+ Iesmcp; + 2eRi m· 

TipOH3B0,!J;H COOTBeTCTBYIOID;YIO HOpMHpOBKY 

Vo= nwp. 
2e ' 

{ 

acpi _ V; (¼+1 ¼-1 2¼) ----a-+-- - ' 
aT Vo Vo Vo Vo 

I Ci VowP a ( V; ) . nwp acp; -=--- - +smcp;+---, 
le le aT Vo 2eleRj aT 

1 /h I 
T = Wpt; /3 = Rj V 2eil'J;; le ➔ J; 

Mbl rrpHXO)I.HM K CHCTeMe ypaBHeHHii: B 6e3pa3MepHbIX e,n;HHHD;aX: 

{ 

acpi at = V; - a(¼+1 + ¼-1 - 2¼), 

aV; . acpi - = I - sm cp· - /3-. at ' at 

V; ➔ V;, 
Vo 

KaK H B CJiy'Iae 0)1.HHO'IHOro )];TI, ,n;JIH peIIIeHHH 3TOii: CHCTeMbI ypaBHeHnii: HCIIOJib-
3yeTCH MeTo.n; PyHre-KyTTa. B ,n;aHHOM cJiy'Iae K03q>q>nn;neHThI PyHre-KyTTa rrpn­
HHMaIOT CJie.n;yrorn;nii: Bn,n;: 

{ 

cp{+l = cp{ + ~cp{, 

v/+i = v:/ + ~v;i, 
' ' ' 

{ 

~,..7 = ~(p_(l)j + 2p_(2)j + 2p_(3)j + p_(4)j) 
'l'i 6 ' ' ' ' , 

~Vi= ~(K(l)i + 2K/2li + 2K<3li + K(4li) 
' 6 ' ' ' ' . 
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TiepBb1e K03q>q>m:i;neHTbI PyHre-KyTTa: 

{ 

(D . 
P; = {V; - a(¼+1 + ¼-1 - 2¼) }ht, 

Kf1l = {I - sincpi}ht -f3PP). 

BTOpb1e K03q>q>nn;neHTbI PyHre-KyTTa: 

(2) i i+l i-1 
{ ( 

K(l)) [( K(l)) ( K(l)) 
Pi = V; + -

2
- - a ¼+1 + -

2
- + ¼-1 + -

2
- -

( KP')]} -2 ¼+ T ht, 

K?l = { I - sin ('Pi+ pr') }ht - /3P;(
2
l. 

TpeTbH K03q>q>nn;neHTbI PyHre-KyTTa: 

(3) i i+l i-1 
{ ( 

K<
2
l) [( K(

2l) ( KC
2
l) pi = V; + -2- - a ¼+1 + -2- + ¼-1 + -2- -

( Ki
2

')]} -2 V;+T ht, 

Kfl = { I - sin ('Pi+ pt) }ht - /3P;<
3

l_ 

qeTBepTbie K03q>q>nn;neHThl PyHre-KyTTa: 

{ 

(4) {( (3)) [( (3) ) ( (3)) P; = V; + Ki - a ¼+1 + Ki+1 + ¼-1 + Ki-1 -

-2(¼ + K?')l}ht, 

K?l = {I - sin(cpi + P;<3l)}ht - f3P?l. 

B CJiy'Iae rrepHO,!J;H'IeCKHX rpaHH'IHbIX YCJIOBHll 

{ 
'Pi-1 = 'PN rrpn ~ = 1; 

¼-1 = VN rrpn i = 1; 

{ 

p_(l) = p(ll. p.(2) = j:,(2). p.(3) = p(3). p_(4) = p(4) rrpn i = 1. 
,-1 N , t-1 N , t-1 N , t-1 N , 

K(l) = K(l). K(2) = K(2l. K(3) = K(3l. K14) = K(4) rrpn i = 1· 
,-1 N , t-1 N , t-1 N , ,-1 N ' 
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{ 
'Pi+l = 'Pl IIplI ~ = N; 

¼+1 = Vi rrpn i = N; 

{ 

p(l) _ p(l). p(2) _ p(2). p(3) _ p(3). p(4) _ p(4) rrpn i _ N· 
i+l - 1 > i+l - 1 > i+l - 1 > i+l - 1 - > 

K (l) - K(l). K<2> - K<2l. K(3l - K(3l. K<4l - K<4> rrpn i - N i+l - 1 , i+l - 1 > i+l - 1 > i+l - 1 - · 

B cJiy<rne Herrepno,n;nqecKnx rpaHnqHbIX ycJioBnii Koacpcpmi;neHThI PyHre-KyTTa 
orrpe,n;eJI.HIOTC.H CJie,n;yIOllJ;lIM o6p830M: 

IIplI i = 1 

pp> = {¼ - a[¼+1 - (1 + ,)¼]}ht, 

~ i ~ i 
{ ( 

K (l)) [( K(l)) ( K(l))]} P; = v; + -
2
- - a ¼+1 + -

2
- - (1 + ,) Vi+ -

2
- ht, 

{ ( 
K<

2l) [( KC
2l) ( K<

2l)]} pp>= v; + T - a ¼+1 + ;+1 - (1 + ,) v; + T ht, 

Pt> = {(V; + K?>) - a[(¼+1 + K;f1) - (1 + ,)(¼ + K?')l}ht; 

rrpn i = N 

P;(l) = {¼ - n[¼-1 - (1 + ,)¼]}ht, 

{ ( 
KS

1l) [( K<
1l) ( KS

1l)]} pp> = v; + T - a ¼-1 + ;-1 - (1 + ,) v; + T ht, 

{ ( 
Ki

2l) [( K(
2l) ( K(

2l)]} P;(
3
l = v; + T - a Vi-1 + ;-1 - (1 + ,) Vi+ T ht, 

P;<4l = {(¼ + K?') - a[(¼-i + K;<:_l1) - (1 + ,)(¼ + K;<
3l)]}ht. 

3.4. O,n;HOIIeTJieBhie B0JibT-aMrrepHbie xapaKTepHCTH­

KH CHCTeMhl CBH3aHHhlX ,ll;)K03eq>COHOBCKHX rre­

pexo,n;oB 

3,n;ecb Mb! paCCMOTplIM pe3yJibTaTbl pacqeTOB TaK H83b!BaeMblX 0,Il;H0IIeTJieBb!X 
BAX, rroJiyqaeMhlX B pe3yJibTaTe o,n;Horo D;lIKJia yBeJinqeHn.11 683oBoro TOKa OT HYJI.H 
,n;o HeK0T0poro MaKClIMaJibH0ro 3HaqeHlI.H lI ,n;anee ero yMeHbllleHlI.H 0II.HTb ,n;o HYJI.H. 

B nplIJI0:>KeHlilI M0:>KH0 HaiiTlI K0,Il; rrporpaMMbl, M0,Il;eJIHpy10in;eii ,Il;lIHaMlIKY ClI­
CTeMbl C,IJ;II. IIpn pacqeTe nporpaMMa co3,n;aeT II.HTb dat-cpaiiJIOB c ,n;aHHb!MlI: 
Voltage.dat, Voltage_j.dat, Ch(time).dat, V_j(time).dat lI ph(time).dat. B HlIX 
co,n;ep:>KaTC.H BAX cncTeMbl, BAX Ka:>K,n;oro 0T,Il;eJihH0ro nepexo,n;a, BpeMeHHble 3a­
BlIClIM0CTlI 3ap.H,n;a, Hanp.H:>KeHlI.H lI p83H0CTlI q>a.3 C00TBeTCTBeHH0. 

Ha pnc. 3.3(a) rrpe,n;cTaBJieHa BAX II.HTlI )];II, paccqnTaHHa.H npn napaMeTpe 
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,Il;lICClinan;nn f3 = 0.2 lI napaMeTpe CB.H3lI Q = 1. CTpeJIKlI YK83b!BaIOT HanpaBJieHHe 
H3MeHeHlI.H T0Ka npH pacqeTe. BAX ,n;eM0HCTplipyeT BeTBJieHHe B o6JiacTlI rHCTepe-
3lICa. 9Ta o6JiaCTb YBeJiliqeHa Ha BCTaBKe. IlpH yMeHhllleHlIH TOKa nepeKJIIOqeHHe 
M H3 R-cocTO.HHH.H B O-cocTO.HHHe npoucxo,n;nT He o,n;H0BpeMeHH0, )];TI M0ryT nepe­
KJIIOqaTbC.H II00,Il;lIH0qKe HJIH qacT.HMH. 9TO npHB0,Il;lIT K B03HlIKH0BeHHIO C0CT0.HHHii, 
K0r,n;a 0,Il;HH HJIH HeCK0JibK0 nepexo,n;oB Hax0,n;.HTC.H B O-COCTO.HHlilI, 0CTaJibHble :>Ke 
BCe ein;e HaX0,Il;.HTC.H B R-cOCTO.HHlilI. 9THM C0CTO.HHH.HM C00TBeTCTBYIOT · BeTBH Ha 
BAX, K0T0pb!e H np0.HBlIJIHCb B HameM pacqeTe ( CM. BCTaBKY K pHCYHKY). 

CBoiicTBa CHCTeMbl CM onpe,n;eJI.HIOTC.H BeJinqnHoii napaMeTpa CB.H3H. Ha puc. 
3.3(b) H3o6pa:>KeHbI BAX Toil :>Ke cncTeMbl npn p83JiliqHbIX 3HaqeHH.HX napaMeTpa 
CB.H3H a = 0.1; 0.5; 1; 3. Mb! BlI,Il;lIM, qTo c yBeJIHqeHlieM a yMeHbmaeTC.H o6JiaCTb 
rlICTepe3HCa, a TaK:>Ke yCHJilIBaeTC.H BeTBJieHHe BAX. 

/ 
✓ 

,-
(b) N=5 

jl,<l.2 

(a) N=5 

24 
25 Jl=0.2, a=I 

20 / 

r 
> 

15 ,--,1~' 12 

f 
> 

I I 

I r-10 -10 I I 
I I 

I I 5 
I I 

o.s· --·,·o:9·. 
5 I I 

I I 0 
I I . 

0 - -- o.~ 1 0.4 0.6 

Puc. 3.3. (a) BAX cucTeMbl c N = 5 )];II npH f3 = 0.2 Ha= 1. (b) BAX cncTeMbI 
c N = 5 C,ll;II npn f3 = 0.2 Ha= 0.1;0.5; 1;3 

(a)6rN=1 (b)6l~ 13=<).2 

4 40 0 

> > 
2 20 

00 0. I 1 
0---- .. D 0.5 I 1 

Pnc. 3.4. BAX CHCTeMhl c N = I (a), N = 10 C,IJ;II (b) npu f3 = 0.2 n ·a= 1 

Ha pnc. 3.4 npe,n;craBJieHbl BAX ,n;.rr.11 o,n;nHoqHoro M H CHCTeMbl c 10 C,ll;II 
npn f3 = 0.2 lI a = 1. EcTecTBeHHO, qTo npu yBeJinqeHHH . quCJia nepexo,n;oB N 
Bee 6oJihmee qnCJio BeTBeii np0.HBJI.HeTC.H Ha BAX. Ha pnc. 3.4(a) Mb! noK83hlBaeM 
BAX o,I1;Horo M ,n;.rr.11 cpaBHeHH.H c BAX cncTeMbI c 10 )];II, npe,n;craBJieHH0ii Ha 
pnc. 3.4(b). CJie,n;yeT o6parnTh BHHMaHHe Ha 6oJibllIHe 'IHCJia Ha ocn V B CJiyqae 
,u.eC.HTH rrepexo,n;oB, TaK KaK Hanp.11:>KeHne CHCTeMbl CM paBH0 CJMMe Hanp.11:>KeHHii 
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Bcex nepexo,n.oB: V 
BeTBJieHH.H. 

I:½, r,n.e l 1, 2, •.• , N. Ha BCTaBKe yBeJIH'leHa o6JiacTh 

3 .5. AHaJIH3 COCTO.SIHllll CllCTeMhl B o6JiaCTII BeTBJie­

Hll.SI 

lfro6h1 onpe,n.eJIHTb cocTO.HHHe C,IT.II, coOTBeTCTByrom;ee Ka)K,n.ofi aeTBH BAX, 

HY)KHO npoaeCTH aHaJIH3 BeJIH'IHH cpe,n.Hefi npOH3BO,D.HOll pa3HOCTH q>a3 H HaIIp.H)Ke­

HH.H Ha Ka)K,D.OM ,IT.II. Ha pnc. 3.5(a,b) npnae,n.eH npHMep TaKoro aHaJIH3a B cJiy'!ae 

(a) a (b) a 
!'-•---If 

3-R,7-0 

6~ -----~ 
4~-----

> ~ 5-R, 5-0 

2~ r~---'..---
'--___. 8 10 

00 2 4 N 6 

, \ 

6~ ; \ 
j \ 

'o t /3-R, 7-0\ 

i 4---~---' !'I r 
2 I ; \ I 
nlw~-R,S-? I. V, 
0 2 4 N 6 8 10 

Pnc. 3.5. (a) Pacnpe,n.eJieHne Hanp.H)KeHH.H Ha ,IT.II B,D.OJib CTeKa. BepxHHe KpHBhle 

c KBa,D.paTHKaMH C,D.BHHYThl Ha 4 no OCH Y OTHOCHTeJibHO HH)KHHX KpHBbIX; (b) 

pacnpe,n.eJieHHe cpe,D.Hefi npOH3BO,D.HOll pa3HOCTH q>a3 ,D.JI.H COOTBeTCTBYIOIIJ;HX BeTaefi 

npH yaeJIH'leHHH H yMeHblleHHH 6a30BOro TOKa 

BAX, npe,n.cTaBJieHHOfi Ha pnc. 3.6. B ,n.aHHOM cJiy'lae TOK c maroM 81 = 0.0001 

0A A'~ 1 l 

Pnc. 3.6. Pacc'IHTaHHa.H B paMKax CCJJ+DC-Mo,n.eJIH BAX cncTeMhI c 10 C,IT.II, no­

Jiy'lenHa.H npH 0,D.HOM Il,HKJie H3MeHeHH.H 6a30BOrO TOKa. Ha BCTaBKe B YBeJIH'leHHOM 

pa3Mepe nOKa3aHhl nepexO,D.hl Me)K,n.y BeTB.HMH B rHCTepe3HCHOll o6JiaCTH 

yBeJIH'IHBaJIC.H /1.0 3Ha'leHH.H I/ le = 1.5 H 3aTeM yMeHbillaJIC.H ,n.o HYJI.H. B npou;ec­

ce B03pacTaHH.H TOKa BAX npeTepneBaeT cKa'IOK npH I/ le = 1.0. IIpn yMenhme­

HHH TOKa na6JIIO,D.aeTC.H TPH CKa'IKa, KOr,n.a BeJIH'IHHa TOKa CTaHOBHTC.H MeHbme 0.6. 
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Onpe,n.eJieHirn ycpe,D.HeHHOU no BpeMeHH IIPOH3BO,D.HOH pa3HOCTH q>a3 II03BOJI.HeT o,n;­

H03Ha'IHO YKa3aTb, HaXO,D.HTC.H ,n.aHHhlll ,ll;II B R- HJIH O-COCTO.HHHH. TaK, HaIIpHMep, 

B COCTO.HHHH 3-R, 7-0, COOTBeTCTBYIOID;eM HH)KHefi BeTBH, HMeeTC.H HaIIp.H)KeHHe Ha 

acex nepexo,n.ax, O,D.HaKo, cornacHo pHc. 3.5(b), JIHmh 3 nepexo,n.a HaxO,D..HTC.H B R­

cocTO.HHHH. 

3.6. PacqeT IIOJIHoii BeTBIICToii CTPYKTYPhI cncTeMhI_ 

CB.SI3aHHhlX ,[l;)K03ecpcoHOBCKHX rrepexo,n;oB 

IIpH onpe,n.eJieHHOM 3Ha'leHHH T0Ka I HeKOTOpbill KOHTaKT (HJIH cpa3y HeCKOJlbKO 

KOHTaKTOB) nepeXO,D.HT H3 R-COCTO.HHH.H B O-COCTO.HHHe HJIH Hao6opoT, 'ITO npHB0,11,HT 

K nepexo,n.y Me)K,D.Y aeTB.HMH Ha BAX. KaK pacc'IHTaTh noJIHYIO BAX (,n.eMOHCTpH­

py10m;y10 BCeB03M0)KHbie BeTBH, T.e. OTpa)KaIOIIl,YIO BCeB03MO)KHbie COCTO.HHH.H ,ll;II) 

,D.JI.H CTeKOB C pa3JIH'IHbIM 'IHCJIOM KOHTaKTOB npH Pa3JIH'IHbIX 3Ha'leHH.HX napaMeT­

poB CHCTeMbi? 

IIpHBe,D.eM O,D.HH H3 B03MO)KHbIX cnoco6oB pac'!eTa. IIpH Ka)K,D.OM 3Ha'leHHH 6a-

30BOro TOKa I ,n.eJiaJIC.H BbIBO,D. 0 COCTO.HHHH CHCTeMbl Ha OCHOBe ,n.aHHbIX O aeJIH­

'IHHe cpe,n.Hefi npoH3B0,!1,HOfi pa3HOCTH q>a3 < 8cpif8t > B Ka)K,D.OM ,IT.II. C y'leToM 

Toro, 'ITO IIOJIHOe 'IHCJIO COCTO.HHHH H, COOTBeTCTBeHHO, 'IHCJIO BeTBefi BAX B CH­

CTeMe c N ,ll;II paBHO 2N, Ka)K,D.Oll BeTBH npHnHCbIBaJIC.H HOMep, onpe,n.eJI.HeMhlll 

KaK nb = nb-1 + Sj2i-I, r,n.e Sj = 0 ,D.JI.H ,ll;II B O-COCTO.HHHH H Sj = 1 ,D.JI.H ,ll;II B 

R-cOCTO.HHHH; j H3MeH.HeTC.H OT 1 ,n.o N. IIpH 3TOM ,n.aHHOe COCTO.HHHe q>HKCHpyeT­

C.H. IIpH CJie,n.yrom;eM 3Ha'leHHH 6a30BOro TOKa COCTO.HHHe CHCTeMbl cpaBHHBaeTC.H C 

npe,D.hl,D.Ylll,HM, H eCJIH npOH30llleJI CKa'IOK Ha ,n.pyryro BeTBb, TO 3TO onpe,n.eJI.HeTC.H 

cpaaHeHHeM HOMepOB BeTBefi. EcJIH npOHCXO,D.llT CKa'IOK Ha ,n.pyryro BeTBb, TO 3Ha­

'leHHe cpe,n.Heii IIPOH3BO,D.HOU pa3HOCTH q>a3 Ha KaKOM-TO ,ll;II MeH.HeTC.H Ha onpe,11,e­

JieHHYIO, ,D.OCTaTO'IHO CHJibHO OTJIH'laIOm;yIOC.H OT npe,n.hl,n.ym;ero 3Ha'leHH.H BeJIH'IHHy. 

'.:ha BeJIH'IHHa npb!)KKa .HBJI.HeTC.H napaMeTpOM 3a,n.a'IH. Hoaa.H BeTBb q>HKCHpyeTC.H, 

H npou;ecc IIOBTOp.HeTC.H. EcJIH COCTO.HHHe CHCTeMbl (n, COOTBeTCTBeHHO, BeTBh BAX) 

nocJie npb!)KKa OKa3brnaeTC.H TeM COCTO.HHHeM, B KOTOpOM CHCTeMa y)Ke HaXO,D.HJiaCh 

B npe)KHHX IJ,HKJiax IIO TOKY, TO 3TO COCTO.HHHe (aeTBb) HrHOpHpyeTC.H B npou;ecce 

H3MeHeHH.H 6a30BOrO TOKa. B nporpaMMe BBO,D..HTC.H 'IHCJia, xapaKTepH3yrom;ne q>aKT 

onpe,n.eJieHH.H BeTBH npH yaeJIH'leHHH H IIpH yMeHhmeHHH BeJIH'IHHhl 6a30BOro TOKa, 

a TaK)Ke COOTBeTCTByIOIIJ,He 'IHCJia, onpe,n.eJI.HIOID;He HanpaBJieHne TOKa. 

KoJin'leCTBO BeTBeii BAX, onpe,n.eJI.HeMhIX B npou;ecce 'IHCJieHHOro aKcnepnMeH­

Ta, 3aBHCHT OT napaMeTpOB CHCTeMbl a, /3 H rpaHH'IHblX ycJIOBHH 'Y, a TaK)Ke OT 

napaMeTpOB 'IHCJieHHOrO 3KcnepnMeHTa: mara no TOKY, BeJIH'IHHbl BpeMeHHOrD ,D.0-

MeHa, HHTepBaJia ycpe,n.HeHH.H, BeJIH'IHHhl aMIIJIHTY,D.hl myMa IIO TOKy. 9THM )Ke, B 

npnHu;nne, onpe,n.eJiaeTC.H 'IHCJIO BeTBefi B peaJibHOM aKcnepnMeHTe, r,n.e TaK)Ke 3a­

,11,aeTC.H 11Iar no TOKY, BpeMa nepexo,n.a OT o,n.Horo ero 3Ha'leHn.H K ,n.pyroMy. KoHe'IHO, 

B peaJibHOM 3KCnepnMeHTe Bcer,n.a npncyTCTByeT myM B 6a30BOM TOKe. 

BeTBncTaa CTPYKTypa BAX, noJiy'leHHaa B paMKax CCJJ+DC-Mo,n.eJIH ,D.JI.H cTe­

Ka n3 11 C,ll;II npn a = 1, /3 = 0.2 n 1 = 0, npe,n.cTaBJieHa Ha pnc. 3.7 (cJieBa). 
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Pnc. 3.7 (cITpana) ITOKa3hrnaeT BAX cncTeMbI c 10 C,LI,IT ITpn ITepno,II,R'IecKnx rpa­

Hll'IHhIX ycnonmrx. 

" & 

! 30 

•• 

N=ll 
a=l 
~=0.2 
r=O 

50 

.. 
& 
:I 30 
0 
> 

20 

10 

N=IO 
a=l 
~=0.2 
Periodic 

0o 0.5 
Current 

/ 

Pnc. 3.7. BeTnncTa.H cTpyKTypa BAX, pacc'lnTaHHa11 n paMKax CCJJ+DC-Mo,II,eJin 

ITPll 'Y = 0 ( CJiena) n ITepnO,II,H'leCKllX rpaHH'IHblX ycJIOBllHX ( CITpana) 

B CCJJ+DC-Mo,II,eJin H3MeHeHne ITapaMeTpa /3 B mnpoKnx ITpe,II,eJiax He ll3Me­

HHeT aKBH,ll,IICTaHTHOCTh neTneii BAX. 

3.7. IIapaMeTpIIqecKIIii: pe3oHaHc 

,lI,eTaJibHOe HCCJie,II,OBaHne CHCTeMbl C,LI,IT IT03BOJIHJIO YKa3aTh Ha peaJill3a:IJ.lllO B 

Heii ITapaMeTpH'IeCKOro pe30HaHca, ITpll KOTOpOM ,ll,)K03eq>COHOBCKlle OCI.1,IIJIJIHI.1,Hll 

no36y)K,II,aIOT ITepITeH,II,HKYJIHPHO S-cJIOHM ITpO,II,OJihHYIO ITJia3MeHHYIO BOJIHy. Ilpn 

3TOM cnepxITpOBO,ll,Hlll,lle CJIOH OKa3hIBaIOTCH 3apH)KeHHbIMH ll 3apH,II,OBaH ,II,IIHaMnKa 

orrpe,II,eJIHeT oco6eHHOCTH B03ImKaIOlll,eii 3,II,eCb TOHKoll: CTpyKTYPhI Ha BAX, rro11n­

neHne KOTOpOii CBH3aHO C 6neHHHMH rrpO,II,OJibHOii ITJia3MeHHOH BOJ!Hbl B ,ll,llCKpeTHOH 

CllCTeMe cnepxITpOBO,ll,Hlll,llX CJIOeB. 

Ha pnc. 3.8 rrpe,II,CTaBJieHa npeMeHHaH 3aBHCllMOCTb 3JieKTpH'leCKOro 3apH,II,a B 

cnepxrrpOBO,II,alll,eM CJIOe ( L 7) B o6JiaCTH ITapaMeTpll'IeCKOro pe30HaHca, paCC'IHTaH­

HaH B paMKax CCJJ+DC-Mo,II,eJin. CneTJihie cTpenKn c 6yKBeHHhIMH o6o3Ha'lemrn­

MH ,II,eMOHCTpnpyIOT rrpOHBJieHne oco6eHHOCTeii TOHKOH CTpyKTYPhl, KOTOpbie OTpa­

)KalOTCH Ha BAX. CaMa )Ke BAX rroKa3aHa )KllpHoii mrnneii. 

HaJIH'IHe 3ap11,II,a B CBepxrrpOBO,ll,Hlll,HX CJIOHX rrpHBO,ll,IlT K ITOHBJieHHIO ,II,Hq>q>y3H-

I (Q1 - Q1-1) 
OHHoro TOKa Jdif = 2 1 

R . Bo3HnKaeT noITpoc: KaKoe nnn11Hne OKa3hrnaeT 
47rrv c 

,ll,Ilq>q>Y3HOHHb1ll: TOK Ha ITOBe,II,eHne cncTeMhI C,LI,IT n ee BAX B aToii o6nacTn? Ha 

pnc. 3.9 ITpe,II,CTaBJieHa 3aBHCHMOCTb ncex paccMaTpnBaeMblX ycpe,II,HeHHbIX TOKOB, 

a nMeHHO, (a) cnepxITpono,II,Hlll,ero I! = sin cp1, (b) KBa3H'laCTH'IHOro I!i, = /3½, ( c) 

I d<p1 I d½ 
,II,llq>q>Y3HOHHOro Jdif = /3( a;: - ½) TOKOB ll ( d) TOKa CMelll,eHllH Jdisp = dr OT ne-

JIH'IHHbl 6a30BOro TOKa 'lepe3 ITepBblii ,LI,IT B o6JiaCTll ITapaMeTpll'IeCKoro pe30HaHCa. 

B OCTaJibHblX ITepexo,II,aX 3Ta 3aBHCHMOCTb llMeeT aHaJIOrll'IHbill: xapaKTep. 
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Puc. 3.8. BAX n npeMeHHaH 3anncn:MOCTh aneKTpn'lecKoro 3ap11,II,a Ha cnoe B 06-

JiacTn ITapaMeTpn'IecKoro pe3oHaHca, pacc'lnTaHHa.H n paMKax CCJJ+DC-Mo,II,eJin. 

CneTJibie CTpeJIKH ,II,eMOHCTpnpyIOT ITPOHBJieHne oco6eHHOCTell: TOHKOH CTPYKTYPhl. 

BcTanKa ITOKa3bJBaeT xapaKTep OCI.1,llJIJIHI.1,Hii 3ap11,II,a B BbI,II,eJieHHOii KPY)KKOM 06-

JiaCTll pe3oHaHca 

Mbi 3,II,eCh TaK)Ke BH,ll,IlM ITpmrnneHne TOHKOii CTPYKTYPhl n o6nacTn ITapaMeT­

pn'IecKoro pe30HaHca, CBH3aHHOii C xapaKTepHbIM ITOBe,II,eHneM ITpO,II,OJlbHOii ITJia.3-

MeHHOll: BOJ!Hbl n ,ll,IlCKpeTHOii CllCTeMe. XapaKTepHbie TO'IKll OTMe'leHhl Ha pnc. 3.9 

CTpeJIKaMH. OcHOBHOii BKJia,II, n BeJill'lllHY 6a3onoro TOKa ,II,aeT KBa3H'laCTH'IHblll: TOK, 

KOTOpblii 6onee '!eM Ha ITOpH,II,OK ITpeBhimaeT cnepxITpOBO,II,Hlll,Hii. Ycpe,II,HeHHblil: TOK 

cMelll,enmr, ITpnne,II,eHHhlll: na pnc. 3.9(d), cylll,ecTBeHHO MeHhme cnepxrrpoBO,II,Hlll,ero 

n KBa3ll'laCTll'IHOrO ITO BeJIH'lllHe n OCI.1,llJIJIHpyeT ITPll YMeHhllieHllll 6a3onoro TOKa. 

,1],nq>q>Y3nonnh1ii TOK (cM. pnc. 3.9(c)) ,II,O na'laJia o6nacrn ITapaMeTpn'leCKOro 

pe30Hanca OTCYTCTByeT (cylll,eCTByeT Ha yponne myMa). Ilpn ITO,II,XO,II,e K pe30HaHcy 

(ITpn YMeHbmeHHll ITOJIHOro TOKa '1epe3 CJIOllCTYIO CllCTeMy) aMITJillTY,II,a 3apH,II,0BblX 

OCI.1,HJIJIHI.1,Hii B cnepxITpOBO,II,Hlll,HX CJIOHX HapaCTaeT, H 3TO ITpllBO,ll,IlT K ITOHBJieHlllO 

,ll,Ilq>q>Y3llOHHOro TOKa. B pe30HaHCHOll: o6JiaCTll ycpe,ll,IleHHblll: ,ll,Ilq>q>Y3llOHHblii TOK 

OCI.1,HJIJillpyeT, MeHHH cnoe HaITpanJieHne B ,II,aHHOM ,1],IT. BKJia,II, ,ll,Ilq>q>Y3HOHHOro TO­

Ka B 6a30Bblil: TOK B 3TOii o6JiaCTH ,II,OCTaTO'IHO MaJI ITO neJill'IHHe. O,II,HaKO 3TOT 

BKJia,II, Ka'leCTBeHno MeHHeT TOHKYIO cTpyKTYPY BAX n o6nacTn ITapaMeTpn'lecKo­

ro pe3oHaHca. 

Ilo,II,'IepKHeM, 'ITO HaJill'IHe ITapaMeTpH'leCKoro pe30Hanca B CHCTeMe CBH3aH­

HbIX ,LI,Il He ecTb cne,II,CTBne Y'leTa ,ll,Ilq>q>Y3nonnoro TOKa: OH nooHnKaeT n n CCJJ­

MO,II,eJin, He Y'lllTblBaIOlll,ell: ,ll,Ilq>q>Y3llOHHhlii TOK. OTCYTCTBHe ,II,Hq>q>Y3HOHHOro TOKa 

CKa3b1BaeTCH Ha TOHKoii CTpYKType BAX n ,II,aHnoii o6nacTn. B CCJJ+DC-MO,II,MH 

nrnpnHa o6JiacTn TOHKOll: CTpYKTyphl ITO TOKY COCTaBJIHeT OKOJIO 0.015 e,ll,IlHHll,bl, 

TOr,II,a KaK B CCJJ-MO,II,eJin ee BeJIH'lllHa 3Ha'lnTeJihH0 6oJibllie ll panHa ITpHMepH0 

0.2 e,ll,IlHHIJ.hl 6a3onoro TOKa. 
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PHc. 3.9. 3aBHCHMOCTh ycpe,ri;HeHHhIX 3Ha'leHHfi (a) cBepxrrpoBo,ri;mu;ero I., (b) KBa-

3H'!aCTH'IHOro Iqp, (c) ,ri;mpcpy3HOHHOrO Jdif TOKOB H (d) TOKa CMem;eHHH Jdisp OT 

BeJIH'IHHbl 6a30Boro TOKa '!epe3 rrepBblll ,l]JI B o6JiaCTH rrapaMeTpH'!eCKOro pe30-

HaHca, pacc'IHTaHHaH B paMKax CCJJ+DC-Mo,ri;enH. TeMHble cTpenKH yKa3hIBaIOT 

HarrpaBJieHHe H3MeHeHHH 6a30BOro TOKa, CBeTJible CTpeJIKH ,ri;eMOHCTpHpyIOT rrpOHB­

JieHHe oco6eHHOCTefi TOHKOll CTPYKTypbl 

TEMbI ,}],JUI ,l],AJibHEMlllErO HCCJIE,l],OBAHJ.rn. 

1. Mo,ri;enHpoBaHHe cpa3oBoit ,ri;HHaMHKH II BAX BHyTpeHHHX ,}],II B BhICOKO-

TeMrrepaTypHhIX CBepxrrpOBO,D;HHKax. 

2. BJIHHHHe BHenrnero :rneKTpOMarHHTHOro H3JIY'leHHH Ha ,!I,JlHHY rrpO,D;OJibHOll 

IIJla3MeHHOll BOJIHbl B CHCTeMe CBH3aHHblX ,}],II. 
3. Mo,ri;enHpOBaHHe qia3oBoit ,ri;HHaMHKH II BAX cHcTeMhI CBH3aHHhIX ,}],II, 

IIIYHTHpOBaHHOfi pe30HaHCHblM LC-KOHTypoM, BO BHeIIIHeM :rneKTpOMarHHTHOM rro­

Jie. 

4. BJIHHHHe rrapaMeTpOB eMKOCTHOii II HH,D;yKTHBHOii CBH3H Ha cpa30BYIO ,IJ;H-

HaMHKY II BAX BHyTpeHHHX ,}],II B BhICOKOTeMrrepaTypHbIX cBepxrrpoBO,D;HHKax. 

fJiaBa 4. 

Mo,n;eJIMpOBaHMe cpa30BOH ,LJ;MHaMMKII 

M BOJibT-aMnepHbIX xapaKTepMCTMK 

,LJ;JIMHHOrO ,11;)K03ecpcoHOBCKOro 

nepexo,n;a 

Cpe,ri;u 'IHCJieHHbIX MeTO,D;OB peIIIeHHH ,D;HcpcpepeH~Ha.JibHblX ypaBHeHHll O,IJ;HHMH 

H3 HaH60Jiee IIIHpOKO pacrrpOCTpaHeHHhlX HBJIHIOTCH pa3HOCTHbJe MeTO,D;bl (MeTO,!J;bl 

pa3HOCTHblX cxeM). OHH OCHOBaHbl Ha BBe,ri;eHHH HeKOTOpoii pa3HOCTHOii ceTKH ,!I,JlH 

nepeMeHHbIX BbI6paHHOll MO,D;eJIH. 3Ha'leHHH rrpOH3BO,D;HbIX, Ha'!a.JibHbie II rpaHH'I­

Hhle yCJIOBHH Bbipa:iKaIOTCH '!epe3 3Ha'!eHHH <PJHK~H.il B Y3Jiax ceTKH, B pe3yJihTaTe 

'!ero IIOJIJ'!aeTCH CHCTeMa a.Jire6paH'!eCKHX ypaBHeHHfi, Ha3hIBaeMaH pa3HOCTH0ii 

cxeMOll. PernaH 3TY CHCTeMy ypaBHeHHll, B Y3JiaX ceTKH HaXO,D;HT 3Ha'!eHHH ceTO'I­

HblX cpyHK~Hil, KOTOpble rrpH6JimfceHHO IIOJiaraIOTCH paBHbIMH 3Ha'!eHHHM HCKOMhlX 

cpyHK~Hll. 

4.1. CHcTeMa ypaBHeHHM 

CHcTeMa ypaaHeHHil, orrHChrnarom;aH cpa3oByIO ,D;HHaMuKy ,}],II ,ri;nuHoil L (,!I,JlHHa 

HOpMHpOBana Ha ,!J;)K03ecpconoBCKYIO rny6HHY rrpOHHKIIOBenHH >-1), HMeeT BIi)]; 

{ 

8cp 

: ::~ -sin~-Pv+I at - 8x2 

(4.1) 

9Ta CHCTeMa ypaaHeHHll OTJIH'!aeTCH OT CJIY'laH KOpOTKHX ,}],II Ila.JIH'!HeM rrpOH3B0,D;­

HOll BToporo rropH,D;Ka OT pa3110CTH cpa3 IIO KOOp,D;HHaTe. KaK H B CJiy'!ae KOpOTKIIX 

,}],II, BpeMH nopMHpOBano Ha IIJia3MeHHYIO 'laCTOTY Wp, 6a30Bblll TOK - na KPH­

TH'leCKH.il TOK le, HarrpH)Ke11He - Ha Vo = nwp/(2e). Koop,D;HllaTa X HOpMHpoBaHa 
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Ha ,ll;)K03ecpcoHOBCl(yIO rnyforny npOHill(HOBeHHll AJ. Ha'laJibHbie ycJIOBHll, l(al( H B 

cnyqae l(OpOTl(Oro ,1],II, BbI6I1paIOTCll HYJieBbIMII: 

rp(x, t)lt=D = 0, 8rp(x, t) I = 0, 
8t t=0 

(4.2) 

a rpaHil'lHbie ycJIOBilll 

8rp(x, t) I = Hext, 
8x x=O 

8rp(x, t) I = Hext 
8x x=L 

(4.3) 

onpe,n;eJIHIOTCll 3a,n;aHHeM BHenmero MarHIITHOrO nOJill Hext Ha l(OHJ.IaX ,1],II. 
Mb1 6y,n;eM paccMaTpnBaTb cnyqafi Hext = 0. PemeHI1e CIICTeMbI ypaBHeHilii 

(4.1) 3al(JIIO'!aeTCll B oupe,n;eJieHIIH pa3HOCTH cpa3 rp(x, t) II Hanpn)KeHilll V(x, t) 
l(al( cpyHl(IJ;Hii l(OOp,1J;I1HaTbl H BpeMeHII. I1cnOJib3Yll Hail:,n;eHHbie rp(x, t) H V(x, t), 
MbI pacC'lIITbIBaeM BAX. Cyui;ecTByeT HeCl(OJibl(O MeTO,ll;OB '!IICJieHHOro pemeHIIH 

,lJ;IlcpcpepeHIIIlaJibHblX ypaBHeHHii. Mb! OCTaHOBIIMCll TOJlbl(O Ha ,ll;BYX HaI160Jiee no­

nynnpHbIX MeTo,n;ax: MeTo,n;e pa3HOCTHblX cxeM II MeTo,n;e PyHre-KyTTa 'leTBepToro 

nopn,n;l(a. 

4.2. PemeHHe CHCTeMbl ,n;ncpcpepeHII,HaJibHblX ypaB­

HeHHfi 

4.2.1. MeTO,ZJ; pa3HOCTHblX cxeM 

,1],JIH Toro 'lT06bI pellIIITb CHCTeMy ypaBHeHHii (4.1) MeTO,lJ;OM pa3HOCTHblX cxeM, 

nepenI1meM ee B Bn,n;e o,n;Horo ,n;I1cpcpepeHIIHaJibHOro ypaBHeHIIH BToporo nopn,n;l(a 

a2rp - a2rp arp . 
ax2 at2 = /38t + smrp- I. (4.4) 

IIocTpOIIM ceTl(Y B o6JiaCTII Il3MeHeHilll nepeMeHHblX X II t C maroM no l(OOp,ll;I1-

HaTe Ax II maroM no BpeMeHII At, l(al( 3TO nOl(a3aHo Ha pnc.4.l(a). HoMepa Y3JIOB 

ceTl(II no l(OOp,1J;I1HaTe 6y,n;eM HyMepoBaTb IIH,ll;el(COM i, a no BpeMeHH - IIH,ll;el(COM j. 
BBe,n;eM cne,n;y10ui;I1e o6o3Ha'leHIIH ,n;n~ 3Ha'leHnil: cpyHl(IJ;IIII rp(x, t) B pnax ceTl(11: 

. . ~1 
rp(x, t) = rpi, rp(x ± Ax, t) = 'Fi±r, rp(x, t ±At)= 'Pi . (4.5) 

C yqeTOM (4.5) TO'll(II X = 0 II X = L COOTBeTCTBYIOT Y3JiaM C IIH,ll;el(CaMII i = 111 i = 
Nx. By,n;eM Ha3bIBaTb 3TH TO'll(II JieBbIM 11 npaBblM l(paHMII ceTl(H COOTBeTCTBeHHO, 

a npoMe)KyTO'lHbie TO'll(ll B IIHTepBaJie O < x < L - BHyTpeHHIIMII TO'll(aMII. TO'll(II 

npII t = 0 COOTBeTCTBYIOT Y3JiaM C HH,ll;el(COM j = 1. 

B MeTo,n;e pa3HOCTHblX cxeM npOI13BO,lJ;Hble cpyHl(lJ;l1II npI16JII1)KeHHO onpe,n;eJill­

IOTCll qepe3 ee 3Ha'leHilll B Y3Jiax ceTl(II. qT06bl nOl(a3aTb 3TO, BOCnOJib3yeMCll pa3-

JIO)KeHHeM Teil:Jiopa. ,1],JIH annpOl(CIIMaIJ;IIH npOI13BO,ll;HblX no l(OOp,1J;HHaTe pa3JIO)KIIM 

rp(x + Ax, t) H rp(x - Ax, t) B Ol(peCTHOCTII X 11 orpaHH'lIIMCll 'lJieHaMII BTOpoil: CTe­

neHII no Ax: 
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(a) tt N1 dt=Tj, Nx/J,.x=L_ 

N '''''''' I 

(b) cp{+I 

j+JI 
j!i : 11 f lJ 11 ! . ~cp/ j <p// JE )C <pi+ I 

M{ 
+ + + I + I I I I 

1
1 - i-1 i i+ 1 dX 

N X 
X cp:-1 

Puc. 4.1. (a) CeTO'lHan cpyHl(IJ;Illlj (b) y3JibI ceTl(II 

{ 

arp(x, t) . Ax2 a2rp(x, t) 
rp(x + Ax, t) = rp(x, t) + Ax Bx + 2! Bx2 , 

( _ A t)= ( t) (-A )arp(x,t) (-Ax)
2

82rp(x,t) 
<p X uX, <p X, + uX ax + 2! 8x2 . 

IIepenncaB 3TII Bbipa)KeHl1ll C yqeTOM ( 4.5), noJiy'lHM 

{ 

,,J _ ,,J A 8rp(x, t) Ax2 a2rp(x, t) 
'f-'Hl - 'Pi + X 8x + 2 ax2 ' 

,,J _ ,,J A 8rp(x, t) Ax2 82rp(x, t) 
'Pi-I - 'Pi - X ax + -2- ax2 

(4.6) 

Cl(Jia,ll;b!Ban II Bbl'lIITan 3TII Bb1pa)KeHI1ll, Hail:,n;eM npOI13BO,ll;Hbie rp(x, t) nepaoro II 

BToporo nopn,n;l(a no l(OOp,n;nHaTe: 

arp(x, t) _ cpf+l - rpf_l 
~ - 2Ax (4.7) 

a2rp(x, t) cp{+l - 2rpf + rp{_l 
ax2 = Ax2 (4.8) 

AHaJIOril'lHbIM o6pa30M MO)KHO annpOl(CIIMilpOBaTb npO113BO,1J;Hbie no BpeMeHH. 

Pa3JIO)KHB rp(x, t + At) 11 rp(x, t - At) B pn,n; Teil:nopa B Ol(peCTHOCTl1 t: 

{ 

rp{+l = cp{ + At 8rp(x, t) + At2 a2rp(x, t) 
at 2 at2 

rp{-1 = cp{ - At arp(x, t) + At2 a2rp(x, t) 
8t 2 8t2 ' 

(4.9) 

HaxO,n;HM 
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O<p(X, t) cp{+l - cp{-l 

~= 2.6.t 
(4.10) 

02<p(X, t) cp{+l - 2cpf + cp{-l 

a&= .6.t2 
(4.11) 

AHaJIOruqHo MO)KHO arrrrpOKCHMHpOBaTb rrpOH3BO,!l;HYIO rrepBoro rropH,n;Ka, rrpe­
He6peraH KBa,n;paTHqHb!M qJieHOM BO BTOpOM Bb!pa)KeHHH CllCTeMbl (4.9): 

o<p(x, t) cp{ - cp{-1 

~=----;sj (4.12) 

I1cnOJib3YH Haii,n;eHHbie Bb!pa)KeHnH (4.5), (4.8), (4.10), (4.11), ypaBHeHne (4.4) 3a­
nHCb!BaeTCH B BH,n;e 

cp{+l - 2cpf + 'Pf-1 
.6.x2 

. 1 . ,,J-1 .,J+l ~ cp{-1 . 
cpl+ - 2<1; + 'Pi = 13"Pi ' + sin<I; - I. 

.6.t2 2.6.t 

lfa ypaBHeHnH (4.13) MO)KHO HaiiTll cp{+1: 

(4.13) 

· M · · · ~ ·1 · 

( )
2 ( ) +l 2<1; + ~ (<l;+l - 2<1; + <1;_1) - 1- -

2
- c1;- + .6.t2(J - sin<I;) 

cl; = - ( (3.6.t) . 
l+-

2 
(4.14) 

OTCIO,n;a CJie,n;yeT, qTo, 3HaH 3HaqeHHH <PYHKIJ;llll B qeTb!pex Y3Jiax, MO)KHO onpe,n;e-
. 1 . . . 

JillTb ee 3HaqeHHe Ha nHTOM Y3Jie, T.e., 3HaH c1;- , <1;_1, cl; H <1;+1, MO)KHO BbJqHCJIHTb 
'+l cl; . 9TH Y3Jibl OTMeqeHbl KpecTnKaMn ll BbI,!l;eJieHbl rryHKTHpHOii OKPY)KHOCTbIO B 

ceTOqHoii cpyHKIJ;llll Ha pnc.4.l(a), a Ha pnc.4.1 (b) OHll IIOKa3aHhl B yBeJinqeHHOM 
MaCIIITa6e. 

CJie,n;yeT OTMeTllTb, qTo BbJqllCJieHllH no cpopMyJie (4.14) ,!l;OJI)KHbI HaqnHaTbCH 
C j = 2 H i = 2. ,Il;eJIO B TOM, qTO B ypaBHeHllH llMeIOTCH qJieHhl cp{-1, 'Pf-1, ll 
eCJill 6bl BbJqncJieHHH HaqnHaJIHCb c j = 1 n i = 1, TO Mb! noJiyqnJIH 6bI qJieHbl 'P?, 
<p5, KOTOpb!X He cyrn;ecTByeT. KpoMe Toro, BbJqncJieHHH no Koop,n;nHaTe ,!l;OJI)KHbl 
npOBO,!J;HTbCH ,n;o HH,!l;eKca i = Nx -1, nOCKOJibKY B ypaBHeHHH (4.14) HMeeTCH qJieH 

'Pf+1. 
3HaqeHHH cpyHKIJ;llH <p(x, t) B MOMeHTbl BpeMeHH, COOTBeTCTBYIOrn;He HH,n;eKcaM 

j = 1, j = 2, BbJqHCJIHIOTCH C ncnOJib30BaHHeM HaqaJibHb!X YCJIOBHii. Ilpn j = 1 

<p(x, t)lt=O = <pf = 0, (4.15) 

T.e. BO Bcex TOqKax no KOOp,!J;HHaTe, KpOMe rpaHnqHbIX, <PYHKIJ;HH npHHHMaeT HY­
JieBbie 3HaqeHHH. 

,Lvrn HaxO)K,!l;eHHH 3HaqeHHH cpyHKIJ;Hll npn j = 2 CJie,n;yeT HCIIOJib30BaTb BTOpyIO 
qaCTb (4.2), T.e. 3HaqeHne nepBOii rrpOH3BO,!l;HOii <p(x, t) ITO BpeMeHH npn t = 0, a 
TaK)Ke annpoKCHMan;nIO npon3BO,n;HOii nepBoro rropH,n;Ka (4.12) 
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o<p(x, t) I = 'Pl - 'Pi = 0, 
. lli .6.t 

. ui t=O 
(4.16) 

qTQ IIpHBO,!l;HT K 'Pi = 0. 

3HaqeHHH <PYHKIJ;HH <p(x, t) rrpn i = 1 n i = Nx, T.e. Ha JieBOM n npaBOM KpaHX 
no KOOp,!J;HHaTe, BbJqHCJIHIOTCH C ncnOJib30BaHneM rpamJqHb!X yCJIOBllii (4.3). ,Il;JIH 
3TOrO Mb! ,!l;OJI)KHbl pa3JI0)KHTb <p(x + .6.x, t) H <p(x + 2.6.x, t) B OKpeCTHOCTH X npn 
BbrqncJieHnn Ha JieBoM Kpa10, <p(x - .6.x, t) n <p(x - 2.6.x, t) rrpn BbrqncJieHnn Ha 
npaBOM KpaIO: 

{ 

<p(x + .6.x, t) = 'Pf+1 = cp{ + .6.x o<p(x, t) + .6.x
2 

o
2
<p(x, t) 

ox 2 ox2 ' 

. <p(x + 2.6.x, t) = 'Pf+2 = cp{ + 2.6.x o<p(x, t) + 4.6.x
2 

o
2
<p(x, t) 

ox 2 ox2' 

(4.17) 

{ 

( 
A ) _ ,,J _ ,,J _ A O<p(X, t) .6.x2 02<p(X, t) 

<p x - ux, t - 'Pi-1 - 'Pi ux ox + 2 ox2 , 

( - 2.6. ) = ,,.i = ,,.i - 2.6. o<p(x, t) 4.6.x
2 o2<p(x, t) 

<p x x, t 'Pi-2 'Pi x ox + 2 ox2 

(4.18) 

YqnTbIBaH rpaHnqHhle ycJIOBHH (4.3), rrepennmeM (4.17) npn i = 1 n (4;18) npn 
i = Nx: 

{ 

· .6.x2 o2<p(x, t) 
~ = ~ + .6.xHext + -2- ox2 , 

,,J _ ,,J 2.6. H 4.6.x2 o2<p(x, t) 
'P3 - 'Pl + X ext + 2 ox2 

(4.19) 

{ 

· · .6.x2 o2<p(x, t) 
cp1Nx-I = cp1Nz - .6.xHext + 2 ox2 ' 

. . 4.6.x2 o2<p(x, t) 
cp1N -2 = cp1N - 2.6.xHext + 0 2 . 

z z 2 X 

(4.20) 

o2<p(x, t) 
licKJIIOqaH BTopyIO npOH3B0,!l;HYIO no KOOp,!J;llHaTe ox2 H3 Bbipa)KeHHii (4.19) 

H (4.20), naxo,n;nM 3HaqeHHH cpyHKIJ;HH B HCKOMb!X ToqKax i = 1 Hi= Nx: 

rp{ _ 4~ - ~ - 2Hext.6.X 
1 - 3 , (4.21) 

cl, _ 4c;Nx-l - c;Nx-2 + 2Hext.6.X 
Nz -

3 
(4.22) 

TaKHM o6pa30M, Mb! onpe,n;eJIHJIH 3HaqeHHH cpyHKIJ;HH rrpn j = 1 ll j = 2 BO BCex 
Y3Jiax no Koop,n;nHaTe. l'.lcrroJib3YH ypaBneHne (4.14) n 3HaqeHHH B Y3Jiax j = 1 
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n j = 2, MO)KHO BbiqnCJillTb 3HaqeHHH q>yHKI:t;llll BO Bcex Y3Jiax j = 3, C i = 2 
;rr,o i = Nx - l. ,[(anee CJie;rr,yeT Hail:Tn 3HaqeHne q>yHKI:t;llll B rpaHnqHbIX Y3Jiax C 

ncnOJib30BaHneM Bbipa:lKeHnil: (4.21) n (4.22). TaKHM )Ke cnoco6oM BblqncJIHIOTCH 

3HaqeHnH q>yHKI:t;llll BO BCex y3Jiax j = 3 C ncnOJib30BaHneM 3HaqeHnil: B Y3Jiax j = 1 
nj =2. 

4.2.2. MeTo,n; PyHre-KyTTa ~eTnepToro rrop~,n;Ka 

CncTeMy ypaBHeHnil: (4.1) MO:lKHO TaK:lKe peIIIHTh MeTo;rr,oM PyHre-KyTTa qeT­

BepToro nopH;rr,Ka. ,[(JIH 3TOro Heo6xo;rr,nMO ;rr,ncKpeTll3llpOBaTb npOll3B01J,HYIO BTOpO­

ro nopH;rr,Ka no Koop;rr,nHaTe, T.e. Bbipa3HTb npon3BO;rr,HyIO BTOporo nopH;rr,Ka qepe3 

3HaqeHnH q>yHKI:t;llll B Y3Jiax ceTKll. KaK ll paHee, MO:lKHO peIIIllTb ypaBHeHnH ;rr,JIH 

BHyTpeHHllX TOqeK, a rpaHnqHble 3HaqeHnH BbiqllCJillTb C nOMOII:t;bIO Bbipa:lKeHnil: 

(4.21) n (4.22). TaK:lKe MO:lKHO 3anncaTb npOll3BOlJ,HYIO BTOporo nopH;rr,Ka no KOOp­

;rr,nHaTe lJ,JIH JieBoro KpaH, BHyTpeHHllX TOqeK n npaBoro KpaH n BCTaBHTb B CllCTeMy 

ypaBHeHnil:. ,[(ncKpeTn3art;nH npOll3B01J,HOil: BTOporo nopH;rr,Ka ;rr,JIH BHyTpeHHllX TO­

qeK onpe;rr,enHeTCH Bbipa:lKeHneM (4.8). OcTaeTcH ;rr,ncKpeTn3npoBaTb ee Ha JieBoM n 

npaBOM KpaHx. I.fa nepBoro Bblpa:lKeHHH CllCTeMbI (4.19) ;rr,JIH JieBoro KpaH noJiyqnM 

fJ2cp1 
ax2 

2(cp2 - 'P1) 2Hext 
~- b..x· (4.23) 

AHaJIOrnqHo, ll3 nepBoro Bbipa:lKeHnH CllCTeMbl (4.20), ;rr,JIH npon3B01J,HOil: BTOpO­

ro nopH;rr,Ka Ha npaBOM Kpa10 Hail:;rr,eM 

a
2
cpNz = 2(cpNz-l - 'PNJ + 2Hext. (4.24) 

ax2 b..x2 b..x 
Ilo;rr,cTaBJIHH Bbipa:lKeHHH (4.8), (4.23), (4.24) B CllCTeMy ypaBHeHnil: (4.1), no­

JiyqaeM Tpll CllCTeMbl ypaBHeHnil: lJ,JIH JieBoro KpaH, BHyTpeHHllX TOqeK n npaBoro 

KpaH COOTBeTCTBeHHO: 

at 

{ 

acp1 = Vi, 

aVi - 2(cp2 - 'P1) - 2Hext - sincp1 - /3Vi + I, at - b..x2 b..x 

-=¼, 
at 

{ 

a<p; 

av; - 'Pi+l - 2'Pi + 'Pi-l - sincp; - 13v; + I, &t - b..x2 

{ 

a'PN., =VN, 
8t "' 

avN., - 2('PN.,-l - 'PN.,) + 2Hext - Sill'{JN., - /3VN., + I. 
fit- b..x2 b..x 
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(4.25) 

(4.26) 

(4.27) 

CncTeMbl ypaBHeHnil: (4.25), (4.26) n (4.27) peIIIaIOTCH MeTo;rr,oM PyHre-Ky:rra 
TaK :lKe, KaK ;rr,JIH KOpOTKllX ,[(11: 

{ 

cp{+l = cp{ + b..cp{, 

vHl =vi+ b._Vi 
' ' i, 

{ 

ts,,/. -:(Pi,,,+ 21'/,,, + 21'/,,, + P/,,,), 

b..V/ = 6(Kf1J; + 2Kf2J; + 2KfaJ; + Kf4J;), 

(4.28) 

r;rr,e P(n)i n K{n)i - n-e K03q>q>nn;neHTbl PyHre-KyTTa B Y3Jiax ceTKn c HOMepaMn· 

i n j ;rr,JIH pa3HOCTll q>a3 'P n HanpH:lKeHnH V COOTBeTCTBeHHO. OHn oupe;rr,eJIHIOTCH 
cne;rr,yIOII:t;llMll Bbipa:lKeHHHMH: 

nepBbie K03q>q>nn;neHTbl PyHre-KyTTa 

{ 

P{1)1 = {V{}b..t, 

Ki = {2(~ - cp{) - 2Hext - sincp{ -f3V/ + 1}b..t, (1)1 b._x2 b..x 

{ 

p{l)i = {V;i}b..t, 

i - { (cp{+l - 2cp{ + cp{_1) - sincp{ - /3V;i + 1}b..t, 
K(l)i - b..x2 

{ 

p{l)N., = {\1c{)NJb..t, 

Ki = { 2( 'Pk-1 - ~NJ + 2Hext - sin ~N - /3V/.r, + 1}b..t; 
(1)N., b..x2 b..x "' "' 

BTOphle K03q>q>nn;neHTbI PyHre-KyTTa 

pi = {v/ + K{1)1 }b..t (2)1 1 2 , 

Kj = {-2 [(,,J + Pf1i2) _ (,,J + P(l)l)] _ 2Hext _ 
(2)1 b..x2 'f'2 2 'f'1 2 b..x 

-sin ('P1 + 1>1 )-/3( v/ + K~>
1

) + I }b..t, 
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pi - = {v;i + Kf1i; }At 
(2), ' 2 ' 

Ki . = {-1 [(-~ + P[l)i+l) - 2(·~ + P[l)i) + (-~ + P[l)i-1)]-(2), Ax2 'f'i+l 2 'f'i 2 'f'i-1 2 
-sin (<pf+ p~)i )- t( vi+ Kil)i) + I }At, 

. { Ki } Pc' ) = vi + (l)Nz At 2 Nz Nz 2 U, 

Ki = {-2-[(,,J + Pc1)Nz-l) _ (,,J + P[l)Nz)] + 2Hext _ 
(2)Nz Ax2 'f'Nz-1 2 'f'Nz 2 Ax 

- sin (<p{ + P[l)Nz) - (./. (vi + Kf l)Nz ) + I} At· Nz 2 /J Nz 2 f 

TpeTbH K03cpqmu,neHTbI PyHre-KyTTa 

pi = {vi+ Kf2J1 }At (3)1 1 2 ' 

Ki = {-2 [(,,J + P[2)2) _ (,,J + P[2)1)] _ 2Hext _ 
(3)1 Ax2 'f'2 2 'f'1 2 Ax 

-sin ('Pi+ p~)l )-t(v! + K~)l) + I }At, 

pi . = {v_;i + Kf2J; }At 
(3), ' 2 ' 

Ki _ = {-1 [(·~ + P[2Ji+1)- 2(,~ + P[2Ji) + (·~ + P[2)i-l)]-{3), Ax2 'f'i+I 2 'f'i 2 'f';-1 2 

-sin (<pf+ ~Ji )-t(vt + Ki
2
';) + I }At, 
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j . . . 2 N · { Ki } p(3)Nz = V,t + + At, 

Ki = {-2-[(<p{ + P[2)Nz-l) _ (,,J + P[2)Nz)] + 2Hext _ 
(3)Nz Ax2 Nz-1 2 'f'Nz 2 Ax 

- sin (,,J + P[2)Nz) - /3 (vi + Kf2)Nz) + /}At· 
'f'Nz 2 Nz 2 ' 

qeTBepTbie K03<pcpnu,neHTbI PyHre-KyTTa 

P[4J1 = {V/ + Kf3J1}At, 

- { 2 - - - - 2H t 
Kfo1 = Ax2[(~ + P/3,2) - (<p{ + P/3J1)l - A; -

-sin(cp1 + P[3J1) - /3(V/ + K{3i1) + I }At, 

P[4Ji ={vi+ K{3);}At, 

K{4)i = { A~2 [('P1+1 + P[3)i+I) - 2(<tl; + P[3);) + (<fl;_1 + P[3Ji-1)l-

- sin(<fl; + P[3J;) - /3(V/ + ~{3i;) + I }At, 

P[4)Nz = {Vt + Kf3)N)flt, 

Ki _ { 2 [( . .. pi ) (•,J pi )] 2Hext 
(4)Nz - Ax2 'PNI,-1 + (3)Nz-l - 'f'Nz + {3)Nz + Ax --:-

- si~(cpN4 + P[3)~J - f3(Vt + K{3)NJ + I }At. 

4.3. PacqeT BOJihT-aMrrepHOH xapaKTepHCTHKH 

PacqeT BAX rrpoBO,!l;HTCH am1.Jiorn'IHO cnyqa10 kopOTKHX )]JI. Ilpn pacqeTe 

BAX Be.rin'IHHa BHenrnero TOKa· I B03pacTaeT OT / 0 c rnaroM Al ,n;o Imu. H 3aTeM 

yMeHbrnaeTCH ,n;o HJJIH. Ha Ka:lK,!l;OM mare rrb TOKY rrpou,ecc pacqeTa BAX cocTOHT 

ll3 ,n;Byx 3TaIIOB. IlepBbIM 3'rarroM HBJIHeTCH perneHHe ,!l;H<pcpepeHU,HaJibHOro ypaBHe~ 

HHH rrpn q>HKCHpOBaHHOM 3Ha'IeHHH BHernHero TOKa' I. KaK yrrOMHHaJIOCb Bblllle, Ha 

3TOM 3Tarre Bbl'IllCJIHlOTCH pa3HOCTb <pa3 cp(x, t) H HarrpH:lKeHHe V(x, t) KaK cpyHK­

U,HH KOOp,!l;HHaTbl H BpeMeHH. Ha BTOpOM 3Tarre paCC'IHTb!BaeTCH cpe,L1,Hee 3Ha'IeHHe 
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Hanp.lDKeHH.11 AJI.11 ,n;aHHOro 3Ha'IeHH.!I TOKa. B npo~ecce ycpe,n;HeHH.11 B03HHKaeT Heo&. 
XO,ll;HMOCTb HHTerpnpoBaHH.11 HanpmKeHH.11 V(x, t) no KOOp,n;nHaTe H BpeMeHn: 

- 1 T ... 

V = Tmax - Tmin J V,,(t)dt, (4.29) 

r_.. 

L 

- 1 / V.,(t) = L V(x, t)dx, (4.30) 

0 

r,n;e V -cpe,n;Hee Hanp.11)KeHne, V.,(t) - Hanp.11)KeHne, ycpe,n;HeHHoe TOJlhKO no Koop,n;n­
HaTe. llpn ycpe,n;HeHHH no BpeMeHH a (4.29) HHTerpnpoBaHne npOBO,n;HTC.11 MeTO,ll;OM 
np.HMOyrOJlbHHKOB: 

T... N, J V,,(t)dt = I: V.,mLit. 

T. m=l ... 
llpn ycpe,n;HeHHH no KOOp,n;nHaTe a (4.30) HHTerpnpoBaHne npoBO,n;HTC.11 MeTO,ll;OM 
CnMncoHa: 

L J V(x,t)dx= ~x[v/+VJs+ t 1 

((-'-lt+3)v~J. 
o n-2 

BbIIIIenpnae,n;eHHa.H npo~e.n;ypa nOBTOp.HeTC.11 Ha Ka)K,!l;OM IIIare no TOKY, H no11yqeH­
Hbie 3Ha'IeHH.!I 3anHCb1BaIOTC.!I B <paii:11. 

4.4. AHaJIH3 pe3yJibTaT0B qncJieHHoro pacqeTa 

4.4.1. AHa.JlU3 BOJibT-a.MrrepHoii xapa.KTep:uCTHKH ~03ecpco­

HOBCKHX rrepexo,n;oB pa.3HOii ,ZJ;JIHHbl 

O6cy,n;nM BHa'IMe pe3y11bTaTbI 'IHCJleHHoro pacqeTa BAX n ee oco6eHHOCTn. 
,Ivrn Toro 'IT06bl nOH.!ITb, K 'IeMy npnBO,ll;HT H3MeHeHne AJIHHbl ,IJ,11, Mbl paCC'IH­

TMH BAX ,IJ,11 npn Tpex 3Ha'IeHn.11x L. Ha pnc.4.2 nOKa3aHa BAX ,IJ,11 AJIHHoii: (a) 
L = 0.1, (b) L = 3 n (c) L = 5. Pac'IeThl npoae,n;eHbl npn /3 = 0.2 npn oTCyTCTBnn 
BHeIIIHero MarHnTHoro no11.11 Hext = 0. BAX, nOKa3aHHa.H Ha pnc.4.2(a), ,n;eMOH­
CTPnpyeT rncTepe3nc n cor11acyeTc.11 c BAX KopoTKoro ,IJ,11 (cM. pnc.2.1). B CJ1yqae 
L = 3 n L = 5 Ha BAX npn oTCyTCTBHH BHeIIIHero MarHHTHOro no11.11 o6pa3yIOTC.H 
CTyneH'IaTble CTPYKTYPbl. OHn OTMe'IeHbl ropH30HTMbHblMH CTpMKaMH. B cne~n­
MbHOii JIHTepaType HX Ha3blBaIOT CTyneHbKaMH Hy11eaoro nOJl.11. llpoHCXO)K,!l;eHne 
STHX CTyneHeK CB.!13aHO C o6pa30BaHHeM q>JIIOKCOHHbIX COCTO.!IHHii. 

Ha caMOM ,n;eJie STH cTyneHbKH .HBJI.HIOTC.H BeTKaMH BAX. B STOM MO)KHO y6e­
.n;HTC.H, eCJ1n B npo~ecce pac'IeTa, npn nona,n;aHnn Ha cTyneHbKY, noMeH.HTb HanpaB­
JieHne 6a3oaoro TOKa. B proyJlhTaTe noJiy'IaeTC.11 BeTKa BAX, cooTBeTCTBYIO~a.H 
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5 

4 

> 3 

2 

N=1, L=0.1 
H =O 
~-2 

0o 0.2 0.4 0.6 0.8 1 
I 

5 

4 

> 3 

2 

H ~O ; N=1L=371 

~-2 ZFS,2- i 

i ' (-ZFS.1 
i 

0 
0 0.2 0.4 I 0.6 0.8 1 

5 N=1,L=5 /f 
H =O ' 

4 p:;i,2 ! 
ZFS,37"" I 

> 3 / j 

2 ~-ZFS,2 i 

I 
/-ZFS,1 
/ 

0 
0 0.2 0.4 I 0.6 0.8 1 

Pnc. 4.2. BAX ,ll;JIHHHoro ,IJ,11: (a) c L = 0.l (npn6JIH)KeHne KOpOTKoro ,IJ,11); (b) c 
L = 3; (c) c L = 5 

onpe,n;eJieHHOMY q>JIIOKCOHHOMY COCTO.!IHHIO. Ha pnc.4.3 nOKa3aHa nOJIHa.H BeTBH­
CTa.H CTPYKTypa BAX ,IJ,11 AJIHHoii L = 5. 

4 

N=1, L=5 
B,,.=O, Jl=0.2 

> l ~ J----11 
II 2 -

0 0.5 

Pnc. 4.3. ,Il,eMOHCTpa~n.11 q>JIIOKCOHHhIX aeTBeii Ha BAX o,n;nHO'IHOro ,IJ,11 AJIHHoii 
L=5 

4.4.2. <l>JIIOKCOHbl B ,ZJ;JIHHHOM ,[t;)K03ecpcoHOBCKOM rrepexo,n;e 

llepeii,n;eM K o6cy)K,!l;eHHIO q>JIIOKCOHHblX COCTO.!IHHii B ,IJ,11. ,Il,JI.11 Toro 'IT06bi npo­
,n;eMOHCTpnpoBaTb HMH'IHe q>JIIOKCOHHbIX COCTO.!IHHii, paCCMOTpHM 6011ee ,n;eTMbHO 
<pa3oayro ,n;nHaMnKy ,IJ,11 B o6JiacTn BAX, cooTBeTcTayro~eii cTyneHhKaM Hy11eaoro 
nOJl.11. 

Ha pnc.4.4 nOKa3aHo pacnpe,n;eJieHne pa3HOCTH <pa3 n ee npoH3BO,ll;HhIX nepaoro 
n BTOporo nop.11,n;Ka no KOOp,n;nHaTe npn I = 0.34, COOTBeTCTBYIO~ee nepaoii CTy­
neHbKe npn q>HKCHpOBaHHOM 3Ha'IeHHH BpeMeHH. Pnc.4.5(a) ,n;eMOHCTpnpyeT B03-
HHKHOBeHne q>JIIOKCOHa. Pnc.4.5(b) nOKa3blBaeT, 'ITO B ~eHTpe q>JIIOKCOHa 3Ha'IeHne 
MarHHTHOro nOJl.11 MaKCHMMbHO. Ifa pnc.4.5(c) BH.n;HO, 'ITO CJleBa OT ~eHTpa KHHKa 
CBepxnpOBO,ll;.!II~Hii TOK nOJIO)KHTeJleH, a cnpaBa OH OTpn~aTeJleH. 9To ,n;eMOHCTpn­
pyeT HMH'IHe B ,IJ,11 ~HpKy11npy10~ero CBepxnpOBO,ll;.H~ero TOKa. 

,Il,nHaMHKY o6pa30BaHHOro q>JIIOKCOHHOro COCTO.!IHH.11 ,n;eMOHCTpnpyIOT npOCTpaH­
CTBeHHO-BpeMeHHble 3aBHCHMOCTH pa3HOCTH <pa3 H ee npOH3BO,ll;HbIX nepaoro H BTO­
poro nop.11,n;Ka npn I = 0.34, KOTOphxe npe,n;cTaBJleHbl Ha pnc.4.5. 

Pnc.4.5(a) ,n;eMOHCTpnpyeT ,ll;BH)KeHne o6pa30BaHHoro q>JIIOKCOHa OT 0,n;HOro KOH­
~a ,IJ,11 K ,n;pyroMy, KOTOphlii, OTp~Cb, npeapa~aeTC.11 a aHTH<pJIIOKCOH. TaKHM 
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··"I '""-" 4 /----

&2 L 
O 1 2x3 4 5 

~) I ~:.~ 
D 1 2x3 4 5 

~:~ 
1 2x3 4 5 

Puc. 4.4. Pacnpe,n;eneHue cp (a); cpx (b); <pxx (c) no Koop,n;uHaTe npu I = 0.34 u 

cpHKCupoBaHHOM 3Ha'IeHHU BpeMeHu 

(a) 

10 

L=S, 1=0.34 

(c) 

2 

lo 

X 

(b) 

5,··· 

m Oi 

L=5, 1=0.34 

38 1· .---~~~?i~ i 
~-:--~----_:::;l 5 

t O O X 

L=5, 1=0.34 

Puc. 4.5. IlpoCTpaHCTBeHHO-BpeMeHHhJe 3aBUCUMOCTU pa3H0CTU cpa3 (a), MarHHT..:' 

HOrO IIOJI.11 (b) n: IIOBepXH0CTHOro CBepxnpOBO,ll;.IIIIJ;ero TOKa (c) B ,ll.IT ,ll;JIUHOil: L = 5 

npu 3Ha'IeHUil 6a30BOrO TOKa I = 0.34 

l 

o6pa30M, B o6JiaCTU C'ryneHhKU HyJieBoro IIOJI.11 Il0BTOp.lleTC.11 nepuo,n;uqeCKOe ,n;BU:lKe­
HHe <pJIIOKCOHa OT O,n;Horo K0HIJ;a ,ll.Il K ,n;pyroMy, ero npeBpa~eHue B aHTU<pJIIOKCOH 
u o6paTHO npu OTpa:lKeHUU Ha rpaHmi;e ,ll.11. TaKoe IlOBe,n;eHHe ,n;eMOHCTpupyIOT TaK­
:lKe MarnUTHOe none B ,ll.II (puc.4.5 (b)) u ii;npKynupyro~uil: CBepxnpoBo,n;.11IIJ;Hil: TOK 

(puc.4.5(c)). 
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,ll.n.11 TOro 'IT061,1 n0Ka3aTh pa3JIU'IUe Pa3Hh!X CTyneHeK HJJieBoro non.11, Mhl pac­
C'IUTaJIU npocTpaHCTBeHHO-BpeMeHHhle 3aBHCUM0CTil npn I = 0. 76, COOTBeTCTBY­
IO~He TpeTheil: cTyneHhKe H,YJieBoro non.11. Ha pnc.4.6 n0Ka3aHo pacnpe,n;eneHne 

Pa3HOCTU cpa3 Il ee npOH3B0,n;HhlX nepBoro U BTOporo nop.11,n;Ka no KOOp,n;nHaTe B 
<pHKCHpOBaHHh!il: MOMeHT BpeMeHu. Pnc.4.6(a) ,n;eM0HCTpupyeT COCTO.IIHHe c ,n;By­
M.11 <pJIIOKCOHaMn (B IIHTepBanax no Koop,n;nHaTe [0,1.8] u [3.2,51) n o,n;Horo aHTH­

<pJIIOKCoHa (B HHTepBane no Koop,n;uHaTe [1.8,3.21). Pnc.4.6(b) ,n;eMoHcTpupyeT ,n;Ba 
MaKCHMyMa, COOTBeTCTBJIOIIJ;He ,ll;BYM <pJIIOKCOHaM, Il MHHHMYM, COOTBeTCTBJIO~Hil: 

aHTH<pJIIOKCOHy. Pnc.4.6(c) nOKa3WBaeT, 'ITO IJ;HPKYJI.llli;HU CBepxnpoBo,n;.11~ero TOKa, 
COOTBeTCTBYIO~He <pJIIOKCOHY Il aHTil<pJIIOKCOHY, np0TUBOnOJIO:lKHhI ,n;pyr ,n;pyry. 

<a>2, //\. 1=0.1a ,.I 
. \ ' & 1f ,' . / 

/ \ ; 
l " I 
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~ /~"\ 

e'.'O \, / 
.'---'/ 
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2 X 3 4 5 

(c)4[ _ 
2 \ I\ 

Jo \ I \ 
\ I \ 

-2 '--.._./ \ 
1 2x3 4 5 

Pnc. 4.6. Pacnpe,n;eneHne cp (a); cpx (b); cpxx (c) no Koop,n;nHaTe npn I = 0.76 u 
<pUKCIIpOBaHHOM 3Ha'IeHHU BpeMeHH 

Ha pnc.4. 7 npe,n;cTaBJieHhI np0CTpaHCTBeHHO-BpeMeHHhJe 3aBHCUM0CTil Pa3H0CTH 
cpa3 Il ee npOH3B0,ll;HhIX nepBoro u BTOporo nop.11,n;Ka npn I = 0. 76, COOTBeTCTBY­
IO~He Tpex<pJIIOKCOHHOMY COCTO.IIHIIIO. B OTJIII'IIIe OT 0,ll;HO<pJIIOKCOHHOro C0CT0.11-
HII.II, 3,n;ec1, 0Tpa:lKeHIIe <pJIIOKCOHa II ero npeBpa~eHIIe B aHTII<pJIIOKCOH npOIICXO­
,lJ;IIT He TOJihKO Ha rpaHmi;e, HO U npII CTOJIKHOBeHIIII <pJIIOKCOHa II aHTII<pJIIOKCOHa. 
PIIc.4.7(a) ,n;eM0HCTpnpyeT OTpa:lKeHne o6pa30BaHHOro <pJIIOKCOHa OT aHTII<pJIIOKCO­
Ha, B pe3JJihTaTe qero <pJIIOKCOH npeBpa~aeTC.11 B aHTII<pJIIOKCOH. B CB0IO O'Iepe,n;h, 
aHTII<pJIIOKCOH npeBpa~aeTC.11 BO <pJIIOKCOH. Ilo,n;o6Hoe noBe,n;eHHe ,n;eMOHCTpIIpyeT 

TaK:lKe MarHIITHOe none B ,ll.Il (pIIc.4. 7 (b)) n ii;npKyJIIIPYIO~Hil: CBepxnpoBo,n;.11~IIil: 
TOK (pIIC.4.7(c)). 

Teneph o6cy,n;HM KOpOTKO BOnpoc O TOM, KaK o6pa30BaHIIe <pJIIOKCOHOB npIIBO­
,ll;IIT K IIO.IIBJieHIIIO CTyneHeK Ha BAX. CKopocTh <pJIIOKCOHa B HOpMnpoBaHHhIX Be­

JIH'IIIHax Bhipa:lKaeTC.11 KaK u = [1 - ( 4.8 /1r I) 2J- 112
• OHa HOPMilp0BaHa Ha CK0pOCTh 

CBIIxapTa Cj = WpAJ. IlpII BhIIIOJIHeHIIIl JCJIOBU.11 u = 1 (Kor,n;a CKOpOCTh <pJIIOKCO­
Ha paBHa CKOp0CTil CBHXapTa) nepIIO,ll;II'IeCKOe ,ll;BII:lKeHne <pJIIOKCOHa npIIBO,ll;IIT K 
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(a) L=S, l=0.76 (b) L=S, 1=0.76 
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Pnc. 4.7. IlpOCTpaHCTBeHHO-BpeMeHHble 3aBHCHMOCTH pa3HOCTH <pa3 (a), MarHHT­

HOrO IIOJI.SI (b) n IIOBepXHOCTHOro CBepxrrpOBO,!l;.HIIl;ero TOKa (c) B ,n:rr ,!l;JIHHOH L = 5 
rrpn 3Haqettnn 6a3oBoro ToKa I = 0. 76 

cpe,n;HeMy 3HaqeHnIO ttarrpm1rnHH.SI 

½Fs = 21rnu/ L, 

r,n;e n - qncJIO <pJIIOKCOHOB, qTQ rrpO.SIBJI.HeTC.SI Ha BAX KaK CTyrreHbKa. 

IlpHJIO)KeHHe I. 

IIporpaMMa short.cpp ,n;Ju1 pac"CJ:eTa BOJihT-aMnepHoii 
xapaKTepHCTHKH ,l1;)K03eq>COHOBCKOro nepexo,n;a 

//nO,llKJI!OqeHHe CT~apTHh!X 6H6JIHOTeK 
#include<iostream> 
#include<math.h> 
#include<iomanip> 
#include<stdio.h> 
#include<stdlib.h> 
using namespace std; 
int main() 

{ 

int 
t, //mrp,eKc no BpeMeHH 
ti, //HOMep ~a no BpeMeHH, C KOTOporo Ha~aeTC.SI 

HHTerpnpoBaHHe 
a=l,//napaMeTP ,qmi: orrpe~eneHHX HanpaBneHH.SI TOKa 
tN, //KOJIHqeCTBO ToqeK (~KJIOB) no BpeMeHH 
!Counter, //cqeTqHK TOKa 
breakcurrent=O, //nepeMeHHax "<I>naxoK" ,qmi: rrpeKpaJ!leHHX 

pac'ieTa 

backcurrent=O, //rrepeMeHHax "<I>naxoK" ,qmi: CMemr HanpaBneHH.SI 
pac'ieTa 

at=-1; //3arrHCb BpeMeHHOH 3aBHCHMOCTH: rrpn B03pacTaHHH TOKa 1, 
IIpH y6LIBaHHH -1 

double 
Ti=50, //Ha'iaJihHOe 3Ha'leHHe BpeMeHH ,qmi: ycpe~eHH.SI 
Tf0=250, //BpeMeHHoii ~oMeH ,qmi: o~oro mara no TOKy 
Tf1=250, //BpeMeHHoii ~oMeH ,qmi: o~oro mara no ToKy rrpn 

BlfiHCJieHHH BpeMeHHOH 3aBHCHMOCTH 
TP=0.05, //mar no BpeMeHH 
JP0=0.005, //mar no TOKJ BHe HHTepBana [Imore1,Imore2] 
JP1=0.001, //mar no TOKY B HHTepBane [Imore1,Imore2] 
Imore1=0.1, lie 3Toro 3Ha'leHH.SI mar no TOKY H3MeH.HeTcx 
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Imore2=1, I/Ao 3Toro 3Ha~e= mar no TOKY H3MeHeH 
I0=0.1, //Ha~aJibHOe 3Ha~eHHe TOKa 
Imax=l.2, //MaKCRMaJibHOe 3Ha~eHHe TOKa 
Imin=O, //MRHRMaJibHOe 3Ha~eHHe TOKa 
Ibreak=O, //TOK, npH KOTO,POM BhI'IHCJieHHe OCTaHaBJIRBaeTClI 
Omega=O, //~aCTOTa BHemHero H3~0HHlI 
Amp=O, //a.M.nmf.TYAa BHemHero H3JIY~eHHlI 
beta=0.2, //napaMeTp ~cc=~ 
Itimel=0.8, //MHHRMaJibHOe 3Ha~eHHe TOKa ll,1lil 3allHCH BpeMeHHOH 

3aBHCRMOCTH 
Itime2=0.8, //MaKCRMa.JlbHOe 3Ha~eHHe TOKa ll,1lil 3anHCH BpeMeHHOH 

3aBHCRMOCTH 
I, //BXOAHOH TOK 
/ /Ko3qxpHIJ;He.HTJ>I Pyiire-KyTTa 
P1,P2,P3,P4, 
V1,V2,V3,V4, 

//Ha~aJibHhle ycJIOBHlI 
v=O, // HanpllllteHHe 
intV=O, //nepeMeHHaJI ll,1lil HHTerpHpOBa:mffl HanpllllteHHJI 
V=O, //nepeMeHHaJI ll,1lil Hanpllllt0HHlI IIpH cpHKCHpOBaHHOM BpeMeHH 
ph=O, //nepeMeHHaJI AJilI pa3HOCTH cpa3 IIpH qJHKCHpOBaHHOM BpeMeHH 
time=O, //BpeMlI ll,1lil 3anHCH 
Tf=TfO,JP=JPO; //Ha~aJibHhl:a BN6op BpeMeHHoro AOMeHa H mara no TOKY 

tN=(Tf/TP); //pac~eT KOJIH~eCTBa marOB B OAHOM BpeMeHHOM AOMeHe 
ti=tN*Ti/Tf; //pac~eT HOMepa mara, c KOToporo Ha=aeTClI ycpeAHeHHe 
ICounter=O; //o6eyJieHHe c~eT=a TOKa; 

//C03AaHH~ cpaHJIOB AJilI 3anHCH pesymTaTOB 
FILE *f, *f5, *f6; 
f=fopen("Voltage.dat","w"); //ipaHJr AJilI BAX 
f5=fopen("V(time).dat","w"); //cpaHJr .I.JIH BpeMeHHOH 3aBHCRMOCTH Hanpllllte~ 
f6=fopen("ph(time).dat","w"); //cpaHJI AJilI BpeMeHHOH 3aBHCRMOCTH pa3HOCTH 
cpas 

I=IO; 

do{ //sAeCh Ha=aeTClI ~ no TOKY 
t=O; 
do{ //3A0Cb Ha=aeTClI ~ no BpeMeHH 

//Ha~aJIO MeTOAa PyHre-KyTTa 
//nepBNe K03qxpHIJ;H0HTN M0TOAa PyHre-KyTTa 
Vl=TP*(I+Amp*sin(Dmega*(t*TP+ICounter*tN*TP))-sin(ph)-beta*V); 
Pl=TP*V; 

//BTOpNe K03qxpHIJ;H0HTN M0TOAa PyHre-KyTTa 
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V2=TP*(I+Amp*sin(Omega*(TP*t+TPl2+ICounter*tN*TP)) 
-sin(ph+Pll2)-beta*(V+V112)); 

P2=TP*(V+V1/2); 

/lrpeThH KO3qxp~eHThI MeTOAa PYHre-Kyna 
V3=TP*(I+Amp*sin(Dmega*(TP*t+TPl2+ICounter*tN*TP)) 

-sin(ph+P2/2)-beta*(V+V212)); 
P3=TP*(V+V212); 

1/~eTBep=e Koscpcp~eHTLI MeTOAa PyHre-Kyna 
V4=TP*(I+Amp*sin(Dmega*(TP*t+TP+ICounter*tN*TP)) 

-sin(ph+P3)-beta*(V+V3)); 
P4=TP*(V+V3); 

ph=ph+(P1+2*P2+2*P3+P4)l6; 
V=V+(V1+2*V2+2*V3+V4)l6; 
IIKOHe~ MeTOAa PyHre-KyTTa 

if (t>ti)intV=V*TP+intV;II mrrerpHpOBaHHe HanpllllteHrui 

II Ha~ano B:wmcJieHrui BpeMeHHhlX 3aBHCRMOcTeH 
if((I<(Itime2+JP1l2))&&(I>(Itime1-JP1l2))&&(a==at)) 

{pt=l; tN=Tfl/TP; Tf=Tfl; 

llcpopMyJia 3anHCNBaeMoro Bp8M8HH 
if(at==-1){time=t*TP-(TP*tN*(Itime2-I)*at)IJP;} 
if(at==l){time=t*TP+(TP*tN*(I-Itimel)*at)/JP;} 
l/3ailHCh BpeMeHH 
fprintf(f5,"¾f\t",time); 
fprintf(f6,"¾f\t",time); 
fprintf(f6,"¾e\t",ph); ll3A8Cb 3aITHCNBaeTClI pa3HOCTh cpa3 
fprintf(f5,"¾e\t",V);l/3A8Cb 3aITHCNBaeTClI HanpllllteHHe 
/l3A8Ch 3aITHCNBa8TClI BXOAfiOH TOK 
fprintf(fS, "¾f\t" ,I); 
fprintf(f6, "¾f\t" ,I); 

1/nepeXOA Ha HOBYD crpoKy 
fprintf(f5,"\n"); 
fprintf(f6,"\n"); 

}else{tN=TfOITP; Tf=TfO;}; 
IIKoHe~ Bhl'IBCJI8HHlI BpeMeHHh!X 3aBHCHMOCT8H 

ll3A8Cb 3aK~BaeTClI ~KJI no BpeMeHH 
}while(++t<tN+l); 

llycpeAHeHHe HanpllllteHrui 
v=intV/(Tf-Ti); 
intV=O; 

IIBNBOA pe3yJihTaTOB Ha 3KpaH 
cout < 11 \n\nI: 11 <I< 11 \tV: 11 < v; 

/l3AeCb 3aITHCNBaDTClI BXOAfiOH TOK H cyMMapHoe HanpllllteHHe 
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} 

fprintf(f,"¼f\t¼e\n",I,v); 

//ycnOBHe roUI B03BpaTa TOKa 
if((I<=Imin+JP1/2)&&(backcurrent==O)&&(a==-1)) 

{backcurrent=1; 
breakcurrant=1; 
a=1; 

}; 

//ycnOBHe roUI H3MeHeHIDI HarrpaBneHIDI TOKa 
if(I>Imax) 

{cout < "here is max of current so we go back"< endl; 
a=-1; }; 

ICounter=ICounter+1; 

//3AeCb li3MeHHeTCH HarrpaBneHHe TOKa 
I=I+a*JP; 

if((backcurrent==1)&&(I>=Ibreak-JP1/2)&&(a==1)) 
{break;}; 

//ycnOBHe AHH li3MeHeHHH mara rro TOKY 
if((I<=Imore2+JP1/2)&&(I>=Imore1-JP1/2)) 

{JP=JP1;tN=Tf1/TP;Tf=Tf1;} 
else{JP=JPO;tN=TfO/TP;Tf=TfO;}; 
//3AeCb 3aKaH'mBaeTCH ~ rro TOKY 

}while(I<=100); 

//3AeCb BCe ~aibra 3aKp!,!Ba.IOTCH 
fclose(f); 
fclose(f5); 
fclose(f6); 
return(O); 

IlpMJIO)KeHMe 2. 

IlporpaMMa stack.cpp ,IJ;JI.SI cncTeMhI CB5.13aHHhIX ' 

,ll;)K03ecpcoHoBcKnx nepexo,n;oB 

//rrOAKJIIOqeHHe CTaHAapTHh!X 6H6nHoTeK 
#include<iostream> 
#include<math.h> 
#include<iomanip> 
#include<stdio.h> 
#include<stdlib.h> 

using namespace std; 

int main() 
{ 

const int N=5; //Kon~eCTBO KOHTaKTOB 

char c='p'; //B cny"iae rrepHo~ecKHX rpaHWiHL!x ycnoBHH BCTaBbTe 
'p', a HerrepHo~ecKHX - 'n' 

int 
i, IIHHAeKc rro KOHTaKTaM 
g1, //rrapaMeTp rorn BI,IBOAa pe3ynbTaTOB Ha 3KpaH 
t, IIHHAeKc rro BpeMeHH 
ti, //HOMep ~=a rro BpeMeHH, C KOTOporo Ha~aeTCH 

HHTerpHpOBaHHe 
a=1, //rrapaMeTp rorn orrpeAeneHID1 HarrpaBneHID1 TOKa 
tN, //KonHqecTBo ±oqeK (~KnOB) rro BpeMeHH 
!Counter, //cqe~ Toia 
M=N, //M liCITOnb3yeTCH KaK HOMep ~Il(JJ) rrpH yqeTe rpaHHqm,rx 

ycnoBHH 
Itime1finish=O, //ecnH BU XOTHTe rrpHOCTaHOBHTb.rrporpaMMy 

rrocne 3arrHCH BpeMeHHOH 3aBHCHMOCTH, BCTaBbTe '1' B MeCTO '0' 
pt=O, //rrapaMeTp rorn IIpOBepKH 3arrHCH BpeMeHHOH 3aBHCHMOCTH 
at=-1; //3arrHCb BpeMeHHOH 3aBHCHMOCTH: IIpli B03paCTaHHH TOKa 1, 

IIpli y6h!BaHHH -1 

double 
Ti=50, //HaqanbHOe 3HaqeHHe BpeMeHH ycpeAHemm 
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TfO=250, //BpeMeHHOH AOMeH ,i:vrn o~oro mara no TOKY 
Tf1=25O, //BpeMeHHOH AOMeH ,i:vrn o~oro mara no TOKY npH B~qHcnemm 

BpeMeHHOH 3aBHCliMOCTH 
TP=0.05, //mar no BpeMeHH 
JP0=0.O05, //mar no TOKY BHe HHTepBana [Imore1,Imore2] 
JP1=O.OO1, //mar no TOKY B HHTepBane [Imore1,Imore2] 
Imore1=0.1, //c aToro 3HaqeHHH mar no TOKY H3MeHHeTCH 
Imore2=1, //AO 3TOro 3HaqeHHH mar no TOKY H3MeHeH 
I0=0.1, //HaqanbHOe 3HaqeHHe TOKa 
Imax=1.2, //MaKCHManbHOe 3HaqeHlie TOKa 
noismax=ie-8, //aMnnHTyAa myMa TOKa 
Omega=O, //qacToTa BHemHero HsnyqeHHH 
Amp=O, //aMnnHTYAa BHemHero HsnyqeHHH 
alpha =1, //napaMeTP CBH3H 
beta=0.2, //napaMeTP ~ccHn~H 
gamma=O, //napaMeTP ~H HenepHo~qecKHx rpaHHqHl>IX ycnoBHH 
Itime1=0.8, //MHHHManbHOe 3HaqeHHe TOKa ,[VUI 3anHCH BpeMeHHOH 

3aBHCHMOCTH 
Itime2=0.8, //MaKCHManbHOe 3HaqeHlie TOKa ,[VUI 3anHCH BpeMeHHOH 

3aBHCHMOCTH 
v, // HanpmteHlie 
Irand[N+2], //myM TOKa 
intV[N+2], //nepeMeHHaH ,i:vrn HHTerpHpOBaHHH HanpmteHHH 
Vav[N+2], //nepeMeHHaH ,i:vrn ycpe~eHHH HanpmteHHH 

//KoacM>~eH~ PyHre-Ky=a 
P1[N+2],V1[N+2], 
P2[N+2],V2[N+2), 
P3[N+2],V3[N+2], 
P4[N+2],V4[N+2], 

V[N+2], //nepeMeHHaH ,i:vrn HanpmteHHH npH ~HKCHpOBaHHOM BpeMeHli 
dph[N+2], //nepeMeHHaH ,[VUI npOH3BO~OH OT pa3HOCTH ~a3 
ph[N+2], //nepeMeHHaH ~H pa3HOCTH ~a3 npH ~HKCHpOBaHHOM BpeMeHH 
Ch[N+2], //nepeMeHHaH ,i:vrn sap~a Ha KaJ!t,Zl;OM KOHTaKTe npH 

~HKCHpOBaHHOM BpeMeHH 
time=O, //BpeMH ,[VUI sanHCH 
I, //BXO,tµiOH TOK 
Tf=Tf0,JP=JPO,Jc=1; //Haqanbmrn: B~6op BpeMeHHoro AOMeHa, mara no 

TOKy H 3~a.HHe KpH~eCKOro TOKa 

//C03AaHHe ~alinOB. 
FILE *f, *f1, *f11, *f5, *f6; 
f=fopen("Voltage.dat","w"); //~aHn ,i:vrn BAX 
f1=fopen("Voltage_j.dat","w"); //~aHn ~H BAX B KaJ!t,!l;OM KOHTaKTe 
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f11=fopen("Ch(time).dat","w"); //~aHn ~H BpeMeHHoH SaBHCHMOCTH 
sap~a B KaJ!t,Zl;OM cnoe 

fS=fopen("V_j(time).dat","w"); //~aHn-,[VUI BpeMeHHOH 3aBHCliMOCTH 
HanpmteHHH 

f6=fopen("ph(time).dat","w"); //~aHn ,[VUI BpeMeHHOH 3aBHCliMOCTH 
pa3HOCTH ~as 

tN=(Tf/TP); //pacqeT KOnHqeCTBa maroB B O~OM BpeMeHHOM AOMeHe 
ti=tN*Ti/Tf; //pacqeT HOMepa mara, C KOTOporo Ha=aeTCH 

ycpe~eHHe 
//rr)ll.Kn ,[VUI BwrncneHHH Haqanb~x ycnoBHH 
i=O; 
do 

{ 

ph[i]=O; 
dph[i]=O; 
intV[i]=O; 
Vav[i]=O; 
V[i)=O; 
Ch[i]=O; 

}while(++i<=N); 

ICounter=O; //o6HyneHlie cqe=Ka ToKa 
v=O; //o6eyneHHe cpe~e~o Hanpmte~ 
I=IO; //s~aHHe Ha~anbHOro 3HaqeHHH TOKa 

//feHep~ myMa 
char *a12; 
unsigned i1,i2=1; 
long int ranmax=O,ran=O; 
i=O; 
do 

{ 

initstate(i1,a12,i2); 
ran=random() ; .. , 

if(ranmax<ran) ranmax=ran; 
}while(++i<=1O0OOO); 

cout < "random max is :" < ranmax < endl; 

float rand; 
int randa[2000]; 

i=1; 
do 

{ 
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initstate(i1,a12,i2); 
rand=random() ; 
rand=2*(rand/ranmax-O.5); 
ran=1OO*rand; 
randa[ran+1OO]=randa[ran+1OO]+1; 

}while(++i<=1OOOOOO); 

do 
{ //3~8Cb HaimHaeTCH ~ no TOKY 

t=O; 
do 
{ //3~8Cb HaimHaeTCH ~ no BpeMeHH 

//Bh!'mcneHHe myMa 
i=1; 
do 
{ 

initstate(i1,a12,i2); 
rand=random(); 
rand=2*(rand/ranmax-O.5); 
Irand[i]=noismax*rand*Jc; 

}while(++i<=N); 

//Ha~ano MeTo~a PyHre-Kyna 
//nepBHe K03q,q>~8HTH M8TO~a PyHre-Kyna 
if(c=='n') 
{//npH HCnOnb3OBaHHH HenepHO~8CKHX rpa.mr<m!il ycnOBHH nepBoe 

H nocne~ee ypaBHeHHH OTnH~a.J>TCH 
i=1; //pac~eT nepBoro ypaBHeHHH 
dph[i]=(V[i])-alpha*(V[i+1]-(1+gamma)*V[i]); 
V1[i]=TP*(I+Irand[i]+Amp*sin(Omega*(t*TP+ICounter*tN*TP)) 

-JC*Sin(ph[i])-beta*dph[i]); 
P1[i]=TP*dph[i]; 

i=N; //pac~eT nocne~ero ypaBHeHHH 
dph[i]=(V[i])-alpha*(V[i-1]-(1+gamma)*V[i]); 
V1[i]=TP*(I+Irand[i]+Amp*sin(Omega*(t*TP+ICounter*tN*TP)) 

-Jc*sin(ph[i])-beta*dph[i]); 
P 1 [i] =TP*dph [i] ; 
i=2; //nepexo~ K OCTanbHHM ypaBH8HliHM 

} 

if(c=='p') 
{//3~aHHe nepHo~ecKHX rpa.mr<m!il ycnoBmi 

i=1; 
M=N+1; 
V[O]=V[N]; 
V[N+1]=V[1]; 
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} 

do 
{//pac~eT nepBHX KO3q,q>~eHTOB (~ Bcex AIT npH·nepHo~ecKHx 

rpa.HH'iHhlx ycnoBHHX H cpe~,npH HenepHo~ecKHx rpa.HH'Ull>lx ycnoBHHX) 
dph[i]=(V[i])-alpha*(V[i-1]+V[i+1]-2*V[i]); 
V1[i]=TP*(I+Irand[i]+Amp*sin(Omega*(t*TP+ICounter*tN*TP)) 

-Jc*sin(ph[i])~beta*dph[i]); 

AIT 

P1[i]=TP*dph[i]; 
}while(++i<M); 

//BTOpHe K03q,q>~e= Me~o~a PyHre-Kyna 
if(c=='n') 
{//HenepHo~ecKHe rpaHH~HHe ycnoBHH ~ nepBoro H nocne~ero 

i=1; 

dph[i]=(V[i]+V1[i]/2)-alpha*((V[i+1]+V1[i+1]/2) 
-(1+gamma)*(V[i)+V1[i]/2)); 

V2[i]=TP*(I+Irand[i]+Amp*sin(Omega* 
(TP*t+TP/2+ICounter*tN*TP)) -Jc*sin(ph[i]+P1[i]/2)-beta*dph[i]); 

P2[i]=TP*dph[i]; 

i=N; 

dph[i]=(V[i]+V~[i]/2)-alpha*((V[i-1]+V1[i-1]/2) 
-(1+gamma)*(V[i]+V1[i]/2)); 

V2[i]=TP*(I+Irand[i]+Amp*sin(Omega* 
(TP*t+TP/2+ICounter*tN*TP)) -Jc*sin(ph[i]+P1[i]/2)-beta*dph[i]); 

P2[i]=TP*dph[i]; 

i=2; 
} 

if(c=='p') 
{//nepHo~eCKHe rpa.HH'iHhle ycnOBHH 

i=1; 

} 

do 
{ 

M=N+1; 
V[O]=V[N]; 
V[N+1]=V[1]; 
V1[O]=V1[N]; 
V1[N+1]=V1[1]; 

dph[i]=(V[i]+V1[i]/2)-alpha*((V[i-1)+V1[i-1]/2) 
+(V[i+1]+V1[i+1]/2)-2*(V[i]+V1[i]/2)); 

V2[i]=TP*(I+Irand[i]+Amp*sin(Omega* 
(TP*t+TP/2+ICounter*tN*TP)) -JC*Sin(ph[i]+P1[i]/2)-beta*dph[i]); 

P2[i]=TP*dph[i]; 
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}while(++i<M); 

IITpeTbH K03qxl>~eHTbl MeTOAa PyHre-KyTTa 
if (c=='n') 
{IIHenepHo~ecKHe rpa.HH'llWe ycnoBHH ,IVIH nepBoro H nocne~ero 

i=l; 
dph[i]=(V[i]+V2[i]l2)-alpha*((V[i+1]+V2[i+l]l2) 

-(1+gamma)*(V[i]+V2[i]l2)); 
V3[i]=TP*(I+Irand[i]+Amp*sin(Omega* 

(TP*t+TPl2+ICounter*tN*TP)) -Jc*sin(ph[i]+P2[i]l2)-beta*dph[i]); 
P3[i]=TP*dph[i]; 

i=N; 
dph[i]=(V[i]+V2[i]l2)-alpha*((V[i-1]+V2[i-1]12) 

-(1+gamma)*(V[i]+V2[i]l2)); 
V3[i]=TP*(I+Irand[i]+Amp*sin(Omega* 

(TP*t+TPl2+ICounter*tN*TP)) -JC*sin(ph[i]+P2[i]l2)-beta*dph[i]); 
P3[i]=TP*dph[i]; 
i=2; 

} 

if(c=='p') 
{llnepHo~ecKHe rpaHH'mhle ycnoBHH 

i=l; 

} 

do 
{ 

M=N+l; 
V[O]=V[N]; 
V[N+l]=V[l]; 
V2 [O] =V2 [N] ; 
V2 [N+l] =V2 [1] ; 

dph[i]=(V[i]+V2[i]l2)-alpha*((V[i-1]+V2[i-1]12) 
+(V[i+1]+V2[i+l]l2)-2*(V[i]+V2[i]l2)); 

V3[i]=TP*(I+Irand[i]+Amp*sin(Omega* 
(TP*t+TPl2+ICounter*tN*TP)) -Jc*sin(ph[i]+P2[i]l2)-beta*dph[i]); 

P3[i]=TP*dph[i]; 
}while(++i<M); 

llqeTBepTble KO3qxl>~eHTbl MeTOAa PyHre-KyTTa 
if(c=='n') 
{IIHenepHo~ecKHe rpaHH"iHhle ycnoBHH ,IVIH nepBoro H nocne~ero 

AII 
i=l; 
dph[i] =(V[i] +V3 [i] )-alpha* (.(V[i +1] +V3 [i+l]) 

-(1+gamma)*(V[i]+V3[i])); 
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V4[i]=TP*(I+Irand[i]+Amp*sin(Omega* 
(TP*t+TP+ICounter*tN*TP)) -Jc*sin(ph[i]+P3[i])-beta*dph[i]); 

.P4[i]=TP*dph[i]; 

i=N; 

dph[i]=(V[i]+V3[i])-alpha*((V[i-i]+V3[i~1]) 
-(1 +gamma)* (V[i] +V3 [i])); . . 

V4[i]=TP*(I+Irand[i]+Amp*sin(Omega* 
(TP*t+TP+ICounter*tN*TP)) -Jc*sin(ph[i]+P3[i])-beta*dph[i]); 

P4 [i] =TP*dph [i] ·; 

i=2; 
} 

if(c=='p') . 
{llnepHo~qecKHe rpaHH"iHhle ycnoBHH 

} 

do 
{ 

i=l; 
M=N+l; 
V[O]=V[N]; 
V [N+l] =V [1] ; 
V3 [O] =V3 [N] ; 
V3 [N+l] =V3 [1]; 

dph[i]=(V[i]+V3[i])-alpha*((V[i-1]+V3[i-1]) 
+(V[i+l] +V3 [i +1] )-2* (V[i] +V3 [i])); 

V4[i]=TP*(I+Irand[i]+Amp*sin(Omega* 
(TP*t+TP+ICounter*tN*TP)) -Jc*sin(ph[i]+P3[i])-beta*dph[i]); 

P4[i]=TP*dph[i]; 
}while(++i<M); 

II~= ,zvIH pacqeTa 3Haqemm ~YH~ V(t) H ph(t) ,IVIH 

3~aHHoro mara.no BpeMeHH 
" id!; 

do 
{ 

ph[i] =ph[i] +'(:P{[i] +2*P2 [i] +2*P3 [i] +P4 [i]) 16; 
V[i]=V[i]+(V1[i]+2*V2[i]+2*V3[i]+V4[i])l6; 

IIHHTerpHpOBaHHe Hanpfillteffiffl MeTOAOM IlpHMOyrORbHHKa 
if(t>ti) intV[i]=V[i]*TP+intV[i]; 

}while(++i<=N); 
IIKoHe~ MeTOAa PyHre-KyTTa 
II Haqano BhI'iHCneHHH BpeMemn.IX 3aBHCHMOCTeR 
if ((I<(Itime2+JP1l2)) && (I> (Itime1-JP1/2}) && (a==at)) 
{ ' . 

pt=l; 

79 



tN=Tf1/TP; 
Tf=Tf1; 
time=t*TP-(TP*tN*(Itime2-I)*at)/JP; //~opeyna 

3ami:c1i1BaeMoro BpeMeHH 
//3ami:c:& BpeMeHH 
fprintf (f11, 11¼f\t 11

, time); 
fprintf(f5,"¼f\t",time); 
fprintf(f6, 11¼f\t 11 ,time); 
//3AeC:& 3a.IIHC!ilBaeTCH pa3HOCT:& ~a3 
i=1; 
do 
{ 

fprintf(f6, 11¼e\t 11 ,ph[i]); 
}while(++i<=N); 
//BwmcneHHe 3Ha~eHHH 3ap.H,Z1;a B npoMexyTo'llih!X cnomc 
i=1; 
do 
{ 

Ch[i]=alpha*(V[i+1]-V[i]); 
}while(++i<=N-1); 
//BwmcneHHe 3Ha~eHHH 3ap.H,ZJ;a Ha nocne~eM cnoe npH 

nepao~ecKHX rpaHH'llihlX ycnoBHmt 
if(c=='p') 
{ 

Ch[N]=alpha*(V[1]-V[N]); 
} 

if(c=='n') 
{ 

//BwmcneHHe 3Ha~eHHH 3ap.H,ZJ;a Ha nepBoM cnoe npa 
HenepHo~ecKHX rpaHH'llihlX ycnoBHmt 

Ch[O]=alpha*(V[1]); 
//BwmcneHHe 3Ha~eHHH 3ap.H,ZJ;a Ha nocne~eM cnoe npa 

Henepao~ecKHX rpaHH'IHl,IX ycnoBHmt 
Ch[N]=-alpha*(V[N]); 
//3Aec:& 3ami:~1i1BaeTCH 3ap.H,Z1; Ha nepBOM cnoe npH 

Henepao~ecKHX rpaHH'llihlX ycnoBHmt 
fprintf (f11, 11 ¼e\t 11 ,Ch[O]); 

} 

i=1; 
do 
{ 

//3AeC:& 3aimc1i1BaeTcH 3ap.H,Z1; Ha Bcex cnomc 
fprintf (f11, 11 ¼e\t 11 ,Ch(i]); 
//3AeC:& 3aimC!ilBaeTCH HanpHEeHHe Ha Bcex KOHTatcrax 
fprintf(f5, 11¼e\t 11

, V[i]); 
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}while(++i<=N); 
//3~ec:& 3anHCHBaeTCH BXO~OH TOK 
fprintf(f11, 111/.f\t 11 ,I); 
fprintf (f5, 11 'l.f\ t 11

, I) ; 

fprintf (f6, 11 'l.f\t 11
, I); 

//nepeXOA Ha HOByB) CTpOKY 
fprintf (f11, 11 \n"); 
fprintf(f5, 11 \n11

); 

fprintf (f6, 11 \n"); 
} 

else 
{ 

} 

tN=TfO/TP; 
Tf=TfO; 

//KOHe~ BWllicneHHH BpeMeHHHX 3aBHCHMOCTeH 
//3~ec:& ~Kn no BpeMeHH 3aKaH~aeTCH 
}while(++t<tN+1); 

//ycpe~eHHe HanpHEeHHH 
i=1; 
do 
{ 

Vav[i]=intV[i]/(Tf-Ti); 
intV[i]=O; 

}while(++i<=N); 

//BwmcneHHe CYMMapHoro HanpHEeHHH 
v=O; 
i=1; 
do 
{ 

v=Vav[i]+v; 
}while(++i<=N); 

//B!ilBO~ pe3yn:&TaTOB Ha 3KpaH 
if ((g1==O)) 
{ 

} 
cout < 11 \n\nI: 11 < I < 11 \tV: 11 < v; 

//3AeC:& 3anHC!ilBalOTCH BXO~OH TOK H cyMMapHoe HanpHEeHHe 
fprintf(f, 11Y.f\t¼e\n11 ,I,v); 
fprintf(f1, 11 Y.f\tY.e\t 11 ,I,v); 

//3AeC:& 3anHC!ilBaeTCH HanpHEeHHe Ha K~OM KOHTaKTe 
i=1; 
do 
{ 
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fprintf (fl, "¼e\ t", Vav[i]); 
}while(++i<=N); 

//nepeXOA Ha HOBYJO CTpOKy 
fprintf(fl,"\n"); 

//ycnOBHe ,lVlll: IlpHOCTaHOBneHIDI 
if((I<=O) && (a==-1)) break; 

//ycnoBHe ~g H3MeHeHllil HanpaBneHIDI ToKa 
if(I>Imax) 
{ 

cout < "here is max of current so we go back"< endl; 
a=-1; 

} 

ICounter=ICounter+l; 

//3AeCb H3MeHReTCH HanpaBneHHe TOKa 
I=I+a*JP; 
//ycnOBHe ,[Vlll: IlpHOCTaHOBneHIDI nocne 3anHCH BpeMeHHh!X 3aBHCHMOCTeH 
if((pt==l) && (Itimelfinish==l) && (a==at) && (v>0.1)) 

if((I>Itime2+JP1/2) I I (I<Itime1-JP1/2)) 
{ 

cout < 11 \n" < "the program is written to" 
< "finish here, if you don't like so change Itime1finish 

to 0" < 11 \n"; 
break; 

} 

//ycnoBHe ,lVlll: H3MeHeHHH mara no TOKY 
if((I<=Imore2+JP1/2) && (I>=Imore1-JP1/2) && (a==-1)) 
{ 

} 

JP=JP1; 
tN=Tf1/TP; 
Tf=Tf1; 

else 
{ 

} 

JP=JPO; 
tN=TfO/TP; 
Tf=TfO; 

//3AeCb 3aKaH'IHBaeTCH ~M no TOKY 
}while(I<=100); 

//3AeCb BCe ~aHJihl 3aKp1>1BaJOTCH 
fclose(f); 
fclose(f1); 
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l 
fclose(f11); 
fclose(f5); 
fclose(f6); 

return(O); 
} 



IlpHJIO)KeHHe 3. 

IIporpaMMa long.cpp ,n;Jn1 pacqeTa xapaKTepHCTHK 
,lJ;JIHHHoro ,lJ;)K03ecpcoHOBCKoro nepexo,n;a 

//no~qe1me CTaH,D;apTHh!X 6H6JmoTeK 
#include<iostrea.m> 
#include<math.h> 
#include<stdio.h> 

using na.mespace std; 
int main(){ 

double 
//To~~ 3anHCH npocTPaHCTBeHHo-BpeMeHlil,IX 3aBHCHMOCTeH H, ph 

H V 
Ix[]={0.74, 0.65, 0.5, 0.32}; 

char str[50]; 

int a=1, //napaMeTP onpe~enemm HanpaBnemm TOKa 
i, //HHP,eKc no All 
t, x, //HHP,eKc no BpeMe1m H no Koop~aTe 
tN, xN, //Ko=ecTBO TOqeK no BpeMelffl H no KOOp~aTe 
ti, //HOMep ~Ma no BpeMelffl, OT KOTOporo Ha=aeTCH 

HHTerpHpoBa1me no BpeMe1m 
f, nt, nx, F, 
deltaT=5, //Ko=ecTBo maroB no BpeMe1m, KOTop~e nponycKaDTCH 

//npH 3anHCH npOCTPaHCTBeHHO-BpeMeHHOH 3aBHCHMOCTH 
deltaX=2, //Ko=ecTBO maroB no KOOp~aTe, KOTOp~e 

nponycKaDTCH 
//npH 3anHCH npOCTPaHCTBeHHO-BpeMeHHOH 3aBHCHMOCTH 

at=-1,//HanpaBne1me TOKa ~ 3anHCH BpeMeHlil,IX 3aBHCHMOCTeH 
ax=-1,//HanpaBnelffle TOKa ~ 3anHCH npOCTPaHCTBeHHO-BpeMeHlil,IX 

3aBHCHMOCTeH 

time_dep=O, //BmamqaTem. 3anHCH BpeMeHlil,IX 3aBHCHMOCTeH 
currents=O,//B~aTenb 3anHCK OT~em.= TOKOB 

spatiotemporal_dep=1; //B~aTem. 3anHCK npOCTPaHCTBeHHo-
BpeMeHlil,IX 3aBKCHMOCTeH 
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l 
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double 
Ti=5, //Haqano HHTepBana KHTerpHpOBaHHH no BpeMe1m 
Tf0=300, //MaKCHMMbHOe 3Haqe1me BpeMelffl 
Tf1=300, //MaKCHMMbHOe 3Haqe1me BpeMelffl B 

HHTepBane [Itime1-I-Itime2] 
JP0=0.005, //mar no TOKY 
JP1=0.001, //mar no TOKY B HHTepBane Imore1-Imore2 
length=5, //~a KOHTaKTa 
XP=0.05, //mar no Koop~aTe 
TP=XP/5, //mar no BpeMelffl 
I0=0.01, //HaqanbHOe 3HaqeHHe TOKa 
Hext=O, //3Haqe1me BHemHero MarHKTHOro nonz 
Imax=1.1, //MaKCHManbHOe 3Haqe1me TOKa 
Imorel=0.25, //Haqano HHTepBana, npH KOTOpOM MeHHeTCH mar 

no TOKY 
Imore2=0.9, //KOHe~ HHTepBana, npH KOTOpOM MeHHeTCH mar 

no TOKY 
beta=0.2, //napaMeTP ~CCKn~H 
Itime1=0.8, //HHTepBan ~ 3anHCH BpeMeHHOH 3aBHCHMOCTH 

(ycpe~eHHoH no Koop~aTe) 
Itime2=0.8, 
time, //3Haqe1me BpeMelffl ~ 3anHCK 
int_Is_x, //HHTerpan ·oT CBepxnpoBo~ero TOKa no Koop~aTe npH 

~HKCHpOBaHHOM BpeMelffl 
int_Iqp_x, //HHTerpan OT KBa3HqacTH~oro TOKa no KOop~aTe npH 

~HKCHpOBaHHOM BpeMelffl . 
int_Idisp_x, //HHTerpan OT TOKa CMe~emm no KOOp~aTe npH 

~HKCHpOBaHHOM BpeMelffl 
Isav_x, //3Haqe1me cBepxnpoBo~ero TOKa, ycpe~eHHoe 

no Koop~aTe 
Iqpav_x, //3Haqe1me KBa3-aCTHqHOro TOKa, ycpe~eHHoe 

no Koop~aTe 
Idispav_x, //3HaqeHHe TOKa CMe~emm, ycpe~eHHoe no Koop~aTe 
dphtav_x, 
int_Isav_t, //HHTerpan no BpeMe1m OT CBepxnpoBo~ero TOKa 

(ycpe~eHHoro no KOOp~aTe) 
int_Iqpav_t, //HHTerpan no BpeMe1m OT KBa3-aCTHqHOro TOKa 

(ycpe~eHHoro no Koop~aTe) 
int_Idispav_t, //HHTerpan no BpeMe1m OT TOKa cMe~emm 

(ycpe~eHHoro no Koop~aTe) 
Isav, //cpe~ee 3Haqe1me CBepxnpoBo~ero TOKa 
Iqpav, //cpe~ee 3Haqe1me KBa3-aCTHqHoro TOKa 
Idispav, //cpe~ee 3Haqe1me TOKa cMe~emm 
Isum, //cyMMa TOKOB (napaMeTP BBO~CH ~H-npoBepKH pacqeTa, 

ecJm Isum=I, TO pe3ynhTaT npaBMb~) 
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int_V_x, //mrrerpaJI oT Hanp.lllteHIDI no xoopAHHaTe npH 
~HKeHpOBaHHOM BpeMeHH 

Vav_x, //3Ha~eHHe Hanp.HJteHIDI, yepe~eHHoe no xoopAHHaTe 
int_Vav_t, //mrrerpaJI no BpeMeHH OT Hanp.HJteHIDI 

(yepe~eHHoro no xoopAHHaTe) 
Vav, //epe~ee 3Ha~eHHe Hallp.lllteHIDI B OTAenbHOM KOHTaKTe 
I,JP,Tf; 
I=IO; JP=JPO; Tf=TfO; xN = 1 +length/ XP; 
tN = Tf / TP; ti=tN*Ti/Tf; 

F=sizeof(Ix)/sizeof(double); //BwmeneHHe KOnH~eeTBa .H'ieex Ix 

//e03AaHHe AHH~eeKHX nepeMeHlil,IX 
double 

*ph, 
*Pl , *P2, *P3, *P4, 
*dphx, *dphxx, 
•v, 
*Vl, *V2, *V3, *V4, 
*Is, *Iqp, *Idisp, 
*VO; 
Pl= new double [xN+2]; Vl = new double [xN+2]; 
P2 = new double [xN+2]; V2 = new double [xN+2]; 
P3 = new double [xN+2]; V3.= new double [xN+2]; 
P4 ~ new double [xN+2]; V4 = n~w double [xN+2]; 
p~ = new double [xN+2]; V = new double [xN+2]; 
dphx = new double [xN+2]; dphxx = new double [xN+2]; 
Is= new double [xN+2]; 
Iqp = new.double [xN+2]; 
Idisp = ne~ double [xN+2]; 
VO= new double [xN+2]; · 

//Ha~aJIO npo~emphl eO3AaHIDI ~afuIOB 
FILE *eve, *vt, 
*.fvxt, *fphxt, *fdphxt, 
*fisxt, *fiqpxt,*fidispxt,*fdphxxt, 
*fis, *fiqp, *fidisp, *fdpht, *fisum; 
//e03AaHHe ~afuIOB 
eve=fopen( 11Voltage.dat 11

,
11 w11 );//eoaAaTb ~aiin '1,11.J{ nonHOH BAX 

if(eurrents==l){ 

} 

fis=fopen( 11 Is_j.dat 11 , 11w11 ); 

fiqp=fopen("Iqp_j.dat","w"); 
fldisp=fopen(i'Idisp_j :dat", 11 w11 ); 

fisum=fopen("Isum. dat", 11 w11 )"; 

if(time_dep==l){vt=fopen("Voltage_time.datll,"w");} 
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if(spatiotemporal_dep==l){ 

} 

for(f=O; f<F; ++f){ 
sprintf(str, "H(t-x)_I-¼f .dat Ix[f]); 
fdphxt=fopen(str,"w"); 
felose(fdphxt); 
sprintf(str,"Isurf(t-x)_I-¼f.dat",Ix[f]); 
fdphxxt=fopen(str,"w"); 
felose(fdphxxt); 
sprintf(str, 11 Phase(t-x)_I-¼f.dat 11 ,Ix[f]); 
fphxt=fopen(str, 11 w11

); 

felose(fphxt); 
sprintf (str, "Voltage(t-x)_I-¼f .dat", Ix [f]); 
fvxt=fopen(str,"w"); 
felose(fvxt); 

} 

if(eurrents==l){ 
for(f=O; f<F; ++f){ 

} 

} 

sprintf (str, "Is (t-x) _I-¼f. dat", Ix [f]); 
fisxt=fopen(str,"w"); 
felose(flsxt); 
sprintf(str, 11 Iqp(t-x)_I-¼f.dat 11 ,Ix[f]); 
fiqpxt=fopen(str,"w"); 
felose(flqpxt); 
sprintf(str, 11 Idisp(t-x)_I-¼f.dat 11 ,Ix(f]); 
fidispxt=fopen(str,"w"); 
felose(fidispxt); 

//KOHe~ npo~emphl eO3Aa!ilffl ~aiinoB 

//HyneBhle Ha~aJibHhle yenoBHH 
if(eurrents==l){ 

int_Isav_t=O; 
int_Iqpav_t=O; 
int_Idispav_t=O; 
int_Vav_t=O; 
x=O; 
do{ V[x]=O; 

ph[x]=O; 
}while(++x<=xN); 

} 

//Ha~aJio ~=a no TOKY 
do{ 
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if((spatiotemporal_dep==1)&&(a==ax)){ 
for(i=O; i<F; ++i){ 

if(I<(Ix[i]+JP1/2)&&I>(Ix[i]-JP1/2)){f=i;} 
} 

} 

//HaqaJI.o ~a no BpeMeHH 
nt=O; 
t=O; 
do{//3~ecb coxpamreTcx 3HaqeHHe HanpiiteHHH Ha npe~~eM 

mare no BpeMeHH 
if(currents==1){ 

x=1; 

} 

do{VO [x] "=V [x] ; 
}while(++x<=xN); 

//HaqaJI.o npo~e,zzyp& PyHre-KyTTa 
//nepB&e K03cpl>~e= PyHre-KyTTa 

//neBHH Kpaii no KOOp~aTe 
dphxx[1]=(2*(ph[2]-ph[1])-2*Hext*XP)/pow(XP,2); 
V1[1]=TP*(dphxx[1]-beta*V[1]-sin(ph[1])+I); 
P1[1]=TP*V[1]; . 
//BeyTPeHHHe TO'IKH no KOOp~aTe 
x==2; 
do{dphxx[x]=(ph[x+1]-2*ph[x]+ph[x-1])/pow(XP,2); 

V1[x]=TP*(dphxx[x]-beta*V[x]-sin(ph[x])+I); 
Pi [x] =TP*V [x] ; 

}while(++x<=xN-1); 
//npaBHH Kpaii no KOOp~aTe 
dphxx[xN]=(2*(ph[xN-1]-ph[xN])+2*Hext*XP)/pow(XP,2); 
V1[xN]=TP*(dphxx[xN]-beta*V[xN]-sin(ph[xN])+I); 
P1[xN]=TP*V[xN]; 

//BTop&e K03cpl>~eHT& PyHre-KyTTa 
//neBHH Kpaii no KOOp~aTe 
dphxx[1]=(2*((ph[2]+P1[2]/2)-(ph[1]+P1[1]/2)) 

-2*Hext*XP)/pow(XP,2); 
V2[1]=TP*(dphxx[1]-beta*(V[1]+V1[1]/2) 

-sin(ph[1]+P1[1]/2)+I); 
P2[1]=TP*(V[1]+V1[1]/2); 
//BeyTPeHHHe TO'IKH no KOOp~aTe 
x=2; 
do{dphxx[x]=((ph[x+1]+P1[x+1]/2)-2*(ph[x]+P1[x]/2) 

+(ph[x-1]+P1[x-1]/2))/pow(XP,2); 
V2[x]=TP*(dphxx[x]-beta*(V[x]+V1[x]/2) 

-sin(ph[x]+P1[x]/2)+I); 
P2 [x] =TP* (V [x] +V1 [x] /2) ; 
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}while(++x<=xN:.1); 
//npaBHH Kpaii no KOOp~aTe 
dphxx[xN]=(2*((ph[xN-1]+P1[xN-1]/2)-(ph[xN]+P1[xN]/2)) 

+2*Hext*XP)/pow(XP,2); 
V2 [xN] =TP* (dphxx [xN]-beta• (V [xN] +V1 [xN]/2) 

_-sin(ph[xN]+P1[xN]/2)+I); 
P2[xN]=TP*(V[xN]~V1[xN]/2); 

1/TPeTbH K03cpl>~e= PyHre-KyTTa 
//neBHH Kpaii no KOOp~aTe 
dphxx [1] = (2* ( (ph [2] +P2 [2] /2)- (ph [1] +P2 [1] /2)) 

-2*Hext*XP)/pow(XP,2); 
V3[1]=TP*(dphxx[1]-beta*(V[1]+V2[1]/2) 

-sin(ph(1]+P2[1]/2)+I); 
P3 [1] =TP* (V [1] +V2 [1] /2) ; 
//BiiyTPeHHHe TOqKH no KOOp~aTe 
x=2; 
do{ dphxx[x]=((ph[x+1]+P2[x+1]/2)-2*(ph[x]+P2[x]/2) 

+(ph[x-1]+P2[x-1]/2))/pow(XP,2); 
V3[x]=TP*(dphxx[x]-beta*(V[x]+V2[x]/2) 

-sin(ph[x]+P2[x]/2)+I); · 
P3[x]=TP*(V[x]+V2[x]/2); 

}while(++x<=xN-1); 
//npaBHH Kpaii no KOOp~aTe 
dphxx[xN]=(2*{(ph[xN-1]+P2[xN-1]/2)-(ph[xN]+P2[xN]/2)) 

+2*Hext*XP)/pow(XP,2); 
V3[xN]=TP*(dphxx[xN]-beta*(V[xN]+V2[xN]/2) 

-sin(ph[xN]+P2[xN]/2)+I); 
P3[xN]=TP*(V[xN]+V2[xN]/2); 

//qeTBepT&e K03cpl>~eHTY PyHre-KyTTa 
//neBHH Kpaii no KOOp~aTe 
dphxx [1] = (2* ( (ph [2] +P3 [2] )- (ph [1] +P3 [1])) 

-2*Hext*XP)/pow(XP,2); 
V4[1]=TP*(dphxx[1]-beta*(V[1]+V3[1]) 

-sin(ph[1]+P3[1])+I); 
P4 [1] =TP* (V [1] +V3 [1]) ; 
//BeyTPeHHHe TOqKH no KOOp~aTe 
x=2; 
do{dphxx[x]=((ph[x+1]+P3[x+1])-2*(ph[x]+P3[x]) 

+(ph[x-1]+P3[x-1]))/pow(XP,2); 
V4[x]=TP*(dphxx[x]-beta*(V[x]+V3[x]) 

-sin(ph[x]+P3[x])+I); 
P4[x]=TP*(V[x]+V3[x]); 

}while(++x<=xN-1); 
//npaBHH Kpaii no Koop~aTe 
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dphxx [xN] = (2* ( (ph[xN-1] +P3 [xN-1] )-(ph[xN] +P3 [xNJ))' 
+2*Hext*XP) ; 

V4(xN]=TP*(dphxx[xN]-beta*(V[xN]+V3[xN]) 
-sin(ph[xN]+P3[xN])+I); 

P4[xN]=TP*(V[xN]+V3[xN]); 
x=1; 
do{ 

ph[x]=ph[x]+(P1[x]+2*P2[x]+2*P3[x]+P4[x])/6; 
V[x]=V[x]+(V1[x]+2*V2[x]+2*V3[x]+V4[x])/6; 

}while(++x<=xN); 
//KoHe~ npo~e,zzypN Pyure-KyTTa 
//uaqano ycpe~eHml no Koop~aTe 

//uaqaJio HHTerpHpOBa.HHH no Koop~aTe no MeTO,!zy Cmmcoua 
int_V_x=V[1]+V[xN]; 
x=2; 
do{int_V_x=int_V_x+((pow(-1,x)+3)*V[x]); 
}while(++x<=xN-1); 
int_V_x=int_V_x*(XP/3); 
//KOHe~ HHTerpHpOBaHm! no KOOp~aTe 
Vav_x=int_v:x/length; //ycpe~e'Hlle no Koop~HaTe 
//Koue~ ycpe~eHml no KOop~aTe 
if ( t>ti) {int_ Vav _t=Vav _x*TP+int_ Vav_t ;} ·. / /HHTerpHpOBa'Hlle no 

BpeMe'Hll 
//uaqano npo~e,zzypN BwmcneHru.1 OT~enh= TOKOB qepes All 
if(currerits==1){ 

x=1; 
do{//Bwmcne'Hlle CBepxnpoBo~ero TOKa 

Is [x] =sin(ph[x]); 
//BN'il!:Cne'Hlle KBaSH'laCTH'iHOrO TOKa 
Iqp[x]=beta*V[x]; 
//Bwmcne'Hlle TOKa CMe~eHm! 
Idisp [x] = (V [x] -VO [x]) /TP·; 

}while(++x<=xN); 
//uaqano ycpe~eHml no Koop~aTe 
//uaqano HHTerp:0:poBauwr no Koop~aTe no MeTo,zzy Cmmcoua 
int_Is_x=Is[1]+Is[xN]; 
int_Iqp_x=Iqp[1]+Iqp[xN]; 
int_Idisp_x=Idisp[1]+Idisp[xN]; 
x=2; 
do{int_Is_x=int_Is_x+((pow(-1,x)+3)*Is[x]); 

int_Iqp_x=int_Iqp_x+ ( (pow ( -1, x) +3) *1qp [;]) ; 
int_Idisp_x=int_Idisp_x+((pow(-1,x)+3)*idi.sp[x]); 

}while(++x<=xN-1); · 
int_Is_x=int_Is_x*(XP/3); 
int_Iqp_x=int_lqp_x*(XP/3); 
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int_Idisp_x=int_Idisp_x*(XP/3); 
//KOHe~ HHTerpHpOBaHm! no KOOp~aTe 
//ycpe~e'Hlle ·no Koop~aTe 
Isav_x=int_Is_x/length; . 
Iqpav_x=int_Iqp_x/length; 
Idispav_x=int_Idisp_x/length; 
//Koue~ ycpe~eHru.1 no Koop~aTe 
//HHTerpHpOBa.HHe no Bp8M8'Hll 
if (t>ti){ 

int_Isav_t=int_Isav_t+Isav_x*TP; 
int_Iqpav_t=int_Iqpav_t+Iqpav_x*TP; 
int_Idispav_t~int_Idispav_t+Idispav_x*TP; 

} 
} 

//KoHe~ npo~e,zzypN Bwrn:cneHru.1 oT~enhHNX TOKOB qepes All 
if((spatiotemporal_dep==1)&&(I<(Ix[f]+JP1/2)) 

&&(I>(Ix[f]-JP1/2))&&(a==ax)){ 

no Koop~aTe 
//uaqano Bhl'mCne'HlIH npoHSBO~OH paSHOCTH ~as 

//neBW KpaH no KOOp~aTe 
dphx [1] =(-3*ph[1]+4*ph[2]-ph[3]) / (2*XP); 
//BHYTPeH'Hlle TO~ no Koop~aTe 
x=2; 
do{dphx[x]=(ph[x+1]-ph[x-1])/(2*XP); 
}while(++x<=xN-1); 
//npaBW KpaH no KOOp~aTe 
dphx[xN]=(3*ph[xN]-4*ph[xN-1]+ph[xN-2])/(2*XP); 
//KOHe~ Bhl'mCneHm! npoHSBO~OH paSHOCTH ~as no KOOp~aTe 
//uaqano BN'll!:CneHru.1 BTOpOH npoHSBO~OH paSHOCTH ~as 

no Koop~aTe 
//neBW KpaH no KOOp~aTe 
dphxx[1]=(-3*dphx[1]+4*dphx[2]-dphx[3])/(2*XP); 
//BHJTP8HHH8 TOqKH no KOOp~aTe 
x=2; 
do{dphxx[x]=(dphx[x+1]-dphx[x-1])/(2*XP); 
}while(++x<=xN-1); 

no Koop~aTe 

//npaBW KpaH no KOOp~aTe 
dphxx[xN]=(3*dphx[xN]-4*dphx[xN-1]+dphx[xN-2])/(2*XP); 
//KOHe~ BN'il!:CneHm! BTOpOH npOHSBO~OH paSHOCTli ~as 

if(t==nt){ 
nt=nt+deltaT; 
sprintf (str, "H(t-x)_I-¼f .dat" ,Ix[f]); 
fdphxt=fopen(str,"a"); 
sprintf (str, "!surf (t-x)_I-¼f .dat", Ix[f]); 

91 



fdphxxt=fopen(str, 11 a11
); , , 

sprintf (str, 11 Phase(t-x)_I-¼f .dat'o', Ix[fl); 
fphxt=fopen(str, 11 a 11

) ;, 

sprintf(str, 11 Voltage(t-x)_I-¼f.dat 11 ,Ix[;f]); 
fvxt=fopen(str, 11a 11

); 

x=1; 
nx=1; 
do{ 

if(x==nx){ 
nx=nx+deltaX; 
fprintf (fdphxt, 11 ¼.15f\t 11 ,dphx[x]); 
fprint'f(fdphxxt, !'1/..15f\t 11 ,dphxx[x]); 
fprintf (fphxt,.11¼ .15f\t 11 ,ph[x]); 
fprintf (fvxt, 111/,. 15f \ t 11 

, V [x) ) ; 
}, 

}while ( ++x<=xN) ; ... , 
fprintf(fdphxt, 11 \n11

); 

fprintf(fdphxxt, 11 \n"); 
fprintf(fphxt, 11 \n11

); 

fprintf(fvxt, 11 \n11
); 

fclose(fdphxt); 
fclose(fdphxxt); 
fclose(fphxt); 
fclose(fvxt); 
if(currents==1){ 

sprintf(str,l!Is(t-x)_I-¼f.dat",Ix[f)); 
flsxt=fopen(str, 11 a11

); 

s·printf (str, 11 Iqp ( t-x) _I-¼f . dat 11 
, Ix [fl) ; 

flqpxt=fopen(str, 11a 11
); ., 

sprintf(str, 11 Idisp(t-x)_I-¼f.dat 11 ,Ix[f)); 
fldispxt=fopen(str, 11a 11

); 

x=1; 
nx=1; 
do{ 

if(x==nx){ 
nx=nx+deltaX; 

} 

fprintf (flsxt, 11¼.15f\t 11 ,Is(x]) ;, 
· fprintf (flqpxt, 11¼ .15f\ t 11

, Iqp [x]); 
fprintf (fldispxt, 11¼ .15f\ t 11

, Idisp [x]) ; 

}while(++x<=xN); 
fprintf(flsxt,"\n"); 
fprintf(flqpxt, 11 \n11

); 

fprintf(fldispxt, 11 \n11
); 

fclose(flsxt); 

92 

~ 

} 
} 

} 

fclose(fiqpxt); 
fclose(fidispxt); 

// HaqaJio Bl:,l'lliCneHlffl BpeMeHHhlX ~aBHCHMOCTeH 
if((time_dep==1)&&(I>(Itime1-JP1/2)) 

&&(I<(Itime2+JP1/2))&&(a==at)){ 
tN=Tf1/TP;Tf=Tf1; 
//Recording time Formula 
//~OpMJna 3aIIHCLIBaeMoro BpeMeHH 
if(at==-1){time=t*TP-(TP*tN*(Itime2-I)*at)/JP;} 
if(at==1){time=t*TP+(TP*tN*(I-Itime1)*at)/JP;} 
fprintf(vt, 11 ¼f\t 11

, time); 
fprintf(vt,"¼.15f\t",Vav_x); 
fprintf(vt,"¼f\t\n 11 ,I); 

}else{tN=TfO/TP;Tf=TfO;}; 
//Ending of time dependence calculation 
//KoHe~ Bl:,l'lliCneHWI BpeMeHHhlX 3aBHCHMOCT8H 

}while(++t<tN+1); 
//xoHe~ ~a no BpeMeHH 
//Haqano 3aIIHCH cpe~ero 3HaqeHlffl OT~enhHlil TOKOB qepe3 ~rr 
if(currents==1){ 

} 

fprintf(fis, 11¼f\t",I); 
fprintf (fiqp, 11 ¼f\ t 11

, I); 

fprintf (fidisp, 11¼f\t 11
, I); 

fprintf (f!sum, 11¼f\ t 11
, I); 

Isav=int_Isav_t/(Tf-Ti); 
int_Isav_t=O; 
Iqpav=int_Iqpav_t/(Tf-Ti); 
int_Iqpav_t=O; 
Idispav=int_Idispav_t/(Tf-Ti); 
int_Idispav_t=O; 
Isum=Idispav+Isav+Iqpav; //cymmpoBaHHe TOKOB 
fprintf(fls, 11¼.15f\t 11 ,Isav); 
fprintf(flqp, 11¼.15f\t 11 ,Iqpav); 
fprintf(fldisp, 11 ¼.15f\t 11 ,Idispav); 
fprintf (fl sum, 111/,.15f\ t 11

, !sum); 
fprintf(fls, 11 \n11

); 

fprintf(flqp, 11 \n11
); 

fprintf(fldisp, 11 \n11
); 

fprintf(flsum, 11 \n11
); 

//xoHe~ 3aIIHCH cpe~ero 3HaqeHlffl OT~enhHlil TOKOB qepe3 ~rr 
//Haqano ycpe~eHlffl no BpeMeHH 
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} 

Vav=int_Vav_t/(Tf-Ti); 
int_Vav_t=O; 
//KoHe~ ycpe~eHIDI no BpeMeHH 
cout<"\n\nl:"<l<"\t V:"<Vav;//Bh!BO~ pe3yJibTaTOB Ha sKpaH 
//3alll1Cb BAX 
fprintf(cvc,"¼f\t¼.15f\n",I,Vav); 
//yCJIOBHe .,zµnl H3MeHeHHH HanpaBn8HIDI TOKa 
if (I>Imax){ · · 

cout<"\n\n Here is max of current so we go back<<endl; 
a=-1; 

} 

I=I+a*JP; //c~eT'UJ.K TOKa 
if (I<O)break; //ycJIOBH8 ,zµn1 OCTaHOBKH BN~C~e~HH 
if ((I<=Imore2+JP1/2)&&(I>=Imore1-JP1/2)&&(a==-1)){ 

JP=JP1;} 
else{JP=JPO;}; 

}while(I<=100); 
//KOHe~ ~KJia no TOKY 
//3~eCb 3aKpNBa.IOTCH ~aibn,i 

fclose(cvc); 
if(time_dep==1){fclose(vt);} 

} 

• if (currents==!){ 
fclose(fls); 
fclose(flqp); 
fclose(fldisp); 
fclose(flsum); 

// y~aneHHe ~aMH~ecKHx nepeMeHmix 
delete[] P1; delete[] V1; delete[] 
delete [] P2; delete[] V2; delete[] 
delete [] P3; delete[] V3; 
delete[] P4; delete[] V4; 

ph; delete [] V; 
dphx; delete (] dphxx; 

•. , ' t, 

delete []Is; delete []Iqp; delete []Idisp; 
delete []VO; 
return(O); 

'\ ., 


