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B CHCTeMaX nHTaHHJI «<!H3H'IeCKHX YCTaHOBOK B nocne~Hee 
BpeMJI HaXO~JIT npHMeHeHHe BhlnpJIMHTeJIH C KOM6HHHpOBaH

HbiM perynHpoBaHHeM /l- 4/. bJIOK-cXeMbl ~BYX BapHaHTOB 

TaKHX BblnpJIMHTeJie:ii noKa3aHbl Ha puc. 1, a H 6. fipe~cTaB
JieHHble J~ecL npeo6pa3oBaTeJILHble ycTaHOBKH co~ep)f(aT 
nonynpoBO~HHKOBble ynpaBJIJieMble BblnpJIMHTeJIH C «<!aJOBbiM 

ynpaBJieHHeM H nonynpOBO~HHKOBble BJ>IDpJIMHTeJIH C ~HCKpeT
HLIM peryJIHpOBaHHeM HanpJI)f(eHHJI/S/, 

B ycTaHoaKe, BLIDOJIHeHHoii no 6noK-cxeMe puc. 1a, 
ynpaBJIJieMbiH BblnpJIMHTeJIL pa6oTaeT B BLIDpJIMHTeJILHOM 

pe)f(HMe BO BCeM ~HanaJOHe peryJIHpOBaHHJI BblnpJIMJieHHOro 

HanpJI)f(eHHJI. Bo BTopoii ycTaHOBKe /puc. 16/ ynpaanJieMbl:ii 

BblnpJIMHTeJIL pa6oTaeT KaK B BblnpJIMHTeJILHOM, TaK •H B 

HHBepTOpHOM pe)f(HMaX. 

KoM6HHHpoaauuoe perynupoaauue noJaon•eT cymecT

aeuuo nOBbiCHTL K03«1l«llH~HeHT MO~OCTH BblnpJIMHTeJILHOB 

YCTaHOBKH H CHH3HTL K03«1l«llH~HeHT nyJILCa~HH BblnpJIMJieH

HOrO HanpJI)f(eHH. /no cpaBHeHHIO C 06LI'IHbiM «<!a30BLIM 

ynpaaneHHeM npu wupoKoM ~HanaJoHe perynupoaaHHJI/. Qqe

BH~HbiM He~OCTaTKOM BblnpJIMHTeJie:ii C KOM6HHHpOBaHHLIM 

peryJIHpOBaHHeM JIBJIJieTCJI yBeJIH'IeHHe KOJIH'IeCTBa CHJIOBLIX 

3JieMeHToa H CBJI3auuoe c 3THM ycJIO)f(HeHHe KOHCTPYK~HH 
TaKHX BblnpJIMHTeJieit. 

A r....r-r..,....'l 
~-,::;;t::±=L, 

a 5 

Puc. 1. liAoK- cxeMbl BblnPJIMU1/JeAbHbiX yc11faHoeoK c KOM-
6uHupoeaHHbiM pezyAupoeaHUeM HanpJIJICeHuJI. B1- BblnPJIMu-
1/JeAb c ~30BbiM ynpaeAeHueM, B2- ebmp.RMU1/JeAb c c)ucKpe11J
HbiM pezyAupoeaHueM. 
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3HepreTHqecKHe llOKaJaTenH H K03~HUHeHT nynLCaUHH 

gangroTcg aa~HeHWHMH napaMeTpaMH np~o6pa3oBaTenLHhlX 

ycTaHoBoK. Onpe.nenHM 3TH napaMeTphl ,nng KOHKpeTHOH cxe

Mhl, noKaJaHHOH Ha puc. 2, npH cne.nyroli(HX .nonyiUeHHgx: 

.6. BC 

Puc. 2. JipUHI-IUnuaAbHQJI cxe.Ma 6blnPJIMumeAJI c rco.M6uHu
poeaHHbiM pezyAupoeaHueM HanpRJICeHUJI. 

KY - KOMMymaijuoHHoe ycmpoucmeo. 
JipuMe'laHue: noOKA10'leHue aHooa eeHmUAJI B0 K mo'lKaM 

1 UAU 2 no360AJiempeaAu3oeamb coomeemcmeeHHO 6Aorc- cxeMbr 
1a u 16. 

a/ TOK HarpyJKH H,neanLHO crna~eH (x d = = ) , 
6/ npo,non~HTenhHOCTh KOMMyTaUHH paBHa HYniD (y = 0), 

B/ HH.IJ;YKTHBHOe COllpOTHBneHHe XQ llHTaiDII(eH CeTH He3Ha

qHTenhHO H B3aHMOBnHgHHg Me~,ny CeKUHgMH ycTpOHCTBa 

MO~HO He yqHThiBaTh, 

r/ ~OpMa Hanpg~eHHg llHTaiDII(eH CeTH 6nH3Ka K CHHYCOH

,nanhHOH, 

,nj aKTHBHhle COllpOTHBneHHg npeHe6pe~HMO Manhl. 

)J;ng pacqeTa HHTepecyiDIUHX Hac napaMeTpoa aocnonL-

3 yeMcg cooTHomeHHgMH I 6, 7 I: 

4 

.., 

v = I/lc, cos¢= I 1aii
1 

X= vcos¢, q = Um61Ud. 
/1/ 

J,nech X - K03~HUHeHT MOII(HOCTH, v - K03~HIJ;HeHT HCKa

~eHHH, q - K03~H:o;HeHT nynLcauHH, I c - .neacTByroiUee 

3HaqeHHe HeCHHYCOH,nanhHOrO TOKa, llOTpe6ngeMoro YCTa

HOBKOH H3 ceTH, I1 - ,IJ;eHCTBYIDIUee 3HaqeHHe nepBOH rap

MOHHKH 3TOrO TOKa, I 1 a - aKTHBHag COCTaangroli(ag no

Tpe6ngeMoro TOKa, U m6 - aMnnHTy,na illeCTOH rapMOHHKH 

BhlnpgMneHHOro Hanpg~eHHg, U d - llOCTOgHHag COCTaangro

II(ag BhlnpgMneHHoro Hanpg~eHHg. 

)J;eHCTBYIDIUee 3HaqeHHe TOKa 6y,neM onpe,nengTh H3 co
OTHOilleHHg 17 I 

1 277 2 
I = v - f i de, 
c 277 0 c /2/ 

a ,nng Ollpe,neneHHg I1 H Um6 BOCllOnLJyeMcg ~OpMynaMH 
,nng K03~HIJ;HeHTOB paJno~eHHg «J»yphe IB/, 

HccAeooeaHue ycmaHoercu, eblnOAHeHHou 
no 6Aorc- cxe.Me puc. 1a 

Ha puc. 3 npHae.u;eHhl apeMeHHhle .u;HarpaMMhl TOKa 

/~a3HOro/, llOTpe6ngeMoro 3TOH ycTaHOBKOH, ,nng HeKOTO

phlX 3HaqeHHH yrnoB perynHpOBaHHg a.floTpe6nge~hlH TOK 

BBnBeTCB CYMMOH .IJ;BYX TOKOB: TOKa BhlllpBMHTenB C ~aJo
BhlM ynpaaneHHe~ iy H TOKa BhlllpBMHTeng C ,IJ;HCKpeTHhlM 
perynHpoaaHHeM 1 A. 

)J;eHCTBYIDIUee 3HaqeHHe nepBOH rapMOHHKH llOTpe6nBe
MOrO TOKa paBHO: 

v' 6 --------
I1 = -

77
- vi£+ I~ + 21AIY cosa /3/ 

npH HJMeHeHHH yrna perynHpoaaHHB a anpe.nenax O.:s;a.:s;00° 
H 
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v 6 -;----;--------;-;;--:z--
Il= -;;_-vi!\+ 4Uy+ ILIIY)cos <6 + 2! 

.IJ;JIJI 60°::; a ::; 120°. 

ic 

~~~--~--~--~ 

I I -., ' I ' U1 - ~t I I • ~ 

/4/ 

Puc. 3. BpeM.eHHbJe ouazpaMMbJ {/Ja3Hozo moKa, nompe6A.Jfe
Mozo ycmaHoeKoil no 6AoK- cxeMe la. 

AKTHBHaJI cocTaBJIJIIOw;aJI noTpe6JIJieMoro ToKa paana: 

v6 
I1 a = --<ILl + I,1 cosa) 

7T ,) 
/5/ 

npH 0 <a < 60° H 

J6 . 
I
1 

= -- [ I + 21 cos 2 (E. + ~) ] 
a TT L\ Y 6 2 

/6/ 

npH 60° :S a 5: 120° . 

6 

,lJ;eifcTBYIOw;ee 3HaqenHe noTpe6nJieMoro ToKa I c onpe
.IJ;eJIHM no l!>opMyne /2/: 

= v 3
2 

vi 2 + I 2 + I I <2- 3~) 
c A Y AY 17 /7/ 

npH 0 < a !: 000 H 

-- -----------------
I c = v ; vI~+ (I~+ I AI y )(2- 3 : ) /8/ 

npH 60°::;: aS 120°. 

Jnaqe~HJI TOKOB IJ1 H Iy MoryT 6LITL onpe.IJ;eJieHLI H3 co
OTHOWeHHH: 

I A = nA I d , )=nyid, /9/ 

3.IJ;eCb I d - BLinpnmeHHLIB TOK, nA = u~ I ul 'ny ~ l12y I u I
K03~HI.{HeHTLI TpaHcl!>opMai.{HH, U I - HanpJI)I(eHHe, npHiimKeH

noe K nepaHqHLIM o6MOTKaM, U21~ , l12y - BTOpHqHLJe na

npJIJKeHHJI COOTBeTCTBYIOUJ;HX TpaHcl!>opMa TOpOB. 

H3 COOTHOWeHHB /1/, C yqeTOM /3/7/9/, DOJiyqHM 

v ....;! V n ~ + n~ + 2nLI,_"_..y_co_s_a 
17 n2+ n2+ n n (2-3_g_) 

Ll Y A Y TT 

/10/ 

cos¢= 
nA + ny COS a 

/11/ 

y n 2 + n 2 + 2n n cos a 
A y .Q y 

X 
3 nLI + nycosa 

/12/ 
1T 

y n 2 + n 2 + n n (2 - 3E..) 
Ll y Ll y 1T 

npH O_:s::a -:;_60° H 
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v = 

n 2 + 4(n 2 + n n )cos2 (E.+.!!.) 
3 A YAY 6 2 -v------· /13/ 
1T 

2 2 a ) 
nA + <ny + nAnY)(2- 3-; 

nA + 2nycos
2
< ~ + ~) 

cos¢= /14/ 

y n 2 + 4(n 2 + n n ) cos 2<
6
" + a

2 
) 

A Y A Y 

3 
nA + 2nycos 

2<~ + ; ) 

X /15/ 
1T 

y n X + (n ~ + nAn y )(2 - 3 a
17 

) 

npu 60°::;; a :;. 120°. 

Bwnp11Mneuuoe uanp11)KeHue u d paBHO cyMMe uanp11)KeHHii 
U d)]. H UdY. ,BpeMeHHLie ~HarpaMMLI KOTOpLIX npe~CTaBneHLI 
Ha puc. ':4 ~nJJ Tpex 3HalfeHBH yrna perynupoBaHH11 a. IJpH 

L-...-..4-----+-----+---- {} 

oe=0° I 1\ 1\ I\ .. t} I I 

Puc. 4. BpeMeHHble c)uazpaMMbl Hanp.RJICeHuii 
ycmaHoeKu no 6AoK- cxeMe la. 

8 

u d;'\ u ud y OA.R 

• 

yKa3aHHOM BLI6ope uaqana Koop~HHaT W,O ') aMnnuTy~a wee
Toii rapMOHBKB ua Bhlxo~e BLinpJJMHTemi c ~BcKpeTHbiM 
perynupoBaHHeM paBua/7/ 

Um 611 = 2UdA /35. 
/16/ 

AMnnHTY~LI KOCBHYCOH~anLHOH (U~6y) H CBHYCOH~anL-
HOH (U ~6 y ) COCTaBnJIJOIQHX WeCTOH rapMOHBKB Ha BLIXO~e 
BLIITP11MHTeng C c1Ja30BLIM ynpaBneHBeM MOryT 6LITL onpe-
~eneHLI H3 COOTHOWeHBH: 

1T 
- + a 

6 6 
U' = - J u dy cos60 dO, m6y 1T 

- li +a 
6 

/17/ 

!!. + a 

U" = &_ 
6 

J udysin60d6 m6y TT 

-!!.+a 
6 

/18/ 

npu 0 ~a ~60°u 

!!. 

U' 6 2 

m6y -- J 
17 

u dy cos66 dO, 1T 
a- -

/19/ 

6 
!1. 

U" - 6 
2 

m6y - -; J udy sin (X) de /20/ 
a-!!. 

6 

npu 60° < a < 120 ° • 

Ilo~cTaBHB B /17/7/20/ 3Haqeuue udy= y16 u
2
ycos0, nony-

'IBM: 

u~6y 

U" 
m6y 

udyo 
---- (7 cos 5z - 5cos 7a), 

35 

Udyo 
--- (7 sin 5a - ;) sin 7 a) 

35 

npu 0 <a < 60'11 

/21/ 

/22/ 
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c~6y 

u . 

3~
0 

l7[1-sin5(a- ~)] -5[1 + sin7(a- ~ )] l, /23/ 

U" 
m6y 

llclyo 
----[7 cos 5 (a - ~) + 5 cos 7 (a-~)] 

35 6 6 
/24/ 

npH 60° $a~ 120°, rAe U clyO - llOCTOJIHHaJI COCTaBnJIIOJ.UaJI 
BblllpJIMneHHOrO HanpJI:>KeHHJI Ha BbiXOAe BblllpJIMHTenJI C dJa-
30BbiM ynpaaneuueM npu a=, 0. 

AMnnHTYAa WeCTOH rapMOHHKH Ha BbiXOAe BblllpJIMHTenb
HOH ycTaHOBKH c KoM6HHHpoaaHHhiM perynupoaauueM paaua: 

U m6 ~- V (U mfiA + U~6y ) 
2 

+ <U;~6y )2 /25/ 

IloCTOJIHHaJI COCTaBnJIIOJ.UaJI BblllpJIMneHHOrO HanpJI:>KeHHJI 

paaua: 

t:cl = UclA + UdyO cosa 

npu ~a:::60"u 

Ucl =UclA+ 2U rly 0 cos
2 (~ + ; ) 

npu 60° 'S_ a _:::: 12~r Ae 

u - 3y' 6 
dA- ---n U 

TT A l ' 

3J6 
Udyo = -rr---nyU l 

/26/ 

/27/ 

/28/ 

lb COOTBeTCTBYIOJ.Uero COOTHOWeHHJI /1/, C yqeTOM /21/7 
7/28/, nony'IHM: 

10 

I 
1 

J 

1 

q = 2[n~ + nAnY (7cos 5a - 5cos 7a) + 

2 l/2 
+ 0,5ny(37- 35cos2a)] /35(n A+ ny cosa) 

npu 0 ~aS00° u 

q = 21 (nA+ ny> 2 + 0,5n~[37 + 35cos2(a- ~ )] -

- ny(nA+nyH7sin5(a-;)+ 

TT l /2 2 TT a 
1 5sin7(a-

6
)11 /35[nA+ 2nycos (6+ 2)] 

npH 00°,S a$ 120°. 

/29/ 

/30/ 

IlpH KOM6HHHpOBaHHOM perynupoBaHHH '!aCTO peanH3y
eTCJI cneAYIOIUHH pe:>KHM pa6oThi 121. BhmpJIMHTenb c AHc
KpeTHbiM perynupoaauueM BblnpJIMneuuoro uanpJI:>KeHHJI 
o6ecnequaaeT cTyneuqaToe H3Meueuue aenH'IHHbl BbiXOAHoro 
uanpJI:>KeHHJI c 3aAaHHbiM 3Ha'leHHeM mara U rls I ll ds -

cpeAnee 3Ha'leHHe aenH'IHHbi mara/; npu 3TOM BhiXOAHoe 
HallpJI:>KeHHe MO:>KeT npHHHMaTb 3Ha'leHHJI 

U l" = iU 1 , 
( f~ ( s 

/31/ 

rAe i = 0,1,2,3 ... , npeAenhHoe MaKcHManbuoe 3Ha'leuue 
i paBHO 211 - 1 In - 'IHCno ceKUHH BblllPJIMHTenJI c AHC
KpeTHbiM perynupoaauueM/. Ilnaauoe perynupoaauue uanpJI
:>KeHHJI B HHTepaanax Me:>KAY AHCKpeTHbiMH . 3Ha'leHHJIMH 
o6ecnequaaeTcJI c noMOJ.UbiO ynpaanJieMoro BblnpJIMHTenJI, 
llOCTOJIHHaJI COCTaBnJIIOJ.UaJI HallpJI:>KeHHJI Ha 3a:>KHMaX KOTO

poro paaua 

udy = u clyo f(u) • 

HanpJI:>Keuue ua uarpy3Ke U d paauo 

lJd ~ uds [i + kf(a)] ' /32/ 

rAe k = UclyO I lJ ds • 

Benuquua U clyo Bbl6upaeTcJI 6onbme cpeAHero 3Ha'leHHJI Be
nH'IHHbl mara Uds• 'IT06bl o6ecne'IHTb ua.u.e:>KHoe nepeKpbiTHe 
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/6e3 "npoaanoa"/ acero ~HanaJoHa perynupoaaHHR HanpR
)KeHHR. 

)J;nR paCCMOTpeHHOrO pe)KHMa pery.J'IupoBaHHR H3 /10/:
:-/15/, /29/, /30/, c yqeTOM /31/ H /32/, nonyqaeM: 

v = l_ v' i 
2 

+ k 
2 

+ 2ik cos a 
TT 

i 2 + k 2 + ik (2 - 3 .Q_) 
TT 

cos¢= 1 + k cosa 
--------

y'i 
2 

+ k
2 

+ 2ik cosa 

X 
3 1 + k cosa 

TT 

y'i 2 + k 2 +ik(2-3~) 
TT 

q = 2[i
2 

+ ik(7cos5a- 5cos7a) + 

2 l/2 . + 0,5k (37 - 35cos 2a)] I 35(1 + k cos a) 

npu 0 S a ~ 60° u 

v 

cos¢ 

X 

~v' 
TT 

i 
2 

+ 4(k 
2 

+ ik) cos 2< ~ + ~ ) 

i 2 + (k 
2 

+ ik )(2 - 3 £..) 
TT 

i + 2 k cos 
2 

( 6 + 2 ) 

v' i 2 
+ 4 (k 2 + ik ) cos 2 (~ + ~ ) 

3 1 + 2k cos 2<i + 2- ) 

/33/ 

/34/ 

/35/ 

/36/ 

/37/ 

/38/ 

I 

I 
I 

j 

I 

q 2l<i+k) 2 +0,5k 2 [37 + 35cos2(a- ~)]-

- k (i + k )[ 7 sin 5( n - ; ) + /40/ 

1/2 2 
+ 5sin7(a- .E..)]! /35[i+ 2kcos (.E..+ .!!.)] 

6 6 2 

npu 600 ~a ~ 1200. 
Ha puc. 5,6 npuae~eHLI rpa!IJHKH 3aBHCHMOCTeil v , 

cos¢, x. q ,aLiqucneHHLie no <l>opMynaM /33/7/40/ ~nR 
HeCKOnbKHX 3HaqeHHH i H k · 

HccAeooeaHue ycmaH08KU, 8blnOAHeHHOU 
no 6AoK- cxeMe puc. 16 

BpeMeHHbie ~uarpaMMhi noTpe6nReMoro /<l>a3Horo/ TOKa 
i" npuae~eHbi Ha puc. 7, a Ha puc. 8- apeMeHHLie ~uarpaMMLI 
HanpR)KeHHH Ud).l, H Udy· )J;nR pe)KHMa perynHpOBaHHR, OITHCLI
BaeMOrO COOTHOUieHHeM /32/, nonyqeHLI cne~yroll.{He Bhlpa
)KeHHR ,D.nR HHTepeCylOII.{HX HaC napaMeTpOB ycTaHOBKH: 

v = l_ v' i 2 + k 
2 + 2ik cos a 

TT i 2+ k 2 + ik (2- 3~) 
/41/ 

TT 

npu 0 S aS 60°, 

-
3 

v =- v' . 2 k 2 2"k 1 + + 1 cosa /42/ 
TT 

i 2+ k 2 + 3ik (1- 2~) 
TT 

npu 60° ~a s_ 120°, 

----
3 

v = -v' i 2+ k 2 + 2ikcosa /43/ 
TT i 2 + k 2 + ik ( 1 - 3 £..) 

• vi, +(k, + ik)(2 - 3:) I 13 

1 12 , 

'L. I 

/39/ TT 

npu 120° < a < 180° · - - ' 

·. ~---------



-y 
r-

0.95 

0.9 

0.85 Ud 
0.8 

L_____j 
lt---+----2 3 ~--4 UcJs 

...l...__. 

COSP r--
0.95 

0.9 

0.85 Ud 
3 4 ud, 

Puc. 5. 3aeucuMocmu ti u cos¢oAR ycmaHoeKu no 6AoK- cxeMe 
la. 

0.6 

0.5 

0.4 

x,q. 

0.31 I 
4 

T' 

1 

' ~ I. I j 

2 Ud/Uds 
Puc. 6. 3aeucuMocmu x u q OAR ycmaHoeKu no 6AoK- cxeMe 
la. 

14 

I 
' I 
' ~ 
! 

+ 

lc 

I I I I I .. _(L 
I I U 

1 r ==1 oc.=
90

o I . ::r----· .,. 

I I= 
---, r== 0( = 120° 

- --.,. 
I r== I q 0(. = 1500 

I I I I _Q. -u 

Puc. 7. BpeMeHHble ouazpaMMbl (Ja3Hozo moKa, nompe6ARe
Mozo ycmaHoeKorl no 6AoK- cxeMe 16. 

COS¢ onpe,nenJieTCJI H3 COOTHOUieHHJI /34/ llpH 0 :S a S 180'; 

3 i + k cosa 
X 

TT /44/ 
v i 2 + k 2 + ik (2 - 3 ~) 

TT 

npu 0 ::; a.:.._~ 60° , 

3 i + k cosa 
/45/ )( 

TT 

vi 2+ k 2 + 3 ik (1- 2.!!..) 
TT 

npu 60° ~a::; 120°, 
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X 
3 i + k cosa 
TT 

vi 
2 
+ k 2 + ik (1 - 3E...) 

TT 

/46/ 1.0 

0.95 

0.9 

'V 

n ---- ...... ,, ~ -- i .,,.,.. 
I k=1 -

npu 1ID
0 

_:::a_::: 180 ° ; 0.85 
K034xlJBUBeBT nym,caUBH q onpeAenJieTCJI B3 COOTHOWeHBJI 

I 
I 

I / 
_11../A-k =1,5 

ud 
/36/ so seeM ABana3oHe B3MeHeHHJI yrna perynuposaHBJI 0.8 
(0 ::; a -:;_ 180° ) . 

1 2 ~ 4 Uds 

udA 
o· 

oc=Oo 

o· a· 

---+----+---19-

\cx=108o 
\ 
\ 
\ 
\ 

I \1 \1 1\ I 1\ 1\ .. tJ 

Puc. 8. BpeMeHHble ouazpaMMbl HanpJIJICeHUU u d).l, u u dy OAJI 
ycmaHoeKu no 6AoK- cxeMe 16. 

Ha puc. 9,10 npuBeAeHbl rpaciJuKB 3aBHCBMOCTeii v , 
COS cP , X , q , Bbi'IBCITeHHLie no ciJopMynaM /34/, /36/, 
/41/-:-/46/ AITJI HeCKOITLKBX 3Ha'leHBH i B k. 

ABTOp 6naroAapBT JI.H.HBaHHBKOBY, BLIITOITHBBWYIO pac
'leTbl Ha 3BM "Haupu-2" B OKa3aBwyro 60ITLWYIO llOMO~L 
npB ociJopMneHBB PYKOUBCH. 

16 

l 

~ 

1.0 

0.95 

0.9 

coss> 

' I '/ / ', 

~/ / ./k=1 
// 

~:A::!~---~ 

~ 
.......... 

,...,. ..... 

Ud 0.85 
0.8 1 I /2 3 4 Ud~ 

Puc. 9. 3aeucu.Mocmu v u cos¢ OAJI ycmaHoeKu no 6AoK- cxe
Me 16. 

0.9 ------ I I /l_,- ... . 
0.8 x~,z .... r ~k=1.5 I 

0.7~=~rs-~-~~--~--~~-, 
o.6L_.JeC:_,~--+-----t----, 0.5 

~~~~-+----t---1 o.4L_LL-=:~~~±---r-~~~ 0.3 I, Af"" 

0 1 

Puc. 10. 3aeucuMocmu x u q 
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