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Puguwhunyt) Ei dbnwunuupunndui gnpépipuugh hhdtwljwt ophtiwswithnipiniiipn
Jupjwsé nkjuninghwljut yupwdtnpkphg, npnig oyyunhdwjugnidp juwnwpyby k thnpdh
dwpbdwnhjujut yywbwnpdub b wpyniupubph dpwldwi dkpngny: 8nyg k wipyk), np
dbnwnuuyundwb oghpdwunhdwuh, ninnmpjui b NH«Cl-h pwtwlnipjut dkdugdwu
nhypnid mbnh £ niubunud dbnwunuuyungws wpdwunughtt hwnhlh swsynyph hwuwnnt-
put b wdpnipjub 1,5...2,0 wiqud dkdwgnid: Munidbwuhpyl] Bu swsynyph dwquyhte
Junnigdwspp b tpw thnjuwqpbgnipniup juwyuwlguiyniph htwn: Pugwhwndby k, np
«quuuljguiynip-swsnyp» nwhdwiunid nbnh b niutbund dbnwnubkph nhyniqhw, wuu-
hnytny vwhdwbwyhtt $wqbph dhol nidln Yuy, npp hwighgunid E juwwlyguiyniph dh-
ongny wdwutnuyhtt hwnhlukph prunqujunipjut Ukbugdw:

Unwbgpuyhl punkp. wipdwunughtt hwinhly, hwingkbughtt dhowduyp, ynipunbnu-
thnpunipnil, Uknunuuywwnnd, swsynyp, juyulguiynip, gnpshp, wupnipnil, duwpw-
Juyniunipinil, Uhipnjunnigdusp:

Lhpwsmipinih. Zuywuinwith Zwbpuwybnnipjub pugbkppp hwpniun £ wnwp-
pip wbkuwlh ohttwpwpwluwt pwupkpny, npntg wpynibwhwinudp b dowlnudp
hhdtwmjuwunid hpwjwbwugynd £ wjdwunwghtt gnpshpubtpny: putg ubpljujwug-
Ynn wwhwbettpl Eu' pupdp wpunugpnnuljutnipniip, ognnugnpsdwb wpynt-
twybnnmpiniup, hntuwhnipmiup b juyniunipniup: Niunh tipdws gquhwbebpp
puupunnr unp gnpshpubph unbindnudp jphun wpphwlwt juunhp b

Uwpp dwdjdw b hbnnwgqu wingnpdwt tnuwbwlngy ywnpwuwngnny gnp-
Shputiph' wjdwuwnuwhtt hwnphljubpp wuwhny hwnlnipmniup hhdtwuwinid uju-
Juwd k ohududph dundjdwt gnpdplipugnid juywlguiynipn juqunn thnont dhen-
gny wjdwunughtt hwnhlubph oppwubndwi wunmhfuhg: Whwn, thnpp swljnun-
JEunipnit wywhnynn dwdinidt wywhnymd b opowubnddwt pupdp wuwnh-
Swl, hul] wyu Enubulny yuwunpwunws gnpshpubpp gnigupbpnid Eu pupdp dw-
owljuyniunipinit: Gnpshpnid wpdwuwnuyhtt hwnplubph wdpugdwt wpynibw-
Jhtnnmipjut pupdpugdut hwdwp ngpup bwpuopnp whwp b Gupwpydt dbwnw-
nuuuwwndwi, npp htwpunpnipnit juw pupdpugub] ny vhuyth wjdwunh hw-
wnhih wdpnipniup, wy bwb unbndt] wdnip dhounibynyughtt jud phdhului
Juybp wdwunwghtt hwinhljubph b juywlguiyniph dholi: fugh Jtpp upywshg,
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Juyuwlhguiympht tkpuyugynid E twb dh owwn Jupbnp yuwhwby. wjt whwp &
1hth hiptwupynn, wyupbtipli’ yhkwnp E dwoyh wihpudhion dudwbwlht b gnpshph
wojuwnwtpuwyhtt dwlkplinypmd qutynn dwpdws (ppugwsd) widwuwnwht hw-
wnhlukpht htwpwynpnipmnit nw yalyknt b hknpwbwnt gnpshphg: Uhwdwdw-
twly, juyulguiynph dwpdwt pupwugpnid tnp hwnhljubpp ujunid i pugdt b
dwntl] wouwnwiph dke: Yuuulguiymiph wdpwugung b huptiwupynn hwnlne-
pintuutpnh £how hwpwpkpulgnmipjudp b qupdwiwdnpjws L wpdwunwhtt gnp-
Shph wpynitwybn wohwnwpn: Ujdwuwnuwght gnpshph huptwupynn huwwnlyni-
pintup wuydwbwdnpjws b juyulguiynmiph bhqhjudbjuwihjuljut hwnlne-
pintuubtpny b Yupqus k dowljyny yniph hwnhjuyunipiniithg: buptiwupynn hun-
nipinibp punipugpymd E dwpdwbt wunhgdwng. npput uks | juyuljguyniph
dwpnidp, wynput wybh quy b pupwinid huptwupdwb qnpéplpwugn: Quuyws
npui, yhwnp k juntuuthl] wjpdwunwght hwnhubkph htnkuupy ynlynidhg, b dwy-
dwtt wunmhdwp ywhwp k ik npnpwjh vwhdwt: Pupudywljdut dudwtuy
wjdwunuwhtt gnpshph juyulguiyniph dwonidt wyipwt jupiqus sk npu wd-
nnipjutt hwnynipniiubphg, nppwtt updpnipniihg: Uyt nhwypnwd, Epp ghunwpl-
Ynud Lt punuppnipjudp dhdjutg Unin juyulguiynmipbp, wyw npybu dwow-
juyniunipyut wnwyl) opjijinhy quwhwwnwlwb jupbh b pugniul] upbdpne-
pjut gniguithop, ophiml)” nddwpwhuwy) juwywlguniptpnh nhuypnud:

Biukny Jtpnhhojuiihg, wojumwnwph bywinwl £ hbnnwgnnk] huynghuw-
1ht dhpwduypnud wpdwunuyhtt hwnhlukph dbnwnuuyuwndwt gnpsptipugp, pw-
guhuwjnt] hhdtwlwb ophtiwswthnmipnitubpl nt wnwbdtwhwwnlnipmiutbpp b
nuwnnt] oyyunnhdw) nkdhdubp:

unph npuspp b vkpnnhljugh hhdtwgnpoudp. Lipuynidu gnjnipinit niuku
wjdwunughtt hwnhljubpny Yndynqhunughtt nipbph uvnugdwt puqiuphy nkh-
uninghwkp, npnig hhdtwljwt phpnipmniup ndynghunid wdwunughtt hwnhy-
ubtph ny wpynibwybn ogquuugnpsnidu b Updwuwnp, hubny skqnp ymip, widwu-
nudbnuwnulijut §ndynghnibph juyulguiymptpnd ywhynd b dhuygte db-
huwthjulwt juwyh dhongny, dhispin wdwuwnuwghtt hwnhlh hntuwh yuwhdwb
b wpynitwybn ogunugnpsdwt hwdwp nu pudupup sk Uju bplngpp tdwqbg-
uknt jud puguntint bywwnwlng wdwunuwhtt hwnhlubpp btwjuopnp whwp &
Eupwplykt dbnwnuuuwundwy, npp htwpwynpnipmt juuw pwpdpugiub] ng
Uhwyt wpdwunh hwwnhh wdpnipniiup, wy twb vnkndt] wdnip juy wdwunw-
jht hwwnpljukph b juyulguiyniph dhel:

Utnunuljul juyulguiyniptpn] wdwuwnuwhtt gnpshputiph guwnpuwun-
dwlt gnnipinit niikignn dkpnputpt G’ qujubulub, wyjuquuyghl, thnpkgpdwl,
Antjdwt b thnpbdbunuwnipghwujut Enuwtwlutpp: @notdbinwninghuygh dbpngp, h
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nwnppbpmipinit Yniu dbpngubph, htwpwynpnipinit E wnwihu Yhpunt] wyjtyhup
Yndwynghwtbp, npnup vhdjutg hkwn sk dnydnud, ophtwly® Ynidpwdh Yupphnp b
wnhtdp: Ukpnnp tbpupmd b dbnwnuiwt thnphtubph b wjdwunp jpwntnidp,
npuig hwdwwnbny dwdinuip b hbnwqu Epuljunudp: vuntinudp htwpwynpnt-
pintt £ nnwhu Yupnn gnpShph wpuwnwipughtt obpinh wdpnne swdujnid nnbknu-
puohul] wdwutuwghtt hwnhljubpp, dudinudp’ unnwtug gonpshph wthpwdtown
alip, hulj Enwljunudp® htnnily $uquyhtt tnwudwt dhongny qnpshphtt tnuy wi-
hpwdton wdpnipmit: Yuyulguiynipptt wdpuginid b ywhnd bu wjdwunw-
jht hwnpljubpp dpwlnn gnpshph wouwwnwiipuyhti oipninud, puy npond, wjdwu-
wnuyhtt gnpshph wpltwnnibiwlnipniip hhdtwljwind jupudws E juwyuljguiyniph
hwwnynipnitutphg, npnup phnpymd B jujudus dowljynn ymiph hwwnynipe-
mmiuubkphg, gnpshph wnhyhg b wohtwwnwtpwyh nkdhdubtphg:

Ujdwunh hwnhljutph dbnnwnuuyuwnnidt wyywhnynid E dh pwuapp npuljub
hwwnynipmitubp. wyt pupdpuginid £ wjdwunwhwnhljh wdpnipniup, tywu-
unid oipUnipjutt wpwq hinwgdwup «dpwlny wpdwwnuyht gnpshp - dpwljyny
ynip» gnuinig, dkdwugimd juwulguiynipnid wpdwunuwghtt hwmnhlh junsdut
nidp, thnppugunid wjdwunuwghtt hwnhlhh gpubhinnugdwms gnpspupugp b wy:
Owslnipuyuwnnng dknwnp gynid E wjdwunught hwinhljnud gnynipni nibk-
gnn dhypndwptph dbe b dbdwgunid wjdwuwnwhtt hwnhlh wdpnipniup [1-3]:
Guud widwuwnwhtt hwnhlubph dwljthohg b hwnhluyunipiniuhg, dbnwnu-
wuwwnidhg htnn nputg wdpmpiniup jupnn b dbdwbwy 1,5..2,0 mbqud: Tw
yuyUwbtwynpjws £ tpwinyg, np wjdwunuwghtt hmnhynid gnynipmnit nmukgnn
wpwwntbph 1gdtnig nt wdpugybinig hkinn wjpdwunughtt hwnhlh Jpu dbnnwnh
otpinh htknwqu wybjugndp tyuunmd E wdpmpjut hwnlnipnibttph dk-
Swugdwtp:

ZEnwgnuinipjwb wpyniupbbpp. Uniputnjwbwlnipjui nhwlghwikph
dbjuwtthquh b Yhubnhuyh dEpnismpiniup, htyybu twb wownwip [2]-nud
pipJws obpdwbwipuswthwljut hbnwgnundwi wpnyniupubpp gnyg Eu wwihu,
np dknunuuuniwb Jpu wqynn hhdtulwb dismpymbibph ' okpuiuunh&win
(T, °C), ywhuwb nlnnnmpiniup (7, pnygk) b NH«Cl-h wupnitwympmniup (G, %): Yw-
nwnyk] £ thnpdh dupbdunhjuljut dnpbjuynpnid [4, 5], npunbn npybtu Ejpuyght
wwpudtnp Yipgyty Edbnumuyungus widwunh swppiwb udpnuppoip op:

Lwutwlul thnpdkph hhdwi Jpu pinpdty b dwpbdwnhjulwub dngl)

b1
op-K (%) -T2 b3 (1)
npunkn K-, bi-p, b— b bs-p wthwjwn gnpdwljhgubp L, npnup whwnp L npnpdbi:
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(1) hwjwuwpnidp (nquiphputiny unwinid kip.
lno'pzan+b11n(%)+bzln'r+b31nC, ?)

¥ =bo + bix2 + bsxs, 3)

npunbn xi-p, x> U x3-p hwdwywnwuejpowbwpwn T-h, 7-h b C-h (nquphpdutpb i

(1) hwjuwuwpnudp jnsknt hwdwp Yhpundby k22 mhwyh tinpdbph juwnwp-
dwb ppulub gnpdpupwug: Un. 14 2-md pipdus kb gnpénubph dwwpnuljubpn,
thnthnjudwh whpnypltpp b gpuig Ynyuyhtt Uksnipnibkpp, huy wr. 3 b 4-md’
wwbwynpdwt dwwnphgp b thnpdbph wpyniupubpp:

Unniuwly 1
Qnpénbibph vwlupnulakpp b hnhnpnful nppnipakpn
Qnpénubph dwjwppuyutpp Onthnjudwi Quihnnuljw-
Qnpénulikp
-1 0 +1 wnhpnypubpp unipiniup
X1 600 700 800 100 °C
x2 15 30 45 15 pnyk
X3 2 4 6 2 %
Ugniuwly 2
Qnpénhbbph dwlupnuakpp b dpubg npuyhl JESnipmnibaakpp
NH4Cl-h
Qnpénli- Uknwnuuyuwndwi dudwbwlwudhongn
wupniiwlnip-
ukpp otpdwunhfuip
jniup
T, °C In%(m) T, pnuyk Lnt (x2) C,% LnC (x3)
Jtpht (+) 800 4,382 45 3,806 6 1,791
uwnnphb(-) 600 4,094 15 2,708 2 0,693
Uhohti (0) 700 4,248 30 3,401 4 1,386

vunhpp (nustnig htwnn npnodty B (1) pwbwdlh wihuwyn ululpuu[hmphp]}‘

o= eP0 Pl xb2 . b3

10258
) . 70,042, (0,107 ,

Op = 2574 . (_
10

0,258
op = 13,118- (110) . 0,042 . (0,107 . @
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Qnpéntbph vhowljuyph jmupupwitsinip Yewnnd, Epynt thnpdbph wpgniup-
utph hhdwt ypw, wpyniupubph gpdwit gdwjtinipinitp npnoyty E hknlbjw) pubiw-
dlny

-3 61 70,) 17 5

npubn y1 U Jupe —p Ubnunuuyungws wpdwunught hwnhh owppiwb dw-
dwbwl] jnipupwignip thnpdh phypnid wdpmpiniup b dhohtt wpdbpubpt B, huly

r-p YpYinjws thapdbph phip:
S2-t pnynp mwppbpulitph (n=9) dhoht pwpwbwub wpdtph E, wyuhlph

pninp gpniudubph dhohtt wpdtipp (pwpnuiwt wdpnipmiup):

n T 2
3= SPnr-D=3L, Y (yi=¥g,) /-1 ©

j=1 j=1
Ugniuwl 3
Pnpdkph wwhun/npiwl dunnphgp b wpyniipblbpp
é é, x1 x2 x3 y
(=] = T, °C
% ‘ﬁa, 5“ § ?E‘ Ung T 4ny T, pnuyk yny | NH«CL Wpljo- Uhohtt
2| 5Z2¢% (in5) () % wpdtp
5| 533 10 ynn thop-
< 5| =g = Ak
E2| 5 &2 P
) 4 87 =
E 5
S
60 15 2 429
1 - - - 45,3
16 (4,094) (2,708) 0,693) | 477
2 80 15 2 45,7
2 + - - 48,5
15 (4,382) (2,708) 0693) | 513
3 60 45 2 45,0
3 - + - 47,3
14 (4,094) (3,806) 0,693) | 496
4 80 45 2 47,1
4 + + - 49,8
13 (4,382) (3,806) 0693) | 525
5 60 15 6 47,7
5 - - + 50,1
12 (4,094) (2,708) 1,791) 52,5
6 80 15 6 51,7
6 + - + 54,2
1 (4,382) (2,708) (1,791) 56,7
7 60 45 6 48,7
7 - + + 51,7
10 (4,094) (3,806) a791) | 547
8 80 45 6 53,5
8 + + + 56,4
9 (4,382) (3,806) a791) | 593
70 30 4 59,7
9 - 0 0 0 62,4
(4,248) (3,401) (1,386) | 651
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®npdbph wpnnitpubpp, npnup htwpudnpmpnit o tuhu npnotnt wthuyn
wuwpuwdbnpbpp, phipdws bu wn. 4-nmud, nphg Eplinad E, np® Zn Sr¥ =12578:
j=1

Ujn nypnid S; = 122'78 = 13,975:

®npatiph hwjuwuwp pwbwynipyudp (r = 2) Yphunipmniuubph nhypnid
gnnudibph inyiwljwinipyniip guwhwnyky k hbnlyu) putwdlng

n
2 __T S _5 )2
SAg T n-m Zj:1(y1[112 ymhu) , (7)
npunkn m-p puquuinudh dnnwplbhnipjut winudubph phyt b hupdws wqun
wtnudp):
Uniniuwly 4
Unnlyh whhuyu wupudbunplph npnonidp
®npd —
npdp Y: Y: Vihe Sr? Yubu (e
hwdwpn Yiabu)?
1 42,9 47,7 45,3 11,52 45,6 0,09
2 45,7 51,3 48,5 15,68 49,1 0,36
3 45,0 49,6 47,3 10,58 47,7 0,16
4 47,1 52,6 49,8 14,58 49,7 0,01
5 47,7 52,5 50,1 11,52 51,3 1,44
6 51,7 56,7 54,2 12,50 55,2 1,00
7 48,7 54,7 51,7 18,10 53,7 4,00
8 53,5 59,3 56,4 16,82 57,9 2,25
9 59,7 65,1 62,4 14,58 52,6 6,04

Utp glypnid (. 4)

n
Z(}_’dpg ~ Vo) = 105,35,

j=1

2 __2 _ .
Skg =5 105,35 =42,14:

Pwbh np S, = S7 (42,14 > 13,975), wygw Ungylijh tnyguoljwibnipymip uinnig-
b1 k F- dhotinh swthwthony, npp pniy E viwjhu uinnigl) hhuynptqh £odwpunnt-
pintup tpyne gpnnudubph dheli:

F=-24-——-3105: 8)

fag=n-m=9-4=5 1 fe=n(r-1)=9-1=9 wipdtiputinh ntwypnid Lounnipjut tuljuppulyp’
nun wnniuwlh, hwjwuwn £ 0,05, mquuunipjutt wunhdwup® Fip=3,43: Luth np
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Fip>F (3,43>3,015), wmyw (4) hwjuwuwpnidp hwdwyuwwnmwupiwinid E jaunph npdws-
pht:

Ouyunhdwjugdwi funpp thnpdtwlut yuwpwdbnpbpp (wn. 3) jug hwdpul-
unid ki hwoJupluyhtt wpmynipubpht b pEpdué G wn. 5, 6 b 7-mud, hisyybu hwb
uly. 1-nud:

Munidbwuhpyly B wpdwunh daykpbingphtt dbinwntk swsynyph dbwdnp-
dwb jhukinhjui: Sipnh Ah hwuwnnipniip npnoyty k pkughtiugpuyght inutwlng,
nnp phpdws E [6] wonwnwbpnid: Ljupwhwinidp juwnwpdl) £ wdunndwn nk-
dhuny DPOH-3,0 uwpph thongny CuKo $hjnnpugung unwquypibpny: Chpnp
hwunnipjut swihdw £onnipmiup muwnwidnwd k +£10%:

Ungniuwly 5
ACI5 dwlipop wplwuwnp wdpnyepul jupnjwényeiniap dbnupuuunndul
okplwunpdwihg
F% 2 Utununuuyuwndwb gkpduwunhgwinp,
<1} vg a Fi' Ta °C
= 3 = =
3|1 5 ¥ =
2| 8 al & &
2| 25| 0 &
Sl 53| 2 & op=(T)
= 7 % | L 600 650 700 750 800
AR
"85 3
S g
0,258
1 15 2 o= 15,8297(%) 45,50 | 46,47 | 47,37 | 48,20 | 49,00
10258
2 45 2 op= 16,577(5) 47,67 | 48,66 | 49,60 | 50,49 | 51,28
0,258
op=17,804(5;)
3 15 6 51,20 | 52,26 | 53,27 | 54,23 | 55,14
10258
4 | 45 6 op= 18,645(5) 53,61 | 54,73 | 55,79 | 56,79 | 57,75
0,258
5 30 4 o 17,552(%) 50,47 | 51,53 | 52,52 | 53,47 | 54,36

Owlnpnipmniu. AC15 duljuhoh wjdwunh twptwjut wdpnipniup (25...30)U
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Unniuwl] 6

ACI5 dullipoh uyduwnnnh wdpnyepul upnjwdnipiniip dbnwunuyunndwl inbnnniyeiniihg

e ° Utnwnuuyuwndwt nbnnnipnibp,
3 L £ op= (1) T, pouyk
2 = 2
=T 558 o=
=3 2,5 e 15,0 22,5 30,0 37,5 45,0
2 g3 O &
= S o
5 | BT E
= 5 B Z 5
= -
= 5 3 =
=3 = 2 =9
g b & 2
Sl oy g
1 600 2 op= 40,629-1002 | 45,52 | 46,30 | 46,86 | 47,30 | 47,67
2 800 2 op=43,759.10042 | 49,03 | 49,87 | 50,48 | 50,95 | 51,34
3 600 6 op=45,697-10042 | 51,20 | 52,08 | 52,71 53,21 | 53,62
4 800 6 op=49,218-1002 | 55,14 | 56,09 | 56,77 | 57,31 | 57,75
5 700 4 op=45,532.10042 | 51,02 | 51,90 | 52,52 | 53,01 | 53,42
Ugyniuwly 7
ACI5 dmljiipop uydwunp widpnipyul upnfuénipiniip NH:«CI-h
wuwpniialnipiniihg
NH4Cl-h wwpniuwlnipiniip, %
3 3
2128 |22 o= 1O
2 2 2 R 2 3 4 5 6
2 | 759| 778
< 5 2°.| 5 2 8
=y 22 E| 2 A S
3 3 oo
= 2 3 g2 5
g 5 & S =
& 5 5 5 5
=) =)
1 600 15 op=42,269-C%17 | 4552 | 47,54 | 49,02 | 50,21 | 50,21
2 800 15 op=45,526- C017 | 49,03 | 51,20 |52,80 | 54,80 |55,14
3 600 45 op=44,265- CO17 | 47,67 | 49,78 |51,34| 52,58 | 53,62
4 800 45 op=47,675- C*17 | 51,34 | 53,62 |55,29 | 56,63 |57,75
5 700 30 op=45,283.C0107 48,77 | 50,93 |52,52| 53,79 |54,85
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Sbpdwunhéwl, °C SunnnienLl, pnut NH, Cl' wuwpnilwnipynll, %

Ul 1. ACI5 dwlithop nnpunwiny dEnunuyunnyws wydwunp widpniyeul
quwprjwénypiniap phplwumnpdwiahg, nlbngnipmniihg b NH:C-p wupniinulnipintihg

NhEuugbwgpuyhtt YEpnisnipjut wpyniuputpp hwdwngpyt) Ea ukppnhhojuy
putwdling [7] uinugqws ndjupikph htn’

Ah = i g - 10% Ul 9
S ) 104y ©)

nputn Prp dbnwnuwyuwindus widwunh qubqust b, gz -l wpdwunp
Junnipyniip, g/, Pa-tt wpdwunh quingusp, gz YEm{E‘ Ubtnunuuyunyws wi-
Uwunh pnnmipynibp, g/ np Ukl jupunnd knws wpdwunwght hwnhlubph
phip, Aww; K-t wpdwunh hwinhlibpn] sujuph qpundusnipyub gnpswlhgp b
Jwu]ws E hwnhlh dihg K=0,2 [8]: Ukl jupunnid qunin]nn wwppkp dwlihoh b
hunhluyunmipjudp widwunuwght hwnhljubph phdp, nptt oguuugnpdyty t hwp-
Juipljubph dudwiwly, pipdws k [9] wohwunwipmd: Uknwunuuyundws wjdwunh
huinnipinitp npnoyk) E hhppnunwwnhly Yondwb dvhongny [10]:

Ujdwunh dwljiplinypht swsynyph wsh Yhubknhljub gnyg Enpdus tly. 2-nud:
Pusytu b vyuuynid tp, dknunuuyundwt mbnnmpjut dkdugnidnyg deswtnid
E otipnh hwunnipmibp: Ywpws okipnh hwunnipniithg inpuynud £ twb wy-
dwuwnh wdpnipiniup: Pusybu Eplnud £ uly. 3-hg, wdktwdks wdpnipniup uinwg-
Ynud £ Ah = 1,0 /f/huunmpjut nhwypnid, nphg hinn wy ujunid | wduqby: Ah-h
wpdtpp juhuwn Juplnp dbdnipnit b Zknbwwybu, tpuing b yguydwiuynpus
Juyulguiynmph dhongny wjdwuwnh hwwnhlh pounpnitwynipniip, wyuhpi'
Ygnpndwt wdpnipniup, hsybu twb gkpdwjuniinipniup: Uju Eplne hwnlne-
piniuubtpp, hsybu twb gwppdwt tjundwdp dbnwunuuyundws wjdwunh wd-
nnipiniun (op) hwdwhp diny punipugpnid B wyjdwuwnwght gnpdhph wphiwwnnt -
twlynipnibin:
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Swoéynigh hwuwnnipnilp Ah, ayyd

Uhnunuuyuundwi whnnympiniup, poyk

Ul 2. Shnwiny JEknunuwunnygws pkpunp hwuwnnippul juujudnipiniian

Ununuwunndul nnhnnpnipntihg

SQuwnniwl wdpnipnibp, L

60

55

40

35

30

05 10 15 20
Clipunh hwuwnm pymtp, i/

Uly. 3. Owdlniph pkpinp hunnnnipyull wqpbkgnipiniip Ti-ny dEnunuyuinygws wjduwunp

wpnipyul ypw

Ubknwnuuywwundws otpnh dbhwdnpdwt Yhubnhljut Yupbkih b ukpuwg-
k) nhwgpudh nkupny (uly. 4), npb wpyk] Enkuwspnn bjnpnuwht dwbpunh-
wnwlny (KEMCKAH-YDB dhypnytpdwiuhyny): buswytu tpunid k nhwgpuidhg, k-
nunuuyundui nhnnnipjut dkbwugnidny dkdwunid k oipnh hwunnipjniup:
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Ul 4. ACI5 dwljipop wydwuinp 400/315 Uil sunhny hunnpyakph npunwing dkunw-
pugunniwé skpunp dbunjnpifwl Jupnfwénipnitp dEnwpuyunlnl whognugeniihg
w —7=30 pnyk, p - =60 pnuyk

Ul 5-nud gnyg E npjuws dbnunquuyundwb jurniguspughtt dkfjuwmthqup:
Pusyytu kpind | uunphg, dknwunuuyundwb jEinpnutbph wnwewgnudp b okpnp
htinnwuqu dbhwynpnidp juunwpynid Eu phnpndh, wyjuhtpt’ ujuynid £ wyiyghup
wmbknuuwubphg, npnbn jut wpwwnubp® ks Fubpquny odndwd mbnudwubp:
Utnunuuyundwub dudwtwl ntnh k ntibunud dwljbpinipughtt wpuwnubph 4k-
npugnid, £knpliph (gnud b wthwppnipniubkph Jepugnd (. 6):

Utnwnuuyuwnqws otpnh dwquyhtt pununpnipniup npnpyty E nkungk-
twqpuyhtt tnubuwyny [11]: Vjwpwhwinidp juunwpdl] £ wjundwn nkdhunyg
DPOH-3,0 uwpph ypw CuKo gunwuquypdudp’ 26-h 259 dhgh 80° Uhowljuypnid: dw-
qtinh YEpswnudp Juunwpyt) k [12] binwntuwghtt nknkjunniht hwdwywnwu-
juwt: Uppyyniupmid’ wupqyly £ np dwslnyph nith hbnlyuw dwquyhtt junnig-
Jusdpp [C] - TiC - (o - Ti):
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Ul 5. ACI5 duljithpp wydunainp 400/315 il sunihny] hunnplakph dwlkplnygph dpipn-
GJunnigywdpp ‘w — Uplsh dkinwnuyunnnidp (x250), p - dknunuyunndwd nhngniypniép
15 pnwk (x 750), q - 30 pnyk (x750),  — 45 pnyk (x250)

Ul 6. ACI5 dullippp 400/315 Ui hunnplip sunh nilbikgnn uydwainh (w) I inpinuiing
(p) vbnunuwyunnyws vwulbphnyph dhipnlunnigyudpn (x300)
Bqpuljugmpini. ®npdh dwpkdwnhjujut yubudnpdwb b wpyniup-
ubkph dpwjdwt dkpnnny gnyg £ mpquws, np dbnwnuyundwb gbpdwunhdwih,
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nbnnmipju b NH«Cl-h putwlnipjut dkbwigniuny wnbtnh E nibikind dbnwnu-
yuunyjws wjdwunughtt hwnhlh swsynyph hwunnipjut b wdpmpjut dbdw-

gnud, pln npnud, dbnwnuuyuwndws wpdwunh hmnhh wdpnipyniup 1,5...2,0 wb-

qud ghipuquiugnid E subnunuuyuundwsh wdpnipjuin: fuguhuwjndb) k, np «juy-
wlguiymp-swsnyp» uwhdwind nbnh £ niukinud dbnwnutph nhdniqhw, wuyw-
hnytny vwhdwbuwghtt wuqbph dhol nidln juwy, npp hwighginid E juwyulgu-
wyniph vhongn] wjdwunwhtt hwinhlubph ppunquljuinipjut dksugdwp:
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C.I'. ATBAJISIH, A.C. ATBAJISIH, H.A. OPJSH, X.B. IOT'OCSIH

HUCCJIEJOBAHHUE ITPOIECCA METAJUVIM3ALNU AJIMA3HBIX YACTHIL]
B I'AJIOTEHCOJEPKAIINX CPEJAX

OrmnpezeneHbl OCHOBHBIE 3aKOHOMEPHOCTH IIPOLIECCa METAIUIU3ALUK B 3aBUCUMOCTH
OT TCXHOJIOT'MYECKUX MMapaMETpPOB. HpOBeHeHa HUX onTUMH3alMA C IIOMOILIBKO MCTOJ0B Ma-
TEMaTHYECKOTO TUIAHWPOBAaHUS U 00pabOTKH pe3ynbTaToB. [lokazaHo, YTO ¢ yBeIHMYEHHEM
TeMIIepaTypbl MeTaJUIM3alMy, JuutenbHocTr 1 KonndectBa NH4Cl B 1,5...2,0 pasa yBenu-
YHMBAIOTCS TOJIIMHA M JOJITOBEYHOCTH AJIMAa3HOTO TOKPHITUS. M3ydeHa ¢azoBas cTpykTypa
TIOKPBITHS U €T0 B3aUMOJEHCTBHE cO cBsA3Koi. OOHapYKeHO, YTO B 30HE “‘CBSI3KA — IMOKPHITHE”
npoucxoauT Iuddy3us MeTaIoB, odeclieynBaromas NPOYHYIO CBI3b MEXAY PAHULAMH
(ha30B, 4TO MPUBOAUT CO CTOPOHBI CBA3KH K YBEIIHMUYCHHIO CUJI JISP)KaHUS AIMAa3HBIX YacTHLI.

Kniouegvie cnosa: anvasHoe 3epHO, TaJOreHHas Cpesia, MaTepHuasonepeMelleHue, Me-
TaJUIN3ALMs, OKPBITHE, CBSI3Ka, MHCTPYMEHT, POYHOCTh, H3HOCOCTOHKOCTD, MUKPOCTPYK-

Typa.

S.G. AGHBALYAN, A.S. AGHBALYAN, N.A. ODYAN, KH.V. POGHOSSYAN

INVESTIGATING THE PROCESS OF METALLIZATION OF DIAMOND
PARTICLES IN HALOGEN-CONTAINING ENVIRONMENT

The main regularities of the metallization process are determined depending on
technological parameters. The optimization is carried out using the method of mathematical
planning and the method of processing the results. It is shown that an increase in the
metallization temperature, the duration and quantity of NH4Cl by a factor of 1.5...2.0, the
thickness and longevity of the diamond coating increase. The phase structure of the coating
and its interaction with the bond are studied. It was found that the diffusion of metals occurs in
the “ligament-coating” zone, providing a strong connection between the boundaries of the
phases, which leads to an increase in the holding forces of diamond particles by the ligament.

Keywords: diamond grain, halogen environment material displacement, metallization,
coating, ligament, tool, durability, wear resistance, microstructure.
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YK 621.316 IJIEKTPOTEXHUKA

K. JABUJISTH, A.TI. MAHYKSTH

PEI'YJIUPYEMBIE TPAHC®OPMATOPBI I''ITYBOKOI'O
BbBICOKOBOJIbTHOI'O BBOJIA

[Noka3aHa BbICOKasi TEXHUKO-3KOHOMHYECKas 3P (HEKTUBHOCTh PEryIHPYEMBIX TPAHC-
(opMaTopoB TIyOOKOTO BEICOKOBOJIBTHOTO BBOJA B pacmlpeneiuTenbHBIX ceTsx 0,4 xB.
Brenpenwne cucreM riry0oKOoro BEICOKOBOJIBTHOTO BBOJA MPEAYCMATPHUBACT CO3IAHUE CITe-
[UATEHBIX OTHO(A3HBIX BHICOKOBOJIBTHBIX MAJIOMOIIHBIX TPAHC(POPMATOPOB JUIS WHAUBU-
JyaJIbHBIX WJIM TPYINHOBBIX MoTpeduteneid. Paspaboranbl criocod M ycTpoicTBO Aist aBToO-
MaTn4eckoro (a3oBOro OBICTPOAEHCTBYIOLIETO PETYJINPOBAHUS ACHCTBYIOUIETO 3HAUYCHHUS
HAIPSOKCHUS Ha BBIXOJE TpaHchopMaTopa, 00eCreunBaIoIie BHICOKYIO TOYHOCTh U ObICT-
ponaeiictBue. Cnoco6 OCHOBaH Ha aBTOMAaTHYECKOM OSCKOHTAaKTHOM MEPEKIIOUEHUN OTIIAeK
TpaHcdopMaTopoB B mpejenax Hoiynepuoia HanpspkeHus cetu. [lokazaHa nenecooOpas-
HOCTh peaJIN3alliyl BEIMIEYKa3aHHBIX CIIOCO0a M YCTpoWcTBa (Pa3oBOrO PETYIMPOBAHUS B
WHIWBUIYANBHBIX TpaHC(HOpMaTOpax rryOOKOT0 BEICOKOBOIBTHOTO BBOJIA.

Knroueevte cnosa: TiryOOKMIA BBICOKOBOJIBTHBIN BBOJ, NEHCTBYIOIIEE HANPSHKEHUE,
(a3oBOe perynmpoBaHie, TAPICTOPHBIH KOMMYTATOP.

BBenenue. CyTb IIyOOKOTO BBICOKOBOJIBTHOTO BBOJA B CHCTEME 3JIEKTPO-
cHa0OKeHUsI 3aKIIFoUaeTcs B cieytomeM. Beicokoe Hanpspkenue 6, 10, 35 wim 110 kB
MOCPEJICTBOM OTIENBbHON JIMHUU diekTponepenayn (JIDIT) mogBogutcst Hemocpen-
CTBEHHO K TIOTPEOUTEII0 U HCIIOIB3YETCSl STUM MTOTpeOHTEeNeM Ha JJAaHHOM Harpsi-
JKEHUH, €CJIH HANPSHKEHUE MOTPEOUTENSI COOTBETCTBYET MOIBEICHHOMY HaIpsikKe-
HUto (00b19HO 6, 10 xB). Ecnu HanpshkeHue MOTpeOUTeNsT HUXKe TOJBEACHHOT0, TO
MCIIOJIBb3YETCs IOTIOJIHUTEIIbHBIA MOHMKAIOLIUI TpaHC(HOPMATOP Ha HANIPSDKEHUE U
MOIITHOCTh JAHHOTO MOTPEOUTENs. DTO COOTBETCTBYET OIPENEICHUI0 TIIyOOKOTO
BBOJIa, U3JI0KEHHOTO B I'ocymapcTBeHHOM cranmapte [1].

[IpumeHeHue rTy00KOTro BBICOKOBOJIBTHOTO BBOJIA TIO3BOJISIET:

- PE3KO COKPATUThH MPOTSHKEHHOCTH JJIEKTPUUECKUX CETeH HU3KOBOIHTHBIM
HaNpsDKEHHUEM, a CIIeI0BaTeIbHO, YMEHBIINTh MOTEPU MOIITHOCTH, SHEPTUH, HaTIpsKe-
HUS B OTUX CeTAX [2];

- 3HAYMTENBHO YMEHBIIUTH TMOTEPH HA MOTPEOUTENTHCKOM HANPSIKECHUH
380/220 B BcnencTBHE HWCKIIOYCHUS HHU3KOBOJIBTHOM paclpelesUTeIbHON CceTH
380/220 B,

- CTaOWIM3WPOBATh HAIPSDKCHUE HA IIMHAX MOTpeOuTenel B OOJbIICH cTe-
TIeHHU, YeM TPH TPaJUIMOHHON CXeMe 3JIeKTPOCHA0KEHWS, BCIESICTBUE MCKITFOUCHUS
MPOTSHKCHHBIX HU3KOBOJIBTHBIX JIMHHM OT TpaHchopMaTopa 10 MOTpeOUTeIs;
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- UCKIIIOYHUTH MPOMEKYTOUYHBIE paclpeAcIuTe/IbHbIE MOACTaHINH, TaK Kak
X (PYHKIIUU BBITIOJHSIOT paclpeAeTuTeNbHbIe YCTPOHCTBA BTOPUIHOTO HAIPsDHKE-
HUS TTyOOKOTO BBOAA;

- OCYIIECTBUTH MUTAHUE XaPAKTEPHBIX TPYIII JIEKTPOIPUEMHUKOB C HEIH-
HEWHBIMH, PE3KONEPEMEHHBIMH, YJapHBIMH HArpy3KaMd OTAEIbHBIMU JIMHUSIMH
HETIOCPEACTBEHHO OT MOJCTAHIMK TITyOOKOTO BBOJA, YTO MO3BOJISET 3HAYUTEIHHO
YMEHBIIUTH BIUSHNE JAHHBIX HATPy30K HAa CHCTEMY JJIEKTPOCHAO0KECHUS W MOBBI-
CUTB Ka4eCTBO JIEKTPUIECCKON sHepruu [3, 4];

- TTOBBICUTH HAJIE)KHOCTh ANEKTPOCHA0KEHUSI BCIIEJICTBUE JICIICHTPATA3AIUH.

I'OCTomMm Ha KayecTBO 3JIEKTPOIHEPTUH [5] YCTaHOBIEHBI JIOMYCTUMBIE OTKJIO-
HEHHs MEIUICHHBIX M3MEHEHWH HampsDKeHUS B “TOUKE IMepedayd AJIEeKTPUUYECKOil
sHeprun” Ha ypoBHE + /(0% OT HOMHHAIBHOTO WJIM HEKOTOPOTO “COTIACOBAaHHOTO”
3HAYEHUs HaNpspKeHus. Takoi MIMpOKUi JOMYyCK OTKIOHEHUH HaNpsKeHHs 00BbeK-
TUBHO JHMKTYETCS TMPUHSATOW CXEMOW 3JEKTPOCHAOKEHUS M MPAKTUYECKOH pealib-
HOCTBIO. B peatbHOCTH HamnpshkeHHe Ha HU3KOBOJIBTHBIX IIIMHAX MTOTPEeOHUTENel 9acTo
OTKJIOHSIETCS B elle OOJbIIeH CTereHH, YeM 3To ycTaHoBineHo CrtannaproM. Takue
W3MEHEHUS] HaIpsDKEHUs, Jake B IomycTHUMbIX CraHmapToM mpeaenax =+/0%,
MPUBOIAT K OOJNBIIMM IOTEPSIM DIICKTPOIHEPTHH M CHIKCHUIO TEXHHYECKUX Xa-
pakTepucTuK norpedurenei [6].

B m3BecTHBIX cxemax TITyOOKOTO BBICOKOBOJIBTHOTO BBOJA CTaOMIBHOCTH
HanpsDKEHUs! Y TIOTpeOUTeNs TOBBILIACTCS 3a CYET UCKIIIOUCHUS TTaJeHUs] HarpshKe-
HUS B JIMHUSAX MOTPEOUTEIBCKOTO HAIpPSDKEHUS OT MOJCTAHIIMU 110 TOTPEeOUTeNs,
oJHaKo ponycTuMbie CTaHIAPTOM JOCTATOYHO OOJIBIINE OTKIOHCHHUS HANPSKEHHS
(+ 10% u Gonee) B “ToUKe Mmepeaayy JACKTPHUUECKON PHEPruM’ OECTIPEnsITCTBEHHO
MIPOXOJIAT 10 JINHUHM BBICOKOBOJIBTHOTO BBOJIa HETIOCPEICTBEHHO Ha BXOJ MOTPEOH-
TeIsl.

Lenbto nccnenoBanus sABisieTcss 000CHOBaHUE IEIECO00OPA3HOCTH TIYOOKOTO
BBICOKOBOJIFTHOTO BBOJIa Ha MpPUMEpE TPYIIBI OBITOBBIX MOTPEOUTENEH — HKHUIBIX
JOMOB TOPOJCKOM WM CENbCKOW 3aCTPOMKH, a Takke pa3padoTKa YCTpOWCTBa
OBICTPOACHCTBYIOIIETO OECKOHTAKTHOTO ()a30BOTO PETYIMPOBAHUS W CTAOMITH3AINN
BBIXOJJHOTO HANPSHKEHUS TPAHC(HOPMATOPOB TITyOOKOTO BEICOKOBOJIIETHOTO BBOJIA.

1. OGocHOBaHMe LEJECO00PA3ZHOCTH INIy0OKOr0 BHICOKOBOJIBTHOIO BBOJA.
Hmwxke npuBOIuTCS pacdeT TEXHUKO-2KOHOMHUYECKOTO 3(¢deKTa TIIyOOKOT0 BBICO-
KOBOJIbTHOTO BBOJIa HAa TIPUMEPE NEKTPOCHAOKEHHSI TPYTITBI OBITOBBIX MOTpEeOHTE-
Jiel MOIHOCThIO 250 kBA. PacdeT BBINIOIHAETCA METOIOM OTpEIeNICHUs U CPaBHe-
HUS MIOTEPh PHEPTUH B TPAJAHLIUOHHONW HU3KOBOJIBTHOM CXeMe 3JIeKTPOCHAOKEHHUS
(puc.1) 1 BRICOKOBOJIBTHOM cXeMe TITyOoKoro BBoja (puc.2).
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Puc.l. Huzkogonbmuas cxema Puc.2. Boicoxosoremuas cxema 2nyooxkoeo
INEKMPOCHAOIICEHUSL 6600a 3JIEKMPOCHAOICEHUS

B kauecTBe moTpeOUTENS pacCMaTPUBACTCS TPYIIIA KUIIBIX JIOMOB, COCTUHCH-
HBIX C pacHpeeNnTeNIbHON nocTannuel mocpeactsom 10 dumepos mo 25 xBA.
Kaxnprit hunep muraer 10 kBapTHpP (IOMOB) ¢ YCTAaHOBICHHOW MOIITHOCTHIO 3JICKTPO-
norpedureneii o 2,5 kBA.

Ha puc.3 npuBenens rpaduky Harpy3KH s HanOoJee pacipoCTpaHESHHBIX
MOTpeOuTENeH 2MEeKTpOodHEepTrun [7]: Ha puc. 3a — CyToUHBIC TpadUKH IJIs1 3SUMHETO
Y JIETHErO CE30HOB, Ha puc.30 — MPUBEICHHBIN TOIOBOM TrpaduK MPOIOIKUTEIh-
HOCTH Harpy3okK, MIOCTPOSHHBI Ha OCHOBAaHWHN CYTOYHBIX TPa(h)MKOB HATPY3KH — 3UM-
Hero (183 mns) u nernero (182 nus). /lanHble TpaguKOB HArpy3KH M paccUUTaH-
HBIE [T0 HUM BEJIMYUHBI TOTPEOIIEMON MOIITHOCTH U TIOTEPh SHEPTUH MPUBEICHEI B
TabnwIe.

[Motepu B TpanchopmMaTopax B HU3KOBOJHTHOW U BBICOKOBOJBTHON CXeMax
(puc.1 u 2) B mepBOM NPUONIKEHUN MTPUHAMAIOTCS MIPUMEPHO OJWHAKOBEIMHU U B
pacueTe He YYMTHIBAIOTCS, MPUHUMAS, YTO CYMMAapPHBIC YCTAaHOBJICHHBIE MOIITHOCTH
tparchopmaropoB u ux KI1/] npakTnyecky oAMHAKOBHL.

A. Hu3KOBOJBTHAS CXeMa JJIEKTPOcHa0KeHus (puc.1)

ONEeKTponUTaHUue TPYMINbl BBHINOIHSAETCA OT MOACTAHIUH, TJE€ yCTaHOBJICH
CTaHIApTHEIN TpexdasHbiii Tpanchopmarop 250 kBA, 6/ 0,4 kB. DnekTpocHabxke-
HUE BBITIOJHSACTCS IeCAThI0 0MHO(Ma3HBIMU dunepaMu 1o 25 kBA Ha mOTpeOUTENh-
ckoMm HanpspkeHnu 220 B. Ilepecoenunenne tpexdasHoro BeIXona TpaHchopMaTopa
Ha onHO(]a3HbIe (HUAEPHI BBIIOJIHACTCA HA HU3KOBOJIBTHBIX IIIMHAX HOJCTAaHIINU.
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Puc. 3. I'papuru nazpysxu ons Haubonee pacnpocmpaneHHbix nompebumenei
INEKMPOIHEPSUU:
a - cymouHble 2papuxu Haspy3Ku OJis 3UMHE20 U IeMHe20 Ce30H08, O - RPUBEOeHHbIl
200086011 epapux Hazpy3Ku

XapakrepucTuku Quepos: HanpsbkeHue - U = 220 B, MOIITHOCTh HOMHHAITb-
Has Syon = 25 kBA, X03bdUIUEHT MOIIHOCTH - cos ¢ = (.9, TOkK HOMUHAIBHBIN —
Lo = 25000 BA /220 B = 113,6 A, ceuenne xabens - S = 50 mm?, IIIOTHOCTD TOKA -
0=113,6 A/ 50 mm? = 2,27 A /mm? (ceuenne kabemnst BEIOPAHO MO JOMYCTUMOMY
HarpeBy loon = 175 A [8] ¥ 1OMyCTUMOM TUIOTHOCTH TOKA Joon = 2,5 A [mm? [9]), com-
potuBneHue Kabens - Ro = 0,694 Om/km, cpeassist JUIMHA Ka0els OT MOJCTaHIIUU
1o motpedurens — 60 m.

AKTHBHas »Heprusi, MOTpeOJCHHAs NaHHON TpyImoi morpedutenel 3a 1
TOJ;

W =3¢, PT; =Y, 10 - Sy cos ¢ Kp[%/100]; - ¢;[9ac] - n; [kBT], (1)

rae S = 25 kBA — nonHas nmotpebdiseMas HOMAHAIbHAS MOITHOCTE dunepa; 10 —
KOJIM4uecTBO QuACpoB; cos ¢ = 0,9 — KO3QPUIMESHT MOITHOCTH Harpy3ku ¢uaepa;
K, [% /100]; — xoadduuneHT norpedieHus MOLIHOCTU Ha i-OM y4acTke rpaduka
Harpy3KkH, B JOJAX eauHUIE (puc.3, Tabm.); P; — moTpebiseMas aKTHBHAsI MOIII-
HOCTB Ha 1-OM y4acTtke rpaduka Harpy3ku [kBm]; T; =t; n; — IPOJOKUTEINBHOCT i-
ro y4acTKa BPEMEHH 3a TOJ [uac]; t; — MPOAOIKHUTEILHOCTh 1-T0 Y4acTKa BPEeMEHH
3a cyTkH [uac); ni= T (200) [wac] /2 T (cym) [uac] = 8760/2 . 24 =182,5 — k03 Pu-
LUEHT IepPeXo/ia OT NPOJOKUTEIBHOCTH CYTOK K KOJIMYECTBY YacOB 32 CE30H; MPHU-
HHAMAETCS: JJIs1 3MMHETO Ce30Ha 1; (3uma) = 183, s neTHero ce3o0Ha n; (temo) = 182.
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Pesynbrarer pacuera mo (1) nmpuBeieHbI B TaOIHIIE.
[ToTepu 3eKTpOIHEPTHN B KaOCTHHBIX JIMHHSIX 32 1 TOA:

AW = Y8 10(Iy - Kp;[%/100])2 - 2Ry - I - t; [4ac] - m;[kBT - 4],  (2)

e lon = 113,6 A — HOMUHANBHBIA TOK HArpy3KH, MOIKIIOUYCHHON K (Guuepy;
cos ¢ = 0,9 — x03pPuIHEeHT MOITHOCTH HArpy3ku; 2R, = 2* 0,694 Om/xm — comnpo-
THBJICHUE IBYX KU kKadeist; [ = 0,06 kv — niuHa Kabems OT MOACTaHITNH 10 TOTpe-
outens; /0 — xonmuecTBO GUICPOB.

Pesynprarer pacuera mo (2) mpuBeieHbI B TaOIHIIE.

[Motepu sHepruu B KaOCIBbHBIX JUHHUSIX 32 | TOJ, BRIPAKCHHBIC B MPOIICHTAX
OT OTPEOJICHHON SHEPTUH:

AW% = (AW W,) 100% = (52260 / 1 445 238) 100% = 3,65%. 3)

Bb. BBICOKOBOJIbTHAS cXEMa AJIIEKTpOcHa0keHus rirybokoro BBoaa (puc.2)

DNEKTPONUTAHNE TPYIIITEI BHITIOTHAETCS OT MOACTAHIIUH HETIOCPEACTBEHHBIM
OecTpaHCchOpPMATOPHBIM TOIKITIOYCHUEM K TIOBOISIICH JIMHUH 6 kB. DeKkTpocHa0-
JKEHHE BBITIOJHICTCS JCCIThIO OfHOGa3HbIMu (uaepamu o 25 kBA Ha Hampsike-
HuU 6 xB. [lepecoennnenue noaBosmiei TpexdasHoit MMHUN Ha onHO(a3HbIE (hu-
JICPBI BBITIOJHACTCS Ha IIMHAX MOICTaHIIHH.

XapakTtepucTuku GuaepoB: HanpsokeHue - U = 6 kB, MOIHOCTh HOMUHAITb-
Has - Syon = 25 kBA, K03hHUIUEHT MOITHOCTH - cos ¢ = 0,9, TOK HOMHUHAIBHBIH -
Lo = 25000 BA / 6000 B = 4,2 A, ceuenue kabens (IpOBOJIOB BO3TyIITHOM JIMHUH) -
S =25 mm? TWIOTHOCTL TOKA - 0 = 4,2 A/ 25 mm? = = 0,174 /mm? cedenne kadeis
(POBOJIOB BO3IYLIHOW JIMHWU) BBHIOPAHO W3 YCJOBHSI MEXaHMYECKOW MPOYHOCTH
(TIpH 3TOM JOMYCTHUMBIH 1O YCIOBHUSIM HarpeBa ToK lyo, = 115 A [8] u nomyctumas
IUIOTHOCTh TOKA Ooon = 2,5 A /mm? [9] obecneunBaroTcss ¢ OOJNBIIAM 3aIlacoM),
comportuBieHue kabens - R, = 1,298 Om/xm [9], cpenHsas nnuHa KaOens OT
MOJICTAHIIMU A0 oTpeduTens — 60 m.

AKTHUBHAs dHEPTUs, TOTPEOJICHHAS TaHHOU TpymIoi norpedureneii 3a 1 ros,
OTIpeICIISACTCS TaK JKe, KaK U B HU3KOBOJBTHOH cxeme, 1o (1) U cOCTaBIIsSeT Ty ke
Benuuuny W, = 1 445 238 kBm.u.

[Motepu sHeprun B KaOENbHBIX JUHUAX 3a | TOJ OMPEACIIOTCS MO TOMY XKE
BEIpOKEHUIO (2), KaK M B HU3KOBOJIBTHOM CXEMe, ITPH OTIMYAFOIINXCS HOMUHATIBHOM
TOKe lyon = 4,2 A m conpotuBiieHnn Kabdens R, = 1,298 Om/km M COCTaBISIOT
Benuuuny AW = 71,39 kBm.u.

[Totepu »Heprun B KaOENbHBIX JTUHUSX 32 | TO/, BRIpaKEHHBIE B TIPOIIEHTAX
OT IOTPEOJICHHON YHEPTUH:

AW% = (AW / W) 100% = (71,39 / 1 445 238) 100% = 0,0049%. @)
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Tabruya

Pe&’yﬂbmambl pacduema nomepbob INEKMPOIHEPCUU 6 HU3KOBOJILMHOU U 8bICOKOBONLIMHOU
cxemax 3ﬂ€KmpOCHa6JfC€HMH

Ceson 3uma Jleto
Harpy3xa Pi Pl P2 P3 P4 P5 P6
kpi, % | 100 87,4 74,7 60,9 54 48,3
ti tl 12 3 t4 t5 16
[IpomomKUTETPHOCTD 32 CYTKH, uac 14 4 6 10 6 8
IIponomxurensHOCTb 3a roj, i yac 2562 732 1098 1820 1092 1456
[otpebnenue Ha ctynenu, Wi KBm.u |576450|143948| 184546 1249385 132678 | 158231
[lorpebnenue 3a rog, Ws KBm.u 1445 238
[ToTepu 31€KTpOIHEPTrUn
Hisconomstias A kBm.u | 27534 | 6010 | 4390 | 7254 | 3422 [ 3650
cxeMa 3arog AWs 52 260 kBm.u
3,65 %
BricokoBonbTHas |4 Wi kBm.u | 376 | 821 | 60 | 991 | 468 | 499
cxema riry6okoro | 3a rog AWy 71,39 kBm.u
BBOZA 0,0049 %

Ilo pe3ynbraTam pacuera MOXKHO CHIEIaTh CIEIYIOIINE BBIBOIBI.

1. YuuteiBas, 4To 0OOIIUE MOTEPU SHEPTUHU B CETAX, BKIIOYAS MOTEPH B BBHICO-
koBoubTHBRIX JIOIL, cocraBmsror mopsigka //7...13% ot motpebnsieMoll 3HEpTHUH,
MIOTEepH B KaOEJIbHOM CeTH HU3KOBOJIIBTHOM CXEMBI AJIEKTPOCHAOKEHUS COCTABISIOT
BecbMa OOJIBIIYIO BETHUUHY — 4, 78% 0T motpebnseMoii sHEpru, T.e. 0ojee TPEeTH
MIOTEPh BO BCEH CETH MPUXOAUTCSA HAa HU3KOBOJIBTHYIO PACIPEEIUTENbHYIO CETh.

2. BBICOKOBOJIBTHAS cXeMa 3IEKTPOCHA0XKEeHHUs TITyOOKOTo BBOJa oOecieyn-
BaeT Pe3K0e YMEHbIIIEHHE MTOTEPh B pacIpeleuTenbHOl ceTr — 1o 0,012% npoTus
4,78% ot moTpeOsieMOoi SHEPTUU, IPAKTUIECKH CBOJS OTH MOTEPH K HYIIO. JTO,
€CTECTBEHHO, MMPUBOUT K YMEHBIICHHUIO OOIIUX TOTEPh B CETAX HA YKa3aHHYIO Be-
JTUYNHY.

3. Yka3aHHBII pacueT MOATBEPKAACT BHICOKYIO IKOHOMUYECKYIO 3 deKTus-
HOCTb HCIIOJIb30BaHUS TITyOOKOTO BHICOKOBOJIETHOTO BBOJ/IA B PACIIPEACTUTEIBHBIX
CETSX DIEKTPOCHAOKCHHUS.

I'myOokuii BBICOKOBOJBTHEIN BBOJ] MOXET OBITh pEaM30BaH B CHUCTEMax
AIEKTPOCHA0XKEHHUS KaK MOIIHBIX TIPOM3BOICTBEHHBIX MOTpEOUTENEH, TaK U Majo-
MOIIHBIX OBITOBBIX MOTPEOUTENEH — KUIIBIX 30aHUH U OTAENBHBIX TIOMOB B TOPOJICKOM
U cenbckoid MecTHOCTH. OTHAKO B €0 pean3aliii HMEIOTCS CIeIyIOIIne MPUHIIN-
MUATBHBIE OTIIHYUSL.

I'my©okuii BRICOKOBOJIBTHBIN BBOJ JIJIsl MOIIHBIX MTPOU3BOCTBEHHBIX MOTpE-

ouTenell XapaKTepu3yeTcs BEICOKOH KOHIICHTpAIMEH MOTPeOICHUS SIICKTPOIHEPTHH—
KaK [0 MOIIHOCTH, TaK U 10 TEPPUTOPHAIBHOMY pa3MelleHnto. B GombmmHCTBE
CJIy4aeB AIIEKTPOIHEPTHS MOTPeOIseTCs HEITOCPEACTBEHHO Ha HanpsbkeHusx 6, 10 kB.
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B cnyyasx, xorma motpeOuteny HU3KOBONIbTHEIE 380/220 B, Ha BXoJe OTpeduTe-
Jiell MCIOJB3YIOTCSl PACHPOCTPAHEHHbIE IMOHMXKAMoNe TpexdasHble TpaHChopma-
Topel 6, 10 / 0,4 kB cranaapTHbix MomHocted 100, 250, 400 kBA n np. Peanuza-
sl TITyOOKOr0 BHICOKOBOJITHOTO BBOJA B YKA3aHHBIX CIIydasX HE MPEINCTABISET
MPUHLMITHAIBHBIX CI0XKHOCTEH. B cBSA3M ¢ 3TUM TiryOOKHi BEICOKOBOJIBTHBINA BBOJ
JUIS. MOILHBIX TPOM3BOACTBEHHBIX MOTPEOHUTENCH JOCTATOYHO LIMPOKO PacIpoCTpa-
HEH.

I'myGokuii BHICOKOBOJIBTHBIA BBOJ| JUIsSI MAJIOMOIIIHBIX OBITOBBIX MOTpPEOHUTE-

JIell TPUHIUIHAIBHO OTIUYAeTCs OT MOIIHBIX IMOTPEOHTENIeH MO CIEAYIOIUM
00CTOATEIHCTBAM. Y CTAHOBJICHHAS MOIIHOCTH OBITOBBIX HOTpeOuTeNel (Mmomabes3s
JKWJIOTO JIOMa TOPOJICKOWM 3acCTPONKH, OTACIBHBIA JIOM B CEIBCKOW MECTHOCTH)
OTHOCHUTEIFHO HEBEJHMKA — TIOPSIKa HECKOIBKUX KHJIOBATT MIJIM HECKOIBKHUX JIECAT-
KOB KmwioBarT. OIHAKO CyMMapHasi yCTaHOBJICHHAsI MOIIIHOCTh 3TUX MOTPEeOUTENCH
B 00beMe AIIEKTPOCHAOKEHHUS TOPOJIOB U TIOCEIIKOB MOXET OBITh BEChMa BEJIHKA —
HECOM3MEpPUMO OOJbIlIe, YeM IMPOU3BOACTBEHHBIX IMOTpeduTeneit. [lorpedbmenne
AJIEKTPOIHEPTUH OBITOBHIMU MOTPEOUTEISIMU BBIMOIHICTCS Ha HU3KOM HaIpshKe-
HuU 380/220 B. DT moTpeOUTENN NeTICHTPATN30BaHbl. B ATHX yCIOBHSX IS KaXK-
JIOTO YKPYIHEHHOI'0 MOTpeOuTeNst (MOAbEe3 ] JKUIOr0 JIOMa, OTICIbHBIA JIOM B
CEJIbCKOW MECTHOCTH) JIOJDKEH OBITh BBHIMIONHEH OTAENBHBIA 0JHO(MAa3HBIN BEICOKO-
BOJIBTHBIN BBOJT MaJIOW MOIITHOCTH (He 00JIee HECKOIBKUX KBm WIN JECATKOB KBm)
¢ Tpancdopmarme Hanpskerus 6, 10/ 0,4 kB Ha mUHAX TOTPEOUTES.

DT crienuQuIecKre yCIOBUs OBITOBBIX MOTpedUTENel TpeOyIoT s peau-
3allUM TIYOOKUX BBICOKOBOJIBTHBIX BBOJIOB B MacIiTabaX paclpeieUTeIbHbIX ceTei
0O0JIBIIIOE KOJMYECTBO TPAHC(HOPMATOPOB (TI0 YUCITY YKPYITHEHHBIX MOTPEOUTEICH)
co crenrn(pUIECKIMH TEXHIYECKUMHU XapaKTePUCTUKAMH, 8 IMEHHO: MAJIOMOIITHBIE
(ae 6oxnee 10 ... 20 kBm), BeicokoBOdbTHEIE (6, 10 / 0,4 kB), onHOMa3HbIe, Kena-
TEJIBHO B CYXOM, 0€3MacIeHOM HCIIOJIHEHHUH.

['my6Goxmii BRICOKOBOJIBTHEIN BBOJ JIsi OBITOBBIX MOTpeOUTENCH B CTpaHax
MOCTCOBETCKOI'O MPOCTPAHCTBA MPAKTHYECKU HE HCMoyb3yercs. KocBeHHOW mpu-
YUHOI ATOTO SIBISIETCS] OTCYTCTBHE MacCOBOTO ITPOM3BOJICTBA MAJIOMOIIIHBIX BBICOKO-
BOJITHBIX TPAHC(OPMATOPOB C YKa3aHHBIMHM TEXHUYCCKUMH XapaKTCPUCTUKAMHU.

Henorony4ennslii 3koHOMHYECKHi 3PEKT BeChMa BEINWK, YYUTHIBAs Macco-
BOCTB OBITOBBIX TTOTPEOUTEIICH.

B nomonHeHue K U3I0)KEHHOMY BEChbMa BaXKHBIM 00CTOSITEIILCTBOM SIBISCTCS
TO, YTO UCTIOJB30BAHNE OTJIENBHOTO TpaHCHOpMATOpa U KAKAOTO YKPYITHEHHOTO
MOTPEOUTENSI B CUCTEMAaX ITyOOKOrO BBICOKOBOJIBTHOI'O BBOJIA A€T BO3MOXKHOCTH
HE3aBUCUMOW CTaOWIHM3alMK HANPsDKEHHWST Ha IMWHAX Kaxaoro motpedurens. Ho
JUTSI TIOJTy9€HHUST BBICOKOTO Ka4eCTBa M aBTOMAaTHIECKOTO PETYIUPOBAHIS HAIPsHKE-
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HUS He00XO0AUMO CO3/IaHHe CIEUUANBHBIX PETYIUPYIOLUINX YCTPOUCTB Yy TpaHchop-
MaTOpPOB. DJTa 3a/1a4a TAK)KE HE pellieHa B CYLIECTBYIOUIUX TpaHchopMaTopax.

2. Pa3paboTka ycTpoiicTBA aBTOMATHYECKOI0 OBICTPOAECTBYIOIIErO
0eCKOHTAKTHOTO (pa30BOI0 PeryIupoBaHus M CTA0MIM3ALMH BHIXOHOI0 HANPSI-
sKeHMs TpaHcopMaTopoB ri1y00Koro BHICOKOBOJILTHOIO BBoAa. Criocob “Oec-
KOHTaKTHOTO ()a30BOTO PETyIUPOBaHUS HANPSDKEHUS TpaHchopMaTopoB pa3pado-
TaH 10 CHENHAIBbHOMY QJITOPUTMY IIPU OAHOW OTmaiike 0OMOTKU TpaHchopMaropa
C UCTIOJIb30BAHUEM CHUJIOBBIX KOMMYTAIIMOHHBIX TUPUCTOPOB [10].

g peanuzanuu cioco0a “0eCKOHTaKTHOTO (Da30BOTO peryJIvpoBaHus’ pas-
paboTaH THPUCTOPHBIN PEryisiTop HampspbkeHus TpaHcdopmaropa. [Ipu coenune-
HUH 3TOTO PEryJisiTopa ¢ CyIEeCTBYIOIIMMH WX BHOBb pa3pabOTaHHBIMU TpaHC(op-
MaTopaM# TITyOOKO BBICOKOBOJBTHOTO BBOJIa OOECIEUMBAIOTCA CTAOMIM3aAS U
pETYJIMpOBaHNe HANpPsDKEHNST HA BTOPUYHOM CTOPOHE TpaHchopMaropa Ha 3aIaHHOM
YPOBHE C BBICOKOI TOUHOCTBIO M OBICTPOJACHCTBUEM MIPHU N3MEHEHUSX HANPSHKEHUS
Ha NEpBUYHOI CTOpOHE M Harpy3ku TpaHchopmaropa. IIpu 3TomM HemoctaTky,
MPUCYIINE CYIIECTBYIOIINM CIOCO0aM M YCTPOWCTBaM pETyJIUpPOBAaHUS Hampsike-
HUS TpaHC(HOPMATOPOB, UCKIIOYAIOTCS IIOCPEACTBOM MEXaHUYECKOTO MEpeKIroye-
HUS OTHAeK, TeM CaMbIM OOecIieunBasi 3HAUUTEIbHBIC MPEUMYIIECTBA U BBICOKHE
TEXHUKO-?KOHOMUYECKUE XapaKTePUCTUKHU, 2 IMEHHO:

- BBICOKasi TOYHOCTh CTAOMJIM3AlUK HAIPsDKEHHUST Ha BBIXO/IE TpaHC(opMaTopa;

- aBTOMaTHYECKOE PETyTUPOBAHUE U BBICOKOE OBICTPOJICICTBUE;

- IPOCTOTa KOHCTPYKLHUH II0 CPABHEHUIO C CYIIECTBYIOILIMMH MEXaHHYECKUMHU
MepeKIIoYaTeNIIMU OTIaeK;

- MCTOJIb30BaHKUE OJJHOM OTMAaNKU TpaHchopMaTopa.

Pabora TpanchopmaTopa ¢ pa3pabOTaHHBIM PETyIIATOPOM OIMCHIBACTCS HIDKE
Ha MpuMepe oAHO(a3HOro TpaHchopMaTopa ¢ OTIAWKON Ha CTOPOHE HU3KOIO HampsiKe-
Husl. [laHHBIA cOCOO peryiupoBaHusl NPUMEHHUM Takoke AJs Tpex(a3HBIX TpaHC-
(dbopmaTopoB, JTHOO MPH BHITOJIHEHHN OTIAHKU Ha CTOPOHE BBICOKOTO HAIPSIKEHUS
(Ha BXOZI€ CO CTOPOHBI IUTAIOMICH CETH).

Cxema TpaHcopMaTOpa ¢ TUPUCTOPHBIM PETYJISITOPOM HAIIPSKEHUS IIPHBE-
JieHa Ha puc.4.

[lepBruunas oOMoOTKa TpaHCpOpMaTOpa MOAKIIOUYEHA HEIOCPEACTBEHHO K
BBICOKOBOJIFTHOH ceTn. Ha BTOpm4YHOIT 00MOTKEe TpaHc(opMaTopa HUCHOIB3YETCS
oIHa oTmaiika. HampsokeHne Mexay KOHLIOM OOMOTKHM M OTHANKOW NMpUHHMAaeTCs
PaBHBIM MaKCHMAJIbHO BO3MO)KHOMY OTKJIOHEHMIO HANpsDKEHHSA, KOTOPOE IoJyIe-
KHUT KOMIICHCAIIUK C IIENbI0 TOIEp>KaHus Ha BBIXOJE TpaHchopMaropa HOMHUHAIb-
Horo HampshkeHus. KoHer BTopudHO# oOMoTkH 1 W oTmaiika 2 mpHCOeInHEHBI K
Harpy3ke 3 depe3 THPHUCTOPHBIC KOMMYTATOPHI 4, 5, TpEICTaBiAIONIHE COOOU
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BCTPEUYHO-NIAPAIUICTIBHO COEIUHEHHBIE THUPUCTOPHI. THPHUCTOPHBIE KOMMYTATOPHI
YIPaBIAIOTCA CUCTEMOW yNpaBieHUs 6, BXOJ KOTOPOW COEJUMHEH C Harpy3koil, a
BBIXOJIBI 7 ¥ 8 - C YIIPABJISIIONIMME BXOJaMU TUPUCTOPHBIX KOMMYTAaTOPOB OTHANKU
Y KOHIIa OOMOTKH. B 3aBUCHMOCTH OT COCTOSIHHSI KOMMYTAaTOPOB K Harpy3ke MOKeT
OBITH ITOJKJIFOYEHO JTU00 HaInpsKeHUe Been 00MOTKH, TH00 HanpsHKeHUE OTHANKH.

N 4
<

r\/ 5
=T

[P

e 3

Puc. 4. Cxema mpancgopmamopa c pe2yissmopom HaAnPpsA’ceHUs:

Ha xaxxmom nomnyrepuoie HalpsbKeHUs B OTpeielICHHBIE MOMEHTBI BpEMEHH
Ha Harpy3Ky I10/IaeTCsl HAIpsDKEHUE KOHIa OOMOTKH HJIM OTIIAWKH B 3aBUCHMOCTH
OT COCTOAHUA UX TUPUCTOPHBLIX KOMMYTATOPOB. ®da3a MEPCKITOYCHUA KOMMYTATO-
POB aBTOMATHYECKU PETYIHMPYETCS B MpeAeiiaX KaKIoro MOIYIEepHOAa HarpsiKe-
HUS CETH TaKWM 00pa3oM, UTO JACHCTBYIOIICE 3HAUCHHE PE3YIbTHPYIOICTO HATIpsHKe-
HUSl Ha BBIXOJIE TpaHC(OpMATOpa MOANSPKUBACTCS PABHBIM HOMUHAILHOMY HITU
3a/IaHHOMY HAIPsHKEHHIO TIPY W3MEHEHUSIX HAIPsDKEHUS CETH Ha BXOJe TpaHchop-
Martopa Wi UBMCHCHUAX TOKa Harpys3Ku.

Yron ynpaBieHHsI o PETYIUPYETCS aBTOMATUYECKU MOCPEACTBOM CHCTEMBI
yrpasieHus (puc. 4).

BenuunHa ¥ BUI HalpspKEHUS Ha Harpyske (pHUC.5) 3aBHUCAT OT COCTOSIHHS
THPHUCTOPHBIX KOMMYTATOPOB:

- NpPH BKJIIOYEHHOM COCTOSHHM KOMMYyTaropa 4 Ha KOHIE OOMOTKH H
OTKJIFOUEHHOM COCTOSIHUM KOMMYTaTopa 5 OTHAliKu HampsbKeHHE Ha Harpyske
MaKCHMaJIbHO B uMeeT Bun Ul
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- IpU BKIIOYEHHOM COCTOSIHUM KOMMYyTaropa 5 Ha OTHaiKe OOMOTKH U
OTKJIFOUEHHOM COCTOSIHUM KOMMYyTaTopa 4 KOHIIa OOMOTKM HAIIpSDKCHHE Ha
Harpy3ke MUHMMaJIbHO U uMeeT Bua U2.

B pa3paboraHHOM yCTpOWCTBE Ha Harpy3Ky HOJAeTcCsl HalpsDKEHUE, pery-
JUpPyEMOe B Ipesieax KakJoro MOJIyIepHoaa, B 3aBUCUMOCTH OT (a3bl MEPEKITIo-
YEHHsI TUPUCTOPHBIX KOMMYTAaTOPOB, [0 CHUTHAIY CHUCTEMBI YIPABICHUS CIEAYIO-
UM 00pa3oMm.

Ecnu npuHATE a3y nepekiroueHnsi KOMMYTaTOPOB (yToJl YIIpaBJICHHUs) paB-
HOI o (puc.5), To:

- Ha (a30BBIX MHTEpBaiax oT 0 10 a ¥ OoT 7 10 (7 + o) (COOTBETCTBEHHO Ha
MHTEepBajgax BpeMeHH oT ( 1mo ¢/ u oT ¢2 10 (3) BKIIOYEH THUPUCTOPHBII
KOMMYTATOp 5 Ha OTHaiike 0OMOTKH W OTKJIIOYCH THPUCTOPHBIM KOMMYyTaTOp 4 Ha
KOHIIE OOMOTKHM; Ha 3THUX HMHTEpBajJaXx MIHOBEHHBIE 3HAYCHMS HAIPSDKEHUS Ha
HarpysKe CJIEAYIOT 110 CHHYCOUAAIbHON KPUBOH MUHMMAJIBHOTO HanpsbkeHust U2;

- Ha (pa30BBIX HHTEPBAIAX OT & 10 = U OT (7 + a) 10 277 (COOTBETCTBEHHO Ha
WHTEepBajax BpeMeHH oT t/ 1o t2 u or t3 10 t4) BKIIOYEH THUPUCTOPHBIN
KOMMYTaTop 4 Ha KOHIIE OOMOTKH M OTKJIIOYEH TUPUCTOPHBIH KOMMYTaTop 5 Ha
oTIaike; Ha THX MHTEpBaJaX MTHOBEHHBIE 3HAUEHHUS HAIPSDKEHUS Ha Harpyske
CJEIYIOT MO0 CUHYCOUAAIBbHON KPUBOM MakCUMaIbHOTO HanpsixkeHus Ul.

U1

0 t1 t2 t3 t4
Lol

Puc. 5. Hanpsasicenus na nazpyske 6 3a86ucumocmu Om COCMOSHUS MUPUCTHOPHBIX
KOMMYmamopos

[pu ¢azax nepexmoyeHus o (B MOMEHT BpeMeHH ¢/) U (7 + a) (B MOMEHT
BpeMEHH (3) TPOMCXOMHUT TEPEXOJ HAMPSHKCHHS C CHHYCOWIAILHOW KpHBOU
MUHUMAIILHOTO HampsokeHUs U2 Ha KpPUBYH MaKCHMANBHOTO HampspkeHus Ul.
OyHKIM HAaNpsHKEHUS Ha BBIX0oAE TpaHcdopMaTopa (Ha Harpy3Ke) MpH yKa3aHHOM
pPEeryIMpOBaHNHU B COOTBETCTBHU C PHC. 5 BEIpaXKaeTcs CIeAyIOIMUM 00pa3oM:
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u = U2 sin wt | + Ul sin wt | 5)
0< wt<o o< wi<rm

JelicTByroliee 3HAUCHHE HANpPSDKEHUS Ha BBIXOoAe TpaHchopmaropa (Ha
HarpysKe) onpeenseTcs BRIpaKeHHeM

U= [1/n [T U%2d(wt) = [[[Uysinwt/(0 < ot < a) + U;sinwt/(a < wt < m)]?d(wt) , (6
/S, i G

KOTOPOC MOCJIC UHTECTPHUPOBAHNUA IPUHUMACT BU

U= \/(UZZ/41T) ‘(a—0,5sin2a) + (U12/47r) - (m — a + 0,5sin 2a). (7)

[IpenenpHBIE OTKIOHEHHS BXOJHOTO HANPSDKEHUS, TIPU KOTOPHIX BO3MOXKHA
cTabuim3aIysl BBIXOJHOTO HANpPsDKEHUS Ha YPOBHE HOMHHAIBHOTO HANPSDKEHUS
U = Uyon, OTIPEICTSIOTCS YPOBHSIMH HAIPSKCHUS BTOPUYHONH OOMOTKH U €€ OTIHaHKU
Ul u U2 (7) (puc.5), ato siBiseTcst pecypcom perymupoBanus AU = Ul — U2, 3aino-
JKEHHBIM B TpaHchopmartop.

[Ipu MUHUMATEHOM HAIPSDKEHUH Ha BXOJIE Ha BBIXOJI MOJIAETCSI IOJTHOE MPH-
BeJICHHOE HampsbkeHue BTopuuHOUM oOMOTKH Ul = (I + kipax) Uson, TP Makcu-
MaJIbHOM HAIIPpSKEHUW Ha BXOA€ HA BBIXOJ — HAIPSAKCHUC OTIaiKn BTOpI/I‘IHOfI
ooMoTEN U2 = (I — kimax) Uson, THE kimax — TIPEIEITEHOE OTKIIOHEHUE BXOIHOTO HArpsi-
JKEHHS, BEIPOXKEHHOE B JIOJISIX €IUHUIBL. Tak, mpu gonmycTuMbIX CTaHIapTOM OTKIIO-
HEHUSX BXOIHOTO HanpspkeHus £ 10% U,y BETMYMHA MTOJTHOTO HAMPSHKCHUSI BTOPHY-
Hoit oomoTku - Ul = 1,1 U,on, Beumunna HanipspKeHus otnaitku —U2 = 0,9 U, B
BeIpakeHUAX (6) u (7) HapsOKEHUS IOJTHOH BTOPUIHOW OOMOTKH M €€ OTHANKH
BBIPaXCHBI MX aMILTUTYTHBIMU 3HAYECHUSIMHU.

JleiicTByIOIICe HANPSHKEHUE HA BBIXOAE TpaHchopmaropa (Ha Harpyske) U
MPH 3aIaHHOM HAIPSDKEHUU Ha BXOJC OJJHO3HAYHO ONPECIIICTCS BEIMYUHON yTiia
ynpasnerus . CienoBaTensHO, NMPH TUIABHOM W3MEHEHWH yTiia YNPaBJICHUS o B
npenenax ot () 10 7 (Ha MOJIOKUTEIEHOM TOYNeprOo ie HANPSDKEHUS ) U OT 7T 10 27
(Ha OTpHIIATEIBHOM TOJYIEPHOJIC HANPSIKCHHS) NEHCTBYIONEE HANpPSIKCHUE Ha
BEIX0JIe TpaHcopMaTopa (Ha Harpy3Ke) MOKET TUIABHO PETYIUPOBATHCS OT BEIH-
guabl U2 o Benmuuuabl Ul. [Ipu 3TOM MOTYT OBITH OOeCIiedeHBI CICAYIONMHIe pe-
JKUMBI PETYITUPOBAHHUS:

Pexxum 1: crabunu3anus BEIXOJHOTO HaNpsDKCHHS TpaHChopMmaTopa Ha 3a-
JTAHHOM YPOBHE NPH W3MEHEHUH HaNpsHKCHHs Ha BXOJe B npeaenax ot U2 mo Ul,

nIn
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PexuM 2: perynupoBaHue BBIXOAHOTO HaNpshKeHUs TpaHcdopmaropa B mpe-
nenax ot U2 no Ul npu HEN3MEHHOM HOMUHAJILHOM HAlpsHKEHUH Ha BXOJIE.

Takum 00pazom, cuctema “TpaHcGOopMaTop — THPUCTOPHBIE KOMMYTaTOPBI —
cucTema ympasieHus” (puc.4), ynpapisieMas 10 M3JI0KEHHOMY alTOpPUTMY, TIpel-
CTaBIsIeT cO00H TpaHC(HOPMATOP C PEeryIHpyeMbIM KO3 PHUIIEHTOM TpaHchopMa-
UM U Ha3BaHa HAMH “‘peryJrpyeMblii Tpanchopmarop”.

3aBHCUMOCTP yTJIa YIPaBICHUS ¢ OT PETYIUPYEMOTo TapamMeTpa MpeICTaBIsIeT
cO00H peryIupOBOYHYIO XapaKTEPUCTUKY CUCTEMBI.

B pexume 1 perynupoBoyHast XapaKTepUCTHKA €CTh (PyHKIHS

a :f(UBX) upu U gy = Uson = const,
B POIKUME 2 PEryJIMPOBOYHAS XapaKTEPUCTHUKA €CTh (DYHKIIUS
0. = f (U gpx) IpA U o = Uyyore = const,

rne U, — HampspkeHHe Ha BXOJ€ NMEepBUYHON 0OMOTKM TpaHchopmaropa; U —
HanpspKeHUe Ha BBIXOJe TpaHchopMmaropa (Ha Harpyske).

[o perynmpoBOYHBIM BO3MOXKHOCTSIM U PECYPCY PETYIUPOBAHUS PETYIHPO-
BOYHBIE XapaKTEPHCTHKH B pexnMax 1 U 2 HIeHTHYHbL. PerynupoBodHas xapakre-
pHUCTHKa omlpeiersieTcs B pexkuMe 2 pemieHrneM ypaBHeHus (7) B Bune o = f (V).

PerynupoBouHas xapakTepUCTUKa ISl PEKUMa CTaOMIN3aluK HAllPsKeHNS,
T.e. QYHKIUsI HeOOXOIMMOW BEJTMYHHBI YIJIa YIIPABICHUS ¢, KOTOpas o0ecreunBaeT
cTabwMIIbHOE HAIPsHKEHUE Ha BBIXONE TpaHchopMmaTopa (Ha Harpy3ke) MpU JaHHBIX
OTKJIOHEHHSIX HANPSDKEHUS Ha BXOZE TpaHc(hopMaTopa, MpHBEIeHa B 00OpaIleHHOM
BHJIE Ha puc.6.

K
-10%
- 5%
u.0
+ 5%
a, rpag
+10%
0 30 60 90 120 150 180

Puc.6. Pecynuposounas xapakmepucmuka mpancghopmamopa npu ¢azoeom ynpasieHuu

Pa3zpaboTan ¥ W3rOTOBIIEH OIBITHO-3KCIIEPHUMEHTANBHBIN 00paser peryiu-
pyemoro TpaHcdopmaropa B cocraBe: TpaHchopMaTop — TUPUCTOPHBIH KOMMYTa-

TOp — CHCTeMa yTpaBieHus o cxeme puc.4. [lapamerpbr oOpasia: MOIITHOCTG - 2 kBA,
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onHO(a3HbI, HOMHHATBHOE BBIXOJAHOE HampsokeHue - U,y = 220 B, mpenenbl
OTKJIOHEHHS HAIPsDKEHUS Ha BXOE, MPH KOTOPHIX JOJDKHA 00ecreunBaThCs Hau-
OoJbInas cTaOMIBHOCTD BBIXOHOTO HanpsikeHus, £ 0% Uouer — B COOTBETCTBUU
¢ 'OCTom [5]. OnbITHO-3KCIIEpUMEHTAIBHBIA 00pa3el] MOACITUPYET peryiupye-
MBI TpaHC(hOpMATOP TITyOOKOT0 BHICOKOBOJBTHOTO BBOJA C TEM JIMIIb OTIHYUEM,
YTO BXOJHAss 0OMOTKa BBHITIOJHEHA Ha HampsbkeHue 22(0) B, a He BBICOKOBOJIBTHOM.
DTO chenaHo C MeTbI0 BO3SMOXKHOCTH TPOBEIEHHUS UCIIBITAHUIN B YCIOBUSX HU3KO-
BOJIBTHOM JabopaTopun. BenuurHa HOMUHAIA IEPBUYHON OOMOTKH sl OTpeierie-
HUS PETYIUPOBOYHON CITOCOOHOCTH TpaHc(popMaTopa HE MMEET MPHHIUITHAIEHOTO
3HaueHus. [IpoBeneHbI UCTIBITAHUS OTBITHO-3KCIIEPUMEHTAIBLHOTO 00pasiia TpaHe-
¢dbopmatopa.

Ha puc.7 mpuBenens! ocruutorpaMMbl (DOPMBI KPHBOH BBIXOJTHOTO HATIps-
JKEHUSI TIPU Pa3TUYHBIX OTKJIOHCHMSIX BXOIHOTO HANPSKCHUS MPH HOMUHATHHOU
Harpyske TpaHchopmaTopa.

B=100 U 2ms Trig: BI

READIHGS READIHG WAVEF ORM
OH OPFTIOHS...

B=100 U 2ms Trig: BT

READIHGS READIHG WAVEFDRH : e : : Sliiiliiiloicll
OH OPTIONS... B=100 U 4ms Trig: BT
B) r)

Puc.7. Ocyunnozpammol popmuvl Kpuo GbIXOOHO20 HANPAANCEHUS MPAHCHOPMAMOpa.:
a) Usy = 198 B (Upor — 10%), o0 = 28,8°, Ugnx = 218,5 B;
0) Use =220 B (Uyon), o0 = 86,4°, Ugyx = 220 B;
B) Usx = 242 B (Uyon + 10%), o = 144°, Ugux = 219,5 B;
T) Usx = 220 B (Uyon), a = 105°, macmTad 1o ocu abCITUCC CKAT.
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Ipumeuanue. Pecynamop Hanpascenus HACMPOEH C HEKOMOPbIM 3andacom
OMHOCUMETILHO PACHEMHOIL Pe2yIUPOSOUHOU XAPAKMEPUCTIUKU.

[IpuBeneHHBIE OCIIIIOTPAaMMBI MOATBEP)KIAIOT IPOTEKaHUE IpoIecca
PETYIHPOBaHUS B COOTBETCTBUH C H3JI0)KEHHBIM aJITOPUTMOM.

IIpu u3mMeHeHUU BXOAHOTO HampsbkeHus B npenenax ot 198 B (Uon — 10%)
10 242 B (Uyon + 10%) 1 Harpy3Kku OT XOJIOCTOTO X0/1a JI0 HOMHHAIBHOW JEUCTBYIO-
1iee 3HaYeHHe BBIXOAHOTO HAMpPSKEHNs aBTOMAaTHYECKH MTOAEPKUBAETCS B IIpeie-
nax 218,5...220 B (puc.7a, 0, B), 4TO COOTBETCTBYET TOYHOCTH CTAOWIIM3AIMN HATIPS-
)keHus £ 0,46% 0T HOMMHAJILHOIO 3HAUYEHHSI. DTO BEChMa BBICOKAS TOYHOCTD,
3HAYUTENHFHO MPEBOCXOIAIIAS TOYHOCTh CTAOWIH3aMK HAIIPSHKeHUs TpaHchopma-
TOPOB C aBTOMaTHYECKUM MEPEKIIOYEHHEM OTIAeK, KOTOpask COCTABISET BETUIUHY
nopsiaka 2,5...5%, U aBTOHOMHBIX JH3elb-TeHEPaTOPOB, TOYHOCTh CTA0MIN3AIINU
HaIpsHKEHUS] KOTOPBIX COCTaBIIAET BEMUYUHY nopsaka 2%.

ObGecrieunBaeTcsl BEICOKOE OBICTPOICHCTBUE PETyIHMPOBAHUS HATIPSHKEHUS —
B IIpeJieax OJHOTO TOJIyIepro/ia HamlpsKeHus ceTd. Bo Bcex yka3zaHHBIX IIpe-
JIeNiaX W3MEHEHHUS BXOJHOTO HANPSDKEHHS W Harpy3Kd KO3(PPHUIMEHT HCKaKEHUS
CUHYCOUJATHPHOCTH KPUBOW BBIXOAHOTO HANPSDKEHUS HE MPEBOCXOAHUT YCTAHOB-
neHHyto CtanaapToM BenuuuHy 8% [5].

IIpemymaraemerii Croco0 peryaupoBaHHUS MOXKET OBITH PEaM30BaH KaK Ha
CYIIIECTBYIOIINX, TaK U HA BHOBb MPOEKTHUPYEeMbIX TpaHchopMmaTopax. Crocob pe-
ryaupoBaHus Hanbosiee 3()()eKTHBEH Ha BHICOKOBOJIBTHBIX TpaHc(opMaropax riy-
0OKOro BBO/IA, KOT/Ia TpaHC(HOPMATOP YCTAaHABIMBASTCS B MAKCUMAIIBHOM TPUOITH-
KEHHM K HarpysKe, BCIEICTBHE Yero 0OeCleYrBArOTCsS BBICOKAs CTAOMIM3AIUS U
PeryIupyeMOoCTh HapsS>KEHUS HEMIOCPEICTBEHHO Ha HAarpys3Ke.

BriBoabI

1. CymecTByromias IEHTPAIN30BaHHAA CXeMa paclpeeaeH sl 3JIEKTPOIHEPTUU
B pacHpeIeIuTeIbHBIX ceTaX (,4 kB BO MHOTHX CIIyJasX HE B COCTOSTHHH OobOecrie-
YUTh Ha [IMHAX MOTPEOUTENCH OTKIOHEHUE HAIIPsDKEHUs B nipenenax + /0% ot Ho-
MHHAJIBHOTO, MpexycMoTpeHHoro CTaHaapToOM, BCIEICTBUE MCIIONB30BAHUS aBTO-
MaTHUYECKH HEPETyJIMPYEMBIX TPaHC(HOPMATOPOB, Pa3HOYAAJICHHOCTH OTACIBHBIX
rmoTpeduTeneit oT TpaHCHOPMATOPHON MTOACTAHIINH, PE3KOIIEPEMEHHBIX TPadUKOB
Harpy3KHy | Ip., a TAK)KE HUMEET BBICOKHI YPOBEHb MOTEPh SHEPTUH B HU3KOBOJIBT-
HOH CETH.

2. [Ipumenenue riryb0oKOro BEICOKOBOJBTHOTO BBOJIA, T.€. OJBEICHHE BBICO-
KOTO HanpspkeHus 6, /() kB HeTTOCPEACTBEHHO K ITOTPEOUTENIO, 00ECIICUHBACT:

- pe3Kkoe yMEHbIIEHHE NOTeph B pacmpenenuTensHoil cetn — ao 0,012%
MIPOTHUB 4, 78% 0T mOTpedIsIeMOi MOIITHOCTH;

- BO3MOYKHOCTh HMHIWUBUAYAIbHOH CTaOWIHM3allMH HAMPSHKEHUS Y KaKIOro
rmoTpeOuTes.
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3. Pazpabotansl cnocob U yCTpOHCTBO aBTOMAaTHYECKOTO OBICTPOACHCTBYIO-

mero (azoBOro peryiMpoBaHUs JEUCTBYIOMIETO HAMPSHKEHUS HA BBIXONE TpaHC(Op-
MaTopa, 00eCIIeUNBAIOIIIE TOYHOCTh CTa0MIM3aImu nopsiaka + (,5% oT HOMHHAIIb-

HOT'O 3HA4YCHUAI.

4. Jlns MUPOKOTO BHEIPEHUS CHCTEM IIyOOKOTO BBHICOKOBOJIBTHOTO BBOJA

HeoOXxoanMa pa3padoTKa CHENHUANbHBIX 0JHO()A3HBIX BEICOKOBOJILTHBIX (6, 10 wru

35 kB / 220 B) manomomtHeIx (2...20 kBA) TpanchopMaTOpOB I WHIUBUIYATb-

HBIX WJIM TPYIIIOBBIX MOTpeOuTeneii. B ykasaHHbIX TpaHchopMaTopax Ieiaecoo0-

pasHa peajm3auus BBILICYKa3aHHOTO criocoba M yCTpoHcTBa (pa3oBOro peryiampo-

BaHUs JENUCTBYIOUIETO HANPSKEHUS.
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d.1. T4 18U, U1 UULNhU3UL

FULQALUANLS 0 UNRSLNY LUMUUL SULRUINMTUUR
SCouuNruusnruer

Snigunpyus k£ 0,4 Y4 pwojuhs gmugkpnid junp Untnpny pupdp jupdwib nkath-
Julul b nutnbtuwlut pupdp wpynibwbnnpniup: fupdp jupdut fjunp dnunp nik-
gnn hwdwlupgtph tkpdnsnudp twppmnbtunid £ hunnty dhwbwq pupdp jupdwt gusp
hgqnpmipjudp nputiupnpdunnputph untndnid wthwnwlw jud fudpwhtt uywennubph
hwdwp: Upwljus ki npuwbudnpdwnnph Gjpnid gnpénn jupdwt wjunndwwn thoyugh
wpuquqgnps jupquynpdwi dbkpnn b uvwpp, npnip wywhnynid i pupdp dogpuinipinit b
wpwqugnpdnipinil: Ukpngp hhduquws E guigh jupdw jhuwwwuppbpnipijut vwhdwbiik-
pud mpwtudnpluwinnpuyght ninpnith wynndwn, wnwig hydwb hopwbpwndwb Ypu:
‘Lyywinwljuwhwpdwp k Jbpp tpgws dbpnngh b thnyuyghtt jupguynpdw vwpph hpujwbw-
gnuup junp pupdp updwt dUntnpnyd wthwnwljut npubudnpdwnnpubpnd:

Unwigpuyhll pwnkp. funp pupdn jupdwt tkipdnsnud, gnpénn jupnud, thnyught
Jupgquynpnid, mhphuinnpuyht wbgwwnhs:

J.D. DAVIDYAN, A.P. MANUKYAN
REGULATED TRANSFORMERS OF A DEEP HIGH VOLTAGE INPUT

High technical and economic efficiency of regulated transformers of deep high-
voltage inputs is demonstrated in 0.4 kV distribution networks. The introduction of deep
high-voltage input envisages creation of a special single-phase, high-voltage and low-power
transformers for individual or group consumers. A method and a device for automatic and
high-speed phase controlling of the transformer output voltage, providing high precision
and speed are develpoed. The method is based on the automatic non-contact switching of
transformer taps within the half-period of the mains voltage. The expedience of realization
of the above-mentioned method and the device of phase regulation in individual transformers of
deep high-voltage input are shown.

Keywords: deep high-voltage input, operating voltage, phase adjustment, thyristor
switch.
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281621 ELEGraGShau

.. UU8UL

ELBUYSMUELGAPUSE ELEUSNLUSEL 2UCYRUGCE UNULU LR
QEMUUUSRKULUSPL YUY UONRE3UL NPUNPULUURMNRE3NRUL

Mundtwuhpyty Eu BEynputiutpghugh Ejnpniught hwpyhsubph upowjwph sw-
thughnwljut punipugptpp’ okpdwunh&wtughtt jujujubdnipjui b phpunyndybtiuwughugh
Yhpundwdp:

Unwigpuypl punkp. Htjnputubpghugh Ejunpntught hwpyhy, jupdwt b hnuwtiph
nidh nyhsubp, phpunyndutiumghu:

Ukpubmpinit: dudwtljuljhg LEjnputubpghugh hwyqundwt hudwljup-
qlinp punugusd i hnuwph nt jupdwb npuwtudnpdunnptinhg b fEynpwkubp-
ghuyh hwoyhshg: dbpohuth nkuwljubtpt ko hugniyghnt jud LEjunpudkuwthu-
Juwit b BEyunpntughtt hwodhsubpp: BiEyupwkiutpghugh GEunpnbught hwodhsubpp,
hugniyghnutitiph hundbdwwn, niukh wdkh thopp swihbp, wdkh phpl puy b pupap
Sounnipini:

dudwbwlulhg LEjupnbuwghtt hwodphsttipmd ogunugnpsymid tu puyghte
upubdwbnph Ypwu hhdtdws mkuninghwukp: Fpwbtp punjugus tu .

1. uywnyny hqnpnipjuipn hwdbdwnwuljut whwnquyhtt Ukdnipniuttph
pYuyht thnjuwltpuyshg,

2. dhypnuypngbunphg, nptt wmywhnynid £ pduyhtt mqnutipwmh doynidp b
wpuuwhwinudp Epuyghtt vwppwynpnidubphf1]:

Znuwtiph nidh b jupdwt whupwppuyhtt wpdtpubpp swihynid Eu nghsuk-
nny, pduytugynud b dpwljynud b twppwybu spuqpudnpdws wignphpuny: Zn-
uwiph b jupdwb nghsubphg wgnuipywip npynud L mdinugdwt gnpswligh Jup-
gquynpuwt htwpuynpoipjudp nhdbptughw) nidinupupbph dnunpbpht: Ujune-
htnl wqnubpwtubpl whgimd Eu vhqguw-nhjnuw wiwnqu-pyuyht hnpowlbp-
whsubpny (UEQO): FJuytugdus wqnubpwbbpp npynud & dhpnypngbunph
Uninpht, npubn junwpynd B wgnubpwbbph puquyunynd b hpnpnid
(. D{1]:

dudwiwlwulhg Jpipnupubdwibpt hpuwjubtugind B twb wbwnqu-
pYuwht thnjuwltpynud:
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Brpwyht
Twpdwit } Midtnupup » UBD uwpp
T |
l Zhdtwlu hwunnpnujup
? 'l Uhlpnuyjpngtunp
Znuwliph
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L hdtqupup » URD

Puwnmjuu-
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Ul 1. BjEunputakpghuyh B Eupniughl hupyhsh ulgenipuyhl junnigyudpp [2]

Nputu wwpqugnyt hnuwiph b jupdwt wdhsubp Jupth & Jepguty dogphun
nkqhunpy wyhsitpp” hudwywnwuwbwpwp pninn b pupdwi pudwbhy: Lwp-
Uwl pudwithst muh dniinpughtt’ ks, b kipwjhtl thnpp, phiwnpnipynibibp: Lwp-
Uwl pwdwihsp thwgynud b guigh bpynt jwpkph thol, huly pnitnnp” $ugh (wphg:
Qnymipjnilt nith sminh dhwgdwlb kpynt wwppbpuly phntjwsph Ynnquhg fud
guigh Ynnuhg hwoyhsh piphwinip juph tqundwdp: Unwehtt nhwpnid jupduwb
wnypsp dhwgyws t dhtgh ontbinp, hugh htnbwipny jupdwt wdhsh dwpaup sh
hwodynud: Bpypnpy phypnid jupdwt ndhsh sSwhup hwoyynid k, vwljuye pniti-
nnid hgnpnipjutt Ynpnrunp sh hwodynd: Uhugdwt ujubdwgh punpnipiniup
Jujudws k wndhsubph dwhuws hqnpnipnitph swithhg [1]:

Sypsutiph Uniu mbuwlp mpuwtudnpdwnnpuyght b Fpwtg junnigduspu
wykih pupy E vwluyt nitukt dh owpp wnwybnipniuubp: Sputudbnpdunnpugh
wnyhsubpt wybih pbwnnuijubt it wqnquowih wnpmiph tyundwdp, hul hn-
uwbph npuwbudnpduwnnpbpp, h nwppipnipmit ontinkph, wopunnd Eu wdtih
gudp qupuut wuljnudubph wuydwbtbpnud: dEpp wpdwsp yquydwbwynpjus k
hnuwtph wpwbudnpdwnnph wypmiph b phintduséph onpwubph hwdwdwg-
ukguwutt hwnlnipjudp: tputp wywhnymd ki twb thwpnypubph dhel ny quip-
Juiwlub vwugihuwlub juy: Pupnypitph kpkph thonpdwdp jupbh tgn-
huby thoyuwyunipinitp [1]:

Npugbu pupdwi wfhs oquuugnpsynid t hobgng jupdwi npubu$npuiunnnpp’
wwpwy pipwugph nkdhund: Cunphhy ipYws nkdhuh npubudnpiunnpp nkuw-
Juwunpkt sdwpu smuh: Npuybu hnuwbph nyghs oquugnpdynid E bplnt mhuyh
npubudnpdwnnn.
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1) hnuwtph npubudnpdwnnp, npp phintdws k thnpp dogphwn nhdwnpnt-
prudp R, (burden resistor): Spwludnpuwinnpp pupdpughng b (uplwb tjun-
Uwidp) nhiwnpnipynibtkpp hhdtwlubnod kpyniut bo dheht Yhwnhg bjpny:

2) nhdtpkugnn mpubudnpduwnnn (dl / qt). Wupwuy pupugph nhdhunud:

Gpypnpnuyphtt hwpnyph Eont hwinhuwgnn Gpjhtt jupnidp hwdbdwwnw-
Jut £ wnwotiwghtt thwpniyypnid hnuwph nidht [1]:

Sputtudnpiwnnpughtt mghsubph htnn hwdwwnbn Jupnn G oqgunugnpédyty
jupdwb pwdwihsutp jud onttnbp [1]: Spubudnpdwnnpughtt wnghsutph oguw-
gnpénudp (ujugunid £ hwpghsh suhwghinwljut pinipuqpbpp, vwjuyt pupnug-
unud £ junnigqubpp b wdbjugunid huptwpdtpn:

Cunhwinip wndwdp, LEjnputubpghugh HEjnpntuughtt hwpyhsubpnud hiw-
punp t hwuiik] guiljugus dsnnipjui’ hudwuyyunwuhumt nappbph §hon plun-
puipjul b hudnpdwughuyh dowldwt wwpuquynud: Thwjngujhtt wqnupwith
Upwlmup puyhtt nkupny, pniy E wughu npnoky hqnpnipjubt hisybu wijnhd,
wjligbu by phwljnpy punugphsttpp, ptugp Juplnp £ opptwy, trwpwuq guigh-
nnud Fubpghuyh puppudwt hwpdundwt dudwbtuly: dudwwljuljhg EEjupntw-
1htt hwpyhsubipi niukl yuwh hwgnygutp (htnbpdtjukp), npng vhgngny hiw-
nuynp E hudnplughw unwbtiu uyyunws LEjnpututpghugh, gmugh yupudbn-
nptph, npnowh dwdwbwlwhwnguénd hwoghsh qpubgus jupdw Ynpuwnh,
glippknunidubiph, phintdwéph puguljuynipjut b wy yquunwhwpubph JEpupkp-
jaip, hswhu twb Jepwhuljl) dwjuup, vwhdwl] vwhdwbwswth, hkpwlju whpw-
wnk] (Uhwgub)) nywnnnht gmughg [2]: Ejkiunpniuwghtt hwpyhsubiph dhongny huw-
puynp gqupdwy LEjunpukiubpghugh hwyqundwi b huljdwt wdnndwnwugus
hudwlwpgh (ACKYD) ukpypnudp, husp tjuqbgunid E dwpnljuyght gnpénuth wq-
nkgnipiniup LiEjunpwkiubpghuyh hwpdundwi dudwbwly:

Ugliwwnnwtiph  tyyuwwulp: Usjuwwnwiph tyuunwlt ' niunmudbwuphply
bEyupwtitpghuyh BiEyupntughtt hwpdhsibph upiwpuitipp npytu $miyghw
obpdwunhdwhg: Ejkjnpwtubpghuyh gyt hwoypsubpp, npnup mbnunpynid bu
pug nmwpwdpubpnid Jud spbnnigynn Juypbpnid, ybwp b btwppunbudws (huku
wnunphp obkpdwunhdwughtt wuydwibpnid wpjuwnbnt hwdwp:

Mugph gpdwédpnp: Gwnwnpydly | Ejunputitpghugh BEyunpntught hwoyhsh
upnwuiph ohpdwunhdwiuwhtt jupdusnipjut thnpdwljut ntuntdbwuhpnipe-
it hwoyhsh wounubipuyhtt whpnypnud:

®npdh hpuwiwgdwt hwdwp Jepgdty B bpkp wwppkp juquultpyntpe-
miutubph wpnunpmput fEjuputubpghugh BEjnpntughtt hwpghsubp, npntp,
nbkthjulwt towgpph nydjuiubph hwdwdwyt, twppwnbudws Eu (-40...470) °C
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ohpdwumpfwtwhtt nhpnypnd wotwwnbnt hwdwnp: Qundbwuppmipiut hw-
dwip oqunugnpédyby k.

1. Eiyunputubpghugh hwoghsubph uwnnnquyuthdwt b jupqupbkpdwt
UTEC 620 Ywjwlpp, npp hwbwpwynpnipnit £ wnwhu jupquynpt] hnuwph
mdp (0...50) & ywpnuup (40...480) o, thnijughl pnnudp (0...360) )G Gwjwlpp
Spugpuyjht. wywhnydwt dhongny hwpynid Lt hwpdhsh ujuwjwipp wwppbkp
pintiJwsputinh nypnid: Yuywiph Lonnipjut nuut k 0,025:

2. Munu Ca6zepo MC-71 whwyh phpunjughl (-80...+100)°C wphtwwnwii-
puhtt whpnypny 0,1 °C:n Jupquunpuwi htwpuynpnipyudp, hiswybu twb niih
npuhg pipunfughlh dke vhugdwi jupkph hwdwp twpwnbudws wugpkp:

zugihstbpp wknuapdty b plpdnjughh e, huglt Yuyutpht b (-
40...470) “Cwhpnypnid 10 °C-ny ebpdwunhdwun thnthnjubny, juwnwpyty E upuw-
wliph swithnid snpu wwppbp phint]wspltph phypnid:

Uunugjus wpnymupubtpp: Zwodhsutiph upnuqwiph ghpdwunhfuiughtt uiju-
Judnipniup ubpjuyugynid £ wunniuwljubph 1-3 b qpubphljubiph thongny (uly. 2-4):

Unyniuwly 1

Unwohli hwoypish ufuugwiiph Jupijuénipiniip pkplwumpduihg

Uhawwiipp, %
Qtpuwunhgwip, C FL PF+ PF- LL

-40 -1,223 | -1,141 | -1,431 | -1,205
-30 -1,012 | -0,943 | -1,22 | -0,997
-20 -0,78 | -0,707 | -0,984 | -0,767
-10 0,564 | -0,499 | -0,776 | -0,552
0 -0,365 | -0,309 | -0,582 | -0,372
10 0,213 | -0,14 -0,41 0,19
20 -0,07 | -0,013 | -0,267 | -0,063
30 0,104 | 0176 | -0,086 | 0,119
40 0,295 0,367 0,115 0,315
50 0,48 | 0548 | 0309 | 0507
60 0,606 | 0,688 | 0,465 | 0,662
70 0864 | 0913 | 0,704 | 0,881
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Ul 2. Unwohl huioyhsh upnugjuiiph upnjudnipiniip pkpluumpdwithg

Unniuwmly 2

Ephpnpn hwoyhsh ufuuywiph jupnjuénieiniip okpduumpdmihg

Uluwquipp, %
Qbpuwunhdwip, C | FL PF+ PF- LL

-40 031 | 0245 | 1,013 | 0,728
-30 029 | 0206 | 0936 | 0716
-20 0284 | 0204 | 0985 | 0,743
-10 0,397 | 0,185 | 1,016 | 0,792
0 0393 | 0172 | 1,027 | 0,842
10 0369 | 0,186 | 1,058 | 0,891
20 0399 | 0172 | 1,035 | 0,956
30 0,405 | 0,189 1,17 1,062
40 044 | 0,19 1,18 1,105
50 0,456 | 0,254 1,16 1,229
60 0,5 0294 | 1,178 | 1,321
70 0,587 | 0342 | 1,178 | 1,492
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UY. 3. Bphpnpn huwpypsp upuayuiiph Qupnjwdnipiniin pkpduwunpduihg

Upgjniuwl 3

Cppopn huoyhsh upuwywiph Qupnjudnipniip phpuwuwnpdwihg

Uhawwiipp, %

Qtpuwunhdwip, C FL PF+ PF- LL
-40 0,256 | 0222 | 0597 | 0296
-30 0,171 | 0,081 | 0227 0,16
-20 0,075 | 0,095 0,08 0,128
-10 0067 | 005 | -0,092 | 0,07
0 0,072 | 0,06 0,155 | 0,018
10 0 -0,08 | -0,078 | 0,035
20 0,032 | 0,131 | -0,006 | -0,001
30 0,065 | 0082 | 0,049 | -0,015
40 -0,009 | -0,026 | 0042 | -0,01
50 0,018 | -0,035 | 0,035 0,01
60 0,017 | 0,055 0,03 0,03
70 -0,012 | -0,065 | 0,03 0,093
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Ul. 4. Bppnpn hwoyhsh upiugwiph uwpojuwénipiniip pkplwumpduihg

Unynuuwubipnud FL-p* 220 o, 5 U, cos @ = 1, PR+ -p 220 9, 5 U, cos ¢ = 0,8,
PF- pn 220 9, 5 U, cos ¢ = 0,5, LLp 220 9, 0,25 U, cos ¢ = I wywpwdbinpkpny
phnuuspubp L

busytu Eplinud E qpudhlihg (by. 2), wnweht nypnid hwopyghsh upupwjwiph
Jujuubmipiniup gbpdwunhdwihg gsuyhti k, puth np tpuinud twppwinbudws
sk phpUnynuwybiumghw: Zupdhsmd jupdwin nyhsp ubpuyuginid  nkqhuwnhy
Jjupdwl pudwiths, nph ghdwgpoipmnitubp niukt okpdwunhdwithg ninphn hwdk-
dwinului jup]usnipymb: Zknbwpup’ inyl dnuinpughb wqyuiipwih nhwypmd
unugmu k obpdwunhdwithtt mnpn hwdbdunuljwb Epuyght jupmd, hsp hwtiqlg-
und £ ujpwjwiiph okpdwunhgwthg tdmbtwnhy jupqusnipjul, nph hknbw-
pny hwoyhsh uppwjmipp gipuquugnid E utnpdwnhy thwunwpnptpny vwhdwt-
Jws pnyuwnpbkih wpdtpp: Uju nhypnid Jupkih b Yhpunt] pipdnyndybiuw-
ghuyh Ubkpnnubphg Ukyp” phpunphdunpmpyub jhpundwdp: Twupdwb pudwihshg
wnwy Upwl hwonpnupwnp dhwgynud £ phpdhuninp, nph ptnpnipniup junwp-
Unud £ hknlyu) putwdlh Yhpundwdp

Rpk[a= _(lel +R2k2), (l)
npunkn R,, Ry, R;-p huwdwywunwupwtwpwp pipdhunnph, jwpdwt pudwtihsh

wnwohl b Epypnpy nhdwnpmipniubph dbdnipnibubpt b 20 °CGnwd, hul kg, k4,
k, p npuig ghpiwuwnhgwiughtt gnpswlhgitpp: Upu ufjuybpp todmd G
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nhuiwnpnipniiubph mEthjulwt ndjujubpnd: Uju dbpnnh Yhpunnudp poyp £
wnwihu phpnipmibttph JEpugdwtt mynjws wpptwwnwbptbpnud hwoyhsh upubdw-
nud uwnwnpt] wybh phs thnthnpunipyniuubp, hisp tuqbgund £ swhaup:

Annipinit niuh phpdnndybiuwghugh by wy) dkpnn, npp hpwljwbwug-
Ynud E dhypnypngtunph dhongny: Uhpnuypngbkunpt niih gbpdwunh&wiith wnghs,
nnhg unugyws nyjujubph vhengny hwoyunplh pupugpnid Yhpwnynid b bw-
huytu dpugpuynpus pwbiwdling npnoynn gnpdwljhgubp: Uju dkpanh £ounnt-
pintup Jupudus L obpdundwih tighsh Lownnipiniihg:

Bpypnpy b kppopg hwedhsubpnud (. 3,4) jupdwt pudwthsutpnud ogunw-
gnpdyly i pupdp donnmipyudp jwpughtt ghdwngpnipiniiitp, npntg ohpdwunhgw-
twyht gnpéwljhgubpp thnpp B, husybu twb pupgught gkukpuwnnnph pEpdnlynd-
whluwghw: Upwqwiph thnthnjunipynibp gbpdwunhgwihg Juhu]ws, Jupny
yuydwbtwnpdws 1huk] pupguyht gkukpuwnnph phpdnniytiuwghugh hwdwnp
ogunugnpdjws opdwunmhdwh nyhsh ny £oqphwnn wpuwnwbpny: Lupguyghe
ghubpunnph hwdwhwuinipmniup npynwd E dhpnypngtunph dninpht, npnkn
juunwupynud £ dudwwljh hwpduplp: Uhipnypngtunpp vhugdws b pdynijuw-
jht gkubpuinnpht, npp Uhpnypngiunphg uinugdws hupnpdwghuyh hhdw Jpu
dwpudws LEjunpukubpghughtt hwdbdwnwlwi pdynyuubp b ghiutpugund b
wnwihu hdwyniuuyhtt Ephtl, nphg b hwoydhsubph vnniquswthdwb juywipp jup-
gnud b hwdbdwnnud £ hwodhsh suhws LEjunputubpghwi: SYjuy phypnid wi-
hpwdbown k ybpguty hwpyhsh wphiwnwiph obpdwuinhdwtught nhpnypnid &ogphwn
wpuwwnnn Uhpnypngbunn:

Bqpuljugnpinti: Ujuyhuny, jupdwi b hnuwtph nidh wighsubph, ipuighg
unugud wqnuiowith dywldwb dkpnnh &hpn ptnpnipnitp pupdpugunid k
hwoghsh downipniup: Lkpjuynidu hwjnth tu 10x10° dounnipjudp LEjunpw-
Eutpghuygh brnwynbwyhtt hwpyhsubp [3]:

AUYULNRE3UL 8ULY

1. Toay6 B. Dnexrponnble cuetunku dnektposnepruu // Chip news.- 2002.-Ne 6.- C. 50-59.
2. AranmueB A., landuaos /., IlnaBuu M. L{udpoBble CUSTUNKHN SIIEKTPHUECKON
sHepruu // Chip News. -2000.- Ne 2.- C. 18-22.

3. http://www.sicon.ru/download/seminar2012/16_Shapiro.pdf

2Z tubkpgbunhly Eupwljuenigyuspubph b ptwfwb ywowptbpnh twhwpupnipni:
Unipp ukpluyugt) E udpugpnipynii 30.08.2017:

144



B.T. MAJOSAH

UCCJEJJOBAHUE TEMIIEPATYPHOM 3ABUCUMOCTH NMOTPEITHOCTH
SJIEKTPOHHbBIX CYHETYUKOB 2JIEKTPOOHEPT UM

IIpoBeneHbl uccnea0BaHUsl TEMIIEPATYPHOU 3aBUCHUMOCTH IOIPEUIHOCTH 3JIEKTPOH-
HBIX CYETUMKOB IEKTPOIHEPIUU U UX METPOJIOTMYECKUX XAPAKTEPUCTUK C IPUMEHEHUEM
TEPMOKOMIICHCALIUY.

Knrouegvie cnoga: 3neKTPOHHBIN CUETUUK IEKTPOIHEPTUH, JATINKU HANPSHKEHUS U
TOKa, TEPMOKOMIICHCALIHS.

V.T. MADOYAN

RESEARCH OF THE TEMPERATURE DEPENDENCE OF AN ERROR OF THE
ELECTRONIC ELECTRICITY METERS

Investigations of the temperature dependence of an error of electronic electricity
meters and their metrological characteristics by applying thermal compensation are carried
out.

Keywords: clectronic electricity meter, voltage and current sensors, thermal
compensation.
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A DIRECT DIGITAL SYSTEM FOR COMPLEX IMPEDANCE
MEASUREMENT VIA A PASSIVE V-1 SENSOR

In this article the direct digital method for impedance measurement is introduced.
The accuracy of the phase measurement is estimated. Initial system calibration technique is
presented and several known load impedances are measured.

Keywords: Direct digital impedance measurement, plasma impedance, passive V-1
sensor.

Introduction. Nowadays, in modern semiconductor manufacturing processes
the use of dry etching has many advantages over the standard wet one [1]. For dry
semiconductor etching plasma generated from high power radio frequency (RF)
signal is used. From technological point of view, plasma generated from the RF
power should meet several requirements. The most important one is the
homogeneous and constant plasma density. The homogeneity of the plasma in the
chamber is achieved in the development stage [2]. Meanwhile, the constant plasma
density depends on the RF signal constant energy flow to the chamber. It is not a
trivial problem because the generated plasma impedance changes nonlinearly and
should be tracked in order to match the generator with the plasma. Plasma
impedance precise measurement allows to achieve this goal. To put it in another
way, the power delivered to the plasma chamber, namely the plasma density, will
be constant. It should be mentioned that during the plasma material processing the
plasma parameters’ nonlinear changing causes the high order harmonics growing at
RF generator and plasma section. In this respect, the high order harmonics should
be tracked as well to know the process stage in the plasma chamber.

Plasma Impedance measurement techniques. There are two encountered
common methods of plasma impedance measurement, but first of all it should be
noticed that the accuracy of the measured phase has a huge impact on the
impedance measurement. As it is evident:

AP [Ap AP g AWVICOsQ) ¢ __ ., (1)
P/ ¢ ApP Ap VI cos ¢

where AP is the small deviation of power, P is the absolute power, Ao is the small
deviation of phase, ¢ is the absolute phase, V and I are the values of voltage and

current respectively.
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Fig. 1. General setup

The general setup of the plasma impedance measurement is shown in Fig.1:
voltage-current (V-I) sensor has been placed between the RF generator and plasma
chamber, V-1 sensor [3] has two outputs shown the “voltage” and “current”
proportional signals of RF flow through. Thereupon these two signals are used to
measure the impedance of the plasma. Complex impedance is defined as:

z=Lew. 2
1
The difference between the two methods of plasma impedance measurement,
i.e. indirect and direct, lies in the V-I sensor output processing. Indirect processing uses
ICs for voltage, current and phase measurements. Meanwhile the direct processing
systems directly samples RF “voltage” and “current” proportional signals and then
digitally extracts the voltage, current and phase. It should also be mentioned that
the values extracted in both indirect and direct methods are proportional to the real
RF signal and should be calibrated to describe it. The advantages of the indirect
method are that there is no need for high computational power from the system, but
such systems are relatively slow and cannot provide information about high order
harmonics.
Direct digital impedance measurement. In this method, the output of the
V-I sensor is connected to the high speed analog-to-digital converter (ADC). Two
channels of ADC are in use: one for voltage and the other-for current. The digitized
signal is sent to the PC through the high speed standard bus. Then the digital signal
is filtered from the noise and high order harmonics. It is expedient to use the
Fourier transform for the main harmonic extraction taking into account the possible
nonlinearity of the overall system.
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Fig. 2. Calibration setup

In our calibration setup (Fig.2), the sampling rate of ADC ( F ) is 250 Msps.

If we consider that the generator main frequency is 13.56 MHz, this allows us to
track up to 7th order harmonic. Appling the Fourier transform to the sampled
signal, we will find the first harmonic signals

2z f,
F

N

XA(n):Acos[ +¢A), XB(n):Acos(zi;l+¢BJ, 3)

where 4, f ,, @, are the amplitude, frequency and phase of the signal at the first

channel, meanwhile B, f,, @, are the respective values for the second channel.

For ¢, and ¢, we have:

¢A =9, +A¢o ’ ¢B =@ +A¢o +A¢AB “4)

where A, is the phase offset between the generator and the ADC clock, Ag,,, is

the phase offset between the two channels (originated from ADC sequential
sampling) and A, is the constant.

Lets estimate the measurement phase resolution. The main frequency of the
RF generator is 13.56 MHz which means that the period is about 73 nsec and
further sampling period of ADC is about 4 nsec, which means that the
measurement phase resolution is about 1.2 degrees.

In order to refine the measured values, we use moving averaging from 50 to
1000 ms time constants.
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Let’s consider the voltage proportional output of the V-I sensor connected to
the ADC first channel (Channel A) and current proportional output to the second
(Channel B). Then from the foregoing we have

U=aU, ,1=U, ,Ap=¢,—¢,—Ag, . (5)

where «, [ are constants; U, voltage and current of the RF signal; U_A, U_B
are the extracted main harmonic amplitudes of the channel A and channel B
respectively, A@ is the averaged phase offset between signals at channels A and B.

Calibration of direct digital impedance sampler. Now, when we have U_A,

U, , ¢, and the problem is to calibrate the system to get correct values of U,/ and

A@ . Namely initial phase offset A@,, and &, B constants should be determined.

Channel A D
RF Power ADC

Generator splitter N E

Channel B

Fig. 3. Phase calibration setup

First, elimination of the phase offset between two channels A, , is needed.

The setup is shown in Fig.3. RF generator output is connected to the in-phase
power splitter. Respective outputs of which are connected to ADC channels
through equal length cables. Hence, the signal phases at ADC channels are equal
¢, = ¢, and can be obtained from (4):

Ap= _@0 (6)

which is the initial phase offset between the ADC’s two channels.
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Fig. 4. Full calibration setup

The next calibration step is to find the missing & and £ constants, which

allows to measure the absolute voltage and current of the RF signal from the
measured proportional ones. In such case, the used method represents modification
of Short/Open Load/Thru (SOLT) [4]. The method is based on the measurement of
voltage and current proportional values of V-I sensor outputs at three consequent
conditions: when the V-I sensor is connected to the matched load, left open and
shorted respectively (Fig.4). In these three steps the output power of the generator
should remain unchanged. Here the ADC’s channels A and B are connected to the
V-I sensors voltage and current proportional outputs respectively. When we take
into account the current-voltage relations in these three conditions of the circuit
(Load / Open / Short), and the fact that the output power of the RF generator is
known, we obtain:

v Uf N 1 .
A I (7
for the o voltage relation coefficient and
Uf 1
F=h| =5+3 ®)

for [ current relation coefficient.
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Here &; and 3, are the voltage and current proportion coefficients when the

output of the V-I sensor is connected to the load. ULA and Ug are the voltages

measured at the ADC channel A when the V-I sensor output is connected to the

load and left open respectively, Uf and USB are the voltages measured by the

ADC channel B when the V-I sensor output is connected to the load and shorted.

Now when we have the missing & , #, Ag, constants, we are able to

measure the unknown load impedance connected to the V-I sensor output by using

Eq. (2).
The results of measurements with the calibrated V-I sensor are presented in
the Table.

Table

Measurement results with calibrated V-I Sensor

Zioaa [€] Z eusrea |2
50 51.4-10.04
132+132 133 +133.3
46.6 - i107.6 41.6-i102.3

As we have the absolute values of current and voltage, as well as the precise

phase offset between them, the reflection coefficientI”, load power P, forward

oad °

power P,

forward >

reflected power P, ., the reflection coefficient can be easily

calculated.
The reflection coefficient of a load is determined by its impedance Z and

the impedance toward the source Z|; :

2
Z—-7Z
= ©)
Z+7Z,
In (9) |1“|2 is the power reflection coefficient. From [5]:
})load = P forword _R’e_ﬂected ’ (10)
B .=V Icosg. (11)
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From (9), (10) and (11) it follows:

2

_ Pload 1—‘|

reflected ~— 2
1|

(12)

And finally the reflected power (12) is used to calculate the forward power.

Conclusion. The method of measurement of RF impedance is proposed
based on direct digitalization of VI sensor signals. The accuracy of this method
versus sampling frequency is estimated and testing results for several known loads
are presented.

This work was supported by the RA MES State Committee of Science, in the
frames of the research project no. 154p _2b012.
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U.U. 2UNRUBUL, 2.U. UGLPL3UL, L.Q. 1N1.NUSUL, U.fe. UUN2USUL,
S.4. 2ULUN3UL

M0UUPY, V-1 S4P2Ph UPRNSNY UNUNLGLU PUNGTULUP NRN M1, B4 USPL
ueNkruUC

Lkpluygyt) E hdybgwiuh ninhn pyuyht swihdwt Epubwlp: Ywnwpydl)  hoyu-
jhtt Lounnipjut guwhwwnnud: 8nyg b wpdl] hwdwlupgh twjbwlwi huwdwjupdw inw-
tuljp, b junwpyt) swhnidubp wwppkp hwynih pintutph hongny:

Unwbgpuypl punkp. ninhn pyuyghtt swhnid, wuquuygh hdybnwio, V-T nghy:

A.A. AXYMISH, A.K. MEJIUKSAH, H.I'. IOT'OCSAH, C.T. CAPT'CSH,
T.B. 3BAKAPAH

MMPAMOE IU®POBOE UBMEPEHUE KOMIIVIEKCHOI'O UMITEJAHCA C
IMOMOIbIO V-1 CEHCOPA

[IpexcraBner MeTOA NPSAMOro LHU(GPOBOrO U3MEPEHUS KOMIUICKCHOTO MMIICAAHCA.
[TpoBeseHa oreHeHa TOYHOCTH U3MepeHus (pas3bl. [oka3aHa TEXHHUKA HAYATbHOUW KATHOPOBKH
cucrembl. [Ipon3BeieHbl H3MEPEHHS UMITEIAHCA 3aBEJOMO U3BECTHBIX HArPY30K.

Kniouesvre cnosa: npsimoe mudpoBoe M3MEepeHHe, UMIICAAHC TUIA3Mbl, TACCHBHBIH

V-I cencop.
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U.U. UULShrNusuy

Uruquanro Luruuy susNnkhuulrurk cLeuskhy UNULGULE
QGLLULNPULESE ONLIUSUTUL UGENY

Lkpuwjugqusé bt wpuqugnps jupdwb juynibwpuph Epuyhtt wqnuipwih ghpju-
powdubph thnppugdwt dkpny: vwnp wqputipwtughtt htnbgpuy) vpubdwtbpnud jupdwt
Juyniwpuph phop Jupnn b jupd dudwiulng wigwndt), dhiynbn jupdwb juynibwpupp
Jupny kowpniiwll] woiwwnwpn: Rlinh jupni whpwngbji wnwgwgunid £ gipjupnud-
ubkp: Unwowplynn dbkpnnh nhwypnid oquuugnpsymd £ Ytnsd phn, npp dhwbnwd b jupdwb
Juynitwpunh Epht hpwlwb phinh wipwwnytnit whu, wjunthbnb wunhfwbwpwup w-
ounnynud: Upmymipmud” glppupnidiibpp buygbu thnppuiimid ko b puntmd poujunphbph:

Unubigpuyhli punkp. hunbqpuy upubidw, jupdwt juynibwpup, ghppupnud, jupdw
prhspubp, Yns phin:

Ubkpwdmpim: Ubkpluynudu Ynduybdbtinup  dkwnwn-opuhn-fhuwhwnnpnhy
(WUO0Y) wkjpuwnghwutpp wiunhynpbt swupnitbwlnmd B dwupnwpuynpyby:
Uwupnnwpuwynpdutip gnigpipug optigop dbdwunid k hunkgpuy ujubdwubph wy-
huwnwipuwjhtt wpuqugnpsnipniip: Ujuop wpuquqnpsnipniit wigh) £ @Zg-h
obdp, umjuy UES wpwugnipimbp upunpmd E Uks hgnpnipjut swjuu: Uniu Ynn-
Uhg oniljuynid Upgmiily (hitkpm hwdwp withpudbon Ewpuqugnpsnipjul dksug-
dwtp qnigppug dpwll] dkpnnubp, npnup dpndws Yihuklu Eukpquuuyundwb
thnppugdwbip:

bPunbgpuy ujubdugh hqnpnipjut Swjuup hwjuwuwp t hnuwtph b jupdut
wpuwunpuhi.

W=1xV: (1)

Zqnpoipjul hnppugdwt tywiwlny jpwep wqputpwbughtt hinkqpuy upak-
dwtubpnid Jhpunymd Bu puquudwujupnul utdwb wnpmnipttp: Jught pinlubpp
uliynud B gudp dwjuppuijh uvtdwb wnpmiphg (0,7...1 ), hull wbwjnquyht pni-
tkpp pwpdp (1,5...2 9): Uyuwhund, hwdwlupgh pduyhtt ppnyubph jwpnudp 2
wliquu hotgukihu by tu thnppwunud E punhwinip Swihuuynn hqnpnipmniip:

Juyht pinljutipp hhpdtwuinud wohiwinnmid Bu pupdp hwdwpun pyniutbpnd,
b wyn wpugq hoppwbpwnnidutpp jupdwt prhsputp o wnwewgunid gusp dw-
Jupnpulh vtdwi jupdwt Jpu: Qquntt ujubdwubph hwdwp wyy pehspubpp Ju-
nnn kb Juuubiquydnn (huly. wyp gundwnny oqunugnpdynid L jupdwt Juynibw-
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puptbp, npnug Gpnud dbwynpynud E guép dwuppulh Juynit jupnd, hul
Jupuwt dwlwpnulp npnonid £ bwpuwgdnnp:

Upwquqgnpsd Untnp/kjp hwignygubpnid jwpdwt Juynitwpuph piep buybu
Uk E hudbdwnws wykh nuinunugnpsubph htn, U pwlh np phep UkS E, og-
nwgnpéynid ki Ukhuwthquukp, npybuqh wihpudbonnipjub nhypnid phnt w-
owwnyh: Flinh Juupnil wipwwnnidp hwgkgunid k gipjupdwl, npp Juuutiquynp &
pupul] hwjwiny wpwuqhunnpubph hwdwp: 9Epntjuy tplinypnp nbnh k niuk-
und popnp wytt qupdwb juynibwpupibpnud, npnugnid jupdw juynibugdut
dudwbayp wbh Uks £ hudbdwnws phnh vhugbpn dudwbwlhi:

Lupdwt Junibwpwph pp hwunwndnd | b nith ghdwugpnnuljuinge-
it vtdwt jupdwt wndnijubkphg: buly Epught jupdw wipdtpp Juhius k dnin-
puyjhtt jupnidhg b nhdwunpnipnibtiinh hwpwpbkpuygnipmniuhg [1]: LY. 1-mud ubkp-
Juyugywsé Ejupdwb juynitbwpwuph hhdbwlwb vjubdwt:

vddh

—
vref
—{
~ '
A1
—Jel
3 <
AN M out
R2 e
§R1

U1 Lupdwl fuyniiupuph Apdbw§ul ufulinl

Lupdwt juynitwpupp tkpjuyuginid | puguuuljui hbnwungupd juwnyg
hwdwljuipg, nph nlipt L Epuyhtt mqnuiipwth juynibugnidi nt uidwt gnnbph wn-
Unijubph upnidp: Gpuyhtt wmgpuipwuh Jupuduénipmniup dntnpughtt jupnulhg
b nhdwnpnipnitiiph hwpwpbpulgnipniuhg tbpuyugdws E hwenpnhy.
Vrer*(R1+R2)

R1

2)

Vout =

Lwpdwib jumbwpuph wnwghtt juuljunp oybkpwughnt nidknupuwnp £ np
wywhnynid t hwdwlupgh nidbinugnidp, hulj Eplpnpny juulunp wniupughte
Ynluhs L, nptt wmywhnymud E ks hnuwtph hnup ghwh pliop: C1 nitbwlmipiniup
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quunud | wynitipuyght Ypluhsh dntnpughtt wnunijubpp, hull C2-p juwwqkpénn
ntbwlnipinit E, npp thnppugumd E Epuyhtt wnuwdunnidubpp b dupnid £ pupdp
hwdwpwljuwbuwjhtt wnunijukpp, npnup Jupnnp G thnjuwbgyl] b dnunpught
wqnutpwithg b utidwb nnntphg:

QEpupnudutph wnwewgdwtt yuwmdwnp. Uojawnwiuiph pupwugpnid, npujtu
(uplwt juynitwpuph woweht juulur, twhwgsyt) b oquuuqnpéyt) £ oybpw-
ghnt mudtnupup, npp, hwdwdwy HSPICE [2] wdwbwldwl, nith 60 A2 nidbnu-
gnud, 7 UZg panniuwljmpjut okpw, 75° thnyh wwpwp b 20 £ mdbnugdut wu-
own: YhEpnuju] wuwpwdbnptphg Eptinud E, np oybpwughnt nidbnupupp juyniu
wouwwnnid k nputiu Ypluhs: Lwpiwgsdw thnynod UEs Jupbnpnipnit § npdtg
udwb wnuniubiph gupdw gnpswlghtt (UUKD) [3], pwtth np wyy gnpswljhgu £
wpunwhuwynnd, pk npput juy Eu uvbdwb nnnbph wnuniyubpp Lapynud Eipnid (3):
Lwhiugdyws oybpughnt nidtnupupl wywhnymd t -60 pAhg thnpp UUKS
thnpp hwgwhunipynibkph ghypmd, hul Junugniyh ghypmd’ -21 22100 UZgh
yupuquynid, npi wywhnynid £ wybih put 10 wbiqud nidnugnud.

ULUuL UMUNkPY 3)
ELLUSPL UNUNPY

UU&LQ = 20log

dudwbwlulhg htnkqpu) vubdwiubpnid ubdwt wnunijubkph htwpuynp
wnunih swihp hwduwuwp b wnunidgh 3...5%-hi, wjuhliptl Juunwgniyi ghupnid
wnuniyp Y1htth 90 <, npp 10 mbqud gupkihu uwnwgyh 9 44

vunp wqnuipywiughtt huinbkqpuy ujubdwibpnid gnymipini niuk hwuwn b
pupul hwljuiibpny mpubiqhunnpibp: Zwun hwljuing wpubqhunnputph hw-
dwp qupdwt dwjupnulp 1,8 4 poygpunplph obqdwb whpnygpp' + 10%, hulj pu-
pwly thwlwindubph nhypnid 1 <4 Yplht + 10% pougjunplyh whpnp:

Lupdwt juynitbwpupt ogqnugnpsynid  pupul] hwljwtng mpubqhuwnnp-
ubkph utnignidtt wywhnybint hwdwp, ntunp jupdwt uynitbwpwuph Gpnwd ghp-
(unpnidubph wnfuynipniup jupnn E hwbgkgub] dhish wbqud wnpuiqhuwnnpubph
duwjdwl, Epl gipjupnudubpp Uks i pnyjunnpth dwljuppuljhg:

U.2-nud b (4)-(7)-mud bkpluyugdus £ gippupnidubph b jupdwb pohsp-
ubph wnwewgdwb ywuwngwnp:
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vddh

—
vref \
——+ > |
|1
=C1
|nUr1 3 |ptm
— <}
AN N out
R2 |—==C2 en p
§R1 u —— G
n

UG.2. QEppupmidibph wnupwgiul Ukpnuithqup

HSPICE uwdwbwlnudp gnyg b wnwjhu wykjh put 20% ghpjupnud, nph wbn-
nnipjntiup Unwn 40 &y b Ahppupduwi b jupdwt pohsph yundwnp wpug thnpuwi-
ownyng) en wqnuiipwtt E, nph htnnbwupny phnt wpwnynud t:

Ulgpuwlut thnynid, bpp phep ghn dhwgws b Ejpuyhtt juuljunht, hn-
uwliph hhutwlwh dwup hnund E glygh phep, U dh thopp dwup’ ghygh jopdwb §-
wynitwpuwnh tEppht ujubdwt: Upngniipmid dbwynpynud E Ejpuyght juapnudp.

I[ziu] = Ipbn + Iy 4)

Vout = Iglzz] * (Rg || Rplm): (5)

Gpp phint wbipwwnynud k, jupdwt Juynibwpwpp sh Jupnn wlbtpuppnpku
wpdwquipk]. wpyniupnid wdpnne hnuwbpp hnumd E nhugh jupdwh fugnbw-
puph Ukpphtt ujubuwi, b kjpuyghtt jupnudp pehspwdl wdnid £ wnwgughtyny qhip-
(wnnu:

Vout = IBZU} * Ry (6)

Gipuyghtt jupnidt wdnud £ wjipwt dudwtwly, pwith nhn puguuwljui ht-
nwunwpd juwn sh jupquynpl] hwdwlupgp: Yuynitbwbiunig hbwnn Ejpuyhi hn-
uwbpp yuwlwunid L wyupwl, np bjpuyghtt jupnudp hwjuwuwpynud E ujqphujuie
(updwt dwjupnpulht:
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Vour = Iy * Ry (7

Ujuughuny, withpudbonnpms t wpwewimu dswlknt wyghup dkpow-
uhquukp, npnup Jhwlwugpbt jupdwb pohspubphl, pwtth nie hwdwlwupgp sh ju-
jniuwghy:

QEpupnidikphg yuonmywinipjut wpwewnlynn ykpngp. busybu wpnku
uoykg, (updwt juynitwpuph Ejpuyghtt pinh wbpwnykjt wnwowgunid k qhpjw-
nnulubp b qupdwt prhspubp Gpughtt jupdwt ypu: Unwowplynid k Ejpughtt phinh
wbpwnytnig wudhpwybtu htwnn dhwgubk] Ytns phn, npybuqh ppuub phnnyg
hnunn hnuwbpp swpnialh hnuk) Yhns pion untuwdbne hwdwp qhppupnu-
utphg: Uujuyt Ytns pin dhwgubihu hhdbwlwb hnuwipp wipunhwwn fhnuh, wy-
uhtiptl hwdwljwpgp wipinhwn Yswuh $hpujws hnuwlbp: Npukugh thnppug-
ukup uywnynn hqnpnipniup wyt ghypnid, tpp ppwljub phiop wigwngus k, wnw-
owplnud k §knd phnp wunh&wbwpup thwljly: Ujughum), Yins phop dhugibing
huntuwthnud Bup gbhpjupnidubtphg b jwpdwt prhsputphg, hul] nunun whewwnk-
1nY thnppugunid Eup uyyunynn hgqnpnipniip uyuwudw nkdhunid: Unwewnlyny
Swpunupuybnmpniup tkpjuyugdus k uly.3-nud:

vddh

—
f
-1
==C1
Inhn — Ipbn
? ) —
AN 1K out
R2 I‘_==c2 en R Ep
§R1 ’ —— &| — -
n
n o

Ug.3. Unwowpliynn dwpunwpuy Euinianiip

Utns phinh junwjwpnny wqpuowip (en_n) ppwljub pinh junwdwpnn wg-
nubowh hudbpub k, npybuqh ppulub pint wupwwnytihu Yindp wudhpwuybu
dhwbw: Ukné pinh junwdwpnn wqpubpwbt wuginid £ gudp hwdwhiwljwbwghb
quipsny, npukuqh Jurwjwpnn wqnupwip dhwbiwnig hbinn wunhdwbwpwp
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wuowwnyh, nph pupwugpnid jupdwl juynitwpwpp jhwugth jumbwgut] hudw-
Yupgp:

Ulqptwljut thnyymd punhwnip hnuwtph dks dwup hnunid E nhwh phnp:
Plnh wgwwnytnig htwn Ytns phinp dhwinwd E, b tnyt hnuwtpp owpnibmynid k
hnubj nbuh Ybns plinp, npytugh hwdwlupgp qipé ywwhh Yupniy thnthnjunipe-
jiuubphg, wyunithbnb Yné phnp nuunun wipwwnynwd L, nph pupwugpnid jup-
dwt juynibwpupp, puguuwljut hbnwnupd juwh sunphhy, juynibugunid &
wipnne hwdwlwpgp: b Ykpon Ynd phiep imbybu wigwummd £ wuywhnykyny
twl wpnwhnuph hnuwphg (ul . 4):

10

05

w)

00

Uly. 4. Gkné phnh unuijupnn wqpuipwin

U.5-md ukpuyugdus b ojupdwb juynitwpuph Gpughtt wqpubywh
hwdbdwwnnipniip qnynipntt niubgnn b wnwewnlynn dkpnnubtph dhol:

V):1(s)
before

after

X1-523020,Y1-09
1054 X2=50.05n.Y2-1.0952
DellaX-44.820
DellaY=0.19523
length<=0.19523 X1=50.009n,Y1-0.97467
slope=4.3553meg X2-83.39%,Y2-0.97514
DeltaX=38. 33
DeltaY=467.7

length=467.72u
L / slope=12189.0
B d

0.95

0.9 / X1-35.9550,Y1=0.9
X2-53.001n,Y2-0 9217
DeltaX=17.046n
DeltaY=0.021696
length=0.021696
slope=1 2728meg

T T T T T T T T T T T
0.0 20n 40n 60n 80n 100n 120n 140n 160n 180n 200n 220n 240n 260n 280n
ey

UG.5. Quynipeyni it nilikgnny b wnwowplpyng dkpnnhkph hunlbdunnnieiniip
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busybu tpunwd E ujuphg, dkpnnh Yhpunnidhg hnn ghpjupdwt duljup-

nulp buybu thnppughy k, b wdpnne tpuyupny jupdwi dwljupnulp sh whgunid
pnyjunnth vwhdwbp: Upyniupubpp wdthnthyws o wnpnruwynid:

Ungyniuwl

Quyniprnil nillkgnn b wnwewplyng dkpnnhkph hudbdunnnipnip

Nupwdbnp Qnjnipinil niukgnn dkpnn Unwownlynn ukpnn

Qbprupnud (/) 195,2 21,6

Bapuljugmpynii: Upuqugnps jupdwt juyniiwpuph gippupnudubph thnp-
pugdwt dbpngh Jhpuwndwb nhwypnd ghipjupdwt swthp thnppwinid k dnwn 10
wbquu:

Unwowplynn dbpnnh Yhpwndwt nhypnid Juplnp st jupdwt prhsph
nbnnmpinibp, puth np qupdwt dwluppulp Eppkp sh wignid payjuwnpkih
uwhdwbip:
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Zujuunnwtth wqquyhtt ynjhnbkuthjuljut hwdwjuwpwi, «Uhuntuh Updkuhw»
ntuntdbww phywpunwdbiun: Unipp tkpjuyugyt) b pdpugpnipini 28.09.2018:

A.A. MAPTUPOCAH

METO/] CHUKEHWA NEPEHATNIPSI)KEHUI BBIXOTHOI'O CUTHAJIA
BBICOKOYACTOTHOI'O CTABMJIN3ATOPA HAIIPAKEHUSA

[IpencraBnen MeToJ CHIKEHHS MEPEHANPSKEHNH BBIXOIHOTO CHI'HAJa BBICOKOYACTOT-
HOTo crabuiin3aropa HalpsDKeHHs. B cMelaHHbIX CUTHAJIBHBIX HHTETPAJIbHBIX CXeMax Har-
py3Ka CTaOHMIM3aTOpa HaNpsHKEHUS] MOXKET OTKJIIOUMTHCS Ha KOPOTKOE BPEMS, B TO BpeMs
Kak paboTa crabunm3aTopa HalpspKEHHS PoJoJDKaeTes. Pe3koe OTKITFoUeHNe Harpy3KH BbI3bI-
BaeT IepeHaNpsDKeHNs. B mpeuiaraeMoM MeToJie UCTIONb3yeTcss (PUKTUBHAS HArpyska, Ko-
TOpast MPUCOEIUHSETCS] K BBIXO/ly CTa0MIIN3aTOpPa, KaK TOJBKO pealibHasi Harpy3ka OTKIIIO-
YaeTcs, 3aTeM IIOCTENICHHO OTCOEAMHsETCs. B pesynprare nmepeHanpspKeHns CyniecTBEHHO
YMEHBIIAIOTCS] ¥ CTAHOBSTCA IOITYCTUMbIMU.

Kniouegvie cnosa: vHTerpanpHas cxema, cTaOMIM3aTOp HANPSDKEHHMS, NepeHanpsi-
JKEHUE, BCIIECK HAIIPSHKEHUs, (GUKTUBHAs HarpysKa.
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A.A. MARTIROSYAN

A METHOD OF DECREASING OVERSHOOTS FOR A OUTPUT SIGNAL OF
HIGH SPEED VOLTAGE REGULATOR

A method of decreasing the overvoltage in the output signal of a high speed voltage
regulator is presented. In mixed signal integrated circuits, during the operation, the load of
the voltage regulator can switch - off for a short period, while the voltage regulator continues
to operate. A fast-switch off of the load causes overshoots. The proposed method uses a
fictive load which is connected as soon as the actual load is switched off, and then is gradually
connected. As a result, the overshoots are substantially reduced and become permissible.

Keywords: integrated circuit, voltage regulator, overshoot, voltage spikes, fictive load.
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U.Q. &NU83UL

Gra2ue UTULTCULLEE YErUTULA LN UL G4, UB\UNRULC YE3YLES-
SGIVLALNAPULE P UPMUNUUUR

TYhunwplyl] Bu dhwswih b Eplswth wqnubpwbttph JEpdikn-npnhdwb b kpw-
Jubqudwt nkuwut hhuntuputpp wipughwn b pughwwn dbwthnimpniuttph phypnid,
hsybu bwl ubinddw b wnunijubphg Yhydin-duppdwt quputhwpibpp: bpujubwugytp
E wwwnlbplbph JbyEn-Jipujubqind b ubnpdmd wwpunbuwy bpinikpn] Wavelet
Toolbox V4.11 thuptph Yhpwndwdp, npli nith pupn wqnpubowtibph dowldwh hwdwp
twhiwinbugws tnpugny b hqnp gnpshpuljwuqd:

Unwmibigpughli punkp. pughuwghtt $niughw, Jyitn-dhiwthnfunipniiitp, nhind-
wnghghw, okduyhtt dpwlnid, Eplswh yunljtpubph ubnunud:

‘Uhpwénipynit: Ik bntkpp thpuyuginud i dwpbdwnhjulju opykljn-
ubkph Uh unp uu, npnup poy) B tiwhu uljgpoiipuyghlt unp puqhuttbpny dnwnwp-
&1 ny unwghntwp $niuljghwmbikp, pupy wqpuowbbp Jud wuwnybpubkp, puy
npnud gplipt hpbwqwlwl Yud stsht ujpwpuipny: Thypjknikph nkt Uh pwpp
wljuhwyn wpwybnipnitubp dnipyk-owpptph hwdtdwn pmuljghwttph nbnu-
jht wpwtdtwhwnlnipnibubpp puguhwynbihu: 4Eyknutph pughuwght $niul-
ghwutph puquuquunipniup pny) E nmwjhu nputp hynnipjudp Yhpuntk) gnps-
twlwb wju jud wb pupynipjudp juunhpubp nskne hwdwp: Munltpukph
dowljdw npnpuinid nputp pudtnnd tu tnp b wpynittwytn htwpwynpnipmnii-
ukp, ophtiw]] nkuwwqnuibipwbibphg wnumlukpp hkpwghtne jud wunnlkpibtp
wupnibwynng duybpp ubnubne ghypnid: Uw gwun wpnhwlwt jutghp E oy dhuyg
Epypuwdhqhuynid, jEuuwpwnipmniunid, pdolynipniunad, wy) btwlb pwunhnnbju-
uhjuynud b juyh hwdwlwpgbpnid: Uwhdwbwhwly pnpnitwlnipjudp ninhub-
nny ubnUuwé wuwybkpubph hunnppdwt hwdwp nputp hwdwpynud B wnwydty
htpwiljwpuht, ophuly hudwguiigny, peought juwyny, puiljughtt hhduwplyubph,
gpuukiyuljutph b whnwljut Swunwnipmniiubph hwdbdwnwpwp tknotpn Ju-
wninhukpny:

Ushuwnnwiiph tyquunuljn £ dpwlily Yty kn-quapsutinh inp hwdwlwpg, npp
htwpwynphtiu &ogphn upnputw Jepuljutqul) puypnmiidus gqunltpp 4idtn-
thnfuwlipydwt wpyniupnid b htwpwynphtie wpynibwybn jupnqutw ubndty
hudnpumghwt’ npulh tjuqugnyi whlnudm], ndpuiph puquymu wyuhuwitng
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Jud vwhdwbwithwl pnpnibwynipjudp ninhttpny hwunnpnbint tygunwlny: pw
hwdwp Jhpundt Eu wuppbp mbkuwlh EdiEnttp, thnpdwnpldt Eu nEinduyngp-
ghuyh mwppbp dwjupnuljukp, obkdught dpwljdwb mwuppkp dkpnnubp b okdwght
oynhdw] dwjupnulukn:

vunnh npdudpp: Fudwbwljuljhg juwh hudwlwpgbpnid juyinpbu fhpun-
Ynud E juyiwpbipnn hdwniuuyght b pyuyhtt wgnuipwbp, npntg yEpnusnipjut
hunlwp wqquibpwip tephuyugynid b uwpqugnyb puqunphstbph’ 3, () pagh-
uuyghtt dmulghwmbph b wmqputpwh dwuhtt hupnplughw wupnibiwlynn €, gnpéw-
Yhgutph wpunwnpyuh Yor]ws gnudwph ntupm].

s(t) = Xk Cei (8): 1)

dEpiknubpnh pmqhuwghtt $niuljghmbpp Yuipni nwwppbpyniud Eu dnipgkh
owipph pughuwhtt $niulghuyhg uhtintunhnhg: dpubp thpjuyuginid kb dwljwp-
nuijh prhspny dniuyghwmubkp, hdynyutbpny dnynijugdué uhintunhnutip b wy nw-
puwnbuwl dniuljghwitip:

dhyitwintbkph vhongny s(t) wqputpwp tbpuyugdnid k wihpuyht hwptp-
Ubkph" Jtpkinttph hwdwhdpnd, npnip dbunpynd &o npnowlh ulqpiwlub
Yo (t) pughuuyhtt $nighuyh hhdwt Jpu (. 1): Uy hwdwhnwdpp wuppbp k wg-
nuipwih npnodw wwppkp dudwbwljwhwngustbtpnud, npp ukpluyugund
Yhkpohtiu' £ounnipyul wyu Jud wyht wunhgwbng:

"\ ]f' Wavelet

I | f\, -JW‘L» —./‘\f\p-— ""‘A

! V\\J \,\ | —»
\\ / \; Transform l\qﬂﬁ w\/h\‘; ﬂ/]flp

u

Ul 1. Ugqnuilipwih by n-ykpiniénipnt i

Ugnuiipwth inpnhdw ghuypmid oquugnpdqus JLpjknutnh phyp npnonud
E mqnuibpuih npnhiwb (qEndynghghugh) dwljuppulp: Hyndynghghugh wlth
gudp dwjuppuljubpnid wgnupwth tbpuyugdut onnipmniup tugnid L, ww-
Juytt wnwewtnid ki wqnubpwtubph YEyikn-quuiul, uknddwb b wnuniljakphg
htnwgudwl htwpwynpmipnibuttp, puugh hkug wyn pupdp dujuppujubpod Bu
pugwhwjnynd wqpuowbttph jupdwnl wnwudtwhwnlmpniubbpp, npnig
ouippl ki puuynmid twh wnuniyukpp:

Uljuhwywn k, np wqnuiipwiitph tkpjuyugdwt hwdwp bpdiinttpp yhnp
t htwpwynpnipnit ntbbbwb ubnddl] (Qud punupdwuldl) b wbnuowupddt
wqnuipwith thnthnjumpjuit wdpnne dudwibwjuwhwnduénid: Zwoyh wntbjng
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wju hwnlmpiniup, npnowlh ¥y pughuwghtt $nitualghuwyh hhdw Jpw unbndynn
Y(t) YLy hn-pniuljghw jupbih t ubpuyuguty hbnbyuw) wpunwhwynnpyudp.

P(e) = a2y, (22, @

npwnkn b € R-p wupuwdbwnp E, npp npnomd E 4yt nhppp dwdwuljh winwtgph
Jpw, a > 0,a € R* — {0}-u’ wwpwdbwnp, npp npnpmid E Jhpdiknh dwupnwpun]n-
nnudp:

Minhn b hwjuwnupd wuptinhwn JEpdiin dbwthnpunipnibtpp htwpwyn-
nnipnit B tnwjhu hpujutugibine mpjus dudwtujuwhwngusnd wqnuipywth
&oqnhunn (Jud pwn Unwn) Jhpuljuwbqunudp: Uuljuy qu ny dhown E hitwpuynn 1h-
unud hpwluwbwgul) vhuy P (t) dwipudwuing dnityghuygh hhdwb pw, pwbgh
uyl niwy E Jbpuljuiqubint s(t) wgqubywih dhuyb tnipp dwbpuwdwutbtpp, huly
wqnuipwith wdpnnowljul ywnltpp vnwbwnt hwdwp oguuugnpénid ku un-
wnwplnn (ud dwuynwpwynpng) ¢(¢t) dudwtwljuyhtt $niughwub, npp vwhdw-
unud | wqpuiipwth Ynyhwn dnwnnwpynudp [1]: Uninnwplnn b dwbipudwutng dnibly-
ghwitph gnudwpp Yhpebwpyniipnid nuhu bt bwjtuul wqpubpubp” ount-
pjut wyu jud wjt wunhLwiung:

Ubpunhwn JhpjEkn-dbuhnfumpmniip gquhwbgnd t Uks swuh hwoyupl-
ubp [1], wyny hul] yuwndwnny gnpstwljut hwyqupubp juwnwnpkihu a b b yupw-
Ukinpbphll Jhpugpmu ko pinhwwn wpdbplbp’ @ = 2/ b = k27, npintn j b k-w-
pone pybkp kb (k€ Zbj=1,2,..): Uy nghypnd dwtpuwdwubing 4k kn-pniuly-
ghw i Unutnwuplynn upbjhig-pniujghwis Ypugniuk hbnlbyuwy mbupp.

Vi = ag”P(ag’t = k), @ (D) = 2772 (27Tt ~ k): 3)
(2) b 3) Yhpwntih Eu dhwswith wqnuipwhbp dowlljhu, vwljuyt wunlbp-
ubph nhypnid gnpd niukup nyyuukph bplswth quiqusttph htw, b JEpnhhojuy

Inruljghwitipp whwp kE ghunwpll x by hnthnpjuwljutnbpny: Gbpughwn Gpljswth
Y1 En-dbuthnjunipjub nhypnid 4Epdjhn-pniuljghut ubpuyugynid £ htnbyuyg

Gtpy.

YO = =0 (52 52), )

ai az

npntn a;b a, -p, hyyhu bl b, b b, -p mqnuipmth Vwphpnypnd (x b y) jpipu-
pwiginip hnthnpumpjuiin hwdwywwnwupwng a b b wupwdbtnpubph wpdtpubpt
L, pip npmd V =x Ly € R?:
Cunhwwn Eplswh Jhyyikn-dtwhnunipjut ghypnid wpynud E pughwnw-
Ynplwt wwypdwip® (k) € Z%,a = 2/ b = k2/ = ka, b wyy nyypnud.
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Yir = 272927V = k), () = 277/29p(27V — k): (5)

&hown t, mqnutipmiibph Jhpujwiqudw dudwbwl oqunugnpdnid ku k-
Yiknubtph dudwbtwljuyhtt jujpjusmipniuubpp, vwljuyi nputp ptnudkup yuwn-
JEpugnid B mwjhu wqpuipwbph inpnhdwt b Jekpujuiqdui tnipjut dwuhi:
AGnpstwlwinid ppulub dujiught b mkuwwqnutpwinbph douljdwt dudwbul
JEitn-dbwthnjunipniip junupymd E huwdwppuljutught mhpnypnud, npnkn
Yhpunynud E quuwt dh dbpnr, hwmdwdwyi nph JEpdibnibkph hwdwhpwlwbught
whpnypp pudwimd b kpym pununphsitph guspuhwdwpulwi b pupdpw-
hwdwpiwljut: Lwth np qupstbpt whghuginud b wqputpwith hwdwpwljuww-
1t pununphsubph dhuyt Yhup, wuyw poqupluiub pkpn swigus pununphyukpp
Jupnn kb hnwgyb;: U wypngtup Ynsynud E nighdwghw Epyniuny: 64 Epb wup-
quuytu gnudwupyku quupstubph Ejpnid wnwowmgus pntughwubpp, myw Junwgyh
twbwljwl wgnubpwip, wjuhtpl wknh Ymbkiu wqpuiywih Jpuljwiginid
wnweltuyhltt dwjupnulnud: Swspwhwdwhimlju quahsp, hp htppht, Jupkh
wnpnhb Gpynt qupsttph b juunwpt] nighdwghw, b wnubtu swupnitwly: Unutu
dlwynpynid E JEyiEn-qunpsutph dh hwdwljupg, npt ppujubwgunid £ wqnu-
wowtth wyu jud wjt dfwjupnuljh ghndynghghw: YEpuljubqidus wqnupwp
qpuntgund £ wdbh thnpp hwdwhwlwbwghtt vyklup: M ipwbulnd E wqpu-
wwth qumd b pudnpdwghuwyh swduwh Ypdwnnid, husp hhdp L hwinhuwinod
wqnupwlitbph ubnddwi b wndnijiphg wquundwt hwdwp [2]:

Uqnuiipwih tkpljujugnidp cA ; Uninuiplnn b ¢D; dwipudwutng g Ewn-
gnpdwjhgutiph mpnhdwt fwbwwywuphny, Yngynid k£ j-pn dwupnuyh gEjndyn-
qhghur: Uy nhypnud S(t) wgnuitipwth wnpnhnudp (ud Jepujubiqumdp) jpipupuriy-
nip dwjupnpulnud, punhwinip wndwdp, jupbh | ukpuyugut) hbnlyuy Yepy.

S(t) =cA;+cD; =cAy+cDy +cDy =cAz +cD3 +cDy +cD; = -+ =
=cAj+ X cD;: 6)

Nuunlkpubp dowlkhu S y) tphswh wqpubpwip tkpuyugdnud b Uy
cA; wypnpuhdwginn b pkp dwbpudwuting qnpéuljhgubpny’ cH;-hnphgniiwu-
Jul, cVj-mynuhwjug b ¢Dj-wljniiwugsughl, npnup wpnwugnimd ku quiqush
nuwnppbpp hwdwywunwupwt ninpnipmnibubpny: Ugnubpywth wpnhdwb ujpbkdwut
Jupkh £ ukpyuyugut)] hEnljuw) hwenppuljwinipjudp [3].

S(x,y) = (cAy, cHy, cVy, cDy) = (cAy, cHy, cVy, ¢Dy cHy, cVy, cDy) = -+

MATLAB-mud pugniidws k twb ubplujugdwt hbnlywy dup [3].
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cfl,

Sx,y) A

cV, eD,

Ug.2. Bplpunh wgqnulipwih npnhdwl ujubdwil

ZEnwgnuinipjul wpyniupibpp: 1) Npybu hbnwgnnynn wqpuipwi gh-
nuplyl E Lotubh dwlbpingph’ wppuiyuljhg unwugdus JPEG $nplunh ujun-
ltpn: Wavelet Toolbox thuptph GUI qpubhljuljut hunbpdtjuh qluwynp dhiyni
Jwbgnid Et MATLAB-h spwgpujhtt wwwnnthwiinid wavemenu hpwuwing: Bply-
suth wqnupwbtph dpwjdwt hwdwp pnpmd Bup Wavelet 2-D pudhtp, nph
gpubhjuljutr dhowduypp hwupdwupbgws b wuuybkpubph pughwwn 4bEpnidni-
pjut hwdwp twhunbugws puquuphy gnpshputpny [4]: 9Epnhhoju wuwnlkph
Jhikn-npnhdwt wpyniupubpp tpimd Bu gqpudbhjuljuts dhowduyph hhdtuw-
Jut nuownnid (. 3): Uy nuownh dwpu dwuh Jbpht b unnphtt wuwnlkpubpp hw-
duyuunwupwimd Eu phophttmht b JEpditwn-qnpswljhgutiph dowlnuthg htnn
unwugjus yuunltphte U dwumd ubpuyugynid E wuunliph dunphgh Jtpditwn-
wpnhnudp pnlyubph wkupny' Y. 2-ht hwdwywnwuwb:

Data (Size) Moonjpg (726x984)
Original Image Diagonal detall coef of level 2

200 400 600 800

Wavelel bior 26
Leval

Decomposition at level 3

T View mode | Square -
\*t\' Fules o Jl 3 )
Synthesized Image Image Selection 2 n

=l e -
Full Size ]
idwt Reconstruct
-—

Decomposition at level 3

UG.3. Muwnlbph JEfjEn-npnhdwi gqpupplului quwnnihuin
Qnnipinit niikgnn Yhpikn-dowljuwut wgnphpdubpp unynpupwp hpuluw-
twgynud ki Fnphoh ud Uhdjknh Jbpyikintbkph jhpundudp [1 -3, 5, 6]: Ukp §nn-

Uhg wnwewplynid k Yhpwnk) phoppngnuuy Ykjykntukp, npnup hpkug dwptdw-
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nhljulwb wywpwwnh 2unphhy ntwl o wykh dogphwn dpwmljlnt Eplsuth wq-
nutpwbibpp: Zknmwqnuynn wuwnltph Jpujutqudw jwjwgnyi wpyniupubp
uinwgkght bior2.6 Jjyjkwnh Yhpwndudp npnhdwb dhish 3-py dwlupnulp:

Nputuqh wybh wupq yuertu wuunlbkph Ykpujubqudwut npulp, dbp
Ynnupg dpwlty £ bwl spughp, npp juunwpnud £ 3-py dwfwpnuih Ephswth
nunhwwn Yhjy kn-npnhnid b JEpuljuiqunid wavedec2  waverec2 dniruljghwmibinp
dhongny, htswytiu bwl hwyqupyniud b Jipujubqudus wunltph thpuyugdut
upuwuipn.

>> v=im2double(d);

s=v(1:3920); Is=length(s);

[c,]]=wavedec2(s,3,bior2.6');

a0=waverec2(c,l,'bior2.6');

err=norm(s-a0)

err =

2.3255e-14:

Uhiuyuiph puwnn thnpp dbénipiniup dkjutwpwiinipjut juphp snith:

2) Ugqpubpwbibph ubinidwt b wnunijubph hinwgdwt hwdwp 4Epykn-
wnbunnghuynid Jhpuenid B wqpupwbibph jupfunt wpwbdiwhwnlne-
piniuubkpp tkpuyuging dwitpudwuiing gonpswljhgubinh dwjuwpnpulh vwhdwiw-
thwlnul: Uwhdwibing wyy gnpdwlhgutiph hwdwp npnpwljh obd b hwnbng
npuip pun wyy dwljwpnuljh, jupkh b idugbgil] wndnijubpp jud hpuljw-
twgubk] mqnutpwtubph ubnunid:

Npubku ophtiwl) nhwnwplyk) k «artadramasN1» duygp, npp ubpluyugund &
wkuwhuljdwi jughyn] tjwpuwhwigws wpnwnpulub wwpusph’ 282 42 sujw-
1ny JPEG dnpduwnh vh wyuwnlkp: UY. 4-nud ubpjujugdus t Wavelet Toolbox thwi-
phiph Wavelet 2-D gqpudhljuljut vhowjuypnid JEpnhhojuy wuwnljiph ubnddwi
wpngtup:
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Retained energy 99.37 % -- Zeros 93.65 %

Wavelet bior 22

Level 2

Global thresholding

Select threshalding method
Balance sparsitye-norm
SelectGlobal Threshald
3804
Norm cfs recovery 99.37 %

Number oTZeros 43 65 %

Compress I [ Residuals

""" Global threshold
— Morm coefs recoveryin %

MNumber of zeros in %

0 50 100 150 200 250 300 350

Golorrmap pink -
b, Galors Tl

U4 Munlbph uknunid gnpay pkdh huununndunlp

Utnudwt wipnyniupubpp Epbnud Bu gpubhljujuts dhowquyph hhdbwlw
nuownh YEpth we wuwnlkpnid (Compressed image): Muwunnithwth we hwnyuénid
huwpunp k punply Epgitinp nbkuwlyp, iupnhdwt dujuphuljp, stdughtt dowldwb
Enutwlp: Ujgnbn wpunwgnpynud | twb dwipudwutng JidiEn-gapswljhgubph
utwhdwbwhwldwt otdh wpdbpp: Gw twl mnuyht sbdkph hwunwndwt hw-
puynpnipintl, tpp vwhdwgnid Bu oEdbp jnipwpwtiynip gnpdwligh hwdwnp, hsp
httwpunpnipnit E wnwihu thnthnjuk] wwwnlbph npuljs nt ubnuynn hudnpulw-
ghuyh swluwn: Zknmwqnuudwt wpyniupubpp gnyg wgkght, np wdktwjwy wpg-
jnitiplikp unwgynid B bior2.2 Yhpiknh Yhpwndwdp wipnhdwh dhish 2-pr duw-
Jupnulp: NMunltpp ubnuynud £ wygbih pwb 3.5 wiqud wqpubpwih Hikpghugh
99,37% wwhwywiudwdp: Muwnltph pugniubh npulp yuhywibknt hwdwp wpw-
ouipynid £ Yhpwnk) gnpuy obdughtt dpwlnid, hsh wpmyniupmid hinwugynid
Yt Ewn-gnpswlhgutiph Unwn 93,65%-p:

Zhnmwgnuinipniitbph wpyniipubpp hwunwnbght, np tpnhdwt gusp
dwuppuyutph phypnud Jepuljuiqujus yuwnlkph npulp wvnwugynud L wykh
(uyp, put pupdp dwjupnuljubph ghypnud, vwluyt ubnddwt wunhfwtp wykh
guédn k (hunwd: Ul 5-mud ukpyuyugqus b «artadramasN1» duyyip mpnhdwt dhiiph 2-
nn (. 5, w) b 8-py (uyy. 5, p) twjupnuljukp: Ruophtiwml uyp qpuntgunmd kp 282
[ R swwy, huly ubnu]udtbpp hudwyuinwuwbwpup 79 4R4 63 A Nunlkph
npulp Jupkjh b jwjugul] Ghpunkng sbdwghll dpwljdwi nknughtt iywbulp,
uwluy ubnUdwi wunhguih tJuquut hwydht:
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U5, Ubndywé yuwnbpp mpnhdwi 2-pn (w) b 8-pg (p) dwlupnulabpnid

Bopuijugmpmil: Ywnwpjuws nkuufwi b hopdtufui hinwgninmpnii-
ukpp gnyg kb vnwthu, np ninhn b hwunupd YEjikn-dbwhnjumpiniaubpp ny
Uhuytt wmyuwhnymd kb mqnuipwh qpbpt junwupu JEpuljutqunid, wyp bwb p-
dtnnid Bt wjtyghuh httwpwynpnipniutkp, hisyhuhp b wnunijubphg quunudp b
wupnitwlynn hupnpuwughuyh ubnunudp: Unudnijubph dwlwppulp Yupkh b
ynpdwwnt) dwipudwutng gnpéwljhgubph® pun vwhdwijws oywnhdw) obdwyh
dujuppulh hwndwdp b wpynibwgbn sbdughtt dowljdwt Jkpngh plwnpne-
prudp: Ihpjkn-nkjuuninghwtpny ubknudws wunybputpp uvnwgynud B wykh
npuljju) (ophtwl’ JPEG wbkjuuninghwubph hwdbdwwn), ubnddwt unyuhuly
30...50%-h nwpnid, pun npnid” phoppngntiwy YEylknttpp gkpunuutih Eu wyy-
whuh punghpubp nwsknt hwdwp: Yunwupduws hbnwgnunipmnibaibph wpyniup-
ubkpp Yupnn b hhdp hwinhuwbwg inp Epdikn-Ynpklutph twppwgsdwt hwdwp
nbuunhnupdul, widunuignipyub b Ununph Jepuhuljdwt hwdwljupgbpnud:
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C.I. TOMIISTH

BOCCTAHOBJIEHUE U C)KATHUE JIBYMEPHBIX CUTHAJIOB C
NPUMEHEHUEM BEUBJIET-TEXHOJIOT U1

PaccmoTpeHs! TeopeTndecKrne OCHOBBI BEHBIIET-PA3II0KEHHUS 1 BOCCTAHOBIICHUSI OJJHO-
MEPHBIX 1 IBYMEPHBIX CUTHAJIOB B CITy4ae HEMPEPBIBHOTO M AUCKPETHOTO MPE0Opa3oBaHus, a
TaKOKe MPUHIMIBI CKATHSI M OYMCTKU CUTHAJIOB OT IryMa. OcCyIecTBIEHO BEHBIET-IIPe00-
pa3oBaHME U CXKaTHe M300paKEeHHH pa3HOTHITHBIMHM BEHBIIETaMH C NPUMEHEHHEM IaKeTa
Wavelet Toolbox V4.11, koTopslii UMEET HOBEHWIINI U MOIIHEHUIINIT HHCTPYMEHTApUH JUIs
00pabOTKHU CIIOKHBIX CUTHAJIOB.

Kniouesvie cnoea: 6asucHas GyHKIMS, BEHBIET-IPe0Opa30BaHus, JEKOMIIO3UIINS,
moporosas 00paboTKa, cKaTHe IBYMEPHBIX N300paykeHHH.

S.G. GOMTSYAN

RESTORATION AND COMPRESSION OF TWO-DIMENSIONAL
SIGNALS BY USING WAVELET-TECHNOLOGIES

The theoretical bases of the wavelet-decomposition and reconstruction of one-
dimensional and two-dimensional signals are considered in case of continuous and discrete
transformation, also the compression and noise wavelet-cleaning principles. The description
of the Wavelet Toolbox V4.11 package is given, which has the most advanced and
powerful tools for processing the complex signals. Wavelet-transform and compression of
images are implemented, using a variety of wavelets.

Keywords: basic function, wavelet transforms, decomposition, threshold processing,
compression of two-dimensional signals.
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Puipdn Juyniimpinit wwhwbenn hunkgpuy upbdwibpnud (PU) Juynit hnuwtph
wnpmiptbph twwgsnidp gnpstwlwinid ndup jighp E hwoldh wetbking nkjuingn-
ghwljwi wijunupnipniip, wpnwphl yupdwbbbph' obpdwunh&wih, vbdwb jwpdub
wpdbpiph thnthnpum pyntatkpp: Unwewplpynud t inp dkpny hhuugws fuynit hkbulw-
jht jupdwt wnpniph, whwnqupqujhtt dbwthnphsh (GEQ), pyuwtwinquyhtt dhwthn-
lphsh (FUQ) b wpurwphtt juynmt phdwuppnipjut dhwdwdwbwljju Jhpuedwb Jpu:
Unwowplynn dbkpnnh Jhpwenidt wywhnynd b hktwlwhtt hnuwtph wnpniputph
Juymbmpjut 7 wiquu pupdpugnid’ wpwbg Yndukubinwp dkinwn-opuhn-Yhuwhw-
nnppywihtt (WUOY) PU-h dwlhbtplup twlwb dkdwgdw: Ubkpnnp Ywupnn b akpgpdby
dudwhwlwlhg PU-tph punniths-hwnnpnhs hwugnygubpnid b Yhpundt] dudwbuljw-
Yhg WUOY mtjuuninghwjwb ywpnghuukpnid:

Unwhgpuypll punkp. htiwljught jupdwl wnpnip, Juynit hnuwbph wnpnip, wp-
wnwpht ghdwnpnipinil, hnuwph huybih:

Uhpwdnipni: dudwtwlwlhg htnkqpuy ujubdwtph (PU) wnwbdhl
Uks &nin Eu Juqunid pugniuhs-hwnnpnhy hwgnygutpp (USB, HDMI, MIPI L
wy(): Ynipuwlhp wvwppbph p huyn qunit gnigpiipug wnwewgl) b Eukpqu-
uyundwb Wwuqbgdwt ppunhpp: 8wbdp Lukipquuuyundwdp LiEjupntughtt vwp-
ptipp htwpwynpnipnit ki vwwhu thnppugl] yynipulhp vwppbph vinigdwi
dwpunlngitph $hqhjulwi swihtpp vhwdwdwbwl htwpwynpnipinta nwgny
thnppugil] wdpnnowlwt vwpph $hqhjujuis swthbpp: 8wép Lukpquuuywnnid
wywhnybnt hwdwp htnbkgqpuy vjubdwubkp (PU) wpnwunpnn gnpswpwutbpnid
wlpinhwn Jjunwpbjugnpéymd £ jhuwhwnnpysujhtt vwppkph wpunwungpni-
prull wkuininghwl PU-kpnid ijwqugnyyn wwpph swihbpp hwugibyng dhish 7
fu~h [1]: @npp swthtiph mputqhunnpubph vnugnidt wywhnynid £ wnpwbiqhu-
wnnpubph wpuqugnpénipjut wé b vhwdwdwbwl htwpwynpnipinit £ tmwjhu
thnppugibint ubdwi jupdwh wpdbpp hwiqbgitng swhiuynn hqnpnipjub
tjuquut: Uufuju guédp jupdwudp woliwwnnn whwinquihtt hwdwlwupgbpnid
Unphnhjulut i qunind wndjujuniinipjul, mpuiqhunnpibpp hugbkgdwt
ntdhunid wuwhbnit wntsynn juughpubpp [2,3]:
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Utuhpwdbounnipnit § wnwowtnid twhiwugstint juynih hnuwtph b jup-
Uwl wnpmnipbpp, npnbp YYhpunytb qquynit hwdwlupgbpnid, hiswhuhp b
hwdbdwwnhsubpp, wtwnqupduyhtt Adbuhnphsubpp b wyp:

Blukny Jkpp tpgwshg hknwgnunmpyub tywnwlji E twpwgst] bU-kph
nunniuhs-hwnnpnhy hwbgnygubpnid Yhpwnkih hnuwtph wnpymiph ujubdw, npp,
nbkpininghwljut snnidubphl, obipdwunhdwh b vinigdw jupdwb wpdtph
thnthnpunipniiibnhtt qnigpiipug, juywhngh pupdp juyniinipnii:

ugph gpdwspp b dbpnghljwgh hhdtwynpoudp: Fwdwbwlwlhg PU-Lpht
ubphuyugynn nkjpuhjulwt wwhweubpp pujulijuithtt jphuwn . withpudbon
E twhuwgst) wyuyhup bU-bp, npniig wpuwnntbiwlnipiniip jywhywgh obpd-
wuwnhdwtught -40 - +125 °C mhpnypnid b utdwb jupdwi £10% thnihnjunipnii-
ubph ywupuqund [4]: SEuunnghwljwt wijuwnwpnipjul yuwnmdwnny wnknh
Et niukunid tnpwtqhuwnnpubph, nphdwnpnipniubph, Ynunkbuwnnpubph wgu-
pudtnpbph oinnmudutp: Upnunpjws htnbqpuy ujubkdwibpp (htunud Eu mhuyw-
1ht, wpuqugnpé b nwinwnuqnnpsé: Un.1-md phpgué Gt hnuwbph wnpmnipukph
unugdul hwdwp Yhpunnn nuppbph sbnmudibpp juudws ebpiwunhgwihg
b nkjtninghwjwh wpnghuh wijunwpnipinithg wpwewgnn sknnidubkphg [5]:
NMupq L nuotumd, np wynuhuh gqopénuubph wqpbgnipjut nhwypnid fuynih
hnuwlph wnpmniph twhwugsnuip hhdinjws oubpughni nidbqupuph ujukdugh
Jpw, Juyuhndh wpu]bjugnyip’ + 15% Lounipmit’ wuytwiwnplus thuyh
nhdwnpnipjut wpdtph okndwdp [6]:

Unyniuwly 1

UOY uipwbghuwnnph b ghumnpnipyul nkjubninghwlui b wpnwphl gnpénbikpny
wuydwhunnpywd pknnidibpp

Spwiqghunpny
Thuwnpnipinih
Uqnnn gnpént whbigtinn hnuwtiph (%)
thnthnjunipnil, (%) °
Qbpd Lut i}
pUwunhguith thnthnjuntipnt g s
(-40 - 125°C)
Sthuininghwljut ypnghuh sbinnud
(nhwuyht, puwbinwnwugnps, +50 +10
wpwqugnps)

Un.1-nud ubpuyugdws skinnudubtphg puigh, ondwi swiht k) wykh k db-
dwnud, Epp hwoyh | wntiynid utidwt jupdwt wpdtph £10% thnthnjunipjntip:

Ul 1-nud ubpjuyugdwé £ hnuwbph wypmniph puuwlub ujpbdwb: fugu-
uwluwt hbnwnupd Juyh dke quniynn oytpughnt nidinupuph npuljut dnin-
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phtt tipynud £ VREF httwlwjht jwupnwdp, nph downnipniup juqunud k +1,3% [7]:
Uwluytt hnuwtph wnpymiph downnipinitp htient £ wyny wpdtphg, pwth np, hw-
dwduwyt wn. 1-h, jhuwhwnnpnsuwjhtt phdwnpnipyut b hEbwluwyhtt jupdwt wnp-
jmiph gnudwpuyhtt £ounnipniip juqunud  £16,3%: Znuwtph hwybjhtutphg jnupw-
pwgnip Ypluophtiwyus &ninh hnuwbph donnipiniup sh gipuquignid wyy wp-
dtpp: Cun npnud” K1, K2,...,KN gnpsuljhgubpp hudwywinwumimd b kjpughi
hnuwtph wnpmnip hwiinhuwgnn hwglgus mpuiughunnpubph W/L Eppusuthu-
Yt swihtph hwpwpbpmipjuinp hktwluhtt wpuwtqhunnph (W/L)_1 swthbpht [8]:

VPH. (WL)_1  KI*(W/L)_1 K2¥(W/L)_1 KN*(W/L)_1
VREF V+ Fl
OuT { %Ll %H %LX
V- | | |

IS KI*S K2*I S KN*S

Lbppymplnupb phdwnpmpym

nd!

UY. 1. Znuwiiph winpyniph nuuwlul apubdul

vunhp £ gununid inp dbpnnh wnwewnlnidp, npp Jpwpdpugh hnuwiiph
wnpnip hwinhuwgnn hwdwlupgh donnipmiup: Zwupyh wetbng hwdwlwupgh
Junmgquspp npybu ounipjul pupdpugdwin vhngws msndibp Jupbjh b
Yhpwnt) htnlbjuw) Unnkgnidukpp.

1. thnppugul) hEbwljuyhtt jupdwt wpdtph thonthnjunipniup,

2. dbkdwgubk) hEtwljuyht R phdwnpmipjut £onnmipniup:

zEuwuuyhtt jupdwt wpdtph thnthnjunipniup twqtgubine hwdwp Yhpwn-
yb1 E hEkbujught jupdwt wnpmiph upjubdwl, nph Lonnipniip juqinud E 1,3% [7]:
dkpohtiu thnppwgul) htwpwynn sk, putth np wuydwbwynpguws k mkuninghw-
Jut gnpéplupwugnid wnwewgnn skinnidubpny:

dhpntgjuihg b win.1-h wpyniupubphg hbnbnwd E, np withpudtown k dowlyly
unp Ukpnn, npp jpupdpugih hktwluyghtt phdwnpnipjut &onnipmiup b juww-
hnyh hnuwph wnpmniputph pupdp juyniunipiniup:

ZEuujuyht phdwgpmipjut Lsnmpjub pupdpugdub dkpngp: Lkppnipt-
nuyht uynit hktwluyht jupdwb wnpniph Gpuyghtt jupdwb donnipniup jug-
Unwd k £1,3%: Znuwph wnpniph juyniunipiniup pupdpugibnt tywwnwlng

173



wuthpwdbtown b pupdpuguty hktwfuyht R ghdwungpnipjut £onmpmniup: Zknbwpwnp,
npyhbu hEtwlujhtt pir wpwowplynid E oquugnpst] wpwnwpht pupdp Lownnt-
pjudp nhuwnpnipmniup: Yhpunknyg Juynit hkbtwluyht jupdwt wnpniph Gpw-
Jht pupnudp wyy phdwnpmput Jpu’ unwinid kup +1,3% &yunnipyudp hnuwbph
wnpnip whwnbubiny wpnuphtt phiwnpnipyul thopp okgnudtbpp: UY.2-md ukp-
juwyugyws upubdwl, pun Enipjut, hudpuljund b al.1-nud ubpuyugus upub-
duyghti: Swpplpnipniut wyh E, np R ghdwngpnipniip hwiiphuwind £ ng pk WU0OY
ntutnnghuyny unwugusé ghiwnpnipnil, wy] wnwyl] juynit wpnwpht phuwn-

nnipjnei:
VPH. (WL)_1 KI*(W/L)_1 K2¥(W/L)_1 KN*¥(W/L)_1
VREF V+ 3 i]
OuT t { %Ll """"" %H
V- | | |
ond! LS KI*I S K2*I S KN*I S

Unpuupht juyynia ghdunpm pinia
R

nd!

LY. 2. 2nuwbiph wypyniph ufukdwl wpinwphl Gugndl ghdwgpnippal Ghpundundp

Utipnnh Jhpwnnudp hwighgund E tnp dnunp-Lip hwignygh wbjugdw
wlhpwdbynnipyui: dhpohtiu pupdpugunid t bU-h hiptwpdtpp, wnwewgunid
LEyunpuwunwnhl] gupynidhg gquonyuinipjut b nyuwuwh ypu jpugnighs
Ynudynutinh wlbjuglut wihpudbionnipnii [9,10]:

Lpwgnighs Uninp-kjp hwtgnygh wykjugdwut wthpwdbynnipnit sh wnw-
owlnud punniths-hwinnpnhs hwignygubpnud, pwth np hwnnpnsh Epuyht b po-
nyniuhsh dntnpuyghtt ghdwnpnipniiubph jupqupbpdwi hwdwp Jhpunynd B
wpuwphtt juynit phdwnpnipnibubp [8]: Uwljuyt wyn nhdwnpnipniup dhuygh
npuhbu phn htupunp sk oquugnpst) hwoyh wetkiny] tpu hhdtwwb bowihw-
Umpmibp pingnibhsh dninpuyht bt hwnnpnsh kppughtt nhdwnpmpeniubbph hw-
dwduyubgdwut vjubdwbbpnmd Yhpwonipniup: Swppbp htnbkqpuy vpubdwttpnud
wy hwdwduwyubgnidp jud jupqupbpnidp junwpynod £ wwppbp YEpy. Jh dw-
untd wyt Junnwpmud E ukly whqud hunnpnsh hudwp b Ukl wiqud’ pagnihsh,
Unruttbpnid wyt junwpynud L ywppbpwpwn: Uhuygt k) wiqud jupgqupkpdng
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upubdwbbpnud juimhpp wykih htow E, putth np Jupquipkpdwh gnpéplipwugh wdup-
whg htnn wpnwpht nhdugpnipjut hwignygu wquwn k, b upbih £ wyh wbpy-
hwwn Yhpwnk] npyku hnuwbiph wnpymiph hwdwp twhwnbudws phn:

unppp puppuinud £ wuppbpwpwp jupquptpyng plnnihy-hwnnpnhy
hwdwlupgbpnud. wjuntn jpunghp £ wnwowtnid Yhpunbinmt wipnwphtt Juynit
nhuwnpnipniup dudwbwlh wyt wwhbphl, Epp jupqupbpdwt vjubdwibpt wi-
ownwd L, hul] jupqupbpdwt vjubdwibph wlnpyd jhubne wwpuquynud wi-
bpwdton b wuhwywl] Lpuyhtt P-UOY wpwuqhuninph thwljutht jhpundud
jupnudp: Dpybu wnuhu vjpbdw wpwewplymd £ hwgnppujub dnnbgdwdp
wiwnqupyuyhtt Abwthnfuhsh b R-2R junnigquspny pduwbwinguihtt Aiwthn-
huhsh hudwlgnipjudp uubdwi [8]: Ywpqupbkpnidt uljubinig wnwy whwnqupyu-
jht dbwthnjupsh dvhongny Juunwpynid £ MP1 wnpwqhuninph thujuth jupdwt
wpdtph wtwnqupyuyhtt Abwthnjunipmnit: @Juyht §nnhg wtwinquyht jupdwb
wugnidtt wmywhnymd £ R-2R pyuwbwinquyjhtt dbwthnjuhsp: dnpjuwmljipynidu
wjupwukinig htinn ujuynid £ hinbqpuy upubdwgh hwnnpphs-ptngniths hwignyg-
ubtiph Jupqupbkpdwt gnpspupwugn: YEpghtiu wmywhnybint hwdwp wpnwphtt u-
it phdunpmipniut whpwwunynid £ hnuwtph wnpmiph vpubdwihg b dhwgynid
Jupqupbpdwt ujubdwihtt: Yupqupbpnidt wjwpunbinig hknn wyi Yphhtt thwg-
Ynud £ hnuwtiph wnpynippt: UY.3-nud tkpjuyugdus b wnwewplynn dkpnngp punt-
pwgpnn wignphpep:

Uignpppuh dipght puyinud owtpughntt mdtnwpuph wpwnwphtt nhidw-
nipjut ubppmipknuyhtt phiwunpnipyudp thnjuuphtinidng nisynid k oygkpuughnt
nidknupuph wipinhwwn wohwwnwph punhpp, b withpudbonnipni sh wnw-
owtnid wjl hnjuwtigwnbynt, kpp wnknh £ niuktinud jupqupbpdw ujubdugh wy-
nhjugnd: Uw hwpudnpnipynit Ewwghu’ ijuqugniyih huugbnt hudwlwp-
gnud nbnh nitibgnn hwunwndwt ypngkutbpp, hsyhu bwlb ntuahbne owtk-
npughnt mdtnupupp Epnud jupdwt pohsputiphg [11]: LY.4-nud gnyg L nipud
wnwewnlyny dkpnnht hwdwywinwupwing upbdwi: Zktwlughtt hnuwph wp-
dtipp hwjwuwp E hkbwluyht jupdwi b wpunwpht juynit ghdwngpnipjut hwpuw-
phpniputp.

j— Vi
bk = R
wypn
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T

'

Upwnwpht juynit phiwnpnipejui
vhwgnid jupqupbpdwi ujubdwght

UER-h wljnhyugnid

'

'

Zunnpnsh Epught ghdwnpnipjui

Lwpgwpbpoul

MP1-h thuljuth jupdwi
thnfuwlEpynud pught §nnh

A

:

Cunnithsh Untinpught
nhdunnnipiul jungupbnnud

Uwnwugquws Ynnh gpuiignid pqught
nlghuwnph Uky

'

'

Yupqupbpdwi wjwpun

Onfuwljbpyuwt wjupwn/UERA-h

wwwwlinhdwanid

v

!

Upwnwpht ghdwnpnipjut thwugnid
hnuwbph wnpniph ulubduhin

UR-h wljnhjugnid

.

Znuwiph winpminh upubdugh
wlunhjugnid

[kghuwnph Ynnh hnpawlEpynid
whwnquyht jupdw

Guipquipkpuiwi

|

OnuwljEpydwt wjupun

ufubdwl ywuuh

!

(Upuwpht phdwnpnipjui dhugnid
hnuwuph wnpmiph upjubdugh

MP2...MPN wmpuighuinnpubph
thuljutth wigwnnid MP1 thuljuithg

!

®

v

Gupqupkpdwi upubdugh
MP2...MPN wpwuqhuwnnputph whwnpugnud
thuljuih vhwgnud (0U2Q-h Eipht l
‘ Outipughntt nidbnupwph
Upwnwpht juynit nhdwnpnipjui ulpmulib hll['}il'::mlll'lnlf ot u
dhugnd unqupbndwi unkdunh {pnfuwphlnt ppypbnuih
nhuwnpnipjudp

Ll. 3. Ukpngh dlhwpugpnipiniip prnl-ujubdugh nkupny




ZEuwjuyhtt hnuwph wnpniph wpdtphg puquuuyunhl whqud wwppbpyngn
hnuwtiph wnpnipbp dpwlknt hwdwp Jhpunynid E hnuwtph hugbjne ujqpnipn.
ybpgubiny httwluwjhtt hnuwtph wnpmnip hwinhuwgnn npuiqhunnph swthtphg
puqUuywnhl whqud ks fud thnpp npuighunnpbp’ jupbjh Eunwbwg hw-
dwywwnwujuwt hnuwph wpdbpubip: Zwupwpkpnipjut £onnipmniup pupdp wu-
htnt hwdwp wihpudbown L hnuwtph wnpnip hwinghuwgnn mpuiqghunnpbpp
nbnuljuyt] htwpwynpht swh dnwn: Ldwt Wuydwbbibpmd tpubg ehpdwunp-
Swuikph mwppbpnipniup jhwugyh tdwqugniyh, npt hp htpphtt jhwugkguh
sduyhtt jupdwt tJuqugnyt nwwppbpnipyut b hnuwbpubph Wjuquqgnyu obn-
dwt’ uywuynny wpdpubph hwdtdwn [12]:

VDDH

ZEumbught
wpuwl wnpynip

VSS

i

cal_en_out }

Intu

cal en out
Uhkppmiplinuyght Upunuwpht juym
nhdwnpnipmi nhdwugpnipni
' VSS
—

10 phpe LU :10 rhe | 10 phpe ntighuwnnp }O ghe | 10 phe UE2

L4

EOW WE}

EOC EN

cal en out cal, el fn
\ VDDH
> 1
p
OUT *;4 I: [elelNe) 4 E
L
K1*Inkt K2*Inku Kn*Inkt
0o S v v
/él cal_en_out

Ul.4. Unwowplyng dkpnph ppuwiuwiugdwi ujubdwl
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ZEnmwgnuinipjut wpynibphtpp: Unwewplynn dkpngh wppnibwybunt-
pntup guwhwwnbint hwdwp junwpyt] Enuwuujut Epubwulnyg b wnwowpljyny
Ubkpnnh tkpppuwdp hnuwbph wnpmipttph dowlnud SAED14nm FinFet inkulin-
Inghuwyny: Ujunthtnl juwnwpyl) b tdwbwlnid «Uhtnthuhu» pulbpnipjub
HSPICE spwgpuyjhtt dhongh Yhpundwdp: Ldwtwldwb wpymupubpp ukplu-
jugws ki wn.2-nud:

Unyniuwly 2

Unwownlyng Ukpnph [hpundudp hwupnugsyus hnuwiph winpniph hudwp unwgyus
wjuyhlph hudbdunnnipiniip puuwlul Epuinulny hupnugdyws Anuwlph wnpniph

hunlup vinugyws nfjuylilph hkwn

g i} u Uk
NMuwpwdbnnph whjuinudp vl puguplnn Epnnh
Enuwyny Yhpundwdp
Upuwnwpht gnpénuutph b
wbpubinnghuwlyul >+ 16,3% <+2,3%
wijuwinwpnipju hinbwupny
wnweowgny oknnidubpp
Yhuwhwnnpysuyht pyniptnh
Ypw qpunbgpué dwljtptup, 8400 11000
(dfuy?

busytiu kpbnud £ wn.2-hg, htnbgpuy upabidwgh 2600 /72 dhsugdwul ww-
nuquynid wnwewnlynn Ukpnnp pupdpugunid E hnuwtph wnpniph &ounnipmniip
wykjh pwt 7 mbqud: Uthpwdbon duljtpbuh dkdwgnidp buljuwunpkb sh wqnnd
hnbgpuy upubdwgh dwltpbuh Jpu’ hwpdh weibing, np wihpudhon hubyuy
dwlbptup juqunud £ PU-hp whwjnquyhtt hwndwsh stushtt dwup, dhugpbn nis-
Ynud £ whwnquyhtt PU-Eph hhdbwhwpgtphg diyp hwdwpynn juynit hnuwiph
wnpniph bwpugsdw jpunhpp: Unwewplynn hnuwtiph wnpniph £2,3% sbndwt
hhdtwjut yuwwndwnp hbktwljuyhtt jupdwi wnpmniph +£1,3% wudpnnipjut swtht
L hul] 1 %-p UER-PU2 hudwlupgh whdonmpmniip: Zupl t tok) twl, np
wnwownlynn dkpnnp Jhpwunkh t dudwbwluyjhg YUOU hU-tph twjuwgsdwb
gnpépupwugubpnid, puth np jhpundws pninp ujubkdwbpp, ujubdwtbpnid oquw-
gnpéJws muppbpp hwinhuwind kbt WUOY mktninghwljwub mwppkp, hull wp-
wnwpht juynit phdwunpnipmiip wnjw £ dudwtwljulhg pnjnp wpuqugnps pb-
nniuhs-hunnpnhy hwdwlwpgbpnid:

Bqpuljugmpinii: Unwownplydws £ WUOU wnbkjunnghuny hwhiugsyws
hnuwbph wnpmiph wubdw’ Yhpunkine hwdwp PU-kph pugniihs-hwnnpnhs hub-
gnygubpnid hnuwuph wnpmipubph juyniinipyut pupdpugdutt tywnwlny:
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Utpnnh Jhpundwdp btwpjuwugd]ws hnuwtph wnpmniph Juyniinipniip pupdpuw-
gh1 t wbkjh pwl 7 waquud’ h hwphy PU-h dwykpkuh sishtt' 2600 #? Uksmuguiwt:
Utpnyp hwdwwnbnbh £ dudwtuljuljhg 9009 wikjuuininghwljwt wypngkutubpp
htwn b fupnn E ubpypyly dudwtwljuljhg gipdts PU-Eph pnmiihs-hwnnpnhs hwt-
gniygubkpnud:

10.

11.

12.

G UYULNREEUL 8ULY

A 7nm CMOS platform technology featuring 4th generation FinFET transistors with a 0.027um?
high density 6-T SRAM cell for mobile SoC applications /S. Wu, et al //2016 IEEE International
Electron Devices Meeting (IEDM). - San Francisco, CA, 2016. - P. 2.6.1-2.6.4.

Dennington B. Low Power Design from Technology Challenge to Great Products /ISLPED'06
Proceedings of the 2006 International Symposium on Low Power Electronics and Design,
Tegernsee. —2006. -P. 213-213.

Razavi B. Design of Analog CMOS Integrated Circuits. - New York, NY USA, 2001. — 684 p.
Wadhwa S.K. and Chaudhry N. High Accuracy, Multi-output Bandgap Reference Circuit in
16nm FinFet /2017 30th International Conference on VLSI Design and 2017 16th International
Conference on Embedded Systems (VLSID). - Hyderabad, 2017. - P. 259-262.

Melikyan V., Martirosyan M., Piliposyan G. 14nm Educational Design Kit: Capabilities,
Deployment and Future, Small Systems Simulation Symposium 2018.

Hspice Reference Manual, Synopsys Inc.- 2017. -846p.

Cao H., Yu Z., Deng H. and Li P. A reference voltage source and its output buffer for pipeline
ADC //2014 International Conference on Anti-Counterfeiting, Security and Identification
(ASID).- Macao, 2014. - P. 1-5.

Baker J.R. CMOS Circuit Design, Layout, and Simulation. - 3rd Edition. - John Wiley and &
Sons, Inc., Publication, 2010. — 1173 p.

Melikyan V., Balabanyan A., Hayrapetyan A. and Melikyan N. Receiver/transmitter
input/output termination resistance calibration method /2013 IEEE XXXIII International
Scientific Conference Electronics and Nanotechnology (ELNANO). - Kiev, 2013. - P. 126-130.
Ker M. Whole-chip ESD protection design with efficient VDD-to-VSS ESD clamp circuits for
submicron CMOS VLSI //IEEE Transactions on Electron Devices. -1999. - Vol. 46, no. 1. - P.
173-183.

High Overshoot Correction Method in Voltage Regulators / V. Melikyan, A. Mkhitaryan, A.
Hayrapetyan, Z. Avetisyan, et al /2018 IEEE 38th International Conference on Electronics and
Nanotechnology (ELNANO). - Kyiv, Ukraine, 2018. - P. 130-133.

Hastings A. The Art of Analog Layout: Second edition. - June 1, 2005, Prentice Hall. — 672 p.

Zuywunwbth wqquihtt wnjhnkpuhjuwlwt hwdwupwpui, «Uhtnthuhu Updbuhws»

niuntdbwlut phywpunudbiun: Unipp thpuyugyt) k udpugpnipnia 25.09.2018:

179



AX. MXUTAPSAH

METOJ YBEJIMYEHUA CTABUWJIBHOCTH HCTOYHUKOB TOKA B
Y3JIAX BXO/J-BbIXO/J KOMINVIEMEHTAPHBIX METAJIJI-OKCHU -
HNOJYINIPOBOJHUKOBBIX UHTEI'PAJIBHBIX CXEM

IIpoexTHpoBaHHE MCTOYHUKOB TOKA B COBPEMEHHBIX HMHTerpaibHbix cxemax (MC),
TpeOYIOIINX BBHICOKON CTETIEHH CTAOMIBHOCTH, MPAKTUYECKH SIBJISIETCS CIOXKHEHIIEeH 3a1a-
Yyel Mo NMPUYNHE BO3JCHCTBUS BHEIIHMX (PAaKTOPOB (M3MEHEHHE 3HAYECHHH TEMIEpaTyphl OK-
py>karoIueil cpessl U MUTaHMsA), a TAKXKE TEXHOJIOTHUECKUX HecoBepiIeHCTB. [Ipennaraercs
HOBBIH METOZ, OCHOBAHHBII Ha OZHOBPEMEHHOM NPHMEHEHHH CTAOMIBHOTO HCTOYHHKA
omopHoro Hampspkerus (MOH), anamoro-umdposoro npeodpaszosarens (ALID), mudpoana-
norosoro npeodpazosareins (LIAIT) u crabunbHOro BHEIIHETO conpoTuBieHus. [Ipumene-
HUE IMPEJIOKEHHOTO METOa 00eCIeunBaeT yBEIMUCHNE CTAOMIBHOCTH UCTOYHHKA OIIOP-
HOTO TOKa B 7 pa3, IpH 3TOM H30eras 3HauMTeI5HOTO MPUPOCTA IUIONIAAN KpUcTaslia, 3aHuMae-
MOH CO CTOPOHBI KOMIUIEMEHTapHBIX MeTalI-oKcuA-noiaynpoBogHukoBbix (KMOII) UC.
Merton MOXeET ObITh BHEAPEH B y3laX NMPHUEMHUK — IepelaTyik coBpeMeHHbIXx MC u
npumereH B coBpeMeHHbIX KMOII TexHOoI0rn4eckux nporeccax.

Kniouegvie cnosa: MCTOYHUK OTIOPHOTO HAMPSKEHUSI, ICTOUYHUK CTAOMIIBHOTO TOKA,
BHEIITHEE COMPOTHUBIICHUE, TOKOBOE 3€PKAJIO.

A.Kh. MKHITARYAN

A METHOD OF INCREASING THE CONSISTENCY OF CURRENT
SOURCES IN TRANCIEVER SYSTEMS IN COMPLEMENTARY METAL-
OXIDE-SEMICONDUCTOR INTEGRATED CIRCUITS

The design of the consistent current sources in the integrated circuits (IC), requiring
a high degree of stability is a most difficult problem because of the impact of external
factors (change in the environment temperature and supply voltage, as well as technological
defects). A new method of increasing the accuracy of the current sources of the transceiver
systems in ICs is proposed. The idea of the paper is the new schematic design based on the
highly accurate external resistor, the analog-to-digital converter (ADC), digital-to-analog
converter (DAC) and the stable voltage reference. The implementation of the method
provides improvement of the consistency of current sources by 7 times without a significant
increase in the area of IC. The method can be introduced in the transceiver-receiver parts of
the modern ICs and can be realized in modern CMOS technological processes.

Keywords: reference voltage source, consistent current source, external resistor,
current mirror.
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A.R. KHACHATRYAN

SPHERIACAL RADIOTELESCOPE SURFACE ADJUSTMENT USING
ARBITRARY LOCATED LASER RANGEFINDER

Surface deviations from the given form in a reflector antenna reduce the aperture
efficiency. In this paper we have developed a mathematical foundation and modeled a
method of measuring the reflector roughness of a radio telescope. This approach was used
to measure a set of points and estimate the mean surface deviation of a spherical reflector.
In particular, we have considered the case when the measuring apparatus (laser rangefinder)
is located in the arbitrary point within the scope of the reflector. All the calculations and
software were developed for the ROT-54/2.6 antenna.

Keywords: antenna measurements, surface adjustment, roughness estimation, optical
method.

Introduction. The radio astronomy antennas usually have large dimensions
and generally consist of a set of surface panels with supported structure (also
known as a backup structure) [1]. The radio-optical telescope ROT-54/2.6 located
in Armenia has been designed by P.M. Herouni [2]. The antenna of the telescope
has a spherical shape and its surface consists of 3716 solid panels [3]. In order to
obtain maximum antenna gain it is necessary to locate the panels accurately in the
shape of a sphere. The influence of the reflector surface roughness on the antenna
gain analyzed by Ruze [4] indicates that the RMS error should be less than about
one-sixteenth of the wavelength for acceptable performance. The telescope
deployment in mm wavelength requires surface panel adjustment greater then 100 um.

At the moment of ROT-54/2.6 antenna construction, the mean-square error
of the main reflector’s surface was +0.308 mm which is an acceptable accuracy for
the ROT-54/2.6 to operate in 5 mm wavelength [3].

The existing modern methods of surface roughness measurement such as
Radio Holography [1] are unacceptable for ROT-54/2.6 due to the structural
characteristics of the antenna.

Taking into consideration the fact that panel adjustment should be done on
the field, since telescope is mounted on the ground and can not be disassembled or
rotated, another problem arises. The telescope's Cartesian center is not available for
carrying out measurements. Given the above statements, this paper examines the
surface panel deviation error measurement from any arbitrary point (hereinafter
off-center) within the scope of the reflector.

181



In this work, the environmental influence, such as the changing temperature,
wind etc are not examined and are taken as constants.

The method description. Axial-symmetric reflector antenna surface
adjustment usually means detection of divergence the between the antenna's
electrical and geometric axes. The surface error influence on the antenna gain
analyzed by Ruze [4] indicates that an error of 1/40 is required to limit the gain
loss to 10% and with an error of 1/16 the gain is decreased to about half of the
maximum achievable.

The relative decrease in the aperture gain can be expressed by a simple
formula:

4me)?
Ja _ e‘(T) , (1)
Nao
where, € is the surface error distribution with RMS value; A the wavelength; 74, is
the aperture efficiency of the perfect reflector.

Fig. 1 shows the reduction of the gain of a reflector antenna as a function of
€
= [5)

Gain loss o [dB]

0 0.02 0.04 0.06 0.08 0.1
e/h

Fig. 1. Antenna gain reduction as a function of surface error

In order for the ROT 54/2.6 to operate in cm wavelength, particularly in 2
cm, the antenna’s reflector panels should be adjusted with about 1.2 mm accuracy.
The important point is that the reflectors’ adjustment should be performed in the
field since the antenna itself is mounted on the ground and can not be disassembled
or rotated. To accomplish this, a laser rangefinder has been selected as a measuring
device which can be placed in any point within the scope of the reflector. The
mathematical calculations could be simplified in the case when the measuring
device is placed in the center of the sphere, but because the center of ROT is not
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accessible for placing the measuring device, this paper studies the case when the
measurement is carried out from any convenient point within the sphere.

Let’s consider three points from the antenna's reflector, (Fig. 2) The points are:

M, — the center point of the reflector. The surface roughness estimation
should be considered relative to this point;

M — the measured point of the reflector. Mathematical calculations should
be performed for this measurement;

M, — the arbitrary point within the scope of the reflector, also referred as an
off-center point in this paper. It is assumed that the laser rangefinder is placed here
and actual measurements are performed from this point.

One of the importent points of the adjustment procedure is the antenna's
geometric center identification. The detailed procedure for ROT 54 /2.6 is discussed in
paper [6].

Mathematical foundation. The laser rangrfinder measurment result would
be the array of values M, showing the distances of the reflector point relatively to
point M;. Let’s apply the mathematical calculations to one of these measurments

(Fig. 2).

Fig. 2. A single point measurement scheme from the reflector surface using an off-center
laser rangefinder

Relative to point M; which is assumed as a relative point from which the
reflector surface roughness measurements are performed, the points of interest (M,
M) can be defined in the Cartesian coordinate system in the following way:
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M, (0,0, 0),
M, (r cos@ sin ¢, rsin 6 sin @, r cos @),
M, (Lcos@sing, [sin @ sin @, [ cos @),

where r and [ are distances between points (M; , M) and (M, , M) respectively; 8
— the azimuth angle; ¢ — the polar angle.

Vectors M; M, and M;M; take the following forms:

MM, = ir cos 8 sin ¢ + jr sin 6 sin ¢ + kr cos ¢, 2)
MM, = il cos 0 sin ¢ + jlsin 6 sin ¢ + ki cos . 3)

Vector M_M; can be defined as a difference between vectors M;M, and
MlMS:

MMy = MM, — M;M;. “4)

The surface roughness of the measured point M; relative to point M. can be
defined as follows:

, ®)

where R is the theoretical (ideal) radius of the ROT and equals 54 m.
Software implementation. As it was discussed in the previous sections, the

Surface error =R — |MCMS

measurement of the surface can occur from any point within the scope of the
sphere. The goal of this paper is the interpretation of the measurement results as
they were taken from the center of the sphere. The software modeling has been
used in conjunction with mathematical foundation to achieve this. Particularly, a
case has been modeled when the laser rangefinder was placed in point M;, and the
measurements where taken from 60 points of the reflector surface. Note that in the
real case, at least 3 measurements should be taken from a single panel to correctly
build the virtual surface. Fig. 3 shows the measurement points in the map of the
sphere. The values demonstrate the deviation of the measurement result from the
ideal sphere surface. The sign “-” shows that for that particular measurement

surface, deviation has an opposite direction relative to other measurements. In Fig.
3, the top view is achieved by plotting distance |MCMS| (4) projection on the XY

plane by calculating the |MCM S| cos ¢ value.
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Fig. 3. Error plotting on XY plane in millimeters

Fig. 4 shows the 3D view of measurements created by the simulation software.

Fig. 4. Error plotting on the Cartesian system in meters

Laser rangefinder operating mode. For our measurement purposes we will
use the laser rangefinder manufactured by OEM Laser Systems. The model of laser
is LDM. This laser can perform measurements from up to 100 m providing +/- 1.0
mm accuracy. Each single measurement time can take 50 ms — 1 sec. This is also an
advantage because all surface measurements can be accomplished within a short
time period during which environmental changes will not vary too much. Also, the
instrument has a serial port that can be connected to the computer where all
software algorithms are implemented for evaluating the roughness.

The distance measurement process of laser rangefinder is shown in Fig. 5.
Note, that we do not use the reflected laser beam (5) for distance calculation. The
following notations are used in Fig. 5.
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Fig. 5. The measurement process

1 — Laser rangefinder; 2 — the laser beam traveling from the laser rangefinder to the
measurement surface; 3 — the scattered radiation of falling beam reflected to the direction
of the laser; 4 — the measurement surface; 5 — the reflected beam from the surface; 6 — the

normal of the surface

This type of laser can perform measurement using the scattered radiation
energy reflecting back to the source of the beam because of roughness of the
surface using the phase comparison technique to measure the distance. The ROT
54/2.6 radio optical telescope is constructed by aluminum panels which is not the
ideal reflector for laser beam thus the energy of (3) would be enough for accurate
measurements. This method eliminates the need when the reflected beam (5)
should be necessarily captured by the measurement system.

Conclusion. Considering the structural characteristics of ROT-54/2.6, which
make the direct measurement from the geometrical center impossible, the described
method of the reflector surface roughness measurement is viable enough to
estimate the surface deviation errors from the given form. Overall Measurement
precision fully relays on the laser rangefinder measured parameters accuracy such
as distance, azimuth angle and polar angle.

REFERENCES

1. Baars JJW.M., Lucas R., Mangum J.G. and Lopez-Perez J.A. Near-field radio
holography of large reflector antennas // IEEE Antennas and Propagation Magazine.-
2007.-Vol.49, no.5.-P.24-41.

2. T'epynn I1.M. U3smepenust xapakrepuctuk POT-54/2.6 / BKAU-5, 1990.-C.22-26.

3.  Tepynm II.M., Apakenassu M.I'., ActBaunarpsin 3.b. Pa3zpaborka Borpocos co3nanus

rOCyapCTBEHHOTO TasioHa noJist uanyuenus ['OI11-32/54 / BHUMPU.-1980.
186



4.  Ruze J. Antenna tolerance theory--a review // IEEE Proceedings.-1966.-Vol.54.-P.
633-642.

5. Casco N.A. Surface roughness estimation of a parabolic reflector. arXiv preprint
arXiv:1007.4600.-2010.-Vol.52.

6. Caprcan A.C. Meronuka mNpeABapUTENbHOTO JTama IOCTUPOBOUYHBIX paboT Ha
anrenne POT-54/2.6 // Bectauk TYA.-2014.-U.1.-C. 302-306.

National Polytechnic University of Armenia. The material is received 10.06.2018.

U.[}. MUUSI8UL

QUIUQEY (FUNPNYPSUYP UUYETINR8Eh KCSUNNRUT
JUUUSUYULANEL SENUIUO LULEGIUSHL 2BNU2UCH UPRNSN,

Ubnbkuuygh huylint dwybplnipuyhtt wthwppeopniiibpp qquh puguuwfut wqph-
gnipjnit ku ponunud winbktuugh o.q.¢.-h pu: Unbnsdty bu dwptdwnpuljut hwpdup-
Yuwjht pubwdlibtp b sSpugpuhl dnphjuynpdwi dkpnpitp pughnwunnunhnwlh hwytpn
wuhwppnipniuutpp quwhwwnbint hwdwp: 9Epnhhojuy dbpnnutph Yhpwodwdp juwnwp-
Ut t qiqual winkiwgh hwybine dwlbplnpughtt upwpwipibph ghwhunmy’ dhehugb-
1Y yunupdws swhnudubpp: Uwubwynpuybu, Lipunpdby £ np swithnn vwppp (uqbpu-
jht hinwswthp) mbnunpyuwé b winbtugh huybine pugdusph juduyulwt jennd: Tw-
ptdwwnhjulwh b spwgpuyhtt dkpnnubph dwipwdwut pugwnpnipmiip juwnwpyty b
qunudl nwnhnowwmphuwlwh wunnuphwnwyh 0}-54/2.6 hwudwp:

Unwhgpuyhl prunkp. wunbiugh swihnudubp, dwulipinipughtt £onwunpnud, withwp-
poipniuttinh quwhwwinnid, oyunpjulwh Enubuly:

A.P. XAYATPAH

IOCTUPOBKA INIOBEPXHOCTU COEPUYECKOI'O PA/IMOTEJIECKOIIA ITPA
ImoMouu 1MpOMU3BOJIBHO PACIIOJIOKEHHOT'O JIABEPHOI'O
JAJIBHOMEPA

[ToBepxXHOCTHBIE OTKJIIOHEHHSI OTPAXKATeJlsl aHTEHHBI OT JaHHOW ()OPMBI YMEHBILIAIOT
KO03(QHIMEHT NOJIE3HOrO AeicTBHs aHTeHH. Pa3paboTanbl MaTemaTiuyeckue (GopMyJibl 1 Me-
TOABI MOJEIMPOBAHUS JJI1 U3MEPEHUSI HEPOBHOCTEH MOBEPXHOCTEN OTpa)kaTessl pajuoTe-
JiecKona. JTH METOAbI ObLIM MCIOJIB30BaHbI Ul U3MEPEHHs MHOXKECTBA TOYEK Ha IOBEPX-
HOCTH 3€pKajla U OLEHKH CPEIHET0 OTKJIOHEHUs MOBEPXHOCTU C(hepHuecKoro 3epkaia OT
UJIeaJbHOT0. B 4acTHOCTH, PacCMOTpPEHBI CydaH, KOIrJa M3MEpUTENbHBIN npudop (J1asep-
HBIH JaJbHOMED) PACIOIOKEH B IIPOU3BOIBHOM MECTE B MpeAenax c(hepudeckoro oTpaxa-
Tens. MareMaTH4ecKue pacyeThl U METOIbI MOJCIUPOBAHUS TOIPOOHO OMMCAHBI IS CIIy-
4asi aHTEeHHBI c(hepUUECKOTr0 paaroonTHaeckoro teneckomna POT-54/2.6.

Kntouesvle cnoea: n3MepeHus aHTCHHBI, FOCTHPOBKA NOBEPXHOCTH, OLICHKAa HEPOB-
HOCTH, ONTHYECKUH METOI.
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SELF-HEATING AND THERMAL NOISE MINIMIZATION OF THE
SERIAL-LINK TRANSMITTER

The simulations of the serial-link transmitter are implemented considering the aging
process of the MOSFET device within 10 years. Two techniques are proposed to minimize
the aging impact on the transmitter output eye diagram. For this purpose, control logic is
added. After one data bar is transmitted, the control logic exchanges the states between the
operating and disabled output stages, hence decreasing self-heating and thermal noise.

Keywords: self-heating, thermal noise, serial-link transmitter, shift register, electro-
migration.

Introduction. Nowadays, technological processes actively continue to shrink
the transistor’s channel and Moor’s law is still driving the silicon market. This
tendency increases the device concentration in the same area of die. On the other
hand, while the transistor channel gets actively shrunk, supply voltages do not
follow dynamics and do not get decreased by the same per-cent. These two
scenarios, leading to power dissipation increase in the die area, hence supporting
the self-heating phenomenon of on-chip CMOS devices and interconnections. The
self-heating phenomenon itself causes multiple undesirable effects inside the die,
which should be considered during the IC design process to be sure of the identity
of simulation and post production results. The temperature increase due to self-
heating increases the currents of silicon devices, and at the same time reduces
conductivity and the applicable current concentration of interconnections in both
ways, complicating the satisfaction of electro-migration rules. Besides, higher
temperature implies more thermal noise in all on-chip devices and interconnections
which will create more jitter on the transferred data. The two points mentioned
above are not the only bottlenecks caused by self-heating, the CMOS device aging
process suffers from self-heating as well. The amount of interconnections and the
CMOS transistors self-heating can be calculated by equations (1) and (2)
respectively [1,2]:

AT = I? R * R, (1)
AT = lgg * Vas * Zep, ()

where AT is the amount of the increased temperature, / - the current flowing

through resistor, R - the electrical resistance of interconnection and R}, - the
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thermal resistance of the interconnection, I is the transistor’s current, Vg - the
drain-source voltage and Z;; - the thermal impedance. In the static regime, Z;, can
be written as R;; which can be expressed by electrical resistance equation. In the
general case Z;, is expressed by equation (3) [2]:

R
Zypy = —2— )

1+j*w*Cep*Ren

The impact of self-heating on the thermal noise can be expressed by
equations (4) and (5) respectively for resistors and semiconductor devices [2]:

V2 = 4kATR, “4)
12 = 4kATyg, (5)

where k = 1.38 x 10723 is the Boltzmann constant, V2 and I? are the noise power
per unit bandwidth, AT — the temperature increase, R - the interconnection
resistance, y - the technology dependent constant which is about 2.5, g is the
transistor’s drain-source, i.e., the same as R} [3]. V2 is expressed as V?/Hz and
12 as A% /Hz. Equation (5) can be expressed with V2 by (6):

V2= 1%2x1¢, (6)

where 1y is the transistor’s channel resistance in the saturation mode [4].

The Self-heating impact on the serial-link transmitter. Self-heating can
have a serious impact for circuits, where large currents flow. Such circuits are the
transmitter and receiver systems (Fig.1) where during the data transfer, large
currents flow from the transmitter to the receiver through the channel. Current will
be drawn from the output stage of the transmitter, so transistors and interconnections
of the output stage will suffer from self-heating which will increase the thermal
noise being a source of random jitter for the transmitted data. Under these
conditions, the receiver circuit should be complicated to correctly equalize the
noisy input signal. This scenario could be prevented by self-heating characteristics
investigation of the transmitter’s output stage and provision of corresponding
solutions for thermal noise reduction.
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Fig. 1. Transmitter receiver system

The transmitter’s output stage consists of multiple parallel units which have
the same sizes and resistances. The parallel units could be enabled or disabled by
resistance calibration circuit to provide a correct resistance value for proper
resistance termination with the channel and receiver input stage. Otherwise signal
reflections will appear. The parallel units are controlled with a thermal code. The
number of enabled units depends on the calibration code which varies from the
process, temperature and chip to chip variations. Once calibration is completed, the
calibration code is written into registers to be used by the transmitter’s output stage.

The parallel units get at the inputs of the data bar, which should be
transmitted to the receiver. In the data transition process through the channel, only
the enabled units of the transmitter’s output stage are involved. The total current to
charge and discharge the receiver input capacitance is drawn by the data transition
transistors of the active units, so these transistors are the ones which will suffer
from self-heating. To properly estimate the self-heating during the data transfer, the
transmitter’s output stage was simulated, self-heating and thermal noise were
measured. Self-heating results are presented in Table 1.

The results presented in Table 1 include not only the transistor’s self-
heating, but also the heating caused by the thermal coupling between the transistors
and wires, which could be calculated by equations (7):

ATcouple = A = ATFET, @)

where ATcouple is the heating amount caused by thermal coupling of transistors
and interconnects, A - the thermal coupling coefficient, ATFET - the transistor’s
self-heating. The thermal coupling coefficient depends on the distance between the
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wire and the transistor. With the distance increase, it gets smaller, the maximum
value it can have is 1.

Table 1
Self-heating of the transmitter’s output stage
MLayer x/y_coord ATFET [K] A Atcoupl [K]
mo0 (9.016,12.288) 26.85 0.69 18.53
m0 (9.016,12.016) 26.85 0.67 17.99
ml (8.904,12.288) 26.85 0.57 15.30
ml (8.904,12.016) 26.85 0.56 15.04
m2 (9.128,12.288) 26.85 0.51 13.69
m2 (9.128,12.016) 26.85 0.5 13.43

During simulation, 32 active units of the transmitter’s output stage were
used. The heating of each unit is almost the same, as all units are of the same size,
and properly matched. In Table 1, the results for a single unit and for its
interconnections with different metal layers are presented. The coordinates point
out the part of an interconnection where the measurement is carried out.

The thermal noise for the transistors and interconnections are measured and
presented in Table 2.

Table 2

Thermal noise of the transmitter’s output stage

FETnoi
MLayer x/y_coord A][EI]ET AT[ch]u pl A2/ Hozs]e Mnoise [V?/Hz]
m0 (9.016,12.288) 26.85 18.53 7.11E-23 3.07E-21
m0 (9.016,12.016) 26.85 17.99 7.11E-23 2.98E-21
ml (8.904,12.288) 26.85 15.30 7.11E-23 2.53E-21
ml (8.904,12.016) 26.85 15.04 7.11E-23 2.49E-21
m2 (9.128,12.288) 26.85 13.69 7.11E-23 2.27E-21
m2 (9.128,12.016) 26.85 13.43 7.11E-23 2.22E-21

Thermal noise of the proposed circuit with double output units

The proposed technique with a controlled number of units. Self-heating
and thermal noise reduction could be reached if current consumption from the units
of the transmitter’s output stage were reduced. Current drawn from the transmitter
can not be changed, as it depends on the channel parameters, transmitter’s output
and receivers input resistance and capacitance.

It is proposed to replace the registers, where resistance calibration code is
written, with the shift register (Fig.2).
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Fig.2. Shift register structure

The shift register will periodically shift the calibration code so that the part
of the enabled units should be disabled and vice versa. This allows each unit to
cool down. The switching from active to passive units is controlled by a counter,
which gives an overflow signal. The switching happens after a whole bar of data
bits are already transmitted. This approach prevents kickback noise occurrence of
the leg switching process on the transmitted data, so additional jitter will not occur.
The full data bar of usb3.1 is 132bits (Fig.3) [5].

uljhgp

A

wujwudwu
thwpbp

A \ A
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\

= = m = (0|1]2]|3/4]|5|6|7

Fig.3. USB3.1 data bar order

The transmitters’ output stage is simulated, self-heating and thermal noise
results are presented in Tables 3 and 4.
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Table 3

Self-heating of the transmitter’s output stage with the proposed technique

MLayer x/y_coord ATFET [K] A Atcoupl [K]
m0 (9.016,12.288) 19.72 0.69 13.61
mO (9.016,12.016) 19.72 0.67 13.21
ml (8.904,12.288) 19.72 0.57 11.24
ml (8.904,12.016) 19.72 0.56 11.04
m2 (9.128,12.288) 19.72 0.51 10.06
m2 (9.128,12.016) 19.72 0.5 9.86
Table 4

Thermal noise of the transmitter’s output stage with the proposed technique

ATcoupl | FETnoise |Mnoise [V2/Hz

MLayer | xiy_coord | ATFET[K] | P A2 IV*/Hz]
mO0 (9.016,12.288) 19.72 13.61 5.23E-23 2.25E-21
mO0 (9.016,12.016) 19.72 13.21 5.23E-23 2.19E-21
ml (8.904,12.288) 19.72 11.24 5.23E-23 1.86E-21
ml (8.904,12.016) 19.72 11.04 5.23E-23 1.83E-21
m2 (9.128,12.288) 19.72 10.06 5.23E-23 1.67E-21
m2 (9.128,12.016) 19.72 9.86 5.23E-23 1.63E-21

The summarred results are presented in Table 5.

Table 5

Summary results

Initial version

Proposed technique

Device self-heating [K]

Metal self-heating [K]
Device thermal noise [A%/Hz]
Metal thermal noise [V2/Hz]

26.85
18.53
7.11E-23
3.07E-21

19.72
13.61
5.23E-23
2.25E-21

Conclusion. The technique is presented to reduce self-heating and thermal
noise in a serial-link transmitter. The proposed technique shifts the calibration code
and in that way disables the heated units. This allows each unit to cool down. The
control logic is added to control the shifting process. With the proposed technique
self-heating is decreased by 7K.
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PLELUSULUSUUL BY QEMUUSHL UNUNRYLECD LIdULESNRUL
20NruuuL 2uNNne0erU

Yuunwpyl] £ hwenpyuljui hwnnpnsh hiptwinnwpugdw b okpduyhtt wndnijubph
quwhwnnud: Unwewnly) t dhong huphwwnwpugdub b obpuiughtt wndmlubkph i]wuqkg-
dwl hwdwp: Zwgnpnuljut hwnnpnsnid tkpundt) £ junwdupdwi hwignyg, npp jnipw-
pulynip hudnpdwghnt thwpkph ninupydwt wjwupnphg htnn thnjupwphinid £ hwenp-
nulijwt hunnpnsh Ejpuwyjhtt hwugnygh wjnhy vhwynputpp wwuuhyubpny: Unwowplqus
Ununnbkgnudp pny| E wiwjhu, np hwonppujwb hwnnpnsh Gjpuyhtt hwignygh dhwynpubpp
quiiJtt hwiqunh nhdhunud, wyn Yhpy wjuqbgubny huptwwnwpwugnidp b ohpdughe
wnuniljukpp:

Unwhgpuyhl punkp. huptunuwpwugnid, obpduyghtt winunil, hwenpnuiljut hnupninnu
hwnnpyhy, pupbjub pknhs, fEupudhgpughu:

A.K. AUPATIETSH, JI.JI. YEPEMHUCHHOBA, .M. YEPEMHUCHHOB,
B.1I. MEJIMKSAH

MWHUMM3AIUA CAMOHATI'PEBA 1 TEIVIOBOI'O ITYMA NNEPEJATYUKA
MOCJIIEJOBATEJIBHOI'O KAHAJIA

Peann3oBanbl cUMyIISIIMN NIEepefaTINKa MOCIEI0BATENFHOTO KaHala ¢ Y4eTOM ca-
MOHArpeBa u TemioBoro mryma. [IpeanoxeHa TexHuKa MUHUMH3AIMN CAaMOHArpeBa M Tell-
JIOBOTO IITyMa BBIXOAHOTO Kackaza. /loGaBieHa ynmpasismomias JIOTHKa, KOTOpasi MOoCIe Ie-
penadu OHOTO WH(POPMAIMOHHOTO ITAKETa MEHSET COCTOSIHUSA MEX1y pabOurMMHU U OTKIIIO-
YEHHBIMH €AMHUIAMH BBIXOAHOTO KAacKa/a. JTa TEXHUKA M03BOJISIET €ANHNIIAM BBIXOHOTO
Kackasia ObITh B OTKJIFOUSHHOM PEXXHUME BO BpeMsl pabOThI, CHIKasi CAMOHATrPEB U TEILIOBOH
LIy M.

Knrouegvie cnoea: camoHarpes, TEIUIOBOM IIyM, HEPEAaTUYUK IOCIEAOBATEIBHOTO
KaHaJja, yCTPOHCTBO OBICTPOrO C/IBUTA, HJIEKTPOMUIPALIHSL.
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AM. TAHTYUISH

METO/Abl ABTOMATHYECKOI'O PACIO3HABAHHUSA MOJYJIALUIA
U UX CPABHUTEJIbHBIA AHAJIN3

HccnenoBansl METOIbl aBTOMaTHUYECKOIO PACHO3HABAHUS MOIYJISLMA U MPOBEACH
UX CPaBHUTEILHBIN aHAIN3, TO3BOJIIONINHI clieslaTh 000CHOBAHHBIM BHIOOP TOTO MJIM MHOTO
MeToza Julsl JaybHelIIel pa3paboTKy ajaropuTMa Npu penieHUH 331a4yd aBTOMaTHYECKOTO
pacrio3HaBaHusl MOJYJIALUMA /ISl aHAIOTOBBIX W LU(POBBIX MOAYISLMIA B cpene rpadu-
yeckoro nporpamMupoBanust LabVIEW.

Kniouegvie cnoga: MeTosbl aBTOMaTHYECKOTO PACIO3HABAHUSI MOIYIIALUM, 0COObIE
KIIIOYEBBIE XAPAKTEPUCTHKH, MAIIMHBI ONOPHBIX BEKTOPOB, MCKYCCTBEHHBIE HEHPOHHBIE
CETH.

BBenenue. ApTomaTHueckoe pacrio3HaBaHue Monyisiui (APM) sBnsercs
aKTyaJIbHOM M BaXXKHOM 3a/iaueid i cucteM cBsa3u. McciieioBaHreM 3ToM 3a1a4u U
pa3paboTKON anrOpuTMOB Ui €€ PEUICHUS 3aHUMAalOTCSl BO MHOTHX CTpaHax,
Hanpumep, CIIIA, Kurait, Eruner, Uamus u np. B HacTosiee BpeMsl CyIIeCTByeT
MHOECTBO KJIacCU(UKATOPOB M aJITOPUTMOB, KXl U3 KOTOPBIX PEAYCMOTPEH
Y TOIXOIWT JUIsl pElIeHHs KOHKPETHOTO Buia 3amad. llembio maHHOW pabOTHI
SIBJIIETCS] ONMCaHNE HEKOTOPBIX PACIpPOCTPaHEHHBIX METO/IOB, MPUMEHSIEMBIX IS
APM, u npoBesieHNE UX CPAaBHUTEIBHOIO aHAJIN3a, MO3BOJISIOIIETO NP PEIICHUU
3amaun APM 11 aHAnmOroBBIX W IM(POBBIX MOMYJISAIMN BEIOpaTh HamOoiee
3¢ PEeKTUBHBIN U 1IeJIeco00pa3HbIil METO IUT JalbHeUIIeH pa3paboTKu allropuTMa
B cpeme rpaduueckoro mnporpammupoBanus LabVIEW. IlpuBeneHo kpartkoe
OTIMCaHWE METOJ0B TEOPETUYECKOTO pEIIeHHs, BEeUBIET-IPeoOpa3oBaHms, MAIINH
onopHbIX BekTopoB (MOB) u uckycctBeHHbIX HelipoHHbIX ceTeil (MHC).

1. Metoa Teopernueckoro pemenus. /s pazpaborku anroputMoB APM
CYIIECTBYET /IBa OCHOBHBIX IOAXO0JIA: METOJA TEOPETHYECKOTO PEIIECHUS U METOJ
pacmio3naBanus 00pa3zoB (MPO). E.E. A3z3oy3 u A.K. Haagu B [1] geranmsHo omucanu
pa3paboTaHHBIE MU aJITOPUTMBI ISl aHAJIOTOBBIX W ITU(POBBIX MOIYJSIINN KakK 10
OTJENBHOCTH, TAK U B COBOKYITHOCTH Ha OCHOBE METOJIa TEOPETUUYECKOTO PELICHUSI.
Orta paboTa sSBISETCS OJHUM M3 OCHOBHBIX BKIAZOB B pa3BuTHH APM, MOCKOIBKY
MoJaBIIstoNIee OONBITMHCTBO JATBHEWIINX pa3padOTOK OCHOBAHBI HA HEH.

AnroputmMel APM Ha OCHOBE METO/a TEOPETHUECKOTO PELIEHHS] OCHOBBI-
BalOTCA HAa (YHKIIMH DPACIpPEEIeHNsT BEPOSTHOCTH, KOTOPas PaCCUUTHIBACTCS C
MOMOIIBIO MAapaMeTpoB NpHHATOro curHana [2]. Kmaccudurauums mpoucxogut
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MyTEeM CpPaBHEHHUS MOJYYEHHBIX NAHHBIX C paHee ONpeAeTICHHBIMH MOPOTOBBIMH
3HAYCHISIMH. B MIeanbHBIX YCIOBUSAX KIACCH(UKATOPHI TEOPETUIECKOTO PEIICHS
MOTYT CITy>KHTb 3TaJOHOM JJIsl MPOBEPKH KadecTBa pabOTHI IpyTrux Kiaccu(uKaTo-
poB. OnHako Takue Kiaccu(PUKATOpPHI A ONTHMHU3ALWU CBOEH pabOThI TPEOYIOT
JOTIOJTHUTENILHBIX CIOXKHBIX pacueToB. J[pyruM HeJoCTaTKoM TakuxX Kiaccupuka-
TOpOB sABJsETCS (aKT, YTO HE3HAHWE YACTOTHI HECYIIEro CHrHaja, YacTOTHI CHM-
BOJIOB, BpEMEHHOTO C/BHTa, (ha3bl, MOIITHOCTH CHTHAJIA U JPYTHUX apaMeTpOB 3Ha-
YUTENBEHO OrpaHMYUBaeT paboty kinaccudukaTopa. s penreHust 3Toi mpoodIeMBbl
MOXXHO PacCMOTPETh HEHM3BECTHBIE JAaHHBIE B KAaueCTBE JETEPMHHUCTHYECKUX U
paccunTaTh MX U3 MPUHATOTO CHTHaNa. Takod pacyeT Ha3bIBaeTcsi 00OOIIECHHBIM
TecToM BepositTHOcTer (generalized likelihood ratio test). CormacHo apyromy me-
TOIy, CTIelyeT PaCCMOTPETh ATH JaHHBIE B KAYECTBE CITyYalHBIX MMEPEMEHHBIX H 110
HUM YCpPEIHUTH (YHKIWU BEPOSTHOCTEH. DTOT METOJ HAa3bIBAETCA TECTOM yCpE[-
HEHHBIX OTHOIIeHH BeposiTHOcTel (average likelihood ratio test). B cmyuae xom-
OMHAIIMU ATHX IBYX CIIOCOOOB TECT HA3bIBAECTCS TMOPUIHBIM TECTOM OTHOIIEHHI
BepostHocTeld (hybrid likelihood ratio test), KOTOpBIii B OCHOBHOM HPUMEHSETCS
JUTS 3apaHee MPEIBUACHHBIX BHIIOB MOIYJISINI, YTO ¥ OTPaHUYMBAET MPUMEHEHUE
Takux Kiaccudukatopos B "ciembix" cuctemax cBs3u [3]. Kpome Toro, Bepost-
HOCTb MPaBWJIBHOH KiaccH(HUKAIMK 3aBUCHT OT YETKOH MOCIIETOBATEIILHOCTH OCO-
OBIX KITFOUEBBIX XapaKTEPUCTHK MPUHATOTO CHUTHAJA, ITOJaBa€MbIX CHCTEME, UTO
HCKITI0YaeT BO3MOXKHOCTh MapajiesibHONH 00paboTKH, yBenn4InBas BpeMsi paboThI.

2. BeiiBaeT-npeodpa3zoBanue. BeliBneT - 3T0 BOMHOMOAOOHOE KoeOaHUeE,
aMILUTUTY1a KOTOPOH BO3pacTaeT W CHOBa CHIDKaeTcs 10 Hyls. BeliBier-npeobOpa-
30BaHMe Moxoxe Ha Dypre-peodpa3oBaHre B TOM CMBICIIE, YTO OHO TOXKE pa3ou-
BaeT CHTHANl Ha cocTaBHbIe YacTh. Dypre-peoOpa3oBaHre pa3OMBaeT BPEMEHHOMH
CHTHAaJl Ha MOCIIeI0BATEIbHOCTh CHHYCOB Pa3HBIX YaCTOT U MPeoOpa30OBBIBAET Bpe-
MEHHOW CUTHAJ B YaCTOTHBIN, a BeHBIIET-TIpe00pa3oBaHre paciiupseT QYHKIUA He
KaK TPUTOHOMETPUYECKHUE MHOTOUJICHBI, a KaK BEHBJIETHI, CTCHEPHPOBAaHHBIC B
BUJIE PACIIMPEHHOr0 M MPeoOpa3oBaHHOTO MAaTEpUHCKOTO BeliBiera. VHBIMU ci0-
BaMH, BEHBIET-IpeoOpa3oBaHNEe MEPEBOAUT CHTHAI W3 BPEMEHHOTO B YaCTOTHO-
BpPEMEHHOE MpECTaBICHHE, YTO TO3BOJISET M3BJIEYh U3 CHTHAla TaKHE XapakKTe-
PHUCTHKH, KaKue HEBO3MOKHO H3BIIEYb HHBIMU criocobamu. BeliBiersr oueHb 3 dek-
TUBHBI U1 00pabOTKH HECTAIMOHAPHBIX CUTHAJIOB, & C TOYKH 3PEHUS MaTeMaTHKH,
OHH TIOJIE3HBI, IIOCKOJBKY C UX MOMOIIBIO BO3MOKHO PEIIUTH MPOOIEMBbI, CBSI3aH-
HbIe ¢ Dyphe- mpeodpazoBanueM [4].

[IpencraBum, uto nMeeM (HyHKIHIO ), KOTOpask YIOBIETBOPSET CIETYIOIINM
YCIIOBUSIM:
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JZ [w(@®)|?dt < oo, (1)

|#(w)|?

|l

Cy=2m fjooo d(w) < o, 2)

3neck ¥- ato dypre-nipeodpazopanue QyHkimu . Yciosue (1) odecrieunBaet
KOHEYHOCTH 3Hepruu GyHkuuu |, a ycmosue (2) obecrneunaer, uro ¥(0) = 0 B
ciaydae, ecnd W(w) - omHopomHas ¢GyHkuwms. DyHKIms P — 3TO MaTepHHCKas
BEUBIIET-BOJIHA.

2.1. HenpepsiBHOe BeiiBieT-nipeodpazoBanue. Ecmu ¢hyHKms | yaoBueT-
Bopsier ycrmoBusiMm (1) u (2), To BeiiBmer-mpeoOpazoBanue (ynkimu Y(t) mis
peanbHOTro cUTHaa S(t) OMMCHIBAETCS CISAYIOMNM 00pazoM:

Sh,a) = [T 0" 2 s(0de. 3

3nech Y’ - 3TO KOMIUICKCHO-CONPSUKEHHAsT QYHKIMS P, KOTOpasi pHHAIC-
xut (b, a) otkpsIToit monymiockoctu (b € R, a > 0). [lapameTp b cOOTBETCTBYET
BPEMEHHOMY CJIBUTY, a TapaMeTp a - MacITady aHaIu3upylolero Beiipinera. Ecinu

Y, @) = a_%LIJ <(t ; b)) )

TO ypaBHeHHE (3) MOXHO TNPEICTAaBUTh KaK CKaJSIPHOE MPOM3BEICHUE PEaTbHOIO
curnana s(t) u g p(t):

HazHauuTh Y, , (1) KaK

SB.@) = [ Wap® sde.
[MpunsiB, yro ¢ynkims P(t) ymaoBIeTBOPSET YCIOBHIO (2), M3HAYAIBHbIM

peasbHBIN CUTHAT MOXKHO TIOIYYHTh OOPaTHBIM BEUBIIET-ITPEOOpa3OBaHIEM:

1 (f dadb
5@ =7 [ st van© .

2.2. luckpeTHoe BeliBieT-npeodpasoBHane. B quckpeTHOH cpene mapameTpsl
MacIITaOUpOBaHUsI ¥ BPEMEHHOTO CABUTa JWUCKPETH3UPOBAHbI Kak a = ag' M
b = nb,, a aHaNM3UPYIOMINH BEUBJIET - KaK:
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() = az™ 2y (LP0))

m
2
rJe m M n - Heible 4ucia. JMCKPETHOE BEeWBIET-TPeoOpa3oBaHue U OOPaTHOE
JIMCKPETHOE TPE0OPA3OBAHKE ONUCHIBAIOTCS YPABHEHUSIMH

Stm,n) = [~ W nn(®) s@®)dt uSE) = ky T Zn SmnWma(t) -

BetliBner-npeobpasoBaHue SBISETCS METOIOM H3BJICUEHHUS 0COOBIX KIItoue-
BBIX XapaKTEPUCTHK CUTHAJIA, a HE KJIACCU()UKATOPOM, MOITOMY 3TOT METOT KOM-
OMHUpYETCS B alTOPUTMAxX C JPYTUMH Kiaccupukaropamu [5-9].

3. MammHa onopHbIX BekTopoB. MOB (Support Vector Machine) siBisiercst
CPaBHUTEIIBHO HOBOHM 0OydJarommieicss MarmumHOW, co3maHHod B 1992r. Bamamkom
[10]. MOB uMeroT mupokoe NpuMEeHEHHEe MPU paclio3HaBaHUK 00pa3oB, B 3a1a4ax
pacyeTa IJIOTHOCTH BEPOSTHOCTH U perpeccud U T.A. I'maBHoil nensro MOB
SIBJIIETCSl YBEIMUYEHHE PACCTOSHUS MEXIy IBYMsI CaMbIMU OJM3KMMH TOYKAMH,
COOTBETCTBYIOIIMMH JaHHBIM ABYX pa3HbIX KiaccoB. UTOOBI TUHEHHO OTICIUTH
IB€ TPYMIBI TOYEK Pa3HBIX KJIACCOB, HYXXKHO HAaWTH I'MIEPIUIOCKOCTb. [ 3TOTro
MIPOU3BOIUTCA pacueT MaKCHMAaJIbHOTO PACCTOSHUA OT JBYX CaMBIX OJIM3KUX TOUEK.
3OTa runepocKOCTh Ha3bIBAETCS ONTUMAIBHON THIEPIIOCKOCTEIO (pHcC. 1).

A
B B A

OnopHbIiA BEKTOP

OnTtMmanbHaa
() TMnepniocKocTL

O WS A
%
O ¢ o ©
0 [ \
O 2 > ©
O ﬂ MaKcumanbHoe
O 5 paccToAHue
A B B
>

Puc. 1. Onmumanvuas cunepniocKkocntv

M3navansno MOB Oputn pa3paboTanbl sl ABOMYHOMN KIIacCU(MUKAIIIK, HO
pealbHbIEe 3a/1a4l B OCHOBHOM OBIBAIOT JIsi OOJBIIOTO KOJNUYECTBA KiaccoB. Jlis
KJIACCU(UKAIIMK MHOTHX KJIaCCOB TPUMEHSIOTCS pPa3HOOOpasHbIE METObI,
nanpumep, Acyclic Graph (DAG), Binary Tree (BT), One-Against-One (OAO) u
One-Against-All (OAA) [11].
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YpaBHEHHE HEMUHEHHON KiIacCU(UKAIUU MaTEeMaTHUYESCKA MOXKHO IPEJCTa-
BHTH CICAYIOINUM 00pa3oM:

9(@) =W.K(dpw) " dy) + b,

rae g(¢) — dyukims knaccudurarmu; W — HOpMaTbHbINA BEKTOP K THIIEPILIOCKOCTH;
K ((;b(x) . (;b(y)) — ¢ynknust Kepuena; b — cmemenue (bias).

Ha puc. 2 nokazan npunimn padotst MOB nipy HenuHEHHOH KiaccU(pUKaLnH.
C nomourpio GpyHKmK KepHena npoucxoanT nepexoi U3 ABYMEPHOI'O IPOCTPaH-
CTBa B TPEXMEPHOE, I'I€ YKE BO3MOKHO HAUTH ONTUMAIbHYIO THIIEPIUIOCKOCTb.

JInneiiHoe IpOCTPAHCTBO Hemnmneiinoe npoctpancTBO

Puc. 2. Henunetinoe pazoenenue Kiaccog

MOB mnpenocraBisieT BO3MOXKHOCTh IPUMEHSTh pa3Hble QyHKIMU KepHena
B 3aBUCHUMOCTH OT 3a[a4H, YTO 3HAYMTEIHHO YBEIMUYMBACT 3(P(PEKTHBHOCTH TaHHOTO
Mmerona. Kpome Toro, napamerp C runepiocKoCTd IO3BOJIET PEryJIUpOBATh Ka-
4ecTBO paboThl Kiaccu(uKaTopa, T.e. Mpu OONBIIMX 3HaYeHHsIX mapaMerpa C Hempa-
BUJIbHAS KJaccUHKaIUsi MEXIy TOYKaMHU JAaHHBIX CBEJCHA K MHHHUMYMY, a IPH
MaJIeHbKHX 3HAYEHUSIX TOYKa, HaXOIAIascA JajJeKo OT TPYMIbI TOYeK CBOETO Kiacca,
MOJET OBITh UTHOPHPOBAHA M HEMPaBWIBHO KiaccudumupoBana [12]. Tem campim
MTOSIBIISIETCS. BOBMOYKHOCTh PETYJIMPOBATh TYBCTBHUTENIBHOCTE MOB k mrymam. Y
MOB Ttakxe UMEIOTCsI CBOU HEJOCTATKH, HalpuMep, MpodiiemMa ¢ IBOMIHON KIIacCH-
¢bukanuei, KOTopasi IpH OOJNBIIOM KOJIMYECTBE JAHHBIX YBEJIMUYMBACT JJIUTEILHOCTD
oOydenus. Taxxe BpIOOp MpaBmiIbHOW GyHKIMKH KepHena ycioxHsSET pacdeTsl U
YBEIMYUBAET UX JUIUTEIBHOCTD.

4. UckyccTBeHHbIe HeiipoHHble ceTu. THC sBrsroTcs omHUM B3 Hanbosee
pacmpocTpaHeHHbIX U 3QdeKTuBHBIX MeToA0B 11t MPO, OCKOMBKY € MX MOMOILBIO
MOKHO JOCTHYb XOpOIIMX M TOYHBIX PE3yJbTAaTOB. JTOT METOX JIEKUT B OCHOBE
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OJHOTO M3 CaMbIX OBICTPO Pa3BHBAIOLIMXCS HAMPABICHUH TEXHOJIOTUH — MAaIlWH-
HOTO O0ydYeHHUs (MCKycCTBeHHBIM MHTENeKT). Kpome Toro, MHC mpumensiorcs B
TaKUX Pa3HBIX MPUIOKEHUSX, KaK MEAMLUUHCKAs JHUAarHOCTHKA, 00paboTKa cUTHa-
JI0B, mporHosupoBanue Kypca BamtoTel, MPO u T.1. MHC coctosiT U3 BXOAHOTO,
CKPBITOTO/BIX U BBIXOJHOTO clioeB. KaxkIplii Cliol COCTOUT M3 HEKOETO KOJIMYECTBa
HEHPOHOB, Ka)XJblil M3 KOTOPBIX COEIMHEH C Ka)XIbIM HEHPOHOM CIIEIYIOLIErO
cnos. Ilpuanun paborer MHC ananormden paboTe HEHPOHHON CETH TOJIOBHOTO
MO3Tra 4enoBeKa, T.€. C TOMOIIbI0 HelpoHHbIX cBs3eil MHC pacrno3Haer 3HaKOMbIe
00pa3bl, JaHHBIE, IPEIMETHI U T.J., KOTOpbIE OBUIH "TIPOaHATH3UPOBAHBI" BO BpeMsI
o0yuenus. IHBIMU clIOBaMu, TIPH BXOJHBIX JAHHBIX, U3BJICUCHHBIX U3 CUTHAJA JUIS
orpenesieHns KOHKpETHOTo oOpasa, Ha Beixoae MHC pacnosnaet nanHbiil 00pa3 Ha
OCHOBE ITPOBEJEHHBIX O0YUYEHHI U BBIIA€T COOTBETCTBYIOIMNE 3HaueHws. OIHO 13
cambIX rmaBHbIX mpeumyinectB MHC — 3To ee BO3MOXKHOCTH CaMOCTOSITENIEHOTO
o0yuenwus. [TogpobHoe omncanne MHC u nx npuHIUN paboThl onucaHk B [13].

Kpome camocrostenproro odyuernms, MTHC obmagaior psamoM Ipyrux Mper-
MYIIECTB, KaK, HaIpuMep, BO3MOXKHOCTh MapaieNbHOH 00pabOTKU TaHHBIX, MPO-
LIEHTHOE TPEJCTAaBIICHUE TPABIMBOCTH PACIIO3HABAHMsI, JIeTKas IepeHacTpanBae-
MOCTbH B COOTBETCTBHH C JaHHOM 3aj1a4ueil U T.1.

3akmouenne. Kaxplii MeTon WM alroput™ pa3padoTaH Ui pelieHus KOHK-
PETHBIX 3a/1ad ¥ IMEET CBOM OCOOCHHOCTH, IPOOJIEMBI pean3alliy, MPENMyIIeCTBa U
HepocTaTki. C y4eTOM 3THUX KPUTEPHEB HYXKHO BBIOpAaTh TaKOW METOH, KOTOPBIH
Oyner Hambosiee moaxoasamuM u 3GGEKTUBHBIM i perneHus 3agadn APM B
cpene rpaduueckoro mporpammupoBanusi LabVIEW. U3 nByX OCHOBHBIX THIIOB
METOAOB: TEOPETHUYECKOTO PEIICHHs U paclo3HaBaHUsl o0pa3a, BTOpoW THIl Oolee
MTOAXOTUT JJISl PEUIeHHs] NaHHOW 3aladd, IMOCKOJIBKY y METO/Ja TEeOPEeTHUYECKOTO
pelIeHnsl eCTh TaKue HEeJOCTaTKU, KaK, HalpuMep, pacdyeTsl (PyHKUUH MIIOTHOCTH
BEPOATHOCTH, KOHKpPETHAs IOCIIEOBATEIBHOCTh MO/IaBaEMBIX CHCTEME 3HAUYCHUI
KITIOYEBBIX XapaKTEPHUCTUK CUTHAJIA WU MPeIBapUTEIbHBIN pacueT UX MOPOTOBBIX
3HAYEHWUH, KOTOpBIE 3HAYMTEIBHO OTrPaHUUYMBAIOT CKOPOCTh M TMPOTYKTUBHOCTH
aNropuTMa JUIA JaHHOH 3a/1a4H.

[IpumeHeHue BeWBIEeT-IPe0OPa30BaHUs AJISl U3BJICUCHUS KITFOUCBBIX Xapak-
TEPUCTUK CUTHAJA U €r0 JallbHEeHIIass KOMOMHAIUS C APYTUMH Kitaccu(uKkaTopaMu
TaKKe HeleJIecoo0pa3Hbl, TaK KaK alTOPUTMBI BEHBIET-IPe0Opa30BaHUs CaMH T10
ce0Oe T0BOJIBHO KOMIUIEKCHBIE M PECYPCOEMKHE, a UX IPUMEHEHUE B IOTIOJIHEHHE K
KJIACCHU(HUKATOPY NIPUBEET K 3aTpaTe OOIBIIOTO KOJIMYECTBA PECYPCOB.

Wrak, npeanourenue maercsa meroxy MHC. ['maBHpIM pemaromum (axTo-
pom siBisiercst cBoiictBo MHC k caMoCTOATENEHOMY OOYYEHHIO, YTO IO3BOJISIET
n30eXaTh CIOKHBIX W JUINTENBHBIX PAacyeTOB, AOMOJHUTEIHFHOIO MPOrPaMMHUPO-
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BaHUs I OOYYCHUS U MEXaHMYECKOTO pacyeTa MOPOTOBBIX 3HAYCHHH KITFOYCBBIX
xapakTtepucTuk curHana. Pazpa6orka MHC mo3Bonut o0yduTh CeTh OYeHHb OOJIb-
IOMY KOJMYECTBY MH(MOPMAIINHY, YTO 00ECTIeUUT OYeHbh TOYHBIEe pe3yibTaThl. Kpome
toro, MHC M0xHO mepeHacTpouTh B COOTBETCTBHUH C 33/1a4€i, M3MEHHUB KOJIHMYECTBO
CKPBITHIX CIIOE€B W/WJIA HEMPOHOB, U TEM CaMbIM YBEIHYUTh CKOPOCTh OOYUYCHHS U
YIIyYIIUTh pe3ynbTaThl. [locienoBaTenbHOCTh KITFOUEBBIX XapaKTEPHCTHK, MOJaBac-
MBIX BXOJHBIM HEHPOHAM CETH, HE BIHAET Ha TOYHOCTh PAaCO3HABaHMUs, YTO 0bec-
MeYNBAET MapauIeIbHyI0 00pabOTKy MaHHBIX M TEM CaMbIM COKpAINaeT JITUTEIb-
HoCTb pacueroB. U, HakoHen, MHC sBAsIOTCS OCHOBOM MCKYCCTBEHHOT'O MHTEIJICKTA,
YTO HAa JAHHBI MOMEHT MPEACTaBISET COOOW ONHO M3 CaMBIX Pa3BUBAIOIIMXCS
HaIlpaBJICHUM TEXHOJOTHH, oOecmeunBast mepcuektuBy mis passutus MHC. Takoe
CTPEMHTENFHOE PAa3BUTHE JAHHOTO TEXHWYECKOTO HAIpaBIICHHS MIPEIIoiaraeT, 4To
B OmmKkaiimieM OyIymieM TMOSBATCS BO3MOXHOCTH B HECKOJBKO pa3 yIydIIUTh U
YCOBEPIIIEHCTBOBATh MPIIIOKEHMsI, padoratomue Ha ocHoBe HC. OcHOBEIBasChH
Ha BBIIICTIEPEUNCIICHHBIX MTpenMyInecTBax u ocodeHnocTsx, MHC cuuraercs Hau-
Oomee 1ermecoo0pa3HbM, d(H(HEKTHBHBIM, OBICTPBIM, aKTyaJIbHBIM W TIEPCICKTHBHBIM
METOJIOM JJIsl petieHus 3ajiaun APM.
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U.U. BULENRT3UL

UNNPLUSNRULEE UYSNUUSUSYUD KULURUUL UtERNILESD
Leurvarnkhe8NruLe 64 1uULs ZUUGUUSUYUL 46 LNARONPE3NR UL

Ujwpugnpjus ki dnpnyjugnudutph wjunndunugdus fwtwsdwt dkpnnubpp,
b ubpyuyugdws k npuitg hwdbdwnwljut JEpnidnipniup, npp htwpunpnipinii £
nunhu junupl) wju jud wyi dkpngh hhdbunp]us pnpnipymi’ LabVIEW
qrubhjuljul Spugpuynpdwt Jhpwduypnid htknwqu whwinquyhtt b pduyhte
Unnnijugnidubph nhypmid UK jutgph nusdwt wignphpd dowljlnt hwdwnp:

Unwihgpuyhfi punkp. dnpnmjugnidubph wjunndwnwugdus dwbwsdwut dk-
pnnubp, hhdtwjub pimipwgpnn hwnluthoubp, wowlgnny JEjmnpughtt dbphk-
twbp, wphbunwlwt tkpnuwght gmughp:

A.M. TANTUSHYAN

METHODS OF AUTOMATIC MODULATION RECOGNITION AND THEIR
COMPARATIVE ANALYSIS

Automatic modulation recognition methods are described and their comparative
analysis is presented, allowing to make a justified choice of some method for the future
development of an algorithm in the LabVIEW graphical programming environment for
analogue and digital signals to solve the AMR problem.

Keywords: automatic modulation recognition methods, key features, support
vector machines, artificial neural networks.
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1.U. PO EMI8UL

UNGESru2uoeuauL SNSNIESEUSNCE SNPLYSPNUUL
2uUrvdnenbhesNkhuLelrh 2Z6SUSNSNhUT

ZEkwnwugnunyty L p+ (PtSi) - n (Si) - p+ (Si) junmiguspubpnid dnwnnkiEljinpnugh
gnpédpupugutpn: Fuguhwpngt] B huyynn wpgkpubph juytinipnittph thnthnpnipejub oph-
twywhm pymultpp Juju]ws wpnwpht jwpnidhg b puquynid puniimpyibph junneynt -
uhg: 8nyg Lk wpybt wyn thothnjunipnibubph juwp jupnigusph punpnquju uykln-
pujhtt qquyunipjut htiwn: Lutwuplyl] ku fwnwquyph htnnkgpuy hnuphg wnwtdht wihp-
ubph gpuiigdwt b nputg Epljupnipjut n1 hnnkuhynipjw npnodwt htwpuwynpnipmiy-
ubpp:

Unwigpuypli punkp. Yhuwhwnnpnsughtt junnigqusp, $nnnpbnkljnnn, uybljnpw-
surthnipnil, ynwnbkighwy wpghp:

Ukpwbmipnil: Ikpohtt mwubwdjulnid qquihnpku wdk) E dhowduyptpnid
hnpwyhd&wlubpp hinwdbkpnistint hbtwpwynpnipnit pudbnnng wghsutiph ywwhwi-
owplp: Fpwugny htwpwynp £ unwbw) nbnklnipniuutp hblnwgnuynn dhow-
Juynh pununpnipjut dwuht b nust] widunuwignipjutt nkuwljtnhg uplnp tny-
twlwbwgdwb futnhpubp [1-3]: Oygunhjulub Jepnishsubpnid juwnwupynd Eu
htinwgnunmpnibiikp (niuwqupstbph, yphquwgh, nh$pulghntt guigh, husubu
twl pupdp Lonmpjudp UEhwihjuubh hwpdwpwiputph ogurnugnpsdwdp [4-6]:
Tputp Ukdwgunmd i hbnnwgnundwb swpaukpp, tjuqbgunid hntuwjhmipiniup b
wpwuqugnpdmpniip: Iputghg wquundbinme wthpudbpnmpniip hknwgnunnnuk-
phi Untg dpwlkint $niughniiwy tnp htwpunpnipynibibpny Jhuwhwnnpnsw-
jhtt unnigyubspubip:

Zujnth Eu wohwnwtputp puquugnyt pnuinnpunniuhsubph JEpupbpuyg
[7-15], npnugnid oquiwugnpéynid L puqUuobpun junniguspubp jud puquyh
nwnpbp hwunnipjudp wjnhy skpunbtph juujugudl owpp: Lwnwquyph wnw-
&ht wihpubpp tkpputhwigdw wppbp janpnipmniutbpp ppuignid wywhnynid
Eu pninnhunnpnuljutinipjut mwuppbp swithbp: Quthdwb wpnyniuph dwpbdwnh-
Juiwt dpwlnudp nbnkynipnit E niwjhu hpnbkuuhynipyut uvygblnpuwiht pugju-
Juodnipjut Uwuht:

Uwluyt wyn Jupmguspubpp, pupdp Sunipjudp gpuighint hwdwnp,
wuwhwbonid ki Jutdwt wwjdwiubph tnytwlwinipmnit b twinsuhuwght
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Sounmpjudp puquuobpn Junnigyuspubph unbnsdwt wihpudbynmpnit: Unwg-
dwt pupn mkuninghwt b wpunwphl jupdwdp uvyknpughtt qquyunipjub nk-
Jujupdwt htwpwynpnipjut puguljuynipniip ndqupugind B npputg gun-
puundwl b oqunugnpsdwt htwpwynpnipniuubpp: Ldwt phpnipmitttpp 4b-
nugunn Jhuwhwnnpnsuwjhtt uygbljnpught Epnisnipjut vwupph unbndnudp nun-
unud t hpunwy, hwnjuybu hbnwdbpnisnipniunud, npuntn ywhweymd L
Edwl, wpuquqnps, quonughtt wuydwbipmd whwnwith, vyblupughtt pupdp
qquyunipjudp uwnp:

1. Zhmwgnunipjut opjijnp: Zkwwgnumud k p+ (PtSi) - n (Si) - p+ (Si)
upjhghniduyhtt yuenigquspp (uy. 1), npp upbih B ywnpuunt] hunkgpuyg upuek-
duyh unugdwb nkjutninghwljwi ghljjnid:

n- puqutt gqpuyyud k hwinhywljug wpglpubph wnpunwugus skpntpnyg
(uly. 1): Uy junnigqudph Lubkpgbnhl gnuinuyhtt nhugpudnid wnwewunid k wiy-
puwnwgws okpnbph hydwt x, Yhn: Upnbn Ejnpnth ynnkughw) tubpghwt
nith Wjuquqnyb wpdbp: Ujt jupudws £ wpunupht jupdwt pikpwljuinipiniithg
b owipdynud k nlwh inyuh jlutdwy dulbpbnygpen, tpp dEpddwljtpinipuyght hyyul
ninhn k obqws, hul phntipughip” hwlupwly: Swnuquyph wpyniu]bn jub-
dwt Jhpwduypbptt wnpuunugws stipnkpt ki @hynitupuyhtt wpgljph hwjunwy
obinuut yuydwbubpnid $ninnhnuwtipp hhdttwljuinid juyywydwbwgnpyh ppuing:
Ujhpubpp, yupwé hpkug Epupnipnitihg b hinktupynipniuhg, niukt ubppw-
thwtgdwt mwuppkp funpnipinibubp:

Laie Laifr
— =
= 3
BEF p * "g =
J ,rg S B
= 2 7
o = O =
~ | E F
a =}
25 iy
EN- hrares
Si0; e , w
e Ee : Ee,
0 Xm d x

Uy 1.p* —n—p* qupnmigyudpp I hnuwbplbph nignnipinibbabpp
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Yy h dwlbplunygp (ghyh uly. 1-h "0"-u) x,;, —h nknuhnpunidp juytugunid k
phiyntupuyghtt wpgbph wnpuunwugus stkpnp b wybjugind tpuinud Judng
wihpibph phip: Quiu dwytplingph p* pupdp hupnppuwinppudp papuy
otpup b bpw Jpw jupdwb waynidp Jupkh £ wbnbul): Tw poyp juuw "0" YEnp
Jtpgub] nputu qpoyuijut vulbplnype b hwpdt) $ninnhnuwipp, npp juyupnibwlh
nbntjunynipmi jjudnn wihpubph htnbiuhynipjut b wihph Epjupnipjut
dwuht: Tw Jupkh E unwbu] hwdwyuwunwupwt wignphpdh dhongny, nph
Uowljdwl hwdwp oquugnpsdyty k x—p, Viwpnudp, jubdwt a gnpsulhgp b
whph £ htnbkiupymipniup dhdjutg juynn dupbdwunhjuljut wpnwhwynnt-
pintup [16]°

—aid

a-x. . e
I, . .=SqYXF(A)1-2e "™ + — |, 6))
P i =) l+a; w

npukn (7 = 7,2,3,...) - n thnjuymud £ hnkqpu hnupnid Swnwquyph wihph bpljw-
poipgniup thopubijhu, huy (G = 2,2.3....) - p' obqdwt jupnudp tinfubihu, Fy(4;) - @
A; Epupnipjudp pulunn wihph $nunnbbph jphy hnupt t, w-u* gh$nighnt hn-
uwbph unbknddwt whpnyph jujunipmnibn:

Cugniutny, np puqut gpuydws b wpgbpubph wnpuunugws stpnkpnyd
(uly. 1), gpunid x,, - h ynunkughwh pupajubdntpiniup npnoynid £ qupnh Vyn-
wmbkughwny b wyn nuownp unbndnn mupwswlju (hgpiph Ny funnipjudp [16]°
d goc(Ap+qV)

X. =
m 2 q%Ngd

2)

npntn Ag =@, —@,, N, -t qnunpubph hnmpmtb &, € -p' ymph, hulf €y -
Juyninuth ghiyknphy putwbghihmpmbp, ¢- U kywnpabh jhgpp, d-b° puquh
Jujunipniin:
. kTInN,

(1) b (2, hiywbu twb Sbpihh dwlwpguih ghpph' AF = = =
= 0,27 F4[17] (npubn hunnppuiuinippui gnund Jh&ulkph  funnipniap
N = 2,810" wif3, puquymu ubthwlub (hgpbiph unmpnibp’ 2. = No = 910%uif?)
ogunuugnpsdwdp htnwgnudly Gu x, (V), xm(NV2), @o-n(N2), @sa(Na), d(Na), AF(N),
Jujujubmipiniuubpp (. 2-8), b npnoyk] xm Yhmnid wynunbkughw) wpgkpukph
hydwt junnigyuspuyhtt yupwdbnpbpp: vwuntunipph pnnpniip dkdwugubihu

hunnppujubnipyui gnuiuimt hwwnwlhg dkpdphh dwjupnuyh htrwynpnipjub

ujuqnidp, thnpp ppnnipnibttph nhypnud, wykh wpwg E pupwbnud, put pupdp
hunnipnibaubpnud (. 2):
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AR [d
0.33

0.32
0.31

0.3
0.29
0.28
0.27
0.26

Na, utll?
0.25

0 2E+14 4E+14 6E+14 8E+14 1E+15

Ul 2. Zunpnppulwinipyui gninnt hunnwfhg $kpdhp dwlupnulh hknun/npnipui
qupnjwénypiniip puuninipnh pinnnieniihg

n-8i—h htan Pr— h unbindws uhjhghnuyht wpgkph pupdpmpmnibb k(. 1)°
@, = 0,84 £Y[17]: dpw b AF - h nwpplpnipnibp, puquynud pwntimprutph twp-
pbp jpnmipniuibkph ghypnud, jupunwhwynh ynnkughw| wpgljph pupdpnipjut
Juwjudwénipjniup ppwnunipnh fonnipniithg (aly. 3):

oupy, £
0.58

0.57
0.56
0.55
0.54
0.53
0.52
Na, utf?
0.51
0 2E+14 4F+14 6E+14 8E+14 1E+15

Ul. 3. PeSi — h unknéwé uynunkighuy Fakpghugh pupdpnipyul jupnjudnijpiniin
[frnuninipnh pnnnipiniihg
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@Ysit = @1 — AF = @1 — KTInN./n,, : 3)

n-p whgdw ynunkughw) wpgliph pupdpnipmniup npnpynud £

__ kT ;. PpTn
P~ g n

(4)

wpuwhwjnnipjudp [17] b puquynid piwntnipnh pnnipniihg jupdws® wénud
E inquphpdwlwub optupny (uy. 4):

0.7 Pp-n, Z—L[

0.69
0.68
0.67
0.66
0.65

0.64
Na, uilf?
0.63

0 2E+14 4E+14 6E+14 8E+14 1E+15

Ul 4. p-n whguwl ynunkighuy Fakpghugh pupdpnippui upnjuénipmniin
fruninipnh pnnnipiniihg

(4) — nud £77g — b obpUwjhtt ynunbkughwit £ b 300K — nud 0,026 4k, m— U’
EEyunpnuutph pnnmpmniup pauquynud, po— ' junnnsubinh jpinnipiniup phintupu-
bt p7 - mhpnypnud b Ypgqws k pr= 1* 10" uf% ni— & wquun (hgpwfhplikph fawnne-
pyniup ubthwwy jhuwhwnnpnsnid b S7- h hwdwp 300K - nud 1,6 - 10 a2 k:

VY. 4 - h & 3 - h mwuppipmipiniup gnyg Juw (2) wpunwhwjnnipju
Ap =@, — @, - h jupudwdnipjniup fuwnunipngubph junnipniuhg: Uju uinwgyb) b
hwunwnnt desmpnit’ 0,19 £4: Gluknd puquymd wynunbkughw) wpgbjpubpp
hydwt wuydwihg b oguykny wnwudhtt wipghputph jujunipnibttpp npnonn

/Zggo‘l’p—n 2E€0Psit
dp—n - 42Ny ’ dPtSi - a2Ng4 5)

wpinwhuynniptitiphg junwiutp puquh juytmppuh (d = dy_p, + dpes;) Guiu-
Jubnmipjniup npuunid jpwntnipnh jnnipniihg (uly. 5): Uyjuyhuny, hwinhwyw-
jug ynunkughw) wpgkjpubph pupdpnipmiutubph ptnpnipjudp (Wh. 3 b 4) jupbih
E npnok) puquyh puyinieiniip npubu nkinnghwlwi wupudtnp (. 5):
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d, ul
0.0006

0.0005
0.0004
0.0003
0.0002

0.0001
Na, uf?

0 2E+14 4E+14 6E+14 8E+14 1E+15

Ul 5. Puquyh juyinipyul jupufuénipniap pruninipnh pnnnieiniihg

Swnwquyph hunbkgpu) hnuphg wpwtdht wihputph onfjdwt wignphpdp
Eupwunpmud £ wifju) whph Jubdw xm —h Jupgh unpnipinit [18]: ZEwnbwpunp,
Juplnp E wpunwpht obndwt jupnidhg (Epp fowntnippubph junnipemniop hwuwnw-
wnnth k, uly. 6) U puquynid jpwntnipnubph jpunimipinithg (Bpp jupnidp hwunw-
wntl E, uly. 7) juiqus xm —h thnthnjunipjnip:

Xm, ut/
0.001
0.0009
0.0008
0.0007
0.0006
0.0005

-5 -4 -3 2 q N

1E+14

2E+14

S5E+14

7E+14

1E+15

Ul. 6. Fuquynud L Euipnip wninkighuy Fabpghuyp dpbpdnidh §lnp upnjwdnipiniin
wmnuiphl jupnidhg’ pnunbnipnbbph nwppkp punnipinibibph pluypnid
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Xm, ud

0.001
0.0008
0.0006
0.0004
0.0002 N
0 Na, uf?
0 2E+14 4E+14 6E+14 8E+14 1E+15
Xm 0 - Xm -1 Xm -3 Xm -5 Xm 1
vV, 4

UYy. 7. Fuquynid B Efinpnah wnunkighuy Fabpghuyp dhipunidh §lnp Qupnjudniemnian
Jruninipph punnieniahg ' wpunuphl nwppkp pupndbEph pluypnod

busytiu tplind Lk uly. 6 — hg, jupdwt puguuwljui wpdtpubph ghypnid hw-
Juowl L obnyus dwljkpbinipuyhtt ynuinkughw) wpglpp, b x» —p qupdwt pugu-
uwlul wshu qnigpupug wénid b Gwpudusnipiniup qéuyht E: Uygkh Uk ph-
pnipinit nt wpgbpubph juyumpiniuttph’ dkyp dntuh hwpght wygbih wjnhy thn-
thnjunipnit wnlju b puquynid fpuntumpnubph fpnnipnibiutph hwdbdwwnwpwp
thnpp wipdbpubph nhypnud:

Chnuut jupdwb pugujuynipjub nhypnid nppwt thnpp k puuquynmid juwn-
unipnubph junnipniup, wyjuput UEs Eu hminhywlwug ynunkughw) wpgkjputph
(uyunipnibitkpp b npuiig gnudwipp juqdnng puquyh juyunieniup: LY. 8 — nud php-
Juws £ xm Jhnnud ljutdnn funwquyph dbwgnppuyjhtt hpnbkiuhynipjut jupunudp
wihph bpupmpmihg puquyh 3,5 b 1,6 ¢ puyimpymutkph nhupnud:

Oquiugnpdyty L wplh fwnwquyph hutnbkuhynipjut vy bunpuyghtt jufudw-
Sdnipniup [19]: Pusybu Eplinwd | ujuphg, x» — nud, puquyh d=1,6 7« (uyjunipjui
ntypnud (uly. 1), dptph 450 &/ pjupmipjudp wihpubpp hhdtwuind iuudnd
kU (Uiwugnpnuhtt hinkuhynipnitip thnpp B): xm — h wbkh ks wpdbpubph nhw-
pnud (ophtiwly, Epp d = 3,5 «§d) Judwt mhpnyp tkpgpuydynid o wydkh Gplup
whplkp bu (. 8):

UpJwd wnwuquyph Jutdw b dninnpbnkljinnph jurniguspuyht ophtiw-
suthnipniuiiphg hbnbinwd k, np npputt Uk £ xm — p, (uyt £ puquit, wjiputt xm
hwuws dbwgnpyuyht htnnktuhynipjut whpp dnn L dhwpdbpht:
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—8—Fxd3,5 Fxm1,6

F, pi./uiP]
[ 2E+14

1E+14
8E+13
6E+13
4E+13

-

2E+13

0 0-0-0-0-883 0-0-0-0-0-0-0—0-0-0—0—0"*

430 440 450 460 470 480 490 % 500

Ul 8 xm flnnid fjuln/ng &wnuquyph dinugnppuyghl pliinkhupynippul jujujuwénieiniin
wyhph Eplupnieniihg ' puquyh 3,5 0 1,6 U juyiinieini Gbakph nkuypnid

Uwjuyl juyt puqu vnwbtwynt hwdwp withpudtown L hpujuwugut) kuh-
wnuwpuhuwy okpnp Epjupunb pupdp gkpdwunhdwiughtt tunbkgnid: Uy pupug-
pnud phintupuyhti p* obipinhg htwpwynp E hipunhdniqhw, hisp hwhghgunid k
wnubkighw) wpglph jupniynipjut tJuquuip: w juqugbguh ptnpnqujut
qquyunipjul onnipniup: Zknbwpwp, npputt jupdwnb b guspobpdwunmhgwiu-
1ht 1huh byghunwpuhwy mdkgnidp, wyipwt pupdp Yihuh wihpubph Epupnipinii-
ubkph b nputg htnktuhynipnibubph npnodwt £oninipniun: Uy nypnid puquit
1htp hwdbdwwnwpwp by, b x» hwuws dbwgnppughtt htnbuuhynipjudp wihp-
ubnp phdp Yupnn t dkhg wbih (hukp: Swuuyh k twb guspebpdwunhdwiught
uhihghnh unnwugnidp: pu hwdwp tdnpttipp vnwbwihu Yhpurdty B [20] - nd
pEipJwé nkuuninghwljut gnpépupwugubpp:

Onpdtwljut wpynibpubpp. Pnpduwlub tdnptbpnud (uly. 9) puquynd
huwununippubph jpnnmpniup Jeipgyt) £ Nz = 910" wef?, p* - hwppwlp (kghpws &
popny b nitth fpwptinipybph M = 1*10"° 2/ fainnipynit: vwntinipyukpp ukiywyh
ohpdwunhfwinid pnttwgdws Eu b hpkugnd wuydwiwdnpnud B hwdwywwnwu-
Juwl whpnypend hhutwwl (hgpwlhpubph unnpyniibpp n,—pb p,-
Mmubktwny dtpdhh dwljuppuyjh hipwnpnipniup hunnppuljuinipyui gninnt
hwwnwlhg, fupkh £ quik) dulbpimpught wninkighwy wpgbiph papdpnipniap
@si=0,84-0,27=0,57 £ : (4) —hg p-n wmgdwl wyninkughw) wpgljph pupdpnipniup
k. Ujuwhuny, hwighywlug wnubkughw) wpglpubph wwppipnipniut |

0,76 - 0,57 =0,19 £
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— Zwppwy KB 0,01 (100), 110 ue?

Ewyhwnwpuhwy otipin K3® 5 (100) d = 2 + 0,2 ¢/fjif; 910 uif?

I © - o1, R 100-120 O

B SO~ Opufh gk

I~ - "o ot

O pr - Mwpwnwutthy obkpun

_ Pt-Si - Uhthghnh okpin
N TiW

1;2

o o o
IS o 00

Swnwqujph htnkuuhynipniup
hwpup. dhuy.
o
N

| Al

Ul 9. $nunnplunklnnph junnigyudpp

400 450 500 550 600 650 700
Ughph kplupnipyibp’ 4, &

Ul 10. LEDs of:1-LL-304BC4B-B4-1GD (InGaN), 2-L-53GC (GaP), 3-L-813SRC-]14 (AlGalnP)
vwlipop imuminhnnibph bnuynbughl (GEnwgdtn) b hnpdinuljui (hné gékp)

uyEwnpuyhl jupnjwdnipinibdbbpn
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Mmubktwny Jbpp wpquwsd wndjuyubpp, upjhghnidph b Juininudh ¢ =12,
& = 8,86*10"%/u/ nhikjuphjujut puthwighihnipnibibpp, puquynid juwn-
unipnh jannipnibp b fEjupnuh (hgpp, twb hwoyh wrtkiny, np puquyh nhdwn-
poipniup Gqpuyhtt ohpnbph hwdbdwwn pwwn kS E, Jupbh b pugniuk), np
wpgbkputiph nwwpwéswlw (hgpipp nbknupuopyws bt puquynid, b npubg

\

Juumpnibikpp Yunkih Enpnoty htnbywy Yepy [17]

dp_p = /zjf—N‘z = 0,917 F dpss; = /% ~1F]:

Yunnigwsph puquyh jujunipmitpn d = 2 + 0,2 J4d'E (1. 2), hull ynunku-
ghw wpqbpubph gnidwpuyht juympmniip’ 1,917 «fi Zknbwpup, puqubt hw-
dwpyu gpudyus E hwinhywlug wpgbputpny: Upnwpht jupnudp hhdbwlw-
unud pujund b puquynid wnunbughwy wpgbputph Jpw, b npputg hydwt x,,
Ytawnh nhppp (. 1) upbih Enkjudupt) wpnwpht jupdwdp:

zhnwugnuynn junnigquspubiph ptnpnpujut qqujunipniut pungplnud
uyklunph nyupudwinywulugnyihg (QLU) dhish dnnwlw hudpulupdhp (b4)
dhowljuypp: Puswbu hwynuh t, oppwjw vhowquyph Juuuwlup ymptph hwpn-
twpbpdwt hwdwp oquuugnpéynid E vyblunph wyy hwndusp: Zkwnbwpwp, nh-
nwunlynn ninnpbnbklnnpubpp, hudwywwnwupwb wignphpdh oguugnpédwdp,
hwjuljunmd &u thnppwphbnt huynuh vykjnpudninnsuhubphn b hwutl) quh,
hntuwhmpjut, swihbph wnwybnipui:

Gqpuljugnipnii.

1. Zhkwnwgnuyk) i thnpdtwljut tdnipukp, b gnyg E wpdb), np wpuwpht
Jupdudp ppuitg puquymd wnljw wninkighw) wpgkjpukph’ dkyp dniuh hwpht
thnthnjunipjutt oinphhy Yupkjh £ hwutl] vybjupughtt phnpnquljut qquyune-
Pt

2. Upwljqud wygnpphpuh Yhpundudp vnwgdl) bt juyniywn, jubws b
Jupuhp (nruwunpnnubph ptnkuuhynipniuubph vykjupughtt paphudusnipni-
ubkpp, npnup 10-30 & Unnnwynpnipjudp Yplund B blnwntughtt pupjududne-
piniuukpp:

3. Pupdp Lonnipjut Jupkih b hwutl], wjiyghuh jupnigyusph nhupnid,
npmd ynunkughw) wipgljpubph hydwb YEnp hwdpuljuh sunwquyph wdktuwpnp
ubppwthwiignn wihph thppwthubgdub npnipuin:
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JI.C. XYJABEP/ISIH

UCCJEJJOBAHUE ®YHKIIMOHAJIBHBIX BO3MOKHOCTEM
CIIEKTPOMETPHYECKHUX ®OTOJETEKTOPOB

HUccnenosansl ¢oroanextponHsie npouecckl B p+ (PtSi) - n (Si) - p+ (Si) cTpykry-
pax. BrisBienbl 3aKOHOMEPHOCTU UBMCHCHU S INUPHUHBI CMBIKAOIIUXCS 6ap1>ep013 B 3aBUCH-
MOCTH OT BHEIIHETO HalpPsDKEHUs] U KOHLISHTpaluy npuMeceid B 6aze. [TokazaHa cBsi3b 3THX
W3MEHEHUI C CENIEKTUBHOW (POTOUYBCTBHTENBHOCTBIO CTPYKTYPBL. AHAIM3HPOBAHBI BO3MOXK-
HOCTHU 3()(EKTUBHON PETHCTPALIN OTASIBHBIX JJIMH BOJIH U3 HHTETPAJIBHOTO ITOTOKA H3ITY-
YEHUs], a TAK)KE ONPEIEJICHNUS MHTCHCUBHOCTH W JUTMHBI 3TUX BOJIH.

Kniouesvie cnoga: TOMyNpOBOAHUKOBAsI CTPYKTYpa, (POTOAETEKTOP, CIIEKTPOMETPHS,
MTOTEHIINATBHEIN Oapbep.

D.S. KHUDAVERDYAN

INVESTIGATING THE FUNCTIONAL CAPABILITIES OF SPECTROMETRIC
PHOTODETECTORS

The photoelectronic processes in p+ (PtSi) - n (Si) - p+ (Si) structures are studied.
The regularities of the width change of the adjacent barriers, depending on the external
voltage and the concentration of impurities in the base are revealed. The relationship
between these changes and the selective photo-sensitivity of the structure is shown. The
possibilities of the effective registration of individual wavelengths from the integral radiation
flux, as well as the determination of the intensity and length of these waves are analyzed.

Keywords: semiconductor structure, photodetector, spectrometry, potential barrier.
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YVIK 621.52+512.643.4 ABTOMATU3ALUA U
CHUCTEMBI YIIPABJIEHUS

C.0. CUMOHSH

O HEOJHO3HAYHOMH PA3PEHIMMOCTHA
OJHOITAPAMETPUYECKHUX TPAHCIIOHUPOBAHHBIX
AHAJIOT'OB MATPUYHBIX YPABHEHUM TUITA CUWJIBBECTPA

A(t)- X))+ X" (t)-B(t)=C(t)
(ITpsimoit moax0)

HccnenyroTcss BONpOChl HEOAHO3HAUHOW pa3pelIMMOCTH OAHONAPaMETPHUECKHX
TPAHCIOHUPOBAHHBIX aHAJIOTOB MAaTpUUHBIX ypaBHeHMH Tuna CunbBectpa. [Ipennararorcs
AQHAJIMTUYECKUH, a TaKkKe MOCIEJOBATENIbHBIN U MapauIeNbHbIN YUCICHHO-aHATUTUIECKUE
MeTObI pemeHus. I YUCIeHHO-aHATUTHYECKUX METOJI0B OCHOBHBIM MaT€MaTHYECKUM
anmapaToMm ciyxar auddepeHuuaibable peodpa3zoBanus. [Ipy Bcex MeToAax IMOJydYeHbI
COOTBETCTBYIOIUE YCIOBUS HEOJHO3HAYHOHN Pa3pelInMOCTH 3a1a4u. PaccMoTpen monens-
HBII IPUMED, AJIS PELIEHUS] KOTOPOTO MCIOJIb30BAHBI YUCIEHHO-aHAIIMTUYECKUE METOIBL, U
HOJIy4eH PR TOYHBIX IuddepeHnuanbHo-TelIopoBckux pemenuii. [IpemioxenHsle ync-
JICHHO-aHAINTHIECKHE METOBI MOTYT OBITh 3 (EKTUBHO pea30BaHbl CPEJACTBAMH COBpE-
MEHHBIX HH()OPMAIMOHHBIX TEXHOJIOTHH.

Knrowuegvle cnoga: onHonapaMeTpUUeCKU TPAaHCIIOHUPOBAHHBII aHAIOT MAaTPUYHOTO
ypaBHeHust Thna CHIbBECTpa, peAyKUus, aHAJIUTHUECKoe pelieHue, nuddepeHnnansHbie
npeoOpa3oBaHMsl, MOCJIEAOBATENbHAS U IapaJuleibHas YUCICHHBIC NPOLERYPHI, YCIOBHS
HEOJHO3HAYHOM Pa3peInMOCTH, HENPEPBIBHBIE PEIICHUS HEMPEPhIBHOM 3aJaud, MOJEIb-
HBIH [TpUMeEp, CPEACTBA COBPEMEHHBIX HHPOPMAIIMOHHBIX TEXHOJIOTHH.

BBenenue. B pabote [1] nmpu oqHO3HAYHOH Pa3peIIMMOCTH 3a1ad MPeIyio-
JKEHBl METOJIbI PEUICHHS OJHONAPAMETPUUYECKUX TPAHCIIOHUPOBAHHBIX aHAIOTOB
MaTpPUYHBIX ypaBHeHUiT Tuna CribBecTpa

AW - XO)+X"(1)-B(1)=C(1), (D

rae A(t), B(t), C(t) m X(¢t) — onHOmapaMeTpUIeCKUe MATPHUIIBI OJHOTO M TOTO Ke
nopsiaKa m, mpudeM X(¢) — moJuIekanas onpeielIeHnI0 Hen3BeCcTHas MaTtpulia. Ha
OCHOBE HECIIOKHBIX DKBHBAJICHTHBIX TpeoOpazoBanmii (peaykiuu (1)) 3mech ke
MOJTYYEHO MPEICTABICHUS

A®)-X()- B ()-B (1) X(0)- A ()=C(0)-B " (1)~C (1) A (©)=Dy(t) o> (2)
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JIOCTATOYHO CJIOXKHOE 1O cpaBHeHHIo ¢ (1), onHako, B otauuue ot (1), cogepxariee

JIUIb TOJBKO HEU3BECTHYIO MaTpuuy X(?) Janee, npuMeHUB anmnapaT KpoHe-

mxm *

KEPOBBIX MPOM3BEIECHUH MaTpHIl [2], TOJydeHa JWHEHHAs IO OTHOIICHHWIO K

X(t) ., runepMaTpUYHO-TMIIEPBEKTOPHAs CHCTEMa ypaBHEHHUI

[AO®B ()-B' @4 0] . .-X@) . =D X®)=D®) . . ()
uMeronad aHaJIUTUYCCKOC PCIICHUEC
X0 =[40)®B" (1)-B 1)@ 4 (O] -D(®O=D (-D(1) 4

npu OJHOBPEMCEHHOM BBIITOJIHCHUN yCHOBI/Iﬁ PEryJIdpHOCTH
detA(t)=0 < 347'(¢), Vi, (5)
detB(t)#0 3B7'(1), vt (6)
U YCIIOBHS THIIEPPETYIIIPHOCTH
detD(t)#0 < 3D7'(r), Vt, (7)

T.€. IIPH BHITIOJIHEHNUHU YCIOBUN 0JTHO3HAUHON pasperumocT (5)-(7) 3amaum (1).

3ameuanue 1. OTMeTHM, 4TO B O0IIEM CITydae JJIsl BBIYUCIEHUS 00paTHBIX
matpurt A(¢), B (f) m D (f) MOTyT GBITH HCIIOTB30BAHBI YHCICHHO-aHATNTHIECKHE
METObI, IPeJI0KEHHBIE B [3].

MaremaTtudeckuii anmapart. B Hactosmeit pabore paccmarpuBaeTcs Ta
ke ucxoaHas 3anada (1), omHaKo IpH BRIMIOTHEHUH YCIOBHH peryisipHocTH (5), (6)
U HEBBINOJHEHUH YCIOBHS runepperymsipHoctd (7), T.e. TpH  YCIOBUH
HEOJTHO3HAYHOW Pa3perIuMOCTH

detD(t)=0 < 3D7'(r), Vt. (8)

EctecrBenHo, mpu 3ToM oOmiee aHanuTH4Yeckoe penieHne 3amaun (1) Oyzer
UMeTh BUI [4]

X0 . =D(t) . . D)

m-xm

+HE,,.~D'® , -D®) , 1W(©),.,. ©

m?x1

rae D(f) — onqHonapameTpuyeckas 00001IeHHas 0OpaTHas TMIIEpMATPHIA TTOPSIKA
T
m’; E — eIMHAYHAs MaTpUIIA TOTO Xe nopska, a W()= (w(t),,...,w(t) ,) — mpous-
m

BOJIBHBIA OJHONApaMETPUICCKUI KOPPEKTUPYIOUIUI THUIEPBEKTOp C pa3MepamMu
m>x1.
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3ameuanue 2. [Ipu Bemonnenuu yciosuit (5), (6), (8) pemenue 3amauun (1)
SIMHCTBEHHOE, €CJIH, COTJIacHO (9), UMEeT MEeCTO PaBEHCTBO
D(t)D()=E . . (10)
m’xm
IIpU MIPOU3BONIBHOM runepaexrope W(f).

Teneps mepeliieM K TpeACTaBICHHUIO YHCICHHO-aHATUTHYECKHIX METOJOB
pellieHHsT paccMaTpUBACMOW 3a/laud, OCHOBAHHBIX Ha JU(PEepeHINATEHBIX
npeoOpazoBaHusx [S]. EcTecTBEHHO, UTO TpU 3TOM MpPEIoaraeM, 9To MaTpPHIIBI
A(1), B(f), C(f) u X(1), a Taxxe obpatusie A”(f) u B”(f) B nenTpe anmpokcumaruu
{=t, o0NajmaroT 4YaCTHBIMH TIPOW3BOJHBIMH, ISl KOTOPBIX MMEIOT MECTO
nuddepeHnranbHbIe MpeoOpa3oBaHUs

Ayt 440 | K =000 = AN) = 1, (00, HAK), K =00, (1)

B(K) = leo ddf,}’) o K =000 = B()= 2,(t1,, H,B(K), K =0,%0), (12)

cy=2 OO | k0w = C(0) = (1, HLC(). K =0.0), (13)
t

-1 K K -l . -1
A V(K)=H—-dA—K(’) ., - K=0,0"" 4" (t)=g,(t.t,,H,A (K), K=0,00),
L v
(14)
1 -1 _

B (K)_b;{ % K =00 B ()= 7500, H B (K), K =0,), (15)

: t

X(K)—H— ddX(t) B K =0,00 " X(t) = g,(t,t,,H,X(K), K =0,00). (16)

-1
B coornomrenmsx (11)-(16) marpuusr A(K), B(K), C(K), A ’ (K),

-1
B V(K) u X(K) - matpuunble muckpetsl marpun A(t), B(t), C(t), A7\(t),
B7(t) u X(¢) cootsercrBento; K = 0,00 - LeOUYHCICHHbIN apryMenT; H — Macirra6-
HBIH KO3 (UIMEHT; /, - HEHTpP ANIPOKCUMALNH;, CHMBOJI - - 3HAK MEPexoja U3

00J1acTH OpUTHHAJIOB B 0071acTh MU depeHInaNbHbIX U300paKeHU U Ha00O0pOT;
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2 () = x, (®) - HEKOTOpBIE ANMMNPOKCUMHUPYOLIHE (HYHKINH, BOCCTAHABIHBAIO-

e opurunanst A(2), B(t), C(t), Ail(t), B7'(t) m X(¢) coorBercTBeHHO.
-1 -1
3ameuanne 3. Marpuust 4 - (K)yu B ’ (K) - MaTpu4HBIE AUCKPETHI 0Opart-

npix Matpury A7 (f) u B7'(¢), a He 0GpaTHBIC MATPHIEI MATPHUHBIX AMCKPETOB

A(K) n B(K).
1. HocjieqoBaTe/ILHBIA YMCICHHO-AHAJIUTHYECKUH MeTo pemeHusi. C
yuétoM cootHomeHut (11)- (16) u npeanonokeHusi, 4ToO UMEIOT MECTO YCIOBUS

-1 -
347 (K), VK =0,0m, (17)

-1 -
3BV (K), VK =00, (18)

OJTHOTIapaMETPUUECKYIO THIIEPMAaTPHUHO-THIIEPBEKTOPHYIO IMHEHHYI0 cuctemy (3)
13 00J1aCTH OPUTHHAJIOB MepeBeIEM B 00NacTh mudhepeHIranbHbIX N300paKeHNH.
Ionyuum:

npu K=0:

[4(0)® B (0)=B"(0)® A (0)]- X(0) = D(0,0)- X(0) =

- (19)

=C(0)-B" (0)=C"(0)- 4" (0)= D, 0),
OTKy[1a TIPU BBITIOJHEHHH yCIIOBHS
det D(0,0) = 0 < rangD(0,0)<m* < AD(0,0) (20)
OyIeM UMeTh
X(0)=D"(0,0)-D,(0)+[E - D" (0,0)- D(0,0)]- W (0), @1)
rie D+(0,0) - yncnoBas 0600meHHas OOpaTHAas TUMEpPMAaTpHIA HOpsAaKa m’;
E — enunuuHas matpuiia Toro xe nopsaka, a W (0) = (w(O)l,...,w(O)m2 )T - IpOM3-

2
BOJIbHBII KOPPEKTUPYIOLIMI YHCIOBOI THIIEPBEKTOP C pazMepaMu m X1 ;
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npu K=1:
[A(0)® B (0)— BT (0)® 4" (0)]- X (1) +[4(1)® B" (0) +
+A0)® B (1)= B (1)® 4° (0)— B (0)® A" (1)]- X (0) =
=D(0,0)- X (1) + D(1,0; 0,1)- X(0)= (22)

e

= C(1)-BY (0)+C(0)-B” ()= C™(1)- 4" (0)-C"(0)- A" (1)=D, (1),

OTKyJa TIPH BBIMOTHEHUH yciaoBus (20) OymeM nMeTh

X(1)=D"(0,0)-[D,(1)— D(1,0;0,1)- X (0)]+[E — D" (0,0)- D(0,0)]- W (1), (23)

paMu m’ x1 ;
npu K=2:
[A(0)® B” (0)— B"(0)® A" (0)]- X(2)+[A()® B~ (0)+
+A0)® B (1)~ B (1)@ 4" (0)— B (0)® 4™ (1)]- X (1) +
HAR)® B (0)+ A1)®B" (1) + A0)® B * (2) -
~B"(2)® A (0)-B"(1)® 4~ (1)~ B"(0)® 4" (2)]- X (0) =
=D(0,0)- X(2)+ D(1,0; 0,1)- X(1)+D(2,0; 1,1;0,2)- X(0)=
C2)- B (0)+CA)-B" (1)+C(0)-B " (2)—

B =D,(2), (24
~CT(2)- 4 (O)-CT()- A4 ()~ CT(0)- 4" (2)

OTKyZa IpH BBIONHEHHHN ycinoBus (20) OyaeM UMeTh

X(2)=D"(0,0)-[D,(2) - D(1,0;0,1)- X (1) - D(2,0;1,1;0,2) - X (0)] +

(25)
+[E - D" (0,0)- D(0,0)]- W (2),

2
HEePBEKTOp ¢ pazmepamu m X1 ;
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;mn K=K:

[A0)® B (0)=B"(0)® A" (0)]- X(K)+[A(1)® B (0)+ A0)® B (1)~
_BTM® A (0)=B (0)® A" (1)]- X(K -1 +[AQ)®B" (0)+ AD®B" (1)+
+A0)®BY (2)=B"(Q)® A" (0)- B ()® A" ()= BT(0)® A (2)]- X(K -2) +
HAK -1)®B" (0)+ AK -2)®B" (I)+..+ AO)®B" (K ~1)—
_BT(K=1)® A" (0)=B"(K=2)® 4" (I)—..— BT(0)® 4" (K ~1)]- X (1) +
HAK)® B (0)+ AKK -1)®B" (1)+..+ AO)®B" (K)—
_BT(K)® A" (0)= BT (K-1)® A" (I)=..— BT(0)® A" (K)]- X(0) =
= D(0,0)- X(K)+D(1,0; 0,1)- X(K -1)+D(2,0;L,1; 0,2)- X(K —2)+...+
+D(K —1,0;K = 2,1;..;1,K = 2;0,K —1)- X (1) + D(K,0;..;0,K) - X (0) =

, , 

_| &) BY (0)+C(K 1)-BY (1)+ +C(0)-B” (K)—

(26)

= D,(K)
~C"(K)- A" (0) C"(K-1)-4" (1)— —C(0)- 4" (K)

1501051
[40)® B" (0)—B"(0)® i (0)]- X (K) + if (AN®BY (P—I)—
B ()@ A" (P-1)] X(K~P)=
= D(0,0)- X(K)+ D(1,0;0,1)- X (K 1)+ D(2,0;1,1;,0,2) - X (K —2) +...+
+D(K -1,0;K —2,1;..;1,K —=2;0,K —1)- X(1) - D(K,0;...;0,K) - X (0)] =
“

=Sy BY (K1)~ CT(1)- A" (K -] = Dy(K),

27

OTKY/ia TIpH BhITOJIHEHUHU ycinoBust (20) OyaeM UMeTh
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X(K)=D"(0,0)-[D,(K)-D(1,0;0,])- X (K —1) — D(2,0;,1,0,2) - X (K —2) —

o= DK —1,0;K - 2.1;...1, K = 2;0,K —1)- X(1) - D(K.,0;...,0,K) - X (0)] +

+[E - D"(0,0)- D(0,0)]- W(K),

(28)

rae W(K)=(wWK),,... wm(K) Z)T — TPOU3BOJILHBIA KOPPEKTUPYIOIIUNA YHCI0OBON

THIIEPBEKTOP C pazMepaMu m”x 1.
Takum oOpa3zoMm, UMes THIIEPBEKTOPHI (MaTpwUHbBIE AUCKpeTHI) (21), (23),

(25) u (28), B cootBeTcTBHH C (16) MOXKHO HalTH peteHus X(¢) ncxomuoii 3agaqu (1).
3ameuanue 4. [Ipu Bemonaennu ycnosuii (17), (18), (20) u paBercTBa

D'(0,0)-D(0,0)=E , ,

3aga4ya OyJer 00J1agaTh JMHCTBEHHBIM PEIICHUEM.

2. lNapanjaeabHbIA YMCIEHHO-AHATUTHYECKUI MeTo/ pemeHusi. O0benu-
HUB cooTHomeHus (21), (23), (25),...(28), momydanM cieayroliee cyrnepMaTpuIHo-
CYNEepBEKTOPHOE MPEICTABIICHUE:

(29)

D(0,0) 0 0 0 0
D(1,0;0,1) D(0,0) 0 0 0
D(2,0;...;0,2) D(1,0;0,1) D(0,0) 0 0
D(3,0;...;0,3) D(2,0;...;0,2) D(1,0;0,1) D(0,0) 0 |«
D(4,0;...;0,4) D(3,0;...;0,3) D(2,0;...;0,2) | D(1,0;0,1) 0
D(K,0;...;0,K) | D(K —1,0;...;0,K —1) D(0,0)
X(0) D,(0)
X D,(1)
X2 | | D
x| X(3) | =| DB) |, (30)
X4 D,(4)
X(K)| | D(K)
WJIA B KOMITAKTHOM 3aITiCH
’ZZ(.)(KJrl)-mZx(KJrl)-mz 'X(.)(Kn)-mle =/, (.)(Km,mle G

OTKYyZa IIPpU BBIIIOJTHECHUHN YCIIOBUA

2

\S)

1



det J{(¢)=0 < rang/{(e)<(K +1)-m* < 3] (o) (32)

(dT0, 0OYEBUIHO, PKBUBAICHTHO yclIoBHIO (20)) OyaeM UMeTh

X(®) =g (9) A,(&)+[E~ A" (%)- A(*)]-W(0), (33)
rae
(D, | © 0 0 0]
D, | D, 0 0 0
. D, | D, | D, 0 0 34
A= D, | D, | D | D, 0 (34)
_DK D1<71 DK—Z DK—3 Do_
npuIeM

D, = D*(0,0),
D, =-D"(0,0)- D(1,0;0,1) - D*(0,0),
D, =-D"(0,0)-[D(2,0;1,1;0,2) - D*(0,0) - (D(1,0;0,) - D (0,0))’], (35)

DK = _D+(030) iD(P) 'DK—P’

P=1
a CyIIepPBEKTOP:
W (o) =W (@) s W () 1)2) " (36)
OpUYCM T'MIICPBEKTOPLI:
W(®), = (W) s WD), i =1L (K +1)-m*, j=0,K. (37)

Takum 00pa3oM, IpH HAPALICIBHOM YHCIEHHO-aHAIUTHIECKOM METOAE, NMest
CYTIEepBEKTOPHI (MaTpU4HblEe AUCKpeTHI) (33), B COOTBETCTBHM C NPaBOW YacThIO
(16) MO>kHO BOCCTaHOBHUTH perieHus X(f) HCXoHOH 3a1a4u.

3ameuanue 5. [lpu Bemomaennn yciosuit (17), (18), a Taxxke (20) (wm
(32)) u paBenctBa

A7 (o) A(e)= E(K+1)~mz><(K+1)<mz
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3ajava OyJeT 00Ia1aTh €IMHCTBEHHBIM PEIICHUEM.
Moaeabnblii npumep. ITycTh 3aj1aHO MaTpUYHOE ypaBHEHHE

{f 9]Axo+xjayrj_” 3}=[( 1.2}
Jt jt 0 —Jjt 2jt (t+jt)

3aMeTHM, 4TO M3-3a MaJbIX pazMepoB MaTpull A(f) u B(f) 3meck Mbl Oynem
HOJIB30BATHCS TOYHBIMH aHATUTHIECKIMH TIPEIICTaBICHUSIMA
L LI
A()=| ! 1 B'w=|/! t(j—1
L 0 J
t t t

C ICJIBIO BBISIBJICHHS BBIYHCIUTEIBHBIX XapAKTEPUCTHK METOJIOB, TIPEJI0KECHHBIX B
HacTosiei padore. OueBuaHoO, 7, # 0, clIeqOBaTeNbHO, B YaCTHOCTH, NpH f, =1,

H=1 nmeem
RS
A0)= |, AD=| |, AK)=[0], VK =2
J J J J

(G-b 1 -1 0
B(O){ 0 _J, B(l)= _J], B(K)=[0], VK=>2;

coll o feo ) o5 el ]
2 a+p] T 2 a+2n T o g

C(K)=[0], VK =3;

4 1 0 o -1 0 G 1 0

AV(O){ | } AV(1)=[ } AV@){ } s
-1 =J 1 -1 —j

ol ] v Tos a-05-g

B (0)=| j-1 j-1}, Bv(l){ ’Oj ( § j)}
L0 -/

B (2)= 0,25(3— b)) 0,25(—'5+ j)} B
i J

1. HpI/I MPUMCEHCHUUN TTOCICAOBATCIBHOTO YUCJICHHO-aHAJIMTUYCCKOTO MCTOAA

-4
MOJYYHUM (BBIYMCIICHHS TIPOU3BOIMINCH C TOYHOCTBIO 10 &€ = 1077)
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[0,5(1-3/) 0

o0y M+ 1 O

—0,5(1+,) 0] 0,51+/) 0
|-0,5(1+/) 1]-0,51+3/) 0]

DT(0,0)=
(0,0888+0,2666- j) (=0,1111—0,1111- /)
(=0,3111-0,1555 ;) -0,5555
1 (0,0888-0,2888 - /) (~0,2222—0,3333- /)
0 0

(=0,111140,2222- /) 01111

(~0,2222 - 0,6666 - j) (~0,2222—0,2222 - j)

(=0,6111-0,5000- j) (~0,0555+0,2777- /) |
0 0

HerpynHo y6enutbes, uTo B cooTBeTCTBUH € (19) nMeem

0,5-(1-3))
A 0,5-(-5+3))
DO)=| —— |,
—J
(=2+))
a TaKxe
I 00 O 0 00 O
D(0,0)- D(0,0) = 0 100 E D+(OO) D(0,0) = 0000
’ oo 1 of ’ 1o 0 0 of
0 00 O 0 0 0 1
CrnenoBaTenbHO, B COOTBETCTBUU C (21) nuMeeM
1 0 1
20 =| = | —— || X(O)—[l 1 }
—Jj| | 0 -Jj [ —j w0,

0 ) m0),) \w(0),

224



Hanee

(-0,5+j) 0 Coss )
D(1,0;0,1) = @3- 1 O . D)= (O,f—j)
1-0,5-j) 0 |05 0 =7
. . ; (=3+))
| (-1+0,5-/) —j| 0,5-j 0]

IIPY KOTOPBIX B COOTBETCTBUU ¢ (23) momydum

0

X)) = L X(l)—{o : }
- -J ’ - -J W(1)4.
w(l),

To4HO Tak Xke MoIyuYuM

[ (0,25-0,75-j) 0

(-0,25+0,75- j) -1 O
D(2,0;1,1;0,2) =

(-1,25+0,25- /) 0 | (=0,25+0,25-/) 0
| (1,25-0,25-/)  j | (0,25-0,25-j) 0]

(0,25-0,75- )
(-0,25+0,75- )
-5+ 0,5- )
1,5-0,5- )

D/(2)=

2

MIPHU KOTOPBIX B COOTBETCTBHH C (25) MOTyYuM

0
0

. 0o | . 0
X@=1=7) X(z){o w(2) }

W(2)4
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W naxonern, npu K=3 umeeM

0,75- j O _
0,75-j
-0,75- j 1 O . —0,75- j)
D(350’23171,23033): 5 D1(3): T H
1,25 01025 0 1’5
. -1L25 - |-0,25 0] ’
0

. 0 0
XG) ==+ 46 :{0 w(3) }
w(3),

u T.4, a mpu K>3 B cooTBeTcTBUU C (28) nMeem

0

f(K—L XK—O 0 VK
(K)= o I ()_ow(K)4’
w(K),

[Mostomy obmee nuddepeHnnanTbHO-TEHIOPOBCKOE pELIeHHe MOJIEIBLHOTO
npumepa OyJIeT UMETh BUJT

X(t)—{l 1 }{ o1 }(1—1){0 ° ](r—l)ﬂ -
BEARIONHEETARTON 0 w(2), o

1 t
i L‘r (L09(0), = w(1), +Ww(2),) + (w(1), = 2w(2), )t +w(2), -1 + J

OTCIOZ[a OYCBHU/HO, YTO IIpU TPOM3BOJIBHBIX KOHKPCTHLIX 3HAUCHHUAX
w(0),,w(1),,W(2), , ... MOXKeT OBITh MOIYYEHO OECUHCICHHOE MHOXECTBO peliie-
HUH 3a1a4u. B wacTHOCTH:

a) mpu W(0), =w(l), =w(2),=0 pemennem sBisiercs

X5 = I
()_—JIO,
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6) mpu w(0), =w(2), =0, w(l), =1 pemennem sBrsiercs

v U],
©)= —jt (-1+0) ]’

B) mpu w(0), =1, w(l), =2, w(2), =0 pewennem sBisercs

X = 1 t )
= —jt (-1+20)|’

r) mpu wW(0), =1, w(l), =2, w(2), =3 pemennem sBisiercs

vin| ! t
)= —jt (2—4t+3t%)

U T.1. B aOCOMIOTHOH TOYHOCTH 3THUX PEIIEHHH MOXXHO JIETKO YIOCTOBEPUTHCS
IIOICTAHOBKOW X B UCXOAHOE MAaTPUYHOE YPAaBHEHUE.

2. Ilpu mpuMeHeHUH NapauIeTFHOTO YUCICHHO-aHAIUTHYECKOrO0 METOoa
uMeeM (BBIYMCIICHUS IPOU3BOIUINCH C TOYHOCTBIO 10 & =10'4)

D, = D" (0,0);

( 0,0911+0,1030- j) (—0,0852—0,0704- j) (—0,0074+0,1074- /) ( 0,0630+0,0222- )|
(-0.2726+0,0548 - j) (-0,4889+0,0148- j) (=0,2333-0,5519- ) (~0,2481-0,0407 /)
" 1(~0,0348-0,1081- j) ( 0,1556—0,4407-j) ( 0,4278—0,1241-j) (=0,1315)+0,0315- ) [

0 0 0 0 |
(~0,0311-0,0429- /) (~0,0001+0,0132 j) (~0,0005—0,0490- /)  (~0,0137—0,0491- ;)]

( 0,0912+0,0541- /) ( 0,0390—0,0200- /) ( 0,0542+0,0959- /) (~0,0742+0,1349- /)
271 (0,085240,0535- /) (~0,0106—0,0337-j) ( 0,0362+0,0828- ) ( 0,0699+0,0722- /)|
0 0 0 0

1

py KOTOpbIX B cooTBeTCTBUH € (30)-(36) momydaroTcsi TOUHO TaKue ke pe3yIbTaThl,
YTO M NPH NMPUMEHEHUH IOCIEJOBATEIHHOIO YHCICHHO-aHATUTHYECKOTO METoJa

(u3-3a rpomosakoctu matpui /J{(e) u /[ " (®) 3mech OHM HE IPUBOASATCS).

3akawuenue. Takum 00pa3oM, AJis pacCMaTpPUBAEMO 3a7lauu B HACTOSIIICH
paboTe mpeIoKEeHbI:

® AHAJTMTHYECKUN METOJ PEIIeHus, IPH KOTOPOM YCJIOBHSMH HEOJHO3HAY-
HOH pa3pelIuMOCTH CIIyKaT:

- cooTHoMIeHMs peryisapHocTH (5) u (6),

- COOTHOIIIEHUE HETUTIEPPETYIIpHOCTH (8);
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® [10CJIEA0BATEIbHBIM YNCIEHHO-aHATUTUYECKUIM METO/| PEILIEHUS, ITPU KOTO-
POM YCIOBHSIMU HEOIHO3HAYHOHN Pa3pEIIMMOCTH CIIyKaT:

- cooTHomeHus peryisipaocTH (17) u (18),

- COOTHOILIEHHE Herunepperysipaoctu (20);

e [apajuIeNbHbIN YHUCIIEHHO-aHAIMTHYECKUI METOA PEIeHHs, IPU KOTOPOM
YCIIOBUSIMM HEOJJHO3HAUYHON pa3pelIMMOCTH CIIyXar:

- cooTHOIIeHHs peryisipHocTa (17) u (18),

- COOTHOILEHHE HecynepperysipHocTy (32).

UmcneHHO-aHaTUTUYIECKUE METOJIbI MO3BOJISIFOT CBECTH PEIICHHS HCXOJHON
HETPEPHIBHOM 33124l K HEKOTOPBIM PEKYPPEHTHBIM YHCICHHBIM MPOLIEAypaM Ha mep-
BOM 3Tare BBIUUCIICHUH, KOTOPBIE d(PPEKTUBHO MOTYT OBITH PEATM30BaHbI CPEICTBAMH
COBPEMEHHBIX MH()OPMAIMOHHBIX TEXHOJIOTHH [6], a Takke CpPaBHUTEIBHO JIETKO
OCYILECTBINTh BOCCTAHOBJICHHE HENPEPHIBHBIX pelIeHui X(f) Ha OCHOBE HEKOTO-
poro odpatHoro AUdGEpPEeHITHATEHOTO TPE00pa30BaHUs Ha BTOPOM 3Talle BBIYHCIIC-
HU.
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U.z. UhUNL8UL

UPLIEUSCP SMIP A(t)- X(t)+ X' (t)- B(t) = C(t) UPUNULTUGSIUYUL
UUSrh8USHL ZUMUUULNRULESP SCULUNNLUSYUO LUTLUYLEE N2
UPUrdGR LNrOGLPNPRE8UL YErULGIM3UL
(Mnnulh Uninkgnu)

Muniftwuhpyty ki Updtunph nhyh dhuywpudbnpuut dwnphgughtt hwjw-
uwpnudubiph mpuwtiuyntwgduws tdwtwljutph ny vhwpdtp niskihnipjut Jepuptpuy hwp-
gtpp: Unwownyynud E nisdwt wbwhwnhy, ptyytu twb hwenpnwljub b qgniquhtn pduw-
wbwhnpl tqutwutp: quw-wbhwihnhy Epuwlukph hwdwp npytu hhdbwlu dwpt-
dunhjuljut wyupun b Swowgk] phptpbughw) dbwthnjunipmitttppn: fnnp inubwl-
ubph hwdwp b uinwgyty Eu puingph ny dhwpdbp jmskjhnipjut hwdwyuwnwupwb wuy-
dwbttpp: Yhunwplyly £ dngbjuwghtt ophiy, npp jmusdwt hwdwp oquuugnpéyty Eu pdu-
wbwhnpl tquwbwlubpp, b wnwgyt) Eu dh owpp dogphwn nhpbptughug-phynpui jnudnud-
ubkp: Unwownlydus pdw-wbwihnply bnumbwlubpp upnn o wpynibwybnnpkt hpuw-
twgyt) dudwiwlulhg nbntjunjuljui nkjuuninghwutnh dhengubtpny:

Unwbhgpuyplr punkp. Uhidtunph whyh dhwywpudbnpuljut dwnphgughtt hw-
Juuwpnudtbph npuuyniiugjws tdwhwlubp, ninnijghw, whwihnhly (nisnud, nhdbpku-
ghw) duwthnfunipinitiitp, hwenppuljui b qniquhbn puyht pipugulwupgbp, ns hwp-
dtip nuShjhnipjul wuydwiikp, wipiphwn juugph wipughwn (nisnwd, dnpkjught opp-
twl], dwdwtwjuljhg mknkjunduljut nkuninghwutph dhongutp

S.H. SIMONYAN

THE AMBIGUOUS SOLVABILITY OF ONE-PARAMETRIC
TRANSPOSED ANALOGUES OF SYLVESTER TYPE MATRIX

EQUATIONS A(t)-X(t)+ X" (t)-B(t)=C(t)
(Direct approach)

The issues on the ambiguous solvability of one-parameter transposed analogues of
matrix equations of Sylvester type are studied. Analytical, as well as sequential and parallel
numerical-analytical methods of solution are offered. For numerical-analytical methods, the
basic mathematical apparatus is differential transformations. For all methods, the
corresponding conditions for the ambiguous solvability of the problem are obtained. A
model example is considered, for which numerical-analytical methods are used, and a
number of exact differential-Taylor solutions are obtained. The proposed numerical-
analytical methods can be effectively implemented using modern information technologies.

Keywords: one-parameter transposed analog of the Sylvester type matrix equation,
reduction, analytical solution, differential transformations, sequential and parallel numerical
procedures, conditions of ambiguous solvability, continuous solutions of the continuous
problem, model example, modern information technologies.
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