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Al-Cu-Fe-Si ZUUUUYUSE ULSNRPUPLUSPL 26N LTUUSINN,
20U U2NPLIUOLLEE 2QNPLUUL SEuNLNYhUSh UTUUNRUL

Cuwnpyk b hhdtwdnpyky £ ASE dwiljthph wyjnudhiughtt hwdwdnyuspp” npuku
pupdpudnip wnidhtught ghdnpldwugynn hwdwdnyusputph duypulh yymp, npybu k-
ghpnn wwpp' MO b M1 dwljuthoh ynhudp: Ywnwpduws hwdwihp hbnwgnunipniatbph
wpyniipnid dpwljyty b Al-Cu-Fe-Si hmdwlwupgh wjynudhtughtt gphdnpdwugynn hwdwdniy-
Juspubtph dnyjdwit mkjuininghw, ptvipgt) b hhdtwynpyty Eu 5,7...6,5 % wynhtud yupniw-
ynn wynidhtiughtt pidpnplugynn hwdwdniusph dnydwt juuplyus nkdhdubpp, hudw-
duy npnug hwnyph (gdwt okpdwumhfwiipn whwp b (hth 730 + 10°C dhowljuypnutd,
dntyudlih ghpdwunhdwun' 120+10°C nph nypnid htinnijuhnuntinipniiip wvnwugynd £
430 1/, gduyhtn YdyJudpp' 1,6...1,65%, HB=1230...1250 U, 64=415...420 UULNP, 8=6...7%:

8nyg t wpyws, np wnidhttughtt hwdwdnyjuspubph dnijuyhtt hwnlnipniuubpp,
huswhupp Eu hbEnnijwhnunitimipnitip, gduyghtt Ysydwsdpp b hydughwi, jhuwn Yhpuny
Juwpuduws Eu hwdwdnyjusph phupwljul pununpnipiniihg, junnigywsdphg, (hhgniuh b
unjhymup okpdwunh&uutphg, ebpuUnitwlnipniihg, ehpdwhwnnppujuimpniithg b wy
wuyUwtiibnhg:

Unwbgpuyhl punkp. wapnidhtughtt hwdwdnyusp, Yndynghwnught iynie, dugpul,
1Eghpnud, hwnyp, dnynud, hbgnijuhnuniimipnil, gduyhtt YdJwsdp, hijughw, shpdwdow-
ynud, mbkuwjupup wdpmpinii:

Ukpwbmipniu. dudwbwlwlhg wkuthjunud juyt jhpurnipinit B quby
pupdp nbuwljupup wdpmpudp pnpupnudhtiught, wynudh-wswstughly, wyyne-
Uht-uphghnidughty, wpnulhb-uthljughl, wpnwhi-dwuqubqhnudughl, wynhtd-wggne-
dhtught, wpnudht-dwbquiught b pebnpdwugynn wy hwdwdnyjuspubp: dniuy-
ghntw] hwwnlmpniuttpny odndwsé wynidhtiuyhtt hwdwdnusputiph uvnwugdw
tywwnwlny wyndhup (kghpnd Bu twb wy) dbnwnubpny, hisyhuhp Eu® Fe, Co,
Ni, Pd, Pt, Cu, Ag, Au, Pb, Li, Ca, Sr, Ce, Th: Unjuyti wju dbwnwnubtpp wuppbpw-
Jut hwdwjupgmd gnidnid Eu wynidhihg htinnt b niukl wynidhthg pphuwn map-
phpynn LEYunpnuught junnigusp: Ujn hulj yuwndwnny ny th mmwpp wynudhtp
htwn whtn Jpdwlynid sh npubinpnid wiuwwhdwbuthwly (nmsykihnipinit [1-3]: Unw-
b1 guynnit msybjhnipjut Ukdwugdwt vhinmd nhndmd E uyt muppbph nhupnid,
npnip yupphpwljwb hwdwjupgmu gnudnid B wjnudhttht dnwn [3]:
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Nputu 1kghpnn wwpptp wybih pwwn Yhpwenid B wynhudp, dwbquip, dug-
tkqhmuup, ghlyp, uhjhghniup, Yhpoht dwdwiuljubpu’ twlb (hphnp, uwljugb wwh-
dwtuthwly pubtwljubpny: [4, 5] wpjawwnwupubphg hwynuh E, np mhunwbp, pnpp b
ghpynuhnidp dwbipuginid Bu wnidhttughtt hwdwdnyquspubph hwnhlp,
nupdubny dwbipuwhwnhy, deswugubing dkhwthjujuwt hwnlmpmniuttpp, hwwn-
Juybu wdpnipjniup:

Upnudhtiughtt gednpdugynn hwdwdnyjusputipp, h wuppbpnipmit dnyudwt
hwdwdniJusputinh, juy ki dpwlynid dudjdwdp, gingdwdp, gpnodwdp b wyj:
Tadnplugdus b spEpnplug]ws Jhdwlynud A1, 116, 116, AK6, AKS, B95, B/I17, 119,
J20, 121 b wy] dwluhpubph hwdwdnyduspubpt niukt pupdp dEwithjuljub
hwwnlnipniuubp [6]: NMunh wyn huwdwdnyusputphg wuwnpuwundws phppbpp,
Anntpp, qubwqut ypndhjubpp b nppoodduspubpn juyunpku hpwnynd Eu ntnk-
unipjwl tnwppbkp pruquuntbpnud:

Uhugslh 20-py nuph Yhubpp ks Yhpwnnipinit Eht gk Al-Cu-Mg-Mn hw-
dwjupgh hwdwdniJuspubpp, wjunthtnb ujukghti oginuignpst] twlh Al-Mg-Mn,
Al-Mg-Si, Al-Mg-Si-Cu, Al-Zn-Mg-Cu b wj] hwdwlupgtph hwdwanyjusputp [7]:
Pupdpudnip wynidhtiught gednpuiugynn pojnp hwdwdnyjusputptt niukt gusp
npnqhwujuyniinipinil, uwyy yundwnny nnipuynudhitinhg yunpuundws php-
ptpp hwdwju yuwwnnid Eu dwpnip wynulhth obpunny:

Cunn bhqhwphvhwljut b wkjpuninghwwt hwnlnpmpniaubph’ wymnulh-
twyht nEdnpuwugynn hwdwdnijuspubpp pudwtynid Eu hbnbywy judpkph [8].

1. Swdp 1Eghpdws b obpdmdowljuwdp swdpugynn hwdwdnijuéputp, oph-
twl) AMu, AMr b wy)

2. Al-Cu-Mg-Mn hudwljupgh hwdwdniyqusbpubtp, npnp wijuinmd tu
mynipwpnidhutbp, ophtmy® A1, 46, 116, BA17 b wyj:

3. Al-Mg-Si, Al-Mg-Si-Cu hudwlupgbph hwdwaniuspbp, ophml] AB,
AK6, AK8 t wyjj:

4. Al-Cu-Mg-Fe-Ni hulwljupgh hwudwdnipusplbp, ophiml] AK2, AK4,
AK4-1 b wyje

5. Al-Cu-Mn hudwlupgh hudwaniusplbp, ophlaly’ 120, 121 b wyji:

6. Al-Zn-Mg-Cu hwdwljwpgh hwdwdnij]usdplbp, ophtwl B9S, BI5-1, B4,
B96 L

Mnipupnudhtiubpl odindwé k. wdpnipjut b nkjuuninghwljwb hwwnlni-
piniuutph (g hwpwpkpulgnipjudp b oqgunnugnpsynid Lt djudws nt skpugdus
Yh&wlynud, huly Al-Mg-Si it Al-Mg-Si-Cu hwdwlupgtiph hundwdnipjuspubpp pupdp
nbjuunnghwljut hwnlnipniuttpny, b bpwiughg wipinhwn dnydudp unnwg-
Jus dnynijubipp quy Yebkih Bu: Uju hwdwdnydusputpp Uks Jhpwnmipinit
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unwghk] wpnh mkuthjuwmd, hul] wpnwunpunbuujubpp danwdhg hbnn Bupwp-
nud B hsybu phwlul, wytybu | wphbunwljwb skpugdw:

Al-Cu-Mg-Fe-Ni hwdwljuipgh hwdwdnyJuspubpt niukh juy Ynbhnipnty,
b ipwtghg wuwnpuunymd ki pupy Epjpusuthwljut b niukgnn Ynduspubp nu
nnnouuspubp, npntp nibwl b wohiwwntnt pupdp obpdwunmhfutubpnid, dhy-
ntn Al-Cu-Mn hudwljupgh hudwénjusputptt wnwdiwtnid Bt hpudpnipmnudp b
niukt pupdp nkjpuninghwljwt hwnlmpnibtp, puyg gudp Ynpnghuljuynin-
pinii: Al-Zn-Mg-Cu fudph hudwdnijubputintt odinduwsé kit wnwby pupdp wdpne-
prudp ukiyuljuyht okpdwunhdwinbpnud, vwljuy niikh hwljwsnipnit Ynon-
qhuyh tuundwdp [9]:

unph npjuspp b kpnghljuyh hhdtwynpoidp. Upjuwwnwtph bywinwl £
Uowljip Al-Cu-Fe-Si hwdwljupgh wpnidhtughtt ndnpdwugynn hwdwanijusp-
ubkph Anydwt mEutninghw b hhdtwynpl] jwduplyus nkdhdubpp:

Upnudhtwghtt ndnpdwugynn hwdwdniqusputp Yhpwunynid L whundw-
quyht dkpnnutpny Yndynghwnuyght Wynipkph vnugdut hwdwp: Uju hwdwdniy-
Judputinh ks dwubt odnusd E gudp unnipjudp, pupdp obipdw- b fEjunwhw-
nnppuluinipyudp, jwy Ynenqhujuniimpjudp, pupdp nkuunnghwljut wjwu-
wnhlnipjudp:

Qo dwt wnidhttughtt hwdwdnyuspubpp Yhpwenud Eu hEnnijdwquyhe
Ubpnnubpny Yndynghwnughtt ynipkph vnwugdwt hwdwp: Ujup hwdwdnyusp-
ubkpt odnnjwé bk pupdp hinmjuhnumbnipjudp, ny Uks qéuyght §syJwspny, Lw-
pugnjugdut tjundudp gusp hwljyusnipjudp: Unwyk] hwdwj jhpunynid tu
Al-Cu, Al-Si, Al-Mg hudwljuipgh hwdwdniyJuspubpp:

Sktuhjuljut dwppnipjudp wjnidhttughtt hwdwanyjwsputpp hwduwha Yh-
punnid b hisygbu hbinnily, wytybu b whundwquyphtt dbpnnutpny Ynduynghwnw-
jht ynipbph vnwugdwi hwdwn:

LoJws hndynghunughtt ynipp tyunwuljuhwpdwp b unwbug hbnnijudw-
quyhtt (Anyuwl) Enuwtwlny: Zunyph vnugdwt hwdwp pndwpiununippughe
wnipbpp pintwynpyt] ki hwppwinpnud htnlyuw) hwenpuljuinipjudp. wnweht
htppht thpdnisyly | wpnudhttughtt gwpyntp, hwnypp gipunwpwgyt) k dhtsh
760°C, i ubkpunidyl) E ynhudn: Pnjuiwntnipnuyhtt ynipbpp sybwp £ yupni-
twlkb juntiwynipnil, pruntnipnukp, nuppbp wkuwlh puniptip:

Zunyph dwlkpbnyphtt gnjugnn opuhnujhtt punuupp wuownwwind k
dbwnwnp htnwuqu opuhnugnithg: Upnihwunkpd, withpudbown L Yhpunk] sws-
Ynipuyght $pynruikpn’ puntunijuyhtt muppknph opuhnubph hinwgdw b jpupudhg
dbnwnh Jhpujubqidut tyunwlng: Opybu Swdnmipughtt $yniu oqunugnps-
Jb1 E hbnlyu) pununpnipjudp $pynrup’ 45 % NaCl+55 % KCL:
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Qpubshup quqtphg dhwyu £, np odndws kL puduljutwswt pupdp jnusyb-
1hnipjudp wpnudhtinid: Luwpiwywnpuunduspttpmd wyt jupnn £ wunwuowgby
thpJwsdplbp b wmywobkpunuwynpnidubp dupdwdp dowljdw mmuppkp gnpépupwug-
ubpnud: Qpusuny hwgkgdwt yuwmdwnp hunyph thnpjuwuqpbkgnipmniut L unbw-
Unipjul htwn: ntwynipjut wnpmnipubpt Bu. dpunnpuught onp, npp ddnwtp b
wUnwip hwdwyuwunwupwtwpup gupnibwlnwd k 2...4,5-hg dhtsh 18,5...23 ¢/48
hintwympinil, pnuwpiununipnughtt Wniptph dujkpbnyphtt wgunppyws unbiw-
Ynipjniup, puwiynipbph dbwgnppubpp, huydwt wgpiqunh dhongny wnpunppgws
huntwynipniup, why $pnruttiphg wyunppgyus jud phuhwybu juyduws juntw-
Ynipniiup b wyjic Nunh ququuyupntiulniput wjuqtgdut tyunulng withpw-
dtown k untuwthty hwnyph gipunupwugnidhg, tmwuppkp mkuwlh jmnkph b punip-
ubp wwpnitwlnn dknwunuowpnynuh oguwugnpénidhg: Uthpwdbown b twjuopnp
wnwpwgl] pnyupuwntunipgp b wyb:

Ququqbpsdwt tyuwnulny hwnypnp dowljynid t pinpny, mqnunny, wpgn-
uny b wy) pukipn quqbpny Jud nwppbp $pyniuttpny: Zwnyph dwppnudp ny Uk-
nunuljub tkpdnidwiiptiphg, fwutwynpuytiu opuhnuyjht punuupttphg, hpw-
jwbwgynud t huynyph nwbhtimgdwdp quqbtpny, wyhuy b htinniy $pniutkpny,
husybu b $hjinpnidny:

Zupdw gnpépupwgh hpwwtwgyty b CIIOI-1.1.6/12k dwluhoh EEjunpw-
ghiwnpnipjutt  Juowpwinud:  QEpdwunhdwth  swihnidt  hppwluwiwgdl; b
«CIIOJI-1.1.6/12» ppnubj-wpnidbjughtt obpdwqgniygh b KCII-3 wynunkugwswthh vh-
ongny: ‘

ZEnnijuhnum tnipinitip npnoyty | hwynvh tqubwlng wwpnyph nbup nibk-
gnn dniJuébpuyhti junnngh dke htnnil dkwnwnh jgdudp: @npdupnidutph hudwp
yuwunpuuwnyl] b dbnunujub b, npp punugws t tpkp Jhuwdbbphg: Yhuw-
Altipp hwjuwpbinig hbunn dntudlip mbnunpyty k phun hophgqnuwlw nhppnd, b
Juwnwupyl) | dbnwunh ignud: Mupnipwdl unengnid twpiwnbuqus bu Bpnuunibp
hpwphg 50 #« hkpwynpnipjudp, npnugny npnoyk) E wwpnyph 1gdus dwup bp-
Jupnipiniup: nyudlh yupnipwdl junpnstt niih ubnubwdb jupdusp' 0,56 u”?
dwljbptuny: Qniywdlih junnnsp gty L Eplne thoynd® hwnyph okpdwunhdwithg
Uhtsh pmipbnugdwit uhqpp b tputhg dhtsh htnniyh hnuph npunuptgniudp [10]:
T, wjuy bu Ynsyws, qpojuljut hEnnijwhnuniinipinibt E, npp miknh E niubumd
ounphhy htnnmiynid puupup puwbwlnipjudp whin wgqh wnwewmgdwi: Mwupg t,
nn qponjuljut hEinnmijwhnuntinipnit wnwewunid k hjyhnniuh b unjhnniup obtpd-
wunhdwtwghtt dhowljuypnid:

zhnnijuhnuniinipniip jupus E pnipinugdwt punyphg: EJubkjunhljw-
Jut hwdwdnijuspubph nhypmid pmipinugnudp mbinh £ nitkunid pnnp Ynndk-
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nhg' dnywdalh yuwnbkphg nkyh YEtnpnt, b hknniyp owpnibwlnd £ hnuly thnu-
gnn hunnnsny: Uju phypnid wwwnbph dpu dbwynpynd E whun $wuqp: Ujy
yuwndwnrny Hukjnhjujut hwdwdnJuspubpt niukt wpwybjugnyt hinnijw-
hnuntinipnit: Uwpnip wpnidhp puipinunid £ ghunphwnubph mbkupny, npnug
wdn fnwbiqupnid £ htnnijh hnuntinipjuip, ntunh tpw hinnijuhnunttinipiniup
thnpp £ Ejunkjunhjuluthg: Unwyl) ks hinnijuhnuntimipinil niukt (hjghgniup
bt unjhyniuh (gt thpwluyp niukgnn hwdwdniyuspubpn: Zknnitjuwhnuntinipjut
Jpw qquih waqpbkgnmpmnit | ponunud ppoplinugdwt obpdwunhfuiin: Uwsnighlnt-
pntup guinuntgunid E hinnijh hnupp: Uwuyt kghpnn vuwppbph Ynughun-
pughuyh dkdwgdwt hbnbwupny dwénighnipjut thnthnjudwt dbjuwtthqdp sh
Jupbh Juuyl] hignijuwhnunmiinipjut inthnpudwt dkpjpwhquh htn: ZEnnijw-
hnuntimipinitp pinipugpynid £ twb hinnijh dwppnipjudp, pung npnud, hinmy
dwugnid opuhnubph wnjuynipmnitp thnppugimd E dknwnh hinnijuhnuniinipe-
jniup:

Qsuyhtt dhJusdph Ukdnipniup npnoyk) E hwwnntl) dbknwnuljui dth dhon-
gn pun QOUS 16817-71: Uy punugus t 2 dwubphg' supduljui nt wipwpd:
Zknnil] dbkwnwunp (guknig htknn tdnioh §shnid wnwowgunid £ dntyjudlih owipdw-
jut dwuh nbnuowpd: Qup uwnkgyl) b opny, htusp htwpwynpnipmit £ tiwjhu
unwiw] vwnkgdwt Uks wpwgniemnit (500...600 °C/pnyk):

Qduyhtt YdyJwsph mbunipniup hhdtwynplnt hwdwp b poiptinugdut
dhowluwypp pudwtiynid k Epynt dwuh: Unwghtp, Epp pnipnhljubpt wquwn ko b
hpwphg pudwtdws b hbnmyny: Zudwdnyduspt wyguhuh whtn-htnnll Jhdw-
ynud odunjws t htgniyht pinpny hwinym pjudp, wjuhlipt' pupdp hnuntinpyudp:
Uiy yuwndwnny okpduyhtt Ysynida wyny thnymd sh jupnn wpnwhwyngby dniy-
Jwbdph gduyht suthbph thnppugdwdp: Npnowlh okipdwunhdwhg gusn gkpdwu-
nhfutitbpnud ppuiptinhljubpt wnwewgumy tu gug, nph phwypnid wnlju k htinniy
dwqp, b wynuhuh whin htnml yhgwlnd hwdwdnyjusp odndus E yhtiy dwpdthtt
punpny hwinlmpyudp, wyuhtipl dhish wyn uvinugus dlh yuhwywbdudp: Ujuws
wyy wwhhg' qupquind L dnydusph gsuyhtt Ysydwspp: Sduyhtt Ysldwdph Jpw
wqnnud B dwquyhtt hopowlbpuyynipniiubpp, tbpphtt b obpduyhtt jupnidubpp,
Ubjpwthjulwb wpgbjulnudp, quqbph nnipu qup b wy (10, 117]:

Undynghwnwjht niph dbjumthjujut hmnnipmnibutpp judugubnt hw-
dwp wyb Bupwpydty £ djudwt b wphbunwljut stpugdwb: 2quut thnpdwplynid-
ukpt hpwjuwtwgyty G TIRATEST-2300 dquwt dbkphkuugh dhongny, npp twpaw-
nbkuwé t whun ynipknh dquul, ubnddwl b éndwt dudwtul dkpwthjulwut
hwwnlnipmniuubph niunidbwuhpnipjutt hwdwp: Mumdbwuhpdl] £ awb dowly-
Jws Yndwynghunnughtt ymph dhjpnjunniguspn, nph hwdwp oguuugnpsyby b
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MUM-8M dwljuhoh oyyunhjujut dwipunhunwl b winpunupddws nyup Ubs
qqujunipjudp nruudwbipunhnwly NEOPHOT-21:

Zhnwgnuin pjut wpyniuphtpp. Zknwgnuinnipnibibpp juwnwpdt) Bu Al-
Cu-Fe-Si hwmdwlupgh hwdwdniusputph Jpu: Nputku duwypulh tynie ptnpyt
E A5E dwiljthoh wpnidhtiughtt hwdwdniyusépnp (Al=99,5%, Fe=0,35%, Si=0,12%,
Cu=0,02 %, Zn=0,04 %, Ti=0,01 %, wy] wmwuppkp - 0,02 %), hulj npyktu kghpnn wwpp®
MO u M1 dwljthoh wynhudn: 2ninidhg htinnn dnyJuspubipp Gupwplyt) b hnun-
ghtwugunn ppédwtl (Tan=5004102C, Tyun=10 duzdf):

®npdbph wnwehtt thnynwd hpwwbwgyl) b hunyph (gdwt jwduplyus
ohpdwumnhfwuh pinpnud, nph hwdwp ASE dwljthoh hwdwdnyduspp mupwgyly
E dhiph 680...810°C gbpdwuwnh&wtp, wyunthtnb (kghpyt) k6% wnudnyd b 1gyty
twjuonnp vhtsh 120°C mupugdus dntjmaltpnh dke: Niunidtwuhpyly B hbnnijw-
hnuniinipnitp b gduyhtt Ydhywspn, nph wpyniuptbpp gnyg ko nipdws uly. 1-nud:

600 3.5
E A
< 500 3,0 X
=t /\.-" W
E =
& 400 / 25 3
= =
= Pe)
g 300 / A0 2
=] > s 3
£ 4 _—— '55
3
= 200 nu 1.5 &
= &
i)
100 1,0

660 680 700 720 740 760 780 800 820
zhnniy Uknwnh jgdwt gkpdwunhdwip, °C

Ug. 1. Zunlwdmypjuwéph hknniuhnuntintpyul b gduyhl §éljwdph upijudnipmeip
huynyph jguul pkpdwunpdwihg

Ujunithbnl  dnyJudpubpp  Bupwplyl; tu  hndnghtwgtnn  ppédwt
Thnu=500£109C-hg, Tyur=10 dwd/ yyuhdwl inbnnnipjudp: Munpuunytl] i Jkow-
uhjujwt hwnympmniuubph thnpdwpuut tdnptbp, npnup Eupwplyl] o djudwt
(Tumi=500...5259C, Tyuwn=15 pnwk) b wphbunwlut stpugdwt (Tsp=120 + 10°C,
Tyuh=48 dwd): Pnpdwpjuwtt wpyniupubpp gnyg ko ipdws vy 2-nud:

busytu gnyg Lt inwjhu thnpdh wpyniputpp, huynyph okpdwunhgwith pupé-
npugdwip qnigpupug hinnijuwhnuniinipniip uljqpoid wénwd , huly 780...820°C
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obpdwunhdwtiwghtt thowljwypnid nuntnid E hwuwnwwnnit, dhtypbn whwp k wb-
punhwwn wdkn: Uju Eplnypep pugunpynud E iputing, np wjynudhtiwght hwnypn,
pupdp obpdwunhdwttpnd 1hukny suhwquig wlnhy, hnpwgnnud £ ppyusih
htwn b mnwowgunid ndqupuwhuwy Al2O3 opuhr, npp b thnppugunid £ htnnijuihn-
unipnibup: QEpdwunhfwth wgh qnigpupwug gdwghtt Yshywusph wupunhwwn wdp
puguunpymd E uylt thwuwnng, np hwynypp wybh Epjup b dund whtng-htnndy 4h-
gulymu, U hknbwpwp' poplnugdul wppymbwybn dhowluypp uinugynid b dbs:

HB, &4, 8, %
UTu UNw
1750 450 20
ad
0\
\\
1500 400 15
HB \\'
1250 350 2 10
—
\o\.&\
1000 300 § 5
750 250 0

0 680 700 720 740 760 780 800 820
Zbnnily dkwnwnh jgdwt oipdwuwnhgwup, °C

Ul 2. Zunlwdnyudph wdpnippull, updpnipiul I hupwpbpulul Eplupugdul
quwpnuénipiniiip huyniyph jgulwi pkpluunpduihg
ZudwdnyJudph wdpnipjut vwhdwih b hwpwpbkpulwt tpjupugdwt tju-
qnudp, huynyph oipdwunhdwuh pupdpugdwin qnigpiupug, yuydwibwynpdus k
uwnkguwl thnpp wpwgnipjudp, nph phwypnid wyt vnwugynid £ junponpuhwwnhly
Junnigduspny: Yupdpmipjut pupdpugnidp wuydwbwynpyuws L humph b wp-
wnwpht vhowuyph htnbkuhyugdwdp, nph wpynibpnid dkdwunud E opuhnubiph
b wy) Jhwgnipiniuibph pwbwlnipniip hwdwédnuspnud:
Zhwmwgnuinipnitubph wpyniupnid npybu hwnyph (gdwt jwdupus
obpdwuwnhdwt puwnpyk) k Tig=730+10°C, tpp htnnijwhnunitnipniip hwdwuwn k&
420...430 /i, gdbuyght YsYyJusdpp' 1,6...1,65%, HB=1230...1250 UNw, 0s=415..420 UUL/4F,
8=6..7%:
®npdtph hwenpr thnynid Juwnwpyk) £ dnyuwdlbh jwduplus obpdwuinp-
Swiuh punpnud: Uhigl 730+£10°C nupugus hwynypn (gt £ 20...2209C twjuonnp
nwpwugud dbh dke, I nuntduwuhpyby b hinmijuwhnuniinipiniit n1 qdwyhte
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oy usdpn (. 3): Ujunthtnl dnydwspubpp Eupwplyt] Bt hnunghiwginng ppésdwt
(Thnu=500 + 10°C, Twun=10 duwl), dbpwuhjulwb dowlnidhg hbtwnn' dpudwb
(Tupi=500...5259C, Tyuwn=15 pnwyk) b wphbunwlub stpugdwt (Tsp=120 + 10°C,
Tyuh=48 Jwl): Ukhuwmuhjuljut hwwnlnipnibttph jupuénipmiup dntudlih
ohpdwunhfwihg ubpuyugdws k uly. 4-nud:

bPusytu Eptinid E thnpdh wpyniupubphg, dntjudlih obpdwunhfwithg fuju-
Jws hwiwaniuwsph hinnijuhnuntimpjnip b gduyht §sljjwspp Ubswunid L.
pupdpwind £ bwlb updpnipiniup, hul] wyuunhmpniut nt wdpnipmniup tdw-

qnud ke
o 600
=
~
o 500
s ]
]
=N
% 400
g
s ]
=
=) 300
a
2
3
;‘E“ 200
g,
A3
N

100

3,5
3,0 =
w
/\ —‘___.__’——GI ,g
o
2,5 3
‘,_’L- -
o
—
—y 2,0 =
" =
E Z
7,5 o
<ﬁ/ 7’0
20 60 100 140 180 220

Qnyudlh obipdwuwnpgubp, °C

Ul 3. Zunlwdnrudph hknnijuhnuniinipyul b géuyhl §6hywoph jupnfudnipiniip

HB, |
U

1750 +
1500 —
1250

1000 -

750——

€3,
Ul

450

400

350

300

250

dnyjuwdlip pkplwumnpdwihg

8, %

20

HB | e

=

20 60 100 140
Qniwdlih ohpdwunpguin, °C

180

220

Ul 4. Zunfwdnijgudph wpnipyull, jupdpniypyub b hupwpkpulul Eplupugdub

Juwpnjwbnieiniip dnyjwdlih pkpdwunpdwihg

388



Uwnugjws wpnyniupbphg hbnlimd E, np dnywdbh obpdwunhgwith thnthnfu-
dwb niypmd nhnynud b inyt ophtwswthnipinitttpn, npntp wywhnyynud Eh
hwnyph ebpuwunmhgwh hnthnpudwt dudwbul: Muwndwuntbpp yupq o npput
pupan b dnyywdlh okpdwunhdwip, wjupwt thnpp L uunkgdwt wpugnipiniup,
hbnlwybu' niy Euljuynid pniplinugdui gnpéplipwugn: Upnyniipnid hkgnijuhn-
untunipniip b gduyhtt hdhwsdpp nuinun dbdwunud kb, hulj wdpmipiniup b w-
wuwnhlnipniiip, oinphhy junponpuhwnhl jurnigqusph uinugdwl, tuqnud: 2k-
nwqnuinipnitutbiph wpyniipnid npytiu dAnywdth (wjupus obpdwunhdw
puunpyl) E Ta=120410°C, tpp hinnijwhnunitimipniiip hwuwuwnp k 420...430 «/2,
qduyht YdlJudpp ' 1,6...1,65%, HB=1230...1250 Uu1, 06=415...420 UULAP, 6=6...7 %

Onpdbph Ypotiwljut thnynud juwnwpyl) E wynudh jujupiyws pununpni-
pjut npnonid: Mnudh 2-12 % yupnibwlmpjudp hwnypep Tiew=730+£10°C-nud 1yt
E dhtpl Taw=120£+10°C obpdmunhdwp twjuopnp mwpwugyus duh vke, b niunid-
twuhpyby b hignijuhnuniinipniu nt gduyht Ysydwsdpn (uy. 5):

600 3,0
2 A
~ 500 PA"./'p 2,5 c\o
> g
vg / - m
g 400 — 2,0 &
E z
E 300 — 1.5 =
: =
E EQ\( 2
;ar 200 1,0 &
E
00 0,5
0 2 4 6 8 10 12

Mnudh Ynugkunpughwi, %

Ul. 5. Zudwdnyyudph hknnijubhnuntinipyul b gduypl §6hyjuwéph jujuudniemniip
wnbdp nbgklunpughuyhg

Ujunthbunl dnypuspubpp Bupwpldl) bt hwdwywnwujuwut obpdudpwly-
dwlb (hnungktwgtnn ppémd, dfjunid b skpugnid), b npnoydty b dbjawthjulwu
hwwnlmpmnibuubph juppduénipniup ynudh Ynugktinpughughg, npp gnyg k nipdus
uly. 6-nud:

NMnudh Ynbgktinpughuyh pupdpugdut hbnbwupny Jupspnipjniut wbptn-
hwwn pupdpwtnud b, npp yuydwbwynpjws £ CuAl: hpunbpdbnnunuijut duqgh
wybkjmguwdp: Uhtsh 6% Cu-h wuwpnitwlnipjub nhypnd pupdpwind b bwb
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wupnipynip, huy wyinthbnb vfumd b wuqgl] b hwghy qijupnis CuAl $ugh Ynb-
gktinpughuyh dkbwgdwi: Myuuwnhlnipjut wipinhwn tJugnidp tnytubu wyuy-
dwtuynpusé £ CuAl: duqh Yntgutnpughugh dkdugdwdp: Cu-h Ynugknpw-
ghuyh wipunhwwn dkdugnidp tyywuwnnid £ hwnhljubph vwhdwwgstpnid CuAl

bwugh guugh untnddwp, nph wnjuynipnibp, thjupntunipjub gunphhy, hwugkg-
unwd £ upw wjmunhlnipjuit b wdpnipjui hbnwgqu tjuqdub:

HB, | &4 8, %
U U ¢
1750 -+ 400 //"\\ 20
1500 +— 300 \ / 5
HB \
1250 + 200 s - . 10
1000 + 100 )‘7'7 5
750—— 0 0
0 2 4 6 8 10 12

NMnudh Ynugktnnpughwi, %

Uy 6. Zunlwdnyjwdph wupnipjul, Jupdpnipyul b hupuwpkpulub Eplupugdub
Juwjujwébnipiniip wyndp §nbghliunpughuypg

ZEnwgnuinipiniitbiph wpyniipnid npybu ynudh (wdupud pununpne-
pntu punpdbly | 55...6,5%, npp phypmid hwdwdnijusph hbEnnijuwhnuniine-
pintup hwjuuwnp b 420...430 #if, qdughtt Ydhudpp' 1,6...1,65%, HB=1230...1250
UM, 00=415...420 UULAP, 6=6...7 %

Bqpuljugmpint. Ywunwpuws wnbkuwlui b thnpdwpwpuluwt hbnwgn-
wnnipjniutibph wpnniupnid, Al-Cu-Fe-Si hmdwiljuipgh togws hudwdnijusph nbu-
poud, npp bwjuwnbuynd t oquuugnpst] nputu dwjpuwlh ymp wpnidhuwghb
pupdpuidnip nEdnpliugdny hudwanjuspibph hudwp, wy pynd wdpubw-
Ynpyws, wynudh oyynhdw) pwhwlmpiniut puwnpdty k5,7...6,5 %, hwnyph gdub
obpUwu-nh&uip” 730+10°C, dmqwdlih ghpuwunhgwip 120+10°C Ujuyhuh pu-
nunypmpjut b nkdhdubph phypnid hwdwdnydusph hbinnijuwhnunitinipiniup
hwJwuwp t 430 «ifh, gdughtt Ydyquwdpp' 1,6...1,65%, HB=1230...1250 Uw,
00=415...420 UL/, 6=6...7 %:

ZEnwmgnunnipinibabpp unnupdly Eh Zuywunwih wqquphlh ynhnbpbhului
huwdluyuupuith «Unipughunnipinil b dbnwynipghu» puquyhl ghunwhbnwgmnulul ju-
popunnnphuynid Junnwpyng ghunwlub phluyh ppowlnulbkpnid:

390



10.

11.

GrouuuLNkhE3UL 8ULY

KoaaueB B.A., JluBanoB b.A., Enrarun B.U. MeramnoBenenue U TtepMuueckas
00paboTKa IBETHHIX METAJUIOB U CIUIaBOB.- M.: Metamryprus, 1981.- 415 c.

I'yasieB A.Il. MertamnoBeneHnue.- 6-e u3f.- M.: Meramnyprus, 1986.- 541 c.
Monpoaspo JIL.P. Crpykrypa ©u CBOilCTBa alIOMHHHEBBIX CIUIaBOB.- M.:
Mertamnyprus, 1979.-640c.

The AI-B-Nb-Ti system: 1. Re-assessment of the constituent binary systems B-Nb and
B-Ti on the basis of new experimental data / V.T. Witusiewicz, A.A. Bondar, U.
Hecht, et al // Journal of Alloys and Compounds.- 2008.- Vol. 448, issues 1-2.- P.
185-194.

The Al-B-Nb-Ti system: II. Thermodynamic description of the constituent ternary
system B-Nb-Ti / V.T. Witusiewicz, A.A. Bondar, U. Hecht, et al / Journal of
Alloys and Compounds.- 2008.- Vol. 456, issues 1-2.- P. 143-150.

®pupnsingep U.H. Bricokonpounsie ieopMupyemMble aTIOMHHUEBBIE CILIABBL.- M.:
O6oponrus, 1960.- 290 c.

Ksacor ®.U., ®punasuaep U.H. [IpombinieHHbIe aqroMuHUEBbIe ciuiaBel: Crpa-
BOYHHK.- M.: Metamryprus, 1984.- 380 c.

@®pupasugep U.H. AmomuHueBsie nedopMHpyeMble KOHCTPYKIIMOHHBIC CIUIABBI.-
M.: Metamnyprus, 1979.- 208 c.

Konoones U.®. Tepmuueckas oOpaboTKa aTfOMHHHEBBIX CIUIaBOB.- M.: Meran-
nmypruzgar, 1966.- 394 c.

Jobarknn B.U. IlnaBka 1 AUThe aMrOMUHUEBBIX CIUIaBOB: CIpaBOYHOE PYyKOBOACTBO.-
M.: Metamyprus, 1983.- 350 c.

JAmutposuy A.M. CripaBoyHUK IuTeHIINKA.- MuHCK: Bpimeiimas mkoma, 1989.- 390 c.

Zuyuunwh wqquyht ynjhunbkuthjuiut hwdwjuwpwu: Uniep tbpluyugyt] &

Judpwgpnipini 13.10.2021:

391



C.I'. ATBAJISIH, AAM. O'AHECSH, I''A. BACWJISIH, T.H. CA®APSIH,
A.C. ATBAJISIH, T.A. AEMUPYSIH

PA3PABOTKA TEXHOJIOT'UM JINTHS AJIIOMUHHUEBBIX
JAE®OPMUPYEMBIX CIIVTABOB CUCTEMBbI Al-Cu-Fe-Si

B kauecTBe MaTpUIIbl BHICOKOIIPOYHBIX aJTFOMHHHEBBIX JIE(DOPMHUPYEMBIX CILIABOB BHIO-
paH u obocHOBaH cruiaB Mapku ASE, a B kauecTBe JISTHPYIOLIETO 3JIEMEHTa - MEIb MapoK
MO u M1. B pe3ymnpraTte KOMIUIEKCHBIX HCCICIOBAHMN pa3paboTaHa TEXHOJOTHUS JIUTHS ajlfo-
MUHHEBBIX AedopmupyeMbix ciuiaBoB cuctembl Al-Cu-Fe-Si, BbIOpaHbl 1 000CHOBaHBI UX
ONITUMAITEHBIE PEXKUMEI C COJepKaHueM Mean 5,7...6,5%, COrlacHO KOTOPBIM TeMIIepaTypa
Pa3IIMBKH pacIulaBa JoIDKHA OBITh B Ipenenax 730+10°C, temmeparypa mardopmsr - 120 = 10°C,
MPU 3TOM KHUJAKOTEKydecTb cocraBisieT 430 amm, nuneriHoe cxartue - 1,6...1,65%, HB =
=1230...1250 MIla, 6, = 415...420 MH/M?, 8 =6...7%.

IToka3aHo, 4TO TUTEHHBIC CBOWCTBA aATFOMHUHHUEBBIX CILIABOB, TAKUE KAaK JKHAIKOTEKY-
4eCTh, JIMHEHHAS yCaJKa ¥ JIMKBAIUS, CHJIBHO 3aBHCST OT XMMHUYECKOIO COCTaBa CIUIABA, €TI0
CTPYKTYPBI, TEMIIEPATYP JIMKBHUYCA M COJIUIYCA, TEIFIOEMKOCTH, TEIUIONPOBOIHOCTH | JIP.

Knrwouesvie cnoea: anoOMUHUEBBIN CIIaB, KOMIIO3HWIIMOHHBIA MaTepHaj, MaTpuIla,
JIETUPOBAHHE, PacIUIaB, JUThE, )KUAKOTEKYUeCTh, JIMHEHHOE C)KaTHe, JTMKBALMS, TEPMOOOpa-
00TKa, yAeIbHAs IPOYHOCTb.

S.G. AGHBALYAN, A.M. HOVHANNISYAN, G.A. VASILYAN,
T.N. SAFARYAN, A.S. AGHBALYAN, T.A. DEMIRCHYAN

THE CASTING TECHNOLOGY DEVELOPMENT OF ALUMINUM
DEFORMABLE ALLOYS OF THE AL-Cu-Fe-Si SYSTEM

Aluminum alloy ASE was selected as a matrix of high-strength aluminum wrought
alloys, and copper MO and M1 grades was chosen as an alloying element. As a result of
comprehensive studies, a technology for casting aluminum wrought alloys of the Al-Cu-Fe-
Si system was developed, and optimized casting modes for aluminum wrought alloys with a
copper content of 5,7..6,5% were substantiated and selected, according to which the
temperature of casting the melt should be within 730 + 10°C, the temperature of the mold is
120 + 10°C, while the fluidity is 430 mm, linear compression is 1,6...1,65%,
HB = 1230...1250 MPa, 6, = 415...420 MN / m?, 5 = 6...7%.

It is shown that the casting properties of aluminum alloys, such as fluidity, linear
shrinkage and liquation, strongly depend on the chemical composition of the alloy, its
structure, liquidus and solidus temperatures, heat capacity, thermal conductivity, etc.

Keywords: aluminum alloy, composite material, matrix, alloying, melt, casting,
fluidity, linear compression, liguation, heat treatment, specific strength.
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8nyg k wipyby, np Bhnnunh dnjhppbt yupnibwlnn unybhpuyghtt pnwiynien b gpu
pununpmipjut dke dntnn Unjhppktuyghtt dhtkpuwutpt onmud b opuyhtt thowJuypnud nhu-
whpu dwipugdwi wpyniipnid Buipwplynud tu junp dkpwtwphdhuljut hnjowlEpund-
ubph (hnjuwphikng ppsdwl thnymu pipugnn phihwlub gnpépupughbpp:

Unwohtt wmaquud Juwnwpyl) k Binninh dnjhpykt upnitwynn unydhnuyghtt junw-
uniptph kjuwbwphthwlub b dbnwunuetpdughtt gnpépupwgutnh qniquljgnid, nph wpn-
niupmd unwgyl) k ny wjwinulub Unnhdphjugdus wpquuhp, b opowghiny ppunwiyniph
twbwlwb ppsdwb gnpsphipugp syl b phugwhywiwlwi hwupgbp:

Pugwhuynyt ki Ehymunh’ twwugbu dirwbuphthugbu whnhjugus dnghp-
nkt yupnitwlnn unydhnuyhtt punwiyniptph ninulh, wbjuewpu dbnwunuebpdugh
Ybpuwiqdwi gnpépuipwugh mbuwfwb, Yhubnhljujub b wkjuunnghwlwt ophtiwsw-
thnipinitibptt nt wnwdtwhwwnynipniutubpp: Mupqupwtygl) tu twb wpnudhttwebpdughte
YEpuuiqudwi gnpsphpwgh Ukjuwhquht epupbpnn nbuwlwt hwpgbp:

Unwagpuypl punkp. Unthpntuhnwghtt mnwynip, nhuwybpu duipugnud, dkawbw-
phuhwwt thnpupynud, dknwnuebpduyhtt gnpéptipwg, pupdpobpdwunhfuiughtt huphiw-
wnmwpwdynn uhtphq, $Epnunihpnkt:

Uhpwdnipnil. Zuyuunwith Zwipuybnnpjul mbnbunmput qupgugdu
Spugptpmd Juplnp nkn £ hwnljugdnid pupdp wdpnipjudp, dupwuljuyyniing-
pudp, jnnnqhuljuntinipjudp b ywhwbeynn wy] hwnlmpiniuttpng inp hudw-
dniubpubph unbnddwup b mbpuninghwkph dowldwip: Upuyhuh hwnlnipe-
mbtkpny odujws kit $hpnhwdwdntyuspitpny, wyn pymd twl $hpndnghpyh-
uny 1kghpyws hwwnntl] wnnuuunikpt nt hwdwdnyJuspubpp: dpohtt mwuphtk-
nht thnpudb) E wwhwbenp dnjhpnth b hunljuybu gpu hwdwdnJusputph tjuwn-
dwdp, hyp yuydwbwynpws E unpugnyt mkthjuynud dnjhppbuny (Ekghpdus
hwdwdniJuspubph nph deswgdwdp: Uwpnip udnjhpnbup vnwbnid Bu Unjhp-
nkuh tnopuhnhg, npp hwdwp jujugnyu hnwdp E hwtinhuwtnid dnjhpybuhwnnp [1]:
Unihpptuhnh btwpbwlwb ppsdwt b uhjhueokpdughtt JEkpujuiqudut inutw-
ny Zuywunwinid wpunwunpnd o $Epnunjhppbit: Uwljuyt ubpluynid qnpdnn

393



wnbkjutininghwt nith npnpwyh phpmpmibubp: Zunuwbu médus sk SO2-h Ynpquw
hwipgp ppéuwb gnpépupwugnid, npp phuyuwhywbwub punhpubp £ unbnénud
opowlju Uhowuyph hwdwp: Lnisyws sk b unwugdws dtpnunippnbuh punur-
pnipjul b unnigyuéph hnudngbunipjut hwipgp, npt wqnnud L yywnpuunh
wpunwunpuiph quh Ypu: Ujuyhuny, dbpnunihppbuh vnugdwut wkjutuninghugh
JEpupununpnudp 22 EEnnunh hwbipwhwpunwgnighs Swpphljuyh Unjhppbthnw-
1ht pnwiyniptinh nhypnid juuus L npnowlhh fuunghpubph hunpwhwpdwi htwn:
Uju mbuwljtinhg dbs hnmwppppnipmnit b akpjuyugiunid unydhnught hwipw-
yniptph Upwlnudp dbnwunuebpduyht Jipuljuwiquiwt tpwiwlny, nph gniquyy-
gnudp twpttwjut dkpwbwphthuljut wnhjugdwt htn juywunph hbnwgqu
opupnuytpujuiqudwt gnpépupugh htwnbkuuhjugdwip b ulqpniupnpku tnp
Unnhbhljugué wpquuppubph vnwugdwip [2-4]: Vuptwjut dEwbwphdhw-
Jut wjnhyugniup juyuunh punwiynipnid wew dnjhpnttuhwun dhtkpwh phuh-
wljul wnphynmpjut dkbugdwip b hbnwqu dknwunuetkpduyghtt ykpujutqudwb
gnpépupugh wthudbdwnm gusp okipdwunmhdwubpnid ppwbwnily, np & hp
htppht juywunh vnugdus dpnunihpptith jurnigqusph jwjugdwip: Niunh
Unihpptt yupnibwlng unydhnuyhtt pnwiymptphg $tpnunthpptuth vnnugdwt
dudwbwlulhg nkjuunnghugh dpwlnudp mhunn wpphwlwi kb pjuntd | hwbipu-
whunnipjul ntnbuntpjut wpgh ywhwietbphg:

urph gpduidpp b Whpnghiugh hhdbwdnpoodp. Giukm] Jepp bpqushg wp-
luwnwtiph tywwnwlu | 22 @hgnunp dnjhpgbthnwghtt fpnwiynipbph nbwlghn
hwnmpnibibph Ukswgnidp  dkwbuphthwlul winhjugdui bywiwlng
npyhbu hpdp dbknwnipghuljut htnmwqu qnpéplpwugutpnh hinkiuhqugdwi hw-
dwip, b twpjuwybu wljnhyugpus pnwuiymphg wjnmdhtiwebpduyhtt JEpujubqu-
dwt inwbwlny Unnhbhjugdus dtpnunihppbith unwugdw mktninghuygh dow-
Ynudp:

Mumutwuhpyby ko dEpnunthpntuh dhubpuygutpp b hwipwiyniptpp, Unjhp-
phuughtt hwipwpwpbph hwpunugdwl, punwiyniph uvnugdwi b pnnugdus
gnpdpupwugubpp: 8nyg L wipdl), np nddupwhw) dbnwnubph unydphnubph dow-
Ynudp hwpdwp L ppujuwibuguby ns ph wuwinuljut Jupwpwiughl, wy) nippulyp,
wijunwput wynuhttmgbpduwght Jepujuiqdwt tnuwtwyny, puth np ypohtihu
wnwybmpmnitubpp phun wjtunm B gnmpnit niubgnn wjuwinujub tnutwy-
ubph hudbdwwn: Nuunidbwuhpyl) o dbjpmbtuphdhwljut gnpdpupwgutph hhu-
twhwpgbpp' dkjpwbwphdhwt nhnking npybu thnpuwuqnnn Wnipbph ptwlghnt
hwinlmpniuttph dkbwgdw gnpént: Cunnitjws E, np wnugubpnid dbluwtthlju-
jut dwbpugdwt wpyniupnid nbwlghuyh wpugnipjut Jkdugdut wuwndwnp
ny dhuyt thnpuwqnnn wympbph gthdwt dwlbpbup dbdwgnud E, wyk whuy
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niptph dwlkptnyph npno YEnbpmd ks pwtwlnipjudp whpwwnynn tukpghwi,
npb munklgynid k, wjuygbu Ynsgws, «inmap» YEnbph wnwowgniuny: Sunphhy why
Wyniptph thnpp gbpdwhwnnppulubnipyui’ wy ekpunipniip sh hwugind tkp-
puthwiigh) whln Wyniph unppuyhtt skpunbpp, wy dumd E dwlbpbuhll dbswgih-
10y upw dwlbkpimpught tubpghwt, npp swpuymd b phthwljub wljnhynipjut
dbkdwugdw Ypu:

Mhun Woipbph dwbpugdwt gnpspuipugnid wpunwphtt dkuwbthjuljut
nidiph wqpbgnipmniup ynipnud wnwewgunid E pidnplwghw, npp juydws k
Uhohwinhljuyhtt hinwynpnipjut thothnjuntejul, pnipbnuyhtt gugiph wyudwn-
dwl, wpuintbph wnwewgdwi b wdnpbugdwts htin: Yunnigquspuwjht wju pojnp
wnuyunnidubpp mhun wanpbkgmpinit bu pnnunud Wyniptph nkwljghnt nittwlnt-
pnitubph Jpu: Cunhwinip wndwdp, wyng hoppwpynudubpp hwigkgund Eu thnju-
wqnnn Wniptph phthwjwl pkwlghugh whinpjugdut Futkpghuwgh tjuquubp,
nhwljghnt ntbwlmpnibtkph dkbwgdwip, nkwlghwubkph tnp, jnipuwhwwnnily pu-
pugph b unp Unnhdhljugdusd wpquuppubph wnwewgdmn:

Cuwnpyty b hpdtwdnpdty B fuynipbpp, niuniduwuhpyly) Bu gputg pine-
pugptpp, dwubwynpuybu, EEnnunh hwipwjuyph Unjhppbiughtt hwipwiyne-
ptnh b mnwiymph punphwinip pimpwgpbpp’ wyn punwiyniph dhtbpunghwuljut
Jwqup, phupwlwi b uquyht Yhpmsnipyub wpynibpibpp (wn.): Upyontbpnd’
punpdl) b twjuuy b dEwtwwunhjugws dnjhpgbiwghtt puwynmph Jepu-
Juuqudw wpnudhtwebpdwyhtt Ukpnnn:

Ungyniuwl
Epniunp UnppppEipunughl funwiynieh phupwlwl punugpnipmniip, %
MoS2 Mo Cu S FeO SiO2 AlO3 | P20s Zn CaO | MgO
74,25 49,5 0,85 14,63 1,7 2,9 3,5 0,02 | 0,002 | 2,0 1,0

74,25 | 48...51 |0,55...1,2| 13...15,26 | 1,4...2,0| 2,0...3,8 | 3...4 | 0,02 2,0 1,0 1,0

Zhknwgnunipjul wpyniupubpp. Zknwgnudt) Bu dknwnubph opuhnutiph
wpnidhttwebpduwihtt Jhpujuiiqudwt gnpspupwgh hhduwhwpgtpp b wypdwt
nbkhtninghwt: 8nyg k nipdws, np pwpdpobpduunhfwbiughtt pupiwnwpusyng
uhliptqu (FPU) wypdwt nbkuwly k, nph wpyniupnid wnwewtnid ku wpdtipuynp
whty ynpbp: RPU gopéspupwugutpnud ks wpwbwlynipni nith wypdwi wjhpnud
wnwowgnn Wniph dhipnjunnigjusph thnthnpunipniup, npp jupbh £ ubkplu-
jugut] npybu «aypnid+junniguspugnjugnid» upubdwyny: Ujh pipwtund k Ju-
pwpwithg nnipu’ widuwowpwi, b npb ) wkubininghuygh wdkbwlwplinp wowyt-
Inippniub k: Opuhnubph wyndhtiwebpdughtt JEpujuiqnudp inyuybu FPU gnps-
plpwg E, npl pipwinud £ otinphp] bjuiympughtt opuhnubph me Jhpulubqihsh
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(AL Si b wyj) vhol pipwignn obpuwbgwnhy phuhwljub nhulghuyhg wupwwnyws
obpunipjuit, b mupwdymy k wjpdwt nkdhuny: Ukiwmtwuljnhjugdwt gniquljgnt-
up FPU gqopépupwugh htinn (UU RPU) niuh Jupbnp nkjuininghulu tpwbwlynie-
mit: UU FPU gnpéplpugp punjugws t dbjupwthjulut wijnhjugdwut b bpub
hwonpnnn huptwnwpwsynn uhtiptqh thnyphg: Ukuuwbtuwljunhjugdw gnpépl-
pugnid twjitwjut dwipugnidp qquh wgpkgnipinit k pogunud uinwugdwus wp-
quuhph hwwnlnipymiuitph Jpw [5-8]: ®npuwqnnn Wniptph duybkpbup dkdwugut-
1hu b wdnpd dwubthlubnh suwhubpp thnppugubihu uhtiplqu pupwinid £ wbh
gusp ohpuwunhgwbiipmy’ wkh gusp whnpjugdub tubkpghugh wujdwibbh-
nnud: Unwowinid ki Uk pyny pmipknugdw JEuwnpnuttkp, hul] uvinuugyws pyoipbn-
Ubpp ujumd ko wdk) gusp ohpuwunh&wmbtbpnd’ Uhish htnnly $uqh wowow-
gnudp, hist wgnmud k uhtiptqus dpnunjhpptith junmgguspugnyugdwi b w-
quunwgwgdwt gnpéplipwugh Ypu: Cupwinwd £ FPU gqnpdplipwg, nph wipyniipnud
wnwowinid k Uhipnhbknbpnght Junnigwspny wynipe: Lwuth np uhtipkqu pupw-
tnud E juwntinipntkphg wquinws opuhniitph htwn, hnbwpwp winugdmy Eudbh
dwpnip b bwbngwthuwyhtt hwwnpljukpny bEpndnihpybi:

Juunwpyly L Unjhppbuthnughtt punwiyniph wynudhttwebpdught gnpédp-
pugh pipUnphtwdhjuljwt YEpnsnipinit, nph hpujubwugdw uljqpniipughte
httwpwynpnipniup b gpu pupwugph (hwupdbpnipmitp btwp b wpwy jupus
wpnidhtth htn dkwnwnh opuhnubph thnpuwgptignipju phpdnphtudhjuljwi punt-
pwugptnhg: Opuhnubph thnhwqnbgmpniut wynidhuh hbwn Jupkih £ ubplujwg-
k] hbnlyuwy hwjuwuwpnidny

2/mMe O, +4/3Al=2n/mMe+2/3AL,0;:

‘UpJwd nhwljghuyh huptnipnyu ppwugph hhftwlub twhwyuwydwit wyyne-
Uhth opuhnh wrun]l) pupdp phpdnphtwdhulwi jumimpmnibt B hadbdw-
nwd Jhpuljubqynn dbinwnutph opuhnubph pipunphtwdhjuljut juniunmpjut
htwn: Unjhppbkuhnughtt pnwiyniph hhdtwljut pununphsutpt bu FeO-u, Fe2O3-n,
wquun SiO2-n, whipwlt pwwmljubpny wnudh, ghihh b juywph opuhnutpp, npnig
wupnibwnipniip hwpdupubpmd jupbh E wbnbub: Upnudhtwebpdughtt £HU
gnpédpupwugnid Jupnn Eu gniquhbnwpwip b hwenppwpwp pipwiwg Jepujuigu-
dwlt puquuphy nbulghwibp: Mhwlghwubph hupunipnyt ppwiugne swhwithop
hwunwwnnit gupdwt b obpdwunmhfwth wuydwbtipmd Ghpuh Eubkpghuygh thn-
thnjunmpjub (AGr) tjugnudt E: thwljghwbph AG-h thnihnpunipjut wpdbplkph
hwdbdwwnnidp htwpwynpnipmnitt £ wwwhu npnpk dh nbwljghuyh phpwbwne
wnwkmpntup dntuh djundwdp: AG2-h wpdbpp npngyk) Ehbnbyug putudling
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AG) = AH} - TAS},
npuitn AGY -t Ghpuh bubpghugh thnthnfunipmit b Az -0 hudwljwpgh Hpuy-

wihunh thnhnfumpyniim, huy S7 - hunfuljupgh rnpoughugh tathnhempyip: 2up-
Juiplubpp Juunwpyly Eu 298...2700K obplwunhduiughtt nhpnypenwd hwpgh wn-
ubny dwquyptt hnthnpjunipnibubpp Eupwjyhuwh b Fbnpnyhuyh wpdbpubpnid:
Zudbdwunmpniiilptt wtih wtwen qpupdutnt hwdwp hwyqupubpp juwnwnp-
yb b wnndwlut ppywdih 1 ¢ozh hudwnp:

dtpnhwdwdnyjusputnh wpununpnipmiind puqUupununphs hwdwljup-
giph huwdwwnkn Jkpuljuiqudut nhypmd Fubpginhljuljut wepnidng wnwbjw-
gnijt bywbwlnipnt £ niubund Gpljuph Enopuhnn (Y. 1, 1-h Ynp): Swppkp op-
uhnubnph hwdwinkn Jepuljubqidub nkwlighwtbph oGS -tph thnihnfumpjut obpd-
wunhfwbughtt jupjubdnipijut ghnwupynudp gnyg k nwhu, np tpjuph opuhnu
wnwehut b Jhkpuuiqynid (uly. 1, Ynpkp 1 b 4): Udkh ndup JEpuljuiguynn
opuhnutiphg k SiO2-p (ul.1, Ynp 6): Opuhnubiph Jhpuljuwiquynng nittwlnipmniup
Jujudws E ns Jhuyh ngpuig Juyniunipiniihg, wyjl huynypenud gputg Ynughn-
pughuwyhg: Npnoyty E JEpuljubqudwut nkwlghwih hwjwuwpulspnipjut hwu-
wnwwnniih wpdtpp, npp 25004 nhypnid juqunmd £ 2.10% tu hwdwywwnwuhiw-
unud E jpupudnid 1% unjhppbkup b 0,4 % MoO wjupnibwlnipjudp hwjuuwpulohn
Yuqupt b mnklgymd £ Sppup tubpghuyh qquih thnthnjumpyundp, hgh unphpy
gnpdplpwgu pupwinid | hognin hhdtwljuitt mwupph pupdp wunhdwund Ynpqlui:

(;UT_ 300 900 1500 1800 20 T K

12,0, ° X ]
-100

.

200 - . -2

- ¥ a3

-300 g )

,_~<""”"// =0

=400 P i //';\'/-’: e 5
p s o

-500

600

UY. 1. Umpppbipunughl prnwmlgnipnid wupniinulyng opupnbbph wynidhlnuebpduyhl
Yepuwlwhginfui nkulghubbph AG'-h Juwpijwénipiniip pkpdwumnhdwihg.
1- 2/3Fe203+4/3A1=4/3Fe+2/3A 1203, 2— 2/3MoQOs+4/3A1=2/3Mo +2/3A1205,
3—- 2/3MoO2+4/3A1=4/3Mo+2/3A1:03, 4— 2FeO+4/3A1=2Fe+2/3 AL20s,
5- 2MoO+4/3A1=2Mo+2/3A 1205, 6~ SiO2+4/3A1205=51+2/3A120s

Onjumqruuus pnjupiwntinipph wjut pupdpnipjudp npnoyty b wynudhiuetip-
duyhtt gnpéplpwugh gduyhtt wpugnipniun’ Vi=h/t = (@fypl): SYjwy nhupnid 100¢
pnjwhuwntmpnh’ h=8 wi/ b T =25¢pf sunhubph hypmu qdwjhlt wpwgnipniip
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Uhohtt hwoyny Yuquly k 8/25=0,32u1//t/pg: Yunnwpyt) Eu pndnihpnkuh wjnidhou-
obpUuyhtt Jipujubiqudwt gnpéplipugh mbuwjupup obpunipjut (2686,65 4.2/74q),
pnJwhiwntunipph huydw wnwykjugnyt obpdwunmhguh (2312 X) b obpduyght Yn-
nnuuntbph 3%) wnhkuwwt hwoyunplubkp: 8nyg E wpdl), np uvnugdus yupudbn-
ntpp dhwbquduyt pudupup B wnudhtiwebpdughtt Jipuljubqudwt gnpépli-
pugl wijunwpwt hpuljubwgubnt hwdwnp:

Nniunidtwuhpyby £ dnjhppkthnwhtt pnwiymptph wquyhtt hnpuwlbp-
wympjniuubph pupwugpp dbhpwwphdhuljut b obpduyht dpwljdwt dudwwly, b
Juunwpygly k dpndnjhpnkth vnwgdw gnpspipugh hbnwgnuumd: 8nyg L wnpgty,
nn hivybu wnwtdht dhtbpubpp, wytybu b dnjhppbuhnughtt fpnwiynipp opmd b
onuhtt Uhgwuypnid tnipp dwipugdwt wpyniupmd Gupuplynd Eu junp phuhw-
Jwh hnfuwlbpuynipgnibbkph, pin npod’ 60 poygk gpuyghtt Uheunjuypnid dwbpug-
ukjhu uvnwgynud E dnjhppbuh tnopuhn, hull tpuph nhwypnid’ twb opuhnubp
(Fe20s3 1t Fe3Os4): Nuunidmuppyly ki b okpduyght dpwljdwt Gupwupldws unjhp-
nkuhnuht pnwiynipnid wpjuw wepwbdht dhubpujttph b pnwiyniph hnpuw-
Jtpunipiniubpp, hgh wpyniupnid wupqyty b np dbjupwbuphdhwybu wjunh-
Jugqws b ohipduyhtt Upujdwb Eupuplyus thnpdwidnipitinh opuhnugdw onh-
bwswhmpinibubpp tdwb o Jpdjug, wjuhtiptt’ wnwowtnid Eu unyt dwqbpn:
Uuluytt dbjpwmtwwlnhjugus thnpdwutdnipibph opuhnugnid pupwbnid E
wykh hutnkuuhy b ~100°C-ny gudp obipdwunmhgutnbpnid: 8nyg k nipdby, np dk-
hrwbwphudhwlwh wnhjugnidp jupnn E thnjuwphik) papdpeobpduunhgdutught
ppodwt gnpépupwughll, pugunkinyg ny gmujuh b ghnbu (nidnd sunnwugus SO2-h
Ynpquwt hhduwpuughpp:

LY. 2-mud gnyg kb mipJuws dnjhppbkthinuwghtt mnwiymph (MoSz2) opuyhtt vh-
ouwuypmid wjnhjugdw wpyniupnid uinugus wpquuhph nktngbkimgqpbpn.
Unjhppkuthnt wdpnpompjudp thnpwlbpuyt) E Ynnhnutdut wdnpd qugush
(ntnh t niubkgl] jupni] wpunwhwyndws pnipknuyhtt gwugh unip ququptbkph
npugnid): Lnyt thwunp hwunwnwgpyty | bwb dnpdnjinghuljuts hbtnwgnnnt-
pinLuubpny:

53 R“ g Mﬁ‘\p{ ‘J#W’}Vwbuww

10 20 30 40 50 26, wun

Zwpup. hnnkuhdnieindp, 1719, %
g
CA
_if’;___
{:
N

Ul 2. Umphpnkihinp (MoS2) opuyhll nhdpunid 15, 30 i 60 pnyk wlmpyjugdwl wpnnipnid

unugyws wpquuppibph nkinnglkiwgnlpn
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Ul 3-nud ubpjuyugywé tu dnjhppkhnh dhpnjunnigusputpn opuyght
Uhowquypnid mmwupplp nbinynipnibtiipnyg wnhjugduws thnpdwidnipubph ghiuy-
pnud, npnup hwunwnnd G, np jupqus dwbpugdwt b wjnhjugdwb inbnnni-
piihg ntnh E nukimy gipdwidmoibph winpugniu: MoS:-hg MoOs—h utnw-
gnudt ptsybu opuyhtt vhowuypnid, wyuybu b opmid minklgynid t SO2 qugh
wnwowguwup, npp inyuybu Jupnn b ptuywhywiuub nddupmpmnibubp wnw-
owguky: Uy quundwnny dkppwbwphdhwljwl wijnhdugdwut hbnnwgqu thopdkpp
Juunwpyl) tu CaO-h dwutwlgnipjudp: Opubtu peduwsth wnpmip Swouyl) L
NaNOs—p, npp puypupnid £ whgwnbyny ppywushi: MoS:-h opuhuguwi gnidw-
puyghtt nbughwt CaO-h b NaNOs—h wnjunipjuidp nith hbnlbjw) mbkupp.

MoS2+7NaNO3+2Ca0O = MoOs+ +2CaSO3+7NaNOz2:

Uy 3. Umhpnkipunugpl prnwlyniph Jbpnubwphdhulul wlhnpjugdud wpgniipnid
uwnugywd dppnjunnigyuspalpl wlnpgugnus gpughl nkdhunid ™ 15 (w), 30 (p) i 60 (g)
ok nlngnipinibikpny (x1000)

Uunugdws CaSOs-p htnnwqu yhpndbnwnipghuljut gnpépupwugttpnid
Juwtg sh tkphuyugind b dund b jpwpudnid: Unjhppiuhinwghll pnwibyniph
CaO-h b NaNOs-h winjuynipjudp htsubu opuyhtt howduypnud, wytwtu b onnid
Ubjpmtwphdhwljutt wjinhjugdwi hbwnwqu thnpdkpp gnyg tu nwwihu dpwuldus
wkuuninghuyh dogpuinipniip:

Pusybu tplinud E Uly. 4-hg, phungbiwgpnid pugunwybu bplinid Eu MoOs—h
wnluydnidubtipp: Upy wpunwgninudubp sk tjundby:

Yyt kb hnpdughinwlui hbnugnunmppnibip” Ghgnunh twrugbu
UEwbwwlnhjugusé dnjhppbuughtt pnwiyniphg wynulhtwebpdwihtt yhpw-
Juuqudwdp 36,84% Fe+63,16% Mo pununpnipjudp btpnunihppbuh unwugdwt
byuwnulny:
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a—M003
o-SiO;

4

Zupup. htnkuuhynipiniup, /10

20, munhdw

UY. 4. Plpnunp dnjpppkipunuyhll punwigniph nkinngbinughpp JEpohunirwinihg hlkinn

Pnjwjuwntunipgp, pugh Unthppbkuhnwihtt fpnwyniphg b Epuph wwpbn-
utinhg (Quu Fe203-hg), wupniuwll) £ twb wy) punqunphsiubp: Twubtwynpuybu’
pnjuwjuunumipph phpdhynipniup deswugubint tyunwlng wdbkjugyt] L NaNOs,
hulj hrupudwgnyugdwts hwdwp® CaO: Onpdlpnhg htinnn vnugus knunujut
quiiqudp Yonyky b Gupwnlyt] £ hsybu phupwljub, wjhybu k) nkungkiudw-
quyhtl b Ubknwnugpuljui Jppmsnipyub, wpyniipmd’ npnopdty E dkinwnh gni-
dwpuyhtt Epp: Nuunidtwuhpyty B SEpndnihppbuh Gph upunudp Epjuph tiwgbn-
ubph pwhwlhg: Pusytu tplinwd E Y. Sw-hg, dEpnunhpnkh Ynpgquutt wunhgwt
hn wnwybjugnyt wpdtpht (82,4%) hwutnid k 15¢ FexOs-h wyupnibwlnipjut nhy-
pnid jud unkjuhwswthughtt pwbwlhg 25 % wybkignihh wuydwbtbkpnud, nph nhu-
pnud huwdwdnijwspp hhdtwjuiund punjugws b tpjuphg b Unthpnkthg wynt-
dhtj stshtt yupnibwlnipjudp: FexOs-hputiujh hbnwuqu dkdwugnidp hwighgund E
bEpnunihpntuh Gph wjuquwip, pwuh np dbnwnuliuwb $wq E wbhgind tub
wpnidhtip:

NMuunudwuhpdl] £ bwl dbnwunh Eph jujuuésnipniup Jepuljuiqithsh
(uly. 5p), CaO-h (uly. 59) b NaNOs-h (uly. 51) pwwljutinhg: Upnudhtiwebpdughtt ybpu-
Jubqudwl gnpsplipugnid pnyupiwninipnh hinnijuhnuniinipiniip dkdwgubiny
tywwnwlny] wjkjugfmu t twl CaF: pnjuwjuwninipyh pwiwlh 5%h swihny:
Ujuyhuny, pnjuwpuwuntnipnh jwjupldus yuydwbtbpt G Unjhppbuughtt upunw-
uniph, Fe203-h 15 %, wpnidhth thnont 25 %-h, CaO-h 8 % wykignilh, 10% NaNOs-h
lt 5% CaF>-h pwtwlutpp' pun pndwpiwnunipgh 100g quugqush: Uy wuydwi-
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ubpnud unwgynid £ Udntindtpnunihpnt’ FeMo, wpnidhuh stishtt hkwnptpny, b hw-
dwdnjusph Ynpquuts wunhfuip hwutimd k hp wnwdbjugnyt wpdtphtt' 95,-6%

100 4 120 -

84,5% 92,4%
100 -
80 ®
R I~
S ]
g 5 801
=, 60 4 = A
5 =
E E 60 -
=]
40 4 =
i E_ 40
B 2]
20 A 20 -
g 0
0 5 10 15 20 25 9 ipulwiquhsh pwbwli pun
Epluph opuhnh pwiwlp ¢/ 100¢ nnkjuhmilanpuihs putabh, %
w) 1)
100 1 93,5% 100
80 - éé. 80 95,6%
A3
3; E 60
% 60 g
5 Fi
3 E
E 40 g 9
‘g 5]
§ 20
B 20 A
0 T T T [ T T
§ 4 6 8 10 12 14

0 2 4 6 8 10
CaO-h % puwn pojmjumwpimipnh
qualiqwdh

NaNOz-h puiiwlyp, ¢’ puwn 100q
potfurumb o quibsqiuish

9 1)

Ul 5. Sbpndmppnbih Eph Qupnjwdnipmniip. w - Eplwph puliulhg, p - Jepulwbgipsh b
unugywd dknwnului pugnid wynidhiah puiulakphg, g - CaO-h pulufhg, n - NaNOs-h
puliljhg

Uwnugus dpunjhpnbip Eupuplpyk E pkingbiwbwuquyht (Wl 6w) b dbnw-
nuqpului (4. 6p) yEpmnidnipniuubph: busybu tpinud E nkungkuwqnptphg, db-
nwunulu $uqp hhdbwwind punjugus L hbnlyw) wpnwgnnidutphg' FeMo
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(2,00x; 1,82x; 1,198A), FeaMo (2,03x; 1,173; 1,432A): tw hwdwyywwnwupwbnud
dtpnunihpnkuptt’ FeMo putiwdlng (ulf. 6w), b niuh pujulwb hwdwubn dhlpn-
Junnigubdp (uly. 6p):

1/lo

22500

10000 |

2500

01—

20, CuKa

Ul 6. Umphpnkipnughl prnwiyniph wynidhiuekpduyhl JEpulpmbqanidhg uinugyud
vknunulwi pugh nbinglinughpp (w) b Uhipniunnigyudpp (p)

Uhuwnyby i twl Al-h wiipwt dEdnipjudp wpnwugninudutp: Uy wuydwb-
ubpnud vnwugdus dbnunujut dwqu nith hbnbyw) phuhwjut pununpnipmniup
35,53% Fe, 64,43% Mo l 0,4% Al: Cuwnn Fe-Mo Jh&wlh nhugpudh unugiwé hw-
dwdniJusdpp qundnid £ Fe+FeMo wnhpnijpnid:

Zhnwgnuyby B dnjhpplithnughtt nwiyniph wjnudhtwebpdughtt JEpu-
Jubqudwt FPU gnpépipugnid uypdwb Luljuinh nupusdwt wnwbdiwhwnlne-
pmihtikpp gdwjhtt wpugmpjui b wowykjugnyt obpduunhguih uu]wsnijp-
miip pnduhiuninipymd wnw epuljutiqihsh pwtwljhg: Upyyniiptbpp dowlyyty
El Lab View dpwugpuyhtt thuptph dhongny: Glukiny Jipuljuiqudwt gnpdptpugh
ohpdmunhdwtwhtt ypndhjubphg, npnodty B wyn dkdnipjniiubph wpdbpubpn:
Pugwhuwyngl) ku dnjhppkuhnughtt pnwymph wynuhtiwebpdught Epuljuiqu-
dwlt tnwbwlny $Epndnjhpntuh vnwugdwt APU gnpéplpugh Yhubnhlwb b dbk-
hawthqup, hwdwdwy npnug wpwehtp Yhpuljutquynud £ Epupn, hul ppupud-
ubkph pniptnuyhtt gmugh wdpnnowljwinipiniup sh pupnynud: Ujunthbnl ujumd k
Jbpuubqudty] dnjhppbup, pun npnud” Jepujubqudws tpupp tyuwunmd k
Unjhppkuh Enopuhnh yEpujuqudwip, nphg hbnin wjwpunynid tu FeMo hwdw-
anipJwsph uhtiplqgh b uhjhjunuwpwewgiwl gnpépupugltpp: Upyniupnid pn-
Jwhiuntimpnh ehplwunh&wbp pupdpuimd - hwubityn] wow]kjugny wunh-
guuh" Uvhlsk 3000 X

Juunwpjws hwdwihp hbnwgnunipniubph hhdwt Jpu wowehtt waqud
dowljyt E munnulh, wiqurupub wyjmdhtiwebpduyhtt Jkpujuiqudwut tpubw-
ny dtpnunihppkuh vnwugdwt dudwbwljulhg nkjuninghw (uYy. 7), npp ubkpw-

402



pnud £ unjhppkuhnughtt funwiymphg b Fe-h gwpnniibphg npnpwlh hwpuph-
noipjudp pnduwjuwntunipgh wwwpwunnid, pwntnid §ntwdl jupwnithgnid, (gnud
gpubhirnupwdninuyghtt hpwuwynit pwutph dbe, Yntwlju thnuh yuwnpuwuwnnd,
ppulhsh nbnunpnud, wpnd (Jepuuigunid) pug onnid, quuqush uwnkgnid,
dwbipugnid b dbnwnulju $wugh wpwnnid pupudhg:

Unjhppkuhunughta
Tonwymp (49,5% Mo)

Quupnnud

——
Ukjuwtiuppihwuljut Pnjwhiwiwnunipn 2123,6 lq (-0, 074 Uu)
dwbipugmu
Bnumghnl Alp CaO-h E
Epluph NaNOs-hp
hupunmgmd thnoh thngh thnop

uk
f Unihpy. iunwbymp nwpknkp CaF228,8
hunwubymp 470,9yq 105,14q 105,14q 47,14q 158,24q 2 Lt
Y l l \ l l l l
v
~ountmuJ
Fnjunwmimpny

Fnluljhy

Upnuihtimgpudwghtr JEpujutiqmad ‘

Trupudughtt quitiqus Stnnn wpquuhputn

1006,36
G Junfuadmiudp 117,24 Yq

1000 4q

Ul 7. Shpndnypppbih vinugdul nkpibninghwlwl ujubdui

Bqpuljugnipini. Upwljyty L @hnnunp dnjhppbuhinughl fpinwiyniphg wp-
nunpuljut yuydwtubpnud pugnitbh $Epnunihpnth uvnugdwt wkjuuninghu,
nnnoyty i jujupyus nkuunnghwljut nkdhdubpp, npntp wuyuhnynud o ww-
quqgnyi dwjuubipny $ipnunihpykt hwybjuyniph wewbjugny Epp: Zhdtwnp-
Yt k dnihppbuh unydhnuyhtt pnwyniptph ninnuljh, wijuruput wpynidhw-
otpduyhtt Yhpuuwbqudwt tnutwlny $tpnunihppbuh vnwugdwt Yhpunwluu
wywtwlnipjniup:
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3.I. 3AKAPSH

PASPABOTKA TEXHOJIOTMHX NIOJIYYEHUSA ®PEPPOMOJIMBJAEHA U3
TEXYTCKOI'O MOJIMBAEHUTOBOI'O KOHIHEHTPATA IIYTEM
CAMOPACHPOCTPAHAIOWEIOCs BBICOKOTEMIIEPATYPHOI'O
CHUHTE3A

TexyTCKHi Cynb(UAHBIA KOHIICHTPAT C COAEpKaHIHEeM MOJHOeHa 1 MHHEPAJIOB MO-
nubeHa B €ro cocTaBe MpeTepIieBaeT NIyOoKHe MEXaHOXHMMHYECKUE TPEBPAIICHNS B PE3YIIb-
TaTe QUCIIEPTUPOBAHUS B BO3IYXE W B BOZE, TEM CAMBIM 3aMEHSS XUMHUYECCKHE TPOIECCHI,
MIPOUCXOIAIINE HA ATAIle O0XKHUTA.

BriepBpie MEXaHOXUMUYECKHE U METAIUIOTEPMUIECKHE MPOIIECCHl TEXYTCKUX KOHIICHT-
paroB cynbhuna MonubaeHa ObUTH 00BEMHEHBI, B PE3yNbTaTe Yero IOJIy4eH MOAU(HIIH-
POBaHHBIN MPOIYKT HETPAAUIMOHHOTO PEKMMa M, MUHYSI IIPOLIECC NPEJBAPUTEIHLHOTIO 00-
’KHT'a KOHIEHTPATa, PEIIeHbl IKOJIOTUYECKHE TIPOOIIEMBI.

BrIsBieHBl TeopeTHdyeckue, KHHETUYECKHE U TEeXHOJOTMYECKHE 3aKOHOMEPHOCTH U
0COOEHHOCTH TIpolecca MPsSMOro, OECIEeYHOro METANIOTEPMHYECKOTO0 BOCCTAHOBIICHHMS
TEXYTCKOTO CY/Ib(HUIHOTO KOHI[EHTPATA, KOTOPBIH COACPKUT IPEABAPUTEILHO MEXaHHYECKH
AKTUBUPOBAHHBIM MOJIMO/ICH. Y TOUHEHBI TEOPETHUECKUE BOIPOCHI, CBA3aHHBIE C MEXAHI3MOM
mporiecca aTrloMHHOTEPMUIECKOTO BOCCTAHOBIICHUSI.

Knroueevte cnoea: MommOIeHUTOBEIN KOHIICHTPAT, AUCIEPCHOHHOE H3MEIbUYCHUE,
MEXaHOXMMUYECKOE TIPEBpalieHre, METATIOTEPMIUYECKHI TIPOIIECC, CaMOPACTIPOCTPAHSFOIIICS
BBICOKOTEMIIEPATyPHBI CHHTE3, (heppOMOTUOIEH.

E.G. ZAKARYAN

DEVELOPING A TECHNOLOGY FOR OBTAINING
FERROMOLIBDENUM FROM MOLYBDENUM CONCENTRATE OF
TEGHUT BY THE METHOD OF HIGH-TEMPERATURE SELF-
PROPAGATING SYNTHESIS

Teghut molybdenum sulfide concentrate and its molybdenum minerals have been
shown to undergo deep mechanochemical transformations as a result of dispersion crushing
in air and water, replacing the chemical processes that take place during the roasting phase.

For the first time, a combination of mechanochemical and metallothermal processes
of Teghut molybdenum sulfide concentrates was carried out, as a result of which, a fixed
product of non-traditional mode was obtained, and bypassing the pre-firing process of the
concentrate, environmental issues were solved.

Theoretical, kinetic and technological regularities and peculiarities of the direct,
unheated metal-thermal reduction process of Teghut pre-mechanically activated molybdenum
sulfide concentrates have been revealed. Theoretical issues related to the mechanism of the
aluminum-thermal recovery process were clarified.

Keywords: molybdenum concentrate, dispersion crushing, mechanochemical conversion,

metal-thermal process, high-temperature self-propagating synthesis, ferromolybdenum.
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ULRUY-b 2UUUYUNSECE BUOULUUL ZUdULUYULARESNPLLE D
LVIULEBSNRUL (:hUY-SENEUUSYUO USNRENRULEE PUYULUSUUL
UbMN380Nd,

UEY-nud hpwljwbwugynn uinnigmudubiph sppwtwmljubpnid uinnigynid bu puquuphy
hwdwljupgbph nwpptp: Uduiguljut ghnkpdhthunwlwt vnnignidubpp hhdugnd
swhwgnpédw thnpdhg huynth wfjuyitph pu, b hwydh skt woudnud wwwppbph nhuly -
wowbwlwhmpiniuttpp: Lkpjuyubiught uinnignudubph kppniuhubphg dkyp akpuenud £
NUZz-h (quwnwupwbwinne vywunhyubph hndugdwi hwdwljwupgh) wyndwyuwluywuubph b
wnwppbph unnignudp: Zudwupgh ophttwyny gnyg k wpyt, np wjwigujub nkntpdhhu-
nwlui unnignudtph hnjuwphinudp phul-nkntugdus unnignidiutpny htwpuwynpni-
pmth junu unnignudibph ppugpnid §hon phpupru]nply unniqynn nwppbpp” wyuhum]
ywuwnbkny unniquut wpynibwdbnnipjut bwjut pupdpugdwip b hwdwlupgh ow-
thutdwt hwjuwiwlwinipjub th puth whqud tuqkgdwin:

Unwiigpughll punkp. phulj-nbkntjugdus unnignidiubp, widuuignipjui hwju-
twluwtughl YEpnidnipinil, UEY:

Lkpwbmipinii. Yuywh Yhuuwghlh guujuguws thnymd jupbnpugnyi
Ninhp E juyubh wignubgnipyul wyuhnynudp wignwbgmpejut hhdbwpup
gnpdunnyputnh hpwjwiwgdudp: dEpghtutnhu pynud L wljinhy gnuant hntuwih
hnugnuip, npp whwnp E hpuljutuglh whqud pkwlnnpp jubqukgiknig htunn'
dbwgnpnuyhtt obpuwipwndwt wnljuynipjudp yuydwtunpgus: Ujuyhuny, nbwl-
unph wlnhy gnuunt hntuuyh hngugnuip wwhwbednid £ pk” hqnpnipjudp wo-
Jnwwnbynt, pb juiqubgus Jhdwlnid [1]:

NrEwljinnph wljnhy gnuinnig ypgtwljut ghpdwhbinugnid hpujubugynid
ENUZ (quuuwujuwwnnt uywnhsubph hndugdwi) b wkjuuthjulwb gpudunu-
Jupupdwi hwdwlupgbpny: WUY-h (wpuwnws dhonijughtt Junkihph) yuhdwb
wjwquittphg obpdwhbnwgnid hpwjuwtwgynid E dhuy MUZ hwdwlupgny:

dhpptwfwl oipdwhtnwgnid wywhnynn ZUEY-h Zuyjulwl winndwght
EEjunpuluyuth) hwudwlupgbph ujpbdwnhuut hojjuyulgjusnipniup
ubpuyugyws E uly.1-nud:

Nthul-nbnEjugus uinmgnidutph hpujuwbwignidp Bupunpnud £ widunwb-
gnipjutt hmdwljwupgtph puthwidw nhuljh tugbgnid: Upjuwnwtiph btyyuwnulja b

406



MUZzz-h opptwlny wupql) b gnyg nw] wjuwinuijut gnkpdhthunwlwuihg
nhul-nbnEjugdus unnignidubphtt wbugubnt wwpuqumd hwdwlwpgh pow-
thutdubt hwjuwiwlwinipjut hnthnpuntipiniin:

s /"/ ‘\ o

/ \
je——— /lm]mgdm\x\ -4
[ wapnwpuy | Q

T &upppup ynuntuuwnnnp
Uwnmguub 7% Upunuutnuwd  NY22 puubndl
[ \
Yubw, | (\ | — T

\,A . £y
Utptuwjuywh upwh
hqti-yniytip
S |

% . ) X

Mubwyhl hm{mgnLL

1 ser | _@T (;?'/\ |

¥ Stjuthjuljwi 9ph wnuy

(II wunhdwia)

Ldwly ‘

(I munhduly)

Ulignip

Ul 1. dhpoluulul phpuwhbnugni wupwhnyng ZUEY-p hwdwlupglph upibdwnplulub
hnjuljunywgyuénipiniip [2]

NMuunuuiwwnn uuyyunhsttph hnqugdw hwdwljuwpgp. Munwuppwtiunne
uyunhsutinh hnqugdwt hwdwljupgp pun wduuignipjut giph junwpnudu
wywhnynn hwdwljupg b Znjugunn opnd wyywhnymd £ UEY-h widuugnipjut
hwdwp juplnp hadwlupgpp (@uunuwupubuwnne uvyywehsubpp), npnip ywwhwi-
onid ku hndugunn oph witjiwhw dwwnwlwpupnid inpdw) pwhwgnpsdwt nk-
dhunud, ypwpuyhtt hpwyhdwlutipnud, QUH-h (ekipdwlph wpnnwhnupny Ypupubpp),
hnuwbpwqpuub, hisybu twb ubjudhl tkpgnpdnipniuubph phyptpnud: MUZ2-h
wunqbgyué upubdwb thpjuyugdus k uly.2-nid:

Zudwljupgp Yuquws EEplm whljuju mymg kpkpuljui wndwbpny: Gplyn
ninhubphg nipupwignipp vhugyws L Ukl gujnmujuquith: Unju k bub quow-
puyhl guyunujuquii: Zndugdui hwdwlupgp oppwyyunintinuyghte k, dkniuugus
E wpuupht ogpudpuiniinhg, gpniiinught optiphg b hnqugdwin wy hwdwljupgbphg:
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18p-3 1Bp-10 26p-3 2Bp-10

=]

;jL
K
%
Tt

16p-4 16p-8 26p-4 26p-8

1Bp-11 X 2Bp-11 X

U.2. NUZZ-p wupglgyué ujubdwib [3-6]

Supnujuquinid (Bpb) hndugws onipp unnnjuljugény npdnud £ ynduyu-
Juywl, dwppynid wyunuynn guignyg (CB), mpymd yndwkph (HCO) ubpwsdwb
dwu: dhpghtiibpu onipp Unnud Eu niyh nkwlunnpughtt nknuljuywiph uywnhs-
ubkpp, dbpkiwjuwlwh upwhh nkjpuhjuljut oph puptpp (SQE) (BTB-1,2), hsyhu
twl nhqbi-ghubpwnnpubpp:

NU2Z2-h hndugling oph uyuphstibpp pun hwdwlwpgh mnhubph, phpyws
ki win. 1-nud [3-6]:

UiJunuugmpjuih hwjwitwljuwbuyht Jpousnipniip (UZ9) npybtu Juywih
widunuhqnipyuil qtwhwndwy dkpny. Ywjwith wiynwignipiniip guwhwnynid
t htnlywy bpymt dpnnubph Yhpundudp’

¢ nhnnbpdhthunnwlwi Ukpny,
¢ wiunuiignipjut hwjwwlwiwghtt pnsnipjut dkpny:

Cun npnud, YEpnhhojw) dbpnnutnp hpunynid i hwdwwntbn:

Thnbpdhuhunwlw dkpngp hhdudws b Jpupubph qupgqugdwi pupwugph
b npuig wnunkughw) htnbwipubph dupnuwpughnwluwi JEpnwnipjut Jpus:
Ununtgnidt wdpnnonyhtt hpugnpsynid £ pun jupquynpnn b jubnuubp vwhdw-
unn Juquuybpynipniutbph jubnubbph b ninkgnygubph:

Zujutwlubught JEpnsnipjut Ukpngp oquuugnpsynid £ nplk Ynulpbn
wuwwnwhwnh ypwupuyh onpujh hwjwbwljwinipniiup b ipu hbnbwbputpp npn-
otnt hwdwpn: Uz9-n poy) L wuwhu b huwywn phpl) twjuwgsnid wijuugnipyu
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wnbkuwtlniihg pniy Ynnudbpp b Jipugub) ngpuip: Uz9 dkpnnutph vhongny npno-
Ynud |k qqupq Jud wnwyb] pupn dniughwubph Ynpunh wpnyniipmd «wtipinni-
k1 h hEmbwupubph» wnwewgdut hujuwbwlwinipniup:

Unpniuwly 1

NU22-h hojughing oph uygunpstbpp puwn hunfwlwpgh nighbikph [3-6]

Yuyyul / Ininh II ninh
nbknuljuwyup
NEwlnnpugh Swjnwenuninuyhtt hwdwljupgh Swjnwenuninuyhtt hwdw-
nbknuljuyuip otpUwithnpuwwyhy (2TOC-1), Jupgh ehpdwthnjuwwlyhy
Jpwpuyht jnugkiuwnnp (2AK-1), | (2TOC-2), Ypupuyhl Ynunhu-
Ypwpuyhtt jpuutdwut yndy uwwnnp (2AK-2), ypupuyhtt
(2AITH-1-+-3), Ypupuyht Ynunkl- | jpuutdwubt yndy (2AITH-4- 6),
uwwnuhlt yndy (2AKH-1), wwh- | Jpwpuyht §nughuuwnugh
dwt wjwquh hndugdwi otip- wnuy (2AKH-2), wuhdwt
dwthnpuwtwlyhy (2TOBB-1) wjuquih hnqugdw gkpdw-
thnfuwtiwljhs (2TOBB-2)
“Yhqbp-qkubpunn- “Yhqbp-qghubpuwnnpubp “Yhqb-qghubpuwnnpubp
puyht uywb (AT-4,6) (AT-3,5)

Uz49-p ubpunidyty) E ghnbpdhthunwlub dnnbgnudp ny ph thnpowphbng
wy] hnpujpugubnt tyywnulny:

wthwinudubph swep mpudwpwbwluwt jurmigwsp b, npp phignijnhy
juy E hwunwnnmd whguuh ppugupdmput hwudwupgh puthwinwd)
npu wnwowgdwup hwighging wwppulut hpunupdnipmititph (mwuppbpp
huuthwiinid) dholi:

whwinulubph dwnkph dbpngny Jbpnudnipnitt juunwplnt hwdwp
Juplnp Ehwulwbw

¢ hudwljwpgh Yunnigdusdpp b $niuljghwd,

¢ hudwljwpgh uvwhdwbubpp,

o nuppbph dmuljghwtipp hwdwlupgnd,

¢ wyjwhnynn hwdwlupgbph htwn juwybpp,

¢ nYju ppwthwindubph swnh pungpynn wuwnwhwpubph hwenppujwine-
prut Jpmsnipyub wwhwietbkpp (ophliwly hwgnnnipjui jud nuwupdwh sw-
thwthpubpp),

e wihpudtynmpjut nhypnd vywuwpldwb, hopdwupldul, suhwgnps-
dwl dudwiwl] whdtwljuquh dhowdnntpmniutbpp:

Cunghwunip nhuljh quwhwndwt tywwnwlp ny pk kS whnpnonipmitutp
wupniwlnn whnhy] gnint hwjdwi, funuquypuwlnhy] wpnwiknnditph b
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dwhwgm Gpbph npnonudt £, wy wyn hwjwwjuunipyub wnwtdht pununphs-
ubkph b npuughg mpupwsiniph Yonh dwuptt wnwyb] wdpnnowlwb mbnklnyph
hwjwpwgpnidp:

Ubdunubgnipjubt Jipnisnipjut kpynt dbpnnubpp Yhpundmd Bt hwdw-
whn, U siuw nhnbpdhthunwlwi Jipnwsnipmniuap Uz9-ny thnpjuwphibine tgunw-
Junpnud [7]:

NMuunwujpubiwnm uyurhsibph hnjugdwt hwdwlwpgh by mnm jputhw-
umdutknh dwnh nhnwpynudp. Unnpb phnwpduws Eyunwuppubwnnt uyunhs-
ubph hnqugdwt hwdwlupgh dkY ninnt pwthwinwdubph swep (y.3): vwthw-
unwdubph Sweh hwyduplnudp SAPHIRE jwd Risk-Spectrum dpwgpuijhtt Uhowuy-
npbpnud pnyp E nwjhu gk hwdwlwpgh jubwih pwthwtdwbp hwigbgunn wdk-
btwhwjwiwlwt nuppujut yunwhwptbph hwdwnpmipniaubpp (wn.2): vw-
thwtnudubph dwnh hwpdupldwi dhongny unwgynid ki twb mmwuppbph nhulj-
oty hnipjut gnguithottipp: Uju widkuh bipmidnipjutt dhongny htwpudnp &
wupqb], pk np tuppbph hnppuphimadp Wjwd wpwyt] hwdwh uinnignidp/unpn-
gnidp Juywuwnh hwdwlupgh hntuwhmpjut pupdpugduiyn:

Unyniuwly 2

Nunnuwuprbiunnn: vupunpsbhkph Angjugdwi hululjupgh wnwehl jubuyh punpwin/uiip
hwhglkghng wlkiwhwyjwiulwl nuppulul yumnmwhwpbbph hudwgpnipintGikpp

#| % Swppuljuwl ywwwhwp 1-h Swppuljwl ywwwhwp 2-h
owbwlnudp owbwlnudp
1381 CSIVFBR2GA SOOP-WINTER
(1Bp-2 wdpwip sh thuljynid) (nupyu ddknuyht opowt)
2| 381 CSIVFBR6GA SOOP-WINTER
(1Bp-6 wdpwup sh thuljynid) (nupgu ddkinuyhlt opowi)

UG.3. Mumnwupnubunnm uwwnhsibph hnjugiul hunlwljupgh winwghl wbug
Juunhwlnidlibph Swinp SAPHIRE Uhouwnjuypnid
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NMuwunwujpubwnnt vyunrhsubph hnugdwt hwdwljunpgh wpweht Juwbwgh
huthwidwl hwjubwlwinipniup juqunud £ 1.14E-03: Unwugwé wpdbph wn-
nnonipjut pupjujwsnmipjuip Ykpwpkpnn ndjuttpp phipdus o wn.3-nud: Mw-
nuwupwbwwnnt uywnehsubph hnjugdwt hwdwlwupgh wnweht jwbwh juuthw-
udwt P hujutwjutnipjut jujunidp CSIVFBR2GA b CS1VFBR6GA mwuppuljut
wuwwnwhwnpubph r hwdwpmpiniuhg tbpuyugdus b ul.4-nd: Ywpunudp uinwug-
Jh| b r hwfwmpjul wwppkp wpdbpibph nghypnid P hudwbwljwintpynip
Jtpwhwoqupltny: Uyy gduyhtt juppdwt ntunidbwuhpnipyut wipyniupnud dowly-
Uy kb hwonpn kplyne gpuphljutipp (.5, 6):

Ungniuwly 3

Nunnuwupiliunnn: vyunfsbkph Anjugdwi hunlulupgh wnwehl Juluyh punhwinful
hujwiwlwinyepul winpnponipyuinp Jepupkpng wpdbpabn

Uhght 5% Ubghut 95%
1.13E-03 8.34E-04 1.10E-03 1.50E-03

1.30€-03 P

1.20E-03

1.10E-03

1.00E-03

9.00E-04

8.00E-04

7.00E-04

6.00E-04 4

0.001 00015  0.002 0.0025  0.003

UY. 4. Munwupnubunnn: ugunpsbbph hnjugdwl hudwlupgh wnwehl ubugh
Jnunpwidwl hwjwhwwinyeyui Jufunidp CS1VFBR2GA b CS1VFBR6GA nnwuppuilul
wunnwhwpbbph hwdwpnipiniihg

NMuunwujpwbwnnt uyunehsttph hnqugdwt hwdwljwupgh nignt jpwthwb-
dwt hwjwbhwlwinipjut tJuquu A swih E vwhdwidb] hbnlyw) hwpwpbpne-
Ia]nLh]}‘

=P
A= P, ’ (1)
npuikn Pi-p hwdwlupgh nignt jpuhwitdwt hwjuuljwimipynins £ CS1IVFBR2GA
l CS1IVFBR6GA nuppuiljut wwinwhwpbph r hw&wunipyub ghupnid, hul Pop'
r2-h nlypnid: Clun npnud, r1 wpdbpp hwdwywwnmwuppwnid E hwdwpunipjut bjw-
YEwnwht hpuub wpdtpht, huly r2-p tJuqbgywé wpdtpl k:
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NMunwupjpwtwnnt uyunrhsbpnh hnqugdwt hwdwljupgh ninnt fpwthwtdwb
hwjwiwlubnpjut tjuquui A suhp’ Juju]uws CSIVFBR2GA i CS1IVFBR6GA
nuppujut ywuwnwhwpbbph pwhwtdut hwdwpnipnitubph tquqdut n/r
suithhg, ukpjuyugyus k uly.5-nud:

A 45

4
3.5
3

2.5

2 ri/r
0.00E+00 1.00E+02 2.00E+02

Ul 5. Muwnwupuwiunnn: ugunfsibph Anjugdwlh hwdwlupgh nigm punpwinfui
hunJwhwlwbnippub iuquwh sunhp  Gupufws CS1VFBR2GA b CS1VFBR6GA nwppuilwl
wwunwhwpibph punhwinlul hwdwpinipiniabbph bjuquwi suihhg

Lwlih np rwpdbpp hwunwnniy b, hull r-p thnhnuwlwi, niunh buywnw-
Jwhwpdwn £ ubpiuyugty CSIVFBR2GA 1 CS1VFBR6GA nnwuppuljutt yywwnwhuwp-
Ubph pwthwidwb hwfwumpmmubtph Wwqbgus r wpdtph” wunwuwbunne
uyunpsutiph hnjugdwt hwdwlupgh nipnt pwthwidut hwjutujuwinipjub
juquu A sunthhg jujunidt wpunwhwjnnng gpubhlyp (aly.6):

N
1.00E-03
8.00E-04
6.00E-04
4.00E-04

2.00E-04

0.00E+00
2 215 3 315 4 4.5
-2.00E-04

Ul. 6. CSIVFBR2GA i CS1VFBR6GA nnuppujwl wunnwhwphbph punhwinful

hwdwpunipini babph Wjugkgwé wpdkpp Gwpnjué gunwupnubunn auunhsbbph
hnjuglul hudwuwpgh nipm juunpumbdwl huyuwmwinipul ijugiwl sunhhg
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Guinnigws qpubhljubph nhnwplynidhg tjuunbh £ np CS1IVFBR2GA L
CS1VFBR6GA nuppuljwi yuwwnwhwptbph hwdwhinipmuubph tquqkgdw dh-
ongny nkuwlwiunpkt httmpwynp £ tjuqkgil] gquunwujpwbtwnnt vygunhsubph
hnjugdwt hwdwlupgh dkl ninnt puhwidwt hwjubtwluinipniup 4,25 wu-
qud, vyt gnpstwjutinid npuit hwutb] htwpwynp st:

Bqpulugnipinii. UEY-hg YEpetmljut okpdpunnithsp opowlju dhpwduypt
k: QEpunipjutt yhpotwlwb pugnihy hwdwlupgtpt b mbkjuhjulut opudw-
nuljupupdwi b MUZ hwdwlupgtpp: 9hpohtthu JEpupbpuy junwupdws ntunid-
twuhpnipniip gnyg E wndbp dAdpwt nkdhudnid Jhpwodny bplint wdpwbph
(Bp-2, Bp-6) hwlwljupgh ninnt puthwiniwi wkuwblynmihg mukgus Uks §ohop:
Guunwpjws hwpyuplubph wpnyniupnid gnyg E wpdby, np wubnuljwb nhnbkp-
Uhhunwjut unnignidutph thnjpwphiunudp nhulj-nbknkjugduws uinnignidubpnyg
Jupnn k hwigkgut] UEY-h hwdwlwupgbph puthwinidubph hwjwihwlwinipjut
ujuqtgdwip, npp MUZ hwdwlwpgh jubwh ghypnd jupnn Ewwywhngb) wow-
Jhjugnyn 4,25 whqud tjuqtgnud:

GUYULNRE3UL 8ULY
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A.I'. XAYATPSH, I'.P. KAHEIISIH, A.A. TEBOPI'SIH

CHUKEHUE BEPOATHOCTEM OTKA30B CUCTEM A3C IYTEM
MPOBEJEHUSA PUCK-UH®OPMUPOBAHHbIX HHCIEKIIAM

B pamxax uHcnexiwmii, npoBoguMbix Ha ADC, MpoBepseTcsi MHOKECTBO KOMIIOHEHTOB
CUCTECM. Tpa}IHLII/IOHHbIe )leTepMI/lHI/ICTl/I‘leCKI/Ie HHCIICKIIMU OCHOBAHBI HA JAHHBIX U3 U3BECT-
HOT'O OIIbITa 3KcnnyaTau1/11/1, HEC HpI/lHI/IMaﬂ BO BHHUMAHHUC pI/lCK-3Ha‘ll/IMOCTl) KOMITIOHCHTOB.
OxvH U3 MapIIpyTOB BHYTPUCTAHIIMOHHBIX MHCTIEKIH BKIIIOYAET B ceOS MPOBEPKY KOMITO-
HeHTOB M HacocHBIX cTaHini COOII (CructemMbl OXNaKIEHUSI OTBETCTBEHHBIX TOTpeOHTE-
neit). Ha mpuMepe cucTeMbl MMOoKa3aHo, YTO 3aMeHa TPAIUIMOHHBIX JeTePMHHHUCTHYECKIX
WHCTICKIINH PUCK-MH()OPMHUPOBAHHBIMHA TIO3BOJIUT IMPABHIBHO ONPEAETHTH KOMITOHEHTHI,
TTOIeXKAINE IPOBEPKE BO BPEMs MHCIEKIUN, YTO 3HAYUTEIHHO MOBBICHT 3(P()EeKTUBHOCTH
WHCTICKIIMY ¥ CHU3UT BEPOSTHOCTH OTKa3a CHCTEMBI B HECKOJIBKO pas.

Knroueswvie cnosa: puck-wHGOPMUPOBAHHBIC HHCICKIIMH, BEPOSTHOCTHBIA aHAIH3
6e3omacuoctu, ADC.

A.G. KHACHATRYAN, G.R. KANETSYAN, A.A. GEVORGYAN

REDUCING THE PROBABILITY OF NPP SYSTEMS’ FAILURES THROUGH
RISK-INFORMED INSPECTIONS

During the inspections performed at the NPP, many system components are checked.
Traditional deterministic inspections are mostly based on the data from the known operating
experience, without considering the risk-significance of the components. One of the in-service
inspection routes includes checking the components and pumping stations of ESW (Essential
service water) system. For the system, it is shown that replacing the traditional deterministic
inspections by risk-informed ones will allow to correctly identify the components to be
checked during inspections, which will significantly increase the efficiency of inspection
and reduce the probability of the system failure several times.

Keywords: risk-informed, inspections, probabilistic safety analysis, NPP.
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Ujwpugnyws E tnpp hqnpoipundp byupulwt Hikpghugh winhjugdws duy-
nwshiughtt hpdpny gkpuw-tEynpuphthwlwt wnpmnip, npp jupng E jhpuedt) npybu
wnwudht Eubipquhwdup vwpp, hyytu twb hwdwlgyt) LEjunpuut Eukpghugh wyp wnp-
jnipubph htwn:

Unwigpuyhl punkp. wjnhqugyus huwynwsnijy, fEnpuphdhulwb wnpnip, nk-
ghutkpwughnt pikpwthnpumpiniie

Uhpwbnipmil: Ftuypuhuyutuljut, Eibpqujutugnnuiljut b hpunnwy pinyph
wy| punwpwyppulul ywhwgbbphg bty woliuphh qupqugud EpYpttph
oun ghinbwjutittp hnkuhy hknwgnunnipmnittp Bo juunwpnd Ejunpuut
tutpghwjh tnp, wpwybk] wpynitwybn b pupdwgynn (Renewable Electric Sources
- RES) wnpmnipubp unbnstint ninnmpjudp: EjEjunpuywut tubpghwih wynuwhuh
wy punputpughtt wnpmputph hhdwb pu vinbndymu b owhwgnpddwt Eu hwbdb-
Unud qubmqut tnp mkuthjuwb vuppbp, dpgnibwl] nputuwynpuughtt thong-
ubp, YEugunuyhtt hupdwpwdbn GEjunpulwb vupptp, nknuytugws thnpp b
Uhohtt hqnpnipyudp b Ejupuljujutitp, wdkjh hqnp ot mwpnnnibwly Ynonwlhs-
utip, thnppwdwuy nt pwpdniiwmly |hgpunpnn uvwppbp b wyj:

Eubpghunpljuljut tyyunwuljukpm] oquuugnpéynn ynipkphg dkp thupnu-
dnthup, Yhpwnynid E whhotijh dwdwiwlubphg: Uwluyt thnpdbpp gnyg b vow-
1hu [1], np thwyunnwdntjul nitth ghnbu spuguwhuwynyus hwnlnipniuutp b npuljukp,
nnnup jpugnighs hbnnwgnunipniiubph juphp niuki:

Uphuuinubipp Yhpupkpmud t HEjunpuljui ubpghwgh’ hujnwshiugh hhd-
pny obpdw-EEjunpuphdhwlju wnpnip unbnstnil, npp Jupnn £ Yhpundty np-
whu wpwbdhtt EH uwpp, hsytu twl hwdwlgl LEjunpulwt Eutpghugh wy
wnpnipubph htn: Zunjuybu wpynitudbn upng khut) wyg vwpph hwdwyy-
gnidtt wpbuyhtt Eubpghuygh $nunndnpunught ud obpduyghtt hnpowlipyhsibiph htin:

Usjuwnuiph tjupugpmpimiin: [1]-nud wjupwugpqus b ugynwshuh Junph
wljinhjuguut mpnyb Enutwly, nph ouinphhy npuw hwjunhp hwppe dwlkpbnype-
ubkpp opuyhtt U ny opuyht iEunpnihnubph dhowduypbpnd dknp i pipnid hw-
Junwl upwtny 1hgphp, hugh stnphhy toyws dwjbplnypubtph HEjupuphdhuljut
wnunkughwutph dhob wnwewtnid k npnowljh mwuppbpnipinit (ul. 1):
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+ + 4+ + ++ o+ + o+ a

Uy. 1. H-hwpnwSfup junnph pupdpnipyndip, h-ppali jhgplph inppnipn, & -huguwdjup
phwlub pkpinkpp b whinhjwgywé dwlkplhnyph dpol huquijus whlyniip (0 < o < %)

Qujnwshuh tunioh dhwlnnuwth wjnhjugduénipjub Zwunhgdwutp guw-
hwwnynid £ hbnlyw) putiwdling’

Z =n(22), (1)

1

npunbkn O -p huwjnwsughtt tdniph wjnhgugyws dultpkuh nbuwljupupun
nhdwnpmipmiut k, p, 0 thwynushiwghtt idnioh swlnhjugdus dwljtpkuh nk-
uwjupwupunp ghdwnpnipmniip:

Quipnwshuh nhinhu swlpinhjugdusd wdniph nhwypmd p, = p, ~10°...10° Od-uif;
Pl py=1,Z=0:

Nppw pupédn k Z - h wpdbpp, wyiput hwynwshuwght idnwph Eppnit wbih
UES | unwgynid vidju fiEyunpnihnh dhowduypnid: Un. 1-nud pipdué Eu Z=3 vhw-
nnuwuh wjnhjugdusnipjut wmunhgwb b hhdph 1,5 z? duljipbu niikgnn uju-
Junujudl (H=0,3 zd) 8 dhwwntuwly thwjnnwshuught udnipubph Eponiubph dbéni-
pmihibpp ukiywluyht sbpuwunh&wih 18...25°Cpluljul thnthnum pyub wywydwh-
tkpmud, huly wr. 2-nud” iy swthubpl niikgnn thuwynwshuwght idnigh Eonth wp-
dtpltpp’ Z-h wwpplp wpdtpltiph b 20°C ubbjuljuyhtt ghpuwunhgwih phupmd,
Enp wy puynuynud E dbpuitingh 98%-wng (nidnyph dbe:

Ugyniuwly 1

QuymnuSfuughll nlniphlph Loniakph wpdbplbpp nupplnp B Eunpnjinbkpnid

Eljn- | Onpws | Zwughgus | Zughgus 5% 15% 98%
20% HCI |20% KOH
pnthwn onin WNWNLN | UNUWJWONL KMnO+ H2S04 CHsOH

E(V) | 0.13..0.18 | 0.15..0.20 | 0.23..0.28 |0.18...0.23|0.25...0.30 | 0.28...0.32 | 0.30...0.35 | 0.45...0.50
416




Unynruwly 2

Eponip Qupnjwdnipntip whmpjugdwi Z wanpdwihg

Z 25 3.0 4.0 45
E(V) 0.23...0.35 0.45...0.50 0.53...0.58 0.62...0.75

Un. I-nud ipdws HEYunpnihnubkph snpwbwnig Jud gunkjnig hkwnn bponti-
ubtiph wpdbtpubpp hwjuwuwpynud Eu qpnjh: Munh, npytiugh thwpunwsughtt wdnwt
wybkh Epup dudwiulng gquhwwth Eonth dkdnipniup, hilnwqu thnpdbpp ju-
nupt] &b wyjtghuh BEnpnhunyg, npt oduws £ opgwljw dhgw]uyphg gmip
Juttnt hwnlnipjudp b dhwdwdwbwly nith pupép hnttughtt hwnnpnuljunge-
il 85 b wykjh pupdp mnljnuwiing oppndnudnpuljus pent (HsPOs), npp, hig-
wku hwynth E Jhpunynid E dudwtujuljhg PAFC wnhuh pupdwgynn wnpnipuk-
nnud [2], odingws E htug wynuhuh hwnlmpniutbpng b obpdwunhdwuttph juyt
wnhpnypnud (0...200°C) tpljup dudwbwl (40 000 &b wykih [2]) quwhwywind E hp
htnnily Jhgwljp b hnttwghtt hwunnppuljwinipniiup: YEpghtiu Ukbwunid k obpdwu-
mhfwuh pupdpugdwp qniqpupug, vwuyt wykh pupdp obpdwunmhdwuubph
nhupnid oppndnudnpuljub ppnit phy gpuqplnud ' bpwsykinyg whpndoupn-
nujui ppyh (HaP207):

dtpp tpdws poyjunpbih ohpdwunhdwittph whpnypnd Jhulynndwh
wlinhdugqus b oppndnupnpuljut peyny junttwdugyus thuynwsheh Yunnph Eonth
Ubkdnipjniup Jupnn b dwowykp npybu wdjuy dhpwduyph obpdwunhgwh gnighs
(oEpUwswth), bpk wjt twhiwybu npudwswthwunpyyh okpdwunhgwth thnihnjunt-
prutp hudwywwnwupuwt (bl 2):

354

30 4

T
0.90 0.95 1.00 1.05 1.10 1.15 1.20
EV)

Ul 2. QuyunnuShiughl hhupny b Enpuphdhwlwl wnpmniph Bonih Jupijudnipniin
Upowuyph okplwunpdwithg
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Quynwshwghtt tdnioh wjnhjugdws b swnphdugus duyjkptnyputpht
dhlunyt Ubkinwnhg yuunpuwuwnygws (Zn, Al, Fe, Ti b wjjt) hnuwbpwhwyup LEljwn-
nnnubp wdpuuybnt jud yqupquubu hybnt nhyypnd wyt Ykpusynmd £ wupgq
Junnigqubp niukgnn hnuwtph wnpmiph, nph wpwpht onpuyhtt thugdws pk-
pny wigunn hnuwbph dkdnipjniup gduyunpb jupdws E dhowduyph obpdwuwnh-
Lulihg:

Bipuyhtt hgqnpnipjut Ukbugdwl tyyunulng wnpmiph tkpphtt junnigwsph
htnnwqu vh pwth pupnpugnidubph hbnwgnuinipniinbpp gnyg Eu vwhu, np
ohpdwunhfwithg Lipuyhtt hnuwiph jupubnipjut nipqugduyhtt juuyp npny
ntypbpnud jupnn b juwpondl) b dbnp phpkp wiuyniy, nkghubpughnt punyp,
husp Jupnn E hwigkgul) twl wnpniph pibknubph tpwbwhnunipjubt: Uuubw-
Unpuiytu, wnpyniph tkppht jupmgusph puppugdut wynuhuh opptiwly Edtyh
thnpuwpkl Epynt dhuynnuwuh winhdugdws b tnyb swthubpb niukgnn hujunws-
hauyghti udnipubiph oqunugnpénidp, npnp hpuphg wrwtdbwgyws Lt oppndnudn-
nuiut ppyny tkpsséqusd quunhsny (separator): ®npdkpp gniyg ki wnwhu, np wyn-
whuh wnpmnipp dbnp L phpnud guyuninit wpnwhwjnqus okpdw-LiEjunpuphthw-
Juwt wnpniph hwnlnipnibutp:

Unpmiph thpunid huyunnwsjuught idnipubph b qunhgh thnpupwuwynpnipe-
jutt hiupuwdnp Epbp tnuppbpuljubpp yunbpguws tu uly. 3-nud: VY. 3-A-md thugun-
wdhuyhtt tunputiph wynhjugdus b swljnhdugqus dwuljtpingpubph thnjunuuw-
Ynpnipinitp JEtnpnund mknunpjws quunpsh tjundwdp yquydwbwljwinpka
wuduil] Gup ukpunpnipuyht jud ubppht hwenppuwt dhwgnid (LZU), huly
. 3-h B b C nypbpp Ukpphtt gniquhbe dhugnud (LQU): EjEnpunbubhuynid
Yhpwnyny wnpmpltph hwenpruljuh b qniquihtie wpunwphtt thugnudibphg npuiip
nuppbpynud B tpwting, np hnuwtiph wnpmp hwinhuwgnn thwjnwsuughtt tdny-
utph qonyqbpp qunidnud B dhbitingu BiEjupnihnh dhpwduypnud b, hbnbwpwnp,
hntuyghti ubpphtt hnuwiph wenidny witjwh skt Uyn yqundwnny, bpt tudnipubph
niukt tnyt Epipuswthuljui swhubpt o dhwinndwith wynhjugusnipjul
unyt Z wunhdwip, b wypmnipt opdu pupugpnid gunidnid k obpdwnhiwdhljw-
Juwl phs el ownn Juynit hwjwuwpulonnipyut Jhdwlnid (kpp widpnne wnpnipp
Jud npu dknwnuiwu LEnpnnubphg Ukyp hwwnntly sh nwpwugynid npbk otinni-
ghsn), wmyw LZU nhwpnid pinhwinip konit thopp £ uinwugynud thuyjinwshuwghte
tniokph wpwbdht kpmiubkph gnidwphg, hul LOU nhypnid plphwinip konih
wpdtpp npnowljh thnpp (uyunypny b wujwint yuppipmpjudp nunwignid |
qpojuljwl wpdbph pnipgp:
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L. 3. A-U2U, Bl C-LQU. 1 - thupnusfuughls tnlniplikp, 2 — phlyElnphlulul Upps,
3 — quunfis, 4 — hnuwhpwhwyup dbnunulwi B Eunpngbbn

VY. 3-nud «+» tpwting tpdws L dhwlnnuwih wnhdugdus huyjnwushiw-
Jht Wmpubph whnpjugjus dwytplngpubtpp: Opubku ghikuphjulwb Yphy (2)
pnnp kpkp tnuppbipuiljubpnud oginuugnpéyty E duinnpunujjuunt phptn, npt odndus
E hhnpndnp hwnlmpjudp, opdwjuynit £ b niith swuwih obpdwght pinupdwy-
Uwt thnpp gnpdwilhg:

L2U nhyph hwdwn (A), tpp wnpniph phbinutiph dholi wupunhwin nhdhiuny
Uhypnudybpdbnp L dhugqus, Yupd dhugdwt hnuwtph (Isc) thnthnjunipinibpn,
Jujujws ukiyuljuyhtt obpdwunh&with tnopju (ghpkluwghtt 4 dwdtph) thnthnjunt-
pintthg, phpdws Eu hwdwywunuwupwbwpwn . 4-nud b 5-nud: Puyyytiu tplind |
uly. 4-nud, wyu nhwypnid hnuwiph (b Eonih) obplwunhdwbughtt jupudwdnipmniup
ny ph ninnuqduyht punyp b Ypnwd, wy] yupgnpny tjunbkh b hnuwuph dhohtt
wpdbtph onipon thnpp (uyunypny wijwint mwnwinidubp:

Uy wnwbnidibph jujinypep hun wémd ' dudwbuly we dudwiuly
hwgkgutiny pubtnubph tywtwhnjunipyul, tpp LZU jud LRU (B, C) wnpmiputph
hnuwbpwhwjwp dbnmwnuljut tplplibke Lkljnpnnikphg dkljp npnpwlh fupg
dudwbiwyny (5...10 pnybh pipugpnid) nwpugynid E nplit oknnighsny, ophtiwly’
2hjuguwt judwyny, wplih Fubpghwih jonwgnighyng b wyb:
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Ul 4. V2U npugh wgpmiph Qupd dpwgiwl hnuwbph thnghnjuniiniap jupuws
dunlwmlufhg
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Uy 5. Ukbyulughl obpulwmumnpdwbph thngpnfunipmibp  Jupawé dunfwbulhg

Ul. 6-nud pipdws £ LZU mhwh wnpmiph pug onpugh jupdwi thnthnjunip-
jutt dudwbwljuyht wuwnlkpp, tpp hnuwbpwhwjup dbnwunuljut (Zn) Lkjunpng-
ukphg Ukyp (qpuljut pitnp) jupdunb dudwbtwjuhwngusbpny nwpwugynid
E b wwyw, vh thnpp wybkjh Epup duadwtujuhwngwsh pupugpnid, phwljwt fw-
twwwphny (huptwpkpwpup) hndugynud:

‘Unijiyhuh pnint gnpépupwugttp B nphungnid bwlb UQU wmhwyh wnpniph
plbtnutphg Uk h nupugdu-hnjugdwt nhujpnid:

Voltage (mV)

400

200 4

04

-200 4

-400 4

-600 4

-800

First heating

Self conling

Second heating

Self-cooling

-200

t
0

T T T T T T T T T
200 400 600 800 1000 1200 1400 1600 1800

Time (s)

Ul 6. LZU wnpugh wnpmiph puig pnpuyp jupdwl thnihnpunipiul dundwinujuypl yyunnkpp

ZEwnwwgnuni pjub wpynitupibpp: @uynwshuughtt hhupny okpdw-kEypwph-
dwljut wnpniph dh puth thnpdutwut tdnipttiph hwdwp wupiinhwn nhdhunyg
tpupududln (1 wwph b witjh) hpuubug]ws bjpwjhl wupudbnpbph sw-
thnulubph wpyniupubpp (npnug Uh thnpp dwut E dhuyt tbpjuyugus uly. 4-h b
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6-h dhongny) gnyg ki viwjhu, np pug onpugh jupdwt wnnidny npuip hudbdw-
wkjh Eu b npny obpdwyht nkdhdubph nhuypnd twb ghkpuquugnid Bu wplwght
Fulinghugh $nunninqunuht dinfuwlkpughstiph dntn-pshstitph, npntp wohmuphu-
gpujuit vhohtt jujunipjniuubpmd wplth mnhn fwnwquyptph nul wyywhnynd
k1 0,6...0,7 4 jupnid:

Ogquugnpéyny EEjuipnihnp hnttughtt hwpnppujuinipjut padupup dk-
swgdwl ptinphhy Jupnn bo hudbdwnbjh puebug twb Ejnputibpghugh wyy
tpynt mbkuwlh wnpmipubph wpuwphtt onpwttpny wihginng hnuwuputph dkénipe-
miuubpp: Nunh twppwnbunid Bup hbnwgu wojuwnwiph pipwugpnid dwipu-
pYhhwn htnugnunipmibbkp junwpl] oquugnpsynn EEyupnhinh wkuwhh b
pununpmpyuit htwpunnphtiu &hon pinpmpputt tyywinuyny: Ophlaly Ukp twju-
twlwb thnpdkpp gnyg ki vnwihu, np oppndnudnpuljutt ppyhtt npnowlh thnpp
puwtwlmpjudp dmuquh opupnh (MnOz2) b/jud opwsth gipopuhnh (H202) hwyt-
1nudp qquhnpbt dbdwgunid E winpniph wpunwpht onpuyny wughnn hnuwbph db-
Snipniup: Nipwgpuy hbnwtljupwyhtt wpyniupukp £ inunwtnd twb oppndnu-
dnpuljuitt ppyh thnjuwupku 6upny hwpunwgjus dnthpytiith unydhnh (MoSx, x=3%/3)
oqurwgnpdnidp, npp, pugh wyt putthg, np oppndnudnpuljums ppyhtt qquhnpku
ghipuquugnid k opowljur dhowjuyphg onip Juuknt hwnlnipyudp (hygroscopicity),
niuh twlb (nyuh wgpkgnipjudp eniptt wnwtg Lkjwnpnihqh nhungbint hwnlnipe-
it [3]: dhpohtt hwwnlnipniup juyt htwpwynpnipmnitikp jupnn E phdbnt), np-
wkuqh unyb wohwnwpnid tjupugpdus huwyjnwshiwght hhupny okpdw-E k-
puphtdhwlwt wnpniptbpt wpynibwybn Jepuyyny hwdwlgytu piyybu wpbwght
Eukpghuyh $nunynjunughtt thnpwltpyhsutiph, wjtybu k) opustuyhtt «Junkih-
pni» woluwnnny PAFC b wy] nhyh biEynpuphdhwlulb gbikpunnplbph ht:

L2U jud 'LQU whuwh vh puitth dhwtidw wnpynipttp pinhwimp ghigkynph-
Julwt Yphsh ypu wpunuphtt hwenppujut-gniquhtn vhugnidutph dhongny nk-
nuliutym] htwpwynp £ unbndt] jhpurwlwh tswbulnipmnih mikgnn okpuw-
L Eyunpuphthuljut ghubpunnp jud EH vwipp, npp htwpwynp Y1htth oguriugnp-
5t hisybu wowbdht' npwbu bEjuputibipghugh wijw jud wwhniunwhl
wnpynip, wybygbu b nplk wy whwh wypmiph, ophtwy wplwyht Fatpghwyh $n-
nnynpunught Jud obpdwyhtt hnpjuwltpyhsutph htn hwdwlghnyg: v, 7-nmud wyuwn-
YEpJws t Ubp Ynnuhg wyn tyunwuljh hadwp twppwugsyws punhwimip phigknph-
Julwt Yphsh wnkupp, nph A (ppuljut plubkn) b B (puguuwlut phbn) dwljtplnt-
puyht Ynnutphg tplwgnn wyphqUuywdl junengbbpp twppunbudws Eu LZU jud
LU wmhuh vhutdwt wypniptiiph mknujujdwt hwdwp:
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IRRRRRRNnnnnn; (Annnnnnnnnn

A B

Uy 7. Fopuhls pliplwr-bpklpupuphupulywl wypymph ghlyEyuphlulub ippsp gpugul
(A) b puguuwluil (B) phiknhkpny

Lwitth np wjunbn tjupuqpus LZU b LRU wnhwh wnpniptbph wpuwpht
onpuyny wigunn hnuwpp, jupdwdudljtn mupwugnidutph b hnqugnidubph p-
pugpnid U npug htnbwupny, tpwbwihnju punype L jpnud, wyw ubpuyugdng
twhuwugsh opowbwmljubpnd whpwdbown L unbinst) twl thnthnjuwljutt hnuwipp
hwunwwnnith JEpwénn vwpp (AC to DC Convertor), wnwtg nph, pun Enipjul,
httwpwynp sk mnwudhtt EH vwppbpp hwdwlgl) hisygbu hpwp htn, wjtybu
bEyunpuljult Eutpghugh wyp whwh wypympbph htan: Migph hppugnpsiwt ndyw-
nnipniut wyt E, np hnuwph wnpmniph jupdwb dbdnipjut pugupdwl] wpdtpp
nuwnuiynud £ 0...29 jupdwt nhpnypnd, b quuuut mnpdwt dkpanutphg
(ophtuly nhnnutph dhengny ) oqultyl Eukpghwnhly wpnidm] jph] withdwun
npuig swthwuquig gusdp 0.q.q. nitkiuynt yuwmdwnny: Ldwbwwnhy EH uwpp b
upJwd puinpht jnsnud wynn AC/DC thnpuwljkpuhsp tjupugpyus Eu, opptiwl,
[4]-nuwd, npukn dhowduypnid wnw Jhppughwibph dbjuwthjulwt tukpghwi
wlipwpd §nsh b pupduljut dwgquhuh thongny Jhpwsynud k tpwbwthnju b Ejunpw-
Jwt hnuwph:

Uwljuwju [4]-nud ubpjuyugyus AC/DC thnfjumjbpuihsh upnbdwi, npp wwpne-
twlnud £ wtwju uinigdwt wnpnip, ogrnugnpsynny LiEnpntughtt ujubdwbph
twhibwluwb utnignmudt wywhnybnt wenudny dbp nhwypnid Yhpwntih sk, puth
nn 0,4 9-p ghpuquugnn b hwljunwly phbnwljwunipnit niutkgnn jwpnidhg Jupnn
Eu pugdly [4]-nud bjupugpdws upbdund wnlju wyt jhuwhwnnpnsught bk-
dbkintbph p-n whgnudubpp, npnip ndjuy phbnwjuinipjut ghypnid Wupunw-
nhp whwp k thul bwght: Tuhpwdbow | twly, np jpugnighy uinigdw wnpniphg
Swhiuduws hwpbwluwh Eukpghwt (huh swhwquig thopp wye Bukpghuyghg, npt
wliljum kup wnwbwy Ukp hnuwbph wnpmiphg npw Uh dwup hunljughbyng
pugnighs utnigdw wnpniph yEpuhgpuynpdwbp: vuhwnbuynid £ oquimagnp-
ob] qupdwt thnpuwEpyydwt wytyhuh dbpnpubp b hnhwlbpunn fEjupntuwght
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upubdwbnh wytyhuh puqu, npntp pny) Jrut twb hudbkdwnwpwp Bdwut qubkpny
Fubpghw Ynunwll) ks pyny hnuwiph wnpmiptphg wywhndtyng gnpowuljbp-
whs uwppkph pupdp wpynibwybnnipmniup:

Luwjumnbunid Gup AC/DC thnjuwbpuhsh unp, wybjh wpynibubn ujubdw
Uowljknt b yuwnpwuwnkint thongny nisnid inwy hwh wyny dwutwynp pungpht:

Bqpuljugnipjni: Znuwtpwhwywp dhliingt dwljkpbubph nhypnid thuy-
wnwbhiuyhtt hhupny obpdw-EEjunipuphthwljut wnpmipt wjthuyn wnwybnipe-
miuubkp nith twlb jhuwhwnnpnyswyhtt obpdwkjbdbunubph hwdbdwn, husybu -
puwjhtt hgnpmipjut mi Fubpquuupnynipjut, wjtyku k) quuyghtt wenidubpny: b
nwppbpmipnitt dnnnynjunughtt hnjowbpyhsutpoud b obpdwk bdktnbkpnud
Yhpwnynn Jhuwhwnnpnswjhtt ynipkph, npnup putupdtp Eu b hpkug ptwljut
wuowpibpny vwhdwbwihwl, huynwsnijubt Edwub £ b phwlub fmbwuywuphnyg
YEpuwpunwnpiny:

Unpniph Epupudwudljin ognnugnpsdwt wpnidnyg LRU wnhuh wnpniph
wbih ghpuuubih jupnn Ehub], put L2U whyh wnpoop, puth np LU nhyh
wnpniph tkpunud pipwugnn opuhnu-JEpuljuwiqunquljut pkulghwbph ninnnipe-
jut plugh-wyupphpuljui thnthnunipymiip” jugdws wnpmph ekpiwunhgwbu-
jht phipwthnjunipnitittph htwn, wbih wpynittwdbn YEpynyg Jupng b jujel
hnuwipwhwup dbnwnulju LEjunpngubphg dbhh Jhwlnpiwih puypuydwi
qnpépipugp dudwiul) wn dudwbwl JEpulubqilng wyi:
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X.A. MAHACEJISIH, A.I'. T'YJISIH, C.A. CAPT'CSIH
PETEHEPAIIMOHHBIN JIEKTPOXUMHUYECKHA HCTOYHUK

OnuceiBaeTcsi MaJOMOIIHBIN TEPMOIIEKTPOXUMUYECKUN UCTOYHHUK DJIEKTPUUECTBA
Ha OCHOBE aKTHBHUPOBAHHOTO APEBECHOTO YTIJISl, KOTOPBIA MOXKET UCIIOIB30BAThCS B KAUECTBE
ABTOHOMHOTO YCTpPO#CTBa JUIst cOOpa SHEPTHH, & TAKXKE B COUCTAHHU C JAPYTMMU MCTOYHH-

KaMHU 3JICKTpUYECTBA.
Knroueswvie cnosa: aKTI/IBI/IpOBaHHHﬁ yrois, 3HeKTpOXI/IMI/I‘{CCKI/Iﬁ HUCTOYHHUK, pere-

HepawLoHHas IIepeMeHa I0JII0COB.
KH.H. MANASELYAN, A.G. GHOULYAN, S.A. SARGSYAN
A REGENERATIVE ELECTROCHEMICAL SOURCE
A low-power thermo-electrochemical source of electricity based on activated charcoal,
which can be used as a stand-alone device for energy harvesting system, as well as in

combination with other sources of electricity is described.
Keywords: activated carbon, electrochemical source, regenerative pole reversal.
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Ppuljuiuglt) t tubpghnhy ninkumpput dnphjuynpmud’ pun hudwlwpgughi
nhuwdhluyh, Simantics System Dynamics dpwgnh dhgngny: Upnwsyt) ki hwdwljupgh Ju-
nnigyudpp, thnjuwmqptignipniiitpp b 2021-2050 pp. hwdwlupgh Jhdwlh yqupudtnpkph
thnthnjunieniiipp: Upmyniipnud® 2050 pywljuthtt Zuywunwih tubpqubwdwljupgnud
UkS ohn ku dknp phpknt Upth b pudne Eubpglnhl jugubitbpp: Unwu Ynndhg” hpkug nbpp
skt Ynpguh bwl Zuyjuljui UEY-p b Zujuwunwih QEY-bpp: Ruwlsnipjut wép b wpynt-
twpbpnipjut qupgqugnidp Ynitbbw twlb hpkig jupbnp wqpbgnipniup Eukpghuwyh ww-
hwtpwnyh hwupgnid:

Unwbgpuyhl punkp. hudwljupquyhtt nhttdhlju, Eubpqubwudwlung, tukpghnhly
nunbumpjut dnpkjuynpnud:

Uhpwdnipjnih: Eukpgbhnhly phwgqujunh qupqugnidp puth Ewnind pudu-
Jui wpwg nbkdybpny: Udpnne wppuwphnid, husybu twb Zujwuwnwinid thnfu-
Ynud tu tubpghuyh wnpmnipttph hwdwdwubinipmititippn nne Eukpgbnhjujub
hwdwlupgnud: Uju thnthnpumpiniutbpp Bipunpnud Bt mbnbuwljut b mkhtp-
Jwlub dwpunwhpuybpibp, npnig dnybjunpnudp htwpuynpoipyni E ptdkenod
niuntdbwuhplnt dbkdmipniubinh thnpowqntgnipninbpn:

Zudwlwupquyhtt ghtwdhut tkpjuyugunid Bu dkdnipniuubph juwbpp,
hudwljwupgnud nputg hnjuwqpbgnipniuutpp, hohnjudw wpugnipnibttpp b
wqnnn qupdntubpp [1]: Uks dwuwwdp hwdwlupgquyhtt ghttwdhu tkpuywugdnod
kb hnupwyjhtt nhwgpudibph dhengny, npnlip niukimd ki 4 hhdbwlw wwppbp
Jhd&wljh qupwdbnpkp, thnthnpjudwt wpugnipmiuttp, hwunwwnnibkp, thnthn-
huwuttp [2]: Znupught nphwugpudtbpnid wuppbpynud o iynipuljub b wknk-
Juwnjuljut hnuptpp: Unipwljub hnupbpp dhwdnpnid B Jhdwjh wuwpudbnpbp
hntug thnihnjudwt wpugmipniuubpht, hull nknEjundulijut hnupbpp hwunw-
unid ki thnjuwgpbgnipniiitbiph juwbp pojnp snpu mwuppbph dhol: Ywwbpp 1h-
unud B hiyybu gpuijub, wiybu b paguuului: Zudujupquyhtt phtwudhlut
nhppkughwy hujwuwpndbph puppbph ko tkpuyugdus gpuphlului knw-
twlyny [3]:
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Upmnibwpbpnipyub nwppbp npnpunibpnud, ntnbuwljuwb jubthwnbund-
ubpnud hwdwlupquyht phtwdhfub nith juyb jhpwnnipinit b jujudws hwoygh
wnlnjnn gnpéntiikphg UkS &ygpunmpyuadp npnpmu b hwidwlupgh wnwghiunwg-
dwt ugkimpubpp [4]: 1972 pyuljuiht hpujubugqus hbnwgnunipniup Gpph
ntunipuibph wvyundw jutpunbudwt Jepupkpu hwdwlupquht nhtwdh-
Juyh wdkbwdkd Yhpunnipinibitinhg Uk £ [5]: World3 dnpbjp wupnibwlnid tp
wojuwuphh wbnbunipjut gninbkpp, wpynibwpbpmpniip, phwlsnipyut wép,
nbunipuitkph dwipuup, JEpuljuiiqynn pbunipubtbph hwynbtwpbpnidi n1 nputg
oguiugnpdnidp, pwhwbinnipniup: Unglijh nmwpunbuwl) ugktwpibpnd juithow-
wnbuynud Ep quqh b bwdph nkunipuibph vywenud dhtish 2045 pyuljuinp:

Ut wy dnnliny uhpbpjwinulut Shell puybpnipmniup juijpunbunid tp
21-pn nupmd npubuynpunh b quebihph dSwhiuh npnpunbbpmd qugh, twyph,
JEpuljuiqynn Eubpghuyh dwubtwpwdhuubpp [6]: Uju dnnbking wwupq E nuntunid,
np twyph pnipudndut b yekpujuiquynn tukipghuyh wnwghunugdwt wpnyniu-
pnud inputuynpunnh npnpuind wthpudbown k twh wy) Eukpquiihp, npp Eplynt viup-
pln ugbtwpubpniud twppwnbudnd Ep dbput quqp jud epwshup:

Ut wy] wohiwmunwupnid dnpbjudnpyly E @Epdwthuyh tubpglnpl hwdw-
Jupgh wywqui dhish 2050 pyuljubp, guwhwu]t) ki Jepuljutqiynn Eukpglnh-
Juyh htwpuwynpnipniubpp, npnoyl) wspuwpepnt qugh dptninpu wpnwitknnid-
ubph pwbwlutpnp [7]:

Uju dnnbkjubpp gnyg G viwjhu, np 21-pn qpupnud Jepujubqudnn tubkpgb-
nhljwb nuetwm k Eubpghuyh wpununpnipjut wnwetwghtt tpwmbtwnipyub nin-
nnipinit [8,9]: Umiu Ynnuhg, hwoyh wnbbny yEkpwljwiqiynn Eubkpghuyh wnp-
mipubph ny hwunwnnit wpnwnpnipnit wywhnybnt hwuwnp, withpudbon &
dwslt] ywhwbgwplyh vh dwup wjwinuljut Eukpghuyh wnpmipttpny: Uptninp-
nnid wnunnunmdiubphg funtuwthbne hwdwp ntuntdbwuhpdly Bu Jepujuiqdnn
Eutkpgbwnhly Juywputph weh htwpwnp mbdwbpp 22-nud dhtisk 2050 pywuluinp,
quwhwwnyt) QEU-tph dhongny wpunwunpyny kutipghwh puwbwljp inyt dudwtiu-
Juwhwwnqusdnid, b npnoyty dptininpun wpunuttkngws CO2-h putiwlyp:

unnh gpdwspp b dkpnphljuyh hhdbwynpnudp: Zwdwlupquyhtt ghtwdh-
Juyny dnpkjubph urnigdwt hwdwp oqgunugnpsynid ki hwunwnnit dkdnipni-
tbp Ununpughtt ndyuykp b gnpswljhgibp, Jhwhh wupwdbnptp dudwbuyhg
b wy] qnpénuttphg jujudwé thnthnpuynn dkdnipiniutp, npnup punipugpnid Eu
hwdwljupgh Jhdwljp, b hnthnjudwt wpugnipniukp [10]:

Zuyuunwth Zwbpuybunmpub Eukpgbnhjujuit hwdwlwupgh dngbjw-
Unpdwt hwdwp npuybu Jh&wlh wupudbnpbp pigminty b

e 22 puwlysnipniup,

426



« Eynpuititpghuh yuhwbgwnlp,

¢ hulwjuwnt tkpphtt wpynitpp,

e 2pguljw Uhgujuyph wupnywmpyutp Jtpupkpng yhnwfub punw-
pwjutinipjnitit wpunwhwynnn gnpsuljhgp,

¢ Uplininpun wpnubbngws wsjuwppnt quqh punhwinip pubwlp,

o wnnduyht LEjnpujuyuubph ngpjuspuyht hgnpnipinip,

e puUnt Likjunpuluwywbttph gpuspuyhtt hqnpnipinitutpp,

o wpluyghtt fEunpuluwyuitbkpnh npduspuyhtt hqnpnipniutbpn:

Jh&wlh yuwpudbupbph hnhnjumppoiaibpp juyuind Bo indinfudwt
wpugnppniiikpm): Unplymd tbpujugfus wpugmpmiabbph b

o pwlpsnipjut wg (Suntunutp),

o phwlsnipjut tugnid (Uwhbp),

o LEynpuititpghuh wuhwbgwnlh nthnfumpim,

¢ wShuwppnt quqh wpwtknnid,

e 2UU-h wé,

e ywhunwlwb punupulwintpjut thnthnpunipni,

e wnnduyht LEjnpuljuyuiibph junnignid,

e puUnt Likjnpuuwyuuutph junnignud,

o wplwghtt iEunpuluywittph junnignud,

e wnbuyhtt fiEjunpuuwyutubph wywdntivnwdnid:

Zudwupgnud Untnpuyhtt yupwdbnpbphg jujws oqguugnpsus thn-
thnfuwlwhbbph ko

¢ Likjwnpwkubpghuygh kY otishtt hwutinng wwhwuewplyp,

* Ukpqunpp,

¢ wpuinuqunpn,

e wnnduyht LEjnpulwt tukpghuygh nmupbljut wpnwunpupp,

¢ hhngpnk Ejunpujuyutibph wpununpus tukpghwi,

¢ ququijhtt fiEjnpuuwyuittph mupbjuwt wpunwunpus tubpghwi,

o pudnt LiEjnpuljuyubibph nupbkljut wpnwunpws tukpghwl,

e wnbuyhtt juywhbph mwupbjub wpunwugpus tubpghwt,

o puUnt HEjunpuljuyutibph Jupnigdwt nhdwnpnipmniip hwuwpulynipe-
jut Ynnuhg,

o wpluwyht fEjunpulwyuih mupbjuwb wojuwnwpuwghtt dudkpp,

e wpluyht fEjnpuuwyutubph hwdwp twpwnbujws tnmupwuwsputph uwh-
dwbuthwlnudp:

Unphih tbpuyugnid hpujuugyt) B hudwljupgquyhtt phtwdhjuygh qu-
uwlub dkpnym] gpubhiulul yunlbpuiwh bywiulng Simantics System Dynamics
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dpugpuyjhtt wmywhnyuwt vhongny [9]: Opwghpp httwpwynpnipnit £ miwjhu up-
Unijugt] hwdwlupgp tokiny ulqpiwlui b Yhpehwlwi wwpbpbpp, uhdng-
jughuyh kY puyih Epupnipiniip: Opugpmd htwpwynp k plnpk] tub nhdk-
nptughwy hwjwuwpnidubph hwdwlupgh nsdwt dkpnnp: Ukp juugph pupwug-
pnud punpydby b Epbpp dbpnnp: Opwghpp htwpwynpnipnit £ nnwhu uhdnijwug-
k] hwdwlupgp hsybu ghunwplynn nne dwdwbwjuwhwndusnd, wjhybu
puy] wn puy] wnhutkiny thnhnjunipmibbtpp b phpugpmu, withpudbonm ppul
ntypnid, Uhowdinbiny hwdwljupgh wohiwnwpht:

Ul 1-mud pliwlpsmipyubt uljqpiwljuin wpdbpp Population Ref-p, fuqunud k
2.935.000, Birth thnthnpudwt wpwgnipmniip wpnuwhwjnnd E ndju) dudwbwljw-
jhtt thmyymd stnibigukph b tkpquinpwsitph ph gnidwpp, huy Death-p’ wpunw-

qunpwstubph b dwhbph gnidwpp: Lkpquinpjujubph b wipnwqunpwsubph pdtpp
npnoynid ki uu]ud whinnpjut 2UU wpdtphg:

\ Demand Ref
\

Demand per capita

k /\

O#’ Demand

Demand change

) Birth Ref Death Ref ¥
5 immigration emmigration
Death

E—

Population
Birth k
Populat‘ion Ref
Uy 1. 22 Fabpgkunply hadwlupgh dnpkyh phalsnippub b Fakpghugh yquhwbowplh
Yhdwlp wupudbnpbph hnupuyhl phugpuidp
Ul.2-mud wdluwppent qugh dpuninpu wpunwtknnidp npnoymid | QEU-kph

nwupkluwt ogunugnpsdwt b npuw hbnbwipny wpnwibknwsd qugh pwbwlny:
ULl ought pwdht hwuting 2ZUU-h wipdtiph mwupbijub wédp vwhdwuynd £ ZUU-h
wdéh ubkpluyhu mkdybpny:
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O X > CO2

CO2 Emmision

3 S » GDP
GDP Change b
|

} GDP Ref

GDP Rate

Oi} Klimapolicy
Klimapolicy Rate

LY. 2. 22 Fakpgbnply hadwlupgh unplyh wépnuppn: qugh wpnwbbumbul, 200-h b
opowlw Upowjuyph wuwhwyuwinful yhnwlwh punupwjuinipyul Yhdwlh
wuwpwdknplph hnupuyhl phwgpundp

Cpgwljw Upgwjuyph wupnwywunipjut gnpdwihgp jujjws b 2LU-h
w&hg, wyuhliph' whinnipyul qupqugusn pjui wunhgwbhg:

Unpbknud punniugty b, np yquypdwbwynpjws opuwyhtt yuwowpubph vwhdw-
twthwljdudp, hsybu bl hhypntubkpginhjuyh padupup qupqugusnipju wu-
wh&wny 22-mu dhish 2050 plwlwip tnp dhsudwupnwp hhgpnEupuljw-
juiitip skt junnigytne: Nunh hhnpntubpginhlugh ogquuugnpdnidp npnoynid E -
wpbljut woiwnwtipuyht dwdtiph b npdwspuyht hgnpnipjut wpnunpuny: Uwnn-
duyht Eubpghnpluyh phypnid hwoyh k wnbdl), np 2026 pqulwuiht 22 UEY-h
nnyudpuyhtt hqnpnipniup unp pbwljunph junnigdudp hwugybint £ 600 Udw-h:
Cutn Unpkjh nwpyu pipugpnid QEY-tpp oquiugnpsykynt kb wyl nhwpnid, kpp
wplught, pudnt, hhnpn- b winndwyht Eubpghwibpp skt pudupuph BEjnpw-
Jui Eubkpghuyh yuwhwuewnyp (ul.3):

Hydroelectostations
/ =
-
Gas lse \

//@ Nuclear Plant
4

NE Use Nuzlea plant P

Hydroelectropower prod

A
d

Installed Nuclear Plants
Ul 3. 22 Fakpglupy hundlwmlupgh unplyp winnduyhl G EunpulupubbEph ppyudpuyhl
hgnpnipyul Jhdwfh wupwdbnph b AhppnlakpgEnplugh nt QEY-bph mupkiui
wpuuppué Fhkpghugh pwbwlh hnupuyhl phugnuaidp
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U.4-nud npyytu tbpunisynn yupwdbnpbp tkpuyug]t) bu 22-nud pudne
EEjunpuljujut nknunpint jwugnyn b mtnbuwybu swhwibn mwupwsp-
ubpnud puwdnt EEjunipuljuyutubph wwupbijut dhohtt wpjuwnwtpuwyhtt dudbph
pwbwlyp, tkpjuynidu wknunpus hqnpnipniup, wpbughtt juyuutbph nbnu-
nnyué hgqnpmipiniup b wohtwwnwtpuyhtt dwdtph dhohtt pubtimaljp: Lwdnt b wplkh
EEjunpujuyutubph nbnuppduwt wbkdybpp hwpduplbnt hwdwp oqudby Lup
kplynt unsplipnunnn gnpénititphg wplih phypmy nwpusph vwhdwbwhwlndibpp,
pudnt nhypmd’ hwuwpulnipyui Ynndhg pinniibjhnpyui gnpswlhgp:

Wind best places Wind economical places

e

Wind Use Wind Ref
///

~» Acceptance Wind

/ / I
Installed Wind —————xX——_3
\—yonstrudim
PV Ref

Area Limit PV Technology Developement

)} >T

\
LN
szzp Irstaled PV

PV Deconstruction womuunon / PV Full workung

PV Use

Ul 4. 22 Fabpglnply hundwlpupgh unplyh pundnn b wplughl lEnpalupubbbph
ppywdpuyhll Agnpnipinthbkph Jhdwih wupudinplph hnupughl ghugpudp
Unpbhmud tEpuyugdus muppkp Eipudnnbjubpt wpjuwwnnid & dhwuht

Uh punhwinip hwdwljupgnid: Opwgpuyjhtt wmyywhnydwb vheongny httwpunp k
Junnigh] 22 Eukpgbwnply hwdwlwpgh thnthnpumpnibubph jupjwsnipniip dw-
dwtihg dhtish 2050 pyulutip:

ZEnwgnunipjut wpynibpubpp: Opybugh wdthnhyklt hbnwgnuniput
wpyniuptbpp, wpwtdtwgyty] i Jhdulh yupwdbnpbphg th pwthup, npnup
wnwigpuyhtt bt Eukpquhwdwlupgh hwdwp: Lwju Eubpghuyh wwhwipwpyh b
whunnipjutt qupgugdut hwdwp Juplnp ywbwlnipnit nith phwlsnipjub
thnthnjunipyniip: Unpbjudnpdus nidju)ikpny 2050 pquljuitht 22 ptwlsnipniup
Yhwutih 5.6 ju-h b Ygnigupkph tpuyntikugyu wgh Jupp (uly.5):
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Population
5,600,000

5,400,000
5,200,000
5,000,000
4,800,000
4,600,000
4,400,000
4,200,000
4,000,000
3,800,000
3,800,000
3,400,000
3,200,000
3,000,000
2,020 2,022 2,024 2,026 2028 2,030 2,032 2034 2038 2,038 2,040 2042 2044 2,046 2,048 2,05
Tim:
Population

Ul 5. 22 piualpsnippul wdp dplsl 2050 pywlwin

Lwth np JEpujutqynn Eubkpghuygh wnpmiptbpp wdbiwwpug qupqugnna
ni nhtwdhlb &, wuhpudbon E nipunpnipinit nupduty b 2050-ht wplught b
pwdnt LEjnpuuyuuttph npuspuyhtt hqnpnipymiuutpht (04.6,7): Ujniu Ynn-
Uhg' tdwbwwnhy Juywbtbph nknunpnida m owhwgnpénidp wpwewgunid ku
dwpunuwhpuybpubp guigh juynit woppwwnwiph hwdwp, htgsp yupuwnhp
hwoyh wntby:

120
115
110

105

MW

100

Time
Installed_PV

Ul 6. Upliughl B Eunpulupubabph ppjwdpuyhll Agnpnijent ap ZZ2-nid 2020-2050 pp.
2 s0

30

2020 2022 2,024 2026 2028 2,030 2032 2,034 2,036 2,038 2,040 2,042 2044 2046 2048 2,050
Time

Installed_Wind

Uy. 7. Pundnt b Eunpulupubbiph gpywdpuyhl Agnpnipniip 22-nid 2020-2050 ppe.
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buswbu plinud E Ujupubphg, h muppipnipnit Epuynubighw) wénn wplw-
1ht fEyunpuljuyutubph hqnpnipjub, pudnt fEjunpuljuyututph hqnpnipmniut
wénid b nquphpuwljui gpuphyny b npnowlih wipdtph hwutbkng Juym bwbagm
Uplught EEunpuluywittnh npduspuyhtt hqnpmipniip hp hbppht nytwbu
hwuiknt t dwpuhdnidh YEwnht, hugp, vwfuyl, nbnh sh nitbunmd nhunwpyynn
dudwiwuhwinjwsh ppugpnid: Cun dngljh’ 2050-ht 22-mu junnigyuws Yih-
uku 120 U4 wpbughtt b 7.5 4w pudnt fEjunpuljuyubitp: Uju wpdbputipnud
hwogh Eu wnbdl) bwlb LEjunpuuyuittph swupphg gnipu quijt nt wdnpinhqui-
ghnt dudjnh wuwpup:

Bqpuljugnmpjnti.

« Unptjwynpyby E Bukpginhy nbnbumpub hwdwljwpg hudwlupgqugh
nhtwdhlugh Whpnnad, |

* hpwtwljwbwgyty E dnnkjh wojawnwtph uhdniyjjughw dhtsh 2050 pqu-
Jwtp, ogungnpstinyg 2020 pywuljutth nyjuutpn,

» wpnwsyky ku Eutipnghugh wnpmipitph nupkjut oqgunugnpddwi pubiauly-
ukpp, REynpuljwjwbtbtph gpiuspughtt hqnpmipynibbkpp, tplyph phuysmpyul,
ZUU-h wpdtpuktipp, Uptninpun wpnuitbngus CO2quugh putiwlp:
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432



A.A. IPHOSTH

MOJEJAPOBAHUE SHEPTETUYECKON SKOHOMMKH PA METO/IOM
CUCTEMHOWM IMHAMHUKH U ITIPOTHO3BI HA 2050 T'O/T

[TpoBeneHo MozaeIMpoOBaHUE YHEPrETUUECKOW SKOHOMUKH METOIOM CHCTEMHOM -
HaMHK{ C TIOMOIIBIO MporpaMMHoOro obecriedeHust Simantics System Dynamics. BeipaxeHsl
CTPYKTYypa CUCTCMBEI, B3aHMO]IeﬁCTBPIH U U3MCHCHUA MapaMETPOB COCTOAHHA CUCTCMbI Ha
2021-2050 rogsr. ITpornosmpyercs, uto k 2050 romy CONHEYHas W BETPOBAs IHEPTETHKHU
moJry4at OOJIBIIYI0 HOII0 B dHeprocucreme ApmeHnd. C qpyroil cTOpoHbI, ApMSHCKasi aTOM-
Hasl JJIEKTPOCTAHIUSI 1 APMSHCKUE TEIUIOBBIC IEKTPOCTAHIMK He OyIyT TEepsTh CBOCH POJIH.
3HauUTENbHOE BIUSHUE Ha CIPOC SHEPIHU OKa3bIBAIOT TAKXKE POCT HACENICHHS, PAa3BHTHE
HPOMBIIUICHHOCTH.

Kniouesvle cnosa: cucteMHas AUHAMMKa, SJHEPrOCUCTEMA, MOJIEIUPOBAHUE SHEPre-
THUYECKOH SKOHOMUKH.

A.A. DRNOYAN

MODELING OF RA ENERGY ECONOMY BY THE METHOD OF SYSTEM
DYNAMICS AND FORECASTS FOR 2050

Modeling of energy economy through system dynamics was carried out through
Simantics System Dynamics software. The structure of the system, interactions, the
changes of the parameters of the system state for 2021-2050 are expressed. As a result, by
2050 the Solar and wind power will gain a large share in the energy system of Armenia. On
the other hand, the Armenian NPP and the Armenian thermal power plants will not lose
their role. Population growth, industry development also have a significant impact on
energy demand.

Keywords: system dynamics, energy system, modeling of energy economy.
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“Yhuwplyt b uhihghmdughtt hwppwlubph junnigquspughtt wpwntbph' ubt uhih-
ghnuwth (b-Si) dkpddwlbpunipuyhl shpuniny htnkpugdwt htwpwynpnipniiup: 2Eknkpug-
dwb wpynibwbnmpniup guwhwwngb b phunnught b unnighs hwppwlubph mbuwupup

nhdwnpnipjub, wpuwnbkph pinnpiut b ng hhtttwljub thgpulhputph wpynibwpup fjuuph
nbnnnipjul hblnwgnundwt wpyniipubpny: 8nyg k wmpyky, np okpduyhtt opuhnugdwi p-
pwugpmd b-Si-h otpuip hwintu b quihu npybtu hwybjju) dhohwugniguwjhtt wnndukph b
Ubknwnuljut fpununipgubph wpynibwgbn Yuths htnbp), ppuing hul bujuinpkh tw-
qlgubny Jupniguspuwyhtt wpwwnibkph vwundbph jpunipniup upjhghnidnid: Upgyniuapnid

ujuqnud £ hwppuljutph wkuwjupup nhdwnpoipniip, b deswind b jhgpuihpubiph Yyubph
wnbnnnipniup: Lyywnwlwhwpdwp kb-Si-h okpnp nputu Yubthy Abwnply hwppwlukph
phyntupuyhtt’ ny wpuwwnwbpwht Ynnunid:

Unwigpuyhli punkp. uli uhihghnud, hknkp, Jjunmgquéspuyhtt wpwn, mbuwwupup
nhdwnpmpinit, thgpulhpttph Ypubph nbngnipyni:

Lkpwbnmipjni: Ul uhihghnudp (black silicon - b-Si) pynipknuyhtt uhihghnudh
twinjunniguspuyhtt oipn £ juquus Ubs funnipjudp pupwly wubinhlutphg,
nnnig pupdpnipniup jupng L juqdl) 0,3...10,0 #4d;, huly wpudwghsp' 0,05...1,0 44
[1]: Uuknhlubph wnjuwympiniub wyu yniphtt nwhu k uniq Gpwiquynpnid, nphg
B uwyti unnwugh | pp wijuitnidp: Spuljuiimpyui Uy hwdwju b-Si-t pumpuqpynid £
npyhu Swlnunykl uhjhghnulh mupunbuwly: Pusybu b Swlnunlki uhjhghnudnp (2, 3],
wgt bu mup (nruuyht fwnwquypttph jjubdwh pupdp qgnpswljhg, puth np Uks
hunnipjudp hwpwlhg wubknhlubphg wntnh o ntukind (nuuughtt Swnwquyph
puquuphy winpunupdnudubp: Uyny hwnlnpjub sunphhy b-Si-t hkinpwljupuygpht £
npybu wpbught fEdkunubph hwjuwwinpunupding dulbpbnipught obpn, b ubp-
Juynidu hpuwjubwugynny hbnwqnuumpniattpp jiunpniugus Eu hkug wju
huunph nuynnipyudp [4-6]:

Ouwlnunljku uhjhghnidh htwn junniguspwjhtt tdwinipiniip pny) L wnwhu
Eupwnntk], np b-Si-t, hywbu b pp twpunpy nmwupunbuwlp, Yupnn bt nibbiug
gnpbuwnwiwb wy] ywbwlmpnititp bu: Twubtwdnpuybu, dbp bwhnpn wopaw-
wnwbpibpnid nhunwplyly tp Swlnunljtt upjhghnidh obkpiny Junnigyuspwyhu
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wpwwnbbph wpunwpht yjwbwp hbnbpugdwb (external planar gettering - EPG)
wpniuwy binnpniun [7, 8]: Zhduwynpyty kp, np upthghnidught hwppwlh nhiwgh
Ynnuh ny wohtwwmwbpwihtt mhpnypubpnud (ophtiwly, hwppwlutph jupundwt
hwdwp twppuwnbu]ws dwubpnid) dAlwynpjws Swljnnljtt uhjhghnidh okpunp,
Uks dwljbpinmipuyhtt dwljiptuh ounphhy, pupdpobpduunhfwbughtt ppédwt pb-
pugpnid ubkppuonid b jwunid L huppwlnid wnlju ny guiljuh fpuntnippubpp
(hputwuimu dbnwunquljul) b gpuim] hul hbnwqu nkinnghwlwi gnpspl-
pugubph dudwiwl wpgbhjulnud wojpwnwbpuyht mhpnypiubpnid wytyhuh Yu-
pnigwdpuyhtt wpwnithph wpwewgnidp, hsyhuhp ku nhupnjughwibkpp, opuh-
nugdwl hupbpuynpdul wpunikpp (oxidation induced stacking faults - OISF)
wyj i Upyniupnid jujutinid B wynuhup hwppwlutph hhdwt ypu gunpuun-
Ynn Jhuwhwnnpysuyhtt uvwppbph b pinkgpuy dhpnupbdwbph wohwnwtipw-
1ht punipwugptpp, b Ukbwunid £ yhwnwih wpunwnpuiph Giph vinlnup:

Uphuunnwitipnid nhinwpljyt) E uhjhghnidwghtt hwppwljubph jurnigquspuyght
wpwwnbtph b-Si-h Ukpadwltplmpught skpuny htnbkpugiuh hupuynpniendp:

‘Linwoubph yuunpwuwnnudp b hbnnwgnuum pjut dkpnnubpp: Npuytu bjulb-
wnujhtt jhpundt] Eu 2njupujulnt dkpnnny wdbgdws, pmiptinughunului (100)
ynnuunpnodwdp, 2,0 O/ nbumljupup phdugpnipjudp b Epynndwih nnnpl-
Jud P-nhwh dhwpmipbnuyhtt wpbwght nuuh (solar-grade) uhjhghnidwyhtt hwip-
puwlutip: Zuppwljubph swihubpt Ehtt 100x100 /2 hull hwuwnnmipniup® 350 it

zuppuljutpp Bupupyyl) tu 45 pnyé wbhnnnipjudp pupdpokpdwunhdw-
tuyghti (1200°C) ppéuwt dwppus wqnunh dhowduypnud® Jurniguspuyhlt wpwwn-
ubph vwnubph thpunsdwt tyuwwnwlny: Ujunthtnb hwppwlubpp jupunygty-
pudwtigby Eu 10x10 #/i2 sunhubipny wnwdht phunuyght b huljhs tdnipubnh, nphg
htwn 10 powé duppyty b tpldbph; $npdwdhnh b wgkwnnth jnidnypny, [Jugyty
hntwqplfws gpny:

Utpddwltpinipughtt b-Si-h skpnh dbwdnpnidt hpujwbwgyl) £ hntw-
wuquughtt dowljdwt vwppuynpnidnid nbwljnnhy hntughtt pubwndwb Ukpn-
nny SFe-h t O2-h ququyphtt pwntinipgh dhpwduypnid phunuyhtt wdnipttiph Yng-
dbphg dbnud: vwswndwt vwppuwynpnudp b nhdhdubpp tjupugpus b [9] wy-
huwwnwiipnid: Ul uhihghnidh obpunh hwuwnnipiniip juqunid tp 0,9 it

Phunught b huljhs tdnipubpt opuhnugyty Eu 850, 950 Jwd 1100 °C obipd-
wunhfwbttpmd, 80 pnwk nlnnnipjudp snp ppwduh vhowjuypnid: Unwow-
gus opuhnh kplyynnuwih punubpitpp, wy pynmd’ phunught tinubkph b-Si-h
gpbpt wdpnnonyhtt opuhnugqué okpwup, hinwgyt) ku inup HF-h jnudnyenud, nphg
htwnin hwppwlutpn 3 powé nbinnnipyudp pulynuyt] Bt KOH-h nusnypenid: Unpg-
miupmd hwppwljubph Epynt Ynnuhg b ppwbwndl] i dnnwdnpuybu 4 4o
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hwunnipjudp dbpddwbpimpughtt obpinkp: dEpenid tunptubptt mnndwybpw-
jht tunnbkguwt (atomic layer deposition - ALD) dkpnnny Epjynnuuih punubpwu-
wuwnyk] Bt HfO2-h dkniuwgtng pwpuwly swslynyputpny [10]:

Zhwnbpugdwt wpynibwdbunipmniop gbwhwnbnt hwdwp hbnwgnudty
El tdnoubiph p nbuwljupup phdwnpnipmiip (hywluyhtt punwdunguyht Ukpnn,
MNYC-3 uwpp), junnigjuspuyht wpuwnubph N junnipiniup (punpnpuljut ow-
Swndwtt b oyunhjuljut dwbpunhnwlng nbkuwquidwt dtpnn, Uhpunh HE:
CrOs:H20 puwbwwnhy U MUM-4 dwbipunhwnwly) b ngy hhdtwljwtb hgpulhplbph ¢ r
wpniwpup YJyutph nbhnnnipniup (pyuqhunughnbwp $nnnhwunnppuljuiniype-
jutt Ukpnn, WCT-120 uwipp):

‘Lunipubknh yuunpuundwb b hknwgnundw tppninht gqunpjws t ay.
1-nud:

fenénud
v

Swnpwlh pwdwlnw

v

)
)
p——
)
)

— Si02

— HfO>

M b-Si

v

[
(
[
[
[

opupnwgnud

v

Ubpadwlbplnipwihu
2Gpnknh fuwswnnd

v

ALD HfO2
rwnwlpwwywwnnd

Quihnud P, N

v

Quithnud Tepr

Ul 1. Luniphkph wuwnpuumndwi b Aknwgnundwi gnpépljpuign

ZEwnwgnunipjut wpygniupbbpp: LY. 2-nud phpqus Bu huljhy b phunught
hwppwlubph jutwlwt Yupduspubphtt punpny dnnnyuwnljpibpp pnpnnu-
Jub pwswwnnidhg htwnn: Zunwly tplnud Bu Eplswthwh OISF-ubkph puwswndwb
htwpkpp, npnup nitkt dniq gshlubkph wnkup: Ypwbp mEknuwpwopdws u <110
pinipbnughnwlwt nignnipnibubpny b dhdjutg hbn juqunid Eu 60° wuljnii:
OISF-ukpp htwn dbkiunbn dbwynpynid ki twlb wyp mhyh wpwntkp, npnug ow-
Swwndwb hknptpt niukt hwppe hwnwlny b mupptp suthubtpny dniq thnuhlukph
wnbtup: dhpohtikpu SiOx Uknunuljut nbnuljunidubp (precipitations) b nhunljw-
ghnt hwignygubp ku:

Ul. 2-hg wuipgnpny htwnbtnwd E, np b-Si-h okpunnh wnjuynipnitp phutnught
hwppwlutpnid hwbqkgunud E tkpdnisus junnigquspughtt wmpwwnubph awnnt-

436



pjut Uh putth upgny tJuquiutp: Ujuybu, 950°C obpdwunhdwtnid opuhrugnt -
uhg htinn huljhy huppwljubph dwljEpinypht jurniguwspuyhtt wmpuwnubph jaunnipe-
miup Juqunud kp (4...8)x10° uu/?, hul] phunwghtt hwppwljubph nhwypnd skp qb-
npuquugnid 100 zu/Zn:

Ul 2. Zulips (w) b plhuwnughl (p) huppulbbph jugwlol Gupdudpbbph pmnnygunnlbpbkpp

Zudwduyt whimdwpdbught poplnughnuljwi wkumppu’ OISF-ubpp Ubp-
nnuut wpuwnikp kb, npnig wpwewgnidp yuydwtwynpjws k opuhnugdwt pb-
pugpnid upjhghnuth dwljplnipughtt b Swdwjuyhtt hwbjyu) dhohwugnigughe
wwnndubph Jepujuqiuynpdudp [11]: Skpuljunudubph wnwewgdwin tyyuwuinnid
tu hwppwljubpnid wnpljw ny guwuuih wpwg ghdniqynn wyiyhuh dbnwunuijui
Juwnbnipnubp, hisyhuhp b Au-t, Cu-p, Fe-p, Ni-p b wij: Ywpkih k bgpuljuguly,
nn b-Si-h skpup, Uks dwlbplunipuyhtt dwltpbuh punphhy, opuhnugdwt pupwug-
pnid wyywhnynud £ upqwé junniguspujhtt wpuwnubph wnwowgdwt uundbphp
ubppwonid-fuwtinudp:

Ul 3-nud phipdws Eu tdnipubph mbuwljwpup phdwnpnipjut wpdbpukpp
Jujugwé opuhnugdw okipdwunhguthg: Pusytu b wljajuyynid tp, junnigjws-
pujhtt mpuwnttph hinkpugnidp hwigkgunid t huljhy hwppwyutph hwdbdwn
phutnughtt huppwljutiph nkuwupup ghdwunpmpjut wnudt) qquh thnppugduip,
pwith np wpuwwnkpp hoppuginid B jhuwhwnnpphsubph hwunnppuljunipniun
[11]: Vdwmbwinhy wpyniupubp gputigyl) ki bwlb swlynnltt uhihghnidh otpunng
wpwnttph htnbpugdwt dudwtwly [12]:

UY. 4-nud phpdws L wdnipttiph ny hhdtwljut (hgpulhpubph wpynibw-
nup Jjutph nbinnnipmit juppdwsénipnitubpp thgpulyhpubph fonnipmniuhg (gk-
ubkpwghuwyh dwlwpnulhg): Ldnipubph opuhnugdwi obpdwuwnmhdwip juqunid
Ep T=950°C: ‘Ljuupnid gnijg kb inpjws b plunwghtt hwppwlubkph 7.64-h wpdbp-
ubipt opuhnugdwi obpdwunhguh T=850°C, 1100°C wupdtiputph b thgpuyhputph
hunnipyjut 105 2% mpdtph nhwpnid:

Cunghwinip wndudp ny hhdtwlwu (hgpwlhpubiph wpynibwdbn juiph
wnbinnnipjniup npnoynud £ hnbyjuw wpunwhwjnnipjudp [13].

437



1 _ (0,D)Sfront(4n) 1 W An(x,t) An(0,t)Syreqr(4n)
Tefr(4n) Angy(HOHW Angy(E)W 70 Ty (4n) Angy(HOHW

(D)

nputin An-u hwdbpuy ny hhdtwlwb thgpwlhputph jpnmpmiat £, W-u' hwuppwlh
hwumnnmpinip, Serene U Spegr” hwdlmyunuwupiwwpuip hwppwljh nhuwght b
phyntupughtt dwljkpbnyputph thgpuyppttph JEpudhwynpdwt wpwgnipmnii-
ubpn, Tpy-1° Swujuyht thgpujhpuknh fyuph mbnnnipnip, “av”’ Eipuwnnnu-
1ht huingtpuny wywtwlyws L yupudtnph dhohttugdws wipdtpp, t-u pumpugpmd k
dudwbwlp:

Jubhs.
@ Rtupwhl

Stuwywpwp nhdwnpnie)nu, Ohd.ud

800 900 1000 1100
Opuhnuwgduwl gtpdwunhdwl, °C

Ug. 3. Zulps b pluwnughl huppwlbbph wkuwlwpup ghdunpnippul wpdbphlpp’
Juipnjus opupnugdul ohplwumpduliihg

10—2 -qu LR R | LR LR RRLL ™T
T=1100°C O
=
E B 0
5 | T=950°C oI,
= ~
e ‘l@ﬁﬁ@
=) Ty
£
3
5
P 4
%‘ 10 T=850°C [
E
=N
£
L
-
=
=
=
% O 3uyhs
= O Rtupwhu
sl PR | PSRRI 21l L
10" 10" 10" 10"

Ubignuuyhls (hgpuibhnlinh funnue)ac, ud

Ul 4. Zulps b plhuwnugpl huppwlikph ns Apdimlul jhgpulpplbph wpnniiupup
Qyulph nbngnipiniip* jwpajws jhgpulppblph funnipyntbpg
Cugniubny, np (hgpuyhpubph junnipmitp hwjwuwpwswth b pupaud
huppulh durund,
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An(x,t) = Ang,(t) L An(0,t) = An(W,t), (1)
wpunwhwjnnipniithg junwbwp.

1 _ Srront(4nay) 1 Srear(dngy),
Teff(Angy) w Thuik(ANgy) w '

2)

Utp thnpdtpmd thgpwljhpttiph wpynibwpup jjubiph wbngnipmibip sw-
thtnt thnymd phdwght b phniipughtt dwljEpnyputpt wdpnnonyhtt tdwbiwnhy
thi dpwly]ws, hnbwpwp

Sfront(Anav) = Srear(Anav) = S(Anav):

Pwgh wyn, husutu gnyg E wnipydty [14] wojuunwtipnid, ALD HfO»2-h swislnypl
wpnitudbnnpbt dEniuugimd £ uhjhghnidught hwppuljh dwljbplingpubpp,
htnbwpwp Jupnn kip winbul) dwlbpmpught Jhpudhudnpdwi dbpgpomdp
thgpwjhpubph wpynitwpup Jyuph nbngnipjut puinhwinip wpdtph dke: T
bpwbwlnmd E, np 7err(4ng,) -h suhnmudubph wprymuptbpp dbs  Lonmipyudp
wpunuwhwynnud ku swuwjuyht thgpulhpubph Jjutph mbnnnipjniup.

Tefr (Angy) = Tpy(Angy): 3)

Ujuyhuny, hhdtdkng WY. 4-h wyuyukph ypw, jupkh k hwunt), op b-Si-h
okpup funspunnuinid  junnigquspujhtt wpuwwnbbph wpwewgdwip uhjhgnidw-
jhtt hwppwlubph dwjuwinud, npu k) hwigkgunmd b dwjwjwghtt thgpulhpukph
jutph mbnnnipjut dkdwugdwip: Zknkpugdwt wpynibudbnnpniip dhkswnd
E opuhnugdwl gbpdwunhdwuh pupdpugdwin gniqplipwug:

Anpstuljut mbkuwltnhg twhiptnpbh k b-Si-h otipnp npybtu Yuuhs (hk-
wkp) dwynpljp hwppwlubph phinitipuyhtt’ ny wotwnmwpuwhtt Ynnunid: Ujy-
whuh wpwnwpht hbnbpugnidt wdwind kb Ynndtwght (external lateral gettering
- ELG), b npu Yhpundwb wpwbnipiniup EPG-h hudbdwn wuydwiwdnpjws £
htunlyw] hwiqudwipny: EPG-h phypnid jurnigduspuyhtt wpuntkph tkppuy-
Uwl wrwykjugnyt hpunnpnipniip juqunid Edh pwih #2/[7], hbnbwpwp' hb-
nbkpugnidt wpynitwdbn L dhuytt thnpp swthubp niikgnn shybpny htunkqpuy
Uhypnujubdwtbph nwypnud: Thulpbn jhuwhwnnpnsughtt uwappbph (ophtiwly, nidw-
jht mputiqhunnpttp b nhnnubp, Juphuwubp) suhubpp juqund B nuulyuy
o, htnlwpup wpuintibph ikppuonidp wwppbph ns kqpuyhtt nhpnypltphg qun-
unud £ wuhtwpht: Uudwst wnwyb] bu yEpupkpnd £ wpbught fEdkunubpht,
npnbg tkpyuyhu swhubpp Juqunid Eu 150x150 #2%-hg dhtsh 210x210 #i2 huly
hwuwnnipniup sh ghipuqugnud 1 #ifp: Uju ghwpbpnid bwhuptinpth £ jhpunty
ELG dlunjnplyny htwnbkpughtt dkpddwljipinipuyghti okpinp uhjhghnidwh hwp-
pulutnh phintupuyht Ynnunid:
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Bqpuljugmpinti: b-Si-h okpunt opuhnugdwi pupwgpnid hwinku k quijhu

npybu hwybkpu dhohwbgniguihtt wnndubph b Jknmwunuljut juwntnipnubph
wpynibuybn Jutihy, ngpuwtng hul] bujuiunpkt tjuqtgubing Junnigjuspughl
wpwwnibph vwnubph fpnnipniup: Upgyniupnid npnowljhnpbt thnppwinid £ hwp-

puljubnh nbuwjupup ghdwunpnipmitp, b tjuqnud b ghtbpugdut-Jepudhw-
Ynpdwb jEuwnpnuubph jpnmipniup uhthghnudnid: pw wdhowljw Jyuynipe-
ittt E twl {hgpuhpbiph Yyutph nbingmpjut dkdwugnidp: Lwjuptinpbih k b-Si-h
skpnh’ npwbu Jubhsh dbudnpnudp huppwlibph phinitipught’ ny wounwb-
puyhtt Ynnunid:
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Zujuunwith wqquyhtt ynjhnkphjujwit huwdwjuwpui: Umpp bkpuyugyt) b
Judpugpnipinii 05.10.2021:

I.E. AUBA3SIH

IOPEKTUBHOCTDb 'ETTEPUPOBAHUSA CTPYKTYPHBIX
JAE®EKTOB CJIOEM YEPHOI'O KPEMHMUAA

PaccMoTpeHa BO3MOXXHOCTb T'€TTEPUPOBAHUS CTPYKTYPHBIX A€()EKTOB KPEMHHUEBBIX
MOJJIOXKEK C MPUIIOBEPXHOCTHBIM clioeM 4epHoro kpemuus (b-Si). DddexrrBHOCTH TETTE-
PHPOBaHMS OLEHHBANACH 110 Pe3yJIbTaTaM HCCIIEIOBaHUs yIEIbHOIO CONPOTHUBIEHHUS, TUIOT-
HoCcTH Je(heKTOB U 3((HEeKTUBHOTO BPEMEHH KH3HW HEOCHOBHBIX HOCUTEJIEH 3apsiaa Ha Tec-
TOBBIX M KOHTPOJBHBIX MOJIOKKaX. [Toka3aHo, 4TO B mponecce TepMHUYECKOIO OKHUCICHUS
cioit b-Si ciykut 3pHEeKTUBHBIM CTOKOM JUTsi M30BITOYHBIX MEXKY3EIIbHbIX aTOMOB U METaJ-
JIMYECKUX IPUMeced, TeM caMbIM 3HAYUTEIBHO YMEHBIIAs IUIOTHOCTh 3apOJBIIICH CTPYKTYp-
HBIX 1e(eKTOB B KpeMHHH. B pesynbTaTe CHUKACTCS YIeIbHOE COIPOTHBICHUE TI0UI0KEK
U yBEIMYUBACTCS BpeMs JKU3HM Hocutened 3apsana. LlemecooOpasHO B KauecTBe rerrepa
cioit b-Si popmupoBaTh Ha 0OpaTHOM HEpabOUCH CTOPOHE MOIOKEK.

Kniouegvle cnoea: 4epHbIi KpeMHHH, TeTTep, CTPYKTYpHBIA IeQeKT, yaeabHOe
COIPOTHUBIICHHE, BPEMSI )KU3HH HOCHUTEIIEH 3apsa.

G.Ye. AYVAZYAN

EFFICIENCY OF GETTERING STRUCTURAL DEFECTS BY A BLACK
SILICON LAYER

The possibility of gettering structural defects of silicon substrates with a near-surface
layer of black silicon (b-Si) is considered. The gettering efficiency was estimated according
to the results of studying the resistivity, defect density, and effective minority carrier
lifetime on test and control substrates. It is shown that in the thermal oxidation process, the
b-Si layer serves as an effective drain for excess interstitial atoms and metallic impurities,
thereby significantly reducing the density of nuclei of structural defects in silicon. As a
result, the resistivity of the substrates decreases, and the carrier lifetime increases. It is
advisable to form a b-Si layer as a getter on the rear non-working side of the substrates.

Keywords: black silicon, getter, structural defect, resistivity, carrier lifetime.
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Q.U. JULTULBUL
TuUNNPOER QEIUHMNCD2

Ljwupugpus L wignphpd b FPGA-h (Field-Programmable Gate Array)® ykpwljup-
quynpynn hunbqpujughtt hypnujubdugh Yhpundwdp ppujubugduws phunwdnpdwi
wpmyniuptbpp: Lhipuyugnn wignphpdh dhgngny htwpuwdnp £ dninpughtt puytiugus
Juwywpbpin wqubipwip wpnhk] wpwidht hwdwwubwght whpnypubph Yepehtikpu
wnwidh-wpwtdht Uowliint iywwnwyny: Spnhjwé wqnuipwutitnh mhpnyptuph wow-
Jhjugnyt pwtwlp 1024 £: Ujgnphpdt niuh puquuphy jupgquynpnidubph htwpwynpnipe-
jnil, jnipupwisinip wpwdhtt mhpnyph wupnhdwi yuwpwdbnpkpp htwpuwynp b dinjuly
wphuwwnwiph pupwugpnid’ hpwjuwt dwdwbwynud: Npybu Juint, dnunpughtt wqpuipowih
phuljpbnugdwt hwdwhwljwinipniut wdkh ks £ pult wpwtdtugfus wnwudht nh-
pnypubkph nhupbnugdut hwdwhwlwinipmnibibpp: Uu wignpphpdp hhdbwluiunwd Yh-
punymd E hupdwpynnnibwl] nughnhwdwlupgipnud b wqpupwttbph wjunndwn -
twsdwt hwdwlwupgbpnud, Epp whpwdbown k (hunid hnwgnnt) dntnpuyhtt wqpuiipwi-
tbph wpudbnpbpp wpwbdiughtyn] gpuip wewbdht whpnypibtph b Eipunhpnypibph:

Unwigpuyhl punkp. hupdwnpynnnitul] punhnhwiwlwng, wqpupwh uyklnp,
Sutwsnnulju nunhnhwdwlupg, juwninnt dbwdnphs:

Lkpwbmipjni: Lkpfuynudu juyt Jhpwenud niubt Spugpuyhtt junwdup-
dwdp nunhnhwdwljupgbpp (Software Defined Radio): “pwtg wnwybmipnittnhg
Ukl wyl b, np idwbwu-pdught hnfuwlpyghsp LEEO b pw-idwbwlwghi tn-
hwlkpyhsp ELE, htwpwynphu Unin ki qnimd whnkbwghl, b wqquywih
Uowljdwi gnpépupwgn nbnh E niubkund spuqpuyghtt dhpwduypnid [1]: Lwjubiw-
Jut thnynd wuhpwdbon bt ntunmdbwuhpl] hwdwpwubiughtt mhpnyph pyuy-
twgus hunqush junnigduspp: Uy tyquunulng junupynd b pdujugdus
nhpnypnud wnlju poynp wquitywbikph puuwlupgmu’ pun poqupldwi skpnh b
hqnpnipjul: Fwuwljupglud wppniipnd juquynd b wgnubpwbibph gmguly
nuwr hgnpnipjut dujupgulh, wjinthbnb mhpnyputph upnhdw wignphpdh vh-
ongny wyn wqnubpwibplt wpwdtwgynid bt wowbdhtt mhpnypubph: Zudw-
Jwpgh hhdtwlwt punyugnighs hwignygbpt ki juynimne dbwnpiwl hpu-
Junpquynpynn pnlp, hwdwpwljuiniput JEkpujupqudnpdwt pinlp, hwudwjwp-
Ut ppnyyp, Ypljinnn nhufptinwgdwi pingp:
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ZEhnwgnmnm pjuit Ukpnnn: Unwewnpljynud L untnpuyht wgnuiipwh wnwudh
Eupwwnhpnyputph npnhdwt ujabdw, npp poyp junw vh pwiuh nhpnypttpnud hw-
dwwnkn oqunugnpét] wqnupwutbph thnpuwbpuydwt JEkpujupquynpynn pinlp:

Puquuywnlhsp b hudwinby Yhpunnng pnltph oguniugnpéynid k' Ypguw-
nkim hudwp dwpbdwnhuluwh dhudnpibpp’ wqquipwih Jpuljupgudnpyng
thnfuwltpuhy proymad [2]:

Zudwlupgh hhdtwlwb gnpéwpnypubphg dbju ppuut dudwbwlnud
wqnuipwth upwnhpnyputph tmpnhnud b Uju hwdwlupgp dyntt Jepuljup-
quujnpinud £ hmupunjnpnipynit nugn] wohiunkyne uugh nupplp uinwbnupn-
utpny: Unitnpuwjhtt wqnuipwth wipnhnidp Gupwnhpnyputph wbnh § ntbbunod
uh pwtth thnykpny, npntp hpuwbwugynud b uninpl tkpuyug]ws hwgqnygubph
Uhgngny’

¢ hudwhuljwintipju Jkpujupquynpnn thnjuwlytpuhs,

e ynuuwnbhs Interleaver,

¢ puquninh pyYuyht pwnths” Mixer,

o puquninnt thnthnfuynn hwywndudp qubs Swppojh wignphpdh Yhpwn-
dudp,

¢ puquninh thnryuyht quaps [3]:

Zwlwhuwjuiughti okpuinh inpnhdwt hwgnygubph jurnigquspp phpdws &
). 1-nud, hull hwwhijuiughtt skpnh wipnhhsp wdpnnomipyudp tkpjuyugus
Euly. 2-nud:

Bppniunhubtph §nwhwn tpnhnud

Unuwtipu ettt .
wqpultizwh Unuuj kpu : TPFT Unnuwjuwnihy i
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Zuyuunnwtth wqquyhtt ynjhunbuthjuljwt hwdwjuwpwi: Unipp tbpuyugdt &
hudpwgpnipinit 28.06.2021:

I''A. BAPJAHSH
O®OPMUPOBATEJIb KAHAJIOB

OmnmcaH alTOpPUTM U MPENCTaBICHB PE3YNbTAaThl TECTUPOBAHUS C MCIIONB30BAaHHEM
FPGA (Field-Programmable Gate Array) perynmupyemMoro uHTerpupoBanHoro unma. C mo-
MOIIBIO JAHHOTO AJITOPUTMA MOXKHO Pa3[eIUTh MU(PPOBOI BXOIHON NMIMPOKOIIOIOCHEIA CHT-
HAJl Ha OTJETbHBIC MOJIOCHI YacTOT, YTOOBI MOCIEAHUE 00padaThIBAIMCH OTJCIHHO. Makcu-
MaJIbHOE KOJIMYECTBO JUAIa30HOB pasjielieHHOro curHana - 1024. TlpencraBieHHbI anroputm
UMeEeT MHOXKECTBO HACTPOEK, MapaMeTphl pa3IeIeHUs KaXI0T0 OTJEIBHOTO Ararna3oHa Mo-
r'yT OBITh U3MEHEHBI B Ipoliecce paboThl B PEKMME peallbHOro BpeMeHH. Kak mpasuio, BX0j-
Hasg 9acTOTa BXOJHOTO CHTHAJIa BBINIE, YEM YaCTOTHI TUCKPETH3AIMH OTACIHHBIX IOJIOC.
OTOT aNroOpuT™M B OCHOBHOM HCIOJB3YETCS B aJalTUBHBIX PAJHOCHCTEMaxX M CHCTEMax aB-
TOMAaTHYECKOTO PAaCIO3HABAHISI CHTHAJIOB, KOT/Ia HEOOXO0ANMO M3YydaTh MapaMeTphl BXOIS-
X CHUTHAJIOB, Pa3eisisi MX Ha OT/IENIbHBIC TUATIA30HbI U TIOATIOIOCHL.

Knroueesnle cnosa: agantiBHAS PaIHOCUCTEMA, CIIEKTP CUTHANIA, KOTHUTHBHAS paido-

cucremMa, (bOpMHpOBaTeJ'H) KaHaJIOB.
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G.A. VARDANYAN
A CHANNELIZER

The algorithm and test results with the use of FPGA (Field-Programmable Gate
Array) are described. Using the given algorithm, it is possible to split the digital input wideband
signal into separate frequency bands so that the latter are processed separately. The maximum
number of ranges of the split signal is 1024. The presented algorithm has many settings, the
parameters of the split of each individual range can be changed during operation in real time.
Typically, the input frequency of the input signal is higher than the sampling rates of the
individual bands. This algorithm is mainly used in adaptive radio systems for automatic signal
recognition, when it is necessary to study the parameters of incoming signals, dividing them
into separate ranges and subbands.

Keywords: adaptive radio system, signal spectrum, cognitive radio system, channelizer.
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S.A. HARUTYUNYAN

A UNIVERSAL VERIFICATION METHODOLOGY TEST
ENVIRONMENT GENERATOR

A tool that will generate UVM test environment is presented. After the verificat-ion
plan has been finalized, the verification process starts by creating the test environment.
During some period, there are no verification results, since the test environment is not
ready. The tool which is presented here is an automated way of generating the test
environment from GUI, which provides a complete test environment in a complete state
leading to drastic time reduction in the verification process.

Keywords: verification, UVM, automation, generation.

Introduction. Nowadays the System-on-chip design is becoming more and
more complicated and is using multiple [P cores. As the systems get bigger the
complexity of their verification is growing rapidly as well. To verify the design
special verification methodologies have been developed, such as Verification
Methodology Manual (VMM), Open Verification Methodology (OVM) and Universal
Verification Methodology (UVM) [1]. Currently, in the market, the UVM is the
most widely used one. All these methodologies are coverage-based verification
methodologies [2].

Fig. 1 Illustrates the basic operational model of such methodologies. These
methodologies have several pros and cons compared to directed testcase style
verification. In the directed testcase verification style, there is a small amount of
pre-simulation work. Simple test top will work. This allows to make the simulation
run fast. For coverage-based methodologies, it is first required to build the test
environment from specific components. Unlike the directed style, here the test
environment creation is quite a big task which can take a significant amount of
time. It requires special components (driver, agent, environment, monitor,
scoreboard, etc.), and all those components need to be coded separately.

The pro for such an approach is that once the test environment is
completed, it can be easily enhanced, modified, and can run constrained random
simulations which will cover most of the possible combinations of signals.
Based on the object-oriented approach of such methodologies, adding testcases
also becomes easier as the only thing that is required is to derive the new
testcase from the older one and perform minimum modifications.
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Fig. 1. Phases of Coverage-based Verification

development.
Typical test environment architecture. Since the most widely used
verification methodology is the UVM, the tool is initially made to generate the

To sum up the coverage-driven verification starts slower but accelerates
drastically once the test environment is created. The tool which is presented here
is meant to decrease the time of creation of the test environment itself which
will allow to have coverage-driven methodologies without long test environment

test environment for it. A quick introduction to UVM building blocks is shown
in Fig. 2 [3-6].

Coverage

Sequencer

I

Driver

Y

Self Check Sequencer
Monitor Monitor Driver

Y

LA x

DUT

@

Fig.2. A typical test environment architecture
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Sequencer: sequencer is the generator of the stimuli. During the test
environment development, it is configured to work with a certain type of type
(class). During the simulation, it generates that type of simulation objects and
passes them to the driver. It is important that the sequencer have the same object
type as the driver, otherwise the TE will not operate correctly.



Driver: this component sends the data to the Device Under Test (DUT). It
gets the packet from the sequencer and based on the logic implemented in it,
sends the packet to the DUT. That logic is based on the interface that the DUT is
using (could be AXI, UART, AHB, etc.). Once the packet is sent, it responds to
the sequencer and the packet is retired.

Monitor: the monitor follows the bus activity and collects the coverage
data. That data can be used to control the simulation flow (example: stop it if
certain percentage of coverage is reached). Also, checks can be implemented to
make sure that the driver is sending specification compliant data to DUT.

Agent: this is a hierarchical unit. It is mostly used to encapsulate monitors,
drivers and sequencers. it can also be used as a separate unit and swapped with a
different one if needed.

Subscriber components: other components such as scoreboards and
functional coverage blocks work based on the subscriber design pattern. They
are derived from the subscriber class and are connected to the agents. Once the
Monitor inside the Agent captures a packet, it sends it to the agent analysis port,
which transmits it to all its subscribers.

Environment: hierarchical component. It is one level higher than the agent
and can have multiple of them. It is also used to set up general high-level
configuration variables in the configuration database.

Sequences: the stimuli object. It is based on the initial configuration. If the
sequencer is configured to generate a sequence during a specific run phase, the
sequencer creates a sequence object and passes to the driver. In complex
designs, sequences could be embedded sequences. One sequence can trigger
multiple other sequences.

Tool GUI and functionality. The tool targets the test environment build
section of verification. Using C++ QT library, a tool has been created to
automate the creation of the test environment. Fig. 3 shows the general user
interface of the tool.

V%®O 5

8

@+ F NG
>

)

............

Fig.3. Tool Graphic User Interface
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It provides the work environment to pull and drop components such as
monitors, drivers, environments. From the left tool bar, the user can generate UVM
environment components. When creating the components, the tool allows
configuring the components per user needs. Add user defined functions, add
default phases in the generated code, configure if the agent is active/passive etc. An
example of configuration dialog is presented in Fig. 4 and Fig. 5.

Agent name |

[ ] magent active?

Generate phase

[ suid phase
[ connect phase ‘

B! Create Env T et ‘

Num of Monitors

e | |

Num of drivers

Generate Phase

[] Buidphase | ‘

D Connect Phase | ‘ D Include Guarding defines |

‘ User defined finctions/tasks

\ |

Get from Config db | ‘

Num of sequencers

Data type for sequencer

User defined functions/tasks

| +

[ ] 1nclude Guarding defines Setin Config db | ‘

Get from Config db

oK.

Setin Config db | ‘

Get from Config db | ‘

Setin Config db | ‘

Fig.4. A create environment and create agent dialogues

Fig. 4 shows the configuration dialogues of the environment component. For
the UVM environment, it allows to set the environment name, configure what
default UVM phases will be generated (this will allow further modifications if
needed), if guarding defines are needed for the current component and what
elements to put and get from the configuration database.

Another example of more complex items — agents. Fig. 4 also shows the
configuration options available for it. Other than the same items mentioned for the
environment dialogue, here you may configure whether the agent is active or passive,
how many divers, monitors, and sequencers it has, what type of data object will be
used within this agent. Other than this, the user can always add tasks/functions that
it needs. That part is also available from generate Agent dialogue.

Likewise, it is possible to create the interfaces and use them to connect the
newly created components with the device under verification. For environment
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components in the tool, GUI point-to-point connection is available which is sufficient
for the tool to understand the connections and generate a correct environment. If
for some reason an unusual hierarchy is needed, the tool gives those options too.
After creating the components, you may use the “Group” function to make collect
them and create top level components which includes subcomponents. The
completed test environment is presented in Fig. 5.

1 UVM TE Generator - o x
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B = Py
- =
IS onditonal Process ) @
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E) InputlOutput StartfEnd
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Bg’ Text
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®
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v
. Backgrounds < >

Fig.5. The complete test environment setup

After the test environment is ready and configured the tool allows to
generate the test environment. To do that, the tool uses base UVM classes, for
drivers it extends the UVM DRIVER and does the modification which is
configured through GUI. An example design for UART interface has been
developed and is presented in Fig. 6.

uart_ uvm_env

— uart_te files

— uart_rtl_files

— uart_agent *.sv
— uart_driver_*.sv
— uart_env_*.sv

— uart_monitor_*.sv

*

— uart_sequencer_*.sv

—— Makefile

Fig.6. The output hierarchy of the tool
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The output consists of a top folder, which is project dependent. The tool
creates two folders - one for design files names “<> rtl files” and one for test
environment files that it generates names “<> te files”. The tool also generates
Makefile for an easier usage of the test environment. This kind of output structure
and Makefile make the simulation run extremely easy. The only thing the user
should do so simply is to copy the design files into the * rtl files folder and run
commands from the Makefile. The Makefile is designed to have the basic VCS
simulation with UVM enabled options. Additional options in the Makefile can
generate waveforms of the simulation and add debug options. Note: In Fig. 6 the
“*” stand for the indexes of the appropriate components as in GUI you may
configure them differently.

Further enhancements planned for the tool. At present, most companies
have already designed test environments. The modifications that Verification
engineers are doing is adding components to it. The next feature planned for this
tool is the ability to read and understand other verification environments built using
UVM. This will allow the tool to read already built test environments and present
them in the user friendly block scheme view. This will allow easy modifications of
the test environment. Finally, this will allow new engineers to easily by understand
the huge and complex environment that they are using.

Conclusion. A tool to generate a UVM test environment from scratch has
been developed. It targets the test environment creation part of coverage-based
verification methodologies and allows to drastically lower the time required to start
the constrained random simulations. The tool allows to configure the test environment
architecture, each component separately, pick interfaces, their connections in user
friendly GUI. After everything is configured, the tool generates the test environment in
the mentioned location with additional Makefile to help to run the simulations.
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2UUUMPSULP 46LPSPYUSHUSE UBENTULULNRESUUR B-EUSUSHL
UPQUIUSIP GELErUSNC

8nyg k wipyk] hwdwwyhwnwuh JEiphdhljughugh dkpnpupuiinipjudp phutnnudnpdwi
vhowjuyp ghubpugubint gnpshp: Unniguut yjuh yippuwjutiugnidhg htwnn uinnigdu
gnpépupwgp ujuynud b phunwynpiut vhpwduyph unbnénidhg: Npny dwdwtwl nplk
unniqiul wpnyniup phnlu hwuwibh sk, pwtth np uinnigdw dhowuypp e ywnpwuwn
sk: @npshpp, npp gnigunpynud k, pnyp E wwjhu wjnndwnwugyus YEpuny gkubkpugity
ptunwynpiut vhpwduwip gpudhjujmbs hunbkpdptyuh (2F) dhgngny: Uy tnmhu k wdpnn-
owljwl phununpdwi thowduypp wwwnpuuwnh Jhdwynd, npp hwbghghmd Eunniquiwl
qnpépupwgh mbnnnipjub jupny tduquub:

Unmubgpuyhl punkp. vinnignud, NhIU, wjnnduinwgnid, gkubpugnid:

C.A. APYTIOHSH

TEHEPATOP TECTUPYEMOM CPE/Ibl YHUBEPCAJIbHOM METO0JIOI U
IIPOBEPKH

IIpencraBieHa nmporpaMmma reHepaly TECTUPYEMOM Cpelibl YHUBEPCAIBHOM METOI0JIO-
rum niposepku. ITocrne 3aBepuieHns mana BepuduKanuy nporecc BepupuKanuy HaunHaeTCs
C co3maHusl TecTupyeMoil cpenbl. HekoTopoe BpeMsi HUKaKHX pe3ysbTaToB BepH(UKaLMu
He TI0JIy4eHO, TaK KaK TeCTUpyeMas cpea He rotoBa. [IpencraBienHas B paboTe mporpamma -
9TO aBTOMAaTHU3UPOBAHHBIA ITyTh I'EHEPAIIMN TECTUPYEMOH Cpeibl ¢ Tpaduueckoro MHTEp-
¢etica, KOTOpas IPELOCTABIACT 3Ty Cpely B 3aBEPLICHHOM BHJE, YTO KApJUHAIBHO CHIKAET
BpeMsI Ipoliecca BepUupHKaLUH.

Knrouesvie cnosa: Bepuduxanys, yausepcanbHas MeTononorus nposepku (YBM),
aBTOMAaTH3aLus, TeHEpaLHs.
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DEVELOPING A NEW SENSE AMPLIFIER BY APPLYING THE
METHOD OF THE DISSIPATION POWER REDUCTION FOR SRAM

A voltage latch sense amplifier by applying the power consumption reduction
method is introduced. The presented sense amplifier is compared with the classical voltage
latch-type sense amplifier and an amplifier with a leakage control (LECTOR) technique
is applied. The designs are carried out by 14 nm FinFET technology. The results of
simulations show that in the case of the proposed design, the power dissipation and
propagation delay is improved. Simulation is performed for typical-typical (tt), slow-slow
(ss), and fast-fast (ff), process voltage temperature (PVT) corners.

Keywords: static random-access memory, sense amplifier, LECTOR, power reduction,

FinFET.

Introduction. Nowadays, the variety of the battery-powered mounts has led
to more demanding requirements for the design of low-power integrated circuits.
Particularly, in the static random-access memories (SRAM), power consumption is
one of the important parameters.

Bit cell
Bitce

¥
. - -

Address
— Decoder

Bit line
Bit line
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Y v v v ¥

SA |-+ - Periphery | SA

Fig. 1. A high level SRAM block diagram
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This idea has been researched for the SRAM sense amplifier. Fig. 1 introduces
the high-level block diagram of SRAM. It shows that the SRAM periphery consists
of a row of sense amplifiers, which are connected to bit lines. While the word line
and bit line are selected, the corresponding sense amplifiers perform the reading
operation from the selected bit cell. In that period of time, other sense amplifiers
are in non-working mode and consume static power.

A method of static power consumption reduction in the sense amplifier is
introduced. The delay and dynamic power consumption of the proposed sense amplifier
has been analyzed. A comparison with other leakage reduction methods, is presented.

A typical sense amplifier. The role of sense amplifier (SA) in SRAM is to
detect the slight voltage difference across the bit lines and amplify it. As a typical
SA, a voltage latch sense amplifier (VLSA) is picked. It is shown in Fig. 2 [1].
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Fig. 2. A typical VLSA scheme

If EN equals logical 1, the amplifier is enabled. While voltage difference
appears between BL and BLB, VLSA will amplify that difference to full-swing
signal at the output. When EN = 0 amplifier is in the sleep mode, due to the
small channel length and the threshold voltage, current flows between the drain
and the source in cross-coupled inverters. Ig,;, in Fig. 2 stands for the subthreshold
leakage current [2].

Leakage power improvement approaches. Since VLSA forms CMOS
cross-coupled inverters, two leakage power reduction techniques are discussed for
inverters.

Leakage Control approach. This is one of the widely spread approaches
for reduction of leakage current and is known as a leakage control transistor
(LECTOR) technique [3]. In the sense amplifier presented in Fig. 3, the LECTOR
method is applied.
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Fig. 3. An amplifier with a LECTOR-technique applied scheme

Here, MN3, MP8 and MN4, MP7 extra transistors are to restrict the flow of
current when MP6, MN1 and MN2, MP5 are in the subthreshold region. The
disadvantage of this technique is the additional delay introduced by the method [4].

The diode-connected approach. The CMOS inverter application by this method
is presented in [5]. The approach is presented in Fig. 4. The idea of this method is
to decrease the voltage between the source and the drain. As shown in Fig. 4-b,
there are two additional transistors, diode-connected P2 and N2. The objective of
transistor P2 is to provide a leakage current to N1. That causes a rise of the potential of
the N1 source node, therefore the Vg voltage of the N1 transistor will decrease,
while the output node will have logical “1” [5].

’;’ —#[ WP

_j fPMI output_

. input | | output .
T 2

Fig. 4: a CMOS inverter, b — CMOS inverter with the diode-connected method
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The new voltage latch sense amplifier is presented in the next section. VLSA
is designed by the above described technique using the SAED 14 nm technology
[6]. The power consumption and the delay are analyzed. The results are compared
with those of the amplifier shown in Fig. 2 and Fig. 3.

The proposed sense amplifier. The proposed VLSA is shown in Fig. 5.
Here, the extra transistors are MP7 and MPS. While the slight voltage difference
appears between the nets BL, BLB, and SE is equal to logical “1”, the amplifier
can perform the reading operation. In this amplifier, in the cross-coupled inverters,
there are no extra transistors, which can cause an incomplete output swing and a
I, p leakage current. The design and configuration of MP7, MPS transistors are
performed to make them work in a cut-off region. The leakage current that flows
between extra transistors increases the Vpg voltage of MN3 and MN4, so the current,
which flows between those transistors in the subthreshold region would increase,
which could cause an increase in the value of the dissipated average power.

Since the designed circuit in Fig. 3 does not have a full swing, the output
buffers of the sense amplifier need to solve that issue.
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Fig. 5. The proposed latch sense amplifier

The design was performed by FinFET technology. In this process, the dependency
between the increase in the number of fins and current is not linear. The reason of
that leakage current is the quantum mechanical tunneling [7]. To minimize these
effects instead of having two big multi-fin transistors (MN3 and NM4) four
transistors with a lower fin count is used. It is shown in Fig. 5. The design was done
with the Custom Compiler tool.

The total power consumption and the delay are analyzed. The results are
compared with those of the amplifier shown in Fig. 3-b.
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Simulations and results. The simulation results of the amplifier with
LECTOR technique applied and the proposed amplifier are introduced in Fig. 6
and Fig. 7 respectively. Simulations are performed for tt, ss, ff processes voltage
temperature (PVT) corners with a supply voltage of VDD = 0.75V £ 10%. The
power consumption and propagation delay of typical, LECTOR-connected, and
proposed sense amplifiers for tt corner, are introduced in Fig. 6 and Fig. 7.
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Fig. 6. Power consumption of sense amplifiers in the TT corner
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Fig. 7. Propagation delay of sense amplifiers in the TT corner

The table below presents the results of power consumption and propagation
delay for the typical, LECTOR-connected and proposed SAs.
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Table

Results of consumed power and propagation delay

. Power, ulv Propagation delay, ps

Sense amplifiers m T s m 0 =
Typical SA 12 20.7 5.6 11.8 9.9 15.2
LECTOR SA 8.4 16 4.2 10.4 7.9 14.6
Proposed SA 8.1 14.6 4.1 7.4 5 12.2

Conclusion. The sense amplifier for SRAM is introduced by the method of
power consumption reduction. As an object of comparison, a typical VLSA and a
sense amplifier with a LECTOR technique is applied. The design is performed with
the SAED 14nm FinFET technology. The simulations are carried out in tt, ss, ff
technological processes. The results of simulations show that the average power
consumption and propagation delay of the proposed amplifier is 32.5% and 37.3%
less than typical VLSA in the TT corner. The results of the comparison show that
the proposed SA has a 4% less consumed power than the LECTOR sense amplifier.
Another important advantage of the proposed approach is the 28.9% less propagation
delay than in case of the LECTOR sense amplifier due to the absence of two extra
transistors in the current path, which causes instability within PVT variations.
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U.U. UNUQ3UL

USUSPY ONGUSPY, ZhTNN, UUCLE ZUUUL LA CuLEErsNI, Nhatnurus
Z9NrNkESUL LIULESUUL UtENYh UbfUNUUUER

Ukpyuyugws E inp jws phptpgnn mdbqupup hgnpmpub uqkgdwi dhengh
Yhpundwudp: Qquynit nidinupupp hwdbdwwngt) E npwuwlwb jupdwt juy b Ynpunh hn-
uwtiph jurwjupdwt (LEUYSAC) dbpnnh Jhpundwdp nidbnupuph hbwn: LVuowgsnudp
Juuwpyby b 144 FInFET nkuuninghuyny: Ldwbwljdwh wpyniupubpp gnyg G nwghu,
np wnwewplusd twhiwugsh nhypnud niukup puptjuyqus hqnpmipju gnnud b hwwunnud:
Llwbwlnudubpp juunwpdt Bu whwughti-nhyuyhte (tt), nunun-nuinwn, wpug-wpwgq
gnpépupug, jupnd, okipdwunhdut (FLL) tqpuyhtt yupwdbnpkpny:

Unwbhgpuyhlr punkp. vinwnhl oywbpwwnhy hhonn uwpp, puptpgnn nidbnupup,
LEYSNC, hqnpnipjui tjwuqtgnud, FInFET:

AM. MOMJIKSTH

HOBBI CYAUTHIBAIOIIUN YCUJIUTEJb C IPUMEHEHUEM METOJIA
VYMEHBIIEHUS PACCEUBAEMOM MOIIHOCTH JIJISI CTATUYECKHUX
ONEPATUBHBIX 3ATIOMUHAIOIIUX YCTPOMCTB

[pencraBrieHa HOBask CXeMa YyBCTBUTEIHLHOTO YCHITUTENS THIA JIaTd C MPUMEHCHUEM
METOoJ]a YMEHbIIIeHUsI SHepronotpetenus. [IpoBeieHo cpaBHEHNE NMPEIOKEHHOTO YYBCTBH-
TENBHOTO YCHJIUTENS C KJIACCUYECKUM YCUIMTENEM THIIA JIaTd U C YCHIUTEIEeM, K KOTOPOMY
MpUMEHeHa TeXHUKa KOHTposs yreunoro Toka (JIEKTOP). Cxema pa3zpaboraHa mo TexHO-
soruu FInFET 14 nu. Pe3ynpTaThl CHMYIISAIINE CXEMBI ITOKAa3bIBAIOT, UTO B CIIydae Mpeio-
KEHHOM CXeMbI OBUIH YITy4IIeHBI paccenBaeMasi MOIIHOCTh U 3a[epXKKa PacIpOCTPaHECHUS.
BrimonmHeHO MozenupoBaHue ¢ IPUMEHEHHEM CIEAYIOIINX TPAaHUIHBIX 3HAUYCHHUH 10 HAIps-
JKSHHIO U TEeMITepaType: THIHIHOS-THIIMIHOE, MEIJICHHOE-MEIJICHHOE U OBICTPOE-0BICTPOE.

Knrwueswie cnosa: craTuueckoe ONepaTUBHOE 3a[IOMHUHAIOIIEE YCTPOUCTBO, CUUTHI-
Baromuit yeunutens, JIEKTOP, nonmwxkenue moiHoctu, FinFET.
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A NOVEL PULSE SYNCHRONIZER DESIGN WITH THE PROPOSED
SYNC CELL MODEL

The behavioral model of previously proposed novel sync cell and pulse synchronizer
design is presented(|The behavioral model is developed using Verilog HDL. Pulse
synchronizer designed is based on the sync cell model and verified with X-injection during
the simulations to identify failures in early design stages. The use of the designed
synchronizers reduces overall area and the clock cycle required for synchronization which
improves the performance of the overall system where they are used.

Keywords: clock domain crossing (CDC), synchronizer, metastability.

Introduction. Modern System on Chip (SoC) designs have multiple high
frequency clocks due to high interface requirements. Inaccurate clock domain
crossing (CDC) handling in early design stage can bring critical issues to system
inoperability. CDC issues occur while it is required to transfer data or control
signals from one clock domain to another. Unsynchronized data or control signals
can cause destination flops to get into metastable state. Metastability is caused by
setup and hold violations, which occur because of timing issues, different clock
phases at destination and source domain, etc.
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Fig. 1. A metastability simulation example
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Metastability in such cases stands for state where the output of the flop is
unknown and unpredictable. At the end of metastability, the output of the flip flop
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settles down to either logical '1' or '0'. An example of metastability is shown in Fig. 1.
As shown in the Figure, metastable state X occurs when the input data of the flop
changes right before the clock edge causing a setup time violation. Same will occur
if the data is changed too early after the clock edge. In this case, metastability will
occur because of the hold time violation. When the flop is in a metastable state, the
output of the flop can be somewhere in between the logical '1' and '0'. This can
cause a damage to the circuit to which it is connected. Not only that, but the unstable
state can also propagate through the logic and result in functional issues [1].

The duration of the metastability is also unknown. It can stabilize in a short
period of time which will lower the risk of any potential logical issue, but it can
also take some significant time which will most likely lead to problems. The
potential issues described above are the reasons why metastability should be
avoided, otherwise the design cannot be stable. The highest risk of metastability is
in between the clock domain crossing (CDC). To lower the risk, special CDC
circuits are developed to mitigate the risk. One of such circuits is described in this
paper.

Previous work. The novel synchronizer cell design and the timing diagram
are presented in the paper [2]. The schematic design of the synchronization
scheme is presented in Fig. 2.

st 2 J
s y-—i
¢
!

A
R S = = e ]

G O

g

Fig. 2. The proposed sync cell scheme

This design allows to transfer control signals from asynchronous clock
domains without losing additional 2...3 clock cycle delay compared with the
traditional synchronization method. Also, for high-speed applications, where
3...4 synchronization stages are required, at least 30% area reduction is achieved.

The designed Verilog model. To create a pulse synchronizer for multi-bit
data and stream data synchronizers based on a mixed-signal synchronizer cell, the
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behavioral model’s developed with Verilog hardware description language (HDL).
This model has configurable parameters for setup hold time and output buffer
delays. These parameters can be overridden on the instantiation of the cell and help
to identify issues on early design stages. While the setup/hold violations are
occurring, inside the model the X value is injected on the output of the meta D-flip-
flop, which is done to simulate the metastability inside the synchronizer. Once
timing violations have occurred on the meta D flip-flop and X value is injected, it
forces the flop output to random value — logical ‘1’ or ‘0’. The metastability
duration is also parametrized [3]. Based on these numbers, the developed model is
accurately simulating the design and providing realistic waveforms. There are strict
timing requirements on the output delay of the synchronizer cell and meta flop D
input delay propagation. As the analog comparator circuits detect the metastability, the
multiplexer passes meta input D signal to the output, and if a corresponding delay
is not inserted, the same metastability issue can occur on the flip-flop, in the
destination domain driven by the synchronizer. In (1), the timing requirements
are given:

{ Tpo = Tump (Tymp > Tsy + Th), 0

To = Toy +Tn (Tymp < Tey + Th).

In (1), Tpo stands for the delay from meta D input to sync cell output, Tppp
is the maximum possible metastability duration, T, -the minimum output delay,
T,y and Tj, -the setup and hold time of the destination flop. These delays need to
be handled in the design synthesis stage by inserting the corresponding buffers
to meet the timing requirements. The corresponding design timing constraints
should be applied on the design. The required delays are already inserted in the
behavioral model, so simulations will show accurate results and the designer can
validate its design even before doing synthesis and running gate level simulation.

In Fig. 3, simulation waves are presented. The first group contains the inputs
of the sync cell: s and _d correspond to the source and destination domain
signals. From the Figure, it is seen that dff s change causes meta flip-flop to get
into metastable state, for which output of meta is marked as X. Then, due to the
random value of the output, the meta flop is forced to 0, which means it is
settled down after metastability. After mandatory delay which is calculated
based on formula (1), sync_out signal is assigned to dff s value. This delay is
enough to have stable input on the dff d and the corresponding value will be
assigned on the next destination clock cycle. Here is the scenario when the
changed value has passed to the output of the synchronizer without violating the
setup/hold time on the sampling flop.
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Fig. 3. The synchronizer cell model simulation waves 1

The other scenario is the one where the changed input value hasn’t
propagated directly to the output of the meta flip-flop. It is shown in Fig. 4.
Once the meta flop has got into a metastable state, on the output, the mux picks
the data coming from the source domain. This results in a small glitch. If in the
scheme Tp( is increased, there is a possibility to filter that glitch, but even in
this scenario, if delay calculated from (1) is kept during the design stage, this
glitch will not be passed to the destination sampling flop, which will not cause
any functional violation. If the source and destination frequencies are close, the
output delay in case of 2 missamples can be maximum 2 clock cycles.
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Fig. 4. The synchronizer cell model simulation waves 2

Comparison with conventional synchronizer. In Fig. 5, the waveform
comparison of the novel sync cell and the conventional synchronizer is shown. For
the conventional synchronization 2-stages are used and even in this case it is seen
that 1 clock cycle improvement is achieved. If 3...4 stages are used, improvement
in the face of more saved clock cycles will be achieved. This will bring to a
performance improvement in complex multi-clock domain Integrated Circuits (ICs).
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Fig. 5. Comparison with a conventional synchronizer

Pulse synchronizer design and comparison. Pulse synchronizer is designed
based on a novel synchronization cell. The pulse synchronizer is used, when it is
required to transfer pulse-type data/control signal from fast domain to slow domain
[4]. The issue occurs when the slow destination domain is not able to capture the
pulse because of the absence of the active clock edge during source pulse duration.
Inside the pulse synchronizer, there is feedback driven from destination to the
source domain [5]. Due to the low latency of the novel sync cell, the modified
pulse synchronizer asserts the pulse in the destination domain at least 1 clock cycle
earlier compared with the standard pulse synchronizer. In Fig. 6, the simulation
results for both, standard and modified pulse synchronizer, is presented.
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Fig. 6. Comparison of a standard pulse synchronizer

Future work. The complex multi-bit data synchronizer with different
approaches will be presented based on the novel sync cell. It is expected to get
more performance improvement for the implementation of 2-clock FIFO. The main
idea will be removing gray encoding logic and use binary pointers. With this, area
reduction will also be achieved.

Conclusion. The behavioral Verilog model for previously presented sync
cell and pulse synchronizer cell is designed and presented. The design handles the
major CDC issues and filters the metastability. The use of the synchronizer cell
improves the synchronization latency by at least 1 clock cycle compared with 2-stage
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conventional synchronizer, but it consumes 20% more area. In high frequency
applications, where 3 and more synchronization stages are used, the latency is
improved by more than 2 clock cycles, and at least 30% area reduction is achieved.
The power consumption is expected to increase due to the mixed-signal design.
The comparison will be presented in future works in scope of SoC.

REFERENCES

1. Cummings C.E. Clock domain crossing (CDC) design & verification techniques using
systemverilog (SNUG-2008).- United States: Boston, 2008. -170p.

2. Design and Verification of Novel Sync Cell / V. Melikyan, T. Kaplanyan, et al / 2021
IEEE East-West Design & Test Symposium (EWDTS). -2021. -P. 1-5.

3. Polzer T. and Steininger A. An Approach for Efficient Metastability Characterization
of FPGAs through the Designer // 2013 IEEE 19th International Symposium on
Asynchronous Circuits and Systems. -2013. -P. 174-182.

4. Hatture S. and Dhage S. Open loop and closed loop solution for clock domain crossing
faults // Global Conference on Communication Technologies (GCCT). -2015. -P. 645-649.

5. Thote V.S. and Khetade V.E. Modified synchronizer for protection from metastability
// 2016 IEEE International Conference on Recent Trends in Electronics, Information &
Communication Technology (RTEICT). -2016. -P. 1393-1397.

National Polytechnic University of Armenia. The material is received on 08.12.2021.

S.4. GUNLULEUL

LA PUNNRLUUSPL ZUUUJUUULUYUSNRS2D LUNUQONRULC
UNULUNMIYUO ZUUUJUUULYUGSUUL £P UNTELANY,

Lhpjuyugdws tu dbp twhunpy wpjuwnwipnid winwewpjws unp hwdwdwdww-
Yhguwt pooh quppwgduyhtt Unghjh b hdwynyuuyhtt hwdwdwdwiwlbgdwb ujubdugh bwjow-
gstinp: dwppugduyhtt Unpbjp twjuwgsyws k Verilog ULL-ny: Puwynijuuyhtt hwdwdwdw-
twljguwb ujubdwt twppwugsyws E Jtpp ipgws Juppugduyhii dnpbh hhdwb Jpu b unnig-
Jws b “X’-ubpudnmisdwt dbpnnny tdwtwjdwt dudwbwly, hugp htwpuwynpnipnit £ wnwhu
huyntwpbpty vjpugubpp twpuwgsdwt twpptwlwi hoybpod: Lwpuwgdyws hwdwdwdw-
twljbgdw ujubdwubph Yhpwenidp tyuunnd E dwlbptup b hwdwdudwiwulgdw hw-
dwp wihpudbon nuljnnuyht wqpupwbibph hwywndw tugtkgdwip, hugp (ujugiund
k punhwiinip hwdwlupgbph wpuwqugnpénipiniup, npintn npuitp jhpunynid tu:

Unwbgpughli punkp. nnuljunuhtt wqnuipwuttph Ynqujutph hwnnd (SUYZ),
hwdwdwdwwlwugnighy, dbnwljuyniinipinii:
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T.K. KAIIVTAHSIH

PA3PABOTKA HOBOI'O UMITYJIbCHOI'O CUHXPOHAM3EPA HA OCHOBE
MOJEJIM TIPEJJIOKEHHOI'O CHHXPOHU3HUPYIOLWETO 3JIEMEHTA

[IpencraBieHa MOJENb TPEVIOKEHHOH paHee HOBOM CXEMbI CHHXPOHU3AIINH, & TAKKe
CHHXPOHH3aTOpa HMITyNIbCcOB. [loBeieHueckass Mojeib pasdpaborana ¢ momomipio SOA
Verilog. Pa3zpaboTan UMIyJIbCHBIN CHHXPOHAM3ep Ha OCHOBE CO3JJAHHOM MOJEIH, KOTOPBIH
BepuuuupoBaH ¢ X-UHKEKIKEil BO BpeMsl MOJICTHUPOBAHHUS JUIsl BBISIBIICHHS Ie()EKTOB Ha
paHHUX CTaausx pa3padorku. Mcnonb3oBaHue pa3pabOTAHHBIX CHHXPOHAN3EPOB YMEHBIACT
HCIIOJIb30BAHHYIO IJIOIIA/Ib M YHCIIO TAKTOBBIX 33/I€PIKEK, TPEOYEMBbIX ISl CHHXPOHHU3AIINH,
YTO [IPUBOJIUT K YIIyUIICHHIO TPOU3BOIUTEILHOCTH BCEU CHCTEMbI, B KOTOPOW OHH HCIIOJb-
3yIOTCSI.

Knrouesvle cnosa: nepeceuenne taktoBbix pomeHoB (I1T/]), cunxponaiizep, mera-
CTaOMIIEHOCTb.
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A VOLTAGE - CONTROLLED OSCILLATOR AIMED AT REDUCING
OPERATIONAL FAILURES AND RESISTANT TO VARIATIONS OF THE
PROCESS, VOLTAGE AND TEMPERATURE

A voltage - controlled oscillator resistant to variations of the process, voltage and
temperature is presented. The proposed method allows to detect and compensate the control
voltage value deviations due to the process variations. The system stabilizes the voltage value
during the Voltage-Controlled Oscillator (VCO) operation and therefore improves the circuit
reliability and reduces the parameter variability. The mixed-signal circuit is detecting the
changes in input reference voltage values, and based on the deviation direction, reduces its
impact. The compensation system is adjusting the reference signal value at the VCO
operation start. The proposed system is compatible for most high-speed data links and is
implemented with a standard VCO block.

Keywords: integrated circuit (IC), process voltage vemperature variations (PVT
variations), voltage-controlled oscillator (VCO)

Introduction. With the rapid scaling of transistor sizes in modern ICs, it
becomes harder to maintain wafer manufacturing and yield tests. With moving
towards more advanced technological nodes, the layout density, as well as the
number of interconnects vias and physical layers increase, which leads to further
wiring congestions and therefore additional issues during IC manufacturing. The
mentioned phenomenon leads to a longer yield ramp duration and cost inefficiency.
In order to avoid additional faults and functional fails during wafer test process, it
becomes important to create reliable structures, that will be resistant to external and
internal variations. This will help to increase the wafer yield and reduce the ramp
time. For calculating the yield and determining the faulty circuits, a full structural
and functional testing is performed [1].

Fig. 1 presents the comparison of the yield ramp for the latest technological
nodes.

Structures in the ICs become more sensitive to the process, temperature, and
voltage (PVT) variations, therefore parameter-related functional tests become more
impactful during the wafer testing process. In order to get higher yield after testing,
several PVT variation detection and calibration methods are introduced. Those
methods are implemented in various mixed-signal blocks such as Current Sources,
High-Speed Serial Links, Voltage Controlled Ring Oscillators (ring VCO), etc.
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Fig. 1. The final yield (%) depending on the technology node

Voltage-controlled ring oscillators are widely used in such systems as,
phase-locked loops (PLL), function generators, or can serve as a quantizer in
analog-to-digital converter (ADC). A VCO-based quantizer has a non-ignorable
nonlinearity due to its nonlinear tuning curve, and the quantizer performance varies
drastically with the process, voltage, temperature (PVT) deviations, which degrade
overall performance [2]. VCO calibration should maintain the VCO gain and tuning
range in accordance with PVT variations. In the compensation technique introduced
in [3], at the beginning of the calibration process, VCO starts to oscillate with a
preset tuning code, and the f; and K, are being calculated and compared with their
ideal values. Once the deviation between ideal and real values is detected, the
tuning code is increased or decreased based on the deviation direction. The process
is repeated if the system can capture a deviation between two signals. In the
proposed system two transistor arrays are added in order to gain control over VCO
gain and frequency. In the presented paper, the ring VCO is realized with 7-stage
delay buffers. Each stage consists of two cross-coupling inverters with a tail-
current source. In standard solutions the input of the NMOS transistor of current
source is being connected to some bias voltage. With this approach, the frequency
deviation from the worst to best case was fixed from 400 MHz to about 100 MHz.
This means that the system will remain stable during its operation. The problem
with the system is that it compares the current values with the ideal ones, and those
can be deviated as well, besides the system uses a large number of operational
blocks, which occupy a larger area and can lead to a yield loss as well.
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Fig. 2. The block diagram of the calibration system

Fig. 2 presents the diagram of PVT detection system, which consists of replica
VCO, frequency divider, frequency- to-voltage converter and digital logic. In [4],
the process variation is determined based on the Vthn and Vthp difference related
to VDD/2. In order to compare the p-type and n-type MOS transistors’ threshold
values, a process relative signal generator (PRSG) is used. Figure 3 presents the
diagram of the proposed system.

VDD/2

P-type Register

Process % ADC MUX ™
relative signal N-type Register
generator

Fig. 3. The structure of the process compensation method

Without the PVT compensation circuit, the rise and fall times of variations
are near 40%. After adding the PVT compensation circuit, the deviation between
the worst- and best-case scenarios is ~4%. The presented system compensates the
transition times of deviated processes. This means that by using a PVT compensation
circuit, it is possible to increase the IC yield, by implementing this in systems such
as current sources, or voltage-controlled oscillators (VCO).

The problem description. In modern integrated circuits, it is required to
generate a signal with frequency, that is based on the voltage value of some other
signal [5]. The main goal during the design process of such a structure is to build a
system with high accuracy, stability and reliability. An example of such a system is
the voltage-controlled oscillators (VCO). The functionality of these devices is to
generate an output signal with frequency, that is based on the input signal voltage
value. VCOs are used in phase-locked loops (PLL), system clock generators. VCO
generates a signal with various frequencies based on the tuning voltage of the system.
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Due to PVT variation, the controllability of output frequency can vary, which leads to
an error in the systems that use the generated frequency for their operations.

In recent years several solutions were purposed in order to overcome the
mentioned VCO nonlinearity issues. Nevertheless, those solutions are not addressing
the issues related to PVT distortions. Those are mostly based on solving the
nonlinearity issues in the VCO by implementing a digital calibration mechanism.
Figure 4 shows one of the delay cells of the VCO. The delay cell consists of two
cross-coupling inverters with a tail-current source.

One of the most important parameters for VCO is the frequency variations
for different PVT corners. Based on the designed systems those variations can
reach up to 50% in the worst- and best-case scenarios. The variations are causing a
functional test failures, and therefore a significant yield loss. Based on the number
of blocks that are connected to VCO, its deviations can lead to a significant yield
loss. In order to avoid such behavior, the VCO system can be self-calibrated based
on PVT variations. To do so, it is required to have a PVT monitoring system. The
system should capture the variations and process the calibration.

VDD

DT, DT,
0> S I | RV F-o <05
Mp2<7:(l> Mp4<7:0>
Vew o _| M, Vew
Mp1<7:0> o - Mp3<7:0>
Kvco Tuning Vour Vout Kvco Tuning
Vit o—| |—o Vir
—

Frequency DTp . I: VDD
Tuning <7:0> Mai<70> M
———

Fig. 4. The delay cell of VCO with additional control tuners

The proposed solution. Fig. 5 presents a PVT compensation system which is
based on the system introduced in [4].
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Fig. 5. A PVT detection and calibration system for VCO

In the proposed system, the variation detection for PMOS and NMOS
transistors is separated in order to achieve continuous deviation capturing and
compensation during the system’s entire operation. The process deviation signal
generator is two transistors buffer with NMOS transistor connected to VDD and
PMOS to GND (Fig. 6) [4]. By doing so, the output of the buffer is going to have
logic “1” degraded by Vth, and the logic “0” will be higher by Vth. The output of
each PDSG is being fed to each of the differential amplifiers’ inputs. The other
inputs of differential amplifiers are connected to a VDD/2 signal, therefore the
outputs should be (VDD-Vthp) and (VDD-Vthn) for PMOS and NMOS transistors
respectively. One of the most important part during the design is the creation of the
PDSG in such a manner that it would be an exact replica to the arrays that are
connected to VCO control blocks.

Fig. 6 presents the process-relative signal generator block (a simple buffer),
whose output voltage for logical “1” and “0” is considered as “weak”, since the
NMOS and PMOS transistors are connected to VDD and GND respectively.

VDD

VDD

3 Ve

Vin | vout L]
2 Vi
[: GND

v

a) b)

Fig. 6. a- Process-relative signal generator, b- Process detection
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Ideally, the difference between two signals should be 0, but due to PVT
variation, the values are going to vary. In order to compensate the variations, the
output signal of the differential amplifier is connected to ADC, which digitalizes
the signal and connects it to the corresponding p-type and n-type registers. Those
registers are storing the control value for PMOS and NMOS transistors arrays. The
control voltages of the VCO are connected to the transistor arrays of the respective
type. Figure 7 presents the VCO systems’ delay cell with additional transistor arrays
connected to its control voltage inputs.

P-type register controls the PMOS transistors’ array. The p-type transistors’
array controls the number of PMOS transistors connected to the Vetrl of VCO.
Those transistors affect the Kvco gain value, therefore by tuning the number of
transistors that are turned-on, it will be possible to keep Kvco value stable during
the system operation. The same approach was used to tune the n-type transistors’
array. Mnl transistor controls the current source of the delay cell and therefore
determines the tuning range of the VCO.

VDD

<n:0> |

Vin Vout

<n:0>

_|

Fig. 7. The VCO cell of the purposed system

The simulation results. The simulation results for 80 PVT corners are
presented. HSPICE [6] circuit level simulator is used to obtain results for the
mentioned cases, including SS (slow-slow), TT (typical-typical) and FF (fast-fast)
corners with temperature and voltage variations for 14 nm CMOS technology. The
PVT variation detection and compensation system is compatible for most of analog
and mixed-signal circuits and is tested on a standard VCO block.

During the simulation process, the voltage values were found to achieve a
signal with 3 GHz and 6 GHz frequencies at the output of the VCO system. In
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order to simulate VCO system control voltage, a 10-bit ADC is used. The control
voltage changes until the moment when the desired frequency is captured in the
output system. Depending on the PVT variation, the Vctrl range for a particular
frequency can be different.

Fig. 8 presents the VCO output curve before and after the PVT compensation
system implementation.
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Fig.8. Voltage-frequency curve: a- before PVT compensation, b-after PVT compensation
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According to simulation results, the Vctrl variation for 3 was ~0.17 ¥ and for
6 GHz it was ~0.23 V before PVT compensation. After the PVT compensation, the
variations were ~0.13 7 and ~0.15 V respectively. This means that the variations
impact was reduced approximately by 30%. The simulation results for typical cases
before and after calibration are summarized in Tables 1 and 2 accordingly. The
results show that the voltage variations drastically change after a PVT detection
and compensation system is applied to VCO.

Table 1 Table 2
Simulation results before compensation  Simulation results after compensation

FF TT SS FF TT SS
3GHz | 018V | 024V | 031V 3 GHz 018V | 024V | 031V
6GHz | 031V | 038V | 046V 6 GHz 031V | 038V | 046V

It is important to mention the area increase of the entire system as its main
disadvantage. In order to add the controllability over each VCO buffer, PMOS and
NMOS transistors should be added into them. Besides, in order to get continuous
variation detection and calibration, 2 ADC blocks and 2 differential amplifiers should
be added. Considering these changes, the entire area of the system is increased by
10-15%.

Conclusion. A PVT tolerant VCO system is proposed in this paper. As the
results show, the proposed system reduces the variations up to 30%, which makes
the system more sustainable to them. This will reduce the operational failures and
improve the testing results after IC production, thus improving the yield value and
speed up the yield ramp process. The disadvantage of the proposed system is the
10-15% area increase, whose impact on total failures will depend on the
manufacturing process. The proposed system is compatible for most of data links
and is tested on a standard VCO block.
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2.4, anNpurn3uy

YUSNEUL LUCUGUR YUAUAUNINN, ZUKURRARRSNRULELP QELELUSAL
gNIUNCNTIUO UCTHUSULLUSEL MUQULNPULEE LIUQESUULL

Utphuyugyws k gnpdpupugh jupdwi b okpdwunhdwih (ALL) sbnnudutph tjundundp
Juynit jupdwdp nijuqupyny ghbbpwnnp (LN9): Unwewlyny hwdwlupgp htwpuyn-
poeinil £ viuthu hwyntwpbpl) b jndybiuwgut) L sinnudubiph hbnbwipny wnwgwgnn
Junrwdupnn jupdwb wpdbpubph nmunwinudubpp: Zudwlupgp junitiugunid  LNS-nud
Jwupdwt wpdbtpp b, hbnbwpwp, pupdpugunid £ hudwlwpgh hntuwhnipnitp b twuqkg-
unud wwpwdbpuptph thnthnpunipnibtubpp: vunp wgquywbwihtt ujpbdwt hwjnbwpk-
poud | ununpuyghtt hEuwljuyghtn jupdwt wpdbpubph thnthnjunpniin b jupdws npu ninnnie-
g pnlnud wyt: Lwpdwb mgnuwl gnpspupugp uljuymd E L9-h wppiuinwiph uhgpnud:
Unwownlynn hmdwlwpgp Yhpwunkih Ewnjuubph thnpwtwljdwh wipuqugnps hwignyg-
ubpnud b hpugnpsyws £ unwbinupn L3 hwdwljupgh hhuwt ypu:

Unwbgpuyhlr punkp. hunkqpuy) ujubdw (PU), qnpéptpwgh jupdwt b gkpdwunh-
Quith obnnudubin (FLR stinnudubip), jupdudp nEjudupydnn qiutpunnn (LN9):

P.B. T'YMPOSH

TEHEPATOP YACTOT, YIIPABJISIEMbIA HANIPSI)KEHUEM, HAIIEJTEHHBIA
HA CHU)KEHUE PABOYUX CEOEB U YCTOMUYUBBINA K BAPUAILIASM
IMPOLHECCA HAIIPSI'KEHUS 1 TEMITEPATYPbI

IIpennaraercs ycTOMUMBBIN K BapualUsM Ipolecca, TeMIepaTypbl U HalpsKeHUs
TeHepaTop YacToT, YIpaB/IsieMblil HanpsbkeHueM. [IpecTaBieHHas cucTemMa 1aeT BO3MOYKHOCTh
O0OHapyXUTh M KOMIIGHCHPOBaTh W3MEHEHHs YIPABISIOLIETO HAINPSDKEHUS, BbI3BAaHHBIC
BapuanusmMu. MHTErpanbHas cxema co CMEIIaHHBIM CHTHAJIOM OOHAapy’KMBaeT U3MEHEHHMS
BXOJJHOTO CHTHAJIa ¥ B 3aBUCHMOCTH OT HaIpaBJICHUS U3MEHEHUSI KOMIIEHCUpYeT ero. IIpo-
LIECC MCTIPABIIECHUS M CTAOWIM3AIMM HANpsDKEHUS BBIMIOJHACTCSA B caMOM Hadaje paboThI
reHeparopa. CrucremMa cornocTaBuMa ¢ OOJIBIIMHCTBOM BBICOKOCKOPOCTHBIX CHCTEM IIeperadn
JIAaHHBIX U Peaar30BaHa Ul CTAHAAPTHOIO TEHEPATOPA YACTOT, YIPABIISIEMOTO HAMPSHKEHUEM.

Knioueevie cnoga: MHTErpanbHas cxeMa; BapHallMU MPOLECCa, TEMIEPATYPhl U HAMPS-
JKEHHMS; TEHEPATOP YaCTOT, YIPaBIIEMbI HANPSHKEHUEM.
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Unwowpyynud k gduyghtt puquuswthwthpuyhtt spugpuynpdwt junhpubph jnisdwt

tyunulyny Yhpunk] puquusuh phdbpkighw) dbwhnunipymibkpp: Lwpe' §onught gop-
Swlhgubph tkpdnisdwdp, npnup nhunwplyynud Eu npyjbu ywpwdbnptp, puqluswuith-

ouyhtt fmunhpp tkpjuyugdnud t pughwiipujut tyuwnwluyht $niuyghuyny dhwswthwith-
owjht puquuyuwpudbnpuljut oyynhdwjugdut uinpny: Unwugjws puquuuyupudtn-

puwt pughpt wppkt musynud | puquuswth nhptptughwy dbwthnpunipnitiutph b uhdw-
lEpu Alwthnjunipeinibibph hpuedwdp: Lntsdwb wpyniupnud dhwdnpynud i ywpudbn-
phph’ Yorwyhti gnpswlhgitph hninjudwh hgwljwypkpt nt ppwiighg jntpupwiyynpnud
puquuuyupudbnpuut oyynhduy iywwnwluyhtt $niuljghwi b hnthnfjuuljwtph owyunh-
U wpdbpubpp:

Unwmigpughll punkp. puquusuthwithoughtt oyynhdwjugnid, Yopwyht gnpdwljhg-
ubp, puquuswih nhpbpkughw) Alwthnjunipniutp, uhduy kpu diwthnjuntipinitibp:

Lkpwbmpinil: Fupn gnpstwlw juunppubpp pwn hwdwpn hwiqnd B
puqUuswthwhpuyhtt oynmhdwjugdw tnhpubph, npntg msdwt puquuphy
Enutwljubp fut [1-4]: [5] wohiwwnwtpnid yEpnisyws tu hudbubpuljut junhp-
ubph nsdwt tyuwnulny Jhpunyny nubwlubpp: Pusybu tpdws, wyybu
[6-9] wphumwnwupubpnid wnwdtwuginid B qnpw; tywwnwlughtt $nitulghugh
hwgkgunn Yonwjht gnpbwhgutiph Enutwlp b npu jhpwndwt dh oupp nnpun-
ubpp: Zwpnuh k [1-9], np Yonuyht gnpswijhgubinh tnuuwlh Yhpundwb nkypnid
wthpwdbown k npnoky Yonuyhtt qnpéwlhgubiph wpdtputpn: Uy tyquunwlng hhd-
twuwunid Yhpunynud i thnpdughnwljut gowhuwinwlutitbph wpnniupmd npny-
Jws wpdbpubpp: Unyt wypwnwipnmid wnwownplynud k puquuswthwthpuyhte
géuyhtt Spwgpuynpdwin juunhpttph (nsdwt hwdwp Yhpwunt] Yonuyhtt gnpéuw-
Yhgutph knutwyp, hul gnpdwhhgubph wpdtpttpp npngk) puquuywpudtnpw-
Jut géwjht Spuqpuynpiwb juunpp pusdwdp: Fuquuyupudbnpulut qdught
Spugpuynpuwit jutinph (nisdw tywnwlng wrwewplynid k Jhpunk] puquu-
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suthwthpught nhbtpkughw) dwhnpunipnitiibpp (10, 11], h wwppbpnpynit [12, 13]
wpumwnwbpubpnid wnwownplyus Enutwlubpp:
Uwpbdunpjuljui dnpkip: TYhunwplbip puquuswhwihoughtt gduyght
Spugpuynpdwit hknlyu) jughpp.
{ f(X) - max,

fi(X) - mayx,

1)

2

{A-ng,

x;20,i=1,n,

npunbn pnyjunpkih wpdtpubph D puqunipniup dbwdnpynud k (2) gdwyhtt uwh-
dwbwihwlnudtbpny, npnignid A-u vwhdwbwihwlnudubph (mxn) swhwjunie-
judp dunnphgt |, b -0° wmquun wugudubph (mx1) swhwytnieyudp JEyunpp, X-p'

thunpyny hnhnpwluttbph (nx1) swhwjinmpqudp JEyunpp, £X),i=1,k -
tpp btyuwnwljuyht niuljghwbpt u:
Yuquklp qunpu tywnwlughl $niughwb [1-4]

FOGW) = wify(X) + wafy(X) + -+ Wi fie(X) - max, ©)
npinkn W = (wy, wy, ..., w)T -t Yopwyhti gnpdwlhgubph (kx1) swhuwjinipjudp
YEjunph E: dhljnnph nuppbpp whnp pudupupbb hknbyuog gupdubbbpht'

Tiwi=1w; >0 (4)
3) qnpw) tyuwunwlughtt dnulghwgh b (4) wuydwbubph hwpdundudp
(1)-(2) pmquuswthwthowyhtt fninhpp Yhwtgh hbnlyw) puquuyupudbnpulju

Uhwywthwthpwyht juinpht, npntn Yopught gnpdwjhgutpp Ynhnwpltup npytu
wupwdbwnnpkp.

FX(wy, Wy, oo, W) = wif1(X) + wa o(X) + - + Wi fie(X) - max, ©)

D:{A-X(wl,wz,...,wk)ﬁb, ©)

X, (w,w,,...w,)20,i=Ln,
Z?:l w; = 1rWi = 0: (7)

(5)-(7) pmquuyupuibnpujub pugph nsdwt wpyniapmd jupnn Bup

unwtwy Yopuwyhtt gnpéwljhgubnh wpdtputnh thnthnpudw muppbp dhowljuypknh
hwdwp puquuthwswtthpuht fpunph Mupbnn oyynhdw) (nisnidubpp: Unwugqus
(nwsnidubpp J&hn jujugunnhtt hbtwpuwnpnipnit junwbt dbwdnpjus dhowluy-
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ptphg plpk) Yoruhl gnpswlhgubph wpdkpbpp puwn iju dhgwluypnud gin-
pw byuwunwluyhtt $nruljghuyh Jud wnwidhtt tywwnwlughtt $niughutkph
owwhuw) wpdtputph: 5)-(7) puquuyuwpudbnpuljut pugpoud ywpuwdtnpbph
pwtwlp Jupkih kdbyn] quluubguly, Epb (7) yuydwih hwydundudp pugniibp.

we =1-YK1w;: 8)

Ujuyhuny, (5)-(7) puquuuywupudbnpulut jpunhpp Yptngnith hEnbjug
nkupp’

F(X (W1, W, o, Wi—1)) = Wi fs (X) + wo (X)) + -+ (1 = 2K w) i (X) - max, )

D:{A-X(wl,wz,...,wk_l)ﬁb, (10)

x,(w,w,,...w, ) 20,i=1n,
0<w;<1,i=1k-10<¥lw,<1: (11)

NMupudbnpuljut nwppbp whwybph unhpubph nsdwb tyunuynyg hwen-
nnipjudp jhpunynid B nhbpkughwy dhwswth b puquusuth nhpbpkughw) dhw-
thnpunipnitiibpn [14-16]: Unwugdws (%k-7) qupwdbnpbpny, 7 thnthnpwlubbpny
géuyhl puquuyupuubnpuyui (9)-(11) unhpp nuwknt hwdwp, hpunkup [17]-n-
wl wnwewpljws kywiulp” hhdiws puquuswth nhdtpbighuy Aluhnjun pym biik-
nh Ypw [10], npnup wbwhwnpl u(x1 3 Xy ey X, ) puqUuyupudbnpuljui dniul-
ghuyh hunfwp tkpluyugynid b htnlywy Yhpy

- ninhn dbwthnjum pynibp’

K, K K, K\ +Ky+-+K,
H"H,*---H {6 e u(xl,xz,..,xm)}

m
K, Ky .. K,
Ox,'0xy? -+ 0x,,

VLR K = T k)

L (12)

P

x; =t
x,=t

X =t m

- hwljuupa Awthnjuntpyniip

K, K, K,
= X, —t X, —t x —t
U(X) Xy 500X, ) = ! ]j ( 2 2J ( o m] UK,,K,,..K,), (13)
v fZOKl *Kngmf( Hl HZ Hm l ?

npuntn U(x,,x,,...,x, ) -u pophtilju t (kupunpnid Lup, np gnmipnit niukl wyu
dmujghuyh pnpnp dwubljh wswbguubpl pun x,, X, ,.., X, thnthnjowljutiibph),
U(K,,K,,....,K,) - & uwipnnowphy X,,K,,.., K, wpgnubinnikphg Juhujwd uyunn-
Ytpp (U(K,,K,.,....K,) S U, X,,.sX,,) ) Hi, Hz,...,Hn -tpp dwupinupuyghtt gnp-

Swljhgubpp, £, £2,...,tn - kpp dnnwpldwt Jeinpnih ynnpphtwnbpp:
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Uhpwnkny (12) nminhn nhdtpkughw) dbwhnpunipnitubpp (Ununwpldwt
wnwehl JEuwnpnut pgnitnud Eup pninp wupwdbtnpbph hwdwp qpojuljut wp-
dtputpp) (9)-(11)-p Nunph wupuwdbnpulut Jupdwsdnipniuubpny wmwppkph
uuundudp b [17] wohumwnwipnid wnwewnlyus uhdykpu-dbuthnjunipjniubph
T-yuwnbkpubph websnipmitttpn, juquulbpybkup hnkpughnt qnpépupwg, nph
nipupwisnip puynid jadhwynpybu nhdptpkughu) puqluswth ninhn dhwthnjunt-
pintutbpny hwoydus nhdptpkighuy yunljptbpny uhduy kpu-wnniuwljukp, hpw-
Jutwgubp updyipu-dhwthnunmipniubpn nhdpbpkughw) yunykputph whpny-
poud, mnnighlip jubiqunh wuplwbbpp, b hudwdwgh yuydwbibkph Yhpulwiug]h
Jud hwonpn hunkpughw, fund hwenpn puyp: Zwenpny hnkpughwt Jhpwlwiwgyh,
bEpt Jutqunrh wuydwuttpp sk pudupupyb], nhnbu withpudtown E thnthnjunipe-
miuubp Juwnwpk] puqhuwght JEjnnph muppbpnud nt juwnwpt] uhdwEpu dhw-
thnjpunipniutibp: Gpk jutqunh wuydwbbbpp padupupyt) By, wyuhipt dbwygnp-
b E oyinhuwy pughu, wyw Juqunid up oygunnpdwnipjui dhowljuyptpp npnonn
wuyUdwtbpp hbnlywy YEpy. ndju) puyih yipehtt hnkpughuhtt hwdwywnwu-
huwtt wynruwlhg, npp wupnibwlnwd £ nphdpkughw) yuntputpn, (13) wnbsni-
prudp Jhpuwiquynid B phophtmjubpp, dbwynpynid L oyyinhdwnipjui thow-
Yuyph npnptwib hknlyuwy tnhpp

k-1
Z w, — min,
i=1 b (14)

: >0, =
D: j(wl,wz,...,wk_l)_o,J o,

npunkn A '(WI’Wz’""Wk 1), j=L..,n - &pp (13) wnbgnipjudp Jepuljubqudus
j -
uhuu ipu-tnwppbpnipnitubph puqUuyupudbnpuljut pniughwttpt bu: (14)

*

* %
huunph nisdwt wpymiupnmd unugdus W Wy W wipdtpubpny Yabwynpyh

WWomaW, wupudtinpbph' Yonwghtt gnpswlhgibph thnthnpedwh 1-ht Up-
owjuypp, npnid byuwnuluyht $niujghwut bu Ynitktu puquuyupudbnpulut
wbup nt npnodh myjuy puyth Jbpohtt hnkpughwmd vnugus uhdyytipu wn-
muuwlh puqhuwghtt (osnudubph wpdbpubph ot F(X(wy, wa, ..., W—1)) dnily-
ghuyh thongny: Zwenpn vhowljuypp dbunplint hwdwp npyjbu dninwpljdw Y-

nnt punpynud B wupwdbnpbph Wf , W e W . wpdtputinp, hwodynid L wyn

27 k
YhEuwnpnunud nhbtipkughw) wquuybpubpp, b jupnigynid  ndjuy puyhtt hwdw-
wuunwujiwt  uhdwbpu-wnniuwlp: dbpp tjupugpduws phpuguljupgng
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Juwnupynid b uhdyy kpu-dbwthnunipyniintp, unniqynud jubiqunh wuydwubpp,
Juquymu oyyinpiwnipjut Uhgwljwiptpp npngnn puiphpubpp: Lwyjtpp junwp-
Unud L wyipwt dwdwbwly, pwuh ntn Yopwjhtt gnpswhgutph wpdbpubpp pw-
Jupupnid Eu (11) wuydwbbkpp:
Unptjughtt ophtiwal: thunwplbup puquusmthwthpuyhtt oyyinhdwjugdwi
htwnlywy futnhpp (18]
x1 +8x, » max,
2x1 + xp+4x3 > may, | (15)
et ma
30x; + x, + 14x3 < 10,
3x; +x, +x4 <5,

7x, + 8x, + 15x3 < 2,
14x1 + 6x2 + 4X3 < 11:

(16)

Zudwdwyl (4)-h" tkpunisklp Yopughtt gnpswhgltpp b (8)-h Yhpundwp
ubpujugubup (9)-(11) pruqUuuyupudbnpuljut punhpp.

F(X(wl,wz)) = (wy +2wy)x; + Bwy + wy)x, + (1 —wy +3wy)xs + (1 —wy —wy)x, = max, (17)

(30x; +x, + 14x3 < 10,
3x; +x, +x4 <5,
D:<{ 7xy + 8x, + 15x3 < 2, (18)
14x, + 6x, + 4x3 < 11,

0<w;<1,i=120<Y2, w;<1: (19)

Unugjws Epjyupudbnpujui oynhdwupugdul (17)-(19) juigph Jkpp
tjupugpjus ppuguljupgny nisdwb wpyniipmd Abugnpymd G wnnruwlynd
ubpuyugdus dhowljuyptipp, npnuighg mipupwiyiniph hwdwp vnwgdnmd B tuqw-
nwljuyht (17) oygunpdwy $nibyghwt’ Juhu]us wy , w, wupwdbnptphg, b thnthn-
humuibph oyyinhuw wpdtputipp: Lnwsdwb hpinkpughnt pupuguljupgp ujuybty
Ew; = 0,w, = 0 Unnnwupldwt JEunpnuhg: Uwupwnwpwjht gnpswjhgubpp plunp-
Jb k' H; = H, = 1, hul] yuwnlkplbph pubwlp 2-wlub jmpupwbynip yupu-
dbnph hwdwp: LVwpbuwt wue yuydwbibpny dbwdnpynid E wowehtt puyih
uhuybpu-winniuwlyp, b junwpynwd B uhdwbpu-dhwthnjuntpniutp yunlbp-
ubph whpnypenud: Ywiqunh yuydwih puduwpupnidhg hbnn juqudnud E (14)
Jutimhpp

w; + W, - max,
X€D
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3.966666666666667 — 4.1w, — 4.966666666666667w; < 0,
2.033333333333333 — 0.8999999999999999 * w, — 10.033333333333333 xw; < 0,
0.06666666666666667 + 0.2 * w, — 0.06666666666666667 * w; < 0,
0.25—-0.25*w, —0.25xw; <0,
nph ownhdwy nisnudh £ wy = 0.178041, w, = 0.274123: Bpljyuwpudbnpuljub
(17)-(19) huunph sttt wmpwghtt Uhowljuypp dbwnpytg (wnnruwmlyh 1-ht thow-
Quypp):

Zwonny dhowluypp dltwynplint hwdwp npybu dnnwpldwi jEunpnt
ptunpynmd B unwugyws wy; = 0.178041, w, = 0.274123 wipdtpubkpp, npuig hwdw-
yuwnwupwt jurmigdmyd E tnp uhdwjbpu-wnnuuwljp, juwnwpymd b uhduybpu-
dwthnfunipinibttpp: vagph jnsdw wpnyniuptbpp tkpuyugus kb wnniuw-
nud: Ljwpnud ubpuyugus bu wnniuwyh 1-ht b 2-py dhpwlwypipnud tpdws
pinhwbpwlwi byywnwlught $mihghugh gpubhljutpp’ Juhnjws wy , w, wupu-
dbunnptphg: Fpudphljubipnd tpdws b punphwbpujub tyunwuljuyht $niulhghuygh
dwpuhunidp:

Uunugdws oynhuw) nisnudp J&hn juyugunng hwdwlupghtt htwpuwyn-
poipni Juw punpk) Yopwghtt gnpdwhgutph wpdbputpp dAbwdnpdws dhow-
Yuyptphg, wpnkt hul nibkbwng htswybu (15) dhwswihwihouyht, wytybu ) (17)
punhwbpuluw bywwnwlugh $nrayghwubph wpdbpubpn:

Unjniuwl
Cnlywupwdbnpulwl pbgph pniédwl wpyniipbbpn
Owunhuwy |nidnudp
h. Uhguijuypp
Lyunwljuyht $niughwuin Onthnjuwlwubtph JEjunpp
0
1 0 <w; £0.178041 F* =2.883333 — X = 0
0 <w, <0.274123 —2.883333w; — 2.35w, ~ {01333
2.75
0
9 0.178041 <w; <1 F* =2375—-0.375w; — = 025
0 < w, < 0.821959 —2.125w, “\ oo
2.375
0,285714
3 0<w; <0.15 F* =175 — 1.46429w, — o 0
0839<w,<1 —1.17857w, - 0
1.75
0
>0.
4 wy 2 0.1579 F* = 2w, + 0.25w, Xt = <0-25>
w, = 1- Wy 0
0
0,285714
5 w; < 0.1579 F* =0.285714w, + ¥ = 0
wy,=1-—w, +0.571428w, B 0
0
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w) P

Ul Caphwipuwlwi iyunwluyhl pnialghuyh gnuphlabpp wgniuwlh 1-pa (w) b 2-pn
(p) dpowlyuyplipnid

Bnujugnmpinii: Fuquuswthuthyughtt oynhdwugdw fuinhpubph (nis-
dwl tyuunwlny wnwewplynid k Yopuyghtt gnpswljhgutiph tkpdnisdudp uinwg-
Jws puquuuyupudbinpuljut fpunhpp (nwsk] puquuswth nhdbpkughwy b updy-
1Epu-dtwthnunipntuibph hwdwwntn jhpundwdp: Lnisdwt wpyniupnid yupw-
dbkwnptph thnthnjudwt dbwynpdus vhpwjuyptpp htwpwynpnipnit junwub 4&hn
Yuyugtnnht plunpky Yopwght gnpdwljhgubph wpdbptbpp wjjuy dhpwluypnid
npnojws tyunwljuyhtt dniulghwyh nt hnthnjuwljuibph oyyinhuw wpdtpuknh
Jtpnisnipjut hhdwt pu: Lnwsyby b puquuswthwthpuyht gdught oyyunhdwmg-
dwtt ighp, wnwgyl] bt wuwpudbupbph thnthnjudwt dhowljuyptipp, owyyunpuduy
tyuwnwljuyhtt mulghwtt b hnthnpowljwibph owynhituy wpdbpubpp mupupuiy-
jnip Uhowljuypnud:

Upprunnwbipp Gunnupyly b Zuyuunuih wqquyhll ynjpnbppbpulwl hunfuyuw-
puwhp «Uynndumugnid b B Eunpudugihuwlul hudwlupglpy puquyhl ghunwhEuwgn-
wnwlul jupnpunnnphuynid:

aruauunNkE3UL 8ULY

1. Hakanen Jussi, Allmendinger Richard. Multiobjective optimization and decision
making in engineering sciences // Optimization and Engineering. — 2021. -22. —
P.1031-1037.

2. Hiller S.F., Gerald J.L. Introduction to operations research. — New York: McGrow-
Hill, 2014. -1050 p.

3. Jensen A. Paul, Jonathan B. Operations Research: Models and Methods. - John
Wiley & Sons, Australia, 2002. -675 p.

4. Marler R., Arora Jasbir. Survey of Multi-Objective Optimization Methods for
Engineering //Structural and Multidisciplinary Optimization. — 2004. -26. —P. 369-
395.10.1007/s00158-003-0368-6.

486



10.

11.

12.
13.

14.

15.

16.

17.

18.

Marler R.T., Arora J.S. The weighted sum method for multi-objective optimization:
new insights //Structural and Multidisciplinary Optimization. —2010. -41. — P. 853-862.
Chunming Liu, Xin Xu, Dewen Hu. Multiobjective Reinforcement Learning: A
Comprehensive Overview // IEEE transactions on systems, man, and cybernetics:
systems. -2015. - Vol. 45, No. 3. - P. 385-398.

Daniel Chi Kit Ngai, Nelson Hon Ching Yung. A Multiple-Goal Reinforcement
Learning Method for Complex Vehicle Overtaking Maneuvers // IEEE transactions on
intelligent transportation systems. - 2011. - Vol. 12, No. 2. - P.509-522.

Marler R.T., Arora, J.S. Function-transformation methods for multi-objective
optimization /Engineering Optimization. — 2005. -Vol. 37, No. 6. — P. 551-570.
Wiecek Margaret M., Ehrgott Matthias, Engau  Alexander. Continuous
Multiobjective Programming / S. Greco, et al (eds.) //Multiple Criteria Decision
Analysis, International Series in Operations Research & Management Science 233. -
2016.—P. 739-815.

Myxos I'.E. Juddepennmansusie npeodpazoBanus GpyHKunil 1 ypaBHeHuid. - Kues:
HayxoBa gymxka, 1980. — 419 c.

Iyxos I'.E. [Iuddepenunansubie cnekTpbl 1 Mojeni.- Kues: Haykosa gymka, 1990.
—184c.

Taxa X. Beenenue B uccnenoBanue onepanuii. — M.: Mup, 2010. -912 c.

On multi-parametric programming and its applications in process systems
engineering/ Richard Oberdieck, Nikolaos A. Diangelakis, loana Nascu, Maria M.
Papathanasiou, Muxin Sun, Styliani Avraamidou, Efstratios N. Pistikopoulos //
Chemical Engineering Research and Design. — 2016. —Vol. 116. —P. 61-82.

Cumonsin C.O., ABetucsn A.I'. [Ipuxinagnas teopus auddepeHnnaIbHbIX mpeodpa-
3oBanuii: MoHorpadus. — Epesan: M3znatenscrBo TUYA “Yapraparer”, 2010. — 361 c.
Ququnui L.U. Lyunwluyghtt $niughugh yupuwdbinpulwb gnpsuljhgubpny gdw-
jhtu sSpugpuynplwt juunpputph nsdwt tnubwl® hhdudws ghptptughwy dbwthn-
lunipnibttnh Jpu / 2M&2 LOUREE. Ghunwljut hnpjusbtnh dnpndwsne. - Gplhwb,
2012. - Uwu 1. - ko. 341-347:

Agetucsn A.I'., 'oas3agsn JI.C. Merton pemieHus 3aad napaMeTpu4ecKoro JUHen-
HOTO TIPOTPaMMHUPOBAHUS, OCHOBAaHHBIN Ha IHQQEepeHIHUANEHBIX MPEoOpPa30BaHUAX
//M3Bectusi Tomckoro mnojuTexHudeckoro yHuBepcutera. Cepus “Maremaruka u
MexaHnuka. ®usuka”. — Tomck, 2014. — T. 324, No 2. — C. 25-29.

AserucsH A.I'., I'oas3agan JI.C. Metoa pelrieHuss MHOronapaMeTpuuecKux 3aaad
JIT1, ocHOBaHHBIH Ha AuddepeHnnanbHEIX mpeodpasoBanusx //HUzsectust HAH PA u
I'MYA. Cepus Texn. Hayku. — 2014. - T. LXVII, Ne2. - C.235-243.

Cemenenko O.B. Meton pemienus 3a1a4 MHOTOKPUTEPUAIBHOTO MPOTPAMMUPOBAHUS
C omperesieHHeM BeCOBBIX K03 ¢umnerToB // UHpOpMaIMOHHBIE TEXHOIOTHH U TIPO0-
JIEMBl MaTEMaTHIECKOTO MOAETUPOBAHHS CIIOKHBIX cucTeM. - 2011. - Ne 9. - C. 89-97.

Zuyuunwh wqquyhtt wnjhnbjuthjujwt hwdwjuwpuw: Uniep thpyuyugyt)] b

udpugpnipinit 27.07.2021:

487



A.I'. ABETHUCSH, J.A. KA3APSIH, A.H. BABASIH

PEIIEHUE MHOT'OKPUTEPUAJIBHBIX 3AJIAY IMHEMHOI'O
IMPOT'PAMMMWPOBAHUSA C IPUMEHEHUEM MHOI'OMEPHBIX
JTA®PEPEHIIUAJIBHBIX IPEOBPA3OBAHUI

[Mpemiaraercss npUMeHATh MHOTOMEpHbIE quddepeHIaTbHbIe IPeoOpa3oBaHusl LIS
pelIeHnss MHOTOKPUTEPHATBHON 3aJaud JMHEHHOro mnporpammupoBanus. C NOMOIIBIO
BECOBBIX KOA()(UIMEHTOB, KOTOpBIE Jajiee PacCMaTPHUBAIOTCS KaK IapaMeTpbl, MHOTOKPHTe-
pualibHas 3a/1a4a MPEeJCTaBIsIeTCsT MHOTONapaMeTpUUeCKO OJIHOKPUTEPUAIBHON 3aadeid ¢
0000menHol 1eneBoit Gpyrknuei. [lomydeHHas MHOTOIIapaMeTpHUecKas 3a7ada pemaeTcs ¢
TIOMOIIIEI0 MHOTOMEPHBIX TH(hepeHIMATBHBIX M CUMILTEKC-TIpeoOpazoBanuil. B pesynbrare
pelieHnsT MHOTOTIapaMeTPHUYECKON 3aJaud JTMHEHHOTO IPOrpaMMHpPOBaHUS (HOPMHUPYIOTCS
00J1acTH M3MEHEHNUs 3HAYCHUH MapaMeTpoB - BECOBBIX KOA(P(PUIIMEHTOB, a TaK)Ke 3HAUCHHUS
NIepEMEHHBIX ¥ 3aBUCHMOCTH 0000LICHHBIX 1I€TEeBbIX (yHKIMI.

Kniouesvle cnosa: MHOTOKpHUTEpHAIIBHAS ONTHMH3ALMS, BECOBbIE KOI(DPHIMEHTHI,
MHOTOMEpHBbIe TU(depeHranbHble MTpeodpa3oBaHusl, CHMILIEKC-TPE00pa30oBaHHUs.

A.G. AVETISYAN, D.A. GHAZARYAN, A.N. BABAYAN

SOLVING LINEAR MULTI-OBJECTIVE PROGRAMMING PROBLEMS BY
USING MULTIDIMENSIONAL DIFFERENTIAL TRANSFORMS

Multidimensional differential transforms are proposed to be applied for the solution
of the linear multi-objective programming problems. The multi-objective problem is reduced to
the one-dimensional multiparametric problem with a generalized objective function by
inserting weight coefficients which are considered as parameters. The obtained multiparametric
problem is solved by using multidimensional differential and simplex transforms. The
change intervals of the weight coefficients (parameters), the multiparametric optimal objective
function and the optimal values of the variables in each change interval are formed as a
result of the solution.

Keywords: multi-objective optimization, weight coefficients, multidimensional
differential transforms, simplex transforms.
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O.H.T'ACIHIAPSAH, A.A. ACATPAH

CUCTEMA OINIPEAEJIEHUA KOOPAUHAT HABEMHBIX OBBEKTOB C
BECIIMJIOTHBIX JIETATEJIBHBIX AIIIIAPATOB IIPU OTCYTCTBUU
CUI'HAJIOB GPS

MHoropoTopHbie OecnmioTHbIC jeraTenbHbie anmaparsl (BIIJIA) mupoko ucnosb-
3YIOTCS B Pa3IMYHBIX BOCHHBIX M rpaxkaaHckux obmactsx. [Toner BITJIA mo 3amaHHBIM Tpack-
TOPUSIM TIPH 3TOM OCYIIECTBIIETCS C UCTONB30BaHueM curHaiioB GPS, KOToprie ompenernsor
KOOpAMHATHI almapaTa ¢ TOYHOCTBIO OT IECATKOB CAaHTHMETPOB 0 HECKOIBKHX METpPOB.
OpHako Ha MPAKTHKE BO3MOXKHBI CUTYalUH, Korjaa curHains!l GPS nckakeHb! Wil OTCYTCTBYIOT.
B Takux ciyuasix Ba)KHOM 3ajadell sBISETCS ONpeleseHne Kak koopAauHat camoro BITJIA,
TaK ¥ KOOPIMHAT Ha3eMHBIX 00BEKTOB, 32 KOTOPBIMH OCYIIIeCTBIsIeTCs Habmonenue ¢ BITIA.

B pabote npenaraeTcs moAX0/ K OMPEACICHUIO Teoe3ndeckux koopauHat BITJIA
W Ha3eMHBIX [eJIeH B ciTydae, Koraa curHaiel GPS oTCyTCTBYIOT, HO M3BECTHBI KOOPIUHATHI
JIByX HA3eMHBIX, TaK HA3bIBAEMBIX “‘OIIOPHBIX~ OOBEKTOB. B KadecTBe OMOPHBIX BHIOMPAFOTCS
00BEKTHI, KOTOPBIC BBIICISIFOTCS HA (JOHE MECTHOCTU M MOTYT OBITh JIETKO HACHTU(PHUIIUPO-
BaHBI, HATIPUMED, OTICIbHBIC CTPOCHUS, OMOPHI JHMHUN JIEKTpPONepeaad, paauoperieiiHbIe
MauTHl u T.1. Pa3paboran rpadudaeckuit uaTepdeiic monp3oBatens B cpene nakera MATLAB,
MO3BOJIIOIIMI aBTOMATH3UPOBATh NpoLeAypy pacuera koopamHaT BIJIA u nemn npu
oTcyTcTBUM curiaioB GPS.

Kniouegvie cnoea: GeciMIIOTHBIN JIETATENLHBIN arapar, 'eo/Ie3n4ecKue KOOpANHATHI,
KapIaHOBBIH IMOBEC, JTa3epHBIN qanbHOMEp, curHaisl GPS, rpaduueckuii narepdeiic momb-
3oBarens, [11M/[-perynsarop.

Brenenne. MHOropoTOpHBIC OSCIIIIOTHBIC JICTATEIBHBIC AlllIaPaThl B HACTOS-
iee BpeMsl IUPOKO MCIONB3YIOTCS B PA3JIMYHBIX BOCHHBIX U TPAKIAHCKUX 00JIACTSIX,
B YAaCTHOCTH, TIPU MPOBEIICHUH CIIACATEBHBIX U CEIbCKOXO3SIMCTBEHHBIX PadoT, OIl-
pEeAENeHUH 0YaroB MOXKapoB B JEcax, KOHTPOJIE TEXHUYECKOTO COCTOSHUS 3IaHHM,
JIOPOT U JKeNIe3HOAOPOKHBIX myTeH u ap. [1-3]. [lonet BITJIA mo 3agaHHBIM Tpaek-
TOPUSAM TIPHU STOM OCYIIECTBISIETCS ¢ ucnoib3oBanueM curHanoB GPS (Global
Positioning System) (unmu ['JIOHACC), koTOpBIe ONpenensitoT KOOpAUHATHI arla-
paTa ¢ JOCTaTOYHO BBICOKOM TOYHOCTBIO (OT JECSITKOB CAHTUMETPOB JI0 HECKOJIb-
KHX METPOB). BMecTe ¢ TeM Ha MmpakTHKe BO3MOXKHBI CUTYalllH, KOTJ]a B CHIIy pas-
HBIX Tpu4rH curHaNB! GPS MckakeHbl Wiin OTCYTCTBYIOT. B Takux ciry4asx BechMma
BAXKHOM 3aaueil sBIsieTCs onpenenenue kak koopauHar camoro BITJIA, Tak u koop-
JIUHAT HA3eMHBIX 00BEKTOB, 32 KOTOPBIMH OCYIIECTBISIETCS] HAOIOIEHHE.

489



B HacTtosmeit pabote npeanaraeTcs MogXox K ONpeIesIeHHIO Te0Ae3HYECKIX
koopauHat BITJIA m Ha3eMHBIX OOBEKTOB B cirydae, Korma curHansl GPS orcyt-
CTBYIOT, HO M3BECTHBI KOOPAMHATHI JBYX Ha3€MHBIX, TaK HA3bIBAEMBIX “OHOPHBIX”
00bekToB. Ha mpakTHke B Ka4ecTBE OMOPHBIX BHIOUPAIOTCS 00BHEKThI, KOTOPhIC BbI-
JeTSIFOTCS Ha (DOHE MECTHOCTH M MOTYT OBITh JIETKO UIeHTH(UIMpoBankl. Hanpumep,
3TO MOTYT OBITH OTAEIBHO PACIONIOKEHHBIE CTPOCHHS, OTOPHI JIMHUK 3JIEKTporepe-
Jiad, paguopeneiHbie MadThl U T.1I.

Onucanue cucremsbl. [Iycts {/} 0603Ha4aeT MPaBOCTOPOHHIOIO HHEPLIHATH-

Hywo cucteMy koopausar (CK) c¢ ocamu X,;,y,,z,, a {B} - KECTKO CBSI3aHHYIO C
BIIIA CK c¢ ocsaMu Xg,yp,Z,, HalIPaBICHHBIMH BJOJb IJIaBHBIX OCEHl MHEPLUU
(puc. 1). Ionoxxenue uentpa macc bITJIA B nnepunansnoit CK {/} 3amaercs Bek-
TopoM & = (x,y,z)" €{I}, a opuentanus CK {B} 1o oTHouIeH IO K {/} ONHCHIBACTCS
B 00IIIeM ciTydae OpTOTOHAIBHOMN MaTpuIlel BparieHus [1]:

cosi cos@ —singsiny sind —cos@siny cosy sind + cosdsingsiny

R=|cos@siny +cosysingsingd cosgcosy siny sinf —cosy cosésing |. (1)

—cos¢@sinf sin ¢ cos¢gcosf

ITepexon ot {/} x {B} OCYIIECTBISAETCS MOCIEAOBATCILHBIMI BPAICHUIMU
Ha yTIIBI Diepa, 0003HaYeHHBIE, COOTBETCTBEHHO, I/ (pBICKaHUE), ¢ (KpeH) u 6

T
(TaHTraXX), KOTOPbIE MOKHO OOBETHHUTD B IICEBIOBEKTOp 77 =@, 0,¢/] .

Puc. 1. Cxemamuuecxoe npeocmasnenue bI1JIA

CrannapTHbie HeNMMHEHHBIC ypaBHeHus nBkeHus BIIJIA umeror Bun [1, 2]

2
m f{f =-mgz, + RF, 2)
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Jcil—(:+a)x(Ja)+YRQ)=r, 3)

an _
7 =P(ne, 4)

rae m - macca BIIJIA; g - rpaBUTaliMoHHast MOCTOSIHHAS; J - MMOCTOSHHBINA TEH30p
nHepuuun BITIA; wz[a)x,a)y,a)z]T € {B} - BexTop yrioBoii ckopoctu CK {B} mo

oTtHomeHuto K naepuuansioit CK {/}; J, - uIeHTHYHBIE MOMEHTHI HHEPLIH POTO-
poB; Q - cymMMapHasi yIioBasi CKOPOCTb BPaIIeHUs] POTOPOB.
Marpuua P(77) B KMHEMaTHUeCKUX ypaBHEHUsX Oinepa (strapdown equation)

(4) umeer BUI

cosé 0 sinéd
P(n)=| sinf tgg 1 —cosftgg |. (5)
—sinf/cos¢g O cos@/cos¢

Ha BITJIA umeroTcst Tpu KOMIUIEKTa BUACOKAMED C J1a3epHBIMHU JajbHOMEPaMH,
KOTOpBIE YCTAHOBIICHBI HA KOPITyCE ammapaTa B JByXOCHBIX KapJIaHOBBIX ITOIBECAX.
[MonoGHoe coueraHue BHUACOKAMEp C JIa3ePHBIMU JabHOMEpaMH (B JalbHEHIIeM
JUIsl KpaTKoCTH OyneM Has3bIBaTh MX IPOCTO Kamepamiu) B KapIaHOBBIX HMOABECAX
ITUPOKO HCITONIB3yeTcs Ha mpakTuke [4-7]. Ha puc. 2 B kauecTBe puMepa MoKa-
3aHbI JIBa BaprHaHTa TaKUX CUCTEM, ITPEACTABJICHHBIX Ha PBIHKEC.

Puc. 2. Kamepul ¢ nasepuvimu oanbHomepamu 6 KapOaHo8blx nogecax

CaspxeM ¢ kaxa0il u3 kamep oproronansuyo CK zx,y, (i=1,2,3). Aunano-
THYHO CBSDKEM C Ka&kKIBIM KapJaHOBBIM TOJBeCOM opToroHanphyo CK

G G. G (- G G
z'x”y, (i=1,2,3),tneocu z; u y, SABIAIOTCSA OCAMHM BpamieHus (puc. 3).
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Puc. 3. Ocu xoopounam, ceazannvie ¢ Kamepamu

IlepBbie MBEe KaMephl IIpeIHA3HAYCHEI IS HABEICHUS Ha OMOPHBIC 0OBEKTHI

G.G. G
C HU3BCCTHBIMHM KOOpAWHATAMMU. B HCXOOIHOM IIOJTOKCHHUH CK Xy, Uz, X; Y,

1

(i=1,2,3) Bcex Tpex kamep COBNAAAIOT ¢ xecTKo cpsa3aHHoU ¢ BIUIA CK x,y,z,
(puc. 4).

Puc. 4. Ocu xoopounam, ceszannvie ¢ bBI1JIA

HaBenenne xamep Ha OMOpPHBIE OOBEKTHI OCYIIECTBISETCS TOCIEI0BATEIh-
HBIMU BpALICHUSMH Ha YIIIbl I/;,0, BOKPYT Oceil Kap[aHOBBIX MOJBECOB ZI.G u in
(i=1,2) neperix aByx kamep. Korma 006a onopHbIx 00beKTa OKa3bIBAIOTCS B IICHT-
paIbHOM OO0JIACTH TOJISi 3pEHUSI COOTBETCTBYIOIINX Kamep, OCH IMOJBEcOB (puKcu-
pytorest, u CK z.x,y, (i =1,2) oka3pIBarOTCS KECTKO (HHUKCHPOBAHHBIMHU IO OTHO-

menuto Kk koprycy BITJIA. Tperbsi xamepa mpeaHa3HaueHa JJisd HENPEPHIBHOTO
OTCIICKMBAHMS LIEIH, Te0JIe3NUECKUE KOOPIMHATHI KOTOPOH HEOOXOIMMO OTIPEICITUTS.
492



OTMeTuM, 9TO IO OTHOIICHHIO K BEKTOPY £(¢) “Majiplx” YIJIOB ITOBOPOTA
xopmyca BIIJIA ocu x; kaxJ0il kaMepbl MOTYT OBITh PACCMOTPEHBI KaK “ONTHYEC-
KHE OCH”, @ OCH Z; M J, - KaK “OCH UyBCTBUTEIHLHOCTH WIN “U3MEPHUTEILHBIE OCH’.

HepBLIe ABC KaMCPbI AA0T HaM YCTBIPC OCU TYBCTBUTCIBHOCTH. I[J'IH 06pa3OBaHI/IH

TpexocHoH “n3mepurensHoi” CK BbiOepeM ochb ), mepBOil KaMephl U OCH Z, U ),
BTopoii kamepsl. Ecim 6, =0°, w, =-90° n 6, =y, =0", to usmepurensuas CK
V1V,Z, ABJISETCA OPTOTOHAJBHON M COBIANACT C JKECTKO CBA3AHHOW C INIaBHBIMHU
ocsmu uHepiyu BIIJIA CK x,y,z,. HyMmepys kameps! nanekcamu 1, 2, 3, noixydnm
CIIEYIOIHME BBIPAKCHUS Ul COOTBETCTBYIOIMX Matpull Bpamenus R, (i=1,2,3),
OMHMCHIBAIOIINX MOBOPOTHI OpTOroHanbHBIX CK, jKeCTKO CBS3aHHBIX C KaMepami,

1o oTHouIeHuto K 6azoBoit CK x,y,z,:

cosé cosy, —siny, cosy,sin$
R =|cosf siny, cosy, siny,sind |. (6)

1

—sind, 0 coso,

Kaxnplii cronben R B (6) onmpenenseT HapaBIAIOIIUE KOCUHYCBI KOOPIU-
HaTHBIX OCE€H Zz,X,y, , )KECTKO CBSA3aHHBIX C Kamepamu, 1mo oTHomeHuo k CK
XgVpZp -

Cuuras, 4ro yrisl moBopoToB Kopmyca bITJIA mo oTHoOIIEHHIO K MHEPIHATIb-

Hoii CK B pexxume cBoGoHOTO mapenus (hovering mode) sIBISIFOTCS MallbIMU, 3TH
YIJIBI MOKHO PaccMaTpHUBaTh Kak KOMIIOHEHTHI BeKTopa omubok £(¢) . [lepexombr

ot atoro Bektopa k CK z,x,y, narorcs BeIpakeHUSIMU

¢ ()= R[Tg(t) (i=123), (7
rae
cos b, cosy, cos@siny,  —sind,
R =| —siny, cosy, 0 . )
cosy, sin§, siny, sin g coso.

T 9] v
KomOunupys BTOpyro U TpeTbiO CTPOKHM MAaTpulbl R, €O BTOPOH CTPOKOIi
T 9] o
MaTpulbl R, , B34TON Kak IEepBas CTPOKAa PE3yIbTUPYIOLIEH MaTpULbl, IOIy4UM

CIIeIyIOUIy 0 MaTpuLy R :
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—siny, cosy, 0
R, =| —siny, cosy/, 0 , ©)
sind, cosy, siné, siny, cosd,
CTPOKH KOTOPOH SIBJISIFOTCS HANpPaBJISAIOIIMMU KOCHUHYCAMHU OCEH M3MEPUTENBHOMN
CK y,y,z, no oraomenuro Kk CK x,y,z,. ®uznyeckn 3Ta MaTpuia CBS3bIBACT

BBIXOJHBIC CUTHAJIbI KaMCP C BEKTOPOM OIIHOO0K 8(1) . CHGZ[yCT MNOAYCPKHYTh, UYTO

Mmarpuna R, (9) He sBIIsSIeTCS OPTOTOHAIBHOM, a €€ IETEPMUHAHT PaBeH
DR =det(R;) =cos b, sin(y, —y,) . (10)
Martpuwy R, (9) MOXHO IpeCTaBUTh B CIEAYIOIIEH (haKTOpU30BaHHOH (GopMe:
Ry=R,R], (11)

v T
T.e. KaK TPOU3BEJICHNE OPTOTOHATBHONW Marpuibl R, n marpumpsl R, , KoTopas
XapakTepusyeT cmenenb HeopmozoHanvHocmu usMeputrensHon CK  y,),z

Henocpeacteensslii moacueT nokaspiBaet, yto Marpuua R, B (11) paBHa

cos ‘92 Sin(‘//z - ‘/’1) COS(‘/’z - ‘//1) sin 02 Sin('//z - l//l)
R, = 0 1 0 .12
0 0 1

a e JeTepMHUHAHT coBNajaaeT ¢ gerepmuHanToM (10) marpunsl R (9).
IlenecooOpaznocTs mpencraBiaeHuss marpunsl R, (9) B akTopn3oBaHHON

¢dopme (11) cocTouT B TOM, 4TO 3TO MO3BOJISIET YIIPOCTUTH NMPOLENYPY OIpenese-
HUS T€0AEe3UYECKUX KOOPAWHAT Ha3eMHOMW II€IH, OCHOBBIBASACH HAa M3BECTHBIX KOOP-

IMHATaX OMOpPHBIX 00BeKTOB. Kpome Toro, mpencrasnenne R, B dopme (11) maer
BO3MOYKHOCTh CYJUTh O TOYHOCTH cTadmim3anuu BILJIA.

[ockonbky Matpunia R, B (11) siBAsieTcs OPTOroHaIBHOM, TO HETPYIHO MO-

Ka3aTh, YTO TOJIOKUTEILHO-OMPE/IEIEHHAs CUMMETpUYHas Matpulia R R! pasHa
T

Mmarpure R, R, . DTo 03HadaeT, 4To CIIEKTpajbHAs HOpMa MaTpuisl K¢ (9) paBHa

CIIEKTpaJIbHOM HOpMe MaTpHuubl R, (12):

2
| Rs [1=11 Ry ||:7\/2+\/3+COS(2‘92)0052(‘//1 —y,)+cos2(y, —y,) —cos26, . (13)
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IIpu v, =y, — 7 Beipaxxkenue (13) ynpomaercs 1 IpUHUMAET BU]

IR ||=%\/2+,/2(1—cos292) . (14)

Ecmu k Tomy xe 6, =0, 10 || R || =1.

Hagenenne tperbeit kamMepbl Ha Ha3eMHYIO 1€NIb ¢ HEU3BECTHBIMU KOOPIHHA-
TaMU U TIOCJEIyIoIlee CISKEHUE 3a LENbI0 OCYIIECTBISIOTCS MPU MOMOIIU CIie-
LI1aJIbHON aBTOMaTHYECKOH CHUCTEMBI C JBYMS CTEIEHSMH CBOOOIBI, KOTOpasl CKa-
HUPYET TEPPUTOPUIO, OOHAPYKUBAET U HACHTU(PHULIUPYET LElb, 8 TAKKE OCYIIESCTB-
JISIeT TIocTe/yTomIee CIIeKeHre 3a Heil. MaTpuma R, , CBA3BIBAIONIAS BEKTOP ONTHOOK

&(t) ¢ YrIoBbIMU OTKJIOHEHUSMH TpeThel Kamephl 1o oTHomenuo k CK xpy,z,,

HMECT BU

cos b, (t)cosy, (1) cosd,(t)siny,(t) —sinb; ()

RI (1) =| —siny, (1) cosy, (1) o |, 19
cosy, (¢)sin () siny,(¢)sin & (¢) cos (1)

rie noayepkuBaercs, 4To yrisl 6,(¢) u y,(t) sBustoTcs QYHKUMSAMU BPEMEHH, B
OTIMYHUE OT YIIIOB ¥, ¥, U O B R, (9), KOTOpBIC SIBISIOTCS MTOCTOSHHBIMH.

OtMmeTuM, 4TO TiepBbie cTpoku Matpurl R, R, B (8) u R] B (15) sBnstorcs

HaIpaBJSIOUUMU KOCUHYCaMU ONTUYECKUX OCEl COOTBETCTBYIOIIUX Kamep, KOTO-
phI€ COBNAJAIOT O HANPABJICHUIO C JIMHUEH BU3UPOBAHUS JIA3EPHBIX JAIbHOMEPOB.

Bripaxkenust (6)-(15) ucnons3ytoTcs B pa3pabOTaHHOM allrOpPUTME OMpene-
nenust koopauHat BIIJIA w HazeMHBIX OOBEKTOB 1O W3BECTHBIM KOOPAHHATAM
OTIOPHBIX 0OBEKTOB B CiIy4ae OTCYTCTBUs curHaioB GPS.

Onpenenenue koopaunat BIIJIA u Ha3emHbIX 00beKTOB. Ha ocHOBe omu-
caHHOTO MHOTOpOTOpHOTO BIIJIA ¢ KOMIUIEKTOM TpexX BHUICOKaMep C JIa3epPHBIMHU
JansHOMEpaMH pa3paboTaH aNrOpUTM ONpeesieHHs HEM3BECTHBIX I'€0e3NYEeCKUX
KOOpAMHAT Ha3eMHOTro o0beKTa (Lenn) MpHu UMEIoIIelicss HHPOPMAIH O KOOPIHU-
HaTax JByX OMOPHBIX OOBEKTOB Ha MOBEPXHOCTH 3eMJIH, a Takxke 0 BbicoTe BITJIA
Haja ypoBHeM Mops. Ilpu atom ompeneneHue KOOpAMHAT LENU MPU OTCYTCTBUHU
curHanoB GPS cocrout u3 aByx stamoB. Ha mepBom 3Tare ompememnsioTcss Heu3-
BecTHBIE KoopauHaThl camoro BITJIA. Ha BTopom sTame, ucxonus u3 nuHhpopMaIiu o
KoopauHartax onopHbeIXx o0bekTax u BIUIA, HaxomsTes reoae3ndeckne KOOPAUHATHI
1IeJTH, Ha KOTOPYIO HaBelleHa TPeThs Kamepa. OTMETHM, YTO O]l KOOPANHATAMH 3/1€Ch
U Jajee MOHMUMAIOTCS reoie3nuecKre KOOpAUHATH (IIMPOTa U J0JIT0Ta) Ha MOBEPX-

HOCTH 3€MJIH, TIPH OMPEEICHNH KOTOPBIX 3eMII MTPUHUMAETCS HE 3a DJUTUTICOUT
495



BpallleHHs, a 32 Iap, a TAKKE BBICOTA HA YPOBHEM MOPsI, OTCUMTHIBAEMAs OT YPOBHS
“CriiayXKeHHOW’ MOBEPXHOCTH (TaK Ha3bIBAEMOTO Teoua) [8].

CxeMaTH4YeCcKu TPEASIOKEHHBIH aITOPUTM BBIYMCIICHUS KOOPJMHAT Ha3eM-
HOW I[eJTH 10 M3BECTHBIM KOOPAWHATAM OMOPHBIX OOBEKTOB MPHU OTCYTCTBHH CHI-
HanoB GPS moxHO omucars crnemyronM oopa3oM. VcXoaHBIME JaHHBIMH ajro-
pHUTMa SIBISIOTCS KOOPIWHATHL X,, V|, / U X,, V,, h, IEPBOrO U BTOPOrO OIMOP-
HBIX 00BEKTOB, KOTOPHIC HAXOATCS B 0a3e JaHHBIX OOPTOBOTO KOMITHIOTEPA, U3ME-

penHnsle paccrosnus L, L,, L, ot BIIJIA no onopHbIX 0OBEKTOB U LieJH, T.€. CUI-
HaJIBbI C JIa3epHBIX JAaIbHOMEPOB, a Takxke BbicoTa /1, BIIJIA Hanx ypoBHeM Mops

W HaJ MOBEPXHOCTHIO Semn. Bemuuna hUAV OrpeaeIaeTCsa COOTBCTCTBYOIUMUA

JATYNKAMU, HAIPUMEP, JaTYUKOM JIaBJICHHS, YIETPA3BYKOBBIM COHAPOM MJIA UX KOM-
OwHanuel U T.1I., BXOASIIUMHI B CTaHIAPTHBIH Ha0Op M3MEPHUTEIHHBIX YCTPOHCTB
moboro BITJIA. Mo 3TUM JaHHBIM ONPEICNISIOTCS T'€0AC3MUECKUE KOOPIUHATHI
camoro BIIJIA, uTo maeT BO3MOKHOCTH BEIYMCIHUTD TEKYIINE KOOPAUHATHI LIENH, Ha
KOTOPYIO HaBeJleHa TPEThI KaMepa.

OnwucaHHbI aNTOPUTM peai30BaH Ha sf3bIke nmporpammupoBanust MATLAB.
Pa3zpaGoran cootBercTByrommid rpadudeckuii uHTepdeiic momszoBatens (I'MIT)
UAV_GUI. Ilomumo aBTromMaTu3anuu pacdera koopaunHaT BIIJIA u HazemHoro
oobekta, ['UIT mo3Bomnsier mpousBecTH BHIOOP MapaMeTpPOB MPONOPIHOHATIBHO-HUH-
terpanbpHO-mud hepermmpyromux (I11/]) perymsatopos cucreMm HaBeneHUs Kamep Ha
OTIOpHBIE OOBEKTHI U Ha3eMHYIO Iienb. Kpome Toro, 'UII obecreunBaer BO3MOXK-
HOCTh BBIOOpa mapamerpoB [IM/I[-perynstopoB kBampokomnTepa ¢ MPOU3BOIBHOM
CXEMO# yCTaHOBKH MOTOPOB (IIPOIEILIEPOB), a TAKXKe OCYIIECTBICHUS HCCIIeI0Ba-
HUS IMHAMUKY TI0JIETa KBaJIPOKONTEPa IPU BRIOPAHHBIX MapaMeTpax PeryisiTOPOB.

3D Plane

Puc.5. Pesynomamul pacuema koopounam yeau (mpexmepHulii 6uo)
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B kauectBe mimtocTpaiiuu Ha puc. 5 U 6 MOKa3aHbl Pe3yJbTaThl pacueToB
npu nomomu ['MIT UAV_GUI kxoopanHaT Ha3eMHOW LENHM MO YKa3aHHBIM BBIIIE
WCXOIHBIM TaHHBIM.

XY Plane
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Puc.6. Pesynomamul pacuema koopounam yeau (8uo ceepxy)

3akawuenne. B crarbe ommcaHa cHcTeMa OIPENENeHUS TIe0lIe3MYecKUX
KOOpauHAT (ITUPOTHI M JOJTOTHI) HazeMHBIX 00bekTOB ¢ BIIJIA mpu oTcyTcTBHH
curHaiioB GPS. Ilpennaraemsiif Moax0 OCHOBAH Ha MUCIOJB30BAHUH TPEX ONTHYC-
CKHUX KaMep M JIa3epHBIX JaJIbHOMEPOB, YCTaHOBIIEHHBIX Ha kopmyce BITJIA B aByxoc-
HBIX KapJaHOBBIX MOJIBECaX, TJI€ TEpBBIE /1BE KamMephl HABOIATCS HA HAa3eMHBIE
OTIOpHBIE OOBEKTHI C M3BECTHBIMH KOOPAWHATAMH, a TPEThS KaMmepa OTCIICKUBAET
11eJTh, KOOPAWHATEI KOTOPOH HEOOXOIUMO OmpeneiauTh. [IpeatokeHHbIH alropuT™
onpeieNieHHs] KOOPAMHAT 1eNIM pealin30BaH Ha s3bike nporpamMmupoBanrss MATLAB.
Pa3paboTan cooTBeTCcTBYIOmMUN rpadudecKknii HHTEp(dEc MoIB30BaTeNsl, KOTOPHIN
MO3BOJISIET ABTOMATHYECKH BBIYUCIATH KOOPAMHATHI LIEH 0 33JaHHBIM NCXOIHBIM
JAaHHBIM, a TaKXe OCYIIECTBIATH BhIOOP mapameTpoB IIM]l peryiasTopoB cucteMm
HaBeJICHHUs Kamep Ha TpeOyeMble 0ObEKTHI.
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HanuoHanbHbli NONUTEXHUYECKUN YHUBEPCUTET ApMeHHH. Marepuan nocTynuil B
penaxiuio 31.08.2021.

O.u. aUUNUr3UY, U.U. UUUS8UL

ULOTU2Nk @120, UULLEMPS 4E6MraESL8U OA3EUSULEE
uNALIPLUSLECh NCNTUUL 20U UYL S GPS UMULTULLEE
FUSUYUSNPRE3UL Y6NLNRT

PuqUunrnunpuhtt whonusnt poynn uwppbpp (UEU) bkpjunidu juyinpk hpwun-
Jnud B nwquujwt b punupughwljun imuppbp njnpunbkpnud: Unwgwnpus htwnwugstpny
UU -h prhsplt hpwjuwtwgynid E GPS wqnuipwuttph dheongny, npnup npnonud & uwpph
ynnpphtwntbpp muulyul vwbinhdbnphg dhtsh dh pwth dknp dogpunipjudp: Uwljuygi
gqnpsuwuwinud Jupnn bu (hul] hpudhdwlukp, bpp GPS wqnuiipwtitinp winujunqus tu
Jud pugulunud i Ldwb nhypbkpnid Juplnp £ hyybu UEU —bkph Ynnpphtiwnibph,
wgiytu b URU -hg ykpwhulyny ypghniyw opjkjinutnh Ynnpphiwnubph npnonudp:

Ushlumwnwupnid wnwewplynid £ UEU-tph b yipghniyw phpwputpnh qginpkqhw-
Jul Ynnpphbiwnttph npnodwt dnnkgnid, Epp GPS wqpuipywtbpp puguljuynid b, vw-
Juyt hwynth i Gphnt Jipghniyw, wjuybu Ynydus, «ubkgnijuyht» opjijniiph Ynnpnh-
twwnbbkpp: Npybu tkgnijuyht pinpynud Eu wytiyghup opjklnukp, npnp wpwtdtwbnd tu
nbnuiiph $ntth Ypw b Jupnny ki hbynmpudp bnyiulwiugyt), ophtuly wpwbdhi ohtimp-
i, HEjupwhwunnppugstph htkbwpwuttp, pwphneobibughtt uydbp b wy: Uswlly &
oquiuugnpénnh gpudhjulu hunbtpdptjup MATLAB thwptph dhowquypnid, npp poy) b
nwhu wjnniunughty URU-h b phpufuh Ynnpphtunibph hwpgupldwb phpugulupgp
GPS mqnuipwtubph puguljuynipjub nhwpnud:

Unumiigpughli puunkp. witonwsnt posnn uwnp, ginpiqghwulwt Ynnpphtiwntbp, Jup-
nubughtt Jwung, jmgkpuyhtt hinwswt, GPS wiqpuiipwuttp, qpubhijulut htnbpdbyu,
2P} Jupquujnphy:
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O.N. GASPARYAN, A.A. ASATRYAN

A SYSTEM FOR DETERMINING THE COORDINATES OF GROUND-
BASED OBJECTS FROM UNMANNED AERIAL VEHICLES IN THE
ABSENCE OF GPS SIGNALS

Nowadays multirotor unmanned aerial vehicles (UAVs) are widely used in various
military and civil areas. The UAV’s flight along the required trajectories is performed using
the GPS signals which determine the vehicle’s position with the accuracy from tens of
centimeters to a few meters. However, in practice, some situations may occur when the
GPS signals are absent or corrupted. In such cases, very important is the task of
determining the coordinates of the UAV itself as well as the coordinates of the ground-
based objects which are being tracked from the UAV.

In the paper, an approach to determining the geodetic coordinates of the UAV and
ground-based objects is proposed in cases when the GPS signals are absent, but the
coordinates of two ground-based, the so-called reference objects, are known. As reference
objects, the ones that are distinguished within the local terrain and can be easily identified,
for example, separate buildings, power transmission line supports, relay broadcasting
pillars, etc should be selected. A Graphical User Interface is developed which works in the
MATLAB environment and allows one to automatize the procedure of calculation of
coordinates of the UAV and ground-based objects in the absence of GPS signals.

Keywords: unmanned aerial vehicle, geodetic coordinates, cardan gimbal,

laser range-finder, GPS signals, graphical user interface, PID-regulator.
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HAay4YHOH NEATEILHOCTH aKaJeMHMYECKUX M OTPACIEBBbIX HAyYHO-MCCIEAOBATEIbCKHUX HHCTUTYTOB,
BY30B, HAy4YHO-TIPOU3BOICTBCHHBIX O0BCANHEHHUI 1 JID.

OcHOBHas 11eNb XKypHaJla - NPOIaraHAupOBaTh (QYHIAMEHTAIbHBIC U NPHKIAJHBIE HCCIEH0-
BaHMS B OOJNACTH TEXHHYECKHX HAyK, CHOCOOCTBOBATh BHEIPEHUIO HX PE3YJIBTATOB M YCKOPEHMIO
Hay4YHO-TEXHUYECKOT'0 IPOrpecca B IPOU3BOACTBE.

XKyphan paccunTaH Ha IIMPOKWH KPYr YYCHBIX, UCCIIENOBATENCH M HHXCHEPOB. BBIXOIUT
OJIMH pa3 B TPU MecsLa.

The journal "Proceedings of the Republic of Armenia National Academy of Sciences and
National Polytechnic University of Armenia. Series of Technical Sciences" publishes the results of
theoretical and experimental investigations concerning the main branches of technical sciences:
mechanical engineering, metallurgy, material science, mining engineering, natura utilization, building
constructions, hydraulics and hydrotechnical constructions, power and electrical engineering, scientific
instrument making and measuring devices, computer science and informatics, radioelectronics,
microelectronics, laser eqeupment, automation and control systems.

The journal is a periodical edition that presents the most important results of scientific
activities at academic and branch scientific-research institutions, universities, research - industrial
companies, etc.

The main task of the journal is the propaganda of fundamental and applied investigations in
the field of technical sciences, and the promotion of their introduction and the acceleration of
scientific and technological progress in industry.

The journal is intended for a wide range of scientists, researchers and engineers. It is

published once in three months.
% %k %

510



ZNFUOUEP 269 UIN U UL WULALLE L

Unipp fudpugpnipinit ikpljujugdnud k pun htiinbyju) wwhwbgubph.

1. Bplynt ophtiwly, twb LEyupntwghtt nwppkpuyny, hwdwlwupgswyhtt pupduspp’ Microsoft
Office Word: Znnjwish swjwip Jupnn b (hul) dhtsh 10 by, hwnnpynudubphiup® dhigh 4 ke: Skpuwnp
owpunpymd £ A4 swihuh pnph Ypw, wpnwmnwbpuyhtt nuownp’ Top-5ud, Bottom-5,1ud, Left-5,75ul,
Right-1,75ul, Footer-4,6ud, dhowninnuyhtt nwpwénipiniup (Line spacing)' 1,1, wuppbpnipjniup (First
line)* 0,75 udl: Zuybipkl (hubknt nhypmy ympp swpugpdmy t Sylfaen nunwnbuwyny, nwnwsudp’
10, huly pmubpbb fud whqpbpkl jhkn ghypnud® Times New Roman nununnbuwlny, nwnwswthp' 11:

2.@nph Ytpth dwp wulpniund gpynud E hwdwwyhunwih nmwubnppujut pupuluthop’
nbpunhtt hwdwyunwupiu 1Eqny (28%, YVAK, UDC), hwgnpn nnh Yhinpnunud® qjluminwunkpny
htnhtwy(utkp)h wijui-hwjpuidui uljqpiwwnwuntpp b wqquuniu(ukp)p' bold, 10 mwnwswthny
huytipbt, wugbpbi b pniubpbt mbpunbph phwpmd: Znnjwsh kptwghpp wipynud t hinhuwlh
wqquinjwlp hwgnpynn wnnh Yhnpnimd® bold, wdpnpempyudp quwinwntpny’ 10 wwnwswihng
huwytipt, wigbpkh b pniubpbt wkpuntph nhypnud:

3. umnipp ujuynid E wdthnthnudny (winwnwghw) wjt 1kqyny, npny ukpjuyugdus bt Ud-
thnthnidt wjuwpunynd |k wpwigpwjhtt punkpny’ wwnwswthp® 9 huykpbit mbkpunh phypnd b 10
wwnwswihng whqkpkl b pniubpkl whpunbph nhwypntd, b dhwgl «Unwigpught punkpy wpunwhug-
wnipynip® bold, italic: Unithmhmup whwnp E (htih 500 Wthohg ny wibh tkpunyug dhewluwyphpp, wewbg-
pughtt puntipp Jud punwljuggulgntpmttibpp 4-8 pun:

4. Gpwouunpynud £ ymiph owpunpdwb hbnlyjuy jupgp. «Ukpwsnipiniy, npp whwnp
hwdwpnun tkpwnh hwpgh dhdwlp, phduyh wpphwiwiniemniup b hblnwgqnuumpyut tywwnwyp,
«wunph npduspp b dkpnphljuyh hhdtwdnpnudpy, «Zknwgnuinmpjut wpyniupubpp», «Gopuilju-
gnipyii, withpudbynnipjub nhypnid” twl wy) pudhbibp hwdwyunwuhub JEplugpbpny:

5.Skpuinnid hynudubpp qpuljuiinipuip pdnud ki mpnulymit thuljugstpny: Pubwdlbpp
ubpuyug]mu ku np nnnhg, Equation Editor pwgpny, italic, nupwswithp' 11, withpudbynnipjut
nhypnid hwdwpwluwynud G mnnh JEpenud” unynpuljut (Ynp) thwljugsh dke:

6. Vjupubpt nt wnniuwlubpp hwenpynud i wnbipunnud hwdwywnwupiwt hnnudubpht:
«Ul. » b «Unyniuwlpy puntipp, tjupibph dwujugpnipniup b wpniuwljutph wijuinwdutpp gpgnod
Ll Italic 9 nwnwsuhm] hwjkpkt wkpuinh ghypnid b 10 mupwsuhny  whgkpkt b noiubpki
wnbipuntph niypnid:

7.Skpuwnnht hwyonpnnud £ gpuijuinipyut guyp' 9 wwnwswihnyg huybpk mbkpunh nhypnid b
10 wwpwswihng wiqibpkt U pniubpk whpunbph ghypnid, dhwg hinhtwhh wqquibntih m wi]ub-
hwjpwtui uljqpwnuntpp’ bold, «Fpuwljwinipjut guuly wpunwhwyinnmpmniup’ wnnh Yhunpn-
unud, quwunwnkpny: Swuynud qpuijwinipjut jmpupwiynip wnpniyp hwdwpuupnd £ pun
nbpunnd hp hndwb hhppuljuinmpui: Gpuljwinipjut wnpmiptbpp Wuppkpuljub hpunwpw-
Ynipjniuutiph nhypnud ukpluyugynid G htnbyw) Jupgny. hinhtwlh wqquuniup, wiub-hwyput-
Jub uljqpiwnwntpp, Jeptwghpp, hwinkuh wituinudp jud puinnidws hwwywynidp, hpuwnwpul-
dwb nupkphyp, hwwnnpp nt ponqupydwt hwdwpubpp, hbppwlwb hwdwpp, bniph qhnbndw kekpp,
qppbph nhwpnud’ hknhtwhh wqqubman, wigwb-hupuinjul vhqpbwnwuetpp, Yptwghpp, hpuwnw-
puljuwh Juypp, hpunwpuljynipyniip, pwljubp, tobph pubmlp:

8. Apuljutinipjut gwuht hwenpynid G wdthnthnudubpp djniu kplne (kqniutpny (pt nkpuwnp
huwytipku £, wdthnthnudubpp twhe' pnwubpb, wyw® wgibpk, bpk pnwubpbt b, twpe® hugbipbl, wyw®
wq kpkl, kpk wuqbkpku E, twju® hugbipkt, wyw® pnwubpk): Udthndinwdubipp pognp Epkp (Eqniubpng
hntug ppyuwiinuinipjudp b wpwigpuyhtt puntpny whwp k1hukh tnyuwlwi:

9.Skpuinp unnpugpynid t htnhialy(ubp)h Ynnuhg, woynud t ynipp jadpugqpnipinih hwa-
ubnt wduwphyp: Skpunh judpugpdus b uppugpius uppbipuyp hwdwdwyubgynud  hinhtwy(ubp)h
htwn:

10. Zknhtwy(ukp)t wewtdht btony ubkpluyuginud b (1) wqquinil, winil, huwjpwbnibp
(Inp), wphmunwjuyph, umnpbynt quyph iphy widuinudp, qpunkgpus ywpwnnbp, ghnwlub wunh-
Lwlp, hipwinuwhwdwpubpp (wplutwnwipuyhl, wt b peguyhin):
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MPABUJIA O®OPMJIEHUSA CTATEN

Marepuan npejcTaBsieTcs B peJaKLiMI0 B COOTBETCTBUH CO CJeAYOLUMU NpaBUIaMU:

1. Cratpst B IBYX 3K3eMInIsipax u ¢aitn crareu B ¢popmate Microsoft Office Word. O6vem cratbu
HE JOJDKeH mpeBblmats 10 cTpanun, o0beM coobmeHuit — 1o 4-x crpaHun. dopmar crpaHums! — A4.
Pabouee none: Top — Scm, Bottom — 5,1cm, Left — 5,75cm, Right — 1,75cm, Footer — 4,6cm, MeXCTpOUYHBIH
untepan (Line spacing) — 1,1, kpacHas crpoka (First line) — 0,75cm. Jlnst cTathu, HanmuMcaHHOW Ha
apMsIHCKOM si3bIke, mpuMensiercs: mpudt Sylfaen (pasmep mpudra - 10), a Ha pyccKOM M aHIJIHMIICKOM —
Times New Roman (pa3mep mpudra — 11).

2.B 51eBOM BepXHEM YIJIy IEPBOTO JIMCTa yKa3blBACTCS YHHBEPCAJbHBIM JIECSITHYHBINA KiacCH(H-
karop (2SS, YK, UDC); crpokoii Hinke - nannuans! (M.0.) u damunus - 3arnaBHeMEA OyKBaMu, mpHOT
Bold, pasmep 10 — Ha apm., pyc. ¥ aHIIL s13., BRIPABHUBAHUE TI0 LICHTPY; CTPOKO# HIDKE MO LEHTPY YKa3bIBACTCSI
Ha3BaHME CTaThbU — 3aryiaBHbIMU OykBamu, mipu¢T Bold, pasmep 10 — Ha apMm., pyc. U aHIJI. 53.

3.Marepuall TeKCTa HAYMHAETCS C AHHOTALMM W MPEJCTAaBISACTCS HA TOM sI3bIKE, HA KOTOPOM
HalMCaHa CTaThs. TEKCT aHHOTALMM JIOJDKEH COCTOSTH He Oosiee yeM m3 500 3HAKOB, BKIFOUAsi MPOOEIBL.
INocne aHHOTAIMY MHIITYTCS KIIOYEBBIE CIIOBA — OT 4-X 10 8-M CJIOB WM cioBocoveTaHuil. Pasmep Tekcra
AHHOTAIlMM U KIIIOYEBBIX CIIOB 9 — Ha apm.sa3., 10 — Ha pyc. W aHri. s3., cioBocoueTanue “Knrouesvie
cnoea” - Bold, italic.

4.PekOMEHyeTCs CIIeIYIOIIMIA MOPSI0OK HM3JI0KCHUsI MaTepuaia CTaThbU: BBEJICHHE, B KOTOPOM
JIOJDKHBI OBITH KPaTKO TMpPEACTABICHBI COCTOSHHE BOIMpPOCA, AKTYyalbHOCTh TEMbI M LeNIb MCCIICAOBAHHMS;
MOCTaHOBKA 3aJa4d M OOOCHOBAaHHE METOAMKH; PEe3YJIbTAaThl HCCIIENOBAHUS; 3aKIOueHHe (9TH, a Npu
HEOOXOJUMOCTH, U APYTHE pa3Jeibl JOJDKHBI HMETh COOTBETCTBYIOIHE 3ar0JIOBKH).

5. CchUIKM Ha JIUTEpaTypy B TEKCTE NAIOTCS B KBAJPATHBIX CKOOKaX. POpMyIbl 1 MaTeMaTHYECKHE
BBIpakeHHs1 Habuparotcsi pepakropom Microsoft Equation, italic, pasmep — 11. ®opmynbsl HabuparoTes ¢
HOBOH CTpPOKH, BBIpaBHHBaHHE MO IeHTpY. [Ipu HeoOxomumocTH, ux Hymepyror. Homep ¢opmyiist
pacroniaraercsi B KOHIIE CTPOKH, B KPYIJIBIX CKOOKax.

6. PucyHKH 1 TabNHIIBI PACIIONAraroTCs B TEKCTE 10 X0y CChUIKU Ha HUX. CnoBa “Puc.’, “Tabnuya’, a
TaK)Ke Ha3BaHUS PUCYHKOB W TabOiuil nuiytes italic, pasmep 9 — Ha apm.si3., 10 — Ha pyc. U aHIIIL. 5I3.

7.B KOHIIE CTaThH JAaeTCsl CHHCOK JIUTEpaTyphl: pasmep 9 — Ha apm.s3., 10 — Ha pyc. U aHrIL. 3.
CinoBocoueranne “CIIMCOK JIMTEPATYPBI” pacrionaraercst B [EHTPE CTPOKHU 3arjaBHBIMU OyKBaMH,
Bold. IlutupoBanHas nuTepaTypa HyMepyeTcsi B MOpPSAKE CCHUIKM Ha Hee B TekcTe. Kaxapli MCTOYHUK
MIPE/ICTABIISIETCS B CICAYIOLIEM MOPSAKE: B CIyyae CChUIKM Ha CTaThIO M3 )KypHANa: (haMuiius, HHUIHATIBI
HN.0O. - Bold, Ha3BaHue cTaTbu, Ha3BaHHUE JKypHAaJa, MECTO U3/IaHUs, TOJ] U3JJaHHs, TOM M HOMEp U3/1aHusl, C
KaKkoH MO KaKylo CTPaHHMIIbI 3aHHMAeT CTaThsi B 3TOM JKypHAJle; B CIydyae CChbUIKM Ha KHUTY: (amuius,
uHuuaapl M.0., Ha3BaHWE KHUIHM, MECTO H3/aHMs, Ha3BaHWE H3JaTelIbCTBA, O] H3JaHMs, ollIee
KOJIMYECTBO CTPAHHMIL.

8.Ilocne nuTEepaTypbl MPEACTABISIIOTCS AHHOTALMKM BMECTE€ C KJIIOYEBBIMH CIIOBAaMH Ha JBYX
Ipyrux s3plkax. Ecnm cTaThs HamucaHa Ha apMsSHCKOM S3bIKE, TO CHayasia JaeTCs aHHOTAlUs Ha PYCCKOM
A3bIKE, 3aT€M Ha aHMIMHCKOM; €CJIM HAIlMCaHa Ha PYCCKOM SI3bIKE — COOTBETCTBEHHO HA ApPMSHCKOM U
AHMIMHCKOM, a €CIIM Ha aHIVIMHCKOM — COOTBETCTBEHHO Ha apMSIHCKOM M PyCCKOM si3bikax. ConepiaHue
AHHOTALUI ¥ KJIIOUEBbIE CJI0BA IOJDKHBI OBITh HA TPEX S3bIKAX OJMHAKOBBIMH.

9. CraTpg MOANHCHIBACTCS aBTOPOM (aBTopaMu). B KoHme cTtathm craBUTCS naTa (YUCIIO, MecAl,
roj) mpencTaBiieHus: cTaTbi. OTpeIaKTHPOBAHHBIH M OTKOPPEKTUPOBAHHBIM BapHaHT PYKOIHCH COTIIACOBBI-
BAaeTCsl C aBTOPOM (aBTOpaMH).

10. Ha otnmenbHO# cTpaHuile HEOOXOAUMO MPEACTABUTH CIISAYIOIIHE aBTOPCKHE MaHHbIe: (amuus,
UM, OTYECTBO; IMOJHOE HAaMMEHOBAaHHE MecTa paboThl, MecTa yueObl; 3aHMMaeMas MOJDKHOCTb, ydeHas
CTEINEeHb U 3BaHKe; HoMepa Tele(hOHOB (CITy>KeOHbIN, JOMAIIHUHA, MOOUIIBHBIH).
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RULES FOR PREPARATION OF MANUSCRIPTS

The material should be presented to the editorial staff in accordance with the requirements
given below.

1. The authors are requested to submit two hard copies, and also the electronic version of the
manuscript by Microsoft Office Word. The volume of scientific paper is limited to 10 pages, and to 4
pages for short communications. The text should be printed on A4 sized paper. The text margins
should be: Top — Scm, Bottom — 5.1 cm, Left — 5.75 cm, Right — 1.75 cm, Footer — 4.6 cm, Line-
spacing — 1.1 cm, the first line — 0.75 cm. Texts in Armenian should be printed by the Sylfaen, font
size 10, and the texts in by Times New Roman, in font size 10 .

2.0n the top left corner, the Universal Decimal Classifier is placed in the language of the
manuscript (2S%, YK, UDC). The initials and the surname(s) in font size 10, bold for texts in
Armenian, English and Russian should be in the centre of the next line. The title should be placed in
the centre of the line following the author’s surname in font size 10, bold, all in capital letters for texts
in Armenian, English and Russian.

3.The text begins with an abstract in the language it is presented. It ends with keywords in
font size 9 for texts in Armenian, and in font size 10 for the ones in English and Russian. Only the
word “Keywords” should be bold, italic. The summary should not exceed 500 characters including
the spaces, the number of keywords or word combinations - 4-8.

4.The papers should include an introduction briefly introducing the state of the problem area,
the importance of the subject and the aim of investigation, as well as sections describing the statement
of the problem and selection of the methodology, the results of investigation, conclusion (other
sections if necessary) with subtitles, and it should end with the list of references.

5.The references in the text should be given in square brackets. The formulae should be
introduced by the Microsoft Equation Editor. They should be printed from a new line in italic, font
size 11 in the center of the line, and if necessary numbered at the end of the line in round brackets..

6.Figures and tables should follow their references given in the text. The words “Fig”,
“Table”, the figure inscriptions and the table names should be printed in italic, in font size 9 for texts
in Armenian, and in font size 10 for texts in English and Russian.

7.The text is followed by the references in font size 9 for texts in Armenian and in font size
10 for texts in English and Russian. Only the author’s initials and surname should be bold. The word
“References” should be placed in the centre of the line in capital letters. In the list of references, each
source should be enumerated according to its reference number in the text. For the periodicals, the
references should be introduced in the following style: the author’s surname, initials, title, year,
numbers of the volume and issue, page numbers, and for books — the authors names, full title,
publication place, publisher, year, total number of pages.

8.The references are followed by the abstracts in the other two languages. If the text is in
Armenian, the abstracts should be first in Russian and then in English. The text in Russian should be
followed first by Armenian and then by English abstracts, while the texts in English should be
followed first by Armenian, then by Russian abstracts. The abstracts in all the three languages should
be identical in content and keywords.

9.The manuscript should be signed by the author(s) with indication of the submission date.
The edited and proofread version of the manuscript should be agreed upon by the author(s).

10. On a separate page, the author(s) should introduce his/her/their full surname(s), name(s),
patronymic(s); the full name(s) of employment place, educational institution; the position occupied
scientific degree, telephone numbers (office, home, mobile).
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