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EuNLNGPUNEU ULYSULG QEU-GMNPU UOUOLP GIr'A9OLUNMP
UrSUuESNhULE P LdULQE38U UL SEvLNLNGPUYUL LORONRULEE
NhUNRULOURCNRE3NRU

Ppujwbwugyt) t Eyninghwuybu winwbg QEY-Epnid wsjuwsth Epljopuhnh wpnw-
ubnnudubph wjuqkgdwt dhgngupnidubph niudbwuhpmipini: Zwodupyydt] Ea wwwppkp
pununpudwuwghtt juquny uhtiptq quqtph wpdwi ghypnid wnwewgnn wshuwsh kply-
opuhnh gnidwpuyhtt b dkdppwbiwghtt dkpnnny npudwt nhwypnid dplininpu wpnwtkngnn
pwiwnipiniiipp: Zwoyh wntitjng CO2-h npudwtt hwdwp wwhwgynn swpuubkpp b pynin-
Utph hpugniihg unwgus jpugnighs Ejudninp’ ghwhwnyl) Ewwpbjul ninbuwljub
wpynibwybnntpinibp:

Unwhgpuyhlr punkp. obpungujhtt quq, wshiwuduh tplopuhn, pynwnikph Judwnp,
wdhuh qughphljugnid, Ukdppwbiwghtt Ukpnr:

Zudwduwyu Uheowqquyhtt Eubpgbwnhl gqnpdwluwnipjut (IEA-International
Energy Agency) qiuhunnudtiph 2020p.-h npmpjudp hufwohiuphughtn Hupuljut
b otipdwyht tukpghwkph dnnnwnpuybu 60%-p wpununpybnt kp opqutmaljute
Junkihpny wohiwwnng LEjunpuuyuwbtbpnd, ntunh Juuwuwljup dhwgnipmii-
ubph wpunwbbnndubph Wuqbkgdwt Eyninghwlwt juhuwn swthnpnohsutphg b
1huugh Ypu puguuuljut wgpbgnipjut jutjowupgbjdwt tjununmdutphg bjuk-
1 EEynpuwyubibpp whnp Ejuhunpybht twul hodbdwnwpap winunwbg
dhwgnipiniubph tuqbgdwt mkininghwuljut nknuljujutputpny: Tuutwyn-
puytiu, GU-nwd 2050p.-htt CO2-h hwdpunhwinip wpunwibnnmdutph 50% uwjuqkg-
dwlt hwdwp twppunbudnud Ep twpu 2020p. wdthnthty)' gpuip wjuqtguting 30%-ny:
Uy btywwnwluyht pungph pesdwt hwdwp, ujuws 2015p.-hg, pojnp twpuwgdyng
wSfuwthnpuyght fiEjnpuljuywtibpp whwnp E juhwynpytht wshuwsdup tpljopuhnh
Juwyulgiwi nkjininghwibpny, huly 2020p.-hg swpunpywsp Ykpupbptp twb
wpnkl pwhwgnpdynn bEnpuwljuyubibpht: Zwoyh wnbitiny tukpghwh wpunwy-
nnipjul nnpunpt pmdht puljunn CO2-h hwdpunhwinip wpnwibnmdubph sw-
thwpwbwlyp GU-nud ghunwpymd b Hijuputibpgbnhljugh qupqugdwl 3 dh-
wnnidubip.



1. puquhtt muppbpul] (wnpwig thnthnjunipniiubph), nph nEwypnid hpw-
Juwbwgynn dhongupnidubpp tuqbgubnt b ubkpumisynn tukpghwihg Ywhudw-
dnipnitp b unbnsknt [pugmghs Ukuwthquubp okpunguyhtt qugbph wpunw-
ubunnmudubph wnbnph hwdwnp,

2. qupqugnn tphpubpnid Fubpquuyundwt wgh tuqbtgnid,

3. gudpusjuwstughti nkjuininghwikph swhwgnpsnid’ Uptngnpunid CO2-h
wnwykjugnyt 450 ppm Ynughiinpughuyh b Epjpuqunh obipdwunhgwh 2°Cn sqh-
nuquugnn wéh yuhywidwh hwdwn [1]:

QEU-tpnud oquuwugnpdynn Junthpubphg (whtn, htnntly, ququyht) wshuows-
uny] wnwyt] hwughgws E wntjup: Ywunwpuwsd hbnwgnunnipniiiph wpyniip-
ubpp Juymd Eu wyt dwuht, np wshuh wypdwb niypnid nkyh dptnnpun tplinu
wbiqud wybkih owwn wshwmppent quq £ wpnwibnynid, pwb ptujut quqh wyp-
dwt nhypnud: Usjumgpwstught gwiljugws Juntihph wjpdwt yupuquynid jh-
duyujut hwdwljupghtt hwugynn Juwup tjuqbgubint hwdwp hpulwbwugynid
wbhwsth tplopuhnh wpnwiubtnmdubph Ypdunnmd hknlju) mkutninghuljut
gnpdpupugubpny.

v wypnud ppdustughtt Uhpwuwypnid (Oxyfull nkjutninghw) [2],

v wbjuwsth EpYopuhnhg sjuwquqtph dwppnid,

v twjupwt wypnudp Junkihph qughdhjugnid” uhtpkq gugh unugdwdp [3]:

Prdustuyhtt hpwduypnid uhtiplq jud ptwljut quqh wpdwb gnpspu-
pugh juquulipyuut yuwpuqunmu shiwquqtpp juqudws Eu jhunud dhugt Bpln
punuiphshg’ wsjuwsth kplopupnhg b gpuyhti gninpphitiphg: Oxyfull nkputingn-
ghuyny CO2-h quuinuip Juwnwpymd k opughtt qgninpohutiph Yntunkuuwugdwi ptnp-
hhy, pln npmud, wwywhnddmd E iduqugnygip 80% wpyntiwy]knnpynd:

Uspuwstuh tplopuhnhg sfumquqtph dwppdwt gnynipnit niukgnng wnnwppk-
nuubkpp Eptipt '

v' bhqhiuljmi, phihwljmb wpunppghw, wunppghw b glunppghu,

v nphngkt quunnud (ubywpughw),

v nupunbuwl dkdppubiibph, wn pynid’ twl twindbdppubibph oguw-
gnpénid:

Ujt Epyptpnud, npunbn wshih wpymwhwtdwb qupqugdwt hwdwp wnlw
El whpwdbon bwhunpujubp b mbnbuwlubt wsh pupdp mbdybp wywhnybn
htwpwynpnipnit, LEjupuut Eukpghugh wiptnhwn wdnn ywhwbewnpyp pw-
Jupupnid kb wspuwthnouwght qunkihph quqhbhljugdw wpnyniipmid unugdus
uhlphkq quqny wyhuwnng b Eyninghwljut pupdp swthnpnohsikp niukgnn Lklwn-
nuuyuutbph swhwgnpsdwdp [4]:



Qhpwlw hudwptng Eyninghwlub swhnpnohsp” giwhwnyby E wspwsih
Epyopuhnh juwyuljgdut mElutninghwkph htwpwynp tEpppdwt wqnbgnipniup
EEjunpuuyuih nkuthjuninbuuljut gniguthoubph pu: Zuogupljutpt hpu-
Jutwgubjhu hwdbkdwwngty u sjpwquqbph dwppdwt wpnpnibwybn hwdwljup-
gtipny whwnpdws b twpupwtt wypnudp wsjuh qughdhljugdwdp Eukpqupinlutnh
nbnbuwljut gniguthoibpp® dhliingt hgnpmipjutt wupuquymyd: Unwugdus wpy-
jniuputinp Jyuynud B, np pyninubph Judwnphg gnjugus jpuugnighy gnidwpp Shaw-
quqtph dwppdwt wpynibwytn hwdwlupgbpny juhuwdnpdws b Ejunpuluuh
owhwgnpéuwl sSwpuubph b wpnunpyus HEjnpuljut Eukpghwgh hiptupdtph
Jpw wykjh Ubs wqpbkgnipintt k nitubunud, put twjupwt wypnudp wsheh qughdh-
Jugdwdp HEjunpujuyuith qupuquind: LVulupwut wjpnidp wsjuph quqhdhljug-
dudp HEjunpujuyuithg nbuyh opowlju dhpwduyp CO2-h wpnwubnmdubpp un-
wwynpuygbu 45%-ny wftih phy b, hbnbwpwp wiqud snijuynid gnpénn pyninh
Juwdwnph wnwybjugny quny npug hpugdwb nhuypnid Judwnphg unwugus
gnidupp nupkljwb pwhwgnpédwt dwhubkph b HEyunpuljut tukpghwgh hupt-
wipdbiph dbkdnipnitbpp tjuqbgunid b punudbup 12%-ny, dhtynbn sjumquqbtph
dwppuut wpynibwdbn hwdwlupgbpny juhwynpdus LEjnpujuyuih inyu-
wintt dkdmipniuttpp tjugnid i gpbptk 30%-ny: Fhwhwwnbing hwdbkdwnyny
L Eyunpuljuyutubph juyhwnwy tbpppoudubph, swhwgnpddwt swjuubkph b wp-
nwunpjws fEjupulut Fubkpghuyh huptwpdbph dbdnipniubpp, hsyhu bwb
COx-h pynunttph Ju&wnph hwhquiuwipp hunwlynpkb upbjh b thwunky, np
twjipwtt wypnidp wdhih qughdhjugdwl nwpptpuyp, hp Eyninghwfjwte popnp
wnwybnipinibtipng hwinkpd, nintuuybu wybh tyunuwhwupdwup E Yh-
nunk] wnwybk] Uks o0.q.q. niukgnn onghiququuinipphtiughtt nbnujuyupubpnid
[5]: Uy byuwnwlny ppwljwbwgyt] Eu uptiptq quqh unwugdw nkjuininghwljwi
gnpépupwgubph Jhpnidnipint b wsuh tkpghljughtt quahdpljugdundp onghqu-
quunnipphttught mbnujuwywph jurnigwspuyht ujubdugh hwydupdwi b Eukp-
quupynibwybnnipjut gowhwndwt wignphpdutph dowlnud [6]: Cunhwiipug-
kY Juunwpjws JEpmsnipynibitpp b hwogwplikpp jupnn kip thwunky, np
Jujudws qughdhljugdut ypnghuh yuydwiibphg (fupnid, sbpdwunhful, ws-
founngnt yupubp b wi), quahPhluighng uhguuiphg. Junbihp-opupihs hu-
nupbkpuljgmpiniihg (y), opushiwghtt (nisnyph unttwjuwupnitwlnipniihg (w)
wnwewgnn uhtiphkq qugh pununpuiwuwgh fuqup fupnn Ehubk) uppbp (wn. 1),
nnb b php hbEppht Jhwiqtkgh nhwh dptninpn wpnwibnynn dhwugnipniuubph
pwtwjulul thnthnjumpjut: Un. 1-nud phpdws ndjujubph Jbpnisnipniuhg
huwnwl Eptind E, np wijujn quqhbhjugdw muppipuljhg, wnwewgnn uhtiptq
quqp hhdbwjwinid juqudus b wspwsuh Unbiopuhnhg (CO), opwsuhg (H),

7



Utpwlihg (CH4), opuyhti gninpphtutphg (H20), whiwppent qughg (CO2) b Ywpny k
wupnibwy ] UniEnigup wqnn (N2) b $ddpwgpwsht (H2S): Luth np uhtipkq qu-
qnud gqnjnipinit niikignn CO2-p hwdwpynud E swypynn dhwgnipinil, ntunh npu
pwbwlnipniup wjpdwt wpquuhptbpnid Yubw dhbiunyup, b 4Epnhhojuy dhwgnt-
pintutphg dhuyt wsjuwsth dniopuhnh b dkpwth wypnudp Yninklgygh jpugnighs
CO2-h wnwewgdwdp: Thunnwunplyny mipwpwisnip muppkpuljh hwdwp hwpdupy-
b Eu wspuwsth Epljopupnh gnidwpuyhtt b dbdppuiiughtt dbpnnnyd npudwi nhy-
pnid ghyh dpuninpn wpunwibngnn putwlnipmniuubpp. wpynibpubpp qlntn-
Jus bl wr. 2-nud:

Ugyniuwly 1
Uhlyolq quah punuppunluuuyhl juqdp quahbhliugdul nuppkp gupdubbbph
nkupnid
Uwunnigiwt kputalp | CO% | H2.% | CHs% | H20,% | N2% | CO2% [H:8.%
2nn wshuwthnoh
y=0.55 6631 |2758| 45 | <001 | 14 | <0.01 | 02
y=0.6 6441 (3349 006 | 036 | 132 | 017 | 0.18
y=0.65 484 | 303 | <001 | 1436 | 1.14 | 564 | 0.15
y=0.7 37.94 |27.07| <0.01 | 25.16 | 1.01 | 868 | 0.13
Qnubshuuyht (nsnyp
w=0.3 46.06 |27.21| <001 | 1793 | 1.17 | 747 | 0.15
w=0.35 4120 2533 | <001 | 2299 [ 1.13 | 92 | 0.14
w=0.4 3631 |2329| <0.01 | 2831 | 1.09 | 10.86 | 0.13

Ugniuwly 2

Swippkp punuppudwuughl fuguny uplpbq quqbph wpdwl wpynGpnid wnwpwigng
wépnusih bphopupnh qnidwpuyghi b Jkdppuwiuyghl dkpnpny npubg npudwl pkypnid
plagh Upbhninpn wpunwbku/ng pulnulnyeiniibkpp

Uwunmgdwb tnumbwljp | CO2, |CO2(CO), | CO2(CHy), | 2CO2, | Npujws | Upunwbbwn-
10°4q| 10%4q 10°4g | 10°4g | CO2,10%n | Jud COo,
10622
2np wshiwthnoh
y=0.55 0.06 | 615.32 73.14 |688.52 0.58 0.11
y=0.6 1 597.7 0.98 [599.68 0.51 0.09
y=0.65 33.34| 449.13 0.16  |482.63 0.41 0.08
y=0.7 51.3 | 352.06 0.16  |403.52 0.34 0.06
Qpusjuwyhl (nidnyp
w=0.3 44.15| 427.41 0.16 |471.72 0.4 0.07
w=0.35 54.38 | 382.31 0.16  |436.85 0.37 0.07
w=0.4 64.19| 336.94 0.16 [401.29 0.34 0.06




Zupyh wnubny 1 w2 COx-h dbkdppwbwyhtt dkpnyny npudwt hwdwp wuw-
hwbigynn swiubpp b COx-h wpnuknnidibph smlyuymu pyninh wpdtpp” iy, 1-nud
wunlpyty Eunwpplp puqugpuidwuwgpl juqing uhtptq quqtph nhygpnud ww-
hwtgynn pipus swhiubkph 3) b hwdwywwnwupwtwpwunp npujus wshiwppnt
quqh pwbtwljutiph (Mco2) thol Juup:

3etr, 10° .
2500.00-

y=0.55

2000.00+

1500.00

1000.00+

500.00+

0.00+
0.58 0.51 0.41 0.34 0.4 0.37 0.34 Mco2,10° .

UY. 1. Fipywiés Swpiubph Jupnjuénipiniip dkdppubuyhl Jkpnnpny npuyjwé wshnusip
Epgopufinh pwbwynipniiihg

PpJwd qpudpphljuljub wnbsnipniuhg Yupkih b bqpuljugul), np snp ws-
Juwthnont qughdhljuugduts nhyypnid Juinkihp-opuhnhs hwpwpbpulgnipjut dkdw-
gnidp huigkgunid £ CO2-h npudwt hwdwp yuwhwbeynn phipdué swpubph tdw-
qbguwt wuydwiunpjws todws nuppbpuljiiph nhypnid wpwewgus b, htnlw-
pup, twb npujws CO2-h pwhwlh Ypdwndwdp: Uniyt qpunnnnipnibiibpny ju-
phih E pugunnl tub opusuuyghtt (nidnyph qughdbhugdub nhypnid juntudw-
wupnibwlnipjut Ukdugdwt htnbwupny pipdué swpuubph tdugkgnidp:

VY. 2-nuid wyuwnljipdws | wsjuwsuh tpljopuhnh wpunwtbinnudutph tjuqkg-
dwlt gnpdplpwgh twupbljut ntnbuw]bnnipjut jupouwdnipmniap wpnwitknnud-
tubkph onijuynid pyninh Jugwrph quhg: Cun npnid, hwoyupljibpt hpuljwbwgyty
Et nhnwplynn muppkpwlubpnhg dhwyt dkyh ophimayny (y=0.65), pmugh dawmugws
wnwppbpulubph nhypnid ophtiwswthnipniup tnyuntpjudp wuwhwywiynid E:

PhEpJws gpudpjuljus yunltpnidhg (. 2) jupkih E iqpujugiby), np wp-
wnwbbnmdubph ontjuynid COz-h pynwinp wipdbtph wybjugnidp, wljthwpnnpky, hwb-
giginud £ nnupkljub ntntuwbnnpjut Jkbugdwt b wywhnynwd £ pinpus
hpwjutwgynn vhongundw Fyninghwnttinbumljut hhdtwynpnudp:
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Uly. 2. Ushuusap Epfopupnh wmnubbwnnidbEph njuqbguul gnpdplpugh nnupkiub
wnlwnbuwybnnipyul jupofuénipniip wpunwbbnnidibph sontuynid pynunp Judwnph
qlipg (=0.65 nkwpnid)

zupy k oy, np wshuwsh Eplopuhnh wpinnwtbunudtutph Ypdundwt wy p-
ongunnidutph hpujwbwgdwt wwpuquynud Eppidt ntnbuwlwt wpyniipt
niikimd £ puguuwlub trubulmpmt guypduiu]npjus wi hwbqudwipnd,
np wwhwbeynn juuyhwnw b pwhwugnpsdwb swubkpp gipuquugnid Eu nput’
punpyus dhongunnudp nupdtwny ntnbuujut wnkuwtlniihg ny sowhwybwn:
PpJwé gpudhjujutt yunlpnidhg upkh E kqpuijugit], np wpnwibnndubph
ontjuynid CO2-h pyninp mbqud tjuqugnijt qudwnph quh nhypnid hpwljwbwg-
Ynn dhongunnidp wpynitwgbwn £ b wyuwhnynid £ nupkjut gpuljut ntnbuw-
Jwl wpyniup:
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5. Uwpnijywh 0.2, Ejpuljjut U.2. QEpduyht bEjunpuljuyubtbph ninbuuljub wpynt-
twbnnipjut gnigwuhoubph Jpw wshiwsuh tplopuhnh Juuywlgdwt gnpépupwgh
wqnbgnipyut quwhwwnnudp / 22 QUU b 20&2 Stntiwuqghp. Skl ghwn. ubphw. -
Bpliwb, 2017. - Zun. 70, N2. - ke 170-177:

6. Uwpmpyuib 0.2, Ejpwljub U.Z Usluh ubpghljjuyht qughdpjugdudp sngliququunnip-
phuughtt mknuwljuyuiph jurniguspuyht upnkdwgh hwpgupyh b wpynibwybnnpjut
quuhwndwl wignphpdubph dpwlnuwdp / 22 UG b 2N&Z Stnklwghp. Sk ghwn.
ubphw. - Gpliwb, 2019. - Zuwn. 72, N3. - Lo 356-366:

Zuywunwith wqquyhtt wnjhunkpbthjuuwt hwdwjuwpub: Uniep tbpuyugdt) b
Judpwugpnipinit 17.03.2023:

B.3. MAPYXSH, C.I'. 9JIBAKSIH

UCCJIEJOBAHUE TEXHOJOIMYECKUX PEIIEHUM J1JIsI CHUKEHUS
BbBIBPOCOB JUOKCUJA YIJIEPOJA HA SKOJIOI'MYECKH BE3OITACHBIX
TEIVIODJIEKTPOCTAHIUAX

ITpoBeneHo ucceoBaHNEe MEPONIPUSITHIA IT0 CHIDKEHHIO BEIOPOCOB YIJIEKHCIIOTO Ta3a Ha
IKoJIoTHUecKn Oe3omacHbIX TerutodnekTpocTaniusax (TAC). PaccunraHo oliee KOIMYEeCTBO
JIMOKCH/IA YIIIeposia, 00pa3yloIIerocsi Ipu CKUIaHUM CHHTE3-Ta30B Pa3IMuHOIO COCTaBa M
KOJINYECTBa, BHIOpAchIBaEMbIX B aTMOc(epy IpH yJIaBIMBaHHH JTUOKCHIA yTiIeposa MeMO-
pasHBIM MeTooM. C y4eToM 3aTpar, HeoOXOMUMBIX st yiaBnuBanus CO,, ¥ TOTIOTHATEIh-
HOTO JIOX0/[a OT POAAXKH KBOT OIIEHEHA BEIMYMHA TOJJOBOr0 S9KOHOMHUUECKOTO Y deKTa.

Kniouesvie cnosa: napHUKOBBIN ra3, TUOKCUJ YIIIEPOa, TOPTOBJIsl KBOTAMH, Ta3u-
¢buKamys yrist, MeMOpaHHBIA METOI.

V.Z. MARUKHYAN, S.H. ELBAKYAN

INVESTIGATING THE OF TECHNOLOGICAL SOLUTIONS TO REDUCE
CARBON DIOXIDE EMISSIONS AT ECOLOGICALLY SAFE TPP

A study of measures to reduce carbon dioxide emissions in ecologically safe thermal
power plants has been carried out. The total amount of carbon dioxide generated during the
combustion of synthesis-gases of various compositions and amounts emitted into the
atmosphere when carbon dioxide is captured by the membrane method is calculated. Taking
into account the costs required to capture CO,, and the additional income from the sale of
quotas, the value of the annual economic effect is estimated.

Keywords: greenhouse gas, carbon dioxide, emission quota trading, coal gasification,
membrane method.
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PHOTOREALISTIC AND SYNTHETIC STEREO-DATASET
GENERATION METHOD FOR VISUAL ODOMETRY AND DEPTH
ESTIMATION

Computer vision is a rapidly developing field in modern computer science that deals
with various challenging problems. Both mono and stereo imagery data are widely used for
tasks such as depth estimation, visual odometry, and SLAM (Simultaneous Localization
and Mapping). To ensure the clean verification and robust performance of the resulting
software solutions, datasets should contain precise ground truth data. However, creating a
real-world stereo dataset is a costly task as it requires stereo cameras and precise hardware
for ground truth measurements (such as lidars, lasers, barometers, accelerometers, etc.).
These types of hardware are often expensive and not accessible to intermediate users. An
alternative approach is to use synthetic datasets, which are collections of computer-generated
data designed to mimic real-world data. Synthetic datasets are used to train Al models when
real-world data is not available, or to test the performance of models in simulated environments.

Our method suggests combining real-world data collection with synthetic data gene-
ration methods to maintain photorealism while gaining the advantages of synthetic data
generation flow.

Keywords: computer vision, stereo dataset, synthetic dataset, simulated environment,
photorealism.

Introduction. Stereo datasets are an essential component in various computer
vision and autonomous system applications, such as SLAM [1]. They are used to
train models for tasks such as semantic segmentation, object detection, and more.
Stereo datasets are frequently generated using 3D vehicle simulators like AirSim
[2] and Gazebo [3]. These simulators provide a wealth of information that can be
extracted, including depth maps, camera positions, and IMU data, among others.

While synthetic dataset production has several advantages over traditional
real-world data collection methods, it also has its own set of limitations and
weaknesses. One of the main limitations is the cost of obtaining high-quality 3D
assets and scenes, which may come with licensing restrictions. Additionally,
creating a realistic virtual environment that accurately simulates the real world
requires a significant amount of programming and 3D design expertise. The
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simulation tools themselves can also be limited and may not accurately reflect the
complexity and variability of real-world data, leading to models that perform well
in simulation but poorly in real-world scenarios.

Furthermore, synthetic dataset production can also be computationally
intensive, requiring significant processing hardware and time to complete. This can
be a significant drawback for those with limited resources, as the data collection
process can be significantly longer than real-world data collection.

To overcome these limitations, our work describes a novel approach for
stereo dataset production that combines real-world data with camera simulation in
a 3D virtual environment. This approach provides photorealistic images from the
real-world data while also removing hardware errors through ground truth extraction
in the simulator. This allows for the generation of high-quality stereo datasets that
accurately reflect the real-world, while also reducing the time and computation
resources required for data collection.

Moreover, this approach offers greater freedom in terms of camera
positioning, lighting, and object placement. Unlike real-world vehicles, virtual
environments are not limited by the capabilities of physical vehicles, and cameras
in a virtual environment can be programmed to have different intrinsic parameters
or lenses. This opens new possibilities for stereo dataset production and allows for
the generation of datasets that are not restricted by real-world limitations.

In conclusion, the novel approach to stereo dataset production described in
the text provides a compelling solution to the limitations and weaknesses of
synthetic dataset production. By combining real-world data with camera simulation
in a 3D virtual environment, it offers a cost-effective and efficient method for
generating high-quality stereo datasets that accurately reflect the real-world.

Related works. In this section, we study various stereo datasets and recent
advancements in stereo dataset synthesis. The advancements in machine learning
heavily rely on the quality and quantity of data available. Hence, the current wave
of solutions in the field faces challenges related to data size, generation, and
ground truth availability. To ensure continued progress and evaluate algorithms,
robust and relevant datasets are essential.

Synthetic stereo datasets. To address the data challenges, several synthetic
stereo datasets have been created. These datasets provide a platform for machine
learning models to learn from and to be evaluated against.

Synthetic dataset performance. One such dataset is the MPI-Sintel dataset
[4], which was created in 2012. The dataset is used to evaluate optical flow
algorithms and is derived from the animated film "Sintel." The dataset contains
1064 synthesized stereo images and ground truth data for disparity and provides a
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wide range of image degradations and effects. The dataset is generated using the
Blender 3D generation open-source tool. Despite its popularity, the biggest
drawback of the MPI-Sintel dataset is the graphical style of the movie. Models
trained on this dataset have difficulties in recognizing real-world depth and are not
suitable for practical inference in real-life scenarios.

Another synthetic dataset is the Virtual KITTI dataset [5], created in 2016.
The dataset was designed for the evaluation of computer vision models for various
video understanding tasks such as object detection, multi-object tracking, semantic
segmentation, optical flow, and depth estimation. The dataset includes 50 high-
resolution videos, generated from five different virtual worlds in urban settings,
under different imaging and weather conditions. The virtual worlds were created
using the Unity game engine [6] and a novel real-to-virtual cloning method.
Although widely used, the dataset is limited to street views and the camera
movements are restricted to the car's forward movement.

The TartanAir dataset [7] is a more recent addition, created in 2020. The aim
of this dataset was to expand the limited scenes and camera motions provided by
famous real datasets such as KITTI [8] or EuroC [9]. The dataset includes
sequences from 30 various simulation environments, including indoor and outdoor
scenes, and features balanced camera motion in 6 DoF. The dataset also includes
challenging visual effects such as day-night alterations, weather effects, seasons,
and others. Although the dataset is diverse, the photorealism is still far from the
quality of real video frames.

In conclusion, synthetic stereo datasets have proven to be useful in
evaluating optical flow algorithms and training machine learning models. Despite
their limitations, they provide a platform for continued progress in the field.

Method. The dataset generation steps are illustrated in Fig. 1. As a first step
we are capturing photo images by a DJI Mini SE drone. The images are later used
for real-world large scene point cloud creation. The Litchi API [10] application is
used to program the drone. The photos are taken at a minimum interval of one
second, with a flight speed of 2.5 km/h.

To capture an area, the drone is flown in circles with a radius of 50 meters,
at a height of 30 meters above the surface. This height was chosen based on
considerations of drone safety and the presence of environmental objects, such as
trees and buildings.

Several camera views and drone trajectories were tested, and a circle with a
50-meter diameter was found to produce the best results. The image resolution is
4000x3000 and GPS data is attached to each image.
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Fig. 1. Dataset generation steps

To enhance the 3D representation of the real-world large scene, the 3DF
Zephyr [11] open-source tool is employed to calculate the point cloud (Fig. 2). This
tool is known for its ability to create precise and comprehensive 3D models from
photographs. The point cloud calculation is implemented by using Multi-View Stereo
and Structure from motion algorithms. Multi-View Stereo algorithm consists of two
consequent steps. First is depth map computation which is measured via formula (1):

E(d) = E_data(d) + A * E_smooth(d), (1)

where d is the depth value, £ data is the data term that measures the similarity
between the reference image and the corresponding pixels in the other images at
depth d, E_smooth is the smoothing term that encourages the neighboring pixels to
have similar depth values, and A is a weighting parameter that balances the two
terms. The second step is point cloud generation. Once the depth maps have been
computed for each image, a dense point cloud can be generated by triangulating the
3D coordinates of corresponding pixels in different views. The formula for
triangulating a 3D point X from two camera positions Cl and C2, and
corresponding image points x1 and x2, is (2):

X = (1/P1) * x1 = (1/P2) * x2, )

where P1 and P2 are the 3x4 camera matrices for camera positions C1 and C2,
respectively.
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Fig.2. Generating sparse point cloud based on the images and camera positions

Once the point cloud is generated, the next step is to create a mesh using the
same tool (Fig. 3). The mesh acts as a framework for the 3D model, providing
structure and form. The creation of a mesh from the point cloud allows for a more
intuitive and recognizable representation of the real-world scene.

2

Fig. 3. Generating mesh based on the point cloud

Finally, a texture is added to the mesh, which is created from the images
captured by the DJI Mini SE drone. The texture provides visual detail to the 3D
model, giving it a more lifelike appearance. The combination of the mesh and the
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texture results in a highly detailed and accurate representation of the real-world
scene.

Small pieces are joined by using the control point method. The same control
points are picked on 2 or more separate meshes, and a unified mesh is created (Fig. 4).

2
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Fig. 4. Merging two small textured meshes

The textured mesh is then uploaded to the Blender 3.4 [12] open-source tool.
The Blender platform enables the user to program one or more cameras with
randomized positions, allowing for easy extraction of photos and accompanying
depth maps. Scripting is achieved using Python 3 and is seamlessly integrated into
the Blender environment. It is important to note that the use of two cameras is not a
limit - it is possible to render images and depth maps from multiple cameras.

Of course, the photos produced in the virtual environment are not identical to
the original photos. This is due to several factors such as the absence of small or
intricate objects like trees or chimneys in the virtual environment. Additionally, the
scene geometry may be slightly distorted. These differences can be observed in the
comparison screenshots (Fig. 5).

The distortion of the 3D environment is evident by comparing the bottom
part of the screenshots, as the whole scene is slightly shifted and the same camera
position and angles in the virtual environment result in a slightly different
viewpoint. The camera positioning used in the virtual environment was sourced from
the DJI Mini SE drone flight logs.
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Fig. 5. Original photo made by the DJI SE Mini drone (Top). Rendered image from the
virtual environment (Bottom)

Blender also allows to generate depth maps for the rendered images (Fig. 6).
As rendering happens in simulated environment, depth maps are ideal.

Fig. 6. Rendered image from the virtual environment (Left). Depth map of the rendered
image (Right)

Generated dataset. By following the pipeline outlined in methodology
section, a dataset of 1,000 images (captured by left and right cameras), corresponding
depth maps and camera position ground truths were generated. The structure of the
dataset is based on the KITTI visual odometry dataset. Each image and depth map
has a resolution of 1280x720.

The generated virtual environment spans an area of 153,000 square meters.
The camera positions and angles are randomized, with a height range of 20-100
meters and a horizontal coverage of approximately 38,480 square meters to prevent
the capturing of the map edges in the rendered photos. The camera view angles are
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also randomized and range from -45 to 45 degrees for X and Y rotations and from
0 to 360 degrees for Z rotation.

Scene lighting is also randomized, utilizing the Sun light feature of Blender
3.4. The script adjusts the light angles (ranging from 30 to 150 degrees for X, Y,
and Z rotations) and intensity (from 5 to 10) to simulate different times of day and
levels of cloudiness. The photo realism is measured with formula (3):

li1(x,y)-i2(cy)1)
M=+N#*255%3

Error = 100 * (Z ) 3)

where i1, i2 are the image intensity values, M and N are the image width and
height. The mean photo realism error across the image set is 12.49%. As a
reference, the famous Virtual KITTI dataset’s photo realism error varies from 5 to
20 percents depending on the image sequence.

Conclusion. This work presents a simple and robust flow for producing
photorealistic stereo-datasets which do not require expensive hardware and IMUs
for ground truth extraction. The flow uses open-source tools and does not require
heavy processing for 3D environment synthesis. The other advantage of the presented
flow is its flexibility in randomized data generation. That includes generated image
resolution, camera positioning, light conditions, etc.

The resulting photo realism error was compared to the widely used Virtual
KITTI dataset and can be considered as acceptable.
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U.U. U4ESPUSUL, S.£. UUSr3UL, U.S. arreNrsun

dNSNAEULPUSPY &Y, Ur2Z60SUUUL USEMEN-SY3ULLE P
U4 ULUONPULEP USBNOUUL UtENY SEUNNUYUL SENNNTUUL BY,
ArNkE3UL NCNTUUL ZUUULN

Zudwljupgsuyhtt mbkunnnipniup dudwbwluwlhg hwdwlwpgsuhtt ghnntpjui ke
wpwg qupqugnn njnpun E npp qpunynid | nnwpunbuwl) pupn jpughpubpny: Pusybtu dnin,
wgytiu b unbpbin wunlbpubph ndjuyutpp (uyinptt oquuugnpéymd Eu junpoipyut gw-
hwwndwl, nbunnuljut ninnpnodw b SLAM-h (Simultaneous Localization and Mapping) hw-
dwp: Unwgdws spugpuyptt (nisniditinh hutnwl uinnignidu i juynit junwpnudt www-
hnytnt hwdwp nyjujubph hwjuwpwsniubpp yhwnp E yupnibwlt £ogphin wnknklnipemniu
hpwlwt nhpph dwuht: Ujuntwdbbiwguhy, ppujut wojuwphh unbptn wdjujatph hwjw-
pwédnih unbndnudp dSwhpuwwnwn juughp £ putth np wyt wwhwignid k unbkptn wnkuwjughly-
ubp b &2gphwn uwppbp hpwlut phpph swihnufubph hufwp (ophtwy (hrywptbn, jwqbplbp,
pupdpuwswthbp, wpuquyuthtp b wyb): Ldwb vwppuynpnidubpn unynpwpwp putly B b
hwuwubh skt hwdwpuwunby ogunugnpéudwts hwdwp: Ujptinpuipuyhtt dUninkgnid £ wiphtu-
nwlub nfjuyitbph hwjupwsdniubph oquuugnpdnudp, npnup hwdwlwnpgsh thongny unkins-
Jwd hujupwdniubp ki pwtp twjpuinbudus Eu hpuljut wopuwphh widjuynbph tdwbwy-
dwb hwdwp: Uphkunwljut wfjuitph hwjupwsniubpp unynpwpwp oquuugnpsynid
wphbunwlut pwtwlwinput dngbjubph nunigdwt hwdwp, Epp hpwjuwt wojuwphhp
njjuukpp hwuwubh sk, hyybu bwb dnpijuynpdwt vhowduypmud dnpkjubph wohiw-
wnwlipp thnpdwplbnt hwdwp:

Unwownlynid t hwdwwntnt] ppuljutt wopwphh njuitph hwjwupwugpnidp wp-
hhunwlwi nfyuyiiiph unbnsdwi Ukpnpubph htbn' quwhwywiting htswybu $nunnnbughqup,
wjuytu b wphtunwljut wyjujubph untnddw pupugulupgh wpwybnipniuttpp:

Unwigpuyhli punkp. hadwljupgsughtt mbunnnipinil, unbpbn wdjujukph hwduw-
pwdnt, wphtunwlw ndjuibph hwjwpwsnt, dnpbjudnpyws dhpwduyp, ninnntwhqu:
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A.A. ABETUCHH, T.b. XAYATPSH, M.T. TPUT'OPSIH

METO/J I'EHEPAIIUH ®OTOPEAJIMCTHYHbBIX U CUHTETUYECKHNX
CTEPEOHABOPOB JIAHHBIX JIJIsI BU3YAJIbHOM OJIOMETPUU U OLIEHKH
I''IYBUHbI

KommbloTepHoe 3peHue - 3T0 ObICTpOpa3BHBAaIOIIAsCs 00JacTh B COBPEMEHHOW
KOMITBIOTEPHOH HayKe, KOTOpas 3aHUMAaeTCs PELICHHEM pa3JIMYHBIX CIOXHBIX MPOOIIEM.
MoHO- 1 cTepeon300paXkKeHUst IMMPOKO HCTIONB3YIOTCS LI TaKUX 3aa4, KaK OLEHKa TyOHHEL,
BusyanbHas onomerpus 1 SLAM (Simultaneous Localization and Mapping). Jlnst oGecrie-
YeHHs XOPOLICH MPOBEPKU U HAJIEKHOH pabOThl MOJTYYSHHBIX IPOrPAMMHBIX PELICHU Ha-
0OpbI JaHHBIX OJDKHBI COEPKAaTh TOUHYIO HH()OPMALHUIO O PEabHOM IOJIOKEHHH 0OBEKTOB.
OmHako co3maHue pearbHOro Habopa cTepeon300pakeHMH SBIACTCS 3aTpaTHOW 3amadet,
TaK Kak TpeOyeT HMCIOJIb30BaHUS CTEPEOKaMep U TOUYHOTO 00OpYyIOBaHMS ISl M3MEPEHHS
peanbHOro MOJIOKEHNSI OOBEKTOB (TaKMX Kak JIMJApHl, J1a3epbl, 0apOMeTpPhI, aKCEIePOMETPEI
u T.Il.). OTH THUIIBI 060py[lOBaHl/IH 4acCTo SABJIAKOTCA AOPOTUMH U HEAOCTYIITHBIMU JJI1 PAAOBBIX
MOJI30BaTENEH. AﬂbTepHaTl/IBHI)IM II0AXO0J0M SABJICTCA HCIIOJIB30BAHUEC CHHTCTHUUYCCKUX
KOMITIBIOTEPHO-CI'€HEPUPOBAHHBIX Ha60pOB JaHHBIX, MIPEAHA3HAYCHHBIX JI1 UMUTAIIUN pEaJib-
HBIX ciieH. CHHTeTHYecKHe HaOOphl JaHHBIX YacTO MCIOJB3YIOTCS A 00ydYeHHs Moemei
HCKYCCTBEHHOT'O HHTEJUIEKTA B CIIydasiX, KOT/ia peabHble JaHHbIC HEIOCTYIIHBI, MU JIS TECTH-
POBaHUS IPOM3BOMUTEIILHOCTH MOJIENiel B CHMYJIMPOBAHHBIX CpElax.

[pemiaraeMplii HAMH METOJ TIPEAJIaraeT KOMOMHHPOBATH COOP pealbHBIX TaHHBIX C
METOJaMH I'eHEepalliil CHHTETHYECKHX TaHHBIX, YTOOBI COXPaHATH (OTOPEATU3M, COXPaHSIs
MPEeUMYIIECTBA MIPOLEAYPhl TeHEpallui CHHTETHYECKUX JTaHHBIX.

Kniouegvle cnoea: KOMIBIOTEPHOE 3pEHHE, CTEPEOHAOOp NaHHBIX, CHHTETHYECKUI
Ha0Op JaHHBIX, CHMYJIMPOBaHHas cpesa, GoTopeaansm.
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U.Q. FUUNPL
0ASBUSh NGLREHUSPL ZEULYULCE WUNRSUUL ULSNCPEUL

Pninp mhyh hinwbljupubph jupnigdw hhdpnid npus b «yhnpnuwuljut wypnykl-
wnud» Ynsyny EpYpuswhwlut wpnuwywnltpnudp, npp hinjudhwpdtp hudwyuwinwuow-
unipnil Eunbndnud towswith opjkljunp (pophinlh) b tpw hwpp Yepwwph (Unnkh) dheli:
Uw hhdtwynpynud £ tpwiing, np dwppnt nupuswljut mkunqujut pujuinudp junwp-
Ynud £ ipw wgph gubigupwunuph Ypw wyn mwpwsnipjub opjkjnttnhg winpunwunpddus
nyuwghtt Swnwquyyptutph wqpkgnipjudp untndynny wtuptkph dhongny: Nbhunh hpwlw-
umpjutih wdbjh dnn E uygb pymutympniip, np opjijnnutphg winpunupddus funwuquye-
ttpp hwjwpynud kb wsph Uh Yhnmd: Zknbwpwp’ jrinpniwlub ypnykndwi dipngp,
nnh phypnid wpnykjunudp junwpynwd £ kY YEnny (ypoindwb jEunpning) wigng
Swnwquyplbph dhengny, pniy E mmwjhu jupnigh] phwljub nkunqujw pujuwidwip pu-
Juljwuuht dnwn hupp YEpyuputp (Unghukp):

Unubigpuyhli prunkp. wpnjtljnh] wpnuyunlbpnd, dhuhnjumpniy, withujulut
Lk, YEpyup, hwppnipnil, fwnuquyp, Yphuwlh wupptp:

Ubkpwbmpynit: Zknwuljup Yupkih E junnigh) ny dhuyt hwppnipjub, wyh
guiljugws wy] dwlbplinyph Jpu: Uju hpdwunnd tkpljuynudu gnpstwljuts Yhpw-
pnipnilt ki qub) hinwuwph htnbjuw) nkuwlubpp qduyhl, wwinpudwghl,
qupbkpuyht b punbtpulwi:

Qsuyhtt hEkpwiljwp E widuimd opykljnp uytt hEntujwpuyght ywwnlkpp, npp
Jupnigynid k hwppenipyub Ypu: Guhe]ws wunliph hwpenipyub nhpphg gdw-
jht hEknwjupp thunud E munnuaéhg, ptp U hnphgqnuujub: Snpstwjutnid wydkh
hwwh Yhpunynud £ ninpudhq hinwtljupp JEpyupgbunh unbndwgnpdnipiniu-
ubpnud, hsyhu twl dwpnupuybnulut hwdwhpibph twhwgsdwt dwudw-
twl] b yunpuwunh twpwghd tkpuyugiubihu: Znphgnuwlw hkpwupp hhd-
twjwind hpunynid L wppiwphwgpuijut mknuuph gunlipdwt hwdwp, huly
ptp hwppnipyut Jpuw junnigus hinwbljupp wywynphy Jupny b jhul] dhugb
wy opjliljintiph ghwpnud, npnug pupdpnipniip, dniu suthbtph htn hudbdunws,
pujuljutthn UkS E:

NMubtnpuduyht hkpwljup E wijuinnud tkpphtt guitiughtt dwljEplinyph pu
Junnigyus wuwwnljkpp: Uyuyhuh hbkpwtupp undnpupwp mubinud  pudujuithy
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Uks dwupwnwp b jhpwnynud E juygb pungpynid ninkgnn dhowduyph wqunybpdwu
hwdwp: Zkpwtuwph wju mbuwlh Juenigdwt dudwbwl Eupunpynud E, np nh-
nnnn (nhunwlbunp) qniynd £ ygunliph qutuut duljbplnyph wnwugph Jpu:
NMupq k, np wju twpwyuydwih ghypnid wdju) dwljkpbnypeh ypu htwpwynp k
wuwnlbpk] uyt pnnpp, hsp upnn £ wnbkutl) nhnnnt hp oppuyunnud:

QUpkpuyhtt hipwwp k widui]nud ubpphtt qunuyhtt ud L hyunhph dw-
Ytptnyph Ypu junnigyus hinwjupujhtt wunljkpp: Zknwtjuph wju mkuwlh
Junnigdwi dudwbwly Eupunpynid k, np phunnp (ghunwltup) quignud L yun-
Ytph quyuyphtt jud Efhyunhnuljw dwljkptingeh jEunpnunud: @dpkpuyght hbnw-
uupubptt wdbh hbwdwp Yhpundnud bu junpgnp nwdwpubtph b ywjwwnbkph
qupbpubpht npUbwbjupbbph jupnigdwt dudwbwy:

Puwnbpuluwt hkpwulwp E wtduiynid dh pwih ninnqudhq hwppnipnii-
ubkph Ypw Junnigws hinwbtjwpwihtt wuwnlkpbbph wdpnnenipiniup, npnup nu-
uvwynpynid B nwpwsnipjut Uky hpwphg npnowlhh hinwynpnipniuubph Jpuw
(nuppbp anpnipmitttpny): Ujuyhuh hbpwijupubpt wpwdbjuybu hpunynid
kb punpniinud, hiswhu twb Jhinbwpuhwinudubph dudwiul quituqui phw-
wuwnlkpubph ghnpughwibkp unbknstint tywwnwlyny:

‘Loklip, np ubpjuynidu wnljuw hwdwljupgsuyhtt gpubhjujui hwdwljup-
qgtipp hwdwpdws Eu dpugpuyhtt wywhndwt wytyhuh vhongubpny, npnup pny
Eu nwhu wjundwinwgut] hbpwiujuwpuihtt wuwnkpubph juenigdw gnpdpl-
pugp Jkpinid pywplyws hkpwywpubphg dhwi gduyhtt hkpwljwph phupnid:
bulj Ujniu mhyh hknpwtjupubph wdnnduwnugdus huwdwlwupgswihtt junnigdwt
huunhpp phnbu phunwpygws sk, shwyws nputg Yhpundwb npnpup inygiybu pu-
Julijwbwsuth uyt k:

FJupldws pnjnp mhyh hipwbjupubph juenigdwb hhdpnid, hisybu wp-
nk togtg, npusd L «YEunpnuwljub ypnjkjunud» Ynsynn tppuswthwljut wp-
nuyunltpmudp, npp hnpadhwpdtp hwdwyuunuwupiwinpni £ untndmud nwsuith
opjyunh b ipw hwppe Yhpuywph dhol:

bpuwljut opjkijnh nkihkduyhtt yuunltp E Ynydnd wyn opjkjnh b pput
2pguguinnn Uhgunuyph wighuh nupuswfjub Epwswut (Swduquyht) YEpuyupp,
nnp wknuynpynid £ Eplint dwljbpbnyputpny vwhdwbtwhuljws nupwsnipjub
ukn okpunh dbe b hwhiwybu npdws YEnnd qunuignn nhnnnh nkunnmpjub dke
unbnénud L hpujut opjkjinh nyyuynpnipinit:

Ghttnpnuwlw wypnjkunud: Skunpniwlwub wypnjkjundwbh dkpnnh Enip-
niup wupqupwikip qduyghtt hbnwuljuph jurnigdwt ophiulyny:

Swpwédnipjwl dke punnpymd B ypnykndwt C JEunpntp b wpnyklighw-
utiph (urnigynn dnnkjh) K hwppnipmniup (. 1): C YEunpnut punhwipuwbu
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wduiymd E nhnwljbn, vuljuyi hwmdwp wyu Jenp hnppwbinitbwpunp Ynsnid B
lughy hwdbdwinkiny niuwbljupswlwi jughih opykljnhyh Yhquiknh htwn: Un-
ntih K hwppnipniup Ynsynid E bwb tupughtt hwppmipni: II hwppenipniup,
nnh Yypu puuwynpymd b Unpbjuynpynn opjkljnubpp, Ynsynid £ wnwupuyujub
hwppnipnit: Unynpupwup wnupuyuljub hwuppentpmniup hadwnbnynud £ jnnp-
phtwwnuyhtt hwdwupgh XOY hwippnipjut htwn:

[Y7) -
Ul 1. QSuypl hknwhluph unnignidp §Enpninulul wpnyElunlul kpnnny

Swpwénipyut juduyului A Jhnh Ax Yhipyupp (hkpwiljupp) CA wnw-
qujph b tjupuyhtt K hwppnipjut hwndwb jEnt b Sphpuswhnipjut dby
wuntd k' At A Yhnh Jinpniwlub wpnjklghwb kK hwppnippub Jpu: Yknh
htpwiwph weun]t) wljikpl pupdbtne hwdwp hwgw juenignid b bub bpu
ITI huppnipjut Jpu nubkgus nipnuulnit wypnjkighuyh (a) hbnwbwupp (ax):
dhpohtiu wujuiynid k Ax hinwjuph hhup:

YQuplnp E uyt hwhqudwipp, np wyunbn ypnijunudp juunwpgnud E ny
pt munhnukph, wy] fwpwquypttpnh wyt puquUnipjut dhgngny, npng uljqpiwljtnp
C Ykuwnpnbt E Zhnbwpwp K hwppnipjub Jpu Jupny b wpnwwgunlybpdty
wnwpwdnipju ny pninp Yhwnbkpp:

Mpnjklwnnn wyt Swnwquypp, npbt ninnuhwjug b tjupujhtt hwppeoipjup,
Ynstnud b gilewdnp Swnuquyp: Upuiting npngdnud £ lughlih opytlwnhih ghwgnp
oyunhluljut wpwugph ninpnipniup: bull guwynp dwnwquyph b tjupught
hwppnipjutt hwndwt P hwnp Ynsynud £ hbpwuljunph qluwdnp wn: Uju Yhnp
thnfuwtintiwpwp hwdwh witduidnid £ iyunwlulbn:

Qquuynp fwnwquyph CP hwnqwsh tplupnipniup Ynsynid £ gjuuydnp
htpunpnipni: Uw, thwuwnnpbl, jughlh hipwdnpnipniut E ujupught hwppnipe-

jnithg:
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Ujuyhuny, nmwpwsdnipjub hkpwulwpp Yupkh £ dhwpdbpnpkt junnighy,
Ept wnwownpyws £ qjluwynp Swnwquyyph CP hwndwsn:

Optyunp nhjhkduyhtt hipwijuph Juenignmidp: Opjkljnh nkjhtduwyht ht-
pwiljuph jurnmigdwt hwdwyhunwih Eppuswhwlut wignphpdp uvnwbwnt
hwdwp tyyuwnujuwhwpdwn k jenh hkpwtupp jurnigl] mnhnubph hbnwljup-
utiph dhongny: tw Jupkih £ wik], tpk mupwbdnipjut pnipupwbymnip Yhnp nh-
wkup npytiu Eplnt ninhnubph hwndwi wpyniip: Uyg nhwypnud, pwth np wpnw-
yuunlbipdwt dudwiul] gquhywidnud L Epjpuswhwljut muppiph wipunhw-
wnnipniip, wyw YEnh YEpyupp jhwdptjuh wyy YEnng wigiunng ninhnubph Yep-
wupbph hwndwt YEnht: Ophtiwly, uly. 2-nud pipdws A Yhnh A ipyupp u-
nnigyt) kuyn YEnny] whgunn tplynt mnhnukph dhengny:

A JEunny] nupguws Lo tpynt judwjulwt a b b ninhnubpp: Ywonigqus bu
uyn ninhnubph ki hEduyghtt MiE1 NiGr hEknwtljupubpn:

UG.2. Ykwnh nljpbpughl hEnwilwph unpnignidp

M:E1 NiG: hwindustutiph hwndwt A: §kwnp §ihth A Yhnh npnubkih nbjht-
duyhtt hipwtupp: Gpt tpjpuswthuljut junnignidubpp dhown ki junwupdws,
wyw A Jhunp b tpu Ar Epyupp jnuuwdnpdi C ghunwljbnnd wigung dhliingl
Swnwquypeh Ypu [1,2]:

“Thunwplkup opiijnp judwyulwb YEwnh nkhkduyghtt hkpwjuph junnig-
Uwl wignphpup wyt nhypnd, kpp wpwewnpws ki

w) YEpyupuyhtt mupwsnipiniipn vwhdwbwhwlnn hwuppnipniuttpp,

p) phnnujtnh hEipwnpnipniup vwhdwbught hwppnipiniihg,

@) nh{htduyhtt hknwtljuph gluwynp Yhwnp,

1) Yk Ynnpphtwnibpp Yphiwlh (wiowpd) huppnippub hbn wdpug-
Jus ghljupunyub §nnpphttwnuyghtt hwdwlwupgnud:
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Bupunpkup' npws kA Ykt hp bpbp Xa, Ya U Za nnpphtwntitpn] (g, 3):
Spyws kb bwh Q b P hwippmipniuubpp, hknwtjwnph qjuwydnp F jEnp b phnwljnh
htnunpmipnitp vwhdwbughtt hwppnipniuhg: Muwhwbgynid E junnigh] A YEnh
nhihtdught hkpwiupp oquugnpstyny dhuyl wyu wyjuybpp:

Ul. 3. Oppblinp nkipbpuypl hknwiluph Jupnigdwl Innpphiiunnbbph Jkpngp

YQuinnigdwt wignphpdp hknbjwu k.

1. YUnnpphttwnwhtt hwdwlwupgh Y wnwbgpp, hiyybu bulb A Jhnh Ynnp-
nhtwwnught phjjuh MB hwmnjuép nuuwynpjus b Q b P hwppnipniuubpht
ninnuhwjwug, hull tpwig O b M suypwljtnbpp yuwnluinwd ko whpwpd hwuppnt-
pjutp, htnmbwpwp® wyy nmwuppbph phjhiduyghtt hinwuupubpp junnigbint hw-
dwp puduljul £ O b M YEnbpp dhwgul) hbpwtuph qijuuynp F YEnh:

2. Y wnwigph Y §hpyunph Jpu junnigkp A YEnh Ya §nnpphtiwnt wp-
wnwhwjnnn hwndush YEipywpp (OL hwndwsp): Uju hwindwsh junnigdwt hw-
dwp oquytip nvwhdwbwght P hwuppnipjut htin 45° wulnit juquny b wnwp-
Jujulwt H huppnipjuip qniquhtn mnhnubph hwnynipmiup: Ujng ninhnubph
YEpyupubpp hwjupymd Eu dh Yhnnd, npp wunljutnd £ P hwppenipjuip b
hwiunhuwtnd E hinwtjuph «qhunnmbighnti» D Jhwnp: «thunwighniy jhnh ju-
mnigdwt hwdwp puuljut kP huppmipjut dbky, ujums qijuwynp F hwnhg, nk-
nuapk] Uh hwndws (FD), nph Epupmipiniup (hth hwjwuwp P hwppnipiniihg
phunultnh nupgws hkpwynpnipjutp b nwuwynpyh qniquhbn wpwpjuyujut H
hwppnipjuin:
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Ujdd A JEwnh Ya jnnpnhtiunp ppuljuits bpljupnipeiniip imbnunpkup X wnwgph
Ypu: Yunwbwtp E Ewnnp: E §Enp dhwgubup «qhunmughnti» D hnht: Unwugqus
ED hwwnquwsédn §ihth P hwppnipjut htwn 45° wulnit juqunn b wowupuyulut H
hwppnipjup qniquhbn wjt ninnh YEpwwpp, npp X wnwtgphg hwnmd E Ya
Ubdnipniup: Fdjup sk hwuljutwg, np jurnigqus wju hwndwsh b opnhtiwnntitinh
wnwugph Y1 jipyuph hwndwb L YEwnp Yihth wyi Ywnp, npng b nponoynid | Ya
ynnpphtiwnh YEpwwpp hwinhuwgnn OL hwwnydusp:

3. Z wnwiugph Ypw A Yhkwnh Za Ynnpphtwnh Epupnipjudp OG hwngwsh
G suypuljtnp vhugukup nkjhtduwghtt hipwujuph gjuwdnp F jEnht: Ujunthtnb
twunpn thoynd npnpyus L §hnny junrmigkup Z wnwbgpht qniquhtn ninhy:
Ujn Epynt nwppbph hwnnidhg uvnwtnud Gup N Jhwnp, npp ubpjuyugund E Ynnp-
nhtwwnwhtt YOZ hwuppnipjut ypu A JEnh ninnuilnit ypnjthghwyh (Epypnp-
nuyht wpnytlghuyh) Ypywpp ghnwplpyng nkhtpught hkpwywpnud:

4. L §kwniny nnwtkip X wnwbgphtt gniquhbn ninhn, dhtsh wyt hwwnlgh MF
hwwnywsh htwn: Zwwndwi Br Yhwnp Y huh Ynnpphiwnughtt XOY hwppnipjub pw
A Jtwnh B mnnublymb wpojklghwih (kpypnppuyht wpnyklghuyh) Yepywpp
nhunwuplyny nkihtduyhtt hipwbtlwpnud:

5. N yhwn] wwbkip X wpwigphti qniquhtn mnhy, huly Bi Yhnnyd Z
wnwugphtt qniquhtn: Ujy Eplynt ninhnubpt withwynnpbi gunidnud Bu dhliinygu
hwippnipjut dky (qu A Yhund wigunn b Ynnpphttwnughtt YOZ hwppnipjuip
qniquhtn hwppnipjut YEpywpt £) b hwngnmd Bu A YEnh npnbh nhjhEbwght
htnwtjupp hwinhuwgnn A fEnnud:

Zw&whu hwpl b (hunwd Junnigl) opjijnh nhjhtduyghtt hbpwulwnp, Epp tw-
huuybu mpdws Eu bpw nplik snpu YEnkph Yepyunpubph nhpplipp nwpwsnipyut
Uko (ul.4): Uju nmwuppbpulh pbuypmd opjkjnph judwyulub hhugbkpnpn YEnp
nhhkbuyhtt hipwujuph junnignid hpujubwgynud E hbnbyju wignphpuny:

Spjwsd L opjynh snpu’ A, B, E, G Ywnbpp b ipubg A1, By, E1, Gi §kpuwup-
ubipp: Uju Jhnbph wowownpdu iwppwwyuydwt wyt E, np npuitg hwdwwywnwu-
huwtt qnyglpp whwnp Eyuwuwdnpyk C ghinwlbnn] wigunng Sunwquypitph Jpue

Nwhwioymu t junpmgh] opjtlnp judwjulub hhigkpnpy M Yo M:
Yhpyupp nju] wpnuywnipdui dudwbu:

Opjyinh wpwewnpyws snpu Ynkphg nplk kpkpny, ophtiwyy’ A, B, E k-
nny nwbkup o hwppnipniup: Un huppnipjuip jhuduywnwupiwih A, Br, Er
twnknpny wigunn o hwppnipmiip: Nbnnny vhwgukup M b G YEnbkpp b npnpkup
unwugywd ninnh b o huppnipjut hwndwb T Yhwnp: T fhnp Jhwugubup nbjhEduyght
htpwuwph C npinultnht: CT Swnwquypp Jhuwnyh oo hwppnipjut htwn T k-
wnid, npbt wjthwynnpku Yihtth T YEnp nbjhEdught hbnwtljupp: M Enh npntkh
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M Ytpwwipp Uh Ynnquhg whnp E quingh MC fwpwquyph Jpu (nkjhdughtt htnw-
tuph vwhdwinuhg), huly dniu Ynquihg TiGi nignh Jpu: Zknbwpwp, npnlitgh
M: Ent uvnnwugynid £ npyku MC b TiGr ninpnutph hwndwb §Ewn [3-6]:

R

Ul 4. npu gnyq hwdwyunnwufuwl [Enkpny wnwewnpyng pkihkpughl hknubluph

funnignip

Bqpulugnmpinit: Ujuyghuny nwpusnipjui hinwblwpp Yupbih b dhwp-
dtipnphitt junnighy, kel wnwownpyws k qiluwynp Swnwquyph gluwynp hknwygn-
nnipinilp:

Opkwnh nkhEduyht hkpwtuph jurnigdw wignphpdp uvnwbunt hyw-
nwlny tyyuunulwhwpdwn k jEnh hkpwbupp junnigl] ninhnubph hkpwuup-
utph dhongny, tpt nwpwdnipjut jmipwpwbynip YEnp nhnktp npuybu tplno
ninhnukph hwndwt wpyniup: Uy nhypnud, pwtih np wipnuyunbpdwt dudw-
twl] quhywidmy b Epjpuswthwljut mupptph wipinhwnnipniup, wyw YEnh
Ytpyupp Yhwdpiuh wyn Yhnn] wbginng mphnubph YEpyupttph hwndwb
YEwmht:
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M.I'. BAKYHIJ
AJITOPUTM NMOCTPOEHMS PEJIbE®HOM NEPCIIEKTUBBI OFBEKTA

B ocHoBe mocTpoeHHst BceX BUIOB NEPCHEKTHBBI JIEKUT F€OMETPHIECKOE IpeJICTaBIIe-
HUE, Ha3bIBaeMoe "IEHTPAIbHON TPOEKIen”, KOTOpoe CO3aeT paBHONPABHOE COOTBETCTBUE
MEXAY TPEXMEPHBIM OOBEKTOM (OPUTHMHAJIOM) U €r0 IUIOCKUM M300pakeHHeM (MaKeToM).
OTO 000CHOBBIBAETCSI TEM, YTO 3PUTEILHOE BOCIIPHATHE MPOCTPAHCTBA YEJIOBEKOM OCYIIlE-
CTBJIAETCS C IIOMOILBIO 00pa30B, CO3JaBaeMbIX BO3JEHCTBHEM Ha CETYATKy IJIa3a CBETOBBIX
Jydeid, OTpaKEHHBIX OT HaXOAAIIMXCS B 3TOM IPOCTPAaHCTBE NpeaMeToB. [1oaToMy yTBEpiK-
JCHHE, YTO JIy49d, OTPaXKEHHBIE OT IPEAMETOB, COOMPAIOTCS B OJHOW TOUKE IJia3a, OJmKe K
JEeHCTBUTENIBHOCTH. MeTo/I IIeHTPaJIbHOM IPOSKIHH, TIPU KOTOPOM HPOEKLHS OCYIIECTBISETCS
€ TIOMOLIBIO JIyYei, IPOXOIAIIMX Yepe3 OIHY TOUKY (LEHTp HPOCKIHH), II03BOJISET CTPOUTD
Iockue Qurypsl (MoOIeNH), IOCTaTOYHO OJIM3KME K ECTECTBEHHOMY 3pHUTEIBHOMY
BOCIIPHUSITHIO.

Kniwouegvie cnosa: NpoeKkTHBHOE M300pakeHUe, Npeodpa3oBaHue, HECOOCTBEHHbIE
TOYKH, 00pa3, INIOCKOCTb, JIy4, JIBOWHBIE JJIEMEHTHI.

M.G. BAKUNTS

AN ALGORITHM OF CONSTRUCTING A RELIEF PERSPECTIVE OF AN
OBJECT

At the basis of construction of all types of perspectives, lies a geometric representation
called "central projection", which creates an equivalent correspondence between a three-
dimensional object (the original) and its flat image (the model). This is justified by the fact
that a person's visual perception of space is made up with the help of images created by the
impact of light rays reflected from objects in that space on the retina of his eye. Therefore,
it is closer to reality to accept that the rays reflected from objects are collected at one point
of the eye. The central projection method, in which the projection is performed with the
help of rays passing through one point (projection center), allows building flat figures
(models) quite close to natural visual perception.

Keywords: projective reflection, transformation, pointless points, image, plane, ray,
double elements.
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MO/JIEJIMPOBAHUE 'MBPUIHON COJTHEYHOM-/ITU3EJIbHON CUCTEMbI
JEKTPOIIUTAHUA BA3OBbIX CTAHIIMI COTOBOM CBSI3U

C nomMompio kKomnbroTepHO# porpammbl HOMER wucciieioBanbl 59KOHOMUYECKHE U
TEXHHYECKUE OCOOCHHOCTH JICKTPONMUTAHMS 0a30BBbIX CTAHIIMI MOOWJIBHOM CBSI3U Ha OCHOBE
THOPHUIHON CONTHEYHOW-AM3eTbHON cucTeMbl. OCHOBHEIM TpEOOBaHMEM K ITOH CHUCTEME
SIBIIICTCS] UCKITIOUCHUE BO3MOXKHOCTH BEPOSTHOCTH cOpOca HATPY3KH 3a TONOBOH IKCILTya-
TalMOHHBIN niepuo. OmnpeneneHbl ONTUMAIbHBIE XapaKTePUCTHKH (DOTOBOJIBTAMYECKHX (COJI-
HEYHBIX) CTaHIIUH, TU3EIb-TeHEPATOPOB U BCIIOMOTATEIbHBIX YCTPOHCTB (IpeoOpa3oBaTelb,
aKKyMyJISITOpHas 6atapes U Ap.). [IpencTaBieHsl peKOMEHAANH IO TPAKTHYECKON pealu-
3aIK THOPUIHON COTHEYHON-IU3EIbHON CHCTEMBI JIJIsl aBTOHOMHOW TeHEpaIiy JIEKTPO-
SHEPTUHU.

Knroueswle cnosa: 6a30Bast craHLysl, 1nu3elb-reHepaTop, GoroBonpTandeckas (co-
HEYHas1) CTAaHIHA, MOJCITUPOBAHNE.

Beenenue. Vcronb30BaHne aBTOHOMHBIX CUCTEM DJICKTPOIHTAHUS B 0a30BBIX
ctaniusax (BC) coToBoii cBs3u 00yCIOBICHO, B OCHOBHOM, TEXHHYECKUMHU U (hPHUHAH-
COBBIMHU TMpOOJIEeMaMH MX MOJKITIOYCHUSI K TPAJUIMOHHBIM HCTOYHUKAM DHEPTHH,
MOCKOJIbKY CTAaHLIMM YacTO PACIONIOKEHbI Ha OOJBIIOM PACCTOSHHUU OT €AMHOM
pacrpenenuTeNbHON AIEKTPHUUECKO CeTH, B TPYAHOJOCTYIMHBIX MECTaX (XOJMBI,
JOJUHEI, Jieca U T.4.) [1]. B GodbIIMHCTBE cyyaeB aBTOHOMHOE 3JIEKTPOIHUTAaHNE
BC ocymectBnsiercs: ¢ moMotpto ausenb-reneparopon (1) [2, 3]. CoBpemeHHBIE
A" UMErOT BHICOKHI YPOBEHB HAJIC)KHOCTH M aBTOMaTtm3aruu. OQHAKO TTIaBHBIN UX
HEOCTaTOK — OONBIION pacxol AU3ENbHOTO TOIUIMBA, KOTOPOE elle He0OX0AUMO
noctaBiATh B ynaneHnsle BC. s pazmuuneix TvnoB A7 yaensHBIH pacxo/l TOIUTHBA
B HOMMHAJIBHOM DPEXHME, COIIACHO MACMOPTHBIM XapaKTEPUCTHKaM, COCTABISAET
210...280 e/kBm-u u ¢ ymeHblleHHeM Harpy3ku J{I” iMeeT TeHICHIIUIO K BO3PaCTaHHIO.
Kpome Toro, Ha pacxo TOIIMBA BIMAIOT TEXHUYECKOE COCTOSHUE JIBUTATENS, Ka-
YeCcTBO TOIUIMBA U BBICOTa MECTHOCTH HaJl YPOBHEM MOpSI.

B HEeKOTOpBIX cydasx B KauecTBe anbTepHaTuBbl ' HCTIONB3YIOT POTOBOIB-
tanuyeckue (conHeynslie) cranuuu (OC) snekrponuranus [4-6]. [IpenmyuiecTBamu
OC SBIAIOTCS IKOJNIOTUYHOCTB, O€30IMaCHOCTh, OECIIYMHOCTD, HAJIEKHOCTb, UTUTEIb-
HBIH CpOK Oe3aBapuitHON cy)Obl 1 HU3KUE SKCIUTyaTalloHHbIEe 3aTpaThl. ConHey-
Hoe snekTponuTanue bC coToBOM CBsI3M MMEET HEKOTOpbIe crienuduieckre ocoOeH-
HOCTH, CBSI3aHHBIE C HEOOXOAMMOCTBIO Oosiee 3PpPeKTUBHON TeHEepalu SIEeKTPO-
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sHeprum u Oecnepedoiinoro 3ueprocuadxkenus bC. OcHOBHas TPYIHOCTh — CTOXAa-
ctudecknii xapakrep Harpy3ku bC u sneprum, renepupyemoirr @C. D10 TpedyeT
NpUCYTCTBHA Oy(EepHOT0 HAKONMTENS SHEPIMU W CHELUAIN3UPOBAHHOM CHCTEMBI
yAalIeHHOro MOHUTOpHHra. OTMETHM TaKKe, YTO HAa CETONHSILIHUHA AEHb CTOMMOCTh
@OC BbIlIE CTOMMOCTH TPAIULMOHHBIX HICTOYHUKOB SHEPTUH, B TOM YHUCIIE BbIpada-
TeiBaemoit 1.

BrimeckasanHoe 3actaBisgeT pa3paboTUuKoB cucteM siekTponuTanusi BC
MCKaTh HOBBIE M COBEPIICHCTBOBATH M3BECTHBIC TEXHMUECKHE PELICHUS, 00eceyn-
BAIOIIKE TOBbIIEHHE 3G (PEKTUBHOCTH, MPOU3BOJUTEIBHOCTH U CHIKEHHE CEOECTOH-
MOCTH T€HEpUPYEMOH 3HEPIHH, OIXHOBPEMEHHO HCKJIIOYasi BO3MOXXHOCTH BEPOSIT-
HocTH cOpoca Harpy3ku (LLP, loss of load probability) [7]. B aToit curyaruu or-
TUMAaJIbHOE PELICHWE COCTOMT B IPUMEHEHHH I'MOPUAHBIX CUCTEM, B KOTOpbIX I
rcrnos3ytorcs B couetannu ¢ OC [8-10]. [TomoOHBIE CHCTEMBI CTAHOBSITCS aKTyallb-
HBIMH BBHJy HENPEPBIBHOIO POCTa IieH Ha TomimBo [II', B TO BpeMs Kak IeHa Ha
OC mocTossHHO cHIDKaeTcs. K ToMy ke ComHedHasi SHEpreTHKa B ApMEHUH UMeEeT
OonplIMe NEePCIEKTUBBI C TOUKU 3PEHUSI PECYPCOB COJIHEYHOTO M3JIydeHus u Oina-
TOTIPUATHON MHBECTUITMOHHON cpenbl [11].

[Ipu pazpadotke rudpuaabx JII—DC cucteM cieayeT MaKCHMAJIbHO YUUTHI-
BaTh PEabHBIC YCIOBHUS 3KCIUTyaTalliH, B TOM 4YHCJIE METEOPOJIOTHYECKUE U Ieorpa-
¢buueckue noxas3arenu, TEXHHIeCKUe XapaKTePUCTHKH, MACIITAOHOCTh M CPOKHU HC-
MOJIB30BaHUS, (pUHAHCOBO-dKOHOMHUYeckue mokazatenu I, @C u ux Bcmomora-
tenbHBIX yeTpoicTB (BOS, balance-of-system) [12-14]. C TexHU4eCKO# TOYKH 3pe-
HUsL, HeoOxomuMo obecrieunTts dddextrBHOE conpsikenne A u @C, a taxke corna-
COBAaTh PEKUMBI TEHEPALUU SHEPTHUH, OCOOEHHO B TIEPHOABI MUKOB YHEPTETHYECKOM
Harpy3ku. D(PQPeKTHBHBIM HHCTPYMEHTOM ydeTa BCeX ITUX (DaKTOPOB W peIICHHs
MHOTOKPUTEPHAIHHON ONTUMH3AIMOHHON 3a7auu SIBIsIETCAd KOMIIBIOTEPHOE MOJIe-
JUPOBaHHUE.

B nmanmHoit paboTe mpoBeIeHBI MOJICTUPOBAHNE U BHIOOP ONTHUMAILHON KOH-
¢urypanun rubpunHoit JJI—DC cucremsl anekrponuranust BC MoOMIBEHON CBSI3U.

IIporpamma monenupoBaHus. B HacTosuiee BpeMs CyIIECTBYET IIMPOKUI
CHEKTP KOMITBIOTEPHBIX MpOrpaMM, MpeTHa3HAYEHHBIX JJIs peIleHHUs] ONTUMM3ALMOH-
HBIX 3aJa4 THOPUIHBIX SHEPTOCUCTEM, CPEIN KOTOPBIX B KadecTBE Hanboee moiry-
JApHBIX MOKHO BbIAenuTh Hybrid optimization by genesis algorithm (HOGA,
Ucnanus), Hybrid optimization modeling software (HOMER, CILA), Hybrid
power optimized for rural/remote areas (HYPORA, CIIIA), PV system simulation
(ILIBetinapus). Kputnueckuit 0630p 3TUX MporpamMM NpencTaBieH B pabote [15].
Hamu 611 ncnonp3oBad nporpamMmubiil mpoaykt HOMER (Bepcust Pro 3), paspa-
Ootanneli HanmonanbHoi nabopaTtopueil BO30OHOBISIEMBIX HCTOYHHKOB SHEPTHH
(NREL) myist mpoBepkH SKOHOMHYECKOH M TEXHHYECKOH >KU3HECIIOCOOHOCTH Pa3-
JUYHBIX KOHQUTypamuii sHeprocuctem [16].
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HOMER conepxut 6u0ImMoTeKy KOMIOHEHTOB 3HEPIOCHCTEM, BKIIIOYAst KaKk
KJIaCCHYECKHE, TaK U dSHEProodopyaoBaHus Ha 0a3e BO30OHOBIISIEMBIX HCTOUYHHKOB
sHepruw, B ToM uncie /' u @C. B kauecTBe BXOAHBIX AAHHBIX UCIONB3YIOTCA TEX-
HUYECKUE XapaKTepUCTUKU KOMIIOHEHTOB, a TaKkKe TeKyluas MHGopMauus o mpu-
POIHBIX pecypcax, TaKUX KaK COJIHEUHAas paJualus, TeMIepaTrypa, CKOpocTh BeTpa
B 30HE pacIoioKeHus: uccieayemoro oowsekra. [Iporpamma cocrout us Tpex 6:10-
KOB: 1) cumynayusa: MOIEINPOBAHNE CUCTEMBI AJIs1 BCEX BO3MOKHBIX KOMOMHAIMIT
9HEProoOOPyAOBAaHUS U YCIOBUI IKCIUTyaTalluu; 2) onmumuzayus. MOJEIUPOBa-
HHUE CHCTEMbI B COOTBETCTBHUHU C KPUTEPUSIMH, B YACTHOCTH, IKOHOMHUYECKOW ONTHU-
MU3aIH, JTHOO0 YMEHBIIIEHHE PACX0/I0B Ha TOIUIUBO; 3) AHAIU3 YY8CIMBUMENbHOCU!
MOJIETMPOBAHUE BIIMAHUS NEPEMEHHBIX, TAKHUX KaK CKOPOCTh BETpa, CTOMMOCTh
TOIUIMBA U T.J., JUI OLEHKHU UX BIMAHUS HAa ONTHUMAaIbHOCTh THOPHIIHON CUCTEMBI.

IIpn MonmenupoBaHHH OCHOBHBIM TpeOoBaHHeM OblTo HcKmoueHue LLP 3a
rOZ0BOW MepHoA FKcITyaTaund. OTpaHUYEeHUEM CITY>KHIIO YCIIOBUE, COTJIACHO KO-
Topomy ronoBoit Bkinag OC momkeH coctaBuTh He MeHee 14% ot obmiero o6sema
BBIpaOOTKH SHEpruu. MICKOMBIME MepeMEHHBIMU ONTUMHU3ALMOHHON 3324 SIBIISIOTCS
MacIITaOHOCTh U TEXHUUECKUE XapaKTEPUCTUKH KOMIIOHEHTOB IMOPHIHON CHCTEMBI.
B kauecTBe 1eeBBIX MOKa3aTeNeil NCIOIB30BaHbl TapaMeTpHl “ducTasi MPUBEACH-
Has ctouMocTh” (NPS, net present cost) 3eKTposHEpTiy U “HOPMHUPOBAHHAS CTOH-
mocTh anektposreprun’”’ (LCOE, levelized cost of energy). [lepBriif 13 HUX 3aBH-
CHUT OT yCTaHOBOYHON MOIIIHOCTH, CTOUMOCTH U SKOHOMHYECKHX MapaMeTpoOB KOM-
[IOHEHTOB CHUCTEMBI U XapaKTepHU3yeT CTOMMOCTb BCETrO YKU3HEHHOI'O LIUKJIA CHCTEMBI
o dopmyiie [14]

NPS = zl L - min
(140t '
rae R, — obmiue 3aTpaThl 3a MEPHO IKCIUTyaTalluu; t — MEPUOJA KCIUTyaTalluu
cUCTeMBI (TIpuMeHsuIcs t =25 sem); [ — CpeCTBa, KOTOPHIE BO3MOKHO BEPHYTH B
MIpOIIeCcCe IKCIUTYaTalHH.
LCOE xapakrepu3yeT 3KOHOMUIECKYIO IIeIeCO00pa3HOCTh THOPHIHON CUCTEMBI
[0 CPAaBHEHUIO C TPAIUIIMOHHBIMU UCTOYHHKAMH JJICKTPUYECTBA U OMPEICIAETCS
o dopmyiie [14]

Cap + Main .
LCOE = ——— > min,

Eyear

rae Cap — obmue KanuTalbHBIE 3aTpaThl Ha MPOEKT; Main — cToUMOCTh TeXHUYE-
ckoro obcnyxkuBanus; Eyeqr — TOMOBONH 00BEM JIIEKTPOIHEPTHH, IE€HEPUPYEMOM

THOPUIHON CUCTEMOH.
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OTH MoKa3aTend MUHUMHU3UPYIOTCS C ITOMOIIBI0 HHCTPYMEHTA ONTHMU3AIMH
HOMER, xoTopwlii UMHTHPYET MHOTO(MAKTOPHBIE KOMIIOHCHTHI CHUCTEMBI IS
JOCTIDKEHHS ONITUMAIbHOM KOHPUTYpalui THOPUAHON CUCTEMBI.

O0bexT MoaeaupoBanus. Vcxoas U3 KIMMAaTUYECKOrO aHajdu3a U OLCHKU
COJTHEYHOTO MOTEHIHANa B peclyOirKke, B KauecTBE YCIOBHOTO O0OBekTa Oblia
BbIOpaHa Makpo-bC coToBoii cBs3M, HaxoAsmasica B paiione c. Llounap I'erapky-
HUKCKOTO Map3a PA. JIaHHEII peTrHOH TEMOHCTPHUPYET CPEIHHE IT0 PECITYOIHKE CO-
[IHATbHO-3KOHOMUYECKHE MMOKA3aTeNd, TUNIOTHOCTh HACENIEHUS M TNPEeANOuTUTeNCH
JUTSL BHEIPSHUSI THOPHUITHBIX SHEPTOCUCTEM C TOYKH 3PEHUsI BEICOKOW MHTEHCHBHOCTH
COJIHEUHOTO u3IyueHus [17].

Ha puc. 1 mpencraBneHa obmias apxXUTEKTypa MOICIUPYEMO THOPUAHOM
cucremsl dnekrporutanus bC [4].

= Ta |
()Y Sl |
fo00 ] e

Puc. 1. Apxumexmypa eubpuornou cucmemul snekmponumanusi mooenupyemou bC

Bripaborannas ¢ momorpio @C 1 u I 2 anekTposHeprust nojgaeTcs Ha 00-
patumbiii O5ok ynpasnerus (bY) 3, B KOTOpOM WHTErpHPOBaHEI KOHTPOJLIEP 3apsia,
npeo0pa3zoBaTesb TOKOB, PETYJIATOP MAKCUMAJIbHOW MOIITHOCTH U 3JIEKTPOHHBIN y3em
Onoka ynaneHHoro Monutopunra. O6parumocts BY o0ocnoBieHa ciocoGHOCTHIO
HaIPaBJIATh YHEPTHIO B 000X HampaBieHusX. CHopMHUPOBaHHBIC HATIPSHKCHHS TI0-
JAI0TCsl HAarpy3KaM MOCTOSIHHOTO U IiepeMeHHoro TokoB 4 BC MoOubHOI cBs3H 5.
N30BITOK 37IEKTPOIHEPTHH HAKAIIMBAETCS B CBUHIIOBO-KUCIIOTHBIX aKKyMYIISTOP-
HeIx Oatapesx (AKDB) 6 u ucnons3yercs mo mepe Heobxonumoctu. Kontpons me-
TEOPOJIOTHYECKHX TOKa3aTeel U 3MEKTPUUECKUX BBIXOIHBIX apaMeTPOB, a TAKKe
WCIPaBHOCTH KOMITOHEHTOB CHICTEMBI 3JIEKTPONHUTAHUS OCYIIECTBISAETCA OJIOKOM
YIAJIEHHOIO MOHUTOPUHTA 7.

Ha puc. 2 npexacraBnen peanbHbI TpaduK U3MEHEHHsS] TOKOBOH HATPY3KH
Mozaenupyemoir bC B TpeXCyTOUHBINA TIEPHOJ TIPH IMOCTOSIHHOM HanpspkeHun 48 B.
Ha ocHOBe 3THX AaHHBIX MOCTPOEH THIIMYHBIA CYTOUHBIN NPOQUIL TOTPeOIIEMOi
MormraocTH bC (puc. 3). [ npuOmmKeHus MOASITMPOBAHUS K PEATbHBIM YCIIOBUSIM
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9KCIUTyaTalMd B TPOQUIb HATPY3KH OBUTH BHEAPEHBI CITydaifHble BpEeMEHHbBIC W
CYTOYHBIC 3HAYCHUS] N3MEHUYMBOCTHU HArPYy3KH B nipezenax 2%. [Ipu MmakcuManbHOMI
Harpy3ke MOTpPeOJICHHE MOIIHOCTH COCTaBisulo 2,9 xBm, cpelaHee 3HAYCHUE
MOIIHOCTHU — 2,58 kBm, cpeiHecyTOUHas Harpy3ka — 61,98 kBm-u/denb.
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Puc. 3. Tunuunviii cymounulii npoghune nompeonsemor mowpocmu bC

Ha nepBom 3Tane MonenupoBaHus paccMaTpUBanach KOHGUIypays ruopu-
HOW CHCTEMBI 3JIeKTponuTaHus ¢ (pukcupoBanHoi MomHocTeio ' B 3,0 xBm u
obmieit emkocteio AKB B 100 A-y, 12 B. DTH TeXHHYECKUE JAHHBIE SBIISIOTCS TH-
MUIHBIME I Makpo-BC. Yron HakiioHa HEMOABMKHBIX CONHEYHBIX maHeneid OC
MOPUHAT paBHBIM 43°, 4TO SBISIETCS ONTHMAIBHBIM B PACCMAaTPHUBAEMOM PETHOHE 3a
rogoBoi nepuoj. Ha BropoM 3Tame MOAEIMPOBAaHUS [IPOaHAIM3UPOBAHBI Pa3IIHy-
HbIe KOH(QUTypaluyd THOPUIHON CHUCTEMBI DIICKTPONUTAaHUSI 0€3 OrpaHHYCHUS I10
(DMHAHCOBBIM COCTABIISIIOIIMM, YTO MO3BOJISIET HCIOJIb30BaTh KOMIIOHEHTH! OOJIb-
IIMX MOIHOCTEMN.

Bxonnple KIMMaTOJOrMYECKHE IaHHBIE B3ATHI M3 0a3bl JaHHBIX NASA
POWER (Prediction of Worldwide Energy Resource) [18], xoropas sBisercs
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nHpopmanronHo# cuctemoii oopamiennss HOMER. B 3Toii 6a3e B OTKpbITOM JOCTYTIE
MIPEIOCTABISAIOTCS CYyTOYHBIE 3HAYECHUS MIOTOKOB COJHEYHOTO M3ITyYEHHUS Ha BEpX-
Hell rpaHune aTMocdepsl U Ha ypoBHE 3eMIJIM, 3HAUYEHHs] HHUCXOMSIIETO MOTOKa
JUTMHHOBOJTHOBOTO M3JTyY€HHs, TEMIIEpATypbl BO3IyXa U 3€MHOM MOBEPXHOCTH, a
TaKke CKOPOCTH BeTpa i Kaxaoro aHs (cyTok) ¢ 1 utons 1983 r. mo Hacrosimiee
BpeMs. HeoOxoqumble (prUHAHCOBO-3KOHOMHUYECKHE TaHHBIE (CTOMMOCTH AW3EIBHOTO
TOIUINBA M OTIEIBHBIX KOMIIOHEHTOB CHUCTEMBI, KalIUTAJIBHBIE BIIOKEHUS, 3aTPAThI
Ha TEXHUYECKOe 00CTy)KUBaHHE U 3aMEHY, SKCIUTyaTallMOHHbBIE PacXO/Ibl, CPOK KU3HU
MIPOEKTa, CTaBKa JUCKOHTHPOBAHMS, YPOBEHb MH(MISAINN) OBIIM B3STHI U3 OTKPHI-
TBIX HCTOYHHKOB IO cocTosHuio Ha 20.01.2023r. /[ HCXOAHBIX TEXHUYCCKHUX Xa-
PaKTEPUCTUK KOMIOHEHTOB THOPUAHONW CHCTEMBI UCTIONB30BAMCH COOTBETCTBYIO-
M€ TEXHUYECKUE clielu(puKaum.

Pe3yabTaTsl MoneaupoBanus. B xone monenupoBanus nporpamma HOMER
CreHepHpoBalla COTHH KoH(purypamwmii tnopuanaeix cucreM. [lo mokazaremo NPC
Ha TIEpPBOM 3Tare OBLIM BHIOPAHBI M ITPOAHATU3UPOBAHEI HanbojIee MpueMIIeMbIe 5
BapuaHToB KoHpurypauuii (B1...B5), a Ha BTOpoM 3Tane paccMaTpUBaINCh pa3iny-
Heie kKoHpuryparuu [, ®C u AKb (B6...B10). OtmMeTum, 4TO Ha TIEpBOM 3Tare
MozaenupoBanus Harpy3ka AKB He yuuThiBaach, MOCKOJIBKY Ipu OOIIIEM pecypce
B 1,2 xBmy 1 mOTpeOUTENLCKON Harpy3ke oT 2,5 xkBm HaKOIUIEHHAs SHEprusi He
3aneiictByercs. [locTossHHAas “moakavka’” w3 Oarapeil mpuBena Obl K YBEINYCHHIO
KOJIMYECTBA IIMKIIOB UX 3apsaa/pa3psiaa, 4TO MOXKET 3HAUUTEIBHO COKPATHTh CPOK
ciyx061 AKB, naxe mpy MCIONB30BaHUN ONTUMAJIBHOTO ITapaMeTpa IITyOuHBI pas-
psina Ha 60%.

PesynpTaThl ABYX 3TaloB MOJETUPOBAaHUS CyMMHpPOBaHbl B Tabn. 1 u 2
cootBeTcTBeHHO. Ha puc. 4 u 5 npezncrasnena 6onee moapoOHas HHPOPMALHS IS
BapuaHToB KoH(purypanuii Bl u B5. Ha ocHoBe aHanmm3a npeicTaBIeHHBIX pe3yib-
TaTOB MOKHO OTMETHTH HEKOTOPbIC BasKHBbIE 0COOEHHOCTH U c(hOPMHUPOBATH PEKO-
MEHJIAIMU AT IPAKTUYECKOro MPUMEHEHUS THOPUIHBIX CHCTEM, @ UMEHHO:

1. Bxmrouenne ®C B cocTaB THOPUIHON CUCTEMBI 00€CIIEUNBACT 3HAUNUTEIIb-
HOE CHIDKECHHE MOTO4YacoB paboTsl [I', ueM mocTuraercst COXpaHeHHE MX 3KCILTya-
TAIMOHHOTO pecypca U IKOHOMHUSI TU3EJIHHOTO TOTUIHMBA.

2. B rubpunnoii cucreme Bkiag ®@C B cyMMapHOH BBIPAOOTKE IEKTPOIHEPTHU
MOYKHO 3HAYUTEIBHO yBEJIUYUTh MOCPEACTBOM pacumupeHus. OQHAKO yBEIUYEHHUE
ycTaHoBouHOW MoImHocTH PC BeaeT K BO3PACTaHHIO 3aTPaT Ha CTPOUTENHCTBO U
9KCIUTyaTaluIo cucteMsl. TeM cambiM yBennuuBaroTcst NPC 1 cTOMMOCTB 371€KTpPO-
SHEPIHH.

3. CymecTByeT omnpezeieHHas TOYKa B 3aBUCUMOCTH OT YCTAHOBOYHOM MOIII-
HocTH PC M CTOMMOCTH 3JEKTPO3HEPTHH, MOCIE Yero AANbHEHIIee paclIupeHue
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OC mpUBOAUT K 3HAYUTEIBHOMY YBEIUYCHUIO CTOMMOCTH 3JCKTPOIHEPIUH. ITO
CBSI3aHO C POCTOM HAaYaJbHBIX KalTUTAIOBIOKEHUH, HEOOXOIUMBIX IS MacIITaOu-
poanust ®C. Kpome Toro, emie 6osee CylmecTBeHHBIM CTAHOBHUTCS U30BITOK 3JIEKTPO-
SHEPTUH.

4. Jlnsa obecnieueHus] HATPy3KU B HadaJie CBETOBOTO JHS M IO €0 3aBepIlie-
HUHM HEOOXOIMM JIOTIOTHUTEIIBHBINA UCTOYHUK ITUTAHMUS, CIIOCOOHBIH JOMOJHATh HU3KYHO
TE€HEepalrIo B EPUOAbl MAJIOW COTHEYHOW aKTUBHOCTH.

5. Hecmotps Ha cHmkeHue obuiero Bpemenn morouyacos JI', yBenuueHue
yctanoBouHoi MorrHOocTH DC 6€3 cooTBeTcTBYyIOMEro n3MeHeHus: eMkoctu AKb
He sIBJIAeTCS 3(PPEKTUBHBIM PEIICHUEM IOBBIIICHNUS aBTOHOMHOCTH THOPHIHOM
CHUCTEMBI.

6. PazHnna Mexay cyMMapHOW reHepupyeMoW H30BITOUHOM SHEpruei u
ycTaHOBOYHOM MOITHOCTHI0O DC cBsi3aHa CO 3HAUUTEIBLHBIMHU MPOCAJAKAMU B T€HE-
paliy 3HEPTUU B OCEHHE-3UMHHI TIEPUO M U30BITKOM T'€HEPALlUK B JICTHUEC MECSIIBL.
C poctom ycraHoBoyHOH MomHOCTH PC M30BITOYHAST IHEPTUS YBEIMUUBACTCS,
YTO BBI3BaHO orpaHudeHHoN eMKkocThio AKD.

Tabnuya 1
Pesynemamur mooenuposanus cubpuUOHbIX cucmem Ha NePeoM 3mane
DC, BK, Hons ®C, Pacxon Croumocts U36561TOK
N NPC, § JHEPIHH,
kBm kBm % TOILIHBA, JI/200 SHEepruu, %
$/kBmu
B1 4.5 4.0 94796 14.7 6187 0.321 14.2
B2 5.5 6.0 94683 15.4 6139 0.322 19.1
B3 7.5 7.5 95700 16.5 6064 0.325 24.3
B4 10.0 11.0 96789 17.5 6006 0.328 32.1
B5 15.0 14.0 98496 19.9 5835 0.334 43.7
Tabnuya 2
Pesynomamor mooenuposanus cuOPUOHBIX CUCEM HA 8MOPOM 3Mane
CTtoumMocCTh
W | 0G| A | Aks By, e | s | BT CTER | RO
kBm | kBm | xBmy | xBm 3 @C, % ’ prud,
71/200 $/xBm*u %
B6 | 12.0 | 3.0 11.0 12.0 79094 37.8 4359 0.268 29.7
B7 | 15.0 | 3.0 12.0 15.0 79383 39.0 4275 0.269 36.0
B8 | 20.0 | 3.0 20.0 20.0 8557 46.7 3920 0.277 43.7
B9 | 26.7 | 5.0 - 30.0 | 134590 69.5 5639 0.362 59.9
B10| 53.1 3.0 150.0 | 53.5 | 112796 97.1 212 0.382 67.4
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7. IlukoBble 3HaYCHMS T'eHEpaluu dHepruu ¢ nomoisio O@C HabIroAa0TCS
B 3UMHUI nepuon (1o KpaiiHe Mepe, 171t BapuanToB KoHpurypauuu Bl u BS). On-
HaKO B JIETHUH HEpPHOJ MPOJODKUTENBHOCTh (hyHKIHOHMpOoBaHUA PC HaMHOTO
JOJIblIe, B pe3yJIbTaTe Yero Bo3pacTaeT CyMMapHas BRIpaOOTKa 3JIEKTPOIHEPTHH.

8. Jns BapuanToB B1 u BS nporpamma npemnaraer ucnons3oBats bY ¢ Gonee
HH3KOH MOIIHOCTBIO, YeM MOITHOCTH PC. ITO 00CTOSATENBCTBO CBI3aHO C TEM, YTO 3a
TOZ0BOH MEpHO. AKCILTyaTauy nuKoBble MomHocTH ©OC Gomee yeM Ha 1 kBm Huke
YCTaHOBOYHBIX.

9. Haubonee onTUManbHBIMH MO HU3KOMY 3HaueHuio NPC sBisrorcs Ba-
puanTsl KoHQurypanuu Bl u B2. D10 ecTecTBeHHO, Tak KaK NPUMEHSFOTCSI OTHOCH-
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tenbHO MajoMolHele @C u BK, yaensHbIE CTOMMOCTH KOTOPHIX (COOTBETCTBEHHO
250 u 300 $/xkBm) BoIIe, 4eM yaenbHast croumocts I (200 8/kBm). C Touku 3pe-
HUSI HU3KOTO M30BITKA SHEPTHH, IIPEANOYTUTEIbHBIM sBIIsieTca BapuanT B1. OxHako B
3TOM ciydae AoJis BeIpaOoTKH anekTpodHeprun @C HEMHOTro HHUXe, YeM Ipu Ba-
puanTte KoHpuUrypamuu B2.

3akawuenue. Takum oOpazom, couetanne JI' ¢ @C moBbImaeT KauecTBO
SHEProcHabXeHus, COKpalaeT NoTpedieHne JU3ebHOr0 TOIUINBA, PEIaeT 3KOJIO-
rudeckue nmpoodnemsl. IIpeacTaBnensl peKOMEHIAMK MO NPaKTHYECKON pean3aluu
THOPUAHON COTHEYHON-IU3EIBbHOIN CUCTEMBI IJ1s1 aBTOHOMHOM I'eHEepaLuy JIEKTPO-
sHeprun. s paccmatpbeiBaeMoil bC coTOBO# CBsI3W BRIOpaHa ONTHMAabHAS KOH-
buryparus THOPUIHON CUCTEMBI DJICKTPOITUTAHHUS.

Hccredosanue gvinonneno npu gunancogou noooepacke KH MOHKC PA 6
pamxax Hayunolx npoexmos 10-4/224A4-2B001 u 21T-2HI107.
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FRQUSBHL SUULSE FUQUSHL WUSULULELD ELEUS[UULNRSU UL
ZhPCPIUSHL UNMGdUShL-1PQGLUSPL ZUUUYU G UNYELUYNCNRUC

HOMER hwdwljupgsuyht dpwgph dhongny ntunidtwuppyty ki ppouyghtt gmugh pui-
quyhtt Jujwtubph hhpphnuyhtt wpbuwyht-nhqbjuyhtt hwdwlwpgny EHEjnpuubnigdub
nbnbuwlui b mbjuthjuljut wpwbdtwhwnmpnibitpp: Zhdbwjut guwhwbeh kp pu-
gunt] «phintdwéph hwjwiwlwb wipwwndwy htwpwynpnipniup mupkut swhwgnps-
dwl dudwtwljuwhwndwsnid: Npnoyty ki dnundnjuruughtt (wplughit) juywbbph, nhqbjw-
jht ghubpuwnnpubph b odwunuly vwpptph (thnpuiwplhs, ywhniunuwiht dwpnlng b wyiy)
ownhdwy phimipugpbpp: Lkphuwyjugyty kb bEnpwtiubpghugh huptwjun ghubpugdwh
hwdwp hhpphnuyhtt hwdwlupgh gnpstwljut tkpppdwt yEpuptpuy wnwewplnipiniintp:

Unwmbgpughli pupkp puquphtt juywb, nhqbjughtt ghubpuwnnp, $nnndnjnughi
(wpliuyghty) juywl, Unphjudnpnid:
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A.G. AYVAZYAN, N.R. KOSTIK, S.A. TARASOYV, S.K. KHUDAVERDYAN

MODELING A HYBRID SOLAR-DIESEL POWER SUPPLY SYSTEM FOR
CELLULAR MOBILE BASE STATIONS

Using the HOMER computer program, the economic and technical features of power
supply of cellular mobile base stations based on a hybrid solar-diesel system are studied.
The main requirement set to that system is to eliminate the possibility of a “loss of load
probability” over a one-year operational period. The optimal characteristics of photovoltaic
(solar) stations, diesel generators, and balance-of-system (converter, storage battery, etc.)
are determined. Recommendations for the practical implementation of a hybrid solar-diesel
system for autonomous power generation are presented.

Keywords: base station, diesel generator, photovoltaic (solar) station, modeling.
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MOCTPOEHUE BCEHANIPABJIEHHOY AHTEHHbBI HA KPYTJIOM
BOJIHOBO/IE C IIPOCTHIM BO3BYIUTEJEM PABOYEN MOJHI E,

[Ipennaraercs MCHOIb30BaHUE KPYIJIOTO BOJHOBOJA C aKCHAJIbHO CHMMETPHYHOMN
mozoi Ey,. Takoli BEpTUKaNbHO yCTAHOBJIECHHBIN BOJIHOBOJ COAEPKUT HAa Pa3HbIX BBICOT-
HBIX fApycax MoIepedHsle m3mydaromue mend. Co3maHHONH TakuM 00pa3oM aHTEHHE BO3-
MOJKHO TIPHAAATh CBOHCTBO BCEHANPABICHHOCTH B a3UMYTAIBHOM IIOCKOCTH, YTO BXKHO JUIS
CHUCTEeM TIOABMKHOM CBsi3u. Ha OCHOBE MacIITaOHOTO MOJIENTMPOBAHUS TPENICTABICHBI pacyeT 1
KOHCTPYHPOBAHHE JEMIEBOTO B M3TOTOBICHUH M HAIEKHOTO B paboTe BO3OYIUTENS MOIBI

EOl .
Knwuesvie cnosa: HpﬂMOyFOHLHLIﬁ u prrm,n‘/i BOJIHOBO/IbI, MaciradHoe MOACIN-

poBanue, Bo30yuTenb Mobl L .

Bgenenue. OObIYHO CHCTEMBI HA3EMHOM TIOABIKHOM CBSI3W PaOOTAIOT HA BOJTHAX
BEPTHKAILHOM Toysipu3alid. [Ipumep ToMy - MOOWITbHAST Ha3eMHast CBSI3b, ITOJBYKHBIE
CITYKOBI JIJIST pa3IMYHBIX TPAKIAHCKUX YCIyT (TaKCH, CKopas MmoMOIb U T.1.). OT-
4acTH TpeOOBaHNE BEPTUKATIBHON MOJISIPU3AN OOBSACHSIETCS CIy>KO01 ceTell HazeM-
HOTO TeNleBEIIaHNs Ha BOJHAX TOPH3OHTAIBHOHN MOJSPHU3AIHNH, KOTOPHIE TOJIKHBI
paboTaTh B YCIOBHAX DIIEKTPOMArHUTHONH COBMECTHMOCTH C JPYTUMH Ha3eMHBIMU
ciry>x6amu. Vicxo/st 3 3TOro, aHTEHHBI Ha3eMHOM MTOJIBIDKHOM CBSI3U MPOEKTHPYIOTCSI
JUT pabOTHI Ha BEPTHKAIEHOW OIS PH3AIIHH.

CraenyroumM TpeOOBaHHEM SBISIETCS €€ BCEHAIPaBICHHOCTh B a3UMYyTallb-
HO (TOPU3OHTAILHOW) MJIOCKOCTH, TTOCKOJIBKY a00OHEHT MOABMKHOM CBS3H MOXKET
HAXOJUThCS B JIOOOH YrIIOBOW KOOpPAHMHATE MO a3UMYTY OTHOCHTEIBHO 0a30BOM
CTaHIIUHU, TJIe¢ ¥ YCTaHABIMBAETCS €€ BCCHANpaBlicHHas aHTeHHa. [lo manpHOCTH
obecrnieueHus CBSA3M HA3€MHBIE CHCTEMBI TIOJBI)KHOM CBS3H OOBITHO TPOEKTHPYIOT
Ha MakcumaibHble paccTosHus 10 20 ... 30 xu. s obecnieueHHs CBSI3U HA TaKue
paccTosiHUs, Kak TOKa3blBaeT NMPAaKTHKa, OojJee YeM OOCTaToOYyHa MOLIHOCTH IO
50 Bm.

C TouKkM 3peHHUs1 BCEHAIPABICHHOCTH B a3UMYTaJIbHOM IUIOCKOCTH U olecte-
YCHHSI BEPTUKATBHOMN MOJSPU3AINN U3ITy4aeMOW BOJIHBI, YAOOHBI U3BECTHBIC KOAK-
cuanbHble mmenieBbie anTeHHHl [1-3]. [lockonbky aHTeHHa pabotaer Ha TEM mone
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KOaKCHAJILHOU JIMHUH, TO HAIMYME BHYTPEHHETO MPOBOJIHUKA HEeN30exHO. [ mpou-
HOCTH aHTCHHBI U 00€CHeueHHss COOCHOCTU BHYTPEHHEIO M BHEIIHEr0 IPOBOJIHU-
KOB HEOOXOJMM Y3eJ, HaXOAALIMKCS B KOHIIE aHTeHHBL. O0a 00CTOSTENbCTBa PH-
BOJAIT K YCIIOKHEHUIO KOHCTPYKIIMU aHTCHHBI.

B [4-6] onncana MHOTOsIpyCHasi aHTEeHHA BEpTHUKAIBbHOMN MOJSPU3ALNN C MO-
oM H,, ¥ CIIapEHHBIMH ITOJYBOJHOBBIMH IONEPEYHBIMU H3JIyYaIOIIAMH IIEIAMH

Ha KpYyIJIOM BOJHOBOJE. Takas aHTEHHA MpOIIEe B peaau3allud U3-3a OTCYTCTBUS
BHYTPEHHETO MPOBOIHUKA, U BOIPOC 00ECIIeUeHHsI COOCHOCTH BHYTPSHHETO M BHEIII-
HETro NMPOBOJHUKOB oTnanaeT. OqHako mMoja H,, KpyIJIoro BOJHOBOZAA He 00nazaeT
akcuaibHO cummerpueil. [lonepeunsie, OTHOCUTEIBHO JUIMHBI BOJIHOBO/IA, U3IIy4ato-
II¥e e Ha Pa3IMYHBIX BBICOTHBIX Spycax HEOOXOAWMO pacrojiaraTh CMEIeH-
HBIMU M0 a3UMYTY JJISl TIOJIyYEHHUS JI0CTATOYHOM BCEHAINpaBJIIEHHOCTH TaKOW aH-
TCHHBI.

B nniane BceHanpaBIeHHOCTH AHTEHHBI B a3UMYTaJIbHOM IJIOCKOCTH UHTEPEC

TIpeICTaBIIseT CTIONb30BaHNe MOIbl £y, Kpyrioro BOMHOBOMA, MMErOIIeil aKCHaTh-
HYI0 CHMMETPHIO CTPYKTYpBI 1OJs, mogo0oHo moae 7TEM koakcuanabHOW JIMHUU
nepenaun. [Tpu pabote BomHOBONA Ha Moze £, Ha BHYTpeHHeli CTOpOHE CTEHKH BOJI-

HOBOJIa TAaK’K€ BO3HUKAIOT MOBEPXHOCTHBIE TOKHM B HAIIPABJICHUH €rO MPOIOJIbHON
oCH. YCTaHOBJICHHBIN BEPTHUKAIHLHO KPYTJIBIH BOJHOBOI ¢ TaKOH pabodei Momoit u
C MONEPCUYHBIMU HICIIAMHA B €TI0 BBICOTHEBIX ApYyCax 6YZ[eT SIBIATBCS aHTSHHOU BEP-
TUKaJTbHO TOJSIPU30BAaHHON BOJHBI. BOmpoc KOHCTpYWpOBaHHS TaKOW aHTEHHBI,
WCCIIEJIOBaHUS JAMarpaMM €€ HalpaBICHHOCTH, CBOWCTB MONyUYEHHBIX IUArpamMMm B
a3UMYTaJIBHON TUIOCKOCTH (B 3aBHCUMOCTH OT KOH(UTYPAIUil pACIIONIOKEHUS TIeei
B TUIOCKOCTSIX PAa3IMYHBIX APYCOB) IUISA €€ MPAKTHIECKOTO MPUMEHEHHS MpeICTaB-

nseTcs akTyansHbM. Hammaue sxe momsl £y B kpyriom BomHOBOzIE obecrieunBaeTcs

COOTBETCTBYIOIIUM €€ BO30yAUTEIIEM CKOMIIOHOBAHHON aHTCHHBI.
Lennb cTaThy - MOCTPOCHNE BCEHANPABICHHON aHTEHHBI HA KPYTIIOM BOJIHO-

BOJE C MOJIOH E01 Y C JICIIICBBIM B M3TOTOBIICHUH M HAJC)KHBIM B pab0TE B €CTECTBEH-
HBIX YCIIOBUSAX BO30YIHUTEIEM 3TOH MOJIEI.

Bui6op u pacuer Bo3dyautenst moanl Ey B kpyriaom Bosmosone. B u-

Teparype ONMCAHBI PA3IMYHBIC BO30YAUTETN MOIBI Em B KPYIJIOM BOJHOBOIE 7, 8].
K ux meproii rpyIrme 0THOCSATCS BO30YIUTEIH, BBITOJHEHHBIC B BUIE CTHIKOB KPYT-
JIOTO BOJIHOBOJIA M KOAKCHAJIbHOW JIMHUU C BO30YyXJaromuM IteipeM. Ko BTOpoit
rpyIIe OTHOCITCSA BO30YIMUTEIIH, BBITOJHEHHBIC B BUIE CTHIKOB KPYIJIOTO M IPSMO-
YTOJBbHOTO BOJHOBOJOB. I/l MOAaBIE€HHs OCHOBHOM MOABI H, KpYIJIOrO BOJIHO-

43



BOJIa MIPUMEHSIOTCA KOPOTKO3aMKHYTBIe MUIei(bl U pe3oHaHCHBIe Kojbua. B [9]
paspaboTtaHbl 3¢ heKTHBHBIC BO3OYAUTEIN TIEPBOH U BTOPOH TPy, HMCIOIIHE 3Ha-
YHUTENbHBIE TOJOCH pabounx 4actoT (y oTAenbHbIX BuaoB oT 30 mo 50%) mpu
koad¢urmente crosiuedt BoHbl 1o HanpspkeHuio (KCBH) we 6omee 1,2. OmHako
OHH CIIOXHBI B H3TOTOBIICHHU. K TOMY ke JIJIsl 1eNieBOl aHTEHHBI, SIBIISFOIESHCS 110
CYTH HEIINPOKOTIOIOCHOH, HE TpeOyeTcs TaKOH MIHUPOKOMOIOCHBINH BO30Y IUTENb.

JTaHHOM TE B KQUECTBE NTPOTOTHUIIA B TIATEIIS] MOJIBI B KPyTJIOM
B nmanHO# paboTte B KauecTBe MPOTOTHIIA BO30 e onel £, 0

BOJIHOBOIe OBLT BEIOpaH mmieneBoi Bo3OyautTens A.H. Ky3smuna, pa3zpaboTaHHBIN
UM IS 3-CAaHTUMETPOBOI'O JUala30Ha Ha HEHTPAJbHOM JJIUHE BOJIHBI Ag = 32 mm
[10]. Bo30ymurens OTHOCHUTCS KO BTOPOM TpyTire, JOBOJBHO MHpokoronoceH (20%
mpu KCBH 1,2) u poct B m3rotornennn. OH NpeAcTaBiieH Ha puc. 1. Bo3oymm-
TCJIb 3aIlUTBIBACTCA CTAaHAAPTHBIM IPAMOYTOJIbHBIM BOJHOBOJAOM CCYCHUEM
23 % 10 mx’ ¢ ocHOBHOIA paboueit Momtoit H,, .

Kpyaneid
sonHo80d

ey

MpaMoy2oibH bill
soaHos0d

Mooa H

Puc. 1. Bo3byoumens mMoObl Em 8 Kpy2elioM 601HO800€

W3BecTHA Teopus MacIITAOHOTO MOIEITUPOBAHUS, SBISIONIASICS CIEICTBHEM
JTUHEHHOCTH ypaBHeHnH MakcBeita [11]. OHa mmpoko IpUMEHSIETCS 11T H3Mepe-
HUS XapaKTePUCTUK PaIroIOKAIMOHHBIX LEeJIel U MPU pa3paboTKe pa3INuHbIX CBEpX-
BBICOKHX YacTOTHRIX (CBY) y3moB. CoriacHO 3TOW TEOPHH, pe3yIbTaThl H3MEpe-
HUM, TONXYyYEHHBIX JUIsi 00pa3lia HEKOeH JJIEKTPOJUHAMUYECKONW CHCTEMBI, OyIyT
TOYHO COBIAJaTh C Pe3ylbTaTaMH H3MEPEHWH, MOTYyYEeHHBIX I MOAOOHOW 110
MacmTadaM MOJEIH STOW CUCTEMBI, €CIIH UMEeM CIIeTyIOIINe YCIOBHS:

(L) = et () (1)

oul (%)2 = OmMmAm (;_:nn)z’ (2)
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gel (%)2 = GpmEminm (/’1—:';)2 3)

B neBoit yactu 3tHX BBIpa)KeHI/Iﬁ BCJIMYUHEBI O, &, 1 - COOTBETCTBCHHO IIPO-

BOJIMMOCTb, AUAJIEKTPUYECKas 1 MarHUTHAs MPOHUIIAEMOCTH CPEbl, B KOTOPOHl BBI-
MOJHSIOTCS. U3MEPEHUS ¢ 00pa3uoM, pabOTAIOIIUM Ha JUTMHE BOIHHL A , a [ - HeKUi
pasMep oOpasua. B mpaBoii yactu 5THX BBIpaXKeHWH o, &, , 1, - AHAOTHYHBIE T1a-

paMeTphl cpellbl, B KOTOPOH BBITIOJIHAIOTCS U3MEPEHHS C MOJIENBIO, Pa0OTArOIIEH
Ha JUIMHE BOJHEBI A, , a [ - COOTBETCTBYIOIMH pasmep Moaenu. Eciu B o6oux ciy-

qgasgX U3MCPCHUS NPOBOIATCA B BO3,I[y1].IHOﬁ Cpe€ac C napaMeTpaMu o = 0, Eos My

TO € = &y = &, U = Um = Uo. Ecam oOpazent u MoJienb clenaHbl U3 BBICOKOIPO-
BOISIMX MaTepHasoB (mokpeitus u3 Cu, Al, Ag, Au) ¢ oV — o, T0 3ekTpomar-
HUATHOE TI0JIe HE MPOHMKAET BHYTPh MX. Torma w3 BeIpakenwit (1) - (3) cmemyer

H3BECTHOC YyCJIOBUC MacITabHOro MOACIIUPOBAHUA:

[ =1,>. (4)
Am

Hcxons u3 annapaTypHBIX BO3MOYKHOCTEW U CBOMCTB paclpoOCTpaHEHUs pa-
JIMOBOJIH B aTMocdepe, s JalbHEHIINX UCCIICIOBAHUHN MPEIOKESHHON BOJIHOBO-
JTHOW aHTEHHBI OBLT BRIOpaH YaCTOTHBIN JHara3oH B uHTepBaie f = 5...6 [Ty, rae
MMEETCS TpaKTHYeCKas HE3aBUCUMOCTH BOJHBI OT BO3ACHCTBHUS THIAPOMETECOPOB
[12]. B xauecTBe MpsIMOYTOJILHOTO BOJTHOBOJIA MOJIEIIH BO30YIUTEIS UCTIONB3YETCS
CTaHAAPTHBII BOJHOBOJX 3TOro Auamna3zoHa ceyeHueMm 40 X 20 MM’ ¢ TOJNIIMHON
creHok 1,5 mm. Kak cremyer u3 pasmepoB obpasiia (BeiopanHoro Bo30yaurens Ky3b-
MUHA) M €T0 MOJCIH, OTHOIICHUE kK BHYTPEHHMX OIPEICISIONINX Pa3MEpOB IITHPO-
KX CTEHOK BOJIHOBOZIOB MOJIENTH M 00pasiia COCTABISIECT BeMMUnHy k = 40/23 = 1,74.
CornacHo (4), IeHTpallbHas JUIMHA BOJHBI MOJIEITH U COOTBETCTBYIOIIAs IICHTPAIIb-

Has yacToTa OyAyT paBHBI

Aom = kAdy = 1,74 X 32 um = 55,7 mm,
fom = 7=~ 5386 ITy, )
om

IMepecuntanHble pa3Mephbl MOJICITH BO30YIUTENS, COTJIACHO pasMepaM oOpasiia
Ha puc. 1, paBHBI
Ay =ka =174 X65mum = 11,3 um,
b, = kb =1,74 X 3 um = 5,2 um, ()
Il =kl =1,74 X 20 mm = 34,8 um,
Dy, = kD = 1,74 X 28,5 um = 49,6 mm,

rae D, - BHyTPEHHUH JUaMeTp KPyIJIoro BOJHOBOJA MOJETH.
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Koncrpyknusa momenu Bo30yaurtens. Mcxons U3 TEXHHUECKHX BO3MOXK-
HOCTEH W JUIst yI00CTBa AabHEHIINX MCCIeT0BAaHII BO30OYANTENS M aHTCHHBI (Ha-
JMYMEe OKOHEYHBIX MOTJIOUIAIOIIEH Harpy3KH U KOPOTKO3aMbIKATelNsl KPYTioro BoJI-
HOBOJIa), BHYTPEHHHI JIHAMETpP KpPYIJIOrOo BOJHOBOJIA MOJENW BBIOPaH PaBHBIM
D,, = 55 mm. Tlpu 3TOM, KOHEUHO, B MOJICJIH U3MEHHUTCSI COOTHOIIICHUE [IEHTPAITh-

o o E7
HOM JUIMHBIL BOJIHBI K KPUTHYECKOH MUIMHE BOMHBI A,y = 2,61D /2 Mozpl Ey ux

’};11171 = 3‘41D,AI:;1 = 2,06D /2 ([13]) mapa3uTHBIX BOJIH
(B maHHOM citydae) B KpyrioM BoiHOBoje. B obpasue (D = 28,5 mm) 31u cooTHO-

IICHUS PaBHBI

KPUTHYCSCKUM JUTHHAM BOJIH A

/’1551//10 =2,61x285/2%32=~1,162,
/'1551//10 = 3,41 x 28,5/2 x 32 ~ 1,518, 7

22120 = 2,06 X 28,5/2 x 32 ~ 0,917.
B monmenu (D,,, = 55 mm) 3T 5x€ COOTHOIICHHUS PaBHEI

(Aigl/;tOm = 2,61 x 55/2 x 55,7 ~ 1,288,

253/ 2om = 3,41 X 55/2 X 55,7 ~ 1,684, ®)
\A22 /Agm = 2,06 X 55/2 X 55,7 ~ 1,017.

Kaxk cnenyer u3 cpaBuenus (7) u (8), B MOJEIU COOTHOIICHUS U3MEHSIOTCA
noutu Ha 11% u3-3a Takoro ke MPOLEHTHOTO U3MEHEHUS! BHYTPEHHETO AUaMeTpa
KpYTJIOTr0 BOJIHOBO/IA TI0 OTHOIICHHUIO K paccuuTaHHOMY. OTHaKO YCIOBHUS pacipo-

cTpanenus paboueit Mompl £y, ymyumaiorcs u3-3a cHUXeHMsS ee 3aTyXaHus. W3-

BECTEH OOIINI KpuTepHii BEIOOpa paboueil 4acTOTEI MOJBI C TOUKU 3pEHUS ee 3aTy-
xauus [13]. J{nsg maHHON MOABI ATOT KPUTEPHH I MOJENH 3allHIIETCS B BHIC
1,25 < fom/ fKEpf1 = Aif} [Aom = 1,288 < fom/ f,g,;l ~ 1,684 . C yueroM CpaBHECHHUS
BepxHHUX (opMyn BeipaxkeHui (7) u (8) BUAMM, UTO KPUTEPHH I MOJICIH TIO
CBOEH JIeBOH "yacTH OoJiee OJaronpusiTeH.

AKcoHOMeTpHS O0IIEro BUIA CMAsHHOW KOHCTPYKIMU MOJIEITH BO30YAUTEIS
U €ro rabapuTHbIE pa3Mepbl IPEACTaBIEeHbl Ha pHC. 2. AKCOHOMETPHS HPSIMOYTOJIb-
HOTO BOJIHOBO/IA BO30yIMTENs MpeACTaBlIeHa HA PUC. 3a, a ocaika KPyrioro BoJ-
HOBOJa Ha MIPSIMOYTOJILHEIH - Ha puC. 30.
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MoRMOy2onERELT
- RamyHREL
EOMHOEDD

Puc. 2. Obwuii 8uo 6036youmens

CI/IMMeTpI/ILIHaH MocaKa Kpyrjioro BOJJHOBOAa OTHOCUTCIIBHO Bo36y>1<z[a}omnx
Lueneﬁ BaXXHa OJIA IIOJAaBJICHHA MOIbI I{11 B HEM. HOBTOMy BCPXHAA MINPOKaA

CTeHKa MPSIMOYTOJIFHOTO BOJHOBO/A oT(ppe3epoBana Ha riyouny B 0,5 mm Ha OT-
pe3ke B 59 mm (cM. puc. 3a). ITOT OTPE30K PaBeH BHEITHEMY THAMETPY KPYTIIOTO
BOJIHOBOJIA U CJIYKHT JUISi CHMMETPUYHON YCTAHOBKHU B MPOJIOJLHOM HAIPaBICHUU
KPYTJIOTO BOJTHOBOJIA OTHOCHTENHEHO BO30YKIAIOIINX IIENel MPSMOYTOIBHOTO BOJI-
HOBOJa. J[J1s1 CHMMETPHUH K€ YCTAHOBKU KPYTJIOTO BOJHOBOJIA B TONEPEYHOM HaIl-
PaBIIEHIH OTHOCHTEIBHO BO30YKIAMOIINX IIENei MPSIMOYTOIFHOTO BOJHOBOAA CITY-
KHT T1a3 Kpyrioro BoaHoBoa. LllnprHa nasa paBHa BHEIIHEH MIUPUHE MTPSIMOYTOJIb-
HOT'0 BOJIHOBO/IA IO €T0 IUPOKO cTeHKe (cM. puc. 36, 4a u 46), U TIa3 BRITAYUBACTCS
CUMMETPUYHO OTHOCHUTEIIFHO KpaeB KPYTIIOTO BOJIHOBO/IA.

OTMeueHHbBIE BBIIIE U3MEHEHHUS B MOJICIIH, BhI3BAHHBIC PAa3HOCTHIO BhIOPaH-
HOT'O M PacueTHOTO 3HAYSHHI BHYTPEHHETO IUaMeTpa KPYTJIOTO BOITHOBOA, MOTYT
MIPUBECTH K HEKOTOPHIM OTIMYMSIM TapaMeTPOB MOJEH OT oOpasma. OTimdre Takke
OyJzeT O0yCIIOBIICHO M HEMPOITOPIIMOHATHLHOCTEI0O U3MEHEHUS Y3KOM CTCHKH IPSMO-
YTOJIBHOTO BOJHOBOAA MOJEIHM IO OTHOIICHWIO K TOH JX€ CTeHKe oOpasia
(20/10 = 2 # k = 1,74). [looToMy B MOJIeNd BO3OYAUTEINS MPEIYyCMOTPEHA €ro
JIOTIOJTHUTENIbHAS HACTPOIiKa, OOYCJOBJICHHAS HATHMYHMEM KOPOTKO3aMBIKAFOIIETO
MOPIIHA B KOHIIE MPSMOYTOJBHOTO BOJHOBOJA M OCYIIECTBISEMas W3MEHEHUEM
MOJIOKEHUS TMOPIIHS OTHOCUTEIIBHO KPYTJIOr0 BOJIHOBOIA (CM. pHC. 30).
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| Kopomxosasmsiarowud [
| NOPLUSHE
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NpRMOY20NEHEM
namyHHB
80NHOE00

NprMoy20nsHEd
namyHHE /
€0nHo800 I I
< a3 >
a) 0)

Puc. 3. [IpamoyeonsHulii 801106800 Modenu 8030youmens (a);, NOCAoKa Kpy2no2o 60IH0800A
Ha npsamoyzonvhbiil (0)

Kpyzneii pamywseil sonnoeod

A-A
ll’_ 43 —=|
Namyvnedi naney Ll I -
T * T ~I Mas
- : o T "‘r& B‘lss —] B
! |
2 66 i
50 @55
0) B)

Puc. 4. Kpyenviii 60110800 ¢ ¢hranyem. Kpyaavlil 601HO800 ¢ pranyem 6 coope (a), dhraney
(6), akconomempus u paspes Kpyaio2o 801H0800d (8)

KommnonoBka u ycTaHOBKa aHTeHHBbI. Ha puc. 5 m300paskeH CTHIKYeMBbIi
¢ BO30yIUTEIEM aHTEHHBI OTPE30K JIETKOTO U YyCTOMYMBOIO K BO3/ACHCTBUSAM aTMO-
cepbl AMOMUHHEBOTO KPYIJIOTO BOIHOBOMA ¢ paboueit Monoii £y, , nmerommero mo-
IepeyHble Ieny Ha spycax aHTeHHbI. Lllenu, nmpepriBas mpoaoapHbBIE TOKH POBO-

JUMOCTH MOJIbI EOI Ha BHYTPCHHUX CTCHKAax BOJHOBOJA, CO3HAIOT M3JTy4aromiuc

TOKH CMEIIEHU Ha IIEIIX.
48



Bosbymdaowue wenu  AmOMuHUEEbIT
aHMEHHbI E0MHOE0D

AmomuHueenii Apycor
gnaney

a)

Puc. 5. Cmuixyemvlii ¢ 6030youmenem ompe3oK arrOMUHUEB020 KPY2llo20 80IHO800d (a),
anmenna (6)

CkoMITOHOBaHHAsI TAKUM 00pa3oM aHTEeHHA, OyIydd YCTaHOBJICHHOUN BEpPTH-
KaJIbHO (CM. pHC. 50), SIBIAETCS NCTOYHUKOM BEPTHKAIBHO TOJISIPU30BaHHON BOIHEI,
n3Ty4aeMoi miensMu Ha sipycax. OTHocuTenbHass KOHQUTYpALHS PACION0KEHHS
uiesied Ha sipycax OIpelensieT KaueCTBO BCEHAIPABICHHOI'O CBOMCTBA TaKOM aH-
TEHHBI B IIOCKOCTH, TApaJUIEIbHON IesIM (a3UMyTalIbHON TuIocKocTh). [Ipu aTom
U CUH(A3HOCTU M3ITyYEHUsI LIeNieil spychl aHTEHHBI JOJKHBI OTCTOSATH APYT OT

Jpyra Ha PacCTOSHHUH /|, LIEHTPAIBHON JUIMHBI BOJIHBI B BOJTHOBOJE MOJIBI E01 . Ona

OMpeaACIACTCA CICAYIOIUM H3BECTHBIM BBIPAXKCHUEM H B JTaHHOU KOHCTPYKIIUH

paBHa
A A
Ay = — = 0 ~ 88,3 mm. 9)
ZAOm 2
1-| 2om Jl_(z,swm)
2E11

Kp

OOBIYHO JIS IIENEBBIX aHTCHH MOJ00HOT0 TUIIA KOJIMYECTBO IICIIEBBIX SPY-
coB nmocturaet 10...12, mockonbky 3¢ (EeKTUBHOCT M3IYUYCHHs OT IIEIUA OJHOTO
spyca K IeNMH Tocleayomero spyca magaet [2, 14]. M3-3a storo ko3 dummert
YCHUJICHUS TaKOW aHTEHHBI TP N30BITOYHBIX SPycaxX MPaKTUICCKH HE U3MEHSICTCS.

3akiaouenue. B cratbe mpeanaraeTcs peaauzanys BO3MOKHOCTH IOCTPOE-
HUSI U UCCJIEA0BaHUA KOMIIAKTHON M MPOCTOM 1LIEJIEBOM aHTEHHBbI HOBOI'O THIA Ha
KpyrioM BoJIHOBOJie. OHA CONEPIKUT HAACKHBIA U HEAOPOrod BO3OYIUTENh akK-

CHAJIBHO CHMMETPHUHO#H paGoueii Momel £y, . Briaromapsi ee MCIONB30BaHIIO, MyTeM

mon0opa OTHOCUTENHHOW KOH(HUTYpaIlii PaCIIONOKEHHS MOMEePEUHBIX Ieneld Ha
spycax, MOXXHO ITOCTPOUTH BCEHANPABJICHHYIO B a3UMYTaJIbHON TUIOCKOCTH aHTEHHY.
DTO MOJE3HOE CBOMCTBO CO3AAET BO3MOXKHOCTH YCIIECIIHOTO HMPUMEHEHHS TaKOU
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A.S. NERSISYAN, R.A. DAVTYAN, A.K. AHARONYAN, V.H. AVETISYAN

DESIGNING AN OMNIDIRECTIONAL ANTENNA ON A CIRCULAR
WAVEGUIDE WITH A SIMPLE EXCITER OF THE E01 WORKING MODE

The use of a circular waveguide with an axially symmetric £, mode is proposed.

Such a vertically installed waveguide contains transverse radiating slots on different height
tiers. The antenna created in this way may be given the property of omnidirectionality in
the azimuth plane, whitch is important for the mobile communication systems. On the basis
of the scale modeling, the calculation and design of a cheap-to-manufacture and reliable in

the work £, mode exciter are given.

Keywords: rectangular and circular waveguides, scale modeling, £, mode exciter.
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BUILT-IN SELF-TEST AND SELF-CORRECTION METHOD FOR MIXED-
SIGNAL INTEGRATED CIRCUITS

In modern integrated circuits the number of devices have strongly increased. As
a result, identifying the issues which have an impact on their performance stands out as
a very complicated and challenging problem. In digital integrated circuits there are
methods which are known, as well as some others which are in the active development
stages targeted to enable the built-in self-tests, identify, and report those issues. At that,
for mixed signal circuits, where the calculations or functions are performed based on
the voltage levels, it is much complicated to develop self-testing mechanisms. A novel
method of identifying the lack of clock signal and its duty cycle variation is proposed
in this paper. The developed architectures and solutions are capable of detecting the
lack of the clock signals, as well as informing the digital parts of the systems about the
requirement for the coarse or fine tunings of the clock generation systems outside their
autocalibration and loops.

Keywords: built-in self-test, integrated circuits, duty cycle distortion.

Introduction. All modern synchronous integrated circuits’ (IC) signal
propagation, transfer and receive through the high-speed links is being organized
by the CMOS or CML level synchro-signals. Therefore, the quality of the transceiver
signals, serialization and deserialization, the data-to-clock alignment, the clock-to-
data recovery and other high-speed operations require high-quality clock signals
[1,2]. The main contributor of potential failures is the duty cycle distortion of those
signals, that is why a lot of studies are being carried out to detect and fix the duty
cycle distortions. But those solutions are mainly oriented to improve the duty cycle
and get close to 50% value. These improve the system noise immunity, the jitter
and skew of the data signals [3]. But these are not covering the scenarios of the
autocalibration algorithms getting stuck and the system stops to calibrate the duty
cycle value. In such cases, the parallel calibration mechanism should be enabled
and it should force the clock generation circuit to correct the duty cycle value so as
to get closer to the 50% target. This is assumed to be a self-test and self-correction
mechanism inside the mixed signal ICs.
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The problem description and the proposed solution. The main problem in
solving to which this research is targeted is the automatic duty cycle calculation
and correction. An example of good quality data eye diagram vs the one generated
with 10% duty cycle distorted clock are presented below (Fig.1).

Fig. 1. The impact of the clock duty cycle distortion on the eye opening

As it is seen from the results obtained above, the 10% duty cycle distortion
results in around 3 times eye vertical opening reduction and 15% horizontal
opening distortion. Such the majority of the defined problem stands justified.

To solve the problem the new method of clock signal duty distortion
correction has been developed which is based on the 2 main parts: the first part is
responsible to detect the existence of the clock at all since there may be scenarios
that the clock generation circuits may got stuck and as a result no clock will exist.
The second part is responsible for the duty cycle calculation and correction.

The first section of the proposed method is based on the high-speed slicer
which is toggling with a rise of clock signal. The schematic implementation of the
idea is presented below (Fig.2) where the output of the slicer remains constant 1 if
there is no clock signal such that detects the failures inside the high-speed clock
generation circuits such as phase-locked-loops (PLL), delay-locked-loops (DLL),
injected loop oscillators (ILO) etc [4]. Its output starts to toggle when the clock
generation circuit is functionally starting up. To avoid scenarios when the clock
generator is locked at the low frequency values or toggling at unexpected
frequencies, the high-pass filter is put at the input to reject those components. The
R1 and R2 resistor values, as well as the C capacitor value is being calculated
based on the high-pass frequency minimum value, i.e. if the expected frequency is
10 GHz, the -3 dB point of the C-R network should be at around to 8 GHz point.
The next stage of the clock detector is CML2CMOS block whose role is to convert
the CML domain signal to CMOS levels. The static offset between the inputs of the
block is applied by the R1/R2 ratio so as to create hysteresis and toggle the outputs
only if the voltage level will be higher than that value. This keeps the positive
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output of the block in a static 1 state and the negative output to static 0 state when
there is no clock. For further clock recovery or spike rejection, the slicer is put
afterwards whose both outputs will be in static 1 state, the clock signal will not
present. The final stage of the system is the XOR cell whose output will be in logic
1 state if the clock will present or 0 if it will not. So the clock detector will flag the
presence of that signal.

C Ry
AT CML
I
R;
CMOS
Py JL
j— CMLZCMOS Slicer > }
CML -
I
R
A 2
11
Ry

Fig.2. Clock detection implementation

The next part of the paper developed to be responsible for the clock duty
cycle distortion is presented below (Fig. 3). It consists of the input multiplexor
which selects the clock signal which will propagate to the duty cycle calculation
block, the integrator circuit based on the R1-Cl1 rectifier, the digital-to-analog
(DAC) block which converts the digital N-bit binary code to an analog voltage, the
C2-R2-C3 low-pass filter which rejects the DAC output noise, as well as the noise
coming from the comparator internal switching nodes, the comparator which
compares the filtered clk_filt voltage to the Vdac DAC output voltage value.

During the logic 1 state of the s clk select clock signal the clk p is applied
to the R1-Cl integrator input and the voltage of the clk_filt node gets V yy_riy =

= Vdd/Duty_cycle value. DAC starts to increase the input binary code until the
comparator switches from logic 0 to 1. Such transition means that the system finds
the code of the DAC input corresponding to the duty cycle of the clock. During the
logic 0 state of s_clk select clock signal the operation is being repeated for the
clk_m inverse signal of the clk p.
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Fig.3. Duty-cycle distortion detection circuit

Results. DAC last significant bit (LSB) value is equal to LSB = VDD /2N,
where VDD is the supply voltage value, and N is the resolution of the DAC. 1% of
duty cycle distortion is equal to VDD/100. Considering the abovementioned, for
10-bit DAC and 1V VDD value 1 LSB will be equal to around 1 m} and 1% duty
cycle distortion will be equal to 10 mV. So, the accuracy of the system designed
with 10-bit resolution DAC will be 0.1% duty cycle distortion and it is capable of
generating a very accurate report about the actual clock quality. For high-speed
systems up to £2.5% duty cycle distortion value may still be acceptable, so the 8-bit
minimum resolution of the DAC may be acceptable (Table).

Table

Summary of the results

Expected Results
Parameter Name
Min Max
DAC resolution (bif) 8 -
Duty cycle distortion detection (%5) -2.5 2.5
Clock frequency (GHz) 1 14
Power consumption (m W) - 3

Conclusion. A novel method and a schematic realization of built-in self-test
mechanism for mixed-signal ICs is proposed in this paper. The first proposed solution
is aimed at asynchronously detecting the proper generation of the clock signal
required for high-speed operations and data transmission. The second solution is
targeted to realize self-test and self-report of the clock duty cycle information. This
may make the complex designs to easily detect and force the autocalibration
mechanism to do coarse and fine tunings of the settings of the clock generation
systems such as PLLs, DLLs, ILOs.
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UL ULRTULGULUSEL PLSEAL UL UGUULES ZUUUL LB UO
PLRLUEBUSUYNTUTL BY FLELUTUMRULGLUTUL UB6eN)

dudwtwlulhg hinnbigpu) upnbdwbpnid tmwuppbph pubwljp tuwinpkh kswgh b
Niunh nputg yuppwigsh ypw puguuwpwp winpunupdnn juunghpttph hwynbwpbpnudp
nupdl) b pupy dwpunwhpuydbp: @Jughtt htnkgpuy ujubdwitpnid gnjnipinit niikt hyytu
huwyinith, wytybu b wnhy dowluw hoynud quignn (ndnidukp, nponip dhudws Eu hptw-
ptunnuynpdwt dhgngny hwyntwpkplint b gpuiglint wyn junhputpp: Uhspbn jpwuep wg-
nuipwbwght ujukdwbpnud, npintn nputiu hwpdupyutph hhdp swnwynud Eu wqnutipw-
ubph jupdwt wpdtpukpp, hiptwptunwynpdut dbpnnutph tkpppoudp hwiunhuwind E
wnwyl] punpn punhp: Uojuwnwitph opowbwljubpnid wnwewnldt) k uhippnuqnuiipwith
puguljuynipjut b jgdwt gnpsulgh nuwnwbdw hwyntwpkpdwt dbpnn: Upwuljdus gwp-
tnuwpuy bnnipniattpp b nusnidubpp nitbwly Eu hwyinbwptptjnt uhippnugqnutpwih pugw-
Juynipnibp b hwdwlupgbph pughtl hwignygubpht whnkjugibne wyn wepupwibtph'
hwdwljupgbph huptwjupqupkpdwt dkhiwuhqdutphg wiajwp Ynuyhun b £o2qphn jupqu-
pipdwt wihpwdbonnipjut dwuht:

Unwigpuyhl punkp. utpnpnjwus huptwpbunudnpnud, hinnbkqpu upabidw, (guwi gnp-
Swlgh wnuyunnud:
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A.X. MXUTAPSIH, B.I. OTAHHUCSH, JI.JI. AKOIISTH, A.X. TEBOPTSIH,
A.O. IETPOCSIH

BCTPOEHHBIA METOJ CAMOIIPOBEPKU U CAMOKOPPEKIIUH JIJIsI
HUHTEI'PAJIBHBIX CXEM CMEINAHHBIX CUT'HAJIOB

B coBpeMenHbIX HHTErpanbHbIX cxemax (M C) 4ucio 371eMEeHTOB CYIIECTBEHHO YBEIH-
YHUJIOCh, B PE3yJIbTaTe YEro pelieHHe MpoOJieM, BIUSIOIMX Ha WX 3P(PEKTUBHOCTH, Mpe.-
CTaBJIsIET OO0 CrokHYI0 3a1a4y. B udpoBeix MC nmeroTcst kKak M3BECTHBIE METO/IbI, TAK
U METO[bl, HaXOMSIINECS B aKTUBHOM CTaJuM pa3pabOTKH, KOTOPbIE MPEAHA3HAYCHBI [UIS
BKJIFOUCHHSI BCTPOCHHOT'O CAMOTECTUPOBAHMS, BBIABJICHHS M COOOLIEHUsT 00 3THUX Mpobie-
Mmax. [Ipn 3TOM B CMEIIaHHBIX CUTHAIBHBIX CXEMaXx, I'7IE B OCHOBE PACUETOB BHICTYIAIOT 3HA-
YEeHUS HaIlPSDKCHUS] CHTHAJIOB, BHEAPEHNE METOJIOB CAMOTECTHPOBAHUS HAMHOTO CIIOJKHEE.
B crarbe npennaraercs HOBBIM METOJ ONpPENENEHUS] OTCYTCTBUS TAKTOBOTO CUTHANIA U U3-
MeHEHHs ero ko3¢ ¢uunenTa 3anoinHeHns. PazpaboTaHHble apXUTEKTYpPhl M PEIICHHS CII0-
cOOHBI 00HApY)XUBATh OTCYTCTBHE TAKTOBBIX CHI'HAJIOB, a TaKXe MH(MOPMUPOBATH LUPPO-
BbI€ YaCTH CHCTEM O HEOOXOAMMOCTH TPy0Oil MM TOUYHON HACTPOMKH CHUCTEM I'eHEpaliu
TaKTOBBIX UMITYJIbCOB BHE HX KOHTYPOB aBTOKaJIHOPOBKH.

Kniouegvle cnoea: BCTpOCHHAsl CaMOIIPOBEPKA, WHTErpalibHAsi CXEMa, HUCKaXKCHHUE
KO3 PHUIMEHTA 3aITOJTHCHHS.
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A NOVEL AGING MONITORING CIRCUIT

Year by year there are numerous new requirements set to the lifetime and reliability
of integrated circuits (IC), particularly in medical spheres and automotive applications.
Consistent with technology downscaling the device reliability issues are increasing, but the
quality requirements become stronger. Nowadays the aging phenomenon is one of the
critical issues in systems with longer lifetime. Therefore, the monitoring of aging and its
consequence compensation have become one of the key parts for today’s ICs.

A novel aging monitoring circuit is proposed in this paper. This new monitoring
circuit monitors the aging degradation during lifetime of the IC and generates a binary code.
This code is applied to the inputs of compensation circuits, which compensates the degradation
in the critical blocks throughout their lifetime. Monitoring circuit is realized with a 14 nm
technology node and simulations proved the results’ validity.

Keywords: integrated circuit, aging, monitoring, binary code, compensation.

Introduction. Aggressive down-scaling to lower technology nodes is driven
by the thrust for high performance and device density. However, this is accompanied
by deterioration of reliability, an increase in the design period, additional input-output
pins in case of inserting stabilizing (adjusting) elements, an increase in the surface
occupied by them, a larger power consumption current, and some other negative
consequences. In the general case, not taking into account the above-mentioned
factors lead to a decrease in the yield percentage of ICs, and therefore, in profits
[1]. One of the most important factors in the deterioration of the reliability and
uninterrupted operation of ICs is the phenomenon of aging, which can cause the
entire system to fail over time [2]. The main types of aging are discussed below.

Bias temperature instability (BTI) is an aging phenomenon which leads to
threshold voltage variations during the lifetime in the presence of voltage stress at
the gate of the transistor, causing the circuit to fail its specifications. A PMOS
transistor experiences negative BTI stress when its gate is applied logic 0. The
increase in the threshold voltage is partially reversed when the voltage stress is
removed (i.e., a logic 1 is applied). A similar phenomenon of positive BTI affects
the threshold voltage of NMOS devices when they are stressed and the degradation
relaxes with the removal of stress [3,4].
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Hot carrier injection (HCI) is caused by the acceleration of carriers
(electrons/holes) under lateral electric fields in the channel, to the point where they
gain sufficient energy to cause damage, degrading mobilities and threshold
voltages [3,4].

Time-dependent dielectric breakdown (TDDB) in gate oxides is an irreversible
reliability phenomenon that at the point of breakdown causes an unexpected
increase in the conductance of the gate oxide, which causes the current through the
gate insulator to increase significantly [5].

In order to neutralize the negative effects of technological deviations, the
characteristics of the modern IC blocks are adjusted during the testing or operating
stages by means of the programmable input pins. Nevertheless, the addition of each
input-output pins is associated with high costs [6]. Alternatively, one can employ
circuits to monitor and compensate deviations in ICs and to solve the above
mentioned problems [7].

Aging degradation can lead to various accidents in automotive systems, as
well as to the reduction of the life span of the ICs installed in human bodies for
medical purposes, as a result of which there will be a need for their frequent
replacement, which is costly. Therefore, it is important to monitor the aging
degradation during the lifetime of ICs and compensate for its consequences when
necessary.

The proposed circuit. First, the aging effect is studied on SAED14nm
FinFET PMOS based current source (Fig.1) [8]. This current source is used for the
purpose of sensing the degradation due to the transistor aging. The source of the
PMOS device has been connected to VDD and drain to GND. To the gate was
applied bias voltage equal to 0 V, to have maximum Vgs, and HSPICE simulation
has been performed [9]. The current flowing from the drain to source was
measured to be equal to 140 uA.

VDD
Vbiasd l ]
MPO] 'ds

Fig. 1. The designed PMOS device
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Aging HSPICE simulation was performed for 10 years. The result shows that I
has decreased and in 10 years it is equal to 110 uA. So, due to aging l4s decreases
by 30 uA, which is quite a large degradation. Aging HSPICE simulations are
performed also up to 10 years with 1-year steps to understand how the I4s changes
over the years (Fig. 2).
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110 o
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Fig. 2. I;; dependency on years

The largest decrease occurs during the first year, which further emphasizes
the need to design an aging monitoring circuit in order to detect the aging degradation
and to feedback to the compensation circuits in order to compensate the aging
degradation in the critical blocks starting from the first year.

A method developed and based on that circuit has been designed (Fig. 3) for
monitoring the aging, which will detect the aging degradation, and depending on
that, will generate an appropriate binary code based on the binary search algorithm
[10], which can subsequently be used in the aging compensation circuits [11].

Fig. 3. The aging monitoring circuit designed by ideal current PWL source
60



In order to check the accuracy of the method and to show the basic principle
of operation, firstly the circuit was designed with an ideal current PWL source. The
scheme consists of 3 cascades. In the first cascade, an ideal current PWL source
with the current reducing from 140 uA4 to 110 uA is used. A current mirror is
connected in series, which passes 125 uA4 current, which is the half of 140 u4 and
110 uA. The next stage consists of diode-connected M1 (PMOS) and M2 (NMOS)
transistors. It is designed in such a way, that when the current flowing through
them is the same, the potential of the y2 is equal to VDD/2. This stage serves as a
current subtractor. The y2 is also applied to the S2 Schmitt trigger’s input (Fig. 4)
[12]. The designed Schmitt trigger’s threshold voltage is VDD/2, and the Schmitt
trigger employs a positive feedback loop which adds the hysteresis and provides a
noise margin. The b2 output of the S2 Schmitt trigger is the first bit of the
generated digital code. The b2 is inversed to control second cascade. When the Iref
is greater than 125 uA, the difference between these currents flows through the
NMOS transistor, which pulls y2 down, and the output of the S2 Schmitt trigger
goes to 0. And when Iref is less than 125 uA, the difference between these currents
flows through the PMOS transistor, which pulls y2 up, and the output of the S2
Schmitt trigger goes to 1. Thus the first bit of the signal is obtained.

VDD
GND
T ouT
é VDD

Fig. 4. The designed Schmitt trigger

[ ]]

At the first stage of the second cascade, diode-connected C3 and C4 transistors
are passing the 7.5 uA4 current, which is the half of the maximum difference of the
first cascade (15 uA). Devices M3, M4, M5 and M6 serve as switches. When b2 is
0, M3 and M6 are closed, and devices M4 and M5 are open. Since M5 is open,
through M8 passes a 7.5 uA current, and M7 connects to y2, so the current flowing
through it is equal to the difference between Iref and 125 uA. If it is higher than 7.5
uA, the difference will flow through the M10 device, which pulls y1 down, and the
output of the S1 Schmitt trigger goes to 0. And if it is lower than 7.5 uAd, the
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difference will flow through the M9 device, which pulls y1 up, and the output of
the S1 Schmitt trigger goes to 1. The output of the S1 Schmitt trigger (bl) is the
second bit of the generated digital code. The b1 is inversed in order to control the
third cascade.

The third cascade looks completely the same as the second one, but with the
current values equal to 3.75 uA, which is the half of maximum difference in the
second cascade (7.5 uA), also there is no need for inversion. At the output of the
third cascade the signal b0 is generated, which is the third bit of the digital code.

To better understand the principle of circuit operation, an example for
illustration is considered next. Assume Iref is equal to 135 uA. In that case the
difference between Iref and 125 u4 is 10 uA that will flow through M2 device, and
b2 goes 0. The M5 device opens and through M8 flows the 7.5 uA4 current, at the
same time, the M4 also opens and the current difference from the first cascade
flows through the M7, namely 10 u4. The difference between them (2.5 uA4) flows
through the M10 device, and bl goes to 0. The M13 device opens and through M16
flows the 3.75 uA current, at the same time the M12 also opens and through M15
flows the current difference from the second cascade, namely 2.5 uA. The difference
between them (1.25 uA) flows through the M17 device, and b0 goes to 1. Concluding,
in this case, the code is 001.

The next example covers the case when Iref is lower than 125 uA4. Assume
Iref is equal to 115 uA. In this case the difference between Iref and 125 u4 is -10 u4,
which flows through the M1 device, and b2 goes to 1. The M3 device opens and
through M7 flows the 7.5 uA4 current, at the same time, the M6 also opens and
through M8 flows the current difference from the first cascade, namely 10 uA4. The
difference between them (-2.5 uA) flows through the M9 device, and bl goes to 1.
The M11 device opens and through M15 flows the 3.75 uA4 current, at the same
time, the M14 also opens and through M16 flows the current difference from the
second cascade, namely 2.5 uA. The difference between them (1.25 uA) flows
through the M 18 device, and b0 goes to 0. Hence, in this case, the code is 110.

The simulation results. In order to make sure that the circuit works properly,
the HSPICE simulation for the designed circuit was performed. The current value
(Iref) of ideal current PWL source changes from 140 u4 to 110 u4 (Fig. 5).
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Fig. 5. Outputs of circuit depending on the current change

The circuit generates an appropriate 3-bit digital code for each range of current
variation (Table).

Table

Generated 3-bit digital code for each range of current variation

Alref (uA) Digital code
0-3.75 000
3.75-175 001
7.5-11.25 010
11.25-15 011
15-18.75 100
18.75-22.5 101
22.5-26.25 110
26.25-30 111

Now that the principle of the circuit operation is clear, next ideal current PWL
source is replaced by a biased PMOS transistor working as a current source (Fig. 6).

Fig. 6. Schematic view of the proposed novel aging monitoring circuit
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For this circuit, aging HSPICE simulations were performed up to 10 years
with 1-year steps (Fig. 7).
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Fig. 7. Outputs of the designed aging monitoring circuit over the years

The simulations show that the proposed aging monitoring circuit performs as
expected by generating a digital code corresponding to the current reduction due to
aging degradation over years.

Conclusion. A novel aging monitoring circuit has been proposed and
implemented using the SAED 14 nm FinFET technology with the help of Custom
Compiler tool [13]. The circuit is easily implemented with CMOS technology,
using only MOS transistors. Simulations show that the circuit detects the aging
degradation by generating a digital code, which can be converted to other types of
codes and can be applied to the compensating circuits wherever needed. Due to its
simple structure the proposed aging monitoring circuit does not require additional
input-output pins on the chip for its operation. Additional testing operations are not
needed, either. This leads to the reduction of area, testing time and cost of IC’s.
Additionally, if more accuracy is needed, the number of digital bits can be
increased adding more cascades with the same principle.
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U.U. 1.NrYUUsUL
OGrusuuyu 6redNh8euLENC UTSUNPSUUNA, LAC UVBUT

Swptgunwuph puquuphy tnp yuwhwieubp ki wnwewiumy hinbqpuy upubdwitph (BU)
Swnwnipjut duditnh b hntuwhnipjut JEpupkpuy, hwnjuybtu pdojuljut njnpunik-
poud b wjunnunphjuyghtt Yhpwenipnibtbpnud: Skjuininghwtph dwupnwpwynpuiwt htn
Juwyws uwpph hmuwjhnipjut pbnghpbtpp dkswimd &b, puyg npulh ywhwiebpl
wykjh mhuwn ki qpuntnwd: Ukp optipnud stpugdwt kplinyputpp puetnud Bu wbih Eplup
Jyup niukgny huwdwlupgbph upbnpugnyh jpughpitphg Ubyp: Zknbwpup, stpugdwt
Eplinyputph donwunhnwpynudp b wthpudbynnipju nhwypnid npu hbwnbwupubtph thnju-
hwwnnignudp quniinud Bt wjuopjw HU-Eph wnwbigpuyht jpuinhpubphg dkyp:

Unwownlynud £ skpugdwt tplinyputpp donnwnhunwplynn tnp upjbdw: Unwowpl-
UYnn upubdwt Jupnn b qpubgl) stpugdwt Eplinypubph wgnbgnipiniup PU-Eph Yyuuph pu-
pugnid b ghubpugul) tpyniwlut Ynn: Uyy Yogp Yupnn b nwtgdl] hinjuhwnnigdw
ufubidwtbpht, npnup Jupnn i thnjuhwinmgly] withpuwdbown pinljutph yupwdtnpkph Jun-
pupugnuip nne Yyuiph plpwgpnid: Upnwunhwnwplnn ujubdwb hpuljubwgyly b 14 &/ nku-
uninghwlwt gnpépupwugh hwdwp, b wpyniupubph Juykpujuwinipniut wywugnigyl) b
hnnjuénid tkpjuyugdus dnpljuynpnidutph dhengny:

Unwigpuyhll punkp. hunbqpuy ujubidw, skpugnud, dpnwunhunwnpynud, Epyniwljui
nn, thnpthwwnnignu:

C.A.TYKACSAH
HOBASI CXEMA MOHUTOPHUHT A SIBJIEHUSA CTAPEHUSA

C KaXIbIM TOJOM TPEIBSBIAETCS MHOXECTBO HOBBIX TpeOOBaHMM, KacalOMIMXCS
CpoKa CITy>KOBI M HaJie)KHOCTH MHTETpainbHEIX cxeM (MC), ocoOeHHO B 00IaCTH MEIUIMHEI
1 aBTOMOOMIIECTpOeHHsI. B CBsI3M ¢ yMeHblIeHHeM MaciiTaba TEXHOJIOTHH yBEIHYUBAIOTCS
IpoOJIEMBI, CBSI3aHHBIE C HAJIGKHOCTBIO YCTPOMCTBA, HO TpeOOBaHMS K KayeCTBY CTaHOBSITCS
BCce Oosiee ecTKHMMHU. B Hacrosiiee BpeMsi SIBJICHUE CTapEHUs! SBISETCS OAHOW M3 KPUTH-
4ecKuX IMpoliieM B cuUcTeMax c 0oJiee JUIMTEIbHBIM CPOKOM CityxObl. [loaTOMY MOHUTO-
PUHI CTapCHUA U, IIPU H606X0}II/IMOCTI/I, KOoMIICHCaluA €ro HOCJ'le)ICTBl/Iﬁ CTAaHOBATCA OZ[HOﬁ
M3 KJIFOYEBBIX YacTeit coBpemeHHbix MC.

B cratee npezaraercss HoBasi CXeMa MOHUTOPUHIA CTapEHMsI, KOTOpask MOXKET OTCIIe-
KHUBATh JETPANALNIO N3-3a CTAPCHUS B TeUeHNE cpoka ciyk0b1 MIC 1 reHepupoBaTh ABOMY-
HBIH KOX. DTOT KOJ MOXET HNPUMEHSTHCS KO BXOJaM KOMIICHCAIMOHHBIX CXEM, KOTOpPbIC
KOMITCHCHPYIOT JETPATAIMI0 B HEOOXOAUMBIX OJIOKax Ha MPOTSHKEHUN BCEIO CPOKA CITYXKOBI.
CxeMa MOHHTOpHHTIA ObLIa pean30BaHa C MOMOIIBIO TEXHOJIOTHYECKOro npouecca 14 wm.
JlokazaHa 10CTOBEPHOCTH PE3yJIbTATOB MOJEINPOBAHUS, IPOBEAEHHOTO B CTAThHE.

Knrouegvie cnosa: wuHTErpalibHas cxema, CTapeHUE, MOHUTOPUHT, JBOUYHBIN KO,
KOMITEHCALHS.
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THE OUTPUT NOISE REDUCTION OF THE R-2R RESISTOR LADDER
DIGITAL-ANALOG CONVERTER

A new method for reducing output noises in the R-2R resistor ladder digital-analog
converter (DAC) is presented. The main reason for the output noises in R-2R resistor ladder
DAC is the disadvantages and non-ideal features of the operational amplifier (Op-Amp). In
case of the low numbers of the input combination there can be an output voltage without
noises, because the voltage-error for the OpAmp in case of low output voltage is very
small. But the low output voltage can be not the exact voltage because many times the 0
voltage on the negative input of the OpAmp forms is not clear. The high output voltage of
the OpAmp can be more exact, but it will have noises because of the conflict between the
voltage corresponding to the difference of the input voltages and the voltage corresponding
to the current coming from the R-2R ladder. Using the new method, the output voltage of
the R-2R resistor ladder DAC will be exactly in the full input combination range, and it will
have almost no noise. In the primary 4-bit R-2R DAC designed in the 32 nm technology the
INL (integral nonlinearity error) in case of 0000 input combination is 0.2 ¥, and the noise-
error in case of 0101 input combination is 0.065 V. In the optimized R-2R DAC, the
maximum INL error is 0.02 " at 0010 input combination and the maximum noise-error is
0.005 ¥ at 0001 input combination. Using the method, the area of the circuit increases by
7%. As this disadvantage is very small the new approach is very preferable to use for
accurate output signal in the R-2R resistor ladder DAC.

Keywords: DAC, current mirror, Op-Amp, INL error, invertor.

Introduction. The DAC using R-2R resistor ladder is a simple circuit that
consists of Op-Amp, resistors connected in parallel and in series in the cascaded
form and the transmission gates switching the currents going from tha ladder to the
OpAmp. The OpAmp can be used in the circuit in inverting and non-inverting forms.
2R ladder resistors are used as voltage dividers for the output signal depending on
the input combination.

The name “ladder” means a configuration of the resistors applied within the
network. A R-2R resistive ladder structure provides a means of converting digital
signals to the equivalent analog output voltage. Input signals are connected to the
R-2R ladder by transmission gates which are turning each branch of the ladder on
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or off. The output signal is taken from the end of the ladder which is used to drive
the inverting input of an OpAmp.

As transmission gates have their own resistance, the resistors need to have
much more resistance than transmission gates to keep the right operation process
for the DAC. But besides that, the transmission gate has got a parasitic capacitance
which can import noises in the signal that must be formed in the output. For low
resistance of the transmission gate, the sizes of its transistors need to be wider, so it
can lead to a bigger parasitic capacitance and provide a bigger noise in the signal.
But this is the smallest factor which makes noises in the output of the R-2R resistor
ladder DAC. The circuit has more serious disadvantages that lead to a non-accurate
output signal. The designed approach makes it possible to avoid all the dangerous
features of the R-2R DAC that will import noises in the output signal.

Literature review. For different types of DAC, and in general for mixed-
signal digital and analog circuits, there are several approaches for reducing the
output noises.

For example in [1] DAC Quantization Noise Reduction is presented. In hard
disk drives (HDD), the digital- analog converter (DAC) driving the voice coil
motor (VCM) has a restricted accuracy. Quantization noises due to the finite
precision of the DAC disturb the servo control loop and degrade its performance.

In [2] the techniques of noise improvement in data converters are presented.
The data converters including ADCs and DACs work as interfaces between a DSP-
based system and the physical analog circuits. The ADCs and DACs are made from
basic circuit building blocks which face the design trade-offs between linearity,
noise and power consumption.

In [3], an approach for reducing the noises of analog signals from PCB is
presented. Noise in analog, digital systems, and analog noise in general, could be a
reason of serious problems in a number of applications. Analog circuits have to
deal with a range of noise sources. Some of them are unavoidable at the component
and board levels.

In [4], techniques reducing noises in ADC circuits are presented. The most
effective case of way for removing the noise is the use of a low-pass filter prior to
the ADC. Including by-pass capacitors, and also using a ground plane will
eliminate this type of noise. A third source of noise is radiated noise.

In [5], the importance of the noise reduction is presented. Most industrial
environments and laboratories contain abundant electrical-noise sources which
include AC power lines, radio and TV stations, and a variety of electronic
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equipment. Radio stations create a high-frequency noise, when computers and also
other electronic equipment generate noise in all frequency ranges.

In [6], the technique of low frequency noise reduction for linear analog
integrated circuits is presented. The evaluation of VLSI technology has reached to
the point where most of the transistors are integrated on a single chip. Where ICs
once filled the role of subsystem components, now integrate complete systems on-
a-chip by combining both digital and analog functions.

In [7], the noise reduction technique in ADC is presented. The ADC contains
control circuit and a capacitive digital-to-analog-converter (CDAC). The control
circuit is used for estimating the weight of the bit based on the first and second
digital code. The CDAC is configured to provide the first analog signal.

The proposed circuit of R-2R resistor ladder DAC. The method is tested
on a 4-bit R-2R DAC. When first inputs are on, and the current going to the output
resistor isn’t so high, the OpAmp has not a big difficulty with it, and the output
voltage hasn’t got noises. But the instantaneous increase of the current in the
resistor ladder leads to a little change in the negative input of the OpAmp, and the
output signal will have an INL error at low voltages. When high bit inputs are on a
big current importing a high output, voltage can make inconsistency with the gain
of OpAmp, so the high output voltage will have noise problems. The primary
circuit of the 4-bit R-2R resistor ladder DAC is shown in Fig.1.

R R R
Vref
R é nd QRé 3 Zké 2 2R é Inl R
L L L L
T T il i

L B | e N I Y

gnd!

Fig. 1. The primary circuit of the 4-bit R-2R resistor ladder DAC (1 - OpAmp,
2 — transmission gate)
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The output characteristics of the primary R-2R DAC is shown in Fig.2.

A\ Vout

Time
Fig.2. The output characteristics of a primary R-2R DAC

To make an accurate output signal in R-2R DAC, it is necessary to avoid big
currents in the feedback loop. So, instead of the resistor in the feedback connection
of OpAmp, a diode connected n-type transistor is used. The negative input of the
OpAmp is connected to another n-type transistor which is connected to the first
transistor with current mirror connection and also has a much bigger w-size than
the first transistor. So, the current from R-2R ladder is shared between the two
transistors.

The current that flows through the second transistor is much bigger than that
in the first transistor as it has bigger sizes, but its current is directly proportional to
the current of diode-connected transistor with a constant coefficient according to
the current mirror law. The second n-type transistor is connected to another current
mirror that consists of p-type transistors, which generate an accurate output voltage
on the output resistor. The optimized circuit of 4-bit R-2R DAC is shown in Fig.3.
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Fig.3. The optimized circuit of the 4-bit R-2R resistor ladder DAC (1 - OpAmp,
2 — transmission gate)
M\ Vout

The output characteristics of the optimized R-2R DAC is shown in Fig.4.

>

Time
Fig.4. The output characteristics of the optimized R-2R DAC
Simulation results. The main block of a 4-bit R-2R resistor ladder DAC is

designed. Simulations are performed using the HSPICE simulator (described in
[8]) for a number of PVT corners including 3 main conditions (TT, FF and SS

processes with respective voltage and temperature values). Here the results of the
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performed in the 32 nm technology. The primary circuit of the R-2R DAC designed
in 32 nm technology is shown in Fig.5. Vreft=-1 Vand VDD =2.5 V.

VID

T Vout
Vre
]

In3

=)

——4=+~—

~—<|tj][~

In2

] LHJL #H]L H].- *HL

T T

o gud!

Fig.5. The primary circuit of the 4-bit R-2R resistor ladder DAC circuit designed in 32 nm
technology (1 — OpAmp,, 2 — transmission gate, 3 - invertor)

The optimized circuit of the 4-bit R-2R resistor ladder DAC is shown in
Fig.6.
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Fig.6. The optimized circuit of the 4-bit R-2R resistor ladder DAC circuit designed in 32 nm
technology (1 — OpAmp, 2 — transmission gate, 3 - invertor)

The simulation results of the primary R-2R DAC is shown in Fig.7.
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Fig.7. The simulation results of the primary 4-bit R-2R resistor ladder DAC
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The simulation results of the optimized R-2R DAC is shown in Fig.8.

In3

Vout

Fig.8. The simulation results of the optimized 4-bit R-2R resistor ladder DAC

Conclusion. A new method for the noise reduction of the R-2R resistor ladder
DAC is presented. In difference with other DAC:s, it is very comfortable to reduce
the output noises by the current mirror as the working process of the R-2R DAC is
based on the output current. Experiments are carried out on the 4-bit R-2R DAC
designed in the 32nm technology using OpAmp, resistors, transmission gates and
invertors at the input pins. The supply voltage is 2.5 V and Vref which is input for
the R-2R ladder is -1 V. At the primary R-2R DAC, the maximum INL error is 0.2 V'
and the maximum noise error is 0.065 V. At the optimized R-2R DAC, the maximum
INL error is 0.02 ¥ and the maximum noise error is 0.005 V. Using the method, the
area increases with 7%. So, the method reduces the output noises and also fixes the
INL error on the output signal.
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2.U. RULULULBUL

R-2R [}6RPUSACUSPL UL HIPLNY, 9 U-ULULNFUSPL ONMUYGNP2b
BLL2USPL UNUNRYLEP LIULU ruNhur

Ukpjuyugdws E R-2R nkqhuninpughtt uwbinninpny pyw-wbwnquyhtt thnpawuplh-
snd ([0UD) Lpuyhtt wnuniyubpp bjuqbkgubint tnp Ukpnn: R-2R nkqhunnpuyhtt uwbnnin-
pny PUO-nud Ejpuyhtt wnunijutph hhdtwljut yquwnmdwnp oybpughnt mdtnupunh pk-
poipnitbpt nt ny hpbwulwt hwmnfuthoubpt Eu: Ununpughtt Yndphtiughugh gudp pytph
nypnud Jupnn k (hub) bpught jupmu’ wewbg wnuniyukph, puih np owykpughnt nidh-
nupuph pupdwi vppwputpp gusp Ejpuyht jupdw nhypnid swwn thnpp b Puyg gudn by-
puyhtt jupnudp Jupnn b (hul) dnunpwght ndphtiwughuyhtt ny hwdwpdtp jupnud, pwth np
own wiqud oy kipughnt nidkinupuph puguuwjut dntnph jupnidp nunwdnud £ 0 wp-
dtph pmpgp: Owtpuighntt mdtnwpuwph pupdp kpuyhtt jupnuip upny £ undtih d2qppn
1hub], puyg wytt Ynibbtw wyunijubp dnunpuyhtt jupnudubph mwppbpnipjuip hwdwuyw-
wnuwujuwung Ejpughtt jupdwt b R-2R vwunninphg EYynn hnuwtiph jupdwit dhob hwljwunt-
prul yuwndwneny: Lnp Ukpnnh oqunugnnpstint nhupnid, R-2R nkqhutinpuyhtt uvwtnninpny
UD-h Lipuyht jupnudp &ogphwn Yihtth dntnpuyghtt Yndphttmghuwh wdpnne whpnypend b
qpbpt sh niubbw wnunily: Uyqphwljub 4-phpuing, R-2R @UO-nud, npp twpuwgddws k32 &/
wnkunnghuyny, htinkgpuyy ny gduyhtt ujuwquiipp 0000 Untinpuyghtt Ynuphtiwghugh phugpnid
0,2 ', huly 0101 Uninpuht Ynuphtiwghugh nhypmu wnuniyh upewuipp 0,065 % Oupinh-
dwjugyus R-2R BUP-nd wnwybjugny hnkqpuy ny gdwyhtt uppwywpp 0.02 <« £ 0010
Untnpuyjhtt Yndphtughuyh pypnid, hull wnunifh wowybjugnyt vppwjwpnp 0001 dniwn-
puyhtt nuphughuyh phypnud’ 0.005 9 Oquiugnpstin] wyu Ukpnnp uubdwh dwljkpbup
Ubkswunid £ 7%-ny: Rutth np wyu phpnieiniup own thnpp k, unp dninkgnidp own bwpuptin-
phih £ oquiugnpsty R-2R nhighuninpuyhlt uwbmmnpny GUG-mu &ygnhun bppughtt wqruiipwi
unwbwnt hwdwnp:

Unwbgpuyhlr punkp. U, hnuwtph huybih, oybkpughnt nidinupup, hunbgpuy
ny gduyunipjwl uprwwp, opghy:
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A.A. BABAI’KAHSTH

MUWHHUMM3BALUSI ITYMA HA BBIXO/IE IU®POAHAJOIOBOI'O
IPEOBPA3OBATEJISI C R-2R PESUCTOPHOM IIEIIOYKOM

[TpesncTaBneH HOBBIA METO MUHMMH3AIMHU BBIXOJHBIX IIYMOB B IIM(POAHAIOTOBOM
npeobpaszoarene (LJAIT) ¢ R-2R pesucropHoit nienoukoil. OCHOBHOW MPUYMHOM BBIXOTHBIX
nrymoB B I{Alle ¢ R-2R pe3uctopHo# 11enouKoit sSBISIOTCS HEAOCTATKH U HeUJIealbHbIE Xa-
pakTepucTHKH oneparroHHoro ycwmrens (OY). B cnyyae HU3kuX nugp BXOIHOW KOMOH-
HaIlUM BEPOSITHO, YTO BBIXOAHOE HAIPSDKEHHE MOXKET OBITh 0€3 IIIyMOB, TaK KaK IOTPEIIHOCTh
Hanpspkerns Uit OY B ciydae HU3KOTO BBIXOJHOTO HalpsHKeHUs odeHb Mana. Ho Hu3koe
BBIXOZJHOE HAMPSDKEHHE MOKET OBITh HETOYHBIM, TOTOMY YTO B OOIIMX CITydasix HalpspKe-
nue 0 Ha oTpunarensHoM Bxoae OY dopmupyercst HeueTKo. Bricokoe BhIXOIHOE HampsiKe-
Hue OY Moxer ObITh 00JIee TOYHBIM, HO OHO Oy/€T MMETh LIyMbI M3-32 KOH(IMKTa MEXIy
HaNPsHKEHUEM, COOTBETCTBYIOILUM PA3HULIE BXOJHBIX HAMPSKEHUH, U HANPSHKEHUEM, COOT-
BETCTBYIOIIUM TOKY, IIOCTyHaromeMy oT 1enodku R-2R. Mcnonk3yst HOBBIA METO, BBIXOJI-
Hoe Hanpspkenue L{AII ¢ pesucropHoi nienoukoii R-2R Oyner TouHbIM BO BCeM AMaria3oHe
KOMOWHAIMH BXOJHBIX CUTHAJIOB M MOYTH HE OyJeT UMeTh IIyMOB. B niepBuuHOM 4-pazpsi-
HoM LIAII R-2R, pa3paboTraHHOM B TeXHOJIOTHH 32 KM, WHTETpATIbHAS OMIMOKA HETMHEHHOCTH
pu BxogHOH kKomOuHanmu 0000 cocrapnser 0,2 B, a mrymoBasi omrOKa Mpyu BXOJHOH KOM-
omnaru 0101 cocraBnser 0,065 B. B ontummsuposanHoM [[AIT R-2R makcumanpHas uH-
TerpansHas ommnbOka HenmHeHHOCTH cocTaBisieT 0,02 B B cirydae 0010 BXOOHBIX KOMOMHA-
Ui, a MaKCUMaJbHas mryMoBas omuoka cocrasister 0,005 B B cimydae 0001 BXOZHBIX KOM-
O6uHanuid. [Ipyu ncrnonbp30BaHNK METOa IUIONIA b CXeMbl yBenunBaeTcst Ha 7%. ITockoibKy
9TOT HEAOCTATOK OUEHb MaJl, HOBBII MOJXO0J BECbMA MPEANOYTUTENEH AJIs UCIOIb30BAHUS
B L1AII ¢ pe3uctopHoil nenoukoi R-2R 11 noay4eHus TOUHOro BBIXOJHOTO CUTHAJIA.

Kniouessle cnosa: undpoananoroBelii npeodpa3zoBarellb, 3epKajio TOKa, OIepalioH-
HBIIl yCUIINTENb, ONIMOKA UHTETPAJIbHON HEJIMHEHHOCTH, HHBEPTOD.
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THE EYE OPENING IMPROVEMENT METHOD FOR A HIGH SPEED
CURRENT MODE LOGIC DRIVER

A bandwidth improvement method of current mode logic (CML) drivers, of the
integral circuit type specifically designed for high-speed serial data transmission systems is
presented. These drivers are characterized by their ability to operate at high frequencies and
their ability to provide a high level of signal integrity, which is critical for achieving high
data rates and low error rates in high-speed systems. The key advantages of CML drivers
such as providing a high level of signal integrity, the circuit topologies, operating modes,
and performance characteristics are discussed. Furthermore, the challenges and limitations
of CML drivers, as well as the recent advances in the field that enables the use of CML
drivers in high-speed systems are also discussed. A driver constructed by the proposed
method operating at 112 Gbps in PAM4 modulation consumes 9 mW under 0.9 V supply.

Keywords: SERDES, transmitter, current mode logic, signal integrity, receiver,
modulation.

Introduction. The growth of industries such as Al and cloud computing has
created a need for faster ways to connect integrated circuit chips. The data center,
which houses many servers, can be thought of as the brain of Al and the technology
that allows data to flow freely between servers within the data center can be thought
of as its bloodstream. Currently, a technology called Serializer/Deserializer (SerDes) is
commonly used for high-speed data transmission. It has several benefits over parallel
interface, as it reduces the number of pins on a chip and uses equalization to
counteract the signal loss at high frequencies. Due to these benefits, SerDes is now
the primary solution for high-speed wireline data transmission.

As the need for faster data transmission grows, designing a transmitter that
can handle high-speed signals with minimal distortion and loss becomes a key
technical challenge. This is because the transmitter consumes the most bandwidth
and requires the highest clock frequency of any circuit. If the transmitter cannot
transmit high-speed signals effectively, it will be difficult to recover the signal at
the receiving end due to the channel loss and degradation. Therefore, designing a
low-power and high-performing transmitter is an important aspect of the SerDes
design.

The advancements in technology have allowed for improved high performance
I/O circuitry, but the bandwidth of electrical channels used for communication
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between chips has not kept pace. This highlights the importance of considering
four-level pulse amplitude modulation (PAM4), which offers higher efficiency, less
loss at high frequencies, and slower clock speeds compared to traditional binary
signaling. This has led to PAM4 being implemented in various high-speed /O
standards. To support PAM4 modulation, recent developments in current-mode,
voltage-mode and hybrid transmitters, as well as in analog-to-digital converter-based
and mixed-signal receivers have been made [1]. However, PAM4 transceivers require
more stringent circuit linearity, better equalizers for multi-level interference
cancellation, and improved sensitivity compared to systems that use NRZ signaling.

On the transmitter side, using source-series-terminated (SST) voltage-mode
drivers allows for the high output swing required for PAM4 modulation with high
linearity achieved up to differential output swings equal to the nominal output stage
supply. Advanced hybrid drivers that employ current boosting can further improve
the output swing. Voltage mode drivers also offer reduced static power consumption
relative to current-mode drivers, although at higher data rates this advantage becomes a
smaller percentage of the total transmitter power consumption. This is due to large
clocking power and the use of output-stage segmentation for equalization setting
and impedance control. This segmentation can introduce on-chip interference and
results in increased output stage area and power. Another important aspect of the
transmitter is the final serializer, where efforts have been made to minimize power
consumption in both current-mode and voltage-mode implementations. Additionally,
equalization is often also necessary to improve the signal quality.

Current mode logic driver. Fig.1 (a) below shows the circuit of the basic
circuit of the CML driver for the NRZ operation.

Fig. 1. (a) a CML driver for NRZ operation, (b) a CML driver for PAM4 operation

Differential serial data is coming to input devices M1 and M2 accordingly.
When input of the M1 transistor is logic 1 and for M2 logic zero the whole I
current will flow through the left branch, and the voltage levels at the output will
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be Vp — IR for tx_m and vp for tx_p. The diifferential peak-to-peak voltage will be
txp — txm = IR — (Vp — IR) = 2IR.

To allow PAM4 operation intermediate voltage levels should be introduced.
For that tx_p should be reduced to some extent and tx_m must be increased by the
same amount. To do so, Al current must be extracted from the left side and the
same amount should be added to the right side. With this voltage level (I — 2AI)R
will be obtained. If the Al current is subtracted from the right branch and added to
the left branch (—I + 2AI)R, the voltage level will be obtained. All 4 voltage
levels are shown in Fig. 2.

IR

(1- 2A0R
_________________ 0

(-1 + 2A1R

-IR

Fig. 2. The voltage level during the PAM4 operation

To perform current substruction approach in Fig.1 (b), can be used. Input
transistors are split into 2 parts. Those 2 parts should be binary weighted. The 6x
transistor is split to 4xMsb and 2xLsb. When both MSB and LSB are logic one or
both are logic, 0 similar to NRZ voltage levels is achieved. Let’s consider Msb = 1
and Lsb = 0 case. In this case 21/3 current will flow through the MSB transistor and
/3 current will flow through the LSB transistor. For this scenario Al current from
Fig. 2 is equal to 1/3. Voltage levels for all possible MSB and LSB combinations
are shown in Table.

Table
Voltage Levels
MSB LSB tx_m tx_p V_diff
1 1 Vp — IR vp IR
! 0 Vp—(2/3)*IR | Vp—(1/3)*IR IR/3
0 1 Vp—(1/3)*IR | Vp—(2/3)*IR —IR/3
0 0 vp vp — IR —IR

Problem description. In modern architectures final 4x1 serialization is
performed using quarter rate clocks [2, 3]. The last 4-to-1 serializer plays a crucial
role in a quarter-rate transmitter, as it should provide enough bandwidth to support

the full-rate output.
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Fig. 3. The block diagram of the divider

However, it can be difficult to achieve this using conventional pass-gate
serializers, which have reduced drive strength due to the effective stacking of
transistors at the high self-loading output node. The dynamic NAND pre-drivers
(Fig. 3) use the input data to qualify a pulse defined by adjacent quarter-rate clock
edges, allowing the tri-state inverter-based mux to drive the full-rate output node
through only one transistor, similar to a simple inverter, with the input data
activating one of the PMOS/NMOS devices [1]. This approach is used for series
source terminated voltage driver. As for the current driver, an example how 4x1
serialization and final summation is performed is shown in Fig. 4.

[data_p<3> Tdata p=2> [dzta pe1> [data p=0> |— L[t <> [date_m=2> | data_m=1> data_m=0 |
[l [ ckis0 | eld0 | o |— M3 M4 1 70 | okiS0 | chkB0 | a0 |
|0 [ el270 | ckISD [ k80 | | k0 | o270 | oS0 | od0 |
x4 x4
L L

@

Fig. 4. Current mode driver with 4x1 mux

In the CML, driver current should be steered in the left and right branches to
obtain corresponding voltage levels. To properly steer tail current there should be
enough voltage swing in RL resistors. If the swing on RL resistors is small residual
current will make differential swing voltage smaller. If swing across RL resistors is
high, current source will be pinched off for a short period of time. This results in
peaking of the output current. Because of the abovementioned issues, the bandwidth
degrades over the process, voltage, temperature variations and vertical eye opening
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become smaller. This has a direct negative impact on the Bit Error Rate (BER) of
transmitter.

The proposed method. Because of the process voltage and temperature
variation swing on RL resistors can vary. To compensate that variation, calibration
method is proposed. A current mode logic driver with summing node calibration is
shown in Fig. 5. An additional current source is introduced which steers the current
in the secondary differential pair. The amount of this current can be controlled by a
code. Also, 1bit resistance control is added.

1-bit control 1-bit control
RL RT RT RL

dats_p<3> |data_p<2> | data_p<1> [data_p<> { [data_m<3>[data_m<2> | data_m<1> |data_m=0>
k270 | ckign k30 ko | M3 M4 I clk270 cik180 = ko
ko k270 | o180 | cikeD 7 clkD k270 | dkiB0 | cksO

x4
; % 5-bit control

Fig. 5. Current mode driver with 4x1 mux

When calibration starts all data p bits are logic 1 and data_m bits are logic 0.
RL resistors have 1 bit control with load sel parameter. When it is set to 1 a
parallel resistor is connected to the RL resistor and its resistance becomes smaller.
In the initial phase of calibration, this bit is set to 1. Curr_code parameter defines
the code for the summing node current source. At the beginning, this code is at its
middle value. After the initialization process tx out p net is compared with
reference voltage which can be set by DAC. If tx_out p is bigger than reference
voltage defined by DAC, calibration is ended. There is a check is curr _code on its
maximum available value. If no curr code is changed, use the binary search
algorithm. In case of maximum curr _code, load_sel parameter is checked and in
case of the value 0, the calibration process ends. If the value is 1, it is set to 0 and
the curr_code again is set to its middle code, and the calibration process starts by
comparison of tx_out p and dac_ref voltages.

The verification results of calibration algorithm for typical corner is shown
in Fig. 6.

81



zzzzzz

7 D
T - : ' :
dac_ref 900
tx_out_p s
asom

i
curr_code 15 — T
14
1

load_sel

Fig. 6. Summing the node calibration process

Simulation Results. In Fig. 8, two eye diagrams are shown which are obtained
via Hspice simulation [4]. The left one is captured using the circuit in Fig. 7 and the
right one is captured with the version which includes the described method. As seen
from the Figure, the right one has a bigger eye height compared with the left one.
Vertical eye opening for the left one is 513 mV. For the right one, vertical opening
is 635 mV. The opening is improved by 122 mV. Simulation was performed for the
slow corner, low supply voltage using the SAED14 nm FinFet technology [5]. For
this specific corner calibration code is 27 and load_sel is 0. That means that a parallel
resistor is enabled and the overall resistance of RL is smaller. For typical corner
code is 15 and load sel is 1. After checking for multiple critical cases no corner
was identified for which code range is not sufficient to cover required operation.

Fig. 7. Eye diagrams for transmitter NRZ mode7

Similar verification is performed for the PAM4 operation as well. Fig. 8
shows the difference of all 3 eye openings again for the slow corner with low

82



supply voltage. As seen from the Figure, the upper eye vertical opening increases
by 28 mV, the middle eye opening increases by 33 m} and lower eye opening
increases by 34 mV.

Fig. 8. Eye diagram for Transmitter PAM4 mode

Conclusion. The driver with the proposed method improves the eye vertical
opening for NRZ and PAM4 operating modes. It can be used in modern SERDES
drivers. For simulations, SAED 14 nm FinFet technology is used. By implementing
this method, the current consumption for the driver unit decreases by ~100 u4
without having a negative impact on the output eye opening. The area of the driver
with the implemented method increases by 10.6%.
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2.8. arrenr3vy

U2£LP AUSYUDLP LUYUSUUL UteNY ULUQUSNrO ZOUULRE EFhUNY
sSuLNN, zZULeNh3sk ZUUULC

Thuwpyynd £ hnuwtiph nkdhuny mwbing hwbgnygh (20:S2), npp hunkqpuy ujutdugh
nbkuwl k, hwnnl) twwgsdws wpugpipug hwenpuljut nyjuutph hnppowgdw hw-
dwwupgbph hwdwp pnpnibwlnipyut pupbjuudut Ukpnn: Swinn hwiugnygubpp puni-
pugpynud Eu pupdp hwdwpwljwinipnibttipng woupwnbint b wqpuowith wdpnnowluu
pupdp dwjupnul wywhnybne ntbwlnipyudp, hugp Juptnp E pupdp wpugnipyu hw-
dwupgbpnud mdjuubph pupdp wpugnipyut b ujpwh gusp dwljuppulh hwubbne hw-
dwp: Lutwpynud ku 20:SZ-ubkph hpltwlwt wnwbnipniuubpp, husyhupp b wqnu-
owtth wdpnnowjuimpjut pupdn vwljuppulijh wywhnynudp, ujubdwgh imnwyninghwubkpp,
wpuwnwiipuwhtt pdhdubpp b junwpnpujwb pinipugpbpp: YEpnusynud o bwl 206S2-
utph twhwgsdwt dwpnwhpuydbpttpt nr vwhdwbwhwlnudubpp, hyybu twb npnpunp
Jtpohtt wnwgpupwgutpp, npnup htwpwynpnipini ki tmwhu oqunuugqnpsty 20:S2-u pupdp
wpugnipjudp hwdwlupgbpnud: Unwowplyny dbkpnnyny hwnnpnphsp, nptt woiwwnnd
112 Qppp/y mpugnipjudp MUU4 dnpnippughugh phypnid, vwuwenid £ 9 #<w 0,9 o jup-
dwt nwl:

Unmuiigpuyhll punkp. SERDES, huinnpnhy hwiignyg, hnuwuph nkidhdh inpudwpuitin-
PNy, wqnuipwith wdpnnowlwuntipenil, pugniuhy hwignyg, Unpnijjughwu:

A.T.TPUT'OPAH

METO/I YJIYUYIIEHUS OTKPBITUS [JIA3BKOBOM JUATPAMMBI JIJISI
BBICOKOCKOPOCTHOI'O JIPAMBEPA C JIOTMKOM TOKA

[IpencraBinen MeTON yIydLIEHHs ITPOITYyCKHOW CIHOCOOHOCTH JpaifBEpOB C JIOTMKOH
toka ([JIT) Tuna WHTErpaabHON CXEMBI, CIICUATFHO Pa3pa00TaHHOM ISl BRICOKOCKOPOCT-
HBIX CHCTEM II0CJI€ZIOBAaTEIbHON Nepeaayn JaHHbIX. DTU ApaiBephl XapaKTepu3yrTCcs CIo-
COOHOCTBIO PabOTaTh HA BBICOKMX YacTOTaX M OOECIEYNBATH BBICOKHH YPOBEHb LIEIOCTHOCTH
CHUTHAJIa, 9TO MMEET pelIaoniee 3HaueHIe U TOCTHKEHUS BEICOKUX CKOPOCTEH mepenaun
JAHHBIX W HA3KOT'O YPOBHS OMIMOOK B BRICOKOCKOPOCTHBIX cucTeMax. OOCYKIAIOTCs KITFO-
YyeBble MpenMyIecTBa apaiiBepoB JJIT, Takue kak oOecriedeHrne BRICOKOTO YPOBHS IIETI0CT-
HOCTH CHUTHAJIA, TOTIOJIOTHS CXEMBI, PKUMBI padOTHl U paboure xapakTepucTuku. Kpome
TOTO, PacCMaTPHUBAIOTCS MpoOIeMbl u orpanudeHus npavisepoB JJIT, a takxke mocinemaHne
JOCTIXEHUSI B 00J1aCTH, KOTOPBIE MO3BOJISIIOT MCNob30Bath Apaiisepsl 1JIT B BEIcOKOCKO-
pocTHBIX cuctemax. I1oCTpOeHHBIH NpeIoKeHHBIM METOAO0M IepelaTyrK, paboTaromuit
Ha ckopoctd 112 I'bum/c B momymsiuun ITAM4, notpebnser 9 mBm npu HanpsHKeHUH
nutanus 0,9 B.

Kniueewte cnosa: SERDES, y3en nepenatuvka, JOTMKa TOKa, IEJIOCTHOCTh CUTHANIA,
y3eI IpUeMHHKA, MOIYJIISIIHS.
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H.V. VARDANYAN

IBIS MODEL OUTPUT IMPEDANCE CORRECTION APPROACH USING
CCCS

With the CMOS technology size scaling aggressively and the transmitter (TX) output
resistance becoming smaller and smaller, it becomes necessary to have a good impedance
correlation between TX and receiver (RX). The mismatch between the impedances can
cause a noise and a response which will dramatically decrease the efficiency of the circuit.
Nowadays, those mismatches are being tested using IBIS (Input/output Buffer Information
Specification) models owing to low cost and testing speed.

A method is proposed to use a current-controlled current source (CCCS) which will
decrease the mismatch and make it less than 1%. The proposed method can be implemented
for all types of TX drivers and IBIS models.

Keywords: transmitter, receiver, impedance mismatch, CCCS, IBIS.

Introduction. In all times of IC manufacturing, the speed of getting your
product on the market has been the main problem for all manufacturers. The main
reason for late products has always been the speed of the tools that do the testing.
The main simulator which every manufacturer uses is the SPICE simulator, but
with the SPICE simulator it can take up to months to simulate the whole TXRX
macro. But since the 1990s with the introduction of the IBIS models, the testing
time has decreased dramatically [1]. At first, the IBIS models included only 2 types
of tables current vs. voltage (Iv) and voltage vs. time (Vt). But because IBIS
models were just models for TX, they wouldn’t give the same result as the SPICE
simulation. That is why, the standard of the IBIS models has changed since then.
During the development of the IBIS model, developers created a new type of IBIS
model called IBIS-AMI. IBIS-AMI models run in a special-purpose SerDes
channel simulator, not in a SPICE-like simulator and consist of two text files (*.ibs
and *.ami) plus a platform-specific machine code executable file (*.dll on
Windows, *.so0 on Linux). IBIS-AMI support statistical and so-called time-domain
channel simulations, and three types of IC model ("impulse-only," "GetWave-
only," and "dual mode"). Nowadays the standard IBIS model has a wider usage
than the IBIS-AMI model. The standard IBIS model includes 16 simulations for
each PVT corner which can be seen in Fig. 1. The simulation can be divided into
four groups, which are Iv (current vs. voltage), Vt (voltage vs. time), If (current vs.
frequency) and It (current vs. time).
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C_comp_pullup —» If (current vs. frequency)
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Fall__gnd > Vt(voltage vs. time)

Fall_sup
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Rise sup compcur
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Fall sup compcur

—»>| It (current vs. time)

Fig. 1. Simulations needed for IBIS generation

The If simulations are used for calculating the capacitance value on the
output and the power rails. The clamp simulation is used for characterizing the
ESD diodes on the output. Then the characterization tool uses the DEC algorithm
to get power and ground clamp values. The pullup and pulldown simulations are
used for calculating the impedance of pullup (PU) and pulldown (PD) segments
respectively. The resistance is calculated on the termination voltage, which is
VDDQ/2 for most cases. ISSO_PU and ISSO_PD simulations are used to calculate
the noise coming from the power and ground rails. The Vt waveforms are used to
see the transition speed, the VOH an VOL values. The rise(fall) gnd and rise
(fall)_sup differ from each other by the 50 Ohms termination resistance (for _sup
simulation the resistance is connected to the VDDQ and for _gnd simulation it is
connected to the ground). For these simulations, the input signal is ideal (1p
transition time) as per IBIS standard. The testbenches for It and Vt simulations are
the same except for the probe values. The impedance of the IBIS models can be
calculated from the pullup(pulldown) and Vt simulations. The testbenches for the
Vt(It) can be seen in Fig. 2 and Iv tables can be seen in Fig. 3.
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VSS

Fig. 2. Testbenches for gnd and _sup Vt(It) simulations

vDDQ

Vtable_2

VSS

Fig. 3. Testbenches for Iv simulations

In case of the ISSO_PU simulation, the driver is in a high state, Vtable 2
and Vtable 3 have DC values and the Vtable 1 sweeps form —VDDQ to VDDQ. In
case of ISSO_PD simulation the driver is in a low state, Vtable 1 and Vtable 3
have DC values and the Vtable 2 sweeps form —VDDQ to VDDQ. In case of
pullup(pulldown) simulation the driver is in a high(low) state, Vtable 1 and
Vtable 2 have DC values and the Vtable 1 sweeps form —VDDQ to 2*VDDQ.
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The impedance mismatch impact on the output signal. To present the
impedance mismatch impact on the output signal, two cases are considered:
Case 1: 60 Ohms output impedance with 60 Ohms termination.

Case 2: 60 Ohms output impedance with 120 Ohms termination.

The testbenches to show the difference are shown in Fig. 4.

[ |60 | |60
> >
| 60 | 120

Fig. 4. Testbenches used for showing the impedance mismatch

In the first case, the output impedance of the driver is equal to the RTT
impedance which represents the input resistance of RX, so there should be no
signal return and noises. But due to impedance mismatch in the second testbench,
there will be noise and signal return [2]. To see the difference, the same full swing
input signal has been given to both inputs. To see the mismatch, the eye diagram
and Vt waveforms should be looked at. The waveforms are shown in Fig. 5. The
red waveform in Fig. 5 represents the case for the 60 Ohms RTT resistance and the
blue one represents the case with the 120 Ohms RTT resistance. The results show
that when we use equal resistances, we don’t get any reflection on the output. But
for the 120 Ohms case, there is reflection on the output signal, and the settling time
becomes longer [3].

Stos =

S| os o107
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= 8 1
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a) b)

Fig. 5. a) Vt waveforms for both cases b)EYE diagrams for both cases
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The proposed solution and simulation results. Fig. 5 shows the importance
of impedance mismatch. So, it is proposed to have an impedance correction approach
that will give better impedance match. The approach is to add 2 current-controlled
current sources to control the output impedance of the driver. The approach has
been applied for the raw driver [4], but as the IBIS model has become the main
way to represent and test the driver, we must have the same approach for IBIS
models. The approach is to add the CCCS in the IBIS generating process to have
our desired impedance value. The main difficulty is to find the correct ratio by
which the output current will be controlled. An automation script which finds the
correct ratio and puts the correct ratio values in the testbenches has been created.
The CCCS values are controlled separately to have an ability to have 2 different
values between pullup and pulldown impedances. The simplified model of the
testbenches used in the IBIS generation is presented in Fig. 6. CCCS_PU is
responsible for adjusting the PU resistance, whereas the CCCS_PD is responsible
for PD resistance. In this paper, an ideal CCCS is being used. To control the CCCS
we need to have a voltage source (VSOURCE) connected to the PAD to be able to
calculate the current on the PAD. And after having the controlling current, which is
the PAD current, the ratio of CCCS is adjusted. To be able not to turn on both
CCCSs at the same time, the designer must put max=0 in the testbench, where the
CCCS is called. Putting max=0 helps with that, because the current flowing
towards PAD is always positive and the current coming from the PAD is negative.

‘ Rpu
| Netlist_ @ =
PAD

Rpd

Fig. 6. A simplified model of the testbenches

3 IBIS models have been created. The first model is a standard model which
has a 40 Ohms output impedance for all three PVT corners (TT FF SS) [5].

For the second model, it has been decided to have +10% impedance for the
SS case and -10% impedance for the FF case using a calibration circuit. The third
model should have the same impedance requirements as the second model, but it

should use the proposed method [6]. The results are summarized in Table 1.
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Table 1

Summary table
IBIS SPICE
PVT | Rpu (Ohms) | Rpd (Ohms) | Rpu (Ohms) | Rpd (Ohms)
First model TT 59.123 59.324 59.11179 59.29795
FF 59.637 59.6139 59.62123 59.60889
SS 58.4066 57.4424 58.3967 57.45891
Second model | TT 59.123 59.324 59.11179 59.29795
FF 53426 54.0123 53.42699 54.0101
SS 66.5673 66.2606 66.52813 66.2663
Third model | TT 59.123 59,.324 59.11179 59.29795
FF 54.0102 54,0076 54 54
SS 66.0184 659972 66 66

Table 2 shows the difference between IBIS vs nominal, SPICE vs nominal
and SPICE vs IBIS [7].

Table 2
Summary table
IBIS DIFF SPICE DIFF IBIS vs SPICE Diff
pyT | RpuDIFF | Rpd DIFF | Rpu DIFF |Rpd DIFF | Rpu DIFF | Rpd DIFF
(%) (%) (%) (%) (%) (%)
TT 1.46 1.12 1.48 1.17 0.0189 0.0439
First model | FF 0.605 0.64 0.631 0.651 0.026 0.008
SS 2.655 426 2.672 4235 0.016 0.028
TT 1.46 1.12 1.48 1.17 0.0189 0.0439
Second
model FF 10.956 9.979 10.955 9.831 0.0018 0.004
SS 10.945 10.434 10.88 10.443 0.0588 0.0086
TT 1.46 1.12 1.48 1.17 0.0189 0.0439
Third model | FF 9.983 9.987 10 10 0.0188 0.014
SS 10.03 9.99 10 10 0.0278 0.0042

IBIS DIFF column shows the difference between IBIS impedance and the
nominal impedance which, in this paper, is 60 Ohms. The SPICE DIFF column
shows the difference between SPICE impedance and the nominal impedance. The
IBIS vs SPICE DIFF column shows the difference between SPICE and IBIS.

Conclusion. A new approach to correct the output impedance of the IBIS
model has been proposed and designed using SAED 14 nm FinFet technology [8]
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and with the usage of Galaxy Custom Designer tool [9]. The phenomena of
impedance mismatch have been examined on the driver. The standard methods for
impedance mismatch correction don’t give good correlation between impedances.
With the new approach, the designer can have the desired output impedance for the
driver. The approach has been used in IBIS generation which gives an opportunity
to have an IBIS model which can be used to test the newly corrected driver in top
simulations and save crucial time and resources.
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2.9.9UruLsuy

IBIS UNQGLE GLRUSHL HhUUNNRR3UL TSUUUL UNSE3NRU 24zU-b
oasSuaNrouuuUr

TUNY mkhuninghwibph swthtpp, wgpiuhynpkt dwusnwpwdnpdwi b hwnnpnpsh
Epuyht phdwnpnipjut thnppugdwt ywwnmdwnny, yuwhwienid ki nibkiiw nphdwnpnipini-
ulkph (] hwdlwywnwupiwitkgnid hwunnpnhs b pugniithy hwiugnygutph dhel: Thuwnnpni-
pintuttinh nmwuppbpnipiniip upnn E qyuntw) wndniyh b wqnupwbh JEkpugupdh gquwn-
Swin, npp suhwqug Jthnppuguh onpuh wpynibwybnnieniup: Lkipjuynudu wyn muppk-
poupnLtlitpp phunu]npdoud Ba' oquiugnpstyn] UUbU (Ununp/kp Ypljihsh hupnpuwghugh
uyighdhughw) dnnkukp, nph wwndwnubpp ghtp b phunwynpdwb wpugnipniab G

Unwownlynid t hnuwtpny jurwjupynn hnuwtiph wnpnipp (242U0) oquiwugnps-
dwib dbkpnn, npp Yujuqbtguh yEpnhhojuy withwdwwywwnwuhiwinipemniin b wyt Ynwupduh
1%-hg wwlwu: Unwowplynn dbpnnp Yupnn bt oquuugnpdyt] jnipupwiymip nbkuwlh
hwnnpnhy hwugnygutiph b UYPU dnpbkjubkph nhypnud:

Unwigpuyhli punkp. hunnpnhs, pugniuhs, nhdwunpoipiniiuiph wthwdwwywnwu-
hiwtinipeynit, 242U, U4PU:

A.B. BAPJAHSH

nHoAXO0A K KOPPEKIIMM BbBIXO/JHOI'O UMIIEJAHCA MOJEJIN
CHHEHU®PUKALIMU THOOPMAIINU O BY®EPE BBOJIA/BBIBOJIA C
HNCIIOJIb30BAHUEM UCTOYHUKA TOKA C PEI'YJIUPYEMbBIM
TOKOM

ITockonpky pazmep KMOII TexHOJIOTHH arpecCHBHO YMEHBIIAETCS, a BBIXOTHOE
conpoTtuBiieHre niepenaTanka (TX) CTAHOBUTCS BCe MEHBIIIE W MEHBIIE, BO3HUKAET HEOO-
XOJMMOCTh UMETh XOPOIIYI0 Koppelsuio umnenanca mMexay TX u mpuemHuKoM (RX).
HecooTBercTBHE MEXTy MMIIEIaHCAMH MOXKET BBI3BATh IIYM M PEAKIIHIO, KOTOPHIE Pe3KO
CHIXAIOT 3(QEKTUBHOCTh CXeMBbl. B HacTosiee BpeMsi 3TH HECOOTBETCTBHS IIPOBEPSIOTCS
¢ ucnonezoBanreM mozeneit CUBB (cnemmduxanus napopmaryu o Oydepe BBoaa/BHIBOAR)
13-32 HU3KOW CTOMMOCTH ¥ CKOPOCTH TECTHPOBAHUSI.

Ipennaraercs METOM HUCIOIB30BAHUS UCTOYHMKA TOKa C peryiaupyeMsiM TokoMm (MTPT),
KOTOPBIN MMO3BOJIIET YMEHBIIUTH PaccoriiacoBaHue U caeiath ero meHee 1%. IIpemnarae-
MBIN METOJ] MOKET OBITh PeaTu30BaH /sl BceX THUIOB ApaiiBepoB TX u moxeneit CUBB.

Kniouegvle cnosa: niepenaTymik, MPUEMHUK, HECOOTBETCTBHE MIMIIETAHCOB, HCTOYHHK
TOKa C PEeryJIMpyeMbIM TOKOM, crienudukanus nadopmanuu o 6ydepe BBo1a/BHIBOIA.
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UbLLrNULTULCULUSEL OUNE LUCUSYUUU R ONIVULYESNRE3NPLLEND
ZBSGYULLLE P UM KUSNRUL PUSEGR UL UMBUU LG NRU

bPuntgpuy ujubdwubph Jtpohtt tmwphubphtt qupqugdwip qnigpupug nputgnid
lupbph dhol infumqntignipniuibph nhpp htwpunp sk hwagh swetly, pwih np ppuip
hwtghgunid tu ujutidwh gnpswnwljut uppwjutph: Uswljyt) & dbpnn, npp pny; £ vnwhu
hwoyh wntly thnpwqpbgnipniubph hbwnbwipubpp pyuyhtt hinkqpuy upbdwibpnud
uhuppnuqpuiipwiught Sweh juenigdwi pupwugpnid: Ywwnwpdk] Ba hhpwuwppbph
ptunwynpiut hwdwlwupgbipnud thnjuwqpbignipniutph tplunyph htunwgnunipmnia b
uqkgnud’ phununpiwl hwdwljwupgmu uhippnugpubpywiwghl Sweh jwdwupldudp:

Unwhgpuyplr pwnkp. hunbqpuy upbdw, thnpjwqpbgnipjut tplingpe, hhywuwpp,
phunuynpuut hwdwlwpg, uhippnuqpuiowt, $hghjuljut twpiugsnid:

ULhpwbmpinil: bunbqpuy ujubdwubph (PU) ubpyughu qupqugmdubpp hwb-
qligpk] B wpwqugnpdnipjut jupnty dbdwgdwi. pduyhtt PU-h vhtippnwuqnu-
lipwlip hwuby k dhiish nwubywl @2g-tph, nwppbph swtph hnppugdwi’ dhisk
Ukl Jud Up putth td-kph, pnnippub dkswgdwl' Uhish dninun]npuugbu 150 dhihnl
wnpwbighuinnptbph 1 22 dwbptunud [1]: Upuqugnpénipjut Uksugdwi htwn thnppw-
unud £ wgnubipwttibph thnjumbipwndwt dudwtwlyp, hulj fpnmpjut dkdwugnidp
hwghgunid £ hpwp Ununhly, gniquihtn jupkph dhol hEnuwnpnipjub thnppugdui:
YEpohtiu huigkgnid £ hU-mu yyuwpughwnughtt ntinipeniinbph dkdwugdwp (ug. 1):

Dﬂlllg—D
3}

Uy 1. Ujnkduynid dpotugnidikph upoll wupughunuyhl nilinulnijeiniabkpp

bU-nud dh yuph Ypu wgpubpwh (wgpbunph) thnthnpunipniip wqnmd |
wy)] UhgUuhwguwt (qnhh) ypu (uly. 2): Ugptunph yp&wlhh thnthnpunipniup hwbgkg-
unud | gnh mqnutipmth winuyundwi, dhtsh hul mpudwpwbwlut Jhdwlh thn-
thnjunipjub [2]: dhpp wows wuydwtbpnud wgpbunpubph phyp, hsybu twb
nputig wqnkgmpjniip qnh wqpuibpwitph Jpu wkjuind b Zknbwpap’ hpap
Unwnhl, qniquhtn jupbph dhol thnjuwqptgnipniiutph ntpp PU-kph twhowgsdwt
dudwbwl nunumd E npnohy: dbpohtthu hwoygh swntubip jupnn b hwbgkguty
unyjuhul] npujwlwb ujuw) wpyniupuknh [2]:
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Mpbdt hqhjuut twhwgdnudp yhwp E hwoyh wnh wqpuowuh thn-
thnjunipiniup b npu wnuwdunnudp, hul hwpwgsdw unnignidp whwnp k tkpunh
wyy Eplinypubkpp:

Uly. 2. Ugplbunph Jhdwlip thnihnpunipyui wgnbgnipiniip gnhp Jpuw

Lwipbtph dhol toqws thnhiwugnbgnipnitubpp hwnjuybu juplnp tu hhow-
uwppbpnud, putth np ubpluynudu gpup qpungund Eu wdpnne hU-h Uninuyn-
nuyku 80...95% b wpununpynid ki wwppkph tuqugny jupgquynpbhnipyudp:
ZEnbwpwp, own Uk | npuitg phunnunpdut withpudbonmpiniup, nph wdkw-
wpyntiuy b jmdnudubiphg u ubpypdus huiptwptunuwdnpdwt hwdwljupgtpn [3]:

Uju puughpubph musdwt tyuwnwlng dowljyl; b twppwgsdwt dbpnnubtp
[4-7], npntup Yphpwnynmd tu pupdp hwdwpunipniuubpnid wohiwwnng PU-Epnid
(untph dhol thnpuwmgnbgnipinitittpn tjuqbgubint hwdwnp:

Ujn Ukpnnubkphg k Ypluhsitiph oqurnuugnpémup: Upbkdwtbpnud nhuiwnnpnip-
miuubph b ntbwlmpniuubph swihubph gduyhtt Ukdwgdwt htin dhwdwdwbuly
thnpuwqptignipnibibpny wuydwiwdnpduws hwywnnudp wdnd £ dnnwdnpuytiu
4 wiiquud: Ypluhsubpp htug oqgunuugnpdmu L thnpuwugptignipjuitt hwyundwb jpdun-
dwt b wqnupwutph thhnthnpunipniuubph jwdupudwt hwdwp (uy. 3):

Upljupsutinh ogrnugnpsdwdp unbduynid hwyunnudubpp punumd B gdw-
jht, pwth np gpuip ujubdwb pudwind Eu thnpp hwndusubph: Zuywnniudubpp
ndwnbint hwdwp wnwewnlyk) E Ypluhsh ogrnugnpsdwtn hwwnntly b [4]: Og-
nwugnpstiny Chsuwi-Zngkuh hwjwuwpnidlibph gswiht dnnbyp [5] npnoymd b
upubduynud YpYuhsubph nmknunpdwt hwpdwp ghppbpp: Quuyws Ypluhsh nknu-
gnuwt dhongny wjwqbgynid L ujubduyh hwywnnidp b hgqnpoipniup, dhliingt
dudwbwl ngputg wénny phyp tjuqtgunid k ujubduwgh wpugnipniup b $niulghn-
tw] hwdwhuntipniip:

M;;@[&ﬁ%ﬁ%ﬁ
=) Y MEHERHER)

. 3. Gplipsakph oqunugnpsuudp dpouhwuguui ihnihnfunipintip
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Ut wy dbpny k Bypwiuopnidp: bpup dnn quinn juptph dhol thnju-
wqplignipnitubpp kndtnt vhongubphg dtyp pupdpuwhwdwpuljut gstph dhol
htpunpnipjut Ukdwugnidu b, vwjuyt nw hwighgind £ ujubdwubpnid soguaw-
gnpdynn nmwupwspubph wykjugdui:

Umnwhuh puunghpubphg juntuwtbne hwdwp ogunugnpsnid Bu hudnpdw-
ghwt juptph dhol yupwwwihy jupbph tkpypoudp, npp hwpnth b «kgpubogn-
nnud» nbpdhuny [6]: Uyt pny) E mmwjhu bduqbgul] wqnuuowbtiph hwwywunnid-
ubpp, hsybu bwb pupdpugunid | ujubdwgh wndjuuniinieiniun (ul. 4) [7]):

Ejpwbwynpdwt tnubwlubkphg dkyu b pupdpuwhwudwpuljut gstph dholt
3-nn qdh wykjugnudp, npp dhwgdws Yihuth ninhn ujpbdugh vinigdwip ud 0-
wlut YEnhp:

>ﬂ H Y
L L L e
I L L

=l
%/TTTQ [> |TTT §

Ul 4. Egpubun/npdwl dpongny Uhodpwiguul hnihnfunipiniip

Unwowpljyny dkpnnhlju: Usjuwnwiph tyyuwwnwlu £ hhpwuwppbph ubpnp-
Jwsd phunuynpuut hwdwljupgbpmd juptph dholi thnpawgqnbgmpniiitph hbnw-
qnuumpniip b iugqkgnudp’ phununpdw hwdwlupgnud uhippnugnuiiywin-
1htu dwnh judupydwdp:

dhqhljuljut twhwgsdw ppuljwbugdut dke Jub tpkp hhdtwlwt thnt-
1En. ninupuodwt b nmpudwpwiimput (wjupynud, uhippnugputywiiugh
Sdwnh uhtiptq b Uhpdhwgnidubph juupynid: Uhippnuqnuipmiughtt Swinh uhti-
phqp dkhu k Juplnp pwykphg, pwith np wyt htnkqpu) vjubdwynid vywuenid
punhwinip Eukpghwyh wntiduq 30%-p, hull wykih pwupdp wpuqugnpdnipudp
upubdwbph hwdwp Fukpghwyh vyywenudp Jupnn t 1huk] pighwinip tubpghugph
50%-n: &hpwn uhtppnwuqnuiipwiught Sweh junnignidp Jpudupuph ny dhuwgt
dudwttwluhtt wupwdbnpbph wwhwbetbpp, wylb judugkguh tukpghuyh vyw-
pnudp, hyybu bwlb Ynush hwenpn thnynid Juunwpynn tppoinhutph unnipmiit
wnwewgunn pjunhpubpp [8]:

vunph npdubpp b dkpnnhljugh hhdtwdnpnudp: Ugunndwinuglwsd twpuw-
géuwt ppninny (uly. 5) bwhugdnid hpuwjwbwgubihu hwnwlwgsdwt twhiw-
géuwt puybipp, uinigdwt gwigh wjwbwynpnidp b vnwinupwn pohoubtph nknu-
pupfunidp hwoyh b wnlmu” untuwthyne hundwp uhippnuqnuiiywbughtt Swnh
twpiwgddw pupwugpnid dudwbwluihtt ywpwdbnpbiph fuwjonnwdubphg [9):
Puquuljh phidhd-puquuphy wunibubpnid twpuwugdnid ppwljuiugubtihu uhip-
pnuqruipwbb nbh vnwgynn yupudbnptph puquuph] nuppkpmpoiaibp’
Jujudwé wulniuh ptivipnipinitihg, hyp hwigbkgunid £ wqnuipwh dudwbwljw-

95



1ht o, npp Wjuuynud | dudwtwljught puquwphy wupudbnpbpood [10, 11]:
Unwowplyny dkpnnh (0.6) knipyniut wyt L, np unp dkpanny npnpwljhugynid £
uhlippnuqnuilywiughl sweh Jupnigdwh kppninhtt hwodh wetkng thnjuwqnh-
gnipmiuubppn: Unwewplyny dbpnyp wunndunug]us twpwgsdwut Eppoinid
Juphbih t oquuwugnpst] uhuppnugnuiowiwihtt Swnh jurnigdwt pupwugpnid:
Uhtuppnuqnuipmiughtt swnh twhuwgdnidp unynpupwp Junwpynid E hknlbjuyg
Eppninny.

nbkuuhjulwb hothnpjuwjubikph htnkqpnid

Iy

Uhuppnuqnuitpwught Swrh junpnigdwt nuppbpuljh npnowljhugnud

[ Twuwljut Ukpny ] { Unwowpljynn dkpny L
-
U

- a
Uhtuppnuqnuiputughtt Swinh twpuiugddwt pupbjuynid

[ Uhuppnugqnuipwbughtt sweh jurnigdwt twhiwywnpuunnid, }

. J

U

Uqnutpwiughtt juptph dpugénud

. J

Ul 5. Uyunndunnugyws hwpnugdl uhippnuqpuipwbuyhl Sunp huwpnugsdwi
hunnyjwdp
Unwowplynn dkpnnh Eppninhtt hbnlbyuyb k.

Uhuppnuqnuiowiught Swnh dkpnnh
punpnipnLl

U

Ns hwwnniy juuntubbph vwhdwinod
uhuppnuqnutywtuyght Swnh jupkph Ypu,
(wptph pun jupltnpnipjut jpdpuynpnod

U

Uhuppnwuqnuiowwghtt Swnh
(wujupluwi thnybph dwubiwnnid

Ul 6. Unwowplp/nng Ukpnnh Epenighi
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Unwownlynny dbkpnnh mpudwpwimipniut wjb E, np htnkqpuy upubdugh
wjndwnugdusd twhwugsdwt ppwgpnid gnpshpp uptippnuqnuiiywtiught Swnh
Jupmguut dudwiwl npunpnipmi E yupdind hbnljo) gupudbnpbphi’
pun wpdwsd hippuljuiniput. twjuwugddwb mbjuuhjuljut juinuttph pwponmd,
dudwbwluyht ywpwdbnpbph jwjupnud b wyw btwppwgsdw pohoubph b qw-
ptph pnnipjub ghunwplnud: Unwewnyynn dkpanny (1l .7) gnpshphtt inpynid Lu
wwppbpuljitp twhwgsniup thnuwgnbgmppul nkuwblyynihg wbih jwjupy-
Jwsd Juunwpknt hwdwp: Lnp dkpnnny hwhwgsdwb puguuwljub hbwnbwipub-
nhg E wkpuhjuljwt juwinuubph pwpndwt (DRC) pwtwlh swwnwgnidp, nph
ninoidp Jupnn E junwpdl) oy wunndwnwugdus nwuppipulng:

Ul 7. Unwownlyng Ukpnpny uinwmbnupun pohollnh nknupwopinidn

Uwnugjws wpmyniipubpp: Uojuwnwtpnid nipwnpnipnit £ npupddby uhp-
pruqpuipwbiughtt Swnh wqpkgnipjuip upjubdwgh tmwppkp qupkph ypw, hwoygh
wnbbny wyl, np nu Jupnn k pt hghjulub b ph dudwbwuluihtt yupuwdbn-
ptiph Ypu puguuwlwt wqpbgnipmnit nitbtw): Upluwnwbpnid gnpsuwlfui
Jhpwpnipinit L unwgh] uhippnugnupwiiught Swinh junnigdwt kplnt wwppk-
puly nuuwlwl (4. 8) b wjuubkph jupkpht gniquhbn uhippnuwqpuiywiughb
(untph twhiwgdnudp (uy. 9):

i Z

Uy 8. twuwlwl nnuppkpuiny hwpnugduéd plnnkgpuy ujubdwi
97



‘Lujuwgdyty E wnwgwpljynn ptnkqpuy upubdwt Eplynt dkpnnubph nhupnid,
thnpumgqnbkgnipyut gnpéwlhgubph thnthnunipniip tbpjuyugdus k wunpnruwlnd
(wn.):

Unmnuuuynid ukpyuyugus jupbpp pnpdl) Bu pun dudwbmjuyghtt Uks
wuowp niubkgnn dwbwuwwphubph wpdbpubph tuquui, snpu mwppkp dwbw-
wuphtbpnud quuiynn jupkpp nhwpnud:

I ?'IIL
P Y

=

-
-
=
_
o

Ul 9. Syjuyikph juplphi gniquhke uhbppnugnulpwiughl jupkph hwpnugddwi
nuppbpuny plinkqpuy upikdwi
Unyniuwl

Unwgwplyyfny dbpngh jhpundadp injuwqnlbgnippul qnpéulgh sinnjuntprntip

Puntgpuy ujubdw Onhumqntgnipjut gnpswljgh thnthnpunipiniip (%)
bU 1/ Swppkpul 1 lupl 0
1up2 0

1unp3 0
1wup4 0
bU 2/ Suppbpuy 1 unpl 0
1unp2 0

1unp3 0
1up4 0
PU 1/ Swppkpuly 2 Jupl 15
wnp2 5

up3 1
lup4 4
bU 2/ Swppbpuly 2 Jupl 12
1wp2 6

1un3 3
lwp4 2
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Upiyniiplikiphg wuipg k& nuntinud, np Yhpwntjny wnwgwplynn dkpnnp thnfu-
wqntgnipjut Epinypp ndjujutph Swtwwywphmd thnppubnud | bwybu, npp htw-
punpnipinih Ewnwhu twuugstnt hunkgpuy upebdwl wth dbs wpuinubpu-
jhtt hwgwum pymultph phypmu: Zwsdh wntkyny thnjuwuqybgmpyut kplngen” wy-
mniunugus tppninny twpiugsdwt wybh qun thoybpnud Jupbih b luntuadby
dudwtwljuyhtt pughpttph msdw hnyh phpwugpnid whwljuuyukphg, npp sh
hwligkgth wjtyhuh nbwpbph, huswhupt t hiinkgpuy ujubdugh twhiwgsnudp
hwnwljugsdw thnihg uljubyp:

Bqpuljugnipjni: Unwgyws wpnniupubpp gnyg bt tnwihu, np wnwewpl-
Ynn dbpnnny nwljnuynpnn wqpuipywith twpqusdwt ghypnid hnpowgnlignipyut
Epunypp hunbkgpuy ujubkdwmd bwwybu thnppwtnd b Unwowplynn dkpnnny
uhuppnuqnuipmiughtt Swinp Jurnigyl] £ dh pwuh bPU-tph hwdwp: Ujuuhuny,
wju Enuwbwlny swnh Jupnignidp Jupnn b jhpundl] bwbindbnpulut swthbp
niukgnn PU twjuwgsdwt dudwbwl: PU-md (hnpuwqpbgnipjut tplinyph thnp-
nugdwdp (nisynid L v ownpp utinhpttp, npnup ubpfuyugus b wojpuwnwipnid:
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I''A. ABTAPAH, A A.TAJICTSAH, I''A. APYTIOHAH

COKPAIIIEHME NOCJEACTBUI B3BAUMOJIEIICTBUSI IPOBOJIOB B
UHTETPAJIBHBIX CXEMAX ITYTEM ONITUMM3ALIUM JIEPEBA
CHHXPOCHUTHAJIOB

Hapsiny ¢ pasButuem unTerpansHbix cxem (VMC) B mocienHne roabl HEBO3MOXKHO
WUTHOPHPOBATH POJIb B3aMMOAEHCTBHUS B POBO/IAX, OCKOJIBKY 3TO IIPUBOJIUT K OLINOKaM B
pabore VC. PazpaboTran MeTo[, MO3BOJIAIOIINI YUUTHIBATh 3 PEKThl B3aUMOACHCTBUS TIPH
HOCTPOEHHH JIepeBa CUHXPOCUTHaJIOB. [IpoBeneHbl ncciaeqoBaHus CHIDKEHUS IOCIIEACTBUIA
BSaHMOﬂeﬂCTBMﬂ B CUCTEMAX TCCTUPOBAHHUA MaMATH 3a CHET COBCPULICHCTBOBAHHSA ACPCBa
CHHXPOCHUTHAJIOB.

Kntouesvie cnoea: wHTETpanbHas cXeMa, SBJICHHE B3aUMOJICHCTBHUS, YCTPOHCTBO
NaMATH, CHCTEMa TECTUPOBaHMS, CHHXPOCUTHAN, (PU3NYECKU TU3aiH.

G.A. ABGARYAN, A.A. GALSTYAN, G.A. HARUTYUNYAN

REDUCING THE CONSEQUENCES OF THE WIRE INTERCONNECTIONS IN
INTEGRATED CIRCUITS BY OPTIMIZING THE CLOCK TREE

With the development of integrated circuits in recent years, the role of interconnections
between wires in them cannot be ignored, because it leads to functional errors of the circuit.
A method has been developed that allows to take into account the effects of interconnections
during the clock tree synthesis. The interconnection phenomena in memory testing systems
are examined and reduced by enhancing the testing system's clock tree.

Keywords: integrated circuit, interconnection phenomenon, memory, testing system,
clock, physical synthesis.
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O.H.T'ACIIAPSIH, O.I'. OT'AHSH, A.K. KAPAIIETSAH, T.A. CUMOHSH

AHAJIN3 TOYHOCTHU CUCTEM YIIPABJIEHUSI
MHOI'OPOTOPHBIMU BECIIMJIOTHBIMHU JIETATEJIbHBIMHA
AIIIMTAPATAMM [IPU CTALIIMOHAPHBIX CJTYYAMHBIX
BO3JIEVICTBUSIX

Ha ocHOBe MeTo/1a XapaKTepUCTHIECKUX MTePeaaTOUHBIX (PYHKIMHA paccMaTprBaeTCs
WH)KCHEPHAsT METOJIMKA aHaJli3a TOYHOCTH B3aUMOCBS3aHHBIX CHUCTEM YIIPaBIICHUS OecIiv-
JOTHBIMH JieTaTenbHbIME anmapaTamu (BILJIA) npu cranmoHapHBIX CITy9aifHBIX BO3IEHCTBHSX
C TayCCOBCKUM pachpeieiieHueM BeposiTHOcTel. [Ipu 5ToM yuuThIBa€TCSl BO3MOXKHAS YacTHY-
Hast 1oTeps 3QGEeKTUBHOCTH MOTOPOB, KOTOPAsl IIPUBOAUT K TOMY, YTO OT/EJIbHBIC KaHAJIbI
cuctemsl yrpasieHus: BIIJIA oka3biBalOTCsS B3aMMOCBSI3aHHBIMH, M CHCTEMa JIOJKHA pac-
CMaTpUBAThCA KaK MHOTOMEpHAs CHCTEMa aBTOMATUYECKOTO YIIPABICHHUS C YETHIPEMS BXO-
JTAMH 1 9ETHIPbMSI BEIXOJIAMH.

B xauectBe 0000mIEHHON MEpBI TOUHOCTH cucTeMbl ynpasienus BIIJIA mpu ciydaii-
HBIX BO3JICHCTBUAX BBIOpaHA AMCIEPCHUS MOMAYJS BEKTOpa OMIMOKU cHCTeMBl. [lomydeHbI
MIPOCTHIE BBIPAKEHUS UL OLIEHKU CBEpXY yKazaHHOW nucrnepcuu. [lokazaHo, 9TO MPH BBI-
6ope uneHTHYHBIX [T1]I-perynsaTopoB B OTACIBHBIX KaHATaX M HEKOPPEIMPOBAHHBIX CITyJaii-
HBIX [IOMEXaX C OJMHAKOBOW CIIEKTPAIBFHOM INIOTHOCTHIO OIEHKY CBEPXY IUCIIEPCHH MOMYJIS
BEKTOpa OIIMOKU CHCTEMBI MOXKHO BBIPA3UTh Yepe3 AHUCIEPCHU Ha BHIXOJAX OJTHOMEPHBIX
XapakTepucTudeckux cuctem. [IpuBeneH 4ncioBOl NMpUuMep aHaJIM3a CTATUCTUYECKOM TOY-
HOCTH CHUCTEMBI YIIPaBIEHUE KBAIPOKOITEPOM.

Knroueewte cnosa: muoropotopusiii BITJIA, MHOroMepHas cuUcTeMa yNpaBIICHUS,
CTallMOHApHbIE CIly4yailHble BO3JEWUCTBUS, CTaTUCTUYECKass TOYHOCTb, YACTHYHAsI MOTEPs
3¢ (HEKTHBHOCTH MOTOPOB.

Beenenue. B Hacrosmee BpeMs mMHoropotopHele BIIJIA umeroT mmpokoe
MpUMEHEHHE B Pa3lMYHBIX BOCHHBIX M TpakgaHckux obnactsax [1-3]. Bompocam
paspabotku cucreM ynpapieHus BIIJIA mocssmeno 60bmIoe 9ucio padboT, B KO-
TOPBIX MpPEUIararoTCsl pa3INdHbIe MOIXOAbI K MOCTPOSHUIO CUCTEM YIPaBJIECHHUS C
HCIOJb30BAaHUEM METOAOB KaK KJIaCCUYECKOM, TaK U COBPEMEHHOI TEOpUH yNpaB-
JIeHUs!, BKJIIOYas aJaliTUBHOE U pobOacTHOe ympasiieHue u jp. [4-7]. OmHako B 3THX
paboTax OTHOCHUTENIBHO MAaj0 BHHUMAHMS YICJICHO MHXCHEPHBIM METOJaM aHaau3a
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JUHAMHYECKOW TOYHOCTH cucTeM yrnpasieHust BIIJIA mpu pa3nuuHbIX yrpaBisto-
LIUX U BO3MYUIAIOUIUX BHEIIHUX BO3ACHCTBUSX.

B Hacrosmeit ctatbe paccMaTpUBaeTCs METOIMKA aHAIN3a TOYHOCTH CHCTEMBI
ynpaBiieHus: MHOTOpoTopHbIMU BIIJIA mpu cTaniMoHapHBIX CIy4ailHBIX BHEIIHHUX
BozaeicTBusX. [Ipy 3TOM y4HTEIBaeTCsS BO3MOXHAsI YaCTUYHAS TIOTEPst AP (HEeKTUB-
HOCTH MOTOPOB, KOTOpPAasi MPUBOAUT K TOMY, YTO OTJIEIbHBIC KaHAJbl CUCTEMBI YII-
PaBJICHUA OKAa3bIBAIOTCA CTPYKTYPHO CBA3aHHBIMU, U BCA CUCTEMA NOJIKHA pacCMart-
pUBaThCcS KaKk MHOTOMEpHas chucTteMa aBToMarmdeckoro ympasienus (MCAP) c
YEeTHIPbMS BXOJIaMH M YETHIPEMS BBIXO/IaMHU.

JInHeapu3oBaHHbIe YPaBHeHUS] AUHAMHKH M CUCTEMa YIIpaBJIeHUs] MHO-
roporopusiMu BIIJIA. Ha puc. 1 cxemaTnuecku Mmoka3aHbl CUCTEMBI KOOPIWHAT
(CK), xoTopble MCHONB3YIOTCA TPpU ucciemoBanun auHamuku BILJIA, rme uepes

{I} ob6o3nauena unepuuanpHast CK c ocsimu x,,y,,z,, a uepe3 {B} - )KeCTKO CBsI-
3aHHas ¢ BIIJIA CK c¢ ocamu x,,);,,Z,, HallpaBICHHBIMU BIOJb IJIABHBIX MOMEH-
TOB UHepIuu anmnapata. [lonoxenue nentpa macc bIIJIA B unepumansuoit CK {/}
3amaerca BekTopoM & =(x,y,z)" €{l}, a yrnosas opuentanus CK {B} mo ortHo-

LICHUIO K {/} OomuChIBaeTCs OpTOroHANBHON Marpuuei Bpamenus [3]. Ilepexon ot
{I} x {B} ocymecTBiIseTCa BpalleHUAMU Ha YTIIbI Difiepa B MOCIEI0BATEIEHOCTH
Z — X —Y, 0003HaYCHHBIE, COOTBETCTBEHHO, ¥ (pbickaHue), ¢ (kpeH) u O (TaH-

rax), KOTOPbIE MOTYT ObITh (hOPMaTEHO 00beAHHEHBI B BeKTOp 77 =@, 0,1/ ] .

O6o3naunM uepe3 M maccy BIUJIA, g - rpaBUTalMOHHYIO MOCTOSIHHYIO, J -
nocTosiHHbIN Tensop unepuun BITIA, Beipaxenssiii B CK {B}, o =[0,,0,,0, 1 -

yrioBsle ckopoct CK {B} mo oTHomenuto k {/}.

Puc. 1. Cxemamuuecxoe npedcmagnenue Kaopokonmepa
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Tornma nuaeapu3oBaHHble ypaBHeHUs ABrkeHus: BITJIA ¢ N poropamu (s
ciydasi kBagpokonTtepa N = 4) B pekuMe YCTaHOBHBILETOCS MOJIETa MOTYT OBITH
3alUcaHbl B opme

d’z 1

dtz :ETZ_g 5 (1)
dw
EZT. (2)

Bekropsl T, u 7=[r,,7,,7.]' €{B} B ypasHennsx (1), (2) omuceBaioT, B

yo bz
IPEAIIONOXKEHUN 00 OTCYTCTBUM BHEIIHUX BO3MYIIECHHH, [JIABHBIC CHJIBI M1 MOMEHTBHI,
npuiiokeHHble K Kopiycy BIIJIA 3a cuer Tsr N motopoB (npomemiepos). Kaxmprit

i -ii MoTOp co3maer TATy I, , KOTOpas NpPONOPIMOHAIbHA KBagpaTy YTIIIOBON
ckopoctu potopos Q. (te. T, =c,Q, ¢, >0) u aeficTByer BIOTs OcH Z,. Uepes
1, B (1) obo3HaueHa cymmapHas Tsra Iy ZZ;\;Y} . Ecn 0603Haunth N -MepHBIit
Bektop Tsr 7, uepes T (T=[T1,Tz,...,TN]T), TO CBSA3b BEKTOPOB I H [TE,T]T
MOKET OBITH 3aIMCaHa B MAaTPUIHOU Gopme

L

=D, AT, A, =diag{2"}, 3)
T

rae B obmeM ciaydae N poTopoB 4x N MaTpuia mojsHoro paura D,, 3aBHCUT OT

reoMeTpudeckoii kondurypamun BIIA [8], a uncma A" (0<AY <1) yunrsBator
BO3MOKHYIO YacTHYHYIO MOTEPI0 3(PPEeKTUBHOCTH MOTOPOB, BKIIOYAs MOJOMKY
nponessepoB. /g HopManbHO (PYHKIHOHHPYIOMIUX MOTOPOB JHaroHajgbHas Mart-
punia A,, paBHa exuHM4HOM Matpuue / (wm [, , TA€ yKa3aHO YUCIIO MOTOPOB N).
OTMeTHM, 9TO 31ech HCKmodeH cydait 4" =0 m1a mo6oro i, KOTOpHIif COOTBET-
CTBYET CJIy4alo IOJIHOT'O BBIXOJA U3 CTPOS i -0 MOTOpA.

[Ipn 3amaHHBIX yNpaBISIOMMX CHTHANax Iy m 7 ypaBHeHue (3) maeT BO3-
MOKHOCTb BBIUHCIHUTH TpeOyemble Taru Mmotopos 7. JIng N =4, T.e. U1 KBagpo-
KOIITEPOB, 3TO OCYIIECTBIsieTCs, mpuHnMas A, =/ , HaxokeHneM oOpaTHOM Mart-
punsl D, , a mpu N =6 (cyudaii rekcakonrepa) u N =8 (ciydaif OKTOKONTEpa)
Ul HAaXOXIeHHs OOpaTHOM MaTpHUIbl HCIOJIb3YETCsl ammapar IICeBI00OPaTHBIX
Matpuil Mypa-Ilerpoy3sa [3,7].
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HeszaBucumMo ot yrcna MOTOPOB N , B Ka4eCTBE YIPABISIEMBIX MEPEMEHHBIX
BITJIA 06bI9HO BEIGHPAIOTCS BBICOTA MIOJIETA Z U BEKTOP TIOBOPOTOB 77 =[¢,0,1]" .

O06o001meHHas MaTpudHas OJIoK-cxema crcteMbl yrpaeienus: BITJIA mokazana
Ha pHC. 2, TJIe OJMHOYHBIC JTHMHUU COOTBETCTBYIOT CKAJSIPHOMY CHTHANY Z , T.C.

BepTuKabHOMY ioniety BIIJIA, a nBoitHbIE TMHUN 0003HAYAIOT BEKTOPHI COOTBET-
CTBYIOIUX pa3MEPHOCTEN.

Dy )
A e e s e e e 1 1 1 z
| a | .
| [ I m ¥
: T
s i | H A Hp | 4

Mag diag{w; (s)} | K, H Av H D | — n
: : ¥ =TI —
| | L 5

Puc. 2. Mampuunaa cmpykmypras cxema aunelnou cucmemsl ynpasnenus BITJIA

Cucrema Ha puc. 2 otHocuTcs K B3auMocBsa3aHnHbiM MCAP [8]. CtpykTypHO

Matpuna D,, B (3) ommchIBaeT KHHEMaTHUECKHE CBSI3M Mexay N Tiaramu I, u

1
YeTHIPBMS YIIPABISAIOIIUMHA CHUTHamamu 1y , 7,,7,,7, . MaTpU4HBIA peryisaTop

x27ydr¥z

Ky (5) B Takux cuctemax oObIuHO BHIOUpaeTcs B hopme
K () = K pdiag {w]' (s)} . “4)

B ypaBuenuu (4) K, =D, nna N=4u K, =D, nm1a N=6 um N =8,
rie D, ectb ncenoodparHas matpuna Mypa-Tlenpoysa s D,, , a uepe3 w!' (s)
0003HAYCHBI CKASPHBIC TIEPEIATOYHbIC (DYHKIIUU PETYIATOPOB B OTIEBHBIX KaHa-
nax cuctembl. Ha mpaxTuke B kauecTse W, (s) B (4) 0OBIYHO HCHONB3YIOTCS MPO-
nopiuoHagbHo-uHTErpoauddepenumpyromue (IIN) peryastopsi [3,9].
O6o3Haunm gepe3 D, = {d;.:} CITEAYIOIIYIO MATPHILY:

D, =D,A,K,=D,A,D. (5)

B cnywae HOpManbHO (yHKIHMOHHMPYIOIIMX MOTOPOB (T.e. mpu A, =1, )
nmeeMm Dy =1, , nng mo6oro N, T.e. KHHEMaTHYeCKHE B3aWMHBIE CBSA3U MEKIY

YCTBIPbMS OTACIBbHBIMU KaHAJIaMHW CHUCTCMbI HAa pHC. 2 OKa3bIBAIOTCS CKOMIICHCH-
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posanubvu. 1o o10ii mpuamue perymsrop Ky, (s) (4) Ha3BIBAIOT Pa3BA3BIBAIOIINM

perymsitopom  [8]. Takum ob6pasom, mpu A, =1, , u K,=D,, , T.e. npu
DE = ]4><4 , BCC KMHEMAaTUYCCKUC B3aUMHBIC CBA3U MEKAY OTACIbHBIMH KaHaJlaMU
JMHEWHON CHCTEMBI Ha PUC. 2 OKa3bIBAIOTCA CKOMIICHCHPOBAHHBIMH, U CHCTEMA
pacmafaeTcs Ha 4YeTblpe HE3aBUCHMBIX KaHajda C OJHUM BXOJOM M OJIHHUM
BEIXOZI0M. Ecim ske nMeeTcst yacTuaHas moTepst 3P PEKTUBHOCTH MOTOPOB (T.€. IpH
Ay #lyy u Dg#1,,), To cucteMa Ha puc. 2 sBISIETCS B3aUMOCBS3aHHOH U
JIOJKHA OBITh MCCIIE0BaHa COOTBETCTBYIOIMMH METOJaMH MHOTOMEPHOH TEOpUH
ynpasieHus [8].

MarpuuHyro OJIOK-ITHarpaMMmy CHCTEMBI YIIPABICHUS Ha pHC. 2 1Ienecoo0pazHo
npeoOpazoBarh B Oosee ymoOHBIA Bui (pUC. 3), TAe YETHIPEXMEPHBIC BEKTOPHI
$(S), Poy,(s) n nuaronansHas Marpuna M pasmepa 4x4 naroTcs CileAyOMUMU

COOTHOIIIECHUSIMU:
m 000
Zer (5) z(s) 0 71,00
s)= , = , My = 6
é,( ) |:77Ref(s)j| pOut |:77(S) > O O Iy O ( )
0001
£
n £y
T, lo.
- : ! E P
i —— diag i (s)} o K H Ax H P = TS : ) —
! I
l

Puc. 3. I[Ipeobpazosannas mampuunas cmpykmypHas cxema cucmemvl ynpagnenus BI1JIA

IMepenaTounbie MaTpuubl cucrembl ynpasjeHus BIIJIA. Tlepenarounas
MaTpHIla pa3OMKHYTOH CHCTEMBI YIIPaBIEHUS Ha PUC. 3 UMEET BHUI

1
W(s)= S—ZM;DZdiag{wiR (5)} - (7)
CoOTBETCTBEHHO, ITepelaTOYHas MaTPHIlA 3aMKHYTOW cucteMbl D(s) paBHa

®(s) = U+WE]'W(s) =
= [1 + SizMz‘lDZdiag{wlR(s)}]_l S%Mz‘lDZdiag{wiR(s)}. (8)
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Ha ocnoBe MeToma xapakTepucTHYeCKHX mepeaaTouHbix (yHkuuil (XIID)
[8] mepenaTounsie matpunbl W (s) (7) u O(s) (8) MOXHO 3amucaTh IPU TOMOIIH
npeoOpa3oBanus MOK00US U AUAIHBIX 0003HAYEHUH B CIEIYIOIIMX KAaHOHUYECKUX
thopmax:

W(s) = C(s)diag {q,(s)} C™ () =D c.(5)> q,(5) < (s). ©)
®(s) = C(s)dia " ( ) e 45) o
= NTigm ] ©" Zc®> (fqu (10)

rJe KOMIUICKCHbIE CKaysipHble QyHKImH ¢,(s) (i =1,2,3,4), KOTOpbIC LI MPOCTOTHI
MPEIOJAraloTCs Pa3IndHbIMU, HA3bIBAIOTCSA XaPAKTEPUCTHUCCKUMHU TepeaaToy-
HbIMH (QYHKIMSAMH, JIHHEHHO HE3aBUCHMBIE BEKTODHI C,(s) H ¢ (s) oOpasyror,
COOTBETCTBEHHO, KAHOHMYECKHUI M TBONCTBEHHBIN 0a3WCHI, a MOJAIbHAS MaTPHUIlA
C(s) obpa3oBaHa U3 BEKTOPOB C;(s) .

Kak BugHO u3 cpaBHenus BoipaxkeHuit (9) u (10), xkaHOHWYECKHE Oa3UCHI
pazomkHyTOl U 3aMkHyTO MCAP coBnanatot, a coorBercTByromue XI1D cBs3aHbl
TEMU K€ BBIPOKECHUSIMH, YTO M MEpeJaTOYHbIe (PYHKIUU Pa30MKHYTHIX U 3aMKHY-

TBIX CHCTEM C OJHHUM BXOJIOM U BBIXOJIOM.
IIpumenenue merona XII® K ncciaen0BaHUIO TOUHOCTH CUCTEM YIPABIICHUS

BIUTA 3HAYMTENIbHO YHPOINACTCS, €CJIM MepPeAaTOUHbIe (HYHKIUH wf (s) Bcex
U ]I-perynstopos B (4), (7) u (8) IpUHATE OAMHAKOBBIMA, T.e. W, (s)=w"(s). B
9TOM Clly4ae IepefaTodHas MaTpuia pasoMKHyTol cuctemsl W(s) (7) paBHa, C

TOYHOCTBIO [0 CKaJISIPHON IepelaTOuHON (QYHKLINU

W) =51 s), (an
MOCTOSIHHOW YMCJIOBOM MaTpuLe
Ly =My D;, (12)
T.€.
W(s)=w,(s)Ly . (13)

C yuerom (11)-(13) xkaHOHMUYECKHE MPEICTABICHHUS MIEPEAATOYHON MaTPHLIBI
cucreM ynpasienus BIIJIA nmpuanMarot npoctyto hopmy:

106



W(s)= Cdiag{q,.(s)} Cc'= Zn:ci >q.(s)<c , (14)

Q(S):Cdiag{%}c_l :ancf >%<c,~+, (15)

I'Jle IOCTOSIHHBIE BEKTOPHI C; (OCH KAHOHMYECKOro 0a3uca) sIBILSIIOTCS COOCTBEHHBIMU
BEKTOPaMH YUCIOBOM MaTpuubl Ly (12), a XIID
qi(s) = a;wo(s) (i = 1,2,3,4) (16)
B (14), (15) paBHBI, C TOYHOCTBIO 0 COOCTBEHHBIX 3HAYEHUH ¢, MaTtpuubl Ly (12),
nepenaTouHor GpyHkuu w,(s) (11).
JormycTiM Tereps, 4TO BEKTOPHBIN BXOIHOW cuTHAN & () Ha puc. 3 Tpencras-

JsieT co0oil cyMMy IOJIE3HOTO IETEPMUHUPOBAHHOIO CUTHaja y(f), KOTOPBIH OII-

penenser npocTpancTBenHoe naBuxkeHue BIIJIA mo 3agaHHON TpaeKkTOpuH, U CTa-
ITMOHAPHOHN CITyJalHON MOMEXHU @(t) C TAYCCOBCKAM pacIpe/ieIeHEeM BEpOSTHOCTEH

Y HYJICBBIM MaTEMaTHYSCKHM OXKHIaHHEM, T.C.
cO=y)+9@), (17)

IJie BEKTOpHAs 1omexa ¢(f) OMUChIBACTCSA KOPPEIALMOHHONW MaTpuuei R, () =
= E[p(t)@T(t + 7)] (rne E[-] - omepamusi MaTeMaTHYeCKOTO OXHIAHMS), I
HEOTPULIATEIBHO ONPENEIEHHON 3PMUTOBON MAaTPULIEH CIIEKTPAIBHBIX IUNIOTHOCTEN

S (p( jo) . Torma marpuiia KoBapHaruii P/ BEKTOpa OMIMOKH CHUCTEMBI, BBI3BAHHOMN

CIy4JaiHOUM moMexoi ¢(t) , 3aaeTcsl H3BECTHRIM BRIpaxeHueM [9-12]
L L e
= j S, (jo)do = — j O(jo)S,(jo)d* (jo)do (18)

U J1aeT BCIO TpeOyeMyto OOBIYHO B paMKaX KOPPESIMOHHONW TEOpUH MH(POPMAIIHIO
0 CTaTUCTHYECKOW TOYHOCTHU cucTeMbl ynpasieHus bITJIA.

Bonpocam uccnenoBanus AMHAMUYECKOH TOUHOCTH CHCTEM YIPABIEHUS MPH
JIETEPMUHUPOBAHHBIX YIPABISAIOMINX ¥ BO3MYIIAIOIUX CUTHAJIaX MOCBSILEHO MHO-
)ecTBo pabot [8,9]. [ToaTromMy B manbHEHIIIEM TIpUMEM TS TIPOCTOTHL, 9To ¥(¢) =0,

T.€. BBIXOJHOM CHUTHAJI CHCTEMBI YIPABJICHUS HA PUC. 3 SBIISIETCS CUTHAIIOM OIIHOKH,
KOTOPBIN JJIsl ONPEICIICHHOCTH 0003HauuM £ (¢) .
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Ha npaxtuke B kauectBe 06001meHHOo# Mepbl TouHoctH MCAP nipu ciyuaifHbIx
BXOJIHBIX BO3JICHCTBHSAX yJIOOHO BBIOpaTh qucriepcuto D, MOyIis BEKTOpa OIHOKH

1)
D, =E[|fof |, (19)

JUIS KOTOpO B oOmem clIy4ae CIpaBeUINBa CIEAYIOMIas OIlEHKA CBEPXY:
[ .
D < 5~ [I10G@)S, ()l do. (20)

e uepes ||-|| oGosnayena nopma llImuara [8].

Ecny KOMIOHEHTH! BEKTOpa BXOAHBIX MOMEX ¢(f) CTaTHCTHYECKU HE CBSI3aHBI

¥ MMEIOT O/IMHAKOBBIE CTIEKTPalbHbIE TIOTHOCTH s, (@) , To MaTpuna S, (j®) cTa-
HOBHTCS CKaJIApHOH, T.. S, (j®) =S5 ,(w)] , a nepaBencTBo (20) TIEpeX0OUT B CTPOTOE
PaBEHCTBO, ONpEieNss TeM CaMbIM TOYHOE 3HaueHue aucnepcud D, .

OrmetuM, uyro s HopMel HImunara | @(jw) || B BeIpaxenun (20) crpa-

BCUIMBaA CJICAyromias OLICHKAa CBEPXY:

Do), < vIC()], diag{ 4.(/®) @1)
(Jw)
rae
VICGo), = CGa) |, 1€ o)l (22)

- 9UCJI0 00YyCIOBICHHOCTH MoaanbHON Matpuilsl C(jw). Beipaxenue (21) moka-
3bIBaeT, 4TO AWHaMuueckas TouHOocTh MCAP yxyammaercs ¢ yBeandeHHeM ducia
v[C(jw)], , KOTOpoe XapakTepu3yeT CTeleHb HEOPTOIOHAIBHOCTH OCeH KaHOHU-

YecKoro 0a3zuca MHOTOMEPHOU CHCTEMBI.
B ciygae, xorma nepenarounsie ¢yHkimm Becex [IM]]- perymstopoB BEIOpaHBI

OJIMHAKOBBIMH, T.€. pu W (s) = w” (s), uncno obycnosnernnoctu v[C(jw)], B (21)

HE 3aBHCHUT OT YaCTOTBI @ W SBJIAETCS MOCTOSHHOW BeNMn4nHoOi, T.e. V[C(jw)]s
= v[C]s = const. Toraa, npuHUMAas AJsl MPOCTOTHI, YTO KOMIIOHEHTHI BEKTOPA
BXOJIHBIX MIOMeX ¢(¢) CTATHCTHYECKH He CBsi3ambl, T.e. S, (jw) = 5,(w)], c yueTom

(15), (16), (21), (22), BMecTo ormerkH (20) moxydnm
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s, (@)d. (23)

N

2 + .
2r 1+ a,w(jo)

Ksanpat nopmbl llIMuaTa quaroHaqsHONH MaTPULBI B IOABIHTETPAIEHOM BBI-
pakenuu B (23) paBeH

4

a,w,(jo) ’ _ Z a,w,(jo) ’ ‘ (24)

dia
& 1+al.w0(ja)) s i=1 1+0{iW0(j0))

[TosToMy BMecTo (23) MOXKHO 3amucartb

4
D, <v’[Cl, 3D, (25)
i=1
rac
_ 1t |_aweGe) |? =
by = 21 Y =00 1+0-’iW0(j(1))| Sp(w)dw,i =1, 2, 3, 4- (26)

- AUCIEPCHUN Ha BbIXOJaX OJAHOMCPHBIX XAaPAKTCPUCTUYCCKUX CUCTEM, cnyqaﬁHHe BXOJ-

HBIC CUT'HAJIBI KOTOPBIX UMCIOT OJUHAKOBYIO CIICKTPAJIbHYIO IIJIOTHOCTDH S(/J (a))

Takum 00pa3om, HEPABEHCTBO (25) MAeT OLEHKY CBEPXY I IUCIIEPCUH MO-
IyJs BeKTopa ommoOku cucteMsl yrpasnenus bIUJIA npu wactuunoii notepe 3dpdek-
TUBHOCTH MOTOPOB, BBIP@)KEHHYIO Uepe3 IUCIIEPCUU HA BBIXOJAX XapaKTEPUCTHU-
YeCKHX CHCTeM. JTa Ol€HKa HECKOJIbKO 3aBbIIlIEHa MO0 CPABHEHUIO C OOIIeH OlleH-
koit (20), Tak Kak B HeW WCHOJIB3YETCs JIOTIOHUTEIBHOE HepaBeHCTBO (21). OgHako
OHa JOCTAaTOYHO YJOOHA IpPU MPAaKTHYECKUX pacdyerax CTATUCTUYECKOH TOYHOCTH
cucteM ymnpasineHus BITJIA, mOCKoNbKy AOMyCKaeT aHAJIUTUYECKOE pEeLIeHHE 3a-
JTa4d TIPU TTOMOIIIX TaOJMYHBIX MHTETPajoB, MMEIOIIUXcs B mureparype [8,10] .

Ha ocnoBe nomnyueHHbIX BhIpakeHni Ha si3bike MATLAB pa3paboTana mpor-
paMMa aBTOMAaTHU3UPOBAHHOTO BBIYMCIICHUS AUCIEPCHH Ha BBIXOJAX OJHOMEPHBIX
XapaKTePUCTUYECKUX CHCTEM, (PparMEeHT KOTOPOH NPHUBEICH HIDKE.
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d)parMeHT nporpamMmmbl BLITMCJICHUS )mcrlepcnﬁ Ha BbIX0JAaX OJHOMEPHBIX

XapakTepucTHYecKuX cucreM Ha si3bike MATLAB

function [Dcov,isEq] =
CADStochFindCovarSingle(N,NumSys,DenSys,NumForm,DenForm)
% Function for finding covariances of SISO Characteristic Systems
[isEq,Dcov] = deal(0,zeros(1,N));
forin =1:N

[NumCur,DenCur]| = deal(NumSys{in},DenSys{in});

NumCurA = conv(NumCur,NumForm);

DenCurA = conv(NumCur + DenCur,DenForm);

nD = length(DenCurA);

M = [NumCurA(end:-1:2)];

Mconj = conj(M).*(-ones(1,nD-1)).(0:nD-2);

MM = conv(M,Mconj);

C1 =MM(1:2:end)./2;

C2 = [MM(2:2:end)./j,0]./2;

D = DenCurA(end:-1:1);

[D1,D2] = FindAuxMatrices(nD-1,conj(D));

NN =real(D1) + imag(D1)*inv(real(D2))*imag(D2);

detNN = det(NN);

L =Cl1." - imag(D1)*inv(real(D2))*C2."

NN(:,end) =L;

Dcov(in) = ((-1)"(nD-2))*det(NN)/(detNN*real(D(end)));
end

Yuciopoii nmpumep. PaccMoTpuM cuctemy ynpasieHUs KBaJPOKOINTEPOM

co crenyrommmu napamerpamu: m=2.5kg, [, =1, =1_=0.5kg- m*,

15 15 15 15 0167 0 -5 -0.192

0 01 0 -01| _, (0303 9.091 0 0350
D, = D =

0.1 0 01 0 0167 0 5 -0.192

-13 13 -13 13 0.303 -9.091 0

0.035

. @27)

HpI/IMCM, YTO BXOJHBIC BO3,I[CI>1CTBPI$I KaHaJIOB YIIPABJICHUA KBAAPOKOIITEPOM

MPEICTaBIAIOT COO0N HEKOPPEIMPOBAHHBIN IayCCOBCKHI OETBIN IMIyM C OJUHAKO-

BOI MHTeHCUBHOCTBIO N, =0.5.

[lepenarounsie ¢pyHnkunn uneHTH4HbIX [IH][-perynsatopoB B OTAENIBHBIX Ka-

HaJiax BLI6CpGM PaBHBIMU

WA (s) = 0.1142 + 049345 200601
S
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Ora nepenatouyHast (yHKIMsS ObUIa MONyYeHAa NMPUMEHEHUEM WHTEPAKTHB-
Horo untepderica monp3oparens pidTuner nakera MATLAB.

Marpuny A,, xo3dpdunuentoB noreps 3pdekTuBHOCTH MOTOPOB B (3) 3a-

IaguM B BUJIE

06 0 0 0
A |0 090 0f 29)
10 00750

0 0 0 0.8

Marpuna Dy (5) npu TaHHBIX 3HAYSHUSX TapaMeTPOB PaBHA

07830 1.3636  1.125  0.1246
0.0003  0.8091 0 0.0003

D, = . (30)
0.0025 0 0.675 —0.0029

0.0936 1.1818 —-0.975  0.7830

Pacuersi B cpene makera MATLAB no paccMOTpeHHON METOJIUKE TTOKa3aH,

YTO TOYHOE 3HAYEHHE JIUCTIEPCHH MOJTYJIsl BEKTOpa ook papHo D, =2.4359 .

3axuoyenne. B crathe mpemiokeHa METOJMKAa aHAIN3a CTATUCTUYECKOH
TOYHOCTH CHCTEM YIpaBiieHus: MHoropoTopabiMu BIIJIA npu cranmonapHbIX ciy-
YaifHbIX BO3MYILEHHIX C FayCCOBCKUM paclpeieIeHUEM BEpOSITHOCTEH, TpUMEHUMast
TaKXke B ciIydae yacTU4HOU morepu 3¢dekruBHOCTH MOTOPOB. [TomydeHsl OleHKH
CBEPXY AJSI JUCTIEPCUU MOAYJIS BEKTOPA OIIMOKU CHCTEMbI YIPABIECHUS, BEIPA)KEH-
HBIE Yepe3 MUCIePCHU Ha BBIXOJAaX OJHOMEPHBIX XapakKTepucThieckux cucreM. Ilo-
Ka3aHO, YTO TOYHOCTh CUCTEMBI YXYALIAeTCs C YBEIUYEHHEM CTEIIEH! HEOPTOTrOHAJIb-
HOCTH OCell KaHOHHYeCKOoro 0asuca cucteMsbl. [IpuBezieH 4mcIioBO mpuMep pacuera
TOYHOCTH CHCTEMBI YIPaBICHUS I CIIy4as KBaJIpOKONTepa.
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O.L. AUUNUL8UL, O.2. OZULSUL, U.U. WULUMESSUL, S.U. UPUNLBUL

ULOTU2NE 002NN, UUNLErP YUNUJUCU UL 2UUUTYUNS B KTArSNhe8UL
YELNPONPESNEL NMUSUZUYUL UTHESNRESNPLLEND YT6NLNPU

zhdugknyg punipwgphs thnpwbgdwt $niiyghwbkph dkpnnh Jpuw’ ghunwpldnud k
UU-h hnpjuyuljgyus junwjupdwt hwdwlwupglnh &ogpuinipjut tpnidnipjut h-
dhubpuljwl dkpnphlu’ hujwiwuimpmnibibph Guniupub pugpuntd nitkgnn uinughn-
wp yunwhwlwh wqptgnipniuttinh nhwypnud: Zwoyh Eu wniiynid swpdhsutinh wippnt-
twybknnipjuit htwpwynp vwutulh Yoporuntbpp, hsp hwiqkgund E upwb, np UEU-Eph
Junwywpdwi hwdwlunpgh wpwdht juwyninhubpp thnjujuyuygdws tu, b hwdwlwupgp
wtwup E ghunwplyh npybu snpu dntnpny b snpu Ejpny puquuswth wjunndwn junwdwup-
dwl hwdwljupg:

Nputu UEU-h junwupdwi hwdwlupgh dogpuumpjut swth yuwnmwhwljwl wg-
nhgnipiniutpnh nhypnud pnpdt) £ hwdwwupgh vhpowh yEjunnph dngnih nhuybpuhwis:
‘UoJws nhuytipuhwh 4Eiphtt guwhwnwluth hwdwp vnbndyt) o yupq wpunwhwjnnipe-
jniuttp: 8nyg kwpdby, np wpwbdht juyninhubpmd dhwidwi 20} jupqugnphsubph pluon-
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pnipyui b ny Ynnkjjugyus nt dhliinygt uybunpuyhtt punipjudp yuunwhwlub wgdndy-
utph niypnid hwdwlwpgh vpuwh JEunnph dngnih phuybpuhugh quuhwnwluin ju-
nbih E wpinwhwynt) dhwswih pinipwugphy hwdwlupgbph Eph nhuybpuhwitpny: Ukplw-
jugwsé b punwyunnunuly UEU-h junwjupdwt hwdwlupgh Jhdujugpulju upuwih
Ybpnisnipjui pyuwyhtt ophiwly:

Unpwagpuypl pwnkp. puquunninnpujhtt UEU, puquusuth junwjupdwt hudw-
Jupg, uvnwghnbwp wuwwnwhwlwui wqnubpwbbp, vnwwnply &ogpunnipnil, swpdhsukph
wpmnitwybinnipjut dwubwyh Ynpniun:

O.N. GASPARYAN, O.H. OHANYAN, A.K. KARAPETYAN, T.A. SIMONYAN

ANALYZING THE ACCURACY OF CONTROL SYSTEMS OF MULTI-ROTOR
UNMANNED AERIAL VEHICLES AT STATIONARY RANDOM SIGNALS

Based on the method of characteristic transfer functions, an engineering technique
for analyzing the accuracy of interconnected unmanned aerial vehicles (UAV) control
systems at stationary random signals with a Gaussian probability distribution is considered.
The technique takes into account the possible partial losses of efficiency of the motors,
which bring to cross-connections between separate channels of the UAV’s control system.
As a result, the system should be considered as a multivariable feedback control system
with four inputs and four outputs.

As a generalized measure of the accuracy of the UAV control system under random
signals, the variance of the system error vector magnitude is chosen. Simple expressions are
obtained for the upper bound of the indicated variance. It is shown that when choosing
identical PID controllers in separate channels and in case of uncorrelated random noise with
the same spectral density, the upper estimate of the variance of the system error vector
magnitude can be expressed through the variances at the outputs of one-dimensional
characteristic systems. A numerical example of the analysis of statistical accuracy of the
quadcopter control system is given.

Keywords: multi-rotor UAV, multivariable control system, stationary random
signals, statistical accuracy, partial loss of the motors’ efficiency.
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«Zuyuunnwtth ghnmpmniitbph wqquyhtt wugbdhugh b Zuywunwth wqquyh
wnjhnkpthjulut hwdwjuwpwuih nknjwughp. mkuthjuywt ghnnipmnibibph ukphw»
hwintunid nuyugpynid & mbuwub b thopdwpwpwlui hbnwgnunnipiniiubph wpy-
niupubpp nkuthjulwt ghnnipeniuitiph hbnlywy pudhtutphg dbphiwshunipenil, dknw-
Inipghw, nipughunnipinil, pugtppoquiugnpsdwt wkuuninghwukp, shttwpuwpulub u-
nmigquspubp, hhnpuyihjuw b hhppnunkthjuwt juenygubkp, tukpgbnhlju, LEjunpw-
wnkthiw, ghnwlu vwppwohtinipnit b swthnquljut wklthljw, hwyynnujub nke-
uhw b hupnplwnplu, nunhnkEupnuhu, dhipnkEupnthlu, juqbpught nkuthlu,
wjunndunugnd b junwjupdwt hwdwlwupghp:

Zuwinbunud (nruwpwidmd i wjwunbdhwuub b guqughtt ghnwhbnwugnunuljui
htunmhwnnunubkph, pothtph, ghnnwwpununpujut dhwynpnudutiph b wy) juquwlbpyne-
pinituttnh ghnwljui gnpéniutinipjut wnwyl] Juplnp wpyniupubpp:

zwbnbuh hhdtwlwt tyuwunwlt b upuil] ghnwnbthjuljut wowepipugp b
bywuwnk] wpnunpnipyub Uk wyn wpnniupubph ukpypdwin:

Zuungbup twppuwnbuws b fwpunwpugbnibph, hbnwgnunnuiph b ghntwfwb-
ubkph juyt opowititkinh hwdwn: Loyu £ wmbkutind Eptip wdhup dkl wbqud:

B xypnane "UsBectus HamuonanbHoil akamemuu Hayk PA u HanuonansHoro momurex-
HUYECKOTO yHUBepcuTeTa ApMeHun. Cepus TeXHHUECKHX HayK" MyOIUKYIOTCS PE3yIbTaThl TECOPETH-
YECKHX M IKCIICPHMEHTAIbHBIX HCCIEAOBAHUH, OXBATHIBAIOIIMX OCHOBHbBIE Pa3/eibl TEXHUYECKHX
HayK: MalIHHOCTPOCHHE, METAJLIypriis, MaTepHAIOBEICHHE, TEXHOIOIUH HEAPOIIOIb30BaHHUs, CTPOU-
TEJIbHbIC KOHCTPYKLHH, THAPABINKA U THAPOTEXHUYECKUE COOPYIKEHHs, SHEPreTHKa, SIeKTPOTEXHHUKA,
Hay4YHOE MPHOOPOCTPOCHUE M M3MEPUTENbHAS TEXHHUKA, BHIYMCIMTENIbHAS TEXHUKA U HH(MOPMATHKA,
PaJMOdIEKTPOHNKA, MUKPOJIEKTPOHHKA, JIa3ePHAsl TEXHUKA, aBTOMATH3ALMSA 1 CUCTEMBI yIIPaBICHHUS.

Kyphain sBIsIeTCS IEPHOJUICCKUM H3IaHUEM, OCBELIAIONINM HanOosee BaXKHbIC Pe3yJIbTaThl
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 %
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2NUOLECP QGUUINCT UL YULNLLET

Unipp fudpugpnipinih tkpljujugdnud k pun htinbyju) wwhwbgubph.

1. Bplnt ophtily, twilh E{kljipniughtt inwppbpulny, hwdwljupgsuihtt gwpduspp’ Microsoft
Office Word: Znnjwish swjwip Jupnn b (hul) dhtsh 10 by, hwnnpynudubphup® dhigh 4 ke: Skpuwnp
owpunpynd £ A4 swihuh pnph Ypw, wpnwwnwpuyhtt nuownp’ Top-5ud, Bottom-5,1ud, Left-5,75ul,
Right-1,75ul, Footer-4,6ud, dhowninnuyhtt vnwpwénipiniup (Line spacing)' 1,1, wwppbpnipjniup (First
line)* 0,75 uul: Zuykpkl huknt phypmy ympp swpuypdm t Sylfaen nupwnbuwyny, nwnwsutp’
10, huly pmubpbb fud whqpbpkl jhkn ghypnud® Times New Roman nununnbuwlny, nwnwsuthp 11:

2.@nph Ytpth dwp wulpniund gpynud E hwdwwyhunwih nmwubnppuljut pupuluthop’
nbpuinhtt hwdwyuinwupiub (Eqyny (28%, YVAK, UDC), hwgnpn nnh Yhinpnunud® qjluuinwunkpny
htnhtwy(utkp)h wijui-hwjpuidui ulqpiwwnwuntpp b wqquuniu(ubp)p' bold, 10 wmwnwswthny
huytpb, whqkpkt b pmubkpki mkpunbph nhwypmd: Znnpjwsh Ytptwghpp wpynud £ hkphtiwlh
wqquinjubip hwgnpynn winnh Yenpnimu® bold, wipnnontpjuip qjuunwnkpn’ 10 tupwswthn
huykiphki, whqikpkt b pmubpk nkpuinbph nhupnud:

3. unipp ujuynid E wdthnthnudng (winwnwghw) wyt 1kqyny, npny ukpjuyugdus bt Ud-
thnthnidt wjuwpunynd E wpwigpwjhtt punkpny’ wwnwswthp® 9 huykpbkt mbkpunh phypnud b 10
wwnwswihny whqkpkl b pniubpk whpunbph nhwypntd, b dhugl «Unwigpughtt punkpy wpunwhug-
wnipyniip® bold, italic: Unithmhmup whwp E (htih 500 Wthohg ny wth tkpunyuy dhewluwyphpp, wowbg-
puyhtt punkpp fud punwljwyulgn pynitpp 4-8 pun:

4. Gpwouunpynud £ ymiph owpunpdwb hnlyjuy jupgp. «Ukpwsnipniy, npp whwnp
hwdwnpnun tkpwnh hwpgh dhdwlp, phduyh wpnhwiwinipeniup b hbnwgqnuumpyut tywwnwyp,
«wunph npuspp b dkpnphluyh hhdtudnpnudpy, «Zknwgnuinmipjut wpyniupubpp», «Gopuilju-
gnipiniiy, withpudbounipjut phypnid’ twlb wy) pudhbikp” hudwywnwuwb Ephugpbpny:

5.Skpuwninud hnnudubpp gpuljuinipjuip tpynud ko mnnulnit hwugstpny: Pubwdltpp
ubpuyug]mu ki np nnnhg, Equation Editor pwgpny, italic, nunwswithp' 11, wthpudbynnipjut
nhypnud hwdwpwluwynud G mnnh JEpenud® unynpuljut (Ynp) thwljugsh dke:

6. Ujupubpt nt wnniuwlubpp hwenpynud i wnbipunnnud hwdwywnwupiwt hnnudubpht:
«Ul. » b «Unynruwlpy puntipp, tjupibph dujugpnipniip b wpniuwljutph wijuinwdubpp gpgnod
Ll Italic 9 nwnwsuhm] hwgkpkt wkpunh ghypnid b 10 nupwsuhny  whgkpkt b poiubpkh
wnbpuntph nliypnid:

7.Skpuwnnht hwyonpnniud £ gpujuinipjut guyp' 9 wwnwswihny huybpkt mkpunh nhypnid b
10 wwnwswihny wiqikpkt b pniubpk whpunbtph ghypnid, dhug hinhtwlh wqquim b n wigwb-
hwjputdui uljqptuwnuntpp’ bold, «Fpuljuunipjut guuly wpunwhwjinnmpmniup’ wnnh YEunpn-
unud, gluwwnwntpny: Swuynud qpuijwinipjut mupupwiynip wnpnp hwdwpuupynd £ pun
wnbkpuinnid hp hndwb hhppuljuinmpui: Gpuljuinipjut wnpmiptbpp Wuppkpuljub hpunwpw-
Ynipjniuiph nhypnud tkpluyugynid G htnbyjuw) Jupgny. hinhtwlh wqquuniup, wiub-hwyput-
Jub uljqpuwnwntpp, Jeptwughpp, hwinkuh wituinudp jud pignidws hwwywynidp, hpunwpul-
Uwlb nupkphyp, hwwnnpp nt ponqupidwt hwdwpubpp, hbkppwlwb hwdwpp, tniph qhnbndw kekpp,
qpphph nhwpnud’ hknhtwhh wqqubmap, wigwb-hupuinjuh vhqpbwnwuekpp, Yeptwghpp, hpuwnw-
puldwb Juypp, hpunwpulsnipinibp, pluljubp, Eekph pubulp:

8. Apuljutinipjut gmuht hwenpynid G wdthnthnudubpp djniu Eplne (Eqniutpny (pt nbkpuwnp
huytipku £, wdthnthmdubpp twhe' pnwubpb, wyw® wagibpk, ek pnwubpkt b, twp® hugbipbl, wyw®
wiqkipkl, kph wugbptu E, twh' hwybpky, wyw' pniubipby): Udthnthoodubpp pognp Bptip (kgniubpng
hntug ppyuwiinulnipjudp b wpwigpwyht puntpny whwp k1hubkh tnyuwlwi:

9.Stkpuinp unnpugpynud k hknhtily(akp)h Ynnuhg, tognud £ igmipp fadpugpnnipni hwtdibiny
wduwphp: Skpuinh fdpugpyus b uppugpus nmwppbpuljp hwdwdwjukgynud k htnhtialy(ukp)h htan:

10. Zknhtwy(ukp)t wewtdht btony ubkpluyuginud b (k) wqquinil, winit, huwjpwiniip
(Inh), wphmunwjuyph, umnpbynt quyph iphy widuinudp, qpunkgpus Wwpwnnbp, ghnwlub wunh-
Lulp, hinwinuwhwdwpubpp (wputwnwipuyhl, b b peguyhi):
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MPABUJIA O®OPMJIEHUS 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 (287, 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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