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Abstract. There have been studied the existing marine tethered systems (MTS) which have
a flexible connection (FC) in their composition. There are obtained equations of the dynamics
of the FC element of the MTS, which allow describing its substantial displacement in the ab-
solute coordinate system. On the basis of these equations, a mathematical model of two linked
FC elements is created, making it possible to develop an algorithm for calculating the dynam-
ics of the FC at its large displacements. Based on the developed mathematical model, there is
defined a system of equations hat describes the dynamics of the FC element under the impact
of external forces and the reactions of stretching, bending and turning. An algorithm for mod-
eling the FC dynamics is obtained, which makes it possible to perform calculations of the dy-
namics of the MTS FC and proceed to further development of a computer program describing
the dynamics of the MTS with FC. Based on the algorithm for modeling the FC dynamics,
a computer program has been developed that describes the dynamics of the MTS with FC.
However, this computer program requires verification (testing) and the possibility of applica-
tion for improvement of the theory and methods of designing the MTS with FC. Automation
of the process of designing of the FC with the use of the developed computer model should
significantly reduce the costs of the entire process of designing the MTS with FC. The testing
of the MTS dynamics model developed on the basis of the computer program’s algorithm has
shown the program's operability and allowed for its debugging.

Keywords: computer program; algorithm of the dynamics of a marine tethered system (MTS)
with flexible connection (FC); model of the marine tethered system (MTS) dynamics; flexible
connection (FC); software testing.

AnHoranus. [IpoBeeHO TeCcTUpOBaHKUE HAMMCAHHON HA OCHOBE aJIFOPUTMA KOMIIBIOTEPHOMN
niporpammbl Mozenu quHamukn MIIC, kotopoe mokasano padoTocriocoOHOCTh POrpaMMBI
Y II03BOJIWIIO €€ OTIaJAUTh

KuroueBble cj10Ba: KOMIIBIOTEpHAs IPOrpaMMa; ajJrOpUTM JUHAMUKU MOPCKON MPHUBSI3HON
cucrembl (MIIC) ¢ rubkoii cesizpto (I'C); mozmens aunamukn MIIC; rudkas ceszp (I'C);
TECTUPOBAHUE KOMIIBIOTEPHON IPOrPaMMBI.

Awnorauis. [IpoBeneHo TectyBaHHsl po3po0JIeHOT Ha OCHOBI AJITOPUTMY KOMIT'FOTEPHOI ITPo-
TpaM¥ MOJIeJTi AMHAMIKH MOpchKoi mpuB's3Hoi cuctemu (MIIC), 1o mokasaso mpare31aTHicTh
TpoTrpaMH i JTO3BOJIIIO 3AIMCHUTH ii IEpEeBipKy.

KorouoBi ciioBa: xomm’rotepHa mnporpama; airoput™ jauHamikn MIIC 3 THy4YKHM
3B’s13k0M (I"3); monens nqunamiku MIIC; rayuxuii 38’5130k (I'3); TecTyBaHHSI KOMIT IOTEpHOT
TIPOTPaMH.
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Problem statement. There have been studied the ex-
isting marine tethered systems (MTS) [18] which have a
flexible connection (FC) in their composition. There are
obtained equations of the dynamics of the FC element of
the MTS, which allow describing its substantial displace-
ment in the absolute coordinate system [19]. On the basis
of these equations, a mathematical model of two linked
FC elements is created, making it possible to develop an
algorithm for calculating the dynamics of the FC at its
large displacements [20].

The mathematical model of the MTS allows solving
the following problems:

— Identifying the change in the FC shape and tension
load in the process of maneuvering of the carrier vessel
and underwater vehicle (CV and UV) with account for
sea waves, underwater currents, wind loading of the CV,
the sea depth and its changes in the given water area,
mass and elastic properties of the FC;

— defining the relative position of the CV and UV
during their maneuvering;

— determining the resonance modes of the FC stretch-
ing and the maximum FC loading in order to assess its
strength in the process of the CV and UV maneuvering;

— determining the modes of the MTS maneuvering
leading to the formation of loops (“pegs”) on the FC,
which usually occurs on stretched FC with a “slack” and
under the torque depending on the tension of the FC;

— determining the modes of the MTS maneuvering
leading to the vibration of high-drag FCs in the stream.

The developed mathematical model allowed determin-
ing a system of equations that describes the dynamics of
the FC element under the impact of external forces and the
reactions of stretching, bending and turning. An algorithm
for simulating the dynamics of the FC is obtained, which
makes it possible to perform calculations of the dynamics of
the FC of the MTS, and in the future proceed to the devel-
opment of a computer program describing the dynamics of
the MMS with FC. Based on the algorithm for modeling the
FC dynamics, a computer program has been developed that
describes the dynamics of the MTS with FC [21]. However,
this computer program requires verification (testing) and the
possibility of application for improvement of the theory and
methods of designing the MTS with FC. Automation of the
process of designing of the FC with the use of the developed
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IMocranoBka mnpodjembl. Hamu wu3ydeHsl cyiie-
CTByIOIIME Mopckue mpuBsizHbie cuctembl (MIIC) [18],
umeromue B cBoéM coctase rudkue cBaszu (I'C). Beim
MOJy4eHbl ypaBHeHHd AuHamMuku anemeHta ['C MIIC,
OINMCHIBAIOLINE €T0 3HAYUTEJbHBIC TIepeMelleH sl B a0-
COJIIOTHOM cucTteMe koopauHar [19], Ha ocHOBe KOTO-
PBIX. CO3[]aHa MaTeMaTU4YecKast MOAEIb ABYX CBA3AHHBIX
anementoB ['C MIIC, kotopasi mo3Boiwia pa3paborarh
anroput™ pacuéra quHamuku I'C pu e€ Gonpiux nepe-
MmemeHusx [20].

Maremarnueckas moaenb MIIC naeT BO3MOXKHOCTB
pelaTs CleAyIoIIre 3a1auu:

1. Onpexnensars nzmenenne ¢popmsl I'C u cui e€ Ha-
TSDKEHUS B IPOLIECCE MAHEBPUPOBAHUS CyIHA-HOCUTENS
(CH) n noasoxnoro arnmapara (ITA) ¢ yuérom Mopckux
BOJIH, TIOJIBO/IHBIX T€UCHUH, BETPOBHIX Harpy3ok Ha CH,
TyOWHBI MOPSl M € U3MEHEHUS B 3a/IaHHON aKBaTOPHH,
Macchl 1 ynpyrux cBoiicts I'C.

2. YcraHoBUTh OTHOcUTeNnbHOE Tmonoxenne CH
u [TA B mpouiecce nX MaHEBPHUPOBAHMS.

3. Pacrio3HaBaTh pPE30HAHCHBIC PEKUMBI pPaCTsDKE-
st I'C 1 MakcumanbHble Harpy3ku Ha ['C amst oneHkH
e€ mpouHoCTH B iporiecce MmaneBpupoBanus CH u ITA.

4. Ompenensath pexuMbl ManeBpupoBanus MIIC,
MIPHUBOIAIICH K 0Opa30BaHUIO METeNb («KOJBIIMIEK») Ha
I'C. O6pr9HO 06pa3yrorcs Ha pacTsHYTHIX ['C mpu mosB-
JICHUH B HUX «CIa0WHBD) ¥ HATMYUH KPYTAIIET0 MOMEH-
Ta (KpyTAMIMNA MOMEHT 3aBUCHT OT HaTspkeHus ['C).

5. Haxomuth pexxumbl ManeBpupoBanus MIIC, npu-
BOJIAIIME K BUOparuu mioxoodrekaeMbix I'C B moToke.

Ha ocHoBe paspaboTaHHOW MaTreMaTHYeCKOW MO-
JISIN COCTaBJIEHA CHCTEMa ypaBHEHHH, OMHCHIBAIONIAs
nuHaMuKy smemenTta ['C B pesynbrare neiicTBus Ha Hed
BHEIIHUX CHJI M PEaKIfii pacTsLKEHHs, U3ruba U moBo-
pora. [lomydeH anropuT™M MOICIUPOBAHMUA AMHAMHUKHU
I'C, no3Bonsronuii BEIMONHATE pacuéTsl nuHaMuku ['C
MIIC, u B nanpHeeM nepeiTu K pa3paboTKe KOM-
[BIOTEPHOU IPOrpPaMMBbl, XapaKTEPU3YIOLIEH AUHAMHU-
ky MIIC ¢ I'C. Ha ocHOBe anroputma MOAEITUPOBAHUS
nunamuku ['C, Beimonssitomiei pacuérel auHamuku ['C
MIIC, pa3paboTraHa KOMIIBIOTEpHas Mporpamma, OIH-
ceiBaromas nuHamuky MIIC ¢ I'C [21]. Opnako naH-
Has KOMIIBIOTEpPHasi IporpaMma TpeOyeT IpOBEPKH
(TecTHpoBaHMS) M BO3MOXXHOCTH HCIIOJIBb30BAHUS IS
COBEpPILEHCTBOBAHUS TEOPUU M METONOB IMPOEKTUPO-
Banuss MIIC ¢ I'C. ABromaruzauus mpouecca Ipo-
extupoBanuss I'C ¢ ucnonb3oBaHHEM CO3JaHHON KOM-
HOBIOTEPHOM MOJENU JOJDKHA 3HAYUTEIbHO CHHU3UTH
3aTpaTbl Ha Bech mpouecc npoexkrupoBanus MIIC
cI'C[22].
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computer model should significantly reduce the costs of the
entire process of designing the MTS with FC [22].

Latest research and publication analysis. Some-
times there is debate about which term is more appro-
priate: verification or testing. Verification is a formal
substantiation with the use of an abstract mathematical
model of the system under the assumption that the cor-
respondence between the mathematical model and the
nature of the system is considered to be given initially.
For example, it is specified by the model structure or
mathematical analysis and proof of the correctness of al-
gorithms and programs.

Verification [fr. verification, < /at. verus meaning
true + facere meaning to do] is the establishment of the
correctness and/or accuracy of theoretical propositions
by experimental means [13].

There is another definition of verification: it is a tech-
nique of testing whether the hypothesis is true [6, 14].
Thus, the Appendix to [17, p. 285] considers the types of
verification. According to this publication, verification of
a hypothesis is possible by its development with the help
of a method different from the one used originally, or
by comparing it with the hypotheses obtained from other
sources of information.

Since formal verification (even a simple one) is a
plain routine and its full automation is theoretically pos-
sible, automatic verification with the use of specially de-
veloped software is usually implied when talking about
formal verification [4]. Let us distinguish the following
approaches to formal verification:

—model checking;

— systematic analysis of algorithms and programs.

At that, the algorithm contains errors if it gives incor-
rect results or does not give results at all for particular
valid initial data. As noted in [4], program testing can
not prove that the system, algorithm or program does not
contain any errors and flaws and meets a certain require-
ment. This can be proved by formal verification, which
can be applied to test such systems as programs in the
form of source code, cryptographic protocols, combi-
natorial logic circuits, and digital circuits with internal
memory.

Examples of mathematical objects commonly used
for modeling and formal verification of programs and
systems include structured algorithms and structured
programs.

Practical verification makes it possible to decide
whether the measurement errors included in the prerequi-
sites lie within the required accuracy limits, and whether
the assumptions are acceptable in this particular case [12,
p- 200]. The accuracy of the result mainly depends on
how accurately the modeled reality can be mapped with
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AHaIN3 MNOCJeIHUX HCCHeJOBAHMI W IMMy0JH-
Kaumii. VlHOTa mpoMCXOAsT CHOpPBl O TOM, KakoW M3
TEPMHHOB JIy4Ille HCIOJIb30BaTh: BEPU(DUKAIMIO HIIH
TectupoBanue? Bepudukanus mnpeacraBiasier coOoi
(hopmanmpHOE JOKA3aTEIHCTBO HAa aOCTPaKTHON MaTeMa-
TUYECKOM MOJAETH CUCTEMBI B MPEANOJIOKEHUH O TOM,
YTO COOTBETCTBHE MEXIy MaTeMaTH4eCKOil MOJIENBIO U
MIPUPOION CUCTEMBI CUMTAETCSA M3HAYAIBHO 3a/IaHHBIM.
Hanpumep, 1o TOCTpOEHHUIO MOJIETH MO0 MareMaTnye-
CKOTO aHaJIN3a M JOKa3aTelbCTBA MPABHIBHOCTH AJITO-
PHUTMOB H MIPOTPAMM.

Bepudukanus [¢@p. verification, <.zam. verus — uc-
TUHHBIN + facere — nenatb] — mpoBepka MCTUHHOCTH
TEOPETUYECKUX IOJIOKEHUI, YCTaHOBIIEHHE J10CTOBEp-
HOCTH ONBITHBIM IyTéM [13].

CyliecTByeT M JIpyroe IOHSTHE BepH(UKALNK:
Bepudukanus — crocod mpoBepKH T'MIOTE3bl Ha HC-
TUHHOCTH [6, 14]. Tak, B [Ipumoxennu k [17, c. 285]
paccMaTpuBaroTCs BU/IbI BepH(UKaIMU, TOBOPUTCS O Be-
pUQUKAIMY TPOTHO3a ITyTEM €T0 pa3padOTKH METO/IOM,
OTJINYHBIM OT TEPBOHAYAIILHO HCIIOIb30BAaHHOTO, JIHOO
BepU(HKAIMH TPOTHO3a TIOCPEICTBOM €TI0 COIOCTaBIIC-
HUSI C TIPOTHO3aMH, TTOJYYEHHBIMH W3 JIPYTHX UCTOYHH-
KOB MH(pOpMAIHH.

W3-3a pyTHHHOCTH J1ake MPOCTOW (opMasbHOM Be-
PUPHUKAINT ¥ TEOPETHICCKOH BOSMOKHOCTH MX TTOTHOM
aBTOMAaTHU3alWH 107 HOpMaNIbHOI BepudHKalenn o0brd-
HO TO/Ipa3yMEeBalOT aBTOMATHUYECKYIO BEpHU(PHUKAIHIIO
¢ moMoIIpio mporpaMMel [4]. U3 cymecTByromux mos-
XOJI0B K (hOpMaJIbHOM BepU(HKAIMN BBIICIUM CIIETYIO-
mue:

— IIpOBEepKa MOZIETIEH;

— CUCTEMAaTHUYECKUH aHaJM3 aJIropuTMOB U MPO-
rpaMm.

[Ipu >TOM anropuT™M COAEPIKUT OIIMOKH, €CIU OH
JlaeT HENpaBHIbHBIE PE3ysbTaThl IM00 HE AT Pe3yllb-
TaToOB BOOOIIE /ISl HEKOTOPBIX JOIYCTUMBIX MCXOIHBIX
naHHbIx. Kak ormeuaercss B [4], TectupoBaHHE Mpo-
IrPaMMHOTO OOECIICUCHHUSI HE MOXKET JI0Ka3aTb, YTO CH-
cTeMa, aJITOPUTM HIIH IIPOrpaMMa He COJEPIKUT HUKAKUX
omuOOK 1 Ae(PEKTOB U YAOBICTBOPSET OMPENCIECHHOMY
CBOMCTBY. DTO MOXKET clienarh GpopmaiibHas Bepudurka-
IHs, KOTOpast MOKET MPUMEHSTBCS JJIsl IPOBEPKHU TAKUX
CHCTEM, KaK IIPOrpaMMHOE 0OecIIeueHNe, IPEICTaBICH-
HO€ B BHJE HCXOIHBIX TEKCTOB, KPHUITOTpadUuecKue
MIPOTOKOJIBI, KOMOMHATOPHBIE JJOTHIECKUE CXEMBI, IH(-
POBBIE CXEMBI C BHYTPEHHEH MaMAThIO.

[TpumepaMu MaTeMaTHYECKHX OOBEKTOB, YAaCTO HC-
MOJIB3YyEMBIX UL MOZICIMPOBAHUS U (DOPMATBHON BEpH-
(uKanuy NporpamMM M CHCTEM SIBJISIFOTCSI CTPYKTYPUPO-
BaHHBIE AJITOPUTMBI U IIPOIPAMMBI.

[TpakTHdeckas MpoBepKa MO3BOJISET TAKXKE PEIIATh,
HaXOJATCs JIM B TPeOyeMbIX I'PaHUIIaX TOYHOCTU OIIHO-
KM M3MEPEHHMsI, BXOASAIINE B TPEAIOCHUIKI, ¥ TIPHEMIIe-
MBI JI1 B JAaHHOM KOHKPETHOM CJIydae CleJaHHbIE Tpe[-
nonoxeHus [12, c. 200]. TouHocTh pe3ynbTara Kak pas
7 3aBUCHUT INIaBHBIM 00pa3oM OT TOTO, HACKOJIBKO TOYHO
C MOMOIIBIO C/ICNAaHHBIX MPEANOIOKEHUI MOXKET ObITh
OTpakeHa MoJenpyeMasi peanbHocTh. Kak cumraer
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the help of the assumptions provided. According to Z.
Paul [12], it may turn out that the original mathematical
rendering describes the phenomenon adequately only to
some extent, since only the facts subject to mathematical
rendering are recorded. Moreover, these formal or math-
ematical operations may lead to such conclusions made
from the mathematical rendering that are impossible to
interpret with respect to the given subject area. In this
case, the application of the corresponding operations
should be limited in such a way that it would be possible
to deduce conclusions subject to interpretation. At first,
these conclusions represent potentially new knowledge,
and only subsequent studies show that they are not verifi-
able and, therefore, make no sense.

Analyzing the cybernetic model from the point of
view of its meaning [1, p. 173], it should be noted that
the object of the subject’s abstractive activity is a certain
logical structure, where a particular side of the system
under study receives adequate rendering. This aspect
of the adequacy of rendering has a completely different
nature than the adequacy of rendering of inanimate ob-
jects or the ability of living organisms to reflect a certain
realm of reality depending on the scope of their activities.
Speaking about the essence of adequacy of the cybernet-
ic model, N.T. Abramova [1] implies the possibilities of
cybernetic theory to render a certain variety of properties
of self-controlled systems. A model adequately renders
the analyzed object to the same extent as the cybernetic
model reveals the content and mechanisms of the infor-
mation-control processes. In this case, adequacy appears
as a certain correlation between knowledge about the ob-
ject and the theory taken as the basis for the formation of
this knowledge. As 1. V. Kuznetsov has fairly noted [9,
p. 118], no system of knowledge is absolutely adequate
with regard to its object; it must satisfy the requirement
of adequacy within its applicability and isomorphically
render the group of interrelations of objects which has
been identified and recorded.

Thus, the problem of adequacy resides in the anal-
ysis of special features of the relationship between the
model which records certain knowledge of the object and
the theory underlying the model. Cybernetic theory is not
only a method of research, but also a vision that reflects
the inner layers of specific scientific forms of knowledge.
This vision and the corresponding logical and mathemat-
ical apparatus set certain properties of the object. All
other properties are inherent in self-controlled systems.
Building a cybernetic model, the researcher abstracts
from all other aspects of the complex system [23, p. 74].
These model hypotheses, or models of indirect analogy,
are then tested and elaborated in a series of experiments
until a general law is formulated.
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3. Mayns [12], MOXXeT OKa3aThCs, YTO TEPBOHAYAIBEHOE
MaTeMaTH4eCcKoe OTOOpaKEHUE ONUCHIBAET OTPAKAEMOE
SIBJICHUE XOTSl M aJIeKBaTHO (OAHOCTOPOHHE aJIeKBaTHO,
MOTOMY 4TO (PUKCHPYETCs TOJBKO TO, YTO MOIIACTCS
MaTeMaTH4ecKoMy OTOOPaKEHHIO), OHAKO C ITOMOIIBIO
9THX (HOPMATBHOIOTHYECKHUX HITH MAaTEMaTHUECKHUX OTle-
panuii U3 MaTeMaTHYeCcKOTO0 OTOOPaKeHUS MOTYT OBITh
CACJaHbl BbIBOABI, HEC MOAAAIOIINECA HWHTCPHIPETALIUN
B OTHOLICHUM JaHHOHM IpeaMeTHOH obmactu. B Takom
cilydyae CJIelyeT OrpaHnYNTh MPUMEHEHHE COOTBETCTBY-
IOIUX OTepannuii TaKUM 00pa3oM, YTOOBI M3 IepBOHA-
YaJIbHOTO MAaTeMaTH4eCKOr0 OTOOpa)KeHUS] MOIIH OBITH
BBIBCJICHBI MOAMAIOIHUECA HHTECPIPCTAlUU CICACTBUA.
OTH BBIBOJBI HAa MEPBBIX MOPaX IPEACTABISIOT COOOM
MOTCHIMAJIBHO HOBOE 3HaHHE. M UL MOoCIeayromme
MCCIIEZIOBAHMUS MOKA3BIBAIOT, YTO OHM HE BepUHUIUpYe-
MBI H, CIIEJOBATEIILHO, HE NMEIOT PEAbHOTO CMBICIIA.
AHanmu3upysi KHOCPHETHUYCCKYIO MOJICIb C TOYKH
3pEHHS TOTO COZIEPKAHMsI, KOTOPOE B HEH MpeICTaBIeHO,
MOXHO 3aMeTHTh [1, ¢. 173], uTo mpeameroM abcTparu-
PYIOIIEH NeATeTbHOCTH CyObeKTa BBICTYIIAET HEKOTOpast
Jorn4eckasl KOHCTPYKIHUs, B KOTOPOH a/leKBaTHOE OTO-
OpakeHHE MOJydYaeT 3aJaHHas CTOPOHA HCCIeIyeMOi
cucteMbl. JIaHHBIN acleKT aJeKBaTHOCTH OTPAKECHHS
MMEET COBCEM MHOE COJIep)KaHHe, HEXKEITH aJIeKBaTHOCTh
O0TOOpaXCHNSI B HEXKUBOU TIPHPOIC MM CIOCOOHOCTH
KHUBBIX OPTAaHU3MOB K OTPaKECHHIO OTIPE/ICIICHHON Chephl
PCaJIbHOCTH B 3aBUCUMOCTH OT Cq)epbl UX JCATCIBbHOCTH.
T'oBOpst 0 CyTH a/1eKBaTHOCTH KMOEPHETHYECKOW MOJIEIH,
H.T. A6bpamoga [1] mmeeT B BUIy BO3MOKHOCTH KHOEp-
HETHYECKOI TEOpHUH 0TOOpaKaTh HEKOTOPOE MHOTO0Opa-
31€ CBOMCTB caMOyIpaBiIsieMbIX CUCTEM. B Tol cTeneHu,
B KaKOi KHOEpHETHYeCKasi MOJIeIIb PACKPBIBAET COJIePIKa-
HHE ¥ MEXaHU3MbI «MH()OPMAIIIOHHO-YTIPABIEHYECKUX)
MIPOIIECCOB, MOYKHO TOBOPHUTD, YTO 3Ta MOJEIb aJIeKBaT-
HO OTpakaeT aHAIU3UPYEeMBIH OOBEKT. AJIEKBaTHOCTH
B JIAHHOM CJIyYae BBICTYNAeT KakK ONpPEeJICHHOE COOT-
HOIIIGHHE MEX1y 3HaHHeM 00 oObekTe M TOH Teopuei,
Ha OCHOBE KOTOpOH 3T0 3HaHue copmuposaiock. Kak
crpasenuso 3ametui M. B. Kysunenos [9, c. 118.], «uu-
Kakasl cuCTeMa 3HaHHUH He SBIIsIeTCst aDCOMIOTHO a/IeKBaTt-
HOUM 0OBEKTY, OHA JIOJDKHA YIOBJIETBOPSTH TPEOOBAHUIO
aJICKBaTHOCTH B TIpefeiax cBoei nmpumenumocTtH. OHa
JIOJDKHA M30MOP(HO OTPaXaTh Ty I'PYIITY B3aUMOCBSI3CH
00BEKTOB, KOTOpast BEIABICHA U 3a()UKCHPOBAHA.
Taxmm o6pa3om, mpodiemMa aJeKBaTHOCTH 3aKIIoda-
CTCA B AHAJIM3C CHCI_II/I(i)I/IKI/I OTHOIICHUA MEXKIY MOJIC-
JIbI0, B KOTOPOH 3a()MKCUPOBAHO HEKOTOPOE 3HAHKE 00
00BbeKTe, ¥ TEOpHUEH, JIeKallel B OCHOBAHMU MOJIEIH.
Kubepretndeckast Teopust SBISIETCS HE TOIBKO OIpesie-
JICHHBIM METOJIOM HCCIIEIOBaHMUS, HO U CIIEIM(PUIECKUM
BHUJACHHCM, 0T06pa)Ka}OHII/IM BHYTPCHHHUE CJIOM YaCTHO-
Hay4YHbIX (OpM 3HaHUWH. JlaHHOE BHAEHHE W COOTBET-
CTBYIOLIMH JIOTMKO-MaTeMaTHYECKUH ammapar 3aJlatoT
oTpezieIeHHbIe CBOIcTBa 00beKTa. Bee MHBIE CTOPOHBI,
MIPUCYIIIHE CaMOyIpaBiIsieMbIM cuctemaM. CTpost kubep-
HETHYECKYI0 MOJIENb, HCCIIENoBaTelb abCTparupyercs
OT BCEX JIPYTUX aCHEeKTOB CI0XKHOI cuctemsl [23, c. 74].
OTH MOJAEIH-TUIIOTE3bI, WM MOJIEIH HENpsIMOH aHajo-
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Asnoted by V. S. Tyukhtin and S. N. Vovk [23, p. 75],
the historically transient relative nature of the practice
and any experiment resides in the fact that experimen-
tal data can not completely, absolutely accurately and
profoundly prove the adequacy of a particular model or
hypothesis. Adoption of a certain model on the basis of
some experiments does not let us ignore the fact that the
results of these observations may not contradict many
other possible models. Hence it follows that approaching
the most plausible, “most true” model can be achieved by
choosing, or preferring, one of several competing mod-
els. This problem entails formulation and planning of the
so-called discriminating experiments [10, Ch. 7]. In this
case, the measurement results should not be invariant in
relation to substitution of one of the competing models
by another one. The choice of the most appropriate mod-
el as a result of discriminating experiments is carried out
with the help of certain criteria.

As G. Gerts points out [5], it would be a simplification
to reduce the model to the rendering or reproduction of
the objects of research like V. S. Shtoff does [24, p. 19].
The process of scientific cognition takes place in different
directions, and the functions of the model change accord-
ingly. At that, the variety of the model’s functions noted in
the complex process of cognition [5, p.17] implies differ-
ent relations between the model and the rendering. When
regarding a model as a rendered unity in the sense of a
quasi-object, it does not feature the nature of rendering,
but contains preliminary representations of the model by
which the model is sought for or constructed. It reflects
the relationship between the model and the object. As the
result of the analysis of the model, theoretical ideas on
model relationships are developed; within analogy, they
serve as a rendering for the object; however, theoretical
knowledge and models do not replace the theory of the
object. Models in the sense of the project as quasi-theo-
ries, which represent the synthesis of the experimental and
theoretically analyzed aspects, have a rendering nature.

As V. Kaziev of the Kabardino-Balkar State Univer-
sity highlights [7], algorithm testing implies proving the
correctness or incorrectness of the algorithm’s operation
with specific tests or test cases — problems with known in-
put data and results (sometimes their approximations are
sufficient). The test set should be minimal and complete,
that is, providing testing of each individual type of sets
of input data, particularly exceptional cases. Algorithm
testing cannot give a 100% guarantee of the algorithm’s
correctness for all possible sets of input data, especially
for fairly complex algorithms. A complete guarantee of
the algorithm’s correctness can be provided by the de-
scription of the algorithm’s operation and results with
the help of the system of axioms and derivation rules,
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THH, 3aTeM TIPOBEPSIOTCSA U YTOYHSIOTCS B CEPUU DKCIIe-
PUMEHTOB, TTIOKa MBI HE TIPUXOINM K (POPMYTHPOBAHHIO
o0111ero 3aKkoHa.

Kaxk ormeuarot B. C. Troxtun u C. H. BoBk [23, c. 75],
HUCTOPUYCCKH TIPEXOAANINA OTHOCUTEIBHBIN XapakTep
MIPAaKTUKH, JTIOOOTO SKCIEPUMEHTa COCTOUT B TOM, UTO
9KCIIEPUMCHTAIBHBIC [aHHBIE HE MOTYT IOJHOCTHIO,
a0COJIFOTHO TOYHO U DIYyOOKO JIOKa3aTh a/IcKBaTHOCTH
TOM WJIM MHOW MOJENH, TUNoTe3bl. [IpuHsiTHE KaKOM-TO
OTIpeNIeIICHHON MOJICNI HAa OCHOBE TEX HJIM WHBIX JKC-
TIEPUMEHTOB HE OTMEHSET TOTO, UTO Pe3yIBTaThl JaHHBIX
HAOMIONCHUI B TPUHIMIIE MOTYT HE MPOTUBOPECUUTH
U MHOXKECTBY JIDYTMX BO3MOXKHBIX Mojeneil. Otcrona
BBITEKAET, YTO MPHUOIKEHUE K HauOosee IpaBaoIo-
JI0OHOH, «0oJiee MCTHHHON» MOIEIN MOXKET OBITH J10-
CTHUTHYTO TYTEM BBIOOpa, WM TPEIIIOYTCHUS, OIHOU
13 HECKOJIBKUX KOHKYPHPYIOIIUX Mojenell. JTa 3amada
BJICUET MMOCTAHOBKY M IUIAHWPOBAHUE TaK HA3bIBAEMBIX
JUCKPUMUHMPYIOMUX AKcrepuMeHToB [10, mi. 7]. Ilpu
9TOM pe3yNBTaThl U3MEPEHUH, €CTCCTBEHHO, HE JOJIK-
HBI OBITh WHBapHAHTHBI OTHOCHUTEIFHO 3aMEHBI OHOM
13 KOHKYPHUPYIOIIUX MOJienei apyroii. Beibop npearmno-
YTUTEIBHOU MOJICTIH B PE3YyJIbTaTe AUCKPUMHHHUPYIOINX
9KCIIEPUMEHTOB OCYIIECTBIISICTCS C MOMOIIBIO TEX HIIH
WHBIX KPUTEPHEB.

Kak ormeuaer I. I'épr [5], Oput0 OBI yIpomieHUEM
CBOIWTH MOAeTb, Kak 310 nmemaetr B.C. Ilrodd [24,
c. 19], kK oTpakeHHIO WM BOCIPOU3BEICHUIO OOBEKTOB
uccienoBanus. [Iporecc HayqHOTO MO3HAHMS TPOTEKAET
B Pa3UIMYHBIX HAMPABICHHUSAX, U B 3aBUCIMOCTH OT JTO-
T0 m3MeHsI0TCs HyHKIUU Moaenu. [Ipu 3Tom oT™MewaroT-
Csl pa3yinyuHble (YHKIIMU MOJEIH B CIOXHOM MpOLEcCe
no3HaHus [5, c. 17], U3 4ero BeITEKaeT U pa3IUIHOE OT-
HOIIIEHHE MOJIeTIH K oTpaxkeHuio. [Ipm paccMmorpenun
MOJICNTA B KAaueCTBE €IWHCTBA OTOOpPa)KEHUS B CMBICIIEC
KBa3MOOBEKTa HE MMEET XapakTepa OTOOPaXXCHHUs, HO
COZICPIKHT TIPE/IBAPUTEIILHBIEC TPEACTABICHHUS O MOJIEITH,
M0 KOTOPBIM HPOU3BOISTCS TIOMCKHA WIIM KOHCTPYHPO-
BaHHe Mozend. OHa OTpakaeT CBA3b MEX.IY MOIEIBIO
1 00BeKTOM. B pesympraTe aHamm3a MOJETH BEIpaOAaTHI-
BAIOTCSI TCOPETHYECKHE IPEJCTABICHUS O MOICIHHBIX
CBSI35IX, KOTOPBIE B paMKax aHAJIOIMU UMEIOT XapakTep
OTpa)keHHs U ISl 00bEKTa, OJIHAKO, TEOPETUIECKUE 3HA-
HUSI M MOJICJIM HE 3aMEHSIIOT TeOopHio o0bekra. Mozenu
B CMBICTIC TIPOCKTA KaK KBA3UTCOPUH, TIPEICTABISIONIIC
y)K€ CHHTE3 KCIIEPUMEHTAIHHO M TEOPETHYECKH IPO-
AHAJM3UPOBAHHBIX CYIIECTBEHHBIX MOMEHTOB, MMEIOT
XapakTep OTPaKSHHUSI.

Kak ormeuaer B. Kazues n3 Kabapnuno-bankapckoro
TOCYIapCTBEHHOTO YHUBepcuTeTa [7], TecTHpoBaHUE
aNropuT™Ma — 3TO TPOBEPKa TMPABWIHLHOCTH WM He-
MIPaBUIBHOCTH PAaOOTHI alrOpUTMa Ha CIICIHAIbHO 3a-
JIAaHHBIX TECTaX WJM TECTOBBIX MpPUMEpax — 3ajadax
C W3BCCTHBIMH BXOJIHBIMU JIaHHBIMH H PE3yJIbTaTaMH
(MHOTA TOCTATOYHBI WX MPUOMIDKEHHS). TecTOBBIN Ha-
60p momKeH OBITh MHUHHUMAJIBHBIM W TIOJIHBIM, TO €CTh
00eCeunBaIOIINM ITPOBEPKY KaXKIOTO OTAEIBHOIO TUIIA
Ha0OPOB BXOAHBIX IaHHBIX, 0COOCHHO NCKIJIIOUUTEIBHBIX
ciryyaeB. TecTHpOBaHME aJITOPUTMA HE MOXKET J1aTh I10JI-
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or by the algorithm verification. For simple algorithms,
competent selection of tests and full testing can give a
complete picture of their operability (or inoperability).

THE ARTICLE AIM is verification of operability
of the algorithm and the computer program developed
for modeling the FC dynamics, which allow performing
calculations of the dynamics of the MTS with FC in or-
der to improve the process of its designing.

Basic material. As noted by V.M. Kosenkov [8],
when specifying the quantities and obtaining the solu-
tion of the problem, an error arises that is determined by
the difference between the mathematical model and the
modeled object. It should be taken into account in the
process of solving the problem and analyzing the results.
For calculations performed with the help of computer
programs, the rounding error is usually negligible.

Testing of a program is a process of checking them with
the help of computer tests [16]. Tests are sets of source data
with the correct results supplied. A set of tests is structur-
ally complete, if each alternative, each sequence and each
cycle is performed one or more times in this set of tests.

Testing cannot guarantee the absence of errors in the
programs. It can only be provided by a comprehensive
analysis of the correctness of algorithms and programs.
The analysis and proof of the correctness of algorithms
and programs can and should be done after a structurally
complete testing of programs on a computer.

Thus, the dispute about the use of the terms “verifi-
cation” and “testing” with regard to computer programs
shows that in this case, the latter is more appropriate,
since the former is more applicable for proving the cor-
rectness of the experimental data.

When testing programs, solution of the problem on
a computer has the number of stages, which are listed
below [15].

1. Statement of the problem.

2. Determination of the methods of solution.

3. Development of algorithms.

4. Development of computer programs.

5. Debugging of the programs.

6. Obtaining the results.

Statement of the problem is a precise setting of the
required results and the initial data of the problem. The
results are considered correct if they meet the require-
ments of the objectives assigned; they are incorrect if
they contradict the requirements.

To debug a program, one has to test its operability
with some input data [7]. Thus, the input data should be
somehow selected. Then, after running the program with
the input data, one should compare the result obtained
with that to be obtained if the program is working cor-
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HOi (100%-0i1) rapaHTHEl NMpPaBMIBHOCTH AJITOPUTMA
JUISL BCEX BO3MOXKHBIX HAOOPOB BXOIHBIX JTaHHBIX, OCO-
OCHHO IS JOCTATOYHO CIIOKHBIX alnropuTMoB. [lomHyro
TapaHTHUIO MPABHIBHOCTH alTOPUTMa MOXKET JaTh OIH-
caHue pabOTHl U PE3yJIbTaTOB AJTOPUTMA C MOMOILBIO
CHCTEMbI aKCHOM M IPABHJI BHIBOAA WM BepU(UKALUS
anroput™a. sl HECIOXKHBIX aJTOPUTMOB IPaMOTHBIH
noxoop TECTOB M IIOJHOE TECTHPOBAHHE MOXET IaTh
MIOJHYIO KapTHHY WX paborocmocobHOCTH (OO Hepa-
60TOCTIOCOOHOCTH).

HEJBK CTATBMU sensercs mpoBepka padoTo-
CIOCOOHOCTH CO3JIaHHBIX aJrOPUTMA U KOMITBEOTCPHOM
porpaMMbl MojienupoBanus nuHamuku ['C, mo3Bossito-
mUX BbIIONHATE pacu€rsl auHamuku MIIC ¢ I'C mns
COBEpILIEHCTBOBaHUs Ipouecca npoektuposanus MIIC
cI'C.

Nzio:xxenne ocHoBHOro marepuaJa. Ilpu 3amanumn
BENIMYMH U TOJYYEHHs PEUICHHs 3a7aud, KaKk OTMEYaeT
B.M. KocenkoB [8], BO3HHKaeT MOTPEIIHOCTh, OIMpEae-
JIsieMasi OTIIMYMEM MAaTeMaTH4ecKOW MOJEIH OT Moje-
JHPYeMOro 00BeKTa, KOTOPYI0 HEOOXOOMMO YYHTHIBATH
B IIPOIIECCE PEIIeHUs W MU aHann3e pesynsrara. [lpu
BBIYMCIIEHUSIX C TOMOII[BIO KOMITBFOTEPHBIX IIPOTPaMM MO-
TPEITHOCTh OKPYIIICHHS OOBIYHO TIPEHEOPESIKIMO Maia.

TecTupoBaHue MPOrpaMM — 3TO MPOLECC MPOBEPKH
nporpamMMm Ha DBM ¢ momoripio TectoB [16]. Tecthr —
3TO HaOOPBHI TECTOBBIX MCXOAHBIX JIAHHBIX C IEPEUHEM
MpaBWIBHBIX pe3yibTatoB. Habop TecToB CTPYKTYpHO
TMIOJIHBIN, €CJIN MIPU 3TOM BBINOJHSAETCSA KaykKAas ajbTep-
HaTHBa, KakJas MOCIEe0BAaTeIbHOCTh M KayKAbIM LIUKII
OJIMH WMJIM HECKOJIBKO pa3.

TecTupoBaHue HE MOXET TI'apaHTUPOBATb OTCYT-
CTBHE OIIMOOK B Mporpammax. ['apaHTHM OTCYTCTBHSA
OIINOOK MOJKET JaTb TOJIBKO HC‘ICpHLIBaIOHIHﬁ aHaJInu3
MIPAaBUIBHOCTH aJTOPUTMOB U MPOrpamMM. AHAIN3 | J10-
Ka3aTeJIbCTBa MPAaBUIJIBHOCTHU aJITOPUTMOB U IMPOTpaMM
MOYKHO M HY>KHO ITPOBOJIUTH I1OCJIE CTPYKTYPHO TIOJHOTO
TECTHPOBaHUS Mporpamm Ha DBM.

Takum 0Opa3om, crop 0 IPaBOMEPHOCTH UCIIOIH30-
BaHMsl TEPMHUHA «BEPUPHKALMSI» WIN «TECTUPOBAHHE)
KOMIIBIOTCPHLIX IMPOTpaMM IOKa3bIBA€T, YTO B JAaHHOM
ciydae Oojiee 11esieco00pa3sHO MPUMCHEHHUE TEpMHUHA
«TECTHpOBaHUE», T. K. TEPMUH «Bepudukanus» Oosnee
MMPUMEHUM B CJIy4a€ MOATBECPKIACHUA UCTUHHOCTH DKC-
MePUMEHTAJIBHBIX JJAHHBIX.

IIpu tectupoBanuu mporpaMMm Ha OBM ocHOBHEIE
9Tambl pelieHus 3aaad cienayrommue [15]:

1. ITocranoBka 3a1a4u.

2. OnpenesneHne METOAOB PEIICHUS.

3. CocTaBneHue alropuTMOB.

4. Hanncanue nporpamm i O9BM.

5. Otnagka nporpamm Ha OBM.

6. [Tonyuenue pesynsraroB Ha OBM.

[TocraHoBKa 3a7a4m — TOYHOE M YETKOE OIpesie-
JieHue TpeOyeMBbIX pe3yJIbTaTOB M HMCXOIHBIX YCIIOBHH
B 3aj1aue. Pe3ynpraThl IpaBUIIbHBIC, €CIIM OHU OTBEYAIOT
TpeOOBaHUSAM TOCTABJICHHBIX 3a]a4, U pe3yJbTaThl He-
NpaBWIbHbBIE, €CIM OHM MPOTHBOpEYAT ITOCTABICHHBIM
TpeOOBaHUSM.
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rectly. This is the essence of testing. If the result obtained
differs from the reference one, the test is considered suc-
cessful, as it helped to detect the error. If the answer co-
incides with the correct one, it should not be considered
indicative. One test cannot verify the entire program
completely, since the error could be contained in the part
not involved in the test run. Testing the entire program
and checking all the special cases possible requires not a
single test but a set of tests.

The testing plan usually includes the six stages listed
below.

1. Comparison of the program with the algorithm
scheme.

2. Visual control of the program on the display screen
or visual examination of the program printout and its
comparison with the original of the program sheet. The
first two stages of testing can eliminate most errors, both
syntactic and semantic ones; the latter is very important,
as it allows avoiding their search in the process of further
debugging, which is quite time-consuming.

3. Translation of the program into machine language.
At this stage, syntax errors are detected. Compilers from
the C and Pascal languages provide a diagnostic message
about syntax errors in the program listing.

4. Editing of external links and program packaging.
At the stage of editing of the external links of program
modules, the external link editor or task builder detects
such syntax errors as the mismatch of the number of pa-
rameters in the description of the subprogram and in its
call, calling a nonexistent standard program, etc.

5. Running of the program. After elimination of
the syntax errors discovered by the translator and the ex-
ternal link editor (task builder), the next stage is exe-
cution of the program on the computer in the machine
language. The program is loaded into the random access
memory, the input data are set, and the calculation be-
gins. The occurrence of errors in the process of the data
input or in the process of calculation leads to interruption
of the latter and showing a notification about it. Errors
necessitate debugging; the absence of an error message
does not mean their absence in the program. The testing
plan includes checking the correctness of the results ob-
tained for any valid values of the input data.

6. Testing the program. If the program runs success-
fully, it is preferable to conclude with testing with the in-
put data which assume the values threshold for the pro-
gram or exceeding the allowable limits.

Test cases (tests) are specially selected problems,
the solutions of which are known in advance or can be
determined without substantial expenses.

Let us consider the results of testing of the mathe-
matical model of the dynamics of the MTS with FC [19,

smi.nuos.edu.ua | smi@nuos.edu.ua
UCCJNIEAOBAHUA N PASPABOTKU

N1 (7) 2017

JIis oTITagKu mporpaMMBL, HYKHO TIPOBEPHTH €€ pa-
00TOCTIOCOOHOCTh HAa KaKWX-TO BXOJIHBIX NAHHBIX [7].
CrnemoBaTelibHO, 3TH BXOJHBIC TAHHBIC JOJIKHBI OBITH
KaKUM-TO 00pa3oM MOoA0OpaHbl. 3aTeM, MOCIE BHIMOJI-
HEHHS TPOTPaMMBI Ha ATHX BXOJHBIX NAHHBIX, HYKHO
CPaBHHUTH MOJTYYCHHBIA pe3ybTaT C TeM, KOTOPBIHA JOII-
JKeH TOJYYHUTHCS, €CITU IporpaMma paboTaeT mpaBHIIb-
HO. DTOT MpOoLeCC U Ha3bIBaETCs TeCTHpoBaHuEeM. Ecin
MOJY4YEeHHBIH pe3yabTaT OTIMYAeTCs OT 3TAaJOHHOIO, TO
TECT CUMTACTCS yIa4HBIM, [IOTOMY YTO OH MOMOT OOHa-
PYXHUTH OIMOKY. A eClH TONXy4YeHHBIH OTBET COBIIAJ
C MPaBHIBHBIM — paroBaThes pano. OOUH TeCT HE MO-
JKET TIOJIHOCTBIO ITPOBEPHUTH BCIO MPOrpamMMy, OLIHOKa
BIIOJIHE MOIVIA 3aTAUThCS B TOM 4acTu, KOTOpasi OcTajach
Ha ced pa3 HEeBBITOMHCHHOW. /[ TOro 4ToOBI mpoTe-
CTHPOBAaTh BCIO IIPOTPaMMYy, TIPOBEPUTH BCE BO3MOKHEIC
YaCcTHBIE CITy4yau, COCTABIIAIOT HE OIWH TECT, a Habop Te-
CTOB.

B mutan TectupoBaHusi OOBIYHO BXOJAT CIIETYIOINE
JTAITbL:

1. CpaBHEHHE TPOTPAMMEI CO CXEMOM alITOpHUTMA.

2. BusyanbHBI KOHTPOJIb MPOTPaMMbI Ha JKpaHe
JICTIIes] WJIM BU3yaJbHOE M3YYEHHE pPacHeyaTKu Ipo-
rpaMMBbl U CPaBHEHHE €€ C OPUTHHAIIOM Ha IPOTrPaMMHOM
Omanke. [lepBble nBa 3Tama TECTHPOBAHHS CIOCOOHBI
YCTpaHUTH OOJBIIIEE KOJIMIECTBO ONMTHOOK KaK CHHTAKCH-
YecKuX (4TO He TaK BaXKHO), TAK U CEMAHTHUECKUX (UTO
OYeHb BAXKHO, TAK KaK MO3BOJIAET UCKIIIOUUTh UX TPYHO-
EMKUII ITOKCK B MPOIeCcCe AATbHCHIIICH OTIIAIKH).

3. TpaHCIAIUS POrPpaMMBl Ha MAIITMHHBIX SI3BIKAX.
Ha sToM 3Tame BBISBISIOTCS CHHTAaKCHYECKHE OITHOKH.
Kommunsitopsl ¢ si3pikoB Cu, Ilackanb BBIZAOT aua-
PHOCTHYECKOE COOOIEHNE O CHHTAKCHYECKHUX OIINOKax
B JIUCTUHI€ MPOTPAMMBI.

4. PepgakTupoBaHHe BHEIIHMX CBSI3€H U KOMIIOHOB-
Ka TporpaMMbl. Ha sTame pemakTHpOBaHHS BHEIIHUX
CBA3€M IPOrpaMMHBIX MOAYJEH NpOrpaMMa-perakrop
BHEIITHUX CBSI3€il MJIM KOMITOHOBILMK 3a/1a4 OOHApYKHBa-
eT TaKHe CHHTAKCHYECKNE OITMOKH, KaK HECOOTBETCTBHUE
YHclia apaMeTPOB B OMUCAHWUU TTOAIPOTPAMMEBI M 00-
palleHHuU K Hel, BbI30B HECYILECTBYIOLIEH CTaHIapTHOM
MIPOTPaMMBI.

5. Bemmonnenue nporpammsbl. llocne ycTpaneHus
0OHAPY>KEHHBIX TPAHCIISITOPOM M PEAaKTOPOM BHELIHUX
CBsi3eH (KOMITOHOBIIIMKOM 33/1a9) CHHTAKCHUSCKUX OIIHU-
00K TIePeXOIsIT K CIEAYIOMIEMY JTAlly — BBIIIOJTHEHHIO
nporpaMMbl Ha DBM Ha MalnHHOM S3BIKE: IpOrpaMma
3arpy’kaeTcs B ONEPaTUBHYIO IaMsATh, B COOTBETCTBUU
C NpOrpaMMoON BBOJSTCS UCXOAHBIE JAHHBIE U Haudu-
HaeTcs cdeT. [IposBieHne OmmMOKH B TIpolecce BBOAA
WCXOIHBIX NAHHBIX MM B IPOIECCE CUeTa MPHUBOTUT
K IPEpBIBAaHUIO CYETa U BbIJaYe TUArHOCTHYECKOTO CO-
oOrieHust pabodel mporpammbl. [IposiBicHUE OMUOKH
JlaeT MOBOA AJsl BBINOJHEHUs OTIAJOYHBIX JEHCTBUI;
OTCYTCTBHE ke COOOIIeHU 00 ormmbKkax He 03HAYALT UX
OTCYTCTBHUS B TporpaMme. [ImaH TecTHpoBaHHS BKITIO-
YaeT MPHU 3TOM MPOBEPKY MPABMIIBHOCTH MONTYyYEHHBIX
pe3yabTaToB YISl KaKMX-THOO JIOMYCTHMBIX 3HAuYCHUH
WCXOJHBIX JIaHHBIX.
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21, 22]. A steel tether with the diameter of 25 mm, length
of 141 m and mass per unit length of 3.5 kg/m is attached
to the buoy with the mass of 100 kg with its root end
and to the anchor at the depth of 100 m with its running
end. The buoy’s hydrodynamic drag is equal to zero, and
the seafloor is flat and has a constant depth. The Young’s
modulus of the tether is assumed equal to 109 Pa. The
normal coefficient of resistance of the tether is equal to
1. At the start time, the tether has a rectilinear shape with
a slope to the side opposite to the sea current with the ve-
locity of 1 m/s along the meridian from south to north.

At the moment t = 0, the buoy with the tether is re-
leased and begins to move under the action of gravity
and sea current. Fig. 1 shows the positions of the tether
and the buoy at certain moments of time (in seconds).

Distribution of the tether’s tension loading along its
length at different moments of time is shown in Fig. 2.

(S is the coordinate along the tether’s length, from its
root end to its running end)

Testing of the MTS mathematical model and the cal-
culation algorithm [20, 22] is performed with the use of
examples of the stationary towing mode of three kinds
of tethered systems. The developed mathematical model
[19] is ultimately intended for the solution of non-sta-
tionary problems of the MTS dynamics. Stationary tow-
ing modes are determined as the result of the completion
of mathematical modeling of a non-stationary process of
the system’s transition from the initial position (the FC is
hung on the CV vertically in the direction of the Z axis)
to its steady state. The principle of “inversion of the im-
pact” has been used to simplify modeling of the tethered
system’s steady state. According to this principle, it is
assumed that the elements of the system are not moving,
the flow of water comes at them with a velocity equal
to the velocity of the CV movement and in the opposite
direction. The examples of testing are presented below.

Tethered system 1. Let us consider the calcula-
tion example from the book by B.A. Bugayenko [3,
p. 144—146]. The carrier vessel (CV) is connected to
the towed vehicle (TV) with a tether of the diameter
of 30 mm, length of 400 m, rigidity of 6.75-10” N, and
mass per unit length of 1.43 kg/m. The towing scheme is
shown in Fig. 3.

A stabilizing section of an additional zero-buoyancy
tether is connected to the TV, creating the effort (#,,) of
1 kN at the towing speed of 3 m/s. The TV has the form
of a circular cylinder with the diameter of 0.8 m, length
of 2 m, and mass of 1030.44 kg, which ensures its zero
buoyancy. The coefficient of resistance is C = C_=0.77
for the TV and C, = 1.35, C, = 0.04 for the tether.

Fig. 4 shows the tether line calculated in [22] with
no regard to the hydrodynamic drag of the tether (purple
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6. TectupoBanue nporpammsl. Eciiu nporpamma Bbl-
MOJTHACTCS YCIICIIHO, JKEJIATEIbHO 3aBEPIINTh €€ UCIIbI-
TaHHs TECTUPOBAHKUEM ITPYU 3aJIaHUU MCXOIHBIX JaHHBIX,
MPUHUMAIOIHX MTPECIbHBIE IS TPOTPaMMbl 3HAYCHUS,
a TaK)Ke BBIXO/ISIIHE 32 JOMYCTUMBIC MIPE/ICITbl 3HAYCHHS
Ha BXOJIC.

KoHTponbHBIE IPUMEPHI (TECTHI) — ATO CIIEUATBLHO
nof00paHHbIe 3aJa4H, PE3yIbTaThl KOTOPBIX 3apaHee U3-
BECTHBI WJIM MOTYT OBITH OIpE/eiIeHbl 0e3 CyIlecTBEH-
HBIX 3aTpar.

PaccmoTpum  pesynbTaThl TECTHPOBAHMS MareMa-
trdeckor moxenu auHamuku MIIC ¢ T'C [19, 21, 22].
CranbHOi Tpoc auameTpoM 25 MM, 1auHOM 141 M u no-
TOHHOW Maccoi 3,5 Kr/M, IPUKPEIIEH KOPEHHBIM KOH-
oM K Oyro Maccoit 100 kr (TuapogHHAMHYECKOE COPO-
TUBJIEHUE Oys paBHO HYJIO), a XOIOBBIM — K SKOPIO Ha
mmyoune 100 M (IHO MOPSI TIIIOCKOE W TIOCTOSIHHOM TITY-
6unbl). Moayns FOHra tpoca mpunsaT paBHbeIM 109 Ila.
HopmanbHblii  KO(Q@UIIMEHT CONPOTHBICHUS Tpoca
paBeH 1. B HauanbHBIHE MOMEHT BPEMEHHM TPOC HMEET
MPSMONMHEWHYIO (JOPMY C HAKJIOHOM B CTOPOHY, ITPOTH-
BOIOJIOKHYIO MOPCKOMY TEYEHHIO CO CKOPOCTBIO 1 M/C
BJIOJIb MEpUIMAHa C I0ra Ha CeBep.

B momenT Bpemenu ¢ = 0 Oyit ¢ TpocoM 0CBOOOXK-
JIaeTCsl ¥ HAYMHAET JABMKEHHE MO/ JEHCTBUEM CHIIBI TS-
JKECTU U Mopckoro Teuenust. Ha puc. 1 nokaszansl moso-
KEHHUS Tpoca U Oys B onpeIeIEHHBIC MOMEHTHI BpEMEHH
(B cexyHnax).

Pacnpenenenue cuitbl HaTSHKEHHS TPOCA T10 €ro JIIH-
HE B pa3HbIe MOMEHTBI BpEMEHH N300paKeHO HA pHC. 2.

TectupoBanne matemarudeckoit mogenn MIIC u an-
roputma pacuéra [20, 22] BBIMOIHEHO Ha MPUMEpax cTa-
LHOHAPHOTO PeXnUMa OyKCHPOBKH TPEX BHUJIOB MPHUBSI3-
HBIX cucTeM. PazpaboTaHHas mMareMarnieckas: MOJEIb
[19] npenna3nayena, npexae BCEro, AJsl pelICHUs He-
cranmoHapHbIX 3a1ad nuHamukn MIIC. CrannonapHbIe
peXknuMBI OYKCHPOBKH OMPEACTICHBI B pe3ysbTare 3aBep-
HIEHUS MAaTeMaTHYeCKOro MOJENHUPOBAaHMS HECTalHo-
HapHOTO (IIEPEeX0HOr0) MpoIecca CUCTEMbI OT Hadallb-
Horo nonoxkerus (I'C monsemena Ha CH BepTukambHO
B HAaNpaBICHUU OCH Z) 10 €€ YCTaHOBUBILIETOCS CO-
cTostHMA. {7151 yIpOIIeHUS MOAETHPOBAHUS YCTAHOBHUB-
HIETOCS COCTOSHUS NMPUBS3HON CHCTEMBI MCIOIb30BAIH
MPUHIUI «0OpaleHus! BO3ICHCTBUS», HIEMEHTHI CUCTe-
MBI CUHATAJIN HETIOJBIDKHBIMH, @ Ha HUX HAaOeras MOTOK
BOJBI CO CKOPOCTBIO, PaBHOW ckopocTh nBmxkeHus CH
U TPOTHBOIOJIOKHOH MO HampaBleHHIo. PaccMoTpum
MPUMEpPHI TECTHPOBAHUSL.

Ilpusasznaa cucmema 1. Ha npumepe pacuéra
u3 kHurn byraenko B.A. [3, c. 144-146]. CymHo-
oykcupoBumuk (CB) coeqmaeHO0 ¢ OyKCHPYeMBIM HOCHTE-
nem (bH) xabenb-Oykcupom nmuamerpom 30 MM, JITHHOM
400 ™, xécTrocTh Kabenb-Oykcupa — 6,75°107 H, mo-
roHHast Macca — 1,43 xr/m. Cxema OyYKCHPOBKH TOKa3a-
Ha Ha puc. 3.

K BH mnpucoenwnéH cTabWIM3UPYIONIHA Y4aCcTOK
JIOTIONTHUTEIBHOTO KaHaTa HYyJEBOW IJIaByYeCTH, CO3-
JAoIIKH P CKOpoCTH OyKCHpoBKM 3 M/c ycunue (F,)
1 xH. BH mnpexncraBnsier coboif KpyroBod HHIHHID
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Fig. 1. Position of the tether buoy and the tether at different moments of time
Puc. 1. ITosoxxeHue Oysi Ha TPOCE U TPOCa B Pa3IMYHbIC MOMECHTBI BPEMEHU
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Fig. 2. . Distribution of the force of tension along the tether’s length at different moments of time
(S'is the coordinate along the tether’s length, from its root end to its running end)

Puc. 2. Pacnipenenenue cuiibl HaTSDKEHUS TPOCa IO €r0 AJMHE B Pa3HbIE MOMEHTHI BpeMeHH (S — KOOpAMHATA BIOIb TPOCA OT

KOPEHHOTO KOHIIa K XOJIOBOMY)

0
—
<—
Ver
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Fig. 3. . Towing scheme
Puc. 3. Cxema OyKCHPOBKH:
V., (eng)—V,, (r); F,, (eng.) — F, (ru)

line in the graph), as well as the lines computed with the
use of the developed model with no regard to the hydro-
dynamic drag of the tether (blue line) and accounting for
it (red line).

Fig. 5 shows the distribution of the force of tension
along the tether in the direction of the coordinate S (the
chart legend in Fig. 5 is the same as that in Fig.4).

Fig. 4 and 5 indicate that the modeling results are

consistent with the calculations given in [3] with no re-

FTV

nuameTtpom 0,8 M, amuHoi 2 M, maccor 1030,44 kr, pu
KOTOPO#i oOecreyrBaeTcs ero HyneBas miaBydyectb. Ko-
s¢duumentsi conporusnenns bH C = C = 0,77, kabenn-
Oykcupa C, = 1,35, C = 0,04.

Ha puc. 4 nokazana nuHus kabenb-Oykcnpa, paccyu-
TaHHas B padote [22] 6e3 yuéTa TuApOTHHAMIYECKOTO CO-
TIPOTHBIICHUS KaOelb-OyKenpa (JIoBast IMHUS), 8 TAKKe
JIMHHUY, pacCYMTaHHBIE 1O pa3padOTaHHOW MojenH 0e3
y4éTa TUAPOAMHAMHYECKOIO CONPOTHBICHUS Kaleib-
Oykcupa (CHHSISI JIMHUS) U C eT0 y4EToM (KpacHast JIMHSA).
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—— Calculation without FC drag

~——Calculation done I?:y Bugayenko
—— Caleulation with FC drag
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Fig. 4. Tether line calculated in [3] with no regard to the hydrodynamic drag of the tether

Puc. 4. Jlunus xabenp-Oykcupa paccuutanHas B padore [3] 6e3 yuéra ruipoInHAMUYECKOTO COMIPOTUBICHHS Kabenb-OyKcupa

Calculation without FC drag — pacuet 6e3 conpotusnenus I'C; Calculation done by Bugaenko — pacuet byraenko; Calculation

with FC drag — pacuet ¢ conporusieruem ['C
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— Calculation without FC drag
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Fig. 5. Distribution of the force of tension along the tether in the direction of the coordinate S

Puc. 5. Pacnipenienenye bl HaTSHKEHUS BIOIH KaOemb-OyKCHpa B HAITPABICHAN KOOPAWHATHI S

Calculation without FC drag — pacuet 6e3 conpotusinenus ['C; Calculation done by Bugaenko — pacuet byraenko; Calculation

with FC drag — pacuet ¢ conporusienuem ['C

gard to the hydrodynamic drag of the tether. In math-
ematical modeling, taking it into account leads to a de-
crease in the depth of its immersion, which complies
with the physical laws.

Tethered system 2. Let us consider the calcula-
tion example from the article by S. N. Nuzhnyy [11,
p. 101-103]. The towing scheme is shown in Fig. 6.

In contrast to the towing scheme shown in Fig. 3,
publication [11] concerns a TV with its own propeller; its
thrust assumed values of 50, 100, 150 and 250 N in the
direction of the TV movement with the velocity of 0.8 m/s
at the immersion angle of 30° with respect to the X axis.
The tether diameter is 12 mm, and its length is 100 m.

Fig. 7 shows the tether line calculated in [11], as
well as the lines calculated wit the help of the developed
model.

Ha puc. 5 mokazaHo pacripeneneHue CHibl HaTsDKe-
HUS B/IOJIb KaOesib-OyKcHpa B HAIPaBICHUH KOOPIHHATEI
S (00o3HaYCHMS HA PUC. 5 aHAJIOTMYHBI 00O3HAUCHUSIM
Ha puc. 4).

U3 puc. 4 u 5 cnenyer, 94To pe3yabTaThl MOICINPOBa-
HUSI COIVIACYIOTCS C pacyéraMu, IpUBeIEHHBIMHE B [3] 03
yuéTa TUAPOAMHAMHUYECKOTO COMPOTHBICHUS KaOeb-
Oykcupa. Y4é€r compoTuBIeHHUS Kabenb-Oykcupa mpu
MaTeMaTH4eCKOM MOJICIMPOBAHUM TPUBOJIUT K YMEHbB-
IICHUIO TTyOWHBI €TO MOTPY)KEHHS, YTO COOTBETCTBYET
(hM3NIECKIM 3aKOHAM.

IIpuBssnas cucrema 2. Ha npumepe pacuéra u3
crareu C.H. Hyxwnoro [11, ¢.101-103]. Cxema Oyxkcu-
POBKH ITOKa3aHa Ha pHc. 0.

B ommune or cxembl OyKCHPOBKH, MOKa3aHHOW Ha
puc. 3, B [11] ucrrons3oBan BH ¢ coOCTBEeHHBIM TBMKU-
TeneM, yrnop KoToporo npuHuMai 3Hauexus 50, 100, 150
u 250 H B nanpasnenun asmxenus Cb co cKopocTbio
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Fig. 8 shows distribution of the force of tension along
the tether in the direction of the coordinate S (the legend
of the graph is provided).

Fig. 7 and 8 demonstrate that the modeling results are
consistent with the calculations given in [11] as for both
the shape of the tether profile and the magnitude of the
tension loading of the tether near the TV (S = 100 m).

Tethered system 3. Let us consider the calculation
example given in the article written by G. V. Babkin [2]
(Fig. 2 and Tables 1 and 2 employ the data provided by
the author). It shows a TV with its own propeller. The
propeller’s thrust (/) in the direction of the TV move-
ment at the speed of 0.5 m/s and the immersion force (/)
are given in Table 2 [2]. The tether diameter is 12 mm,
and its length is 100 m. The towing scheme is shown in
Fig. 9.

Fig. 10 shows the tether line calculated in [2], as well
as those calculated according to the developed model.
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0,8m/c mon yrmom 3army6neHust 30° 1O OTHOIICHHIO
K ocu X. [lmametp kabemp-Tpoca 12MM, a ero iuHa
100Mm.

Ha puc. 7 moxa3zansl JuHUS KaOeab-Tpoca paccuu-
TaHHast B padore [11], a TakKe JIMHUM, pACCUUTAHHBIC IT0
pa3zpaboTaHHON MOJIENH.

Ha puc. 8 mokasaHo pacmpeneneHue CUibl HaTsDKe-
HUS BIIOJIb KaOENb-TpOCa B HAIPABICHUH KOOPANHATHI S
(0603HaueHMS TOKA3aHbI HA PUCYHKAX).

W3 puc. 7 u 8 caenyer, 4To pe3yabTaTbl MOJIEIUPO-
BaHUsI COIVIACYIOTCS C pacuéTaMu, NpUBeAEHHBIMU B [11]
Kak 1o popme nmpouiist Kabesb-Tpoca, TAK U 110 BEITNIH-
HE CWIbl HaTsbKeHus Tpoca Bosne BH (S = 100m).

IpuBsiznaa cucrema 3. Ha npumepe pacuéra
n3 crarbu [.B. baOkuna [2] (ucrosnb30BaHbl JaHHbBIE,
MpUBEACHHBIE aBTOPOM Ha puc. 2 u B Tabn. 1 u 2). Uc-
nosb30BaH bH ¢ COOCTBEHHBIM ABMXKHUTENEM, YIIOp (F)
KOTOpOro B HampasieHun asmxeHns Cb co ckopocTsio
0,5 m/c u 3anTyOnsromas cwia (£) 3a1ansl B Ta0mmIe 2
[2]. Auamertp xabemp-Tpoca 12 mm, a ero mmuHa 100M.
Cxema OyKCHPOBKHM TOKa3aHa Ha puc. 9.

N TR
—— Redquires
— Requires 150 N
g%]equirewsu N x\
— 100N \
251 {50N
250 N
Z,m 50
0 X /
= >
-
Vey j 75
S
30° 100
7 78 50 25 0 25 50 75
FBH v

Fig. 6. Towing scheme

Puc. 6. Cxema OykcupoBKH

X,om

Fig. 7. Tether line calculated in [11] and the lines calculated according to the
developed model

Puc. 7. Jlunus xabenp-Tpoca, paccuuTanHas B padore [11], a Taxke THHUH,
paccuyUTaHHbIC 110 pa3paboTaHHON MOJIETIH
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Fig. 8. Distribution of the force of tension along the tether

Puc. 8. PacnpeueneHI/Ie CHUJIbl HATSXKCHUSA B/10JIb Ka6eJ'IB-TpOC&

Fig. 9. Towing scheme

Puc. 9. Cxema OyKCHPOBKH
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Fig. 11 shows the distribution of the force of ten-
sion along the tether in the direction of the coordinate S,
which was obtained as a result of mathematical model-
ing. It also shows the modulus of tether tension loading
near the TV ($'= 100 m) from publication [2] (the legend
of the graph is provided).

It follows from Fig. 10 and 11 that the modeling re-
sults are consistent with the calculations given in [2] both
in the form of the tether profile and in the magnitude of
the tether tension load near the TV (S = 100 m).

CONCLUSION. The computer program of the
model of the dynamics of a marine tethered system
(MTS) has been tested. The tests showed the program’s
operability, allowed for its debugging and subsequent ap-
plication in practical calculation of the parameters of the
MTS with the FC.
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Ha puc. 10 moxasaHbl TUHHAS KaOeIb-Tpoca, paccyu-
TaHHas B pabote [2], a Tak)Ke TNHUH, PACCINTAHHEIC 110
pa3paboTaHHOIT Momenn

Ha puc. 11 nokazaHo pacnpezeseHue CUIbl HaTsKe-
HUS BIOJb KabeIb-Tpoca B HANPaBJICHUH KOOPINHATHL S,
TIOJYYECHHOE B Pe3yIIbTaTe MaTeMaTHIECKOTO MOJCIHPO-
BaHWS W MOZYJb CHJIBI HATSHKEHUS KaOelb-Tpoca BO3Je
BH (S = 100 m) u3 pabotsr [2] (0003HaYEHHUST TOKA3aHBI
Ha PUCYHKAX).

U3 puc. 10 u 11 cnemyer, 9T0 pe3yabTaTsl MOACIHPO-
BaHUs COTVIACYIOTCS ¢ pacdéTaMu, MPUBEAEHHBIMU B [2]
Kak 1o Gopme npod s Kabeab-Tpoca, TaK M 10 BeIHYH-
He CWJIbI HaTsDKeHus Tpoca Bosne BH (S = 100 m).

BBIBOJBI. ITpoBeneHo TeCTUPOBaHUE KOMIIBIOTEP-
HOW mporpammel Mozxenn auHamukn (MIIC), koropoe
MOKa3aJI0 PadOTOCIIOCOOHOCTh IPOrPaMMBI, ITO3BOJIUIIO
OTIagUTh €€ U UCIOJIb30BaTh B JaJbHEHIIEM AJIs Mpo-
BEICHUS MpaKTHYeCKuX pacu€toB mnapamerpoB MIIC
cI'C.
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Fig. 10. Tether line calculated in [2] and the lines calculated according to the developed model

Puc. 10. JInnus xabenb-Tpoca, paccuuTanHast B padote [2], a Taxke JIMHAU, PACCYNTAHHBIE 110 Pa3paboTaHHON MOeIN
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Fig. 11. Distribution of the force of tension along the tether in the direction of the coordinate S (obtained as a result of mathematical

modeling)

Puc. 11. Pacrpenenenne cuibl HaTSHKEHHS BAONb KaOeNb-TPOCa B HAMPABICHHM KOOPAMHATHI S, MOTYyUCHHOE B pE3yibTaTe

MaTEMaTUYE€CKOT0 MOACIIUPOBAHUA
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