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NAS RK is pleased to announce that News of NAS RK. Series of geology and technical 
sciences scientific journal has been accepted for indexing in the Emerging Sources Citation 
Index, a new edition of Web of Science. Content in this index is under consideration by 
Clarivate Analytics to be accepted in the Science Citation Index Expanded, the Social 
Sciences Citation Index, and the Arts & Humanities Citation Index. The quality and depth 
of content Web of Science offers to researchers, authors, publishers, and institutions sets it 
apart from other research databases. The inclusion of News of NAS RK. Series of geology 
and technical sciences in the Emerging Sources Citation Index demonstrates our dedication 
to providing the most relevant and influential content of geology and engineering sciences 
to our community.

Қазақстан Республикасы Ұлттық ғылым академиясы «ҚР ҰҒА Хабарлары. Геология 
және техникалық ғылымдар сериясы» ғылыми журналының Web of Science-тің 
жаңаланған нұсқасы Emerging Sources Citation Index-те индекстелуге қабылданғанын 
хабарлайды. Бұл индекстелу барысында Clarivate Analytics компаниясы журналды 
одан әрі the Science Citation Index Expanded, the Social Sciences Citation Index және the 
Arts & Humanities Citation Index-ке қабылдау мәселесін қарастыруда. Webof Science 
зерттеушілер, авторлар, баспашылар мен мекемелерге контент тереңдігі мен 
сапасын ұсынады. ҚР ҰҒА Хабарлары. Геология және техникалық ғылымдар сериясы 
Emerging Sources Citation Index-ке енуі біздің қоғамдастық үшін ең өзекті және 
беделді геология және техникалық ғылымдар бойынша контентке адалдығымызды 
білдіреді.

НАН РК сообщает, что научный журнал «Известия НАН РК. Серия геологии и 
технических наук» был принят для индексирования в Emerging Sources Citation Index, 
обновленной версии Web of Science. Содержание в этом индексировании находится 
в стадии рассмотрения компанией Clarivate Analytics для дальнейшего принятия 
журнала в the Science Citation Index Expanded, the Social Sciences Citation Index и 
the Arts & Humanities Citation Index. Web of Science предлагает качество и глубину 
контента для исследователей, авторов, издателей и учреждений. Включение 
Известия НАН РК. Серия геологии и технических наук в Emerging Sources Citation 
Index демонстрирует нашу приверженность к наиболее актуальному и влиятельному 
контенту по геологии и техническим наукам для нашего сообщества.



«ҚР ҰҒА» РҚБ Хабарлары. Геология және техникалық ғылымдар сериясы».
ISSN 2518-170X (Online), 
ISSN 2224-5278 (Print)
Меншіктеуші: «Қазақстан Республикасының Ұлттық ғылым академиясы» РҚБ (Алматы қ.).
Қазақстан  Республикасының  Ақпарат  және  қоғамдық  даму  министрлiгiнің  Ақпарат  комитетінде
29.07.2020 ж. берілген № KZ39VPY00025420 мерзімдік басылым тіркеуіне қойылу туралы 
куәлік.
Тақырыптық бағыты: геология, мұнай және газды өңдеудің химиялық технологиялары, мұнай 
химиясы, металдарды алу және олардың қосындыларының технологиясы.
Мерзімділігі: жылына 6 рет. 
Тиражы: 300 дана.
Редакцияның мекен-жайы:  050010, Алматы қ., Шевченко көш., 28, 219 бөл., тел.: 272-13-19
http://www.geolog-technical.kz/index.php/en/

© «Қазақстан Республикасының Ұлттық ғылым академиясы» РҚБ, 2024

Бас редактор
ЖҰРЫНОВ Мұрат Жұрынұлы, химия ғылымдарының докторы, профессор, ҚР ҰҒА 

академигі, «Қазақстан Республикасы Ұлттық ғылым академиясы» РҚБ-нің президенті, АҚ 
«Д.В.  Сокольский атындағы отын, катализ және электрохимия институтының» бас директоры 
(Алматы, Қазақстан)  H = 4

Ғылыми хатшы
АБСАДЫКОВ Бахыт Нарикбайұлы, техника ғылымдарының докторы, профессор, ҚР ҰҒА 

жауапты хатшысы, А.Б. Бектұров атындағы химия ғылымдары институты (Алматы, Қазақстан) H = 5
Р е д а к ц и я л ы қ  а л қ а:

ӘБСАМЕТОВ Мәліс Құдысұлы (бас редактордың орынбасары), геология-минералогия 
ғылымдарының докторы, профессор, ҚР ҰҒА академигі, «У.М. Ахмедсафина атындағы 
гидрогеология және геоэкология институтының» директоры (Алматы, Қазақстан) H = 2

ЖОЛТАЕВ Герой Жолтайұлы (бас редактордың орынбасары), геология-минералогия 
ғылымдарының докторы, профессор, Қ.И. Сатпаев тындағы геология ғылымдары институтының 
директоры (Алматы, Қазақстан) Н=2

СНОУ Дэниел, Рһ.D, қауымдастырылған профессор, Небраска университетінің Су 
ғылымдары зертханасының директоры (Небраска штаты, АҚШ) H = 32

ЗЕЛЬТМАН Реймар, Рһ.D, табиғи тарих мұражайының Жер туралы ғылымдар бөлімінде 
петрология және пайдалы қазбалар кен орындары саласындағы зерттеулердің жетекшісі 
(Лондон, Англия) H = 37

ПАНФИЛОВ Михаил Борисович, техника ғылымдарының докторы, Нанси 
университетінің профессоры (Нанси, Франция) Н=15

ШЕН Пин, Рһ.D, Қытай геологиялық қоғамының тау геологиясы комитеті директорының 
орын басары, Американдық экономикалық геологтар қауымдастығының мүшесі (Пекин, 
Қытай) H = 25

ФИШЕР Аксель, Ph.D, Дрезден техникалық университетінің қауымдастырылған 
профессоры (Дрезден, Берлин) Н = 6

КОНТОРОВИЧ Алексей Эмильевич, геология-минералогия ғылымдарының докторы, 
профессор, РҒА академигі, А.А. Трофимука атындағы мұнай-газ геологиясы және геофизика 
институты (Новосибирск, Ресей) H = 19

АГАБЕКОВ Владимир Енокович, химия ғылымдарының докторы, Беларусь ҰҒА 
академигі, Жаңа материалдар химиясы институтының құрметті директоры (Минск, Беларусь) 
H = 13

КАТАЛИН Стефан, Рһ.D, Дрезден техникалық университетінің қауымдастырылған 
профессоры (Дрезден, Берлин) H = 20

СЕЙТМҰРАТОВА Элеонора Юсуповна, геология-минералогия ғылымдарының докторы, 
профессор, ҚР ҰҒА корреспондент-мүшесі, Қ.И. Сатпаев атындағы Геология ғылымдары 
институты зертханасының меңгерушісі (Алматы, Қазақстан) Н=11

САҒЫНТАЕВ Жанай, Ph.D, қауымдастырылған профессор, Назарбаев университеті 
(Нұр-Сұлтан, Қазақстан) H = 11

ФРАТТИНИ Паоло, Рһ.D, Бикокк Милан университеті қауымдастырылған профессоры 
(Милан, Италия) H = 28



«Известия РОО «НАН РК». Серия геологии и технических наук».
ISSN 2518-170X (Online), 
ISSN 2224-5278 (Print)
Собственник: Республиканское общественное объединение «Национальная академия наук 
Республики Казахстан» (г. Алматы).
Свидетельство о постановке на учет периодического печатного издания в Комитете 
информации Министерства информации и общественного развития Республики Казахстан № 
KZ39VPY00025420, выданное 29.07.2020 г.
Тематическая направленность: геология, химические технологии переработки нефти и газа, 
нефтехимия, технологии извлечения металлов и их соеденений.
Периодичность: 6 раз в год. 
Тираж: 300 экземпляров.
Адрес редакции: 050010, г. Алматы, ул. Шевченко, 28, оф. 219, тел.: 272-13-19
http://www.geolog-technical.kz/index.php/en/

© РОО «Национальная академия наук Республики Казахстан», 2024

Главный редактор
ЖУРИНОВ Мурат Журинович, доктор химических наук, профессор, академик НАН РК, 

президент РОО «Национальной академии наук Республики Казахстан», генеральный директор 
АО «Институт топлива, катализа и электрохимии им. Д.В. Сокольского» (Алматы, Казахстан) 
H = 4

Ученный секретарь
АБСАДЫКОВ Бахыт Нарикбаевич, доктор технических наук, профессор, ответственный 

секретарь НАН РК, Институт химических наук им. А.Б. Бектурова (Алматы, Казахстан) H = 5
Р е д а к ц и о н н а я  к о л л е г и я:

АБСАМЕТОВ Малис Кудысович, (заместитель главного редактора), доктор геологомине-
ра ло гических наук, профессор, академик НАН РК, директор Института гидрогеологии и 
геоэкологии им. У.М. Ахмедсафина (Алматы, Казахстан) H = 2

ЖОЛТАЕВ Герой Жолтаевич, (заместитель главного редактора), доктор геологоминерало-
ги ческих наук, профессор, директор Института геологических наук им. К.И. Сатпаева (Алматы, 
Казахстан) Н=2

СНОУ Дэниел, Ph.D, ассоциированный профессор, директор Лаборатории водных наук 
универ ситета Небраски (штат Небраска, США) H = 32

ЗЕЛЬТМАН Реймар, Ph.D, руководитель исследований в области петрологии и 
месторождений полезных ископаемых в Отделе наук о Земле Музея естественной истории 
(Лондон, Англия) H = 37

ПАНФИЛОВ Михаил Борисович, доктор технических наук, профессор Университета 
Нанси (Нанси, Франция) Н=15

ШЕН Пин, Ph.D, заместитель директора Комитета по горной геологии Китайского 
геологического общества, член Американской ассоциации экономических геологов (Пекин, 
Китай) H = 25

ФИШЕР Аксель, ассоциированный профессор, Ph.D, технический университет Дрезден 
(Дрезден, Берлин) H = 6

КОНТОРОВИЧ Алексей Эмильевич, доктор геолого-минералогических наук, профессор, 
академик РАН, Институт нефтегазовой геологии и геофизики им. А.А. Трофимука СО РАН 
(Новосибирск, Россия) H = 19

АГАБЕКОВ Владимир Енокович, доктор химических наук, академик НАН Беларуси, 
почетный директор Института химии новых материалов (Минск, Беларусь) H = 13

КАТАЛИН Стефан, Ph.D, ассоциированный профессор, Технический университет 
(Дрезден, Берлин) H = 20

СЕЙТМУРАТОВА Элеонора Юсуповна, доктор геолого-минералогических наук, 
профессор, член-корреспондент НАН РК, заведующая лаборатории Института геологических 
наук им. К.И. Сатпаева (Алматы, Казахстан) Н=11

САГИНТАЕВ Жанай, Ph.D, ассоциированный профессор, Назарбаев университет 
(Нурсултан, Казахстан) H = 11

ФРАТТИНИ Паоло, Ph.D, ассоциированный профессор, Миланский университет Бикокк 
(Милан, Италия) H = 28



News of the National Academy of Sciences of the Republic of Kazakhstan. Series of geology 
and technology sciences.
ISSN 2518-170X (Online), 
ISSN 2224-5278 (Print)
Owner: RPA «National Academy of Sciences of the Republic of Kazakhstan» (Almaty).
The certificate of registration of a periodical printed publication in the Committee of information 
of the Ministry of Information and Social Development of the Republic of Kazakhstan No. 
KZ39VPY00025420, issued 29.07.2020.
Thematic scope: geology, chemical technologies for oil and gas processing, petrochemistry, 
technologies for extracting metals and their connections.
Periodicity: 6 times a year. 
Circulation: 300 copies.
Editorial address: 28, Shevchenko str., of. 219, Almaty, 050010, tel. 272-13-19
http://www.geolog-technical.kz/index.php/en/

©  National Academy of Sciences of the Republic of Kazakhstan, 2024

Editorial chief
ZHURINOV Murat Zhurinovich, doctor of chemistry, professor, academician of NAS RK, 

president of the National Academy of Sciences of the Republic of Kazakhstan, general director of JSC 
“Institute of fuel, catalysis and electrochemistry named after D.V. Sokolsky» (Almaty, Kazakhstan) 
H = 4

Scientific secretary
ABSADYKOV Bakhyt Narikbaevich, doctor of technical sciences, professor, executive 

secretary of NAS RK, Bekturov Institute of chemical sciences (Almaty, Kazakhstan) H = 5
E d i t o r i a l  b o a r d:

ABSAMETOV Malis Kudysovich, (deputy editor-in-chief), doctor of geological and 
mineralogical sciences, professor, academician of NAS RK, director of the Akhmedsafin Institute of  
hydrogeology and hydrophysics (Almaty, Kazakhstan) H=2

ZHOLTAEV Geroy Zholtaevich, (deputy editor-in-chief), doctor of geological and mineralogical 
sciences, professor, director of the institute of geological sciences named after K.I. Satpayev (Almaty, 
Kazakhstan) Н=2

SNOW Daniel, Ph.D, associate professor, director of the labotatory of water sciences, Nebraska 
University (Nebraska, USA) H = 32

ZELTMAN Reymar, Ph.D, head of research department in petrology and mineral deposits in the 
Earth sciences section of the museum of natural history (London, England) H = 37

PANFILOV Mikhail Borisovich, doctor of technical sciences, professor at the Nancy University 
(Nancy, France) Н=15

SHEN Ping, Ph.D, deputy director of the Committee for Mining geology of the China geological 
Society, Fellow of the American association of economic geologists (Beijing, China) H = 25

FISCHER Axel, Ph.D, associate professor, Dresden University of technology (Dresden, 
Germany) H = 6

KONTOROVICH Aleksey Emilievich, doctor of geological and mineralogical sciences, 
professor, academician of RAS, Trofimuk Institute of petroleum geology and geophysics SB RAS 
(Novosibirsk, Russia) H = 19

AGABEKOV Vladimir Enokovich, doctor of chemistry, academician of NAS of Belarus, 
honorary director of the Institute of chemistry of new materials (Minsk, Belarus) H = 13

KATALIN Stephan, Ph.D, associate professor, Technical university (Dresden, Berlin) H = 20
SEITMURATOVA Eleonora Yusupovna, doctor of geological and mineralogical sciences, 

professor, corresponding member of NAS RK, head of the laboratory of the Institute of geological 
sciences named after K.I. Satpayev (Almaty, Kazakhstan) Н=11

SAGINTAYEV Zhanay, Ph.D, associate professor, Nazarbayev University (Nursultan, Kazakhstan) H = 11
FRATTINI Paolo, Ph.D, associate professor, university of Milano-Bicocca (Milan, Italy) H = 28



71

ISSN 2224-5278                                                                                                           4.2024

NEWS of the National Academy of Sciences of the Republic of Kazakhstan
SERIES OF GEOLOGY AND TECHNICAL SCIENCES
ISSN 2224–5278
Volume 5. Number 466 (2024), 71–93
https://doi.org/10.32014/2024.2518-170X.446 

UDC 623.746.4-519.

Z.А. Kutpanova1, D.O. Kozhakhmetova2, G. Baiseitov3,  А.Dolya4,
 G.A. Uskenbayeva 5, 2024.

1 Astana IT University, Astana, Kazakhstan;
2 University Shakarim, Semey, Kazakhstan,  

3 R&D Center «Kazakhstan Engineering», Astana, Kazakhstan;
4 National Defense University of the Republic of Kazakhstan, Astana, Kazakhstan;

5 L.N. Gumilyov Eurasian National University, Astana, Kazakhstan.
E-mail: zarina.almabekkyzy@gmail.com

ROUTE CONTROL AND COLLISION AVOIDANCE FOR MULTIPLE 
UAVS IN A SMART CITY CONTEXT USING GEOGRAPHIC 

INFORMATION SYSTEM

Zarina Kutpanova - scientific supervisor, senior lecturer of the Department of Computer Engineering, 
Astana IT University, Astana, Republic of Kazakhstan, E-mail: zarina.almabekkyzy@gmail.com, 
https://orcid.org/0009-0007-4860-9244;  
Dinara Kozhakhmetova – PhD, Department of IT Technology, Shakarim University, Semey, 
Republic of Kazakhstan, E-mail: dinara_kozhahmetova@mail.ru,   https://orcid.org/0000-0002-4327-
3899; 
Baiseitov Gani – Cand. of Technical Sciences, President of «R&D Center «Kazakhstan Engineering»» 
LLP, Astana, Republic of Kazakhstan, E-mail: baiseitov1970@mail.ru  https://orcid.org/0009-0001-
0154-0071;
Dolya Alexandr - Major, Doctoral student, National Defense University of the Republic of 
Kazakhstan, Astana, Republic of Kazakhstan, E-mail: iskander_kst@mail.ru,   https://orcid.org/0000-
0002-9738-8851; 
Uskenbayeva Gulzhan - PhD, Head of the Department of Systems Analysis and Management, L.N. 
Gumilyov Eurasian National University; Astana, Kazakhstan, E-mail:  gulzhum_01@mail.ru, https://
orcid.org/0000-0001-6904-8000.

Acknowledgments
This research was supported by the Science Committee of the Ministry of 

Education and Science of the Republic of Kazakhstan, grant number ВR185068/0222.

Abstract: Unmanned Aerial Vehicles (UAVs) are complex hardware and 
software systems with multi-purpose control, playing a crucial role in implementing 
the smart city concept. Unlike manned aviation, UAV control systems require 
additional modules, including the drone itself, operator workstation, software, data 
transmission channels, and units necessary for fulfilling assigned tasks in urban 
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environments. The application of UAVs in the civilian sector, especially in the 
context of smart cities, is virtually unlimited. However, the current state of the 
legal framework for airspace usage creates certain difficulties for flight operations. 
The article formulates the main scientific position on the methodology for solving 
auxiliary tasks, defines research stages, and proposes a generalized methodological 
algorithm that includes theoretical developments, field observations, and computer 
modeling of smart city scenarios. The study revealed that UAV motion control 
systems are used for their differentiation process based on the principle of complete 
external control. For external control of UAV divergence processes in urban spaces, 
a method is considered for assessing UAV convergence situations and selecting 
divergence maneuvers using the area of dangerous courses. This takes into account 
the inertia of UAVs during turns and the presence of navigational hazards in the 
smart city maneuvering zone.

Keywords: UAVs, Geographic Information System (GIS), smart city, route 
management, collision avoidance, urban airspace, motion control system, 
maneuvering, navigational hazards, flight simulation, control automation, spatial 
analysis, air traffic monitoring, route optimization, flight safety.
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Аннотация: Ұшқышсыз ұшу аппараттары (ҰҰА) - бұл көп мақсатты 
басқару жүйесі бар күрделі аппараттық-бағдарламалық кешендер, олар 
ақылды қала тұжырымдамасын жүзеге асыруда маңызды рөл атқарады. 
Пилотты авиациядан айырмашылығы, ҰҰА басқару жүйелері қосымша 
модульдерді қажет етеді, оның ішінде дронның өзі, оператордың жұмыс 
орны, бағдарламалық жасақтама, деректерді беру арналары және қалалық 
ортада белгіленген міндеттерді орындау үшін қажетті блоктар бар. ҰҰА -ны 
азаматтық секторда, әсіресе ақылды қала контекстінде қолдану іс жүзінде 
шектеусіз. Алайда, әуе кеңістігін пайдаланудың қазіргі құқықтық базасының 
жағдайы ұшу операцияларын жүргізуде белгілі бір қиындықтар тудырады. 
Мақалада қосалқы міндеттерді шешу әдістемесі бойынша негізгі ғылыми 
ұстаным тұжырымдалады, зерттеу кезеңдері анықталады және теориялық 
әзірлемелерді, далалық бақылауларды және ақылды қала сценарийлерін 
компьютерлік модельдеуді қамтитын жалпыланған әдіснамалық алгоритм 
ұсынылады. Зерттеу ҰҰА қозғалысын басқару жүйелері толық сыртқы 
басқару қағидаты бойынша оларды саралау процесі үшін қолданылатынын 
көрсетті. Қалалық кеңістіктегі ҰҰА ыдырау процесін сыртқы бақылау үшін 
қауіпті бағыттар аймағын қолдана отырып, ҰҰА жақындасу жағдайын 
бағалау және олардың ыдырау маневрін таңдау әдісі қарастырылады. Бұл 
ретте ақылды қаланың маневр аймағындағы ПҰА-ның бұрылу кезіндегі 
инерциясы мен навигациялық қауіптердің болуы ескеріледі.

Түйін сөздер: ҰҰА, геоақпараттық жүйе (ГАЖ), ақылды қала, бағыттарды 
басқару, соқтығысуды болдырмау, қаланың әуе кеңістігі, қозғалысты басқару 
жүйесі, маневр жасау, навигациялық қауіптер, ұшуды модельдеу, басқаруды 
автоматтандыру, кеңістіктік талдау, әуе қозғалысын бақылау, бағыттарды 
оңтайландыру, ұшу қауіпсіздігі.
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Аннотация. Беспилотные летательные аппараты (БПЛА) представляют 
собой сложные аппаратно-программные комплексы с многоцелевым 
управлением, играющие важную роль в реализации концепции умного 
города. В отличие от пилотируемой авиации, системы управления БПЛА 
требуют дополнительных модулей, включающих сам дрон, рабочее место 
оператора, программное обеспечение, каналы передачи данных и блоки, 
необходимые для выполнения поставленных задач в городской среде. 
Применение БПЛА в гражданском секторе, особенно в контексте умного 
города, практически не ограничено, однако текущее состояние правовой 
базы использования воздушного пространства создает определенные 
трудности для полетных операций. В статье формулируется основная научная 
позиция по методологии решения вспомогательных задач, определяются 
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этапы исследования и предлагается обобщенный методологический 
алгоритм, включающий теоретические разработки, полевые наблюдения и 
компьютерное моделирование сценариев для умного города. Исследование 
показало, что системы управления движением БПЛА используются для 
процесса их дифференциации по принципу полного внешнего управления. 
Для внешнего контроля процесса расхождения БПЛА в городском 
пространстве рассматривается метод оценки ситуации сближения БПЛА и 
выбора маневра их расхождения с использованием области опасных курсов. 
При этом учитывается инерция БПЛА при повороте и наличие навигационных 
опасностей в зоне маневрирования умного города.

Ключевые слова: БПЛА, геоинформационная система (ГИС), умный 
город, управление маршрутами, предотвращение столкновений, воздушное 
пространство города, система управления движением, маневрирование, 
навигационные опасности, моделирование полетов, автоматизация 
управления, пространственный анализ, мониторинг воздушного движения, 
оптимизация маршрутов, безопасность полетов.

Introduction. During the control of the aircraft movement, aerodynamic forces 
and moments arise (Woo G.S, 2020). The angles of deviation in pitch, yaw, roll and 
thrust of the engine are used as regulatory factors that allow influencing the aircraft 
to control its movement. An unmanned aerial vehicle (UAV) as a control object is 
a complex dynamic system due to the presence of a large number of interconnected 
parameters and complex cross-interactions between them (Sahawneh L.R., 2018). 
Complex motion is often divided into the simplest types: angular motion and the 
movement of the centre of mass, longitudinal and lateral motion (Sahawneh L.R., 
2015). The controls that create control actions can be di- vided into two groups: 
longitudinal controls that provide movement in the longitudinal plane; lateral motion 
controls that provide the required nature of changes in the angles of roll, slip and 
yaw (Rattanagraikanakorn B., 2019).  The engine control channel regulates thrust 
in accordance with the specified flight program (Highland P., 2020; Batrakov D.O, 
2016). Stable flight control is impossible without creating an acceptable quality 
automatic control system (Minwalla C., 2016; Kang C., 2020). For example, the 
aircraft control system serves to ensure flight along a given trajectory by creating 
the necessary aerodynamic forces and moments on the wing and fins (Clothier R. A., 
2015). Three types of control systems are possible – manual, semi-automatic and 
automatic (Orazbayev B, 2020). In the manual control system, the pilot operator, 
assessing the situation, ensures the generation of control impulses and, using 
command levers through the control panels, deflects the steering surfaces, holding 
them in the desired position (Orazbayev B, 2023). In a semi- automatic system, the 
pilot operator control signals are transformed and amplified by various automata 
and amplifiers, providing optimal stability and controllability characteristics of 
the aircraft (Lee K., 2021; Tanirbergenova A, 2021). Automatic systems provide 
full automation of individual flight stages, freeing the pilot operator from direct 
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involvement in the control of the aircraft (Cherunova I., 2018). Swarm monitoring 
of UAVs is an integral part of a modern geographic information system, providing 
comprehensive collection, analysis, and visualization of spatial data for effective 
urban environment management and collision avoidance in the airspace of a smart 
city.

In the process of adjusting the control by the angles or height of the aircraft 
flight in the automatic system, the desired values of angles or height are received 
at the input of the controller, and the output variables of the controller will deflect 
the angles of the ailerons along the pitch, roll and yaw channels (Cherunova I., 
2018; Molloy T., 2020). The task of the synthesis of the aerobatic system is to 
select the structure and parameters of the control channels that provide a given 
quality of flight control, based on dynamic properties. Actuators are an integral 
part of automatic UAV motion control systems (BatrakovD., 2017; D’AmatoE., 
2020). The inclusion of mathematical models of these devices in the control object 
allows taking into account their dynamic and static properties (Orazbayev B, 
Zhumadillayeva A., 2023). Steering actuators are selected from the condition that 
their load characteristics provide the necessary dynamics of control processes. In 
other words, they are required to ensure that the steering body loaded with external 
forces or external moments moves at a given speed (Orazbayev B., Zhumadillayeva 
A., 2023). The purpose of the study is to ensure the implementation of the 
requirements for the control system: the choice of a transition process with minimal 
time, the absence of overshoot (aperiodic process). It is necessary that the control 
system provides the specified parameters of the transition process. The goal set in 
this paper requires the study of the following tasks:

justification of the mathematical description of the control object (CO);
building a simulation model;
study of the dynamics of the model;
implementation of the laws of management of the management object.
Materials and methods. It is necessary to find analytical expressions for the 

boundaries of the area of dangerous courses and UAV speeds, taking into account 
the ratio of their speeds, based on the condition of equality of the distance of UAV's 
closest approach and the maximum permissible approach distance. Since the 
distance of the closest approach of the UAV depends on the course of the first UAV 
and on the speed of the second UAV, which are the parameters of the divergence 
manoeuvre, and the maximum permissible distance of approach is a constant, the 
relationship between the course of the first UAV and the speed of the second UAV 
is derived from the obtained equality, which is the equation of the limits of the area 
of dangerous courses and UAV speeds.

The area obtained in this way is used to determine a safe joint divergence 
manoeuvre if the turn and braking time of the UAV is insignificant and can be 
neglected. In the case of a significant braking time of the second UAV, a procedure 
for the area development should be developed, and the development algorithm 
should differ from the previous one. To take into account the influence of the inertial 
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braking characteristics of the second UAV on the possibility of divergence in the 
selected maximum permissible approach distance, it is necessary to use analytical 
expressions of the characteristics of the processes of active and passive braking.

The next stage of the work is the development of a method for accounting 
for the third UAV, which may interfere with the safe distinction of the first and 
second UAV. To solve the next stage, an analytical procedure should be developed 
to determine the distances of the closest approach of the third UAV with the first 
and second UAVs during their divergence. If these distances are greater than the 
maximum permissible approach distance, then a compatible manoeuvre selected 
using the area of dangerous values of the course of one UAV and the speed of the 
other is acceptable, since it ensures the safe divergence of all three UAVs. Then it is 
necessary to develop a way to visualize the developed area of dangerous values of 
the course and speed of the UAV and to form a verbal algorithm for determining the 
parameters of a safe manoeuvre of divergence at the selected point of the boundary 
of the developed area.

Results and discussions. To ensure the safety of the difference, the coordination 
of the UAV divergence manoeuvres is necessary, that is, the coordination of 
manoeuvres, which allows increasing the distance of the closest approach. With 
this type of control, each of the UAVs controls the current state of the approach 
situation and when a situational disturbance occurs, Bz interaction occurs between 
the UAVs, which transforms the programme section of relative motion with 
situational disturbance  . into a relative trajectory without situational 
disturbance . The  Bz  interaction predicts the behaviour of UAVs in 
case of divergence and ensures the development of coordinated targeted strategies 
for each of the interacting UAVs. Therefore, the interaction of Bz can formally be 
written in this way:

    (1)

where  – is the vector of the convergence situation, 
.

Thus, the interaction of the UAV  Bz  is the operator or the display of the 
parameters of the state of the approach situation in the set of parameters of the 
strategy difference G, and the interaction of  consists of Bz  two operators: Crd – 
coordination of manoeuvres and Prm – calculation of manoeuvre parameters.

The interaction of , as a mechanism of coordination to achieve the common 
goal of preventing dangerous convergence, indicates the behaviour of each of the 
UAVs in the process of divergence, and a change in the situation is predicted, which 
is an extremely important factor affecting the safety of the difference. Thus, the 
process of differentiation is the process of compensating situational disturbance, that 
is, transferring the situation of convergence into a subset of safe states, according to 
the interaction mechanism , and the strategy of difference  is the algorithm for 
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implementing the process of divergence. The implementation of the  interaction 
is carried out using a binary coordination system or a  coordinator, the input 
of which is a vector , and the output is the address signals of the UAV  and  
(Figure 1).

Figure 1. Independent control of the  

With the help of the address signal  and the state vector , each of the UAVS 
 of the  system selects a manoeuvre of divergence  from the permissible 

subset of evasion courses, which is regulated by the coordinating signal . The 
 binary coordination system is a means for describing the behaviour trend 

of a pair of interacting UAVs when a situational disturbance occurs in order to 
compensate for it. As a divergence manoeuvre, the manoeuvre of changing the 
course of the UAV is considered. First of all, the binary coordination system  
must satisfy Ashby’s law of necessary diversity, according to which the variety of 
available difference strategies must correspond to the variety of possible situational 
perturbations. Otherwise, the  system will not be able to compensate for 
situational disturbances, creating prerequisites for UAV collisions. This means that 
the system  must have at its disposal the potential possibility of compensating 
situational disturbance in all cases at .

In conditions of reduced visibility, UAV coordination is not provided for in the 
MPPSS- 72 standard. The second type of control of the UAV divergence process 
is their complete control by an external UAV operator, who observes the state of 
the convergence process and, in the event of a situational disturbance, develops a 
common divergence strategy for both UAVs, translating a dangerous convergence 
into an unfulfilled state. This type of control can be both a workstation control 
system (WCS) and, crucially, an on-board information system with the same 
capabilities installed on each of the UAVs, which solves the problem of collective 
compensation of situational disturbance and implements the individual strategy 
obtained as a result of the solution. The UAV operator 𝚵observes the state vector 

 of the situation  of  approaching UAVs and analyses the presence of a 
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situational disturbance, at the appearance of which the operator chooses the optimal 
strategy . Manoeuvres  and , as shown in Figure 2, are addressed to 
the UAVs  and  that implement them.

Figure 2. The principle of complete control of the 

The advantage of full control of the divergence process by the UAV operator 
by an external manager is the same interpretation of situational disturbance 
when choosing divergence manoeuvres  and . Compensation of situational 
disturbance  is developed in the first phase of evasion strategy . After the 
completion of the evasion section, the exit section to the program trajectory of 
movement is realised. Recently, methods of external control of the UAV divergence 
process have been suggested, in particular, the paper considers the method of 
developing the area of dangerous UAV courses and procedures for assessing the 
situation of convergence and choosing evasion courses with its help. Here is a 
brief outline of the essence of the method of developing a dangerous area of UAV 
courses and its application. Let’s assume that at the initial moment of time, the 
mutual position of two UAVs that are dangerously approaching is characterised by 
the bearing  and the distance , and the mutual displacement is the relative 
course  and the speed . The distance of the closest approach  of 
the UAV is less than the maximum permissible distance , that is, , 
and the UAVs are approaching dangerously. The WCS, which controls the flight of 
the UAV, needs to find the courses of the UAV  and , at which their distances 
of the closest approach will be greater than the maximum permissible distance . 
For this purpose, we use the expression (1) for min  and get:

                                       (2)

The minimum approach distance  can be increased by changing the 
relative course , that is, the courses of the UAV  and . Let’s find the value 
of the UAV courses that ensure the fulfillment of the obtained condition, which can 
be represented as:
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                                           (3)
Enter the designation:

                                              (4)

and we take into account that according to:

                                                              (5)

with this in mind, expression (23) takes the following form:

    (6)

where:

                                                      (7)

Corresponding equality:

  (8)

or:

                                                        (9)

represents analytical expressions of the boundary of the dangerous area , 
which limits the invalid value combinations of the pairs of corresponding courses 

 and .
The resulting equation has two solutions, that is, the following analytical 

dependencies are valid:

                                          (10)

                                            (11)

The first of the two solutions of the equation correspond to the situation of 
approaching UAVs, and the second corresponds to the situation of their removal. 
The danger of collision occurs when the UAV approaches, therefore, the equation 
of the boundaries of the dangerous areas of the courses  is determined by the 
equation:

                                                         (12)

This expression characterizes the boundary between the dangerous and 
permissible areas of the courses  and . Using the program, Figure 3 shows a 
graphical representation of the dangerous area  of the courses  and, in which 

, for a situation of dangerous approach with parameters α = 75°, D = 
3 miles, = 1 mile, = 15 nodes,  = 20 nodes.
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Figure 3. Dangerous area  of courses  and   at 

If the UAV speeds are equal, that is , it follows:

                                          (13)

                                     (14)

The convergence condition corresponds to the dependence, the graphical form 
of which is shown in Figure 4.

Figure 4. Dependence of the  course from 

Figure 5 shows the danger area of courses  and  for the same situation, 
but with = 15 nodes, = 15 knots. Please note that when the UAV speeds are 
equal, the boundaries of the area of dangerous approaching courses  are straight 
lines.Figure 5 shows the danger area of courses  and  for the same situation, but 
with = 15 nodes, = 15 knots. Please note that when the UAV speeds are equal, the 
boundaries of the area of dangerous approaching courses  are straight lines.
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Figure 5. Dangerous area  of courses  and at 

If , that is, , then the dependence between the courses of the UAV 
 and  for the case of convergence is expressed as follows:

                                (15)

Since , the course takes all values from 0 to 2π. Figure 6 shows the 
danger area  of courses  and for = 20 nodes, = 15 knots

Figure 6. Dangerous area  of courses  and  at 

The assessment of the danger of the approach situation is carried out by analysing 
the position of the point of the UAV’s initial courses ( , ) in relation to the 
dangerous area . If , then m  the situation of 
convergence is dangerous, otherwise there is no situational disturbance and there 
is no need to change the parameters of the movement of UAVs approaching. As 
an example, Figure 7 shows the danger area  for the following parameters: 
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= 90o, = 3.0 miles, = 1.0 mile, = 15 nodes,  = 20 nodes. For the initial 
courses = 45o, and = 315o, the starting point is located in the dangerous 
area of the courses (in Figure 7, the course  is counted along the ordinate axis 
and displayed by a horizontal line, and the course  is counted along the abscissa 
axis and displayed by a vertical line). For a given point, the distance of the closest 
approach is min =0.42 miles, so it is necessary to change the position of the point 
( , ) by transferring its position from the dangerous area . For this purpose, a 
point M is selected that belongs to the boundary of the region  at the minimum 
distance from the starting point. The coordinates of this point are the values of the 
optimal UAV evasion courses. Figure 7 shows that the optimal values of the courses 
are  = 63o,  = 323o – they are the coordinates of the point M, while = 18o and 

=8o. At the specified UAV courses, the distance of the closest approach min 
=1.01 miles, that is, equal to the maximum permissible distance.

Figure 7. Determination of optimal values of courses  and 

Taking into account the inertia of the UAV when turning and navigational 
obstacles in the development of the area of dangerous courses and the choice of 
optimal evasion courses are considered in the work, and the inertia of the UAV when 
turning is taken into account by a dynamic rotation model with a constant angular 
velocity at a given rudder angle. Navigational hazards are taken into account by a 
set of unacceptable evasion courses, which is set by a pair of boundary unacceptable 
courses for each UAV. Thus, having at your disposal the dangerous area  of 
the courses of two UAVs, you can choose safe evasion courses that provide a 
discrepancy at a distance that is greater than the maximum permissible distance, 
while it is possible to take into account the inertia of the UAV and navigational 
obstacles.
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In our work, it is shown that at the value of the difference between the courses of 
the UAV ∆K=0 and ∆K=180, that is, when the UAV approaches on “countercourses” 
and parallel courses, the change in the speeds of the UAV does not affect the value of 
the relative course. Therefore, in such situations, the UAV divergence manoeuvre by 
changing speeds is impossible, that is, many safe divergence manoeuvres are empty. 
The paper also indicates that when the current UAV speeds are equal, the (∆V=0) 
value of the relative course also does not change. Therefore, in the case of equality 
of the initial speeds with their identical change, the manoeuvre of divergence of the 
UAV by changing the speeds is also impossible.

It was shown above that the area of unacceptable speeds of a pair of UAVs has 
limits:

                                                                                  (16)

where:

                                                             (17)

Obviously, the existence of many safe manoeuvres of difference takes place 
under the condition:

                                                      (18)

Otherwise, the plural of safe divergence maneuvers is empty. The existing area 
of dangerous speeds has the form shown in Figure 8. In this example, the parameters 
of the convergence situation have the following values:

                           (19)

At initial speeds =18 knots and =21 knots, the distance of the shortest 
approach is =0.23 miles.

Figure 8. The area of dangerous UAV speeds
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The above conditions are also valid for taking into account the inertial 
characteristics of the UAV when choosing a safe manoeuvre. In this case, to select 
their divergence rates, it has to be done as follows. A pair of safe speeds  and 

 of the area of dangerous speeds is determined. Due to the inertia of the UAV, 
the necessary speed differences  and  are achieved over time intervals in 
accordance with and , which are not equal to each other. Through this the 
total duration of the transition process  from the beginning of the UAV velocity 
change in the selected stable values  and  is equal to the larger of the intervals

                                               (20)

This work is devoted to the second type of optimal divergence manoeuvre by 
reducing the speed, the feature of which is a fixed value of the moment of the 
beginning of the braking of the UAV, equal to the zero moments of time . 
The divergence manoeuvre is optimized according to the parameters  and 
, which differ minimally from the initial values of the corresponding velocities , 

 and ensure equality  until the end of the transition process 
coinciding with the time of the closest approach.

To select the optimal manoeuvre of the second type, a programme has been 
developed that calculates the distance of the closest approach based on the entered 
values of the evasion speeds  and , taking into account the selected braking 
modes, and allows you to determine the optimal values of the UAV evasion speeds. 

As an example, the situation of a dangerous approach of a UAV with speeds of 
= 17 knots and = 22 knots is considered. As shown in Figure 9, the convergence 

situation is dangerous because the initial velocity point ( , ) is in the region of 
dangerous velocities.

Active braking is selected for the divergence manoeuvre of the first and second 
UAVs. The choice of the evasion speed is carried out interactively, and the predicted 
value of the distance of the closest approach is indicated. First, the evasion speed 

= 14.5 knots was introduced for the first UAV. Then the second UAV is selected, 
and the input of the evasion speed is completed when the distance of the closest 
approach reaches the maximum permissible distance (0.99 miles), as shown in 
Figure 9. At the same time, the speed of the second UAV is =6.5 knots. The 
point corresponding to the selected evasion speeds = 14.5 knots and =6.5 
knots is located near the boundary of the dangerous speeds area, and the evasion 
speeds are shown by dots on the UAV braking curves displayed on the right side of 
the monitor screen.
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Figure 9. Selection of optimal UAV divergence speeds

Thus, with both types of optimal UAV divergence manoeuvres, the optimality 
criterion is the loss of the UAV’s running time to perform the divergence manoeuvre, 
which must be minimised. This is expressed as follows. From the expression (1) for 
min D we get:

       ....................                   (21)

therefore, equality is fair:

           ..                 (22)

Denoting it:

             ....                (23)
therefore:

                            ......                 (24)

Taking into account:

     .......                   (25)

we will get:



87

ISSN 2224-5278                                                                                                           4.2024

                                                                           (26)

therefore, we write down the relationship between the course of one UAV  
and the speed of another UAV V2, which satisfy the condition . 
Expression (74) takes the following form:

Figure 9. Selection of optimal UAV divergence speeds
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we will get:
𝑉𝑉𝑉𝑉1 𝑠𝑠𝑠𝑠𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝐾𝐾𝐾𝐾1−𝑉𝑉𝑉𝑉2 𝑠𝑠𝑠𝑠𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝐾𝐾𝐾𝐾2
𝑉𝑉𝑉𝑉1 𝑐𝑐𝑐𝑐𝑜𝑜𝑜𝑜𝑠𝑠𝑠𝑠 𝐾𝐾𝐾𝐾1−𝑉𝑉𝑉𝑉2 𝑐𝑐𝑐𝑐𝑜𝑜𝑜𝑜𝑠𝑠𝑠𝑠 𝐾𝐾𝐾𝐾2

= sin 𝛾𝛾𝛾𝛾(1,2)

cos𝛾𝛾𝛾𝛾(1,2)                                                                           (26)

therefore, we write down the relationship between the course of one UAV 𝐾𝐾𝐾𝐾1 and the speed of 
another UAV 𝑉𝑉𝑉𝑉2V2, which satisfy the condition min𝐷𝐷𝐷𝐷 = 𝐶𝐶𝐶𝐶𝑑𝑑𝑑𝑑. Expression (74) takes the following form:

sin𝐾𝐾𝐾𝐾1 cos 𝛾𝛾𝛾𝛾(1,2) − cos𝐾𝐾𝐾𝐾1 sin 𝛾𝛾𝛾𝛾(1,2) = 𝑉𝑉𝑉𝑉2
𝑉𝑉𝑉𝑉1
�sin𝐾𝐾𝐾𝐾2 cos 𝛾𝛾𝛾𝛾(1,2) − cos𝐾𝐾𝐾𝐾2 sin 𝛾𝛾𝛾𝛾(1,2)� (27)

or:

sin�𝐾𝐾𝐾𝐾1 − 𝛾𝛾𝛾𝛾(1,2)� = sin�𝐾𝐾𝐾𝐾2−𝛾𝛾𝛾𝛾(1,2)�
𝑉𝑉𝑉𝑉1

𝑉𝑉𝑉𝑉2                                                                     (28)

If denote:

𝜇𝜇𝜇𝜇(1,2) = sin�𝐾𝐾𝐾𝐾2−𝛾𝛾𝛾𝛾(1,2)�
𝑉𝑉𝑉𝑉1

                                                                                      (29)

that:

𝑉𝑉𝑉𝑉2
(1,2) = sin�𝐾𝐾𝐾𝐾1−𝛾𝛾𝛾𝛾(1,2)�

𝜇𝜇𝜇𝜇(1,2)                                                                                                  (30)

      (29)

that:

Figure 9. Selection of optimal UAV divergence speeds

Thus, with both types of optimal UAV divergence manoeuvres, the optimality criterion is the loss of 
the UAV's running time to perform the divergence manoeuvre, which must be minimised. This is 
expressed as follows. From the expression (1) for min D we get:

𝐾𝐾𝐾𝐾𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 = 𝛼𝛼𝛼𝛼 ∓ 𝑎𝑎𝑎𝑎𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 sin �𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝐷𝐷𝐷𝐷
� ....................                  (21)

therefore, equality is fair:
                                     𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝐾𝐾𝐾𝐾𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 = 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 �𝛼𝛼𝛼𝛼 ∓ 𝑎𝑎𝑎𝑎𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 sin �𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

𝐷𝐷𝐷𝐷
��       ..           (22)

Denoting it:
                                             𝛾𝛾𝛾𝛾(1,2) = 𝛼𝛼𝛼𝛼 ∓ 𝑎𝑎𝑎𝑎𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 sin �𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

𝐷𝐷𝐷𝐷
�       ....           (23)

therefore:
                                        𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝐾𝐾𝐾𝐾𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 = 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝛾𝛾𝛾𝛾(1,2)                            ......                (24)

Taking into account:
                                            𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝐾𝐾𝐾𝐾𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 = 𝑉𝑉𝑉𝑉1 𝑠𝑠𝑠𝑠𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝐾𝐾𝐾𝐾1−𝑉𝑉𝑉𝑉2 𝑠𝑠𝑠𝑠𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝐾𝐾𝐾𝐾2

𝑉𝑉𝑉𝑉1 𝑐𝑐𝑐𝑐𝑜𝑜𝑜𝑜𝑠𝑠𝑠𝑠 𝐾𝐾𝐾𝐾1−𝑉𝑉𝑉𝑉2 𝑐𝑐𝑐𝑐𝑜𝑜𝑜𝑜𝑠𝑠𝑠𝑠 𝐾𝐾𝐾𝐾2
.......               (25)

we will get:
𝑉𝑉𝑉𝑉1 𝑠𝑠𝑠𝑠𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝐾𝐾𝐾𝐾1−𝑉𝑉𝑉𝑉2 𝑠𝑠𝑠𝑠𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝐾𝐾𝐾𝐾2
𝑉𝑉𝑉𝑉1 𝑐𝑐𝑐𝑐𝑜𝑜𝑜𝑜𝑠𝑠𝑠𝑠 𝐾𝐾𝐾𝐾1−𝑉𝑉𝑉𝑉2 𝑐𝑐𝑐𝑐𝑜𝑜𝑜𝑜𝑠𝑠𝑠𝑠 𝐾𝐾𝐾𝐾2

= sin 𝛾𝛾𝛾𝛾(1,2)

cos𝛾𝛾𝛾𝛾(1,2)                                                                           (26)

therefore, we write down the relationship between the course of one UAV 𝐾𝐾𝐾𝐾1 and the speed of 
another UAV 𝑉𝑉𝑉𝑉2V2, which satisfy the condition min𝐷𝐷𝐷𝐷 = 𝐶𝐶𝐶𝐶𝑑𝑑𝑑𝑑. Expression (74) takes the following form:

sin𝐾𝐾𝐾𝐾1 cos 𝛾𝛾𝛾𝛾(1,2) − cos𝐾𝐾𝐾𝐾1 sin 𝛾𝛾𝛾𝛾(1,2) = 𝑉𝑉𝑉𝑉2
𝑉𝑉𝑉𝑉1
�sin𝐾𝐾𝐾𝐾2 cos 𝛾𝛾𝛾𝛾(1,2) − cos𝐾𝐾𝐾𝐾2 sin 𝛾𝛾𝛾𝛾(1,2)� (27)

or:

sin�𝐾𝐾𝐾𝐾1 − 𝛾𝛾𝛾𝛾(1,2)� = sin�𝐾𝐾𝐾𝐾2−𝛾𝛾𝛾𝛾(1,2)�
𝑉𝑉𝑉𝑉1

𝑉𝑉𝑉𝑉2                                                                     (28)

If denote:

𝜇𝜇𝜇𝜇(1,2) = sin�𝐾𝐾𝐾𝐾2−𝛾𝛾𝛾𝛾(1,2)�
𝑉𝑉𝑉𝑉1

                                                                                      (29)

that:

𝑉𝑉𝑉𝑉2
(1,2) = sin�𝐾𝐾𝐾𝐾1−𝛾𝛾𝛾𝛾(1,2)�

𝜇𝜇𝜇𝜇(1,2)                                                                                                  (30)        (30)

So, there are two limits on which the equality  is achieved:So, there are two limits on which the equality min𝐷𝐷𝐷𝐷 = 𝐶𝐶𝐶𝐶𝑑𝑑𝑑𝑑 is achieved:

𝑉𝑉𝑉𝑉2
(1) = sin�𝐾𝐾𝐾𝐾1−𝛾𝛾𝛾𝛾(1)�

𝜇𝜇𝜇𝜇(1) = 𝑉𝑉𝑉𝑉1
sin�𝐾𝐾𝐾𝐾2−�𝛼𝛼𝛼𝛼+𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐 sin

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝐷𝐷𝐷𝐷 ��

sin �𝐾𝐾𝐾𝐾1 − �𝛼𝛼𝛼𝛼 − 𝑎𝑎𝑎𝑎𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 sin 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝐷𝐷𝐷𝐷
𝐷𝐷𝐷𝐷
�� (31)

𝑉𝑉𝑉𝑉2
(2) = sin�𝐾𝐾𝐾𝐾1−𝛾𝛾𝛾𝛾(2)�

𝜇𝜇𝜇𝜇(2) = 𝑉𝑉𝑉𝑉1
sin�𝐾𝐾𝐾𝐾2−�𝛼𝛼𝛼𝛼−𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐 sin

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝐷𝐷𝐷𝐷 ��

sin �𝐾𝐾𝐾𝐾1 − �𝛼𝛼𝛼𝛼 + 𝑎𝑎𝑎𝑎𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 sin 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝐷𝐷𝐷𝐷
𝐷𝐷𝐷𝐷
��                (32)

Since we are considering a change in speed by braking, the speed values 𝑉𝑉𝑉𝑉2
(1,2) must satisfy the

condition 𝑉𝑉𝑉𝑉2𝑚𝑚𝑚𝑚 > 𝑉𝑉𝑉𝑉2
(1,2) ≥ 0

where: 𝑉𝑉𝑉𝑉2𝑚𝑚𝑚𝑚 is the initial speed of the UAV, which changes its speed with a difference. Let's consider 
which values of the course 𝐾𝐾𝐾𝐾1 correspond to the limit values 0 and 𝑉𝑉𝑉𝑉2𝑚𝑚𝑚𝑚 of the speed 𝑉𝑉𝑉𝑉2

(1,2)
. First of all, we

note that the boundaries cannot be defined for a situation where:
𝐾𝐾𝐾𝐾2 = 𝛼𝛼𝛼𝛼 + 𝑎𝑎𝑎𝑎𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

𝐷𝐷𝐷𝐷
                                       (33)

Obviously, from the boundary equations (33):

𝐾𝐾𝐾𝐾1 �𝑉𝑉𝑉𝑉2
(1,2)(0) = 𝑎𝑎𝑎𝑎𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 sin 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

𝐷𝐷𝐷𝐷
= 𝛾𝛾𝛾𝛾(1,2)�                                     (34)

To determine the second value:

𝐾𝐾𝐾𝐾1 �𝑉𝑉𝑉𝑉2
(1,2) = 𝑉𝑉𝑉𝑉2𝑚𝑚𝑚𝑚�                          

consider the equation:
                                                                  𝑉𝑉𝑉𝑉2

(1,2) = sin�𝐾𝐾𝐾𝐾1−𝛾𝛾𝛾𝛾1,2�
𝜇𝜇𝜇𝜇(1,2)                                              (35)

and substitute 𝑉𝑉𝑉𝑉2
(1,2) = 𝑉𝑉𝑉𝑉2𝑚𝑚𝑚𝑚:

𝑉𝑉𝑉𝑉2𝑚𝑚𝑚𝑚 = sin�𝐾𝐾𝐾𝐾1−𝛾𝛾𝛾𝛾(1,2)�
𝜇𝜇𝜇𝜇(1,2)                                           (36)

where from:
sin�𝐾𝐾𝐾𝐾1 − 𝛾𝛾𝛾𝛾(1,2)� = 𝑉𝑉𝑉𝑉2𝑛𝑛𝑛𝑛

𝑉𝑉𝑉𝑉1
sin�𝐾𝐾𝐾𝐾2 − 𝛾𝛾𝛾𝛾(1,2)�                           (37)

therefore:
𝐾𝐾𝐾𝐾1 = 𝛾𝛾𝛾𝛾(1,2) + 𝑎𝑎𝑎𝑎𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 sin �𝑉𝑉𝑉𝑉2𝑛𝑛𝑛𝑛

𝑉𝑉𝑉𝑉1
sin�𝐾𝐾𝐾𝐾2 − 𝛾𝛾𝛾𝛾1(1,2)��                 (38)

or:
𝐾𝐾𝐾𝐾1 �𝑉𝑉𝑉𝑉2

(1,2) = 𝑉𝑉𝑉𝑉2𝑚𝑚𝑚𝑚� = 𝛾𝛾𝛾𝛾(1,2) + 𝑎𝑎𝑎𝑎𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 sin �𝑉𝑉𝑉𝑉2𝑛𝑛𝑛𝑛
𝑉𝑉𝑉𝑉1

sin�𝐾𝐾𝐾𝐾2 − 𝛾𝛾𝛾𝛾(1,2)�� (39)
In the case of 𝑉𝑉𝑉𝑉1 > 𝑉𝑉𝑉𝑉2𝑚𝑚𝑚𝑚, there are values:
                                                  𝐾𝐾𝐾𝐾1 �𝑉𝑉𝑉𝑉2

(1,2) = 𝑉𝑉𝑉𝑉2𝑚𝑚𝑚𝑚�                                     (40)
for both limits, and if 𝑉𝑉𝑉𝑉1 < 𝑉𝑉𝑉𝑉2𝑚𝑚𝑚𝑚, then it is necessary to take into account the ratio between the magnitude 
𝛾𝛾𝛾𝛾(1,2) and the extreme relative rates 𝐾𝐾𝐾𝐾𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎𝑜𝑜𝑜𝑜 and 𝐾𝐾𝐾𝐾𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚.

Let's consider the case when 𝑉𝑉𝑉𝑉1 > 𝑉𝑉𝑉𝑉2𝑚𝑚𝑚𝑚and find the limiting values of the course of the first UAV:
𝐾𝐾𝐾𝐾1 �𝑉𝑉𝑉𝑉2

(1) = 0� = 𝛼𝛼𝛼𝛼 − 𝑎𝑎𝑎𝑎𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 sin 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝐷𝐷𝐷𝐷

= 𝛾𝛾𝛾𝛾(1)                              (41)

𝐾𝐾𝐾𝐾1 �𝑉𝑉𝑉𝑉2
(2) = 0� = 𝛼𝛼𝛼𝛼 + 𝑎𝑎𝑎𝑎𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 sin 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

𝐷𝐷𝐷𝐷
= 𝛾𝛾𝛾𝛾(2)                              (42)

𝐾𝐾𝐾𝐾1 �𝑉𝑉𝑉𝑉2
(1) = 𝑉𝑉𝑉𝑉2𝑚𝑚𝑚𝑚 = 𝛾𝛾𝛾𝛾(1) + 𝑎𝑎𝑎𝑎𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 �𝑉𝑉𝑉𝑉2𝑛𝑛𝑛𝑛

𝑉𝑉𝑉𝑉1
sin�𝐾𝐾𝐾𝐾2 − 𝛾𝛾𝛾𝛾(1)��� (43)

𝐾𝐾𝐾𝐾1 �𝑉𝑉𝑉𝑉2
(2) = 𝑉𝑉𝑉𝑉2𝑚𝑚𝑚𝑚 = 𝛾𝛾𝛾𝛾(2) + 𝑎𝑎𝑎𝑎𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 �𝑉𝑉𝑉𝑉2𝑛𝑛𝑛𝑛

𝑉𝑉𝑉𝑉1
sin�𝐾𝐾𝐾𝐾2 − 𝛾𝛾𝛾𝛾(2)��� (44)

Let 's introduce the designation:
𝐾𝐾𝐾𝐾1𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

(1) = 𝐾𝐾𝐾𝐾1 �𝑉𝑉𝑉𝑉2
(1) = 0� ,𝐾𝐾𝐾𝐾1𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

(2) = 𝐾𝐾𝐾𝐾1 �𝑉𝑉𝑉𝑉2
(2) = 0�                (45)

𝐾𝐾𝐾𝐾1𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
(1) = 𝐾𝐾𝐾𝐾1 �𝑉𝑉𝑉𝑉2

(1) = 0� ,𝐾𝐾𝐾𝐾1𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
(2) = 𝐾𝐾𝐾𝐾1 �𝑉𝑉𝑉𝑉2

(2) = 0�                (46)
Taking into account the accepted designations:

 (31)

So, there are two limits on which the equality min𝐷𝐷𝐷𝐷 = 𝐶𝐶𝐶𝐶𝑑𝑑𝑑𝑑 is achieved:

𝑉𝑉𝑉𝑉2
(1) = sin�𝐾𝐾𝐾𝐾1−𝛾𝛾𝛾𝛾(1)�

𝜇𝜇𝜇𝜇(1) = 𝑉𝑉𝑉𝑉1
sin�𝐾𝐾𝐾𝐾2−�𝛼𝛼𝛼𝛼+𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐 sin

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝐷𝐷𝐷𝐷 ��

sin �𝐾𝐾𝐾𝐾1 − �𝛼𝛼𝛼𝛼 − 𝑎𝑎𝑎𝑎𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 sin 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝐷𝐷𝐷𝐷
𝐷𝐷𝐷𝐷
�� (31)

𝑉𝑉𝑉𝑉2
(2) = sin�𝐾𝐾𝐾𝐾1−𝛾𝛾𝛾𝛾(2)�

𝜇𝜇𝜇𝜇(2) = 𝑉𝑉𝑉𝑉1
sin�𝐾𝐾𝐾𝐾2−�𝛼𝛼𝛼𝛼−𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐 sin

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝐷𝐷𝐷𝐷 ��

sin �𝐾𝐾𝐾𝐾1 − �𝛼𝛼𝛼𝛼 + 𝑎𝑎𝑎𝑎𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 sin 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝐷𝐷𝐷𝐷
𝐷𝐷𝐷𝐷
��                (32)

Since we are considering a change in speed by braking, the speed values 𝑉𝑉𝑉𝑉2
(1,2) must satisfy the

condition 𝑉𝑉𝑉𝑉2𝑚𝑚𝑚𝑚 > 𝑉𝑉𝑉𝑉2
(1,2) ≥ 0

where: 𝑉𝑉𝑉𝑉2𝑚𝑚𝑚𝑚 is the initial speed of the UAV, which changes its speed with a difference. Let's consider 
which values of the course 𝐾𝐾𝐾𝐾1 correspond to the limit values 0 and 𝑉𝑉𝑉𝑉2𝑚𝑚𝑚𝑚 of the speed 𝑉𝑉𝑉𝑉2

(1,2)
. First of all, we

note that the boundaries cannot be defined for a situation where:
𝐾𝐾𝐾𝐾2 = 𝛼𝛼𝛼𝛼 + 𝑎𝑎𝑎𝑎𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

𝐷𝐷𝐷𝐷
                                       (33)

Obviously, from the boundary equations (33):

𝐾𝐾𝐾𝐾1 �𝑉𝑉𝑉𝑉2
(1,2)(0) = 𝑎𝑎𝑎𝑎𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 sin 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

𝐷𝐷𝐷𝐷
= 𝛾𝛾𝛾𝛾(1,2)�                                     (34)

To determine the second value:

𝐾𝐾𝐾𝐾1 �𝑉𝑉𝑉𝑉2
(1,2) = 𝑉𝑉𝑉𝑉2𝑚𝑚𝑚𝑚�                          

consider the equation:
                                                                  𝑉𝑉𝑉𝑉2

(1,2) = sin�𝐾𝐾𝐾𝐾1−𝛾𝛾𝛾𝛾1,2�
𝜇𝜇𝜇𝜇(1,2)                                              (35)

and substitute 𝑉𝑉𝑉𝑉2
(1,2) = 𝑉𝑉𝑉𝑉2𝑚𝑚𝑚𝑚:

𝑉𝑉𝑉𝑉2𝑚𝑚𝑚𝑚 = sin�𝐾𝐾𝐾𝐾1−𝛾𝛾𝛾𝛾(1,2)�
𝜇𝜇𝜇𝜇(1,2)                                           (36)

where from:
sin�𝐾𝐾𝐾𝐾1 − 𝛾𝛾𝛾𝛾(1,2)� = 𝑉𝑉𝑉𝑉2𝑛𝑛𝑛𝑛

𝑉𝑉𝑉𝑉1
sin�𝐾𝐾𝐾𝐾2 − 𝛾𝛾𝛾𝛾(1,2)�                           (37)

therefore:
𝐾𝐾𝐾𝐾1 = 𝛾𝛾𝛾𝛾(1,2) + 𝑎𝑎𝑎𝑎𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 sin �𝑉𝑉𝑉𝑉2𝑛𝑛𝑛𝑛

𝑉𝑉𝑉𝑉1
sin�𝐾𝐾𝐾𝐾2 − 𝛾𝛾𝛾𝛾1(1,2)��                 (38)

or:
𝐾𝐾𝐾𝐾1 �𝑉𝑉𝑉𝑉2

(1,2) = 𝑉𝑉𝑉𝑉2𝑚𝑚𝑚𝑚� = 𝛾𝛾𝛾𝛾(1,2) + 𝑎𝑎𝑎𝑎𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 sin �𝑉𝑉𝑉𝑉2𝑛𝑛𝑛𝑛
𝑉𝑉𝑉𝑉1

sin�𝐾𝐾𝐾𝐾2 − 𝛾𝛾𝛾𝛾(1,2)�� (39)
In the case of 𝑉𝑉𝑉𝑉1 > 𝑉𝑉𝑉𝑉2𝑚𝑚𝑚𝑚, there are values:
                                                  𝐾𝐾𝐾𝐾1 �𝑉𝑉𝑉𝑉2

(1,2) = 𝑉𝑉𝑉𝑉2𝑚𝑚𝑚𝑚�                                     (40)
for both limits, and if 𝑉𝑉𝑉𝑉1 < 𝑉𝑉𝑉𝑉2𝑚𝑚𝑚𝑚, then it is necessary to take into account the ratio between the magnitude 
𝛾𝛾𝛾𝛾(1,2) and the extreme relative rates 𝐾𝐾𝐾𝐾𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎𝑜𝑜𝑜𝑜 and 𝐾𝐾𝐾𝐾𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚.

Let's consider the case when 𝑉𝑉𝑉𝑉1 > 𝑉𝑉𝑉𝑉2𝑚𝑚𝑚𝑚and find the limiting values of the course of the first UAV:
𝐾𝐾𝐾𝐾1 �𝑉𝑉𝑉𝑉2

(1) = 0� = 𝛼𝛼𝛼𝛼 − 𝑎𝑎𝑎𝑎𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 sin 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝐷𝐷𝐷𝐷

= 𝛾𝛾𝛾𝛾(1)                              (41)

𝐾𝐾𝐾𝐾1 �𝑉𝑉𝑉𝑉2
(2) = 0� = 𝛼𝛼𝛼𝛼 + 𝑎𝑎𝑎𝑎𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 sin 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

𝐷𝐷𝐷𝐷
= 𝛾𝛾𝛾𝛾(2)                              (42)

𝐾𝐾𝐾𝐾1 �𝑉𝑉𝑉𝑉2
(1) = 𝑉𝑉𝑉𝑉2𝑚𝑚𝑚𝑚 = 𝛾𝛾𝛾𝛾(1) + 𝑎𝑎𝑎𝑎𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 �𝑉𝑉𝑉𝑉2𝑛𝑛𝑛𝑛

𝑉𝑉𝑉𝑉1
sin�𝐾𝐾𝐾𝐾2 − 𝛾𝛾𝛾𝛾(1)��� (43)

𝐾𝐾𝐾𝐾1 �𝑉𝑉𝑉𝑉2
(2) = 𝑉𝑉𝑉𝑉2𝑚𝑚𝑚𝑚 = 𝛾𝛾𝛾𝛾(2) + 𝑎𝑎𝑎𝑎𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 �𝑉𝑉𝑉𝑉2𝑛𝑛𝑛𝑛

𝑉𝑉𝑉𝑉1
sin�𝐾𝐾𝐾𝐾2 − 𝛾𝛾𝛾𝛾(2)��� (44)

Let 's introduce the designation:
𝐾𝐾𝐾𝐾1𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

(1) = 𝐾𝐾𝐾𝐾1 �𝑉𝑉𝑉𝑉2
(1) = 0� ,𝐾𝐾𝐾𝐾1𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

(2) = 𝐾𝐾𝐾𝐾1 �𝑉𝑉𝑉𝑉2
(2) = 0�                (45)

𝐾𝐾𝐾𝐾1𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
(1) = 𝐾𝐾𝐾𝐾1 �𝑉𝑉𝑉𝑉2

(1) = 0� ,𝐾𝐾𝐾𝐾1𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
(2) = 𝐾𝐾𝐾𝐾1 �𝑉𝑉𝑉𝑉2

(2) = 0�                (46)
Taking into account the accepted designations:

(32)

Since we are considering a change in speed by braking, the speed values  
must satisfy the condition  

where: is the initial speed of the UAV, which changes its speed with a 
difference. Let’s consider which values of the course  correspond to the limit 
values 0 and  of the speed . First of all, we note that the boundaries cannot 
be defined for a situation where:                                           

So, there are two limits on which the equality min𝐷𝐷𝐷𝐷 = 𝐶𝐶𝐶𝐶𝑑𝑑𝑑𝑑 is achieved:

𝑉𝑉𝑉𝑉2
(1) = sin�𝐾𝐾𝐾𝐾1−𝛾𝛾𝛾𝛾(1)�

𝜇𝜇𝜇𝜇(1) = 𝑉𝑉𝑉𝑉1
sin�𝐾𝐾𝐾𝐾2−�𝛼𝛼𝛼𝛼+𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐 sin

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝐷𝐷𝐷𝐷 ��

sin �𝐾𝐾𝐾𝐾1 − �𝛼𝛼𝛼𝛼 − 𝑎𝑎𝑎𝑎𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 sin 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝐷𝐷𝐷𝐷
𝐷𝐷𝐷𝐷
�� (31)

𝑉𝑉𝑉𝑉2
(2) = sin�𝐾𝐾𝐾𝐾1−𝛾𝛾𝛾𝛾(2)�

𝜇𝜇𝜇𝜇(2) = 𝑉𝑉𝑉𝑉1
sin�𝐾𝐾𝐾𝐾2−�𝛼𝛼𝛼𝛼−𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐 sin

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝐷𝐷𝐷𝐷 ��

sin �𝐾𝐾𝐾𝐾1 − �𝛼𝛼𝛼𝛼 + 𝑎𝑎𝑎𝑎𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 sin 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝐷𝐷𝐷𝐷
𝐷𝐷𝐷𝐷
��                (32)

Since we are considering a change in speed by braking, the speed values 𝑉𝑉𝑉𝑉2
(1,2) must satisfy the

condition 𝑉𝑉𝑉𝑉2𝑚𝑚𝑚𝑚 > 𝑉𝑉𝑉𝑉2
(1,2) ≥ 0

where: 𝑉𝑉𝑉𝑉2𝑚𝑚𝑚𝑚 is the initial speed of the UAV, which changes its speed with a difference. Let's consider 
which values of the course 𝐾𝐾𝐾𝐾1 correspond to the limit values 0 and 𝑉𝑉𝑉𝑉2𝑚𝑚𝑚𝑚 of the speed 𝑉𝑉𝑉𝑉2

(1,2)
. First of all, we

note that the boundaries cannot be defined for a situation where:
𝐾𝐾𝐾𝐾2 = 𝛼𝛼𝛼𝛼 + 𝑎𝑎𝑎𝑎𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

𝐷𝐷𝐷𝐷
                                       (33)

Obviously, from the boundary equations (33):

𝐾𝐾𝐾𝐾1 �𝑉𝑉𝑉𝑉2
(1,2)(0) = 𝑎𝑎𝑎𝑎𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 sin 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

𝐷𝐷𝐷𝐷
= 𝛾𝛾𝛾𝛾(1,2)�                                     (34)

To determine the second value:

𝐾𝐾𝐾𝐾1 �𝑉𝑉𝑉𝑉2
(1,2) = 𝑉𝑉𝑉𝑉2𝑚𝑚𝑚𝑚�                          

consider the equation:
                                                                  𝑉𝑉𝑉𝑉2

(1,2) = sin�𝐾𝐾𝐾𝐾1−𝛾𝛾𝛾𝛾1,2�
𝜇𝜇𝜇𝜇(1,2)                                              (35)

and substitute 𝑉𝑉𝑉𝑉2
(1,2) = 𝑉𝑉𝑉𝑉2𝑚𝑚𝑚𝑚:

𝑉𝑉𝑉𝑉2𝑚𝑚𝑚𝑚 = sin�𝐾𝐾𝐾𝐾1−𝛾𝛾𝛾𝛾(1,2)�
𝜇𝜇𝜇𝜇(1,2)                                           (36)

where from:
sin�𝐾𝐾𝐾𝐾1 − 𝛾𝛾𝛾𝛾(1,2)� = 𝑉𝑉𝑉𝑉2𝑛𝑛𝑛𝑛

𝑉𝑉𝑉𝑉1
sin�𝐾𝐾𝐾𝐾2 − 𝛾𝛾𝛾𝛾(1,2)�                           (37)

therefore:
𝐾𝐾𝐾𝐾1 = 𝛾𝛾𝛾𝛾(1,2) + 𝑎𝑎𝑎𝑎𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 sin �𝑉𝑉𝑉𝑉2𝑛𝑛𝑛𝑛

𝑉𝑉𝑉𝑉1
sin�𝐾𝐾𝐾𝐾2 − 𝛾𝛾𝛾𝛾1(1,2)��                 (38)

or:
𝐾𝐾𝐾𝐾1 �𝑉𝑉𝑉𝑉2

(1,2) = 𝑉𝑉𝑉𝑉2𝑚𝑚𝑚𝑚� = 𝛾𝛾𝛾𝛾(1,2) + 𝑎𝑎𝑎𝑎𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 sin �𝑉𝑉𝑉𝑉2𝑛𝑛𝑛𝑛
𝑉𝑉𝑉𝑉1

sin�𝐾𝐾𝐾𝐾2 − 𝛾𝛾𝛾𝛾(1,2)�� (39)
In the case of 𝑉𝑉𝑉𝑉1 > 𝑉𝑉𝑉𝑉2𝑚𝑚𝑚𝑚, there are values:
                                                  𝐾𝐾𝐾𝐾1 �𝑉𝑉𝑉𝑉2

(1,2) = 𝑉𝑉𝑉𝑉2𝑚𝑚𝑚𝑚�                                     (40)
for both limits, and if 𝑉𝑉𝑉𝑉1 < 𝑉𝑉𝑉𝑉2𝑚𝑚𝑚𝑚, then it is necessary to take into account the ratio between the magnitude 
𝛾𝛾𝛾𝛾(1,2) and the extreme relative rates 𝐾𝐾𝐾𝐾𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎𝑜𝑜𝑜𝑜 and 𝐾𝐾𝐾𝐾𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚.

Let's consider the case when 𝑉𝑉𝑉𝑉1 > 𝑉𝑉𝑉𝑉2𝑚𝑚𝑚𝑚and find the limiting values of the course of the first UAV:
𝐾𝐾𝐾𝐾1 �𝑉𝑉𝑉𝑉2

(1) = 0� = 𝛼𝛼𝛼𝛼 − 𝑎𝑎𝑎𝑎𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 sin 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝐷𝐷𝐷𝐷

= 𝛾𝛾𝛾𝛾(1)                              (41)

𝐾𝐾𝐾𝐾1 �𝑉𝑉𝑉𝑉2
(2) = 0� = 𝛼𝛼𝛼𝛼 + 𝑎𝑎𝑎𝑎𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 sin 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

𝐷𝐷𝐷𝐷
= 𝛾𝛾𝛾𝛾(2)                              (42)

𝐾𝐾𝐾𝐾1 �𝑉𝑉𝑉𝑉2
(1) = 𝑉𝑉𝑉𝑉2𝑚𝑚𝑚𝑚 = 𝛾𝛾𝛾𝛾(1) + 𝑎𝑎𝑎𝑎𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 �𝑉𝑉𝑉𝑉2𝑛𝑛𝑛𝑛

𝑉𝑉𝑉𝑉1
sin�𝐾𝐾𝐾𝐾2 − 𝛾𝛾𝛾𝛾(1)��� (43)

𝐾𝐾𝐾𝐾1 �𝑉𝑉𝑉𝑉2
(2) = 𝑉𝑉𝑉𝑉2𝑚𝑚𝑚𝑚 = 𝛾𝛾𝛾𝛾(2) + 𝑎𝑎𝑎𝑎𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 �𝑉𝑉𝑉𝑉2𝑛𝑛𝑛𝑛

𝑉𝑉𝑉𝑉1
sin�𝐾𝐾𝐾𝐾2 − 𝛾𝛾𝛾𝛾(2)��� (44)

Let 's introduce the designation:
𝐾𝐾𝐾𝐾1𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

(1) = 𝐾𝐾𝐾𝐾1 �𝑉𝑉𝑉𝑉2
(1) = 0� ,𝐾𝐾𝐾𝐾1𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

(2) = 𝐾𝐾𝐾𝐾1 �𝑉𝑉𝑉𝑉2
(2) = 0�                (45)

𝐾𝐾𝐾𝐾1𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
(1) = 𝐾𝐾𝐾𝐾1 �𝑉𝑉𝑉𝑉2

(1) = 0� ,𝐾𝐾𝐾𝐾1𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
(2) = 𝐾𝐾𝐾𝐾1 �𝑉𝑉𝑉𝑉2

(2) = 0�                (46)
Taking into account the accepted designations:

     (33)

Obviously, from the boundary equations (33):

So, there are two limits on which the equality min𝐷𝐷𝐷𝐷 = 𝐶𝐶𝐶𝐶𝑑𝑑𝑑𝑑 is achieved:

𝑉𝑉𝑉𝑉2
(1) = sin�𝐾𝐾𝐾𝐾1−𝛾𝛾𝛾𝛾(1)�

𝜇𝜇𝜇𝜇(1) = 𝑉𝑉𝑉𝑉1
sin�𝐾𝐾𝐾𝐾2−�𝛼𝛼𝛼𝛼+𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐 sin

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝐷𝐷𝐷𝐷 ��

sin �𝐾𝐾𝐾𝐾1 − �𝛼𝛼𝛼𝛼 − 𝑎𝑎𝑎𝑎𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 sin 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝐷𝐷𝐷𝐷
𝐷𝐷𝐷𝐷
�� (31)

𝑉𝑉𝑉𝑉2
(2) = sin�𝐾𝐾𝐾𝐾1−𝛾𝛾𝛾𝛾(2)�

𝜇𝜇𝜇𝜇(2) = 𝑉𝑉𝑉𝑉1
sin�𝐾𝐾𝐾𝐾2−�𝛼𝛼𝛼𝛼−𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐 sin

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝐷𝐷𝐷𝐷 ��

sin �𝐾𝐾𝐾𝐾1 − �𝛼𝛼𝛼𝛼 + 𝑎𝑎𝑎𝑎𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 sin 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝐷𝐷𝐷𝐷
𝐷𝐷𝐷𝐷
��                (32)

Since we are considering a change in speed by braking, the speed values 𝑉𝑉𝑉𝑉2
(1,2) must satisfy the

condition 𝑉𝑉𝑉𝑉2𝑚𝑚𝑚𝑚 > 𝑉𝑉𝑉𝑉2
(1,2) ≥ 0

where: 𝑉𝑉𝑉𝑉2𝑚𝑚𝑚𝑚 is the initial speed of the UAV, which changes its speed with a difference. Let's consider 
which values of the course 𝐾𝐾𝐾𝐾1 correspond to the limit values 0 and 𝑉𝑉𝑉𝑉2𝑚𝑚𝑚𝑚 of the speed 𝑉𝑉𝑉𝑉2

(1,2)
. First of all, we

note that the boundaries cannot be defined for a situation where:
𝐾𝐾𝐾𝐾2 = 𝛼𝛼𝛼𝛼 + 𝑎𝑎𝑎𝑎𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

𝐷𝐷𝐷𝐷
                                       (33)

Obviously, from the boundary equations (33):

𝐾𝐾𝐾𝐾1 �𝑉𝑉𝑉𝑉2
(1,2)(0) = 𝑎𝑎𝑎𝑎𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 sin 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

𝐷𝐷𝐷𝐷
= 𝛾𝛾𝛾𝛾(1,2)�                                     (34)

To determine the second value:

𝐾𝐾𝐾𝐾1 �𝑉𝑉𝑉𝑉2
(1,2) = 𝑉𝑉𝑉𝑉2𝑚𝑚𝑚𝑚�                          

consider the equation:
                                                                  𝑉𝑉𝑉𝑉2

(1,2) = sin�𝐾𝐾𝐾𝐾1−𝛾𝛾𝛾𝛾1,2�
𝜇𝜇𝜇𝜇(1,2)                                              (35)

and substitute 𝑉𝑉𝑉𝑉2
(1,2) = 𝑉𝑉𝑉𝑉2𝑚𝑚𝑚𝑚:

𝑉𝑉𝑉𝑉2𝑚𝑚𝑚𝑚 = sin�𝐾𝐾𝐾𝐾1−𝛾𝛾𝛾𝛾(1,2)�
𝜇𝜇𝜇𝜇(1,2)                                           (36)

where from:
sin�𝐾𝐾𝐾𝐾1 − 𝛾𝛾𝛾𝛾(1,2)� = 𝑉𝑉𝑉𝑉2𝑛𝑛𝑛𝑛

𝑉𝑉𝑉𝑉1
sin�𝐾𝐾𝐾𝐾2 − 𝛾𝛾𝛾𝛾(1,2)�                           (37)

therefore:
𝐾𝐾𝐾𝐾1 = 𝛾𝛾𝛾𝛾(1,2) + 𝑎𝑎𝑎𝑎𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 sin �𝑉𝑉𝑉𝑉2𝑛𝑛𝑛𝑛

𝑉𝑉𝑉𝑉1
sin�𝐾𝐾𝐾𝐾2 − 𝛾𝛾𝛾𝛾1(1,2)��                 (38)

or:
𝐾𝐾𝐾𝐾1 �𝑉𝑉𝑉𝑉2

(1,2) = 𝑉𝑉𝑉𝑉2𝑚𝑚𝑚𝑚� = 𝛾𝛾𝛾𝛾(1,2) + 𝑎𝑎𝑎𝑎𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 sin �𝑉𝑉𝑉𝑉2𝑛𝑛𝑛𝑛
𝑉𝑉𝑉𝑉1

sin�𝐾𝐾𝐾𝐾2 − 𝛾𝛾𝛾𝛾(1,2)�� (39)
In the case of 𝑉𝑉𝑉𝑉1 > 𝑉𝑉𝑉𝑉2𝑚𝑚𝑚𝑚, there are values:
                                                  𝐾𝐾𝐾𝐾1 �𝑉𝑉𝑉𝑉2

(1,2) = 𝑉𝑉𝑉𝑉2𝑚𝑚𝑚𝑚�                                     (40)
for both limits, and if 𝑉𝑉𝑉𝑉1 < 𝑉𝑉𝑉𝑉2𝑚𝑚𝑚𝑚, then it is necessary to take into account the ratio between the magnitude 
𝛾𝛾𝛾𝛾(1,2) and the extreme relative rates 𝐾𝐾𝐾𝐾𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎𝑜𝑜𝑜𝑜 and 𝐾𝐾𝐾𝐾𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚.

Let's consider the case when 𝑉𝑉𝑉𝑉1 > 𝑉𝑉𝑉𝑉2𝑚𝑚𝑚𝑚and find the limiting values of the course of the first UAV:
𝐾𝐾𝐾𝐾1 �𝑉𝑉𝑉𝑉2

(1) = 0� = 𝛼𝛼𝛼𝛼 − 𝑎𝑎𝑎𝑎𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 sin 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝐷𝐷𝐷𝐷

= 𝛾𝛾𝛾𝛾(1)                              (41)

𝐾𝐾𝐾𝐾1 �𝑉𝑉𝑉𝑉2
(2) = 0� = 𝛼𝛼𝛼𝛼 + 𝑎𝑎𝑎𝑎𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 sin 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

𝐷𝐷𝐷𝐷
= 𝛾𝛾𝛾𝛾(2)                              (42)

𝐾𝐾𝐾𝐾1 �𝑉𝑉𝑉𝑉2
(1) = 𝑉𝑉𝑉𝑉2𝑚𝑚𝑚𝑚 = 𝛾𝛾𝛾𝛾(1) + 𝑎𝑎𝑎𝑎𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 �𝑉𝑉𝑉𝑉2𝑛𝑛𝑛𝑛

𝑉𝑉𝑉𝑉1
sin�𝐾𝐾𝐾𝐾2 − 𝛾𝛾𝛾𝛾(1)��� (43)

𝐾𝐾𝐾𝐾1 �𝑉𝑉𝑉𝑉2
(2) = 𝑉𝑉𝑉𝑉2𝑚𝑚𝑚𝑚 = 𝛾𝛾𝛾𝛾(2) + 𝑎𝑎𝑎𝑎𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 �𝑉𝑉𝑉𝑉2𝑛𝑛𝑛𝑛

𝑉𝑉𝑉𝑉1
sin�𝐾𝐾𝐾𝐾2 − 𝛾𝛾𝛾𝛾(2)��� (44)

Let 's introduce the designation:
𝐾𝐾𝐾𝐾1𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

(1) = 𝐾𝐾𝐾𝐾1 �𝑉𝑉𝑉𝑉2
(1) = 0� ,𝐾𝐾𝐾𝐾1𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

(2) = 𝐾𝐾𝐾𝐾1 �𝑉𝑉𝑉𝑉2
(2) = 0�                (45)

𝐾𝐾𝐾𝐾1𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
(1) = 𝐾𝐾𝐾𝐾1 �𝑉𝑉𝑉𝑉2

(1) = 0� ,𝐾𝐾𝐾𝐾1𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
(2) = 𝐾𝐾𝐾𝐾1 �𝑉𝑉𝑉𝑉2

(2) = 0�                (46)
Taking into account the accepted designations:

   (34)

To determine the second value:
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consider the equation:

                                              (35)

and substitute :

                                                
    (36)

where from:

                                      
    (37)

therefore:

  (38)

or:

   (39)

In the case of , there are values:

                                        (40)

for both limits, and if , then it is necessary to take into account the ratio 
between the magnitude  and the extreme relative rates  and  .

Let’s consider the case when and find the limiting values of the course 
of the first UAV:

                               (41)

                              (42)

       (43)

       (44)

Let 's introduce the designation:
               (45)

               (46)
Taking into account the accepted designations:

                                          (47)
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                                (48)

                        (49)

                         (50)

We draw the reader’s attention to the fact that the change in the speed of the 
second UAV  in the section  for the first limit occurs on the 
course section , that is, on the interval:                      

         (51)

or taking into account the expressions received:

                            (52)
Similarly, for the second limit: :

                                (53)

In turn, the intervals  and are smaller , so at these intervals, the 
value of the velocity  for both limits increase monotonically. Taking into account 
the results obtained, the area of  dangerous parameters of the course of one 
UAV and the speed of the second UAV, bounded by the first  and the second 

 limits for the case  and looks as shown in Figure 10. Thus, if 
the point with the initial parameters of the UAV motion  is located 
between the first  and the second  limits, that is , then 
the inequality  takes place , and the approach of the UAV is 
dangerous. In this case, you must select options evasion UAV  and , so that 
the corresponding point  was closest to the point of  of 
scope and the distance between the points  and  was minimal, as shown in 
Figure 10. 

Figure 10. The area of  dangerous parameters of the UAV
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To calculate the evasion rate of the second UAV, which provides the distance 
of the closest approach equal to the maximum permissible approach distance for 
the selected evasion course of the first UAV, analytical expressions should be used 
for the duration of transients, the distance S travelled during this time and the 
dependence of the UAV speed on time in cases of active and passive braking. To 
do this, we will use the results of the work that enables us to obtain dependencies 
for active braking:

                                                          (54)

                                                                            (55)

                                                      (56)

Similarly, for passive braking mode:

                                                                                (57)

                                                                                 (58)

                                                                                       (59)

Previously, a procedure was obtained for calculating the boundaries of the 
region  in the case of the advantage of the speed of the first UAV . 
If the speed of the second UAV exceeds the speed of the first one, which manoeuvres 
a change of course, that is,  we get the equality:

+arc                                       (60)

the analysis of which shows that the boundary of the region  exists for the 
velocities of the second UAV when the expression under the arcsin function:

                                                           (61)

Therefore, the maximum value of the course of the first UAV  of the 
boundary of the region is achieved at a speed of:

                                                                        (62)

and is equal to:

                                (63)

So:

                                         (64)
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Thus, for , the boundaries of the area  exist for:

 and                        (65)

For the development of the area  and its graphical display, a computer 
programme was developed that takes into account the ratio of the initial speeds of 
the UAV V1 and V2n. In the case of V1 > V2n, there are values:

                                                                          (66)

for both limits, and the area of ΩKV dangerous parameters of the course of one 
UAV.

The scientific result of solving the second auxiliary task was the methods 
of developing dangerous areas of UAV movement at the distance of the closest 
approach.

Conclusion. The article explores the principle of developing a GIS module for 
identifying dangerous parameters in the routes of multiple UAVs operating within 
a smart city environment. It demonstrates how this GIS-based approach can be 
applied to select safe divergence maneuvers for multiple UAVs simultaneously. The 
concept of situational disturbance in the context of UAV swarms in urban airspace 
is introduced, along with methods for assessing danger levels. For scenarios 
involving multiple UAVs, a situational disturbance matrix is employed within the 
GIS framework. An analysis of various control types for UAV divergence processes 
in smart city environments is conducted. The study highlights that while traditional 
collision avoidance relies on locally independent control with binary coordination 
systems (similar to maritime regulations), modern UAV motion control systems in 
smart cities utilize the principle of complete external control facilitated by GIS. For 
external control of UAV swarm divergence in urban settings, the article presents 
a GIS-based method for assessing convergence situations among multiple UAVs 
and selecting appropriate divergence maneuvers. This method incorporates real-
time spatial data analysis, considering factors such as UAV turning inertia and the 
presence of urban navigational hazards within the maneuvering area of the smart 
city. The GIS integration enables comprehensive monitoring of UAV swarms, 
providing a robust solution for route management and collision avoidance in the 
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