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Abstract: A significant number of aviation incidents is related to loss of control in flight and controlled flight into terrain (LOC-I,
CFIT, LALT categories). Investigation of these aviation incidents has revealed that these incidents often occur due to the need for
rapid changes in flight routes as a result of detecting obstacles, such as thunderstorms, along the aircraft's path. During the
determination of alternative routes to circumvent the encountered obstacle, as well as during the implementation process of the
chosen rerouted route, the flight crew makes errors due to increased psycho-physiological workload and time constraints. This
article presents an approach to the automatic rerouting of the aircraft's flight route to avoid obstacles detected during flight. The
algorithm proposed by the authors allows for evaluating the safety of the original route, calculating alternative route options to
bypass the obstacles encountered during flight, verifying their feasibility considering the aircraft's flight technical characteristics and
control parameter limitations, and selecting the optimal rerouted route based on specific criteria, such as minimizing the increase in
the flight route length, reducing additional fuel consumption, time required for implementing the new flight route, etc. Examples of
rerouting the flight route of a hypothetical aircraft with detected obstacles along the flight path are provided in the article to
demonstrate the algorithm's functionality. It is shown, in particular, that in the considered example, the shortest route for obstacle
avoidance is not optimal in terms of time. It is also demonstrated that the safety of flying along the identified alternative rerouted
routes depends, among other factors, on the selected flight speed. Therefore, for each calculated rerouted route, the algorithm
determines a range of speeds within which the implementation of the obtained rerouted route is possible. This highlights the
complexity and non-triviality of the pilot's task of autonomously finding a safe obstacle avoidance route on board the aircraft.
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MeToanka nepecTpoeHUs MapuIPyTa MoJjeTa BO3AYIIHOI0 Cy/HA
B Ipollecce ero BbIMOJHEHUS

M.A. Kuceaes'?, ¥0.C. Kanoxusbrii’, A.B. KapHOBZ,
C.®. Boponkun'
"Mockosckuii 20Cy0apCmeeHHblll MeXHUYeCKULl YHUBEPCUmenm 2paicoOancKol asuayul,
2. Mockea, Poccus
’@edepanvroe asmonommoe yupexcdenue «I'ocydapcmeentbiii HayuHO-
uccnedo8amenbCKull UHCMumym aeuayuorHHulx cucmemy, 2. Mockea, Poccus

AHHOTamMs: bonblioe KOIMYECTBO aBHAIMOHHBIX IPOMCIIECTBUI CBA3aHO C IOTEpeH YNpaBJIeHUs B MOJIETE, a TaKKe CO
CTOJIKHOBEHHEM ¢ 3emuiel B ympasisgemoM mnojere (kareropun LOC-I, CFIT, LALT). B pe3ynbrate paccienoBaHus TaHHBIX
aBHUAlIMOHHBIX HpOl/ICIJ_[eCTBI/lﬁ BBIABJICHO, YTO YaCTO YKa3aHHbBIC aBUAIIMOHHBIC IMPOUCHICCTBUA OGyCﬂOBﬂeHbI HGOGXOILI/IMOCTI)IO
OBICTPOro M3MEHEHHWs MaplupyTa II0jeTa BCIIEJCTBHE BBIABJICHHS Ha ITyTH CJIEAOBAHMS BO3IYIIHOTO CyAHA NPEISTCTBHH,
Hanpumep rpo3oBoro ¢ponra. Ilpu onpeneneHny anbTepHATHBHBIX MapLIPyTOB OOJ€Ta BO3HHKILIETO IIPEISITCTBHS, a TAKKE B
TpOIIECcCce peain3alii BBIOpaHHOT0 MapIIpyTa 00JIeTa SKHUIIaX COBEPIIAET OIIMOKN BBHTY TIOBBIIIEHHON MCUXO(U3HOIOTHUECKOH
Harpy3ku ¥ Jeuimra BpeMeH!. B naHHOM cTaThe mpencTaBieH MOAX0/ K aBTOMAaTHYECKOMY TIEPECTPOCHHIO MapIpyTa HoJeTa
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BO3IYIIHOTO Cy/IHA 1151 00JieTa 0OHAPYKEHHBIX B IIpOLIEcCe 1ojleTa NpensTcTBuid. [IpeiaraeMplii aBToOpamMu ajlrOpUTM MO3BOJISIET
OLICHUTH 0E30IaCHOCTh MCXOJHOTO MaplIpyTa, PAcCUMTaTh BapUaHThl AbTEPHATHBHBIX MApIIPyTOB 0OneTa OOHApYKEHHBIX B
Ipolecce MoseTa MPErsITCTBUM, IPOBEPUTh UX HA PEATM3yeMOCTh C YYETOM JIETHO-TEXHUUECKUX XApaKTEPUCTUK BO3MYLIHOTO
Cy[lHa, OrpaHMYEHHII Ha YIPaBISIOIINE MapaMeTpPbl, a TaKKe BBIOPATh CPEAr HAaWJICHHBIX MapIIpyTOB OOJeTa ONTUMAJIBHBIN C
TOYKHM 3PEHHs] KAaKOTo-MMOO KpUTEpHs, HANpHMEP HCXOMAS M3 MUHMMH3ALMK YBEIMUYEHMS MPOTSDKEHHOCTH MapIipyTa IOJeTa,
COKpAIIICHHS IOTIOJIHUTEIBHBIX 3aTpaT TOIUIMBA, BPEMEHH, HE0OXOAMMOro Ha pealM3alliio HOBOTO MapIIpyTa 1mojiera, u T. A. [
JIEMOHCTpallii  pabOTOCHOCOOHOCTH AITOPUTMA B CTaTh€ IPEJICTABICHBI MPHMEPHI IIEPECTPOSHUS MapIupyTa IoJIeTa
TUIIOTETUYECKOTO BO3AYIIHOTO Cy[HA C BBIIBICHHBIMH HA ITyTH CIIEOBaHUS NpersTcTBUsIMU. [lokazaHO, B 4acTHOCTH, YTO B
PacCMOTPEHHOM TIPUMEPE CaMblii KOPOTKMH MapIpyT o0JeTa NpPEelsSTCTBHI HE SBISIETCS ONTUMAIBHBIM C TOYKH 3PEHUS
BPEMEHHBIX 3aTpar. Takke TEMOHCTPUPYETCs, 9TO OE30I1aCHOCTh MPOJIETA MO HAWICHHBIM AIBTEPHATHUBHBIM MapIIpyTaMm 00JeTa
NPETSITCTBUI 3aBUCHUT B TOM YHCIIE OT BRIOPAHHOM CKOpOCTH mosieta. [109ToMy /iist KaXKI0ro pacCUMTaHHOTO MapiipyTa odJiera
NPETSITCTBUM aJITOPUTM OIPEIeNsieT IMara3oH CKOpOoCTel, B KOTOPOM BO3MOYKHA peajIn3alysi MOJTYy4YeHHOro Mapipyra odJera
npensaTcTBuil. [locnenHee ykasplBaeT Ha CIOXKHOCTh WM HETPUBHAIBHOCTH CAMOCTOSITENIBHOIO PEIICHHS 33Jaull IOMCKa
0e30macHOro MapIIpyTa o0JieTa NPeTsITCTBUM MIJIOTOM Ha OOPTY BO3/IYIIHOTO CYIHA.

KnioueBble ciioBa: MapmpyT mojiera, OOJNeT IIpersTCTBHM, Oe30MacHOCTh TMOJIETa, CHHTE3 YIPABICHHS, OrpaHHYCHUE
Ha YIpaBJIeHHe, TOIUTHBHAS d(PPEKTHBHOCT.

Jna nurupoBanus: Kucene MLA. Mertoauka mepecTpoeHMs] MapllpyTa IIOJIETa BO3LYIIHOIO CyAHa B IIPOLECCE €ro
BoinonHenus / M.A. Kucenes, 10.C. Kamtoxusiit, A.B. Kapnos, C.®. Boponkun / Hayunsiit Becrauk MI'TY T'A. 2023. T. 26,
Ne 6. C. 33-46. DOI: 10.26467/2079-0619-2023-26-6-33-46

Introduction airfields, and also directory data, for instance,
coupling and navigation frequencies [7]. Respec-
tively, the crew plans its flight™* essentially plot-

2011-2020', a significant number of such acci-  ting through the given waypoints together:
dents for civil aircraft is related to such groups ~ choosing the departure airfield, runway and
of events as loss of control in flight (LOC-I) and takeoff heading given by the air traffic control-
controlled flight into terrain (CFIT), and LOC-1, 1t standard departure and airway for the follow-
CFIT and LALT for helicopters (fig. 1-4). Anal- ing ﬂ1ght‘. After that the arr}val airfield, runway
ysis of the following accidents has shown that and landing heading are given and the proce-
the lack of full crew situational awareness, along ~ dures for the following heading and runway are
with errors due to increased psycho-physio-  chosen [8]:

logical workload [1, 2] and time constraints for Arrival Route;

decision-making [3]. In these terms the prior po- Initial Approach Segment;

tentially dangerous flight situation identification Intermediate Approach Segment;

According to flight accident statistics for

along with calculating alternative route options Final Approach Segment;

in order to choose a route for its performance Missed Approach.

seems to be relevant. Particularly, automatic re- It is clear from above mentioned, that the
routing of the aircraft's flight route to avoid ob- crew plans the route by the given scenario, pro-
stacles detected during flight, threating the air- vided that there are no unknown obstacles and

craft safety, such as terrestrial natural or artificial restricted flight zones. Nevertheless, the aircraft
object [4], thunderstorm, showers [5], etc. is of =~ may deviate from the initial plan during the
undoubtful practical interest. flight due to wide range of reasons. Besides that,

The crew currently plans flights by means of  the dangerous weather conditions may occur on
a flight management computer (FMC). FMC is
an airborne computer with relevant air naviga- 2 L
tion database [6], including air routes, standard Dpc 81§S/OfPS/61 1 :.Procedures for air navigation ser-

. vices-aircraft operations. (2006). 3rd ed. ICAO, vol. 1,

departure procedures, arrival and final approach, Flight Procedures, 386 p.

Doc 8168/OPS/611: Procedures for air navigation ser-

vices-aircraft operations. (2006). 3rd ed. ICAO, vol. 2,

' The analyses of the civil aviation flight safety in 2020. Construction of Visual and Instrument Flight Proce-
(2021). FAVT Rosaviatsia, 35 p. (in Russian) dures, 880 p.
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Fig. 1. Types of events that determined aviation accidents with commercial aircraft in 2011-2020
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OKaracTtpodnr [ Apapun

Fig. 2. Types of events that determined aviation accidents with commercial aviation helicopters in 2011-2020

the route. For instance, deviations from the heli- into the FMC basic part, be one of its modes and
copter and general aviation aircraft flight plan provide:
may lead to natural or artificial obstacle occur- 1) determination of alternative routes majori-

rence along the route. Despite the existence of  ty, providing obstacles avoidance at safe dis-
on-board systems [9, 10] providing the data on tance in automatical or direct modes considering
obstacles and restrictions along the route and the aircraft characteristics and limitations;

dangerous weather conditions to the crew, the 2) determination of the best routes among the
crew has no instrument of automatical rerouting alternative ones by the given criteria, for in-
for the obstacle safe avoidance, considering the stance, from a point of view of minimizing the
aircraft limitations and characteristics, which can extra time and fuel consumption, lateral devia-
lead (and leads) to fatal consequences in above tions, etc. on the initial route.

mentioned time constraints circumstances. Such
an instrument should obviously be integrated
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CaMoJeTsl

CTOoJIKHOBEHHE ¢

3eMJIeii B CTOIKRHOBEHHS ¢
yopasasiemom  NPeNsiTCTBHAMMI Iloreps
noJjiere (CFIT) npH noJjiere YUpaBJ€HHS B
Ha MaJjoii BeicoTe Hnogaere (LOC-I)
(LALT) O Karacrpodpn D Apapun

Fig. 3. Types of events that determined aviation accidents with general aviation aircraft in 2011-2020

Beproaersl

CTOJIKHOBEHHH C
NPensiTCTBHSIMH IHoTeps

IpH MojieTe yIpaBJieHus B CToJKHOBEHHE ©
Ha MaJoii Bpicote Hojere (LOC-I) 3emJleii B o ABapun
(LALT) YIPABJIAEMOM nK
noiaere (CFIT) aracrpogut

Fig. 4. Types of events that determined aviation accidents with general aviation helicopters in 2011-2020

Setting the problem cav _
a g(Myq — sind),
Let: B9 (n COSYq — cos@)
1) flight route be given by the initial route ar = v \Itya€0%a '
point {Xp}; pass (turning) route points & ___9 Ny SINYg,
{Xi1},{Xa}, ....{Xn-1}; final route points {X,}, dil:g veos®
where Xi = (Xgi, Ygi» Zgi) are the route points co- \ o = Vcosbcos¥,
ordinates in normal terrestrial coordinate sys- dyg Vsi
—= = Vsinf
tem [11]; dt ’
2) obstacles be given by the multitude of azg _ —VcosOsin¥,
points: {an‘l}, oo {an m}s ' ;Tfl
3) the aircraft flight be described by the sys- \ 2z = S

tem of differential equations [11]
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MpenarcTeue

e,
SRS

Fig. 5. Safety zone

where V is aircraft speed; 0, ¥, y, are path, route
and bank angles; Xg) Vg, Zg ar€ aircraft coordi-
nates in a normal terrestrial coordinate system,;

2
_ Pcos(oc+<pAB)—cxa%S

nxa mg
o —angle of attack; ¢,, — engine angle of attack;
P = f(V, H, ocpyﬂ) — powerplant thrust ; o, —
throttle control lever position, determining the
engine mode; ¢y, = f(x) — lift coefficient;
Cxa = Cxa (Cya) — drag coefficient; ¢yq(Cyq) —
aircraft polar curve; p — air density; m — aircraft
mass; S — wing area; ¢y — fuel flow rate. Values
Nya» Yar Xpyy- are used as control functions;

4) limits for flight height and speed, normal
speed acceleration and speed bank angle value
and rate of change are given:

(VMI/IH S V(t) S VMaKC’
H(t) 2 HMI/lH'
nya MHWH < nya (t) < nya MaKc’
|fl ya(t)l <n ya Makc’
1Y a (O] =¥ ¢ maxe
\ |y a(t)l S )./ a Makc

)
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g is downward acceleration; ny,q, Ny, are normal
speed and flight path acceleration, calculated as

pV2 ,
_ cyaTS+Psm(a+(pAB) )

ya mg 4

5) provided the altitude and speed character-
istics of engine unit P = f (V, Vg » ocpyﬂ).

It is necessary to:

1) estimate the route safety by reference to
minimum shortest distance between the route
and obstacle allowed (fig. 5);

2) determine the alternative safe routes from
the initial to final point whether the initial route
is dangerous;

3) determine the probable speed of flight via
alternative routes;

4) to choose the best possible route by the
given criterion.

Research methodology

There is the algorithm for searching a safe
obstacle avoidance route in Figure 6.
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(e )

Fig. 6. Scheme of the main part of the algorithm

The algorithm incoming data are the route in- {Xmupt}s--o» {Xm npk}, along with aircraft per-
itial points {X,} and obstacle profile points formance.
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Fig. 7. Route search beam rotation

Let us specify the algorithm key peculiarities.

Route safety estimation is an estimation of
an obstacle penetrating cylinder-shaped figure
with a given radius. The radius determines the
safe distance from the obstacle, which depends,
for instance, on the probable aircraft deviation
from the route.

Route performability estimation is a multi-
ple aircraft displacement equations integration
procedure considering the restrictions mentioned
above provided the different aircraft flight
speeds. The synthesis control algorithm [12] is
used for it, which then allows to estimate the
safe avoidance probability with a given speed,
deviating from the initial route line not exceed-
ing the given value, considering the aircraft per-
formance and control parameters restrictions.
The control parameters, necessary for route per-
formance, exactly acceleration, banking and

py, are the algorithm outcoming data.

Alternative routes determination is a pro-
cedure, based on a subsequent search of a new
route point by rotating the beam from the current
route point from the initial flight destination to
its collision with an obstacle and then shifting
the contact point to the given distance from an
obstacle considering the minimum shortest dis-
tance between the route and obstacle allowed

(fig. 7).

39

The best possible route choice is made after
determining the multitude of alternative route
basing on flight operator criteria [13].

After route choice its parameters are coordi-
nated with air traffic control [14] and are pro-
ceeded to trajectory autopilot loop for automatic
or direct mode implementation.

Results of the research

The present paper introduces the results of a
model problem of obstacle avoidance by the hy-
pothetical aircraft in horizontal plane below for
two cases:

1) assumption concerning the constant speed
along the route;

2) the maximum possible flight speed in eve-
ry path point by reference to aircraft perfor-
mance, control parameters restrictions and main-
taining safe distance from the obstacle.

The following restrictions are settled while
research:

1) g-rating allowed is —1...42.5;

2) maximum acceleration speed change al-
lowed is lun/s;

3) bank range allowed is —30°...30°;

4) maximum bank angle rate change allowed
is 100%s.
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Fig. 8. Starting route and obstacle
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Fig. 9. Obstacle avoidance options at constant speed

The initial flight route in Figure 8 are given The determined safe obstacle avoidance
by points 1 and 2. routes at constant speed along the route are
shown in Figure 9.
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Discussion of the results

Safe obstacle avoidance route at a constant
speed possess the following characteristics:
1) route 1 (marked yellow):
e route length is 9936 m;
e maximum safe speed of flight en-route is
285 km/h;
e g-rating within 0.8...1.4;
e bank angle within 30°...15°%
e cstimated time en-route is 126 s;

2) 2 (marked red):
e route length is 9430 m;
e maximum safe speed of flight en-route
70 km/h;
e g-rating within 0.66...1.4;
e bank angle within —26°...3.5%
e cstimated time en-route is is 486 s;

3) 3 (marked green):
e route length 8593 m;
e maximum safe speed of flight en-route is
220 km/h;
¢ bank angle within 0.6...1.5;
¢ bank angle within —30°...30%
e cstimated time en-route is 126 s;

4) 4 (marked blue):
e route length is 11327 m;
e maximum safe speed of flight en-route is
295 km/h;
e g-rating within 0.6...1.45;
e bank angle within of —15°...30%
e estimated time en-route is 139 s;

By reference to above mentioned characteris-
tics, we can make a conclusion that route 3 is the
best possible from the minimum length point of
view, although route 1 is the one from flight time
minimization point of view, as it allows to per-
form the more flight constant speed due to its
more flowing path, which finally gives time ad-
vantage.

41
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Safe obstacle avoidance routes with speed’
changing along the flight path and restricted
minimum flight speed of 250 km/h possess the
following characteristics:

1) 1 (marked yellow):
e route length is 9936 m;
* maximum/minimum

505/284 km/h;
e g-rating within 0.75...1.4;
e estimated time en-route is is 105 s;

speed en route is

2) 2 (marked red):
e route length is 9430 m;

e route performance at a minimum speed re-
stricted to 250 km/h is impossible;
3) 3 (marked green):
e route length is 8593 m;
e route performance at a minimum speed re-
stricted to 250 km/h is impossible;
4) 4 (marked blue):
e route length is 11327 m;
e maximum/minimum speed en route is

485/294 km/h;
e g-rating within 0.4...1.29;

e estimated time en-route at a maximum speed
1s 123 s.

There is route 3 path at allowed speed at a
path of 250 km/h in Figure 10. It is clear that
performance impossibility of the route is related
to bank limit (fig. 11). In this case aircraft has to
quit the given route, which leads to prohibitive
obstacle proximity. There are flight results on
route 3 at 200 km/h speed in Figure 12. It is clear
that reduction of speed provides the given route
performance opportunity. There are control pa-
rameters for such a case in Figure 13.

* The maximum speed allowed is performed in every path
point by reference to aircraft performance data, control
parameters restrictions and keeping safe distance from
the obstacle.
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Fig. 10. Checking the route for feasibility at a speed of 250 km/h
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Fig. 11. Graph of change in normal overload when moving along the route at a speed of
250 km/h to the vanishing point
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Fig. 12. Checking the route for feasibility at a speed of 200 km/h
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Fig. 13. Graph of changes in normal overload when moving along the route at a speed of 200 km/h
Conclusion tion along with calculating alternative route op-

Flight accidents statistics analysis in LOC-I,
CFIT, LALT shows their high level of occur-
rence for civil aircraft. In these terms the prior
potentially dangerous flight situation identifica-

43

tions in order to choose a route for its perfor-
mance seems to be relevant. Automatic rerouting
of the aircraft's flight route to safely avoid obsta-
cles detected during flight according to the cho-
sen criteria seems to be relevant in order to de-
crease the number of such accidents.
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There is the algorithm, providing the multi-
tude of alternative safe routes performed by the
given aircraft with marking the best possible ones
by the chosen obstacle avoidance criteria and
route safety estimation basing on current route
data and obstacle coordinates, in this article.

The given aircraft flight dynamics modelling
numerical numbers confirm the algorithm per-
formance capability, particularly, for obstacle
avoidance in horizontal plane or at changing
(maximum allowed) speed at flight path.

It is supposed to continue the research in or-
der to estimate the following approach perfor-
mance capability in terms of making obstacle
clearance in vertical plane and in the airspace.
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