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Abstract: With the increasing unmanned aerial vehicles (UAVs) applications, quite a few major aviation incidents
and dangerous symptoms have occurred in the vicinity of the airport and the airspace, and air transportation safety is
facing a huge potential threat from unorder flight of UAVs. An important aspect regarding the collision risk between a
typical UAV and the windshield of a commercial aircraft is investigated. The damage classification and corresponding
impact energy range considering the weakest area on the aircraft windshield are obtained via finite element simulation
under the most severe condition. According to the simulation results, the damage severity rank can be classified
conservatively. In the absence of intervention from air traffic control, Monte Carlo simulation is performed to obtain
the collision probability between a UAV and an aircraft with their independent motions by considering the joint
constraints of the minimum horizontal safety separation, the minimum lateral safety separation, and the minimum
vertical safety separation. In addition, the collision probability levels are also estimated. Based on various
combinations of damage severity classifications and collision probability levels, a more conservative qualitative risk
matrix 1s defined regarding collision between a UAV and an aircraft windshield. In general, the results indicate that
the collision risk and damage severity are low when the UAV and the aircraft are flying at the height of less than
120 m and a distance of over 3 600 m on the condition of a typical heading angle and a pitch angle, otherwise these
factors become serious. This investigation would provide a theoretical basis and practical reference for the normative
design and manufacture of UAVs, the policy formulation by authorities on UAV operation control, as well as the risk
assessment of UAV's and manned aircraft operating in the same airspace.
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application of UAVs, new
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issues have

Currently, unmanned aerial vehicles (UAVs)
are widely employed in various fields, such as plant
protection, electric power inspection, emergency
and disaster mitigation, meteorological monitoring,
resource surveying, traffic patrolling, ecological
mapping, aerial photography, logistics transporta-

tion, and municipal administration. With the exten-

*Corresponding author, E-mail address: luxiaohua@nuaa.edu.cn.

emerged. One of the major hazard is the collision
threat on manned aircraft {lying in the same airspace
because of the unorderly flight of UAVs. Systemat-
ic research and empirical studies on the consequenc-
es of the collision threat have been conducted in the
United States'"”'. Investigating the collision or dan-
gerous approaching incidents of UAVs and aircraft

publicly reported worldwide, several collision and
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scuffing incidents have occurred in the United
States, Canada, Mozambique, EU member states,
and other countries and regions, which resulted in
aircraft damage or casualties™” . Although no colli-
sion incident between UAVs and aircraft has ever
been reported in China, abnormal events caused by
“black flight” , such as delay and cancellation of
flights, aircraft route diversion, alternate landing,
and even airspace closure”, may greatly affect the op-
eration safety and economic benefits of air transporta-
tion, and are extremely sensitive to the public for avi-
ation safety. According to the provisions in the Inter-
im Regulations on the Flight Management of Un-
manned Aerial Vehicles (Draft for Comments) is-
sued by the Civil Aviation Administration of China
(CAAC)™, the light UAVs in this work refer to re-
motely piloted aircraft with an empty mass of << 4
000 g, a maximum takeoff mass of << 7 000 g, and a
maximum flight speed of << 100 km/h (28 m/s).

At the design phase, the aircraft should verify
the airworthiness of structural against foreign ob-
jects impact (e. g., bird strikes). However, as a
emerging scenario with extensive applications, spec-
ifications of UAV design and manufacturing are still
in the legal “vacuum zone”'". Moreover, it is tricky
to formulate universal airworthiness provisions appli-
cable to test verification practice on the impact resis-
tance of aircraft against UAVs. UAV operation is
now supervised via relevant administrative proce-
dures issued by the airworthiness authorities in vari-
ous countries, which would be hoped to facilitate
the continuous development of the UAV industry
and to ensure collaborative flight safety of manned
aircraft and UAVs in the same airspace simultane-
ously. However, collision or dangerous approaching
incidents between UA Vs and aircraft still usually oc-
cur, which implies to significantly investigate a risk
assessment of collisions between UA Vs and aircraft.

As far as the possibility of collision is con-
cerned, several investigations on the collision hazard
between UAVs and aircraft in the same airspace
have been conducted, for which methods such as nu-

merical calculation simulation and dynamic simula-

tion demonstration have been predominantly adopt-
ed. Further, the research focuses on the modeling of
aircraft collision hazards based on environmental fac-

7-13]

tors'" ', optimization of aircraft safety separations

based on acceptable risks "'

, flight conflict avoid-
ance, and track dynamic planning™*. However, re-
liable prediction models cannot be gained to assess
the variation in collision risk factors, owing to the
lack of comprehensive data in civil aviation regulato-
ry authorities of various countries, such as an accu-
rate quantity of UAV ownership, actual flight fre-
quency, collision accident report, and the avoidance
ability of aircraft. Regarding damage severity, differ-
ent configurations, flight attitudes, relative speeds,
impact positions, and other factors of UAVs result
in great discrepancies in the severity of structural

damage'" >’

. Therefore, it is impossible to formu-
late a unified grading standard for UAV/aircraft
damage severity. In addition to the dynamic simula-
tion, test verification requires a long period and high
cost, resulting in relatively rare achievements on the
collision damage between UAVs and aircraft struc-
tural components. The main windshield on an air-
craft is the largest component of windward side with
great probability of being struck by foreign objects.
When the load-bearing windshield glass is damaged,
severe consequences will occur to the flight crew and
operation. Currently, the major research works fo-
cuses on the mechanism of the collision between
UAVs and aircraft windshields® ", model valida-
[25, 27]

tion comparative study with bird-strike re-

sults! 2%

, and critical condition of collision damage
on a windshield for a specific type aircraft****/, Ac-
cording to the existing and closely related research
literatures, safety and risk assessments considering
both collision probability as well as damage severity
of UAVs and aircraft are scarcely conducted. Most
studies focuses on the collision hazard between
UAVs and aircraft in the same airspace, as well as
the damage from collisions between UAV's and air-
craft metal structural separately. In the aforemen-

tioned cases, due to the space limit of the test appa-

ratus, either most UAVs are simplified or collision
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conditions of more severity are not considered, lead-
ing to distortion to some extent in the results.
Although the hazard analysis of UAVs ingest-
ed by aero-engines also constitutes a significant con-
tent in safety analysis of UAV crashworthiness, the
research here is limited to safety and risk investiga-
tions and progress analysis of collisions between
UAVs and the main windshield of aircraft. A risk
matrix of collisions between UAVs and aircraft
windshields is achieved by considering two dimen-
sions including both the probability level and the
damage severity rank of the collision with extreme
posture of UAVs. Accordingly, the collision risk
levels would be subjectively classified, and the con-
servative critical conditions for supervising UAV op-

eration are determined.

(a) Upward view of UAV finite element model

1 Damage Rank of Collision Between
UAVs and Aircraft Windshields

1.1 Introduction of UAYV structure

The UAV studied here is the Phantom 4 Pro,
which currently has the largest share in the market
of light UAV applications. This model of UAV is
produced by DIJI and has been broadly adopted in
laboratory investigations on collision safety in the
United States, Britain, and other countries. The
corresponding UAV configuration and major compo-
nents are demonstrated in Fig.1, and the construc-
tional materials of the major components are listed
in Table 1. Details on UAV modeling are elaborat-
ed in Ref.[ 33].

7

(b) Exploded view of UAV finite element model

Fig.1 Configuration and major components of UAV

Table 1 Materials of major components of the UAV

Color’ Component Material Mass /g
Motor 6061-T6 212
Camera and pan-tilt 6061-T6 222
Battery Li-Po 459

Circuit Board ~ Glass-epoxy composites 184

Fuselage shell and

olycarbonate
blade bow 283
Fuselage bottom 6061-T6
Total 1 360

*The color of UAV components are corresponding to those

labels in Fig.1.

1.2 Introduction of aircraft windshield structure

The main windshield of a commercial aircraft
consists of three layers of glass and two layers of

sandwich films. With edges wrapped by silicone rub-

ber, the three layers of glass are made of inorganic
toughened materials, while the two layers of sand-
wich films of polyurethane (PU) and polyvinyl buty-
rals (PVB) are constituted of organic materials. As
shown in Fig.2, L1 is the outer glass which is the
non-load-bearing structure with the thickness of 3 mm.
.2 and 1.3 are the middle and inner glass, which are
the load-bearing structure with thicknesses of 8 and
6 mm, respectively. PU and PVB are glue layers
with thicknesses of 4 and 1.5 mm, respectively. In
order to ensure the integrity of the collision simula-
tion model, the full-size model of the aircraft nose
structure including the major windshield compo-
nents is exhibited in Fig.3. Details on the nose struc-
ture modeling, including the windshield, are sepa-
rately elaborated in Refs.[ 25,33 ].
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Fig.2 Section view and main components of windshild

Main windshield, Main windshield

Fig.3 Model of a full-size nose of a commercial aircraft

1.3 Collision damage classification of aircraft

windshields

According to the operation standards of aircraft
manufacturers, a few cracks are tolerable at the out-
er glass of the non-load-bearing structure, as long as
the vision for flight is not affected. No cracks are al-
lowed at the middle and inner glass of the load-bear-
ing structure. Particularly, a crack on the inner glass
would threaten the equipment and personnel. There-
fore, the damage rank of windshield can be succes-
sively classified into outer-layer glass crack (mi-
nor) , outer-two-layer glass crack (dangerous), and
three-layer glass crack (disastrous). In terms of the
results of the high-speed collision between a light
UAV and an aircraft windshield (same to here), ac-
quired previously by the research team (see Ref.
[25] for details) , the most vulnerable position of
main windshield and the harshest posture of UAV
via dynamatic simulations have been achieved when
a UAV with the posture of pitching rearward 45°
and a yawing right 24.4° along the heading direction
of the aircraft striked the middle region of the wind-
shield. As illustrated in Fig.4, the damage rank of
collision between the UAV and the aircraft wind-

shield is conservatively assessed in this case.

Fig.4 Impact posture of UAV and position of windshield

impacted

1.4 Critical conditions of damage classification

in collision simulations

According to the existing results acquired in
Ref.[25], the three layers glass had cracked entire-
ly with the collision velocity of 151 m/s which su-
perimposed the relative velocities of the UAV and
the aircraft corresponding to the height of aircraft be-
low 3 000 m mean sea level (MSL) to conform the
FAR 91.117(a)"" and CCAR 91.323(a)"*". There-
fore, by gradually decreasing the collision speed
with the constant UAV flight speed of 20 m/s, the
critical collision velocity corresponding to cracking
in each layer glass can be obtained. Based on the
aforementioned scheme, the damage of each layer
glass on the windshield under typical collision condi-
tions is listed in Table 2.

According to the simulation results in Table 2,
as the UAV strikes the most vulnerable region on
the windshield along the heading direction of the air-
craft with the harshest posture, the conservative crit-
ical speeds of cracking of the outer layer glass, two
outer layer glasses, and three layer glasses are 72 m/s,

85m/s, and 128 m/s, respectively.

1.5 Energy level of collision between UAVs and

aircraft windshields

Based on the simulation results of UA Vs collid-
ing with aircraft windshields in Section 1.4, the criti-
cal speeds and corresponding energy range of differ-
ent damage classifications from the collision be-
tween a typical light UAV and an aircraft wind-
shield under extreme condition are listed in Table 3.
The damage classifications are denoted as ECI,
EC2, EC3, and EC4 according to the damage ex-

tent from slight to severe.
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Table 2 Damage of each layer glass on the windshield under typical collision conditions

Collision

o Outer layer P1 Middle layer P2 Inner layer P3
velocity
o . . .
No damage No damage No damage
o n . .
Maximum damage length of 28 mm No damage No damage
o . .
Maximum damage length of 91 mm No damage No damage
Maximum damage length of 140 mm  Microcrack damage (nonpenetrative) No damage
Maximum damage length of 659 mm Maximum damage length of 220 mm No damage
. . B
Penetrated and maximum damage Penetrated and maximum damage  Penetrated and maximum damage
length of 688 mm length of 238 mm length of 112 mm

* The velocity 1s the relative speed of UAV and aircraft.
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Table 3 Damage classification of windshield impacted by UAVs

No. UAVmass/g Velocity range/(m+s™') Energy range/J

Damage degree of windshield ~ Damage classification

1 (0, 72] (0, 3525] No damage EC1(safety)
2 . (72, 85] (3525, 4913] The outer breakage EC2(minor)
360
3 (85, 128] (4913, 11 141] The outer and middle breakage EC3(dangerous)
4 (128, +c0) (11 141, +c0) Three breakage EC4( catastrophic)
oye . . Z
2 Probability Level of Collision Be- %V
tween UAVs and Aircraft wind- //:
shields /&
/o
by
2.1 Modelling of collision probability / |
]
The track of a commercial aircraft flying along Y // A
. - . . . . / A Y
its route is regulated in a virtual pipeline (e. g., / A y
a ho,
Reich model) to eliminate track conflicts or even /\//d/ R /Qo\B

collisions between aircraft. The regulation involves
retaining reasonably longitudinal, lateral, and verti-
cal separations for the aircraft in the three-dimen-
sional (3D) track pipeline. In this work, consider-
ing the short dangerous-approaching distance be-
tween UAVs and aircraft, uniform linear motion of
aircraft without positioning error during the transito-
rily approaching time is assumed. Meanwhile, in
view of the relatively low flying speed of UAVs, it
is regarded as a random motion particle. The motion
states of the UAV and the aircraft are independent
without mutual interference. On this basis, the mo-
tion models of the UAV and the aircraft in both or-
thogonally horizontal and vertical projection planes
are established. Factors such as track alteration and
conflict avoidance of UAV's and aircraft by air traffic
controllers are not considered. The positional rela-
tionship between the UAV and the aircraft in the 3D
orthogonal coordinate system is depicted in Fig.5.

In the 3D coordinates, points A and B indicate
the positions of the aircraft and the UAV in flight
space, respectively. V only indicates the space vec-
tor of the aircraft flight velocity and has no meaning
of the velocity in a specific plane in Fig.5. In the ini-
tial state, the linear distance between the geometric
centers of the UAV and the aircraft is D whose
length in horizontal projection plane is d. Point A’ is
the projection of point A in the same horizontal plane

including point B, and point B’ is the projection of

Z
B S o
. BT R,

Fig.5 Space position schematics of a UAV and an aircraft

point B in the same vertical plane including point A.
The relative heading angle of the aircraft to the
UAV in the horizontal projection plane is €[ — =,
n], and the relative pitch angle of the aircralt to the
UAV in the vertical projection plane is S€[ —=n/2,
n/2]. The motion of UAV is simplified as Gaussian
distribution in the horizontal and vertical projection
planes, and the various uniform horizontal motions
of the aircraft in different flight phases and the single
uniform vertical motion in multiple flight phases are
assumed. Considering the size effects of the UAV
and the aircraft, the volume parameters (length X
width X height) of the UAV and the aircraft are as-
sumed as a; X b, X ¢, and a, X b, X ¢,, respec-
tively. Therefore, the spacing errors in the horizon-
tal and vertical projection planes resulting from the
volume parameters of the UAV the and aircraft are
Ay=+ai+ b6+ Jai+ b
A=+ e

(1)

At time ¢ from the initial state, the random dy-
namatics differential equations of the UAV and the
aircraft in the horizontal projection plane are given by

{dL(z‘):Vh(z)dz+ U,(2)dt @)
L(0)=0

where L (z) and L(0) are the horizontal distance of
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aircraft having flown relative to UAV at time 7 and
at the start time, respectively; V,(¢) is the various
average velocity of the aircraft in the horizontal pro-
jection planes corresponding to different flight phas-
es; U,(¢) is the horizontal velocity of the UAV in
standard Gaussian motion with E[Uh(z)}:O and
D[Uh(t)}:ahz, in which the value of o is deter-
mined by the horizontal velocity of the UAV. There-
fore, the distance R,(z) between the UAV and the
aircraft in the horizontal projection plane at time ¢

from initial state can be expressed as

R/(2)=J(L(t))+d*—2XL(t)XdXcosa —A,
d=D X cosf
(3)

According to Fig.5, the lateral distance R,(7)
of the UAV relative to the aircraft heading in the
horizontal projection plane can be written as

R,(t)=d X|sina|—|b,|—|b:| (4)

In the horizontal projection plane, if the hori-
zontal distance R,(7) or the lateral distance R,(7) is
less than the specified minimum safety separation,
it is considered that collision has occured between
the UAV and the aircraft in the horizontal plane.

At time 7 from the initial state, the random dy-
namatics differential equations of the UAV and the
aircraft in the vertical projection plane are given by

dH ()= V (t)dt+ U,(¢)ds
H(0)=0 (5)
where H (#) and H (0) are the vertical distance of
aircraft having flown relative to the UAV at time ¢
and at the start time, respectively; V,(¢) is the sin-
gle average velocity of the aircraft in the vertical pro-
jection planes in multiple flight phases; U,(¢) is the
vertical velocity of UAV in standard Gaussian mo-
tion with E[U,(¢)]=0 and D[U.(¢)]=0?, in
which the value of ¢ is determined by the vertical
velocity of the UAV. Hence, the distance Rs(7) be-
tween the UAV and aircraft in the vertical projec-
tion plane can be expressed as
R(1)=H—H(t) ©)
H=D Xsinfg—A,
where H 1s the vertical distance between the UAV
and the aircraft at the start time. If R4(#) is less than

the specified minimum safety separation, it is con-
sidered that collision has occured between the UAV

and the aircraft in the vertical plane.
2.2 Solution of collision probability model

1, R}, and R} are adopted to represent the
horizontal, lateral, and vertical safety separations, re-
spectively. Within the total time of + = & X At
(where # is the step number of time increments) , the
decisive indicators for the collision between the UAV
and the aircraft regarding the horizontal, lateral, and
vertical distance , i.e., fi, f;, and f;, are defined as

=0 R/ <R]
’

fi=1 R >R|
f=0 RS R (8)
fi=1 R,>R)

;=0 ngRé
’

fi=1 R;>R]

At time 7, when ((/,=0 orf,=0) & f;=0)
is fulfilled with a €[ — /2, n/2] or (/,=02&
f3=0) is fulfilled with e€[ —n, —x/2] and aE[n/
2, w], itis considered that collision occurs between
the UAV and the aircraft in 3D space. With a total
simulation times, the simulation flowchart, present-
ed in Fig.6, is determined according to the schemes

in Sections 2.1 and 2.2.
2.3 Simulation results of collision probability

According to the introduction in Section 2.1,
the related parameters of the UAV and the aircraft
used in the simulation of collision probability are
listed in Table 4. The UAV can reach the maxi-
mum height from the ground of 500 m in terms of
the design performance. Now,
flight height of the UAV is 120 m due to flight con-
trol. Meanwhile, as the flight speed range of the

the permissible

UAYV is small, the UAV can promptly attain a sta-
ble speed and be simplified a random particle mo-
tion. However, the speed range of the aircraft var-
ies greatly from taxing to cruising with different
flight speeds in various flight phases, correspond-
ing to which different average horizontal flight
speed in each phase should be definited. The aver-

age horizontal velocities of the aircraft in Table 4



No. 5

ZHANG Zhuguo, et al. Research on Collision Risk between Light Unmanned Arial Vehicles and--+ 541

———|D=1000:100:10 000

=i+l
Counting initialization N=0
Setting a total simulation M

i

=HAt<T

AL(O=V*At+U*At
dH(=V *At+U *At

{

LO=L(0y+dL(®),L(0)=0
H(#y=H(#y+dH(),H(0)=0

5 oo

R =)

Fig.6  Numerical simulation flowchart of collision probability

are compared with the critical collision speeds in

Table 2 that cause cracking on each layer glass in

which

speed resulting in cracking of all three layers glass

turn, indicates that the critical collision
of the windshield corresponds to a height range of
120—500 m and climbing stage of aircraft according
to its flight performance and speed envelope. With-
out consideration of flight control, a collision be-
tween the UAV and the aircraft would be very like-
ly to happen. Therefore, collision simulation of the
aircraft with the speed of 108 m/s (deriving from
(128—20) m/s) is considered conservatively here.
Likewise, the critical collision speed at which the
outer-two layers glass of the windshield cracked cor-
responds to a height range below 120 m and taking
off stage of aircrft, in which the collision risk be-
tween the UAV and the aircraft would really exist.
Therefore, three critical velocities of the aircraft
that cause cracking of each layer glass of the wind-
shield in turn, i.e., 52 m/s, 65 m/s, and 108 m/s,
are considered in the simulation.

With reference to relevant technical documents

and literatures' "

, the selected parameters in the
simulation for flight safety separation in the aircraft
terminal control area are listed in Table 5.

Assuming D = 10 000 m, the collision proba-
bilities with various combinations of @ and g in their
ranges and velocity of 128 m/s are displayed in
Fig.7. It is clearly showed that the collision probabil-
ity between the aircraft and the UAV would reach
the maximum when « and /S are equal to zero,

which is also in conformity with the common sense.

Table 4 Horizontal and vertical speeds of different models

The length, width and Average vertical ve-

Model ) o . Average horizontal velocity /(m «s™ ")
height of the body/m locity”/(m +s™")
PHANTOM 4  0.289, 0.289, 0.196 5 20
52 (Corresponding to the speed of taxiing and taking off)
65 (Corresponding to the speed of taking off stage and the max
A commercial .
3.346, 3.042, 4.170 2 speed of a heigh of about 120 m)

aircraft

108 (Corresponding to the speed of climbing stage and the max
speed of a height of about 500 m)

* The aircraft speed refers to it in its ascending process with the maximum takeoff weight. Generaly, the speed in the ascending

process 1s greater than that in the descending process at the same flight height. Therefore, conservative values are selected. The

customized maximum flight height of the UAV is 500 m which is more than that of the critical flying height of aircraft corre-

sponding to various damage classifications of windshield.
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Table 5 Safety separation parameters in the simulation

Parameter Value
Minimum horizontal safety interval R}/m 2000
Minimum lateral safety interval R}/m 1000
Minimum vertical safety interval R}/m 100
Based on Fig.7 and previous study™”, the typi-

cal scenario of @ and 8 being equal to 30° is consid-
ered to conservatively estimate the risks of dangrous-
approaching and collision between the aircraft and

UAYV without considering any avoidance strategies.

Fig.7 Collision probability of combination with various an-

gles

The relationship in the collision probability and
the initial space distance D between the aircraft and
UAV are displayed in Fig.8. The SAE ARP 4761
standard™ is cited by the Coordination Working
Group on General Structure of Transport Airplanes
in FAA Aviation Rulemaking Advisory Committee.
Qualitative and quantitative safety indicators includ-
ing the consequences of different failure modes, the
severity classification of failure states, and the ac-
ceptable probability of occurrence defined by Feder-
al Aviation Administration (FAA) and Joint Avia-
tion Authorities (JAA) are adopted in the cited stan-
dard: (1) The adverse effects, which slightly re-
duce the safety margin, slightly increase the work-
load of the flight crew, or render certain inconve-
nience on the passengers, fall into the category of
minor damage or failure conditions with an allow-
able occurrence frequency as quite likely and an oc-
currence probability of << 107%; (2) the adverse ef-

fects, which notably reduce the safety margin or

I —— V=T2m/s

) 83 L —— V=85 m/s
E 0.7t —— V=128 m/s
S 0.6[
8.0.5F
Bo04r
Z03f
Q0.2
© 0.1

0.0 ; . .

0 1 2 3 4 5 6 7
Space distance of two models / km
(a) Probability curves
0

it —— V=T2m/s
& —— V=85 m/s
B2 @2 —— V=128 m/s
2 -3}
gl 0000 oWt
o
.2 -5k
s (5.7,-6)
& g \

_.8 1 1 1 1

0 1 2 3 4 5 6 7
Space distance of two models / km

(b) Logarithmic probability curves
Fig.8 Relationship between spatial distance and collision

probability of UAV and aircraft with different speeds

functional capability, notably increase the workload
of the flight crew, affect the crew efficiency, or ren-
der certain discomfort on the passengers, fall into
the category of hazardous damage or failure condi-
tions with an allowable occurrence frequency as sel-
dom and an occurrence probability of << 107°; (3)
the adverse effects, which greatly reduce the safety
margin or functional capability, impose greater
workload and physical pain on the flight crew that
cannot execute tasks accurately and completely, or
adversely impact the passengers, fall into the cate-
gory of severe damage or failure conditions with an
allowable occurrence frequency as rare and an occur-
rence probability of << 10~". According to the afore-
mentioned indicators of damage and safety, the spa-
tial distance and collision probability between the
UAYV and the aircraft corresponding to the wind-
shield damage classification with different collision
conditions listed in Table 3 are depicted by the three
solid curves corresponding to different marks in
Fig.8, assuming that cases in which the UAV
strikes the aircraft windshield accounts for 10% of
the total collision incidents between UAVs and air-
craft referring to the 30-year statistical results
(about 15% ) of birds striking the aircraft wind-
shield™".
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To unify the variation relations between spatial
distance and collision probability of the UAV and
the aircraft with different speeds, the dotted line of
collision probability in Fig.8(b) is obtained in view
of conservative safety targets. Thereby, the colli-

sion probability level is classified to acquire the cor-

responding probability ranges of collision for the air-
craft windshield. The probability classification are
denoted as PC1, PC2, PC3, and PC4 according to
the probability magnitude from low to high and the
range divisions corresponding to each level of colli-

sion probability are presented in Table 6.

Table 6 Probability interval corresponding to possible collision level

Classification of collision possibility

Space distance range between two models/m Collision probability” range

PC1 [5700, +oo) (0, 1077]
PC2 [3 600, 5700) (1077, 107°]
PC3 [2 200, 3 600) (10°°, 107%]
PC4 [0, 2 200) (10, 1]

*The probability includes the assumed 10% proportion for a UAV striking a windshield of the total collision incidents.

3 Collision Risk Between UAVs and
Aircraft Windshields

Referring to the Guidelines for Risk Assess-
ment of Airworthiness Certification Projects of Civ-
il UAV Systems (Trial)'*', two indicative dimen-
sions, i.e., probability level and damage rank, are
selected to express the collision risk of a typical
UAYV and a commercial aircraft windshield. Accord-

ing to the results shown in Tables 3, 6, the colli-

sion risk matrix for the UAV and the aircraft flying
in the same sub-airspace with both pitch angle and
heading angle of 30° is exhibited in Table 7. The
yellow zone indicates low risk (R,) , the orange
zone indicates medium risk (R,) , and the red zone
indicates high risk (R;). Therefore, in terms of dif-
ferent acceptable risk zones, the corresponding
ranges of collision energy and the unregulated spa-
tial distance between the UAV and the aircraft can

be determined reversely.

Table 7 Collision risk matrix between typical linght UAV and windshield of an aircraft

o PC1
Classification of
. [5 700, +co)
damage severity i
(0, 10°7]

pPC2 PC3 pPC4
[3 600, 5700) [2 200, 3 600) [0, 2200)
(1077, 10 7] (107, 10°] (10°°, 1]

EC1 (0, 3525)
No damage
EC2 [3525, 4913)
The outer breakage

EC3 [4913, 11 141)
The outer and middle breakage

EC4 [11 141, +eo)
Three breakage

4 Conclusions

The collision probability and energy levels cor-
responding to various damage severity ranks of a
typical light UAV and a commercial aircraft wind-
shield during flying in the same sub-airspace at a cer-
tain altitude are analyzed. With the lack of further

test verifications and sufficient supports from simula-

R,
R,

R,

tion results regarding more actual conditions, the re-

sults can provide conservative but rational under-
standings of collision risks between UAVs and air-
craft. The following conclusions can be drawn.

(1) If the distance between the UAV and the
aircraft 1s more than 3 600 m before the aircraft
takes off corresponding to the energy level EC1 of
impacting, or more than 5 700 m under the flight
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height of 120 m corresponding to the energy level
EC2 of impacting, the collision probability and dam-
age severity are acceptable in general, which means
low risk.

(2) If the distance between the UAV and the
aircraft is greater than 2 200 m before takeoff corre-
sponding to the energy level EC1 of impacting,
more than 3 600 m under the flight height of 120 m
corresponding to the energy level EC2 of impact-
ing, or more than 5 700 m above the flight height of
120 m corresponding to the energy level EC3 of im-
pacting, the collision probability and damage severi-
ty present great risks, which means moderate risk
and that avoidance measures should be taken for the
mitigation.

(3) If the distance between the UAV and the
aircraft is less than 2 200 m before takeoff corre-
sponding to the energy level EC1 of impacting, less
than 3 600 m under the flight height of 120 m corre-
sponding to the energy level EC2 of impacting, or
less than 5 700 m above the flight height of 120 m
corresponding to the energy level EC3 or EC4 of im-
pacting, the collision probability and damage severi-
ty indicate grave risks, which means high risk and
measures like electronic fences or conflict alerts
should be taken to avoid collision incidents.

(4) It has been studied that the windshield was
impacted respectively by the UAV and a four-pound
bird with the same kinetic energy in Ref.[25]. The
results showed that there was no damage to the
windshield when the bird impacted the windshield at
a speed of 132.7 m/s. Therefore, combined with
the achievements in this paper, the windshield of
the aircraft is safe after being impacted by a four-
pound bird below 500 m.

This work provides a conservative method for
risk assessment of mid-air collisions between a typi-
cal light UAV and commercial aircraft windshield.
Because of the incomplete information on the exist-
ing UAV products registered in official website of
Civil Aviation Administration of China (CAAC) as
well as the lack of statistical information on the colli-
sion incidents between UA Vs and aircraft, the ener-
gy distribution function of collisions with various

models of UAV cannot be obtained, and the pro-

posed collision probability model is a little impec-
fect. Therefore, the accuracy of quantitative analy-
sis and the rationality of the risk assessment matrix
for collisions between UAVs and aircraft windshields
require further improvement. In general, the results
of this study provide a significant insights for engi-
neering practices in the normative design of the light
UAYV industry. Additionally, these findings can of-
fer open referential effects on the decision-making

for the civil aviation regulatory authorities.
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