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An Adaptive Airspace Model for Quadcopters 1n
Urban Air Mobility

Quan Shao™, Ruoheng Li

Abstract— The emerging usage of quadcopters in Urban Air
Mobility has urged airspace design to be precise and dynamic
to mitigate collision risks. This paper proposes an adaptive
AirMatrix model to obtain the block size of AirMatrix that is
calculated through the acceptable track deviation of quadcopters
by considering GPS signal quality and wind field. First, the
acceptable GPS-induced deviation is calculated to meet the safety
tolerance by analyzing the distributions of GPS-induced deviation
under different signal quality levels. Second, a dynamic modeling
and simulation method is applied to assess the wind impact on
the track deviation accurately. The wind-induced deviation is
calculated using a wind effect model considering surface friction
and turbulence. Results show that the proposed model can reduce
airspace conserveness by providing 45 percent available blocks
more than the previous model. By considering the wind impact,
the adaptive AirMatrix improves the safety performance of
blocks at levels ranging from 4.9% to 95.5%, compared with the
model without considering wind impact. The adaptive AirMatrix
model provides a delicate and targeted approach to design
airspace for quadcopters, which benefits traffic management in
Urban Air Mobility.

Index Terms— Low-altitude airspace management, UAS traffic
management, Urban air mobility.

I. INTRODUCTION

NMANNED aerial vehicle (UAV) is one of the rising
fields in the aviation industry. It has exerted its advantage
in civil, commercial, and military fields, playing its full role in
agricultural management, environmental research, and emer-
gency rescue [1]. With the development of electric propulsion
and sensing system, the realization of Urban Air Mobility
(UAM) has become possible [2]. In order to ensure the safety,
capacity, and throughput of UAM, UAV traffic management
(UTM) has become essential [3].
As one of the most common types of drones applied in
UAM, quadcopters have been widely used in operation sur-
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Fig. 1. Conventional AirMatrix model.

veying, surveillance, and logistics due to their simple design,
low price, ease-of-use, and flexible movement. However,
researchers found that the collision risk among quadcopters
has been one of the primary risks associated with UAVs [4]
and should be managed intrinsically by rationally designing
the airspace [5].

The airspace design not only significantly affects the poten-
tial risk in UTM, but also yields the optimization of the
capacity of airspace per se [6]. Generally, airspace models
in UTM can be divided into four types, i.e., Full Mix, Layers,
Zones, and Tubes [7]. As summarized in Table I, the tube-
type airspace can be considered an appropriate model for
quadcopter due to its high safety level.

Among the tube-type models, an AirMatrix model has been
proposed and widely applied [15]. As illustrated in Fig.1, the
airspace is divided into blocks with uniform size. As the cen-
ters of blocks are the pre-defined path nodes for quadcopters,
the size of blocks should be set to ensure the possibility
of tracking deviation of quadcopters within the acceptable
level. However, the uniform size of blocks cannot meet the
requirement of dynamic risk management based on the concept
of Adaptive Urban Airspace management (AdUrAM) [16],
which pointed out that urban airspace should be managed
dynamically according to traffic demand and associated risks.
Specifically, an adaptive design of AirMatrix is essential in
mission planning tasks in UAM [18], [19], [20], [21], [22],
[23]. Hence, an adaptive and dynamic design of the block
size should be considered to manage the potential collision
risks among quadcopters.

The block size of AirMatrix is related with the model
uncertainty of quadcopters. In the current research, the fac-
tor considered in designing the AirMatrix is limited to the
uncertainty in the navigation performance of UAVs. For
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TABLE I
PREVIOUS RESEARCH ON URBAN AIRSPACE STRUCTURE

Definition Safety Source

Low

Capacity
High

Concept

No restrictions on the path of
drones. The drones choose a
conflict free path by utilizing [2],
airborne detection system, [71-[9]
like the free-flight concept in
civil aviation.

Full Mix

Airspace is segmented into | Moderate | Moderate
vertical bands according to
the operation heading range
and speed span, like the hem-
ispheric rules in the civil

aviation.

Layers [7], [10]

The airspace is divided into | Moderate | Moderate
circular or radial zones, and
aircraft can flexibly choose

flight altitude.

Zone [11]-12]

A graph with nodes and| High Low
edges constructs the conflict

free routes.

Tubes [13]-[23]

instance, Pongsakornsathien et al. [17] proposed an airspace
model based on the position dilution of precision (PDOP)
of the navigation system. Similarly, Dai et al. [18] proposed
an airspace model influenced by the GPS-induced tracking
deviation. However, environmental disturbances such as wind
can also affect the tracking accuracy of UAVs, which is not
considered in previous models. Moreover, the current research
did not consider the maneuverability and dynamics of UAVs
in designing the AirMatrix, which reduces the reliability of
the airspace model [20].

The model uncertainties of quadcopters mainly incorporate
parametric and nonparametric uncertainty [24]. The difference
between the two centers upon their source and measurement.
The former characterizes the inherent system parameters (e.g.,
time-varying payload [24]), while the latter considers the
external disturbances (e.g., wind). The time-varying system
parameters usually occur in particular situations, such as in
the process of firefighting aircraft unloading water, which
is out of the scope of this paper. As the airspace design
should adapt to the external environment, this paper focuses
on investigating the impact of nonparametric uncertainty.

The effect of nonparametric uncertainty acting on the system
can be assessed by two methods. First, the nonparametric
uncertainty can be modeled as a bounded space. The system
performance under bounded disturbance can be assessed by
reachable sets computation based on mixed monotone sys-
tems theory [25], [26], [27]. The reachability computation
has wide applications in controller design and verification
[25], Simplex switching logic design [28], and conflict-free
path planning algorithms design [29]. Second, the effect of
external disturbances on the quadcopters can also be quantified
based on simulation [30], [31], [32], [33]. Tran et al. [30]
conducted both experiments and simulations to compare the
trajectory of a quadcopter under an actual wind field and the
corresponding wind model. The results demonstrate that simu-
lators can accurately predict the motion of quadcopters under
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Fig. 2. Tllustration of the block in adaptive AirMatrix.

wind disturbances with the wind effect model. Considering
the nonlinear characteristic of quadcopters, to quantify the
wind disturbance acting on the systems, as well as reflect the
maneuverability of quadcopters, this paper employs simulation
to quantify the uncertainty.

This paper proposes a two-step adaptive AirMatrix design
procedure for adaptive AirMatrix, by separately calculating
the block size affected by GPS signal quality and wind
disturbance. The paper is organized as follows. Section II first
introduces the definition of the adaptive AirMatrix structure,
and then analyzes the factors that influence the model design.
Section III provides a detailed design approach for adaptive
AirMatrix, including the GPS-induced and wind-induced devi-
ation models. Section IV discusses the safety and capacity
performance of the proposed model. Section V concludes the
findings of this research and discusses future work.

II. THE FUNDAMENTAL OF THE ADAPTIVE
AIRMATRIX STRUCTURE

The block size of the AirMatrix structure should ensure the
probability of the quadcopter appearing at the border within
the safety tolerance Psy. Hence, we defined the block size S;
of AirMatrix as (1), as is illustrated in Fig.2.

Sr = 2(Rdr0ne + DST) (1)

where, Rgone represents the farthest position of the quadcopter
away from its geometric center. Dgr represents the acceptable
track deviation under Ps7. The setting of Psr can be guided
by the Equivalent Level of Safety (ELOS), which is defined
as the general safety objective for UAVs should be equivalent
to civil aviation [34].

The block size is related to the acceptable track deviation
of quadcopters. In this paper, GPS-induced deviation egps and
wind-induced deviation e,,;,4 are the main considerations. The
former has its probability distribution related to levels of GPS
signal quality, which is introduced in Section III. The latter
is an expansion of Rgrne considering the wind effect as it
can lead to the farthest position of quadcopters deviating from
its origin (Fig.2). Then, the equivalent quadcopter size R/,
under the wind impact can be defined as (2). In this way, under
the wind impact, the corrected block size S¢ can be expressed
as (3).

RZirone = Rrone + ewind 2)
Sc = 81+ 2eyina (3)
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Fig. 3. Illustration of the adaptive AirMatrix model.

Two main factors should be noted when calculating the
eywind- First, surface friction and turbulence should be consid-
ered when building the wind impact model. Under the influ-
ence of surface friction, the horizontal wind speed accelerates
with the distance from the ground. The quadcopter experiences
intenser horizontal wind disturbance and deviates further from
its track. Surface friction also leads to uneven atmosphere
distribution in the low-altitude airspace, which makes the fluid
movement in the canopy and boundary layer of urban a state
of turbulence. The turbulence would influence the position of
the quadcopter as well. Since the safety tolerance of collision
rate is predefined and fixed, the block size on each layer of
adaptive AirMatrix increases along with altitude considering
the disturbance at high altitudes is more significant. Based on
the analysis above, the sketch of the adaptive AirMatrix is
shown in Fig.3.

Second, quadcopters are nonlinear and under-actuated sys-
tems, its dynamic should be considered when quantifying the
wind effect. We assume the quadcopter is a rigid and symmet-
rical structure with constant mass and inertia, whose geometric
center and the center of gravity coincides. The propellers are
rigid, with the odd one rotating counterclockwise, and the
even one rotating clockwise. We model the wind effect on
the quadcopter as a drag force in the inertial frame [32].
North-East-Down (NED) and Forward-Right-Down (FRD) are
used for the inertial frame and the body frame respectively.
Hence, when the quadcopter is under gravity, wind impact,
and thrust, the quadcopter dynamics in the inertial frame are
given by [35]:

Oy —Tmlfl(siny/sinq’)—i—coswsin@cosqﬁ)—i—m’lfx

Dy —Tm (= cos y sin ¢+sin y sinf cos ) +m ™" f,

bz | _ g—Tm 'cos¢pcosd +m™' f,

¢ p+gsingtan0 + r cos P tan ’

0 gcos¢ —rsing

v gsingcosd~! +rcospcosd!

(4)

where 0 = [lix, Dy, éZ]T is the linear acceleration of the

center of mass; ©® = [, 6, y]T refers to the change rate of
the Euler angles. m is the total mass of the quadcopter, g

is the standard local gravity, f = [ f, fy, fZ]T refers to wind
force components in each axis. Q = [p, q, r1T refers to the

angular velocity of the quadcopter within the body frame. T
refers to the total thrust generated by propellers, which can be
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given by

4
T =Y Croj, )
i=1
where Cr is the thrust coefficient, w; is the angular velocity
of the rotor.
Based on the Euler equation, the angular acceleration Q=
[p,q, 7T is computed as

)4 I);l[fx + qr(lyy — 1) — T4y + Jrpq @]
g |=| Iy [ty + prlez — L) — tay — Jrpp@] |, (6)
7 Izzl[fz + pq (L — lyy) — t4;]

where J = diag[/w, Iyy, I;] is the inertia matrix of the

quadcopter; Jgp represents the total moments of inertia of
the entire rotor, and the propeller about the axis of rotation,
0 = o, — o + w3 — w4 refers to the sum of the rotor
speed. 7 = [rx, Ty, rZ]T refer to moments generated by the
propellers, which is related with quadcopter configuration,
thrust coefficient, torque coefficient and rotor speed. 7y =
[Tax» Tay, 74.]7 is the aerodynamical friction moments, which
is expressed by [32]:

Tdx kaxp?
tay | = | kayg? (7)
Tdz kazr 2

where kg = diag[kgy, kay, kq;] is friction moments coefficients
along corresponding axis.

With the highly nonlinear and coupling characteristic, quad-
copters depend on their control system to stabilize their
attitude and achieve the desired trajectory. The proportional
integral derivative (PID) algorithm is classical control law that
is widely applied in quadcopter control systems due to its sim-
plicity and practicability [24]. Therefore, to reflect the ability
of quadcopters to maneuver in a wind field, we employed
the PID-based quadcopter dynamic modeling and simulation
system developed by Hartman et al. from the university of
Drexel based on MATLAB Simulink [36] to calculate the
wind-induced deviation. The system is named Quadcopter
Dynamic Modeling and Simulation (Quad-Sim) v1.00. The
wind impact model can be inputted into the External Dis-
turbances module of Quad-Sim to assess the corresponding
track deviation. The details of the calculation method of
acceptable GPS-induced deviation and wind-induced deviation
are introduced in Section III.

III. METHODS TO CALCULATE THE BLOCK
SIZE IN AIRMATRIX

This Section first introduces how to calculate acceptable
GPS-induced and wind-induced deviation in corresponding
environments. Then, the design procedure of the adaptive
AirMatrix model is provided.

A. GPS-Induced Deviation

Position uncertainty of quadcopter can be modeled using
approximated probabilistic methods [37]. Based on the exper-
iments support [18] and considering the repeatability and simi-
larity of the random error in the navigation system, we assume
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TABLE II

POSITION DEVIATION OF QUADCOPTERS UNDER UNIFORM
DISTRIBUTION SIGNAL PATTERNS

Latitude Longitude
Density Mean Standard Mean Standard
(m) Dev. (m) (m) Dev. (m)
1 1.51 1.34 1.61 1.26
0.7 1.63 1.35 1.86 1.38
0.5 1.69 1.58 1.86 1.37
0.3 1.69 1.75 2.12 1.61
0.1 2.39 2.67 2.67 1.99
0.05 3.34 3.64 2.73 2.12
0.03 5.86 4.84 4.68 3.36
0.02 9.75 5.25 8.12 5.46
0.01 13.53 7.19 11.30 7.87
TABLE III

POSITION DEVIATION OF QUADCOPTERS UNDER NON-UNIFORM
DISTRIBUTION SIGNAL PATTERNS

Latitude Longitude
Distribution Mean Standard Mean Standard
(m) Dev. (m) (m) Dev. (m)
Gaussian 5.99 3.85 6.80 5.80
Sin 5.99 3.90 4.33 3.82
Random 5.80 3.92 4.33 3.89

the GPS-induced deviation of the quadcopter in each direction
follows the Gaussian distribution, which can be given by

eGPS—axis ~ N(0, 6&ps), (8)

where, egps—axis represents the GPS-induced position devi-
ation on the axis x, y,z. ogps is the standard deviation of
the position deviation influenced by the GPS signal quality.
Given independent and isotropic GPS accuracies, we assume
ogps is related with GPS signal quality and equivalent in three
directions.

To simplify the calculation, under the distribution of egps,
acceptable GPS-induced deviation Dgr is given by (9), which
represents that the probability of the quadcopter appearing at
the border should meet the safety tolerance Psr.

P(x = Dsr,y =0,z =0) = Psr. 9)

GPS signal data show different distribution patterns in
different environments [38]. In specific, when the satellite
link is unstable, the signal data normally shows a uniform
distribution. When there is an extreme atmosphere or physical
interference, signal data normally shows Gaussian distribution,
Sin distribution, and Random distribution [39]. Pang et al.
[38] employed the Extended Kalman Filter (EKF) algorithm to
access the track deviation distribution of UAVs under different
GPS signal patterns, which can guide the acceptable distance
thresholds setting for UAVs under corresponding signal envi-
ronments. Table II and Table III record the mean and standard
deviation of GPS-induced deviation under signal patterns with
uniform distribution and non-uniform distribution respectively.
To supplement the data of position deviation under signal
with uniform distribution, we employ the curve fitting tool in
MATLAB to fit the function of signal density pgps vs. position
deviation ogps. The worse standard deviation in two directions
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TABLE IV
GOODNESS OF FITTING RESULTS
SSE R-square | Adjusted R-square RMSE
Value 0.08027 0.9981 0.9974 0.1157

for each signal density is chosen as ogps to accomplish the
fitting. The function is given by

aGps = 0.57 + pgps> +0.71. (10)

The goodness of fitting results is recorded in Table IV. The
R-squared and Adj R-square are close to 1. The Sum of the
Squared Errors (SSE) and Root Mean Squared Error (RMSE)
also demonstrate the goodness of fitting.

B. Wind-Induced Deviation

The wind effect model acting on quadcopter is modeled as
a force in the inertial frame. According to the formula of air
resistance [40], the wind impact on quadcopter can be denoted
as

(1)

2
Saxis = Epcaxissaxisvaxis,

where, fuvs represents the wind force component in
corresponding axis, cuyis 1S the drag coefficient along the
corresponding axis, v,ys represents the relative wind speed
component on each axis, p is the air density and sgys is the
projected area seen by the wind in each direction.

As is analyzed in the Section II, surface friction and tur-
bulence effects should be considered. Hence, the wind model
can be divided into a dominant wind model and a turbulence
model. The details are introduced in the following.

C. Dominant Wind Model

The dominant wind, which is also called static wind, can
be obtained by the largest wind speed and direction in mete-
orological estimation.

Under the influence of surface friction, the wind speed
closes to the surface will decrease. The flow of the atmosphere
will not be affected by the surface after reaching the gradient
height [41]. This kind of distribution of wind speed along
the height is called wind speed profile and can be denoted as
power law, as expressed by (12).

o=n(2)

where, V (z) represents the average wind speed at height z. Vg
is the reference wind speed at the reference height. a refers to
the ground roughness coefficient, which is affected by terrain,
stratification stability, and other factors.

According to the American Society of Civil Engineers [42],
in the urban environment, a and gradient height have values
of 0.4 and 450m, respectively. Hence, the wind speed profile
below the gradient height can be expressed as

12)

V(@) =Vk (i)o'4 (13)

10
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D. Turbulence Model

Turbulence is a stochastic process that velocity spectra can
express. Dryden and von Karman models are classic mod-
els employed in simulating turbulence in evaluating aircraft
performance [43]. According to the Military Specification
MIL-F-8785C [44], the horizontal and vertical components of
the power spectra density function for turbulence are expressed
as follows.

op@y < T2 (14)
P T T (LQ)?
2 2
Ly 1+3(L,Q
@, () = 2le LHI D) (15)

T+ L]

where, Q represents the selected frequency, L, and L, repre-
sents the turbulence scale length, o, and o, represents the
turbulence intensity. According to the MIL-F-8785C [43],
below 1000ft, the length scale and turbulence intensity of
vertical component can be expressed as L, = h, g, = 0.1Wy.
h refers to the flight height. W>o represents the wind speed
at 20 feet. Typically, Wy is 15 knots (7.5 m/s) in light
turbulence, 30 knots (15m/s) in moderate turbulence, and
45 knots (22.5m/s) in severe turbulence. Then, the length
scale and turbulence intensity of the horizontal component of
turbulence can be obtained by the follows.

L,
Ly = 6
"= (0.177 + 0.0008237)12 (16)

(0.177 + 0.0008234)0-4

According to the Large-Eddy simulation in an urban envi-
ronment [45], the standard deviation of turbulence intensity
and pulse velocity in the urban canopy and boundary layer
is relatively small. Hence, in this paper, the turbulence scale
length is regarded as fixed.

E. Design Procedure of Adaptive AirMatrix Model

The sizes of quadcopters operating in one specific airspace
will be slightly different. To meet the safety requirement of all
the quadcopters, Rjyone 1s determined by the largest quadcopter

in one specific airspace when calculating the initial block
size S7. When calculating the corrected block size Sc, the
wind induced deviation e,;,,4 is determined by the quadcopter
most susceptible to disturbance (the largest e,inqg)-

The adaptive AirMatrix model design procedure is shown
in Fig.4. The block size on each layer is calculated recursively
based on the inputted parameters, until reaching the upper
border of the airspace.

In detail, on Layer one, the initial block size S; is deter-
mined by Rgrone and Dsr. Dsr is obtained by the acceptable
deviation of the quadcopter under the corresponding GPS
signal quality. Then, to calculate the corrected block size,
the turbulence induced deviation e, will be first calculated by
employing the Quad-Sim. The height of the Layer one H;
then can be obtained by (18). Subsequently, the horizontal
wind speed on H; can be obtained. Wind induced deviation at
Hj can be assessed by employing the Quad-Sim. After that,
the corrected block size one Layer one Sc—j can be updated
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Input parameters
(Safety tolerance, GPS pattern, turbulence intensity, wind speed and
quadcopter parameters)

The initial block size S,
OGps » Ry |

I Acceptable deviation D,, I
¥

[ Calculate the initial block sizes, |
I

A4
The corrected block Size S,

| PID-based dynamic modeling and simulation |

: y:

Turbulence Calculate
urou horizontal wind at /,

!

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
i
Turbulence-induced i
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

deviation € -
1 ! Calculate wind-

induced deviation e,

1_I

I Sca= ~?1 +28,ina |

Set the height of
Layerl as H,

| Set the height of Layer n as H,

Layer n i i
Calculate €,nq at H, ,obtain S,

1
1
1
:
1
! and update the cumulative height
1
1
1
1
1

Update Layer
n with n+/

NO

Whether H, exceeds the
Lo o= border

Output parameters
(Number of layers. block size, and available blocks)

Fig. 4. Design procedure of the adaptive AirMatrix model.

based on (19), where e,;,q represents the largest deviation in
three directions.

Hi = 81+ 2e
Sc—n = 81 + 2eyina

(18)
19)

Subsequently, layer number increases by one. For the Layer
n (n=2,3,...), update their heights H, as follow.
n
H, = Z Sc—(i-1) + Sc—m-1) (20)
i=2

The corrected block size of Layer n is obtained based on
(19) after calculating e,s on H,. The block size will be
calculated recursively for each layer until cumulative height
exceeds the upper border of the airspace.

A contingency management module will be activated when
communication dropouts or other emergency scenarios happen
Once the contingency management module is activated, the Sy
of airspace will be designed based on the worst GPS signal
pattern. In this paper, the worst GPS signal quality pattern in
[38] is employed, with its ogps having a value of 7.0m.

IV. RESULTS AND DISCUSSION

The above procedure allows us to design dynamic airspace
for quadcopters in different GPS signal quality and wind
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m— mass of one arm
£ radius of arm
L — total length of arm

m — mass of one_motor
d,~ distance from motor to center of mass
h— height of motor above arms
1 radius of motor

P, i

(a) Arms

(b) Motors

m— mass of one ESC
a—width o C

b~ length of ESC
d. distance from ESC to center of mass

m— mass of central hub
¢~ radius of central hub
H — total height of hub

(c) Electronic Speed Control (ESC)

Fig. 5. Tllustration of the main components of the Quadcopterl.

TABLE V
PARAMETERS OF PID CONTROL

Roll Pitch Yaw Altitude
Kp | Ki | Kd |[Kp | Ki | Kd | Kp | Ki | Kd | Kp | Ki | Kd
2 1.1 1.2 2 1.1 1.2 4 05| 35 2 1.1 | 3.3

TABLE VI
PARAMETERS OF TWO TYPES OF QUADCOPTERS IN SCENARIO

Quadcopter Weight (g) Rirone (Mmm)
1 1023 240
2 1480 250

environments. In this Section, we study the scalability of the
Adaptive AirMatrix in different environments. Then, we com-
pare the capacity and safety performance of the Adaptive
AirMatrix model with other airspace models.

A. Scenario of Model Validation

In the scenario of model validation, two types of plus (+)
structure quadcopters are equipped with the same controller
system, but with different weights and sizes. Their PID con-
troller parameters that are responsible for roll control, yaw
control, pitch control, and altitude control are recorded in
Table V. Their weight and size parameters are recorded in
Table VI. In general, Quadcopter2 has the larger Rgyon. and
weight, but Quadcopterl is lighter and more susceptible to
disturbance. Hence, the initial block size is determined by the
Quadcopter2, and the corrected block size is determined by
the wind-induced deviation of Quadcopterl.

The structure and main components of the Quadcopterl are
illustrated in Fig.5. Its components and system parameters are
recorded in Table VII and Table VIII. The structure and the
size of Quadcopterl are similar with the quadcopter designed
by Faessler et al. [46]. Based on it, the drag coefficient of
Quadcopterl is set as 0.2.

B. Initial Block Sizes Under Different GPS Signal Patterns

First, we calculated the initial block size S; of adaptive
AirMatrix under different GPS signal quality when Psr is

(d) Central Hub.

chosen as 1 x 1078, The initial block sizes under different
GPS signal patterns are recorded in Table IX.

The results show that, when the GPS data shows the uniform
distribution, the initial block size increases exponentially with
the decrease of GPS density. The S; of AirMatrix will be very
large when GPS data shows non-uniform distribution, which
is about four times larger than that in good signal quality.

Especially, when the communication dropouts and other
emergency situations happen, the contingency management
pattern will be activated. Under the pre-defined safety toler-
ance 1 x 1078, S; is set as 70.10m.

C. Capacity Performance of Adaptive AirMatrix Model

Then, we verify the capacity performance of the adaptive
AirMatrix model. A similar scenario with [18] is adopted. The
size of the airspace is 2000m x 2000m x 200m. The GPS shows
uniform distribution with a density of 0.9 and Psr is set as
1 x 1078, Hence, the S 7 is 15m. The turbulence intensity is set
as moderate and horizontal wind comes from the x axis of the
quadcopter with a reference speed of 5.4m/s. The capacity
perfromance of Dai’s model [18] and Pongsakornsathien’s
model [17] are recorded in Table X. Since these airspace
models did not consider the wind impact, their block sizes
do not change under wind disturbance.

Fig.6 illustrates the layers structures in three airspace model.
In general, the capacity of adaptive AirMatrix is the best since
it maximizes the efficiency of airspace resource exploitation.
The Dai’s model only contains 5 layers and 12500 blocks
due to the overset of block size. The number of the available
blocks in Pongsakornsathiel’s model is between the former
two models, 31.2% less than that of the adaptive AirMatrix
but 11 times more than that of the Dai’s model. The adaptive
AirMatrix divides the airspace into 13 layers, which is the
most in three models.

Fig.7 shows the available blocks of different models under
different altitudes. In general, the available blocks number
of the adaptive AirMatrix model is relatively more in all
the scenarios, showing its superior in capacity performance.
The performance of Dai’s model is worst among all the
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TABLE VII
COMPONENTS PARAMETERS OF QUADCOPTER1

Arm Motor Electronic Speed Control (ESC) Central Hub
Parameters Value Parameters Value Parameters Value Parameters Value
weight 45g weight 73g weight 30g weight 431g
radius 33mm distance to center 202mm length 58mm radius 57mm
length 170mm height 32mm width 26mm height 43mm
distance to center 41mm radius 140mm distance to center 83mm
oo \ e TABLE IX
a L‘- R INITIAL BLOCK S1ZE UNDER DIFFERENT GPS SIGNAL PATTERNS
180 - / " (13,199.55)
160~ Signal Pattern oces (m) | Initial Block Size s; (m)
140 - 1 1.28 14.90
0.90 1.30 15.00
220 v Adupiive ArViaix 0.70 1.40 16.20
% 100 - I ; o pamomsltion 0.50 1.54 17.70
Kl sl :: 0.30 1.82 20.50
0.10 2.73 29.90
60 e Gaussian 5.80 59.70
0 — Sine 3.90 41.50
— Random 3.92 41.70
204 Contingency 7.00 70.10
T T T T P
Layer number TABLE X
CAPACITY PERFORMANCE OF THE PREVIOUS AIRMATRIX MODELS
Fig. 6. Comparison of layers structures in different airspace models.

TABLE VIII
RELATED PARAMETERS OF QUADCOPTER1

Parameters Values

J (kg-m’) diag[9.5,9.5,184]" x10°
Jip (kg-m’) 125107

kq (kg-m) diag[5.57,5.57,635]" x107
C, (kg-m) 1.49x107

scenarios since the block size setting is too large. When the
upper border of airspace is set as 200 meters, the adaptive
AirMatrix has more 45 percentage of available blocks than
that in Pongsakornsathien’s model. The number of available
blocks in the adaptive AirMatrix and Pongsakornsathien’s are
approximately equal below 100 meters. In this scenario, the
utilization rate of the airspace in adaptive AirMatrix is poor
and much of the airspace is wasted.

D. Safety Performance of Adaptive AirMatrix

The safety improvement of adaptive AirMatrix model
mainly reflects in two aspects. First, the adaptive AirMatrix
model considers the wind impact on track accuracy which is
not considered in other models. Second, a PID-based quad-
copter dynamic model and simulation system is employed to
assess the wind-induced deviation, which reflect the dynamics
of quadcopter and makes the design more precise.

Table XI and Table XII record Sc—; under different hori-
zontal wind speeds and turbulence intensity. The wind comes
from the x-axis of the quadcopter and Sy is set as 20.50m. The

Source | Block size (m) | Layers | Available blocks
[18] 40 5 12500
[17] 17 11 150579

55 x10°

[ W Adaptive AirMatrix
B Pongsakornsathien
Dai

218640

152100 150579

109512

1
67600 68445
50700
0.5
I 27378
. 5000 7500
0 ..%", [ ] 1

50m 100m 150m

The airspace capacity under different altitude

12500

200m

Fig. 7. Comparison of airspace capacity under different altitudes.

safety improvement refers to the effectiveness of corrected
block sizes in ensuring the safety target. The results show
that along with the increase in disturbance, the effective-
ness of corrected block in improving safety becomes more
obvious.

In addition, the better the GPS signal quality is, the more
essential the corrected block size in ensuring airspace safety.
Fig.8 shows the safety improvement of the corrected blocks
under different GPS signal patterns. Under the same wind
impact, the wind-induced corrected block size has a higher
safety improvement rate when the GPS signal quality is better.
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CORRECTED BLOCK S1ZE UNDER DIFFERENT HORIZONTAL WIND SPEED

TABLE XI

CORRECTED BLOCK S1ZE UNDER DIFFERENT TURBULENCE INTENSITY

Wind speed (m/s) Scy (m) Safety improvement (%)
5.4 20.55 12.1
7.9 20.60 22.0
8.4 20.61 22.3
10.3 20.67 31.1
12.3 20.74 38.5
13.6 20.79 51.3
15.1 20.86 56.7
16.6 20.93 61.6
TABLE XII

S, (m) Safety improvement (%)
Light turbulence 20.56 4.9
Moderate turbulence 20.80 49.7
Severe turbulence 21.92 95.5

90 T .

70

Safety Improvement (%)
i
[=}

—<GPS signal with a density of 1

——GPS signal with a density of 0.7
GPS signal with a density of 0.5

—v—GPS signal with a density of 0.31

5.4 7.9 8.4 10.3 12.3 13.6 15.1 16.6
Wind speed (m/s)

Fig. 8.  Safety improvement of the corrected blocks under different GPS
signal patterns and wind environments.

E. Effectiveness of Quad-Sim

The effectiveness of Quad-Sim applied in accessing wind
induced deviation reflects in two aspects. For one thing, Quad-
Sim can reflect the dynamics of quadcopters. Fig.9 illustrates
the vertical position performance of the quadcopter under
different disturbance when it is targeted at hovering. The
light blue line illustrates the vertical position of the aircraft
with 1 N disturbance from the x-axis while the dark blue line
illustrates the vertical position of aircraft in a non-disturbed
environment. The results show that even though there is
no external disturbance or with disturbance comes from the
x-axis, the vertical position of the quadcopter will deviate
from its target. This phenomenon attributes to the reason that
quadcopter is an underactuated and coupling system that needs
change pitch, yaw, and roll angle to maintain its altitude when
overcome the gravity or subjected to external disturbance.

For another thing, compared with the method of regarding
disturbances as vectors, Quad-Sim can better reflect the posi-
tion response and effect of controller. Beaufort wind force

T T T
Actual altitude under disturbance
9.95 - — — Target Position |
: — Actual altitude without disturbance
_ i
g
=
=
2 1
2
<]
~
9.7+ 5
9.65 .
96 L L L Il L L
0 5 10 15 20 25 30 35 40 45
Time (s)
Fig. 9. Comparison of vertical position response in different environments.
0.25 T
o Data points
——PID control
+ Data points
——Force analysis
0.2
E
‘5 0.15+
5]
=
[
a
g
g 01r
S
e
0.05 q
0 .

Wind Force

Fig. 10. Comparison of wind-induced deviation under different calculation
methods.

scale is an international metric for wind classification, and
we take the maximum wind speed on each level to calculate
the wind impact. Fig.10 illustrates the wind-induced position
deviation of the quadcopter calculated by the Quad-Sim and
force analysis respectively. When the wind force is light
(0-3), the deviation calculated based on the Quad-Sim is more
significant than that calculated by force analysis. It illustrates
that Quad-Sim can better reflect the position response of the
quadcopter under gentle disturbance. In this way, Quad-Sim
can ensure a safer corrected block. Meanwhile, when the wind
is strong (5-6), the deviation calculated based on the Quad-Sim
is less than that of the force analysis, which reflects the effect
of the controller on eliminating disturbance. In this situation,
the corrected block size calculated by Quad-Sim can better
guarantee the utilization of airspace. Therefore, the corrected
block designed by employing the Quad-Sim is more accurate.

V. CONCLUSION

This paper proposed an adaptive AirMatrix model for
quadcopters in Urban Air Mobility, which helps manage
the collision risk among quadcopters under different GPS
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signal quality and wind environments. The dynamics and
control characteristics of the quadcopters are considered in
designing the AirMatrix. The results show that the proposed
AirMatrix model can reduce the conserveness of airspace
design. Moreover, by considering the wind-induced deviation,
the corresponding block setting can better manage collision
probability and ensure the safety target.

System models and system theory can access the overall
uncertainty of quadcopter in a more theoretical and reliable
way. Ongoing research efforts are addressing quantifying the
coupling mechanism of different disturbances acting on the
quadcopters, modeling both parametric and nonparametric
uncertainty in the system model, thus designing the airspace
model for quadcopters based on reachable set computation.
Moreover, in the future, after practical application of the
AirMatrix and getting massive UAVs traffic data, the reliability
of the adaptive AirMatrix design can be further evaluated by
REICH collision risk model and its improved models.
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