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A meta aircraft is an air vehicle composed of a set of independent aircraft that are connected together in flight to
form a larger composite aircraft. This paper explores the dynamics of meta aircraft systems with a focus on the
changes in the aircraft flight dynamic modes and flexible modes of the system. Specifically, when aircraft are
connected, basic flight dynamic modes such as the phugoid, short period, dutch roll, spiral, and roll modes change as a
function of the number of connected aircraft. For aircraft connected in a wing-tip-to-wing-tip configuration, the
longitudinal modes remain largely invariant with respect to the number of aircraft, whereas lateral modes are
variable for both tip-to-tail and wing-tip-to-wing-tip connection configurations. In addition, connected aircraft
exhibit complex flexible modes that change based on the characteristics of the connection joint and the number of
connected aircraft. These conclusions are reached using a rigid six-degree-of-freedom representation for a single
aircraft, where aircraft are connected through a set of linear and rotational elastic elements modeling the connection
mechanism. Aerodynamic loads from all lifting surfaces are computed using a nonlinear lifting-line approach to
enable aerodynamic wake interactions between connected aircraft.

Nomenclature
C.,Cp = lift and drag coefficients of aircraft
c = mean chord of wing, m
I; = mass moment inertia matrix about the

mass center in the body frame of the
ith aircraft, kg - m?

Leiy, Mci, No; = total contact moment applied to ith

aircraft, N - m

components of the total moment applied

to aircraft in body frame of the

ith aircraft, N - m

Lyis My, Ny; = total magnetic moment applied to
ith aircraft, N - m

m; mass of ith aircraft, kg

Di»qis Ti = components of the mass center
angular velocity vector in the body
frame for the ith aircraft, rad/s

rap = position vector from a generic point A to
a generic point B, m

S reference area of wing, m?

S(r) = skew symmetric matrix operator on a vector
(multiplying this matrix by a vector is
equivalent to a cross product)

L;, M;, N;

u;, v;, W; = components of the mass center velocity vector
in the body frame for the ith aircraft, m/s

Vas.c = induced velocity at point C of a vortex
filament from point A to point B, m/s

Vass = velocity vector of a generic point A with

respect to a generic frame B, m/s
Xcis Yeis Zci total contact force applied to ith aircraft, N

X, Y, Z; = components of the total force applied to
aircraft in body frame of the ith aircraft, N

Xwmis Yaris Zpgi total magnetic force applied to ith aircraft, N

Xis Yi» Zi = components of the mass center position vector
in the inertial frame for the ith aircraft, m
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) strength of vortex filament at element j

p atmospheric density, kg/m?
bi, 0;, = Euler roll, pitch, and yaw of the
ith aircraft, rad

I. Introduction

OBILE robotic systems are becoming a more common part of

society. Future systems are envisioned to perform a wide
variety of tasks, from ground vehicles that can automatically traverse
a route to autonomous aircraft that can robotically takeoff, fly a
mission, and land. For challenging missions, highly specialized
robotic vehicles are needed for successful operation. Creation of
specialized robots for a narrow task or mission can be both expensive
and time-consuming. A solution to this problem is the use of modular
robots for creating specialized robotic vehicles. A typical modular
robot consists of a small number of basic building blocks that can be
combined in different ways to create a robot for a specific purpose.
The basic building blocks are designed with uniform docking
interfaces that permit transfer of forces, moments, power, and com-
munication between building blocks. Each building block is outfitted
with a structural shell, sensors, actuators, a power source, and a
payload bay. Using these basic building blocks, robots can be
configured while operating to deliberately change shape by re-
arranging the connectivity of their building blocks to perform new
missions, adapt to a changing environment, or recover from damage
or failures [1-4].

For aircraft applications, this involves individual flying vehicles
with the capability to attach and detach from other air vehicles during
flight. Air vehicles that are composed of numerous smaller aircraft
are dubbed meta aircraft, or aircraft of aircraft. The concept of meta
aircraft is not new. After World War II, the concept of compound
aircraft transport was investigated for its benefit in range and
endurance. The project TipTow involved two F-84 aircraft linking
with alarger B-29 aircraft [5]. The two F-84 aircraft would connect in
flight and subsequently power down their engines. All of these tests
were pilot-in-the-loop flight tests. During a flight experiment, an
F-84 aircraft entered an unstable oscillation, which resulted in a
catastrophic failure. The project was subsequently canceled [6].
Research has been reported on permanently connected aircraft such
as the work by Moore and Maddalon [7], who considered a multibody
transport aircraft consisting of two passenger jets permanently
connected at the wing tips. Their analysis showed a direct decrease in
weight due to lower bending moment of the connected wing as well
as an L/D increase of 8—10% from the single-vehicle configuration
[7]. Formation flight has also been investigated due to a potential
increase in L /D [8]. Magill et al. considered two compound aircraft
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transport configurations where wing tips are docked permanently
and another where the aircraft fly in close formation [9]. It was found
that the wing tip docked configuration had a 20-40% performance
benefit as compared to solo flight. Recently, Oung, et al. created the
distributed flight array (DFA) [10,11]. The DFA is a set of ground-
based rovers equipped with a single ducted fan and wheels to
maneuver on the ground. Each rover drives independently, connects
to other robots using mechanical connections, and takes off as a unit.
These are unstable during solo flight [10]. Another meta aircraft
is Aurora’s Odysseus concept. This aircraft consists of three
independent aircraft that connect in flight in a wing-tip-to-wing-tip
configuration. Each aircraft is equipped with solar panels to maintain
atmospheric flight indefinitely. The primary goal of this three body
meta aircraft was to remain airborne and sample the wind environ-
ment continuously. Unfortunately, no simulation or prototype has
been developed for this concept [12].

The work reported here explores the flight dynamics of meta
aircraft configurations with a focus on the flight dynamic modes and
mode shapes. The paper begins with a description of the overall flight
dynamics model used for predictions and subsequently employs
this model to examine different configurations and connection
conditions.

II. Meta Aircraft Simulation Model

A meta aircraft is a discrete set of individual aircraft that are
connected together in some manner to form a larger composite
aircraft. Figure 1 shows two examples of different meta aircraft
configurations.

The flight dynamic simulation is formed by modeling each aircraft
in the meta aircraft independently. Each aircraft is excited by typical
loads that an individual aircraft experiences including gravitational
and aerodynamic forces and moments. The fact that aircraft in a meta
aircraft configuration are connected together introduces other forces
and moments that mutually excite the aircraft. Because of the close
proximity of lifting surfaces on different aircraft in the meta aircraft
configuration, the aerodynamic wakes from these lifting surfaces
on all aircraft interact with each other. In the simulation described
next, the effect is modeled using a nonlinear lifting-line approach
computed as the equations of motion are numerically integrated.
Also, connected aircraft create physical contact between bodies; thus,
contact forces and moments between each aircraft are also present.
This effect is modeled using a series of linear and rotational springs
and dampers. The following subsections provide details on the
overall aircraft flight dynamic model.

A. Flight Dynamics

A standard rigid body aircraft representation is used to model flight
dynamic motion [13]:

Xi €0,C;  S¢:505y; — CpiSwi S0,y + S¢Sy, u;
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Standard shorthand notation is used for trigonometric functions:
cos(a) = ¢, sin(a) =s,, and tan(a) =t,. The skew symmetric
operator is denoted by S(). Multiplying this matrix by a vector is
equivalent to a cross product:

0 -r q
S(wi/l) = i 0 -p )]
—4qi Di 0

The mass moment of inertia matrix /; is taken about the center of
gravity of the aircraft and is positive—definite and symmetric. The
applied forces and moments expressed in Egs. (3) and (4) contain
contributions from weight (W), aerodynamics (A), and contact (C)
loads. The total forces and moments applied to the aircraft expressed
in the body reference frame are given next:

X; Xwi + Xui + X
Yir =9 Ywi+tYau+Ya (6)
Z; Zyi+ Zpi + Z;
L; Lyi+ L
M; =4 My + Mg @)
N; Nai + Nei

The weight contribution is given by Eq. (8):

Xwi —Sy,
Ywi ¢ =migy S¢,Co, (8)
Zyi C4:Co,

The aerodynamic force for all lifting surfaces on the body (main
wing, horizontal tail, and vertical tail) are calculated using well-
documented strip theory coupled to a nonlinear lifting-line wake
model. All lifting surfaces are split into a discrete number of ele-
ments, and lift and drag are computed for each element. The aerody-
namic forces and moments associated with the fuselage are computed
using a standard aerospace expansion:

Yo, ¢ =1 Y ¢ +1 Yr, )
Zy Zg Zp

Fig. 1 Different meta aircraft configurations: wing-tip-to-wing-tip (left) and tip-to-tail (right).
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In Eq. (9), the subscripts denote contributions from all the lifting
surface elements E and the fuselage F. Equation (10) details the
computation of aerodynamic forces produced by all lifting surface
elements (main wing and tail surfaces). In this analysis, the horizontal
and vertical tails contain one element each. Thus, the first term is
summed from O to N + 2, where N is the number of lifting surface
elements on the main wing, and the extra two terms are for the
horizontal and vertical tails. Note that the matrix T';p, is a trans-
formation matrix from the local jth element frame to the ith body
aircraft frame. This allows for inclusion of sweep and dihedral
effects:

Xgi | N2 CrjSa, — Cpjcy,

L T S.V?2 0 10)
YEI szTjB,-S/V/ (
ZEi Jj=0 _Cchaj - CDjSaj
The sectional lift and drag coefficients for each element are

Cyj Croj + Crqja;
= 11
{ Cp; } { Cpo; + CDaja% an

Using the aircraft velocity with respect to atmospheric winds, it is
possible to compute the total velocity, angle of attack, and sideslip for

each element:
— /2 2 2
V= Juj +vi+wj (12)

o = tan”! (%) (13)
J
v.

B, = sin"! (—f) (14)
J Vj

Note that these velocity components include the effects due to aircraft
motion and induced velocity and are expressed in the local element

frame:
u; U; Txj up;
i = 1jp, v; + S(wz/l) Iyj + Uy (15)
w; w; Tz Wij

The previous equation contains contributions from three sources. The
first is the aerodynamic velocity of the mass center of aircraft i. The
second term is due to aircraft rotational motion, where r;, ry;, and r_;
are the scalar distances from the computation point of the jth element
to the center of mass of aircraft i. The final term is the induced
velocity produced by all other lifting surface elements in the meta
aircraft system. The fuselage is modeled using an aerodynamic
expansion taken about the center of mass of the aircraft:

<
~

XFi 1 CLfsa - CD/'Ca + Cx,;, 51
Ypi ¢ = EPSV?» Cyy (16)
Zi —Crrcq — Cpyrsg

where the fuselage coefficients are

Cry Crop + Cropa + 55— Crgrq + Ci5.6,
Cps ¢ = Cpos + Cpera® (17)
Cyr CopP + Cy5,6, + ﬁ (Cyprp + Cyryr)

The body aerodynamic moment is then computed by moments from
all lifting surfaces as well as including the effect of forces offset from
the center of mass.

Lai | N2 0 Xaj

My (=5p Z Tl ViSiciy Cuj ¢ +S@in)y Yaj

Nai =0 0 Zy;
Ciy

+ %pSVé Cony (18)
Cpy

The fuselage aerodynamic moment coefficients are given by

Cy Cipsb + ﬁ(czpfl’ + Cirpr) + Ci5,04 + Cis 5,

Cpy b = Cooy + Coas@ + 35 Cngsd + Cos

Cur ﬁ (CoprP + Copr) + CoprP + Cru5,64 + Cri5. 5,
(19)

The aerodynamic coefficients in Egs. (10,11,16—-19) can be obtained
from flight data, aerodynamic modeling, and wind-tunnel tests [14].

B. Nonlinear Lifting-Line Wake Model

Trailing vortices from different lifting surfaces on the same aircraft
or different aircraft connected together interact with each other
causing a change in aerodynamic loading. Figure 2 shows an example
three aircraft configuration. Each dot is an aerodynamic element
containing three vortices, one bound vortex, and two trailing vortices.
All the vortices shown in this figure interact with each other, changing
the overall lift distribution of the system.

To compute this interaction, the aerodynamic model uses a
nonlinear lifting-line wake model for an incompressible and inviscid
flowfield about a finite wing [6,15—-18]. Each lifting surface element
contains one horseshoe vortex where the strength of the vortex is
unknown. The method employed here is an iterative method where an
initial induced velocity is assumed at each element, and Eq. (15) is
used to compute the local velocity and angle of attack at each element.
Then, Eq. (11) is used to compute the lift coefficient at each element.
Using the Kutta—Joukowski theorem, the lift coefficient is shown to
be a function of the strength of the horseshoe vortex at the jth element
'}, as shown in Eq. (20) [L5]:

I =Cpjc;V;/2 (20)

Using the previous equation, the induced velocity contribution of
every element is computed. The Biot—Savart law is used to calculate
the induced velocity of a vortex filament and is used to generate
Eq. 21) [6,15,16]:

r.
Wapc = 74”; [cos(y1) — cos(r2)] 1)
P

where W 4 ¢ is the downwash velocity at point C in the local element
frame caused by the vortex filament from point A to point B and y;
and y, are the angles between the left and right trailing vortices and
point C. Note, however, that the induced velocity of the jth element is
equal to the sum of the induced velocities of all other horseshoe
vortices in this multi-element system. Thus, the induced velocity W ;
of the jth element can be given in matrix form by the next equation:

\......%\......)Q.....J

]

Fig. 2 Aerodynamic wake interaction in a three-aircraft wing-tip-to-
wing-tip configuration.
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In this equation, the matrix C;; relates the strength of the jth
horseshoe vortex on the kth element. An iterative method is used to
solve for the induced velocity using Egs. (15), (11), (20), and (22) in
that respective order. The numerical computation of the wake model
is iterated using this method at each time step until the difference
between the norm of the previous solution and the norm of the current
solution is less than 1e — 10. This usually requires about 10 iterations
to converge between integration time steps. This method has been
validated against analytical solutions with good agreement [15,16].

C. Contact Model

Contact forces and moments exist between connected bodies at the
joint connection point. Because aircraft are permanently connected,
the simulation models the connection mechanism with translational
and rotational springs and dampers given by the next equations:

Xei K, Axyij + CiAxy;;

Yeoi ¢ =4 KyAywij + CyAyy;;

Zc; K Azyij + C,AZy;

Le; KyAdi; + Cz/}Aﬁ.bij

Mci ¢ =1 KoAb;; + CoAd;; (23)
N K, Ay;; + C, Ay

where Axy;;, Ayw,;;, and Azy,;; are the inertial distances between the
wing tip of the ith and jth aircraft. The values A¢;;, A0;;, and Ay;;
are the Euler angle differences between the ith and jth aircraft.

III. Aircraft Description

To explore the flight dynamics of meta aircraft, an example small
aircraft is used for all simulation results. The example aircraft uses the
aerodynamics and mass properties of a single-propeller, high-wing
conventional aircraft as reported by [14]. The mass of the nominal
single aircraft is 5.6 kg. The mass moments of inertia are Ixx =
0.4923 kg - m?, Iyy = 0.5111 kg - m?, and Izz = 0.8470 kg - m?.
The main wing has a 2.04 m span and a 0.3215 m chord with a
cambered airfoil (NACA 1412); thus, the maximum thickness is
t = 0.0386 m. The lift coefficient at zero angle of attack is 0.062, and
the lift slope is 5.195 /rad. The horizontal tail is 0.72 m in span with a
0.295 m chord. The vertical tail has a half-span of 0.36 m and a chord
of 0.25 m. Both horizontal and vertical tails use symmetric airfoils
and are positioned 1.4 m from the center of mass of the aircraft. The
aircraft uses a conventional control layout with an elevator to control
pitch, ailerons to control roll angle, rudder to control sideslip, and
a propeller for thrust. This aircraft has a nominal flight speed
of 20 m/s.

Connection joint elastic properties are set with stiff linear elastic
elements and relatively soft rotational elastic elements to model
connection mechanisms that allow relative rotation. Thus, the linear
springs and dampers have been set to 10,000 N/m and 40 N - s/m
respectively. The rotational springs and dampers have been set to allow
relative rotation between each aircraft. The values of the roll, pitch, and
yaw stiffness are 370 N - m/rad, 2580 N - m/rad, and 2580 N - m/
rad, repectively. The roll, pitch, and yaw damping are 1.5 N -m - s/
rad, 10 N - m - s/rad, and 10 N - m - s/rad, respectively.

The fuselage coefficients are obtained using a numerical fitting
procedure so that the forces and moments due to all lifting surfaces
and the fuselage are equal to the forces and moments produced by the
full aerodynamic expansion given by [14]. The results presented in
this section were done for three, five, and seven elements on the main

wing, and no significant difference was found. Note that propeller
aerodynamic wash effects are not modeled.

IV. Flight Dynamic Modes of Motion for Meta Aircraft

To obtain the flight dynamic modes of motion of the meta aircraft
system, the trim state of a connected meta aircraft configuration is
obtained through adjustment of elevator inputs to track a prescribed
altitude, thrust inputs to track a desired flight speed, aileron inputs to
balance roll moments, and rudder commands to balance yaw
moments. Aircraft control inputs are adjusted while integrating the
equations of motion until the system reaches steady state with all state
derivatives (except X;) less than 1e — 8. This trimming procedure was
found to work robustly for all configurations examined.

Once the trim state of a configuration is found, a linear time-
invariant model is obtained numerically using forward finite
differencing to compute the Jacobian of the nonlinear model [19].
Each state is perturbed from trim by le — 6 to compute numerical
derivatives. A 12N, state linear time-invariant dynamic model
results with 12N 4 associated eigenvalues (modes) and eigenvectors
(mode shapes). For four aircraft composing a meta aircraft configu-
ration, the linear model has 48 states. For a body in free flight, 12 of
these modes and modes shapes are associated with rigid aircraft flight
dynamic motion of the entire meta aircraft configuration. These are
relatively low frequency and are associated with the global flight
dynamic behavior of the aircraft. They involve the classical phugoid,
short period, dutch roll, spiral, and roll modes [13,19]. The remaining
modes in the linear time-invariant model are associated with the
flexible modes of motion. The flight dynamic modes of a single
aircraft are shown in Fig. 3. Specifically, the short period mode is
(=5.92 £+ 9.22i), the phugoid mode is (—0.032 £ 0.61i), the roll
mode is (—16.93), the dutch roll mode is (—0.42 4 2.31i), and the
spiral mode is (—0.029). The same analysis is conducted for aircraft
connected tip-to-tail and wing-tip-to-wing-tip. To establish a pattern,
five aircraft are examined for both wing-tip-to-wing-tip and tip-to-tail
connected flight.

To understand the physical and aerodynamic changes when
aircraft are connected together, the results from the nonlinear model
are compared to analytical expressions by Phillips [19]. It is possible
to obtain analytic expressions for each flight dynamic mode;
however, these analytic expressions require the full aerodynamic
expansion of an aircraft rather than the split aerodynamic model used
in this formulation. To use these expressions, the meta aircraft is
assumed to act as a rigid body, and equivalent aerodynamic coeffi-
cients are obtained. Equations can be created for all longitudinal and
lateral coefficients and used in approximate flight dynamic
expressions [19]. It is assumed that the geometry of the meta aircraft
can be scaled, such that the planform area of the entire system
St = NyS. Similarly, for wing-tip-to-wing-tip connected flight, the
wingspan is by = N ,cb; however, the chord is kept constant. In tip-
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Fig. 3 Single-aircraft flight dynamic modes.
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Fig.4 Short period mode as a function of number of connected aircraft.

to-tail connected flight, c; = N4cc and the span is kept constant.
The pitch, roll, and yaw inertias are computed using the parallel axis
theorem. It is easy to see that, in wing-tip-to-wing-tip connected
flight, the pitch inertia increases linearly, whereas the roll and yaw
inertias increase quadratically. Conversely, in tip-to-tail connected
flight, the roll inertia increases linearly with number of connected
aircraft, and the yaw and pitch inertias increase quadratically. Using
the equations for geometry, mass, inertia, and equivalencing the
overall aerodynamic coefficients, analytical expressions in [19] are
used to compute the flight dynamic modes. The results of these
equations are plotted alongside the numerical results for wing-tip-to-
wing-tip connected flight and tip-to-tail connected flight. In addition
to simply plotting the discrete points from single to multiple
connected aircraft, it is possible to interpolate all coefficients in
between discrete solutions and obtain a smooth approximation for
each mode.

Figure 4 shows the change in the short period mode. Each discrete
point is the addition of an extra aircraft, as shown by the number
above each pole. For example, “3” is associated with three aircraft
connected either wing-tip-to-wing-tip or tip-to-tail. The short period
mode is a relatively fast mode that can be excited by a step change in
the elevator. The aircraft exhibits a quick oscillation about the pitch
axis, which quickly damps out. The short period mode is largely
unchanged for wing-tip-to-wing-tip connected flight, which is
expected because this is a pure longitudinal mode. However, the short
period mode changes drastically for tip-to-tail connected flight. This
mode becomes critically damped once there are three or more aircraft
connected together. Figure 5 indicates a similar change in the
phugoid mode. Just as in the short period mode, a negligible change is
seen for wing-tip-to-wing-tip flight versus a drastic change in tip-to-
tail flight. The underlying physical phenomenon can be explained by
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Fig. 5 Phugoid mode as a function of number of connected aircraft.

examining the change in geometry and aerodynamics. In wing-tip-to-
wing-tip connected flight, the pitch inertia of the aircraft increase
linearly as well as the overall planform area. In addition, when the
aircraft pitches about the y axis, it is a symmetric pitch, that is the
overall pitch rate of the entire meta aircraft is equal to the pitch rate of
each individual aircraft. In addition, the angle of attack of each
aircraft is identical. These effects cause all meta aircraft longitudinal
coefficients to be constant with respect to the number of connected
aircraft, resulting in nearly identical short period and phugoid modes.
The slight difference is caused by the small change in trim state and
trim controls when multiple aircraft are connected.

The tip-to-tail configuration has a different aerodynamic and
geometric change. First, the pitch inertia increases quadratically.
Aerodynamically, an overall pitch rate on the meta aircraft results in
a nonuniform angle of attack on all aircraft, that is a positive pitch
rate leads to an increase in angle of attack on trailing aircraft and a
decrease in angle of attack on leading aircraft. This effect causes the
pitch damping coefficient to change. This change in pitch damping,
coupled with the increase in pitch inertia, causes the longitudinal
modes to become critically damped after two aircraft. In addition to
becoming critically damped, the phugoid mode becomes unstable.
Because this is a mode along the pitch axis, this mode can be seen as a
slow and unstable increase in pitch. Tip-to-tail connected flight has an
axis of symmetry along the roll axis, resulting in a nearly constant roll
mode as a function of the number of connected aircraft. However,
because the trailing aircraft are flying in the wake of the leading
aircraft, the roll damping coefficient actually drops slightly, resulting
in a drop in the roll mode for tip-to-tail flight as depicted in Fig. 6.

Wing-tip-to-wing-tip connected flight creates an increase in roll
damping due to the aerodynamic center offset of each aircraft from
the center of mass. However, because the roll inertia of the wing-tip-
to-wing-tip meta aircraft increases quadratically, the roll mode
frequency decreases. After about two to three connected aircraft,
these two effects cancel each other out, and the roll mode stays
constant. The remaining two modes involve sideslipping, rolling, and
yawing motion. As such, these modes exhibit some longitudinal and
lateral dynamic coupling, which causes these modes to change for
both wing-tip-to-wing-tip and tip-to-tail connected flight. Figure 7
depicts the change in the dutch roll mode.

The tip-to-tail configuration causes this mode to become critically
damped similar to the phugoid mode. The underlying physical
phenomena is mainly caused by the increase in the magnitude of the
yaw damping coefficient. Notice that the phugoid mode becomes
critically damped for tip-to-tail connected flight due to a similar
increase in the pitch damping coefticient. Similarly, the yaw damping
coefficient increases, causing the dutch roll mode to become critically
damped. In addition, the yaw and pitch moments of inertia increase
quadratically with the number of connected aircraft. These two
effects lead to critically damped dutch roll and longitudinal modes.
Wing-tip-to-wing-tip connected flight does not exhibit a large

—6r
I . S x
-81 P SR »
,I
V4
’
€ -10r
Q 1
8_12" i g..-.-=="
T ! g.--
) 1 =
T _14f LT
U D,"
I PR
_16! P X Wing Tip to Wing Tip
-7 O Tip to Tail
T = = = Approximate Solution
-18 i i i i
1 2 3 4 5

Number of Connected Aircraft
Fig. 6 Roll mode as a function of number of connected aircraft.
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Fig. 7 Dutch roll mode as a function of number of connected aircraft.

increase in yaw damping but rather an increase in roll damping. This
increase in roll damping coupled with an increase in the roll and yaw
moments of inertia lead to increased damping in the dutch roll mode.

The final lateral mode, the spiral mode, changes most significantly
for tip-to-tail connected flight as shown in Fig. §. The mode becomes
more convergent for two aircraft and then becomes more unstable
with each added aircraft. Wing-tip-to-wing-tip connected flight,
however, has a smooth increase in the mode moving from —0.0288
for the single aircraft and 0.0282 for five connected aircraft.

The change in this mode can be explained by examining the
approximate solution for the spiral mode given by Eq. (24) [19]:

A= _8 CLﬂI'CNR7- - CLR;-CNﬁT

24
Vi Crp, Cyp, — Crp,Chp,

In this equation, the total meta aircraft velocity V7 is very insensitive
to the number of connected aircraft. This mode is thus affected by the
roll and yaw coefficients due to sideslipping, rolling, and yawing. It
has already been discussed that the roll damping coefficient increases
significantly for wing-tip-to-wing-tip connected flight and decreases
slightly for tip-to-tail connected flight. In addition, the yaw damping
coefficient increases in magnitude for tip-to-tail connected flight
while remaining largely constant for wing-tip-to-wing-tip connected
flight. The roll moment due to sideslip decreases slightly for wing-
tip-to-wing-tip connected flight but remains negative. This coeffi-
cient, however, changes sign for tip-to-tail connected flight again due
to the trailing aircraft flying in the wake of the leading aircraft. All of
these effects coupled with similar changes in other lateral coefficients
leads to this change in the spiral mode. Table 1 contains a
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Fig. 8 Spiral mode as a function of number of connected aircraft.

Flight dynamic modes for meta aircraft

Table 1

Tip-to-tail

‘Wing-tip-to-wing-tip

Number of aircraft

Mode

Root —5.88 +9.2831 —5.968 +9.268i —6.005 +9.262i —6.026 + 9.2581 —6.039 4+ 9.2551 —-5.88 +9.283i —7.299 + 0.926i —8.896 —5.496 —8.921-5.171 -8.759-5.016

(approximate)
Root (numerical)

Shortperiod  Natural frequency

Short period

Short period
Phugoid

—6.007 4 9.2161 —6.045 4 9.2141 —-6.062 4 9.2091 —6.075 +9.2081 —5.922 +9.224i -7.014 +0.996i —8.491 —5.383 —8.584-5.086 —8.522-4.954

—5.922 4+ 9.224i

Short period

11.02 11.025 11.031 10.961 7.084 6.761 6.607 6.498
0.551
—0.024 4 0.6071

0.549
—0.024 4 0.608i1

11.001
0.546
—0.024 4 0.6091

10.961

1.037
—0.273 0.149

1.034

—0.266 0.145

0.54 0.99 1.026
—-0.05 4 0.0771 —0.266 0.123

—0.024 4+ 0.611i

0.55
—0.024 + 0.608i

0.54
—0.024 4+ 0.611i

Damping

Root

(approximate)
Root (numerical)

—0.276 0.142

Phugoid -0.033 4 0.611i —-0.032 4 0.6081 —0.032 + 0.608i —0.032 + 0.607i —0.032 + 0.607i —0.033 4+ 0.611i —0.055 + 0.091i -0.240.116 —0.268 0.138

Phugoid
Phugoid

0.198
1.056
—1.335-0.112

0.192
1.056
—1.024 -0.129

0.167
1.067
—0.324 4 0.527i

0.106
0.517

0.608 0.608 0.612
—0.204 4 1.034i

0.609

0.053
—0.218 4 0.558i

0.609
0.053
—0.223 4 0.8741

0.612

Natural frequency

0.054
—0.36 + 2.324i

0.053

—0.214 4 0.3251

0.053
—0.216 4+ 0.411i

0.054
—0.36 4+ 2.324i

Damping

Root

(approximate)
Root (numerical)

Dutch roll

-0.238 + 0.8741 —0.227 4 0.5581 —-0.223 + 0.411i —-0.221 4+ 0.324i —-0.418 +2.3151 —0.265 + 0.968i —0.308 + 0.385i —0.865-0.23 —1.135-0.203

—0.418 + 2.315i1

Dutch roll

0.48
1.394
—11.854

0.444
1.224
~12.553

0.493

1.004
0.264
—14.968

2.352
0.178
—17.023

0.602 0.468 0.392
0.563

0.377
-7.674

2.352 0.906
0.263

Natural frequency

Dutch roll

0.625
—13.544

0.477

0.178
—17.023

Damping

Dutch roll
Roll

—7.604

—7.611

—8.012

Root

(approximate)
Root (numerical)

—8.001 —7.664 —7.593 -7.572 —16.934 —14.454 —13.157 —12.225 —11.489
0.014 0.013 —-0.052 —0.112

0.008

—16.934
—0.052

Roll

0.496

0.396

0.041

0.013

Root

(approximate)
Root (numerical)

Spiral

0.029 0.032 0.031 0.028 —0.029 —0.102 —0.005 0.452 0.569

-0.029

Spiral
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=
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Modes

-36.7 + 126.51

Fig. 9 Flexible wing-tip-to-wing-tip modes.

comprehensive list of all flight dynamic modes as a function of
connected aircraft along with the approximate solution from
Phillips [19].

V. Flexible Modes of Motion for Meta Aircraft

In addition to changing the flight dynamic modes of motion, meta
aircraft systems also contain flexible modes. These flexible modes
are a direct result of relative motion at the joints that connect aircraft.
For the four-aircraft system, the linear time-invariant model contains
48 states. Section IV described the 12 flight dynamic modes of
motion. The remaining 36 modes are associated with translational
flexible modes (18 eigenvalues) and rotational flexible modes (18
eigenvalues). This section deals with the modes associated with
relative rolling, pitching, and yawing between each connected
aircraft, resulting in 3(N ¢ — 1) modes with 6(N ¢ — 1) eigenval-
ues. Motion along each axis is given a name based on the axis of
rotation. For wing-tip-to-wing-tip connected flight, roll motion is
called flapping, pitch motion is called the twisting (pitch) mode, and
yaw motion is called the lead-lag mode. For tip-to-tail connected
flight, roll motion is called the twisting (roll) mode, whereas pitch and
yaw motion are called porpoising and snaking modes. Figures 9 and
10 show the flexible modes of wing-tip-to-wing-tip flight and tip-to-
tail flight separated by motion along the yaw plane, pitch plane, and
roll plane for four aircraft.

The numbers below each graphic show the eigenvalue of each
mode. As mentioned previously, the number of flexible rotational
modes is equal to 3(N ¢ — 1). For four connected aircraft, there are a
total of nine rotational flexible modes, with three modes along each
rotational axis. For each configuration, the rows represent each axis
of relative motion, and the columns are split into the lowest and
highest natural frequencies. The highest-frequency mode is charac-

terized by alternating angles between each aircraft. For example, in
Fig. 9, the fastest lead-lag mode is characterized by the first aircraft
having a positive yaw angle and the second having a negative yaw
angle. This pattern is repeated for the next two aircraft. Each aircraft is
180 degrees out of phase with the aircraft to its left and to its right.
Similarly, the flapping modes alternate their roll angles, and the
twisting (pitch) modes alternate their pitch angles. The middle
column is characterized by the two outside aircraft oscillating in
phase, whereas the other two middle aircraft oscillate 180 degrees out
of phase. The low-frequency flexible mode places an axis of
symmetry between the second and third aircraft. Aircraft one and two
oscillate in phase with varying magnitudes, whereas aircraft three and
four oscillate out of phase with aircraft one and two.

VI. Effect of Aircraft Connection Characteristics

The frequency and damping of the flexible modes are altered by
changing the joint characteristics. For example, if stiffness is added to
the roll axis of the joint for the wing-tip-to-wing-tip configuration,
the flapping modes will have higher frequencies. To highlight the
changes to the flexible modes, the rotational springs and dampers are
varied for two aircraft connected wing-tip-to-wing-tip, and root locus
plots are created to show the change in lead-lag, twist (pitch), and
flapping modes. Because there are only two aircraft connected, the
number of flexible modes is 3, which makes the analysis much
simpler. The nominal value of the rotational springs are 370, 2580,
and 2580 N - m/rad along the roll, pitch, and yaw axes, respectively.
The rotational dampers are 1.5, 10, and 10 N - m - s/rad along the
roll, pitch, and yaw axes, respectively. The linear springs and
dampers are held constant throughout this section at 10,000 N/m
and 40 N - s/m, respectively. Using these nominal values of springs
and dampers, the nominal values of the three flexible modes are a

Snaking Modes

‘\,(,'l,»‘\ l{,

-0.6 + 15.71

Ry
L A o & e

-4.0 +46.2i -18.2+ 94

0i

Porpoising Modes

\\/\//\W

-4.1+15.7i

-7.6 + 49.61

-31.7 + 119.01
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V4

2 B 4 ,I,.I‘!‘I, o o~ =

-9.2 +20.3i

-12.6 + 38.9i

-15.2+51.0i

Fig. 10 Flexible tip-to-tail modes.
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Fig. 11  Change in flexible modes as a function of roll stiffness K. Fig. 14 Change in flexible modes as a function of roll damping C.
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Fig. 12 Change in flexible modes as a function of pitch stiffness K,. Fig. 15 Change in flexible modes as a function of pitch damping Cy.
flapping mode of (—12.0+ 38.8), a twist (pitch) mode of addition, adding stiffness to the roll axis has no significant effect on
(—22.5 £ 98.5i), and a lead-lag mode of (—12.5 &+ 77.2i). the twist (pitch) and lead-lag modes, highlighting the decoupled
Figure 11 shows aroot locus of all three flexible modes, where K ; nature of these three flexible modes. In addition, this study shows
is varied from 1 to 1000 N - m/rad. Increasing K is analogous to that, if a different flapping frequency is desired, the designer merely
adding stiffness to the aircraft joint along the roll axis such that the must change the roll stiffness of the connection joint.
aircraft resists rolling and acts to keep the roll angles of each aircraft A similar result can be seen when varying the rotational stiffness
the same. As such, the flapping mode moves from a critically damped about the pitch and yaw axes (Ky, K,,). Figures 12 and 13 show the
mode to an oscillatory mode with two complex conjugate pairs. In effect of varying these two spring constants. When varying K, the
100 A | 100F B
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Fig. 13 Change in flexible modes as a function of yaw stiffness K. Fig. 16 Change in flexible modes as a function of yaw damping C,,.
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flapping and lead-lag modes remain at their nominal values while the
twist (pitch) mode changes significantly. When varying K, the twist
(pitch) and flapping modes remain at their nominal values while the
lead-lag mode changes significantly. At a certain value of rotational
stiffness, the mode switches from a critically damped mode to an
oscillatory mode.

Similar effects can been seen when varying the damping coeffi-
cients along all three axes. Figures 14—16 show the root locus plots
when varying the rotational damping coefficients Cyy, Cy, and C,,. All
flexible modes can be switched from critically damped modes to
oscillatory modes by merely changing the damping coefficients at
the joint.

VII. Conclusions

These fundamental dynamics of meta aircraft are different from the
basic individual aircraft kernel used to construct the meta aircraft
configuration. This has practical implications for control law design
of meta aircraft configurations where aircraft can attach and detach in
an arbitrary fashion. For wing-tip-to-wing-tip connected flight, the
flight dynamic longitudinal modes are unaffected, whereas the lateral
modes change considerably. This is due to the pitch axis symmetry
of wing-tip-to-wing-tip connected flight. The roll mode, however,
declines due to the quadratic increase in roll inertia and the change in
roll damping. For tip-to-tail flight, it is found that the longitudinal
modes become overdamped after three connected aircraft and can
even become unstable. The pitch axis symmetry that was encountered
in wing-tip-to-wing-tip connected flight is seen as a roll axis
symmetry in tip-to-tail connected flight. The roll mode for tip-to-tail
connected flight is nearly constant but declines slightly in frequency
due to the trailing aircraft that fly in the wake of the leading aircraft,
causing the roll damping to decline. In addition, the pitch damping of
tip-to-tail configurations increase in a similar manner to the roll
damping in wing-tip-to-wing-tip connected flight. This increase in
pitch damping seen in tip-to-tail connected flight coupled with the
quadratic increase in pitch inertia causes the longitudinal modes to
become critically damped and even unstable.

Meta aircraft also introduces complex flexible modes, which
increase in complexity as the number of aircraft connected is
increased. It is found that these flexible modes are largely dependent
on the connection parameters of the joint and the aerodynamics of the
aircraft, which can alter these modes. These flexible modes are a
consequence of relative rotation about the yaw, pitch, and roll axes. It
was shown through simulation that the natural frequency and
damping can be tuned specifically by changing the rotational
stiftness and damping at the joint along each axis, highlighting the
decoupled nature of each flexible mode.
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