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1. Introduction

The Distributed Flight Array (DFA) is a multi-rotor vehicle that
is being developed at the Institute for Dynamic Systems and Con-
trol at ETH Zurich. This vehicle consists of modules, each of which
is equipped with a set of wheels that enable it to drive on the
ground, and a fixed-pitch propeller that can generate enough
thrust to lift itself into the air but is unstable in flight. Not until
these modules are joined do these relatively simple devices evolve
into a sophisticated multi-rotor system capable of coordinated
flight. The goal of this project is to have many modules assemble
at random, fly to a predetermined altitude, hover, break apart, fall
back down, and then repeat the cycle in a new configuration, see
Fig. 1 and Video 1 in Appendix: A.

This vehicle is to be used as a tool for research and education.
As a research platform, the DFA can be used to effectively ab-
stract many of the real-world issues that will be encountered
when designing the next generation of distributed multi-agent
systems. The rich dynamics and challenging design problems
will motivate the development of fundamental algorithms and
architectures for controlling systems with many interconnected
components whose dynamics are not known precisely and/or
change with time. Such algorithms and architectures may be
used, for example, in cooperative slung payload systems [1]
and high altitude airborne wind turbines [2] where modularity
and high-redundancy is desirable in order to handle multiple
points of failure while still remaining airborne. Unfortunately,
such concepts in control theory are often difficult for the general
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public to appreciate, much less understand. Thus, the secondary
function of the DFA is to illustrate control theory research in a
tangible way to a mainstream audience.

This paper discusses the first steps taken towards developing
this vehicle, and sets the foundation for future work. It summarizes
three key aspects of the DFA - docking, driving, and coordinated
flight - and presents experimental results for each. The paper
begins with a detailed system description of a DFA module in
Section 2. A drive model and flight model is then presented in
Section 3. A docking strategy is summarized in Section 4 and an
easily tunable strategy for hover control is described in Section 5.
Experimental results are then presented in Section 6 and conclud-
ing remarks are made in Section 7.

2. Design

Recent experiments using the first revision of the modules
shown in Fig. 2a have demonstrated feasibility of the DFA, which
will be the focus of this paper. A second revision shown in
Fig. 2b is currently in development and it will feature many
improvements to the first revision.

The design challenges of the DFA mirror those of modular
reconfigurable robots and micro aerial vehicles, which include
electromechanical interconnection, inter-module communication,
and energy storage [3-7]. The design of the system can be divided
into four tightly interconnected sub-systems: (1) chassis and dock-
ing mechanism; (2) drive unit; (3) flight unit; and (4) sensing, com-
munication and computation.

2.1. Chassis and docking mechanism

Each DFA module resembles a hexagon with protruding fea-
tures designed for passive alignment and docking, see Fig. 2a.
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Fig. 1. This concept representation of the Distributed Flight Array (DFA) depicts the
vehicle at different stages during its operating cycle. Starting from the lower left-
hand corner of the figure, the modules assemble on the ground at random,
generating a myriad of different possible network configurations. Once assembled,
the modules coordinate and fly to a predetermined altitude and hover. After a
certain amount of time, the modules break apart and fall back to the ground only to
repeat the cycle in a new configuration.

Fig. 2a. Four DFA modules (rev. 1) are shown in a docked configuration. The
module’s hexagonal chassis has protruding features designed for passive align-
ment and docking; it is assembled from foam sheet cutouts of low-density
expanded polypropylene (EPP) foam. Mounted at the center of the chassis is a
brushless DC motor and a 3-blade fixed-pitch propeller. The top-left inset shows
a custom-made omnidirectional wheel; three of these wheels, their locations
indicated by the dotted boxes around the chassis, are used to drive the module
on the ground.

The chassis must be light enough to facilitate flight, and durable
enough to repeatedly withstand a fall from at least 2 m. To accom-
plish this, a low-density expanded polypropylene foam was chosen
as the chassis material [8,9]. Two-dimensional foam cut-outs were
layered on top of one another to generate the assemblies shown in
Figs. 2a and b. This relatively simple manufacturing process saves
time and cost. However, it removes the possibility of generating
a smooth leading edge for the duct which could improve thrust
efficiency.

The protruding features assist with alignment and eliminate the
unnecessary complexity of an active docking mechanism. A sym-
metric arrangement of four permanent magnets on each side of
the module help to keep the modules attached. The magnets have
been chosen to be strong enough to keep the modules together and
to withstand the stresses of flight, but weak enough to break apart
when a sufficient amount of force and/or torque is applied by a
module.

Table 1 lists some of the important physical attributes that
characterize a DFA module.

Fig. 2b. The next revision of the DFA module (rev. 2) may feature a new and
improved EPP foam chassis with the on-board electronics embedded in the chassis
for protection against impact. Also embedded in the foam chassis are the drive
units, their locations indicated by the dotted boxes and shown in the top-left inset.
The drive motor may be mounted to a cantilever spring suspension in order to
absorb shock upon impact and prevent damage to the drive unit.

Table 1

Physical attributes of a DFA module (rev. 1).
Symbol Description Value
l Characteristic length? 0.250 m
Tw Wheel distance® 0.100 m
- Rotor duct diameter 0.180 m
m Total mass 0.180 kg

@ Defined as the distance between opposite sides of a module.
b Defined as the lateral distance from the center of the module
to the center of the wheel.

2.2. Drive unit

Custom-made omnidirectional wheels with rollers orthogonal
to the axis of the wheel are mounted to three sides of the chassis,
see top-left insets of Figs. 2a and b. A 0.5 W brushed DC motor with
integrated encoder for velocity feedback drives each wheel. Omni
wheels were chosen because they offer a high degree of in-plane
maneuverability, and they eliminate any steering linkage(s) that
would otherwise be necessary for coordinated driving, as demon-
strated in Section 6.2.

2.3. Flight unit

Mounted at the center of the chassis is a 50 W brushless DC mo-
tor with an off-the-shelf electronic speed controller and a 3-blade
fixed-pitch propeller capable of producing more than 3 N of thrust.
Embedded in the chassis is a Lithium-lon Polymer battery that is
capable of powering both the motors and the electronics for up
to 5 min of flight. All modules are identical except for the spin
direction (or handedness) of their propeller, where there are two
possibilities: clockwise (CW) and counter-clockwise (CCW). This
is necessary to cancel the aerodynamic torques in trimmed flight.

2.4. Sensing, communication and computation

The electronics were custom designed to meet all the on-board
sensing, communication, and computation requirements. Each
module comes equipped with a 3-axis rate gyro for measuring
angular rates and a pressure sensor for measuring altitude.
Bi-directional inter-module communication is accomplished using
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infrared transceivers mounted to each side of the module. An
ARM7 core microcontroller handles all the required computation
needed for estimation and control.

3. Modeling

The DFA has two distinct modes of operation: (1) driving and
(2) flying. This requires two different models which are discussed
in Sections 3.1 and 3.2, respectively.

3.1. Kinematic drive model

Since the modules drive on the ground with relatively low veloc-
ities, dynamic effects that act on the system may be neglected. For
this reason, the drive model considers only the kinematics of a rigid
body with three independently-driven omni wheels.

The module’s body coordinate frame M coincides with the geo-
metric center of the module and follows a right-handed coordinate
system, where the x-axis is orthogonal to a side of the module and
the z-axis points upward, see Fig. 3. The transformation matrix J,
which maps the module’s velocity ¢ = (Vy, V,,0) in the module’s
body coordinate frame to wheel velocities v = (1, 75, v3) for an omni
wheel vehicle, has been developed in previous work and is only
summarized here [10]:

v=J, (1)
where
J=10 -1 r,

V3 1 r

2 2 w

and r,, is the lateral distance from the center of the wheel to the
center of the module, see Fig. 3.

3.2. Dynamic flight model

The full flight dynamics of the DFA can be quite complex if ef-
fects like the flexibility of the propellers, aerodynamic effects of
the rotor duct, and the forces that keep the modules together are
considered [11-18]. As a first step, the system is modeled as a rigid
body without any compliant inter-module connections, incorpo-
rating a force and torque generation process at each module
around the hovering equilibrium. This will be shown to be ade-
quate for the purpose of hover control in Section 5.

Fig. 3. The body coordinate frame M of a DFA module coincides with the geometric
center of the module and follows a right-handed coordinate system, where the x-
axis is orthogonal to a side of the module and the z-axis points upward. The module
is driven by three independently-driven omni wheels with wheel velocities
Vv = (01, 15, v3), which can be transformed to the module’s velocity { = (V,, Vy, 0).

3.2.1. Flight dynamics

The DFA’s body coordinate frame B coincides with the array’s
center of mass and is oriented along the principal axes of rotation.
Module i is located at coordinates (x;,y;) with respect to this body
coordinate frame. A sequence of three rotations described by Euler
angles «, B, v acting along the z-, y-, x-axis in this order describe the
orientation of the DFA’s body coordinate frame with respect to the
inertial coordinate frame O.

The altitude and attitude of the DFA can be controlled by vary-
ing the force (or thrust) f; and torque t; produced by each module,
see Fig. 4; how these control inputs are generated will be described
later. The total thrust generated by N modules is the sum of all
thrusts produced by each module, F = SV .f.. The rolling torque
is the sum of all thrusts acting along the moment arm
v, T, = SN vif.. Similarly, the pitching torque is the sum of all
thrusts acting along the moment arm x;, Ty = —Z,N:]xif,-. The yaw-
ing torque is the sum of all reaction torques produced by each
module; it will be shown that the torque can be accurately mod-
eled as a linear function of thrust. Hence, the yawing torque can
be expressed as T, = Zﬁilcif,-, where the sign of ¢; depends on the
propeller’s handedness.

Transforming the total thrust vector F to the inertial coordinate
frame results in a translational component of force along each axis.
The translational accelerations X and ¥ in the inertial coordinate
frame is a consequence of a pitch g and roll y rotation, respectively.
Since the system is being modeled around the equilibrium, small
angles are used to approximate the rotation in roll y and pitch .
However, the rotation in yaw o is not assumed to be small. The fol-
lowing set of equations summarize the dynamics of the array to
first-order, except for the yaw angle o:

NmX =(fcoso + ysino) XN:fi, (2)
Nmy =(fsino — ) cos o) XN:fi (3)
i=1
Nmz = ZN:fi — Nmg, (4)
1;1
L =y (5)
. ) N
Li=— 3 xf, (6)
i=1
L& ZZN:th (7)

i=1

where Nm is the total mass of the array, (II,,I,) are the principal
mass moments of inertia, and g is the acceleration constant due
to gravity.

Assuming that the array configuration is relatively circular and
letting ¢ denote the characteristic length of a module, then ¢v/N/2
is comparable to the radius of the array. It follows that the princi-
pal mass moments of inertia can be written as the following:

Nm [(eVN\’
Ix: x4<2> 3 (8)
2
Iy=ey”f(“£'v> , )
Nm (¢VN\’
12—622<2> , (10)

where (€, €,,€,) capture the mass distribution of the array. If the
configuration of the array is full, like a disk, (¢, €, €,) are expected
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Fig. 4. The body coordinate frame B of the array is chosen to coincide with the
array's center of mass and is aligned with the principal axes of rotation. The altitude
and attitude of the DFA can be controlled by varying the force f; and torque t;
produced by each module.

to be close to 1. In reality, the configuration of the array may be
sparse due to unpredictable docking constraints. In such a case,
the values of (€, €y, €,) are expected to be greater than 1.

The equations of motion are normalized using the following
variables in order to gain some intuition on how the size of the ar-
ray affects flight dynamics:

o Xi A‘iyi .G 7ﬁ
Xi @7 Yz—gw CI_Z7 Al_a7 (11)

where X; and y; are normalized position coordinates and are at most
on the order of 1 for a circular array, ¢; is the normalized force to
torque conversion constant and is expected to be much less than
1, and A; is the normalized thrust in units of acceleration.

The normalized thrust A; can be broken down into its compo-
nents, A; = A; + a;, where A; is the normalized thrust required to
establish the hovering equilibrium and g; is the normalized control
input. In the special case where there are an equal number of CW
and CCW modaules in the array, one can set A; = g. In general, how-
ever, the system may be overactuated with an unequal number of
CW and CCW modules. In this case, one can choose the values of A;
via least squares, or any other suitable method.

The following set of equations summarize the normalized and
linearized equations of motion about hovering equilibrium:

N
}&:%(ﬂcosawsincx)zan (12)
i=1
1 N
y=x(Bsina—ycoso) Y a, (13)
i=1
53
P==Y @ (14)
N i=1 l
s TN
IX’)) :N Zy:’az (15)
i=1
N
- Yo 19
i=1
~. 1
Iza:_zéiah (17)
N i=1
where

~ &N -~ /N ~ €&IN
==, T=, L=

(18)

It can be seen from (14) that the maximum vertical acceleration Z is
independent of N. On the other hand, by substituting (18) into (15)-
(17) and rearranging, it can be shown that the maximum accelera-

tions in roll § and in pitch j§ decrease by a factor of v/N, while the
maximum acceleration in yaw & decreases by a factor of N.

Disregarding the x and y translational components of motion,
the DFA requires at least four modules to hover; four is the mini-
mum number of control inputs a; needed to control the four
remaining degrees of freedom (14)-(17). This, however, is only a
necessary condition and not a sufficient condition to keep the array
hovering. For example, four modules lined together in a row would
not be linearly stable in attitude; the system would either be con-
trollable in roll and not in pitch, or vice versa.

3.2.2. Force and torque generation

The module’s force-torque generation unit (i.e. motor control-
ler, brushless DC motor, battery, propeller, and rotor duct) is trea-
ted as a black box model. The input to this system is a pulse-width
modulation (PWM) duty cycle D that effectively controls the angu-
lar velocity of the rotor. Battery voltage can also be considered as
an input to the system, however the effects of voltage on the
dynamics of the system are ignored since the nominal voltage of
Lithium-lon Polymer batteries is relatively constant over the
battery cycle [19,20]. The force-torque characteristics that are
described here assume the nominal voltage case around the
equilibrium thrust. The output from this system is both the gener-
ated force and torque of the module. Torque is a result of the im-
parted rotational flow and change in angular momentum of the
rotor.

Force and torque measurements were made at various duty cy-
cles around the equilibrium thrust. The force experienced by a mod-
ule is dominated by the thrust of the rotor. Experimental results
show that thrust and duty cycle can be approximated by an affine
relationship, while the torque resulting from the rotor’s drag can
be approximated as a linear function of thrust, see Fig. 5a and b.
Recall that this thrust-torque relationship was used in (7) and is
expressed in the following:

T = cf;, (19)

where c=#1.13 x 1072 m; recall that the sign of ¢ depends on the
propeller’s handedness. Other experiments demonstrated that the
effect of torque produced by the rate of change in angular momen-
tum of the rotor to be negligible.

Motivated by the results in Fig. 5a and b, the transfer function Gf
which relates the input desired thrust f{D) to the output thrust was
modeled as a linear time-invariant system. The transfer function
that was obtained from the Bode plot of the thrust response, shown
in Fig. 6, was found to approximate a first-order system:

Gy (s) @

T s+’

(20)
where w = 14.3 rad/s.

4. Driving strategy

At the start of each cycle, a number of DFA modules will be scat-
tered randomly across the floor. Without any prior knowledge
about the environment, the module’s objective will be to dock with
its peers in preparation for coordinated flight. Although the assem-
bly process could be controlled to achieve a particular array config-
uration, a decision was made to let the self-assembly process occur
at random with the intent that a new configuration is flown each
time. The docking strategy summarized here is one of many possi-
bilities that increases the likelihood of modules finding one
another.

Consider an overhead light source as the only environmental
feature detectable by each module via a single on-board photodi-
ode. This photodiode along with encoder odometry will be the only
source of information used for pose estimation. Modules will be
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Fig. 5. Force and torque values were measured with a 6-axis force-torque strain
gauge load cell at various PWM duty cycles near the hovering equilibrium
(approximately D = 39%), and is denoted by the pair of dashed-dotted horizontal
and vertical lines. At each duty cycle, 500 measurements were made over a period
of 5s. (a) A linear least squares fit of the data relating thrust f to PWM duty cycle D
at nominal voltage results in the function f{D)=6.68x10?D — 8.41x107'. (b) A
linear least squares fit to the function cf(D) of the data relating torque 7 to PWM
duty cycle D at nominal voltage results in the function t(D)= 1.13x1072f(D).

able to move around a prescribed circular region as defined by the
cone of illumination from the overhead light source, see Fig. 7. A
user-defined light intensity threshold will force a module into
one of two states: (1) within the circular region and (2) outside
the circular region.

The goal of each module will be to drive towards the center of
the circular region and arbitrarily dock with its peers. Modules will
initially drive in random directions. Once a module crosses the
boundary of the circular region at three different locations, it will
be able to use these three data points to estimate the center of
the circle and to drive towards it. Modules may randomly connect
during the data point collection process, during which they may
share information to improve their common estimate of the circu-
lar region [21,22]. Depending on their estimate, they will coordi-
nate to either continue exploration, or to move towards the center.

A 2D simulator using the Box2D physics engine [23] is currently
being developed to experiment with this and other docking strat-
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0 S v : Model
&6}
& o]
o -50f : ‘ i o 1
é 0
A R
-100 %% 4
‘ ‘ :
10”" 10 10’ 10? 10°
w (rad/s)

Fig. 6. The Bode plot of the flight motor thrust response is shown here to
approximate a first-order system. A sinusoidal varying PWM duty cycle, with an
offset equivalent to the hovering thrust and an amplitude equivalent to 0.5 N, was
commanded to the system. Force and torque measurements were made using a 6-
axis force-torque strain gauge load cell. The dash-dotted lines in the plots indicate
the magnitude and phase at —3 dB frequency, which is 14.3 rad/s. Note that at high
frequencies the measured phase diverges from the model; this is due to unmodeled
dynamics, such as delays.

egies, see Fig. 8. It will be used to obtain array configuration statis-
tics, which will be needed to determine the typical mass
distribution parameter values (€, €, €,) required for testing various
control strategies and analyzing their performance.

5. Flight control

This section presents an easily tunable strategy for hover
control based on physical parameters of the DFA and compares
its performance and tradeoffs to that of an .#, controller. The
derivation of this control strategy is generalized, and assumes full
state feedback of the system. It is assumed that an estimator is
used to obtain the state of the system [24,25].

5.1. Control strategy

Starting with the dynamic model of the DFA that was developed
in the previous section, and ignoring the degrees of freedom along
the x and y axes, the normalized and linearized equations of

Fig. 7. The DFA modules may be randomly scattered across a circular area defined
by the cone of illumination from an overhead light source. The perimeter of this
circular region can be adjusted by varying the light intensity, the height of the lamp,
the aperture of the light source, and/or the intensity threshold of the module’s
photodiode. The modules can use this light source as a means of localization, which
can in turn assist with self-assembly.
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Fig. 8. A docking and driving simulator is being developed using the Box2D physics
engine. The simulator will be used to obtain array configuration statistics, which
will be needed for testing various control strategies and analyzing their
performance.

motion about the hovering equilibrium (14)-(17) can be more
compactly expressed as

Ms = P'a, @
where
M =diag(1,1,.1,.T,),

S :[zv'%ﬂv a]T7
a :[a17 s 7aN]T’

The matrix P ¢ R¥** contains information pertaining to the config-
uration of the array and can be written as

P= [pzzpy7pﬁ7pa]7 (22)
where

1 1. -
pZ:N[17"'71]T7 py:N[yh"wyN}Ty

1. o T

1. ;
pﬁzfﬁ[X‘l,...,xN} s pa:N[Ch“'vCN]T'

Consider the control strategy of the following form:
a:Q-f(Z7i7y"i)7ﬂ7B’a7d)7 (23)
where

Q = [qu qy: q/h qo(]a

f = [f:Z(Z7 Z)»fy(% ’i))7fﬂ(ﬁ7 B)7f0(((x7 d)]—ra

and where the f(-) are arbitrary functions to be determined.

The objective is to decouple the degrees of freedom. This can be
accomplished by designing Q € RV such that P'Q = I, resulting
in the following diagonal system:

7 =f,(z,2), (24)
L =f,(7,9), (25)
LB =8, 1), (26)
L =f, (o, 8). (27)

Notice that the system is over-determined for an array with more
than four modules.

Due to the coordinate system described in Section 3.2.1, p,, p;,
and p; are orthogonal. If there are an equal number of CW and
CCW modules, then p, and p,, are also orthogonal. In what follows,
consider an equal number of CW and CCW modules; the results
can readily be generalized.

Let Q = PDQ, where

. 1 1 1 1
D:dlag( 75 75 5 2)
D™ 1, 117 1217l

and |-|| is the Euclidean norm.
Multiplying P” on both sides yields:

L, = P'Q = P'PDQ

[p.l> 0 0 0
|0 Ip,> 0 plp, -
0 0 p* pip.

. 0 plp, plp, b’

1 0 0 O

01 0 e |-
=10 0 1 e Q. (28)
_0 es e; 1
where
T T
e =% o= PP
([P, l ([P,
P, A
3 = 7 €4 = -
Ip, | [psll

It can readily be shown that

— 1 0

= = 29
e, ol (29
where
. 1 1- €64 €164 —eq
Q eye3 1-ee; -6

1 — (eye4 +€3€1) e, e, 1
In the special case where there are a large number of CW and CCW
modules that are uniformly distributed in the array, p, and p; are
approximately orthogonal to p,. This can be made mathematically
precise, but the intuition is straightforward: a roll or pitch action
employs roughly the same number of CW and CCW modules, and
thus the net yawing torque is zero. The result of having a large num-
ber of modules N in the array is that e; » 0, which results in Q — I
and Q — PD. One could then use the following decoupling strategy:

pz p“/
q, = , Q= )
T R e
p[i poc
q = 7: .
Tl T lipa?

It can be shown that the above elements of Q do not scale with N,
and thus this decoupling strategy is independent of N. Moreover,
this strategy has the desirable property of minimizing the inter-
module shear stresses in the array resulting from pitch and roll er-
rors. This can readily be seen by substituting Q into the control
strategy (23) and analyzing the resulting expression; the control
input g; increases linearly the further away a module is from the
center of mass. As a result, the shear stress acting between two
modules is minimized. This is an important feature because too
much shear stress would cause the module(s) to break away from
the array.
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This control strategy only works if both P and (TX,Ty,TZ) are
known. Assuming that all modules are identical and that the mass
and mass moments of inertia are given, then both of these param-
eters can be computed if the position and the propeller’s handed-
ness for each module is known. It follows that this is the only
information that needs to be communicated across the array be-
fore taking flight.

Now that the control strategy has been decoupled, one can con-
sider each degree of freedom separately. For example, the follow-
ing functions can be chosen:

f(2,2) = = 20,0,z — 02 (z — z4), (30)
F0.7) = = LRwt,) + o), (31)
Fo(B.B) = =Tyl + }p), (32)
fulor, ) = — T,(20,0,0 + o), (33)

where z, represents the desired hovering altitude and each degree
of freedom is a second-order system with two sets of tuning param-
eters: (1) the natural frequencies (w,, @y, wgwy) and (2) the damp-
ing ratios ({{;,{s (). The tuning of these two sets of parameters
will depend on the DFA’s mass moment of inertia, which is affected
by the size and configuration of the array. Recall that the effect due
to the size of the array N is more pronounced in the yaw degree of
freedom than in roll and/or pitch by a factor of N, see
Section 3.2.1.

Be aware that this control strategy uses normalized thrust as
the control input, which is in fact indirectly generated by the
DFA module as described in Section 3.2.2. Thrust dynamics and sat-
uration of the control inputs should be considered. Time-scale sep-
aration is needed between the desired dynamics of the system and
the rotor dynamics. A way to achieve this is to invert the transfer
function Gy over a desired frequency range, enough to achieve
time-scale separation.

5.2. Simulation

The control strategy described here has been simulated in MAT-
LAB for random array configurations consisting of 4 and up to 20
modules, see Figs. 9 and 10. The state of the array is obtained lo-
cally from the onboard sensors of each module. That is to say that
no information is passed between modules, resulting in a com-
pletely decentralized control scheme; altitude is obtained from
the pressure sensor, angular rates are measured using the rate
gyros, and these are integrated to obtain the Euler angles of the ar-
ray in flight. Simulations take into account measurement and pro-
cess noise derived from physical experiments and the motor model
described in Section 3.2.2.

5.3. Performance

A quantitative comparison was made between the easily tun-
able control strategy described previously and an 2, controller.
A generalized plant G(h), which includes the plant model based
on the configuration of the array seen in Fig. 10a, measurement
and process noise derived from physical experiments, and weights
h on the states (z,7,8,0) and on the normalized control input a were
used for the purpose of this comparison, see Fig. 11a and b. The .#,
optimal control problem is to find a stabilizing controller K, that
minimizes the »#; norm (i.e. the expected root mean square value
of the output e in response to white noise excitation [26]) of the
closed loop system. The optimal .#, controller was synthesized
in MATLAB by setting the state weights (h,h,,hg,hy) to a reason-
able set of constant values and adjusting the normalized control in-
put weight h, subject to not saturating the thrusts produced by the
rotors. By doing this, an #, norm of 5.385 was computed. See
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Fig. 9. Simulation results around the hovering equilibrium using a decentralized
controller on a 4-module array configuration, where the natural frequencies were
set to (w,,m,,mp0,)=(9.016, 9.021, 9.021, 9.016) rad/s and the damping ratios were
set to ({alpiplx)=(1,1,1,1). An #, norm of 5.1 was obtained for this particular
scenario. (a) 4-Module array configuration. (b) Simulation results around the
hovering equilibrium using a decentralized controller.

Fig. 12 for a simulation of the output states of the .#’, controller
around the hovering equilibrium.

The same generalized plant G(h) and weights h were used with
the easy to tune controller K(p), see Fig. 11b. Recall from (30)-(33)
that the control tuning parameters p are the natural frequencies
(@2, @y, wp,wy) and the damping ratios ({z,¢;,{p ). For this com-
parison, the damping ratios were fixed to a constant value of 1
and the natural frequencies were adjusted to minimize the .#,
norm via a gradient descent method; this resulted in a norm of
5.529. Even with just four tuning parameters (., @y, wg, @), this
controller comes to within 3% of the optimal controller for this par-
ticular scenario. In addition to its good performance, this control
strategy is well structured and transparent; the degrees of freedom
are decoupled, which results in a straightforward design and meth-
od for tuning this controller in comparison with the non-intuitive
A, controller.
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Fig. 10. Simulation results around the hovering equilibrium using a decentralized
controller on a 20-module array configuration, where the natural frequencies were
set to (Wz,w,,wpws)=(9.012,9.020, 9.020, 9.013) rad/s and the damping ratios were
set to ({0 {pia) =(1,1,1,1). An #, norm of 5.529 was obtained for this particular
scenario. (a) 20-Module array configuration. (b) Simulation results around the
hovering equilibrium using a decentralized controller.

6. Experiments

Three important aspects of the DFA were demonstrated in order
to verify its feasibility, see Video 2 in Appendix A: (1) docking, (2)
driving, and (3) flying. Each one in sequence is a prerequisite to the
next, and therefore each is needed to achieve the end goal of coor-
dinated flight.

6.1. Docking

A variety of experiments were performed to test the module’s
ability to dock. Based on experimental results, two modules have
the highest probability of successfully docking when one is rotat-
ing and another is translating along converging trajectories, see

a
d—: G(h) — €
a Ky, <y
b
d——: G(h) —> €
a K(p) «—y

Fig. 11. Block diagrams representing the generalized plant G(h) with feedback from
the H, controller, K ,, and the controller described in Section 5.1, K(p). The signals
for these systems are: the normalized control input a=[ay,...,an]" in units of
acceleration; the disturbances d = [dy, ... ,dx]", where d; is a vector of process and
measurement noises affecting module i; the error signals e = [z, h,y, hyp, hyo, h.a],
which are the weighted states and control input that are to be minimized in the »#,
sense; and the states of the array (z,),5,0,2,),4,6) corrupted by noise y. (a) Block
diagram of the system with K, feedback. (b) Block diagram of the system with
K(p).
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Fig. 12. Simulation results around the hovering equilibrium using an #, controller
on the 20-module array configuration as seen in Fig. 10a. An #, norm of 5.385 was
obtained for this particular scenario.

Fig. 13. Although docking will be sufficiently random, this is an
important observation to consider when developing a driving
strategy to ensure that modules readily dock together [27,28].

6.2. Driving

Two modules were driven together and used to demonstrate
maneuvers which would otherwise be impossible without the
use of omni wheels or a steering mechanism; omni wheels increase
the degree of maneuverability and in turn eases docking con-
straints. The pair of modules performed pirouettes along a circular
trajectory, i.e. the pair rotated around their combined center while
both modules followed a 1.3 m diameter circular trajectory in the
direction opposite to their rotation.

A camera-based motion capture system was used to measure
the performance of this pirouette maneuver, which performed
very well considering that the maneuver was carried out open
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Fig. 13. In frames 1-2 of this docking image sequence, the left module rotates
counter-clockwise while the right module drives forward, towards the rotating
module. In frame 3, the modules collide. The left module continues to rotate
counter-clockwise and due to its protruding features it induces a clockwise rotation
in the right module, which continues to drive forward. The modules finally dock
together, making a solid connection in frame 4.

loop, see Fig. 14 [29]. The pair was able to meet the desired tra-
jectory with relatively good accuracy and precision while per-
forming a 1.3m diameter orbit over six times. This
repeatability adds weight to the method of module fabrication
and the chosen driving surface.

6.3. Flying

The linear model presented in Section 3.2.1 and the results
gathered from simulating the decentralized controller described
in Section 5.2 were verified by testing this control strategy on
the DFA in the array configuration shown in Fig. 2a. Preliminary re-
sults established that the pressure sensor performed poorly and
provided imprecise altitude measurements; sudden changes to
the environment, like the opening and closing of a room door, re-
sulted in a dramatic change of pressure. Future revisions of the
DFA will address this issue with sensors that are not as sensitive
to changes in the environment, such as optical time-of-flight sen-
sors. For this reason altitude control was excluded from the exper-
iments. Moreover, yaw control was intentionally left out to
simplify the analysis. As a result, experiments were made using
only roll and pitch as feedback to the controller, see (31) and (32).

Before taking flight, the modules synchronized via infrared
transceivers and removed all sensor bias over a 5 s initialization se-

08
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0.2F
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O Module-A

O Module-B

-1 -08 -06 -04 -02 O 02 04 06 08 1
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Fig. 14. The two set of trajectories in this plot represent the centers of two docked
modules (A and B) during an open-loop pirouette driving maneuver, and demon-
strates repeatability for over six orbits. The position of the modules were measured
using a camera-based motion capture system.

quence. Rate gyro measurements were made at 200 Hz and the
controller was operated at 60 Hz. The function f, (30), which is
the deviation around the hovering thrust in units of acceleration,
was set to a very small value. A camera-based motion capture sys-
tem was used to measure both the altitude and the attitude of the
DFA during flight, see Fig. 15.

The DFA was shown to fly successfully with roll and pitch con-
trol. The experimental results shown in Fig. 15b are comparable to
the simulation results shown in Fig. 15a, thus verifying the utility
of the linear model and the simulator.

One interesting and unexpected result was observed due to yaw
being left uncontrolled: the DFA ascended in a spiraling motion,
keeping its x and y position of climb within the perimeter of the
spiral, and thus mitigating drift. This behaviour is in fact expected
due to the sine and cosine terms seen in (2) and (3), assuming that
roll y and pitch B are non-zero, and that the magnitude of yaw « is
increasing over time. This motivates the following constant yaw-
rate control law:

Fu(6) = —Ty (6 — bq), (34)

where &, is the desired yaw-rate.

7. Conclusions and future work

This paper presented the Distributed Flight Array (DFA), a un-
ique modular multi-rotor vehicle capable of autonomous self-
assembly and coordinated flight. The initial prototype of the DFA
has established its feasibility by demonstrating various important
aspects of the system, including: docking, driving, and flying. Sig-
nificant improvements are being made to the second revision of
the DFA, which will result in a more robust platform and will en-
able coordinated driving and flying experiments on a larger scale,
including non-symmetric flying configurations.

When there are more than four modules in the array, the sys-
tem becomes overactuated, leading to some interesting questions
on how resources should be optimally used in a distributed system.
Questions like what type of array configurations lead to more sta-
ble flight, more aggressive maneuvers, or consume the least
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Fig. 15. Comparison of the results gathered from a simulation and an experimental
attitude-controlled flight test without feedback on altitude and yaw. Experimental
measurements were made using a camera-based motion capture system: (a)
Simulated results for the 4-module array configuration seen in Fig. 9a without
feedback on altitude and yaw, and using a decentralized controller, where the
natural frequencies and damping ratios were set to (w,,wp) = (13,13) rad/s and
(&) = (1,1), respectively. (b) Experimental results for the same 4-module array
configuration and using the same controller that was used to obtain the simulation
results shown in (a). (c) A plot of the 4-module array’s 3D position relative to its
take-off origin, obtained from experimental results.

amount of energy will be considered. Research challenges include
quantifying the minimum amount of information that must be
shared to achieve a particular level of performance. Other objec-
tives include controlling the amount of inter-module shear stress
in order to perform mid-air disassembly maneuvers. These results
will be presented in future work.
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