2023 IEEE International Conference on Robotics and Automation (ICRA 2023)

May 29 - June 2, 2023. London, UK

A Non-planar Assembly of Modular Tetrahedral-shaped Aerial Robots

Obadah Wali, Mohamad T. Shahab, and Eric Feron

Abstract— This paper presents a new design of aerial vehicles
with tetrahedral geometry. We call this design the TetraQuad.
The TetraQuad is a fractal modular aerial robot. A character-
istic of fractals is that they have a geometric shape that can
be assembled to generate the same geometry on a larger scale.
Therefore multiple TetraQuad modules can be assembled to
produce a larger scaled tetrahedral shaped aerial vehicle. The
advantage is to have modular aerial robots that assemble in the
vertical direction; this increases the rigidity of the structure, as
well as reduces the wake interaction of the elevated propellers
in the assembly. This work presents a design and analysis of the
TetraQuad module as well as assemblies of multiple modules.
A modular controller strategy is discussed. The functionality of
the controller is illustrated using simulations. We validate our
design with experimental flight tests.

I. INTRODUCTION

The design of multiple robots assembled systems is of
interest in robotics fields, in particular modular robot systems
[1]. Multiple studies have investigated the design of modular
ground and underwater robots for different purposes as in
[16], [12], [2], [23], [3], and [13]. In addition, this interest
extends to modular aerial robots.

There are many designs of modular aerial robots. In [5]
the authors explore a design of multi modular vertical take-
off and landing, or VTOL, aerial vehicles. Other works are
more focused on the multiple multirotor unmanned aerial
vehicles, or UAV’s. In [17], the authors designed a hexagon
shaped planar robot with a single rotor with the aim to
self-assemble in the ground to the needed shape before
flying as an assembled unit. In [11], two dual-rotor modules
are connected to achieve a high degree of maneuverability.
In [24], the authors introduce a transformable aerial robot
which is a composite of dual-rotor modules, with the goal of
having flexible joining and maneuvering. The design in [14]
proposes modular rotors for the goal of flying rigid objects.
Another work is [15] where the authors used modular ducted-
fan vehicles to achieve the flying of connected modular
vehicles. In all of the aerial robots above, except the one from
[5], individual modules in the assembly system are not able
to fly on their own; hence, adaptability while flying is limited.

There exists more complicated systems consisting of mul-
tiple multirotor modules, where each module can fly alone
and in assembly. For example, in [6] quadrotor modules are
assembled together to increase the lifting payload. Another
project that utilized quadrotors is [19] and [22], where
planar in-air assembly of multiple quadrotors is achieved. In
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Fig. 1. (a) one TetraQuad module; (b) the four-TetraQuad assembly (c)
the sixteen-TetraQuad assembly

addition in [20] a self-disassembly during flight is executed.
However, the above designs have only planar connection
between the modules and are not vertically connected. In
[9] vertically assembled fractal aerial robots are discussed
where single-rotor modules can assemble both horizontally
and vertically, although modules are not able to fly alone.

The work in [10], by a co-author of the present paper,
lays a foundation for the study of fractal tetrahedral shaped
quadrotors. A characteristic of fractals is that they have a
geometric shape that can be assembled to generate the same
geometry on a larger scale. This design serves two main ob-
jectives. First, we want to have an assembly which enhances
structural rigidity during flight. Second is to reduce the wake
interaction between rotors in the multi-plane assembly; see
[7]. However, flight of assembled fractal tetrahedral shaped
modules was not presented before.

In this present paper a new design of the tetrahedral shaped
flying robot is introduced, which we call the TetraQuad. The
contributions of this paper are as follows. As the main contri-
bution, we present a new design of a tetrahedral shaped flying
module. We also show that we are able to assemble multiple
modules and fly a larger tetrahedral shaped system, and
with a modular control strategy. We validate our system by
conducting multiple experimental flying tests. As far as the
authors are aware, systems of multiple vertically-assembled
multi-rotor modules have not been validated before.

II. SINGLE AND ASSEMBLED MODULES OF TETRAQUAD

The TetraQuad is a tetrahedron shaped vehicle with
equilateral triangle facets. The dihedral angle between the
bottom facet and other facets is 45 degrees. The tetrahedron
dimensions are 430 mm long, 370 mm width, and 260 mm
height. The tilted edges of this frame are made of carbon
fiber tubes with a 5mm diameter. The bottom facet’s chassis
is made of 4mm thick carbon fiber plates. All joints of the
structure are 3D-printed using a PLA with 0.15 layers and
80% filling. See Figure 2.

Actuation of one module of the TetraQuad consists of four
5-inch propellers which actuate using brushless motors. The
propellers are located on the bottom facet of the tetrahedron.
One propeller is positioned at the center of the facet. The
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other three are located at the three lines that connect the
vertices of the bottom facet to its center. The distance
between each of the three lateral propellers and the middle
one is d = 103 mm. All electronics, including a flight
controller, an on-board computer, and power electronics are
located on a plate, which is located at the upper half of the
vehicle structure. Each module is equipped with one 4-cell
Lipo battery of 3700 mA capacity. The total weight of one
module is 890g. These components are illustrated in Figure 2.

The modules assemble by connecting their tetrahedron
vertices together; see Figure 1. In a four-module assembly,
the top module base vertices are connected to the top vertices
of the three bottom modules. Besides, the bottom front
module rear vertices are connected to the front vertices of
the rear bottom modules. Similarly, the right bottom module
is jointed to the left vertices of the other bottom modules,
while the left module is attached to the right vertices of
the other bottom modules. This connection structure extends
to assemblies of four modules to generate an assembly of
sixteen modules, and so forth.

For an assembly of N modules, all modules are identical.
Each module, i € {1,2,...,N}, generates its moments
M; € R3? and thrust 7; by changing the moment and
thrust of its four propellers 7; ; and F; ;, (j € {1,2,3,4}),

respectively. Define the normal vector es := [O 0 1]T €
R3. Then the moments and thrusts are given by

4
Mi = E r; X egFm- =+ €3Tij,

j=1
4

T, = E F;;,
j=1

where r; is the position of rotor j relative to the module’s
center of mass, namely ry = [0 0 0], ro = [d 0 0],
r3=[-1d L2d 0], andry = [-1d —¥%3d 0] ;indeed 7; ;
and F; ; are changed by changing the angular velocities wj ;
of the corresponding propeller through the relations 7; ; =
kyrw?,; for j = 1,4 (counterclockwise), 7 ; = —kpsw3,; for
J = 2,3 (clockwise), F; ; = kTwJZ’i for every j, with kp
as the rotor thrust constant, k; as the rotor drag constant.
Notice that the relationship between a module’s generated
moments and thrust and its propellers’ angular velocities is
one-to-one, justifying using M, T; directly as the control
input of module . In particular, we have

kr  kp kr kr w?
;] _|o 0  dkrV3/2 —dkrV3/2| |ws,
|:M1:| - 0 dk‘T —dkiT/Q —koT/Q wg’i
kM —k‘M —k‘M kM wii

1

In practice, each propellers’ moment and thrust are bounded,
namely 0 < Fiﬁj < Fmaxv 0 < Tij < Tmax forj = 1,4
(counterclockwise) and —Tpax < 755 < 0 for j = 2,3
(clockwise). You can find these bounds for our system in
Table II. For more analysis about thrust limits related to
tetrahedral assemblies of vehicles, see [21].

Fig. 2. A TetrQuad module; (1) On-board computer: ODROID with a Wi-Fi
module, (2) flight controller, (3) battery, (4) 5-inch propeller and brushless
motor, and (5) front vertex of the tetrahedron.

TABLE I
SYSTEM PARAMETERS

mo L
(kg)  (m)
0.89 0.355

Izz,O
(kg - m?)

6.8 x 10~ 3

-[zz,O Iyy,O

(kg - m?) (kg - m?)
7.5x 1073 7.5x 1073
TABLE 11
SYSTEM SPECIFICATIONS

Fraz Tmax

) (N-m)
5.3 0.78

III. THE TETRAHEDRON ASSEMBLY MOMENT OF
INERTIA

We now present the system inertia, which is changing
as the number of modules in the assembly increases. Let
Ip € R3*3 be the inertia matrix associated with the in-
dividual tetrahedral shaped module. We assume that its
principle axes are such that Iy = diag(I;40, Iyy,0,122,0)- Let
I, = diag(Ippny Iyyns Loon) € R3%3 pe the inertia matrix
associated with the whole assembly of N = 4™ modules;
in our case, because of the tetrahedral shape it is possible
to have an assembly of 4™ modules, n = 0,1,2,... and so
on. In the following we are going to analyze the tetrahedron
assembly in detail and calculate I,, when n # 0. In our
calculation of moment of inertia of a larger assembly we
assume that the module is a uniform tetrahedron. We also
consider that modules are connected together rigidly, and that
modules’ frames are parallel to the assembly body frame. For
four modules the calculation of the new moment of inertia
components requires defining the following quantities: mg
as the mass of an individual module, L as the edge length
of each individual module, H as the height of the individual
module, and [ as the third of the vehicle length in x-direction;
see Figure 3. These quantities are related:

V3

H = TL’ 2
= % 3)

Figure 3(a) indicates the rotation about the z-axis of four
assembled modules. Thus using the parallel axis theorem
and the relation in (2) we can find the new center of mass
in relation to one module center of mass and obtain

13
I:E:v,l = 4119:,0 + ELQmU (4)

Similarly the moment of inertia about z-axis of four assem-
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Fig. 3.

(b)

Four-tetrahedron assembly 2D drawing views (a) Front view. The axis of rotation is the x-axis (red dot), (b) Top view. The axis of rotation is the

z-axis (red dot), and (c) side view. The axis of rotation is the y-axis (red dot). Black dots represent the center of mass of each module.

bled modules, as represented in Figure 3(b), can be calculated  A. System dynamics

utilizing (3) to obtain

I.q =4I 0+ L*my. (5)
In a similar fashion, referring to Figure 3(c), the moment of
inertia about y-axis relation can be formulated as

13
Lyya =41y 0+ —L*mg. (6)

12
1) General formula of the inertia components: By induc-
tion, a generalized formula of the inertia elements depending
on the number of assembled modules 4™ is obtained in a

recursive manner. For n = 1,2,3,..., we have
I:vz,n = 4-[95:13,7171 + %(16n_1)L2m07 (7)
Lyyn = 4Ly n1 + 15(16" 1) Lmy, )
Izz,n = 4Izz,n—l + 16n_lLQTnO- &)

IV. THE CONTROLLER AND ITS ANALYSIS

In this section, we discuss the control of the tetrahedron
assembly. We control thrust and moments of the whole
assembled body indirectly; indeed, we control the assembly
through the respective actuators of identical TetraQuad mod-
ules, i.e. through each module’s four propellers. Irrespective
of modules’ locations in the assembly structure, they all
have the same flight controller. This design emphasizes
the modularity of the system; however the modules are
assembled together, we show that the whole system would
fly as desired, presenting a good deal of adaptability. In the
following we discuss the attitude controller and the altitude
controller of each module, and we analyze them.

We adopt an off-the-shelf attitude and altitude controllers
for quadrotors, and show how they are applied, in a dis-
tributed manner, to the rigid assembly of tetrahedral quadro-
tor modules. The attitude and the altitude controllers of each
individual TetraQuad module utilizes those of the widely-
used PX4 Autopilot1 [18], where the attitude controller itself
is based on the one of [4].

In order to analyze our proposed control strategy, before
presenting the details of the controllers we discuss the
dynamic model of our system.

Thttps://github.com/PX4/PX4-Autopilot (v1.13)

Here we discuss the attitude dynamics and altitude dy-
namics. Because the attitude controller we apply (which is
going to be discussed shortly) uses quaternion representation,
then it is appropriate if the dynamics of the system are
also written using quaternion representation. To this end, the
attitude dynamics can be written as follows [8]:

110

qHEE
where Q = [Qy Q1 Q2 Q3]7 € R* is the quaternion
representation of orientation of the whole rigid assembly,
and Q in R? is the corresponding angular velocity vector in
the assembly body frame; the operation ® is the quaternion
product: for Q,P € R* with Q = [Qy Q']", Q =
(@1 Q2 Q3]", P = [P P']T and P = [P P P37,

Q=- (10)

then QuPy— Q. P
P= w040 T _ |
QeP=1pQ+QP+QxP
With ©Q = [p q T]T € R3, then, by defining M :=
[M, M, M.]" € R3 with M,, M, and M. denoting

the total applied roll, pitch, and yaw moments, respectively,
the angular dynamics can be represented by

IQ=—-Q x[IQ)+ M, (1)

with I as the moment of inertia of the whole assembly
system, i.e. I = I,,.

We now provide the altitude dynamics. We have a world
frame defined by z, y and z axes, with the z-axis pointing
upward. We consider that the center of mass of the assembly
is situated at the origin of a body frame. Let p = [z y 2] | €
R? be the coordinates of the center of mass of the whole
assembly in the world frame, with z indicating the altitude.
We have R € R3*3 as the rotation matrix transforming
coordinates from the assembly body frame to the world
frame; then let R33 denote the element in R in the third
column and the third row. With 7' denoting the total thrust
produced by the assembly of modules, the altitude dynamics
can be represented by

mz = —mg+ Rs3T (12)

with m and g denoting the mass of the whole assembly and
the gravitational acceleration, respectively.

As we control the system indirectly through the TetraQuad
modules, we present now how the forces and moments
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applied onto the assembly are generated. For each i €
{1,2,...,N}, wehave T; and M; = [Mi,z M; Miyz]—r
to denote respectively the thrust force and the moments
generated by module ¢ with respect to module body frame.
As the modules are connected together rigidly, and each
module’s frame is parallel to the assembly body frame, then
we can write the total thrust and moments applied on the
whole assembly in a simple manner. Let p? = [2F P ZF]T
be the x-, y and z-coordinates of the center of mass of
module ¢ in the whole assembly body frame; then we obtain

N

T=>T, (13a)
i=1
N

M = ZM +pZ x esT;. (13b)

i=1
This allows modules to be on different planes in the assem-
bly, as a tetrahedron assembly would.

B. The Flight Controller

We now present both the attitude and the altitude con-
trollers.

1) The Attitude Controller: To control the attitude (the
orientation) of the assembly, we set control commands for
M, for all modules. For each module i, the input to attitude
controller are the measured quaternion vector Q; and the
setpoint quaternion vector Qgp; the output of the attitude
controller are the moments command M; ¢ma.

The attitude controller consists of two cascade controllers.
One is a nonlinear controller and the second controller is
a PID controller. Define the error e; = Q;l ® Qsp, With
Q; ' = Q!/||Qi|l. With e; partitioned as e; = [e;0 &, ],
the output of the first controller is the setpoint angular
velocity as follows:

(14)

where sgn(-) is the sign function, and Kp; =
diag(Kp1,z, Kp1,y, Kp1,2) is a gain 3 x 3 diagonal matrix.
The second controller is a PID controller. Define the angular
velocity error e; o = £2; o, — {25, so we can set

Q; op = Kp1sgn(e; 0)€i,

M, cma = Kpoejo + Kpé; o + Kl/ei,ﬂ dt (15)

with K] = diag(K])x,KLy,K[)z), Kpg =
diag(KP27x,Kp27y,Kp27z), and KD =
diag(Kp o, Kp,y, Kp,2), as 3 x 3 gain diagonal matrices.

2) The Altitude Controller: The input to the altitude
controller is the assembly altitude measurement z, and the
setpoint desired altitude z,. The altitude controller also
consists of two cascaded controller. Define the altitude error
€, = zsp — 2. The output of the first controller is vertical
velocity setpoint Zg, as follows:

Zsp = KPl,altez (16)

where Kpi ¢ is a gain. Define the velocity error e,, =
Zsp — 2; the second controller is PID controller and its output

is an acceleration command:
Gz,cmd = KPQ,altevz + KD,altévz + Kl,alt / €Evz dt (17)

with K7 a1t, Kp2,alt, and Kp a1 as gains. Then, a module ¢
thrust command is set as

Tv’,,cmd =My (g + az,cmd) (18)

where my is the mass of the individual module.

3) The Total Controller : As mentioned earlier, to retain
the modular design of our system we assume that modules’
controllers to be identical, irrespective of its location in the
assembly. To this end, the applied thrust and moments for
each module ¢ € {1,2,..., N} are set as

E = Ti,cmda
M; =M, ¢md-

(19a)
(19b)

Next, we analyze the performance of the proposed controller.

C. Analysis of the closed-loop system

Here we analyze the closed-loop system and evaluate its
performance. Next, we provide a model for the closed-loop
system of the whole tetrahedron assembly; this will give
us insight about the closed-loop performance. We consider
analyzing the closed-loop system around hovering condi-
tions. In particular, in this analysis we consider Qsp, =
[1000]" and £, = [0 0 0]T; note that this corresponds
to desired orientation of the assembly body in Euler angles
representation of (¢, 6,1) = (0,0,0), with the yaw angle 1
about the z-axis, the roll angle ¢ about the x-axis, and the
pitch angle ¢ about the y-axis. Also consider zg, = 24 for
some desired constant altitude z4, so ¢, = —Z. Also for the
simplicity of the analysis, we consider zero values for the
derivative term gains in the corresponding PID controllers,
namely Kp = 0 and Kp . = 0. Before proceeding, note
here that as modules are connected together rigidly, and each
module’s frame is parallel to the assembly body frame, then
Q; = Q for all 7. Furthermore, as all module are identical,
then m = Nmg. Define the states

. T
X = [QO Ql Q2 QS P q 7T Pint Gint Tint €2 = Zint} )

with [pint Gint Tint) | = [ €;,0dt, and zing = [ €y, dt. Then,
we combine the system dynamics described by (10), (11),
(12) and (13), with the controllers described by (14), (15),
(16), (17), (18) and (19), and appropriately define a nonlinear
function f(-) such that we obtain

x = f(x).

Let 0, , denote the matrix of size p x g whose all of its
entries are zero. To analyze the closed-loop behavior around
the hovering conditions, then we can linearize (20) about
the equilibrium point X = [1 0;x12]". If we define 6x =
X — X, then we can approximate the closed-loop dynamics
as follows: 0x & [ f(x)|x=x] 6x.

In our tetrahedron assembly, observe that for every N =
4" ' n = 0,1,2,..., the assembly structure is symmetric
about the body z-axis, so we have Zfil y® = 0. On the
other hand, although the assembly shape is not symmetric
about the y-axis, nevertheless a property of tetrahedral as-

(20)
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sembly of identical tetrahedral modules yields Zivzl 8 =0
as well. With that, after doing the required calculations
the closed-loop dynamics around hovering condition can be
written in a decoupled manner. First, we see that Qg = 0 =
Qo(t) = 1,t > 0. The corresponding roll, pitch and yaw
closed-loop dynamics can be written, respectively, as follows

P 0 1 0
1 2
% — | NEKp1o+Kpaa) NEpsos NEr, % (1)
. Igx Loz Iz Pint
L Pint | L -1 0 0 ]
Mo I 0 1 0 ]
2
%2 — | N(Kpy,+Kpa,) NEpy, NKj, [ Qq2 } 22)
G Iyy Iyy Lyy Gint
L int ] L -1 0 0o
- L r 0 1 0 ~
2
Q,-,a = | N&Ep1+Kpa:) NKpy, NKj, QTB . (23)
" .- Tz T.- Tint
| Tint | 1 0 0

Finally, we can describe the altitude closed-loop dynamics by

éx 0 -1 0 e
|: 3 :| — | Kp1,a16Kp2,a1t —Kp2 a1t K1 alt [ z } .
Zint KP2,alt -1 0 Zint

(24)

The equations (21)—(24) describe the closed-loop dynamics
around the hovering conditions which make them applicable
to evaluate many applications of our system. We make the
following observations.

We can see from (24) that the altitude dynamics are
independent of the number of modules in the assembly
system; this renders tuning the altitude control performance
of the whole assembly to be equivalent to tuning the altitude
controller of an individual module. This emphasizes even
more the modularity of our design.

For different N = 4" n € {0,1,2,...}, tuning the
attitude controller for different assembly structures is depen-
dent on the quantity Iﬂ, (j € {x,y,2}). In the previous
section we have shown how the moment of inertia of the
tetrahedron assembly I;; change with respect to the number
of modules. The decoupled nature of the system allows us
to tune the attitude controller of the identical modules in a
simple manner.

Related to the previous point and to understand more
the performance of the controller, we provide a root-locus
analysis to compare between cases of n = 0,1,2 in the
tetrahedron assembly, i.e. between controlling one, four, and
sixteen modules, respectively. We focus on the pitch system
in (22); of course similar conclusions can be inferred for
the roll and the yaw systems (21) and (23). Refer to Table
I for the system parameters; we calculate the moments of
inertia for different values of n from Section III. Consider
controller gains Kpy, = 6.5,Kp, = 0,Kr, = 0.2, and
a variable Kpy, = 0.15k, for k € [0.1,2.5]. See the root-
locus plot for these range of gains in Figure 4. We see that all
poles of the system have negative real parts, i.e. stable. One
pole is always real and has value around —0.03. Observe
that as the gain Kpo , get larger, the complex poles become
real ones and hence the system would have less oscillations;
although you can see that for the specified gain range of
values, oscillations would not disappear for an assembly of
16 modules; however in all cases, stability of the system is
not compromised.

30
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Fig. 4. Root-locus of the pitch system for an assembly of one (blue), four
(red) and 16 (black) modules.
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Fig. 5. First simulation example for one (blue), 4 (orange) and 16 (yellow)
modules.
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Fig. 6. Second simulation example for one (blue), 4 (orange) and 16
(yellow) modules.

V. NUMERICAL SIMULATIONS

Here we provide simulation examples for the system
response. We compare the cases when n = 0,1,2 in the
tetrahedron assembly. We consider the system with the
parameters in Table I and the system specifications as in
Table II. We do the simulation using the SIMULINK model
in https://github.com/mohshahab/Tetra_
Simulink, where we consider the full nonlinear dynamics
of the assembly rigid body, including the exerted thrust and
moment as in (13); for each module in the assembly, we
apply the controller (14)—(18) in a discrete-time manner
with sampling time of 0.01s; controller gains are set as to
Kp1x = Kp1y = 65,Kp1, = 2.8, Kpy s = Kpay =
KPQ,Z = 0~157KI,3: = Kl,y = KI,z = O-QaKD,ac =
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Fig. 7. (a) Flight test of one TetraQuad module; (b) flight test of four
assembled TetraQuad modules.

Kpy=Kp.=0.003, Kprat =1, Kp2ait = 4, Kr,a1t =
2 and Kpa¢ = 0. Control inputs are mapped to the
corresponding propellers’ (see the relation in (1)).

In the first example, we examine roll and pitch angles
control. We set Qs, =[100 0] ", i.e. hover state. However,
we set initial orientation of [0.03 0.03 0], represented in
Euler angles (rad). We also want to maintain altitude and
initialize the altitude at 2m and set zg = 2m. We consider
starting from rest. You can see the result in Figure 5. The
system achieves its objective in all cases; the number of
modules has some effect on performance but not significant.

Next, we examine altitude control. We set both setpoint
and initial orientation [1 0 0 0] in quaternion representation
or [0 0 0]" represented in Euler angles (rad). We also
consider starting from rest. We set both initial altitude to
2m, and setpoint altitude to 5m. You can see the result in
Figure 6. The system achieves its objective in all cases, with
negligible effect of the number of modules on the altitude
control performance.

VI. EXPERIMENTAL RESULTS

In this section we investigate the behavior of the used
controller in the TetraQuad experimentally. The flight ex-
periment assessed one module, and four assembled modules
of the TetraQuad. The vehicles are tested by flying them
to follow a circular path trajectory. The test flights have
been done in an indoor flying arena, where the position of
the vehicle is captured using an OptiTrack’> motion capture
system; it is fed to the flight controller, Pixhawk4 3 of
each module as position measurements of the vehicle; the
IMU of the flight controller provides the orientation and
angular velocity measurements. In addition, the controller
parameters used are the same values used in Section V.
Additionally a position controller, that sends roll and pitch
set points to the attitude controller, is utilized. This position
controller consists of two cascaded PID controllers [18].
The experiment is conducted at the RISC Lab at KAUST.
We collect needed measurements using ROS # nodes and
MAVROS 3 package via Wi-Fi. For safety purposes, during
the flight tests the vehicle is tethered by a cable.

The individual module is tested to fly along a circular path
of 0.8 meter radius, with an altitude of 1.0 meter, where

Zhttps://optitrack.com/
3https://docs.px4.io/main/en/flight_controller/pixhawk4.html
“https://wiki.ros.org/

Shttps://github.com/mavlink/mavros
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Fig. 8. Circular path reference trajectory (dashed-orange) and vehicle
trajectory (blue) of (a) one module, and (b) four assembled modules.
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Fig. 9. Altitude comparison of flight test of one module (blue), and four
assembled modules (orange) with set-point (dashed-yellow)

the average speed is 0.6m/s. The four-module assembly is
tested to follow a 1.0 meter radius circular path at 1.0 meter
altitude, with an average speed of 0.5m/s. Figure 7 shows
a picture of the TetraQuad single module and assembled
modules during the experimental test. In addition, a video
of the experiment is available in the paper’s accompanying
video file, and at https://youtu.be/0Oytmae90Le8.

It can be concluded that the assembled system is able
to follow the circular path trajectory in stable manner.
Although the assembled system shows more oscillations
than the single module, the use of the proposed controller,
which emphasizes the modularity of the system, followed the
mission as desired. The circular path following of both one
module and four assembled modules is shown in Figure 8.
Figure 9 is a comparison between a single module and four
assembled modules for the altitude trajectory. Although the
four assembled modules have more oscillations, the altitude
oscillations have a minor error, less than 10 percent. These
results indicate the controllability of the modular tetrahedral
fractal aerial vehicle, TetraQuad, and its assemblies.

VII. CONCLUSION AND FUTURE WORK

This paper discussed the TetraQuad, a new design of
fractal tetrahedron aerial robot. We illustrated the design of
the vehicle and its ability to fly in a stable manner. We have
also discussed the modular controller strategy to fly multiple
assembled vehicles, and showed the eligibility of using this
proposed controller to fly tetrahedral assembly of vehicles.
The verification of our system included simulation results as
well as experimental validation by a number of flight tests
of assembled modules.

A future work can include a more extensive analysis of the
controller of this vehicle to improve its performance. More-
over we are currently working on experimentally validating
our system when we have sixteen modules. In addition, we
want to investigate the optimization of the power consump-
tion of the assembled vehicles.
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