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ABSTRACT

This manuscript details the design process and
implementation considerations of a configurable
multi-rotor unmanned aerial vehicle (UAV),
which is switchable between quadcopter mode
and hexacopter mode in easy plug-and-play ac-
tion. The design includes customized detachable
rotor arms, complemented with an altered ar-
rangement of motors to enable the simple switch-
ing feature between the two types of platforms.
An innovative flight control architecture is for-
mulated to handle both types of platforms using
a single control algorithm. Mathematical mod-
elling of the platforms is crucial to the proposed
flight control algorithm and it will be briefly dis-
cussed in this manuscript. The configurable plat-
form is implemented and actual flying tests have
been conducted in both configurations to verify
the feasibility of the design.

1 INTRODUCTION

With the advancement of robotic technologies, unmanned
aerial vehicles (UAVs) or drones today are recognized to have
huge potential in upgrading future transportation network, es-
pecially in aerial delivery system [1, 2, 3]. Specifically, the
electrical multi-copters characterized by vertical taking-off
and landing (VTOL) appear to be the most promising choice
for logistics industry [4]. The commercial outlook of UAV
delivery has attracted many technology companies to incor-
porate this fashionable element into their services [5]. One
of the most notable products of recent time would be Prime
Air, a delivery system designed by Amazon, which promises
to safely bring the package to customers’ doorstep within 30
minutes [6]. The high efficiency of this solution also projects
the possibility of goods delivery in emergency cases, e.g.
drug shipment and registered mail consignments [7]. On the
other hand, the National Aeronautics and Space Administra-
tion (NASA) of America is also looking into the prospect
of the drone-aided disaster management. With the specula-
tion drones hovering above the disaster zone and transmitting
back the real-time data and visual images of the constant-
changing situations, authorities will be able to give faster re-
sponses and optimize their disaster relief planning [8].
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However, most UAVs in today’s market, with a fixed
range of payload capacity and a fixed number of rotor arms,
are highly specialized in task execution. In the scenario, for
example, where thousands of UAVs are employed for deliv-
ery tasks, since requirements on the loading capacity, delivery
speed, flight duration and flight distance would vary case by
case, the primary demand would be how to customize and de-
ploy them to suit various needs of each delivery. Therefore,
the problem with task specialization surfaces: dozens of mod-
els designed for different purposes need to be developed and
mass produced to create a diverse pool of UAVs.

There are many existing researches seeking to improve
the efficiency and flexibility of drone delivery system. On the
hardware side, hybrid powering system is developed to meet
varying power demands of the UAV. Managing the power
from two energy sources into a single output is made pos-
sible with the smartPower Manager[9]. However, energy
is not the only consideration to sustain a highly efficient de-
livery network. Hardware resources and its resilience are
also important concerns for mass delivery. During peak pe-
riods, when UAV-network capacity is loading up to a satura-
tion point (i.e. not enough vehicles to meet the service re-
quests), even the optimal allocation of carriers in shipping
process is not able to utilize them beyond the physical re-
strictions of the machines (the number of vehicles and their
capacities). Hence, configurable drones will be at advantage
to adjust themselves to suit the need of each and every task
[10].

With this problem as our main motivation, a solution to
enhance the adaptability of multi-rotor UAVs is proposed.
Our solution makes use of detachable rotor arms of multi-
rotor UAVs to support multi tasks with specific payload or
flight duration. This manuscript provides detailed design
methodology of an integrated multi-rotor UAV which is re-
configurable between two types of platforms. The paper is
divided as follows: Section 1 given as introduction to this
work; Section 2 shows a system overview of the solution;
Section 3 details the hardware design and construction of the
platform; a proposed universal flight controller will be pro-
posed in Section 4; flight results will be shown in Section 5
and concluding remarks will be made in the last Section.

2 SYSTEM OVERVIEW

The proposed integrated system of multiple configura-
tions provides several advantages over conventional multi-
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rotors:

1. Versatility - High power output from fully-loaded ro-
tor arms enables larger loading capacity, faster speed
and higher agility. Lower power output from partially-
loaded rotor arms enables a longer flight duration.

2. Usage- High adaptability maximizes the potential of
UAVs in all aspects of real-life applications.

3. Portability - The detachable mechanical parts can be
disassembled and packed into a small package, saving
space and reducing the possible damages to the delicate
structure when being carried around.

4. Cost-effectiveness- Various multi-rotor models are in-
tegrated into one to achieve multiple purposes.

To start with the idea, a prototype is developed by adapt-
ing the most conventional configurations, quad-copter and
hexa-copter, into one integrated system. This lays the foun-
dation for integrating more configurations in the future. To
achieve this, two major parts are considered:

1. Physical structure- The structure of the multi-rotor
UAV needs to support multiple configurations, with
specially important easy mount-and-remove character-
istic on each of the rotor arms.

2. Flight controller - Conventionally, flight controller de-
sign for different types of platform will be slightly dif-
ferent. In this work, an all-in-one flight controller for
different multi-rotor configurations is proposed.

3 HARDWARE DESIGN

As both quad-copter and hexa-copter are well developed
and designed, the focus of this paper is on the integration of
both platforms into one single UAV. The emphasis is thus on
the connecting mechanism, which allows user to mount the
rotor arms to the UAV body with simple plug-and-play fash-
ion. Following this, an alternate configuration of quad-copter
and hexa-copter rotors placement is then proposed.

3.1 Connection Mechanism

The adaptability feature of the designed UAV requires
easy restructuring. In design, connection mechanism of the
rotor on the UAV body should fulfil two criteria: detachabil-
ity and stability. In other words, it needs to be easily reconfig-
ured while minimizing vibration during the flight. However,
detachability and stability appear to be conflicting goals in
conventional mechanical designs. To solve the dilemma of
being either locked up or weakly secured, after research and
experiments, a new form of connection mechanism is devel-
oped.

Shock-absorbing rubber tube clamps are used to minimize
vibration during the flight. They provide strong friction tofix
the rotor arm position while acting as the cushion on the main

Figure 1: Shock-absorbing rubber tube clamp

Figure 2: SolidWorks impression of the stabilizer

platform. Rubber tube clamps also allow the users to freely
detach or plug in the rotor arms.

Since both the rotor arm and rubber tube clamps are
circular-shaped, tube rotation is very likely to cause the rotor
arm to deviate from its upright position. A stabilizer is spe-
cially designed to minimize the rotational shifting of circular-
shaped rotor arms. One side of the stabilizer is fixed on top of
the tube clamp, while the other side is plugged into the main
platform to secure the relative position of the arm and UAV
body.

The two additional mechanical designs, rubber tube
clamps and stabilizers, take good care of the detachability
and stability of rotor arms, allowing convenient installation
and restructuring without undermining flying performance.

Figure 3: SolidWorks impression of the connection mecha-
nism

3.2 Multi-rotor Configuration

This section describes the special configurations of the
UAV in detail. To enhance the adaptability of the reconfig-
urable UAV, it is designed in such a way that, when users
decide to restructure the UAV into a hexa-copter from a quad-
copter, they do not have to change positions of any of the 4
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rotor arms of the quad-copter. Therefore the 4 rotors on the
quad-copter are organized in a non-perpendicular X shape to
align with the rotor positions of hexa-copter configuration.
To be more precise, the 1st and 2nd rotor arms are 60 degrees
from each other while the 1st and 4th are 120 degrees from
each other, just as Fig. 4 shows. The 5th and 6th rotor arms
can be simply inserted so that the six rotor arms are all 60
degrees apart.

Similar to normal quad-copters, the UAV has two of its
rotors rotating clockwise while the other two rotating anti-
clockwise in quad-copter mode.

To make the platforms easily interchangeable, the 3rd and
4th rotor arms of the hexa-copter is swapped (from conven-
tional hexa-copter design) so that their rotating directions are
consistent of that of the quad-copter platform. It is provedto
be dynamically viable in Section 4 of the paper.

Overall, three main modifications are made in hard-
ware design to realize the adaptability of both quad-copter
and hexa-copter configurations: connection mechanism, non-
perpendicular X configuration of quad-copter and rotor re-
arrangement of hexa-copter. The platform is first designed
in SolidWorks 3D simulation (Fig. 5 to Fig. 6) then imple-
mented to actual platform.

Figure 4: Graphical illustration of hardware modifications

4 2-IN -1 CONTROLLER DESIGN

In literature, mathematical modellings and flight con-
troller designs for both quad-copter and hexa-copter are well

Figure 5: SolidWorks impression of quad-copter configura-
tion

Figure 6: SolidWorks impression of quad-copter configura-
tion

derived and documented [11, 12, 13]. The two models
are, however, distinct and individual flight controllers were
specifically designed for both models. In our integrated sys-
tem of convertible quad-copter and hexa-copter, a novel idea
of controlling both the platforms with a single controller is
proposed in this manuscript. It will be discussed extensively
in this section.

4.1 Overview

The overview of a typical flight control structure for
multi-rotor systems can be visualized in Fig. 7 [14]. The pro-
posed 2-in-1 controller uses the same structure as in Fig. 7,
with 2 different Inner Multi-rotor Dynamics blocks: one for
quad-copter, and one for hexa-copter. These two sets of in-
ner dynamics will be automatically switched when a different
configuration of the multi-rotor is detected.

Translational/rotational kinetics and outer multi-rotordy-
namics of all multi-rotor UAVs are similar, and it is governed
by the following equations [12]:

mV̇b + ω × (mVb) = F,

Jω̇ + ω × (Jω) = M,

V̇b = ab,

P̈n = an. (1)

Here,m is the mass of the UAV which can be easily mea-
sured.J is the moment of inertia of the UAV which can be
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Figure 7: Flight control block diagram

determined from the trifilar pendulum experiment [12]. Both
them andJ for quad-copter and hexa-copter configurations
will be recorded and used in the unified flight controller.

For inner-loop command generator, it relates the body-
frame acceleration referenceab,r to the Euler angle refer-
ences{φr, θr} and the normalized input to the throttle chan-
nelδthr, as



δthr
φr

θr


 =




0 0 Kthr

0 1/g 0
−1/g 0 0


 an,r, (2)

whereKthr is a constant gain depending on the thrust coeffi-
cient of the motors.

4.2 Inner Multi-rotor Dynamics

As the platform is inter-transformable between a quad-
copter and a hexa-copter, the inner multi-rotor dynamics
which generates the forces and moments acting on the UAV’s
body can be divided into 2 portions. The dynamical models
of the two configurations will be similar as long as the inputs
and outputs to this block remain consistent, namely the four
normalized inputs{δthr, δail, δele, δrud} and the forces and
moments{F,M} acting on the UAV.

By making both the inputs and outputs of this block con-
sistent, it allows us to design a single controller to control
both the systems, with just a simple switching of inner multi-
rotor dynamics block and the parametersm andJ as men-
tioned above.

By the assumption of fast motor rise time, we can approx-
imate the relationship between the inputs and the outputs of
this block to be static. In the other words, only the steady-
state is concerned.

According to [14], the relationship between thrust pro-
duced by the rotating rotor and the rotating speed is

T = CT ρD
4 Ω2

4π2
, (3)

whereCT is the aerodynamic thrust coefficient of the rotor,
ρ is the density of air, andD is the diameter of the rotor. As
for small fixed-pitch propellers,CT is constant. We thus can
lump the constants together as

T = kTΩ
2. (4)

Similarly for torque of the rotor, we have

Q = kQΩ
2. (5)

4.2.1 Quad-copter

The relationship between the rotating speed of four rotors and
the total forces and moments generated by the quad-copter,
according to the quad-copter configuration shown in Fig. 4
can be easily derived as




fz
mx

my

mz


 = KQ




Ω2
1

Ω2
2

Ω2
3

Ω2
4


 , (6)

where

KQ =




−kT −kT −kT −kT
− lkT

2

lkT

2

lkT

2
− lkT

2
lkT

√
3

2

lkT

√
3

2
− lkT

√
3

2
− lkT

√
3

2

kQ −kQ kQ −kQ


 . (7)

Each motor of the UAV can be represented by

Ω(s) =
1

τms+ 1
(CRδ +Ωtrim), (8)

whereτm is the motor time constant, which is generally small
enough to be ignored, andCR is the steady-state gain of the
motor rotating speed given the inputδ.
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Finally, a mapping matrix to map the block’s inputs
(δthr, δail, δele, δrud) to the motors’ input (δ1, δ2, δ3, δ4) as
follows:




δthr
δail
δele
δrud


 =




1 1 1 1
−1 1 1 −1
1 1 −1 −1
1 −1 1 −1







δ1
δ2
δ3
δ4


 . (9)

Note that in order to obtain a unique solution of the inputs
(δthr, δail, δele, δrud) given any desired forces and moments
(F,M ), KQ must be invertible.

4.2.2 Hexa-copter

Similar to that of the quad-copter counterpart, the relationship
between the rotating speed of six rotors and the total forces
and moments generated by the hexa-copter, according to the
hexa-copter configuration shown in Fig. 4, can be derived as




fz
mx

my

mz


 = KH




Ω2
1

Ω2
2

Ω2
3

Ω2
4

Ω2
5

Ω2
6



, (10)

where

KH =




−kT −kT −kT −kT −kT −kT
− lkT

2

lkT

2

lkT

2
− lkT

2
lkT −lkT

lkT

√
3

2

lkT

√
3

2
− lkT

√
3

2
− lkT

√
3

2
0 0

kQ −kQ kQ −kQ kQ −kQ


 .

Note that the motor dynamics and mapping matrix are
identical to the quad-copter’s part.

In order to obtain a unique solution of this hexa-copter
system, we need to find an inverse ofKH. AsKH is rank 4,
one solution to the system would be taking the right inverse
of KH, i.e.

Ω = K
T
H(KHK

T
H)−1




fz
mx

my

mz


 . (11)

4.3 Control

Once the control structure of the system is fixed as in
Fig. 7, controllers can be designed accordingly. There are two
separated controllers in the system, the inner-loop controller
and the outer-loop controller.

Inner-loop controller helps stabilize the UAV and orien-
tate the platform to any desired Euler angle reference. As the
inner-loop controller runs at a much faster rate as compared
to the outer-loop, a position controller can be designed by
assuming any desired Euler angle can be achieved within a

single control loop on the outer-loop. This control strategy is
well established and widely used in UAV control and thus it
will not be further elaborated here. Interested reader can refer
to [12, 14].

5 PROTOTYPING

Figure 8: Assembled hexa-copter configuration

Figure 9: Assembled quad-copter configuration

A UAV with the transforming capability was constructed
according to the SolidWorks impression shown in Fig. 4.
Main parts of the UAV’s body are made of carbon fiber, while
a Pixhawk flight controller is included to implement the pro-
posed 2-in-1 controller. Specification of the UAV of both con-
figurations matched with a 4 cells 5200 mAh battery is shown
in Table 1. The design specification is met with actual flying
experiment of the UAV in its two different modes.

Quad-copter Hexa-copter
Weight 1532 g 1796 g
Payload 100 g 600 g
Flight duration 23 mins 15 mins

Table 1: Specification of the platform
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6 CONCLUSION

The paper elaborates in detail the design and modelling
of a configurable multi-rotor UAV. Rotor arms are arranged
into the formation adaptable to both quad-copter and hexa-
copter flights. Connection mechanism enables easy detach-
ment or installment of arms. Mathematical modelling proves
the viability of modified configuration in flight kinematics
and forces and moments generation. The configurable multi-
rotor UAV performs well in actual flight tests with different
payloads. In future, more configurations can be integrated
into this UAV platform to further enhance its versatility. Au-
tonomous control law can also be implemented such that the
UAV would fly automatically with the assistant from GPS.
With this UAV prototype as a foundation, future UAV plat-
forms are able to operate with adjustable loading capacity,
flying speed and flight duration over a wider range. When in
service among large UAV fleets, each is more energy efficient
and adaptable in catering to its specific task; when in private
use, configurable UAV is flexible enough to handle personal
requests of all sorts.
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