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Abstract—With the introduction of powerful yet light weight
onboard computers, the size of unmanned aerial vehicles can
be reduced to a great extent and thus making them suitable
for indoor missions. The challenge with indoor navigation is
primarily the lack of GPS data. Localization and mapping
algorithms therefore use sensors such as LiDAR and Stereo
Cameras. These sensors are usually better placed at the front
of vehicles to prevent field of view blockage. In this manuscript,
a H-shape unmanned aerial vehicle is designed to offer a 180◦

clearance to a LiDAR sensor placed at the front to achieve
an effective scanning field. The dynamics of the vehicle is then
identified, and a robust flight controller is applied to the system.
Flight test results have shown that the designed system is stable,
and robust towards air flow disturbances within a closed indoor
environment.

Index Terms—Unmanned Aerial Systems, Flight Dynamics and
Control, Indoor Navigation

I. INTRODUCTION

With the advancement in sensory and processor technolo-
gies, small scale unmanned aerial vehicles (UAVs) have been
widely used in both civilian and military operations in recent
years. In both sectors, autonomous control of these UAVs have
played a vital part to enable a wider range of applications, such
as for surveillance [1], search-and-rescue [2], target following
[3] and more.

As more powerful sensors are developed in smaller pack-
ages, the attention to develop autonomous navigation has
switched from outdoor GPS navigation to the possibility of
navigating autonomously in indoor environments. Without
GPS signals, scanning LiDAR sensors have become the in-
creasingly popular choice in such situations. With the introduc-
tion of 2D scanning LiDAR sensors, robotic researchers have
adopted 2D simultaneous localization and mapping (SLAM)
algorithms to stitch sequences of planar scans into a global 2D
map [4], which help to estimate the vehicle’s relative position
and velocity within the built map [5].

In a more recent development of LiDAR-based SLAM,
some researchers have introduced a smart way to obtain 3D
information from a moving 2D LiDAR scanner. For example
in the work documented in [6]–[8], the 2D LiDAR sensor was
designed to rotate along the third axis generating scans of
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360◦ in the front of the UAV or device. In other developments,
researchers designed the LiDAR sensor to move in a nodding
way to draw out a sinusoidal pattern [4]. In both methods a 3D
point cloud map can be generated provided that an accurate
3D SLAM algorithm is employed.

A problem with these approaches is the limited field of view
due to the blockage from the UAV’s fuselage. Since the 2D
LiDAR needs to rotate to scan all 360◦ of the environment,
the only feasible placement of this sensor would be right in
the front of the UAV. This prevents other components of the
UAV from blocking its field of view. For example, placing the
sensor above the UAV will result in data unavailability on the
bottom of the UAV [9].

In this manuscript, we propose a design of the UAV such
that a rotating 2D LiDAR sensor can be placed on the UAV
without blocking the field of view of the sensor. A model of the
dynamics of the UAV will also be identified. This is followed
by a design of a robust flight controller to ensure stable flight
for the UAV even in the presence of strong wind disturbance
due to enclosed spaces in indoor environments. Lastly, a 3D
SLAM algorithm, namely the LiDAR Odometry And Mapping
(LOAM) developed by Zhang et. al. in [10] and [11] will be
implemented on the UAV. Flight tests will be carried out in
indoor and partial outdoor environments without the use of
GPS measurements.

Section 2 of this manuscript will be the physical design of
the H-shape UAV; Section 3 details the dynamics modelling
of this UAV, and flight controller design of the UAV will be
presented in Section 4; Flight test results of the manufactured
UAV will be presented in Section 5, and finally the concluding
remarks will be presented in Section 6.

II. H-SHAPE UAV DESIGN

To realize the 3-D mapping algorithm on a small scale UAV
such as the one discussed in the Introduction, a UAV platform
is constructed and customized to include a rotating 2D LiDAR
sensor and a light yet powerful processor to run the algorithm
on-board in real time. In this section, the hardware setup on
the UAV which realizes the 3D mapping algorithm will be
described in detail. Each part of the design was first drawn
out in a 3D rendering software, SolidWorks. They are then
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Fig. 1. Solidworks model of Hokuyo UTM30EW

Fig. 2. Solidworks model of LiDAR rotating mount

fabricated by either 3D printing methods or precisely milled
from carbon fiber boards using a CNC machine.

A. Rotating 2D LiDAR Subsystems

The Hokuyo UTM30EW LiDAR was used to realized the
LOAM algorithm. It is a 2D LiDAR scanner which has a
resolution of 0.25◦ and up to 30 meters detection range. The
completed drawing in SolidWorks was used in the full UAV
modelling and assembly, representing the total weight and
physical dimensions (reference to Fig. 1).

A robust mounting bracket for the LiDAR sensor was milled
out of aluminium and carbon fiber to hold the LiDAR sensor
in place. The assembly rotates back and forth to generate the
3D point cloud maps. The SolidWorks model of the LiDAR
was utilized to get all the reference dimensions and screw hole
positions (reference to Fig. 2).

Dynamixel AX-18a, a highly capable servo with built in
micro controller and position encoder was selected for this
project (reference to Fig. 3). The inbuilt circuits eliminate the
need for external additional circuitry, thus saving weight. The
high torque (1.75 Nm) provided by the servo was more than
sufficient to handle the load from the LiDAR.

A servo mount was designed based on the SolidWorks
model of the servo (reference to Fig. 4), to create all the
appropriate through cuts and recesses for the wiring and
connectors. The peculiar raised columns at the base of the
mount were added to provide extra rigidity and structural
strength so as to be able to safely handle the load and

Fig. 3. Digital servo to rotate the 2-D LiDAR

Fig. 4. Solidworks model of servo mount

torque induced by the rotations of the LiDAR. The model
was then 3D printed using ABS plastic to keep the weight to
a minimum.

B. On-board Processor

The Intel NUC was selected as the primary on-board
computer to run the Robot Operating System (ROS). ROS
was the frame-work on top of which all the algorithms run.
Intel NUC combines fast multi-threaded performance, running
full quad-core chips in a small and lightweight package. In
addition, the outer shell of the NUC could be removed to
further reduce unwanted weight.

C. Propulsion Systems

The entire UAV weighed roughly about 2.5 kg which
required at least 4 kg of thrust for good handling. The Airgear
350 motors, propellers and electronic speed controller com-
bination by T-Motor was selected as they provided excellent
performance and reliability. The four Airgear 350 motors did
not produce the required amount of thrust, and so eight motors
with two mounted on each arm in a coaxial configuration were
used. The exact placement of the motors can be found in the
figures shown in the next subsection.

D. UAV Platform

Rather than utilizing the usual UAV with conventional X
frame design, the H frame design was adopted because of the
clearance it provided. This was mainly due to the arms being
swept back and in parallel to the 180◦ field of view of the
LiDAR as shown in Fig. 5.
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Fig. 5. LiDAR sensor on H-frame UAV

Fig. 6. Largest dimension of UAV

As a result, the point-clouds that were generated would have
the full 180◦ horizontal field of view. This would eventually
lead to faster mapping in the sense that the UAV will not have
to do as much maneuvering when compared to a configuration
with a reduced field of view to generate a point of same density
and detail. From Fig. 6 it can be seen, that the entire width of
the UAV is less than 600 mm, thus making it small enough
to easily pass through doorways. This was a key factor as the
UAV was intended to be used extensively for indoor mapping.

The design posed a challenge of keeping the center of mass
close to the geometric center. This introduced an imbalance in
the load which would drastically alter the system’s dynamics,
thus forcing the controllers to push the motors even harder
to maintain stable flight. Since a substantial portion of the
mass (LiDAR, Servo and Mountings) is concentrated far ahead
of the UAV’s geometric center, the remaining components
(Battery, NUC, IMU and Power Distribution Board) were
placed behind the centerline, to compensate and keep the
center of mass roughly co-incident with the geometric center.
A complete design of the UAV with all the hardware can be
visualized in Fig. 7. After successfully designing the UAV in
SolidWorks, it was fabricated to the exact scale on an actual
UAV as shown in Fig. 8.

It is shown clearly in the figures that the LiDAR scanner
on the UAV would now have a completely unblocked field of
view in the frontal part of the UAV, even when the scanner
was spinning. With this configuration, the best possible results

Fig. 7. Solidworks impression of the complete UAV

Fig. 8. The actual constructed UAV according to Solidworks design

from the LOAM algorithm could be achieved.

III. UAV DYNAMICS MODELLING

In this section, the mathematical model of the H-shape
multi-rotor UAV system is identified. Mellinger et. al. has
shown that a multi-rotor UAV system is a differentially flat
system, where the states and the inputs can be written as
algebraic functions of four carefully selected flat outputs
and their derivatives [12]. With this definition, the multi-
rotor model could be approximated as a double integrator
linear system. However, in order to study the behavior of the
UAV in high speed tracking motion, a linearized model of
double integrators might not be sufficient. In this manuscript,
a nonlinear H-shape multi-rotor UAV mathematical model was
derived.

Nonlinear multi-rotor UAV models, especially for quad-
rotors, have been developed and revised by many researchers.
Examples include, [13], [14]. A major difference between the
derived models from different researchers is the assignment of
the initial frame and the body frame. In our model, we follow
the standard practice of having a fixed ground frame as the
initial frame, and a moving body frame that is attached to the
UAV. The frame assignment follows what was documented in
[15].

A. Kinematics and Rigid-Body-Dynamics

The translation and rotation motions between the NED and
the body frame can be related with two well-known navigation
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equations. They will be shown here for completeness and will
not be further discussed.

Ṗn = Rn/bVb, (1)

Θ̇ = S−1ω, (2)

where the rotational matrix, Rn/b, and the lumped transfor-
mation matrix, S−1 are given by

Rn/b =

[
cθcψ sφsθcψ − cφsψ cφsθcψ + sφsψ
cθsψ sφsθsψ + cφcψ cφsθsψ − sφcψ
−sθ sφcθ cφcθ

]
, (3)

S−1 =

[
1 sφtθ cφtθ
0 cφ −sφ
0 sφ/cθ cφ/cθ

]
,

with s∗ = sin (∗), c∗ = cos (∗), and t∗ = tan (∗).
To describe the translation and rotation dynamics of the

UAV,

mV̇b + ω × (mVb) = F, (4)
Jω̇ + ω × (Jω) = M, (5)

where F and M are the force and moment vectors acting on
the UAV. As the designed quad-rotor UAV is symmetrical in
four directions, the inertia matrix, J, was approximated to be
diagonal, i.e.,

J =

Jx 0 0
0 Jy 0
0 0 Jz

 . (6)

B. Forces and Moments

The quad-rotor UAV movements are influenced by the
forces and moments generated by the UAV, and also external
forces and moments acting on the UAV fuselage. In general,
there are 2 main sources of forces and moments, i.e., the
gravitational force and the rotor thrust and moment.

As the gravitational force acts directly downwards towards
the Earth, it is assumed to be acting along z-axis of the
proposed NED frame. By transforming it to the body frame,
we have

Fg = Rn/b
−1

 0
0
mg

 =

−mgsθmgcθsφ
mgcθcφ

 . (7)

Forces and moments generated by the H-shape multi-rotor
UAV come from the rotors. We can safely assume each
rotating rotor creates a thrust, Tn, and a moment, Qn, for
n = 1, 2, 3, 4, 5, 6, 7, 8 along its axis. From the aerodynamics
consideration, the thrust and torques produced can be modelled
as

Tn =
1

4π2
CT ρ(2r)4Ω2

n, (8)

Qn =
1

4π2
CQρ(2r)5Ω2

n, (9)

where CT and CQ are the aerodynamic coefficients of the
propeller, ρ is the density of the air, r is the radius of the
rotor blade. A simple way to simplify the equations would
be to assume that the aerodynamic coefficients are constant,

which is generally the case when the collective pitch angle
of the blade is fixed. In this way, Equation 8 and 9 can be
expressed as

Tn = kTΩ2
n,

Qn = kQΩ2
n,

where the constants kT and kQ were obtained through bench
experiments. According to [16], if two rotors are placed in
a co-axial fashion, the total thrust produced will be reduced
to approximately 1.6 times of the thrust of one motor. Also,
the separation ratio (ratio of separation of the propeller plane
to radius of propeller) should be at least 0.357, which in our
case, was designed to be 0.667 (8 cm : 12 cm) for increased
efficiency. With this property, the total thrust and moments of
the UAV due to the interactions between all the motors could
be formulated as follows:

Fr =

 0
0

−0.8 × (
∑8
i=1 Ti)

 , (10)

Mr =


0.19 × 0.8 × (T2 + T3 + T6 + T7

−T1 − T4 − T5 − T8)
0.13 × 0.8 × (T1 + T2 + T5 + T6

−T3 − T4 − T7 − T8)
Q1 +Q3 +Q6 +Q8 −Q2 −Q4

−Q5 −Q7

 . (11)

In the equations above, the 0.8 multiplier was due to half
the 1.6 times of thrust mentioned earlier. The width of the
UAV is 38 cm, which results in the 0.19 multiplier (half the
width in meter), and the length of the UAV is 26 cm, which
results in the 0.13 multiplier (half the length in meter).

C. Motor Dynamics

A standard electric motor is a 2nd-order system with the
consideration of its electrical and mechanical dynamics. The
electrical dynamic is, however, much faster than the mechan-
ical dynamic, and thus it is usually sufficient to model motor
dynamics as a 1st-order system as shown in [17],

Ω̇n =
1

τm
[km(δn − δ∗n) − Ωn], (12)

where the steady state gain, km, and time constant, τm can be
obtained experimentally. Here, δ∗n is the normalized input trim
when the motor starts spinning. Note that in Equation 12, δn
is the normalized input to the motor speed controller, with the
following normalization process,

δn =
un − 1000

1000
, (13)

where un corresponds to the PWM signal fed to the electronic
speed controller in unit µs. In general, the minimum and
maximum possible pulse widths to the ESC are at 1000 µs
and 2000 µs respectively.
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IV. FLIGHT CONTROL

The UAV control problem is separated into the attitude
stabilization layer and the position tracking layer. The at-
titude stabilization layer involves the design of an inner-
loop controller which ensures the UAV roll, pitch and yaw
dynamics are robustly stable. Moreover, the position tracking
layer involves the design of an outer-loop controller which
enables the position control of the UAV.

The inner-loop controller was implemented in the flight con-
troller board, where an attitude stabilizer was tuned towards
fast closed-loop dynamics with a simple software framework.
As large amounts of work about UAV stability control have
been published in previous literature, the details were omitted
in this manuscript.

In contrast, the design of the outer-loop controller is much
more critical for this application due to the navigation in closed
indoor environments. The robust and perfect tracking (RPT)
control concept from [18] perfectly fits this requirement.

The outer dynamics of the UAV in a H-shape configuration
is differentially flat, similar to the case introduced in [12],
which meant that all its state variables and inputs can be
expressed in terms of algebraic functions of flat outputs and
their derivatives. A good and intuitive choice of flat outputs is

σ = [x, y, z, ψ]T. (14)

It is obvious that the first three outputs, x, y, z, are totally
independent. In other words, when designing its outer-loop
control law and generating the position references, the UAV
could be considered as a mass point with constrained velocity,
acceleration and its higher derivatives in the individual axis of
the 3-D global frame. Hence, a stand-alone RPT controller
based on multi-layer integrator model in each axis could be
designed to track the corresponding reference in that axis. To
achieve good tracking performance, it is common to include an
error integral to ensure zero steady-state error. This required
an augmented system to be formulated as

ẋaug =


0 −1 0 0 1 0
0 0 1 0 0 0
0 0 0 1 0 0
0 0 0 0 0 0
0 0 0 0 0 1
0 0 0 0 0 0

 xaug +


0
0
0
0
0
1

uaug

yaug = xaug

haug =
[
1 0 0 0 0 0

]
xaug

,

(15)
where xaug =

[∫
(pe) pr vr ar p v

]T
, pr, vr, ar

are the position, velocity and acceleration references in the
controlled axis, p, v are the actual position and velocity and
pe = pr − p is the tracking error of the position. Following
the procedures in [18], a linear feedback control law of the
following form can be acquired as:

uaug = Faugxaug, (16)

Fig. 9. 3D point cloud generated by the improved algorithm

where

Faug =

[
kiω

2
n

ε3
ω2
n + 2ζωnki

ε2
2ζωn + ki

ε

1 −ω
2
n + 2ζωnki

ε2
−2ζωn + ki

ε

]
.

Here, ε is a design parameter to adjust the settling time of the
closed-loop system. ωn, ζ, ki are the parameters that determine
the desired pole locations of the infinite zero structure of (15)
through

pi(s) = (s+ ki)(s
2 + 2ζωns+ ω2

n). (17)

Theoretically, when the design parameter ε is small enough,
the RPT controller can give arbitrarily fast responses. Never-
theless, it is safer practically to limit the bandwidth of the outer
loop to be much smaller than that of the inner-loop dynamics,
because of the constraints of the UAV physical dynamics and
its inner-loop bandwidth.

V. FLIGHT TESTING RESULTS

Flight tests with the designed UAV were carried out to verify
the feasibility of the identified dynamic model and the control
algorithm running on-board on the actual UAV. The UAV was
made to take off and land at the same spot inside a building
floor, and was commanded to navigate autonomously through
the corridors of the building for about 100 meters distance.

The Fig. 9 shows a part of the map generated from flying
through the indoor environment of a building. Together with
the 3D point cloud map, Fig. 10 shows a picture of the UAV
flying at the instant the map in Fig. 9 was generated. High
similarity can be seen from both the actual picture and the
generated map. In overall, after flying for an approximated 100
meter distance, the full map of the building floor was generated
in real time and it was displayed on the ground station using
a laptop, as shown in Fig. 11. It is proven here that the
LOAM algorithm that utilized rotating LiDAR mechanism was
demonstrated perfectly on our designed platform.

The controller performance can be verified in Fig. 12. In this
figure, the position estimated by the LOAM algorithm while
the UAV was travelling in the indoor corridors was plotted.
It was shown clearly that the UAV can indeed fly smoothly
through three different corridors, each perpendicular to one
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Fig. 10. Snapshot of the experiment

Fig. 11. 3D point cloud of the building floor

another. It is worth noting also that the UAV actually travels
back to the original take-off location as mentioned above,
however, the difference in the UAV flight path are so minimal
that Fig. 12 shows almost perfect overlapping of both to- and
fro- data.

Fig. 12. Position of the UAV as estimated by LOAM algorithm

VI. CONCLUSION

The designed H-shape UAV was implemented and tested
vigorously via flight trials. It was easily able to handle higher
velocity maneuvers and turns, up to 2 m/s in the indoor envi-
ronment autonomously. From the maps generated, it was clear
that the LOAM algorithm was well implemented and suited to
this kind of platform. Strong wind disturbances were present
during the experiment, due to the wind turbulence generated
by the UAV itself within an enclosed indoor environment. The
designed controller was proven to be able to handle these
disturbances well while maintaining a stable flying platform to
ensure good accuracy for the LOAM algorithm implemented
on-board.
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