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Abstract

A multirotor unmanned aerial vehicle (UAV) has advantages such as ease of
manufacture and control. Due to those advantages, UAV has been widely used in
the civil and military field. Recently, as the demand for operating UAV in urban is
increased, the major usage of UAV is changed from personal hobbies to commercial
operations which are related to urban infrastructure. However, it is not straight-
forward to operate UAV in urban because of the risks such as instability of flight
and crash accidents due to the gust. For quantifying those risks, it is important to
predict the transient behavior of UAV accurately. Thus, this dissertation is focused
on the development of a real-time multirotor UAV flight simulation that is capable
of ensuring the accuracy of dynamic behavior. The following considerations will be
applied in the present flight simulation to enhance its prediction accuracy. First, the
rotor aerodynamic analysis will be proposed to predict the aerodynamic loads of the
rotor. The dynamic inflow approach and and rigid blade flapping will be considered
in this rotor anaylsis. However, since the dynamic inflow approach was developed
only for a single rotor, a novel formulation that is efficient and simple will be derived
to evaluate the aerodynamic interference among the rotors. Then, the flight dynamics
and the proposed rotor aerodynamics will be integrated for establishing the relevant
flight simulation. Several constraints such as the rotational speed of the rotor and
fuselage tilting angle limitation which are obtained by the trim anaylsis will be
applied to the present flight simulation. Furthermore, a straightforward approach to

estimate an unidentified gust will be developed and implemented for the present



simulation. The verification procedure for the present flight simulation will be
performed step by step. The results obtained by the present rotor aerodynamics
will be compared and validated by the experimental result and high-fidelity analysis
for both an isolated rotor and multirotor configurations. Then, the components such
as the controller, and dynamic characteristics will be evaluated. Based on this, the
proposed flight simulation will be compared against the flight test. Particulary, the
gust experiment which corresponds to the urban environment will be used to evaluate
the present simulation. Further, the influence of the rigid blade flapping, aerodynamic
interference, and gust intensity will be investigated and analyzed. It is found that a
suitable rotor aerodynamic analysis is an important consideration to estimate the

transient behavior of UAV.

Keywords: Multirotor UAV, Dynamic inflow, Rigid blade flapping, Aerodynamic
interference, Dynamic vortex tube, Flight simulation, Gust experiment

Student ID: 2019-33872
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1 Introduction

1.1 Background and Motivation

Multirotor-type unmanned aerial vehicle (UAV) is capable of performing vertical
take-off and landing (VTOL) as well as trajectory flight tasks. The lift is generated by
multiple rotors and it is varied by the rotational speed of the rotor. In addition, such
UAV shows the simplicity of control and ease of fabrication. By those advantages, the
multirotor UAV has been used in both military and civilian fields. Recently, owing
to the increasing demand for the courier services or surveillance missions in an urban

environment, the scope of the usage of multirotor UAV has expanded beyond personal

hobbies rather to commercial operation and the construction of urban infrastructure.

However, Federal Aviation Administration (FAA) established the regulation that the
flight permission of UAV would be denied in populated districts (Ref. [1]). Thus, it
is needed to obtain the certification to operate multirotor UAV in urban.

For that, UAV traffic management (UTM) Program (Ref. [2]) was initiated by
NASA to operate multirotor UAV in urban. NASA suggested a protocol (Ref. [3])
to manage and quantify the associated potential risks to prevent casualties. Various
types of risk were defined and proposed within that program, such as signal loss of

positioning system, electrical system failure, and gust effect. Although those risks are



required to be regarded as equally important, it is particularly important to consider
the influence of the gust on a UAV. In contrast to the rural area, the gust which is
blown in urban shows complex stream features, such as vorticity and shear(Ref. [4]).
In addition, the urban canyon (Refs. [5]-[6]) affects the increase of gust strength that
may induce instability of flight or even crash accidents of UAV. Due to that risk, it
is not straightforward to operate multirotor UAV in urban.

To overcome such difficulty, most of the existing studies for multirotor UAV
were focused on the enhancement of the control performance (Refs. [7]-[8]). The
nonlinear control approaches such as an L1 adaptive control (Ref. [9]) and sliding
mode control based on the backstepping method (Ref. [10]) suggested and showed
a good performance to alleviate the disturbance such as gust. Although those
control approaches are required to improve the performance of multirotor UAV,
an additional investigation for dynamic characteristics of multirotor UAV will be
needed to guarantee the safety of UAV operations in urban. Owing to such necessity,
the interest in the accuracy of flight simulation for multirotor UAV has been increased.
Furthermore, NASA proposed the importance of the accuracy of flight simulation to
quantify the possible risk in urban (Ref. [11]).

The relevant studies for multirotor UAV flight simulation will be investigated in

the following sections.



1.2 Literature Review

1.2.1 Investigation for a rotor aerodynamics

The previous studies (Refs. [12, 13] ) focused on the design of the controller of
multirotor UAV by using the simple rotor aerodynamics approach. The relevant
approach showed that both the thrust and torque of the rotor were proportional to
the square of the rotational speed. Although such formulation were straightforward
to be implemented in the flight simulation, it failed to predict the performance
of the rotor due to the relative speed and fuselage tilting angle. In addition, that
formulation was valid only for the hover. During the forward flight of the UAV, the
rotors will experience relative speed which create an advancing and retreating side,
leading to an imbalance in lift and non-uniform inflow. Furthermore, in contrast
to the conventional rotorcraft, the rotor blade of the small UAV operates in the
low-Reynolds number regime. Therefore, such approach based on the simple rotor
aerodynamics will not be an appropriate method for obtaining an accurate flight

simulation.

High-fidelity anaylsis for rotor aerdoynamics

For those limitations, computational fluid dynamic (CFD) approaches have been
utilized to investigate the rotor aerodynamics of multirotor UAV. The characteristics
of multirotor UAV in hover were investigated by Thibault et al. (Ref. [14]) and
they used the lattice-Boltzmann method. Diaz and Yoon, (Ref. [15]) attempted to

analyze the aerodynamic features of a quadrotor under the gust. They found that the



thrust of the rear rotor showed a decreased trend when the quadrotor experienced

a gust. In addition, such a phenomenon was suggested by Misiorowski et al. (Ref.

[16]). First, they analyzed the aerodynamic feature of an isolated rotor. Then the

analysis for both the plus- and cross-shaped quadrotors was performed. They found

that the thrust of the rearmost rotor for both configurations was reduced by 13%.

Barcelos et al. (Ref. [17]) developed a potential flow-based wake methodology to
predict the rotor aerodynamics of multirotor UAV. Although the result based on the
wake approach was larger than that of the CFD estimation by Misiorowski, it was
sufficient to estimate well the rotor aerodynamics. Based on those predictions, the
high-fidelity analysis was suitable for capturing the complex flow feature and accurate
aerodynamic loads. However, there exist several disadvantages to using high-fidelity
analysis in flight simulation. First, such analysis may need a large computational
time to obtain the result. Second, it is not straightforward to apply CFD for flight
simulation directly. The relative speed and fuselage tilting angle will be varied at each
time step. It is crucial to ensure mesh creation and convergence in CFD for each time
interval due to the flow conditions that continuously vary. Furthermore, when the
wake methodology is used, it will be necessary to take into account additional factors
such as the size of the vortex core to enhance the precision of predictions. Therefore,
using CFD or wake techniques for flight simulation would still be complicated, as

stated in Ref. [84].

Low-fidelity anaylsis based on the blade element momentum theory

Due to such limitation of a high-fidelity anaylsis, the most investigations for multirotor

UAV (Refs. [19, 20, 21, 22, 23, 24, 25]) attempted to use the blade element momentum



theory (BEMT). McCrink and Gregory (Ref. [26]) examined the variations in thrust
and power coefficient during axial climb using BEMT and accounted for the impact
of low Reynolds number. Shetty and Selig (Ref. [27]) empirically demonstrated the
vortex ring state of a multirotor UAV rotor blade. In addition, they investigated
the effect of the induced velocity. Theys et al. (Ref. [28]) performed a wind tunnel
test to observe the trend of thrust, torque, and drag of an isolated rotor in forward
flight conditions. They used the vortex lattice method (VLM) and BEMT to predict
such a trend of an isolated rotor. Despite a significant difference in the drag results,
both BEMT and VLM predictions were quite similar to the experimental results.
However, the following reasons indicate that BEMT is not a sufficient method to
be applied in flight simulations. First, the mathematical formulation of BEMT is
only valid for both hover and axial flight, as stated in reference [29]. Furthermore,
information on the linear inflow is required to analyze the forward flight. Second,
the aerodynamic force and moment should be expressed in terms of an azimuthal
angle, but BEMT can not provide those quantities in terms of an azimuthal angle.
Therefore, to improve the accuracy of the flight simulation, it is essential to reinforce

BEMT with an appropriate rotor aerodynamic analysis.

1.2.2 Aerodynamic interference among the rotors

In contrast to the conventional rotorcraft, the multirotor UAV shows unique phenom-
ena such as the aerodynamic interference among the rotors. However, the low-fidelity
approach such as BEMT cannot capture such interference. It is because BEMT was

developed for the aerodynamics of an isolated rotor. Although high-fidelity analysis



is capable of capturing such interference, that analysis will not be appropriate to

be implemented in flight simulation, which is mentioned in the previous sections.

Thus, additional investigations to consider the aerodynamic interference among the
rotors will be required to predict the accurate aerodynamic feature of the multirotor
UAV. Furthermore, the aerodynamic interference among the rotors shows dominant
features of noise and vibration issues (Ref. [30, 31, 32]). Due to those reasons, it is

important to predict the noise level of multirotor UAV for urban operations.

Experimental investigation for the aerodynamic interference

Several experimental studies (Refs. [33]-[35]) have aimed to explore the aerodynamic
interference among the rotors. Russell et al. (Ref. [36]) conducted a hover test on
a multirotor UAV in a wind tunnel. The test showed that the thrust generated by
an isolated rotor slightly increased, but the trend was similar to the result for a
complete UAV, which had the other rotors nearby. By that experiment, the entire
aerodynamic force of UAV was acquired, but the load of the individual rotors was
not measured. To compensate for such an experimental facility, Russell and Conley
(Ref. [37]) established the multirotor test bed which was capable of measuring the
aerodynamic forces of an individual rotor. They proposed that the thrust of the rear
rotor was lower than that of an isolated rotor during forward flight. In addition, a
side-by-side configuration showed an increased thrust, when the hub location between
the rotors was nearby. The aerodynamic interference of both plus- and cross-shaped
quadrotors was investigated by Atte et al. (Ref. [38]). The result showed a similar

trend obtained by Russell. The thrust of the rear rotors was smaller than that of an



isolated rotor. By those experimental investigations, the aerodynamic interference was
significant when multirotor UAV performed forward flight. Although the experiment
is capable of capturing the trend of aerodynamic interference, many experimental
databases are required for the flight simulation. Due to that, it is not straightforward
to use the approach based on the experiment for the implementation in the flight

simulation.

Finite state-space inflow approaches for the aerodynamic interference

To overcome such limitations, the finite state-space inflow analysis has been used to
consider aerodynamic interference among the rotors. Advanced Rotorcraft Technology
(ART) proposed the augmentation (Ref. [39]) and reduced-order method (Refs. [40,
41]) using the high-fidelity analysis such as the free-vortex wake or viscous vortex
particle method (VVPM). By those approaches, the aerodynamic interference of the
coaxial rotor configuration was compared and validated. Rand et al. (Refs. [42, 43])
suggested the method based on the system identification which estimated the linear
inflow parameter obtained by the result of a free-wake analysis. Keller et al. (Refs.
[44, 45]) performed similar works and they implemented that approach to the flight
dynamic simulation. Although such approaches have shown promising results for
a coaxial rotor configuration, the result of the high-fidelity analysis would still be
required to identify the interference among the rotors. Prasad et al. (Ref. [46])
and Kong et al. (Refs. [47]-[49] ) proposed the pressure potential superposition
inflow model (PPSIM) which was derived from the finite-state dynamic inflow. They
added the real flow effect into PPSIM and it showed a good agreement with high-

fidelity analysis (Ref. [50]). Furthermore, PPSIM was extended by Guner et al. (Refs.



[51]) and they proposed the velocity potential superposition inflow model (VPSIM).
Although such approaches based on the finite state-space inflow showed a good
agreement with high-fidelity analysis, most verifications were focused on the coaxial
configuration. Due to that, there is still room for the validation for non-overlapping

multirotor configurations such as a quadrotor.

Analytic approache based on the simple vortex theory

In addition to the aforementioned investigations, analytical approaches have been
carried out to analyze the interference among the rotors using the simple vortex theory
for application in the flight simulation. Luo et al. (Ref. [52]) proposed a simplified
approach that combined the momentum theory and interference factors (Ref. [55]) to
consider the mutual interference of a quadrotor UAV. That approach was validated
against CFD results and showed a satisfactory correlation. Nguyen et al. (Ref. [53])
suggested a simple approach which was combined with the momentum theory and a
simple horseshoe vortex. They performed an experiment and such experiment was
compared against the simple approach. That approach was generalized as a matrix
form for a multirotor UAV by Han et al. (Ref. [54]). The formulation proposed by
Han was capable of considering an aerodynamic interference for arbitrarily UAV
configuration. However, that approach was not suitable for flight simulations because
a simple horseshoe vortex was assumed from a circular wing approximation (Ref.
[29]). That approximation is not guaranteed when the advance ratio of the rotor is
smaller than 0.1. For that reason, such simplified formulation showed a significant

discrepancy compared with the experimental result (Ref. [53]). To overcome those



limitations, Guner and Prasad (Ref. [60]) proposed a combined approach which

was based on the azimuthal vorticity distribution derived by Heyson (Ref. [57]).

They attempted to validate the coaxial and tandem rotor configuration and such
approach exhibited good agreement with both experimental results and high-fidelity
analysis. Usov et al (Ref. [59]) proposed a combined approach that was based on
Beddose’s generalized wake. They investigated the non-overlapping (at a hub-to-hub
separation distance d > 2R) tandem rotor configuration. Although those combined
inflow approaches were capable of considering the aerodynamic interference, there
was still room for evaluation and validation for a non-overlapping multirotor such as
a quadrotor. Atte et al. (Ref. [38]) exhibited a unique interference trend of quadrotor
configuration, which was not shown in the tandem configuration. First, the rear rotor
thrust of the tandem configuration was smaller than that of the quadrotor when
the rotor spacing was close to 2R. Second, the discrepancy between the isolated
rotor and tandem configuration was larger than that for the quadrotor. Finally, in
contrast to the quadrotor, it was not straightforward to find the correct trend from
the result of the tandem rotor configuration. Furthermore, such an approach based
on the combined inflow approach did not complete the validation of the aerodynamic
interference for a small UAV. Due to that, it is necessary to identify the aerodynamic

features of a non-overlapping multirotor.

1.2.3 Flight dynamics with the rotor aerodynamcis

Based on the following studies, the aerodynamic characteristics of the multirotor UAV

have been investigated. However, there are still issues to be addressed for applying



the rotor aerodynamic in the flight simulation. In addition, it is needed to identify the
effect of the gust when UAV operates in urban. Due to those requirements, relevant

studies were performed to combine flight dynamics with rotor aerodynamics.

Flight simulation using the high-fideltiy anaylsis or experimental result

Sutherland et al.(Ref. [62]) attempted to identify the flow feature nearby a building
based on CFD analysis. Then, the relevant flow result obtained by CFD was used
for the flight simulation. However, that approach had the following limitations. First,
a significant amount of time to obtain the flow field results around the buildings
would still be required. In addition, the flight simulation suggested by Sutherland
used a simplified rotor aerodynamics. Due to that, the flight simulation based on the
database of the experiment was attempted. Foster and Hartman (Ref. [11]) developed

a high-fidelity flight simulation. They performed the wind tunnel test for an isolated

rotor. That result was converted into a look-up table and applied to flight simulation.

Foster et al.(Ref. [63]) extended the test procedure of an isolated rotor to an entire
multirotor UAV. They analyzed both forward and descending flight conditions to
identify the aerodynamic feature of a multirotor UAV. Such results were used to
improve the accuracy of the aforementioned high-fidelity flight simulation. Although
the approach based on the experiment showed a good correction with experiment,
that approach would also need a significant amount of time and effort to cover various
flight situations. Further, the aerodynamic performance of the rotor was varied by the
parameters such as the airfoil, built-in twist, and chord distribution in terms of the

spanwise station. As mentioned in Sections 1.2.1, and 1.2.2, high-fidelity analysis or

experiment approach will still need more effort to be applied in the flight simulation.

10



Combined approach with the low-fidelity rotor anaylsis

Due to those limitations, low-fidelity rotor analysis has been adopted for the flight
simulation. Davoudi et al.(Ref. [64]) proposed the flight simulation which was coupled
with BEMT. They investigated the gust effect using CFD and Dryden turbulence
methodology (Ref. [65]). Using the result of the gust analysis, a significant discrepancy
was observed between the simplified rotor aerodynamics and that predicted by
BEMT. As a similar perspective, Sharsty et al.(Ref. [66]) suggested the concept
of combining the flight dynamics and BEMT. They performed flight tests such as
hover and forward flight and those results were compared with the relevant flight
simulations. The comparison result for hover exhibited a consistent trend. However,
the comparison result for the forward flight showed a considerable discrepancy
between the experiments and simulations. Such result showed that BEMT would not
be a proper method to predict the dynamic response of multirotor UAV due to the
gust. In addition, although the previous studies tried to investigate such responses,
those results were not compared with the experimental result with gust. In urban,
the unique infrastructure such as urban canyons intensified the gust strength because

of the venturi effect. Due to that effect, the strength of the gust would be greater

than 8 m/s, particularly when a UAV passed through the venturi effect region (Ref.

[67], [68]). However, the existing experiments (Refs. [9], [69], [70], [71], [96], [73]) were
performed within the 2-6 m/s range of the gust. Therefore, it was important to
evaluate and validate the rotor aerodynamics which was proper to predict the gust
effect. Therefore, it will be required to verify the gust experiment to safely operate

UAVs in an urban area.
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1.3 Objectives and Scopes

As described in Sections 1.2.1 - 1.2.3, it is not straightforward to select an appro-
priate rotor aerodynamics analysis useful for UAV flight simulation. The analysis
for the rotor aerodynamics should maintain accuracy, and it consumes reasonable
computational time to obtain the aerodynamic load for simulation. In addition, it is
important to verify the flight simulation by the experimental result for guaranteeing
accuracy.

For that, this dissertation will focus on the development of a real-time multirotor
UAV flight simulation considering aerodynamic interference among the rotors. To
establish such flight simulation successfully, the analysis module which needs to
enhance the accuracy is classified and shown in Fig. 1.1. Based on the hierarchy
shown in Fig. 1.1, the major research scopes of this dissertation are listed as follows.

(a) The formulation for an isolated rotor aerodynamics which is a suitable method
for flight simulation will be proposed. In addition, such formulation will be
extended to consider the aerodynamic interference among the rotors (Refs.
[74, 75]).

(b) The proposed rotor aerodynamics analysis will be integrated with the flight
dynamics. To evaluate the accuracy of the flight simulation, the validation by
the flight test will be performed (Refs. [76]).

(¢) The proposed flight simulation will be compared and verified with the gust
experiment result. Furthermore, the importance of the aerodynamic rotor
analysis will be investigated and found in terms of intensity of the gust (Refs.

(77, 78)).
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Figure 1.1 Hierarchy of the proposed multirotor UAV flight simulation
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1.4 Outline of Dissertation

In this section, the outline of this dissertation is described as follows.

In Chapter 2, the rotor aerodynamics which is suitable to be applied in flight
simulation will be proposed. The rotor aerodynamic analysis for an isolated rotor
will be introduced and this formulation will be extended to consider aerodynamic

interference among the rotors. The details of a novel approach will be introduced.

Chapter 3 will describe the present flight simulation for a multirotor UAV. The details
of integration with the flight dynamics and rotor aerodynamics will be introduced. In
addition, approaches such as trim analysis, system identification, and gust estimation

will be presented to validate the present flight simulation systematically.

Chapter 4 will suggest the accuracy of the proposed rotor aerodynamics. The com-
parison for an isolated rotor under hover, climb, and forward flight conditions will be
performed and validated by the experimental result. Furthermore, the relevant results
for the aerodynamic interference among the rotors will be described for multirotor
configuration which has no overlapping area. These results obtained by the present

analysis will be compared against the experimental result and high-fidelity analysis.

In Chapter 5, the details of a systematic procedure will be introduced and validated by

the experiment results of the target UAV. The results predicted by the present flight

14



simulation will be compared and validated against the free-flight test. In addition, the
gust experiment that corresponds to urban gust conditions will be used to evaluate
the credibility of the proposed simulation. Further investigations will be performed

to find the dynamic characteristics of the target UAV.

Finally, the remarkable conclusion and recommended future works will be described

in Chapter 6.
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2 Rotor Aerodynamic Analysis considering Aero-

dynamic Interference

2.1 Formulation for an isolated rotor

In this section, brief introduction and limitation of BEMT will be presented. Then,

an enhanced formulation for the flight simulation will be proposed.

2.1.1 Brief investigation of BEMT

BEMT, which stands for the blade element momentum theory, is a method that
combines the blade element theory (BET) and momentum theory (Ref. [29]). The
momentum theory cannot take into account the effect of the profile drag. To address
this limitation, BET will be selected. The relevant description of BET is as follows.
Two-dimensional lift and drag, as illustrated in Fig. 2.1 (a), will be obtained using
the circulation theory. The perpendicular and tangential velocity components to the
airfoil are denoted as U, and Ur, respectively, while the radial velocity component is
denoted as Ug, as shown in Fig. 2.1 (b). The sectional normal and tangential forces
acting on the airfoil are combined with the momentum theory to obtain the equation

expressed as follows:
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dCr = AFA(\ — A )rdr

dCr = LoCir?dr = $0(Cia (0 — ¢))r2dr

%COS_l(e_met), Jroot = %ﬁ if r<0.5 (21)
F =
2 cos™ (e Tur), fuup = AT if r>0.5
U _ Ve . _ _N
e = T = Skor = Hoo(r) = 5P

7

The tip loss effect for both the blade root and tip is applied, and it is based on
Prandtl tip loss function denoted by F'. The non-dimensional span-wise position of
the blade is represented by the parameter r, and the number of the blades is given
by Np. An iterative approach is employed to achieve convergence of the inflow values
in Eq. 2.1. The aerodynamic forces and moments are expressed as functions of the

azimuth angle W.

U= \/Up2+UT2+UR2
T =20 2 (R AR, udY
H = Do (27 [R(dF, cos U + dF, sin U)d¥
Y = o (27 (R4, sin U — dF, cos U)W (2:2)
Q=D 27 [ rdF,d¥
M, = e (27 [R(AM cos U + rdF, sin W)d¥

M, = % 0277 fOR(dFT sin ¥ — dF, cos ¥)d¥

7

BEMT can accurately predict the aerodynamic loads in both hover and axial
flight conditions, as demonstrated by the experimental results (Refs. [19, 25, 26]).

However, there exist certain limitations for applying BEMT to the flight simulation.
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First, BEMT cannot predict the aerodynamic loads induced in forward flight due
to an imbalance in lift and inflow. BEMT assumes that inflow is the same for all
azimuth angles, based on the annulus disk assumption. Then, the aerodynamic loads
obtained by BEMT will be an average result over one revolution which is expressed
in Eq. 2.2. This suggests that the aerodynamic loads will be a quasi-steady quantity
and additional dynamic analysis be needed for the flight simulation. Finally, the
accuracy of drag prediction is significantly affected by the rigid blade flapping angle
because the forward and sideward forces (H,Y') in Eq. 2.2 are considerably influenced
by it (Ref. [79]). Therefore, it is necessary to consider the blade flapping which will

improve the accuracy of drag prediction.
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(b) Top view of the blade

Figure 2.1 Blade element aerodynamic load
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2.1.2 Enhancement for the rotor aerodynamic analysis

The previous section outlined the limitations of using BEMT for the flight simulation.

To overcome those limitations and improve the accuracy of aerodynamic analysis
for the flight simulation, three proposed enhancements will be proposed as follows:

(1) incorporating a dynamic inflow for forward flight, (2) accounting for the rigid

blade flapping, and (3) estimating the aerodynamic load based on the azimuth angle.

This section presents a rotor aerodynamic analysis using such three improvements,
as shown in Fig. 2.2. The proposed analysis will be performed as follows. First, the
angle of attack of the blade at the initial azimuth position is determined based on
the induced inflow and flapping. This angle of attack will then be used as an input
to BET to deduce the aerodynamic load. The load will finally be fed back to the
dynamic inflow and rigid blade flapping module for the next step of the azimuth

position. Such iterative process will be performed at each time step.

1) Dynamic inflow

The inflow approach used in the proposed analysis is based on the development of
Pitt and Peters (Refs. [80, 81]), which was a well-established and widely used analysis
in rotorcraft flight simulations. That approach was derived from the actuator—disk
theory developed by Mangler (Ref. [82]). Despite the availability of more advanced
methods such as CFD and VLM-based panel methods, the dynamic inflow approach

proposed by Pitt and Peters remains popular due to its simplicity and relatively

improved accuracy. As such, it has been adopted in many flight simulations (Ref.

[84]), including the present study. Pitt and Peters utilized a pressure function to
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determine the distribution at the rotor disk. The relevant formulation is expressed

as follows:

(v,n, ¥ ZPm )Q (in)[Crrcos(mY) + D) sin(mW¥)] (2.3)

The symbols such as v,n, ¥ are ellipsoidal coordinates. Associated Legendre
function of the first and second kind is represented as P/" and Q)" respectively. C"
and D" are the constant coefficients and such terms were investigated by Pitt and
Peters. Further details can be found in Ref. [83]. The inflow equation proposed by

them is expressed in Eq. 2.4.

A(r, W) = Ao + Asrsin(W) 4+ Aercos U (2.4)

Using such equations, the following formulation is proposed and expressed as

follows.

Ao Ao Cr

_ ﬁ—l

M| +L |X|=]|-C; (2.5)
)\s As _CM

M and T are the apparent mass and gain matrices to predict the inflow vector. Cp

denotes the thrust coefficient. Cr, and C'; denote the rolling and pitching moments,

~

respectively. The details of L matrix is described in Eq. 2.6.
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1 0 _15m /1l-—sina
2 64 1+sina
£ :_1
L=LV = 4 2.6
0 1+sina 0 ( )
15w /1l—sina 0 4sin o
64 1+sina 1+sina

where,

2 .
Vi = /)\2+u2,a:tan_1)\,V:W
H T

In the given equation, « refers to the angle of tilt of the disk, while both Vp and
V are estimated using the momentum theory proposed by Glauert [85]. The mass
matrix is based on the information of a conventional rotorcraft, but a modification
of the matrix will be necessary to apply the concept to a UAV. This is mainly due
to the varied rotational speed of the UAV rotor when compared to that of a typical
helicopter. To resolve such issue, the unsteady momentum theory will be utilized, and
the mass matrix will be altered by referring to the method proposed by Leishman
[29].

128 S
75T 372

My = ~16 — Mrized = —16 2.7
pitt 5 Fixed I5n0 ( )

—16 —16
457 457€)

2) Rigid blade flapping

An asymmetric lift will be generated when the rotor is operated in forward flight con-
ditions. Although the blade of UAV is shorter and stiffer than that of a conventional

rotorcraft, the rigid blade flapping will still occur. This phenomenon was observed
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by Hoffmann et al. [86], who found that the flapping angle of a UAV blade was
increased significantly with the wind speed. They measured the rigid flapping angle
of a blade at a wind speed of 3 m/s and found it to be approximately 1.3°. However,
BEMT analysis is quasi-steady and does not account for the flapping effect such as
perturbation in thrust and an increase in drag, which may lead to inaccuracies in
determining the aerodynamic forces and moments. To obtain the accurate results,
the rigid blade flapping will need to be considered.

During forward flight, a blade will experience various forces such as the aerody-
namic, inertial, and centrifugal forces, as illustrated in Figure 2.3. To account for
this, an equivalent hinge offset is assumed, and the governing equation of the rigid

blade flapping is expressed as follows.

. 1 [RB k
By + 5,28y = / (r—e)dF. + 22, (2.8)
Bf e Iﬁ
where,
R R 655 k‘ﬁ
I = —e)*md = —e)md = /1 ! !
8 /e (r —e)*mdr, Sg, /e (r —e)mdr, vg \/ + I, + IﬁfQ2

vg, and e are the non-dimensionalized flapping natural frequency and equivalent
hinge offset. The pre-con angle of the rigid blade flapping and moment of inertia at
the hinge are denoted as 3, and Ig, respectively. There exist two methods to obtain
the soultion of Eq. 2.8: the time domain method and azimuth angle method. The
time domain method uses dF, obtained from BET directly. However, to simplify the
equations, certain assumptions are added, such as assuming the blade is a uniform

and slender beam, the twist angle of the blade is a first-order linear equation, and
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using average values of the slope for the lift and chord length for each section. After

applying these assumptions, Equation 2.8 will be summarized as follows.

W

0% By

2
500 bog, (2.9)

Q

+V§fﬁf =y Mg +

where,

1 R pacR*
Mg=——— —e)dF =
B pac$2RA /e (r—e)dFz, v I,

Since the pre-con angle of the rigid blade flapping is equal to zero for a UAV in

this case, the term will be neglected. Based on that, Eq. 2.9 will be rearranged as

follows.

0%y

dB;¢
ow2 G

— VBpuoe g + (V8 = 1Bp) By = Bay + Bow + B (2.10)

where,

.
. . . 25in ¥2
Boo = [§7* + (5 sin ¥ — £)r® + (jp?sin U2 — Spusin(W)r? — L2y 10,
2
Boww = 15575 + (4 sin @ — &)1t + (§pPsin W2 — Epsin()r® — L) 10,
Br=—bA3r* + Gusin(W) — §)r? — epsin Ur]!

. 3 2
Bpaer = —5[37% + (psin(T) — £)rd — s dryl

By = —3pcos W[ird + (Fusin(¥) — £)r? — epsin ¥r]}

3) Blade element theory

In this section, the result obtained from the dynamic inflow and rigid blade flapping

is combined into BET. The relevant equation is expressed as follows.
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N

Up(t, ) = (\i + \)QR cos(By) + 7Bf + pQR cos(¥) cos(By)

Ur(t, ) = QR + pQR sin(¥) o

dF.(t,V) = (dLcos ® — dDsing) cos(Sy)

dF,(t,¥) = —dLsin(By) + dsin(T")

The induced inflow predicted by the dynamic inflow, denoted by \; (the first
term of Up), is affected by the rigid blade flapping angle 3. Furthermore, the rotor
tip-path-plane is affected in the perpendicular direction by 3 ¢, which will also affect
Up. The primary difference from BEMT is the modification of the force in the
radial direction, as shown in Equation 2.12. In the absence of the blade flapping,
the formulations will only consider the profile drag of the blade. However, when the
rigid blade flapping is taken into account, a term such as —dL sin(3y) will be added
to the equation, allowing for additional forces to be considered. Therefore, Equation

2.2 can be re-expressed as follows.

T(t, W) =7, [ dF.(t, ©)padearn

Qt, V) => "k, foR rdFy(t, ¥)biadeak
H(t,0) =0, [TH(dF,(t, ) cos(W) + dFy(t, W) sin ¥)yqdeok .12
Y (L W) =Y [T (1, 9) cos(W) — dFy (W) sin W )yiaaean |

M (t, @) =320 [F(dM(t, W) cos(W) + rdF, (t, W) padeak

My(t? \Ij) 22221 foR(dM(t> \P) sin W — rdF; (t> \Il))blade@k
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2.2 Extened formulation for the aerodynamic interference

among the rotors

This section will present the existing analytical methods used for evaluating the
aerodynamic interference. Afterward, a modified formulation based on the dynamic
vortex tube approach will be introduced to consider the aerodynamic interference
among non-overlapping rotors. The analytic formulation using the Taylor series
will be suggested to reduce the computational complexity. Finally, the proposed
formulation and dynamic inflow approach will be combined for the multirotor UAV

flight simulation.

2.2.1 Existing analytical approaches using the simple vortex theory

Various analytical approaches that utilize the simple vortex theory have been sug-
gested to account for the interference among the rotors (Refs. [52]-[54]). Those
formulations use the Biot-Savart law to consider the aerodynamic interference. Ac-
cording to those approaches, the rotor wake is regarded as a simple horseshoe vortex.
Han et al. (Ref. [54]) generalized such formulation and introduced an aerodynamic

interference factor as follows:

_vip _ 1 (gp+ D1 + @pcos(m — X)//E?E + Gy + 1))

(yp +1)2+ sm2(7r — X)fp2

o (yp )(1 + l‘pCOS ™ — /\/»Tp yp _ 1)2)] (2.13)
(gp — 1)2 + sm2(7r — X)3p2

The coordinates of a point P are represented by non-dimensional coordinates

and y, which are normalized by the rotor radius. The induced velocities at points

O and P, which are the hub centers of each rotor, are represented by v;o and v;p,
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respectively. The skew angle is denoted by x. A more detailed explanation can
be found in Ref. [54]. Based on that method, it is straightforward to take into
account the aerodynamic interference among the rotors. However, that method will
not be appropriate for the flight simulation. The approach derived by Han uses the
circular wing approximation, which is inaccurate for an advance ratio of less than
0.1. Furthermore, Eq. 2.13 only considers the uniform and steady features.

Guner and Prasad (Ref. [60]) presented an improved method to address the
limitations of the previous approaches. Instead of a simple horseshoe vortex, they
utilized an azimuthal vorticity distribution. They defined the inflow distribution,
which was composed of two components: self-induced inflow (\°) and interference
inflow (A!). The relevant formulation is expressed in Eq. 2.14. They used the
interference formulation (Ref. [57]) which is expressed in Eq. 2.15. The vortex
strength of the rotor which consists of a uniform and first-harmonic components are
expressed as Yo, Y1e, and y15. The locations affected by the rotor wake are expressed
as Cartesian coordinates such as x, y, and z. The details of that approach is described

in Ref. [60].

A7 U) = (A5 + AD) 4+ (AL + M) Feos(B) + (MY, + M) Fsin(0) (2.14)

_ _ 2 1—(zcos(V)+ysin(V))+Rcsin(x)cos(¥
)\I(T’\Ij) = 4771 0 F(\I/) [1(‘{C+(£os)(‘ll?§7x§sizl)(x)+zco.(9>(<))()]R(c )d\IJ

F(¥) = 50 + Y1ccos(¥) + yis8in(P), (2.15)

Re=+/1+22 +y2 + 22 — 2(wcos(V) + ysin(¥))
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Guner proposed an advanced approach that combined the momentum theory and
Heyson formulation for interference inflow, using an azimuthal vorticity distribution
to replace the simple horseshoe vortex. The method was shown to have good
agreement with experimental results and high-fidelity analysis. In addition, Guner
tried to expand that method applicable for the flight simulation (Ref. [60]). He
attempted to use wake contraction for capturing the correct interference in the
coaxial rotor configuration (Ref. [61]). While that approach is well-established for
predicting the aerodynamic interference among the rotors, further evaluation and
validation will be needed for general quadrotor configurations, as the aerodynamic
trends differ between the tandem and quadrotor configurations (Ref. [38]). Therefore
additional investigation will be required to expand those approaches for application

in the flight simulation of a general multirotor configuration.

2.2.2 Aerodynamic interference based on the dynamic vortex tube

In the previous section, the existing analytical approaches for the aerodynamic
interference among the rotors are investigated. In this section, the enhancements
to enable those approaches to be applicable to multirotor flight simulation will
be proposed. The following components such as the side-slip angle and rotational
direction will be considered in the proposed formulation. Then, this formulation will
be combined with the proposed rotor aerodynamics approach which is derived in

Section 2.1.2.
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Formulation of the aerodynamic interference among the rotors

The present formulation for considering the aerodynamic interference among the ro-
tors adopts the concept of a dynamic vortex tube, as described in the previous studies
(Refs. [87]-[89]). Prior to introducing the present formulation, several assumptions for
the proposed approach will be listed. First, it is assumed that the vortices generated
around the rotor blades wrap around a continuous vorticity tube, representing the
outer surface of the rotor wake. This assumption allows for the induced inflow to be
obtained using Biot-Savart law. Second, the rotor-bound circulation is assumed as a
Fourier cosine-sine series, with a frequency of 1 per/rev. Third, to take into account
the aerodynamic interference among the rotors, only the tip vortex will be used
and the inner vortex not be considered. Fourth, the hypothetical rotors suggested
by Zhao et al. (Refs. [87]-[88]) are used to consider the cyclic loading effect. Fifth,
as the dynamic inflow assumes a rigid cylindrical wake, the distortion of the wake
and vortex interaction among the wakes will be neglected. Finally, the proposed
formulation does not consider the wake contraction and diffusion.

Although the proposed formulation is capable of predicting the aerodynamic
interference among the rotors, it has limitations due to the low-fidelity approach. First,
the accuracy of the proposed formulation is not ensured for hover and climb. This is
because the cylindrical wake assumption used in this dissertation does not consider
the effect of the aerodynamic interference for such flight status [57]. In addition, the
proposed formulation does not take into account the effect of the obstacle behind
the rotor. Finally, the prediction accuracy of the rotational direction effect [58] will

depend on the configuration. As the proposed formulation neglects the interference
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among the wake, the aerodynamic interference of the certain configuration which
experiences significant interference among the wake may be not straightforward to
be captured by the proposed approach. Thus, additional effort may be needed to use
this formulation for the certain multirotor configuration correctly.

The wakes among the rotors are defined based on the dynamic vortex tube
concept, as illustrated in Fig. 2.4(a). The tip vortex consists of the following two
parts: the outer and inner vortex tubes, which represent the uniform and cyclic
loading of the rotor, respectively. The outer vortex tube has a vorticity strength of
70, while the inner vortex tube has vorticity strengths of v, and 715. Furthermore,
the side-slip angle 6., is included to account for the changes in the wake geometry
caused by the sideward gusts. The velocity induced at point Pp is determined by the
vorticity strength at point Pp of the k-th rotor, which is illustrated in Figure 2.4(b).
The formulation for the aerodynamic interference will be established separately for
the outer and inner vortex tubes in two stages.

First, the derivation of the outer vortex tube will be performed. To define the
outer vortex tube, Eq. 2.16 will be used to define points PS and PJ. In Ref. [87],
the definition of the vorticity strength is given, and based on this definition, the

distribution of vorticity is expressed in Eq. 2.17.

nsin(x)cos(0zy) + cos(Wo(—1)") r1cos(W(—1)") + lcos(ogy)
Py = nsin(x)sin(fzy) + sin(¥o(—=1)") | » PP = |r1sin(V(=1)") + Isin(agz,)

—ncos(x) 0

(2.16)
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Yo = Yo | sin(¥o(—1)"), —cos(¥o(—1)"),0 (2.17)

In this equation, the wake length is denoted by 7, and it is normalized by the
radius of the k-th rotor. The angle between the rotors is represented by o, while
[ is the distance between the centers of the rotors. ¥y and ¥ correspond to the
azimuthal angles of the k-th rotor vortex tube and the n-th rotor, respectively. It is
important to take into account the rotational directions of the rotors because the
sign of the vorticity strength may vary depending on the direction of the rotation.
Hence, to account for the effect of the rotational direction, Eq. 2.16 will incorporate
the variable r. and r,, where r. and r,, denote the rotational directions of the k-th
and n-th rotors, respectively. For the counterclockwise rotation, r. and 7, will be
zero. For the clockwise rotation, r. and r, will be one. The radial position of the
n-th rotor is represented by r1, which is normalized. The constant vorticity strength
is represented by 7p. Using Eqgs. 2.16 and 2.17, and Biot—Savart law, the induced

velocity will be expressed as:

(PP PO) 0 2 /oo 0
: AV0dnd¥, =
(Z (PP—PO 2)3/2 o Jo e

a177 + b(l)
/ / 2+ aby + p0)e2 1Y
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where

cos — ¢, sin — s
a} = —c(Wo(—1)")s(x)e(0uy) — 5(To(—1)")s(x)5(0zy)
by = c((=1)"Wo)(le(auy) — c((=1)" W) + r1c((~1)™T))
+5((=1)"Wo)(Is(aay) — s((—=1)" o) + r15((—=1)™¥))
a® = (2¢((=1)"o)s(x)c(0zy) + 25((—1)"P0)5(X)5(0zy) — 2le(aay)s(x)c(Ozy)

—20s(ty)s(X) 8 (0zy) — 2r1e((=1)" W) s(x)c(0ay) — 2r15((=1)"" W)5(x)5(0zy))

W0 =12 47§ — 2lc((—1)"Wg)c(amy) — 21s((—1)"Wg)s(azy) — 2r1c((—1)"Wp)e((—1)™ )

=2r18((=1)"Wo)s((=1)" W) + 2ric((—1)™V)c(omy) + 2r1s((—1)" W) s(agy) + 1
The integral for dn can be transformed as an analytical formulation (Ref. [90])
and it is described in Eq. 2.19. But for the azimuth angle ¥g, there will be no
analytical solution (Ref. [57]). To address such limitation, Zhao (Ref. [87]) proposed
an alternative solution by utilizing a Taylor series expansion to account for the skew
angle and wake curvature up to the second order. However, that approach was only

applicable for the small wake curvatures and near-zero skew angles.

/°° afn + b9 _ o (269 4 2a9V0)
o ( (200 + a0v/B0)

— eor
ot avy 00y = V0= Zfr/o fodv, (2.19)
To reduce the computational time of flight simulation, it will be necessary to
convert Eq. 2.19 into an analytical formulation. This is achieved by including the
azimuth angle Uy as a variable in Taylor series, and selecting the multiple nominal

locations to compensate for the limitations of the expansion. In this case, 12 nominal

locations will be considered, as depicted in Fig. 2.5. Furthermore, since the difference
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between the first- and second-order expansions is negligible in Eq. 2.19, the first-order

expansion will be used. As a result, Eq. 2.19 will be rewritten as follows:

2
V=3 f)7 f0d%0 = fo fod‘lfo+f FodU + ...+ [t fOdD,) =
° (2.20)
faylor(rl’ )
RO - m(s(x+0zy— K4 )K +S(X+91y+K4 )K k0+2)
taylor 12(12— ;’60 K +r2+lrlc(agcy—K 0ya e(x)(rlc(GwU_K 0y_ p(ggcy_K4 )+l(‘(a:cu—9xy))K o)
(2.21)
where

Kf’OZ\/l2+c(azy7K O)ir12—2le(aay — Ky ) 413 —2e(K )0 — K5 0)ri+1
KEO=0lc(argy—KE0), KFO=2r o(KEO_KE0), gEO_TEDTE@RD gk 0 (_qyrny,
Equation 2.20 divides the integral range into twelve parts, and each part is
expressed as the sum of Taylor series at a nominal azimuth angle. The number of the
nominal locations is represented by k. The formulation of Taylor series expansion is

described in more detail in Eq. 2.21.

The following step will involve developing a formulation for inner vortex tubes.

The process for deriving this formulation will be similar to that for the outer
vortex tube but will require additional factors to be taken into account. The inner
components are comprised of the following two vortex tubes, one with positive
vorticity strength and the other with negative strength, and its radius is half that

of the outer vortex tube. Based on these considerations, the relevant formulations
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for the inner vortex tubes will be described as follows. Further explanations are

summarized in Appendix:

Vzlc+ — ’ch Z k’ slet (r, W), Vzlc_ — ch Z k le— (r1, V)

taylor taylor

Vit = eyl ’“J”m,w), Vit = ’“S‘m,\m

taylor taylor

(2.22)

The total induced velocity, which is induced by the aerodynamic interference

among the rotors, is expressed in Eq. 2.23 based on Egs. 2.20 and 2.22.

Vlt VO Vzchr 4 ‘/Zlcf + ‘/tzler + Vzlsf (223)

Integration into the dynamic-inflow-based rotor aerodynamics analysis

This section describes the integration of the proposed interference formulation into
a dynamic inflow-based rotor aerodynamic analysis. To achieve this, modifications
to the dynamic inflow analysis derived in Section 2.1.2 are required to account for
the rotational direction and side-slip angle. The dynamic inflow approach, such as
Pitt-Peters method, was developed for the counterclockwise (CCW) rotating frame
only. Thus, it needs to be validated for a clockwise (CW) rotating frame. To address
that, an assumption will be made based on the previous investigation (Ref. [91])
that showed a similar magnitude for the sectional thrust in both CCW and CW
rotors. That result suggested that the time lag and gain matrices of the dynamic
inflow woulds not need to be modified. However, since the thrust distribution is axis-
symmetric, an additional sign will be included to consider the rotational direction.

Additionally, the angle of the wind, expressed as ¥ ,,;,q4, Will be included to account
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for the side-slip effect in the dynamic inflow. The modified dynamic inflow equation

is expressed in Eq. 2.24.

A, U) = Ao + Acrcos((—1)"W — Wying) + Asrsin((—1)" ¥ — U i) (2.24)

where
1Py
()

Vovind = tan™

To represent Equation 2.23 in the form of a three-state inflow, several steps will
bes taken. First, the rotor-bound circulation is defined. Equation 2.23 is based on
the dynamic vortex tube proposed by Zhao (Ref. [87]). The mean-bound circulation
of the rotor is defined as the bound circulation of the rotor in Equation 2.25, denoted
as I'g. The bound circulation of the rotor varies longitudinally and laterally, denoted
as I'1. and Ty, respectively. Zhao suggested the strength of the vortex tube defined

in Equation 2.26 by using Equation 2.25.

[(W) =T + Tiecos(¥) + Tygsin(P) (2.25)
_ 5 C 3uC
’YO ) FO ) 17%1;2 + 17%:2
Yie| =V [T | =V ~3Cw (2.26)
_ - C 2ucC
_’Yls_ _Fls_ _—13322 - 12_%52_

In Eq. 2.26, p is the advance ratio. The method to obtain this result is elaborated
on in detail in Ref. [88]. Equation 2.26 will have a singularity point when the term

(1 — 3/2u?) approaches zero. Although this term frequently appears in the vortex
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theory, it will be disregarded when considering the axial wake vorticity (Ref. [55]).
The present formulation takes into account a tip vortex that includes the axial wake
vorticity. As a result, the factor (1 — 3/2u?) will be left out based on the physical
reasoning. Moreover, when the advance ratio is less than 0.6, the aerodynamic forces
will exhibit an insignificant discrepancy regarding this factor. Therefore, as a non-
overlapping multirotor cannot be operated as the high-speed forward flight, this
thesis will incorporate that factor. Using the orthotropic properties of trigonometric

functions, Eq. 2.27 will represent the three-state inflow.

it 1 ot it
Ay = — Vz 1 d’l“l dﬂ)
T Jo 0

) 4 27 1 )
N = / / V2 cos(v)drydy (2.27)
™ Jo 0
) 4 27 1 )
M= [ vitsing)anas
™ Jo 0

\

The symbol A\ represents the average inflow component, while the cyclic com-

ponents are indicated by A, and \i,. To simplify the expression in Eq. 2.27, Egs.

2.20 to 2.23 will be inserted into it. Beyond this substitution, the formulation will

be expressed in Eq. 2.28.
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Moo =25 Jo7 Jo (S Zfljf; + 30 fﬁ;lcor)ﬁs(ﬂ))dﬁd?ﬁ Yiefie,1s
Moo = s 0" o (i Zfl;lsj; + 305 t’fl’;f;)ﬁdﬁdi/f = V1s.f15,0
M1 = Zrlzs o Jo (it ;;f:; + 302 t%;for)"ﬁc(wdﬁd%/f Visf1s,1c

fhlst 12 ok ls— _
)‘ls 1s — 72 fo Z ay;or Zk:l ftay;OT)T%S(w)dTld’gb = Vlsfls,ls

The inflow component )\ff is comprised of the following three different components:
/\g’O, )\iltcyo, and )\ilt&o, all of which contain the mean vortex strength 7y obtained
from the bound circulation of the k-th rotor as defined in Eq. 2.26. The two other
components, /\1c and /\1 5, also have three components each, denoted by vi. and 71,
respectively. These components are simplified and represented by the symbols fq o,
Joes fos, ficos fieies fieas, f1s,0s fis1e, and fis15. To obtain a straightforward
form of Eq. 2.27, Eq. 2.26 can be substituted into Eq. 2.28, yielding the following

formulation:

N Cr
. :71 —
Nn = | it = VynLint | —C} (2.29)
)‘lits _CM
L d k—n L Jd kth
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where,

Lint = LO,int + Llc,int + Lls,int

Mo w0 0 0 3fie

fo,1 —3ufo1 -
1_%;2 1_%M2c 0], Llc,znt— 0 O 3flc,lc )

0,1 —3ufo,1
opa e g 0 0 3fic1s
L 2 2_ .

LO,int =

*%Mfls,o 3fis0 O

P 3
Lls,znt— —Q,szls,lc Sfls,lc 0

_%,Ufls,ls 3fls,1s 0

Using Equation 2.29, the interference inflow A* will be derived. For applying
this formulation to the dynamic inflow, the following formulation will be defined as

follows:

. . . . [y [ —1
AT = AT AT AT = AT A = AP A = APV LR Vo LER AR (2.30)

wnt

The self-induced inflow of the n-th rotor is represented by A™s and it is predicted
using the dynamic inflow equation. The total induced inflow of the n-th rotor, denoted
by A™, is the sum of the self-induced inflow and the interference inflow generated
by the k-th rotor. In this derivation, the time delay in the interference inflow is
not taken into account, and the derivative terms of the self-and resultant-induced
inflows are assumed to be the same. While neglecting the time delay may affect the
transient response of the rotor aerodynamics, the behavior of rotor aerodynamics

will be mainly influenced by the gain matrix. If consideration of such response is
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required, an effective form suggested by Guner (Ref. [60]) will address this issue. By
using this relationship, the self-induced inflow of the n-th rotor will be expressed in
terms of A™ and A¥. To apply this equation to the multiple number of the rotors, a

decoupled matrix form is defined as follows:

M1t o0 L 0 Al Lo ... 0 Al Crom
0 M2 ... 0 ||A% 0 LZ ... 0 ||a% C2, v
+ o — Ll
MFE Lkk
0 0 ... MNNI[XNs 0 0 ... LNNI XNs Crrm
] S S ~(2.31)

N represents the number of the rotors. As Eq. 2.31 only takes into account
the self-induced inflow state, aerodynamic interference will not be factored in. To
incorporate the aerodynamic interference in the equation for the multiple number of
the rotors, the self-induced inflow state in Eq. 2.31 will be redefined in terms of A™
and AF as defined in Eq. 2.30. Thus, the generalized matrix expression that considers

the aerodynamic interference will be represented by Eq. 2.32.

0o M2 .. 0 A2 2 12 vz | | a2 C2 s
- + - — s Lsy
MEE : : : Lkn
m
KRR I R = = | P I e
(2.32)
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where

k:n%ﬁ:ﬂ

1

IFt = Vo L7 Vpn LI Vien M6
k 7§ n — Vnth in thh thh in

wnt

The gain matrix of the rotor inflow is expressed as ﬁ When k£ and n are
the same, the original form of dynamic inflow will be inserted in the component
of the matrix. However, when k and n are not the same, considering aerodynamic
interference will become necessary. The interference among the rotors is suggested

in the formulation in Eq. 2.32
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Rotor n

(b) Cross-sectional view of a dynamic vortex tube

Figure 2.4 Concept of a dynamic vortex tube for evaluating the aerodynamic
interference among the rotors
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Figure 2.5 Nominal locations for Taylor series expansion
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3 Establishment for the Multirotor UAV Flight

Simulation

3.1 Mathmatical description of the flight dynamics

In this section, an introduction to the conventional UAV flight simulation will be
presented. Then, a mathematical description of the present flight simulation with

the proposed rotor aerodynamics analysis will be described.

3.1.1 limitation of the conventional UAV flight simulation

The various UAV flight simulations adopt the conventional method. That method
was introduced by Hartman et al. (Ref. [92]) and has been adopted by numerous
researchers (Refs. [93, 94, 95]). The conventional simulation employed Newton-Euler
method, as described by Eq. 3.1, where{I} is an inertial frame and { B} is the fuselage

frame at the center of gravity (CG) of UAV.

5 F F _
VB + QI X VB — % + R;;for + fusel«:gbe aero

Hp + Q x Hg = MRotor + My,
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D u
Qr=wp=|q|,VB= |v ,HBZ[I]WB (3:2)
r w
0
Mgy, = Hpg = Qp x Hyg, Hyp = [Jm} WmB,WmB= 1|0 |- (3.3)
W

The velocity vectors of the UAV in the fuselage and inertia coordinates are repre-
sented by Vp and V7, respectively. The gravitational force acting on the quadrotor in
the fuselage frame is denoted by G p. The moments acting on UAV are represented
by H; and Hpg, while My, stands for the gyroscopic moment. The moment of
inertia matrix of the rotor is represented by i, and the rotational speed of the rotor
is expressed as wy,p in Eq. 3.3. The aerodynamic forces and moments, including
the rotor thrust, torque, and fuselage aerodynamic forces, are denoted by FRrotor,
MRotor, and Fpyselage—aero- The thrust and torque of the rotor are assumed to be
proportional to the square of the rotor rotational speed.

However, the conventional simulation suggested by Hartman (Ref. [92]) has some
limitations. The rotor aerodynamic analysis used in the conventional simulation did
not take into account the variation of aerodynamic loads due to the flight speed

or fuselage tilting attitude. Such analysis is only suitable for hover and will not

be appropriate for a forward flight condition. Due to that, the accuracy of the

convetional simulation may be decreased when UAV performs forward flight condition.
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In addition, that inaccuracy will lead a significant discrepancy in the trim analysis

and may produce unrealistic results.

3.1.2 Flight dynamics combined with the present rotor aerodynam-
ics
In the previous section, the drawbacks of the conventional flight simulation proposed
by Hartman were described. This section proposes an integrated flight dynamics
approach that takes into account the proposed aerodynamics considering aerodynamic
interference among the rotors. To achieve this, the reference frames will be defined.
Furthermore, additional considerations such as fuselage aerodynamics and trim
approach will be described. Finally, an integration procedure between the flight

dynamics and proposed rotor aerodynamics will be attempted.

Frame of reference description

As previously mentioned in Section 3.1.1, most studies on a multirotor UAV have
utilized the rigid body dynamics (Ref. [96]). Those studies have mainly employed
two frames of reference: the inertial frame {I'} and the fuselage frame {B}. However,
to account for the rotor aerodynamics in a multirotor UAV, an additional reference
frame will be necessary. As illustrated in Fig. 3.1, the rotor hub {H} and blade
{b} frames have been added for both clockwise (CW) and counterclockwise (CCW)
directions. Due to the difference in the distribution of the rotor inflow depending on
the rotational direction, both CW and CCW frames of reference have been defined.
The transformation matrices between the frames of reference are explained in Egs.

3.4- 3.7
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(3.4)
c(¥)e(0) —s()e(@) +c(¥)s(0)s(d)  s(1)s(@) + c(¥)s(0)c(9)
TP = |s@)e(B)  c(w)e(@) + s(4)s(B)s(6)  —c()s(9) + s(u)s(0)e(d)
—s(0) c(0)s(¢) c(0)c(9)
Ik t(0)s(¢) t(0)c(®)
RE=0 @)  —s(0)
I R
(3.5)
B e(m)  s(m) O o e(m) 0 —s(m)
(@)i (i=1,3) = | —s(m) ¢(m) 0O K@)i (i=24)= | 0 1 o |, (36)
0 0 1 s(m) 0 ¢(m)
B cw) sw) 0| o) s) 0
(Th)i =13 = | =s() () 0> (Th)i =) = [ s(ei) —c(s) 0|, (37)
0 0 1 0 0 -1

The velocity vectors, denoted as Vi, Vi, and Vi, are defined in the rotor hub,
blade, and inertial frame of reference, respectively. The index ¢ is used to indicate

the rotational direction, and the numbers 1 and 3 are used for CCW while 2 and 4
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are used for CW. The transformation matrix from the inertial frame to the fuselage

frame is denoted as TilB, while (T4)i denotes the transformation matrix from the
fuselage frame to the rotor hub frame. In addition, the transformation matrix from
the rotor hub frame to the blade frame is (T'H?);. The blade azimuthal angle is

represented as 1.

Fuselage aerodynamics

Regarding flight dynamics, the flight conditions are affected by both the aerodynamics
of the rotor and the fuselage. In the case of a conventional rotorcraft (Ref. [97]),
the drag and lift forces are defined using the angle of attack (AOA) of the entire

rotorcraft and its equivalent flat plate area, as described in Egs. 3.8 and 3.9.

3PAx Dxp(a, V)u?

Ffuselagedrag = %pAyDYB (Oé, VU)’U2 (38)

%PAZDZB (a, Vw)w2

3PAx Lix (o, Vi )u?

Ffuselagelift = %pAyLyB (Oé, V;,)’U2 (39)

%pAZLZB (v, Vw)w2

There is a lack of aerodynamic formulations that are specifically designed for
multirotor UAVs in the existing literature. Previous studies (Refs. [7, 10, 98])
attempted to develop an aerodynamic force expression for the fuselage using a
linearized expression. Those approaches showed reasonable accuracy at lower flight

speeds but decreased accuracy as the forward speed increased. To improve on those
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approaches, the following method will be proposed. For UAV, only drag is considered
as the fuselage generates very little lift. Russell et al. (Ref. [36]) conducted the
aerodynamic experiments on various UAVs in a wind tunnel and found that the
UAV fuselage scarcely generated lift. Schiano et al. (Ref. [99]) performed similar
wind tunnel experiments and obtained similar results. Schiano found that when the
fuselage tilting angle was within 20-30,°, the drag coefficient would remain constant.
Equation 3.10 was derived using this relationship, and the coefficient was obtained

from the flight results. Kg represents the fuselage drag coefficient.

Kpu?
F}"meeltzgemgm = ]:(vEU2 (310)

Kpw?

Trim analysis

According to Ref. [97], trim is defined as the process of finding the control inputs
necessary to maintain a rotorcraft in equilibrium. That process is well-established
for a manned rotorcraft, but it is less important for UAV since they do not need to
consider equilibrium during operation. Instead, the design of the nonlinear controller
will be more critical. However, for UAV operating in urban regions, it will be essential
to conduct a trim analysis to determine the physical limitations of the multirotor.
There do not exist many studies available that discussed trim analysis for UAVs.
Niemic and Gandhi (Ref. [100]) introduced a trim procedure for quadrotors that had

a plus- or cross-shape. They conducted a trim analysis by considering the dynamic
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inflow and steady-state solution. Based on such investigation, the present study will
perform the trim analysis based on such method. It should be noted that the flight
dynamics formulation of a quadrotor UAV is an under-determined system because
it has six degrees of freedom but only four inputs. Due to that, multiple solutions
may exist that can satisfy a specific flight condition. Additionally, it is challenging to
account for nonlinear constraints in a general Jacobian-based trim analysis. Therefore,
to address those difficulties, Austin et al. (Ref. [101]) suggested using an optimization
approach to perform the trim analysis.

The present trim procedure utilizes Eq. 3.11 as an objective function with the
design variables including the flight speed, angular speed, fuselage tilting attitude,
and rotor rotational speed. The optimization process selects the ”fmincon” function
included in MATLAB and utilizes an interior-point algorithm based on Hessian

approximation.

J = minl\[F2 + F2 + F3 + M2 + M2 + M2 (3.11)

The forces and moments obtained from Eq. 3.1 when there is no linear or angular
acceleration will be represented by Fy, Fy, %, M., M,, and M. The rotational speed
of the rotor is the variable being designed, and the forward speed is expressed in the
global frame. This approach is used to obtain constraints within an operation, which

are implemented in the present flight simulation.
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Integration into the flight dynamics

As investigated in Section 3.1.1, the formulation of the conventional flight dynamics
is introduced. To combine the proposed rotor aerodynamics, the formulation of

conventional flight dynamics will be rewritten as follows:

S.B—FQIXSB:LB (3.12)
E 0 Vi VB Gﬁ—i—%—i—%
SI = _ 537 SI = ) SB = ) LB =
0 RB wr Wg Mg + My,
(3.13)

The state vector of the translational and rotational velocities is denoted by S,
and the load that affects the multirotor behavior is represented by Lp. Gravity is
expressed as G'p with respect to the fuselage frame of reference. The aerodynamic
force acting on the fuselage is represented as Fg and is based on the expression
given in Eq. 3.10. Furthermore, the aerodynamic forces and moment vectors due to
the rotors are denoted by Fr and Mg, respectively. Those aerodynamic loads are

expressed as a matrix form in Eq. 3.14.

FR 4 .
= Z (Tmap)i — (Rrot )i (3.14)
Mg i=1 O3x3  (TB);
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where,

1 0 0 000 (Fy)i
0 1 0 000 (F,);
0 0 1 000 (F.);
(Tmap)i = ' ) (Rrot)i =

0 —d, (1) 1 0 0 (M)
d, 0 l;ﬁ:g;glz 010 (M,);
G i—2.

—(MGETEY A28 0 0 0001 (M.,);

The aerodynamic force and moment of the rotor are represented by R, and are
defined in the rotor hub frame. The details of the rotor aerodynamics is described

in Section 2. The present rotor aerodynamics can be express as follows:

(Rrot)i = f(RPM;, gu, gu, Guw> 0,0,%, (V)i (VH)ist) (i =1 —4) (3.15)

The transformation matrix E is utilized to apply the rotor aerodynamics to the
fuselage frame. The mapping matrix T},qp maps the acrodynamic force and moment
of the rotor to the fuselage frame, in which [ represents the horizontal distance from
the center of gravity (C.G.) of the vehicle to the rotor, and d, is the height of the
rotor. The mapping matrix is based on the cross-configuration and can be adjusted
for other configurations.

The fourth-order Runge-Kutta approach will be employed to solve Eq. 3.12, and
the state variables, such as the flight speed and fuselage tilting angle, are fed back to
Egs. 3.14 and 3.15, respectively. By using this procedure, an integration procedure

for the proposed flight simulation is established as shown in Fig. 3.2.
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Figure 3.1 Frame of reference description for the multirotor UAV analysis
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6-DOF Flight dynamics

Transformation
procedure using (i-1)
forces and moments
Applied to forces and
moments (i-1) to UAV
Solve governing equation
of flight dynamics (i-1)

(i-1): rotor forces
(i-1): rotor moments

Rotor aerodynamics

(i-2) flight status (flight
speed, tilt angle)

6-DOF Flight dynamics

transform to rotor hub
Aerodynamic force
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Time step proceed

»  Time-step (i)

Figure 3.2 Integration procedure for the present simulation
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3.2 Definition of the Control Law and Gust Estimation

In this section, the control law used in this dissertation will be introduced. Then,
the gust estimation approach will be proposed to improve the accuracy of flight

simulation.

3.2.1 Control law
System identification to predict the controller

The flight simulation proposed in this dissertation is compatible with various types
of the control laws. Among those control laws, a proportional-integral-differential
(PID) is selected. The control law used in a general multirotor UAV includes the
following components: position, attitude, altitude, and rate. However, the attitude
and altitude control laws of the target UAV used in this dissertation have not been
publicized. To estimate those control laws, system identification will be applied to
identify the dynamic properties of the target UAV. The frequency sweep method
is usually used for such identification. The relevant formulations are described as

follows:

dsw = Asw sin(wgyt) (3.16)

Wsw = Wswmin T K (Wswmar = Wstwimin) (3.17)

Asy, denotes the magnitude of sweep, and wy,, is the frequency of function. K

indicates the weight factor for the sweep method which is defined in Ref. [102]. By
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that, s, will be inserted into the target UAV to obtain the dynamic characteristics.

Based on this procedure, the transfer functions of each axis such as roll, pitch, yaw,

and altitude will be obtained. However, there is still room to find the gain of PID

control law. For that, the parametric estimation approach performed by Park (Ref.

[103]) will be used to predict the result of gain. The relevant formulation is expressed

as follows:

J = miny) S (T Foutput — Opre)? (3.18)

J is the objective function and the “fmincon” function in MATLAB is adopted
to minimize that function. T'F,p: represents the output of the transfer function,
while O, represents the result obtained from the present flight simulations. Its

details will be discussed later.

3.2.2 Gust estimation
Necessity for gust estimation

Multirotor UAVs may face unexpected and unsteady gusts during the practical
flight, which may lead to inaccuracies in the simulation that does not account for
such gusts. Previous studies (Refs. [104],[105],[106]) have employed both direct and
indirect methods to address that difficulty. The direct method utilizes a flow sensor to
measure the gust strength. However, that method was challenging to be applied in a
multirotor UAV due to aerodynamic interference caused by the rotors, which degraded
flow sensor precision (Ref. [106]). Therefore, an indirect method that estimates gust

strength using an inertial measurement unit (IMU) and GPS was proposed. Indirect
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methods, such as the fuselage tilting angle prediction (Ref. [107]), state observer
(Ref. [73]), and data-driven approach (Ref. [104]), were constructed. Although those
approaches showed good prediction results, they have mostly been validated for
hover. Since the gust experiments involve forward flight segments (Ref. [77]), it
will be necessary to predict and evaluate such gust profiles during forward flight.
Therefore, a straightforward estimation approach, such as the prediction of fuselage

tilting angle (Ref. [107]), will be needed.

Gust estimation based on the nonlinear flight dynamics

The flight dynamics of a multirotor UAV are utilized to estimate the gust, excluding
the gust in the vertical direction. This dissertation focuses on estimating the longi-
tudinal and lateral gusts, using the fuselage tilting angle and flight speed, which are
measured by IMU sensor. By applying Eq. 3.12, a correlation between the fuselage
tilting angle and flight speed will be derived. As both the fuselage tilting angle and
flight speed are affected by the gust, the following process will be implemented to
determine gust strength. First, the fuselage tilting angles measured by the experiment

can be expressed in Eq. 3.19.

(beﬂfp(t) ¢ideal (t) + 5¢<t)
Ocup(t) | = | Oidear(t) + 66(t) (3.19)

wexp(t) wideal (t) + 6¢(t)

The subscripts exp and ideal are used to distinguish the practical and ideal values

without the gust, respectively. d represents the difference between the two values.
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Then, Eq 3.19 will be inserted into Eq 3.12 which only considers the attitude control
law and does not include the position control law. As a result, the flight speed of
UAV is obtained and described in Eq. 3.20. When UAV performs hover, ¢;qcai, Gideal,
and ¥;geqr Will be adjusted to zero. The proposed flight simulation is then carried
out using Egs. 3.19 and 3.20 to estimate the flight speed of a multirotor UAV, which

can be considered as the gust strength. Eq. 3.20 describes this expression.

= (3.20)

X ?t) —gx
YEt) —9y

However, since the relationship is only applicable for a hover, an additional process

will be needed for forward flight. This process consists of the following two parts.

The first part involves predicting the steady response for forward flight. During the
steady flight, the difference in the fuselage tilting angle between practical and ideal
values will not be significant. However, the flight speed measured by IMU still differs
from that predicted by the flight simulation. As a result, Eq. 3.20 is an insufficient
formulation for forward flight. Thus, Eq. 3.20 will be modified to accommodate this,
and the resulting formulation is described in Eq. 3.21. Furthermore, Eq. 3.21 is

capable of predicting the gust in hover.

‘ = (3.21)
Y( )69610 Y(t) gy

~

X(t.)ea:p - th) 9x
; W

To accurately estimate the gust profile during forward flight, an additional
procedure will be required. Although there exist several approaches to finding the

gust profile, this thesis will employ a simple method. An iterative approach is used
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to minimize the discrepancy of the flight speed between the practical and simulation
for improving the accuracy of prediction. The following procedure will be carried
out to obtain the gust profile. First, Eq. 3.21 will be inserted in Eq. 3.12 to obtain
the ideal trajectories and gust profile. Based on that, the difference in flight speed
between the simulation and practical cases will be determined. Then, this difference
will be used to improve the accuracy of the proposed gust estimation. This process
will be repeated until the root mean square error (RMSE) in the flight speed between
the simulation and practical values converges. Algorithm 1 summarizes the proposed

estimation procedure.
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Algorithm 1 Proposed gust estimation algorithm
Require: ¢ezp(l), Ocap(l), Yeup(t), X(t.)ewp) Y(t>ewp7 Xideal, Yideal

1:

H
@

11:
12:
13:
14:
15:
16:

Insert ¢eup(t), Oeap(t), Yeap(t) — Eq. 3.12 without the position controller

Acquire X (t), Y (¢)
Set an initial gust (¢gx)in, (9v)in by Eq. 3.21
if forward flight flag = 0 then
Construct gx = (9x)in, 9y = (9y)in
else > forward flight
for iteration ¢ do A A
Acquire (dgx);i = X (Deap — (X (D), (dgy)i = ¥ (Heap — (V(1)):
Acquire (g9x)i+1 = (9x)i + (dgx)i, (9v)it1 = (gv)i + (dgy )
Insert Xjgeal, Yidear (9x)i+1,(9v)it1 — Eq. 3.12 with the position
controller
if (RMSE(i +1) — RMSE(i) < 1e~°) then
Construct gx = (9x)i+1, 9y = (9v)it+1
Brake
end if
end for

end if

> flight flag 0 denotes the hovering
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4 Verification for the Rotor Aerodynamics

4.1 Results for an isolated rotor aerodynamics

This section describes comparing and validating the proposed aerodynamic analysis,
which considers both dynamic inflow and rigid blade flapping. The aim of this section

is to evaluate the effect of the rigid blade flapping during forward flight.

4.1.1 Predictions of the force, moment, and drag

The proposed aerodynamic analysis will be evaluated using a forward flight ex-
periment performed by Theys et al. (Ref. [28]). The experiment involved varying
the fuselage tilting angle at a freestream condition of 6 m/s, and measuring the
thrust, torque, and drag. They measured the specification of the blade such as the
chord length and twist angle. In addition, they assumed the cross-sectional shape
of the airfoil as a NACA5510. In this thesis, XFOIL software (Ref. [108]) is used to
obtain the aerodynamic coefficients of the airfoil. Prior to analyzing forward flight,
the steady-state thrust and torque during the hover experiment will be compared
with the proposed aerodynamic analysis. Figure 4.1 shows that the present analysis

accurately predicts both results when compared against the experiment.
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Thrust, torque, and drag are compared for forward flight under different conditions
of the fuselage tilting angle such as 0°, 30°, 60°, and 90°, which corresponds to
a freestream speed of 6 m/s. 90° fuselage tilting angle represents an axial flight
condition. Figure 4.2 presents the results obtained from the present thesis and
the experimental results for a climbing flight condition. Results of both thrust and
torque show a maximum discrepancy of 5% compared against the experimental
results, indicating a similar trend. Although the predicted trend for the drag is not
observed, the lower drag values will bring it to be negligible. During forward flight,
the rigid blade flapping takes place regardless of the blade stiffness, as discussed in
Section 2.1.2. To predict non-dimensionalized flapping natural frequency in Eq. 2.9,
it will be necessary to determine the equivalent hinge offset and non-rotating natural
frequency. For that, the material properties of the blade will need to be verified
through the experiments, as demonstrated by Russell et al. (Ref. [109]). However,
such experimental method will need expanded cost to obtain the result. Therefore,
a parametric analysis will be carried out in this dissertation. Non-rotating natural
frequencies and the position of the equivalent hinge offset will be determined in several

cases. Initially, it is necessary to identify which of the two, equivalent hinge offset and

non-rotating natural frequency, has a more significant effect on the drag prediction.

Figure 4.3 (a) illustrates the parametric study concerning the non-rotating frequency.

The equivalent hinge offset is fixed at 5%, and the non-rotating natural frequency
increases from 20 Hz to 100 Hz in increment of 20 Hz. Figure 4.3 (b) shows the
effect of the equivalent hinge offset. The non-rotating frequency is set at 20 Hz, and

the equivalent hinge offset is increased from 5% to 45% in increment of 10%. Both
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cases consider a fuselage tilting angle of 30,° and a freestream speed of 6 m/s for the
forward flight condition. Figure 4.3 (a) demonstrates that the non-rotating frequency
agrees with the experimental results at lower rotational speed, but underestimates
them as it increases. Figure 4.3 (b) shows that the result at 5% equivalent hinge
offset location is comparable to the experimental result, but the discrepancy will
increase with respect to RPM. Theys (Ref. [28]) reported an average discrepancy of
over 30% when compared to the experimental data. However, when considering the
rigid blade flapping in this dissertation, the discrepancy will be significantly reduced
to be less than 10%. By the present parametric analyses, the following parameters
such as the equivalent hinge offset of 5% and a non-rotating frequency of 20 Hz
exhibit the most similarities to the experimental results. To confirm the validity
of these findings, the experiment (Ref. [110]) measuring the coning angle with the
similar blade dimensions is to be compared. DJI Phantom3 9x4.5 blade is used, and
at 9,000 RPM, the average coning angle was 1.7°. In comparison, Graupner 9x5
blade used in this dissertation is predicted to have a coning angle of 1.4° at 9,000
RPM. Although the discrepancy between the two measurements is 18%, it should
be noted that the material properties and blade shape are not identical. Therefore,
the accuracy may be improved with more precise characteristics of the blade.

In Fig. 4.4, the experimental results for the thrust, drag, and torque are compared
against the proposed analysis which uses vg, obtained from the parametric analysis
for the rigid blade flapping. The average difference between the predicted and
experimental results for the drag is below 10%, which is significantly lower than

the discrepancy without considering the rigid blade flapping, which exceeds 30%.
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Although the discrepancy between the predicted and experimental values increases
as the rotational speed increases, the average discrepancy will still be less than 10%.
Furthermore, the trend is found to be consistent. Therefore, considering the rigid

blade flapping will be crucial for more precise drag prediction.
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4.1.2 Effect of the rigid blade flapping on forward flight

The previous section compared and validated the improvement of the rotor aerody-
namic analysis. The existing studies (Ref. [86, 111]) described that the rigid blade
flapping would affect the flight performance of multirotor UAV. To identify such
effect, this section aims to investigate the effect of the rigid blade flapping on UAV
during various forward flight condition. First, the sectional thrust and drag of the
rotor disk will be compared to evaluate the effect of the rigid blade flapping under
two forward flight conditions. The rotational speed of the rotor is kept constant
because the dimensionless forward speed p changes based on the rotational speed of
the rotor. Graupner 9x5 blade is typically used for a 1.2 kg multirotor UAV, and it
requires about 7,000 RPM to generate a thrust of 0.3 kg. Due to that, this particular
RPM value is selected. The analysis is performed for a fuselage tilting angle of 0°
and at two different forward speeds of 6 m/s and 30 m/s.

The results for a lower advance ratio of 0.0716 are depicted in Fig. 4.5. Sectional
thrust shows a similar trend regardless of the flapping, while the overall drag distri-
bution prediction with the rigid blade flapping estimates more drag than that of the
result without the flapping. In Fig. 4.6, the advance ratio is 0.3581. In contrast to
Fig. 4.5, the sectional thrust exhibits a significant discrepancy based on the presence
of the rigid blade flapping. Figure 4.6 (a) and (b) demonstrate that the sectional
thrust is reduced when the rigid blade flapping is taken into account. Additionally,
the discrepancy in the drag becomes more prominent as the forward flight speed

increases. Consequently, it is inferred that the inclusion of the rigid blade flapping will
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be crucial in the flight simulation of a multirotor UAV that operates at a high advance
ratio, as it influences the flight performance when the forward speed increases.

The wind tunnel experimental results provided by Kolaei et al. (Ref. [112]) are
used to compare and verify the forward flight condition. They used T-MOTOR
18x6.1 blade. Barcelos (Ref. [113]) obtained the cross-sectional shape at 25%, 50%,
and 75% span-wise positions, and linear interpolation was utilized to approximate
the airfoil for the non-measured region. The results based on three rotational speeds
and four fuselage tilting angles are used to be compared with the proposed analysis.
While the experimental results will be obtainable for thrust, there are no results
available for the drag. Hence, the comparison of the drag is performed using only
the prosed analysis with the presence and absence of the rigid blade flapping, as
illustrated in Fig. 4.7.

The result exhibits that the thrust will be increased when the fuselage tilting
angle is lower than 15 © regardless of the rigid blade flapping. Additionally, concerning
larger tilting angles of 30,° and 60,°, thrust appears to decrease as the advance ratio
increases. By the following observation, the thrust of the rotor shows a decreased
trend when it reaches a certain angle. As the fuselage tilting angle increases, the
perpendicular speed increases, thereby decreasing the thrust. Therefore, the findings
suggest that the wind in the vertical direction has a more pronounced effect on
thrust. Furthermore, the effect of the rigid blade flapping is less significant when the
fuselage tilting angle is increased. The proposed analysis tends to overestimate the
experimental results, despite having a similar trend. This discrepancy is primarily

due to insufficient information on the airfoil section over the span. Therefore, it is
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expected that the difference will decrease if more precise specification on the airfoil
and aerodynamic coefficient is provided. As the advance ratio of the freestream
increases, the result of drag will show a decreasing trend. In contrast to the thrust,

the prediction for the drag is significantly affected by the rigid blade flapping. At 5,°

and 0.25 advance ratio, the predicted results exhibit a three times larger discrepancy.

These results indicate that the rigid blade flapping will be crucial to predict the drag

during forward flight, particularly in the case of the sideward and forward winds.
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4.2 Results for the aerodynamic interference among the

rotors

This section will explain the results of the aerodynamic interference among the
rotors. Initially, the proposed approach based on Taylor series with the multiple
nominal points will be evaluated and investigated. Subsequently, the comparison and
validation will be performed for non-overlapping multirotor configurations such as

the tandem, quadrotor, and hexarotor.

4.2.1 Evaluation of the analytical formulation

The analytic formulation for the aerodynamic interference among the rotor is derived
in Section 2.2. This formulation based on the dynamic vortex tube (Ref. [88]) is
applied and extended. The approach such as the dynamic vortex tube was only
developed for a single rotor configuration. Due to that, an additional evaluation should
be needed for a multirotor configuration. Additionally, to decrease the computational
time required for the flight simulation, Taylor series expansion will be performed at
multiple locations. Selecting an appropriate number of the locations will be necessary
since the accuracy of the expansion depends on it. Additionally, an extra procedure
will be carried out to implement Eq. 2.28. Numerical integration to obtain the
solution of Eq. 2.28 will increase the computational time at each time step during
the simulation. As a result, an offline method will be adopted to create a table of
the result of Eq. 2.28 in terms of the skew angle and side-slip angle. Although the

time required for producing the tabulated result is increased in terms of the number
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of the rotors, this method will become more efficient than carrying out numerical
integration at each time step during the simulation.

To evaluate the present formulation, the relevant investigations will be performed.
The major focus of this analysis is investigating the trend of the interference among
the rotors. It will be crucial to consider the aerodynamic interference among the
multiple rotors under all flight conditions. However, the interference between the
front and rear rotors plays a crucial role in forward flight (Refs. [114, 15]). That
interference will be evaluated using the parameters such as the hub distance. The
trend will be investigated using two rotor blades: one for a tandem configuration
based on the 9-inch propeller used by Nguyen (Ref. [53]), and another for a side-
by-side configuration using a 24.5-inch propeller that was examined by Russell (Ref.
[37]). Table 4.1 summarizes the details of the investigation.

Figure 4.8(a) illustrates the investigation of the mean inflow component )\ in
terms of the hub distance, denoted as Situation H. Situations H1 and H2 have zero
side-slip angles, indicating that the wake of the front rotor passes through the rear
rotor. In Table 4.1, the difference between Situations H1 and H2 are specified. As the
distance between the hub is 2.5, the magnitude of the rear rotor inflow is large, while
the discrepancy of the inflow for the front rotor is less significant. The predicted
results of both the front and rear rotor inflow show a small discrepancy when the
hub distance increases. Situation H2 exhibits a greater discrepancy in mean inflow
compared to Situation H1 because the wake of the front rotor is closed to the disk of
the rear rotor due to the increasing advance ratio. Figures 4.8 (b) and (c) illustrates

the trend of the cyclic inflows. According to the obtained results, the total inflow of
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the rear rotor relies on the hub distance, and the amount of inflow is more significant
than that of an isolated rotor. A similar trend was observed in an existing study
(Ref. [59]). Consequently, the proposed method is capable of estimating the inflow
of the tandem configuration which is non-overlapping. The detailed verification for
the tandem configuration will be described in the next section.

The next investigation is conducted for the side-by-side configuration. As sum-
marized in Table 4.1, the side-slip angle of both Situations H3 and H4 is 90 °. Prior
to investigating the effect of the side-by-side configuration, it is necessary to validate
such configuration to observe a meaningful trend. To validate that configuration,
the thrust and torque results based on the experiment (Ref. [37]) are compared in
terms of the hub distance. The flight condition such as the edgewise is applied to
compare the present approach. Russell suggested the three cases of hub distance
denoted as wide, middle, and inner location. Each distance range, wide, middle, and
inner location, is normalized by the radius of the rotor blade and has values of
3.16, 2.67, and 2.02 respectively. Further validation for that blade will be performed
in the next section. Figure 4.9 exhibits the comparison results of the side-by-side
configuration. The estimated results such as isolated, wide, and mid situations show
good agreement with the experiment. However, there is a large discrepancy in the
inner location. This is due to the proposed formulation being based on the rigid
cylindrical wake, which does not consider vortex interaction among the wake. As the
hub distance approaches 2, the intensity of vortex interaction increases, resulting in
decreased accuracy of the present formulation. Based on these results, the distance

range such as 2.6 to 3.2 is sufficient to be estimated by the proposed formulation.
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Thus, the minimum hub distance is set as 2.5 for the investigation of side-by-side
configuration. The findings show that the net inflow of the side-by-side configuration
is lower than that of the result without interference, as shown in Fig. 4.10. Previous
analyses with high fidelity (Refs. [115, 114]) have demonstrated that the thrust in
the side-by-side configuration increases. Although the proposed formulation may not
be completely accurate when the hub distance is near 2, the present analysis will be
capable of predicting the relevant trend of the aerodynamic interference among the

rotors.
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Table 4.1 Properties of the proposed interference analysis in terms of the hub

distance
Hub Advance Side-slip Rotor blade
distance, [/R ratio, angle, ° diameter, in
Situation H1 (SH1) 2.5to5 0.06 (Ref. [53] 0 9 (Ref. [53])
Situation H2 (SH2) 2.5to05 0.12 (Ref. [5 0 9 (Ref. [53])

90  24.5 (Ref. [37))
90 24.5 (Ref. [37))

~— — — —

)
SH2) (Ref. [53
SH3) 25to5  0.09 (Ref. [37
SH4) (Ref. |

(
(
Situation H3 (
(SH4) 2.5to5 0.19 (Ref. [37

Situation H4

}
}
}
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4.2.2 Further numerical results

In Section 4.2.1, it is confirmed that the present approach can consider and predict
aerodynamic interference among the rotors. Using this formulation and the proposed
rotor analysis based on the dynamic inflow, multirotor configurations including
the tandem, quadrotor, and hexarotor will be examined and compared against the

previous experimental studies and high-fidelity analyses.

Results for the tandem rotors

The analysis of the tandem rotor configuration is performed prior to comparing
the results of the quadrotor UAV. While the conventional tandem rotors have
overlapping areas, multirotor UAV will not. The tandem configuration examined
in this dissertation does not have any overlapping areas.

The proposed formulation and rotor aerodynamics are combined for analysis
and compared against the experimental results (Ref. [53]). Nguyen et al.(Ref. [53])
investigated the characteristics of the aerodynamic interference based on the wind
tunnel test. Table 4.2 provides the detailed experiment conditions. They did not
describe the detailed configuration of the airfoil. To compensate for such limitation,
the similar airfoil configuration suggested by other researchers (Ref. [103]) is used to
estimate the aerodynamic coefficient. That aerodynamic coefficient is obtained by
XFOIL (Ref. [108]) software.

Table 4.2 explains the details of the experimental results. Nguyen only provided
thrust results without the torque, pitching, and rolling moments. Due to that, the

proposed analysis is compared against the thrust result only. First, the result for an
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isolated rotor is compared, shown in Fig. 4.11(a). The comparison result indicates
that the average discrepancy between the present analysis and experiments is 6%.
This discrepancy can be decreased by specifying the cross-section of the airfoil
according to span location. Then, Experiment 2 denoted in Table 5.2 is used to
comparing the proposed analysis for a tandem rotor configuration. The experimental
conditions are as follows: fixed hub distance, varying rotational speed, and -5°
fuselage tilting angle. In Fig. 4.11 (b), the comparison of thrust difference ratio
including such a simple approach described in Introduction is performed. When
there is no interference between the rotors, the thrust difference ratio will be equal
to one. Both present analysis and a simple approach demonstrate good consistency
against the experimental results. Nevertheless, a simple approach is incapable of
accurately predicting the trend of the aerodynamic interference in terms of the hub
distance. Fig. 4.11(c) reveals that the simple method shows a significant discrepancy
except for a specific range between 2.8 and 3.3. The approach proposed by Nguyen
was based on the several assumptions. 1) The interference formulation was only
considered at the center of the rear rotor, thereby disregarding the entire disk area
of the rear rotor. 2) Nguyen only considered the uniform inflow components without
accounting for the cyclic inflow. 3) Nguyen neglected the bound circulation of the
rotor. Those assumptions rendered the accuracy of the approach suggested by Nguyen
the unreliable outside a certain range. In contrast, the proposed analysis demonstrates
good agreement with the experimental results. The average discrepancy between the
proposed analysis and experimental results is only 2%, which can be attributed to the

fact that the proposed analysis takes into account the cyclic inflow, entire rotor disk,
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and bound circulation of the rotor. These considerations lead to improved prediction
accuracy, as evidenced by the results. However, both proposed analysis and simplified
approach have limitations in their consideration of the vortex interaction among the
wakes, and a certain range should be maintained to ensure accuracy. Although
such limitation is a weakness of the proposed analysis, the trend of aerodynamic
interference for a tandem rotor configuration will be estimated sufficiently by the

proposed analysis.
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Table 4.2 Details of the experimental conditions for the tandem rotor configuration
(Ref. [53])

Experiment 1 2 3
Configuration Isolated rotor Tandem rotor Tandem rotor
Hub distance, (1/R) - 2.83 2.5 to 4.5
Rotational speed, RPM 1,500 to 5,000 1,500 to 5,000 3,960
Free stream speed, m/s 6 6 6
Tilting angle (nose up: +), ° 0 -5 -5
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Results for a quadrotor and hexarotor configuration

This section examines various multirotor configurations, including the quadrotors

and hexarotors. The result obtained by the present analysis compares the results

from the studies conducted by Misiorowski et al. (Ref. [91]) and Russell et al. (Ref.

[37]). Misiorowski utilized a CFD method to observe the aerodynamic interference
of a quadrotor UAV. Two configurations such as the cross- and plus- type were
investigated and they proposed the following analysis conditions: (1) The rotor blade
for analysis is selected as APC 12x5.5. They described the details of the rotor blade
geometry in Ref. [91]. (2) Geometry of the quadrotor and operating conditions
are summarized in Table 4.3. The configuration of both cross- and plus- types
are shown in Fig. 4.12. In the experimental study, the facility for the multirotor
was established by Russell and Conley (Ref. [37]). Such facility was capable of
measuring the aerodynamic forces of the individual rotors. The following conditions
were proposed by Russell for the experiment of the multirotor. (1) KDE 24.5x8.1
blade was used for the experiment. However, they did not provide the detailed
information on that blade. Due to that, the result obtained by Jung et al. (Ref. [116])
is used in this dissertation. (2) Table 4.4 describes the experimental parameters
such as the operating free stream and fuselage tilting angle. In Fig. 4.12 (c), the
configuration of the multirotor facility is illustrated.

First, the proposed analysis is compared with CFD predictions by Misiorowski and
the relevant results are evaluated. The initial comparison is conducted for an isolated
rotor, where the free-stream speed and fuselage tilting angle are based on Table

4.3. The thrust and torque results of the proposed analysis showed good agreement
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against the CFD predictions shown in Figs. 4.13(a) and (b). Figures 4.13(c) and
(d) illustrate that the pitching and rolling moments have an average discrepancy
of 10% and 20%, respectively. Despite the presence of significant discrepancies, the
proposed analysis can correctly identify the trend of those moments. Moreover, those

discrepancies are not critical concerning a quadrotor UAV. During the forward flight

of a multirotor UAV, there is a variation in thrust between the front and rear rotors.

This causes the entire pitching and rolling moments of UAV, which are larger in

magnitude than that of the moments created by the rotors. Then, both cross- and

plus-quadrotor configurations are evaluated and compared, as demonstrated in Fig.

4.12(a) and (b). Barcelos et al. (Ref. [17]) developed a distributed vorticity element
to consider interference for a multirotor UAV. They attempted to compare that
method using CFD prediction presented by Misiorowski. Figure 4.14 exhibits the
comparison of those two methods and the present analysis. The proposed analysis

is in good agreement with CFD prediction, and the discrepancy is 5% and 8%

for both the front and rear rotors. The relevant result is shown in Fig. 4.14(a).

The results obtained by Barcelos show good accuracy in capturing the thrust of
the front rotors, but significant discrepancies are observed in the results for the
rear rotor. In Fig. 4.14(b), the proposed analysis shows good agreement with CFD

prediction for torque results. As shown in Fig. 4.14 (c¢), the pitching moment result

is illustrated. Barcelos overestimated significantly further than CFD prediction.

Although the present analysis shows a discrepancy, it is more closed to CFD prediction.

The pitching moment results for all rotors exhibit significant discrepancies in the

results presented by Barcelos, whereas the proposed analysis shows less significant
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discrepancies in the pitching moment results for the front rotors. However, the
proposed analysis cannot accurately predict the trend of pitching moments for the rear
rotors. Furthermore, Fig. 4.14(d) shows that both proposed analysis and approach
proposed by Barcelos exhibit significant discrepancies in the results for the rolling
moments of the rear rotors. Those discrepancies are explained by the sectional
thrust result, as shown in Fig. 4.15, where the sectional thrust results of both the
proposed analysis and CFD prediction are compared. Although the proposed analysis
overestimates the sectional thrust, a similar trend of thrust distribution is observed
at the front rotor. The analysis results for the rear rotor highlight the reason for
the increased discrepancies in the pitching and rolling moments. In contrast to CFD
prediction, the proposed analysis predicts a large value of sectional thrust at 180,°
azimuth angle for the rear rotor. That overestimation increases the pitching moment
discrepancy. Furthermore, a significant discrepancy is exhibited in the region of the
retreating side. The present analysis is limited in its ability to capture the interference
among the rotors since it is based on the simple vortex theory. In addition, such
theory does not grasp the vortex interaction which can be captured by a high-fidelity
analysis. As a result, the accuracy of the prediction is reduced compared against
CFD approach, and the proposed analysis has certain limitations. The evaluation of
the plus-shaped configuration is shown in Fig. 4.16. The thrust and torque results
in Figs. 4.16(a) and 4.16(b) agree well with CFD prediction. Although there are
discrepancies for the pitching and rolling moments, those results will become smaller
than those for the cross-shaped configuration. Since the distance between the North

and South rotors is greater than that between the Northwest and Southwest rotors,
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the effect of the aerodynamic interference is less pronounced. Tables 4.5 and 4.6
described the detailed results for both cross- and plus-shaped configurations.

Next, a comparison between the proposed analysis and experimental results
presented by Russell is performed. The experimental result of the quadrotor con-
figuration only measured the thrust and torque of the rear rotor, Rotor 3, which
was defined by Russell (Ref. [37]). The free-stream speed values are summarized
in Table 4.4. The comparison results of both isolated and quadrotor configurations
are illustrated in Fig. 4.17. That result shows that the average discrepancies of the
thrust for both configurations are smaller than 5%. The predicted results of torque
show an underestimation than that of the experiment, but the proposed analysis
exhibits the capability of capturing such trend. Furthermore, the average discrepancy
is less than that of 6%. Subsequently, the hexarotor configuration is compared. In
addition, two different free-stream conditions are utilized for the experimental study
to measure the thrust and torque of each rotor, Rotors 1 to 6, individually, as listed
in Table 4.4. Figure 4.18 (a) and (b) display the comparison between the proposed
analysis and experimental results conducted under a free-stream speed of 6.1 m/s.
The proposed analysis shows the capability of capturing the thrust and torque trends
according to the location of the rotors, such as the frontmost, middle, and rearmost
rotors. Furthermore, the proposed analysis demonstrates good agreement with the
experimental results obtained at 12.2 m/s, as demonstrated in Figs. 4.18 (c) and
(d). The experimental results reveal several weaknesses of the proposed analysis.
(1) The results obtained from the experiment show that the aerodynamic loads

of the right and left rotors are not symmetric at a free-stream speed of 6.1m/s.
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Such discrepancy is increased when the location of the rotor is rearmost. However,
the proposed analysis predicts the symmetric results. This is because the proposed
analysis assumes a rigid cylindrical wake and cannot easily account for unsymmetric
trends resulting from the wake interactions (Refs. [117, 118]). Although the increase
in advance ratio reduces those discrepancies, such discrepancies will still be present.
(2) Based on the perspective of the thrust, the discrepancy of the rearmost rotors will
be increased when the speed of the free stream is increased. The proposed analysis
underestimates the thrust than that of the experimental result. Since the proposed
analysis assumes that the strength of the vortex tube remains constant along the
cylindrical wake, it does not take into account either the wake diffusion or decay.
Such an assumption leads to the overestimation of the inflow at the rearmost rotors.
Due to that, the thrust estimated by the proposed analysis is smaller than that
of the experiment. Although such limitations reduce the accuracy of the proposed
analysis, it is useful to capture the trend of the aerodynamic interference among
the nonoverlapping multirotor configuration. In addition, the present analysis can
predict the aerodynamic interference of a quadrotor configuration accurately. Thus,

the proposed analysis is suitable for implementing flight simulation of the quadrotor

UAV.
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Table 4.3 Details of the proposed analysis conditions for the quadrotor configura-
tion (Ref. [91])

Configuration cross type plus type
Boom length, m 0.3048 0.3048
Rotational speed, RPM Northwest /east: 4,058 North: 3,684
Southwest /east: 4,495  East/West: 4,255
South: 4,575
Free stream speed, m/s 10 10
Tilting angle (nose up: +), ° -5 -5
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Table 4.4 Details of the proposed experimental conditions for the multirotor
configuration (Ref. [37])

Configuration quadrotor hexarotor
Lateral length, 1/R 3.16 3.16
Longitudinal length, d/R 2.94 2.94, 5.88
Rotational speed, RPM 2,000 2,000
Free stream speed, m/s 6.1 6.1, 12.2
Tilting angle (nose up: +), ° 0, -5, -10 0, -5, -10
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Table 4.5 Results for a cross-shaped quadrotor

Rotor location: Present Misiorowski Discrepancy, %
North west (Ref. [91])
Thurst, N 5.34 5.09 5.08
Torque, Nm 0.078 0.078 0.4
Pitching moment, Nm 0.078 0.089 -12.2
Rolling moment, Nm -0.093 -0.118 -21.3
Rotor location: Present Misiorowski Discrepancy, %
North east (Ref. [91])
Thurst, N 5.34 5.09 5.08
Torque, Nm 0.078 0.078 0.4
Pitching moment, Nm 0.078 0.089 -12.2
Rolling moment, Nm 0.093 0.118 -21.3
Rotor location: Present Misiorowski Discrepancy, %
South west (Ref. [91])
Thurst, N 5.48 5.04 8.7
Torque, Nm 0.098 0.09 9.4
Pitching moment, Nm 0.084 0.052 -34.0
Rolling moment, Nm -0.092 -0.139 -61.7
Rotor location: Present Misiorowski Discrepancy, %
South east (Ref. [91])
Thurst, N 5.48 5.04 8.7
Torque, Nm 0.098 0.09 9.4
Pitching moment, Nm 0.084 0.052 -34.0
Rolling moment, Nm 0.092 0.139 -61.7
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Table 4.6 Results for a plus-shaped quadrotor

Rotor location: Present Misiorowski Discrepancy, %
North (Ref. [91])
Thurst, N 4.84 4.90 -1.3
Torque, Nm 0.072 0.072 0.6
Pitching moment, Nm 0.072 0.088 -18.2
Rolling moment, Nm -0.090 -0.113 -20.2
Rotor location: Present Misiorowski Discrepancy, %
South (Ref. [91])
Thurst, N 6.14 6.38 -3.7
Torque, Nm 0.10 0.093 8.38
Pitching moment, Nm 0.109 0.106 3.4
Rolling moment, Nm -0.115 -0.107 7.9
Rotor location: Present Misiorowski Discrepancy, %
East (Ref. [91])
Thurst, N 5.98 5.97 0.1
Torque, Nm 0.084 0.086 -1.9
Pitching moment, Nm 0.0972 0.129 -24.6
Rolling moment, Nm 0.10 0.125 -19.9
Rotor location: Present Misiorowski Discrepancy, %
West (Ref. [91])
Thurst, N 5.99 6.09 -1.6
Torque, Nm 0.085 0.087 -1.7
Pitching moment, Nm 0.093 0.111 -16.6
Rolling moment, Nm 0.108 0.114 -5.4
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4.2.3 Further investigation of the aerodynamic interference for a

multirotor UAV

To perform forward flight of a quadrotor UAV, a fuselage tilting angle will be necessary
due to the flight characteristics which use a difference in thrust between the front
and rear rotors. The specific tilting angle is matched with the certain forward flight
of such UAV. It means that the influence of the aerodynamic interference will differ
among the flight conditions. Due to that, it is crucial to investigate such influence
for the identification of the interference for a quadrotor UAV. The following two
investigations will be performed. First, the evaluation of the trend under the free-
stream speed is performed. The specifications of UAV and operating rotational
speed are based on the previous section. In addition, 0°, -15°, and -30° are used
for the fuselage tilting angle. Then, a trim analysis is performed, which focuses on
investigating a critical interference situation. This trim analysis, described in Section
3.1.2, is utilized to find the trim state of a quadrotor UAV. For trim analysis, the
flight speed, fuselage tilting angle, and rotational speed of each rotor are selected as
the trim variables. To obtain the trim result, an optimization algorithm ’fmincon’ is
used in MATLAB. The optimization algorithm relies on an interior point method
that uses Hessian approximation. Based on the previous studies (Refs. [119, 120]),
the gross weight of UAV is assumed as 2 kg. Since the fuselage drag coefficient is not
explicitly specified, it is estimated based on the previous research (Ref. [76]). The
relevant description will be introduced in Chapter 5.

The aerodynamic load on the front rotor is presented in Figure 4.19. A comparison

between the results with and without the interference is performed. These results
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show that an average discrepancy is less than 5%, and it means that the aerodynamic
interference for the front rotor is insignificant. Consequently, during a forward flight
of a quadrotor UAV, the interference of the front rotor may be disregarded. As
shown in Figure 4.20, the trends observed from the result of the rear rotor show
notable discrepancies. The result of the thrust shown in Fig. 4.20(a) exhibits that
the discrepancy is increased when the free-stream speed is increased at 0° fuselage
tilting angle. At a free-stream speed of 15 m/s, the discrepancies in the thrust results
are 20% for 0°, 12% for -15°, and 7% for -30° fuselage tilting angle.

Figure 4.20(b) illustrates that the discrepancy in torque at 0° fuselage tilting
angle shows a unique feature. When the speed is smaller than 6 m/s, the torque with
interference is smaller than the result without the interference. However, when the
speed is larger than 6 m/s, both results are overlapped. Then, the torque result with
the interference is larger than the result without the interference. The reason for this
is that the aerodynamic interference leads to an increase in the amount of the inflow
when the flight speed is increased. Due to that, the lift of the rotor is decreased and
the torque of the rotor is increased when the interference effect becomes significant.
The results of -15° and -30° fuselage tilting angle show a decreasing trend when
considering the interference. As shown in Figs. 4.20(c) and (d), the results for the
pitching and rolling moments show a similar tendency as observed in the thrust.
These results suggest that the interference of the rear rotor is significantly influenced
by the variables such as a small fuselage tilting angle and high free-stream speed.

However, the different rotational speed between the front and rear rotors is

required to achieve forward flight due to the features of a quadrotor UAV. For
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that, trim analysis is performed to consider such features, and the relevant results
are illustrated in Fig. 4.21. As shown in Fig. 4.21 (a), the result of a fuselage tilting
angle in terms of the flight speed shows a similar trend in both approaches with
and without the interference. However, the result of the rotational speed shows a
different trend. Fig. 4.21(b) illustrates that the rotational speed of the front rotors is
decreased than that of the result without the interference. In addition, the rotational
speed of rear rotors is increased with consideration of the interference. The reason
for this is that the interference reduces the thrust of the rear rotor. Thus, to balance

the pitching moment of a quadrotor UAV, an increase in the rotational speed of the

rear rotor and a decrease in the rotational speed of the front rotor will be required.

By the trim analysis, a notable founding is observed.

Figure 4.21(Db) illustrates that the discrepancy of the rear rotors with and without
the interference is not significant when the flight speed is smaller than 2 m/s. As
the flight speed reaches a certain value, the discrepancy will be increased and the
maximum discrepancy in the rotational speed will occur at 10,° fuselage tilting angle
and a flight speed of 7 m/s. As the flight speed becomes larger, the discrepancy will
be decreased. To investigate this trend, an additional comparison is conducted using
the rotational speed, tilting angle, and flight speed from the trim results. Figure
4.22 indicates that the thrust results have significant discrepancies when compared
against the other results. Specifically, at a flight speed of 7 m/s, the inclusion of the
interference causes a 9% decrease in thrust compared against the result without the
interference. These findings lead to several notable observations. First, interference

does not play a significant role at high speeds when the fuselage tilting angle is
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large. Figure 4.20 displays the relevant trends. Second, it is noteworthy that a
different trend is observed in the results obtained from both the trim analysis and
the investigation under the free-stream condition. As illustrated in Fig. 4.20(a), a
significant interference occurs at the rear rotor under the condition in which is a small
fuselage tilting angle and high free-stream speed. However, the trim analysis suggests
that the maximum interference is observed at a specific flight speed and tilting angle.
The level of the interference obtained by the trim analysis is less pronounced than that
during the free-stream analysis. Despite the interference being smaller than under the
free-stream condition, it is still significant for the rear rotor of a quadrotor UAV. In
addition, another physical quantity such as the rotor power is used to investigate the
effect of the aerodynamic interference. The investigation result is shown in Fig. 4.23
and three flight conditions such as low, mid, and high speed are selected to identify
the interference effect. Based on this result, the following findings are obtained. First,
the low and high-speed conditions show that the rotor power is increased when
aerodynamic interference is considered. But, the discrepancy between results with
and without the interference is not significant. Second, the maximum discrepancy
of the rotor power is observed for mid-speed condition. Specifically, the variation
of the rear rotor power is significant. Furthermore, an additional investigation is
performed to identify the effect of aerodynamic interference by the nt* to the k**
rotor. The analysis conditions are set to five cases. Case 2 indicates that only the
interference relationship considers the effect of Rotor 1 on Rotor 2. The other cases
are summarized in Table 4.6. The relevant result is shown in Fig. 4.24. By this result,

the dominant power variation is observed in Case 4. These findings indicate that
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the consideration of the aerodynamic interference is crucial to estimate the proper
characteristics of a multirotor UAV.

However, the proposed formulation has a limitation and weakness to predict
the rolling and pitching moments. As those moments significantly relate to the
flight dynamics, it will be required to identify the precision of multirotor UAV flight
simulation when the prediction accuracy of the rolling and pitching moments is
degraded. The relevant comparison is performed and based on the trim analysis.
Prior to comparison, the pitching moment obtained by the proposed analysis is
overestimated than that of the CFD result as shown in Fig. 4.14. Due to that, the
magnitude reduction of the proposed result is performed and applied to trim analysis.
The relevant result is shown in Fig. 4.24. Results with and without correction show a
similar trend and the discrepancy in the rotational speed is within a reasonable range.
Based on such result, the proposed analysis is capable of predicting the dynamic trend
of a multirotor UAV properly. Therefore, to obtain more precise rotor aerodynamics
for the flight simulation, the aerodynamic interference among the rotors should be

included.
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Figure 4.19 Results for the front rotor in terms of the free-stream speed
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Figure 4.20 Results for the rear rotor in terms of free-stream speed
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Table 4.7 Analysis conditions

Casel, C1
Case2, C2
Case3, C3
Cased, C4
Caseb, CH

No interference
Rotor 1 - Rotor 2
Rotor 1 - Rotor 3
Rotor 1 - Rotor 4

All considering
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5 Verification of the Multirotor UAV Flight Sim-

ulation

5.1 Introduction of the verification procedure

This dissertation is focused on the establishment of the multirotor UAV flight simula-
tion which can estimate the dynamic response of multirotor UAV accurately. For that
in the previous section, the proposed rotor aerodynamics analysis is verified to capture
the correct aerodynamic features of multirotor UAV, including the aerodynamic
interference among the rotors. However, as the flight simulation is a combination of
several modules such as the control law, those modules will be needed to be verified
by a systematic procedure. Due to that, a systematic procedure for the present flight
simulation consists of the following steps: 1) The validation for the aerodynamics
of the rotor is performed. Although the proposed rotor analysis developed in this
dissertation shows good agreement with the several rotor blades, there is still room to
verify it for the rotor blade of the target UAV. For that, three-dimensional scanning
is performed to obtain the blade geometry such as airfoil, chord length, and twist
angle according to the span location (Ref. [103]). Furthermore, the experimental

result for an isolated rotor is obtained to evaluate the present rotor aerodynamic
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analysis. 2) Then, the dynamic characteristic of a multirotor UAV is verified. As
that characteristic is dependent on the control law, it is necessary to be identified.
However, the control schemes of the target UAV are not publicized. For that, the
system identification approach is attempted to estimate such schemes using the flight
tests and hardware in the loop simulation (HILS). Comprehensive Identification from
Frequency Responses (CIFER) program (Ref. [102]) developed by the U.S. Army
Aviation and USRA NASA Academic Mission Services (NAMS) is used for such
identification procedure. 3) The fuselage aerodynamics is evaluated by the flight
tests. The flight tests are performed to obtain the result of the three translational
velocities such as the longitudinal, lateral, and altitude direction. 4) Based on the
previous steps, the trim analysis is performed to find the physical constraint of the
target UAV. Based on this process, the limitation of the rotor speed is reflected in
the flight simulation. 5) The two-point path flight test is performed to validate the
accuracy of the present flight simulation. Several parameters such as the trajectory,
fuselage tilting angle, and velocity are compared and used for the verification. After
the process for that flight test, the gust experiment is used to evaluate the fidelity
of the present flight simulation. The present systematic procedure is illustrated in

Fig. 5.1.
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5.2 Validation of modules in flight simulation

5.2.1 Specification of the UAV

The target UAV used in this dissertation is DJI MATRICE 100. That UAV has
the following specifications: 1) Blade diameter is 13 inches. As the parameters such
as blade chord length, twist angle, and airfoil according to span location are not
publicized, three-dimensional scanning (Ref. [103]) is performed to obtain those
parameters. XFOIL (Ref. [108]) is applied to obtain the result of the aerodynamic
coefficient of each airfoil section. 2) The length of the boom is 325 mm. The
configuration of UAV is a quad-rotor and cross shape. In addition, the gross weight
of the UAV is 3.2 kg. 3) HILS is supported by the manufacturer to evaluate user

custom code embedded in the flight control computer (FCC). In Table 5.1, the relevant

specification of the UAV is summarized. Figure 5.2 (a) illustrates the target UAV.

Furthermore, the configuration of the target blade and the result of three-dimensional

scanning are illustrated in Figs. 5.2 (b) and (c).
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(a) Entire vehicle configuration

E
2
E
=
-
5
¢
z
g

(b) Blade configuration: DJI1345T

| = spanwise 90% station |

————

chord length[non-dimensional]

(c) Result of three dimensional scanning

Figure 5.2 Specification of the present UAV configuration
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Table 5.1 Specification of the UAV

UAV geometry value [unit] Blade geometry value [unit]
Boom length 0.325 [m] Diamter 0.3302 [m]
I..(Ref. [121])  0.0554 [kg m?] Twist -12.28 [°]
Ly (Ref. [121])  0.0578 [kg m?] Unit mass 0.0515 [kg/m]
I, (Ref. [121])  0.1067 [kg m?] N. of rotor 4 [EA]
Gross weight 3.2 [kg] N. of a blade per rotor 2 [EA]
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5.2.2 Validation for the aerodynamics of the target rotor

The rotor aerodynamic analysis used in this dissertation is validated and compared
by various rotor blades described in Section 4. In this section, the validation process
for the target rotor blade, DJI1345T, is performed. It is necessary to evaluate the
aerodynamic analysis of the target blade under various flight conditions such as
hover, climb, and forward. However, the climb and forward experiments are not
performed in this dissertation. Although there are no experiments on the wind
tunnel experiment, the present aerodynamic analysis is capable of predicting the
aerodynamic performance of the rotor accurately. Thus, the following procedure is
performed to validate and investigate the aerodynamic performance of the target
rotor blade.

First, an experiment facility to measure the static thrust and torque is established
as illustrated in Fig. 5.3. As shown in Fig. 5.3 (a), the commercial kit which is capable
of measuring thrust and torque is used to obtain the result. To generate the smooth
stream of the rotor wake, a side wall is installed at both sides of the experiment facility.
Based on this experiment, the thrust and torque obtained by the experiment are
compared by the present rotor aerodynamics, and these results are shown in Fig. 5.4.
Even though the torque is underestimated, there is only an average discrepancy of 9%.
By this comparison, the proposed aerodynamic analysis can predict the aerodynamic
load of the target rotor.

Then, the investigations of the forward flight and climb conditions for the tar-
get rotor blade are performed. Based on six fuselage tilting angles such as 0°,

10°,20°,30°,60°, and 90°, the trend of the four aerodynamic loads, which are the
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thrust, torque, forward, and sideward forces, are analyzed. The fuselage tilting atti-
tude of 0° means the edgewise flight condition and the axial climb condition can be
predicted when the fuselage tilting angle is 90 °. In contrast to a conventional rotor-
craft, the rotational speed of the rotor is to be varied. Due to that, the aerodynamic
performance of the rotor may show a different trend with respect to the rotational
speed. Thus, the nominal rotational speed to maintain the hover condition is used
in this procedure. That rotational speed is based on the gross weight of the target
UAV and selected at 4,500. As illustrated in Figure 5.5, an increase in the fuselage
tilting angle leads to a decrease in thrust, while a small tilting attitude increases
thrust. When the fuselage is tilted at a 90° angle, equivalent to a climb position,
the thrust reaches zero at an advance ratio of 0.15. Furthermore, an increase in the
fuselage tilting angle causes a reduction in torque. In contrast to thrust and torque,
the drag is maximum when the tilting angle is 0° and gradually reduces to zero as
the tilting angle approaches 90°. By these results, the aerodynamic features of the
target rotor blade are investigated. In addition, the verification for the aerodynamic

analysis module is accomplished to ensure the accuracy of the flight simulation.
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Rotor

(a) Front view of the experimental (b) Rear view of the experimental
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Figure 5.3 Present static experimental facility
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Figure 5.4 Comparison of the present aerodynamics analysis in hover
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Figure 5.5 Results for the various flight conditions
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5.2.3 Verification of the dynamic characteristics of the target UAV

based on system identification

To perform the flight simulation, information on the control law will be needed.

However, the attitude and altitude controllers of DJI MATRICE 100 have not been
publicized. Due to that, frequency sweep tests are performed for a total of four axes:
roll, pitch, yaw, and altitude. As described in Eq. 3.16, the magnitude of sweep Ag,, is
set to 3°, and frequency wsg,,,;, is 0.1 Hz for the experiment. The equilibrium tilting
angle is 0°; however, the altitude should be greater than zero. Thus, the frequency
sweep experiment for the altitude is performed at 10 m and a sweep magnitude of 1
m. The initial frequency is set as 0.05 Hz, and the duration of the experiment lasts
for 100 sec.

The results for the rolling direction are shown in Fig. 5.6 (a). In addition, the

frequency sweep for pitching, yawing, and altitude is performed for the same procedure

to obtain the results. The transfer functions for each axis are derived using CIFER.

As each axis is equipped with its controller, the denominator of the transfer function is
determined to be in the third order based on the linearized flight dynamics equation,
and the controller is implemented in flight simulation. The control scheme consists
of a cascade system, with the modified PID as the outer loop and the modified PID
as the inner loop. Figures 5.6 (b), (c), and (d) show Bode diagrams and coherence
of the rolling data derived by CIFER. The results show that the coherence value is
close to 1, thus suggesting a good estimation. The details of the transfer function

obtained from the experiment are summarized in Eq. 5.1.
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i 1032.9
dirc $3+19.6752+226.445+1032.9
0. 1032.9
dire | | $3319.6752+226.445+1032.9 (5.1)
i , 2079.8
dirc $3+137.3552+454.25+2079.8
7. 10.64
dirc $3+13.2252+39.115+10.64

The derived transfer functions for rolling, pitching, yawing, and altitude are
compared with the experimental results, as shown in Fig. 5.7. The roll, pitch, and yaw

axes for an input frequency of less than 3 Hz show a discrepancy of 5%, confirming the

good agreement. However, the measured data of the altitude has the following issue.

The precision of GPS to predict the altitude is 0.5 m supported by the manufacturer.

Due to that, the data obtained by GPS may have such uncertainty when the altitude
is smaller than that range. The relevant discrepancies are illustrated in Fig. 5.7 (d),
which is indicated by an arrow. When estimating the transfer function using the
flight test result, the tendency is consistent with the experimental results at lower
frequencies. However, the transfer function obtained from the flight test does not
predict the dynamic characteristics of the altitude. Due to this issue, a transfer
function is additionally derived using the hardware in the loop simulation (HILS),
which is provided by the manufacturer. The result of a transfer function obtained by
HILS is validated by the following procedure. The tendency of the transfer function
obtained by HILS is compared against both flight test result and transfer function
derived by the flight test. At a low-frequency range, these results are matched well
as shown in Fig. 5.7 (d). As the high-frequency range contains uncertainties, that
range is not compared. Instead of that, the result of HILS shows that the decrease

in the gain and the phase delay phenomenon are well captured while increasing
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the frequency. Based on this comparison, the transfer function obtained by HILS

is capable of capturing the altitude characteristics of the target UAV. Thus, the

transfer function obtained by HILS is selected to estimate the controller.

Although these transfer functions obtained by the system identification include

the dynamic characteristics in each direction, it is not straightforward to identify the

control gains. The controller used in this dissertation is described in Eq. 5.2.

where,

(kXX — k¥ X)
(BYYe+ kY [Yo— kYY)
(kf Ze + K7 [ Ze = KZ2)
fsat(k;aZZe ~ k7 Z, Zyim)

Foat(K{ [ b — ki — k5D, biim)
fsat(K [ 6. — k§9 - kgé, Orim,)
kY [ e + ke — k30
Foat (kS 6e — kK3, $iim)
Foat (K06e — KOG, 01

fsat(kg)w.e - /‘ﬂg}w, ¢l;m)

_Slim (Szn < _Slim)

fsat(sina Slzm) = Sz (_Slim < Sz'n < Slzm)

Stim  (Sin > Stim,)

(5.2)

Controllers consist of the position, attitude, and rate. The subscript e denotes the

discrepancy between the desired input and state variable. The superscript d means
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the desired input. k;, k4, and k, are the control gain of PID. To consider the physical
constraint of UAV, the saturation function will be applied. By the experiment, the
response of ¢ and 0 have smaller overshoot characteristics than the other control
variables do. For that reason, an I-PD configuration (Ref. [122]) is applied in both
¢ and 6 controllers. And an I-type controller is added to Y direction because the
gust generated by the wind tunnel will occur in Y direction. To find the control gain
described in Eq. 5.1, the result of an additional experiment such as the step response
is applied. Each control gain is matched and corrected. The attitude and altitude
dynamics in hover are verified by applying a step input to each axis. The duration
of the roll or pitch is shorter than those for the other experiments because UAV
advances when a step function is applied. The input angle of the roll and pitch was
5°, the yaw angle was 40 °, and the altitude ascended from 5 to 7 m. First, compared
against the flight simulation results shown in Fig. 5.8, the roll, pitch, and yaw angles
show an average discrepancy of less than 5%, which is relatively consistent with the
present simulation. In addition, the average discrepancy of the altitude is less than
2.5%, which is similar to that in the actual flight condition. This shows that the
attitude and altitude dynamics are well verified. The details of the control gains are

summarized in Table 5.2.
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Table 5.2 Specification of the control gain and physical constraint

ki[()var) kc(lvar) kgvar) kl()var) kc(lvar) kgvar) Value[unit]
X 032 050 -9 22006 0.0367 111839 Z,  5m/s]
Y 0.1035 0477 0.0112 ¢ 2.0217 0.2218 0.0087  @im 30[°]
Z 1.1750 4.0111 0.0192 ¢ 8.4601 0.4637 - O1im 5[°]
Z 33349 493712 - 6 84615 04462 - dum  1501/s]
¢ 2.2989 0.0385 11.1749 ¢ 9.3977 3.7972 - OLim 150[°/s]
Yiim  150[°/s]
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5.2.4 Estimation of the fuselage aerodynamics

As indicated in Section 3.1.2, it is assumed that the drag coefficient remains constant.

To establish its appropriate value, it is possible to utilize either CFD analysis or
experiments. Weerasinghe and Monasor (Ref. [123]) conducted both approaches
and found a strong correlation between the two results. Therefore, an experimental
method is applied to determine the drag coefficient in this dissertation. Measuring the
drag of the fuselage in flight tests will be challenging. Thus, an alternative parameter

is required to confirm the accuracy of the drag coefficient. To achieve this, the

speed in each axis is examined and confirmed through the present flight simulation.

Equation 3.10 is employed in the simulation to predict the speed of UAV, which aids

in determining the drag coefficient in each axis. Since measuring of UAV speed is less

complicated than measuring of the drag, the drag coefficient can be easily estimated.

Based on this approach, the speed of UAV in the vertical direction is estimated. To
achieve this, the altitude is represented as a unit step function ranging from 5 to
7 meters. The results of the predicted UAV speed demonstrate a similar trend to
that observed in the experiment, and this is shown in Fig. 5.9(a). Furthermore, the

longitudinal and lateral speeds are evaluated and validated as shown in Fig. 5.9(b),

(¢). During this process, the tilting angle of the roll and pitch direction is fixed at 5,°.

It means that UAV performs the forward flight mission. Based on the comparison
result between the experiment and the present approach, the average discrepancy is
smaller than 5%. Consequently, despite the simplification of the proposed fuselage

aerodynamics, it improves the degraded correlation with the experiment.
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5.3 Present simulation results

This section focuses on enhancing the present simulation by integrating the proposed
aerodynamics to improve the correlation against the flight test. Prior to comparing
with the flight test, a trim analysis will be conducted to acquire the physical con-
straints and these constraints are applied to the proposed flight simulation. Based

on this simulation, the comparison and validation will be performed.

5.3.1 Trim analysis result

To improve the accuracy of the present flight simulation, it is necessary to identify the
physical constraints of the target UAV. Due to that, the trim analysis is performed
to find the constraints such as the possible rotational speed range and flight speed.
In contrast to a conventional rotorcraft, the target UAV is an underdetermined
system. Thus, the design variable for the flight dynamics and their upper limit
is predetermined. Two flight scenarios, denoted as the climb and forward flight,
are used, and the physical meaning of those flight conditions is explained. The
following procedure will be carried out to obtain the trim result: 1) Based on Eq.
3.11, the objective function will be minimized. 2) The rotational speed of each rotor
and fuselage tilting angle will be selected as the design variables. 3) The physical
characteristics of the target UAV will be used to define the lower and upper bound
for the design variables. By these steps, a trim analysis is conducted.

During the axial climb, the rotor performance is influenced exclusively by the
vertical speed. Due to that, the other variables such as the forward speed and tilting

fuselage angle are set to zero. The trim variables of the axial climb are the rotational
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speed of each rotor. In addition, those constraints are based on the physical limitation
of the rotational speed. Thus, it is necessary to specify the information on the electric
motor of the target UAV. The specifications for the UAV and rotor are summarized in
Table 5.3. To determine the maximum rotational speed achievable without payload,
the motor KV, indicating the rotational speed per voltage, is multiplied by the
battery voltage. However, if the payload is taken into account, an additional step is
necessary. The approach for accounting for the blade loading effects was presented
by Muzar and Lanteigne (Ref. [124]). They suggested a linearized function according
to the rotational speed which intersected with the torque curve. Such function had
a negative slope. As illustrated in Fig. 5.10(a), two curves intersect at 6,550 rpm.
Based on this process, the upper limit for rotational speed is established at 6,550 rpm,
and the trim variables are listed in Table 5.4. Figure 5.10(b) shows the trim results,
revealing that the rotational speed of the rotor approaches the upper bound as the
climb speed is increased. In addition, the climb speed reaches the speed limit of 8.5
m/s. According to the specifications provided by the manufacturer, the maximum
climb speed is 5 m/s. The discrepancy between that specification and the present
trim result stems from the inclusion of the control margins. Such discrepancy can
be explained by the maximum wind resistance speed, which is close to the result
obtained by the trim result.

Then, trim analysis for forward flight is performed and the trim variables such as
the tilting attitude and rotor speed are selected. The steady forward flight condition
is used, which is based on the global frame. To determine the maximum fuselage

tilting angle, the specification of the target UAV is applied, which is summarized in
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Table 5.3. In addition, the relevant trim variables are listed in Table 5.4. The present
trim approach is compared against the conventional flight simulation developed by
Hartman. He used a simplified aerodynamics for both rotor and fuselage. For the
fuselage aerodynamics, Table 5.3 describes the drag coefficients in both the present
and Hartman approaches. The comparison between the present and conventional
approach is performed and shown in Fig. 5.10(c). By this comparison, a significant
discrepancy is observed. The reason for this discrepancy is that the conventional
approach neither takes into account the effects of the flight conditions on the rotor
performance, nor does it consider the advanced aerodynamics of the fuselage. In
Table 5.1, it is stated that the maximum speed achievable during forward flight is 17
m/s when UAV operates under the condition of no wind and no payload. As UAV
carries a payload, the maximum forward speed will be smaller than 17 m/s. Such
specification indicates that the present trim result estimates a similar trend to the
target UAV. As shown in Fig. 5.10(d), a significant discrepancy in the rotational
speed is compared and observed. The result obtained by the conventional approach
proposes the same magnitude of the rotational speed with respect to the forward
flight speed. That approach is not precise and does not accurately depict the actual
dynamics of flight. In comparison, the present approach exhibits a similar tendency
to that estimated result conducted by Niemic and Gandhi (as referred to in [100]),
which incorporated the physical limitations of UAV. By the present trim analysis,
the present trim analysis captures the physical constraints of the target UAV. In
addition, it is crucial to consider the physical characteristics of UAV for the flight

simulation, which improves the accuracy of the prediction.
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Table 5.3 Trim parameters

DJI MATRICE 100 specification

Max. anagular speed, °/s 300
Max. tilting attitude(pitch, roll), ° 35
Max. climb speed, m/s 5
Max. wind resistance, m/s 10
Max. Forward flight speed(without wind and payload), m/s 17
Motor KV, rpm/V 350
Allowable voltage, V 26
Drag coefficient of the fuselage, conventional 0.38
Drag coefficient of the fuselage, present 0.12
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Table 5.4 Trim variables

Trim variables for the climb Lower bound Upper bound
Rotor 1, RPM 3,500 6,550
Rotor 2, RPM 3,500 6,550
Rotor 3, RPM 3,500 6,550
Rotor 4, RPM 3,500 6,550
Trim variables for the forward flight Lower bound Upper bound
Forward angle, °© -5 35
Rotor 1, RPM 3,500 6,550
Rotor 2, RPM 3,500 6,550
Rotor 3, RPM 3,500 6,550
Rotor 4, RPM 3,500 6,550
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5.3.2 Validation of the present simulation

Based on the previous improvements such as controller estimation, fuselage aerody-
namics, and trim analysis, the present simulation is compared and validated against
the flight test. As introduced in the previous section, several constraints obtained
from the trim analysis are applied. First, the upper bound of the rotational speed
is set to consider the physical trend of UAV. In addition, the limit of the fuselage
tilting angle is applied to the simulation to be the same as that of the target UAV.
To observe the discrepancy between the present flight simulation and conventional
approach, quad-simulation, which was suggested by Hartman et al. (Ref. [92]) is used
in this dissertation. The trend-based aerodynamics for the fuselage is applied to the
conventional approach. Except for the aerodynamics for the rotor and fuselage, the
other conditions implemented in the simulation are consistent for both conventional
and the present flight simulation.

To validate the present flight simulation, a two-point flight test is performed and
the concept of such a test is illustrated in Fig. 5.11. The criteria such as the mean
absolute error (MAE), mean square error (MSE), and root mean square error (RMSE)
is applied to evaluate the precision of both present and conventional simulations.
The experiment is conducted outdoors. Furthermore, the fuselage tilting angle for
forward flight is limited as 5°. Based on these, the results of the tilting attitudes
and trajectories are compared. As demonstrated in Fig. 5.12(a) and (c), neither
the present nor conventional simulations accurately predict the rolling and yawing
tendencies observed in the experiment. Although both the experiment and simulations

use the same command input, the discrepancy is generated by the external wind
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which is not considered in the flight simulation. Figure 5.12 (b) shows the results for
the pitching angle. Table 5.5 indicates that the present simulation exhibits enhanced
precision, with a 20% improvement for MAE, a 56% increase for MSE, and a 34%
increase for RMSE. As the longitudinal and lateral trajectories are significantly
affected by the rolling and pitching angle of the fuselage, similar results are presented
and found in Fig. 5.12 (d)-(e). The measured result of the altitude has uncertainty
due to the precision of the global positioning system (GPS). That reason degrades the
accuracy of the altitude. The relevant result for the altitude dynamics is illustrated
in Fig. 5.12 (f), and both present and conventional simulations are compared. Both
simulations do not capture the correct trend of the altitude. Table 5.5 compares
six dynamic behaviors such as X, Y, Z, ¢, 0, and . Those comparisons reveal
that the present flight simulation approach exhibits an enhanced correlation with
the experiment when compared to the conventional flight simulation, except for the

altitude. Specifically, the prediction accuracy for the longitudinal trajectory and

pitching angles are improved as 25% for MAE, 65% for MSE, and 41% for RMSE.

Although the results obtained by the present simulation overestimate the measured
data of the flight test, it shows improved prediction results compared against the
conventional simulation.

The results obtained by the conventional and present simulation do not consider
the external wind condition. Due to that, it may induce a discrepancy between
simulations and the experiment. However, it is not straightforward to measure the
external wind condition without a sensor. Therefore, arbitrary wind profiles are

chosen in the following manner. First, the inconsistency in the trajectory between the
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experiment and simulation is investigated by utilizing an attitude input obtained from
the flight test. Subsequently, arbitrary wind profiles in both lateral and longitudinal
directions are generated. The wind profile that exhibits the most similar trend to
the experiment is chosen and implemented in both the present and conventional
simulations, as illustrated in Fig. 5.13. The results applied to the wind profiles show
better accuracy than results without the wind profile. Figure 5.14 (a) and (b) show
good agreements with the flight test for the result of the rolling and pitching attitudes.
Since the wind profile for vertical direction is not considered, results predicted by
both simulations for the altitude exhibit a similar trend when UAV performs forward
flight. The relevant result is illustrated in Fig. 5.14 (f). The consideration of the
wind profile improves the accuracy of the present simulation more than that of
the conventional simulation as 63% for MAE, 83% for MSE, and 58% for RMSE.
The detailed comparisons are listed in Table 5.6. Consequently, the present flight
simulation demonstrates an improved accuracy over the conventional flight simulation.
Furthermore, it is capable of predicting the dynamic behavior of a multirotor UAV.
However, the approach using arbitrary wind profiles has still room to be arranged
systematically. For that, the relevant approach is proposed in Section 3.2.2. The

detailed verification and implementation will be described in the next section.
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Table 5.5 Comparision between the present and conventional simulaiton(without

wind)
Present Conventional Enhancement, %
Roll-MAE, ° 0.8502 0.8502 0.0
Roll-MSE, ° 1.2562 1.2562 0.0
Roll-RMSE, ° 1.1208 1.1208 0.0
Pitch-MAE, ° 0.9464 1.1954 20.8340
Pitch-MSE, ° 2.1601 4.9973 56.7735
Pitch-RMSE, ° 1.4697 2.2355 34.2531
Yaw-MAE, ° 0.3518 0.3518 0.0
Yaw-MSE, ° 0.2096 0.2096 0.0
Yaw-RMSE, ° 0.4578 0.4578 0.0
Lateral-MAE, m 0.3187 0.3187 0.0
Lateral-MSE, m 0.1508 0.1508 0.0
Lateral-RMSE, m 0.3883 0.3883 0.0
Longitudinal-MAE, m 1.7667 2.3802 25.7745
Longitudinal-MSE, m 5.9402 17.0779 65.2169
Longitudinal-RMSE, m 2.4373 4.1325 41.0228
Altitude-MAE, m 0.1416 0.1458 2.8321
Altitude-MSE, m 0.0340 0.0324 -5.0534
Altitude-RMSE, m 0.1845 0.1800 -2.4956
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5.4 Validation of the gust experiment

In the previous section, the present flight simulation is verified by the flight test.

However, the improvements such as the gust estimation and gust experiments are

needed to predict the transient behavior of UAV in urban. This section aims to

investigate and evaluate the transient behavior of UAV influenced by the gust.

First, the validation of the proposed estimation approach is performed. Then, the
comparison between the present flight simulation and the experiment with gust is

performed.

5.4.1 Description of the gust experiment

The feature of gust flown in urban areas differs from that in rural areas due to
the presence of buildings, which creates a complex gust pattern (Ref. [67]). Urban
canyons and other geometric structures have a significant influence on gust speed,
which can affect the stability of a UAV. Furthermore, experiments for the gust are
rare and only a few investigations to identify the dynamic behavior of UAV based
on a prescribed gust with low strength were performed. Therefore, it is important
to predict the behavior of UAV due to the gust for safe operation in urban.

The gust experiments are conducted at Goheung Aviation Center of the Korea

Aerospace Research Institute (KARI). The wind tunnel facility is used as described

in Ref. [77]. The experiment is performed outdoors due to two primary reasons.

First, for gust experiments involving the shear stream, sufficient space surrounding
the experiment is required. NASA conducted free-flight tests for forward and descent

flight in a closed wind tunnel as described in Ref. [63]. However, closed wind tunnels
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are not suitable for unsteady gust experiments. Secondly, it is important to consider
practical flight conditions as closely as possible during flight tests. In contrast to the
indoor wind tunnel tests, the surrounding atmosphere during UAV flight includes an
arbitrary amount of gusts, which may affect the transient behavior of UAV. Therefore,
the gust experiment is conducted outdoors.

To conduct the gust experiment, a straight flight trajectory is chosen that runs
parallel to the wind tunnel passage. The UAV is positioned within the internal region
of the yellow line segment, where the gust is uniformly created by the wind tunnel.
The detailed information is presented in Fig. 5.15. The flight trajectory includes
three parts: the starting location (Section A), the gust occurrence region (Section
B), and the finish location (Section C). The UAV waits for a certain period at the
starting location before it enters the wind tunnel region. After a certain period,
UAV passes Section B and reaches the finish location. The UAV then returns to the
starting location and the total flight time is 250 seconds. During the experiment, the
maximum vehicle tilting angle for forward direction is limited to 5 © to prevent the
vehicle from traversing the wind tunnel passage too quickly. The four gust strengths
such as 3, 6, 9, and 12 m/s are applied to investigate the transient behavior of UAV.

Table 5.7 provides more information for the experimental conditions.
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Table 5.7 Specifications of the gust experiment

Experiment setting value[unit]
Max. longitudinal vehicle tilting angle 5(°]
Max. lateral vehicle tilting angle 30 [°]
Total flight elapsed duration 250 [s]
Prescribed gust strength 3,6,9, 12 [m/s]
Starting location (A) (0,0) [m]
Gust impact range (B) 3.5 [m]
Finish location (20,0) [m]

Flight trajectory A—-B—-C—B—A
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5.4.2 Validation of the proposed gust estimation
Gust estimation based on the simulation

Prior to comparing the proposed simulation with the gust experiment, it is necessary
to confirm the proposed gust estimation approach. For that, it is crucial to determine
the gust profile accurately. As a result, Dryden and shear gust formulation (Ref. [65])
is utilized for validation. These formulations are commonly applied to evaluate the
influence of the gust which is affected aircraft. The shear formulation is utilized to
determine the magnitude of the gust, which is expressed in terms of height above the
ground and represented as a specific value. Generally, the gust is characterized by
turbulence, which has a stochastic feature. To account for this, Dryden formulation
is applied. This formulation is defined in MIL-F-8785C (Ref. [65]), as well as in
MIL-HDBK-1797/1797B (Refs. [125]-[126]). MIL-F-8785C presents two turbulence
approaches: Dryden and Von Karman. If a comparable structural analysis is being
carried out, it should apply von Karman approach. As comparable structural analysis
is not required, Dryden approach is suitable. Thus, this dissertation uses Dryden
approach because of the rigid structural characteristics of a multirotor UAV. As
stated in Section 3.2.2, the present approach estimates both longitudinal and lateral
directions separately. The relevant formulation is presented in Eq. 5.3. gspeqr and
Jdryden denotes the strength of the shear and Dryden, respectively. The details of

such formulation are described in Refs. [65], [126].

Jtotal = YGshear + 9dryden (53)
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Using these formulations, gust estimation is conducted for both hover and forward
flight. Figure 5.16 exhibits a comparison of the results obtained for hovering, where
both longitudinal and lateral gust profiles are evaluated and validated. These results
show consistency. Next, the validation process for forward flight is carried out, with
further details as follows. First, UAV performs the forward flight after 30 seconds,
and it moves a straight-line flight trajectory. The comparison result of the forward
flight is shown in Fig. 5.17, and shows good agreement with the gust profile based
on Eq. 5.3. Figure 5.17 (a) shows that the proposed gust estimation captures the
high-frequency perturbation characteristics of the longitudinal gust profile. However,
in Figure 5.17 (b), these characteristics are less captured when compared to the
result obtained for the longitudinal direction. There is the following reason for such
discrepancy. As summarized in Table 5.2, the types of controllers for the longitudinal
and lateral positions are different. To reinforce the gust resistance, I-PD control law
is used in the lateral position. Since an I-type controller reduces the system response,
the capability to capture the higher frequency perturbation of the gust is degraded
than the longitudinal position controller. To further investigate such degradation, an
analysis using fast Fourier transform (FFT) is conducted to determine the maximum
frequency of the gust that can be captured by the proposed method, which is found
to be accurate up to a maximum frequency of 0.5 Hz. Despite this limitation, the
gust trend observed using the proposed approach shows good agreement with that
obtained using Dryden and shear gust formulations. Moreover, it is worth noting
that in real-world condition, the frequency of gusts is generally lower than 0.5 Hz
(Ref. [127]). Therefore, it is concluded that the proposed estimation approach can

accurately estimate the gust profile.
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Gust estimation based on the flight test

In the previous section, the proposed gust estimation approach is validated. Using
this approach, the estimation of the gust profile of the flight test is performed. The
trajectory of the flight is divided into three sections, denoted as A, B, and C, as
shown in Fig. 5.15. However, as the gust in Section B is uniform and is prescribed
by the wind tunnel, the gust which exists in Sections A and C is estimated by the
proposed approach. The result is exhibited in Fig. 5.18 for both the longitudinal and
lateral directions.

However, since there is no direct measurement of gust during the experiment,
the proposed estimation approach can not be fully validated. Instead, the average
gust measurement obtained during KARI met-mast (Ref. [128]) is applied to the
verification procedure. KARI met-mast recorded the strength of the gust for two
years at Goheung Aviation Center and captured the trend of the average gust in
terms of months. The present gust experiment in this dissertation is conducted at
11:00 on June 4, 2019. According to the measurement result, the average gust for
the flight test is approximately 2.7 m/s. Fig. 5.18 demonstrates that the proposed
estimation approach predicts an average gust strength of 2.62 m/s, which has a 3%
discrepancy compared to the expected value of 2.7 m/s based on the measurement
result. Table 5.8 presents the comparison between the predicted and measured gust
strength. By this comparison, the proposed approach is capable of predicting the
gust under outdoor conditions with reasonable accuracy. Furthermore, since there is

a prevailing wind at the Goheung Aviation Center, the proposed approach can also
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capture and predict both the gust and prevailing wind effects. The obtained gust

profile is then used for the flight simulation.

155

A&



Present estimation approach

—-=-= Average of the present approach
35

)
£
2
=
o022,
=
£
=
=
)
=
s L
-

1

115 120 125 130 135 140 145

time[s]

(a) Longitudinal gust profile at Section

Present estimation approach
—-=-= Average of the present approach

3
Z 25 /\//\\
: JAVA
g 2 A [
s \/\/\/ ‘V\vj
E
= 1
=
8 0.5
s
- 0

-0.5
156 158 160 162 164 166 168 170
time|[s]

(c) Longitudinal gust profile at Section
C

Present estimation approach

----- Average of the present approach

Lateral gust [m/s]
~ w

-

0
115

120

125 130

time([s]

(b) Lateral gust profile at Section A

135 140 145

Present estimation approach
----- Average of the present

approach
3
e da— [\
E
%1
=
&o
o
2
<
- 1}
-2
156 158 160 162 164 166 168 170
time[s]

(d) Lateral gust profile at Section C

Figure 5.18 Results of the gust estimation based on the flight test
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Table 5.8 Comparison of the average value of the gust result

Proposed  Measurement obtained  Discrepancy, %
result by KARI met-test

Average 2.62 2.7 3
gust strength, m/s
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5.4.3 Comparison between the proposed simulation and flight test

In this section, three sets of results are obtained and compared: the flight test, a
flight simulation under ideal conditions with only the prescribed gust at Section
B, and a flight simulation that incorporates the gust predicted by the proposed
estimation method. Table 5.10 summarizes the details. In Fig. 5.19, the results of the
longitudinal direction flight are compared. Figures 5.19 (a), (b), and (c) show that

the simulation results for an ideal condition, which only includes the gust prescribed

by the wind tunnel, have a certain amount of discrepancy compared to the flight test.

On the other hand, the proposed simulation results show good agreement with the
flight test. At a speed of 6 m/s, the discrepancy between the simulation with an ideal
condition and the gust experiment is increased more than that of the result obtained
at 3 m/s. However, when including the gust profile, the discrepancy is decreased, as
shown in Figs. 5.19 (d), (e), and (f). Based on these results, the proposed simulation

with a gust profile is capable of capturing the accurate transient behavior of UAV.

The comparison results for the lateral direction flight are presented in Figure 5.20.

It is observed that the correlation for an ideal condition is generally poor and worsens
with an increase in gust speed. In particular, a significant amount of discrepancy is
exhibited in the result of the fuselage tilting angle and flight speed in the lateral
direction. Such discrepancy is increased with higher gust strength as indicated by
the arrows in Figure 5.20(k). In contrast to the ideal condition, the proposed flight
simulation with the gust profile shows good agreement with the flight test. The result
of tilting attitude and flight speed obtained by this simulation maintains accuracy

regardless of gust strength. However, the result of the lateral trajectory exhibits
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significant discrepancies between the proposed simulation and the gust experiment.

This is the reason that the order of magnitude of the lateral trajectory is smaller
than the GPS precision for maintaining the hovering location. Such precision of
GPS is 2.5 m provided by the manufacturer. It means that the measurements of the
trajectory may have uncertainties during hovering. Due to that, the prediction result
at Sections A and C may be degraded because the corresponding flight condition
at those sections is hovering. Therefore, an additional investigation and comparison
are performed at Section B. The lateral location of the UAV in the wind tunnel is
determined from the gust experiment. This location is used as a reference for both
an ideal condition and a flight simulation that takes into account the gust. The
comparison of these results is shown in Fig 5.21 and shows a good correlation.

To assess the accuracy of the proposed flight simulation, the goodness of fit is
applied. This approach is a numerical value representing the similarity between the
predicted results and the gust experiment. Furthermore, the cost function to be
implemented for the goodness of fit is set to the normalized root mean square error
(NRMSE). The value obtained by the goodness of fit has the range from negative
infinity to positive unity. The positive unity means that the discrepancy between the
predicted results and the flight test is zero. Figure 5.22 shows a comparison between
the goodness of fit for longitudinal and lateral flight directions. As the prescribed gust
increases, the goodness of fit for an ideal condition decreases. The flight simulation
including the gust profile leads to an improved result, indicating that the proposed

prediction is relatively consistent with the gust experiment. The goodness of fits

for both longitudinal and lateral directions flight are 0.97 and 0.82 respectively.
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Although the precision accuracy for lateral direction is less than the longitudinal
result, the proposed simulation is capable of capturing the lateral behavior of the UAV
sufficiently. Consequently, the proposed flight simulation can predict the transient

behavior of UAV with high gust strength.
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Table 5.9 Comparison of the average value of the gust result

Section A and C Section B

Ideal condition no external gust prescribed gust created
by the wind tunnel (uniform gust)

including the  gust profile estimated Same as above
gust profile by proposed approach
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5.5 Further investigation of the present flight simulation

Based on the previous sections, the proposed flight simulation is validated by the flight
test and gust experiment. In this section, the effect induced by rigid blade flapping
and aerodynamic interference among the rotors is investigated and evaluated. Then,
the high-intensity gust condition is applied to investigate the transient behavior of a

multirotor UAV

5.5.1 Effect of the rigid blade flapping and aerodynamic interfer-

ence among the rotors

This dissertation develops and applies the proposed rotor aerodynamic analysis
to predict the transient behavior of UAV accurately. Such rotor analysis shows
that the rigid blade flapping and interference significantly affect the aerodynamic
characteristics of UAV rotor. Thus, it is necessary to identify the effect of the rigid
blade flapping and aerodynamic interference which affect the flight dynamics and
performance of UAV. The analysis consists of the following two steps. First, the
effect of the rigid blade flapping is evaluated. A two-point flight condition is applied.
The range between the two points is 3 km, and the three fuselage tilting angles
such as 5°, 15°, and 25° are used to constraint the forward speed of UAV. Then,
the investigation of the interference effect is performed. The operating condition to
compare the effect with and without the interference is the same which is selected in
the rigid blade flapping investigation analysis. Fig. 5.23 exhibits the findings from
the rigid blade flapping analysis. As shown in Fig. 5.23(a), the results of the pitching

angle with and without the flapping propose a similar trend. Figures 5.23(b) and (c)
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demonstrate that discrepancies in the longitudinal speed and trajectory exist. When
considering the flapping, the longitudinal trajectories are found to be lower than the
result without the flapping. The discrepancies are related to the longitudinal speed
and are decreased when the flight speed is increased. The findings demonstrate that

the effect of the rigid blade flapping reduces as the flight speed is increased. This is

due to the fact that the rotor drag is reduced as the fuselage tilting angle is increased.

The relevant investigation is illustrated in Fig. 4.7. In addition, the fuselage drag
becomes a predominant factor during high forward flight, and the performance of

UAYV is more reliant on the aerodynamics of the fuselage. The altitude of UAV is

affected by the fuselage tilting angle and such a result is illustrated in Fig. 5.23 (d).

These results show that the altitude of UAV is less affected by the rigid blade flapping.

Furthermore, the decrease rate of the altitude is large when the rigid flapping is not
considered. As the predicted result of the longitudinal speed without the flapping is
larger than the result with the flapping, the amount of the inflow that is perpendicular
to the tip path plane is increased. Due to that, the thrust of UAV rotor is decreased
and it brings a further decreased altitude result.

Then, the effect of the aerodynamic interference is investigated. In Figs. 5.24
(a)—(d), the results for the fuselage tilting angle, longitudinal trajectory, longitudinal
speed, and altitude are compared and show a similar tendency in either both results
with and without the interference effect. The comparison result of the fuselage tilting
angle shows the same transient behavior. In contrast to the investigation for the rigid
blade flapping, the longitudinal trajectory and speed exhibit an identical tendency

regardless of the aerodynamic interference. Although the discrepancy is observed
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from the result of the altitude, it is not significant and becomes decreased when the
fuselage tilting angle is increased. Specifically, the behavior of the altitude shows the
same tendency at 25 ° fuselage tilting angle, which is illustrated in Fig. 5.24 (d).
This is the reason why the aerodynamic interference among the rotor is decreased
when the fuselage tilting angle is increased. The relevant result is exhibited in Fig.
4.20. In contrast to these results, the estimation of the rotational speed of both front
and rear rotors has a significant discrepancy, as shown in Fig. 5.25. The front rotor
rotational speed with the interference is smaller than the that of the front rotor
without the interference. In addition, the result of the rear rotor shows an opposite
tendency of this comparison. As described in Section 4, the rear rotor is affected by
the wake of the front rotor. As this wake induces additional inflow of the rear rotor,
the aerodynamic load such as thrust will be decreased. Thus, the rotational speed
of the rear rotor is increased to maintain the fuselage tilting angle.

Based on these investigations, two findings are obtained. First, the rigid blade
flapping is related to the dynamic characteristics such as flight speed. The aerody-
namic load such as drag is significantly affected by the rigid blade flapping described
in Chpater 4. As it influences the total drag of UAV, discrepancy is observed whether
or not the flapping of the blade. Due to that, it is necessary to consider the rigid
blade flapping for improving the accuracy of the flight simulation. Second, it is found
that the consideration of the aerodynamic interference does not have a significant
influence on the flight dynamics and performance of the target UAV when UAV
performs forward flight. This finding indicates that it is permitted to omit the

aerodynamic interference effect to predict the dynamic response of a quad-rotor
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UAV. Since a quad-rotor UAV needs a fuselage tilting angle to perform the forward
flight, such effect is less considerable than the other multirotor UAV configurations.
However, the rotational speed of the rotor still shows the discrepancy between with
and without the interference. Thus, to obtain an accurate result of a quadrotor UAV,

consideration of the aerodynamic interference will be indispensable.
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5.5.2 Investigation of the transient behavior due to gust while in-

creased intensity

The comparison described in Section 5.4 indicates that the proposed flight simula-
tion can capture the transient behavior of a multi-rotor UAV affected by the gust.
Although the verification procedure for the present flight simulation is performed,
it is necessary to investigate the gust condition that occurs in an urban region.
In an urban region, unique features such as an urban canyon induce the venturi
effect. Sprin (Ref. [129]) found that the average height, length of the building, and
the width between buildings affect the strength of the venturi effect. When the
distance between buildings is less than 3m, the venturi effect is combined with the
channelization effect. Due to that effect, the flow direction of the gust is parallel to
the buildings. Furthermore, it results in a considerable increase in the speed of the
stream. Fig. 5.26 illustrates these effects, which are frequently observed in urban
and metropolitan regions. Consequently, when UAV traverses those areas, it may
encounter high-intensity of gust, as shown in Fig. 5.26.

Therefore, this section investigates the transient behavior of a multi-rotor UAV
under high-intensity gust conditions. The analysis considers both the distance be-
tween buildings and the intensity of gusts, which are described as follows. When the
gust passes through the urban canyon, the strength of the gust is at least 8 m/s (Ref.
[5]). Based on that, the gust strength used in this investigation is the four cases as 9,
12, 15, and 18 m/s. The width of the urban canyon is selected as another parameter,
which should be greater than half of the typical building height according to Ref.

[129]. The previous studies (Refs. [130], [131], [132]) investigated and suggested the
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average building heights ranging from 15 to 30 m in urban areas. Using those studies,
an average building height is selected to be 20m and the width of the urban canyon is
determined. These details are listed in Table 5.10. As shown in Fig. 5.26, the mission
profile is illustrated, which passes through the venturi effect zone.

Table 5.10 describes the situations which are used in this investigation. The gust
strength and distance are abbreviated as G and D respectively. Figure 5.27 shows
the comparison results of the lateral trajectory, lateral speed, and altitude, which are
focused on the effect of the distance between the buildings. These results only exhibit
the dynamic behavior of UAV with certain gust intensities as 9 and 18 m/s. The
lateral trajectory shows the increasing trend when distance is increased. Specifically,
the result with an 18 m/s gust situation proposes the fuselage tilting angle is reached
to the maximum tilting angle. As shown in Fig. 5.27 (e), the relevant description is
presented. There is a significant discrepancy in the magnitude of lateral trajectories
predicted between the results. Furthermore, the trend for altitude varies depending
on the gust strength, with an increase in altitude for 9 m/s gusts and a decrease
for 18 m/s gusts. The details of these trends are illustrated in Figs. 5.28 (c) and (f).
To compare these discrepancies for lateral trajectory and altitude quantitatively, the
maximum intensity situation such as G4-D4 is used to normalize the other situations.
The comparison of these normalized discrepancies is presented in Fig. 5.29. The
results suggest that the discrepancies in lateral trajectory and altitude are influenced
by the distance between buildings and the increase in gust intensity.

Based on these results, the rotor aerodynamics proposed in this dissertation

is significant in predicting the transient behavior of UAV due to gusts with high

173



intensity. Further, it indicates that the rotor aerodynamics based on the simplified
equation may be not appropriate to predict the nonlinear dynamic behavior of UAV
influenced by the gust. To identify that, the thrust comparison for both the present
analysis and the simplified equation is performed. G4-D4 listed in Table 5.10 is used
for this comparison. The coefficient of the simplified formulation is based on the result
of hover as shown in Fig. 5.4. The relevant result is exhibited in Fig. 5.30. The result
shows that the thrust discrepancy is not significant when UAV does not pass through
the gust region. However, the discrepancy becomes 23% when UAV enters the gust
region. In addition, the result of lateral trajectory and altitude are compared in Fig.
5.31. These results show significant discrepancies which are 44% and 10%, respectively.
These investigations indicate that the simplified equation becomes inaccurate as the
gust strength increases. Furthermore, the dynamic behavior of UAV has significant
discrepancies compared with the present rotor aerodynamics. As a result, it can be
concluded that the simplified equation is unsuitable to predict the behavior of UAV
due to a larger intensity gust. Based on these investigations, it is crucial to use the
present rotor aerodynamics for capturing the transient behavior of a multi-rotor UAV
affected by a larger intensity gust. In addition, it is important to predict such dynamic
behavior of a multirotor UAV in real time. Using two approaches such as Euler and
Runge-Kutta, the comparison is performed and shown in Fig 10. The total analysis
time is 50 sec and the time step of flight simulation is 5 x 10™%. Generally, Runge-
Kutta has higher accuracy than that Euler approach. However, the discrepancies
between those two methods are not significant, the result of Euler approach is used.

The present simulation needs 5 min to obtain the simulation result. In contrast to
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the present flight simulation, the simulation based on simple aerodynamics takes 2
min to compute the flight dynamics. The reason is that the present flight simulation
is not optimized. Thus, it is necessary to optimize the algorithm and code to improve

the computational time.
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6 Conclusion

This dissertation establishes a real-time multirotor UAV flight simulation based
on the proposed rotor aerodynamic analysis considering aerodynamic interference
among the rotors. To improve the accuracy of the flight simulation, the proposed rotor
aerodynamics which includes the unsteady rotor aerodynamic analysis and extended
formulation for the aerodynamic interference is developed. Such rotor aerodynamics is
validated and shows good agreement with both experiment and high-fidelity analysis.
In addition, the integration approach with the present rotor aerodynamics and
nonlinear flight dynamics is proposed to establish a flight simulation. To evaluate
the present flight simulation, a systematic procedure is performed and validated step
by step. Furthermore, the transient behavior of UAV is investigated and compared
against the gust experiment. The major contributions of this dissertation are listed
as follows.

e For improving the accuracy of a multirotor UAV flight simulation, this dis-
sertation suggests the present rotor aerodynamic analysis which includes the
rigid blade flapping, and dynamic inflow. In addition, the importance of the
rigid blade flapping to capture the correct tendency of the aerodynamic drag

is founded and proposed. Based on this analysis, aerodynamic loads for an
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isolated rotor of a multirotor UAV are estimated and validated suitably under
hover, climb and forward flight conditions.

A novel formulation is proposed to consider the aerodynamic interference among
the rotors. This formulation is based on the dynamic vortex tube approach.
In addition, this formulation is expanded to take into account the rotational
direction and side-slip angle to be implemented in the flight simulation. To avoid
numerical integration, Taylor series expansion which uses multiple nominal
points is applied. Using this formulation, the physical trends of the aerodynamic
interference among the rotors are captured and verified by various multirotor
configurations such as the tandem, side-by-side, quadrotor, and hexarotor which
are non-overlapping.

Specifically, the result obtained by the present interference formulation shows
good agreement with the high-fidelity analysis and experimental results. How-
ever, there is still room for the verification of a side-by-side configuration
because the evaluation for an intermediate angle from 0° to 90° is not per-
formed. Thus, an additional evaluation will be necessary for those situations
of a side-by-side configuration. Although several validations are required, the
proposed formulation is a suitable approach to consider the interference among
the rotors.

The integration procedure between the proposed aerodynamic analysis and
flight dynamics is performed to predict an accurate behavior of a multirotor
UAV. A systematic procedure is established to validate the proposed flight

simulation. By this procedure, the complex features of a multirotor UAV
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including the dynamics, controller, and aerodynamics are identified step by
step. Thus, the result obtained by the present flight simulation shows good
agreement with the flight test. Furthermore, it is found that the present flight
simulation is more accurate than that of the conventional simulation which
uses a simplified aerodynamics.

The gust experiment that corresponds to urban operations is performed and
compared with the present flight simulation. In addition, an efficient approach
is proposed to estimate an unidentified gust. This estimation approach exhibits
good agreement for both simulation results and flight test. Furthermore, the
transient behavior of UAV due to the gust is compared. The result predicted
by the present simulation is well-corrected for both longitudinal and lateral
dynamics. Therefore, the present flight simulation is capable of capturing the
transient behavior of UAV due to the gust.

Further investigations are performed to identify the effect of rigid blade flapping
and aerodynamic interference effect. As the rigid blade flapping affects the
forward speed of UAV, it is an important factor to consider in the long flight
mission. In contrast to the rigid blade flapping, the result with interference
and without interference has few discrepancies. However, the rotational speed
of the rotors shows significant discrepancies. Due to this result, consideration
of the aerodynamic interference among the rotors is necessary to predict the
accurate dynamics of the rotor.

In addition, an investigation for quadrotor UAV due to the large intensity

gust is performed. By this investigation, it is found that the altitude of UAV is
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influenced by the gust strength and exposed distance significantly. Furthermore,
the accuracy of the simplified rotor aerodynamics is dramatically decreased
when the intensity of the gust is increased. Thus, it is important to consider
the proper rotor aerodynamics to predict the transient behavior of a multirotor
UAV under a gust with large intensity.

In the future, the accuracy of the proposed rotor aerodynamics will be enhanced
to capture the trend of rolling and pitching moments. According to these enhance-
ments,the proposed rotor aerodynamics will apply the other multirotor configuration
such as a co-axial rotor. The computational time of the proposed flight simulation
has a significant discrepancy against the real-time. Due to that, the rotor formulation
and flight simulation will be optimized to reduce computational time to satisfy the
real-time requirement. In addition, the proposed formulation will be used in the UTM
system to predict the dynamic behavior due to the gust. Furthermore, the proposed
flight simulation will be further developed to treat arbitrary multirotor configurations.
Then, the dynamic behavior of those configurations will be investigated and validated

by the proposed flight simulation.
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Appendix

In this section, the induced velocity due to the inner vortex tube is described. The

geometry of the vortex tube and strength of the vortex are defined as follows:
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