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Abstract

Alsayed, Ahmad. M.A.Sc University of Ottawa, 2017. Pitch and altitude control of

an unmanned airship with sliding gondola. Supervised by Dr. E. Lanteigne, Ph.D..

An unmanned airship has an ability of heavy lifting capabilities, low environmental
footprint, and long endurance, however, the unmanned airships are faced challenges
linked to the maneuverability during landing and the reliability of control. In this
thesis, the six degrees of freedom equations of motion of a miniature unmanned airship
with a sliding gondola have been derived. Then the model was implemented and
simulated in the Matlab/Simulink. The wind disturbance was also implemented in
the model. The model was then trimmed and linearized in to obtain pitch and
altitude PID controllers using the gondola position as an input. Both controllers
were simulated with different reference inputs and disturbances. The experimental
platform, hardware, sensors and graphical user interface (GUI) of the ground station
were described. Then, experimental flight tests were performed to evaluate the pitch

controller.
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Chapter 1

Introduction

In the last few decades, several studies have been proposed on unmanned airships.
For long duration missions of one day to five days where high speeds are not cru-
cial, airships are seen as suitable vehicles [1]. Airships use a lifting gas to generate
lift, therefore, the energy is mostly used to perform attitude and velocity control.
They can be classified into three main structural categories: rigid, semi-rigid and
non-rigid airships as seen in Figure 1.1. Rigid airships have a rigid structure and
non-pressurized gasbag that contains lifting gas. Semi-rigid airships require a pres-
sured gas to maintain the shape, but they have a rigid keel along the bottom of the
envelope. Lastly, non-rigid airships or blimps are the most common for smaller sized
vehicles [2]. The lifting gas envelope in blimps has an internal overpressure to main-
tain its shape. The envelope is inflated with the helium to make the airship lighter
than the surrounding air. While airships have forward and rear ballonets to maintain
the lifting gas pressure constant with altitude changes and to control the pitch angle,

smaller vehicles must rely on thruster forces to change altitude.

1.1 Motivation

Smaller blimps typically cannot be equipped with ballonets for altitude and pitch
control due to the lower lifting gas buoyancy to payload ratio. The stricter weight
restrictions reduce the number of ancillary components permissible. As a consequence,
smaller lighter than air unmanned vehicles must rely on other means of controlling
their attitude and altitude. Different small airships have been proposed. Tri-Turbofan
has two thrusters oriented along the longitudinal axis for forwarding motion and a
single thruster oriented along the vertical axis of the airship for altitude control [4].
In [5], the vertical thruster of the Tri-Turbofan was replaced with different motor

and bigger propeller blade to have enough power to control altitude. Lanteigne et al.
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Figure 1.1: Airship Structural categories [3]

provided an alternative to over-actuation and ballonets for the rapid altitude changes
required when landing or avoiding obstacles [6]. The proposed design was inspired
by the concept center of gravity control, and the design was examined the theoretical
and experimental differences between altitude and pitch variations generated using

aerodynamic control surfaces (elevator) versus payload repositioning in airships.

1.2 Problem statement and contributions

The research platform that developed by Lanteigne demonstrated that large pitch
angle could be reached, and linear flights were possible using the gondola (or pay-
load) as a move to control the pitch angle. This is shown in Figure 1.2. The goal of
this thesis is to develop closed-loop controllers for the airship pitch angle and altitude
using the gondola position along the keel of the helium envelope as a control input.
The sliding gondola provides an alternative to over-actuation and ballonets for the

rapid altitude changes required when landing or avoiding obstacles. Both controllers



Figure 1.2: Lanteigne’s model [6].

were simulated with and without wind disturbances. The airship was able to follow
the pitch and altitude reference inputs using the obtaining controllers. A third con-
troller was designed to respect the capabilities of the experimental platform using the
gondola speed as the controller output, noises as vibrations, and discrete sampling
rate to minimize the ground station platform limitations. The pitch controller was
implemented in a graphical user interface for the flight test. Successful flight tests
were contributed to the development and validation of the pitch controller. The work

was also published in 2017 International Conference on Unmanned Aircraft Systems

(ICUAS)[7].

1.3 Thesis structure and content

A review of existing airship models and controls is provided in Chapter 2. The
derivation of the equations of motion for the proposed airship is outlined in Chapter 3.
The six degrees of freedom model is then implemented in the Simulink environment
with the wind disturbance. In Chapter 4, the equations of motion are trimmed
and linearized at an operation point which is used to obtain the transfer function
equations between inputs and outputs. The PID controllers for the airship pitch angle
and altitude are then discussed. Simulations for the closed-loop are illustrated with

different reference input types for the controller with and without wind disturbance.



In Chapter 5, the hardware, and software developed for the tests are described, and
the flight test results are presented in Chapter 6. Lastly, Chapter 7 presents the

overall conclusions of the thesis as well as recommendations for the future work.



Chapter 2

Literature Review

Unmanned airships can be used for several purposes such as wildlife monitoring, secu-
rity missions, and civil safety |8]. They have low noise, minimizes disturbance to the
environment. Unmanned and autonomous airships are mostly smaller than cargo and
passenger transportation airships. Therefore they are more affected by atmospheric
disturbances such as wind gusts and thermals. Recent advances in design have im-
proved vehicle capitulates. As an example, the Prince Sultan advanced technology
research institute recently this year launched a surveillance airship that can fly for 14
days at a height of up to 2000 feet [9].

Airship landing is also a key area of interest with these vehicles. Airlander 10 is
the largest aircraft with lighter than air technology that can stay airborne for up to
five days manned and over 14 days unmanned [10]. On 24th of August 2016, Airlander
undertook a second successful flight test. During the landing, a technical issue led
to a heavy landing that resulted in a damaged cockpit as seen in [11], Figure 2.1. In
order to accurately predict the capabilities of any vehicle, a detailed dynamic model

must be developed and studied.

Figure 2.1: Airlander 10 crashing into the ground during landing [12]
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Figure 2.2: YEZ-2A airship [13]
2.1 Airship dynamic modelling

Numerous of airship dynamics models are presented in the literature. Airships are
modeled as a rigid-body with three translation and three rotation degree of freedoms
which are six differential equations of motion [2]. The following section describes the

several different dynamic models developed specifically for airships.

YEZ-2A airship

Gomes [13] developed the first known nonlinear dynamic model for an airship derived
based on a Newton-Euler approach for YEZ-2A airship shown in Figure 2.2. The
airship has a length of 129.5 m and a total envelope volume of 70.8 x 10° m3. More-
over, wind tunnel tests were used to obtain the aerodynamic coefficient to run flight
dynamic simulation. Subsequently, Sebbane [3] obtained the Newton-Euler and La-
grange Approaches for the same airship. The advantage of the Lagrangian approach
is to deal with two scalar energy functions, kinetic and potential energy, while the
Newtonian approach is vector oriented. The Lagrangian description uses generalized
coordinates (one for each degree of freedom), all of which must be independent [3].
The aerodynamic parameters of the model in [14] are taken from the geometrical con-
figuration of the airship instead of wind tunnel test setup. The authors then derived
a computer simulation algorithm for the open-loop simulation. The algorithm was
described by simulating a typical airship design and validated again the wind tunnel

test results of the YEZ-2A airship.



Figure 2.3: Hybrid heavy lift airship [15]

Hybrid heavy-lift airship

NASA, cooperatively with Systems Technology, Inc., presented a study of a hybrid
heavy-lift airship as shown in Figure 2.3. The airship has a length of 240 m and a
volume of 42475 m? [15]. The airship consisted of a helium-filled envelope attached
on a platform with a helicopter at each corner [16]. Tischler et al. [17] developed a
nonlinear, multi-body, sex DOF digital simulation program named HLASIM to study
the dynamic and control of the heavy lift airship. Also, Tischler et al. studied the
effects of atmospheric turbulence on the same airship [18]. This type of airship has
different flight characteristic because of the aerodynamic lift from the helicopters [16].
Nagabhushan and Tomlinson [15] studied the performance, stability and control prop-
erties of the Hybrid heavy lift airship. The study showed five characteristic response
modes of the unloaded vehicle; surge subsidence (stable), heave subsidence (stable),
pitch oscillation (stable), coupled sway-yaw (unstable) and roll oscillation (stable).
The pitch and unstable sway-yaw modes were further destabilized with increasing

axial flight speed.

Skyship-500

The airship has a length of 52 m and a volume of 5153.7 m? [19]. Amann [20] adapted a
six degree of freedom nonlinear flight dynamic simulation program to be applied on the

non-rigid Skyship-500 airship, shown in Figure 2.4, using the aerodynamic estimation



Figure 2.4: The Skyship-500 airship [16]

techniques that are obtained by Jones and DeLaurier [21]. The simulation performed
well in a wide variety of maneuvers of different control inputs. Li and Nahon [22]
further incorporated the flight mechanics, aerostatics and aerodynamics into the same
nonlinear airship model then proposed a comparison between the simulation and
flight test results for different control inputs. The results of this study demonstrated
that the dynamics simulation gives a reasonable estimation of the flight behavior.
Jex and Gelhausen [23]| adapted the HLASIM simulation program to the study the
flight behavior of the Skyship-500. By using a frequency-domain fitting technique,
they were able to refine their dynamics model and improved the estimates of the
aerodynamic derivatives. In [2], a dynamics modelling and simulation of flexible
airship are proposed for Skyship-500 airship. The results show that the airship is not
susceptible to aeroelastic instability in its operating range. However, the effects of
flexibility on the very thin films should be considered since the films lead to much
lower bending stiffness than the conventional airship envelopes.

Due to their large volume and low density, airships that fly outdoor can be strongly
affected by atmospheric turbulence like wind gusts. Thomasson |24] derived the non-
linear equations of motion of the airship for the case where the fluid mass is accel-
eration and contains velocity gradients. Azinheira et al. [25] added wind-force and
torque to the airship equations of motion. Then, the contribution of the longitudinal
and lateral dynamics of the airship motion was analyzed. A real model of an airship

was tested in a given range of wind speed and a constant low airspeed which showed
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Figure 2.5: Tri-Turbofan has two thrusters oriented along the longitudinal axis for forwarding

motion and a single thruster oriented along the vertical axis of the airship for altitude control [4].

how the wind-induced forces do affect the damping of the oscillatory modes. A high-
fidelity mathematical model in [26] has been developed to accurately represent the
behavior of the airship under the effect of winds and other disturbances. The study
showed that the airship cannot maintain stable flight in open-loop however the ve-
hicle can be stabilized using five PID controllers for attitude and altitude using the
thrusters.

Tri-Turbofan, Figure 2.5, is a small airship with a single thruster oriented along
the vertical axis for altitude control. Frye et al. [4] developed a sex DOF equations
of motion for the Tri-Turbofan airship using Newton-Euler approach. The model was
integrated into Matlab/Simulink for simulation which allows for flight test analysis,

nonlinear simulation, linear simulation and controller integration.

2.2 Airship control

Airships are typically under-actuated systems because they have fewer inputs than
degrees of freedom to be controlled. In many studies like in [27, 28, 29], the small
under-actuated airships have two vector propellers below the envelope for the thrust,
rudders control the yaw movement, and two elevators control the pitch and roll mo-
ment, Figure 2.6. These vectored propellers can rotate around their vertical axes to

provide a pitching moment. In [4, 5], the airship has a single thruster oriented along
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Rudders

Figure 2.6: The under-actuated airship diagram [27].

the vertical axis for altitude control, and the two main thrusters do not rotate such
as in Figure 2.5.

There are numerous different control methods have been proposed and tested
specifically for autonomous airships. Generally speaking, the control methods imple-
mented on airship can be classified into linear and nonlinear controllers. Cook in [30]
decoupled Gomes model for YEZ-2A airship into longitudinal and lateral motion,
and linearized them about a trimmed flight condition. The resulting equations were
written in state space form to test the flight stability at different speeds.

A classical PID control algorithm was used by Hong et al. [31] to design an autopi-
lot for trajectory line tracking and altitude hold modes for unmanned airship at low
speed and wind disturbance. A Flight Control Computer (FCC) was implemented to
calculate the attitude, various flight status, and navigation data during the flight test.
The heading response in the flight test was in good agreement with the simulation
results while the pitch response of the flight test was exhibited more oscillations than
predicted. Adamski et al. [32] showed a simple PD controller for the AS500 airship.
The study showed that it was possible to control the airship flight without using the
tail control surfaces in case of unpredictable environmental conditions, namely using

engines only. The simulation tests showed small position error in comparison with
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the length of the realized trajectory. As a result, the control algorithm possible to
be implemented in the physical flight test. The authors in [33] proposed a Simulink-
based control system development environment for Project AURORA’s unmanned
robotic airship. Three SISO controllers were developed; PID controller for velocity,
PD controller for altitude and PD controller for heading. The simulation includes
autonomous take-off, cruise flight with and without the wind, turning, hovering, and
a vertical landing.

A backstepping controller was proposed by Azinheira et al [34] for the path-
tracking of an autonomous underactuated airship. This controller is designed from the
airship nonlinear dynamic model including wind disturbances, and further enhanced
to consider actuators saturation. Recoskie [35] compared backstepping and PID con-
trollers for an airship for a full planner trajectory in the case of an unknown gust. The
wind consists of a steady component that was obtained based on CFD analysis and a
gust component that was generated by a Dryden filter. The controllers’ parameters
were tuned manually to reduce tracking error and fuel consumption. The backstep-
ping controller in his study was shown to have a 50% decrease in tracking error and
a 40% increase in fuel consumption versus PID controller. Liesk et al. [36] discussed
the design of a combined backstepping/Lyapunov controller for the attitude, veloc-
ity and altitude control of an unmanned, unstable, fin-less airship. The control law
developed provides attitude and velocity control for the entire airship flight regime.
The controller includes detailed modelling of sensor noise, computational delays, and
actuation dynamics, and it performs well both in simulation and flight tests.

Yang et al [37] present an adaptive fuzzy sliding mode control (AFSMC) for a
robotic airship. The AFSMC is proposed to design the attitude control system of
the airship, and the global stability of the closed-loop system is proved by using the
Lyapunov stability theorem. Moreover, Yang et al. [38] proposed an attitude control
scheme for a station-keeping airship using feedback linearization and fuzzy sliding
mode control.

A nonlinear control strategy using a Robust Control Lyapunov function was pro-

posed by Kahale et al. [39] to stabilize an airship in the presence of unknown wind
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gust. The controller had a well performance to follow a trajectory even in the unknown
wind gusts. In [40] the incremental nonlinear dynamics inversion (INDI) system was
addressed to provide a lateral control of DRONT airship where the airship is under-
actuated with an uncertain dynamics model. The model successfully achieved the
system desired behavior while neglecting important parameters such as the state-
only dependent aerodynamic coefficients, mass, and inertia. A sensor-based control
solution was proposed with the simulation results in the case of wind disturbances
and a path following loop. The approach showed a combination of a mathematical
simplicity with the formulation that allows the application of classical control tools.

The study in [410] proposes a scheme for horizontal position control during the
ascent and descent of a stratospheric airship that combines flight dynamics with the
thermal model as the pressure and the temperature are changing while the altitude
is changing. Altitude is controlled by the thrust or the pitch where the pitch angle is
determined by ballonets and an elevator. Zheng et al. [11]| present a trajectory track-
ing control method for an underactuated stratospheric airship based on the trajectory
linearization control (TLC) theory. Recently, Fedorenko and Krukhmalev [12] pre-
sented an automatic control system for indoor autonomous mini-airship from ground
control station by using a cost-effective indoor navigation system. However, there are
remain many technical challenges to controlling airships such as obtaining a precise
dynamic model, low weight, higher performance avionics, and accurate sensing [43].

The airship in this thesis will be derived using a six DOF nonlinear model originally
derived by Gomes [13] and then modified by Lanteigne et al. [6]. The goal of this
thesis is to develop and test the first closed-loop controller for the vehicle produced
by Lanteigne et al. [6]. To achieve this goal, new hardware and software are designed
and tested. They are described in Chapter 5 and 6.

PID controllers were used exclusively in many studies such a [8, 44, 45, 46]. The
studies designed the PID controller at zero pitch angle and then tested the controllers
at different reference inputs as this is the most continues operation condition. In [8],
the PID and the nonlinear controller tracked the desired pitch angle with a maximum

error of three degrees however the pitch angle exhibit a high-frequency oscillation with
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an amplitude of about two degrees under the PID controller. Using similar lineariza-
tion control methods, altitude and pitch closed-loop controllers will be simulated and

tested under wind and noise disturbances.



Chapter 3

Airship model

3.1 Introduction

The airship in this thesis is modeled using a sex DOF nonlinear model originally
derived by Lanteigne et al. [6] for the specific design shown in Figure 3.1 and 3.2.

Two assumptions were made at the outset for practical reasons [47]:

1. The airship forms a rigid body such that aeroelastic effects can be ignored.

2. The airframe is symmetric about the x - z plane such that both the center

volume CV and the center gravity CG lie in the plane of symmetry.

These assumptions were justified by the fact that:
1. The envelope is pressurized.
2. The gondola is centered along the rail.

The open-loop trajectories original obtained by Lanteigne et al. were confirmed
then wind disturbances were added to evaluate and estimate the performance of the

vehicle.

3.2 Kinematics

The position and orientation of the airship can be defined in either the ground Rg or
body (vehicle) Ry reference frames. The body reference frame R, are made at the
center of volume CV of the airship as seen in Figure 3.2. Defining the origin of the
R, at the CV can simplify the computation for the additional mass terms since the
center of gravity changes during the flight [48]. Euler angles, Direction cosines, and

quaternions can describe finite rotations between frames.

14
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Envelope
CV Z
1 CG
o m
/\-|8w
Gondola

Figure 3.1: Sliding ballast and gondola of a semi-rigid airship concept. The gondola moves along
the rail of the vehicle to alter the pitch [6]

Figure 3.2: Airship model [6]
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3.2.1 Euler angles

A 3 x 3 direction cosine matrix (DCM) (of Euler parameters) is used to describe
the orientation between the body frame R, with respect to the fixed ground frame
R;. The rotations are describe by a roll (¢) rotation, followed by pitch (#) rotation
and finally a yaw (¢) rotation. The angles can be directly measured by the attitude
Sensors.

The rotation matrix [3] can be written as a function of ¢, § and 1) given by:

A= R:(¢) Ry(0) Ra(0) (3.1)
with
(10 0

Roy(¢) = | 0 cos(6) —sin(@) (3.2)

| 0 sin(¢) cos(¢)

cos(f#) 0 sin(f)
R,(0) = 0 1 0 (3.3)

—sin(#) 0 cos(0)

cos(v) —sin(¢) 0
R.(¢) = | sin(¢)  cos(y) 0 (3.4)
0 0 1

This transformation is the direction cosine matrix (DCM), and can be written as:

cosfcosty singsinfcosyy — cos@siny cos ¢ sinf cos ) + sin ¢ sin Y
A1 = | cosfsiny sin¢sinfsiny + cos¢gcosyy cos ¢sinfsiny — sin ¢ cos P (3.5)
—sinf sin ¢ cos cos ¢ cos 0

The vehicle’s position expressed in the ground frame Ry is:

x=[cy 2| ¢ 6 ¢ (3.6)

where z, y and z are the body frame R, origin position with respect to ground frame

Rg, and ¢, 6 and v are Euler angles corresponding to roll, pitch and yaw, respectively.
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The airship’s velocity expressed in the ground frame Ry is:

x=[i g 2| ¢ 6 4" (3.7)
The airship’s velocity expressed in the body frame R is:

X, =u v w | p g r* (3.8)

The kinematic relationship between the different velocities are given by:

T
y

. < A1 Osx3

X = ¢ = { Oss Ao } (3.9)
0

KN | 7

where A; is the rotation matrix defined by Equation 3.5 and A, is defined by:

S a¥ £ 2

1 0 —sin(0) ! 1 sin(¢)tan(@) cos(¢)tan(d)
A= | 0 cos(¢) sin(¢)cos(f) =10 cos(¢) — sin(¢)
0 —sin(¢) cos(¢)cos(d) 0 ilor;((ﬁg Zzzg‘g))
(3.10)

This matrix presents a singularity for ¢ = £7, however, this is not likely to be

encountered during operation of the airship.

3.2.2 Quaternions

Quaternions are used instead of the Euler angles for attitude representation to avoid

the singularity.

The follow matrix is used to convert Euler angels, (¢,0,1), to quaternion;

o [ cos(¥) cos(9) cos()
U5 _ 0 0 sin(%)
q2 N 0 sin(%) 0
qs3 i sin(%) 0 0
N C.OS((E)) cos((eg)) cos((%)) + SinE§; s%nggg sm%;
- COS(%) sin(é) cos(%) + Sin(g) Cos(é) sin(%) (3.11)
i cos(%) cos(g) sin(%) — sin(%) sin(g) COS(%)
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The kinematic relationship between the different velocities in body or ground

reference frames using Euler parameters (go_3) are given by:

x _ -

Y

z
-0 04><3 )\2

0

G2

qs - -

(3.12)

S Qs R e 2

The orientation matrices A; and Ay are formulated as follows;

1-2(¢5+¢) 2(q1q2 — @390) 2(q1qs + q2q0)
A= | 2(e + @390) 1—2(6F +43) 2(q2q3 — ¢140) (3.13)
20143 — 290)  2(q2q3 + 1q0) 1 —2(¢F + 43)

and

—q1 —G¢2 —Qq3
1 do —q43 Q2
Ay = — 3.14
79 a3 QG —q ( )
—q2 q1 qo

- Top View
Side View

Figure 3.3: Attack « and slideslip 8 angles of the additional velocity vectors
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3.3 Wind disturbances

Wind affects the vehicle state by modifying the air speed around the airship and, as
a result, the aerodynamic forces and moments in A. The relative airship speed with

respect to the wind in the body reference frame is given by,

uw u
).(W = Vw = v - {)\1}71VW9 (315)
ww w

where Xy is the relative velocity the airship with respect to the wind and Vyy, is the

3x1 longitudinal wind speed vector expressed in the ground reference frame Ry,

W cos(Ow)
Viv, (Ow, W) = 0 (3.16)
W sin (6w )

where W is the wind speed magnitude, and 8y is the wind direction about the Y axis
of Rg. Lateral winds are neglected in 3.16 as the simulations and experimental flight

tests assumed zero lateral winds.

3.4 Velocity vector angles

Additional velocity vector angles are illustrated in figure 3.3. These angles are used
throughout the modelling;:
The attack angle « is,

a = tan~ L (V) (3.17)
uw
and the sideslip angle £,
. 1, 0w
= - 3.18
5= sin~ () (318)

where V' is the magnitude of the vehicle velocity,

V= \/u%,[,—l—v?,[,—i—wa, (3.19)

These velocities and angles will be used to obtain the airship aerodynamic forces

and moments.
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Gondola
L' T » Y \-T
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Figure 3.4: Control inputs
3.5 Control inputs

This model has two control surfaces and actuators as seen in Figure 3.4. Elevator dp
points upward with positive deflection. Rudder di causes positive deflection when
it is deflected towards the right side (clockwise around the rudder axes). Positive
propeller T" increases the forward thrust. Lastly, gondola position s is increasing

when it is moving forward.

3.6 Equation of Motion

The equation of motion is defined as,

M(%,) = D(%xy) + A(xw) + G(A\) + U (3.20)

Where,

M  is the 6x6 mass matrix and the added mass due to aerodynamic forces.
D  is the 6x1 dynamics vector.

A is the 6x1 aerodynamic vector.

G s the 6x1 gravitational and buoyancy vector.

U~ is the 6x1 direct forces and moments vector.
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3.6.1 Mass Matrix, M

The total mass of the airship can be expressed by the following,

m=mg+mgr+mg (3.21)

where m is the total physical mass of the airship, mg is the gondola mass, mg is the
envelope mass and mp is the rail mass. They are shown in Figure 3.1.
Due to the airship symmetry about the XZ plane, the 6 x 6 mass matrix can be

simplified by,

(3.22)

- M, mdréGr
M = |:de61 Ja 1

where m is the total physical mass of the airship as shown in 3.21, dcg is a skew

symmetric matrix of the CG vector with respect to the CV,

0 —Mdy, » 0
dCG = mdm,Z 0 —mdm@ (323)
0 My, 2 0

Since the position of the gondola s¢ is controllable, the normal distance from the CV

to the CG along z axis is d,,, , and along z axis is d,, ., and they are given by,

mgag

A = — 24

o= s (3.24)
l l

dm,z - RMA GG (325)
m

where [r is the rail length, [ is the gondola length, M, is composed of the total

physical mass and the additional added mass,

m, 0 0
M, = 0 my, O (3.26)
0 0 m,

where m,, m, and m, are the composed of the total physical mass and the additional
added mass in the z, y and 2 axes, respectively. J, is composed of the inertia of the

airship as well as the additional added inertia,



Ja =

Jo 0 —J
0o J, 0
- Jzz 0 Jz

The mass matrix in 3.22 now can be written as,

My 0 0 0 Mdy, - 0
0 my 0 — My, 0 My, o
0 0 m, 0 — My, 5 0
0 — My, 0 gy 0 —Jzs
md,y, » 0 md, . 0 Jy 0
0 My, 0 —Jys 0 J,

M, and J, are estimated by these terms,

m, = (14 ko)m

[f,z + [G,x

(1 + k’,)]ﬁz + Iq

If,zz + IG,:EZ

(1 + k/)]f,y + IG7y

32
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(3.27)

(3.28)

©w
o
S

w
[N
[—y

«
o
£

©w
o
&

where ki, ks and k' are approximated using the works of Lamp [19] and Munk [50],

Itz 1y, If., and Iy, represent the inertias of the fixed components (rail and enve-

lope) and were determined from the computer-aided drafting (CAD) model of the

airship, I¢ gz, Ia,y, laq.. and I . represent the inertias of the gondola and they are

given by,

[G,xz

= dg.
= /(% +dz.)
_ &2

= —sqda,:

©
o
St

~ o~~~
W w
LW W
-~ o

~— O ~—

0
o
30

where dg . is the normal distance from the CV to the gondola CG along z axis. In

table 3.1, there are the geometric and physical properties of the simulated airship.
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Table 3.1: Airship physical properties

Symbol | Description Value
mpg Envelope mass 220 g
mg Rail mass 19¢g
ma Gondola mass 121 g
ky Lamb’s inertia ratio about = 0.1069
ko Lamb’s inertia ratio about y or z 0.8239
k' Lamb’s inertia ratio about y or z 0.5155
1% Airship volume 0.311 m?
L Airship length 1.75 m
D Airship diameter 0.5 m
dg . CV to gondola CG distance along z | 0.27 m
dc.» CV to fin center distance along x 0.8 m
dy. CV to fin center distance along z 0.27 m

3.6.2 Dynamic vector, D(x,)

The dynamic vector contains the Coriolis and centrifugal terms of the dynamic model
associated with inertial linear velocity (u,v,w) and angular velocity (p, ¢, r) and can

be expressed as:

D(%,) = [Dx Dy Dy Dy Dy Dy]* (3.39)

where,

o
N
()

w
e
[N}
N N e e N

D, = —muwq+myrv+m[dn.(¢* + 1) — dp.7D]

'C,\')
W
—_

D, = —myur+m.pw + m[dm,qu + dm,zr(ﬂ

o
NN
w

D(;S - _(Jz - Jy)rq - Ja:zpq + mdm,z(ur - pw)

3.44

(
(
D, = —myvp+ myqu — m[dm7z(q2 +p?) — —_— (3.
(
Dy = —(Jo = L)pr — Joa(r? = p*) + mdyn o (vp — qu) — doy 2 (wq — 10)](

(

w
.
ot

Dy = —(Jy = Jo)qp + Jozqr — mdy, o (ur — pw)
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3.6.3 Aerodynamic vector, A

The aerodynamics vector A in this thesis is derived by Recoskie [35] in his research
which is derived based on the work of both Jones and Mueller [21, 51] with additional
rotational dampening added.

The aerodynamic vector is given by,
A(ky) =[A, Ay A, Ay Ag Ay)" (3.46)

where;

A, =P[Cxycos(a)?cos(B)? + Cxa(sin(2a)sin(a/2) + sin(28)sin(5/2))]
Ay =P(Cy1cos(B/2)sin(28) + Cy2sin(2B) + Cyzsin(B)sin(|B]) + Cya(20r))
A, =P(Czicos(a/2)sin(2a) + Crasin(2a) + Cygsin(a)sin(|a|) + Cz4(20g))
Ay =PCyrsin(B)sin(|B|) + paCosplpl/2 + paCesr|r|/2
Ay =P(Cyrcos(a)2)sin(2a) + Coasin(2a) + Cgsin(a)sin(|a)

+ Co4(208)) + paCosqlql/2
Ay =P(Cyrcos(8/2)sin(28) + Cyasin(2f) + Cyssin(S)sin(|5])

+ Cya(20R)) + paCysrlr|/2

A~~~ N N N N N~
w W
ot Ot
e

~— e . e . S N

w2
(@)
[\V]

w
ot
w

where P = 1/2p,V? is the steady state dynamic pressure, p, is the air density.

The coefficients of the aerodynamic terms are given by:



Cx1 = —[CproSh+ CpsoSs + CpcoSc]

Cxo = —Cy1=-Czp = (/f2 - kl)ﬁkhsh
1 /6C,

Cyy = Czo= -3 (g)f Sng

Cys = —[CpnJ1Sh+ CpesSt + CpecSal
1 /6C

Cys = Oz = —§ (E)z Sfﬁf

Czs = —[CpenJ1Sh+ CpesSy]

Cpi = CpecScda. -

C¢2 = —2CDCfod?c72
Css = —CpeeScde.D?
Cp = —Cm = (kz - kl)nkIBShL
1 /6C]
ng = —01/;2 = —5 (E)foGfdﬁx
Cos = —[CpenJ2ShL + CpesSydy ]
Ow3 = ODChJQShL + CDCfodf@~ + CDCGSGs
1/ 6C
Copps = —Cys= 5 (m)l Srerdya
Cos = —CperSyds,
Cys = —[CperSyd;, — CpeaSast]

3.6.4 gravitational and buoyancy vector, G(\)

The gravitational and buoyancy vector is given by,

mg pUg
G(A) = —
() [mdccg] [andccg}
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(3.55)
(3.56)
(3.57)
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B

(3.66)
(3.67)
(3.68)
(3.69)
(3.70)

(3.71)

where dgog is defined in 3.23, g = )\T[O 0 g]” is the gravitational vector expressed

in the body frame using the directional cosine matrix A which is defined in 3.5 and

3.13, g is the standard acceleration due to gravity, and U is the volume of the helium

envelope. The gravitational and buoyancy vector becomes [35],

G(A) =[G, G, G, Gy Gy Gy|"

(3.72)



where,

Table 3.2: Simulated airship aerodynamic properties

] Symbol \ Description Value
Cpho | Hull zero-incidence drag coefficient [52] 0.024
Cpfo | Fin zero-incidence drag coefficient |52] 0.003
Cpco | Gondola zero-incidence drag coefficient [51] 0.01
Cpen, | Hull cross-flow drag coefficient [52] 0.32
Cpes | Fin cross-flow drag coefficient [53] 2
Cpec | Gondola cross-flow drag coefficient [51] .25
(%)f Derivative of fin lift coefficient with respect 5.73

to angle of attack [53]

(%)f Derivative of fin lift coefficient with respect 1.94
PR to fin angle [53]
Sh, Hull reference area V(2/3) 0.46 m?
St Fin reference area [30] 0.172 m?
Sa Gondola reference area |30)] 0.0025 m?
ny Fin efficiency factor [21] 0.4
ng Hull efficiency factor [21] 1.05
L 0
ﬁ Hull integrals [51] _11;)88;3
Jo 0.6809

Go = (m—pU)g

Gy = (m—pU)gs

G. = (m—pU)gs

Gy = —mdm.g2

Go = m(dn:g1 — dmag3)

Gy = mdyz9o

26
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3.6.5 Direct forces and moments vector, Up

The sum of all actuator forces as the apply in the body frame is,

Tr + T},
0
0
Up = 0 (3.79)
(Tp +Tp)dg,-
L (TL - TR)de i

where Tk and 77, are the right and left propeller thrust, respectively, and d¢ . and
dg, are the normal distances from the right and left propeller centers to the x — z

plane as shown in Figure 3.2.

3.7 Six-degree-of-freedom simulation model with wind disturbance

The purpose of the simulations is to observe the behavior of the model under distur-
bances. The sex DOF simulation model for the airship model was implemented in
Matlab/Simulink. Figure 3.5 shows the main components of the model including the

wind disturbances and the airship dynamic model.

3.7.1 Open-loop simulation

The open-loop simulation in Figure 3.6 shows of the linear and angular displacements,
xy z ¢ 0 and 9 in the ground reference frame R, and the linear and angular
velocities, ©u v w p ¢ and 7 in the body reference frame R,. The simulation was run
for 300 seconds. The initial conditions include the gondola position sg = 0, all the
airship linear and angular displacements and velocities are zero except the altitude h
is 180 m which correspond to the neutrally buoyant altitude of the test area. Through
out the simulation, the elevator 0z and the rudder 0z deflections are zero and the
thrust input is 77, = Tr = 0.1N.

As the motors are under the center of gravity of the airship, the thrust produces
a moment that increases the pitch 6 while the airship accelerates. This phenomenon

can be seen during the first 20 seconds in the simulation. Moreover, the altitude z
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Figure 3.6: Open-loop simulation of the linear and angular displacements, x y z ¢ 6 and v in the
ground reference frame Rg, and the linear and angular velocities, u v w p ¢ and r in the body

reference fra

me R.
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increased from 180 m to 205 m then reached a steady state altitude at 202 m as a

result of the positive degree of pitch angle 8 at the beginning of the simulation.

3.7.2 Open-loop simulation with wind disturbances

The simulation will show the effects of the thrust and the wind on the airship pitch
angle 6 and altitude h. The initial conditions include the gondola position sg = 0,
all the airship linear and angular displacements and velocities are zero except the
altitude h is 180 m as this represents the altitude of the test area. Through out the
simulation, the elevator dr and the rudder 0z deflections are fixed to zero.

The simulation was run for 200 seconds for four times in different cases of wind and
thrust as seen in Figure 3.7. Figure 3.7-a shows the results on the airship altitude
and traveling distance z in Rg. Figure 3.7-b illustrates the time transition of the
pitch angle. Lastly, figure 3.7-c illustrates the first 20 seconds of figure 3.7-b. Wind
direction and plots legend are illustrated at the bottom of the figure 3.7.

First case run with wind speed W = 0 and both thruster T, = T, = 0 N through-
out the simulations. The plots show no change in the airship altitude, traveled dis-
tance, and pitch angle. As expected, the airship is in the equilibrium position, and
there are no changes in altitude and pitch angle with no distance traveled. These
results illustrate that any changes in the altitude or the pitch angle caused by wind
disturbances or thrust.

The second case introduces a wind speed W = 1 m/s and direction fy = —45° in
the Rg and both thruster T = T7, = 0 N throughout the simulations. Asillustrated in
figure 3.7-a, solid line, the wind pushes the airship down and forward as expected from
the wind direction. Moreover, the wind generated oscillation for about 80 seconds as
illustrated by the solid line in Figure 3.7-b and 3.7-c. The pitch angle first reached
77° upwards and then —24° downwards as the initial wind speed went from zero to
1 m/s. The pitch angle reached steady state value of around 23° after 160 seconds
without oscillation.

The third case shows the results with a wind speed of W = 0 and both thruster at
Tr =T = 0.10 N. The dash-dot line in Figure 3.7-a shows that the airship traveled
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for 1593 m in the z direction. The dash-dot line illustrated in Figure 3.7-b and 3.7-c
shows light oscillations between 8° and 3° for about 8 seconds then the vehicle reaches
steady state at approximately 80 second.

In the fourth case, a wind speed of W = 1 m/s direction 0y, = —45° is introduced.
The dash line in Figure 3.7-a shows that the airship traveled for 1065 m in the x
direction. The trajectory shows no oscillation but the pitch angle reach 74° in two
second then decreased slowly and study state around 8°.

The open-loop model was then tested with a random wind speed magnitude W
= 0.50 to 2.00 m/s with a maximum speed rate change 0.25 m/s?. Two Simulink
blocks are used to generate the desired random wind, Uniform Random Number and
Rate Limiter. Figure 3.8 illustrates the pitch angle 8 in the case of the constant wind
speed W =1 m/s and random wind speed. As seen in the Figure 3.8 that the pitch
angle quantifies the difference between random and constant wind. The large pitch
angle at the start of the simulation was a result of the transition between no wind as
t = 0 seconds and the applied wind thereafter.

The model was simulated with different wind direction, 6y, = +45°, and same wind
speed, W = 1 m/s, as shown in Figure 3.9. As expected from the wind direction,
the wind pushes the airship up and forward at the zero thrust input case, solid line.
The dashed line illustrates the case of wind speed W = 1 m/s and both thruster
Tr =T, = 0.10 N throughout the simulations.
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Figure 3.7: Open-loop plots in different cases of wind and thrust.
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Chapter 4

Airship control

4.1 Introduction

The purpose of this chapter is to illustrate that the pitch angle and altitude can
be controlled in closed-loop. The equations of motion developed in Chapter 3 were
trimmed and linearized at an operation point to obtain two transfer functions between
the gondola position sg and the altitude A, and between the gondola position sg the
pitch angle 6. The PID controllers for the airship pitch angle and altitude were then
designed from the transfer functions. Closed-loop simulations were performed with
different reference inputs for the controller with and without wind disturbance in
continuous time. Pitch control was then simulated in discrete time to respect the

capabilities of the experimental platform.

4.2 Airship model linearizion

The complete non-linear model of the airship consists of six equations of motion F
which consist of the state variables X = [uv w p gr z y z ¢ 0 1] that includes the
airship linear and angular velocities and the airship Fuler angles and displacements,

and the input U = [sg T|T that includes the gondola position and the thrust,

X = F(X,U) (4.1)

To derive the linear dynamics model, an equilibrium state or a trim point X, is

first required. The trim point is when the dynamic system is in a steady state or

mathematically where the system’s state derivatives equal zero. For a straight and

level flight, the trim point of the airship can be obtained around a constant axial
velocity and altitude.

The non-linear equations are linearized around the equilibrium state X, by cal-

culating the Jacobian of the non-linear equation with regards to the states X,

34
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OF
A= Ix (4.2)
and with regards to the input U,
OF
B=-"— 4.3
o Ix. (13)

The linearized model for small perturbations around the trim point X, is given

by,

X = A AX +B AU (4.4)

Numerical trim point and linearization are achieved in the next section by using

the Linear Analysis Tool (LAT) from Matlab.

421 Trim point

The six DOF model was trimmed For straight and level flight at an altitude of 180 m

and thrust input T = T, = 0.1 N. The trim point is as follow,

Xe = [uo Vo Wo Po o To Lo Yo 2o gbo 00 wo]T
(4.5)
~ [54400 000 O 0180 00 O]T

where the linear axial speed u, = 5.44 m/s is the expected speed at the input thrust.
The input gondola position at the trim point was sg = 0.045 m which was obtained
by sitting sg as a variable and the LAT will find the value of the gondola position
that gives the equilibrium X,.

Figure 4.1 shows the open-loop simulation at the operating point X, for the pitch
angle ¢ and the altitude h with input U is 0.045 m for the gondola position sg and
Tr = T, = 0.1 N for the thrust input. The simulation shows that the model was

successfully trimmed.
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Figure 4.1: The open-loop simulation at the operating point for the pitch angle 6 and the altitude
with input U is 0.045 m for the gondola position s and Tr = T1, = 0.1 N for the thrust input.

4.2.2 Longitudinal flight

The trim point was then used to linearized the model with the gondola position s as
the input U and the airship pitch 6 and altitude h as the output y. The longitudinal
dynamic can be describe by the forward velocity u, the vertical velocity w, the pitch

rate ¢ and the pitch angle 6. Therefore the state vector is given by,

Xiong =[vwq8]" (4.6)

The longitudinal linear equation is written in a standard state space form as

follows,

Xlong = AXlong+BU (47)
Yy = CXlong+DU (48)

The numerical values of A, B, C and D matrices of the state space were obtained

from the Matlab/LAT around the operating point X, and are given as follows,
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[ —0.1882  3.558 0.008107  0.2546
A _ | 00004219 —2206 3302  —0.02256 (49)
- 0.05061 —37.82 —0.08617 —2.706 '
0 0 1 0
0.8195
—0.07261
B = —8.711 (4.10)
0
0001
C = 0000} (4.11)
[0
D = _ 0} (4.12)

4.2.3 Stability and model analysis

The stability of the airship can be characterized by the eigenvalues and the eigenvec-
tors of the matrix A. The real eigenvalues represent non oscillatory modes, and the
complex conjugates as A\; 2 = 0 £ jw, represent oscillatory modes. The longitudinal
model has two real eigenvalues, A\; = —0.1834 and Ay = —0.0401 , and one complex
conjugate, A\34 = —1.1284 £ 11.2438:; . The airship is stable as the real parts of the
eigenvalues are negative, and they are illustrated in the pole-zero map in Figure 4.2.

The eigenvalues and their eigenvectors are shown in table 4.1. The first eigenvalue
is called surge mode since it shows the behavior of the axial velocity u. The second
eigenvalue is called heave mode since it indicates the behavior of the vertical velocity
w. The complex eigenvalues show the longitudinal pendulum mode.

The state equation is solved to obtain the transfer function. Because the solution
involves algebraic manipulation, it is necessary first to obtain the Laplace transform

of the state equation with initial conditions, the trim point X, as follows,

sX(s) = AX(s)+BU(s) (4.13)
sy(s) = CX(s)+ DU(s) (4.14)
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Figure 4.2: Poles and zeros of the longitudinal model.
The solution of the state equation is given by,
X(s) = (sI — A)"'BU(s) = H(s)U(s) (4.15)

where I is a unit matrix and H(s) is the transfer function.
Two single-input single-output (SISO) transfer functions from the input (gondola
position, s¢ (m)) to the output (pitch angle, § (rad)) and (airship altitude, h (m))

are given by,

0(s) —8.711s% — 18.07s — 3.021
He = - d 4.16
) sq(s) s+ 2.48s3 4+ 128.25% + 28.565 + 0.9385 (rad/m) (4.16)

h(s)  0.07261s® — 18.63s% — 93.08s — 16.44
= - 417
(s) sa(s) s 424853 + 128.25% + 28.565 + 0.9385 (m/m) (4.17)

4.3 PID Controller for pitch angle and altitude of the airship

The PID controller is added to the model of the airship in the Simulink environment.

The controller input is gondola displacement sg. A rate limiter and saturation were
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Table 4.1: Eigenvalues and eigenvectors of airship.

Eigenvalues

-0.1834 -0.0401 —1.1284 £ 11.2438:
w | 1.0000£0°  0.0047£180° 0.0885 £ £ —84.2689°
w | 0.0009£180°  1.0000£0° 0.9269/ £ 130.4°

q | 0.0715£180°  0.0017£0° 0.29232 £ 95.5088°
6 | 0.0401£180°  0.0009£0° 1.0000Z + 180°

added to the output of the PID controller as to respect the capabilities of the ex-
perimental platform. The rate limiter is 0.5 m/s, and the saturation is —0.45 m to

0.5 m.

r e i ) Y
AR . Controller | . oaturation | . [Plant | _ -

Figure 4.3: PID controller diagram

Figure 4.3 shows the general diagram of the airship model with a PID controller.
The output of a PID controller is equal to the control input to the airship model. In
the time-domain, the controller output can be given by,

de

o (4.18)

u(t) = Kpe(t) + Ki/e(t)dt + Ky
with its Laplace transform,
1
C(s) = K, + K;— + Kys (4.19)
S

For practical implementation, it is quite common to modify the derivative term to an
low pass filter (LPF) to avoid taking derivatives of high-frequency noise that can be
present in the controller input [54],

Ns

4.20
s+ N ( )

1
C(s) =K, + KZ; + Ky
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Table 4.2: Controller Parameters for Pitch Angle Control

Controller Parameters

K, -0.042
K; -0.0031
Ky 0.053

N 0.79

where K, K; and K, are the controller parameters, and they are defined in table 4.2
for pitch control and 4.3 for altitude control, N is the low pass filter coefficient, u(t)
is the controller output, e(t) is the error between the desired and plant output and r
is the desired input.

Tuning the PID is the method of finding the values of proportional K, integral K;
and derivative K, gains of a PID controller. The controller can be tuned manually by
modifying the controller gains and test them in the simulation. This method generally
requires experience in tuning. PID tuner is available in PID controller block which is
added to the implemented six DOF model of the airship model in Matlab/Simulink.
The PID tuner uses a frequency-based design algorithm. The gains are adjusted based
on robustness and speed goals that can be set in the tuner as shown in Figure 4.4.

The tuner is used to tune first the controller to achieve desired performance and
meet design requirements. The system that is used to tune the controller is the
transfer function (4.16) and (4.17) of the linear equations. The controllers were tuned
based on a linearized model. To ensure the system behavior in the sex DOF nonlinear
model is stable, the controllers are tested in the closed-loop simulation. The gains
are tuned in order to make an extra adjustment by trial and error method. The final
controllers parameters are in table 4.2 for pitch control and table 4.3 for altitude
control. The gains are negative because the pitch angle 6 and altitude h decreases

when the gondola position s increases.



Table 4.3: Controller Parameters for Altitude Control

Controller Parameters

K, -0.06
K; -0.0001
K, -0.40
N 0.73

| system Tuned Response
I i S

Plot Type g
W | Show Baseline
»
[ | Characteristics Peak Response
Grid Settling Time
Marmalize EI_ Rise Time h
|| Full View Steady State

Properties ...
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Figure 4.4: PID Tuner.
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Wind speed: 0.50 to 2.00 m/s. Wind direction: -45°
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Figure 4.5: Airship diagram and wind direction.
4.4 Simulation of the airship pitch and altitude control

Similar to the open-loop trajectories generated in the previous section, the thrusters
were fixed to T = Tp, = 0.1 N, the rudder angle dr and the elevator angle d; were
set to zero throughout the simulations. The initial conditions of the system include
a gondola position of sg = 0 m, an altitude of 180 m and a linear speed u of 5.4 m/s
which is the trim speed at the input thrust. The maximum speed of the gondola s¢4
is 0.5 m/s, and the saturation is —0.45 m to 0.5 m. Firstly, the airship was tested
in an undisturbed environment with two different reference inputs: sinusoidal and
wave pulse for pitch and altitude control. Then, the airship was tested with the same
reference inputs while under the influence of wind. The wind characteristics include
wind speed magnitude W random between 0.50 to 2.00 m/s with maximum speed

rate change 0.25 m/s? and wind direction fy of -45° as illustrated in Figure 4.5.

4.4.1 Simulation results of the pitch angle controller

The first reference pitch input is a sinusoidal path with a frequency of 0.10 rad/sec,
an amplitude of 20° and bias of 0 which is a constant value that is added to the input.
Figure 4.6 illustrates the plots of the simulation in the case of no wind disturbance,
and figure 4.7 illustrates the plots in the case of wind disturbance. Plot 4.6-a and

4.7-a illustrate the pitch angle tracking, and the controller output is shown in plot
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a. Reference angle, dash line, and response angle, solid line.
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b. Controller output, s¢.
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Figure 4.6: Time transition of the closed-loop simulation of the pitch angle controller with

sinusoidal input and without wind disturbance.

a. Reference angle, dash line, and response angle, solid line.
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Figure 4.7: Time transition of the closed-loop simulation of the pitch angle controller with

sinusoidal input and wind disturbance.
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4.6-b and 4.7-b.

With no wind, the airship followed the reference pitch angle with a maximum
error of 4.7°. In the case of wind, the error increased to +19° with slight oscillations
for two seconds because the initial wind speed was zero and suddenly the airship was
subjected to wind. As a result, the gondola moved at the fasted rate to return the
airship to the reference input. Moreover, the non-constant speed and the direction
of the wind resulted in oscillations between £2° in the pitch angle as seen in figure
4.7-a while the airship was ascending.

The second reference pitch input is a square wave trajectory. The reference pitch
angle is zero degree for the first thirty seconds, —20° for the second thirty seconds,
and back to zero degree for the last thirty seconds. Figure 4.8 and 4.9 show plots of
the simulation in the case of no wind disturbance and wind disturbance respectively.
Plot 4.8-a and 4.9-a illustrate the pitch angle tracking. The controller outputs are
shown in plot 4.8-b and 4.9-b.

With no wind, the error was increased to 0.77° at 4.8 s as the thrust changes
from 0 to 0.2 N then the error decreased to 0.11°. The gondola moved forward at
the fastest rate and remained at the saturation limit for six seconds to follow the
input. The airship reached —20° in eight seconds with 5.5 % overshoot. Right before
the reference of entry was changed to 0°, the tracking error was 0.56°. The airship
reached zero degrees input in six seconds with 7.5 % overshoot and the error was
0.31° at 90 seconds.

The gondola position that tracks the 0° pitch trajectory in the first 30 seconds
was 0.043 m while in the last 30 seconds it was 0.15 m. The larger value of sg is
needed to maintain the higher altitude.

In the simulations with the wind, the pitch angle increased drastically at the
beginning of the simulation due to its immediate application of the wind. For all
tests, the gondola moved forward, and the angle returned to zero within six seconds.

For the two trajectories simulated, the maximum steady state error was 3.5°.
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a. Reference angle, dash line, and response angle, solid line.
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Figure 4.8: Time transition of the closed-loop simulation of the pitch angle controller with square

wave input and without wind disturbance.

a. Reference angle, dash line, and response angle, solid line.
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Figure 4.9: Time transition of the closed-loop simulation of the pitch angle controller with square

wave input and wind disturbance.
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442 Simulation results of the altitude controller

The reference input for the first altitude simulation is a sinusoidal path with a fre-
quency of 0.10 rad/sec, an amplitude of 20 m and bias of 180 m to match the altitude
of the test area. Figure 4.10 and 4.11 illustrate the closed-loop simulation of the
tracking altitude and controller outputs in the case of no wind disturbance and wind
disturbance, respectively. With no wind, the airship tracks the sinusoidal reference
altitude with an error between -3.20 m to 4.70 m of the reference altitude. In the
case of wind, the error was between -4.86 m to 4.10 m.

Similar to the second pitch trajectory, the reference input for the second altitude
simulation was a square wave. The reference altitude was 180 m for the first 25
seconds, 200 m for the second 35 seconds, and 190 m for the last thirty seconds. Figure
4.12 and 4.13 show the closed-loop simulation of the tracking altitude and controller
outputs in the case of no wind disturbance and wind disturbance, respectively.

With no wind, the maximum error in the first reference input was 0.71 m. The
gondola moved backward at the limit gear motor speed and saturation limit to track
the reference altitude. With no overshoot, the airship reached a 200 m altitude in 23
seconds. Right before the input changed to 190 m, the error was 0.10 m. Then, the
airship descended to 190 m without overshooting.

With the wind, the maximum error in the first reference input was 1.4 m. The
airship took 12 seconds to reach 198 m with a 2 m error. Then the error decreased
slowly. Before the input changed form 200 m to 190 m, the error was -0.7 m. It
took 11 seconds to reach a 1 m error. The error was decreasing, and it was -1.4 m
at 90 seconds. The airship was subjected to wind from the top rear which made the

altitude slower to increase and faster to decrease than the without wind case.
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a. Reference altitude, dash line, and response altitude, solid line.
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Figure 4.10: Time transition of the closed-loop simulation of the altitude controller with sinusoidal

input and without wind disturbance.
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Figure 4.11: Time transition of the closed-loop simulation of the altitude controller with sinusoidal

input and wind disturbance.
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a. Reference altitude, dash line, and response altitude, solid line.
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Figure 4.12: Time transition of the closed-loop simulation of the altitude controller with square
wave input and without wind disturbance.

a. Reference altitude, dash line, and response altitude, solid line.
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Figure 4.13: Time transition of the closed-loop simulation of the altitude controller with square
wave input and wind disturbance.
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a. Resulting changes in the pitch angle during the altitude sinusoidal trajectory.
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Figure 4.14: Resulting changes in the pitch angle during the altitude controller simulation in
both trajectories.

The resulting changes in the pitch angle during the simulation of the altitude
controller for both trajectories showed oscillation when the airship was ascending as
seen in Figure 4.14.

Figure 4.14 indicates that the altitude in the wind case requires around 10 degrees
more pitch angle than the no wind case to follow the same altitude trajectory through
out the simulation. This is because the wind at 45 degrees induces a pitching moment
as modelled in 3.46. While the wind decreased the lifting force, the increase in the
pitch angle increased the lifting force and follow the same altitude in the no wind

case.
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Figure 4.15: Control diagram for the experimental pitch control.
45  Simulation for experimental pitch control

In this section, the pitch controller is modified to respect the capabilities of the exper-
imental platform. Figure 4.15 illustrates the control diagram for the pitch control. As
it will be shown in the experimental tests, the controller output is the gondola speed
5. Moreover, noise is added to the response pitch angle. Noise can be originated
from various sources such as external disturbances from the thrusters. In [55, 56|, a
Gaussian noise was added to all measurements from the gyroscope and the accelerom-
eter sensors. In the simulation, the noise is derived from a Gaussian Noise with 50
variances, 0.01 sampling rate, and zero mean value. To filter the noise, a finite im-
pulse response (FIR) digital filter was used. Many studies like in [57, 58, 59| used
the FIR filter to remove the noise for the sensors. The FIR coefficients in [59] were
estimated in real-time to minimize the variance of the recovered signal. The sampling
rate in PID controller and the filter is 5 Hz as this represent the limitation of the
ground station while it is a continuous time in the model as illustrated in Figure 4.15.

Through the simulation the thrust inputs are 7, = Tk = 0.1N, the elevator is
0g = 0 and rudder is g = 0, and they are fixed. The initial conditions of the

simulation include:

1. Airship linear and angular displacements are [z y z ¢ € ¢)] = [0 0 180m 0 0 0]
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2. Airship linear and angular velocities are [u v w p ¢ r] = [5.4m/s 0 0 0 0 0]
3. Gondola position is sg = 0

4. Gondola speed is sg =0

Figure 4.16 and 4.18 show the pitch angle trajectory from the sex DOF continuous
time model, from the sex DOF with applied noise, and from the discrete time model
of 5 Hz with filtered noise. Figure 4.17 and 4.19 show the controller output $g and
the gondola position sg for the test. The simulations illustrate the impacts of the
vibrations and the low sampling rate on the response pitch angle and the controller
performance. The average error is —0.45°, and the standard deviation is 1.58°. The
pitch control in Section 4.4.1, that was simulated in continues time and without noises,
show a steady state error of 0.1° in the square wave input and 4.7° in the sinusoidal

input.
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input.
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Figure 4.19: Closed-loop simulation for the experimental pitch angle control with sinusoidal input.



Chapter 5

Experimental platform

5.1 Introduction

Experimental tests were executed to validate the closed-loop PID pitch controller
developed in Chapter 4. Details are provided on the experimental platform used in the
test, and the computing and filtering of the pitch angle obtain from the accelerometer
and gyroscopic sensors. The graphical user interface (GUT) that was designed to set
the pitch trajectory and PID gains is also described.

First prototype of the gondola was developed by Dr. Lanteigne |6], Figure 5.1. It was

improved for new brushless motors and sensors, Figure 5.3.

5.2 Airship design

The experimental airship is shown in Figure 5.2. The airship length is 1.83 m, volume
is 0.39 m?, and diameter is 0.6 m. The masses of the individual components of the
vehicle are listed in Table 5.1. The 3D printed gondola, illustrated in Figure 5.3, is
approximately 0.05 m long and can travel to the foremost position of s¢ = 0.5 m
at the bow of the airship and the rearmost position of s = 0.45 m at the stern.
The gondola travels along a 4 mm x 4 mm x 1000 mm square carbon fiber keel
embedded in a helium envelope. The envelope is fabricated from 2 Mil polyester
polyurethane film with 90 Shore A hardness. A gear motor is used for positioning the
gondola along the length of the rod. Two forward facing brushless motors that are
connected to speed controllers ESCs. The airship was equipped with a Nanowii flight
controller running the Multiwii open-source firmware with IMU sensor. Two long-
range Bluetooth modules provide wireless communication between a Matlab/GUI in
the ground and the airship. A 2 Cell, 7.4 Volt battery, was used to power the circuit.

The installation diagram of the airship parts is illustrated in Figure 5.4.

o4



Figure 5.1: First prototype of the gondola was developed by Dr. Lanteigne [6].

Envelope

Figure 5.2: The experimental airship.
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Figure 5.3: The improved gondola.

Table 5.1: Experimental airship physical properties

| Symbol | Description | Value |

mg + mpg | Envelope and rail mass 230 g
mg Gondola mass 60 g
mpg Fin mass 24 g
mp Ballast mass 02-105 g
1% Airship volume 0.39 m?
L Airship length 1.83 m
D Airship maximum diameter | 0.6 m

26
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Figure 5.4: Block diagrams of the gondola onboard and PC interface.

The two motors with ESCs were tested experimentally to find the thrust versus
throttle signal from the ESCs and to maintain 7' = 0.1 N from each thruster. The
test setup is shown in Figure 5.5, and the test results are shown in Figure 5.6. Based

on the experimental thrust characterization, the motors provide a maximum of T}, =

Tr=0.24 N at full throttle.

5.3 Pitch angle estimation

The IMU (Inertial Measurement Unit), MPU-6050, has sex DOF from a 3-axis gy-
roscopic sensor and a 3-axis accelerometer. The pitch angle was obtained from the
gyroscope and the accelerometer separately.

The accelerometer is highly sensitive to external disturbances like motor vibra-

tions and its output needs to be filtered. The pitch angle 6,.. is computed from the

accelerometer as follows:

180
eacc == atanz(Zacca Xacc)_ (51)
T
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Figure 5.5: Thrust testing of the brushless motor-propeller.

0.3

0.25
Yy = 0.0004x - 0.3931

o
ha

0.15

0.05

0
1000 1100 1200 1300 1400 1500 1600 1700 1800 1900

Throttle signal

Figure 5.6: Thrust testing of the brushless motor-propeller.
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where Z,.. and X,.. are the accelerometer reading of the Z and X axis, respectively.

On the other hand, the gyroscope is not subject to external forces, and the pitch
rate that is measured by the gyroscope is accurate. However, the pitch angle has a
tendency to drift because of the integration of the pitch rate over time. The gyroscope
data is reliable only in the short term, as it quickly drifts. The pitch angle 0,,,, that

is computed from the gyroscope is obtained as following;

180 [*.
Ouolt) = = [ o) (52)

T

where égym(t) is the pitch rate from the gyroscope sensor and dt is the time step.
The complementary filter is a way of combining the accelerometer and gyroscope

data. The complementary filter is very viral among hobbyists because the results are

smooth and fast [60]. The complementary filter is written as following;

0=n 0+ 0,0 At) + (1 —10) Oaee (5.3)

where n is the filter ratio and equal 0.98.

The function of the complementary filter is to ensure that the measurement will
not drift in the long-term and will be accurate in the short-term by taking 98 % of
the current value and adding 2 % of the angle calculated by the accelerometer.

Figure 5.7 shows plots of the pitch angle that were obtained from the gyroscope

sensor 0g,,,, accelerometer sensor 6,.. and the complementary filter.

Remark 1. the row data of the IMU was calibrated first. At a static horizontal level,
the accelerometer reading has to be [Xoee Yace Zace) = [0 0 1] and the gyroscope reading
has to be [gz.ﬁgym égym zbgym] = [0 0 0]. To remove the offset, the average of 100 reading

was taken.

5.4 Designed graphical user interface with Matlab/GUI

To assure communication between the airship and the ground computer, a graphi-
cal user interface GUI was build using Matlab/GUI. The developed GUI, shown in

Figure 5.8, has several functions.
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Figure 5.7: The pitch angle obtained from the complementary filter, gyroscope and accelerome-
ter [60].
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The Connect function initiates the communication between the Bluetooth mod-
ule in the airship with the one that is connecting to the computer. Once they are
connected, the refresh frequency will show and the timer will start as well as the IMU
data will be received and shown in the GUI.

The Calibrate function is made to calibrate and remove the offset from the IMU
data as described in remark 1.

The actual Pitch angle shows in the GUI in the real time, and it can be plotted
as in Figure 5.9 with one-second refresh rate.

A checkbox function is to activate the rail motor for the gondola position and
the throttle signals. A slider was made to send the throttle signal (1000 - 2000) the
motors. The rail motor speed signal (0 - 100 %) is entered in an edit box function
manually to move the gondola along the rail or the gondola runs automatically when
the controller is active.

Another checkboz function was to activate the PID controller for the pitch angle 6.
The PID controller parameters, K,, K; and Ky, are entered in edit bozes and edited
anytime during the experiment as well as the desired pitch angle 6,. Integral windup
was avoided, and saturation was added to the controller output. The controller output
is shown in the GUI and sent to the airship.

Another feature of the developed GUI is to save data such as time, pitch angle,
desired angle, the error between real and desired pitch angles, controller output before
and after saturation and the controller parameters. A push bottom named save data
in the GUI is made to save the data to an excel sheet any time during the test named

with the current date and time.
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Chapter 6

Experimental tests and results

6.1 Introduction

In this chapter, the PID controller for pitch angle 6 will be tuned first to follow the
reference inputs. The controller output is the gondola speed $g as there are no need
to measure the sg on the experimental platform. Then, the results of the flight tests
will be illustrated and discussed. Figure 6.1 shows the diagram of the PID controller

for the experimental test.

6.2 Tuning the PID controller for the pitch angle

The PID parameters (K, K; and K,) are directly enter in the GUI during the ex-
periments, Figure 6.2. Ziegler-Nichols rules for tuning of PID controller parameters
based on the transient response characteristics of a given plant [61]. The tuning can
be made by engineers on-site by experiments on the plant. The airship exhibited

unstable behaviors using the Ziegler-Nichols rules. A satisfactory performance was

! | Receive the
IMU data Filter the Obtain the fimor | 1D Contro lles 56 God.ola
from the | | noises | | gitch angle B —* with anti windup speed is sent
danabip and saturation to the airship
Enter the desired pitch P
angle §,in the GUI GUI :
,,,,,,,,,,,,,,,,, |

Figure 6.1: The diagram of the PID controller for the experimental test.
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Table 6.1: Controller Parameters for Pitch Angle Control

Controller Parameters, PWM [%]
K, -0.40
K; -0.10
K, 0.20

achieved through modifying the gains that were computed in the simulation by trial

and error method. The gains used for the flight tests are listed in table 6.1.

6.3 Flight tests

The flight tests were performed indoor in a hallway in Ottawa university as shown
in Figure 6.3. The hallway length, height, and width are 20.3 m, 3.3 m, and 3.5 m,
respectively which limited the flight tests due to the size of the hallway. The airship
heading was maintained by following the vehicle and providing slight adjustments in

the form of small taps on the stern of the gas envelope.

6.3.1 Flight test results of multiple step reference input

The initial speed of the airship was set to zero and the throttle was set to T = 1, =

0.1 N using the ESC setting determined from Figure 5.6 through the flight tests. The

PID controler

* RUN THE CONTROLLER

Error between desired
and actural angle 2.84
when controller is ON

Desired angle 10

Kp -0.40 | K -0l | Kd 0.2

Back-calculation coefficient (Kb}

for anti-windup 0.00

Controller output 5.17
Motor speed -100 to 100 :

Figure 6.2: The controller section in the GUI.
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Figure 6.3: Airship in test area, a hall in building 200 Lees, Ottawa university.

airship travel for about 30 seconds before reach the end of the test area. The estimated
acceleration was 0.0226 m/s? and the estimated maximum speed was 0.68 m/s at the
end of the hallway. The GUI desired pitch angle was continuously monitored to ensure
that the airship did not hit the ceiling or the floor of the hallway during the tests.

The results of the flight tests for square wave reference input are illustrated in
Figure 6.4 and 6.5. The figures show two reference inputs and the responses in the
first plot and the controller output in the form of the gondola speed, $¢ in the second
plot of each figure.

Figure 6.4 shows three step reference inputs, stared at +10° for 7.6 seconds then
stepped down to —10° for 6 seconds then stepped up to +20° for 10.5 seconds then
lastly stepped down to 0° for 7.5 seconds. The airship tracked the reference pitch
angle with a maximum error between +3° and —5°.

Figure 6.5 shows one step reference input, stared at +20° for 16 seconds then
stepped down to 0° for 21 seconds. At +20° input, the airship tracked the refer-

ence pitch angle with a maximum error between +3.5 © and —4.5°. The airship was
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Figure 6.4: Flight test trajectory and control input with T = 0.2N.

oscillating between 45° and —6° around the +0° input with a period of 3 seconds.
More results are shown in Figure 6.6 and 6.6. In these results, the results show
that the airship took 3 to 5 seconds to reach the next step reference input. It also can

clearly be seen how the controller output decreases as the pitch angle error decreases.
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Figure 6.6: Flight test trajectory and control input with T = 0.2 N.
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Figure 6.7: Flight test trajectory and control input with T = 0.2 N.
6.3.2 Flight test results of sinusoidal reference input

The set of tests were performed with no thruster inputs due to the length of the
hallway and vibrations. The airship was set to track a sinusoidal reference input with

a period of 20 second which is written as following;
0, = 10 x sin(Time % 20) + 5 (6.1)

The test results are illustrated in Figure 6.8. The controller was activated after five

seconds as seen by the controller output in the figure.
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Figure 6.8: Sinusoidal pitch angle trajectory and control input with T = 0.

6.4 Discussion

Two issues affected the the estimation of the pitch angle: the sampling rate and
induced vibrations. Although the data output rate of the IMU with the built in
digital low pass filter could be as high as 256 Hz, the maximum GUI sampling rate
was limited to 5 Hz since the control loop was implemented on the ground station to
easily tune the control gains during the flight test. As a consequence approximately
98% of the IMU data was unused and the higher order plant dynamics could not be
controlled. This phenomenon is easily visible from the periodic oscillations present
in all test results and could be eliminated by implementing the control loop directly
on the flight controller. Vibration from motors, propellers and gondola motion also
add noise to the pitch angle that is obtained from the accelerometer sensor 6,... As
a result of the noise, false pitch angles were computed, up to 35° while real angle
was constant, as seen in Figure 6.9 between four to 32 seconds. Thus unnecessary

control actions were computed by the controller. Moreover, the derivative part of
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Figure 6.9: Noises in the computed pitch angle are shown between 4 to 32 seconds when the
propellers are turned on.

the PID controller is quite sensitive to noise [62]. In order to reduce the noise, the
IMU sensor was mounted on foam and foam rubbers were added between the motors
and the frame. Moreover, the complementary filter ratio n in 5.3 was increased to
0.995, 0.5% only of the angle calculated by accelerometer. While these physical and
computational limitations reduced the controllability of the vehicle, the controller
could tract the reference pitch angle to within +5° along straight trajectories.

Oscillations in the output pitch could also be attributed to the removal of the
aileron and elevator as seen in Figure 6.3. The control surface provided significant
aerodynamic pitch and yaw dumping moments having a reference area equal to ap-
proximately 35% of the enveloped reference area in the six degree of freedom as
described in [6]. Figure 6.10 illustrates the longitudinal dumping moment of the
envelope and the fins versus the steady state speed based on (3.46). The fins pro-
vide 19.5% of the total pitching moment. Both control surfaces were constructed of
lightweight foam and had to be removed due to irreparable damage before the flight
tests.

The controller output in Figure 6.4 and 6.5 shows output spikes at any change of

the desired input, called the derivative kick. Figure 6.11 shows a closed-loop Simulink



72

— -0.01

-0.02 N .

-0.03 | < .

Pitching moment [N

-0.04 S 4

------ Envelope N
Fins N

_0.05 1 1 1 1 1 1 1 1
1.5 2 2.5 3 3.5 4 4.5 5 5.5 6

Airship steady state speed [m/s]

Figure 6.10: Pitching moment of the envelope and the fins at a steady state speed.

model of the longitudinal transfer function (4.16) with filtered and unfiltered PID
controllers. The derivative filter can eliminate the spikes from the controller output
and reduce the derivative noise on the plant output as seen in Figure 6.12.

The dimensions of the test site limited the magnitude of the reference input pitch
angles and the duration of each flight test. Moreover, cold air flow through doorways
and ventilation ducts introduced noticeable wind drafts along the test area.

The results of the closed-loop simulation in Section 4.5 show similarities to the
flight test results in tracking error. However, the simulation shows smoother con-
troller output and exhibit no spikes. As discussed above, the derivative term in the

simulation had a derivative filter which was not implemented in the GUI.
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Chapter 7

Conclusion and future work

In this thesis, the six degrees of freedom equations of motion of a miniature unmanned
airship with a sliding gondola was derived with the wind disturbances. Then, the
model was implemented and simulated in the Matlab/Simulink. The wind disturbance
was also implemented in the model. Several open-loop simulations were presented in
different wind directions and thrust input. The results show the effects of the wind
and the thrust on the airship pitch angle and altitude. The model was then trimmed
at a zero pitch angle and constant altitude. Then, the model linearized to obtain
the pitch and altitude PID controllers using the gondola position as an input. Both
controllers were simulated in the Simulink with different reference inputs and the
wind. Another controller was designed to respect the capabilities of the experimental
platform using the gondola speed as the controller output, noises as vibrations, and
low sampling rate as the ground station platform. The Simulink was an important
tool for development, test, and validation of airship control systems.

The experimental platform, hardware, sensors and graphical user interface (GUT)
of the ground station were described. The designed graphical user interface was able
to read and control the pitch angle remotely. Then, experimental flight tests were
performed to evaluate the pitch controller. The pitch angle of an experimental airship
with moving gondola was controlled using a PID controller with experimentally tuned
gains. The controller was able to track the desired pitch angle with a reasonable
performance with the limited sampling rate of the system and the noise in the IMU
generated by thruster and actuator motors. The flight test results show similarities
to the simulation results in Section 4.5.

Future work includes improving the experimental platform like implement a deriva-
tive filter to the controller. The pitch angle estimation function and PID controller
function will be improved if they are uploaded to the flight controller on board in the

gondola instead of the GUI which has low sampling rate. Moreover, the future work
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includes developing other PID controllers for takeoff and landing as it can clearly be
seen in Figure 4.14 that the PID controller cannot afflictively stabilized the vehicle
at large pitch angles.
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