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Abstract  

An airship with a moving gondola is investigated with the goal of achieving a large pitch angle 

and of minimizing the total energy consumption required to goal position. The airship in this study 

is equipped with different actuation tools such as a moving gondola and a vectoring thrust, which 

can be used for various flight modes. The efficiency of the actuation methods employed is studied 

and compared in various flight scenarios, based on the airship’s ability to reach the desired position 

while consuming the least amount of energy. The nonlinear dynamic model is derived using 

Newton-Euler equations. Backstepping and incremental nonlinear dynamic inversion (INDI) 

controllers are designed to track a desired trajectory by controlling the position of the gondola and 

the thrust. The dynamic models are then implemented and simulated in the Matlab/Simulink to 

evaluate the effectiveness of the controllers in different environmental conditions. The simulation 

results show the effectiveness of the controllers used, and a larger pitch angle of -89o, can be 

reached thanks to the movement of the gondola to the front of the airship on the curved keel. The 

airship prototype was used for the experimental test to evaluate the pitch tracking performance of 

each of the controllers. The experimental results show that the prototype used can generate a -90o 

pitch angle, thereby improving manoeuvrability and allowing for rapid changes in altitude. The 

energy model is developed to evaluate and compare the energy required by the airship for ascent, 

cruise, and descent flights, using different actuation methods. The effectiveness of the composite 

control strategy is demonstrated by completing the flight mission with the least amount of energy 

consumed. An optimization method is then developed to find the optimum design configuration to 

reduce the cost function, based on energy consumption, of the different flight scenarios while 

always respecting the design constraints. The Heuristic technique is used to obtain the optimal 

flight trajectory based on the platform’s ability to complete the desired mission while minimising 

energy consumption. The results show that for pitch tracking, the vectored thrust has a rapid 

response, and the required thrust is high. Therefore, this configuration requires more energy than 

the moving gondola control configuration, in all cases studied. The composite configuration is 

found to be the most efficient method for completing the flight trajectory with the least amount of 

energy. The total energy consumption of the entire flight is reduced by about 17% by using the 

optimization algorithm to select the best actuation method for each flight mode. 
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Nomenclature  

M Mass matrix 

D Dynamics vector 

E Uncertainty vector 

xv State vector in body frame 

U External forces and moments and defined 

A Aerodynamic vector 

G Gravitational and buoyancy vector 

R1 directional cosine matrix 

Fu Propulsive force vector. 

vw Total wind vector 

v Linear velocities vector 

ω Angular velocities vector 

x Position along OX 

y Position along OY 

z Position along OZ 

α Angle of attack 

𝜙 Roll angle 

θ Pitch angle 

ψ Yaw angle 

B Input matrix 

u Control input vector 

sg Gondola’s position 

Fx, Fy, Fz Thrust components 

ρair Density of the air 

zg Distance between the CV to the CM of the gondola along z 

xm Distance between the CV to CM of the propeller along x 

dr,x, Distance between the CV to the CM of fins along x 

dr,z Distance between the CV to the CM of fins along z 
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Lr Distance between the CV to the CM of the rail 

mg Mass of the gondola 

mr Mass of the rail 

me Mass of the envelope 

mf Mass of the fins 

TR Right thrust 

TL Left thrust 

γ Vectored thrust angle 

J Jacobian matrix 

Pm Power required to overcome the drag 

PG Power required to move the gondola 

Ps Power required to rotate servo motor 

Pc Constant electrical power 

𝐸𝑡𝑜𝑡 Total energy required 

CDV Drag coefficient 

kd Drag factor 

Re Reynolds number 

𝛿𝑎𝑖𝑟 Dynamic viscosity of the air 

 𝜂𝑝 Propulsion system efficiency 

Fr Rolling force 

𝜏 Torque of the servo motors 

𝜔𝑠 The angular velocity of the servo motor 

𝐾1, 𝐾2 Positive definite design matrices 

𝑆 ̇  Gondola repositioning rate 

𝜙𝐴 Measured roll angle from the accelerometer 

𝜃𝐴 Measured pitch angle from the accelerometer 

CDho Hull zero-incidence drag coefficient 

CDfo Fin zero-incidence drag coefficient 

CDgo Gondola zero-incidence drag coefficient 

CDch Hull cross-flow drag coefficient 
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CDcf Fin cross-flow drag coefficient 

CDcg Gondola cross-flow drag coefficient 

(
𝛿𝐶𝐿
𝛿𝛼

)
𝑓
 

Derivative of fin lift-coefficient  with respect to angle of attack 

(
𝛿𝐶𝐿
𝛿𝛿𝐸,𝑅

)
𝑓

 
Derivative of fin lift-coefficient  with respect to fin angle 

Sh Hull reference area, V2/3 

Sf Fin reference area 

Sg Gondola reference area 

df,x1 Distance between CV to GC of fins along x 

df,z Distance between CV to AC of fins along z 

dc,z Distance between CV to AC of gondola along z 

ηf Fin efficiency factor 

ηh Hull efficiency factor 

m Airship mass 

V Airship volume 

D Airship diameter 

L Airship length 

dg,z Distance between CV to gondola CG along z 

dp,y Distance between propeller centers to the x - z plane along y 

dp,z Distance between propeller centers to gondola CG along z 

Ix Moment of inertia about OX 

Iy Moment of inertia about OY 

Iz Moment of inertia about OZ 

k1 Lamb's inertia ratio along OX 

k2 Lamb's inertia ratio along OY or OZ 

K` Lamb's inertia ratio about OY or OZ 
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LQR Linear Quadratic Regulator 

AURORA Autonomous Unmanned Remote Monitoring Robotic Airship 
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 Introduction  

In the past twenty years, there has been a resurgence in airship research. A growing safety trend is 

to keep humans out of danger especially in the field of Search and Rescue (SAR), military 

operations, and firefighting, etc. Researchers have been working impetuously to design new airship 

configurations and propose different methods for trajectory tracking and feedback control design 

[1–5]. Conventional airships are driven by a set of thrusters along the length of the hull with either 

elevators and rudders or thrusters for maneuver and altitude control. Larger airships use air ballasts 

(also referred to as ballonets) for altitude and pitch control. For smaller vehicles, the typical 

actuator configuration is two thrusters oriented along the longitudinal axis for forward motion and 

a single thruster oriented along the vertical axis of the airship for altitude control. Other 

configurations include thrusters in the longitudinal axis that can be rotated along the lateral axis 

[1]. However, with new lightweight materials and manufacturing methods, many unconventional 

airship designs have been either proposed or tested. These vehicles have notable features that 

include the use of aerodynamic helium envelopes, multiple envelopes, segmented buoyancy cells, 

or utilize hybrid winged configurations to achieve lift. A rapid altitude change is a challenge for 

large-volume airships. Typical actuators, such as aerodynamic control surfaces, vectored thrust, 

and ballonet, cannot function very well. Therefore, development of new actuators and relevant 

controllers are necessary. Changing the center of gravity position in order to control airship's 

longitudinal motion by a moving-mass control method is introduced to stratospheric airships. 

Moving-mass control can change the external moment by displacing the masses, such that the 

attitude of aircraft is changed. Moving mass method has been used in different successful 
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applications, such as, in the study of spacecraft, reentry vehicles, underwater vehicles, kinetic kill 

vehicles, saucerlike air vehicles, and missiles as well as in low-altitude airships [1–7].  

1.1 Research Motivation and Contribution Areas 

The limitations of autonomous landing and take off the airship offer interesting research 

opportunities to search for robust vehicle architectures and control algorithms to perform fully 

autonomous flight. The concept of shifting the centre of gravity by moving mass to increase the 

system's manoeuvrability and generate a rapid ascent and descent without needing to add 

considerable number of components motivated this work to study the airship developed by 

Lanteigne [13]. The airship demonstrated that a large pitch angle could be reached using moving 

gondola (or payload). The moving mass control has been studied and applied in different 

applications however, none of the studies were able to produce a pitch angle of -90o. 

The airship prototype used in this study is shown in Figure 3.3 and it has an extended keel to the 

front end of the airship, allowing the gondola to move to the front and generate a large pitch angle. 

This airship equipped with different actuation methods (moving gondola and vectoring thrust) that 

can be used to preform different flight modes. These actuation methods offer interesting research 

opportunities to study the efficiency of the different control configurations, at various flight 

scenarios based on achieving the goal position with the least amount of energy consumption or the 

shortest arrival time. For long endurance, weight and energy costs must be reduced. The planning 

of optimal trajectories is a particular challenge for airship operations due to the different wind 

condition. As a result, the trajectory must be carefully planned and optimized in order to ensure 

that the desired goal be reached within acceptable performance bounds of flight time and energy 

consumption. Therefore, select the optimal method for the mission is one of the main objectives 

of this thesis. 
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The aim of this thesis is to present a complete study of modeling, control, optimization and flight 

test of an airship with a moving gondola. The main contributions are as follows: 

1. The airship architecture is investigated by analysis, design and simulations. 

2. The non-linear dynamic model is derived using Newton-Euler equations.  

3. A backstepping and incremental nonlinear dynamic inversion controllers are designed for 

the purpose of tracking a desired trajectory by controlling the position of the gondola and 

the thruster angle. The performance of both controllers is then simulated under different 

environmental conditions.  

4. The flight tests are conducted to evaluate the pitch tracking performance of each of the 

controllers as well as the capability of the moving gondola to produce a large pitch angle. 

5. The analysis of the efficiency of actuators available in the prototype including the 

composite actuators to complete flight missions at various flight scenarios based on 

minimizing the energy consumption to reach the goal position with the shortest arrival 

time. 

6. The development of the optimal flight trajectory based on the capability of platform to 

reach the desired mission with minimum energy consumption. This method is amenable 

for onboard implementation. 

The tracking performances of the airship architecture (Model 1) by using the backstepping and 

INDI controller are published in 2020 6th International Conference on Mechatronics and 

Robotics Engineering (ICMRE) and in 2020 Canadian Society for Mechanical Engineering 

(CSME). The published manuscripts are included in Appendix H. 
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1.2 Thesis Organization 

The remainder of the thesis is organized as follows: 

Chapter 2 discusses a review of existing airship models and controls.  

Chapter 3 describes the airship architectures proposed and derivation of dynamic models  as 

well as the calculation of the energy consumption during the flight mission.  

Chapter 4 presents the backstepping and INDI controllers used for trajectory tracking.  

Chapter 5 discusses and compares the numerical simulation results of the two controllers. 

Chapter 6 presents the evaluation and comparison of the energy required by the airship to 

perform different flight missions using different actuation methods. 

Chapter 7 introduces an optimization method to find the optimal flight trajectory based on the 

capability of platform to reach the desired mission with minimum energy consumption. 

Chapter 8 describes the experimental platform of the prototype used for flight test (the physical 

properties, hardware, and software).  

Chapter 9 presents and discusses the flight test results. 

 Chapter 10 discusses the conclusion and the future work. 
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 Literature Review 

Airships have been used extensively at the beginning of the 20th century for transportation and 

military purposes because they can loiter and sustain long endurance flights over long distances. 

Conventional airships are driven by a set of thrusters along the length of the hull and elevator and 

rudders at the tail. Larger airships use air ballasts (also referred to as ballonets) for altitude and 

pitch control. With the introduction of lighter, smaller, and more powerful energy storage systems, 

actuators, sensors and computing hardware, the research and development of uninhabited airships 

has gained momentum for applications [14]. For conventional Lighter than Air vehicles, the typical 

actuator configuration is two thrusters oriented along the longitudinal axis for forward motion and 

a single thruster oriented along the vertical axis of the airship for altitude control. Other 

configurations include thrusters in the longitudinal axis that can be rotated along the lateral axis 

[15]. However, with new lightweight materials and manufacturing methods, many unconventional 

airship designs have been either proposed or tested. These vehicles have notable features that 

include the use of aerodynamic helium envelopes, multiple envelopes, segmented buoyancy cells, 

or utilize hybrid winged configurations to achieve lift [3–5]. The small size uninhabited radio-

controlled models, which have size of a few tens of cubic meters, their domain of operation is 

currently essentially restrained to advertising or aerial photography. However, their properties 

make them a very suitable support to develop heterogeneous air/ground robotics systems and they 

are easy to operate. Also, they can safely fly at very low altitudes (down to a few meters). In 

addition, they can hover a long time over a particular area, while being able to fly at a few tens of 

kilometers per hour while consuming less energy [19].  
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Airships fall into three main structural categories, namely, rigid airships, semi-rigid airships and 

non-rigid airships. These types are defined by the shape of the envelope support structure. Rigid 

airships are airships that have an internal framework that sustains their shape. Semi-rigid airships 

are similar to non-rigid airships in their structure with an addition of a rigid keel or a truss that 

extends from the nose to the tail along the bottom surface of the airship. A broad review of 

uninhabited airship platforms and structures is presented in Appendix A for reference. 

2.1 Modelling 

In the history of aviation, the airship was the first vehicle used to demonstrate that controlled flight 

was possible. Therefore, understanding their flight behavior, design their control systems, and 

optimize their flight trajectories motivated researchers over the past several decades. There are 

multiple German papers on the topic that date to the early 20th Century. DeLaurier investigated 

the dynamic stability of several airship designs [20]. DeLaurier applied the analytical model and 

assumptions to three example airships, (U.S. Navy, Airships ZR-1 and ZR-4). The next interesting 

study was done by Gomes in 1990 [21]. He presented the first known non-linear dynamic model 

for an airship derived based on a Newton-Euler approach, which has become an essential starting 

point for other future research. Gomes used the wind-tunnel aerodynamic coefficient results to 

ACSL (Advanced Continuous Simulation Language) non-linear simulation program to obtain 

aerodynamic data for the YEZ-2A airship. The wind-tunnel is shown in Figure 2.1. In 2011, Li et 

al. [22] published a comprehensive review of airship dynamics covering many decades [21]. They 

applied different prediction approaches for different aerodynamic effects to airships based on a 

rigid-body assumption.  
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Figure 2.1 YEZ-2A 1:75 scale model in the test section of the 8ft x 6ft wind tunnel [21] 

The dynamic modelling of conventional Heavier Than Air (HTA) aircraft has been broadly studied 

and become highly reliable. However, for a variety of reasons, limitations exist when applying 

these HTA dynamics models to airships. First, the airships have lift generation mechanism which 

is different from the HTA aircrafts due to the use of light lifting gas. Certain solid–fluid interaction 

forces can be neglected for HTA aircraft, such as buoyancy and those related to the inertia of the 

surrounding air, but these forces become important for airships. Second, airships have very 

different shape and structure compared with HTA aircraft. 

An accurate model of the airship dynamics is the first requirement of an accurate control system.  

Over many decades, many efforts have been made to investigate the airship dynamic model. 

Different approaches presented in literature to improve the dynamic model of the airships. These 

modelling methods could be classified into two groups: The Newton-Euler method, and the 

Lagrangian formulation. The Newtonian approach is vector oriented since everything is derived 

from Newton’s second law [23]. The Lagrangian description uses generalized coordinates (one for 

each degree of freedom), all of which must be independent. One advantage with the Lagrangian 

approach is to deal with two scalar energy functions W (kinetic energy) and Ep (potential energy). 
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The Lagrangian equations were used to develop the equation of motion for many Lighter Than Air 

(LTA) vehicles [4], [10], [23–27]. There are some airship mathematical models were described by 

the Newtonian non-linear equations of motion [28–31]. Azinheira et al. [33] investigated the wind 

influence on airship dynamics via a Newtonian approach. A few years later, they discovered that 

[33] lacks an inertial moment term, and they corrected the moment result using a Lagrangian 

approach in [34].  

Unlike modelling of rigid body airships, few publications are available concerning the modelling 

of non-rigid airships. Salim et al. [35], [36] presented dynamic modelling of small autonomous 

non rigid airships, using the Newton-Euler approach. They discussed the motion in six degrees of 

freedom. Their model was to introduce the effects of the vertical and horizontal control surfaces. 

Wu et al. [37] performed wind tunnel test measurements with a typical non-rigid airship model. 

They established a loosely coupled procedure for the fluid–structure interaction (FSI) of airships 

on the basis of computational fluid dynamics and nonlinear finite element analysis methods. 

Yuwen Li [24] conducted a study at McGill University in Canada, they presented two derived 

models for an airship. They used series of prediction methods to predict the aerodynamic and 

dynamic characteristics of an airship. It was found that the most significant aerodynamic effect on 

an airship was the Munk moment in the added-mass terms which tends to destabilize the pitch and 

yaw rotations, while other aerodynamic forces are normal to the centerline stabilize the airship. 

The numerical results were compared to existing Computational fluid dynamics (CFD) wind-

tunnel and flight test data. The comparison showed that the aerodynamic computational model can 

lead to reasonable prediction of the aerodynamic and dynamic characteristics of an airship. 
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The engine selection for an aircraft is an important part of the complete aircraft design process. 

Like any conventional or unconventional aircraft design, basic engine requirements are largely 

dictated by the selected mission profile and estimation of required aerodynamic parameters. 

Accurate estimation of drag force is important for thrust calculations and estimation of power 

requirements for engines [38]. There is always an option of using either combustion engines or 

electric motors to propel the airship. Usually two engines on the sides of the gondola have been 

used [4], [13], [26], [34], [38–42]. The Figure 2.2 shows the DIVA airship powered by two motors 

on each side of the gondola, with vectoring capability ranging from -30o to +120o. 

 
Figure 2.2 DIVA airship with two engines [39] 

The thrusters are usually connected through a movable axle that can tilt up and down. Some 

airships have used three thrusters to have the possibility to control the altitude and yaw angle while 

hovering [18], [43], [44].  

Several airships have used four engines to provide the required thrust during the flight mission. 

Arias adapted the dynamic model of AURORA [45], [46] to consider four engines instead of two, 

and the four thrusters have the ability to rotate 20 degrees around their axes, which allows each 
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thruster to generate a lateral force component besides the longitudinal and vertical components 

when thrusters are vectorized upward [47]. Azinheira et al. [48] addressed the lateral control of 

DRONI (Dirigível Robotico de Concepção Inovadora). Airship DRONI is a project code-name of 

an autonomous 10 m long airship powered by four vectored electric motors. With the purpose of 

flying in the remote areas of the Amazon forest, DRONI is an evolution of the AURORA airship 

[3], as seen in Figure 2.3.  

 

Figure 2.3 a) AURORA project and b) DRONI project [47] 

Battipede et al. [31] presented unconventional airship based on six propellers, moved by electrical 

motors, suitably set in order to produce the desired forces and moments, necessary to control and 

maneuver the airship both in hovering and forward flight as seen in Figure 2.4. In particular, two 

vertical propellers provide the vertical thrust for climbing, descent and pitching maneuvers, while 

four thrust-vectoring propellers mounted on rotating arms allow to control the lateral-directional 

attitude of the airship. 

a) b) 
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Figure 2.4 The Nautilus new concept unmanned airship [49] 

In this study, two airship architectures are used. The first model proposed is designed based on the 

airship prototype used in [13] which is shown in Figure 2.5. This prototype has a strait rigid keel 

fixed at the bottom of the helium envelope allowing the gondola to move forward and backward 

on the keel by a DC gearmotor to generate descending or ascending pitch. The second model is 

designed based on shape optimization methodology for rapid descent with lower drag and optimum 

surface area [50]. Both architectures will be discussed in detail in Section 3.1. 

 

Figure 2.5 The airship prototype [13] 
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2.2 Control  

Flight control is the first problem to address in order to provide an airship with the ability to 

autonomously achieve any flight mission. Control approaches can be categorized into linear 

control design techniques and nonlinear control techniques. The classical linear control design 

techniques have been used to solve flight control problems for many years. The linear methods do 

not take into account the real system conditions such as wind gusts or sensor measurement noise 

and abrupt of the different use of actuators necessary within each flight region. These model 

parameter errors and disturbances are a key issue in the choice of the controller. However, if the 

automatic control system is to cover the complete aerodynamic range from hover to cruise flight, 

then the control solution must be able to cope with the nonlinear and under- actuated airship 

dynamics [27]. In this case, it is sometimes difficult to obtain practical controllers based on linear 

design techniques. In the literature, the linear control approaches have been used to solve flight 

control problems for many airships. 

One of the first autonomous experimental flight of an airship resulted from the implementation of 

a PID heading controller, along with an automatic altitude control, for path-tracking through pre-

defined points in altitude and attitude [40]. Similar controllers were used in many other airships 

including the Aurora where a successful flight was achieved using a PI controller to track a set of 

predefined waypoints [29] [40 – 49]. The horizontal trajectory was controlled automatically by the 

onboard system, while altitude was controlled manually by the ground pilot. The controller's 

proportional and integral gains were obtained by trial and error. The flight trajectory was validated 

by simulation results and showed good agreement. 

Lanteigne et al. [13] used a PID controller to control the airship pitch using the gondola position. 

They built a miniature uninhabited airship with a moving platform to address the limited altitude 
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maneuverability of the airships. They examined the theoretical and experimental differences 

between altitude and pitch variations generated using aerodynamic control surfaces (elevator) 

versus configuration changes achieved by repositioning the gondola along the longitudinal axis of 

the helium envelope. 

De Paiva et al. simulated airship (AURORA ) environment to study the airship behavior in a 

variety of flight modes and simulate different control strategies [54]. They used a simple robust 

PID controller which proved to assure performance specifications to the pitch control loop for a 

class of uncertain systems derived from large variations in the operating conditions. The Figure 

2.6 shows the pitch attitude control structure (PID) for the linearized uncertain model. The results 

of nonlinear simulations showed absence of overshoots and good tracking properties of the pitch 

angle. 

 

Figure 2.6: Pitch attitude control structure for the linearized uncertain model [54]. 

The PID controllers have been widely used not only for the airship applications but also for UAV 

quadrotors, helicopters and robots in the industrial applications. Bouabdallah  studied the design 

and control of quadrotors with application to autonomous flying. He developed five different 

controller techniques including the PID controller. The PID controller proved to be well adapted 

to the quadrotor when flying near hover [58].  

In the presence of significant nonlinear effects, any linear control approach can only be guaranteed 

to be locally stable and it may be difficult to achieve the desired performance or even guarantee 

stability. In these cases, nonlinear control techniques must be used to account for dynamic 
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nonlinearity in the system. Some of the more common methods used for nonlinear UAV control 

are backstepping, linear quadratic regulator, dynamic inversion, incremental nonlinear dynamic 

inversion sliding mode control, gain scheduling. 

Recoskie in [60] developed a backstepping based control law and compared it to a conventional 

PID control for Five trajectory following on the basis of control effort and tracking error for each 

of the cases. The two flight controllers were developed to track the trajectories generated from the 

previously developed trajectory planner backstepping was shown to have a 50% decrease in 

tracking error versus PID. He made considerations to prevent actuator saturation and address error 

coupling. The energy consumption, however, was found at least 50% higher during trajectory 

following for both controllers in all cases. This increase can be attributed to the effects of 

introducing the full dynamic model and uncertainty. 

Masar et al. [61] presented the design procedure for a gain-scheduled Linear Quadratic Regulator 

(LQR) controller for an autonomous airship. Simulation results showed a good performance of the 

designed control system, and it would be tested on the real airship.  

LQR controllers have been used not only for airships but also for helicopters. Good position 

tracking performance has been obtained using these controllers. Bergerman et al. [62] used LQR 

controller as an inner loop to stabilize the unstable poles of the identified linear model of the 

robotic RMAX helicopter. This controller was then combined with a feedback linearization 

controller that decoupled the linear dynamics of the lateral, longitudinal, vertical, and heading axes 

and enabled trajectory tracking. The proposed cascaded position and heading controller for a 

robotic RMAX helicopter is shown in Figure 2.7. Both a sequential loop closure and linear 

quadratic regulator point-to-point controller were implemented on the linearized dynamic model 

of a mid-sized airship by Kulczycki et al. [63]. The LQR controller greatly outperformed the SLC 
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(sequential loop closure) controller in time-of-completion and overall input required for purely 

altitude climb maneuvers. 

 

Figure 2.7: System-level block diagram of the cascaded controller [62]. 

Dynamic Inversion, also known as feedback linearization, involves on line approximate 

linearization of a nonlinear plant via feedback [4], [23], [26], [63–68]. Moutinho and Azinheira in 

[26], [64] used Dynamic Inversion (DI) approach as a solution for the longitudinal and lateral 

control systems of the AURORA airship. A Dynamic Inversion controller was implemented with 

desired dynamics given by a linear optimal compensator. The stability of the nonlinear system was 

analyzed applying Lyapunov’s stability theory. The results obtained illustrated the overall system 

robustness. An autonomous flight controller was developed to guide the Titan airship along a three 

dimensional trajectory by Acosta and Joshi [67]. They used a combination between a proportional-

derivative controller for position control and a nonlinear dynamic inversion controller for velocity 

control. Simulation results showed the autonomous flight controller is able to successfully pilot 

the airship along the desired trajectory within mission error tolerances and adapted to increase 

robustness in the presence of parameter uncertainty. Yedavalli et al. [69] studied the robustness of 

the control system across the entire flight envelope. The proposed method was presented to 

determine the robustness of a baseline dynamic inversion control system developed for a 
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representative space-maneuvering vehicle. The stability of the nominal system was determined by 

using the Lyapunov function approach for nonlinear systems. 

Incremental nonlinear dynamic inversion (INDI) control is a variation on the nonlinear dynamic 

inversion (NDI). The NDI is a nonlinear control method which eliminates the system nonlinearity 

by means of feedback and results into partly or entirely linearized closed-loop system dynamics, 

where conventional linear control techniques can then be applied. The INDI method retains the 

high-performance characteristics of NDI while reducing model dependency, increasing robustness 

and reducing computational complexity [1-2]. The INDI only requires knowledge of the system 

kinematics and the actuator dynamics. The dynamic model is replaced with measurements of the 

system dynamics [72]. The INDI controller solves the incremental form of equations of motion 

using acceleration feedback and generates a control law substantially reducing the controller's 

dependence on complex, and sometimes inaccurate, models such as those describing the 

aerodynamic phenomena in flight dynamics. Feedback of angular accelerations eliminates the 

sensitivity to model mismatch, greatly increasing the performance of the system compared with 

conventional nonlinear dynamic inversion [73]. The incremental nonlinear dynamic inversion 

method has been successfully used to control various aerospace systems and shown desirable 

robust performance to aerodynamic model uncertainties [4–8]. The concept of INDI was first 

suggested in [77]. They examined the behaviour of NDI control law on the VAAC Harrier. During 

flight test a poor quality angular accelerations signals were observed and filtering and 

differentiating the angular rates led to oscillatory closed-loop behaviour. They suggested that the 

preferred solution would be to use an independent angular acceleration signal. An extension of 

Smith's approach to reformulate the dynamic inversion to be less dependent on the onboard model 

was developed in [78]. They chose two different sources to get independent data of the state 
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acceleration vector: linear accelerometers and numerically differentiated angular rates. Angular 

acceleration data was derived from a unique implementation of linear accelerometer 

measurements, in addition to the differentiated angular rates. Recently, the INDI methodology has 

been studied at Delft University of Technology [73]. INDI was adopted to control the attitude of a 

fixed-wing aircraft and, when compared to NDI, demonstrated improved robustness to model 

uncertainties. More recently INDI control theory was used to achieve a complete quadrotor 

controller in [79]. INDI showed improvements with the control of a time varying quadrotor model. 

The INDI controller was able to maintain the quadrotor trajectory while performing some degree 

of aggressive manoeuvres.  

INDI control was applied to the lateral control of an under actuated airship with uncertain 

dynamics model [48]. The stability and robustness of the proposed sensor-based control solution 

was illustrated with representative simulation results, including wind disturbances and a path 

following loop. The INDI controller performance was evaluated by adapting the DRONI’s 

geometry with four-propellers configuration of the AS800 of [3]. The controller was successfully 

able to follow the path with a maximum error of 10 m in the presence of wind disturbances. 

The derivations of INDI control law in literature are based on the time scale separation principle, 

which considers that the controls can change significantly faster than the states when the sampling 

frequency is high [4–8]. The time scale separation principle uses the fact that the time constants of 

the inner and outer loops are different and hence the control laws for inner and outer loops can be 

designed independently. The closed-loop system stability of a general linear system controlled by 

INDI was investigated in [80]. The analytical stability analysis showed that implementing discrete-

time INDI with a smaller sampling time resulted in larger stability margins regarding system 

characteristics and controller gains.  



18 

  

Backstepping is one of the most popular nonlinear controller which is based on Control Lypanov 

Functions (CLF) [81]. Backstepping has been used in UAVs and proven to offer robustness in the 

presence of parametric uncertainties [81–89]. A backstepping methodology was adapted to design 

a closed-loop trajectory-tracking controller for an under-actuated airship [85]. The authors 

proposed a time-varying stabilizing controller of the position and the orientation of an 

underactuated autonomous airship. They found that the airship could not be stabilized to a point 

using continuous pure-state feedback law. However, the stabilization problem was solved with an 

explicit homogeneous time varying control law, based on an averaging approach. Yang et al. [91] 

proposed a backstepping control approach to tackle the planar station-keeping problem of a 

stratospheric airship platform. The stability of the closed-loop control system was proven by the 

Lyapunov theorem. The simulation results illustrated the effectiveness and robustness of the 

proposed control approach. 

Hygounenc and Soueres [86] provided a complete solution to the control problem of airships in 

case of very low perturbations. They proposed a flight decomposition allowing to define canonical 

navigation phases from takeoff to landing. For each phase a reduced model was determined, and a 

controller was designed on the base of backstepping techniques. The control technique used 

allowed to drive the system to a steady state. In Murguia-Rendon at et. [88], the authors addressed 

and solved the trajectory tracking problem for the planar dynamics of a thrust vectored airship. 

The proposed controller was based on a combination of two nonlinear control design techniques, 

backstepping and Exact Tracking Error Dynamics Passive Output Feedback (ETDPOF). The 

closed–loop stability was preserved in the presence of unmodeled dynamics.  

A backstepping controller for trajectory tracking control of a high-altitude unmanned airship was 

proposed by Bang at el. [92]. Liesk at el. studied the design of a combined backstepping and 
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Lyapunov controller for the attitude, velocity and height control of an unmanned, unstable, fin-

less airship [87]. The controller performance was verified using a simulation and then tested in 

outdoor flight tests. The simulations showed that the designed controller could successfully 

stabilize the airship’s attitude and velocity in wind conditions to be expected during outdoor flight 

tests. During the flight tests, the controller performed similarly to the simulations with the 

exception of height control. 

Sliding mode control (SMC) is another nonlinear control technique [14], [26], [91–93]. This 

method involves high speed switching to keep the system on a hyper surface (in state space) called 

a sliding surface so the system trajectory exhibits desirable behavior when confined to this hyper 

surface. Different control gain is applied depending on whether the current state is above or below 

the sliding surface. In [93], the authors proposed a neural network self-gain-scheduling sliding 

mode control (NNSSMC) approach to design the trajectory controller for robotic airships in the 

presence of parametric variations and external disturbances. The proposed control approach 

showed increase the robustness against system variations and decrease the chattering phenomenon 

of the sliding mode control (SMC). In addition, the stability and convergence of the closed-loop 

controller were proven by using the Lyapunov theorem. Figure 2.8 shows the block diagram of 

SMC, where ηc and η are the commanded trajectory and true trajectory, respectively. 

Yang et al. [96] introduced the conceptual design, dynamics modelling and attitude controller of 

the stratospheric telecommunication platform. The dynamic model of the platform was derived 

from the Newton–Euler formulation, and the sliding mode control (SMC) approach was employed 

to develop the attitude-tracking controller in the presence of uncertainties and external 

disturbances. The simulation results verified the effectiveness and robustness of the proposed 

control scheme. In [95], the authors presented the design of two MIMO Sliding Mode Controllers 
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for the guidance and navigation system of the AURORA airship (for the longitudinal and lateral 

modes). The MIMO SMC design proposed was adapted from the approach presented in Healey 

and Lienard [97]. The two controllers were derived (for the longitudinal and the lateral modes) 

based on linearized models of the airship. The results showed that the approach was a strong and 

robust tool for the design of a single global control scheme for unmanned vehicles.  

 

Figure 2.8: Block diagram of SMC [93]. 

Gain Scheduling solution is another important nonlinear control approach which optimizes the 

linear state-space controller parameters to various operating points of the airship [13], [15], [54], 

[91], [97–102]. In [27], A path-tracking gain-scheduling controller was designed and its 

performance and robustness were evaluated in the simulation environment described for a 

complete airship mission consisting of vertical takeoff and landing, cruise flight and ground-hover, 

under realistic wind disturbances. In this paper, the authors comprehensively addressed the 

relevant aspects of the control design methodology, the airship modelling, the dynamics analysis 

over the flight envelope and the step-by-step design of a gain-scheduling controller. The simulation 

results demonstrated the robustness of the gain-scheduling path-tracking control and the suitability 

of the approach. General features of the gain scheduling approach and in terms of its applications 

in flight control and automotive engine control was described by Rugh and Shamma in the Survey 

Paper [102].  
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Some other nonlinear methods have also been proposed for airships at which include, Transverse 

feedback linearization [104], [105], Poincare map [105–107], Lagrangian control approach [109], 

Fuzzy sliding mode control method [51], [109–111]. 

For a specific control application, combinations of controller techniques can be used for airship 

autonomous control. Yang et al. [113] combined the backstepping control with the sliding-mode 

control to assure the robustness against parametric uncertainties and external disturbances. Beji 

and Abichou [81] used a combination between the integrator backstepping approach and Lyapunov 

theory to improve the stability of the airship. Liesk et al. [87] used an integral backstepping 

algorithm for attitude control and Lyapunov theory for velocity control. Yang et al. [113] 

addressed the problem of positioning control for an autonomous airship in the presence of model 

uncertainties and external disturbances by using a combination between the backstepping control 

and the sliding-mode control. Their proposed control scheme provided a promising approach for 

the positioning control of an airship.   

In this study, the model developed in [13] will be modified to reflect the new vehicle architectures. 

The new architectures provide an alternative solution to over-actuation and ballonets for the rapid 

altitude changes required when landing or avoiding obstacles. The pitch angle of the airship due 

to the changes in the gondola’s position without using rudder and elevator will be analyzed in this 

study. For this new architecture, backstepping and INDI controllers will be developed and 

evaluated. These controllers were chosen because they are appropriate for a nonlinear system such 

as the airship. Another reason for selecting the INDI controller is model independence which 

improves the robustness of this controller to model mismatches. 
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 Airship Architecture and Dynamic 

Modelling 

This chapter is organized as follows; first, two airship architectures used in this study are presented 

in section 3.1, the nonlinear dynamic model is presented in section 3.2. Then, the energy 

consumption is presented in section 3.3.   

3.1 Airship Architectures 

Two airship architectures used in this study are presented in this section. The first model proposed 

(Model 1) is designed based on the airship prototype used in [13]. The Model 1 is shown in Figure 

3.1 and it has the thrusters are located along the center of volume (CV) of the airship to minimize 

the pitch moment caused by the thrust. In addition, the keel extends to the front of the airship to 

allow the gondola to move all the way to the front of the airship to increase the maximum pitch 

angle to -90o. The gondola position along the keel is controlled using a DC gearmotor.  

 

Figure 3.1 Model 1 airship design 

The gondola has a weight of 0.67 kg and the centre of mass (CM) located at 0.53 m below the CV 

based on the SolidWorks model. The remaining physical properties are given in Appendix B. 
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Figure 3.2 Side view of the proposed airship with dimensions in (meters) 

The second model was designed based on shape optimization methodology for rapid descent with 

lower drag and optimum surface area [50]. This model has the thrusters located closer to the 

gondola to minimize the mass and inertial of the gondola as well as to facilitate manufacturing, 

handling, and storage. The CAD model of the proposed airship is shown in Figure 3.3. This model 

has a similar drive mechanism for the gondola as in the Model 1, where the gondola moves on a 

rail fixed to the keel of the helium envelope. The rail is also strait along the mid-section of the 

vehicle and circular along the bow. However, Model 2 is different in shape and size that allows 

more payload to be carried. The dimensions of airship (Model 2) are shown in Figure 3.4 and the 

physical properties of the airship are listed in the Appendix B. The propulsion system is mounted 

on a tilting system with servo motor. The tilting system can provide a tilting angle from ζ = -10o 

to ζ = +110o. 
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Figure 3.3 Model 2 airship design 

 

Figure 3.4 Model 2 airship dimensions (meters) 

3.2 Nonlinear Dynamic Model   

The non-linear dynamic model of the proposed architectures was developed using Newton-Euler 

equations as derived by Gomes [21], with addition from Recoskie [60], and modifications to 

account for the curved rail sections and thruster locations. In order to apply trajectory tracking 

control strategies, a complete dynamic model of the airship was developed based on the physical 

characteristics of the prototype platforms as well as empirical coefficients derived from similar 

airships. The dynamic model was developed based on the assumption that the airship is considered 
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a rigid body such that aeroelastic effects can be ignored, which is justified by the fact that the 

envelope is pressurized and the structure of the airship is supported by the curved keel. 

3.2.1 Axis and Notation 

For describing the airship motion, two frames of references are defined to describe the airship 

motion: the inertial reference axis and the airship body axis. Both models use the same reference 

frames and model variables, with the exception of Model 1, which has no vertical distance between 

thruster and CV. The two reference frames used in this study for the development of the equations 

of motion with respect to the physical characteristics of each model are shown in Figure 3.5. 

 

Figure 3.5 Body axis convention and inertia axis of Model 2 

The body axis system is defined at the CV of the airship with the x-axis along the centerline and 

pointing to the nose, the z-axis is positive downward and the y-axis is positive in the direction 

perpendicular to xz-plane as in Figure 3.5. The orientation of the body axis system is represented 

by Euler (roll ∅, pitch θ and yaw ѱ) angles. The reason of choosing the origin at the CV is due to 

the possible shift of the center of gravity (CG) during flight.  
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The equation of motion of the model's reference system in Figure 3.5 is defined as, 

( )v v
Mx D x E U+ = +  (3.1) 

where, M is the 6x6 mass matrix, D is the 6x1 dynamics vector, E is the 6x1 model uncertainty 

vector, xv is the 6x1 state vector of linear and angular velocities expressed in the body frame located 

at the CV, U is the 6x1 external forces and moments and defined as,  

( ) ( )1vU = A x G F+ + uR
 

(3.2) 

where, A is the 6x1 aerodynamic vector, G is the 6x1 gravitational and buoyancy vector, R1 is the 

directional cosine matrix and Fu is the 6x1 propulsive force vector.  

The state convention is written as  

Positions:  
T

x y z=   x  

Velocities:    , ,x v ω v ω
TT T

x y z    = = =  
 

where v is vector of linear velocities and ω is angular velocities of the vehicle defined in the 

moving frame of reference located at the CV of the helium envelope. Both the position and the 

velocity vectors can be defined in either the earth or the vehicle reference frames, which have the 

subscripts g and v, respectively. In some instances, the repetitive vehicle frame subscripts have 

been removed for clarity. 

3.2.2 Inertia matrix 

The mass matrix contains the true mass and inertias of the airship as well as added mass terms. 

After applying simplifications due to vehicle symmetry, the mass matrix is given by, 
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where dCG is a skew symmetric matrix containing distances between the CV and CM. Ma and Ja 

are the added mass and added inertia matrices and are computed from the sum of the true mass 

and inertia.  
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( )11xm  k m= +  (3.5) 

( )21y zm  m  k m= = +  (3.6) 

, ,x f x g xJ  I  I= +
 

(3.7) 

( ) , ,1 '= + +y f y g yJ    k I  I
 

(3.8) 

( ) , ,1 '= + +z f z g zJ    k I  I
 

(3.9) 

, ,xz f xz g xzJ  I  I= +
 

(3.10) 

where the mass of the airship m is equal to the sum of the mass of the gondola, the rail, the 

envelope, the fins and electric motors 

𝑚 = 𝑚g +𝑚𝑟 +𝑚𝑒 +𝑚𝑓 +𝑚𝑚 

The motors are attached to both sides of the gondola therefore, due to the symmetry, the mass 

center of the gondola includes mg and mm. 
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The centres of masses of each airship are computed as follows: 

( ) ,
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m

m s m x m

m mz L d
d

m

m

   + 
=

  + 
=

+

+
 (3.11) 

mf is considered here the total mass of all fins.  

( )

                         straight  rail

curved  rail

,

,

,

g p z

m g

g p z

m g p z

z d

x s

z d cos

x s d sin





= 


= 

=  


= −  

 

where, zg is the distance between the CV to the CM of the gondola along z, xm is distance between 

the CV to CM of the propeller along x, ζ is the angle between the link and z axis when the gondola 

is in the curved link as shown in Figure 3.6. dr,x,and dr,z, are the distance between the CV to the 

CM of fins along x and z respectively, and Lr is the distance between the CV to the CM of the rail. 

Model 1 the straight rail from −0.81≤ 𝑠g ≤ 0.96 and the curved rail when 𝑠g > 0.96. 

and Model 2 the straight rail from −0.47 ≤ 𝑠g ≤ 0.76 and the curved rail when 𝑠g > 0.76. 

 

Figure 3.6 the gondola in the curved section 
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The masses and the inertias of the fixed components as indicated by the subscript f represent those 

of the envelope and rail and were found based on the dimensions of the prototype SolidWorks 

model, while virtual masses terms k1, k2, and k’ above are approximated using the works of Lamb 

[114] and Munk [115]. The geometric and physical properties of the simulated airships are listed 

in Appendix B. 

3.2.3 Dynamics vector 

The 6×1 column matrix that contains the dynamic terms associated with inertial linear and 

angular velocities is given by, 

( )  vx
T

X Y Z L M ND D D D D D=D  (3.12) 

where the axis convention is defined in Figure 3.5. The forces and moments in equation (3.12) are 

derived based on Newton's laws for rigid body motion about the CV in the body frame.  

The components of the dynamics vector simplified due to the airship symmetry about the xz plane 

and become [21], 

2 2

, , ( [ ] )X z z m x m zD m z m y m d d= − + + −       (3.13) 

, , ( )Y x z m x m zD m x m z m d d= − − +      (3.14) 

2 2

, , ( [ ] )Z y x m z m xD m y m x m d d= − + + −       (3.15) 

,( )  ( )L z y xz m zD J J J m d z x= − − + −      (3.16) 

2 2

, ,x( ) ( )  ( [ ) [ ])M x z xz m z mD J J J m d z y d x y= − + + + − + −        (3.17) 

,( )  ( )N y x xz m xD J J J m d x z= − + + −      (3.18) 
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3.2.4 Aerodynamics vector 

The aerodynamics vector acts to dampen linear and rotational rates of change in the vehicle. In the 

present study, the coefficients within the aerodynamic terms were determined from the airship 

geometry using the system identification method proposed by Mueller et al. who presented an 

alternative method to system identification using airship geometry [51]. Many aerodynamic 

models in the literature are linear combinations of terms containing the angle of attack, the angle 

of sideslip, and the control surface deflections, all of which are multiplied by the square of the 

trimmed vehicle velocity. These models can be adequate for medium to high speed flight but have 

no effect at hover since aerodynamic dampening is reduced asymptotically with relative vehicle 

speed [21]. Gomes [21] and Ashraf et al. [41] present rotational pitch and yaw damping terms but 

neglect the envelope effects which are on the same order of magnitude as the fins. This research 

incorporates the aerodynamic model derived based on the work of both Jones and Mueller [51], 

[116] with additional rotational dampening added. The aerodynamic vector is given by, 

 
T

X Y Z L M NA A A A A A=A
 

(3.19) 

The components of the aerodynamic vector are defined as: 

( )2 2

1 2 3cos cos sin(2 )sin( / 2) sin(2 )sin( / 2)X X X XA q C C C      = + + +   (3.20) 

( )1 2 3cos( / 2)sin(2 ) sin(2 ) sin( )sin | |Y Y Y YA q C C C= + +        (3.21) 

( )1 2 3 [ cos( / 2)sin(2 ) sin(2 ) sin( )sin | | ]Z Z Z ZA q C C C= + +      (3.22) 

( )1 3 [ sin( )sin | | ] 0.5 ( | | | |)L L a LA q C C= + +        (3.23) 
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( )1 2 3 5 [ cos( / 2)sin(2 ) sin(2 ) sin( )sin | | ] 0.5 | |M M M M a MA q C C C C= + + +         (3.24) 

( )1 2 53 cos( / 2)sin(2 ) sin(2 ) sin( )sin | | 0.5 | |N N N N a NA q C C C C= + + +           (3.25) 

where the steady state dynamic pressure is defined as 𝑞 =
1

2
𝜌𝑎𝑣0

2  and the angles of attack and side 

slip relative to the air are defined as  𝛼 = 𝑎𝑟𝑐𝑡𝑎𝑛 (
𝑧̇

𝑥̇
)  and  𝛽 = 𝑎𝑟𝑐𝑠𝑖𝑛 (

𝑦̇

√𝑥̇2+𝑦̇2+𝑧̇2
), respectively. 

The last term on each aerodynamic moment are the added rotational dampening that are 

proportional to the angular rates squared. The coefficients of drag are, 

 

0 0 01 [ ]X Dh h Df f Dg gC C S C S C S= − + +  (3.26) 

2 2 1 11 1 ( )Y ZX k hC C C k k I S= − == − −  (3.27) 

2 2 0.5( )L
Y Z f f f

C
C C S





== −  (3.28) 

3 1[ ]Y Dch h Dcf f Dcg gC C J S C S C S= − + +  (3.29) 

4 4 0.5( )L
Y Z l f f

C
C C S





== −  (3.30) 

3 1[ ]Z Dch h Dcf fC C J S C S= − +  (3.31) 

1 ,L Dcg g g zC C S d=  (3.32) 

,

3

2 2 f zL Dcf fC C S d= −  (3.33) 

2

3L Dcg g gzC C S d D= −  (3.34) 

1 1 2 1 3( )M N k hC C k I S Lk = − − −=  (3.35) 
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2 2 ,0.5( )L
M N f f f f x

C
C C S d





−== −  (3.36) 

3 2 ,( )M Dch h Dcf f f xC C J S C S dL= − +  (3.37) 

3 2 ,N Dch h Dcf f f x Dcg gC C J S sSdS CL C= + +  (3.38) 

4 4 ,

,

0.5( )L
M N l f f f x

E R

C
C dC S





= − −=  (3.39) 

3

5 ,M Dcf f f xC C S d= −  (3.40) 

3 3

5 ,x[ ]N Dcf f f Dcg gC C S d C S s= − −  (3.41) 

All other variables and coefficients are summarized in Appendix B and including references to 

where they can be determined for any airship platform using a combination of semiempirical 

models and geometric functions. 

3.2.5 Gravitational and buoyancy vector 

The gravitational and buoyancy vector accounts for gravitational and buoyancy forces applied to 

the vehicle. Since these forces align with the axes of the earth reference frame, they must be 

premultiplied by a rotation matrix to convert them to the body reference frame. The centre of 

buoyancy is assumed same as the CV. The gravitational and buoyancy vector G is given by,   

1

a

a

R
m V

m V





   
= −   

   CG CG

g g
G( )

d g d g
 (3.42) 

where V is the volume of the helium envelope, dCG is defined in equation (3.4), and g is the 

gravitational vector expressed in the body frame and R1 is a rotation matrix (also known as the 123 

or roll-pitch-yaw Euler sequence), 
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   1g
T TT

1 2 3g g g 0 0 g= = R  (3.43) 

𝑹1 = [

cos cos  sin sin cos cos sin    − cos sin cos sin sin    +

cos sin  sin sin sin cos cos    + cos sin sin sin cos    −

sin− sin cos  cos cos 

] (3.44) 

In component form, the gravitational and buoyancy vector becomes, 

1( )X a gG m V= −   (3.45) 

2( )Y a gG m V= −   (3.46) 

3( )Z a gG m V= −   (3.47) 

2L mzG md g= −  (3.48) 

1 3( )M mz mxgG m d d g= −  (3.49) 

2N mxG m d m g=  (3.50) 

 

3.2.6 Uncertainty terms 

Several parameters in the airship equations of motion, as well as the calculations based on the size 

and weight measurements of the actual blimp are subject to uncertainty. There is also uncertainty 

in the model formulation. Additionally, the uncertainty arises from assumptions made about the 

vehicle aerodynamics and the actuator dynamics. These variations will result in an unknown, 

higher order aerodynamic model. Therefore, the uncertainty vector is modelled as, 

T

1(A F )u= +E  (3.51) 

where σ1 is a 6x1 vector of uniformly distributed random percentages within the range of ±10%. 

This range was chosen by Recoskie [60] based on the variation between methods to determine 

empirically derived constants. It was difficult to validate the magnitude and distribution of the 
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uncertainties [60]. Most of uncertainty parameters cannot directly be measured, and thus requires 

to be constructed from the measurable airship states. Accuracy of the obtained parameters are 

highly dependent on the quality of the sensor measurements [117]. 

3.2.7 Input force vector 

The input force vector is expressed in form of 6x1 matrix and contains the propulsive forces and 

moments. The following Input force equation is derived for the vectored link system and written 

as,  

,

, , ,

,

(   ) 

0

(   ) 

(   ) 

(   ) [  ( )  ( )]

(   ) 

F

x R L

y

R Lz

u

R L p yx

R L g p z g z p zy

R L p yz

F T T cos

F

T T sinF

T T d  sinM

T T sin s d  sin cos d d  cosM

T T d  cosM







   



  + 
   
   
   − +
 = =  

−   
   + + − +
   

−     

 
(3.52) 

where TR and TL are the right and left propeller thrust, γ the vectored thrust angle as shown in 

Figure 3.6, and dp,y and dp,z are defined in Appendix B for Model 2. However, dp,z is equal to zero 

in Model 1 because the thrusters are in line with the CV.  

3.2.8 Kinematics 

The body fixed frame origin was chosen at center of volume (assumed to coincide with the gross 

center of lift). Vehicle kinematics are applied in tandem to determine the vehicle's velocity and 

positional changes with respect to the earth reference frame. Coordinates and trajectories in the 

earth reference frame can be determined from the equivalent states in body reference frame pre-

multiplied by the Jacobian matrix J,  
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1 3 3

g v w v w

3 3 2

0
= J + =

0
x x v x v

x

x

 
+ 

 

R

R
 (3.53) 

where R1 is the rotation matrix described in equation (3.44), vw is the total wind (steady + gusts) 

in a 6x1 vector and, and, R2 is the rotation matrix described by 

2

sin tan cos tan

0 cos sin

0 sin sec cos sec

1 
 

= −
 
  

   

 

   

R  (3.54) 

3.2.9 Wind disturbances 

In order to evaluate the controller robustness in the presence of wind disturbances vw, the wind 

disturbances were modeled by using a Dryden model. The disturbances enter into the dynamics of 

the airship in equation (3.53). The equation (3.53) defined ẋg as the velocity of the airship relative 

to the ground, ẋv  as the velocity of the airship relative to the body frame, and vw as the wind 

velocity. The wind was modeled as a constant wind field plus turbulence. The turbulence was 

generated by passing white noise through a filter to create Dryden model. The model was simulated 

included a turbulent gust with an intensity of 2 m/s, in addition to a wind gust with gust amplitude 

of 2 m/s. These values are suitable for low and medium altitudes and light and moderate turbulence 

[118], and represent 33% of the maximum speed of the airship. 

The output of the total wind vector resulted by Dryden model is represented as, 

𝐯𝑤 = 𝐯𝑤𝑐 + 𝐯𝑤g  

where vwc is a constant wind, and vwg is a stochastic process that represents wind gusts and 

other atmospheric disturbances. 
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The wind velocity vw in (3.53).expressed in inertia reference frame is added to the model in the 

longitudinal motions as, 

𝐯𝑤 = [

𝑥̇𝑤
𝑦̇𝑤
𝑧̇𝑤

] 

The lateral wind effect on Y axis is neglected in the simulations and experimental tests and it is 

assumed zero (𝑦̇𝑤=0). 

3.3 Energy consumption 

Energy consumption is one of the important aspects involved in airship optimization because it 

directly affects the endurance of the vehicle. Several factors can influence the energy consumption 

of an airship including the atmospheric environment, payload power requirements, the size of the 

airship, and the power and propulsion systems’ efficiencies [119]. Also, rotational changes require 

energy and cannot be considered negligible and some maneuvers can even cause instability which 

can consume additional energy to correct and follow the trajectory [60]. The constraints such as 

power consumption, weight and size play an important role in UAVs, particularly in small size, 

light and low cost UAVs. Most existing literature on UAVs focuses on large, high altitude airship 

platforms used for communication and surveillance [120], [121]. However, the energy efficient 

and low altitude uninhabited airships have not largely been explored to date [60]. Tseng et al. [122] 

conducted an empirical study to model the energy consumption of drones, considering various 

flight scenarios. They observed large power fluctuations due to repeating vertical movements. For 

long endurance missions or transportation purposes, minimize the weight and power requirements 

of the configuration is critical in airships. The required propulsive power depends mainly on the 

aerodynamic drag of the airship hull, which accounts for about two-thirds of the total drag. Even 
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a small reduction in hull drag can result in a significant energy savings, which in turn, will lead to 

maximize the efficiency of airships. During the aerodynamic design of an airship, it is important 

to find a drag-minimized envelope for the long range goal [1]. Gertler and Marzocca conducted 

experimental work to determine a low-drag submarine contour for conventional and 

unconventional airships [123]. In addition to this many other researchers have studied the impact 

of drag reduction of the airship hull [50], [116], [124], [125].  

3.3.1 Energy required for the airship 

The power required for an airship includes the power needed to supply the sensors, all support 

systems and in particular the propulsion system. Propulsion system in this study consists of two 

brushless DC (BLDC) motors with two propellers installed on the shafts of the motors, one motor 

on each side of the envelope as shown in Figure 3.7. Each thruster is mounted on a tilting system 

with servo motor. A driver carriage containing DC gear motors and a driven carriage as shown in 

Figure 3.8. These actuators provide the means to control the position of the gondola on the keel. 

 

Figure 3.7 The propulsion system  
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Figure 3.8 The drive mechanism of the airship 

The on-board electronics power is a constant electrical power Pc that is consumed by the on-board 

electronics (camera, minicomputer, telemetry, etc.). The power consumed by the on-board 

electronics effects the overall flight endurance and can be up to 65% for dirigibles [60].  

The total power required for the airship can be then calculated as: 

𝑃𝑡𝑜𝑡 = 𝑃𝑚 + 𝑃𝐺 + 𝑃𝑠 + 𝑃𝑐 (3.55) 

where Pm is the power required to overcome the drag, PG is the power required to move the gondola 

and Ps is the power required to rotate servo motor. However, not all systems consumed power 

during the mission objectives. For example, the drive mechanism of the gondola does not consume 

power when it is not in motion. Unlike the propulsion system, that consumes power for the duration 

of the flight time since it is the only system that generates thrust to move the airship to overcome 

the drag.  

Therefore, the total energy required 𝐸𝑡𝑜𝑡 for an airship during the trajectory from the start time tstart 

and tend can be calculated as:  

𝐸𝑡𝑜𝑡 =∑𝑃𝑖
𝑖

⋅ 𝛥𝑡𝑖 (3.56) 
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where i is the different system that consumes power, 𝛥𝑡𝑖 the amount of time that each system 

operates during the whole trajectory.  

3.3.2 Propulsion system power 

In order to calculate the required energy, the airship drag force acting on the airship at the 

maximum operating speed (V) needs to be calculated. The drag force Fd is calculated as: 

𝐹𝑑 =
1

2
𝜌𝑎𝑖𝑟 𝐶𝐷𝑉𝑉𝑒

2
3 ⁄
𝑉2  (3.57) 

where 𝜌𝑎𝑖𝑟 the density of the air (kg/m3), Ve is the volume of the envelope (m3), CDV the drag 

coefficient of the entire airship can be calculated as: 

𝐶𝐷𝑉 =
𝐶𝐷𝑉𝑒
𝑘𝑑

 (3.58) 

where 𝐶𝐷𝑉𝑒 is the volumetric drag coefficient of an envelope and can be estimated using the 

semiempirical equation suggested by Cheeseman [16] as: 

𝐶𝐷𝜈𝑒 =

0.172(√(
𝐿
𝐷)

3

) + (
0.256

(𝐿 ∕ 𝐷)𝑒1.2
) + (

1.032
(𝐿 ∕ 𝐷)𝑒2.7

)

𝑅𝑒
1∕6

 

 

(3.59) 

and kd is the drag factor and is found in literature [126] to be 0.5243 and L and D is the length and 

diameter of the airship respectively. Re is the Reynolds number and it is expressed as: 

𝑅𝑒 =
𝜌𝑎𝑖𝑟 𝑉𝑤 𝐷

𝛿𝑎𝑖𝑟
 (3.60) 

where Vw is velocity of the wind and 𝛿𝑎𝑖𝑟 is dynamic viscosity of the air. 

Once the total airship drag force has been calculated, the actual power required Pm (Watt) for the 

motors to overcome the drag of airship can be determined as: 
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𝑃𝑚 =  𝐹𝑑 ⋅ 𝑉/ 𝜂𝑝 (3.61) 

 𝜂𝑝 is the propulsion system efficiency which is considered 75% based on thruster static bench 

testing.  

3.3.3 Gondola’s drive mechanism power 

There are two BLDC motors to move the gondola. The power required to move the gondola PG 

along the rigid keel based on satisfaction of the needs of the mission, is calculated as:  

𝑃𝐺 = 𝐹𝑟 ⋅ 𝑆̇ (3.62) 

where Fr is the rolling force from the motors that moves the gondola along the keel (friction force 

required to rotate the wheel), 𝑆̇ is the speed of the gondola. The rolling force is calculating by using 

Newton’s second law. The simplified forces acting on the gondola are shown in Figure 3.9. 

𝐹𝑟 = 𝑚( 𝑆̈ + g sin 𝜃 +
1

5
g cos 𝜃 𝜇𝑠 +

4

5
 g cos 𝜃 𝜇𝑟𝑜𝑙𝑙) (3.63) 

where m is the total mass of the moving parts (Payload weight) attached to the gondola, 𝑆̈ is the 

acceleration of the gondola in the direction along the keel and 𝜃 is the pitch angle in the body 

frame. 𝜇𝑠 is friction coefficient between the rubber wheels and the keel and  𝜇𝑟𝑜𝑙𝑙 is the rolling 

coefficient between the steel wheels and the keel. The weight carried by each carriage assembly is 

approximated by (W/2). 
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Figure 3.9 Free body diagram of forces acting on the gondola and the carriages  

The power required to move the gondola PG  by two motors can be obtained by substituting 

equation (3.63) in equation (3.62),  

𝑃𝐺 = 𝑚( 𝑆̈ + g sin 𝜃 +
1

5
g cos 𝜃 𝜇𝑠 +

4

5
 g cos 𝜃 𝜇𝑟𝑜𝑙𝑙) ⋅ 𝑆̇  (3.64) 

The motor power is a linear function of the gondola speed and thus is only required during gondola 

repositioning. Equation (3.64) shows that the power required to move the gondola is independent 

of velocity of the airship. However, the primary factors affecting energy consumption are the 

payload weight and the gondola repositioning rate 𝑆̇. 

3.3.4 Tilting system power 

The propulsion system (BLDC motor paired with propeller) is mounted on a tilting system as 

shown in Figure 3.10. The servo angles are defined with respect to the x axis (horizontal) of the 

body frame and the negative direction of z axis which defines positive rotations. The tilting system 

with the propulsion system can produce pitching moment, lift, and forward thrust at the same time, 

whereas differential thrust can generate rolling and yawing moments. The power required to rotate 

servo motor Ps as required by the mission, is calculated as:  
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𝑃𝑠 = 𝜂 . 𝜏 ⋅ 𝜔𝑠 (3.65) 

where 𝜏 is the torque required to rotate the propulsion system weight, which equals to the product 

of the weight and the distance between the center of mass of the propulsion system and the center 

of rotation of the motor. The angular velocity of the servo motor 𝜔𝑠 (deg/s) is defined in the data 

sheet of the motor. η is the efficiency that account for friction losses in the gears and tilting bracket 

and it is considered to be constant in this study η = 0.80.  

 

Figure 3.10 the tilting system  

 

 

 

 

 

Servo motor 
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 Airship Control  

Backstepping and incremental nonlinear dynamic inversion controllers were designed for the 

purpose of tracking a desired trajectory by controlling the position of the gondola and the thrust. 

The performance of both controllers was simulated on both airship models then the energy 

consumption of the prototype Model 2 was evaluated. The following sections describe the theory 

and implementation details of each controller followed by simulation and experimental results. 

4.1 Backstepping controller 

The backstepping method is a nonlinear approach which uses Control Lyapunov Functions (CLF). 

The nonlinear system is broken down into smaller subsystems and the Lyapunov function is 

applied for each of the subsystems. The backstepping approach can be applied to multi input multi 

output systems since the control law is derived in few steps [127]. Global asymptotic stability of 

the tracking control law is proven by applying Lyapunov stability analysis  

The first backstepping variable e1 is defined as  

e1 = 𝐱g − 𝐱d (4.1) 

where xg is the 6x1 airship’s position vector in the earth fixed frame and xd is the 6x1 desired state. 

The virtual control is chosen by introducing the second backstepping variable e2. 

𝐱̇g = J𝐱̇v = e2 + α1 (4.2) 

where α1 is a stabilizing function and J is the Jacobian matrix that defined in (3.53). The time 

differentiation of equation (4.1) and substitution of (4.2) gives 
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ė1 = 𝐱̇g − 𝐱̇d = J𝐱̇v − 𝐱̇d = e2 + α1 − 𝐱̇d  (4.3) 

Let us consider the Lyapunov function candidate V1 for the first step to be, 

𝑉1 =
1

2
e1
Te1 (4.4) 

and its time derivative is  

𝑉̇1 =
1

2
e1
Tė1 (4.5) 

To make 𝑉̇1 negative definite with respect to e1, the stabilizing function can be selected as 

α1 = 𝐱̇d − 𝐾1e1 (4.6) 

Where 𝐾1 = 𝐾1
𝑇> 0 is a 6X6 positive definite design matrix. By substituting equations  (4.3) and 

(4.6) in equation (4.5) 

𝑉̇1 = e1
Te2 − e1

T𝐾1e1 (4.7) 

Equations (4.2) and  (4.3) are rearranged as  

ė1 = e2 − 𝐾1e1    (4.8) 

e2 = J𝐱̇v − 𝐱̇d + 𝐾1e1    (4.9) 

The time derivative of e2 is 

ė2 = J̇𝐱̇v + J𝐱̈v − 𝐱̈d + 𝐾1ė1 (4.10) 

The second step of the backstepping controller is designed to drive the virtual state e2 as defined 

in (4.9) to zero. Let us consider the second Lyapunov function candidate as 

𝑉2 = 𝑉1 +
1

2
e2
Te2 (4.11) 



45 

  

Its time derivative is 

𝑉̇2 = e1
Te2 − e1

T𝐾1e1 + e2
Tė2  (4.12) 

Taking the time derivative of e2 and substituting 𝐱̇v from equation (3.1) to equation (4.12)  

     𝑉̇2 = e1
Te2 − e1

T𝐾1e1 + e2
T(J̇𝐱̇v + J 𝐌−1[−𝐃(𝐱̇v) + 𝐔] − 𝐱̈d + 𝐾1ė1)   (4.13) 

The time derivative the second Lyapunov function 𝑉̇2 is negative definite in e1 and e2, if the terms 

between brackets are equal to (-e1 -K2 e2), where 𝐾2 = 𝐾2
𝑇> 0 is another 6x6 positive definite 

design matrix. If the virtual control is chosen such that,  

ė2 = −e1 − 𝐾2e2 (4.14) 

and the time derivative of second Lyapunov candidate function becomes 

𝑉̇2 = −e1
T𝐾1e1 − e2

T𝐾2e2 (4.15) 

The second Lyapunov function 𝑉̇2 can be made negative definite by choosing the positive definite 

matrices K1 and K2. Thus, according to the Lyapunov stability theory, the airship system is globally 

asymptotically stable.  

By setting equation (4.13) equal to equation (4.15) and substituting 𝐱̈v from equation (3.1) and 

then solving for the desired control force U we get 

     𝐔 = 𝐌J−1(−𝐾2e2 − e1 − J̇𝐱̇v + 𝐱̈d − 𝐾1e2 +  𝐾1
2e1) + [𝐃(𝐱̇v)]  (4.16) 

The uncertainty terms are removed from the desired control because they are unpredictable. 

However, they are added as 10% error to the virtual masses since they are approximated using the 

works of Lamb [114] 

The control allocation problem with aerodynamic forces and moments can be formulated 

according to the control law of equation (4.16) and equation (3.2). 
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U
T

TTF M =
 

   (4.17) 

where the external forces F = [u1 u2 u3]
T and the external moments M = [u4 u5 u6]

T. By substituting 

the external forces and the external moments from equation (3.2) in equation (4.17) we get,  

1

2

3

4

5

6

( )

0

                                                                     

                                                                                 

U

R L X
u T T cos G

u

u

u

u

u

+ + 
 
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 
 
 
  
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
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) ( . )]
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g z p z M

R L p y N

cos d d cos G

T T d cos G

  



 
 
 
 
 
 
 − + +
 

− +  

   (4.18) 

For simplicity, we set TR = TL and Fx= (TR + TL) cos γ, and Fz= (TR + TL) sin γ. In addition, the 

desired roll and yaw angles are chosen here to be equal to zero and the airship is symmetric about 

the x-z plane. Therefore, u2= u4= u6 = 0.  

The real control inputs, u = [sg, Fx, Fz]
T. Then the equation become,  

U=Bu 

where B contains the terms directly related with u. Using basic trigonometric geometry γ can be 

found from the relation between Fx, Fz. 

𝛾 = 𝑡𝑎𝑛−1 (
−𝐹𝑧
𝐹𝑥

) 

The block diagram of the backstepping controller is shown in Figure 4.1. 
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Figure 4.1 Block diagram of the backstepping controller 

4.2 Incremental Nonlinear Dynamics Inversion Approach  

The controller solves the incremental form of equations of motion using acceleration feedback and 

generates a control law substantially reducing the controller's dependence on complex, and 

sometimes inaccurate, models such as those describing the aerodynamic phenomena in flight 

dynamics. The INDI controller only requires knowledge of the kinematics and the actuator 

dynamics, and replaces the dynamic model with measurements of the system dynamics [72]. The 

foundation of INDI is that only small portions of the model (control derivatives) are required for 

the design of the controller. Instead of computing the total control input directly, the INDI 

methodology calculates the increment of the control input for every sample time based on the 

system states at the previous time step. This concept has been used for the purpose of coping with 

nonlinear control derivatives, and to reduce the impact of model mismatch [73].  

The INDI methodology is applied to the trajectory tracking of the vehicle architectures proposed 

in this study. The controller developed in [48] was modified for longitudinal motion, and the effect 

of the moving gondola for rapid altitude changes for ascending or landing an airship is studied and 

discussed here. 
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To avoid reader confusion, the variables in this section will be used in the same way that they are 

used in literature [79], [128–130]. 

The variables for describing the INDI methodology are: 

𝐗̇  state acceleration 

𝐗̇0  state acceleration at the previous time step 

𝒙̇  the velocity 

x  the position  

𝐮    the control input 

𝐮0   the control input at the previous time step 

vr   virtual control variable  

The subscript (ω) represents the rotational equations of motion  

The subscript (p) represents the linear equations of motion. 

The (INDI) controller can be derived from a general nonlinear system: 

where 𝐗̇ is state acceleration,  𝐗 ϵ ℝ𝑛 is the state vector, 𝐮 ϵ ℝ𝑚 is the control input, and G ϵ ℝ𝑛x𝑚 

is the control effectiveness matrix. A standard Taylor series expansion provides the following first-

order approximation of 𝐗̇ at the previous state and control 𝐗0 , 𝐮0 respectively, 

f GX = (X) + (X)u  (4.19) 
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Assuming a high sampling frequency, the changes of state variation 𝐗 ≈ 𝐗𝟎 of equation (4.20) 

and (H.O.T) the higher order terms can be neglected. The dynamics of the previous state 𝐗̇0 are: 

 
0

0

x x
u u

G
u

(X)u
u

H
=
=


=


 

Hu is the partial derivative of [G(X)u] at 𝐗 = 𝐗0 and 𝐮 = 𝐮0. The incremental form of the 

dynamic equation is thus simplified as, 

Equation (4.22) is a linear approximation of the equation of motion around 𝐮0 and 𝐗0 for small 

time increments, describing the changes in angular accelerations as a function of control 

increments. By setting 𝐗̇ is the virtual control variable vr, the controller can then be designed in 

the incremental form as,  

where 𝐗̇0 is assumed to be measurable and the input control matrix Hu has to be invertible. The 

total input can be obtained by adding the previous input 𝐮0 to the calculated increment 

0
u u u= +   

  ( )

  ( )

0

0

0

0

x x
u u

x x
u u

f G f G
x

      G H O T
u

0 0 0 0

0

X (X ) (X )u (X) (X)u X X

(X)u u u . .

=
=

=
=


= + + + −




+ − +



  (4.20) 

f G
0 0 0 0

X (X ) (X )u= +   (4.21) 

( )0 0
X X u u

u
H= + −  (4.22) 

( )1

0 0
u u X

u
H −= + −

r
v  (4.23) 
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It is important to notice that this implicit control law design is not entirely independent on the 

model since changes in f(X) are reflected in measurements of 𝐗̇𝟎. Therefore, this implicit control 

law design is more dependent on accurate measurements or accurate estimates of 𝐗̇𝟎 the 

acceleration, and 𝐮0 the control input. 

The acceleration reference for the INDI controller vr is obtained as follow. The position error is 

calculated from the difference between the reference trajectory and the feedback of the vehicle’s 

position, and then the desired velocity (𝒙̇𝑑) towards a goal position is calculated by a proportional 

controller by multiplying the position error with a gain kpx. 

( ) px
k

d d
x = x -x  

Finally, the velocity error, resulting from subtracting the desired velocity from the feedback 

velocity of the vehicle, is then multiplied with a gain kpv to calculate the acceleration reference. 

The proportional control is used to correct for errors in position and the velocity and provides the 

acceleration reference for the INDI controller. Then (4.23) becomes, 

The equation shows that the dependency of the closed-loop system on the accurate knowledge of 

the airship model is largely decreased, improving robustness against model uncertainties. 

Therefore, the changes in f(X) are reflected in 𝐗̇0, and the control mainly required the 

measurements of 𝐗̇0 and 𝐮0, making this control approach more dependent on the sensor 

measurements.  

( ) pv
k

r d
v = x -x

 

(4.24) 

( )( )1

px pv
k k

0 0
u u X

u
H - -−  = + − d

x x x  (4.25) 
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Usually, the acceleration 𝐗̇0 is not measured directly and the sensors are not widely available, 

especially for small uninhabited aircrafts [79]. Different filtering approaches have been used to 

solve the problem of indirect measurement of the accelerations. According to [76] the acceleration 

𝐗̇0 can be calculated by passing the velocity 𝒙̇ through a second order low pass filter. Two control 

loops are designed to control the position and the orientation of the airship.   

4.2.1 Translational Control Loop 

In translational control loop, the vehicle’s flight position is controlled by the vectored thrust Fu to 

track the reference trajectory. The vectored thrust is defined as, 

where Fx, Fy, Fz are the components of the thrust in body fixed frame in x, y and z axes, 

respectively, and defined here as the control variables. TR and TL are the right and left propeller 

thrust, and 𝛾𝑅 and 𝛾𝐿 the right and left angles of the thrusters. The thrust component in y-axis Fy, 

is considered in this study equal to zero. 

u
 

=  
 

x

F

z

F

F  , 1

1 0
( )

0 1
Xg

 
=  

 
,     thus      1

 F (X) u
u F

g=  

Equation (3.1) can be rewritten into the following control affine form of equation (4.19) for the 

linear motion, 

( ) ( ) ( )1 1

v v v1 ]x = M [A x G - D x +M  F
− −+

u
R  

  

0

  

x R R L L

yu

R R L Lz

F T cos T cos

F

T sin T sinF

  + 
   

= =   
   − +  

 

 

F
 

(4.26) 

                ( ) ( ) ( ) 1

v 1 1

1

1f ] ( )
v v

= M [A x G - D x  , (X ) M  XuH g− −=+ R   (4.27) 
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where       ]T

V X Z
x = [x   x  

The incremental form of the translational control is,  

 where 𝐮𝐹0 is the previous input. The airship’s flight path control can be calculated by using the 

translational equation part of motion (3.1) and (4.23). The subscript (v) in (4.27) represents the 

linear equations of motion used to distinguish between the linear and rotational equations. 

4.2.2 Pitch Control Loop 

The objective of this control loop is to control the pitch angle by controlling the pitching moment 

that generated by moving the gondola’s position. The angular rate is controlled by the moments of 

gravitational and buoyancy vector G due to the movement of the gondola  

where G𝜙 and Gψ are the moment components of gravitational and buoyancy vector around the x 

axis and z axis in body frame respectively, and are considered here equal zero in order to study the 

effect of the gondola position on the altitude control in the x-z plane. G𝜃 is the moment component 

of gravitational and buoyancy vector around the y axis. The gravitational and buoyancy forces 

applied to the vehicle must be premultiplied by a rotation matrix to convert them to the body 

reference frame. After some manipulations, the final format of G𝜃 is, 

u u u
F F0 F

= +    (4.28) 

M

G

G

G

 
 

=  
 
 







G  (4.29) 
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G𝜃 = [R (3,1) × g (𝑑𝑚,𝑧 (𝑚 −𝑚g) + 𝑚g 𝑑𝑝,𝑧)] − [𝑅(3,3) × g (𝑑𝑚,𝑥 (𝑚 −𝑚g)

+ 𝑚g 𝑠g)] 
(4.30) 

where 𝑑𝑚,𝑥 and  𝑑𝑚,𝑧 are defined in equation (3.11) and it is a function of sg. The input sg can be 

calculated by substituting 𝑑𝑚,𝑥 and  𝑑𝑚,𝑧 in equation (4.30) and solve for sg.  

2
 (x u)

g
G g=  

In this loop, the control variable is the gondola’s position ug = sg and g2(X) contains the terms 

directly related with ug. The equation shows that the movement of the moving mass sg is the 

primary factor affecting the pitching moment. 

Equation (3.1) can be rewritten into the following control affine form equation (4.19) for the 

angular motion,  

( ) ( ) ( )1 1

1]  

− −+ +x = M [A x F - D x M G
u

R  

The incremental form of the longitudinal control is, 

The airship’s pitch angle control can be calculated by using the rotational part equation of motion 

(3.1) and equation (4.23). In case of the airship Model 2, the thrust location is below the CV that 

generates a pitching moment, therefore the term My in (3.52) is added to (4.30) in order for its 

effect to be taken into consideration. The subscript (ω) represents the rotational equations of 

motion used to distinguish between the linear and rotational equations. The angular acceleration 

                     ( ) ( )1 1

2 2
F  , f ( )   = M [A x - D xx M (] x)H g−− =+

uu    (4.31) 

g g0 g
s=s + s

 (4.32) 
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𝐱̇𝜔0 can be measured by onboard sensors or by passing the angular velocity 𝜔̇ through a second 

order low pass filter. 

Using a filter leads to a delay which should be compensated. However, the measured acceleration 

in both loops were filtered by a second order low pass filter equation to keep all signals 

synchronized in control equations and to prevent performance degradation of the controller due to 

the time delay [76]. The closed loop of the INDI control system is shown in Figure 4.2. 

 

Figure 4.2 Block diagram of INDI control system 
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 Numerical Simulation 

Dynamic simulations were developed in the Matlab/Simulink environment to evaluate the 

effectiveness of the nonlinear dynamic model discussed in Section 3.2. The Runge-Kutta solver 

was used in the simulation with a fixed time step of 0.1 seconds. The reference trajectory is 

described by the red line in Figure 5.1. It was filtered using a second order filter to smoothen the 

corners, as described by the blue line in Figure 5.1, and avoid aggressive changes in states similar 

to [131]. The motion is only in the longitudinal plane in order to test ascent, descent and cruise 

manoeuvres. The trajectory was generated to produce the main flight trajectory modes (ascent, 

cruise flight, descent) and to illustrate the effectiveness of the designed controllers at tracking the 

trajectory in the different flight modes. The negative sign in the z-axis represents the ascending 

flight mode in the inertia frame.  

In the simulation process, the thrusters are equal on both sides (left and right) and they are each 

equal to T (TR = TL = T). The propeller thrust is limited to -0.26 N < T < 2.6 N, based on the 

thruster static bench testing prototype presented in Appendix G. The initial CV position of the 

airship is assumed to be at sea level, (xg, yg, zg) = (0, 0, 0) m in the inertial reference frame and 

the initial desired roll. Pitch and yaw angles are chosen to be equal to zero (𝜙 = 𝜃 = ψ =0). The 

simulation is run for 75 seconds, starting with an initial velocity of vo = 0 m/s, an initial thrust 

value of zero and the initial position of the gondola at sg = 0. 

Trajectory tracking results are obtained in an ideal no-wind environment as well as in the presence 

of wind. The wind model used in the simulation is based on the Dryden model, as discussed in 

Section 3.2.9.  
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Figure 5.1 Reference and filtered trajectories 

5.1 The dynamic simulation Model 1 

The closed loop of the backstepping control system is shown in Figure 5.2, where the real control 

input is calculated from the control command U, in Equation (4.16). A rate limiter was added to 

the closed loop system, as was output saturation, in order to respect the geometry and vehicle 

capability and avoid saturation. A maximum gondola repositioning rate of ṡg = 0.3 m/s and a limit 

of  -0.8 < sg< 1.4 m were applied. The controller gains were selected based on trial and error to 

obtain a desired closed loop response (K1 = 9 x I6x6, K2 = 23 x I6x6).  

The real control inputs are:   u = [sg, Fx, Fz]
T.  

 

Figure 5.2 Block diagram of backstepping control system 
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Figure 5.3 shows the tracking performance of the proposed controller during the no-wind 

simulation. The figure shows a smooth horizontal motion for 5 seconds, starting from x = 0 m. 

There is then a change in altitude, which causes small oscillations due to the motion of the gondola, 

as seen in the x position curve between t = 5 seconds and t = 9 seconds during the ascent. The 

cruise mode starts at t = 10 seconds until t = 60 seconds and the desired altitude of 50 m is 

successfully tracked. The airship then descends, and again small oscillations are observed between 

t = 60 seconds and t = 65 seconds. The results of the gondola’s position control are shown in Figure 

5.4 and the results of the pitch responses to the movements of the gondola, in degrees, are shown 

in Figure 5.5. The gondola moves quickly backwards at the start of the simulation to adjust to the 

small differences between the desired and actual pitch angles and keeps almost below the CG to 

track the 0o reference angle for approximately 5 seconds. Then, the airship quickly adjusts to the 

rapid changes in the desired pitch angle caused by the variations in altitude.  

As a result, the controller  moves the gondola backward at the fastest rate possible and holds the 

position at the saturation limit of -0.81 cm, for about three seconds, to follow the reference input. 

The reference angle returns to zero once the reference altitude is reached, allowing the gondola to 

quickly adjust to changes in desired pitch and move forward to almost sg = 0 cm. The airship tracks 

the reference trajectory with only a small overshoot during the change in altitude at the end of the 

descent and ascent modes, as seen Figure 5.5. The oscillatory motions seen during the ascent and 

the descent are caused by the rapid movement of the gondola and the aerodynamic drag induced 

by the changes in pitch in (3.24). Figure 5.4 shows that the gondola was able to move from sg = -

0.81 m to sg = 1.2 m and generate pitch angles of 73o and -88o respectively.  
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Figure 5.3 Airship position Model 1 using backstepping control with no-wind  
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Figure 5.4 Gondola position Model 1 using backstepping control with no-wind 
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Figure 5.5 The reference pitch angle and simulated pitch Model 1 using backstepping control 

with no-wind 

The tracking performance of the backstepping controller during the simulation in the presence of 

wind disturbances is shown in Figure 5.6. The results of the gondola’s position control under wind 

disturbances, along with the pitch responses to the gondola’s movements, in degrees, are shown in 

Figure 5.7 and Figure 5.8, respectively. The results show the robustness of the proposed control 

while subjected to aggressive manoeuvres. The airship remains stable with only small oscillations, 

even in the presence of unknown wind disturbances with a maximum steady state error of 5o. 
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Figure 5.6 Airship position under wind disturbances Model 1 using backstepping control 
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Figure 5.7 Gondola position under wind disturbances Model 1 using backstepping control 
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Figure 5.8 The reference pitch angle and simulated pitch under wind disturbances Model 1 using 

backstepping control 
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Figure 5.9 Airship position Model 1 with no-wind using backstepping control 

The tracking performance of the INDI controller was then evaluated using the same reference, 

trajectory and initial position. The controller gains were selected heuristically, by trial and error, 

in order to obtain a desired closed loop response. The position gains and the velocity gains of the 
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translational control are Kxp = 3, Kzp = 2, Kxv = 5, Kzv = 6 and the longitudinal controller gains are 

𝐾𝜃 = 8, 𝐾𝜃̇ = 20. The acceleration 𝐗̇0 was estimated by passing the velocity 𝒙̇ through a second 

order low pass filter equation with a natural frequency of 𝜔𝑛= 25 and damping of 0 7
n
ζ = .= 0.7 rad/s. 

The natural frequency and the damping were selected by trial and error. The closed loop of the 

INDI control system is shown in Figure 4.2. 

The simulation results in no wind conditions are presented in Figure 5.9 to Figure 5.11 and the 

simulation results under wind disturbances are presented in Figure 5.12 to Figure 5.14. Figure 5.9 

shows the tracking performance of the INDI controller during the simulation. The tracking 

performance is satisfactory with an error between ± 0.2 m in x direction during the ascent and the 

descent.  
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Figure 5.10 Gondola position Model 1 using INDI control with no-wind 
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Figure 5.11 The reference pitch angle and simulated pitch Model 1 using INDI control with no-

wind 

The tracking performance of the INDI controller during the simulation in the presence of wind 

disturbances is shown in Figure 5.12. The reference trajectory was tracked successfully with an 

error of + 0.3 m during the ascent mode and -0.4 m in the descent mode in x direction. The 

reference pitch angle is tracked very well, and very small oscillations are observed during the rapid 

altitude change in the ascent and the descent modes. The steady-state error due to the wind 

disturbances is about 4o, as can be seen in Figure 5.14. 
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Figure 5.12 Airship position under wind disturbances Model 1 using INDI control 
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Figure 5.13 Gondola position under wind disturbances Model 1 using INDI control 
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Figure 5.14 The reference pitch angle and simulated pitch under wind disturbances Model 1 

using INDI control 

 

5.2 The dynamic simulation of the airship Model 2 

A similar simulation procedure as the one used for the airship Model 1 was adopted to illustrate 

the performance of both controllers on the airship Model 2. The closed loop of the backstepping 

architecture in Figure 5.2 was used. Controller gains were selected by trial and error, to ensure that 

the desired tracking performance could be achieved while satisfying the constraints caused by the 

mechanical limits of the airship (K1 = 10 x I6x6, K2 = 23 x I6x6). 

The real control inputs are u = [sg, Fx, Fz]
T and similar initial conditions and run time as those used 

with Model 1 are considered. The results of the backstepping controller are presented in Figure 

5.15 to Figure 5.20. Figure 5.15 shows the tracking performance of the proposed controller, during 

the simulation, in x and z directions. Due to the rapid manoeuvre that causes the control to saturate 

in the x and z directions, there are noticeable oscillations during the ascent and descent in the x 

direction. The control output of the gondola’s position is shown in Figure 5.16 and the results of 

the pitch’s responses to the movement of the gondola, in degrees, are shown in Figure 5.17. The 
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pitch that was caused by the thrusters, due to their location below the CV, caused the gondola to 

rapidly move backwards to approximately sg = - 0.20 m, at the start of the simulation, as shown in 

Figure 5.16. The rapid movement of the gondola is necessary in order to maintain the given 

altitude. There are also noticeable oscillations during the ascent and descent, as seen in Figure 

5.17, which are caused by the rapid movement of the gondola and the aerodynamic drag moment 

induced by the changes in pitch. The results show that the gondola was able to move from sg = -

0.47 m to sg = 1.1 m and generate a pitch angle of 72o and -89o during the ascent and descent, 

respectively.  
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Figure 5.15 Airship position Model 2 using backstepping control with no-wind 
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Figure 5.16 Gondola position Model 2 using backstepping control with no-wind 
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Figure 5.17 The reference pitch angle and simulated pitch Model 2 using backstepping control 

with no-wind 

The tracking performance of the backstepping controller was evaluated in the presence of wind. 

The simulation results are presented in Figure 5.18 to Figure 5.20. The low amplitude oscillations 

caused by the wind disturbances can be observed in the gondola’s position. The maximum 

amplitude error of the pitch,  due to the wind disturbances, was successfully tracked at about 7o, 

as can be seen in Figure 5.20. 
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Figure 5.18 Airship position under wind disturbances Model 2 using backstepping control 
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Figure 5.19 Gondola position under wind disturbances Model 2 using backstepping control 
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Figure 5.20 The reference pitch angle and simulated pitch under wind disturbances Model 2 

using backstepping control 

The simulation results for the airship Model 2 using the INDI controller are presented in Figure 

5.21 to Figure 5.26. The position and the velocity gains of the translational control are Kxp = 0.3, 

Kzp = 0.5, Kxv = 1.2, Kzv = 6, and the longitudinal controller gains are K = 2, 𝐾𝜃̇ =10. The 

acceleration 𝐗̇0 was estimated to be similar to that of Model 1. The closed loop of the INDI control 

system is shown in Figure 4.2. The position tracking performance is satisfactory with an error 

between ± 0.3 m in x direction during the altitude changes. The control output of the longitudinal 

loop is shown in Figure 5.22. As with the backstepping controller, the gondola moves backward 

to sg = 0.17 m at the beginning of the simulation as a result of the pitch moment generated by the 

location of the thrust. The pitch responses to the gondola’s movements, in degrees, are shown in 

Figure 5.23. It can be noted that the reference pitch angle is tracked very well, and no oscillations 

are observed. Figure 5.23 shows a steady-state error of 3o. This steady-state error is always 

produced when using only proportional control to design the reference acceleration in (4.24). The 

error signal gets smaller as the system converges to the set-point, therefore proportional control 

times the error signal will be small enough that it can force the system to zero. 
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Figure 5.21 Airship position Model 2 using INDI control with no-wind 
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Figure 5.22 Gondola position Model 2 using INDI control with no-wind 
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Figure 5.23 The reference pitch angle and simulated pitch Model 2 using INDI control with no-

wind 

The results of the INDI controller in the presence of wind disturbances are presented Figure 5.24 

to Figure 5.26. The tracking errors in altitude and position are observed during the longitudinal 

maneuvers with an error of ± 5 m during the ascent mode and 16 m in the descent mode in x 

direction, as illustrated in Figure 5.24. The oscillations during the ascent and descent in the x 

direction are due to the rapid manoeuvre that causes the control to saturate in the x and z directions. 

The control inputs are shown in Figure 5.25, with saturations observed during the ascent of the 

airship. The pitch was successfully tracked in the presence of wind disturbances with a steady-

state error of about 6o, as can be seen in Figure 5.26. 
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Figure 5.24 Airship position under wind disturbances Model 2 using INDI control 

0 10 20 30 40 50 60 70
-1.0

-0.5

0.0

0.5

1.0 Gondola on the curved rail 

S
g

 (
m

)

Time (seconds)

Gondola on the straight rail 

 
Figure 5.25 Gondola position under wind disturbances Model 2 using INDI control 
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Figure 5.26 The reference pitch angle and simulated pitch under wind disturbances Model 2 

using INDI control 

The simulation results showed that both controllers were able to accomplish the entire mission 

successfully with noticeable different performances. The airship Model 1 was able to generate 

pitch angles of 73o and -88o during the ascent and descent modes respectively. The maximum pitch 

angle during the scent was generated as a result of moving the gondola backward to its saturation 

limit of sg = -0.81 m. In case of airship Model 2, the airship was able to generate pitch angles of 

72o and -89o during the ascent and descent modes when the gondola moves from sg = -0.47 m to 

sg = 1.1 m respectively.  

The backstepping results in all cases show smaller deviations from the reference trajectory. The 

results of INDI control show that the control was also able to track the reference trajectory with 

more steady state errors. These errors can be caused by two reasons: due to the possible bias on 

the actuator measurements and using the P-control to design the virtual control input.  
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 Energy Consumption Analysis  

The energy model developed in Section 3.3 is used to evaluate and compare the energy required 

by the airship during ascent, cruise, and descent flights, using two different actuation methods. As 

previously mentioned, the actuation methods utilized are centre of gravity modifications using 

gondola position control and thrust vectoring. In the current platform, the moving gondola is 

developed for pitch tracking using the gondola’s position as a control input. The vectored thrust is 

developed for altitude control and uses the thrust angle as a control input. Each actuator is 

evaluated individually for pitch and altitude tracking and the energy consumption of each actuator 

is investigated. In the current study, the efficiency of each actuator at completing the flight 

missions will be compared. The purpose of this comparison is to demonstrate the effectiveness of 

the moving gondola used in the current platform when compared to that of the fixed gondola used 

in other airships with different pitch control systems (e.g., thrust vectoring). Furthermore, the 

effectiveness of a composite control strategy that integrates both actuators to achieve similar flight 

missions is also included in the comparison. The performances of the composite configurations of 

the two controllers for trajectory tracking are shown in Chapter 5.  

The purpose of the comparison made in this same chapter is to study the energy consumption 

needed to achieve a successful flight mission using the two controllers described in Chapter 4.  

The composite control is developed in Sections 4.1 and 4.2. The gondola actuator control differs 

from the composite control in that the vectored angle γ is considered zero and thrusters are 

considered parallel to the horizontal axis of the body frame of the airship, during the entire flight 

mission. As a result, the thrust components in the body frame in Equation (4.18) become Fx = 2T 

and Fz = 0, and the real control input becomes, u = [sg, T ]T. 
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On the other hand, in the individual vectored thrust actuator for pitch control, the position of the 

gondola sg is considered zero and the thrust components in Equation (4.18) become TR = TL = T 

and Fx= (TR + TL) cos γ, and Fz= (TR + TL) sin γ. However, the real control input becomes, u = [T, 

γ]T. 

The total control effort or energy required for the entire trajectory will be determined by the 

numerical simulation. The total energy consumption of the airship during all flight modes is the 

integral of the total required power defined in Equation (3.50).  

The objective function of each actuation method is to minimize the total energy consumption. 

The total energy using only the gondola actuator EG is,  

                      𝐸𝐺 = (𝑃𝑚 + 𝑃𝑐) × 𝑡0−𝑓 + 𝑃𝐺 × 𝑡𝐺                            (6.1) 

where the power of each system is described in Section (3.3). 𝑡0−𝑓 is the total time needed to 

reach the goal and 𝑡𝐺  is the running time of the gondola’s motors. 

The total energy required when using only the thrust vectored actuator EV.T  is,  

             𝐸𝑉.𝑇 = (𝑃𝑚 + 𝑃𝑐) × 𝑡0−𝑓 + 𝑃𝑠 × 𝑡𝑠                            (6.2) 

where 𝑡𝑠 is the running time of the servo motors.  

The total energy Etot when using the composite control is, 

             𝐸𝑡𝑜𝑡 = (𝑃𝑚 + 𝑃𝑐) × 𝑡0−𝑓 + 𝑃𝐺 × 𝑡𝐺+𝑃𝑠 × 𝑡𝑠             (6.3) 

𝐸𝑖 =∑𝑃𝑖
𝑖

⋅ 𝛥𝑡𝑖 
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Extensive simulations are conducted using similar case scenarios to evaluate the energy 

consumption of the current platform for each actuation method. In all cases studied, the motions 

of the airship are divided into ascent, cruise, and descent modes, and the energy consumed in each 

flight mode is analysed. Both backstepping and INDI controllers are used to evaluate the tracking 

performance of the different actuators. 

The airship begins from a flight level of z = 0 m and ascends to 50 m, in the ascent mode, at 

different reference pitch angles. The airship then cruises for 50 m in the x-direction, at an altitude 

of 50 m, before landing (reaching an altitude of zero) in descent mode at different pitch angles. 

All simulations use different airship speeds at each pitch angle, in order to measure the energy 

consumption required in different possible flight scenarios as well as to evaluate the capability of 

the different actuation methods of the current platform to achieve their mission’s objectives. 

The actuator constraints applied in the simulation are based on the physical properties of the actual 

airship.  

During the ascent, the actuator constraints are;      

• The servo angle: ζ ≤ 7o   

• The rearmost position of the gondola: s = - 25 cm 

• The resultant of thrust: - 0.26 N ≤ T ≤ 2.6 N 

During the descent the actuator constraints are;       

• The servo angle: ζ ≤ -100o   

• The front position of the gondola: s ≤ 150 cm 

• The resultant of thrust: - 0.26 N ≤ T ≤ 2.6 N 

Weather conditions can strongly influence the energy consumption of the airship; therefore, the 

evaluation is conducted in various wind conditions. The wind disturbances are produced by using 



77 

  

a Dryden model, as discussed in Section (3.2.9), and originate from the opposite direction than 

that of the flight (directions x and z) to simulate a worst-flight scenario, as seen in Figure 6.1 and 

Figure 6.2. 

 

Figure 6.1 Direction of motion during the ascent mode 

 

Figure 6.2 Direction of motion during the descent mode 

The total energy of the airship is calculated based on the equations discussed in Section (3.3). The 

quantity of constant energy being consumed by the actual on-board electronics is calculated using 

current and voltage measurements obtained with the fully charged battery (12.6 V). The 

measurements of the on-board components are listed in Table 6.1. The constant energy in (3.55) 
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is calculated as the sum of all the power consumed by the on-board components multiplied by the 

travel time, from the start of the mission until the airship reaches its destination. Similarly, the 

propulsion system consumes power for the duration of the flight time. The power required by the 

propulsion system is calculated from (3.61) and the overall efficiency 𝜂𝑝 is considered to be 75%, 

based on thruster static bench testing.  

The energy consumed by the moving gondola is mostly consumed during the movement of the 

gondola to control the pitch angle and significantly reduced when the pitch angle is tracked, unless 

an adjustment of the position due to external disturbances is required. 

Similarly, in vectored thrust configuration, the servo motors only consume power when they move 

to the required angle. 

Table 6.1 Power consumption of the on-board electronic components 

 
Component Description Quantity Current (A)  Voltage 

(V) 

Power 

(W) 

1 Raspberry Pi 3 

Model B+ 

1 2.5 5 12.5 

2 Counter Click 1 5x10-6 5 0.000025 

3 Magnetic Encoder 1 0.0002 5 0.001 

4 MPU6050 1 0.0039 5 0.0195 

5 RF 7020 Radio 

Frequency Module 

1 0.4 3.3 1.32 

6 Arduino Compatible 5V 

Relay Module 

1 0.0714 5 0.357 

4 AR610 Aircraft 

Receiver 

1 2 5 10 

 

The simulation results of the energy required by the airship to reach the reference altitude for the 

different actuation methods are obtained by using backstepping and INDI controllers. The 

simulations of both controllers are subjected to the same initial conditions and gains, as described 
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in Section (5.2). The results during different flight missions and with varying airship speeds are 

shown in Figure 6.3 throughFigure 6.13. In addition, the calculation of the energy needed for each 

mission is tabulated in Appendix E. The results covered an airship speed ranging from 1 m/s to 5 

m/s in disturbance-free conditions and in windy conditions.  

6.1 Results of Backstepping control 

The results of the different acuation methods are illustrated for different flight modes.  

a- Gondola Configuration 

The results obtained during the ascent mode at different flight speeds, with no external 

disturbances using the gondola configuration, are shown in Figure 6.3 (a). The figure shows that 

during the ascent, as speed increases, energy consumption decreases; this is due to the shorter 

travel time. It is not surprising that travel time has a significant impact on energy consumption, as 

seen in Equation (6.1) where the constant energy is about 60% of the total energy and is consumed 

throughout the flight. In addition, the results show that as the pitch angle increases, the airship 

reaches the reference altitude faster and consumes less energy. The energy consumed at a velocity 

of 3 m/s and a pitch angle of 5o is less than the energy consumed at the other velocities, as shown 

in Figure 6.3, since the pitch angle is generated by the thrust and the energy consumed by the 

gondola's movement is nearly zero in calm conditions. The energy required for the cruise mode, 

in calm conditions, as well as the travel time in each scenario, are shown in Table E.1 in Appendix 

E. The results in the table show that the airship reached an altitude of -50 m in 96 seconds with a 

velocity of 3 m/s, when the pitch angle was 10o and the conditions were calm. The total energy 

consumed was 6.39 KWs. As expected, energy consumption in the presence of wind disturbances 

increases for all flight scenarios, as shown in Figure 6.3 (b). As seen in Table E.2 in Appendix E, 

in another scenario with windy conditions, the airship reached an altitude of -50 m in 100 seconds 
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with a velocity of 3 m/s when the pitch angle was 10o. The total energy consumed was 18.86 KWs. 

Because of the wind disturbances, the gondola’s running time tG increases, as does the energy 

consumption in Equation (6.1), as a result of the movement of the gondola to stabilize the airship 

and track the reference pitch. The gondola’s movement causes a variation in the angle of attack, 

which results in a change in the aerodynamic moment. Consequently, the drag force in Equation 

(6.1) increases, leading to higher energy consumption. The results in Table E.1 and Table E.2 also 

show the amount of energy required for the cruise mode in different wind conditions. The results 

show that in this mode, when using only the gondola configuration, the airship is less sensitive to 

wind, consuming 0.857 KWs in calm conditions and 0.914 KWs in windy conditions, at a velocity 

of 2 m/s.  
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a) calm condition                                                  b) windy condition 

Figure 6.3 Energy consumption at different pitch angles and different flight speeds during the 

ascent using Gondola configuration 

The simulation results also include the data for the descent in different conditions and possible 

flight scenarios, with respect to the physical properties of the prototype. After the airship cruises 

for 50 m, it descends from an altitude of -50 m to zero m, at various pitch angles, including -90 o. 
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As a result, the gondola moves to the front end of the airship. Figure 6.4 shows the energy 

consumption during the descent, at different pitch angles, flight speeds and wind conditions, using 

the gondola configuration. The energy consumption results in Table E.3 and Table E.4 in Appendix 

E show that the airship consumed less energy when it descended by -90 o compared to when it 

descended by other pitch angles, as reorienting the airship to the direction of motion reduces the 

angle of attack, therefore reducing the drag force significantly and consequently also the energy 

consumption. In addition, the shorter travel time also reduces the total energy consumption. 
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a) calm condition                                                b) windy condition 

Figure 6.4 Energy consumption at different pitch angles and different flight speeds during the 

descent using Gondola configuration 

b- Vectored Thrust Configuration 

Energy consumption during the different flight missions is also evaluated using the vectored thrust 

actuator. The total energy is calculated using Equation (6.2). The simulation results are obtained 

using similar case scenarios to those in part a, in order to compare each actuation method’s ability 

to complete the mission with minimal energy consumption. During the ascent, the thrust generates 

a positive pitch moment due to its location below the CV of the airship. A rapid response in the 
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pitch angle is usually observed when using the vectored thrust for pitch tracking. However, in this 

case, the pitch control requires a continuous action, which consumes a significant amount of 

energy. The energy consumption results obtained during the ascent and cruise modes, in different 

environmental conditions, are shown in Figure 6.5. In addition, energy consumption and travel 

times are illustrated in Table E.5 and Table E.6 in Appendix E. Using the vectored thrust at a 

velocity of 2 m/s and a pitch of 10o, in calm conditions, the airship required 5.5 KWs of energy 

during the ascent, compared to the 6 KWs needed with the gondola actuator. At low speeds, the 

vectored thrust is more efficient than the gondola actuator. For example, at 1 m/s with a pitch of 

5o, the vectored thrust consumed about 22 KWs, whereas the gondola required 42 KWs. During 

the descent mode, the pitch angle cannot be tracked with the vectored thrust actuator on this 

platform due to its location below the CM, but the airship can still reach the required altitude. This 

configuration, on the other hand, can efficiently perform a vertical landing with a pitch angle near 

zero degrees. The energy consumption results obtained during the descent mode, in different 

environmental conditions, are shown in Figure 6.6. Also, the energy required and the travel times 

are illustrated in Table E.7 and Table E.8 in Appendix E. In a vertical descent, the vectored thrust 

angle tilts to -90o, and the corresponding vehicle angle of attack also reaches approximately -90o. 

As a result of the large angle of attack, the drag force increases, resulting in higher energy 

consumption. The airship descended from an altitude of -50 m at nearly zero pitch angle, to an 

altitude of zero in 25 seconds. With a velocity of 2 m/s, it consumed 2.1 KWs of energy in no-

wind conditions, while it consumed 3.224 KWs in approximately 28 seconds in windy conditions. 

Figure 6.5 shows that when the reference pitch is -15o the airship consumes more energy and 

requires 194 seconds to reach an altitude of zero, compared to 50 seconds for a vertical descent at 

1 m/s. Pitch tracking using the vectored thrust configuration is not possible when the pitch angle 
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is less than zero degrees because the thrust is located below the center of mass of the airship and 

cannot generate a negative pitch moment. 
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                           a) calm condition                                                 b) windy condition 

Figure 6.5 Energy consumption at different pitch angles and different flight speeds during the 

ascent using vectored thrust configuration 
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a) calm condition                                               b) windy condition 

Figure 6.6 Energy consumption at different pitch angles and different flight speeds during the 

descent using vectored thrust configuration 
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c- Composite Configuration (Gondola+Vectoring Thrust) 

The simulation results of the composite configuration are obtained using case scenarios like those 

used in a and b. The energy consumption results for the different flight modes, under various 

environmental conditions, are illustrated in Figure 6.7 and Figure 6.8. It can be noticed that there 

are very small differences in the results obtained with the composite configuration and the gondola 

configuration, in all flight modes, but especially in calm conditions. For example, in the ascent 

mode, with a 10o pitch angle and a velocity of 1 m/s, energy consumption was 9.9 KWs with the 

composite configuration and 9.7 KWs with the gondola configuration. However, in most of the 

cases when conditions are windy, energy consumption is lower by 30 % when using the composite 

configuration. In this case, the pitch can simultaneously be controlled by the vectored thrust and 

the moving mass. The vectored thrust causes the pitch to change instantaneously based on the 

thrust value which in turn helps to stabilize the airship faster and limit the gondola’s movements 

to track the pitch angle. As a result, reducing the gondola's operating time in Equation (6.3) lowers 

the energy consumption of the system. The total energy consumption and travel time for the 

different flight modes, under various environmental conditions, are shown in Tables E.9 through 

E.12 in the Appendix E. In all flight scenarios, the composite configuration allows for shorter 

travel times than the other configurations. During the descent, the composite configuration 

consumes less energy than the other methods. In the presence of wind disturbances, it takes 13 

seconds for the airship to reach an altitude of zero with a -90o pitch angle, and as shown in Figure 

6.8, it consumes 0.790 KWs at 5 m/s compared to 3.9KWs with the gondola configuration. 
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a) calm condition                                                b) windy condition 

Figure 6.7 Energy consumption at different pitch angles and different flight speeds during the 

ascent using composite control configuration 
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a) calm condition                                                  b) windy condition 

Figure 6.8 Energy consumption at different pitch angles and different flight speeds during the 

descent using composite control configuration 
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6.2 Results of INDI Control 

As in the previous section, INDI control is used to evaluate the capability of the different actuation 

methods available in the current platform to accomplish the flight mission. It is also used to analyse 

the energy consumption during the flight and to compare the control effort with that of 

backstepping. The energy consumption results of the different actuation methods and different 

flight modes of the INDI control are illustrated in Figure 6.9 through Figure 6.13. The INDI control 

completed the flight mission with minimal energy consumption when using the gondola and 

composite configurations during the descent mode (consuming 2.77KWs when using the 

composite method and 3.72KWs when using the gondola method), at a pitch angle of -15o and a 

velocity of 4 m/s. However, it continues to saturate when using only the vectored thrust actuator 

for the descent Mode. In this case, the INDI is essentially tracking the acceleration, and when the 

acceleration error is detected, the INDI controller will increment the control inputs in order to 

rapidly begin tracking the reference again. As, in this case, the pitch angle cannot be tracked during 

the descent, the system becomes unstable and oscillates, increasing energy consumption. 

Therefore, the energy results of this actuator during the descent mode are not considered because 

it is not an efficient method. The vectored thrust method shows higher energy requirements during 

the ascent in the presence of wind disturbances than other actuator methods. Figure 6.11 (b) shows 

that the energy required at low speed is the highest, with about 47 KWs at a pitch of 5º. However, 

as expected, the consumption is lower in calm conditions, with approximately 42.9 KWs and 20 

KWs in the case of backstepping. The total energy consumption and the travel times for the 

different flight modes, under various environmental conditions and with the use of INDI control, 

are shown in Tables E.13 through E.22 in the appendix E.  
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The results of both controllers show that all actuation methods were capable of successfully 

completing the ascent and cruise missions. However, the energy consumed when using the INDI 

control during the ascent mode in the presence of wind and with the various actuation methods is 

lower than with backstepping, as illustrated in Figure 7.3. The results show that in the presence of 

wind, the most efficient control during the ascent is provided by the INDI control when using the 

gondola actuator. The total energy consumed in this situation, as shown in Table E.14, is 2.1 KWs. 

In the case of the cruise mode, the most efficient control is the backstepping control when vectored 

thrust is used, consuming 0.44 KWs. The lowest consumption in the descent mode is also the 

backstepping control, but this time with the composite configuration, consuming about 0.8 KWs.   
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a) calm condition                                              b) windy condition 

Figure 6.9 Energy consumption at different pitch angles and different flight speeds during the 

ascent using Gondola configuration 
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a) calm condition                                                 b) windy condition 

Figure 6.10 Energy consumption at different pitch angles and different flight speeds during the 

descent using Gondola configuration 
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a) calm condition                                                 b) windy condition 

Figure 6.11 Energy consumption at different pitch angles and different flight speeds during the 

ascent using vectored thrust configuration 
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a) calm condition                                         b) windy condition 

Figure 6.12 Energy consumption at different pitch angles and different flight speeds during the 

ascent using composite configuration 
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a) calm condition                                         b) windy condition 

Figure 6.13 Energy consumption at different pitch angles and different flight speeds during the 

descent using composite configuration 
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 Evaluation of Optimal Solutions 

The results obtained from the controllers with the different actuation methods in the previous 

chapter are used in this chapter to develop the optimal flight trajectory based on the capability of 

the platform to complete the required mission with minimal energy consumption. The simulations 

were carried out in different possible scenarios enabling the optimization to be performed quickly 

due to the simplified functions used. In this work, different control methods and different actuation 

methods are used to achieve the maximum system performance in terms of energy efficiency. 

Therefore, in this section, an optimization method is used to find the optimal design configuration 

that minimizes the cost function in Equation (7.5) for a minimum energy flight trajectory. Usually, 

this search process is conducted under certain design constraints to ensure that the optimization 

process converges on a minimum value. 

Several methods for optimizing UAV energy consumption have been suggested [129–131]. 

However, optimization algorithms typically take more time to execute as they are, most of the 

time, mathematically difficult to solve. Furthermore, some real-world processes cannot be 

adequately modeled using linear optimization techniques. Therefore, in this study a heuristic 

technique is used to obtain the optimal solution. A heuristic algorithm is a specific type of 

algorithm that conducts a search of the solution space. It may make use of certain aspects of the 

problem to avoid having to search through every possible solution, or it may update its search 

method based on the input it receives from previously found solutions. The algorithm begins with 

a set of control input values and uses various methods to refine the values and decrease the value 

of the associated cost function, until the best solution is found.  
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The main advantage of the heuristic approach is that it offers a quick solution that is easy to 

understand and implement. Heuristic algorithms are practical, serving as fast and feasible short-

term solutions to planning and scheduling problems. Moreover, its success is ensured by the 

extensive simulations that cover different possible scenarios.  

The formulation of trajectory optimization problems for various airship flight modes will be 

considered. The airship dynamic model described in Equation (3.1) can be expressed as: 

The main advantage of the heuristic approach is that it offers a quick solution, which is easy to 

understand and implement. Heuristic algorithms are practical, serving as fast and feasible short-

term solutions to planning and scheduling problems. Moreover, its success is ensured by the 

extensive simulations that cover different possible scenarios.  

The formulation of trajectory optimization problems for various airship flight modes will be 

considered. The airship dynamic model described in equation (3.1) can be expressed as: 

 ̇(𝑡) = 𝑓(x(𝑡), u(𝑡), 𝑡) 

where X(t) is the state vectors, t ⊂ [t0, tf ], t0 is the start time tf is the final time, and u(t) is the 

control vector, t ⊂ [t0, tf ]. 

The states of the system have dynamic constraints due to Newton’s equations. Therefore, constant 

bounds were enforced on the states and control inputs over the time interval [t0, tf].  

In this study, the optimal trajectories are considered to be those that require minimal energy. The 

sum of the energy required by the different systems in this platform are mentioned in Equations 

(6.1- 6.3). However, in this prototype, the propulsion system consumes the most energy during 

flight because it is the only system that generates thrust to move the airship and overcome drag.  
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The energy required by the propulsion system during the flight trajectory is the integral of the 

required power equation (3.61) based on the control effort, 

𝐸𝑝 = ∫
𝑉. 𝑇

𝜂𝑝
𝑑𝑡

𝑡𝑓

𝑡0

 

The cost function is the sum of energy consumption of each flight mode and can be described as: 

                               𝐽 = 𝐶𝑡 𝑡𝑓 + 𝐶𝑒  ∑ 𝐸𝑖
𝑛
𝑖=1                              (7.4) 

where   Ct + Ce =1, 

where Ct and Ce are time and energy weighting coefficients, respectively, that are chosen based on 

the operator priority of each objective and can range from 0 to 1. For pure minimum energy, Ct =0 

and Ce =1. n is the total number of the system in the current platform. 

The problem is summarized as: 

                                          min
u(𝑡),𝑡𝑓

    𝐽                                          (7.5) 

                                       Subject to,      𝐿 ≤  (𝑡) ≤  𝑈,  t > t0 

    u𝐿 ≤ u(𝑡) ≤ u𝑈,  t > t0 

where the subscripts L and U are the lower and upper limits, respectively. The optimization 

problems for various types of airship flights for the different actuation methods are considered to 

choose a control history u(t) that minimizes the cost function J, which subjects to the equations of 

motion over time interval [t0, tf]. 

The algorithm implementation is shown in the flowchart in Figure 7.1. The algorithm takes the 

initial criteria for each flight mode based on the reference trajectory. The first subroutine is 
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repeated for each controller to find the optimal action for a given state, based on the results of 

the different flight scenarios. The solution of the optimal trajectory is selected based on the 

minimization of the cost function equation (7.5). For each flight mode, the optimal solution 

involves selecting: 1) the pitch angle, 2) the airship speed, 3) the actuation method, 4) the control 

approach. The optimal solution is chosen based on the operator priority in Equation (7.5). In this 

case, solving for pure minimum energy is used (Ct =0, Ce =1). The algorithm outputs the best result 

after the converging criteria is met at the end of each flight mode. The simulation stops at the end 

of the landing mode (zf = 0 m). Figure 7.2 shows the implementation of the heuristic technique in 

the closed loop system. As explained above, the output of the optimal strategy block is the optimal 

action (control approach, actuation method, reference trajectory). The controllers are then used to 

control the gondola and the thrust to track the desired trajectory. The optimal strategy block starts 

by first selecting the minimum-energy solutions found in the prior numerical results, based on the 

environmental conditions. Then, the minimum energy trajectory is generated for each flight mode 

based on their initial condition. For each mode, the optimal actuation method and the controller 

will then be selected in order to execute the flight mission.  

This approach is not well-suited for an online implementation due to the computational demands 

and the risk of not obtaining feasible solutions quickly enough to use them. However, the solutions 

were found by first generating optimal solutions offline or by adding an optimal strategy block to 

each controller approach separately in the closed loop. The optimal strategy block is used in the 

outer loop of the closed loop system for each controller, to select the optimal actuation method and 

track the desired trajectory, as described above. This method greatly simplifies the optimization 

and allows the system to rapidly compute the optimal trajectory for online implementation.  
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Figure 7.1 flowchart of the optimization methodology 

 

Figure 7.2 Control System Architecture  
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Figure 7.3 illustrates the flight scenario where a minimum energy flight is required in the presence 

of wind disturbances. The flight started the ascent mode with initial conditions of (x0, z0, 𝜃0, v0), 

which were updated during the cruise mode to (x1, z1, 𝜃1, v1) and finally to (x2, z2, 𝜃2, v2) for the 

descent mode. The figure shows that the optimal solution for the ascent is the INDI control using 

only the gondola actuation, with a speed of 5 m/s and a pitch angle of 20o. The airship travels in 

the ascent mode for 31 seconds until the altitude of -50 m is reached. Once the airship reaches the 

reference altitude, the system chooses, based on the optimal solution, the backstepping control 

using only the vectored thrust actuator with a pitch angle of nearly zero and a speed of 5 m/s. The 

airship flies 50 m in x-direction, taking approximately 11 seconds. At the end of the cruise mode, 

the airship switches to the backstepping control system using the composite actuators and begins 

a descent flight with a -90o pitch angle and a speed of 5 m/s. The airship completes the flight 

mission in 55 seconds and consumes a total of 3295 Ws of energy.  

An example of an optimized flight in the presence of wind disturbances and based on a chosen 

reference trajectory is shown in Figure 7.4. In this scenario, the ascent mode inputs are a pitch 

angle of 10o and a velocity of 4 m/s, while the cruise mode input is 2 m/s and the descent mode 

inputs are a -45o pitch angle and a velocity of 4 m/s. The minimum energy trajectory solution is 

chosen based on the input for each mode by selecting the optimal actuation method as well as the 

control approach for each flight mode. It is accomplished by first using the INDI control with the 

composite configuration in the ascent mode, where the airship travels for 77 seconds to reach the 

reference altitude. Then, the airship cruises for 27 seconds using only the gondola actuator with 

the backstepping control. Finally, the airship descends for 20 seconds using the composite 

configuration with the backstepping control. 
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Figure 7.3 Minimum Energy Trajectories in the presence of wind 

 

Figure 7.4 Minimum energy trajectories based on reference input in the presence of wind 

The results of the energy consumption during the ascent mode demonstrate the efficiency of all 

the configurations used. As can be seen, the results of the INDI control using the gondola and the 

composite configurations were found to require less energy than the backstepping control when 

using the same configurations, as shown in the two scenarios mentioned above. In calm conditions, 

the vectored thrust actuator results show similar energy consumption to those of the gondola, yet 
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it consumes more energy in windy conditions. During cruise mode, there is a very small difference 

in energy consumption for all configurations. The composite configuration shows the lowest 

energy consumed during the descent mode for both controllers, while backstepping control is more 

effective than INDI control in the descent mode.  

The results also show that wind conditions are a major factor in energy consumption, as seen in 

the different tables in Appendix E. In addition, traveling time has a proportional impact on energy 

consumption as seen in Equations (6.1- 6.3). The constant power in these equations is consumed 

throughout the flight time, however, as the travel time increases, the aggregate amount of energy 

consumed by on-board components naturally rises as well, resulting in an increase in total energy 

consumption. Another factor influencing energy consumption is the propulsion system. This 

system consumes power throughout the flight time since it is the only system that generates the 

thrust to move the airship and enable it to overcome the drag. Therefore, minimizing the drag 

and/or the airship velocity can result in significant energy savings from the propulsion system, as 

seen in Equation (3.61). The results show that the energy consumed by the drive mechanism of the 

gondola is very low compared to the energy consumed by the propulsion system. Equation (3.63) 

shows that the power required to move the gondola is independent of the velocity of the airship. 

However, the primary factors affecting energy consumption in this system are the payload weight 

and the gondola repositioning rate 𝑆̇. In this study, the payload weight is considered constant, 

therefore the primary factor affecting energy consumption during the movement of the gondola is 

the gondola repositioning rate. In the thrust vector control configuration, the energy is consumed 

by the tilting system and the propulsion system. Together, the tilting system and the propulsion 

system can produce a pitching moment, lift, and create a forward thrust at the same time. The 

results show that altitude tracking overshoots when only the vectored thrust is used, thus indicating 
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that the vectored thrust has a rapid response, and that the required thrust is high. Accordingly, this 

configuration requires more energy than the moving gondola control configuration, in all study 

cases, because the pitch response of the moving gondola mechanism is very stable and is less 

affected by the flight conditions. 

The comparison of the minimum energy trajectory in windy conditions with each individual 

actuator, for each controller, is illustrated in Table 7.1. The results show that the composite control 

required the least amount of energy to complete the flight trajectory for both controllers. The INDI 

shows a small improvement between the composite and the gondola actuators. In the case of the 

INDI using the vectored thrust, the airship was unstable during the descent therefore the table only 

shows the results for the ascent and cruise modes. 

Table 7.1 The minimum energy trajectory of each actuators in windy condition  

Actuators 

Controllers 

Gondola 

KWs 

Vectored Thrust 

KWs 

Composite 

KWs 

Backstepping Control 11.275 5.597 3.968 

INDI Control 4.284 > 5.932 4.279 

 

Using the algorithm above to find the optimal trajectory improves the energy consumption of the 

entire flight by approximately 17%.  

It is evident that the composite configuration control provides the most effective control solution 

for the proposed airship, enabling it to complete the flight missions while respecting the defined 

criteria.  
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 Experimental Platform 

In this Chapter, the equipment used for the experimental test will be discussed. The experimental 

test platform used in this research can be classified into three components: the physical properties 

of the airship, the hardware, and the software. These components will be discussed in detail in the 

following sections.  

 

8.1 The physical properties of the airship 

The airship was designed based on shape optimization methodology for rapid descent with lower 

drag and optimum surface area. The actual airship is shown in Figure 8.1. This prototype was 

fabricated in the mechanical engineering laboratory of the University of Ottawa. The physical 

properties of the airship are listed in Appendix B. The airship architecture is composed of two 

main components: a helium envelope with a rigid keel and moving gondola capable of travelling 

along the keel. 

The envelope of the airship is made of a polyester polyurethane fabric with a thickness of 0.1016 

mm. This is one of the most suitable materials to be used for uninhabited airship envelopes. 

However, the airship still encounters the loss of buoyancy over time. The loss of lifting gas affects 

buoyancy and produces a decrease in altitude. Therefor, it is important to include in the model a 

deferential term of the buoyancy and the total mass loss rate to keep a state of equilibrium. The 

buoyancy loss test was performed in the lab and it is discussed in the Appendix C. 
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Figure 8.1 Airship prototype 

The result of buoyancy loss test shows that the loss of lifting gas affects buoyancy and produces a 

decrease in altitude. This can play a major role in the controllability during the descent. Therefore, 

the model requires an additional term to include the contribution of the total mass loss rate. 

The gondola is made of carbon fiber of 5 mm thickness and it is shown in Figure 8.2. The shape 

of the gondola is streamlined to reduce the drag and the corners are smoothed to avoid skin friction 

drag. The propulsion systems are attached to the gondola in both sides by a link made of carbon 

fiber as well. The top view of the gondola when it is attached to a test keel is shown in Figure 8.3. 

All the sensors and the microcontroller are mounted inside the gondola and will be discussed in 

next section.   

 

Figure 8.2 the gondola and drive mechanisms 
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Figure 8.3 top view of the gondola 

8.2 Hardware 

The hardware architecture on-board the airship includes a set of sensors and devices for data 

processing and data link with the ground station. The onboard components include a CPU, sensors, 

actuators, and a communications subsystem are shown in Figure 8.4. Most of the components are 

mounted inside the gondola as seen in Figure 8.5.  

All the components used in the current airship are commercially available and are listed in Table 

8.1 along with the references to where they can be found. However, they are all discussed in detail 

in the Appendix C. 
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Figure 8.4 hardware architecture 

 

Figure 8.5 on-board hardware inside the gondola 
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Table 8.1 hardware components 

 Component description Quantity References 

1 ZIPPY Compact 8000mAh Battery 2 [135] 

2 Raspberry Pi 3 Model B+ 1 [136] 

3 TReX Jr Dual Motor Controller 1 [137] 

4 Brushed DC gearmotors 1000:1 2 [138] 

5 Counter click 1 [139] 

6 Magnetic Encoder 1 [140] 

7 HS-77BB Servo motor 2 [141] 

8 Standard 45A car ESC 2 [142] 

9 Rimfire 400 Brushless motor 2 [143] 

10 MPU6050 1 [144] 

11 Radio Frequency Module 2 [145] 

12 AR610 Aircraft Receiver RF 7020  1 [146]  

 

8.2.1 MPU6050 (10) 

The (Inertial Measurement Unit) IMU used in this platform is MPU6050 and it shown in Figure 

8.6. The IMU is powered by 5V from the Raspberry Pi and communicates with the Raspberry Pi 

using Inter-Integrated Circuit (I2C) protocol. The IMU is composed of 3-axis gyroscope and 3-

axis accelerometer to estimate the airship’s attitude and angular rates. The gyroscope provides 

angular velocity raw data (𝜙̇, 𝜃̇, 𝜓̇)gyro and the accelerometer provides axial acceleration raw data 

(𝑋̈, 𝑌̈, 𝑍̈)acc. The IMU is assumed to be located in the center of the gondola in order to provide the 



104 

  

most accurate data. However, the IMU output contains biases and noise. Therefore, it is important 

to initialize the sensor data to eliminate the bias and the noise before using them in the controller. 

However, this bias can be removed by initializing the sensors. The initialization process is to 

ensure that the accelerometer should be reading zero acceleration in the X and Y direction, and 

9.81 𝑚/𝑠2 in the Z direction, and the gyroscope should read zero rotational velocities in all three 

axes. The accelerometer and the gyroscope can both provide the same angular position however, 

the gyroscope drift over time due to the integration of the angular velocity and accelerometer is 

noisy at high frequency. In order to calculate an accurate orientation data, the gyroscope and 

accelerometer data are combined. The celebrated gyroscope date is integrated by multiply the 

angular rate measurement by the sample time to get the angular position. The angular position can 

be calculated from the accelerometer date by using the following equations;  

𝜙𝐴 = tan−1 (
𝑌̈𝑎𝑐𝑐

√𝑋̈𝑎𝑐𝑐
2 + 𝑍̈𝑎𝑐𝑐

2
) 

𝜃𝐴 = tan−1 (
𝑋̈𝑎𝑐𝑐

√𝑌̈𝑎𝑐𝑐2 + 𝑍̈𝑎𝑐𝑐2
) 

where 

𝜙𝐴 is the measured roll angle from the accelerometer 

𝜃𝐴 is the measured pitch angle from the accelerometer 

In order to calculate an accurate orientation value, a complimentary filter is used. The filter is very 

easy and light to implement making it perfect for embedded systems. The idea of the 

complimentary filter is to pass the accelerometer data through a low-pass filter and the gyroscope 
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data through a high-pass filter and combine them to give the final angular rate as seen in Figure 

8.7. The measured angles by using the complementary filter are;  

𝜃 = 𝑘 ∗ (𝜃 + 𝜃𝑔𝑦𝑟𝑜) + (𝑘 − 1)𝜃𝑎𝑐𝑐  

𝜙 = 𝑘 ∗ (𝜙 + 𝜙𝑔𝑦𝑟𝑜) + (𝑘 − 1)𝜙𝑎𝑐𝑐 

 

Figure 8.6 MPU6050 

 

Figure 8.7 Complimentary filter implementation 

The constant k in the equations is a tunable constant (0< k <=1) and it is chosen experimentally to 

ensure that the measurements are correct and not drifting. The filter will update the pitch and roll 

angles every iteration by taking k % of the gyroscope data and add (k-1) % of the angle calculated 

by the accelerometer. This will ensure the smoothness and quick updates of the integrated gyro 

measurements to remove the bias before growing too large. Using the complementary filter 

compensates for pitch and roll drift but not the yaw drift. This drift will result in a growing error 

in yaw and yaw angular rate. These errors cause control output saturation and airship instability 
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after a while. Most of commercially available IMU sensors use magnetometers to sense earth 

magnetic field direction and provide an absolute measurement of the yaw angle however it is out 

of scope of this study.  

8.3 Software  

Airship control software is implemented in Matlab/Simulink environment. Matlab/Simulink runs 

on the ground station (laptop) provides the communication and visualization mechanism in real 

time between the user and the system onboard (Raspberry Pi) of the airship. In order to establish 

the communication between the Simulink and the Raspberry Pi, Simulink support package for 

Raspberry Pi should be installed first. The dynamic model of the system can be developed on the 

Simulink and deploy it to the Raspberry Pi using the automatic code generation for standalone 

execution on the Raspberry Pi. The algorithm runs on the Raspberry Pi can read and send sensors 

data to the ground station and execute the autonomous flight control strategies and sending 

commands to the actuators. The ground station sends commands and mission paths to the onboard 

system and it also receives sensor data from the airship, displaying them in real time during actual 

flight by an AR610 receiver which is connected to the ground station through a serial port as 

illustrated in Figure 8.8. The data is received at a baud rate of 57600 by the receiver on the ground 

station to provide a real-time data of the airship states. An Arduino compatible 5V relay module 

is used to switch between the automatic and manual modes. This relay module takes a control 

signal between 2.5 and 5 Volts and controls a DC or AC signal, either closing the circuit when the 

control signal is on or opening the circuit when the control signal is off.  

http://nl.mathworks.com/hardware-support/raspberry-pi-simulink.html
http://nl.mathworks.com/hardware-support/raspberry-pi-simulink.html
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Figure 8.8 Ground station 

.  

 Figure 8.9 Arduino compatible 5V relay module [141] 

 

In the automatic mode, a block diagram to switch between enable and disable the automatic mode, 

when enabling the automatic mode, the ESCs receive the PWM signals from the Raspberry Pi and 

provide power to the motors according to the flight mission.  

In the manual mode, a disable is chosen in the ground station and the Remote Control (RC) is 

turned ON. The ESCs in the manual mode receive the PWM signals from the AR610 Aircraft 

Receiver and provide power to the motors according to the user inputs.  

The radio control (RC) is used by the operator for manual control to take over the control of the 

airship in case of a software or a hardware failure. The Spektrum DXe RC used in this research is 

shown in Figure 8.10. Once the Remote Control (RC) turned ON, the manual mode is activated 

and override the onboard system control. The RC send the signals to the ESCs of drive system 

AR610 receiver  



108 

  

through the Receiver. The wireless radio connection with the ground station and the onboard 

control hardware are shown in Figure 8.11. 

 

Figure 8.10 Spektrum DXe RC 

 

Figure 8.11 onboard components of the airship and ground station 
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8.4 Experimental setup 

In this section, the experimental setup is used to evaluate the controllers’ approaches developed in 

Chapter 4. The controllers are implemented onboard of the airship platform proposed in Figure 2.3 

and several experimental tests are performed. All tests were performed in the laboratory in the 

University of Ottawa and were limited to pitch trajectory tracking due to the limitation of the test 

area. The test area used for the experimental tests is shown in Figure 8.12. Flights in the campus 

sports dome were not permitted.  

 

Figure 8.12 Lab test area 

8.4.1 Design of experiments 

The objective of these flight tests is to show that the designed airship, equipped with the moving 

gondola, can be controlled by the proposed controllers and is capable of achieving large pitch angle 

variations. The reference trajectories considered in the experimental tests are sinusoidal trajectory 

and step reference at different pitch angles and different environmental conditions. The controllers 
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were tested on the first iterations of the gondola positioning mechanism. This mechanism relies on 

friction between the driving wheels on the gondola and the rail on the airship. The high frictions 

lead to numerous driving motor failures when moving from high to low pitch angles. Therefore, 

consistent results could only be obtained for small repeating pitch variations or large pitch down 

variations. As a result, the airship was first set to track a sinusoidal reference input with amplitude 

of 5o and then to track different reference angle inputs (10o, -10o, -20o, -30o, -40o, -50o, -60o, -65o, 

-80o). The reference signal was created on the ground station by the signal builder block in the 

Simulink. Each test is terminated when the airship tracks and maintains the desired angle. 

The gondola travels along two sections of the keel, straight and curved sections. The pitch reading 

is taken directly from the IMU sensor along the straight section of the keel because the IMU is 

parallel to the longitudinal axis. However, when the gondola reaches the curved section, sensor 

readings alone can not be used. In this section, the pitch angle is obtained by subtracting the 

curvature angle 𝜃𝐺𝑒𝑜 from the IMU reading.  

𝜃 = 𝜃𝑖𝑚 − 𝜃𝐺𝑒𝑜       𝑠g > 47 cm   (8.1) 

where 𝜃𝐺𝑒𝑜 (expressed in radians) is calculated as the gondola position divided by the radius of 

curvature R: 

𝜃𝐺𝑒𝑜 =
(𝑠g − 47)

𝑅
 

Due to the uncertainties in curvature measurement, an empirical method was used to verify (8.1). 

At 10 cm increments of the gondola position along the curved keel, the relationship between the 

sensor angle and the manually measured angle of the airship was recorded, and a fifth order 
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polynomial interpolation was computed. The results of the empirical method shown in Figure 8.13 

along with the results of (8.1). 
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Figure 8.13 empirical and theoretical measured angle of the airship in degrees 

The tracking results were obtained by using both airship pitch angle calculation methods on the 

curved keel. The initial position of the gondola for each test is sg = 0 with  𝜃 = 0o. Once the model 

is uploaded to the Raspberry Pi through Wi-Fi communication, the system is ready to execute the 

reference commands from the ground station.  

8.4.2  Implementation 

The dynamic model of the system and the controller are developed first on Simulink and then 

uploaded to the Raspberry Pi using the automatic code generation for standalone execution on the 

Raspberry Pi. The sampling time was set to 0.01seconds, the Raspberry Pi runs at 100 Hz and the 

IMU sends the data at same frequency. The RF is connected to a laptop where a Simulink interface 

allowed a person on the ground station to send reference commands and receive sensors data and 

the control measurements on the airship in real time. The communications between the ground 

station and the airship are via a 20 Hz shared frequency RF link. In addition, the log data stored in 

the Raspberry Pi can be accessed and saved wirelessly from the ground station. All the actuators 
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and the sensors were tested first on the platform individually to be calibrated and to check their 

performances. The encoder model was uploaded first on the Raspberry Pi that runs at 20 Hz to test 

the gondola’s position and the wireless communication between the Raspberry Pi and the ground 

stations was 10 Hz. In this case, the time delay between sending the reference commands and 

receiving the sensor data is very small and it is barely noticeable. Similarly, when testing the thrust 

and the servo model, the best performance with almost no time delay was found when the 

Raspberry Pi was running at 20 Hz and the wireless communication was at 10 Hz.  However, when 

all the components were integrated in one model, using similar frequencies produced excessive 

time delays. Therefore, the effective frequency utilized for all components integrated in one model 

was 100 Hz and the wireless communication between the Raspberry Pi and the ground stations 

was 20 Hz. However, there is still 1-2 seconds delay in radio communications.  

Figure 8.14 shows the architecture of the embedded control system of the all components. The 

airship position was estimated and updated by using Kalman filter as described in Appendix C. 

However, the GPS model was removed from the platform since the experiments were conducted 

indoor and the position control could not be performed in the test area. Different safety procedures 

were considered before conducting the experimental test including a mixed manual/automatic 

control mode as discussed in the Section 7.3. In addition, two safety switch circuit breakers are 

added to the driving mechanism of the gondola as shown in Figure 8.15. Each end of the gondola 

has a safety switch installed to prevent the gondola from moving further than either end of the keel 

if the system fails for any reason. 
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Figure 8.14 Architecture of the embedded control system 

 

 

Figure 8.15 driving mechanism of the gondola with safety switch circuit breakers 
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The gondola’s position is obtained based on wheel rotation using a magnetic encoder. The encoder 

is added to one of the brushed DC gearmotor with the extended back shaft. More details about the 

encoder can be found in Appendix C. The signal sent to the ESC to control the motor speed is 

calculated by the error between the encoder reading and the controller output and using PID 

control. In order to read the signals from the encoders properly, a high sampling frequency is 

required. Therefore, the best encoder’s operating frequency tested with less delay that affects the 

system was found 100 Hz. The signal varies between 0-180 which is the maximum motor 

command values for forward and backward directions and the neutral value is 92. The ESC signal 

is calculated from the PID approach as, 

 (𝑡) = 𝑘𝑝(𝑡)ⅇ + 𝑘𝑖∫ⅇ(𝑡) 𝑑𝑡

𝑡

0

+ 𝑘𝑑
𝑑ⅇ(𝑡)

𝑑𝑡
 

where 𝑘𝑝 is the proportional gain, 𝑘𝑖  is the integral gain, 𝑘𝑑 is the derivative gain, and the error e 

is  

ⅇ = 𝑠d − 𝑠g 

The signal is then normalized as, 

us = (0.88 u + 92) 

where the constant 0.88 was calculated from the linear equation to map the ESC signal (0-180). 

The PID gains used in the experiments are found by trial and error (𝑘𝑝 =40, 𝑘𝑖  = 1.5, 𝑘𝑑=0.5). 
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 Experimental Results and 

Discussion 

In this chapter, the pitch tracking performance of each of the controllers is evaluated in this chapter 

using the experimental setup described in the previous Chapter. The backstepping controller's 

experimental results are presented first in Section 8.1, followed by the INDI controller's 

experimental results in Section 8.2. Section 8.3 concludes with a discussion of the results. 

9.1 Backstepping experimental results 

The backstepping controller was implemented first in the Raspberry Pi. The test results of 

sinusoidal reference input and the tracking trajectory are shown in Figure 9.1. The control output 

response of the sinusoidal trajectory in form of the gondola’s position sg is shown in Figure 9.2. 

The figure shows that airship started from zero pitch angle at position of the gondola sg= 0 and 

then the gondola moves to the positive direction up to 10 cm to generate a negative pitch angle of 

-5o and similarly it moves to the opposite direction until it reaches about -10 cm and eventually 

goes back to initial position at the end of the trajectory. The gains used for this test were K1 =5, K2 

=5. The controller was able to follow the pitch trajectory with a steady-state error of ±1o. The blue 

line in Figure 9.2 is the encoder reading and the red line is controller output.  
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Figure 9.1 Reference and pitch angle 
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Figure 9.2 Gondola’s position 

The experimental results at different pitch angles are shown in Figure 9.3 through Figure 9.6. The 

objective of the test is to run the airship until the desired angle is tracked and maintained. In all 

tests, the reference signal is received approximately 2 seconds after it is transmitted from the 

ground station. The results show that the controller was able to track the reference pitch with a 

steady-state error of ±1o. However, the controller was able to effectively track the trajectory with 

very small oscillations. Therefore, the gains were determined iteratively and may not be optimal. 

The results were improved by choosing different gains for each test. Similar gains to the sinusoidal 

test were used in case of step reference angles up to -30o. For step reference angles greater than     
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-40o, gains of K1 =1, K2 =0.5 were found to be effective in reducing steady-state error and 

oscillations. The results in Figure 9.5 shows that the controller used the sensor reading of the 

airship state until it reaches the angle 30o which corresponding to position of the gondola at 47 cm 

and then used a fifth order polynomial interpolation computed from the empirical method 

illustrated in Figure 8.13. The reference angle of -40o was achieved when the gondola reached the 

position of 56 cm which is located on the curved keel. Figure 9.6 show that the reference angle of 

80o was achieved when gondola traveled for 27 s to reach the position of -135 cm. 

Please note experimental results of the angle -20o, -30o, -50o, -60o, -65o can be found in Appendix 

D. In addition, due to minor differences in results between the empirical and theoretical methods, 

all results obtained using the theoretical method have been moved to Appendix DD to avoid 

duplication. 
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Figure 9.3 Flight test trajectory of 10o and gondola’s position 
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Figure 9.4 Flight test trajectory of -10o and gondola’s position 

0 10 20 30

-40

-20

0

 thetad

 theta

th
et

a
 (

d
eg

)

Time (seconds)  

0 10 20 30

0

20

40

60
 sd

 sg

s g
-s

d

Time (seconds)  

Figure 9.5 Flight test trajectory of -40o and gondola’s position 
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Figure 9.6 Flight test trajectory of -80o and gondola’s position 

In order to test the controller’s robustness to wind disturbances, the airship is subjected to external 

source of wind. It was noticed during the experimental test that horizontal wind parallel to y-axis 

does not affect the pitch stability therefore the wind was applied parallel to z-axis. The wind was 

applied by a 20" box fan on the tail of the airship to generate a pitch moment. The wind was applied 

for 2 s and removed for 2s and this process was repeated 3 times to generate large-

amplitude oscillations. The results in Figure 9.7 and Figure 9.8 show the control response to track 

the pitch reference angles of -5o and 5o in the presence of wind. The wind is applied after the 

reference angle is tracked. The steady-state error is about 1.5o. The experimental results show that 

the control effort was effective in following the reference trajectory with a maximum amplitude 

error of 3o and quickly stabilising the airship when the external wind was removed.  
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Figure 9.7 Flight test trajectory of -5o and gondola’s position in the presence of wind 
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Figure 9.8 Flight test trajectory of 5o and gondola’s position in the presence of wind 
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9.2 INDI experimental results 

The INDI for pitch control only requires knowledge of the kinematics and the actuator dynamics. 

The INDI control requires the angular acceleration reading from the sensor and the virtual control. 

The angular acceleration reading from the accelerometer contains biases and noise therefore the 

IMU angles were measured first by a complimentary filter as discussed in section 8.2.1. The 

angular acceleration was then calculated by integrating the pitch angle twice. This method of 

obtaining the angular acceleration was found to be simple and reliable. The virtual control was 

found from a simple P control structure as explained in section 3.2. Figure 9.9 shows the controlled 

system block diagram of the experimental setup. 

 

Figure 9.9 Controlled system block diagram 

The experimental tests were carried out with reference trajectories that were similar to those used 

in the backstepping control tests. The gains used for this test were chosen by trial and error 𝐾𝜃 = 

0.5, 𝐾𝜃̇ = 0.1. Figure 9.10 shows the test results of sinusoidal reference input and the tracking 

trajectory as a response of the control output. The control output response of the sinusoidal 

trajectory in form of the gondola’s position sg is shown in Figure 9.11. The controller was able to 

follow the pitch trajectory finish the mission with a maximum error of ±1.5o. The steady-state error 

was 0.5o. 
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Figure 9.10 reference and pitch angle 
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Figure 9.11 Gondola’s position 

The controller's output was also evaluated using the different step reference inputs. The 

experimental results of INDI control are shown in Figure 9.12 through Figure 9.15. The results, 

on the other hand, show that the controller was able to track the reference pitch with very small 

oscillations. The controller has a smooth tracking performance with very relatively no saturation 

however, a high amplitude oscillation that causes control saturation when tracking the step 

reference of -80o is observed. The best solution for the performance degradation issue due to 

control saturation found in literature to be effective is in [147]. A weighting parameter η is added 

to the INDI controller in (3.27) as, 

u = u0 + η ∆u 
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The parameter is intended to reduce the controller's sensitivity to actuation errors. As can be seen 

in Figure 9.15 adding the weighting parameter η = 0.4, improves the tracking result of the 

controller. Figure 9.15 show that the reference angle of -80o was achieved when gondola traveled 

for 13 s to reach the position of -136 cm. Using the gains of 𝐾𝜃= 0.1, 𝐾𝜃̇ = 0.1 in case of tracking 

the reference angles of -65o and -80o, the steady-state errors were reduced to 0.5o. 

Please note experimental results of the angle -20o, -30o, -50o, -65o can be found in Appendix D. 

Also, all the results using the theoretical method are moved to appendix D.  
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Figure 9.12 Flight test trajectory of 10o and gondola’s position 
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Figure 9.13 Flight test trajectory of -10o and gondola’s position 
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Figure 9.14 Flight test trajectory of -40o and gondola’s position 
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Figure 9.15 Flight test trajectory of -80o and gondola’s position 

Similar to the backstepping controller experiments, the INDI controller was tested on the airship 

in the presence of wind. The results in Figure 9.16 and Figure 9.17 show the control response to 

track the pitch reference angles of -5o and 5o in the presence of the external wind. The airship 

reached the steady-state with an error of 1.2o after the wind source was removed. The results 

obtained show that the proposed controller is able to track the reference commands with a 

maximum amplitude error of 2o and quickly stabilize the system. 
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Figure 9.16 Flight test trajectory of 5o and gondola’s position in presence of wind 
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Figure 9.17 Flight test trajectory of -5o and gondola’s position in presence of wind 
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9.3 Result Discussion 

The main difference between the controllers is their dependency on the dynamic model. 

Backstepping is dependent on the accuracy of the dynamic model, whereas INDI is mainly 

dependent on sensor reading and the actuator dynamic. The controllers were evaluated and 

compared using similar input signals from the ground station. The reference trajectories and 

tracking results were presented above. Although both controllers are able to complete the mission, 

there is a noticeable difference in their performance. 

The initial results of the backstepping controller were not satisfactory, and the airship became 

unstable very quickly. The instability was mainly due to the different frequencies of the onboard 

components, which caused excessive time delays. Hence, the initial results showed the sensitivity 

of the INDI control to the time delay and the control frequency. The results then improved when 

the time delay of both actuators and the angular rate were synchronized, and the frequency of 100 

Hz was used. The tracking performance was also found to be sensitive to the controller gains that 

design the virtual control laws. If the control causes actuator saturation, the control commands can 

be accelerated or decelerated by using the suitable choice of control gains, which can speed up or 

slow down the system. 

Compared to the backstepping controller, the INDI controller’s response is fast for all step inputs. 

Figure 9.12 and Figure 9.13 show that the INDI controller only required 2 seconds to track the 

reference input of -10o or 10o, while backstepping required about 4.5 seconds, as shown in Figure 

9.3 and Figure 9.4. In addition, the INDI required 14 seconds to track the input command of -80o 

and backstepping required only 26 seconds to track a similar reference command. The INDI is 

basically tracking the angular acceleration, and when an acceleration error is detected, the INDI 

controller will increment the control inputs in order to rapidly renew the reference tracking. 
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Moreover, the selection of optimal gains leads to a faster and more stable control response. Due to 

the value of the gains used (K1, K2), the backstepping response is relatively slow. When K1 was set 

to a high value, the control response was fast, but this creates instability in the system, which then 

oscillates and diverges. Furthermore, when K1 is set to a low value, the speed response is too slow, 

resulting in an overshoot in speed and requiring a long time to reach the desired position. The 

system is stabilized by choosing a small value for K2, but this causes a small position error that 

must be corrected. Therefore, the gains used for the experimental tests and considered to be optimal 

for step reference angles less than -40o are K1 =5, K2 =5 and for step reference angles greater than 

-40o are K1 =1, K2 =0.5. In the presence of external wind disturbances, both controllers show 

satisfactory results. However, the INDI controller quickly compensates for the wind since it uses 

sensor measurements. The effects of the actuator saturation can be unpredictable especially on the 

curved keel. In the case of the INDI control, the control effectiveness is what relates the actuator 

inputs to angular accelerations, and it includes the inertia of the airship. The control saturation was 

observed when tracking the step input of -80o, which was improved by adding the weighting 

parameter η. Almost no overshoot was observed in all tracking results for the backstepping 

controller. The INDI controller clearly has a faster rise time and less overshoot. 

As mentioned earlier, the pitch angle of the airship was calculated using an empirical method as 

well as a geometric method when the gondola is on the curved keel. To evaluate the difference 

between both methods, the results of both controllers were also obtained in the curved keel using 

the geometric method in (8.1) for the step inputs -40o and up. The results of this comparison are 

illustrated in Appendix D. For both controllers, a similar tracking performance is observed between 

the geometric method and the empirical method. The sensor's pitch angle reading remains almost 

constant between -30o and -40o, as shown in Figure 8.13. This behaviour is observed in all of the 
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results when using the geometric method equation. At the beginning of the curved keel, the 

gondola moves for about 10 cm without a change in the pitch, which generates a vertical line. 

In reality, when the gondola moves in that range, it does affect the airship’s pitch. The angle of the 

airship was detected in this range and the results were less affected when using the empirical 

method.  

In general, it is obvious that no controller performs better or worse than the other, throughout the 

mission. Nonetheless, the main advantage of the INDI controller is model independence, which 

improves the robustness of this controller to model mismatches. 
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 Conclusion and Future Work 

Studying different concepts for a rapid altitude change is necessary for energy saving aircraft. 

Unlike the conventional airship which is driven by propellers, rudders and elevators, a moving 

mass concept is considered in this thesis. The moving mass concept has been used in different 

successful applications, such as, in underwater vehicles, and missiles. The concept of shifting the 

centre of gravity by moving mass to increase the system's manoeuvrability and generate a rapid 

ascent and descent without needing to add considerable number of components motivated this 

research to study two different airship architectures equipped with a moving gondola. The goal of 

this thesis was to perform a systematic analysis of optimal flight trajectories for uninhabited 

airships to achieve a longer aerial endurance with lower energy consuming.  

The non-linear dynamic model of the proposed architectures based on the physical characteristics 

of each model was developed using Newton-Euler equations. Two nonlinear controllers were 

designed to evaluate the impact of the moving gondola and the vectored thrust to track a desired 

trajectory. Backstepping and incremental nonlinear dynamic inversion (INDI) controllers were 

chosen because of their dependency of the dynamic model. Backstepping control requires an 

accurate dynamic model of the complete system, whereas INDI control only requires the 

measurements of the dynamic model. The effectiveness of the controllers in different 

environmental conditions was investigated using numerical simulations. Through the simulations, 

pitch of the airship was mainly controlled by the moveable gondola and the altitude is controlled 

by the vectored thrust. The simulation results showed that both controllers were able to accomplish 

the entire mission successfully, but with significantly different performances.  
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The airships used in this study are equipped with two actuation methods (moving gondola and 

vectoring thrust) that can be used to preform different flight modes. The efficiency of each actuator 

at completing the flight missions was compared. The purpose of this comparison was to 

demonstrate the impact of the moving gondola used in the current platform when compared to that 

of the fixed gondola used in other airships with different pitch control systems (e.g., thrust 

vectoring). Furthermore, the effectiveness of a composite control strategy that integrates both 

actuators to achieve similar flight missions was also included in the comparison. Extensive 

simulations were conducted using the actual physical properties of prototype Model 2. Both 

backstepping and INDI controllers, were used to evaluate the tracking performance of the different 

actuators. The results obtained from both controllers demonstrate that all actuation methods were 

capable of successfully completing the ascent and cruise missions. However, the energy consumed 

when using the INDI control during the ascent mode (with the various actuation methods and in 

the presence of wind) was lower than the energy consumed when using the backstepping control. 

In addition, the results show that the most efficient control during the ascent, in the presence of 

wind, was the INDI control. When used with the gondola actuator, only 2.1 KWs of energy was 

consumed. In the case of the cruise mode, the most efficient control was the backstepping control 

with the vectored thrust, consuming 0.44 KWs, and the lowest consumption in the descent mode 

was the backstepping control with the composite configuration, consuming only 0.8 KWs of 

energy.The effectiveness of the composite actuation method was demonstrated by completing the 

flight mission using the least amount of energy, for both controllers. 

The total energy consumption, as see in Equation (6.1), is proportional to the energy consumed by 

the on-board components (constant energy) which is approximately 60% of the total energy as 

well as the energy required by the propulsion system. Because these systems are running the entire 
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flight time, it is not surprising that travel time has a significant impact on energy consumption. 

The results show that as the pitch angle increases, the airship reaches the reference altitude faster 

and consumes less energy. That is due to reorienting the airship, using the moving gondola, to the 

direction of motion reduces the angle of attack, therefore reducing the drag force which in turn 

decreases the energy consumption. As a result, using lower-power electronic components would 

reduce the overall energy consumption of the current system as well as any future airships that 

employ a similar method.  

An optimization method was developed to obtain the optimum design configuration for a minimal 

energy flight scenario, while respecting the design constraints. The Heuristic technique was used 

to ensure that the desired goal was reached within acceptable limits of flight time and energy 

consumption. This method used data from the results of the extensive simulations conducted to 

measure energy consumption during different flight scenarios, in order to develop simplified 

trajectory models. These models capture the general structure of the expected optimal trajectory, 

enabling an optimization over a small number of parameters to be performed quickly. Using this 

method to find the optimal trajectory improved the energy consumption of the entire flight by 

approximately 17%. This method was developed to quickly generate a minimum energy trajectory 

for onboard implementation.  

This optimization method can be used to quickly compute near-optimal trajectories on other 

airships with similar actuators. Furthermore, if data from various flight scenarios is available, it 

can be applied to any airship. 

The airship prototype Model 2 was manufactured and used for the experimental test to evaluate 

the pitch tracking performance of each of the controllers. The controllers were implemented 

onboard the airship platform and several experimental tests were performed. The dynamic model 



133 

  

of the system and the controller were developed first on Simulink and then uploaded to the onboard 

system (Raspberry Pi) of the airship. The AR610 receiver was connected to a laptop where a 

Simulink interface allowed a person on the ground station to send reference commands and receive 

sensor data and control measurements from the airship, in real-time.   

The controllers were set to track a sinusoidal trajectory and step input at various pitch angles. The 

results obtained showed that the proposed controllers were able to track the reference commands 

successfully. However, the effects of actuator saturation can be unpredictable, especially on the 

curved keel. For the INDI control, the results showed a control saturation when tracking a step 

input of more than -65o, but this was improved by adding the weight parameter. Moreover, both 

controllers showed satisfactory results in the presence of external wind disturbances. 

The experimental results were found to be sensitive to the onboard frequency and the time delay, 

requiring further investigation when future work is conducted on this platform. The results of this 

study were improved when the time delay of both the actuators and the angular rate were 

synchronized and a frequency of 100 Hz was used. 

The gondola’s movement relies on friction between the driving wheels on the gondola and the rail 

surface. In the current prototype, the holding torque of the motors keeps the gondola in position. 

The motors used in this study are designed for high holding torque and do not require a lot of 

power supply voltage to hold them in position. However, we noticed a slipping between the wheels 

and the rail surface as the gondola moved from high to low pitch angles. This is due to the friction 

force is insufficient to move the gondola backward. Theoretically, the solution is to increase the 

friction force by using wheels or rail surfaces with a higher coefficient of friction. Increasing the 

friction force, on the other hand, results in a significant increase in power consumption. 

Furthermore, it causes a high number of driving motor failures as experienced during the 
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experimental test. Therefore, for future study, larger motors are required that can supply a higher 

friction force to overcome the weight resistance of the gondola including all the equipment used, 

or using a different moving system, such as rack and pinion system to replace the rail surface and 

the motors’ wheels for high accuracy and to avoid slipping.  
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APPENDICES  

Appendix A Historical Background  

Man's dream of flight is so ancient that at any ancient civilization's art you will likely find images 

of winged humanoids. Archeologists have discovered such sights in prehistoric caves dating back 

4,300 years. This shows that man for a long time has attempted to fly with wings.  It was not until 

the Montgolfier brothers from Annona, France on June 5, 1783 conducted the first unmanned hot 
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air balloon flight. The envelope was made of linen and paper. The Montgolfier balloon flew 1.2 

mile from the starting point.  

In 1900, the beginning of the golden age of airships was marked after Count von Zeppelin, a 

German general, an aircraft manufacturer and designer of rigid airships – Zeppelins, lunched the 

Luftschiff Zeppelin LZ1. Von Zeppelin began his experiments with rigid airship designs in the 

1890s leading to some patents and the LZ1 (1900) and the LZ2 (1906). The Zeppelin airships 

became the most famous aircraft of that time and some of these airships were used for surveillance, 

cargo transport and bombing during World War I by the German Army. The airship became the 

first aircraft of choice for long distance flights, when in the 1920s and 1930s the Zeppelins, 

operating for the DELAGE airline, provided safe and trans-Atlantic crossings between Europe and 

America.  

The LZ 129 Hindenburg is the largest flying machine was ever built by the Zeppelin Company. 

After several successful flights crossing of the North Atlantic, the Hindenburg disaster took place 

on Thursday, May 6, 1937, as the German passenger airship LZ 129 Hindenburg caught fire and 

was destroyed during its attempt to dock with its mooring mast at the Lakehurst Naval Air Station, 

New Jersey. 

Since the disaster of the Hindenburg, Hydrogen has never been used again to lift passenger airships 

and airship activity has been confined to the non-rigid type of craft.  

Airships were used with reasonable success prior to during WWII. During the inter-war period, 

countries such as the United States and Britain experienced costly airship crashed, and by the late 

30s, Germany was the only remaining country manufacturing them. By WWII they had been 

deemed near obsolete by the majority of countries around the world. 
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Although airships are no longer used for passenger transportation, they continued to be used for 

other purposes, such as advertising and sightseeing. 

Since the 1980’s, airships slowly began to gain popularity again. This is due to the fact that airships 

require less energy than conventional aircraft to stay afloat, since they use aerostatic forces instead 

of aerodynamic forces for vertical lift. This makes it suitable for a wide variety of modern 

applications, including advertising, surveillance and environmental monitoring. 

Some recent airship prototypes including theses previously discussed.  

The Airship "Lotte" 

Scientific investigation was done at University of Stuttgart on the remotely controlled airship Lotte 

and this airship was chosen as reference configuration to perform scientific investigations in the 

fields of aerodynamics, flight mechanics and control, aeroelasticity, structural design and solar 

propulsion systems. This airship has a length of 16 m, a volume of 109 m3 and a maximum payload 

of 15 kg. The modeling of the flight mechanical model included system identification techniques 

to obtain the flight dynamical characteristics of the airship. These methods ware assumed to be 

adequate, since this model corresponds well to actual flight data [148] 

YEZ-2A Airships  

Gomes [21] preformed experimental studies on the YEZ-2A airship at the Cranfield Institute of 

Technology. The YEZ-2A airship has a length of 129.5 m. The aerodynamic model was obtained 

from 8ft x 6ft wind-tunnel tests of 1:75 scale model of the college of Aeronautics. The aerodynamic 

model of the YEZ-2A used as the database for the flight dynamic simulation. The study is 

considered a good overview of the airship’s behaviour in simulation. 
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AURORA 

The Autonomous Unmanned Remote Monitoring Robotic Airship (AURORA) focuses on the 

development of the sensing, control, navigation, and inference technologies required for semi-

autonomous operation of unmanned robotic airships for aerial inspection [45]. The AURORA is a 

non-rigid, 9 m long, 2.25 m in diameter, 24 m3 airship as in Figure . The AS800 aerodynamic 

model was adapted from the wind tunnel database acquired to model Westinghouse's YEZ-2A 

airship [148]. Since it featured the same length/diameter ratio (4:1). This article reported a 

successful airship autonomous flight achieved through a set of pre-defined points. This flight was 

achieved with a PI control-based guidance strategy for the trajectory path following. The 

horizontal trajectory was controlled automatically by the onboard system, while altitude was 

controlled manually by the ground pilot [40].  

 

Figure A.1 The AURORA I AS800 [149] 

NASA/JPL Titan Aerobot Project 

The arrival of the Huygens probe at Saturn’s moon Titan on January 14, 2005, motivated the 

authors to a follow-on mission that would use a substantially autonomous aerobot to explore 
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Titan’s surface. They discussed steps towards the development of an autonomy architecture, and 

concentrate on the autonomous flight control subsystem. They developed a new nonlinear robotic 

airship model intended for control system design and evaluation. The model gathered much of the 

previous airship modelling results available in the literature, and added new elements to extend 

the model’s range of applicability. The aerodynamic model developed had the ability to simulate 

all four primary modes of flight (launch, cruise, hover, and landing). The prototype aerobot testbed 

developed at Jet Propulsion Laboratory (JPL) at the University of California was based on an 

Airspeed Airship AS-800B. The airship Figure  had a length of 11 m, a diameter of 2.5 m and total 

volume of 34 m3 and a static lift payload of approximately 12 kg [53]. 

 
Figure A.2  Autonomous flight of the JPL aerobot [53] 

BD2 M1400 

One of the current operational airship, the Blue Devil 2 airship, built by MAV6 for the US Air 

Force as in Figure , is a conventional non-rigid and 123 m long  designed to fly at 20 kft for 4 to 5 

days with a 2,500 lb Intelligence, Surveillance, and Reconnaissance (ISR) payload including 

onboard processing that makes it an aerial data fusion node. Originally scheduled for first flight in 

the fall of 2011, the program was cancelled in June 2012 due to unacceptable performance and 

http://defense-update.com/tag/us-air-force
http://defense-update.com/tag/us-air-force
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recurring failures to meet minimum operating standards. To date, the airship has not achieved the 

first test-flight status [150]. 

 

Figure A.3 A front view of the M1400 airship [151] 

Airlander 10 

Airlander 10, Figure , is the world's longest aircraft built by Hybrid Air Vehicles (HAV) at 

Cardington Airfield in Bedfordshire and was officially named Martha Gwyn by the duke of Kent. 

The Airlander 10 is a non-rigid 92-metre (302ft) blimp filled with 38,000 cubic metres of helium. 

It has four propellers, two at the back, one on the front left and one on the front right, that provide 

vectored thrust from four V8 turbo-diesel engines. The Airlander 10 has been damaged after 

nosediving on landing during its second test flight from Cardington Airfield in Bedfordshire on 

August 24, 2016. Figure  shows the moment of the crash [152].  

http://defense-update.com/tag/m1400
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Figure A.4 the world's longest aircraft, the Airlander 10 [152] 

On May 11, 2017, Airlander 10 completed its first flight successfully after been repaired since the 

crash. The airship flew for almost three hours and successfully landed. The purpose of building 

the Airlander 10 is to fulfil a wide range of communication, cargo carrying and survey roles in 

both the military and commercial sectors all with a significantly lower carbon footprint than other 

forms of air transport.  

 

Figure A.5 the Airlander 10 damaged on landing [153] 

 

Airship architectures 

Airships fall into three main structural categories, namely, rigid airships, semi-rigid airships and 

non-rigid airships. These types are defined by the shape of the envelope support structure. 
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Rigid Airships  

Rigid airships are airships that have an internal framework that sustains their shape. Unlike 

pressure airships, rigid airships usually tend to have gas cells to provide lift instead of a larger 

gasbag and the envelope is a separate cover that goes over the outside of the framework as shown 

in Figure . Gas cells of rigid airships increases safety and avoids sudden loss of substantial lift 

during an emergency. This compartmentalization of the flammable gas will help prevent the fiery 

catastrophies of the past. It also facilitates lift adjustment due to altitude or temperature change 

that can be accomplished by expansion and contraction of individual gas cells [29]. Typically, 

rigid airships take off with the gasbags inflated to about 95% of their total volume and expand as 

altitude increases. Rigid airships have a capability of being built much larger than non-rigid and 

semi-rigid airships because there is no chance of kinking in the hull due to moments and 

aerodynamic loads. Rigid airships can reach an altitude more than 74000 feet depending on the 

design, weight of the structure and its cargo [29].  

 

Figure A.6 a typical rigid airship [154] 

Semi-rigid Airships 

Semi-rigid airships are similar to non-rigid airships in their structure with an addition of a rigid 

keel or a truss that extends from the nose to the tail along the bottom surface of the airship. Similar 

to blimps, semi-rigid airships maintain their aerodynamic shape by lifting gas overpressure in the 

envelope. Ballonets can be placed inside the envelope to accommodate the altitude and 
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temperature effects. In semi-rigid airships, the keel acts like a backbone to the airship distributing 

the weight and providing an attachment for gondola, fins and propellers. The keel offers structural 

integrity during flight maneuvering [29]. Keels can be partially flexible or composed of joined 

sections and can be placed inside or outside the main envelope. Although semi-rigid airships 

weight significantly more than non-rigid airships, they are structurally more stable.  A recent 

example of a semi-rigid airship is the Zeppelin NTW07 shown in Figure . The structure of the 

Zeppelin consists of three longitudinal aluminum beams divided into sections of 6 m length, and 

of triangular spar elements.  

 

Figure A.7 Good Year Zeppelin NTW07 [155] 

Non-Rigid Airships 

Non-rigid airships, also known as blimps, are the simplest form of lighter than air (LTA) vehicles. 

They maintain their shape and structure by the internal pressure applied by its lifting gas. Because 

they have no heavy support structure, non-rigid airships have the greatest lift to weight ratio. They 

are mainly composed of an envelope, which contains the lifting gas and the ballonets, and a 

gondola. They have no rigid structure or a keel however, they lose their shape when deflated. 

Generally, in a non-rigid airship, the only solid parts are the gondola, tail, fins, and propellers. The 

thrusters are usually installed on the gondola and sometimes another one will be installed on the 

downward vertical fin to provide additional yaw control. Non-rigid airships are distinguished by 
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their lightweight and construction simplicity. Airships can also use heated gas instead of a light 

gas as their lifting medium and are called hot-air airships [28]. These may require additional 

components to accommodate to the high internal pressures induced. Figure A. shows a typical non-

rigid airship 

 

Figure A.8 a typical non-rigid airship [24] 
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Appendix B  Physical properties   

 

Table B.1 Physical properties of Model 1 

Symbol Description Value Units 

m Airship mass 1.66 kg 

V Airship volume 1.422 m3 

D Airship diameter 0.86 m 

L Airship length 3 m 

dg,z Distance between CV to gondola CG along z 0.5275 m 

dp,y Distance between propeller centers to the x - z plane 

along y 

0.533 m 

dp,z Distance between propeller centers to gondola CG 

along z 

0.5275 m 

Ix Moment of inertia about OX 0.1 m2kg 

Iy Moment of inertia about OY 0.3 m2kg 

Iz Moment of inertia about OZ 0.3 m2kg 

k1 Lamb's inertia ratio along OX 0.1069  

k2 Lamb's inertia ratio along OY or OZ 0.8239  

K` Lamb's inertia ratio about OY or OZ 0.5155  

 

 

 



161 

  

 

 

 

Table B.2 Parameters used to calculate aerodynamic forces of Model 1 

Symbol Description Value Units 

CDho Hull zero-incidence drag coefficient [156] 0.024 - 

CDfo Fin zero-incidence drag coefficient  [156] 0.003 - 

CDgo Gondola zero-incidence drag coefficient  [51] 0.01 - 

CDch Hull cross-flow drag coefficient [156] 0.32 - 

CDcf Fin cross-flow drag coefficient  [13] 2 - 

CDcg Gondola cross-flow drag coefficient [51] .25 - 

(
𝛿𝐶𝐿
𝛿𝛼

)
𝑓
 

Derivative of fin lift-coefficient  with respect to angle of 

attack [13] 

5.73 - 

(
𝛿𝐶𝐿
𝛿𝛿𝐸,𝑅

)
𝑓

 
Derivative of fin lift-coefficient  with respect to fin 

angle [13] 

1.24 - 

Sh Hull reference area, V2/3 1.257 m2 

Sf Fin reference area [16]          Calculated 0.8 m2 

Sg Gondola reference area [16]       Calculated 0.05 m2 

df,x1 Distance between CV to GC of fins along x        S.W 1.191 m 

df,z Distance between CV to AC of fins along z          S.W 0.4322 m 

dc,z Distance between CV to AC of gondola along z       S.W 0.8239 m 

ηf Fin efficiency factor [116] 0.5155 - 

ηh Hull efficiency factor [116] 1.2 - 

I1  

Hull integrals [51] 

0 m2kg 

I3 -1.162 m2kg 

J1 1.919 m2kg 
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J3 0.7301 m2kg 

 

 

 

Table B.3 Physical properties of Model 2 

Symbol Description Value Units 

m Airship mass 4 kg 

V Airship volume 6.23 m3 

D Airship diameter 1.827 m 

L Airship length 4.1 m 

dg,z Distance between CV to gondola CG along z 0.95 m 

dp,y Distance between propeller centers to the x - z plane 

along y 

0.823 m 

dp,z Distance between propeller centers to gondola CG 

along z 

0.29 m 

Ix Moment of inertia about OX 0.54 m2kg 

Iy Moment of inertia about OY 1.3 m2kg 

Iz Moment of inertia about OZ 1.3 m2kg 

k1 Lamb's inertia ratio along OX 0.2  

k2 Lamb's inertia ratio along OY or OZ 0.75  

K` Lamb's inertia ratio about OY or OZ 0.3  
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Table B.4 Parameters used to calculate aerodynamic forces of Model 2 

Symbol Description Value Units 

CDho Hull zero-incidence drag coefficient [156] 0.024 - 

CDfo Fin zero-incidence drag coefficient  [156] 0.003 - 

CDgo Gondola zero-incidence drag coefficient  [51] 0.01 - 

CDch Hull cross-flow drag coefficient [156] 0.32 - 

CDcf Fin cross-flow drag coefficient  [13] 2 - 

CDcg Gondola cross-flow drag coefficient [51] .25 - 

(
𝛿𝐶𝐿
𝛿𝛼

)
𝑓
 

Derivative of fin lift-coefficient  with respect to angle of 

attack [13] 

5.73 - 

(
𝛿𝐶𝐿
𝛿𝛿𝐸,𝑅

)
𝑓

 
Derivative of fin lift-coefficient  with respect to fin 

angle [13] 

1.24 - 

Sh Hull reference area, V2/3 3.386 m2 

Sf Fin reference area [16]          Calculated 0.2 m2 

Sg Gondola reference area [16]       Calculated 0.01 m2 

df,x1 Distance between CV to GC of fins along x        S.W 1.723 m 

df,z Distance between CV to AC of fins along z          S.W 0.43 m 

ηf Fin efficiency factor [116] 0.5 - 

ηh Hull efficiency factor [116] 1.2 - 

I1  

Hull integrals [51] 

0 m2kg 

I3 -2.382 m2kg 

J1 1.995 m2kg 

J3 0.6104 m2kg 
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Appendix C  Simulation results 

Position tracking errors of the simulation results in Chapter 5 

Tracking error of backstepping controller Model 1 
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Figure B.1 Tracking error no wind 
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Figure B.2 Tracking error with wind disturbances 

 

 

Tracking error of INDI controller Model 1 
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Figure B.3 Tracking error no wind 
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Figure B.4 Tracking error with wind disturbances 
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Tracking error of backstepping controller Model 2 
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Figure B.5 Tracking error no wind 
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Figure B.6 Tracking error with wind condition  
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Tracking error of INDI controller Model 2 
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Figure B.7 Tracking error with no wind disturbances 
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Figure B.8 Tracking error under wind disturbances 
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Some results from the Simulation used for calculating the energy, the gondola’s position and the 

corresponding pitch angle results during the ascent and descent modes.  

During the ascent mode 
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Figure B.9 The pitch angle by using backstepping during the ascent 

0 3 6 9
-0.3

-0.2

-0.1

0.0
 No wind

 Windy

S
g
 (

m
)

Time (seconds)  

Figure B.10 backstepping control response 
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Figure B.11 The pitch angle by using INDI during the ascent 
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Figure B.12 INDI control response 
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2 During the descent mode 

0 3 6 9 12

-75

-60

-45

-30

-15

0

 No Wind

 Windy


 (

d
eg

)

Time (seconds)  

Figure B.13 The pitch angle by using backstepping during the descent 
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Figure B.14 backstepping control response 
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Figure B.15 The pitch angle by using INDI during the descent 
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Figure B.16 INDI control response 
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Appendix C  Experimental plate form 

Battery (1) 

The battery is the only source of power for all electronics on-board including the propulsion system 

in this study. Two 11.1 V ZIPPY Compact 3-cell battery are used, each with a capacity of 

8000mAh and weight of 565 g. Two batteries are used to provides enough power to be able to 

sustain the entire flight mission. Figure C.1 shows the zippy battery used.  

 

Figure C.1 Zippy compact battery 

Raspberry Pi board (2) 

Raspberry Pi is a small sized minicomputer that runs Linux and it is shown in Figure C.2. It can 

plug to monitor, keyboard and mouse. This inexpensive board has several usages like education, 

home automation, industrial automation and commercial product. Raspberry Pi is used in this study 

as a platform for implementation because it is an affordable and lightweight platform with 

extremely low complexity for design. In addition, it is documented extensively online and has a 

vibrant open source community. In this study the Raspberry Pi 3 Model B+ is used and it has the 

following specifications [136]: 

• 1.4GHz 64-bit quad-core ARM Cortex-A53 CPU (BCM2837) 

• 1GB RAM (LPDDR2 SDRAM) 
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• On-board wireless LAN - dual-band 802.11 b/g/n/ac (CYW43455) 

• On-board Bluetooth 4.1 HS low-energy (BLE) (CYW43455) 

• 4 x USB 2.0 ports 

• 300Mbit/s ethernet 

• 40 GPIO pins 

• Full size HDMI 1.3a port 

• Combined 3.5mm analog audio and composite video jack 

• Camera interface (CSI) 

• Display interface (DSI) 

• microSD slot 

• VideoCore IV multimedia/3D graphics core @ 400MHz/300MHz 

The Raspberry Pi receives the data from all sensors and sends that data over Wi-Fi to the ground 

station. The Pi receives signals from the user indicating the desired trajectory and takes these 

commands to adjust the airship actuators such that the airship achieves the user’s desired trajectory 

and stability. All data logging from sensors and signals into MAT files saved on the Raspberry Pi.  

 

Figure C.2  Raspberry Pi 3 Model B+ 
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TReX Jr Dual Motor Controller (3) 

The TReX Jr Dual-Motor Controller is a versatile DC motor controller designed to seamlessly 

blend autonomous and human control of small robots and it is shown in . The TReX Jr can control 

two bidirectional and one unidirectional motor via three independent control interfaces. The TReX 

Jr operating voltage range is between 5V and 24V and in this current set up it is powered directly 

by the batteries 12V. TReX Jr receives the Pulse Width Modulation (PWM) signal from the Pi and 

distributes power to two Brushed DC motors according to the received signal.  

 

Figure C.3 The TReX Jr Dual-Motor Controller 

Brushed DC gearmotors 1000:1 (4) 

The Brushed DC gearmotor is a miniature high-power, 12V with a 986.41:1 metal gear ratio, 

making it a great choice for applications requiring fine control at very low speeds and high torque. 

Two motors are used to drive the gondola along the keel by custom wheels of 18mm in diameter, 

mounted on the output shaft of the motors, one on each side of the keel as shown in Figure 8.3. 

The motors receive power from the TReX Jr controller which adjusts output frequency to allow 

the motor speed to be precisely controlled. The Brushed DC motor is not expensive and 

commercially available, and it is shown in Figure C.4. 
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Figure C.4 Brushed DC with extended motor shaft 

Counter click (5) 

Counter click carries an LS7366R quadrature counter Figure C.5. The counter click communicates 

with the Raspberry Pi through SPI interface (CSK, MISO, MOSI). The board can use either a 3.3V 

or a 5V power supply. In the current platform, it receives 5V from the Pi. The counter chip is used 

because using only encoder to count the steps introduces more that 10 seconds delay and misses 

counting some of the steps. In addition, the Raspberry Pi keeps crashing almost immediately when 

encoder recorded movie. Using a counter chip to count the encoder and send the data to the pi 

helps prevent crashing the pi and obtains higher accuracy reading.   

 

Figure C.5 Counter click LS7366R 
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Magnetic Encoder (6) 

The encoder is added to the brushed DC gearmotor with the extended back shaft and it is illustrated 

in Figure C.6. The encoder board senses the rotation of the magnetic disc and provides a resolution 

of 12 counts per revolution of the motor shaft when counting both edges of both channels. The 

gear ratio is multiplied by 12 to compute the counts per revolution of the gearbox output shaft. The 

encoder operates from 2.7 V to 18 V and provide digital outputs that can be connected directly to 

a pi or other digital circuit. One encoder is used in this set up and it receives 5V from the counter 

click. 

 

Figure C.6 Magnetic Encoder 

HS-77BB Servo motor (7) 

Vectoring of thrust is provided by two HS-77BB Servo motors illustrated in Figure C.7, one on 

each side of the gondola as in Figure 3.7. The servo motors were limited to a tilting angle from -

7o to +100o  to respect the design limitation. The servo motor receives a PWM input from the 

Raspberry Pi to set the desired angle of the output shaft. the desired angle of the servo's output 

shaft is in degrees measured from the horizontal axis in body frame. The max voltage required by 

the servo motor is 6V and is rated to generate a maximum torque of 5.5 kg-cm with no load and a 

maximum speed of 60 degrees per 0.18 sec. 
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Figure C.7 HS-77BB Servo motor 

Standard 45A car ESC (8) 

Standard 45A car electronic speed controller (ESC) with forward reverse and a good range of 

features such as timing adjust and breaking. An ESC is required to control the motor when using 

a brushless motor. Two Standard 45A car ESCs are used in this platform to drive two brushless 

motors to generate the required thrust to drive the airship. Electronic speed controller (ESC) 

converts input PWM signals from the Raspberry Pi and drives the brushless DC motors with the 

correct power. The ESC receives 12V from the battery and receives a 50Hz pulse width modulated 

(PWM) control signal from the Pi. The ESC used in this airship is shown in Figure C.8. 

 

Figure C.8 Standard 45A car ESC 

Rimfire 400 Brushless motor (9) 

Two Rimfire 400 brushless DC (BLDC) motors with two propellers installed on the shafts of the 

motors are used in this airship as the propulsion system, as shown in Figure C.10. The motors used 

is shown in Figure C.9 and have a weigh of 54g each and Input voltage of 7.4-11.1V. The propeller 
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thrust system produces -0.26 N < T < 2.6 N based on thruster static bench testing prototype which 

will be discussed in Appendix G. The ESC must first receive a PWM signal of width 0.075 ms 

from the Pi in order to be armed and be ready to control the motors. Stopping the beep sound is 

indicating that the motor is ready to run. Each motor’s input is a PWM signal which corresponds 

to a value ranging from 0.05 for maximum reverse to 0.1 for maximum forward form the ESC. 

 

Figure C.9 Rimfire 400 brushless DC 

The APC 9 x 4.7 propellers (9 inches in diameter with pitch of 4.7 inches) are driven by the two 

brushless motors and propellers are shown in Figure C.10. this propeller can produce high thrust 

in any direction perpendicular to the rotating axis of the blade. The airship can move forward, 

backward, upward or downward according to the user to achieve the required trajectory. For a safe 

flight and to ensure that the operator can take full control of the airship, the drive system needs to 

be controlled by both mode, automatic control and Manual control, as discussed earlier.    

 

Figure C.10 the propulsion system 
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Radio Frequency Module (11) 

Two radio frequency modules are used to communicate wirelessly between the ground station and 

the airship. One is connected to the ground station (receiver) and the second one is connected to 

onboard system (transceiver). The transceiver is connected to the Pi through (Universal 

Asynchronous Receiver/Transmitter) UART. It is powered by 3.3V from the Pi and operated at a 

57600 baud rate. Radio frequency module used in this study is Module RF 7020 v4.0 and it is 

shown in Figure C.11. 

 

Figure C.11 Module RF 7020 v4.0 

AR610 Aircraft Receiver (12) 

The Aircraft Receiver is a six channels receiver mounted in the gondola used for manual control 

and it is shown in Figure C.12. The manual control is used for emergency control to override the 

control of the drive system. In this thesis, the manual control mode is utilized for altitude control 

and pitch control. The override control is engaged when the Remote Control (RC) turned ON and 

the disable command is activated from the ground station thus the operator can have a complete 

control of the drive system.  
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Figure C.12 AR610 Aircraft Receiver attached to the gondola 

   GPS (global positioning system) 

The GPS is used to determine the current location (latitude and longitude) of the blimp. The 

Adafruit Ultimate GPS Breakout used in this study is shown in Figure C.13. This GPS was chosen 

because it is a high-quality GPS module that can track up to 22 satellites with 10 Hz on 66 channels 

and has an excellent high-sensitivity receiver and a built-in antenna. The GPS module attached 

directly to the Raspberry Pi using TTL adapter and communicates via a USB/UART interface. To 

improve the signal reception, a GPS antenna was attached to the GPS module. The GPS signal is 

very sensitive to the environment like indoor, or between very tall buildings and forest areas where 

the signals become weak or jammed. Therefore, Kalman Filter is used to estimate and update the 

airship states it in real time during the signal blockage or outage. 

 

Figure C.13 Adafruit Ultimate GPS Breakout 

AR610 Aircraft Receiver 
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Figure C.14 GPS Antenna 

The goal of the Kalman filter is to take a probabilistic estimate of the state and update it in real 

time using two steps: prediction and correction (update). The position estimation is done using 

linear Kalman filter that can access GPS to estimate the airship’s states. The position format is 

latitude, longitude in radians and altitude in meter. 

Prediction equations: 

                      𝑋𝑘 = 𝑋𝑘+1 + 𝐾𝑘 (𝑍𝑘 − 𝐻𝑘 𝑋𝑘+1)                        (C.1) 

                            𝑃𝑘 = (𝐼 − 𝐾𝑘 𝐻𝑘 ) 𝑃𝑘+1                                 (C.2) 

                     𝐾𝑘 = 𝑃𝑘+1 𝐻𝑘
𝑇 inv(𝐻𝑘𝑃𝑘+1 𝐻𝑘

𝑇 + 𝑅)                    (C.3) 

Update equations: 

                                    𝑋𝑘+1 = ∅𝑘 𝑋𝑘                                      (C.4) 

                                𝑃𝑘+1 = ∅𝑘 𝑃𝑘 ∅𝑘
𝑇 + 𝑄                               (C.5) 

where: 

Xk  is the state vector in tk ,  

𝑃𝑘 is the state covariance matrix,  

Zk is the measured vector, 
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𝐾 is the Kalman gain matrix which determines the weights of GPS information when status is 

updated, 

∅𝑘 is the transition matrix of Xk to Xk+1,    

∅𝑘 = [
 eye(3,3)      Δt ∗ eye(3,3)          

1

2
∗  Δt2 ∗ eye(3,3) 

zeros(3,3)  eye(3,3)                Δt ∗  eye(3,3)

zeros(3,3) zeros(3,3)                       eye(3,3)

] 

Δt is the sample time, 

𝑄 is the system noise covariance matrix, it was chosen small for better rejection of the noise and 

smoother estimates, 

𝑄=0.2*[ eye(9,9)] 

𝐻 is the ideal transition matrix of Zk to Xk, 

H= [eye (3,3)   zeros (3,6)] 

𝑅 is the observation noise covariance matrix, 

R= eye (3,3) 

The goal is to merge the information from different sensors to produce a final estimate of some 

unknown state. Kalman filter is used to predict new state by using the inertial sensor measurements 

and the GPS data to correct that prediction of the airship’s position at time k. The block diagram 

of Kalman filter is shown in Figure C.15. 
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Figure C.15 block diagram of Kalman filter  

 

Buoyancy loss test 

The purpose of buoyancy testing is to maintain some controllability during the descent and avoid 

dangerous crashes. Also, it is useful for designing safety airship systems.  

The first step in the test is to fill the blimp with helium until it is fully inflated. The weight of the 

gondola, as well as any additional mass, is then measured and attached to the airship. The test 

begins when the airship is neutrally buoyant. The weight of the gondola with all the components 

attached is 3.4 Kg and the total weight (gondola and added mass) at the beginning of the test was 

5.3 Kg. The test preformed at the room temperature (21 oC) with air pressure varying from (101.9 

kpa to 102.2 kpa) throughout the duration of test, and at the altitude of 70 m above the sea level 

[157]. The test started at 10:15 am until 6:45 pm. Every 30 minutes some ballast is dropped until 

the airship buoyancy is levelled again. The amount of ballast dropped at various time is illustrated 

in Figure C.16. The total ballast dropped at the end of the test time was 650 g which is about 12% 

of the total weight. 
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Figure C.16  Ballast dropped during the daytime 
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Appendix D Experimental results 

 

The results of backstepping controller.  
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Figure D.1 Flight test trajectory of -20o and gondola’s position 
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Figure D.2 Flight test trajectory of -30o and gondola’s position 
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Figure D.3 Flight test trajectory of -50o and gondola’s position 
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Figure D.4 Flight test trajectory of -60o and gondola’s position 
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Figure D.5 Flight test trajectory of -65o and gondola’s position 
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The experimental results of INDI 
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Figure D.6 Flight test trajectory of -20o and gondola’s position 
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Figure D.7 Flight test trajectory of -30o and gondola’s position 
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F Figure D.8 Flight test trajectory of -50o and gondola’s position 
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Figure D.9 Flight test trajectory of -65o and gondola’s position 



190 

  

Results of the theoretical method  

Results of Backstepping control  
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Figure D.10 Flight test trajectory of -40o and gondola’s position 
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Figure D.11 Flight test trajectory of -50o and gondola’s position 
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Figure D.12 Flight test trajectory of -65o and gondola’s position 
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Figure D.13 Flight test trajectory of -80o and gondola’s position 
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Results of INDI control  
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Figure D.14 Flight test trajectory of -40o and gondola’s position 
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Figure D.15 Flight test trajectory of -50o and gondola’s position 
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Figure D.16 Flight test trajectory of -65o and gondola’s position 
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Figure D.17 Flight test trajectory of -80o and gondola’s position 
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Appendix E Total Energy required 

 

Backstepping control results 

Table E.1 Energy required for ascent and cruise modes in calm condition using Gondola 

configuration 

Pitch angle 

0o (Cruise mode) 5o 10o 15o 20o 

Velocity 

(m/s) 

Energy 

(Ws) 

Travel 

time (s) 

Energy 

(Ws) 

Travel 

time (s) 

Energy 

(Ws) 

Travel 

time (s) 

Energy 

(Ws) 

Travel 

time (s) 

Energy 

(Ws) 

Travel 

time (s) 

1 1692 50 19775 577 9793 287 7186 194 5233 145 

2 857 25 10676 287 6108 146 5475 96 3293 73 

3 576 16.7 7614 192 6398 96 5020 64 2795 49 

4 460 12.5 10457 144 5870 73 4407 48 2387 37 

5 356 10 11666 116 6645 59 3364 39 2014 29 

 

Table E.2 Energy required for ascent and cruise mode in windy condition using Gondola 

configuration 

Pitch angle 

0o (Cruise mode) 5o 10o 15o 20o 

Velocity 

(m/s) 

Energy 

(Ws) 

Travel 

time (s) 

Energy 

(Ws) 

Travel 

time (s) 

Energy 

(Ws) 

Travel 

time (s) 

Energy 

(Ws) 

Travel 

time (s) 

Energy 

(Ws) 

Travel 

time (s) 

1 1834 53 52856 582 32055 291 28122 197 26381 149 

2 914 27 30440 290 25549 149 23106 97 21457 74 

3 651 18 20189 197 18860 100 22297 66 14015 50 

4 570 14 35534 148 10028 77 19380 49 13094 39 

5 511 12 53254 120 14914 64 19754 41 9658 30 

 

Table E.3 Energy required for descent mode in calm condition using Gondola configuration 

Pitch angle 

-15o -30o -45o -90o 

Velocity 

(m/s) 

Energy 

(Ws) 

Travel 

time (s) 

Energy 

(Ws) 

Travel 

time (s) 

Energy 

(Ws) 

Travel 

time (s) 

Energy 

(Ws) 

Travel 

time (s) 

1 6467 194 3377 100 2895 71 2015 52 

2 3364 97 1773 51 1538 36 1178 27 

3 2218 65 1364 34 1109 24 991 16 

4 1727 49 971 25 913 18 884 13 

5 1400 38 848 20 717 15 752 11 
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Table E.4 Energy required for descent mode in windy condition 

Pitch angle 

-15o -30o -45o -90o 

Velocity 

(m/s) 

Energy 

(Ws) 

Travel 

time (s) 

Energy 

(Ws) 

Travel 

time (s) 

Energy 

(Ws) 

Travel 

time (s) 

Energy 

(Ws) 

Travel 

time (s) 

1 40524 198 15081 104 9022 75 4002 54 

2 14814 101 10985 56 7345 39 2621 29 

3 8540 67 4955 39 5897 28 2076 19 

4 5496 53 2032 29 2360 21 1425 16 

5 4774 45 1320 25 1107 18 1032 14 

 

Table E.5 Energy required for ascent and cruise mode in calm condition using vectored thrust 

configuration 

Pitch angle 

0o (Cruise mode) 5o 10o 15o 20o 

Velocity 

(m/s) 

Energy 

(Ws) 

Travel 

time (s) 

Energy 

(Ws) 

Travel 

time (s) 

Energy 

(Ws) 

Travel 

time (s) 

Energy 

(Ws) 

Travel 

time (s) 

Energy 

(Ws) 

Travel 

time (s) 

1 1671 50 19466 576 9641 288 7797 193 5271 146 

2 849 25 9579 287 5061 144 4767 97 3953 76 

3 571 16.7 6576 191 3786 96 3957 65 3045 49 

4 423 12.5 4864 144 4282 72 3133 48 1828 37 

5 394 10 4050 116 3167 58 1893 39 1557 30 

 

Table E.6 Energy required for ascent and cruise mode in windy condition using vectored thrust 

configuration 

0o (Cruise mode) 5o 10o 15o 20o 

Velocity 

(m/s) 

Energy 

(Ws) 

Travel 

time (s) 

Energy 

(Ws) 

Travel 

time (s) 

`Energy 

(Ws) 

Travel 

time (s) 

Energy 

(Ws) 

Travel 

time (s) 

Energy 

(Ws) 

Travel 

time (s) 

1 1926 52 21501 580 12569 292 9853 198 6551 150 

2 1045 27 11427 291 6684 150 6261 100 4623 79 

3 712 18 7848 195 4980 105 4361 69 3758 52 

4 533 14 5474 148 4942 76 3852 51 2328 40 

5 439 11 5030 130 3877 61 2512 45 1924 32 

 

Table E.7 Energy required for descent mode in calm condition using vectored thrust 

configuration 

Pitch angle 

-15o Vertical descent 

Velocity 

(m/s) 

Energy 

(Ws) 

Travel 

time (s) 

Energy 

(Ws) 

Travel 

time (s) 

1 8924 198 3124 50 

2 4516 97 2098 25 

3 3157 65 4095 17 

4 2802 50 4156 12 

5 1929 39 4055 10 
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Table E.8 Energy required for descent mode in windy condition using vectored thrust 

configuration 

Pitch angle 

-15o Vertical descent 

Velocity 

(m/s) 

Energy 

(Ws) 

Travel 

time (s) 

Energy 

(Ws) 

Travel 

time (s) 

1 14272 200 4125 53 

2 8241 99 3234 27 

3 6047 68 4500 21 

4 4390 52 5122 15 

5 2829 43 5015 12 

 

Table E.9 Energy required for ascent and cruise mode in calm condition using composite control 

configuration 

Pitch angle 

0o (Cruise mode) 5o 10o 15o 20o 

Velocity 

(m/s) 

Energy 

(Ws) 

Travel 

time (s) 

Energy 

(Ws) 

Travel 

time (s) 

Energy 

(Ws) 

Travel 

time (s) 

Energy 

(Ws) 

Travel 

time (s) 

Energy 

(Ws) 

Travel 

time (s) 

1 1824 50 19476 575 9935 287 6941 194 4942 146 

2 848 25 10633 286 6431 146 5075 96 3603 73 

3 622 16.7 6533 192 3473 96 4520 64 2795 49 

4 438 12.5 5950 144 3042 73 3107 48 2095 38 

5 363 10 6091 116 3398 59 2824 39 1874 29 

 

Table E.10 Energy required for ascent and cruise mode in windy condition using composite 

control configuration 

Pitch angle 

0o (Cruise mode) 5o 10o 15o 20o 

Velocity 

(m/s) 

Energy 

(Ws) 

Travel 

time (s) 

Energy 

(Ws) 

Travel 

time (s) 

Energy 

(Ws) 

Travel 

time (s) 

Energy 

(Ws) 

Travel 

time (s) 

Energy 

(Ws) 

Travel 

time (s) 

1 1856 53 21856 578 12069 291 8525 197 5876 147 

2 937 27 15436 289 10270 149 7106 97 4589 76 

3 673 18 7618 195 5464 100 6442 66 4015 50 

4 536 14 7460 148 3729 77 5700 49 3254 40 

5 470 12 8109 120 4398 64 4854 41 2708 30 
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Table E.11 Energy required for descent mode in calm condition using composite control 

configuration 

Pitch angle 

-15o -30o -45o -90o 

Velocity 

(m/s) 

Energy 

(Ws) 

Travel 

time (s) 

Energy 

(Ws) 

Travel 

time (s) 

Energy 

(Ws) 

Travel 

time (s) 

Energy 

(Ws) 

Travel 

time (s) 

1 7005 194 3484 100 2635 71 1968 50 

2 3584 97 1883 51 1369 36 998 25 

3 2405 65 1344 34 1009 24 791 16 

4 1857 49 1021 25 790 18 670 13 

5 1582 38 848 20 698 14 642 10 

 

Table E.12 Energy required for descent mode in windy condition using composite control 

configuration 

Pitch angle 

-15o -30o -45o -90o 

Velocity 

(m/s) 

Energy 

(Ws) 

Travel 

time (s) 

Energy 

(Ws) 

Travel 

time (s) 

Energy 

(Ws) 

Travel 

time (s) 

Energy 

(Ws) 

Travel 

time (s) 

1 7650 197 3831 102 2919 74 2110 52 

2 3958 100 2585 55 1409 38 1327 27 

3 2931 66 1972 38 1150 27 1136 18 

4 2106 53 1632 28 870 20 857 15 

5 1924 44 1088 24 813 17 790 13 

 

 

INDI Control results 

Table E.13 Energy required for ascent and cruise mode in calm condition using Gondola 

configuration 

Pitch angle 

0o (Cruise mode) 5o 10o 15o 20o 

Velocity 

(m/s) 

Energy 

(Ws) 

Travel 

time (s) 

Energy 

(Ws) 

Travel 

time (s) 

Energy 

(Ws) 

Travel 

time (s) 

Energy 

(Ws) 

Travel 

time (s) 

Energy 

(Ws) 

Travel 

time (s) 

1 3167 50 22501 577 18943 287 15083 194 12470 145 

2 1826 25 17614 287 10111 146 8045 96 7189 73 

3 810 16.7 8116 192 5302 96 3556 64 2811 49 

4 612 12.5 11680 144 4274 73 2465 48 1447 37 

5 570 10 12747 116 3616 59 1629 39 1083 29 
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Table E.14 Energy required for ascent and cruise mode in windy condition using Gondola 

configuration 

Pitch angle 

0o (Cruise mode) 5o 10o 15o 20o 

Velocity 

(m/s) 

Energy 

(Ws) 

Travel 

time (s) 

Energy 

(Ws) 

Travel 

time (s) 

Energy 

(Ws) 

Travel 

time (s) 

Energy 

(Ws) 

Travel 

time (s) 

Energy 

(Ws) 

Travel 

time (s) 

1 4269 53 35293 582 30241 290 26122 197 21140 149 

2 2631 27 22256 290 10201 149 7591 97 6672 74 

3 1467 18 19674 197 6651 100 4449 66 3681 50 

4 1180 14 27709 148 5806 78 3689 49 2802 39 

5 994 12 25891 119 4953 64 2112 42 2066 31 

 

Table E.15 Energy required for descent mode in calm condition using Gondola configuration 

Pitch angle 

-15o -30o -45o -90o 

Velocity 

(m/s) 

Energy 

(Ws) 

Travel 

time (s) 

Energy 

(Ws) 

Travel 

time (s) 

Energy 

(Ws) 

Travel 

time (s) 

Energy 

(Ws) 

Travel 

time (s) 

1 9610 194 6847 100 3312 71 2910 50 

2 7733 97 3022 51 1676 36 1801 25 

3 3772 65 1759 34 1007 24 1073 16 

4 2661 49 952 25 900 18 805 13 

5 1793 38 812 20 729 15 668 10 

 

Table E.16 Energy required for descent mode in windy condition using Gondola configuration 

Pitch angle 

-15o -30o -45o -90o 

Velocity 

(m/s) 

Energy 

(Ws) 

Travel 

time (s) 

Energy 

(Ws) 

Travel 

time (s) 

Energy 

(Ws) 

Travel 

time (s) 

Energy 

(Ws) 

Travel 

time (s) 

1 11638 198 8750 102 6562 73 3869 52 

2 6887 100 6164 55 3649 38 2549 27 

3 4598 67 3713 38 2393 26 2011 18 

4 3723 53 2230 27 1763 20 1501 15 

5 2287 44 1429 24 1380 17 1224 13 

 

Table E.17 Energy required for ascent and cruise mode in calm condition using vectored thrust 

configuration 

Pitch angle 

0o (Cruise mode) 5o 10o 15o 20o 

Velocity 

(m/s) 

Energy 

(Ws) 

Travel 

time (s) 

Energy 

(Ws) 

Travel 

time (s) 

Energy 

(Ws) 

Travel 

time (s) 

Energy 

(Ws) 

Travel 

time (s) 

Energy 

(Ws) 

Travel 

time (s) 

1 2229 50 42831 577 9930 287 8037 193 6262 146 

2 1496 25 18835 288 7243 144 5776 97 3644 76 

3 1697 16.7 18200 195 7847 96 3547 65 3258 49 

4 2552 12.5 11240 145 6158 71 4515 48 3801 37 

5 2840 10 9295 115 9299 58 7867 39 5122 31 
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Table E.18 Energy required for ascent and cruise mode in windy condition using vectored thrust 

configuration 

Pitch angle 

0o (Cruise mode) 5o 10o 15o 20o 

Velocity 

(m/s) 

Energy 

(Ws) 

Travel 

time (s) 

Energy 

(Ws) 

Travel 

time (s) 

`Energy 

(Ws) 

Travel 

time (s) 

Energy 

(Ws) 

Travel 

time (s) 

Energy 

(Ws) 

Travel 

time (s) 

1 2495 52 47073 582 11610 293 10990 198 8481 150 

2 1874 27 24207 292 9454 150 7967 100 5245 80 

3 2212 18 22625 199 10272 105 5864 69 4058 52 

4 3079 13 20944 149 12487 75 4905 52 4811 39 

5 3266 11 21949 131 14145 61 10784 45 5944 34 

 

Table E.19 Energy required for ascent and cruise mode in calm condition using composite 

configuration 

Pitch angle 

0o (Cruise mode) 5o 10o 15o 20o 

Velocity 

(m/s) 

Energy 

(Ws) 

Travel 

time (s) 

Energy 

(Ws) 

Travel 

time (s) 

Energy 

(Ws) 

Travel 

time (s) 

Energy 

(Ws) 

Travel 

time (s) 

Energy 

(Ws) 

Travel 

time (s) 

1 2065 50 18134 575 9092 286 5946 194 4422 145 

2 1339 25 9233 286 4433 146 2914 96 2668 73 

3 1123 16.7 5263 1931 3026 96 2167 64 1974 49 

4 910 12.5 4565 144 2561 73 1986 48 1892 37 

5 832 10 3961 116 2365 59 2096 39 1944 29 

 

Table E.20 Energy required for ascent and cruise mode in windy condition using composite 

configuration 

Pitch angle 

0o (Cruise mode) 5o 10o 15o 20o 

Velocity 

(m/s) 

Energy 

(Ws) 

Travel 

time (s) 

Energy 

(Ws) 

Travel 

time (s) 

Energy 

(Ws) 

Travel 

time (s) 

Energy 

(Ws) 

Travel 

time (s) 

Energy 

(Ws) 

Travel 

time (s) 

1 2165 53 20856 579 10097 290 6945 197 5109 147 

2 1412 28 11931 289 5705 149 3810 98 3544 75 

3 1240 18 7029 195 3626 100 2610 66 2801 51 

4 1117 14 5920 148 3212 77 2331 50 2204 39 

5 1051 12 5564 120 3424 64 2361 41 2088 30 
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Table E.21 Energy required for descent mode in calm condition using composite configuration 

Pitch angle 

-15o -30o -45o -90o 

Velocity 

(m/s) 

Energy 

(Ws) 

Travel 

time (s) 

Energy 

(Ws) 

Travel 

time (s) 

Energy 

(Ws) 

Travel 

time (s) 

Energy 

(Ws) 

Travel 

time (s) 

1 6441 194 3283 100 2365 71 1786 50 

2 3074 97 1840 50 1326 36 1140 25 

3 2205 65 1641 34 1035 24 1054 16 

4 2020 49 1503 25 965 18 980 13 

5 2297 38 1630 20 1260 14 912 10 

 

Table E.22 Energy required for descent mode in windy condition using composite configuration 

Pitch angle 

-15o -30o -45o -90o 

Velocity 

(m/s) 

Energy 

(Ws) 

Travel 

time 

(s) 

Energy 

(Ws) 

Travel 

time (s) 

Energy 

(Ws) 

Travel 

time 

(s) 

Energy 

(Ws) 

Travel time 

(s) 

1 7030 197 3881 102 2774 74 2156 52 

2 3785 100 2235 55 1665 38 1442 27 

3 2900 66 2038 38 1450 27 1307 18 

4 2770 53 1725 27 1394 20 1292 15 

5 2837 44 2020 24 1306 17 1233 12 
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Appendix F Battery Usage 

The performance of UAVs powered by on-board batteries is critically constrained by the limited 

battery lifetime. There is a lack of related work on optimizing the flight plans of battery-operated 

UAVs and the optimization of electric vehicles have been studied mainly for ground vehicles 

[122]. One of the goals of this study is to compare the airship performance with different actuation 

mechanism in terms of the electric power consumption. The battery is the only source of power 

for all electronics on-board including the propulsion system in this study. Therefore, the battery 

capacity will be studied. The battery capacity represents the maximum amount of energy that can 

be extracted from the battery under certain specified conditions. The most common measure of 

battery capacity is mAh (milliamp-hours), defined as the number of hours for which a battery can 

provide a current until a specified cut-of voltage is reached [158] and is expressed as: 

𝐶𝑏 = ∫𝐼𝑡𝑜𝑡 𝑑𝑡

𝛥𝑡

 (0.1) 

where 𝐶𝑏 is the battery capacity in mAh and 𝐼𝑡𝑜𝑡 is the sum of current drawn from the battery by 

the motors and on-board electronics during the different operating time for each system and is 

calculating as: 

𝐼𝑡𝑜𝑡 = 𝑛 . 𝑖𝑚 +𝑚 . 𝑖𝑠𝑒𝑟 𝑜 + 𝑖𝑜𝑡ℎ𝑒𝑟 (0.2) 

where 𝑖𝑚 and 𝑖𝑠𝑒𝑟 𝑜 are the amounts of current drawn by the BLDC motors and the servo motors 

respectively, and n and m are the number of BLDC motors and servo motors respectively. And  

𝑖𝑜𝑡ℎ𝑒𝑟 is the amount of current drawn by the on-board equipment excluding the motors.  

The amounts of current drawn by the BLDC motors are calculated based on the model used in 

several publication [131–135].  
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𝑃𝑖𝑛 = 𝐼𝑖𝑛 𝑉𝑖𝑛  (0.3) 

where 𝑃𝑖𝑛 is the electrical power input of the motor, 𝐼𝑖𝑛 and 𝑉𝑖𝑛 are the motor input current and 

voltage respectively.  

𝑖𝑚 = 𝐼𝑖𝑛 = 𝜏 𝐾  
2𝜋

60
+ 𝐼0  

(0.4) 

𝑉𝑖𝑛 =
𝜔

𝐾 
2𝜋
60

+ (𝜏 𝐾  
2𝜋

60
+ 𝐼0)𝑅𝑖𝑛  (0.5) 

where 𝐾  is the motor’s speed constant (rpm/V), I0 is the no-load current, 𝜏 and 𝜔 are the required 

torque and rotational speed of the motor, and 𝑅𝑖𝑛 is the winding resistance. The motor constants  

𝐾 , 𝐼0 and 𝑅𝑖𝑛 are usually given by all motor manufacturers.  

The current drawn by the servo motor (𝑖𝑠𝑒𝑟 𝑜) in no-load and maximum load (stall) conditions is 

expressed in [160] as: 

𝑖𝑠𝑒𝑟 𝑜 = 𝑖𝑛𝑙 + (
𝑖𝑠𝑡𝑎𝑙𝑙 − 𝑖𝑛𝑙
𝜏𝑠𝑡𝑎𝑙𝑙

 ) 𝜏𝑠𝑒𝑟 𝑜  (0.6) 

where 𝑖𝑛𝑙 is the no-load current of the servo motor, 𝑖𝑠𝑡𝑎𝑙𝑙 is the stall current, 𝜏𝑠𝑒𝑟 𝑜 and 𝜏𝑠𝑡𝑎𝑙𝑙 are 

the servo torque and the stall torque of the servo motor.  

 

 

 

 

 



203 

  

Appendix G Motor-Propeller Static & Dynamic Thrust Calculation 

 

Theoretical propeller dynamic thrust equation was developed by Staples [164] from simple 

momentum theory and then fit to experimental data. It is of the form:  

2
2

4
e e o

d
T V V V( )


= −                                       (G.1) 

where T is thrust in (N), d is the propeller diameter, ρ  is the air density, ρ = 1.225 kg/m3, Ve is the 

exit velocity of the air (m/s) or the induced velocity of the air by a propeller and V0 is the aircraft 

velocity (m/s). 

Ve was assumed approximately equal to the pitch speed of the propeller.   

1 1 60

12 5280
pitch prop

 ft  mile min
V (mph) n (rpm) . P (in) . . .

 in  ft hr
=           (G.2) 

where P is the propeller’s pitch (in) and n is its speed (rpm). By substituting the value of Vpitch in  

(G.1), we get,  

2
20 0254

4 60 60
o

 . d n n
T  1.225   0.0254 . P  0.0254 . P  . V

( . )
( ) ( )

  
= − 

 
     (G.3) 

Then Staples added a correction factor to make the thrust equation accurate, 2
1( )

d k
k

P
, the 

correction factor was then multiplied to (G.3). The result of the theoretical static thrust by setting 

V0 = 0 m/s verses the rotational speed is shown in Figure G.2. 
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Experimental tests 

The static test of motor-propeller combination was preformed by using the RCbenchmark motor 

jig and RCbenchmark software. The test setup as shown in Figure G.1, was used to measure power 

source voltage, current, motor mechanical speed (via the measurement of motor electrical speed), 

motor-propeller static thrust, and torque. The experiment was performed using a high discharge 

Li-Po battery with 3 cells (11.1V). The brushless motor was used in the test along with APC 9 x 

4.7 propeller (9 inches in diameter with pitch of 4.7 inches). The measurements were taking at auto 

increment of ESC signals. The static thrust verses the ESC signals and the rotational speed (rpm) 

were gathered and shown in the Figure G.1. 

 

Figure G.1. Static Testing of Motor-Propeller Combinations 
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Figure G.2 the measured static thrust and theoretical thrust at different n (rpm) 

As can be seen in the Figure G.1 the error between the two results are increasing with increasing 

the rotational speed. It is possible that the difference resulted between the curves are due to the 

assumptions Stapes made in equation (G.1). He assumed that the induced velocity is approximately 

equal to pitch speed (Ve ≈ Vpitch). However, this is unrealistic, as the inflow velocity varies across 

the cross-sectional inflow area, or rotor disc area. In addition, the correction factors K1 and K2 were 

determined by trial and error and the value of the correction factor was constant. However, by 

checking the error in the graph, it can be noticed that the error is increased with increasing the 

rotational speed, therefore adding correction factor as constant values will keep the growth rate of 

the error increases as the time increases. Alternative method to calculate a correction function is 

developed here to correct and minimize the error in (G.3) in order to approximate motor and 

propeller performance without the hassle of measuring and testing the products in a laboratory 

setting. The developed function is then used to calculate the dynamic thrust. The correction 

function assumed here is f (n) which is multiplied to (G.3) instead of the correction factor of Staples 

and V0 = 0 m/s.  
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2
20 0254

4 60

Tf n  
 . d n

1.225   0.0254 . P

( )
( . )

( )


=
  
  

  

                (G.4) 

By using the experimental data of static thrust and the rotational speed, the correction function 

with respect to the rotational speed can be plotted as in Figure G.3. By using the curve fitting 

toolbox in Matlab, a third-order polynomial was created. 

1 3 22 8 51 521 x 10  1 512 x 10  . 2 522 x 10 . 0 413+  5. . . .f ( n ) n n n   .− − −− − +=       (G.5) 

0 1000 2000 3000 4000 5000
0

1

2

3

f(
n
)

RPM  

Figure G.3 the correction function at different n (rpm) 

The equation (G.3) then was multiplied by the correction function f (n); 

2
20 0254

4 60 60
o

 . d n n
T  1.225   0.0254 . P  0.0254 . P  . V . f(n)

( . )
( ) ( )

  
= − 

 
     (G.6) 

The results of the static test and the modified (G.6) in addition to the theoretical equation of Staples 

at V0 = 0 m/s are shown in Figure G.4 
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Figure G.4 the static test, theoretical and developed equation results 

Dynamic thrust 

The objective of the present experiment was to determine the thrust performance of the electric 

motor-propeller combinations at static conditions and simply estimate motor and propeller 

performance in dynamic conditions without the need for laboratory testing. The dynamic thrust is 

calculated here by using eq (G.6) with the corrected function at different aircraft velocities. Figure 

G.5 shows the result of the modified equation and the results of the dynamic equation of Staples.   
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Figure G.5 the dynamic equation and developed equation at different aircraft velocity 
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H.1. Pitch Tracking for an Airship with Moving Gondola Using Backstepping Control 

Presentation and full paper in the 6th International Conference on Mechatronics and Robotics 

Engineering, 2020 
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H.2. Altitude Trajectory Control of An Unmanned Airship Using Incremental Nonlinear 

Dynamic Inversion 

 

Presentation and full paper in the Proceedings of the Canadian Society for Mechanical 

Engineering International Congress 2020 
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