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Abstract 

Autonomous unmanned aerial vehicle (UAV) research started at AUS in 2005. 

Linear and nonlinear aircraft models and system identification of the aircraft system 

were developed to design flight control laws. Proportional-integral-derivative control 

laws as well as fuzzy logic supervisory control for fixed wing autopilots in cruise 

mode were developed. Hardware in the loop for UAV flight simulation was also 

developed. The current work focuses on designing control laws for takeoff, cruise, 

and landing, and conducting flight test verification of these law. Implementation of 

control laws for different flight modes need further study in switching between flight 

modes. A hybrid control scheme, which acts as a supervisory control for coordinating 

the conventional control laws for each flight mode is proposed. This involves the 

usage of a state-machine block to coordinate the transition of each of the flight modes. 

A way of using fuzzy logic control to map the gain values for different flight 

equilibrium states is developed and simulated in this work. The contributions of this 

thesis are the development of digital flight control system software and hardware. The 

autopilot hardware is designed around an MPC 555 single-board computer. Modem 

configuration and data consistency checks are performed inside ground station and 

autopilot hardware to ensure there is no delay of communications, and the software is 

designed inside the SIMULINK environment. Data reception, data processing, 

command generation, and data transmission are the main functions inside the 

software. PI control loops and fuzzy logic scheduling control are developed, 

simulated, and tested as part of the implementation of all phases of the flight in a real 

flight test. 

Keywords: Takeoff and landing autopilots, UAV, fuzzy logic, trajectory 

tracking, waypoint navigation 
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Nomenclature 

 

   Lateral acceleration 

  Wing span 

   Small sideslip angle 

  Gravitational acceleration 

  Current altitude 

   Starting altitude 

       Rally point altitude 

     Reference altitude 

   Longitudinal distance of main wheel from center of gravity 

   Longitudinal distance of steering wheel from center of gravity 

   Total length of landing gears 

   Lateral distance from right wheel to CG 

     Lateral distance from left wheel to CG 

  Mass 

  Roll rate 

  Pitch rate 

  Yaw rate 

u Forward speed in body axes 

v Lateral speed in body axes 

w Downward speed in body axes 

   Trim velocity 

  Forward axis at body coordinate system 

  Downward axis at body coordinate system 

    Sweep angle 

    Drag coefficient at zero angle of attack 
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     Increment of drag force coefficient due to increment of angle of 
attack 

   Three dimensional lift coefficient 

     Vertical tail plane lift coefficient 

     Increment in lift coefficient due to elevator deflection 

    Lift coefficient at zero angle of attack 

    Increment of lift force coefficient due to increment of angle of attack 

   ̇ Increment of lift force coefficient due to increment of rate of angle of 
attack 

    Increment of lift force coefficient due to increment of pitch rate 

   Roll moment coefficient 

    Increment of roll moment coefficient due to increment of sideslip 
angle 

     Increment of roll moment coefficient due to increment of aileron 
deflection 

     Increment of roll moment coefficient due to increment of rudder 
deflection 

    Increment of roll moment coefficient due to increment of roll rate 

    Increment of roll moment coefficient due to increment of yaw rate 

   Pitch moment 

    Pitch moment coefficient at zero angle of attack 

    Increment of pitch moment coefficient due to increment of angle of 
attack 

     Increment of pitch moment coefficient due to increment of elevator 
deflection 

   ̇ Increment of pitch moment coefficient due to increment of rate of 
angle of attack 

    Increment of pitch moment coefficient due to increment of pitch rate 

   Yaw moment coefficient 

     Increment of yaw moment coefficient due to increment of aileron 
deflection 

     Increment of yaw moment coefficient due to increment of rudder 
deflection 

    Increment of yaw moment coefficient due to increment of roll rate 

    Increment in yaw moment coefficient due to sideslip angle 

    Increment in yaw moment coefficient due to yaw rate 

   Thrust coefficient 
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    Landing gear slip coefficient 

   Forward body axis force coefficient 

    Increment of forward body axis force coefficient due to increment of 
angle of attack 

    Increment of forward body axis force coefficient due to increment of 
pitch rate 

     Increment of forward body axis force coefficient due to increment of 
elevator deflection 

     Increment of forward body axis force coefficient due to increment of 
Thrust change 

   Right side body axis force coefficient 

    Increment of side force coefficient due to increment of sideslip angle 

    Increment of side force coefficient due to increment of roll rate 

    Increment of side force coefficient due to increment of yaw rate 

    Increment of side force coefficient due to increment of yaw rate 

     Increment of side force coefficient due to increment of aileron 
deflection 

     Increment of side force coefficient due to increment of rudder 
deflection 

   Downward body axis force coefficient 

    Mass moment of inertia around forward body axis 

    Mass moment of inertia around right side body axis 

    Mass moment of inertia around downward body axis 

    Cross coupling of inertia around longitudinal plane 

L Rolling moment 

   Roll moment due to sideslip 

   Roll moment due to roll rate 

   Roll moment due to yaw rate 

    Roll moment due to aileron deflection 

    Roll moment due to rudder deflection 

M Pitch moment 

   Pitch moment due to changes in forward speed in body axis 

   Pitch moment due to changes in pitch rate 
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  ̇ Pitch moment due to changes in downward acceleration in body axis 

    Pitch moment due to changes in elevator deflection 

    Pitch moment due to changes in throttle deflection 

  Yaw moment 

   Yaw moment due to sideslip angle 

   Yaw moment due to roll rate 

   Yaw moment due to yaw rate 

    Yaw moment due to aileron deflection 

    Yaw moment due to rudder deflection 

   Tire Normal force 

  Dynamic pressure coefficient 

  Surface area of the wing 

   Surface area of the elevator 

   Surface area of vertical tail 

   Steering wheel axial velocity 

   Left wheel wheel axial velocity 

   Right wheel wheel axial velocity 

   Steering wheel lateral velocity 

   Right wheel wheel lateral velocity 

   Left wheel wheel lateral velocity 

  Forward force 

   Forward force due to forward speed in body axis 

   Forward force due to downward speed in body axis 

    Forward force due to elevator deflection 

    Forward force due to thrust changes 

   Tire forward force 

Y Force component in the y-axis 

   Side force (positive to right side of the body) due to sideslip 
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   Side force due to roll rate  

   Side force due to yaw rate 

    Side force due to aileron deflection 

    Side force due to rudder deflection 

   Tire lateral force 

   Downward force due to forward velocity in body axis 

   Downward force due to downward velocity in body axis 

    Downward force due to elevator deflection 

    Downward force due to thrust change 

   Kinetic friction coefficient 

   Tire slip angles 

  Sideslip angle 

  Pitch angle 

 Roll angle 

ψ Yaw angle 

   Initial pitch angle 

   Desired pitch angle 

   Desired roll angle 

   Elevator deflection 

   Thrust changes 

   Steering wheel deflection 

   Rudder deflection 
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1. Introduction 

The Unmanned Aerial Vehicle (UAV) system has been developed into a 

complex system nowadays. The early stages of autopilot development involved a 

simple attitude controller which provided stabilization to the aircraft. This was done 

using simple analog circuit. The emergence of digital technology has advanced 

autopilot development, microcontrollers and embedded applications. Formation 

flights and aggressive maneuvers are able to be implemented through this technology. 

The implementation of the autopilot algorithm into the UAV system requires 

high levels of integration in core technologies. It includes sensor fusion, hardware 

development for the navigation, guidance and control, a communication system, and 

human user interfaces. Many educational and scientific institutions have been 

developing these core technologies as well as system integration. Brigham Young 

University [1], Idaho State University, University of Kansas and many others are 

among the institutions that are developing these technologies [2] [3] [4]. These 

researchers have commercialized autopilot systems and their byproducts. The 

aerospace industries utilized the technology to engineer complicated and capable 

UAV systems for military application after their successful use as a force multiplier in 

the Bekaa Valley War in 1982 [5]. Several US UAV roadmaps and European UAV 

roadmaps forecast the use of UAVs for civilian applications in addition to some 

complex application such as a fighter role. 

1.1. Background 

The American University of Sharjah has started research activities in UAV 

since 2005 by Hadi [6]. He developed a linear model for the aircraft, produced system 

identifications for the various aircraft components, and proposed fuzzy logic 

supervisory control for fixed wing autopilots in cruise mode. He developed an avionic 

platform based on a 16-bit processor that offered benefits in low cost but affordable 

performance. Comparisons were made between fuzzy logic based supervisory control 

using LQR gains and LQR linear control. Stability of linear LQR controllers becomes 

an issue when the commanded value is far away from reference point where the LQR 

controller is designed. Fuzzy gain scheduling was able to overcome this issue in his 

report.  
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Hardware in the loop setup for UAV simulation during the flight was 

developed by Hassan [7]. He implements a trajectory-following algorithm (shortest 

path following algorithm) to guide the aircraft flight along its predefined path. He also 

develops simple ground station interfaces, as the ground segment of UAV system. 

This work is the continuation of Hadi’s work, in which all the control modes 

(longitudinal and lateral modes) consist of LQR autopilots. Also similar to Hadi’s 

work, the UAV in this paper was able to perform the mission along the predefined 

sets of waypoints in the HILS.  

 

Figure 1 HILS system developed by Hassan [7] 
 

Up to this point, the development of UAV systems have been toward the 

operational aspect of UAV and flight testing. Flight test procedures and safety 

procedures for the aircraft are also needed prior to the flight test. Therefore, it is 

essential to study the operational aspects of an autopilot system and build up the 

experience of flight testing. These learning objectives were accomplished by 

operating a commercial of the self-autopilot system. This autopilot has been proven to 

be a complete working system that includes the documentations for the autopilot and 

flight test procedure.  

The Mazari UAV system was developed initially to comply with the 

Association of Unmanned Vehicle System International (AUVSI) student Unmanned 

Air System(UAS) challenge, in which the UAV system being developed is required to 

perform an autonomous flight and imagery identification of the target during the 

mission. Therefore, the aircraft is required to carry a camera as payload. Considering 

the weight and dimensions of the camera system, an airplane platform needs to be 
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chosen according to its capability to handle the payload and execute the mission. The 

platform also has to be easy to maintain, which means that if the airplane is broken 

during the accident, this component of the aircraft can be replaced quickly or moved 

onto another aircraft platform in which consistent flight characteristics are 

maintained. The aircraft itself should be a trainer type since it is easier to fly and very 

stable. The commercial RC airplane with a 60-inch wingspan was therefore chosen as 

the platform. The autopilot system was designed according to this platform. 

There are several commercial autopilot systems that are available on the 

market, and these systems can be purchased for UAV applications. Since the aircraft 

lies in the category of a mini UAV, an autopilot with compact size and full range 

capability is needed. Kestrel autopilot, which is developed by PROCERUS, was 

chosen for this requirement. Kestrel autopilot was used and evaluated in [8]. An 

MPC555-based avionics system was developed using MATLAB/SIMULINK 

environment [8]. This choice allows us to have a more advanced controller as well as 

implement a hybrid system that will supervise the controller operation for different 

modes of flight.   

 

Figure 2 Kestrel Autopilot System 
 

A group of several master’s degree students were involved in the development 

of the Mazari autopilot system. Each person has individual tasks that contribute to the 

establishment of the UAV system such as: 

1. Aircraft modeling and low level control design 

2. Avionics hardware development 

3. Ground station interface and communication protocol development 

4. System integration 
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This thesis focuses on modeling aircraft flight modes and designing automatic 

control for all phases of the aircraft flight using a hybrid system to supervise the 

transition from one phase to another. 

1.2. Literature Review 

An autonomous flight consists of six general modes of flight that have to be 

performed during a single mission. These modes are takeoff, climb, cruise, loiter, 

descent, and landing. Most of previous research is focused on waypoint navigation 

and altitude or airspeed hold, which are done in cruise mode. Although this mode is 

the dominant mode in the flight mission, there are other flight modes which are 

critical to the success of a mission as well. These include descent and landing mode.. 

The external forces and moments of the aerodynamics need to be included in the 

equation of motions. The transition between the flight modes needs to be considered 

in order to ensure the stability of the system during the whole mission flight [2] [3] 

[9]. 

 

Figure 3 Flight phase description [19] 

1.2.1. Cruise Mode Control 

The aircraft controller’s design process starts by linearizing the aircraft 

dynamic model around its nominal equilibrium point at a fixed altitude and airspeed. 

Then, the linear control systems are designed based on this linearized model. The 

controller gain is designed for flight phases at the equilibrium point. This means that 

there are sets of gain values for each equilibrium points, and the controller changes its 
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gain values as the aircraft flies and changes its equilibrium condition. This method is 

known as gain scheduling [2]. The limitation of this method is that during the 

maneuver, the controller needs to switch the gain parameters from one equilibrium 

point to another. The stability of the aircraft cannot be guaranteed during this 

switching process. 

Intelligent fuzzy logic supervisory control was investigated and simulated by 

Hadi [6], to deal with the nonlinearity effect of the aircraft during flight. This control 

method uses human experience to help in the control design. Fuzzy logic design starts 

with a linear control design process to obtain all controller gains in longitudinal mode. 

Then, the membership function is constructed with cruise airspeed as the input. Five 

rules are programmed to the fuzzy interface because each gain output has direct 

relations with input airspeed and is independent from other gains. The controller is 

able to stabilize the nonlinear aircraft dynamics. The only disadvantage in this method 

is the steady state error due to the approximation of LQR gains using the fuzzy 

system. The proposed solution is to increase the membership function from the 

airspeed to the gain estimation. 

A fuzzy logic controller was applied to both the longitudinal and lateral 

control algorithm by Hoover [2]. A fuzzy logic controller was used in both the 

altitude hold system and heading hold system. This controller was used in low level 

autopilot controllers such as bank angle hold, pitch hold controller, and airspeed 

controller. Hoover used a Mamdani fuzzy system and centroid of area for the 

defuzification scheme. Adaptive controllers were also introduced in order to 

accommodate for unknown system parameters. This allowed the output layer of each 

controller to adapt independently, while maintaining stable control of the UAV. The 

adaptation law was an extension of the Lyapunov rule for Model Reference Adaptive 

Control. The law was transformed into an adaptation rate, which adjusts the weighting 

function of Mamdani fuzzy sets. 



25 
  

 
Figure 4 Fuzzy logic control architecture  [2] 

A neural network airspeed and pitch rate autopilot were proposed by [10] and 

[4]. The network is trained to perform commanded tasks, while the training process 

needs sets of conditions or states and corresponding action or command from flight 

test data. The controllers themselves are self-learning, and their performance will 

increase as they train with more flight data [4]. Suresh proposes model-reference 

direct adaptive neural control that is designed using an off-line and on-line training 

scheme [10]. This control method is based on the assumption that the states and 

output of the system do not escape to infinity in a finite time interval. The off-line 

trained neural network is used as starting point for on-line adaptation under variations 

in aerodynamic coefficients. The controller is tested for controlling airspeed and pitch 

rate. The training process uses a training error coefficient less than 0.002 and learning 

rate equal to 0.03. During the on-line learning process, the weight of the neural flight 

controller is adapted for three windows of samples with learning rates of 0.3. In order 

to adjust the weight matrices, the back propagation through time (BPTT) learning 

algorithm is used. The performance of this controller is compared with a dynamic 

inversion controller and radial basis function network. The quantitative measures such 

as maximum absolute error and mean square error are measured to study the 

performance of the controller. The result shows that the proposed method has less 

error as well as less maximum control effort during flight simulation with presence of 

error or nonlinearity of the model, and control surface reduced efficiency.  

Another neural network controller is used for controlling altitude and pitch 

angle with elevator deflection [11]. This controller uses Multi-Layer Perceptron 

(MLP), which has 3 layers and 4 inputs (θ, q, altitude, and  ̇). The output of the 
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controller is the elevator deflection. The hidden layer has 7 neurons. In this network, a 

tangent-sigmoid function is used in input and hidden layers. A pure-linear function is 

used in the output layers. To train the network, classical error back propagation 

method (Levenberg-Marquardt back propagation) is used. The method updates weight 

and bias values according to the Levenberg-Marquardt optimization algorithm. 

The Adaptive Network based Fuzzy Interference System (ANFIS) is a 

combination of a fuzzy logic and neural network. In this type, the controller acts like a 

fuzzy system and is structurally similar to feed forward perception neural networks 

[11].  The fuzzy adaptive network is essentially a neural network, except that some of 

the nodes are adaptive nodes where fuzzy membership functions are stored [9]. This 

controller is applied in altitude hold to obtain pitch angle command. ANFIS is defined 

as an architecture in which fuzzy rules and membership functions can be adjusted 

with training data patterns. This controller’s performance is better than fuzzy logic 

and neural network in a flight with environmental disturbance. 

 
Figure 5 ANFIS layer [9] 

 
A fuzzy neural network (RFNN) for a multi-input/multi-output linearized 

dynamics system was developed by Lin [12].  The linear feedback controller is used 

as basic stabilizing controller, while RFNN is used to deal with nonlinearities of the 

system. The RFNN inherently is a recurrent multilayer neural network for realizing 

fuzzy inferences using dynamic fuzzy rules. Stability of the RFNN is derived using 

the Lyapunov function, and then the stability condition is determined. 

Nonlinear controllers such as back stepping techniques [13] were developed 

and implemented in autopilot systems. Most of these nonlinear controllers perform 

better when there is control surface damage during flight, which can degrade the 

controllability of the aircraft. The derivation of control laws and their implementation 
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in real flights are quite complex; therefore, there are more advantages in developing 

intelligent controllers than nonlinear controllers.  

1.2.2.  Descent and Landing Controller. 

Development of the auto landing controller for commercial aircrafts starts with 

the development of wind disturbances that affect the tracking performance of an 

aircraft during the landing process. The wind is modeled according some rules, such 

as FAA rules [3] [11] [9]. Then the landing trajectory is constructed, which starts with 

descent mode, continued with flare mode, and finishes with landing mode. The 

trajectory for this entire mode is described in Figure 6. 

 

 

Figure 6 Landing trajectory in longitudinal term [14] 
 

In descent mode, the autopilot follows the fixed descent trajectory with an 

optimum rate of descent. Then, at a predefined height for the flare, the aircraft starts 

to do the flare maneuver, in which the aircraft pitching up and the flight follows an 

exponential trajectory (flare trajectory). This trajectory converges with the runway at 

the touchdown point. After this point, the aircraft lands and stops after some distance. 

The descent and flare maneuvers are the most important part of the landing process as 

there are disturbances that could result from the atmosphere and other sources. These 

landing/takeoff paths constrain the longitudinal mode of the aircraft. For the lateral 

control, the aircraft must withstand the crosswind disturbances as well as maintain 

fixed heading during descent, flare, and touchdown.  

A fuzzy logic based auto landing controller is investigated by Royer [3]. This 

controller tracks the longitudinal trajectory or altitude. Like Hoover, Royer uses a 

Mamdani fuzzy system and centroid of area for defuzification scheme. He uses a 

commercial autopilot (wePilot 2000) for inner loop control (pitch hold and airspeed 

hold). System identification is performed using Matlab toolbox to identify the 
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dynamic response of the autopilot and aircraft to the commanded input. The identified 

variables are forward speed u and vertical speed w. The results are in first order 

transfer functions, and are used in designing a fuzzy logic controller for auto landing 

control.  

A Proportional-Integral-Differential (PID) controller, neuro-controller, neuro-

PID controller, and ANFIS-PID controller for the landing mode of a commercial 

airplane with strong gust disturbance were investigated by Malaek [11]. The research 

starts with designing a PID controller for a known trajectory. Next, a neuro controller 

is designed and trained based on sets of PID controllers. Neuro-PID, which is 

constructed with PID in the inner loop and neural based in the outer loop, is 

constructed afterward. Then, an ANFIS-PID loop is constructed (PID based for the 

inner loop and ANFIS based for the outer loop). Simulations for these controllers are 

carried out with two wind conditions: strong winds (42ft/sec headwind and 18 ft/sec 

tailwind) and very strong winds (100 ft/sec impulse headwind and 100 ft/sec impulse 

tailwind). The key performances are categorized in two levels: level 1 performance 

(rate of descent less than 17 fps and AOA less than 7 deg) and level 2 performance 

(rate of descent less than 20 fps and AOA less than 10deg).  

Table 1 Comparison of performance of the controller that was designed in [11] 

Wind Pattern PID Neuro 
Controller 

Neuro-PID 
Controller 

Anfis-PID 
controller 

Strong Wind Level2 Level2 Level 2 Level 1 
Very Strong 

Wind 
Unacceptable Unacceptable Level 2 Level 1 

 

The best performance is achieved using an ANFIS-PID controller, in which 

the aircraft is able to maintain level 1 performance with large disturbance. 

An auto landing controller with different forms of neural networks is proposed 

by Juang [22]. Assuming that the altitude is solely controlled by pitch command, this 

controller uses altitude, altitude command, altitude rate, and altitude rate command as 

the input. The output of the controller is pitch command. The network obtains 

information from the error via a Linearized Inverse Aircraft Model (LIAM). This 

model is used to calculate error signal that will be used to back propagate through the 

controller in each stage.  
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1.2.3.  Automatic Takeoff Controller. 

 
Figure 7 Takeoff Phase [14] 

 
The auto takeoff controller design process is more advanced than the landing 

process. There are some phases that need to be defined during this process. The 

airplane starts the acceleration from zero airspeed to the rotation speed, which is 

defined as ground roll. Then, the aircraft starts to rotate and becomes airborne, which 

is defined as the rotation phase, and then the aircraft starts to reach the altitude by 

climbing at a fixed climb angle, known as the climb out phase.  

Two phases need to be investigated independently during takeoff. First is the 

ground roll, where the aircraft accelerates on the ground until the rotation phase. 

Aircraft dynamics on the ground are much different than during in the air. In this 

environment, all of the aerodynamics control surfaces are less effective than the 

landing gear as control devices for lateral control.. Wind disturbance is encountered 

by bank angle to aileron control loop, in which the commanded bank angle is zero. 

This control loop is activated while the aircraft is on ground until it goes airborne.  

The second segment is the rotation and climb out phase. In this phase, the 

aircraft climbs at a fixed angle at longitudinal mode. Wind disturbances need to be 

rejected using both longitudinal pitch control and bank angle hold laterally. Dynamics 

of this type of aircraft are very well studied, and information can be obtained from 

any literature that discusses aircraft dynamics and control.  

1.2.4. Literature Summary 

Several control strategies have been investigated, and the studies are 

summarized in Table 2: 
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Table 2 Advantage and shortcomings of proposed approach 

Proposed 
Approach 

Advantages Shortcomings Comment 

Fuzzy Logic 
[2] [6] [3] [15]  

Implements human 
knowledge in 
controlling action, 
thus more robust on 
environmental 
changes 

Needs to consider the 
knowledge base 
involves the control 
policy for the human 
expertise and 
necessary 
information for the 
proper functioning of 
the fuzzification and 
defuzzification 
modules 

This is the most 
suitable approach 
for the 
implementation in 
a flight test 

Neural 
Network [11] 
[10] [15]  

Parallel structures with 
distributed storage and 
processing of massive 
amounts of 
information 

More efficient in 
computational cost  

Learning ability made 
possible by adjusting 
the network 
interconnection 
weights and biases 
based on certain 
learning algorithms 

Needs extensive 
training; flight test 
data is required 

Number of neurons in 
hidden layer is 
determined based on 
trial and error 

For 
implementation in 
a real flight test, 
this method 
requires more 
time. This method 
is suitable if the 
autopilot is 
established. 

Proposed 
Approach 

Advantages Shortcomings Comment 

ANFIS [9] 
[12] 

Translates prior 
knowledge into 
network topology, and 
therefore has faster 
convergence than 
typical NN, smaller 
training set 
 
Network 
implementations using 
Sugeno FLC, will 
have model 
compactness 
 
Automatic FLC 
parameter tuning 

Still needs extensive 
training process and 
flight test data is 
required 
 
Has strong 
computational 
complexity 
restrictions 

For 
implementation in 
a real flight test, 
this method 
requires more 
time. This method 
is suitable if the 
autopilot is 
established. 
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Nonlinear 
Control 
[13] 

Most of these 
nonlinear controllers 
show their advantage 
when there is control 
surface damage and 
slightly better 
performance 

The derivation of 
control law and 
implementation in 
aircraft is quite 
complex 

For 
implementations 
in a real flight 
test, this method 
requires more 
time. This method 
is suitable if the 
autopilot is 
established. 
 

 

Besides the advantages and shortcomings of each controller, there are more 

general drawbacks during implementation: 

 The lack of satisfactory formal techniques for studying the stability of intelligent 

control systems  

 Performance of intelligent control systems during the transient stage is usually not 

reliable. 

This section concludes that the most appropriate approach that will be used as 

intelligent control is fuzzy logic control.  

1.3. Problem Statement 

The task is to design autopilots for a fixed wing low speed mini UAV to 

perform autonomous takeoff, waypoint navigation, and landing. 

1. Design, implement, and test the longitudinal and lateral autopilots for various 

stages of the flight: takeoff, climb out, cruising, loiter, and landing. 

2. Design a hybrid system switching controller between the various autopilots as 

the aircraft changes its flight modes. 

3. Perform hardware in the loop simulation based on a nonlinear simulation 

aircraft model. 

4. Design fuzzy logic gain scheduling during cruise mode. 

5. Implement hybrid system switching of all phase flight control on flight test. 

1.4. Thesis Objectives 

This thesis introduces automatic flight control for all phases of the flight, 

including fuzzy logic gain scheduling at cruise mode, using a hybrid system approach 
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for state transition during the flight, implemented in a developed avionic system, and 

tested in a flight test. 

1.5. Thesis Contribution 

1. Design and implementation of fuzzy logic controller for gain scheduling 

during cruise mode.  

2. AUS scope contributions 

a. Introduce automatic flight control for all phases of the flight using a hybrid 

system approach for state transition during the flight. 

b. Perform development and flight tests of low cost digital flight control 

systems for use in the mini UAV market. 

1.6. Thesis Outline 

Chapter 2: AUS Mazari autopilot architecture 

This chapter discusses the AUS Mazari system and describes its components 

(airborne platform, ground platform, and failsafe system). 

Chapter 3: AUS Mazari platform mathematical modeling 

Modeling of each aircraft subsystem is discussed in this chapter. System 

identification for stability derivatives of the aircraft is also discussed. 

Chapter 4: AUS Mazari software architecture 

Mazari software architecture based on Simulink is discussed. Data processing 

and the command generation function is discussed in more detail, which includes 

stateflow realization, description of the flight modes and the algorithm, and a brief 

explanation about the trajectory following algorithm and the autopilot structure. Low 

level autopilot control design, which consists of PI based loop and fuzzy logic gain 

scheduling are also discussed in this chapter. 

Chapter 5: Test and validation 

This chapter discusses the hardware in the loop simulation result of each 

control loop as well as the all phase flight trajectory and control. Flight test results are 

presented as validation of the whole control system design. 

Chapter 6: Conclusion and recommendations 
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2. AUS Mazari Autopilot Architecture 

2.1. Introduction 

Mazari’s autonomous aerial vehicle system architecture is shown in Figure 8. 

The first layer is the mission layer. At this level, the mission is designed by the user 

based on aircraft states monitoring. Then the user makes some input commands to the 

system, and this goes to the second layer. The second layer is the path planning layer. 

Basically, this layer consists of a hybrid switching algorithm. This layer is responsible 

for coming up with the flight plan in terms of the waypoints, tasks, and order (e.g., 

loiter, visit the waypoint, loiter after takeoff, or loiter before landing). The third layer 

is to generate a flyable trajectory taking into account the aircraft constraints and the 

aircraft state at each waypoint. The fourth layer is the trajectory tracker which 

produces the set points for the autopilot’s control loop. In cruise mode, the third and 

fourth layers are being done inside the navigation block, while in takeoff and landing 

mode, these layers are represented by switches. These switches and the hybrid 

switching system are discussed in Chapter 4.  

 

Figure 8 AUS Mazari UAV Architecture [16] 

2.2. Description of AUS Mazari Platform Physical Model 

The experimental aircraft used in this thesis is the well-known Senior 

Telemaster, which was chosen for its excellent performance, low speed, and stable 
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platform allowing good imagery processes. Senior Telemaster aircraft geometry and 

mass properties, as well as the cruise trim conditions can be seen in Table 3.  

Table 3 Aircraft Parameters 

Parameter Value Units  Parameter Value Units 

Weight 7 kg CGz 0.01 m 
Cruise altitude 100 m Ixx 1.9942 kgm2 
rho 1.117746 kg/m3 Iyy 2.3982 kgm2 
Cruise speed 18 m/s Izz 2.75311 kgm2 
Temperature 40 degree C Ixz 0.0132 kgm2 
CGx 0.44 m MAC 0.37 m 
CGy 0.02 m b  1.98 m 

S (wing area) 0.7326 m2 
    

 
 

 
Figure 9 Senior Telemaster platform 

 

Inertias of the aircraft are obtained from experiment as described in reference 

[6], and the results are tabulated in Table 3. 

2.3. Autopilot Hardware Architecture 

The Mazari UAV system uses an MPC-555 Power PC as the main flight 

control computer. The avionics system itself is an improvement on the previous 
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attempt by [8] to design a flight control computer based on the MPC 555. The 

avionics hardware has a modular design consisting of three distinct layers: power 

card, flight control computer (FCC), and INS solution.  

The avionic hardware specifications are as follows: 

 Dimensions: 9 x 6 x 4 cm (L x W x H)  

 Weight: 90 grams with 900 MHz microhard Nano Series radio 

transceiver  

 Operating Power Consumption: 4 W (typical, including FCC, 900MHz 

radio and INS)  

 Operating temperature range: -40°C to +85°C 

 Humidity:  5% to 95%, non-condensing 

The power card specifications are as follows:  

 Input supply voltage: 7-15V  

 Efficient switching power regulation 

 Reverse voltage protection, over-voltage protection and over-current 

protection 

 On-board battery voltage monitoring 

 Port for external (motor) battery voltage monitoring (<39V)  

 (Optional) current monitoring 

The avionics unit consists of several subsystems such as: 

 PIC 18F MCU as peripheral expansion to handle UART 

communication from MIDG INS and analog communication from air 

data sensor using 12 bit ADC. Communication to computer is done 

through one 2.0B CAN bus at 1 Mbps. 

 Servo interface through four PWM output 

 Air data sensor, based on MPXHZ6115A absolute pressure sensor and 

MPXV 7002 differential pressure sensor 

 MIDG II INS-GPS 

 MICROHARD N920F modem 

 ILM 150 R laser rangefinder 
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A functional diagram of the avionics unit can be seen in Figure 10 

 

Figure 10 Avionics or airborne segment of autopilot system 
The PCB layer for the flight control computer and power card is designed with 

a compact configuration so that the avionics unit can fit inside the Telemaster aircraft. 

 

Figure 11 MPC 555 Based Mainboard 

All of the interfaces (power board circuit and the connections) can be seen in 

Figure 11 and Figure 12. 
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Figure 12 MICROHARD modem and power board of the mainboard system 

This avionic unit is integrated into the UAV platform with the Kestrel 

commercial off-the-shelf system as a benchmark system to test sensor readings and 

backup for data logging (Figure 13). 

 

Figure 13 Avionic system integration with airframe 
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2.4. Ground System Architecture 

 

 

Figure 14 Ground segment of autopilot system 

The ground segment consists of four main parts: the RC transmitter for the 

pilot to control the aircraft in manual mode or during the gain tuning process, the 

ground station hardware that is built around an MPC 555 single board computer, the 

microhard modem, and the graphical user interface from the user to the system. The 

main objective of the whole ground segment is to help the user send the command to 

the UAV and monitor the UAV flight states and navigation parameters in real time. 

The data logging function is performed in the ground segment. Therefore, the flight 

control performance can be analyzed in offline condition at a satisfactory update rate. 

Together with the modem configuration test, the development of the ground segment 

takes a considerable amount of time for the project, due to the learning process on 

how to create satisfactory real time data link protocol and how the protocol will 

interact with the modem configuration settings. At the end, this learning process 

contributes to the faster gain update time, real time data transmission from the aircraft 

without delay, and a greater communication range that will improve the UAV system 

radius of action apart from the aircraft’s performance.  

2.5. Failsafe System 

The failsafe system acts as a safety precaution in case there is a failure in the 

UAV system components. Precautions are also put into the electrical system. There 

are two electrical safety systems that need to be installed in UAV system.  
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2.5.1. Arm Plug. 

The plug is the main protection between the battery source and the electric 

motor as the main propulsion system for the aircraft. This acts as a switch if the 

aircraft is in the testing phase and prevents the motor from accidentally running.  

 

Figure 15 Arm plug 

2.5.2. Manual Switch for PPM. 

The 8 Channel RC RX MUX is used during the early stages of the autopilot 

development, when the autopilot was still not reliable, and the RC PPM packet merge 

from GUI to autopilot was not developed. This device allows easy switching of servo 

control between two signal sources using an 8th channel of Input A as the output 

selector. Signal sources come from the R/C receiver to input A, and from autopilot to 

input B. Standard RC servos are connected to the output.  

 

Figure 16 RX MUX multiplexer 
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3. AUS Mazari Platform Mathematical Modeling 

3.1. Introduction 

A first principal approach is widely used in platform modeling since this 

method is well documented and reliable in modeling the nonlinear dynamics of the 

aircraft. The nonlinearities in aerodynamic effects can be modeled as linear functions 

of the stability derivatives multiplied by the aircraft states. Reference [17] is used as a 

good approximation to this model. Reference [8] is used for the servo model, and 

reference [6] is used for the propulsion modeling. 

3.2. Actuator Model Dynamics 

The actuators (4 servos) are modelled as first order systems. They receive the 

command signal and produce a change in position.  

       
 

     
 (1) 

Reference [8] has developed an extensive system identification process in 

order to obtain the lag time constant of the servo. Since the type of servo is the same, 

the first order model will be used for the servo model. 

       
 

          
 (2) 

3.3. Propulsion Model Dynamics 

A hacker motor is used as the main propulsion system for the aircraft. This 

motor is combined with an APC 17 X 10 propeller to obtain desired thrust. System 

identification is performed using dSPACE platform (Figure 17), in which the 

propulsion system is installed with a load cell so that the thrust can be measured 

directly. The input is a pulse width modulation command duty cycle, and the output is 

the thrust that is measured from the load cell (Figure 18). 
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Figure 17 Propulsion dynamic mode system identification 

 

Figure 18 Input and output of system identification process 
 

The Matlab system identification toolbox is used and several methods are 

compared to obtain the best match. Output error is the best approximation model with 

75% confidence and the result is presented in Figure 19. 

 
     

    

     
  

                     

                      
  

 
(3) 
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Figure 19 Step response of the motor and the dynamic model                              

3.4. Aircraft Model Dynamics 

 

Figure 20 Non linear 6-DOF model [16] 

Aircraft nonlinear models consist of aircraft equations of motions, total 

acceleration, and total moment. These components implement the following 

equations: 

1. The moment equation for 6 DOF rigid body mass: 
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2. The force equation for 6 DOF rigid body mass: 

             ̇         (7) 
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3. Angular rate transformation from body to navigation coordinates: 
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4. Velocity transformation from body to navigation coordinates: 
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Aerodynamic models are the most important components of external forces 

that contribute to the nonlinear model. These models consist of: 

1. The aerodynamic forces in the body coordinates: 
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2. Aerodynamic moments applied to the body coordinates of an aircraft: 
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3. Components of aerodynamic forces: 
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4. Components of aerodynamic moments: 
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Figure 21 Definition of aircraft body axis [17] 

An aerosim blockset is used in the modeling of nonlinear dynamics of the 

aircraft. An aerodynamic model is developed using stability derivatives calculated 

based on geometry and shape of the body of the aircraft [17].  Equations 27 to 31 are 

the examples of the calculation of stability coefficient for the aircraft, for lateral 

dynamics. 
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Low level autopilots are designed using successive loop closure based on a 

linearized aircraft model. Based on the autopilot function, a trim condition is selected 

and a linearization procedure is followed to generate the corresponding linear model. 

Small disturbances are assumed; therefore the small disturbance velocities, such as w 

and v, can be converted in terms of α and β. The linear equations are to be converted 

into state space equations for both longitudinal and lateral-directional dynamics. Each 

element of the state space representation of the aircraft is filled with non-dimensional 
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parameters of the stability derivatives defined in [17].  Examples of non-dimensional 

parameters are shown in Equation 32: 
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These coefficient forms state space representation of matrices, shown in Equation 33: 
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For longitudinal motion, the state space representation can be rearranged as in 

Equation 34: 
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3.5. System Identification Procedure for Aircraft Stability Derivatives 

System identification is done using the minimum least square method where 

the nonlinear equations of forces and moments are obtained from measurement of the 

states and estimation of some angle parameters [18]. 

Identification of the stability derivatives used to estimate the forces X, Y, Z, 

are obtained from measured acceleration, including the thrust effect for x direction. 

Moment calculations are derived from the six degree of freedom equation of motions 

with all the parameters measured (such as angular rates p, q, r, inertia, and angular 

accelerations). Examples of the procedure can be seen in Equations 35 to 41.  
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 (37) 

The forces and moment coefficients are described as an expansion of linear 

terms of the aircraft states and control input (z): 
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Both term can be formed as: 

       (40) 

where  , unknown coefficient parameters, are solved in minimum least square 

terms. 

 
 ̂            (41) 

The algorithm is tested against simulation files, which gives the result 

tabulated in Table 6. 

Using the state space representations (Equations 33 and 34), the dynamics 

modes of the aircraft in longitudinal and lateral-directional results are shown in Table 

4 and Table 5:  

 
 

Table 4 Longitudinal mode dynamics 
Mode Eigenvalue Damping ratio Freq (rad/sec) 

Phugoid -0.0208+0.561i 0.037 0.561 
Short period -6.45+7.86i 0.635 10.2 

 
 
 

Table 5 Lateral mode dynamics 

Mode Eigenvalue Damping ratio Freq (rad/sec) 
Spiral -0.00154 1.00 0.00154 

Dutch Roll -2.01+9.38i 0.209 9.59 
Roll Subsidence -2.73 1.00 2.73 
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The aircraft is stable in both longitudinal and lateral mode. The fastest mode in 

the aircraft is the short period mode, with 10.2 rad/s or 1.62 Hz. Servo dynamics run 

at 10 Hz. The autopilot needs to be run faster than both servo and aircraft dynamics. 

In this hardware, a sample time of 0.02 seconds or sample rate of 50 Hz is chosen.  

 
Table 6 System ID parameter versus linear model parameter 

STATES EXPLANATION System ID  

LINEAR 

MODEL  

    sideslip side force derivative -0.1911 -0.1596 
    roll rate side force derivatives -0.0021 -0.1589 
    yaw rate side force derivatives 0.0644 0.0712 
     aileron deflection side force derivative 7.8061e-4 0 
     rudder deflection side force derivative 0.0544 0.1097 
    trim z-axis force coefficient 0.027 0.0304 
    alpha z-axis force derivative -5.7161 -5.7270 
    pitch rate z-axis force derivative -3.3978 -3.3978 
     elevator deflection z-axis force derivative -0.3762 -0.38154 
    trim roll moment coefficient 0 0 
    sideslip roll moment derivative -0.2109 -0.2113 
    roll rate roll moment derivatives -0.9484 -0.95 
    yaw rate roll moment derivatives 0.1373 0.1375 
     aileron deflection roll moment derivative 0.150 0.151 
     rudder deflection roll moment derivative 0.0038 0.0039 
    trim pitch moment coefficient 0.001 0 
    alpha pitch moment derivative -0.7492 -0.8911 
    pitch rate pitch moment derivative -3.4570 -4.0960 

     
elevator deflection pitch moment 
derivative -0.74311 -0.8834 

    trim yaw moment coefficient -9.43E-06 0 
    sideslip yaw moment derivative 0.3180 0.3329 
    roll rate yaw moment derivatives -0.0674 -0.0675 
    yaw rate yaw moment derivatives -0.2508 -0.2515 
     aileron deflection yaw moment derivative -0.0469 -0.0470 
     rudder deflection yaw moment derivative -0.2284 -0.2288 
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4. AUS Mazari Autopilot Software Architecture 

4.1. Introduction 

The Mazari autopilot software is designed using Simulink environment, thanks 

to interoperability of the MPC 555 SBC with the Simulink software. There are several 

programs inside the main CPU that have different tasks:  

 

Figure 22 Autopilot code structure 
 

1. Receiving data from peripheral. This function includes: 
 INS data parse that obtains the aircraft state data and navigation solution 

via CAN. These data are encapsulated in the MIDG communication 

protocol packet ID 10 and 12, so that the MIDG protocol data parser is 

needed. A subsystem graphical description of this block is shown in Figure 

23 

 Air data system parse that obtains the absolute pressure reading and 

differential pressure reading via CAN bus. These data are averaged after 4 

samples with moving average filter, and then calibrated based on a sensor 

reading from the Kestrel autopilot system, which is assumed as benchmark 

for this system. The whole process is described in Figure 23. Calibration 
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data for both airspeed and altitude readings are shown in Figure 24 and 

Figure 25. 

 

Figure 23 INS data parse and airdata system parse blocks subsystem description 

 

Figure 24 Airspeed calibration chart 
 

 

Figure 25 Altitude calibration chart 
 

y = -2E-06x2 + 0.0126x + 0.5629 
0

5

10

15

20

25

30

0 1000 2000 3000 4000

A
IR

S
P

E
E

D
 [

M
/S

] 

ADC VALUE 

AIRSPEED CALIBRATION CHART 

y = 5E-05x2 - 0.6353x + 1717.7 

0

20

40

60

80

100

120

140

160

3300 3400 3500 3600 3700 3800 3900

A
L

T
IT

U
D

E
 [

M
E

T
E

R
] 

ADC VALUE 

ALTITUDE CALIBRATION CHART 



51 
  

 Laser Rangefinder data parse. 

The data interface from the laser sensor is shown in Figure 26. A 

data buffer is needed to maintain integrity of one valid packet, so that at 

every sampling time, the data parsing operation can be performed. Data 

conversion is needed to compensate the effect of pitch and roll movement 

and give the reading in the navigation frame axis, as described in Section 

2.3.7. 

 

Figure 26 Laser rangefinder data parsing 
 

 Gain Update parse.  

The process starts with receiving data from UART 2 of MPC555, 

which is connected to the Microhard modem. The data are stored in a 

buffer to ensure the size of the buffer will contain one valid set of packet 

minimum. Then, the parser decodes the commanded parameters from the 

GCS (such as the gain value update, commanded flight parameter, and 

commanded waypoint), and decodes the PPM data packet from the RC 

unit. Acknowledgement values for gain update and desired parameters are 

calculated inside this block and sent directly to the MIDG protocol block 

and to the ground. Gain initial values are important to ensure that when the 

autopilot resets, the gain value information is not erased from the memory 

of the MPC555.  

 

Figure 27 Gain update parse block subsystem description 
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2. Processing the data in the form of control loops. This function includes:  

 Longitudinal control loops that consist of a pitch rate damper loop as the 

innermost loop, pitch hold, and airspeed throttle hold. Altitude to pitch and 

airspeed to pitch hold are the outermost loop. This block commands both 

elevator and throttle. This block’s subsystem is discussed in more detail in 

Section 4.2.3.5. 

 Lateral control loops with roll rate hold and yaw rate hold in the innermost 

loop; roll hold and heading hold the outermost loop that get desired 

heading from the navigation algorithm. This block commands aileron and 

rudder. This block’s subsystem is discussed in more detail in Section 

4.2.3.4. 

 Navigation block.  

This block receives the current position, velocity, heading angle 

measurement, mode C enable, and waypoint sets from the ground station. 

The current position is converted from longitude, latitude, and altitude into 

local coordinates with respect to ground station locations. The sets of 

waypoints from the ground station are arranged into an array form inside 

the waypoint extraction block and then converted into local coordinates 

with the same reference.  

 All of this information, together with velocity, mode C, and current 

heading angle become input to trajectory generation and the vector field 

straight path following block. This block generates the flyable path as a 

line between two waypoints, and decides whether the waypoint navigation 

or waypoint orbit is enabled. If waypoint orbit is chosen, the next waypoint 

is fed into the vector field loiter with other variables such as current 

position, current velocity, and current heading angle. There are two 

outputs from this block, which are bank command for path following and 

bank command for loiter. Switching between these two modes is discussed 

in Section 4.2.2.  

 Stateflow block that coordinates the control loops based on flight mode 

requirements. This block is discussed in more detail in Section 4.2.2. 
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Figure 28 Navigation block subsystem description 
 

3. Data output to peripheral. This function includes: 

 An actuator block that merges the command from manual RC mode with 

command from autopilots and converts them to PWM values for each 

servo channel.  

 

Figure 29 Actuator block subsystem description 
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 MIDG Protocol block 

This block receives aircraft states and navigation solutions based 

on INS readings, actuator values, gain update acknowledge values, and 

commanded parameters with their acknowledge values. These data are 

then divided into five packets ID, as shown in Figure 30. Packet ID 10 and 

12 are in the same structure as the MIDG packet. This means if there is a 

problem with GUI operations, the data that are encapsulated in packet 10 

and 12 can be retrieved through the MIDG software interface. The data 

logging function is performed by the MIDG software.  

The encapsulation block sends the data to the UART 2 transmit 

block of MPC 555, which is connected by a Microhard modem to the 

ground station hardware.  

 

Figure 30 MIDG protocol block subsystem description 
 

4. Blink LED module, which can be used to indicate whether the algorithm or 

code is executed properly or causing overload to the CPU. 

The data receiving and transmitting algorithm is basically the same as the one 

in the ground station. This chapter discusses the autopilot architecture based on a top 

down approach as described in Figure 8.  
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4.2. High Level Flight Mode Switching 

Flight mode switching is the highest hierarchy of the autopilot software 

architecture. The switching function is developed using a hybrid system approach, 

and the system coordinates between transitions of the flight modes.    

4.2.1. Hybrid System Principle. 

The hybrid system consists of a continuous system that can be switched in 

discrete events, which implies that there is a transition between one continuous 

system into another continuous system. One of the examples of hybrid system 

application is proposed by Bayraktar [19]. He describes the UAV control loop system, 

which consists of airplane dynamics with low level control loop involved, and 

waypoints navigation as outer loop control in hybrid states. 

 Figure 31 shows the hybrid UAV control loops which consist of mode 

switching, continuous dynamics, and sensing models. The continuous dynamics block 

consists of airframe dynamics and a low level PID controller. These two functions are 

performed by the Piccolo commercial off-the-shelf autopilot system, which is 

responsible for low level control, flight plan navigation, and tracking of waypoints. 

The block receives the UAV velocity command, turn rate command, and altitude 

command from the mode switching block. The sensor block’s function is to model the 

delay of states measurement from Piccolo autopilot as first order hold, and send these 

to the mode switching block.  

The mode switching block combines the continuous dynamics of the UAV and 

the switching logic that supervises the low level controller [19]. It consists of lateral 

dynamics and altitude dynamics (S1 and S2). The lateral dynamics consists of a line 

tracking controller, circle tracking controller, and turn rate controller. These modes of 

operation are commanded by the user in terms of the coordinate of current, next or 

previous waypoint. The input to the parameter “orbit” can be chosen  whether the next 

waypoint is being approached by straight line track, or circle path around it. The 

longitudinal dynamics function is to determine whether the input of altitude command 

comes from waypoint information or user command.  
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Figure 31 Hybrid UAV control loop [19] 
 

This thesis proposes more simple architecture, in which the main switching 

function is to switch between flight modes and this is done inside a stateflow diagram. 

The line tracking function is inside cruise mode, and the circle tracking function is 

inside loiter mode. The takeoff and landing mode also contains a circle tracking 

function around the rally waypoint, and the altitude command comes from the user 

input only.  

4.2.2. Hybrid System Implementations. 

The switching is executed through a state flow diagram, which is a feature that 

is provided in Matlab. The general idea of the stateflow implementation is that the 

user would be giving the inputs into the stateflow machine during flight mode. Then 

for each selected mode, the Simulink block in the stateflow sends three values for 

three different modes. The details are discussed in the subsequent section.    

 

Figure 32 State flow diagram 
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In the principle, the stateflow machine waits for the input that is given by the 

user in order to determine which mode will be selected. As shown in Figure 33, there 

are four basic modes that are used in this thesis.  

 

 
Figure 33 Flight mode selection inside stateflow 

 

After the flight mode is chosen, each mode delivers three different values for 

each variable. Those are mode C, mode D, and mode G. 

Table 7 Engaged modes for Altitude 
 

 

 
 

These three modes are acting as switches in the Simulink blockset which 

regulates the longitudinal and lateral flight control. Each mode produces a different 

flight strategy for controlling the aircraft. 

Table 8 Mode C, mode D, and mode G definitions 

 0 1 
Mode C Bank angle command comes from 

vector field orbit algorithm 
Bank angle command comes from 
vector field straight line algorithm 

Mode D Input command for cruise mode Input command for takeoff or 
landing mode 

Mode G Input command for takeoff mode Input command for landing mode 
 

Moreover, another type of switch is required for identifying the flight 

conditions during takeoff, landing-descent, and landing below the flare altitude. The 

 Mode C Mode D Mode G 

Navigation 1 0 0 
Loiter 0 0 0 
Spiral 

Takeoff 
0 1 0 

Rally 

Landing 
0 1 1 
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switch is required due to the different flight strategies between these three flight 

modes. This switch is illustrated in Figure 34. 

 

Figure 34 Definition for takeoff and landing above /  below flare 
 

 

 

 

 

 

The switching is required for several conditions as follows: 

 Switching between heading hold and loiter in bank hold (mode b3). 

 Switching between fixed pitch for takeoff and altitude/airspeed pitch hold 

(mode b1) 

 Switching between zero rudder to rudder and heading hold for takeoff landing 

below flare (b4) 

The application of those switches is described in the next section. 

4.2.3. Flight Modes Description. 

The stateflow and its components that were described in the previous chapter 

manage the aircraft control strategy based on its flight modes as illustrated in Figure 

35.  

y

Mode G

Mode D

Altitute

Flare Altitute

Pseudo code : 
Y = 0 
If D == 1                       //takeoff condition 
 Y = 1 
If   D == 1 && G ==1  //landing condition 
 If   h > flare 
  Y = 0 
 If   h < flare 
  Y = 1 
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Figure 35 Stateflow coordinating longitudinal and lateral control loop 

4.2.3.1. Cruise Mode and Loiter Mode. 

This flight mode can be described as flight between the waypoints and 

loitering around a given waypoint. A control strategy is required since the existing 

flight control schemes, pitch altitude hold and throttle airspeed control loop, are 

limited for a small altitude difference. If the altitude difference between the actual 

height and the desired is large, the control loop creates a sudden high magnitude of 

pitch command and can cause the aircraft to stall during a pitch up maneuver.    

To overcome this limitation, altitude to pitch hold and airspeed to throttle are 

only active when the difference is less than 6 meters. If it is more than 6 meters, then 

it is defined as two regions, a climb and descent region as shown in Figure 36. At 

climb region, the throttle is set to maximum and the speed is regulated by pitch; thus 

the maximum rate of climb can be achieved. In contrast, at descent region the throttle 

is set to idle and the airspeed is regulated by pitch; therefore the maximum rate of 

descent can be achieved as shown in Figure 37. This strategy is developed based on 

[23].   

In lateral mode, the heading hold with aileron loop is engaged and the desired 

heading is obtained from vector field navigation for straight lines in order to fly to the 

waypoint or vector field orbit of loiter. The description of the vector field algorithm is 

discussed in the next chapter.  

State flow

Longitudinal control

Lateral Control

Mode Input
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Figure 36 Definition of climb, altitude hold, and descent region [1] 
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Figure 37  Cruise mode longitudinal control between three regions, modified from [1] 



61 
  

4.2.3.2. Takeoff Mode. 

A takeoff algorithm is implemented for keeping the aircraft directed to head 

wind direction so that it can take off as soon as possible. To keep the heading, a 

heading hold control loop is implemented by controlling the rudder deflection and 

nose wheel steering. The bank angle is maintained at zero and pitch angle is 

commanded to 20 degrees. After reaching a safe obstacle altitude (hsafe obstacle), the 

aircraft pitch is held at 5 degrees and perform the loiter maneuver to reach the desired 

altitude. The transition to cruise mode has to be done manually. 

 

 

 

 

 

Figure 38 illustrates the takeoff position. 

 

Figure 38 Takeoff heading determination 
 

4.2.3.3. Landing Mode. 

The landing procedure is similar to the takeoff. The differences are the throttle 

is set to idle all the time, and airspeed is regulated by the elevator through the airspeed 

pitch control loop. Loiter maneuver while descent is performed above rally height 

(hrally), while heading hold loop with aileron and rudder are enabled if the altitude is 

between flare (hflare) and rally altitude. At altitudes below flare, the bank angle is 

maintained at zero, and heading is maintained by rudder. 

Wind

1st waypoint

Takeoff point

         

      

    

Takeoff pseudo code  
If   h > hsafe obstacle 
      
 Throttle = 100% 

If   h < = hsafe obstacle 

Throttle = 100% 

 Heading hold with rudder engaged 
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Figure 39 Definition of rally height and flare height 

Figure 40 shows implementations of the switches in control loop architecture. 

Mode D differentiates between takeoff/landing and cruise conditions, while mode G 

differentiates between takeoff or landing, and mode C differentiates between 

waypoint navigation or loiter mode.  

4.2.3.4. Lateral & Heading Control Summary. 

Figure 41 shows the overall control loops and switches that are applied for the 

aileron. Roll or bank hold is the same for every flight condition. Roll command 

started to be distinguished when the autopilot is in cruise mode or takeoff/landing 

mode through mode D. Cruise mode then is distinguished to waypoint navigation 

mode and loiter mode through mode C, due to the usage of two different algorithms of 

vector field for waypoint navigation and loiter. Takeoff landing mode is selected 

through mode G. Takeoff also differs at altitudes below 2 meters, where there is no 

trim aileron engaged. Above 2 meters, the trim value of -4 degrees is added to the 

                            

Landing pseudo code 
If  h>hrally 
                             
 Throttle = 29%  (idle) 
          
  
If   h <hrally 

Throttle = 29%  (idle) 
If  h>= hflare 
 Φ = heading hold 
 Heading Hold with rudder engaged 
If  h< hflare 

Φ = 0 
Heading Hold with rudder engaged 
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aileron. In the landing mode, there is a difference in strategy in which a dedicated 

switch for detecting and comparing the aircraft altitude with reference to the flare 

altitude needs to be defined (Figure 34).   

Figure 42 shows the strategy that is applied on the rudder. The yaw damper is 

enabled at all conditions. The yaw rate reference command started to be distinguished 

when the autopilot is in cruise mode or takeoff/landing mode through mode D. Cruise 

mode then is distinguished to cruise mode and loiter mode through mode C, due to the 

usage of two different algorithms of vector field for waypoint navigation and loiter. 

These references then go to heading hold to rudder control loop that has different gain 

value from the ones that are activated in landing mode. Takeoff and landing mode is 

selected through mode G. The switch described in Figure 34 is being used in landing 

mode.  

4.2.3.5. Longitudinal Control Summary. 

Elevator command is generated from sets of control loops and switches as 

described in Figure 43. The description is the same as Figure 40, with the differences 

in cruise mode that. In this mode, there is switching for altitude threshold that will 

select between pitch from airspeed control loop or pitch from altitude loop.  

Throttle control implementation is much simpler in terms of the switch that is 

being used, as shown in Figure 43. The throttle command is distinguished between 

cruise/climb/descent and landing condition via mode G switch, and differentiates 

between climb/descent and cruise with altitude threshold.     
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Figure 40 Switching implementation in control loops 
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Figure 41 Lateral control scheme between takeoff-landing and cruise mode 
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Figure 42 Directional control scheme for rudder 
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Figure 43 Longitudinal autopilot control 
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4.3. Path Following Algorithm 

A vector field algorithm is used in this thesis. The algorithm has some 

advantages while flying in windy conditions. The algorithms for straight line 

following and circle path following are described in Figure 44: 

 

Figure 44 Algorithm descriptions for vector field straight line path following (left) and circle path following (right) 

 The algorithm will try to eliminate the effect of wind disturbance by reducing 

the lateral distance between the desired path and actual path. First, the algorithm will 

determine the position of the aircraft from the desired trajectory between waypoints. 

If the distance is far, the aircraft is commanded to fly toward the desired path with the 

shortest amount of time. Once the aircraft crosses the threshold of distance τ, the 

aircraft will fly along the path rather than approaching the path. Definitions of 

threshold of distance τ can be seen in Figure 45 and Figure 46. 

The commanded heading angle is governed by Equation 42: 

 
 

 
 

(42) 

Simulation results of the aircraft following an hourglass pattern are shown in 

Figure 47. Reference [20] and [23] give more detail explanation about this algorithm. 

 

)(   c
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Figure 45 Definition of threshold of distance in straight line path following [20] 

 
Figure 46 Definition of threshold of distance in circle path following [20] 

 

 

Figure 47 Simulation result for vector field straight line and orbit [16] 
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4.4. Low Level Autopilot Control Law 

Two control methods are designed and simulated in this thesis. The fuzzy 

logic gain scheduling is simulated in the HILS environment. Another one is the PI 

based successive loop closure control law, which is chosen due to the simplicity of its 

tuning process. The simple tuning process proved useful during the flight test phase. 

The PI low level control loop acts as a tool to test the flight mode switching and the 

vector field algorithm during the flight test. 

4.4.1. Fuzzy Logic Gain Scheduling. 

Fuzzy logic is used as “gain scheduling” that maps between the linear control 

loop for different pitches and airspeed trim conditions. The basic loop is the same as 

the successive loop closure, except that the proportional controller is replaced by 

fuzzy logic. The expected result is that the controller will adapt to changes in airspeed 

and altitude due to the banking maneuver during flight. ANFIS training is used in this 

work, using MATLAB ANFIS Training to obtain the fuzzy sets. The design 

procedures are described in Figure 48. 

 

Figure 48 Fuzzy logic design procedures 
 

start

Determine the input range 
(pitch & airspeed)

Design linear controller for 
each trim pitch & airspeed

Make a mapping for gain 
value

Train using ANFIS

Replace PID controller with 
Fuzzy Gain

Test & Validate
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The design procedures start with determining the range for trim pitch and 

airspeed. There are five different trim values for pitch angle and six different trim 

values for airspeed that are chosen as variables for membership functions. The 

architecture of the fuzzy logic controller itself can be seen in Figure 49. Input 

classification for airspeed and pitch angle are shown in Figure 50 and Figure 51. 

 

 

Figure 49 Fuzzy Logic controller design schematic 

 

Figure 50 Input classification for pitch 
 

 

Figure 51 input classification for airspeed 
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Linear controls for each trim condition are designed with consistent control 

performances, and a fixed gain value of the proportional controller is obtained for 

each trim condition. These gain values are tabulated, and surface mappings for input-

output relations are created for each loop. Figure 52 shows an example of gain value 

mapping for each different airspeed and pitch.These gains are appliedto  pitch angle 

hold control loop. 

 

Figure 52 Surface mapping for input-output relation (Pitch Hold) 

This design process is implemented for pitch hold and altitude pitch, with 

control loop architecture described in Section 4.4.2.1. These loops represent the 

regular loop that is engaged during navigation cruise mode. A simulation is conducted 

in MATLAB to determine the performance of the fuzzy logic compared to the PI 

controller. The results are presented in Figure 53 and Figure 54. Since the basis of 

fuzzy logic gain scheduling design is PI gain, the performance of the controller 

compared to the PI gain is almost the same.  
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Figure 53 Simulation result for cruise mode 

 

Figure 54 HILS Simulation result for cruise mode 

4.4.2. Proportional and Integral Flight Control Architecture 

Low level autopilot loops consist of a stability augmentation system, attitude 

hold control loop, altitude hold, and speed hold. The stability augmentation system is 

needed to improve the handling quality of the aircraft, such as roll subsidence and 

short period longitudinal mode. An attitude hold control loop is used to control the 
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heading, altitude, and airspeed of the aircraft. For manual control, it is required that 

the autopilot accepts pitch and roll angle commands. To accomplish this, a control 

loop constructed of nested PI loops has been developed. The aileron, elevator, and 

throttle commands are controlled via inner proportional gain loops that dampen the 

high angular rates of the aircraft. The altitude and heading are controlled with outer 

loops, which produce commanded values for the inner loops. These nested loops are 

called Successive Loop Closure (SLC) design. Figure 55 to Figure 63 are the 

representations of this SLC algorithm for longitudinal and lateral directional control.  

After the inner loop controller has been designed, the path following algorithm can be 

implemented. These five loops represent all the loops that are employed on different 

flight modes.  

These loops are designed with the linearized aircraft model, which is 

represented by the transfer function from control surface input to the state that is 

being controlled. A root locus design process is implemented to obtain the gain 

values, and these loops are tested in simulation and hardware in the loop simulations. 

4.4.2.1. Altitude to Pitch Hold Loop. 

This loop is designed based on the requirement for cruise condition. Figure 55 

shows the pitch damper system as the innermost loop to dampened short period mode. 

The second loop is the pitch angle hold that uses a PI controller to maintain the pitch 

angle. The outermost loop is the altitude hold loop. The altitude reading for the linear 

model is obtained from the relations: 

  ̇          (43) 

          (44) 

The small angle assumption rearranges Equations 43 and 44 into: 

  ̇          (45) 
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Figure 55 Pitch altitude hold longitudinal SLC control loop 

 

The closed loop transfer function is shown in Equation 46. 

  

     
          

                                        
 

 

 
 

(46) 

Step response of the loop is shown in Figure 56. 

 

 

Figure 56 Altitude to pitch hold loop step response 
 

The performance of the control loop is quite satisfactory, with 15% overshoot, 

settling time after 1.5 seconds, and no steady state error.  
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4.4.2.2. Airspeed to Pitch Hold Loop. 

This loop is designed based on the requirement of climb and descent condition 

and landing mode based on [23]. The innermost loop of this mode is the pitch rate 

damper and pitch angle loop as the next loop. Proportional gain is used in this loop, 

and the loop description can be seen in Figure 57.    

 

 
 
 

Figure 57 Airspeed pitch hold longitudinal SLC control loop 

Parameter q is obtained from reference [23] 

 
  

    

 
[               ]  

      

 
     

 

  

   (47) 

The closed loop transfer function is shown in Equation 48. 

  

     
           

                                            
 

 

 

 

 

(48) 

Step response of the loop is shown in Figure 58. 

 
Figure 58 Airspeed to pitch hold loop step response 
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The overshoot is about 60% and has a settling time of 1.77 seconds. The 

steady state error is about 5%, which is satisfactory to maintain speed during climb or 

descent. 

4.4.2.3. Airspeed to Throttle Hold Loop. 

This loop is designed based on the cruise mode requirement. The loop uses 

throttle to regulate airspeed as shown in Figure 59. 

 

 
Figure 59 Airspeed throttle hold longitudinal SLC control loop 

The closed loop transfer function is shown in Equation 49. 

  

     
                         

                                       
 

 

 
 
(49) 

Step response of the loop is shown in Figure 60. 

 
Figure 60 Airspeed to throttle hold step response 
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The overshoot is about 20% with a settling time of 5 seconds, and zero steady 

state error. Good tracking performance is important to this loop, since this loop is 

enabled during cruise mode, which is the most dominant mode of a flight. 

4.4.2.4. Heading Hold to Rudder Loop. 

This loop is enabled during approach below rally altitude and during takeoff 

phase. The effectiveness of the heading hold by the rudder is less than by aileron. In 

aircraft control, the rudder’s function is to help the aileron during coordinated turns. 

Another function of the rudder is to suppress the sideslip disturbance that will cause 

dutch roll motions. This function is performed by a yaw rate damper in the innermost 

loop. A washout filter is required for eliminating the yaw rate damper effect during 

executions of the heading hold loop. The loop realization is shown in Figure 61. 

 

 
Figure 61 Heading angle hold with rudder lateral SLC control loop 

 

The closed loop transfer function is shown in Equation 50. 

  

     
     

                                     
 

 

 
 

(50) 

Step response of this loop is shown in Figure 62. High gain setting leads to 

high overshoot to achieve good rise time.  The overall response of the loop is slow. 
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Figure 62 Heading hold by rudder loop step response 

 

4.4.2.5. Heading Hold to Aileron Loop. 

Heading hold is more effective when controlled by aileron than by rudder. 

This loop is the main loop that is enabled during waypoint navigation or loiter mode, 

and it takes heading command input from those two algorithms. Figure 63 shows the 

loop schematics that consist of a roll rate damper as the innermost loop, roll angle 

hold for maintaining the bank angle, and proportional gain for the heading hold.  

 

Figure 63 Heading angle hold with aileron lateral SLC control loop 
 

Bank angle to heading angle conversion are obtained from relation in steady 

turning maneuver [23]: 

   ̇
 
         

 

 

(51) 

 
 ̇  

  

 
 

 

 

(52) 

  ̇  
 

  
     

 

 

(53) 
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(54) 

The closed loop transfer function is shown in Equation 55. 

 
     

     

                             
 

 

 
(55) 

Step response of the control loop is shown in Figure 64. The settling time is 

about 2.2 seconds, with no overshoot.  

 
Figure 64 Heading hold by aileron loop step response 
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5. Test and Validations 

Simulation and hardware in the loop simulation are the first stage in the 

validation process of the autopilot control system, which includes a performance 

assessment of the control design and high level waypoint navigation algorithm. If the 

control design passes the test, implementation in a flight test is conducted. 

5.1. Hardware In the Loop Simulation Results 

Hardware in the loop simulation is used in order to minimize the cost of 

developing the flight control system and rapid development of the flight control 

system software. Testing of an unmanned aerial system is very expensive and 

involves the risk of many crashes prior to the successful development of the flight 

control system. Flight tests also require extensive preparations and high risk of failure, 

especially during the test of autopilot control loop response. Real time simulation 

provides a safer approach to testing this condition, and there are some categories of 

simulations that can be developed for these purposes. Rapid prototyping involves a 

real model or plant that is tested using simulated control. AUS has developed HILS 

setup for the purpose of autopilot control loop development and testing. Then, HILS 

setup is used to develop the guidance laws for trajectory tracking and waypoint 

navigation based on the use of a vector field path following algorithm. Graphical user 

interface functionality and communication packet checking are also performed in 

HILS. The aircraft control laws that are used for this purpose involve a longitudinal 

and lateral control loop that has been discussed in the previous chapter. The main 

objective of this simulation is to test four different flight modes and the control loops 

associated with it. 

AUS HILS setup involves two major parts: a simulated aircraft model, which 

has been developed using aerosim blockset, and the dSPACE real time system (Figure 

65). This system has compatibility with Simulink, where the aircraft model is 

downloaded. The autopilot system, implemented in an MPC 555 embedded controller, 

is interfaced with the dSPACE platform representing the virtual UAV to get the 

aircraft states and servo commands. The autopilot is interfaced with either a 

transceiver or direct serial cable to communicate with the ground station.  An MPC 

555 microcontroller is used as the flight control computer, in which the autopilot 
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control laws and gains are embedded. The flight control computer communicates with 

the ground station to receive the flight path and transmits the aircraft states and 

autopilot configurations through a wireless modem.  

 
Figure 65 AUS HILS setup, reproduced from [8] 

Figure 66 shows the attitude angels read from the dSpace system representing 

Euler angels of the aircraft, speed and altitude as a response to the elevator input. 

Figure 67 is the command from control loop to the aircraft simulator. The HILS result 

with implementation of vector field path following is seen in Figure 66 to Figure 69. 

There are four sets of maneuvers that have to be accomplished to obtain an hourglass 

trajectory, as it can be seen in roll angle response of the aircraft. These maneuvers 

consist of two right banking and two left banking maneuvers. The altitude is 

maintained at 50 meters, and airspeed at 20 m/s. There is a slight change in elevator 

and throttle command to maintain speed and velocities during this maneuver; 

therefore altitude and airspeed are maintained when the aircraft is following 

trajectories. The low frequency oscillation of the pitch attitude hold system is due to 

the altitude hold control loop to maintain the height. The choice of vector field gains 

affects trajectory-tracking performance results. This will result in steady state error 

from the path during some of the flight path. 
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Figure 66 Euler Angles, altitude, and airspeed from HILS 

 
Figure 67 Flight control command to HILS 
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Figure 68 2D Path Tracking in HILS 

 
Figure 69 3D Path tracking in HILS 
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Figure 70 Three dimensional view of takeoff, cruise, and landing 

Takeoff mode is simulated in HILS to check the performance of each control 

loop. Pitch angle hold and full throttle is engaged during the first phase of the takeoff 

maneuver. 

 

Figure 71 Airspeed and altitude reading in takeoff mode HILS 
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Figure 72 Airspeed and pitch angle in takeoff mode HILS 

The pitch is maintained at 15 degrees for this test, and throttle at full to ensure 

the desired altitude is reached at maximum rate of climb (Figure 71 and Figure 72). 

Heading hold is provided by the rudder, while bank angle is maintained at zero 

(Figure 73 and Figure 74). Note that the heading hold with rudder performance is 

satisfactory to maintain the fixed heading between ± 5 degrees. After 25 seconds, the 

mode is changed to cruise where the aircraft climbs with full throttle and airspeed is 

controlled by pitch. Note that the airspeed is around 16 m/s, 1 m/s error from the 

desired value of 15 m/sec. Since the aircraft is reaching the designated altitude with 

small pitch and roll angle while maintaining speed, the takeoff algorithm is 

considered working.  

 

Figure 73 Heading and roll angle in takeoff mode HILS 
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Figure 74 Zoomed in view heading and roll angle in takeoff mode HILS 

Airspeed pitch hold and fixed idle throttle are tested in descent and landing 

mode. Figure 75 shows that the altitude is reduced while maintaining speed at 18 m/s. 

There is steady state error about 1 m/s, which is acceptable. 

 

Figure 75 Altitude and airspeed during landing HILS 

Heading hold for roll is engaged at an altitude below 35 meters. The control 

loop takes 6 seconds to converge to the desired value of -53 degrees. At altitudes less 

than 10 meters (83 seconds), the roll angle hold is engaged and the rudder controls the 
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heading, which has a steady state error of 1.5 degrees. Figure 76 and Figure 77 

indicate that the aircraft touched down with a small pitch angle and small roll angle at 

91 seconds, which means that the aircraft was at a safe attitude during touch down and 

the landing proved successful. 

 

Figure 76 Heading angle and roll angle during landing HILS 

 

Figure 77 Airspeed and pitch angle during landing HILS 
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5.2. Flight Test Results 

The implementation of the Mazari autopilot system is the ultimate 

achievement of this thesis, as a validation of the whole control design process. The 

first phase of the test is conducted for each component of the autopilot system. The 

longest time of the testing is spent on the development of the autopilot data link 

system, which consists of developing a packet data transmission algorithm and 

finding the optimum configuration of the modem to obtain the best communication 

range. The next phase of the test is the flight test, which is conducted to test the 

control law architecture of the autopilot system. 

The flight tests consist of multiple phases since the control law architectures 

are based on successive loop closure architectures. SLC architecture means that the 

good performances of the outer loops depend on the inner loops. The control loops are 

divided based on the longitudinal and lateral modes.  

5.2.1. Lateral Mode Control Loop. 

The flight test of this mode starts with the test of the roll hold system. Then, 

the longitudinal control laws are tested with the roll hold loop maintained at zero bank 

angle. The heading hold control loop is tested after finishing the longitudinal control 

loops test, and then the test continues with waypoint navigation.  

5.2.1.1. Roll Angle Hold. 

Roll angle hold and pitch angle hold are tested together in a single flight test. 

During the test, the pitch angle hold is enabled and the pitch is maintained at zero 

degrees. Throttle is maintained at trim throttle; therefore the aircraft is doing a straight 

flight with no change in speed and altitude.  
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Figure 78 Pitch angle hold and roll angle hold engaged 

Figure 78 shows that the pitch is maintained properly, and roll angle response 

is following the commanded value. Figure 79 shows that roll angle hold control loop 

has good tracking with approximately two seconds rise time.  

 

Figure 79 Roll angle hold performance 
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5.2.1.2. Heading Angle Hold Control loop. 

A heading hold test is conducted after the roll hold and pitch angle hold loop 

are tested. Figure 80 shows that pitch and roll are maintained when the aircraft flies 

with a heading hold control loop. The pitch hold loop is an important condition for the 

aircraft; therefore there are no speed and altitude losses, which can endanger the 

flight. Figure 81 shows the tracking performance of the heading hold system. The rise 

time is 4 seconds. There is  6 degrees offset between the desired heading and actual 

heading, due to out of trim in rudder to create zero heading. 

 

Figure 80 Roll, pitch, and heading angle at heading hold control loop engaged 

 

Figure 81 Heading hold control performance 
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5.2.2. Longitudinal Mode Control loop. 

The longitudinal mode control loop starts with the innermost loop system, 

which is pitch angle hold. The pitch airspeed, pitch altitude, and throttle airspeed are 

tested together after the pitch angle hold loop is finished. 

5.2.2.1. Pitch Angle Hold. 

 

Figure 82 Pitch angle hold and elevator response 

 
Figure 83 Pitch angle hold 

A pitch angle hold test is conducted at an altitude of about 100 meters, with 

throttle set at trim value, and zero bank angle command. Figure 83 shows that the 

control loop tracks the desired value at 0.5 second rise time and less than 1 degree 

steady state error. 
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5.2.2.2. Altitude Hold & Airspeed Hold. 

The airspeed-throttle hold and altitude-pitch hold are tested at 18 m/s speed 

and an altitude of 120 meters. The altitude threshold for switching between 

climb/descent and cruise mode of this test is 8 meters. 

Figure 84 shows the tracking performance of the control loop, in which there is ± 6 

meters variation from 114 meters to 120 meters, and there is a steady state error of 3 

meters. The airspeed pitch is engaged before the actual altitude passes 112 meters, 

which is less than an 8 meter threshold at time 16 seconds. There is a 2 second rise 

time and ± 1 m/s variations in the speed reading. The average of the speed is 18 

m/sec, the same as desired speed.  
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Figure 84 Altitude and airspeed hold maintains at desired value 

 

Figure 85 Altitude hold tracking performance 

Figure 85 shows tracking performance of altitude hold controller at zero bank 

angle. Improvement of gain value leads to better steady state error with ±2 meter 

difference. Altitude is commanded with a 10 meter difference, which is larger than the 

threshold value of 6 meters. Airspeed pitch and full throttle are activated, which can 

be seen as an increase in airspeed at 120 seconds. At 130 seconds, the altitude 

commanded to 70 meters, and the altitude was reduced after 2 seconds. 

The altitude hold transient response could not be tested. Large differences in 

desired and actual altitude will make the control loop command a sudden large pitch 

angle, which can cause the aircraft to stall during the flight.  
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5.2.2.3. Airspeed Pitch Hold. 

Airspeed pitch hold is tested in conjunction with altitude-pitch hold and 

airspeed-throttle hold. 

 

Figure 86 shows the control loop during the climbing phase from 50 to 120 

meters. The desired speed is selected at 18 m/s. There is a 2 m/s steady state error, 

with 10 second settling time. This control loop performance is satisfactory to ensure 

that the aircraft will not stall during the climb up phase.  

 

Figure 86 Airspeed pitch hold engaged at different altitude level 

5.2.3. Trajectory Tracking and Loiter Mode. 

The waypoint navigation algorithm is tested as a final loop for the cruise 

mode. The waypoints are set with a maximum distance of 700 meters at one segment. 

The waypoint following algorithm trajectory flight test result is compared to HILS 

result. There is a difference between the HILS simulation and flight test result, in 
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which tracking capability of the algorithm in the real flight test is less than the 

simulation. This means the gain value for the waypoint algorithm needs to be re-tuned 

for better tracking capability.  

 

Figure 87 Trajectory following comparison between HILS and Flight test 

Loiter mode is tested with the aircraft flight orbit around a waypoint at a 70 

meter radius. The stateflow hybrid switching feature of the autopilot is tested during 

switching from waypoint navigation to loiter mode. Altitude and airspeed are 

maintained at 120 meters and 18 m/s during loiter mode. There are sudden drops in 

altitude during the transient period of the banking maneuver as shown in Figure 88, 

and the controller corrects it after 5 seconds at 50 seconds, 75 seconds, and 100 

seconds. The airspeed is maintained during the loiter maneuver, with a slight increase 

in 50 seconds due to airspeed pitch and the full throttle controller being engaged for 

correcting the actual altitude near the desired command.  

Figure 89 shows the loiter maneuver that is not following full circle at 70 

meters, which means that the gain for the algorithm needs to be re-tuned. The wind 

effect can be seen from the shape of the circle, which is not full. The wind is blowing 

from northeast. 
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Figure 88 Altitude and airspeed during loiter maneuver 
 

 

Figure 89 Loiter maneuver 
 

The aircraft is trimmed at a 10 degree right aileron. The loiter maneuver is 

indicated when the aircraft is banking left (negative roll) during a certain period of 

time. 
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Figure 90 Aileron response during loiter maneuver 

5.2.4. Auto Takeoff Mode. 

Auto takeoff is performed from 0 to 70 meter altitude. Figure 91 to Figure 93 

shows the implementation of the takeoff algorithm described in Section 4.2.3.2. 

 

Figure 91 Altitude and airspeed during takeoff maneuver 
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Figure 92 Altitude and pitch angle during takeoff maneuver 
 

 

Figure 93 Heading and roll angle during takeoff maneuver 

Figure 93 shows that the aircraft maintains heading with rudder during ground 

run until rolling airborne. The rolling indicates when the speed reaches more than 8 

m/s, and pitch more than 8 degrees at 2 seconds. Airspeed is maintained above stall 

speed, and 70 meter altitude is reached after 15 seconds. Heading is maintained by 

rudder at -15 degrees. There is a sudden heading change from -17 degrees to -6 

degrees, which indicates that the aircraft tries to turn right. This happens due to the 

landing gear steering mechanism which is loose enough so that there is almost 10 

degrees allowance for the heading. The controller recovers this error, and once the 

aircraft is airborne, the rudder controls the heading with 2 degrees offset, which is the 

same value as the accuracy from the INS. 

The aircraft takes off with a -10 degree roll, but the controller tries to reduce 

this offset to -4 degrees. This means that the trim value for bank hold needs to be 

readjusted again. Since the aircraft flies toward desired altitude and  performing safe 
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attitude (small roll and pitch angle) while maintaining the airspeed, the auto takeoff 

mode can be considered successfully implemented. 

5.2.5. Auto Landing Mode. 

Implementation of the landing algorithm is shown in Figure 94 to Figure 96. 

The airspeed has to be maintained during the descent and approach phase, which can 

be seen in Figure 94 and Figure 96. During flight test, the aircraft is adjusted to land 

in headwind direction to ensure maximum safety, which minimizes lateral wind 

disturbance. There is a sudden change in banking maneuver form 0 to 10 sec, but this 

does not affect the performance of the airspeed and descent altitude.  

The fixed heading in approach is enabled when the altitude is less than 35 

meters at 6 seconds (Figure 96). The aircraft then goes from negative bank to zero 

bank angle and the heading is maintained by both the rudder and aileron. The heading 

angle is maintained at 10 degrees. There is a sudden right bank movement at 20 

seconds to 25 seconds. This is the phenomenon of the aircraft near stall speed, as 

indicated by 8 m/s actual speed of the aircraft and after the aircraft reaches a 12 

degree pitch angle. The sudden increase in pitch angle at 15 seconds and 22 seconds is 

due to the reduced airspeed command to obtain a safe rate of descent. 

 

Figure 94 Altitude and airspeed during landing approach 
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Figure 95 Altitude and pitch angle during landing approach 
 

 

Figure 96 Heading angle and bank angle during landing approach 
 

The touchdown is indicated by the sudden decrease in airspeed at 43-44 

seconds, and again the loose mechanism of the steering wheel makes the aircraft 

change the heading to -5 degrees. The controller tries to correct this, and finally the 

aircraft stops at 50 seconds, indicated by the airspeed of 2 m/sec. There is a 5 degree 

offset when the aircraft stops.  

Lateral control for altitude less than 35 meters is found to be sufficient in 

keeping the aircraft touched down at a small bank angle and fixed heading. 

Longitudinal control is also found to be sufficient in maintaining the speed and safe 

pitch attitude. This indicates that landing mode is successfully implemented.  
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5.2.6. Fuzzy Logic Control Implementations 

A fuzzy logic controller is implemented after waypoint navigation loop is 

established. As discussed earlier, the performance of the controller is almost the same 

as the proportional controller. This can be seen from Figure 97 and Figure 98 when 

the sensor reading is inaccurate during a large bank angle maneuver. Both controllers 

track the reference altitude with ± 3.5 meter error due to inaccuracies of the altitude 

sensor.   

 

Figure 97 Fuzzy logic gain scedulling control in for altitude hold 
 

 
Figure 98 Proportional controller comparison in disturbance 
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The result concludes that the fuzzy logic controller is successfully 

implemented for altitude hold control during cruise, with the same performance as the 

proportional controller. This result is as expected from the HILS simulation. 

Figure 99 explains the altitude reading inaccuracies as the limitation of the 

laser rangefinder sensor to measure the altitude during the large bank maneuver. 

When the aircraft starts to bank for more than 20 degrees, the altitude shows the 

aircraft descent at 110 seconds. This is not true according to the Kestrel reading, 

which shows that the aircraft stays at the same altitude.   

 

Figure 99 Proportional controller performance with inaccurate altitude reading 
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6. Conclusion and Recommendations 

6.1. Conclusion 

An autonomous flight control system for Mazari UAV has been established. 

The system comprises of an airborne segment and ground segment. The airborne 

segment, or the avionics, is designed around an MPC 555 single board computer and a 

PIC 18F MCU as extended peripherals. The avionics unit takes input in the form of 

aircraft states and navigation parameters from MIDG II INS/GPS, and air data unit 

from an airdata sensor. Data processing and command generation are performed 

inside the MPC 555, and the code is developed around Matlab/Simulink environment. 

The avionics unit communicates to the ground unit through a Microhard modem. 

The ground unit consists of the same avionics unit which is interfaced to the 

remote control unit and graphical user interface inside computers. Data transmission, 

reception, and consistency checks are performed inside the ground station hardware to 

ensure no communication delay. Command update and acknowledgement to and from 

autopilot are developed and successfully integrated inside ground station hardware. 

Microhard modem configurations are tested and the optimum configurations are 

fixed.  

Avionics software is established with three main functions:  data collection 

and parsing from the PIC and ground station, data transmission using MIDG protocol, 

and data processing and command generation. The data processing function is divided 

into stateflow block as the hybrid system realization, and navigation block that 

constructs flyable path from sets of waypoint from the GUI. This block implements 

path following from straight line and loitering, longitudinal mode control, and lateral 

mode control. A simple hybrid switching method is developed based on flight modes, 

and also PI control loops that are associated with the requirements of each mode. 

Hardware in the loop simulation is used extensively to test the control loops as 

well as switching modes, and flight tests are conducted. A major contribution has 

been made in implementations of four flight modes in a real flight test. The test phase 

starts with testing inner loop control like pitch and roll angle hold control. Altitude 

and airspeed hold are tested afterward. Waypoint navigation and loiter mode are 

tested to complete the cruise mode test phase. Takeoff and landing mode are also 
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tested. Finally, the fuzzy logic controller is also implemented in a flight test. The 

design of adaptive fuzzy logic with ANFIS training does not help much in altitude 

hold, as can be seen in HILS simulation and flight test result. 

This thesis elaborates on the implementation of the flight control loop in a 

flight test. This means all subsystems must be reliable, and time is spent to make high 

reliability of the hardware.  

6.2. Recommendations 

1. Waypoint navigation needs to be improved and tested in windy environments 

2. Landing point needs to be determined. This means from rally point to landing 

point, a calculation needs to be determined to find fixed descent rate, and fixed 

heading. 

3. The calculation of wind correction factor is needed. Airspeed to pitch loop is 

implemented during headwind conditions once the wind speed is known, and 

descent is done by commanding the airspeed to down linearly. 

4. Home mode can be designed and implemented in case of loss of communication 

between aircraft and ground station. The aircraft is flying toward a predetermined 

waypoint and loiters there until communications are established. 
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7. Appendices 

A.  MPC 555 Single Board Computer 

The MPC 555 is a CPU unit that has the capability to calculate a 32 bit 

floating point calculation module (32-bit Power PC MPC555 CPU 40MHz). This 

single board computer has high performance data calculation and large on-chip flash 

memory (512kB Flash EPROM) to process the navigation, guidance, and control 

(NGC) as well as multiple peripheral features to communicate with many sensors. 

Other features of the hardware include: 

 Eight channel 16-bit PWM system 

 Two UART ports with RS-232 level convertors, Two CAN 2.0B ports 

 Four analog inputs with 12-bit resolution (range 0-5Volts) 

 Boot loader for firmware upgrades  

The features that are utilized for the MAZARI avionics include: 

 Two on chip full 2.0B CAN to communicate with PIC 18F that process data from 

MIDG INS and data from ADU. 

 UART-2 to communicate to the ground station via Microhard modem 

 Four PWM generator to give command to servo. 

The main subsystem of the MPC 555 is the time processing unit (TPU). This 

subsystem is used mainly for reading the PPM signal (as IC in MCU) and sending the 

PWM command to the servo (as OC in MCU). Since the TPU has its own interrupt 

function and memory, the CPU can process the NGC solution with fewer loads. 

An application code for the MPC 555 can be generated inside the MATLAB 

SIMULINK environment. When the main code is built, SIMULINK also creates a 

boot code as well as an application code that can be downloaded to the MPC 555. 

First, the boot code is loaded at the first 32K flash. The boot code loads and starts the 

application code when the MPC 555 is powered on or reset. This boot code also acts 

as a download agent that downloads the application code into the RAM or flash, 

which can be done through a serial or CAN bus. The boot code has to be installed first 

before the application code is downloaded because the application doesn’t directly 

handle exceptions but receives them from the boot code.  
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The MPC 555 has some limitations. Serial communication synchronization 

has some problems, especially interfacing it directly with MIDG INS. The MIDG 

transmits 80 bytes at 50 HZ and 115200 baud. There is a need to pull this information 

fast enough inside the MPC 555; therefore the fundamental sampling time needs to be 

high (100 microseconds). This means the CPU is busy in pulling the data from INS 

while it needs to perform the control law calculations. This leads to a decision to use 

PIC MCU as a peripheral bridge that pulls the IMU data with a serial interface and 

transfers the data along with the air data sensor’s output through a CAN port with 1 

mBps.  

The ADC port that has 10 bit resolution is not enough for the airspeed reading. 

The PIC ADC port that has 12 bit resolution is used to interface with the airdata 

sensor and is sent to the MPC 555 using CAN bus.  

The MPC 555 single board computer is chosen as the “heart” of the ground 

station for the commonality with the autopilot hardware design. This means that the 

motherboard that is attached to the MPC 555 and the power card have the same 

architecture as that of the autopilot. This unit acts as the main control of data flow 

from RC, GUI and the modem, which is the most important task of the ground 

system. The main data flows between the modem, which receives data links from the 

autopilot’s modem and the graphical user interface software. The RC PPM signal is 

sent to the autopilot and controls the aircraft. The peripherals that are used for the 

ground station applications are: 

1. Two UART RS 232 channels: SCI 1 that connects to the PC running GUI runs 

at 115200 baud and SCI 2 that connects to the Microhard modem runs at 

57600 baud. 

2. One TPU channel that acts as input capture to receive the PPM signal from the 

RC. 

The RC PPM signal is captured by the TPU block inside the MPC 555. Then, 

data is processed if the RC is connected. 
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Figure 100 RC PPM Protocol generation inside MPC 555 

The packet format of the PPM packet is written in the same format as MIDG IMU, 

where each packet consists of header, ID and count, checksum, and valid byte. Once 

the packet is generated, this packet is merged with other packets from GUI, and sent 

to the autopilot through the modem. 

The main problem of the data uplink from ground station to autopilot is that a 

single sent packet from the ground station does not provide a satisfactory update rate. 

Hence, the ground station is modified to include handshaking packets. There is a copy 

of update count in the ground station and successful updates in autopilot. Till 

autopilot update matches the number of updates sent from ground station, the ground 

station will keep sending the updates. This update count is called acknowledgement 

byte.  

A first attempt is made by using a GUI that communicates directly to the 

Microhard modem. There is a large delay found in this configuration. Whenever the 

send command is called, Windows doesn’t use sequential transfer but overwrites the 

current buffer data with new data, hence corrupting the packet at its source. Hence, a 

condition check is written inside the MPC 555 to check for an empty buffer and only 

then the new data is sent. Data consistency needs to be checked before the transmit 

and receive operation is performed.  

Data processing from GUI to autopilot starts with checking if each byte is 

valid or not. Then, the data and the number of valid data are stored in a temporary 

buffer, and checked for buffer empty condition. Once the header and consecutive byte 

Check if RC is connected

If yes, send at higher sample rate else lower rate

Create header

Set ID & count

Set the data

Set the byte RC connect

Calculate checksum

Set valid byte for each byte
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is valid, a checksum calculation is performed for each packet. If the packet has the 

valid checksum, then all the packets are passed to the output to be transmitted to the 

modem. This packet is retransmitted to autopilot until the acknowledgement byte 

from autopilot has the same value with the packet, and the MPC 555 will send the 

next packet if there is a new command from GUI. The whole process can be seen in 

Figure 101. 

Data processing from autopilot to GUI generally is the same as the processing 

from GUI to autopilot. The latest data that are transmitted to the GUI are checked to 

identify if it is the same as the old data. If this is same, then the data are discarded. If 

not, the data are sent to GUI along with the acknowledgement signal. This procedure 

is made to ensure that there will be no delay in the GUI display because of the 

limitation of the GUI to perform the checking operation in real time. 

 

Figure 101 Data processing algorithm from AP to GUI and from GUI to AP 
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B. MIDG IMU / GPS 

MIDG INS is one of the most versatile INS-GPS units on the market. With its 

light weight, low power, and small size, this unit is the most suitable sensor for the 

MAZARI UAS system. This unit has a Kalman Filter that fuses the reading from 

accelerometer, gyroscope, GPS, and magnetometer. IMU readings are transmitted at 

50 HZ, while the magnetometer reading transmits at 10 Hz and the GPS reading at 5 

HZ. The performance of the MIDG can be summarized as follows: 

Accuracies: 

 Static Attitude Accuracy (pitch, roll = 0.2 deg, yaw = 0.5 deg) 

 Dynamic Attitude Accuracy (pitch, roll = 0.4 deg, yaw = 2 deg) 

 Velocity Accuracy  < 0.2 m/s 

 Position Accuracy 2m CEP, WAAS/EGNOS available, 3 m (CEP) 

otherwise 

 Altitude Accuracy 3m (SEP) with WAAS/EGNOS available, 5m 

(SEP) otherwise  

Bias values: 

 Bias Stability of Gyros is 150 deg/hr 

 Bias Stability of Accelerometers is 0.0005 g 

 Total Bias of Gyros < 2 deg/s (corrected by INS filter) 

 Total Bias of Accelerometers < 10mg 

During startup, yaw information is obtained from the magnetic heading until a 

GPS position fix is achieved. Then, the heading becomes an estimate of the true 

heading based on an internal world magnetic model.  
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Figure 102 MIDG II Physical dimension 
 

The MIDG communication protocol can be described as follows. Part A 

contains the head of the MIDG, which is 0x81 and 0xA1. Next is the ID of the packet, 

which is 10 for the INS solution data packet and 12 for the navigation data packet. 

Payload count (part C) is determined according to packet ID. Payload bytes are the 

content of the data, and CS0-CS1 is the checksum calculation based on the fletcher 

checksum calculation.  

[Sync0] [Sync1][Packet_ID][Payload_count][Payload_bytes][CS0][CS1] 

             A                  B                       C                          D                      E 
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C.  MPXHZ6115A Integrated Absolute Pressure Sensor 

The MPXAZ6115A series piezo-resistive transducer is a state-of-the-art, 

monolithic, signal conditioned, silicon pressure sensor. This sensor combines 

advanced micromachining techniques, thin film metallization, and bipolar 

semiconductor processing to provide an accurate, high level analog output signal that 

is proportional to applied pressure. This sensor is resistant to high humidity and 

common automotive media, and has a suitable operating range for UAV flight 

operation, since the UAV will never be operated at altitudes higher than 1000 meters. 

The conversion table from the pressure reading to the output voltage can be 

seen in Figure 103.  

 

Figure 103 Input output mapping of MPXAZ6115A sensor 

The summary of the required performance can be seen in Table 9 

 
Table 9 MPXHZ6115A Sensor design specification 

 Min Max Unit 
Pressure 15 115 kPa 
Vout 0.204 4.794 V 
    
Interested P range 89.874 (at 1000m) 101.325 kPa 
Interested voltage 3.566 4.08 V 

Signal conditioning is required to amplify the output voltage to the normal 

range of 0 to 5 volts. The summary of the signal conditioning can be seen in Figure 

104. 
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Figure 104 Absolute pressure sensor signal conditioning 

After amplifications, the range of the analog output reading is from 0.846V to 

3.966V. With 10 bit ADC, there are 700 discrete points between 0-800 meter, and 

resolution of 1.12 meter. If 12 bit ADC from PIC is used, there are 2763 discrete 

points between 0-800 meters, with resolution of 0.28 meter. 
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D. MPXV7002 Integrated Differential Pressure Sensor 

The airplane operates at a maximum speed less than 30 m/s, and an 

MPXV7002 differential pressure sensor suits this requirement. The sensor’s output is 

an analog value between 0 to 5 volts which corresponds to pressure from -1245 Pascal 

to 1245 Pascal. The summary of the required performance can be seen in Table 10: 

 

Figure 105 Input output mapping of MPXV7002 sensor 
 

 
Table 10 MPXV7002 Sensor design specification 

 Min Max unit 
Pressure -1245.4455 1245.4445 Pa 
Vout 0.25 4.25 V 
Interested speed 0 30 m/s 
Interested pressure 0 580.5 Pa 
Interested voltage 2.53 3.42 V 

Signal conditioning is required to amplify the output voltage to the normal 

range of 1.25 to 4.56 volts. The summary of the signal conditioning can be seen in 

Figure 106. 

 

Figure 106 Airspeed sensor signal conditioning circuit 
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With 10 bit ADC, there are 882 discrete points between 0-30 m/s, and 

resolution of 0.02 m/s. If 12 bit ADC from PIC is used, there are 3376 discrete points 

between 0-30 m/ss, with resolution of 0.007 m/s. 
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E. PIC 18F MCU 

A PIC MCU is selected to solve the problem with peripheral limitations of the 

avionics unit. This is considered since the MPC 555 has a synchronization problem 

while interfaced with MIDG INS at 115200 baud rate. The PIC acts as a bridge that 

will collect the data from IMU, parse the data, and send the IMU protocol through 

CAN at 1 Mbps. Another task that is executed by the PIC is to collect air data sensor 

using its 12 bit ADC, which is an improvement to the existing 10 bit ADC inside the 

MPC 555.  
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F. Microhard Modem 

The Microhard modem is a powerful modem with a compact design, low 

power, and medium range wireless communication solution that is suitable as a 

primary data link unit of the MAZARI system. This modem is capable of establishing 

communication links up to 50 kilometers away, which is an improvement over the 

existing system [8]. One of the most challenging and time consuming parts of the 

project was trying to find the best configuration for this modem. 

 

Figure 107  Microhard N920F modem 
 

A range test was conducted several times to obtain the optimal configuration 

of the modem. The configurations is optimized when the ground station acts as a slave 

modem and the autopilot modem acts as master modem in point to point 

configuration. This gives continuous downlink streaming data and the fastest gain 

updates. The ground station power is set at maximum power transmission (1 Watt), 

with autopilot power at half of the maximum power (500 mW); therefore the modem 

will not overheat and the battery will not drain fast because of power consumption. 

The latest configuration that is chosen is summarized below: 

Groundstation       Autopilot 
AT&F7…….slave      AT&F6……….master 
ATS102=2    …57600 baud rate  ATS102=2 
ATS104=987654321   …network address  ATS104=987654321 
ATS108=30 (1 watt)   …power   ATS108=27  (500 mW) 
ATS113=0    …packet retransmission ATS113=3 
ATS115=5    …repeat interval  ATS115=5 
ATS158=5    ... Forward error correction ATS158=5 
ATS103=3             …230400 bit/sec RF communication ATS103=3 
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ATS112=160    …max packet size  ATS112=160 
                                                 …static mask                        ATS107=$$$                 
ATS184=10 
                                                 …unit address                        ATS105=207 
ATS248=21 
AT&WA       ATS&WA 

The point to point configuration means that the modem will retransmit to its 

counterpart only if necessary, to a maximum number of 5 times as configured in 

S113.  If retransmissions are not successful, the packet is discarded. This feature is 

more important on the autopilot side than on the ground station side, to ensure that the 

aircraft states and navigation parameters will continue to be updated without delay.  

Another important parameter that needs to be set is the forward error 

correction (FEC). In long-range communications environments, FEC increases 

throughput by decreasing the amount of packet retransmissions which would 

otherwise be required. FEC also ensures the integrity of the data at certain distances 

where data would be corrupted.  The FEC configuration also consumes some 

bandwidth because it also transmits coding bits along with data bits that are 

transmitted. 
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G. ILM 150R Laser Rangefinder 

The laser sensor is needed to obtain a precise altitude reading during the 

critical phase of landing. This sensor has a maximum range of 100 meters and up to 5 

cm accuracy. With an update rate of 9 Hz, it can be used as a sensor during cruise at 

altitudes below 100 meter. This sensor is mounted at the positive z axis of the body, 

and output of this sensor needs to be compensated for pitch and roll movement of the 

aircraft. This compensation equation is described as: 

                

 

Figure 108 ILM 150R Laser Rangefinder 

The sensor gives an output reading in UART protocol at 9600 baud with 

ASCII character format. During the flight test campaign, this sensor has some 

limitations when the aircraft is doing sudden bank maneuvers at more than 20 

degrees. 
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H.  Remote Control Unit 

The Futaba T7-C remote control unit is selected as the RC interface to the 

autopilot due to its availability of PPM signal generation and interfaces. This unit has 

7 channels of output, and is used in the Kestrel system as their RC unit.   

 

Figure 109 Futaba T-7C RC unit 
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I. Graphical User Interface (GUI) 

The graphical user interface is designed primarily as an interface between 

operator and UAV. The GUI displays several important parameters of aircraft flight 

states, and receives input from the user in the form of gain value update command, 

desired waypoints that will generate path for the aircraft to fly, and flight states 

command. It is designed in a visual c# environment, a better alternative to the existing 

VB.net application.  

Feature of GUI: 

1. Gain update window with desired and actual flight parameter value as 

displayed for quick adjustment of gain tuning. 

2. Satellite image form Google Earth data to project aircraft movement relative 

to earth in navigation coordinates. 

3. Artificial horizon value for displaying aircraft attitude in pitch and roll 

movement, which is vital to the stability of the aircraft during flight 

4. Aircraft state displays, as well as autopilot enable function and aircraft control 

surface deflection display. 

5. Waypoints that can be clicked on the maps and updated during flight. 

 

Figure 110 Graphical user interface display 
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