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Abstract 

 

In this thesis, a complete autopilot solution for the Joker 3 miniature helicopter was  

designed and implemented. A dynamic model, which sufficiently describes the Joker 

3 helicopter in a wide range of flight conditions was derived. Different control 

methodology were designed and tested against an appropriate number of tests to find 

the best control algorithm for controlling the attitude, altitude and position of the 

Joker 3 helicopter, Also an Inertial Navigation System (INS) and a state observer 

were designed to compensate for the missing states in the measurement vector. After 

that, a position controller was developed to allow the Joker 3 helicopter to perform 

waypoint navigation missions, and at the end, an autopilot was designed and 

manufactured using a microcontroller unit as the main processor and a hard-ware-in-

the-loop simulation test was developed to test both the autopilot’s hardware and 

software functionality. 
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Chapter 1 

1. Introduction 

1.1 Background 

Recently, Unmanned Aerial Vehicles (UAVs) have emerged in all different fields of 

civilian and military applications. The biggest challenge that arises in designing a 

UAV is to design the autopilot that stabilize and guide the UAV through a given 

mission. In this thesis, different control algorithms were designed and tested to find 

the optimal controller for controlling the attitude and position of a small-scale 

miniature helicopter. 

1.2 Literature Review 

UAVs have emerged into the fields of civilian and military applications. As the UAVs 

succeeded in doing different missions, the industry became more demanding for more 

agile UAVs that can perform harder missions. Therefore, the single rotor helicopter 

was the perfect candidate in terms of agility, flight endurance and payload capacity 

for such applications. The biggest challenge in converting a small-scale RC helicopter 

into an autonomous helicopter is the design of the controller that stabilizes and 

navigates the helicopter in different scenarios and various weather conditions. In order 

to design a successful controller a good model that describes the helicopter dynamics 

is needed. Different models were obtained for a small-scale helicopter in research 

papers. In [1, 2] a system identification modeling of a small-scale unmanned 

rotorcraft for control design was done. In [3] the modeling of small-scale 

helicopters with integrated first-principles and integrated system 

identification techniques was achieved. In [4] the modeling and control of a 

mini autonomous UAV helicopter (TREX 450) was studied. In [5] a model 

predictive neural control with applications to a 6 degrees of freedom 

helicopter model was done. In [6] an adaptive neural network control for 

helicopters in vertical flight was studied. In [7] a complete analysis of adaptive 
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neural networks for helicopter flight controls was done. In [8] a rotorcraft 

parameter estimation using radial basis function neural network applied 

mathematics and computation was studied. In [9] a high bandwidth control 

system for the helicopter in-flight simulator modeling, performance and 

applications was studied. In [10] a mathematical model of a single main rotor 

helicopter for piloted simulation was done. In [11] the modeling of small-

scale helicopters with integrated first-principles and integrated system 

identification techniques was done. In [12] the modeling of an autonomous 

aerobatic maneuvering of miniature helicopters  was done in Massachusetts 

Institute of Technology (MIT). In [13, 14 and 15] a robust nonlinear control of a 

miniature helicopter for aerobatic maneuvers was done. In [16] the modeling, 

identification and control of a quadrotor helicopter  was done. In [17] a 

complete system identification of the Joker-3 unmanned helicopter was done in 

the American University of Sharjah (AUS). In [18] the identification of linear 

parameter-varying state-space models with application to helicopter rotor 

dynamics was studied.  A sound number of commercial autopilots are available in 

the market a survey about the available autopilots was done in [19, 20 and 21].  

Different control laws were studied to determine the optimal controller to control the 

Joker 3 helicopter. The four controllers that were selected are; the PID controller, the 

Linear Quadratic Regulator (LQR) controller, Linear Quadratic regulator with 

augmented matrix (LQI) controller and the Fuzzy PID controller. Different tuning 

methods for the PID controller were studied in literature; in [22, 23] PID controller 

tuning for desired closed-loop responses for SI/SO systems was done. In [24, 

25] a PID controller tuning by differential evolution algorithm on servo 

control system was done. The design of LQR controller was studied in literature. In 

[26, 27] the optimal control for linear dynamical systems and quadratic cost  

was studied. In [28, 29 and 30] the impact of weighting matrices in the design of 

discrete optimal controller based on LQR technique for non-linear system was 

studied. The design of Fuzzy PID controllers for UAV applications was studied 

extensively in literature. In [31] a fault-tolerant fuzzy gain-scheduled PID for a 

quadrotor helicopter test bed in the presence of actuator faults was studied. 

Design procedure for Fuzzy PID controller was studied in [32, 33, 34 and 35]. 

Handling qualities for designing real helicopter for military and civilian applications 

was studied in [36, 37 and 38]. The designs of different control laws have been 

http://www.sciencedirect.com/science/journal/00963003
http://www.sciencedirect.com/science/journal/00963003
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studied extensively in the last decades, Proportional Integral Derivative (PID) 

controllers were used to control UAVs in many researches. In [39] a new UAV 

flight control system based on kalman & PID controller was done. In [40, 41] a 

hovering control of a ducted fan VWOL Unmanned Aerial Vehicle (UAV) 

based on PID control was studied and implemented. In [42] a PID switching 

control for a highway estimation and tracking applied on a convertible mini-

UAV was achieved. The second controller that was studied is the Linear Quadratic 

Regulator (LQR) controller. The LQR controllers were used to control and stabilize 

UAVs in many researches; in [43] a path following system of small unmanned 

autonomous vehicle for surveillance application using LQR controller was 

studied. In [44] the design of an optimal flight control system with integral 

augmented compensator for a nonlinear UAV helicopter was done. Planar 

trajectory tracking controller for a small-sized helicopter considering servos 

and delay constraints with an LQR controller was studied in [45]. The third 

controller that was studied is the linear quadratic regulator with augmented matrix 

(LQI) controller. The LQI controllers were not used extensively in research papers to 

control UAVs. In [46] the applicability of linear control techniques for 

autonomous landing of helicopters on the deck of a ship was studied and LQI 

controller was one of the controllers to be studied. The design of an Inertial 

Navigation System (INS) system and a low cost Inertial Measurement Unit (IMU) 

was studied extensively in research. In [47, 48] an improved attitude algorithm for 

fiber-optic-gyro strapdown INS was studied. In [49] a survey review about the 

new fusion scheme for accuracy enhancement and error modification in 

GPS/INS tight integrated navigation was studied. In [50] a nonlinear 

complementary filters on the special orthogonal group was studied. In [51] 

mobile robot attitude estimation by fusion of inertial data was achieved. The 

design and implementation of an autopilot system was studied in many research 

papers. UAV are now widely used in different applications, a survey of UAV 

applications in civil markets was done in [52]. Power line inspection using 

UAV was done in [53, 54]. Autonomous UAV surveillance in complex urban 

environments was studied in [55, 56]. The design of a ground moving target 

tracking control system design for UAV surveillance was studied in [57, 58]. 

A vision based onboard approach for landing and position control of an 

autonomous multirotor UAV in GPS-denied environments, which is suitable 
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for indoor applications, was studied in [59]. The design and implementation 

of a hardware-in-the-loop simulation system for small-scale UAV helicopters 

was achieved in [60]. 

In this thesis, a complete model for the Joker 3 helicopter is introduced with a design 

procedure for different control laws that will be tested against different tests to check 

for the optimal controller for the Joker 3 helicopter, also the design of a complete INS 

system with state observer will be conducted. At the end, a hardware design and 

implementation of the optimal autopilot was done and tested in a hardware-in-the-

loop simulation test. 

 

1.3 Thesis Organization 

This thesis is started with the description of the Joker 3 helicopter dynamics in chapter 

2, which starts with the definitions of frames and rotation matrices, then it introduces 

the six degrees of freedom model of the helicopter, the flapping and engine dynamics, 

the body forces and moments, later it ends with the linearization process of the 

helicopter model. Chapter 3 contains an executive summary about the control laws 

that were used to control the Joker 3 helicopter and different test that were conducted 

to check the performance of those controllers, and then it ends with a comparison and 

a selection to the best controller to control the attitude and altitude of the Joker 3 

helicopter. Chapter 4 introduces the design procedure of an Inertial Navigation 

System using the Direction Cosine Matrix Algorithm. Later it introduces a state 

observer, which is used to estimate the flapping angles of the main rotor. Chapter 5 

introduces position controllers for miniature helicopters then it shows the results of 

the designed position controller for the Joker 3 helicopter. Chapter 6 covers the 

hardware design of the autopilot and the hardware-in-the-loop simulation test that was 

conducted to check the functionality of the autopilot’s hardware and software. 

Chapter 7 includes the major discoveries and results obtained from this thesis. 
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Chapter 2 

 2. Helicopter Dynamics 

Recently, the amount of research on unmanned helicopters is growing at a fast rate 

due to the special characteristics that the helicopter poses. The helicopters have a high 

maneuverability and an ability to carry bigger payloads, which makes it suitable in 

many different fields and applications. Nevertheless, the dynamics of the helicopters 

are much more complex than those of the fixed wing or the quadrotor aircrafts. The 

helicopter aircrafts are inherently unstable with a significant amount of cross coupling 

and high order of states, which makes it challenging to model its dynamics and to 

control it. 

During the literature review phase, A sound number of research papers on modeling 

the dynamics and identifying the different parameters of a small-scale miniature 

helicopter were found. Earlier researches on modeling of small-scale rotorcraft were 

studied in [1, 2, 3, 4]. Also modeling the helicopter using neural network techniques 

was done in [5, 6, 7, 8]. The six degrees of freedom dynamic modeling and derivation 

was done and explained in [14, 15]. The rotational matrices and frames of references 

were designed and derived in [14, 15, 16]. The coupling between the flapping 

dynamics and the rigid body pitch and roll motions was studied in [2, 9, 10, 11, 12]. 

Force and moments generation modeling from the main and the tail rotors was done in 

Massachusetts Institute of Technology (MIT) in which they also developed a 

completed model for an autonomous aerobatic maneuvering of miniature helicopter in 

[12] other related work on the throttle and moments modeling have been done in [13, 

14]. System ID and parameter identification on Joker 3 helicopter was done in [17]. 

Other helicopters parameters identification experiments were done in [4, 12, 18]. 

 

This chapter will discuss all the dynamical equations that govern the motion of our 

joker 3 miniature helicopter. Section 2.1 will discuss the rotation matrix and the 

different frames used to describe the model. Section 2.2 will discuss the six degrees of 
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freedom model and the Euler angles. Section 2.3 will discuss the flapping dynamics 

of our helicopter and how are they coupled. Section 2.4 will discuss the engine 

dynamics. Section 2.5 will discuss the forces generation from main and the tail rotor. 

Section 2.6 will discuss the moment’s generation from main and the tail rotor. Section 

2.7 will discuss the parameter identification of the helicopter. At the end, section 2.8 

will discuss the Linearization process of our model. 

2.1 Frames and rotation matrices 

In order to describe the position and orientation of the helicopter we need to use two 

different frames, the first if the body frame and the second is the earth or the inertial 

frame [14, 15] as described in Figure1. 

 

Figure 1 The body and the earth frame[61] 

The need for two different frames arises from the following four facts. First, the 

Newton’s equations of motion of the helicopter are written with respect to the body 

frame. Second, the aerodynamic forces and moments that are generated from the main 

and the tail rotors are easier to describe in the body frame. Third, different sensors 

measure states with respect to different frames, for example, the accelerometer and 

rate gyros measure data with respect to body frame, yet the GPS measure position 

with respect to earth frame. Fourth, the mission flight path waypoints are given with 

respect to the earth frame. So in order to transform one coordinate frame to the other 

frame two basic operations has to be done, the first one is the rotation and the second 

one is the translation operation. During the rotation operation, we make the three axes 

of the different frames parallel to each other with a translational deference only. The 

following sequences of rotations are made to make the earth frame parallel to body 

frame: 
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1. First, we rotate about the Z-axis (Yaw) and this angle is donated as   (psi). 

This rotation matrix is described in equation (2-1). 

 

 

   

   
   

   
         
          

   
  

  

  
  

  (2-1) 

 

2. Second, we rotate about the Y-axis (Pitch) and this angle is donated as   

(theta). This rotation matrix is described in equation (2-2). 

 

 

   

   
   

   
          
   

         
  

   

   
   

  (2-2) 

 

3. Third, we rotate about the X-axis (Roll) and this angle is donated as   (phi). 

This rotation matrix is described in equation (2-3). 

 

 

  

  
  

   
   
         
          

  

   

   
   

  (2-3) 

 

These rotations are combined together to form the rotation matrix     from the earth 

frame (E) to the body frame (B). This rotation matrix is described in equation (2-4). 

 

     
   
     
      

  
      
   
     

  
     
      
   

  (2-4) 

 

The rotation can used as described in equation (2-5). 

 

  

  
  

      

  

  
  

  (2-5) 

The inverse of     is the rotation matrix from the body frame to the earth frame     

and its equal to the transpose of     as described in equation (2-6). 

         
        

  (2-6) 
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2.2 Six degrees of freedom model (6 DOF) 

In order to define the position and attitude completely of a rigid body at any instant in 

time in 3-D space, the one needs 6 degrees of freedom, three to define the position of 

the rigid body and three to define its attitude [14]. Those 6 degrees of freedom 

describes the dynamics of a point located at the center of gravity of our helicopter. 

Those equations will be written in the body frame since all the forces and moments 

that drive these dynamic equations are generated in the body frame due to the fact that 

the main and the tail rotors which generated these forces are rotating with the body 

frame. The rotational dynamics are described in equations (2-7, 2-6, 2-9) and the 

translational dynamics are described by in equations (2-10, 2-11, 2-12). 

   
 

  
 

     

  
   (2-7) 

   
 

  
 

     
  

   (2-8) 

   
 

  
 

     

  
   (2-9) 

 

         
   

 
 (2-10) 

          
   

 
 (2-11) 

         
   

 
 (2-12) 

 

Where       are the body rates around          axes respectively,   is the 

helicopter’s mass,          are the moments of inertia,       are the velocities in the 

body frame along        axes respectively.             are the body forces along 

      axes respectively.       are the body moments about       axes 

respectively. After describing the dynamics of the body in the body frame, Euler 

angles will be described with respect to the earth frame. 
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Euler angles are the angles that describes the attitude of the helicopter with respect to 

the earth frame and those angles will be computed from the 6 DOF model, the 

equations that describes the Euler angles are shown in equations (2-13, 2-14, 2-15). 

 

                                 (2-13) 

                      (2-14) 

                               (2-15) 

 

Now the position of the helicopter will be computed using the earth frame reference, 

Describing the position of the helicopter with respect to the earth frame is of great 

importance, as the GPS position feedback is already with respect to the earth frame, 

Also it makes sense to command the helicopter to go to a position like a soccer field 

or to monitor an electric power lines and those positions exist in the earth frame. 

Equation (2-16) shows how to compute the earth frame velocities from the body 

velocities which can be obtained by integrating the translational dynamic equations in 

time equations (2-10, 2-11, 2-12). The earth frame position can be obtained by 

integrating equation (2-16) in time. 

 

   
   
   

      
 
 
 
  (2-16) 

 

2.3 Flapping Dynamics 

The flapping dynamics of the helicopter describes how the main rotor plane (tip path 

plane) moves when actuators (Elevator and Aileron) servomotors move [2]. The 

movement of this plane is described by two angles (   ) in which the   angle 

describes how much the tip path plane pitched with respect to  -axis in body frame 

and the   angle describes how much the main rotor plane rolled with respect to  -axis 

body frame. The dynamics of the tip path plane are described in equations (2-17, 2-

18). 
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             (2-17) 

             (2-18) 

 

Where       are the time constants for the main rotor’s movement,       are the 

commanding angles from the elevator and aileron servo motors. 

2.4 Engine Dynamics 

Engine dynamics describes the amount of thrust generated from the main and the tail 

rotor blades when they rotate at a certain angular speed. The relationship between the 

thrust and the angular speed is assumed quadratic. The engine dynamics equations are 

described in equations (2-19, 2-20). 

         
  (2-19) 

         
  (2-20) 

 

Where        are the forces generated by the main and the tail rotor’s respectively 

      are gain constants with the unit of (
 

        ).       are the commanding 

angles from the throttle and the tail servo motors respectively    is the engine speed 

in RPM. 

2.5 Body Forces Generation 

In this section the body forces generation will be discussed. The body forces are 

generated from the main and the tail rotor thrusts        respectively. In general and 

assuming zero disturbances, there are three different forces that are affecting the 

helicopter while flying, The gravitational force, the thrust generated  from the main 

rotor and the thrust generated from the tail rotor as can be seen in Figure 2. Together 

they will form the three components of the body forces along the        body frame 

as. 
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Figure 2 Forces acting in the helicopter while flying [61] 

 

The gravitational force is generated from the weight of the helicopter and its always 

pointing in the Z-axis direction WRT earth frame. So the rotational matrix described 

in equation (2-4) will be used to transform the gravitational force from the earth frame 

to the body frame. The second force is the main rotor thrust force and the direction of 

this force can be varied by varying the flapping angles       of the main rotor plane. 

The third force is the tail rotor thrust and its always pointing in the Y-axis direction 

WRT body frame. After drawing the free body diagram of the helicopter with all the 

components of the forces on it the body forces were founded, the body forces are 

described in equations (2-21, 2-22, 2-23). 

 

                       (2-21) 

                                 (2-22) 

                                    (2-23) 

 

Where            are the body forces along the       body frame axes 

respectively. 
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2.6 Body Moments Generation 

In this section, the body moments and how they affect the equations of motion of the 

helicopter will be discussed. The moments that acts on the helicopter are generated 

from the main and the tail rotors thrusts       . Changing the flapping angles       

of the main rotor leads to generation of moments around the X-axis and the Y-axis 

WRT the body frame. Also due to the angular rotation of the main rotor at a high 

speed a counter rotating moment is generated around the Z-axis WRT body frame, to 

cancel that moment the tail rotor is used. The tail rotor generates a thrust that is at a 

distance from the center of gravity which generates an equivalent moment to the 

counter rotating moment but in the opposite direction and this will stop the helicopter 

from spinning around itself. The body moments of the helicopter are described in 

equations (2-24 to 2-29). 

 

                                (2-24) 

                 (2-25) 

                                (2-26) 

 

                                (2-27) 

                        (2-28) 

  
   
  

         (2-29) 

 

Where       are the body moments around the       body frame axes respectively, 

   is the total engine torque,    is the hub torsional stiffness.     is the main rotor 

hub height above the center of gravity.     is the tail rotor height above the center of 

gravity.     is the tail rotor hub location behind the center of gravity.    is the engine 

power.    is the angular velocity of the main rotor. 
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2.7 Joker 3 parameter identification 

Identifying the helicopter parameters was done previously at [17]. Some of the 

parameters are taken directly from the datasheet of the Joker 3 helicopter and others 

are measured. Table (1) shows the list of the parameters of the Joker 3 helicopter. 

 

Table 1 Joker 3 helicopter's parameters 

Parameter Symbol Value Units 

Helicopter parameters 

number of blades -   - 

helicopter length   1.50284   

helicopter height   0.5615   

helicopter mass   7.297    

CGx location     26.981    

CGy location     0    

CGz location     1.01    

X-axis inertia    0.16347       

Y-axis inertia    0.419       

Z_axis inertia    0.304       

Main rotor 

main rotor speed at hover    13,000     

main rotor radius RM 0.89   

main rotor disc area AM 2.488456 m
2
 

main rotor hub height above 

CG 
    0.240301   

Tail rotor 

tail rotor radius RT 0.16   

tail rotor disc area AT 0.0804 m
2
 

tail rotor hub height above CG     0.077903   

tail rotor hub location behind 

CG 
    1.068559   
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Forces and moments 

Hub torsional stiffness    54         

Engine power    2000      

Total engine torque    11.97     

Flapping and Engine Dynamics 

Main rotor gain constant    820.28       

Tail rotor gain constant    45.15       

time constant for the main rotor’s 

pitch movement 
   0.1     

time constant for the main rotor’s 

roll movement 
   0.1     

Servo motors 

Elevator servo maximum reach        +5 degree 

Elevator servo minimum reach        -5 degree 

Aileron servo maximum reach        +5 degree 

Aileron servo minimum reach        -5 degree 

Main rotor pitch servo maximum 

reach 
       +12 degree 

Main rotor pitch servo minimum 

reach 
       -3 degree 

Tail rotor pitch servo maximum 

reach 
       +5 degree 

Tail rotor pitch servo minimum 

reach 
       -5 degree 

 

These parameters will be used in the MATLAB Simulink model to test the controllers 

as will be described in chapter 3. 
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2.8 Linearization of Joker 3 helicopter model 

In this section the linearization process of the body will be discussed, The 

linearization process is of great importance to design the linear controllers. The 

linearization was done at near hovering point (attitude angles, attitude rates and body 

velocities have almost zero values) and that is valid because we will assume that the 

autopilot will work only near hovering range. The value of the longitudinal and 

latitudinal input command signals         In near hovering point are equal to zero but 

the two commanding signals         are both equal to 5 degrees at near hovering 

point. The Linearized model will be written in the state-space format as shown in 

equation (2-30). 

         

        

(2-30) 

 

Were   is the state vector,   is the input vector,         are the state-space matrixes 

and   is the output vector. 

The state vector for the system is: 

  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 

 

 

The input vector is: 
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The   matrix is calculated to be: 

0 0 0 1 0 0 0 0 0 0 0 0 0 0

0 0 0 0 1 0 0 0 0 0 0 0 0 0

0 0 0 0 0 1 0 0 0 0 0 0 0 0

0 0 0 0 0 0 / (4,8) 0 0 0 0 0 0

0 0 0 0 0 0 (5,7) / 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 (8,7) 0 0 0 0 0 0 0

0 0 0 0 0 0 (10,8) 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 1

e x

e y

a

b

Q J A

A Q J

T
A

T

g A

g A










0 0 0 0 0

0 0 0 0 0 0 0 0 0 1 0 0 0 0

0 0 0 0 0 0 0 0 0 0 1 0 0 0

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Where, 

                              

                       

                                

                         

 

The   matrix is calculated to be: 
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0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 ( * ) /

0 0 0 0

0 0 0 ( * ) /

0 0 0

0 0 0

0 0 0 0

0 0 0 /

0 0 / 0

0 0 0 0

0 0 0 0

0 0 0 0

t tr x

t tr z

a

b

t

m

K l J

K l J

T
B

T

K m

K m

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

 

The   matrix is calculated to be: 

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

D

 
 
 
 
 
 

 

Assuming that all the states are measurable in our system the   matrix is calculated to 

be, Later in chapter 4 we will modify this assumption and estimate the missing states. 

1 0 0 0 0 0 0 0 0 0 0 0 0 0

0 1 0 0 0 0 0 0 0 0 0 0 0 0

0 0 1 0 0 0 0 0 0 0 0 0 0 0

0 0 0 1 0 0 0 0 0 0 0 0 0 0

0 0 0 0 1 0 0 0 0 0 0 0 0 0

0 0 0 0 0 1 0 0 0 0 0 0 0 0

0 0 0 0 0 0 1 0 0 0 0 0 0 0

0 0 0 0 0 0 0 1 0 0 0 0 0 0

0 0 0 0 0 0 0 0 1 0 0 0 0 0

0 0 0 0 0 0 0 0 0 1 0 0 0 0

0 0 0 0 0 0 0 0 0 0 1 0 0 0

0 0 0 0 0 0 0 0 0 0 0 1 0 0

0 0 0 0 0 0 0 0 0 0 0 0 1 0

0 0 0 0 0 0 0 0 0 0 0 0 0 1

C
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After substituting the values from Table 1 into matrix A and B the results were as 

follow. 

0 0 0 1 0 0 0 0 0 0 0 0 0 0

0 0 0 0 1 0 0 0 0 0 0 0 0 0

0 0 0 0 0 1 0 0 0 0 0 0 0 0

0 0 0 0 0 0 -36.63 433.2 0 0 0 0 0 0

0 0 0 0 0 0 169 14.29 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 10 0 0 0 0 0 0 0

0 0 0 0 0 0 0 10 0 0 0 0 0 0

0 9.81 0 0 0 0 9.81 0 0 0 0 0 0 0

9.81 0 0 0 0 0 0 9.81 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 1 0

A





 



0 0 0 0

0 0 0 0 0 0 0 0 0 1 0 0 0 0

0 0 0 0 0 0 0 0 0 0 1 0 0 0

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0  22.1

0 0 0 0

0 0 0 135.16

10 0 0 0

0 10 0 0

0 0 0 0

0 0 0 17.1

0 0 112.4 0

0 0 0 0

0 0 0 0

0 0 0 0

B

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

 

These matrixes will be used in chapter 5 to design the position controller. 
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2.9 Linearization of Joker 3 attitude and altitude 

In this section, a model will be created for the attitude and altitude dynamics of the 

joker 3 helicopter only, a reduction order to the number of the states will be done and 

a new state vector will be created. This model is useful when testing the controllers to 

check which controller performs better in stabilizing the helicopter as will be shown 

in chapter 3. The reduced order state vector is shown below, 

         

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 

 

The     matrices for the attitude and altitude model are computed below. 

0 0 0 1 0 0 0 0 0 0

0 0 0 0 1 0 0 0 0 0

0 0 0 0 0 1 0 0 0 0

0 0 0 0 0 0 36.63 433.24 0 0

0 0 0 0 0 0 169.02 14.29 0 0

0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 10 0 0 0

0 0 0 0 0 0 0 10 0 0

0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 1 0

reducedA

 
 
 
 
 

 
 

  
 
 
 

 
 
 
  

 

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 22.1

0 0 0 0

0 0 0 135.1

10 0 0 0

0 10 0 0

0 0 112.4 0

0 0 0 0

reducedB
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Chapter 3 

 3. Controlling Joker 3 Helicopter 
 

3.1 Introduction 

Control laws design for small scale helicopters is an ongoing and growing research 

field nowadays, different surveys of the available controllers, hardware and 

simulation software are provided in [19, 20, 21] that’s due to the fact that designing 

the controller is the main part in designing any autopilot system, This thesis will 

present various ways to control the Joker 3 miniature helicopter and then will 

compare between these controllers based on different criteria. 

Four different controllers were designed to control the Joker 3 helicopter, PID, LQR, 

LQI and Fuzzy PID. Section 3.2 will discuss the theoretical background of each one 

of these four controllers. Section 3.3 will discuss the results for the different controller 

subjected to different tests. Section 3.4 will compare the results of the all the 

controllers. 

3.2 Theoretical Background 

In this section the theoretical background of the PID, LQR, LQI and Fuzzy PID 

controllers will be reviewed and discussed. 

3.2.1 PID Controller 

A proportional-integral-derivative controller that works on the principle of calculating 

the error  between the measured state and the desired value (Set point) for that state 

and then it tries to minimize the error between them. [22, 23] 

The PID is consisted of three main constants           .    Also known as the 

proportional constant and it is used to minimize the current error between the 

measured state and its desired value.    also known as the integral constant and it is 
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used to eliminate steady states error between the setpoint and the response of the 

system by accumulating of past errors,    also known as the derivative constant is 

used to limit the rate of change of the error in the response and by that it reduces the 

overshoot in the system response. The general equation that describes the PID 

controller is presented in equation (3-1) and the general block diagram that describes 

the PID controller architecture is presented in Figure 3. 

                           
     

  
 (3-1) 

Where 

     is the input signal to the system 

   is the proportional constant 

   is the integral constant 

   is the derivative constant 

     is the error signal between the desired and measured state 

 

 

 

Figure 3 General structure for PID controller 

 

The PID controller constants should be tuned in order to control the system to give the 

desired response, several ways to tune the PID controller are presented in Table 2. 

The final values of the PID controller gains is shown in Table 3. Different tuning 

methods for the PID controller is presented in [24, 25]. 
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Table 2 PID different tuning methods 

Tuning Method Main advantages Main Disadvantages 

Manual 

 Can be done online. 

 Very useful at the 

final stages of 

designing  the 

autopilot when the 

controller is already 

working but better 

performance is 

required. 

 Require no math. 

 Needs experience. 

 Very tedious. 

 Can cause instability to 

the system if the poles of 

the system are close to 

the origin of the s-plane. 

Ziegler-Nicholas 

 Online tuning. 

 Proven to be working 

very good. 

 Require trial and error. 

 Require the knowledge of 

the ultimate gain which 

might drive the system to 

instability. 

Root locus 

 Design for a certain 

performance 

measures like settling 

time and percentage 

overshoot. 

 

 Offline only. 

 Knowledge of the system 

model. 

 Design mainly for second 

order systems. 

 

Table 3 values of the PID constants 

 Roll Pitch Heading Altitude 

   0.37 0.77 0.25 8.15 

   0.016 0.03 0.043 0.64 

   1.86 4.27 0.134 9.42 
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3.2.2 LQR Controller 

Linear Quadratic Regulator (LQR) is a controller derived from the theory of optimal 

control. The theory of optimal control is concerned with controlling a physical system 

with a minimum cost in the commanding signals (actuator commands) hence save 

more power. [14, 26, 27] The name of LQR controller came from the fact that the 

dynamics of the system will be described by a set of linear differential equations and 

the cost function will be described in the form of quadratic functions. The LQR 

controller is just an automated way to find the optimal states-feedback gains to control 

the system, All what the engineer should do is to place certain weights related to the 

states in matrix ( ) and another set of weights related to the input commands of the 

system in a matrix ( ) the higher the gain value the more penalty is assigned in 

changing the value of that state. The impact of the weighting matrices is discussed in 

[28]. Then the LQR algorithm will do the hard work of finding those optimal state-

feedback gains based on the weights given by the engineer in the matrixes. After 

finding the gains the engineer can tune the response the way he wants by changing the 

weights in the (   ) matrices. 

LQR has two different methods and sets of equations to compute the state-feedback 

gains, the two methods are known as the finite and the infinite horizon. We are only 

concerned with the infinite horizon method and its equations are described below in 

equations (3-2 to 3-6). A general block diagram for the LQR controller is shown in 

Figure 4.  

 

 

Figure 4 General block diagram for the LQR controller 
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for a linear time-invariant system the state-space representation of the system is, 

         

        

(3-2) 

The cost function for the LQR controller is described by equation (3-3), 

              
 

 

   (3-3) 

The optimal commanding input can be found by equation (3-4), 

      
(3-4) 

Where   is the state-feedback gain matrix found by the LQR controller and it is given 

by equation (3-5) 

         
(3-5) 

Where   can be found by solving the algebraic Riccati equation described in equation 

(3-6) 

                    (3-6) 

The design parameters that were used to design the LQR state-feedback matrix K are 

shown in Table 4. 

Table 4 LQR design parameters 

Parameter Value 

                                          

                                      

                 

      

 

The state-feedback matrix K is shown below. 

  



 

36 
 

   3.2.3 LQI Controller 

The LQI is a linear quadratic optimal controller with integrator added to it.[29] It has 

the same work principle and design procedure as the LQR controller except that it can 

reject input disturbances and eliminate any steady state errors in the response due to 

the integrator part. In the design phase, the matrices of the state-space model of the 

system have to be augmented to add the integral term to it. Then a state-feedback gain 

matrix will be computed to the states of the system and their integral parts. A general 

block diagram for the LQI controller is shown In Figure 5. The equations that show 

the augmented matrices are described in equation (3-7) the cost function for the LQI 

controller is described by equation (3-8) and the optimal commanding input can be 

found by equation (3-9). The LQI design parameters that were used to find the state 

feedback matrix gain are shown in Table 5. 

 

Figure 5 General block diagram for the LQI controller 

           

          

(3-7) 

              
 

 

   (3-8) 

     
 
  

      
(3-9) 

 

Table 5 LQI design parameters 

Parameter Value 
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The state feedback matrix K for the LQI controller is shown below. 

 

3.2.4 Fuzzy PID Controller 

A Fuzzy PID controller is a controller that is based on Fuzzy logic but with a PID 

structure. [30, 31, 32] The fuzzy logic controller is a controller that deals with many-

valued logic and reasoning instead of fixed and exact values. So it will have the truth 

level varying from 0 to 1 instead of being fixed as either 0 or 1. [33, 34] This is very 

helpful in controlling systems especially if the exact model of the system is not 

available. The Fuzzy logic term was first introduced by Lotfi A. Zadeh in 1965 [35] 

and since then Fuzzy logic has entered many different fields like control theory and 

artificial intelligence. A typical structure for a Fuzzy logic controller is to have two 

inputs, the first input is the error       and the second input is the rate of change of 

the error      . To make the fuzzy logic controller function as a PID controller the 

following structure was proposed in [36] and the general block diagram of the 

controller is shown in Figure 6. After designing the structure of the Fuzzy PID 

controller a set of membership functions has to be designed and tuned to control the 

system, Also a set of rules should be generated to govern the membership functions of 

the input to the output. The Table of rules is shown in Table 6. The member ship 

function for the Roll, Pitch, Heading and Altitude are shown in Figures 7. 

 

Figure 6 General block diagram for the Fuzzy PID controller  
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Table 6 Table of rules 

                              

                   

                   

                  

                   

                   

 

 

Figure 7 The surfaces of the fuzzy controller.  
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3.3 Controllers Testing 

After introducing the four controllers that were used to control the Joker 3 helicopter 

in the previous section, in this section the controllers will be tested and their 

performances will be measured so that later we can compare between them. The 

performance criteria that will be used in this section are the same performance 

measures that are used in designing real full scale helicopters [37, 38, 16]. The test 

that will be performed on the controllers will be controlling the inner loop of the 

helicopter which is the attitude and altitude combined together, so the four states that 

will be controlled are described in equation (3-10). 

 

                   

 
 
 
 

  (3-10) 

  

A state-space representation of these four states has been created in the modeling 

chapter 2-section 2.9 and it will be used to demonstrate and test the ability of the four 

controllers in controlling the Joker 3 helicopter. Different MATLAB Simulink files 

were created to test the performance of each controller against the following 

performance measures. 

1- System Response (Settling Time, Overshoot, Rise time and Servo cycles) 

2- Noise attenuation 

3- Disturbance rejection 

4- 50 Hz sampling time 

5- Actuator limitations and finite resolution. 

6- Uncertainty in the model (Robustness) 

7- Nonlinear model  

8- Moderate Response to Roll, Pitch and Yaw 
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3.3.1 System Response test 

In this test, the controllers will be tested against a step input signal with an amplitude 

of 1.0 radians and sampled at a 500 Hz, without noises on the measured states or 

disturbances in the commanding signals, a general block diagram of the test is shown 

in Figure 8. This test is designed to check for different parameters in the helicopter 

response to a certain command signal in any of the controlled states. 

This test is designed to check for: 

 Rise time 

 Settling time 

 Percentage overshoot 

 Servo cycles 

The (pitch, roll, heading and altitude) responses of the helicopter for the four 

controllers are shown in Figures 9, 11, 13 and 15 respectively and the (longitudinal, 

latitudinal, heading and throttle) commanding signals that were generated from the 

controllers were plotted in Figures 10, 12, 14 and 16 respectively. The performances 

of the controllers were measured and documented in Tables 8, 9, 10 and 11. 

 

 

Figure 8 General block diagram for system response test.  
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 Pitch Response 

 

Figure 9 Pitch response for system response test 

 

Figure 10 Longitudinal commanding signals to system response test 

 

Table 7 Pitch response performance cricontrollers all the four controllers 

Performance criterion PID LQR LQI Fuzzy-PID 

Rise time (Sec) 0.1931 0.1237 0.1080 0.1166 

Settling time (Sec) 2.4422 0.3459 0.3053 0.9262 

% Overshoot 17.3252 6.1795 4.1869 11.1678 

Servo cycles (degree) 4.25 6.712 11.4 15.18 
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 Roll Response 

 

Figure 11 Roll response to system response test 

 

Figure 12 Latitudinal commanding signals to system response test 

 

Table 8 Roll response performance criterion for all the four controllers 

Performance criterion  PID LQR LQI Fuzzy-PID 

Rise time (Sec) 0.2286 0.0909 0.1020 0.1021 

Settling time (Sec) 3.3993 0.2448 0.2827 2.0836 

% Overshoot 12.7056 5.3900 3.2588 14.8621 

Servo cycles (degree) 1.85 7.45 7.86 13.32 
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 Heading Response 

 

Figure 13 Heading response to system response test 

 

Figure 14 Tail commanding signals to system response test 

 

Table 9 Heading response performance criterion for all controllers 

Performance criterion  PID LQR LQI Fuzzy-PID 

Rise time (Sec) 0.0715 0.1554 0.0998 0.1222 

Settling time (Sec) 0.9860 0.4312 0.2893 0.3921 

% Overshoot 11.0689 4.3158 8.1372 7.6209 

Servo cycles (degree) 8.96 2.02 4.19 2.67 



 

44 
 

 Altitude Response 

 

Figure 15 Altitude response to system response test 

 

Figure 16 Throttle commanding signals to system response test 

 

Table 10 Altitude response performance criterion for all four controllers 

Performance criterion PID LQR LQI Fuzzy-PID 

Rise time (Sec) 0.1262 0.0791 0.0902 0.1397 

Settling time (Sec) 1.8389 0.1212 0.2574 0.2607 

% Overshoot 12.5911 1.2916 4.6409 0.00 

Servo cycles (degree) 3.02 12.15 7.77 3.24 
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3.3.2 Noise attenuation 

 

In this test, the controllers will be tested against a pulse train input signal with an 

amplitude of 1.0 radians and different periods, sampled at a 500 Hz, with a white 

Gaussian noises on the measured states with a covariance of 0.1 radians, a general 

block diagram of the test is shown in Figure 18. A sampled noise data is shown in 

Figure 18. 

This test is designed to check for: 

  Stability of the system.   

 Servo cycles. 

The (pitch, roll, heading and altitude) responses of the helicopter for the four 

controllers are shown in Figures 18, 20, 22 and 24 respectively and the (longitudinal, 

latitudinal, heading and throttle) commanding signals that were generated from the 

controllers were plotted in Figures 19, 21, 23 and 25 respectively. The performances 

of the controllers were measured and documented in Tables 12, 13, 14 and 15. 

 

Figure 17 General block diagram for Noise attenuation test. 
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 PID controller 

 

Figure 18 PID controller with noise added to the states 

 

Figure 19 PID commanding signals with noise added to the states 

 

As can be seen from the above Figures the controller succeeded in rejecting noise 

from the states and stabilize the helicopter. 

Table 11 Servo cycles for PID controller with noise 

Performance criterion Pitch Roll Heading Altitude 

Servo Cycles (degree) 699.22 312.6 1183.3 369.55 
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 LQR controller 

 

Figure 20 LQR controller with noise added to the states 

 

Figure 21 LQR commanding signals with noise added to the states 

 

As can be seen from the above Figures the controller succeeded in rejecting noise 

from the states and stabilize the helicopter. 

Table 12 Servo cycles for LQR controller with noise 

Performance criterion Pitch Roll Heading Altitude 

Servo Cycles (degree) 778.08 802.5 275.9 1683 
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 LQI controller 

 

Figure 22 LQI controller with noise added to the states 

 

Figure 23 LQI commanding signals with noise added to the states 

 

As can be seen from the above Figures the controller succeeded in rejecting noise 

from the states and stabilize the helicopter but the servo cycles were really high. 

Table 13 Servo cycles for LQI controller with noise 

Performance criterion Pitch Roll Heading Altitude 

Servo Cycles (degree) 16353 14152 2682 11354 
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 Fuzzy-PID controller 

 

Figure 24 Fuzzy controller with noise added to the states 

 

Figure 25 Fuzzy commanding signals with noise added to the states 

 

As can be seen from the above Figures the controller succeeded in rejecting noise 

from the states and stabilize the helicopter. 

Table 14 Servo cycles for Fuzzy controller with noise 

Performance criterion Pitch Roll Heading Altitude 

Servo Cycles (degree) 68.77 126 19.15 24.54 
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3.3.3 Disturbance Rejection test 

 

In this test, the controllers will be tested against a pulse train input signal with an 

amplitude of 1.0 radians and different periods, sampled at a 500 Hz, with a 

disturbance step signal with a value of 1.0 degree on the command inputs starting at 

time 1 second and going to infinity. A general block diagram of the test is shown in 

Figure 26.  

This test is designed to check for:  

 Stability of the system. 

 Settling time. 

The (pitch, roll, heading and altitude) responses of the helicopter for the four 

controllers are shown in Figures 27, 28, 29 and 30 respectively. The settling time for 

the controllers are documented in Tables 16, 17. 

 

 

Figure 26 General block diagram for disturbance rejection test. 
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 PID controller 

 

Figure 27 PID controller response in disturbance rejection test  

 LQR controller 

 

Figure 28 LQR controller response in disturbance rejection test 

 

Table 15 PID and LQR settling time for the disturbance 

Performance criterion Pitch Roll Heading Altitude 

PID Settling time (Sec) 64.32 63.25 0.736 36.551 

LQR Settling time (Sec) ∞ ∞ ∞ ∞ 
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 LQI controller 

 

Figure 29 LQI controller response in disturbance rejection test  

 Fuzzy PID controller 

 

Figure 30 Fuzzy PID controller response in disturbance rejection test  

 

Table 16 LQI and Fuzzy PID settling time with disturbance 

Performance criterion Pitch Roll Heading Altitude 

LQI Settling time (Sec) 0.623 0.719 0.104 0.4311 

Fizzy Settling time (Sec) 10.24 12.645 3.566 6.031 
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3.3.4 50Hz Sampling Time Test 

 

In this test, the controllers will be tested against a pulse train input signal with an 

amplitude of 1.0 radians and different periods, sampled at a 50 Hz, this is important 

due to the fact that the hardware implementation is going to be limited to 50 Hz 

update rate only. A general block diagram of the test is shown in Figure 31. 

 

This test is designed to check for: 

 Stability of the system. 

 Servo cycles. 

 

The (pitch, roll, heading and altitude) responses of the helicopter for the PID, LQR, 

LQI and Fuzzy PID controllers are shown in Figures 32, 33, 34 and 35 respectively. 

The settling time for the controllers are documented in Tables 18, 19. 

 

 

Figure 31 General Block Diagram for the 50 Hz test. 
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 PID controller 

 

Figure 32 PID controller response with 50 Hz update rate  

 LQR controller 

 

Figure 33 LQR controller response with 50 Hz update rate 

 

Table 17 Servo Cycles for PID and LQR controllers in 50 Hz test  

Performance criterion Pitch Roll Heading Altitude 

PID Servo cycles (degree) 65.23 45.36 81.19 26.95 

LQR Servo cycles (degree) 22.78 30.71 16.49 101.1 
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 LQI controller 

 

Figure 34 LQI controller response with 50 Hz update rate 

 Fuzzy PID controller 

 

Figure 35 Fuzzy PID controller response with 50 Hz update rate 

 

Table 18 Servo Cycles for LQI and Fuzzy-PID controllers in 50 Hz test 

Performance criterion Pitch Roll Heading Altitude 

LQI Servo cycles (degree) 13.56 8.01 37.088 13.44 

Fuzzy Servo cycles (degree) 29.77 51.86 24.44 18.72 
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3.3.5 Actuators Limitations and Finite Resolution Test 

 

In this test, the controllers will be tested against a pulse train input signal with an 

amplitude of 1.0 radians and different periods, sampled at a 500 Hz, with actuators 

limited in terms of magnitude and resolution, this is important due to the fact that the 

hardware implementation is going to be limited with servo motors that have limited 

capabilities. A general block diagram of the test is shown in Figure 36. 

 

This test is designed to check for: 

 Stability of the system. 

 Servo cycles. 

 

The (pitch, roll, heading and altitude) responses of the helicopter for the four 

controllers are shown in Figures 37, 39, 41 and 43 respectively and the (longitudinal, 

latitudinal, heading and throttle) commanding signals that were generated from the 

controllers were plotted in Figures 38, 40, 42 and 44 respectively. The servo cycles of 

the controllers were measured and documented in Tables 20, 21, 22 and 23. 

 

 

Figure 36 General block diagram of the actuator limitation test 
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 PID controller 

 

Figure 37 PID controller with actuator limitations and finite resolution 

 

 

Figure 38 PID commanding signals with actuator limitation 

 

As can be seen from the Figures the system goes unstable with the actuator 

limitations. 

Table 19 Servo cycles for PID controller with noise 

Performance criterion Longitudinal Latitudinal Heading Altitude 

Servo Cycles (degree) 61.5 40.5 29 81.35 
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 LQR controller 

 

Figure 39 LQR controller with actuator limitations and finite resolution 

 

 

Figure 40 LQR commanding signals with actuator limitation 

 

As can be seen from the Figures the system stays stable with the actuator limitations. 

Table 20 Servo cycles for LQR controller with noise 

Performance criterion Longitudinal Latitudinal Heading Altitude 

Servo Cycles (degree) 23.5 30 74 16.485 
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 LQI controller 

 

Figure 41 LQI controller with actuator limitations and finite resolution  

 

 

Figure 42 LQI commanding signals with actuator limitation 

 

As can be seen from the Figures the system stays stable with the actuator limitations. 

Table 21 Servo cycles for LQI controller with noise 

Performance criterion Longitudinal Latitudinal Heading Altitude 

Servo Cycles (degree) 17 57 13.34 61 
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 Fuzzy-PID controller 

 

Figure 43 Fuzzy PID controller with actuator limitations and finite 

resolution 

 

Figure 44 LQR commanding signals with actuator limitation 

 

As can be seen from the Figures the system stays stable with the actuator limitations. 

Table 22 Servo cycles for PID controller with noise 

Performance criterion Longitudinal Latitudinal Heading Altitude 

Servo Cycles (degree) 63 283 27 18.88 
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3.3.6 Controller Robustness Test 

 

In this test, the controllers will be tested against a pulse train input signal with an 

amplitude of 1.0 radians and different periods, sampled at a 500 Hz, with uncertainties 

added to the model as a change in the values of different parameters. This test is 

important as the model that we obtained has some errors involved in the parameters 

and the controller should be robust enough to overcome these uncertainties. A general 

block diagram of the test is shown in Figure 45. The uncertainties were added to the 

parameters shown in equation (3-10) in four different steps {+30%, +15%, -15%, -

30%} of the nominal value of the parameter. The nominal is also plotted to compare 

the variation in the response when varying the parameters.  

                   

                               

(3-10) 

 

This test is designed to check for: 

 Stability of the system. 

 The amount of change in response. 

The (pitch, roll, heading and altitude) responses of the helicopter for the PID, LQR, 

LQI and Fuzzy PID controllers are shown in Figures 46, 47, 48 and 49 respectively. 

Tables 24, 25, 26 and 27 shows the RMS (root mean square) error value between the 

nominal and the uncertain model response. 

 

Figure 45 General Block diagram of the robustness test 
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 PID controller 

 

Figure 46 PID controller response with uncertainties added to the model  

 

 

 LQR controller 

 

Figure 47 LQR controller response with uncertainties added to the model  
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 LQI controller 

 

Figure 48 LQI controller response with uncertainties added to the model  

 

 

 Fuzzy PID controller 

 

Figure 49 Fuzzy PID controller response with uncertainties added to the 

model 
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Table 23 Root mean square error between PID responses of different 

models 

Performance criterion Pitch Roll Heading Altitude 

RMS +30% 0.6246 0.9235 0.7623 1.0639 

RMS +15% 0.2753 0.4012 0.3455 0.4845 

RMS -15% 0.2242 0.3198 0.2923 0.4133 

RMS -30% 0.4110 0.5813 0.5435 0.7708 

 

Table 24 Root mean square error between LQR responses of different 

models 

Performance criterion Pitch Roll Heading Altitude 

RMS +30% 0.1856 0.2188 0.3857 0.2078 

RMS +15% 0.0782 0.0915 0.1647 0.0886 

RMS -15% 0.0605 0.0700 0.1267 0.0682 

RMS -30% 0.1095 0.1261 0.2268 0.1221 

 

Table 25 Root mean square error between LQI responses of different 

models 

Performance criterion Pitch Roll Heading Altitude 

RMS +30% 0.0688 0.0664 0.2416 0.0761 

RMS +15% 0.0291 0.0277 0.0970 0.0315 

RMS -15% 0.0230 0.0213 0.0692 0.0234 

RMS -30% 0.0419 0.0385 0.1209 0.0414 

 

Table 26 Root mean square error between Fuzzy-PID responses of 

different models 

Performance criterion Pitch Roll Heading Altitude 

RMS +30% 1.0921 7.7771 0.5638 0.3934 

RMS +15% 0.5067 1.1927 0.2509 0.1733 

RMS -15% 0.3288 0.6324 0.2025 0.1404 

RMS -30% 0.5177 0.8470 0.3692 0.2546 

  



 

65 
 

3.3.7 Nonlinear Model Test 

 

In this test, the controllers will be tested against a pulse train input signal with an 

amplitude of 1.0 radians and different periods, sampled at a 500 Hz, with the 

nonlinear model instead of the Linearized model as shown in Figure 50. This test is 

important as it shows how will the controller respond more realistically when it is 

placed on the physical system. 

 

This test is designed to check for: 

 Stability of the system. 

 Servo cycles. 

 

The (pitch, roll, heading and altitude) responses of the helicopter for the four 

controllers are shown in Figures 51, 53, 55 and 57 respectively and the (longitudinal, 

latitudinal, heading and throttle) commanding signals that were generated from the 

controllers were plotted in Figures 52, 54, 56 and 58 respectively. The performance of 

the controllers was measured and documented in Tables 28, 29, 30 and 31. 

 

 

Figure 50 Nonlinear model test 
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 Pitch Response to Nonlinear model 

 

Figure 51 Pitch response to nonlinear model 

 

Figure 52 Pitch commanding signals to nonlinear model 

 

Table 27 Pitch response performance criterion for the entire four 

controllers 

Performance criterion  PID LQR LQI Fuzzy 

Rise time (Sec) 0.0642 0.1098 0.0971 0.3191 

Settling time (Sec) 60.6546 1.3284 1.3382 2.3074 

% Overshoot 208.7599 5.1360 8.0973 4.4242 

Servo cycles (degree) 1.80 2.66 3.63 11.91 
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 Roll Response with Nonlinear model 

 

Figure 53 Roll response to nonlinear model 

 

Figure 54 Roll commanding signals to nonlinear model 

 

Table 28 Roll response performance criterion for all the four controller  

Performance criterion  PID LQR LQI Fuzzy 

Rise time (Sec) 0.0467 0.0722 0.0800 0.3759 

Settling time (Sec) 53.7714 1.2541 1.2664 2.5113 

% Overshoot 225.0820 7.3022 5.0677 2.6189 

Servo cycles (degree) 1.11 3.88 4.85 29.08 
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 Heading Response with Nonlinear model 

 

Figure 55 Heading response to nonlinear model 

 

Figure 56 Heading commanding signals to nonlinear model 

 

Table 29 Heading response performance criterion for the entire four 

controllers 

Performance criterion  PID LQR LQI Fuzzy 

Rise time (Sec) 0.0654 0.1475 0.0929 0.1288 

Settling time (Sec) 2.6378 1.2910 1.3769 1.3980 

% Overshoot 14.7743 10.4255 9.4719 2.8485 

Servo cycles (degree) 8.05 1.73 2.27 3.06 
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 Altitude Response with Nonlinear model 

 

Figure 57 Altitude response to nonlinear model 

 

Figure 58 Altitude commanding signals to nonlinear model 

 

Table 30 Altitude response performance criterion for the entire four 

controllers 

Performance criterion  PID LQR LQI Fuzzy 

Rise time (Sec) 0.8600 0.1425 0.0870 0.1255 

Settling time (Sec) 2.234 1.3910 1.2449 0.567 

% Overshoot 13.23 4.8754 4.5966 7.8357 

Servo cycles (degree) 25.51 105.47 38.88 25.58 
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3.3.8 Moderate Response in Roll, Pitch and Heading 

 

The performance of the controller when controlling a helicopter is measured by 

several parameters, one of the most important measures is the moderate response, The 

moderate response describes the amount of effort that the pilot will have to spend in 

order to fly the helicopter with the autopilot running. [37, 38] The analysis of the 

moderate response is shown in Figure 59. Different graphs for different attitude 

angles are provided in Figures 60, 61 and 62. The controllers should try to achieve 

level 1 in these graphs. This test is designed to check for analyzing the response in 

moderate response 

In order to be able to analyze the moderate response for any of the three angles (Roll, 

Pitch, Yaw) a step response with an amplitude of 10 to 60 degrees should be given to 

the system and the response should be recorded and analyzed as shown in Figure 58. 

The ratio of the peak rate to the peak attitude change forms the Y-axis value in the 

moderate response analysis graphs and the minimum attitude change forms the X-axis 

of the moderate response analysis graphs. The moderate response analyses of the four 

controllers are shown in Figures 63, 64 and 65. Table 32 shows the levels of the 

moderate response for each controller. 

 

 

Figure 59  Analyzing the moderate response of the attitude angles  
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Figure 60 Roll moderate response 

 

Figure 61 Pitch moderate response 

 

Figure 62 Heading moderate response  
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Moderate Roll Response 

 

Figure 63 Moderate Roll response for all the four controllers  

Moderate Pitch Response 

 

Figure 64 Moderate Pitch response for all the four controllers  
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Moderate Heading Response 

 

Figure 65 Moderate Heading response for all the four controllers  

 

 

Table 31 Moderate response analysis 

Performance criterion  PID LQR LQI Fuzzy 

Roll level 2 1 1 1 

Pitch level 3 2 1 2 

Heading level 1 2 1 2 

 

After examining the results of the moderate response, the LQI controller is the best 

controller in terms of moderate response.  
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3.4 Controllers Comparison 

In this section a discussion about the results of the four controllers in all the tests will 

be done. Eight different tests were performed on the four controllers to see which one 

is the most suitable to be the autopilot controller for the Joker 3 helicopter. 

 

 PID Controller 

The PID controller performed best in term of servo cycle in the performance test, it 

gave a fairly good response in the Noise attenuation test, the robustness test and the 

50 Hz test. But it gave a bad response in the disturbance rejection test and with the 

actuator limitation test. Also the PID controller was not able to achieve level 1 on the 

moderate response test. 

 Fuzzy PID Controller 

The Fuzzy PID controller performed the best in the Noise attenuation test as it showed 

excellent attenuation to the noise, it performed fairly well in the disturbance test, 

Robustness test and actuator limitations test. But it responded in a bad way with the 

50 Hz test and the Nonlinear model test. Also the Fuzzy PID controller was not able 

to achieve level 1 on the moderate response test. 

 LQR Controller 

The LQR controller performed really well on most of the tests except in the 

disturbance rejection test where it failed completely in regulating the states. Also its 

worth mentioning that it did very bad in terms of Noise attenuation. Also the LQR 

controller was not able to achieve level 1 on the moderate response test. 

 LQI controller 

The LQI controller performed the best in most of the tests, it gave superior results in 

different scenarios and showed excellent responses to all kinds of disturbances and 

uncertainties in the model. Also it was the only controller which was able to achieve 

level 1 in all the moderate response tests. The LQI main disadvantage is that it 

requires the knowledge about all the states at every sampling time in order to control 

the helicopter. Due to this fact, Chapter 4 will discuss the state estimation. 
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Chapter 4 

4. INS and Estimators 
 

4.1 Introduction 

In order to control the helicopter we need to know the value of all the states at every 

instant of the sampling time. Since that is not possible for all the states due to the fact 

that some of the states are not measurable for example the flapping dynamics (   ) or 

some of them are measurable but at a slow rate such as the position measured by GPS. 

So a design for a number of estimators to estimate all the states at every instant of the 

sampling time will be discussed in this chapter. In section 4.2 a complete INS solution 

will be developed to estimate the Euler angles value using the DCM algorithm and in 

section 4.3 a reduced order state observer will be designed to estimate the value of the 

flapping angles. 

4.2 Euler Angles (INS) 

Inertial Navigation Systems (INS) play an important role in guiding and stabilizing 

the helicopter, as they provide the feedback of the Euler angles to the controller. In 

this thesis, the Direction Cosine Matrix (DCM) method was used [50] to compute the 

Euler angles from four different sensors the gyroscopes, accelerometers, 

magnetometer and GPS readings. 

4.2.1 DCM Theory 

The Direction Cosine Matrix algorithm uses the rate gyros readings as the main 

source of information to get the Euler angles        , this is done by integrating the 

nonlinear differential kinematic equations that relate the orientation rate         to 

the Euler angles         using the rotation matrix explained in chapter 2 equations 

(2-4, 2-5, 2-6). The equation that governs the integration of the rate gyros reading 

process is described in equation (4-1, 4-2). 
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  (4-1) 

         

         

         

(4-2) 

 

Where         are the corrected gyro readings around       axes respectively. 

The correction of the rate gyros reading will be discussed in section 4.2.4 Feedback 

Correction to the Rate Gyros readings.               are the amount of change in the 

body angles at every sampling time.      is the current rotation matrix of the 

helicopter.         is the updated rotation matrix of the helicopter. The rate gyros 

provides a good estimate of the Euler angles, But due to numerical errors and 

rounding in the integration process of the Direction Cosine Matrix shown in equation 

(4-1) the DCM elements will violate the orthogonality constraints. So a 

renormalization procedure is done to help fixing this issue. The rotation matrix will be 

given a notation for its elements shown in equation (4-3). 

   

         
         

         
  (4-3) 

The renormalization process by defining two vectors       from the rotation matrix 

elements as shown in equations (4-4, 4-5), After that the error is defined by finding 

the dot product of the vectors       as shown in equation (4-6). Then a computation 

to the orthogonal vectors is done in equations (4-7, 4-8). The next step will be 

correcting the error in the   vector by equating it to the cross product value of both 

the                           as described in equation (4-9). The final step in the 

renormalization process is to normalize the orthogonal vectors obtained from 

equations (4-7, 4-8, 4-9) as described in equation (4-10, 4-11, 4-12). 

 



 

77 
 

   

   
   
   

  (4-4) 

   

   

   

   
  (4-5) 

           (4-6) 

              
     

 
   (4-7) 

              
     

 
   (4-8) 

                                    (4-9) 

            
 

 
                                           (4-10) 

            
 

 
                                           (4-11) 

            
 

 
                                           (4-12) 

 

 

Due to the inherent errors in the numerical integration, gyro’s offset and drift errors 

the DCM elements will eventually deviate from the true values of the Euler angles. So 

to fix that a reference vector is used to calculate the error and a    controller with 

negative feedback is used to adjust the elements of the DCM. GPS and magnetometer 

are used to detect errors in yaw angle and accelerometers are used to detect errors in 

both pitch and roll angles. The general block diagram of the DCM theory 

implementation is shown in Figure 65. 
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Figure 66 DCM block diagram 

 

4.2.2 Correcting the Heading angle 

In order to correct the heading of the Euler angle we take measurements from the GPS 

sensor. The GPS sensor gives the Course Over Ground angle (   ) which is the 

angle from the true north. So in order to correct the heading angle ( ) first we create 

two reference vectors (         ) as described in equations (4-13, 4-14). Then we 

calculate the Heading correction angle as described in equation (4-15). 

               (4-13) 

               (4-14) 

                                           (4-15) 

Since the                          is being calculated in the Earth reference 

frame and the correction should be performed on the gyros readings which are taken 

in the body reference frame. A transformation to the                          is 

done in equation (4-16). 

                                                   

   
   
   

  (4-16) 
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4.2.3 Correcting the Roll and Pitch angles 

After finding the                          to correct the Yaw angle, the roll and 

pitch angles should be corrected. In order to correct the roll and the pitch angles the 

accelerometer readings are needed. The accelerometer measures the gravitational and 

the body accelerations in three axes (     ) as shown in equation (4-17). Those 

measurements are proportional to the roll and pitch angles. 

               

              
              
              

  (4-17) 

 

After measuring the accelerometer’s readings the                             can 

be computed as shown in equation (4-18). 

                             

   
   
   

                (4-18) 

 

4.2.4 Feedback Correction to the Rate Gyros readings 

As discussed earlier in the chapter, the gyros are the main source of information for 

getting the Euler angles in DCM algorithm, but due to different sources of errors. 

Depending on the gyro readings alone will cause the Euler angles to deviate from the 

real values, so a correction has to be done to the gyro’s readings. To correct the 

readings a PI controller will be used with the                             and  

                         as his inputs as shown in Figure 65. The correction 

factor can be computed as described in equation (4-19). 

 

                                            

                             
(4-19) 

 

Where     and    are weights to the correction planes. After computing the 

Correction factor we pass it to PI controller as described in equation (4-20,4-21,4-22). 

The PI values are shown in Table 34. 
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                 (4-20) 

                    (4-21) 

                  (4-22) 

After computing the             value, equation (4-23) will be used to correct the 

gyros readings and then these corrected values will be passed to equation (4-2) to be 

used in the rotation matrix calculation. 

                    (4-23) 

4.2.5 Simulation results for DCM algorithm with Joker 3 helicopter model 

In this section the implementation of the DCM algorithm on MATLAB SIMULINK 

will be discussed, The general block diagram of implementing the algorithm with the 

Joker 3 nonlinear model and measurement errors as shown in Figure 66. In this 

simulation a Gaussian white noise was added to every measurement coming from the 

Joker 3 helicopter and different commanding signals were given to the helicopter to 

check how good will the algorithm follow the actual Euler angles. In Figures 67,68 

and 69 results of the test are shown for a pulse train input signal given to all the Euler 

angles at different frequencies, The sensor readings for the test that was performed are 

shown in Figures 70, 71 and 72. In Table 28 the root mean square error between the 

DCM algorithm results and the actual values of the Euler angles are presented. 

 

Figure 67 DCM algorithm with Joker 3 nonlinear model and measurement 

errors 
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Figure 68 Roll estimation with DCM algorithm 

 

Figure 69 Pitch estimation with DCM algorithm 

 

Figure 70 Heading estimation with DCM algorithm 
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Figure 71 Gyroscope readings 

 

Figure 72 Magnetometer reading 

 

Figure 73 Accelerometer readings 
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Table 32 Root Mean Square error in the estimated values of the Euler 

angles 

Euler Angle RMS Error 

Roll 0.0152 

Pitch 0.0134 

Heading 0.0180 

 

Table 33 PI values in DCM algorithm 

Parameter Value 

   0.55 

   0.005 

 

4.2 Flapping angles state observer 

Flapping angles as discussed in chapter 2, are the angles that describe the orientation 

of the main rotor’s tip path plane with respect to the helicopter body frame. Those 

angles are needed to design the state feedback controller to stabilize and controller the 

helicopter. But due to the continuous high speed rotation of the main rotor and the 

high vibration, it is considered as inaccessible to place a sensor on the main rotor to 

measure its orientation with respect to the body frame, so estimation of flapping 

dynamics will be done using a state observer. The state observers are systems that can 

generate an estimate to the internal inaccessible states of the system by measuring the 

input and the output signals of the system. State observers are widely used in practical 

applications because usually not all the states are measurable in the system. By 

observing equations (2-(7,8,9,13,14,15,17,18)) from chapter 2. The dynamic 

equations of the flapping angles and how they affect the other measurable states of the 

system can be seen. A state observer was designed as shown in Figure 73, The state 

observer takes the Euler angles (     ), the rate gyros (     ) and the command 

signals (           ) as the input, and gives the estimated flapping angles (   ) as 

the output. The state observer matrices are described in equation (4-24). The results of 

estimating flapping angle   and   are shown in Figures 74 and 75. The results of 

estimating the flapping angles   and   with measurement error in gyro readings and 

Euler angles are shown in Figures 76, 77. 
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Figure 74 Block diagram for the state observer 

 

           
    
    

  

 

           
  
  

    
       
      

    
      
       

    
   
   

    
       
       

  

 

           
  
  

  

 

           
  
  

    
        
       

    
      
      

    
  
  

    
  
  

  

(4-24) 

 

 

Figure 75 Estimation of flapping angle   without noise 
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Figure 76 Estimation of flapping angle   without noise 

 

Figure 77 Estimation of flapping angle   with noise on measurement 

 

Figure 78 Estimation of flapping angle   with noise on measurement 
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Chapter 5 

5. Position Control 

5.1 Introduction 

The autonomous small scale miniature helicopter started to immerge to the industrial 

field due to lower manufacturing and operational costs, these UAVs can be used in 

lots of applications, like in power line inspection [52, 53, 54], Search and Rescue 

missions, Reconnaissance Surveillance and Target Acquisition, Border interdiction, 

Wild fire suppression and Communications relay. [52, 55, 56, 57] But in order for the 

autonomous helicopter to be able to do this kind of missions it needs an attitude and a 

position controller. Position and attitude control for helicopters is considered as one of 

the most challenging and ongoing topics in control [58, 59], In this chapter, the 

position hold and the position control will be designed using the LQI controller and 

Implemented on the Joker 3 nonlinear model. A general block diagram for Joker 3 

system is shown in Figure 79. The dynamic model and the equations of motion of the 

Joker 3 helicopter is simulated in the Joker 3 model block, The sensors readings and 

measurement errors are simulated in the Sensors block, the DCM algorithm and the 

Euler angles calculations are simulated and done in DCM algorithm block, the 

Flapping angles estimation process is simulated in the Observer block and the LQI 

controller is simulated in the LQI gains block. 
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Figure 79 General block diagram for the Joker 3 system 

 

5.2 Designing the Controller 

In order to control the position of the Joker 3 helicopter, an LQI controller  with 

integral terms of (X, Y, Z, Heading) will be designed and tested against the nonlinear 

model of the helicopter. The Linearized state-space representation of the full states of 

the Joker 3 helicopter was presented earlier in chapter 2. The Q and R matrices are 

designed as shown in equation (5-1, 5-2, 5-3). The selection of    ,       ,        and 

  was based on iterative trail and error process until the desired response was 

achieved. The final selected values are shown in Table 34. The state feedback matrix 

gain K values are shown in equation (5-4). 

 

   

    
   
    

             

    
   
    

  (5-1) 

 
 
 

 

           
  (5-2) 

   
 

        
  (5-3) 
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Where     is the desired settling time of   , 

        limits the state   ,  

       limits the input signal   ,  

  is chosen as a tradeoff between control effort and regulation.       

 

Table 34 List of parameters value used in designing LQI controller 

Parameter Value 

                                                            

                                                   

                 

      

 

 

(5-4) 
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5.3 LQI position control testing 

In this section, the LQI controller will be tested and its performance will be measured 

in controlling the position of the Joker 3 helicopter. First the step response of the X, 

Y, Z, Heading against the nonlinear model will be obtained then the controller will be 

tested against different paths and at the end this section the robustness of the 

controller will be checked. The step response of the X-axis is shown in Figure 80, the 

Y-axis step response is shown in Figure 81, the Z-axis step response is shown in 

Figure 82 and the heading step response is shown in Figure 83. 

 

Figure 80 X-axis step response 

 

 

Figure 81 Y-axis step response 
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Figure 82 Altitude step response 

 

Figure 83 Heading step response 

 

After checking the step response of the system different paths will be presented to 

show the performance of the system. In Figure 84 a circular path is presented and in 

Figure 85 a helical path is presented. 
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Figure 84 Circular path 

 

 

Figure 85 Helical path 

 

5.4 3D visualization of the Joker 3 helicopter. 

In this section a 3D visualization interface for the Joke3 helicopter is created, the idea 

of this simulation is to give the designer a better understanding of how the system 

reacts and gives a better tool to tune the system. In Figure 86 the 3D visualization 

GUI is presented for the circular path and in Figure 87 the GUI is presented for the 

helical path. 
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Figure 86 3D visualization of the circular path 

 

 

Figure 87 3D visualization of the helical path 
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Chapter 6 

6. Hardware in the Loop Simulation 
 

6.1 Introduction 

Hardware-in-the-loop (HIL) simulation is a way to test the functionality of a real time 

embedded controller. The HIL test is done by placing the mathematical representation 

of the plant (helicopter) on a powerful real time processor. Also the processor should 

emulate the sensors and the actuator response. Then the controller is tested against the 

model of the helicopter in a real time based. The main advantages of the HIL are that 

it reduces the development time of the code. Also it increases the reliability of the 

controller by checking different scenarios. Also it decreases the risk in testing the 

controller directly on the helicopter. Hardware-in-the-loop simulation has been used 

extensively in designing autopilot for the helicopter as in [14, 60]. In this project, HIL 

technique will be used to test the embedded controller that was developed especially 

for this project.   

 

6.2 Autopilot design 

There are a sound number of commercially available autopilots that are capable of 

controlling a small scale helicopter like the Procerus Kestrel autopilot, MicroPilot MP 

series, Cloud Cap Piccolo and the UNAV 3500 as shown in Figure 88, Also a 

comparison Table of all the features of those autopilots was done in Table 35. [19] but 

since this thesis work is mainly focused on designing an autopilot system in AUS, so 

the design of the hardware of the autopilot is a must. Such that full access to all the 

features and modules on the processor will be available. The main processor was 

selected to be the dsPIC33FJ256GP710 microcontroller from Microchip; this 

microcontroller runs at 80 MHz and can handle up to 40 MIPS on that clock speed. 

Also this microcontroller has Input capture modules which allows it to read from the 
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RC receiver without consuming the time of the processor. Also it has 12-bit 16 PWM 

channels which are enough to control the servos of the helicopter and a camera gimbal 

if it is required to install one. The software was developed using MPLAB IDE 

software from microchip and C30 compiler. The Explorer 16 board was used to debug 

the code and test for errors. After writing the code, A PCB design was made using 

Eagle software and then manufactured in AUS to host the dsPIC processor and 

provide the IOs to connect the autopilot to the hardware of the helicopter as shown in 

Figures 89, 90. 

 

 

Figure 88 Commercially available autopilots 
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Table 35 Comparison between different autopilots 

 Kestrel 2.2 MP 2028 
Piccolo 

LT(w.modem) 
Unav 3500 

Dimensions (cm) 5.08 X 3.5 X 1.2 10 X 4 X 1.5 13 X 5.9 X 1.9 10.16 X 5.08 X 2.03 

Weight (grams) 16.7 28 45 42.45 

Power 

Consumption 
500mA 140mA 4 W 100mA 

Price in USD 5000 5500 - 5000 

Clock speed 29 MHz 3 MIPS 40 MHz 40 MIPS 

Memory 512 - 448 256 

Operating 

Temperature 
-40 ~ +85 - -40 ~ +80 0 ~ +60 

Max Gyro rate 

(Degree/Sec) 
±300 ±150 - ±150 

Max 

Acceleration 
±10g ±2g - ±2g 

Max Magneto 

meter 
±1(G) - - - 

Altitude 

measurement 

(meter) 

-13.7~3414 0~12000 - 0 ~ 4876.8 

Air Speed 

(mile/hour) 
0 ~ 130 0 ~ 311 - - 

Waypoints 

navigation 

ability 

Yes Yes Yes Yes 

Auto takeoff and 

landing 
Yes Yes Yes No 

Altitude Hold Yes Yes Yes Yes 

Air Speed Hold Yes Yes Yes Yes 

Multi UAV 

support 
Yes No Yes No 

Attitude Control 

Loop (Hz) 
- 30 - 50 

Servo Control 

Rate (Hz) 
- 50 - 50 

Telemetry Rate 

(Hz) 
- 5 25 1 

Onboard Log 

Rate (Hz) 
<100 5 - 1 
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Figure 89 PCB design of the autopilot using Eagle software 

 

 

Figure 90 The final design of the autopilot 
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6.3 Hardware in the loop simulation test 

After designing the autopilot hardware and programming the LQI controller into it. A 

hardware in the loop simulation was performed to test the functionality of the 

autopilot, In this test a dSPACE CLP1104 controller board was used to simulate the 

helicopter dynamics, sensors and servo actuators. The dSPACE CLP1104 shown in 

Figure 91 has 8 pulse width measuring modules that were used to read the PWM 

outputs from the dsPIC autopilot and based on those measurements it would update 

the servo actuators, the helicopter model and the sensors readings which were sent 

serially through RS232 port to the dsPIC autopilot, a general block diagram of the test 

is shown in Figure 92. After that the Control Desk software was used to interface 

between the dSPACE readings and MATLAB, the results of the test for controlling X, 

Y, Z and Heading are shown in Figure 93. 

 

 

Figure 91 dSPACE CLP1104 controller board 

 

 

Figure 92 General Block Diagram of the HIL test 
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Figure 93 Hardware in the loop simulation results 
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Chapter 7 

7. Conclusion 
 

In this thesis, a complete and an optimal solution to control the Joker 3 miniature 

helicopter was presented, in chapter 2, the derivation of a nonlinear dynamic model 

which sufficiently describes the Joker 3 helicopter in a wide range of flight conditions 

was obtained. In chapter 3, Different control methodologies were designed and tested 

against an appropriate number of tests to find the optimal control algorithm for 

controlling the attitude, altitude and position of the Joker 3 helicopter. It was found 

that the PID controller is the best in terms of servo cycles in the performance test. The 

Fuzzy PID controller performed the best in the Noise attenuation test. The LQR 

performed well in most of tests except it failed to handle disturbances to input signal. 

The LQI controller showed the best performance in most of the tests and for that it 

was selected to be the main controller in controlling the attitude, altitude and position 

of the helicopter. The main drawback of the LQI controller is that it requires the 

knowledge of all the states at every instant of the sampling time. for that an Inertial 

Navigation System (INS) was designed using the Direction Cosine Matrix algorithm 

and a reduced order state observer was designed to compensate for the missing states 

in the measurement vector in chapter 4. In chapter 5, a position controller was 

developed to allow the Joker 3 helicopter to perform waypoint navigation missions. In 

chapter 6, an autopilot pilot was designed and manufactured using dsPIC33 

microcontroller unit as the main processor and a hardware-in-the-loop simulation test 

was developed using the dSPACE CLP1104 controller to test both the autopilot’s 

hardware and software functionality which was found to be functioning in a stable 

and appropriate way. 
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