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Abstract 

Although unmanned aerial vehicle (UAV) technology is the subject of extensive research, this 

technology can still only be applied to existing aircraft with changes to the hardware and software required. 

However, there are needs for converting existing aircrafts to unmanned aircrafts in a short time for disaster 

area because developing a new UAV costs a lot of money and time. Currently, auto pilot is built in some 

existing aircrafts, but auto pilot itself is not able to perform any mission due to the limited authority of the 

auto pilot. Also, optionally piloted vehicle (OPV) is developed recently, but OPV requires too much actuators 

and is platform dependent. Therefore, an unmanned system in which a humanoid robot acts as the pilot is 

proposed for use in converting existing aircraft into unmanned aircraft with minimal modifications.  

Hardware architecture is designed and implemented as to have humanoid features. Degrees of 

freedom (DOF) is concentrated on arms of the pilot robot because most of the work is to manipulate cockpit 

with hands. The legs are designed to have 3 DOF which is the minimum DOF to manipulate pedal. Workspace 

analysis is done to design legs and check if workspace is covering all the cockpit environment. Electronics, 

such as computing, networking, and power sources, are selected and implemented to meet the performance 

of actuators. 

Software architecture is designed based on flight procedures approved by FAA and cockpit 

configuration defined with transformation matrix. The algorithm is forming a feedback control loop 

combining line-of-sight (LOS) guidance, PID control, and position control of the manipulator. Waypoint 

planning which is the main stream of the control loop is designed based on the flight procedures.  

Flight simulation using X-Plane and flight motion simulator is performed to verify the performance 

and feasibility of the pilot robot. The model of aircraft is Comanche PA-24 and the flight scenario is take-off 

at Yeosu airport and landing on the same airport. As a result, the pilot robot operated the aircraft successfully 

following the flight scenario and showed the possibility of converting existing aircraft into unmanned aircraft 

using a pilot robot. 
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Chapter 1. Introduction 

 Background and Motivation 

The Industrial Revolution of the 19th century liberated humans from repetitive, difficult, and 

mindless labor. Systems developed to take the place of human required new types of labor to operate them, 

one of which was operation or control. Driving or controlling an automobile or aircraft is more complicated 

than earlier types of labor, but it can still be considered repetitive and difficult labor. As a contribution to 

research being conducted worldwide on unmanned transport methods, this paper proposes an unmanned 

aircraft technology that uses a humanoid robot and presents the results of a simulation conducted to test the 

feasibility of this technology. 

Not only technical issue about the unmanned aircraft vehicle, but also global accident, Fukushima 

Daiichi nuclear disaster, has motivated pilot robot research. At that time, a helicopter has poured water on 

the accident site to cool down as shown on the left of Figure 1.1. However, the helicopter could not approach 

close to the site due to the radiation exposure to the pilots. Hence, the water was fluttered in the air and the 

mission was not efficient. If there exists technology that converts existing aircrafts into unmanned aircrafts 

in a short time, suppression of heat of the nuclear plant would be more efficient because pilot robots are able 

to approach closer to the accident site than human do. 

In addition, global competition called DARPA Robotics Challenge showed the needs of humanoid 

robots for conducting missions at the hazardous site.[23] DARPA Robotics Challenge has been held annually 

since 2012 in the US. In this challenge, the contestants seek to demonstrate their ability to handle various 

types of disaster using humanoid robots and the tools and mechanical equipment around them. The final 

competition added driving mission which humanoid robots ride on a car and drive to the mission site as 

shown on the right of Figure 1.1. This mission shows that humanoid robots need to use existing vehicles to 

get to the accident site.  

The trend in current research on unmanned aircrafts is the implementation of autonomous flight using 

electrical or hydraulic actuators installed on the control panel that respond to the commands given by the 

    

Figure 1.1. Fukushima Nuclear Disaster (Left), DARPA Robotics Challenge (Right) 



 

-2- 

 

flight control computer. Recently, with advancements in unmanned aircraft technology, some existing 

manned aircraft have been altered to function as unmanned aircraft to meet the demands of high payloads, 

long flight distances, a greater diversity of tasks to be performed, and increased task requirements. Manned–

unmanned aircraft, made by modifying a manned aircraft to function as an unmanned one, is called an 

optionally piloted vehicle (OPV) shown in Figure 1.3. Developed using an aircraft with a proven safety 

record, this type of aircraft can meet the demands of high payloads and long flight distances while offering 

the advantages of low risk and low cost.[21]  

Another current system is auto pilot built in modern aircrafts as shown in Figure 1.2. The auto pilot 

is capable of controlling the vehicle such as cruising. The drawback of auto pilot is that it has limited authority, 

so conducting a task is not possible only with the auto pilot. In addition, part time automation of auto pilot is 

even creating a crisis in the cockpit.[1] 

As an alternative to OPV technology, in which separate actuators are installed in manned aircraft to 

operate the control panels, and auto pilot which as limited authority of aircrafts, this paper proposes a 

technology for converting a manned aircraft into an unmanned one using a humanoid robot. Developing a 

humanoid pilot robot also meets the demand from Fukushima nuclear accident and DARPA Robotics 

Challenge. With this technology, the advantages of OPV technology, such as its high payload capacity, long 

flight distances, and low risk, can be retained because, as with the OPV technology, it uses an existing aircraft, 

without making individual modifications to "unman" it. Furthermore, a humanoid robot can be boarded on 

an manned aircraft when "unmanning" is required, as needed, making this technology universal, expansive, 

and much more economical. 

 

Figure 1.3. KARI's OPV 

 

Figure 1.2. Auto Pilot System in Boeing 747 
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 Related Research and Project 

There are some researches and a project related to an operating robot. K. Yokoi et al. had mentioned 

that one of the applications for humanoid robots could be “operating industrial vehicles.”[16] H. Hasunuma 

et al. also verified that teleoperated humanoid robot could drive a lift truck and a backhoe via experiments 

as shown in Figure 1.4.[3-4] Those researches are meaningful as they firstly proposed and verified the 

feasibility of operating robot even though it was teleoperation. Recently, A. Paolillo et al. has improved the 

autonomy of the operating robot using a camera sensor.[11] His team automated the steering of driving 

simulation by localizing the car on the center of the road using a camera as shown in Figure 1.5. Still, this 

research has limitations due to teleoperation of other functionality such as brake and acceleration.  

On the other hand, there is a project going on organized by DARPA called ALIAS which stands for 

“Aircrew Labor In-cockpit Automation System”. Total budget is $57.7M and this project is planned from 

FY15 to FY18. The objective of the ALIAS program is to develop and insert new automation into existing 

aircraft to enable operation with reduced onboard crew.[19] The basic concept of ALIAS is breaking direct 

link between an aircraft and a pilot as shown in Figure 1.6. Therefore, ALIAS takes control of low level 

operation such as guidance and control of aircraft and the pilot takes only high level operation such as task 

assignment. As a result of phase 1 of ALIAS project, Aurora Flight Science has developed an optionally 

piloted aircraft for the interface between the aircraft and ALIAS system as shown on the left of Figure 1.7.[24] 

   

Figure 1.4. A Teleoperated Humanoid Robot Driving a Backhoe 

 

Figure 1.5. A Humanoid Robot Driving a Car on a Driving Simulator 
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Also, Sikorsky Aircraft Corporation has designed a software on a pad that enables high level of commanding 

from a pilot to ALIAS system as shown on the right of Figure 1.7.[25] ALIAS project shows that there are 

needs for operating robot which takes low level of flight control and navigation.  

 Previous Works 

As a previous works, miniature pilot robot has been developed and verified via flight simulation and 

flight test. Jeong et al. has designed a miniature pilot robot and a flight simulation environment as shown on 

the left of Figure 1.8 and verified the feasibility of the pilot robot via flight simulation.[5-6] For the next step, 

Song et al. carried out flight experiment w the miniature pilot robot.[14] In the flight experiment, the 

miniature pilot robot is used to pilot a 50cc remote-controlled(RC) aircraft autonomously as shown on the 

right of Figure 1.8.  

 Thesis Objectives and Organization 

The objective of this thesis is to design a human-scale pilot robot from hardware and software point 

of view. The reason of scaling the pilot robot up to human size is to apply the pilot robot to the real aircrafts. 

Development of the pilot robot aims to simple, fully functional automation of existing aircrafts. In chapter 2, 

the concept design of the pilot robot is described. In this chapter, 3 types of problems is defined for the pilot 

robot design and corresponding approaches are introduced. Next, design method and analysis of hardware 

architecture is described in chapter 3. In chapter 4, design procedure of software architecture is explained 

 

Figure 1.6. Concept of ALIAS 

   

Figure 1.7. ALIAS phase1, Aurora Flight Science (Left), Sikorsky Aircraft Corp. (Right) 
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including auto-pilot and manipulation program. Chapter 5 shows the result of flight simulation with the pilot 

robot. The pilot robot operate a fixed-wing aircraft conducting auto take-off and landing. Lastly, the 

conclusion of this thesis is presented in chapter 6.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

     

Figure 1.8. Miniature Pilot Robot Flight Simulation (Left), Flight Test (Right) 
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Chapter 2. Concept Design 

 Problem Definition 

Three problems could be defined in order to build a pilot robot. The first problem is that hardware 

should be designed suitable for the objectives of this thesis, simple and fully functional automation of existing 

aircrafts. The second problem is that cockpit environment which is designed for human pilot should be 

configured mathematically to let the pilot robot operate existing aircrafts. The last problem is to design 

control algorithm considering the robot in the conventional auto pilot control loop. The control algorithm 

should be designed considering the flight procedure of the existing aircrafts. Defining those three problems 

result in implementing low level operation of the pilot robot.  

 Approaches 

The strategies to solve problems above are shown in Table 2.1. The hardware design problem for the 

pilot robot should pursue the approach that this system should break platform dependence in autonomy 

development such as minimally invasive and rapidly adaptable. A proper solution for the hardware design 

satisfying the approach is humanoid robot because cockpit environment of every aircraft is designed to suit 

human. Features of humanoid pilot robot in different types of aircrafts are shown in Figure 2.1. Next, the 

cockpit configuration could be represented mathematically by assigning a 3 dimensional Cartesian frame to 

each controller, lever, and switch. Based on the frame, cockpit configuration should include the information 

about the operating ranges and directions of each cockpit component. Figure 2.2 shows examples of cockpit 

Table 2.1. Concept Design and Approach 

Topic Approach 

Robot Design 

• Minimally Invasive 

• Rapidly Adaptable 

• Centralized 

Cockpit Configuration 

• Frame Assignment 

• Operating Directions 

• Operating Ranges 

Control Algorithm 
• Robot in The Loop Control 

• Flight Manual Procedure 
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configuration for yoke and throttle lever. The 3 dimensional Cartesian frames are expressed in black and the 

operating ranges and directions are expressed in yellow. Lastly, control algorithm should be designed 

inserting robot control part in the conventional auto pilot loop as shown in Figure 2.3. Also, flight procedure 

of existing aircrafts should be programmed in the control algorithm to operate existing aircrafts.  

 

 

 

 
Figure 2.1. Concept of Pilot Robot 

 

Figure 2.2. Cockpit Configuration 

 

Figure 2.3. Robot in the Loop Control 
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PIBOTAircraft
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Chapter 3. Hardware Architecture 

 Mechanical Configuration 

The hardware of the pilot robot, PIBOT, is designed as to have a humanoid feature because PIBOT 

aims to convert existing aircrafts into unmanned aircrafts with minimal modification as mentioned in chapter 

2. The dimensions of PIBOT are shown in Figure 3.1 and mechanical specifications such as degrees of 

freedom (DOF), dimensions, and weight are shown in Table 3.1.[7, 15] Distinguishing features of PIBOT 

from conventional humanoid robots are the torso and the legs. The torso is designed in ‘L’ shape as to 

specialize in sitting pose and get rid of pose change of PIBOT due to movements of legs. In case of legs, 

DOF is 3 which is less than the DOF of conventional humanoid robots’ leg which is 6. The reason why 

PIBOT has 3 less DOF than the conventional one is that pedal operation requires only 3 DOF. In another 

 

Figure 3.1. Dimensions of PIBOT 
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words, those distinguishing features result from special purpose of PIBOT that is aircraft operation. Each 

arm has 6 DOF and hands have total 4 DOF so total DOF is 22 including legs’ DOF. The height of PIBOT is 

about 1.3 m and the sitting height is about 0.6 m. Total weight of PIBOT is around 24.1 kg including power 

and electronics. Weight of arms and legs takes about 80% of total weight of PIBOT.  

Kinematic configuration of PIBOT is shown in Figure 3.2 and movable range of each joint is 

compared with human’s joint in Table 3.2.[7] In Figure 3.2, each joint is expressed in cylindrical shape and 

the model of motor is classified by color. Basically every actuator of arms and legs is Dynamixel Pro made 

by ROBOTIS and actuators closer to the torso have higher torque.[8] ‘DXL Pro H54-200’ model has 44.7 

Nm with 29 RPM and its maximum power consumption is 200 W. Next, ‘DXL Pro H54-100’ model has 24.8 

Nm with 30.1 RPM and its maximum power consumption is 100 W. Lastly, ‘DXL Pro H42-20’ model has 

Table 3.1. Specifications of PIBOT 

DOF 

Arms: 6 DOF/arm × 2               = 12 DOF 

(Shoulder: 2, Elbow: 1, Wrist: 3) 

Hands: 3 DOF(left) + 1 DOF(right)     = 4 DOF 

Legs: 3 DOF/leg × 2                  = 6 DOF 

(Hip: 1, Knee: 1, Ankle: 1) 

Total:                              22 DOF 

Dimension 

Height:                         1273.2 [mm] 

Sitting Height:                    589.3 [mm] 

Width:                             462.0 [mm] 

Depth:                             380.0 [mm] 

Upper Arm Length:                264.0 [mm] 

Lower Arm Length:                   258.0 [mm] 

Upper Leg Length:                  356.0 [mm] 

Lower Leg Length:                  350.0 [mm] 

Weight 

Head: 0.6 [kg]                       = 0.6 [kg] 

Arms: 5.5 [kg/arm] × 2              = 11.0 [kg] 

Torso: 4.9 [kg]                     = 4.9 [kg] 

(Frame: 1 [kg], PC: 0.6 [kg], Power: 3.3 [kg]) 

Legs: 3.8 [kg/leg] × 2                 = 7.6 [kg] 

Total:                             24.1 [kg] 
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6.3 Nm with 29.8 RPM and its maximum power consumption is 20 W. In section 3.3, power source of PIBOT 

is designed based on the sum of the maximum power consumption of every actuator composing PIBOT. Joint 

of arms and legs are compared to human’s one in order to get intuitive kinematic performance of PIBOT. 

Human arm has 7 DOF, while PIBOT arm has 6 DOF which lacks one DOF at shoulder. However, 6 DOF is 

enough to locate and pose the end effector in 3 dimensional space. Therefore, human arms have redundant 

DOF which results in more natural and various postures of arms. Movable range of most joints of PIBOT’s 

arm is wider than the corresponding joint of human arm. Thus, PIBOT arm has bigger workspace than the 

one of human. For example, PIBOT is able to put the end effector in the back of the torso which human can 

rarely do.  

 

Figure 3.2. Kinematic Configuration of PIBOT 
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 Workspace Analysis 

To check if the cockpit environment is covered by the end effectors of arms and legs, drawing the 

workspace for the arms and legs is required. The workspace of legs is analyzed and used in determining the 

length of thigh and calf of PIBOT. The position of end effector is the most important factor when analyzing 

the workspace because the orientation of the end effector seldom affects to the coverage of the end effector. 

There are 2 DOF which determines the position of the end effector of the leg among 3 DOF, so the end 

effector can be configured by (x, y) for Cartesian position and (θ) for the angle of the foot. The workspace 

of the legs is composed of the combination of 2 dimensional circle on a plane with the radius of whole length 

of the leg and the length of calf subtracting the circle with the radius of the length of thigh within the movable 

range of each joint as shown in Figure 3.3.[10] The length of thigh and calf should be designed so that 

Table 3.2. Movable Range of Each Joint 

Joint Human PIBOT 

Arm 

Shoulder 

R -90°~0° -90°~90° 

P -180°~50° -180°~180° 

Y -90°~90° - 

Elbow R -145°~0° -180°~45° 

Wrist 

R -55°~25° -90°~90° 

P -70°~90° -90°~90° 

Y -90°~90° -180°~180° 

Leg 

Hip 

R -45°~20° - 

P -125°~15° -180°~0° 

Y -45°~45° - 

Knee P 0°~130° -100°~100° 

Ankle 
R -20°~30° - 

P -20°~45° -90°~90° 
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workspace covers the operating range of cockpit pedal. The operating direction and range of the pedal are 

denoted by drd and the range of workspace along the same direction of the pedal is denoted by rrd in Figure 

3.3. The design parameters for the leg are shown in Figure 3.4. As a result, rrd is 285 mm which is longer 

than drd, 160 mm, by designing the length of thigh (L1) as 356 mm and the calf (L2) as 350 mm. Hence, the 

 

Figure 3.3. Workspace Analysis of Legs 

 

Figure 3.4. Design Parameter of Legs 
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leg is designed so that the foot sufficiently covers the operating range of the pedal. Based on the design, 

necessary parts are ordered and made to order as shown on the left of Figure 3.5. Finally, the leg is 

implemented as shown on the right of Figure 3.5 by assembling all the parts prepared. 

The workspace of arms is more complicated than the one of legs due to higher DOF. There are 3 DOF 

which determines the position of the gripper among 6 DOF, so the end effector can be configured by (x, y, z) 

for the Cartesian position and (θ, φ) for the orientation of the end effector. Thus, the position of gripper 

covers 3 dimensional spherical space as shown in Figure 3.6.[2] There is no design parameter to change the 

workspace except the location of chair because the manipulator is a ready-made. If the workspace of the 

manipulator does not fully covers cockpit environment, the distance between chair and the cockpit could be 

changed. Consequently, the left arm sufficiently covers the yoke of cockpit and the right arm covers switch 

panels and throttle levers as shown in Figure 3.7.  

  

Figure 3.5. Leg Parts (Left) and Assembly (Right) 

 

Figure 3.6. Workspace Analysis of Arms 
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 Electronics 

Electronics of PIBOT are composed of Computing, Networking, and Power sources as shown in 

Table 3.3.[21] First of all, computing source of PIBOT is a mini computer called NUC made by Intel 

Corporation as shown on the left of Figure 3.9. NUC is 115 111 48.7× × mm and 0.6 kg. The CPU is i7-

5557U and has 8 GB of RAM. The OS is Windows 7. This computer takes data and process them following 

the algorithm. Secondly, networking in PIBOT can be divided into communication among the actuators and 

between PIBOT and a simulator computer. Dynamixel actuators are basically using RS 485 communication 

in Daisy chain and PIBOT computer is networked via Ethernet with simulation computer. The signals of 

actuators are finally converted into USB type using USB2Dynamixel. The interconnections of actuators and 

computers are shown in Figure 3.8. Lastly, PIBOT is using Mean Well RSP-2400-24 for its power source. 

This AC-DC converter has capacity of the maximum 2400 W in 24 V. The capacity of the power source is 

determined based on the sum of the maximum power consumption of every actuators of PIBOT. The power 

source is 278 177.8 63.5× × mm and 3.3 kg. The feature of this power supply is high power density which is 

good at minimizing the size of torso. A small transformer is used to convert 24 VDC into 12 VDC because 

the grippers of PIBOT are working on 12 V. Therefore, a transformer is attached on the last actuator of each 

  

Figure 3.7. Workspace of Left Arm (Left), Right Arm (Right) 

Table 3.3. Computing, Networking, Power Source of PIBOT 

Computing Intel NUC5 i7 RYH 

Networking 

Arms, Hands, Legs RS 485(Daisy Chain), USB 

Simulation Data Ethernet 

Power Mean Well RSP-2400-24 
(2400W, 24V) 
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arm and supply 12VDC to the gripper. The interconnection for power is also shown in Figure 3.8 with red 

and black line. 

 

Figure 3.8. PIBOT Hardware Interconnection 

 

RS485
USB

Vcc
GND

Ethernet

     

Figure 3.9. Computing Source (Left), Power Source (Right) 
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 Components and Assembly 

Hardware of PIBOT consists of two kinds of grippers, 6 DOF manipulators for arms, 3 DOF 

manipulators for legs, and a torso. 3 DOF ROBOTIS gripper is used for the left hand as shown on the left of 

Figure 3.10. The advantage of this gripper is durability due to the metal 4 bar linkage mechanism. The 

disadvantage of this gripper is low dexterity and shape adaptability. This 3 DOF hand is holding the yoke 

most of the time. 1 DOF gripper shown on the right of Figure 3.10 is made by manufactured goods from 

ROBOTIS and a 3D printed part. This gripper is used to manipulate switches and holding a throttle lever. 

The 3D printed adaptor on the frame is to rotate starter on the switch panel. The advantage of this gripper is 

simple structure. However, 1 DOF gripper is not enough to manipulate all the kinds of switches and levers 

on the cockpit. 6 DOF manipulator is manufactured product from ROBOTIS and it is used for the left and 

right arm. 3 DOF manipulator is designed and made using the same actuator with the arms. Arms and legs 

    

Figure 3.10. ROBOTIS 3 DOF Hand (Left), 1 DOF Hand (Right) 

             

Figure 3.11. ROBOTIS 6 DOF Arm (Left), 3 DOF Leg (Right) 
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are show in Figure 3.11. Torso is designed as to not only hold arms and legs, but also contain computing and 

power sources. Torso is composed of aluminum frame and panel as shown in Figure 3.12. All the components 

are assembled in 3D cad program as shown in Figure 3.13. Finally, PIBOT is implemented by assembling all 

the components prepared as shown in Figure 3.14. 

 

 

Figure 3.12. Torso of PIBOT 

 

   

Figure 3.13. Assembled PIBOT in 3D CAD 

 



 

-18- 

 

 

   

 

Figure 3.14. Assembled PIBOT 
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Chapter 4. Software Architecture 

 Flight Procedure 

Flight procedure composes the main flow of waypoint numbering in the later section because PIBOT 

is designed to manipulate existing aircrafts. There are flight manuals for every aircraft model and each 

manual has different standards and procedures. However, there exist similarities between the manuals for the 

same type of aircraft. In this research, two fixed wing aircrafts’ flight manuals are analyzed and common 

procedures are extracted.[18, 22] The aircrafts’ model is Comanche PA-24 and Baron 58 as shown in Figure 

4.1. The procedures are composed of 8 phases, starting engine, before take-off, take-off, climb, cruising, 

descent, approach and landing, and after landing. Starting engine and before take-off phases are proceeded 

by turning on the master switch, electric fuel pump, avionics master and starter with mixture and propeller 

control full forward. In take-off phase, throttle should be opened using a smooth and steady movement to 

accelerate to VR which is rotation speed. Rotation speed is the speed to take-off because aircraft should rotate 

pitch to take-off. When the speed reaches VR, yoke should be pulled to rotate pitch and climb attitude. As 

attitude increases, landing gear is retracted to reduce the drag. Next phase is climb and the speed is 

accelerated to the best rate of climb speed, VY, in this phase. In cruising phase, aircrafts flies straight keeping 

an attitude in maneuvering speed, VA. In descent phase, aircrafts begin to decrease altitude and speed to 

prepare for landing. The desired speed in descent phase is approach speed, VAPP. Next, approach and landing 

phase set the aircrafts ready to land by extending landing gear and moving flaps down. When the aircrafts 

approaches close enough to the ground, the yoke should be pulled back to put airplane weight on main landing 

gear, which is also called flare and brake should be applied. After landing, flaps should be moved up and all 

the switches should be turned off. Specifications of two aircrafts are shown in Table 4.1 including standard 

speed of each phase. All the standard speeds of Baron 58 are higher than the ones of PA-24 due to higher 

gross weight of Baron 58. Other than those speeds, two aircrafts shares the main flight procedures because 

they are the same aircraft type, fixed wing, even though PA-24 and Baron 58 are different aircraft model. 

Among the various flight scenarios, this research adopted the basic flight scenario mentioned in 

‘Flight Training Handbook’ approved by FAA.[20] Take-off and climb part of the scenario is shown on the 

    

Figure 4.1. Comanche PA-24(Left), Baron 58(Right) 
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left of Figure 4.2 and approach and landing part of the scenario is shown on the right of Figure 4.2. The 

aircraft takes off and climbs straight along the runway heading and the aircraft turns and flies to land on the 

starting point. The aircraft begins to approach and land along the runway heading as enough distance is 

secured. More detail flight scenario is described in section 4.4.  

 Cockpit Configuration 

Before design overall program for PIBOT cockpit configuration should be defined as well as the 

flight procedures. Transformation matrix is used to define cockpit environment for a robot. Transformation 

matrix is 4 4× matrix composed of a rotation matrix ( 3 3× ) and a translation vector ( 3 1× ). Transformation 

matrix enables rotate and translate a three dimensional vector in three dimensional space. Therefore, 

transformation matrix is used to put an end effector in certain orientation and location. Defining cockpit 

configuration is a process of assigning proper Cartesian coordinate frames to each holding and pressing point 

on the cockpit as shown in Figure 4.3. For example, defining switch configuration is assigning Fsw to the 

pressing point of the switch panel and defining a transformation matrix as equation (1). 

Table 4.1. Specifications of Aircrafts 

 
Comanche PA-24 Baron 58 

Wingspan [m] 11.28 10.97 

Gross Weight [lbs] 2800 5500 

VR [knot] 74 85 

VY [knot] 91 105 

VA [knot] 125 156 

VAPP [knot] 72 95 

VS0 [knot] 57 74 

 

  

Figure 4.2. Take-off and Climb(Left), Approach and Landing(Right) 
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  (1) 

The transformation matrix for the switch has a variable dsw in translational part because end effector 

should press the button in y direction of the world coordinate. The variable dsw is either 0 or 5 mm. θsw,z and 

the other numbers in the matrix are constant as long as PIBOT sticks on the seat. As shown in the switch 

 

Figure 4.3. Simulator Yoke, Throttle, Switch Panel(Left), Pedal(Right) 

Table 4.2. Cockpit Configuration 

 Operating Type Operating Range 

Yoke 
Translation -40~40 [mm] 

Rotation -90°~90° 

Throttle Translation 0~80 [mm] 

Avionics Switch On/Off 0,5 [mm] 

Starter Rotation 
(Discrete) 

0°,30°,60°, 
90°,120° 

Landing Gear Up/Down -20,20 [mm] 

Flap Up/Down 
(Multiple) -5,5 [mm] 

Pedal 

Translation 
(Reverse Pairing) -80~80 [mm] 

Rotation 0°~10° 
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configuration example, each component on the cockpit has its own operating type, such as translation and 

rotation, and an operating range continuously or discretely. The switch has on/off operating type and discrete 

operating range as 0, 5 mm. The operating type and range of the other cockpit components are shown in 

Table 4.2.  

Engine starter is rotating type component in discrete operating range as shown on the left of Figure 

4.4. The transformation matrix is described in equation (2). 

 

, , ,

, , ,
,

cos sin cos sin sin 44
sin cos cos cos sin 615

0 sin cos 85
0 0 0 1

st z st z st z

st z st z st z
ArmO R stT

θ θ β θ β
θ θ β θ β

β β−

− − 
 − =
 
 
 

  (2) 

In starter transformation matrix, β is a discrete variable among 0°, 30°, 60°, 90°, 120°. In the same 

way, throttle lever and yoke are configured by assigning Fth and Fyk,L to the holding point of them as 

shown on the right of Figure 4.4 and Figure 4.5. Also, the transformation matrix of throttle and yoke 

are described in equation (3) and (4). 
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0 0 0 1

th z th z

th z th z th
ArmO R th

d
T −

θ − θ 
 θ θ + =
 
 
 

 (3) 
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 −
 
 

  (4) 

       

Figure 4.4. Transformation for Switch(On) and Starter(Left), Throttle Lever(Right) 
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The transformation matrix for the throttle lever has a variable dth in translational part because throttle 

lever is moving in y direction of the world coordinate. The range of the variable dth is 0 to 80 mm. The 

transformation matrix for the yoke is composed of multiplication of four rotational matrix for the rotation 

part. The variables of yoke operation are α and dyk because the operating type of yoke is rotational and 

translational. α is changing -90°~90° and dyk is changing in -40~40 mm. All the θs and numbers in every 

transformation matrix are constant as long as PIBOT sticks on the seat. If PIBOT has moved on the seat, 

some of the constants should be tuned.  

 

 

Figure 4.6. Simulator Cockpit Configuration 

 

Figure 4.5. Transformation for Yoke 
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 Initialization and Data Communication 

Based on the flight procedure and cockpit configuration, PIBOT program is designed. The algorithm 

forms a feedback loop to control an aircraft. Before starting the loop, there are two steps as shown in Figure 

4.7 and 4.8. The first one is initialization step which connect communication between the computer and 

actuators. Also, this step initializes the pose of PIBOT and starts the engine by turning on the switches and 

the starter. Finally, arms hold yoke and throttle lever and legs put their feet on the pedal.  

The second step is connecting the data communication between PIBOT and simulator as shown in 

Figure 4.8. The data communication is using UDP protocol which handles data communication in an IP 

address. Therefore, PIBOT computer and the simulator computer are connected via an Ethernet cable. Once 

PIBOT and the simulator are linked each other, PIBOT begins to receive specific data from the flight 

simulation program every loop. 

The data coming from the flight simulation program are states of the aircrafts. The states include 

angular velocities, attitude, angle of attack, LLH (latitude, longitude, height), NED (north, east, down) 

velocities, and landing gear force. Each state is used to get another form of information or to implement 

feedback control of the aircrafts as shown in Table 4.3. Angular velocities and attitude are used in derivative 

and proportional control of the aircraft. Angle of attack is used for longitudinal guidance. LLH information 

is not only converted into NED information, but also used for lateral guidance of the aircraft. NED velocities 

 

Figure 4.7. Flow of Software (Initialize) 
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are used to calculate total velocity and course heading of the aircrafts. Lastly, landing gear force is used to 

check if the aircrafts are landed. 

Screen shot of communication setting screen of the flight simulation program is shown in Figure 4.9. 

The simulation program has a functionality to choose which states are sent through the UDP communication. 

 

Figure 4.8. Flow of Software(X-Plane Connection) 

Table 4.3. Usage of Flight States Received 

Data Input Usage 

Angular Velocities D Control 

Attitude P Control 

Angle of Attack Longitudinal Guidance 

LLH NED, Lateral Guidance 

NED velocities Total Velocity, Course Heading 

Landing Gear Force Landing Check 
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 Waypoint Planning 

Waypoint numbers and their contents are designed based on the flight procedures mentioned in 

section 4.1. Counter clockwise and clockwise flight paths are selected and divided into 7 waypoints as shown 

in Figure 4.10.[20] The flight path is basically takes off along the runway heading and comes back to the 

departing point of the path by turning counter clockwise or clockwise.  

The overall flow of the waypoint planning is shown in Figure 4.11. The first waypoint is accelerating 

part so the desired heading is runway heading and the desired speed is rotation speed. The conditions to move 

on to the next waypoint are heading error less than 3° and speed error less than 3 m/s. The second waypoint 

is take-off and climb step which increases altitude by pitching up. In this step, desired heading is still runway 

heading and the desired speed is best-rate-of-climb rate, VY. When altitude is higher than 20 m, multi-

threading begins to execute landing gear up operation with right hand. Multi-threading uses two threads of 

CPU, so concurrent execution of different algorithm is possible. Therefore, multi-threading is implemented 

to execute main stream control loop for the left arm and landing gear up operation for the right arm. Landing 

gear up operation is just changing the transformation matrix for the right hand to get to the landing gear 

switch and press upward.  

      

Figure 4.9. Network (Left), Data Input (Right) Setting on Flight Simulator 

  

Figure 4.10. Flight Pattern with Waypoint Numbers (Left: CCW, Right: CW) 
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#1: Accelerate

#2: Take-off and Climb Landing Gear Up

#3: Turn and Cruise

#4: Descent Turn

#5: Approach Landing Gear, Flap Down

#6: Flare

#7: Landing and Stop

Heading=ψrwy , Vref=VR

Heading=ψrwy , Vref=VY , 
Href = Hcruise

eψ <3°, ev<3m/s

H>20m

Heading=ψrwy-180° , 
Vref=VA , Href = Hcruise , 

Pe_offset>2Rmin

H>150m

Heading=ψrwy , Vref=VApp , 
Href = HApp , Pe_offset=0

eψ <5°, FBcheck=1, dxy>2km

Heading=ψrwy , Vref=VS0 , 
Pitch=Glide Slope

H<130m

Pe<20m, FBcheck=0, eψ <7°

, 90 (constant),  0,5[ ](discrete variable)flap z flapd mmθ = =Heading=ψrwy , Vref=0 , 
Pitch=θflare 

H<Hflare

Heading=ψrwy ,
Toe brake on

Fgear>0

Landing Gear Down

Flap Down

lg, lg, lg

lg, lg,
, lg

cos sin 0 46
sin cos 0 628

0 0 1 295
0 0 0 1

z z

z z
ArmO R

d

T

θ θ
θ θ

−

− − + 
 
 =
 
 
 

lg, lg90 (constant),  0, 20[ ](discrete variable)z d mmθ = = −

lg, lg90 (constant),  0,20[ ](discrete variable)z d mmθ = =

 

Figure 4.11. Waypoint Numbering Flow 
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There are some predefined terms in waypoint planning and they are shown in Figure 4.12. Pe is the 

distance between an aircraft and the desired path vector. Pe_offset is added to Pe to make the aircraft turn. 

Therefore, Pe_offset means turning diameter. FBcheck is used to check if the aircraft is in front of the starting 

point or in the back of the starting point. The distance between starting point and the aircraft is defined as 

dxy. ψrwy mean heading of runway. 

The third waypoint is turn and cruise step which turns clockwise or counter clockwise and conduct 

level flight keeping the altitude. In this waypoint, desired heading is runway heading minus 180° to go back 

to the starting point. Also, the Pe_offset is set as double of minimum turning radius. Desired speed is set as 

maneuvering speed, VA and desired altitude is set as cruise altitude, Hcruise. Waypoint is changed to 4 when 

the heading error is less than 5, the aircraft is in front of the starting point, FBcheck is 1, and the distance 

between the starting point and the aircraft is over than 2 km, dxy is 2 km. The fourth waypoint is descent turn 

step which turns lowering its altitude. This step is important previous step for landing because low altitude 

results in small glide slope angle and low glide slope angle results in stable landing. In this step, the desired 

heading is set back to the runway heading and the desired speed is set as approach speed, VApp. Pe_offset is also 

set back to 0 to fly along the runway. The waypoint is changed to 5 when Pe is smaller than 20 m, the aircraft 

 

Figure 4.12. Notation Meanings 

 

 

Figure 4.13. Approach and Flare Phase 
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is in the back of the starting point, FBcheck=0, and the heading error is less than 7°.  

In fifth waypoint, the aircraft begins approach by setting desired pitch as glide slope. The glide slope 

is shown in Figure 4.13.[20] Also, the aircraft should extend its landing gear and move flap down when the 

altitude is lower than 130m. Multi-threading is implemented to execute landing gear down and flap down 

operation with right hand and piloting the aircraft with left hand at the same time. Landing gear down and 

flap down operation is a sequence of transformation matrix to press landing gear button and flap lever. As 

landing gear down and flap down operation finish, right hand holds throttle lever again hand controls it. The 

waypoint goes to 6 when the altitude is lower than flare altitude, Hflare.Sixth waypoint is flare which follows 

the final approach and precedes the touchdown. Desired pitch is set to flare angle, θflare,so yoke should be 

pulled back sufficiently to make the desired pitch. The last waypoint is 7 and the aircraft follows the runway 

and stop using toe brake. The toe brake execution is done by changing ankle angle. 

Waypoint numbering is one part of control loop as shown in Figure 4.8. A waypoint is set based on 

the algorithm shown in Figure 4.11 and the rest of the main loop is executed based on the parameters set in 

the waypoint numbering algorithm. 

 Flight Guidance and Control 

After the waypoint numbering, flight guidance and control algorithm is implemented to make proper 

input of the manipulator position control algorithm. Line-of-sight (LOS) guidance is adopted and 

implemented.[17] The lateral LOS guidance law is based on the equations (5)-(11). 

 ( )cmd yaw cmd courseKφ ψ ψ= −   (5) 

 1tan ( )pl e dl e
LOS

app

K P K P
L

ψ − +
=



  (6) 

 cmd path LOSψ ψ ψ= +   (7) 

 sin cos d
e path path

d

x x
P

y y
ψ ψ

− 
 = −    − 

  (8) 

 

Figure 4.14. Lateral (Left), Longitudinal (Right) LOS Guidance Law 

 

 

z (Down)

eH
appH

LOSγ

Longitudinal 
Flight Path

V
nowγ

pathγ

cose pathH γ



 

-30- 
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Kyaw is tuned to 1.0, Lapp is set to 100 m, maxφ is 40, and ς is 0.707. The meaning of the terms are 

shown on the left of Figure 4.14. The longitudinal LOS guidance law is based on the equations (12)-(14). 

 cmd path LOS trimθ γ γ θ= + +   (12) 

 1tan ( )ph e ih e
LOS

app

K H K H

H
γ −

+
= ∫   (13) 

 cose path e cmd nowH H H Hγ ≈ = −   (14) 

Kph is tuned to 0.8, Kih is 0.0, and Happ is 300 m. The meaning of the terms are shown on the right of 

Figure 4.14.  

Control command is generated after the guidance algorithm and the control command is used in flight 

control block in Figure 4.8. PID controller is adopted and implemented.[6] The controller controls aileron, 

elevator, rudder, and throttle as shown in equations (15)-(18). 

 , , ,ail r p r r d r i rK e K p K e tδ = + + ∫    (15) 

 , , ,ele p p p p d p i pK e K q K e tδ = + + ∫    (16) 

 , , ,rud y p y y d y i yK e K r K e tδ = + + ∫    (17) 

 , , ,th v p v v d v v i vK e K e K e tδ = + + ∫
   (18) 

In the control equations, p, q, r mean angular velocities of the aircraft. Control outputs for attitude, 

 

Figure 4.15. Block Diagram of PID Control 
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, ,  ail ele rudδ δ δ , belong to the range from -1 to 1 and control output for velocity, thδ , belongs to the range 

from 0 to 1. Every different aircraft has different gains for the controller because flight characteristic is 

different. Control gains for PA-24 and Baron 58 are listed in Table 4.4. Control part of overall loop diagram 

is shown in Figure 4.15.  

 Manipulator Control 

The last block of the main control loop is manipulator position control block as shown in Figure 4.16. 

The control output from PID controller ranges from -1 to 1 for aileron, elevator, and rudder and from 0 to 1 

for throttle. Those control outputs should be converted into the real scale variables by multiplying joystick 

gains according to the operating range of each component on the cockpit as shown in Figure 4.16. For example, 

the control output for aileron, ailδ , is multiplied by 90 because operating range of rotational motion of yoke is 

-90°~90°. All the joystick gains for each cockpit component are shown in Table 4.5. Product of control outputs 

and joystick gains change variables in transformation matrix in equations (1)-(4).  

Transformation matrix represents desired position and orientation of the end effector. Therefore, joint 

angles to make the end effector move to the desired position and orientation should be calculated and this is 

Table 4.4. PID Gains of Each Aircraft 

 
PA-24 Baron 58 

P I D P I D 

Roll 0.6 0.01 -0.15 0.8 0.01 -0.15 

Pitch -7.0 -0.2 1.0 -10.0 -0.6 8.5 

Yaw 2.7 0.03 -0.7 2.7 0.03 -0.7 

Vel 0.4 0.2 0.0 0.35 0.2 1.5 

 

 

Figure 4.16. Block Diagram of Controller and IK 
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called inverse kinematics.  

Kinematic model of the ROBTIS 6 DOF manipulator is shown in Figure 4.18. This type of manipulator 

is called 6R PUMA-type arm. Forward kinematics should be represented before solving inverse kinematics 

because forward kinematics forms a function which converts each joint angle into a transformation matrix in 

SE(3). Inverse kinematics is getting each joint which satisfies the transformation matrix. Forward kinematics 

of the manipulator in Figure 4.18 can be represented in exponential coordinate as equation (19).[9] 

 

Figure 4.17. Flow of Software (Inverse Kinematics) 

 

Table 4.5. Gains for Converting Control Outputs to IK Inputs 

 Operating Type Operating Range Kj 

Yoke 

Translation -40~40 [mm] 40 

Rotation -90°~90° 90 

Throttle Translation 0~80 [mm] 80 

Pedal Translation 
(Reverse Pairing) -80~80 [mm] 80 
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 3 3 5 5 6 61 1 2 2 4 4[ ] [ ] [ ][ ] [ ] [ ]S S SS S S
ohT e e e e e e Mθ θ θθ θ θ=   (19) 

Toh is a transformation matrix from point o th h in Figure 4.18 and S1~S6 are screw axis for each joint. 

M is hand frame seen from fixed frame at zero configuration. Exponential coordinate representation for SE(3) 

is show in equations (20)-(22). 

 [ ] ˆ[ ] ( )
0 1

S e G v
T e θ ω θ θ 
= =  

 
  (20) 

 2ˆ ˆ( ) (1 cos )[ ] ( sin )[ ]G Iθ θ θ ω θ θ ω= + − + −   (21) 

 ˆ[ ] 2ˆ ˆsin [ ] (1 cos )[ ]e Iω θ θ ω θ ω= + + −   (22) 
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S
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ω 
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  (23) 

 ˆ ˆv q hω ω= − × +   (24) 

In exponential coordinate representation, [] operator means scew-symmetric matrix, ω̂ is rotational 

axis vector, q is translational vector of ω̂  seen from fixed frame, and h is screw pitch. Modeling parameters 

of the manipulator are shown in equations (25)-(27). 
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Figure 4.18. 6R PUMA-type Arm 
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In modeling parameters, 1 2 3 4159 ,  264 ,  258 ,  123 L mm L mm L mm L mm= = = = , and h is 0 which 

means there is no screw pitch. Based on the forward kinematics and modeling parameters, inverse kinematics 

can be solved.  

With the given equation in (28), finding joint angles in (29) is solving an inverse kinematics 

problem.[12] 

 4 4 3(3),
0 1
oh oh

oh oh

R P
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  (28) 
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  (29) 

First of all, 1 2 3,  ,  θ θ θ  can be calculated by solving geometrical problem using Poh. Then the forward 

kinematics equation in (19) can be reformulated as (30). 

 3 3 5 5 6 61 1 2 2 4 4[ ] [ ] [ ][ ] [ ] [ ]1 1( )S S SS S S
ohe e e T M e e eθ θ θθ θ θ− − =   (30) 

Considering only SO(3) part of the equation (30) results in equation (31). 
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  (31) 

In equation (31), C and S are abbreviations for cosine and sine and rs represents constants calculated 

from the left side of (30). Therefore, 4 5 6,  ,  θ θ θ  can be calculated solving the equation (31) for the first 

    

Figure 4.19. Singularity Configurations for 6R PUMA-type Arm 
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column and row. Finally, 1 2 3 4 5 6,  ,  ,  ,  ,  θ θ θ θ θ θ  are found as in (32)-(34). However, there are 2 

singularities for this type of manipulator as shown in Figure 4.19. Singularity configuration in manipulator 

means there are infinitely many solutions for the inverse kinematics problem. Therefore, the algorithm should 

be designed to handle singularity cases.  
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Legs also need to have kinematic model and forward kinematics to solve inverse kinematics problem. 

Kinematic model of the 3 DOF leg is shown in Figure 4.20. The forward kinematics is expressed in equation 

(35).  

 1 1 1 2 1 2

2 1 1 2 1 2

cos cos( )
sin sin( )

x L L
x L L

θ θ θ
θ θ θ
+ +   

=   + +   
  (35) 

L1 is 356 mm and L2 is 350 mm in equation (35). Inverse kinematics problem can be solved with 

geometric analysis. The solutions are shown in equations (36) and (37). 

 1 2
1 2

1

tan ( ) ,  
x
x

θ α θ π β−= ± = ±   (36) 

 

Figure 4.20. Kinematic Modeling of 3 DOF Leg 
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As arms and legs move according to the angles, one loop of the main control loop is finished. Then, 

the program repeat the whole process until the aircraft lands. Overall block diagram of the software 

architecture is shown in Figure 4.21. Basically, LOS guidance and PID controller generates control outputs 

following the waypoint numbering contents and the control outputs keep changing the transformation matrix 

for arms and legs. The transformation matrix is used to calculate each joint angle of the robot. Finally, PIBOT 

controls the cockpit joysticks and the aircraft is operated. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.21. Block Diagram of PIBOT Software 
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Chapter 5. Flight Simulation 

 X-Plane Simulator and Flight Motion Simulator 

Flight simulation is important to verify the performance of PIBOT before applying PIBOT to the real 

existing aircrafts. Therefore, realistic flight simulation program should be selected. X-Plane is one of the 

most realistic flight simulation program developed by Laminar Research. Also, X-Plane can send out more 

than 100 flight states via UDP communication which enables feedback control of PIBOT.  

Flight simulation is configured by having PIBOT sit in front of cockpit and connecting the cockpit to 

X-Plane as shown in Figure 5.1. In addition, flight motion simulator is connected to X-Plane so that the 

cockpit environment is moving along the movement of aircraft in X-Plane. The specifications of the flight 

motion simulator is shown in Table 5.1. The flight motion simulator has 4 DOF, such as roll, pitch, yaw and 

heave. Movable range of each motion in Table 5.1 shows that it has some limitations to imitate all the motions 

of aircrafts due to the limited angle to represent. Nevertheless, simulation on the flight motion simulator is 

expected to provide much more realistic environment than the flight simulator on the ground. PIBOT is sat 

on the flight motion simulator as shown in Figure 5.2.  

Flight scenario is to take-off and turn around the Yeosu airport in clockwise and land back to the 

starting point at the Yeosu airport. The detail flight scenario had been presented in section 4.4. 

 Simulation Results 

PIBOT successfully completed the given flight scenario and the simulation results are shown in 

Figure 5.3. The red dotted line is command of each state and blue line is actual state of the aircraft. Roll and 

pitch state follows well along the command input. This implies that PIBOT controlled the yoke without much 

delay. Yaw is controlled only in waypoint 1 and 7 and the graph shows that heading followed the command 

of heading well. This implies that legs controlled the pedal well enough to control yaw.  

In case of altitude, actual altitude followed the command altitude in slow response time. However, 

 

Figure 5.1. Flight Simulation Environment 



 

-38- 

 

the slow response is characteristic of fixed wing aircrafts. Considering that, altitude control was also 

successful. Velocity control is also well done except the region of waypoint 5 and 6. If glide slope angle is 

too big, velocity is not controllable in approach and flare phase. Actually, velocity is correlated to the landing 

performance, so losing the control of velocity in flare phase sometimes has led to hard landing.  

Flight trajectory is shown in Figure 5.5 with waypoint. The trajectory is drawn as planned in section 

4.4. Flare and landing phase are the most unstable part during the flight. The control output is shown in 

Figure 5.5. The control outputs have generated within the expected range. 

 

 

Figure 5.2. PIBOT on the Flight Motion Simulator 

 

Table 5.1. Specifications of Flight Motion Simulator 

Degree of Freedom 4 DOF 

Roll Range 30±   

Pitch Range 15±   

Yaw Range 20±   

Heave Range 70mm±  
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Fig. 5.3. Time Histories of Roll, Pitch, Yaw, Altitude, and Velocity 

 

Fig. 5.4. Flight trajectory 
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Figure 5.5. Time Histories of Control Output 
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Chapter 6. Conclusion 

In this thesis, technology for converting a manned aircraft into an unmanned one using a humanoid 

robot was proposed, and its validity and feasibility were evaluated by flight simulation. The simulation result 

showed that PIBOT successfully performed the planned flight scenario which takes off and lands on an 

airport. Therefore, even for a different aircraft, autonomous flight would be possible by merely changing the 

initial settings of the cockpit components and aircraft properties.  

In another words, aircraft-robot manipulation interface has been proven viable by human-scale 

PIBOT flight simulation. Also, human-scale PIBOT executes, without requisite human intervention, a 

planned mission from takeoff to landing with programmed procedures, guidance, and controls. Therefore, 

PIBOT has highly automated flight operability. Finally, PIBOT is minimally invasive and installed in cockpit.  

However, it would be an overreach to verify the concept that a humanoid robot boards and then flies 

an aircraft, because the position of PIBOT is assumed to be fixed on the seat. Future research will be 

conducted to construct a robot that localize itself in cockpit environment. 

Although only a one flight scenario in a simple environment was conducted in this thesis to verify 

the feasibility of the proposed technology, it is believed to be possible to develop a humanoid robot, equipped 

with various sensors and algorithms that can board a manned aircraft and function as a system that converts 

several functions into unmanned ones. 

 

 

(a) 

 

(b) 

Figure 6.1 (a) PIBOT system concept, (b) Human-scale PIBOT flight simulation 
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요 약 문 

 

조종사 로봇 설계 및 제어 알고리즘 연구 

 

현존하는 무인항공기 기술을 기존의 유인 항공기에 적용시키기 위해서는 하드웨어적인 

개조가 불가피하다. 그 개조는 적용시키는 기체의 종류에 따라 달라지며 항공기의 여러 부분

에 대해서 개조를 해야한다. 따라서 그 비용과 시간이 많이 들어가며 기체에 한번 설치되면 

다른 기체에 적용하기 위해서는 또 다른 개조를 해야하는 번거로움이 있다. 그럼에도 불구하

고, 재난이 발생 했을 시에는 기존의 항공기를 무인화 시켜 작전에 투입해야 할 필요성이 있

다. 따라서 본 연구는 최소한의 개조로 짧은 시간에 기존의 항공기를 무인화시키는 기술로서, 

조종사 로봇을 개발하고 제어 알고리즘을 설계했다.  

하드웨어 설계는 기본적으로 휴머노이드 형태를 바탕으로 했으며 로봇의 자유도는 대

부분 팔에 집중되어 있다. 그 이유는 항공기를 조종하기 위해서는 대부분 손으로 조종간 또

는 스위치를 조작하기 때문이다. 다리는 페달을 움직이기 위해서 최소한의 자유도인 3 자유

도를 가지도록 설계했으며, 다리 길이는 작업공간이 페달을 포함하도록 설계 되었다. 전기 및 

전자 장치는 조종사 로봇의 구동기 사양에 맞도록 구성되었다. 

소프트웨어는 FAA에서 승인된 항공기 운항 매뉴얼과 조종석 환경을 변환 행렬로 정의

하는 것을 바탕으로 설계되었다. 프로그램의 큰 틀은 하나의 closed loop을 형성하여 매 loop 

마다 항공기의 상태를 받아와서 제어하게 된다. 비행 유도법칙은 LOS 기법을 사용했으며, 제

어기법은 PID 제어를 사용했다. 매니퓰레이터는 위치제어를 통해서 조종간 및 스위치를 작동

했으며 역기구학의 해를 구하기 위해 Lie Group Formulation 을 이용했다.  

비행 시뮬레이션은 X-Plane 프로그램과 비행 모션 장치를 사용해서 실제 비행 환경과 유

사하도록 구성했다. 항공기 모델은 Comanche PA-24를 사용했으며 조종사 로봇을 시뮬레이터

에 앉혀서 시뮬레이터를 조종하도록 했다. 여수 공항을 이륙하고 다시 착륙하는 비행 경로를 

구성했으며, 성공적으로 비행되었다. 따라서 조종사 로봇을 이용하여 기존의 유인 항공기를 

무인화 시키는 기술을 시뮬레이션 상에서 검증할 수 있었다. 

 

핵심어: 무인항공기, 휴머노이드 로봇, 조종사 로봇, 매니퓰레이터 
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