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Abstract 

In this project, we want to develop a control system for the helicopter and test the 

control system. To confirm that our control algorithm can interpret the physical data 

correctly, we built a testbed which can perform experiments safely and give us raw 

data to check with the output of our algorithm. To meet the objective, we 

• acquired the dynamical data of the helicopter while avoid unexpected crashes 

by designing the tesbed based on strength calculations which ensures sufficient 

strength and reduces the cost. 

• derived the formulas for the dynamical parameters of the helicopter based on 

the knowledge in robotics. 

• setup an encoder data system. By collecting the required data and transmitting 

them into a computer program, we are able to obtain position and orientation 

data of the helicopter. 

• carried out some experiments to check the accuracy and repeatability of the 

encoder data system and reached satisfied results. 
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Chapter 1 

Review 

1.1 Introduction 

1.1.1 Introduction and Literature Review 

Autonomous aerial vehicles (UAVs) are well known for their advantages that they are 
tireless and can replace people to execute surveillance and reconnaissance missions 
in relatively harmful or dangerous environment. Initially, UAVs were mostly used to 
handle simple missions at dangerous places, but in the past decades, as the level of 
technology becomes more advanced, UAVs are increasingly being utilized in a wide 
range including both commercial and military areas [1, 2, 3, 4, 5, 6]. For example, 
they can be used to monitor roadway traffic, a high altitude UAV can even be a good 
assistant for weather forecast and disaster predict, etc. The usage of UAVs in space 
technology and military field are also impressive such as the famous project "Mars 
Exploration Rover" directed by NASA and the Global Hawk served in U.S.force. 

However,the growth of the UAVs will not stop here, they are still at the leading 
edge place of the aviation. Many researchers are doing research about UAVs, some 
are talking about their commercial and industrial trend [4, 7, 8], some are conducting 
academic researches in the UAV area which involves dynamics, electrical applications 
or special experiments using UAV and so on [9, 10, 11, 12, 13, 14, 15]. 

Our project can be classified into the UAV practical application class. Among the 
past research projects done by other researchers about UAVs, unmanned helicopter 
is the most popular one due to the special characteristics of helicopters such as the 
vertical take-off and landing ability, nonlinear dynamics, etc [16]. In our project, we 
intend to build a testbed mounted with a small model helicopter which enables the 
helicopter to move in a limited space. The overall goal of the project for this phase 
is to use this testbed to allow safe autonomous controller test experiments for the 
helicopter. 

1 
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Before we discuss the testbed project, it will be helpful to review what has been 
done before to gain some ideas and experiences. The related testbeds generated before 
are reviewed as followed: 

1. The straight-forward application of UAV for sure is in the autonomous sur­
veillance area. In [17], an Autonomous Scout Rotorcraft Testbed (ASRT) is 
described which was built in Georgia Institute of Technology. The purpose of 
ASRT project is to construct a vertical takeoff and landing (VTOL) helicopter 
system to carry out reconnaissance and surveillance assignments. It should be 
able to fly to an assigned area to search for a human-sized target according to 
the remote control signal from the operator. To satisfy the functionality, they 
put the electrical devices such as sensors and cameras onto the helicopter. The 
sensors can tell apart different conditions ongoing, and the cameras help the 
operator to locate the target. This system is a visual tracking system which 
may not be directly related to our project, but the algorithm they used to guide 
the behavior of the helicopter does intersect with our long-term goals. 

2. The experiments that can extend the usage of the UAVs arc also intensively 
conducted in the past decades. A remote controlled helicopter can land on 
man-made safe destination but what if we want the helicopter to land on some 
unknown area, for instance, the surface of planetary bodies? To solve this 
problem, a gas powered model helicopter was accomplished at University of 
Southern California (USC) in 2001 mounted with an inertial measurement unit, 
a GPS receiver/decoder, and a color video camera, etc. The image processing 
algorithm will search the image provided by the camera for a safe landing area 
which fulfils a pre-determined criterion hence the autonomous helicopter can 
land safely itself [16]. 

Due to the need of precise landing by the next generation Mars project (2007 and 
beyond), USC developed another testbed based on the vision-toward landing 
to simulate the spacecraft using a emulator built around a autonomously con­
trolled model helicopter [18]. Although the testbed did only simulate the planar 
landing scenario which only considered the horizontal and vertical position, roll 
and the other control inputs say the vertical thrusters, it somehow successfully 
simulated the motion of the spacecraft. The simulator convert thrusters inputs 
to stick inputs thus the model helicopter can track trajectories designed for the 
spacecraft. The simulation would be expanded to 3D scenario in the future 
work. 

Later in 2006, In the Jet Propulsion Lab (JPL) at California Institute of Tech­
nology, an Autonomous Helicopter Testbed (AHT) was constructed [6]. The 
research purpose of AHT is to support the development of the technologies for 
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the space area. The onboard avionics are quite similar with the former men­
tioned one. To complete the characteristics, they developed another testbed 
which is called Gantry Testbed (GT). By using them together, the research 
group is able to test more kinds of algorithms and system performance criteria 
than with only one. The platform comparisons between GT, AHT and other 
4 testbeds were conducted. For the comparisons, 11 metrics including different 
aspects that would be important for the future experiments. The recent work is 
mainly about how to use a machine vision algorithm to enable safe and precise 
landing onto unknown planetary surface autonomously. 

3. The testbed utilized to test the special algorithms and make sorts of control sys­
tems integrated can be classified into another category. The sample we want to 
introduce here is the interesting testbed developed by Software-Enabled Control 
(SEC) program in [19, 20]. 

The SEC is started in 2000, and two different testbeds were developed in Geor­
gia Institute of Technology (GIT) and University of California at Berkeley sep­
arately. The former testbed is called GTMax, a UAV platform with many 
avionics configured: Two embedded PCs, Inertial Measurement Unit (IMU), 
Differential GPS, etc. Since the responsibility of GIT is to work as a demon­
stration integrator, many control algorithm developed by the other universities 
under SEC program were first flown on the GTMax, many missions to test 
these algorithm were conducted as well such as delivery of supplies and recon­
naissance mission. Actually, GIT has been working on the UAV flight testbed 
for a long time [21, 22]. In 1993, the first unmanned helicopter autonomous 
flight was demonstrated. Then, the U.S. Army Autonomous Scout Rotorcraft 
Testbed (ASRT) project was assigned to GIT from 1994-1997. From 1998-
2002, GIT began the program SEC, lots of testbed were constructed not only 
the helicopter GTMax, but also the fixed-wing aircraft 1/4 scale Piper Cub and 
Gliders. 

The latter testbed is called Berkeley bear equipped with GPS/INS, a camera and 
on-board sensors. The mainly obligation of Bear is to support the integration 
of both control and sensing in a test. The sensing ability which enables the 
helicopter to look-ahead makes it able to avoid collision with the obstacles. Some 
experiments were performed to test the capability of the obstacle avoidance. For 
example, once a time, the group flight the helicopter in a given trajectory which 
was intersected with trees, power poles, power lines. The sensing ability allowed 
the helicopter to notice these obstacles, and the path replanning algorithm 
allowed it to avoid the obstacles. 

4. Differ from the individual unmanned helicopter experiment, the leading insti-
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tutions are also doing experiment with multi-UAV system, which is in the same 
direction with our long-term goals. In Stanford University, people constructed 
an outdoor testbed called STARMAC for multi-agent algorithms testing [23]. 
They chose a particular helicopter say X4 flyer which has four fixed-pitch ro­
tor on the four ends of a cross frame. This X4 flyer has large availability in 
maneuverability and is not very expensive like normal model helicopter. Upon 
the finish of the project, each individual in the multi-agent system will be able 
to act at a team level, which means it can avoid collision with the other flyers 
and the obstacles as well. Furthermore, they will be able to fly in a specified 
formation. 

The German Aerospace Center (DLR) at Institute of Flight Systems built a 
testbed for research in UAV autonomy [24]. The whole project is supposed to 
apply the manned and unmanned teaming and planning, high reliability and so 
on. They have established the experimental testbed and configured the neces­
sary software environment, the onboard image processing system accompanied 
with the other sensors and onboard computer and the rest of the control system 
parts together make it possible to provide a reliable data source for the later 
research goals. The project was going to demonstrate the vision based func­
tions when the testbed is flying with the manned helicopter. And it was also 
supposed to do the experiment of the manned-unmanned formation flight with 
collision avoidance in 2005-2006. 

5. A distinct testbed which is quite the thing what we are going to build arise 
at University of Vigo, Spain in 1994 to perform a helicopter control experi­
ment [25]. A model helicopter can move freely in the space except some springs 
used to limit the movement due to safety reasons. The cameras will collect and 
send the images of the helicopter to the vision computer through IEEE1394 
interface. The position and orientation of the helicopter will be calculated on 
the vision computer using the image processing algorithm. These data are then 
transmitted to the Real-time control computer to generate the actuation signals, 
these control signals will then be used to control the motion of the helicopter 
by the radio system. 

6. In Caltech, a testbed is built to perform the identification and control experi­
ment to a model helicopter [26]. The helicopter is mounted on a 3 degrees of 
freedom (DOF) wrist which in turn is connected to a 3DOF stand. Each of 
these two joints allows 3 rotation DOFs. For the wrist, it allows pitch, yaw and 
roll; for the stand, it allows rotations about three axes. This testbed is the most 
similar to our design. 
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1.1.2 Project Objectives 
Wc would like to design a testbcd that can be used for evaluating developed helicopter 
control algorithms while the testbed ensures a limited and safe range of motion for 
the helicopter. 

1.1.3 Design Requirements and Considerations 

To build a testbed which can fully meet the required experiment functionality while 
providing some specified limits for the motion is very important. The brief description 
of the requirements that will guide our design is presented as following: 

1. The fundamental requirement is the testbed has to allow all DOF of the real 
helicopter motion in a limited space. The testbed weight should be as low as 
possible. The joint frictions must be negligible. The testbed must be balanced 
to eliminate the effect of the testbed's weight on the helicopter. 

2. Due to financial limitation, the instruments that are relatively inexpensive and 
have sufficient performance must be picked. 

3. Since the testbed is supposed to operate in our lab, the space limitation should 
also be considered. A fenced and completely closed area must be designated 
for the operation of the testbed. All controls must be accessible outside of the 
closed area of the operation. 

4. The testbed components must be designed such that they do not final under a 
crash load. This ensures the safety of the testbed operation. 

5. The maintenance cost must be as low as possible, if a crash damages the com­
ponent of the testbed. 

Note that inertia is not a design requirement at this stage. The inertia of the testbed 
during an experiment depends on the acceleration defined for the motions of that 
experiment. Therefore, when a user designs an experiment, they will consider the 
effect of inertia and will compensate for it in the controller design. 

1.1.4 Thesis Outline 

Chapter 2 details what the design requirements and considerations are. This part 
is expanded according to the deductive method. It first sketches what the project 
objective is. Then considering the research goals, we select a helicopter which meets 
special requirements. Finally, the testbed design will be developed around the model 
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helicopter and the project objectives. Strength validation will be involved, and nec­
essary revision of the testbed will also be introduced. 

Chapter 3 concentrates on how to calculate the motion data of the helicopter such 
as position and velocity base on the arm joint positions by using robotics knowledge. 
The chapter presents how to derive position and velocity parameters with given data 
from joint positions and velocities, and how we implement these calculations in a 
MATLAB program to obtain real-time values of the helicopter's position and velocity. 

Chapter 4 explains how to setup the real-time data collection environment. The 
chapter organizes the contents in hardware, software and experiment sequence. It 
details how the hardware are integrated, how the software works and how we make 
adjustments and how we perform our experiments. 

Chapter 5 concludes the achievements and how we solve the problems encountered 
when we are trying to reach our goals. 

Appendices come at the end of this thesis, they contain drawing for all of the 
testbed parts and MATLAB programs developed in this thesis for real-time data 
acquisition. 



Chapter 2 

Testbed Design 

2.1 Project Objectives and Helicopter Selection 
The long term goal for our project is to design a formation control system for he­
licopters. The project will be done in two steps. First, we build an encoder data 
system to validate our control algorithm. In this pace, the helicopter can only move 
in scale range. Second, the helicopter will be able to fly in the sky, the sensor data 
system will replace the encoder data system to provide helicopter states. Sine the 
controller is decentralized, when one helicopter can fly on its own, it is easy to extend 
the results to multiple helicopters. 

Based on long-term goals of our project, for this phase, we are going to develop a 
control system for the helicopter and test the control system. Obviously, the control 
algorithm will be the core of the whole control system, and we need to guarantee 
the accuracy and correctness of the control algorithm. To confirm that the control 
algorithm can interpret the physical data correctly, we plan to build a testbed which 
can perform experiments safely and give us raw physical data output and in addition 
allow us to check the errors of the data. The intended data system is divided into 2 
systems, one is sensory data system, the other is the encoder data system. Figure 2.1 
shows how these data streams work with the controller and different units. 

2.1.1 Sensor and Controller 

To achieve raw data, we intend to employ the sensory system. Since this part is being 
done by another group member, here, I will only briefly introduce it. The sensory 
system consists of two parts: sensors and controllers, both of them will be mounted 
on the helicopter. These sensors will collect position and orientation data of the 
helicopter and transmit them to controller. The controller will then send out control 
signals to aid controlling helicopter's motion. Here, the selected Attitude, Heading 

7 
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Desired states 

Helicopter states 
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Fail safe loop 

RC controller 

Testbed kinematics 

Receiver 

Control computer 

Switch board 

Servo and actuator 

Actual feed back 

Figure 2.1: The control loop of the intended test system 
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and Position Reference sensor (AHPRS) is from Rotomotion, LLC, which includes 3 
gyroscopes, 3 accelerometers, 1 magnetometer, and integrated GPS. The AHPRS is 
able to collect the position, orientation, linear and angular velocities and accelerations 
of the helicopter. The controller is a PC 104 onboard computer. It receives data from 
AHPRS and uses the control signals generated by the control algorithm to drive servo 
motors and actuator that actuate the rotor mechanism to control the motion of the 
helicopter. 

2.1.2 Encoder and controller 

To confirm the accuracy of the data, another data collecting system is developed. This 
systems consists of 6 Encoders that can be used to calculate the angular and linear 
displacement of the helicopter. The collected data from the encoders are required to 
be transformed into position, orientation, and velocity information to be usable by 
the control algorithm. Also, the information will be logged by the controller computer 
to be compared with the data from the sensory system. 

2.1.3 Helicopter Selection 

Before we decide the details of the testbed design, we need to choose a good model 
helicopter. Here, we decided to work with an electric rather than a gas powered 
helicopter because they are clean to run and more suitable for indoor experiment. 
The payload of the helicopter was also a top priority. 

The model helicopter we work with was finally decided to be the Maxi-Joker 2 
from Joker-USA. Maxi-Joker 2 is designed to carry a payload of up to 7 lb. This 
payload capacity is enough for us to mount necessary sensors and controllers on the 
helicopter, which is important for our future project. Furthermore, the Maxi-Joker 
2 is offered on the product lists of several reputable RC helicopter vendors and is in 
a reasonable price range for a RC electric helicopter of its size. The Maxi-Joker 2 
has a strong composite construction. Most other mini-helicopters that have plastic 
ones. The helicopter also has a good size, so that we will be able to attach the PC 
104 autonomous control computer and the AHPRS (IMU) that is needed onboard 
to calculate the helicopters 3D position and orientation and implement the changes 
necessary to maintain the helicopter's intended flight path. The Manufacturers of 
the Maxi-Joker 2 are based in the USA as opposed to the U.K., as are most of the 
vendors. So we do not have to worry about long shipping waits and inaccessible 
replacement parts. The Maxi-Joker 2 has an enlarged main rotor diameter of 1.8 m. 
It can lift a weight of 2 kg. The gear reduction depends on the motor used, between 
10.8 and 11.6:1. A rotorspeed of 1200-1300 rpm can be achieved. With a payload of 
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7 lb the all-up weight is about 16 lb. Equipped with two 10s3p batteries a flight time 
of up to 20 minutes can be reached, depending on the payload [27]. 

2.2 Problem Definition 

As mentioned in the last section, we need to test the helicopter safely, and we need 
two data streams to compare. Therefore, the testbed design goal is to acquire the 
position and orientation data by setting up the encoders properly and making them 
to work well. Also as a first step for verifying the controller. We want to safely test 
the helicopter when it is hovering on the testbed autonomously, we want to confine 
the motion of the helicopter to a relatively small scale so that we can avoid any 
unexpected crashes or incidents in case the helicopter is out of control. 

2.2.1 Overall Conceptual Design 

To control the motion of an object, at first, we need to know how many degrees of 
freedom (DOFs) the object has, and for a successful control, we have to guarantee 
that the sensors can provide the same number of DOFs and their rates at all times. 

For a free helicopter without constraints, there are 6 DOF: three cartesian position 
components, X, Y, Z and three orientation components, pitch, yaw and roll as shown 
in Figure 2.2. To make it simpler, we divide the DOFs into 2 sets, one for position 
the other for orientation. 

To generate the set of three positional degrees of freedom, we could use three 
mutually perpendicular prismatic joints. However, since that design would have been 
too bulky, we decided to use two rcvolute joints with perpendicular axes and one 
prismatic joint. To generate the set of three rotational degrees of freedom, we use 
three revolute joints with mutually perpendicular and intersecting axes. Based on the 
above, the design concept of the testbed arm was sketched as shown in Figure 2.3. 
The XYZ coordinate system determines the position of the testbed's end-effector, 
whicle the X'Y'Z' system determines the orientation of the testbed's end-effector. 
The number 1 to 6 stands for joint 1 to joint 6. 

2.2.2 Motion Confine 

Now, we have a briefly sketched testbed, however it is still far from being complete. 
The helicopter should finally be allowed to hover autonomously on the testbed. Al­
though the motion of the helicopter is restricted by the range of motion of the joints, 
for the first experiment phase, we should confine the motion of the helicopter to an 
even smaller range, and after we make sure everything goes well, we will be able 
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Roll 

Figure 2.2: The DOFs of a helicopter in space 
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Figure 2.3: The concept image of the helicopter testbed 
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to somewhat loose the restrictions. For this reason, we intend to build the testbed 
according to the final motion, however we will add some extra parts as stoppers to be 
able to limit the motion. Let us assume that the helicopter should be able to fly on 
a cricle with 2 meters radius and move in the vertical direction with the total range 
of approximately 2 meters. 

A simple graph helps understand the range of the vertical motion requirement as 
shown in Figure 2.4. The ideal motion would be: the helicopter should be able to 
move about the axis 0 0 ' while moving up and down. The maximum range of the 
vertical motion is from A to B, and the ideal path would be the line AB, not the 
arc ADB. As we require 2 meters vertical motion, the length of AC and CB are each 
equal to 1 meter. The maximum angle for the maximum vertical range is 30 degrees, 
but, we want to be able to limit that to 10 degrees via a stopper, which results in the 
vertical range of 0.75 m. Also, since we want the helicopter to be able to move along 
the path AB, which means OD should be able to be shorten to OC and recovered to 
the original length freely. 

Having considered the size of the helicopter, to avoid the helicopter body and 
rotor collision with the groud and the testbed and to achieve the required motion 
range, we computed the approximate range for each joint as shown below. The first 
numbers show the range of each joint confined by optional stoppers. The numbers in 
parentheses show the maximum range of the joints: 

• Joint 1: ±15° (360°) 

• Joint 2: ±5° ±10° or ±15°(±30°) 

• Joint 3: 25cm (25cm) 

• Joint 4: ±30° (360°) 

• Joint 5: ±30° (±30°) 

• Joint 6: ±10° (±30°) 

Note that the multiple ranges for 92 will be used for different experiment scenarios. 
At the first control validation experiment, the smallest range will be used, because it 
provides the safest range. When the validation is satisfactory in the small range of 
motion, the other ranges will be used for further evaluation experiments. 

The approximate length of the arm OD was calculated to be 2 meters and the 
length of the straight bar OO' is also 2 meters. The detailed procedure of how we 
build each joint will be described later. 
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Figure 2.4: The vertical motion range 
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Table 2.1: Resolution Requirement 
Joint 

1 
2 
3 
4 
5 
6 

Res Required 
2 mm 
2 mm 

0.2 mm 
0.2° 
0.2° 
0.2° 

Quadrature Res 
6400PPR 
6400PPR 
200PPI 

3200PPR 
3200PPR 
3200PPR 

Res 
1600CPR 
1600CPR 

50CPI 
800CPR 
800CPR 
800CPR 

Displacement Res 
1.96 mm 
1.96 mm 
0.13 mm 

0.11° 
0.11° 
0.11° 

2.2.3 Encoder Selection 
An encoder is a device that allow us to measure angles and distances accurately. The 
encoder consists of two pieces, a hub and a disk or strip. One of these two pieces is 
fixed, the other is moving. One of them is mounted with an optical detector. The 
other is marked with lines. The detector counts the lines and outputs the count 
number, which is a representative of an angle or a distance. 

To determine the resolution of the encoders based on the precision of position 
measurements provided by the arm, some simple calculations are needed. Since the 
helicopter will be mounted at the tip of the arm OD, the helicopter will move about 
the axis 0 0 ' , the length of the arm will affect the desired resolution of the encoders 
for joint 1 and joint 2, the relation between the rotation angle of joint 1 and the 
horizontal displacement at the helicopter is: 

£> = O.D • sin 0i « O D - 0 i (2.1) 

Where D is the horizontal displacement, OD is the length of the arm. Here, OD is 
equal to 2 meters. The above formulation is correct when 6>i is quite small. We want 
the linear displacement resolution to be as small as possible, since this affects the 
resolution of the whole system. The requirement displacement resolution we pick is 2 
mm. By using the formula above, we can calculate the corresponding resolution for 
0i is 10~3 rad. Then, the minimum encoder pulse counts for each revolution on joint 
1 is 2-7T -=- (10~3) = 6294 PPR (pulses per revolution). For a quadrature encoder, the 
corresponding minimum resolution will be 6294/4=1571 CPR (counts per revolution) 

The same resolution requirement applies to joint 2 as well. For joint 3, 4, 5, 6 the 
requirements are rather lower. The resolution requirements for each joint including 
displacement and corresponding encoder resolution are given in Table 2.1, where 
Res means resolution, the first column is the resolutions required in mm or degrees. 
The second column gives us the quadrature resolution in pulse per revolution (PPR) 
or pulse per inch (PPI) that will meet the needs. The third column is the encoder 
resolution in count per revolution (CPR) or count per inch (CPI) corresponding to the 
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second column. The forth column is the resolutions in mm or degrees corresponding 
to the second column. 

We need to notice that, since wc care about the displacement changed between 
adjacent pulses measured along vertical and horizontal axes, the above required res­
olution should indicate the minimum resolution in worst states. For joints 1 and 2, 
the worst displacement measurement resolution occurs when the arm is horizontal. 

Another design criteria besides the resolution is the size of the encoders. They 
should be as small as possible, so that we can reduce the size of the joints. Wc 
first considered the metal encoders, however, we did not choose them due to their 
extremely high price, large size, and relative higher weight. We later found better 
encoders from USdigital [28]. Their encoders are quite inexpensive. The part used 
for counting is made of polymer. The flat and thin polymer plate can significantly 
decrease the space of encoder. The detection head of encoder is also small and easy 
to mount. 

The encoders we chose are the follows: 

• Joint 1: HUBDISK-2048-394-2-I 

• Joint 2: HUBDISK-2048-394-2-I 

• Joint 3: LIN-200-12-I 

• Joint 4: HUBDISK-1250-394-1-I 

• Joint 5: HUBDISK-1250-394-1-I 

• Joint 6: HUBDISK-1250-394-1-I 

The rotary encoder was expressed in the form: part-CPR-shaft diameter (O.XXX 
inch)-outside diameter-options ( T stands for index ); the linear encoder was ex­
pressed as: part-CPI-length-options. 

The resolutions for these encoders are as shown in Table 2.2. By comparing this 
with Table 2.1, we can see the encoders selected can meet the resolution requirements. 

2.3 Design Details 

Here the testbed is divided into several sections, each section is introduced one by one. 
Strength validation, and revisions of the parts will be followed at the end, MATLAB 
program that has been written for design calculations will be presented as well. 
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Table 2.2: Encoder Resolutions 
Joint 

1 
2 
3 
4 
5 
6 

Res 
2048CPR 
2048CPR 
200CPI 

1250CPR 
1250CPR 
1250CPR 

Quadrature Res 
8192PPR 
8192PPR 
800PPI 

5000PPR 
5000PPR 
5000PPR 

Displacement Res 
1.53 mm 
1.53 mm 
0.03 mm 

0.072° 
0.072° 
0.072° 

2.3.1 Features of Distinct Sections 
Base Section 

As shown in Figure 2.5, this part is quite simple and is the base of the whole system. 
Its main function is to support the total weight of the testbed. 

The base plate is made to a reasonable size and will be bolted to the ground. The 
straight bar is hollow. It is used to lift up the helicopter to a specified height. To 
make the experiment for the current phase easier, we designed the bar to be 139.7 mm 
(55 in) long. In order to avoid that tail of the helicopter hitting the floor, we designed 
an extension bar. By adding the extension to the straight bar, sufficient length was 
reached. The straight bar, the extension bar, and the base plate are connected by 
the connectors. 

To constrain the moving range of joint 2, a ring is connected to the base via 
track roller guides, the ring can stop the arm from moving once the arm hits it. 
Since the collision energy could be large and might damage the parts, we mount some 
rubber material on the upper surface of the ring to avoid hard metal-to-metal contact. 
However, the energy that can be absorbed by the rubber is very limited. So we need 
another mechanism to absorb the collision energy. The solution is to install springs 
to the ring, which could cause another problem: The arm will hit one side of the ring, 
hence the force would not be distributed equally. Different movement of the spring 
could cause the harmful imbalance. So, we use 4 track roller guides (product number: 
60135K71 and 60135K13) from McMASTER-CARR on each surface of the straight 
bar, and the ring support ribs are mounted to the track roller, the extension springs 
are also mounted to the track rollers and another fixed bolts. If the arm hits the ring, 
the extension spring will be extended to absorb the energy, and all the springs will be 
extended by the same length due to the existence of the track roller guides. Ring, its 
support ribs, and the track roller guides together enable the desired functionality of 
this part. Furthermore, we can adjust the allowed moving range of joint 2 by simply 
changing the position of track roller guides. The 3 allowed moving ranges of joint 2 
we designed are ±5°, ±10° and ±15°. 
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Stopper 

Extended bar 

Plate bar connector 

Base plate 

Figure 2.5: Schematic diagram of the base section 
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The stopper is used to limit the moving range of joint 1, we actually have 2 
stoppers, and the arm can only move inside the stoppers. The hat is the connection 
part with the next section, the taper roller bearing, thrust needle bearing, nut and 
encoder disk are mounted to the hat. 

Base-arm Joint Section 

As shown in Figure 2.6, this section contains 2 joints, joint 1 and joint 2. The encoder 
for joint 1 is omitted to make the figure clearer. 

Here, we have a yoke shape constructed by 3 leg parts, the middle part of the yoke 
is connected to the base group, the side parts of the yoke are used to install encoder 
and tube connectors and corresponding bearings. The encoder for joint 2 is shown in 
the figure, we can see the encoder holder for joint 2 lifts the encoder hub to a required 
height, so the tolerance requested by the encoder mounting can be satisfied. Also, the 
distance between the encoder hub and the disk tip is measured with high accuracy. 
The sleeve coat of the next section inserts into the hole on the tube connector and 
they are fixed by a set screw. 

Arm Joint Section 

As shown in Figure 2.7, this section can provide the sliding motion and constructs 
the 3rd joint. This joint is the most complicated one in the whole system. The only 
allowed motion is a slide in a specified range. 

To allow the sliding motion, we developed a tube-shaft system. The shaft can slide 
inside the outer tube, at each end of the outer tube. There is a linear ball bearing 
(product number: 8974T3) from McMASTER-CARR which separates the shaft and 
the outer tube to significantly decrease the friction force. However, the tube-shaft 
system allows not only slide but also rotation. 

The shaft that we used for the tube-shaft system is a hardened precision shaft 
from McMASTER-CARR (product number: 6061K646) as requested by the linear 
bearings [29]. And since the hardened precision shaft is expensive and hard to ma­
chine, the arm was designed to consist of two pieces, one is the shaft, the other is the 
extension tube. They were clamped together by a tube connector part. The reason 
we bent the inner tube to the shown shape was because we need to align the center 
of mass of the helicopter with the center line of joint 3. This helps with simplifying 
the calculations of position of the helicopter. 

To stop the revolution, a trail was added on the top of the sliding shaft. As we 
can see, the two trail support blocks were clamped onto the shaft, which hold the 
trail together. The other two strip support blocks are bolted onto the outer tube. 
The trail was constrained to slide along a notch machined to the strip support block. 
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Figure 2.6: Schematic diagram of the base-arm joint section 
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Figure 2.7: Schematic diagram of the arm joint section 

Hence, the shaft can not rotate relative to the outer tube. 
The trail system also holds the polymer strip of the linear encoder, which was 

sandwiched by two pieces of thin aluminum plates. The whole encoder sandwich 
assembly is bolted to the strip support block. The other part-the encoder hub- is 
mounted to the trail and hence the relative motion between strip and hub of the 
linear encoder is generated. The tolerance required by the encoder mounting was 
also considered during the design process. 

Wrist Section 

As shown in Figure 2.8, this section is actually the hand of the testbed including 3 
joints, and it plays the role of holding the helicopter and aligning the center of gravity 
(C.G.) of the helicopter with the axis of the third joint. It is also in charge of giving 
the helicopter 3 rotational DOFs to enable the helicopter to rotate in the motion of 
pitch, roll and yaw. 

The C.G. of the helicopter must be exactly in the middle cross section plane of 
the ski adjustor. The C.G. of the helicopter must also be aligned with the axis of the 
third joint. With these alignments, the weight of the helicopter will not tip it to any 
sides, and the position calculation are easier. The reason will be detailed in chapter 
3. To make the C.G. to sit in the middle cross section of the ski adjustor is rather 
easy. The vertical position of the helicopter C.G. is harder to estimate. So here, 
two adjusting systems are embedded, one of them is used to adjust the holder of the 
helicopter say the ski adjustor, mainly in the vertical direction. The other system is 

Extrusion tube 
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Figure 2.8: Schematic diagram of the wrist section 
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used to adjust the lateral position of the helicopter on the ski adjustor. 
Let us begin from the bottom of this section. The bottom, labeled arm-wrist 

connection, consists of washers, nut and shaft. Both ends of the shaft are screwed, 
one end goes into the inner tube and is fixed, the other goes into the upper shaft. The 
end of the inner arm is flattened hence the washer can be attached to it. The down 
end of the shaft can be perfectly tightened. The upper shaft is screwed inside so that 
the lower shaft can move relative to it. If we want to change the gap between the two 
shafts, both of the two nuts will be loosen. The lower shaft will move relative to the 
upper one, while moving relative to the inner tube in the opposite direction. This 
structure makes it possible for us to adjust the vertical position of the ski adjustor 
without changing the required initial setup of the system. 

If we look at the upside portion of this section, we can see the encoder and its 
corresponding stopper. The encoder takes the angle signal and the stopper constrains 
the motion of joint 4. This structure is actually the same for these 3 joints. 

There is a second adjust system located at joint 6. The vertical adjustor in joint 
6 is utilized to moderate the vertical position of the helicopter. This part does its job 
by two plates. As we can see, a groove was made on the vertical plate, which implies 
the adjustable range. A threaded hole was made to the basic plate. We will use a 
bolt, a nut and a washer to connect these two parts. 

The two horizontal positions can be adjusted by the ski adjustor. The ski of the 
helicopter are clamped by the adjustor block, and we can adjust the back and forth 
position once we loose the bolts on the top of the adjustor block. And the block itself 
can move left and right to adjust the left and right position. 

Now, all the sections of the testbed and how the basic mechanism works have been 
introduced. All the dimensions are only based on the functionality of the testbed. The 
dimensions will be further modified if we take the strength checking in consideration. 
That is discussed in the next section. 

2.3.2 Strength Calculation and Optimization 

Wrist Strength Validation and Optimization 

The outline of our testbed is modeled in Pro/Engineer as a 3D model. However, before 
manufacturing, we must make sure all the parts are strong enough and would not be 
damaged under critical situations. For the static state, all the parts might be strong 
enough to take the weight. However, we need to know how the arm survives the most 
dangerous state. We need to think about what would happen if the helicopter was 
hovering and suddenly the power is cut. The arm should not break or get damaged. 

Since the shear force and bending moment largely depend on the weight of the 
wrist section and the helicopter. It will be our first assignment to figure out how we 
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can lower down the weight, and guarantee sufficient strength. For this purpose, we 
wrote a MATLAB program. The program will be described later in this chapter, here, 
the approximate assessment is presented. The MATLAB program can give us the 
angular acceleration of the arm, while being stopped by safety springs after a sudden 
drop, which is important for the calculations. The maximum angular acceleration we 
used based on our program is 25 rad/s (see Figure 2.18). Also, the material we used 
is Aluminum 6061 T6 whose yield stress is 275 MPa. We can get the approximate 
force by the following equation where nth is the mass of helicopter, L is the length of 
the extruded arm, a is the angular acceleration of the arm . m^ was measured to be 
5.44 Kg. The reason we did not include the mass of the arm is because the arm is 
supposed to be fully balanced. The mass of the arm will not affect force. 

F = mh(La + g) « 325 N (2.2) 

Note that, we did not include the mass of the arm in the above equation because 
the arm is fully balanced. The mass of the arm will not affect the impact force. 

As shown in Figure 2.9, we simplify the wrist into 6 models, and we investigate 
their stresses and see if they have reached the critical point of failure. For model 1, 
3, and 6, we handle them as shear bending scenario. For model 2 and 5, they are 
computed as pure axial force scenario. Finally, for model 4, we use distortion energy 
theory to solve this integrated loading case. Basically, we could get the required 
relations between the dimensions of the cross section of these small pieces and a 
specified value based on the knowledge in mechanics of materials [30]. 

The calculation process is tedious and here we prefer to give only these formulas, 
results and how we decide the dimensions. 

Model 1: 

F/2 x 2 975 1 , , ' < amax = 275 MPa =* bh2 > 0.2622 cm3 (2.3) 
o/r/6 

In the above formula, b and h are the width and height for cross section of the plate, 
and these labels will be applied to following formulas. For this plate, dimensions of 
cross section stay with no modifications 

Model 2: 

-rr- < °max = 275 MPa =>• bh > 0.0059 cm2 (2.4) 
bh 

Selected dimensions: b: 7.62 mm (0.3 in); h: 19.05 mm (0.75 in); 
Model 3: 

F/2 x 13 
'bh2/6 < omax = 275 MPa =4> bh2 > 1.147 cm3 (2.5) 

Selected dimensions: b: 5.08 mm (0.2 in); h: 19.05 mm (0.75 in); 
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Figure 2.9: The Simplified Force Model of the Wrist 
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Model 4: 
For this plate, we selected b to be 12.7 mm (0.5 in), h to be 25.4 mm (1 in), and 

calculated to see if they are strong enough. 
At danger point A (middle up point of the danger cross section) 

Mc MxO.binch _ , w „ ,n ^ 

'• = - - w / i 2 = 2 1 - 4 M P a ( 2 6 ) 

Tc T x O.binch nn rt„ , m ,n _. 

( <7 , < 7«)2 + T 2 > = 3 0 8 7 M p a (2,8) 

ox = ^ ~ + rxz = 41.57 MPa (2.9) 

(72 = 0 MPa (2.10) 

ox = ^L±^ - Txz = -18.26 MPa (2.11) 

At danger point B (Middle side point of the danger cross section) 

Q x F/2 
Uending = — ^ = 0-754 MPa (2.12) 

Tmax = Tbending + Ttorsion = 32.624 MPa (^-13) 

Then, we have 

ai = y o\ - <7iff3 + o\ = 53.1 MPa (2.14) 

For axial stress, the safety factor is 

N = °-5(Jmax = 2,6 (2.15) 

(7/ 

For shear stress, the safety factor is 

0 577-7-

N = U . D / / W = 4 g 

a! 

Since we for this size plate, the weight is sufficient small, we would like to keep 
the cross section dimensions we selected, 

model 5: 
TT < °max = 275 MPa =>• bh > 0.0116 cm2 (2.17) 
oh 
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Selected dimensions: b: 5.08 mm (0.2 in); h: 19.05 mm (0.75 in); 
model 6: 

F x 12 "¥2^ 
TT— < Omax = 275 MPa =• bh2 > 2.2942 cm3 (2.18) 

oh2/6 

Selected dimensions: 6: 7.62 mm (0.3 in); h: 19.05 mm (0.75 in); 
The revised wrist section is shown in Figure 2.10. As we can see, the areas for 

bearing and other important connections are kept larger. We only slimed down other 
areas to reduce the weight. The other parts such as the bolts and bearings were 
validated as well. Some structures are also revised, we used a clamper and slider 
structure to replace the ski adjustor. When the clamper is loose, the helicopter can 
be adjusted in back and forth direction, when the slider is loose, the helicopter can be 
adjusted in left and right direction. This structure can not only meet the adjusting 
requirements as the ski adjustor but also has small weight. 

Arm Strength Validation 

To avoid metal-to-metal contact, we designed the testbed with the springs, which 
can absorb most of the harmful energy. When the helicopter is in controlled state, 
no large force is generated. If the helicopter acts strangely, a user must cut the 
power to the helicopter for safety. When the helicopter loses power suddenly, it will 
fall and the arm collides with the ring and compress the springs. When the springs 
are compressed to their limit, the forces generated in the system also reach their 
maximums. This state is the most dangerous state, we are considering the stresses in 
this state as design stresses. Based on this state, we made a program in MATLAB 
and did necessary theoretical calculations to determine the coefficient of stiffness of 
the spring and to reach an optimized solution for the allowed range of the motion. 

As shown in Figure 2.11, L is the total length of the arm, X is the radius of the 
upper ring, K is the coefficient of stiffness of the spring. The arm could move freely 
for the range ±#i, and if the helicopter loses power, the arm will compress the springs 
of the ring and when the angle between the arm and the horizontal turns to be 02, 
the spring force reaches maximum and the arm stops. 

The forces labeled in this figure are all the forces applied on arm joint section. 
The important forces that will be used in the later calculation are: Bx, joint force in 
X direction; By, joint force in Y direction and also a, angular acceleration with which 
the arm bounces back. We can simply list the formulations as followed based on basic 
knowledge of mathematics. In the formulations, nih is the mass of the helicopter and 
wrist together. mt is the weight of arm including balance weight. Fa is the force 
due to acceleration. at is the acceleration of the arm. ax is the component of the 
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Clamper and Slider structure 

i£-fe&££& 

Figure 2.10: The Revised Wrist Section 
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By N 

Figure 2.11: The forces on the arm-joint 
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acceleration in X direction. ay is the component of acceleration in Y direction. iV is 
the force acting on arm by the ring, and Fs is the spring force. 

mhgh = - x AKx2 => K = ™ ——--± 2.19) 
2 2Xl (tan 92 — tan&1 y 

Fs = Kx => Fs = KX{t&n02 - tan9X) (2.20) 

N = 4Fscos92 (2.21) 

at = La 

&X = <k sin 92 = La sin 92 (2.22) 

ay = at cos 02 = La cos 92 

Y,Fx = 0^> Bx + N sin 92 - mhax = 0 (2.23) 

Bx = m^La sin B2 — 4FS cos #2 sin 62 

ZFy=0 

By + N cos 92 — rrihg — rrihLa cos 92 — mtg — 0 (2.24) 

By = mhLa cos #2 + (w^ + mt)g — 4FS cos2 #2 

EMo = 0 

- ^/i(3 + «y)^ c o s #2 + mh,axL sin 02 — 4FSX + / a = 0 

where I « mshaftL
2

shaft/12 + mtubeL
2

ubJ12 + mtMfceL^ = 6Kg • m2 (2.25) 
-1 ̂  X—mh,gLcc° a~ 

mfL L 2 + 6 
_ AFsX-mhgLcos 62 

In addition to the joint force and spring force, the bending moment in the arm 
must be considered. The shear force applied on the arm is as shown in Figure 2.12, 
axial forces are ignored. Based on this, we plotted moment diagram and located 
danger points A, B as labeled. Point A is located at the maximum bending moment 
point. Point B is located at the tube connector. The moment at these points can be 
found from the following equations. The constant 0.62 m is the length of OB at this 
state: 
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Figure 2.12: Shear Force Deploy and Moment Diagram 
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At point A: 

Mmax = {Bx sin 02 + By cos 92 - mtg cos 02) x jr (2-26) 
cos 6,2 

At point B: 

Mb = (Bx sin 02 + Bv cos 92 - mtg cos92) x 0.62 - N x (0.62 - ) (2.27) 
M COS 0 2 

The parameters X and L are assumed to be 8 in and 78.44 in, which in metric 
are 0.2032 m and 1.9924 m, respectively. The weight of the helicopter is assumed 
to be full-loaded 8 kg, the weight of the arm including the balance weight is 17.5 kg 
assuming the density of aluminum is 2.7 Kg/m3. The above parameters were used 
with the MATLAB program to solve for an optimized solution for 02 and K. The 
results of the program are shown in Figures 2.13 to 2.19, which demonstrate how the 
parameters vary with the angles. 

In these figures, the ranges for 9\ and 02 have been chosen such that the helicopter 
was an acceptable spatial range of motion. According to Figures 2.13 and 2.14, the 
bending moments at points A and B are the lowest when 6\ = 5° and 02 = 20°. We 
pick this point as the design point, because the low moments allow us to select smaller 
cross sections of the arm and reduce the weight of the arm. In figure 2.15, the spring 
force for the design point (0i = 5°, 92 = 20°) is picked and use for stress analysis for 
the other parts of the arm. Figures 2.16 and 2.17 show the X and Y components 
of the joint force. Although Bx and By are high at the design point, the stress 
generated by them is smaller than the strength of the parts. Figure 2.18 shows the 
upward angular acceleration of the arm just after it is stopped by the springs. Due 
to the nonliear nature of the equation derived for a, this figure has a minimum. The 
maximum value of a as a conservative selection of 25 rad/s was selected from this 
graph to design the arm wrist in the previous section. Figure 2.19 shows the required 
spring stiffness for the whole range of 0i and 92. At the design point of 9\ = 5° and 
02 = 20°, the spring constant is 9000 N/m. This value will be used to pick the correct 
springs. 

Here, as shown in Figure 2.20, the optimized value of 0i, and 02 are selected to be 
5° and 20° separately. 

With the similar process as we discussed for the wrist section, we investigated the 
strength of the arm (Point A and B) and all the bolts, pins, and bearings, and the 
results were satisfying. The ring support rib of base section and the inner tube and 
shaft of arm joint section need to be reinforced. We changed the cross section size of 
the ring support rib from 12 mmx8 mm to 12 mmxl5 mm and changed the outside 
diameter of the extrusion tube from 19.05 mm (0.75 in) to 34.925 mm (1.375 in). The 
results of the validated parts are as shown in Table 2.3. 
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Figure 2.13: The Relation between Moment at Point A and the Angles 

Table 2.3: Wrist Strength Validation Results 
Part 

Bolts on the Trail 
Bolts on the Ring 

Ring Support Rib 6 
Shaft of the Tube Coat 

Bolts on the legs 
Point A of the Arm 
Point B of the Arm 

Force/Stress 
33MPa 
33 MPa 
202 MPa 
235 MPa 
13 MPa 
88 MPa 
239 Mpa 

Critical Force/Stress 
400 MPa 
400 MPa 
275 MPa 
275 MPa 
275 MPa 
275 MPa 
275 MPa 

Safety Factor 
12 
12 

1.36 
1.17 

21.15 
3.13 
1.15 
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Figure 2.14: The Relation between Moment at Point B and the Angles 
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Figure 2.15: The Relation between Maximum Spring Force and the Angles 
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Figure 2.16: The Relation between Joint Force in X Direction and the Angles 
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Figure 2.17: The Relation between Joint Force in Y Direction and the Angles 
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Figure 2.18: The Relation between Angular Acceleration and the Angles 
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Figure 2.19: The Relation between Spring Stiffness and the Angles 
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Figure 2.20: Optimized 6\ and 92 
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2.4 Balancing Counter Weight 

Because the weight of the arm is relatively large, when the arm slides along the outer 
tube, the position of the C.G. of the testbed will change. This will cause the testbed 
to be unstable at any position except the farthest points. A structure that can always 
keep the C.G. of the testbed stay coincide of the axis of the straight bar turns to be 
important. 

For this reason, we designed the structure as shown in Figure 2.21. The extension 
part is attached to the shaft. When shaft slides inside the outer tube, the extension 
part will move along with it. The balance weight combo is hinged to the extension 
part. The 3rd part added here is a hinged bar. The bar is hinged to the middle of the 
straight bar of the balance weight combo. For this structure, when the shaft slides 
inside the outer arm, the C.G. of the arm X'CG will change, while the C.G. of the 
balance weight XQ.G. will move in opposite direction. Hence, the C.G. of the testbed 
will be always coincide with the axes of the straight bar. 

So far, the design of the testbed has been discussed. For final version of all the 
parts utilized, please refer to A. We are going to construct the data acquisition system 
in the following chapter. 
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Figure 2.21: Counter Weight Balancing Structure 



Chapter 3 

Displacement and Velocity 
Calculation 

3.1 Displacement Calculation 

As we mentioned in chapter 2, we need to determine the exact motion of the helicopter 
on the 6 DOFs testbed, which has 5 rotational DOFs and 1 linear DOF. 

Because all our calculations are based on the knowledge of robotics, some basic 
concepts of robotics are introduced here, which could help the reader understand how 
the formulas for these calculations are derived. For more detailed information about 
robotics, refer to Figure 3.1. The testbed is regarded to be a manipulator consisting 
of a set of bodies connected in a chain by joints. The bodies are called links. Each 
joint usually exhibits one DOF, and the joints can be divided into two categories. The 
first category is revolute joints, which allow revolution DOFs just like the shaft and 
accompanied bearings of our testbed. The other category is prismatic joints, which 
allow translation DOF just like the arm and its sleeve we utilized. 

To solve for the needed parameters, the main steps are: First, coordinate frames 
are affixed to each joint, and the direction of the coordinate axis will be determined 
according to Denavit-Hartenburg's convention. The second step is to determine the 
link parameters for each joint, such that, the link transformations can be derived. The 
forth step is to concatenate link transformations. At last, based on the concatenated 
transformation, the required 6 DOFs for the helicopter are determined. In the next 
section, the detail of these steps and the results of the derivations are presented. 

3.1.1 Frame Affixing 

According to [31], the Denavit-Hartenburg's rules for affixing frames to the joints 
are: Label Zi stands for the axis that is coincident with the joint axis. Zi denotes the 

43 
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Figure 3.1: Coordinate frame mapping (dcen=2 m) 

rotation axis for revolute joint or the trail of the linear motion for a prismatic joint. 
Xi stands for the axis that is normal to the plane determined by axes Zi and Zi+\. 

To comply with standard axis conventions for aerial vehicles, we added another 
requirement for the axes of the inertial, frame 0 and the tool frame. They should be 
at the same orientation at the initial state of the arm, where all joints variables are 
zero. This rule could let us define the displacement of the tool frame relative to the 
inertial frame more easily. Figure 3.1 shows the finished mapping of the coordinate 
frames. 

3.1.2 Link Parameters and Transformations 

Now, the link parameters for each link must be determined based on the Denavit-
Hartenburg's convention, as refer to [31]. The link parameters are shown in Table 3.1. 
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Tabic 3.1: Link parameters 
i 
1 
2 
3 
4 
5 
6 

tool 

fli-i(m) 

0 
0 
0 
0 
0 
0 
0 

a^i(deg.) 
0° 

90° 
-90° 
90° 
90° 

-90° 
90° 

di(m) 
0 
0 

- 2 - d 3 

0 
0 
0 
0 

9i(deg.) 
0i + 90° 
92 - 90° 

-90° 
04 + 90° 
05 - 90° 
06 - 90° 

0 

In this table, i is the joint number; ĉ  is equal to the distance from axis Zi to Z i + 1 

measured along _X$; a* is equal to the angle between axis Zi and Zj+i measured about 
Xi] di is the distance from Xj_i to JQ measured along Zi and 0* is the angle between 
Xi-\ and Xi measured about Zi. 

Here, the reason why we want the C.G. of the helicopter to be exactly aligned 
with the axis of the third joint can be explained more clearly. By aligning the C.G. 
with the axis of the third joint, the origin of the joint frames 4, 5 ,6, and the tool 
frame are coincide, which makes the value of a$ and d, to be 0 for all these joints. This 
significantly simplifies our calculations of the transformations, because the position 
of the helicopter's C.G. becomes independent of the angles of the last three joints. 

The link transformations can be expressed as [31]: 

- i r 

COS0; — Sin0j 0 Gtj_i 

sin0jcosaj_i cos0icosaj^i — sinaj_i — sinaj_i<ij 
sin 0, sin ctj-i cos 0j sin ct!i_i cosai_i cosai_idi 

0 0 0 1 

(3.1) 

We can simply substitute the link parameters for each link into the above equation 
to obtain the link transformation matrices: 

\T = 

21 — 

— sin 0i 
COS 0 i 

0 
0 

sin 02 

0 
— COS 0 2 

0 

COS 0 i 

— sin 0! 
0 
0 

COS 02 

0 
sin 02 

0 

0 
0 
1 
0 

0 
- 1 
0 
0 

0 
0 
0 
1 

0 " 
0 
0 
1 

(3.2) 

(3.3) 
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IT 

\T = 

= 

0 1 
0 0 
1 0 
0 0 

— sin 64 
0 

COS 04 

0 

0 0 
1 - 2 - d 3 

0 0 
0 1 

— cos 64 0 
0 - 1 

— sin 64 0 
0 0 

0 
0 
0 
1 

sin #5 cos #5 0 0 
0 0 - 1 0 

— cos #5 sin 65 0 0 
0 0 0 1 

5rn 
Q1 

sin(96 

0 
cos 6>6 

0 

COS VQ — Sin 06 

0 0 

0 0 
1 0 
0 0 
0 1 

tool T = 

1 0 0 0 
0 0 - 1 0 
0 1 0 0 
0 0 0 1 

(3.4) 

(3.5) 

(3.6) 

(3-7) 

(3.8) 

By concatenating link transformations we can find the orientation and position of the 
tool frame relative to the inertial frame. 

oT = o r iT2T3 r4 r5T6T (39) 

where \T is the transformation matr ix between frame 6 and the tool frame, and \T 
is the transformation matrix between the inertial frame, 0, and the tool frame. For 
more details, see Reference [31] 

3.1.3 Displacement Parameters 

Now that the transformations are found, the position (X, Y, Z) and orientation 
(4>, 9, VO parameters of the helicopter as the end-effector should be derived. In ro­
botics, the orientation of a frame can be defined by using Euler angles. A convention 
for describing the orientation of a helicopter is using the three orientations: roll, 
pitch, and yaw angles. The rotation about X is defined by 7, the rotation about Y 
is defined by /3, and about Z is defined by a. The orientation of a frame B relative 
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to another frame A can be generated by three successive rotations starting from the 
position at which the two frames arc coincident: 

iRttAip) ROT(AZA, ip)ROT{AYA, 0)ROT(AXA,, 

COSl/> 

simp 
0 

Hence, 

where: 

— simp 
cos ip 

0 

cos 6* 
0 

— sin# 

sin# 
0 

cos 9 

1 0 
0 cos(/> 
0 sin^> 

\R{<t>,e,rp) 
nx r12 rn 

r2\ r22 r23 
^ 3 1 T32 7*33 

And the Euler angles can be computed as: 

0 
- s i n i 

cosd) 

ri2 = cos ip sin 9 sin <p — sin ip cos <p 

ri3 = cos ip sin 9 cos <p + sin ip sin <f> 

r2i = sin ip cos 9 

r22 = sin ip sin 9 sin <p + cos ip cos <p 

r2s = sin ip sin 0 cos (/> — cos ip sin 0 

r3i = — sin 0 

r32 = cos 9 sin <̂> 

^33 = COS 9 COS 0 

(3.10) 

(3.11) 

(3.12) 

^ = tan-1(r3 2 /r3 3) 

tan"1 ( - r 3 i / v / r fTTr^) 

V' = tan- 1 ( r 2 i / rn ) 

(3.13) 

Note that in the MATLAB program the atan2 function must be used so that the 
correct quadrant of the angle is found. 

As a transformation, the matrix ° T we got is a 4 x 4 matrix, and this matrix can 
also be expressed as: 
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°T = °tR 
0 

t
0^] 
l 

tn 
tn 
hi 
0 

* 1 2 

^22 

^32 

0 

* 1 3 

i23 

^33 

0 

t l 4 

^24 

^34 

1 

(3.14) 

where °R is the orientation of tool frame relative to the inertial frame, and °P is a 
3x 1 position vector. Combining equations (3.11), (3.13), and (3.14), we can get the 
displacement parameters: 

" X ' 
Y 
Z 

7 
P 
a 

tu 
*24 

^34 

t a n - 1 (^32/^33) 

tan"1 (-t3i/ y/t^+tf 
t a n _ 1 ( i 2 i / i i i ) 

21) 

(3.15) 

3.2 Velocity Calculation 

The other parameters that have to be calculated besides the displacements are the 
linear and angular velocities of the helicopter. These velocities must be calculated in 
terms of the testbed's joint rates. 

3.2.1 Velocity Formulation Derivation 

As shown in Figure 3.2, uji is the angular velocity vector of the i th joint, «; is the 
linear velocity vector of the ith joint. Based on kinematics, for revolute joints, the 
relation of linear and angular velocities of neighboring joints can be formulated as: 

lix>i+l — %LOi + I +1 -fU'j+l A + l (3.16) 

'm+i = 'Ui + 'oji x ^ ^ (3.17) 

where i on the left top of the velocity means the velocity is measured in the ith frame. 
By premultiplying %^lR to both sides of the equations (3.14), (3.17), the desired form 
is obtained as below: 

i+1, , »+l pi , . 1 a i+1 7 
("i+i — i It LOi -+- f j + i A + l 

(3.18) 

i+l„ ui+i = l^R{l
Ui + lcJi x lPi+1) (3.19) 



CHAPTER 3. DISPLACEMENT AND VELOCITY CALCULATION 49 

Figure 3.2: Velocity of Connected Joints 

Similarly, wc can derive the formulations of a prismatic joint as shown below: 

i + l w i + l = i R%L0 (3.20) 

»+i„ ui+l = ;+1i?0ui + lUi x *pi+l) + di+1
i+izi+1 

(3.21) 

3.2.2 Velocity Calculation 

As required by the formulations (3.18), (3.19), (3.20),and (3.21), \+1R is needed for 
the velocity calculations. It is known that in *+1T, the first 3 rows and 3 columns 
construct the matrix l+1R- Here, the inverse matrix of each ]+1R is used to get 
l+iR- The other required parameters are 9i and d. These values are determined by 
differentiating the signals acquired from encoders. 

Thus, following formulations are obtained 

U)0 

0 
0 (3.22) 

ô 

0 
0 
0 

(3.23) 
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v = 
— sin #i cos #i 0 
— cos 6i — sin 9i 0 

0 0 
•%> + 

2i02 = 

V = %0 + °̂ o • 

sin 2̂ 0 - cos 02 
cos #2 0 sin 02 

0 - 1 0 

0 
0 
0 

W 

0 
0 
01 

0 
0 
#2 

(3.24) 

(3.25) 

(3.26) 

2^2 = ^ 0 + 1 ^ l • 

0 
0 
0 

3 W 3 = 

0 0 1 
1 0 0 
0 1 0 

W2 

(3.27) 

(3.28) 

3 ^ 3 

4 
UJ4 = 

2 , 2 

= f 2 + Wo • 

— sin 04 0 
— cos 04 0 

0 - 1 

0 
0 

_ - 2 - d3 . 

COS 04 

— sin 04 
0 

+ 
" 0 

0 

d3 

• 3 w 3 + 
0 " 
0 

0\ 

5L05 = 

V = 3t>3 + 3W3 • 

sin 6>5 0 — cos #5 

0 
0 
0 

COS # 5 

0 - 1 
0 sin 05 

0 
•V + 

0 
0 

05 

5- = v + V-°^5 

0 
0 
0 

6 " 6 = 

sin 06 0 cos 0$ 
cos #6 0 — sin 96 

0 1 0 
°^5 

0 
0 

(3.29) 

(3.30) 

(3.31) 

(3.32) 

(3.33) 

(3.34) 
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v& 

ut 

5v5 + 5cv5 

1 
0 
0 

0 
0 
0 

\ = %6 + UW6 

0 0 ' 
0 1 
-1 0 

6 W 6 -

• ei 

0 " 
0 
0 

L06 

(3.35) 

(3.36) 

(3.37) 

Where tujt and tvt are the angular velocity and linear velocity of the helicopter (end-
effector) described in the tool frame. 

Now, the velocities of the tool frame expressed in the tool frame are determined, 
however, the final data needed are the linear velocities expressed in the inertial frame. 
Refer to [32], based on the already known Euler angles of the tool frame, one can 
construct the following matrix A: 

A 
1 
0 
0 

0 
COS<j) 

— sine!) 

— sin 6? 
cos 9 sin 
cos 6 cos 

(3.38) 

So the angular velocity of tool the frame expressed in the inertial frame turns to be: 

% = A~l • 6w6 (3.39) 

For the linear velocity, we can simply use the following equations: 

(3.40) 0 p _ 0 p i p2 p3 p4 D5 D6 n 

Vt ?i? • \ (3.41) 

3.3 Programming and Adjustment in MATLAB 

To check the correctness of the displacement and velocity calculations, we coded a 
program in MATLAB, which can reach the results very fast and can be conveniently 
adjusted for newer designs. To make sure the program provides the correct results, 
we built a Simulink model as shown in Figure 3.3. Our program is embedded into 
a simulink block as a function. The 6 sine wave generators are used to simulate the 
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encoder inputs. The input signals are sent directly into the embedded function. The 
outputs are the three helicopter position component X, Y, Z, the three Eulcr angles 
4>, 6, ip, the three linear other velocity components X, Y, Z, and the three body 
angular velocity components 0cute,

 0ujty, °oJtz-
We run the model while enabling only one of the generators at a time and disabling 

the others by setting their inputs to 0. Then we observe how the results are affected 
when the input signal changes. Since the inputs are isolated, we can easily interpret 
the results and make sure they are correct. As an example, the affected plots of the 
outputs when only the first function generator is enabled is shown as in Figures 3.4 
to 3.7. 

Since the input signal is a sine wave that ranges from -1 rad to 1 rad, the input 
variable 6\ of our model is thus changing from -1 to 1 according to a sine wave. 

We should investigate the position parameters as shown in Figure 3.4 and 3.5. We 
should note that: the position and velocity components are not changing as a sine 
wave. They follow these rules: 

X — 2 x sin #i = 2 x sin(^ lmax sin t) 

Y = 2 x cos 6i = 2 x cos(6imax smt) 

X = 29lmax x cos(6lmax sin t) cos t (3.42) 

Y = -29lmax x sm(8lmaxsint)cost (3.43) 

Where 9imax is equal to 1. We can see the plot is essentially complicated. To make 
the interpretation easier, we simply replace the input sine wave by a ramp signal, and 
we can reach the desired sine and cosine wave as shown in Figures 3.8 and 3.9. 

Now, by looking at Figure 3.6 and 3.7, we can see the Euler angle indicating 
the rotation about Z axis is the only angle affected by the changing of 6\, which 
was expected, also when the angle is changing like a sine wave, the angular velocity 
is varying as a cosine wave, which also agrees with our model. Until now, we have 
finished the theoretical calculation part, and we are going to present the experimental 
phase in the next chapter. 
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Figure 3.3: Simulink Model Layout 
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Figure 3.4: The position of the end-effector when the first joint rotates with a sine 
profile 
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Figure 3.5: The linear velocity of the end-effector when the first joint rotates with a 
sine profile 
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Figure 3.6: The Euler angles of the end-effector when the first joint rotates with a 
sine profile 
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Figure 3.7: The Angular velocity of the end-effector when the first joint rotates with 
a sine profile 
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Figure 3.8: The position of the end-effector when the first joint rotates with a ramp 
profile 
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Figure 3.9: The linear velocity of the end-effector when the first joint rotates with a 
ramp profile 



Chapter 4 

xPC Target Hardware and 
Software 

To test how our data acquisition system works, we intend to develop a data system 
according to Figure 4.1. The encoders are mounted on the testbed. They will gen­
erate pulse signals and transmit them to the counter board PCI6602 through the 
terminal board CB-68LP. PCI6602 is installed on the target PC, and the target PC 
can communicate with the host PC by local area network (LAN). 

4.1 Hardware Parts Introduction 

Generally speaking, the encoders should be able to collect the signals and send them 
to control computer. Then a program will calculate the displacements and velocities. 

Our hardware utilized to carry out this assignment contains: A host PC which 
runs MATLAB connected to LAN; an xPC target PC which can be booted by a 
MATLAB xPC target boot disk and is also connected to LAN; a PCI6602 board 
from National instrument; a CB-68LP terminal board from National Instrument; and 
6 Encoders from USdigital. 

4.1.1 xPC Host and Target P C 

Our control system is based on the utilization of MATLAB xPC target function. 
xPC Target is a solution for prototyping, testing, and deploying real-time systems. 
By constructing a host/target computer environment, we can setup variety of boards 
on the target PC and do sorts of tasks such as data acquisition, signal generation and 
so on. 

60 
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Host PC 

PCI6602 

Target PC 

CB-68LP 

Testbed 

Figure 4.1: Encoder Data System Outline 
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MATLAB is installed on the host PC, and can fulfil all the MATLAB function­
alities. We make the program and simulation model on the host PC. The target PC 
is basically a computer without operating system installed, the necessary boot infor­
mation is from a boot disk made on the host PC. Then, once we power on the target 
PC, we could reach it by xPC explorer from the host PC, and download the models 
to it. Then we can run the model on the target PC to verify the program abd the 
modeling. Real-time monitoring and data collection are available. 

4.1.2 Boards 

To do a specific job, we need specific board. Here for data acquisition purpose, we 
purchased the board PCI6602 and CB-68LP from National Instrument. 

PCI6602 is a counter/timer device which can receive the pulse signals from the 
encoders. This board consists of 8 channels and can perform 8 operations simulta­
neously. It can not only receive pulse inputs but also generate output pulses itself. 
PCI6602 has 4 pins for each channel accompanying with lots of ground pins and some 
reserved pins making the total number of the pins to 68. 

The functionality of CB-68LP is to make the connection of field I/O signals to 
the counter/timer device easier. We could easily insert our wires directly into these 
vertically mounted 68-pin connector on the so called connector block CB-68LP 

4.1.3 Encoders 

As we have mentioned in chapter 2, we need 6 encoders to measure the parameters 
of the 6 joints separately. All these encoders are from USdigital and have different 
resolutions due to their usage. All the encoders are composed of two parts, the 
disk/strip and the hub. The scales are on the disk/strip. Once the disk/strip moves 
relative to the hub, pulse output is generated and transmitted to PCI6602 board by 
the pins on the hub. Each of the encoders will be connected to one of the 8 channels 
of PCI6602. 

4.1.4 Wiring the Encoders 

To connect the encoders, we need correct connection of pins. Refer to Figure 4.2 
and 4.3, we have the led side view of the pin deployment and the terminal board, the 
pin wiring tables are shown as in Table 4.1 and 4.2, it gives us how the encoders can 
be connected to the pins on the terminal board for the 8 channels respectively, we 
only need 6 of them in our experiment. 



CHAPTER 4. XPC TARGET HARDWARE AND SOFTWARE 63 

Figure 4.2: Terminal Board 

Tal 
Pins on encoder 

Gnd 
Index 
Ch A 
+5V 
C h B 

Die 4.1: Wiring Table for Encoder Connection 
Wire color 

Silver 
Green 
Black 
White 
Red 

channel 0 
36 
3 
2 
1 

40 

channel 1 
11 
8 
7 
1 
6 

channel 2 
68 
67 
34 
1 

66 

channel 3 
30 
64 
31 
1 

63 
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Figure 4.3: Encoder Pin Deployment 

Table 4.2: Wiring Table for Encoder Connection Continued 
Pins on encoder 

Gnd 
Index 
C h A 
+5V 
C h B 

Wire color 
Silver 
Green 
Black 
White 

Red 

channel 4 
27 
61 
28 
1 

60 

channel 5 
24 
58 
25 
1 

57 

channel 6 
55 
21 
22 
1 
12 

channel 7 
46 
10 
11 
1 
19 
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4.2 xPC Target Software 
The software we are using here is MATLAB. A model is made based on the one we 
have seen in chapter 3. The new one is suitable for real-time modeling with PCI6602 
count inputs. The model is shown in Figure 4.4. The 6 blocks labled PCI6602 are 
the 6 channels of our PCI6602 board, since the input is pulse, we have to convert the 
pulse into degrees for angles and meter for distance. The 6 constants are conversion 
parameters for the encoders. The product blocks are used to perform multiplications 
between the input pulse signals and the conversion parameters. The tall block in 
the middle labeled helivelo is our main program. We input the encoder signals and 
corresponding differentials. The code block calculates position, Euler angles and 
velocities. We also add multiplications to the code block output so as to label the 
outputs. 

4.2.1 Initialization of the Testbed 

Some precautions are necessary to make sure the testbed works well with the program. 

• Data Source Validation 

After connecting the encoders to the CB-68LP board, we run the xPC explorer 
in MATLAB, and add host scopes to the model. This allows us to monitor the 
values of the encoders outputs on the host PC. 

Since the encoder outputs are counts, and are difficult to interpret, we must 
monitor the products that convert the counts into angles or positions. Then, 
by observing the value when the testbed is moving, we can make sure the data 
source (the encoders) working correctly. 

• Output Validation 

After we have adjusted the data source (the encoders), we know all the inputs 
to the program block are correct. Then, we add scopes to detect the outputs 
separately in position and velocity groups. This phase help us to ensure the 
correct results based on the encoder signal inputs. For example, when encoder 
signal indicates a increase in one of the euler angles, the particular output should 
act as it is supposed to. 

• Index Validation 

To agree with our program, we have to make certain index points for each of 
these 6 encoders. We adjust the encoders to implement the requirements. But 
we notice that, the encoder will not take the index position as 0 point unless 



CHAPTER 4. XPC TARGET HARDWARE AND SOFTWARE 66 

PCI-6602 
National Instr. 
Inc. Encoder 

PCI-6602 
National Instr. 
Inc. Encoder 

PCI-6602 
National Instr. 
Inc. Encoder 

V̂ ^ -N 

PCI-6602 
National Instr. 
Inc. Encoder 

PCI-6602 
National Instr. 
Inc. Encoder 

PCI-6602 
National Instr. 
Inc. Encoder 

H 

43*L 

theta 

^ 1 - J phi.tt 

- W du/dt f-
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Figure 4.4: Real-time MATLAB Model 
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the detector sweeps the index point. To solve this problem, we have to make 
sure all the index points have been swept before we start data collection. 

The other problem we have is the index of the linear joint was damaged, since 
we have to drill some holes on it, the damage is hard to avoid. To solve this 
problem, we adjust the output in our model by adding a constant which makes 
the center point of the linear motion range to be index point electrically. To do 
this, we have to make sure that before the program is started , the slider joint 
must be at the farthest out position, meaning that the helicopter should be at 
the farthest position from the base joint of the arm. This position is chosen as 
zero point for the linear encoder. The correction that shifts this to the center 
of the encoder is programmed into the model. 

• Index Correct Positions 

To make the testbed ready for experiment, we need to set the index to correct 
position, the intended position for the encoder indexes are shown as in Figure 4.5 

4.3 Experiment Results 

After we initilized the testbed correctly, we are ready to do the experiments. For the 
testbed, the accuracy and repeatability are very important which can affect the cor­
rectness of our results when being used. Therefore, we did the calibration experiment 
as followed to test how accurate the testbed is. 

4.3.1 Calibration, Validation and Repeatability Experiments 

As mentioned in Chapter 2, we designed the first 3 joints of the testbed to allow 
the helicopter to move along either a vertical or a horizontal line. Here, we take 
advantage of this feature and do the following calibration experiment. Since the 
testbed calculates the coordinates of the center of the hand, a calibration bar had to 
be made that replaced the hand and pointed to the center of the hand. 

Vertical Calibration and Validation 

In this experiment, we adjusted the testbed to the configuration as shown in Fig­
ure 4.6: The distance from the origin of the first joints to the wall is about 2 m where 
is also approximately the middle of the joint 3's moving range. When the arm is 
horizontal, the tip of the arm will be at a right contact with the wall. When the tip 
of the arm moves along the wall, the arm will slide in and out by the motion of joint 
3. 
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Left view for joint 6 

Top view for joint 1 side view for joint 2 

Figure 4.5: Intended Encoder Index Position 
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Figure 4.6: Vertical Calibration and Validation Setup and Scheduled Motion 
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Then, we attached a tape measure vertically to the wall to make the point displays 
1 m on the tape measure to be coincident with the bottom point of the arm when 
the arm is horizontal. 

After that, we made sure the slider joint was at the farthest position, we launched 
the xPC model, swept the index points of the encoders and made it ready to work. 

Now, we started the experiment. We let the bottom point of the arm's calibration 
tube move to specified points, made records of the tape measure values in the Z direc­
tion, and also recorded the values from our program. The results of this experiment 
is shown in Table 4.3. 

Horizontal Calibration and Validation 

After the vertical calibration experiment, we simply adjusted the testbed to the con­
figuration the same as the former experiment, and attached the tape measure hori­
zontally to the wall. 

This time, we moved the left side point of the arm's calibration tube to specified 
points on the tape, made records of the values in the X direction, and recorded the 
values from our program. The results of this experiment is shown in Table 4.4. 

Repeatability Experiment 

To make sure the results are repeatable, we recorded values for a specified point: X: 
0 m, Y: 2 m, Z: 0 m several times and calculated the repeatability for it. The results 
are shown in Table 4.5. 

4.3.2 Result Analysis 

Due to the procedure of the experiment, some adjustments must be made to the tape 
measurement readings. They follow. 

Error Source Analysis 

As we know, for vertical and horizontal calibration, we used the bottom point and left 
side point of the arm respectively as our standards. These standard points are not the 
point indicated by our program. As shown in Figure 4.7. Pm is the standard point 
used by the program, Pt is the standard point used by our manual tape measurement. 
Based on this figure, we can derive the correction formula for the experiment results. 
For the vertical calibration, the following adjustment is required for the tape measure 
results. 

Zte = Zt - r * cos(fl) - 1 (4.1) 
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Table 4.3: Results for Vertical Calibration and Validation 
Zt(m) 

1.75 
1.70 
1.65 
1.60 
1.55 
1.50 
1.45 
1.40 
1.35 
1.30 
1.25 
1.20 
1.15 
1.10 
1.05 
1.00 
0.95 
0.90 
0.85 
0.80 
0.75 
0.70 
0.65 
0.60 
0.55 
0.50 
0.45 
0.40 
0.35 
0.30 

Ym(m) 
-1.986 
-1.988 
-1.990 
-1.991 
-1.992 
-1.993 
-1.995 
-1.996 
-1.997 
-1.998 
-1.999 
-2.000 
-2.001 
-2.002 
-2.002 
-2.003 
-2.003 
-2.003 
-2.004 
-2.004 
-2.005 
-2.006 
-2.001 
-2.009 
-2.011 
-2.012 
-2.014 
-2.016 
-2.018 
-2.016 

Zm (m) 
0.767 
0.719 
0.671 
0.616 
0.554 
0.517 
0.464 
0.416 
0.364 
0.314 
0.263 
0.213 
0.163 
0.113 
0.063 
0.014 
-0.039 
-0.086 
-0.136 
-0.185 
-0.230 
-0.282 
-0.332 
-0.380 
-0.430 
-0.479 
-0.527 
-0.575 
-0.625 
-0.676 

8 (degree) 
-21.1 
-19.9 
-18.6 
-17.2 
-15.5 
-14.5 
-13.1 
-11.8 
-10.3 
-8.9 
-7.5 
-6.1 
-4.7 
-3.2 
-1.8 
-0.4 
1.1 
2.5 
3.9 
5.3 
6.5 
8.0 
9.4 
10.7 
12.1 
13.4 
14.7 
15.9 
17.2 
18.5 

Zte M 
0.741 
0.691 
0.641 
0.591 
0.541 
0.491 
0.441 
0.391 
0.341 
0.291 
0.241 
0.191 
0.141 
0.091 
0.041 
-0.009 
-0.059 
-0.109 
-0.159 
-0.209 
-0.259 
-0.309 
-0.359 
-0.409 
-0.459 
-0.509 
-0.559 
-0.609 
-0.659 
-0.709 

^error \J^-) 

-0.026 
-0.023 
-0.030 
-0.025 
-0.013 
-0.026 
-0.023 
-0.025 
-0.023 
-0.023 
-0.023 
-0.023 
-0.023 
-0.023 
-0.023 
-0.024 
-0.021 
-0.024 
-0.024 
-0.025 
-0.030 
-0.028 
-0.027 
-0.029 
-0.029 
-0.030 
-0.032 
-0.034 
-0.035 
-0.033 
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Table 4.4: Result 
Xt(m) 

1.70 
1.65 
1.60 
1.55 
1.50 
1.45 
1.40 
1.35 
1.30 
1.25 
1.20 
1.15 
1.10 
1.05 
1.00 
0.95 
0.90 
0.85 
0.80 
0.75 
0.70 
0.65 
0.60 
0.55 
0.50 
0.45 
0.40 
0.35 
0.30 

Ym(m) 
-2.003 
-2.002 
-2.000 
-2.000 
-2.001 
-2.000 
-2.001 
-2.000 
-2.001 
-2.000 
-2.001 
-2.001 
-2.002 
-2.002 
-2.003 
-2.003 
-2.004 
-2.005 
-2.006 
-2.007 
-2.007 
-2.008 
-2.008 
-2.009 
-2.010 
-2.010 
-2.010 
-2.010 
-2.011 

s for Horizontal Calibration and Validation 
Xm (m) 

0.695 
0.645 
0.596 
0.545 
0.496 
0.445 
0.396 
0.347 
0.296 
0.248 
0.198 
0.149 
0.097 
0.051 
-0.002 
-0.049 
-0.100 
-0.148 
-0.199 
-0.249 
-0.297 
-0.346 
-0.395 
-0.447 
-0.497 
-0.546 
-0.596 
-0.646 
-0.691 

9 (degree) 
-19.1 
-17.9 
-16.6 
-15.2 
-13.9 
-12.6 
-11.2 
-9.8 
-8.4 
-7.1 
-5.7 
-4.3 
-2.8 
-1.5 
0.0 
1.4 
2.9 
4.2 
5.7 
7.1 
8.4 
9.8 
11.1 
12.6 
13.9 
15.2 
16.5 
17.8 
19.0 

Xtc (m) 
0.700 
0.645 
0.584 
0.532 
0.493 
0.450 
0.392 
0.332 
0.285 
0.247 
0.198 
0.136 
0.082 
0.042 
0.000 
-0.058 
-0.119 
-0.164 
-0.202 
-0.253 
-0.315 
-0.368 
-0.408 
-0.450 
-0.507 
-0.568 
-0.616 
-0.655 
-0.700 

•s*-error \J^-) 

0.004 
0.001 
-0.011 
-0.013 
-0.003 
-0.005 
-0.005 
-0.015 
-0.011 
-0.001 
-0.000 
-0.013 
-0.015 
-0.010 
-0.002 
-0.009 
-0.019 
-0.016 
-0.003 
-0.004 
-0.017 
-0.022 
-0.013 
-0.003 
-0.010 
-0.022 
-0.020 
-0.008 
-0.009 

Table 4.5: 1 

X 
Y 
Z 

1 
-0.003 
-2.003 
0.0135 

Results for Repeatability Ex 
2 

-0.0015 
-2.003 
0.0135 

3 
-0.0015 
-2.003 
0.0135 

4 
-0.0015 
-2.003 
0.0135 

Deriment 
5 

-0.0015 
-2.003 
0.0120 
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Measured point by program P_m 

Standard point 
for taps measurement P_t 

Figure 4.7: Error Source Diagram 

where, Ztc is the corrected Z tape value. Zt is the value before correction, r is the 
radius of the arm's calibration bar which is 0.0095 m. 

Following the same way, we can find the correction formula for the horizontal 
calibration as follows: 

Xtc = Xt + r * cos(6) - 1 (4.2) 

Calculation and Conclusion 

According to Table 4.3, 4.4 and 4.5. We can generates the plots of the relationship 
between the tape measured results and the program measured results as shown in 
Figure 4.8 and 4.9. We can also calculate the accuracies and repeatability as followed: 

For Z, accuracy is: 

A, ±J 
-"max ^min 

For X, accuracy is: 

By the formulas: 

Ax = ±-
^max &min 

±0.011 m 

±0.013 m 

x £: 
n 

xd = ±2 
n-l 

(4.3) 

(4.4) 

(4.5) 

(4.6) 
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Figure 4.8: Relation between Tape Measured Z and Program Measured Z 
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Figure 4.9: Relation between Tape Measured X and Program Measured X 
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We have: 

Xd = ±5 x 10"7 m 

Yd = ±0 m (4.7) 

Zd = ±5 x 10"7 m 

Based on the Figures 4.8 and 4.9 , we found that, for the horizontal calibration, we 
obtained good accuracy and the plot is good, the points are around the Y = X 
straight line. But for the vertical calibration, accuracy is good, but all the points are 
lower than the expected place. It's supposed to because of the bending of the arm. 
The arm we used to do the experiment is 0.75 in diameter. For the final testbed, the 
arm we used is 1.375 in diameter, that stronger arm will reduce the affection by the 
bending. At last, we can conclude the repeatability of the testbed is good based on 
the calculations. 

4.3.3 Wrist Angle Calibration and Validation Experiment 

In the above experiments, we calibrated the first 3 joints. Now, we are going to 
calibrate two of the wrist joints. We clamped the wrist to a leveled table to make 
it stationary. We set the zero point of the inclinometer while it is on a level table. 
Then, we mount a inclinometer to a plate belongs to joint 5. When we move the plate, 
the inclinometer will give us an angle indicates the amount the rotating motion. We 
also can read the result from our program running in real-time on a target PC. First, 
we added an angle offset to the program to make sure both the program and the 
inclinometer show zero angles when the link connected to the joint is horizontal. We 
rotate the joint 5 with 2-degree intervals according to the inclinometer and we record 
the results from the real-time xPC-target program. After we calibrate joint 5, we 
repeated the same procedure for joint 6. The calibration results are as shown in 
Table 4.6. 

We can plot the results out and show them as in Figure 4.10 and 4.11. The 
accuracy for these angles can also be calculated as in Equation 4.8 and 4.9. 

From Figure 4.10 and 4.11, we can see the results are not perfectly match the 
expected values. That's because when the plate moves relative to each other, the 
shaft through them suffers some warping. This caused the center of the encoder disk 
to depart from the point it supposed to be. However, The accuracy of the encoders 
is satisfying. 
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Table 4.6: Results for Wrist Angl 
#5 deg. (inclinometer) 

-18.3 
-16.0 
-14.0 
-12.0 
-10.0 
-8.0 
-6.0 
-4.0 
-2.0 
0.0 
2.0 
4.0 
6.0 
8.0 
10.0 
12.0 
14.0 
16.0 
18.0 
19.5 

ds deg. (encoder) 
-19.3 
-17.0 
-14.8 
-12.2 
-10.5 
-8.2 
-6.1 
-4.0 
-1.9 
0.0 
2.3 
4.4 
6.6 
8.8 
10.8 
12.9 
15.2 
17.0 
19.0 
20.1 

e Calibration and Valic 
06 deg. (inclinometer) 

-20.0 
-18.0 
-16.0 
-14.0 
-12.0 
-10.0 
-8.0 
-6.0 
7-4.0 
-2.0 
0.0 
2.0 
4.0 
6.0 
8.0 
10.0 
12.0 
14.0 
16.0 
18.0 
20.0 

ation 
0Q deg. (encoder) 

-20.6 
-18.7 
-16.7 
-14.8 
-12.7 
-10.5 
-8.4 
-6.3 
-4.3 
-2.1 
-0.1 
2.1 
4.1 
6.3 
8.3 
10.2 
12.2 
14.3 
16.3 
18.4 
20.1 
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6g inclinometer ( ) 

Figure 4.10: Relation between Inclinometer Measured Angle and Encoder Measured 
Angle for Joint 5 
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9. inclinometer ( ) 

Figure 4.11: Relation between Inclinometer Measured Angle and Encoder Measured 
Angle for Joint 6 
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^ = ±\ema, ^ emin\ = ±QQ0 ( 4 g ) 



Chapter 5 

Conclusions 

In this project, the objective was to develop a control system for the helicopter and 
test the control system. To confirm that our control algorithm can interpret the 
physical data correctly, we built a testbed which can perform experiments safely and 
give us raw data to check with the output of our algorithm. By this testbed, we 
are able to acquire the position and orientation data of the helicopter without any 
unexpected crashes or incidents. 

At first, we designed the testbed in Pro/Engineer based on the required functions. 
Then, we revised the designs due to the strength validation results. Furthermore, 
some better designs that could do a better job were raised and replaced the original 
ones when we were working on the design. 

Second, we derived the formulas used to calculate the position and orientation of 
the helicopter based on the knowledge in robotics. We made a program in MATLAB 
to aid us as well. 

Finally, we built a encoder data system. We mounted 6 encoders to the testbed 
which can give us required outputs. Then, by an xPC target and host PC system, we 
were able to transmit the collected data to target PC and thus received by the control 
computer. The position and orientation were calculated by the control computer once 
inputs were obtained. Some experiments were carried out to check the accuracy and 
repeatability of the system. Satisfying results were obtained and the project objectives 
were met successfully. 
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Figure A.l: Base Plate 
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Figure A.2: Connector between Plate and Bar 
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Figure A.3: Straight Bar 
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Figure A.4: Extended Bar 
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Figure A.5: Connector between straight bar and extended bar 
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Figure A.6: Hat 
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Figure A.7: Ring Support Rib 
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Figure A.8: Ring 
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Figure A.9: Stopper 
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Figure A. 10 Leg Part 1 
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Figure A. 11 Leg Part 2 
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Figure A.12 Leg Part 3 
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Figure A.13 Tube Connector 1 
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Figure A.14 Tube Connector 2 
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Figure A.15 Encoder Holder Joint 1 
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Figure A. 16 Encoder Holder Joint 2 
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Figure A. 17 Outer Tube 
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Figure A. 18 Extrusion Tube 
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Figure A. 19 Strip Support Block 
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Figure A.20 Trail Support Block 
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Figure A.21 Tube Clamper 
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Figure A.22 Tube Coat 
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Figure A.23 Trail 
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Figure A.24 Sandwich Plate 
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Figure A.25 Encoder Hub Holder 
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Figure A.26 Arm Wrist Connector 
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Figure A.27 Adjust Shaft 
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Figure A.28 Encoder Hub Holder 
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Figure A.29 Joint 4 Plate 
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Figure A.30 Stopper 
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Figure A.31 Joint 5 Vertical Plate 
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Figure A.32 Joint 5 Horizontal Plate 
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Figure A.33 Joint 5 and 6 Plate Connector 
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Figure A.34 Joint 5 and 6 Encoder Holder 
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Figure A.35 Joint 5 and 6 Stopper 
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Figure A.36 Joint 6 Horizontal Plate 
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Figure A.37 Joint 6 Vertical Plate 



APPENDIX A. 124 

•n t 

-—I 8 

=1 u 

s? <•* * 

llj 

a 

| * T 

III )i 

3?S?K 

fell! 

Figure A.38 Joint 6 Basic Plate 
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Figure A.39 Joint 6 Slider 
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Figure A.40 Joint 6 Clamper 


