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ABSTRACT

Srijith Sudhagar: Robotic Sanding of Wooden Bowls with Hybrid Force/Position Impedance
Control. MASc. Thesis, Queends Univers

This thesis set out to determine whether a serial robot could be used to sand a wooden bowl, in
order to freea human operator from what is considered a hazardous task. The process of sanding
wood is similar to the polishing of metal, both set out to eliminate scratches. There aeasszbt
commercial systems available for the polishing of metal, for exampi@ralm, as employed by

the aerospace industigowever, unlike aluminum, wood is a rbomogeneous material. In the

case of wooden bowls, each has a unique geometry, and to a,deggeie material properties.

The hypothesis posed by this thesithat a hybrid force/position impedance controller can sand
theinside ofa wooden bowl and mimic the motions and technique of a human operator, and yet

be able to deal with conditions of unknown bowl geometry

A CRS A465 robotic arm was used to mimic #ren motion of a human operatdhe bowlwas

held in place by a vacuum chuck. A pneumatic orisaaidemas used for the sanding process

3-axis force sensor mounted on the end effector medstire applied forceThe arm was
programmed to follow a radial line from the rim of the bowl to its center and then back to the rim.
A hybrid force/position impedance controller was implemented. A forwardhaedse kinematic

model of the robot was developed to enable trajgajeneration. The effect of sander angle and

the nature of the trajectory was testB@ action was adopted for the position controller. Four
different force controllers were tested: First Order (FO) filter, Butterworth filter, PI action and
combined FCPI. Tuning tests were conducted to obtain the best values for the controller gains.
The conclusion is that FO filter for the force controller and PD action for the position controller,
with an appropriate settings for the impedance, gave the best cpeatfolrmance. This
performance was obtained with only a rough estimation of the bowl geometry as based on the
bowl 6s di ameter and depth. A precise CAD/ CAM
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CHAPTER 1

INTRODUCTION

In certain woodworking industries, human operators manually cut wooden bowls and then sand
them with electric hantield power sanders. This is a physically demanding process and frequently
leads to carpal tunnel injuries of the wrist [1]. Automating thedweanding process could lead to
increased production rates and free operators from a hazardous work envirdimagmacess of
sanding wood is similar to the polishing of metal, both set out to eliminate scratches. There are
robotbased commercial systsnavailable for the polishing of metal, for example aluminum, as
employed by the aerospace induggly However, unlike aluminum, wood is a rlomogeneous
material. In the case of wooden bowls, each has a unique geometry, and to a degree, unique
materialproperties. The hypothesis posed by this thesis is that a hybrid fusiti®ip impedance
controller couldmatch the performance of a human operator stiidbe able to deal with the

conditions of unknowtowl geometry

In the next section, @roblem overview is given of the hazardous and difficult nature of the sanding
process. The problem overview section is followed by a section that lists the main objectives of

the thesis. In the last section of this chapter, the thesis outline is given.

1.1 Problem Overview

In the production of wooden bosybne approach taken by a local manufacturer is to first make a
rough cut of the bowl from a tree trunk using a lathe. Initial sanding of the inner surface is then
conducted using a large belt sander, with the operator sitting in a chair and holding thgdost|

the sander, which is mounted on the floor. Final sanding of the bowl is accomplished by holding
the bowl horizontally in a fixture and having the operator conduct continuous pas$esdhald
powered orbital sander. There are a numbeisk$ associated with this process:



1 Inhaling sanding dust into the lungs can cause breathing problem and lead to chronic
respiratory diseases. This can be avoided by wearing a proper protective face mask, but
it is still not a healthy environment to work dwethe quantity of dust involved.

1 The physically demanding and repetitive motion nature of the pramesdead to
tendonitis in the elbow and carpal tunnel in the wrist of the operator. This is mitigated by
the local manufacturer by limiting a sanding fsho no more than two hours.

Consequentlythis limits production rates.

By automating this process, the operator could be moved to other aspects of the manufacturing
process than are not as hazardous. Surface following contour control is a basig saadin
polishing strategy for industrial robots. There are certain problems to be considered if the sanding
process is to be automated in this particular application:

1 Specific geometric information of the workpiece is not available. Scanning the bowl, with
for example a laser scanner, to obtain precise geometric details, is possible but not desired
due to the dusty environment, tloev-costnature of the application and the complications
associated with having to scan every bowl.

1 The bowl must be held in@te without a mechanical fixture. That is to say the bowl has
to be held in place by a vacuum based fixture, that is limited to the degree of holding force.

1 The sanding tool shouloe held at a fixed angle relative to the surface of the bowl as it
sandghe inner surfageéo mimic the motion of the human operator. This requires a difficult
but not unobtainable trajectory to be planned.

1 The contact force should be as constant as possible throughout the process, to avoid the
creation of bumps in the surfaaehich is challenging due to the variable and unpredictable

Afhardnesso of the wooden materi al



1.2 Objectives

There are five main objectives for this thesis project:

1) Develop a robebasedapparatus to teghe feasibility of sanding a wooden bowl.
Identify and commission an appropriate robotic arm with a force sensor and a sander as the
end effector.

2) Develop a controllefor the apparatus.
A hybrid controller should be designed to achieve both position and force control as the
sander is drawn acrotie surface of a wooden bowl.

3) Implement and validate model of the robotic arm
Derive and test a kinematimd dynamienodel of the robotic arm to enable trajectory
planningand execution

4) Determine theontrol performance possible througixperimentation
Perform sanding tests and monitor the results as the corganétuned.

5) Analyze the results of the sanding tests and identify potential areas for improvement.
If possible, make modifications to the apparatus to improve performarmgg@essted by

the outcomes of the sanding tests.

Tasks to be completedd achieve these objectives:
In order to achieve these objectives, the following tasks will be completed.

1. Confirmtheoperation of the robotiarm witha teach pendant and itiedicated controller
When in closed architecture mode, the basic operation of the robot can be confirmed with
a teach pendanto enable any necessary hardware debugging.

2. Connect the robotds controller to a&adecomput
In order for tle robot to be operated in oparchitecture mode (i.e. ntrolled by a desktop
computer), the hardware interface between the computer and the dedicated camisiller
be rendered operational.

3. Study the kinematics and derive the dynamic equations for the Pokotematic model
is needed in order to program the robot for user defined motions.

4. Install and calibratea@ xi s f orce sensor for moUhet i ng

force sensoneeds to be calibrated with static weights before mounting on the arm.



5. Install a device to hold the wooden bowl in place during the sanding process, without
damaging in the bowl (i . e. theAsbhtablykized an 6t
vacuumchuck should be used to hold the bowl, with chuck mounted on a table, at the same
|l evel as the base of the robotds ar m.

6. Install and test an appropriate sanddime manual sanding of a bowl is conducted with
two types of sanders: electric belt and eledrlutal. Both are too heavy and too large to
be usedit the end of a robotic arm.|ighter and smaller sander must be found.

7. Review the literature for the structure of an appropriate hybrid force/position controller.
The hybrid controllers used by otlresearchers for the sanding of wood (and the polishing
of metal) should be studied and an appropriate structure chosen for the application at hand.

8. Implement the candidate controller and investigate the operating parameters that influence
the quality of he sanding procesé number of operatig parameters need to be identified
including angle of the sander, nature of tlanding motion tajectory planning)
magnitude of the force setpoirspeed of thesandingprocess and finally, the contier

gains need to be tuned.

1.3 Thesis Outline

Chapter 2 presents background information and provides a literature review on the subject of the
polishing of metal and the sanding of wood with a robot. The experience of other researchers when
it comes to hybrid force/position controller is examined. Attention is also given to the problem of
contour following when dealing with curved surfaces. @aailability of existing kinematic and
dynamic robot models is presented, with a focus on models that are sufficiently well documented
to enable implementation for this thesis. The importance of including impedance control is
confirmed. Details such as theed for filtering when working with a force controller eeeiewed

Finally, lessons learned from the literature review are summarized.

Chapter 3 provides details on the assembled apparatus, including the robotic arm and its dedicated
controller. The sftware needed to control the arm with a desktop computer is discussed. The

specifications of the selected force sensor and the adopted calibration method are given. Details



of the selected sander are presented. Finally, the four different controfigucations selected

for testing are documented.

Chapter 4 explains the derivation of the kinematic and dynamic model used to enable control of
the robot. The DH parameters of the arm are first given, followed by the derivation of the
transformation matces. Next, the forward and inverse kinematic equations are developed.
Jacobians are used to formulate the dynamic equations. Model specifics are presented, including
inertia terms, coriolis and centrifugal terms, gravitational and frictional terms. Fitfalyorce

estimation and parametrization equations are given.

Chapter 5 presents the results of the sanding tests with four different hybrid controllers and under
different operating conditions. Trajectory planning was validated by tracking the métiba o

arm without the wooden bowl present. The effect of friction was examined by replacing the sander

with a ball transfer unit, that is to say the sander was replaced by a sprung ball bearing that rolled
freely on the surface of the wooden bowl. Emplricaing tests were conducted to tune the gains

of al | four controll ers. The effect of chang

presented. Finally, a comparison is given of the best results from each controller.

Chapter 6 concludes the thesis, summarizing the work done and the significance of the test results
obtained. Recommendations for future work@esented. Reflections are given on the feasibility

of automating the sanding process for wooden bowls



CHAPTER 2

LITERATURE REVIEW

As introduced in Chapter 1, the overall objective of this thesis is to develop destsat apparatus

to test thdeasibility of sanding a wooden bowlhis chapter begins with a review of roliztsed
polishing of metal and the sanding of woderevious research on the subject of hybrid
force/position control with robotic arms is examindthe problem of contour folleing when
dealing with curved surfaces is reviewed. The availability of existing kinematic and dynamic robot
models is surveyed, with a focus on models that are sufficiently well documented that they could
be readily applied to the problem addressed Ig/ttiesisThe significance of impedance control

is examinedThe need for filteringvhen working with a force controller is presented. Finally,

lessons learned from the literature review are summarized.

2.1 Robot-Based Polishingand Sanding

As will be described in the following three ssbctions, robebased sanding and polishing can be
conducted in one of three ways. Unless stated otherwise, the robots in the reviewed papers are
articulated serial arms with six degrees of freedom (DOF)gHatsay, with six revolute joints.

2.1.1Tool on the Robot

The paper this sectiorhave the tool mounted on the robot and the workpiece held stationary.

A number of studies have been conducted on the polishing of metal, but only a few can be found
onthe sanding of wood. One early study of robotic poliskiith industrial robot was completed

by Takeuchi et a[3] where an akdrivenspindlewas used to a polisibroad planar metal surface

In this study, a touch sensor on the robot aas used to obtain the locatiofthe workpiece on

the table andhe information wastored as Constructive Solid Geometry (CSG) data. TG



datawas thenused bya CAD/CAM system to calculate the normadotor and feed vector at each
point on the workpiece surfac€hus, performance in this study was predicated byribed for

precise information on the geometry of the workpiece.

A similar CAD/CAM based approach was taken by Nagata. §4Jafor a metal mold polishing

robot (articulated industrial arm) where a balld abrasive tool was used to polish PET
(Polyethylene Terephthalate) bottle molds. The target tool location and vectoretatzsed to
provide not only the desired trajectanf the tool but also the desired contact orientation. They
used a hybrid controller where the position control loop fed into to the force control loop to achieve

both accurate pick and place feed control of the tool position and stable force control.

Another CAD/CAM based approach was taken by Nagata[&] athere industrial robot equipped

with an orbital sander was used to sand furniture withffseeed curved surfaces. The key feature

of their system is that the sanding force acting betweerotieahd the wooden workpiece was
precisely controlled to track a target force. On the other hand, even though the workpiece geometry
was known precisely, process parameters such as control gains were tuned by trial and error

method.

To avoid collision beteen the polishing tool and the workpiece, the arm should be guided with
collision free CSG data based on recognition and judgement like human operator. This was studied
by Takeuchi et a[6] using polishing robot with electric (convex end) tooptdish a carbon steel
concave surface. A collision free polishing tool path was generated to obtain uniform surface finish

throughout the workpiece.

2.1.2Workpiece on the Robot

The paper in this section h#ee workpiece mounted on the robot dind tool is leld stationary.

An alternative method for the robotic polishing of complex curved surfade®isn as theéop
down approach. This approach was studied by Mohsin |éf] atho used amrticulated robot for

the polishingof eyeglass frames. In this methadlde robot holds the workpiece aie polishing

7



disc is fixed ontaa base. The complex curved surfacdisken downinto a number of simple
curved surfaces for polishinghe ol path is generated for each surface regindthen the
regionsare stitched togethefhey achieved a highuality surfacevith all scratchegliminated in

just two polishing cycles.

2.1.3Two-Robot Setup

The papein the sectiorhas the tool mounted on the robot and the workpiece on a second robot

(or rather amachire tool with 3 DOF).

Common approach is to mount the sanding/polishing tool on the apidohave the workpiece
fixed in place Another approach is to have workpiece omachining cerdr with one or more

axes andh polishing robot with two or more ageFor example, a study completed by Cheol Lee

et al [8] used three axis machining center and two axis polishing robot equipped with an air driven
tool to polish on shadow ask die They used DSP (Digital Signal Processing) controller to obtain

precise polishing.

2.1.4Tool Path Planning

The automagd polishingof metalon curved surfaces was discussediam et al [9], [10]. They
usedanindustrial robot witha flexible abrasive tool to polishcurved mold surfacdn [9], tool
pathplanningwas done witrasymmetrical offset line feed stydes illustrated in Figure 2.Taking
the center line as the axis of symmetry, two safékse wokpiecesymmetrically extend according
to the preset cutter row spacing, until the patomplete
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Figure2.1:A Sy mmet ri cal odthfPset | i nearo tool

Gravity compensation of the polishing tool plays an important role in polisminfan et alé s
approach 10], the relation between the polishing force and the effect of gravity on the tool was
taken into account and tlpelishing processvasstudied They proposed aalgorithm from the
reattime polishing force detection to the normal polishiogce based onhe force analysis and
gravity compensation on the polishing tdblvas then used to decrease the influence by polishing
tool gravity and improve the real time control of the normal polishing force accuratelyvhich

was then used to decrease the grfice of gravity and improve the real time control of the normal
polishing force. Force analysis of the tool head is illustrated in Figure 2.2 where Fn is the normal
force, Fm is the force measured using the sensor, Fg is the polishing tool gravity anithd-c i

polishing force.

eed direction

Figure 2.2: Force analysis of tool head polishing on curved surfgldds



Polishing based on analysis of the contact force and path research was completed by Huang et al
[11], where they used an industrial robot walectric buffing wheel for turbine blade polishing

(one of the main components in arceaft engine). The width of the contact surface was obtained
and then it was used to optimize the polishing path. Later they applied the ¢ordaenalysis

to flexible robot polishing system to achieve high quality.

2.2 Kinematic and Dynamic Modelling

The forward andinversekinematics of the robot arm are required for end point control and

identification of associated dynamic parameters.

The DenavitHartenberg PH) parameters are important to provide the forward and inverse
kinematic calculations. These parameters describe the arm mathematically which is explained in
i Bbotic Analysi® by Tsaj L. [12]. After deriving all the DH parameters for six joints, the
transformation matriceseed to beomputed to describe the relationship between two joint frames.
The frames of the arm are shown inwig2.3 where the first joint is consideredrzamel. Then

the forward and inverse kinematic equations are formulated from these transformation matrices.

This approach will be covered in detail in Chapter 4 of thesis.

In order to design a controller for a ropatprecise model of the robotic systemequiredwith

accurate informatiolmn dynamic parameterd.he manual provided by tHeRSdid not contain

data about the inertial parameters such as link mass, moment of inertia, center of mass and joint
friction. Theseare needed to design modised controllerd'he dynamic model was derived by
Kinsheel et al [13] used the Lagrarge Eulermethal for force estimation which includes
components such as manipulator mass matrix, inertia of the actuators, vector of coriolis and
centrifugal terms, vector of gravitational forces, coulomb friction, viscous frictiongHadtor

torque, controller gainnput voltage and gear ratio of the motors.

10



Figure 2.3 Coordinate frame assignment of the CRS A465 [d3h

The trajectories for each joint were generated usmgier series and fed into the robot controller
to collect two sets of identification data, one at full speedtla@dtherat half speedRadkhahet

al. [14] set out to identify the dynamic parameters of a CRS A460 r6batier series parameters
were usedo generag the joint trajectorieso identify the dynamic parameteiihe data inluded
the measuredosition of joints from encoders and recordechmandvoltages from thecontroller
outpu. Data processingvasdone by taking the average of Bgoint position. The parameters
were compued bythe pseudoinverse meth@ide. unweighted least squayekinally, the force
exerted bythe end-effectorwasestimated by collecting theoltage output from théorce sensor

and converting them inteewtons

2.3 Hybrid Force/Position Control

In this section, advanced control algorithms usedrédrot based polishing and sandiage
reviewed. Advanced approaches combiraitional force only control methods with advanced

controlalgorithms such as adaptive, robust and learning control strategies.

11



An overview of different typgof robot force contréérswasgivenby Zeng et al[15]. An essential
undertaking in robot force control is how to determine the interafdrors and e#fctively utilize

the feedback signals in order to synthesize the required input signals, so that the desired motion
and force can be maintainelorce control methods likstiffness controljmpedance control,
admittance control anlybrid force/position controlvere studiedin hybrid force/position control,

a position controller is run in parallel (or in series) with a force controller. Figure 2.4 shows the
parallel configurationln one specific exampl®| was used for the force controlrd PD for the
position controllef15]. In this way, the position contrélas a fastesponsgD action)and the

force controlcts to minimize steady state error (I actidiepapergiscussed in previous section

usedeither hybrid force/position contrampedance control aacombination oboth.

In reference to figure 2.4he command torqué) is obtainedoy adding the torqueutput from

the position and force controllefBostion and force are fed back into their respective controllers
for tracking.S and 1S are the function blocks efdifferentiator andanintegratomrespectively J'

and J are the function blocks @fJacobian transformation matrix aadinversejacobian matrix

respectively

. T
XD—+"é— S ~ -1 Position 7

control law

F
FD + ~ I_S J T orce
T control law T

Figure 2.4: Hybrid force/position controller [15]

Admittance control is the inverse of impedance conltrggedanceontrol is used where tliecus

is on position trackingln contrastto impedance control, admittance control focuses on force
tracking.The stability property for each control was determined and the stability bounderees
analyzedoy Zeng et al

12



Advanced control methodsecludelearning control, neural network techjoes and fuzzy logic
Mohan et al [6] useda 3-axis gantry robogéquippedvith anair motor buffing tool to polish sheet
metal. They usedafuzzy logic controlleto getbetter trajectory tracking performancempared

to traditional controllersThe fuzzy logic controller produced better tracking performance with

less lag compared to conventional controllers.

One early sudy of hybrid force/position control e 6 DOF serialmanipulator(Scheinmanyvith
a wrig mounted force sensaras completed bRaibert et al[17]. They useda PID controllerfor
position control ané Pl controller for force. They demonstrated #tolity to control force in the

presence of position disturbances.

2.41mpedance Control

Impedance controlvorks best in cases where the environment is unknown and the object to
manipulate ha nonruniform and deformable feature€ne strategy is tocreate a hybrid
position/force controlleby closing a force control loop around a motion control loop as shown in
Figure2.5.Theposition error of the manipulator is related to the contact force through mechanical
stiffness.Cartesian impedana®ntrolwas studédin a Simulink modelbf a7 DOF Mitsubishi PA

10 robotby De Gea et a[18]. This control methoavas found to beffective in robotenvironment
interaction, especially in those applications where the environment is completely or partially

unknown.

=

Impedance | x;
Controller

Force
Controller

) fe

fm

Figure 2.5 Impedance control scheniE9].
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Another type of impedance control is positioased where the dynamic model of the robot is not
required to simplify the control. It is a position controlacedwithin a force feedback looas
studiedby Heinrichs et al[20]. Positionbased impedance controll@BIC) incorporating NPI
(Nonlinear Proportionalntegral) position controller was tested. It showed good static force
control ability and excellent performance in dynamic tasksh as impact force reductiom.
Figure2.6, apositionbasedmpedance controller is shown whialas used to control a hydraulic

robot where M, C and K are target impedance factors.

2.5Filters for Force Control

In force contrd filters are ofterusedto deal with the inherently noisature of a force signahd
to give smooth force feedback #oposition contrder. They can be designed ffiter out the
components o&signal which are exciting the unstable dynamica mbot (Eppinger et gl[21].
In this way uniform force&an bemaintainedhroughout thenotion of the arnwithout oscillation
or bounce The control loop was able to give desired performance by controlling the higher

unstable modes with the helptbelow pasHilter.

Figure 2.6: Position based impedance controller block diagram [20].
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2.6 Summary

This chapter set out to provide a review of previous work on the subject oftraded polishing
of metal and robebased sanding of wood. For the application being considered in tkis, the
namely the robebased sanding of the inside of a wooden bowl, the major takeaways from the

literature review are:

1 Tosand a curved surface, such as that found in a bowl, the desired orientation of the sander
must be specified along with the desirgdjectory of the sander, relative to the
translational motion of the arm [4].

1 Pneumatic orbital sanders are the preferred tool for robotic sanding as they are lightweight
and compact [5].

1 Maintaining contact with the workpiece with a constaahtact force and a constant
tangential velocity is the most important factor to obtain a-Qigddity surface [4].

1 An accepted approach to tool path planning for a curved surface, such as that found in a
bowl, is to follow a radial line from the outer riaf the bowl to its center, and then back
to the rim P].

1 An accepted form of control to enable both trajectory tracking and force regulation is a
hybrid force/position controller, with Pl for the force controller and PD for the position
controller [15].

1 An impedance factor can be used to link the position and force controllers to help

compensate if the precise geometry of the workpiece is not known [18].

15



CHAPTER 3

APPARATUS AND CONTROLLERS

This chaptedescribes thexperimental apparatussed for the project-or sanding the bowg
roboticarmis neededvhich can mimic the human arm motiafth an orbital sander attached as
the end effectofrajectory planning isequiredfor determiningthe motion of the arm with respect
to the bowl To enableorce control, a sensa neededo measure the foraaf contact between
the arm andhebowl. A mechanisnis requiredo hold the bowl firmly to the table while the arm
does the sanding. This cée achievedvith a vacuum chuckFinally, a hybrid force/position
impedance controller must be designed.

The apparatus consists of four mhardwarecomponents:
1 Articulated robot
1 Force sensor
1 Orbital sander
1 Vacuum chuck

Figure 3.1 illustrates tha@pparatus and the orientation of the three principal axes.

3.1 Articulated Robot
The selected articulated robot is a CRS A465 rebtht six degrees of freedonttachof the six

joints is driven by aDC servomotoras controlled bya C500C controller.The C500C controller

in turn accepts commands frantlesktop computer (PCyhe systenhasfour maincomponents:

Roboticarm
C500C controller

1
1
1 Teach pendant
1

Desktopcomputer
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Figure 3.1 Workspace setup of tHeRSA465 arm(left) and XYZ axes orientation (righf22].

3.1.1CRS A465 Arm

The CRS A465 arm is designed with the same range of motion and payloads as the human arm,
making it ideal for light payload applications requiring articulated motion in both horizontal and
vertical planes. It can be mounted in three different configurations which are upright, inverted and

track mountingThe upright configuration is used for this thesis.

The arm is driven bipC servo motor at each joint (shownin&ig3 . 2) and sitidnes ar mo s
obtained from the encodeand proximity sensors at each joint. The transmission of the arm
comprises of harmonic drives and timing beRslative to the joints in a human arm, the six joints

of the robotic arm can be identified as:

M Joint 1 =Wast
M Joint 2 = Shoulder
M Joint 3 = Elbow A

17



Figure 3.2 Joint positions of CRS A4622].

Joint 4 = Elbow B
Joint 5 = Wrist A
Joint 6 = Wrist B

Performance specifications of the CRS A&t are:

1 Degrees of Freedom =6
1 Nominal Payload =2kg
1 Reach(Horizontal) =711mm
1 Reach (Vertical) = 1041 mm (upwards along Z axis) and 7&n2n
(downwardsbelow the base level
Repeatability =+ 0.05mm
Weight =31kg

More detailed specifications of the robot anegiven in theUserGuide by CRS23].

As shown in Figre 3.3, the robot has two reference positions: home and rdagyartesian

coordinates ofhehome position inthe XYZ planeare[-317, 41.8, 836.1] mnT he arm mustirst
18



Figure 3.3 Home (left) and ready (right) positions of the arm.

be in the home position before teaching locations or running any specific tasks using the teach
pendant or the computer. This allows #ren to synchronize its current position with stored
calibration data. Then the arm is taken to the ready positionebekarcuting the desired set of
motions for the task at han@ihe cartesian coordinates of the ready position in the XYZ plane are
[406.4, 0, 635] mmThere are two markers on each link of the arm near the joints which are used

to check whether the arm aekhied its ready position.

In the readyposition, the tool XYZ coordinates align exactly with the world XYZ coordinates and

all the markers on each joint of the aanelined up.

3.1.2C500C Controller

The A465 robot usea CRS C500Cas the locakontroller[24]. Figure 3.4 shows theontrol
elements of the systerthe desktop personal computer (PtE teach pendant and the C500C
controllerbox.
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To connect the C500C controller box to the PQuanser Q8 card used The Q8 is an HIL
board with 32 digital I/Os and 8 high resolution analog 1/0Os which deliversimeperformance

via a PCI interfaceThis boardprovides the interface between the CGGfdntroller andthe PC

with low I/O conversion timeof 1& sThe CRS arm has six independent PD controllers, one for

each joint

® 00— — 00— (3.1)

where Vis the voltage applied to the mote#s the joint angle in degrees: is thedesiredjoint

angle in degrees, kRand KD, are the proportional and derivative gains of the PD controller.

3.1.3Teach Pendant

The teach pendant is a haheld remote control that allows manual movement of the robot arm,
location teaching, and other operator programming. It has dif@jr20character LCD display
and a 45key membrane keypad. Its safety featuretuishe an EStop button and a liveman switch.
Figure 3.5 shows thebuttons of thdeach pendant which are used fooving the robotarmand
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for gripper movementd.he liveman switch is a safety feature whereby teach pendant can be used

to move the arm to moe or ready positiof25].

Before starting navigation wittheteach pendant, there are certain things which must be verified
to conclude that the system is functioning correctly. This is referred ficoasmissioning the
CRSA465 robot[22].

Main Menu

lapp 2rob 3ctrl

F1F2|F 3|F 4| esc
Enzﬂi’f’ﬁ" |[; oy g’w _ 5| Liveman Switch
& DU

;7“"”' 8™ o[
u [ pfls[=>
x_lof | o
il

—

T
v

Shift

Y

space | enter

Figure 3.5 Teachpendan{24].
Commissioning involves the following steps that must be performed in order:

Checking therm andcontrollerinstallation
Setting up théeachpendant focommissioning
Performingsafety checks

Checkingall E-stops

a > w0 N PE

Checking thdive-manswitch
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Oncethe system has been commissioned, it is operational and readyptodrammedy the

use.

3.1.4Computer Software

The twoCRSsoftwaregackages originally uséd program the arm are:

1 Robcomm3 (RAPL3 Program developmestivironment andnterface to C500C)

1 POLARA (Laboratoryautomationsoftware)
It became apparent early in the project that neither could be used as theg i@egencompatible
witht he PCd&s o0 p &ma0g. nstegd MAHLABOesm S(i was Usedrtdkprogram the
robotin the current PC operating systdmorder to interface with Simulink, tHeRS A465 robot
requires its own QUARC Simulink library for control dhe trajectory and motionSQUARC
ver2.5 was used with MATLAB s S i #0d3b fonpkogramminghe CRSA465 arm in this
application.

The kinemati@and dynami@quations derived i@hapter 4 are writteim Simulink function blocks

which are used to convert world coordirstie joint angles andice versaln reference to Figure

3.6, he main Simulink blocks are seen to be stance, inverse kinematics, position controller,
forward kinematics, force controlland impedance factoFigure 3.6 is the top layer of the
Simulink program that was written for this theSibereare three layers below the top layer. All
layers are documented in Appendix C.

) — . , | ades AdGS U]
% # Desired Position » Motor Pulses. P ot to Jaint [ Joint to World >
: . A4B5 A465 i .
Desired_Trajectory - » o b ._Jmm Torques [ Joint to Motor [ Motor Inputs. Actual
@ Actual Position Force Data|— Motor Pulses Forward Kinematics| Trajectory
to Joint Angles
Stance Position Controllar Joint Torques Robot d

Error to Motor Inputs
Inverse Kinematics

Desired Force Force_Setpoint
1/Kt }47 Correction Desired_Force
Actual Force

Impedance Factor

Force Controller
Figure 3.6 Simulink block diagram with implementation of the hybrid controller.
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The Inverse Kinematics block converts the trajectory as giverrld coordinates to joint angles.

The Position Controller block tracks the trajectory with feedback from the joint encoders. The
Position Controller block outputs the desired joint torques which are then converted to motor
voltages via the Joint Torgsi¢o Motor Inputs block, which are then input to the Robot block. As
outputs from the Robot block, the motor (encoder) pulses are converted back to joint angles using
the Motor Pulses to Joint Angles block, which are then converted to world coordiriatethes
Forward Kinematics block. The Force Controller block takes the feedback from the force sensor
and generates the force error which is then added to the desired trajectory after multiplication by

the impedance factor.

3.2 Force Sensor

This force sensor is@mpactmonolithic load cell manufactured by JR3. It can sense forces and
moments along all three axes of measurement @rsequently carmeasureany three
dimensional loadingThe force sensor is connected to Bf@usinga Nationd Instruments data
card NI USB6210Q Signalsfrom the sensaarecollected in MATLAB usinghe Quanser toolbox.

For sensor calibratiora Q4 I/0O card was useadstead of the NI card as the former was easier to

connect without the robot itheloop.

The face sensowas calibrated with static weights before mounting it on the &rralibration
matrix is required to give théorce outputin each axis. The Xy and Z axes of the force sensor
are shown in the Fige 3.7. The maximum load range of the force sensor in each axis is given in
Appendix A.A 6x6 calibration matriXas given in Table 3.1gives all the six values whicire
required Fx, Fy, Fz, Mx, My and Mzférces and moments in three ax€x).to C6 are the elements

of the voltage vector output teforce sensor.
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Table 3.1 Calibration matrixas syplied byJR3for this particular unit

To begin Fzwasmeasured by placing 1 kg weighton thez axisin the negative directioras
shown in theFigure 3.8 The force offset and gaicorrectiors were obtained byecordingthe
measured force deeweight wasadded and then removéak shown in Figre3.9). To check the

linearity of the force sensor, different static weighsse placed orthe z axis of the sensor and

Figure 3.8 1kg weight placed on the z axis of the sensor.
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C1 Cc2 C3 C4 C5 C6
Fx 10 ™ ¢ x| 0.092 0.606 0.007 0.663
Fy 0.049 10 0.226 0.056 ™ ¢ o 0.011
Fz 0.049 0.078 10 ™ x| 0.285 0.418
Mx 0.065 0.189 s 1V 10 1.397 0.121
My 0.091 0.003 0.073 1.277 10 0.111
Mz 0.11 mMto Yy 0.295 0.106 0.102 10

+Fy




the change ifiorce measuredas shown irFigure 3.11). Thenumericalresults arelsmmarizedn
Table 32.
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Figure 3.9 Change in Favhenlkg weight placed on z asiwith Fx and Fy constant

In a similar way, static weights were used to calibrate Fx andFkgure 3.10 shows the
arrangement for loading the X axis of the sensor, with a rod inserted through the center of the
sensor and a 1 kg weight suspended under the rod

Figure 3.10: Arrangement for Ioading the x axis of the sensor with 1 kg weight.
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Table 32: Correctionfactorsfor respective masses in Fz axis.

Static Weightg) | Applied Forcell) | Recorded-orce N) | Correction Factotl
1000 9.81 4.25 0.43
500 4.90 2.25 0.45
400 3.92 1.7 0.43
200 1.96 0.85 0.45

Usingtheleast square methotthe equation for the line in Rige 3.10 is
Fz=0432(Fa + 0.038 (3.2

where Fa is the applied force and Fz isrfedrdedorce with correlation Coefficient (rpf
0.99.

Similar results were obtained for X andaxis. The equatiafor X and Yaxisaregiven as:
Fx=0444(Fa + 0094 (3.3
Fy =0.419 (Fa) + 0.010 (3.9

with correlation Coefficient (r) 08.996 and 0.998 for X and Y axisspectively Thus, there is a

strongpositive linearelationshipbetweertherecordedand gpliedforces.

4.5
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g 3
o
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o 2
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o
1 -
0.85 &
0.5
0
0 2 4 6 8 10 12

Applied Force (N)
Figure 3.11: Plot of recordedorce versus applied force
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3.3 Trajectory Planning
Before defining the trajectory of the sander, the measurements of theve@fdund namelythe
interior diameter andnterior depth(vertical radius). The bowl is ngierfectlycircular §.e. nota

perfect hemisphergsits outerdiametewariesby 5 to 10 nm.

i 370 .

Figure 3.12: Dimensions of the bowh mm.

As shown in the Figre3.12, the bowl has aominaldiameter of 370 mmt 8 mm(radius of 185
mm) as measureftom theinside edge ofherim from one side to the othefhe nominalheight

is 148 mmz 5 mm This same bowlvasused to carry out the experiments mentioned in Chapter
5, buttwo types of trajectories were tested. fiehes a flat at the bottom with the diameter of 72
mm £ 3 mm Angular speed of the joinigas seto 0.62 rad/Ymeasired) where the maximum
speed is 3.14 rad[23]. Any faster than that, the robot had trouble tracking the trajectory.

The trajectory is designed based on the dimensions of the bowl and in such a \iteysiadler
maintainscontact with the bowl surfacgith a constanangle of 30 degrees (as shown inufey
3.13). The trajectory is then generated in world coordinates with respect@RtBA 4 6 56 s r eady

position andnputto the Simulink program for implementation

o

300 300

Figure 3.13: Sander with a 30 degpntactangle.
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3.4 Orbital Sander

The adoptegneumaticorbital sanders manufactured by 3M with &inch headdiamete. It is
drivenby a portable compress@detailsin Appendix A)andruns ata maximum speed of 8000
rpm. The operating pressure thfe compressor was maintained>0 kPa 80 ps) and as sander
starts running, the pressure drop848 kPa %0 ps). Its lightweight and lowprofile design allows
for sanding in hardo-reach placesA one-piece shaft balance systemnimizesvibration for
greater comfort and smoother resuit#ial testswere conductedith a 6inchHusky palm sander
and 5inch Bosch random orbit sandeleailsin Appendix A) They wergound to be to heavy
and too large for the application at hand.

The adapter plate (shown in Big3.14) for mounting the orbital sandesas designed using Sdli
Edgeand machined from aluminum she&he shop drawingfor the adapter plate is given in
Appendix A, Figure A.4The3M sander is attached to the arm as shown iarEig15.

@ 50

@ 36

% 41.2 A

B 69 . ——

Figure 3.14: Adapter plate for mounting sander to the wrist.
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Figure 3.15: Closeup of the end effector, showing mount of trbital sander and force sensor.

As shown in Figre 3.16, the sandepasses along the radial line of the bowl in the XZ pkama
consequentlyhe force acts along the x and z2aof theend effector The force along the y axis

of the robot isassumed to be zero. The force setpoints along the x and z axes can be determined
from:

S=nBin S=iFncos (35)

where I is thedesirednhormal force and is thecontactangle of the sandevith the bowl There

is anegatve sign in the equation f@& becausé is in the direction of positive x but negative z.
To mimic the human operatdey is set to 10N and is set to 30deg In this casethe resulting
S andSf are 5 N and 8.66 Kespectively

Figure 3.16: lllustration of applied forces by sander in x and z direction.
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3.5Vacuum Chuck

The owl is held in place by a vacuum chuekth a 120 mm diameteras driven by a vacuum
pump as illustrated in Fige 3.17. Three softubberringsareplaced on the chuck ensurea tight
seal with the bowl. Specifications of the vacuum puamggiven in Appendix A.The vacuum

pressure of the pumphile it is runningwas 62 kPa 9 ps).

Figure 3.17: Vacuum chuclconnected to theacuum pump with bowl sitting on the chuck
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3.6 Controllers

Hybrid force/position impedance contmbsselectedas the combller for this applicationAs the

name suggests, hybrid force/position contranspproachwheredifferent controllersare used

for position and force. In thiapproach the force controller feeds the trajectory error into the
position controller through the impedanaetbr. Changing the impedance factor, changes the
weighting between the force and position conthd.recommended by Zerand Hemami [15]

one approach to hybrid force/position control is to use PI for the force controller and PD for the

positioncontroller.

Thus aconventional PD controller was used for the position contitti control law given as

follows:
&=5if (369

P=S+ — () (3.6b)

=P, P (360

=K Be+K D =E (3.60)

where$ is the force setpoint, f is the measured fo&seas the position setpoing is the measured
position, @ is error in positionK; is the impedance factdkP, and KD, are the proportional and
derivative gainsRecognize that tk controller must be implemented three times, one for each of
the three principal axe$he impedance factor given in Equati&®bp) provides the link between
the force controller and the position controller.
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Figure 3.18: Block diagram of hybridorce/positioncontroller.

Four different types of controllers were tested for the force control and they are:

1. Pl control

2. First Order filter

3. Butterworth filter

4. First Order filter and PI control

3.6.1PI Force Control

Theequation for Pl force control is given as:

(A =KRe+K} edt

whereKPr and Kk are the proportional and intedyigains.
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3.6.2First Order Filter

A First Order filter (FO) can be used tattenuate noise in the force signal before being input to
the position controlleiThe Cutoff frequency or corner frequengy is the frequency where the

filtered outputsignalfalls to 0.707(ori 3dB) of thenoisyinput signal

The input outputelationship for the FO filter is given by:

(d=— (38)

wherez is thetime constanandt —8

3.6.3Butterworth Filter

As an example of a highlavel filter, asecond ordelow passButterworth(BW) filt er will be

tested

Theinput output relationship for the BW filter is given:by

— f
(w7 — . (39)

wherg s related to passband edge frequéilyy:

1 Lp (3.10)
op 34
pTPT P

where, b is Attenuation at passband frequefi@yn dB and N is order of the filter
The BW filter was designed with the@ A n a lilterd e B i bipckdas given in Figure A.14in

Simulink. In which design was selected as BW and filter type as low pass with an ordéRof 2.

for the BW filter was calculated using Equati@ilQ) for required 8
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3.6.4FOPI Force Control

To order to potentiallimprove the setpoint trackingperformance of the force controljex Pl

controller was added to the FO filter, with the FO/PI control law given as:
( pmKR— +K}, — dt (3.1)

This completes the documentation of the four force contsaled thePD position controller.

3.7 Summary

This chapter documented the test apparatus developed for this application. The apparatus

consists of foumain components:

6 - axis Articulated robot
3 - axis force sensor

1
1
1 Orbital sander
1 Vacuum chuck

Hybrid force/position impedance control was selected to control both force and pdsi#an.
controller wil be used for position control and foaontroller cofigurations wil be tested for

force control

First Order filter

1
1 Butterworth filter
1 Pl control

1

FO filter with PI control

Adjustment to the impedance factor will determine the relative weighghgeerthe position

and force controllers.

34



CHAPTER 4

KINEMATICS AND DYNAMICS

An accurate kinematic andynamic modelof a robotic arm is needed in order generate the
individual motor motions required for the end effector to follow the desired point by point
trajectory while maintaining the desired angle relative to the workpi€hbes. chapter sets out to
derive and document the model for the CRS A465 aBufore fornulating the kinematic
equations, the DH parameteesse obtained by describing the arm mathematically. The
transformation matrices are derived frime DH parameters to describe the relationship between
paired joint frames. Using the transformation matricése forward and inverse kinematic
eqguations are formulated to obtain the relationship bettesend effector position coordinates
andthejoint anglesNext, the differential kinematicarederived to give the relationship between
the joint velocitiesand corresponding ereffector linear and angular velocity. In order to ds,th

the &cobianmatrix is computed for all six revolute joints. Finally, th@nt equations are
formulated tagive the relationship between mass and inertia properties, motion and the associated
forces and torques. The dynareguationsareneeded foforce estimation, trajectory design and

its optimization

4.1 DH Parameters

To determine thequationghat provide théasis for the forward and inverse kinemati€she
robot, it is necessary to describe the arm mathematically. The conventions of Exadgitberg
(DH) will be used(Tsai et al[12]).

In determining the DH parameters, the first step is to producegraan, which completely
describes the mechanism in question. A DH diagram is typically used for this purpose, where each
joint givesrise to a new frame of reference. For the CRS Ad®% the DH diagranis given as

Figure4.l.
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Each frame in the DH diagram can be describepdrgmeters including link lengti&), link

twist (l]), joint angle ;) and joint offset;) for each jointvhere to be precise for joints 1 to 6
U = the angle between.Zto Z measured aboutiX
a = the distance fromi4 to Z measured alongiX

di = the distance from X to Xi measured alongiZ

= =2 =2 =

Ui = the angle between;Xto Xi measured about;Z

There is some degree of ambiguatytothe way this tablevas obtainedrFor examplel-rame 0 is
positioned at the same positionFaame 1: at the top of the base columhis was done sasto
simplify the calculations; however, it would be equally correct to include a value offB80(the

height of the base column) in ceil dhis change would, of course, reflect itself in slightly altered
equatiors, however the result at the end would be the same. Similarly, it would be correct to

describe the wrist by assigning values #, -“ /2, and* /2 to| 3,| 4, and s.)

Based on Figure 4.1, the DH parameters of the CRS A465 arm can be obtained. They are

summarized in Table 4.1:

Table 4.1 DH parameterfor all six joints of CRS A465 arm.

i Joint U a di Ui
1 Waist “I2 0 0 Uz
2 Shoulder 0 304.8 mm 0 U2
3 Elbow A ) 0 0 Us
4 Elbow B “I2 0 330.2 mm Us
5 Wrist A ) 0 0 Us
6 Wrist B 0 0 0 Us
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d,=330.2 mm

Waist  Xo.1 Z3 Elbow A

« a, =304.8 mm

Figure 4.1: DenavitHartenbergdDH) diagram of the CRS A46&m [25].

4.1.1Transformation Matrices

The purpose ofhe forward and inverse kinematics equatianso allow oneto find a means of
describing the position and orientation of the end effector given the joint angles danvenga).
Position and orientation, relative to a given base frame are often descrilbeglahg of a 4x4
transformation matrix. For example, the following matrix describes the position and orientation

when moving fronfFrame a td=rame b.

| Lo

v I | | N
Y oo 4.1
; (4.0

p

Thetermd toi describe the change in orientation, while the tajm# andr describe

the change in position.
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Now, given somerramei as described by four DH parameters, it is possible to derive the
transformation matrix that describes the relationship betWesne t1 andFrame i. The general

form of doing so is as follows:

ATfo ogl Tt A
4 OHIALO AIJATO ORI ORI A 42)
OgiogT AlfoOgET A0 A0 A '
11 T T o

In general, transformation matricesnbe designated asYif they describe the transformation

from framex to framey.

From this template, together with tBél parametergiven in Table 4.1it is possible to derive

the transformation matrices between each of the frafmb® @rm. They are as follows:

i Mo ® T T
" 1 W T T -
Y , y T o pn
nm m p Q l w m
m T T p m T m p
® i mo ® i T T
. i A . T T 0
Y W 1T y T L
m T p T | O T T
m T T p LS | S | SR
O i T T ® i T T
. T T T . T T Tt
y © It P y T A (4.3)
l ® T T | @ T T
m T TP n 1T T p

where ¢ cos—, 1t sin—, 31 sin (—+—), and so onHowever, to creatéhe kinematics
equations, individual transformation matrices is fingt step.A transformation matrix istill

required that completely describes the position and orientation of the tool tip with respect to the
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base of the robot. As there are six joints inGRSA465 arm, and hence six intermediate frames,
the total bas¢o-tip trarsformationmatrixcan be designated a¥ Fortunately, this matrix follows

easily from the six individual matrices as follows:

YOOYTY YUY YUY (4.4)

4.2 Forward Kinematics

In order to manipulate an object, omeist be able to specityre position and orientation of the
endeffector with respect to a reference frant@nly joint variables are evaluated in most
manipulators.Typically, forwardkinematics equations are used to compute the world position
coordinates and orientation of the tool tip for each of the six joint angles of theyamay of a

transformation matrix

(4.5)

wherei toi describe the change in orientatiandthe terms) , ) andr) describe the

change in position.

The components of the transformation matax be broken down kijienormalvector(n), slide
vector(s), approaclvector(a) andiranslationvector (p)is given a:

w £ 1 ®
Y 4.6
> (46)

n
T T p
By multiplying togetherthe matrices given ikquation(4.3) in the correct order, the desiredY
transformation matrixan be derived in terms of the given joint angles. Specifically, the following

vectorscan be formulated:
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O A A AAA OO OOA 70 OAA AO
) O OA AAA OO OOA A OAA AO (4.7)
o O AAO OA A 0O
O A A AAO OA 0O 00 zO0 OAO AA
6 O O A AAO OA OO6O A OAO AA (498
O O AAOG OA A 06O
O A AAO OA 0O 00
A O OAAO OA A OO (4.9)
O OAO AA
b A $0 ! A
b b O $0 I A (4.10)
b $A 1O A

It should be noted tha, and D are the lengths of links 2 and 3 respectiweith A 11 (see
Figure 4.). Furthermorejn case of discrepancy between these equations and those found in the
c-code, the latter shall be considered correct. It now becorsgaightforwardmatter toobtain

the elements of the equations to determine the elements ofvthansformation matrix. In fact,
becauseneknows that the three column vectors of orientation are orthogonal unit veotws,

need only calculate two of the threectorsand determinehie last vector by taking their cross

product.

The CRSA465 Joint to World block inside thieorwardKinematics block (given ifigureC.19)
conversthe joint angles to cartesian coordinates andtaeceblockgives t he ar mé s

configuration(orientation) to reach theqaired end poinposition.

4.3 Inverse Kinematics

As the name would suggest, inverse kinematics does the opposite of the forward kinematics. That
is, given the world coordinate position and orientation of a robot end effee@osftions of each
of the robot joints will be returned. However, a given set of joint angles can only be attained by
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one world position and orientation, the converse is not true. There may be as many as eight valid
joint solutions for a manipulator suas theCRS A465 arm for any specified position and
orientation. Thanverse kinematics modalill solve each of the eight alternatives and then pass
the outcomedso a selection routine that will determine the best solution basatexequired

currentstance antheprevious arm position.

For each of the following solutions, it is assumed thransformatiormatrix is known (because
one isoperating from a knowposition and orientation}his is used along with some intermediate
matrices that can be calculated from the list of joint matrices proindedquatior4.3.

Joint 1 solution

With the following transformation matrix aise starting point

oYy
it follows that

Y Y Y
or more simply

YUY Y (4.11)

If the Element (2,4) is extracted froEguation4.11, thefollowing is obtained

i n wn T

and hence the resulting forward solutfonthe angle of Joint 1 is:

0 0o 6& M (4.12)
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As determined by thsigns ofpx andpy, the functionatan2 has arange of[, + ~ Jthewher eas

functionatanhasarangeof{ [/ 2, + =~ [ 2] .)

Finally, given that the arm can reach backwatts resulting backward solution is:

g g A (4.13)

Joint 3 Solution

The same matrix equatiofnlY “Y= "Yis usedo solve forJoint 3. If theElement (1,4) is
extracted fronEquation(4.11), thefollowing can be obtained

N (N i O 6w

Also, for Elemen(3,4) fromEquation(4.11),
n wO o

andfor Element(2,4)

i n wn T

Combining all three equatisn

(Br‘] in n O 0 COd i [
which, with some substitutions, it can be rewritten as:

OOi QN 0VE VN a Q¢ QL GO O i
where,d Q¢ Q0 GO 6 andO @i QR RQOE &\ i 1 . Thus, this can be
rewritten as:

cOO0 i 0 am
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Using the formula

o p i

The fllowing equation can be derived by substituingis tmp1

o0 ® 100 04ap

Thereforetheangle of Joint 8an beobtained from

O OO Gdaph 1O 0 am (4.14)

Equation4.14hastwo possible solutions, corresponding to the two solutions of the square root. It
is not computationally efficient to calculate the atan2 function more often than necessary, and so

the equation is rewritten as:

g ATc AOAT q$ ! Ol PI bp (4.15)

g ATc AOAT ¢ctod oamhdi Pp (4.16)

Which allows us to find both solutions while computing the atan2 only once.

Note that BUFD r eup/fmarddtoovntoh e | fbloavc kevoanrfd gur at i o
refers t o-uptbackwarddfoomrnwoa rcdonf i gur ati on.

Joint 2 Solution

To solve for joint 2, some of the previously established transformation matrices can be
rearanged to arrive at:
YUY Y (4.17)

FromEquation(4.17) the elements of Ycan be extracted:
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For Elemen(1,4)

o o i/ oW T
For Elemen(2, 4)
wi B i on of T
For Elemen(1, 4)
@ of in i R0 O m
andfor Element(2, 4)
| on N on 6 0

which can be combined to solve feg andczs:

: I AD $ 1 O zAAOAPAROA
0 QO X @ i

$ 1 Ob | AzZAAOABPARD @&
5@ QQi [ D i

e

where, 6@ QQi XRI'B I ©n in b
Thus, the joint angle for Joint @an beobtained from

g AOAD®A g (4.18)

Joint 4 Solution

For this joint, the same matrix equation is used dlsacase fordoint 2. From Equation(4.17),

theelementof “Yare extracted:
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For Elemen(1,3)

andfor Element(3,3)

Note t hfalti pjpved s tref ers to the Joi ntSoingr ot at ed
these for s4 and c4, the writipped solutionfor Joint 4was derived as

g AOAT ©O0 AO hAAO OAO OO (4.19)

as well as the secondary, wsistt-flipped solutionfor Joint 4is:
g g A (4.20)

Joint 5 Solution

Beginning with the matrix equation

YUY Y (4.21)

The elements of Ycan beextractedrom the Equatior§4.21) as follows

For Elemen(1,3)

€
e
e
e

€
€
S
e

1 ii

andfor Element(3,3)

gq

AOO z000 ®O

to arrive at the wrishot-flipped solutionfor Joint 5as:

~

g Hod i (4.22)
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and theresultingwrist-flipped solutionfor Joint 5 is:

g g (4.23)
Joint 6 Solution
Using the matrix equation
YUY Y (4.24)
The elements of Yare extracted from the Equati¢h24) to arrive at
For Elemen(1,2)
I Qi 00 @ i ol
i ool ol oo i
i of o o l
For Elemen(3,2)
i OOl i i AN oo zi i &
which can be used directly to produce the wmistflipped solutionfor Joint 6as:
g 0o G hd (4.25)
and theresultingwrist-flipped solutionfor Joint 6is:
g g A (4.26)

A465 Stance is the block used in Simulifnifer to Figure C.3jp determine thgint configuration
of the arm for a desired positionhis block calculates stance from the joint angle feedback.

auto stance configuration] -1 -1] can beused in situatiomwherethe controller isallowedto

select the best stantereachdesiredposition automatically.
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4 4 Differential Kinematics

In this section, differential kinematiecseu s ed t o compute t hesukdi@acobi

map the joint velocitiedo the respective eng f f e ¢ t o rar@sangular wetdties. The
conversion of joint velocity to enreffector angular/linear velocity can be expresse(Casft et al
[14]):

oo (4.27)

where J is thdacobian matrixy is the linear velocity, is the angular velocity anglis the joint

velocity.

The Jacobian for a revolute joint is given as:

. @ n 0

For the CRS A465 arnpthe six revolute joints must be considered first, so the general matrix for

the &cobian looks like the following

, & n A & A A ¢ A4 g ¢ n N
a a a &8
(4.28)

whereQ is the approach dhe2ndframeinfr ame 0 (same as term 6abd

andr) is the position vector ahe 6th frame inFrame 0. Using the values of these paramegers,
computed irSection4.2 (Forward Kinematics), each term in the abdaeobian computes out to
be

Tt I AA
noon mny ! OA
Q 06

a7
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A $0 1 A
n i N O $0 ! A
$A 10 Q
s A $(:3 !é\ O $0 I A
a n N Tt O $0 ! A A $0 I A
P $A 1O T
o) A $0 1 A A$SA 10
a n N A O $0 ! A O$A 10O
Tt $A 10 $O0 ! A
Q A $0 $,A~A
o n N A O $0 $ OA
Tt $ A $ O
AO . n
a n 0 00 moom
A Tt T
A00 00 n
a n n OOA',AO T I
(ON@) T L
A AAO OA O 00 18 T
a n n C')AA(’)~C')A~ ~AC’)C’) 11 T
OAO A A 1 T

Adding all the above elements to Equat{d28), one getshe Jacobian matrixFinally, the

angular and linear velocities are computed to be

0 O $0 I A — A $A 1 O — $ AA —
) @) A $0 A — O $A I O— $0A — (429
U $0 ' A— $0—
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1
1 1
1

6— 6— AO— AOO 00— AAAG OA 006 —
A— A— 00— OOA AO— OAAO OA A 00 —
— A— 06— OAO AA—

(4.30)

4.5Robot Dynamics

This sectiorgivesthe dynamic equations derivéal the CRS A465 armThe genec modelfor
robot dynamics can be given[4S8]:

~

oR —n éA4m 6/ O Op — t 0O (4.31)

where D(q) is the manipulator mass matjix,is the motors inertia matri® K\ is the Coriolis
and centrifugal matrix, B is the viscous friction matrix, G(q) is the gravitational véCtdr, is
the Coulomb friction matrix, ris the gear rati®, ® w @ is the commanded voltage vector,
K is a scalar conversion from comanded voltage to motor torqug, 1 n n is the
manipulator joint position} is the total joint torque, an® is the force applied by the end
effector(i.e. the sander)The commanded voltage signal acquired after the internal jositiqyro
PD controller of the roboas given in Equatiori3.1). Sinceone doesot have access to the

amplifier gains ér thevoltage to motor torques, i an unknownThus all parameters described
in this section willbbe given as &unction of K.

4.5.1Lagrange

A Lagrangianapproachcan beused to find the dynamic equations of then The generic
Lagrangiarfor amanipulator is writtenas 0 'O 0 ‘Qwhere KE andPErepresents the kinetic

and potential energies respectively and are defined as
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VOB -ao0 1 O (432)

00O B a Qu (4.33)
where i is the link numbexx is mass of the link, 0 0 1 I isthelinear
velocity of the center of mass of link 1 Y 1 istheangular velocity of linK, “Ois the

inertia tensor of link, g = [0 0 9.80574] is the gravitational acceleration vector and is the
position of the center of mass of link i. To reduce the complexity in comphatynamics, only

theprincipal moment of inertia is taken for each litdlence,Owas assumed as

O T T
o m O T (4.34)
e m O

The distances described by the vector; between the center of mass of link i ahdcenter

of Frame {1} aredefined as

[ Y Tmoa Tl Ya Tmomo;i Yrnmna

¢

[ Y moa mo;i YTmomoa ;i Ya Tmom (4.35)

= x
=xj

where the rotation matri¥ are obtained from the transformation matrices presented in Section

4.1 and the angular velocities for the links with respect to frame zero are obtaiinech:

T

] T
n
OEh A
AT 6 1
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1 AT § 1 1
n
OEf n n N}ﬁloaﬂ n n
T Al n n  OEM OEQ n 1
n Al® i n

1

OEdf 3 A1 AT®H OEf A4 A AT OEf OEf n OEf OEf An

AT R n OEf OEf n n OEf OEf OEA n AT OEf 1

n AT® nnn OEF n OEf 7

1 P
: - (4.36)

1 (0}
where

T p AT® OBEf n a4 Ai® n AIl® OEf OEf n AT ®

AT OEf OEf 7 OEf OEA n OB n 1
OEf OEf n

1 ¢ OEf OB nn Ai® n Ai® OEf OEf n Ai®
OEf OEf OEf n Ai® OEf n Ai® A4 n
OEf OEf 1

1 o n Al® n A OBf n OBf 4 OBf n AT OB
AT q AT A

4.5.2Mass and Inertia Terms
The manipulator mass matrix D(q) is obtained using the kinetic efi€E)yequationsince it is

known that

VO -R0RNR (4.37)
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Therefore, after computing KEwith the forward kinematicequationsD(q) is extracted by

factoring the joint velocities. The resulting matrix is

(;Q Q Q Q Q Q 0 o L L L L L
H o o o o e,  mae Q a9 a o,
on 12 Q2 @ © 0 o, ;o e o o o,
T 9 2 2 2 @ 24 vn @ Q@ Q Q Qi
M Q@ Q@ Q Q Qn um Q@ Q Q Q Qn
W Q 9 9 0 QU umr Q@ Q Q Q QU

(4.38)

Thenonzero matrix elements in thgguation(4.38)are given in Appendix Blhe mass matrix is
symmetric in natureThus,the termsQ  'Q where i and j are row and column thie mass

matrix. Regarding the inertia of the motorscén bedefinedasthe matrixO:

(O] T TT TT TT T .
(8% o W]
0T (@) Tt Tt Tt .,
" T n O T T T -
o M . i (4.39)
1T TT TT O TT T
LTt T TT n O TN
urTt T T T nm OV

4.5.3Coriolis and Centrifugal Terms

The matrixé Y in Christoffel form containing theoriolis andcentrifugal termss defined as

>

(|
>

i

(4.40)

>
1

~

6 M

E1gErenche:

1l
¥

can beobtained using the manipulator mass matrix D(q) elements as follows:

E1EEEEE-
E1EEEEE-
E1E1EEEE-
E1E1EEEE-
E1E1EEEE-

~

© B ® AR B -— — —\ (4.41)

After performing the calculatianthe elements of the matrix §if}) are derived and given in

Appendix B.
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4 5.4Gravitational and Friction Terms

The gravitational vector is obtained from the potential enBigghown inEquation @.33). In
order to do so the equati®Eis partially differentiated with respectifip — ; which gives the

gravitational vector as:

LY
"on :.g:j: (442
l'lQl’J
QU
where,
N da adAT® aa OBEf n aa aqQ Ai®
aaO0Ef R/ & aAi @
N & a OEf n aa aQ AT® aa OEf i 7
a a Al §
QM aa aQAI® aaOEf A4 A aaAlf
M aaOEf B n aaAl ®
Q aaAl @

Since the viscous andoulomb friction terms are modeled for each manipulator joint, their

respective matrices are defined as:

Q T T T T T .-
o " L)
T Q Tt Tt L o
T m Q T T T~
o ! . I 4.4
[ITT T m Q Tt 1Y (4.43
LITT Tt TT T Q T
uTt Tt T T mn QU
"Q T m T T T
o " (]
T Q TT T T o
T m Q T TU T,
o i N O 4.4
[ITT Tt m Q 71 Ty g (4.49
LTt T T T 'Q 1
ulmm T T T T QU

wheresgn() functiondetermines whether theint velocity is negative, zero or positive.
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4 5.5Force Estimation

For force estimation, the voltagealues and joint positios are measuredalongwith the
correspondingforce as given by the force sensdihe equation that is used to compute the

estimated force is given by

O 0 Y OF —on 60 &R OF "OR (4.45

where,b is theJacobian inverse transpo$¥; —is theestimatedorquefrom motorvoltage and

remaining is the dynamics equation. Joint velocity is calculated fneasuregoint position by
first taking the derivative and then passing it tigloa lowpass filter with a cutoff frequency of

5 Hz. Similar steps are ustmlobtainthe acceleration by takirthederivative of the velocity.

4 5.6Parametrization

The general modelf robot dynamics given as Equation 4.31), can be parameterized and also
defined ast & MM —(Kinsheel et a[13]) where—is the vector of parameters and

® MM is the matrix that relates the parameters to the ottpsing the input signal§mnj.
Combining all matriceand vectors related tequation 4.31) and extracting the common terms,

the following vectomparametersverefound:

— l.)—(o a a a a COaw © @
— O—oo a a a a Q & a © © @
COd @ @ Qdw
— — aw Q a a aa
0
- Q a a © © @ ¢Q4dw O
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Q a «a @@ @ @ ¢Qaw ©® @ ©
Co ® @ @

Cox @ @ @ Q@

e @ ©

C|lo ¢l ¢l ¢ <o

S ®© @ @ @

— -0Ow @;— -0Ow @ (@
— —wa a a «a ad o
0
— —aaq; — -Dw; — - Dw; — - w;
— -@a; — -Oagq; — -©a; — -0 ;
— -O; — —-Oa; — —-Oa; — —-Oa;
—  -"QU; — - Qw; —  -"QU; — - "Qw;
— - — - (4.46
4.6 Summary

The kinematic and dynamic equatiofts the CRS A465 armwere obtained fromthe DH
parameters anthe Jcobian matrix. These equationsianplemented in Simulinkunction blocks
(refer to Appendix Eand used as forward and inverse kinematics in congetimjoint angles to
world coordinatesor theend effector and vice verdaynamic equations were obtained usihg
Lagrangian approaciihe developed force estimation and dynamic paramet@msnet used in
the thesis. But they are being made avail&nduture work with CRS A465 arm.
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CHAPTER 5

RESULTS

The experimental test results obtained with the four controllers documented in Chapter 3, as
enabled by the kinematics model for trajectory generation given in Chapter 4, are presented in this

chapter. The Simulink programs for the controllers are givéppendixC.

Event markers as keyed to the bowl entry and return paths are givenuie %:iy These event
markers serve to identify the different phases of the sanding process, as illustrated by the sample
position and force results given as Uiig5.2 and Figire 5.3. In order to highlight the setpoint
tracking nature of the force controller, the absolute valuéx @nd Fz are plotted together with

their setpoints, as in Rige 5.2. By contrast, in order to highlight the regulatory nature of the

posiion controller, the error values & andO are plotted, as in Fige5.3. Only the xaxis and

z-axis values are plotted, as there is no motion in the direction ofdkisy

In reference to Figre5.2, where the Fx and Fz setpoints are +Bit-8 N, respectively the point

at which the sander contacts the bowl is clearly seen as a jump in Fz from-O N &t 25 sec

and then back to 0 N at 45 sec when the sander leaves (i.e. releases) tidéwmatiations in
beginning ofthe force plot are due téhe wrist rotations of the arm at the start of the trajectory.
That 6s why vedffarent imtial offsatsRécagnize that there is no contact with the
bowl outside of the 25 to 45 sec window, at which time the force controller is effectively
inoperative. In this particular sample, it is important to note that the force controller is able to
continuously to tracthe setpoint, even when there is a sharp change in the geometry, that is at the
points where the sander reaches and then leaves the flat in the centre of the bowl.

In reference to Figre 5.3, thesame event markers are given, but the more signifilcdo
identifies the window when the position controller is actively tracking the trajectory, which is
between & sec(leaves the ready positioahd 3 sec(returnsto ready positionjn this example.

As with the force controller when it is outsidetbk contact window, the position controller is

effectively inoperative when it is outside of the trajectory window.
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Figure 5.1 Placement of event markers for sander entry and return paths

f T
10
5 T | l mﬂ“‘*WMM
P W"‘”‘W A
{ MW ilmﬂ\\ M w w W\l | ";
0 Nﬁﬂhﬂﬂﬁﬁ!f : b ! ! Y
' PVored |
: \m«d*¢ }
Z s : ‘ ‘
g ;
S : -9
w ' i )
-10 { o
Wrist Contacts | i % s
A3 Rotation Bowl Reaches | 'l Leaves Releases =
flat flat Bowl
20 |
-25 |
10 15 20 25 30 35 40 45 50 55 60
Time (s)

Figure 5.2 Sample force plot as keyed to event markers, with setpoibtarad-9N for Fx and

Fz.
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Figure 5.3 Sample position error plot as keyed to event markers.
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As a quantitative performance measure, for all the reported results, the root mearesguare
(RMSE) is calculated

B
Y YO —— (5.1)

where, “Y is the force setpoint fdf,, f istheactual force measurement ands thenumber of

points (equals1001), taken betweeatatapointl2001 (24 sec) and B001 @6 seq. The RMSE for
both position and force are calculated from the point where the sander contacts the bowl to the
point where it loses contact with the bowl.

5.1 FO/PD Control Results

Tests with the First Order (FO) filter for the force controller and PD for the position controller
were conducted first as it was the simplest to implemeéltie FO/PD controller was used to
investigate the effect of three operating pagters: 1) impedance factor, 2) contact angle and 3)
trajectory. FO/PD was also used to study two issues: 1) replacement of the sander with a ball
transfer unit (BTU) to investigate the effect of friction and 2) addition of integral action to the FO

filter in order to investigatthe source of the steady state error in tkeé&controller.

5.1.1ImpedanceFactor

Changing the impedance factor, changes the weighting between the force and position control. If
Ktis low, then force control is dominant. Whereak:ifs high, then position control is dominant
Table 5.1 summarizes the RMSE results with FO/PD contrthl tiiree different impedance
factors: 2, 0.25 and 0.125. The setpoints and controller gains used for the tests are alSbgiven.
corresponding plots of position and force errors are given in Figure 5.4 wh8&ré the position

error indicates the diffence between desired and actual trajectdtye results confirm the
weighting effect of KtWhen Kt is high (i.e. 2 in Test 1), the RMSE for position is low and the
RMSE for force is high.Conversely, when Kt is low (i.e. 0.25 in T&jt the RMSE for pason
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is high and the RMSE for force is loBut when Kt is reduced to 0.125, the system becomes
unstable and the RMSE for position and force is increaleeke tests confirm that the hybrid
controller is behaving as it should, at least in terms of the impedance fidttaned to 0.25 gives

the best force contrdNote that in Figures 5.6 and 5.7 there are initial offsets of 5 N for-dvasX

and 10 N fo the Zaxis, because initially the sander is not in contact with the bowl and there is no
integral action to correct a steady state errdhe effect of integral action is covered in Section
5.1.5.

Table 5.1: Control parameterand RMSE result®r hybrid FO/PD controller.

Parameters Force Setpointy  Position FO | Imped RMSE RMSE
(N) Controller Filter | -ance Position Force
) (s) (mm) (N)
Y[y [y [od" [oo" | t 0 o | o 0 0O

Testl +5| 0 |-8.7 7.5 0.02 | 2.45 2 19 | 2.3 8.3 9.1
Test2 +5| 0 |-87 7.5 002 | 245| 025 | 52 | 7.2 3.9 3.6
Test3 +5| 0 |-87 7.5 002 | 245 | 0125 | 24 16 6.1 9.4
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Figure 5.4: Position error for X axisvith FO/PD control and effect ofikNote high impedance
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Figure 5.5. Position error foZ axiswith FO/PD control and effect ofikNote high impedance
(K= 2) giveslowest RMSE
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5.1.2Effect of Contact Angle
The contact angle of the sander with respect to the baidasmportant to get the best sanding

results.Two different contact angles were testedllustrate this effect

Table 5.2 Results for change in angle with hybrid FO/PD controller

Parameters Force Position FO | Imped| Angle RMSE RMSE
Setpoints Controller | Filter | -ance | (deg) | Position Force

(N _ (s) (mm) (N)

Y]y Yy [o0Moo"| + 0 &8 |0 |0 |0O |©O
Test4 +5| 0 |-87 | 75 | 0.02 | 245| 0.25 45 19|28 |91 |77
Test5 +5| 0 |-87 | 75 | 0.02 | 245| 0.25 30 1.7 | 29| 6.2 | 3.6

Table 5.2 summarizes the RMSE results with FO/PD control with two different contact angles: 30

and 45 deg.These angles were chosen as they were most representative of the oriergdtimn us

the operator when sanding manualljhe setpoints and controller gains used for the tests are also

given. The corresponding plots of position and force errors are given in Figures 5.8 to

5.11. From these results one concludes that a 30 deg givgs better force and position control

than a 45 deg angle, with the RMSE for force being almost 50% less for both the x axis and the z

axis. Thus, all subsequent tests were conducted with a contact angle of 30 deg.

62




15 ; T
. |[——Angle- 30

| |-~ Angle- 45

S

Lowest RMSE

20 L | | L L l | |
10 15 20 25 30 35 40 45 50 55 60
Time (s)

Figure 5.8: Positionerror forX axiswith FO/PD control and effect of contact andimte 30

deg angle gives lowest RMSE.
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Figure 5.9: Positionerror for Z axiswith FO/PD control and effect of contact andimte 30
deg angle gives lowest RMSE.
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Figure 5.10: Force errofor X axiswith FO/PD control and effect of contact andite 30 deg
angle gives lowest RMSE.
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Figure 5.11: Force error for Z axisith FO/PD control and effect of contact andiete 30 deg
angle gives lowest RMSE.
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5.1.3Effect of Trajectory

The CRS A465 arm has a singularity issue between Joint 4 and Joint 6 at certain points in its
workspaceThe consequence is thahe canngbrogramthe armto follow aspiral trajectory from
theedge tahecenter othebowl asthewrist rotatesat Joint4 as it follows the spiralThus it was
decided tgprogram the arm to follow a trajectoaong the radial line of the bowl from edge to
center and back.

Two different approach trajectories were tested to evaluate the effect of trajegp@ryaymance.

In Trajectory 1, the arm makes a long curved approach to the bowl from above and makes first
contact with the inside edge of the rim, from above the edge of thénrifnajectory 2, the arm
makes a straight line approach to the rim from alameinitiates contact, from the inside edge of
the rim.The two trajectories are illustrated in Figure 5Tjectory 2 takes into account the flat

at the centre of the bowlrajectory 1 does not take the flat into account and assumes the curvature
of the bowl is continuous to its centii@ble 5.3 summarizes the RMSE results with FO/PD control
with the two different trajectorie The setpoints and controller gains used for the tests are also
given. The corresponding plots of force are given in FigbreE3 and 5.14. From these results, we
conclude that Trajectory 2 gives better position and force control than Trajecteithh RMSE

being lower for position and force, for both X and Z axes. One notes that the RMSE for

'O is considerablyigherfor Trajectoryl, and thiss due to the large force exerted in X axis when

the sander makes initial contact on top of the rim.

Table 5.3 Results for change in trajectonyth hybrid FO/PD controller

Parameters Force Position FO | Imped| Trajec| RMSE RMSE
Setpoints Controller | Filter | -ance| -tory Position Force

(N _ (s) (mm) (N)

Yy ]y [oo"oo"| ¢t O o|lo |0 |oO
Test6 |+5| 0 |-87 | 7.5 | 0.02 | 2.45 2 1 42| 63 [41.2] 94
Test7 +51 0 |-87 | 75 | 0.02 | 2.45 2 2 231 31| 78| 86
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Figure 5.14: Force result for Trajectory 2 with FO/PD control.
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5.1.4BTU and No Contact

To evaluate the degree of difficulty in simultaneously tracking the trajectory while maintaining a

constant

nor mal

force

when

s andi n gThefitstwest

di ffe

was with no bowl present and the force controller turnedTdffis, the arm traced the trajectory

without having to sand’he purpose of this test was to benchmark the performance of the position

controller when it was not compromised by thecéofeedback from the sander when in contact

with the bowl.In the second test, the bowl was present, but the sander was replaced with a ball

transfer unit or BTUA BTU is a spring loaded ball that allows the end effector of a robot arm to

roll freely acoss the surface of a workpiece, as shown inrf@§.17. The purpose of this test was

to illustrate the performance achievable when the task was still to follow a trajectory while

maintaining a constant force, but in a task that was considerably easiertvdaene to force

regulation.T h e

BTU

provided

feedback against the motion of the BTUh e

a fAbenigno

sander

provided

force

di stur

a Nsever

was highly dynamic with high friction feedbackaagst the motion of the sanddihe results are

summarized in Table 5ahd the corresponding position error plots are shown in Figurgaidl

5.16. The increase in the RMSE from the no contact test, to the contact with BTU test, to the

contact with saner test, confirm the expected behaviblamely that the performance gets

progressively worse, from the case of no contact to the case of contact with the Bamslethe

hybrid controller is working and the sanding process represents a challengingitapplot a

hybrid controller.

Table 5.4 Results withchange in contact and FO/RDntroller

Parameters Force Setpoints | PD Position FO Imped RMSE RMSE

(N) Controller Filter ance Position Force

(s) (mm) (N)

Y Y | Y [00"] 0O t 0 (o) (o) o) (o)

Without contact n/a | nfa| n/a 7.5 0.02 n/a n/a 0.9 19 n/a n/a
(no bowl)

With contact | +5 0 -8.7 7.5 0.02 2.45 0.75 19 3.3 3.8 8.5
andBTU

With contact | +5 0 87| 75 0.02 2.45 0.75 2.2 3.5 5.6 9.6
andsander
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Figure 5.16 Position erroffor Z axis showing effect of sanding
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Figure 5.17: Ball transfer uni{BTU).

5.1.5BTU and Integral Action

The impact of integral action on force control performance was investigated. As with all the gains

for the hybrid controller, ad hoc tuning was used to obtain a tuned integral §aliie 5.5

summarizes thRMSE results with FO/PD and FOPI/PD controll@iise setpoints and controller

gains used for the tests are also gividre effect of integral action was as expected. As illustrated

in corresponding force plots givenkingures5.18 and 5.8, the force error is significantly reduced.

From these resultsevconclude that with integral actiatie force RMSHs reducedoy almost

50% with no loss in stability.

Table 5.5 Results withFO/PD and FOPI/PBontrolles.

Controllers Force Position Force FO | Imped RMSE RMSE

Setpoints Controller Controller | Filter | -ance| Position Force
(N) (s) (mm) (N)

Yy Y [o0" [oo"[o0"[od ]| t 0 o |o |o |oO

FO/PD |+5| 0 (-87| 75 002 | nla | nla|245| 075 | 19| 33 | 38 | 85

with BTU

FOPI/PD | +5| 0 |-87 | 7.5 002| 03 | 06 | 245 075 | 15| 42 | 19 | 47

with BTU
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5.1.6 Tuned FO/PD Control

Table 5.6 summarizes the RMSE result with FO/PD control with tuned time constant and
impedance. The setpoints and other controller gains used for this test are alsd lgs/ssult

gives the lowest RMShBy tuning time constant to 2.45 and impedand®2& The corresponding

plots of msition error and fore are givenin Figure 5.20 and 5.4. The tuning tests that were

conducted to obtain this result are given in Appendix D specifically Figures D.4to D.

Table 5.6: Best resulwvith hybrid FO/PD controller

Force Setpoints Position FO | Imped RMSE RMSE
(N) Controller Filter | -ance Position Force
] (s) (mm) (N)
Yy [y oo [oo" | + 0 0 0 0 0
+5| 0 |-87 7.5 0.02 | 245 | 025 1.7 2.4 5.7 3.9
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Figure 5.21: Forceresult for X and Z axisvith tuned FO/PD control.
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To test the repeatability of the results, two tests weeraducted with the same setpoints and
controller gains. Table 5.7 summarizes the RMSE results for repeated trials with FO/PD control.
The corresponding force error plot for the Z axis is given in Figure 5.22. From these results, one

can observe that the RBE results are repeatable to within 0.2 mm and 0.3 N for position and

force, respectively.

Table 5.7: Results for epeated trialsvith hybrid FO/PD controller

Parameters Force Position FO | Imped RMSE RMSE
Setpoints Controller | Filter | -ance Position Force

(N) _ (s) (mm) (N)
Y[y ]y [oo" oo ]| * 0 o | © 0 0
Trial 1 +5| 0 | -87 7.5 0.02 | 245 | 0.25 1.7 2.4 57 3.9
Trial 2 +5| 0 | -87 7.5 002 | 245| 025 | 1.8 | 2.6 5.4 4.2

5 I I
Trial 1
Trial 2

M b
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Efz(N)

15 - | ,,/{ | n' ! 1 | f

JHJ LY A"l‘ W" M |

a3 o) Www N \ A
_ | I T Y

| R i

=251

-30 L | | I
10 35 40 45 50 55 60
Time (s)

Figure 5.22: Force error for Z axisvith FO/PD control and repeated trials
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5.2BW/PD Control Results

The effect of replacing the FO filter with a second order Butterworth (BW) filter was examined.
Table 58 summarizes the RMSE results with BW/PD control with three different passband edge
frequenciesThe setpoints and controller gains used for the tests are alsognmarresponding
plots forforce and position foall the three tests are givenAppendixD (refer to Figure®.5 to

D.9). From the results we conclude tAast 1 withfp set to 6.3 givethelowest position error and
Test 2 withf, set to 12.6 givethelowest force error. Highempedancef 3.33gives better results

but then it becomes more of a position control than force control which reduces the effiect of
filter on forceregulation The best performance with the BW filter was obtained when the cutoff
frequency was set to Hz which gave gpassband edge frequency of 1B6and a time constant

of 0.06sec.The force error increases significantiyhen there is igh increase in passband edge
frequencyasshown in Test &nd which causedsigher degree of oscillatioiRecall that the time
consant for the FO filter was 2.45ec Tests with the BW filter demonstrated no significant

improvement in performance relative to the FO filter.

Table 5.8: Control parameters for hybridVPD controller.

Parameters| Force Setpoints Position Passband Imped RMSE RMSE
(N) Controller Edge -ance | Position Force

Frequency (mm) (N)

(Hz)

Y[y | "y [od"]oO" fo 0 o |0 |0 ]| O

Testl +5| 0 | -87 7.5 0.02 6.3 333 | 24| 83|83 17
Test2 +5| 0 | -87 7.5 0.02 12.6 333 | 25| 86| 73| 101
Test 3 +5| 0 | -87 7.5 0.02 63 333 | 28| 87| 89| 19.7
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5.3PI/PD Control Results

The effect of replacing the FO filter with a PI controller was examiRedall that the original
recommendation of Zeng and Hemani [15] was to use a hybrid controller that employed PI for
force control and PD for position contrdlhe Pl controllerwas tunedor thelowest force error

with an already tuned PD position conteol(given in Appendix D, refer to Figures D.9 to D.12)
Tables 3 and 510 summarizes the RMSE results with PI/PD control with three different
proportional and integral gains of Pl controll€he setpoints and controller gains used for the
tests are atsgiven.The corresponding plots for force error are givethmFigures 5.3, 5.24,

5.27 and5.28. From the results we conclude that, Test 9 with proportional gain of 0.5 gives lowest
force error for X axis and Test 8 with proportional gain ofgivés lowest force error for Z axis.

In the same way, Test 11 with integral gain of 0.6 gives lowest force error for both X and Z axis.
For better visual understanding, the force plots are filtered in Figurgssba, 529 and 530.

Table 59: Tuning results of KFfor hybrid PI/PDcontroller.

Parameters Force Position Force Imped RMSE RMSE
Sdpoints Controller Controller | -ance| Position Force
B (\) B— I N (mm) (N)
Y[Y| Y [00"|oO" oo |00 o olo lo o
Test7 |+5| 0 |-8.7 75 | 002 | 01 0 2 23 | 83 |128| 21.3
Test8 |+5| 0 |-8.7 75 | 0.02 ] 0.3 0 2 25| 82 | 11 19
Test9 |+5| 0 |-87 75 | 0.02 | 05 0 2 27| 82 | 93 | 22
Table 510: Tuning results of Klifor hybrid PI/PDcontroller.
Parametery Force Position Force Controller | Imped| RMSE RMSE
Setpoints Controller -ance | Position Force
e (N) e « % h . h . 5 . 5 € (mm) (N)
Y[Y|Y [o0"[oO" 0D |00 [0D 5 olololo
Test10 [+5| 0 |-87 | 75 | 002 | 05| 0.3 | 02 2 22| 83|12.6|19.8
Testl |+5( 0 |-87| 75 | 0.02 | 05| 03| 0.6 2 22183 | 7 |16.2
Test12 (+5| 0 |87 | 75 | 0.02 | 05| 0.3 1 2 23|83 | 78 |16.4
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Figure 5.23: Forceerror forX axiswith PI/PD control and tuning of KP for forcote KR =
0.5 gives lowest RMSE.
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Figure 5.24: Forceerror forZ axiswith PI/PD control and tuning of KP for forcote KR =
0.3 gives lowest RMSE.
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Figure 5.25: Forceerror forX axiswith PI/PD control and tuning of KP for forcote KR =
0.5 gives lowest RMSHfiltered data)
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Figure 5.26: Forceerror forZ axiswith PI/PD control and tuning of KP for forclote KR =
0.3 gives lowest RMSE.
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Figure 5.27: Forceerror forX axiswith PI/PD control and tuning of Kl for forcélote Kk = 0.6
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Figure 5.28: Forceerror forZ axiswith PI/PD control and tuning of Kl for forc&lote Kk = 0.6
gives lowest RMSE.
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Figure 5.29: Forceerror forX axiswith PI/PD control and tuning of Kl for forcélote Kk = 0.6
gives lowest RMSHfiltered data)
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Figure 5.30: Forceerror forZ axiswith PI/PD control and tuning of Kl for forcélote Kk = 0.6
gives lowest RMSHfiltered data)
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5.4FOPI/PD Control Results

Tests were conducted in which the FO filter was added to the Pl ¢orteoller to see if

performance could be improvedTable 511 summarizes the RMSE results wig/PD and

FOPI/PD controllers. The setpoints and controller gains used for the tests are also given. The

correspondinglots of position antbrceerror arggiven in Figures 31 to 5.34. From these results

we conclude thaadding FO filter to Pl contramprovesthe forceand positiorRMSE for X and

Z axisby a significant amount.

Table 5.11: Comparison of FO/PD and FOPI/RDntrolles.

Hybrid Force Position Force FO | Imped RMSE RMSE
Controller Setpoints Controller Controller | Filter | -ance| Position Force
(N ] ] (s) (mm) (N)

YIv| Yy [o0"[oo"[oo" o] t 0 O |0 |0 |©O

PI/IPD |+5| 0 |-87 75 | 002| 03 | 06 | 245| 025 | 6.1 | 84 | 12.1| 105

FOPI/PD | +5| 0 | -8.7 75 | 002 | 03 06 | 245| 025 | 59 | 72 | 87 | 9.3
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Figure 5.31: Position error for X axisvith different force controllerd=OPI controller gives the
lowest RMSE.

Figure 5.32: Position error foZ axiswith different force controllers=OPI controller gives the
lowest RMSE.
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