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FORCE CONTROL OF STAUBLI RX-160 MANIPULATOR

SUMMARY

Today, humans are started to be replaced by robots in many areas. Work speed and
quality of robots are increasing day by day with the developing robot technologies.
Robots are becoming irreplaceable components of industrial applications. With recent
developments, robots can perform surgical operations and be used in space vehicles.

Industrial manipulators are mostly used in applications like packing, welding, material
handling and painting on a production line. While performing these tasks,
manipulators have very limited interaction with the environment or none at all. The
main purpose of these tasks is to follow a path in free space.

Manipulators can also be used in tasks where interaction is desired. Assembling,
deburring, grinding and polishing are among these tasks. However, classical motion
control methods are insufficient for these tasks. The position of the manipulator and
the workpiece must be known with a high precision and the environment must be
modeled accurately in order to execute these tasks with pure motion control. These
conditions cannot always be satisfied. If we assume a rigid manipulator and
environment, a small error can cause an increase to contact forces to a point where the
workpiece or the manipulator can be damaged. For this reason, we need some degree
of “compliance” between the manipulator and the environment.

“Compliant motion control” or “force control” can give us a better solution in cases
where interaction with the environment is present. Contact forces are controlled
directly or indirectly by generating proper control signals.

In this thesis, two widely known force control strategies are considered: impedance
control and hybrid force/position control. Impedance control can be classified as an
indirect force control where errors in the motion are related with contact forces. This
relation, known as mechanical impedance, has an advantage that its parameters can be
adjusted to ensure a desired behavior of interaction. On the other hand, hybrid
force/position control, which is classified as a direct force control, requires desired
values of contact forces. In return, the controller calculates the error between the
desired and feedback forces and generates a proper control signal to follow desired
force trajectory.

For both of the control strategies mentioned above, contact force measurements from
a force/torque sensor are used. These sensor data are certainly required for hybrid
force/position control. However, for impedance control, there are control schemes
where force feedback is not required.

The purpose of this thesis is applying different force control algorithms on Staubli RX-
160 industrial type manipulator that resides in Istanbul Technical University
Mechatronics Education and Research Center.

By using LLI (Low Level Interface) provided by Stdubli, control algorithms that are
reported in literature can be embedded to manipulator controller and tested. LLI
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enables us to control all aspects to control an industrial type manipulator where we can
use our own kinematic and dynamic models.

This thesis consists of five chapters. In the first chapter, the purpose of thesis, technical
properties of RX-160, hardware and software that are used in this study will be
mentioned.

In second chapter, kinematic and dynamic model of RX-160 are derived and unknown
parameters are mentioned. In order to derive dynamic model of the robot, mass
properties must be known. These parameters are provided by Staubli. The spring
model and friction parameters are identified in a past work and they are used directly
in this thesis.

In chapter three, some control methods are introduced and simulation results are
shown. Trajectory planning is also mentioned in this chapter.

In fourth chapter, the control methods mentioned in the previous chapter will be
applied to the manipulator in real-time. The data collected from sensors are analyzed
and commented.

In fifth and the last chapter, all the work done throughout the thesis is summarized and
suggestions are made for future works.

xviii



STAUBLI RX-160 MANIPULATORUNUN KUVVET KONTROLU

OZET

Gliniimiizde robotlar pek ¢ok iste insanlarin yerini almaya baslamistir. Her giin gelisen
robot teknolojisi, robotlarin is yapma hizin1 ve is kalitesini artirmaktadir. Robotlar
kullanildiklar1 alanlarin vazgecilmez unsuru olmaktadir. Bugiin robotlar, cerrahi
operasyonlarda ve uzay araglarinda kullanilabilmektedir.

Robotlar arasinda manipiilatorler, endiistriyel uygulamalarda siklikla karsimiza
¢ikmaktadir. Endiistride iiretim hizinin ve kalitesinin siirekli artmasi istendigi igin,
gelecekte daha fazla robotun iiretim sahasinda kullanilacagini sdyleyebiliriz.

Endiistriyel manipiilatorler, ¢ogunlukla iretim hattinda parga tasima, paketleme,
kaynak ve boya yapma islerinde kullanilmaktadir. Dikkat edilecek olursa, bu
uygulamalarda ¢evre ile temas ¢ok az veya hi¢ yoktur. Robot, izledigi yol boyunca
herhangi bir engelle karsilagsmaz. Diger bir deyisle, bu uygulamalarda asil amag ¢evre
ile etkilesim degil, serbest uzayda planlanmis bir hareketi gergeklestirmektir.

Endiistriyel manipiilatorler ¢evre ile etkilesim gerektiren uygulamalarda da
kullanilabilmektedir. Montaj, ¢capak alma, taslama ve cilalama bu uygulamalardandir.
Bu tip uygulamalarda klasik konum kontrolii yetersiz kalmaktadir. Klasik konum
kontrol yontemleriyle istenen kalitede is yapmak i¢in, is parg¢asinin konumunun son
derece hassas olmasi, manipulatériin ve ¢evrenin de cok iyl modellenmis olmasi
gerekmektedir. Bu sartlar1 saglamak her zaman miimkiin olmayabilir. Cevre ve
manipulatoriin sertliginin yiiksek oldugunu diisliniirsek, bu sartlarin saglanamamasi
durumunda, konumda ufak bir hatanin olugmasi, ¢ok bilyiik temas kuvvetlerinin ortaya
¢ikmasina sebep olmaktadir. Bu da is parg¢asina veya manipiilatore zarar verebilir.

Eger ¢evre ile etkilesim soz konusuysa, “uyumlu hareket kontroli” veya “kuvvet
kontrolii” bize daha iyi sonug verecektir. Bu kontrol yonteminde, serbest konum
kontrol yonteminden farkli olarak, ¢evre ile olan temas sonucunda olusan kuvvetler
dikkate alinir, bu kuvvetler dogrudan veya dolayli yoldan isleme sokulur ve uygun
kontrol sinyalleri tiretilir.

Kuvvet kontrolii, robotik sistemlerin bilinmeyen bir ¢evrede Ongoriilemeyen
durumlarda calisabilmesi ve esnek bir davranig sergilemesinde ve akilli tepkiler
vermesinde Onemli bir rol oynamakta ve insan-robot etkilesimine katkida
bulunmaktadir.

Yukarida anlatilan ¢evre ile uyumlu davranis iki sekilde elde edilebilir: pasif etkilesim
kontrolii ve aktif etkilesim kontrolii.

Pasif etkilesim kontroliinde, temas kuvvetleri, robotun yapisal esnekligiyle, servo
motorlarin esnekligiyle veya robotun ucuna monte edilmis 6zel bir ug islevciyle
kontrol altinda tutulmaya calisilir. Endiistriyel uygulamalarda genellikle iigiincii
yontem kullanilir. Bu metot basit ve ucuz olmakla birlikte, robotun cevreyle
temasindan dogan hatalara kars1 tepkisi de (programlanmis bir kontrol algoritmasindan
farkli olarak) hizlidir. Fakat saydigimiz avantajlarina ragmen bu yontem, farkh
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endiistriyel uygulamalara kars1 esneklige sahip degildir. Her uygulama igin 6zel olarak
bir ug islevci tasarlanmasi gerekmektedir.

Aktif etkilesim kontroliinde, manipulatoriin ¢evre ile uyumu 6zel olarak tasarlanmis
bir kontrol sistemi sayesinde saglanmaya ¢alisilir. Bu kontrol yontemlerinde genellikle
robotun bilegine monte edilmis bir kuvvet sensoriiniin ol¢tiigii temas kuvvetleri geri
besleme ile igsleme sokulur. Bu tezde kullanilan kuvvet sensori, is uzayinda alt1 kuvvet
bilesenini (li¢ kuvvet, iic moment) dlgebilmektedir.

Bu tezde aktif etkilesim kontrolii ele alinmistir. Aktif etkilesim kontrolii ayrica kendi
icerisinde iki kategoriye ayrilabilir: dolayli kuvvet kontrolii ve dogrudan kuvvet
kontrolii. Dolayli kuvvet kontroliinde, temas kuvvetleri, modifiye edilmis bir hareket
kontrol metoduyla kontrol edilir. Dogrudan kuvvet kontroliinde ise kullanici,
manipiilatore istenen temas kuvvetlerini besler ve manipulatér de bu referans
degerlerini izlemeye calisir.

[k kategorideki kontrol ydntemleri i¢in empedans kontrolii drnek olarak verilebilir.
Bu yontemde, manipulatoriin hareketi sirasinda cevre ile etkilesim sebebiyle ortaya
¢ikan konum hatalari, temas kuvvetleriyle iligkilendirilir. Bu iliski ise mekanik
empedans olarak tanimlanir. Bu kontrol yonteminde, manipulator ¢evre ile etkilesimi
sirasinda istenen mekanik davranisi gostermeye zorlanir.

Ikinci kategoriye drnek olarak hibrid kuvvet/konum kontrolii verilebilir. Bu kontrol
yonteminde is uzayi, iki alt uzaya ayrilir. Bu alt uzaylardan birine konum kontrolii
uygulanirken digerine kuvvet kontrolii uygulanir. Ayn alt uzaya hem konum, hem de
kuvvet kontrolii uygulanamaz. Kuvvet kontrolii uygulanan uzayda, dogrudan istenen
temas kuvvetleri iiretilir ve bunlarin takip edilmesi i¢in gerekli kontrol sinyalleri
tiretilir. Konum kontroliinden ve kuvvet kontroliinden iiretilen kontrol sinyalleri eklem
torklarina (veya kuvvetlerine) doniistiiriildiikten sonra bu degerler toplanir ve
manipilatore génderilir.

Bu tezde, Istanbul Teknik Universitesi Mekatronik Egitim ve Arastirma Merkezi
biinyesindeki Stdubli RX-160 endiistriyel manipulatoriiniin tizerinde farkli kuvvet
kontrol algoritmalar1 uygulanmasi amaglanmaktadir.

Staubli RX-160 endiistriyel robotik manipulatdr, boya yapmak veya is parcalarini
tiretim hattinda bir noktadan digerine tagimak amaciyla tasarlanmistir. Robot orta
boyutta olup, nominal hizlarda 20 kg yiik tasiyabilmektedir.

Stiubli firmasinin saglamis oldugu LLI programlama arayiizii sayesinde, manipulator
tizerinde, literatiirde oOnerilen kontrol algoritmalari, manipulatér kontrolciisiine
gomiiliip test edilebilmektedir. LLI, kullaniciya manipiilatorii her yoniiyle ele alip
kontrol edebilmesini saglamaktadir. Bu da akademik calismalar icin bize avantaj
saglamaktadir. Literatiirde gosterilen kontrol semalari, robot iizerinde denenebilmekte
ve bu semalarin performanslar1 Olciilebilmektedir. LLI ayni zamanda birtakim
giivenlik fonksiyonlar1 da igermektedir. Bu da, bir 6l¢iiye kadar, robot tizerinde yapilan
denemelerde meydana gelen hatalarin robota veya c¢evreye zarara vermesini
onlemektedir.

Bu tez bes ana boliimden olusup, ilk bolimde tezin amacina, Stdubli RX-160
manipulatoriin baglica teknik 6zelliklerine ve manipulatoriin donanim ve yazilimina
deginilmistir.

Ikinci boliimde, manipulatoriin  kinematik ve dinamik modelleri ¢ikarilip,
manipulatoriin  bilinmeyen parametrelerinin taninmasindan bahsedilmektedir. Bu
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modeller kontrol i¢in gerekmektedir. Dinamik modelin ¢ikarilmasi i¢in gereken kiitle
parametreleri, Staubli tarafindan saglanmistir. Gegmiste bu robot lizerinde yapilmis
tanimlama calismasindan elde edilen siirtinme ve yay modeli bu tezde dogrudan
kullanilmistir.

Uciincii boliimde, ilk olarak yoriinge planlamasindan bahsedilmistir. Yoriinge
planlamasi robotun izlemesi gereken yolun zamana bagli denklemini verir. Bu
boliimde daha sonra, hareket kontrol semas1 gosterilmistir. Ardindan, kuvvet kontrol
semalar1 gosterilmis ve bunlarin benzetim ortaminda elde edilen sonuglar1 verilmistir.
Benzetim sonuglari, kontrol semalarinin ger¢ek zamanli uygulanmasindan Once
robotun hareketi ve eklemlere uygulanmasi gereken kuvvetler hakkinda ipuglari
vermistir. Fakat benzetim sonuglar ile ger¢ek zamanli uygulama sonuglar1 arasinda
bir karsilagtirma yapilmasi amaglanmamistir. Bunun nedeni, ileri dinamik robot
modeli ve kontrol semasinda kullanilan ters dinamik robot modelinin benzetimlerde
birebir ayn1 olmasidir. Bu da, robotun miikemmel bir sekilde modellendigini ileri siirer
ki boyle bir varsayim gercekei degildir.

Dordiincti boliimde, ilk olarak deney ortamindan bahsedilmis, deneyler sirasinda
ortaya c¢ikan sorunlara deginilmistir. Daha sonra, bir 6nceki boliimde bahsedilen
kontrol semalari, gergek zamanl olarak robota uygulanmis ve elde edilen sonuglar
gosterilmistir.

Besinci ve son bolimde, yapilan calismalar Ozetlenip gelecekte yapilabilecek
calismalar i¢in Oneriler sunulmustur.
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1. INTRODUCTION

Robotics is a multidisciplinary engineering area that is interested in designing
machines that support humans in variety of tasks. Mainly, mechanical engineering,
electrical engineering, computer science and mathematics are needed to have a good

understanding in robotics.

The term “robot” was started to be used after a story named Rossum’s Universal
Robots written by Karel Capek in 1920. In this story, the word “robota”, meaning

“work” in Czech was used.

There are many machines that can be classified as a robot today. Rovers, exoskeletal
robots, humanoid robots and unmanned aerial vehicles (UAVs) are among them. In
this thesis we will be concerned only with serial type industrial robotic manipulators.
Throughout the thesis, the term “manipulator” will be used to refer industrial robotic

manipulators. The manipulator that is used in this study is shown in Figure 1.1.

Manipulators are essentially a mechanical arm with serially connected links. Today,
they are used in various applications. Material transfer, welding, painting and
assembling are among them. Manipulators have high work speed, accuracy and they
reduce production costs in industry. These attributes caused humans to be replaced by
manipulators in some tasks. Also, work place may be too dangerous for a human to

work in. The manipulators are employed in those situations to ensure human safety.

In order to control a manipulator with a model based approach, we have to derive its
mathematical model first. These models are grouped as kinematic model and dynamic
model. These models are then used in a chosen control algorithm. The performance of

the control algorithm depends on an accurate and detailed model of the manipulator.

1.1 Purpose of Thesis

Today, some industrial applications require interaction of the robot with the

environment. Examples for such applications are, polishing, grinding, assembly, and



machining. While the manipulator is following a desired path, interaction forces must
be controlled.
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Figure 1.1 : Stiaubli RX-160 manipulator [1].

During interaction, the environment sets constraints on the paths that can be followed
by the end-effector. This situation is referred to as “constrained motion”. If we want
to use pure motion control to limit interaction forces, we need an accurate model of
robot as well as the environment. A manipulator can be modeled accurately to a certain
degree. However an accurate model of the environment is generally difficult to obtain.
Even small errors may be intolerable and cause rise to contact forces that can damage
the environment or the manipulator. For this reason, some degree of “compliance” is

expected from the manipulator.

The purpose of this thesis is the adaptation of Staubli RX-160 manipulator that resides
in Istanbul Technical University Mechatronics Education and Research Center to force
control applications. For this purpose, control algorithms are chosen from literature
and tested in the simulation environment and then applied to the manipulator in real-

time.

1.2 Literature Review

Much work has been carried out in the force control area. Active stiffness control in
Cartesian coordinates was proposed in [2]. Original idea of mechanical impedance
model used for controlling interaction between the manipulator and the environment
is presented in [3]. The original hybrid position/force control concept was introduced
in [4]. The explicit inclusion of the manipulator dynamic model was presented in [5].
Kinematic instability issue in hybrid position/force control is pointed out and a correct

formulation is proposed in [6].



1.3 Staubli RX-160 Manipulator

Staubli RX-160 is a medium payload, rigid, highly precise articulated arm with six
degrees of freedom. It is designed mainly for machine tending, in which the

manipulator is used to load and unload machine tools [1].

In this section, the components of Staubli RX-160 manipulator will be mentioned.

1.3.1 Technical properties

The manipulator’s links are interconnected serially by six joints (Figure 1.2). Links are
named as: the base (A), the shoulder (B), the arm (C), the elbow (D), the forearm (E),
and the wrist (F). Dimensions of the manipulator are shown in Figure 1.3.

Motion of joints are generated by six brushless motors that are equipped with resolvers.

Also, every motor is supported with a parking brake.

Working temperature of the manipulator is between +5°C and +40°C. Humidity of the
work environment should be between 30% — 95%. Maximum work altitude is 2000
m. Manipulator weighs 248 kg. The work envelope of the manipulator is shown in

Figure 1.4.

Figure 1.2 : The mechanical configuration of RX-160 [7].
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Figure 1.3 : Dimensions of RX-160 [7].

In Table 1.1, joints” amplitudes, working ranges, nominal speeds, maximum speeds

and angular resolutions are given.

The manipulator’s load capacity is 20 kg at nominal speeds in all configurations while

taking maximum inertias into account.

1.3.2 Hardware

In this section, we will introduce equipment of the robot, force/torque sensor and the
end-effector.

1.3.2.1 Manipulator mechanics

The robot arm assembly contains the motorization, brakes, motion transmission
mechanisms, cable bundles, pneumatic and electric circuits for the user and the

counterbalance system [7].



The RX-160 arm assembly consists of a rigid and encased structure to protect it against
external aggressions. Its design is based on transmission modules: JSC (Staubli
Combined Joint) used on first four axes. The wrist consists of axis 5 and 6.

Arm balance is performed by an integrated spring system. The arm has built-in spring

counterbalance system giving an attractive low-weight system [7].
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Figure 1.4 : Work envelope of RX-160 [7].



Table 1.1 : Technical properties of RX-160 [7].

Working
) ) ) Angular
) Amplitude range Nominal Maximum )
Axis o resolution
@) distribution speed (°/s) speed (°/s)
(°.1073)
)
1 320 A +160 165 200 0.042
2 275 B+ 137.5 150 200 0.042
3 300 C+270 190 255 0.054
4 540 D +270 295 315 0.062
E+120
5 225 260 390 0.12
- 105
6 540 F+270 440 870 0.17

1.3.2.2 Actuators and encoders

Every axis on the robot is actuated by 3-phase brushless DC motor over a gearbox.

Position and velocity of joints are measured by encoders on every axis.

1.3.2.3 Controller and manual control pendant

In Figure 1.5, the controller named “CS8C” is shown. The CS8C controller is made

up of a processor (5), the intelligent part of the installation. The processor controls the

robot via digital power amplifiers (1) dedicated to each axis of the arm. The electrical

power is converted by PSM (7) power section, the RPS (2) power supply, and the

ARPS (3) power supply which supplies to each of the above elements the voltage

required for correct operation from main voltage delivered by the electrical network.

The functions required for electrical safety are grouped together on the RSI (4) board.

The main power supply switch is shown with (6). The controller has two serial links

and two ethernet ports for communication. For fieldbus, DeviceNet, Profibus,
CANopen and ModBus TCP client are available.



Figure 1.5 : CS8C robot controller [8].

Communication between the operator and the controller is performed by the “manual
control pendant” (MCP) shown in Figure 1.6. In our study, MCP is not used for control
purposes but kept close in order to use emergency stop button in situations like

unexpected arm movements.

1.3.2.4 ATI force/torque sensor

In our applications, contact forces on the end-effector must be measured and fed back
in order to realize force control of the manipulator. For this purpose, ATI Delta
force/torque sensor is used (Figure 1.7). This sensor can measure all six components
of force and torque in Cartesian space.



Figure 1.7 : ATI Delta F/T sensor [9].

The default frame attached to the sensor is shown in Figure 1.8. This frame has to be

converted to the end-effector frame, in order to get correct measurements.

The calibrations ranges that can be used with Delta model transducers are shown in
Table 1.2. Our transducer is calibrated within SI1-660-60.

The controller of the force/torque sensor system is shown in Figure 1.9. The controller
transforms strain gage data to Cartesian force/torque components. The analog output
of the transducer controller is connected to a WAGO terminal. Analog data can be read
from WAGO terminal using ModBus TCP/IP protocol. The sensor’s controller is also
connected to a PC with serial connection to access controllers interface. We send

commands (sensor biasing, tool frame creation etc.) via this interface.



Figure 1.8 : Frame attached to the sensor [10].

Table 1.2 : Calibration ranges and resolutions of ATI Delta transducers [9].

Sensing Ranges Resolution
Calibration  F, E, E, T, T, T, E,E, E, T, Ty T,
1/528  1/528
SI-165-15 165N 495N  15N.m 15N.m 1/32N  1/16N
N.m N.m
5/1333  5/1333
SI-330-30 330N 990N 30N.m 30Nm 1/16N  1/8N
N.m N.m
10/133  10/133
SI-660-60 660N  1980N 60N.m 60N.m 1/8N
3N.m 3N.m

1.3.2.5 End-effector

The end-effector, shown in Figure 1.10 is attached to the wrist in our study. Since we
made our tests on a stiff surface, this end-effector made our tests safer. Also, the ball
wheel on the tip is free to rotate in all directions. Therefore, the contact friction

between surface and the tip of the robot is lowered.



AC Power Entry Socket Controller

Legacy Analog Output

RS-232
Communication

Analog Output

Transducer Transducer Cable

Figure 1.9 : F/T controller [10].

Figure 1.10 : End-effector.
1.3.3 Software

There are two different programming interfaces that are provided by Stiubli to
program the manipulator. The first one is called “VAL3” which uses a high level
programming language that is suitable for industrial applications. The second one is
called “LLI (Low Level Interface)” which contains library functions written in C

language. In our study, all control algorithms are written and embedded in LLI.

Using robots in engineering schools, universities and applied research centers is a plus,
both for students and teachers [11].

10



LLI gives user a complete freedom who has to manage all aspects of the robot control:

its geometry, its kinematics and its dynamics.

The CS8C controller integrates a PENTIUM® arithmetic unit and the VxWorks® real-
time operating system. The general architecture is shown in Figure 1.11. The C or C++
programming will then be made with Windriver®s Tornado® environment of

development.

CS8 controller

PENTIUM CPUboard

robot control application

1L

RTRCAL
Real Time Robot ControllerAbstraction Layer

Pow er
Supply

i~ [T

Robot Digital IOs  FieldBus

motor dirves

Figure 1.11 : CS8C general architecture [11].

At every cycle time, the robot receives command inputs (cmd) and provide sensory
feedback information (fbk). The working principle of LLI is shown in Figure 1.12. The
feedback information consists of position, velocity, torque and position error at joint
level. The command is represented by the position, velocity, velocity anticipation and

torque anticipation.

There are two working modes in LLI: position-velocity mode and torque mode. In
position-velocity mode, position and velocity are updated according to user specified
trajectory at every cycle. The controller calculates the torques that must be supplied to
joints in order to follow the desired trajectory. In torque mode, the user must calculate
the torques needed and send them to drives. In our study, we tested our control

algorithms in torque mode.

11
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[ T T 1

joints power brake IO
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Figure 1.12 : LLI implementation [11].
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2. MODELING AND IDENTIFICATION

In robotics, modeling generally separated into two main groups: kinematic model and
dynamic model. Kinematic model describes the motion of the manipulator without
considering the forces that cause the motion. On the other hand a dynamic model gives

us forces or moments for a desired motion.

In this section we will generate both kinematic and dynamic model of the manipulator.

Also, we will mention identification of spring and joint frictions.

2.1 Geometric Model

Geometric model gives the relation between joint positions and the position and
orientation of a point on the manipulator (end-effector tip point in our case). In this
section, forward geometric model of the manipulator will be generated which gives us
the position and orientation in terms of joint variables. Inverse geometric model is not

needed in our study so it will not be discussed here.

2.1.1 Forward geometric model

In a serial manipulator, a link is connected to its adjacent links with one joint. So a
manipulator with n joints will have n + 1 links. Joint i connects link i — 1 to link i.

Link 0 is fixed and referred as the “base link”.

Generally, manipulators have joints with a single DOF (degree of freedom) which are
revolute and prismatic joints. The angle of rotation in revolute joints and linear

(13 2

displacement in prismatic joints are called “joint variables” and denoted as “q”.

g = {Hi if joint iis revolute
;=

d; if jointiis preismatic (2.1)

Stiubli RX-160 have six joints which are all revolute type. Therefore, from now on,

all models will be generated for revolute joints and prismatic joints will not be

mentioned.

13



2.1.1.1 Coordinate frames

First, we have to attach coordinate frames on links in order to find geometric model.
For this purpose, we will use Denavit and Hartenberg (D-H) convention for selecting

frames of reference. Frames are attached according to the following procedure:

e z;-axis is aligned with the axis of rotation of joint i + 1. The direction can be chosen
arbitrarily.

e x;-axis is chosen along the common normal of z;_, and z; pointing from z;_, to z;.
Xo-axis can be chosen arbitrarily. If z;_; and z; coincides, the direction of x; can be
chosen in the direction of z;_; X z; or in the opposite direction. If z;_; and z; are
parallel, there is infinite number of common normal. In this situation x;-axis can be

determined in a convenient manner.
Attached coordinate frames is shown in Figure 2.1. The origin of the last frame (frame
6) is at the tip of the end-effector which is not shown in this figure.
2.1.1.2 Denavit-Hartenberg parameters

We use homogeneous transformation matrices to express a coordinate frame with

respect to another. These matrices have the form,

- i-1p i—1p]
A = [ i i 2.2
= 22)

=14, is a 4 x 4 homogeneous matrix, that expresses the position and orientation of
frame i with respect to frame i — 1. "R, is the 3 x 3 rotation part and “~p; is the

3 x 1 translation part of "4, (from now on superscript will be omitted). In order to
find the position and the orientation of the end-effector, we have to express the end-
effector frame with respect to the base frame. This can be done by multiplying

transformation matrices sequentially as in equation (2.3).
0T = A4, ... A,_1A, (2.3)
According to D-H method, one can find A; with four successive transformations.

A; = Rot, g, Trans, 3, Transy q, Roty (2.4)

14
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Figure 2.1 : Coordinate frames of RX-160.
Terms in equation (2.4) can be written in matrix form as,
cBl- —sHi 0 0
_ 59i Cei 0 0
ROtZ,Gi = 0 0 1 0 (25)
0 0 0 1
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1 0 0 0]
01 0 O
Trans, 4. = 00 1 d (2.6)
0 0 0 1]
1 0 0 aq]
_10 1 0 O
Transy,, = 00 1 0 (2.7)
0 0 0 11
1 0 0 0
_ {0 ca; —sa; O
Roty o, = 0 sa, ca, 0 (2.8)
0 O 0 1
c0; —sb;ca; sO;sa; a;ch;
sO; cO;sa; —cB;sa; a;sbH;
A, — l L l l L 2 l 2
' 0 sa; sa; d; (2.9)
0 0 0 1

In equations (2.5) through (2.9), 6;, d;, a; and «; are called as “D-H parameters”.
Although there are four parameters, three of them are constant for a single DOF joint.
In our case d;, a;, and «; are constant and 6; is the joint variable. D-H parameters for
RX-160 are given in Table 2.1.

Table 2.1 : D-H parameters for RX-160.

Joint 0; (rad) d; (mm) a; (mm) a; (rad)
1 01 550 150 —m/2
2 0, —1/2 0 825 0
3 0; + /2 0 0 /2
4 0, 625 0 —1/2
5 0 0 0 /2
6 B 320 0 0
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2.2 Kinematic Model

In this section, we will consider joint and link velocities and their relations. We will
introduce Jacobian matrix for kinematic analysis of a manipulator. In robotics,
Jacobian matrix has many uses including, differential motions, relating joint velocities
with link velocities, singular configuration analysis, derivation of dynamic model and
static model analysis.

2.2.1 Forward kinematic model

In forward kinematic model, we write end-effector velocity X, in terms of joint

velocities g as

Xe =J(@)q (2.10)

where J(q) is called “Jacobian matrix” and it can be seen that it is configuration
dependent which means that for a given set of joint velocities, the end-effector velocity
will change according to joint positions.

This matrix can also be used to find differential displacements as
dX =J(q)dq (2.11)

Here, the vector ¢ = (g4 ...q,)T gives joint variables. J(q) is a 6 X n matrix and

obtained by taking [12] as reference.

Equation (2.10) can be divided into two equations as in equation (2.12) and (2.13).
Pe = Jp(@)q (212)

we =Jo(q)q (2.13)

Here, p. and w, are linear and angular velocity of the end-effector respectively. J,, is
the upper 3 X n part and J, is the lower 3 X n part of /. We are going to consider J,,

and J, seperately and build them column by column.

The i-th column of J,, is written as

Jp =2z xpy (2.14)

17



and the i-th column of J, is written as
J6 =24 (2.15)
Here, z;_, is the z-axis of frame i — 1 and p}~? is the position vector that points from

the origin of the i — 1 to the origin of the last frame and is expressed in the base frame.

The terms that are found from equations (2.14) and (2.15) are placed in the Jacobian
matrix as in equation (2.16).

1=[ﬁ 1;;] (2.16)

5o I

This Jacobian matrix is referred as “geometrical” Jacobian to distinguish it from
“analytical” Jacobian which is obtained by taking partial derivatives of forward

geometrical model with respect to joint variables.

We may also want to know end-effector acceleration in terms of joint variables. This
is known as “second order kinematic model” which can be easily obtained by taking

derivative of both sides of equation (2.10).
Xe =J(@da+J@i (2.17)

2.2.2 Inverse kinematic model
Inverse kinematic model gives joint velocities ¢ for a desired end-effector velocity X.

If we solve equation (2.10) for g, we obtain
g=JX (2.18)

The above equation has solution only if inverse of | exists. However, in singular
configurations, the inverse of Jacobian matrix does not exist. Still, throughout the
thesis, this analytical solution will be used and singular configurations will be avoided.

Singular configurations can be found by solving det(J) = 0.

In Appendix D, an easy way to calculate inverse of Jacobian matrix is shown. The
method is known as inverse by partitioning and is an efficient way to calculate inverse
of large matrices. It can also be used to find singular configurations of the manipulator

by taking the inverse symbolically.

18



Second order inverse kinematic model can be found by solving equation (2.17) for g.

§=J]""X-Jjq) (2.19)

2.3 Dynamic Model

In previous section, we studied kinematics of a manipulator which describes the
motion without considering forces and moments acting on the manipulator. At this
point, we can find position, velocity or acceleration of any point of interest on the
manipulator with a given set of joint position, velocity and acceleration. In this section
we will take a look at the dynamics of manipulators.

Dynamic model of a manipulator describes the relationship between forces acting on
the manipulator and motion of the manipulator. Dynamic model plays an important

role in design, simulation and control of manipulators.

Robot dynamics can be categorized into two problems: forward dynamics and inverse
dynamics. In forward dynamics, joint torques/forces, are known and joint accelerations

are calculated. Forward dynamic model is used for computer simulations.

G=/f(~@qq1) (2.20)

Inverse dynamics concerns with finding necessary torques/forces that must be applied

on joints to follow a desired trajectory. It is used in control algorithms.

1=9(q,9,9) (2.21)

There are two general types of methodology that are used to obtain dynamic model of
manipulators: Euler-Lagrange and Newton-Euler formulations. In our study, we saw
that the control algorithm that uses Euler-Lagrange dynamic model cannot finish its
calculations in one cycle time. Euler-Lagrange dynamic model has more calculation
burden than Newton-Euler formulation and this is a well-known problem about
Lagrange-Euler formulation. On the other hand, Euler-Lagrange can be expressed in a
closed form which enables us to analyze the properties of the dynamic model with
respect to mechanical parameters. For these reasons, Euler-Lagrange formulation is
used is simulation environment while Newton-Euler formulation is used in real

experiments which is known to be more suitable for real-time implementation.
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We will discuss these two methodology briefly here. Reader can refer to [12] and [13]
for more detailed analysis of Euler-Lagrange and Newton-Euler dynamic model

respectively.

2.3.1 Euler-Lagrange formulation

The “Lagrangian” of the system is defined as the difference between the kinetic and
potential energy of the mechanical system.

L=K-U (2.22)

Assuming no external forces and no friction, we can write Euler-Lagrange equation of

motion as

d(aL) 0L_ 19 293
at\aa, aqi_Ti fori=1.2,..,n (2.23)

The order n of the system is determined by the number of “generalized coordinates”
that are required to describe the evolution of the system. The n Denavit-Hartenberg
joint variables can serve as a set of generalized coordinates for an n-link rigid

manipulator [14].

The forces and moments acting on a typical link i of a serial manipulator is shown on

Figure 2.2.

X0

Figure 2.2 : Forces and moments acting on link i.
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The kinetic energy of link i can be written in matrix form as

1 1
K; = EmivciTvci + E“)iTIi(‘)i (2.24)

Here, v,; is the linear velocity of the center of mass of link i and w; is the angular
velocity of link i. They are expressed in the base frame. Linear and angular velocity
of a link can be calculated with the same method as we used in section 2.2. The only

difference is the point of which we want to calculate linear and angular velocity.

In equation (2.24), I; is the inertia tensor of link i, taken about the center of mass CG.
This tensor must also be expressed in the base frame. Let 'I; be the inertia tensor of

link i, taken about the center of mass and expressed in the link frame i. I; and 'I; is

related as
Ii = ORi ili( ORi)T (225)

Equation (2.25) is a similarity transformation. Since frame i moves with the link i, the
elements of I, are constant values. On the other hand, the elements of I; are functions

of joint variables.

Total kinetic energy of an n-link manipulator can be written as

n
K:l v Ty TIw: 2.26
2 (mval vCl + wl lwl) ( : )

i=1

In case of rigid dynamics, the only source of potential energy is gravity [14]. The

potential energy of an n-link manipulator can be written as

n
U= —Z mig" pe; (2.27)
i1

where p.; is the position vector of the center of mass of link i and g is the gravitational

acceleration vector. Both of them are expressed in the base frame.

Substituting equations (2.26) and (2.27) into (2.23) will give the closed form equation

of motions in matrix form as
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M(@)g+Cqq+G@ =1 (2.28)

The first term in equation (2.28) accounts for the inertia of the manipulator. M(q) is
the n X n inertia matrix of the manipulator and depends on the joint positions. The
second term represents Coriolis and centrifugal forces and is called as “velocity
coupling vector”. In this vector, terms involving ¢; represent centrifugal effect and
terms involving q;q; where i # j represent Coriolis effect. The last is the

compensation of gravitational forces.

2.3.2 Newton-Euler formulation

Newton-Euler formulation is an efficient solution for inverse dynamics problem which
is based on equation (2.29), Newton’s second law of motion and equation (2.30),

Euler’s second law of motion.
F = mi'l'JCl' (229)
N = Iid)i + w; X (Il'CUl') (230)

In this recursive formulation, serial structure of the manipulator is exploited. Equations
of motion for each link are obtained by two recursions: forward recursion and
backward recursion. In forward recursion, linear and angular velocities of each link
are calculated with respect to given joint positions and velocities starting from the base
to end-effector. In backward recursion, forces and moments are obtained with respect
to linear and angular velocity of each link that are calculated from the forward

recursion. For revolute joints forward recursion is performed with the following

equations.
W; = Wi—1 + 4iZi—1 (2.31)
W = W1+ §izi1 + 0y X (§iZi-1) (2.32)
V; = Vi q + w; X As; (2.33)
U = V4 4 @; X As; + w; X (w; X As;) (2.34)
andfori=0
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Gy =0 (2.36)
Bo = —g (2.38)

By equation (2.38), we added the effects of gravity. This effect is propagated through

the arm while performing forward recursion.

Once velocities and accelerations are obtained, we begin our backward recursion,
starting from the end-effector frame and moving backward to the base. This is

performed by writing force and moment balances as in the following equations.
fi = fi+1 + mi[f?i + Cl:)l' X AT'l' + w; X ((l)l' X AT'l')] (239)
n; =n;4q + (ASi + Arl-) X fl - ATi X fi+1 + Iid)i + w; X (Iiwi) (240)

In equation (2.39), the term in square brackets represents linear acceleration of the
center of mass of link i. The inertia tensor in equation (2.40) is calculated as in equation

(2.25). For revolute joints, moment n; will cause a torque about axis z;_;.
7= ()" 24 (2.41)

Since we start with the end-effector frame, for i = n = 6, f; and n, is environmental
force and moment respectively that are acting on the end-effector (which are equal to

zero if manipulator is moving freely and carrying no load).

fi+1 — f7 — _fenvironment (2_42)

— — environment
Nip1 =Ny = —N (2.43)

2.4 Interaction Forces

When the end-effector of a manipulator makes contact with the environment, forces
and moments are generated at the interaction point (from now on “force” will be used

to refer both force and moment). These forces are then transferred to joints as
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“interaction torques”. By using Jacobian matrix of the manipulator, we can calculate

joint torques as

t=J"F, (2.44)

Here F, = [F, F, FZ,Mx,My,MZ]T is the “force wrench” that is applied by the
manipulator on the environment and is expressed in the base frame. By adding

interaction torques, equation (2.28) is modified as

M(@)i+C(q9q+G6@+]'F =1 (2.45)

2.5 ldentification of Unknown Parameters

In previous sections, dynamic model and interaction torque of an n-link manipulator
are obtained. There are two terms that must be added to equation (2.45) in order to
have a complete model of the manipulator. These terms are spring and friction models.
In past, the author of [15] has made a detailed identification on RX-160 and reported

the results. In this thesis, those results are used to complete the dynamic model.

2.5.1 Spring model

In RX-160, a spring is attached between second and third joints in order to support the

second joint that is carrying the second link and links that come after the second link.
The torque, applied only on the second joint by the spring is a function of only second
joint’s position. This torque is equal to

T, = —46.56q,°% + 8.07q,% + 471.09q, + 66.29 (2.46)

Spring model, measured spring data and percent error is shown in Figure 2.3.

2.5.2 Friction model

Joint frictions has to be considered in order to have a complete model of the
manipulator. If frictions are not compensated, it may cause significant tracking errors.
Friction arises in the bearings, transmissions and seals where two surfaces are in

relative motion and in contact [16].
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Figure 2.3 : Spring model, real data and percent error [15].

Generally, three kinds of frictions are considered in the analysis of joint frictions of
manipulators: Coulomb friction, static friction and viscous friction [17].

Coulomb friction assumes a constant friction component that is independent of the
magnitude of the velocity. The static friction is the torque necessary to initiate motion
from rest. It is often greater than the Coulomb friction. The viscous friction is generally
represented as being proportional to the velocity, but in low velocities, a phenomena
called as “Stribeck effect” arises. Among researchers, most accepted friction model is
given by the equation (2.47).

© |§(S)

7 = sign(q) Tf’C(Tf’S - Tflc)e‘Wq +c®g (2.47)

Here, 7/ is the friction torque, ;¢ is Coulomb friction, 7/ is static friction, ¢ is

viscous friction coefficient and ¢ is Stribeck velocity. The term 6 is changing
between 0.5 and 1 depending on various materials. Friction model described by
equation (2.47) is shown in Figure 2.4.

We complete our dynamic model by adding spring torque and joint frictions to

equation (2.45) to obtain our final dynamic model as

M(@)§+C(q9q+ 6@ +1(@) +7(@+]F =1 (2.48)
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Figure 2.4 : Joint friction with Stribeck effect [15].
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3. CONTROL SYSTEM DESIGN AND SIMULATIONS

The control problem of a manipulator can be described as determining joint forces and
torques with respect to a commanded task. We can talk about two different kinds of
tasks: motion in free space and compliant motion. We may want the manipulator to
follow a desired trajectory in free space, meaning there won’t be any significant
interaction between the robot and the environment. Pick and place, welding and
painting operations can be given as examples for such tasks.

Second kind of task is that we may want the manipulator to interact with the
environment with some degree of compliance, meaning forces that arise from
interaction should be controlled while following a desired trajectory. Grinding,
deburring, polishing, assembling are this kind of task.

In this chapter, we will try to apply different kinds of control schemes on the robot in
MATLAB®s Simulink® environment. First we will briefly explain motion control in
task space. We will consider only one control scheme for motion control since it is not
the main topic of this thesis. Then we will explain different control schemes for

compliant motion control and give simulation results.

3.1 Motion Control

In previous chapter, we derived the dynamic model of the robot which has the general
form as in equation (2.48). The last term in the left-hand side of this equation drops
out in free motion control since the motion is performed without interaction with the

environment.
M(q)g +C(q,9)q + G(q) +75(q) +7(¢) =7 (3.1)

The control problem is computing joint torques for trajectory tracking or point-to-point

motion. In this thesis, only trajectory tracking problem is considered.
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3.1.1 Trajectory generation

We have to obtain reference inputs to motion control system to execute a specific
manipulator task. This input is the “trajectory” which is a “path” and a “time history”
along the path [17]. Trajectory generation consists of obtaining a time sequence of the
values attained by an interpolating function (typically a polynomial) of the desired
trajectory [14]. In this section, we will discuss point-to-point trajectories.

3.1.1.1 Trapezoidal velocity profile

In this trajectory, motion is separated into three pieces with different velocity profiles.
First the velocity increases linearly to a maximum value followed by a constant
velocity at this maximum value. In the last part, velocity decreases linearly to zero at
the end of the motion (Figure 3.1).

qi
A

q 1, max

t t

a d

-t

Figure 3.1 : Trapezoidal velocity profile.

l

Let gimitial ¢/ and D, be the initial position, final position and distance traveled
for joint i respectively. The position of joint i is represented by a piecewise function
as in equation (3.2). Position, velocity and acceleration with respect to time is plotted
in Figure 3.2. Acceleration, deceleration and total motion time (t,, tg, ty respectively)
can be calculated with respect to maximum joint velocity and accelerations. This will
ensure to obtain minimum time to travel. It is not considered here however in [17], it
is shown how to calculate minimum motion time and synchronize all joints to this

motion time.
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Figure 3.2 : Position, velocity and acceleration profiles for trapezoidal velocity.
3.1.1.2 Quintic polynomial position profile

When motion in high speed is desired or when a robot is handling heavy or delicate
objects, it is worth ensuring the continuity of accelerations, in order to avoid exiting
resonances in the mechanics [17]. Unlike linear or cubic polynomial interpolation or

trapezoidal velocity profile, quintic polynomial interpolation ensures continuous

acceleration.
Trajectory between /™t and q/™* can be written as
qi(t) = g + r()D; (3.3)

Function r(t) is a fifth order polynomial written as
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r(t) = ay + a;t + a,t? + ast3 + a,t* + ast® (3.4)

The coefficients of the polynomial r(t) is found by the following boundary conditions.

r(0) =0
r(tf) =1
#(0) = 0
) =0 Y
#(0) = 0
#(t;) =0

where ¢ is total motion time. If we solve r(t) for the boundary conditions in equation

(3.5), we obtain the following interpolation function.

)’ £\* £\’

Position, velocity and acceleration for this trajectory are plotted with respect time in
Figure 3.3.

3.1.1.3 Trajectory generation in task space

In previous section, we showed trajectory generation between initial and final joint
positions with free path. However, the input to our control algorithms will be positions
in task-space, not in joint-space. Trajectory generation in task-space is similar to

trajectory generation in joint-space.

Recalling from section 2.1.1, initial and final positions of the end-effector can be
represented by homogeneous transformation matrices. Now we have initial and final
position matrices as X ™t and X/ |n order to generate a trajectory between these

two points, we will analyze translation and rotation seperately.

Let °T¢ and °T/ be the homogeneous transformation matrices of initial and final
n n g

position of the end-effector.
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Figure 3.3 : Quintic polynomial position profile.

. Opi 0.0
OTri — [ (I;n fn] (37)
opf o f
OTr{ = [ gn ]T?n] (3.8)

The end-effector should perform a translation between the origins of °T} and OT,{ :

The distance to travel is written as
D= °p)— °p} (3.9)
Trajectory of the end-effector for translational part can be written as
p(t) = °ph +r()D (3.10)

Trajectory for the orientational part of the motion is harder to define. In translation,
we have three DOF of motion and we can use three Cartesian coordinates to represent
it. In orientation however, we again have three DOF of motion but the representation
of orientation with homogeneous transformation matrix have nine parameters which

is redundant.
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In literature, most common ways to represent orientation with less parameters are
Euler angles, angle-axis, and quaternions. In this thesis, we will use angle-axis

representation.

In angle axis representation, an angle 6 and a unit vector u can represent orientation
of a frame with respect to another. Rotation matrix and angle-axis representation is

related as

rot(u, a)

u,2(1—ca) + ca Uty (1 — ca) —uzsa  uu,(1—ca) +uy,sa (3.11)
= [uyu,(1 — ca) + u,sa uyz(l —ca)+ca uyu,(1 — ca) — u,sa '
U Uy (1 — ca) —uysa uu (1 —ca) + uysa u,?(1 —ca) + ca

where u is expressed in the base frame.

For the rotation part of the motion we can write
rot(u, ) °RL = °R. (3.12)
Since ( OR,‘;)_1 =( 0R,il)T, equation (3.12) leads to

rot(u,a) = OR,{( OR,il)T (3.13)
Trajectory of the end-effector for rotation can be written as

R(t) = rot(u,r(t)a) °RY (3.14)

3.1.2 Task-space scheme

The control method known as “computed torque control” uses inverse dynamic model
of the robot. Unlike independent joint control, this method takes coupling effects
between joints into account. It also linearizes and decouples the dynamic model of the

manipulator.

In [17], this control scheme is shown both for joint-space and task-space. We will only

use task-space scheme which is also known as “resolved acceleration control”.

In section 2.3, for free motion, the dynamic model is obtained and written as

T=M§+H (3.15)
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where
H=0C(q ¢+ G(q) +15(q) +7£(q) (3.16)
By using second order kinematic model, equation (3.15) can be rewritten as
t=M]"Y(X-jq)+H (3.17)

Let M and H be the estimated terms of M (q) and H(q, ¢). Assuming noiseless position

and velocity measurements, we can define control law as
t=M" (w—-jq)+A (3.18)
where
w =X+ K; (X4 - X) + K, (X% — X) (3.19)

In the above equation, X¢ is desired position and X is the feedback position. The

corresponding block diagram is shown in Figure 3.4.

X=1q [, -
8
2 q
S T Robot :‘ﬂ
>
5
131
()
2 )
B H(q.9) -

Figure 3.4 : Computed torque control in task-space.
3.1.2.1 Calculation of position error in task-space

Right now, we are calculating desired and feedback task-space positions with
homogeneous transformation matrices. However, in order to use position error in
equation (3.19), we need a vector with six elements. So we need to extract a 6 X 1
error vector from homogeneous transformation matrices. For this purpose, the method
in [17] is used.
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Let °T%¢s and OT,{ P be desired and feedback task-space position matrix respectively.

opdes [ ORd Opﬁ] _ [OSfl ng %a OPff] (3.20)
0 1 o o0 0 1

oy [RE pl| <[ nl el ] (3.21)
0 1 o o0 o0 1

Translational position and orientation error can be separated as

e= [ZZ] (3.22)

The translational position error is obtained as

ep = °p — °pfl (3.23)

e, = ua (3.24)
where u and « are obtained by solving rot(u, a) °R. = °RY.

3.1.2.2 Simulation results

The end-effector is commanded to follow a circle in XY-plane with a radius of
150 mm while maintaining its orientation in 20 seconds. The results are shown in

Figure 3.5 to Figure 3.8.

As it can be seen from figures, the end-effector can follow the desired trajectory
perfectly. The reason for this is, the same robot model is used in both forward dynamics
and in control algorithm. So this means, the robot is modeled perfectly which is not
the case in reality. Some error should be introduced to the robot model that is used in

the control structure for more realistic results.
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Figure 3.5 : End-effector desired and feedback path in motion control.
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Figure 3.7 : Rotational errors in motion control.
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Figure 3.8 : Calculated joint torques in motion control.

3.2 Compliant Motion Control

In certain industrial applications, the manipulator must interact with its environment.
Unlike in free motion, the manipulator is constrained by the environment and
interaction forces arise where the manipulator is in contact with the environment. In
order to control these interaction forces with purely position-based systems, a precise
model of the manipulator and knowledge of the exact location and stiffness of the

environment are required [17]. Another approach is to control these contact forces

36



directly or indirectly. In this section, we will discuss two widely used manipulator

force control algorithms and give simulation results.

3.2.1 Impedance control

Mechanical impedance relates forces with velocities acting on a mechanical system.

The relation between applied force and the end-effector velocity can be written as
F(s) =Z(s)X(s) (3.25)
or in terms of position
F(s) =sZ(s)X(s) (3.26)

The objective of impedance control is to make the end-effector behave like a desired
mechanical system along each direction of the task-space and achieve a desired
impedance. If we chose desired impedance as mass-spring-damper system, the transfer
function can be written as

F(s)

m = SZ(S) = MdSZ + BdS + Kd (327)
where M, B; and K, represent the desired inertia, damping and stiffness matrix
respectively. The values of these matrices can be chosen to obtain a desired

performance by the following statements [17]:

e “High values are given to M in the directions where contact is exptected in order
to limit the dynamics of the robot.”

e “High values are given to B, in the directions where it is necessary to dissipate the
Kinetic energy and therefore damp the response.”

e “The stiffness K, effects the accuracy of the position control: along the force control
directions, the stiffness should be small enough to limit the contact forces. On the
other hand, along a position controlled direction, the user should set high stiffness
to obtain accurate positioning of the end-effector.”

The dynamic model of a manipulator that is in contact with the environment is found
to be

37



T=M(@)§+H(qq+]F, (3.28)
Desired behavior of the end-effector in equation (3.27) can be written as
F,=My(X*—X) + B4 (X% —X) + Ks(X4 — X) (3.29)
If we solve equation (3.29) for X we obtain
X=X+ M, [By(X? = X) + Ku(X4 — X) — ] (3.30)

where X4 is the desired trajectory. Equation (3.30) ensures that the manipulator will

behave as described by equation (3.29) while following a desired trajectory.

Next, we will consider resolved acceleration control in equation (3.18) in which w(t)
is replaced by the equation (3.30) and the wrench exerted by the manipulator on the

environment JTF, is taken into account.

T=M]7HXY + My [Ba(X4 - X) + Ka(X¢ — X) — B

. . (3.31)
—jg}+ H+]TF,
The block diagram of the above equation is shown in Figure 3.9.
X=1q |«
X=1f(q) [«
ja a

(9. [} |

Trajectory
Generator

q y
Robot — q
r

Figure 3.9 : Nonlinear decoupling impedance control.

The behavior of the impedance control is simulated by constraining the motion of the
manipulator in only z-direction with a flat surface with a stiffness of 4000 N/m. The

end-effector is commanded to follow a circular path in XZ-plane with no information
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about the constraint in its path. Desired inertia, damping and stiffness are set to be
M, = diag(5,5,11.5,2.5,2.5,2.5), B; = diag(125,125,70,125,125,125), K; =
diag(350,350,200,500,500,500). The results are as follows.
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Figure 3.10 : Desired and feedback path in impedance control.
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Figure 3.11 : Desired and feedback trajectories in impedance control.
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Figure 3.13 : Rotational errors in impedance control.
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Figure 3.14 : Force applied by the end-effector in impedance control.
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Figure 3.15 : Calculated joint torques in impedance control.

3.2.2 Hybrid force/position control

Using impedance control, we can specify a desired dynamic behavior of the

manipulator, however we cannot specify a force value to be tracked. In impedance

control force is controlled indirectly. The aim of hybrid force/position control is to

split up simultaneous control of both end-effector motion and contact forces into

separate decoupled subproblems [18].

The advantage of hybrid control is that the position and force information are analyzed

independently to take advantage of well-known control techniques for each and are

combined only at the final stage when both have been converted to joint torques [6].

This method was first proposed by Craig and

Raibert [4] and the block diagram of the

original control scheme is shown in Figure 3.16.

X=1(q) [¢

fd + I_S JT _’|

Motion Control T
Law " q
Robot
_l’_
Force Control
Law T¢

Figure 3.16 : Hybrid force/position control.
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Each degree of freedom of the task-space is controlled by either position or force loop
through the use of a compliance selection matrix which is denoted as S and diagonal

such that
S =diag(sy,...,S¢) (3.32)

where s; = 1 if i-th degree of freedom in task-space is position controlled or s; = 0
if it is force controlled. In this control scheme, resolved acceleration control can be
used for the motion control loop and PID can be used for force control loop. The total

control law can be written as
T=1,+1+H (3.33)
where

T, = MJ7IS[X% + K,(X? — X) + K4(X¢ = X) — jq] (3.34)

t
T =JTU =S |f4 4+ Kep(f* — f) — KraX + Kpy f(fd — f)dt‘ (3.35)
to
Note that that, due to the noise of force sensors, task-space velocity is used instead of
derivative of force error to damp the response in the force control loop. The

corresponding block diagram is shown in Figure 3.17.

Simulations are performed with the same environment model in the impedance control.
Manipulator end-effector starts its motion while in contact with the environments.
First, manipulator is given 10 seconds to settle to a constant force of -30 N. Then, by
keeping the force constant, the end-effector is commanded to move in a circular path

with a radius of 150 mm in XY-plane. Results are shown in Figure 3.18 to Figure 3.23.
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Figure 3.18 : Desired and feedback path in hybrid force/position control.
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Figure 3.19 : Desired and feedback trajectories in hybrid force/position control.
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Figure 3.20 : Translational errors in hybrid force/position control.
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Figure 3.21 : Rotational errors in hybrid force/position control.
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Desired and Feedback force in z-direction
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Figure 3.22 : Desired and feedback force in hybrid force/position control.
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Figure 3.23 : Calculated joint torques in hybrid force/position control.
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4. IMPLEMENTATION AND EXPERIMENTS

In this chapter, control schemes considered in the previous chapter are implemented

on the robot and real-time experimental results are shown.

4.1 Implementation

Experimental setup is shown in Figure 4.1. The surface is flat and rigid so that the tip
point of the end-effector cannot penetrate it. Since there is a metal ball wheel at the
tip, the friction between the surface and tip point is ignored. So the end-effector is free

to move along the tangent of the surface (XY-plane of the base frame), but constrained

along the normal of the surface (z-direction of the base frame).

Figure 4.1 : Experimental setup.

The analog output signals from the force/torque sensor had to be filtered to remove
unwanted high-frequency steps (discontinuities) that occur when the output is updated
[10]. To ensure the fastest output possible, the F/T controller does not filter its analog
outputs. In our experiments, we used a basic one-dimensional Kalman filter and

embedded it in LLI. The six components of force/torque data are filtered independently
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before they are used in the control algorithm. The C code we used is given in Appendix
C.

In our experiments, we saw that Lagrange-Euler equations of motion could not be
calculated in one cycle time (0.004 secs). For this reason, we implemented Newton-
Euler equations in the control algorithms. Motion control, impedance control and
hybrid force/position control diagrams are shown in Figure 4.2, Figure 4.3 and Figure
4.4 respectively. It is not shown in the below diagrams, however joint velocity

measurements are also filtered with the same filter applied on force measurements.
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Figure 4.2 : Task-space motion control diagram in experiments.

X=J

A

X=1(q)

A

A

Jq

= I 4 4

5

g3 N G [ NE 11 |4
o o J'] —IP ) Robot q
=5 Equations =
E38 + J

Figure 4.3 : Impedance control diagram in experiments.
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Figure 4.4 : Hybrid force/position control diagram in experiments.

In these diagrams, H(q, g) does not consist the gravity compensation term. Gravity

effects are dealt with in Newton-Euler equations.

H(q ) = 7s(@) + 74(@) (4.1)

4.2 Experimental Results

Experimental results for each control scheme is given in this section. More
experimental results for impedance control and hybrid force/position control can be
found in Appendix A and Appendix B respectively.

4.2.1 Motion control

In motion control experiments, the end-effector is commanded to follow a circular path
in XY-plane with 150 mm radius while maintaining its orientation and complete its

motion in 20 seconds. The results are shown in the following figures.
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Figure 4.6 : Desired and feedback trajectories.
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4.2.2 Impedance control

In impedance control experiments, first the end-effector is commanded to search for a
contact in z-direction with free motion control. When contact is detected, the control
algorithm is switched to impedance control. The desired position in z-direction is given
as 25 mm under the surface to maintain contact with the surface. The manipulator
waited 5 seconds to settle and then moved 120 mm in x-direction while keeping contact
with the surface for 15 seconds. At the last part of the motion, the control switched
back to free motion control and the end-effector is commanded to move in positive z-

direction to break the contact in 5 seconds.

Multiple experiments are performed with different M; and K. Desired damping B is
kept constant and chosen as large as possible. We saw large values for B, induced too

much vibration in the motion.

In the following experiment, the manipulator could not keep contact with the surface.
The end-effector started to bounce on the surface when the motion started. Desired

values for My, K; and B, are as follows

e My =diag(2,2,17.5,1.5,1.5,1.5)
e K; =diag(2000,2000,1000,1000,1000,1000)
e B; =diag(150,150,250,100,100,100)
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Figure 4.10 : Desired and feedback path.
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Figure 4.16 : Applied joint torques.
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In the next experiment, K, value in the z-direction is increased. This time, the end-
effector could keep its contact with the surface. Also, force applied on the surface is

increased.

e M, = diag(2,2,17.5,1.5,1.5,1.5)
e K, = diag(2000,2000,2500,1000, 1000, 1000)
e B, = diag(150,150, 250,100, 100,100)
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Figure 4.17 : Desired and feedback path.
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Figure 4.18 : Desired and feedback positions.
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Desired and Feedback velocity in x-direction
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Figure 4.23 : Applied joint torques.

In the last experiment, K; values kept constant and M, value in z-direction is
decreased. The system responded faster to position error which caused a force

overshoot in z-direction.

e M; =diag(2,2,7.5,1.5,1.5,1.5)
e K; =diag(2000,2000,2500,1000,1000,1000)
e B; =diag(150,150,250,100,100,100)
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Figure 4.30 : Applied joint torques.
4.2.3 Hybrid force/position control

In hybrid force/position control experiments, the end-effector is commanded to move
with free motion control in negative z-direction until it contacts with the surface. The
contact force threshold is set as -15 N. When contact is detected, the controller is
switched from free motion control to hybrid force/position control. Then 10 seconds
IS given to the manipulator to settle the force to a desired value. After 10 seconds has
past, the end-effector is commanded to move on the surface while applying a constant
force. At the end of the motion, the manipulator is commanded to break contact with

the surface by moving in the positive z-direction for 5 seconds.

In the following experiment, the end-effector path is a straight line with displacements
of 120 mm in both x and y-directions. The constant force to be applied on the surface

equals to -35 N. Force control gains are set as

e Krp, =diag(4.5,4.5,4.5,4.5,4.5,4.5)

e K:q = diag(200,200,200,200,200,200)

o Kf = diag(2.0,2.0,2.0,2.0,2.0,2.0)

In these experiments, when the controller is switched to hybrid force/position control
from free motion control and to free motion control from hybrid force/position control,

current feedback position is equated to initial position. This is why there are jumps in
translational and rotational errors. At the start of each control phase, initial desired
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value is equal to feedback value, hence zero error. This is also the case for impedance

control experiments.
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Figure 4.32 : Desired and feedback trajectories.
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Figure 4.36 : Applied joint torques.
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5. CONCLUSION

The purpose of this thesis was the implementation of force control algorithms to
Staubli RX-160 manipulator and achievement of tasks where the robot end-effector
interacts with its environment. First, we modeled the robot both with Euler-Lagrange
and Newton-Euler formulations. The former was used in simulations only, since it
introduced too much computational delay inacceptable for real-time operations. So we

switched to Newton-Euler formulation in real-time experiments.

By using LLI, we wrote programs for control schemes proposed in literature. Two
force control schemes were considered: impedance control and hybrid force/position
control. The main difficulty in experiments was tuning the feedback gains for these
control schemes. In hybrid force/position control, since we already had PD gains from
free motion control algorithm, we only had to tune the PID gains in force control part
of this scheme. However, for impedance control, gains are different from free motion
control. Nevertheless, impedance control gains (Mg, K4, B;) represent a well known
mechanical system. So instead of relying on trial and error only, these parameters can
be adjusted with respect to each other by pointing out the relation between them and
the behavior of the system with respect to them.

Experimental results showed that the manipulator cannot follow desired orientation
very well. This error is mostly caused by fifth and six axis of the manipulator which
have big effects on the orientation of the end-effector. The reason maybe the friction
model used for these two joints, which has a dominant effect on the dynamic model of
these joints. Inertial effects are small compared to friction at these joints. In order to
get better results on orientation, a more precise friction model for the fifth and sixth

joints can be identified.

We also used Kalman filter to eliminate noises in the force/torque measurements.
However this introduced some delay in feedback data which was ignored in our
studies. In future studies, gains we used in our filter can be adjusted to have better

results.
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APPENDIX A

In this section, further experimental results are given for impedance control.

Experiment 1:

e Draw a 120 mm long line in x-direction.

e Motion time is 15 seconds in impedance control phase.

e My =diag(2,2,17.5,1.5,1.5,1.5)
e K; =diag(2000,2000,1500,1000,1000,1000)
e B, = diag(150,150,250,100,100,100)
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Figure A.1 : Desired and feedback path.
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Figure A.7 : Applied joint torques.
Experiment 2:

e Draw a 120 mm long line in x-direction.

e Motion time is 15 seconds in impedance control phase.
e M, =diag(2,2,17.5,1.5,1.5,1.5)

e K; =diag(2000,2000,2000,1000,1000,1000)

e B; =diag(150,150,250,100,100,100)
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Figure A.10 : Desired and feedback velocities.
73



Translational error

0.01 T T T T T T
—C
x
PR—— ty
0.005 |- _—
z
a vl e, 4
-0.005 - R
E
E 0.01}- B
0,015 g
0,02} —
-0.025 w T
p I 1 I 1 1 1
003, 5 10 15 20 25 30 35
time (sec)
Figure A.11 : Translational errors.
Rotational error
0.05 T | T T I T
— (ua),
—(ua)y
—(a),
0 R — =
0051 -
g
0.1} _
015 g
p | | I | | 1
02 5 10 15 20 25 30 35
time (sec)
Figure A.12 : Rotational errors.
60 60 60
40 40 : y 40
s 20} s 20 : 20
g 0 i g 0 8 0
s i 3 s
=20 “ 20 S0
40 40 -40 1
#60 -60 -60
(] 10 20 30 10 0 10 20 30 40 0 10 20 30 40
time (sec) time (sec) time (sec)
s 5 5
Z Z Z
g0 § O e oo &
£ £ £
=] =3 =3
£ £ £
5 -5 5
0 10 20 30 40 0 10 20 30 40 0 10 20 30 40
time (sec) time (sec) time (sec)
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Figure A.14 : Applied joint torques.
Experiment 3:

e Draw a 120 mm long line in x-direction.

Motion time is 15 seconds in impedance control phase.
M, = diag(2,2,15,1.5,1.5,1.5)

K,; = diag(2000,2000,2500,1000,1000,1000)

B,; = diag(150,150,250,100,100,100)

End-effector reference and feedback position in XY-Plane
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Figure A.15 : Desired and feedback path.
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Rotational error
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Figure A.20 : Feedback forces.
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Figure A.21 : Applied joint torques.
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Experiment 4:

e Draw a 120 mm long line in x-direction.

e Motion time is 15 seconds in impedance control phase.
e M, = diag(2,2,12.5,1.5,1.5,1.5)
e K; =diag(2000,2000,2500,1000,1000,1000)
e B, =diag(150,150,250,100,100,100)
End-effector reference and feedback position in XY-Plane
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Figure A.22 : Desired and feedback path.
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Figure A.23 : Desired and feedback positions.
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Desired and Feedback velocity in x-direction
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Figure A.26 : Rotational errors.
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Figure A.28 : Applied joint torques.

Experiment 5:

e Draw a 120 mm long line in x-direction.

e Motion time is 15 seconds in impedance control phase.
e M, =diag(2,2,10,1.5,1.5,1.5)

e K; =diag(2000,2000,2500,1000,1000,1000)

e B; =diag(150,150,250,100,100,100)
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Figure A.31 : Desired and feedback velocities.
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Figure A.33 : Rotational errors.
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Figure A.34 : Feedback forces.
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Figure A.35 : Applied joint torques.
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APPENDIX B
In this section, further experimental results for hybrid force/position control are given.
Experiment 1:

e Circle in XY-plane.

Radius of the circle is 75 mm.

Constant -30 N in z-direction.

Motion time is 20 seconds in compliant motion phase.
K¢, = diag(3.5,3.5,3.5,3.5,3.5,3.5)
Krq = diag(300,300,300,300,300,300)

Ky = diag(2,2,2,2,2,2)

End-effector reference and feedback position in XY-Plane
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Figure B.1 : Desired and feedback path.
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Rotational error
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Figure B.7 : Applied joint torques.
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Experiment 2:

e Circle in XY-plane
e Radius of the circle is 75 mm.
e Constant -35 N in z-direction.
e Motion time is 20 seconds in compliant motion phase.
e K¢, =diag(3.5,3.5,3.5,3.5,3.5,3.5)
* K:q = diag(300,300,300,300,300,300)
* K =diag(2,2,2,2,2,2)
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Figure B.8 : Desired and feedback path.
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Rotational error
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Figure B.12 : Rotational errors.
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Figure B.13 : Desired and feedback forces.
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Figure B.14 : Applied joint torques.
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Experiment 3:

e Circle in XY-plane
e Radius of the circle is 75 mm.
e Constant -40 N in z-direction.
e Motion time is 20 seconds in compliant motion phase.
e K¢y =diag(3.5,3.5,3.5,3.5,3.5,3.5)
* K:q = diag(300,300,300,300,300,300)
* K =diag(2,2,2,2,2,2)
End-effector reference and feedback position in XY-Plane
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Figure B.15 : Desired and feedback path.
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Desired and Feedback position in x-direction
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Figure B.16 : Desired and feedback positions.
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Figure B.17 : Desired and feedback velocities.
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Figure B.18 : Translational errors.
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Rotational error
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Figure B.19 : Rotational errors.
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Figure B.20 : Desired and feedback forces.
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Figure B.21 : Applied joint torques.
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Experiment 4:

e Circle in XY-plane

e Radius of the circle is 75 mm.

e Constant -30 N in z-direction.

e Motion time is 20 seconds in compliant motion phase.
* Krpy = diag(3.75,3.75,3.75,3.75, 3.75,3.75)

* K:q = diag(300,300,300,300,300,300)

* K =diag(2,2,2,2,2,2)

End-effector reference and feedback position in XY-Plane
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Figure B.22 : Desired and feedback path.
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Desired and Feedback position in x-direction
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Figure B.23 : Desired and feedback positions.
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Figure B.24 : Desired and feedback velocities.
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Figure B.25 : Translational errors.
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Rotational error
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Figure B.26 : Rotational errors.
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Figure B.27 : Desired and feedback forces.
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Figure B.28 : Applied joint torques.
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Experiment 5:

e Circle in XY-plane

e Radius of the circle is 75 mm.

e Constant -35 N in z-direction.

e Motion time is 20 seconds in compliant motion phase.
* Krpy = diag(3.75,3.75,3.75,3.75, 3.75, 3.75)

* K:q = diag(300,300,300,300,300,300)

* K =diag(2,2,2,2,2,2)

End-effector reference and feedback position in XY-Plane
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Figure B.29 : Desired and feedback path.
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Desired and Feedback position in x-direction
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Figure B.30 : Desired and feedback positions.
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Figure B.31 : Desired and feedback velocities.
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Figure B.32 : Translational errors.
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Rotational error
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Figure B.33 : Rotational errors.
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Figure B.34 : Desired and feedback forces.
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Figure B.35 : Applied joint torques.
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Experiment 6:

y (m)

Circle in XY-plane

Radius of the circle is 75 mm.

Constant -40 N in z-direction.

Motion time is 20 seconds in compliant motion phase.
Kep = diag(3.75,3.75,3.75,3.75, 3.75,3.75)

K¢q = diag(300,300,300,300,300,300)

Ky = diag(2,2,2,2,2,2)
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Figure B.36 : Desired and feedback path.
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Desired and Feedback position in x-direction
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Figure B.37 : Desired and feedback positions.
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Figure B.38 : Desired and feedback velocities.
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Figure B.39 : Translational errors.
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Rotational error
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Figure B.40 : Rotational errors.
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Figure B.41 : Desired and feedback forces.
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Figure B.42 : Applied joint torques.
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Experiment 7:

e Circle in XY-plane

e Radius of the circle is 75 mm.

e Constant -30 N in z-direction.

e Motion time is 20 seconds in compliant motion phase.
* Krpy = diag(3.75,3.75,3.75,3.75, 3.75, 3.75)

* Krq = diag(500,500,500,500,500,500)

* K =diag(2,2,2,2,2,2)

End-effector reference and feedback position in XY-Plane
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Figure B.43 : Desired and feedback path.
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Desired and Feedback position in x-direction
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Figure B.44 : Desired and feedback positions.
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Figure B.45 : Desired and feedback velocities.
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Figure B.46 : Translational errors.
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Rotational error
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Figure B.47 : Rotational errors.
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Figure B.48 : Desired and feedback forces.
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Figure B.49 : Applied joint torques.
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Experiment 8:

e Circle in XY-plane
e Radius of the circle is 75 mm.
e Constant -35 N in z-direction.
e Motion time is 20 seconds in compliant motion phase.
* Krpy = diag(3.75,3.75,3.75,3.75, 3.75,3.75)
* Krq = diag(500,500,500,500,500,500)
* K =diag(2,2,2,2,2,2)
End-effector reference and feedback position in XY-Plane
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Figure B.50 : Desired and feedback path.
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Desired and Feedback position in x-direction
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Figure B.51 : Desired and feedback positions.
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Figure B.52 : Desired and feedback velocities.
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Figure B.53 : Translational errors.
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error (rad)

Rotational error
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Figure B.54 : Rotational errors.
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Figure B.55 : Desired and feedback forces.
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Figure B.56 : Applied joint torques.
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Experiment 9:

e Circle in XY-plane
e Radius of the circle is 75 mm.
e Constant -40 N in z-direction.
e Motion time is 20 seconds in compliant motion phase.
* Krpy = diag(3.75,3.75,3.75,3.75, 3.75, 3.75)
* Krq = diag(500,500,500,500,500,500)
* K =diag(2,2,2,2,2,2)
End-effector reference and feedback position in XY-Plane
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Figure B.57 : Desired and feedback path.
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Desired and Feedback position in x-direction
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Figure B.58 : Desired and feedback positions.
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Figure B.59 : Desired and feedback velocities.
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Figure B.60 : Translational errors.
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Rotational error
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Figure B.61 : Rotational errors.
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Figure B.62 : Desired and feedback forces.
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Figure B.63 : Applied joint torques.

110



Experiment 10:

e Drawing a line in XY-plane

e Ax =150 mm and Ay = 150 mm.

e Constant -30 N in z-direction.

e Motion time is 20 seconds in compliant motion phase.
* Krpy = diag(4.75,4.75,4.75,4.75,4.75,4.75)

o Kpq = diag(350,350,350,350,350,350)

* K¢ =diag(2,2,2,2,2,2)

0.16

-0.02

End-effector reference and feedback position in XY-Plane

_Xde51red

_Xfeedback

i I i i
1.1 1.12 1.14 1.16 1.18 1.2 1.22
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Figure B.64 : Desired and feedback path.
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Desired and Feedback position in x-direction
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Figure B.65 : Desired and feedback positions.
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Figure B.66 : Desired and feedback velocities.
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Figure B.67 : Translational errors.
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Rotational error
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Figure B.68 : Rotational errors.
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Figure B.69 : Desired and feedback forces.
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Figure B.70 : Applied joint torques.
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Experiment 11:

e Drawing a line in XY-plane

e Ax =150 mm and Ay = 150 mm.

e Constant -35 N in z-direction.

e Motion time is 20 seconds in compliant motion phase.
* Krpy = diag(4.75,4.75,4.75,4.75,4.75,4.75)

o Kpq = diag(350,350,350,350,350,350)

* K¢ =diag(2,2,2,2,2,2)
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End-effector reference and feedback position in XY-Plane
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i i i i
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Figure B.71 : Desired and feedback path.
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Desired and Feedback position in x-direction
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Figure B.72 : Desired and feedback positions.
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Figure B.73 : Desired and feedback velocities.
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Figure B.74 : Translational errors.
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Rotational error
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Figure B.75 : Rotational errors.
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Figure B.76 : Desired and feedback forces.
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Figure B.77 : Applied joint torques.
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Experiment 12:

e Drawing a line in XY-plane

e Ax =150 mm and Ay = 150 mm.

e Constant -40 N in z-direction.

e Motion time is 20 seconds in compliant motion phase.
* Krpy = diag(4.75,4.75,4.75,4.75,4.75,4.75)

* Krq = diag(350,350,350,350,350,350)

o Kr = diag(2,2,2,2,2,2)
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Figure B.78 : Desired and feedback path.
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Desired and Feedback position in x-direction

Figure B.81 : Translational errors.
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Figure B.79 : Desired and feedback positions.
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Figure B.80 : Desired and feedback velocities.
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Rotational error
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Figure B.82 : Rotational errors.
60 60 60
—_ pesired —_ pdesired —_pesired
40 5 40 Y 40 x
— pleedack — pleedback — pleedback
20 x 20 E 20 :
z Z Z
¢ ¢ g °
=20 20 <20
-40 -40 -40
60 -60 .60
0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 S0
time (sec) time (sec) time (sec)
s s s
—q desired ] —— desired
x y z
—— q feedack —— m feedback —— q feedback
E = B z B :
€ 2 il R . VTR
: E o
.5 -5 -5
0 10 20 30 40 50 0 10 20 30 40 S0 0 10 20 30 40 S50
time (sec) time (sec) time (sec)
Figure B.83 : Desired and feedback forces.
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Figure B.84 : Applied joint torques.
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APPENDIX C

/] = iiiioooos

// _Filter structure

/] = oo

typedef struct _ Filter

{
double fbkVal[MAX_NB_INT]; // Feedback data to be filtered
double estVal[MAX_NB_INT]; // Estimated value
double q[MAX_NB_INT]; // Process noise covariance
double r[MAX_NB_INT]; // Measurement noise covariance
double p[MAX_NB_INT]; // Estimation error covariance
double k[MAX_NB_INT]; // Kalman gain

} _Filter;

_Filter frcFilter;

void main()

{
kalmanFilter(&frcFilter);
}
[/ s e e
// Kalman Filter
F e e kel
void kalmanFilter(_Filter* fltr)
{
int i;
for (i =0; i < 6; i++)
{
fltr->p[i] = fltr->p[i] + fltr->q[i];
fltr->k[i] = fltr->p[i] / (fltr->p[i] + fltr->r[i]);
fltr->estvVal[i] = fltr->estVal[i] + fltr->k[i] * (fltr->fbkval[i]
- fltr->estVall[i]);
fltr->p[i] = (1.0 - fltr->k[i])*fltr->p[i];
}
}
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APPENDIX D

Here, we will consider matrix inversion by partitioning which can be efficient for large

matrices like 6 X 6 manipulator Jacobian matrix.

Let

J =

[an a12] (D.1)

az1 Ay

b b
—1: 11 12 D2
e bzz] (©:2)

where the elements of ] are chosen to be

[J11 Jiz  J13]
aj1 = |J21 J2z J2s

/31 Ja2  Jasd
[J12  Jis  Ji6]

Ay = J2a J2s  J2e

34 J3s  Jzel
Ja1 Jaz  Ja3]

az1 = |/s1 Js2 Js3

o1 Jez Je3l
Jaa  Jas  Jae]

ayy = \|Jsa Jss Jse

—]64- ]65 ]66—

(D.3)

and a,q,a4,,a,q,a,, have the same sizes as b;q,bq,, by, by, respectively. The
elements of /=1 can be found by either of the following formulas [19]
b1 = (a1 — a12(az) taz)™
b1y = —(a11 — a12(a22) " az1) "tz (az) ™!
(D.4)
by1 = —(az2) tazi(agq — as2(az) ta) ™"

by = (a22) ™ + (az) tazi(asn — agp(az) taz ) tas,(az,)™

or

121



bi1 = (a11)7" + (a11) M asz(azz — az1(ag1) 7 agp) raz (ag) ™!
b1, = —(a11) a2 (az, — azi(ag) )™t
(D.5)

byy = —(az; — az1(as1) " ag) " taz (a) ™"

by, = (a3 — az1(as1) tag) ™"
The choice between equation (D.4) and equation (D.5) can be made by considering
relative simplicity of calculations.
Another useful formula is for the determinant of the partitioned matrix calculated with

equation (D.6).

det(J) = det(ayy)det(a;; — a;2(az) " az)
(D.6)

det(J) = det(ayq)det(ay, — azi(a;) " ag,)

If we solve det(J) = 0 symbolically, we can easily find the singular configurations of

the manipulator.

122



CURRICULUM VITAE

Name — Surname : Serhat AKBAS
Date and Place of Birth : 04.07.1989, Altindag

E-Mail : serhatakbas89@gmail.com

EDUCATION :

e B.Sc. : 2012, Marmara University, Faculty of Engineering, Mechanical

Engineering.

123


mailto:serhatakbas89@gmail.com

124



