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Abstract

This thesis presents the modelling and control of a high ga#r robotic manipulator
mounted on a heavier moving base which is subject to basellstces. The manipulator
motion is assumed not to affect the base motion. The probfemabotic manipulator on
a non-inertial base can be applied to operation on sea gassall-terrain vehicles, where
the base motion is unknown and cannot be used as a feed-tbsiggmal to the model.

A dynamic model is derived for the PA10-6CE manipulator wite assumption of a fixed
base and the model terms are analysed numerically when cmgphe simulation and
experimental results. Based on the obtained results a sebdélnbased controllers is
compared to a basic proportional and derivative type ctiatrto evaluate the trajectory
tracking gains and trade-offs.

The dynamic model is extended to the case of a manipulatorrnoving base and nu-
merical comparisons of simulation and experimental resari¢ used to verify the model
validity and the significance of the various model terms. nfrtbe results of this study
a set of model based controllers is obtained. A novel adagitheme is then proposed
for compensation of an unknown and varying gravity accél@mavector acting on the
manipulator base. Controllers based on using an additi@melos output are compared
with static and adaptive gravity controllers and the Igtteved to be superior in terms of
trajectory tracking performance.
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List of notations

iAj the homogenous coordinate transformation matrix fromjeitht frame to j-th joint
frame

Ap the homogenous coordinate transformation matrix from tteaifplatform centre to
the manipulator base

A, the time differential of the\,

A, the second time differential of the,
C the Coriolis and centrifugal term
e vector of joint angle errors
¢ sliding controller boundary layer
g the gravity acceleration constant
g the gravity acceleration vector
J; link inertia matrix
K the kinetic energy
KX the kinematics
K sliding controller gain

Kp, Kp, K| proportional, derivative abd integral feedback controhga

A sliding controller bandwidth
my the mass of théth link

PF the manipulator dynamics equation torque term originafiom the platform mo-
tion, not related to joint angle velocities

PV the manipulator dynamics equation torque term originatiom the platform mo-
tion and related to the joint angle velocities
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the matrix used to replace the symbolic diﬁerentatioﬁ/bjf with algebraic matrix
multiplication

the inertia Matrix

the gravity torque vector

the state (joint angles)

I-th component of the state vector

desired joint configuration

time derivative of the i-th component of the state vectoinj@elocity)

second time derivative of the i-th component of the stateorggoint acceleration)
the real numbers

the rotation component of the,

i the centre of mass of theth joint in its coordinate frame

i the centre of mass of theth joint in the base coordinate frame

location ofi-th link mass point expressed in théh coordinate system (equevalent
to il‘i)

the special rotations algebraic group
the special Euclidean algebraic group
the torque vector

the input/control (torque)

i derivative of°A; over j

second derivative ofA; over j and k

Vi



Chapter 1

Introduction

1.1 Motivation

The subject of manipulator control has been widely studiest the past three decades
and there is a significant volume of theoretical and expertaieesults available. An
introduction of a new product to the robotic manipulatorgkeaalways triggers a num-
ber of researchers to evaluate the available models/dmgravith the new device. The
Intelligent Robotic Systems Laboratory at Heriot-Watt @msity obtained one of the first
PA10-6CE robotic manipulators and it has become an impoatea of study due to the
lack of models/experimental results for this particulavide. It allows easy torque con-
trol implementation due to the open controller architeetaind presents new challenges
in the modelling field due to its high ratio harmonic drivensanission and the significant
friction contribution in the dynamic model.

With the increasing computational capacity of computdrdas also become a simple
task to derive and evaluate complex non-linear manipukatmtels and model-based con-
trollers. The models become even more complex when the miabgo is mounted on a
moving base and the dynamics of the manipulator can be irdkdeby this motion. There
are multiple applications of this scenario:

e manipulator mounted on a vessel at sea (disturbed by theswfh@], [1.2], per-
forming tasks on this vessel, such as operation of high |loadsigh speed tasks
such as automated ammunition loading of a cannon; the mlatgpwwould also be
used to launch AUVs (autonomous underwater vehicles) orentmads to another
vessel or an oil platform.

e manipulator mounted on a moving vehicle (such as a Mars taadell-terrain car
or a tank, [1.3]) performing automated or remote-contcbthesks.

In both these cases two issues arise, the dynamics of theutatar (and the load) are
disturbed by the base motion and the position of the ena:teifén the global (terrain/sea
attached) coordinate system is disturbed. The dynamitsrbdance problem can be ap-
plied directly to the task of a manipulator operating olgemt a common (moving) base.
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Figure 1.1 presents the lab set-up of the PA10-6CE manipuladonted on the CueSim
motion platform.

Figure 1.1: Intelligent Robotic Systems Laboratory PA10 arudion platform set-up.

1.2 Aims and objectives of thesis

This thesis addresses the manipulator dynamics when taishetd to a non-fixed base by
analysing the dynamics of a manipulator on a fixed base aeddatending the model to

a moving base. Several control schemes employing the madebdernal measurements
to improve the joint angle tracking precision are thoroygidsessed. The following can
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be listed as research objectives:

e Derivation of the dynamic model for the PA10-6CE robotic npartator (with fixed
and moving base). This is representative of a broad rangeared manipulators
with high transmission ratio and significant joint frictidgnamics.

e Analysis of the terms (inertia, Coriolis and centrifugakgty, friction) within the
dynamic model based on quantitative comparisons of modellation and actual
manipulator experiments.

e Experimental comparison of non-model based and model lagel in terms of
angle tracking errors and torque energy dissipation duegto fnequency control
signals for the fixed and moving base cases.

e Based on knowledge obtained from analysis of the maniputatatel and the con-
trollers’ performance a controller is designed which congages for base motion
without any additional sensor input.

Possibilities for extending the presented solution to tloba@ position disturbance issue
are mentioned in thiuture worksuggestions.

1.3 Thesis organisation

The Thesis is organised in nine chapters:

1. Introduction - briefly explains the motivation and aims of the researclsgméed
and outlines the thesis structure.

2. Background and literature survey - presents a literature survey of the topics pre-
sented in this research. Modelling techniques for frigtibarmonic drives and
robotic manipulators are introduced with examples of impatation and discus-
sion of obtained results. Control strategies for robotic ipalators are reviewed
featuring non-model based, model based methods and aglggtiemes. Finally,
examples of research with manipulators on a moving baseraseipied and a rele-
vant classification of this research is performed.

3. Kinematics and dynamics modelling- presents details about the kinematics and
dynamic modelling of a robotic manipulator. The Denavitddaberg method for
forward kinematics and the Euler-Lagrange approach tauhéte the explicit ma-
nipulator dynamics are presented. Finally, a review oftifsit models and their
shortfalls and advantages is presented.

4. Model derivation and estimation of the PA10-6CE manipulator parameters
- presents details about the dynamic model derivation aiti@limodel evalua-
tion results. The derivation of the gravity term from kireéinergy is presented.
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The calculation of geometric link models with a density wlgition matching the
manufacturer’s data on mass centres is used to derive thelred Coriolis and
Centrifugal terms. Experimental estimation of motor ireestis performed. A non-
parametric friction model is estimated based on constaloicitg movements of
each joint.

. Joint angle control of the PA10-6CE manipulator - presents details on joint
torque control algorithms and compares their performaasedt on angle tracking
errors and torque energy dissipation due to high frequelgnaks. A comparison
of the PA10-6CE dynamic model (with friction) is shown by meaf joint torque

differences between simulation and experiment for the pdaior commanded
to follow a given trajectory. Furthermore, a comparison afieus manipulator
controllers is shown based on experimental results oldaivith the PA10-6CE

manipulator.

. Description of base disturbance the experimental set-up used to model and mea-
sure the base disturbance is presented along with detaitajentories used in the
simulations and experiments. Details on available sensasorements (and their
processing) and platform motion commands are presented.

. Modelling a robotic manipulator on a moving platform - presents a derivation of
a mathematical model of a robotic manipulator on a moving baisa general case,
with the assumption that the base motion is not affected éyrtanipulator dynam-
ics and is considered as a parameter (positions, veloeitidsccelerations) of the
model. Similarities and differences from the the fixed basel@hare highlighted.
Simulation and experimental results for the PA10-6CE on #gyla moving in
2-DOF (roll and pitch) are compared quantitatively by meairjsint torque differ-
ences to evaluate the significance of model terms.

. Control of the PA10-6CE robotic manipulator on a moving base- presents de-
tails on extension of the fixed base controllers to compenfeasitbase motion and
presents adaptive model based control schemes for a rabatidpulator with a
comparison of fixed-base, sensor based and adaptive sch&hgefxed-base con-
trollers are extended to read the gravity vector from eitmmelerometer sensors
mounted on the moving base or from roll+pitch inclinometefglaptive model
based control is employed to compensate for gravity chainglesed by base mo-
tion. Fixed gravity model based controllers are comparehtjtatively with sensor
based and adaptive model based controllers by means afttgjdracking errors
and torque energy dissipation due to high frequency signals

. Conclusions- presents summary remarks on the research, lists the &utloniri-
butions and suggestions for future work.



Chapter 2

Background and literature survey

2.1 Introduction

The field of robot control can be considered to be an amalgamaft multiple engi-
neering and mathematical disciplines, such as mechar@sy@nics and cybernetits
alowing to design, model and implement a particular syst#mequires a combination
of knowledge of the mechanical and electrical constructiba robot with the ability to
model its behaviour. It further utilises a number of math&oca&tools to design a device
able to command a robot to perform desired tasks. Computgrgamoning skills are also
required to accomplish these tasks. Therefore, this ghtaplinary problem has a broad
knowledge requirement.

This chapter presents the background knowledge for thEghegether with recent and
past attempts at similar problems.

Considering the construction of the robot, two classes cahdtmguished:

e Serial manipulators - consisting of a single chain of linkerconnected with joints,
to achieve higher dexterity at the cost of lower accepteddoa

e Parallel robots - consisting of multiple chains of linksardonnected with joints, to
handle high loads compromising the dexterity.

This classification is slightly limited, since in practiceasked parallel robots forming
a serial manipulator, or multiple serial manipulators agieg a single object forming
a parallel robot can be found. For a general introduction amipgulator modelling and
control, the classical references are Craig [2.15] and Spoiad [2.63]. Parallel robots
are described in [2.48] and detailed work on two of the mogtuper types of platform

configurations are presented in [2.24] and [2.64].

The following areas of modelling and control of robotic m@arators and mechanical
systems are considered in more detail (and constitute ithetgte of this chapter):

¢ Modelling of manipulators and their mechanical elements.

1cybernetics is considered by the author to the disciplisearching the notion of feedback in systems.
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e Position control of a robotic manipulators with fixed base.

e Modelling and control of a robotic manipulators with nonefikbase.

2.2 Modelling of manipulators

The following areas of modelling of mechanical systems arsilered as an overview
of the background material used in this research:

e Friction and harmonic drive models.

e Manipulator models (based on the mechanical construction)

2.2.1 Friction and harmonic drive modelling

The two topics are combined, since the PA10 manipulator urs#ds research has har-
monic drive transmission on all joints and the friction @neisin the dynamic model can
be attributed to this feature.

2.2.1.1 Friction models

The friction models are presented in detail in section 3.AZery broad and detailed
overview of friction effects and models can be found in [2afd [2.5]. One of the
most popular recent friction models (the LuGre model, nopleyed in this research)
is presented in [2.10]. Interesting remarks about simuatif systems with friction (both
classical 'static’ and the dynamic LuGre model) have beesgmted in [2.17].

2.2.1.2 Modelling harmonic drives

The harmonic drive is a high ratio transmission type and istssf three elements:
¢ an elliptical wave generator,
e aflex spline,
e acircular spline.

A schematic of a harmonic drive is shown in figure 2.1. The wgesmerator rotates inside
the flex spline and causes its deformation. The differenaaneftooth between the flex
spline and the circular spline leads to the flex spline mtaby one tooth with respect
to the circular spline every half rotation of the wave getmrarhe harmonic drives are
characterised I3y

¢ high speed reduction ratio,

2source: www.hds.co.jp
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Figure 2.1: Schematic of a harmonic drive (source: HarmBmige Systems website).

¢ no backlash,

¢ high precision,

e simple assembly,

e light weight,

¢ high torque capacity,
¢ high efficiency,

e Quiet operation.

However, there is a tendency for a 'wind-up’ effect (torsibspring rate) and a complex
friction behaviour. This originates from the flexibility ¢iie cup-shaped flexspline ele-
ment - when torque is applied to the wave generator and thelairspline is fixed (e.g.
due to stiction), the energy is temporarily stored in thefaf material deformation, and
later released creating a torsional spring effect.



Luh, Fisher and Paul present a controller for harmonic grwih strain gauges mounted
on the flex spline in [2.44]. The frequency response of thérotlar depending on gains
is considered and it is concluded that turning the gains uvela certain limit causes
disturbances in the transmission and poorer trajectookimg performance. Tuttle and
Seering look at the dynamics of the harmonic drive transomse [2.72], [2.73] and
make the following observations:

e the kinematic uncertainties in the transmission causeneegdehaviour and lead
to loss of energy and vibrations,

¢ the non-uniform friction leads to velocity fluctuation atnstant torques,

¢ the friction dominates the drive dynamics and depends bothetocity and posi-
tion,

¢ there are hysteresis and compliance properties in thenbias®n dynamics.

Another approach is taken by Taghirad and Belanger in [2.68][2.66]. The authors
install strain gauges on the flex spline and discover thagjétae dynamics are dominated
by the tooth friction and the wave generator bearing fric{idue to it acting on the high
velocity/low torque port of the transmission). A Kalmandilis suggested to cancel the
torque disturbance in the gear. Kircanski [2.34] looks atrtfodelling of harmonic drives
in robotic manipulators for both position and force conselups.

2.2.2 Manipulator models

In order to model a manipulator, its mechanical propertsgiire analysis. In robotics,
two types of models are distinguished:

e kinematic models - analysing the dimensions of a manipulatal the instanta-
neous relation between the position of any point associatédthe manipulator
and the joint configuration. The following coordinate setstgpically used in this
framework:

— joint configuration (also called joint coordinates or jospiace),

— base coordinates (also called global or task space),

— end effector coordinates.
The models can also be classified as:

— forward kinematics - takes the joint configuration as inpudl @rovides the
position of a given point (rigidly associated with the mangior) in the global
coordinates,

— inverse kinematics - transforms the position of a point ®jtint configura-
tion.



The latter is usually a more complex task due to solution moiqueness.

e dynamic models - considering the masses and inertias af bigilies constituting
a manipulator and inferring the system response to a sepat excitations. The
dynamic models require the forward kinematics to relataonatf all joints. There
are two typical approaches to manipulator dynamic modgllin

— explicit - based on Euler-Lagrange or Hamilton equations,

— implicit - based on recursive Newton-Euler equations.

Details of Euler-Lagrange manipulator modelling are pné=e in chapter 3. The foun-
dations of forward kinematic models have been presenteddwavix and Hartenberg in
[2.16]. A general overview of manipulator modelling can barid in [2.33] or [2.36].

The manipulators can further be classified in two groupsdaséehe type of transmission

e direct drive manipulators - without any gearing/transmoisetween the actuator
and the joint

e geared manipulators - with additional mechanical elemeatsmitting the actuator
force/torque.

It can immediately be identified that the second group ma lzaditional elements in

the dynamic model in comparison to direct drive systems. mhaipulator employed in

the simulation and experimental research in the this prbias a power transmission on
all joints and therefore the review focuses on geared méatqms.

2.2.2.1 PUMA 560 models

One of the most popular and widely used manipulators in rebdabs (including the
Intelligent Robotic Systems Laboratory at Heriot-Watt Uamsity) is the PUMA. There
have been several versions of this manipulator origindtioig different manufacturers.
This popularity can be attributed to the ease of replaciegotiiginal controller with one
delivering direct access to the motor torque command. Theharécal modelling results
obtained for the PUMA manipulator can be viewed as a broae tmeanalyse the dynam-
ics of robotic manipulators. A picture of the PUMA 560 margtar is shown in figure
2.2.

In the early 80s the computing technology did not allow failoawated symbolic deriva-
tions, and therefore many of the first approaches have beehderived. Tarn and Be-
jczy [2.68], [2.69] derived by hand the equations of motionthe first three joints of the
manipulator and computed by hand the inertias and masssaritall the links based on
technical drawings, material density tables, and geometodels. Armstrong and Khatib
[2.3] disassembled the manipulator to measure and weighdtaents. They use a me-
chanical setup to estimate the principal link inertias fimmdamental mode oscillations.
A feedback controller is employed to estimate motor ineraad the model is further

9
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Figure 2.2: PUMA 560 manipulator (source: www.alaska.edu)

simplified by means of removing insignificant incorporatglgments from the dynamic
equation to reduce the computational load. (It needs to bedrtbat these authors were
using a 100kFLOP computer and at present one can easily lcaessato GFLOPS of
computing power). Neuman and Murray [2.53] created a coerqubgram to automate
the derivation of manipulator dynamic equations (with asuagption of diagonal link
inertias) and present a full model for the PUMA manipulaforeview of multiple mod-
els and comparison of obtained results and computationainements is presented by
Corke and Armstrong-Helouvry in [2.13].

2.2.2.2 PA10 models

The PA10 general purpose manipulators from Mitsubishi ieéadustries have recently
(in the past 10 years) started gaining popularity due to anamntroller architecture
allowing for easy command of joint torques. This is a new rpalstor design creating
space for research in dynamic model derivation and ideatifin. There are two versions
of this manipulator, a 6-DOF and a 7-DOF, with a differentshaf the shoulder link.

The manufacturer provides a schematic with mass centresafdn link, which can be

used for partial model derivation.

10



Jamisola et al. presented the first set of dynamic paramfetetee 7-DOF version in
[2.29], [2.28]. An identification method called 'dominamtertia’ using linear friction
compensation and oscillatory control of each joint was useabtain the lumped iner-
tias. A model for static, Coulomb and Viscous friction wasoatdbtained. Olsen and
Petersen present a novel Maximum Likelihood mathematiedhod for dynamic param-
eter identification and present a set of obtained paramtethle first two joints of the
7-DOF PA10 in [2.54]. Another interesting approach is pnésé by Kennedy and Desai
in [2.31], [2.32] for the 7-DOF version. The authors assuave Velocity motion and ig-
nore the inertial parameters of the joints. The focus is erhirmonic drive transmission
and an in-depth analysis of velocity and position depenfitention is performed together
with the model of transmission compliance. The gravity edatis also considered. Ham-
ner measured the positioning precision of the PA10 manipuéand verified the harmonic
drive transmission compliance against the technical parars of the gearing in [2.25].
The author of this work has presented the inertias and nanpetric friction curves for
the 6-DOF version in [2.77]. Sekimoto and Arimoto employ ad®loof the first six joints
of the 7-DOF PA10 and present the joint and motor inertiapatars and the identified
friction parameters. Bompos, Artemiadis et al. identify dy@amics of the 7-DOF PA10
with Stribeck friction and transmission compliance moagl.7] and employ a feedback
linearisation controller based on the model.

A different approach is taken in [2.41], where the PA10 malafor is considered to
have rigid links and flexible joints. However, the full flelejoint 4-th order dynamics
equations have been simplified to a typical 2-nd order systegmented by the motor
angles to improve the regressor matrix robustness (thebiliéxiis considered small,
which created matrix conditioning problems). An identifioa is performed for each
joint in two steps, first the physical parameters and visdogson; the flexibility is
tackled in a separate step. Since the joint angle cannot lasured (only the motor
angle can) an external position measurement system is msethe required quantities
are derived from these measurements.

2.3 Manipulator control

The area of manipulator control has been widely studied tweipast 30 years. There
is ample literature and results covering various stragegied implementations of con-
trollers. Depending on the input type, the following can idguished:

e position control - the desired position is used as a referenc

e force control - the desired force (typically expressed ménhd-effector coordinate
frame) is used as a reference and compared against a fosmm segasurement.

It can be further differentiated by the coordinate systemhich the desired position/trajectory

is defined:
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e joint control,
e resolved control (in the task or actuator space).
Depending on the type of command, the following groups cacdnsidered:
e point-to-point control - with only discrete points giveryashronously,
e continuous path tracking - with desired position for eachticm cycle.
Considering the mathematical approach taken to contradnitoe split into
e model/stability based (also call&ard-contro),

e heuristic method based (e.g. neural networks, geneticitliigp— also calledsoft-
control).

A general overview of robot control techniques is presemdd.59] and [2.71]. Details
of the force control approach can be found in [2.9]. An ovenwbf neural networks in
robotics is presented in [2.79]. This is not discussed &urth the thesis as only hard-
control methods are investigated. The control algoritheeluin this thesis are presented
in detail in sections 5.1 (non model based and non-adapibgehbased) and 8.2.1 (adap-
tive model based).

2.3.1 Robust control

In the case of robust control the manipulator is generadated as a black box with-
out any knowledge about its dynamics, only some assumptbosit the order of the
system can be made based on response types. A simple PDlleorcaonbined with
torgue sensor measurements on the drive shaft is shown26][& compensate for all
unknown forces. Qu and Dorsey present the proof of ultimateorm boundedness on
the tracking error of a PD controller in [2.57]. A linear siegnput-single-output (SISO)
approach to joint control is presented in [2.23], where atlitaahal filter is added to the
control loop to compensate for unmodelled disturbancesigaoonlinearities). It is also
shown that in the absence of friction and gravity the stepitirgoror converges to zero.
An interesting adaptive gain PD controller is presented?id§], however the gain can
only increase, which is not desirable for systems with hamimdrive transmission. An
interesting study of torque disturbances in control of dedgonveyor belts is presented
in [2.27]. The authors compare different tuning stratedasthe PID controllers and
add additional linear filters on feed-forward and feed-bsigkals to improve bandwidth.
The author of this work presented a comparison of robustrabaits for the PA10-6CE
manipulator in [2.78]. An interesting implementation obative gravity control without
any model structure, based only on tracking errors is ptedan [2.21] allowing algo-
rithm portability to any robotic system. However, limits tme feedback gains are not
considered.
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2.3.2 Model based and adaptive control

Model based control of robotic manipulators utilises the@wledge about the mathe-
matical model of the system, to reduce the control gains hadmear and tear of the
actuators/transmission. The parameters of the systemoa@ways known to the con-
trol designer, therefore different techniques are empuldgenvork around this issue. The
parameters can be calculated based on some geometric/éesigledge or can be iden-
tified using statistical methods. They can also be assumkdown and an adaptive
scheme employed to identify them on-line, based on the syatel desired state.
Extending the basic controllers presented in [2.63] antigR .Kreutz presents an exact
linearisation for a robotic manipulator performed in thektapace in [2.37], where both
the dynamics and kinematics are used to obtain a linear modké Cartesian coordi-
nates. Tarn et al. present an extension of the standard decdar model adding the
motor dynamics in [2.70]. The manipulator is controlledhe task space and a compar-
ison shows the reduction in tracking error after considgtite motor dynamics (which
creates a hybrid slow (mechanical) and fast (electricaljeljo

The foundations for multivariate adaptive control for Bmeystems are laid in [2.8] with
stability proofs. However, more research was required fyahis kind of control to

a robotic manipulator with nonlinear dynamic model. Craigletshow the first adap-
tive computed torque controller for a robotic manipulater[2.14] with some strong
assumptions of a non-singular inertia matrix (with adagiathmeters, which may not
represent a valid physical system) and a requirement fot gmiceleration measurements.
The convergence of control error is shown even with a camlitif boundedness for the
unknown inertial parameters. This in turn requires prioowledge of suitable bounds.
Middleton and Goodwin take a slightly different approachhe dynamic equations and
by adding a filter on the torques avoid the requirement ot @aceleration measurements
in [2.49, 2.50]. The authors also present a general proadh®finear dependence of the
manipulator dynamics equation terms on the unknown paemefadegh and Horovitz
go one step further and deliver an adaptation scheme noiriregjthe inversion of the
inertia matrix or the measurements of joint accelerationRi58]. The adaptation rule
is based on velocity tracking error and the authors mentiahthe model can be calcu-
lated either along the measured joint positions or alongit#sred trajectory (which at
that point was a significant simplification allowing off-éircalculation of the feed-forward
terms in the model).

Slotine and Li approach the control of a robotic manipulai¢g2.61, 2.60] by shaping the
energy function and utilise the passivity properties ofdiipamic equations to derive an
adaptive controller feeding back the model calculatedgitile measured positions and
velocities. The new adaptation rule utilises both veloaitg and position tracking errors.
Notes are made about the requirement of persistent excitatoperties of the trajectory,
to provide enough variability to the adaptation regressairix The adaptation is further
extended by adding an estimate of the unknown parameteicpoederror and an adap-
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tation algorithm in the task space (including hybrid pasitforce control) is presented. It
is also stated that the adaptation gains need to be adjdstedunknown parameters are
not constant. Convergence is shown for all presented typagaytation.

Wen and Bayard present a computed torque algorithm (with hesdéiated along the de-
sired trajectory) without exact linearisation in [2.75daextend it to an adaptive scheme
in [2.6]. The stability properties of various cases are y&d and conditions on feed-
back gains are made depending on the desired trajectorytartthg conditions. The
controllers are further extended with adaptive feedbadksgavhen the trajectory and
start point conditions are unavailable. Spong and Ortega sim alternative way to avoid
the condition of inertia matrix invertibility by applying g@eneric model in [2.62] with
estimated constant inertia, Coriolis and centrifugal araity terms and add corrections
based on an adaptive scheme.

A review of different robust and model based control schefaesobotic manipulators
is presented in [2.1]. An interesting comparison of variadaptive and non-adaptive
controllers is presented in [2.76]. The controllers areliaggo two types of manipula-
tors with direct-drive and geared joints, Coulomb and viscioetion is considered. The
authors show that the Wen-Bayard controller performs belkbth fixed-parameter and
adaptive controller groups. It is also shown that for verst fanotion, when the ma-
nipulator cannot follow the desired trajectory, the Wen-&aycontroller can lead to
significantly worse performance or even instability (assfixed control gains). An
interesting property of geared manipulators is stated &ogvs that the friction model
dominates the inertial and Coriolis and centrifugal termshi@ manipulator dynamics
equations. Therefore, a PD controller with friction comgetion is suggested for such
cases. Moreover, it is stated that when the desired trajeis@hanged during the oper-
ation, the adaptive controllers re-tune within secondsotAer comparison of robust and
model based controllers is presented in [2.45] with ledsagkte comparisons, but similar
general conclusions about the advantage of adaptive viexedsparameter controllers in
the case of incomplete parameter knowledge.

Arimoto combined an adaptive controller updating the patans in the gravity compen-
sation term with a PID controller and performs task spacerobm [2.2]. A completely
different approach to adaptive gravity compensation bynsed hydraulic design (not
model based) is presented in [2.38].

2.4 Manipulator on a moving base

The majority of manipulator dynamic and kinematic modegjiork applies to fixed base

robots, where the manipulator is attached to an inertialdinate system and no external
forces influence its motion. Such assumption does not allwalgl consider for example

one of the following:

e manipulator attached to an underwater vehicle (e.g. a ®gnoperated vehicle or
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a submarine),
e manipulator attached to a space vehicle (e.g. a satelldesbuttle),
e manipulator attached to a water vessel (e.g. a ship or arftpati platform),
e Mmanipulator mounted on a vehicle driving on uneven surface.

It can be noticed immediately that in such cases the dynaofite manipulator can be
influenced by additional forces. In the case of underwateratmn - fluid dynamics drag
effects originating from the vehicle moving and buoyancg¥ity changes from varying
orientation. The case of space vehicles presents diffesemés, due to no gravity effects
and a free-floating base. Both devices (the manipulator andake) influence the system
dynamics. In the case of a manipulator mounted on a wateelyélse motion of the base
comes from the sea state and is often difficult to predict Wigih accuracy and measure-
ments, or special tracking systems are required. The foligptypes of interaction can be
distinguished depending on the relative mass/inertia®&ifstem elements:

e Light manipulator on a heavy base - in this case the motiorhefrhanipulator
would hardly affect the dynamics of the base, and can be deresil negligible,
however, the base motion could have a significant effect @emianipulator dynam-
icS.

e Manipulator and base with comparable weights - in this dasédase motion influ-
ences the manipulator, and the manipulator motion influgtite base.

e The third option of a heavy manipulator and light base isaatimlikely.

These dynamic disturbances create new problems in coRtmothe heavy base and light
manipulator, the fixed base model does not apply and addltionques appear that can
impact the system performance (e.g. the actuator torqugsatarate and large tracking
errors can occur). In the case of comparable weights, themof the manipulator can
displace and change the base orientation affecting therkities model.

A dynamic model of a 1-DOF robotic manipulator on a 3-DOF mgwvplatform is pre-
sented in [2.30]. The authors assume that the platformvislia random motion pattern
(like a manipulator mounted on a vehicle driving on an unestaiface) and apply a feed-
back linearisation algorithm with PID controller to thedarised system. The integrator
helps deal with the disturbance, but also introduces #yaissues. Tanner measures the
base motion disturbance and adds a non-linear compeneaaeneric linear controller
in [2.67]. A dynamic model for a 2-DOF manipulator on a 2-D@kKdh + Z) platform is
derived (for the application of tank cannon munition loggiand the model parameters
are obtained based on cylindrical link shapes. A linear rhisdestimated along the de-
sired trajectory and used to design SISO and MIMO contrell&hese are shown not to
perform well in the presence of base disturbance and resdfiog four sensors are added
(angle, angular rate, angular acceleration and lineade@t®n) and incorporated into a
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nonlinear compensator combined with the SISO and MIMO adietrs. This controller
is shown to be superior in the presence of base disturbanoegyver, due to the lack of
angular acceleration measurements it is removed from thgpensator. It is shown that
such a design meets the requirements on positioning easedoon simulations even for
10% parameter inaccuracies. Experiments are performea RiWMA 250 manipulator
on a 1-DOF (Z-axis translation) platform.

An analysis of cooperating manipulators on a non-fixed bashown in [2.52]. It is
assumed that the platform is not actuated but is affectetidoynanipulator dynamics. A
set of dynamic equations for a 6-DOF platform and two 6-DORimaators is presented.
Ship heave measurements based on different sensors aeatees [2.22] with the con-
clusion that combining a low sampling rate global measurgniieom a GPS device)
with high sampling rate measurements from an inertial retiog system (based on ac-
celerometers and angular rate sensors) delivers bests.esul

A manipulator model on a compliant base (e.g. a crane) iepted in [2.40]. The authors
use the previous control step moments to estimate the urlladdiynamics with a high
command frequency of 500 Hz. The combined Coriolis and deggal term is ignored
and the Inertia matrix is only approximately estimated. ddelcderivatives of the joint
coordinates are required for this estimation which inticegunoise. It is shown that such
a controller is superior to a simple PD by being able to detmtig manipulator dynamics
from the base and reducing base oscillations. A 2-DOF méatipuon a 3-DOF (X-Y-Z)
platform is considered.

A dynamic model of a robotic manipulator on a mobile base rs/dd in [2.11] and used
for simulation of a 2-DOF robot on a 3-DOF base. Only a PD ailar is applied and no
compensation for base motion in the dynamics is considered.

Duindam and Stramigioli present a new mathematical framleday analysing manipu-
lators on mobile bases with coordinate frames not isomorfthR" spaces in [2.19]. It
allows singularities originating from orientation repeagation to be removed.

2.4.1 Underwater manipulators

Computational methods to simulate a manipulator mountednonralerwater vehicle
were presented in [2.47]. The additional hydro-dynamionelets are analysed and mod-
elled along with the generic manipulator dynamics. Thenmsea Newton-Euler approach
is used.

Lee and Yuh show an adaptive controller for a manipulateichid to an underwater plat-
form in [2.39]. Hydrodynamic effects are considered butdiggamic model is assumed
unknown. The inertia, Coriolis and centrifugal and gravéynts are estimated by con-
stants and adapted using the error norm. Stability is showadaptation with increasing
parameters, however for practical reasons the paraméieusdsbe allowed to reduce. In
such case the stability cannot be guaranteed, but the aythegsent an argument that the
adaptation would switch back to increasing values depgnaimerror magnitude. Since
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the tracking error is used in the denominator of the adaptdtrmula, another problem
appears - high switching values of the parameters whenitrg&krors are close to zero,
additional modification is applied with a limit on the denomior below a certain error
level. This in turn breaks the asymptotic stability, and ategrator element is added
to the controller to handle this. A planar 2-DOF manipulatara 1-DOF platform is
considered.

2.4.2 Space manipulators

An image of a manipulator in space is shown in figure 2.3. Tla&ityr present on Earth

Figure 2.3: Canadarm space manipulator (source: sm.mdaebign.com).

is not present in orbit and therefore not considered in theipugator dynamic models.
Vafa and Dubowsky present a new modelling framework for ialaitors in space in
[2.74]. 1t is based on the fact that the total momentum of tystesn is preserved and
a Virtual Manipulator can be defined with the base represented as the first joingrsph
ical) and all manipulator joints having a correspondinduat joint (with axes parallel
to physical joint axes for rotary joints). The base of theuat manipulator is attached

17



to the centre of mass of the manipulator+base system. Thisymethod simplifies the
kinematic and dynamic modelling of manipulators in space.

Papadopoulos and Dubowsky analyse the dynamics, kinesratit control of space ve-
hicle mounted manipulators in [2.18], [2.55]. The followialassification of such systems
is introduced:

¢ free-flying with an actively controlled base using thrusters,

¢ free-floating with an uncontrolled base continuously affected by the maator
motion.

A dynamic model of a robotic manipulator attached to a spatécle is derived (friction
is not considered). The motion of the base is generally pad as a separate task from
the manipulator operation, therefore no dynamic influeriche@base on the manipulator
is considered. The kinematics is modelled and 'dynamicidargies’ are pointed out
for the free-floating case, where the motion of the robotm apuld change the base
orientation and prevent the end-effector from reachingdibsred position/orientation.
It is remarked that point-to-point control is not feasibkethe position depends on the
path used to reach it. A linearisation controller in taskcgpa proposed and a simulation
is performed for the planar case of a 2-DOF manipulator orDO8- (X-Y-orientation)
space-ship. The case of multiple manipulators is presantgd56] and comparisons of
inverse Jacobian and full linearisation in task space aema

Chen and Canon Jr. apply adaptive control (Wen-Bayard) in gkesjgace to compensate
for load changes of the manipulated object in [2.12]. A syst®ncatenation approach
(combination of dynamic equations of all elements with ¢@ists on forces and motion)
is used to model multiple manipulators on a space ship. iiffieJacobians are used (and
switched between during control) to achieve different oartasks (joint, inertial space,
object space). A planar case of a 2-DOF manipulator on a 3-DOY-orientation) base
is considered in simulations.

A review of present modelling, control and path planing teghes for space vehicle
mounted manipulators is presented in [2.51].

2.4.3 Manipulators on water vessels

Control of a manipulator attached to a vehicle free-floatingvater is presented in [2.35].
It is assumed that the water is still and the manipulator omagiffects the base dynamics.
Two control strategies are compared:

e passive base vibration reduction by constraining the maaipr motion,
e simultaneous position and acceleration control.

The control is performed in the task space using feedbaelatisation. The first con-
troller is able to track a given trajectory without inducibgse vibration, and the second
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controller can track a trajectory and simultaneously redhe base vibration. Simulation
is performed for a planar 2-DOF manipulator on a 1-DOF (ariggese.

Love, Jansen and Pin consider a robotic manipulator wor&im@ ship in [2.42, 2.43].
The dynamic model is derived for a general 6-DOF+6-DOF chsejever the actual
formulae to derive the dynamics terms are not presenteg (dATLAB code). A com-
parison of sea states and ship motion depending on wavetheigtesented for different
ship sizes. An adaptive controller tuning to the wave peisaliggested (calleiRepeti-
tive Learning Controller}, but it only performs well for single frequency waves, amd n
for sea states. In addition a beam forming technique bomidveen signal processing is
used to compensate for the base motion in task space fort®lkohccelerometers and
inclinometers are combined with a tip mounted force sens@ignificantly reduce the
force control error (ten fold compared to no compensation).

From, Duindam, Gravdahl and Sastry suggest in [2.20] to hisddase induced torques
in motion planing to reduce joint torques and control endayyperforming tasks (at the
cost of longer task duration). The base trajectory is asdumbée known and is used in
a computed torque feedback controller. The savings in smteaergy for performing a
task planned with the base motion consideration are predeRtiction is not considered
in the model. Simulations are performed for a 1-DOF and 4-D@dnipulators on a
6-DOF base.
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Chapter 3
Kinematics and dynamics modelling

To model the motion of a robotic manipulator (consisting ahain of bodies), several
assumptions about the nature of admissible degrees ofdineé@dve to be made. The
following assumptions apply here

e each link is a rigid body,
¢ the joints are fully actuated and have no flexibility,
e the mass of each link is constant.

Therefore, the notion of rigid bodies is required.

3.1 Describing the position of rigid bodies

A compact set of points, whose positions are constant wipeet to each other, with a
certain mass distribution, is considered as a rigid bodydé&imme the position of such an
entity in the three—dimensional Cartesian space, a paatipalint has to be chosen. It can
be identified with a vector in the three dimensional EuclidsgaceR3) r = (x,y,2)". (A
translation in the Euclidean space, can also be identifi#id the vector along which it is
performedT = (x,y,2)").

A local coordinate system can be attached to the body, andétstation can be expressed
in the (global) coordinate system, in which the positionh#f tigid body was defined, by
means of a rotation matriR € Ms3 such thaRTR = | (identity matrix) and deR = 1.
By extending the position vector to",1)T, the position and orientation can be combined
into a matrix (representing a homogeneous transformatigagh transformation matrix
consists ofotation andtranslation elements

A= (3.1)

o1><3 1

R3x3 T3x1]

where

R3x«3 is a 3-by-3 rotation matrix,
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T3x1 is atranslation vector of length 3,
0143 is a 1x 3 zero vector,

Assuming that this transformation describes the local dioate system in the global
space, a pointr() in the local coordinates, can be expressed in the globaksps

(R +T)T, )T =A(r],1)7.

The rotation matrix (although having 9 parameters) beldogsthree dimensional space.
There exist several parametrisations of it, two of them aezlthere:

e Euler angles (around Z-Y-Z axes),
¢ Roll-Pitch—Yaw angles.

Define rotations around the axes of the coordinate system

1 0 0

Rot(X,a) = [0 coga) —sin(a)]|,

|10 sinfa) coga)

[ cosB) O sinp)

Rot(Y,B) = 0 1 0 |, (3.2)
| —sin(B) 0 cogpP)

[cogy) —sin(y) 0

Rot(Z,y) = | sinly) cody) O].

0 0 1

With these, the Euler angles representation can be exprasse
Reuler(@, 6, W) = Rot(Z, @) Rot(Y, 8) Rot(Z, )
with the domain
Deuler={(¢,6,y)[0< @< 2m0< B8 <O < Y < 211},
and the Roll-Pitch—Yaw representation can be expressed as
Rrpy(@,0,1) = Rot(Z, @) Rot(Y, 8) Rot(X, )
with the domain
Drpy = {((p,e,l]J)|0< p< Zm—g <0< g,0< P < 2T[}.

The rotation matrixiR) can be interpreted as an element of a special mathemapiaed s
denoted by the symb&l0(3), and the combination of rotation and translatié) ¢an be
interpreted as an element of another mathematical spacgedeny the symbdbE(3).
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3.2 Forward kinematics

The forward kinematics (also shortened to kinematics) ofaaipulator is a mapx :
R" — SE(3) from joint space(also known asonfiguration spaceto task spacealso
known agglobal coordinatey

X
y 01
z 02
¢ :
6 On
R

where:

SE(3) =R3 x SO(3) is the special Euclidean group, whe¥®(3) is the special group of
rotations,

n number of degrees of freedom,
X, Y, z location in global coordinates,
¢, 6, Y orientation in global coordinates,

K the kinematics transformation (consists of trigopnométrimctions and the link pa-
rameters).

g generalised coordinates representing the state of the jahbconfiguration.

Equation (3.3) defines the position of the end-effector endglobal coordinate system as
a function of the manipulator joint angles. The forward kivaic transformation is easy
to compute using a widely known and very popular method desdrby Denavit and
Hartenberg [3.3].

3.2.1 Denavit — Hartenberg notation

The Denavit — Hartenberg (D-H) notation employs the intcatli(equation 3.1) 4 4
homogeneous transformation matrix to describe the relstip between the various joint
coordinate systems. The rotation and translation elenaetgalculated for each joint
based on a set of Denavit — Hartenberg parameters (two aagtesvo translations)d,
a, a, andd (a schematic of the physical meaning of the parameters septed in figure
3.1 and explained in table 3.1). For reference see any dof, [3.8], [3.5], [3.2], [3.4].

I=1A; = Trangz d;) x Rot(z, 6;) x Trangx, a;) x Rot(x, a;),
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parameter description
0 joint angle (angle between links around joint axis)
link twist (angle between thieth andi + 1-th joint axes

di around their mutual perpendicular)
g link length (along a mutual perpendicularitth andi 4+ 1-th joint axes)
di link offset (distance along joint axis)

Table 3.1: Description of Denavit — Hartenberg parametefsuhg forward kinematics
of a manipulator.

1 0 0 0| [coss —sing 0 O
"1Ai: 01 0 " singp cosB; O O y

0 0 1 d 0 0 10

000 1 | 0 0 01
1 00al [1 O 0 0
010 0>< 0 cosn —sina; O
0010 0O sinoj cosa; O
0 00 1 0O O 0 1

By superposition of these transformations for successivesjothe coordinate change
between arbitrary coordinate systems in the manipulatobesobtained

KAr = KA. A, (3.4)

assuming X k < r < n (n - number of degrees of freedom of the manipulator). The
parameters required to fully formulate the kinematics fagisen manipulator can be
arranged in a table.

3.3 Inverse kinematics

To perform tasks in the Cartesian space, the manipulatoraitartrequires the desired
positions and velocities of the joints, based on the givegetgposition and orientation in
the global, or tool coordinates. There are two ways to ampbrefais task:

e instantaneous joint velocities, derived from Cartesianasiées {nverse Jacobian

_)_(_
0}] y
07 0 ™\ 1! |z
- (EK([quZW'qu} )) ' ¢ 9 (35)
n 0
]
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Linki{ -1

Figure 3.1: Schematic of the Denavit-Hartenberg notatemameters (source: [3.2]).

e implicit formulae to transform Cartesian positions into jhiat space

.
—K([QLQZ,-ann} )20 (3.6)

D e N < X

P

this equation is solved fagx;’s, with x, y, z, ¢, 6 andy given.

The first solution is the most popular, although the strigemse exists only for non-
singular square matrices. However, robust pseudo-insenmgeused to deal with singular-
ities, and extra conditions are applied to the Jacobiangidundant manipulators (which
can be easily used for optimal trajectory generation, eigimising control energy). The
latter solution generates precise positions, assumiriglteanotion is free from singular-
ities, which implies that only one global configuration oé timanipulator can be chosen.
The reachable space is constrained (if no transitions leetvgéobal configurations are
allowed).
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3.4 Dynamics

The dynamics of a robotic manipulator with non-flexible psirtan be expressed by a
second order differential equation (using the Euler — Lageaformalism) [3.2], [3.5]

Q(a)d+C(q,q) +9(q) =T+u, (3.7)

where:

g € R"is the state vector of generalised coordinatesrfumber of degrees of free-
dom),

Q is the inertia matrix,

C is the Coriolis and centrifugal vector,

g is the gravity vector,

u is the vector of inputs (torques), and

T is a vector of frictions and disturbances.

Assume that

where
F is the friction force,
Fe are all other external or disturbance forces (un-modelled)

By substituting equation (3.8) into equation (3.7) the made manipulator can be writ-
ten as

Q(9)4+C(g,q)q+9(q) +F =u+Fe. (3.9)

3.4.1 Model derivation procedure

A procedure for deriving the dynamic model for a 6-DOF matapar with revolute joints
is presented in [3.4]. The dynamic equation (3.9) elememtslafined as follows:

e the inertia matrix

Q(q) = [Dij], with

6

S Tr(UgdkU) fori < j, and (3.10)
Dij = ¢ k=] ,

Dji, fori> |
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where

0O -1 00
0 = s
Ai_i Qq A forj<i 1 0 00
Uij = i=i Qa ! J___ with Qq =
0 forj > 0 0 0O
0O 0 0O
w I xy I xz miX;
e llytz g
Ji = Ixx+lyy—Izz >
I xz lyz —— — Mz
mX; myi mz m
with
|hj:/ [eshj <Zx§> —xhxj] dm (3.11)
U

This procedure ignores the motor inertias, which need todoe to the diagonal
of the inertia matrix

Dii = Dji + K2l (3.12)

where

k the gear ratio

Im the motor inertia of the-th motor

¢ the Coriolis and centrifugal vector

C(q7q) = [qTHi,Vq] with Hi,V = [hijk]7 i7j7k€ {17"'76}7 (313)
where 5
hijk = z TI’(UmijmU-r;i)
m=max(i, j k)

and _
OA; i Qq A1 Qg KA i > k> ]

Uijk=1{ %Aki Qo A1 Qe A1 > >k
0 I <jori<Kk,
e the gravity vector (based on [3.6])
0 o TO
9(Q) = 54V(@),  wherev(q) = —_Zimg Ai(Q)R; (3.14)
1=

with:
my the mass of théth link,
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R location ofi-th link mass point expressed in the¢h coordinate system (according
to modified Denavit — Hartenberg notation) aRd= (i, z)",

= (gx, 9y, 9, 0) the gravity vector expressed in the global coordinate syste

OA; the (modified) Denavit — Hartenberg transformation fromittiecoordinate system
to the global coordinate system,

1 the link volume,

V(q) the potential energy of the system,

[ 0dm

U

The integral over the volume,

can be simplified to an iterated integral

///()p(X»Y,X)dxdde
Y

wherep(X,Y, z) is the density at pointx,y, z).
In order to derive the dynamics of a robotic manipulatoss taquired to know

e masses of links,
e centres of masses of links,
e inertias of links, which can be derived from

— explicit formulae defining volumes of links,

— densities of links,

e the forward kinematics transformation (parameters for Diemavit - Hartenberg
transformation (table 3.1 and figure 3.1).

This information is not usually provided by the robot marmdaer (or retailer), and re-
quires additional assumptions and analysis.

3.4.2 Modelling friction

In the classical control engineering and robotic literatdriction has often been neglected
or treated as an unobservable disturbance. The main reasdhat is its observable
discontinuity. The importance of friction modelling hasieased over the recent decades
and Armstrong-Hélouvry [3.1] presents important aspeétiction modelling in the
control of machines.
Friction models have usually been derived from data, basedarough observations and
simplifying assumptions. There have been attempts to stafed friction since Leonardo
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friction *

R >
velocity

Figure 3.2: Viscous friction (linear in velocity).

da Vinci, but only in the last century with the widespread asenachines and the need
for optimisation of wear and tear of mechanisms in the fielttibblogy* has developed.
Due to the high complexity (especially at low velocitie$e friction models are tailored
to particular applications to obtain a balance betweenlgipand exactness. Both para-
metric and non-parametric models have been derived and wstbdhe latter providing
better estimates, at the cost of extra algorithmic complead with the loss of analytic
properties (for stability proofs).

In order to achieve precise positioning of a robotic armhaitt high gains and signifi-
cant overshoot, a consistent model for friction is requir€de most popular models are
presented below:

e Viscous friction - the simplest model (Figure 3.2), describes friction foasea
linear function of velocity.

F=f-q (3.15)

This equation can be further refined, by assuming that thpgptional coefficient
(fc) can be different for positive and negative velocities (eldoecomes non-linear
(and not smooth) at zero). This model is very simple (andstbeasy to estimate
and not computationally demanding, but it does not workatuelocities.

e Viscous, kinetic and static friction - a further extension to the previous model
(Figure 3.3). Two additional features are included:

— The amount of static friction (stiction) needed to be overeoto initiate the
motion.

— The minimum friction level at lowest achievable velocit{&etic friction).

from Greek - the study of rubbing
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Figure 3.3: Viscous and static friction (linear in velocgycept at 0).

fi+f-q for  §>0

f+ £ for 1=0"
K T ls a (3.16)
f +fg for q=0"

\fk‘+fg-q for g<o0
where
- fk+ /~ Kkinetic friction for positive/negative velocities
— fd /= static friction for positive/negative velocities
— fa /~ viscous (Coulomb) friction for positive/negative veloegi
This model is not continuous at zero. Whilst it addresses tbklem of providing

additional force to start the motion, but the profile of fiact force at low velocities
is not in line with experimental results and therefore reegia further enhancement.

e Generalised Stribeck model- a further refinement of the friction curve at low
velocities, based on analysis of uneven rubbing surfac#s labrication (Figure
3.4). The following stages can be distinguished in the model

— Thestatic frictionhas to be overcome, to start the motion.

— At very low velocities there is very little lubrication avalble, and the friction
level depends mostly on the lubricambundary lubricationproperties. The
level of friction at that stage is assumed to be constant

— Once the rubbing surfaces start moving fast enough to loig&isome lu-
bricant, the model passes to thpartial lubrication stage, where friction de-
creases with increasing velocity (as lubrication imprgves

2as observed in experiments
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— At sufficiently high velocity, a layer of thin film of the lulmant is created
between the surfaces, and the friction starts increasinggotionally with
velocity. This is the stage dill lubrication.

In a commercial product, the composition of lubricants isxadiparameter (often
unknown), and cannot be changed, therefore the main fodubdaontrol engi-
neer) is on the modelling aspects. However, any informadtmout such properties
is useful in the model development step. The following msdptesented in [3.1])
include all the mentioned stages

F=Ror % 4 Rx (3.17)
t+ (%)
F:H(+(F5—Fk)e*(%>6+FVx (3.18)

where

Fs is the level of static friction,

F¢ is the minimum level of kinetic friction,

Xs 1S an empirical velocity scaling parameter,
O is an empirical parameter,

F, is the viscous friction.

Another empirical extension of this model is to use a diffitiset of parameters for
negative and positive velocities. This model, although plicated and requiring
nonlinear optimisation to obtain the parameters, is widalgd in control engineer-
ing to compensate friction in simple cases. However, if sdvaements rub at the
same time, the composite effect, may not be simple enougé ttebcribed by this
model. Further improvements have been attempted.

e Non-parametric models The parametric models are easy to formulate and have
certain smoothness properties (away from zero velocitpwever, the estimation
of parameters and goodness of fit may not be satisfactory fpartecular applica-
tion, especially for highly complex mechanical systemsemththe Stribeck curve
may not fit the data. Due to the increasing availability of noeyrand processing
power, nonparametric models can be created for the purpoBetmon estima-
tion/compensation. These are based on a large number olureeants, which
are averaged and tabulated for precise interpolation. Sgistem requires signif-
icantly more computational power for derivation, and thedelonay not have any
smoothness properties, but for low velocities, it providegery powerful estima-
tion/compensation tool. Two main model groups can be djsished
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Figure 3.4: Nonlinear friction model with Stribeck effect.

— velocity dependent — the following formula presents thexast look-up table
with a linear interpolation model.

q—Vi-1 Vi—(q :
F=F, Ry, for Vi_1,Vi 3.19
V|—1Vi_vi_1+ VIVi_Vi—l qE( 1—1, I) ( )
where
F is the friction force estimate at velocity.

— position dependent — the following formula presents theest look-up table
with a linear interpolation model.

X X —
F=in,1q | 1—}-F i—d

. forge (X_1,X% 3.20
%% 1 % %1 q€ (X-1,%) (3.20)

where

Fx is the friction force estimate at position

This model is highly dependent on the wear of the system, amdreguire a
regular re-estimation after the rubbing surfaces havegdtsignificantly.

Both methods can be combined for increased precision (arghdisant increase
in estimation complexity), or the position dependent madel be added to one of
the parametric models (especially for low velocity feedafard applications).

Alongside the general models, other important featurebefriction phenomenon have
to be considered. Depending on the lubricant compositlostick-slip effect may oc-
cur. This happens mainly when motion is initiated and at Vewy velocities. It can be
modelled using a pin-spring-damper configuration, whidhilgits two main properties

e Dwell-time - is the amount of time a rubbing surface remains at a fixedipasal-
though a force is applied to it. The dwell time depends onithe the machine was
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left unused and on the motion velocity. It depends on thinstik of the system and
the lubricant used. By increasing the system stiffness andsihg an appropriate
composition of lubricant, this effect may be eliminated.

Frictional lag - is a delay in the response of a system with friction, caused b
internal (surface related) dynamics. At low velocitieshamge of velocity is not
instantaneously followed by a change of friction force. Taiter takes about 3-9
ms to settle at its new level. This effect can generate sggmfidisturbances in the
control system of a machine with friction, requiring vergffaesponse times.
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Chapter 4

Model derivation and estimation of the
PA10-6CE manipulator parameters

Several attempts have been made to deliver a dynamic mobdettofersions of the PA10
manipulator (6-DOF and 7-DOF), these were reviewed in ge@i2.2.2. This chapter
presents an approach with the following contributions:

e geometric models used to derive link inertia with the assionf setting the link
geometric elements densities to match the centre of mass,

e a non-parametric friction model based on broad velocitgeagxperiments,

e a brief analysis of open-loop control results for the ol#dimodel.

4.1 The mechanical design of the PA10-6CE manipulator

The PA10-6CE is a multi-purpose manipulator from Mitsubidkeavy Industries. It has
six degrees of freedom, which can be related to a human arinoagsn table 4.1 and
figure 4.1. The manipulator is mainly targeted at specidliggt payload tasks, with low
repeatability (e.g. clean-room object handling, nucleawgr plants or single welding
jobs). Each joint is driven by a separate AC motor coupledaviaarmonic gear. The
transmission of joint W1 also includes a belt. The manipuletoelatively light (37 kg),
which enables it to be mounted on mobile platforms and pelradbots (e.g. to increase
the available work space/dexterity).

The manufacturer provides partial information on the catsion of the manipulator.
Distances between axes, masses and centres of massesiaflgajvint elements are
available. The information from figure 4.2 is summarisedinl¢s 4.2 and 4.3.

1The centre of mass is expressed in the coordinate systechedtto the link.
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Joint name

Arm motion

S1
S2
El
E2
w1l
w2

shoulder forward/backward swing
shoulder lateral raise

elbow swing

elbow turn
wrist swing
wrist rotate

Table 4.1: PA10 joints identified with human arm movements.

SHOULDER

Shoulder rotate

Shoulder sw
(S2)

ing

ELBOW

Elbow swing

(E1)

WRIST

(W2) _
Wrist rotate

. Wrist swing
(W1)

Figure 4.1: Schematic of PA10-6CE manipulator (with jointes).

Joint centre of mass mass

R = (rxi, Iyi, zi)[m] m; [Kg|
S1 [(0 , -0.178526, O )y | 9.29
S2 |(-0.321, -0.03 , O ) | 12.43
El1 |[(0 , O ., 0.0484568) | 4.86
E2 |(0 , -0.112231, 0 ) | 3.08
Wil |[(0 , 0 , -0.042 )| 2.07
W2 [(0 , O , -0.048 )| 1.05
total 32. 78+

Table 4.2: Summary of PA10-6CE joints mass points (based awfaeturer data).

4.2 Kinematics

4.2.1 Forward kinematics formulation

Based on the schematic drawing provided by the manufactfitted®A10 manipulator,
the forward kinematics were obtained. The positive dicectf theX axis for the base
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Figure 4.2: Schematic of PA10-6CE manipulator (with jointsses and centres of mass).

joint axes distance [m]| D-H symbol
(base}»(S2) At di
(S2)>(E1) 5, 2
(EL)-+(W1) z dy
(W1)<(tool mount) 05 de

Table 4.3: Summary of PA10-6CE inter axes distances.

coordinate system has been chosen in the direction of p@sitigles of joint S2 with S1
set to zero. The complete set of Denavit—Hartenberg tramsfiioons used to define the
forward kinematics is summarised in table 4.4 and the coatdisystems for each link
are presented in figure 4.3.

joint 0 ala|d
1(S1) | m+o1 g 0 |d
2(S2) g +0g | 0|a| 0
3(E1) |5+a3| 5/ 0|0
4(E2) |T+as| 5| O | da
5(W1) | +0s g 0|0
6 (W2) Je O 0| ds

Table 4.4: Denavit-Hartenberg transformations for PAGEGnanipulator.

By substituting data from table 4.4 into equation 3.4, joiosiions can be transformed
into Cartesian positions and rotation matrices (and furdingles) expressed in e.g. base,
or tool coordinates. The forward kinematic transformatsoalso required to compute the
potential energy of the manipulator.
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Figure 4.3: Schematic of the PA10-6CE manipulator kinersatiith coordinate systems
for each link.Note: index 0 denotes the manipulator base frame; the gracitgleration
on fixed base acts alongz

4.2.2 Inverse kinematics formulation

An inverse transformation of the forward kinematics can b&imed for the PA10-6CE,
which requires additional assumptions on the posture ofrtheipulator. It is outside the
scope of this thesis to derive this transformation. For ficacapplications of the ma-
nipulator [4.1], an existing solution has been adopted. imerse kinematics algorithm,
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based on decoupling the last three joints as the wrisb(ientation) from the first three
joints (— position), has been developed by Torsten Sherer ([4.6F.dtlocal solution to
an implicit equation, separate for each posture (covehegntire workspace).

4.3 Dynamics

To derive the dynamics of a robotic manipulator, detailddrimation about its construc-
tion is required. In the case of the Mitsubishi PA10-6CE, th&drmation was not fully
provided by the manufacturer, and several assumptions Ib@ee made based on the
available schematic (figure 4.2). With these assumptior@mgptete dynamic model has
been derived, and the generalised friction forces have bs@mated using elements of
the dynamic model.

4.3.1 Gravity term

The gravity term of the PA10-6CE dynamics was the most sttiighiard to derive. All
the required information has been provided by the manufectiiables 4.2, 4.3, 4.4).
With the forward kinematic transformation and all the massed centres of masses, the
following has been obtained from equation 3.4 and equatib#s.3

T
Q(Q):<Qq1 Op Y9z Ya: Yos 9q6> ) (4.1)

where

Oq = 0
6
G = 225i(Ee) 5 M- (oc080) +Fasin(e)
6
+ <d4 > M+ Marys + Mar 3+ cogGs) (M 5+ Me(ds + rzG))) sin(z — Gs)
i=4

1 coS — G3) COS) SiN(cls) (st 5+ (o + rzs>>)

Os =—9 < <d4 i My + Mylyq + Mgl 3+ (msrzs +mg(ds + rz6)) COS(%)) sin(gz — 03)
i=4
-+ cos{d — Gs) Cos(a) sin(c) (msrzs 1 me(de + rze>))

Jg. = 9SiN(d2 — 03) Sin(ds) Sin(gs) (msrz5 +mg(dg + rze))

Ogs = —9 (Siﬂ((]z —Q3) cog0a) cog0s) + cog a2 — O3) Sin(Qs)) (mafzs + me(ds + fz6)>

gqe = 07
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whereg = g, is the vertical (along the-axis of the base coordinate system) component of
the gravitational acceleration constanthe gravity vector exhibits the following proper-
ties

e There is no gravitational torque acting on joint 1 (S1) andtjé (W2).

e The gravity component of joint 2 (S2) depends on the follayjwint angle coordi-
nates: (2, G2 — 03, 04, Os)-

e The gravity component of joints 3 (E1), 4 (E2) and 5 (W1) onlpeled on the
following coordinates: d» — g3, 0a, 0s).

The gravity vector is used to estimate the friction torquele

4.3.2 Friction estimation

The friction model is one of the elements of the dynamics rmbdsed on experimental
results (identification). The non-parametric model witheboeity based look-up table has
been chosen (equation 3.19), based on the following obsanga

e The model has to be exact for the entire range from smdlb(ad/s) to high¥% 1
rad/s) joint angle velocities.

e An attempt has been made to perform the parametric estimptesented in [4.2],
but it does not generate a correct (stable) model for thésdolaiPA10-6CE manip-
ulator.

e The estimation algorithm employed in [4.5] is mathemalycabmplex and con-
sidering the equation used, it may fail at very low velogaiti&oreover, it has only
been presented in two dimensions, and a full 6-DOF estimatiay be difficult and
dependant on the goodness of fit of the dynamic model (ine€€baolis, centrifu-
gal, gravity).

e The model derived in [4.3, 4.4] was mainly designed for loedidack gain control
in low velocities, and requires additional experimentahitification of transmission
compliance with varying load.

The approach taken was to create a novel nonparametric poaeld on measurements
taken from the manipulator while moving single joints attjgalar constant velocities.
Such experiments allow for a significant simplification ire ttiynamics equation (3.9)
leading to

g(q) +F=Fe+u. (4.2)

The joints of the PA10-6CE manipulator are driven by AC motord the torque is trans-
mitted by harmonic drive gearing. This transmission caagihtional dynamics to the

2For experimental/simulation purpos@s9.81[§}
38



drive and may be position dependent. In order to measuresaimiage the friction several
assumptions have been made:

¢ the friction torque is only velocity dependent,

the compliance of the wave generator (mentioned in [4.4)eiected,

at low velocities the friction torque is more irregular aeduires a more dense grid
of measurements,

the friction is not symmetric — torques for negative velestare estimated sepa-
rately,

for velocity equal to zero the friction torque is assumeddaéro (to assure stability
of the model).

the torque required to initialise motion is estimated usheglowest possible veloc-
ity that can be commanded to the manipulator - effectivedyjtint starts and stops
(which may be accounted for by the stick - slip effect).

The method employed to estimate the friction can be sumethimsthe following steps:

1.

Perform a warm-up session for the selected joint, by conaling it to move along
a sinusoidal trajectory (across its range) for 10 minutes.

Measure the torques applied to the joints by the Mitsukigiwn controller (in
velocity control mode) at certain joint angle velocifigsver the availabterange
of joint motion angles),

. Select only the part of motion where velocity was consfigmiore acceleration and

deceleration periods).

. Check if average velocity measured in the selected regiovithin 0.05 rad/s of

the commanded velocity, and if not - discard the experim&his is to eliminate
measurements at higher velocities, for some joints therclbet was not able to
drive the arm at joint angle velocities above 1 rad/s.

. Smooth the obtained torque measurements with a low psas(kdng moving av-

erage
J ) . i+n
T = Z Tj (4.3)
j=1—n

where 21+ 1 = 4—10N is the filter length andN is the number of samples in the
experiment.

3The torques are measured for the following velocitieg:—[ 0. 01: 0. 005: 0. 095 0. 10: 0. 01: 0. 19
0.20:0.05:0.95] rad/s and[ 1: 00.10: 1. 50] for joints S1 and S2[1:00. 10: 2. 40] for joint E1,
[ 1: 00. 20: 5. 60] for joints E2 and W2 anfl1: 00. 20: 4. 60] for joint W1

4limited due to safety reasons
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6. Discard the first and last 10% of smoothed samples (duedsilde boundary ef-
fects of the filter).

7. Subtract the computed gravity torque from the smoothddevéat each sample
point) T = Ti — gi(q).

8. Calculate the average of all residual torque valtjesThis should minimise the
influence of any unmodelled dynamics of the harmonic drives@ossible gravity
modelling errors.

9. Assume this torque to be the desired estimate (for vgl(mjtjal to the mean of

velocities measured over the whole selected rafge) = N Z 1i, whereN, is the

final number of measurements used to estimate the frlctmm&)at velocityv.

To obtain a continuous friction estimation function, theasiements are interpolated
within the measured range and extrapolated (based on tveegubnt boundary measure-
ments) out with the measured range (Equation 3.19). It isiplesto apply some smooth-
ing to the obtained friction estimates, to improve the robess of the model, however
this has not been found necessary. It has been found thapphiectorque (as returned
by the servo controller) carries an additional (unmodélghamics for joints affected
by gravity. The selected method of estimation with averggihmeasured torques is ex-
pected to be least affected by this effect. However, it iskvpointing out that, for a more
in-depth analysis, the addition of harmonic gear dynamigth(flex-spline compliance)
may need to be added.

The plots of friction torques for all joints are shown in fig44The following observations
can be made:

e The Stribeck effect oboundary lubricationcan be observed for joints S1, E1, E2
and W1.

e Forjoints S1 and E1 and E2 the friction decreases up to 0/ jeidt angle veloc-
ity, but for joint W1 this threshold is much lower.

e Forjoints S2 and W2 the friction is approximately linear inogity.

¢ Differences between positive and negative velocity can limeved, highest for
joint W1 — this could be attributed to the presence of an aalthti transmission
element - a tooth-belt.

e It can be noticed that at low velocities the exact smoottb8tk curve is not always
followed, which shows the benefits of the non-parametric @hod
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4.3.3 Inertial, Coriolis and Centrifugal terms

To obtain a full dynamic model of a robotic manipulator, dadial parameters are re-
quired. These were not provided by the manufacturer, thexafertain assumptions are
made, to simplify the calculations and obtain reliable ltssu

e The motor inertias cannot be obtained analytically and neda be identified.

e A geometric model for each link has been created, to providdytic definition of
volume.

e The density of each link is assumed to be constant over anaggions within a
link. The boundaries of these regions are based on the sticameass distribution
available from figure 4.2.

e The centre of mass of each link geometric model with dengigyans has to be
equal to the centre of mass from table 4.2. The densities eneed from this
assumption.

4.3.3.1 Link models

The assumed geometric models of links are presented in sigubeto 4.11 and the pa-
rameter values are given in tables 4.5 and 4.6.

Parameter value | Parameter value | Parameter value

[m] [m] [m]
b1 0.117| by 0.05 | bs 0.052
by 0.151] bg 0.07 | 1 0.13
lo 0.022] I3 0.17 | I4 0.05
Is 0.23 | Igg 0.1 |lg 0.21
I 0.18 | Ig 0.11 | Ig 0.1
di 0.04 | d, 0.123 | d3 0.15
ds 0.03 | rp 0.05 |r» 0.1
ra 0.05 | r3a 0.052 | r4 0.035
rs 0.045] rg 0.0125] ry 0.015
hy 0.11 | hy 0.095 | hs 0.085
ha 0.09

Table 4.5: Summary of PA10-6CE physical parameters usedtpgte the link inertias.
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Figure 4.6: Projections with dimensions of link S1.
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Link volumes (expressed in local coordinate systems - Gartes cylindrical for simpler
representation):

SL={(r,@,y)|r €[0,rq]

Jri],@e€ [—mm,ye [—b; —11,—by], density:p;}U
{(ra (p7y)‘r S [O7r2]7(p€ [_T[aT[]vyE [_bl7_bl+|2]7 denSity:pza}U

hy h
{(x,y,z)]xe {—51,51} )y e [=by+12, by +12413],
ze |:—I’2—%,—|’2+%:|, density:pr}u

hy h
{(x,y,Z)IXG [——1,—1} Y€ [—b1+12,—b1+12+13],

2
ze [rz— %,r2+ %} , density:pr}

= {(x,y, 2)|x e {—I4, —gl4] ,

VAS —@—msin iI4n ,@—h‘;sin X+I4Tr ,
2 l4 2 l4

d> d .
€ [—?,?], denS|ty.p3a}U

5 1
——lg,—=I
{(X7y7z>yxe|i 647 84:|7
ye —@—msin il411 ,@—msin X+I4T[ )
2 lg 2 l4

d> d .
ze {—52,?2] , den3|ty:p3b}u

1
{(X,y,Z)|X€ [_§|470:|7
ye —@—msin iI4T[ ,@—msin X+I4T[ ,
2 l4 2 l4

€ { d dz], density:pgc}
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272

{(r7(puz)|r € [07r3]7(p€ [—T[,T[],ZG [b37 b3+|5_|8]7 denSity:p4b}U

{(r7(p,2)|r € [r67r3]7(p€ [—T[,T[],ZG [b3+|5_|87b3+|5]7 denSity:p4C}

E2={(r,@y)|r € [O,r¢],@c [~ T,y € [~bsa—rs—lg,—bs—r4], density:ps}U
{oeyle (/3= 0+ ba2 - by,

El= {(r,cp,y)lr € [0,rz), 0 [~ T,y € [ ] , density:p4a} U

d3 d3

ye |[—ba—ra,—bs+r4],z€ [—E,E} 3 denSity:p6a}U

hs h
{(X,y,Z)|XE |:_ > 3:| RS [_b4_r47_b4_r4+|6],

22
ds ds .
ze |:—E—d4,—?:|, densny.pab}u
hs h
{(X,y,Z)|X€ |:_73a73:| Y € [_b4_r47_b4_r4+|6],

ds d .
ze E,;erzl}, densnty:psb}

W1 :{<r7 (pv Z)‘r € [O7r5]7(p€ [_T[aT[]7Z€ [b5_ |7a b5_ |9] ) denSity:p7a}U
{(r7 ®, Z)|r € [r77r5]7(p€ [_T[vT[]vZE [b5_ |97b5]; denSity:p7b}
W2 ={(r,@,2)|r € [0,r7],0€ [T T],z€ [—]9,0], density:pg}
4.3.3.2 Density distribution

The following equations were used for each link, to obtainassdistribution, that satis-
fies two requirements

e mass of link equal to the one provided on Figure 4.2

e centre of mass of link equal to the one provided in Table 4.2
The following two steps were applied

1. determine the average link density

_ M
pl_q/iv

wherem is the mass of the link, ant is the volume of the link.

2. Equate the mass

Z/pijdr:m

J’I/fj

SUniform density has been assumed for links that have a simgies element, and in such cases the
centre of mass could not be exactly matched.
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where14; are sections of volume of theth section of the-th link corresponding
to different densitiepijj = Gjjpi, Cij being weighting coefficients for the density
distribution.

3. Equate the centre of mass

Z/rpijdr =R

Jq/fj

whereR; is the centre of mass ofth link from equation 4.2.

4. The two equations from step 2 and 3 are solved simultahetarscij, separately
for each link.

The obtained density distribution (presented in tableié.63ed to derive the link inertias.
The centres of mass calculated with the obtained densitytdifon are presented in table
4.7.

Parameter value
kg
[:]

p1 2138.64
P2 728.913
P3 1412.5
P4a 3367.76
P4 1204.21
Ps 935.035
Pe 1486.48
p7 2667.29
Ps 2219.44

Table 4.6: Summary of PA10-6CE link densities calculatechgishe link model and
physical parameters.

Joint centre of mas8 mass

Ri = (Ixi; Iyi, zi) [M] m; [kg|
S1 (0 , -0.15705, O ) 9.29
S2 (-0.321, -0.03 , 0 ) | 12.43
El (0 , 0 , 0.0484568) 4. 86
E2 |(0 , -0.107195, 0 ) | 3.08
Wil |( 0 , 0 , -0.042 ) 2. 07
W2 [(0 , 0 ,-0.055 )| 1.05

Table 4.7: Mass points obtained from link volumes and dgrmhdtribution (the link iner-
tias are based on these values, however the gravity modaseslton the values provided
by the manufacturer.)
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4.3.3.3 Linkinertias

Using the mass distribution and volume, the inertias ofdio&n be derived, from equation
3.11, where the integration over mass can now be computeud iésrated integral. The
obtained numerical results presented in equation 4.4 haee bsed to derive the Inertia,
Coriolis and Centrifugal terms of the manipulator dynamics.

(0329 0O 0
lhb=| 0O 00476 O
|0 0 0313
[0.0569 —0.115 O
l,=|-0115 1734 O
0 0 1738
(00485 0 0
Is=| 0 00471 0
0 0 000817
- - (4.4)
00692 0 0
ls=| 0 00139 0
0 0 005882
[0.0102 0 0
Is=| 0 00102 0
0 0 000281
[0.00459 0 0
lg = 0 0.00459 0
0 0 000071

All matrices are expressed ky- n?.

4.3.3.4 Motor inertias

The motor masses are not provided by the manufacturer, $pecave inertias have to be
estimated based on experimental data. The following praeekas been used to obtain

these parameters:

1. Perform an experiment with the PA10 manipulator, wherergue step input is
applied to to a given joint, with all remaining joints stoppeGather the response
data’ The equation of motion simplifies to the following form in $u& case

(i +K:lm) G +0i(a) + R (@) =T

(4.5)

For joints affected by gravity, the step torque input hasamenbined with gravity compensation.
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wherel; is the inertia of the rigid body composed of all locked paftthe manip-
ulator that are actuated by motiok = 50 for all joints is the transition ratidy, is
the motor inertia for joint. The Coriolis and Centrifugal terms vanish for a single
moving joint. Therefore the following control torque is dipp

T :gi(Qi)—{-Tli At >toAt <tg) (4.6)

wherety, is the step torque level presented in table 4.8. This conémotels out the
gravity element of the dynamics, leaving inertias and ifsict

2. Simulate the dynamics of equation 4.5 varying the motertial,. The motor
inertia can be quickly found, as it characterises the oofés¢t rates of the velocity
(any changes in the steady state should not be consideré¢disasay be due to
unmodelled dynamics).

3. Tune the motor inertia to obtain closest match betweenlation and experiment
results (measured by MISE of angle and velocity).

T1, [Nm] | 15 [Nm] | oy [rad/s]
24 0.55 L
aod 0.00 2
28 0.00 F
22 0.08 2n
52 0.00 T
o2 0.08 =

Table 4.8: Trajectory parameters used in experiments andlaiions (the step torque
levels @1,) are expressed as fractions of rated motor torque, with ém@minator cho-

sen to assure that the step command does not saturate rieéreantrol torque nor the
velocity processed by the servo control unit.)

The joints have been grouped into four classes (S1,S2), (E2) and (W1,W2) — based
on the manufacturer specified rated torques and availaloelkdge about the joint de-
sign. The motors/transmission are assumed to be identitlalhveach class, therefore
a single motor inertia has been chosen. The obtained résutipresented in table 4.9.
From the obtained inertias, the motor massag ) can be estimated assuming that the
motor is a uniform cylinder of a given radius).

It can be noticed, that the motor mass for joint E2 stands mmum fthe rest. Also, the
estimated motor masses are well below the mass of the linkegiecontaining the motor,
and therefore can be assumed to be acceptable. The estimatedinertias also include
the inertia of the wave generator of the harmonic drive.

8The motor inertias depend on the exactness of the underdljingmic model.
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Joint| Kl m M,

kgn?] | [m] | [kg]

S1 2.5 0.04 | 0.625
S2 2.5 0.04 | 0.625
E1l 0.8 0.03 | 0.3556
E2 0.06 | 0.025| 0.0384
w1 0.16 | 0.025| 0.1024
w2 0.16 | 0.025| 0.1024

Table 4.9: Summary of PA10-6CE motor inertias and mass etgna

Experimental and simulation results of the final step of dog the motor inertia are
presented in figures 4.12, 4.13, 4.14 and 4.15. Simulatioaslperformed withy, = 0,
and simulation 2 with the presented values of the paramBW# stands for (torque [Nm],
velocity [rad/s], angle [rad]), the motor torque is plot(eg% of actual joint torque).

It can be observed that the experimental and simulationhgrdp not match exactly. The
motor inertias were selected to match the on-set and offes@bds in the step response,
however due to modelling uncertainties, there are discr@pa. The following model
deficiencies have been identified:

¢ lack of transmission flexibility model has a significant effen joints with non-zero
gravity torques (S2, E1, W1),

¢ the identified friction coefficients depend on ambient terapee and can be af-
fected by different joint/lubricant temperature,

e there is a possibility of link inertia errors, due to assursiedplification of uniform
mass distribution.

It can be further noticed on some of the step torque plots (gigt S2 in figure 4.12
around 1s time) that a spike in velocity measurement (griee) is present. This was
caused by a bug in the early version of the manipulator cbatitware, it only affected
the log file and not the controller. It has been fixed in a laension. Moreover, con-
sidering the plots for joints S2 and E1 in figures 4.12 and 4aleertain high frequency
sinusoidal component can be noticed. This could be ate&tta the higher speed mo-
tor and wave generator being affected by irregular fricediects. Furthermore, when
analysing the experimental torque plots (e.g. joint S1 iaregd.12), it can be seen that
there is a certain level of noise in the level. This torqualinegis provided by the servo
control unit and is presumably based on the current measneimthe control amplifier
circuit. The noise can originate form both electrical (poaepply noise) and mechanical
(varying friction levels on the high speed port of the harmalrive) sources.
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Figure 4.12: Torque step experimental and simulations eoisgns (used to estimate

motor inertias), joints: S1, S2, E1.
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Torque step: E2, conf: [0,0,0,*,0,0], | =0.06
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Figure 4.13: Torque step experimental and simulations eoisgns (used to estimate
motor inertias), joints: E2, W1, W2.
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Torque stepN: S1, conf: [*,0,0,0,0,0], |m:2,5
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Figure 4.14: Negative torque step experimental and simonisitcomparisons (used to

estimate motor inertias), joints: S1, S2, E1.
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Figure 4.15: Negative torque step experimental and simonisitcomparisons (used to
estimate motor inertias), joints: E2, W1, W2.
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4.3.4 Partial verification of the model

Based on the conclusions of teeep torqueexperiments it can be concluded that a quan-
titative evaluation of the model using open-loop controlymat deliver entirely satis-
factory results. However, the obtained model can be pbrtgaaphically verified by
performing an open-loop control task for joints not affecby gravity. This is a simple
experiment, where the motor is excited using a sinusoidgliinput and the joint po-
sition/velocity is recorded. These can be compared to thalteeof a Matlab simulation
using the obtained model with an identical input signal. fidiewing control signals are
applied
u(t) = [ts sin(at)]s (4.7)

where parametens;, andw are defined in table 4.8.
The results of the comparison are presented in figure 4.16.
The following observations can be made:

e The friction model is valid and joints stop when the torqueslas below the static
friction.

e Due to the non-symmetric friction model the angles do notessarily return to
zero and some drift can be observed (although the contrqligois symmetric).

e The experimental and simulation graphs are aligned fotgdai and W2.

e The simulation diverges significantly from experimentaluiés for joint E2. This
can be attributed to friction and inertia modelling erronsl dack of transmission
flexibility error.

4.4 Summary

In this chapter a full dynamic model of the PA10 robotic martapor has been derived.
The gravity term is based on the mass distribution scherpaticided by the manufac-
turer. The friction torque has been identified based on entselocity experiments and
is used in an interpolated look-up table model. The linktiasrhave been obtained an-
alytically using geometric approximations of the link skamnd matching these mass
centres to the manufacturer specification. Motor inetreagetbeen identified using step
torque input. All inertia parameters have been used to éehe inertia and Coriolis +
centrifugal terms. Additionally a simple open loop verifioa has been performed for the
links not affected by gravity using sinusoidal torque inpaot comparing the simulation
and experimental results.

This verification method allows a check of inertia and foatof a single joint. However,
multiple joints need to be excited to verify the full dynasha@f the manipulator. The main
disadvantage of this comparison is that, due to the modedrtainties (leading to poor
results repeatability), a quantitative measure of the rheffiectiveness cannot be made.
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Figure 4.16: Sine torque experimental and simulations @vispns.
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Chapter 5

Joint angle control of the PA10-6CE
manipulator

The notion of a control system originates from the multigikoary field of control the-
ory. Technological development over the past decadesrestisomantelligentdevices
that could drive a plant. To accomplish this a device is negliwhich provides signals
(in a form understandable to the plant) that will force ithe tesired states. Depending
on the utilisation of data from the plant output, two coriepgroups can be described
(figures 5.1 and 5.2)

e open loop,

e closed loop.

input trajectory

—5 controller

actual trajectory

manipulator ——

Figure 5.1: Schematic of an open-loop controller.

T—‘ controller manipulator T

Figure 5.2: Schematic of a closed-loop controller.

input trajectory

An open-loop controller sends control signals 'blindly’taut having any information
about the state of the plant. Therefore, such a controlierocdy be used in ideal situa-
tions, where random disturbances are not present, and tvdéaige about the dynamics
of the driven plantis complete or irrelevant. However, imypractical cases the designer
of the control system (even if a complete model is availabs)not always foresee the
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random forces that may affect the plant, and therefore bsesutput (or sometimes even
the state of the plant) to improve accuracy, stability angtesy transient response. The
feedback loop consists of three main elements: the plam@nsos measuring the output
and a controller processing the difference between theunea&nt and a given reference
signal to compute and apply a new command to the plant. Thasuisiversal configura-
tion with advantages and drawbacks. The main positive outcof feeding back the last
measurement is the independence to environmental chaagelse system can simply
modify the command signal to achieve the desired task. Thigyder has to be aware of
the possible consequences of time delay between the meantrand command. This
often leads to various unwanted outcomes like oscillatiomstability. Therefore, the
controller has to be designed with a good considerationeétiailable signals (measure-
ments) and their time delays. This needs to be balancedsighim achievable system
behaviour. Controller design is therefore considered acdifftask especially when driv-
ing cross coupled multivariate non-linear systems.

This chapter presents results of comparisons of PA10 mauelation and manipulator
experiments and the results of applying multiple robust muadlel based controllers to
the PA10 manipulator. The contributions of this chapterstibute:

¢ the application of the non-parametric friction model indback model simulation
and manipulator control of the PA10 manipulator,

e a broad comparison of robust and model based controllertedpio the PA10
manipulator with focus on trajectory tracking and high fregcy torque content.

5.1 Introduction to manipulator controllers

Depending on the availability of the model and the knowledigeut the structure of the
manipulator, different types of controllers can be emptbyd@he typical classification
distinguishes

e robust controllers
e adaptive controllers

e model based controllers

The robust controllers such as a PD (proportional and d@r@jacontroller provide global

asymptotic stability (in the absence of gravity and frinjidor step inputs at the cost of
high feedback gains and possible faster actuator wear. d#gtige controllers provide
the quality of a model based controller, requiring only ttracture of the model, however
the trade-off is the computational complexity and adddiodynamics in the controller.
The model based controllers provide good trajectory traghiroperties, although the
model and its parameters have to be known. Two groups of niiadeld controllers can
be distinguished: [5.7]
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e computed torque algorithms,

e dissipative algorithms.

5.1.1 Robust control

When no information about the model of the system is availabigy the tracking error
can be used. The simplest approach is to feed back the negatigut error, as an input
to the plant

u=—(q—da) (5.1)

whereqq is the desired value, amglis the measured one. This scheme can be further
refined by introducing a constant gain

u=—Ke=—-K(q-qa) (5.2)

whereK is the feedback gain, arel= (q — qq) is the control error. The presented setup
is commonly called @roportional controller (P for short). It is the simplest continuous
feedback controller. Itis not considered as a valid colgrabecause it does not guarantee
asymptotic stability of the control error. For a step inphg controller will drive the sys-
tem close to the desired position with a constant error (oeipg on the controller gain)
for a type zero system. The proportional controller can keagkcillatory behaviour. To
prevent the oscillations, a derivative of the error can aksoised as part of the feedback.

5.1.1.1 Proportional and derivative (PD) controller

One of the simplest and most popular robust controllers (wihath the state and its
derivative are available (or the latter can be derivedfested)) is a combination of an
amplified negative control error and its time derivativel|5.

u=—-Kpe—Kpe (5.3)

whereKp is theproportional gain Kp is thederivative gain However, this scheme does
not ensure that the steady state error vanishes for a reeengput of higher degree than a
step for joints not affected by gravity. Moreover, it does assure zero steady state error
for step reference input when applied to joints affected tayidy. The control quality is
further compromised by the presence of friction. Therefartierm needs to be introduced
that can accumulate the error measured over time and usthé ieedback loop.

5.1.1.2 The proportional, integral and derivative (PI1D) cortroller

t
ut) = —Kp-e(t) —Kp- &(t) — K, -/e(s)ds (5.4)
to
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whereK is theintegral gainandty is the start time of the control. The main disadvantage
of this formula is that it can produce overshoots, when thetesy starts in a position
distant from the desired one. To prevent this, the integnatan be reduced only to
instances when the controller output is achievable by tetesy.

Integrator anti-windup  The integral component is modified [5.2]
ut) = —Kp-e(t) —Kp- &t) = K, -/e(s)ds (5.5)
|

with
I = {s € [to,t]|(Ui(S) < Uimax) A (di(S) < Vimax),fori € {1,...number of joint$}, (5.6)

where U max is the maximum torque allowed by the actuator for jdintnd Vi max is
the maximum generalised velocity recommended by the maturgx for jointi. The
integrator stops the integration process when the joinived with the maximum allowed
torque, or when the joint is moving with a maximal allowedogty. This control scheme
partly prevents overshoot in trackisteplike trajectories. Both of these methods produce
persistent high feedback gains. Additionally, the intégraaptures any non-zero error
and may cause oscillatory behaviour in the presence o€ statiion.

5.1.1.3 Sliding mode controller

The problem can be approached from a slightly different {pofrview, by means of
defining asliding surface[5.5, 5.3]

s=e(t) +Ae(t), (5.7)

whereA is a parameter defining the bandwidth of the controller. Heelback loop takes

the form:
u=K sat(f) , (5.8)
¢
whereK is the gain parameter adis the boundary layer parameter, and
1 ifx>1
sa(x) =qx if —1<x<1
-1 ifx<-1.

This controller can be viewed as a PD controller with satomat The introduction of
saturation prevents very high feedback gains, but intreslaclack of smoothness, which
can be undesirable in analytical controller analysis.
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5.1.2 Model based control

When the model of the system is available, it can be used taowvepthe controller [5.6].
There are two main groups of model based controllers:

e computed torquealgorithms require the invertibility of the inertia matrixnd can
be considered as static feedback linearisation.

¢ dissipative algorithms do not require a linearising feedback, but tryigsipate
energy of the system to drive the position and velocity ar@symptotically to
zero.

5.1.2.1 Gravity and friction compensation

Some of the dynamic characteristics of the controlled systan be provided by the
manufacturer. Such was the case for the Mitsubishi PA10-6@Ethe mass distribution
diagram. Based on this data the gravity model has been defivesican be combined in
the feedback loop with a generic PD controller

u=09(q) —Kpe—Kpe (5.9)
After obtaining friction estimates, the model can be ergttby this component
u=g(q) +F(4) — Kpe—Kpé. (5.10)

According to the model comparison results in [5.10], thevigyaand friction constitute
the majority of the torque being modelled (for the PA10-6CHipalator). Both of these
controllers can be classified as dissipative, as they argl@italinearise the system, due
to the lack of the inertia matrix.

5.1.2.2 Feedback linearisation.

Once the full model is available, one of the classical modedeld algorithms can be
applied. The most popular model based control scheme ibéetdinearisation (also
referred to as computed torque control). The model is usdidearise the system and
control the simple linear dynamics. Assuming the model fineéd by equation 3.9, the
controller takes the form

where
V:qd—KDé—er (5.12)
and the error is defined as
e=q-qq, (5.13)
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whereqq is the desired trajectory. After adding the friction elern@nequation 5.11

u=Q(q)v+C(d,q)q+9(a) +F(a), (5.14)

a linear control system is obtained
q:qd—KDé—er. (5.15)

The closed loop system poles can be shaped by means of theédbdck gains. This
controller relies very much on the quality of the model anddeiaiscrepancies or envi-
ronmental disturbances have detrimental effects.

5.1.2.3 Wen - Bayard’s algorithm

Another representative of the computed torque group islt@ithm developed by Wen

and Bayard [5.9]. The control torque is computed from theofeihg equation

U= Q(dq)dd + C(dd,qd)qd +9(dd) + Kge+ Kpe, (5.16)

whereKp andKy are the PD gains. Assuming that a model of friction is avéglathe
following control scheme can be proposed

u = Q(dd)8d + C(ad, a)8d +9(dd) + F(da) + Kae+ Kpe, (5.17)

The main advantage of this controller is that the modelveéericommand signal can be
pre-computed off-line. However any control errors compsahe off-line model func-
tionality.

5.1.2.4 Slotine - Li algorithm

In the dissipative algorithms group is a scheme develope8ibgne and Li [5.4]. The
torque is computed from the following equation

u=Q(a)dr+C(a,q)ar +9(a) — Kps, (5.18)

with
Qr =Qqq—Ae (5.19)

and
s=q—0r=e+Ae (5.20)

This algorithm can also be extended by using the friction mensation element:

u=Q(a)dr +C(a,q)ar +9(a) +F(4) —Kps, (5.21)
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In this case the model is computed on-line based on measuotemdich can compensate
for tracking errors, but can also amplify any measuremeisteno

5.2 Model evaluation

The PA10-6CE model behaviour is compared with the experiategsults recorded from
the robotic arm. Feedback control methods are employed licedeepeatable results.
The following two main groups of experiments/simulatiorsrg/performed:

e The manipulator and the model (or parts of it) are driven byaddntroller along
a given trajectory and the resulting control torques arepamed.

e The manipulator is driven by a a feedback controller (vasityypes from robust to
model based) and the trajectory tracking errors are cordpare

The simulation and experimental results are comparedtqtiedily by plotting the results
on a graph and quantitatively by means of an Integral Squamnex of certain signals

te

ISECcY) = [ (1) = y(t)) et

to

wherex(t) andy(t) are the compared quantitiégjs the start time ant is the end time.

All experiments are performed using the PA10 robot contpglligation ([5.8], [5.11])
with the control sampling frequency set to 500'HZhe simulations were performed us-
ing MATLAB and a trapezoid based differential equationseglwhich employs a func-
tionality to lock joints when the applied torque does noteed the static joint friction.
The simulation was oversampled at a power of two multiplehef thanipulator control
frequency (2 x 500 Hz), withn selected each simulation step, to provide sufficient mod-
elling accuracy. Results were stored only at the maniputatotroller sampling instances
(500 Hz). Due to the fixed sampling rate used in all experisant simulations the ISE
measure simplifies to a sum (using the rectangle integratile)

N—1
ISE(x,y) = % (x(i) = y(i)?&,
=
where; is the sampling period equal to 2 ms aNds the number of samples in each
experiment (equal to 500experiment time in seconds).
To compare signals driving different joints simultanegudl is desired to have no de-
pendence on the signal magnitude or experiment time, theref weighted mean ISE

This is a frequency at which commands are sent from the déert®@C to the servo controller box
(which has an internal control routine to communicate wliid &rm)
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(WMISE) measure was applied to the data

WMISE(x,y) = (5.22)

wherex(i) is the reference signal aydi) is the compared signal.

The measured command torque signals contain high frequaleayents, which is not
present in the MATLAB simulations, and can be viewedastrol noisebeing above the
bandwidth of the manipulator mechanical system. It inteedudiscrepancies between
the control signals even though it is clear that the actwalffequency content is in good
accordance. Therefore the torque signal has been filtereg a®-th order Butterworth-
lIR low pass filter with pass ban@, 15 Hz with 3 dB range and stop band from 30 Hz
with 50 dB attenuation. The characteristics of the desidied is plotted in figure 5.3.

Magnitude Response in dB Phase Response
T T 0 T

015 2 0 005 01 015
Frequency (kHz) Frequency (kHz)

Figure 5.3: Characteristics of filter used for torque sigmallgsis.

In all comparisons the filter has been applied using MATLARBsephase filtering com-
mandfiltfilt (applying the same filter in both directions to the time-axied signal).
For the experimental controller evaluation an additiongrity has been computed to
measure the amount obntrol noisein the command torque. The following formula has
been used to calculate the weighted mean control noise(kfidCNR)

N-1

,zo(ua)—uf(i))zat

WMCNR(X,y) = (5.23)

whereu(i) is the applied torque read from the controller andi) is the filtered torque
sample.
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Trajectories The following trajectories were used
e sine trajectory tracked by all joints

— synchronised (equal period$)gi ne)
da(t) = [R(cos(wnt) = D74, (5.24)
— asynchronous (different periods)i(ne)
da(t) = [Ri(cos(wit) — DI, (5.25)

e step trajectory tracked by all joints

— simultaneous (all joints start moving in the same instafEs) ep)

qa(t) = [R1(t — A1), (5.26)

where

0 for t<O
1(t) =
1 for t>0,

— delayed (each joint starts moving at a different momeatg} €p)
da(t) = [R1(t— )]y, (5.27)

e step trajectory followed by one joint, while other jointdléov an asynchronous sine
trajectory @si nest ep).

6
ak(t) = [{Ril(tAi) for - ] , (5.28)
Ri(cos(wit)—1) for i#k

i=1
5.2.1 Comparative PID control

In this experiment the PA10 manipulator and the model in &athvere controlled in a
closed-loop configuration usingRiD controller. The control parametérare presented
in table 5.1.

The P and D coefficients have been selected to minimise the trajectaigking error.
However, a simple tuning rule was not used due to contrééijibeing caused in motors
when too much derivative gain was applied (most probablgediy velocity estimation
errors/noise). The coefficients have been selected to deliver good trackingracyg
without any 'torque ringing’ effects. The feedback gaingraeters have been fixed for
all experiments throughout this thesis (whether used inehbdsed or simple robust

2The PA10 control application uses motor torque values, hegimulation uses joint torque
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joint Kp K, Kb
S1 61.30 | 9.00 | 7. 67
S2 92.00 | 11.0 | 9. 20
El 33.00 | 6.00 | 2.00
E2 7.780 | 3.00 | 0. 36
W1 | 17.50| 7.00 | 0.35
W2 | 7.875|4.00 | 0.35

Table 5.1: PID controller parameters used in experimentsamailation (motor torque
scale).

controllers). It can be noticed that higher values have lm®sen for joints strongly
affected by gravity.

The sliding controllers parameters (presented in table age been selected to match
the PD gains (from table 5.1).

joint | A ¢ K

S1 |8.00|0.614.60
S2 |10.0/0.5|4.60
El1 |[10.0 /0.6 1.98
E2 |50.0|1.8|0.28
W1 | 50.0]0.8|0.28
W2 |22.5]0.8|0.28

Table 5.2: Sliding controllers parameters used in exparimand simulations (motor
torque scale).

Table (5.2.1) shows the trajectory parameters used.

torque| [Nm] | range| [rad] [ w [[s7Y [ A | [s]
Uy 0.55 |Ry  |-1.0 ]| & [Ar]20
U, 0.00 [Ry [-0.7|wp| 28 |Dp]2.1
Us 0.00 | R 0.7 | wg | & |A3|2.2
Us 0.08 Ry |-1.2 || 23 |Ag|2.3
Us 0.00 [Rs |-1.0|ws| F |As|2.4
Ug 0.08 | R 1.2 |ws| 23 | D6 |25

Table 5.3: Trajectory parameters used in experiments amalaiions.

Using thesi ne trajectory the following partial models were compared wiite experi-
mental results (to evaluate the contribution of each el¢mithe model)

o full model,
¢ full modelwithout friction component,
¢ full modelwithout gravity component,
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¢ full modelwithout motor inertia component,

¢ full modelwithout joint inertia  component,

¢ full modelwithout motor and joint inertia  components (unity inertia),
¢ full modelwithout Coriolis and Centrifugal components.

The weighted mean integral squared errors (WMISE) of theraxygatal control torques

and the simulation control torques are used to determiniertpertance of given dynamic
elements in the overall model for each joint. It is expecteat tue to the high gear ratio
the joint inertia will will make a fewer contribution to theint torques than either gravity
or friction (with the effect of the latter actually being ahfied by the transmission). It

was also anticipated that the S2 and E1 joints control wilehsignificant contributions

on gravity torque. The results of this comparison shoultifyuthe employment of the

manipulator dynamics into a feedback controller.

The actual angle, velocity and motor torque plots were atsopared for a visualisation
of the contribution of each model element to the overall cgribrque.

Weighted MISE of torques difference between simulation and experiment

weighted MISE
(=]
o

wrist no_coriolis
unity_inertia

no_joint_inertia

no_motor_inertia

no_gravity

no_friction

full_model

joint model

base

Figure 5.4: Comparison of simulation and experimental terdiferences per joint for
trajectorysi ne.

The following conclusions can be drawn from the WMISE plot(fig5.4):

e As expected the S2 and E1 joint control torques are significaffected by the
presence of gravity terms.
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The friction is an important term for each joint.

Motor inertias are more significant for the wrist joints (B&1, W2) and joint
inertias for the base joints (S1, S2, E1).

The replacement of inertia values with a unity matrix moatfgcts the lighter wrist
joints (with smaller motors).

Tho Coriolis and Centrifugal term (requiring most computatioas only a minimal
effect on the joint torques for S1 and E1, and could be consitieegligible for all
other joints (if computational efficiency were an issue).

The following points can be observed based onTthé& plots (figures 5.5, 5.6 and 5.7)

For the full model there is a very good agreement betweenithelaion and fil-
tered experimental results.

The plot showing a model without gravity gives a good indaabf the amount of
joint torque required to counteract the static weight oflihies.

Without the friction model the command signal is continuandsinebased.

The motor torque magnitudes presented on these plots alsaera good justifi-
cation for using a weighted error measure, due to the torgeieg almost an order
of magnitude greater for the S2 joint in comparison to thestyaints.

5.2.2 Model based control of the PA10 manipulator

In the second part of the model evaluation, a set of modeldoesetrollers (with partial
and full model) was applied to the PA10 manipulator and caeygbavith standard PD and
PID controllers. The following controller types were used

PD controller (equation 5.3),

PID controller (equations 5.5, 5.6),

PD controller with gravity compensation (equation 5.9),

PD controller with gravity and friction compensation (etioa 5.10),
Slotine-Li controller (equation 5.21),

Slotine-Li controller without the Coriolis and centrifugairm,
Wen-Bayard controller (equation 5.17),

Wen-Bayard controller without the Coriolis and centrifugain,

feedback linearisation controller (equation 5.14, 5.12),
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motor torques comparison (no_coriolis)
15 T T

motor torque [Nm]

time [s]

motor torques comparison (no_joint_inertia)
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time [s]
motor torques comparison (no_motor_inertia)
1.5 T T T T T

motor torque [Nm]

time [s]

Figure 5.5: Comparison of simulation and experimental tesgior different model set-
ups, trajectonsi ne.
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motor torques comparison (unity_inertia)
T
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Figure 5.6: Comparison of simulation and experimental tesgior different model set-
ups, trajectonsi ne.
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motor torques comparison (full_model)
15 T T T T T T

motor torque [Nm]

L L L L L L L L L
5 6 7 8 9 10 11 12 13 14 15
time [s]

Figure 5.7: Comparison of simulation and experimental tesgior different model set-
ups, trajectonsi ne.

e feedback linearisation controller without the Coriolis amehtrifugal term,
e the native PA10-6CE velocity controllér

The feedback linearisation controller PD parameters asesshin table 5.4. The param-
eters were selected manually to minimise the trajectogking errors while preventing
the 'ringing’ effect in the joint motors.

joint Kp Kp poles
S1 |500.00 | 40.0 —204+10i
S2 |[1600.0 | 40.0 | —20+34.6i
E1 | 1500.0 | 35.0 | —17.5+34.6i
E2 | 2000.0 | 45.0 | —225+38.6i
W1 | 3000.0 | 75.0 | —37.54+-39.9i
W2 | 3000.0 | 75.0 | —37.54+-39.9i

Table 5.4: PD controller parameters (and poles) used ingbdbfack linearisation con-
troller.

All controllers were tested with both sine trajectoriss e, ssi ne, equations 5.25,
5.24) to evaluate the relative per joint control quality. eTRID and full linearisation
controllers were applied to track thst ep trajectory (equation 5.27) for a graphical
comparison of control signals and controll&ehaviout. The asi nest ep trajectory
(equation 5.28) was used for graphical comparison of cbsigoals during the step event

3The PA10 servo controller allows two control modes, torqommand and velocity command. In the
velocity command an internal controller is used.
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and during the stationary perid¢for each joint), and the stationary period was also used
for quantitative control evaluation.

The following conclusions can be drawn for thet ep trajectory based experiments
presented in figures 5.8 to 5.11 comparing the PID and fidHiisation controllers for all
joints:

It can be noticed on all figures that the velocity saturategdiots S1, S2, E1 and
E2 and the servo controller applies additional torque Imgit

The PID controller (figures 5.8 and 5.9) provides a fastggarse when the motion
of other joints influences the controller (this may be atti#al to a high gain).

The linearisation controller (figures 5.10 and 5.11) pregumore oscillations in
the control signal, which can be attributed to the fricti@edback (due to a dis-
continuous friction model around zero velocity, an obskleascillatory boundary

stability effectmay occur).

The response time is comparable for both controllers, aihahe full linearisation
produces a greater overshoot in some cases (E1, W2), whicgeambe attributed
to the discontinuous friction model.

Conclusions for theasi nest ep control experiments (figures 5.12 to 5.19) trajectory
were made based on the comparison of control signals for fdit

There is no noticeable difference in the response time faraadtrollers (marked
with black dashed lines of figures 5.12 to 5.15). This can b#ypattributed to the
fact that the velocity saturates during the motion, and #recscontroller applies
torque limiting.

Slotine-Li (figure 5.14) and PD+grav+frict (figure 5.13) ¢allers show a signifi-
cant amount of high frequency content in the command torque.

It can be noticed that the control torques generated for regPav+irict (figure
5.13) and linearisation controllers (figures 5.14 and 5ty a noticeable amount
of velocity oscillation (due to straight feedback of theadistinuous (around zero)
friction model), which can influence the squared error rssul

From thestationaryperiod plots (figures 5.16 to 5.19) it can be seen that the ve-
locity has smallest variation when the PD+gravity and Weg&Bad controllers are
applied.

4The termstationary periods used to denote the time instances after one joint hasmpeetbits step
motion, and its trajectory is constant over that periodmiti while other joints follow sinusoidal trajecto-

ries.

Sthis joint was selected as it is exhibits both signifficarewity and frictional effects, and is well inside
the manipulator kinematic chain to have possibly notice&mriolis and centrifugal torques
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Figure 5.8:dst ep trajectory followed using a PID controller, joints S1, S4,.E
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Shape: dnewstep, controller: PID, joint: E2
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Figure 5.9:dst ep trajectory followed using a PID controller, joints E2, W1, W2.
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Figure 5.10dst ep trajectory followed using a full linearisation controllgrints S1, S2,

El.
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Figure 5.11:dst ep trajectory followed using a full linearisation controllgoints E2,

W1, W2.
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Shape: asinestep_j3, controller: PD, joint: E1
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Figure 5.12: The step event aki nest ep trajectory followed by joint E1 for various
controllers.
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Figure 5.13: The step event aki nest ep trajectory followed by joint E1 for various

controllers.

2 25 3 35

81



Shape: asinestep_j3, controller:

Slotine-Li, joint: E1
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Figure 5.14: The step event aki nest ep trajectory followed by joint E1 for various

controllers.
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Shape: asinestep_j3, controller: lin (no C+C), joint: E1
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Figure 5.15: The step event asi nest ep trajectory followed by joint E1 for different
controllers.

e The controllers without Coriolis and centrifugal term (d&tbwith no C+C in fig-
ures 5.13 to 5.15 and 5.17 to 5.19) do not differ noticealdynfitheir full model
versions.

e Various levels of torque noise/oscillation can be noticedhe stationary period ex-
periments (figures 5.16 to 5.19). It can be observed thatigtefrequency oscilla-
tions amplify with the increase of controller terms depagdin measured velocity
- such as friction and Coriolis and centrifugal.

e Based on the graphical observations it shows that the lisetgoh controller is not
best suited for the task of holding a single joint still whither ones are moving
(figures 5.18 and 5.19).

controller S1 S2 El E2 w1l w2

PD 5.13e-6 | 1.58e-4 | 1.44e-4 | 6.42e-6 | 6.80e-7 | 5.54e-9
PID 4.85e-6 | 1.09e-4 | 1.53e-4 | 1.21e-6 | 6.02e-7 | 4. 18e-8
PD+gravity 4.26e-6 | 2.51e-6 | 3.39%e-6 | 2.57e-6 | 2.49e-6 | 3.04e-9
PD+grav+frict 4,73e-7 | 1.23e-6 | 7.72e-6 | 1.88e-6 | 1.11e-6 | 3.91e-8
Wen-Bayard 6.90e-6 | 5.05e-6 | 1.98e-6 | 1.07e-5 | 1.02e-6 | 3.52e-8
Wen-B (no C+C)| 4. 13e-6 | 3.20e-6 | 4.21e-6 | 7.34e-6 | 1.88e-6 | 3.88e-8
Slotine-Li 3.53e-7 | 2.63e-6 | 1.51e-5 | 1.27e-7 | 6.91e-7 | 7. 84e-8
S-Li (no C+C) 7.0le-7 | 2.07e-6 | 8.82e-6 | 1.02e-7 | 6.67e-7 | 6. 36e-8
linearisation 1.42e-6 | 6.34e-7 | 8.70e-6 | 1.06e-5 | 1.88e-6 | 4.97e-7
lin (no C+C) 1.18e-6 | 3.75e-7 | 9.42e-6 | 1.11e-5 | 1.98e-6 | 3.03e-7

Table 5.5: Weighted MISE of angle tracking errors, trajectasinestep.
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Figure 5.16: The stationary period ati nest ep trajectory followed by joint E1 for
various controllers.
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Shape: asinestep_j3, controller: PD+grav+frict, joint: E1
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Figure 5.17: The stationary period a&i nest ep trajectory followed by joint E1 for
various controllers.
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Figure 5.18: The stationary period aki nest ep trajectory followed by joint E1 for

various controllers.
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Shape: asinestep_j3, controller: lin (no C+C), joint: E1
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Figure 5.19: The stationary period a&i nest ep trajectory followed by joint E1 for
different controllers.

controller S1 S2 El E2 W1 W2

PD 0.1425 | 1.01e-2 | 5.32e-3 | 6.59¢e-2 | 2.43e-2 2.748
PID 0.3863 | 9.65e-3 | 4.70e-3 | 2.01e-2 | 1.16e-2 | 0.1027
PD+gravity 0.2199 | 7.93e-3 | 4.45e-3 | 0.3646 | 1.53e-2 7.291
PD+grav+frict 0.3287 | 6.08e-3 | 2.92e-2 | 0.1598 | 0.5078 | 0.7056
Wen-Bayard 9.12e-2 | 9.07e-3 | 3.31e-3 | 7.21e-3 | 3.73e-2 | 0.2496
Wen-B (no C+C)| 0.2755 | 1.08e-2 | 3.93e-3 | 9.12e-2 | 1.94e-2 | 0.6414
Slotine-Li 0.8195 | 9. 10e-3 | 4. 31e-2 6.391 1. 986 2.641
S-Li(no C+C) 0.5528 | 9.88e-3 | 4.88e-2 | 0.9706 1.717 1.531
linearisation 0.2329 | 1.28e-2 | 2.38e-2 | 0.1719 | 0.1914 | 1.48e-2
lin (no C+C) 0.2435 | 9.85e-3 | 2.51e-2 | 0.1884 | 0.1667 | 2.67e-2

Table 5.6: High to low frequency control power ratio, tragg: asinestep.

The observations made based on the TVA plots in figures 5.521® can now be con-
firmed with the control quality indices from figure 5.20 antdlées 5.5, 5.6.

e It can be noticed that the lack of gravity feedback in the cal@r strongly affects
the joints with significant mass (S2, E1), completely disdyiag the PD and PID
controllers.

e The PD+grav+frict method can be considered to be a well lbalhigontroller de-
livering very good results across most joints (except tragkor E1 and controller
'noise’ for E1 and E2), which could indicate some issues i friction model
for these joints.

e The PA10 velocity controller has been excluded from thishyais due to it not
being able to send a step change in position using a velomiyntand (insufficient
scale).
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Weighted MISE of angle tracking errors, trajectory: asinestep
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Figure 5.20: Control quality measures for the still perioésf nest ep trajectory.
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e The controllers without Coriolis and centrifugal term showitar measures to
the full model based controller, however, it can be notidett in some cases the
WMISE is smaller for the incomplete controller (this may icate modelling errors
or amplified velocity measurement noise).

e The Wen-Bayard controller shows very good WMCNR for all jointhe lineari-
sation controller has better results only for W2, howeveaiisfto deliver the same
angle tracking quality.

controller S1 S2 El E2 w1l w2

PD 1.08e-5 | 1.46e-4 | 2.23e-5 | 1.22e-5 | 1.61e-5 | 5.70e-6
PID 1.06e-5 | 7.23e-5 | 1.96e-5 | 9.54e-6 | 1.22e-5 | 4.52e-6
PD+gravity 1.05e-5 | 1.49e-5 | 2.09e-5 | 1.12e-5 | 1.27e-5 | 4.51e-6
PD+grav+frict 8.64e-6 | 1.11e-5 | 1.34e-5 | 5.02e-6 | 6.20e-6 | 5. 55e-6
Wen-Bayard 7.87e-6 | 1.01e-5 | 1.28e-5 | 4.91e-6 | 5.46e-6 | 5.53e-6
Wen-B (no C+C)| 8.04e-6 | 1.07e-5 | 1.41e-5 | 4.88e-6 | 5.56e-6 | 5. 66e-6
Slotine-Li 8.91e-6 | 1.28e-5 | 2.70e-5 | 3.58e-6 | 6. 14e-6 | 5.45e-6
S-Li (no C+C) 8.28e-6 | 1.11e-5 | 2.69e-5 | 3.21e-6 | 6. 78e-6 | 5.50e-6
linearisation 1.46e-5 | 7.13e-6 | 1.63e-5 | 1.09e-5 | 1.08e-5 | 4. 7%¢e-6
lin (no C+C) 1.45e-5 | 6.97e-6 | 1.65e-5 | 1.04e-5 | 9.69e-6 | 4. 47e-6
PA10 velocity 1.11e-2 | 2.40e-5 | 2.62e-5 | 1.28e-5 | 1.29e-5 | 1. 33e-5

Table 5.7: Weighted MISE of angle tracking errors, trajegctasine.

controller S1 S2 El E2 w1l W2

PD 0.1043 | 1.83e-2 | 4.08e-2 3.051 | 1.82e-2 | 6.47e-2
PID 7.77e-2 | 2.24e-2 | 2.57e-2 2.993 | 1.08e-2 | 3.40e-2
PD+gravity 9.59% -2 | 2.92e-2 | 3.02e-2 3.184 | 1.76e-2 | 4. 25e-2
PD+grav+frict 0.1167 | 2.18e-2 | 2. 26e-2 1.532 | 7.80e-3 | 2. 36e-2
Wen-Bayard 9.33e-2 | 2.31e-2 | 2.53e-2 2.037 | 8.70e-3 | 2.5%-2
Wen-B (no C+C)| 0.1000 | 2.38e-2 | 4.51e-2 3.159 | 1.00e-2 | 3.73e-2
Slotine-Li 0.1353 | 3.43e-2 | 6.19e-2 | 10.060 | 1.85e-2 | 6.01e-2
S-Li (no C+C) 0.1257 | 3.59%e-2 | 5.26e-2 | 10.100 | 2.43e-2 | 5.18e-2
linearisation 1.60e-2 | 1.06e-2 | 3.14e-2 | 9.89e-3 | 5.65e-3 | 2.31e-2
lin (no C+C) 4.00e-2 | 8.19e-3 | 2.96e-2 | 9.47e-3 | 4.89¢e-3 | 1.41e-2
PA10 velocity 4.13e-2 | 3.40e-3 | 2.05e-2 | 0.1025 | 4.07e-3 | 1. 96e-2

Table 5.8: High to low frequency control power ratio, tra@g: ssine.

After analysing thessi ne andsi ne trajectories (figures 5.21, 5.22 and tables 5.7, 5.8,
5.9 and 5.10) the following can be observed:

e Similar to previous plots, the joints affected by gravity2(¥1) have very poor
tracking errors for controllers without the gravity feedka

e The full linearisation controller shows very good WMCNR fol jaints for both
trajectories, however it is not best in terms of angle tnaglerrors.
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The last joint (W2) shows very similar performance for all tofiers, with the PD
and PID controllers having a slight advantage.

The WMCNR for joint E2 is high for all controllers except the dack linearisa-
tion controller. This can be attributed to a different vatipfeedback level.

The PA10 velocity controller is unable to track the trajegtior S1 due to internal
velocity limits, which is reflected in the WMISE.

The PA10 velocity controller shows mixed results for otleénfs. This can be partly
attributed to the fact that velocity is the input parametet any initial position error
(before the control starts) will be preserved throughoetihration of the trajectory.

It is evident, however, that the velocity controller prodsovery little high fre-
guency torque element, but still not enough to overtakeitt@atisation controller
measure for joint E2.

The Wen-Bayard controller shows a very balanced performéorcall joints for
both WMISE and WMCNR.
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controller S1 S2 El E2 w1l w2

PD 1.14e-5 | 2.45e-4 | 1.37e-4 | 9.61e-6 | 1.49e-5 | 3.87e-6
PID 1.27e-5 | 2.02e-4 | 1.43e-4 | 1.29e-5 | 1.25e-5 | 4.13e-6
PD+gravity 1.22e-5 | 2.51e-5 | 1.36e-5 | 9.34e-6 | 1.2%e-5 | 3. 55e-6
PD+grav+frict 8.04e-6 | 1.21e-5 | 2.45e-5 | 5.88e-6 | 1.58e-5 | 6.27e-6
Wen-Bayard 7.86e-6 | 1.32e-5 | 1.11e-5 | 5.72e-6 | 1.39%e-5 | 6. 22e-6
Wen-B (no C+C)| 5.90e-6 | 1. 25e-5 | 1.51e-5 | 6.18e-6 | 1.48e-5 | 6. 33e-6
Slotine-Li 9.17e-6 | 1.35e-5 | 1.85e-5 | 3.69e-6 | 1.53e-5 | 6. 20e-6
S-Li (no C+C) 8.07e-6 | 1.28e-5 | 2.19e-5 | 3.21e-6 | 1.49e-5 | 6.23e-6
linearisation 1.14e-5 | 6.24e-6 | 9.01e-6 | 1.39e-5 | 2. 05e-5 | 5. 27e-6
lin (no C+C) 1.02e-5 | 6.01e-6 | 1.01le-5 | 1.41e-5 | 2. 17e-5 | 5. 19e-6
PA10 velocity 1.11e-2 | 3.97e-5 | 5.32e-5 | 2.83e-5 | 8.39%-5 | 3.19%-5

Table 5.9: Weighted MISE of angle tracking errors, trajegctsine.

controller S1 S2 El E2 w1l W2

PD 0.1181 | 1.53e-2 | 9.25e-3 | 0.8756 | 6.43e-3 | 2.59%-2
PID 7.41e-2 | 1.82e-2 | 8.05e-3 3.118 | 8.10e-3 | 2. 22e-2
PD+gravity 7.14e-2 | 1.18e-2 | 9. 05e-3 1.720 | 7.83e-3 | 3. 15e-2
PD+grav+frict 7.31e-2 | 1.02e-2 | 9.12e-3 2.640 | 1.42e-2 | 2.38e-2
Wen-Bayard 8.94e-2 | 1.21e-2 | 1. 64e-2 2.036 | 1.26e-2 | 2.57e-2
Wen-B (no C+C)| 0.1303 | 1.16e-2 | 1.61le-2 2.616 | 7.97e-3 | 2.50e-2
Slotine-Li 0.1262 | 3.63e-2 | 2.40e-2 7.245 | 1.88e-2 | 4.67e-2
S-Li(no C+C) 0.1554 | 2. 47e-2 | 2.55e-2 8.162 | 1.41e-2 | 4.29%-2
linearisation 1.99e-2 | 8.77e-3 | 1.30e-2 | 6.68e-3 | 5.59e-3 | 1.48e-2
lin (no C+C) 2.38e-2 | 7.71e-3 | 1.27e-2 | 7.25e-3 | 5.18e-3 | 1.47e-2
PA10 velocity 3.59e-2 | 3.2%-3 | 7.63e-3 | 0.1058 | 3.19%e-3 | 2.42e-2

Table 5.10: High to low frequency control power ratio, tc@y: sine.

5.3 Summary

In this chapter various manipulator torque control techagjwere presented and utilised
to verify the validity of the dynamic model derived in ChapderThe following observa-
tions can be made based on the obtained results:

e The control experimental results confirm the conclusiomfibe PID controlled
simulation vs. experiment comparisons about the modeldesignificance. The
gravity and friction terms play the most important role icssing the angle track-
ing errors.

e On the other hand, the experimental results show that tHesion of additional
terms in the feedback loop can cause controiseissues or even poorer angle
tracking results.

e The results confirm the good immunity of the Wen-Bayard to mesament noise.
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e The results show the difficulty of obtaining a good model (d#mefefore a good
model based controller). The choice is between computioomplexity (and
work required in model derivation), angle tracking perfarmoe and generation of
unwanted high frequency control torques depending on theabtask to be per-
formed.

— The gravity term is a minimum requirement for any furthertcohtasks.

— The friction term improves the tracking quality at the calsadditional com-
plexity and possible instability issued due to the disewnius friction nature
around zero velocity. The requirement of a dead zone is a momipe be-
tween the model exactness and the application feasibility.

— Adding the remaining model terms to the controller can fartimprove the
angle tracking, however caution is required with feedbaaik g

— The PID control comparison task concluded the insignifieawfdhe Coriolis
and Centrifugal term and was fully confirmed by the model basedroller
experiments.

— The Coriolis and centrifugal model term in feedback contriothe PA10-
6CE can be omitted without significant sacrifice of trackin@lgy (this can
be attributed to the high gear ratio). This leads to a majducgon in the
numerical complexity of the model.

e The internal PA10 velocity control mode delivers good ressdlowever, it contains
tighter velocity limits, leading to increased task exezatiime.

In the analysis above the manipulator was mounted on a fixed, lznd there was no
disturbance affecting the dynamic model. This is not neardgsthe case in real-life
robotic implementations.
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Figure 5.21: Control quality measures &si ne trajectory.
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Chapter 6

Description of base disturbance

6.1 Motion platform

To examine the control of a robotic manipulator with its battached to a non-inertial
coordinate frame, a motion platform can be used.

The Intelligent Robotic Systems Laboratory at Heriot-Waitarsity has been equipped
with a 6-DOF CueSim platform [6.2] (figure 6.1). The charastas of the motion plat-
form are summarised in table 6.1 and figure 6.2.

Parameter Value | Parameter Value
Surge range 0.570m | Pitch range +21°
Sway range 0.520m | Roll range +21°
Heave range 0.350m | Yaw range +30°
Peak surge/sway velocity 0.7m/s | Peak pitch/roll ratg 40°/s
Peak heave velocity 0.6m/s | Peak yaw rate 60°/s

Table 6.1: MotionBase CueSim 6-DOF motion platform paranseter

A mounting plate has been installed on the frame of the CueSitiomplatform, this al-
lows other devices to be mounted on it. The PA10-6CE manipulets been mounted on
the CueSim platform and this allows the base of the maniputatbe moved (disturbed)
along any achievable 6-DOF trajectory.

The platform can be controlled by sendiagy, z roll, pitch,yaw) commands at a rate of
33 Hz (T=0.03 s). The actual platform trajectory can be recordedelogiving the last
measuredx, y, z roll, pitch, yaw) position (derived from the platform actuator positions by
the CueSim control software). This control frequency is siggntly lower than the one
used for the PA10 manipulator. A single platform controlleylasts 15 (=03s/0002s)
PA10 control cycles. The control application is synchredisvith the PA10 resource
manager (manipulator control commands are computed at zDandl polls the platform
resource manager (every cycle) to send/receive data whemaady for a new control
cycle. This has been done due to a requirement for jitter-destrol of the manipulator
and synchronised data logging. In this way, the platformmamd trajectory is delivered
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Figure 6.2: MotionBase CueSim 6-DOF motion platform bandwidt

to its control board at the required rate. Output queueihte(@th 1) is applied between
the resource manager and the client application. The &#yeof a new read-out packet
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triggers a notify event being passed to the control appiinatwhich reads the current
data and writes a new desired position in the next PA10 cboyade. The new position

Is passed to the platform controller motion queueing athoriat the next internal control
cycle.

6.2 Disturbance trajectories

It has been decided that for simplification of the simulatioodel, only roll and pitch (see
section 3.1) motion will be considered. It has been verifrethe next chapters, that the
control results hold for all 6-DOF base motion. Furthermdne available sensors allow
for additional comparisons for such type of trajectorigsideds to be noted that due to
the non-zero distance of the manipulator base from the m@i@tform reference origin,
the manipulator is also affected by linear accelerationagits Z-axis in roll and pitch
trajectories.

The following types of disturbance are used to evaluate tfeistness of the control
algorithms presented in Chapter 5:

¢ sine trajectory followed by 1-DOF (roll or pitch)
g(t) = Asin (27m+¢) (6.1)

whereT is the period T = 2.25 s),Ais the amplitudé (Aron = 0.291 rad Apitch =
0.274 rad ) andb is the phased( = 0). These trajectories are referred taalssin
andpitch sin.

e sine trajectory followed by 2-DOF (roll and pitch)

— same periods

gi(t) = Asin <2?m+¢i> fori € {roll, pitch} (6.2)

with the following parameter§ = 4.5 s, Ay = 0.274 rad, Apjtch = 0.274
rad andd,o = 5 rad. This trajectory is referred to asll + pitch sin equal
periods.

— different periods

gi(t) = Asin (2%+¢i> fori € {roll, pitch} (6.3)

with the following parameter$.q = 4.5 s, Tpitch = 2.25 S,Aq = 0.219 rad,
Apitch = 0.219 rad $ron = g rad andppitch = O (the amplitudes are reduced in

1The amplitudes have been selected to cover the platfornerafigotion
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comparison to the previous trajectory due to the range epeethape). This
trajectory is referred to asll + pitch sin different periods.

e sum of several sine trajectories followed by 2-DOF (roll gitdh)

gi(t) = jiAm sin (‘ZI'._TT +¢i,j> fori € {roll, pitch} (6.4)
whereM is the number of combined sine functions. Two trajectorigh W =
20 were used, the parameters are presented in tables 6,4.6.8nd 6.7. The
amplitudes presented in these tables are only for magnreféeence, the actual
trajectory has been re-scaled by the platform software meiteed the physical
limits. The angle ranges for these trajectories are predanttables 6.2 and 6.3.
These trajectories are referred tosas sum (1)andsin sum (2)

Coordinate| Minimum | Maximum
roll —0.28831| 0.29088
pitch —0.19258| 0.24271

Table 6.2: Range of first sum of sines trajectory.

Coordinate| Minimum | Maximum
roll —0.16596| 0.26146
pitch —0.24968| 0.29088

Table 6.3: Range of second sum of sines trajectory.

e sea state vessel motion followed by all 6-DOFhe range for all coordinates is
presented in table 6.8.

A ramp is applied to all trajectories (in a post processimpktto ensure they start and
end at zero. The ramp is multiplied by the firs8a s of the trajectory (it is also applied
to the last 135 s, but these are not captured in the performed experijnents

All trajectories are presented in figures 6.3 and 6.4. Forpaomaon purposes, the two
manipulator trajectories used in the experiments are pteden figure 6.5.

6.3 Sensors

To provide real actual measurements of the platform motioset of sensors is located
at the origin of the mounting plate. This allows the inforraatabout the motion of the
platform to be captured. This can be considered to be sirtolapplications such as
a vessel at sea or a vehicle driving on uneven surface. Trsoieprovide analogue

2only in controller comparison experiments
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platform trajectory: vessel on sea (6 DOF)
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Figure 6.4: Vessel on sea platform trajectory.
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[s] [rad] [rad]
Tronx | 5.10960 | Aon1 | 0.14992 | ¢ron1 | 0.04750
Tron 2 12.2966 | Aon2 | 0.43909 ¢ro|l,2 0. 11265
Troll,3 2. 48570 Aro||,3 0. 85825 ¢ro|l,3 2.23936
Trona | 1.46829 | Aiona | 0.20574 ¢ro|l,4 0. 29782
Trons | 4.27670 | Arons | 0.64040 | drons | 2. 01292
Trone | 1.19266 | Aoie | 0.81493 | drone | 1.92990
Tron7 | 2.42551 | Aoz | 0.02528 | ¢ron7 | 2. 62159
Trong | 2.29850 | Arong | 0.82052 | drong | 1. 73207
Trono | 1.54599 | Aong | 0.99542 | drone | 2.97713
Tron10 | 1.23211 | Avonio | 0. 34967 | dron 10 | 2. 57449
Tron11 | 2.03151 | Aoz | 0. 71707 | ¢ron11 | 2. 75603
Troll12 | 2.51779 | Avon12 | 0.66863 | ¢ron12 | 2. 07108
Tron13 | 1.48456 | Aoz | 0. 73346 | ¢ron13 | 1. 62976
Troll,14 | 1.62695 | Ao 14 | 0.45230 | §rona4 | 1. 24746
Tron1s | 1.86862 | Arons | 0.86812 | dron s | 2. 30703
Tron16 | 9.19682 | Argiie | 0.51038 | dron1e | 2. 87362
Tron,17 | 2.87840 | Aoz | 0.92072 | ¢rona7 | 2. 77878
Trol18 | 1.66364 | Aron1s | 0.38214 | ¢ron1s | 0. 42488
Troll19 | 1.39600 | Aron1e | 0.38479 | ¢ron 19 | 0. 85540
Troll 20 | 11. 7693 | Ao 20 | 0.50200 | ¢ron20 | 0. 51906

Table 6.4: Roll sin sum (1) trajectory parameters.

signals, processed in a signal conditioning board and medsusing a multi-channel
(multiplexed) 14-bit ADC board (PC ADDA-14 ISA CARD, FPC-011).
The following sensors were used

e 3-axis accelerometer (Crossbow CXLO1LF3) [6.3] with an imaunge of 1 Q)

e Gravity referenced servo accelerometer (A223-3001) [@i8} an input range of
(Oto+209)

e AccusStar electronic Clinometer [6.4] with a linear rangetef5° and a time con-
stant of 0.3 s.

Considering the control cycle of the PA10 manipulator andAB€ settling times the
sensor read-out frequency has been fixed at 1000 Hz. It htmefureen identified that
measurement noise is present in the sensor output. To tdklissue, a moving average
filter is applied to a number of subsequent readings, whea idatequested from the
sensors’ resource-manager. In comparative experimentfasto those presented in
the following chapters, it has been established that a fitegth ofnayg = 16 samples
provides a significant reduction of measurement noise withexlucing the angle tracking
error.

The sensors (ADC) reading is synchronous (at 1 kHz) and tleeires manager can han-
dle asynchronous read requests, delivering the resultgesfging the lasag Samples.
Considering that the manipulator is controlled at 500 Hz #reser read-out is requested
every 2 ADC read cycles.
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[s] [rad] [rad]
Thitch,1 4.06324 | Apitcha | 0.05143 | dpitcn1 | 1. 20501
Tpitch.2 31.9297 | Apitch2 | 0.83521 | ¢pitch2 | 2. 45745
Tpitch3 2.47580 | Apitch3 | 0.59460 | ¢pitcnz | 2. 35738
Tpitch 4 2.11221 | Apitcha | 0.22074 | ¢pitcha | 0. 50270
Tpitch5 4.23019 | Apitchs | 0. 24897 | dpitchs | 0.39753
Tpitch6 10. 9562 | Apicchs | 0.51418 | dpitche | 0. 02032
Tpitch.7 2.04871 | Apitch7 | 0.15186 | bpicch7 | 2. 82389
Thitch,8 1.20223 | Apichs | 0.98722 | bpicchs | 1. 76859
Tpitch,9 7.83144 | Apicho | 0.17220 | ¢picho | 1. 17212
Tpitch10 | 2. 08393 | Apitch10 | 0. 76602 | dpitch10 | 2. 00820
Tpitch11 | 5. 48586 | Apitch11 | 0. 89256 | dpitch11 | 2. 86282
Tpitch,12 1.95369 | Apitch12 | 0. 06998 | dpitch12 | 1. 87358
Tpitch13 | 4. 44325 | Apitch13 | 0. 89580 | dpitch13 | 2. 81447
Tpitch14 | 1.73124 | Apitch14 | 0. 60024 | dpitch14 | 3. 03547
Tpitch,15 | 168. 0892 | Apitch1s | 0. 37096 | bpitch15 | 2. 62288
Tpitch16 | 101. 9356 | Apitchie | 0. 13585 | bpitch16 | 1. 32684
Tpitch 17 | 1.53199 | Apitch17 | 0. 76568 | dpitch17 | 0. 31636
Tpitch18 | 11.1925 | Apitcnis | 0. 84744 | dpitchi1s | 0. 17649
Tpitch10 | 1.45150 | Apitch1o | 0. 72274 | §pitch10 | 1. 61947
Tpitch20 | 1.50850 | Apitch2o | 0. 68556 | dpitchoo | 1. 85122

Table 6.5: Pitch sin sum (1) trajectory parameters.

6.4 Experimental remarks

Sensor calibration The sensor readings were calibrated using the followingesro
dures:

e The angle sensor readings have been adjusted using therpigdbsition read-outs
as reference — platform was moved to extreme angle posiindshe values from
ADC board were read. Appropriate constants were chosenawida matching
measurements.

e The accelerometer readings were adjusted in a similar wdye platform was
moved to its extreme angles (roll and pitch) and the rotatadity value has been
used as a reference for choosing the calibration constants.

The calibration has been confirmed to match the sensor syamfi sheets (considering
the applied signal conditioning).

Platform control and read-outs The platform control board applies its ownotion

queueing([6.1]) algorithm for position control. This results in tlaetual trajectory lag-

ging the desired one.

New platform position readings from the controller are oaailable every 15 cycles of

the manipulator control, therefore they are not used forcamgrol applications.

For the purpose of using the platform position reference WIMAB simulations, it is

required to have not only the positions but also the velegitind accelerations. Due to
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[s] [rad] [rad]
Trony | 2.46405 | Aon1 | 0.15861 | ¢ron1 | 5.36716
TroII,2 3.61870 Aro||,2 0. 65991 ¢ro|l,2 4.11499
Tronz | 1.20887 | Aonz | 0.18404 | ¢ronz | 5.01785
Trona | 2.31423 | Aiona | 0. 40777 ¢ro|l,4 6. 15066
Trons | 4.98739 | Aons | 0.84419 | ¢rons | 5.29788
Trone | 2.09296 | Aoie | 0.98519 | drone | 6.01578
Tron7 | 10.4126 | Aonz | 0.33450 | dron7 | 5. 01947
Trong | 9.48570 | Aong | 0.88544 | drong | 4.89229
Trolg | 7.67286 | Ao | 0.08412 | drong | 0.96777
Troll10 | 7.89435 | Avonio | 0.61968 | ¢ron10 | 5. 78139
Tron11 | 2. 09514 | A1 | 0.80266 | ¢ron11 | 3. 06933
Troll12 | 4.12560 | Aron1z | 0.39535 | dron 12 | 6. 00942
Tron13 | 1.26907 | Avonz | 0.57505 | ¢ron 13 | 5. 93053
Troll,14 | 6.03252 | Acon1a | 0.94817 | Gronaa | 1. 11766
Tron1s | 78.6510 | Aronas | 0. 77227 | drons | 1. 07431
Tron,16 | 10.2546 | Avone | 0. 76961 | dron1e | 4. 91236
Trona7 | 1.22322 | Avona7 | 0.09608 | dron 17 | 4. 16012
Tron18 | 1.56233 | Aron1g | 0.22103 | dron1s | 3. 30442
Troll19 | 1. 94079 | Avon1e | 0.88070 | ¢ron 19 | 2. 04050
Troll 20 | 1.23465 | Avon2o | 0. 78193 | dronoo | 1. 14348

Table 6.6: Roll sin sum (2) trajectory parameters.

the low communication rate with the platform controllere thata needs to be interpo-
lated and smoothed for a robust measurement. Thereforepbase filtering (MATLAB
filtfilt) is applied in post-processing to obtain smooth values &sitjpn, velocity
and acceleration at the PA10 control sampling rate. Thevatig steps are performed to
obtain the values:

e Apply moving average filtering of length 20 to the positionaserements (denoted
asd).

e Computeq = q'“;zq'*l and apply moving average filtering of length 80 to obtain
the velocity measurements (denotedjds

e Computef = @ and apply moving average filtering of length 120 to obtain
the acceleration measurements (denotefj)as

A sample of these estimates is presented in figure 6.6.

Angle sensor lag The angle sensors have a time constant of 0.3 s, therefoagypical
sinusoidal trajectory the angles measured with these seasodelayed by approximately
0.3 s. This is presented in figure 6.7 with the lags emphasised) dashed black lines.
It can be noticed that the controller read-out lags the ddgnajectory by approximately
0.4 s and the sensor read out further lags the actual pladaentation.
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[s] [rad] [rad]
Thitch,1 13.2285 | Apichs | 0.00503 | dpiccns | 1.41904
Tpitch.2 4.27251 | Apitch2 | 0.99661 | dpitch2 | 2. 98648
Tpitch,3 8.99840 | Apitchz | 0.00814 | ¢picnz | 0. 32582
Tpitch4 1.52019 | Apitcha | 0.17345 | bpiccha | 0. 74921
Tpitch,5 1.16714 | Apichs | 0.16741 | dpicchs | 0. 55601
Tpitch6 2.17026 | Apitche | 0.40802 | dpicchs | 0. 78636
Tpitch.7 6. 15938 | Apitch7 | 0.42564 | Opicch7 | 2. 85366
Thitch,8 1.25600 | Apitchs | 0.87621 | dpicchs | 1. 57081
Tpitch,9 2.60176 | Apitcho | 0.61433 | ¢picno | 0. 52856
Tpitch10 | 1. 24069 | Apitch1o | 0. 17995 | dpitch10 | 1. 50542
Tpitch11 | 11.7316 | Apitch11 | 0. 81523 | dpitch11 | 0. 17741
Tpitch12 | 4. 10167 | Apitch12 | 0. 48060 | dpitch12 | 1. 16573
Tpitch13 | 4. 20518 | Apitch13 | 0. 98952 | dpitch13 | 1. 86828
Tpitch14 | 3. 94561 | Apitch14 | 0.52832 | dpitch14 | 1. 40296
Tpitch1s | 11.5416 | Apitch1s | 0. 93542 | bpitch1s | 0. 98221
Tpitch1e | 1.20726 | Apitchie | 0. 67569 | bpitch16 | 0. 94910
Tpitch17 | 1.36003 | Apitch17 | 0. 34298 | dpitch17 | 2. 87449
Tpitch18 | 102. 2762 | Apitch1s | 0. 99253 | dpitch18 | 2. 66406
Tpitch10 | 1.45198 | Apitch1o | 0. 17403 | dpitch1o | 1. 94557
Tpitch20 | 1. 14841 | Apitch2o | 0. 48256 | dpitch2o | 1. 85039

Table 6.7: Pitch sin sum (2) trajectory parameters.

Coordinate| Minimum | Maximum

X [m] —0.0856 | 0.0844
y [m] —0.0710 | 0.0618
z [m] —0.1274 | 0.1360
roll [rad] —0.0607 | 0.0646

pitch [rad] | —0.0511 | 0.0466
yaw [rad] | —0.0236 | 0.0244

Table 6.8: Range of vessel on sea (6DOF) trajectory.

Sensor read-out noise To address the sensor noise, the following steps have been ap
plied

e The data cable is shielded and grounded.

e The ADC board measurement times (programmed in the resouacager) have
been chosen to minimise the measurement noise (resulimg&ADC settling times).

e Moving average filtering is applied to the measured valueg(st-processing).
This introduces an additional phase lag of 0.016 s (8 sanal®80 Hz).

An example of accelerometer sensor noise (with moving @esfitiering of lengths 2 and
16) is presented in figure 6.8. It can be noticed that even avittoving average filter of
length 16, there is a noticeable amount of noise (howevarsignificantly smaller than
for the 2-samples long filter).
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Platform trajectory
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Figure 6.6: Platform trajectory (position, velocity, alaration). Data recorded for sum
of sines (1) trajectory.
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Figure 6.7: Platform trajectory sample (desired, congralkad-out and sensor read-out).
Data recorded for sum of sines (1) trajectory.
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Accelerometer gravity vs. derived from trajectory
T T T T T

Accelerometer gravity vs. derived from trajectory
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Figure 6.8: Gravity accelerations computed from platforajectory read-outs and mea-
sured with the Crossbow CXLO1LF3 accelerometer. Left - filenéth moving average

of length 2, right - filtered with moving average of length IBata recorded for sum of
sines (1) trajectory.

Sensor zero reference Before each experiment (with the platform levelled) the eens
values are read over a period of 1 s (1000 sensor samples &) hkHused as a reference
zero level (or -g for the-axis accelerometers).

Z-axis accelerometer The A223-3001 gravity referenced servo accelerometer &éas b
found to provide measurements comparable with the 3 axissBoes CXLO1LF3 device.
Therefore, its readings will only be recorded for referéwnegfication.

6.5 Summary

In this chapter the experimental setup for the next two aragtas been presented. An
overview of hardware and implementation has been given sathtions used for mea-

surement and control issues. Experimental trajectoried ts command the base have
been presented with comparison to manipulator trajedpteevisualise the range of mo-
tion and frequency.
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Chapter 7

Modelling a robotic manipulator on a
moving platform

7.1 Introduction

There are numerous situations, where the base of a robotiguoiator is attached to a
non-inertial coordinate system, such as a manipulator teduon a ship or a floating oil
rig, or a manipulator mounted on a vehicle driving on unewrain. Consider for exam-
ple a vessel on the sea with a manipulator attached to it. €sgel would be stabilised,
however it would not be possible to completely dampen thdanahduced by the sea
waves. Although this motion would mostly occupy the lowert jph the frequency range
of the manipulator motion, it could affect the control qtyatiue to unmodelled dynamics.
Multiple examples of derivation of models of robotic marigdors on non-inertial bases
are presented in section 2.4. In this chapter a full deowabf a generic model of a
robotic manipulator on a moving platform is presented (assg that the platform is not
affected by the manipulator motion and its trajectory issidered to be a time varying
parameter of the obtained model). An analysis of the modeigés performed by means
of similarities to the static base model. An actual symbdgcivation is performed for

the PA10-6CE manipulator on a 2-DOF base with roll and pitafjlemas time varying

parameters of the model and simulation results are prekefitee contributions of this

chapter are:

¢ the consideration of the base motion as a time varying pasaragthe manipulator
on a non-inertial base and resulting simplifications in theaic equations,

e abroad analysis (using a comparison of model simulatiodsy@amipulator exper-
iments) of the obtained model for the PA10-6CE manipulatdin warious types of
base trajectory by assessing the relative significanceeotiyimamic model terms
per joint.

In order to describe the dynamics of a robotic manipulatomanoving platform it is
required to derive the equations of motion.
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7.2 Model derivation

The dynamic model of a manipulator on a mobile platform isveel using the Euler-
Lagrange approach. In order to perform this, the systengeteneed to be defined.

7.2.1 Assumptions

The following assumptions are made in the derivation of tloel@h of a robotic manipu-
lator on a moving platform:

¢ the manipulator motion has no influence on the platform (tlesshnertia of the
platform is significantly higher),

¢ the platform coordinates (and their respective derivataleng a given trajectory)
are considered as parameters of the modet &s generalised coordinates of the
system),

¢ the harmonic drive flexibility (in the manipulator joints) mot considered,

e motor inertia$ and frictior? are not considered in the model derivation, both terms
are incorporated in the final equation.

7.2.2 Coordinates transformation

The velocity of a point in a rigid body that is an element of aéthatic chain mounted on
a moving base, can be expressed as

0 d

Vi Za(ori) = E(ApoAi ri) (7.1)

dt

wherePA, is the Denavit-Hartenberg (see section 3.2.1) transfoomaf the coordinates
from base ta-th link, A, is a transformation matrix expressing the position of thgeba
(e.g. platform) in the universal coordinates dnds a point within the-th link expressed
in thei-th link coordinates. Considering that = 0 and%(Ap) = Ap # 0 the following
can be derived

d 0 i A O ! aOAi N
Op.
letUjj = aa—c'ﬁ" which can also be expressed as
aOA. aj—lA. )
L= 0 LI (7.3)

0q; 0q

1to simplify the dynamics model derivation process
2it is not affected by the non-inertial base
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and the differentiation can be expressed with an algebecation of multiplication by
the matrixQy
6°Ai
aq;
the Qg has a different form for prismatic and revolute joints ([J.Lonsidering that the
PA10 manipulator has only revolute joints, the followingiged

= %A1 Qu A A (7.4)

0 -1 00
1 0 0O
= 7.5
Qq 0 0 00 (7.5)
0O 0 0O

The velocity vector (calculated along the trajectory of lase) can be expressed as
: i .
Ovi = (A PAI +A, S Uijgp)'ni (7.6)
=1

7.2.3 Kinetic energy

The kinetic energy for a single point of magsg,can be defined as
dK; = %Tr(ovi(ovi)T)dm (7.7)
after substituting 7.6
dK; = %Tr((ApOAi +Apjizluijqj)iri<(Ap°Ai +Ap§1uijqj>iri)T)dm (7.8)
after integrating over the link volume
Ki = %Tr((ApOAi ‘f’ApJZilUijQJ)Ji((ApOAi +Apjileiqu'))T) (7.9)

whereJ; has been defined in section 3.4.1. Expanding the productas and simplifying

[ —

Ki = —T((ApOAJ.OAAT)
i

+ Y Tr(Ap A JUTAL )G+ (7.10)
1

r=

I\J

| =

2 z Z pUirJiU?;A-Fr))qus-
r=1s=1
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The total kinetic energy of the system is the sum over alltgin

.
Tr((Ap°A; J; %A A|TO)+

Py
I

> '[Mj
NI

z r(ApPA; JUTAT )G+ (7.11)

I\JII—\

o
Z z z Tr(ApUir JIUFAR )G s,

r=1s=1
Since only the kinetic energy depends on the generaliseditiels

n -

—= = > Tr(Ap°AjJjUFAL)+
Tr(ApUjrJjUjiAL )G+ (7.12)
C T AT\
Z Tr(ApUjiJjUjSAp)qs
and simplifying

G &
| (7.13)

4 A
| (7.14)
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deriving element by element

d aK n T
n i
£33 THAU I UTAT G+
J=Ir=
n A O T AT\A
+> > Tr(Ap-AjJjUjir Ap)ar+
J=Ir=1
A 0 TAT
+ 3 Tr(Ap°AjJUJAD)+
J=I
n j .
£33 THAU I UTAT G+
J=Ir=
J=Ir=1s=
+ Z Tr(ApUifJinisAp)QrQS+
J=Ir=1s=1
n o j ) _
+3 Y Tr(ApU;JUFAL )G+
J=Ir=1
n J TAT
+Z 1Tr(ApUJrJ]U“Ap)qr
J=Ir=

and the derivative of the kinetic energy owgiis

n
g—: :aiqi(J;%Tr(ApOA,J,OAJ-TA;))Jr
9 n | . T
+a—qi(ler_lTl’(Ap AjJj U (A )qr)
g 10 |
+a—q'(§j21r_ 2 Tr(ApUjrdjUjsAp)Grds)
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expanding element by element

oK n . On TAT
— =9 Tr(ApUi;iJ; A A
o JZI (ApUjidj"Aj Ap)+

n | .
+Y Y Tr(ApU;id UL AL )G+
=ir=1
o (7.17)
+3 > Tr(Ap°A; Ui AL G+
J=1r=1
Z Z Z pUjriJjUjsAp)QrQS
J=Ir=1s=1
and subtracting the differentia&(g—'.‘ aq , using the propertyijx = Ui
d oK. oK [ < 0 TaT
a(a—qi) T ZTV(AD AjJjUjiAp)+
+2z (ApUjrJjURAD G+
N J. , (7.18)
+ z Z Tr( pUjrstU-jriAE)quS‘i'
J=Ir=1s=
noj
+y Tr(ApUjrJjU AT )G
J=1r=1
7.2.4 Potential energy
Based on the added transformation to the D-H chain
Pj = —mjg(Ap°AjR)) (7.19)
the total potential energy is
C 0
— > Mg(Ap AjR;)) (7.20)
=1
and the differential ovey; is
oP N
g~ 2 MIAViR,). (7.21)
i =i
7.2.5 Lagrange-Euler formulation
The full equations of motion for a manipulator mounted on diegplatform are
d oL, oL d, oK, oK 0P
Uj = — = (7.22)

- ) —=—(=)——+=—
at'ag) “ag ~dt'eg) ag ' ag
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substituting equations 7.18 and 7.21 into 7.22

n
ui=Y Tr(Ap°AjJjUJAD)+
=i
n T ATy
+22 (ApUjr JjUTAD) G+
j (7.23)

+ TI’ pUjrstU-jriAE)quS-l-

Ms=
M- -

1s=

_
i
=

—

n
+ Tr(Apuerju}AE)qr+ S mg(ApUjiR;).
j=i

M s

1

_
i
-
I

It can be shown that for any coordinate transformation ma#ty

Ap:

R3axz Tax1
O3 1 |

whereR(ap) is an arbitrary rotation matrix parametrised by the veato#= [ap1, 02, O p3]
andT = [Xp,Yp, Zp] ' is an arbitrary X 1 translation vector. For anys44 matrixM = [m ;]
the following equality holds

Tr(ApMAT) =my1+ Mpz+ Mgz+
+f(0p, Xp, Yps Zp) - (M1, Mpa, Maa, Ma1, My, My3, Mya] .

Moreover, it can be shown thilty J;U]; andUjsJ;U7; have zeros in the 4-th row and 4-th
column, due to internal multiplication by thifferentiatingmatrix Qq (equation 7.5).
Therefore equation 7.23 can be simplified to

n .
ui= Y Tr(Ap°AjJjUJAD)+
J=I
0 J TAT\¢
+2z ZlTr (ApUjrJjUTAT G+
(7.24)

j
- Y Tr(UjrsdjUf)ar s+

1s=1

M>
M—- :

r

—
—

M s

+ Tr(UerjUji dr+zmjg(ApUjiRj)-
J=i

Ir=1

—

It can be noticed that the inertia and Coriolis and centriftiggans do not depend on the
platform coordinates, and simplify to the case of a manipulen a fixed (displaced) base

Qir(q ZTr UjrJjUf) (7.25)
1=
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and
Cis(9,q) = z Z Tr(UjrsJ; U (7.26)

Defining the item independent of the manipulator velociéies

=

PFi(dp, Gp, tp) = 5 Tr(Ap°AjJjUJAL) (7.27)
J=I

the item depending on the manipulator velocities as

n o j
PVir(@p,ap) = 5 Y Tr(ApUjrJjUJAR) (7.28)
J=Ir=1

and the new gravity vector as
n
gpi(d,qp) = zmjg ApUiiR)) (7.29)

the dynamic equation of a robotic manipulator on a movingf@ten can be expressed as

PF(dp,qp,Gp) +PV(dp,dp)a+Q(a)g+C(q,0)q+9p(a,qp) = u. (7.30)

The following can be noticed from the above equation:

o FOrAp=lsxa andAp = Ap = 0 the equations are equivalent to a manipulator on a
fixed base.

e For aconstanh the termsPF andPV vanish and only the gravity term is affected
(this can again be regarded as a model of a manipulator onchliase).

e Using the same reasoning as for showing that the inertia ardl8@nd centrifugal
terms do not depend on the platform variables, the gravity tan be expressed as

n
J=i

whereR, is the rotation element of tha, transformation matrix. This can be
interpreted as a rotation of the gravity vector using thé@ten angular coordinates.

Incorporating friction and motor inertias To complete the dynamic model for the
PA10 manipulator, friction and motor inertias need to beeabih equation 7.30. These
two terms have already been derived in sections 4.3.2 an8.4,3nd can be added
directly to the new model:

PF(dp, dp,dp) +PV(dp, dp)d+Q(a) +Qmd+C(d,q)q+9p(d,dp) +F(q) = u. (7.32)
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The obtained model is used for simulating the dynamics oPth&0 manipulator along a
given platform/base trajectory.

7.3 Implementation

In order to use the analytical formulae defining the dynamacieh in numerical simula-
tions the explicit equations for the PA10-6CE manipulatounted on a platform need to
be derived. The schematic of the PA10-6CE kinematics wittctmrdinate systems for
each link and base coordinate system bound to the centre glakform mounting plate
Is presented in figure 7.1.

7.3.1 Platform motion

The above derivation is valid for any coordinate transfdrameA ,, however only rota-
tion around the X and Y axes are considered. Additionallygeithe manipulator is not
mounted at the centre of the base, but is shifted along-dpds, a constant translation
needs to be applied. The orientation parameters are th@jaind pitch ) angles. The
orientation matrix takes the following form

Rp = Rot(Y,[) - Rot(X, o)
using explicit matrix notation

codB) O sinB) 1 0 0
Rp= 0 1 0 |-|0 coga) —sin(a)

—sin(B) 0 cogP) 0 sina) cogqa)

Finally, the complete coordinate transformation matrix is

Ap:

Rpax3 0Osx1| |1ax3 IXax1
01><3 1 les 1 ’

whererX = [rX,0,0]". Therefore

coqB) sin(a)sin(B) coga)sin(B) rXcogp)

A — 0 coga) —sin(a) 0 (7.33)
P71 —sin(B) sin(a)cosB) coga)cosB) —rXsinp)|’ '
0 0 0 1

It needs to be noted thaX is a constant parameter, and therefﬁr(eX) =0.
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Figure 7.1: Schematic of the PA10-6CE manipulator kinersatit the motion platform

with coordinate systems for each linlklote: index 'ref’ denotes the global/reference
frame index O denotes the manipulator base frame.
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The differential of theA , matrix can be obtained as

d 0Ap,, , o,

Ap= Gt (Ap) = 550+ 0B (7.34)

and similarly the second differential

d . d oA d oA
Ap= dt(A )=t aap“> at' aBpB>
=502 %+ a0 6B+ 550+ o aBB aBZ PP (739
92A Ay, a Apis aAp L %A
= a2 Pa +2a 9B [3+ op2 B+ 6[3 B.

Remark It can be noticed that there are velocity and acceleratigpeggent terms in
the second differential, this indicates that #¥e element of equation 7.32 includes both
inertial-like and Coriolis and centrifugal-like (only th@sriginating purely from the plat-
form velocities) terms. Th@V term includes Coriolis and centrifugal-like terms origi-
nating from the platform-manipulator cross-coupling. Hfeterm should also include
acceleration-like terms that have a similar form to the gyawnodel.

7.3.2 Explicit formulae derivation

The derived analytic formulae describing the platformeioeld dynamics terms (equations
7.27, 7.28 and 7.29) and the matrices describing the phatfaption Ap, Ap andAp)
have been used to create Mathematica code to generate ttabNtatn of the dynamics
equation terms.

7.4 Model evaluation

Due to the high complexity of the platform related dynamiesreents, the model cannot
be verified by hand. Therefore to quantitatively assess thdama similar procedure to
the one described in section 5.2 has been employed. The @8EManipulator installed

on a moving platform, is controlled with a PID controllerdeall the manipulator control

variables and the platform trajectory are recorded. Thevel@requations of the PA10-
6CE dynamics on a moving platform (using only roll and pitclglas) have been used in
a Matlab simulation (using the same solver as describeddinose5.2). The simulation

results have been compared to filtered (figure 5.3) expetahmgues using the WMISE
(equation 5.22) measure.

The following models (based on equation 7.32) are used $netaluation:

¢ full model- all elements present in the model,

e no MPF- the PF element not present in the model,
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e no mPV- thePV element not present in the model,

e no mPV no mPF the PV andPF elements are not present in the model (which
effectively leaves only the platform rotated gravity teym)

¢ no platform- model of PA10-6CE with fixed horizontal base (equation 3.9).
For the comparison tests the PA10-6CE is commanded alongltbeiing trajectories:
e Si ne - equation 5.25,

e SSi ne - equation 5.24.

7.4.1 Single frequency 1-DOF motion

In this analysis single frequency 1-DOF trajectories areduer the platform (equation
6.1). Comparison of simulation and experimental resultpersented in tables 7.1 to 7.4.
An example comparison of motor torques for the PA10 trajgcsd ne and platform tra-
jectory roll sin is presented in figures 7.2 and 7.3. The gmoading bar plot of WMISE
differences is presented in figure 7.4.

model\ joint S1 S2 El E2 w1 W2

full model 0.01181 | 0.00545 | 0. 00913 | 0.04601 | 0.00893 | 0.00510
no mPF 0.02834 | 0.02290 | 0. 03400 | 0.04498 | 0.00904 | 0.00510
no mPV 0.01240 | 0.00618 | 0. 01157 | 0.04629 | 0.00906 | 0.00510
no mPV no mPHF 0. 02927 | 0.02397 | 0.03699 | 0. 04523 | 0.00919 | 0. 00510
no platform 0.12358 | 0.07982 | 0. 11483 | 0.04498 | 0.00948 | 0.00510

Table 7.1: WMISE experimental and simulation torques coispar experiment: PA10:
si ne, PLAT: roll sin.

model\ joint S1 S2 El E2 W1 W2

full model 0.01446 | 0.01133 | 0.01778 | 0.05115 | 0. 01042 | 0. 00477
no mPF 0.02349 | 0.03625 | 0.07179 | 0.05180 | 0.01096 | 0. 00477
no mPV 0.01489 | 0.01076 | 0.01984 | 0.05102 | 0.01030 | 0. 00477
no mPV no mPF 0. 02407 | 0. 03545 | 0.07414 | 0.05170 | 0. 01092 | 0. 00477
no platform 0.06953 | 0.13419 | 0.31167 | 0.05391 | 0.01149 | 0. 00477

Table 7.2: WMISE experimental and simulation torques compar experiment: PA10:
ssi ne, PLAT: roll sin.

Discussion of results Based on the results the following can be observed:

e The presence of just the platform-rotated gravity elemigmtificantly reduces the
difference between the simulated model and experimentp@oeest torque match
Is in the top plot of figure 7.2 and the best match in the botttwhaf figure 7.3).
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Motor torques comparison, exp: PA10: sine, PLAT: roll sin, sim: no platform
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Figure 7.2: Comparison of simulation and experiment tordaeslifferent manipulator
on platform model set-ups, PA10 traject@iyne, platform trajectory roll sin.
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Motor torques comparison, exp: PA10: sine, PLAT: roll sin, sim: no mPF
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Figure 7.3: Comparison of simulation and experiment tordaeslifferent manipulator
on platform model set-ups, PA10 traject@iyne, platform trajectory roll sin.

model\ joint S1 S2 El E2 w1 W2

full model 0.01075 | 0.00395 | 0.00764 | 0.07289 | 0.00926 | 0. 00497
no mPF 0.03758 | 0.01108 | 0.02309 | 0.07251 | 0.00935 | 0. 00497
no mPV 0.01253 | 0.00575 | 0.01135 | 0.07359 | 0.00929 | 0. 00497
no mPV no mPF 0. 03739 | 0.01303 | 0.02795 | 0.07320 | 0.00942 | 0. 00497
no platform 0.21750 | 0.04983 | 0. 08751 | 0.07343 | 0.00964 | 0. 00497

Table 7.3: WMISE experimental and simulation torques comspar experiment: PA10:
si ne, PLAT: pitch sin.

e Based on tables 7.1 to 7.4 and figure 7.4 the following can kdedstabout the
platform related model terms:

— ThePF element (depending on platform velocities and accelergjiturther
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WMISE model comparison, exp: PA10: sine, PLAT: roll sin
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Figure 7.4: WMISE experiment and simulation torques consoari experiment: PA10:
si ne, PLAT: roll sin.

model\ joint S1 S2 El E2 w1 W2

full model 0.01724 | 0.00564 | 0.01662 | 0.06947 | 0. 00912 | 0. 00486
no mPF 0.06498 | 0.03117 | 0.06672 | 0.06930 | 0. 00896 | 0. 00486
no mPV 0.01974 | 0.00680 | 0.01812 | 0. 06934 | 0.00931 | 0.00485
no mPV no mPF 0.06564 | 0.03272 | 0.06874 | 0. 06913 | 0.00898 | 0. 00486
no platform 0.35802 | 0.12698 | 0.25139 | 0. 07000 | 0.00947 | 0.00485

Table 7.4: WMISE experimental and simulation torques comspar experiment: PA10:
ssi ne, PLAT: pitch sin.

reduces the WMISE difference.

— ThePV element has very little effect on the model.

e Based on tables 7.1 to 7.4 it can be deduced that Joints E2, WWanchn be
considered to be unaffected by the platform model which aattyibuted to low
or zero gravity contribution to the joint model and signifidg lower link inertias
(and therefore less torque resulting from the platform grm

7.4.2 Single frequency per channel 2-DOF motion

In this analysis single frequency 2-DOF trajectories aedusr the platform (equations
6.2 and 6.2). Comparison of simulation and experimentallteauve presented in tables
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7.5 to 7.8. An example comparison of motor torques for the(P#djectoryssi ne and
platform trajectory roll+pitch with equal periods is prased in figures 7.5 and 7.6. The
corresponding bar plot of WMISE differences is presentecguré 7.7.

model\ joint S1 S2 El E2 w1 W2

full model 0.00504 | 0.00274 | 0. 00566 | 0.04647 | 0.00891 | 0.00523
no mPF 0.00916 | 0.00294 | 0. 00765 | 0.04636 | 0.00893 | 0.00523
no mPV 0.00660 | 0.00313 | 0. 00700 | 0.04679 | 0.00884 | 0.00523
no mPV no mPF 0. 01095 | 0.00339 | 0.00930 | 0. 04666 | 0.00886 | 0.00523
no platform 0.23414 | 0.04218 | 0. 06369 | 0.04785 | 0.00916 | 0.00523

Table 7.5: WMISE experimental and simulation torques coispar experiment: PA10:
si ne, PLAT: roll + pitch sin equal periods.

model\ joint S1 S2 El E2 w1 W2

full model 0.00461 | 0.00400 | 0.01321 | 0.04741 | 0.00757 | 0.00510
no mPF 0.00794 | 0.00565 | 0.01789 | 0.04720 | 0.00771 | 0. 00511
no mPV 0.00472 | 0.00400 | 0.01526 | 0.04728 | 0.00759 | 0. 00511
no mPV no mPF 0.00784 | 0.00595 | 0.02119 | 0. 04707 | 0.00774 | 0. 00511
no platform 0.15405 | 0.07155 | 0.24631 | 0.04656 | 0.00906 | 0. 00511

Table 7.6: WMISE experimental and simulation torques coispar experiment: PA10:
ssi ne, PLAT: roll + pitch sin equal periods.

model\ joint S1 S2 El E2 w1 w2

full model 0.00652 | 0.00326 | 0. 00541 | 0.08066 | 0.01024 | 0.00524
no mPF 0.02078 | 0.00753 | 0. 01496 | 0.08047 | 0.01024 | 0.00524
no mPV 0.00791 | 0.00467 | 0.00785 | 0.08144 | 0.01034 | 0.00524
no mPV no mPF 0. 01990 | 0.00848 | 0.01745 | 0.08122 | 0.01035 | 0. 00524
no platform 0.15141 | 0.04839 | 0. 07551 | 0.08176 | 0.01055 | 0. 00524

Table 7.7: WMISE experimental and simulation torques coispar experiment: PA10:
si ne, PLAT: roll + pitch sin different periods.

model\ joint S1 S2 El E2 w1 W2

full model 0.00894 | 0.00380 | 0.02090 | 0.07318 | 0.00866 | 0. 00447
no mPF 0.03236 | 0.01718 | 0. 06373 | 0.07255 | 0. 00873 | 0. 00447
no mPV 0.00872 | 0.00451 | 0.02431 | 0.07303 | 0.00871 | 0. 00447
no mPV no mPF 0.03042 | 0.01792 | 0.07002 | 0.07248 | 0.00890 | 0.00447
no platform 0.17030 | 0.07369 | 0.35562 | 0.07029 | 0.00972 | 0. 00447

Table 7.8: WMISE experimental and simulation torques coispar experiment: PA10:
ssi ne, PLAT: roll + pitch sin different periods.
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Motor torques comparison, exp: PA10: ssine, PLAT: roll + pitch eqf, sim: no platform
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Figure 7.5: Comparison of simulation and experiment tordaeslifferent manipulator
on platform model set-ups, PA10 traject®gi ne, platform trajectory roll+pitch sin
with equal periods. 123



Motor torques comparison, exp: PA10: ssine, PLAT: roll + pitch eqf, sim: no mPF
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Figure 7.6: Comparison of simulation and experiment tordaeslifferent manipulator
on platform model set-ups, PA10 traject®gi ne, platform trajectory roll+pitch sin
with equal periods.

Discussion of results Based on the results the following can be observed:

e The general properties of the model are similar to the casleeof-DOF platform
motion in terms of torque plots in figures 7.5 and 7.6.

e For the slower trajectory with roll and pitch angles follogia sine with the same
period, the significance of tHeF term is greatly reduced, and although it still im-
proves the model, the difference is not as noticeable aseircéise of faster tra-
jectories (figure 7.7 and tables 7.5 to 7.8. This may be ateibto the fact that
accelerations in a sine type trajectory increase with themsgof the frequency
(e.g. for a Z shorter trajectory period the accelerations axegteater).
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WMISE model comparison, exp: PA10: ssine, PLAT: roll + pitch eqf
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Figure 7.7: WMISE experiment and simulation torques consoari experiment: PA10:
ssi ne, PLAT: roll + pitch sin equal periods.

e It can be noticed in figures 7.5 and 7.6 that once the platfaientation depen-
dant gravity term has been introduced to the model, theretisnuch noticeable
difference when the other two terms are introduced.

7.4.3 Sum of multiple frequencies 2-DOF motion

In this analysis, trajectories comprised of sums of mudtipkquency sines on 2-DOF are
used for the platform (equation 6.4 and tables 6.4 to 6.7). g2oison of simulation and
experimental results are presented in tables 7.9 to 7.12xAmple comparison of motor
torques for PA10 the trajectosi ne and platform trajectory sin sum (2) is presented in
figures 7.8 and 7.9. The corresponding bar plot of WMISE diffiees is presented in
figure 7.10.

Discussion of results Based on the results the following can be observed:

e The torque plot results in figures 7.8 and 7.9 of the sum of iplalfrequencies
platform trajectories follow the same pattern of model edata incorporating to
match the control torques as in the previous experiments.

e These trajectories are characterised by lower averagéuddgdatform angles than
the simple sin trajectories and higher accelerations (@tieetricher frequency con-
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Motor torques comparison, exp: PA10: sine, PLAT: sin sum (2), sim: no platform
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Motor torques comparison, exp: PA10: sine, PLAT: sin sum (2), sim: no mPV no mPF
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Figure 7.8: Comparison of simulation and experiment tordaeslifferent manipulator
on platform model set-ups, PA10 trajecta@iyne, platform trajectory sin sum (2).
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Motor torques comparison, exp: PA10: sine, PLAT: sin sum (2), sim: no mPF
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Figure 7.9: Comparison of simulation and experiment tordaeslifferent manipulator
on platform model set-ups, PA10 trajecta@iyne, platform trajectory sin sum (2).

model\ joint S1 S2 El E2 w1 W2

full model 0.01829 | 0.01034 | 0.01789 | 0.06609 | 0. 00984 | 0.00598
no mPF 0. 04412 | 0.02594 | 0.04292 | 0.06504 | 0.00975 | 0.00598
no mPV 0.01936 | 0.01044 | 0.01876 | 0.06660 | 0. 00988 | 0.00598
no mPV no mPF| 0. 04665 | 0. 02585 | 0. 04403 | 0. 06556 | 0.00976 | 0. 00598
no platform 0. 09599 | 0.06281 | 0.09608 | 0.06535 | 0.00975 | 0.00598

Table 7.9: WMISE experimental and simulation torques coispar experiment: PA10:
si ne, PLAT: sin sum ().

tent). This leads to a lower contribution of the gravity teand a higher contribution
of the PF term to the model (tables 7.9 to 7.12 and figure 7.10).
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WMISE model comparison, exp: PA10: sine, PLAT: sin sum (2)
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Figure 7.10: WMISE experiment and simulation torques coispar experiment: PA10:
si ne, PLAT: sin sum (2).

model\ joint S1 S2 El E2 w1 W2

full model 0.02553 | 0.01374 | 0.04574 | 0.06139 | 0. 00806 | 0. 00565
no mPF 0.05448 | 0.03755 | 0.12644 | 0.06210 | 0. 00784 | 0. 00565
no mPV 0.02595 | 0.01388 | 0.04923 | 0.06133 | 0. 00806 | 0. 00565
no mPV no mPF 0.05517 | 0.03759 | 0.12941 | 0. 06173 | 0.00783 | 0. 00565
no platform 0.10521 | 0.08838 | 0.33269 | 0. 06214 | 0.00806 | 0.00565

Table 7.10: WMISE experimental and simulation torques carapa, experiment: PA10:
ssi ne, PLAT: sin sum (1).

model\ joint S1 S2 El E2 w1 W2

full model 0.01854 | 0.00604 | 0.00797 | 0.05646 | 0.01045 | 0. 00552
no mPF 0.04190 | 0.01787 | 0.02021 | 0.05750 | 0.01058 | 0. 00552
no mPV 0.01935 | 0.00627 | 0.00732 | 0.05638 | 0.01043 | 0. 00552
no mPV no mPF| 0.04321 | 0.01833 | 0.01912 | 0. 05742 | 0.01058 | 0. 00552
no platform 0.23907 | 0.05825 | 0.07381 | 0.06082 | 0.01088 | 0. 00552

Table 7.11: WMISE experimental and simulation torques carapa, experiment: PA10:
si ne, PLAT: sin sum (2).

7.5 Summary

In this chapter a generic model of a robotic manipulator oncaing platform (not dy-
namically influenced by the manipulator) has been derived.
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model\ joint S1 S2 El E2 w1 W2

full model 0.02279 | 0.00866 | 0.03335 | 0.09333 | 0.00771 | 0. 00517
no mPF 0.05086 | 0.02585 | 0.11062 | 0.09358 | 0.00766 | 0. 00517
no mPV 0.02287 | 0.00868 | 0.03359 | 0.09353 | 0.00770 | 0. 00517
no mPV no mPF 0. 05083 | 0.02593 | 0.11064 | 0.09355 | 0.00772 | 0. 00517
no platform 0.21988 | 0.08207 | 0.37961 | 0.09422 | 0.00792 | 0. 00517

Table 7.12: WMISE experimental and simulation torques campa, experiment: PA10:
ssi ne, PLAT: sin sum (2).

The derived equations have been used to obtain a model ofAtb@&CE manipulator
on a 2-DOF (roll and pitch) platform, with the configuratioarameters presented in this
chapter. However, the model derivation procedure is gémerad applies to any rigid
manipulator on a 6-DOF moving base.

The obtained model has been compared with the experimezgalts from the actual
PA10 manipulator mounted on a moving platform by means ofnbighted squares of
differences of control torques for the manipulator and tla¢fgrm moving along a given
trajectory.

It has been confirmed (graphically and numerically) thattihi@ined model is well suited
for simulating the system.

The following properties of the model on platform (equat82) have been revealed by
simulation and experimental comparisons:

e The gravity term significantly improves the model for anyteelstrajectory.

e The PF term (independent of manipulator velocities) improves riieel mostly
for fast changing (containing high angular acceleratidraggctories.

e ThePV term has the least contribution when compared to the expatahcontrol
torques in any case.

Based on the presented derivations and observations maderablem of controlling a
robotic manipulator on a moving platform can be approachigid verified prior knowl-
edge about the dynamic model.
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Chapter 8

Control of the PA10-6CE robotic
manipulator on a moving base

8.1 Introduction

In Chapter 7 a model of a robotic manipulator mounted on a ngovase was presented.
Based on the results of the experiments and simulationsmieslet was concluded that
certain parts of this model make a significant contributiorinte manipulator dynamic

model. Using these observations, a controller can be degdifgm a manipulator mounted
on a moving base with the following assumptions:

e The frequencies present in the base motion can be consittetss of the same
order (or less) than the manipulator trajectories.

e The manipulator is mounted on a base that is significantlyibedwith greater
inertia), therefore it is not influenced by the manipulatgnamics.

e The base motion is constrained to angles<d(°.

Based on the results from Chapter 7 it can be anticipated thatwa of the additional
elements of the model will have a significant influence on taeipulator dynamics (from
equation 7.32), namely:

e the gravity elemengp(q,qp) (depending only on the manipulator angles and base
orientation),

e the free itemPF(qp, 0p,dp) (depending only on the manipulator angles and base
trajectory (angles, velocities and accelerations)).

Considering that the latter term depends on angular actieleraf the base, it may be
difficult to obtain these in a noise free form at each contyale (without a phase delay
of several samples). However, the gravity term, which hanhietermined to make a
significant contribution to the PA10 dynamic model, can besidered to be available in
several forms. In Chapter 6 it was presented that base ai@mtzan be measured using
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a clinometer sensor. Moreover, the actual gravity vectctir{g on the centre of the plat-
form mounting plate) can be measured with the acceleromélerse two measurement
methods are candidates for improving the trajectory tragkrecision of the model based
controllers. The sensors, available in the lab set-up, noaglways be installed (or mea-
surements may not be available) in real-life systems (dfgshmre). Therefore, it would
be desirable to have a control algorithm that performs siryilwithout these sensors.
This chapter presents results of experiments performeutivt PA10-6CE manipulator
mounted on a CueSim motion platform for a number of model basedrollers with
various base trajectories including a typical vessel or6sB&®F motion. The main con-
tributions of this chapter are:

e a broad comparison of the model based manipulator contsahethe presence of
base disturbances,

e acomparison of compensation methods for the base motiog esnsors and adap-

tive control,

¢ the application of a model based adaptive controller to camepte for the varying
gravity vector due to base motion.

8.2 Control algorithms

The control schemes described in section 5.1, can all béyeasdified to utilise the
sensor (clinometers or accelerometers) measurements grakity term. Consider any

of the controllers:
e gravity and friction compensation (equation 5.10),
e feedback linearisation (equation 5.14),
e \Wen-Bayard algorithm (equation 5.17),
e Slotine-Li algorithm (equation 5.21)

and replace the fixed-base gravity term with the new one frgunagon 7.31.
The symbol for the generic manipulator gravity term (indegent of the gravity acceler-
ation vector) is
n
Gi(q) = > mj(U;iRy) (8.1)
J=I

The symbols in this equation have been explained in sectt.3The following replace-
ment gravity acceleration vector forms are then used

e using angular orientation sensors

~

O (d,dp) = g - Rot(Y, B) -Rot(X, &) - Gi(q) (8.2)
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whered is the roll angle measurement from the sensor @ns the pitch angle
measurement from the sensor;

e using accelerometer sensors

gp.(q7Qp) :éGI(q)a (83)

whereg = (gy,0y,0,) is the vector of measured accelerations.

It can be noticed that the accelerometer measurement coo@uat for translation ac-
celerations (automatically incorporating their effed¢bithe model), whereas the angular
measurements would not deliver such extra functionality.

Both of these methods for replacing the static gravity vextquire additional hardware
consisting of sensors with the respective signal conditgpndata acquisition circuitry
and control system components. This may not be easily &kaila some applications,
therefore it would be desirable to have a gravity estimateaut the need for measure-
ments.

8.2.1 Adaptive control

If the structure of the model is known, but the parameterg#her impossible to identify
[8.2] or their values change during the operation of theesystan adaptive model-based
algorithm can be applied. Botomputed torqueanddissipativealgorithms form a base
for adaptive algorithms. The main steps of an adaptive dlguorare:

e use the present estimates (or assumed values) of the unlarameters to produce
a control signal,
e use the control error to update the parameter estimates.

Consider the manipulator dynamic model (3.7) and assumestmé of its parameters
are unknown, the new equation is

Q(a,9)4+C(a,4,9)a+9(a,9) +F(@)' =u, (8.4)

where$ is the vector of the unknown parameters that require to bptadaHowever, the
dynamics equation is linear in these parameters and canpgoessed as

A A A A

Q(a,9)4+C(q,9,9)a+9(q,9) +F(q) =Y(4,4,0,9)9 + F(q) = u. (8.5)

In a generic controller formulation, the friction model stpresent, since it is not contin-
uous and it does not satisfy properties allowing the stadslbnvergence of the controllers
to be proved. However, due to the significant friction torgaetribution in the PA10 ma-

nipulator, the friction compensation is used in the adaptiontrollers.

lthere is no adaptation of the friction parameters assuniezk the model cannot be expressed as linear
in the parameters
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8.2.1.1 Adaptive feedback linearisation

The adaptive routine can be integrated into the feedbaektisation algorithm [8.4]. The
'static’ element of the controller is

u=Q(a.8)v+C(a.a.8)a+0(a.9) +F(@) 66)
vV ={q— Kge—Kpe
and the parameters are updated according to
A .e anT\ 1
§=-1Y"(5.0.6.0) (((Q.9)") B'Pz 8.7)

wherel" =TT is the gain matrix for the estimation algorithm aRd= PT > 0 is the
solution of a Lyapunov equation

ATP+PA=—M,

where

A=

0 In], Bz[ol, z=(e', e’
d |

n

andM = MT is an arbitrary matrix responsible for the speed of convergef the variable
zto zero.
The adaptive scheme can also be applied to the Wen-BayardaitimeS_i algorithms.

8.2.1.2 Adaptive Wen-Bayard controller

Since the Wen-Bayard controller does not perform a full fee#tbinearisation, the adap-
tation scheme is simpler in this case [8.1].

u = Q(ad,¥)Ga + C(a, G, 9)0la +9(aa, ) + F(a) — Kge—Kpe (8.8)
and the parameters are updated according to
§ = —Y7 (6o, Qd, o, da) (e+ £6), (8.9)

whereKy = K > 0 andK, = K[ > 0 are the PD controller constanfs=IT > 0 is the
parameter adaptation gain (matrix) ang the adaptation bandwidth parameter (similar
to A in the sliding controller — here it has been chosen asi—g).
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8.2.1.3 Adaptive Slotine-Li controller

The adaptive Slotine-Li [8.3] algorithm utilises tlye variable defined in equation 5.19
and the sliding surface defined in equation 5.20.

A ~ ~ A

where
s=e+ANe

and the parameters are updated according to
9 =-TY'(4r.4.0r.0)s (8.12)

wherel =TT > 0 is the parameter adaptation gain (matrix). The contraker be pre-
sented in a form equivalent to a PD controller by lettiGg\ = K.

8.2.2 Adaptive gravity

The adaptive controllers listed above have been desigrnbdiva assumption that the un-
known parameters are constant over sufficiently long peridtime so that the adaptation
scheme can tune to a value which guarantees minimisatidreafacking error. With this
in mind it could be argued that the gravity vector in the cdssermanipulator mounted on
a moving base does not fulfil such conditions. However, d@rsig the PA10 manipula-
tor size and the control command sample rate, it can be abddnat the base orientation
does not change significantly during a series of control $asng herefore, if the adap-
tation were fast enough to adjust the unknown parametecspuitl be worth to evaluate
such a scheme.
Considering the adaptive schemes listed above, it can bevelostnat the adaptive feed-
back linearisation method requires the solution of the Lymy equation and the inverse
of the inertia matrix for each control cycle, which is comgtidnally demanding and
may cause numerical instabilities. Additionally, the fieadk linearisation controller is
considered to be highly sensitive to model inaccuraciesbgnassumption a part of the
dynamics originating from the platform motion (tiR= and PV terms) is intentionally
omitted in the controller. Therefore, it has been decideeviluate the two remaining
adaptive schemes presented above — the Wen-Bayard (eq8a&)@and Slotine-Li (equa-
tion 8.10). TheregressomatrixY(...) used in the parameter update scheme (depending
on various angle / trajectory parameters for different mdrgchemes) simplifies to the
generic gravity element

Y(...)=G(q), (8.12)

whereG(q) = (G1(q),...,G3(q)) is the full 6x 3 matrix of gravity terms from equation
8.1. It can be noticed that the generic gravity term used &thk the same as for a
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manipulator with a static base (which simplifies the comeradlesign effort).

8.2.3 Extension to simpler controllers

The manufacturer of the PA10 manipulator provides inforomabn centres of mass, but
not the link inertias, and an adaptive controller based ample model can be attempted.
Assuming that the friction identification is an automateskiathe gravity and friction
could be used in an adaptive controller. This is a naturaresibn to the controller pre-
sented in equation 5.10. Considering that such a contraieuse different error based
feedback loop elements, the following controllers arewstd in this analysis

e gravity + friction with a PD
u=g9G(q)+F(q) —Kpe—Kpe (8.13)
with adaptation
g' = -IG'(q)(Kae+e).
with K = diag(E—c’ji,...,E—zz)

e gravity + friction with Slotine-Li sliding scheme
u=9G(q)+F(q) —Kpsst (8.14)

wheresg, is defined as the Slotine-Li sliding element (equation 5.2@h adapta-
tion
§' =-TG"(q)(ss1)

e gravity + friction with saturated sliding term

u=4§G(q)+F(q) —Ksat<?‘> (8.15)

wheressaiis defined as the sliding element (equation 5.8), with adiapta

g" = —FGT(q)sat(Ej .
¢
It can be noticed that the amount of modelling required tdvdethese controllers is
significantly reduced (as is their computational load) imparison to the controllers

employing inertia and Coriolis and Centrifugal model terms.

8.2.4 Algorithm tuning

It has been suggested in [8.1] not to perform adaptation whercontrol is saturated,
therefore an additional condition has been added to theidigoto prevent the adapted
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parameter update when the motor torques saturate at thefawturer’s rated levels. Ad-
ditionally, for the algorithm using the saturated sliditige adaptation is not performed
when the saturation occurs.

8.3 EXxperiment set-up

To evaluate the performance of different controllers pnes# here, experiments using
the PA10-6CE manipulator mounted on a moving platform haentmrried out. The
complete list of controllers to be evaluated in experimgioigether with their abbreviated
names used in the tables and graphs is presented in table 8.1.

The PA10-6CE manipulator is commanded along two sinusoidgddtories (see section
5.2)

e synchronisedgsi ne),
e asynchronouss ne).

The platform is commanded along the following trajectofiggh the abbreviated names
used in tables and figures — see section 6.2):

no platform motion (for reference):
- zera;
e 1-DOF:

— roll sine (sin_r2p0),

— pitch sine (sin_r0p2);
e 2-DOF:

— roll + pitch sine with different frequencies (sin_r1p2_pi2
— sum of sin (1) (sin2_s20),

— sum of sin (2) (sin2_s20_2);
e 6-DOF:

— vessel on sea motion (sea_all_2).

2this is not equivalent to platform being off due to additibmeise induced in the system by the platform
control / communication signals
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1
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1

Abbreviation Type Error Model Gravity

PD PD

sat_sl robust saturated sliding none not present
slid Slotine-Li sliding

PID PID

grv_frc_PD constant
oo PD ace | Pl | PD araviy, icton | 20 0 ete
grv_frc_PD_adap adaptive
grv_frc_sat_sl constant
grv_frc_sat_sl_s_rp partial saturated sliding | gravity, friction roll + pitch
grv_frc_sat_sl s _acc acceleromete
grv_frc_sat_sl adap adaptive
grv_frc_slid constant
grv_frc_sl!d_s_rp partial Slotine-Li sliding | gravity, friction roll + pitch
grv_frc_slid_s_acc acceleromete
grv_frc_slid_adap adaptive
lin_FULL constant
lin_FULL s rp linearisation| linearised PD full roll + pitch
lin_ FULL s acc acceleromete
lin_noCC constant
lin_noCC_s rp linearisation| linearised PD no Coriolis roll + pitch
lin_noCC_s _acc acceleromete
W-B_FULL constant
W-B_FULL_s rp roll + pitch
W-B_FULL_s_acc Wen-Bayard) PD full acceleromete
W-B_FULL_adap adaptive
W-B_noCC constant
W-B_noCC_s r . roll + pitch
W—B_noCC_s_aF::c Wen-Bayard) PD no Coriolis accelgromete
W-B_noCC_adap adaptive
S-L_FULL constant
gtigtt:i:;%c Slotine-Li | Slotine-Li sliding | full ;‘;'L;g;ﬂete
S-L_FULL_adap adaptive
S-L_noCC constant
S-L_noCC_s_rp Slotine-Li Slotine-Li sliding | no Coriolis roll + pitch
S-L_ noCC_s acc acceleromete
S-L_noCC_adap adaptive

1

Table 8.1: List of evaluated controllers with abbreviatarsed in tables and graphs.

8.3.1 Control parameters

For all non-adaptive parts of the controllers, the pararsgieesented in Chapter 5 have
been used. Unless otherwise stated the gravity vector asibgialised to(0,0, —g)T
for all adaptive controllers. The adaptation gain has beetng640Q00,64000,640Q0).
These values were chosen by trial and error in an attempt tonmse the adaptation
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speed without causing controller instability.

8.4 Experimental results

To compare the properties of the different controllers faaus platform and manipula-
tor trajectories, multiple experiments have been perforarad the results are presented
through a series of graphs and tables.

8.4.1 Angle tracking

The weighted mean squared angle tracking error (equatin Habbreviated as angle
WMISE) is used as the primary performance measure for alrotbeits. Based on all the
results (available in appendix E), it has been concludetidhly joints S1, S2 and E1
need to be analysed in closer detail, as there is no signifazaount of variation in the
results for the remaining three joints.

For reference, the results of the stationary platform aesegmted in figure 8%1The fol-
lowing properties of the controllers can be observed:

The adaptive controllers (Wen-Bayard and gravity+frictwith either PD or satu-
rated sliding error feedback) perform best, even thoughytaeity vector is con-
stant.

The full linearisation controller comes close for the sirageictory (exhibiting more
joint inertia and Coriolis and centrifugal interactiong)islinteresting to notice that
the version based on the roll/pitch sensor is marginallieb#tban the static gravity
controller, and the one based on a noisy accelerometemiggalthe worst from

this set. Marginally worse are the linearisation contrslleith the Coriolis and

centrifugal term disabled.

The non-saturated sliding based controller is the pooctsmse.

The Slotine-Li controllers, on average, perform worse tih@Ven-Bayard. This is
due to more measurement noise (especially from the velstyal) being passed
through.

The angle WMISE is twice as small for the adaptive version ef\tten-Bayard

controller compared to the constant (actual) gravity basled-Bayard controller.

The ratio for the Slotine-Li controllers is 1.5. This needse considered when
comparing the controllers with a moving platform.

As an example of 1-DOF base motion, the pitch sine resultp@sented in figure 8.2.
The following observations can be made based on thesesesult

3The robust controller results and the PA10 velocity colgralesults have been excluded from these
plots due to significantly higher errors (see appendix E laeaults).

138



Comparison of S1+S2+E1 angle RMISE results, platform trajectory: zero, PA10 trajectory: sine.
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Comparison of S1+S2+E1 angle RMISE results, platform trajectory: zero, PA10 trajectory: ssine.
T

grv_frc_slid_s_rp
grv_frc_slid
grv_frc_slid_s_acc
S-L_noCC
S-L_noCC_s_acc
S-L_noCC_s_rp
S-L_FULL
S-L_FULL_s_rp
S-L_FULL_s acc
S-L_noCC_adap
S-L_FULL_adap
lin_noCC_s_acc
grv_frc_slid_adap
lin_FULL_s_acc
lin_noCC_s_rp
lin_FULL
grv_frc_sat_sl_s rp
grv_frc_PD_s_rp
lin_noCC
grv_frc_PD_s_acc
grv_frc_sat_sl_s_acc
grv_frc_sat_sl
lin_FULL_s_rp
grv_frc_PD
W-B_noCC_s_acc
W-B_noCC
W-B_noCC_s_rp
W-B_FULL_s_acc
W-B_FULL
W-B_FULL_s_rp

L
L

W-B_FULL_adap H
grv_frc_sat_sl_adap [ ] 5 g; H
grv_frc_PD_adap [ ] H
W-B_noCC_adap ‘ | | | | | — E1l [
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

RMISE % 10°°

Figure 8.1: Angle WMISE ordered by sum for S1, S2, E1, platftnajectory: zero, for
both PA10 trajectories.
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Comparison of S1+S2+E1 angle RMISE results, platform trajectory: sin_rOp2, PA10 trajectory: sine.
T T T

grv_frc_slid [ 00000 ]
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Comparison of S1+S2+E1 angle RMISE results, platform trajectory: sin_rOp2, PA10 trajectory: ssine.
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S-L_FULL_adap L] &
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0 1 2 3 4 5 6 7 8 9
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Figure 8.2: Angle WMISE ordered by sum for S1, S2, E1, platftnagectory: pitch sine,
for both PA10 trajectories.
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e For thessi ne trajectory the adaptive controllers outperform the acoeheter
based ones. It is even more interesting to notice that ther @hong both groups
Is very similar with the feedback linearisation outperfargithe Wen-Bayard con-
troller in the accelerometer 'group’.

e The adaptive gravity+friction with either PD or saturatéidiieg error feedback
perform similarly to the adaptive Wen-Bayard controllergisicould indicate that
both performance improvements came from adaptation beorg significant than
the lack of a complete model in the controller.

e The angle WMISE with the adaptive Slotine-Li controller fairjts S2 and E1
(mostly affected by gravity) is lower than with the accelegier measurement,
which can be attributed to additional noise being trangdiftom the accelerometer
sensor gravity measurement (which is also induced by thepulator joint torque
chattering).

Results for the platform following a sum of multiple sine &efjories in 2-DOF are pre-
sented in 8.3. The angle tracking results are very similred.-DOF platform trajectory
results, which would indicate that the relative performeant the controllers is not af-
fected by the complexity of the base trajectory. It shouildlls¢ noticed that the 1-DOF
sine trajectory utilises the entire pitch range of the platf with high speed, and the 2-
DOF trajectory has similar maximum angular velocities, bBegr not lasting for such long
periods of time (therefore the absolute error levels arbdridor the 1-DOF trajectory).
To evaluate the real-life performance of the analysed odiats, the motion platform is
commanded to follow a representative 6-DOF trajectory oéssel on the sea. It needs
to be noted that the X, Y, Z and yaw motion of the base has not bessidered in the
model simulations. The experimental results are presenteglire 8.4, the following can
be remarked upon:

e The relative performance of the controllers is very simitathe case of no base
motion (which can be attributed to lower angular velocitiesl accelerations than
in the artificially generated paths).

e The adaptive controllers still perform best of all (even amditions not considered
in the design step).

As can be noticed in figure 8.5, the PD controller angle WMISEtewo orders of mag-
nitude higher than the adaptive controller using only gyeand friction models with PD
error feedback. It is interesting to notice that with theaduction of gravity and friction
models (based on constant gravity vector) the error reciece®old, it further reduces by
approximately 30% when deriving the gravity values fromrbletpitch clinometers. Ac-
celerometer sensors reduce the figure by another 30% anddpé\ee gravity algorithm
gives a further four-fold tracking error reduction.
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Comparison of S1+S2+E1 angle RMISE results, platform trajectory: sin2_s20, PA10 trajectory: sine.
T
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Comparison of S1+S2+E1 angle RMISE results, platform trajectory: sin2_s20, PA10 trajectory: ssine.
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Figure 8.3: Angle WMISE ordered by sum for S1, S2, E1, platftiajectory: sum of sin
(1), for both PA10 trajectories.
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Comparison of S1+S2+E1 angle RMISE results, platform trajectory: sea_all_2, PA10 trajectory: sine.
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Comparison of S1+S2+E1 angle RMISE results, platform trajectory: sea_all_2, PA10 trajectory: ssine.
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Figure 8.4: Angle WMISE ordered by sum for S1, S2, E1, platftnagectory: vessel on
sea (6-DOF), for both PA10 trajectories.

143



Comparison of S1+S2+E1 angle RMISE results, platform trajectory: sin_r1p2pi2, PA10 trajectory: sine.

T T
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grv_frc_PD h

grv_frc_PD_s_rp h

grv_frc_PD_s_acc B

grv_frc_PD_adap I s

RMISE <107

Figure 8.5: Angle WMISE ordered by sum for S1, S2, E1, platftiajectory: roll+pitch
sine with different periods, PA10 trajectosgi ne.

8.4.2 Weighted mean control noise ratio

The high to low frequency control torque energy ratio res(dtjuation 5.23) for the cases
presented above are shown in figures 8.6 to 8.9. The completdated results are in

appendix F. The following observations can be made regarthia tested controllers

based on the obtained results

e The lowest noise energy occurs for the feedback lineapisatigorithm.

Wen-Bayard controllers generate less torque noise eneagytiie Slotine-Li.

Accelerometer sensor measurements generate additioisal @mergy in compari-
son to adaptation or roll+pitch sensors.

More dynamic base trajectories result in less relativeuenapise.

Adaptive gravity based controllers are generally scatteéréhe middle of the rela-
tive torque noise ranking.

8.4.3 Adaptive gravity estimation results

Gravity estimates initialisation To analyse thstaticperformance of the adaptive algo-
rithms the initial value of the gravity estimates has bedn®sg, = (5.66, —5.66,5.66)"
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Comparison of S1+S2+E1 torque WMCNR results, platform trajectory: zero, PA10 trajectory: sine.
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Comparison of S1+S2+E1 torque WMCNR results, platform trajectory: zero, PA10 trajectory: ssine.
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Figure 8.6: High to low frequency control torque power ratidered by sum for S1, S2,
E1, platform trajectory: zero, for both PA10 trajectories.
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Comparison of S1+S2+E1 torque WMCNR results, platform trajectory: sin_rOp2, PA10 trajectory: sine.
T T T T T T
S-L_FULL_adap ]
PATO_vel [ ]
S-L_noCC_adap [ ]
S-L_noCC_s_rp [ ]
S-L_noCC_s_acc [ ]
[ ]
[ ]
[ ]
[ |

S-L_FULL s acc
S-L_FULL s 1
S-L_noC
) S-L_FULL
lin_FULL_s_acc [ ]
grv_frc_sat_sl_adap [ ]
grv_frc_sat sl_s_acc [ 1
rv_frc_slid_adap [ ]
-B_FOLL_s_acc I
sat_sl [ ]
W-B_noCC_s_acc [ |
W-B_FULL s_rp [ |
grv_frc_sat sl_s_rp [ |
grv_frc_slid_s_acc [ ]
slid [ |
grv_frc_sat_sl [ ]
PID

W-B_noCC_s_rp

W-B_noCC__adap

c\;/ol frc_PD _s_acc
-B_FULLC_adap
Im_noCC_s_zichc [ ]

D
grv_frc_slid_s_rp
grv_frc_slid
grv_frc PD_S rp
grv_frc "PD "ada
W-B nhoC
W-B_FULL
grv_frc_PD
lin_noCC
] lin_FULL
lin_FULL_s_rp
lin_noCC_s_rp

il
i

1 1
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
High to low frequency control torque power ratio

Comparison of S1+S2+E1 torque WMCNR results, platform trajectory: sin_rOp2, PA10 trajectory: ssine.
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Figure 8.7: High to low frequency control torque power ratidered by sum for S1, S2,
E1, platform trajectory: pitch sine, for both PA10 trajats.
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Comparison of S1+S2+E1 torque WMCNR results, platform trajectory: sin2_s20, PA10 trajectory: sine.
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Comparison of S1+S2+E1 torque WMCNR results, platform trajectory: sin2_s20, PA10 trajectory: ssine.
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Figure 8.8: High to low frequency control torque power ratidered by sum for S1, S2,
E1, platform trajectory: sum of sin (1), for both PA10 trates.
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Comparison of S1+S2+E1 torque WMCNR results, platform trajectory: sea_all_2, PA10 trajectory: sine.
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Comparison of S1+S2+E1 torque WMCNR results, platform trajectory: sea_all_2, PA10 trajectory: ssine.
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Figure 8.9: High to low frequency control torque power ratidered by sum for S1, S2,
E1, platform trajectory: vessel on sea (6-DOF), for both ®P&&jectories.
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(which is a vector of lengthg| pointing in a wrong direction (to maximise the estimate to
actual value differences)). Experiments have been peddmwith the platform switched
off. The transient behaviour of adapted gravity estimatks)g with the sum of absolute
errors for the first three joints is presented in figures 8018.13. It can be noticed that

e The gravity estimates reach the actual values within 1.5 shi®si ne trajectory
and within 1.8 s for thessi ne. The cause of this can be tlseé ne trajectory
excitingthe generic gravity term better and leading to a faster @stom. It could
also be attributed to higher tracking errors at the stati@$t ne trajectory feeding
to the adaptation step of the control algorithm.

e The estimates move close to the reference value but varytimeh(trajectory). This
could be explained with the adaptation compensating foradetied dynamics.

e The gravity estimates for the simpler controllers (gravitiction compensation
based) vary more (and therefore are more distant from tieeeete accelerometer
reference measurements) than for the full model Wen-BayaddSdotine-Li con-
trollers. This can be attributed to the adaptive algoritiymg to compensate for
the missing dynamics terms.

e The noise in gravity estimates present on the Slotine-Lispbwiginates from the
physical transmission of the PA10 control torque noise goayjoint vibrations)
into the platform mounting plate and to the sensors.

Gravity estimates and joint tracking errors The gravity estimates for selected ex-
periments discussed in sections 8.4.1 and 8.4.2 are addigse. Angle tracking errors
for PA10 trajectorysi ne and various platform trajectories with the gravity + frasti+
PD controller using constant, accelerometer and adaptaaty, along with the gravity
estimates are presented in figures 8.14 to 8.17.

e The adaptive gravity estimates can be considered to belatauevith the reference
accelerometer readings, however there are significamntegiancies.

e It can be observed that the joint angle errors are significastiuced by using
the gravity measurements from the accelerometer and furthleced by applying
adaptive control.

e Itis interesting to notice that even though the adaptednesés differ significantly
from the reference sensor readings, the algorithm perforatieeably better at
keeping the angle tracking errors low.

e It can also be observed that there is les®r noise(resulting from joint vibra-
tion caused by control torque noise) present in the adaptimé&oller results. This
translates to less physical wear of the actuator/trangmniss
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Figure 8.10: Gravity estimates with reference accelerem@ieasurements and sum of
absolute joint tracking errors for S1, S2 and S3 with inatttyanitialised gravity vector
(to §o = (5.66,—5.66,—5.66)T). Platform stopped, both PA10 trajectories. Controller
used: gravity+friction+PD with adaptive gravity.
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gravity vector, PA10 traj: sine
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Figure 8.11: Gravity estimates with reference accelerem@ieasurements and sum of
absolute joint tracking errors for S1, S2 and S3 with inatttyanitialised gravity vector
(to §o = (5.66,—5.66,—5.66)T). Platform stopped, both PA10 trajectories. Controller
used: gravity+friction+saturated sliding with adaptivengty.
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gravity vector, PA10 traj: sine
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Figure 8.12: Gravity estimates with reference accelerem@ieasurements and sum of
absolute joint tracking errors for S1, S2 and S3 with inatttyanitialised gravity vector
(to §o = (5.66,—5.66,—5.66)T). Platform stopped, both PA10 trajectories. Controller
used: Wen-Bayard with full model and adaptive gravity.
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gravity vector, PA10 traj: sine
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Figure 8.13: Gravity estimates with reference accelerem@ieasurements and sum of
absolute joint tracking errors for S1, S2 and S3 with inatttyanitialised gravity vector
(to §o = (5.66,—5.66,—5.66)T). Platform stopped, both PA10 trajectories. Controller
used: Slotine-Li with full model and adaptive gravity.
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angle tracking errors, controller:grv_frc_PD
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Figure 8.14: Angle tracking errors for gravity+frictionBRontroller with constant grav-
ity, accelerometer values and adaptive gravity (with gyavector estimates). Platform
trajectory: zero, PA10 trajectos/ ne.
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angle tracking errors, controller:grv_frc_PD
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Figure 8.15: Angle tracking errors for gravity+frictionBRontroller with constant grav-
ity, accelerometer values and adaptive gravity (with gyavector estimates). Platform
trajectory: pitch sine, PA10 trajectosy ne.
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angle tracking errors, controller:grv_frc_PD
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Figure 8.16: Angle tracking errors for gravity+frictionBRontroller with constant grav-
ity, accelerometer values and adaptive gravity (with gyavector estimates). Platform
trajectory: sum of sin (1), PA10 trajectosy ne.
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angle tracking errors, controller:grv_frc_PD
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Figure 8.17: Angle tracking errors for gravity+frictionBRontroller with constant grav-
ity, accelerometer values and adaptive gravity (with gyavector estimates). Platform
trajectory: vessel on sea (6DOF), PA10 traject®ryne.
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For comparison, the results of the same sets of PA10 andpiatiajectories with the
full model Wen-Bayard controller (using constant, accetester and adaptive gravity)
are presented in figures 8.18 to 8.21.:

e The adaptive gravity estimates are much closer to the refergensor measurement
than in the case of the reduced model (gravity+friction).

e The angle tracking errors and tegor noiseare smallest for the adaptive algorithm.

8.5 Summary

Based on the results presented in this chapter, the follosenglusions can be drawn:

1. Adaptive controllers deliver superior joint angle trackproperties with average
torque noise generation.

2. The Wen-Bayard controllers outperformed the Slotinetié®in the above tests,
however it needs to be considered that these controllerdasayheir performance
benefits when the manipulator cannot be driven very clodegaésired trajectory,
which could happen:

o for lower torque motors,

e when a load is mounted on the tip.

In this case, thei ne trajectory velocities are within 55-126% of the PA10-6CE
rated velocities (for reference see table®®.and the torques do not saturate, which
indicates that the manipulator has enough torque to renmetineodesired trajectory.

3. The acceleration at the base of the manipulator is notl ¢gjtiae gravitational ac-
celeration measured at the centre of the mounting platereTibaalso an element
originating from the angular acceleration around ykexis (pitch) due to the ma-
nipulator being mounted at a distancé (see section 7.3.1) from the centre. The
adaptive scheme attempts to compensate for this additamaleration, as it is
additive to thez-axis gravitational acceleration acting on the manipulatse.

4. The adaptive gravity controller attempts to compensateiimodelled dynamics
(e.g. the harmonic drive compliance/flexibility), resndfiin significantly reduced
angle tracking errors.

4it has been experimentally verified, that joints S1 and S2ateally able to operate at 1.8 times rated
velocities
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Figure 8.18: Angle tracking errors for full model based Weaard controller with con-
stant gravity, accelerometer values and adaptive grawiiij (gravity vector estimates).
Platform trajectory: zero, PA10 trajectosy ne.
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angle tracking errors, controller:W-B_FULL

0.015 T T T T T T
— S1
0.01f — S2
E — E1
L 0.005 \i
S | ' m\ 1 i,
£ |
5 O I ﬁ
Q
> -0.005 ()
©
-0.01f
_0015 | | | | | | | |
1 3 5 7 9 11 13 15 17 19
experiment time [s]
angle tracking errors, controller:W-B_FULL_s_acc
0.015 T T T T T T
— S1
0.01 — S2
= — E1
©  0.005 [
o Ll ey 1L S T M hmm il ‘ I
S s MR, o TR L y
= 0 Mﬂ Nl A e g 4 ‘ | ity sk
o I ﬂ' W“ o i e e e i i )
s [y ! ok 12
2 -0.005
©
-0.01
— | | | | | | | |
0.015
1 3 5 7 9 11 13 15 17 19
experiment time [s]
gravity vector
10 T T
< 5
Y
£
= 0
2
©
o -5
[}
Q
Q
® -10
_15 | | | | | | | |
1 3 5 7 9 11 13 15 17 19
experiment time [s]
angle tracking errors, controller:W-B_FULL_adap
0015 T T T T T T
0.01f
i)
€ 0.005F
§ I y ‘N‘wlwn .l‘\l']lll“"‘ h l
E 0 h 'mﬁ‘“‘ﬁ”m"‘-. u}m yw J“‘N‘;u‘}‘wwd
2 ]
2 -0.005
©
-0.01f
— | | | | | | | |
0.015
1 3 5 7 9 11 13 15 17 19

experiment time [s]

Figure 8.19: Angle tracking errors for full model based W&aard controller with con-
stant gravity, accelerometer values and adaptive grawiiij (gravity vector estimates).
Platform trajectory: pitch sine, PA10 trajecta@y ne.

160



angle tracking errors, controller:W-B_FULL
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Figure 8.20: Angle tracking errors for full model based W&=aard controller with con-
stant gravity, accelerometer values and adaptive grawiiij (gravity vector estimates).
Platform trajectory: sum of sin (1), PA10 traject@iyne.
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Figure 8.21: Angle tracking errors for full model based W&=ayard controller with con-
stant gravity, accelerometer values and adaptive grawiiij (gravity vector estimates).
Platform trajectory: vessel on sea (6DOF), PA10 trajectarge.
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joint | max(absqg)) | ratedq | % of rated
S1 1. 257 1.00 126%
S2 0.977 1.00 98%
El 1.010 2.00 55%
E2 1.795 6. 28 29%
w1l 2.094 6. 28 33%
W2 1.839 6. 28 29%

Table 8.2: Maximum joint velocities for th& ne trajectory, with reference rated veloci-
ties and fraction of rated (in rad/s).
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Chapter 9

Conclusions

9.1 Summary

This thesis addresses several aspects of manipulator ingdahd control on a fixed
and non-fixed base with simulations and experiments empyogiMitsubishi PA10-6CE
manipulator mounted on a CueSim 6-DOF motion platform. A dyicamodel of the
PA10-6CE manipulator with fixed base has been derived usioghgeic models of the
links and available information on link mass and mass centotor inertias have been
estimated experimentally and a non-parametric frictiomlehdor each joint has been ob-
tained. The model has been evaluated using a comparisomolegion and experimental
results and the following key conclusions were reached:

e gravity and friction terms are the most important parts efrtinipulator dynamic
equation,

¢ link and motor inertias are important in modelling transse(e.g. response to a
torque step change),

e Coriolis and centrifugal term has the least contributiorheadynamic model of this
manipulator (due to the high transmission ratio).

Various controllers have been implemented using the dérivedel and their performance
evaluated quantitatively by means thfe weighted mean squared joint angle tracking
error andthe weighted mean control torque high to low frequency corapbratio. The
following key conclusions can be stated from these exparime

e non-model based controllers such as PD and PID have sigttifidagher tracking
errors in comparison to model based controllers,

e model based controllers evaluated along a desired traje(doch as the evaluated
Wen-Bayard controller [9.3]) deliver very good joint angtadking performance
without generating unnecessary high frequency torquesliifreg from amplifica-
tion of measurement noise) in comparison to the other ctertso
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¢ the last three joints of the PA10-6CE manipulator are modtlgcted by friction
and other model based control schemes do not introducdisagtiimprovements
to their tracking error performance figures.

A model of a robotic manipulator on a moving base has beewetk(with an assump-

tion of the base not being influenced by the manipulator mytimd evaluated based on
simulation and experimental closed-loop control torquegarisons for the PA10-6CE
robotic arm. The following key points were observed:

¢ the extension of the gravity model to include base motioésrhost significant
element for modelling a high gear ratio manipulator on a mg\ase,

¢ the inertial and Coriolis and centrifugal torques arisirapirthe base motion con-
tribute little to the dynamic model accuracy (especiallydlmwer base motion tra-
jectories), which can again be attributed to the high ge#r.ra

Based on the the modelling experiences, an adaptive modad lcastroller (using sche-

mes presented in [9.1] and [9.2]) has been suggested to cmagdor the varying gravity

vector due to base motion and compared experimentally sigaiodel based controllers
employing sensor measurements (roll+pitch angles or 8-agcelerometer) by means
of the weighted mean squared joint angle tracking eramd the weighted mean con-
trol torque high to low frequency component ratidhe following key conclusions were
obtained:

e suggested adaptive controllers outperform sensor basetotiers, due to their
ability to compensate for modelled dynamics (such as haimyive flexibility/com-
pliance),

e \Wen-Bayard type controllers are less prone to measuremesg and deliver supe-
rior joint angle tracking performance,

e there is no improvement possible beyond the friction + PQirobifor the last three
joints of the PA10-6CE manipulator.

In conclusion, the importance of model based control has pessented together with the
importance of analysing the dynamic model terms contrdsutd the model to remove
insignificant terms without reducing the joint angle trakiperformance. It has been
shown that an adaptive controller can be successfully egpdi compensate for the vary-
ing gravity vector and its performance is superior in conyuar to direct accelerometer
measurement based algorithms.

9.2 Author’s contributions

The following can be stated as novel contributions presemtéhis work:

165



9.3

The author was the first to present a comparison of robustaltars for the PA10-
6CE manipulator in [9.5].

The author was the first to present the full dynamic model eRA10-6CE with a
nonparametric friction model and inertias of links calt¢ethwith the link element
densities chosen in such way to match the link centre of mag&4]. This pre-

sentation was accompanied by a brief analysis of the incatpd dynamic model
terms in a comparison of simulation and experimental residing PID controllers.

This thesis presents a novel approach to model the PA10-6Eicananipulator
on a moving platform.

This thesis presents an extensive study of the model of aicolmanipulator with

harmonic drive transmission on a moving platform with siatidn and experi-
mental results compared to evaluate the relevance of \&tems in the dynamic
model.

To the author’s best knowledge this thesis is novel in prigsgia successful appli-
cation of various model based adaptive controllers to corsgte for an unknown
varying gravity vector in a robotic manipulator’s gravityodel.

To the author’s best knowledge this thesis is novel in prasgm@n extensive com-
parison of various manipulator controllers (mostly modeddd) with constant, sen-
sor derived and an adaptive gravity vector based on angt&itg error (sum of
squares) and generated torque noise (above anticipatelaviokin of the mechani-
cal model).

Suggestions for Future Work

Identify the transmission compliance and add it to the satiihs and evaluate it in
the controller.

Add adaptation to the feedback linearisation controller@mpare against existing
experimental results.

Evaluate the adaptive gravity profile against the acceletenreading after adding
the transmission compliance element to the controllert i well correlated, de-
sign an inertial navigation system for task space conthgithe adaptive control
gravity estimates to obtain the manipulator base positrmha@mpensate for base
motion in task space operations.

Evaluate a double adaptation scheme — adapt the gravitgngectompensate for
base motion and adapt some of the model parameters to coatpersswell e.g. a
change in load carried by the manipulator. Consider adaptati each element at
each control step, or interleave both every odd/even step.
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Appendix A

Relevant work published by the author

e C.M. Wronka, A. Uhimann, M.W. Dunnigan, and A.M.S. Zalzala. sFeobust
controllers for a Mitsubishi PA-10 manipulator developedier QNX neutrino. In
ISR2004 Mar 2004.

Abstract: The new robotics facility at Heriot—Watt University in Edurgh has
been established to test control algorithms for coopegatianipulators in the pres-
ence of environmental disturbances (e.g. the manipul@®e bot fixed). There are
real-world applications where the manipulator base is netdfiand is effectively
"floating”. These applications include sub-sea (the vehialenot attach itself to
a suitable structure to stabilise), land (mobile robotsnfiming, repair, etc.), and
space (satellite repair and creation of new space strig)turée system comprises
two manipulator arms i.e. a PUMA 560 and a MITSUBISHI PA-10 ar@ueSim
6-DOF motion platform, together with their controllers aiweb PCs to provide
communication with the user and to house all interface l®#&ydcontrolling the
robots.

The control system is running on QNX Neutrino, a real-time @&t assures all
the commands are issued on time. Due to its POSIX complidhedpws fast
development of new software using existing templates aaudstrd programming
languages (ANSI C, C++). Each robot is controlled in a diffenemy, but the
software developed has an open structure to enable theausemimunicate to all
the machines in a similar manner. The hardware realisati@nyssignificantly. The
PA-10 is controlled with torque commands via an ARCnet intafdhe PUMA
is fed with torque values via a MultiQ 1/0 board, and the motmatform has its
own control system running on a separate DSP board and cabecbntrolled by
giving the desired positions. However, the software sdparte operator from the
hardware with an abstract structure to represent any 6-DO&tr

A control system has already been developed for the MITSUBEBH and in this
article a comparison of several robust control algorithsnsresented (experimental
results together with a brief presentation of the contrateucture)
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— standard PD and PID controllers,
— A-tracking (adaptive PD) controller,

— sliding control algorithm.

This choice of algorithms, which do not require any knowkeddpout the model
of the arm, has been made as it is often difficult/impractioadbtain the inertial
parameters accurately and the payload is variable.

By combining the hard real-time operating system (produltitig overhead) with

fast robust control methods one can obtain good controlegtigs without exces-
sive computational demand.

We are currently at the stage of expanding the system by gaddPUMAS60 dy-

namic model based controller and an interface (driver)Hermotion platform.

C.M. Wronka and M.W. Dunnigan. Derivation and analysis of thké dynamic
model for a Mitsubishi PA10-6CE manipulator. Methods and Models in Au-
tomation and RoboticdEEE, Sep 2005.

Abstract: The open controller architecture of the PA10-6CE manipufaton Mit-
subishi Heavy Industries allows the user to perform torquerol and derive and
test different control algorithms and manipulator modé@&sie to the inherent dif-
ficulty of the task there have been very few attempts to mdaetlynamics of the
arm. Neither of these attempts seem to accurately modelhaour of the 6CE
version of the arm, therefore there is a need to develop amaecand consistent
model. This paper presents a full set of the dynamic parasibtesed on certain
assumption regarding the construction of the manipulatdridentification of the
friction torques for each joint.

M.W. Dunnigan and C.M. Wronka. Internet remote control irdee for a mul-
tipurpose robotic arm.The International Journal Of Advanced Robotic Systems
3:179-182, Jun 2006.

Abstract: This paper presents an Internet remote control interfacea fMIT-
SUBISHI PA10-6CE manipulator established for the purposéefROBOT mu-
seum exhibition during spring and summer 2004. The roboéinipulator is a part
of the Intelligent Robotic Systems Laboratory at Heriot — Métiversity, which
has been established to work on dynamic and kinematic aspéchanipulator
control in the presence of environmental disturbances.|dib@ratory has been en-
riched by a simple vision system consisting of three weberasito broadcast the
live images of the robots over the Internet.

The Interface comprises of the TCP/IP server providing condrgarsing and ex-
ecution using the open controller architecture of the malaipr and a client Java
applet web-site providing a simple robot control interface
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e M.W. Dunnigan and C.M. Wronka. Derivation and verification bé tdynamic
model for the PA10-6CE robotic manipulator. submitted teetnational Journal
on Modelling, Identification and Control, Mar 2010.

Abstract: This paper presents a novel dynamic model derivation foPAE)-6CE
manipulator. The model consists of: gravity term based onufaturer specifica-
tions, non-parametric friction term estimated experirabiyptinertia, Coriolis and
centrifugal terms computed based on simplified geometnic ihodels and motor
inertia estimated experimentally. The incorporation @& thodel terms is analysed
with a comparison of simulated and experimental closeg@-tmmtrol tasks. Model
based controller performance is evaluated and analysednrstof complexity ver-
sus tracking error performance.

e M.W. Dunnigan and C.M. Wronka. Derivation and analysis of aadgit model of
a robotic manipulator on a moving base. submitted to Contngiieering Practice,
Apr 2010.

Abstract: A dynamic model of a robotic manipulator mounted on a moviageb

Is derived using the Euler-Lagrange approach. It is assuhsdhe base inertia is
large enough not to be influenced by the manipulator moti@htherefore can be
treated as a time-varying parameter in the dynamic equatiime presented deriva-
tion is applied to a Mitsubishi PA10-6CE robotic manipulatowunted on a 2-DOF

platform. The model is analysed by comparing simple cldseg-control results

of the simulated model with experimental data from the malaipr mounted on

the platform.
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Appendix B

Mathematica code

Mathematica code used to generate the dynamic equatiotief®A10-6CE on a moving
platform.

B.1 Tools module

Begi nPackage[ " Tool s* "]
Mat A::usage = "MatAltheta ,d ,a ,alpha_] returns the Dennavit Hartenberg
matrix for a joint fromparameters theta , d_, a_, and alpha_ (see Spong)"

Rot M :usage = "RotMphi _,chi_,psi_] returns a Denavit Hartenberg rotation
matrix, where phi_ is around x, chi_ around y, and psi_ around z"

TransM :usage = "TransM x_,y_,z_] returns a Denavit Hartenberg rotation matrix,
where phi _ is around x, chi _ around y, and psi_ around z"

DenHart::usage = "DenHart[matK ,n_] returns the DH kinematics matrix
up to joint n"

DenHartm;: : usage = "DenHart[matK ,m,n_] returns the DH ki nematics matrix
fromjoint mup to joint n"

Potential En::usage = "Potential En[ mMect _, gVect _, matK ,rVect ] "

Mat Ui j::usage = "MatUj[matK ,i _,j_] returns the Uij matrix
for dynam cs nodel (see Fu, Lee, Conzales)"

GavityVector::usage = "GravityVector[potential ,vars | "
Begin["'Private "]

Rot M phi _, chi _, psi _]:=Bl ock[{mat X, matY, mat Z, matri x},
mat X={{1, 0, 0, 0}, {0, Cos[phi], -Sin[phi], 0},
{ 0, Sin[phi], Cos[phi],0}, {0,0,0,1}};
mat Y={{Cos[chi], 0, Sin[chi],0}, {0, 1, 0,0},
{ -Sin[chi], 0, Cos[chi],0}, {0,0,0,1}};
mat Z={{Cos[ psi], -Sin[psi], 0,0}, {Sin[psi], Cos[psi], 0,0},
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{0, 0, 1,0}, {0,0,0,1}};
mat ri x=mat X. nat Y. mat Z;
mat ri x]

TransM x_,y_,z_]:=Bl ock[ {matrix},
matrix={{1, 0, 0, x},{0, 1, O, y},{0, O, 1, z},{0, O, O, 1}};
mat ri x]

DenHart [ mat K_, n_] : =Bl ock[ {i , mat A},

mat A=TransM 0, 0, 0] ;

For[i=1,i<=n,i++ mat A=mat A. RotM 0, 0, mat K[ [i, 1]]].
TransM 0,0, matK[[i,2]]].
TransM mat K[ [i,3]],0,0].
RotM matK[[i,4]],0,0]];

mat Al

DenHartm[matK , m,n_]: =Bl ock[{i, mat A},

mat A=TransM 0, 0, 0] ;

For[i=mtl,i<=n,i++ mat A=Ful | Sinplify[Tri gReduce[ matA.
RotM 0,0, matK[[i,1]]].
TransM 0,0, mat K[ [i,2]]].
TransM matK[[i,3]],0,0].

Rot M mat K[ [i,4]],0,0]]]];
mat Al

MatUij[matK, ui , uj_] := Block[{matAl, matA2, matQ matU},
mtQ = {{0, -1, 0, 0}, {1, O, O, O},
{o, o, o, 0}, {0, 0, 0, 0}};
[f[uj <= ui, matAl = DenHartm[matK, 0, uj - 1];
mat A2 = DenHartm[matK, uj - 1, ui];
matU = mat Al . natQ . mat A2;,
mtU = {{0, 0, 0, 0}, {0, O, O, O},
{0, 0, 0, 0}, {0, 0, 0, 0}};];
mat U]

End[]

Protect[ RotM TransM DenHart, DenHartrmm, Potential En,
Mat Ui j, GravityVector]

EndPackage| ]

B.2 Main script

- load tools ---
«Tools.m
- define the kinematics D-H transformations ---

matK={{Pi+q1,d;,0,Pi/2},{g2+ Pi/2,0,az,0},
{q3+Pi/2,0,0,Pi/2},{Pi+ g4,d4,0,Pi/2},
{Pi+@5,0,0,Pi/2},{q6,ds,0,0} };
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--- define inertias ---

mJ = {{(—Mlxxy + mMlyy1 +mlz;1)/2,0,0,mmymX},
{0, (Mlyx1 — mlyy1 +mlzz1) /2,0,mmymY},
{0,0, (Mlyxy + mlyy1 — mlzz1) /2, mmumZy },
{mmumXz,mmumYi,mmimZ;, mm }};

Mm% = {{(—Mlxx2 + Mlyy2 +mlz;2) /2, Mlyy2,0,mmemXs 1,
{mlyy2, (Ml — Mlyy2 +mlzz2) /2,0,mmmY,},
{0,0, (Mlyx2 + mlyyo — mlzz0) /2, mmpmZs},
{mmymXz, mmymYz, mmymZz, mmp} };

Mm% = {{(—Mlxx3 + mlyyz+mlz;3)/2,0,0,mmsmXs},
{0, (mlyyz — mlyyz 4+ mlz23) /2,0, mmsmY3z},
{0,0, (Mlyx3 + mlyyz — mlzz3) /2, mmemZa},
{mmgmXs, mmgmY3, mmgmZs, mmg} };

M = {{(—Mlxxa + Mlyys +ml;z4)/2,0,0,mmymXs},
{0, (Mlyxa — Mlyys 4+ mlzz4) /2,0, mmumY,},
{0,0, (Mlyxa + Mlyya — Mlzz4) /2, MMmumZs},
{mmymXg, mmymY 4, mmgmZs, mmy} };

mX = {{(—Mlxxs + mlyys +mlz;5)/2,0,0,mmsmXs},
{0, (Mlyys — Mlyys + mlzz5) /2,0,mmsmYs},
{0, 0, (mlxx5 + mlyy5 — m|225)/2, mmst5},
{mmsmXs,mmsmYs, mmsmZs, mms} };

M = {{(—Mlxxe + Mlyys +mlzz6)/2,0,0,mmsmXeg},
{0, (mlyxs — Mlyys +Mlzz6) /2,0,mmemYe},
{0,0, (mlyxs + mlyys — Mlzz6) /2, MMeMZs },
{mmgmXg, mmsmYes, mmgmZs, mmg} };

--- define platformrelated transformations ---
mAf=RotM[0,pPitch][t],0].RotM[pRoll[t],0,0]. TransM[rX,0,0];

mAp=mAf/.{pPitch[t]— pitch, pRoll[t] — roll,
D[pPitcht],t] — dPitch D[pRoll[t],t] — dRoll,
D[pPitcht], {t,2}] — ddPitch D[pRoll[t], {t,2}] — ddRoll};

dAp=FullSimplify[D[mAf,t])/.{pPitch[t] — pitch, pRoll[t] — roll,

D[pPitcht],t] — dPitch D[pRoll]t],t] — dRoll,

D[pPitcht], {t,2}] — ddPitch D[pRoll[t], {t,2}] — ddRoll};
ddAp=FullSimplify[D[mAf,{t,2}])/.{pPitch[t] — pitch, pRoll[t] — roll,

D[pPitcht],t] — dPitch D[pRoll[t],t] — dRoll,

D[pPitcht], {t,2}] — ddPitch D[pRoll[t], {t,2}] — ddRoll};
J={md,m&p, mEk,mhy, mE,mk}/.{mXs — 0,mYs — O,

mXs — 0,mYs — 0,mX4 — 0,mZ4 — O,

mXz — 0,mY3 — 0,mZ; — 0,mX; — 0,mZ; — 0};

--- function to cal cul ate second derivatives of the D-H transfornation
over time ---
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MatUijk[matK_,ui_,uj_,uk_]:=Block[{matAl,matA2,matA3,matQ,matU},
matQ= {{0,-1,0,0},{1,0,0,0},{0,0,0,0},{0,0,0,0} };
If[And[uj < ui,uk < uj],
matAl= DenHartmimatK O,uk — 1J;
matA2= DenHartmimatK, uk — 1, uj — 1];
matA3= DenHartmimatK, uj — 1, uil;
matU = matAlmatQmatA2matQmatA3;,

If [And[uk < ui, uj < uk],

matAl= DenHartmimatK O, uj — 1J;

matA2= DenHartmimatK, uj — 1,uk — 1];

matA3= DenHartmimatK uk — 1, uil;

matU= matAlmatQmatA2matQmatAs3;,

matU= {{0,0,0,0},{0,0,0,0},{0,0,0,0},{0,0,0,0} };]}; maty

- function to conpute model items ---

VelocityltemPlat[i_,j_]:=Simplify[
SumTr[Simplify[dAp.MatUij[matK k, j]].J[[K]].
Simplify[TransposgMatUij[matK K, i]]. TransposgnAp]]], {k,i,6}]]

FreeltemPlat[i_]:=Simplify[
SunTr[Simplify[ddAp.DenHartmimatK, 0, j]].J[[j]]-
Simplify[TransposfMatUij[matK j,i]]. TransposgnAp|]],{],i,6}]]

InertiaPlat[i_,j ]:=Simplify[
SuniTrimAp.MatUijmatK k, j].J[[K]].
TransposfMatUij[matK k,i]]. TransposgnAp]], {k,i, 6}]]

CoriolisCentPlat[i_,j_,k_]:=Simplify[
SuniTr[mAp.MatUijk[matK, m, j,k].J[[m]].
TransposfMatUijmatK m,i]]. TransposgnAp|], {m,i, 6}]]

- function preparing precal culated constants for output form---

cStyleReplacedElem[e_]:=Block[{newE},
newE= Simplify[e]/.{Cogql] — ¢1,Sinql] — s1
Cod9q2 — c2,Sin[g2] — s2 Co92q2 — c22
Sin[292 — s22 Cogq2+q3 — c23 Sin[g2+ q3] — s23
Co92(g2+q3)] — ¢2233Sin[2(g2+ g3)] — s2233
Co9292+q3] — ¢223 Sin292+ g3 — s223
Codg3] — ¢3,Sin[q3] — s3 Coqq4] — c4,Sin[q4] — s4,
Cog9294 — c44, Sin[294 — s44 Codq5] — c5,
Sin[g5 — s5 Co92g5 — ¢55 Sin[2q9 — s55
Codg6] — c6,Co9206 — €66, Sin[q6] — s6,
Sin2g6 — s66 Mlxx; — mIxx1, mlyys — mlyyl,
Mlzz1 — MIzz1 mlyyo — MIXX2, Mlyy, — mlyy2,
Mlzz2 — MIzz2 Mlyxz — MIXX3, Mlyyz — mlyy3, ml;;3 — mlzz3
Mlyxs — MIXx4, mlyys — mlyy4, milz;4 — mlzz4,
Mlyxs — MIXX5, mlyys — mlyy5, ml;zs — mlzz5,
Mlyxe — MIXX6, Mlyye — Mlyy6, ml;,6 — mlzz6 mlyy, — mixy2,
mmy — mm1 mmp — mm2 mmg — mm3 mmy — mm4, mms — mm5,
mmg — mm6 mX; — mX1L,mY; — mY1l mZ; — mZl mXy — mX2,
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mYo, — mY2,mZ, — mZ2, mXz — mX3,

mYs3 — mY3,mZz; — mZ3,mX; — mX4,mY4 — mY4,

mZ,; — mZ4, mXs — mX5 mYs — mY5, mZs — mZ5,

mXg — MX6,mYg — MY6,mZg — MZ6,d;->d1

ap — a2 dq — d4,ds — d6, Sin[roll] — sroll,

Codroll] — croll, Sin[pitch] — spitch Cogpitch] — cpitch}; newH

--- functions printing results to files ---

PrintSublList[list_,strm_,sName_]:=Block]
{dim,i,newSNamé¢, dim = Dimensiongist];
If[Lengthidim] > 1, For]i = 1,i<=dim[[1]],i++,
newSName= sName<>ToStrinfg|<>",";
PrintSubLislist[[i]], strm newSNamg,

Forli = 1,i<=dim[[1]],i++,

newSName= sName<>ToStrinj]<>")=";
WriteStringstrm newSNameCForn|
cStyleReplacedElefiist[[i]]]]," ;\n\n"]]]]

PrintList[list_,fName_,sName_J]:=Block|
{strm}, strm= OpenWritéfNamg;
WriteStringstrm " % ***** Matlab: \n\n"|;
PrintSubListlist, strm sName<2("];
Closdstrm;

PrintFunc3D[Func_,range_,fName_,sName_]:=Block[{i,j,strm},
strm= OpenWritéfNamg;
WriteStringstrm," % ***** Matlab: \n\n"|;
Forli = range[1,1]],i < range[1,2]],i++,
For[j =rangg[2,1]], ] <rangé[2,2]], j++, Forlk = rangé€[3,1]],k < range|[3, 2]|, k++,

WriteStrindstrm sName” (*,i," ", j," " ,k,")=",
CFormcStyleReplacedEleffundi, j,K]]]," ;\nm\n"]]]];
Closégstrm; ]

PrintFunc2D[Func_,range_,fName_,sName_]:=Block[{i,j,strm},
strm= OpenWritéfNamg;
WriteStringstrm," % ***** Matlab: \n\n"|;
Forli =rangé[1,1]],i <rangg[1,2]],i++,

For[j =rangg[2,1]], ] < rangé[2,2]], j++, WriteStringdstrm sName" (" ,i," ", j,")=",
CFormcStyleReplacedElefundi, j]]],";\n\n"]];
Closégstrm; ]

PrintFuncl1D[Func_,range_,fName_,sName_]:=Block[{i,j,strm},
strm= OpenWritéfNamg;
WriteStringstrm " % ***** Matlab: \n\n"|;
Forli = rangé[1,1]],i <rangg[1,2]],i++,
WriteStringstrm sName" (" ,i,")=", CFornicStyleReplacedEleffundi]]," ;\n\n"|J;
Closégstrm; ]

--- calculate and save terms ---

PrintFunc2D[VelocityltemPlat,{{1,6},{1,6}}," plat_velocity item.," mPV"]
PrintFunc2D[InertiaPlat,{{1,6},{1,6}}, plat_inertia_item.rh," mQ']
PrintFunc3D[CoriolisCentPlat,{{1,6},{1,6},{1,6}}, plat_coriolis_item.," mC"]
PrintFuncl1D[FreeltemPlat,{{1,6}},plat_free_item.th," mPF']
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Appendix C

Matlab code

Elements of Matlab code used for PA10 dynamic model sinanati

C.1 Solver function

function [t,x, u]=ode_cw(dyn_fcn,ts, x0, dyn_par ans)
MAX_ABS TOL=. 1;

M N_SUB_STEPS=2;
MAX_SUB_STEPS=128;

st at e=x0;

t(1)=ts(1);

[ocal t=t(1);
x(1,:)=x0
u(l,:)=zeros(1,6);

 ast _sub_steps=M N _SUB_STEPS
for i=2:1ength(ts)

SUB_STEPS=max(| ast _sub_steps, M N_SUB_STEPS)
sol _OK=0;
dyn_step.local t=local t;
dyn_step.state=state;
whil e sol _OK==0
| ocal t=dyn_step.local t;
state=dyn_step. state;
break done=0;
for j=1: SUB_STEPS
new t=ts(i-1)+(j/SUB STEPS)*(ts(i)-ts(i-1));
dt=new_t-1local _t;
[dstate temp_u stop_vect]=feval (dyn_fcn,local t,state, dyn_parans);
ol d_state=state;
st at e=st at e+dst at e*dt ;
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if ~isenpty(stop_vect)
stopl_ind=find(stop_vect<=6);
state(6+stop_vect (stopl_ind))=0;
stop2_i nd=find(stop_vect >6)
for k=stop2_ind
%if the two velocities have different signs, then stop
if (old_state(stop_vect(k))*state(stop_vect(k)))<0
state(stop_vect(k))=0;
end
end
end
if max(abs(state-old state)) > MAX ABS TQOL
SUB_STEPS=SUB_STEPS*2:
if SUB STEPS>MAX_SUB STEPS

fprintf("#)
end
break done=1
br eak;
end
[ ocal _t=newt;
end
i f break_done==0
sol k=1
SUB_STEPS=SUB_STEPS/ 2;
end
end
t(i)=local _t;
X(i,:)=state’;
u(i,:)=temp_u’;

| ast _sub_steps=SUB_STEPS;
end;

C.2 Main dynamic structure function

function [dx, out_u, out_stop_joint]=dynam cs_n(t, x,varargin)

gl obal marker _t;
gl obal nmarker last_int;

MARKER_STEP=0. 02;
FRICT_VEL_LIM T=9. 5e-3
dyn_paranms=varar gi n{ 1};

g=x(1: 6);
dg=x(7:12);

if isfield(dyn_paramns,’ platformvbdel )
plat _coord_fcn=dyn_parans. pl at f or mivbdel { 1} {1};
pl at _coord_dat a=dyn_parans. pl at f or mvbdel {1} {2} ;
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i s_p_inert=dyn_parans. pl at f or mvbdel {1}{3};
i s_p_corcent=dyn_parans. pl at f or mvbdel {1} {4};
pl at _coord=feval (plat_coord fcn,t, plat_coord_data);

[mMQ mVQ vh fg nPF nPV] =pal0_i dyn(x, plat_coord);

gv=[0 0 -9.81585];
% al ow variable gravity vector.
rgv=gv*rot M0, plat_coord.pitch, 0)*rotMplat_coord.roll, 0, 0);
vg=fg*rgv’;
el se
is_p_inert=0;
i s_p_corcent=0;

[mMQ mVQ vh fg]=pal0_i dyn(x);

gv=[0 0 -9.81585]";
vg=fg*gv;
end

if isfield(dyn_parans,’ motorlnertia’)
mviQ=di ag(dyn_parans. notor I nertia{l});

el se
for i=1:6
if isfield(dyn_parans,strcat(’' nmotorlnertia’,nunstr(i)))
mVM(i,i)=dyn_parans. (strcat(’ notorlnertia ,nunstr(i))){1};
end
end
end

if isfield(dyn_parans, frict’)
f=dyn_params.frict{1};
ft=friction(dq,f)*50;

if isfield(dyn_parans,’frictScale')
FRI CT_SCALE=dyn_par ans. fri ct Scal e{1};
el se
FRI CT_SCALE=ones(6, 1);
end
ft=ft.*FRI CT_SCALE;
el se
ft=zeros(6,1);
end

if isfield(dyn_parans,’transm ssionStiffness')
transni ssion_stiffness=1;

el se
transni ssion_stiffness=0;

end

u=zeros(6,1);

if isfield(dyn_parans,’inputFcn’)
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i f Iength(dyn_params.inputFcn)==

i np_fcn=dyn_parans. i nput Fcn{1};

i np_fcn_paranms={};
el se

i np_f cn=dyn_par ans. i nput Fcn{ 1} ;

i np_fcn_paranms=dyn_parans. i nput Fcn(2: end) ;
end;

i np_parans. t=t;

i np_par ans. q=q;

i np_par ans. dg=dg;

if isfield(dyn_parans,'integrateError’)
i np_parans. errlnt=x(13: 18);

end;

i np_par ans. m=ng

i np_par ans. mvig=nmviy

i np_par ans. vh=vh

i np_par ans. vg=vg

if isfield(dyn_parans,’ trajFcn’)
if ~isempty(inp_fcn_paramns)
u=feval (inp_fcn,inp_parans,inp_fcn_parans, dyn_parans.traj Fen{1});

el se
u=feval (inp_fcn,inp_parans, dyn_params.trajFcn{1});
end
el se
u=feval (inp_fcn,inp_parans,inp_fcn_parans);
end
el se
u=zeros(6,1);
end

if isfield(dyn_parans,'integrateError’)
if length(u)>6
err_delta=u(7:12);
u=u(1: 6);
el se
err_del ta=zeros(6,1);
end
end

dx(1:6,1)=reshape(x(7:12),6,1);
internal _part=-vh-vg+u; %ft;

if isfield(dyn_parans, noGavity')
internal _part=internal part+vg

end

if isfield(dyn_params,’ noCoriolis’)
internal _part=internal part+vh

end
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if is_p_inert~=0
internal _part=internal part-nPF,
end

if is_p_corcent~=0

pl at _vel =nPV*dq;

internal _part=internal _part-2*plat_vel;
end

stop_joint=[];
stop_joint2=[];

if isfield(dyn_parans, frict’)
for i=1:6
if dqg(i)>0
if internal _part(i)==0 & ft(i)>0
stop_joi nt2(end+1) =i ;
el se
if dg(i)<f.p{i}(1,1)
if (internal _part(i)>0) & internal _part(i)<ft(i)
stop_joint(end+l)=i;

end
end
end
el se
if dqg(i)<0
if internal _part(i)==0 & ft(i)<0
stop_joi nt2(end+1) =i ;
el se
if dqg(i)>f.n{i}(1,1)
if (internal _part(i)<0) && internal _part(i)>ft(i)
stop_joint(end+l)=i;
end
end
end
end
end

end
dx(stop_j oi nt)=0;
full _internal part=internal _part-ft;
full _internal _part(stop_joint)=0;
el se
full _internal _part=internal part;
end
i f nargout>2

out _stop_joint=[stop_joint stop_joint2+6];
end
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if isfield(dyn_parans,’'|ockedJoints')
| ocked_j oi nt s=dyn_par ans. | ockedJoi nt s{1};
full _internal part(locked_joints,1)=0;
end

if isfield(dyn_params,’ onlyMtorlnertia’)
dx(7:12,1)=(((mvQ~-1)*(ful | _internal _part));

el seif isfield(dyn_parans,’ onlyJointlinertia')
dx(7:12,1)=(((mQ"-1)*(full _internal _part));

el seif isfield(dyn_parans, unitylnertiaMatrix’)
dx(7:12,1)=full _internal part;

el se
dx(7:12, ) =(((mAmvQ) - 1) *(full _internal _part));

end

if isfield(dyn params,’integrateError’)
dx(13:18)=err_del ta;

end

PA10_Rat edVel ocity=[1.64 1.705 2.24 9.63 9.63 9.63]";

i nd=find((x(7:12)>PA10_Rat edVel ocity).*(dx(7:12)>0));
if ~isempty(ind)
dx( 6+ nd) =0;
if isfield(dyn_parans,’'integrateError’)
dx(12+i nd) =0;
end
u(ind)=vh(ind)+vg(ind)+ft(ind);

end

i nd=find((x(7:12)<-PA10_RatedVel ocity).*(dx(7:12)<0));
if ~isempty(ind)

dx( 6+i nd) =0;

if isfield(dyn_parans,'integrateError’)

dx(12+i nd) =0;

end

u(ind)=vh(ind)+vg(ind)+ft(ind);
end

i f nargout>1
out _u=u;
end;

if isfield(dyn_parans,’|ockedJoints')
| ocked_j oi nt s=dyn_par ans. | ockedJoi nt s{1};
dx(1 ocked_j oints, 1) =0;
dx( 6+l ocked_j oi nts, 1) =0;
if isfield(dyn_parans,’ integrateError’)
dx(12+l ocked j oi nts, 1) =0;
end
end
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if (t==0.002)
mar ker _t =0;
mar ker | ast i nt=0;
end
if (floor(t)>marker |ast _int)
fprintf(’\n");
mar ker _|ast _int=floor(t);
end;
if (t>(marker_t +MARKER STEP))
fprintf('*");
mar ker _t=t;
end
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Appendix D

C code

Elements of C code used in the PA10 control application.

[l ctrl_all _controllers.cpp
if (g.cntrl_change>0) {
if (((controller_type&CRTL_MASK CVD TYPE) ==CRTL_MASK_CMD_VELOCI TY)
&&((g.cntrl_change&CRTL_MASK CVD TYPE) ==CRTL_MASK CMD TORQUE)) {
pPA10- >ToTor queCont rol ()
vel trq_ctrl=1
fprintf(stdout,"Switching to torque control\n");
} else if (((controller_ type&CRTL_MASK CVD TYPE) ==CRTL_MASK CMD TORQUE)
&&((g.cntrl_change&CRTL_MASK _CMD_TYPE) ==CRTL_MASK_CMD_VELOCI TY)) {
pPA10- >ToVel oci tyControl ();
vel trqg_ctrl=0
fprintf(stdout,"Switching to velocity control\n");
}
fprintf(stdout,"sw tching controller from%8x to %8x\n",
controller_type,g.cntrl_change);
control | er _type=g.cntrl_change
g.cntrl _change=0;

}
g. pRobot s[ r obot Nunj - >Begi nCal cul ating();

Il filter the velocity.
for (Loop = 0; Loop < NUM JONTS; Loop++) {
debug_val [ Loop] =0;
if (filter_len>0) {
doubl e tenp_buf[20];

vel buff[Loop][count %filter | en]=pV]Loop];

for(Loop2=0; Loop2<filter_len; Loop2++) {
t enp_buf [ Loop2] =vel _buf f [ Loop] [ Loop2] ;
}

switch (filter_type) {
case 0:
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cur_vel [ Loop] =nean(tenp_buf,0,filter_len);
br eak;
case 1:
cur _vel [ Loop] =nedi an(tenp_buf, 0, filter len);
br eak;
case 2:
cur_vel [ Loop] =(mean(tenp_buf,0,filter_len) +
medi an(tenp_buf,0,filter _len))/2.0;
br eak;
defaul t:
cur _vel [ Loop] =pV[ Loop] ;
br eak;

}

} else {
cur_vel [ Loop] =pV[ Loop] ;
}
}

Il populate the gravity vector and set flag
if (!g.nosensors) {
if ((controller type&CRTL_MASK GRAVI TY TYPE)>0) {
dynami cs. t ype=PA10_DYN GRAVI TY_VECTOR
if ((controller type&CRTL_MASK GRAVI TY TYPE) ==CRTL_MASK GRAVI TY_S ACO) {
Il take gravity vector fromaccel eration sensors
dynami cs.gravity vector[0] =sens_p. ax;
dynami cs. gravity_vector[ 1] =sens_p. ay;
dynam cs.gravity vector[2] =sens_p. az;
} else if ((controller_type&CRTL_MASK GRAVI TY_TYPE) ==CRTL_MASK_GRAVI TY_S RP) {
/1 take ravity vector fromroll+pitch sensors
dynamics.gravity_vector[0]=rol | _pitch_grav[0];
dynam cs.gravity vector[1]=rol| _pitch_grav[1];
dynami cs. gravity_vector[2]=rol | _pitch_grav[2];

}
}

if ((controller_type&CRTL_MASK DYN TYPE)>0) {
if ((controller type&CRTL_MASK DYN TYPE) ==CRTL_MASK DYN REFERENCE) {
for (Loop = 1; Loop <= NUM JO NTS; Loop++) {
dynami cs. pAl Loop- 1] =pos|[ Loop- 1] [ count];
dynami cs. pV[ Loop- 1] =vel [ Loop- 1] [ count ] ;
dynam cs. pV2[ Loop- 1] =vel [ Loop- 1] [ count];
dynami cs. pX[ Loop- 1] =acc[ Loop- 1] [ count ] ;
}
} else if ((controller type&CRTL_MASK DYN TYPE)==CRTL_MASK DYN SLIDI NG {
for (Loop = 1; Loop <= NUM JO NTS; Loop++) {
#i fndef CTRL_ALL_COPY pA
dynani cs. pA[ Loop- 1] =pA[ Loop- 1] ;
#el se // CTRL_ALL_COPY_pA
dynami cs. pA[ Loop- 1] =pal0_angl e[ Loop- 1] ;
#endi f //CTRL_ALL_CCPY pA
dynami cs. pV[ Loop- 1] =cur _vel [ Loop- 1] ;
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dynami cs. pX[ Loop- 1] =acc[ Loop- 1] [ count] - | anbda[ Loop- 1] *
(pV[ Loop- 1] - vel [ Loop- 1] [ count]);
#i fndef CTRL_ALL_COPY pA
dynami cs. pV2[ Loop- 1] =vel [ Loop- 1] [ count ] - | anbda[ Loop- 1] *
( pA[ Loop- 1] - pos[ Loop- 1] [count] ) ;
#el se // CTRL_ALL_COPY_pA
dynami cs. pV2[ Loop- 1] =vel [ Loop- 1] [ count ] - | anbda[ Loop- 1] *
(pal0_angl e[ Loop-1] - pos[ Loop-1][count]);
#endi f //CTRL_ALL_CCPY_pA
}
}

} else {
[l direct model
for (Loop = 1; Loop <= NUM JO NTS; Loop++) {
#i fndef CTRL_ALL_COPY_pA
dynami cs. pA[ Loop- 1] =pA[ Loop- 1] ;
#el se // CTRL_ALL_COPY_pA
dynami cs. pAl Loop- 1] =pal0_angl e[ Loop- 1] ;
#endi f //CTRL_ALL_COPY_pA
dynami cs. pV[ Loop- 1] =cur _vel [ Loop-1];
dynam cs. pV2[ Loop- 1] =cur _vel [ Loop-1];
dynam cs. pX[ Loop- 1] =0; //there are no acceleration estinates
[/for direct model.
Il for model based controllers:
Il the filtered velocities are only used in nodel cal cul ation,
/'] and the remai nder feedback el enent uses the direct last nmeasurenent.

}

/'l calculate dynam cs
palODynani cs(&dynami cs);

for (Loop = 0; Loop < NUM JONTS; Loop++) {
Il reset velocity to raw (unfiltered)
cur _vel [ Loop] =pV[ Loop] ;
Il reset the tenporary control val ues
newTor que[ Loop] =0. 0;
c_error[Loop] =0. 0;

}

sat ur at ed=0;

doubl e tnp_pos[ NUM JO NTS] ;
doubl e tnp_vel [NUM JO NTS] ;
doubl e tnp_acc[ NUM JO NTS] ;

if ((controller_type&CRTL_MASK SPC TYPE)>0) {
if ((controller_type&CRTL_MASK SPC TYPE) ==CRTL_MASK SPC DTZ) {
for (Loop = 1; Loop <= NUM JO NTS; Loop++) {
t np_pos|[ Loop- 1] =0;
t mp_vel [ Loop- 1] =0;
t np_acc[ Loop- 1] =0;
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}

} else {
for (Loop = 1; Loop <= NUM JAONTS; Loop++) {
t np_pos[ Loop- 1] =pos[ Loop- 1] [count];
t mp_vel [ Loop- 1] =vel [ Loop- 1] [ count ] ;
t np_acc[ Loop- 1] =acc[ Loop- 1] [ count];

}

if ((controller_type&CTRL_MASK ERROR C TYPE)>0) {
if ((controller type&CTRL MASK ERRCR PD)==CTRL_MASK ERRCR PD) {
for (Loop = 1; Loop <= NUM JO NTS; Loop++) {
c_error[Loop-1]=-kp[ Loop- 1] *(pAl Loop- 1] -t np_pos[ Loop- 1] )
-kd[ Loop- 1] *(cur _vel [ Loop-1] -t np_vel [ Loop- 1] );
}
}
if ((controller_type&CTRL_MASK ERROR SAT SLIDI NG ==
CTRL_MASK _ERROR_SAT_SLIDING {
for (Loop = 1; Loop <= NUM JO NTS; Loop++) {
c_error[Loop-1]=(cur_vel [ Loop-1]-tnp_vel [ Loop-1])

+ ambda[ Loop- 1] *( pA[ Loop- 1] -t np_pos[ Loop-1]);
c_error[Loop-1]=-K nf Loop- 1] *sat (c_error[Loop-1]/varphi[Loop-1]);
if (abs(sat(c_error[Loop-1]/varphi[Loop-1]))==1) {

sat ur at ed=1;
}
}
}
if ((controller type&CTRL_MASK ERROR SLI DI NG ==CTRL_MASK ERRCR SLIDING {
for (Loop = 1; Loop <= NUM JO NTS; Loop++) {
c_error[Loop-1]=(cur_vel [Loop-1]-tnp_vel [Loop-1])
+| anbda[ Loop- 1] * ( pAl Loop- 1] - t np_pos[ Loop-1]);
c_error[Loop-1]=-kd[ Loop-1]*c_error[Loop-1];
}
}
if ((controller type&CTRL_MASK ERRCOR |)==CTRL_MASK ERROR I) {
for (Loop = 1; Loop <= NUM JO NTS; Loop++) {
c_error[Loop-1] +=-ki[Loop-1] *int_err[Loop-1];
}

}

if ((controller_type&CRTL_MASK MODEL_TYPE) >0) {
if ((controller_type&CTRL_MASK MODEL_GRAVI TY) ==CTRL_MASK_MODEL_GRAVI TY) {
for (Loop = 1; Loop <= NUM_JO NTS; Loop++) {
newTor que[ Loop- 1] +=dynani cs. gravi t y[ Loop- 1]/ 50. 0;
}
}
if ((controller type&CTRL_MASK MODEL FRI CTI ON) ==CTRL_MASK_MODEL _FRI CTION) {
for (Loop = 1; Loop <= NUM JO NTS; Loop++) {
newTor que[ Loop- 1] +=dynami cs. fri ct[ Loop-1] ;
}
}
if ((controller_type&CTRL_MASK MODEL_COR_CENT) ==CTRL_MASK MODEL_COR_CENT) {
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for (Loop = 1; Loop <= NUM JO NTS; Loop++) {
newTor que[ Loop- 1] +=dynani cs. cV[ Loop- 1]/ 50. 0;
}
}

if ((controller type&CTRL MASK MODEL FEEDBACK LI NEARI SATI ==
CTRL_MASK_MODEL_FEEDBACK LI NEARI SATI ON) {
for (Loop = 1; Loop <= NUM JO NTS; Loop++) {
c_error[Loop- 1] =(acc[ Loop- 1] [count])
-kdl [ Loop- 1] *(cur _vel [ Loop- 1] -t np_vel [ Loop-1])
-kpl [ Loop- 1] *( pA[ Loop- 1] -t np_pos[ Loop-1]);
}
for (Loop = 1; Loop <= NUM JO NTS; Loop++) {
newTor que[ Loop- 1] +=matri x_by_vect or (dynam cs. mQ c_error,
Loop-1)/50. 0;
}
} else if ((controller_type&CTRL_MASK MODEL | NERTI A) ==
CTRL_MASK_MODEL_| NERTI A) {
for (Loop = 1; Loop <= NUM JO NTS; Loop++) {
newTor que[ Loop- 1] +=mat ri x_by_vect or (dynani cs. nQ dynani cs. pX,
Loop-1)/50. 0;

}

for (Loop = 1; Loop <= NUM JONTS; Loop++) {
if ((controller_type&CTRL_MASK MODEL FEEDBACK LI NEARI SATION)! =
CTRL_MASK MODEL FEEDBACK LI NEARI SATI ON) {

newTor que[ Loop- 1] +=c_error[ Loop-1];

}

i f (newTorque[ Loop-1] > PA10_RatedTorque[ Loop-1]) {
newTor que[ Loop- 1] PA10_Rat edTor que[ Loop- 1] ;
sat ur at ed=1;

}

i f (newTorque[Loop-1] < -PALO0_RatedTorque[ Loop-1]) {
newTor que[ Loop- 1] = - PA10_Rat edTor que[ Loop- 1] ;
sat ur at ed=1;

}

if ((controller_type&CRTL_MASK GRAVI TY_TYPE) ==CRTL_MASK_GRAVI TY_ADAPT) {
if (!saturated) {
int i,j;
doubl e diff_el =0;
doubl e dt=static_cast<doubl e>(period)/1000. 0;
int adapt_err_conput ed=0;
if ((controller_type&CTRL_MASK ERROR PD)==CTRL_MASK_ERRCR PD) {
for (i =0; i < NUMJAONTS;, i++) {

adapt _err[i]=-c_error[i]/kd[i];
/*
adapt _err[i]=((cur_vel[i]-vel[i][count])+

wb_adapt _p_gn[i]*(pAli]-pos[i][count]));
|
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}
adapt _err_conput ed=1;
}
if ((controller_type&CTRL_MASK ERROR SAT SLIDI NG ==
CTRL_MASK_ERROR _SAT SLIDI NG {
for (i =0; i < NUMJONTS;, i++) {
adapt _err[i]=-c_error[i]/K nfi];
}
adapt _err_conput ed=1;
}
if ((controller_type&CTRL_MASK ERROR SLI DI NG ==
CTRL_MASK_ERROR SLIDING {
for (i =0; i < NUMJAONTS;, i++) {
adapt _err[i]=-c_error[i]/kd[i];
}
adapt _err_conput ed=1;
}
i f (adapt_err_conputed!=0) {
for (j=0; j<CARTESIAN.DIM |++) {
dadapt _grav[j]=0;
for (i=0; i<NUM JANTS; i++) {
dadapt _grav[j]+=(dynamcs.full gravity[i][j]/50.0)*
adapt _err[i];
}
dynami cs. gravity_vector[j]+=-dadapt _grav[j]*g_adpt_gn[j]*dt;

[langle limt control
for (Loop = 1; Loop <= NUM_ JO NTS; Loop++) {
doubl e tnp_a=static_cast <doubl e>( pA[ Loop-1]);
if ((tnmp_a>=PA10 PositivePositionLimt[Loop-1])){
newTor que[ Loop- 1] =- PA10_Rat edTor que[ Loop- 1] ;
fprintf(stderr,"<%|", Loop-1);
fprintf(stderr,
"LIMT angl e[ % ]=%. 5Lf, tnp_a=%.5f, max: 9%.5f, |ast=%.5f\n",
Loop- 1, pAl Loop- 1], t np_a, PA10_Posi ti vePosi tionLim t[Loop-1],
| ast _pos[ Loop-1]);
}
if ((tnp_a<=PA10_NegativePositionLimt[Loop-1])){ //
newTor que[ Loop- 1] =PA10_Rat edTor que[ Loop- 1] ;
fprintf(stderr,"|%>", Loop-1);
fprintf(stderr,
"LIMT angl e[ % ]=%.5Lf, tnp_a=%.5f, nin: 9%R.5f, |ast=%. 5f\n",
Loop- 1, pA[ Loop-1],tnp_a, PA10_NegativePositionLinit[Loop-1],
| ast _pos[ Loop-1]);
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int saturated_t[NUM JO NTS]={0,0,0,0,0, 0};
[Ifilter torques + gain adaptation:
for (Loop = 1; Loop <= NUM JAONTS; Loop++) {
#i f def ADVANCED_TORQUE_FI LTER
sgn_di ff= newTor que[ Loop-1] - ol dTor que[ Loop-1]>=0 ? 1 : -1
i f (abs(newTorque[ Loop- 1] - ol dTor que[ Loop-1]) >
al pha[ Loop- 1] *PA10_Rat edTor que[ Loop-1]) {
newTor que[ Loop- 1] =ol dTor que[ Loop- 1] +sgn_di ff*
al pha[ Loop- 1] * PA10_Rat edTor que[ Loop- 1] ;
}
i f ((newTorque[ Loop- 1] *ol dTor que[ Loop- 1] <0) &&( al pha[ Loop-1]!=1)) {
newTor que[ Loop- 1] =0;

1
#endi f
i f (abs(pV[Loop-1])>abs(PA10_Rat edVel ocityZone[ Loop- 1] *
PA10_Rat edVel oci ty[ Loop-1])) {
Il velocity close to saturation
if ((controller_type&CRTL_MASK SPC TYPE)==CRTL_MASK SPC DTZ) {
newTor que[ Loop- 1] =newTor que[ Loop- 1]/ vel _of trq_div[Loop-1];
}
#i f def ADVANCED_TORQUE_FI LTER
el se {
newTor que[ Loop- 1] =newTor que[ Loop- 1]/ vel _of _trq_div[ Loop-1];
}
#endi f
saturated_t[Loop-1]=1
[lfprintf(stderr,".");
}
i f (abs(newTorque[ Loop-1]) == abs(PAL10_Rat edTor que[ Loop-1])) {
Il joint torque saturated
saturated_t[Loop-1]=1
}
}

for (Loop = 1; Loop <= NUM JO NTS; Loop++) {
if ((anti_windup==0)|| (saturated_t[Loop-1]=0)) {
int_err[Loop-1] += (pAl Loop-1]-tnmp_pos[Loop-1]) *
static_cast <doubl e>( peri od)/1000. 0;

}

if ((controller_type&CRTL_MASK CMD_TYPE) ==CRTL_MASK_CMD_TORQUE) {
for (Loop = 1; Loop <= NUM JONTS; Loop++) {
pT[ Loop-1] = newTor que[ Loop-1];
ol dTor que[ Loop- 1] = newTor que[ Loop- 1] ;
newTor que[ Loop- 1] =0. 0;
}
} else if ((controller_type&CRTL_MASK CMD TYPE) ==CRTL_MASK CMD _VELCCI TY) {
[Ifprintf(stdout,"Velocity control commands \n");
for (Loop = 1; Loop <= NUM JO NTS; Loop++) {
pV[ Loop-1] = vel [Loop-1][count];
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pT[ Loop-1] = 0.0;
}
}
for (Loop = 1; Loop <= NUM JONTS; Loop++) {
| ast _c_error[Loop-1] =c_error[Loop-1];
c_error[Loop-1]=0.0;
| ast _vel [ Loop- 1] =pV[ Loop-1];
| ast _pos[ Loop- 1] =pA Loop-1];
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Appendix E

Tables with results of manipulator on

platform control experiments (angle
WMISE)

The results of angle tracking weighted mean squared eregorasented in tables: E.1 to
E.14.
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controller S1 S2 El E2 w1 W2

PD 2.20e-5 | 2.76e-4 | 1.58e-4 | 2.14e-5 | 3.21e-5 | 1.32e-5
sat_sl 2.21e-5 | 2.76e-4 | 1.59¢e-4 | 1.85e-5 | 3.18e-5 | 1.32e-5
slid 2.20e-5 | 2.76e-4 | 4.27e-4 | 6.13e-6 | 3.21e-5 | 1.35e-5
PID 2.16e-5 | 2.74e-4 | 1.58e-4 | 2.15e-5 | 3. 24e-5 | 1.37e-5
grv_frc_PD 3.8le-6 | 6.02e-6 | 1.08e-5 | 1.67e-6 | 3.70e-6 | 1.38e-6
grv_frc PD_s rp 3.70e-6 | 5.84e-6 | 1.05e-5 | 1.54e-6 | 3.38e-6 | 1.22e-6
grv_frc PD_s acc | 3.65e-6 | 5.73e-6 | 1.02e-5 | 1.30e-6 | 3.37e-6 | 1.12e-6
grv_frc_PD_adap 1.31e-6 | 1.03e-6 | 2.59e-6 | 1.48e-6 | 3.44e-6 | 1. 28e-6
grv_frc_sat_sl 3.78e-6 | 5.82e-6 | 1.06e-5 | 1.31e-6 | 3.44e-6 | 1.21e-6
grv_frc_sat sl s rp| 3.71e-6 | 5.92e-6 | 1.09e-5 | 1.28e-6 | 3.37e-6 | 1. 14e-6
grv_frc_sat sl s acc3.68e-6 | 5.54e-6 | 1.03e-5 | 1.23e-6 | 3.42e-6 | 1. 16e-6
grv_frc_sat sl adap 1.17e-6 | 6.64e-7 | 3.27e-6 | 1.32e-6 | 3.45e-6 | 1. 28e-6
grv_frc_slid 3.89e-6 | 6.03e-6 | 2.78e-5 | 1.52e-6 | 3.49e-6 | 1.27e-6
grv_frc_slid_s rp 3.83e-6 | 5.83e-6 | 2.86e-5 | 1.68e-6 | 3.64e-6 | 1.18e-6
grv_frc_slid s acc | 3.83e-6 | 6.22e-6 | 2.88e-5 | 1.87e-6 | 3.66e-6 | 1. 30e-6
grv_frc_slid adap | 1.52e-6 | 1.15e-6 | 6.38e-6 | 1.69e-6 | 3.42e-6 | 1. 20e-6
lin_FULL 2.8%-6 | 7.89e-7 | 2.17e-6 | 5.89¢e-6 | 7.83e-6 | 6. 76e-7
lin_noCC 2.84e-6 | 7.74e-7 | 2.48e-6 | 5.28e-6 | 7.97e-6 | 7.0le-7
lin_FULL_s_rp 2.66e-6 | 7.84e-7 | 1.91e-6 | 5.27e-6 | 7.41e-6 | 7.77e-7
lin_noCC_s rp 3.32e-6 | 8.08e-7 | 2.55e-6 | 5.44e-6 | 7.79e-6 | 8.33e-7
lin_FULL_s_acc 2.84e-6 | 9.43e-7 | 2.30e-6 | 5.73e-6 | 7.79%-6 | 8.09e-7
lin_noCC_s_acc 3.46e-6 | 9.06e-7 | 2. 74e-6 | 5.68e-6 | 7.49e-6 | 7.41le-7
W-B_FULL 1.54e-6 | 2.61e-6 | 2. 70e-6 | 2.42e-6 | 3.26e-6 | 9. 46e-7
W-B_noCC 1.91e-6 | 2. 70e-6 | 3.90e-6 | 1. 75e-6 | 3.46e-6 | 1. 04e-6
W-B_FULL_s rp 1.63e-6 | 2.64e-6 | 2.87e-6 | 1.97e-6 | 3.39%e-6 | 1. 16e-6
W-B_noCC_s rp 2.02e-6 | 2.30e-6 | 4.10e-6 | 2.54e-6 | 3.43e-6 | 1. 05e-6
W-B_FULL_s acc | 1.74e-6 | 2.67e-6 | 3.31e-6 | 2.17e-6 | 3.28e-6 | 1. 00e-6
W-B_noCC_s_acc | 1.85e-6 | 2.60e-6 | 4.08e-6 | 2. 02e-6 | 3.38e-6 | 8.96e-7
W-B_FULL_adap 9.39%-7 | 6.91e-7 | 2.02e-6 | 1.84e-6 | 3.38e-6 | 1.09e-6
W-B_noCC_adap | 9.78e-7 | 9.57e-7 | 2.27e-6 | 2.50e-6 | 3.43e-6 | 9.40e-7
S-L_FULL 1.64e-6 | 2.46e-6 | 7.26e-6 | 4.17e-6 | 3.36e-6 | 9.98e-7
S-L_noCC 2.14e-6 | 2.31e-6 | 1.03e-5 | 4.21e-6 | 3.71e-6 | 1.07e-6
S-L FULL s rp 1.78e-6 | 2.89%-6 | 7.71e-6 | 4.85e-6 | 3.79%e-6 | 9. 77e-7
S-L_noCC_s_rp 1.83e-6 | 2.48e-6 | 1.03e-5 | 4.27e-6 | 3.59%-6 | 9.51e-7
S-L_ FULL_s acc 1.80e-6 | 2.47e-6 | 9.34e-6 | 4. 14e-6 | 3.54e-6 | 1.08e-6
S-L_noCC_s acc 1.91e-6 | 2.28e-6 | 1.20e-5 | 4. 10e-6 | 3.58e-6 | 9.91e-7
S-L_FULL_adap 1.03e-6 | 1.22e-6 | 5.22e-6 | 4.02e-6 | 3.36e-6 | 9. 14e-7
S-L_noCC_adap 1.35e-6 | 1.14e-6 | 6. 74e-6 | 4.62e-6 | 3.72e-6 | 1. 14e-6
PA10_vel 1.12e-2 | 4.51e-5 | 4.79e-5 | 3.38e-5 | 1.5%-4 | 3.37e-5

Table E.1: Comparison of angle WMISE results for differenttoaliers, platform trajec-
tory: zero, PA10 trajectorysi ne.
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controller S1 S2 El E2 w1 W2

PD 2.06e-5 | 1.57e-4 | 3.60e-5 | 1.49e-5 | 2. 20e-5 | 1.12e-5
sat_sl 2.03e-5 | 1.57e-4 | 3.49e-5 | 1.42e-5 | 2.23e-5 | 1. 16e-5
slid 2.04e-5 | 1.56e-4 | 9.71e-5 | 5.11e-6 | 2.21e-5 | 1. 14e-5
PID 2.07e-5 | 1.57e-4 | 3.58e-5 | 1.50e-5 | 2. 24e-5 | 1. 14e-5
grv_frc_PD 2.68e-6 | 2.57e-6 | 3.91e-6 | 9.32e-7 | 1. 77e-6 | 8. 16e-7
grv_frc PD_s rp 2.80e-6 | 2.55e-6 | 4.15e-6 | 1.02e-6 | 1.88e-6 | 8. 86e-7
grv_frc PD_s acc | 2.78e-6 | 2.59%-6 | 4.04e-6 | 9.93e-7 | 1. 76e-6 | 8.09e-7
grv_frc_PD_adap 1.15e-6 | 1.25e-6 | 2.90e-6 | 1.10e-6 | 1.87e-6 | 9. 45e-7
grv_frc_sat_sl 2.75e-6 | 2.65e-6 | 3.99e-6 | 9.55e-7 | 1.69e-6 | 8.05e-7
grv_frc_sat sl s rp| 2.81e-6 | 2.69e-6 | 4. 11e-6 | 9.62e-7 | 1.81e-6 | 8.99%-7
grv_frc_sat sl s acc2.78e-6 | 2.52e-6 | 4.09e-6 | 9.37e-7 | 1. 75e-6 | 8. 26e-7
grv_frc_sat sl adap 9.10e-7 | 7.09e-7 | 3.89¢e-6 | 1.02e-6 | 1.85e-6 | 9.54e-7
grv_frc_slid 2.84e-6 | 2.72e-6 | 1.07e-5 | 1. 15e-6 | 1.96e-6 | 9.55e-7
grv_frc_slid_s rp 3.03e-6 | 2.72e-6 | 1.09e-5 | 1.27e-6 | 1.87e-6 | 8.73e-7
grv_frc_slid s acc | 2.85e-6 | 2.52e-6 | 1. 06e-5 | 1.18e-6 | 1.86e-6 | 8.90e-7
grv_frc_slid adap | 1.40e-6 | 1.49e-6 | 7.18e-6 | 1.19e-6 | 1.80e-6 | 8.90e-7
lin_FULL 4.15e-6 | 1.20e-6 | 4.56e-6 | 4.22e-6 | 4.61e-6 | 5. 74e-7
lin_noCC 3.79e-6 | 1.12e-6 | 4.57e-6 | 3.74e-6 | 4.37e-6 | 6. 26e-7
lin_FULL_s_rp 3.78e-6 | 1.13e-6 | 4.33e-6 | 3.87e-6 | 4.30e-6 | 6.65e-7
lin_noCC_s rp 4.07e-6 | 1. 14e-6 | 4.76e-6 | 3.78e-6 | 4.37e-6 | 6.32e-7
lin_FULL_s_acc 3.90e-6 | 1.35e-6 | 4.75e-6 | 4.29e-6 | 4.50e-6 | 6.86e-7
lin_noCC_s_acc 4.11e-6 | 1.28e-6 | 4.92e-6 | 4.21e-6 | 4.39e-6 | 6. 73e-7
W-B_FULL 1.66e-6 | 2.65e-6 | 3.62e-6 | 1.44e-6 | 1.80e-6 | 7.52e-7
W-B_noCC 1.83e-6 | 2.60e-6 | 4.44e-6 | 1.55e-6 | 1.91e-6 | 8. 76e-7
W-B_FULL_s rp 1.70e-6 | 2.38e-6 | 3.78e-6 | 1.83e-6 | 1.85e-6 | 1.02e-6
W-B_noCC_s rp 1.88e-6 | 2.18e-6 | 4.62e-6 | 1.81e-6 | 1.87e-6 | 8.33e-7
W-B_FULL_s acc | 1.88e-6 | 2.66e-6 | 3.73e-6 | 1.51e-6 | 1.88e-6 | 9. 16e-7
W-B_noCC_s _acc | 1.87e-6 | 2.53e-6 | 4.65e-6 | 1.68e-6 | 2.0le-6 | 8.50e-7
W-B_FULL_adap 1.12e-6 | 1.25e-6 | 3.20e-6 | 1.69e-6 | 1.8%-6 | 8.41e-7
W-B_noCC_adap | 9.28e-7 | 1.23e-6 | 2.90e-6 | 1.77e-6 | 1.91e-6 | 7.85e-7
S-L_FULL 2.04e-6 | 2.70e-6 | 1.00e-5 | 2.98e-6 | 1.94e-6 | 8.81e-7
S-L_noCC 2.03e-6 | 2.39e-6 | 1.16e-5 | 2.89e-6 | 1.87e-6 | 8.30e-7
S-L FULL s rp 1.84e-6 | 2.64e-6 | 9.94e-6 | 3.43e-6 | 1.94e-6 | 8.57e-7
S-L_noCC_s_rp 1.73e-6 | 2.28e-6 | 1.12e-5 | 3.08e-6 | 1.94e-6 | 7.53e-7
S-L_ FULL_s acc 1.80e-6 | 2.54e-6 | 9.15e-6 | 2. 94e-6 | 1.90e-6 | 8.69e-7
S-L_noCC_s_acc 1.93e-6 | 2.32e-6 | 1.15e-5 | 2.85e-6 | 1.94e-6 | 7.68e-7
S-L_FULL_adap 1.14e-6 | 1.40e-6 | 7.93e-6 | 2.97e-6 | 1.93e-6 | 7.02e-7
S-L_noCC_adap 1.35e-6 | 1.53e-6 | 7.61e-6 | 3.41e-6 | 1.90e-6 | 8. 24e-7
PA10_vel 1.15e-2 | 3.57e-5 | 2.36e-5 | 1.77e-5 | 3.77e-5 | 1. 75e-5

Table E.2: Comparison of angle WMISE results for differenttoaliers, platform trajec-
tory: zero, PA10 trajectoryssi ne.
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controller S1 S2 El E2 w1 W2

PD 3.63e-5 | 3.02e-4 | 1.74e-4 | 2.02e-5 | 2.98e-5 | 1.40e-5
sat_sl 3.52e-5| 3.02e-4 | 1.70e-4 | 1.95e-5 | 3.00e-5 | 1. 34e-5
slid 3.50e-5| 3.01e-4 | 4.61e-4 | 7.85e-6 | 2.98e-5 | 1.38e-5
PID 3.51e-5| 3.01e-4 | 1.74e-4 | 2.08e-5 | 2.95e-5 | 1. 35e-5
grv_frc_PD 5.87e-6 | 2.54e-5 | 2.17e-5 | 1.27e-6 | 4.01e-6 | 1. 06e-6
grv_frc PD_s rp 5.56e-6 | 1.46e-5 | 1.46e-5 | 1.41e-6 | 3.96e-6 | 1.0le-6
grv_frc PD_s acc | 3.57e-6 | 8.89%-6 | 1.16e-5 | 1.23e-6 | 4. 16e-6 | 1. 06e-6
grv_frc_PD_adap 1.99e-6 | 1.41e-6 | 3.12e-6 | 1.58e-6 | 4.59e-6 | 1. 38e-6
grv_frc_sat_sl 6.43e-6 | 2.63e-5 | 2.22e-5 | 1. 14e-6 | 4.30e-6 | 1. 24e-6
grv_frc_sat sl s rp| 5.40e-6 | 1.46e-5 | 1.42e-5 | 1.01e-6 | 3.95e-6 | 1. 25e-6
grv_frc_sat sl s acc3.60e-6 | 9.76e-6 | 1.15e-5 | 1.11e-6 | 3.80e-6 | 1. 10e-6
grv_frc_sat sl adap 1.45e-6 | 7.35e-7 | 3.36e-6 | 1.09e-6 | 3.60e-6 | 1. 16e-6
grv_frc_slid 6.12e-6 | 2.58e-5 | 5.89e-5 | 1.85e-6 | 4.15e-6 | 1.12e-6
grv_frc_slid_s rp 5.38e-6 | 1.46e-5 | 3.86e-5 | 1.75e-6 | 4.12e-6 | 1. 08e-6
grv_frc_slid s acc | 3.81e-6 | 9.68e-6 | 3.09e-5 | 1.53e-6 | 4.28e-6 | 1. 14e-6
grv_frc_slid adap | 1.97e-6 | 1.28e-6 | 6.96e-6 | 1.56e-6 | 4.07e-6 | 1.12e-6
lin_FULL 5.62e-6 | 2.52e-6 | 2.83e-6 | 4.39%-6 | 8.23e-6 | 6.54e-7
lin_noCC 7.74e-6 | 2.70e-6 | 3.44e-6 | 4.64e-6 | 9. 78e-6 | 8.58e-7
lin_FULL_s_rp 3.19e-6 | 1.57e-6 | 2.29e-6 | 4.37e-6 | 9.30e-6 | 6.53e-7
lin_noCC_s rp 4.64e-6 | 1.57e-6 | 2.88e-6 | 4.57e-6 | 9.92e-6 | 6. 94e-7
lin_FULL_s_acc 2.55e-6 | 1.04e-6 | 2.16e-6 | 4.65e-6 | 9.19%e-6 | 6.99%e-7
lin_noCC_s_acc 3.28e-6 | 9.40e-7 | 2.55e-6 | 4.62e-6 | 9. 46e-6 | 6. 65e-7
W-B_FULL 3.58e-6 | 2.10e-5 | 1.72e-5 | 1.40e-6 | 3.86e-6 | 9.23e-7
W-B_noCC 4.52e-6 | 1.99e-5 | 1.72e-5 | 1.79%-6 | 3.89e-6 | 7. 2le-7
W-B_FULL_s rp 1.89e-6 | 9.84e-6 | 8.14e-6 | 1.72e-6 | 4.18e-6 | 9.61le-7
W-B_noCC_s rp 2.83e-6 | 9.52e-6 | 9.09e-6 | 1.90e-6 | 4.12e-6 | 8.92e-7
W-B_FULL_s acc | 1.27e-6 | 5.63e-6 | 5.25e-6 | 1.35e-6 | 3.98e-6 | 9. 65e-7
W-B_noCC_s acc | 1.87e-6 | 4.71e-6 | 5.68e-6 | 1.68e-6 | 3.98e-6 | 9. 16e-7
W-B_FULL_adap 1.19e-6 | 9.71e-7 | 2.38e-6 | 1.60e-6 | 4. 16e-6 | 8. 84e-7
W-B_noCC_adap 1.49e-6 | 1.11e-6 | 2.51e-6 | 1.93e-6 | 4.02e-6 | 8.54e-7
S-L_FULL 3.43e-6 | 1.99e-5 | 4.17e-5 | 3.15e-6 | 4. 14e-6 | 8.99e-7
S-L_noCC 4.49e-6 | 1.90e-5 | 4.19e-5 | 4.02e-6 | 4.23e-6 | 8.08e-7
S-L FULL s rp 2.08e-6 | 9.41e-6 | 1.91e-5 | 3.39e-6 | 4.30e-6 | 9.09e-7
S-L_noCC_s_rp 2.74e-6 | 8.90e-6 | 2. 18e-5 | 3.81e-6 | 4.33e-6 | 1.01le-6
S-L_FULL_s_acc 1.29e-6 | 5.47e-6 | 1.21e-5 | 3.02e-6 | 4.21e-6 | 8.41e-7
S-L_noCC_s_acc 1.86e-6 | 4.87e-6 | 1.39e-5 | 4.46e-6 | 4.37e-6 | 8.95e-7
S-L_FULL_adap 1.54e-6 | 1.59e-6 | 6.68e-6 | 3.51e-6 | 4.22e-6 | 8.52e-7
S-L_noCC_adap 1.99e-6 | 1.54e-6 | 7.25e-6 | 4.72e-6 | 4.68e-6 | 1. 15e-6
PA10_vel 1.11e-2 | 4.27e-5 | 5.42e-5 | 4.11e-5 | 1. 28e-4 | 3. 21e-5

Table E.3: Comparison of angle WMISE results for differenttoaliers, platform trajec-
tory: sin_r2p0, PA10 trajectonsi ne.
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controller S1 S2 El E2 w1 W2

PD 2.41e-5 | 1.39e-4 | 7.45e-5 | 1.53e-5 | 2. 10e-5 | 1.22e-5
sat_sl 2.35e-5 | 1.40e-4 | 6.88e-5 | 1.46e-5 | 2.13e-5 | 1. 14e-5
slid 2.31le-5 | 1.38e-4 | 1.99e-4 | 5.86e-6 | 2.10e-5 | 1.15e-5
PID 2.34e-5 | 1.38e-4 | 7.46e-5 | 1.48e-5 | 2.09e-5 | 1. 14e-5
grv_frc_PD 2.82e-6 | 1.79e-5 | 1.70e-5 | 9.94e-7 | 1.96e-6 | 7.80e-7
grv_frc PD_s rp 2.12e-6 | 8.05e-6 | 6.78e-6 | 1.09e-6 | 1.88e-6 | 7. 75e-7
grv_frc PD_s acc | 2.31e-6 | 5.35e-6 | 4.01e-6 | 9.44e-7 | 1.94e-6 | 8.04e-7
grv_frc_PD_adap 6.13e-7 | 1.27e-6 | 2.54e-6 | 1.02e-6 | 2. 10e-6 | 8.22e-7
grv_frc_sat_sl 2.77e-6 | 1.79e-5 | 1.64e-5 | 9.04e-7 | 1.90e-6 | 8.23e-7
grv_frc_sat sl s rp| 1.95e-6 | 7.95e-6 | 6.34e-6 | 8.49e-7 | 1.78e-6 | 9. 09%e-7
grv_frc_sat sl s acc2.44e-6 | 5.37e-6 | 4.01le-6 | 9.21e-7 | 1.81e-6 | 8.02e-7
grv_frc_sat sl adap 5.62e-7 | 6.89%-7 | 3.16e-6 | 8.45e-7 | 1.88e-6 | 8.45e-7
grv_frc_slid 2.59e-6 | 1.79e-5 | 4.36e-5 | 1.29e-6 | 2.03e-6 | 8.09%-7
grv_frc_slid_s rp 2.07e-6 | 8.14e-6 | 1.67e-5 | 1.28e-6 | 1.94e-6 | 7.91e-7
grv_frc_slid s acc | 2.30e-6 | 5.34e-6 | 1.03e-5 | 1.19e-6 | 2. 04e-6 | 7.82e-7
grv_frc_slid adap | 7.45e-7 | 1.33e-6 | 6.20e-6 | 1.29e-6 | 2.06e-6 | 8. 27e-7
lin_FULL 4.99e-6 | 2.89e-6 | 5.60e-6 | 3.29%-6 | 4. 25e-6 | 5.90e-7
lin_noCC 6.53e-6 | 2.64e-6 | 5.46e-6 | 3.20e-6 | 4.97e-6 | 5.2%-7
lin_FULL_s_rp 2.65e-6 | 1.88e-6 | 3.90e-6 | 3.26e-6 | 4.66e-6 | 5. 71e-7
lin_noCC_s rp 2.98e-6 | 1.77e-6 | 4.29e-6 | 3.21e-6 | 5.00e-6 | 5. 55e-7
lin_FULL_s_acc 3.27e-6 | 1.65e-6 | 4.35e-6 | 3.04e-6 | 4.82e-6 | 5.61le-7
lin_noCC_s_acc 3.91e-6 | 1.56e-6 | 4.80e-6 | 3.11e-6 | 4.65e-6 | 5. 74e-7
W-B_FULL 2.51e-6 | 2.06e-5 | 2.19e-5 | 1.40e-6 | 1.87e-6 | 7. 74e-7
W-B_noCC 2.90e-6 | 1.69e-5 | 1.86e-5 | 1.30e-6 | 2.00e-6 | 6. 64e-7
W-B_FULL_s rp 1.33e-6 | 8.89%-6 | 7.20e-6 | 1.34e-6 | 1.98e-6 | 6.82e-7
W-B_noCC_s rp 1.51e-6 | 7.70e-6 | 7.38e-6 | 1.42e-6 | 1.96e-6 | 7. 36e-7
W-B_FULL_s acc | 1.59¢e-6 | 6.08e-6 | 4.79e-6 | 1.50e-6 | 2.01le-6 | 8.70e-7
W-B noCC s acc | 1.78e-6 | 4.43e-6 | 4.62e-6 | 1.28e-6 | 1.98e-6 | 8. 19e-7
W-B_FULL_adap 4.87e-7 | 1.16e-6 | 3.05e-6 | 1.45e-6 | 2.07e-6 | 7.32e-7
W-B_noCC_adap | 5.25e-7 | 1.25e-6 | 2.88e-6 | 1.42e-6 | 2.05e-6 | 7.27e-7
S-L_FULL 2.46e-6 | 1.92e-5 | 4.96e-5 | 2.40e-6 | 2.07e-6 | 7. 14e-7
S-L_noCC 2.99e-6 | 1.61e-5 | 4.37e-5 | 2.62e-6 | 2. 16e-6 | 6. 56e-7
S-L FULL s rp 1.40e-6 | 8.83e-6 | 1.70e-5 | 2. 34e-6 | 2. 10e-6 | 8. 17e-7
S-L_noCC_s_rp 1.53e-6 | 7.74e-6 | 1.71e-5 | 2.91e-6 | 2.18e-6 | 8.19%e-7
S-L_ FULL_s acc 1.61e-6 | 5.93e-6 | 1.18e-5 | 2. 57e-6 | 2.07e-6 | 7.72e-7
S-L_noCC_s acc 1.95e-6 | 4.82e-6 | 1.16e-5 | 3.88e-6 | 2. 26e-6 | 9. 18e-7
S-L_FULL_adap 6.78e-7 | 1.30e-6 | 8.33e-6 | 2.67e-6 | 2.05e-6 | 7.54e-7
S-L_noCC_adap 7.06e-7 | 1.52e-6 | 6.92e-6 | 2.57e-6 | 2.20e-6 | 7.38e-7
PA10_vel 1.13e-2 | 3.05e-5 | 2.46e-5 | 1.72e-5 | 3.26e-5 | 1.63e-5

Table E.4: Comparison of angle WMISE results for differenttoaliers, platform trajec-
tory: sin_r2p0, PA10 trajectonssi ne.
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controller S1 S2 El E2 w1 W2

PD 3.67e-5| 3.02e-4 | 1.75e-4 | 2.06e-5 | 3.05e-5 | 1.33e-5
sat_sl 3.64e-5| 3.0le-4 | 1.71e-4 | 1.85e-5 | 3.15e-5 | 1. 35e-5
slid 3.45e-5 | 3.00e-4 | 4.63e-4 | 8.26e-6 | 3.13e-5 | 1.37e-5
PID 3.48e-5| 2.99e-4 | 1.75e-4 | 1.89%-5 | 3.11e-5 | 1. 36e-5
grv_frc_PD 1.40e-5 | 1.76e-5 | 2.08e-5 | 1.28e-6 | 3.52e-6 | 1.19e-6
grv_frc PD_s rp 8.51le-6 | 1.30e-5 | 1.62e-5 | 1.64e-6 | 3.49e-6 | 1. 15e-6
grv_frc PD_s acc | 5.00e-6 | 8.40e-6 | 1.34e-5 | 1.39e-6 | 3.36e-6 | 1.21e-6
grv_frc_PD_adap 2.28e-6 | 1.36e-6 | 2.8%-6 | 1.52e-6 | 3.37e-6 | 1.20e-6
grv_frc_sat_sl 1.37e-5 | 1.75e-5 | 2.08e-5 | 1.14e-6 | 3.57e-6 | 1.19e-6
grv_frc_sat sl s rp| 8.49e-6 | 1.35e-5 | 1.57e-5 | 1.20e-6 | 3.42e-6 | 1.31e-6
grv_frc_sat sl s acc5.29e-6 | 8.82e-6 | 1.21e-5 | 1.21e-6 | 3.50e-6 | 1. 26e-6
grv_frc_sat sl adap 1.65e-6 | 7.22e-7 | 3.47e-6 | 1.31e-6 | 3.34e-6 | 1.19e-6
grv_frc_slid 1.41e-5 | 1.78e-5 | 5.55e-5 | 1.89e-6 | 3.81e-6 | 1. 20e-6
grv_frc_slid_s rp 8.51e-6 | 1.31e-5 | 4.23e-5 | 1.84e-6 | 3.55e-6 | 1.23e-6
grv_frc_slid s acc | 5.07e-6 | 8.59-6 | 3.44e-5 | 1.57e-6 | 3.63e-6 | 1. 28e-6
grv_frc_slid adap | 2.44e-6 | 1.38e-6 | 7.15e-6 | 2.11e-6 | 3.89e-6 | 1. 34e-6
lin_FULL 1.0le-5 | 1.73e-6 | 2.91e-6 | 5.59¢e-6 | 7.80e-6 | 6.90e-7
lin_noCC 1.38e-5 | 1.80e-6 | 3.68e-6 | 5.68e-6 | 8.21e-6 | 7.58e-7
lin_FULL_s_rp 6.11e-6 | 1.21e-6 | 2.48e-6 | 5.78e-6 | 7.91e-6 | 6.83e-7
lin_noCC_s rp 8.02e-6 | 1.29e-6 | 3.18e-6 | 5.78e-6 | 8.23e-6 | 7.60e-7
lin_FULL_s_acc 3.68e-6 | 1.03e-6 | 2.51e-6 | 5.92e-6 | 8.47e-6 | 7.50e-7
lin_noCC_s_acc 4.50e-6 | 1.04e-6 | 3.06e-6 | 5.82e-6 | 8.49e-6 | 7.57e-7
W-B_FULL 7.0le-6 | 1.13e-5 | 1.11e-5 | 1.69e-6 | 3.67e-6 | 7.96e-7
W-B_noCC 8.27e-6 | 1.21e-5 | 1.34e-5 | 1.42e-6 | 3.88e-6 | 8.48e-7
W-B_FULL_s rp 3.65e-6 | 6. 76e-6 | 6.53e-6 | 1.80e-6 | 3. 76e-6 | 7. 70e-7
W-B_noCC_s rp 4.38e-6 | 6.82e-6 | 8.09e-6 | 1.52e-6 | 3.78e-6 | 8.23e-7
W-B_FULL_s acc | 1.70e-6 | 3.93e-6 | 4.35e-6 | 2.31e-6 | 4.11e-6 | 9.88e-7
W-B noCC s acc | 1.81e-6 | 4.16e-6 | 5.46e-6 | 1.43e-6 | 3.63e-6 | 7.98e-7
W-B_FULL_adap 1.24e-6 | 8.93e-7 | 1.93e-6 | 1.86e-6 | 3.7%-6 | 8.04e-7
W-B_noCC_adap 1.49e-6 | 9.15e-7 | 2.11e-6 | 1.66e-6 | 3.95e-6 | 7.91e-7
S-L_FULL 7.2%-6 | 1.06e-5 | 2.64e-5 | 3.96e-6 | 4. 26e-6 | 8.02e-7
S-L_noCC 7.96e-6 | 1.13e-5 | 3.23e-5 | 3.50e-6 | 3.99e-6 | 8. 19e-7
S-L FULL s rp 3.82e-6 | 6.17e-6 | 1.50e-5 | 3.15e-6 | 4. 12e-6 | 7.61le-7
S-L_noCC_s 1p 4.64e-6 | 7.21e-6 | 2.15e-5 | 5.71e-6 | 4.37e-6 | 9.90e-7
S-L_ FULL_s acc 1.70e-6 | 3.67e-6 | 9.35e-6 | 3.77e-6 | 4.11e-6 | 8.03e-7
S-L_noCC_s_acc 1.97e-6 | 4.04e-6 | 1.45e-5 | 3.88e-6 | 4.10e-6 | 8.43e-7
S-L_FULL_adap 1.99e-6 | 1.36e-6 | 5.10e-6 | 3.47e-6 | 4.08e-6 | 8. 71e-7
S-L_noCC_adap 2.30e-6 | 1.26e-6 | 6.21e-6 | 4.09e-6 | 3.97e-6 | 7.86e-7
PA10_vel 1.11e-2 | 4.33e-5 | 1.05e-4 | 3.28e-5 | 1.48e-4 | 3.41e-5

Table E.5: Comparison of angle WMISE results for differenttoaliers, platform trajec-
tory: sin_rOp2, PA10 trajectonsi ne.
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controller S1 S2 El E2 w1 W2

PD 2.25e-5 | 1.78e-4 | 7.26e-5 | 1.49e-5 | 2. 10e-5 | 1.15e-5
sat_sl 2.32e-5 | 1.8le-4 | 6.82e-5 | 1.43e-5| 2.18e-5 | 1. 17e-5
slid 2.25e-5 | 1.79e-4 | 1.92e-4 | 5.12e-6 | 2.12e-5 | 1. 16e-5
PID 2.02e-5 | 1.73e-4 | 7.40e-5 | 1.48e-5 | 2. 14e-5 | 1.17e-5
grv_frc_PD 1.50e-5 | 2.40e-5 | 1.63e-5 | 9.47e-7 | 1.93e-6 | 9.03e-7
grv_frc PD_s rp 7.43e-6 | 1.19e-5 | 5.40e-6 | 9.73e-7 | 1.89%e-6 | 9. 02e-7
grv_frc PD_s acc | 5.00e-6 | 6.39e-6 | 5.43e-6 | 9.55e-7 | 1.99e-6 | 9. 64e-7
grv_frc_PD_adap 2.08e-6 | 1.78e-6 | 2.17e-6 | 1.16e-6 | 2.13e-6 | 9. 24e-7
grv_frc_sat_sl 1.51e-5 | 2.32e-5 | 1.69e-5 | 8.71e-7 | 2.01e-6 | 9. 20e-7
grv_frc_sat sl s rp| 7.72e-6 | 1.22e-5 | 5.39e-6 | 8.84e-7 | 1.92e-6 | 9. 90e-7
grv_frc_sat sl s acc5.13e-6 | 6.78e-6 | 5.07e-6 | 8.80e-7 | 2.07e-6 | 9. 35e-7
grv_frc_sat sl adap 1.27e-6 | 9.53e-7 | 2.85e-6 | 9.18e-7 | 1.94e-6 | 8.45e-7
grv_frc_slid 1.52e-5 | 2.35e-5 | 4.30e-5 | 1.20e-6 | 1.99e-6 | 8. 15e-7
grv_frc_slid_s rp 7.32e-6 | 1.18e-5 | 1.32e-5 | 1.23e-6 | 1.97e-6 | 7.81le-7
grv_frc_slid s acc | 4.94e-6 | 6.47e-6 | 1.35e-5 | 1.25e-6 | 2.03e-6 | 9.00e-7
grv_frc_slid adap | 2.18e-6 | 1.85e-6 | 4.35e-6 | 1.16e-6 | 1.92e-6 | 9. 14e-7
lin_FULL 1.81e-5 | 2.83e-6 | 4.41e-6 | 3.57e-6 | 5.18e-6 | 5.90e-7
lin_noCC 2.22e-5 | 3.05e-6 | 4.58e-6 | 3.50e-6 | 5.06e-6 | 6.67e-7
lin_FULL_s_rp 1.08e-5 | 2.55e-6 | 3.67e-6 | 3.79%e-6 | 5.41e-6 | 7.07e-7
lin_noCC_s rp 1.13e-5 | 2.30e-6 | 3.74e-6 | 3.47e-6 | 5.20e-6 | 5.90e-7
lin_FULL_s_acc 5.86e-6 | 1.58e-6 | 3.91e-6 | 3.63e-6 | 5.54e-6 | 5.72e-7
lin_noCC_s_acc 7.06e-6 | 1.54e-6 | 4.25e-6 | 3.58e-6 | 5.57e-6 | 6.04e-7
W-B_FULL 1.03e-5 | 2.09e-5 | 1.31e-5 | 1.14e-6 | 2.09%e-6 | 6.8%e-7
W-B_noCC 1.10e-5 | 2.15e-5 | 1.73e-5 | 1.04e-6 | 2. 21e-6 | 6.52e-7
W-B_FULL_s rp 5.59%-6 | 1.19e-5 | 4.18e-6 | 1.33e-6 | 2. 18e-6 | 7.03e-7
W-B_noCC_s rp 5.94e-6 | 1. 16e-5 | 6.06e-6 | 1.50e-6 | 2.42e-6 | 7.03e-7
W-B_FULL_s acc | 2.51e-6 | 5.55e-6 | 3.37e-6 | 1.01le-6 | 2. 14e-6 | 6. 77e-7
W-B noCC s acc | 2.76e-6 | 5.68e-6 | 5.47e-6 | 1.07e-6 | 2. 33e-6 | 6. 78e-7
W-B_FULL_adap 1.54e-6 | 1.47e-6 | 1.82e-6 | 1.09e-6 | 2.38e-6 | 6. 73e-7
W-B_noCC_adap 1.60e-6 | 1.56e-6 | 1. 75e-6 | 1.37e-6 | 2.56e-6 | 6.87e-7
S-L_FULL 1.00e-5 | 1.91e-5 | 3.26e-5 | 2.91e-6 | 2.52e-6 | 6. 78e-7
S-L_noCC 1.14e-5 | 2.02e-5 | 4.03e-5 | 3.67e-6 | 2.67e-6 | 7.51le-7
S-L FULL s rp 5.67e-6 | 1.12e-5 | 9.44e-6 | 2.97e-6 | 2. 51e-6 | 6. 60e-7
S-L_noCC_s_rp 5.79%-6 | 1.11e-5 | 1.22e-5 | 2.99e-6 | 2.59e-6 | 7. 22e-7
S-L_ FULL_s acc 2.69e-6 | 5.49e-6 | 8.25e-6 | 2.89%e-6 | 2.57e-6 | 7. 1le-7
S-L_noCC_s acc 2.98e-6 | 5.60e-6 | 1.28e-5 | 2.66e-6 | 2. 78e-6 | 7.01le-7
S-L_FULL_adap 2.40e-6 | 2.11e-6 | 3.51e-6 | 2.62e-6 | 2.50e-6 | 7. 75e-7
S-L_noCC_adap 2.58e-6 | 2.24e-6 | 3.68e-6 | 2.60e-6 | 2.56e-6 | 6.43e-7
PA10_vel 1.15e-2 | 3.27e-5 | 5.52e-5 | 1.70e-5 | 2.99%-5 | 1.67e-5

Table E.6: Comparison of angle WMISE results for differenttoaliers, platform trajec-
tory: sin_rOp2, PA10 trajectonssi ne.
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controller S1 S2 El E2 w1 W2

PD 4.21e-5| 3.19e-4 | 1.73e-4 | 2. 14e-5 | 3.41e-5 | 1.59%e-5
sat_sl 4.05e-5 | 3.20e-4 | 1.70e-4 | 1.99e-5 | 3.38e-5 | 1.52e-5
slid 3.99e-5 | 3.20e-4 | 4.65e-4 | 6.89%-6 | 3.15e-5 | 1.45e-5
PID 4.15e-5 | 3.20e-4 | 1.73e-4 | 2.24e-5 | 3.27e-5 | 1.49e-5
grv_frc_PD 1.34e-5 | 1.34e-5 | 2.05e-5 | 1.20e-6 | 3. 71le-6 | 9. 34e-7
grv_frc PD_s rp 6.87e-6 | 1.08e-5 | 1.41e-5 | 1.30e-6 | 3.95e-6 | 9. 03e-7
grv_frc PD_s acc | 4.58e-6 | 6.63e-6 | 1.10e-5 | 9.81e-7 | 3.94e-6 | 9.09e-7
grv_frc_PD_adap 1.76e-6 | 1.02e-6 | 2. 29e-6 | 1.16e-6 | 3.95e-6 | 9.87e-7
grv_frc_sat_sl 1.36e-5 | 1.31e-5 | 2.05e-5 | 1.05e-6 | 4.27e-6 | 1.01le-6
grv_frc_sat sl s rp| 7.07e-6 | 1.11e-5 | 1.45e-5 | 1.08e-6 | 4. 15e-6 | 9. 54e-7
grv_frc_sat sl s acc4.40e-6 | 6.38e-6 | 1.12e-5 | 1.0le-6 | 4.05e-6 | 9. 34e-7
grv_frc_sat sl adap 1.35e-6 | 8.05e-7 | 3.00e-6 | 1.21e-6 | 4.05e-6 | 1.03e-6
grv_frc_slid 1.34e-5 | 1.34e-5 | 5.3%9e-5 | 2.07e-6 | 4.00e-6 | 9.08e-7
grv_frc_slid_s rp 7.05e-6 | 1.08e-5 | 3.88e-5 | 1.62e-6 | 3.93e-6 | 9. 74e-7
grv_frc_slid s acc | 4.69e-6 | 6.68e-6 | 2.91e-5 | 1.48e-6 | 3.99e-6 | 9.03e-7
grv_frc_slid adap | 1.90e-6 | 1.08e-6 | 5.45e-6 | 1.83e-6 | 3.99e-6 | 8. 54e-7
lin_ FULL 7.86e-6 | 1.55e-6 | 3. 14e-6 | 4.60e-6 | 9.51e-6 | 4. 96e-7
lin_noCC 1.02e-5 | 1.65e-6 | 3.90e-6 | 4.98e-6 | 1.00e-5 | 5. 77e-7
lin_FULL_s_rp 4,74e-6 | 8.22e-7 | 2.12e-6 | 4.50e-6 | 9.48e-6 | 5.53e-7
lin_noCC_s rp 6.41e-6 | 8.62e-7 | 2. 72e-6 | 4.48e-6 | 9.40e-6 | 4.95e-7
lin_FULL_s_acc 2.87e-6 | 7.21e-7 | 1.86e-6 | 4.52e-6 | 9.21e-6 | 4.98e-7
lin_noCC_s_acc 3.90e-6 | 7.15e-7 | 2.53e-6 | 4.46e-6 | 9.08e-6 | 4.53e-7
W-B_FULL 6.16e-6 | 1.17e-5 | 1.24e-5 | 1.62e-6 | 3.95e-6 | 6.03e-7
W-B_noCC 7.8le-6 | 1.07e-5 | 1.47e-5 | 1.93e-6 | 3.99e-6 | 5.91e-7
W-B_FULL_s rp 3.12e-6 | 3.99e-6 | 5.32e-6 | 1.45e-6 | 3.82e-6 | 6.97e-7
W-B_noCC_s rp 3.79-6 | 4.49e-6 | 7.24e-6 | 1.85e-6 | 3.89e-6 | 6.47e-7
W-B_FULL_s acc | 1.35e-6 | 2.46e-6 | 3.36e-6 | 1.42e-6 | 3.82e-6 | 6.07e-7
W-B_noCC_s _acc | 1.89e-6 | 2.99e-6 | 5.19e-6 | 1.86e-6 | 3.87e-6 | 4.95e-7
W-B_FULL_adap 1.06e-6 | 7.71e-7 | 1. 76e-6 | 1.69e-6 | 3.95e-6 | 6.61e-7
W-B_noCC_adap 1.19e-6 | 7.78e-7 | 1.81e-6 | 2.17e-6 | 3.67e-6 | 5.73e-7
S-L_FULL 6.23e-6 | 1.05e-5 | 2.96e-5 | 3.68e-6 | 3.93e-6 | 5.34e-7
S-L_noCC 7.29e-6 | 1.07e-5 | 3.53e-5 | 4.11e-6 | 3.84e-6 | 6. 56e-7
S-L FULL s rp 3.41e-6 | 3.75e-6 | 1.28e-5 | 3.40e-6 | 4.00e-6 | 6. 04e-7
S-L_noCC_s_rp 4.12e-6 | 4.04e-6 | 1.83e-5 | 3.95e-6 | 4.05e-6 | 5.99%-7
S-L_FULL_s _acc 1.60e-6 | 2.32e-6 | 7.79e-6 | 3.36e-6 | 3.93e-6 | 6. 65e-7
S-L_noCC_s acc 1.98e-6 | 2.56e-6 | 1.24e-5 | 3. 74e-6 | 3.92e-6 | 5. 74e-7
S-L_FULL_adap 1.58e-6 | 9.00e-7 | 3.99%e-6 | 3.63e-6 | 4.08e-6 | 6.12e-7
S-L_noCC_adap 1.89e-6 | 1.04e-6 | 4.75e-6 | 4.57e-6 | 4.19%-6 | 7.23e-7
PA10_vel 1.15e-2 | 4.36e-5 | 9.63e-5 | 3.27e-5 | 1.12e-4 | 2.91e-5

Table E.7: Comparison of angle WMISE results for differenttoaliers, platform trajec-
tory: sin_rlp2pi2, PA10 trajectorgi ne.
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controller S1 S2 El E2 w1 W2

PD 2.14e-5 | 2.11e-4 | 6.18e-5 | 1.64e-5 | 2.30e-5 | 1.38e-5
sat_sl 2.02e-5 | 2.08e-4 | 6.24e-5 | 1.56e-5 | 2.24e-5 | 1.32e-5
slid 2.0le-5 | 2.08e-4 | 1.73e-4 | 5.49e-6 | 2.05e-5 | 1. 26e-5
PID 2.06e-5 | 2.12e-4 | 6.06e-5 | 1.59e-5 | 2. 11e-5 | 1.28e-5
grv_frc_PD 8.75e-6 | 1.89e-5 | 2.24e-5 | 8.33e-7 | 2.34e-6 | 6.47e-7
grv_frc PD_s rp 5.64e-6 | 9.84e-6 | 4.05e-6 | 8.32e-7 | 2.40e-6 | 6. 14e-7
grv_frc PD_s acc | 3.67e-6 | 5.20e-6 | 5.35e-6 | 7.71e-7 | 2.45e-6 | 5. 84e-7
grv_frc_PD_adap 1.33e-6 | 1.44e-6 | 1.87e-6 | 8.83e-7 | 2. 44e-6 | 6.39%e-7
grv_frc_sat_sl 9.13e-6 | 1.85e-5 | 2.36e-5 | 8.08e-7 | 2.51e-6 | 6.45e-7
grv_frc_sat sl s rp| 5.74e-6 | 1.0le-5 | 3.96e-6 | 7.67e-7 | 2.41e-6 | 5.50e-7
grv_frc_sat sl s acc3.98e-6 | 5.41e-6 | 5.31e-6 | 7.98e-7 | 2. 46e-6 | 7. 02e-7
grv_frc_sat sl adap 9.63e-7 | 9. 15e-7 | 2.55e-6 | 8.08e-7 | 2.46e-6 | 6. 17e-7
grv_frc_slid 8.95e-6 | 1.87e-5 | 6.16e-5 | 1.19e-6 | 2. 61e-6 | 6. 30e-7
grv_frc_slid_s rp 5.75e-6 | 9.98e-6 | 1.07e-5 | 1.23e-6 | 2.48e-6 | 6.49%-7
grv_frc_slid s acc | 3.91e-6 | 5.36e-6 | 1.44e-5 | 1.20e-6 | 2. 45e-6 | 6. 35e-7
grv_frc_slid adap | 1.44e-6 | 1.67e-6 | 4.19e-6 | 1.11e-6 | 2. 35e-6 | 5. 56e-7
lin_FULL 1.03e-5 | 1.80e-6 | 6.96e-6 | 3.11e-6 | 6.45e-6 | 4.05e-7
lin_noCC 1.30e-5 | 1.87e-6 | 7.94e-6 | 3.10e-6 | 6.65e-6 | 3. 66e-7
lin_FULL_s_rp 8.14e-6 | 1.77e-6 | 3.06e-6 | 2.98e-6 | 5.95e-6 | 4.28e-7
lin_noCC_s rp 9.14e-6 | 1.81e-6 | 3.49e-6 | 2.90e-6 | 6.00e-6 | 3.99%e-7
lin_FULL_s_acc 4.30e-6 | 1.09e-6 | 3.43e-6 | 3.06e-6 | 5.94e-6 | 3.83e-7
lin_noCC_s_acc 5.20e-6 | 1.08e-6 | 3.97e-6 | 2.96e-6 | 6. 12e-6 | 3.55e-7
W-B_FULL 5.76e-6 | 1.23e-5 | 2.10e-5 | 1.21e-6 | 2.44e-6 | 4. 75e-7
W-B_noCC 6.58e-6 | 1.39e-5 | 2.58e-5 | 1.21e-6 | 2.35e-6 | 4. 64e-7
W-B_FULL_s rp 4.84e-6 | 8.62e-6 | 3.07e-6 | 1.47e-6 | 2. 25e-6 | 5.92e-7
W-B_noCC_s rp 5.08e-6 | 8.99e-6 | 4.40e-6 | 1.40e-6 | 2. 34e-6 | 5.28e-7
W-B_FULL_s acc | 2.39e-6 | 3.59e-6 | 3.86e-6 | 1.40e-6 | 2.35e-6 | 5.18e-7
W-B_noCC_s_acc | 2.64e-6 | 4.91e-6 | 5.57e-6 | 1.22e-6 | 2.42e-6 | 4. 70e-7
W-B_FULL_adap 9.65e-7 | 1.37e-6 | 2.15e-6 | 1.61e-6 | 2. 34e-6 | 5. 04e-7
W-B_noCC_adap 1.07e-6 | 1.52e-6 | 1.98e-6 | 1.39e-6 | 2.43e-6 | 4.62e-7
S-L_FULL 6.27e-6 | 1.14e-5 | 5.20e-5 | 2.84e-6 | 2.49%e-6 | 4.41e-7
S-L_noCC 6.41e-6 | 1.25e-5 | 6.71e-5 | 2. 74e-6 | 2.58e-6 | 5.69e-7
S-L FULL s rp 4.99e-6 | 8.33e-6 | 6.51e-6 | 2.45e-6 | 2.45e-6 | 4.68e-7
S-L_noCC_s_rp 5.51e-6 | 8.82e-6 | 9.79%e-6 | 3.07e-6 | 2.52e-6 | 4.52e-7
S-L_ FULL_s acc 2.40e-6 | 3.34e-6 | 9.87e-6 | 2. 78e-6 | 2.38e-6 | 5.27e-7
S-L_noCC_s acc 3.00e-6 | 3.92e-6 | 1.50e-5 | 3.16e-6 | 2. 63e-6 | 5. 25e-7
S-L_FULL_adap 1.65e-6 | 2.07e-6 | 4.77e-6 | 2.78e-6 | 2.52e-6 | 4.94e-7
S-L_noCC_adap 1.94e-6 | 2.29%e-6 | 4.25e-6 | 2.80e-6 | 2.51e-6 | 5.08e-7
PA10_vel 1.14e-2 | 3.16e-5 | 4.91e-5 | 1. 70e-5 | 3.19%e-5 | 1. 56e-5

Table E.8: Comparison of angle WMISE results for differenttoaliers, platform trajec-
tory: sin_rlp2pi2, PA10 trajectorgsi ne.
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controller S1 S2 El E2 w1 W2

PD 2.46e-5 | 2.97e-4 | 1.80e-4 | 1.98e-5 | 3.09e-5 | 1.44e-5
sat_sl 2.46e-5 | 2.96e-4 | 1.75e-4 | 1.92e-5 | 3. 15e-5 | 1.43e-5
slid 2.43e-5 | 2.96e-4 | 4.76e-4 | 8.22e-6 | 3. 14e-5 | 1. 46e-5
PID 2.44e-5 | 2.96e-4 | 1.79e-4 | 2.05e-5 | 3.07e-5 | 1.4be-5
grv_frc_PD 5.41e-6 | 1.92e-5 | 2.04e-5 | 1.18e-6 | 3.62e-6 | 9. 10e-7
grv_frc PD_s rp 4.85e-6 | 1.23e-5 | 1.60e-5 | 1.14e-6 | 3.66e-6 | 9.91e-7
grv_frc PD_s acc | 4.00e-6 | 9.24e-6 | 1.34e-5 | 1.67e-6 | 4.01e-6 | 1.11e-6
grv_frc_PD_adap 1.92e-6 | 1.23e-6 | 2.64e-6 | 1.54e-6 | 3.47e-6 | 1. 04e-6
grv_frc_sat_sl 5.64e-6 | 1.91e-5 | 1.84e-5 | 1.08e-6 | 4.06e-6 | 9. 52e-7
grv_frc_sat sl s rp| 4.90e-6 | 1.25e-5 | 1.54e-5 | 1.14e-6 | 3.84e-6 | 1. 0le-6
grv_frc_sat sl s acc3.8le-6 | 8.95e-6 | 1.24e-5 | 1.07e-6 | 3.47e-6 | 9. 26e-7
grv_frc_sat sl adap 1.60e-6 | 7.47e-7 | 2.96e-6 | 1.17e-6 | 3.37e-6 | 9.5%e-7
grv_frc_slid 5.59e-6 | 1.97e-5 | 5.22e-5 | 1.37e-6 | 3.69e-6 | 9.41le-7
grv_frc_slid_s rp 4.95e-6 | 1.25e-5 | 4.02e-5 | 1.33e-6 | 3.95e-6 | 1.03e-6
grv_frc_slid s acc | 3.74e-6 | 9.03e-6 | 3.30e-5 | 1.76e-6 | 3.53e-6 | 8.83e-7
grv_frc_slid adap | 2.21e-6 | 1.29e-6 | 6.14e-6 | 1.95e-6 | 3.69e-6 | 8. 77e-7
lin_FULL 7.16e-6 | 2.10e-6 | 2.00e-6 | 4.87e-6 | 8.84e-6 | 6.19%-7
lin_noCC 6.59-6 | 2.09e-6 | 2.41e-6 | 4.69¢e-6 | 8.27e-6 | 6.11le-7
lin_FULL_s_rp 6.39%-6 | 1.39e-6 | 2. 28e-6 | 4.85e-6 | 8. 15e-6 | 5.95e-7
lin_noCC_s rp 6.31e-6 | 1.40e-6 | 2. 79e-6 | 4.82e-6 | 8.11e-6 | 5. 14e-7
lin_FULL_s_acc 4.20e-6 | 1.06e-6 | 1.95e-6 | 4.96e-6 | 7.67e-6 | 5.43e-7
lin_noCC_s_acc 4.62e-6 | 1.14e-6 | 2. 71e-6 | 4.88e-6 | 8.20e-6 | 5.40e-7
W-B_FULL 3.29e-6 | 1.53e-5 | 1.18e-5 | 1.67e-6 | 3.40e-6 | 6. 77e-7
W-B_noCC 3.07e-6 | 1.53e-5 | 1.29e-5 | 1.74e-6 | 3.41e-6 | 6.84e-7
W-B_FULL_s rp 2.7%-6 | 8.33e-6 | 8.08e-6 | 2.01le-6 | 3.29%-6 | 6. 16e-7
W-B_noCC_s rp 2.99e-6 | 8.27e-6 | 8.87e-6 | 1.49e-6 | 3.50e-6 | 6.94e-7
W-B_FULL_s acc | 1.97e-6 | 5.37e-6 | 5.37e-6 | 1.63e-6 | 3.41e-6 | 7.41e-7
W-B_noCC_s_acc | 2.36e-6 | 5.54e-6 | 6.86e-6 | 2.48e-6 | 4.12e-6 | 9. 67e-7
W-B_FULL_adap 1.14e-6 | 9.84e-7 | 1.94e-6 | 2.32e-6 | 3.26e-6 | 7.17e-7
W-B_noCC_adap 1.59e-6 | 9.57e-7 | 2.18e-6 | 1.68e-6 | 3.28e-6 | 8.38e-7
S-L_FULL 3.54e-6 | 1.31e-5 | 2.45e-5 | 4.20e-6 | 3.29-6 | 7.41le-7
S-L_noCC 2.87e-6 | 1.47e-5 | 3.00e-5 | 3.67e-6 | 3.33e-6 | 6.23e-7
S-L FULL s rp 3.07e-6 | 8.09e-6 | 1. 77e-5 | 3.84e-6 | 3.59e-6 | 6. 68e-7
S-L_noCC_s_rp 3.07e-6 | 7.65e-6 | 2.01le-5 | 4. 26e-6 | 3.90e-6 | 8.18e-7
S-L_FULL_s _acc 2.11e-6 | 5.13e-6 | 1.21e-5 | 3.27e-6 | 3.79e-6 | 6.39%-7
S-L_noCC_s acc 2.07e-6 | 4.92e-6 | 1.48e-5 | 4.02e-6 | 3.76e-6 | 6.27e-7
S-L_FULL_adap 1.32e-6 | 1.14e-6 | 3.71e-6 | 4.01e-6 | 2.97e-6 | 5.81le-7
S-L_noCC_adap 1.61e-6 | 1.09e-6 | 4.98e-6 | 3.41e-6 | 3. 14e-6 | 6. 25e-7
PA10_vel 1.13e-2 | 4.78e-5 | 6.29e-5 | 3.24e-5 | 1. 26e-4 | 2. 72e-5

Table E.9: Comparison of angle WMISE results for differenttoaliers, platform trajec-
tory: sin2_s20, PA10 trajectorg.i ne.
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controller S1 S2 El E2 w1 W2

PD 2.22e-5 | 1.53e-4 | 5.13e-5 | 1.55e-5 | 2. 17e-5 | 1. 24e-5
sat_sl 2.16e-5 | 1.53e-4 | 4.91e-5 | 1.48e-5 | 2. 20e-5 | 1.21e-5
slid 2.16e-5 | 1.54e-4 | 1.38e-4 | 5.16e-6 | 2.17e-5 | 1. 26e-5
PID 2.19e-5 | 1.55e-4 | 5.09e-5 | 1.57e-5 | 2.18e-5 | 1.29%e-5
grv_frc_PD 4.88e-6 | 1.09e-5 | 1.46e-5 | 8.38e-7 | 1. 71e-6 | 4.94e-7
grv_frc PD_s rp 3.71le-6 | 6.20e-6 | 8.11e-6 | 9.20e-7 | 1. 75e-6 | 6. 86e-7
grv_frc PD_s acc | 2.98e-6 | 4.34e-6 | 6.01e-6 | 8.72e-7 | 1.81e-6 | 6.29%e-7
grv_frc_PD_adap 1.18e-6 | 1.19e-6 | 2.96e-6 | 9.63e-7 | 1.80e-6 | 6.48e-7
grv_frc_sat_sl 5.26e-6 | 1.15e-5 | 1.35e-5 | 8.69e-7 | 2.01le-6 | 6.67e-7
grv_frc_sat sl s rp| 3.92e-6 | 6.42e-6 | 7.40e-6 | 7.96e-7 | 1.69e-6 | 6. 12e-7
grv_frc_sat sl s acc3.20e-6 | 4.89e-6 | 5.49e-6 | 7.87e-7 | 1.60e-6 | 6.28e-7
grv_frc_sat sl adap 1.0le-6 | 7.61e-7 | 3.86e-6 | 8.56e-7 | 1.87e-6 | 5. 75e-7
grv_frc_slid 5.11e-6 | 1.12e-5 | 3.66e-5 | 1. 16e-6 | 1. 73e-6 | 7.00e-7
grv_frc_slid_s rp 3.87e-6 | 6.37e-6 | 1.97e-5 | 1.09e-6 | 1. 79e-6 | 6. 45e-7
grv_frc_slid s acc | 3.19e-6 | 4.59¢e-6 | 1.46e-5 | 1.13e-6 | 1.81e-6 | 6.00e-7
grv_frc_slid adap | 1.32e-6 | 1.34e-6 | 7.14e-6 | 1.17e-6 | 2.07e-6 | 6. 27e-7
lin_FULL 9.55e-6 | 2.24e-6 | 5.54e-6 | 3.23e-6 | 4.39e-6 | 4.42e-7
lin_noCC 9.80e-6 | 2.15e-6 | 5.79e-6 | 3.24e-6 | 4.43e-6 | 4.99%e-7
lin_FULL_s_rp 7.50e-6 | 1.67e-6 | 4.67e-6 | 3.27e-6 | 4.40e-6 | 4. 74e-7
lin_noCC_s rp 7.73e-6 | 1.58e-6 | 4.91e-6 | 3.21e-6 | 4.43e-6 | 3.61le-7
lin_FULL_s_acc 5.74e-6 | 1.69e-6 | 4.98e-6 | 3.44e-6 | 4.41e-6 | 5.87e-7
lin_noCC_s_acc 5.50e-6 | 1.43e-6 | 5.01e-6 | 3.15e-6 | 4.31e-6 | 3.97e-7
W-B_FULL 3.78e-6 | 1.34e-5 | 1.58e-5 | 1.63e-6 | 1. 70e-6 | 5. 10e-7
W-B_noCC 3.64e-6 | 1.20e-5 | 1.55e-5 | 1.27e-6 | 1.72e-6 | 5.97e-7
W-B_FULL_s rp 2.99e-6 | 7.25e-6 | 9.13e-6 | 1.49e-6 | 1.92e-6 | 5.80e-7
W-B_noCC_s rp 3.09e-6 | 6.55e-6 | 8.99e-6 | 1.52e-6 | 1.80e-6 | 5.66e-7
W-B_FULL_s acc | 2.24e-6 | 5.02e-6 | 6.26e-6 | 1.39¢e-6 | 1.90e-6 | 6.06e-7
W-B_noCC_s_acc | 2.19e-6 | 4.32e-6 | 6.50e-6 | 1.26e-6 | 1.85e-6 | 5.51e-7
W-B_FULL_adap 1.16e-6 | 1.24e-6 | 3.28e-6 | 1.63e-6 | 1. 77e-6 | 5.61e-7
W-B_noCC_adap 1.20e-6 | 1.24e-6 | 3.20e-6 | 1.49e-6 | 1.53e-6 | 6. 24e-7
S-L_FULL 3.60e-6 | 1.24e-5 | 3.62e-5 | 2.68e-6 | 1. 61e-6 | 5. 05e-7
S-L_noCC 3.74e-6 | 1.18e-5 | 3.59e-5 | 2.54e-6 | 1.85e-6 | 5.27e-7
S-L FULL s rp 2.88e-6 | 6.90e-6 | 2.02e-5 | 2.90e-6 | 1.72e-6 | 5.81le-7
S-L_noCC_s_rp 2.99e-6 | 6.36e-6 | 1.99e-5 | 2.83e-6 | 1. 74e-6 | 6.07e-7
S-L_ FULL_s acc 2.20e-6 | 4.79%-6 | 1.51e-5 | 2.97e-6 | 1.96e-6 | 5.63e-7
S-L_noCC_s acc 2.20e-6 | 4.16e-6 | 1.55e-5 | 2.75e-6 | 1.96e-6 | 4.95e-7
S-L_FULL_adap 1.78e-6 | 1.40e-6 | 7.58e-6 | 3.58e-6 | 1.56e-6 | 5.25e-7
S-L_noCC_adap 1.72e-6 | 1.38e-6 | 7.25e-6 | 2.69e-6 | 1. 71e-6 | 5.3%e-7
PA10_vel 1.15e-2 | 3.02e-5 | 2.97e-5 | 1.68e-5 | 3.35e-5 | 1.57e-5

Table E.10: Comparison of angle WMISE results for differenttoallers, platform tra-
jectory: sin2_s20, PA10 trajectorgsi ne.
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controller S1 S2 El E2 w1 W2

PD 2.76e-5 | 2.55e-4 | 1.62e-4 | 2.14e-5 | 2.8%-5 | 1.51e-5
sat_sl 2.8le-5 | 2.56e-4 | 1.61e-4 | 1.82e-5 | 2.92e-5 | 1.52e-5
slid 2.80e-5 | 2.55e-4 | 4.28e-4 | 7.91e-6 | 2.92e-5 | 1.49e-5
PID 2.74e-5 | 2.55e-4 | 1.61e-4 | 1.99e-5 | 2.95e-5 | 1.49e-5
grv_frc_PD 1.41e-5 | 1.12e-5 | 1.14e-5 | 1.68e-6 | 4. 17e-6 | 8.60e-7
grv_frc PD_s rp 5.38e-6 | 8.24e-6 | 1.19e-5 | 1.29%e-6 | 4.20e-6 | 1. 00e-6
grv_frc PD_s acc | 4.98e-6 | 6.62e-6 | 1.05e-5 | 1.48e-6 | 4.07e-6 | 1.01le-6
grv_frc_PD_adap 1.55e-6 | 1.03e-6 | 2.84e-6 | 1.62e-6 | 4.08e-6 | 9. 48e-7
grv_frc_sat_sl 1.46e-5 | 1.13e-5 | 1.08e-5 | 1.43e-6 | 4.55e-6 | 1. 08e-6
grv_frc_sat sl s rp| 5.35e-6 | 8.08e-6 | 1.17e-5 | 1. 16e-6 | 4. 34e-6 | 8. 69%e-7
grv_frc_sat sl s acc4.6le-6 | 6.99e-6 | 9.88e-6 | 1.18e-6 | 4.27e-6 | 8. 7%-7
grv_frc_sat sl adap 1.06e-6 | 5.80e-7 | 3.13e-6 | 1.23e-6 | 4. 14e-6 | 8.93e-7
grv_frc_slid 1.45e-5 | 1.13e-5 | 2.83e-5 | 1.38e-6 | 4.24e-6 | 8.09e-7
grv_frc_slid_s rp 5.37e-6 | 8.08e-6 | 2.95e-5 | 2.02e-6 | 4. 14e-6 | 8.87e-7
grv_frc_slid s acc | 4.52e-6 | 6.70e-6 | 2.49e-5 | 1.47e-6 | 4. 26e-6 | 8.85e-7
grv_frc_slid adap | 1.43e-6 | 1.03e-6 | 6.54e-6 | 1.57e-6 | 3.97e-6 | 8.18e-7
lin_FULL 9.43e-6 | 1.94e-6 | 1.89¢e-6 | 5.72e-6 | 1.03e-5 | 4.89%-7
lin_noCC 1.02e-5 | 1.96e-6 | 2. 04e-6 | 5.70e-6 | 1.04e-5 | 4.94e-7
lin_FULL_s_rp 5.06e-6 | 1.17e-6 | 2.19e-6 | 5.56e-6 | 1.01le-5 | 4.99e-7
lin_noCC_s rp 5.27e-6 | 1.19e-6 | 2.42e-6 | 5.58e-6 | 1.02e-5 | 4.8%e-7
lin_FULL_s_acc 3.62e-6 | 1.11e-6 | 2.18e-6 | 5.85e-6 | 1.04e-5 | 5.99e-7
lin_noCC_s_acc 3.83e-6 | 1.08e-6 | 2.57e-6 | 5.60e-6 | 1.02e-5 | 4. 79%-7
W-B_FULL 8.15e-6 | 1.23e-5 | 6. 74e-6 | 1. 86e-6 | 4. 25e-6 | 6.12e-7
W-B_noCC 8.89%e-6 | 1.15e-5 | 6.40e-6 | 2.10e-6 | 4.30e-6 | 6.43e-7
W-B_FULL_s rp 3.67e-6 | 5.59¢e-6 | 4.59¢e-6 | 2.19e-6 | 4.45e-6 | 5.70e-7
W-B_noCC_s rp 3.68e-6 | 5.37e-6 | 4.99e-6 | 2. 16e-6 | 4.48e-6 | 6.98e-7
W-B_FULL_s acc | 2.16e-6 | 4.71e-6 | 3.61e-6 | 1.97e-6 | 4.36e-6 | 6.55e-7
W-B noCC s acc | 2.49e-6 | 3.96e-6 | 4.14e-6 | 1.97e-6 | 4.28e-6 | 6. 17e-7
W-B_FULL_adap 8.79%-7 | 7.66e-7 | 2.22e-6 | 1.88e-6 | 4.31e-6 | 6.96e-7
W-B_noCC_adap | 9.53e-7 | 7.96e-7 | 2.39e-6 | 1.94e-6 | 4.18e-6 | 7.43e-7
S-L_FULL 8.53e-6 | 1.20e-5 | 1.49e-5 | 4.10e-6 | 4.50e-6 | 7.63e-7
S-L_noCC 8.97e-6 | 1.13e-5 | 1.45e-5 | 3.65e-6 | 4.67e-6 | 6. 66e-7
S-L FULL s rp 3.55e-6 | 5.27e-6 | 1.06e-5 | 3.92e-6 | 4.72e-6 | 7. 30e-7
S-L_noCC_s_rp 3.63e-6 | 5.34e-6 | 1.17e-5 | 3.35e-6 | 4.91e-6 | 7.96e-7
S-L_ FULL_s acc 2.44e-6 | 4.39%e-6 | 8.22e-6 | 5.36e-6 | 5.04e-6 | 8. 21e-7
S-L_noCC_s acc 2.57e-6 | 4.15e-6 | 9.97e-6 | 3.41e-6 | 4.76e-6 | 7.32e-7
S-L_FULL_adap 1.33e-6 | 1.01le-6 | 5.29¢e-6 | 3.84e-6 | 4.64e-6 | 7.63e-7
S-L_noCC_adap 1.40e-6 | 1.13e-6 | 6.33e-6 | 3.22e-6 | 4.67e-6 | 8.53e-7
PA10_vel 1.14e-2 | 4.87e-5 | 5.13e-5 | 3.15e-5 | 1.42e-4 | 3. 22e-5

Table E.11: Comparison of angle WMISE results for differenttoallers, platform tra-
jectory: sin2_s20 2, PA10 trajectoryi ne.
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controller S1 S2 El E2 w1 W2

PD 1.79e-5 | 1.52e-4 | 3.65e-5 | 1.55e-5 | 2.02e-5 | 1.29%e-5
sat_sl 1.78e-5 | 1.53e-4 | 3.45e-5 | 1.43e-5 | 2. 04e-5 | 1.33e-5
slid 1.74e-5 | 1.52e-4 | 9.77e-5 | 5.24e-6 | 2.00e-5 | 1.30e-5
PID 1.83e-5 | 1.51e-4 | 3.61e-5 | 1.48e-5 | 2. 04e-5 | 1. 28e-5
grv_frc_PD 9.52e-6 | 6.09e-6 | 1.20e-5 | 9.46e-7 | 2.19e-6 | 5.80e-7
grv_frc PD_s rp 4.07e-6 | 4.51e-6 | 7.30e-6 | 1.01le-6 | 2. 25e-6 | 6.53e-7
grv_frc PD_s acc | 3.42e-6 | 3.35e-6 | 5.30e-6 | 1.01le-6 | 2.27e-6 | 6.96e-7
grv_frc_PD_adap 1.62e-6 | 1.28e-6 | 3.08e-6 | 1.07e-6 | 2.29%-6 | 7.02e-7
grv_frc_sat_sl 9.23e-6 | 6.20e-6 | 1.11e-5 | 8.53e-7 | 2. 25e-6 | 5. 66e-7
grv_frc_sat sl s rp| 3.86e-6 | 4.57e-6 | 6.87e-6 | 8.79¢e-7 | 2.35e-6 | 5.81e-7
grv_frc_sat sl s acc3.30e-6 | 3.06e-6 | 5.32e-6 | 8.54e-7 | 2.24e-6 | 5. 71le-7
grv_frc_sat sl adap 1.16e-6 | 6.47e-7 | 3.57e-6 | 9.49e-7 | 2.29%-6 | 5. 32e-7
grv_frc_slid 1.00e-5 | 6.42e-6 | 3.10e-5 | 1.27e-6 | 2. 35e-6 | 6. 65e-7
grv_frc_slid_s rp 3.66e-6 | 4.59 -6 | 1.76e-5 | 1.09e-6 | 2.22e-6 | 5.52e-7
grv_frc_slid s acc | 3.18e-6 | 3.24e-6 | 1.27e-5 | 1.04e-6 | 2.22e-6 | 4.97e-7
grv_frc_slid adap | 1.39e-6 | 1.26e-6 | 6.89¢e-6 | 1.10e-6 | 2. 15e-6 | 5.90e-7
lin_FULL 1.47e-5 | 1.63e-6 | 4.93e-6 | 3.53e-6 | 5.86e-6 | 3.47e-7
lin_noCC 1.50e-5 | 1.52e-6 | 5.23e-6 | 3.41e-6 | 6.04e-6 | 3.67e-7
lin_FULL_s_rp 7.46e-6 | 1.31e-6 | 4.65e-6 | 3.65e-6 | 5.87e-6 | 3. 74e-7
lin_noCC_s rp 7.38e-6 | 1.29%-6 | 4.99e-6 | 3.76e-6 | 6.04e-6 | 4. 04e-7
lin_FULL_s_acc 5.59e-6 | 1.32e-6 | 4.63e-6 | 3.83e-6 | 6.01e-6 | 3.99e-7
lin_noCC_s_acc 5.29%-6 | 1.20e-6 | 4.91e-6 | 3.81e-6 | 6. 10e-6 | 3.57e-7
W-B_FULL 7.21e-6 | 9.69e-6 | 1.37e-5 | 1.50e-6 | 2.40e-6 | 5.11le-7
W-B_noCC 7.20e-6 | 8.63e-6 | 1.29e-5 | 1.42e-6 | 2.54e-6 | 4.96e-7
W-B_FULL_s rp 3.31le-6 | 4.76e-6 | 7.38e-6 | 1.37e-6 | 2.41e-6 | 4. 28e-7
W-B_noCC_s rp 3.39e-6 | 4.37e-6 | 7.73e-6 | 1.45e-6 | 2.48e-6 | 4.98e-7
W-B_FULL_s acc | 2.41e-6 | 3.77e-6 | 5.47e-6 | 1.77e-6 | 2.52e-6 | 5.47e-7
W-B_noCC_s_acc | 2.37e-6 | 3.39%e-6 | 5.78e-6 | 1.64e-6 | 2.56e-6 | 5. 24e-7
W-B_FULL_adap 1.41e-6 | 1.30e-6 | 3.34e-6 | 1.88e-6 | 2.62e-6 | 6.49%e-7
W-B_noCC_adap 1.35e-6 | 1.23e-6 | 3.05e-6 | 1.50e-6 | 2.51e-6 | 5. 86e-7
S-L_FULL 7.54e-6 | 8.92e-6 | 3.26e-5 | 2.62e-6 | 2.44e-6 | 5.55e-7
S-L_noCC 7.52e-6 | 8.12e-6 | 3.05e-5 | 2.93e-6 | 2.68e-6 | 5.43e-7
S-L FULL s rp 3.31e-6 | 4.40e-6 | 1.78e-5 | 2.90e-6 | 2. 57e-6 | 6.08e-7
S-L_noCC_s_rp 3.66e-6 | 4.12e-6 | 1.8%e-5 | 2.68e-6 | 2.67e-6 | 5.89%-7
S-L_ FULL_s acc 2.50e-6 | 3.64e-6 | 1.28e-5 | 2.62e-6 | 2.56e-6 | 5.90e-7
S-L_noCC_s acc 2.42e-6 | 3.36e-6 | 1.46e-5 | 2.82e-6 | 2. 70e-6 | 5.09e-7
S-L_FULL_adap 1.78e-6 | 1.35e-6 | 8.74e-6 | 2.62e-6 | 2.69e-6 | 5.84e-7
S-L_noCC_adap 1.80e-6 | 1.40e-6 | 8.55e-6 | 2.63e-6 | 2. 77e-6 | 6.21e-7
PA10_vel 1.15e-2 | 3.01le-5 | 2.32e-5 | 1.68e-5 | 3.11le-5 | 1.60e-5

Table E.12: Comparison of angle WMISE results for differenttoallers, platform tra-
jectory: sin2_s20 2, PA10 trajectorysi ne.
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controller S1 S2 El E2 w1 W2

PD 2.29%e-5 | 2.75e-4 | 1.57e-4 | 2.35e-5 | 3.36e-5 | 1.2%e-5
sat_sl 2.30e-5 | 2.75e-4 | 1.55e-4 | 1.95e-5 | 3.33e-5 | 1.3%-5
slid 2.33e-5 | 2.75e-4 | 4.19e-4 | 6.91e-6 | 3.31le-5 | 1. 34e-5
PID 2.31le-5 | 2.75e-4 | 1.57e-4 | 2.27e-5 | 3.36e-5 | 1.33e-5
grv_frc_PD 3.45e-6 | 5.78e-6 | 9.62e-6 | 1.29%-6 | 2.97e-6 | 1.07e-6
grv_frc PD_s rp 3.80e-6 | 5.87e-6 | 1.0le-5 | 1.26e-6 | 3.40e-6 | 1. 38e-6
grv_frc PD_s acc | 3.76e-6 | 5.50e-6 | 9.76e-6 | 1.37e-6 | 2.96e-6 | 1.23e-6
grv_frc_PD_adap 1.37e-6 | 8.80e-7 | 2.39e-6 | 1.35e-6 | 2.81e-6 | 1.11e-6
grv_frc_sat_sl 3.63e-6 | 6.27e-6 | 1.02e-5 | 1.30e-6 | 3.69e-6 | 1. 16e-6
grv_frc_sat sl s rp| 4.16e-6 | 6.16e-6 | 1. 11e-5 | 1.48e-6 | 3.92e-6 | 1. 61e-6
grv_frc_sat sl s acc3.58e-6 | 5.70e-6 | 1.04e-5 | 1.33e-6 | 3.61e-6 | 1.32e-6
grv_frc_sat sl adap 1.27e-6 | 8.08e-7 | 3.72e-6 | 1.53e-6 | 3.59e-6 | 1.46e-6
grv_frc_slid 3.61e-6 | 6.10e-6 | 2.62e-5 | 1.36e-6 | 3.14e-6 | 1. 10e-6
grv_frc_slid_s rp 3.96e-6 | 5.82e-6 | 2.59e-5 | 1.84e-6 | 3.05e-6 | 1.21e-6
grv_frc_slid s acc | 3.79e-6 | 5.71e-6 | 2.58e-5 | 1.66e-6 | 3.05e-6 | 1.27e-6
grv_frc_slid adap | 1.51e-6 | 1.00e-6 | 6.29e-6 | 1.49e-6 | 3.13e-6 | 1.13e-6
lin_FULL 3.19e-6 | 8.51e-7 | 1.90e-6 | 4.86e-6 | 6.66e-6 | 7.43e-7
lin_noCC 3.79e-6 | 8.09e-7 | 2.46e-6 | 4.81e-6 | 6.40e-6 | 7. 25e-7
lin_FULL_s_rp 3.18e-6 | 7.21e-7 | 1.95e-6 | 5.01le-6 | 6.58e-6 | 7.07e-7
lin_noCC_s rp 4.02e-6 | 7.07e-7 | 2.40e-6 | 4.98e-6 | 6.66e-6 | 6.93e-7
lin_FULL_s_acc 3.44e-6 | 8.37e-7 | 2.0le-6 | 5.24e-6 | 7.11e-6 | 7.84e-7
lin_noCC_s_acc 3.90e-6 | 7.28e-7 | 2.50e-6 | 5.12e-6 | 6.60e-6 | 6. 36e-7
W-B_FULL 1.49e-6 | 3.00e-6 | 3.04e-6 | 1.81e-6 | 2.85e-6 | 9.2%e-7
W-B_noCC 1.94e-6 | 2.84e-6 | 4.26e-6 | 2. 18e-6 | 2. 95e-6 | 8.43e-7
W-B_FULL_s rp 1.57e-6 | 2.45e-6 | 2. 79e-6 | 2.33e-6 | 3.20e-6 | 1.02e-6
W-B_noCC_s rp 1.85e-6 | 2.14e-6 | 3.87e-6 | 1.57e-6 | 3.15e-6 | 9.39%e-7
W-B_FULL_s_acc | 1.93e-6 | 3.04e-6 | 3.00e-6 | 1.73e-6 | 3.16e-6 | 1. 04e-6
W-B_noCC_s_acc | 1.95e-6 | 2.11e-6 | 3.89e-6 | 1. 70e-6 | 3.07e-6 | 8.02e-7
W-B_FULL_adap 7.79%-7 | 6.42e-7 | 1.73e-6 | 1.53e-6 | 3.19e-6 | 8.54e-7
W-B_noCC_adap | 8.96e-7 | 6.69e-7 | 1.85e-6 | 1.69e-6 | 3.11le-6 | 9.09e-7
S-L_FULL 1.44e-6 | 2.90e-6 | 6.59e-6 | 4.07e-6 | 3.46e-6 | 1.12e-6
S-L_noCC 1.80e-6 | 2.62e-6 | 9.30e-6 | 4.49e-6 | 3.40e-6 | 1.01le-6
S-L FULL s rp 1.45e-6 | 2.14e-6 | 5.89%-6 | 3.61e-6 | 3.42e-6 | 1. 14e-6
S-L_noCC_s_rp 1.87e-6 | 1.98e-6 | 9.43e-6 | 3.61e-6 | 3.29%e-6 | 9.07e-7
S-L_FULL_s _acc 1.53e-6 | 2.38e-6 | 5.99e-6 | 3.32e-6 | 3.57e-6 | 8.83e-7
S-L_noCC_s acc 1.91e-6 | 2.19e-6 | 8.44e-6 | 4.09e-6 | 3.35e-6 | 1. 02e-6
S-L_FULL_adap 1.06e-6 | 9.18e-7 | 4.44e-6 | 3.64e-6 | 3.45e-6 | 1. 11le-6
S-L_noCC_adap 1.26e-6 | 1.07e-6 | 5.07e-6 | 3.60e-6 | 3.42e-6 | 8.99%e-7
PA10_vel 1.14e-2 | 5.24e-5 | 5.13e-5 | 3.86e-5 | 2.02e-4 | 3.19%e-5

Table E.13: Comparison of angle WMISE results for differenttoallers, platform tra-
jectory: sea_all 2, PA10 trajectoryi ne.
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controller S1 S2 El E2 w1 W2

PD 2.20e-5 | 1.60e-4 | 3.55e-5 | 1.57e-5 | 2.28e-5 | 1. 14e-5
sat_sl 2.12e-5 | 1.58e-4 | 3.45e-5 | 1.51e-5 | 2.31e-5 | 1.17e-5
slid 2.16e-5 | 1.58e-4 | 1.00e-4 | 5.12e-6 | 2.30e-5 | 1.15e-5
PID 2.15e-5 | 1.59e-4 | 3.58e-5 | 1.57e-5 | 2.30e-5 | 1.12e-5
grv_frc_PD 2.54e-6 | 2.62e-6 | 4.43e-6 | 8.64e-7 | 1.46e-6 | 7.66e-7
grv_frc PD_s rp 2.55e-6 | 2.37e-6 | 4.04e-6 | 9.17e-7 | 1.54e-6 | 9. 08e-7
grv_frc PD_s acc | 2.51e-6 | 2.38e-6 | 3.85e-6 | 9.22e-7 | 1.53e-6 | 8.67e-7
grv_frc_PD_adap 9.51e-7 | 1.14e-6 | 2. 72e-6 | 9.04e-7 | 1.48e-6 | 8. 35e-7
grv_frc_sat_sl 2.61e-6 | 2.97e-6 | 4.57e-6 | 1.03e-6 | 1.83e-6 | 8. 75e-7
grv_frc_sat sl s rp| 2.85e-6 | 2.86e-6 | 4.36e-6 | 1.02e-6 | 1.77e-6 | 1. 05e-6
grv_frc_sat sl s acc2.82e-6 | 2.81e-6 | 4.07e-6 | 1.01e-6 | 1.73e-6 | 1. 02e-6
grv_frc_sat sl adap 9.58e-7 | 8.68e-7 | 4.02e-6 | 1.12e-6 | 1.83e-6 | 1. 06e-6
grv_frc_slid 2.60e-6 | 2.66e-6 | 1.18e-5 | 1.28e-6 | 1.59e-6 | 7.53e-7
grv_frc_slid_s rp 2.67e-6 | 2.49e-6 | 1.06e-5 | 1.28e-6 | 1.55e-6 | 8.78e-7
grv_frc_slid s acc | 2.82e-6 | 2.63e-6 | 1. 06e-5 | 1.31e-6 | 1.62e-6 | 9.5%e-7
grv_frc_slid adap | 1.11e-6 | 1.31e-6 | 6.91e-6 | 1.12e-6 | 1.53e-6 | 7.92e-7
lin_FULL 3.53e-6 | 1.13e-6 | 4.39e-6 | 3.30e-6 | 3.60e-6 | 5.61e-7
lin_noCC 4.05e-6 | 1.05e-6 | 4.52e-6 | 3.28e-6 | 3.58e-6 | 6.12e-7
lin_FULL_s_rp 3.93e-6 | 1.10e-6 | 4.29e-6 | 3.45e-6 | 3.82e-6 | 6.19%e-7
lin_noCC_s rp 4.31e-6 | 9.86e-7 | 4.42e-6 | 3.48e-6 | 3.77e-6 | 5.84e-7
lin_FULL_s_acc 3.95e-6 | 1.13e-6 | 4.32e-6 | 3.46e-6 | 3.88e-6 | 6.28e-7
lin_noCC_s_acc 4.22e-6 | 1.03e-6 | 4.45e-6 | 3.42e-6 | 3.89e-6 | 5.39%-7
W-B_FULL 1.71e-6 | 2. 71e-6 | 4.43e-6 | 1.47e-6 | 1.62e-6 | 9.43e-7
W-B_noCC 1.68e-6 | 2.22e-6 | 4.97e-6 | 1.50e-6 | 1.60e-6 | 6.42e-7
W-B_FULL_s rp 1.82e-6 | 2.24e-6 | 3.80e-6 | 1.46e-6 | 1.61e-6 | 7.82e-7
W-B_noCC_s rp 1.75e-6 | 1.99e-6 | 4.63e-6 | 1.45e-6 | 1.59e-6 | 7. 80e-7
W-B_FULL_s_acc | 1.59e-6 | 2.36e-6 | 3.70e-6 | 1.35e-6 | 1.59e-6 | 7.73e-7
W-B_noCC_s acc | 1.77e-6 | 1.98e-6 | 4.52e-6 | 1.37e-6 | 1.60e-6 | 6. 70e-7
W-B_FULL_adap 6.96e-7 | 9.71e-7 | 2.57e-6 | 1.63e-6 | 1.79%-6 | 7.20e-7
W-B_noCC_adap | 7.34e-7 | 1.0le-6 | 2.40e-6 | 1.46e-6 | 1.65e-6 | 7.82e-7
S-L_FULL 1.36e-6 | 2.42e-6 | 9.52e-6 | 2.51e-6 | 1. 75e-6 | 7.68e-7
S-L_noCC 1.55e-6 | 2.28e-6 | 1.14e-5 | 2.83e-6 | 1.87e-6 | 7.82e-7
S-L FULL s rp 1.59e-6 | 2.10e-6 | 8.81e-6 | 2.42e-6 | 1. 77e-6 | 8.78e-7
S-L_noCC_s_rp 1.64e-6 | 1.71e-6 | 1.09e-5 | 2.76e-6 | 1.92e-6 | 8. 40e-7
S-L_ FULL_s acc 1.58e-6 | 2.32e-6 | 8.21e-6 | 2.63e-6 | 1.84e-6 | 7.68e-7
S-L_noCC_s acc 1.61le-6 | 1.96e-6 | 1.00e-5 | 2. 78e-6 | 1.90e-6 | 9. 10e-7
S-L_FULL_adap 1.0le-6 | 1.23e-6 | 6.54e-6 | 2.49e-6 | 1.84e-6 | 8.51e-7
S-L_noCC_adap 1.13e-6 | 1.38e-6 | 6.42e-6 | 3.16e-6 | 1.93e-6 | 7. 16e-7
PA10_vel 1.13e-2 | 4.18e-5 | 2.61e-5 | 2.13e-5 | 3.28e-5 | 2.03e-5

Table E.14: Comparison of angle WMISE results for differenttoallers, platform tra-
jectory: sea_all_2, PA10 trajectorgsi ne.
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Appendix F

Tables with results of manipulator on
platform control experiments (torque
noise power ratio)

The results of high to low frequency control torque powerorare presented in tables:
F.1to F.14.
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controller S1 S2 El E2 w1 W2

PD 2.20e-5 | 2.76e-4 | 1.58e-4 | 2.14e-5 | 3.21e-5 | 1.32e-5
sat_sl 2.21e-5 | 2.76e-4 | 1.59¢e-4 | 1.85e-5 | 3.18e-5 | 1.32e-5
slid 2.20e-5 | 2.76e-4 | 4.27e-4 | 6.13e-6 | 3.21e-5 | 1.35e-5
PID 2.16e-5 | 2.74e-4 | 1.58e-4 | 2.15e-5 | 3. 24e-5 | 1.37e-5
grv_frc_PD 3.8le-6 | 6.02e-6 | 1.08e-5 | 1.67e-6 | 3.70e-6 | 1.38e-6
grv_frc PD_s rp 3.70e-6 | 5.84e-6 | 1.05e-5 | 1.54e-6 | 3.38e-6 | 1.22e-6
grv_frc PD_s acc | 3.65e-6 | 5.73e-6 | 1.02e-5 | 1.30e-6 | 3.37e-6 | 1.12e-6
grv_frc_PD_adap 1.31e-6 | 1.03e-6 | 2.59e-6 | 1.48e-6 | 3.44e-6 | 1. 28e-6
grv_frc_sat_sl 3.78e-6 | 5.82e-6 | 1.06e-5 | 1.31e-6 | 3.44e-6 | 1.21e-6
grv_frc_sat sl s rp| 3.71e-6 | 5.92e-6 | 1.09e-5 | 1.28e-6 | 3.37e-6 | 1. 14e-6
grv_frc_sat sl s acc3.68e-6 | 5.54e-6 | 1.03e-5 | 1.23e-6 | 3.42e-6 | 1. 16e-6
grv_frc_sat sl adap 1.17e-6 | 6.64e-7 | 3.27e-6 | 1.32e-6 | 3.45e-6 | 1. 28e-6
grv_frc_slid 3.89e-6 | 6.03e-6 | 2.78e-5 | 1.52e-6 | 3.49e-6 | 1.27e-6
grv_frc_slid_s rp 3.83e-6 | 5.83e-6 | 2.86e-5 | 1.68e-6 | 3.64e-6 | 1.18e-6
grv_frc_slid s acc | 3.83e-6 | 6.22e-6 | 2.88e-5 | 1.87e-6 | 3.66e-6 | 1. 30e-6
grv_frc_slid adap | 1.52e-6 | 1.15e-6 | 6.38e-6 | 1.69e-6 | 3.42e-6 | 1. 20e-6
lin_FULL 2.8%-6 | 7.89e-7 | 2.17e-6 | 5.89¢e-6 | 7.83e-6 | 6. 76e-7
lin_noCC 2.84e-6 | 7.74e-7 | 2.48e-6 | 5.28e-6 | 7.97e-6 | 7.0le-7
lin_FULL_s_rp 2.66e-6 | 7.84e-7 | 1.91e-6 | 5.27e-6 | 7.41e-6 | 7.77e-7
lin_noCC_s rp 3.32e-6 | 8.08e-7 | 2.55e-6 | 5.44e-6 | 7.79e-6 | 8.33e-7
lin_FULL_s_acc 2.84e-6 | 9.43e-7 | 2.30e-6 | 5.73e-6 | 7.79%-6 | 8.09e-7
lin_noCC_s_acc 3.46e-6 | 9.06e-7 | 2. 74e-6 | 5.68e-6 | 7.49e-6 | 7.41le-7
W-B_FULL 1.54e-6 | 2.61e-6 | 2. 70e-6 | 2.42e-6 | 3.26e-6 | 9. 46e-7
W-B_noCC 1.91e-6 | 2. 70e-6 | 3.90e-6 | 1. 75e-6 | 3.46e-6 | 1. 04e-6
W-B_FULL_s rp 1.63e-6 | 2.64e-6 | 2.87e-6 | 1.97e-6 | 3.39%e-6 | 1. 16e-6
W-B_noCC_s rp 2.02e-6 | 2.30e-6 | 4.10e-6 | 2.54e-6 | 3.43e-6 | 1. 05e-6
W-B_FULL_s acc | 1.74e-6 | 2.67e-6 | 3.31e-6 | 2.17e-6 | 3.28e-6 | 1. 00e-6
W-B_noCC_s_acc | 1.85e-6 | 2.60e-6 | 4.08e-6 | 2. 02e-6 | 3.38e-6 | 8.96e-7
W-B_FULL_adap 9.39%-7 | 6.91e-7 | 2.02e-6 | 1.84e-6 | 3.38e-6 | 1.09e-6
W-B_noCC_adap | 9.78e-7 | 9.57e-7 | 2.27e-6 | 2.50e-6 | 3.43e-6 | 9.40e-7
S-L_FULL 1.64e-6 | 2.46e-6 | 7.26e-6 | 4.17e-6 | 3.36e-6 | 9.98e-7
S-L_noCC 2.14e-6 | 2.31e-6 | 1.03e-5 | 4.21e-6 | 3.71e-6 | 1.07e-6
S-L FULL s rp 1.78e-6 | 2.89%-6 | 7.71e-6 | 4.85e-6 | 3.79%e-6 | 9. 77e-7
S-L_noCC_s_rp 1.83e-6 | 2.48e-6 | 1.03e-5 | 4.27e-6 | 3.59%-6 | 9.51e-7
S-L_ FULL_s acc 1.80e-6 | 2.47e-6 | 9.34e-6 | 4. 14e-6 | 3.54e-6 | 1.08e-6
S-L_noCC_s acc 1.91e-6 | 2.28e-6 | 1.20e-5 | 4. 10e-6 | 3.58e-6 | 9.91e-7
S-L_FULL_adap 1.03e-6 | 1.22e-6 | 5.22e-6 | 4.02e-6 | 3.36e-6 | 9. 14e-7
S-L_noCC_adap 1.35e-6 | 1.14e-6 | 6. 74e-6 | 4.62e-6 | 3.72e-6 | 1. 14e-6
PA10_vel 1.12e-2 | 4.51e-5 | 4.79e-5 | 3.38e-5 | 1.5%-4 | 3.37e-5

Table F.1: Comparison of high to low frequency control torgoever ratio for different
controllers, platform trajectory: zero, PA10 trajectosy:ne.
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controller S1 S2 El E2 w1 W2

PD 2.06e-5 | 1.57e-4 | 3.60e-5 | 1.49e-5 | 2. 20e-5 | 1.12e-5
sat_sl 2.03e-5 | 1.57e-4 | 3.49e-5 | 1.42e-5 | 2.23e-5 | 1. 16e-5
slid 2.04e-5 | 1.56e-4 | 9.71e-5 | 5.11e-6 | 2.21e-5 | 1. 14e-5
PID 2.07e-5 | 1.57e-4 | 3.58e-5 | 1.50e-5 | 2. 24e-5 | 1. 14e-5
grv_frc_PD 2.68e-6 | 2.57e-6 | 3.91e-6 | 9.32e-7 | 1. 77e-6 | 8. 16e-7
grv_frc PD_s rp 2.80e-6 | 2.55e-6 | 4.15e-6 | 1.02e-6 | 1.88e-6 | 8. 86e-7
grv_frc PD_s acc | 2.78e-6 | 2.59%-6 | 4.04e-6 | 9.93e-7 | 1. 76e-6 | 8.09e-7
grv_frc_PD_adap 1.15e-6 | 1.25e-6 | 2.90e-6 | 1.10e-6 | 1.87e-6 | 9. 45e-7
grv_frc_sat_sl 2.75e-6 | 2.65e-6 | 3.99e-6 | 9.55e-7 | 1.69e-6 | 8.05e-7
grv_frc_sat sl s rp| 2.81e-6 | 2.69e-6 | 4. 11e-6 | 9.62e-7 | 1.81e-6 | 8.99%-7
grv_frc_sat sl s acc2.78e-6 | 2.52e-6 | 4.09e-6 | 9.37e-7 | 1. 75e-6 | 8. 26e-7
grv_frc_sat sl adap 9.10e-7 | 7.09e-7 | 3.89¢e-6 | 1.02e-6 | 1.85e-6 | 9.54e-7
grv_frc_slid 2.84e-6 | 2.72e-6 | 1.07e-5 | 1. 15e-6 | 1.96e-6 | 9.55e-7
grv_frc_slid_s rp 3.03e-6 | 2.72e-6 | 1.09e-5 | 1.27e-6 | 1.87e-6 | 8.73e-7
grv_frc_slid s acc | 2.85e-6 | 2.52e-6 | 1. 06e-5 | 1.18e-6 | 1.86e-6 | 8.90e-7
grv_frc_slid adap | 1.40e-6 | 1.49e-6 | 7.18e-6 | 1.19e-6 | 1.80e-6 | 8.90e-7
lin_FULL 4.15e-6 | 1.20e-6 | 4.56e-6 | 4.22e-6 | 4.61e-6 | 5. 74e-7
lin_noCC 3.79e-6 | 1.12e-6 | 4.57e-6 | 3.74e-6 | 4.37e-6 | 6. 26e-7
lin_FULL_s_rp 3.78e-6 | 1.13e-6 | 4.33e-6 | 3.87e-6 | 4.30e-6 | 6.65e-7
lin_noCC_s rp 4.07e-6 | 1. 14e-6 | 4.76e-6 | 3.78e-6 | 4.37e-6 | 6.32e-7
lin_FULL_s_acc 3.90e-6 | 1.35e-6 | 4.75e-6 | 4.29e-6 | 4.50e-6 | 6.86e-7
lin_noCC_s_acc 4.11e-6 | 1.28e-6 | 4.92e-6 | 4.21e-6 | 4.39e-6 | 6. 73e-7
W-B_FULL 1.66e-6 | 2.65e-6 | 3.62e-6 | 1.44e-6 | 1.80e-6 | 7.52e-7
W-B_noCC 1.83e-6 | 2.60e-6 | 4.44e-6 | 1.55e-6 | 1.91e-6 | 8. 76e-7
W-B_FULL_s rp 1.70e-6 | 2.38e-6 | 3.78e-6 | 1.83e-6 | 1.85e-6 | 1.02e-6
W-B_noCC_s rp 1.88e-6 | 2.18e-6 | 4.62e-6 | 1.81e-6 | 1.87e-6 | 8.33e-7
W-B_FULL_s acc | 1.88e-6 | 2.66e-6 | 3.73e-6 | 1.51e-6 | 1.88e-6 | 9. 16e-7
W-B_noCC_s _acc | 1.87e-6 | 2.53e-6 | 4.65e-6 | 1.68e-6 | 2.0le-6 | 8.50e-7
W-B_FULL_adap 1.12e-6 | 1.25e-6 | 3.20e-6 | 1.69e-6 | 1.8%-6 | 8.41e-7
W-B_noCC_adap | 9.28e-7 | 1.23e-6 | 2.90e-6 | 1.77e-6 | 1.91e-6 | 7.85e-7
S-L_FULL 2.04e-6 | 2.70e-6 | 1.00e-5 | 2.98e-6 | 1.94e-6 | 8.81e-7
S-L_noCC 2.03e-6 | 2.39e-6 | 1.16e-5 | 2.89e-6 | 1.87e-6 | 8.30e-7
S-L FULL s rp 1.84e-6 | 2.64e-6 | 9.94e-6 | 3.43e-6 | 1.94e-6 | 8.57e-7
S-L_noCC_s_rp 1.73e-6 | 2.28e-6 | 1.12e-5 | 3.08e-6 | 1.94e-6 | 7.53e-7
S-L_ FULL_s acc 1.80e-6 | 2.54e-6 | 9.15e-6 | 2. 94e-6 | 1.90e-6 | 8.69e-7
S-L_noCC_s_acc 1.93e-6 | 2.32e-6 | 1.15e-5 | 2.85e-6 | 1.94e-6 | 7.68e-7
S-L_FULL_adap 1.14e-6 | 1.40e-6 | 7.93e-6 | 2.97e-6 | 1.93e-6 | 7.02e-7
S-L_noCC_adap 1.35e-6 | 1.53e-6 | 7.61e-6 | 3.41e-6 | 1.90e-6 | 8. 24e-7
PA10_vel 1.15e-2 | 3.57e-5 | 2.36e-5 | 1.77e-5 | 3.77e-5 | 1. 75e-5

Table F.2: Comparison of high to low frequency control torgoever ratio for different
controllers, platform trajectory: zero, PA10 trajectosysi ne.
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controller S1 S2 El E2 w1 W2

PD 3.63e-5 | 3.02e-4 | 1.74e-4 | 2.02e-5 | 2.98e-5 | 1.40e-5
sat_sl 3.52e-5| 3.02e-4 | 1.70e-4 | 1.95e-5 | 3.00e-5 | 1. 34e-5
slid 3.50e-5| 3.01e-4 | 4.61e-4 | 7.85e-6 | 2.98e-5 | 1.38e-5
PID 3.51e-5| 3.01e-4 | 1.74e-4 | 2.08e-5 | 2.95e-5 | 1. 35e-5
grv_frc_PD 5.87e-6 | 2.54e-5 | 2.17e-5 | 1.27e-6 | 4.01e-6 | 1. 06e-6
grv_frc PD_s rp 5.56e-6 | 1.46e-5 | 1.46e-5 | 1.41e-6 | 3.96e-6 | 1.0le-6
grv_frc PD_s acc | 3.57e-6 | 8.89%-6 | 1.16e-5 | 1.23e-6 | 4. 16e-6 | 1. 06e-6
grv_frc_PD_adap 1.99e-6 | 1.41e-6 | 3.12e-6 | 1.58e-6 | 4.59e-6 | 1. 38e-6
grv_frc_sat_sl 6.43e-6 | 2.63e-5 | 2.22e-5 | 1. 14e-6 | 4.30e-6 | 1. 24e-6
grv_frc_sat sl s rp| 5.40e-6 | 1.46e-5 | 1.42e-5 | 1.01e-6 | 3.95e-6 | 1. 25e-6
grv_frc_sat sl s acc3.60e-6 | 9.76e-6 | 1.15e-5 | 1.11e-6 | 3.80e-6 | 1. 10e-6
grv_frc_sat sl adap 1.45e-6 | 7.35e-7 | 3.36e-6 | 1.09e-6 | 3.60e-6 | 1. 16e-6
grv_frc_slid 6.12e-6 | 2.58e-5 | 5.89e-5 | 1.85e-6 | 4.15e-6 | 1.12e-6
grv_frc_slid_s rp 5.38e-6 | 1.46e-5 | 3.86e-5 | 1.75e-6 | 4.12e-6 | 1. 08e-6
grv_frc_slid s acc | 3.81e-6 | 9.68e-6 | 3.09e-5 | 1.53e-6 | 4.28e-6 | 1. 14e-6
grv_frc_slid adap | 1.97e-6 | 1.28e-6 | 6.96e-6 | 1.56e-6 | 4.07e-6 | 1.12e-6
lin_FULL 5.62e-6 | 2.52e-6 | 2.83e-6 | 4.39%-6 | 8.23e-6 | 6.54e-7
lin_noCC 7.74e-6 | 2.70e-6 | 3.44e-6 | 4.64e-6 | 9. 78e-6 | 8.58e-7
lin_FULL_s_rp 3.19e-6 | 1.57e-6 | 2.29e-6 | 4.37e-6 | 9.30e-6 | 6.53e-7
lin_noCC_s rp 4.64e-6 | 1.57e-6 | 2.88e-6 | 4.57e-6 | 9.92e-6 | 6. 94e-7
lin_FULL_s_acc 2.55e-6 | 1.04e-6 | 2.16e-6 | 4.65e-6 | 9.19%e-6 | 6.99%e-7
lin_noCC_s_acc 3.28e-6 | 9.40e-7 | 2.55e-6 | 4.62e-6 | 9. 46e-6 | 6. 65e-7
W-B_FULL 3.58e-6 | 2.10e-5 | 1.72e-5 | 1.40e-6 | 3.86e-6 | 9.23e-7
W-B_noCC 4.52e-6 | 1.99e-5 | 1.72e-5 | 1.79%-6 | 3.89e-6 | 7. 2le-7
W-B_FULL_s rp 1.89e-6 | 9.84e-6 | 8.14e-6 | 1.72e-6 | 4.18e-6 | 9.61le-7
W-B_noCC_s rp 2.83e-6 | 9.52e-6 | 9.09e-6 | 1.90e-6 | 4.12e-6 | 8.92e-7
W-B_FULL_s acc | 1.27e-6 | 5.63e-6 | 5.25e-6 | 1.35e-6 | 3.98e-6 | 9. 65e-7
W-B_noCC_s acc | 1.87e-6 | 4.71e-6 | 5.68e-6 | 1.68e-6 | 3.98e-6 | 9. 16e-7
W-B_FULL_adap 1.19e-6 | 9.71e-7 | 2.38e-6 | 1.60e-6 | 4. 16e-6 | 8. 84e-7
W-B_noCC_adap 1.49e-6 | 1.11e-6 | 2.51e-6 | 1.93e-6 | 4.02e-6 | 8.54e-7
S-L_FULL 3.43e-6 | 1.99e-5 | 4.17e-5 | 3.15e-6 | 4. 14e-6 | 8.99e-7
S-L_noCC 4.49e-6 | 1.90e-5 | 4.19e-5 | 4.02e-6 | 4.23e-6 | 8.08e-7
S-L FULL s rp 2.08e-6 | 9.41e-6 | 1.91e-5 | 3.39e-6 | 4.30e-6 | 9.09e-7
S-L_noCC_s_rp 2.74e-6 | 8.90e-6 | 2. 18e-5 | 3.81e-6 | 4.33e-6 | 1.01le-6
S-L_FULL_s_acc 1.29e-6 | 5.47e-6 | 1.21e-5 | 3.02e-6 | 4.21e-6 | 8.41e-7
S-L_noCC_s_acc 1.86e-6 | 4.87e-6 | 1.39e-5 | 4.46e-6 | 4.37e-6 | 8.95e-7
S-L_FULL_adap 1.54e-6 | 1.59e-6 | 6.68e-6 | 3.51e-6 | 4.22e-6 | 8.52e-7
S-L_noCC_adap 1.99e-6 | 1.54e-6 | 7.25e-6 | 4.72e-6 | 4.68e-6 | 1. 15e-6
PA10_vel 1.11e-2 | 4.27e-5 | 5.42e-5 | 4.11e-5 | 1. 28e-4 | 3. 21e-5

Table F.3: Comparison of high to low frequency control torgoever ratio for different
controllers, platform trajectory: sin_r2p0, PA10 trag@gt si ne.
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controller S1 S2 El E2 w1 W2

PD 2.41e-5 | 1.39e-4 | 7.45e-5 | 1.53e-5 | 2. 10e-5 | 1.22e-5
sat_sl 2.35e-5 | 1.40e-4 | 6.88e-5 | 1.46e-5 | 2.13e-5 | 1. 14e-5
slid 2.31le-5 | 1.38e-4 | 1.99e-4 | 5.86e-6 | 2.10e-5 | 1.15e-5
PID 2.34e-5 | 1.38e-4 | 7.46e-5 | 1.48e-5 | 2.09e-5 | 1. 14e-5
grv_frc_PD 2.82e-6 | 1.79e-5 | 1.70e-5 | 9.94e-7 | 1.96e-6 | 7.80e-7
grv_frc PD_s rp 2.12e-6 | 8.05e-6 | 6.78e-6 | 1.09e-6 | 1.88e-6 | 7. 75e-7
grv_frc PD_s acc | 2.31e-6 | 5.35e-6 | 4.01e-6 | 9.44e-7 | 1.94e-6 | 8.04e-7
grv_frc_PD_adap 6.13e-7 | 1.27e-6 | 2.54e-6 | 1.02e-6 | 2. 10e-6 | 8.22e-7
grv_frc_sat_sl 2.77e-6 | 1.79e-5 | 1.64e-5 | 9.04e-7 | 1.90e-6 | 8.23e-7
grv_frc_sat sl s rp| 1.95e-6 | 7.95e-6 | 6.34e-6 | 8.49e-7 | 1.78e-6 | 9. 09%e-7
grv_frc_sat sl s acc2.44e-6 | 5.37e-6 | 4.01le-6 | 9.21e-7 | 1.81e-6 | 8.02e-7
grv_frc_sat sl adap 5.62e-7 | 6.89%-7 | 3.16e-6 | 8.45e-7 | 1.88e-6 | 8.45e-7
grv_frc_slid 2.59e-6 | 1.79e-5 | 4.36e-5 | 1.29e-6 | 2.03e-6 | 8.09%-7
grv_frc_slid_s rp 2.07e-6 | 8.14e-6 | 1.67e-5 | 1.28e-6 | 1.94e-6 | 7.91e-7
grv_frc_slid s acc | 2.30e-6 | 5.34e-6 | 1.03e-5 | 1.19e-6 | 2. 04e-6 | 7.82e-7
grv_frc_slid adap | 7.45e-7 | 1.33e-6 | 6.20e-6 | 1.29e-6 | 2.06e-6 | 8. 27e-7
lin_FULL 4.99e-6 | 2.89e-6 | 5.60e-6 | 3.29%-6 | 4. 25e-6 | 5.90e-7
lin_noCC 6.53e-6 | 2.64e-6 | 5.46e-6 | 3.20e-6 | 4.97e-6 | 5.2%-7
lin_FULL_s_rp 2.65e-6 | 1.88e-6 | 3.90e-6 | 3.26e-6 | 4.66e-6 | 5. 71e-7
lin_noCC_s rp 2.98e-6 | 1.77e-6 | 4.29e-6 | 3.21e-6 | 5.00e-6 | 5. 55e-7
lin_FULL_s_acc 3.27e-6 | 1.65e-6 | 4.35e-6 | 3.04e-6 | 4.82e-6 | 5.61le-7
lin_noCC_s_acc 3.91e-6 | 1.56e-6 | 4.80e-6 | 3.11e-6 | 4.65e-6 | 5. 74e-7
W-B_FULL 2.51e-6 | 2.06e-5 | 2.19e-5 | 1.40e-6 | 1.87e-6 | 7. 74e-7
W-B_noCC 2.90e-6 | 1.69e-5 | 1.86e-5 | 1.30e-6 | 2.00e-6 | 6. 64e-7
W-B_FULL_s rp 1.33e-6 | 8.89%-6 | 7.20e-6 | 1.34e-6 | 1.98e-6 | 6.82e-7
W-B_noCC_s rp 1.51e-6 | 7.70e-6 | 7.38e-6 | 1.42e-6 | 1.96e-6 | 7. 36e-7
W-B_FULL_s acc | 1.59¢e-6 | 6.08e-6 | 4.79e-6 | 1.50e-6 | 2.01le-6 | 8.70e-7
W-B noCC s acc | 1.78e-6 | 4.43e-6 | 4.62e-6 | 1.28e-6 | 1.98e-6 | 8. 19e-7
W-B_FULL_adap 4.87e-7 | 1.16e-6 | 3.05e-6 | 1.45e-6 | 2.07e-6 | 7.32e-7
W-B_noCC_adap | 5.25e-7 | 1.25e-6 | 2.88e-6 | 1.42e-6 | 2.05e-6 | 7.27e-7
S-L_FULL 2.46e-6 | 1.92e-5 | 4.96e-5 | 2.40e-6 | 2.07e-6 | 7. 14e-7
S-L_noCC 2.99e-6 | 1.61e-5 | 4.37e-5 | 2.62e-6 | 2. 16e-6 | 6. 56e-7
S-L FULL s rp 1.40e-6 | 8.83e-6 | 1.70e-5 | 2. 34e-6 | 2. 10e-6 | 8. 17e-7
S-L_noCC_s_rp 1.53e-6 | 7.74e-6 | 1.71e-5 | 2.91e-6 | 2.18e-6 | 8.19%e-7
S-L_ FULL_s acc 1.61e-6 | 5.93e-6 | 1.18e-5 | 2. 57e-6 | 2.07e-6 | 7.72e-7
S-L_noCC_s acc 1.95e-6 | 4.82e-6 | 1.16e-5 | 3.88e-6 | 2. 26e-6 | 9. 18e-7
S-L_FULL_adap 6.78e-7 | 1.30e-6 | 8.33e-6 | 2.67e-6 | 2.05e-6 | 7.54e-7
S-L_noCC_adap 7.06e-7 | 1.52e-6 | 6.92e-6 | 2.57e-6 | 2.20e-6 | 7.38e-7
PA10_vel 1.13e-2 | 3.05e-5 | 2.46e-5 | 1.72e-5 | 3.26e-5 | 1.63e-5

Table F.4: Comparison of high to low frequency control torgoever ratio for different
controllers, platform trajectory: sin_r2p0, PA10 tragt ssi ne.
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controller S1 S2 El E2 w1 W2

PD 3.67e-5| 3.02e-4 | 1.75e-4 | 2.06e-5 | 3.05e-5 | 1.33e-5
sat_sl 3.64e-5| 3.0le-4 | 1.71e-4 | 1.85e-5 | 3.15e-5 | 1. 35e-5
slid 3.45e-5 | 3.00e-4 | 4.63e-4 | 8.26e-6 | 3.13e-5 | 1.37e-5
PID 3.48e-5| 2.99e-4 | 1.75e-4 | 1.89%-5 | 3.11e-5 | 1. 36e-5
grv_frc_PD 1.40e-5 | 1.76e-5 | 2.08e-5 | 1.28e-6 | 3.52e-6 | 1.19e-6
grv_frc PD_s rp 8.51le-6 | 1.30e-5 | 1.62e-5 | 1.64e-6 | 3.49e-6 | 1. 15e-6
grv_frc PD_s acc | 5.00e-6 | 8.40e-6 | 1.34e-5 | 1.39e-6 | 3.36e-6 | 1.21e-6
grv_frc_PD_adap 2.28e-6 | 1.36e-6 | 2.8%-6 | 1.52e-6 | 3.37e-6 | 1.20e-6
grv_frc_sat_sl 1.37e-5 | 1.75e-5 | 2.08e-5 | 1.14e-6 | 3.57e-6 | 1.19e-6
grv_frc_sat sl s rp| 8.49e-6 | 1.35e-5 | 1.57e-5 | 1.20e-6 | 3.42e-6 | 1.31e-6
grv_frc_sat sl s acc5.29e-6 | 8.82e-6 | 1.21e-5 | 1.21e-6 | 3.50e-6 | 1. 26e-6
grv_frc_sat sl adap 1.65e-6 | 7.22e-7 | 3.47e-6 | 1.31e-6 | 3.34e-6 | 1.19e-6
grv_frc_slid 1.41e-5 | 1.78e-5 | 5.55e-5 | 1.89e-6 | 3.81e-6 | 1. 20e-6
grv_frc_slid_s rp 8.51e-6 | 1.31e-5 | 4.23e-5 | 1.84e-6 | 3.55e-6 | 1.23e-6
grv_frc_slid s acc | 5.07e-6 | 8.59-6 | 3.44e-5 | 1.57e-6 | 3.63e-6 | 1. 28e-6
grv_frc_slid adap | 2.44e-6 | 1.38e-6 | 7.15e-6 | 2.11e-6 | 3.89e-6 | 1. 34e-6
lin_FULL 1.0le-5 | 1.73e-6 | 2.91e-6 | 5.59¢e-6 | 7.80e-6 | 6.90e-7
lin_noCC 1.38e-5 | 1.80e-6 | 3.68e-6 | 5.68e-6 | 8.21e-6 | 7.58e-7
lin_FULL_s_rp 6.11e-6 | 1.21e-6 | 2.48e-6 | 5.78e-6 | 7.91e-6 | 6.83e-7
lin_noCC_s rp 8.02e-6 | 1.29e-6 | 3.18e-6 | 5.78e-6 | 8.23e-6 | 7.60e-7
lin_FULL_s_acc 3.68e-6 | 1.03e-6 | 2.51e-6 | 5.92e-6 | 8.47e-6 | 7.50e-7
lin_noCC_s_acc 4.50e-6 | 1.04e-6 | 3.06e-6 | 5.82e-6 | 8.49e-6 | 7.57e-7
W-B_FULL 7.0le-6 | 1.13e-5 | 1.11e-5 | 1.69e-6 | 3.67e-6 | 7.96e-7
W-B_noCC 8.27e-6 | 1.21e-5 | 1.34e-5 | 1.42e-6 | 3.88e-6 | 8.48e-7
W-B_FULL_s rp 3.65e-6 | 6. 76e-6 | 6.53e-6 | 1.80e-6 | 3. 76e-6 | 7. 70e-7
W-B_noCC_s rp 4.38e-6 | 6.82e-6 | 8.09e-6 | 1.52e-6 | 3.78e-6 | 8.23e-7
W-B_FULL_s acc | 1.70e-6 | 3.93e-6 | 4.35e-6 | 2.31e-6 | 4.11e-6 | 9.88e-7
W-B noCC s acc | 1.81e-6 | 4.16e-6 | 5.46e-6 | 1.43e-6 | 3.63e-6 | 7.98e-7
W-B_FULL_adap 1.24e-6 | 8.93e-7 | 1.93e-6 | 1.86e-6 | 3.7%-6 | 8.04e-7
W-B_noCC_adap 1.49e-6 | 9.15e-7 | 2.11e-6 | 1.66e-6 | 3.95e-6 | 7.91e-7
S-L_FULL 7.2%-6 | 1.06e-5 | 2.64e-5 | 3.96e-6 | 4. 26e-6 | 8.02e-7
S-L_noCC 7.96e-6 | 1.13e-5 | 3.23e-5 | 3.50e-6 | 3.99e-6 | 8. 19e-7
S-L FULL s rp 3.82e-6 | 6.17e-6 | 1.50e-5 | 3.15e-6 | 4. 12e-6 | 7.61le-7
S-L_noCC_s 1p 4.64e-6 | 7.21e-6 | 2.15e-5 | 5.71e-6 | 4.37e-6 | 9.90e-7
S-L_ FULL_s acc 1.70e-6 | 3.67e-6 | 9.35e-6 | 3.77e-6 | 4.11e-6 | 8.03e-7
S-L_noCC_s_acc 1.97e-6 | 4.04e-6 | 1.45e-5 | 3.88e-6 | 4.10e-6 | 8.43e-7
S-L_FULL_adap 1.99e-6 | 1.36e-6 | 5.10e-6 | 3.47e-6 | 4.08e-6 | 8. 71e-7
S-L_noCC_adap 2.30e-6 | 1.26e-6 | 6.21e-6 | 4.09e-6 | 3.97e-6 | 7.86e-7
PA10_vel 1.11e-2 | 4.33e-5 | 1.05e-4 | 3.28e-5 | 1.48e-4 | 3.41e-5

Table F.5: Comparison of high to low frequency control torgoever ratio for different
controllers, platform trajectory: sin_rOp2, PA10 traggt si ne.
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controller S1 S2 El E2 w1 W2

PD 2.25e-5 | 1.78e-4 | 7.26e-5 | 1.49e-5 | 2. 10e-5 | 1.15e-5
sat_sl 2.32e-5 | 1.8le-4 | 6.82e-5 | 1.43e-5| 2.18e-5 | 1. 17e-5
slid 2.25e-5 | 1.79e-4 | 1.92e-4 | 5.12e-6 | 2.12e-5 | 1. 16e-5
PID 2.02e-5 | 1.73e-4 | 7.40e-5 | 1.48e-5 | 2. 14e-5 | 1.17e-5
grv_frc_PD 1.50e-5 | 2.40e-5 | 1.63e-5 | 9.47e-7 | 1.93e-6 | 9.03e-7
grv_frc PD_s rp 7.43e-6 | 1.19e-5 | 5.40e-6 | 9.73e-7 | 1.89%e-6 | 9. 02e-7
grv_frc PD_s acc | 5.00e-6 | 6.39e-6 | 5.43e-6 | 9.55e-7 | 1.99e-6 | 9. 64e-7
grv_frc_PD_adap 2.08e-6 | 1.78e-6 | 2.17e-6 | 1.16e-6 | 2.13e-6 | 9. 24e-7
grv_frc_sat_sl 1.51e-5 | 2.32e-5 | 1.69e-5 | 8.71e-7 | 2.01e-6 | 9. 20e-7
grv_frc_sat sl s rp| 7.72e-6 | 1.22e-5 | 5.39e-6 | 8.84e-7 | 1.92e-6 | 9. 90e-7
grv_frc_sat sl s acc5.13e-6 | 6.78e-6 | 5.07e-6 | 8.80e-7 | 2.07e-6 | 9. 35e-7
grv_frc_sat sl adap 1.27e-6 | 9.53e-7 | 2.85e-6 | 9.18e-7 | 1.94e-6 | 8.45e-7
grv_frc_slid 1.52e-5 | 2.35e-5 | 4.30e-5 | 1.20e-6 | 1.99e-6 | 8. 15e-7
grv_frc_slid_s rp 7.32e-6 | 1.18e-5 | 1.32e-5 | 1.23e-6 | 1.97e-6 | 7.81le-7
grv_frc_slid s acc | 4.94e-6 | 6.47e-6 | 1.35e-5 | 1.25e-6 | 2.03e-6 | 9.00e-7
grv_frc_slid adap | 2.18e-6 | 1.85e-6 | 4.35e-6 | 1.16e-6 | 1.92e-6 | 9. 14e-7
lin_FULL 1.81e-5 | 2.83e-6 | 4.41e-6 | 3.57e-6 | 5.18e-6 | 5.90e-7
lin_noCC 2.22e-5 | 3.05e-6 | 4.58e-6 | 3.50e-6 | 5.06e-6 | 6.67e-7
lin_FULL_s_rp 1.08e-5 | 2.55e-6 | 3.67e-6 | 3.79%e-6 | 5.41e-6 | 7.07e-7
lin_noCC_s rp 1.13e-5 | 2.30e-6 | 3.74e-6 | 3.47e-6 | 5.20e-6 | 5.90e-7
lin_FULL_s_acc 5.86e-6 | 1.58e-6 | 3.91e-6 | 3.63e-6 | 5.54e-6 | 5.72e-7
lin_noCC_s_acc 7.06e-6 | 1.54e-6 | 4.25e-6 | 3.58e-6 | 5.57e-6 | 6.04e-7
W-B_FULL 1.03e-5 | 2.09e-5 | 1.31e-5 | 1.14e-6 | 2.09%e-6 | 6.8%e-7
W-B_noCC 1.10e-5 | 2.15e-5 | 1.73e-5 | 1.04e-6 | 2. 21e-6 | 6.52e-7
W-B_FULL_s rp 5.59%-6 | 1.19e-5 | 4.18e-6 | 1.33e-6 | 2. 18e-6 | 7.03e-7
W-B_noCC_s rp 5.94e-6 | 1. 16e-5 | 6.06e-6 | 1.50e-6 | 2.42e-6 | 7.03e-7
W-B_FULL_s acc | 2.51e-6 | 5.55e-6 | 3.37e-6 | 1.01le-6 | 2. 14e-6 | 6. 77e-7
W-B noCC s acc | 2.76e-6 | 5.68e-6 | 5.47e-6 | 1.07e-6 | 2. 33e-6 | 6. 78e-7
W-B_FULL_adap 1.54e-6 | 1.47e-6 | 1.82e-6 | 1.09e-6 | 2.38e-6 | 6. 73e-7
W-B_noCC_adap 1.60e-6 | 1.56e-6 | 1. 75e-6 | 1.37e-6 | 2.56e-6 | 6.87e-7
S-L_FULL 1.00e-5 | 1.91e-5 | 3.26e-5 | 2.91e-6 | 2.52e-6 | 6. 78e-7
S-L_noCC 1.14e-5 | 2.02e-5 | 4.03e-5 | 3.67e-6 | 2.67e-6 | 7.51le-7
S-L FULL s rp 5.67e-6 | 1.12e-5 | 9.44e-6 | 2.97e-6 | 2. 51e-6 | 6. 60e-7
S-L_noCC_s_rp 5.79%-6 | 1.11e-5 | 1.22e-5 | 2.99e-6 | 2.59e-6 | 7. 22e-7
S-L_ FULL_s acc 2.69e-6 | 5.49e-6 | 8.25e-6 | 2.89%e-6 | 2.57e-6 | 7. 1le-7
S-L_noCC_s acc 2.98e-6 | 5.60e-6 | 1.28e-5 | 2.66e-6 | 2. 78e-6 | 7.01le-7
S-L_FULL_adap 2.40e-6 | 2.11e-6 | 3.51e-6 | 2.62e-6 | 2.50e-6 | 7. 75e-7
S-L_noCC_adap 2.58e-6 | 2.24e-6 | 3.68e-6 | 2.60e-6 | 2.56e-6 | 6.43e-7
PA10_vel 1.15e-2 | 3.27e-5 | 5.52e-5 | 1.70e-5 | 2.99%-5 | 1.67e-5

Table F.6: Comparison of high to low frequency control torgoever ratio for different
controllers, platform trajectory: sin_rOp2, PA10 tragt ssi ne.
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controller S1 S2 El E2 w1 W2

PD 4.21e-5| 3.19e-4 | 1.73e-4 | 2. 14e-5 | 3.41e-5 | 1.59%e-5
sat_sl 4.05e-5 | 3.20e-4 | 1.70e-4 | 1.99e-5 | 3.38e-5 | 1.52e-5
slid 3.99e-5 | 3.20e-4 | 4.65e-4 | 6.89%-6 | 3.15e-5 | 1.45e-5
PID 4.15e-5 | 3.20e-4 | 1.73e-4 | 2.24e-5 | 3.27e-5 | 1.49e-5
grv_frc_PD 1.34e-5 | 1.34e-5 | 2.05e-5 | 1.20e-6 | 3. 71le-6 | 9. 34e-7
grv_frc PD_s rp 6.87e-6 | 1.08e-5 | 1.41e-5 | 1.30e-6 | 3.95e-6 | 9. 03e-7
grv_frc PD_s acc | 4.58e-6 | 6.63e-6 | 1.10e-5 | 9.81e-7 | 3.94e-6 | 9.09e-7
grv_frc_PD_adap 1.76e-6 | 1.02e-6 | 2. 29e-6 | 1.16e-6 | 3.95e-6 | 9.87e-7
grv_frc_sat_sl 1.36e-5 | 1.31e-5 | 2.05e-5 | 1.05e-6 | 4.27e-6 | 1.01le-6
grv_frc_sat sl s rp| 7.07e-6 | 1.11e-5 | 1.45e-5 | 1.08e-6 | 4. 15e-6 | 9. 54e-7
grv_frc_sat sl s acc4.40e-6 | 6.38e-6 | 1.12e-5 | 1.0le-6 | 4.05e-6 | 9. 34e-7
grv_frc_sat sl adap 1.35e-6 | 8.05e-7 | 3.00e-6 | 1.21e-6 | 4.05e-6 | 1.03e-6
grv_frc_slid 1.34e-5 | 1.34e-5 | 5.3%9e-5 | 2.07e-6 | 4.00e-6 | 9.08e-7
grv_frc_slid_s rp 7.05e-6 | 1.08e-5 | 3.88e-5 | 1.62e-6 | 3.93e-6 | 9. 74e-7
grv_frc_slid s acc | 4.69e-6 | 6.68e-6 | 2.91e-5 | 1.48e-6 | 3.99e-6 | 9.03e-7
grv_frc_slid adap | 1.90e-6 | 1.08e-6 | 5.45e-6 | 1.83e-6 | 3.99e-6 | 8. 54e-7
lin_ FULL 7.86e-6 | 1.55e-6 | 3. 14e-6 | 4.60e-6 | 9.51e-6 | 4. 96e-7
lin_noCC 1.02e-5 | 1.65e-6 | 3.90e-6 | 4.98e-6 | 1.00e-5 | 5. 77e-7
lin_FULL_s_rp 4,74e-6 | 8.22e-7 | 2.12e-6 | 4.50e-6 | 9.48e-6 | 5.53e-7
lin_noCC_s rp 6.41e-6 | 8.62e-7 | 2. 72e-6 | 4.48e-6 | 9.40e-6 | 4.95e-7
lin_FULL_s_acc 2.87e-6 | 7.21e-7 | 1.86e-6 | 4.52e-6 | 9.21e-6 | 4.98e-7
lin_noCC_s_acc 3.90e-6 | 7.15e-7 | 2.53e-6 | 4.46e-6 | 9.08e-6 | 4.53e-7
W-B_FULL 6.16e-6 | 1.17e-5 | 1.24e-5 | 1.62e-6 | 3.95e-6 | 6.03e-7
W-B_noCC 7.8le-6 | 1.07e-5 | 1.47e-5 | 1.93e-6 | 3.99e-6 | 5.91e-7
W-B_FULL_s rp 3.12e-6 | 3.99e-6 | 5.32e-6 | 1.45e-6 | 3.82e-6 | 6.97e-7
W-B_noCC_s rp 3.79-6 | 4.49e-6 | 7.24e-6 | 1.85e-6 | 3.89e-6 | 6.47e-7
W-B_FULL_s acc | 1.35e-6 | 2.46e-6 | 3.36e-6 | 1.42e-6 | 3.82e-6 | 6.07e-7
W-B_noCC_s _acc | 1.89e-6 | 2.99e-6 | 5.19e-6 | 1.86e-6 | 3.87e-6 | 4.95e-7
W-B_FULL_adap 1.06e-6 | 7.71e-7 | 1. 76e-6 | 1.69e-6 | 3.95e-6 | 6.61e-7
W-B_noCC_adap 1.19e-6 | 7.78e-7 | 1.81e-6 | 2.17e-6 | 3.67e-6 | 5.73e-7
S-L_FULL 6.23e-6 | 1.05e-5 | 2.96e-5 | 3.68e-6 | 3.93e-6 | 5.34e-7
S-L_noCC 7.29e-6 | 1.07e-5 | 3.53e-5 | 4.11e-6 | 3.84e-6 | 6. 56e-7
S-L FULL s rp 3.41e-6 | 3.75e-6 | 1.28e-5 | 3.40e-6 | 4.00e-6 | 6. 04e-7
S-L_noCC_s_rp 4.12e-6 | 4.04e-6 | 1.83e-5 | 3.95e-6 | 4.05e-6 | 5.99%-7
S-L_FULL_s _acc 1.60e-6 | 2.32e-6 | 7.79e-6 | 3.36e-6 | 3.93e-6 | 6. 65e-7
S-L_noCC_s acc 1.98e-6 | 2.56e-6 | 1.24e-5 | 3. 74e-6 | 3.92e-6 | 5. 74e-7
S-L_FULL_adap 1.58e-6 | 9.00e-7 | 3.99%e-6 | 3.63e-6 | 4.08e-6 | 6.12e-7
S-L_noCC_adap 1.89e-6 | 1.04e-6 | 4.75e-6 | 4.57e-6 | 4.19%-6 | 7.23e-7
PA10_vel 1.15e-2 | 4.36e-5 | 9.63e-5 | 3.27e-5 | 1.12e-4 | 2.91e-5

Table F.7: Comparison of high to low frequency control torgoever ratio for different
controllers, platform trajectory: sin_r1p2pi2, PA10 &etory:si ne.
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controller S1 S2 El E2 w1 W2

PD 2.14e-5 | 2.11e-4 | 6.18e-5 | 1.64e-5 | 2.30e-5 | 1.38e-5
sat_sl 2.02e-5 | 2.08e-4 | 6.24e-5 | 1.56e-5 | 2.24e-5 | 1.32e-5
slid 2.0le-5 | 2.08e-4 | 1.73e-4 | 5.49e-6 | 2.05e-5 | 1. 26e-5
PID 2.06e-5 | 2.12e-4 | 6.06e-5 | 1.59e-5 | 2. 11e-5 | 1.28e-5
grv_frc_PD 8.75e-6 | 1.89e-5 | 2.24e-5 | 8.33e-7 | 2.34e-6 | 6.47e-7
grv_frc PD_s rp 5.64e-6 | 9.84e-6 | 4.05e-6 | 8.32e-7 | 2.40e-6 | 6. 14e-7
grv_frc PD_s acc | 3.67e-6 | 5.20e-6 | 5.35e-6 | 7.71e-7 | 2.45e-6 | 5. 84e-7
grv_frc_PD_adap 1.33e-6 | 1.44e-6 | 1.87e-6 | 8.83e-7 | 2. 44e-6 | 6.39%e-7
grv_frc_sat_sl 9.13e-6 | 1.85e-5 | 2.36e-5 | 8.08e-7 | 2.51e-6 | 6.45e-7
grv_frc_sat sl s rp| 5.74e-6 | 1.0le-5 | 3.96e-6 | 7.67e-7 | 2.41e-6 | 5.50e-7
grv_frc_sat sl s acc3.98e-6 | 5.41e-6 | 5.31e-6 | 7.98e-7 | 2. 46e-6 | 7. 02e-7
grv_frc_sat sl adap 9.63e-7 | 9. 15e-7 | 2.55e-6 | 8.08e-7 | 2.46e-6 | 6. 17e-7
grv_frc_slid 8.95e-6 | 1.87e-5 | 6.16e-5 | 1.19e-6 | 2. 61e-6 | 6. 30e-7
grv_frc_slid_s rp 5.75e-6 | 9.98e-6 | 1.07e-5 | 1.23e-6 | 2.48e-6 | 6.49%-7
grv_frc_slid s acc | 3.91e-6 | 5.36e-6 | 1.44e-5 | 1.20e-6 | 2. 45e-6 | 6. 35e-7
grv_frc_slid adap | 1.44e-6 | 1.67e-6 | 4.19e-6 | 1.11e-6 | 2. 35e-6 | 5. 56e-7
lin_FULL 1.03e-5 | 1.80e-6 | 6.96e-6 | 3.11e-6 | 6.45e-6 | 4.05e-7
lin_noCC 1.30e-5 | 1.87e-6 | 7.94e-6 | 3.10e-6 | 6.65e-6 | 3. 66e-7
lin_FULL_s_rp 8.14e-6 | 1.77e-6 | 3.06e-6 | 2.98e-6 | 5.95e-6 | 4.28e-7
lin_noCC_s rp 9.14e-6 | 1.81e-6 | 3.49e-6 | 2.90e-6 | 6.00e-6 | 3.99%e-7
lin_FULL_s_acc 4.30e-6 | 1.09e-6 | 3.43e-6 | 3.06e-6 | 5.94e-6 | 3.83e-7
lin_noCC_s_acc 5.20e-6 | 1.08e-6 | 3.97e-6 | 2.96e-6 | 6. 12e-6 | 3.55e-7
W-B_FULL 5.76e-6 | 1.23e-5 | 2.10e-5 | 1.21e-6 | 2.44e-6 | 4. 75e-7
W-B_noCC 6.58e-6 | 1.39e-5 | 2.58e-5 | 1.21e-6 | 2.35e-6 | 4. 64e-7
W-B_FULL_s rp 4.84e-6 | 8.62e-6 | 3.07e-6 | 1.47e-6 | 2. 25e-6 | 5.92e-7
W-B_noCC_s rp 5.08e-6 | 8.99e-6 | 4.40e-6 | 1.40e-6 | 2. 34e-6 | 5.28e-7
W-B_FULL_s acc | 2.39e-6 | 3.59e-6 | 3.86e-6 | 1.40e-6 | 2.35e-6 | 5.18e-7
W-B_noCC_s_acc | 2.64e-6 | 4.91e-6 | 5.57e-6 | 1.22e-6 | 2.42e-6 | 4. 70e-7
W-B_FULL_adap 9.65e-7 | 1.37e-6 | 2.15e-6 | 1.61e-6 | 2. 34e-6 | 5. 04e-7
W-B_noCC_adap 1.07e-6 | 1.52e-6 | 1.98e-6 | 1.39e-6 | 2.43e-6 | 4.62e-7
S-L_FULL 6.27e-6 | 1.14e-5 | 5.20e-5 | 2.84e-6 | 2.49%e-6 | 4.41e-7
S-L_noCC 6.41e-6 | 1.25e-5 | 6.71e-5 | 2. 74e-6 | 2.58e-6 | 5.69e-7
S-L FULL s rp 4.99e-6 | 8.33e-6 | 6.51e-6 | 2.45e-6 | 2.45e-6 | 4.68e-7
S-L_noCC_s_rp 5.51e-6 | 8.82e-6 | 9.79%e-6 | 3.07e-6 | 2.52e-6 | 4.52e-7
S-L_ FULL_s acc 2.40e-6 | 3.34e-6 | 9.87e-6 | 2. 78e-6 | 2.38e-6 | 5.27e-7
S-L_noCC_s acc 3.00e-6 | 3.92e-6 | 1.50e-5 | 3.16e-6 | 2. 63e-6 | 5. 25e-7
S-L_FULL_adap 1.65e-6 | 2.07e-6 | 4.77e-6 | 2.78e-6 | 2.52e-6 | 4.94e-7
S-L_noCC_adap 1.94e-6 | 2.29%e-6 | 4.25e-6 | 2.80e-6 | 2.51e-6 | 5.08e-7
PA10_vel 1.14e-2 | 3.16e-5 | 4.91e-5 | 1. 70e-5 | 3.19%e-5 | 1. 56e-5

Table F.8: Comparison of high to low frequency control torgoever ratio for different
controllers, platform trajectory: sin_r1p2pi2, PA10 &eljory:Ssi ne.
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controller S1 S2 El E2 w1 W2

PD 2.46e-5 | 2.97e-4 | 1.80e-4 | 1.98e-5 | 3.09e-5 | 1.44e-5
sat_sl 2.46e-5 | 2.96e-4 | 1.75e-4 | 1.92e-5 | 3. 15e-5 | 1.43e-5
slid 2.43e-5 | 2.96e-4 | 4.76e-4 | 8.22e-6 | 3. 14e-5 | 1. 46e-5
PID 2.44e-5 | 2.96e-4 | 1.79e-4 | 2.05e-5 | 3.07e-5 | 1.4be-5
grv_frc_PD 5.41e-6 | 1.92e-5 | 2.04e-5 | 1.18e-6 | 3.62e-6 | 9. 10e-7
grv_frc PD_s rp 4.85e-6 | 1.23e-5 | 1.60e-5 | 1.14e-6 | 3.66e-6 | 9.91e-7
grv_frc PD_s acc | 4.00e-6 | 9.24e-6 | 1.34e-5 | 1.67e-6 | 4.01e-6 | 1.11e-6
grv_frc_PD_adap 1.92e-6 | 1.23e-6 | 2.64e-6 | 1.54e-6 | 3.47e-6 | 1. 04e-6
grv_frc_sat_sl 5.64e-6 | 1.91e-5 | 1.84e-5 | 1.08e-6 | 4.06e-6 | 9. 52e-7
grv_frc_sat sl s rp| 4.90e-6 | 1.25e-5 | 1.54e-5 | 1.14e-6 | 3.84e-6 | 1. 0le-6
grv_frc_sat sl s acc3.8le-6 | 8.95e-6 | 1.24e-5 | 1.07e-6 | 3.47e-6 | 9. 26e-7
grv_frc_sat sl adap 1.60e-6 | 7.47e-7 | 2.96e-6 | 1.17e-6 | 3.37e-6 | 9.5%e-7
grv_frc_slid 5.59e-6 | 1.97e-5 | 5.22e-5 | 1.37e-6 | 3.69e-6 | 9.41le-7
grv_frc_slid_s rp 4.95e-6 | 1.25e-5 | 4.02e-5 | 1.33e-6 | 3.95e-6 | 1.03e-6
grv_frc_slid s acc | 3.74e-6 | 9.03e-6 | 3.30e-5 | 1.76e-6 | 3.53e-6 | 8.83e-7
grv_frc_slid adap | 2.21e-6 | 1.29e-6 | 6.14e-6 | 1.95e-6 | 3.69e-6 | 8. 77e-7
lin_FULL 7.16e-6 | 2.10e-6 | 2.00e-6 | 4.87e-6 | 8.84e-6 | 6.19%-7
lin_noCC 6.59-6 | 2.09e-6 | 2.41e-6 | 4.69¢e-6 | 8.27e-6 | 6.11le-7
lin_FULL_s_rp 6.39%-6 | 1.39e-6 | 2. 28e-6 | 4.85e-6 | 8. 15e-6 | 5.95e-7
lin_noCC_s rp 6.31e-6 | 1.40e-6 | 2. 79e-6 | 4.82e-6 | 8.11e-6 | 5. 14e-7
lin_FULL_s_acc 4.20e-6 | 1.06e-6 | 1.95e-6 | 4.96e-6 | 7.67e-6 | 5.43e-7
lin_noCC_s_acc 4.62e-6 | 1.14e-6 | 2. 71e-6 | 4.88e-6 | 8.20e-6 | 5.40e-7
W-B_FULL 3.29e-6 | 1.53e-5 | 1.18e-5 | 1.67e-6 | 3.40e-6 | 6. 77e-7
W-B_noCC 3.07e-6 | 1.53e-5 | 1.29e-5 | 1.74e-6 | 3.41e-6 | 6.84e-7
W-B_FULL_s rp 2.7%-6 | 8.33e-6 | 8.08e-6 | 2.01le-6 | 3.29%-6 | 6. 16e-7
W-B_noCC_s rp 2.99e-6 | 8.27e-6 | 8.87e-6 | 1.49e-6 | 3.50e-6 | 6.94e-7
W-B_FULL_s acc | 1.97e-6 | 5.37e-6 | 5.37e-6 | 1.63e-6 | 3.41e-6 | 7.41e-7
W-B_noCC_s_acc | 2.36e-6 | 5.54e-6 | 6.86e-6 | 2.48e-6 | 4.12e-6 | 9. 67e-7
W-B_FULL_adap 1.14e-6 | 9.84e-7 | 1.94e-6 | 2.32e-6 | 3.26e-6 | 7.17e-7
W-B_noCC_adap 1.59e-6 | 9.57e-7 | 2.18e-6 | 1.68e-6 | 3.28e-6 | 8.38e-7
S-L_FULL 3.54e-6 | 1.31e-5 | 2.45e-5 | 4.20e-6 | 3.29-6 | 7.41le-7
S-L_noCC 2.87e-6 | 1.47e-5 | 3.00e-5 | 3.67e-6 | 3.33e-6 | 6.23e-7
S-L FULL s rp 3.07e-6 | 8.09e-6 | 1. 77e-5 | 3.84e-6 | 3.59e-6 | 6. 68e-7
S-L_noCC_s_rp 3.07e-6 | 7.65e-6 | 2.01le-5 | 4. 26e-6 | 3.90e-6 | 8.18e-7
S-L_FULL_s _acc 2.11e-6 | 5.13e-6 | 1.21e-5 | 3.27e-6 | 3.79e-6 | 6.39%-7
S-L_noCC_s acc 2.07e-6 | 4.92e-6 | 1.48e-5 | 4.02e-6 | 3.76e-6 | 6.27e-7
S-L_FULL_adap 1.32e-6 | 1.14e-6 | 3.71e-6 | 4.01e-6 | 2.97e-6 | 5.81le-7
S-L_noCC_adap 1.61e-6 | 1.09e-6 | 4.98e-6 | 3.41e-6 | 3. 14e-6 | 6. 25e-7
PA10_vel 1.13e-2 | 4.78e-5 | 6.29e-5 | 3.24e-5 | 1. 26e-4 | 2. 72e-5

Table F.9: Comparison of high to low frequency control torgoever ratio for different
controllers, platform trajectory: sin2_s20, PA10 tragegt si ne.
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controller S1 S2 El E2 w1 W2

PD 2.22e-5 | 1.53e-4 | 5.13e-5 | 1.55e-5 | 2. 17e-5 | 1. 24e-5
sat_sl 2.16e-5 | 1.53e-4 | 4.91e-5 | 1.48e-5 | 2. 20e-5 | 1.21e-5
slid 2.16e-5 | 1.54e-4 | 1.38e-4 | 5.16e-6 | 2.17e-5 | 1. 26e-5
PID 2.19e-5 | 1.55e-4 | 5.09e-5 | 1.57e-5 | 2.18e-5 | 1.29%e-5
grv_frc_PD 4.88e-6 | 1.09e-5 | 1.46e-5 | 8.38e-7 | 1. 71e-6 | 4.94e-7
grv_frc PD_s rp 3.71le-6 | 6.20e-6 | 8.11e-6 | 9.20e-7 | 1. 75e-6 | 6. 86e-7
grv_frc PD_s acc | 2.98e-6 | 4.34e-6 | 6.01e-6 | 8.72e-7 | 1.81e-6 | 6.29%e-7
grv_frc_PD_adap 1.18e-6 | 1.19e-6 | 2.96e-6 | 9.63e-7 | 1.80e-6 | 6.48e-7
grv_frc_sat_sl 5.26e-6 | 1.15e-5 | 1.35e-5 | 8.69e-7 | 2.01le-6 | 6.67e-7
grv_frc_sat sl s rp| 3.92e-6 | 6.42e-6 | 7.40e-6 | 7.96e-7 | 1.69e-6 | 6. 12e-7
grv_frc_sat sl s acc3.20e-6 | 4.89e-6 | 5.49e-6 | 7.87e-7 | 1.60e-6 | 6.28e-7
grv_frc_sat sl adap 1.0le-6 | 7.61e-7 | 3.86e-6 | 8.56e-7 | 1.87e-6 | 5. 75e-7
grv_frc_slid 5.11e-6 | 1.12e-5 | 3.66e-5 | 1. 16e-6 | 1. 73e-6 | 7.00e-7
grv_frc_slid_s rp 3.87e-6 | 6.37e-6 | 1.97e-5 | 1.09e-6 | 1. 79e-6 | 6. 45e-7
grv_frc_slid s acc | 3.19e-6 | 4.59¢e-6 | 1.46e-5 | 1.13e-6 | 1.81e-6 | 6.00e-7
grv_frc_slid adap | 1.32e-6 | 1.34e-6 | 7.14e-6 | 1.17e-6 | 2.07e-6 | 6. 27e-7
lin_FULL 9.55e-6 | 2.24e-6 | 5.54e-6 | 3.23e-6 | 4.39e-6 | 4.42e-7
lin_noCC 9.80e-6 | 2.15e-6 | 5.79e-6 | 3.24e-6 | 4.43e-6 | 4.99%e-7
lin_FULL_s_rp 7.50e-6 | 1.67e-6 | 4.67e-6 | 3.27e-6 | 4.40e-6 | 4. 74e-7
lin_noCC_s rp 7.73e-6 | 1.58e-6 | 4.91e-6 | 3.21e-6 | 4.43e-6 | 3.61le-7
lin_FULL_s_acc 5.74e-6 | 1.69e-6 | 4.98e-6 | 3.44e-6 | 4.41e-6 | 5.87e-7
lin_noCC_s_acc 5.50e-6 | 1.43e-6 | 5.01e-6 | 3.15e-6 | 4.31e-6 | 3.97e-7
W-B_FULL 3.78e-6 | 1.34e-5 | 1.58e-5 | 1.63e-6 | 1. 70e-6 | 5. 10e-7
W-B_noCC 3.64e-6 | 1.20e-5 | 1.55e-5 | 1.27e-6 | 1.72e-6 | 5.97e-7
W-B_FULL_s rp 2.99e-6 | 7.25e-6 | 9.13e-6 | 1.49e-6 | 1.92e-6 | 5.80e-7
W-B_noCC_s rp 3.09e-6 | 6.55e-6 | 8.99e-6 | 1.52e-6 | 1.80e-6 | 5.66e-7
W-B_FULL_s acc | 2.24e-6 | 5.02e-6 | 6.26e-6 | 1.39¢e-6 | 1.90e-6 | 6.06e-7
W-B_noCC_s_acc | 2.19e-6 | 4.32e-6 | 6.50e-6 | 1.26e-6 | 1.85e-6 | 5.51e-7
W-B_FULL_adap 1.16e-6 | 1.24e-6 | 3.28e-6 | 1.63e-6 | 1. 77e-6 | 5.61e-7
W-B_noCC_adap 1.20e-6 | 1.24e-6 | 3.20e-6 | 1.49e-6 | 1.53e-6 | 6. 24e-7
S-L_FULL 3.60e-6 | 1.24e-5 | 3.62e-5 | 2.68e-6 | 1. 61e-6 | 5. 05e-7
S-L_noCC 3.74e-6 | 1.18e-5 | 3.59e-5 | 2.54e-6 | 1.85e-6 | 5.27e-7
S-L FULL s rp 2.88e-6 | 6.90e-6 | 2.02e-5 | 2.90e-6 | 1.72e-6 | 5.81le-7
S-L_noCC_s_rp 2.99e-6 | 6.36e-6 | 1.99e-5 | 2.83e-6 | 1. 74e-6 | 6.07e-7
S-L_ FULL_s acc 2.20e-6 | 4.79%-6 | 1.51e-5 | 2.97e-6 | 1.96e-6 | 5.63e-7
S-L_noCC_s acc 2.20e-6 | 4.16e-6 | 1.55e-5 | 2.75e-6 | 1.96e-6 | 4.95e-7
S-L_FULL_adap 1.78e-6 | 1.40e-6 | 7.58e-6 | 3.58e-6 | 1.56e-6 | 5.25e-7
S-L_noCC_adap 1.72e-6 | 1.38e-6 | 7.25e-6 | 2.69e-6 | 1. 71e-6 | 5.3%e-7
PA10_vel 1.15e-2 | 3.02e-5 | 2.97e-5 | 1.68e-5 | 3.35e-5 | 1.57e-5

Table F.10: Comparison of high to low frequency control tergower ratio for different
controllers, platform trajectory: sin2_s20, PA10 tragegt ssi ne.
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controller S1 S2 El E2 w1 W2

PD 2.76e-5 | 2.55e-4 | 1.62e-4 | 2.14e-5 | 2.8%-5 | 1.51e-5
sat_sl 2.8le-5 | 2.56e-4 | 1.61e-4 | 1.82e-5 | 2.92e-5 | 1.52e-5
slid 2.80e-5 | 2.55e-4 | 4.28e-4 | 7.91e-6 | 2.92e-5 | 1.49e-5
PID 2.74e-5 | 2.55e-4 | 1.61e-4 | 1.99e-5 | 2.95e-5 | 1.49e-5
grv_frc_PD 1.41e-5 | 1.12e-5 | 1.14e-5 | 1.68e-6 | 4. 17e-6 | 8.60e-7
grv_frc PD_s rp 5.38e-6 | 8.24e-6 | 1.19e-5 | 1.29%e-6 | 4.20e-6 | 1. 00e-6
grv_frc PD_s acc | 4.98e-6 | 6.62e-6 | 1.05e-5 | 1.48e-6 | 4.07e-6 | 1.01le-6
grv_frc_PD_adap 1.55e-6 | 1.03e-6 | 2.84e-6 | 1.62e-6 | 4.08e-6 | 9. 48e-7
grv_frc_sat_sl 1.46e-5 | 1.13e-5 | 1.08e-5 | 1.43e-6 | 4.55e-6 | 1. 08e-6
grv_frc_sat sl s rp| 5.35e-6 | 8.08e-6 | 1.17e-5 | 1. 16e-6 | 4. 34e-6 | 8. 69%e-7
grv_frc_sat sl s acc4.6le-6 | 6.99e-6 | 9.88e-6 | 1.18e-6 | 4.27e-6 | 8. 7%-7
grv_frc_sat sl adap 1.06e-6 | 5.80e-7 | 3.13e-6 | 1.23e-6 | 4. 14e-6 | 8.93e-7
grv_frc_slid 1.45e-5 | 1.13e-5 | 2.83e-5 | 1.38e-6 | 4.24e-6 | 8.09e-7
grv_frc_slid_s rp 5.37e-6 | 8.08e-6 | 2.95e-5 | 2.02e-6 | 4. 14e-6 | 8.87e-7
grv_frc_slid s acc | 4.52e-6 | 6.70e-6 | 2.49e-5 | 1.47e-6 | 4. 26e-6 | 8.85e-7
grv_frc_slid adap | 1.43e-6 | 1.03e-6 | 6.54e-6 | 1.57e-6 | 3.97e-6 | 8.18e-7
lin_FULL 9.43e-6 | 1.94e-6 | 1.89¢e-6 | 5.72e-6 | 1.03e-5 | 4.89%-7
lin_noCC 1.02e-5 | 1.96e-6 | 2. 04e-6 | 5.70e-6 | 1.04e-5 | 4.94e-7
lin_FULL_s_rp 5.06e-6 | 1.17e-6 | 2.19e-6 | 5.56e-6 | 1.01le-5 | 4.99e-7
lin_noCC_s rp 5.27e-6 | 1.19e-6 | 2.42e-6 | 5.58e-6 | 1.02e-5 | 4.8%e-7
lin_FULL_s_acc 3.62e-6 | 1.11e-6 | 2.18e-6 | 5.85e-6 | 1.04e-5 | 5.99e-7
lin_noCC_s_acc 3.83e-6 | 1.08e-6 | 2.57e-6 | 5.60e-6 | 1.02e-5 | 4. 79%-7
W-B_FULL 8.15e-6 | 1.23e-5 | 6. 74e-6 | 1. 86e-6 | 4. 25e-6 | 6.12e-7
W-B_noCC 8.89%e-6 | 1.15e-5 | 6.40e-6 | 2.10e-6 | 4.30e-6 | 6.43e-7
W-B_FULL_s rp 3.67e-6 | 5.59¢e-6 | 4.59¢e-6 | 2.19e-6 | 4.45e-6 | 5.70e-7
W-B_noCC_s rp 3.68e-6 | 5.37e-6 | 4.99e-6 | 2. 16e-6 | 4.48e-6 | 6.98e-7
W-B_FULL_s acc | 2.16e-6 | 4.71e-6 | 3.61e-6 | 1.97e-6 | 4.36e-6 | 6.55e-7
W-B noCC s acc | 2.49e-6 | 3.96e-6 | 4.14e-6 | 1.97e-6 | 4.28e-6 | 6. 17e-7
W-B_FULL_adap 8.79%-7 | 7.66e-7 | 2.22e-6 | 1.88e-6 | 4.31e-6 | 6.96e-7
W-B_noCC_adap | 9.53e-7 | 7.96e-7 | 2.39e-6 | 1.94e-6 | 4.18e-6 | 7.43e-7
S-L_FULL 8.53e-6 | 1.20e-5 | 1.49e-5 | 4.10e-6 | 4.50e-6 | 7.63e-7
S-L_noCC 8.97e-6 | 1.13e-5 | 1.45e-5 | 3.65e-6 | 4.67e-6 | 6. 66e-7
S-L FULL s rp 3.55e-6 | 5.27e-6 | 1.06e-5 | 3.92e-6 | 4.72e-6 | 7. 30e-7
S-L_noCC_s_rp 3.63e-6 | 5.34e-6 | 1.17e-5 | 3.35e-6 | 4.91e-6 | 7.96e-7
S-L_ FULL_s acc 2.44e-6 | 4.39%e-6 | 8.22e-6 | 5.36e-6 | 5.04e-6 | 8. 21e-7
S-L_noCC_s acc 2.57e-6 | 4.15e-6 | 9.97e-6 | 3.41e-6 | 4.76e-6 | 7.32e-7
S-L_FULL_adap 1.33e-6 | 1.01le-6 | 5.29¢e-6 | 3.84e-6 | 4.64e-6 | 7.63e-7
S-L_noCC_adap 1.40e-6 | 1.13e-6 | 6.33e-6 | 3.22e-6 | 4.67e-6 | 8.53e-7
PA10_vel 1.14e-2 | 4.87e-5 | 5.13e-5 | 3.15e-5 | 1.42e-4 | 3. 22e-5

Table F.11: Comparison of high to low frequency control tergower ratio for different
controllers, platform trajectory: sin2_s20 2, PA10 tctgey: si ne.
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controller S1 S2 El E2 w1 W2

PD 1.79e-5 | 1.52e-4 | 3.65e-5 | 1.55e-5 | 2.02e-5 | 1.29%e-5
sat_sl 1.78e-5 | 1.53e-4 | 3.45e-5 | 1.43e-5 | 2. 04e-5 | 1.33e-5
slid 1.74e-5 | 1.52e-4 | 9.77e-5 | 5.24e-6 | 2.00e-5 | 1.30e-5
PID 1.83e-5 | 1.51e-4 | 3.61e-5 | 1.48e-5 | 2. 04e-5 | 1. 28e-5
grv_frc_PD 9.52e-6 | 6.09e-6 | 1.20e-5 | 9.46e-7 | 2.19e-6 | 5.80e-7
grv_frc PD_s rp 4.07e-6 | 4.51e-6 | 7.30e-6 | 1.01le-6 | 2. 25e-6 | 6.53e-7
grv_frc PD_s acc | 3.42e-6 | 3.35e-6 | 5.30e-6 | 1.01le-6 | 2.27e-6 | 6.96e-7
grv_frc_PD_adap 1.62e-6 | 1.28e-6 | 3.08e-6 | 1.07e-6 | 2.29%-6 | 7.02e-7
grv_frc_sat_sl 9.23e-6 | 6.20e-6 | 1.11e-5 | 8.53e-7 | 2. 25e-6 | 5. 66e-7
grv_frc_sat sl s rp| 3.86e-6 | 4.57e-6 | 6.87e-6 | 8.79¢e-7 | 2.35e-6 | 5.81e-7
grv_frc_sat sl s acc3.30e-6 | 3.06e-6 | 5.32e-6 | 8.54e-7 | 2.24e-6 | 5. 71le-7
grv_frc_sat sl adap 1.16e-6 | 6.47e-7 | 3.57e-6 | 9.49e-7 | 2.29%-6 | 5. 32e-7
grv_frc_slid 1.00e-5 | 6.42e-6 | 3.10e-5 | 1.27e-6 | 2. 35e-6 | 6. 65e-7
grv_frc_slid_s rp 3.66e-6 | 4.59 -6 | 1.76e-5 | 1.09e-6 | 2.22e-6 | 5.52e-7
grv_frc_slid s acc | 3.18e-6 | 3.24e-6 | 1.27e-5 | 1.04e-6 | 2.22e-6 | 4.97e-7
grv_frc_slid adap | 1.39e-6 | 1.26e-6 | 6.89¢e-6 | 1.10e-6 | 2. 15e-6 | 5.90e-7
lin_FULL 1.47e-5 | 1.63e-6 | 4.93e-6 | 3.53e-6 | 5.86e-6 | 3.47e-7
lin_noCC 1.50e-5 | 1.52e-6 | 5.23e-6 | 3.41e-6 | 6.04e-6 | 3.67e-7
lin_FULL_s_rp 7.46e-6 | 1.31e-6 | 4.65e-6 | 3.65e-6 | 5.87e-6 | 3. 74e-7
lin_noCC_s rp 7.38e-6 | 1.29%-6 | 4.99e-6 | 3.76e-6 | 6.04e-6 | 4. 04e-7
lin_FULL_s_acc 5.59e-6 | 1.32e-6 | 4.63e-6 | 3.83e-6 | 6.01e-6 | 3.99e-7
lin_noCC_s_acc 5.29%-6 | 1.20e-6 | 4.91e-6 | 3.81e-6 | 6. 10e-6 | 3.57e-7
W-B_FULL 7.21e-6 | 9.69e-6 | 1.37e-5 | 1.50e-6 | 2.40e-6 | 5.11le-7
W-B_noCC 7.20e-6 | 8.63e-6 | 1.29e-5 | 1.42e-6 | 2.54e-6 | 4.96e-7
W-B_FULL_s rp 3.31le-6 | 4.76e-6 | 7.38e-6 | 1.37e-6 | 2.41e-6 | 4. 28e-7
W-B_noCC_s rp 3.39e-6 | 4.37e-6 | 7.73e-6 | 1.45e-6 | 2.48e-6 | 4.98e-7
W-B_FULL_s acc | 2.41e-6 | 3.77e-6 | 5.47e-6 | 1.77e-6 | 2.52e-6 | 5.47e-7
W-B_noCC_s_acc | 2.37e-6 | 3.39%e-6 | 5.78e-6 | 1.64e-6 | 2.56e-6 | 5. 24e-7
W-B_FULL_adap 1.41e-6 | 1.30e-6 | 3.34e-6 | 1.88e-6 | 2.62e-6 | 6.49%e-7
W-B_noCC_adap 1.35e-6 | 1.23e-6 | 3.05e-6 | 1.50e-6 | 2.51e-6 | 5. 86e-7
S-L_FULL 7.54e-6 | 8.92e-6 | 3.26e-5 | 2.62e-6 | 2.44e-6 | 5.55e-7
S-L_noCC 7.52e-6 | 8.12e-6 | 3.05e-5 | 2.93e-6 | 2.68e-6 | 5.43e-7
S-L FULL s rp 3.31e-6 | 4.40e-6 | 1.78e-5 | 2.90e-6 | 2. 57e-6 | 6.08e-7
S-L_noCC_s_rp 3.66e-6 | 4.12e-6 | 1.8%e-5 | 2.68e-6 | 2.67e-6 | 5.89%-7
S-L_ FULL_s acc 2.50e-6 | 3.64e-6 | 1.28e-5 | 2.62e-6 | 2.56e-6 | 5.90e-7
S-L_noCC_s acc 2.42e-6 | 3.36e-6 | 1.46e-5 | 2.82e-6 | 2. 70e-6 | 5.09e-7
S-L_FULL_adap 1.78e-6 | 1.35e-6 | 8.74e-6 | 2.62e-6 | 2.69e-6 | 5.84e-7
S-L_noCC_adap 1.80e-6 | 1.40e-6 | 8.55e-6 | 2.63e-6 | 2. 77e-6 | 6.21e-7
PA10_vel 1.15e-2 | 3.01le-5 | 2.32e-5 | 1.68e-5 | 3.11le-5 | 1.60e-5

Table F.12: Comparison of high to low frequency control tergower ratio for different
controllers, platform trajectory: sin2_s20 2, PA10 tctgey: ssi ne.
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controller S1 S2 El E2 w1 W2

PD 2.29%e-5 | 2.75e-4 | 1.57e-4 | 2.35e-5 | 3.36e-5 | 1.2%e-5
sat_sl 2.30e-5 | 2.75e-4 | 1.55e-4 | 1.95e-5 | 3.33e-5 | 1.3%-5
slid 2.33e-5 | 2.75e-4 | 4.19e-4 | 6.91e-6 | 3.31le-5 | 1. 34e-5
PID 2.31le-5 | 2.75e-4 | 1.57e-4 | 2.27e-5 | 3.36e-5 | 1.33e-5
grv_frc_PD 3.45e-6 | 5.78e-6 | 9.62e-6 | 1.29%-6 | 2.97e-6 | 1.07e-6
grv_frc PD_s rp 3.80e-6 | 5.87e-6 | 1.0le-5 | 1.26e-6 | 3.40e-6 | 1. 38e-6
grv_frc PD_s acc | 3.76e-6 | 5.50e-6 | 9.76e-6 | 1.37e-6 | 2.96e-6 | 1.23e-6
grv_frc_PD_adap 1.37e-6 | 8.80e-7 | 2.39e-6 | 1.35e-6 | 2.81e-6 | 1.11e-6
grv_frc_sat_sl 3.63e-6 | 6.27e-6 | 1.02e-5 | 1.30e-6 | 3.69e-6 | 1. 16e-6
grv_frc_sat sl s rp| 4.16e-6 | 6.16e-6 | 1. 11e-5 | 1.48e-6 | 3.92e-6 | 1. 61e-6
grv_frc_sat sl s acc3.58e-6 | 5.70e-6 | 1.04e-5 | 1.33e-6 | 3.61e-6 | 1.32e-6
grv_frc_sat sl adap 1.27e-6 | 8.08e-7 | 3.72e-6 | 1.53e-6 | 3.59e-6 | 1.46e-6
grv_frc_slid 3.61e-6 | 6.10e-6 | 2.62e-5 | 1.36e-6 | 3.14e-6 | 1. 10e-6
grv_frc_slid_s rp 3.96e-6 | 5.82e-6 | 2.59e-5 | 1.84e-6 | 3.05e-6 | 1.21e-6
grv_frc_slid s acc | 3.79e-6 | 5.71e-6 | 2.58e-5 | 1.66e-6 | 3.05e-6 | 1.27e-6
grv_frc_slid adap | 1.51e-6 | 1.00e-6 | 6.29e-6 | 1.49e-6 | 3.13e-6 | 1.13e-6
lin_FULL 3.19e-6 | 8.51e-7 | 1.90e-6 | 4.86e-6 | 6.66e-6 | 7.43e-7
lin_noCC 3.79e-6 | 8.09e-7 | 2.46e-6 | 4.81e-6 | 6.40e-6 | 7. 25e-7
lin_FULL_s_rp 3.18e-6 | 7.21e-7 | 1.95e-6 | 5.01le-6 | 6.58e-6 | 7.07e-7
lin_noCC_s rp 4.02e-6 | 7.07e-7 | 2.40e-6 | 4.98e-6 | 6.66e-6 | 6.93e-7
lin_FULL_s_acc 3.44e-6 | 8.37e-7 | 2.0le-6 | 5.24e-6 | 7.11e-6 | 7.84e-7
lin_noCC_s_acc 3.90e-6 | 7.28e-7 | 2.50e-6 | 5.12e-6 | 6.60e-6 | 6. 36e-7
W-B_FULL 1.49e-6 | 3.00e-6 | 3.04e-6 | 1.81e-6 | 2.85e-6 | 9.2%e-7
W-B_noCC 1.94e-6 | 2.84e-6 | 4.26e-6 | 2. 18e-6 | 2. 95e-6 | 8.43e-7
W-B_FULL_s rp 1.57e-6 | 2.45e-6 | 2. 79e-6 | 2.33e-6 | 3.20e-6 | 1.02e-6
W-B_noCC_s rp 1.85e-6 | 2.14e-6 | 3.87e-6 | 1.57e-6 | 3.15e-6 | 9.39%e-7
W-B_FULL_s_acc | 1.93e-6 | 3.04e-6 | 3.00e-6 | 1.73e-6 | 3.16e-6 | 1. 04e-6
W-B_noCC_s_acc | 1.95e-6 | 2.11e-6 | 3.89e-6 | 1. 70e-6 | 3.07e-6 | 8.02e-7
W-B_FULL_adap 7.79%-7 | 6.42e-7 | 1.73e-6 | 1.53e-6 | 3.19e-6 | 8.54e-7
W-B_noCC_adap | 8.96e-7 | 6.69e-7 | 1.85e-6 | 1.69e-6 | 3.11le-6 | 9.09e-7
S-L_FULL 1.44e-6 | 2.90e-6 | 6.59e-6 | 4.07e-6 | 3.46e-6 | 1.12e-6
S-L_noCC 1.80e-6 | 2.62e-6 | 9.30e-6 | 4.49e-6 | 3.40e-6 | 1.01le-6
S-L FULL s rp 1.45e-6 | 2.14e-6 | 5.89%-6 | 3.61e-6 | 3.42e-6 | 1. 14e-6
S-L_noCC_s_rp 1.87e-6 | 1.98e-6 | 9.43e-6 | 3.61e-6 | 3.29%e-6 | 9.07e-7
S-L_FULL_s _acc 1.53e-6 | 2.38e-6 | 5.99e-6 | 3.32e-6 | 3.57e-6 | 8.83e-7
S-L_noCC_s acc 1.91e-6 | 2.19e-6 | 8.44e-6 | 4.09e-6 | 3.35e-6 | 1. 02e-6
S-L_FULL_adap 1.06e-6 | 9.18e-7 | 4.44e-6 | 3.64e-6 | 3.45e-6 | 1. 11le-6
S-L_noCC_adap 1.26e-6 | 1.07e-6 | 5.07e-6 | 3.60e-6 | 3.42e-6 | 8.99%e-7
PA10_vel 1.14e-2 | 5.24e-5 | 5.13e-5 | 3.86e-5 | 2.02e-4 | 3.19%e-5

Table F.13: Comparison of high to low frequency control tergower ratio for different
controllers, platform trajectory: sea_all_2, PA10 trapeg: si ne.
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controller S1 S2 El E2 w1 W2

PD 2.20e-5 | 1.60e-4 | 3.55e-5 | 1.57e-5 | 2.28e-5 | 1. 14e-5
sat_sl 2.12e-5 | 1.58e-4 | 3.45e-5 | 1.51e-5 | 2.31e-5 | 1.17e-5
slid 2.16e-5 | 1.58e-4 | 1.00e-4 | 5.12e-6 | 2.30e-5 | 1.15e-5
PID 2.15e-5 | 1.59e-4 | 3.58e-5 | 1.57e-5 | 2.30e-5 | 1.12e-5
grv_frc_PD 2.54e-6 | 2.62e-6 | 4.43e-6 | 8.64e-7 | 1.46e-6 | 7.66e-7
grv_frc PD_s rp 2.55e-6 | 2.37e-6 | 4.04e-6 | 9.17e-7 | 1.54e-6 | 9. 08e-7
grv_frc PD_s acc | 2.51e-6 | 2.38e-6 | 3.85e-6 | 9.22e-7 | 1.53e-6 | 8.67e-7
grv_frc_PD_adap 9.51e-7 | 1.14e-6 | 2. 72e-6 | 9.04e-7 | 1.48e-6 | 8. 35e-7
grv_frc_sat_sl 2.61e-6 | 2.97e-6 | 4.57e-6 | 1.03e-6 | 1.83e-6 | 8. 75e-7
grv_frc_sat sl s rp| 2.85e-6 | 2.86e-6 | 4.36e-6 | 1.02e-6 | 1.77e-6 | 1. 05e-6
grv_frc_sat sl s acc2.82e-6 | 2.81e-6 | 4.07e-6 | 1.01e-6 | 1.73e-6 | 1. 02e-6
grv_frc_sat sl adap 9.58e-7 | 8.68e-7 | 4.02e-6 | 1.12e-6 | 1.83e-6 | 1. 06e-6
grv_frc_slid 2.60e-6 | 2.66e-6 | 1.18e-5 | 1.28e-6 | 1.59e-6 | 7.53e-7
grv_frc_slid_s rp 2.67e-6 | 2.49e-6 | 1.06e-5 | 1.28e-6 | 1.55e-6 | 8.78e-7
grv_frc_slid s acc | 2.82e-6 | 2.63e-6 | 1. 06e-5 | 1.31e-6 | 1.62e-6 | 9.5%e-7
grv_frc_slid adap | 1.11e-6 | 1.31e-6 | 6.91e-6 | 1.12e-6 | 1.53e-6 | 7.92e-7
lin_FULL 3.53e-6 | 1.13e-6 | 4.39e-6 | 3.30e-6 | 3.60e-6 | 5.61e-7
lin_noCC 4.05e-6 | 1.05e-6 | 4.52e-6 | 3.28e-6 | 3.58e-6 | 6.12e-7
lin_FULL_s_rp 3.93e-6 | 1.10e-6 | 4.29e-6 | 3.45e-6 | 3.82e-6 | 6.19%e-7
lin_noCC_s rp 4.31e-6 | 9.86e-7 | 4.42e-6 | 3.48e-6 | 3.77e-6 | 5.84e-7
lin_FULL_s_acc 3.95e-6 | 1.13e-6 | 4.32e-6 | 3.46e-6 | 3.88e-6 | 6.28e-7
lin_noCC_s_acc 4.22e-6 | 1.03e-6 | 4.45e-6 | 3.42e-6 | 3.89e-6 | 5.39%-7
W-B_FULL 1.71e-6 | 2. 71e-6 | 4.43e-6 | 1.47e-6 | 1.62e-6 | 9.43e-7
W-B_noCC 1.68e-6 | 2.22e-6 | 4.97e-6 | 1.50e-6 | 1.60e-6 | 6.42e-7
W-B_FULL_s rp 1.82e-6 | 2.24e-6 | 3.80e-6 | 1.46e-6 | 1.61e-6 | 7.82e-7
W-B_noCC_s rp 1.75e-6 | 1.99e-6 | 4.63e-6 | 1.45e-6 | 1.59e-6 | 7. 80e-7
W-B_FULL_s_acc | 1.59e-6 | 2.36e-6 | 3.70e-6 | 1.35e-6 | 1.59e-6 | 7.73e-7
W-B_noCC_s acc | 1.77e-6 | 1.98e-6 | 4.52e-6 | 1.37e-6 | 1.60e-6 | 6. 70e-7
W-B_FULL_adap 6.96e-7 | 9.71e-7 | 2.57e-6 | 1.63e-6 | 1.79%-6 | 7.20e-7
W-B_noCC_adap | 7.34e-7 | 1.0le-6 | 2.40e-6 | 1.46e-6 | 1.65e-6 | 7.82e-7
S-L_FULL 1.36e-6 | 2.42e-6 | 9.52e-6 | 2.51e-6 | 1. 75e-6 | 7.68e-7
S-L_noCC 1.55e-6 | 2.28e-6 | 1.14e-5 | 2.83e-6 | 1.87e-6 | 7.82e-7
S-L FULL s rp 1.59e-6 | 2.10e-6 | 8.81e-6 | 2.42e-6 | 1. 77e-6 | 8.78e-7
S-L_noCC_s_rp 1.64e-6 | 1.71e-6 | 1.09e-5 | 2.76e-6 | 1.92e-6 | 8. 40e-7
S-L_ FULL_s acc 1.58e-6 | 2.32e-6 | 8.21e-6 | 2.63e-6 | 1.84e-6 | 7.68e-7
S-L_noCC_s acc 1.61le-6 | 1.96e-6 | 1.00e-5 | 2. 78e-6 | 1.90e-6 | 9. 10e-7
S-L_FULL_adap 1.0le-6 | 1.23e-6 | 6.54e-6 | 2.49e-6 | 1.84e-6 | 8.51e-7
S-L_noCC_adap 1.13e-6 | 1.38e-6 | 6.42e-6 | 3.16e-6 | 1.93e-6 | 7. 16e-7
PA10_vel 1.13e-2 | 4.18e-5 | 2.61e-5 | 2.13e-5 | 3.28e-5 | 2.03e-5

Table F.14: Comparison of high to low frequency control tergower ratio for different
controllers, platform trajectory: sea_all_2, PA10 trapeg: ssi ne.
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