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Abstract

This thesis is located in the field of joint identification @fotic joint concepts. With

focus on flexible joints, the appearing (electrical and na@atal) non-idealities of used
components such as sensors and mechanical structuresevaitirbrayed, and their rele-
vance to the control of flexible joints in lightweight roboetsd| be illustrated. For realistic

modelling and compensation of several occurring non-itleg) the most popular strate-
gies will be applied and parametrized. The results of theighied strategies will be
validated on test benches with real joints, targeting aimegion of the case depend-
ing usability. The focus lies on friction compensation asl\as position encoding. To

parametrize control and non-ideality-compensation giaatted) test routines will be in-
vented and implemented.

Zusammenfassung

Diese Bachelorarbeit entstammt dem Bereich Gelenkidkatidin an Robotergelenk-

konzepten. Mit dem Fokus auf elastischen Gelenken werdé#remnde mechanische
sowie elektrische Nicht-Idealitdten der verwendeten Bigatdargestellt, sowie deren
Relevanz fur die Regelung besagter Gelenke in LeichtbdapfRon aufgezeigt. Fur

die realitische Modellierung sowie Kompensation einigdftratender Nicht-ldealitaten

werden verschiedene Methoden und Modelle parametrisiertamgewandt. Die Ergeb-
nisse der verwendeten Strategien werden anschlie3endhaui @eststand an realen Ge-
lenken verifiziert. Der Fokus liegt hierbei auf den BereitliReibungskompensation und
Positionsberechnung. Um die Parametrisierung und derlgeder Kompensation zu

evaluieren werden (automatisierte) Testroutinen besbln und implementiert.
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Chapter 1

Introduction

1.1 Motivation

Flexible, distributed, and smart automation, involvingsg and physical human-robot
interaction [[pHRI) has become one of the core concepts ofrnthastry 4.0 initiatives.
Opening the compatibility between humans and robots is tie fitep in manufactur-
ing using tactile robots. The ultimate goal is to have a flexand dynamic production
environment where robots and humans work side by side. @met ithe key enabler
technology for this current trend is a fundamentally novass of lightweight robots, as
depicted in Figl_1]1. The term lightweight robot refers tonipalators, which go beyond
the classical payload-to-weight ratios of conventiondlistrial robots.

Figure 1.1: State of the art lightweight robots: a) KUKA's RNiwa, b) Sawyel'from
Rethink! Robotics, c) UR5/10 from Universal Robots, d) KAINAs NEXTAGE®

1.2 Contribution

This thesis provides analysis and improvement suggedtossveral flexible lightweight
robotic joint components. The individual components wespéected with regard to pos-
sible non-idealities and interfering influences. With fe@mn mechanical issues, these
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non-idealities have been analysed. The main focus liesiotioft as well as flexibil-
ity influences and possible position complications. Thesiatp were regarded towards
consequence and compensability. While the position emapensation is quite straight-
forward, for friction compensation, multiple approaches @discussed and evaluated. All
strategies are verified on two lightweight robotic jointidges on different test benches.

1.3 Structure of Report

The thesis is structured the same as the usual way of develdpfirst, most of the used
parts will be presented. Then, several occurring issuespamlolems will be regarded
concerning their relevance to the system and the posahbibtif counteractions.

In chapter one, a rough overview over the most importantideatties that will occur

in flexible joints will be given. They will be quantified in theext two chapters, con-
sidering several measurements and empirical data. Théhfohapter will illustrate the

possibilities, to compensate the mentioned non-idealtiéh regard to flexible joint con-
trol. The previously mentioned compensation strategididowiverified with mechanical
experiments the basis of two different flexible joint design



Chapter 2

State of the Art

Within the development of industry 4.0 ([1] provides a roumlerview for this topic),
which is practically the co-working of robots and humansdiy-side in multiple fields
[2], small and preferably cheap robots are more and morerextjun industrial and social
environments [3]. In.[4] the evolution and further possthak of this field are discussed.
Here, only the small field of lightweight robots will be redad, respectively their main
inner parts, the joints, will be identified.

As already discussed in several proceedings and thesef6]5]7], [8], robotic joints
contain mostly the mechanical and electrical parts. Thet jisi driven by an electrical
actuator fnotor). Commonly used are brushless direct currént (Bl. DC) moidieh
have been discussed and analysed for that application,ifilf¥] (among many others).
Therefore, their analysis will not be part of this thesiseylean be driven by any digital
signal processof (D$P) with field oriented contfal (FOC) ioect torque control[(DTC)
[11], [12], [13]. For this control, the acquisition of therecent motor position is neces-
sary. This is done either with a dedicated sensmtafy encoder) or with complex angle
detection mechanisms [14], [15]. In the examined case, theyedicated encoders will
be attended, as they are used in the targeted joints.

Either the joints are designed dsect drivewhich attaches the link directly to the motor
strain (see e.g. [16]), or gear-train is attached downstream. For the gear, multiple de-
signs are common. Widely used are transmissions of the tyam svave gear (SWG),
as described in [17]} [18] because of their lightweight sinee and high gear ratio with
small form factor. Equally light but bigger are belt transsions. They are well-analized
in many publications [19],.[20]/[21]) [22] and used in alhkis of machines. The two
joint concepts for identification (see Séc.]3.3) provide deles as well as strain wave
gearings. Mostly, there are no more structural mechanadsphan the mentioned ones.
For control, additional sensors are required. Since tmgaire designed to be lightweight,
a high amount of flexibility inside the joint is implied. Thefore, the real link position is
needed for controlling as well as the applied torque in fofflead, gravitation or inertia.
To measure this impacts, an additional rotary encoder carséd, as well as #rque
sensor Both sensors will also be discussed further.
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Additional sensors and actuators, such as a mechanicad,baaé mostly optional and
will not be regarded.

2.1 Rotary Encoders in Lightweight Robaotic Joints

For controlling positions in robotic joints it is indispeaide to get an exact feedback of
the real current position. Although a rough estimation cagilien by other sensor values
and past movements, this calculations can never be goodjeriolprecisely control a
joint. Therefore, an external sensor for position meagusmequired. Those sensors are
commonly known asotary encodersas they transform any position on the rotating axis
into a digital value.

Depending on the requirements such as speed, precisionioor@ment, a wide range of
capturing methods and designs have been developed [23].

2.1.1 Rotary Encoder Concepts

Said requirements cause a wide range of different desigresmiost popular ones will be

described in this chapter. Position encoders can be desgjtieer as absolute encoder,
that means without initialisation, the real position is\pded, or relative, that means only
position differences will be measured. Relative positinoceler designs often provide an
additional signal for reference positions.

2.1.1.1 Mechanical Encoder

An encoder implementation with brushes works pretty mud & rotary switch. Multi-
ple brushes move on interrupted metal plates. This strecswery cheap, but has several
disadvantages. The brushes are not arbitrarily scalaliehweduces the maximal pre-
cision, every brush has to be de-bounced, either via additisardware or software, and
all mechanical parts have a strong wear-out. This concepeither be designed absolute
with one brush per bit resolution; or relative with or threadhes on interrupted contact
zones for direct quadrature encoder pulse (QEP) output.

2.1.1.2 Optical Encoder

A perforated disc interrupts a (light-) beam between a tghitting diode [LED) and
a light dependent resistdr (LIDR) or photo-transistor. Seystems may use other light
gates, but this combination is to some extent standard .ldtive sensors, with two inde-
pendent light barriers in a distance of half a stripe (stif?®@°) may be used directly as
output (see Sdc. 2.11.3). This kind of sensor has no lateniong as speed of light
and signal transmission can be assumed as instant. Thougluld be possible to use
one light barrier per bit for absolute design, this conceptammonly manufactured as
relative encoder only.
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2.1.1.3 Capacitive Encoder

In capacity encoders, the rotor disk looks like the one incaptencoders, but with a
dielectric instead of the light blocking stripes. It is n&d between two plates to create
a capacitor with variable capacity. This allows a much maoeeigse measurement, since
the stripes do not generate a simple on/off-signal, but @imaously changing capacity.
By using this information, the number of required stripess ba reduced dramatically at
the cost of increasing calculation effort and therefore alklatency. As it is inevitable to
use a microchip to create the output signals, most sensangsd€éind have an additional
output via a serial protocol for errors and absolute pas#tio Absolute encoders can
also be designed with two irregularly shaped plates, tharatated against each other,
generating an unique capacity at each position. Therefoieconcept allows absolute
position calculation.

2.1.1.4 Magnetic Encoder

Based on the measurement of magnetic fields, (mostly witheffect sensors [24]) the
position of a magnetic target can be evaluated. Commonlitjpreimagnetic poles can
be placed to enlarge the resolution/[25]. For further prenisnhancement, an additional
trace of poles can be used as nonius. This measurement nretilaces calculation, so
that encoder circuits usually cause a delay of seyeraSame as the capacitive encoder
design, based on the unique calculated position, this dgmigvides absolute position
information.

2.1.2 Referencing in Relative Encoders

In positioning systems, it is usually necessary to be abtakoulate an absolute position,
at least to define a starting offset. This is commonly aclddaea so called index-bit (or
zero-bit) which is usually labelled as or Z, that resembles a defined position, which is
commonlyo0.

Linear Encoders offer multiple ways of determining an absolute positionr Eonveyor
systems, it might be the easiest and safest, to set refereades as endpoints of the
moving range. Though this implies two reference marksy fhasition can be unified by
considering the driving direction. This system is only fguif the moving part powers
down (or whatever it needs to loose its position knowledgextly on the reference mark.
Mechanical structures can avoid this problem, for exampglading tongued endpoints,
so that the marks can only be reached by applied force. Thaugie®d possibility to run
both directions, even without knowing the exact positiorkesathis structure error-proof
and self-sufficient. In contrast, a single zero-mark in thedie of the range would force
surveillance if it is required to power up the system in annowkn position. A third possi-
bility is a set of marks coded by their distance (distanceedagéference marks (DCRM)).
As long as the distances are unique, the absolute positiohegecognized after passing
two marks. This method is equally vulnerable to the previmestioned single mark at
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Figure 2.1: Typicdl QEP signal with index mark at steady e#jo

starting after losing the absolute position.rtitative encoders the index indicator usu-
ally appears once per revolution. Doing so, one revolutias to be endurable during
initiation. For some use-cases, a solution with two endksiéais mentioned above) may
be preferable. It guarantees to not exceed physical limitatat the expense of complete
revolutions.

2.1.3 Data Transfer

The incremental position is usually transmitted by QEP Wiidéca two channel (with in-
dex signal three channel) binary protocol. Every edge résesrone increment. Both
wires contain the same signal, but with 90° phase shift. @havs four times higher
resolution (quadrature) and direction recognition. A ¢gbisignal is shown in Fid. 2.1.
Quasi-standard for transmission are transistor—trandisgic (TTL) and high threshold
logic (HTL). Alternatively, instead of binary signals, dogue signals in sinoid shape can
be used. This allows much better interpolating, but is ngsgae with all scanning prin-
ciples. If absolute positions are available, they are comyncarried by serial interfaces,
such as serial peripheral interfae (SPI), RS 232, syndu®serial interfacd (SSl), or
Universal Asynchronous Receiver Transmitfer (UART).

noise
position ) : : QEP
= quantizer ———> calculation = dead time —>
offset

Figure 2.2: Schematic of data acquisition chain in rotaigoeler application
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2.2 Torque Sensors in Flexible Robotic Joints

The second important field of used sensor appliance is targgesurement. In flexible
joints, structural parts of the joints often bend due to tppliad torque. This, and the
importance of knowledge of the load and other influencesdatrolling make the sensing
of torque an not negligible part of the control chain. Figlr2 presents the schematic of
the data acquisition chain in most torque sensors.

noise

torque — : -
——=> amplifier quantizer => dead time %>

offset
Figure 2.3: Schematic of data acquisition chain in torquesseapplication

Torgue is commonly measured via a bending or twisting patteforce leading structure.
There are several different methods and designs, thatséee Inereafter.

2.2.1 Strain Gauge

The working principle is based on changing resistance irhaically stressed materials.
Some materials have a linear dependency of elongation amstaece, and are therefore
well suited for this purpose. For wiring, metal or semicocidus are commonly used,
whereby semiconductors are more sensitive, but in high $s@etions nonlinear. The

schematic structure of a typical strain gauge can be seeig.i2B. To eliminate temper-

ature and shear force influences, multiple strain gaugesftae wired as a Wheatstone
bridge [26]. Thereby, the influences compensate each ahemly differences between
two gauges, arranged in rectangular form, is measured.

2.2.2 Torsion Rod

Both rotary encoders are mounted at the ends of the torstbriwten torque is applied,
the rod is twisted. This leads to a measurable differendeameceived position. In small
angles ¢ < 3°) the relation between torqueand torsionp can be approximated as linear.
In reality, the twisted angle is targeted far beldfv This requires the sensor to have a
high dynamic range, paired with low noise and high resohgid his is the most frequent
exclusion criterion in low-cost solutions.

Also, the calculation of the applied torque can start aftehlsensors have processed their
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Figure 2.4: Schematic strain gauge. The stress directitmsmpicture would be horizon-
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data. This, in addition to the required calculation timetfa torque itself, leads to further
delay and therefore to slower controlling.

2.2.3 Magnetostriction

Magnetostriction, also known as the Villari effect ([279 pne of the few physical effects,
that could also be used for torque detection. While magtrétten originally character-
izes the material behavior in changing magnetic filed,inkerse magnetostrictive effect
describes the changing magnetic behavior of an mechangiadissed material.

2.3 Modelling of Friction in Lightweight Robotic Joints

Friction is an important aspect in all mechanical systemsesit is present whenever
two surfaces are in contact with each other. EspeciallyghtWweight robots with high
gear ratios this can lead to steady state errors, limitetesyand reduced performance.
Friction is a highly nonlinear phenomenon and thereforéaodilt to model correctly. A
large number of possible friction models for robots (andenegyal) can be found in liter-
ature [28], [29], [30]. By modeling friction with high accary its effects could be easily
compensated based on model values. But on the other haihtl; aaggurate friction mod-
els are very complex and have to take into account temperand other time-dependent
environmental influences, which makes them very difficuitde in practical applications.

Several static friction models have been discussed widdl{erature. They describe dif-
ferent friction effects based on the motor velocity, likesadus friction, Coulomb friction

or the Stribeck effect [30] . Furthermore, a load-dependiéction model that relies on

the measured joint torques is regarded. A good overview oiknmodels and compen-
sation methods is provides by [31].

Note, that friction can be treated equivalently as torgufNm] or force f; [N], as long
as they are not mixed up.
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2.3.1 Static Friction Models

The static friction models are the most basic and commotidrianodels. They consist
of different components, which each take care of certaireetspof the friction force.
Those models are called static, as they contain no stataasinor differential equations,
therefore are not time-dependent.

2.3.1.1 Coulomb Friction

The Coulomb friction model (definition and applications BE]) is the simplest static
friction model. It describes a constant friction force oping any motion,

T = Tesign(). (2.1)

The force is independent of velocity magnitude. As it deeowly on the direction of
the motor velocity, the model has a discontinuity at zeroeky (see Figl_2J5) which is
generally covered by stiction force (Sec. 2.3.1.4).

L

Figure 2.5: Coulomb friction model

2.3.1.2 Load-dependent Friction

In most types of transmissions, friction increases witliloehis may vary widely for dif-
ferent kind of materials, and would be modelled empiricaigce the variations through-
out all materials would be too complex for a usable modelufg.6 shows the effect
for a linear and a square dependency.

2.3.1.3 Viscous Friction

The viscosity of lubricants causes a friction that dependthe velocity. This friction is
called viscous friction, '
Ty = Cvema (22)

and can be modelled using the motor velocity and a constanbus coefficient,, see
Fig.[2.7.
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Figure 2.6: Load-dependent friction linear (a) and squiaye (

Tf A

ey

Figure 2.7: Viscous friction model

2.3.1.4 Static Friction and Break-Away Force

Static friction (or shortstiction) describes the friction force at rest. The force required
to overcome the static friction and initiate motion is cdltee break-away force,. It is
commonly higher than the coulomb friction. Hg.12.8 showsmbined model for static
friction, Coulomb friction and viscous friction. After tHerce exceeds the break-away
force the friction instantly drops to the Coulomb frictia@vel. It is modelled as a function
of the external forcg,. and the static limiting forcé,;.

[ f for =0 and |f.|< fq
I _{ fasgn(f.) for =0 and | f.|> fa (23)

The maximum friction force typically occurs at a small depment from the starting
point. Stiction in combination with coulomb and viscougfion is shown in Fig. 2]8.
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Figure 2.8: Friction model with coulomb, viscous and sthiition

2.3.1.5 Stribeck Effect

R. Stribeck described 1903 in |33], that for slow velocitiee stiction does not drop
instantly with overcoming. The real curve can be described as an exponential decrease

s = (fn — fc)ef(%) S- (2.4)

with f;, as stiction (see Selc, 2.3.11.4),as coulomb friction (see Sdc. 2.3]1.1), ands
the so called stribeck velocity, an empirical parameteh@racterize the curve. For most
modulationsy, is set to2. If this effect is modelled as stribeck frictian, it includes the
stiction torque as well.

2.3.1.6 All Static Models Combined

All mentioned phenomena are independent, therefore theyeaadded up to generate
a complete model of the total amount of static friction. Téusnmed up model is very
often used for evaluation and compensation in robotics. @wamples of typical usage
are presented in [34] and [35],

7p = (e + 75) sgn(0) + 7o, (2.5)

161

1 (0) = (=0 () 0) 26)

The according plot can be seen in Fig.|2.9.

2.3.2 Dynamic Friction Models

The friction phenomena related to non-stationary velesjtsmall displacements occuring
during the stiction phase, and hysteresis effects can dareaponly by the time-variant,
dynamic models.
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Figure 2.9: Complete static friction models with stribedffeet

2.3.2.1 The Bistle Model

Haessig and Friedland introduced a friction model in [36jich attempted to examine the
behavior of the microscopical contact points between twéasas. Due to irregularities
in the surfaces the number of contact points and their looatre considered as random.
Each contact point is interpreted as a bond between flexildtids. As the surfaces move
relative to each other the strain in the bond increases anbrtstles act as springs giving
rise to a friction force. The force is then given by

fb = ZO'Q(.TZ‘ — bl), (27)

where N is the number of bristles, the stiffness of the bristles, the relative position
of the bristles, and, the location where the bond was formed. |&s— b;| equalsi, the
bond snaps and a new one is formed at a random location eetatitae previous location.
The complexity of the model increases with N. Usable resméise found with 20 to 25
bristles, but even a single bristle gave reasonable gtieéithehaviour. The stiffness of
the bristlesg, can be made velocity dependent. An interesting propertii@mmodel is
that it captures the random nature of friction. The randasamkepends on the number of
bristles. The model is inefficient in simulations due to wsnplexity. Also, since there is
is no damping of the bristles in the model, motion in stickingy be oscillatory.

2.3.2.2 The Dahl Model

The model of Dahl, illustrated in_[37] is well-known as thenglest possible way to
describe the dynamic behaviour,

Z=v— |;jc|0'z, (2.8)
Ja=o0z, (2.9)

whereo represents the bristle stiffness anthe average bristle deflection. This model is
simplified to the time-variant part, as the used bristleifvitis just the coulomb friction,
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discussed in Set. 2.3.1.1.

2.3.2.3 The Lund-Grenoble Model

The Lund-Grenoble model is a dynamic friction model preseénn [38]. It can be seen
as expansion of the Dahl model, replacing the coulomb énmcfi. with a more complex
approximation. Similar to the bristle model, it interpreteery contact point individually.
All bristols are modelled as ideal springs with stiffnegss> 0. To oppress oscillation
(unlike Sec[2.3.2]1), the damping coefficientw) is used. Regarding Séc. 2.3, the unit
of o, can either be, [Nm/rad] or [N/m], depending on the scenafibe mean bristle
deflection is labelled ([rad] or [m]).

fig = 00z + 015 + b, (2.10)
z:é—z‘i', (2.11)
9(0)
. ,(i)
g(0) = ap + ae \"/. (2.12)

These equations are able to handle the stribeck effect amsveme-dependent stiction.
For the steady state, the LuGre model reduces to the welldkistatic equation

g(0) = S (Tc + (Th — 7) e*(%) ) . (2.13)

0o

2.3.2.4 Further Dynamic Models

Dynamic models can be very complex (a rough overview is gine39]), but for the
application in the targeted robot system, the mentionedeatsate more than sufficient.

2.3.3 Usage of Friction Models

For most use-cases, tiséatic equation(s)provide sufficient information about the oc-
curring friction. Several use-cases even use just the otluliviction (see Se¢. 2.3.1.1).
Since all equations are very straight forward, and only oglya few measurable variables
(velocity § and, if important, load; or temperature. Thanks to the invariant dependen-
cies, the static model can be provided in every complexigy sisnple look-up table. This
makes it attractive for fast and resource saving contiglliio model micro movement
and precise time dependency, tignamic modelsare necessary. They provide more
precise information, and include (in the case of Lund-Gbhéa®ec[2.3.2]3) all static
equations as well.

For compensation modelling in the real joints, an approxiomavia the static models is
sufficient. This is because of the limited resolution of tlesipon encoders, that limits
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the absolute precision. The additional information preddy the dynamic models is
several orders of magnitude below the measurable precision
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Chapter 3

Joint Designs and Test Bench

3.1 Schematic of Flexible Robotic Joints

Flexible robots usually consist of three to seven indivigamts. Typically, every joint
has an independent control unit, that communicate via a lilssthe top-level control
interface. The individual control is placed on the Motor @ohBoard (MCB). There
control units each consist of a powering unit for motor drgyiseveral sensor inputs, and
a central processing unfi (CPU). Figlrel3.1 provides a nmechhsimplified model of
a typical flexible joint with sensors. The marked ratings @aeh measured directly or
indirectly via individual sensors.

3.2 Joint Test Bench

For the joint identification, a test bench is required. Thedugst bench was built accord-
ing to S. Dendorfer [40]. It consists of two hysteresis beafk6) for load simulation, a

torque sensor (3) as reference, and an additional positicoder (2). The design provides
two brakes, as it is designed for loads betweand80 Nm. This can only be accom-

plished by two brakes, since one of them is only capablé®Nm. The second brake is

enhanced by the gear train by factdr. Further information is provided in proceeding.
The mechanical parts are listed below, sorted from leftgbtr{see Fid. 3]2):

Initializing the Load

Hysteresis brakes are designed to guarantee constanetatcll speeds. Thilobac
HB-1750M-2is rated up ta6000 rpm, much more than needed. This is tested with one
brake, without the downstream transmission and additiorade, using the velocity pro-
file in Fig.[3.3. As it can be seen in Fig._8.4, tMobac HB-1750M-2s fully meeting
expectations concerning velocity independency.

Reattaching the gear and the second brake, several disadearare revealed: First of all,
the transmission has a breakaway torque of estimieiedm. This makes less stressed
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BLDC  Gear _ Torquesensor  Link
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Figure 3.1: Mechanical schematic of joint structure

Figure 3.2: Picture of the joint identification test benclneThumbers are described in
Tab[31
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Figure 3.3: Position and speed profile for testing
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No. function item parameter
1 joint module tested joint AorB
ASM Pmir4-20-64 O/M-83 16 poles

2 rotary encoder ) ovi o isA-50-2048-50KHZ-TTL-Z1 19 bit

0-200 Nm= 0.05 %

3 torque sensor Burster 8661-5200-V1002 0-20 Nm<t 0.1 %
4 hysteresis brake Mobac HB-1750M-2-4651 rated 0-15 Nm
5 gear TANDLER 1:10

6 hysteresis brake Mobac HB-1750M-2-4651 rated 0-15 Nm

Table 3.1: Mechanical overview of the joint test bench

testing scenarios more elaborately, as the transmisstolee separated, and automated
full-range measurements impossible. The gears velodit{iein behaviour (as it can be
seen in Figl_3J5) is completely non-linear and appears nbéteasily compensated. For
tests with a high and precisely known load, the concept bti@tesmission-brake is not
usable in this context. It may be an emergency solution fgin khads on constant velocity,
but then the brakes current has to be readjusted at everg sgpedow consistency. The
partially lower brake torque with downstream transmissind brake can be explained by
the high inertia of the second brake and the transmissioxibifigy.

Both brakes have a nearly identical current-torque cdicgla As it can be seen in Fig.
[3.6, the curve has a wide hysteresis. Because of this hgi&eitds much more complex
to control a static torque load. Due to that, most identifisaprocedures will only have
a stepped or sweeping control current. In most scenari@spitly important to capture
all possible brake torques, so that a current sweep is sirfficdust for long term load
testing, there will have to be an exact adjustment, but amlgéch single test.

3.3 Joint prototypes

Two different joints are available for testing. They aretbytpical designed for usage in
lightweight robots, as they are optimized for weight an@ skor driving, motor
is used, because of its high torque-per-weight ratio. Baoitt$ contain two independent
position encoders. While for joint A, two identical magmetensors are used, joint B is
controlled with two optical encoders. Each encoder pravigeesolution ofl 2 bit. The
specifications can be compared in Tab] 3.2:
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Figure 3.5: Torque at variable speed with and without trassion

Figure 3.6: Hysteresis brake current-torque dependency
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joint A joint B
motor type BLDC BLDC
torque constant,, 0.0406 Nm/A  0.0798 Nm/A
first stage
type belt belt
transmission 40 : 18 150 : 18
second stage
type belt
transmission 80:1 72:12
total
transmission 1778 : 1 50:1
rotation range +5 turns 00
Trmax 70 Nm 20 Nm

Table 3.2: Mechanical overview of both identified joints
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Chapter 4

Modelling and Compensation of
Non-ldealities

This chapter discusses, for each part individually, défemon-idealities, as they occur
in flexible robotic joints. Some of them are more severe thhrrg, so that some of them
will be regarded more closely.

4.1 Rotary Encoder

In use for joint A and for several further joint designs is #&arg encoder that works
according to the magnetic principle as described in[Secl 2.1The product is said to be
capable ofl8 bit resolution, but only with applied filter terms. It proes a wide range
of noise reduction filters, but most of them come with an addé! delay for calculation.
The filter with27 dB noise reduction will be used, since it is the best filtethvabnstant
delay time.

4.1.1 The Rotary Encoder Test Bench

For this identification setup, an extra test bench (Eid. Hak)been built. It simply consists
of a[BLDQ motor (for automatic movement), a reference se(8by and the sensor to be
identified (S2). To guarantee exact (and precisely chargealignments of the sensor
S2, it is mounted on a 6-axis micro-movement stagdJhyrRAlign To compare the
two sensors, it is necessary to know the mechanical posifitime two sensors. As they
have not been mechanically aligned, this has to be done matieally via an offset
value. This offset can be calculated on a static measureaientiltiple positions over
long time. To compensate possible direction-dependesetsf the motor was rotated
clockwise and counter-clockwise. Because S1 has a 3 biehigisolution than S2 (Tab.
[4.1), the results have to be multiplied with = 16 to be comparable. The mechanical
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S1 S2 with ring target 6-axis-alignment-stage

—

Figure 4.1: Picture of the rotary encoder test bench

S1 S2
usage reference identification object
theoretical maximal resolution 14 bit 18 bit
communication | OEP [ QEP, SPI
working principle optical magnetic
targets integrated ring (two sizes), disk
max speed 12000 rpm 12000 rpm

Table 4.1: Comparison of both rotation encoders
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offset¢ is calculated as the mean value of all position-dependifspts,
1
§= - > 16xs1 — 2. (4.1)

Since single turn sensors are used, an arithmetic mean realy e false results, if the
measurement exceeds one complete rotation or containssvaéarc,. By interpreting
the top half range as negative values, a symmetrical scalteased. The general mathe-
matical procedure for a example valuend the rangé would be

k k
Naligned = ((TL + 5) mod k) — 5 (42)
With the target resolution of 18 bit resulting2i® points per rotation, the offset alignment
calculation looks as follows

£ = 1 > (16251 — 52 + 2'7) mod 2'%) — 2'7) (4.3)

noy

In the used setup, the resulting offset valu@(ig437.

4.1.2 Time Behavior of the Encoder

As depicted in Figl_4]2 and Fig. 4.3, on top of the positioned&fent shape comes an
independent and very high offset. A test run reveals, theoffiset is velocity dependent:
Delayed by calculations and filtering, S2 provides its signauch later than the reference
sensor (S1).

desired speed [rpm] -1500 -1000 -500 500 1000 1500
real speed (average) [rpm] -1483  -992 -499 497 990 1478
disparity [points] 404 271 137 144 285 424
error per speed [points/rpm] 0.2724 0.2735 0.2748 0.2902887. 0.2869

Table 4.2: Disparity caused by time difference

The relative disparity (absolute error per resolution)as|the product of speed and time.
With an average disparity (see Tab.l4.2) of 0.2811 pointsprer

0.2811  rpm

—_— = At 4.4
218 60s ' (4.4)

the delay can be calculated to
At = 64.34 ps. (4.5)
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Figure 4.2: Velocity dependent shift
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Figure 4.3: Velocity dependent shifts in comparison (fétbr
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desired speed [rpm] -1500 -1000 -500 500 1000 1500

real speed (average) [rpm] -1483 -992 -499 497 990 1478

expected filter (0 us) shift [points] 64.8 434 21.8 -21.7 -43.3 -64.6

real shift [points] 70.9 48.2 233 -246 -47.7 -70.0

missing delay s 094 111 069 134 102 0.84

Table 4.3: Disparity caused by filter runtime

Filtering the measurement by 27 dB, the datasheet statelag ofel0 us. Since this
would generally apply to all results, this causes a velodgpendent shift, but not the
splitting. This delay causes a shift of

Ax 218
— = —At 4.6
rpm 60s (4.6)
.04
T = 0.0 37. 4.7)
rpm

As it can be seen in Tab. 4.3, thokg:s cover most of the occurring delay. The additional
(fluctuate) delay of circaus can be explained by the changing delay between the sensor
readouts caused by interrupt routines for speed controfampling interferences.

4.1.3 Linearity of the Sensor

For reliable measurements, the sensor will be surveyeds i§hdone by a step-to-step
comparison to the reference sensor (S1, see[Tab. 4.1).a&b&smres may occur, such as
a sinusoidal error (,beat”) based on possibly mechanicabiignment of the particular
encoder axis. Furthermore, itis possible, that systeraatiomanufacturing errors such as
non-linear gradients or unrecognisable areas appeare lnsthd setup, several effects are
visible. The error shape (Fig._4.4) shows a high amplituds,k@nd additional repeating
side effects. This effects and their possibility of com@imn will be identified and
discussed in Set. 4.1.5.

4.1.4 Positioning of the Decoder Chip

Important for production planning is the mechanical tabes of the used parts. False
positioning may falsify the measurement results and maefoee cause further damage
to the mechanics and the environment. With the rotary errdedebench (see Séc. 4]1.1),
it is possible to precisely place the decoder integratemiitif[C) in relation to the target
to evaluate the impacts of misplacement.
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Figure 4.4: Error shape S2 vs. S1
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Figure 4.5: Smoothed error shape S2 vs. S1 used for compmnsat
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estimated

period counter

. . . tested . .
direction manufacturing consistency error unit
tolerance
tolerance at

radial shift +0.15 4+0.2 —0.25/+0.3 mm
axial shift 4+0.15 +0.25 +0.65 mm
rotation of 4+0.5 4+0.7 +1.0 °
sensor chip

axial tilt of +0.5 +0.1 +1.5 °
sensor chip

vertical shift +0.5 +1.0 mm

Table 4.4: Measured positions

The measurements show, that as long as positioned in rafgE.fa the misalignment
has no mayor influences on calculation and precision. Ifdlerances are exceeded, the
sensor returns an error titled as 'period consistency ‘etttat means in effect that the
position could not be calculated correctly.
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QN error 9
(absolute)
error
L look-up

(relative)

Figure 4.6: Schematic of position error compensation: satlicompensation; b) com-
pensation via error

error 0
lookup >

0
——)

0 -6 k

Figure 4.7: Schematic of position error compensation wilogity consideration

4.1.5 Compensation

Two possibilities of feed-forward compensation are vimgal in Fig.[4.6. Practically,
they are equivalent, but dependent on the calculation speednay be preferable. In the
given setup, the direct lookup-table is used. The tableasost negotiated version of the
smoothed error plot (Fig._4.5) as shape correction. The itundel of the shape correction
Is about250 points, therefore the usable precision over all would desewith factor
256 (8 bit). This would reduce the resulting precision (ignorirgse effects) down from
18 bit to 10 bit.

For the correction, the smoothed and noise-reduced curi#gd#.5 will be used. Due
to storage space restrictions, the span of#&llpossible positions will be reduced 2¢*
values. The mean error at this is less thdnt over all. Note, that an error dfcan never
be detected precisely, as the offset calculation does fwt auch precise results. Fig.
4.8 and Fig[[49 show the impact of the applied compensafitve available precision
rises up to 14 bit. The enhanced precision can also be vebfettie histograms Fig.
[4.10 and Figl_-4.11. To compensate the speed dependentcHfsstd by the filter delay
(Sec[4.1.R), an additional velocity-dependent term wagdmaginable. Its structure is
visualized in Fig[4.l7.
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Figure 4.11: Histogram: Error distribution over one revimao with applied shape correc-

tion
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Figure 4.12: Speed profile used for static friction idendifion

4.2 Friction Modelling and Identification

4.2.1 Measuring Static Friction

To measure the friction, the following measurement methwddd out to be the most
reliable. The joint is running freely without load for an sgieed velocity profile. This
Profile can be seen in Fig._4]12. The number of individual mesasents around ~ 0
increases, as the most interesting parameters are iddrttiieee. The friction itself is
calculated via the motor current and the according motostamtk,,, as

Tm = kmlq (48)

Thereby,i, resembles the d/g-transformed direct motor current. @Gantisly changing
velocity would generate more homogeneous results, butdimerreduction, a period of
constant velocity is required. Unfortunately, the sigttahoise ratio[(SNR) is very low
in this system, so the noise reduction takes a large amouetadfngs.

The Figure$ 4.13 arld 4114 each show the friction over velatiat has been measured.
This values are used to parametrize the static friction nsode

4.2.2 Coulomb and Viscous Friction

The previously mentioned coulomb friction model (see $€8.121) is the most basic
friction model as it assumes to be constant over all velocities. This behaviour is very
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Figure 4.13: Static friction curve of joint A
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Figure 4.14: Static friction curve of joint B
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parameter jointA (3.2) jointB (belt) unit

Te 0.030 0.031 [Nm]
- — N

Cy 1.583-107° 8.205-107°  [{T]

Cy 1.512-107* 7.835-107° [NLS

Table 4.5: Fitted model parameters for the coulomb and uséaction friction models
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Figure 4.15: Measured friction with coulomb and viscoustion modelled for joint A

easy to implement as compensation but not yet very detalldxdtter way is the viscous
model (see Se¢. 2.3.1.3) as it is linear velocity dependeditshows deviation in slow
velocities.

4.2.2.1 Model Parameterization

With the measured values from Sec. 4.2.1, Tal. 4.5 conthessblated parameters for
the coulomb and the viscous friction models. The result ofletllng with either only
coulomb friction, or coulomb and viscous friction can berseeFig.[4.15 respectively
Fig.[4.16. Note that it is very important, that the frictios neverovercompensated,
because that would lead to an active controller behaviour.
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Figure 4.16: Measured friction with coulomb and viscoustion modelled for joint B

4.2.2.2 Model Verification

To verify the correct modelling, both friction models haveeb ported to the joint con-
trolling [DSPR. They are implemented as look-up table againgiccording to the feed-
forward method, the estimated friction torque is added ¢octintrolled current,.

4.2.3 Complete Static Friction Model

Extending the friction model by the Stribeck effect (see.Be8.1.5) and thus with stiction
modelling (see Se€. 2.3.1.4), the parametrization is shavifab.[4.6. The results are
depicted in Figl_4.17 and Fig.4]18.

4.2.4 Compensation with Static Friction Models

The compensation performance is measured in control ancerther as sum of errors or
sum of square-errors,

D1 total = Z ‘ed - 9| (49)
and
P2.total = Z (ed - 0)2 (410)

The maximal positioning error is noted as,...
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Figure 4.17: Measured friction with complete static froctimodel for joint A
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Figure 4.18: Measured friction with complete static fractimodel for joint B
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system
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trajectory  ~ ,
sensor returngj friction
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Figure 4.19: Schematic of the implemented friction compéins structure
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Figure 4.20: Position and speed profile for compensatioluatian
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parameter jointA (3.2) jointB (belt) unit

Te 0.030 0.031 [Nm]
Th 0.039 0.057 [Nm]
Cy 1.583-107° 8.205-10°¢ [%"%]
Co 1.512-107* 7.835-107° [NR2
0, 0.06 0.08 [rad/s]
Sy 0.8 1.9 [1]

Table 4.6: Fitted model parameters for the complete statttdn model

4.2.4.1 Coulomb Friction Model

As it can be seen in Fi§.4.22 a), the coulomb friction modsldhigh leap arounti~ 0.
This causes most controllers to become unstable underadeusumstances. Especially
in position control mode, this can be a big problem towardalsmovements and precise
positioning as it supports oscillations. The simplest daace is the introduction of a
non-compensation-area with possibly small width around £Eig.[4.22 b). Since this
solution provides additional leaps, a linear rising bygessbeen implemented (Fig. 4122
c). This method provides a completely leap-less shapegfibrer allows smoother con-
trolling. The best results have been achieved with a thlidsimaed?mt of £0.05 rad/s.
Interestingly, the controller performance sometimes igelbevith model (b) than with
model (a) or (c) and even better than in combination withaiscfriction. Nevertheless,
this concept produces several overshoots and additionalgreent errors as it can be seen
in Fig.[4.23.

4.2.4.2 Coulomb and Viscous Friction Model

The same procedure is applied with the combined models ddoduand viscous friction.
Again, the area arounél ~ 0 is interpolated as linear (Compare Fig. 4.24 a) andl4.24
b). As it can be seen in Fig._4125, the additional viscougifncmodel diminishes the
deviation in higher speed regions. Still, several overshand imprecisions can be found
in slow velocities.
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Figure 4.21: Reference trajectory for comparison (withaay friction compensation)
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Figure 4.22: Ideal coulomb friction model (a); with simplkoalance of the critical dis-
continuation (b); and leap-less model adaptation (c)
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Figure 4.23: Friction compensation with coulomb frictionde! (c)
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Figure 4.24: ldeal friction model with coulomb and viscouistfon (a) and leap-less
model adaptation (b)
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Figure 4.25: Friction compensation with coulomb-and-eissfriction model (b)
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Figure 4.26: Observer control structure
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Figure 4.27: Friction observer schematic

4.2.4.3 Complete Static Friction Model

The advantaged of the complete static friction model (wilfib8ck effect and Stiction)
over the combined coulomb and viscous friction model aratkxtin a small area around
6 ~ 0. With the need and implementation of the zero-substity@iiradvantages of the
complete model over the combined coulomb and viscous madmléd be void. This
means, the adapted model would be exactly the same as thgoilatted viscous model as
presented in Fid. 4.24 b). Therefore, this verification hatsaeen implemented.

4.2.5 Compensation with Friction Observer

In control theory, They estimate the systems’ responsesead to differences between
calculated response and real response. More about thenggokinciple and appliances
can be found in[41] and [42]. In usage is a very basic obsgtivat compares the esti-
mated overall torque (calculated out of the motor curreritf) the measured joint torque
77. The difference is assumed to be friction or rather the cuirterque value for the
present friction. The schematic can be seen in[Eigl4.27.
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Figure 4.28: Control error with friction observer compédima

4.2.6 Comparison

An overview of all evaluated compensation methods and nsasshown in Tal). 417. The
analysed methods show a decrease of the overall position but in crucial areas)(~

0), the observer is the only structure, that does not creaeshwots. It also has the highest
precision enhancement rates as well as the least maximomgyr,.. Therefore, it clearly
is the best strategy that has been evaluated. Further iraprents may be produced with
either different friction models (dynamic as well as contglie different approaches), or
a possible combination of both friction modelling and obgeay.



4.2. FRICTION MODELLING AND IDENTIFICATION 47

model error joint A joint B

none (reference) pr 3.948-107* 3.904-1073
py  7.640-107! 6.935-1071
Pmas T.640-1073  7.245.1073

coulomb with zero-area p; 3.428-10"2 3.098-1073
Do 5.620-1071 5.690- 10!
Pmaz 7-519-107% 7.844-1073

coulomb interpolated  p;  3.398-107* 3.215-1073
pa 6.732-107' 6.256-107!
Pmaz 6.557 1073 7.653 - 1073

coulomb-and-viscous  p;  3.417-107* 3.071-107*
ps  6.766-1071 5.984-107!
Pmae 6.606-1073  7.688-1073

observer p1 3.415-107% 3.321-1073
D2 6.685-10"! 6.310- 107!
Pmaz  0.480-107%  6.400- 1073

Table 4.7: Overview of positioning precision with diffetdriction compensation meth-
ods (all numbers given in [rad]); less is better



48 CHAPTER 4. MODELLING AND COMPENSATION OF NON-IDEALITIES

4.3 Joint Flexibility

For the production of lightweight joints, materials withghistrength per weight are re-
quired. Based on this, most mechanical elements show a mghrat of flexibility. The

two main causes inside the joint are the torque sensor arl@WH8, more precisely its
flex spline. Since there is no compromise between suffigiestiff solutions and reduced
weight, the flexibility is commonly accepted and taken imdasideration. The commonly
used method is presented in[43],/[44] and [29] among othessiggests the stiffness to
be a linear factor (or in multidimensional systems a matoxhe measurable bending,

T = k(g — ¢;). (4.11)

For one single joint with just one actuator, the equationpdiiines to
T =k(q—9), (4.12)
AT = kAg, (4.13)

the difference between measured motor position and mehdinteposition. An ideal
joint without flexibility (¢ = ¢) would have the stiffness = co. With knowledge of the
applied torque, it is easy to calculate the actual bendisdprag as it can be modelled as
an ideal spring,

Az =Fk'f, (4.14)

A0 = k'r. (4.15)
For most structural parts and joint parts this assumptiealigl.

4.3.1 Measurement Method

To identify the flexibility parameter (stiffnessy, the joints (mounted on the joint test
bench Sed._312) are powered with varying load at constamtdspeThereby, the torsion
will be measured via the difference of the motor-encoderaamelxternal position encoder
at link, as it provides a higher resolution than the intetimi sensor. For compensating
the mechanical offset and comparing the two position valthes same technique as in
Sec[4.11l is used,

Aq = (¢gmod 21 — £ — (g—m mod 27) 4+ 7) mod 27 — m, (4.16)
tr

with (5, as the joints transmission ratio agdas the mechanical offset between both

sensors. As mentioned in Séc.]3.2, the test bench is capiti® oanges of load0 to

17 Nm with brake A, and to 150 Nm with transmission and brake B. In this identification

process, both ranges were used, depending on the maximguetire joints can provide.

Since joint B is only capable of = 20 Nm, the second run with brake B has been spared.

The test is driven with constant speed in alternating divast while the load torque

increases. The need for alternating directions arises thentimited spinning ability of

joint B (see Tald._312).
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4.3.2 Evaluation
The measured\d (as seen in Fig. 4.29 and Fig. 4.30) is interpreted as

A0 = k™7 + B, sgn(7). (4.17)

Since several stiffnesses, that are not part of the joietjrarolved in the measurement,
the result has to be corrected:

Ktotat = (Z E)l (4.18)

Ny

1
1 1
kiotar = 4.19
totat <k:joint * kbearing) ( )
1 —1
kjoint = (Oés — ) (420)
kbeam’ng
joint A
measured k' 01812  mrad/Nm

stiffness bearing  kpegring 155.0 kNm/rad
calculated stiffness & 5.7225 kNm/rad
directional offset Bo +0.5871 mrad

joint B
measured k' 1.4746  mrad/Nm
stiffness bearing  kpegring 75.0 kNm/rad

calculated stiffness k& 0.6843 kNm/rad
directional offset Bo +0.9588 mrad

Table 4.8: Fitted stiffness parameters for joint flexililit joint A and joint B

Like the ideal model, joint A provides a linear shape. Theitwr is exactly proportional

to the applied torque. Similar to Séc. 4]1.2, the direclioffaet 5, can be explained as
the calculation delay of the external position encoder. Asrestant value, it doesnt affect
the stiffness measurement, that regards only the slopk, dirdike joint A, joint B shows

a different behaviour. Although it can be assumed lineah@ltigher load area, it could
be fitted differently for the lower torque region. Unfortdely, the used mathematical
operators akg(-) and,/-, that would be able to approximate the curve are very complex
to implement on &DSP. Therefore, there are two resourcésgsaptions: assuming the
curve to be linear, which will be on expense of precision, @adeiling the curve via a
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look-up table.

In both tested joints, this modelling is only utilizable testing and fault detection, since
each joint provides an extra position sensor on the link sfde joint, for absolute po-
sitioning. This may be different for high dynamic and highdoscenarios.

Unlike the imprecise position encoding regarded earliexilflility, as well as friction, is
not directly compensable (at least in theory), but can bertaare of in terms of control-
ling. The exact knowledge of the flexibility parameters tlalows a sufficiently precise
prediction of (elastic) material deformation for dynamasfion control.
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Chapter 5

Conclusion

5.1 Summary

This thesis provides an overview of the mostly used flexibbetic joint components. For
the subsequent tests, the used identification setup hagpbesanted. As one component,
a magnetic rotary encoder has been tested for non-idealiéerecurring sinoid error
has been found and could be compensated with a look-up taé®, the mechanical
alignment requirements, and the specified filter timing Haeen verified. Another non-
ideality in form of a start-up initialisation error was fadiand attended as well. For
the two joint designs, the static friction parameters hasenbmeasured for a complete
parametrisation of the used static friction models. Thhas¢ parameters were used to
compensate the occurring joint friction with three diffierstatic models and one observer
structure. The flexibility in the two joints was also measuaad fitted in mathematical
terms.

5.2 Conclusion

Analysing several parts in detail, it was clear, that mofgtiat$ could be compensated, or
at least be reduced with relatively small additional efféxr static non-idealities such as
torque sensor shapes and the discussed rotary encodeleétheancept of compensation
seems to be found. The shape correction improved the peafarenof the position en-
coder significantly. This method has proven itself to belifi@asuch issues. Unlike that,
more random non-idealities are to complex for such easy eosgtion methods. Static
friction models as presented are not suitable yet for effedtiction compensation, but
with further model optimisation, it may be worth further swteration. The observer
works well, but has still a higher potential, for example htig more complex structure
provide significantly better results. The measurement aflfity in robotic joints was
proven to be sufficient for the given joints. For designs vatith high flexibility, it is
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important, that the mechanical structure either providésear torsion behaviour, or the
controlling is able to handle very complex terms to predetifility based vagueness, so
that the effects could be considered.

5.3 Outlook

Some regarded non-idealities, such as the friction congtiemsstill leave room for im-
provement. The next step here should be focussing on slogdspd his should lead to
more precise positioning and better controller perforneaincthis case. The static fric-
tion models could be enhanced by a torque-dependent tedfgraan additional observer
in the loop. Furthermore, dynamic friction models could besulted, as they are able
to model occurring elastic restoring forces. Therefore,ghbsition precision might have
to be enhanced. The main focus hereby should be lain on theatslow-positioning
area, as it is not only the most crucial, but also the mostygudrt of the control. For
the assembly of multiple robotic joints, the flexibility dysis becomes much more im-
portant. Because of the rising complexity, the flexibiligeals to be analysed separately
for multi-joint-concepts, including not only the jointssélf, but the structural parts in
between.
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List of Abbreviations

BLDC brushless direct current

CPU central processing unit

DCRM distance coded reference marks
DSP digital signal processor

DTC direct torque control

FOC field oriented control

HTL high threshold logic

IC integrated circuit

LDR light dependent resistor

LED light-emitting diode

MCB Motor Control Board

pHRI physical human-robot interaction
QEP quadrature encoder pulse

SNR signal-to-noise ratio

SPI serial peripheral interface

SSI synchronous serial interface

SWG strain wave gear

TTL transistor—transistor logic

UART Universal Asynchronous Receiver Transmitter
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List of Symbols

symbol unit description

A B binary [QEP signals

X, Z binary [QEPR index signals

T Nm torque

f N force

10) ° torsion

0 rad position (motor position in link coordinates)
04 rad desired position

O, rad position (motor position in motor coordinates)
q rad position (link position in link coordinates)

g rad measured position

0 rad/s velocity (angular)

04 rad/s desired velocity (angular)

Qayip, 0 A motor phase currents

id,1q A transformed motor current (d/g-transformed)
ko Nm/A motor torque constant

n 1 efficiency

19 rad mechanical offset of two rotary encoders on same axis
w rad/s angular velocity

1 1 friction coefficient

¥ °Kor°C temperature

fr N friction force

Ty Nm friction torque

In N stiction

Th Nm stiction

s N limited static friction force

fo N viscous friction

To Nm viscous friction torque

fe N coulomb friction

Te Nm coulomb friction
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symbol unit description

Co Nm s/rad viscous friction gradient

Tl Nm load torque

fe N external force

Ts Nm Stribeck Effect torque

Vg rad/s Stribeck velocity

O 1 stribeck parameter

0. various parameters for dynamic friction models
D. rad position controlling error

Bir 1 gear ratio

k Nm/rad  stiffness

k Nm/rad  measued stiffness

Bo rad directional offset in stiffness measurement
Ty Nm gravitational torque

B, kg n? motor inertia
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