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Chapter 1
Introdution
The intensi�ation of the exploration of spae inreases the number and natureof spae missions suh as lunar and Mars missions. In the future, a ooper-ation between humans and robots beomes a vital tehnology for the suessof hallenging spae missions. HRI an improve the quality and e�ieny ofthe tasks as humans and robots perform di�erently on di�erent tasks. Thereport done by (Fong and Nourbakhsh, 2004) shows that humans have bet-ter performane with ognitive and pereption sensing whereas robots performbetter with reative, preise, and physially demanding funtions. Dependingon the kind of missions, some require relatively aurate performane of og-nitive, and pereption funtions, while on the other hand, other tasks demandreative, preise, and physially demanding funtions. Even if the optimal useof HRI is a hallenging problem, for future spae exploration we need e�etive,e�ient and natural HRI (Fong and Nourbakhsh, 2004).Human-robot ooperation an enable exploration of the Moon, Mars, and evenlarge-sale onstrution in extraterrestrial plaes. HRI development will bea neessity for these future missions whih has profound advantage, suh ashuman rews will be lesser in number, astronauts will therefore need robotassistane, there will be less osts to send robots rather than astronauts, min-imizing the risk beause robots are less sensitive to radiation ompared tohumans (Bluk and John, 2005).



1.1 Thesis Goals 2These days, there has been inreasing amount of researh done for astronaut-robot ooperation development. Figure 1.1 outlines the vision of ooperationastronaut-WorkPartner artisti impression of WorkPartner. Similarly, Figure1.2 shows the test done on ground by NASA to demonstrate the vision ofrobonaut-astronaut ooperation. A NASA Ames has also for example testedon ground ollaborative ontrol, by whih humans and robots ommuniatewith eah other and work as partners. Furthermore, they even plan to buildrobots that have similar reasoning mehanisms to human beings (Bluk andJohn, 2005) whih ould make ooperation work suitable and safe.WorkPartner is servie robot that has rih features suh as multi modal-interfae and hybrid loomotion system whih is suitable for spae applia-tions. However the WorkPartner manipulator ontrol system system has nosupport to use it for astronaut-robot physial interation appliations sineWorkPartner has only unaessible position ontrol system to be upgraded forPhysial Human Robot Interation (PHRI) appliations. This thesis addressesthose problems by seleting appropriate sensors and ontrol algorithm for safeand e�ient PHRI. The thesis approah is to examine the problem of PHRIthrough examining four well de�ned demonstration ases in mind, the �ndingsfrom the demonstration ases an be applied to the problems of WorkPartnermanipulator ontrol for PHRI.1.1 Thesis GoalsThe goal of this thesis is to develop the apability ofWorkPartner, also referredto as SpaePartner, to perform safe and e�ient physial interation using itsmanipulators with the human. In other words WorkPartner is required torespond intentionally to a fore applied on the end e�etor whih needs to haveompliane ontrol based on the applied fore on the end e�etor. The goalsof this thesis are summarized as follows :
• to analyze the manipulator performane requirement for ooperation pur-poses.



1.1 Thesis Goals 3

Figure 1.1: WorkPartner ooperating with an astronaut, artisti illustration(Heikkilä, 2008)

Figure 1.2: Robonaut provides hands-on assistane in spae (NASAAmes,2005)



1.2 Thesis Outline 4
• to identify and implement the appropriate sensors and/or ontrollers onthe arm of the WorkPartner.
• to researh the possible ontrol algorithms that ould be used for om-pliane ontrol.
• to modify the SimPartner (Heiskanen et al., 2008), WorkPartner simu-lator, to suit the requirement of this thesis.
• to de�ne and test the hosen algorithm on the modi�ed WorkPartnersimulator and on the real WorkPartner robot.1.2 Thesis OutlineThis thesis is organized in to six hapters as follows:
• Chapter 2 presents a survey of state-of-the-art in robot manipulator on-trol algorithms and fore/torque sensors for ooperation purposes. Inaddition hapter addresses PHRI to manipulate objets, spei�ally on-trol of robot manipulator for ooperation work.
• Chapter 3 presents the WorkPartner manipulator ontrol design andmodeling. It desribes the diret kinematis and inverse kinematis modelof the WorkPartner. In addition, the hapter presents the ontrol algo-rithms that are implemented in the SimPartner simulator.
• Chapter 4 presents the astronaut-robot interation demonstration asesthat are examined in the thesis and the hardware implementation of thealgorithm on the WorkPartner. The seleted demonstration ases arestudied in detail. In addition this hapter presents analysis of the resultsfrom the four PHRI demonstration ases, presented in Chapter 3.
• The last hapter, Chapter 5, summarizes and presents onlusions of thethesis.



Chapter 2
Literature Review
"One of the symptoms of an approahing nervous breakdown is the belief thatone's work is terribly important." Bertrand RussellMany works related to human-robot assistane are urrently underway or havebeen in development (Albu-Sha�er et al., 2008), (Di�er et al., 2003), (Kosugeand Kazamura, 1997),(Tsumugiwa et al., 2002). The algorithms and sensorsused in the development of human-robot assistane are reviewed here. Setion2.1 presents the state-of-the-art of ooperation between human and robots, Se-tion 2.2 presents an overview and omparison of ommonly used fore sensorsfor robot manipulators. Finally, Setion 2.3 presents a omputed-torque on-trol algorithm as well as ommonly used robot manipulator ontrol algorithmsfor the purpose of human-robot ooperation.2.1 PHRI in objet manipulationNowadays, PHRI beomes an important researh area where signi�ant resultsare oming to the spae missions and market suh as Robonaut from the Na-tional Aeronautis and Spae Administration (NASA), and DLR-LWR-III fromthe German Aerospae Center (DLR). However, there are still many interesting



2.1 PHRI in objet manipulation 6hallenges yet to be solved. A detailed report about requirement assessment,identifying the operational domain and other spei�ation for robot-astronautassistants have been done by (Cabrol et al., 1999) and (Heikkilä et al., 2008).This part of the literature review fouses on state-of-the-art robot manipulatorontrol to perform tasks in ooperation with humans - whih is one requirementof HRI in partiular for future Mars or Moon missions.The ontrol of manipulators for industrial robots has been well researhed andthese robots are required to be preise, fast and as e�ient as they are now.Typially, the ontrol of the industrial robots is implemented with positionontrol sine the environment is well known (De Santis et al., 2008). Howeverwhen it omes to the ooperation of humans and robots in unknown environ-ments, position ontrol will not be enough.The paper (Albu-Sha�er et al., 2008) presents the methods for failitating thesafe interation to robots with humans in unknown environments. That is, itpresents two approahes to have safe HRI whih are �rst, torque ontrolled andseond , variable ompliane atuation whih is mainly in hardware. This pa-per (Albu-Sha�er et al., 2008) also reommends a mehanial design approahto ahieve the required lightweight robots with the desired performane. Amongthe proposed mehanial riteria whih make it easier to "implement ompliantbehavior and a smooth, vibration-free motion" (Albu-Sha�er et al., 2008) aswell as most importantly safer interation, are full-state measurements in thejoints and sensor redundany. Based on the mehanial design approah, theDLR has designed the lightweight robot arm shown in Figure 2.1.(Albu-Sha�er et al., 2008) also illustrate the implementation of the ompliantontrol law whih redues the e�ets of the joint frition and dampens thevibrations related to the joint ompliane resulting from the torque signal. Inaddition, the motor position feedbak produes the desired ompliant behavior.The ompliant atuation an negatively a�et the performane in terms of in-reased osillations and settling times. However they are useful as a protetionagainst unexpeted ontats during PHRI (Siiliano and Villani, 2007).



2.1 PHRI in objet manipulation 7

Figure 2.1: The mehatroni joint design of the DLR-LWR-III (Albu-Sha�eret al., 2008)Unlike DLR, (Siiliano and Villani, 2007) suggest vision and fore based ontrolfor physial interation whih ould lead to improved performane, withoutneessarily onsidering the mehanial design. The authors also notied that ifthe vision sensor is used for ontrolling fore in addition to the ontat sensor,it will improve the stability margins. Moreover, the resulting system has theapaity of approahing a rigid surfae with a higher speed and less impatfore, likewise the paper from (Nelson et al., 1995) a�rms this onlusion.One similar work by (Morel et al., 1998) highlights the growing interest ofvision based ontrol. The use of only a vision sensor may not be enough due tohanging environmental onditions whih shows that sensor fusion is important.Unfortunately, there has been little work done on ahieving the sensor fusionof ontat sensors and visual sensors (De Santis et al., 2008).Robonaut, the humanoid robot designed by NASA (Di�er et al., 2003), use vi-sion as a key omponent for interating with objets, monitoring human motionand estimating the tool pose. Furthermore robonaut implemented its ontrolsystem with the ombination of tele-operation, shared ontrol and autonomy



2.2 Fore Sensing Tehniques for Manipulator Control 8whih forms a distributed model. The ontrol system of Robonaut illustratesthe usefulness of Compliane Control for the appliation of PHRI as in thepaper (Albu-Sha�er et al., 2008).The work of (Kosuge and Kazamura, 1997) demonstrates ooperation workbetween a human and a robot. The paper illustrates the motion generation fromthe applied fore on the end-e�etor of a robot manipulator through objet thatis handled by the robot. The motion is proportional to the applied fore fromthe human. Furthermore, (Kosuge and Kazamura, 1997) suggested four typesof ontrol algorithms to generate the proportional motion from the appliedfore whih are:
• Fore augmentation
• Position Control type-sti�ness
• Veloity Control type-damping
• Aeleration Control type-impedaneThe authors implemented two of the methods and illustrated how human-robotooperation an handle an objet in using impedane and damping ontrol.2.2 Fore Sensing Tehniques for ManipulatorControlFore/torque sensing tehniques are reviewed in this setion to identify suitablesensor for human-robot interation. To make this interation safe, e�ientand able to reah a good level of performane, the neessary sensors have tobe developed and hosen wisely. The sensor information should be able toreah the expeted performane. This inreases the safety during interationwith humans or in unknown environments. The most ommon fore sensingtehniques that have been used for ontrolling robot manipulators are reviewedhere.



2.2 Fore Sensing Tehniques for Manipulator Control 92.2.1 Six-Axis Fore/Torque SensorsThe six-axis fore/torque sensors, typial example shown in Figure 2.2, mea-sures all six omponents of fore and torque whih are three omponents offore and three omponents of torque. These sensors are the most omplex ofall the sensors overed in this literature review. The working priniple of thesesensors depends on the strain gauges working priniple whih are omprised ofsix silion strain gauges.Suh sensors an be used to implement ontrol algorithms, suh as ative sti�-ness ontrol, hybrid position/fore ontrol, and impedane ontrol. However,these type of sensors annot detet ollision between the manipulator and theenvironment. Furthermore they are risky to use for spae mission without modi-�ation or without proper thermal ontrol sine high temperature hanges a�etthe output signal of the strain gauges. Typially, six-axis fore/torque sensorsare implemented between the manipulator arm and the end-e�etor to measureand feedbak the fores and torques from the manipulated objet (Sum, 2008).The analysis done by the NASA Jet Propulsion Laboratory (Okon and DiCi-o, 2005) shows the following harateristis of the sensors. The auray isquite good relative to the others and repeatability is satisfatory.2.2.2 Joint Torque SensorJoint Torque Sensor sensors measure the load in joint spae as a joint torque,unlike the six-axis fore/torque sensors that transform the atual load to Carte-sian spae diretly. Using the Jaobian equation 2.8 that relates torque andfore, it is possible to transform the fore (load) data in the end e�etor of themanipulator. There sensing tehnique uses strain gauges with spei� on�gu-ration. The report from the NASA Jet Propulsion Laboratory (Okon and DiCi-o, 2005) showed that these sensors are less aurate than six-axis fore/torquesensors. This analysis report also shows that the dominant soures of error area disturbane torques as well as false torque measurements. Furthermore, therepeatability of the sensors is a�eted by the weight of the manipulator and



2.2 Fore Sensing Tehniques for Manipulator Control 10

Figure 2.2: ATI multi-axis fore/torque sensor, (Sum, 2008)the e�etiveness of the sensors are highly dependent on the position of themanipulator. Unlike six-axis fore/torque sensors, these sensors are able todetet ollisions of the arm with the environment. In addition these sensorsannot measure the moments at the ontat point and are unable to estimatethe ontat point loation.Similar to fore/torque sensors, these sensors have a risk for use in spae mis-sions or environments where there are variations in temperatures due to theresensing tehnique. The sensing priniple use strain gauges with di�erent on-�guration to six axis fore/torque sensors. The variations in temperature willa�et the auray, repeatability and other will ause unexpeted e�ets on thestrain gauge reading.2.2.3 Link Strain Gauge SensorsThese sensors, example shown in Figure 2.3, an measure torque after alibra-tion with the sensor diret output voltage. In theory, the moment or torque isthe ross produt of a vetor from the ontat point to the loation of the sensedmoment as of Equation 2.1. Unfortunately, the ross produt is not invertible,whih makes the omputation of fore on the end e�etor of the manipulator
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Figure 2.3: 2D version of strain gauge, (SOF, 2009)overdetermined. Nevertheless, the best estimation of fore an be determinedusing the least square approah from Equation 2.1 (Okon and DiCio, 2005).The analysis report by NASA's Jet Propulsion Laboratory suggests that the a-uray of these sensors are not good due to likely error both mehanial and infore estimation, and has the same repeatability as joint torque sensors. Thesesensors an detet ollision but annot measure the moments at the ontatpoint (Okon and DiCio, 2005). The equation that relate fore and torque isgiven below.
~τ = ~rX ~F (2.1)where ~τ is sensed torque, ~r is the vetor from the ontat point to the loationof the sensed torque, and ~F is the fore at the end e�etor.



2.3 Robot Manipulator Control Algorithms 122.2.4 Motor Current SensorsThe motor urrent sensors onsist of a resistor oupled with the urrent mirror.Figure 2.4 shows motor urrent sensor in the produt LMD18200 H-bridge. Asthe name implies the motor urrent sensors give the urrent measurement sothat the joint torques an be estimated using the motor's orresponding torqueonstant, gear ratio, and gear train e�ieny. After estimating the torque,it is possible to alulate the fore omponents using the Jaobian Equation2.8. The investigation of the Jet Propulsion Laboratory (Okon and DiCio,2005) shows these sensors have good repeatability, have good auray in thediretion of applied fore, and also they are aurate when the fore is beingatively applied by the arm. However after some load threshold value the motorurrents beome unorrelated to the applied load whih is a problem unique tothese sensors aording to the same report. These sensors have been used inspae and it has a well spei�ed �ight design requirement (Okon and DiCio,2005).2.3 Robot Manipulator Control AlgorithmsThis setion reviews the ommonly used algorithm for HRI appliation as wellas to ontrol fore/torque. The hosen algorithms are presented mainly tobrie�y desribe its properties suh as ontrol priniple, ontrol parameters, thepossibly required sensors, blok diagram and ontrol equations.2.3.1 Computed-Torque ControlThe omputed-Torque ontrol is based on the priniple of aneling the ef-fets of gravity, frition, the manipulator inertia tensor, as well as Coriolis andentrifugal fores using the feedbak signal.This ontrol algorithm, also known as a model-based ontrol, was designed onthe assumption that the robot is moving in open spae as well as having a well
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Figure 2.4: LMD18200 -with urrent sensor output in pin8, (Semiondutors,2005)known dynami model. The dynami model is omposed of nonlinear funtionsof the state variables (joint positions and veloities) whih haraterizes thebehavior of the robot manipulators. These state variables are usually measuredfrom the following sensors: enoder, potentiometer and aelerometer.The robot manipulator model has generally a form as in Equation 2.4 (Nguyenand Peters, 2008), and (Lewis, 2004). The robot arm dynamis are summarizedin the equation below.
M(q)q̈ + C(q, q̇) + Fv q̇ + Fd(q̇) +G(q) + τd = τ (2.2)

N(q, q̇) = C(q, q̇) + Fv q̇ + Fd(q̇) +G(q) (2.3)
M(q)q̈ +N(q, q̇) + τd = τ (2.4)where q is the joint variable, q̇ is the joint veloity, q̈ aeleration, M(q) theinertia matrix of the robot, C(q, q̇) Coriolis and entripetal fores, G(q) gravityfores, τd the disturbane torque, τ the input torque, Fv(q) the oe�ientmatrix of visous frition and Fv(q) dynami frition term, and N(q, q̇) is avetor of nonlinear feedforward ompensationA detailed analysis of this ontroller an be found in (Lewis, 2004). Theomputed-torque ontrol algorithms are presented brie�y here.. The Propor-



2.3 Robot Manipulator Control Algorithms 14tional Derivative (PD) omputed-torque ontrol law is given as Equation 2.5with the traking error between the desired position qd and the urrent posi-tion q(t) de�ned as in Equation 2.6. However a PD ontroller annot removethe steady-state error. By inluding the integrator in the feedforward loopremoves the steady-state error. The Proportional Integrator Derivative (PID)omputed-torque ontroller is shown as in Equation 2.7 as well as shown inFigure 2.5.The summary of the ontrol equation is
τ = M(q)(q̈ +Kvė+Kpe) +N(q, q̇) (2.5)

e(t) = qd(t) − q(t) (2.6)
τ = M(q)(q̈d +Kvė+Kpe+Kiǫ) +N(q, q̇) (2.7)where ǫ̇ is equal to e, Kp is the proportional gain, Kv the derivative gain and

Ki the integral gain

Figure 2.5: PID omputed-torque ontroller,(Lewis, 2004)The main disadvantages of this ontroller are insu�ient performane due toinauray in the manipulator model and time required to ompute the model



2.3 Robot Manipulator Control Algorithms 15(Craig, 2005). However, this ontroller is easy to understand and often workswell in pratie even though it is inonvenient to implement for PHRI, sinethey annot ontrol the manipulator when there is an unexpeted fore at theend e�etor of the manipulator.2.3.2 Hybrid Position/Fore ControlWhen there is fore interation at the end e�etor of the manipulator theomputed-torque ontrol algorithm will be unstable, therefore a di�erent ap-proah is needed. The use of hybrid ontrol algorithm is one approah whihwas �rst proposed by (Hogan, 1987). It is based on deoupling the positionand fore ontrol problems into subtasks.Implementation of this algorithm requires the kinemati equation of the manip-ulator, the data from sensors suh as from position sensors, the wrist mountedfore sensors as well as the task spae fore derivative, nevertheless the latestsignal is not usually available. If the interated fore is measured in the jointspae, the manipulator dynamis equation is modi�ed from Equation 2.4 toEquation 2.8. The detailed analysis of the manipulator dynamis equation anbe found in (Lewis, 2004), (Thomas, 2005).The modi�ed version of the robot arm dynamis is
τ = M(q)q̈ + C(q, q̇)q̇ + F q̇ +G(q) + JT (q)f (2.8)where JT (q) is the transpose of task spae Jaobian and f is the fore at theend-e�etorTo summarize ontrol law, the position and the fore ontrol algorithm is givenas Equation 2.9 and Equation 2.10, respetively (Lewis, 2004). Furthermore,the overall hybrid position/fore ontrol strategy is shown in Figure 2.6. Thefeed forward terms in the �gure represent the terms in Equation 2.11.
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aT i = ẍTdi −KTvi

˙̃xT i +KTpix̃T i (2.9)
aNj =

1

Kej

{

f̈Ndj +KNvj
˙̃
fNj +KNpj f̃Nj

} (2.10)where
aT i is ith linear tangent spae position ontroller
xTdi is ith desired position trajetory tangent to the environment surfae
KTvi and KTpi are being the ith positive ontrol gains
x̃T i tangent spae position traking error
aNj is the jth linear normal spae fore ontroller
Kej is the jth omponent of environmental sti�ness
f̈Ndj is double derivative of fNdj whih is the jth omponent of the desired foreexerted normal to the environment
KNvj and KNpj are the jth positive ontrol gains
fNj is jth omponent of the fore exerted normal to the environment
f̃Nj is equal to the di�erene between fNdj and fNj

fNj is jth omponent of the fore exerted normal to the environment

Figure 2.6: Hybrid position/fore ontroller, (Lewis, 2004)In Figure 2.6 terms suh as Js(q) is an n × n Jaobian sensor matrix, and fsis an n× 1 vetor of sensor fores. The equation below shows the feed forwardterm in the shemati of hybrid Position/Fore ontroller.
−M(q)J−1(q)J̇ q̇ + C(q, q̇)q̇ + F (q̇) +G(q) + JT (q)f (2.11)



2.3 Robot Manipulator Control Algorithms 17Hybrid Position/Fore Control is mainly used for the traking position andfore trajetories simultaneously. Most of the PHRI projets reviewed rarelyuse this algorithm. However (Xiao et al., 2000) demonstrate that the algorithman be used in unknown environment by estimating the trajetory of the robotusing a vision sensor.2.3.3 Sti�ness Control(Salisbury, 1980) proposed a sti�ness ontroller onept based on the linearspring relationship onept. That is, the robot manipulator an be visualizedas a spring exerting a fore on the environment. This algorithm an be easilyused for fore ontrol appliation (Lewis, 2004). This soure assoiated theterm sti�ness ontrol with PD ontrol, that is sti�ness of the manipulator anbe tuned by adjusting Kp as well as damping gain.
f = Kp(xd − xe) (2.12)where f is the fore exerted on the environment, Kp the desired sti�ness of themanipulator, xd the desired position and xe initial position of the manipulator.The implementation of this algorithm needs to sense the fore. Another soure(Salisbury, 1980) show that, this sensor an be plae at the atuator, at thewrist, at the �ngers or in the environment whih the manipulator is in ontatwith.(Lewis, 2004) summarized this ontroller as in Equation 2.13. This ontrolleris a PD-type ontroller where Kv and Kp are NxN diagonal where N standsfor number of joints, onstant, positive-de�nite matries and the task spae ofend-e�etor traking error x̃ is de�ned as in equation 2.14.

τ = JT (q)(−Kvẋ+Kpx̃) +G(q) + F (q̇) (2.13)
x̃ = xd − x (2.14)



2.3 Robot Manipulator Control Algorithms 18This ontroller an be used in PHRI as illustrated in the work of (Kosuge andKazamura, 1997). The basi limitation of this algorithm is that the desired ende�etor manipulator position and the desired fore exerted on the environmentmust be onstant (Lewis, 2004).2.3.4 Impedane Control AlgorithmThe Impedane ontrol algorithm, analogous to Ohm's law, is based on theonept that the ontroller should be used to regulate the dynami behaviorbetween the robot manipulator motion and the fore exerted on the environ-ment. This algorithm onsiders the motion and fore ontrol problem togetherunlike hybrid position/fore ontrol (Hogan, 1987).To implement this algorithm, a environmental impedane model is required andalso seletion of appropriate manipulator impedane as well as measurementof fore, position and speed of the end-e�etor. The manipulator impedane isseleted to have zero steady-state error for a step input ommand of fore orveloity based on the duality priniple (Thomas, 2005).This algorithm does not need to swith from position ontrol mode to fore on-trol mode unlike hybrid position/fore ontrol. In addition, it permits to de�nepriori the way the manipulator interats with the unknown environment (Morelet al., 1998). However, hybrid ontrol has a good performane to ontrol pre-isely the position and fore trajetories of the end-e�etor (Yoshikawa, 2000).A summary of the ontrol law is presented here. More detailed analysis anbe found in (Thomas, 2005), (Lewis, 2004). The torque ontrol law equationis the same as Equation 2.8. The position and fore ontrol law is shown inEquations 2.15 and 2.16 respetively. The overall ontrol strategy are shownin Figure 2.7.The summary of the impedane ontrol equation is
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api = L−1

{

s(ẋpdi(s) − Z−1

pmi(s)fpi(s))
} (2.15)

afj = L−1
{

sZ−1

fmj(s)(ffdj(s) − ffj(s))
} (2.16)where subsript p denotes position ontrol and subsript f denotes fore on-trol, a represents the impedane position and fore ontrol strategies, Zpmi and

Zfmi is the ith position and fore ontrolled manipulator impedane respe-tively. L−1 is used to represent the inverse Laplae transform operation, f theenvironmental fores.

Figure 2.7: Impedane ontroller, (Lewis, 2004)One of appliation areas of this algorithm is for PHRI beause a ompliantbehavior of the manipulator leads to safe physial interation as demonstratedin the work of (Albu-Sha�er et al., 2008), (Kosuge and Kazamura, 1997),(Tsumugiwa et al., 2002). In addition, (Morel et al., 1998), (Morel et al.,1998), (Siiliano and Villani, 2007) also used this algorithm in ooperationwith vision sensing for ooperation tasks between humans and robots.



2.4 Summary and Conlusions 202.4 Summary and ConlusionsThis literature review is onduted with the aim of assessing astronaut-robotphysial interation in objet manipulation. The state-of-the-art of PHRI wereovered, and very little was found in the literature of astronaut-robot ooper-ation for the purpose of manipulating objet. There are, however, many worksrelated to human-robot physial interation whih are appliable for astronaut-ooperation. In addition, the ommonly used sensors for fore ontrol and ma-nipulator fore ontrol algorithms were reviewed. Appendix A ontains thesummary of the algorithms and sensors overed in this literature review.The use of good sensors is very vital to improve the e�ieny of the fore algo-rithms as well as most importantly for the safety of the astronaut to work within ooperation with the robot. For instane, the use of vision sensors togetherwith fore/torque sensors will make the PHRI safer by avoiding unexpetedhuman interation and inrease the e�ieny of the fore ontrol algorithms.However, vision sensors and fore/torque sensors measure two di�erent states(ontat fore and vision) and insu�ient work has been done to fuse thesedata to yield one state.In this review six axis fore/torque sensors were found to be more aurate andreliable senor ompared to the other options available. However, more testingon these sensors need to be undertaken to use it for spae missions. Likewise,the impedane, admittane and sti�ness ontrol algorithms are potential algo-rithms to ontrol robots for physial interation tasks between astronaut-robot.



Chapter 3
Design of WorkPartnerManipulator Compliant Control
"If something is worth doing one, it's worth building a tool to do it." by TomVan VlekWorkPartner is a mobile servie robot, looks like a entaur so it may be alledentaur, designed and implemented in the department of automation and sys-tems tehnology, Helsinki University of Tehnology (TKK). It has a human-liketwo hand manipulator whih enables it to work with everyday life tasks in anoutdoor environment. Figure 3.1 shows the omplete struture ofWorkPartner.WorkPartner interats using di�erent interfaes suh as speeh, gesture, andvisual interfaes. The appliations of WorkPartner an be extended for spaemissions due to a suitable hybrid loomotion system. The loomotion systemallows motion with legs and/or wheels at the same time depending on theenvironment ondition (of TKK, 2005).
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Figure 3.1: Robot onept illustration and the real robot (of TKK, 2005)3.1 Hardware DesriptionWorkPartner has six degrees of freedom, i.e it an reah any positions andorientation in three dimensional spae, whih results in advaned �exibility inomparison to standard industrial robots. It has a motor position sensor anda sensor for joint position. Table 3.1 summarizes the hardware spei�ationof WorkPartner. Figure 3.2 shows that a single side manipulator joint anglerange onstraint of the WorkPartner robot omprises of �ve revolute joints, ofwhih two are used for wrist motion (use for inlination and rotation), one isfor elbow and two are used for a shoulder inlination and yaw rotation motion.The joints are ontrolled by PID ontroller whih has limited aess for mod-i�ation and integration with the main ontrol system. Due to these limitedaess of the ontroller and insu�ient performane to add additional ontrolalgorithms, it is hanged into a new ommerial ontroller alled Elmo driver(Elmo, 2009). This ontroller is programmed using windows operating systemomputer onneted through a Controller Area Network (CAN) bus or RS-232ommuniation.
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Specification DescriptionMax. payload 10kgNumber of axis 5 Revolute JointsMaximum Reah 1 mMotors Graphite Brushes, SolenoidGears Ratio 957.6:1 to 2272.4:1Sensors (eah Joint) Potentiometer and EnoderBrakes Solenoid Motors Controlled by FETPower Supply 48V/4.15A and 12V for BrakesControl Position ontrol (PID)New Control Drive Elmo DriveCommuniation CAN and RS-232Table 3.1: Hardware spei�ation of WorkPartner manipulator

Figure 3.2: Ranges of WorkPartner Joint angle (of TKK, 2005)



3.2 Elmo Controller 243.2 Elmo ControllerTwo Elmo Whistle ommerial ontrollers is bought and tested for positionontrol of WorkPartner manipulator . These ontrollers support both RS-232 and CAN open ommuniation. In addition, these ommerial ontrollershave features suh as urrent ontrol, veloity ontrol and position ontrolmodes (Elmo, 2009). Figure 3.3 shows the ontroller arhiteture of theElmo ontroller. The ontroller is modi�ed as shown in Figure 3.4 that enablesto use old ontroller onnetors with sensors and motors of the manipulatorjoints.

Figure 3.3: Elmo Whistle ontroller system arhiteture (Elmo, 2009)
3.3 WorkPartner Manipulator Forward Kine-matisThe kinematis analysis of the WorkPartner enables omputing the positionand orientation of the manipulator's end-e�etor relative to the base of themanipulator as a funtion of the joint variables. Denavit-Hartenberg onventionis used to desribe the kinemati mehanism of WorkPartner using the linkparameters. The parameters of Denavit-Hartenberg are revolute joint θi, link
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Figure 3.4: Elmo ontroller after iruit modi�ationlength ai, link twist αi, and link o�set di. In ase of prismati joint the linko�set di is the joint variable and other three are �xed (Craig, 2005). Table3.2 shows link parameters for the WorkPartner whih is made based on thelink-frame attahment shown in Figure 3.5.Where the parameters on the table 3.2 are ai−1: the distane from ˆZi−1 to Ẑimeasured along ˆXi−1

αi−1: the angel from ˆZi−1 to Ẑi measured about ˆXi−1

di: the distane from ˆXi−1 to X̂i measured along Ẑi

θi: the angel from ˆXi−1 to X̂i measured about Ẑi

i αi−1 ai−1 di θi1 0 0 0 θi2 -90 0 0 θi3 0 0.3 0 θi4 0 0.3 0 θi5 -90 0 0 θiTable 3.2: Link parameters for the WorkPartner manipulator
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Figure 3.5: Link frame attahment of WorkPartner manipulatorTo ompute the kinemati equation the transformation matries method ofDenavit-Hartenberg is used. For eah adjaent joint a transformation matrixis alulated by using the general form of transformation matries given inEquation 3.1 (Craig, 2005).
i−1

i T =













cθi −sθi 0 ai−1

sθicαi−1 cθicαi1 −sαi−1 −sαi−1di

sθisαi−1 cθisαi1 cαi−1 cαi−1di

0 0 0 1













(3.1)where  is os() and s is sin(). The kinemati equation is omputed from thevalues of the link parameters, the individual link-transformation whih an beomputed using Equation 3.1. Equation 3.2 is used to �nd the �nal singletransformation that relate frame N to from 0.
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3.4 WorkPartner Manipulator Inverse Kinematis 273.4 WorkPartner Manipulator Inverse Kinemat-isThe inverse kinematis, whih means the alulation of the joint parameters toreah a given point in spae with the end e�etor (pose), for the WorkPartneris desribed here. Multiple tehniques exist to do these alulations suh asgeometri, algebrai, damped least squares and dual quaternion methods.This setion presents two type of methods to solve the inverse kinemati prob-lem. These are geometri and damped least square methods. The �rst method,geometri method, is implemented on the two joint arm SimPartner simulatorto demonstrate the hosen ontrol algorithm to perform the ooperation task.The other, damped least square, is an algorithm for robot arms with more thanthree degree of freedom.3.4.1 Geometri MethodIn this thesis SimPartner, the WorkPartner simulator, is modi�ed to suit fortesting the ontrol algorithm, suh as fore sensors and position sensors areadded on shoulder, elbow and wrist joints of one arm of the SimPartner (Heiska-nen et al., 2008) . Figure 3.6 shows the sreen shot of the simulator developedfor WorkPartner. The lient an send ommands suh as request sensor in-formation and set the joint atuators parameters on the orresponding sensorsand atuators. The server replies the requested information or replies statusmessage to the orresponding ommand.The SimPartner arm frame of referene is shown in Figure 3.7. The joints arereferened to a global frame of referene. These frames are transformed frominertial frame of referene to the shoulder frame using Equations 3.3 and 3.4by omputing the inverse kinematis.
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Figure 3.6: WorkPartner simulator sreen shot used for this thesis before mod-i�ation
2

1
T =0

1
T.3

0
T (3.4)The inverse of the transform is omputed using the full advantage of the stru-ture of homogeneous transform from Equation 3.4.1. This equation gives de-sription of A relative to B - that is, B

AT . (Craig, 2005)
B
AT =

[

A
BR −B
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T
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0 0 0 1

]

.After the frames are transformed from the inertial referene frame to the shoul-der referene frame, the frames are shown in Figure 3.7. The end e�etor posi-tion is omputed with referene to the shoulder frame. This allows omputingthe angular position of the shoulder joint, θ1 ,and the angular position of theelbow joint, θ2, from the end-e�etor linear position xe and ye using geometrimethod.
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3.4 WorkPartner Manipulator Inverse Kinematis 29where L1 and L2 are the length of upper arm and lower arm respetively.
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tan(ψ) =

L2s2
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(3.9)where s2 is sin θ2, c2 is cos θ2,s1 is sin θ1, c1 is cos θ1.

θ1 = arctan(
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) − ψ (3.10)Simplifying Equations 3.8, 3.9 and 3.11 gives θ1 and θ2.
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Figure 3.7: Frame of referene of SimPartner simulator

Figure 3.8: SimPartner arm on�gration



3.4 WorkPartner Manipulator Inverse Kinematis 313.4.2 Damped Least Squares MethodMost of the inverse kinematis methods has ine�ient performane around theviinity of singularities. Singularity ours - when the manipulator is fullystrethed out or folded bak on itself, as well as when two or more joint axesare lining up (Craig, 2005). This problem should be avoided beause the highspeed of some parts of the robot while passing these singularities is dangerousto the human partner while human and robot are in a ooperation task.Damped Least Squares (DLS) works by �nding the value of ∆~θ that minimizesthe quantity ||J∆~θ − ∆ ~X||2 + λ2||∆~θ||2, where λ > 0 is a non-zero dampingonstant whih depends on the details of the multi body and the target posi-tion.The lambda has to be hosen arefully to make DLS numerially stableand ∆ ~X is the linear position error. This is alulated in Equation 3.15.To summarize the DLS method avoids problems around singularities by intro-duing a damping onstant. The DLS matrix whih is an nxn matrix where nis the number of degrees of freedom, an be expressed in Equation 3.16. Thisdamping onstant should be large enough so that the solutions for ∆~θ are well-behaved near singularities but not so large that the onvergene rate is too slow(Buss and Kim., 2004).The DLS matrix an be expressed in equations below.
∆~θ = JT (JJT + λ2I)−1∆ ~X (3.15)

JT (JJT + λ2I)−1 =
r

∑

i=1

σi

σ2

i + λ2
viu

T
i (3.16)where J is the Jaobian matrix, r is the rank of J , the olumns of the matriesare de�ned as ui of U and vi of V respetively, σi, U and V are taken from theSingle Value Deomposition (SVD) of J, and λ is damping onstant.A MATLAB simulation of DLS is implemented using WorkPartner diret kine-mati equation. The steps followed to solve inverse kinemati using DLS are:



3.5 WorkPartner Manipulator Control System Design 321. Compute the SVD from the Jaobian alulated from the diret kinemat-is.2. Compute the di�erene between goal position and urrent position of therobot end e�etor whih is ∆ ~X.3. Compute the hange in angle, ∆~θ, of eah joint using DLS algorithm andupdate the value of eah joint aordingly.4. Iterate through these steps until the required target is reahed.However, this algorithm needs to read the urrent position of the robot as fastas possible and position ommand should be sent quikly enough whih makesthe simulator barely stable, if this algorithm is implemented on SimPartner.This instability ould be due to the lient needing to send a request ommandfor eah sensor data and get a reply from the server. This problem ould beavoided by implementing the algorithm to server side.3.5 WorkPartner Manipulator Control SystemDesignThe realization of ompliant behavior is relevant whenever the robot omes intoontat with its environment and espeially if there is insu�ient knowledgeabout the environment. TheWorkPartner manipulator uses a PID ontroller toontrol the trajetory. However this ontroller has limited aess for upgradingand further development works suh as for ompliant ontrol.In this thesis ompliant ontrol strategy is required for a WorkPartner robotmanipulator to be able to interat with human safely. To ahieve this goalthe impedane ontrol algorithm is suggested based on the literature review.The aim of an impedane ontrol methods are to establish a mass-damper-spring relationship between the Cartesian position ∆χ and the Cartesian foreor torque F :
F = M∆χ̈ +Dk∆χ̇+Kk∆χ (3.17)



3.5 WorkPartner Manipulator Control System Design 33where M , Dk and Kk are all positive de�nite matris representing virtualinertia, the damping fator and sti�ness of the system (Albu-Sha�er andHirzinger, 2002). Figure 3.9 shows the one dimensional model of mass-damper-spring model.

Figure 3.9: Model of environmental impedanesIn addition to Chapter 2 review, brief introdution of the suggested admittaneontrol and impedane ontrol algorithm are presented in the following setion.3.5.1 Impedane ControlImpedane ontrol obtains a dynami relationship between position and fore,rather than ontrolling either of these variables alone (Hogan, 1987). Moredetailed information about the impedane ontrol algorithm an be found fromChapter2. The impedane ontrol uses diretly the equation 3.17, where theatual Cartesian position χ is omputed from the joint angular position q usingdiret kinematis,K(q)

χ = K(q) (3.18)Equation 3.19 allows the onversion of the desired joint torques τd to the Carte-sian fore-torque vetor by using the transposed Jaobian JT (q). Then themotor τR transforms the motor torque ommands τm from the desired jointtorques as indiated in Equation 3.20.
τd = JT (q)F (3.19)
τm = τR(τd) (3.20)



3.5 WorkPartner Manipulator Control System Design 34Using the transposed Jaobian JT (q), the Cartesian fore is transformed intothe desired joint torques. Figure 3.10 shows the simpli�ed shemati of impedaneontrol. This ontrol method requires a joint torque. In addition due to dis-turbing in�uene of frition, diret urrent ommand has limited appliationas a torque ontrol or impedane ontrol (Albu-Sha�er and Hirzinger, 2002).

Figure 3.10: Impedane ontrol blok diagram
3.5.2 Admittane ControlAdmittane ontrol is the inverse of impedane ontrol. Figure 3.11 shows theshemati of admittane ontrol where Fd is desired fore and xref is a refereneposition. In the ase of admittane ontrol, the fore is measured at the end-e�etor using six-axis fore/torque sensor. This fore vetor, ∆f(s), is utilizedto generate a desired Cartesian position χd (Albu-Sha�er and Hirzinger, 2002).

χd(s) = χ0(s) −
∆f(s)

K +Ds
(3.21)where χ0(s) is initial position, K is sti�ness onstant and D is damping on-stant. This Cartesian position is onverted to the desired joint positions usingthe inverse kinematis.

qd = K−1(xd) (3.22)Then the joint position ontroller PR generates the motor torques.
τm = PR(qd) (3.23)



3.5 WorkPartner Manipulator Control System Design 35This method is widely used, sine a position ontrol interfae is available onmost roboti manipulator systems (Albu-Sha�er and Hirzinger, 2002).

Figure 3.11: Admittane ontrol shemati3.5.3 Control ApproahIn this thesis position-based impedane ontrol and admittane ontrol, is im-plemented whih enables the use of the ommerial ontroller alled the Elmoontroller. Elmo ontroller has position ontrol interfae in addition to otherfeatures. The Elmo position ontroller is similar to the other position on-troller and has an advantage of being able to ompensate for frition in thejoints (Albu-Sha�er and Hirzinger, 2002). In addition this ontrol approahworks both for stati and moving WorkPartner sine the algorithm uses theenvironment model not the WorkPartner dynami model.The test setup of the proposed ontrol system is shown in Figure 3.12. Figure3.13 shows the ontrol algorithm sheme to be implemented on the WorkPart-ner.The position-based impedane ontrol algorithm allows the robot to interatboth in onstrained and unonstrained areas. The ontrol onept whih istested on the SimPartner simulator has followed the steps:
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Figure 3.12: Prototype of ontrol system

Figure 3.13: Proposed ontrol algorithm based on admittane ontrol
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• The external fore, F, is measured using fore sensor (diretly measuredby means of the sensor mounted at the manipulator endpoint and re-ported to the ontrol unit)
• The impedane (admittane) ontrol algorithm determines the next end-e�etor linear positions as shown in Equation 3.24 from the measuredfore vetor, based on the mode of operation. The mode of operationdetermines possible range of values of sti�ness onstant. For examplefollow movement expets low value of sti�ness gain so that the robot willfollow the diretion of fore applied on it.

χdes(s) = χ(s) + χd(s) −
∆f(s)

K
(3.24)where χ(s) is relative position of end-e�etor, χi(s) is absolute positionfrom the ontrol algorithm and K is sti�ness onstant.

• Using the inverse kinematis, linear position from the previous step, thedesired position and the position output from the admittane ontrol,the algorithm transforms into the angular positions of eah joint as inEquation 3.25.
qd = K−1(χdes) (3.25)

• Position ontroller uses the angular positions for eah joint from the pre-vious step to generate a orresponding torque ommand for eah of therobot joints.



Chapter 4
Compliane Control AlgorithmImplementation
"Everything should be made as simple as possible, but not simpler." AlbertEinsteinThis hapter examines some possible ases of astronaut-robot ooperation toperform manipulation tasks. In addition, the hapter desribes the imple-mentation of the hosen algorithm for safe interation. Modi�ed version ofSimPartner, WorkPartner simulator, is used to test the ontrol algorithm.4.1 WorkPartner Simulator Modi�ationSimPartner is an objet-oriented dynami robot simulator whih has been de-veloped based on Open Soure projets suh as Open Dynami Engines. Thissimulator is modi�ed to suit the requirements for this thesis demonstrationand to inrease the performane. The existing simulator supports adding therequired new omponents suh as fore sensors, atuators, position sensors.However the performane is a�eted by eah additional omponent. To meetthose requirements, SimPartner is modi�ed and the required omponents are



4.1 WorkPartner Simulator Modi�ation 39added mainly for the left arm of WorkPartner suh as:
• fore sensors on the shoulder, elbow and wrist joints.
• position sensors on the shoulder, elbow and wrist joints.
• the robot model is simpli�ed to inrease the proessing speed.
• an objet is added to the environment that interats with the robot modeland is able to apply fore.
• a position atuator is added for the objet added to the environment.
• the inertial referene frame is transformed to the shoulder frame.Figure 4.1 shows simpli�ed SimPartner interating with an objet that hasposition atuator.

Figure 4.1: SimPartner interating with objet
4.1.1 Software DesignBrief desription is presented here for the main lasses modi�ed from SimPart-ner simulator and the new lasses.



4.2 Physial Manipulator Interation Demos 40Admittane lassThis lass implements the admittane ontrol algorithm whih takes fore in-puts and then generate the orresponding linear position.InverseKinematis lassThis lass implements the geometri methods of inverse kinematis of SimPart-ner manipulator.ClientInterfaeThis is the main lass that implements the lient interfae to reeive and sendsensor information, ommand data as well as status message from eah ompo-nent of the simulator. In addition this main lass implements follow movement,hold position as well as adapt movement demo ases. Asynhronous ommu-niation is used to ommuniate between the lient interfae and the serverinterfae.SimPartnerThis is the main lass of server side of the simulator only few modi�ation madeto inlude the fore sensors and position sensors.ForeSensor lassThis sensor is implemented based on Open Dynamis Engine (ODE) model tomeasure the joint fore/torque whih returns the fore in eah axis. The sensorreturn the fore/torque only at request.
4.2 Physial Manipulator Interation DemosIn order to tests the developed ontrol algorithm performane, four di�erentPHRI modes were seleted for examination. Eah of the modes,shown in 4.3are presented with there respetive results.
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Figure 4.2: Simpli�ed lass diagram of simpartner

Figure 4.3: Mode of operation of the new ontrol algorithm



4.2 Physial Manipulator Interation Demos 424.2.1 Follow MovementsThe follow movement demonstration ase desribes the possibilities of the as-tronaut to lead the robot arm to a target loation using little fore/torque.This demonstration is implemented on SimPartner using admittane ontrolwithout a damping onstant whih is the sti�ness ontrol algorithm beausethe speed of the end-e�etor is unavailable. The appliation is developed insuh away that the user is able to hoose this mode of operation by keyboard.However, in a pratial ase this ould be done using di�erent interfaes suhas speeh. In a follow movement ase, the user an hoose the sti�ness onstantvalues KX and Ky approximately in the range shown in Figure 4.3. These lin-ear position values will be onverted to orresponding joint angles using inversekinematis. Figures 4.4 and 4.5 show the position hange error using di�erentsti�ness values whih then generate joint ommands to follow the applied fore.The results from the graphs are not ideal due to variation of interation foreson both x-axis and y-axis. This reates deviation in position error from theideal ase.
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Figure 4.4: X-position hange, from initial position to �nal position due toexternal fore, vs sti�ness Kx
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Figure 4.5: Y-position hange, from initial position to �nal position due toexternal fore, vs sti�ness Ky4.2.2 Hold PositionThe hold position demonstration ase also desribes one mode of operationthat enables the human to keep the manipulator in the desired position. Thisis demonstrated by ontrolling the position of the manipulator while keepingmanipulator sti� when there is external fore applied at the end-e�etor. On theWorkPartner, manipulator end-e�etor an be held in position by keeping theElmo ontroller in position ontroller mode and sending the required positionsfor eah joint.The algorithm for this demonstration ase is implemented on SimPartner sim-ulator. Similarly, the user is allowed to hoose the mode of operation and thengive sti�ness values in the approximated range as shown in Figure 4.3 whihare large values of KX and Ky. These high values of sti�ness are onverted tovery small values of linear position whih will hardly hange the urrent posi-tion. The higher the value of the sti�ness, the more aurately the end-e�etorholds the previous position. Figure 4.6 shows the position error using di�erentvalues of sti�ness Kx and Ky whih have a small error when the sti�ness valueis higher.
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Figure 4.6: X and Y -Position hange, from initial position to �nal positiondue to external fore, with high values of sti�ness Kx, Ky4.2.3 Adapt MovementsThe adapt movement demonstration ase illustrates the possibilities of the hu-man to be able to lead the robot arm to a target loation in one diretion andkeep the others onstant using little fore/torque. This demonstration is alsoimplemented on SimPartner using admittane ontrol without damping on-stant whih is the sti�ness ontrol algorithm. Like the follow movement ase,this demonstration is developed in suh away that the user allows to hooseadapt movement mode of operation from keyboard. After that the user anhoose appropriate sti�ness onstant. For example if the user wishes to adaptthe movement in the x-diretion by keeping y-diretion onstant, the applia-tion expets a high value for Ky and a small value in Kx . Figure 4.3 suggeststhe approximate range of values for the adapt movement ase. After the sti�-ness onstant the algorithm generates other values suh as linear position andangular joint position and sends the ommand signal to the atuators. Figures4.7 and 4.8 show the simulation result with di�erent values of sti�ness whihshows the error dereased as the values inrease. In this way, the movementan be kept minimized in one diretion with respet to the other diretion.
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Figure 4.7: Adapt movement in X-diretion
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Figure 4.8: Adapt movement Y-diretion



4.2 Physial Manipulator Interation Demos 464.2.4 Push with ForePush with fore means that the robot is asked to push the objet with ertainfore. This mode of operation is implemented after the manipulator is kept nearto the objet to be pushed. The interating user sends the end-e�etor nextposition in the diretion of the objet to be pushed. The motion of the end-e�etor to the destination point should be short enough that allows straight linetrajetory. Then the manipulator push the objet until the end-e�etor foresensor senses the required fore. The push with fore mode was implementedon the simulator, but due to time onstraints, the tests were not �nally done.Basially the push with fore mode is inverse ase of the hold position mode,i.e. ertain position errors generates a fore, based on the hosen K, in pushwith fore mode, while ertain fore generates a position error in hold position.For this reason the algorithm should work also for the push with fore modeas it operates using basially same lines of ode.4.2.5 DisussionThe ontrol algorithm implemented on the SimPartner losses it stability in theonditions suh as at singularity and when there is applied exessive fore byexternal objet. One ause of this instability, singularity, is when the omputedlinear position exeeds the range of workspae of the manipulator. The appli-ation handles this exeption by keeping the previous position and neglet thenew ommand generated from the applied fore.The other ause of instability is when the exess fore moves the whole robotinstead of the manipulator. In real robot this ould also damage the manipu-lator when the applied fore in eah joint exeed the atuator maximum forelimits due to interation from external exess fore at the end e�etor.



4.3 WorkPartner Implementation 474.3 WorkPartner ImplementationAs indiated in the previous setions, sti�ness ontrol algorithm is implementedon the simulator and results plotted for eah demonstration ase. To imple-ment the hosen algorithm on the WorkPartner, it requires to have �ve jointontrollers and fore/torque sensor at the end-e�etor. However the availableresoures are the two joint position ontrollers whih are mounted at the shoul-der and elbow of an arm of theWorkPartner. These ontrollers are tested usingvisual C++ programming through CAN and RS-232 ommuniation protool.Based on literature review six-axis fore/torque sensors is suggested. Neverthe-less this sensor is expensive whih is beyond the thesis budget. In spite of thatthe end-e�etor fore is approximated using the ontroller ative urrent. Thisurrent value is analyzed to relate the end-e�etor fore and hange in urrentdue to impat or load at the end-e�etor. The detail analysis and result ispresented in the next hapter.

Figure 4.9: Elmo ontrollers and CAN devie on�gurationFigure 4.9 shows the Elmo ontrollers and Kvaser CAN driver piture beforemounted. Using this driver and CAN driver the hardware implementation hasdone on the Elbow to demonstrate the follow movement and hold positionmode of operation . The urrent versus fore relation is done for one joint
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Figure 4.10: Elmo ontroller and WorkPartner joint interfae



4.4 WorkPartner Tests and Results 49whih restrits to illustrate adapt movement mode. Figure 4.10 shows theonnetion on the manipulator joint between the Elmo ontrol drive, motors,sensors, brake iruit as well as WorkPartner manipulator joint gear.Figure 4.11 shows e�et of the sti�ness hange with respet to the positionerror when 3.11kg objet is put at the end-e�etor of the manipulator. Whenthe value of the sti�ness is inreased, the sti�ness of the manipulator inreaseswhih hanges the state from follow movement to hold position. When thesti�ness is hanged from 100 to 40000, the manipulator is hanged from followmovement to approximately to hold position mode. This result demonstratesthe two modes of operation.
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Figure 4.11: Sti�ness versus position error
4.4 WorkPartner Tests and ResultsAn experiment is done to investigate the possibilities of measuring fore usingthe ative urrent from the Elmo ontroller. This ontroller is tested on theexperiment setup shown in Figure 4.12.4.4.1 Testing Con�gurationElmo ontroller is desribed in Appendix B information about iruit onne-tion. Figure 4.13 shows the ontroller mounted on the shoulder of the Work-Partnre manipulator. This ontroller has feedbak inputs from potentiometer
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Figure 4.12: Elmo ontroller experimental setupand enoder. Both ommuniation modes, RS-232 and CAN open, are testedand data olleted using omposer software developed by Elmo (Elmo, 2009).The ative urrent versus mass is measured in two kinds of position on�gu-ration. Figure 4.14 is plotted from the data olleted in �ve an idential on-�guration experiments by taking the average of the data for eah load. This�gure shows the diret relation between the ative urrent and the load on theend e�etor. When the load at the end-e�etor is less than 1.03kg the ativeurrent variation is noisy to approximate the end-e�etor fore. For exampleat the load of 0.43kg the average ative urrent is 0.4325A. However when theload is hanged to 0.65kg, the average ative urrent is 0.404A. This variationis shown in Figure 4.14. When the load is greater than 1.3kg, the variation ofative urrent is linear with respet to hange in load at the end-e�etor. Ifthe load is above 1.3kg and di�erene between two onseutive loads is 0.5kgthe load at the end-e�etor an be estimated using linear approximation, if theposition of the manipulator is kept onstant.Figure 4.15 shows the urrent variation with time when the position varies400000 tiks of the enoder below the horizontal position and -400000 tiks of
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Figure 4.13: Elmo ontroller mounted at the shoulder of WorkPartner
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Figure 4.14: Average ative urrent[A℄ of Elmo ontroller vs. mass[kg℄



4.4 WorkPartner Tests and Results 52the enoder above the horizontal position whih is approximately 30 degree to-30 degree above and below the horizontal position of the manipulator. Thegraph is drawn using the data of �ve similar experiments based on an identialon�guration.
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Figure 4.15: Current[A℄ vs. time[ms℄ graph when position is hanged from400000 to -400000 tiks at rotational speed of motor 571rpm
4.4.2 DisussionThe results from the experiments show that ative urrent from the Elmo on-troller has a diret relation to the load on the manipulator as shown in theFigures 4.14 and 4.16. In addition the fore has diret relation with the po-sition hange as shown in Figures 4.15, 4.18 and 4.19. This data an be usedto indiate the diretion of manipulator motion and approximate the load atthe end-e�etor, if the applied fore at the end-e�etor of the manipulator isgreater than 13N with di�erene of 5N. This is shown in the experiment doneat the horizontal position and 30 degree position from the horizontal. To useElmo ontroller for fore estimation, mass versus ative urrent model shouldbe done for eah possible position of the manipulator. This might be insu�ient
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Figure 4.16: The hange of urrent with time when the load is hanged from1.02 to 0 kg keeping the manipulator at horizontal position.
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Figure 4.17: The hange of urrent with time when the load is hanged from 0to 2.54 kg keeping the manipulator at horizontal position
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Figure 4.18: Current[A℄ v time graph using an experiment data when positionis hanged from 400000 to -400000 tiks at motor rotation speed of 571rpm
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Figure 4.19: An experiment data when the manipulator is without load athorizontal position



4.4 WorkPartner Tests and Results 55for astronaut-robot manipulation assistane sine it needs very aurate mea-surement of the fore for safe and e�ient interation. However the ontrollerative urrent output ould be used to approximate fore more e�etively inappliations that require less safety. If �lter is added to the ontroller ativeurrent output to derease the noise level, the approximation of fore might beimproved. For example Figure 4.19 shows the noise level of the ative urrentat horizontal level with out load.



Chapter 5
Summary and Conlusions
In this thesis manipulator ontrol for PHRI was developed as part of SpaePart-ner projet sponsored by European Spae Ageny (ESA) and TKK. It ad-dresses problems to enable WorkPartner to have safe physial interation withhumans and upgrade the motor ontroller to support ompliane ontrol. Con-trol algorithm was developed using MATLAB and SimPartner robot simulator.Further more it was tested with the real WorkPartner manipulator.The thesis �rst reviewed the most ommonly used ontrol algorithms andfore/torque sensors for the appliation of PHRI. Based on the literaturereview and WorkPartner present ondition, ontrol algorithm was hosen aswell as required sensor for the manipulator was suggested to implement theontrol algorithm. Admittane ontrol was hosen beause it allows to usethe ommerial ontroller with minimum hanges in the existing manipulatorstruture. In addition this ontrol algorithm removes frition e�ets at thejoints using the position ontroller. This ontrol algorithm also works for bothstati and moving WorkPartner. The ontrol algorithm was implemented onthe WorkPartner only with sti�ness onstant sine damping on the manipu-lator was insigni�ant. The suggested sensor was six-axis fore/torque sensordue to auray, reliability and repeatability of the sensor ompared to othersreviewed. However the implementation was done using estimated fore fromthe joint urrent due to budget onstraint.



57The WorkPartner simulator was modi�ed to suit the implementation of thedesigned ontrol algorithm. This modi�ation inludes adding fore sensors,and objet that interat with SimPartner whih is analogue with human in-teration input. The admittane ontrol algorithm was implemented on thissimulator. In addition the four hosen demonstration ases were implemented,where the modes orresponded to ertain ranges of sti�ness values. The resultsshowed stable and safe behavior for the hosen ontrol algorithm for physialinteration purpose, and the possible modes of operations of the manipulatorthat an be done using this ontrol algorithm.The two ommerial ontrol drivers were mounted at WorkPartner joints,tested and analyzed on WorkPartner manipulator joints. The ative urrent,i.e. the ontrolled motor urrent, from the ontroller were used to estimateend-e�etor fores used as a input for the ontrol algorithm on the WorkPart-ner.This work demonstrated the use of admittane ontrol for follow movement,hold position, adapt movement, and push with fore behavior. The ontrolalgorithm provides intuitive way to hange between the ontrol behaviors. Forexample WorkPartner robot an follow in the diretion of the interating foreunlike the industrial robots that follows programmed trajetory even in ase ofdisturbane. This behavior was implemented on WorkPartner using a hangein ative urrent of the ontroller, whih is interation fore to determine foreat the end-e�etor and by hanging the sti�ness.The test results on the simulator and on the realWorkPartner showed expetedbehavior of the hosen modes of operations, whih indiated ompliane behav-ior from the implemented ontrol algorithm. The WorkPartner simulator hadenough performane to develop the algorithm. In ontrast the real WorkPart-ner had only few of the required devie to develop the algorithm. However theavailable resoure was utilized to test algorithm. The Elmo motor ontrollerwas used suessfully on a Windows operating system using RS232 and CANommuniation interfaes. However, this devie had poor auray to estimatefore from the ative urrent.



5.1 Future Work 58The thesis showed that �eld servie robot like WorkPartner or industrial robotan inlude ompliane ontrol in addition to planned trajetory following. Thismakes the robots multipurpose by enabling them to perform tasks in onstraintand unonstraint environments. Adding suh ompliane ontrol is a way toimprove the safety when the robots work in unknown environments togetherwith human.5.1 Future WorkThe vision of the Astronaut(human) and robot physial interation is to havesafe manipulation task for natural and seamless exeution. Among the potentialfuture works that an be ontinued on this thesis are test Elmo ontroller usingLinux operating system. In addition, develop human presene and ativityreognition algorithm in order to understand human ation better as well asimplement easier interfae suh as speeh to hange mode of operation of theimplemented algorithm.
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Algorithms and Sensors Summary
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Algorithm Sti�ness Control Impedane ControlWorking Priniple Based on linear spring relationship Analogous to Ohm's lawSuitability for PHRI Good safety and suitable Safe and suitableControl variables position error,ontat fore Position and veloity error,ontat foreControl Input Position,fore Position,Veloity,forePossible Sensors Enoder,F/T sensor Enoder,F/T sensorTable A.1: Summary of Sti�ness ontrol and Impedane Control
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Algorithm Computed-Torque Control Hybrid Position/fore ontrolWorking Priniple Model based ontrol Deouple position , fore ontrolSuitability for PHRI Poor safety sine no fore feedbak Good safety but omplexControl variables Position, Veloity , Aeleration error Position and fore errorControl Input Desired position, Veloity and Aeleration Position and forePossible Sensors Potentiometer, Enoder Enoder,F/T sensorTable A.2: Summary of Computed-Torque Control and Hybrid Position/fore ontrol
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Sensors Auray Repeatability Torque Measuremnt Fore MeasurentSix Axis Fore/Torque Exelent Exelent Tx,Ty,Tz Fx,Fy,FzJoint Torque Very good Good Joint Torque Determine F using Jao-bian equation 2.8Link strain guage Bad good Torque Determine fore usingleast square estimateMotor Current Good Very good Torque Determine F using Jao-bian equation 2.8Table A.3: Summary of Sensors



Appendix B
Workpartner ExperimentalManipulator Motor Controller
OverviewElmo ontroller module, WHI-5/60, has extensive feedbak and ontrol op-tions. The module is shown in the Figure B.1 below, integrated diretly to austom made PCB here in Automation Department. The whole unit is gen-erally smaller than the original ontroller of the WorkPartnre. However, it isslightly ( 2mm) wider than the original.The WHI-5/60 ontroller operates from a 12 60VDC supply, and it an drive 5A

Figure B.1: Modi�ed Elmo ontroller using ustom made PCB



B Workpartner Experimental Manipulator Motor Controller 68ontinuous urrent (hene, "5/60"). The power onnetors an easily handlethis amount of urrentConnetor pin outsFive FASTON 4.8mm/0.8mm onnetors are used as power and motor onne-tors. Figure B.2 shows the plaement of the onnetors. As a di�erene tothe original ontroller unit, there is now also a protetive earth (PE) onne-tor, positioned in the middle. Also, ontroller's motor phase M1 is not used.Instead, phase M3 has been labeled as "M1".There are four Molex KK 2.54mm onnetors on the other end of the board.These are pin ompatible with the ones used on the original WorkPartnerontroller unit. There are some new features however:
• There are inputs for enoder A- and B- signals on previously unused pinsof the feedbak onnetor.
• Internally generated +5V is now used as potentiometer supply voltageinstead of the external +12V from brake onnetor.
• There is a 3-pin serial port (RS232) onnetor for programming the on-troller.Figure B.3 shows the positioning of Molex KK 2.54mm onnetors.The pin orders start on the left side of the �gure and end on the right side.Pin orders are as follows:

Figure B.2: Positioning of the power and motor onnetors



B Workpartner Experimental Manipulator Motor Controller 69

Figure B.3: Positioning of the Molex KK onnetorsRS2321. GND2. Module TX3. Module RXBRAKE1. BRK1 (diretly onneted to +12V)2. BRK23. +12V in4. GNDCAN1. CANL2. CANH3. open4. open



B Workpartner Experimental Manipulator Motor Controller 705. SHIELDFEEDBACK1. ENC A+2. ENC VCC3. ENC B+4. open5. ENC GND6. POT GND7. POT OUT8. ENC A9. ENC B10. POT VCC



Appendix C
Denvait-Hartenberg Convention
Any robot an be desribed kinematially by giving the values of four quantitiesfor eah link.

Figure C.1: Denavit-Hartenberg frame assignment (Craig, 2005)
1. Identify the joint axes and imagine in�nite lines along them. For steps 2through 5 below, onsider two of these neighboring lines (at axes i andi+1).2. Identify the ommon perpendiular between them, or point of intersetionid exist. At the point of intersetion or the point where the ommon



C Denvait-Hartenberg Convention 72perpendiular meets the ith axis, assign the frame origin.3. Assign axis Ẑi pointing along the ith joint axis.4. Assign axis X̂i pointing along the ommon perpendiular, or if the axesinterset, assign X̂i to be normal to the plane ontaining the two axes.5. Assign Ŷi to omplete a right-hand oordinate system.6. Assign frame 0 to math frame 1 when the �rst joint variables is zero.For n, hoose an origin loation and X̂n diretion freely, but generally insuh way that as many linkage parameters as possible beome zero.


