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Abstract

Many applicat.ions of manipulators to date have becn based on position control. but

when a robot manipulat.or makes contact with the environment. the control of force

and position is required. One approach. impedance control. is to control the ma

nipulator such that the relationship betwcen position and force is well defined. For

example. such t.hat j,he robot behaves like a mass-spring-damper system whose pa

ramcters can be specified arbitrarily. In the recent years. many of the impedance

control implementations were using force fecdback from an end-effector force sensor

and the impedance cont.rol was performed by forming the error in Cartesian coordi

nates. The implementation proposed here requires instead co-located torque sensors

and t.he fecdback control signais are based solely on joint variables, torque and dis

placement. Co-located torque sensors lead to a larger control bandwidth since the

structural dynamics of the arm is secn as a perturbation, but is not l'art of the

plant 1.0 be controlled. Sim"le SISO controllers, designed 1.0 modulate individual

joint impedances, can achieve diagonal (decoupled) impedance matrices in Cartesian

coordinates, provided that a set of SISO compensators, called here "decouplers",

arc set up 1.0 cancel the non-Iinear coupling among the joints. This strategy results

in a simple computational architecture which does not require complex coordinates

transformations 1.0 be performed al. servo rate. The method can be used with non

redundant and redundant manipulators and experimental results are discussed using

a seven OOF manipulator available al. the Institut de recherche d'Hydro-Québec.
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Résumé

La plupart des applications robotiques utilis,;es jusqu'à maint.enant. ut.ilisai,'nt. la wnl

mande de position. Cependant.. quand un manipulat.eur effectne d,os t.âc\ws impli

quant des contacts avec l'environnement, la force exercée doit aussi "tre prise ,'u

compte. Une approche consiste à permettre au robot de réagir teluu syst.ènw m,\-'S,'·

amortisseur-ressort permettant ainsi une relation dynamique entre la posit.ion et. la

force exercée par le robot. C'est ce qu'on appelle la commande d'impédance'.

Au cours des dernière années, la plupart des lois de commande d'impédance ut.ili

saient un capteur de force placé à l'extrémité dn robot ct la commande d'impéd~.nn'

était faite à haut niveau dans l'espace cartésien. L'implant.ation que nous proposons

ne requière que des capteurs de ~ouple localisés au niveau des actionneurs ct !Los sig·

naux de commande ne dépendent que des variables de l'espace des joints, le couple ct

la position angulaire. L'utilisation de capteurs de couple à chaque actionneur permet

d'obtenir une bande passante supérieure car la dynamique st.ructurelle du robot. est.

perçue comme une perturbation ct n'est pas incluse dans la boucle de commande.

De simple compensateurs 5150 modulant l'impédance des articulat.ions auxquels on

ajoute d'autres compensateurs 5150 permettant d'annuler le couplage non linéaire

entre les articulations assurent l'obtention d'une impédance découplée en coordonnées

cartésiennes, Cette loi de commande fonctionne avec des robot redondants ou non,

et ses performances ont été vérifiées expérimentalement en utilisant un manipulateur

à sept degrés de liberté situé à l'Institut de recherche d'Hydro·Québec.

11l
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Chapter 1

Introduction

The need for manipulators 1.0 perform various ta<'ks has incn'ased signiril-antly in

recent years and the tasks 1.0 be performed become more sophisticat.ed. From simJl!<'

pick and place operations, il. is now intended 1.0 use robots in "arious applical.ions

such as power line maintenance, surgery. etc. These more ddical.e ta.,ks requin'

control systems which not only control the position of the robot.. huI. also permil. ..n

interaction between t.he manipulator itself and the environmenl. ou which il. operal.,,,;.

For a dynamic interaction during the task, pure position control is nol. suflicient.,

an additional variable, the exerted force, must be kept under control. In f..ct, I.he

regulation of the interaction between the force feedback and the dcsired position

is required as opposed 1.0 tracking a reference position trajectory. An imped..nce

controller will enable the modification of the mechanical impedance of .. nmnipulator,

in particular its apparent inertia, damping and stiffness. Sucll a controller adjusts

the robot impedance and thus, the robot and the environment's dynamic interaction.

A decentralized impedance controller has been implemented on a high performance

hydraulic manipulator: the Sarcos General Robotic Large Arm (GRLA). The Sarcos

GRLA arm is a seven degrec of freedom anthropomorphic manipulator.

This thesis is organizcd as follows. Following a brief literature review, a more

1
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dahorat<-d definition of irnpedance control will be proposed and t.wo t.ypes of irn

plernent.at.ion will 1)(' discnssed, Xext., t.he decent.ralized cont.rol algorit.hm will he

ont.lined, 'l'heory. error charact.erizat.ion and simulat.ion result.s arc inclnded, The

next chapt.er present.s t.he experiment.al resnlts. The manipnlat.or direct and il1\'erse

kinerllat.ics élnd hardware calibration are also disctlsscd.

The deccnt.ralized impedancc controller devc10ped in this thesis permits anser to

specify the Cartesian coordinates impedancc of the robot as secn from the end-effector.

hut nses only the joint space variables. in contrast with other controllers forming the

impedancc 1001' in Cartcsian coordinates. An analog controller is used in conjnnction

with a digit.al controller 1.0 compute the non-linear conpling cancellation between the

joints. The proposed control la\\' may be applied equally easily ta ordinary or ta

redundant manipnlators.

The experimental work presented in this thcsis has becn carried out al. the Institut

de recherche d'Hydro-Québec (IREQ), Robotics Division. Hydl'o-Québec is seriously

involved in the development of robotics and te1erobotics systems. The use of robots is

presently considered for live power line maintenance, dam inspection, turbine main

tenance and other tasks. Personel safety and productivity gain are the two main

considerations.
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Chapter 2

Literature Review

2.1 Introduction

In general, the control of a robot may fall into thrcc ca;;es [:l:l]: t.he cont.rol of posit.ioll

and orientation of a manipulat.or in a pre-determined rcferellC<' frame; t.h,· cOIlt.rol

of a manipulator such that it will el'ert the speciiied forces alld moment.s 011 it.s

environment; and finally, the control of the position and orientatioll of a nliLllipulat.or,

taking into account the forces and moments interactions applied to the ellvironnwllt.

In this chapter, wc will present a brief overview of the state of t.he art in rohot.

compliance control, in particular hybrid control and impedance control. These two

control approaches not only take into account the positioll of t.he robot bllt. also it.s

interactions with the environment.

We will first discuss the basic concepts of constrained and nnconstrained tiL,ks

and then the fundamentals of hybrid control and impedance controi. Wc will thell

present the basic idea of deccntrali=cd impedance controi.

3
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2.2 Constrained and U nconstrained Tasks

0\

•

The control of a manipulator is rclated to the interaction betwccn the control ,oariables

(X,.Ji",.X. F) and the environment where il. operates. 'vVe divide robot applications

into roughly two different types of tasks: constrained and unconstrained tasks [:32].

2.2.1 Unconstrained tasks

These tasks are characterized by negligible interaction forces between the robot and

the environment (such that, <lIt' = F· <lX ~ 0) and for control purposes the manipu

lator can be considered as an isolated system. !ts position. velocity and acceleration

are the only controllable variables. In such situations, we can say that the manip

ulator operates in an unconstrained environment and this is when pure position

control should be applied.

2.2.2 Constrained tasks

Constraineci tasks occur when the robot position, velocity and acce1eration are the

negligible interaction variables. The controllable variable is now the interaction force

betwccn the robot and the environment. In this case, the robot is kinematically cou

pIed with the environment. We need to further distinguish whether there is dynamic

interaction between the manipulator and the environment.

If the force components are orthogonal to the displacement or if there is no dis

placement at ail (case of a very stiff surface) then no dynamic interaction occurs and

the mechanical work el'changed is approl'imately zero. In this special case, the cor

rect control strategy is pure force control and since no dynamic interaction el'ists, the

whole system (robot and environment) can still be considered as an isolated system

(i.e. no el'change of energy).

The more general case occurs when the dynamic interaction betwecn the robot
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and the el1\·ironment. is Ilot negligib\e (dll" = F· dX i' 0). III t his (";l.,,'. nl'it.h,'r l'lin'

position cont.rol nor pure forc(' control can \'" 1Is<'d snc("l'ssfnlly Il) cont roI a rub"t

because it. is no longer an isolat.ed syst.l'm and t.he relat.ionship il<'t.\\"','n tll<' (""nt.r,,1

variables may change continuously. \Ve IllUSt. consid"r a Ill"rl' g,'nl'ral ("ontrol la\\' that

\""ill takc into account positioI1_ vclocit.y. accderat.ion and also [orCl' as ~t.(\t.l' \"ariahlt's.

.. The commantl llnd conrrol of a r'cc/or .... urh li .... jJo...iliou (JI' forct' i... 110/ f'1l0tlyh

/0 con/roi dynamie in/crac/ion be/meell systems. The coli/roI/a 11111.'/ IIlsn rolllllllllld

a l'ela/ion be/ween /he pori variables "110".

2.3 Hybrid control

The hybrid position/force control scheme \\'as first proposed by Craig and Haib"rt. [.1}

and almost ten years after, An and Hollerbach [Il found that. hyhrid position/force

control could go unstable. A1so Zhang [:34] found that il. could go unstahl" dll" 1.0

killematic conditions. Fisher and Mujtaba [12] found the source of the problelll \\'hich

was due 1.0 an incorrect formulation and implementation of the hybrid control scheme.

The main idea behind hybrid control is 1.0 separate the position alld force COII

straints and independently analyze those control variables using pure force and l'url'

position control laws along the proper coordinates. 11. is based on a decomposition

of the task space. Given a task frame, a selection matrÏl.: (5) designatL'S which axis

will be position controlled and which will be force controlled. Once the joint torqllL'S

from each part are computed, they arc added 1.0 form the joint torque command 1.0 a

simple set of actuators.

The Cartesian coordinates specifications (x,f) arc first mapped into the joint space

specifications ((J, T). This mapping is computationally costly and problems will occur

when the robot is in the vicinity of singular configurations because this mapping

breaks down. Assuming small displacement, figure 2.1 presents the general hybrid
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control scherne.

Figure 2.1: General hybrid control scherne

Xd: dcsired position

F,I: desired force

S: Seleülon matrix

Zo: arbitrary position vector in joint space

Zr: arbitrary torque vector in joint space

O.: joint set of actual position of robot

Fh: force read by a force sensor

6

•

The force transform maps the sensed force frame into the task frame.

A position error (Xe = Xd-X.) and a for::e error (Fe = Fd-F.) are computed and

mapped into joint space through a selection matrix to produce the angle and torque

errors (the s subscript indicates that the selection matrix has been considered). Pure

position control and pure force control are calculated based on the error vectors Oe.

and Te. rcspectively and each of them produce a desired torque. Those torques are

added to form the torque that will drive the robot actuators.
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2.3.1 Discussion

•

Hybrid position/force control ocrers 1110re possibilities than l'lire position or forc('

control, but il. has several drawbacks. For good p,'rforlllance. th" dynalllic 1ll0d..I

of the manipulator should be known since this control sc\l<'nl<' cOlllpnl<'s a torqn('

command 1.0 drive the robot actuators. It is consequenUy st'nsitiv,' 1.0 Ut<' pn'cision of

the dynamic model of the robot. There is a second important problel11. AssullIing thal.

a good dynamic model is available, the ell\'ironment of the robot. l11ust also \'" wdl

known and defined. In certain cases. the choice of the control law for a particular

degree of freedom may not be obvious. This control scheme applies 1.0 sitnations

where the (known) environment is either 81.iff or 80JI. When a given environ ment is

not completely stiff nor complctely soft, the robot cannot be controlled adequatdy.

Another problem is due to the need to switch the selection matrix as the robot llIoves.

Finally, Duffy [8] found that the use of the selection matrix leads 1.0 dimensional

inconsistency, and the results depend on the choice of units and on the choice of the

origin of coordinates.

Despite its restrictions, hybrid position/force control is a step forward for dealing

with constrained environments. In the next section, we discuss impedance control as

a more general control approach.

2.4 Impedance control

Impedance control is concerned with the relationship betwcen the position and contact

force simultaneously and a single control law will be applied to both constraineu and

unconstrained tasks as opposed to hybrid control where two dilferent control laws

were necessary [18]. When there is no forces at the end-effector, the control reduces

to a standard trajectory following problem in the task space. The control strategy

does not nccd to be changed when contact is made between the environment and
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the lIlanipulat.or. The same controller is used in a single task including posit.ion and

posit.ion/force subt.asks. In tbis sense. impedance control leads t.o a more robust.

cont.roller t.han t.he hybrid position/force controller since no switching is involved [6].

Impedance control is a general approach in which the robot is made 1.0 behave

like a mass-spring·damper system whose parameters (.J. inertia; B. damping; K. stif[·

ness) can be specified arbitrarily in the task space. As opposed 1.0 pure force or pure

position control, no attempt is made 1.0 track force or motion trajectories precisely

but rathcr the rdationship betwcen force and motion is regulated. By tracking il. is

meant that the manipulato!" will be controllcd 1.0 follow l'l'ccisely a dcsired trajectory;

by regulation il. is meant that a desired trajectory will be given but the force ex

crted by the environment will not excecd a certain value corresponding to a specified

impedancc.

An impedance relates a flow 1.0 an effort (Z = t ::::: f). For ma.ximum energy

transfer, Le. destruction of the environment in extreme cases, the robot's impedance

must match the environment's impedance. For minimum energy transfer, i.e. delicate

work, ma.ximum mismatch is necded. The control establishes a dynamic relation

betwecn the position and force instead of just controIling one of these variables al.

any one time. Because of this dynamic interaction, the control scheme allows the

manipulator 1.0 work in both constrained and unconstrained environment, and the

environment itself can change during the task.

Sec figure 2.2 1 for a general impedance control scheme. This scheme can be im

plementcd either as position-based impedance control or as torque-based impedance

contro\. Those two methods have different properties and the two approaches will be

discussed later on.

Impedance control causes the robot 1.0 follow a desired trajectory as weil as 1.0

1from Whitney [32)
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Figure 2.2: General impedancc control Sdll'nle

exert a desired force when errors build up betwccn the actual position and t.h,' de·

sired position. The impedancc controller will generate a forcc 1.0 correct, the robot.

trajectory. This correcting force cal:ses the robot 1.0 follow a d<..'Sired t.raject.ory in fn'e

space. In constrained motion, this correcting force corresponds t.o he the interact.ing

force between the robot and the task environment.

With impedance control, the contact force depends on the motion error of the

robot end·effector, i.e. position, velocity and acccleration errors [IS]. Refering to

figure 2.3, m ro b.,kr represent respectively the desired inert.ia, damping and stiffness

of the robot. Also, meo beoke are the environment impedancc paramcters. The ha.,ic

dynarnic equation that we wish the robot 1.0 follow is,

(2.1 )

where

(2.2)

•
The variables fe and x are respectivcly the environment contact force and the actual

position of the robot. The variable Xd represents the nominal trajectory and wc can

relate il. 1.0 the equivalent force input 1.0 the system (fin). In fact, fin represents the

force that shouId be exerted by the robot in order 1.0 follow the desired trajectory.



• Cl/APTE/{:1. UTE/{ATLïŒ IŒ\"Œ\\· 10

(2.:3)

(2.·1 )

•

Equation 2.:3 represents what would be the response if the robot. was operating in

free space. But if the robot encounters a wall of a gi,·en impedance Zr then fi" is

compared to the sensed force to produce a modified trajectory using equation 2.4

that takes carl' of the interaction of the robot with the environment. Finally, we say

that the overall behavior of t.he coupied robot/environment system is ideally given by

equation 2.4.

x 1
-

fi" (mr + m.)s2 + (br +b.)s + (kr + k.)

ln stiffncss control and damping control, the contact force is treated as arising from

the position and the velocity errors respectively. In impedance control, the contact

force depends on the motion error of the robot end-cffector, i.e. position, veIocity

and acceleration errors [18]. Stiffness control is a special case of impedance control

where only the steady state force-displacement relationship is considered (x = (krf:t.k.l);

damping control is a special case of impedance control where only the force-velocity

reIationship is considered (i: = ~).

Robot Environrncnt

mr me

br
L-

be

x
fin

Figure 2.3: Robot and environment system modeled with linear impedances

A parallel with pure position control and pure force control cau a1so be made.

Pure position control corresponds to the case of an infinite impedance (or Zr » Z.)
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and pure force control to the C"-'" of a z"ro imp,'danc,' (or /." « /.,-).
No problems are caused by the switching of th" sdl'cl ion mat ri x ,l.' il is t I\(' C'L'<'

with hybrid control. sincc the impedance itsdf managcs tl\(' chang" hy a dynamic in

teraction with the ellYironment, :\Iso. t.her" is no nel'd to know exact.!y tl\(' inllH'danc<'

(or rather the admittance [1 ï]) of the e!l\'ironlllent. to ad"'i\'(' a good perform,ulc,' (\'(,1

ative!y to hybrid position/force control). With the same control algorithm a rohot can

be controlled in free space and in constrained environlllents becanse the imp,'dancl'

specifies the dynamic relation bclween force and posit.ion. This is not th" C'I.'<· with

hybrid control: in case of a rapid change in the environnll'nt. stabilit.y is not. gnar·

anteed (e.g. a pure force controller cannot be nsed ir. free space sinCl' the rohot

would continually accelerate; a similar problem arises if pure position cont.rol is nsed

in a constrained environment, the force applied by t.he robot would bl' theOl'dically

infinite).

VVe now present two different approaches t.o imlJlemenl impedancc control. Bot.h

are based on the same concept but the performance l'an vary depending on the

available hardware, and each method has its own advantages and disa,lvantagcs.

If impedance control is to be implemented with robots that were not desigll<'d for

trading force, there will be little choiee [or the implementation, but in ot.her c"-,<,, a

choice may be possible.

AIso, one should kcep in mind that in l'radical implementations, the accclcra·

tion term that could contribute to change the robot inertia, is diflicult, to obt.ain.

Differentiating twice the position signal increases t.he noise component of the signal,

leading to useless information. Filtering the position signal prior to differentiat.ing is

one approach. However, during rapid changes in acceleration, fiitering will degrade

the shape of the signal. A possible approach is to estimate acceleration with stat.e

space methods but it is not clear whether this is feasible, or even worth the trouble.
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2.4.1 Position-based impedance control

Th" position-based impedance control approach depends on an accurate internaI po

sition control 1001' around which is built the impedance control 1001', The forces arc

sensed and position commands arc used as an input for the internai position 1001"

Since man)' industria! robots arc provided with accurate position controllers. this ap

proach is a simple wa)' 1.0 enhance the performance of the system by using rcl.ro-fitted

force fccdback.

x-lmrs~brs+kr fUI +
x

kvH------..J

Robot & Environment,Position servos

HI--l....;-----'-------..J
Impedance Controller

Figure 2.4: Position-based impedance control scheme

•

The main advantage of this method is that the dynamic model of the robot is not

re'luired and rather good performance can be demonstrated. Developing adynamie

mode! can be laborious and will require costly computations for its calculation. This

will affect the stability and the robustness of the s~·3tem. The inner servo 1001' gains

(PD gains) must be set as high as possible. In this situation, the robot dynamics is

sccn like a disturbance 1.0 the impedance controller and are rejected by the position

servo 1001' (scc figure 2.4). The terms D and H may vary depending on the impIe

mentation [25]. It is important that the position servo 1001' has a much shorter time

constant than the impe<!ance 1001', because the interna! servo 1001' Iracks a desired

position.

One problem with the position-base<! impedance control method is the difficulty
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to s<'!"ct a soft imp"dancl' \\'ithou! "ucouIIl<'riu,c; stability l'robl''llls [:!:l], This is .1111'

to the faet that position is used a.s a commaud to th,' pllSition 1001', This l'ositilll'

eommand is the r"sult of J... !;)~~.(,). In the stl'ady stal<' ('as,·. for ,·xampl,·. a s'lIall
.,. .Of

stiffness produces a large position command and may l'xciI<' high frl'(pll'lll'y \'l'SOllall!

modes to produee instability.

The transfer funetion d"rived from a positioll·b'l.'l·d impl,·ml·nt.atiou (with H = ()

and D = l ~ k) resembles tll<' ideal one (l'qllation :!,·l) but l'ontaills an ('l'l'o\'
mr" + ,.1'I+"r

term that is minimized ",ith high PD eontroller gaiu (1.'" and 1.-,,).

where

x 1

fin = (mrs2 + brs + I.-r ) + (1I1 rS 2 + br" + I.'r) + ~(,,)
( ') -).... ,.)

•

(mr s2 + br" + I.-r)((l. + lll r )s2 + br" + 1.''')
~(.s) = (:!.G)

1.'".' + k"
There is a steady state error ",ith respect to the ideal impedann' coutl'ol ('quation

(equation 2.4). If k" and kp arc large enough as eompal'ed to t.h" desin'd imp('dillln"

then ~(s) can be neglected and (2.5) is similar to the ideal transfer fundion (2.·1). If

kv and kp arc not sufficiently high then the manipulator dynamies (t.he iUl'l't.ia iu 0111'

case) and the environment affect the servo loop and degrade the performancl' (not.l'

that the eiivironment must be taken into account in the imJledance loop but IlOt. in

the servo loop).

There exists various implementations of the position based method, sec [2!iJ [I:!]

[18] for example. In [25], it is shown that the errûr on the steady state performaucc

may be cIiminated in cases where the PD gains cannot be set sufficiently high.
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2.4.2 Torque-based impedance control

1·1

•

ln gcneral, the torque based approach ta impedance contra!. figure 2..5 ~, will t!lcorel

iClllly lead ta more efficient and preci,.· impedance controllers. The major difference

,~, compared ta the position based approach is that it requires an accurate dynamic

mode! of the robot manipulator. In fact, the principle is ta invert the dynamics of

the system and then ta set the desired impedancc,

In this control scheme, the actual positions, ve!ocities and forces are sensed and are

then compared to their respective state variables. The error between the desired and

actual state variables are combined with the desired Cartesian coordinates impedancc

to produce a desired torque command to the actuators,

Since this approach directly cOlltrols the torque command to the robot's actuators,

the stability and robustness of the overall system depends on the precision of the

dynamic mode!. In fact, it can be stated that in practicc, this method has poor

disturbance rejection because no inner loop is used inside the impedance loop to

compensate for parametric uncertainties.

Figure 2.6 shows a qualitative relationship between the effect of parameter uncer

tainties and the error of the torque-based controller. Of course when the parametric

uncertainties are small, torque based methods offer a better performance but the value

of ais small. Above a, torque based controllers rapidly loose their performances and

bccome unstable [2].

The problem with the dynamic model is twofold. First, there always exist mod

elling errors since it is impossible to completely model any system. Thus, the con·

troller must to sorne degree be robust to parameter uncertainty. Second, the calcula

tions required for the inverse dynamic's model increase rapidly with the complexity of

the mode! and may lead to difficulties in real time computing. As computers become

faster. the importance of this problem will be reduced but will always linger.

:rrom Khatib [21]
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As opposed to the position ba$ed method. stabilit.y is not alf,'c!.<'d wlll'n soft

impedances arc required but it may be difficlllt to pradllCl' \"ery st.ilf illl!",danc<'s. ln

the position based mcthod. a posit.ion eomll1and Wa$ prodllCl'd l'rom t.lll' ratio of a

force o\"er the dcsired impedance. ln t.he t.orque ba.,,'d Illl'lhod. a tMqlle eomll1iuld

is produced from t.he produet of a posit.ion and a desircd imp,·danCl'. In the ,'a.,,' of

a large impedance. the bandwidth of the torque eommand inerca.'cs and may a",alll

excite unmodelled dynamics.

In summary, the more perfectly the plant is known. the bett.er the eontrollcr

performance will be. In the t.orque based mcthod. a dynamic modcl of t.he robot.

is manda/ory but it will offer better performance. More t.ime will be needed in t.he

modelling part as compared to the posit.ion-based met.hod where almost. no 1I10delling

is required.

••
Xd-----...... t

Force
Scnsor

ARM
q

Dyrumlc Model
Pu.&mder
EvallYtion

•
q

~rtni.ln

Sp.a~

F

X

•

•
Xd

Figure 2.5: Torque-based impedance control
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•

Figure 2.6: Parametric uncertainty

2.5 Decentralized control

Deriving inspiration from the consideration of human stilfness control by skeletal

muscles, the end-clfcctor compliance of a robot can be specified by directly altering

it.s joint stilfness [20]. This is the basic concept of the proposed method and it will

be extended to damping and inertia control to specify in Cartesian coordinates the

impedance of a manipulator from the joint space variables.

Salisbury [2iJ pioneered active stilfness control based on a joint torque controllaw

which can be used to acheive any desired stilfness of the end-elfector in the comp\iance

frame. An error on the stilfness would appear as the manipulator is deflected far

from its nominal position leading to a curved path in space rather than a straight

\ine motion [24]. A fundamental advantage is owed to the fact that the inversion

of the Jacobian matrix is not needed, but only its transpose. Kaneko et al. [20]

proposed a direct comp\iance control method inspired from Saiibury's and is based

on a completeiy independent joint control, leading to any desired compliance, and

simplifying the complexity of the control law. An important drawback arises from

the implementation. In order to be able to control in Cartesian coordinates (three

position and three orientations), a 21 DOF robot would required. Also, the method
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•

has another problem. the end point. compliance cannot Ilt' arhit rarily s('\ arror<lill)!;

1.0 the arm configuration. This is dut' 1.0 t.he negat.i\·" joint. complian("(' f(''1l1ir''<1 ill

certain arm configurat.ions [19] [:H].

The interesting point howe\"er is that simple SISO cont.roll,·rs can Il<' ""'<1 III

conjunction with co-located sensors aud actuat.ors.

2.6 Other methods

The position. force and compliance cont.rol of robots ha.< recei\"ed a lot of int.erest.

from the research community and many other met.hods have b""n proposcd. 1\'lost.

of them arc based on torque control and present different approaches and mct.hods

1.0 take into account parametric uncertainties of the dynamic mode!. Among t.he

proposed solutions we find adaptive impedance controllers [28]. sliding mode control

[35]. etc. Those implementations appear tv offer good performances. but. arc nsually

computationally costly and arc not necessarily easy 1.0 implement in pradice. SinCl'

the focus of this thesis is on simple and experimentally provable approaches. t.hese

wiII not he discussed further.
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Chapter 3

Decentralized control of

impedance

3.1 Basics

Joint space controllers arc used ta control the impedance in Cartesian coordinates.

The implementation proposed here requires joint torque sensors located in the joints

of the manipulator. The position and force feedback control signais arc based only

on joint variables: torque and displacement. The fundamental advantage of this

control1er is that it does not require any coordinate transformation in the inner loop,

only linear SISO compensators are needed. Co-Iocated torque sensors lead to a larger

control bandwidth since the structural dynamics of the arm is seen as a perturbation,

but is not part of the plant to be controlled. Simple SISO controllers designed to

modulate individual joint impedances can achieve diagonal (decoupled) impedance

matrices in Cartesian coordinates, provided that another set of SISO compensators,

called here ~dccouplers~, are set up to cancel the couplings among the joints. This

stratcgy results in a simple computational architecture which does not require com

plex coordinate transformations to be performed at servo rate.

18
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Gi\'cn a dcsircd in1pcùancc in Cartl'sian coordinat.l's. it is Illapp,,'d int.o joint. Cl)UI'·

dinates. Assuming smail disp!an'n1l'nt s. \1'<' Iin<'ariz<' 10 ohlain:

then, in the Laplace domain.

thus

8)( ~ .180

F(~) = Zc(~)O(~)

7'(~} = Zo(~}O(~}

(:1. 1)

(:1.2)

(:1.:1 )

(:1.1 )

(:1..1 )

•

where Zc(s} = Brs +Kr

For stiffness alone, the matrix Zo has been characterized and called by Salishury

the joint stiffness matrix. There we look al, a more general case where imp<'danC<'

can be arbitrary. No Jacobian inversion is required, reducing the computations and

alle\'iating problems near kinematics singularitics. There is however no reason why

the resulting Zo(s} should be diagonal (and not neccssarily positive definite) when

Zc(s) is chosen 1,0 be diagonal, except in special cases.

Conversely, a diagonal Zo(s) (namcly PD control) will not lead to diagonal Zc(~}:

in this case, cross coupling occurs in Cartesian space. When Zc(~} is diagonal, Zo(~}

is symmetric and the terms outside the diagonal (cross coupling terms) arc 7101 neg·

ligible. However, in general the diagonality or degree of decoupling of Zo(s) will

vary with the robot configuration. The significance of a non diagonal Zo(s} is that

the errors in one joint will affect the commanded torque in ail the other joints as was

pointed out in [2ï](see equation 3.4). Only certain cases will 1l'ad 1,0 decoupling which

is an architectural kinematic property of the underlying mechanism as shown in [16].
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III ("(~rtaill Sit.l1éltion~. f<'c!UlldéltlCY cali cont.ribute 1.0 recluce or C\'CI1 cancel cross

Cünpling ternIS by exploiting the additiolla1 degrcc(s) of freedom 1,0 select a configura

t.ion whic" lIlinimizes t.he olf diagonal t.erms of the joint. space illlpedancc lIlat.rix for

a givell Cart.esian coordinat.es impedance mat.rix. The general relat.ion bet.wccn t.he

number of paramcters t.o cont.rol in joint. space and t.he number of degrccs of freedom

is given by:

N-l
p= L(-l/ (N_i)2

;=0

(3.6)

•

where N is the number of D.O.F. and p. the number of parameters to control.

For purposes of illustration, the case of a planar robot with thrcc DOF is now

discussed. II. is possible 1.0 configure a manipulator of this kind such that. for a given

diagonal Cartcsian impedancc mal,rix, the joint spacc impedancc matrix becomcs

diagonal. This can be explained by the fact that the Cartesian impedance matrix

specifies thrcc tenns, the impedance in the x and y directions, the cross coupling

term betwccn x and y being fixed to zero. ideally. Since the robot has three joints il.

can be verificd that there is a unique solution 1.0 thrcc equations \Vith thrcc unknowns.

Redundancy can be uscd to yield a diagonal joint space matrix that will satisfy the

Cartesian impedance matrix.

In the more general case of a seven degrcc of frccdom robot, from equation 3.6,

we find that 28 parameters are 1.0 be determined, among which 21 must be set to

zero. In this case, a manipulator with al. least 28 degrees of freedom would be capa

ble of yicIding a diagonal Cartcsian coordinatcs impcdance matrix from a diagonal

joint impedance matrix. Moderate rcclundancy, in this case, can only contribute 1.0

minimize the cross coupling terms. An optimization method could be applied to find

postures that minimize the coupling but decoupling cannot occur in general.

To set the diagonal terms of Zo(s) by means of feedback control, the gains of the

joint PD controllers are schedu!cd or continuous!y modificd as the robot movcs. Since
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t.he off diagonal t.l'rms are nl'g1<'el.<'d. Ihe sysl.<'m will h" highly l'oupl,'d hut. t 1", 1'01111'01

is quit<' robust. From equat.ioll :l,·I. for t.he st.iffl1<'SS 1.<'1'I11 (alld similarly l'or a gell\'ral

impedance), t.he torque commalld t.o one joint. is gÏ\','n by:

;v

ïj = 2:(1\0) (:\. j)1.) J
j=1

....
7", = /\",0, + 2: /,',,)0) (:I,~)

j=1.j;é:i

Equation :1. j separates into 1.\\'0 parts a.' in l'quation :\.8. Th,' diagonal t.('l'Ins

arc readily obtained \Vith PD controllers abOlit eaeh joint.. The rt'maillillg t.el'lIlS

correspond 1.0 compensating torques calculated l'rom the off diagollal terms alld l'rom

the position of other joints. The resulting impedance mat.rix in Cart.,'sian coonlillat.es

is no\\' exactly decoupled using joint measurements alone.

One advantage of this mcthod, is that analog PD controllers may hl' tlSed t.u

implement the diagonal tcrms of the joint space stiffnesses ail" dampillg, tl1<'rel>y

freeing the system from sampling and digitizat.ion approximat.ions. The cross cOllplillg

terms are computed numerically and summed with t.he PD cOIlt.roller out.put. t.orqllc

1.0 yield the actuator force demand signal. An additional computcd t.orque may he

used 1.0 fine tune the system.

3.2 Transfer function

Decentra1ized impedance control operates in joint spacc. Il. is neverthc1css import.ant.

1.0 denve the Cartesian coordinates transfer fundion. It will be obtained by mapping

the joint coordinates control into a Cartesian coordinates. The dynamics: inertia,

damping and stiffness are captured by,
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7'01",' = DoO+I!(O.O)+(;(O)

1lpplying the cont.rol.

(:3.9 )

Trobot

reslIlts in.

= MO(Od - 0) + BO(Od - 0) + 1\0(0.1 - 0)

+ IÎ(O, 0) + G(O) (:1.l0)

DoO + \1(0,0) +G(O) = MO(Od - 0) + BO(Od - 0) + 1\0(0.1 - 0)

+ \Î'(0'o) +C(O)

a.."iSUnlÎng,

7.1 - MOOd+ BOOd + /\'0 0.1

7 = JTF

6x ::::: .160

x = JO + jo

we have.

(:3.11 )

(3.12)

(3.1:3)

(:3.1-1 )

(:3.15)

Fd -
+

Fd -
+

where

rT(Mo+ Do)O + r TBoO + r T1\0f} +rT(V - V)

rT(G - C) (:3.16)

rT(Mo+ Do)rli + r TBor1i: + r T1\0rI x +
rT(V - li) +rT(G - C) - J-T(l'.Jo+Do)rljo (3.17)

Afo - JT.lvfrJ (3.18)

Bo - JTBrJ (3.19)

1\0 - JT1\rJ (3.20)

• TI - rTDorl (3.21 )
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using the abo\"e <'quat.ions \\'l' h;\\"('.

F,f = ((1) + :\Ir)"~ + Br" + 1\,,),1' + ..lm",

7' • 'l' • '/' ' ,
.:J.mo, = .1- (1' -l') + r (G - (n - r (JI" + f),,)r'.I0

(:I,:!:!)

(:UI)

•

"Vllen a rclativcly low speed of mot.ion is requin'd. t.11<' centl'ifu)';a\ and coriolis

term become negligible and also does t.he rat.e of change of t.11l' ,);,cohian m"t.rix. The

error inherent to the gra\'ity t.erm will be discussed later "nd fol' now we will ,C'SUIll<'

perfect compensation. The transfer function th us beconws.

X ,} • -1
-F. = ((1) + Mr)~· + Br~ + Ar)
',f

By abuse of notation, Fd means forces and torques and hy :1', posit.ion aud ol'i.'n-

t.ation. 1 The ratio F,r is used to represent. the t.ransfer funct.ions in .'"ch din'dion..
(i.e. f:L-~ f::-~ .:LoF,x ,iJ!L., .:::.:I-F,r , -""'-F,r , J~' , ;;.- , ;: ). Notice that. the rohot ill<'rtia app<'m'l"

r~ ~ d: r~ ~ d: r,~ r~ r~

in equation :3.24. Since this matrix is not diagonal it will cause l'l'l'ors in t.he transi.'nt.

response. These errors can be minimized usillg the redulldallcy of t.he manipnlat"r

when il. is avail..ble. The error characterization will be discussed in section :\.i.

From eqnation :t2'l, we find that the steady state value is,

(: 0

IIr ~x F 1 1 ('1 ,)'; \1m-- = \- =
k..-o~Fr r

• ._, 1

0

1Properly speaking, the above equations would apply to rotations only if they 'LrC small. In
section 3,7 a correction factor is derived to correct this problcm,
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3.3 Continuous Time Stability

2·1

i'l'lany non-lin"ar feedback laws have becn proposed in t.he lit.erat.ure for t.he cont.rol

design of robot.ic syst.ems modelled by rigid body equat.ions of open-kinemat.ic dJains.

Predominant. among these t.echniques is the computed torque approach. This al'

proach ha:;. in practice, a number of drawbacks because the global stabi!it.y depends

on exact dynamic modc1s and full knowledge of the paramet.ers of the system. Accu

racy and specd in computation is also required [22]. In this sect.ion. we will show t.hat

the proposed controller remains stable. In order 1.0 prove the stabi!ity, we will use

the state space tl1<'ory. Assuming negligible coriolis and centrifugaI terms and using

gravity compensation we have:

(:3.26)

forming a dcsired torque,

(3.2ï)

we have

(3.28)

(3.29)

Then, with x a state variable (not a Cartesian coordinates vector),

•
x - Ax+Bu

y = Cx

(3.30)

(3.31)
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where

x = C) (:I.:I:! )

A = ( D~I r -lJ;IUJ (:1.:1:1)
- 0 \0

B = (D~I ) (:1.:1·1 )

C = (1 0) (:1.:1:' )

II = id (:1.:16 )

The characteristic equation, ~(s), is given by the determinant of (.• / - A):

( s/ -/ )(sI - A) = (:1.:1;)
DOl 1\0 sI + Do 1130

~(s) = Do1(Dos2 + 130s + /\0) = 0 (:I.:IS)

The system will be stable if the given impedance transfer fnnction in e,u·I.,·sian

coordinates is stable. The characteristic equation (eqnal.ion :t:l8) will hav,· ail il.s

roots in the left half plane if and only if:

1. Do, Bs and 1\s are positive semidefinite

2. Do or 1\0 is positive definite [.5]

The inertia matrix Do has the property of being always positive delinil.c simply

because the quadratic OT DoO represents the work elfected 1.0 overcomc the joinl. incr

tias and therefore must be greater than zero [:~4J. If an accclcration fccdhack is 1.0 hc

used, we simply need to make sure that (Do + Mo) is positive delinite. Also 130 and

1\0 are positive semidefinite because of their structural properties,

•
1(0 = JTl("J

130 - JTBrJ

(:l.:l9)

(3.40)
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•

Ko T T (3.·11 )= J KrrKrrJ

Bo
T T (:3.42)= J BrrBrrJ

rr = .J.r (:3.43)

A'o = QTQ (3.44 )

Q = 'rrJ (:3.45)

From the above, we can conclude that Bo and Ko are positive definite if Q is not

singular and positive semidefinite if Q is singular.

It is known that a change in coordinates (e.g. from joint to Cartesian coordinates)

will not affect the stability, thus the proposed control law will remain stable at the

Cartt.'Sian level [15].

3.4 Discrete Time System Stability

The sampling rrequency of a digital controller greatly affects the bounds within which

such a system is stable. It is known that stable continuous time systems may become

unstable when an equivalent digital controller is applied in replacement. ln the set-up

used in this thesis, sorne parts will be implemented using an analog controller (the

diagonal terms or the damping and stiffness matrices) and the decoupler part will be

implemented digitally. 1'0 simplify this section, we will study the system as if the

cOlltroller was completely digital.

Digital controllers introduce a time delay and cause a reduction of the phase

margin leading to instabilit;es. The analysis of linear SISO digital systems is relatively

simple in the case of low order systems and may be easily generalized to multi-variable

systems when they are fully decoupled (diagonal matrices) since there is no interaction

..
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bet.we('n t.11t' dirrerent. inputs and out.puts. Fnfort.unately. tlll" caSt' of coupkd 1lllllti·

variable :-;ystenlS docs Ilot getl('ralize a,... (\a.....ily. \Vl' will Iir:--t. disctlss t.lw (,Hlt' diu1l'llsioll

case.

J_
o

CCz)~!lOHI-ol/Ms2

1
0

0
~--- -- - -_. _.- - - -- - _...

Analog System
;.. -_. -_. _.... _.. --'. G(z)

e

Digital System

Figure :3.1: Analog and Digit.al Syst.ems

Various approximations may be sclected 1.0 analyze tlw system in figure :1.1, a z"ro

order hold equivalent has been chosen. An equivalent digital controller is uSl'd 1.0 al'

proximate the continuous one. Using l'ustin's Illethod [14] (bilinear tmnsfonnat.ion),

given a sampling period T, wc have in the Z domain,

,) - 1
s - ('::'=-=- ) (:IA(i)

T=+1
') - 1

C(=) = B('::'=-=-) + /\ (:lAi)
T=+1

G(=)
T 2 =+1

(:lA8)- 2M(=-1)2

open \001'
(2BT + KT2)= + (I\T2 - 2BT)

(:lA!J)-
2M(= - 1)2

• c10sed \001'
C(=)G(=)

(3.50)- 1 + C(=)G(=)
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= "1 HT 1 A:T'2 • , ,h·T~ RT
=- 7 (Tt" 7"TIï - 2)= 7 (17"TIï - Tt")

(:>.51 )

Z dOTllain S"sterns are stahle \\'hen ail l.heir poles are included inside the nnit

ci rd... t;sing the ,Jury stabi!ity t..st ([l.\]) the follo\\'ing co'id:l;ons for stability are

found:

I{
2B ('3 -.))< T

' ..J_

B
2"1

(:>.5:>)< T
I{ > 0 (:3..54)

The same conditions apply i'1 the case of diagonal multi·,·ariable systems except

that i\. B. "1 arc diagonal matrices.

3.4.1 Coupled multi variable case

The complete study of couplef\ multi·\'o.riable systems may become relatively complex

and \\'ill not be treated in this thesis. From simulation, it appears that the results

obtained using the stability conditions for each clements of the matrices J'vI. Band

i\ produce limits in the same order that the effective stability limit.

With coupled systems. the response in one direction affects the response in an

another direction and energy may be exchanged among the joints. Energy is not

necessarily decreasing and the system may become non passive.

Given the continuous time system. \\'e have l'rom section 3.3,

( ONrN INrN \
.4 -

-D;I B8 )
(3.55)

D-li\- 8 8

C'vrN)• B = (3.56)
Dst
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c = (l.\".\".\" a.y :.\")

.r = ..Lr + il Il

.~' = C.r

And the continuous time solution is gin'Il by,

x(l) = c··I'x(O) + fa' c"', BIl(,)ei;

y(l) = CxU)

The discrete time l'qui"alent (T being tht' sampling period) is,

T
x(n+l) = c,'Tx(n) + fo cA'BIl(r)ei;-

= c"IT x(n) + (foT c..I ' Bd,)Il(II)

y(n) = CX(II)

or in the Z domain,

(:1 - cAT)X(:) _ (foT C,I. B)U(:)

T
Xl:) = (=1 - cAT)-'(fo cM B)U(=)

(:I.;;~)

(:I.;;~l)

(:I.GO)

(:Uil )

(:U;:l)

(:l.G·' )

(:l.65)

(:l.66)

The digital system will be stable if ail the roots of Dct(=1 - c,\,/) lie illsidc the

unit circle. If T is sufficiently small, an approximation for c'IT can he u,cd:

eAT ::::: 1+AT (:l.6;)

(=1 - e,IT) - (=1 - 1 _ eAT ) (:l.68)

Det(=1 _ eAT )
((= - 1)1NrN -1NrNT )• - Del (:3.69)

DOl HoT (= - 1)/NrN + Dol BoT
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Finding the rnathematical symbolic expression of the roots of the determinant in

the previolls equation is very difficult even in the 2 degrccs of frccdom Case sincc

il. leads to a _l'" order equation. In the case of a se\'en degrccs of frccdom robot,

the equation is of the ]ol'" order. Applying the .Jury stabi!ity test leads to complex

calculations. The symbolic computation of the determinant is difficult but if numerical

values arc givep. for Do' , Bo and 1\0 then it is easy to verify the location of the roots

of the dcterminant of (=[ - cAT ).

N

- II(= - =i)
i=l

The system is stable if

=i < Il 1, "Ii

(3.iO)

(3.il)

(3.i2)

1t has also been shown that a change in coordinates should not affect the stabi!ity

conditions of the system under study [15]. If the Cartesian coordinates inertia matrix

is diagonal, it is easy to study the stability of the system since it is as simple as

the one dimensional case. In the case of a redundant robot, a given position can be

reached from many configurations and to each of these configurations corresponds a

different inertia matrix. An optimization criterion can be used to select the best pose,

reducing the coupling, and at the same time simplifying the ana!ysis of the stability

conditions.

3.5 Controllabilityand Observability

•
From equations (3.33), (3.34) and (3.35),

A = (_D;l Ko _D;lBJ (3.i3)
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13= (0)
D;I

C = (l 0)

The control!ability and obscr\'ability matrices arc gi\'cn by:

C = (B AB A2 B ... A"-'B)
C

CA

0 = CA2

CAn-1

(D:'
D- I

0 ...)C =
D-IB D- I

- 0 0 0 ...

0 - (: :)

:n

(:l.i6)

(:l.i9)

•

The system is controllable if rank(C) is n, when A is n x n. From equation :1.i8,

we notice that a sufficient condition for C to have full rank is that the determinant of

C (0 Dol) (:1.80)
1 = Do' _DOl BoDo

l

is different from zero. Since the inertia matrix, Do, is always positive delillite, the

determinant of Cl will be (Det(Do))2 because clement (1,1) in Cl is 0 (a nul! matrix

having the same dimensions as Do.

From equation 3.i9, the system is observable, since the lirst two columns of 0 are

identity.
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3.6 Redundant robots

ln the case of kinematically redundant robots, e"en if the global system if completcly

controllable and observable, the additional degrœs of frœdom may cause difficu!ties

because the problem is underconstrained. It is then neccssary to constrain the ad

dit.ional coordinates arising from the redundant degrees of frcedom. for example by

specifying additiona! impedancc terms (sec section A.2.1). Redundancy can also be

used to minimize sorne criteria. The additiona! constraints to be added can be some

thing simple, (e.g. with the Sarcos arm, controlling the position of the elbo\\"), or

somcthing more sophisticated. In [26], the authors present a method to extend the

task spacc using Lagrange multipliers.

3.7 Error Characterization

To he stable, computed torque techniques require the knowledge of the manipulator

dynamics. Since a control law that does not completely inverse the robot's dynamics

will cause sorne error, it is important to characterize the nature of those errors and

to describe them. Wc will first look at the steady state errors and then the transient

errors will be studied.

3.7.1 Error on the stiffness term

Error from the control law

When the transfer function was derived, we assumed smail displacements and a lin

earization was performed to map the Cartesian coordinates position into joint coor

dinates angles. As the robot moves away from its desired position the linearization

no longer holds. The resulting error may vary depending on the robot configuration.
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{,;r ::::: ./80 (:U'l )

or = PF (:l.~:!)

F = I\'r~x (:1$1)

T . (:I,~,I)or - ./ hr~.r

or ::::: JT I\r./~O (:I.S5 )

~x = X -Xd (:I.SG)

M = 0- Od (:I.Sï)

~

J~O - (A(O) - A(Od))
(:J.SS)- (A(O) - A(Od))

From the previous equations, when (Od - 0) is not small, the torque recdback (or

the decoupler) coming from the joint angles error and multiplied by .rrKr ./ cont.ains

an error and causes a steady state error on the stilfness term. The decollpler is 110

longer exact.

F F J M (:I.S9)\ellee.ive = \de'ired(A(O) _ A(Od))

when (A(O) - A(Od)), is different from zero.

If a computed torque based method had been applied: or = .rrh'r(A(O) - A(O,d)

would be sent to the actuator and the problem would not occur. It is however possihle

to derive the correct expression for h'o, subtracting a corrective term:

An alternative solution proposed in [33J allows us to neverthelcss use analog PD

controllers and eliminates any steady state error even for large !1x in any direction.•
KoM - JT Kr(A(O) - A(Od))

Ko = .JTKr(A(O) - A(Od))(((M)TMrt(M)T)

(:l.90)

(:l.91 )
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Silice tl ... cross collplillg torq''''s arc computed al cach sam l'le pcriod. a gcomet.rical

projectioll of X<I is uscd to calculatc a correct.ion on t.he desired joint allgles.

When .6.x is large. t.he error arises from the approximation

.6.x ::::: J.6.0 (a.92)

1'0 prevent. t.he error, we simply increment.ally update the desired joint space

posit.ion 0<1 at each servo cycle:

T = JT J\r.6.x (a.9a)

T = JT J\rJ(Od...w - 0) (:t94)

Odnew = 0+ r l .6.x (a.95)

Since equation a.9.) is computed at each servo cycle, .6.x is small and this cxpres

sion can also takc carc of thc rotations. Given two positions in space, wc ha\'c:

Xd

T. I m Yd
0 - (3.96)

=d

0 0 0 1

X

T.2 m y
0 - (a.9i)

=
0 0 0 1

1 -r:

'. )R= (~)-lm ::::: (" 1 -rr (3.98)

-ru rr 1

• .6.r - (Xd - X, Yd - y, =d - =, rr, ru' r= )T (3.99)



• CHAPTEl? 3, DECENTIULIZED ('OST1IOI. OF 1.\1/'/o.'D:I.\'C/o.'

Error caused by gravity

The gra\'ity ha>; more infinenc<' on direct dri\'(' robots than on ~ean'd <lIIl'S, Its "'f,'cl

is not rednced by the geaI' ratio, When the desin'<l stifflH'Ss is small 0" is of 1hl'

same order of magnitnde than the gril\'it.y component.s, the precision of th,' controll,'"

" fTd ,. -Jo}'
I~ auectc , J."d T \de~irf"d·

rednces proportionally,

Evidently when the desired stiffness is large, this "!'l'or

BO(Ôd - Ô) + /\O(Od - 0) + IÎ(O.Ô) + G(O) = :\I(O)Ô + \'(0.0) + (;(11) (:l,IOO)

AI(O)ë + Boë + Koc = M(O)Ôd+ l'(II.Ô) - \>(II.IÏ) +
G(O) - G(O) (:\.101)

Co = /\'0- 1( G( 0) - (.'(0)) (:l. 1(2)

or in Cartesian coordinatcs,

c,. = l\;\G(x) - G(x))

3.7.2 Error on the Damping term

(:\.1 O:l)

It was mentioned in section 3.2 that the off-diagonal te1'l11S of the inertia matrix

produee eonplings in the trar.sient rcsponse and eanse an error in the dcs;red damping

parameter. In this section, we will eharacterize and estimate this error, and snggest

the use of redundancy to minimize it. Although the proposed deccntralized impedance

eontroller does not require a dynamie mode! of the robot manipnlator to remain

stable, an estimation of the inertia matrix must be known lo sel the paramclers

of the transient response by fixing a desired damping ratio. Rewriting the transfer
.' .

•
function equation from section 3.2 yields:

T - (Dos2 + Bos + l\0)0 (3.\04)
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T = ,(I"F (:>.105)

F
T .) - 1 (:l.106)= .1- (IJ08· + 130,' + /'·o).f- :r

(I-T D rI 2 B /" ) (:>.IOi)= • O.... + r 8 + \r X

Transfcr functions = (Dr82 + I3r.' + /'r)-1 (:>.108)

wlwrc

C'
'1

"JDr = .rT DOJ- I = '1 m y '3 (:>.109)

(2 '3 nl:

thus

= (:>.110)

•

where
X, Y and Z arc the Cartesian impedances in the x, y and =directions respec-

tivcly.

The mathematical expression for the inertia matrix may contain many terms but

its form is always that of equation 3.109. The off diagonal terms of equation 3.110

strictly depend on the (i'S of the inertia matrix. The couplings caused by the off

diagonal terms only affect the transient response and the error vanishes at steady

state. Depending on the robot configuration, the (i 's of the inertia matrix will change

and move the poles and zeros of the transfer fundion causing an error in the transient

response. Stability is always preserved however (section 3.3), it is only a question of

performance.

Looking at one Cartesian direction (e.g. x), it is possible to find an equivaiellt

block diagram representating the transfer function.

x YZ - (5S4

Ir = XYZ - ((5X +(~Y +(rZ )s4 +2(1 (2(3S6 (3.111)
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a+b
=

aX + c

:Ii

L)- 1
X(s)

-
-
c

2.

Figure :3.2: :\ block diagralll represcnt.at.ion

x

Wc represent. t.he coupling in t.he desired illlpedance as a prc!i1t.,·r and a fe"dbaek

1001', From figure :3.2, t.he l'roblem becomes ob\"ious. As band c d"('J"'·'L"·. t.11<'

change in the l'oies and zeros duc t.o the prefilter and fcedbaek 1001' deen'iL"'S and

the transient response becomes doser 1.0 the ideal one.

By carcful pose select.ion, il. is possible 1.0 significant.ly r,·dnc,' t.he oIT diap;onal

terms of t.he inertia matrix, In order t.o est.imat.e t.he error, we 'L'SUllle t.hat. t.h,' lII;'S

arc large compared 1.0 the {i'S such t.hat equat.ion (:l.lIO) can be rewritt.en in t.he

following form,

Tranfer funct.ions

XYZ
(:1.l14)

•

Equation 3.114 means that wc assume the error in t.he t.ransient. response com<-'S

from the coupling terms only and the influence of the {i'S on the l'oIes and zeros of

the impedance is neglected in a given direction. The transient rcsllonse is now the

superposition of the dcsired impedance transients and the coupling terms transicnts.
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III the CiL'" of il desired o\'er damped impedance (llsllal\y the case in pt'actical

tiL,ks) in ('ach Cartesian coordillates direction, the time respolls(' of the dellominator

is given by,

(:3.11.5)=
(S +ar)(s + br)(s +ay)(s + by)(s +a,)(s +b:l

= CIC-a,I + C2c-b,I +C3C-a•I +C'IC-b•t +C5C-a,I +CGc-b,t (3.116)

1

.\'TZ

J(t)

It is also possible to express the effect of the (i on the time domain transient

response, The Laplace domain s operator is equivalent to a differentiatioll with

respect to time, in the time domain. The impulse response is:

x(t) = (Clc-a,t +C2c-brt )Jr +61(i)Jy +62(t)f,

y(t) = (C3c-···' +C'IC-b.I)Jy +61(i)/r +63(t)J,

=(t) = (Csc-a,. +CGC-b,I)J, + 62(t)Jr + 6:J(t)Jy

â-
61(i) = -( -(C c-arl +C.c-br1 +Cc-a.' +C c-b.')

1 dt2 1 - 3 "

â-
62(t) - -(o-(C C-ar' +C C-b,. +CC-a" +C C-b,I)-dt 2 1 2 S G

â-
63(t) = -f3-(C3 C-a.' +C4C-b•• +CSC-a,t +CGC-b,,)

dt2

(3.lli)

(:3.118)

(3.119)

(3.120)

(3.121)

(3.122)

where

,
Ji = Impulse amplitude in the i direction

= Eigenvalues of the impedance in each direction

1
(3.123)

(3.124)

(3.125)

(ar - ay)(ar - a,)(ar - br)(ar - by)(ar - b,)
1

(ar - br )(-ay+br) (-a, + br)(br - by)(br - b:)
1•
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CI
1

= (:1.I :!(i)
(a r - by)(-a y + by)(-a, + b,)(-b,. + b,)(by - b,)

CrI
1

= (:I.I:!i)
(a r - a,)(-a y+ a,)la, - br)(a, - b,)(a, - b,l. .

Ct>
1

= (:1.I :!~)
(ar - b,)(-a y + b,)(-a, +b,)(-br +b,)(-b, + b,j

Ci = off-diagonal terms of t.he Cart.esian inl'rt.ia mat.l·ix

Given a dC'sired ill1pedancc and a givl'n location in spacl'. (.\1" t.,·rms of <',!lIat.ions

:3.120, 3.121 and 3.122 become known and an expression for t.he t,ransit'nt, ,'rror cali

be computed finding the ll1a:"imull1 of each equat.ions.

3.8 Use of the Redundancy of Robots

With redundant robots, il. is possible 1.0 minimize the off diagonal terms by seil'ct.ing

an optimal configuration of the joint angles for a given Cartesian position.

A weil coordinated mass matrix reduces the cross coupling in the tmnsient re

sponse and reduces the error between the desired dall1ping ratio and the aetual damp

ing ratio.

In practice, redundancy cannot completely decouple the inertia matrix bnt il. can

greatly affect the conditioning of the mass matrix as il. is now shown.

Figure 3.3 shows the change of the mass matrix during a self motion (for a given

Cartesian position in space). The three solid lines represent the three diagonal tenus

of the mass matrix, m%, m., m., and the dotted line represents the off diagonal tenns

of the mass matrix. In figure 3,4, the optimization criterion proposed below is plotted

as a function of a self motion parameters. For a given Cartesian coordiantcs position

in space, the optimization criterion will select the robot's configuration where its

inertia matrix is best coordinated (as close as possible 1.0 the diagonal case) .
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1 (1 1 + 1 (2 1 + 1 (3 1
Tf=

1 m x 1 + 1 m, 1 + 11n= 1

'00

80

80

.- -'-

~ ~ 100 1~ m ~ ~ ~ ~
_3(...1

Figure 3.3: Mass matrix evolution vs redundant degrcc of frccdom

o.•

·10

(:3.129)

o.•

0.1

•
% ~ 100 t~ m m ~ ~ ~

JoinI3 ldog)

Figure 3.4: Optimization criteria vs redundant degrcc of frccdom
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3.9 Reachable Impedance

Il

The range of impedancc that l'an be reached by th" robot. depends on Illany paralll

ders. In this section. we will study dilfercnt fact.ors that. Illay r('dnc,' t II<' ..du';v.. !>!,'

bandwidth of the resulting stable impedanC<'.

3.9.1 Unmodelled Flexibility

Robot manipulators arc often assumed t,o have rigid links. in pract.iee it. is n,'\'('r t.11<'

case. The links have finite stilfness. although it l'an be made hig;h. rt'SlIlting in an

increase in the order of the system [3]. Civen the mass (m) and stilfness (k) of ,'ach

link. an estimate of the resonant frequency is.

(:1.I :10)

Equation 3.130 represents an upper bound for the range of reachablc impedanccs.

Civen:

•

we have

Wndell'''<'ld = ~ (:1.1 :12)
Mr

:5
Wres (:l.l:l:l)wnd'-inrcd 2

The bandwidth of the desired impedance cannot be higher than the natural fre

quency of the robot without causing problems in the control.
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3.9.2 Sampling Period

·12

TIl<' samp!ing p"riod of digital controllers will set an upper and a lower limit On the

reachabl" irnpedanccs. This depends on the relations between the dcsired inertia.

damping and stilfncss (M. Band /\). Intercstingly. the sampling period places a

lo\\'er lirnit on the reachable impedance. These conditions are expressed in equations

3.9.3 PD Controllers Maximum Gain

The use of an analog (or hybrid) controller has several advantagcs, among them better

robustncss and stability. It is thus important to investigate their limits.

The analog controller implements the diagonal terms of the joint space impedance

matrix. Those terms must be smaller than or equal to the ma.'i:imum gains of the PD

controller. In the following equations, the subscript max has becn implied.

1\0 = JTI\"J
N

l\(J'i = L: (J~.,I\"n.n)
n=l

Q = c;·, J~. )

J~.I ... J;;,n
l\Di. = QI("

1(" Q-1r- \9,j

(3.134)

(3.1:35)

(3.136)

(3.13ï)

(3.138)

•
It is ob\'ious from the previous equations that a given impedance in one direction

will Iimit the impedance in another one. Thus a very stiff impedance may he ohtained

at the cost of a softer impedance in other directions. There is an explicit trade-off

expre;sed by equation 3.138.
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3.9.4 Maximum Torque

The impec1ance at a gi\'en point. in space may b" rest.rict.ed by tIl<' t.llrl'l' prl'violls

constraints but since it is a dynamic relation bet.ween a posit.ion and il [orcl'. t.h"11

the actuator maximum saturation torque will limit the achie\'abl,' d,'sirl'd impedancl'.

The !imit is.

3.9.5 Robot's Position

In the case of non redundant robots, the reachable set of impedance Olt Olle point is

unique. In the case of redundant robots. the reachable impedancc Olt one point is not

unique and redundancy may be used to change the limits on the reachable impedan<"C.

3.10 Simulation

•

Before experiments were carried out on the Sarcos GRLA arm, simulations were

performed to verify the performance of the proposed control algorithm undcr idcaJ

conditions. The first part of this section wiII look at the steady state rc.'Sponsc alld

the second part wiII consider the transient response and how redundancy cali im:)rove

the performance.

3.10.1 Steady State Response

A very slow force ramI' is appiiec.l at the end·effector of the manipulator causing

a deflection from the nominal position according to the dcsired stiffncss, !::>.X = f.
Figures 3.5 and 3.6 highlight the errors resulting from undecoupled decentralized

control. In the presence of a small displacement, wc sec that the actual stiffness
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•

(slop" of dou"d lit"') does 1101. match tl", desired stiffness (slop<, of solid line) when

the defi"ct.ion is large (ligure :3.6). The effect of the \'arious couplings is obvious.

With a d"coupler, ligure :J.;j and :3.6. the response corresponds exactly to the ideal

CiL'''. An error arises from the lillearization approximation (;1' ;:::: JO) causing a curve

(dashed line) response evell with decoupler. When the correction term is introduccd

to compensate for the torque feedback error, the response matches the ideal one (solid

Iille). Equation :3.95 is solved in real time using Householder's method [29].
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g ".
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"" 300 NIm'"!O.02 ..... : No Docouplot• •.•. :Wlttl Docouplof

~

0,01 _:Idoal

00 , ,
~(ml .10"

Figure 3.5: Small dcflection

3.10.2 Transient Response

The main point here is to observe the effect of cross coupling on the transient response

as \\'ell as the error on the damping factor. The simulations presented in figures 3.ï, 3.8

and 3.9 consist, for each figure. of a step input of force applied at the end-effector of the

robot along one of the Cartesian coordinates. The robot's transient response is then

plotted. ldeally, there should he no response along the other direction. Depending

on the degrcc of coupling of the inertia matrix, a transient may appear.
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Figure a.6: Large dencction

Since the arm under study is kinematically redundant. the dfeeL of self motion

on the transient response is studied. In figures :1. i, a.8 and :l.!J, the doUed lin,' is

the ideal response, the dashed line cOl'responds to the worst sit.uation and t.h.. solid

line shows the best situation. Wc sec that significant impl'ovement. is acheivcd wh,'n

the inel'tia matrix is best conditioncd. In sorne case it is even possible to complet..iy

remove the coupling transients. As secn on figures a.8 and a.9, the obscrved damping

ratio corresponds almost perfectly to the desired one. In figure a.i, t.he damping ratio

is slightly inacurate but the degrec of decoupling is very good compared to a worst.

case situation.
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Chapter 4

Manipulator dynamics

An expression for the inertia matrix in Cartesian coordinates is devcloped and is

used to spccify the characteristics of the transient response. A gravity compensation

algorithm is also developed. The ideal equation of motion of a manipulator resulting

from the rigid body dynamics is given by,

T = DeO +V(O,O) +G(O) (4.1 )

•

where De, 11(0,0) and G(O) are respectively the mass matrix, centrifugaI and coriolis

components and the gravity component. In the static case, the gravity component

G(O) is the only contribution to the torque. In the dynamic case, both De and V(O,O)

will affect the motion.

4.1 Cartesian Inertia Mat:rix

Four numbers are required to determine the mass properties of a link: the mass and

thrcc moments of inertia. The estimation of these parameters is diflicult in practice

because only the product of a mass by a length is observed and the extraction of the

ma."" properties is not casy.

48
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ln the proposed Illethod. t Ill' robot Illilnipnlator is ilpproxinlil!<'d hy il dist.rihut.ion

of point tna.."'iSCS sC't al. knowl1 locat.ions on t.he arm. :\11 l'st.inlalt' of 111(' Illass malri:\.

is writtel' as follows:

P

T = 'L(J!11Ii9) = fUI
i=1

T -1 TM = (n n) n T = (7111 7112 ••• 111,,)

(·1.2)

(.1.:\)

(4.4)

The robot was moved to a number of locations and the joint angl,'s and joint.

torques were recorded producing a total of:f dat.a points. Table '\.1 shows t,h,' lllilSS

estimates derived from this data for the Sarcos GRLA manipulal.or.

m· mass estimate (kg)•
ml ï.:3861
m2 14.ïï2:3
m3 24.6204
mol 21.1916
ms lï.ï628
m6 1:3.1910

Table 4.1: Mass estimate

Then the joint coordinates mass matrix is computed using t,he estimates:

p

Do ='L(J!J,m;)
i=1

The estimation of the Cartesian coordinates mass matrix, M, is derived from /Jo.

Assuming a small rate of change of the Jacobian \Vith respect to time,

•
x - JO

x - fé+je~Jo

(4.5)

(4.G)
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Jo' = }"l;

.,. = DoO

.,. = frF

~\Il = r T Dor l

50

(·I.i)

(U»

(·1.9)

(-1.10)

•

Do is a rat.her crude approximatiou since only six point. masses ha,'e bcell t.aken

int.o accollnt. As will be clemonstrat.ccl in chaptcr ,5. t.his est.imate is surprisingly goocl,

4.2 Gravity Compensation

A moclcl of the robot is usecl 1.0 calculate a gravity compensating torques. The com

plexity of the moclcl may vary but al. some point a moclcl requiring the estimation of

ail excessivcly large numher of paramder may not be neccssarily beUer than another

one using a few parameters (figure 4.1). Aiso. the roboCs architecture may help re

duce the nllmber of parameters required for a good gravity compensation algorithm

and al. the same timc, the computational cost 1.0 compute the compensating torque

in real time.

Figure 4.1: Precision vs number of parameters

A mode! rcqlliring only six parameters has been developed for the Sarcos GRLA

arm. We assumed that each center of mass \Vas located along the manipulator link.
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The robot has been modl'!led \\"ilh lhrl'l' l'oint ma",'s, III,. III~ and 111;1 "nd Ihn't'

t.erms rel)rC'sent.ino· t.he Iloint. Inassl'S Ill1llt il)lil'd Il\" tlll'ir n'lIh'l' llf l11aSS('S. 1IJ ,/ .• tfI·.I.,
b ~ '1 .. '.

and 171310." The mode! de\'l'!opl'd in Ihe l'n'\'ions "'l'lion collid han' ht'l'n IIst'd for

gravity conlpcllsatiol1 but. t.his 011<' ha.s a 10\\,('1' COlllpllt.at.Îonal ("DSt..

In fignre ·1.2. Ihe norm of the e'Tor het\\'l'<'n the estimait' and al'Illai gra\'ily [orn'ill

Cartesian coordinates is presented. Considering t.hal t.ht' Sarcos GHLA arm \\"eight.s

approximate!y 150 kg, t.his simple modcl o[fers a good performimct'.

20
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Figure 4.2: Gravity compensation
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Chapter 5

Experimental Results

S.l Experimental Setup

The experimental setup consists of the Sarcos General Large Arm (GRLA) manipu

lator (figure 5.1). It uses hydraulic actuators driven with high performance jet pipe

valves illtegrated at each actuators and strain gages are available at each joint to

measure torque. This manipulator is characterized by a large workspace and a pay

Joad of approximately 100 kg. Hydro-Québec uses it to develop telerobotics strategies

to eventually perform live line maintenance of electrical power lines. A Sparc CPU

card inserted in a YME bus system is useri as a digital controller and is also used to

communicate with the robot analog controller via a digital card from GreenSpring

Computers. The robot is also supplied with a 3000 psi oi! pressure.

S.2 Implementation

Given a desired position, the actual position of the manipulator is first rcad. Then,

the Jacobian matrix is evaluated and the joint space gains (stiffness and rigidity) are

derived. The diagonal terms of the joint space matrices are sent to the analog PD

52
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Figure 5.1: The Sarcos GRLA arm

,,:;

controller and a cross-coupling torque iJ obtained from the off diagonal ternIS and

t.he position error. To eliminate a steady stat.e error duc to large denections (section

:3.;) a geometrical projection is used to producc a new dcsired position at each cycle.

Then the gravity compensation is computed. Final1y, the cross-c:onpling, the gmvity

torques and the computed analog gains are written to the corrcsponding channcls.

5.3 Steady State Response

A very slow ramp of force was applied at the end effector of the robol., cansing a

deflection. Ideal1y, the robot's displacernent is given by,

•
F

~x=
J(

(.5.1 )
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where F is the applied force and /\ is the robot' stiffness.

Figurcs 5.2, 5.:l, 5A show thrcc diffcrent cases with thc desired stiffnesses set to

1000N/m, .5000N/m, lOOOON/rn respectivcly. 1 A known force is applied to the end

"ffector of the maniplliator and the joint displacements are recorded. The position of

thc elld-cffector is derived from this data.

The precision of the steady state response is limited by the precision of the gravity

compensation algorit.hm. In the neighbollrhood of the test configuration, the error of

the gravity mode! has been compensated for as accurately as possible by adding an

error term derived from the discrepancy between the sensed torque and the gravity

model torque. In this way, wc take into account the b.F due to tlw error on the

gravity compensation algorithm.
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~. .... ....
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ActuII SUffnOU ln z: 1035 Nhn

•

Figure 5.2: Steady state with decoupler, 1000 N/m

The estimatiou of the stiffness from data plotted on figures 5.2, 5.3, 5.4 was done

using a least squares method. Table 5.3 shows the percentile of error between the

desircd and the estimated stiffness. The most important source of error is due to the

'10000 N/m corresponds to 1 kg per mm
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Figure 5.3: Steady state with decoupler, 5000 N/m

Stiffness (N/ m) Errol' in x (%) Errol' in y (%) Errol' in z (%)
1000 ')- 4.4 :l..5_.1

5000 2.2 6.6 .5.!!
10000 0.5 5.9 6.0

Table 5.1: Desired stiffness error

presence of transients at the beginning of the data acquisition and the l'L'St is dne to

noise in the measurement.

Figure 5.5 corresponds to the case of pure PD control where the PD gains arc

continuously updated in order to mect the impedance but no decoupler is applied.

In section 3.1, wc saw that such a problem is under determined since the nnmber of

parameters to set is larger than the control variables. The results using the complete

control algorithm are presented on figure 5.6. The performance degrades when the

robot is moved away from iLs nominal position because of the linear approximation

made with the Jacobian matrix (section 3.7). In theory, it was shown that the preci

sion in fact, degrades. In practice, the system may escape control altogether. Finally,
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WITH Ooeouplor X Cltectlon
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Figure .5.4: Steady state with decoup!er. 10000 Nolm

the decoupler is addcd in conjunction with the gcometrical projection to compensate

ior the lincarization approximation (sec figure 5.i).
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5.4 Transient Response

An cstinlatc of the tnanipulato!' illcrt.ia tllatrix i:-- n",,,'dpd t.o prll~ralll t.1H' t.ransit'ut

response characteristics. In chapter ·1. we de\'<'1op"d a lllethod tOl'sl.illlate 1.11<' \"allle

of this matrix. For the purpose of this sectioll. Wl' 'L'sume that 1.11<' trausfl'r fUllctioll

in a given direction is.

x
(- '»)= :l._

F ms" + bs + 1.,
b

( =
2Jmk

(5.:l)

Wc experimentally checked that the response along a given direction match,,,; the

desired one. We aIso checked for the absence of coupling accross the otllC'r directiolls.

Inspection of the figures bdow shows that the rcsults are quit.e couvinciug gi\'ell t.he

numeroas sources of uncertaintics in such a complex system. The steady st.ate errors

are caused by the error of gravity compensation mode!.

Figure 5.S: Transient Response
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5.5 Contact Tasks

(i:1

•

The implementation proposed in this t.hesis uses co·locat.ed t.or'lut· seUSt,rs inst.e,,,lof

a force sensor placed al the end·effector of a mauipulator. Tilt' advant.a1\e of usin1\ ru

located torque sensors is obvious when contact t.,,-,ks arc perfornll't1. Since t.\1t' St'nsors

are placed al. each actuators, the link dynamics "-' weil "-, the sensor dynamics do not.

deteriorat.e the force fecdback information but. is just. sccn "-, a pert.urhat.ion. 1,',,,lin1\

1.0 a very stable response when the manipulator cont.acts a stiff surface. Figur,' 5.1·1

present the situation where the robot follows a desired trajectory and thcn hit.s a stilf

wall placed along the path. The desired and followed trajectories have hecn plottt'd.

While the manipulator is in contact with the wall. the position in the Z direct.ion

remains the same and a force arises corresponding 1.0 the product of the desired

stiffness by the distance betwccn the desired and followed traject.ory. The desired

stiffness has bcen sele ted 1.0 he '1000 NJm and th,: damping w,,-, set 1.0250 NJ(mJs).

The ma.'l:imum applied force Îs 434 N when the difference hetwecn the (1L-sired and

followed trajectory is 0.1004 m. An error of 8.25 % (33 N) is duc 1.0 the error on t.he

gravity compensation model (sec figure 4.2).
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TrajoclOlY x_
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a<>·, 1<>"
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<>3 ......~_ .. <>.3

.0,4.0.1 0 0.1 0' 0.3 -0'''0 5 10
YClrOCtion TlrNt (SOC)z._ FOfCO componont Z CSlrac:tlotI

O., ,..
0

1<>" =; ....
<>, •.. ...-
<>3 ....
.0'''0 5 '0 0 5 '0

TImo (socl 1lmo (IOC)

Figure 5.14: Contact task
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Chapter 6

Conclusion

The simpler the control is, the beiter its properties can be demonstrated: theort·\.

ically, practically and experiment.ally, in tenus of stability, performance, rohnstness

and generality. In this thesis, a simple theory leading to the implementation a joint.

space controller with decoupled impedance in Cartesian coordinates wa;; prcst'!ltcd.

The proposed controller is based on joint variables (0, Tl and does not rcql1ire cOlllplex

changes of coordinates.

It has been found that steady state errors may appear depending on the precision

of the gravity compensation algorithm. Also a correction has bccn proposed to over

come the steady state error OP. the impedance arising when the robot is far from its

desired position. Since the Cartesian inertia matrix is not diagonal, coupling in the

transient response is created. The error terms have bccn expressed and are direetly

proportional to the importance of the off diagonal terms in the inertia matrix. They

are bounded and in practice 'luite small. When redundant robots are used, it is pos

sible to position the robot such that the off diagonal terms are rninimized and thus

reduce the transient error.

Stability in continuons time has bccn proven as weil as in the digital case where

stability conditions have been expressed. The decentra1ized impedance controller

65
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•

hiL' bccn ÎllIplClIlentcd on a redundant robot, the Sarcos (GRL:\) arm available at

Institnt. de Recherche d'Hydro-Québec and cxperiment.a! results have been presented

for various situations. In addition, t.he deccnt.ralized impedancc control technique t.hat

has becn proposed, owing to int.rinsinc robust.ness, is easy to tune. Sloppy tuning will

degrade performance hut stability will remain unconditional, provided that. simp!y

expressed bounds on t.he gains are not exceeded. This is an import.ant property sincc

thc rohot.ic equipment. is t.o he useJ in the field where highly qualified persone! is not

necessarily available.
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Appendix A

Kinematics

This chapter discusses the kinematics of the Sarcos (GRLA) arm. This is rl''lllir..d

1.0 irnplement the deccntralized impedance controller. The forward killcmatics, t.h..

Jacobian matrix and one method 1.0 compute the inverse kinemat.ics of t.he rcdlllldant

robot are presented.

The Sarcos arm that is used in the implementation, is a seven dcgrce of frœdolll,

zero offset anthropomorphic manipulator.

A.1 Forward Kinematics

A.l.l Denavit-Hartenberg Parameters

Table A.1.1 shows the Denavit-Hartenberg parameters for this maniplliator. It is

followed by the transform matrices and the Jacobian matrix.

A.l.2 Transformation matrices

Using the Denavit-Hartenberg parameters, we can compute the transformations ma

trices relating one frame 1.0 the next.

6i
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1 (Li ai di 0•
1 0 .:!. 0 01"

2 0 " 0 O2'0

:3 0 -:;- /1 03

4 0 " 0 0,1'0

5 0 ....E. /2 050

6 0 ~ 0 06

i -/3 r- 0 0-,

Table A.l: Slave arm Dcnavit-Hartcnberg parameters

thus
Co, -SOjCalpha, SO.·"alphu , COu:tajai

T.i- l
581 COiS"" -co. SOi SOla;

=• 0 diSOI enj

0 0 0 1

where

58

(A.1 )

(A.2)

ai = distance along Xi from Oi to the intersection of the Xi and :::i-l axes.

Cti = the angle betwecn :::i-l and :::i measured about Xi.

di = the distance along :::i-l form 0i_l to the intersection of the Xi and :::i-l axes.

Oi = the angle betwecn Xi-l and Xi measured about :::i-l'

Cl 0 SI 0

SI 0 -Cl 0TG - (A.3)1
0 1 0 0

0 0 0 1

•
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r~ 0 ·... 2 0

.... :! 0 -C2 0
Ti = (:\.-1 )

0 0 0

0 0 0

c:\ 0 -,"':\ 0

,"'3 0 Ca 0
T2 = (:\.f»)-3

0 -1 0 l,

0 0 0 1

<:., 0 $.1 0

S., 0 -CI 0
T 3 = (A.li).,

0 0 0

0 0 0 1

C5 0 -S5 0

S5 0 (':5 0
T:' - (A.i)5

0 -1 0 12

0 0 0 1

CG 0 S,; 0

86 0 -('-6 0
T.5 = (A.8)6

0 1 0 0

0 0 0 1

C~ Sj 0 0

<- -Cj 0 0..
Tf} = (A.!J)• 0 0 -1 0

0 0 0 1

By forming T~ we easily obtain the Cartesian positions, x, y and ::. From the

structure of the robot, only the first four links will produce a position displacement,

so:

•
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x = I,C",~ + I~(c,c.,.,~ + (CIC~C3 + ""'3)"'.) (A.IO)

y = 11 ... 1·...~ + 12(c.1 ..... ·-:;2 + (C'lC3 .... t - C'.'3) .....) (A.11)

= = -IICZ + fz( -C'lC.1 + C3S2S·d (A.12)

Where Ci and Si represellt respectivcly I"Os(q;) and sïll(q;). l, is 0.8ï88 m. and I~

is 0.i620 m. The joint limits for this arm are given by table A.1.2.

qi qirn •n Qimaz

q, -10.0 80.0
q~ 10 -100
q3 -90 90

q'l 30 140
qs 0 180
q6 -90 90
q7 -45 4.5

Table A.2: Sarcos Slave arm: Joint limits

The sensors offset are shown in table A.1.2.

Denavit-Hartenberg Sarcos
(JI Pli -if + (JI~RC

02nll -; + 02~"c

(J3p" ~ + 83.<:RC

(J4PII (J4~RC

OSOII ii + OSSRC

(J~;;L' if + (J6~RC

Oj.)", O';f;RC

Table A.3: Corr•.,pondance between DH and SRC
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A.2 Jacobian

The .Jacobian can b" di"i,kd into 1.""0 parts. First . .I1 repet'St'nt' th,' Illappin!!: fmnl

joint angle \"clocitics tü translationa,l \"docitÎes and can ht~ oht.aitlt'd hy dilfl·n'll1.ia1.Îoll

of the end-effector position (.r. !J. =). Second .lu. Illaps the joinl an!!:\,· \"('\ocili,'s 10

angular \'elocities. It is obtained nsing. the thircl colnllln of tl\l' rotalion Illatrix frolll

the base frame to the joint \'c!ocity being expressed.

JI = m (A.\:I)

.1" - ( ~R: gR: gR: ~R: gR: ~R: ~R: ) (:\.1,1)

.1 = CJ (A.I;;)

JI1 = -(ltSIS2) + 12(-(c.,StS2) + (-(C2c3Stl +CI 83)·S.,) (A.16)

Jt2 = Clc2It + 12(ctC2C.I - C,C3,S28..) (A.I i)

Jt3 - 12(c3St - Ct C2S3)801 (A.18)

J\o1 = 12(c.t(ctC2C3 +8tS3) - CI828 .1) (A.\!J)

JtS - 0 (A.20)

Jt6 = 0 (A.2\ )

Jt7 = 0 (A.22)

J2t - Ct1tS2 + 12(CtC.IS2 + (CtC2C3 + St 83)S,.) (A.2:J)

J22 = C2[tSt + 12(c2C-tSt - C3 S t S 2SoI) (A.24)

J23 - 12( -(CtC3) - C2StS3)S., (A.2.5)

• J2. - 12(C-t(c2C3St - CtS3) - St S2S.) (A.26)
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J.... = 0 (:\.2ï)...

12" = 0 ( .\ ')s)•• _1..:

Jo- = 0 (:\.29).,

J:lI = 0 (:\.:30)

)32 = 11$2 + 12(c.,s2 + C2C3.....d (:\.:31)

J3:1 = - (12S2S3~'I) (A.:~2)

J3·' = 12( C3C.1S2 + C2S.1) (A.33)

)35 = 0 (:\.:34)

J3<; = 0 (A.35)

J37 = 0 (A.36)

J.II = St (A.:3i)

J0I2 - Ct S2 (:\.:3S)

J"3 = C3S) - Cl C2S3 (A.:39)

J.,., - CIC.1S 2 + (CIC2C3 + $]83)84 (AAO)

J.,S = CS(C3"1 - CIC2"3) - (C-t(C,C2C3 + S183) - CI"2SoI)SS (AAl)

J.'6 - -(CG( -(C,C.1"2) - (CIC2C3 + "1 "3)SoI)) + (CS(C-t(CIC2C3 + 8183) (AA2)

-C'·'28.,) + (C3"1 - C,C283)SS)S6

J.li - CG( -(C1C-tS 2) - (CIC2C3 + SIS3)SoI) (AA:3)

-(CS(C-t(CI C2C3 + S1 83) - C182801) + (C3S1 - CI C2S 3)SS)S6

)51 = -CI (AA4)

JS2 = 81 8 2 (AA5)

JS3 - -(CIC3) - C28 1"3 (AA6)

JM - c..aS}S2 + (C2C3S1 - C]S3)S", (AAï)

• )S5 - CS( -(CIC3) - C281S3) - (C-t(C2C3S1 - CIS3) - SIS2SoI)SS (A.48)
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JOI - 0

J63 = -(~2~3)

J&I = - (C2C.,) + C3~2~·1

A.2.1 Jacobian Extension

(.\ ..10)

(:U') 1)

(A.:;2)

(A.:;:I)

(:\.:;.\ )

(A.5;»)

(A.:;(i)

(l\.:;i)

Redundant manipulators have a rectangular Jacobian matrix hllt it is possible ta

extend it to produce a square matrix.

We decided to add an additional constraint to the Cartcsian coordinatcs in orcier

to take advantage of the available redundant degrce of frcedom. The angle betw<.'Cn

the Z a."is of the base frame and the a."is of the elbow joint. We have,

Xelbow - lt ClS2 (A.58)

Yelbo1l1 - 1151 S2 (A.59)

=elbow = -11C2 (A.60)

Zend-elJcctor - 1lcIs2 + 12(clC-ts2 + (CIC2C3 + 5153)54) (A.61)

• Yend-eJlect01" = 1lSlS2 + 12(C-tSIS2 + (C2C3SI - CI53)S4) (A.62)
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The eCJllation of the plane formed by those two ,"ectors is.

7·1

(A.6·1)

( ,
J k

.. = Del Xdbow YdbotL' .,~ J (:\.6.5 )

x wd-el ft:etor Yend-efJector =end-efJeetor

= ai+ bJ +ck (A.66)

normal = (a b c )T (A.67)

Z = (0 0 1)T (A.68)

normal· Z = ya2 + b2 + c2cos(Onormail (A.69)

Onormal = co·-1( • • ) (A.70)s s:;!s3

Thus the additional constraint in the Jacobian matrix is exprcssed as a new line,

Jnew = Onormal

Jnew = (0 0)

(A.71)

(A.72)

Given Onormal it is possible to select an impedance for this new constraint as we

do for the other Cartcsian coordinatcs directions.

A.3 Inverse Kinematics

•
Finding the inverse kinematics of a redundant manipulator is usually not a simple

task since there are multiple solutions for the position and orientation. Depending on

the manipulator architecture. the problem may simplify. The Sarcos (GRLA) arm has

its last threc a:œs intersecting at one point. The position of the point of intersection
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depends on!y on the first four joint allgl,'s. :\ simple WilY 10 lilld il solution 1.0 tl,,'

inverse kincmatics prohlem is 1.0 fix one of the joint ang!''>' and t ht'n tind t1", posil ion

as a function of the tllrce rctnaillingjoint angll~s. Onn' t.ill' IÎrst fouf jl.>int.:' aft' kIlO\\·1:.

Pieper's solution is used [:1].

:\ssuming that 03 is fixed hy the user (or any optimization critt'riOl: t'xp!oiting th,

redundancy of the manipu!ator) wc find. using equations (:\.10). (:\.11) and (:\.12),

0., =

03 =

O2 =

.) .., "l [' ["

-1 x- + y- + .:;- - i - :;
±cos ( .)[ [ )

... 1 2

fixed by the user

(:\.1:1)

(:\.16)

the last three joint angles arc found using the dcsired orientation matrix R~ and

the orientation given by the previously found joint ang1N;, R'~:

("" rl2

"")7 1 (A.11)R., = mm = r21 r22 r2:J

r31 r32 1'33

also

•

R7(R7)-1 = If'.R':<1 '''6 ·1 :;

[eading 1.0

(::: ~:s ::::) = (::::::::::: :::::=:::::
-S6 0 CG r31 C7 + r32S7 r31 S7 - r32C7

From the above matrices, we find directly 05,:

-r
I3

)
-r2J

-r33

(A.i8)

(A.79)
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then 0..:

finally,

76

(A.8U)

(A.81)

(A.82)

Cs = T218, - r22Cj (A.83)

thus

r22sS + r12c S
(A.84)$';'=

r12r21 - TU T22

T21SS + TUeS (A.S5)C, =
r12r21 - rU T 22

and

(A.86)

•

The inverse kinematics solution of this manipulator leads to eight different con·

figurations since Oh O2 , 03 and 04 have each two different possible values.

•
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Appendix B

Calibration

In the last chapters we presented a simple thcory and supported it with simulatious

and experimentation. The calibration of the sensors and analog circuits is expiailied

here. Figure B.l shows the organization of the controller llsed on each joint of t.he

Sarcos CRLA manipulator.

Actuator
....-----J 8

Kt
1:'----------'

KV s + Knt----+l

Figure B.l: Analog Joint Controller card

B.I Proportional and Derivative controller gains

•
The decentralized impedance control implementation uses the PD controller gains to

select the joint space diagonal terms of the stiffness and damping matrix. The olf

diagonal terms are used to form a cross-coupling torque to be substracted as a torque

ii
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•

bi'L'. \V" n""d to ond the conversion factors from machine units to physical nnits

(Nm/rtuI'LIld Nm/(radJ.-cc)).

B.l.! Proportional term

The correspondance betwœn the voltage measurement and the joint angle (in radian)

is given by equation B.l. The correspondance between the voltage measurement and

the joint torque (in Nm) is given in equation B.2.

0
;r

(RI)= 20
vO

Maximum load cell capacity
(B.2)T = S Ur

T 20 Ma.ximum Joad cell capacity
(B.:3)=0 ;r 8
(BA)

Table B.I.I presents the results from an experiment conducted to check the nom

inal gain.

Ma.x. load (Nm) G'he(Nm/rad) Gerp (Nm/rad)
3443.11 2;39.88 26i2
3443.11 2;:39.88 2648
1411.11 1122.92 1112
1411.11 1122.92 1112
222.39 1;6.98 1;4.;5
254.0 202.13 195.82
254.0 202.13 201.31

Table B.l: Controller Proportional term calibration
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'00

o

POS/lIOn Envi' gam:~

SloPo: 2703 NmlrAd

•

.1ca.05I,,--.::..-=o.c:-'------:o~.,c:-.----,O:':2,.---..,O-=2S-=---~02
POIItIDn (rad)

Figure 8.2: Joint # 1 torque vs position

SI'loulœr Ab/Ad. JoInlI2
'OOOr--~--~-~--~--~-~--.,

800
PoIlIlOtI Errot gain: 400

700 Slopo: 26iB NmIrad

f80Q
""

.00

300

1C!8.1,.• ....:.----:..,~..."....-..,..,C:~-----:..,,.;....=---:..,:':.7,.--.()c:-.•".--..,:':.•,.--..,~...
PositIOn (rMl)

Figure 8.3: Joint # 2 torque vs position
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o

·'00

ê .150 POIlllOn EITOI' gaIl'l: 4C$
~ Slooo: 1118 NmIrad

~.2OO

•.... '24'..0

·300

-4~.2 .eus 00,1 -0.05 0 0,05 0.1 0.15 02 0.25
PoIItJOn (rad)

Figure B.4: .Joint # 3 torque vs position

so
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250

200

'50

100

~
50
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... ·50

·100

·150

·200
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•
Figure B.5: Joint # 4 torque vs position



•

•

:\PPENDL,\ B. C:\L1BlI:\TIO:Y

Wnsl Rotation. JOInt 15
'60'r---~--~--":":-'---'--~·_-~--

'"
1:?Q POIltlOrl Error;Dl": 409

F S!ope: 113.4 HmlrllC!
;;.
~'OO

~

GO

60

~l';-----"';';2'-----'":'1:7' ---.-:,---;;-0:"'.--"""';';:8,------:;..0'.7
Potltton (rllCl)

Figu.e B.6: Joint # 5 torque vs posit.ion
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40
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Figure B.ï: Joint # 6 torque vs position

~I



• AI'I'E;'\/)/X B. CAL/BUAT/OS

Wnll AblAtJ. JOInt.7

PotlllOl'l Error QlIII'\: .og
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""
100

00

00
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~411

~
20

0

·20

''.8.3 ..2 ".1 o 0.1 0.2
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0.3 o.• o.•

•

Figure B.S: Joint # ï torque vs position
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B.1.2 Derivative term

The analog joint. cont.ro\ler cards indnde an 'Ulaiog dilf,·r,'nt.iator ,'slilllatin!!, t.11t' \"l'.

locit,y of each joint.. Its transfer funct.iOlI (se,' ligu 1'< , B.!)) is:

X H~C,,,

X = (R~C~.'+ I)(R1Ct ·,+ 1)

where R, =.5.2:3H'!, CI =O.I/lf, R~ =511H1. C~ = O.OOlllf.

(lUi)

The differentiator attenuates high fr('qneneies at the l'al.<' of 20 dBjd,·cade. Fi!!,III'I'

8.10, shows its Bode ploL. For frequenries 10\\'el' than 1!l12 l'adjsec (:lOO Hz). Equat.ion

13.5 reduces ta:

( IHi)

C2

CI RI

+

out>---'--

•

Figure 13.9: differentiator circuit

The maximum voltage that can be supplied by the diffcrentiat.or is 10 volt.s, cor·

responding ta a vclocity of 30.i4 radjsec. This is t.wo arder of magnit.ude below t.he

cutoff frequency of the differentiator and corresponds ta extremely high velocit.ies.

Ta compute the proper conversion factor from volts to radjsec wc use the method

described in section 13.1.1

(B.i)
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'OOF=====::E;;:========j

Figure B.I0: differential,or transfer funct.ion

1" =

1"
~ =
0

20 volts -
8 'volts -

NmJ(radJsec) -

Maximum load ccII capacity....:...-_----:------'-_.:..,.8 T

20R~CI Maximum load ccII capacit.y
1. S

R2C1

maximum Joad ccli capacity

20R2 C1 max Joad ccli cC'7)(lcity

ï. S

( B.S)

(B.H)

(B.IO)

(13.1 1)

(B.12)

(lUI)

•

Then from equation 13.12 we can find in table 13.1.2 the proper correspondance

for each joint.
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Ma.x. load (Nm) Gthe(Nmf(radfsec) )
30500 140.01
30500 140.01
12500 57.35
12500 57.35
1970 9.04
2000 10.33
2000 10.33

Table B.2: Controller Derivative term calibration
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B.2 From Joint Torques to Cartesian Forces

In non redundant robots, tht' i!l\"erse ,Jaeobian mat.rix is nSl'd \<) d,'rin' t.he end-elf,'clor

\Hench from the torques (F = J-TT). \Vhen dt'alillg wilh rednlldant. lllanipul"lors,

the Jacobian matrix cannot be il1\'erted sinet' il is nol squarl'. One "ppro",h is t.u

neglect one row of the Jaeobian and compute the correspollding for,e wilh a n'duced

set of joint torques. One criterion is 1.0 c1iminate the line correspollding 10:

m)n(L: IJr.d)
i

(lUI)

A pseudo inverse mcthod may also be nsed 1.0 minimize the Nror bet.WL'Cll IT - .rI' 1-'1.

(B.I:;)

•

Yet another method is 1.0 add one line 1.0 the Jacobian 1.0 make il. sqnare and then

inverts it. The additional line lies in the space created by tht' redundant degrec of

frcedom,
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