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HYBRID FORCE-POSITION CONTROL FOR ROBOTS IN
CONTACT WITH DYNAMIC ENYVIRONMENTS

AL De Luca and C, Manes
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Abatract. A genembizalion af ihe hybeid force-posilion appresch for confrolling robots m come
tact wilh dgmamic enen nis is p ted. Classioal Apbnd « applies ondy whem the

eimerl 18 dug it & afefl, aching ad a hinemalic consframd on the robol end-effector,
and relecs on the eribogonaity of admisnble end-cffector selecelics mith respeel te reacteon forces,
Wieen eomeidering dynamee coarmmmends, e arthogenalily does nof hodd angnare, fn onder te
wxtend the hybeod slmfogy fo cases when the envronment, beades possibly impoaing benematic
womatrasnfs on the end-cfferdor, esfabils alie a dynamic Bekavior, a suifable deseription of the
wobof-empronmend inferachion o indreduced. In this setting, dhe design of o hybrad controller com
be carried out 30 1o independendly hardle guanhitios in complementory aubspaces. As an inferesi-
img resull, Pee alter By sch arise, since either forces or posilions can be controlied
aleng properly defined dymomic directions, fasues related to planning of nominal drajecfories and
filtering of aciual measures 3o to fit them with the available interaciion model ore also discwined,
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FORCEPOSITHON CONTROM,

Tt pordlage Lhodn

Several control strategies are being mvestigated
g0 Lo make industraally feasible all those tasks in
which the rabol = required 1o keep stable contact
and 1o exchange forees with the environment.
Twa approaches have receved most of the inlerest:
impedanes contrel [Hogan, 1985, 1988; Kazeraoni
et al, 1O86) and hybrid confrol (Raibert and Craig,
1981; Khatib, 1987; Yoshikawa, 1987; MeClamroch
and Wang, 1988; De Luca of af, 1988).

In genceal, impedance control s switable only for
these tasks where contact forces mst e kept small,
typically Lo avoeid janiming anmeng pats in assembly
ar inseetion opecations. Contact between the rabol
eql-effeetor and ihe environnwnt & described as a
gencealized dynmmie impedance, ie by o complete
set of siy linear or nonlinear second order differential
equations, Inscnsitivity to unexpested interactions
with ithe environment is obinined by compromismg
hetween contact foree and position accurscy, Using
progeammable stiffoess and damping matrices, An
ealimate of the directions abong wvhich systematic
position errors oceurr is needed in order to correctly
design the atifTiess matrix.

Instead, hiybead contral is imntendal for ¢ases where
the robot has to exert specilied forees of arhiveary

This work is supporsed by the Consdglio Masvosle delle
Ricerche, grasd no. S00000E1. PFGT [Megetio FimaMerados
Tobodica),
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intensity againat the workpeece. Using information
about the envirenment geometry, hybrid contrel has
the additional feature of accurate surface following,
typical of tasks sisch as cutting, deburring, polish-
ing or grinding. Some robustness to modeling errors
5 achieved by proper handhing force and dsplace-
ment signaks at the end-effector level. As onginally
conceived, hybrd conteal sirictly applses anly when
assuming the end-eector in contact with a stiff en-
vironment, treated as a binematic consteaint on the
robod motien. Neglecting friction forces, an useful
orthogonalily exists between admissible motions and
generalized contact forces,

Thus, the robol-environment interaction = usus
ally madeled as being completely dyramic or com-
pletely kinematic, In a recent work, we have propo-
el a control-oriented modeling approach for rebots
kinematically constrained andfor dynamically cou-
pled with the external world (De Luea and Manes,
1991a). In particalar, the mechanical nature of a
dyoanric envircmment can be taken Tully nto ac-
counl, while the iwo previous interaction classes are
incladed as apecial casen. A paradigmatic example
of Lhis situation 18 the robotic task of turning acrank
whaose dynamics 15 not negligible,

This paper deseribes how to use this modeling
technigze for Lthe design of hybrid eonieel laws in
the presence of environment dynamics. The basie
e 1% Lhat orthogonality between end-efector mo-
tiena and eontact forecs [Mason, 1981) doss not hold
anyresre and the original hylbrid approach cannat be




spplied s such. The space of adnnssble motaons
and the space of contact forces will be determined
in the case of & genersl robol-snvironment interae-
tioni. Ovrihogonality ean then be testated between
iwo ceriain reduced subspaces, in one of which i1
will be possible io control only positions while
the other only forees. Maoseover, there exist further
dyvnamic directions, bn which onbogonality between
forces and modlons canmol be asserted. Along these
dynamie directions, either & foree or & position can
be chosen as ouipul o be controlled by a bybed
sicheme.

The paper m organiied & lollows. The key ideas
of biybeid control are briefly revisited so 1o highlight
the following generaluations. Next. the modeling
spproach for robots i contact wilh & possibly dy-
namic envirsnments s sommaneed. The planning
of mominal foree and position Lrajoctones asing Che
proposed model vatinbles 8 then preseited. The
filtering problesn that underlies any hybeid coni rol
scheme s discasssd (0 dotail i the context of dy-
namic enviconments, Finally, two alternative decou-
phng and linearizing hybrid control lnws are given
in terms of desired condact varialiles

Hybrid Control Strategy

Inuyhjhrﬂwnl.mluhrn lmb-uﬂ!pltu e
The first one tonsists ol processing the
eariesian foroe and posilion weasutes, 5o 00 ket them
fit. with the curreal available madel of the tak  In
this spirit, masmatchings with the mode] are mler-
preted as ‘noise” 1o be dliminated, Based on thess
“filtered’ vermrons of ineasitements, error signals are
then computes] with resperi o desised evolutions.
The second step is the design of a controller coun-
teracting via feedback these errors, and eventually
keeping them o pero wilh & feedforward serion.

In both steps, a suiiahbe and accurate model of
the interaction taak — (ncluding geometrie, kine-
matic and dynamile aspects — greatly simplifies ghe
problemn. A general hybrid control architecture
shown in Fig. 1.

While the desired svoluton of vanabbes charac-
terizing the task is always planned 50 1o be compat-
ible wiih the model, messured posilioms, velociles
and forces are pever consmienl i practse. doc o
errors and s i mcdeling the real set-
up. Raibert and Craig (1981) first proposed to 6
ter the measured quaititics by simply neglecting ve-
locily components along loree controlled directions,
and viceversa. Thin operation waa performed by
01 selection matriees. The ‘core’ of this approach,
and then af any otlier hybrid strategy, is that no
attempt will be made Lo improperly feacl to mes-
sures that do not madch w straciure with the task
madel. On the other hand, & well-desigoed hybrid
controller will cotreet [fores or position) errors only
along ‘expecled” direchions Nike That no ideilifica-
ton = wseally sttempled. Il measures are wed o

m

identifly the real etvironment, the task mode] should
be adupted dufing reecition

: Task Specification
Wenld
Model Planni
Feaxd
forwand
Coardinate
Transl
Filtering,
ot
LY
Eervinorament

Fig. 1 - Hybrid conrod architecture

Afltes the Wliering and the error definition, any
popteal law could be jmplemented which guaran-
tees stendy-stale performance. However, schemes
that avesd dynamie cross—couphng between velocity
and foree loops ave prefered. At this level, differ-
ent Lechnigues have been proposed: local joint kevel
contiol | Raibert and Craig. 1981), decoupling and
lmearizing comtrol (Khatib, 1957; De Luca et af,
1988}, sliding mode control (De Locs of al, [989),
adaplive control [Slotine and Li, 1987),

In the saquel it will be shown how a filtering pro-
cedure can be devieed also i the case of a Laak
mwdel that inclindes explicitly the interaction with
dynnnie siwironments. Accordingly, a genoralized
decoipling and linonriing sontsol technigiee will be
usedl 0o impese desired foree and positbon trajecio-
Fies,

The Maobost- Environment Model

The modelng approach proposed in (De Luca and
Manes, 1991a), suitable for the design of hybrid con-
ol laws, w bowelly sunsmansed bere.

The configurations of & vigid robol arm are iden-
tified by the joint varables vector q& . A wotld
telerence frame %5 i fixed ol the robot base, while a
frame "5 s atiached Lo the arm Gip. Lei v bo the po-
sition vector of the arigin of S with pespeet 1078, A
panimal mepreseniation is ssed for the orientation of
% with reapect 10 %5, e.g. Evler angles o = (@, 0.4,
Posbiion and ofeniation can be organized in a single
Geaimensional pose veslor p = (r,0). As A copee-
quence, enil-elector direet and differentinl kinemat-

ben are defined from the robot side by
"p=kig). b= % =Xighg (1)



The superscript § indicates a vector expressed in °S
by = |, "w), composed of lineas and sugular terms,
in relnted 1o % by means of the transformation

v=Glplh Glpi=| g & f,_ﬂ]. ()
As & result,
"v=3ig)i,  Ifa) = Glkig)uia) (3]

where J(g) i the standard robol Jacobian. End.
effecior orieniations are supposed to be nonsangular
for the chosen set of angles (det Glkiq)) # 0).
Different types of tontacts sre allowed between
the robot end-effector and the environment. In any
case, the end-effector pose cam bo expressed from
ihe enviconment side in terms of A parameter vee-
ior € . Here, & non-redundant environmeni is
comidered, ie. ¢ < 6. Since the choice of Lhe vector
& is ot unigue, o order to determine & convemienl
parsurcirization we will procond s flless, A st
set of varisbles ip € ' is needed 1o describe envi-
ronment dynamics, when present, and will appear in
the associated equations of motion. An additional
st of purely kinematic variables sy € R', b = e—d,
may be requited to specily uniguely the end-effecion
pose *p. Defining & = {8, 5p), it follows that

ar(s)

"F = ['(w}, T

ﬂIi' - i, {4)

while, using (2) and (4).

() = (1) .

The parametrization of end-effector pose Lranslers
direetly to sdmssible velocities, allowing to sepa-
rate contribations due to kinematic and Lo dynamie
of freediom of the environment. Accordingly,

Tis) is partitioned as [Txls) Tols)] The environ-
inwid i supposed o be such that matiis T i always
Tull rank, at least in the region of interst. The ex-
changed forces hotween end-effector and workpiece
are collected in & i-dimensional wector F of forces
and Lorques, along and about the coordinate axes
of %5, Sumlarly o [(5). all contact forors san be
parametrived as "F = Y([s}A. Since work cannol be
on kinematic degrees of freedom, W mwust

bt wusch that ¥7Ty = 0. Being ¥ full rank just as
T, s0 4 & ¥ At cach s, the space of adnsissible
eomtact forcen, span[Y{s)], can be decomposed inte
imo parts. The of stathe peaction forees,
span[Y n(x)), is defiwed by TTYx = 0 and bas &-
mension 6—¢. The complement, span[Y 4(s])]. s a
d-dimensional space of active forces, o, those re
sponsible for encrgy exchange between the oot g
the environment, and is such that THY 4 is always
ponsingular. We define aa dynamie directions at the

v = Tis)i, (%)

covlact thome which are i the span of the columnn
d"l‘.w"!'d,. lli,ﬂh

Oy = T(s)k = Tolslip + Tylnkhy, (6a)
UF=Y(s)h= Yalalha + Yuis)ra, (Bk)

with
Tigxa = l.Tln:u-n Txﬂu:].
Yiaxga—u) = I?Al'l!-il‘ ?mh[l.-h].
™ Wa= 0y i v YTy = W ijmin s
TLYa: dwd somingulas matrix

7

Exumples of application of the above modeling ane
wocked cul in (e Luca and Manes, 1981a)

Fellewing the Lagrangian approach, the robol-
emvironment dynamic model can be written in Lhe
usial form s

Blq)d + nig.q) = w= 1T {ql'F, (8}
Bg(sp o + nglsp dp) = TH{s)"F.  (8b)

The symmetric and positive definite nertia matri-
een Big) and Brisp) refer to the robol and the
sovironment, amd have dimensions nxn and dxd.
Vieitor u eollects the joint input forees ftorques. The
coupling between robot and environment dynamics
is given by the constraint on the ond-effector pose,
written in algobraic and differential form as

Mal=Fs),  dad=Tek )
Eqiations {3) can be used in onder Lo eliminate the
exlicit appestance of the foree vector F in (B).
This can be achieved in two different ways, depend-
ing on the handling of dynamic disections. In the
first case. ), are explicited ss directly depending
on the pobot input w, while dynamic acocletations
are seen a8 & consequence. In the second, u affects
direetly the accelerations £n, which cause in turn
nctive forces parnmetrized by the veclor Ay The
resaliing allernative dynamic relationships are (see
Appendix)

Ay
Qlq.s) [:.] = mig, f.8,4) + JIB™"u, {10a]
4.3

[n, = —Bi.hl + BE‘TE?A A.h ‘]“1

afi

N B
Q) q.5) [:n] = fi{q, 4,5, 8} + IB~"u, (1la)
N

Aa=(ThYa) "ne+ (THYa) " Beip (11b)



Both matnces Q and @ depend on robot and envi-
ronment inertia matriees, B and B, and jacobians,
J and T, while the veetors i aisl i depend also
on their Lime derivatives,

Usaally, the corponents of s and A have a plys-
ical meaning in ternw of bengthe o angles and, re-
spectively, in terns of forees or torgues. In par-
ticular, in the case of nonedynamie enviromments,
&g and Ay may direcily represent tangentinl veloe-
ity and normal foree witl respect (o the constraint.
Therefoee, the parameler space of 3 and A can be
wiewed a5 & groeralivation of Lhe tak-space conceplt,
often mlroduced i hybrid control schemes. This
saggests 1o take these varahles as controlbed oulput
for system (8]

Trajectory Planning

For hybeid tasks, ihe trajectory planner specifies a
desired Lime evolution both for the sid-eMeetor po-
sation and for the eotnet force.  Using the avail-
able model of the task, trnjectories are planned o
bo satisly the sssocinted algebraic and differentinl
constraints. In particalar, the ik specification is
conveniently Tramslsted o s trajectory for the pa-
rameters 8 and A, rather than for the robot variables,

For a puchr kinematic civaironmenl, arbitranly
thosen time histories sy g, (1) and Ag . (1) give
compalible cartesian position and force Lrapciones

it} = Tinw.aaitil,

}
Fieslt) = Yo el 1)) pael0). h
In the presence of environment dynamics, time
evolations caii be assigned aliernatively for ihe
sel (ap.mp, An) or For (hy Aposg).  Choosing
(manal?) Am s l0]) = & specification of the end:
effector position aid only of stalic reaciion foroes —
cnmsn m by g, (), dofined acconding Lo (11h) wilk
desived values weed in Ul right hand terms. Con-
versely, msigning (sx s, 00). Ao, (1)) avtomaticadly
yields a time evobition sp e.(1) throogh mtegra-
thom of { 10b), using desired vabues in the right band
mde and stariing from the sctual imitinl condition
sp(0), in{0).

These operations, aifed sl having ihe com-
plete set of desived comactfenvironmenl quanti-
bies (S s o S8 dews Nt ton . A e ). AEE mOL required
i the conirol law. The lask jpeeds only to be
parametrized in one of L vwo ways and the control
system will be concerned only with ihe tracking of
the specificd paransicns

Measure Filtering

Assume first thal, 51 & given time metant, the end-
eflectes and covitomment configuralions are known
throngh the vector 8. I i required to find aciual
parameier values (fe. As ) for given messures "va

wid “Fo, unider the full rank hypothesis for mal rices
T amd Y in (8). The subscript m stands for vash-
ahles computed from measures. This is equivalent
to solve Uhe probilem of nverting the linear contsct
cotsipainls (). In the kleal case of & perfeet matehs
ing hetween e maodel and the real envissnment, the
mensured velocition ", and forces ©Fo will lie, for
each w, sospeciively in span[T) and in span(Y], and
the solution of the inversion problem will be upigue.
The presenee of & msmatch with the model, and
i groeral of measutensent errors, acks instead for &
IR et solalon o

llr_:m.l!Tp T[I[:::]_ {m
"z Yia=[¥a 'r.][ix]. (1ah)

To this end, an errer norm has o be defined
biat this invelves some caution in view of the non-
hoanogerieous natiee of the components of generals
ied volociiy and foree vectors. Indeed, onee & norm
hias been chosen, o well-defined metric is intraduend
for comparing elements of a given set, Consider an
FETON VECLOF & = [iyn, Pan g ) and the following norm
defimiien

Bell 2 (ouel® + o feua, ). (19)

This cortesponds to choosing & & metrid temsd e
positive definite disgonal matris

| I ﬂm._'n]
LR S

Sinee there is po canonical way to compare angu-
lar quantities with translationsl ones, te (actor o
i { 15} sopresenis iLhe designee "confidence’ nitnched
to the miigular matching relative 1o the translationsl
one, Mot in geoeral, choosing a 'W > 0 & metric
tensot for velocily, one can define a scalar produst
and a narm an
By,

vy s 20 TW oL IPVIPRYTW
{16}

I Hir.-l thai iwo selocily vectors are orthogonal
E'rlw'r, = 0. Note that a “natural’ onboge-
nality is intrisscally defined only beiween velocily
wiul foree vectlors, being the force space dual to the
velocily spaee, sines it expresses the conoept of mll
power flux supplied by a foree along a given diree.
tion, For consistency with the choice (16], the jn-
dused woighting mntrix for foress s W=1,

With these considerations, the two salutione Lo
{ 13) minimizing the asociated weighted error norms
are obitained using pseodomversion as

by =2 T %, = (TTWT) ' T"W iy,
A= YO = (YTWY) 'Y TW1 %R,
(1]

W, = (15)



b mawi be siressed ihat (I7) pacsmetnees ooly
ihose compotents of "y, and °“F, that are, respes-
tively, in apan|Tp Ty] and in span[¥,y ¥yl ie
anly Lhose components (hat were modelad, Mes-
sured components along ‘orthogonal’ dircclsons are
filtered oui. Model adberence to the toal world
enn be estimated from the peeadolnversion residials
IP%m = Thm I/ 1" Vol 8t [["Foy = ¥ Ken [l ] Fom I

The above procedure is an extensioi of the 0/ | s=-
lectbon matrices approach used in early hybeid con-
tral sehemes, and has been already applied in non-
dynamic cases (Wen, 1989; Dufly, 1090). In paric-
wlar, Duffy (1990) questioned the non-mvariance of
thin Bhenng tochmgee wrt tramslaton and rots-
bl However, it can be shown that mvarianl soalar
produc s canpol be assocmted with o e defigile
meeiric brmsors, onless a configutation degendent
morm is chosen [Abbali-Marescolii ot &l 1900),
Note that the weighting matrix W plays oo role if
By € span[T] [and, dually, if °F., € span[¥]}

The problemn of inverting constrain (4) in terms of
# b more involved, being F{s) in general a nosbnear
funétion, In order to abiain U parametor 8 from
ihe measured pose “p,,, one has Lo solve b oach
time imstant

Fism) = ") (18}

This soluticon is to be wsed m oall the previous for-
muslas, in particolar as argumest o (17} The fler-
ing problem can be formulaed = s ponhness et
wguarcs oplimigation probbom

min *p, ~ M)A P = Fisll.  (19)
with A = 0, for which a mumerie procedure has to
be devised. This problem is typically solved in an
ilerntive way, updating s, from the purameter valus
eomiputed at the previows time instant, and starting
with an initial feasible value, Ad hoe aimplified so-
lution algorithms can alss be detived for particular
environment kmnematic strisciuies

Decoupling and Linearizing Coutrol

A model based hybrd control law w presented here,
sealiging input-castput Imeareation sod decoupling
Such » state-ferdback control lew can be derived
for each choice of controlled sutpuis, s smplicitly
defined in (10) and [11). In general, it 16 reascinble
1o contiol foree along dynamic divecLions (10, 1o take
Ay s ouiput) whenever there are clistie roaction
terms in the environmenk dynamics CHbherwiss, 1
may he mare convenient to dioose e position sp s
outpul. Working with the oulpui sei (Xq, Lo 0],
it follows from { 10) that the ivpuat

"‘.iJli’
Apssp
B cof

u= HB"}'{{![

where A° 8 any right inverse of A [Boulbon and
Odell, 1971}, transforms e clsed-loop system mio

Aa Agey
h = J-l.n-.l'
K LT

in = rﬂi‘l‘ll + ﬂi‘Tﬁ?g*glﬂf.

{21}

that s decoupled and input-output linearized in
terms of the new inpub sed (S5 000, A rep 8K rep -
Alternatively. applyiig

-=[ﬂ"f{ﬁ[1g"p ()

L

-i}

B raf ]

yaelds, feom (11), the system

Ep np e
g | = lalﬂ.rll! ¥
iy LT

Ao = (TEY A i + (TEYA) " Beap,o

whose cutpuls are now decoupled and Bnearzed
wrd. the st of inpits (Apcor. Alrep Bk reg) I
the above decoupling liws 8 = 5, and & = &, ob-
tasned by fliering the measiaies of robot end-effector
position. and welocity,  The uncbessrable dynam-
ies appeaning in (1] coinckdes with the coviron-
menl dvommics, which i then moguned (o be stabie
(eg. passive). A sumilar requitement is nol presest
in (23), although it is usually desirable to keep A,
al feasible levels.

The reference valuss bo be plugged iote [20)
and (22) can be gonerated on the lnear side in a va.
riety of standard techniques, Using e.g. the nomanal
feedforward terre, phin a proportional-derivative
control for position paremelers and & propottionsl
law for foree parameters, leads 1o

Bg rep = Bdes + Kpn(nan = 25m)
Ky (h e =g m) (M)
Agrap = Apaee + Kralhmio = Anm),

ogether with

Myret = M we 4+ Kpaldages = dam)  [25)
for (21), and together with
Bpep = Ap o * KpplBpaee = 80w {26)

+ Ky pikp s = Spm)

for (23). The resulting conirol scheme allows o
shape the dynamic behavior at the contact in any
desived way, but s ymplemeniaiion requires an ac-
carale knowledge of the Linematics ad dyvnamics



of both the robot and the environment. This me.
tivates the search for simpler control laws that still
provide no steady-state error, keeping limated tran
stenil errogs on position and force. Stability of these
strategics hns (o be shown also when the robot is in
comeact with a dynamic environment {De Luea and
Manes, 1891h},
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Appendix
Dhffeeentinte (9) 1o obtuin

Hadi + Ha, i) =
Tri(skix 4 Ti(z 88k + Tol(slip + Tols8n.
(AL}
Solving (8) for secelerndions (dropping tetm depen-
denea]
q=B"'u-B"'IT"F_B"'n,
ip = B TL"F - Bi'ng,

mnd substituting in (Al), yiclds

(AZ)

Tuén + Tuby + ToBE' TEF = TpBg'ng
+Tpkp=JB""'a-JB"3T°F - IB~'n+ Jq.
(A3}
Introducing the force parametrization {6b) in (A3}
gives (10}, with
m= jii—‘i'xix - Tpip +=1B"'n ‘eruEE;]lls.
{Ad)
and matrix § defined as
[lrpnglﬂun—ui‘}h IB-1TY T“I'
(AS)
where TLY i = 0 was used. Solving fram (da)
A= (TEY ) '0g + {TEYA) "Beip, (A6)
and replacing in (10a), leads v (11a) with
i = Jig - Tydg — Tpip - IB'n

= IBITY TEY ) ng. A

and € defined as

[T5+JB"JTT4|TE?,.}‘LBE IB-11TY, T,}.

n {AB)
It ean be shown that both 0 and G are noasigular
if T and JTY g are full rank.




