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FORCE CONTROL

Manipulator interaction with environment

Compliance control

Impedance control

Force control

Constrained motion

Natural and artificial constraints

Hybrid force/motion control
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MANIPULATOR INTERACTION WITH
ENVIRONMENT

e Constrained motion

Motion control (?)
* positioning accuracy

* environment uncertainty
e Unstable contact

Force measurements

Control strategies
* indirect

* direct
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COMPLIANCE CONTROL

e Effects of contact force onperational spacenotion control
schemes

B(q)g+ C(q,q4)q+ Fq+g(q) =u— J"(q)h.

* at equilibrium
Ji(q)Kp = J*(q)h.
Y

t=K;'Ti (x)h. = K5 ha

e K,' = controlactive compliance
* linear with respect tgf

* torsional with respect tg

e lfh,e N(J') = Zx=0 h.#0
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Passive compliance

* elementary displacement between two rigid bodieandS
elastically coupled (with respect to either reference am

do,. s

dwr,s — [wr,sdt

] = v, sdt

e Stiffnessnatrix K (symmetric and positive semi-definite)
x Ky = translational stiffness
x K, = torsional stiffness

* K. = coupling stiffness

e Compliancematrix C

dx, s = Chg

* Remote Center of Compliance (RCC)
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Active compliance

* end-effector position and orientation with respect to ickeki

frame
Rd d
Ted — (Td)_lTe — [O; Ocli,e]

T
Ja,(q, ) =T (¢ae) [%i 1%] J(q)

e PD control with gravity compensation

uw=g(q)+ J4i,(q.2)Kpx — J4,KpJa,(q,%)q
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e Stability analysis

1 1 ~ L~
V= 5qTB(q)q + §JJTKP$ >0 Vg,x#0,

* at equilibrium
Ji,(@Kpx = J" (q)h.

he =T, (¢pa.) KpT

e

* In terms of elementary displacements

dz = x| _dt = T;1(0)(v? — vd)dt = T;1(0)dx. 4

h.=Kpdx.q dr.q=Kp h,
e Elastically compliant environment model
h. = Kdz,
K = environmenttiffness

* positive semi-definite (only for the constrained motion
directions)
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e Activevs. passivecompliance . . at equilibrium

he = (Is + KK5') ' Kdw, 4

dteq = K5 (Is+ KK;') ' Kdz,

* manipulator+= compliant

* environment: compliant
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Example

Yo \

ye:yd

WQ/ >
Ly Lo Xy xT

K = K = diag{k, 0} Kp = diag{kpa, kpy}

e At equilibrium

kpiok,
B P (54— 2,) B kpaZd + kg®y
fe — kPx + kw Oc = kPac + kac
0 Yd
* If kpx/ka; > 1
LTe = Tq fwzkx(xd_xr)

w if kpy /Ky < 1

Te = Ty fa: %kPa:(xd_xr)
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e Joint space active compliance

* at equilibrium
Ksz — JT(q)h’e
Y

a - Kﬁle(Q)he

dx = J(q)Kp'J" (q)he
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IMPEDANCE CONTROL

e Operational space inverse dynamics control

u = B(q)y +n(q,q)
4
Gg=y— B '(q)J" (q)h.

* choice of new control input

Yy = le(q)Md_l (Mdd?d + Kpg + Kpx — MdJA((L q)Q)

Mz + Kpx + Kpx = MyB;'(q)h4

Bu(q)=J;"(q)B(q)J ;" (q)

e Mechanical impedance
* massM
* dampingK p

* stiffnessK p
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e Integration of contadiorce measurements

u = B(q)y +n(q,q) + J" (q)he

y=J (@M (Myig+ Kpz+Kpx—MyJa(q,q)g—ha)

4

Md{%+KD§+KPi:hA

* activelinear impedance
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e To avoid representation singularity problems

* time—varying desired frame

T =—Ja,(q,%)q+ b(E, Ry, 04, wq)
R;jo64+ S(wj)og
T_1(¢d,e)wg,

,€e

b(§7 Rd7 bd: wd) —

* new control input

y=J,\M; (Kp& + KpF — MyJa,q+ Mab— he)

4

Mdé—l—Kpg—l—Kp%:hg
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(?d7Hd he >
O g, Wy IMPEDANCE | Y INVERSE u MANIPULATOR q
— P —— —— : >
Og4,04 CONTROL DYNAMICS + ENVIRONMENT |
’ >

W' TA

DIRECT B
KINEMATICS |«

e Passive impedance mechanical devices
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Example

Y, N\

ye:yd

WQ/ >
Ly Lo Xy xT

e Impedance control with force measurements
Md = diag{mdw, mdy}
KD = diag{kpx, k‘Dy}
Kp = diag{kpx, ]{py}

* manipulator—environment systems dynamics along the two
operational space directions (constap}

mdacfée + k'Da:j;e + (kPa: + kx)xe — kmxr + kmed
MdyYe + EDyYe + kpyYe = kpyYd
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e Environmentg{, = 1)
x more compliank, = 103 N/m

x less compliant, = 10* N/m

e Control
* Mgz = Mgy = 100
* kpe = kpy, = 500
* kpy = kpy, = 2500

e Manipulator
*x e =[1 0]

*x xg=[1.1 0.1]F

tip y—pos tip x—force
- - 300 - -

250}
0.1 200}

[m]

Z 150t

0.05 1 100¢

50}/ ,

[s] [s]
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Admittance control

04 Ry oy Ry he _
© ° =
0q,Wq IMPEDANCE | O¢,@¢ |  MOTION Y _| INVERSE U | MANIPULATOR q _
64,04 CONTROL 04,0 CONTROL DYNAMICS + ENVIRONMENT | ¢ —
— > >
\ L A L A 4
0c. R,
o o DIRECT [
€2 7€ | KINEMATICS |g

e Mechanical impedance between desired frame ardpliant
framet

Mté -+ Kth -+ Kptz — hg
* compliant behaviour during interaction with environment

* good robustness of inner motion control feedback loop
(larger bandwidth)
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FORCE CONTROL

e Compliance or impedance control — indirect force
control
e Direct control

* PD control action on force (force measurements corrupted
by noise)

* closure of outer force regulation feedback loop —
reference input to inverse dynamics motion control scheme
e Hyp: only position variables

* elastic environment model
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Force control with inner position loop

u = B(q)y +n(q.q) + J" (q)h.

Yy = J_l(q)Md_l (—Kpie + KP(wF - me) - MdJ(q7 q)Q)

4

Mdie + KDd:e + KPa:e — KPwF

e Choice of control

LTp = CF(fd — .fe)
Y

Myi. + Kpze + Kp(Is + CrK)xz, = KpCr(Kx, + f4)
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e Pl action
t
Cr :KF‘|‘KI/ (1) ds

* choice ofKp, Kp, K, K; — stability margins +
bandwidth

e At (stable) equilibrium

.fe — .fd
Kx, = Kz, + fd
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Force control with inner velocity loop

y=J YqM;'(~Kpzx. + Kpxr — M;J(q,q)q)

rr = Kr(fa— fe)

4

Myx. + Kpx. + KpKrKx, = KpKp(Kx, + fq)

'rT
f x - x, x, i ¥i
d KF F KP Mdl > f > f : K e

A\

e At (stable) equilibrium

.fe — .fd
Kx, = Kx, + fd

* sensitive to unmodelled dynamics (lack of integral action)
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Parallel force/position control

*x if fg ¢ R(K) = driftof x,
xiffeR(IK) = x.(0x:)—0

o Addition of 4

y=J Yq)M; " (~Kpi. + Kp(@+xp) — MaJa(q,q)q)

ATf M, > f °» f ‘p » K
+ +
KD <

v

e At equilibrium
fe — fd

x. = x4+ Cr(K(x, — ) + fa)
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Example

Y, N\

ye:yd

WQ/ >
Ly Lo Xy xT

e ImpedancelM,, Kp, Kp) like above
e References f;=[10 0] =x4=[1.015 0.1]F

e Force control

CF = diag{ch, 0}

1. control with inner position loop

kr. = 0.00064 ki = 0.0016

2. control with inner velocity loop

krr = 0.0024

3. parallel control

kr. = 0.00064 ki = 0.0016
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CONSTRAINED MOTION

e Real contact situation

* Kinematic constraints imposed by the environment on the
end-effector motion

* during constrained motion, the end effector may exert
dynamic forces and moments

* the contact force and moment may depend on the structural
compliance of robot and force sensor

* local deformations of parts in contact (distributed contac
areas), static and dynamic friction
e Simplifying assumptions for control

* perfectly rigid manipulator + environment, purely kinemat
constraints

* perfectly rigid manipulator + compliance localized in
environment
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Rigid environment

e Constraint equations (holonomic constraints)

p(q) =0
4
J@(Q)q =0

*x J,(q) = Op/0q: constraint Jacobiarfm x 6)

e |In absence of friction
JQD(Q)(SQ =0

% principle of virtual works
T = Jg(q))\

|} (contact kept with environment)

he =J ™" (q)T = Si(g)A
A= S}L(q)he

sl = (sTws,) ' sTw

e Problem of invariance of solution
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J@(Q)fl =0
Sy=J""(q)J;(q)
U

Jo(a)J " (q) T (q)q = Sjve =0

e Reciprocity
hlv, =0

*x R(Sy) = force control subspace

* R(S,) = velocity control subspace

e Selection matricesSy, S,, S;[, SI
* projector iNR(S¢): Py = SfS]J[

* projector inR(S,): P, = SUSJ,L
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Compliant environment

e Partially constrained motion

* environment modelled as pair of rigid bodigand R

dx, s = Ch,

* elementary displacement with respect to equilibrium pose

dx, . = dx, +drys

dx, = P,dx, .
dwf — (I6 _ Pv)dwT,e — (I6 — Pv)dwr,s

S;dwx, . = S;dx,, = S;CSy
I
h. = K'dz, .
K'=S;(S;csy) 'S}
dxs = C'h,
C'=(Is— P,)C

* possibility of rigid contact along certain directions
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NATURAL AND ARTIFICIAL CONSTRAINTS

e Force and velocity references chosen consistently with the
environment

* Itis not possible to impose both a force and a velocity along
the same direction
e Kineto-static analysis of interaction

* nhatural constraintsmposed by the environment along each
task degree of freedom (velocity or force)

% artificial constraints subject to control along each task
degree of freedom (force or velocity)
e Constraint framé).—r.y.z.

* simplified task description in terms of natural and artificia
constraints
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Analysis of tasks

e Sliding on a planar surface

Natural Artificial
Constraints | Constraints
0 /s
Wy g
C C
“ fy
X 0$
C *C
Yy Oy
s wy

OO = O OO
SO =R O O OO
o o O O O

OO o o
OO O+ O

SO O+~ OO
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* In case of elastically compliant plane (along aboutz..,
Ye)

C3,3 (€34 C35
/
K, = |ca3 ca4 cCas

C53 C54 C55
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e Peg-in-hole

Natural Artificial
Constraints | Constraints

0 Jz
O fy
Wy g
wC ,UJC
fs 05,

e Wy

Sy =

SO OO O

o O O O+ O

OO, O OO

SO =R OO OO

SO O~ OO

_ o O O O O
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e Turning a crank

Natural Artificial
Constraints | Constraints
o e
6 fe
Wo Ha
“y Hy
Iy o
e Wy

1 0 0 07
O 0 0 O
0O 1 0 O
S5 0 0 1 0
0O 0 0 1
O 0 0 O

SO OO+~ O

_ o O O o O




ROBOT INTERACTION CONTROL Prof. Bruno SICILIANO

HYBRID FORCE/MOTION CONTROL

e Operational space dynamic model
ve = J(@)g+ J(q)q

Be(q)'i)e + ne(qa q) = Ye — he
B.=J TBJ' n.=JT(Cqg+g)—-B.Jq

Compliant environment

dx, . = P,dx, .+ C'SA.
|} (fixedr frame)

ve = Sy + C'S;A
v=_S8l(qv. C =(s—P,)C

« common frame= base frame$S, = 0,S; =0,C’' = O

.o

b, = S, + C'S; A

* inverse dynamics control

Ye = Be(Q)a + ne(qa Q) + he
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e Hybrid force/velocity control

a=S,a, + C/SffA

U
V=,
A= f

* velocity control

t

= g+ Kpy (v —v) + Kpy /O (va(s) — v(c))ds

* force control

= 5\d + KDA(}\d — >\) +Kp>\(>\d — )\)

A=Slh, ... A=SIK'J(9d
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"
Sy
ha Y FORCE I
—“» st > 'S,
CONTROL
+ e
« NONLINEAR | e | MANIPULATOR N >
COMPENSATION +ENVIRONMENT |~ € >
+
v v o4
d T d MOTION v
> S CONTROL > S
A
T
Sy

* works also in case of available stiffneG%
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e Example

A

Yy

Ye z, A"

R

—1
0 Co

R= [V

v = Sov + C"° S5
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it fe=[f; filtvi=1[65 o

x V=05 A= fC

Nagie)

* In base frame

S; = R,S% = [‘f/\}f] S, = R.S¢ = h?g]

;. re pT /2 —-1/2
C —RCC RC—CQ’2[_1/2 1/2]

* hybrid force/velocity control
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Rigid environment

Be(q)i)e + ne(q7 Q) = Ye — h'e
he = SpA

4

A = B(q)(STB: (@)(7. — ne(a, @) + $7v. )

Bj = (SpB.'S;)™

B.(q)v. + St Bf(q)STve = P(q)(ve — ne(q,q))

P=1I;-SyBsS;B."
e reduced ordedynamic model

Ve = S,U + Syv
* 6 —m independent equations
Bv(q)’) — ng (7@ - ne(Qa Q) - Be(Q)SvV)

A = By(a)STB; ' (9) (v — ne(a,) — Be(@)S,v)



ROBOT INTERACTION CONTROL Prof. Bruno SICILIANO

e Hybrid force/velocity control

Ye = Be(Q)Svav + Sf.f)x + ne(Qa q) + Be(q)SvV

Y
rV=ao,
A= Fa

x force control

frx=Aad+ Kpx(Ag — A)

=g+ KIA/OzAd(C) — A(s))ds

* position control

o, =Ty +KD7’(7.°d — I/) —|—Kp7,(rd — ’I”)



