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Introduction

Motion Control

HIS[I'III La
—

= Modelling
= Kinematics
= Dynamics

= Control
= Joint space control vs. task space control
= Regulation
= Tracking
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Kinematics

Motion Control > Modelling

Ha
= Kinematic model
P. = P.(q)
R. = R.(q)

1

_ Re pe —
Te - [OT 1 ] _Te(q)
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Kinematics

Motion Control > Modelling
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m Differential kinematics

[pe]:ve: (q)qzl‘}?]q J : (6 xn) matrix
? geometric Jacobian

= Kineto-static duality (principle of virtual work)

r=a"a || = I @n
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Task Space

msm" La Motion Control > Modelling > Kinematics
= Task space (m < 6) n > m : kinematic redundacy

T, = [ge] = k(q) @, : (3 x 1) Eulerangles

extracted from R,

» Differential kinematics

. =J4(q)q Jalq) = a’(;’_(qq): (m X n) matrix

analitical Jacobian

J= [(I) T(?be)] Ta  we=T($)d.
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Inverse Kinematics

Motion Control > Modelling > Kinematics
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» Closed Loop Inverse Kinematics (CLIK)

Ly
+ Y .
Lq + € + -1 q q9
K ﬂgé Ji'(q) -/ >
xe
k() =
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Dynamics

Motion Control > Modelling
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= Lagrange formulation

aoc o,

dt 8q1 an — Q1 i = Te — Tf; — Tei
B 1.7 , Lol
L=T-U T=34 Bla)g QZ(q)__aqz-

= Dynamic model

B(9)i+C(q,9)q+Fq+g(q)=7-J (@h h= li]
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Dynamics

) [PRISMA Lab] ¢ Motion Control > Modelling
= Skew-symmetry of B —2C
. e . 1[0 g A\
C(q,9)q = B(q,q)q — 5 a—q(q B(q)q)

n 1 (0B;; 0B;. 0B
C.. = Ciin G Ciig = — Yoy W J
ij k§:1 ijk 474k ij 2 \ aqs aqj 94;

- Hamilton principle = ¢% (B(q, q) —2C(q, q)) qg=0 vC

» Linearity in the dynamic parameters

Y(q,q.9)m =71 —J"(q)h
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Joint Space Control vs. Task Space Control

Motion Control > Control
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= Joint space control

= Task references transformed into joint references
= Redundancy resolution at kinematic level

Py, Rd q,

S ——— > q
Dby, @4 INVERSE q4 JOINT SPACE T - -

— = —»| MANIPULATOR q
Py Wd KINEMATICS a4 CONTROL -

i -
A
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Joint Space Control vs. Task Space Control

Motion Control > Control
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= Task space control

= Control directly in task (operational) space
= Redundancy resolution at dynamic level

Dy, Rd

4’.
Py wd TASK SPACE T

— L — | MANIPULATOR q
Do, @4 CONTROL

—>

vy

A

P, R,

D, We

DIRECT —
KINEMATICS
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Task Space Control
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Motion Control
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= Regulation
= Static model-based compensation
= Orientation errors

= Tracking

= Dynamic model-based compensation
= Redundancy resolution
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Static Model-Based Compensation

Motion Control > Task Space Control > Regulation
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= PD control with gravity compensation

T=J"(q) [zp] — Kpg+g(q)

o

= Position control

¥p = KppApy,
= Orientation control
Euler angles
Yo mW———=> Angle/axis
Quaternion
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Orientation Errors

Force Control > Task Space Control > Regulation

Ha
= Euler angles
Yo =T () KroApge Apge = Pa— e
= Alternative Euler angles
Yo =T (4e) Kropge RG=R.Ri—= g
= Angle/axis
Yo = KPooile

= Quaternion
’70 — KPO Reeceie

L, .
= For all ... stability via Lyapunov arguments V = iqTB(q)q + Uy +U,
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Angle/Axis

Motion Control > Task Space Control > Regulation
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= Orientation error: RS = RI Ry = 0%, = f(0qe)T5,

Representation f(9) anoiel kK
Classical angle/axis sin(v})
Quaternion sin(¥/2)
Rodrigues parameters tan(d/2)
Simple rotation (v
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Dynamic Model-Based Compensation
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Motion Control > Task Space Control > Tracking

= Inverse dynamics

= B(q)a+C(q,9)q + Fq+g(q)

o= (| o

a,

ve = J(q)q + J(q,9)q

—Jmnm) _

= Position control Ap,;. = p; — p.
ap = pq+ KppApy + KppApge = Apy, + KppApge + K ppApg, =0

= Orientation control

Euler angles
a, rw——— > Angle/axis
Quaternion
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Dynamic Model-Based Compensation
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Motion Control > Task Space Control > Tracking
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= Inverse dynamics

T =B(q)a+C(q,9)q+ Fq+g(q) .
ve = J(q)q+ J(q,9)q

a=J"}(q) ([ap} —J(q,q)c’J) ——

a,

= Position control Ap,. = p; — p.
ap = pq+ KppApy + KppApge = Apy, + K ppApg. + K ppApg, =0

= Orientation control

Euler angles
a, mw———> Angle/axis
Quaternion
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Euler Angles
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Motion Control > Task Space Control > Tracking

= Orientation error: Ay, = p; — .

= Resolved angular acceleration

a, = T(Qoe)((;bd + KDOAdee + KPOA‘Pde) + T(Soev Qbe)‘:be

representation singularities (1) we = T (¢, )@,
= Error dynamics we =T(p)Pe + T(Pe: Pe)Pe
Apge + KpoApye + KpoApg, =0 @q =T ' (pg)wa

o, =T p,) (did — T (g, <Pd)§0d>
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Alternative Euler Angles

Motion Control > Task Space Control > Tracking

Hlsmﬂl.a
= Orientation error: RS = RT Ry — ¢y,

= Resolved angular acceleration

a, = wq+ Te(QOde)(KDodee + KPOSOde) - Te(‘pde? dee)sbde

‘be - "‘.Jd - Te(gode)snode - T€(90d67 dee)‘)bde
TC(Qode) = RCT(SOde)

choose ¥ge so that T'(0) is nonsingular (1)
= Error dynamics

‘;bde + KDOdee + KPOSOde =0
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