Lecture «Robot Dnamlcs» Intro to Dynamlcs

151-0851-00 V
lecture: CAB G11 Tuesday 10:15 — 12:00, every week
exercise: HG E1.2 Wednesday 8:15 — 10:00, according to schedule (about every 2nd week)

Marco Hutter, Roland Siegwart, and Thomas Stastny
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19.09.2017

Intro and Outline

Course Introduction; Recapitulation Position, Linear Velocity

26.09.2017  Kinematics 1 Rotation and Angular Velocity; Rigid Body Formulation, Transformation 26.09.2017 Exercise 1a Kinematics Modeling the ABB
arm

03.10.2017  Kinematics 2 Kinematics of Systems of Bodies; Jacobians 03.10.2017 Exercise 1b Differential Kinematics of the
ABB arm

10.10.2017  Kinematics 3 Kinematic Control Methods: Inverse Differential Kinematics, Inverse 10.10.2017 Exercise 1c Kinematic Control of the ABB

Kinematics; Rotation Error; Multi-task Control Arm

17.10.2017  Dynamics L1 Multi-body Dynamics 17.10.2017 Exercise 2a Dynamic Modeling of the ABB
Arm

24.10.2017  Dynamics L2 Floating Base Dynamics 24.10.2017

31.10.2017  Dynamics L3 Dynamic Model Based Control Methods 31.10.2017 Exercise 2b Dynamic Control Methods
Applied to the ABB arm

07.11.2017  Legged Robot Dynamic Modeling of Legged Robots & Control 07.11.2017 Exercise 3 Legged robot

14.11.2017  Case Studies 1 Legged Robotics Case Study 14.11.2017

21.11.2017  Rotorcraft Dynamic Modeling of Rotorcraft & Control 21.11.2017 Exercise 4 Modeling and Control of
Multicopter

28.11.2017  Case Studies 2 Rotor Craft Case Study 28.11.2017

05.12.2017  Fixed-wing Dynamic Modeling of Fixed-wing & Control 05.12.2017 Exercise 5 Fixed-wing Control and
Simulation

12.12.2017  Case Studies 3 Fixed-wing Case Study (Solar-powered UAVs - AtlantikSolar, Vertical

Take-off and Landing UAVs — Wingtra)
19.12.2017  Summery and Outlook Summery; Wrap-up; Exam
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Recapitulation of Kinematics

= Kinematics = description of motions
= Translations and rotations

= Various representations (Euler, quaternions, etc.) X. = X. (q)
» |nstantaneous/Differential kinematics v
= Jacobians and geometric Jacobians We = (wZ) =Jeo(q)q

* |nverse kinematics and control
* Floating base systems (unactuated base and contacts)
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Dynamics in Robotics
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Dynamics
Outline

M(q)G+b(q.q)+g(q)=7+J_F,

= Description of “cause of motion” SETEEEE COUITIES

= |[nput T Force/Torque acting on system (a)
= Output § Motion of the system q q) Centrifugal and Coriolis forces
= Principle of virtual work .
= Newton’s law for particles F External forces
» Conservation of impulse and angular momentum J Contact Jacobian
= 3 methods to get the EoM
= Newton-Euler: Free cut and conservation of impulse & angular momentum for each body
= Projected Newton-Euler (generalized coordinates)
= Lagrange Il (energy)
= Introduction to dynamics of floating base systems
= External forces

Mass matrix

q) Gravity forces

Generalized forces
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Principle of Virtual Work

= Principle of virtual work (D’Alembert’s Principle)

= Dynamic equilibrium imposes zero virtual work dF,. external forces acting on element i
. T . r acceleration of element i
= ~/B% (rdm = dFes) =0 dm  mass of element i
variational parameter or  virtual displacement of element i

= Newton’s law for every particle in direction it can move

F=ma rxF=rxma

moment

Impulse or angular momentum

linear momentum
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Virtual Displacements of Single Rigid Bodies

oW = / or’ - (Fdm — dF.¢) =0
/B

= Rigid body Kinematics
r=ros+p
r=vs+Qxp=[Isxs —[pl,] (‘5)

F=as+Uxp+Qx(Qxp)=[lss —[pl,] (?1») + (9, 2, p

or = (51"5‘ + 5@ X p = []I;J,x_'g - [p]x] (g];;)

= Applied to principle of virtual work

., AT
0=06W = / (":11)) [H[z)ch ([]LH_.{ - plx} (E) dm + Sli pdm — (lF,,,)
JB Wl x

body mass

B or, 4 /. I3y 3dm {pi dm a, % S!'i pdm B dF ..
“\9®) Je\llpl dm —[p]Sdm|\¥ [pl, (92 pdm [p)  dF cas / _
dm =:m
y i
e i or. 1 Iaxasm O a, 0 F.. y or. / pdm =:0 since S = COG
o =15 o os|le) T\, esn) 1. )b . B

2 dm = pl, dm =: Og Inertia matrix around COG
B p b 4 6 p x *




Impulse and angular momentum

= Use the following definitions

Ps = mvg linear momentum

Ng =004 angular momentum

Ps = mas change in linear momentum
NS —0Oq¥ + Q2 x O change in angular momentum

= Conservation of impulse and angular momentum

Newton
T . :
_ st — [OFs Ps)  [Feu ors A free body can move Ps = Feu
0=0W = \ DOUY ,
0P Ns/) \Tew o® / J In all directions N¢=T,,,

T_ Euler
External forces and moments

Change in impulse and angular momentum
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1st Method for EoM
Newton-Euler for single bodies

= Cut all bodies free
= Introduction of constraining force
= Apply conservation p and N to individual bodies

» System of equations
= 6n equation
= Eliminate all constrained forces (5n)

= Pros and Cons
+ Intuitively clear
+ Direct access to constraining forces
— Becomes a huge combinatorial problem for large MBS
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Free Cut
Cart pendulum example

* Find the equation of motion
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Newton-Euler in Generalized Motion Directions

o (ors, ' ((Ds F or
. 0=0W = Si oy ext,i o W
= For multi-body systems Z (5@54) ((Nb) (Te:ct.i)> (aq) S“’)consistent

17—
= Express the impulse/angular momentum in generalized coordinates
(VS) _ Jp] . Ps, mag.
= q 3 - i
0 JR] Ng, Os, s, + g, x Og, g,
as Jp| .. FP] : mdg md g ¢
— q —|— . q — At 5. 3 . 4 b-iq
(\P) _JR_ Jr (@31.]31) el (651"]}?561 +Jr.qx Og,Jp.q

= Virtual displacement in generalized coordinates

(5) = [37] 3

= With this, the principle of virtual work transforms to

g i 7 f : : i
J.8 md g, . oJ @ mds. q Jz. Fenii
— ‘N]: T 4 L t . t i i ‘
0=0W=0q Z (JR) (951«]1—?{) e (JRi) (95'];-13('1 +Jr,q X Og,JpR, Q) (JRa- Tewti voq

i=1 L ) \ ) \

1 1
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Projected Newton-Euler

= Equation of motion M(q){+b(q,q4)+g(q)=0
= Directly get the dynamic properties of a multi-body system with n bodies

np

M= (uJ§ -m-ads, +5I5 8Os, 5Ip,)
i=1

no
b= Z (Ang cm- aJs, - q+ g, - (B(")Sl IR, -4+ B8s, X BOg; - Bﬂsg))
i=1

nyg

g=> (—aJ§aF,,)
i=1

= For actuated systems, include actuation force as external force for each body

= |f actuators act in the direction of generalized coordinates, t corresponds to stacked actuator
commands
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Projected Newton-Euler
Cart pendulum example

* Find the equation of motion
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3rd Method for EoM
Lagrange I

/ Kinetic energy

= Lagrangian L=T-U
N potential energy

: : d /oL IL
= Lagrangian equation d_( >_ ( ):1-

t \ dq dq
2/ 2/ inertial forces gravity vector Lo
= Since - (q). d(o7 ) o7 ||ox | _ 7 =54 Mq
7 =7 (a.9) dtl aq ) oq ||oq
1 OM .
qQ —q
o7 . o % .
with — =Mq Méj+M('1—§ : +§=M(q)G+b(q.q)+G(q)="
oq L OM
q q
aq,
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Lagrange I
Kinetic energy

I ...
= Kinetic energy in joint space 7 =54 Mg
/1 1
R T
= Kinetic energy for all bodies T = Z (Evrzmrsmrsg + 53951 - BOs, 'Bﬂsi)
i=1
= From kinematics we know that ' — J*S‘i‘?
Qs, =Jr.q
1 -
= Hence we get T(q.q) = §C'IT (Z (Tg,mIs, + JgéesiJRi)) q
i=1

p. o

M\(rq)
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Lagrange I
Potential energy

= Two sources for potential forces

ng
= Gravitational forces  Fy. = migre, = U;=—) 1§ F,
=1
- Fo=k(fron]-0))F R m— 2, = Lk (d(q) — dy)’
= Spring forces E =K R~y B; = 5k dtq) = do
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Lagrange I
Cart pendulum example

= Find the equation of motion
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External Forces

= Given: ng¢..+ external forces F;

Nf ext
. . T
= Generalized forces are calculated as: Trent = »_ Jp; F;
j=1
= Given: n,, ..t external torques T,
N, ext
o T
= Generalized forces are calculated TT,ext = Z Jri” Tewt
k=1
. T T
= For actuator torques: Tor=Js, = Js ) Far+ T, —JIr,_,) Tak
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External Forces
Cart pendulum example

= Equation of motion without actuation

m, +m, |mpczos(¢)}1+[(bzlmpsin((p)}_i_( 0. ]:0
‘Impcos(qo) m,l*+6, 0 m glsm(go)l

~

M b g
= Add actuator for the pendulum 7,
- Actiononpendulum =%  Ju=[0 1 O 1 L :[OJ
—_ — R, i Rc "¢ R
= Reaction on cart Te=—7a  Je=[0 ] A

= Add spring to the pendulum

= (world attachment point P, zero length 0, stiffness k)

__ﬁy_:k (—2I cos(gp)— ys)
= Action on pendulum

r_(X+2Isin((p)] ] P(XS, ys)
o “F, —2lcos(p) IR :[ -F j
* | -F, | :%:{1 2|cos((p)} ) —2|(FX cos(¢)+F, sin((o))
’ oq 0 2|Sin(¢) Robot Dynamics - Dynamics 1 | 17.10.2017 | 25



External Forces
Cart pendulum example

= What is the external force coming from the motor
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External Forces
Cart pendulum example

= What is the external force coming from the motor

= Action on cart Fact

_ TF _ I:act
FC:FaCt JPc:[l 0] T=J c
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