Manipulator Dynamics 3

Iterative Newton — Euler Equations
2R Example

Instructor: Jacob Rosen UCLA
Advanced Robotic - MAE 263 - Department of Mechanical & Aerospace Engineering - UCLA
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Inverse Dynamics
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Dynamic Equations - Newton-Euler method or
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Lagrangian Dynamics

T=M(®)0 +V(0,0)+ G(0) + F(0,0)
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Iterative Newton Euler Equations
Steps of the Algorithm

* | (1) Outward lterations (i = 0->n—1)
— Starting With velocities and accelerations of the base

(i=0-n-1)

we =0, %wy =0, vy =0, %y = +g2 v 0

(1.)0:0

04, =

/ Vo=
0.1/0 = +gZA

— Calculate velocities accelerations, along with forces N
and torques (at the CM)

w,w,V,vey, F, N

* | (2) Inward lteration (i =n — 1) (i=n-1)

— Starting with forces and torques (at the CM) {Z
F,N

— Calculate forces and torques at the joints

fin

Instructor: Jacob Rosen UCLA

Advanced Robotic - MAE 263B - Department of Mechanical & Aerospace Engineering - UCLA



Iterative Newton-Euler Equations - Solution Procedure
Phase 1: Outward Iteration

Outward Iteration: i: 0 » 5

Calculate the link velocities and accelerations iteratively from the robot’s base to the end effector
iy = TR w; + 04044

i+1, — i+1pi - i+1pi . i+17 ) i+17%
Wiy1 = (Rwi+ TR0y X 041" Zipq +0i41"7 Ziga

i+1. i+1pri. i i i i i
Vi1 iR(tw; X Py +'w; X (fw; X "Piyq) + ')

i+1. _ i+1, i+1 i+1 i+1 i+1 i+1.
Veiy1 = Wit1 X Poipg T wigr X (Mg X P ) Vit1

Calculate the force and torques applied on the CM of each link using the Newton and Euler equations

i+1 — i+1.
Fiy1 =m0 " 0c;

i+1 _C i+1 i+1 - i+1 Cin i+1
I\Ii+1_ Ii+1 a)i+1+ a)i+1>< Ii+1 a)i+1

Instructor: Jacob Rosen UCLA
Advanced Robotic - MAE 263B - Department of Mechanical & Aerospace Engineering - UCLA



Iterative Newton-Euler Equations - Solution Procedure
Phase 2: Inward Iteration

Inward Iteration: i: 6 - 1

« Use the forces and torques generated at the joints starting with forces and torques generating by interacting
with the environment (that is, tools, work stations, parts etc.) at the end effector all the way the robot’s base.

S .
fi= iR i +'F

i i ipi+l i T ip i+l
ng ="Ny+ ;R g +'Pey X'+ Py X R 7 fi

L — i+1,T i7.
Ti ni

Instructor: Jacob Rosen UCLA
Advanced Robotic - MAE 263B - Department of Mechanical & Aerospace Engineering - UCLA



Iterative Newton-Euler Equations - Solution Procedure

« Error Checking - Check the units of each term in the resulting equations

. Gravity Effect - The effect of gravity can be included by setting v, = g . This is the equivalent to saying
that the base of the robot is accelerating upward at 1 g. The result of this accelerating is the same as

accelerating all the links individually as gravity does.

Instructor: Jacob Rosen UCLA

Advanced Robotic - MAE 263 - Department of Mechanical & Aerospace Engineering - UCLA



‘ lterative Newton-Euler Equations - 2R Robot Example
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lterative Newton-Euler Equations - 2R Robot Example
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lterative Newton-Euler Equations - 2R Robot Example

No External force/torque on the end effector

3 =10
ng = 0
The base of the robot is not rotating
Wy = 0
(150 — O
To include gravity
0
Vo=g% = |g
0

Instructor: Jacob Rosen
Advanced Robotic - MAE 263D - Department of Mechanical & Aerospace Engineering - UCLA UCLA



Iterative Newton-Euler Equations - Solution Procedure

Phase 1: Outward lteration
- Outward Iteration: i =0

Calculate the link velocities and accelerations iteratively from the robot’s base to the end effector

i+1 _ i+l1pi ) i+1%
wiy1 = R0+ 60417244

i+1, _ i+1pi, i+1pi . i+17% ) i+175
» Wiy1 = (Rwi+ TR0 X 041" Ziq +0i41"7 Ziga

i+1. i+1p /i, i i i i i
Vi1 iR(tw; X 'Piyq+'w; X (fw; X "Piyq) + ')

i+1. _ i+1, i+1 i+1 i+1 i+1 i+1.
Veiy1 = Wit1 X Pojpg T 0 X (T X TP ) Vit1

Calculate the force and torques applied on the CM of each link using the Newton and Euler equations

i+1 — i+1.
Fiy1 =m0 " 0c;

i+1 _C i+1 i+1 - i+1 Cin i+1
I\Ii+1_ Ii+1 a)i+1+ a)i+1>< Ii+1 a)i+1

Instructor: Jacob Rosen UCLA
Advanced Robotic - MAE 263B - Department of Mechanical & Aerospace Engineering - UCLA



lterative Newton-Euler Equations - 2R Robot Example

e Qutward lterationi =0

i+1 __i+1pi ’ i+1%
Wiy = (R'w;i+ 0417 24

1(1)1 = %RO 0+ 9121 = 0

Instructor: Jacob Rosen UCLA
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lterative Newton-Euler Equations - 2R Robot Example

e Qutward lterationi =0

P41,  _ i+lpi. 4 i+lpi ) i+l 5 i+l
Wit1 = R+ TR0 X 014017 254 + 0541 24

0 0 _
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lterative Newton-Euler Equations - 2R Robot Example

e Qutward lterationi =0

i+1. _ i+1lp/i. i i i i i
Viv1 = RCw; X 'Pipq+'w; X (fw; X 'Piypq) +'1p)
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Instructor: Jacob Rosen UCLA
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lterative Newton-Euler Equations - 2R Robot Example

Outward lIterationi =0
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Iterative Newton-Euler Equations - Solution Procedure

Phase 1: Outward lteration
- Outward Iteration: i: 0

Calculate the link velocities and accelerations iteratively from the robot’s base to the end effector

i+1 __i+1pi . i+1%
Wiy = R'w;+0;41"7" 2

i+1, — i+1pi - i+1pi . i+17 ) i+17%
Wiy1 = (Rwi+ TR0y X 041" Zipq +0i41"7 Ziga

i+1. i+1pri. i i i i i
Vi1 iR(tw; X Py +'w; X (fw; X "Piyq) + ')

i+1. _ i+1, i+1 i+1 i+1 i+1 i+1.
Veiy1 = Wit1 X Poipg T wigr X (Mg X P ) Vit1

Calculate the force and torques applied on the CM of each link using the Newton and Euler equations

i+1 — i+1,
- Fip1 =My ey

i+1 _C i+1 i+1 - i+1 Ciwn i+1
I\Ii+1_ Ii+1 a)i+1+ a)i+1>< Ii+1 a)i+1
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lterative Newton-Euler Equations - 2R Robot Example

e Qutward lterationi =0

i+1 — i+1.
Fiv1 = Mip1 "0
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lterative Newton-Euler Equations - 2R Robot Example

« Qutward lterationi =0
i+1 _Ci i+1, i+1 Ci i+1
Nipq = "W 1" 0 + 77041 X W T 04

0 0

Instructor: Jacob Rosen UCLA
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Iterative Newton-Euler Equations - Solution Procedure

Phase 1: Outward lteration
- Outward Iteration: =1

Calculate the link velocities and accelerations iteratively from the robot’s base to the end effector

i+1 _ i+l1pi ) i+1%
wiy1 = R0+ 60417244

i+1, _ i+1pi, i+1pi . i+17% ) i+175
» Wiy1 = (Rwi+ TR0 X 041" Ziq +0i41"7 Ziga

i+1. i+1p /i, i i i i i
Vi1 iR(tw; X 'Piyq+'w; X (fw; X "Piyq) + ')

i+1. _ i+1, i+1 i+1 i+1 i+1 i+1.
Veiy1 = Wit1 X Pojpg T 0 X (T X TP ) Vit1

Calculate the force and torques applied on the CM of each link using the Newton and Euler equations

i+1 — i+1.
Fiy1 =m0 " 0c;

i+1 _C i+1 i+1 - i+1 Cin i+1
I\Ii+1_ Ii+1 a)i+1+ a)i+1>< Ii+1 a)i+1

Instructor: Jacob Rosen UCLA
Advanced Robotic - MAE 263B - Department of Mechanical & Aerospace Engineering - UCLA



lterative Newton-Euler Equations - 2R Robot Example

e Qutward lterationi =1

o o le] |6 |6i+6,

Instructor: Jacob Rosen UCLA
Advanced Robotic - MAE 263 - Department of Mechanical & Aerospace Engineering - UCLA



& lterative Newton-Euler Equations - 2R Robot Example

e Qutward lterationi =1
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& lterative Newton-Euler Equations - 2R Robot Example

« Qutward lterationi =1
+1.: i+1pyri, i i i i i
Vit1 =  R(w; X "Pipq +'w; X (fw; X "Pipq) +'0p)

2¢ 2—1R(1CU1X 1P2+1CU1 X (1(,()1 X 1P2)+17.]1):

c; S, 0] J K 0 I K gsi
—Sy, (o 0 0 0 01 + O X0 0 01 +19C1 -
o o 1\[, o ol & |z, o of Lo
(c2 sz O]/ O I K gs1
—SH Co 0 L191 + 0 0 81 9gcq -
Lo o W\lLol fo L6, 0 0
[ Cy So 07 0 L1912 9S1 Cy So 0 _L]_le + 951 Llélsz — L1912C2 + 9S12
—S? by 0 Llel + 0 + g = —S2 Co 0 Llél + g1 = L1é1C2 + L1912$2 + 9gCi2
o o d\lol [ o 0 0 0 1 0 0

Instructor: Jacob Rosen UCLA
Advanced Robotic - MAE 263 - Department of Mechanical & Aerospace Engineering - UCLA



& lterative Newton-Euler Equations - 2R Robot Example

e Qutward lterationi =1

i+1. — i+1, i+1 i+1 i+1 i+1 i+1.
Veijpq = Wiy X Peipg + T w1 X (7w X TPy ) F Vit1

27.7(: = Zd)z X 2PC2 ~+ 2(1)2 X (2(1.)2 X 2PC2) + 21.72 =
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Instructor: Jacob Rosen UCLA
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Iterative Newton-Euler Equations - Solution Procedure

Phase 1: Outward lteration
- Outward Iteration: i: 1

Calculate the link velocities and accelerations iteratively from the robot’s base to the end effector

i+1 __i+1pi . i+1%
Wiy = R'w;+0;41"7" 2

i+1, — i+1pi - i+1pi . i+17 ) i+17%
Wiy1 = (Rwi+ TR0y X 041" Zipq +0i41"7 Ziga

i+1. i+1pri. i i i i i
Vi1 iR(tw; X Py +'w; X (fw; X "Piyq) + ')

i+1. _ i+1, i+1 i+1 i+1 i+1 i+1.
Veiy1 = Wit1 X Poipg T wigr X (Mg X P ) Vit1

Calculate the force and torques applied on the CM of each link using the Newton and Euler equations

i+1 — i+1,
- Fip1 =My ey

i+1 _C i+1 i+1 - i+1 Ciwn i+1
I\Ii+1_ Ii+1 a)i+1+ a)i+1>< Ii+1 a)i+1

Instructor: Jacob Rosen UCLA
Advanced Robotic - MAE 263B - Department of Mechanical & Aerospace Engineering - UCLA



lterative Newton-Euler Equations - 2R Robot Example

e Qutward lterationi =1

i = mi+1i+1vci+1
- . 5 ) ) -
my(L160,5, — L107cy — L1(91 + 32) + gS12)

2 . 2 . . .. . . .
Fo =m2 Ve, = |, (L,6,c, + L1075, + Ly(01 + 65) + geyn)
i 0 -

Instructor: Jacob Rosen UCLA
Advanced Robotic - MAE 263 - Department of Mechanical & Aerospace Engineering - UCLA



lterative Newton-Euler Equations - 2R Robot Example

e Qutward lterationi =1

i+1 Ci i+1, i+1 Ci i+1
Nipq = "W 1" 0 + 77041 X W T 04

0 0
. 0
2N, = 242w, + 2w, X ©2]L2w, = |0
0

Instructor: Jacob Rosen UCLA
Advanced Robotic - MAE 263 - Department of Mechanical & Aerospace Engineering - UCLA



Iterative Newton-Euler Equations - Solution Procedure
Phase 2: Inward Iteration

Inward Iteration: i = 2

« Use the forces and torques generated at the joints starting with forces and torques generating by interacting
with the environment (that is, tools, work stations, parts etc.) at the end effector all the way the robot’s base.

ifi = i+1iRi+1fi+1 + iFi
- . — . o N
'y ="Ni + RN + Py Xy + Py X R T i

L — i+1,T i7.
Ti ni

Instructor: Jacob Rosen UCLA
Advanced Robotic - MAE 263B - Department of Mechanical & Aerospace Engineering - UCLA



lterative Newton-Euler Equations - 2R Robot Example

« |nward iteration i = 2

ifi = i+1lRi+1fi+1 + iFi

*fo = 3R°fz + °F, = °F,

Instructor: Jacob Rosen UCLA
Advanced Robotic - MAE 263 - Department of Mechanical & Aerospace Engineering - UCLA



& lterative Newton-Euler Equations - 2R Robot Example

« |nward iteration i = 2

L i ipi+l i T ip i+1
ng="Ny+ (R i+ Pe;, X 'Fy+"Piyqy X qR 7 fig

0 0 0
n, = Z/Kyz + 4R % + 2P, X 2F, 4 *P3 X %R:"/?,
i i kIl T o 1 [ 0 '
L, 0 O0l=| o0 |= 0
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NnoZ

Instructor: Jacob Rosen UCLA
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Iterative Newton-Euler Equations - Solution Procedure
Phase 2: Inward Iteration

Inward Iteration: i = 1

« Use the forces and torques generated at the joints starting with forces and torques generating by interacting
with the environment (that is, tools, work stations, parts etc.) at the end effector all the way the robot’s base.

ifi = i+1iRi+1fi+1 + iFi
- . — . o N
'y ="Ni + RN + Py Xy + Py X R T i

L — i+1,T i7.
Ti ni

Instructor: Jacob Rosen UCLA
Advanced Robotic - MAE 263B - Department of Mechanical & Aerospace Engineering - UCLA



& lterative Newton-Euler Equations - 2R Robot Example

« |nward iterationi =1

ifi = i+1lRi+1fi+1 + iFi

'fi=3R*f+'F =

- . o . © \N2 7 i : l
Co So 0 mo (L10152 — ngfCZ — L2(91 + 62) + 9512) _mlLluglz + mpgs
_gz C(')Z g) mz(L1é1C2 -+ LléfSZ -+ Lz (01 + 02) + gclz) + mlLlel + mi19si
0 1 L 0

Instructor: Jacob Rosen UCLA
Advanced Robotic - MAE 263B - Department of Mechanical & Aerospace Engineering - UCLA
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lterative Newton-Euler Equations - 2R Robot Example

« |nward iterationi =1

0

i i ipi+l i ir o i ip i+1
ng="Ni+ (R i+ P, X' Fi+"Piyqg X 4R 7 fig

1n1=1 1+%R 2n2+1PC1X 1F1+1P2X%R2f2=

[C, —S;
S2 Co
L0 0

0
0“
2

1

0
0

A

nzz_

i J K Ly c; =Sy 0]|*fax
+ Ll 0 O + 0] X lsz C2 O] 2f2x =
'Fix 'Fiy O 0 0 0 1] o
[ Ji k
L4 0 0
2 w2 2 4,2 0
C2of2x — S2°fy  Sytfox + ¢t foy

Instructor: Jacob Rosen

Advanced Robotic - MAE 263B - Department of Mechanical & Aerospace Engineering - UCLA
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& lterative Newton-Euler Equations - 2R Robot Example

 Inward iteration

0 0 [ Ji k
i, = 0 |+ 0 |+ Ly 0 of =
nyZ| L1 Fuy C2fax = 5%y S°fax + %y 0
0 0
0 + 0 +
MyLy(L161¢; + L1075, + Ly(01 + 65) + gcin) Li(myL16; + mygsq)
[ 0
0

| L1(s2(my (L1615, — L10fc, — L, (91 + 52) + g512)) + c2(my(Ly61¢y + L16Fs, — Ly (61 + 6,) + gciz))

Instructor: Jacob Rosen UCLA
Advanced Robotic - MAE 263B - Department of Mechanical & Aerospace Engineering - UCLA



lterative Newton-Euler Equations - 2R Robot Example

 Inward iteration

0
n = . : . W0 . : .
Llsz [m2L192 — m2L1912C2 + mygsSip, — m2L2(01 + 92)] + L1C2 [m2L192 + m2L1912$2 + mygcCip — m2L1(91 + 92)]

Instructor: Jacob Rosen UCLA
Advanced Robotic - MAE 263B - Department of Mechanical & Aerospace Engineering - UCLA



Iterative Newton-Euler Equations - Solution Procedure
Phase 2: Inward Iteration

Inward Iteration: i = 1,2

« Use the forces and torques generated at the joints starting with forces and torques generating by interacting
with the environment (that is, tools, work stations, parts etc.) at the end effector all the way the robot’s base.

ifi = i+1lRi+1fi+1 + iFi

i ipit1 i T ip i+1
ng = "Ny + R g + P, X 'F 4+ Py X R o fin

Instructor: Jacob Rosen UCLA
Advanced Robotic - MAE 263B - Department of Mechanical & Aerospace Engineering - UCLA



lterative Newton-Euler Equations - 2R Robot Example

 |nward iterationi = 1,2

0
'y = . : W . : .
_Llsz [m2L192 — m2L1912C2 + mygSiz — msz(Hl + 62)] + L1C2 [m2L192 + m2L191252 + mygcCip — mle(Gl + 02)]

0
nz = X . 0 X X
myLy(Libicy + L1675, + Ly (61 + 6;) + geqp)

Ty = Ly (s2(my (L1615, — L16fcy — L2(91 + 92) + g512)) + c2(my(L161¢y + L1675y + Ly(61 + 6,) + gcy2))
Ty = MyLy(Ly61cy + L16Fsy + Ly (61 + 605) + gcya)

Instructor: Jacob Rosen UCLA
Advanced Robotic - MAE 263B - Department of Mechanical & Aerospace Engineering - UCLA



& lterative Newton-Euler Equations - 2R Robot Example

T=M(60)0+V(6,0)+ G(0)
Mass/Inertia | | Y N Gravity
Matrix = C(0)[67] + B(6)[]

Centrifugal ~ Coriolis

Instructor: Jacob Rosen
Advanced Robotic - MAE 263B - Department of Mechanical & Aerospace Engineering - UCLA



& lterative Newton-Euler Equations - 2R Robot Example

[Tl] _ [mzL% + 2m2L1L2C2 + Li(ml + mz) ‘ mzL% + m2L1L2C2] [91] n
Ty éz

mzL% + m2L1L2C2 + mzL% ‘ ZmzL%

O ‘ _mleLzszl 9% [—2m2L1L252] L.
I 6,0,| +
[m2L1L252 | 0 h 0 162921

[mszgCu + (mq + mz)L1gC1]
myL,gcy,

Instructor: Jacob Rosen
Advanced Robotic - MAE 263B - Department of Mechanical & Aerospace Engineering - UCLA



Equation of Motion — Non Rigid Body Effects

T=M@©B)0+V(0,0)+G(6) +F(6,0)

«  Viscous Friction Trriction = VO
« Coulomb Friction Trriction = € sgn(6)
 Model of Friction Teriction = v0 + ¢ sgn(6) = £(6,0)

Instructor: Jacob Rosen UCLA
Advanced Robotic - MAE 263B - Department of Mechanical & Aerospace Engineering - UCLA



