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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Solution
solve a set of differential equations

Dynamic Equations - Newton-Euler method or
Lagrangian Dynamics

T =M(0)O+V(0,0)+G(0)+ F(6,0)
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Inverse Dynamics
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Solution
Solve a set of algebraic equations

Dynamic Equations - Newton-Euler method or
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Lagrangian Dynamics

T =M(O®)O+V(0,0)+G(0)+F(6,0)
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Iterative Newton Euler Equations
Steps of the Algorithm

* | (1) Outward Iterations

— Starting With velocities and accelerations
of the base
0

w, =0, °a, =0, °v,=0, °v,=+02

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

@,0,V,Vey s Fy N

* | (2) Inward Iteration (i=n—1)

— Starting with forces and torques (at the
CM)

F,N

— Calculate forces and torques at the joints
f,n
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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
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Calculate the force and torques applied on the CM of each link using the Newton and Euler equations
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Iterative Newton-Euler Equations - Solution Procedure
Phase 2: Inward Iteration

Inward Iteration: 1 :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 al the way the robot’s base.
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Iterative Newton Euler Equations
Steps of the Algorithm

* | (1) Outward Iterations

— Starting With velocities and accelerations
of the base
0

w, =0, °a, =0, °v,=0, °v,=+02

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

@,0,V,Vey s Fy N

* | (2) Inward Iteration (i=n—1)

— Starting with forces and torques (at the
CM)

F,N

— Calculate forces and torques at the joints
f,n
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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
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Calculate the force and torques applied on the CM of each link using the Newton and Euler equations
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Iterative Newton-Euler Equations - Solution Procedure
Phase 2: Inward Iteration

Inward Iteration: 1 :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 al the way the robot’s base.
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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 0\'/o = (0 . 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.
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‘ 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
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Iterative Newton-Euler Equations - Solution Procedure

Phase 1: Outward Iteration
» Outward Iteration: i: 0

« | Calculate the link velocities and accelerations iteratively from the robot’s base to the end effector
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« Calculate the force and torques applied on the CM of each link using the Newton and Euler equations

i+1 i+1,-
F' = VCi+1

|+1N |+1| Cf) + C() >< |+1|' i+1

i+1 @,

i+1

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
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lterative Newton-Euler Equations - 2R Robot Example
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‘ lterative Newton-Euler Equations - 2R Robot Example
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Iterative Newton-Euler Equations - Solution Procedure

Phase 1: Outward Iteration
» Outward Iteration: i: 0

« | Calculate the link velocities and accelerations iteratively from the robot’s base to the end effector
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« Calculate the force and torques applied on the CM of each link using the Newton and Euler equations
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lterative Newton-Euler Equations - 2R Robot Example
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lterative Newton-Euler Equations - 2R Robot Example
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Iterative Newton-Euler Equations - Solution Procedure

Phase 1: Outward Iteration
» Outward Iteration: i :1

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

i+1 _iHlp i ) i+l
w,= R o+6,"2Z,

i+1
i+1 - i+l i - i+l i 3 i+l i+1=
» o= R o+ R ox6,"Z, "‘9 Zi,
i+1, i+1 i - i i i i\
Viy= R(@ x B+ o x (a)i x B.)+V;)
i+1, _i+1 . i+1] i+1 i+1 i+1 i+l -
VCi+1_ PC|+1+ C()i+1><( a)i+1x I:)Ci+1) + 1Vi+1

« Calculate the force and torques applied on the CM of each link using the Newton and Euler equations
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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
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lterative Newton-Euler Equations - 2R Robot Example

[ ¢ S B '
2 2 o _L'QAL+jS1
'—Sr_ Ci o) L Q c -
= + i
] o 1 ! 1 \(]

L. é,sz"L4 /;idZC,_ "'fjsn |
LidiCatlid, s, + g Cup

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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Iterative Newton-Euler Equations - Solution Procedure

Phase 1: Outward Iteration
» Outward Iteration: i:1

« | Calculate the link velocities and accelerations iteratively from the robot’s base to the end effector
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« Calculate the force and torques applied on the CM of each link using the Newton and Euler equations
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‘ lterative Newton-Euler Equations - 2R Robot Example
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lterative Newton-Euler Equations - 2R Robot Example

« OQutward lteration =1
i+1 Ci. Cix
N ll 0).+1+ C() X 1| a)i+1

> ]

)
'L

LA[ l/\) -+ L\/u = o
2

— O

-~ D o

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 lIteration: 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 al the way the robot’s base.
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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
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Iterative Newton-Euler Equations - Solution Procedure
Phase 2: Inward Iteration

Inward Iteration: 1 :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 al the way the robot’s base.
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lterative Newton-Euler Equations - 2R Robot Example

« Inward iteration =1
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lterative Newton-Euler Equations - 2R Robot Example
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‘ lterative Newton-Euler Equations - 2R Robot Example
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Iterative Newton-Euler Equations - Solution Procedure
Phase 2: Inward Iteration

Inward Iteration: 1 :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 al the way the robot’s base.
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‘ lterative Newton-Euler Equations - 2R Robot Example

« Inward iteration i=1 1=2

Tz_ = My l-: (éa-"%l\ * V\’\qutz_ Clé.a’(' My l“[l > ﬂ‘f’”M’Ll?—gC“
+ W‘l—[zj- (é.n"‘é.l')
- - - . 2 ..
Cy= W,_[ZZ (94* 47.)+ W"Z‘[zcz (7‘6/* qz) {W”W\Z)é‘ J,

- W')_Z.lly_gz_ éLL - Z-NLéall_ SLJZA €L4<M(+ML> l.« 9 Cy
~+ M, (zf/ Cea

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



‘ lterative Newton-Euler Equations - 2R Robot Example

(2] - M@fd+ v(e,d) + o

—

e leke @I BOL gty

M’ltf\}c

% Co rnb‘ls Cex M-{vyc.,[
{ . } wzll—‘}zh"l-‘(lc z'+<w”h'- V"‘ng‘f‘""z[f(aQ &é
T - T
L 2 \MLLLL +\MLL, L(L-c m[il Q‘WLZ; QL

0 ,“W‘thzga Q,\l -2 m L,(_S -
4 L2
[m%sl — HJ . & i 21[9.41,}

4 (/ WLLL\C}C{L-I-(WL'f'W\L)LlS ¢y X

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

UCLA



J Equation of Motion — Non Rigid Body Effects

r=M(0)d+V(0.0)+G(0)+F(0.6)

Viscous Friction T triction = vo
T triction — C Sgn(e)

Coulomb Friction

Model of Friction T i =VO+Csgn(0) = T(6,6)
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