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1) Introduction and motivation
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Introduction and motivation.

= Goal: Optimal control and design optimization.
= Method: Gradient based optimization.

= Characteristics: highly dependent on dynamics
and sensitivity evaluations.

= Solution: accurate and highly efficient dynamic
and sensitivity formulations by means of:

= Joint coordinate models.
= Analytical differentiation.

» General dynamic and sensitivity
formulations.

= General and robust software.
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Introduction and motivation:

State of the art.

Gradient based SENSITIVITY
optimization methods ANALYSIS

Differentiation
methods

Numerical

Modeling Sensitivity differentiation

Reference point Methods Symbolic
coordinates Formulations Direct differentiation

Natural Independent differentiation Automatic
coordinates coordinates method differentiation

Relative (joint) Dependent Adjoint variable Analytical
coordinates coordinates method differentiation
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2) Dynamics of open-loop systems
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Dynamics of open-loop systems:

Joint coordinate models.

> £

Topological
Recursive

Closed-loops

Joint coordinate
models

Closed-loop Opened-loop

Laboratorio de Ingenieria Mecanica  _anf
Universidade da Corufia http:/lim.ii.udc.es & ="




Dynamics of open-loop systems:

Joint coordinate models.

Topological
Class |
b Cylindrical
indrica
models Y Class I
Relative motion
Spherical
Class llI
Floating Class VI
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Dynamics of open-loop systems:

Recursive kinematic relations.

= Relative motion at velocity level:

Laboratorio de Ingenieria Mecanica
Universidade da Corufia

= Relative motion at acceleration level:

g—1 -7,1—1 t,0—1
r,=r, +r, +2w; 1 AT
1—1
r, =TI, t+twi_1 A (rZ — I'z—1) + w1 A [w@_l A (rZ —r; 1)}
1—1 1—1
i

= In matrix form: N L=
W 0 I Wi 1

[wz 1 N\ [w% 1 A\ ( r, — ri—l)} —+ ‘I";E’i_l + 2w;_1 A I.'z:’i_ll

= |dentifying terms:




Dynamics of open-loop systems:

Recursive kinematic relations.

= Gathering linear and angular velocities: 4 Revolute joint: R (Prismatig: jpint:\
v v b? = W (rz' - rj) b? = By
Vz:BZVz—l"'_b@Zz i W 7 _0_
= Similarly, accelerations can be expressed as: by — [Wj (v =) + W, (8 - f‘j)] b — 181
: : W
V,=B;V,_1 +b;z;, +d; z; = [z,] (angle). J\U % = [z] (dlstance))
= Recursive terms: (" Cardan joint: \( Cylindrical joint: )
v U VLU v __ Wj (I‘i - rj) V’ifj+1 (ri - rj) b? = [Wj Wj (rz' — rj)]
Biv Bfiv bi? bz bz’ - [ W W1 ! . 0 W
= Regarding that: e o Wy oWy (v, ) + Wy (B — 1)
S fos b! = [by' by?] bi=1, W,
i =D Vi1 +Db;z \_ z; = [zx1, Zx,] (angles). I\ z; = [zx1, Zx2] (distance, angle). W,
(" Spherical joint: \ Floatlngjomt Y4 Planar joint: )
by — 2 (f'j — r%-) E by — I; 2 (rG —r, ) E bo — |[W VY W (ri — r@G)
i 2F ¢ 0 2F g 0 O W,
o 2(fj—f‘i)E+2(fj—i‘i)E by [0 z(rG—r)Efz(fg—fi)E bg,:[uj v, wj(rirg)fwj(fifg)]
z 210 0 o 0 0 W,
z; = P = |&,&,,&,,&;] (Euler parameters). J \_ Z; = [Zx1, Zk2, 73, P] (distances, Euler p.). J \_  Zi = [Zk1,Zk2, Zx3 ] (distance, distance, angle). J
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Dynamics of open-loop systems:

Recursive kinematic relations.

= Gathering linear and angular velocities:

. = For the center of mass as reference point (RTdynO):
V,=B;V,_1 + bz

Y, =BYY,_; + bYz,

= Similarly, accelerations can be expressed as: - - .

V,=BYV,_ | + bl +d! - .
= For the global origin of coordinates as reference

= Recursive terms: point (RTdyn1):
BY, BY, b?, bY. Zi=17Z; 1+b}z
= Regarding that: Z; =Z;_1 +b; +d;

= Regrouping terms for n, bodies:

v=[vI vI . vI|'
ViV ”,;} V =R'%
Z=|21 2y .. Iy,
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Dynamics of open-loop systems:

Semi-recursive equations of motion.

= Applying the virtual power principle to a multibody system composed of n, bodies :

i I‘g miI3 0 I‘T’G B fz —0
w} 0 J&| |w; nd —w; AJSw;| )

1=1
= Extending the previous equation for any reference point:
Y= |T¢| = L r,—rg i | —prve -
‘ w; 0 I W; Lol *T v v
P i Sovit MV - Q] = o
Yi _ I:G _ I r,—rg; rz 4 w; N (w¢ A (I‘G - I‘z)) _ D".’Vi 4 eV i=1
W; 0 I W; 0 ! ¢

being: MY = (D?)"M;D? and QV = (DY)" (Q; — Me})
= Substituting V* = RYz* and V = RY%Z + RVz:
5T [(RvTMvRv) 5 _ RVT (Qv B M”R”Z)} 0
= Assuming that all the relative coordinate velocities are independent:
(R'TM'R")z = R'T (Q" - M"R"z) = M’z = Q
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Dynamics of open-loop systems:

Generic reference point.

= Mass matrix and force vector of each body:

. —m; (T4 — ;)
Y [mi (o —£) 36 —mi (%~ 5,) (7% - r)]

f; — mw; A (wi A (TE* - rz)) }

Q/ = [ G w; ANIGw; + (I'ZG — I'z') A [fi — miw; N (wi A (r?é N r“))]

n:

i —

= Assembly of matrix R":

by, 0 .. 0

S LTI PR

b1 boo
i
b;; =Bibj ;;i>]

bf% = b}
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= Assembly of vector R?zZ:

RVs — [(dT)T (ng)T T

(@:®)"]
d;* =dj + Bjd;”

= Assembly of generalized force vector Q¢:

Q! =R (Q’ - M'R"z) = b/TQ/

Q¥ =Qf - Midj* + ) BI'QL”
s=1
= Assembly of mass matrix M¢:

M(i,j) =R"TM"R"(i,j) = by TM{¥by ;; i > j,
M?(i,i) =R""M"R"(i,i) = by M;*b},
M?(i,j) =R""M"R"(i,5) = b/ M"bY; i< j,

i

MY¥ =M+ ) BY'MI¥BY

s=1
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Dynamics of open-loop systems:

Fully-recursive equations of motion.

[ ] [ |
.

-
—
— r
l_
o - 4
P P
./.-' J #
x'l ’ ! AN g
Y Fo
£ —1 £ _F]
i | |
ll |I |I
| ¥ ¥
| |
b b

MY, =MY , + B'TK,M!BY?
: - Y = QY vT (K. (QY — MYd? z2()?
V%_ — Bgvi—l _I_ b;)Z@ _|_ d;) Qz—l Q?,—l + B'z (K% (Qz M'z dz) + Kz Qz)

- ~ —1
K? = —NI/b} b/ M;b;|

i = [byaapby| (b7 Gy

M (BIV, i +d!)| + Q)

K; = I + Kib]"
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3) Dynamics of closed-loop systems
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Dynamics of closed-loop systems:

Constraints.

= Euler parameter normalization constraint. = Constraint derivatives:
= Loop-closure constraints: &, — 0P 0q N oP — Byq, + B,
= Revolute joint 0q 0z 0z
= Prismatic joint = Explicit derivatives: ®4, P,
= Cardan joint » Explicit dependencies of constraint equations.
= Cylindrical joint » Constraint-dependent.
= Spherical joint « Efficiency: consider sparsity.
= Planar joint = Topological derivatives: 4z
= User constraints:  Variation of natural coordinates with z.
= Driving constraints (rheonomous). * Topology-dependent.
= Geometric constraints. « Efficiency: reuse and storage of topological
derivatives.

= Angle and distance definition, etc.
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Dynamics of closed-loop systems:

Semi-recursive Matrix R formulation.

= Kinematic velocity and acceleration problems: = Semi-recursive Matrix R formulation:
| D, | 5 [ b | = Set of independent coordinates ODE generated
B | | z' applying a second velocity projection (z = z}).
b, |. [ c | = Classical formulation:
Z —
B z'

I | i . (quTMdR@) 5 — R®T (Qd _ MdeJC)
with b=—-®;, c=-P, — ;2.
Solving these problems:

z=R%z'+S%b

z=R%%" +S%c

o* — R®;

in which:

B

(st e ]| Y| -L
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Dynamics of closed-loop systems:

Semi-recursive Matrix R formulation.

= Kinematic velocity and acceleration problems: = Semi-recursive Matrix R formulation:
D, ; b = Set of independent coordinates ODE generated
B z" applying a second velocity projection (z = z}).
P, 5 c = Classical formulation:
B - | 2'— Bz (RPTMIR®) 3 = R®T (Q? — M’S%c)

1 b — —@ — —(.ﬁ — @“ , H
with t, C t 272 = Novelty: non-constant B matrix, for DoF not

Solving these problems: included in the joint coqrdinates vector.
z=R%z' + S%b n_ 07
z =R (z — Bz) +S*%c _
» Extended formulation:
x _ PP : .
in which: 2 =R"z (R*TM?R®) 7 = R®T (Qd — M (S‘I’c - R‘I’Bz))
P, . :
[ S®? R® } [ Bz ] —1, More compact: -
Mz' = Q
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Dynamics of closed-loop systems:

Semi-recursive ALI3-P formulation.

= Augmented Lagrangian index-3: = Velocity projection:

M+ @F (X0 1 as) - Qf (P+@fa®,)s =Py — & (o1 +cab)

olitll = ot} 4 cad
= |terative or non-iterative.

Al = 2+ L ad: i >0

= Once combined with a numerical integrator, it can = Enforces the fulfilment of ®.
:anepsoﬂxi(ac)its).)/ means of a Newton-Raphson scheme - Acceleration projection:
= Supports redundant constraints. (P + gq)gacbﬁ) 2=Pi - ®, ("‘"{Hl} + gac)
= Efficient and accurate. i = gl 4 cad
= Poor stability without energy preserving or energy = |terative or non-iterative.

decaying (dissipative) numerical integrators.

= Enforces the fulfiiment of ®.
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4) Sensitivity analysis of unconstrained open-loop systems
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Sensitivity analysis of unconstrained open-loop systems:

Notation.

= Objective function: = The gradient can be expressed as:
te Lp
V= /to 8(%%%4,9,4 p) di P = /to (g2’ + 832" + 832" +gp) dt
= Gradient: wherein:

gs = 8z + 8qUz + 84Uz + 844z
8; = 8z T 84Uz + 28q9z
+8qd’ + 844 + 844’ +8p) dt g; = 85 + 849z
g5 = 8qdp T 8q4p + 84dp + &p
= Notation:

tr
P =Vl = / (822" + 22" + g7
to

= Considering implicit dependencies:
qd = q.z' +qp
ql = QZZ, + qzzl + Qp
q, = (“lzZ’ + QQZZ, + qzi, + Qp

= |t gathers implicit dependencies on natural
coordinates.

» |t is compact.
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Sensitivity analysis of unconstrained open-loop systems:

Semi-recursive forward sensitivity.

= Require the exact derivatives of the mass matrix and
the generalized forces vector. , , hy., y
SraliEnT W (1) = (ti1) + 5 (9 (i) +9 (1)

» |nvolve nxp variables. : : ,
Integration Y (ti) = {82’ +8;2" +g32' +85},

= Taking derivatives on the semi-recursive open-loop M‘% = Q*
EoM:
. . . . BEIEY d d d
Mz + K)z' + Cz' + M% = Q¢ — Mz M<¢, M4, K, C, Q..
( 2 T ) * Qs p assessment 2r mmpr Q
with: ,}, )
d : 7= g 7!
B d integrator . 1 5
- _QE g Z;L—H = WZ;H_I + 2,
= The systems of sensitivity equations: Sensitivity (M 4 yhC? + B2 (Ml + K9)) 2/ =
= Need a numerical integrator to be solved. solution Bh? (Qﬁ — M4z — C'% — Md%’)
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Sensitivity analysis of unconstrained open-loop systems:

Mass matrix derivatives.

Body mass Accumulated Assembly
matrix mass matrix

[ (Mf)f((D;’)TM@-Dg)ﬁ] [(Mf)i:( 3 (B S))ﬁ] (M7(0.5)) = (b7,
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Sensitivity analysis of unconstrained open-loop systems:

Forces derivatives.

Body forces Accumulated Assembly
vector forces vector

External n'

P (@) = (@ - Mia + S BrQr) (@) = (byQr®).

- x x
Inertial s=1
forces
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Sensitivity analysis of unconstrained open-loop systems:

Fully-recursive forward sensitivity.

Kinematic derivatives

Vzavzan:B;}abZ)ab:’adprz

= Derivatives with respect to
positions, velocities and

parameters.

Laboratorio de Ingenieria Mecanica
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Dynamic derivatives

’Q’U KZ

= Concatenation of products.

= Study each magnitude
separately for efficiency.

Forward sensitivities

3l = (z)z’ n (z)z’ n (z)z’ n (z) ,,
Z Z Z P
= Recursive evaluation.

= Position and velocity sensitivities
numerically integrated.

http://lim.ii.udc.es g=




Sensitivity analysis of unconstrained open-loop systems:

Derivatives: recursive terms.

Derivatives of recursive terms
Joint dependent Joint independent

v v P
d;., B, B’
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5) Sensitivity analysis of closed-loop systems
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Sensitivity analysis of closed-loop systems:

Semi-recursive Matrix R. Forward sensitivity.

= Sensitivity of kinematic problems: = Forward sensitivity of semi-recursive Matrix R:
[%z] s — [Zﬂf;ﬁ] g —RE _ S‘i’@ﬁ = The TLM takes the form:
o o Mz" + Cz" + (K + M,iz") z" = Q5 — Mz’
[B’”‘] Z = L,_ pp| = % =R7 (2" —b?) - STDP with:
. AP ] ' Q —1\_/.[ Z?’:Q—l\_/_[ 7' + Qi"‘QZZZ MZZEZ —|—QZZ
Paly = | | =i =R® (5 —cP) — 5% pm Mo = QoM+ (Qa + Q; )2 g
B z" — cP| K=-Q, =— (Qi -+ szz) Zgi
Expanding these expressions: C= __Qii - _szz
7' — Rtbzz'l . S‘I)‘I)ﬁ Mziil = (l\_/Iizz) Z,i
7 — R® (zi’ — Bz + Bﬁz) —s® («i)ﬁz’ + ci)ﬁ) In which a new notation involving joint coordinate implicit

dependencies has been used.
i = R* (7' — 2B7 + Bz + By + Byz)

—S® (2(1)22, + (.I')QZ, + (I)ﬁ)
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Sensitivity analysis of closed-loop systems:

Semi-recursive Matrix R. Adjoint sensitivity.

= First, the EoM are transformed into a first order = After taking derivatives, integrating by parts in time
explicit system: and nullifying terms multiplying the sensitivities of
I O 7 v the states: , - - T
- = | = = —f; 1) — g5
oowl V)l o)
. - p =0
M(Yﬂp)y:Q(tayap) S A - 0 |
thus: f = M (Qy — Myf ) = [ M- (K 4 M,.v) —M-'C
y=M"(y,p)Q(t,y,p) =f(t,y.p) gy = |82 8]
= [0 g
= The adjoint sensitivity begins with the definition of & B
the following Lagrangian: = Finally, the objective function gradient can be
determined with:
f(t dt , t
=o- [t -ty W= pu, [ () D)
to
with g a set of new adjoint variables. £, = (Q ) B 0
g M™ (Qp — M,i')
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Sensitivity analysis of closed-loop systems:

Semi-recursive ALI3-P. Forward sensitivity.
)

4 M50 4 Gt 4 K 4 @A) = @
A — i1} 4 0!
Mz + &L (A" + a®) + L ad, + K
Qi - Mz — ®L, (A" +a®) - 2La®,
& = B,7 + B, y

;)2\ =Pz + P (2" —2) — B, (a' - ga‘i’) 7z’

Sensitivity of velocity . .
iy _ r{i—1} 5.
o' =o +cadP’; i > 1 y
[ (P +¢®] ad;) it =Pz + P/ (3% — ) — DL, (ﬁ: — ga‘i?) 7z’
Sensitivity of
acceleration projection

r

~®, (H', + ga(i’) — &) (&’{i} + qac”)

iy — o r{i—1} /. -
K K +cadP’; i > 1 y

http://lim.ii.udc.es g=
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Sensitivity analysis of closed-loop systems:

Semi-recursive ALI3-P. Adjoint sensitivity.

Continuous AVM
(differentiate-then-discretize)

Continuous EoM.
_ ) « Differential adjoint equations.
Adjoint Variable Method « General expressions.
(AVM)

Discrete AVM
(discretize-then-differentiate)

» Discretized EoM.
« Algebraic adjoint equations.
« Particular expressions.
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Sensitivity analysis of closed-loop systems:

Semi-recursive ALI3-P. Continuous adjoint sensitivity.

Classical index-3 formulation . _
= The adjoint equations take the form:

-tF 'tF‘
> (MY + @&, (A" +ad) —Q)dt / »®dt : 7,
./to py (MV* + @, (A" +a®) - Q) Tl He PC Ml_KTMQ_q)ET”@_AT“‘i’_BT“&):_giT’

M i =Py —Clpg+p + Efpg + Flug =0,

Velocity projection

tp — T T T . T B T
[ uL ([P +<@la®;) s - Py + 8lca®,) (P+@Tca®;) ny +2 (2Tad;) ns =gl
Jto

_ T
. — (P+®,ca®;) pg =g;,
Acceleration projection T

/ttF uh ([Pt c®fa®;] i — Po* 4 yca (B2 + ;) ) dt

Variable change —dLcad P, (v — %)+ B cad

tr
[l @ v
Jto

_Z)7
Final condition PP, (v i),

1@ (tr, qr, Vi, p) K=K+M,v+ & ad, + 3L (A\*+ad).

A Laboratorio de Ingenieria Mecanica _" e
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Sensitivity analysis of closed-loop systems:

Semi-recursive ALI3-P. Discrete adjoint sensitivity.

Classical index-3 formulation _ . _
= The discrete systems of adjoint equations for the

c p' (Mz* + @5 (A" +a®) - Q) po® Newmark numerical integrator are:
C
é. % T T T T T T AT 1 T
= S Velocity projection {(Tpt+ Sope—Agne—Aghal ) =S + {@G ke }{m}
) = ' =y _ . T 1
o= 5 pl ([P +c®la®;] 7 — Pi* + L cad,) {(P +50Tad;)" g+ (05ca (20;)) ,u,(i,} — gl - { (1 _ 1) GT _ _HT}
= 2 (i} p Bh )iy
n - : : : = T gl 1
A Acceleration projection {(P+c@]as,) “‘1”}{@-} = &5y — {(1 - %) G+ (1 - %) HT}{M}
”E) ({P 1 C‘I’ga‘l’z] z — Pz* + ®;5a (‘I’zz + ‘I’t)) {”Tq)g}{z'} = BA" (i}
_ vl e LR
T = T +[5’hC+K
= DAVM: G =p"C - pl (P+P,. (3" —2)) — uiP;. (* - i)
= No high order derivatives. H=p'M'— pgP
= Straightforward initialization. Ay = f’;ﬁ (Pﬁghf’z ) (2° — 2) —Bgca®—@;a®;
= Particular adjoint equations. Ay — 15%+ (P#%fné*) (5 — ) — L cad-dLcad,

m = W Laboratorio de Ingenieria Mecanica

de= =l Universidade da Corufia




Outline

6) MBSLIM implementation
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MBSLIM implementation.

= Objectives: = Topological dynamic implementation:
= Unique model definition. = Fully-recursive unconstrained dynamics.
= Relative coordinate models automatically = Semi-recursive unconstrained dynamics.
generated from the user information. = Semi-recursive Matrix R and ALI3-P constrained
» Coexistence of natural and relative coordinate dynamics.
models. : L :
= Topological sensitivity analysis
= Topological kinematics implementation: implementation:
= Automatic detection of joints from information = Forward fully-recursive and semi-recursive
given in terms of points and vectors. unconstrained sensitivity.
= Detection and cutting of closed loops. = Forward and adjoint semi-recursive Matrix R

= Solution of constrained kinematic problems in sensitivity.

joint coordinates. = Forward, continuous adjoint and discrete adjoint
semi-recursive ALI3-P sensitivity.

Laboratorio de Ingenieria Mecanica St
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/) Numerical experiments
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Numerical experiments:

Five-bar: model.

File Edit View Inset Tools Desktop Window Help k]
Do de @ 08 |LE _
= 4 movable bodies.

' I ] = 2 degrees of freedom.

= | = Forces:

B = 2 spring-damper forces.
05 = Gravitational forces.

19 T = Natural coordinates model:
A5t ' = 23 variables.

2| = 24 constraints.
25] - = Modelled with 5 points, 8 vectors and 2 angles.
TP P ] = Relative coordinates model:

= 4 variables.

= Experiment:

= Dynamic maneuver during 5 seconds using semi-
recursive Matrix R and ALI3-P formulations.

= 6 redundant constraints (loop closure).
= Modelled with 4 revolute joints.

Laboratorio de Ingenieria Mecanica ot
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Numerical experiments:

Five-bar: sensitivity results.

= Objective function: Gradient with respectto L _,

¢1 wennnnnn atrixE
P = |? —— RTdyn0-ALI3-P
Y3 -7 —— RTdyn1-ALI3-P
_ > —&— RTdyn0-MatrixR
with: —6— RTdyn1-MatrixR
t@
T 4 | | | | ] | |
Pl = / (rg —rgg) (ry —rgg)dt EU 1 2 3 4 5 6 7
to .
tp Time (s)
’(bQ = / rgrzdt ) sensnnnn [atrixk
to Gradient with respect to LE

1 —+— RTdyn0-ALI3-P:CAVM
A% | —— RTdyn1-ALI3-P;CAVM
—8— RTdyn0-MatrixR
—&— RTdyn1-MatrixR
—2— RTdynQ-ALI3-P:DAVM
i RTdyn1-ALI3-P:DAVM

p=1[Lsi Ly mar 19 Lai] -6 ! : ' ' ! | I
0 1 2 3 4 5 6 7

tp
W3 = f 15, dt
to

= Parameters:
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Numerical experiments:

Buggy vehicle: model.

18 bodies.
14 degrees of freedom.

Additional constraints:
= Steering guide.
= Definition of spin angle on each wheel.
= Definition of distance on each suspension.

= Alignment of 3 points on each rear suspension.

Forces:

= Weight of each body.

» Spring-damper forces on front and rear suspension.

= Tire forces.

= Experiments: Natural coordinates model:
1. Step descent maneuver during 4.5 seconds. = 180 variables.
2. Double lane change during 12 seconds. = 178 constraints.

» Modelled with 32 points and 25 vectors.

W Laboratorio de Ingenieria Mecanica
he— =l Universidade da Corufia http://lim.ii.udc.es




Numerical experiments:

Buggy vehicle: joint coordinates model.

1 floating joint between ground and chassis. @><

N
-

s N 7
Each front suspension: o ?0"’,,
Frontal suspension. 9,

= 2 revolute with chassis

S
= 4 spherical joints (2 eliminated). C R .
= Each rear suspension: P 52 VR
= 3 revolute joints and a constraint of alignment of 3 points. l I ©
. R]® S S
= Steering system:
= 1 prismatic joint o}

= 2 cardan joints

» 2 spherical joints (removed during the opening of closed loops).

1 floating + 12 revolute + 2 spherical + 1 prismatic + 2 Cardan. Rear suspension.

Joint coordinates model:

= 36 relative coordinates: 32 from joints and 4 from added variables.

= 26 constraint equations.
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Numerical experiments:

Buggy vehicle: step descent maneuver.

. . ce - .
= Dynamics Sensitivity analysis:
« 10,4 Gradient with respect to kf
i X-component of acceleration of point 1 | ™" MatrixR | T . MatrixR
£ —+— RTdyn0-ALI3-P ) | —+— RTdyn0-ALI3-P
= —*— RTdyn1-ALI3-P - —— RTdyn1-ALI3-P
% —8— RTdyn0-MatrixR = —&— RTdyn0-MatrixR
o —&— RTdyn1-MatrixR —©&— RTdyn1-MatrixR
8 | | 1 |
< 5 6 5 6
Time (s) : Time (s)
' Z-component of acceleration of point 1~ | ******™* MatrixR _ T . MatrixR
E +— RTdyn0-ALI3-P 10" Gradient with respect to k, RTdyn0-ALI3-P:CAVM
< —— RTdyn1-ALI3-P —s— RTdyn1-ALI3-P:CAVM
S —F&— RTdyn0-MatrixR —&— RTdyn0-MatrixR
% —&— RTdyn1-MatrixR - —&— RTdyn1-MatrixR
8- E', ('3 - —A— RTdyn0-ALI3-P:DAVM
Time (s) —?— RTdyn1-AI‘_I3-P:DAVM
5 6
Formulation CPU time CPU time natural Ratio nat/rel Time (s)
RTdyn0 ALI3-P 2781 6.703 2.410 Formulation CPU time CPU time natural Ratio nat/rel
RTdynl ALI3-P 2.781 6.703 2.410 RTdyn0 ALI3-P: DDM 8.188 9.484 1.158
RTdyn0 MatrixR 5.429 0.781 1.804 RTdyn0 ALI3-P: CAVM 9.031 10.953 1.213
RTdynl MatrixR 5.4292 9.781 1.804 RTdyn0 ALI3-P: DAVM 8.781 11.047 1.258
RTdynl ALI3-P: DDM 8.188 9.484 1.158
. . . ] RTdynl ALI3-P: CAVM 9.031 10.953 1.213
Objective function and parameters: RTdynl ALI3-P: DAVM 8.781 11.047 1.258
tp T RTdyn0 MatrixR: DDM 30.156 35.563 1.179
) = 72 dq sens [k k RTdyn0 MatrixR: CAVM 30.350 37.719 1.243
— r1 t P f Cf r Cr Me Tdyn0 MatrixR: C! 30.35 37.71¢ 248
to * RTdynl MatrixR: DDM 30.156 35.563 1.179
RTdynl MatrixR: CAVM 30.250 37.719 1.243
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Numerical experiments:

Buggy vehicle: design optimization for step descent.

= Minimization problem:

tr
min ¥ = i"idt
P to
st. p<U

p>L

with: .
L=[10 10 10 10]

U=[10° 10° 10° 10°]"

= Optimization parameters:

pPt = lky ¢ ke o

T

“ = W Laboratorio de Ingenieria Mecanica

de= =l Universidade da Corufia

= Optimization algorithms performance (fmincon):

Algorithm kg cy

.Ii-”.?. Cr

[nterior Point  13731.4  245.896

TRR 15217.6  7911.09

HQP 13886.8  257.48%
Active Set 13923.9 251.196

134343 59.7709
14514.9 4724.76
10962.8  96.9401
10961.4  96.8143

W N iter
1.4146 80
13.164 100 (max)
1.4601 30
1.4619 19

= Optimized response:

Evolution of the acceleration of the Z coordinate of point 1 of the chassis

G 15 T T T T T I I
© Optmized parameters
g 10 —‘ 1 .. 1
€ 'l‘ = === (riginal parameters
= 5 | e
£ oRARAAA A Tovs
© h v
ks 5L J ’ IIlI U v i
© H]
: ]
< -10p 1 1 1 1 I 1 I I Bl
0 0.5 1 1.5 2 25 3 3.5 4
Time (sec)
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Numerical experiments:

Buggy vehicle: DLC maneuver.

= Dynamics

Trajectory of point 1

-------- Reference
—+— RTdyn0 ALI3-P

= Sensitivity analysis:

Sensitivity of ' with respect to kf

-------- Reference

—+— RTdyn0 ALI3-P
—— RTdyn1 ALI3-P
—+&— RTdyn0 MatrixR

€
7‘;% —— RTdyn1 ALI3-P oo —6— RTdyn1 MatrixR
g —+&— RTdyn0 MatrixR
> —o— RTdyn1 MatrixR 1!4 1\6
0 2 40 60 80 100 120 140 160 180 Time (sec)
Rolotie thestis e Reference
0.01 « 10.3 Sensitivity of ¥ with respect to kf —+— RTdyn0 ALI3-P:CAVM
s, R e [ P —%— RTdyn1 ALI3-P:CAVM
"5‘ —+— RTdyn0 ALI3-P —&— RTdyn0 MatrixR
% —— RTdyn1 ALI3\-P e —6— RTdyn1 MatrixR
% 0005 o Rra - —~A— RTdyn0 ALI3-P:DAVM
o001 | , | , B , ‘ ' ty | —5— RTdyn1 ALI3-P:DAVM
: S v | | I I
? ¢ ® e (se) 10 2 * ° 0 2 4 6 8 10 12 14 16
Formulati CPU T CPU time natural — Ratio nat/rel Time (&0
(r:rl‘-nm aron — .1111:. - hmens 'lil_d Aatlo na '_; {"' Formulation CPU time  CPU time natural Ratio nat /rel
RTdyn0 ALI3-P 1041 3.700 3082 RTdyn0 ALI3-P: DDM 2578 1,609 1788
erd}'lll ALI?-P 1.047 3.750 3.582 BTdvn0 ALI3-P: CAVM 2 766 ~ B
RTdyn0 MatrixR 2.109 3.859 1.830 RTdyn0 ALI3-P: DAVM 2,686 4.906 1.827
RTdynl ALI3-P: CAVM 2.766 - -
. RTdyn0 MatrixR: DDM 8.484 11.609 1.368
. T RTdyn0 MatrixR: CAVM 8.563 11.969 1.404
- 2 sens __ 3
= ¢-dt p* = ky cp ke o mf RTdyn1 MatrixR: DDM 8.484 11.609 1.368
lo RTdynl MatrixR: CAVM 8.563 11.969 1.404
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Numerical experiments:

Buggy vehicle: design optimization for DLC.

= Minimization problem:

tr
tr . . 12
min ¢ = P dt %}én Y= kl ¢7dt
P to z 0
st. p<U st 7O <1
e
p>L = Results: ry 2 -1

= New minimization problem:

= Optimization parameters: = Straightforward optimization.

opt __ T
p?t = ks cr kv o] = The chassis CoM is lowered to match the center of roll.
= *Optimized spring-damper coefficients lead to an

infeasible solution. Suspensions should be redesigned.

Evolution of the roll rate over time

T T T T

|
3 0.02- Optimized parameters []
- #7 T\ | ==== Original parameters
S 001f FYC FooN g
gr ﬂu - - !I A\
& 0 MMNW’H'—-
S -
@ -0.01| \\ J ~ .
| = [ | | [
0 2 4 G a 10 12

Time (sec)
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Numerical experiments:

Bicycle: model.

= 4 bodies.
= 9 degrees of freedom.

ﬁ.\ = Forces:
= Gravity.

= Contact-frictional tire forces.
‘ = Steering torque.
’ = Traction torque.
= Natural coordinates model:
’ = 36 variables.

= 30 constraints.

= Modelled with 3 points, 8 vectors and 3 angles.
= Relative coordinates model:

= Experiment: = 10 variables.
= 1 constraint (Euler parameters).

1. Double turn maneuver during 10 seconds.
= Modelled 1 floating joint and 3 revolute joints.
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Numerical experiments:

Bicycle: dynamics and sensitivity.

= Dynamics = Sensitivity analysis:
fObjective function: )
tr
Y= (o=res |+ [Ty | =TFrres|) dt
1
Parameters (gpline points):

k P —[pl p2 - pp]T )

Reference value of velocity (m/s)
10~

Velocity (m/s)
[e4]
T

6 1 [ 1 [ 1 [ 1 [ 1 |

0 1 2 3 4 5 6 7 8 9 10
Time (s)
Formulation CPU time CPU time natural Ratio nat /rel 0z Reference value of roll angle (rad)
RTdyn0 ALI3-P 0.781 3.047 3.901 _
RTdynl ALI3-P 0.781 3.047 3.901 [
RTdyn0 MatrixR 1.031 3.063 2.971 3 o
RTdynl MatrixR 1.031 3.063 2.971 =
RTdyn0 Index-1 FR 0.484 ; - w017
RTdynl Index-1 FR 0.375 - - 02/ : : . L ! : ! : ' !
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Numerical experiments:

Bicycle: sensitivity analysis.

= Sensitivity analysis with 32 parameters: = Effect of an increment of the number of
parameters:

5 Sensitivity of ¥ with respect to P,

-------- Reference

—+— RTdyn0 ALI3-P N
umber of parameters
—— RTdyn1 ALI3-P p

— &5 RTdyn0 MatrixR Formulation 32 100 200 500 1000

¥| —o— RTayn1 MatrixR RTdyn0 ALI3-P: DDM 1.906 2.406  3.219  5.359  9.203
ALIS-P: CAVM 1,734 1938 204 2 328 2

12 N . . O . . O .
RTdyn0 ALI3-P: DAVM  1.703  1.766  1.906  2.266 2.922

Time (sec)
RTdynl ALI3-P: DDM 2.063 2578  3.375 5.813 10.375
Formulation CPU time CPU time naturals Ratio nat/rel RTdynl ALI3-P: CAVM  1.813 1.969 2219 2.781 3.906
RTdynl ALI3-D: DAVM - 1.781 - 1.984 2,189 2813 3.875
T I s e " RTdyn0 MatrixR: DDM 5960 7.422 9.891 17.672 30.391
RTdyn0 ALI3-P: DAVM 1.718 5.469 RTdyn0 MatrixR: CAVM 5890 7.172  9.641 16.875 28.953
RTdynl ALI3-P: DDM 2.078 10.063 RTdynl MatrixR: DDM 6.063 7.563 10.172 18.125 31.359
RTdynl ALI3-P: CAVM 1.891 5.578 RTdynl MatrixR: CAVM 6.016 7.375  9.781 17.438 29.500
RTdynl ALI3-P: DAVM 1.844 5.469
RTdyn0 MatrixR: DDM 6.219 8.484
RTdyn0 MatrixR: CAVM 6.141 9.203
RTdynl MatrixR: DDM 6.313 8.484
RTdynl MatrixR: CAVM 6.219 9.203
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Outline

8) Conclusions
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Conclusions and future work.

= Conclusions about the methods: = Conclusions about the implementation:
= Amore general and systematic description of the already » Kinematics, dynamics and sensitivity analysis of
existing topological semi-recursive methods has been joint coordinate models are now supported by MBSLIM.
provided.

» The new implementation is general, this is, it supports
= Semi and fully-recursive formulations for unconstrained almost any type of multibody system.

open-loop systems have been covered. _ _ _
_ _ . _ = Conclusions about the numerical experiments:
= Semi-recursive methods have been combined with two

constraint enforcement techniques (Matrix R and ALI3-P). = Recursive formulations display a high accuracy.
= The forward sensitivity analysis of unconstrained = Recursive dynamics and sensitivity analysis could be
dynamic formulations have been addressed. more computationally efficient than global methods.
= Forward and adjoint sensitivity formulations have been " The analytical sensitivity formulations have been
developed for constrained dynamic problems. successfully applied to optimization problems.

» Derivatives of recursive kinematic relations, accumulations
and assembly procedures have been attained by means of
analytical differentiation.
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Conclusions and future work.
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Sensitivity analysis and optimization of the

dynamics of multibody systems using analytical
gradient based methods
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