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Abstract

In this paper, the analytical derivatives of flexible multibody dynamics with the floating
frame of reference formulation are derived in a new way using the invariants and their
sensitivities. This enables the decoupling of the sensitivity analysis of flexible multibody
dynamics from the finite-element solver and guarantees high accuracy and efficiency of the
sensitivity computations. The invariants are shown with both consistent and lumped mass
approaches. The latter allows generality towards the formulation of a finite-element type,
including beams, shells, and solids. The expressions are fully derived with lumped masses,
showing for the first time the compensation term of inertia due to the non-consideration of
the mass distribution with this approach. It is then shown that the expressions of the system
parameters in the lumped case with the newly introduced inertia compensation term corre-
spond to the general case, and, therefore, the derived approach and equations are of general
nature. Crucial for the decoupling of the sensitivity analysis are the analytical derivatives
of the system parameters that contain the derivatives of the invariants and whose analytical
expressions are derived and provided here for the first time. The partial derivatives arise
in the sensitivity analysis with both the direct differentiation method and the adjoint vari-
able method, and the former is shown here. In addition, the partial derivatives arise in the
Jacobian matrix of the nonlinear solver for the transient solution of flexible multibody sys-
tems.
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Nomenclature

zeroth-order tensor or scalar
first-order tensor or vector
second-order tensor or matrix

third-order tensor or 3D matrix

fourth-order tensor or 4D matrix

first time derivative

second time derivative
expressed in floating coordinates
O skew symmetric matrix
VO total derivative of O w.r.t. X

d O partial derivative of O w.r.t. X
®%0 partial derivative of O w.r.t. @
350 Jacobian of O w.rt. @
d damping matrix
e unit vector
unit matrix (identity matrix)
stiffness matrix

mass

mass matrix

generalized position vector
7 generalized velocity vector
¢ generalized acceleration vector
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time

vector of design variables

rotation matrix

Boolean matrix
(O) function of O

angular velocity matrix that relates o and
invariant (inertia shape integral)
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Q. generalized external force vector
0y quadratic velocity force vector

matrix of shape functions expressed in floating coordinates
volume
vector of modal coordinates
vector of orientation coordinates
vector of Lagrange multipliers
density
position vector of floating frame
o center of mass of undeformed body
angular velocity vector
0, inertia tensor of undeformed body
® vector of kinematic constraints
43P Jacobian matrix of kinematic constraints
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position vector to inertial frame expressed in intertial coordinates

position vector to floating frame expressed in floating coordinates
position vector to floating frame expressed in inertial coordinates



Analytical derivatives of FMBD with FFRF

W modal matrix expressed in floating coordinates

1 Introduction

In this paper, the analytical sensitivities for flexible multibody dynamics with the floating
frame of reference formulation are derived in a new way using invariants and their sensi-
tivities. Sensitivity analysis is especially relevant for design optimization. Engineers aim
for the best possible design for given requirements, and to enable this, design optimiza-
tion is an algorithm-based design tool to achieve superior engineering designs. Structural
optimization, defined by design optimization in concert with structural analysis via finite-
element analysis, is well established, e.g., [1, 13, 20]. Design optimization of multibody
systems goes back at least to [2, 3, 14, 15], and recent developments of design optimization
with flexible multibody systems are reviewed in [12]. Gradient-based algorithms enable effi-
cient design optimization despite the high computational effort related to flexible multibody
dynamics [12, 31]. The driving motor is the efficient evaluation of gradients or design sensi-
tivities. Available methods for design sensitivities include numerical and analytical methods
and are reviewed in [19]. Because of their high accuracy and efficiency, analytical meth-
ods are most suitable for flexible multibody systems, and these include direct differentiation
[6, 9, 25] and the adjoint variable method [4, 16, 22, 23].

The floating frame of reference formulation (FFRF) describes flexible bodies by the po-
sition and orientation of a reference frame and the flexible deformations [27]. The system
vectors and matrices of FFRF are based on constant “ingredients”. Specifically, these in-
gredients are the inertia shape integrals, which are commonly referred to as invariants in
literature [7, 33, 35] and commercial software [8, 21]. It should be noted that these terms are
not tensor invariants, but instead invariant with respect to time, i.e., remain constant during
the dynamic simulation. The invariants, in turn, depend on the linear-elastic structural finite-
element model and allow for the decoupling of the finite-element solver and the multibody
solver. In this context, decoupling means the initial assembly of the finite-element model
and the invariants prior to the multibody simulation, which do not have to be calculated
again for a single design. The FFRF system parameters that require input from the finite-
element model are the linear elastic stiffness matrix (for linear-elastic material models),
the highly nonlinear mass matrix, and the highly nonlinear quadratic velocity force vec-
tor. Material damping can be modeled with proportional damping and thus also depends on
the finite-element model. In the following, the finite-element-dependent system parameters
containing the mass, damping, and stiffness matrices as well as the quadratic velocity force
vector are referred to as structural system parameters. The generalized external force vector
instead is loading specific and does not depend on the finite-element model. The kinematic
constraints depend on the joint description and are also independent of the finite-element
model.

To avoid the evaluation of the inertia shape integrals in the conventional FFRF, commer-
cial software packages use lumped mass approaches to compute the invariants [8, 21, 27].
The evaluation of the invariants with the lumped mass approach is agnostic to the element
type, while the conventional FFRF using a consistent mass matrix requires a separate deriva-
tion of the inertia shape integrals for each element type. Another option is the so-called
nodal-based FFRF, where the evaluation of the inertia shape integrals is avoided all to-
gether [34, 36]. Because of the widespread use and the mentioned agnosticity to the finite-
element type, the lumped mass FFRF is used here. The derivation of the system parameters
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with the lumped mass approach is only partially shown in literature [27] and in the docu-
mentation of commercial software [8, 21] and therefore is provided here for the first time.
The generality of the lumped mass approach is given by the compensation terms of inertia
due to the non-consideration of the mass distribution with lumped masses, introduced here
for the first time. It is shown that the lumped mass approach is the general case and there-
fore the derived method and equations are of general nature. The sensitivity analysis and the
partial derivatives of the system parameters are based on the derived lumped mass approach
and are shown with the singularity-free and the widespread used Euler parameters but can
be extended to any orientation parametrization for generality.

In this work, the sensitivity analysis with respect to general design variables is of inter-
est. This is carried out with the direct differentiation method [12, 29, 31]. A semi-analytical
method for flexible multibody systems was introduced in [9], where the equations of motions
are differentiated analytically, and the partial derivatives of the system parameters are com-
puted numerically with forward differencing. To increase the accuracy and the efficiency of
the method, the present work expands the analytical differentiation by a further level. There-
fore, the partial derivatives of the system parameters depending on the finite-element model,
i.e. the mass matrix, the damping matrix, the stiffness matrix and the quadratic velocity force
vector are derived analytically and shown here for the first time. The analytical derivatives of
the system parameters guarantee both high efficiency and high accuracy. The partial deriva-
tives appear in the sensitivity analysis with the shown direct differentiation method and are
partially required for the adjoint variable method as well. Applications that require the eval-
uation of the partial derivatives of the system parameters in addition to the design sensitivity
analysis for design optimization include the uncertainty analysis and the Jacobian matrix of
the nonlinear solver for the transient solution of flexible multibody systems, regardless of
solving for positions, velocities or accelerations.

In the following, the equations of motion of flexible multibody systems are introduced,
and the system parameters and invariants of the floating frame of reference formulation
are fully derived with the lumped mass approach in § 2. In § 3, the equations of motion
are differentiated with respect to the design variables for the sensitivity analysis and with
respect to positions, velocities and accelerations for the Jacobians of the nonlinear solver. In
§ 4, the analytical expressions of the partial derivatives of the system parameters, derived in
§ 2 and required in § 3, are provided.

2 Equations of motion

The equations of motion of flexible multibody dynamics are given by the index-3
differential-algebraic equations,

mg+dg+kq+90 A= Q0.+ Q.. (1)

=]

=0, (@)

where ¢ is the vector of generalized positions, g is the vector of generalized velocities, § is
the vector of generalized accelerations, A is the vector of Lagrange multipliers, m is the mass
matrix, d is the damping matrix, k is the stiffness matrix, @ is the vector of kinematic con-
straints, 47 ® is the Jacobian matrix of the kinematic constraint given by the partial derivative
of ® w.rt. g, Q. is the vector of generalized external forces, and Q, is the quadratic velocity
force vector. Symbols with one underline O denote a vector, symbols with two underlines
O denote a matrix, and overdots denote the first O and the second O derivative w.r.t. time.
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In the following, the system parameters for the FFRF are derived. With FFREF, the most
complicated terms are the inertia forces, including the mass matrix that is nonlinear in posi-
tions, and the quadratic velocity force vector that is nonlinear in positions and velocities. The
complete derivation of these terms is shown with the widely used lumped mass approach as
used in commercial software, see, e.g., [8, 21]. This allows calculating the invariants by sums
instead of integrals that depend on the shape functions and therefore makes the calculation
of the invariants independent of the finite element type and formulation.

2.1 Definitions and preparations

The generalized coordinates with FFRF are given by the position coordinates T and the
rotation coordinates ¢ of the reference frame and the flexible deformations of the body gz,
leading to the generalized position vector given by

g=[z" ¢ qI]. 3)
In many applications, FFRF is used with the component mode synthesis (CMS) [5, 17, 18,
26] to limit the computational effort by reducing the degrees of freedom. The generalized
position vector of FFRF with CMS is given by

g~[ 07 T @)

where ¢ are the modal coordinates associated with CMS, and the flexible deformation is
approximated by

|Q|
||~6|

¢ (6))

with the modal matrix W containing column-wise the component modes that usually include
eigenmodes and static modes of the flexible body. The overline on the symbols O denotes
that the coordinates of the quantity are expressed in the floating frame. The reduced coor-
dinates shown in (4) are considered as the general form of the generalized position vector
and will be used in the following. If no model reduction is used, the modal coordinates ¢ are
replaced by the flexible coordinates gy and the modal matrix lIJ is replaced by the identity
matrix e. The flexible coordinates are given by

= @ " ]T ©)

]

with the flexible nodal translations u(’ ) and the flexible nodal rotations EE’ ) of node j. The
flexible nodal translation of one node is obtained by

—(J ) Bt(])q £ (7)
~ W, ®)
where Eq. (5) is used, and the translational modal matrix of the node j is given by
‘JJ(J ) B(J )\IJ (9)
and the translational Boolean matrix of the node j is defined by
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x

(a) Global position of a node (b) Nodal coordinates

Fig. 1 Position coordinates on a flexible body with FFRF (colors online)

The flexible nodal rotations are obtained by
0 = BYg;, (11)
~ T, (12)
where Eq. (5) has been used, and the rotational modal matrix of the node j is given by
¥ =B¥, (13)
and the rotational Boolean matrix of the node j is defined by
BO=[0 0« 0 ¢ - 0 0] (14)

As shown in Fig. 1, the position vector r of the node j is given by

rV=z+Am, (15)
=A@ +a). (16)

where A is the rotation matrix, and zf.j ) is the nodal position of node j relative to the floating

frame expressed in floating coordinates consisting of the undeformed position E((,j ) and the
flexible deformation z”’.
The translational velocity of the node j on a flexible body is given by the time derivative

of the position, leading to

Al =z’+é£&” +éﬁf~j), (17
— - ABGI+ATE, 1s)
~ i i
=[§ —gﬁ”g égn] 61, (19)
g
_ 70
=L, (20)
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=(J)

ul = —AEﬁJ)QQ is used as shown, e.g., in [27], uy’’ is the skew-symmetric matrix

where A uy

of the vector zy’, G is the angular velocity matrix expressed in floating coordinates that
relates the angular velocity of the floating frame to the time derivative of the orientation

parametrization @, = G Q and in analogy to [33],

. . orK
L =1 = . @1

A further differentiation w.r.t. time leads to the acceleration of node j on the flexible body
i =L"q+L"4, (22)
where in analogy to [33],

L=[0 -A(@H'C+1'C+i/'C) AL . @3)

The angular velocity vector of the node j on a flexible body @,ﬁj ) s given by

o =@, + @y, (24)
—Go+TY¢, (25)
lz
=[0G ¥]|¢ (26)
4
=LYq, 27)

where @fj ) = @’ ) is used, w, is the angular velocity vector of the floating frame relative to
the inertial frame expressed in floating coordinates, @E’ ) is the flexible angular velocity of
node j relative to the floating frame expressed in floating coordinates, and

=0 G ¥ (28)

A further differentiation w.r.t. time leads to the angular acceleration of the node j on the
flexible body,

EE]) =é§j>i+é£])i, (29)

where

I
=
|

—
1o
|}
1o

—

(30)
2.2 Inertia forces

The kinetic energy K is given by a translational and a rotational contribution,

K=K +K,, 3D
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and is approximated for the lumped mass approach by

| LI

K.~ 5 Zm(")i(’)Ti(“, (32)
j=1
ZE(DTG)(” W, (33)

with the nodal mass m‘/, the velocity vector of the node /-, the angular velocity of the node
@({’ ) and the nodal inertia tensor @f{’ ). The translational contribution of the kinetic energy

K, includes in 7V the translational and rotational contribution of the floating frame and
the flexible displacements of the node, see Fig. 1. The rotational contribution of the kinetic
energy K, includes the contribution of the angular velocity of the node itself as shown in
Eq. (24) and Fig. 1.

The abstract derivation suggested by [33, 35] gives the following expressions for the
translational part

T T

d (9K/\ oK _d i 3.1;l 35'1) ~ i 8‘1(} ar 7 i
dr 8q dgT dt = arY) 9q = ar) dq
. T T
d [ (hehT, G rd [or¥
:a Zm(/)L(J) ét(]) Zm(/) o 5 ( > ) . (395)
j=1 j=1 =

nn d nn a(j)
—Zm S (LLg) - Zm“ (—r )Lf”q, (36)

"in . T . AT o g AT .
=Y m (Q” LG+ LD g+ LY Qni)Jr

j=1
Y ML, (37)
j=1
— im('f)éfj>T£fj)Q+im('i)ét(j)Téfj)i, (38)
j=I1 j=I1
_ _Qtvmn + gmm g. 39)

This leads to the mass matrix of the translational contribution

tran tran tran
gn @r @f

tran tran tran
m™ = m " omgt | (40)

sym. m‘frfa“

nn -
— E mU)é[(J) ét(])v (41)
j=1
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e —_AFVG ATY
= imm - GT mT—mG _QT—mTq,m ’ (42)
sym. ig}) gﬁ])

and the quadratic velocity force vector of the translational contribution

o= o |, .
o tran
v,f
Nn ) T
= — Zm(/)él(f) é{(])iv )
j=1
[ _é géoéuiﬁj) + 2w u(J) _(/)QQ>
=3 | G (@@ + i ~5G) | (45)
j=1 gV (éoéoz(/) + 250 — u(/)ée)
— A(w uf,j)a)‘,-i-Zumw +M(J)G9)
=Y m? -G (aoﬁgn i@, + 20" u( g, +70" <j>59-> @)
j=1 T ~
] (e 03.) B i, + 20055, + T E GO

Analogously to the translational part, following the abstract derivation suggested by [33,
35] gives the expressions for the rotational part,

A\ T T
d (0K, 0K, _ d nZ“ K, 8@;” Z IK, a_(J) )
ar\og") gt d \ o 94 o) g |
! (j) T
d Mo T . mmoo T 95 j
= D) 7O (=) 9@n
=g (@) L) - (X (@ar) o). @
j=1 j=I L
AT
np d o ) nn 8_5{) o '
= Z a (Q”TQY)Q”Z) _ ( 3Q gﬁj)gi/)g’ (49)
j=1 =1 4

nn
= Z (éﬁ'f)Tgﬁi)éﬁ'j)C_]+é§'j)TQf{j)£§'j)i+éﬁj)Tgﬁf)éﬁ'f)i) +
j=1

. T
n a—r(]]) o )
— Z (?_q) g;])éﬁj)i’ (50)

j=1
nn —(j T nn
r () 3Q£,J) WU, OUOFEOP
=2 (L= ) @PLVa+ ) L)LY g
j=1
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nn

+ Zéﬁj)T@j)Qj)iv 51)
j=1
— _Q:,m + g1’0[ £7 (52)

where the following partial derivatives have been used

dq

3—(1) [0 oz 0]. 53)

= a6 =

This leads to the mass matrix of the rotational contribution

iy m m
grot — g;;)t m]r_(f)t i (54)
sym. m??‘
nn
=D Lo LY, (55)
j=1
0 0 0 0
n - T — R N
= Goe'¢ Gelw |, (56)
, =T T (=
j=1 sym 2]{]) @l(ql)\y(/)

vt
oY= 0% | (57
1'0;.
ool dwy - L
=— Z éﬁj) — - QE’)Q”C_? _ ZQTQEJ)Q’)Z’ (58)
=1 q o
0
np ) .
=— Z (G- = ) o (@, + \I'(”{) +G'0/Gé |. (59)

veYGh

Assembling the translational and rotational contribution leads to the full FFRF mass
matrix

My My N

m = grr grf , (60)
sym. ng
— mlran + mrol’ (61)
[ me _émmigﬁg Am(j@(f)
e QT (m(j)zﬁjﬁzgn +@j>) ¢ -G (mU) =Ty O(nq,(/))
— sym. m(j)g[(j) i{_l) + il(”j) Qi(lj)iy)
(62)
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where the node-dependent terms are isolated with the expression shown in [35] for

i =iy + 5, (63)
=i+ (c@e). (64)

where Ef’ ) contains the skew-symmetric matrices of the columns of Ef’ ) [35], ® denotes
Kronecker’s product, and e is the identity matrix.
The term my is given by

—me, (66)

mgzzm(j)g, c R3%3. 67)
=
The term N is given by
my = —ézmmﬁfj@, 68)
m M2
=_ézmu> (Zgj)Jrit(j) (£®£))Q 69)
j=1
=-AY (mngj) +mOG (5 ® g)) G, (70)
j=1
Z—é(’"&ﬂL%& (£®g))§, (71)

where the center of mass of the undeformed body w.r.t. the floating frame x,, and its skew-
symmetric matrix X, are given by

I & .
&Ozzzmngﬂ, e R™!, (72)
j=1
lnn
XOZZZW@”, e R, (73)
£ -

<

and the invariants Z,, and Z; are defined by
1, =3 nw, em a
j=1
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1= mVE, eRVIm, (75)
i=1
The term My is given by
me=AY mVg”, (76)
e =
=AZ,, 77

where the invariant Z,, has already been defined.
The term m,, is given by

T 3 (m(”zgf)ngf) + g(lj)) G, (78)

j=1

Ti<m<n (&) +w <£®g)>T<Z<Uj)+i§n (g®g>)+§5’)>g, a9

I
[
|lo}]

[
IR

=G> (m(j@()jﬁzgm +8Y + Zf)j)Tifj) (£®g) "
TL( .)T~ . TL( )TL( ) —
Hewe) WE 4 (00 WE (t0))G 60

=G' (Qo +L (tee)+ (toe) Ly +(coe) Iy (£®g)>§7 (81)

where the inertia tensor of the undeformed body expressed in the floating frame is given by

go = go,t + go,r» (32)
= mezgfﬂzgn +38Y, eR¥, (83)
i=1 =

and the invariants Z; ; and Z;; are defined by

_uow Zm(/) () \p(f) 6an><3nm7 (84)

nn

ZJ/\] — Zm(])lp(]) \psl)7 c R3nm><3nm. (85)
The term m,¢ is given by

mi=—G z( VI -B0TY). (86)
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. S~ = T__ . — — s
=G 3 () (@ + 37 (c9e)) B -0yw0 ).
=l

nn

=Gy (m(j)Zéj)TEfj) + (g ® g)TmmifﬂTgﬂ _ @j)gn) ’
j=1

G (zw+ (e8¢) 00,

where the invariants Z;,,, and Z;,, are defined by

Iﬁo"/f = Iﬁ()‘//’t - Iﬁul/f,r’

np

Nn
e T—: — —
= mezgz) [ Z@gﬂgy)’ € R
j=1 j=1
np _ T
gv.”// — Zm(j)gt(ﬂ gt(])? c R.?nmxnm.
j=1

The term Mg is given by

nn
ey T—( J— T—( i\ —
F=) :(m(”gf” [y g}ngn)’
j=1

IE

Zyy,

where the invariant Z;, is defined by

mo =G (€04 Zus (o) + (£96) s+ (e9¢) Lo (c0¢) )

mi=—G (L +(e8¢) L5, ).

87)

(88)

(89)

(90)

€2V

92)

93)

(94)

95)

(96)
C0)

(98)

99)

(100)

(101)
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Assembling the translational and rotational contribution of the quadratic velocity force vec-
tor leads to the full expressions,

O,
gv: gv,r s (102)
Qv,f
Qtran + Qrot (103)

where the components are given by

Qv,t:ééozmmzj)QO’Fzézm(]) (/)w +Azm(/) (])G@ (104)

Jj=1 j=1 j=1

Tin
—T= T~
Qui=-G 5,y mVu uw, - 2G me 0 umw .

j=1 j=1

-G me 0T (’)GQ—Q i@gj)é@r
j=1

Jj=1

N T
o 8_<j) . .
- (g— ) 8 (@ + %), (105)
Jj=1 -
T a0 =G N OTED
Oui=(e@@) Y mIW @w,+2) mVE i B+
B =1 T =1 T
+ Zm(j)gfj)Tiﬁj)EQ _ Z@j) @(j)Eg (106)
j=1 j=1

Isolating the node-dependent expressions as shown in [35] for positions by Eq. (64) and for
velocities by

i =¥ ({@e) (107)

and using the introduced definitions of the invariants lead to the full expression of the
quadratic velocity force vector in terms of the invariants given by

0ui= 48, (m 2o +Z; (£ @ 2) )@ +24L; ({@2) 3ot

+é(’”§°+£¢ <5®§>)§Q’ (108)

0 =-T5 (00 3us 00+ (c02) 2L, + (02 13 c 0t
= (%w ((oe)+(coe) 2oy (¢ ®e)>@o+
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|lo]
(=8
_|_

G (@ + L (£99) + (£9¢) o+ (c8¢) Zis (99) )

= ame\T _ 0
- (g - E; ) (go,rgo + gﬁow,rg) ,
- (109)

Oui=(e® @o)T (T, +Zii (c®e))mo+21), ((@e) Tt

NERENCY )

where blue highlighted terms are only present for lumped mass approach, and red high-
lighted terms are not needed when using Euler parameters (colors online). In fact, when
comparing the derived Egs. (96)—(101) and Eqs. (108)—(110) using the lumped mass ap-
proach with the derivations using the integral formulation in [24, 27, 28] and the nodal-
based FFRF in [32, 35], it becomes clear that the obtained equations are identical with the
exception of one additional term in Eq. (109) highlighted in blue (colors online), see § 2.2.2
and Table 1 for more details. This term appears only with the lumped mass approach and
is interpreted as the compensation term of inertia due to the non-consideration of the mass
distribution when using the lumped mass approach. This additional inertia compensation
term originates in the model for the kinetic energy with a translational and a rotational con-
tribution when using lumped masses, see Eq. (31). This is not necessary with the consistent
approach because the terms off the diagonal of the consistent mass matrix are occupied, and
thus the mass distribution is already considered. In the rotational contribution of the kinetic
energy with lumped masses, the contribution of the nodal inertia tensor and the angular ve-
locity of the node itself is considered, including the angular velocity of the floating frame
and the flexible angular velocity of the node, see Eq. (24) and Fig. 1. These lead to the
additional inertia compensation term with the lumped mass approach.

The shown derivation is general for any orientation parametrization. In the following,
Euler parameters will be used since they are free from singularities and for their widespread
use. In addition, the Euler parameters simplifies the equations of the quadratic velocity vec-
tor, and the terms highlighted in red in Eqs. (108)—(110) can be removed (colors online), see
§ 2.2.1 for more details.

2.2.1 Simplifications with Euler parameters

Euler parameters describe the orientation of the reference frame with four parameters related
by one algebraic constraint. These include one value related to the angle of rotation 6, and

the direction cosines of a unique orientational axis of rotation 6 = [01 0, 93] ,

o=[6 ol =[60 6 6 6]. (111)

The rotation matrix with Euler parameters is given by
A=e+20, (bre+8), (112)
1 =207 —207 2(616, —6p03) 2(6105 + 6065)

= | 20016, +6003) 1—207—202 2(6:,05—6p6)) |- (113)
2(6160; —6002)  2(6205 +6001) 1 —20% —2637
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The angular velocity matrix expressed in floating coordinates is given in terms of Euler
parameters by

G=2[-0. B+, (114)

—91 90 93 —92
=2(-6, —6; 6 0, |. (115)
-6 6, —60, 6

The angular velocity vector of the floating frame relative to the inertial frame expressed in
floating coordinates is given by

), (116)

S
[
1S
|1

|lo]

0. (117)

Therefore, the differentiation of the angular velocity vector with respect to Euler parameters
that is present among others in Egs. (53) and (109) is given by

8@’”— G (118)
0~ =

leading to
doy’ .
= — L. (119)
aq =

Inserting these expressions in the shown derivation and using the following Euler parameter
identities as shown in [24],

Q]
S
I
1o

(120)

4
I,

ISk

(W]
Q-

0 (121)

does not affect the terms of the mass matrix shown in Egs. (96)—(101) but leads to simplified
expressions of the quadratic velocity force vector with the use of Euler parameters given by

Q=48 (m o +L; (1@ ¢) )@ +24L; (E 0 )i, (122)

0 =-Ga (00 + Ly (ce) + (o) Ly + (c9¢) iy (o) )t

-G (L5 (£0¢) + (c0¢) Lis (t9¢) )@ ~CB Tt
(123)
0= (@) (L, + Ly (¢9¢)) @ +22}, (£@e) (124)

These expressions with the use of Euler parameters will be used for the analytical deriva-
tives of the system parameters in § 4. The inertia compensation term in Eq. (123) that is
highlighted in blue appears only with the lumped mass approach, and the related derivation
terms will also be highlighted in blue in the following (colors online).
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Table 1 FFRF invariants with different approaches

Invariant Inertia shape Consistent mass Lumped mass
symbols integrals
T .
me [ pdve (l®g) MFE (l®g> Z']‘,n:lm(ng
Xo iy (1@¢) mesm, i mDag)
9o [ piiodV iy mpEo > m j)z(()j)Tzéj) Ly 8y
Zy [ pSav (19¢) meT > mg)
v (19g) md im0
Ligy  [PELSAV @lmppl s mOE e Ly o)
L Jemsav Emed s i g
Ly [SSV Emwd PRIV L TN i S i
Ly ISV T nd s mE g
Ly [pS5av T med s, mED G

2.2.2 Expressions of inertia terms with different approaches

Table 1 shows a comparison of the invariants when using the integral formulation [24, 27],
the consistent mass formulation with nodal-based FFRF [32, 35] and the lumped mass ap-
proach used in [8, 21] and fully derived here. In Table 1, S is the matrix of shape functions

expressed in the floating frame, § is generated from S in analogy to Eq. (64) and [35], and
mgg is the consistent mass matrix of the FE model.

" The generality of the lumped mass approach is given by the compensation term of iner-
tia. A first discretization is given by the geometric discretization with the FE meshing of the
flexible bodies and is applied equally to all approaches. With the lumped mass approach,
a second discretization is given by the diagonalization of the FE-mass matrix leading to
the additional compensation term of inertia due to the non-consideration of the mass distri-
bution. When using another approach for the calculation of the invariants, the expressions
of the inertia terms remain exactly the same, see Egs. (96)—(101) for the mass matrix and
Eqgs. (122)—(124) for the quadratic velocity force vector. The only exception is the compen-
sation term of inertia that only appears when using the lumped mass approach and is blue
highlighted (colors online) in Eq. (123).

2.3 Stiffness matrix

When using a linear-elastic material model, the elastic forces can be expressed in terms of a
linear stiffness matrix,

00 0
k=0 0 0 (125)
- L00 ke

The sub-matrix related to the flexible coordinates of the stiffness matrix corresponds to that
from the structural analysis, and the other terms are equal to zero.
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2.4 Damping matrix

For material damping, the damping matrix is linear when using a linear-elastic material
model,

d= (126)

Nonoo
Ionolo
Iolio

=]

The sub-matrix dg corresponds to the flexible coordinates and is the damping matrix of
structural dynamics. All other terms of the FFRF damping matrix are equal to zero.

2.5 Dependencies

The equations of motion shown in Eq. (1) and (2) are solved for the system responses that
generally depend on the vector of design variables x and on time ¢,

g=Fx1).  ¢=F(x1), G=F(x1).  r=F(x1), (127)

where O = F (@) denotes that O is a function of @. The dependencies of the system param-
eters are given by

gﬂ”(w(m))v 0 =F(xq(x1).q(x1).
d=7F(x). Qe=f<x,g(g, 1),q (% z)), (128)
k=7F(x), 2=f<5,g(x,t),g(g,t)),

and a summary is given in Table 2. A filled circle shows a dependency, a half-filled circle
shows that there can be a dependency, and an empty circle shows that there is no dependency.
Explicit and implicit dependencies are shown in black and gray, respectively. A clear under-
standing of the dependencies is fundamental for the differentiation of the system parameters
in the following sections.

The mass matrix and the quadratic velocity force vector explicitly depend on generalized
positions, and the quadratic velocity force vector explicitly also depends on generalized
velocities. The generalized external forces may depend on generalized positions and veloc-
ities; if so, loading is specific and depends on the application. Similarly, the type of the
kinematic constraints determines its dependencies. Holonomic constraints explicitly depend
on generalized positions, and nonholonomic constraints explicitly depend on generalized
velocities. Rheonomic constraints explicitly depend on time, and scleronomic constraints
are time-independent.

The dependency of the system parameters w.r.t. the design variables changes for different
types of design variables. Here, the design variables are categorized in structural, control,
and kinematic. The structural system parameters, including the mass, damping, and stiffness
matrices, as well as the quadratic velocity force vector explicitly, depend on structural design
variables such as cross-sectional dimensions of beam elements or the thickness of shell
elements. The generalized external forces explicitly depend on control design variables.
The kinematic constraints explicitly depend on the design variables when kinematic design
variables are used, e.g., joint positions. Certain design variables are of composite nature,
i.e., affect, for example, the structure and the kinematics, e.g., when the length of a flexible
body is used as a design variable, and a joint is located at the end of the body.
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Table 2 Dependencies of system parameters: @ explicitly dependent, © implicitly dependent, O indepen-
dent, © denotes possible dependency; structural system parameters requiring input from finite-element model
are highlighted in green (colors online)

o Z i 14 Qe 2
positions () @) @) [ J © ©
velocities @) @) @) [} © ©
structural design variables [ ] ( ] ( ] [ ]
control design variables O @) [ ]
kinematic design variables O @) [

3 Derivatives of the equations of motion

Design sensitivities or gradients are the derivatives of a function or a parameter w.r.t. the
vector of design variables. A generic parameter O that depends on the vector of design
variables x, the position vector ¢, and the velocity vector ¢ is given by

0=7(x4.9). (129)
and its gradient is obtained by the application of the chain rule leading to

do 90  90dg  9odg

e (130)
dx dx g dx = 9dq dx

VO =90+%40Vq +%0Vq, (131)

where VO is the total derivative of O w.r.t. x, dO is the partial derivative of O w.r.t. X,
and .J_O is the Jacobian or partial derivative of O w.r.t. the coordinates @. The deriva-
tive w.r.t. the vector of design variables leads to an additional dimension of the gradient.
As shown in Fig. 2, the gradient of a scalar is one-dimensional, the gradient of a vector
is two-dimensional, and the gradient of a matrix is three-dimensional. Analogously to the
differentiation with respect to the design variables, the total position Jacobian, which is the
total derivative of the generic parameter O shown in Eq. (129) w.r.t. the position vector, is
given by

do 90 d04dg
S ) (132)
dg  9g =~ 9qdg
VO =490 +%90%q. (133)
where .JO is the total Jacobian of O w.r.t. @, and ®50 is the partial Jacobian of O w.r.t.
@®. Similarly, the total velocity Jacobian and the total acceleration Jacobian of the generic
parameter O are given by
Yo =90 +90%q. (134)
U0 = 5olg + 500, (139

This section shows the derivatives of the equations of motion. This is, first of all, the
sensitivity analysis as the driving motor for efficient design optimization and uncertainty
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Fig.2 Visualization of design sensitivities with ny =5

analysis with the differentiation of the equations of motion w.r.t. the design variables. Using
the analytical direct differentiation method, it is shown where the partial derivatives of the
system parameters appear. Numerical methods, in addition to the design sensitivity analy-
sis, that require the evaluation of the partial derivatives of the system parameters include
the nonlinear solver in the time integration of a flexible multibody system. These usually
require the Jacobian matrix of the nonlinear solver, which is the derivative of the equations
of motion w.r.t. the system responses for which the system is solved. There are different
time integration methods, which solve either for positions, velocities or accelerations. To
cover all methods, the derivatives of the equations of motion w.r.t. positions velocities and
accelerations are shown.
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3.1 Derivatives of the equations of motion w.r.t. the design variables

The direct differentiation of the equations of motion w.r.t. the design variables leads to the
governing equations of the sensitivity analysis,

Ymg+mVi+Vdg+dVq+TYkq+kVq+YU0TA+TOVA=VO.+ V0.,
o o o (136)
Vo =0. (137)

These equations are solved for the design sensitivities of the system responses Vg, Vg, Vg

and V. The dependencies shown in Eq. (128) and Table 2, as well as the application of the
chain rule, lead to the derivatives of the system parameters,

Vim = +49m Vg, (138)
Vd =dd. (139)
Vk = ok, (140)
V3P =00 + ‘799D Vg + 130D Vg, (141)
Y0 =00 +10: g +40. V4. (142
VQ, =80, +%70,Vq+%0,Vq, (143)
Yo =0 +9®Vq+ 1PV, (144)

The same solution strategy used in the primal analysis can be applied to the solution of
the sensitivity analysis. In addition to the sensitivity analysis of the equations of motion,
the sensitivity analysis must be performed for the time integration method and the nonlinear
solver [29]. A solution routine for flexible multibody dynamics, including the sensitivity
analysis with generalized-o time integration and Baumgarte stabilization with a numerical
computation of the partial derivatives, is shown in [9, 11, 30].

3.2 Derivatives of the equations of motion w.r.t. position
The nonlinear solver of time integration methods that solve for positions requires the posi-

tion Jacobian that is the differentiation of the equations of motion w.r.t. positions. The total
derivative of the equations of motion w.r.t. the generalized positions is given by

U +mG+dUg +k+ P00 =10, + 40, (143)
4 =0, (146)
where the application of the chain rule leads to
Um = Jm, (147)
VP =179 + 17U Yg, (148)
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Q. =10 +10.44 (149)
Q. =10, +40. 4. (150)
YO =T + 100 Uj. (1s1)

With implicit time integration, the system responses may have dependencies among
themselves and therefore Ug # 0 and Ug # g in the general case. However, if Ug = 0 and

g = 0, then the differentiation of the equations of motion w.r.t. the generalized positions

reduces to

(152)

+
Ik
+
"
&
()
Z
>
Il
A
©
+
(&
Q
s

Gmg

‘3P =0. (153)
3.3 Derivatives of the equations of motion w.r.t. velocity

When using time integration methods that solve for velocities, the nonlinear solver requires
the velocity Jacobian that is given by the differentiation of the equations of motion w.r.t. the

generalized velocities. This is given by

Um G +mWG +d + kg + V"2 = V0. +4Q,. (154)

b =0 (155)

where the chain rule leads to

U = tgm Ug, (156)
Ve =190 + 130 Ygq, (157)
Q. =150, +150.4g. (158)
U0, =930,+%0, Y. (159)
Yo =100 + 9P Ug. (160)

When using implicit time integration, the derivatives of the system responses are gener-
ally not zero, g # 0 and g # 0. In cases where the derivatives of the system responses are

zero 4G = 0 and 4g = 0, the differentiation of the equations of motion w.r.t. the generalized
velocities reduces to

+i990" L =0, + 0., (161)

go=0. (162)

JiSW

3.4 Derivatives of the equations of motion w.r.t. acceleration

The nonlinear solver for time integration methods that solve for accelerations as shown in
[11, 29, 30] requires the acceleration Jacobian given by the total derivative of the equations
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of motion w.r.t. the generalized accelerations. This is given by

Um G +m+d g +klg + U002 =00+ U0, (163)
Yo =0, (164)
where the chain rule leads to
U = 49m Ug, (165)
Yo =909 Ug + 092 Yq, (166)
0. =450.Ug +130. 14, (167)
90, =90,Uq9 +%30,%4. (168)
Vo = ® g + 104 (169)

With implicit time integration methods, the positions and velocities may depend on the
accelerations and therefore Ug # 0 and g # 0 in general. In cases where positions and

velocities are independent of accelerations, the derivatives of the system responses are zero
Ug =0 and Ug =0, and the mass matrix m is the only term that remains.

4 Partial derivatives of the system parameters

The derivatives of the equations of motion have been performed in § 3 where the derivatives
of the system parameters appear. In previous works [9, 10, 29, 30], the derivatives of the sys-
tem parameters have been computed numerically for a semi-analytical approach. To further
increase the efficiency of the method and the precision of the results, the analytical deriva-
tives of the system parameters will be introduced in the following. The derivation is limited
to the structural system parameters, which can be formulated in general terms, including
the mass matrix shown in Egs. (96)—(101), the quadratic velocity force vector with the use
of Euler parameters shown in Eqs. (122)-(124), the stiffness matrix shown in Eq. (125),
and the damping matrix shown in Eq. (126). The derivatives of the loading specific gener-
alized external forces and the joint specific kinematic constraints need to be differentiated
separately and are not shown here.

4.1 Partial derivatives w.r.t. design variables

The structural system parameters, including the mass matrix, the stiffness matrix, the damp-
ing matrix, and the quadratic velocity force vector explicitly depend on the design variables.
In particular, the finite-element mass and stiffness matrix and the inertia shape integrals or
invariants are the depending terms.

The partial derivative of the mass matrix w.r.t. the design variables as required in
Eq. (138) is given by

dmy Iy Qi
v Om | (170)
sym. aszf

(5
Il
¥
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where

dm = dme, a7n
dme=—A (a_mgo +mdfe+IZ; (g®g))g, (172)
dmy=A0dZLy, (173)
o =G (20, + 85 (£ 9¢) + (o) 22l o+
T —_
+(coe) iy (:9¢) ) s
T T

e (s co0) ).
oy =0Ty (176)

This shows that the partial derivatives of the invariants are required for the partial derivative
of the mass matrix.

The partial derivative of the quadratic velocity force vector w.r.t. the design variables as
required in Eq. (143) is given by

20,1
30, =| 90 |, (177)

where

00, = 48, (gt mdg,+ 3L, (c9¢) )@+ 2402 (o e)m  a7®)

10u:= G5, (00, +0Z, 5 (1 0¢) + (: 0¢) 2] 1+

+ (£®$)T3£Iw (coe))mo+
(oo o) B
(179)
00, =(«0m) (22l ; + 2Ly (c0c)) @+ 202], (¢ 0 )@ 150,

where the blue highlighted term is for the lumped mass approach only (colors online), see
§ 2.2. As with the mass matrix, the derivatives of the invariants are required.
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The partial derivative of the stiffness matrix w.r.t. the design variables as required in
Eq. (140) is given by

(=5}

k=

(181)

no oo
=)

Hnonolo
|||gIIIOIIIO

where 0ky is the partial derivative of the finite-element stiffness matrix.

The partial derivative of the damping matrix w.r.t. the design variables as required in
Eq. (139) is given by

3d = (182)

Hno oo

Hno oo
|||gIIIOIIIO

where ddy; is the partial derivative of the damping matrix of structural dynamics.

It can be summarized that the calculation of the partial derivatives of the system param-
eters w.r.t. the design variables require the partial derivatives of the finite element mass and
stiffness matrices, the damping matrix and the invariants. Since these are constant in time,
a single evaluation for each design evaluation at the beginning of the sensitivity analysis is
sufficient. This enables the decoupling of the sensitivity analysis of the multibody system
from the finite-element analysis and guarantees the high efficiency of the method. In ad-
dition, the decoupling allows computing the partial derivatives of the finite-element mass
and stiffness matrix, the damping matrix and the invariants with numerical differentiation
since a single evaluation per design is sufficient. However, the authors recommend the im-
plementation of analytical differentiation for typical design variables that are used in many
optimization formulations and numerical differentiation for other design variables to keep
the method general.

4.2 Partial derivatives w.r.t. generalized positions

The structural system parameters that directly depend on the generalized positions are the
mass matrix and the quadratic velocity force vector. In particular, the rotation matrix, the
angular velocity vector, the angular velocity matrix, and the flexible coordinates directly
depend on the generalized positions.

The Jacobian of the mass matrix w.r.t. generalized positions as required in Eqs. (138),
(147), (156), (165) is given by

Tmy Tmy Tmg

am = me Dme |, (183)
T sym. Ty
where
Gmy =0, (184)

e =4 (m %o+ Z; (£ ©¢)) G - AZ

(cee)ar

S
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~A(nio+Z (c8¢))0G (185)

Gy = AL (136)
i = 9G' (Qo +Zi (c0¢) +(c0e) Z; +(c0¢) Ziy (£®£)>
+G <£aov: (5z®e)+ (9 @e) 20+
(o) Lis (c9¢) + (ee) Zis (U oc) ) G+

+a' (Qo + (coe)+ (c@e) I, +(ce) iy (£®g))£7

|l

+

(187)
_ T T T

Gy = 4G (;w +(s@¢) gw> -G (wr®e) Z;y, (188)

g =0 (189)

The Jacobian of the quadratic velocity force vector w.r.t. generalized positions as required
in Egs. (143), (150), (159), (168) is given by

Qv
90, =| 90w |. (190)
‘TQvr

where

Q.. = WA, (m o +Z; (£ ®¢))Bo+ AW, (m o+ Z; (s @) ) Bt
+ A8, (Z; (‘9 ®¢) )@+ A, (1 7o+ Z; (¢ @) ) Tao+

+20AZ; (¢ @)@ +24Z; (¢ @ ¢) 0B, (191)
0, =—4G @, (®0+Iw(c®e) (toe) 2, +(z0e) Zis (g@g)>@+
-G (0.4 L (c8e) + (9¢) T, + (06) Zis (c 9¢) ) s
"6 (s (@ oe) + (v ee) 2o+
+ (qJZ€®£)T£w (£®g> + (£®Q)T£w (2%))@#
~Go. (0T (96) +(:0¢) 'L + (:0¢) T (s 0¢) ) wmr

| v

[[o]
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B ng (%ﬁ(,v} <£®£) + (£®E)T;J,v} (C ® 6)) Wot+
-8 (2 02) T (o) ot

- ZQT <£ao¢ (§®£) + <£®£) sy (£®g)> @, +

_@Téo (gﬁw,ré) - ETﬁogﬁow,ré 5

(192)

90 = (e 8) (L5 (02 0¢))@ot (e« ©@) (L +Zss (¢ ©¢)) 5@t
+217, (¢ @ ¢) 0@, (193)

where the blue highlighted term is for the lumped mass approach only (colors online), see
§2.2.

The Jacobian of the rotation matrix w.r.t. generalized positions is independent of the
position of the reference frame and the flexible deformations, leading to

1TA = 2130, (eog+gs)+2gs (%T_Oong@s), (194)
:[TJA ‘gA CJ_A], (195)
=0 44 0], (196)
with
0 —20, 26, 0 20, 26
%7A = 205 0 —26 20, —46, —26,
— 20, 26, 0 20, 26, —46,
—46, 26, 26, —40; —260, 26,
20, 0 26 200 —46; 20, | |. (197)
—20, 26; —46, 20, 26, 0

The Jacobian of the angular velocity matrix expressed in floating coordinates w.r.t. gen-
eralized positions is given by

UG =[—30,  —190. + 100 | (198)
=[G 4G 9G] (199)
=[2 4G 9] (200)
with
B 01007 [=1000 000-1 0010
“G=2| 0010 0001| [-1000 0 -100]||. o
— 0001 0 0-10 0100 ~10 00
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The Jacobian of the angular velocity vector of the floating frame relative to the inertial
frame expressed in floating coordinates w.r.t. generalized positions is given by

o, =49G0, (202)
=@, @, 9], (203)
—[0 4, 0]. 204
where
‘Uw, =3G9, (205)
=-G. (206)

6 —6y —6; 6
=216, 606 -6, —6,]. (207)
03 —0, 60 —b
The Jacobian of the flexible coordinates w.r.t. the generalized positions is given by

w[u o). aw

(209)

I
—
(e]
o
[N
—

4.3 Partial derivatives w.r.t. generalized velocities

The quadratic velocity vector depends on the generalized velocities. In particular, the angular
velocity vector and velocity of the elastic coordinates directly depend on the generalized
velocities.

The Jacobian of the quadratic velocity force vector w.r.t. the generalized velocities as
required in Egs. (143), (150), (159), (168) is given by

90y
7o, =| 90w |, (210)
Qs

where

1N

150, = AlE, (m 1o +Z; (£ @) Bo+ AT, (m £o+Z; (¢ @) ) b0+

+247; (ol @)@ +241; (¢ @¢) Lo, el

90 =G 05, (0. + L (¢96) + (c0¢) Zh+ (c9¢) Zus (o) )t

~ G5 (@04 L (o) + (£9¢) 2, + (0¢) Zys (£9¢) ) bt
-36" (5 (Bt 0¢) + (c8¢) Ly (5 0c) )t
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= (gﬁoff (o) +(coe) Zuo (é®£)> 5w+

—T. ~ . —T~ .
=G 0oZLigy.rf =G BoLioy.rI¢

212)
. X T T
Qvi= (E: ® "J:@) (%w +Lyy (£ ® g)) @ot
T T .
+ (iz ® @o) (£a0¢ +Lyy (£ ® i)) 900+
+217 (9t @)@, +2L), (¢ @ e) Um,. (213)

where the blue highlighted term is for the lumped mass approach only (colors online),
see § 2.2.

The Jacobian of the angular velocity vector of the floating frame relative to the inertial
frame expressed in floating coordinates is given by

vo, = |5, w, w,], (214)
=[0 Ym, 0]. (215)

with
‘1, =G. (216)

by

i5é = [f’Jg b1¢ 5Jg'], Q217)

=[0 0 ¢ @18)

5 Conclusion

In this paper, the equations of motion of flexible multibody dynamics with FFRF are shown,
and the system parameters are fully derived with the widely used lumped mass approach.
It is shown that the lumped mass approach is general in relation to the finite-element type,
and thus, the derived equations are of general nature. The sensitivity analysis and the partial
derivatives of the system parameters are derived for the general lumped mass approach and
are shown with Euler parameters but can be extended to any orientation parametrization for
generality.

The use of the lumped mass approach enables computing the invariants by numerical
integration that is agnostic to the type of finite elements. The system parameters are derived
for any orientation parametrization, and the associated simplifications for the singularity-
free and the widespread used Euler parameters are shown. The expressions of the system
parameters derived with the lumped mass approach correspond to the general case with the
additional compensation terms of inertia due to the non-consideration of the mass distribu-
tion with lumped masses.

@ Springer



V. Gufler et al.

Analytical sensitivity analysis via direct differentiation is applied to the equations of
motion for flexible multibody systems. This is the driving motor for efficient design opti-
mization and uncertainty analysis, and this is where the partial derivatives of the system
parameters appear. In addition to the sensitivity analysis, the equations of motion are differ-
entiated w.r.t. the generalized coordinates, including positions, velocities and accelerations.
These are required in the Jacobian matrix of the nonlinear solver when solving flexible
multibody systems. Here the partial derivatives of the system parameters also appear.

In previous studies based on a semi-analytical approach, the partial derivatives of the
system parameters have been computed numerically. To further increase the efficiency and
the accuracy, the analytical derivatives of the structural system parameters of FFRF are pro-
vided here. The analytical derivatives are based on FFRF with the lumped mass approach,
including the derivatives of the invariants enabling the decoupling of the sensitivity analysis
of flexible multibody dynamics from the FE solver. The partial derivatives are shown with
Euler parameters but can be extended to any orientation parametrization for generality. The
derived partial derivatives are useful for the shown direct differentiation method and for the
adjoint variable method as well. In addition, the partial Jacobians w.r.t. positions and veloc-
ities can be used in the nonlinear solver when solving the governing equations of flexible
multibody dynamics for higher efficiency and accuracy.
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