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Abstract

Modal dynamic substructuring is widely used to perform structural dynamic analysis. Recently, an effi-
cient modal formulation using (free interface) real modes of the substructures has been proposed based on
the Udwadia-Kalaba formalism. The latter expresses the subsystems’ constrained response from their un-
constrained response by explicitly solving the constraining forces. From an experimental point of view, in
presence of non-classical damping, the modal formulation based on real modes presents certain difficulties
due to its use of the modal damping matrix. The study presents an alternative formulation based on complex
modes of the subsystems, requesting only the knowledge of vibration poles and complex mode shapes. As an
example of application, the dynamic response of three harps from Central Africa exhibiting strongly complex
modes is simulated by assuming both a proportional and non-proportional damping. Significant differences
of frequency content are observed due to the absence of coupling by damping between some sets of modes.

1 Introduction

When analyzing the dynamical behavior of a large and/or complex system, it may be convenient to consider
it as a multibody structure and performing the analysis at the substructure level. The behavior of the global
system is then obtained via coupling between the substructures, described by constraint conditions. This ap-
proach, known as dynamic substructuring, is also particularly attractive when dealing with hybrid assemblies
consisting in both theoretically and experimentally characterized subsystems.

The field of dynamic substructuring was first introduced to deal with systems made of rigid components.
During the last 60 years, methods allowing to account for the visco-elasticity of the substructures have been
developed. A classification of the existing methods was proposed by de Klerk et al. [1] who grouped them
in three categories: the physical, modal and frequency domains.

A review of some famous physical domain methods was proposed by Lalausa and Bachau [2] including for
example Maggi’s method [3, 4] and the Udwadia-Kalaba (U-K) formulation [5, 6, 7, 8, 9]. Physical domain
formulations require the knowledge of physical mass, damping and stiffness matrices of each subsystem,
making them unpractical in the frame of experimental substructuring.

On the other hand, frequency based substructuring (FBS) formulations, such as the admittance [10, 11],
impedance [12] and the Lagrange multipliers FBS [13, 14] coupling, only require the knowledge of frequency
response functions, whose measurement present no particular difficulty but implies that the substructures are
linear time invariant (LTI) in steady-state.

Finally, modal domain formulations, also known as component mode synthesis (CMS), are based on a modal
reduction of the substructures which makes them not as straight forward to use as FBS but offers a solution
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for analyzing non-LTI multibody systems. An overview of CMS methods based on all kinds of component
modes was proposed by Craig [15]. Examples of such methods are the Craig-Brampton [16] (combination of
constraint modes and fixed-interface normal modes), MacNeal [17] and Rubin [18] (combination of attach-
ment modes and free-interface normal modes) methods. In the last decade, in the frame of musical acoustics,
Antunes and Debut [19] adapted the U-K formalism to continuous flexible systems using free-interface nor-
mal modes. Its relevance has since been demonstrated when dealing with non-linearities [20, 21, 22, 23] and
intermittent contacts [24]. Their modal formulation allows for redundant and non-ideal constraints due to the
U-K formalism and circumvents the need for knowledge of physical mass, damping and stiffness matrices
of the substructures.

While the modal U-K formulation proposed by Antunes and Debut makes using the U-K formalism prac-
tical for experimental substructuring, certain limitations persists when dealing with non-classically damped
substructures. Indeed, the decomposition of the substructures’ response on their normal basis requires to
know their modal damping matrix whose estimation is still nowadays a difficult task when this matrix is
non-diagonal. To remedy this, this paper presents an alternative modal U-K formulation based on complex
modes of the dissipative substructures.

The original U-K formulation in the physical domain is recalled in section 2.1, followed by the presentation
of an alternative formulation in the modal domain based on the decomposition of each constrained substruc-
ture response on its unconstrained (free interface) complex modal basis. The advantages of this alternative
formulation are then illustrated in section 2.2 using experimental data collected on a corpus of harps from
Central Africa.

2 Dynamic substructuring using the Udwadia-Kalaba formalism

2.1 Physical degrees of freedom

Let y(t) represent the response, and x(¢) the degrees of freedom, of a reciprocal discrete multibody mechan-
ical system which consists of .J subsystems constrained via constraining forces f. and subjected to external
constraint-independent forces f.. Assuming that each subsystem has its degrees of freedom x7 verifying a
second order model of the form

M5 (t) + CT%7 () + KIxI () = (D7) (£1(x, %, 1) + £ (x, %, 1))

‘ o (1)
y’(t) = DX/ (1)

with M/, C7 and K7 its mass, damping and stiffness matrices, D/ its input/output shape matrix, £/ external
constraint-independent forces and f? constraining forces.

Assembling Eq. (1) for all subsystems into a global system leads to

M (t) + Cx(t) + Kx(t) = DT (fu(x, %, 1) + f.(x, %, 1))
y(t) = Dx(t)

where the assembled matrices and vectors of Eq. (2) are defined

2)

x! £l f! M. 0
x=Q o, fe=< 3 .= 1 pM=diagM!, ... M) = 7
XJ fé] fé] 0 MJ

C = diag(C!,...,C7), K = diag(K', ..., K’), D = diag(D', ..., D’).

Constraining forces can be expressed through Lagrange multipliers [25] A as

fe (X’ X, t) = —A(X, X, t)T A(t) (3)



where A (%, x,t) is the constraint matrix, associated with b(x, x,t) a vector function of the motion, corre-
sponding to the following system of P holonomic and non-holonomic constraints in terms of accelerations

AGkx,t) § = bk, x,1). @

For the sake of readability, the dependencies on x, x and ¢ are omitted in the following.

Combining Eqgs. (2—4) leads to the following augmented differential-algebraic equation (DAE) system

A S 5
y = Dx

where %, = M~} (DTfe —Cx — Kx) represents the unconstrained response of the subsystems.

Solving Eq. (5), in the least square sense [26] since A may be rank deficient, gives the differential equation
verified by the dynamic response of the constrained system

% =%, +M A (b — Axu) ©
y = Dx

with A = AD and A = AT(AM~1AT)t,

~ T
Finally, Eq. (6) may be further simplified by noticing that A = M"/> (AMfl/ 2) = M'?B' (+ denoting
the Moore-Penrose pseudo-inverse), so that the main result from Udwadia and Kalaba [5, 7] is

% =%, + M *Bf(b - Ax,)
(7N
y = Dx.

The elegance of Eq. (7) lies in the expression of the constrained response of the discrete multibody system

in terms of the unconstrained responses of its subsystems.

From a practical point of view, Eq. (7) has the disadvantage of requesting the knowledge of the physical
mass, damping and stiffness matrices whose estimations are not trivial when dealing with experimental data.
Moreover, these matrices may be fully populated or at least far from sparse so that solving Eq. (7) is not
computationally efficient. To remedy this, Antunes & Debut [19] recently adapted the U-K formulation
by means of a modal expansion on the modal bases of associated conservative subsystems and obtained a
differential equation equivalent to Eq. (7) whose coefficients involve modal mass, damping and stiffness
matrices. Their formulation is particularly attractive in the frame of experimental substructuring when the
subsystems yield a classical damping since all modal matrices become diagonal and can be relatively easily
estimated via experimental modal analysis. However, if the J subsystems do not verify the assumption of
classical damping, the modal damping matrix is non-diagonal and its experimental estimation is difficult.
The aim of the next section is to present an alternative modal Udwadia-Kalaba formulation allowing to
circumvent the limitations induced by the modal damping matrix requirement.

2.2 Modal degrees of freedom

In this section, a modal formulation based on complex modes of the subsystems is presented in order to
obtain a diagonal system of unconstrained modal coordinates even for non-classically damped substructures.

Starting from the usual modal expansion on the basis of modal coordinates of the dissipative system is written

X
{X} =Yq ®)



where, for j = 1, ..., J constrained subsystems, the vectors that assemble the corresponding modal responses,
as well as the matrices that assemble the eigenvalues and the eigenvectors, are defined

ql

, W = diag(W!, ..., W), A =diag(A},...,N),
q’ 9)

(efg) oete e e[

with, for each subsystem, the modal basis of 2V J unconstrained modes containing ¢, wi N (and their
complex conjugate), respectively, the vector of modal coordinates, the complex mode shapes matrix and the
matrix of associated poles. The total number of pairs of complex conjugate modes is thus Ny = 2‘1] NJ.

Q
Il

Eq. (6) may be augmented into the following state-space form

5 M6

U A

BN R CR

-l

with Z = AAM ! and Iy, the identity matrix of size Nyof, the total number of dofs of the subsystems.

(10)

Then projecting Eq. (10) on the assembled modal basis of the unconstrained dissipative subsystems by
pre-multiplying by Y7 leads to

g - (MA-9TAAwA?) g = ¥7 (Iy,, — AAM ™) DTt + 97 Ab (11

using the orthogonality properties [27] YUY = IT and YTAY = IT A (with IT a diagonal normalization
matrix equivalent to the modal mass matrix for principal coordinates).

In addition, using the former orthogonality properties, it can be shown that
UTA = OTAT(AGIT ' ABTATHT, (12)

Defining now the modal constraint matrix A = [A Z} =A¥PadB=A (H _1/1) 1/ *, Eq. (12) may be
rewritten o ;

oA = (1'A) " BT (BB")". (13)
Finally, combining Eqs. (11) and (13) and left multiplying by IT~!, a modal formulation of the Udwadia-
Kalaba formalism (equivalent to Eq. (7)) based on the unconstrained (free interface) complex modes of the

subsystems is found
d=qu+ (ITA) " BT (BB")' (b - AAq,) "
y = [D O] Yq.

where the unconstrained complex modal response is ¢, = Aq + IT-'&TDTE,.

In summary, Eq. (14) allows to compute the constrained dynamic response of reciprocal multibody mechan-
ical systems with non-classical damping and positive definite mass and stiffness matrices (at the subsystems
level).



3 Application to an experimental example: a corpus of harps from
Central Africa

In this section, the advantage of the complex modal U-K formulation is demonstrated by studying a corpus
of harps from Central Africa (see Figure 1a) whose experimental modal analysis has shown the presence of
strongly complex modes as will be discussed in the following.

The experimental setup used to measure the frequency response functions is shown in Figure 1b. The sensors
consists in three accelerometers (PCB M352C65): two at the same position on the neck but oriented into
two transverse polarizations and one mounted on the tailpiece measuring its transverse displacement. An
automatic hammer (force sensor PCB 086E80) impacts the harps at locations limited to the string attachments
points on the tailpiece and the neck in order to limit the duration of the measurements and, doing so, reducing
the risks of changes in room temperature and air humidity during the measurements, as those have been
observed to induce shifts in modal frequencies. To help further reduce the changes in ambient conditions, an
air humidifier is regularly filled with water and turned on during the measurements. The latter do not ensure
a constant air humidity in the room but allows to sufficiently slow down the process during the two to three

hours of measurement.
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Figure 1: (a) Corpus of harps included in the measurement. (b) Experimental setup used to measure accel-
erance responses at string attachment points. &): accelerometers, @B): automatic impact hammer, ©): bungee
rope, ©: strip of felt.

For each harp, the potential of coupling between the estimated poles is then quantified using the separation
criterion proposed by Hasselman [28]
28wj

<1 (15)
|wj — wg|

51 =

with §; the loss factor of mode j, w; and wy, the undamped natural frequencies of modes j and £.

This criterion signifies that the coupling due to non-proportional damping can be neglected if the cross-
modal impedance is high. As suggested by Balmes [27], this criterion can be used to identify groups of
modes verifying the assumption of block proportional damping and then, for each group, a proper basis is
approximated by resolution of an algebraic Riccati equation [29].

The results are shown in Figure 2 for the frequency range [0 - 1000] Hz, modes are sorted by increasing
modal frequencies. To help the comparison between the harps, groups of modes which can not be assumed
uncoupled by damping (according to a threshold of 0.3 for the separation criterion d ) are indicated by blue
dashed squares.
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Figure 2: Separation criterion for the experimentally identified modes of harps of the corpus (frequency
range: [0 1000] Hz). Blue dashed squares indicate complete sets of modes (negligible inter-sets coupling)
for a threshold of 0.3 for ;. (see Eq. (15)). (a) Harp Fg; (b) Harp Fg_2; (c) Harp Nko.

The comparison of the separation criterion between the three harps allows to draw some conclusions. First,
on all harps, there appears to be modes strongly coupled by damping with a separation criterion higher than
0.7 as can be seen, for example, on Figure 2b between modes 20 to 24 and 25 to 30. This indicates that
the vibration of harp bodies will be erroneously modeled by a modal model with proportional damping and
amplitude differences between the modal Udwadia-Kalaba based on real modes and complex modes should
thus be expected for all harps.

In order to test this hypothesis, physical simulations are conducted, for each harp, assuming both a propor-
tionally and non-proportionally damped model. These simulations are all obtained using the complex modal
U-K formulation presented in section 2.2. The simulated signal consists in the acceleration response of the
soundboard, at the attachment point of the 5% string (tuned at 247 Hz), to a pluck applied at 3/5™ of the
string length and modeled as a ramp of force of maximum amplitude 1.1 N and duration 1 s. The sampling
frequency is set at 800 kHz. The string parameters, shown in Table 1, are kept for all harps so that only
modal parameters of the harp bodies vary. The string termination is imposed as perfectly rigid at the end
opposite the string/tailpiece coupling point by choosing its unconstrained (free interface) modal basis as that
of a fixed-free ideal string. Its motion is describe using 150 modes whose modal damping is experimentally
estimated. The simulated waveforms and spectra for the three harps are shown in Figure 3.

Table 1: Geometrical and mechanical string parameters used in the simulations. R, L, 6, E and p being,
repesctively, the radius, length, string/tailpiece angle, Young’s modulus and mass density.

R(mm) L(cm) 6(°) E(GPa) p(kg.m )
0.41 699 256 74 1100

The waveforms of Figs. (3a,3c,3e) show noticeable differences between the non-proportionally and pro-
portionally damped models in terms of frequency content. In particular, there is approximately a factor of
2 between the maximum amplitudes of these models for the harp Nko. Looking at the frequency domain
representations on Figs. (3b,3d,3f), two explanations are found. Firstly, amplitude differences are visible
in the vicinity of harp body modes responding at the string attachment point and whose MPC is below 0.95
(indicated by colored circles placed above the curves) showing that neglecting the coupling by damping be-
tween mode combinations not verifying the separation criterion of Eq. (15) leads to an erroneous dynamic
response of the system in the frequency ranges concerned. Secondly, and most importantly, when string
partial coincide with complex body modes (for example mode 19 of harp Fg_2 at 754 Hz or 23 and 34 of
harp Nko at 496 Hz and 733 Hz), the erroneous responses formerly addressed directly impact the amplitude
of these string partials who represent the main modal contributions of the simulated signal. This leads to
amplitude differences between both harp body models of 5 to 8 dB.
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Figure 3: Simulated acceleration at the attachment point of the 5™ string on the tailpiece for each harp of
the corpus. Green full/Red dotted lines: simulations obtained with the non-proportionally/proportionally
damped harp body model. Colored circles: harp body modes around which simulations show significant
amplitude differences. (a) (c) (e) Waveforms; (b) (d) (f) Spectrum.

4 Conclusion

The paper presents a novel modal Udwadia-Kalaba formulation based on complex modes of the dissipative
subsystems. This new formulation is of particular interest in the frame of experimental substructuring, where
physical and model damping matrices of substructures are usually not well estimated. Indeed, only a diag-
onal first order model based on eigenvectors of the state-space representation of each subsystem is required



instead of a second order model relying on a potentially fully populated modal damping matrix in case of
non-proportional damping. Moreover, the assumption of proportional damping is expected to be less and
less reasonable with the increase of modal density so that the modal damping matrix should be more and
more populated with the increase of frequency, as long as a modal description of the substructures remains
consistent.

The main limitation of the complex formulation presented here concerns substructures with defective eigen-
values. While most eigenvalues have a probability of zero for real systems, null eigenvalues associated with
rigid body modes may be defective. Since the latter are frequently encountered in dynamic substructuring,
their inclusion in the formulation presented in this paper would highly broaden its generality.
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