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Abstract

Hybrid modeling is an increasingly common procedure for predicting the structural dynamics of complex
products. System equivalent model mixing (SEMM), a dynamic substructuring-based method, is a recent addition
to the field. Its implementation within frequency-based substructuring has great potential. Therefore, it is reasonable to
explore the options for implementing an equivalent substructuring framework in any of the other substructuring domains.
The objective of this paper is to present M-SEMM, system equivalent model mixing in the modal domain. A theoreti-
cal derivation reveals that under certain constrained conditions, the proposed methodology is equivalent to the system
equivalent reduction expansion process (SEREP), a well-established reduction/expansion technique. When considering
the expansion of spatially sparse models with a high modal density, M-SEMM represents a novel expansion method,
which can be seen as a potentially useful extension to SEREP. The proposed implementation offers certain advantages,
the most notable being a superior ability to disregard spurious modes in the hybrid model. A study of the proposed
methodology on a numerical and an experimental case demonstrates its applicability and provides a comparison with
SEREP and the original implementation of SEMM in the frequency domain.
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1. Introduction

In the process of designing and developing complex products, a modular approach is increasingly common, with
an important aspect being the ability to predict the dynamic properties of the final assembly. This is only
possible, however, if we are able to access valid models of the individual components. In a variety of differ-
ent modeling approaches, we generally distinguish between numerical and experimental methods. Numerical
models are typically obtained with a high spatial resolution; however, their accuracy is limited by the available
computational power and the ability to realistically model geometry, material properties, boundary conditions,
joint properties, etc. On the other hand, experimental models that provide an insight into a real component’s
dynamics are typically obtained with a lower spatial resolution given the available resources and limitations in
physical accessibility. Often, a compromise between different modeling approaches proves to be the best option
for the dynamic modeling of the respective component. Therefore, expansion methods can be used to form its
hybrid model.

Reduction/expansion methods emerged in the 1960s. They were used to overcome the problem of limited com-
putational power. Guyan static condensation [I] is probably one of the most commonly recognized methods;
however, it lacks any consideration of inertial effects. In 1989, originating from a technique to obtain rotational
responses from experimental modal data, a technique named the system equivalent reduction expansion process

(SEREP) [2] was developed and has since become a popular expansion/reduction method [3H7]. SEREP is
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defined in the modal domain with one of the possible applications being the expansion of experimental modal
data to an unmeasured denser set of degrees of freedom (DOFs), corresponding to an equivalent numerical
model.

Recently, a novel expansion methodology named system equivalent model mixing (SEMM) [8] was introduced
as a frequency-based substructuring method. This was followed by its comparison with SEREP [9]. Originally,
the methodology comprised the basic and the extended formulation. The latter was further augmented in [10]
by applying truncated singular-value decomposition (TSVD), thus increasing the method’s resilience to exper-
imental errors. SEMM has been successfully employed in a variety of applications, such as dynamic coupling
within frequency-based substructuring [8, 1] and substructuring-based joint identification [12] 13]. Although
the framework is typically considered for experimental-numerical hybrid modeling, the same procedure can be
applied for purely experimental applications, such as improving full-field high-speed [14] or acoustic [I5] camera
measurements. Another possible application of the expansion method is the detection of inconsistent measure-
ments, which was implemented in similar methodologies using both SEREP [16] and SEMM [17, [I8].
Originally, SEMM was introduced as a Lagrange-multiplier frequency-based substructuring (LM-FBS [19]) pro-
cedure. Dynamic substructuring, however, differentiates methods for three general representations (spatial,
spectral, and state) of dynamic properties. While LM-FBS is rapidly developing within spectral methods,
modal substructuring (often also referred to as component-mode synthesis) is firmly established as the earliest
spatial subdomain. When considering experimental models, certain differences may occur between the results
of frequency-based and modal substructuring. Modelling in the modal domain seems to be more appropriate
for substructuring with experimental models of lightly damped structures, for which the modal identification
can be performed well [20].

The objective of this paper is to introduce M-SEMM, i.e., system equivalent model mixing in the modal do-
main. Unlike in the original LM-FBS implementation, due to the modal reduction, we differentiate between
a determined and an under-determined type of methodology. A theoretical derivation of the determined type
reveals its equivalence to SEREP. The under-determined M-SEMM type, on the other hand, is considered as
a novel modal expansion method, whereby like in the original version we distinguish between a basic and an
extended formulation.

At first glance, a reformulation of SEMM in the modal domain might be considered as redundant, as it is known
that frequency-based methods can also be applied to modal models using modal superposition [20]. However,
the implementation ”per-mode” instead of ”per-frequency-line” leads to differences. Spuriousities often occur
in hybrid models, obtained with the basic formulation of frequency-based SEMM. This problem tends to be
solved by applying the extended SEMM formulation, which typically smooths out the spurious peaks [§]. Modal
implementation, however, makes it possible to completely disregard the spurious dynamics in the hybrid model,
while maintaining low computational costs, which could prove beneficial when applied to real-life complex sys-
tems.

This paper is organized as follows. The next section summarizes the basic modal substructuring theory, fol-
lowed by a brief overview of SEREP and SEMM. In Section [4] the proposed M-SEMM methodology is outlined.
In Sections [5] and [6] the applicability of the proposed methodology is demonstrated with a numerical and an

experimental study, respectively. Finally, the conclusions are drawn in Section [7]



2. Modal substructuring - primal formulation

This section briefly reviews the basic theory of modal substructuring, following the notation in [20]. For

substructure s, the linear equations of motion in the physical domain can be written as:
M) 1)+ C) () 1 KD () = £0) 4 g(o) (1)

where M), C(®) and K®) are the corresponding mass, damping, and stiffness matrices. The vector u'®) denotes
the substructure’s displacements, f(*) is the external force vector, and g(*) is the vector of connecting interface
forces. Vectors 1(*) and i(*) denote the first and second time derivatives of the displacements, respectively.

The dynamics of a substructured system with N components is described by the set of equation&ﬂ

Mi+Cu+Ku=Ff+g (2)
Bu=0 (3)
LTg=0, (4)

where M = diag[M®,... MMM], C =diag[CP,...,CMV] K = diag[K",..., K],
and w = {u®, .. aM}T f= {0 pONT g (g g
The constraints between substructures are applied by compatibility and equilibrium conditions in Eqgs. (3)
and ().
Within modal substructuring, physical degrees of freedom (DOFs) w are typically reduced to a smaller set of
dual generalized DOF's 7:

u=Rn, (5)

where R = diag [R(l)7 ...,RWY )] is a block-diagonal reduction matrix. By applying the reduction, the system
of Egs. f reformulates to:

Mmﬁ+cmﬁ+Kmn:fm+gma (6)
anzoa (7)
Lglgm:()) (8)

where M, =RTMR, C,, =RTCR, K,, =R"KR, f. =R" f, g =R"g,
and B, =BR, L, = null (B,,,).

By introducing the transformation from the dual to the unique set of generalized DOFs &:

n=Ln&, (9)

and by pre-multiplication with L, the system of Egs. @f reduces to the primal formulation of the coupled
equation of motion:

Mmé‘*émé"‘f{mé:fm, (10)
where:

]-\7[111 = Lgl Mm Lmy ém = LT Crn Lma I21{11 = LE] Km Lm; and ?m = LrTn fm-

m

INote, that if a substructure is to be decoupled from the system, its mass, damping, and stiffness matrices in the global

block-diagonal equation of motion are to be assigned as negative.



3. Brief overview of SEREP and SEMM

This section briefly summarizes the established concepts of SEREP and SEMM. For the sake of simplicity, any
derivations are omitted, thus only providing final equations for each method. Let us consider two equivalent
models, denoted as the parent (par) and the overlay (ov), as depicted in Fig. The naming convention is
adopted from the original frequency-based SEMM implementation [§]. The methodologies considered in this
paper apply for equivalent models that are either purely numerical, experimental, or combined, provided that

they meet the following characteristics:

1. Parent model: The inferior dynamic properties of this model are obtained in a dense set of DOF's.

2. Owerlay model: The superior dynamic properties of this model are obtained in a sparse set of DOF's.

Parent model Overlay model

(a) (b)

Figure 1: Equivalent models: (a) Parent; (b) Overlay.

The dense set of the parent model’s physical DOFs u(P) can be partitioned into the internal (1) and the
boundary subset (b) of sizes n; and np, respectively. The internal subset is unique to the dense set of DOFs,

whereas the boundary subset is collocated with the sparse subset of the overlay model’s DOFs w(°V):

(par)

U(par) = uzpar) ? (11)
Uy,
ul*V) = ) (12)

In some of the following derivations the index ¢ is used to emphasize the combined set of internal and boundary
DOFs.

An additional duplicate (sub)-model of the parent model is introduced in the SEMM substructuring process,
referred to as the removed model (rem). The resulting hybrid model (hyb) is obtained by expanding the sparse
overlay model’s dynamics to the dense set of the parent model’s DOFs. Similarly, the partitioning of the degrees

of freedom also applies for those models:

rem
ulre)

u(rem) = 1(rcm) s (13)
_ub -
[ (hyb) ]
u:
(hyb) _ [ ™ (14)
u .
ul()hyb)




3.1. SEREP - basic concept

The technique is defined in the modal domain and operates on the modal parameters of the equivalent models. A
(truncated) set of mode shapes ®Par) and (V) is considered for the parent and the overlay model, respectively.
The parameters m®*) and m(°") denote the corresponding number of modal vectors. The expanded hybrid
model is obtained as?

$yb) _ (I)épar) ‘I)f(,parﬁ (I)I(JOV) : (15)

where () denotes the generalized inverse. The original SEREP methodology [2] clearly distinguishes between
a determined and an under-determined type, for which ny > m®*) and n;, < m®*) hold, respectively. The
methodology is effective for the determined type, where for n, = m®*) the hybrid modal vectors represent a
solution of the determined problem, and for ny > m®*) for which the solution of an over-determined problem
is obtained in a least-squares sense. The under-determined type, on the other hand, although mathematically

applicable, is considered to be of no practical use.

3.2. SEMM - basic concept

The methodology is based on a substructuring framework and consists of a coupling and a decoupling step be-
tween the parent, removed and overlay models, as depicted in Fig.[2l Coupling constraints between the removed
and overlay models are applied at the sparse set of DOFs. The decoupling constraints between the parent and
removed models are applied on either a sparse or a dense set of DOFs, thus differentiating between the basic
and the extended SEMM formulation, respectivelyﬂ The substructuring procedure yields an assembled system,
from which the hybrid properties are obtained at the DOF's, corresponding to the parent model.

Parent model Removed model Overlay model Hybrid model

._.+.=

Figure 2: Schematic depiction of SEMM.

The frequency-based SEMM implementation operates on admittance matrices of the equivalent models. Fol-

lowing the DOF partitioning principle defined above, the admittance matrix for the substructure s is given
as:

o [YO ve

¥ vl

The most efficient implementation of the LM-FBS-based SEMM formulation is given as a single-line equation

2Note that since spatial expansion of mode shapes is considered, the general boundary response to be subjected to the expansion

process (typically denoted as up) is replaced by <I>l()ov).
3In [8], the extension of the decoupling constraints is considered for an arbitrary subset of internal DOF's. In this paper, however,

for simplicity the extended formulation is considered for the full dense set of DOFs.



for the basic and the extended formulation, respectively:

hyb _ ar (par) - (rem) -1 (rem) (ov) (rem) -1 <, (par)
AR Y.t(zg )_Ygg Ybb (Ybb _Ybb )Ybb ng ) (16)

hyb _ ar ar (rem) (rem) (ov) (rem) T ar
AR Y_SS )_Yf(lg )ng (Ybb Y, ) Y, Y_f;‘; ). (17)

Tt is observed that the calculation of the generalized inversion is required in the extended formulation (Eq. ),
which is typically obtained by performing singular-value decomposition (SVD) and disregarding the zero-valued
singular values. A possible extension to this approach is proposed in [I0], where an additional truncation of

small singular values is performed to improve the method’s robustness with regard to experimental errors.

4. M-SEMM - System equivalent model mixing in the modal domain

The derivation of the M-SEMM is based on an equivalent substructuring process, as originally proposed in its
frequency-based implementation [8]. For simplicity, we assume proportional damping for all the substructures

(within the SEMM framework these are the parent, removed and overlay equivalent models).

4.1. Modal transformation and un-coupled equation of motion
A set of m®) mass-normalized free-interface mode shapes ®(*) is considered as a reduction matrix R®) for

each equivalent model s. Then, the reduction of the physical DOFs u to dual generalized DOFs i from Eq.

reads as: ) o i}
W] o™ o o
ul()par) @gp“) 0 0 ,r](par)
u™ = 0o et o ||ptem|, (18)
we | | o e o || gew
|u™ | | o 0 @]
and the un-coupled equation of motion Eq. @ simplifies to:
[ [(par) 0 o |[[50m] [2¢®) o 0 0 7y (Par)
0 _ftem) o Fjlrem) [+ 0 —g ¢ frem) ,(rem) 0 plrem) [ 4
0 0 1(ov) ,,',}(ov) 0 0 2C,§°V)wﬁov) ,’;’(OV)
_ (19)
wg (par) 0 0 n(par) fé]par) gr(é)af)
N | A e e
0 0 W) ne | [ gt

For a substructure s, I®) is an identity matrix, and wz ) and Cﬁs) are the diagonal matrices of the substructure’s

eigenvalues and damping ratios, respectivelyﬂ

4.2. Different types of compatibility conditions
4.2.1. Coupling step
In the coupling step, compatibility is enforced between the removed and the overlay model at the boundary

DOFs. In terms of physical coordinates, the compatibility condition is given as:

ul()rem) _ 'U/l(,OV) . (20)

4The negative sign for the removed model’s dynamics in the equation of motion corresponds to the decoupling process.



Considering the transformation to the modal domain (Eq. ), the physical compatibility in terms of gener-

alized coordinates is transformed into:

R (21)

(rem)

where @grem) e Roxm and <I>I()OV) € R”bxm(ov), thus applying n, constraints.

The expansion process in M-SEMM operates on m(®") overlay model’s mode shapes. In this way the same
number of hybrid modes is expected as the output of the method. In the coupling step, constraints are applied
between the removed and overlay models, with the total number of dual generalized coordinates equal to
me™) 4 m(ov) - Therefore, in order to retain no less than the expected number of unique generalized DOFs,
it is generally not viable to apply more than m(®™) constraints. Otherwise, due to additional constraints, the
hybrid model would contain fewer modes than the original overlay model.

Although theoretically applicable, such cases are avoided within the paper. Instead, a weak form of constraints is
considered when n, > m®*™) holds. In the modal domain, it is natural to adopt the concept of modal constraints,
originally presented within the transmission simulator method [2I]. Modal compatibility is acquired by pre-
multiplying the Eq. by either @éremﬁ or <I>§°V)T7 thus satisfying the physical compatibility in a least-squares
sense.

In a typical SEMM application the overlay model is often obtained experimentally, while the removed model

is usually numerical. As we tend to avoid the inversion of experimental data and thus the enhancement of

experimental errors, in the following the modal vectors of the removed model are considered for the inversiorﬂ

I(rem) ,r,(rem) _ (}l()rcm)]‘ @éov) n(ov) 7 (22)

(rem) 0 (ov)

where I0¢™) is the m@e™ x m@em jdentity matrix and @grcmﬁ @lgov) e R™ Hence, the number of

coupling constraints is reduced to me™)

4.2.2. Decoupling step - basic formulation
The decoupling compatibility in the basic SEMM formulation is applied between the parent and the removed
models at the boundary DOF's:

w0 _ g e (23)

In terms of generalized coordinates, the physical compatibility reads as:
@[ ) = i) plrem)., (24)

Given that the removed model is a duplicate sub-model of the parent model, the following relations hold:

q)l()par) _ (I)l()rem) ¢ Rmoxm

(rem)

and m®a) = mem)  The corresponding decoupling compatibility condition
consists of n, constraints. Like in the coupling step, modal weakening is considered when n; > m®**™ . By

pre-multiplying Eq. with @Igparﬁ or i’l()rem”, the modal compatibility reads as:

I(par) n(par) _ I(rem) n(rem) ’ (25)

with I(®2) and I¢e™) being identity matrices, thus reducing the number of constraints to m®e™).

5However, in the case of an atypical application, there might be a need to revisit this step and adjust the formulation by selecting

a different projection basis.



4.2.3. Decoupling step - extended formulation

Availability of the full parent and removed model allows for an extension of the decoupling interface. Such
an extension has already been proposed in the original frequency-based SEMM framework [8] to smooth-out
the spuriousities by improving the observability and controllability of the decoupling interface. The extended

compatibility condition between the parent and removed models is given as:

) = g om (26)

However, due to the duplicity of the parent and removed model, such an interface extension results in a physically
indeterminate problem. To explain the origin of spuriousities and indeterminacy, an elementary example of the
SEMM process is presented in Fig. [3] For simplicity, the example is presented in the physical domain, however,
the concepts apply generally. Let us consider equivalent models of a 2 DOF system. The dynamics of the
overlay model are only obtained in the boundary DOF, thus its internal DOF is depicted as transparent. Note

that ideally, the expected outcome of the expansion process would provide a full 2-DOF overlay model.

ky

Parent model
N

i b i b

ko k1 ko
-7”2 Parent model -ml -7”2

: N : :
Removed model /\/\/\/\/M Removed model M

N " N

® ®
Overlay model Overlay model

N N
Hybrid Hybrid
k k 0 0 -
@ o N model @ \\ model
D)
Assembled Assembled
system system

o]
(a) (b)

Figure 3: SEMM - elementary example: (a) Basic decoupling compatibility; (b) Indeterminacy of the extended decoupling com-

patibility.

From the depiction in Fig. however, it is evident that the assembled system, obtained by the basic SEMM
substructuring procedure, has 4 DOFs. Even though the hybrid model is obtained at the two parent-related
DOFs, the corresponding dynamics generally exhibit the 4-DOF nature of the assembled system. This explains
the origin of spurious modes in the hybrid model.

To improve the decoupling process and therefore reduce the occurrence of spurious modes, the decoupling
interface between the parent and removed models can be extended to the full set of DOFs, as depicted in Fig.[30]
However, the decoupling of two duplicate models at the internal DOFs yields an indeterminate dynamic system,
which is for the given case evident from obtaining a DOF with zero mass and stiffness.

In the original frequency-based SEMM, the indeterminacy is mathematically reflected as a singularity of the
interface flexibility matrix, which results in the inapplicability of its direct inversion. The problem is overcome

by applying a generalized inverse, which can also be interpreted as an implicit weakening of the decoupling



constraintsﬂ The corresponding weakened decoupling compatibility can be written as:
Ygll;cm)f u{(]par) _ Y{(]zcm)’[ uérem) 7 (27)

where Yézem” e R™*"s is the generalized inverse of an admittance sub-matrix of the removed model, thus
applying ny constraints.ﬂ Although the number of constraint equations is the same as in the basic formulation,
an extended compatibility condition takes into account the dynamics of the full (boundary and internal) set of
DOFs in a frequency-dependent manner. This typically improves the efficiency of the decoupling process, hence
the ability of the extended SEMM formulation to smooth-out the spuriousities that are otherwise often present

in hybrid models, obtained using the basic formulation.

Considering the proportional viscous damping model and denoting @) as the r-th eigenvector in ) and w as

the angular frequency, the admittance matrix Yézem) can be obtained with the following modal superposition:

m(rem) (ren]) (rem)T

(rem) r®g r Py
Y6 () - | o
gb rzzjl wﬁrem)Q — W2+ 2j w Cr(rem) wﬁrem)

Given that admittance is a priori a function of frequency, its pseudo-inversion per frequency line results in

frequency-dependent weakening of the compatibility condition. To adopt this approach and modify it for use

b2

in the modal domain, we propose a ”"mode-dependent” weakening approach.

For the evaluation of the k-th hybrid mode, the weakening basis is obtained as an un—dampe(ﬂ parent model’s

,ihyb). Such an approach is not applicable in most substructuring

admittance (28) at the frequency w = w
applications as the eigenfrequencies of the assembled system are generally not known. However, M-SEMM

yields an exception since the overlay model’s eigenfrequencies are always present in the hybrid solution, as will

become apparent from further derivations. Therefore, assuming w = w,(chy b) _ w,gov), the weakening basis used in
the expansion process of the k-th hybrid mode is given as:
m(rem) (rem) (rel’l’l)T
_ g b . _ (ov)
Wi = Z (rem)2 (ov)2 k= L...m . (29)
r=1 Wy - wy

The proposed weakening basis can be interpreted as a weighted superposition of the parent model’s modal
constant matrices, for which the weights depend of the deviation between the r-th removed model’s and k-th
overlay’s eigenvalue. Let us consider in this way a special case when wﬁrem)z = w,(COV)Z, for which Eq. appears
indeterminate. Then, the r-th term in the series infinitely prevails over all the others and can therefore be
considered as the sole contribution in the generation of the projection basis. For a single term, any weighting
is irrelevant, thus it is reasonable to disregard the indefinite denominator. The weakening basis is then repre-
sented by the r-th matrix of the modal constants ,. g,rem) - ,()rem)T, for which columns are linearly dependent.

Accordingly, a single effective constraint equation is applied and the corresponding weakening basis is simplified

(0 Wi = i,

By pre-multiplying Eq. and considering the modal transformation (Eq. )7 the proposed approxima-
tion of Eq. (at k-th natural frequency) for the use in the modal domain reads as:

W]t (Pf]par) n(par) _ W]t (}!(]rem) n(rem) ] (30)

6For the mathematical derivation, an interested reader is referred to the appendix.

TIf Y;em) is singular at a frequency line, then the number of effective constraints is further reduced to the rank (Y!(]zem))
8Damping is omitted for simplicity, to retain the real-valued system matrices of the hybrid model.



Note that the weakening basis needs to be re-evaluated for each (k-th) hybrid mode, while the resulting number
of constraints is equal to rank(Wp) < np. If Wy is almost singular, similarly as in the frequency-based imple-
mentation [I0], the conditioning of the projection space can be improved by applying truncated singular-value
decomposition (TSVD). Disregarding the small singular values results in an additional weakening, thus further

reducing the number of decoupling constraints.

When the number of applied constraints is greater than m(®™), the modal compatibility is obtained by pre-

T ar)\ T
multiplying Eq. by (W}: @grem)) or (W;i <I>§pdr)) , which results in the equivalent to Eq. (22).

4.8. Deriving M-SEMM

Any of the discussed coupling and decoupling compatibility formulations from the previous section can generally

be written in the form:

P1 ,r](rem) _ P2 n(OV) — 0, (31)

Py - Pyntm -o, (32)

which, by adopting the matrix form of the compatibility condition form Eq. , reads as:

(par)
o P, -Py "
nlem) [=0. (33)
P; -P; O
77(OV)
B

Following Eq. @D, the primal substructuring operator Ly, = null(B,,) enables the transformation:

n(par) L(Par)
(rem) L(rcm) S(hyb) (34)
,rl(ov) L(OV)

L

where the number of unique generalized DOFs £€(P) is equal to rank (L).

At this point let us introduce the classification to an over-determined, determined and under-determined
M-SEMM type. The over-determined type corresponds to the over-constrained case, for which the result-
ing number of unique generalized DOFs is lower than m(°¥). In this paper, such a case is only considered if it is
beforehand transformed into the determined type by applying the modal constraints. For the determined type,
the number of unique, generalized DOFs equals exactly m(°¥), while the under-determined type corresponds to
an under-constrained case, for which an excessive number of unique, generalized DOF's is obtained in the hybrid
model.

Assuming that ny constraintsﬂ are applied in the coupling and the decoupling step, this translates to the condi-
tions np > m®P2) ny = mP2) and n, < mP2) for the over-determined, determined and under-determined cases,

respectively. The corresponding shapes of the By, matrices are depicted in Fig. [

In the following, a determined type and an under-determined M-SEMM type are discussed in detail.

9For simplicity, the possibility of additional weakening by applying TSVD is disregarded in the general classification of types.

In the following, such procedures are only considered within the analysis of the under-determined type.

10
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Figure 4: Shape of By, matrix: (a) Over-determined type; (b) Determined type; (¢) Under-determined type.

4.3.1. Determined type and its resemblance to SEREP

The determined M-SEMM type is referred to as a case when a hybrid M-SEMM model with exactly m(°¥)
unique generalized DOFs is obtained by applying m(e™) (independent) constraints for both the coupling and
the decoupling step. Among the previously discussed compatibility formulations, this condition holds for the

following cases:

1. Basic physical compatibility (Egs. and (24)) and ny, = mrem);

P, =P;5-= @grem) and Py = @IEOV), where P; and P3 are square matrices of full rank.

2. Extended physical compatibility (Egs. and ), rank(Wp) = ny V k and ny, = mTem):
P, = <I>l()rem), P> = ‘Pgov) and P53 = W;Q ‘I{f,par), where P, and P3 are square matrices of full rank.

3. Modal compatibility (Egs. and ) and np > mrem);

P, =P3 =10 and P, = égrem” <I>l(7°v), where P; and P3 are square identity matrices.

The primal substructuring operator Ly, represents a null-space of By,. This is a basis of independent vectors
for which, when multiplied by By,, a zero value is obtained. The number of such vectors is equal to the nullity

of By,. For all of the above-listed cases, the following symbolic null-space solution is considered™}

L | PP,

Ly = [LE™ | = | P! P, (35)
LEI‘I)V) I(ov)

An analytical derivation following Eqs. and results in the primal modal mass matrix of the following

formE:

T
PPy |1(P2D) 0 0 ||P;'P,
Mglyb) — PII P, 0 _I(rem) 0 PII P,|= I(OV) (36)
I(ov) 0 0 I(ov) I(ov)

and analogously the primal modal damping and stiffness matrices read as:

él('r}:yb) _ QC'SOV) W£OV) , (37)
KP) = 20w (38)

10Note that the null-space solution is not unique, however, this form appears to be convenient for further derivations. An
equivalent solution can also be obtained by an arbitrary order change, linear combination, or non-zero scaling of the vector basis.

For the determined M-SEMM type, the solution is independent of the matrix P3.
1 Note, that the removed model is a sub-model of the parent model; therefore, they share an identical set of natural frequencies

and damping ratios.

11



The dynamic properties (in terms of primal generalized coordinates) of the resulting hybrid model can be

obtained by solving the eigenvalue problem:

(R(vb) _ \(hb) (i) @éhyb) Y (39)

with the trivial solution for hybrid eigenvalues A and eigenvectors lI’éhyb) given as:
AMD) = 20 (40)
) = 100v) (41)

This reveals that the hybrid model inherits the exact natural frequencies of the overlay model. Similarly, from

the relation under the assumption of proportional viscous damping;:
BT EO) () _ g () y(b)
2100 o) =3¢ 0, )

Hence, the same stands for the exact equivalence of damping ratios: ¢ = ¢V,

(hyb)
(I)é

The eigenvectors are obtained in terms of unique generalized DOFs. Taking into account that the SEMM

hybrid model is obtained at the parent-related DOFs and by considering the transformation from unique to
dual generalized DOFs (Eq. (34)) and from dual generalized to physical DOFs (Eq. (18)), the hybrid mode
shapes are obtained as:

$(hyb) _ g (par) Lr(sar) (I,éhyb) (43)
which for all three above-listed P; and P2 combinations within the determined case can be reformulated aﬂ
Hvb) _  gpar) (I,lgpaf)T q,lEOV)I(OV)

= @) P (oY) (44)

This derivation reveals that the determined M-SEMM type is analytically equivalent to SEREP (Eq. . This
type of M-SEMM, therefore, does not represent a novel expansion technique; however, it provides an interesting

substructuring-based interpretation of the established SEREP method.

4.3.2. Underdetermined type

This section presents the derivation of an under-determined M-SEMM type. In the modal domain such a case
was already studied in the original presentation of SEREP [2]; however, it was considered to be of no practical
use. Nonetheless, an effective methodology of the under-determined type in the modal domain could prove
beneficial, as it would, for example, allow for a reduced experimental effort by reducing n, and/or expanding

the parent reduction basis by increasing m®2") in the expansion process of m(®") mode shapes.

12For simplicity, the symbol for generalized inversion is also applied in the case of the classic inverse.
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The basic and extended formulation are studied within the under-determined M-SEMM type, for both assuming

ny < mrem).

1. The basic physical compatibility (Egs. and ):
P, =P3= @™ and P, = "),

2. The extended physical compatibility (Egs. and (30)):
P, = {)grem), P,y = <I>I()OV) and P3 = W;L <I>_,(]p3‘r), where rank(P3) < np, and P3 is mode-dependent in
compliance with Eq. and can also be (optionally) subjected to an additional TSVD-based weakening.

For the under-determined case, a convenient symbolic expression to evaluate the null-space of By, is the form

L] [Pip, nui(Py) nuil(ps)

Lim = |LE™ | = |PIP,  null (Py) 0 . (45)
LY 1) 0 0

As the number of columns in Ly, is clearly greater than m(°¥), the resulting hybrid model will contain spurious
modes. Therefore, additional measures to disregard the spurious part of the solution are introduced in the
following.

Applying the proposed primal substructuring operator in further derivations using Egs. and , the primal

modal mass matrix of the resulting hybrid model formulates as:

[PIP, null(P,) null(Pg)T 1(var) 0 0 ||PIPy null(Py) null(Ps)
M) = PP, null(Py) 0 0 -I1tem o ||[PIP, null(P) 0 =
| 1Y) 0 0 0 0 16V [ 1) 0 0
[ v : 0 (PIP,)" 100 null (Py)
= o e null (P) " 1P 1l (Py) | - (46)
| null (P3) " 1) Pl P, ;null (P5)" 1) 1l (Py) null (P3)" 1P null (Ps)

Similarly, the primal modal damping and stiffness matrices read as (for simplicity CI(I?) = 2(:,&5) wﬁs) is intro-

duced):

clv 0 (PIP,)" C®™) null (Py)
D OSSRt A OO OSSOSO ol et OO SOOI 4 }
civ = 0 : 0 null (P1)T C®a) yull (Py) (47)
| null (P3)" €™ PPy inull (P3)" CE* null (Py) null (P3)" CP™) null (Ps)
w2 ) 0 (PIP,)" w2 yull (Py)
N o S ORI it feikct SOt A it )
K™ = 0 : 0 null (P1)" w? ®2) null (P3) (48)

| null (P3) " w?®*) P} Pgénull(Pg)T w2 ®2) ] (Py) null (P3)" w? ®*) null (Py)

The hybrid modal parameters are again governed by the eigenvalue problem:

(f(x(xﬁlyb) _ ) (hyb) Mx(r}:yb)) (Pghyb) -0, (49)

13To the best of the authors’ knowledge, this analytical expression represents the null-space of the corresponding By, matrix for

all physically meaningful sub-matrices P;, P2 and P3.
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for which the eigenvalues represent solutions to the equation det (f{r(ffyb) — A (hyb) Mﬁf}yb)) = 0. As indicated
by the dotted lines in Eqs. and , the matrix that is subjected to an evaluation of its determinant

can be considered in the 2x2 block form as [ ----- H_] According to the Schur complement [22], assuming
E = wf ©9) _ )\ (yb) J(ov) g 5 square, non-singular matrix, the expression in Eq. can be rewritten in the
form:

det [EF] - det [E] det [H-GE™' F] = 0. (50)

Thereby, an independent solution to the part of equation det[E] = det (w? (ov) _ ) (hyb) I(OV)) = 0 reveals that
the exact overlay model’s eigenvalues are always present as a part of the full solution to the corresponding
eigenvalue problem. This observation justifies the possibility of applying mode-dependent constraints in the
extended formulation, proposed in Eq. .

Since we are only interested in acquiring the hybrid mode shapes that correspond to the overlay model’s
eigenvalues, while the rest of the solutions are considered to be spurious, the process of solving the eigenvectors

translates to a null-space evaluation in the form:
k(j)éhyb) = null(f{g‘yb) - wi(ov) Mg’yb)) cok=1,...,m). (51)

Note that in the extended formulation, also Mﬁ‘yb) and Kg‘y b) are re-evaluated for each k due to the mode-
dependent decoupling weakening basis Wy.
In this way we can successfully disregard the spuriousities in the hybrid model. Nevertheless, a possible concern
arises if an eigenvalue corresponding to the spurious mode exactly matches any of the overlay model’s eigenvalues.
Then, a possible way to separate the spurious and the proper hybrid mode shape is to compare them to the
corresponding overlay mode shape (using, e.g., the modal assurance criterion (MAC) [23]). A high level of the
correlation between the boundary DOFs of the sought hybrid mode shape and the corresponding overlay mode
shape is expected, thus making it possible to disregard a potentially spurious solution.
Given this filtered eigenvector solution, it transpires that the corresponding damping ratios of the hybrid model
are also retained:

(b _olov) g o) (52)
The hybrid mode shapes are obtained in compliance with the transformations in Eqgs. and , considering
the parent-related DOF's of the assembled system:

k(z)(hyb) _ q)(par) Lr(ryl)ar) k¢éhyb) C k=1, 7Tn(ov) ) (53)

,(fl) ar) is also mode dependent.

Again, note that in the extended formulation L
The proposed methodology for an under-determined case represents a novel expansion technique. Given that
the from of Eq. is similar to Eq. 7 this technique can also be interpreted as a potentially useful variation

of the under-determined type of SEREP [2].

5. Numerical example

In this section the proposed M-SEMM methodology is applied to a numerical example and compared to the
established techniques SEMM and SEREPE

14Note that in the following, SEMM is denoted as the original frequency-based implementation and M-SEMM is only considered
for the under-determined type as the determined type is analytically equivalent to SEREP.
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This example simulates the typical numerical-experimental modelling of a component. The overlay model is a
beam-like structure having 16 cylindrical holes, with two of them used for the fixed mounting, as depicted in
Fig. The parent model represents its approximate numerical counterpart, which is geometrically simplified
by neglecting the holes, and the fixed boundary conditions are applied at the surfaces near the actual mounting
holes (Fig. pbf). For the overlay model the material properties of an aluminium alloy with a Young’s modulus
of 72GPa and a density of 2770 kg/m3 are adopted. Compared to these, a 5% lower density and a 5% higher
Young’s modulus are adopted for the parent model. The modal damping ratios for all the modes of the overlay

and parent models are defined as 0.5% and 0.3%, respectively.

LT —— vor 7 g AL
2 2 -
| 3 i 1/1" E G
N 5 N 4 N
iy r:_ N
i

Fixed boundary condition on holes Fixed boundary condition on surfaces

(a) (b)

Figure 5: Equivalent models: (a) Overlay model; (b) Parent model with simplified geometry, boundary conditions and approximated

material properties.

The frequency range up to 2kHz is considered, corresponding to the first 15 overlay model’s natural mode
The size of the dense set of parent’s DOFs is ny = 30, while for the sparse set of overlay’s DOFs the size is
np = 10. The corresponding (collocated) input and output locations are denoted by the red arrows (Fig. [5).
Given the number of sparse DOFs, for SEREP the dimension of the parent model’s modal basis is limited to
mPa) < p, - The proposed under-determined M-SEMM type; however, allows for the use of a richer expansion
basis (m(P¥) > ny).

For example, let us consider the parent modal basis of sizes m®*?) = 9 and m®2) = 25 for the SEREP and
M-SEMM methods, respectively, and perform the expansion of 15 overlay model’s mode shapes. In Fig. [6] the
resulting hybrid mode shapes, obtained from the SEREP, the basic M-SEMM and the extended M-SEMM are
compared to the reference using the modal assurance criterion (MAC) [23].

For the given case, Fig. [6a] demonstrates the apparent limitation of the SEREP, for which, due to the reduced
parent modal basis, the expansion is only successful for the first 9 hybrid modes. On the other hand, (at least
for the higher modes) a significantly better performance of both the basic and extended M-SEMM formulations
is evident form Figs. [6b] and

A similar expansion process is performed for different m(P®) values. A diagram in Fig. [7| depicts the average
diagonal values of the corresponding MAC matrices. The results show that when considering an overlay model,
for which the number of physical DOF's is lower than the number of its modes, using a richer parent model’s
modal basis is beneficial for the performance of the expansion process.

A comparison of the M-SEMM and the frequency-based SEMM methodology is performed in terms of the

frequency-response functions (FRFs). To ensure equivalent input data for both methods, the admittance matri-

15Generally, it is reasonable to expect that a parent model’s modal basis with an equal or greater number of vectors will be

required to expand all 15 modes of the overlay model.
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Figure 6: MAC matrix: (a) SEREP; (b) M-SEMM - basic formulation (c¢) M-SEMM - extended formulation.

s SEREP basic M-SEMM Il extended M-SEMM

o
(=]
!

5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25
mpar)

Figure 7: Average diagonal values of MAC matrices with regard to the changing value of m(Par),

ces are obtained by modal superposition, considering the first m®2") = 25 and m(°¥) = 15 modal contributions
for the parent and overlay models, respectively. To quantify the agreement between the acquired FRFs, an
amplitude and phase-sensitive coherence criterion [24] is adopted.

The results of the expansion process applying basic formulations of the SEMM and M-SEMM are given in
Fig.[8l A comparison of the driving-point FRFs in DOF 17 (Fig. is considered, whereas the description in
the title provides the average coherence value for the full receptance matrix.

The frequency-based results in Fig. |8alhave a high incidence of spuriousities, which is a known limitation of the
basic SEMM [§]. A comparison with the basic M-SEMM results in Fig. [8b|demonstrates the ability of M-SEMM
to filter-out spurious modes. However, a similar average coherence of the full receptance matrix is achieved for
both methodologies.

The extended formulation in the frequency domain, however, typically effectively eliminates the problem of
spurious modes, as is evident in Fig. Compared to the results of the extended M-SEMM formulation, the
hybrid results are very similar, both exhibiting a high level of agreement with the reference.

This numerical example demonstrates the applicability of M-SEMM, which appears to be a potentially useful
extension to the SEREP method for the expansion of spatially sparse overlay models.

The comparison between the modal and frequency-based implementations of SEMM implies possible differ-
ences in the outcome, even when considering purely numerical models, which can be mainly attributed to the

per-frequency-line or per-mode types of operation.
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Figure 8: Basic formulation - DOF 17 driving point FRF: (a) SEMM; (b) M-SEMM.
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Figure 9: Extended formulation - DOF 17 driving-point FRF : (a) SEMM; (b) M-SEMM.

6. Experimental example

An experimental study was performed on a solid aluminium beam with dimensions of 15 x 40 x 500 mm?, as

shown in Fig. Two grooves were milled to half of the beam height over the full width. Approximately fixed
boundary conditions were provided using a bolted connection through a rubber padding. A modal hammer
PCB-086E80 was used to excite the structure at 29 equidistant points, as depicted in Fig. [I0b] The response
was measured at four locations (points 4, 12, 20 and 28) using Dytran 3097A1 uniaxial translational accelerom-
eters. A full 4 x 29 admittance matrix represents a reference to be compared with the hybrid models, whereas
an arbitrary sub-model can be considered as an overlay model.

The modal identification was performed using a poly-reference algorithm [25] in the frequency range up to 5 kHz,
which corresponds to the first seven natural modes. Note, that for real-life structures a deviation between the
measured and reconstructed FRFs is not negligible (a correlation of 93% is reported in [25]), even when using
state-of-the-art modal identification algorithms. Such a discrepancy could prevail over the performance differ-
ences between the frequency- and modal-based methodologies. Therefore, a fairly simple experimental model
was acquired for which the average coherence between the measured and the reconstructed receptance matrix
is 97%. All the result comparisons in this section are made in terms of FRFs to provide a comparison between

all the methods.
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The parent model is a 2D finite-element model of a cantilever beam, simplified in terms of geometry by dis-
regarding the grooves and with approximated boundary conditions, as depicted in Fig. An aluminium
alloy material’s properties are adopted with a Young’s modulus of 75.6 GPa and a density of 2631.5 kg/m3. The

modal damping ratio for all the parent model’s modes is 0.3%.

2D cantilever FEM model
4 12 20 28

(b)

(a)

Figure 10: Experimental case: (a) Experimental setup; (b) Parent model as a 2D cantilever beam FEM model.

To perform the expansion of m(®") = 7 overlay model’s mode shapes with SEREP, a set of m(P*) = 7 parent’s
mode shapes and ny, = 8 experimental points are considered at locations [0,4,8,12,16,20,24,28]. Such an over-
lay model is expanded to the n, = 29 parent model’s locations. By performing modal superposition of the hybrid
modal parameters, a resulting FRF (input-output location 10-2) is given in Fig. The comparison of the
full hybrid and experimental admittance is depicted in a coherence diagram for all the input-output locations

in Fig. A fairly good agreement with the reference is obtained with an average coherence of 0.92.
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Figure 11: SEREP - hybrid model (n; = 8 experimental locations): (a) Y1g,2; (b) Average coherence values for the full receptance

matrix.

A similar expansion process is performed with the SEMM; however, the number of experimental locations is

reduced by half. The locations [4,12,20,28] are considered to obtain a 4 x 4 overlay model’s admittance matrix
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and the extended formulation of the SEMM is performed in the frequency domain to obtain a hybrid model.
Despite the significant reduction in the number of experimental locations, the FRF in Fig. shows a high
level of agreement with the reference. However, it also exhibits a rare occurrence of spuriousities in the extended

SEMM hybrid model. The average coherence value of the full hybrid admittance matrix in Fig. is 0.82.
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Figure 12: SEMM - hybrid model (n, = 4 experimental locations): (a) Yi0,2; (b) Average coherence values for full receptance

matrix.

The expansion is repeated with the extended M-SEMM by considering the same n; = 4 experimental points for
the overlay model’s modal parameters. The hybrid model is obtained by modal superposition with the resulting
FRF shown in Fig. A comparison to the frequency-based result in Fig. reveals that spuriousities are

successfully filtered out and the agreement with the experimental reference is slightly higher.
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Figure 13: M-SEMM - hybrid model (nj = 4 experimental locations): (a) Yig,2; (b) Average coherence values for full receptance

matrix.
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The average coherence value of the full hybrid admittance matrix in Fig. is 0.90. In this case, compared
with the performance of the SEREP in Fig. M-SEMM is able to provide a comparable result by considering
a substantially sparser overlay model. In a real-life application this can be seen as an important advantage, as

it allows for a smaller effort in the experimental evaluation of the overlay model.

7. Conclusion

This paper introduces an expansion method called M-SEMM, a reformulation of the frequency-based SEMM in
the modal domain.

The proposed methodology distinguishes between different versions. Among them, a theoretical derivation of
the under-determined M-SEMM type reveals its equivalence to the system equivalent reduction expansion pro-
cess (SEREP), a well-established reduction/expansion method. The corresponding derivation can also be seen
as a substructuring-based interpretation of the SEREP.

The under-determined type of M-SEMM represents a novel expansion method in the modal domain, which can
be further divided into a basic and an extended formulation. This type of methodology can be seen as a poten-
tially useful extension of the SEREP, applicable when considering sparse models with a high modal density.

A comparison of the expanded models in a numerical study shows similar results for the frequency-based and
modal implementation. However, the strong point of M-SEMM appears to be its superior ability to filter out
spuriousities from the hybrid models.

In the experimental study on a lightly damped structure, the M-SEMM expanded model demonstrates a signif-
icantly higher level of agreement with the reference, compared to the frequency-based method. The obtained
results are also comparable with the outcome of the SEREP method with double the number of required ex-
perimental points.

The presented examples are performed on academic structures and are intended for validation and comparison
of the proposed method with existing expansion techniques. Future work will focus on the applicability of the
proposed methodology to complex real-life structures.

An interested reader may also be interested in a Python-based implementation of the proposed M-SEMM
method, which is a part of an open-source package pyFBS [26].
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Appendix A. Alternative derivation of the extended LM-FBS SEMM formulation

This appendix is dedicated to the interpretation of an extended decoupling interface in frequency-based SEMM.
First, a brief overview of the Lagrange-multiplier frequency-based substructuring (LM-FBS) is provided, followed

by the alternative derivation of the extended SEMM formulation.

Appendiz A.1. Brief overview of LM-FBS

Referring back to Egs. 7 and transforming them to the frequency domain, we obtain:

u=Y (f+g), (A1)
Bu=0, (A.2)
L'g=o0, (A.3)

where Y is the uncoupled (block-diagonal) admittance of the substructures’ admittances. The equilibrium

conditions are fulfilled by introducing the Lagrange multiplier vector A, which translates Eq. (A.3)) into:
g=-BT X (A.4)

Solving the set of Egs. (A.1]), (A.2) and (A.4) while eliminating the Lagrange multiplier vector yields the

response of the assembled system:
u=Yf=[Y-YBT(BYB") BY]|f. (A.5)
Hence, the admittance of the assembled model can be expressed as:
Y-Y-YB"(BYB") BY. (A.6)

Appendiz A.2. SEMM - extended formulation

The uncoupled admittance matrix (following the concepts presented in Sec. for the fully-extended SEMM

reads as: } -
Yy g 0 0
Yy o 0 0
Y=| o o |-yI —ybew | oo | (A7)
0 0 |-yl _ylem | g
| o 0 0 o |y |

Coupling the compatibility condition between the equivalent models is given as:
ugrem) = ul()ov) (A.8)
while the extended decoupling compatibilityE reads as:

P = yfrem) (A.9)

16By extending the decoupling interface from boundary to the full set of DOF's, the interface observability and controllability is

improved, which is beneficial for the efficiency of the decoupling procedure.
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The corresponding B matrix takes the following form:

(A.10)

Hence, compatibility and the equilibrium conditions are enforced on all the collocated DOFs. If we express the

interface flexibility matrix from Eqs. (A.6), (A.7) and (A.10)):

_Y(rcm) " Y(ov) Y(rcm)
“’Y om) ”(9) (A.11)

gb (np+ng)x(np+ng)

Y =BYBT =

we can see that the problem is indeterminate as the Yi, matrix is singular with rank 2n;. This results in the
inapplicability of its direct inversion. By applying a generalized inverse instead, the corresponding singular-
value truncation can be interpreted as a weakening of the decoupling compatibility and equilibrium conditions
(see Appendix C in [27]). The effects of the generalized inverse can be replicated by performing a projection of
the extended compatibility and equilibrium conditions to the sub-space of the removed model, as discussed in

Appendix B in [27]. The corresponding weakening matrix is given as:

I 0
Wi = rem | (A.12)
0 Y,

for which the weakened compatibility condition in the original DOF's space reads as:

0O 0 |0 I ‘ -1
WiBu-= =" - u. (A.13)
Yo Y ‘ 0 ]
The same basis is also applied to weaken the equilibrium conditions:
_ o -
Yl()rcm)f
0 g
g=-BT(WH'x,.=| o Am, (A.14)
_y (rem)t
1|
-I 0

where A, are the interface forces in the reduced space. Using the above-defined compatibility and equilibrium

conditions the assembled admittance becomes:

g T (whT (WiBYBT (WHT) w

Y-Y-YB" (W) (WBYB" (W) ) WBY. (A.15)
Now, the interface flexibility matrix in the reduced space

r ey | Y Y
Y = WIBYB" (W) = (A.16)

1 0

2npx2ny

is of rank 2n; and thus invertible. By expressing the inverse of the 2x2 block matrix [22] Yin¢, we obtain:

)" | ! (A.17)

)

(WiBYB™ (W

(rem) (ov)
I Ybb - Ybb
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from which the following conclusion can be made: it is evident that the overlay model Y(©) which provides the
dynamic properties of the hybrid model is not inverted in the process, which is treated as a strong point of the

SEMM method [§].

With the inverse of the interface flexibility matrix known, Eq. (A.15) is employed to obtain the admittance
of the hybrid model. For the sake of simplicity, one can only focus on the first two rows and columns of the

Y (P) thus exploiting the nature of LM-FBS for which the interface DoFs are repeated in the assembled result:

(par) (par)
y (byb) _ Y Yo | (A.18)

(par)  ~(par)
Y Yy

T
+ Y(rem) Y(Par) Y(par)
(rem) (rem) (rem) _ (ov) ib i ib
Ybi Ybb ]) (Ybb Ybb ) Y(rem) Y(par) Yl()gar) ’ (A19)
bb bi

it

(bar) -y (par)
Yy Yy

ypar)  y(pan)
ib ([

Simplifying the expression above, the single-line equation for the extended SEMM is expressed as:

YO -y X Y (Y ) Y Y. (20
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