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Abstract

A new approximate analytical technique is proposed for determining the response evolutionary power spectrum (EPS) of
stochastically excited structural multi-degree-of-freedom (MDOF) linear and nonlinear systems with singular matrices. Such
systems can appear, indicatively, when a redundant coordinates modeling is adopted for forming the equations of motion of
complex multi-body systems. For this case, it can be argued that this modeling approach facilitates the system’s stochastic
response analysis, since employment of redundant DOFs is associated with computational cost efficient solution frameworks,
and potentially provides with enhanced modeling flexibility. In this context, aiming at the joint time-frequency response
analysis of MDOF systems, recently developed wavelet-based solution frameworks, which generalize classic input-output
relationships of random vibration, are adopted and further generalized in this paper to account for systems with singular matrices.
Specifically, resorting to the theory of generalized inverses of singular matrices, as well as to the theory of harmonic wavelets,
a Moore-Penrose generalized matrix inverse excitation-response relationship is derived herein for determining the response
EPS of linear MDOF systems. Further, a recently developed harmonic-wavelet-based statistical linearization technique is also
generalized to account for the case of nonlinear MDOF systems. The validity of the proposed technique is demonstrated by
pertinent numerical examples.

Keywords: Stochastic Dynamics - Moore-Penrose Inverse - Harmonic Wavelet - Singular Matrix - Evolutionary Power
Spectrum - Time-Frequency Analysis

1 Introduction

The nature of environmental excitations, such as earthquakes and wind loadings which evolve in time and are
described by evolutionary power spectra (EPS) (1), plays an instrumental role in the efficient analysis of structural
systems. In conjunction with the complexity of the considered system, they constitute two critical aspects towards
the development of efficient response analysis solution treatments. Therefore, taking into account the non-stationary
characteristics of natural excitations, several frameworks have been proposed for determining the system response,
as well as for conducting joint time-frequency response analysis, of linear and nonlinear systems; see, indicatively,
Refs. (25 3543 5565 7; 85 95 105 11).

As far as the joint time-frequency response analysis of engineering systems is concerned, the advent of the
potent machinery of wavelets has been proved pivotal. It has substantially enhanced the arsenal of the system
response characterization methods, when dynamic systems subjected to non-stationary excitation are considered
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(12; 8). Specifically, standard excitation-response relationships of random vibration theory, have been extended and
generalized in a wavelet-based framework, whereas wavelet-based versions of classic methodologies and techniques,
such as the statistical linearization method (2), have also been developed (9; 13). Moreover, wavelet analysis has
been used in conjunction with fractional calculus, for deriving the EPS of oscillators endowed with fractional
derivative elements (14).

With regards to the complexity of the dynamic systems, it is commonly accepted that the minimum number of
independent coordinates/degrees-of-freedom (DOF) is used in forming the system governing equations of motion
(2). However, it can be argued that for the case of multibody systems, a redundant coordinates approach potentially
facilitates the modeling procedure, while also results in enhanced flexibility and reduced overall computational
cost (15; 165 17; 185 19; 20; 21; 22). Further, it also leads to systems with singular matrices, rendering all standard
stochastic response analysis frameworks inapplicable. Note, in passing, that singular matrices do not solely appear
due to adopting a redundant DOFs modeling. They are also met in diverse engineering systems and applications,
such as systems with “massless” joints (23; 24), and in vibratory energy harvesting applications, where they appear
due to the coupling between the governing equations of the mechanical and the electrical system (25).

In this paper, taking into account the aforementioned aspects, a generalized inverse matrix harmonic-wavelet-
based treatment is proposed for conducting joint time-frequency response analysis of linear and nonlinear MDOF
systems with singular matrices, which are subjected to non-stationary excitation. Specifically, focusing on the
determination of the system response EPS, and resorting to the theory of the Moore-Penrose (M-P) generalized
matrix inverses, standard harmonic-wavelet-based techniques (9; 13) are generalized herein.

In this context, adopting a redundant coordinates modeling of the equations of motion, and also employing the
locally stationary wavelet (LSW) representation of a stochastic process (9), an M-P localized in time and frequency
domains, harmonic-wavelet-based frequency response function (MP HW-FRF) is derived. This can be construed
as a generalization of a recently developed HW-FRF (13), to account for systems with singular matrices. Further,
the MP HW-FREF is used for determining the system response EPS, by constructing an input-output relationship
which connects the excitation and response EPS. Next, a recently developed harmonic-wavelet-based statistical
linearization methodology (13) is also generalized. In this regard, an equivalent linear system corresponding to the
original nonlinear system is defined, and a set of time and frequency dependent expressions for the equivalent linear
elements is derived. This is attained by resorting to an iterative solution numerical scheme. The scheme is applied
on the coupled set of equations defined by the set of the equivalent elements expressions, and the M-P input-output
relationship of the equivalent linear system. Further, although the employment of the M-P inverse framework
implies a family of equivalent linear elements, uniquely defined elements are determined by setting equal to zero the
arbitrary term of the M-P based family. Finally, the nonlinear system response EPS is estimated by considering the
corresponding response EPS of the equivalent linear system. The efficiency of the proposed M-P inverse framework
is demonstrated by pertinent examples of linear and nonlinear MDOF systems. The obtained results are compared
with results derived by the standard solution treatment of Ref. (13) and are in complete agreement.

2 Mathematical preliminaries

2.1 Aspects of Moore-Penrose matrix inverse theory

The study of generalized matrix inverses has initiated and flourished mainly as a result of attempting to solve
systems of algebraic equations of the form
Ax = b, (1)

where A is either rectangular mq X ng, or square but singular ny X ng matrix, and x, b are ng vectors. Eq. (1)
appears in many theoretical problems in mathematics as well as many applied problems. Clearly, the nature of
matrix A renders its solution impossible. In this regard, the necessity of defining any form of “partial inverse”
for rectangular or square but singular matrices gave birth to the theory of generalized matrix inverses (26). The
Moore-Penrose (M-P) generalized matrix inverse holds an exceptional place among these theoretical results.

Definition 1. For any matrix A € C™ %™ there is a unique matrix AT € C"0*X™o sych that
AATA=A ATAAT = AT (AAT)" = AAT (ATA)* = ATA. )

The matrix AT defined in Eq. (2) is called the M-P inverse of A. If A € R™ %™ is non-singular, then AT
coincides with A~1. Using the M-P inverse, a closed form solution to the algebraic system of Eq. (1) is attained,
which highlights its importance for several applications. In this regard, for any matrix A € R™0*"0_Eq. (1) implies

x=A"b+(I,-ATA)y, (3)
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where y denotes an arbitrary ng vector and I,,, represents the identity ng x no matrix.

By resorting to the M-P matrix inverse theory, classic solution treatments of random vibration have been recently
generalized for determining the stationary stochastic response of linear and nonlinear systems with singular matrices
(27; 285 29); see also Refs. (23; 30; 31; 24) for additional applications. However, it can be argued that the application
of state-of-the-art M-P solution frameworks is considerably limited, since relevant approaches completely ignore
the non-stationary characteristics of the system excitation. A more detailed presentation of the M-P inverse theory
can be found in Refs. (26) and (32).

2.2 Harmonic wavelets theory elements
2.2.1 Generalized harmonic wavelets

In this section, a concise presentation of the basic elements of wavelets analysis is provided for completeness. In
this regard, the wavelet transform [V, f] (j, k) of a function f(t) is defined as

Wy f1(, k) = |1/2/ f(#) ( )dt 4)

where 1(t) is the mother wavelet, i.e., the generating function for all basis functions, [Wy, f] (4, k) is the wavelet
coefficient at frequency and time scale j and k, respectively, and “*” denotes the complex conjugate operator.
Eq. (4) is used for conducting joint time-frequency analysis of the function f(¢). Further, choosing a different
mother wavelet function (t) results in the definition of different families of wavelets. Among them, the so-called
generalized harmonic wavelets (GHW) constitute the most often considered family of wavelets in engineering
applications (33; 34). Utilizing the set of parameters (m,n) and k for defining the bandwidth at all scale levels, the
members of the GHW family in frequency domain are given by

a (W) = me){p( zwkT"), mAw < w < nAw 5)
(m,m) 0, otherwise

where m, n, k € Z*, T, denotes the total time duration and Aw = 27 /Tp. The importance of the GHW of Eq. (5)
stems from the fact that a decoupling of the time-frequency resolution from the values of the central frequency

n—+m
We,(m,n),k = %va (6)

kTy  (k+1)To
n—m

n—m?’

which is defined in the intervals [mAw, nAw] and [ }, is attained.

Further, the continuous generalized harmonic wavelet transform (GHWT) of a function f(¢) is defined as the
projection of f(t) on the orthogonal basis given by the family of GHWs of Eq. (5) (34), that is

-m
Wniny ] = / DG (D)t ™
A detailed presentation of the topic is found in Refs. (7; 12;

2.2.2 Locally stationary wavelet representation of hon-stationary stochastic processes

In terms of engineering applications, the versatile locally stationary wavelet (LSW) representation of stochastic
processes, firstly introduced in Ref. (35), facilitates the ensuing analysis by allowing for a representation of a
given non-stationary process as the summation of sub-processes defined at different scales and translation levels.
Specifically, adopting a GHW expansion of the system response and excitation, the LSW forms a set of orthogonal
basis functions on any given finite interval. Therefore, it results in the definition of a wavelet spectrum at a particular
scale and location providing, in essence, with the joint time-frequency content of the system’s non-stationary
excitation and the corresponding response.

In this regard, considering the family of GHWs of Eq. (7), the generalized harmonic-wavelet-based representation
of an ng vector process x(t) takes the form

= > Xk ®)

(m,n) k

where the localized process X(,, ) i (t) at scale (m, n) and translation k, is given by
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X(m,n),k(t) = A(;n,n),k COS {wc’(m’n)’k<t — KT )] + b(m,n),k sin [wc,(m,n),k (t - KT )] 9)

n—m n—m

In Eq. (9), we,(m,n),k denotes the central frequency of Eq. (6). Further, a(,, ») x and b, ) are statistically
independent, zero-mean vector processes, whose variance is related to the EPS matrix Sz(:ri )k via the expression

©) "
E I:a(mv")vka(Tm,n),kiI =E [b(m,n),kb(Tm,n),k} = 2(n - m)AwSz(:r(zn),k (10)

Finally, resorting to the orthogonality properties of monochromatic functions, i.e.,

e kT, IT,
n-m 0 0 .
/k_TO cos [Wc,(m,n),k (t e m)} cos [Wc,(i,j),l (t e Z,)}dt =
2(77,T—0m) ’lf (m,n) = (Zm?)v k=1
. (11)
0 , otherwise
and
(k+1)Tg
n—m kT lT
sin [wcy(mm,),k(t - 0 )] sin {wcv(i,j)_l (t -0 ,)}dt =
753—‘7071 n B m / j B Z
T . s _
2(7717_07”/) 71f (man)_(z7.])7k_l (12)
0 , otherwise
and utilizing Egs. (9) and (10), the important for the ensuing analysis relationships
E (X, (1)] = E [Xm,n) k()] = E [X(mn).1 ()] =0, (13)
E () (05 4(8)] = B[S (0K, 0y 1(8)] = 0. (14)
E [ Xm0, 600 e (1)] = 285y e — ) A, (1s)
E [Xg‘m,n),k(t)xg‘mn),k(t)} = 2wg,(m,n),ks)((r)l(1,n),k(n - m)Aw7 (16)
E {X(m’”)ak(t)xr(rm,n)ﬁ(t):l = _2w§,(m,n),ks?£7n),k(n - m)Aw’ (17)
and
E [ 4 (0K 1 (8)] = 20 (1) ST, (7 — ) A, (s)
are derived; see also Refs. (9; 36; 13).

Note, in passing, that the advantages of employing the LSW representation of Egs. (8) and (9), are the simplicity
and straightforward application of the representation model. Taking also into account its efficiency in estimating the
response EPS (9; 13), it is adopted in the ensuing analysis, where the standard harmonic-wavelet-based framework
of Ref. (13) is generalized to account for systems with singular matrices. However, it is also noted that a less
approximate stochastic process representation than that of Eq. (9) has been recently used for joint time-frequency
response analysis (37; 38). This consists in the employment of a periodized generalized harmonic wavelets (PGHWs)
based framework, and is identified as a potential future extension of the herein developed M-P generalized matrix
inverse theoretical framework.

3 Stochastic response of systems with singular matrices subjected to
non-stationary excitation

3.1 Linear systems with singular matrices

The general form of the equations of motion of a lumped-parameter nyo—DOF linear system is given by

Mg + Cq + Kq = Q(1), 19)
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where q denotes the ng vector of the generalized coordinates; and Q(t) represents the 1o vector of the non-stationary,
zero-mean system excitation, whose evolutionary power spectrum matrix is denoted as SR (w, t). Further, M, C
and K denote the ng X ng mass, damping and stiffness matrices of the system. Next, adopting a redundant
coordinates modeling, a new coordinates ¢ vector x (¢ > ng), is considered. Thus, the mass, damping and stiffness
¢ x ¢ matrices are given by My, Cx and K, whereas Qx denotes the corresponding ¢ vector of the system
excitation. Considering additional constraints equations, Eq. (19) is recast in the form

M, % + Cxx + Kxx = Qx(2), (20)

where M, C, and K, denote the augmented mass, damping and stiffness (g + ¢) x £ matrices, given by

= [T —ATA)M,
M, = [ A : 1)
=~  |[@-—ATA)C
Cr = [ . 22)
and _ N -
R, — (I-ATAK 7 23)
L L -
respectively; whereas Q, represents the augmented excitation (mg + £) vector, given by
_ (I— AT ]
Qu— [T A A 4)
L F -
Further, the mg x £ matrices A, E and L in Eqgs. (21-24) pertain to the system constraints equation
A(x, %, )X = b(x, X, t), (25)
where
b =F — Ex — Lx; (26)
details on the derivation of Egs. (20-26) can be found in Refs. (27; 28; 29).

Next, focusing on the joint time-frequency response characterization of the system of Eq. (20), it is assumed
that the system excitation and corresponding response are modeled via the LSW representation of Eq. (8). Thus, the
augmented system of Eq. (20) becomes

M, Z Zi(m,n),k(t) +Cx Z Zx(m,n),k(t)+1_<x Z Zx(m,n),k(t) = Z ZQX,(m,n),k(t)-
)k ) k

(m,n (m,n) k (m,n (m,n) k

27)

The localized in time and frequency domains £ vector process X, ) 1 () and (mg + £) vector process Qux. (m, ),k (t)
of the double summations in Eq. (27), are defined in Eq. (9) as combinations of localized monochromatic functions,
ie.,

kT = ) kT
X(m,n)Jc(t) = 5(mm),k COS |:wc,(m,n)7k <t - 2 ):| + b(m,n)7k sm |:wc,(m7n),k: (t - n —?ITL>:| (28)

n—m

and

~ KTy . kTy
Qx,(m,n),k(t) = e(m,n),k COs l:wc,(m,n)Jf (t - n m>:| + f(m,n),k sin |:wc,(m,n),k (t - n— m):| . (29)
The terms a, ),k B(m,n),k and €(y,.1) k> f(m,n), 1 10 Egs. (28-29) correspond to statistically independent zero-
mean random (mg + £) vectors, whose variance is given by Eq. (10). Substituting Egs. (28-29) in Eq. (27), and
manipulating, yields

wg,(m,n),kmxszﬁ,n),kmz + wg,(m,,n),kcxs?;;,n),kci + Kx ,((T)Z,n),kKE

\ / XX i o XX \ 1T Q x Q x
= &2 () e VST ) kB = W2 () 1 K STn ) e M = S (B30)

(m,n),k>
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where SQJQ)” . denotes the excitation EPS (mg + £) x (mg + ¢) matrix, and 877 ; denotes the corresponding
response EPS ¢ x ¢ matrix, both defined at different frequency and time bands. Further, manipulating Eq. (30), the

expression
RXSE(’;{I,TL),/C {_WS’(m’n)’kMI — iwcy(m’n)’kcz + I_{;Ei| = SQlQI (3])

(m,n),k’
is derived, where the (mg + ¢) x ¢ matrix Ry has the form

R«::[—wf( Mo+ 1w,y 1 G + K }. (32)

In Eq. (32), M, C, and K, denote the (mg + ¢) x £ augmented mass, damping and stiffness matrices of Egs.
(21-23), whereas we (m ),k represents the central frequency of Eq. (6).

Note, in passing, that using the minimum number of generalized coordinates for the formulation of the system
governing equations of motion (see Eq. (19)), results in non-singular mass, damping and stiffness matrices. This,
in turn, facilitates the derivation of a closed form, wavelet-coefficient-based excitation-response relationship.
Specifically, for the system of Eq. (19) it holds (13)

S?T?L_’n)’k =H [wc,(nz,n),k] S?m(;?n)ka[wc,(m,n),k} T ) (33)
where .
H[wWe, (m,n) k) = |~ We () M+ i (mn) £ C + K (34)

is the localized harmonic-wavelet-based, frequency response function (HW-FRF). Clearly, the definition of the
HW-FREF relies on the existence of the inverse matrix of Eq. (34). Thus, it is readily seen that following a redundant
DOFs modeling approach, the singular mass, damping and stiffness matrices of Eqs. (21-23), hinder the derivation of
the corresponding HW-FRF. However, employing elements of M-P generalized matrix inverse theory, a generalized
HW-FREF is proposed herein to account for the case of systems with singular matrices.
In this regard, utilizing Eq. (3), the solution to Eq. (31) takes the form

zc:rcL,n),k, |:7w(2:,(m,n),k1\_/lz - iwc,('rn,n),kcz + KE] RJFS&STIC + (I/ - RIRX)Y7 (35)
where R} denotes the £ x (mg + £) M-P inverse of Ry, and Y is an arbitrary ¢ x (mg + ¢) matrix. Clearly, the
arbitrary matrix Y implies a family of solutions for Eq. (35), instead of a unique solution. Nevertheless, the rank of
matrix Ry facilitates the selection of a unique solution. Specifically, when Ry has full column rank, i.e., it has
linearly independent columns, its M-P inverse takes the form (32)

R} = (R Rx) 'R, (36)

where R}, corresponds to the conjugate matrix of Ry. Thus, taking into account Eq. (36), Eq. (35) is equivalently
written as B ~ B
?n)i,n),k [_wg,(m,n),kME - Z‘(*‘Jc,(m,n).,kci + KE} R+S?m ?z;k 37

Further, applying the conjugate and transpose operations on both sides of Eq. (32) implies
|2 o VX = it O+ K| = RS (38)

Also, noting that for full column rank matrix R, its conjugate transpose R:" has full row rank, i.e., its rows are
linearly independent, results in (32)

RT (R =1, (39)
Therefore, taking into  account Egs. (38) and  (39), and also denoting by
Qtx[We, (m,n), k] the M-P inverse of matrix Ry of Eq. (32), i.e.,
_ _ 1+
ax[wc,(m,n)Jc] = |: W, J(m,n), kM + lwc (m,n) C Kx:| ) (40)
Eq. (37) becomes
xx .0 T
S(m,n),k = [ ¢,(m,n), k]S?mg) k (ax[wc,(m,n),k]) : (41

Matrix aux[We, (m,n),k) of Eq. (40) represents a generalization of the localized in time and frequency HW-FRF matrix
H [wc,(m7n)7 k} (see Eq. (34)). In this regard, the herein proposed approach can be construed as a generalization of
the results in Ref. (13), for deriving the response evolutionary power spectrum (EPS) of linear MDOF systems with
singular matrices.
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3.2 Nonlinear systems with singular matrices

In this section, aiming at the response EPS determination of MDOF chain-like nonlinear structural systems with
singular matrices, a recently proposed, harmonic-wavelet-based version of the statistical linearization methodology
(9; 13) is extended. Statistical linearization constitutes one of the most versatile approximate techniques for nonlinear
system response determination and/or characterization (2; 39), with a wide variety of applications over the last
decades. It has been successfully adapted and/or extended for application in conjunction with fractional calculus
(40; 41; 10) and wavelet-based solutions frameworks (9), among others. The method is applied in two steps, which
are summarized as follows. First, the original nonlinear system is replaced with an equivalent linear one, and then,
the error between the two systems is formed and minimized (2). Based on the fact that solution frameworks for
treating the equivalent linear system are readily available, the rationale behind the method is that the latter can be
used as approximations to the solution of the original nonlinear system.

In this regard, adopting a redundant coordinates modeling (27; 28), the equations of motion for the nonlinear
version of the system of Eq. (20) takes the form

M, % + Cyx + Kyx + @4 (x, %) = Qx (1), (42)

where the augmented mass, damping, stiffness matrices and excitation vector are given by Eqgs. (21-23) and Eq.
(24), respectively. Further, the augmented nonlinear (mg + £) vector of the system, which depends on the response
displacement x and the response velocity X, is given by (28)

5, - {(I A A)‘I’X} . (43)

In Eq. (43), ®« denotes the nonlinear ¢ vector of the system governing equations of motion, due to adopting a
redundant coordinates modeling (28).

Next, considering the LSW representation of Eq. (8) for the system excitation x(¢), and thus assuming that x(t)
is represented by the sum of its wavelet coefficients, an equivalent to Eq. (42) linear MDOF system is defined as

Mxi—i_ Z Zceq,(m,n),kx(m,n)’k + Z ZKSQ’(m,n)akx(m,n%k = QX(t)' (44)
(m,n) k (m,n) k

In Eq. (44), C_qu_’(myn)y . and Req,(m,n), x denote the (mg + ¢) x ¢ equivalent linear damping and stiffness matrices,
which account for the nonlinearity of the nonlinear system of Eq. (42), and are both time and frequency dependent.
Continuing with the application of the statistical linearization method, the error function € is formed as the difference
between the original nonlinear system of Eq. (42), and its linear equivalent Eq. (44), i.e.,

€ = éx Z Zx(m n),k» Z Z X(m n),k + C Z Zx(m n),k + K Z Z X(m,n),k

(m,n) (m,n) k (m,n) k (m,n) k
- cheq mn)kxmn k ZZK&] (m,n),kX(m,n),k- (45)
(m.n) k (mmn) k

It is noted that for the formulation of Eq. (45), Eq. (42) is also expressed in terms of the LSW representation
of Eq. (8). Then, the error function Eq. (45) is minimized by considering the orthogonality properties of the
monochromatic functions at a given frequency band and time location (see Eqs. (11-12)). Specifically, Eq. (45) is
first post-multiplied by the transpose of the response displacement vector X, ) . Subsequently, integrating with
respect to time and ensemble averaging results in zero average error, i.e.,

(k+1)Tg

/kTZ_m (ix Z Zx(m,n),ka Z ZX(m n).k X )kdt
mem (m,n) k (m,n) k

(k+1)Ty
n—m

E

+(Cx - Ceq,(nz,n),k) X(m,n),kxg‘m’n)ﬁkdt

kT
n—m
(k+1)Tq
_ _ n—m T B
+(Kx — Keq,(m,n),k) Ty X(mﬂ)7kx(7n,n),kdt = 0

n—m

(46)
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In a similar manner, Eq. (45) also yields

(k:r_lzfo
E /kTO (ix Z Z X(m n),ks Z Z X(m n),k XT n),kdt
n—m (m,n) k (m,n) k

(k+1)To

+(Cx = Ceg (mn) k) / X (m,m) kX ()

Ty
(k1) T
+(Kx - Keq,(m,n),k) kTq X(m7n),kX$7L7n),k] = 0.
47)
Further, Eqgs. (46) and (47) can be equivalently written as
(k+1)To
[ 8 S Sone X Ssmn | s
+47T(Kx - Keq (mi,n;), )Sx::z,,ni) p = 0
(48)
and
(k+1)To
n—m (m,n) k (m,n) k
+47T(C_3x—Ceq,(m,-,,ni),k)Sﬁ;,ni),k = 0
(49)

Eqgs. (48) and (49) connect, in essence, the localized in frequency and time intervals mAw < w < nAw and
Ko < < (kH)To , response EPS S¥*  and Srx )k with the corresponding localized equivalent linear

elements Ceq (m,n),k and Keq,(m,n),k Furthermore taklng into account Egs. (13-18), S¥*  in Eq. (49) can

(mi,mq),
be replaced by S( In this regard, Eqs. (48) and (49), together with Eq. (41), form a coupled system of

mi,n;),k* ~ -
nonlinear equations to be solved for determining C.q (1m,n),x and Keg, (m n), k> and the response EPS S";‘h o)k
For the solution of the coupled system of equations, the following iterative scheme can be applied (9; 13). First,
initial values for the equivalent elements C.q ()1 and Keg (1m,n),x are considered, and solving Eq. (41), initial

values for S’(‘:", na). ks Are derived. Then, the latter is used in conjunction with Egs. (48-49) for updating the values of

the equivalent elements Ceq,(m,n),k and I_{eq’(m,n),k. The process repeats until convergence.

Next, considering the case of polynomial kind nonlinearities, the described statistical linearization methodology
results in closed form solutions for determining the equivalent linear elements. This assumption is considered not
only for facilitating the ensuing derivation of the closed form solutions, i.e., for simplicity reasons, but also due to
its practical merit, as nonlinearities of this kind are often met in structural engineering applications (2; 13; 38). In
this regard, considering a redundant coordinates modeling of the equations of motion given by Eq. (19), the cubic
nonlinearity ¢ vector is written in the form

€1 kll'? )\1 Cljﬁ)
o= : |+]| : |, (50)
5416@.%2’ )\@C@ii’
where ¢; and \;, fori = 1,2,..., ¢, denote the magnitude of the nonlinearity for the stiffness and damping of the

system, respectively.

Further, considering the augmented nonlinear vector ®, of Eq. (43) in conjunction with Egs. (48-49), closed
form expressions are derived for the augmented equivalent (mg + ¢) x ¢ elements Ce ,(m,n),k and K. a.(myn). k-
These are expressed in terms of summations of the response EPS over all (m;, n;) at a specific k, and for all pairs of
(m,n) and k. Specifically, for the determination of the equivalent damping element, taking into account Egs. (43)
and (50), Eq. (49) implies o

Dg + (Cx - Ceq,(mi,ni),k)s)((;iyni),k =0, (51)

where D is an (mg + £) x £ matrix whose entries depend on the damping nonlinearity, as well as on the system
constraints defined in Eq. (25); and Sx (i ni) k denotes the local auto/cross EPS ¢ x ¢ matrix of the response
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velocity process X(,, ) k- It is noted that, in contrast to the standard linearization approach of Ref. (13) where

the corresponding local auto/cross EPS matrix is diagonal, matrix gz‘n’;m) . of Eq. (51) potentially has some
non-zero off-diagonal entries. This is due to the redundant DOFs employed in the system modeling. Specifically, the
dependence between the redundant DOFs which form the coordinates vector x implies linear dependence between
some of the columns of matrix S?r)rin) .- Therefore, S’(‘n’in) , is singular, and thus, in order to derive a closed
form expression for the equivalent damping element, a special treatment is required for solving Eq. (51).

In this regard, taking into account Eq. (3), Eq. (51) implies

QXX + = QXX T + QXX T *
Ceq,(mi,m),k = Dd (S(m,y,m),k) + Cx + {((Ie - ((S(mi,ni),k') ) (S('rm,m),k) ) Yl} ’ (52)

where Y is a (mg + £) x £ matrix of arbitrary elements. In a similar manner, taking into account Eqgs. (43) and
(50), Eq. (49) yields

T
_ ~ + _ ~ + .
Bep i =D (855 )+ ot { (0 (8550007) S8R )7) Yo - 9

In this case, D is an (mg + ¢) x ¢ matrix whose entries depend on the stiffness nonlinearity and the constraints of
Eq. (25), whereas S%‘T’r‘“ i)k denotes the local auto/cross EPS £ x ¢ matrix of the response displacement X, ) x5
Y, isa (mg + £) x £ matrix of arbitrary elements.

Clearly, due to the arbitrary matrices Y and Y2, Egs. (52) and (53) form a family of solutions, while Ce%(m,")’ k
and K.y (mm,n),x correspond to the unique damping and stiffness matrices of the equivalent linear system defined
in Eq. (44). However, taking into account that the M-P generalized matrix inverse framework employed in the
derivation of Egs. (52) and (53) corresponds, in essence, to the solution of a quadratic (least squares) optimization
problem, it is feasible to select a unique solution for each of the equivalent elements. In this regard, the intuitively
simplest solution among the family of solutions, which also coincides with the minimal mean square solution of the
quadratic problem above (32), is considered. Thus, setting the arbitrary matrices Y; and Y2 equal to null matrix,
Egs. (52) and (53) become

— ~ + —

CEQ»(mhni)»k =Dy (S)(('r)rcz,;,ni),k) + Cx (54)
and N

Req imonok = Ds (858 n) + Ko (55)

respectively. Clearly, Egs. (54) and (55) define a unique solution for the equivalent damping and stiffness elements,
respectively. Further, they constitute a generalization of the corresponding results in Ref. (13), to account for
systems with singular matrices and polynomial kind nonlinearities, subjected to non-stationary excitation.

4 Numerical examples

4.1 Non-stationary stochastic excitation

The considered in the ensuing numerical examples MDOF systems, are subjected to non-stationary stochastic
excitation described by non-separable, evolutionary power spectra of the form

w\2 9 w2
S(w,t) = So(a) exp(—cot)t” exp ( (§> t> , (56)
where Sy, co € R. Eq. (56), firstly introduced in Ref. (42), is used as an indicative seismic excitation, since it
encloses the main “build-up” and “die-off” characteristics of the ground motion, while its dominant frequency
decreases with time (43; 44; 10). The spectral representation method is employed for deriving compatible to the
EPS of Eq. (56) realizations ((45)) and the response EPS is obtained by averaging the mean square magnitude of
the corresponding wavelet coefficients (9), i.e.,

Ty

S(w, tr) = 2 (n—m)

E |:| W(Cin,n),k ‘2:| : (57
The parameter value n — m = 5 is used in the ensuing analysis. Moreover, the Mean Instantaneous Frequency
(MIF) given by
MIF (1) — [, wS(t, w)dw 58)
[, S(tw)dw
is included in the ensuing analysis for capturing the evolution of the “effective instantaneous frequency” for the
non-stationary system response (46).
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4.2 Linear systems with singular matrices

For the assessment of the herein proposed solution framework, the EPS for each DOF of the 3—DOF linear system
depicted in Fig. 1, is determined. The system consists of three masses m1, mo and m3 interconnected with linear
springs and dampers. In particular, mass m; is connected to the foundation by a linear spring and a linear damper
with stiffness and damping coefficients &y and ¢y, respectively, and to masses mo and m3 by linear springs with
stiffness coefficients k, and k4. Further, mass my is connected to mass mg by a linear spring of stiffness coefficient
ks and a linear damper of damping coefficient co. The system is subjected to random force ()1 (t) which is applied
on mass my, and to random force Q3(t) applied on mass m3, which are both described by the EPS of Eq. (56).

—le —>Q3
—» a1 - »qs3
€1
1
_
m ms
iﬁ\ f\ ‘A\ A
VIV

Fig. 1: Three degree-of-freedom system subjected to non-stationary stochastic excitation.

Following, a standard Newtonian approach for the formulation of the system governing equations of motion,
and considering the (generalized) coordinates vector qT = [ql Q2 qg] , the mass, damping and stiffness matrices
are given by

mq 0 0 C1 0 0
Mq = 0 mo 0 ,Cq = 0 C2 —C2 (59)
0 0 ms 0 —C2 Co
and
ki + ko + kg —ko —ky
Kq=| —ke  kaths —ks |, (60)
—k4 —ks  k3+ky

respectively. Next, considering a relative displacement modeling, the coordinates vector yT = [yl Y yg} is
defined. Vector y denotes the relative displacement between the adjacent DOFs (2), i.e.,

Y1=q1, Y2 = q2 — q1, Y3 = 43 — qo. (61)

Thus, the mass, damping and stiffness matrices in the relative coordinates system take the form

mq 0 0 C1 0 0
M= mo Mo 0 7(3 =10 0 —C2 (62)
m3 M3 ms 0 0 Co
and
ki —ko—ks  —ky
K=|0 ko —ks |, (63)
0 k4 ks + ky

respectively. Finally, the excitation vector Q(t) is given by

Q1 (1)
Q=] 0 |, (64)
Q3(t)

where Q1(t) = Q3(t) = Q(t). Further, assuming the system and excitation parameter values m; = mg = mg = 1,
c1 =co=4.3,c3 = 1.4, ky, ko, ks = 256, k4, = 64 and Sy = 10, ¢g = 0.15, and resorting to Eq. (33-34), the
generalized response spectra are estimated. The response EPS for each DOF of the system of Fig. | is depicted in
Figs. 2(a)-2(c). Also, the MIF of Eq. (58) is included for each DOF.

Next, the herein proposed methodology for deriving the EPS of the system response is applied to the system of
Fig. 1. In this regard, adopting a redundant coordinates modeling of the equations of motion, the 3—DOF system is
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Ist DOF y; of the system. (b) 2nd DOF 5 of the system. (c) 3rd DOF y3 of the system.
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decomposed into its component subsystems, as shown in Fig. 3. This is attained by considering the coordinates
vector
T
T2
24
Z5
where 71, Z3 and X5 denote the displacements of masses m1, mo and mg, respectively; and x5, x4 correspond to
the redundant DOFs which, in essence, account for the constraints connecting the partial subsystems (see Fig. 3). It
holds
1 +d=xo (66)
and
To + a3+ d = 24, 67)
where d is the physical length of each mass m;,7 = 1, 2, 3. Taking into account the geometry of the system in Fig.
3, as well as Egs. (66-67), the expressions
x + l170 +d =29 (68)
and
To + T3+ 130 +d= x4, (69)

where /; is the unstretched length of the spring for the mass m; (¢« = 1, 2, 3), form a set of equations which connect
the system constraints with the redundant coordinates. Specifically, differentiating twice with respect to time Eqs.
(68)-(69), the 2 x 5 matrix A of Eq. (25) and the 2—vector b of Eq. (26) take the form

1 -1 0 0 O
A_{O 1 1 -1 0] (70
and
0
b= M ; (1)
respectively.

€1
- |
Sg—
X1 > d f
Xy = k,
i =
x3= < ] >
) }_>Qs
4

il .
W

>

X4 X3

m3

A\

Fig. 3: Modeling the three degree-of-freedom system of Fig. 1 by using redundant coordinates.

In this regard, the equations of motion are formed, and the augmented mass, damping and stiffness 7 x 5 matrices
of Egs. (21-23) become

[04 02 02 02 0.2] (172 0 0 0 0

04 02 02 02 02 172 0 0 0 0

—0.2 04 04 04 04 ~0.86 0 0 0 0
My,= |02 06 06 06 06/,Ci=]08 0 0 0 0 (72)

0o 0 0 1 1 0 00 0 430

1 -1 0 0 0 0 000 0

0 1 1 -1 0] 0 000 O




4 Numerical examples 13

and ~ -
1024 12.8 —-51.2 —-12.8 —-12.8

1024 128 —-51.2 —12.8 —12.8
—-51.2 —-384 153.6 384 384
Ky=|]512 -256 1024 25.6 256 |, (73)
0 —64 0 64 320
0 0 0 0 0
0 0 0 0 0

respectively; whereas the augmented excitation vector of Eq. (24) takes the form

(74)

Next, the 7 x 5 matrix Ry is formed, for which rank(R) = 5. Therefore, utilizing the input-output expression
of Eq. (41), and taking into account the M-P HW-FRF of Eq. (40), the response EPS for z;, Z3 and Z5 of the
equivalent linear system, is obtained in an analytical manner. The corresponding results, along with the MIF of Eq.
(58), are plotted in Figs. 4(a), 4(b) and 4(c). Comparing Fig. 4(a) with Fig. 2(a), Fig. 4(b) with Fig. 2(b), and Fig.
4(c) with Fig. 2(c), it is seen that the results obtained by applying the herein proposed M-P inverse framework are
in agreement with those obtained by following the standard formulation. This is also deduced by Fig. 5, where
the response EPS for each DOF of the two systems (Fig. 1 and Fig. 3) is determined for both formulations, and is
plotted at different time instants (¢ = 5.8s and £ = 12s). In this regard, it can be argued that the herein proposed
approach constitutes a generalized matrix inverses extension of the harmonic-wavelet-based technique of Ref. (13).

4.3 Nonlinear systems with singular matrices

The 2—DOF chain-like structural nonlinear system of rigid masses 1, and mg that is shown in Fig. 6 is considered
for demonstrating the efficiency of the linearization scheme. Mass m is connected to the foundation by a nonlinear
spring of linear-plus-cubic type, and a nonlinear damper of the same nonlinearity type. Further, mass m; is
connected to mass ms by corresponding linear spring and damper with stiffness and damping coefficients ko and
ca, respectively. The nonlinearity magnitude of the nonlinear spring is denoted by €;, whereas A1 denotes the
nonlinearity magnitude of the nonlinear damper. The system is subjected to non-stationary stochastic excitations
Q1(t) and Q3(¢), both described by a non-separable EPS of the form given by Eq. (56).

Next, the system governing equations of motion are derived. In this regard, the generalized coordinates y1 , y2
are utilized, and relative displacements are introduced for facilitating the ensuing analysis. Thus, the mass, damping
and stiffness matrices for the system of Fig. 6 are given by (2)

M — |:m1 0 :| , C - |:Cl _CQ:| (75)
mo Mo 0 C2
and
_ |k —ke
K= { 0 ks } , (76)
respectively. Further, the system nonlinearity is written in the vector form
d— |:51k1y% ‘(*)‘ )\lcly%:| (77)
and the system excitation is
o)
t) = . 78
Qi - |2 9

Then, the standard linearization approach of Ref. (13) is followed for determining the response EPS. In this
regard, the equivalent linear elements Cey (y; n;),x a0d Keg (m; n,),, are given by

(mj,n;).k

Ay Zj S?lel 0
C 79
0 + (79)

Ce‘la(mi,m),k = 6(77, — m)Aw
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Fig. 6: Two degree-of-freedom nonlinear structural system subjected to non-stationary stochastic excitation

and

k .Sylyl
Keq,(msni) e = 6(n —m)Aw [61 ! ZJ 0 (mj,n;).k

0} + K, (80)
0

respectively. Further, the system parameter values m; = 1, ¢; = 4.3 and k; = 256 (¢ = 1, 2), and the nonlinearity
magnitude parameters £; = 2, \; = 0.5 are considered. It is also assumed for simplicity that Q; () = Qa(t) =
Q(t) and the excitation parameter values are Sy = 10 and ¢y = 0.15. Thus, solving the nonlinear set of equations
formed by Eqgs. (79-80) and Eqgs. (33-34), leads to determining the evolutionary response power spectrum for the
2—DOF system of Fig. 6. Figs. 7(a) and 7(b) represent the results for the generalized coordinates y; and ¥, also
including the corresponding MIF.

Next, employing a redundant coordinates modeling for the formulation of the system governing equations of
motion, the 2—DOF system of Fig. 6 is decomposed in its partial subsystems, as shown in Fig. 8. The independent
coordinates Z1, 2 and Z3 describe the equations of motion of the two subsystems, which are also connected to each
other by the constraint equation

i) :ﬂ_i'1+lo+d, (81)
where [ is the unstreched length of the spring k1 and d the physical length of mass m;. Note, in passing, that the
equations of motion for the system of Fig. 8 are formed in terms of relative coordinates, and thus, the connection
between the independent coordinates 1, Z3 and the generalized coordinates y , yo for the two different formulations
are given by ; = y; and 3 = y», respectively. Further, twice differentiating the system constraint equations,
which are described by Eq. (81), matrix A of Eq. (25) becomes

A=[1 -1 0], (82)

whereas taking into account Eq. (26), E=L =0and b = 0.
Deriving the system governing equations of motion, the augmented mass, damping and stiffness matrices of
Egs. (21-23) take the form

0.5 0.5 0.5 215 0 O
S 0.5 0.5 05| = 215 0 0
M= 0 1 1’ Cx = 0 0 43 83)
1 -1 0 0 0 O
and
128 0 0
- 128 0 0
Ky = 0 0 256’ 84)
0 0 O
respectively. Finally, the augmented system nonlinear vector defined in Eq. (43) is given by
0.561]{111_?:% + 0.5)\161%113
i)x _ O.5€1k1i“f <(|)> 0.5)\161@? , (85)
0
whereas the augmented excitation vector of Eq. (24) is given by
@1
A Q2
= . 86
Q 0, (86)

0
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Taking into account the system nonlinearity of Eq. (85), as well as the constraints expression of Eq. (81),

matrices Dy and S?::u noy.k i Eq. (51) become

dl,(m,n),k dl,(m,n),k 0 0
_ dL(m,n),k dl,(m,n),k 0 0
Da = 0 00
0 0 0 0
and
S1,(m,n),k  S1,(m,n),k 0
)({7)7(7417n1)k: 51,(m,n),k 51,(m,n),k 0 s
53,(m,n),k

respectively, where
i mny e = Bl(E1 )1 +3 Y Bl (m ) TELE1,(1.5)0)°]
(4,9),i#m,j#n

and
Sp,(m,n).k = E[(a}u(m,n),k)ﬂ; p = 1, 3.

Further, the M-P inverse of matrix Sxx . in Eq. (88) is given by (47)

(mima),
N 0.253;7?”7”)7,6 0. 255;;71 )k 0
(St ) "= 10258 (ny s 0:2581 (1 oy i 0
0 0 83 (mn).k

Thus, substituting Egs. (87) and (91) into Eq. (54), and manipulating, yields

>\101 301361 )\101 x13¢1
Z (m],n] ).k Z (m,],nJ ).k

_ >\101 T1X1 Alc T1X1
Ceq,(mi,ni),k =6(n—m)Aw | 2 Zj (mj,m;).k 2 Zj (mj,m;).k
0 0

oo o O

0 0

87)

(88)

(89)

(90)

oD

92)

In a similar manner, the augmented equivalent linear stiffness elements are derived in closed form at each frequency

band (n — m) and time level k, as functions of the localized response EPS. They are given by

61k1 Z Swlzl 61k1 Z 931931

_ 1 1 11 1 1 121 0
Keq,(mi,ni),k = 6(” - m) Z (mJ7n] )k Z (m],n] 0
0 0 0

+K,.

93)
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Fig. 9: Response EPS of the nonlinear structural system of Fig. 8 subject to non-stationary stochastic excitation
(So = 10, ¢p = 0.15). (a) 1°* DOF Z; (g1 = 2, A\; = 0.5); (b) 2"¢ DOF Zz3.

Noticing that the matrix Rx of Eq. (32) has full rank, and thus, that the M-P HW-FRF of Eq. (40) holds,
the estimation of the response EPS is attained by resorting to the recurcive linearization scheme which is applied
to the nonlinear set of Eqs. (92-93) and Eqs. (40-41). The linearization process is initialized by considering the
linear system response EPS, and continues until convergence. The scheme stops when the maximum values of
the percentile difference of the equivalent elements over all frequency bands and time levels become smaller than
1075, In this regard, the estimated response EPS for the first DOF Z; is depicted in Fig. 9(a), whereas Fig. 9(b)
shows the corresponding EPS for the independent to Z;, coordinate Z3. The MIF of Eq. (58) is also plotted in the
figures for completeness. Comparing Figs. 9(a) and 9(b) with Figs. 7(a) and 7(b), respectively, it is seen that the
corresponding results are in total agreement. This is also highlighted by Fig. 10, where the results obtained by
applying the standard and alternative approaches are plotted for different time instants (t = 5s and ¢ = 10s). Thus,
it is concluded that the herein developed M-P harmonic-wavelet-based statistical linearization scheme constitutes
a generalization of the results in Ref. (13), to account for the case of systems with singular matrices subjected to
non-stationary excitation.

5 Conclusion

In this paper, a generalized inverse matrix harmonic-wavelet-based technique has been developed for determining
the response evolutionary power spectrum (EPS) of stochastically excited multi-degree-of-freedom (MDOF) linear
and nonlinear structural systems with singular matrices. The singular matrices appear in the system governing
equations of motion due to adopting a redundant coordinates modeling for their formulation. It can be argued, that
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this approach relates to solutions of reduced computational cost, as well as enhanced modeling flexibility when
the problem of forming the equations of motion of complex multibody systems is considered. However, singular
matrices also hinder the application of standard solution treatments for estimating the system response EPS. In this
regard, resorting to the Moore-Penrose (M-P) matrix inverse theory in conjunction with the generalized harmonic
wavelets theory, a solution framework is developed herein for determining the evolutionary response spectra of such
systems. Specifically, adopting the locally stationary wavelet representation of a stochastic process, and relying on
the theory of the M-P generalized inverse of a singular matrix, an M-P localized in time and frequency, harmonic-
wavelet-based frequency response function (M-P HW-FRF) has been constructed. Subsequently, employing the
novel M-P HW-FREF, an input-output formula for determining the EPS of the system response has been derived. This
can be construed as a generalization of a recently developed harmonic-wavelet-based input-output formula (13), to
account for the case of systems with singular matrices. Further, for the case of nonlinear systems of this kind, a
recently derived harmonic-wavelet-based statistical linearization technique (13) has also been generalized. First, an
equivalent linear to the original nonlinear system has been defined. Subsequently, closed form solutions have been
derived for the time and frequency dependent equivalent linear elements, and the equivalent linear system EPS has
been estimated by resorting to the solution of a nonlinear set of equations. A linear and a nonlinear MDOF systems
with singular matrices have been considered as numerical examples for assessing the validity of the developed
methodology. The applicability of the proposed method to systems subject to a broad category of non-stationary
excitations has been highlighted by considering excitations described by evolutionary non-separable spectra.
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