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ABSTRACT

Linear ordinary differential equations (ODEs) appear in many real-world problems, such as
in Engineering and in Applied Mathematics. ODEs and systems of coupled ODEs are usually
difficult and cumbersome to solve, specially if the coefficients are function of the independent
variable. For this reason, even when the coefficients are constant, numerical methods are usually
chosen, despite their computational cost and sources of error. Analytical approaches - like
variation of parameters, undetermined coefficients, Laplace and Fourier transforms - either need

a candidate solution or need complicated algebraic and inverse operations.

To tackle this problem, the Generalized Integrating Factor (GIF) is proposed, which is a
generalization of the Leibniz integrating factor. The new method can solve linear ODEs of n-th
order by a reduction order approach. The method is presented for ODE of general order, although
this work focuses on second order ODEs, with homogeneous and the particular solutions written
as the product of convolutions. Then, the technique is particularized for the case of constant
coefficients and for a set of important continuous and discontinuous excitation functions. The
advantages of exactness and low computational cost are presented with numerical experiments

and complexity analysis of the associated algorithms.

As the particular solution depends on the analytical solution of a convolution, it must be
particularized for some sets of excitations. Also, not all excitations are easy (or even possible) to
convolute analytically. Thus, Heaviside Series (HS) method is proposed as an extension to the
Generalized Integrating Factor. In this new approach, the excitation function is approximated
using a finite series of Heaviside steps multiplied by polynomial terms. The proposed approach
can be seen as a mixed approach, where the homogeneous solution is analytical and the particular
solution is the analytical solution to an approximate excitation. Using numerical experiments, a
high rate of convergence (between 2 and 4) is shown, as well as low computational cost. Thus,
the formulated family of methods prove to be a reliable and cheap way to solve linear ODEs in

real-world problems.

Throughout the derivation of the GIF and the HS methods for systems of coupled linear ODEs
with constant matrix coefficients, the hypothesis of classical normal modes was used to introduce
some simplifications to the solution procedure. It is shown, nonetheless, that this hypothesis
is not necessary for the proposed family of methods to work and, the particularization of the
presented solutions to non-classical normal modes is derived. Most importantly, this work shows
that the computational cost does not increase much when the modes are not classical normal,

thus, enabling the use of the techniques even in this situation.

For this reason, the solutions for the homogeneous solution and the particular solutions due to



Dirac’s delta and due to HS are explicitly provided, so more complicated excitation functions
can be constructed using them. It is proven how the expressions naturally become the formulae
previously derived for classical normal modes, thus, showing the consistency of the approach.
Besides, algorithms are provided to indicate the efficient computer implementation of the

methods.

Keywords: Differential equations; Systems of differential equations; Analytical method; Semi-
analytical method; Generalized integrating factor; Heaviside Series; Non-classical normal

modes.



RESUMO

Equacdes diferenciais ordindrias (EDOs) lineares aparecem em muitos problemas reais, como em
Engenharia e e em Matemadtica Aplicada. EDOs e sistems de EDOs acopladas sdo comumente
dificeis e complicadas de se resolver, especialmente quando os coeficientes sdo funcdes da
varidvel independente. Em virtude disso, mesmo quando os coeficientes sdo constantes, métodos
numéricos sao frequentemente escolhidos, apesar do custo computacional e das fontes de erro.
Abordagens analiticas - como variacao de parametros, coeficientes indeterminados, transformadas
de Laplace e de Fourier - necessitam de uma solu¢do candidato ou necessitam de complicadas

operagoes algébricas e de inversao.

Para atacar este problema, o Fator Integrante Generalizado (GIF, do inglés Generalized
Integrating Factor) é proposto, o qual € uma generalizacdo do fator integrante de Leibniz.
O novo método pode solucionar EDOs lineares de ordem n langando mao de uma abordagem de
reducao de ordem. O método é apresentado para EDOs de ordem geral, embora este trabalho
foque em EDOs de segunda ordem, em que as solugdes homogénea e particular sdo o produto
de convolu¢des. Em seguida, a técnica € particularizada para o caso de coeficientes constantes
e para um conjunto de importantes funcdes de excitacao, tanto continuas como descontinuas.
As vantagens de exatidao e baixo custo computacional sdo apresentadas com experimentos

numéricos e com a andlise de complexidade dos algoritmos associados.

Como a solucdo particular depende da solucao analitica de uma convolucgdo, esta deve ser
particularizada para alguns conjuntos de excitagdo. Mesmo assim, nem todas as excitacdes t€m a
convolugdo facilmente (sequer é possivel) solucionada analiticamente. Logo, o método Séries
de Heaviside (HS, do inglés Heaviside Series) é proposto como uma extensao ao GIF. Nesta
nova abordagem, a fun¢do de excitagdo é aproximada usando uma série finita de degraus de
Heaviside multiplicados por fungdes polinomiais. A abordagem proposta pode ser visualizada
como uma abordagem mista, ja que a solu¢do homogénea ¢é analitica e a solugdo particular é
analitica sobre uma excita¢ao aproximada. Utilizando experimentos numéricos, altas taxas de
convergéncia foram medidas (entre 2 e 4), assim como um baixo custo computacional. Portanto,
a familia de métodos proposta prova a si mesma como confidvel e barata na atividade de resolver

EDOs lineares em problemas reais.

No decorrer da deducao dos métodos GIF e HS para a solucao de sistemas de EDOs lineares
acopladas com coeficientes matriciais constantes, a hipétese de modos normais cldssicos foi
utilizada para introduzir algumas simplificacdes no processo de solugdo. Esta hipdtese, entretanto,
nao é necessdria para fazer a familia de métodos proposta funcionar, e, em consequéncia, uma
particularizacdo para a solu¢do quando os modos de de vibrar ndo sdo normais cldssicos €

apresentada. De forma ainda mais importante, este trabalho mostra que o custo computacional



nao aumenta muito quando os modos ndo sdo normais cldssicos, logo, a aplicacio destes métodos

continua interessante mesmo nesta situacao.

Por esta razao, as solugdes homogénea e particular, no caso de Delta de Dirac e do HS, sdo
explicitamente fornecidas, tal que funcdes de excitagdo mais complexas possam ser construidas
pelo uso destas. E provado também que as expressdes naturalmente retornam 2s expressoes
anteriores quando os modos de vibrar sdo normais cldssicos, o que mostra a consisténcia da
abordagem. Além disso, algoritmos sdo apresentados para indicar uma forma eficiente de

implementar os métodos.

Palavras-chave: Equacgdes diferenciais; Sistemas de equacdes diferenciais; Método analitico;
Meétodo semi-analitico; Fator integrante generalizado; Séries de Heaviside; Modos de vibrar ndo

normais classicos.



Figure 1

Figure 2

Figure 3

Figure 4

Figure 5

Figure 6

Figure 7

Figure 8

Figure 9

LIST OF FIGURES

— Analytical response y(z) obtained for the Bessel equation, Eq. (57), and the

solution obtained by using a numerical method, yrgs(f). . . . . . . .. ..
Homogeneous solution, y,(f) (solid blue line), permanent solution y,(¢)
(solid red line) and complete solution y(¢) (solid green line) obtained with the
proposed approach for periodic loading, Eq. (93). Complete solution obtained
using the Newmark-beta method for Az = 0.001 s, §(¢), is shown as a dark
dottedline. . . . . . . . . . ...
Homogeneous solution yj(¢) (solid blue line), permanent solution y(¢) (solid
red line) and complete solution y(z) (solid green line) obtained with the
proposed approach for the polynomial excitation (linear ramp). The complete
solution obtained with the Newmark-beta method y(¢) is shown as a dark
dotted line. . . . . . . . . . ..
Homogeneous solution (solid blue line), particular solution (solid red line)
and complete response (solid green line) due to an unitary impulse at # = 5s.
Reference solution given by (BOYCE; DIPRIMA, 2001) is shown as a dark
dotted line. . . . . . . . . . .. L
Loading comprised of a linear ramp (0 < ¢ < 1), a quadratic equation (1 <
t < 3) a constant value (3 < < 5) and a sudden change to O for r > 5.
Homogeneous response (solid blue line), particular response (solid red line)
and complete response (solid green line) for the loading f(¢) given in Fig.
5 and non-homogeneous initial conditions. The complete solution obtained
using the Newmark-beta method is shown as a dark dotted line. . . . . . . .
Homogeneous solution yj,(¢) (solid blue line), permanent solution y,(¢)
(solid red line) and complete solution y() (solid green line) obtained with
the proposed approach for unitary impulse at 5s. The analytical reference
solution y,,¢(t) is shown as a dotted line. The red line cannot be seen in this
image since the green line (complete solution) is over the red line (particular
solution) forallz. . . . . . . . . . . . . . ..o
Homogeneous solution yj(#) (solid blue line), permanent solution y, () (solid
red line) and complete solution y(z) (solid green line) obtained with the
proposed approach for two opposite unitary impulses att = 1 and t = 5. The
complete solution obtained with the Newmark-beta method J(¢) is shown as
adarkdottedline. . . . . .. ... L L
Complete solution for the under damped problem with sinusoidal excitation.
Solutions y1, y2 and y3, (real parts) obtained by using the proposed approach,
are shown as solid lines. Solutions ygy 1, ysv,2 and ysy 3, obtained by using
State Variables, are shown as dotted lines. . . . . . . . ... ... .....



Figure 10 —

Figure 11 —

Figure 12 —

Figure 13 —

Figure 14 —

Figure 15 —

Figure 16 —

Figure 17 —

Figure 18 —

Complete solution for the over damped problem with sinusoidal excitation.
Solutions y1, y2 and y3, (real part) obtained by using the proposed approach,
are shown as solid lines. Solutions ysy 1, ysv2 and ysy 3, obtained by using

State Variables, are shown as dotted lines. . . . . . . . ... ... .....
Complete solution for the three DOFs example subjected to a polynomial

excitation. Solutions yy, y, and y3, (real part) obtained by using the proposed

approach, are shown as solid lines. Solutions ygy 1, ysv 2 and ysy 3 obtained

by using State Variables are shown as black dotted lines. . . . . . . .. ...
Complete solution for the three DOFs example subjected to two opposed

Dirac’s deltas at = 1 and r = 5, respectively. Solutions y{, y, and y3, (real

part) obtained by using the proposed approach, are shown as solid lines.
Solutions ysy. 1, ysv,2 and ysy 3, obtained by using State Variables, are shown

as black dotted lines. Solutions ynas 1, yym,2 and yya 3, obtained by using

the Newmark-beta method, are shown as red dotted lines. . . . . . ... ..
Complete solution for the three DOFs example subjected to a quadratic load

between t = 1 and ¢ = 3s. Solutions yj, y» and y3, (real part) obtained by

using the proposed approach, are shown as solid lines. Solutions ygy 1, ysv 2

and ygy 3 obtained by using State Variables are shown as black dotted lines. .
Complete solution for the three DOFs example subjected to an unitary step

between ¢ = 1 and ¢ = 5s. Solutions y;, y, and y3, (real part) obtained by

using the proposed approach, are shown as solid lines. Solutions ysy 1, ysv2

and ysy 3 obtained by using State Variables are shown as black dotted lines. .
Computation time to evaluate the response due to Dirac’s excitation as a

function of the dimensionality of the problem. The complete response was

calculated using the Newmark-beta method (NM, blue line), State Variables

(SV, orange line) and the proposed approach (GIF, green line). T is the

computation time at a given dimensionality, while 7}, is the maximum time

measured for all methods in the entire experiment. . . . . . . ... ... ..
Diagram of the extension of the function space covered by the use of

HS representation as excitation function to the Generalized Integrating

Factor. Verdnica Herbst Pazda, undergraduate student of the department,
is acknowledged for making this image by request of the author. . . . . . .
log;, of the Root Mean Square Error (RMSE) of y(¢) obtained with the

proposed approach regarding the time step Ar and the excitation frequency f.
Crosses are associated to the fundamental frequencies of the system.

log;, of the Root Mean Square Error (RMSE) of y(¢) obtained with the

Newmark-beta method regarding the time step At and the excitation frequency

f. Crosses are associated to the fundamental frequencies of the system. . . .

97

100

137

137



Figure 19 — Normalized mean elapsed time as a function of the number of discrete time
steps for an 458 DOFs problem. The blue line refers to the Newmark-beta
method and the orange line to the proposed approach. The black error bars
represent the standard deviation relative to 13 independent runs. . . . . . . .

Figure 20 — Normalized mean elapsed time as a function of the number of discrete time
steps for an 1718 DOFs problem. The blue line refers to the Newmark-beta
method and the orange line to the proposed approach. The black error bars
represent the standard deviation relative to 13 independent runs. . . . . . . .

Figure 21 — Normalized mean elapsed time as a function of the dimensionality of the
problem, n. The blue line refers to the Newmark-beta method and the orange
line to the proposed approach. The black error bars represent the standard
deviation relative to 13 independentruns . . . . . . . . ... ... ... ..

Figure 22 — Normalized mean elapsed time as a function of the dimensionality of the
problem, n. The blue line refers to the Newmark-beta method and the orange
line to the proposed approach. The black error bars represent the standard

deviation relative to 13 independentruns. . . . . . . . . . . ... ... ...



LIST OF TABLES

Table 1 — Main drawbacks of well-established methods when compared to the proposed

approach . . . . L

Table 2 — Matrix inverses for each approximation order



LIST OF ABBREVIATIONS AND ACRONYMS

ODE Ordinary Differential Equation

DOF Degree Of Freedom

GIF Generalized Integrating Factor

HS Heaviside Series

FEM Finite Element Method

FEA Finite Element Analysis

BEM Boundary Element Method

BEA Boundary Element Analysis

RLC Resistor-Inductor-Capacitor (Circuit)
RHS Right Hand Side

LHS Left Hand Side



1.1
1.2
1.2.1
1.3

2.1
22
2.3

2.4

24.1
24.2
2.5

2.5.1
2.5.1.1
2.5.2
253
2.6

3.1

3.2
3.2.1
3.2.2
33
3.3.1
3.3.2
34

34.1
34.2

CONTENTS

INTRODUCTION . . . . ittt et et it ettt en
JUSTIFICATION . . . . . e e e e e
OBJECTIVES . . . .
General Objective . . . . . . . . .. .. ...
SPECIFIC OBJECTIVES . . . . . . . ... . .
ORIGINAL FORMULATION AND APPLICATION FOR ODES WITH

ASINGLEDOF . .. .. ittt it ittt e tieen
THE GENERALIZED INTEGRATING FACTOR METHOD . . . . . . ..
LINEAR SECOND ORDER ORDINARY DIFFERENTIAL EQUATIONS .
SECOND ORDER ORDINARY DIFFERENTIAL EQUATIONS WITH

CONSTANT COEFFICIENTS . . . . . . . . .. i
SECOND ORDER ODES WITH CONSTANT COEFFICIENTS - CONTIN-
UOUS EXCITATION FUNCTIONS . . . . . ... ... ... ... ...
Periodic excitation . . . .. ... ... ... ... L.
Polynomial excitation . . . . . . . ... ... ... .. .. ... ......
SECOND ORDER ODES WITH CONSTANT COEFFICIENTS - DISCON-
TINUOUS EXCITATIONS . . . . . . e
Particular solution due to step functions - Heaviside . . .. ... .. ..
Initial conditions and the Heaviside . . . . .. .. ... .. ... .....
Particularizing f;(7) as a polynomial . . . . . ... ... .. ... ... ..
Particular solution due to unitary impulses - Dirac’s deltas . . . . . . . .
FINAL REMARKS OF THECHAPTER . . . . . . . ... ... ......
EXTENSION OF THE GENERALIZED INTEGRATING FACTOR TO

SYSTEMS OF LINEARODES . ... ... ... ...
THE GENERALIZED INTEGRATING FACTOR FOR SECOND ORDER

COUPLED SYSTEMSOFODES . . . . ... ... ... .. ........
CONSTANT COEFFICIENTS . . . .. . . . .. .. .
Solving the quadratic equation, Eq. (208) . . . .. ... ... ... ...
Under damped problems . . . . . . . .. ... .. ... ..........
COMPARISON WITH OTHER SOLUTION PROCEDURES . . . . . . ..
Solution using the matrix Laplace transform . . . . . . . . ... ... .
Solution using order reduction by state variables . . . . . ... ... ..
PARTICULAR SOLUTIONS OBTAINED BY CONSIDERING SPECIFIC

EXCITATION FUNCTIONS . . . . . . . .. . e
Periodic excitations . . . . . . . ... ... L Lo

Polynomial excitation . . . . . . .. .. ... ... L0 L.



343
344
3.4.4.1
3.4.4.2
3.4.4.3
3.5

3.6
3.6.1
3.7

3.8

4.1
4.1.1
4.1.1.1
4.1.1.2
4.1.1.3
4.1.2
4.1.2.1
4.2
4.2.1
4.2.2
4.2.2.1
4.2.2.2
4.2.2.3
4.2.24
4.2.2.5
4.3

4.3.1
4.3.2
4.3.2.1
4.4

4.5
4.5.1
4.6

Dirac’s delta distribution . . . . . . . ... ... oL 88
Heaviside step function . . . . . . . ... ... .. ............. 92
Farticularizing Heaviside excitation for second order polynomial . . . . . . 94
Initial conditions of Heaviside and Dirac’s delta excitation . . . . . . . .. 99
Matrix complexity for polynomial particularized Heaviside . . . . . . . .. 99
RUNNING TIME COMPARISON . . . ... ... ... ... .. ... 101
APPLICATION IN INTEGRAL MEASURES . . ... ... ... ..... 103
Input energy with periodic excitation . . . . . . .. ... ... ... ... 103
OPEN-SOURCE REPOSITORY - GIFFNDOF . . . . . .. ... ... ... 104
FINAL REMARKS OF THE CHAPTER . . . . .. .. ... ... ..... 105
HEAVISIDE SERIES ... ... ... ... 106
HEAVISIDE SERIES FOR FUNCTION APPROXIMATION . . . ... .. 106
One dimensional functions f:V —V . . .. .. .. ... ... ...... 107
Zero order approXimation . . . . . . . . ... ..o e e e e 107
First order approximation . . . . . . . . . . ... ... ... ... 108
Second order approximation . . . . . . . .. ... o0 109
n-dimensional functions f: V — V" . . ... ... 0000000 110
First order approximation . . . . . . . . . . . . e 110
USING THE HEAVISIDE SERIES TO SOLVEODES . . ... ... ... 111
Particular solution due to Heaviside Series in n-DOF problems . . . . . 113
Properties of the solutionusing HS . . . . . .. .. ... ... ... ... 115
ACCUTACY . . . o o o o e e e e e e e e e e 115
Integration . . . . . . . . . e e e 116
Preservation of Impulse . . . . . . . .. .. ... ... .. 116
Integral measures . . . . . . .. ... 116
Computational cost . . . . . . . . . e 117
EFFICIENT EVALUATION OF THE ODES RESPONSE USING FIRST

ORDERHS . . . . . 117
Particularization for under damped problems . . . . . . ... ... ... 126
Computational implementation . . . . . . ... ... ... ........ 130
Bundles of excited DOFs . . . . . . . . . .. ... ..., 130
STABILITY ANALYSIS . . . . . .. o . 133
RESULTS . . . e 134
Elapsed time . . . . . . . . .. . ... 136
FINAL REMARKS OF THE CHAPTER . . . . .. .. ... ... ..... 141

NON-CLASSICAL NORMALMODES .................. 143



5.1

5.1.1
5.1.1.1
5.1.2
5.12.1
5.1.3
5.1.3.1
5.2
5.2.1
5.2.2
5.2.3
53

54

Al

A.l.1
A.1.2
A2

A3

B.1

B.2
B.3
B.4
B.5
B.6

LINEAR SECOND ORDER SYSTEMS OF ODES WITH CONSTANT

MATRIX COEFFICIENTS AND GENERAL MODES . . ... ... ... 143
Homogeneous solution . . . . . ... .. ... ... ............ 144
Homogeneous solution when the modes are classical normal . . . . . . . .. 147
Particular solution due to Dirac’s delta excitation . . . . . . . ... ... 148
Solution due to Dirac’s delta when the modes are classical normal . . . . . 149
Particular solution due to firstorder HS . . . . . . . ... ... ... .. 150
Solution due to first order HS when the modes are classical normal . . . . . 152
EFFICIENT COMPUTATION . . . . . .. ... ... ... .. ...... 153
Homogeneous solution . . . . . . ... ... ... ............. 154
Particular solution due to Dirac’s delta excitation . . . . . .. ... ... 155
Particular solution due to firstorder HS . . . . . . ... ... ... ... 158
STABILITY OF THE SOLUTION DUE TO FIRST ORDERHS . . . . .. 167
FINAL REMARKS OF THE CHAPTER . . . . . . .. ... ... ..... 168
CONCLUSION & . .ttt ettt i e e i et ittt et e e s anas 169
BIBLIOGRAPHY . . . . . i i ittt it ittt ettt a e 171

APPENDIX A - AUXILIARY FORMULATION FOR THE GENER-
ALIZED INTEGRATING FACTOR FOR LINEAR

ODES WITHA SINGLEDOF ............. 178
FAMILIES OF RICCATI EQUATIONS WITH SIMPLE PARTICULAR
SOLUTIONS USING SUBSTITUTION . . ... ... ... ........ 178
Constant particular solution . . . . . . . .. ... ... .. ........ 178
Polynomial particular solution . . . . ... ... .. ... ... ..... 178
FAMILIES OF RICCATI EQUATIONS WITH SIMPLE PARTICULAR
SOLUTIONS USING INTEGRATION CONDITIONS . . . ... ... .. 180
CONVOLUTION OVER DIRAC’S DELTA DISTRIBUTION . . . . . . .. 181

APPENDIX B - AUXILIARY FORMULATION FOR THE EXTEN-
SION OF THE GENERALIZED INTEGRATING
FACTOR FOR SYSTEMS OF LINEAR ODES WITH

nDOFS . ... i ittt e e 183
EVALUATION OF INTEGRATION CONSTANTS FOR COUPLED
SYSTEMS OF ODES WITH CONSTANT COEFFICIENTS . ... .. .. 183
COMMUTATIVITY OF POWERS OF TWO MATRICES . . . . . ... .. 184
COMMUTATIVITY OF INVERSE OF MATRIX . . ... ... ...... 184
EXPONENTIALMAP . . . . . ... . o 185
EFFICIENT EVALUATION OF exp(Af) . . . . . . . .. ... ... 185
COMMUTATIVITY OF EXPONENTIAL MAP AND MATRIX . ... .. 186



C.1
C2
C.21
C3
C3.1
C.3.2
C3.3
C34
C34.1
C.3.4.2
C.3.4.3
C.3.5

D.1

APPENDIX C - AUXILIARY FORMULATION FOR THE HEAVI-

SIDESERIESMETHOD .. .............. 187
CONDITIONS FOR THE SINGULARITY OFC—2F»1; . . .. ... .. 187
INITTIAL CONDITIONS AND THE HEAVISIDE SERIES . . . ... ... 188
Efficient computational evaluation of the homogeneous response . . . . 190
EIGENVALUES OF F,; ; ANDOFC—Fa 11 . . . oo oo oot 191
CaseLa>0and B3>0 . ... ... .. ... ... ... .. ....... 194
CaseILa<0,B>0 . ... ... . .. . . .. i 195
Casell, o >0,8<0 . ... ... . . . 196
Oj=orand O; =@, . . . ... ... 198
W= and @; = Oy, casel . . ... ... L0 L 198
;=0 and @; = @y, casell . . . .. ... ... 0L 198
W= and @; = Wy, case Il . . . . ... ... ... .. .......... 199
Finalremarks . . . . . . . . .. . ... 200

APPENDIX D - AUXILIARY FORMULATION FOR THE EXTEN-
SION OF THE GIF AND THE HS METHODS FOR
NON-CLASSICAL NORMAL MODES ........ 202

SYLVESTER EQUATION WHEN THE MODES ARE CLASSICAL

NORMAL . . . . e 202



18

1 INTRODUCTION

Linear and non-homogeneous ordinary differential equations (ODE) are pervasive in
many areas of applied mathematics. In particular, second-order ordinary differential equations
arise in a variety of practical problems in mathematics, physics, and engineering, such as the
dynamic equilibrium of mechanical systems and viscoelasticity modeling. While the solution for
constant coefficients and periodic forces is well known (RAO, 2017), finding the solution for
general problems can be challenging.

Solving second-order ordinary differential equations is a well-established topic with a
rich history. Numerous techniques and methods have been developed over the years to solve
second-order ODEs, including analytical, numerical, and approximate methods. Each method
presents an intrinsic disadvantage, which can be the need to find particular or candidate solutions;
cumbersome inverse and algebraic operations; increase in dimensionality of the problem and
many more. These disadvantages make the solution and analysis of second order ODEs costly
and not straightforward.

Analytical methods involve finding an exact solution to the ODE in terms of elementary
functions such as polynomials, trigonometric functions, and exponential functions. Analytical
solutions are particularly useful when the ODE has a simple form or when we are interested in
understanding the behavior of the solution explicitly. An example is the use of computational
techniques to solve the ODE symbolically, such as the symbolic integration algorithm
implemented in the Mathematica software (RESEARCH, 2018).

Numerical methods involve approximating the solution to the ODE using numerical
algorithms. An example is the use of high-order methods that achieve high accuracy with fewer
computational resources, such as the spectral collocation method and the spectral deferred
correction method (BOYD, 2001; KARNIADAKIS; SHERWIN, 2013). A very recent approach
is the use of machine learning techniques, such as the neural network method, which can learn
the solution to the ODE directly from data (RAISSI; KARNIADAKIS, 2018; BONNAFF¢;
COULSON, 2023).

Approximate methods involve finding an approximate solution to the ODE that satisfies
certain criteria. Examples include the use of asymptotic methods (BENDER; ORSZAG, 1999)
and numerical techniques to construct approximate solutions, such as the generalized polynomial
chaos method, which constructs an approximate solution as a series of orthogonal polynomials
(XIU; KARNIADAKIS, 2002).

Stemming from the vibration and electric circuitry analysis and from control theory,
coupled systems of second order ODEs are quite important (ABELL; BRASELTON, 2023;
KREYSZIG; KREYSZIG; NORMINTON, 2011; BOYCE; DIPRIMA, 2001; ROWELL, a;
ROWELL, b). These systems behave much like ODEs, but the solution lies in a vector space of
dimension n, the number of degrees of freedom (DOF) of the system.

In the particular case of mechanical vibrations, the solution is given by the following
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system of ODEs,
My(z) + Cy (1) + Ky (1) = (1), (1

where y(7) is the vector of dependent variables, ¢ is the independent variable, M, C and K are
coefficient matrices, which can be calculated using direct analysis over a discrete mechanical
system or using Finite Element Analysis (FEA). In other engineering applications, such as
electric circuitry, these matrices can also be derived in similar fashion, although they mean
different physical properties of the phenomenon.

In a broad sense, when the matrix coefficients are constant, under some circumstances
regarding C, it may be possible to convert the original coupled problem into n uncoupled
problems (KAWANO et al., 2018). When coefficient matrix C is written as a linear combination
of M and K one can use a change of basis given by the eigenvectors of the generalized eigenvalue
problem (modal problem), resulting in n independent one-dimensional second order ODEs
(RAO, 2017). Extensions to other general viscous coefficient matrix C involve the solution of
a quadratic eigenvalue problem and are discussed by (MA; MORZFELD; IMAM, 2010). This
general procedure is known as Modal Superposition and it is common to consider just a subset of
the n eigenvectors to exclude (usually larger) modes in the response and to avoid the expensive
computation of all the eigenpairs. Nonetheless, each individual equation still needs to be solved
either analytically or numerically.

Another approach to solve these systems of ODEs analytically is to re-write Eq. (1) by
using state variables, converting a coupled second order equation to an extended system of first
order coupled ODEs (CHAHANDE; ARORA, 1994). The main drawback is that the new first
order system of coupled ODEs has twice the dimensionality. Analytical solutions can be derived
by using exponential maps (LOBO; JOHNSON, 2013).

The most common approach to solve the problem defined in Eq. (1) is by using some
sort of numerical procedure, like Central Difference, Newmark-Beta, Wilson-0, among other
methods (HUGHES, 2000). In general terms, all these methods rely on some type of hypothesis
on the behaviour of the response and its derivatives between two or more discrete times, t,,
and t,,,1 1, also known as temporal discretization. The set of hypotheses defines each numerical
method and its solution procedure.

It is worth noticing that such hypotheses introduce approximations to the real responses.
Thus, one can identify some potential error sources for any numerical discrete method. The
first source is known as interpolation error, since each particular method makes assumptions
about the behavior of the solution and/or its derivatives between the discrete times. The order of
accuracy is dependent on the order of the approximations assumed by each method. Other source
of error is due to the time discretization, since a coarse grid can hinder some important aspects
of the problem. The time discretization is also an issue for conditionally stable methods, like
Central Difference. Finally, as the equations are solved by means of some numerical procedure,

there is the possibility of numerical errors.
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To better predict these behaviors in numerical methods, their update rule can be

summarized as
Si+1 = As; + Ly, (2)

where s can contain the response y and its derivatives, A is an amplification matrix and L; is
associated to loading. Amplification matrix A is a discrete operator depending on matrices M, K,
C, the step size At and the approximations used to construct each method. All the properties like
stability, artificial damping, artificial modification of frequencies, to name a few, can be studied
from A.

Regarding stability, a method can be unconditionally stable when the response S, 1
is bounded for any step size Ar; otherwise, it is conditionally stable. An example of the
later is discussed by (MIMOUNA; TCHELEPI, 2019), while there has been a great effort
in this research field to devise new unconditionally stable methods, such as (NEWMARK,
1959; HOUBOLT, 1950; HILBER; HUGHES; TAYLOR, 1977; WILSON; FARHOOMAND;
BATHE, 1972; WOOD; BOSSAK; ZIENKIEWICZ, 1980; KATONA; ZIENKIEWICZ, 1985;
ZIENKIEWICZ et al., 1984; FAN; FUNG; SHENG, 1997).

Targeting higher order interpolations and higher accuracy with less computational
cost, many new methods have been proposed in the last two decades. Some examples for
explicit methods are (KIM; REDDY, 2020; LIU et al., 2021; MALAKIYEH et al., 2023) and
for implicit methods (LI; YU, 2019; LI; LI; YU, 2020; NOH; BATHE, 2018; WEN et al.,
2017; MALAKIYEH; SHOJAEE; BATHE, 2019; BATHE, 2007; SOARES, 2015; SHOJAEE;
ROSTAMI; ABBASI, 2015).

A rather new approach is to use exponential maps to solve higher order ODEs, since
exponential of matrix form solutions to first order systems of coupled ODEs (GAO; NIE, 2021;
BARUCQ; DURUFLéE; N’DIAYE, 2018). Some of these approaches use state variables to lower
the order of the original system of coupled ODEs and, then, integrate it (SONG et al., 2023;
WANG:; AU, 2007). The efficient evaluation of the exponential maps rely on approximations,
like Padé and Chebyshev approximations. This approach is meant to be highly accurate and does
not present numerical dissipation without much more computational cost when compared to
Newmark method (SONG et al., 2023).

Due to the intrinsic difficulty in solving such ODEs, that are highly applicable in
Engineering problems, this work proposes a new analytical method, which is a generalization
of the traditional Leibniz integrating factor, thus, it is called the Generalized Integrating Factor
(GIF). The reason for extending the well-established Leibniz integrating factor is due to its
analytical solutions to first order linear ODEs, regardless of the coefficients. The proposed
method can be used for ODEs of general order and results in integrating factors that are functions
of the independent variable only, disregarding the coefficients of the ODE. This contrasts with
integrating factors that depend on both the dependent and independent variables, as in (CHEB-
TERRAB; ROCHE, 1999).
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The proposed integrating factor in this work is a reduction order technique. For each
factor found and the subsequent integration, the order of the original differential equation is
reduced by one. Therefore, the technique can be used recursively until the order is zero, and
the original Leibniz integrating factor turns out to be a particular case. Hence, in contrast to
the original method, that can be used only to first order differential equations, the proposed
generalization can be used to higher orders. Thereby, the main novelty of this work is to propose
a generalization that can systematically find analytical complete solutions of linear ODEs with
or without constant coefficients.

The GIF method can be applied to solve both homogeneous and non homogeneous
differential equations without requiring the knowledge of the homogeneous solution or the
need to propose a candidate solution, as is the case with the variation of parameters and the
method of undetermined coefficients, respectively (BOYCE; DIPRIMA, 2001; LEWIS; ONDER;
PRUDIL, 2022). The complete solution of the differential equation can be obtained as the sum
of the homogeneous and particular solutions, which are obtained simultaneously using nested
convolutions. This approach can be called a systematic method and can be used to solve a wide
range of scientific and engineering problems that would, otherwise, rely on the variation of
parameters or the method of undetermined coefficients, as well as integral transforms like Laplace
and Fourier (BOYCE; DIPRIMA, 2001; LEWIS; ONDER; PRUDIL, 2022; KITTIPOOM,
2019; QUINN; RAI, 2012; NAZMUL; DEVNATH, 2020; MAHMOODI; ZOLFAGHARI;
MINUCHEHR, 2019; ZHAO et al., 2022; KELLY, 2006). Each one of those methods present
a disadvantage, like the need for a candidate solution, the need for the homogeneous solution,
complicated algebraic operations, or the need of an inverse transform.

The integrating factor itself is found at every reduction order step as a particular solution
of a nonlinear differential equation, eliminating the need to find the complete solution of the
nonlinear equation and to define an initial value problem. This result shows that the GIF builds a
bridge between linear and nonlinear differential equations, enabling a two-sided path between
both. For instance, a linear equation can be solved by finding a particular solution to a nonlinear
equation and vice-versa. It is shown, however, that, for many families of ODEs, the particular
solution to the sister nonlinear ODE is easilly found, as are the cases of Euler-Cauchy, Bessel
and constant coefficients.

Due to already cited applications in real-world problems, second order ODEs with
constant coefficients, both scalar and matrix coefficients, will be the main focus of this work after
presenting the general formulation. The homogeneous and particular solutions are obtained by
double convolutions, which yield a sum of exponential maps when the coefficients are constant.
Exponential maps are essentially exponential of matrices, that particularize for the conventional
exponential function when the matrix is 1 x 1, i.e. a scalar, (GALLIER, 2011).

Although exponential maps are expensive to evaluate (HIGHAM, 2008), a rich field of
research has been developed around its numerical evaluation in the past decade, hence, it is

another motivation for the analytical solution of higher order linear differential equations, due to
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the advance in exponential integrators and matrix exponentiation. In the past two decades, a lot of
effort has been put on exponential integrators for their accuracy (GAUDREAULT; RAINWATER;
TOKMAN, 2018), hence, a multitude of methods have been developed to reduce computation
cost and maximize the accuracy to cost ratio, thus, enabling the widespread use of exponential
integrators and analytic methods instead of explicit numerical methods. The computational
cost savings are mainly in calculating matrix exponentials, such as (SIDJE, 1998; BOTCHEYV;
KNIZHNERMAN, 2020; GAUDREAULT; RAINWATER; TOKMAN, 2018; SASTRE; IBaiEZ;
DEFEZ, 2019), and for sparse matrices as well (VO; SIDJE, 2017). This advance in matrix
exponentiation makes the GIF a practical choice for solving systems of coupled differential
equations exactly.

Distinct useful non-homogeneous terms are studied for the particular solutions, which
have direct application in applied mathematics and engineering, such as periodic, polynomial,
Dirac’s delta and Heaviside excitations. For all these excitation functions, analytical particular
solutions were found using the double convolutions. For the continuous excitation types, like
periodic and polynomial functions, the particular solutions does not depend upon the exponential
maps; while, for the discontinuous excitation functions, like Dirac’s delta and Heaviside step,
they do, much like the homogeneous response.

Nonetheless, when the double convolutions are not practical to evaluate for a specific
excitation function or when simply there is no interest in evaluating them, the original excitation
function can be constructed using the aforementioned functions. To this aid, the Heaviside step
is particularly useful, since it can be multiplied by polynomials and, then, used to approximate
functions locally using polynomial terms.

The newly proposed form of function approximation is called Heaviside Series (HS),
since the representation is carried out using finite sums of Heaviside step functions multiplied
by polynomial coefficients. This technique is worth by itself, since it can make polynomial
approximations of functions that are not tied to a single approximation point and, consequently,
to a single limiting radius of convergence. This technique is used with the GIF to generate
unconditionally stable and accurate solutions to systems of linear ODEs. As shown in C.3 for
Rayleigh proportional damping, when the solution is not stable, it means that the system is
physically unstable, hence, there is no artificial numerical dissipation in the HS method and the
technique does not mask ill-conditioned models.

This approach can be seen as a further generalization of the GIF method to more general
forms of excitation, since it can be used when the convolution is problematic. The resulting
methodology is an hybrid method for the solution is analytical, but the excitation function is
approximated. For this reason, the HS method can be classified as semi-analytical.

The computational implementation of the GIF and of the HS methods was made public
and is available in two GitHub repositories, each dedicated to one of the methods. GIF is available
in <https://github.com/CodeLenz/Giffndof.j1>, while HS in <https://github.com/CodeLenz/

HeavisideSeriesODE>. There, usage examples are provided, as well as the documentation and


https://github.com/CodeLenz/Giffndof.jl
https://github.com/CodeLenz/HeavisideSeriesODE
https://github.com/CodeLenz/HeavisideSeriesODE
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the source files. The Julia programming language, (BEZANSON et al., 2012), was used and it is
fully open-source. Julia is a fast and optimized programming language that was developed in
MIT, it was used to code and execute all the numerical experiments of this work.

The work is organized in 4 main chapters: the formulation of the GIF for linear ODEs
with a single DOF, the extension to systems of coupled linear ODEs, the introduction of the HS
method and the study of the GIF and the HS methods to problems with non-classical normal
modes. Each chapter presents the careful mathematical derivation step by step, along with
numerical examples provided to show and compare the accuracy of the techniques and the
correctness of the computer implementation. As one of the appeals of the proposed family
of methods is the computational efficiency, algorithmic complexity analysis are derived and
numerical experimental are carried out to evaluate and compare the computational effort to
well-established techniques, such as Newmark-beta and State Variables.

The results are sound and corroborate that the GIF and HS methods are indeed accurate
and fast. The tests were performed both for the number of time steps and for the dimensionality
of the problem. To this aid, the Finite Element Analysis (FEA) of a metallic truss is used, since
the dimensionality can be raised by increasing the number of modes. It is experimentally shown
that the proposed methods take lesser computational effort, even when the number of DOFs is
increased. Besides, it is also shown that the HS method, for instance, has a convergence rate
between 2 and 4, against the 1 and 2 of the Newmark-beta approach.

Summing up the results, one can observe that the GIF and the HS methods are reliable and
efficient, which make them a suitable choice to solve practical problems involving linear ODEs
in Engineering, such as vibration analysis, electric circuitry analysis and control. For future
works, a set of research ideas are left, such as: extension to non linear problems, application
to modal analysis, application in Optimization and application in Boundary Element Analysis
(BEA), in acoustics for example.

This work is the binding of 4 papers and they shape the conceptual and textual
organization. A brief description of these individual works is given in the following. Two papers
have already been submitted to a journal and are in revision. These two works contemplate
Chapter 2 and Chapter 3 respectively. There is a third paper that has already been written and
will be submitted right after the publication of the first two. The third paper discusses solely the
HS method and, thus, makes Chapter 4. Finally, Chapter 5, concerned with non-classical normal
modes, will form a fourth paper to be submitted when the third one is published. Chapter 5 is the
least matured work and lacks, above all, numerical experiments.

Each chapter has its own introduction to enumerate shortly what is expected of the chapter.
Each chapter also has a final section of Final remarks, that is effectively a section of conclusions
and will do a summary of the achievements of the chapter. In the end, though, a proper chapter
of Conclusion is presented to conclude the work as a whole. Each chapter has an ensemble of
mathematical ideas and proofs that are left in appendices. These appendices are organized in the

end of the work, past the references.
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Regarding the traditional List of Symbols section, there is no List of Symbols. This
dissertation has more than 700 Equations and plenty of different symbols both in scalar form or
in boldface. There are many different indexes and some symbols (like a) are used in different
contexts. To this end, the author decided to carefully introduce each symbol and its meaning
along the text, depending on the context. Special care was taken to not change symbols when

addressing an Appendix.

1.1 JUSTIFICATION

Ordinary differential equations, both in a single dimension and in n-dimensional spaces,
are fundamental to model a range of natural phenomena with importance in Engineering. Three
main examples are dynamic response of mechanical systems, analysis of electric circuitry, and
control theory. Solving these ODEs is challenging in general application, since different classes
of problems require different methods, thus, there is a lack of a more systematic method to
analytically solve them, especially second order ODEs.

Hence, the aim of this work is to establish a new family of methods to solve ODEs
that can be systematically used to generate analytical solutions, thus improving simulation and
optimization capabilities. Besides, this family of methods must be computationally efficient,
hence, enabling faster and more accurate solutions. This performance allows immediate use in
traditionally computational intensive applications, such as Structural Optimization and BEA, to

name a few.

1.2 OBJECTIVES

1.2.1 General Objective

This dissertation proposes a new family of methods to analytically solve linear ODEs
and systems of coupled linear ODEs. The application and characterization of the technique
towards second order problems with constant coefficients are the main focus, thus, connecting

mathematical formulation with immediate application in, for example, vibration analysis.

1.3 SPECIFIC OBJECTIVES

The following list of specific objectives has been created for the achievement of the

general goal:

* Initial proposal of the method;
e Mathematical formulation of the method for n-th order ODEs;

e Particularization for constant coefficients second order ODEs;
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* Solution for non-homogeneous second order ODEs for different classes of excitation

functions;
* Mathematical formulation of the method for second order systems of coupled ODEs;

* Particularization for constant matrix coefficients second order ODEs and study of

exponential maps;

* Solution for non-homogeneous second order systems of coupled ODEs for different

classes of excitation functions;
» Computer implementation of the proposed formulations;

* Mathematical formulation of Heaviside series, i.e., a series of Heaviside step functions for
representing discrete or hard to convolute excitation functions, both for one-dimensional

and systems of coupled ODE:s;

* Numerical experimentation of both accuracy and computational effort for the proposed
methods, comparing them to well-established techniques, such as Newmark-beta and
State Variables;

* Particularization of the GIF and of the HS methods to systems without classical normal

modes.

Other than the above-mentioned topics, two papers with the mathematical formulation
have already been submitted to an international journal and one paper on application to Burgers
material model for an international conference. A paper has been written for the HS method
and is in the final stages before submission to a journal. More works are expected to be written

regarding the above developments.
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2 ORIGINAL FORMULATION AND APPLICATION FOR ODES WITH A SINGLE
DOF

The method that will be proposed in this work is a generalization of the well-established
Leibniz integrating factor for first order linear ODEs. It is a widely used method and it is given
in the beginning of any undergraduate course in Differential Equations. Thus, as this chapter
introduces the proposed technique and its formulation, a brief review of the Leibniz integrating
factor will be given and will introduce the intuitions behind the original method and those used
to generalize it.

The formulation will be first presented for linear ODEs of n order and with coefficients
as function of the independent variable. Thus, the technique will be introduced in the most
general form possible. After the initial presentation of the extension, the focus will lay on the
advantages of the proposed method and will show applications to common second order linear
ODEs that appear in Engineering problems. Some examples are provided, such as Bessel ODE,
Euler-Cauchy ODE and with constant coefficients.

Due to the application of second order ODEs with constant coefficients in problems in
mechanical vibrations, electric circuitry analysis and constitutive modelling, this case will be

particularized for different kinds of excitation functions.

2.1 THE GENERALIZED INTEGRATING FACTOR METHOD

Consider a linear first order ordinary differential equation

ar(1)y(t) +ao(t)y(r) = £ (1), 3)

where y is the dependent variable, ¢ is the independent variable, y(¢) is the derivative of y with
respect to ¢ and f is a non-homogeneous term, usually known as excitation or source term.
The integrating factor for first order differential equations, introduced by Leibniz, relies

on the relation

p()3(1)+p0)y(1) = (p(1)y(1)), @)

where ( ) means the derivative, with respect to z, of all the expression inside the parenthesis.

An integrating factor p(¢) is multiplied to Eq. (3) to force the appearance of Eq. (4),

w(t)ar (£) y(e) + p(t)ao(t) y(t) = (p(6)y(2)). 6))
pl1) p(1)

It immediately follows that

pt) = p(t)ao(r) = (u(t)ar () = fr(t)ar (1) + (1) (1) (6)
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such that

(N
u(r) a (1)
with solution
ao(t) —ai (1) >
1) =ex ——=dt ), 8
() =exp ([ 05 ®)
allowing the use direct integration to solve
(R(D)ar (1)y(1) = p(1) f (1), ©)
such that
1
yt:—(/utftdt—l—cl), (10)
0= e | O
where C) is an integration constant.
Relation given by Eq. (4) can be generalized to higher orders
() . G=D (=1
pi®)y (@) +pi(t)"y (1) = (p;(t)"y (1)), (11)

where ()j))(t) is the j-th derivative of y with respect to ¢ (used for j > 3).

Now consider a linear and non-homogeneous ordinary differential equation of order n

(n)

an(0)3 () +an 1 ()" (1) + -+ @ (0)5(0) + a1 (0)3(0) + ao()y(r) = (7). (12)

It can be rewritten in pairs of derivatives of y(z) such that one element is a derivative higher
than the other. This is achieved by partitioning the coefficients multiplying the intermediate

derivatives into two terms

?n(t)(;)(t) + fun—1,1 (1)(”;)(1) +fn,n71,2(t)<n)771)(t) + fan—21(t)

+ fu32()5(t) + fu2,1 (l))"'(f)j-fn,z,z(f)y'(t) + fur1(t)y(t)+

Ttn3 T2

St 203(0) + ao(0)y(0) = £(0), (13)

-

T, 1

(n=2)

y (t)/+...

where 7, ; is the j-th partition of Eq. (12), which is the key idea for the proposed approach.
Coefficients f, ;; refer to the order of the differential equation, n, partition jand i =1 or i =2
such that

an,j@):fn7j,l(t)+fn,j,2(l)7 (14)
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and there are Ny, = 2n — 2 partitions j.
Multiplying Eq. (13) by a generalized integrating factor ,(¢) results in

(n—1)

tn(£)an () (2) + Un(t) fan—11(t) y

n—1
<pn,n( y )(I))
(n-2)

(t )+un(t>fn,n72,1(t) y (t)+...

(i
(pnn Ly I)
)

(1)

+!Jn(t)fn,n71 2( )

+Bl0) 32 050) )2 (O0) 02 500 4 010500+
(pn;;(t)) (P2 (1))
(1) 20)5(0) + 1 (Dao 1)y () = () (1), (15)
(1)
such that
(Pnn 5 @) + (Prat Y (0) + o+ (ra¥(1) = palt) £0) (16)

can be exactly integrated to

(n—1) (n—2)
Pan Y (O)FPan—1y () 4.4 puiy(t) /un t)dt +C, (17)

an ordinary differential equation of order n — 1, where C, is an integration constant.

Coefficients f, ;; can be found by solving

(&) :<&> :...:(&> :<&) :(&> _ (18)
Hn )y, Hn/ p1 Hn /) 3 Hn /o Hn /1y

where

Ttn,j ==

(“”_O)> = St~ Jnj2®) s n01() =ao(t), funa(t) =an(t).  (19)

,un(t> fn,j,Z(t)
n(n—1)

It follows that there are =—— combinations of these pair-wise equations, along with the n — 1
equations relating each pair of partitions with their coefficient. Thus, the number of equations

available to evaluate coefficients f; j ;, Neg, 18

nn—1) n’+n—2

Neg, = = +n—1="—2—">Ngin>2, (20)

being always bigger or equal than the number of partitions, Ny, , such that there are enough

equations to solve the problem (actually, not all equations must be used). After finding all
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coefficients f, ;;, it is possible to find u,(¢) by using Eq. (19) for just one partition J (any

partition can be used)

,un(t)> _ fn7j_171(t)_fn,j72(t) 1
(e P A b
such that
B fogo11@) =1, 52()
Wa(t) = exp ( / N0 dt) : (22)

The same procedure depicted above can be carried out successively until reaching a first
order equation, where the traditional integrating factor u;(7) can be used.

The main shortcoming of the proposed procedure is the evaluation of Equations (18).
The larger the order of the differential equation, the harder is to find the coefficients f, ;; at each
step of the procedure to decrease the order. For general coefficients a(z), Egs. (18) resultin a
system of Riccati-like differential equations and for constant coefficients a system of quadratic
equations.

Nonetheless, for linear second order equations the procedure can lead to very interesting
and practical results, as it will be discussed in the rest of this manuscript. In special, for second
order ODEs with constant coefficients, the Riccati equation turns into a simple second order

algebraic equation.

2.2 LINEAR SECOND ORDER ORDINARY DIFFERENTIAL EQUATIONS

Consider a linear second order ordinary differential equation

m(t)§(t) + c(0)y(t) + k()y(1) = £ (1), (23)

with initial conditions y(0) = vy and y(0) = ug, where y(z) and f(¢) are functions of ¢ over
R. This equation is of great interest in physical problems, like for example the vibration of a
mass-spring-damper subjected to a force. Thus, independent variable ¢ is also referred to time in
the rest of this work.

For physical reasons, it is assumed that both m(z) and k(t) € R~ and that c(z) € RT,
Vt. The explicit dependency on ¢ will be suppressed in the following equations to simplify the
notation.

Let start by splitting ¢ as

™1 = ¢c= 1,1+ /2,12, (24)

where f> 11 and f> 1 > are also function of time, but over C, such that

?1)"'+f2,1,1y;+f2,1,2y'+ky:f- (25)

™2 1
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Multiplying the ODE by integrating factor u,(z) results in

Homy+ W fr 11y + M2f212Y+ ok y = f, (26)
ST DT DT =~
P22 D22 D21 D21
or
P2V +paoy+pr1y+pr1y=Maf. (27)

Analysing the term

P22 = ofri1 = (Ham) = fam + Lo, (28)

it is possible to state that

b _ fuai—m (29)
20} m
Following the same procedure,
P21 = ok = (I»szz,m) =12+ Uafr12 (30)
such that
. r—
o K-z (31)
J1%) f212
Thus, by relating Egs. (29) and (31), one obtain the particular form of Eq. (18)
—wm k-
fara—m f2,1,2' (32)
m f212
Since ¢ = f2 1,1 + f2,12 it is possible to state that f> 1 | = ¢ — f2,12. Using Eq. (32)
(c—foip—m) fr12=(k—fo12)m (33)
such that
fr12=Fragm—km=+(c—m)fr, (34)
is a Riccati differential equation .
' Conversely, it is also possible to define /2,12 =c¢— f2,1,1 such that
farn—m k—cé+frra (35)
m c—f211
or
By =—paam+(irc) frig — e+ (E—k)m, (36)

also a Riccati differential equation.
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Equation (31) is a first order ODE with known solution
— 2124
uz—exp/ k—foz (37
NERW)

where f> 1 > is obtained from Eq. (34). It is important to stress that only the particular solution of
the Riccati equation is needed.

By knowing L1, it is possible to re-write Eq. (27) as

(Pz.,zy') H(p21y) = o f, (38)

such that integrating with respect to ¢ results in

(P2,2Y) + (P2.1y) = / pofdt +Cs, (39)

—_—
h

a first order ODE. Using another integrating factor ; such that

Wip2py+ Hip21y = th (40)
P11 P11
or
P11y + P11y = Wh. (41)

Following the same procedure

P11 =HMHip21 = (Hlbz,z) = [p22+ HU1P22, 42)
such that

& _ P21 —pz,zy (43)

H P22

with known solution

2,1 — 22
Hl_exp/p P . 44)
P22

Equation (41) can be written as

(p11y) = ik, (45)

and, integrating with respect to time, results in

priv= [ mihdi+C, (46)
such that
1 1
y=—[ uhdt+ —-=0C;. 47)

P11 P11
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Thus, by using the definition of both p; ; and &

y(t) = e, (/Ml (/uz dt) dt+/ﬂ1 Czdl+C1> (48)

is the general solution for the second order ordinary differential equation stated in Eq. (23). This

general solution can be split into its particular, y,(t), and homogeneous, y,(t) parts

yplt) = / (@) [ pa0f ) dra (49)

and
1

)= (/m Czdl+C1> (50)

such that y(¢) = y,(¢) +yx(t). Constants C; and C; can be found by considering the solution at

known ¢ values.

Thus, the proposed solution depends on the solution of a Riccati equation and always
results in integrating factors p;(¢) and p,(¢) function of 7 only, disregarding the form of the
coefficients m(t), c(t) and k(t).

Solution of Eq. (34) is fundamental for the success of the proposed formulation. Indeed,
the solution of the Riccati equation is not an easy task if general coefficients m(z), c(¢) and k(¢)
are considered. Nonetheless, only the particular solution is needed. Various analytical solutions
can be found in the literature for specific forms of coefficients (HARKO; LOBO; MAK, 2014),
as well as numerical methods (FILE; AGA, 2016). Riccati equations with polynomial coefficients
also present interesting solution properties (CAMPBELL; GOLOMB, 1954; NAVICKAS et al.,
2017). The Kudryashov method and its versions can be used to derive analytical solutions to
many nonlinear differential equations starting with the Riccati equation (KUDRYASHOV, 2003;
KILICMAN; SILAMBARASAN, 2018; GABER et al., 2019; KAPLAN; BEKIR; AKBULUT,
2016). A more detailed discussion on the solution of the Riccati equation is out of the scope
of this text, since the main focus in on the solution of linear second order ODEs with constant
coefficients, where the Riccati equation turns into a simple algebraic equation with direct solution.
Nonetheless, some particular solutions are developed in A.1 to aid in the solution of the following
examples. Other interesting conditions to obtain the particular solution for the Riccati equation
are developed in Appendix A.2.

Appendix A.2 can be used to derive particular solutions to many different and difficult
problems, which might have poles and singular points. Thus, the solution of the Riccati
differential equation can be easily found and, consequently, enables the generalized integrating
factor to overcome linear second order differential equations with singular points, that would
be a major drawback for numerical methods and for series methods, due to limited radius of
convergence, (BOYCE; DIPRIMA, 2001). Intuitions in Appendix A.2 might also help developing
new numerical and approximate methods to solve Riccati differential equations and, hence, linear

second order equations due to the generalized integrating factor.



33

Example I - Cauchy-Euler equation
Consider the second order ODE

125(t) — 2t9(t) +2y(t) = 61> +41n(t), (51)

such that the coefficients are m(t) = ¢, c(t) = —2t and k(¢) = 2 and the excitation is f(t) =
6t2 +41n(z).

The Riccati equation, Eq. (34), can be written as

fzz,l,z =122 —dtfr 2, (52)

which is case Eq. (618) in Appendix A.2, resulting in the particular solution f> | » = —¢. Using
Eq. (37)

241 1
pr=exp [ dr = (53)
Thus, P22 = Uom = ¢t~ and P21 = ,LLQfLQ =2, Using Eq. (44)

12
,ulzexp/t——il_dtzl. (54)

Complete solution is given by Eq. (48)

1 ! " 3.0 !
YO =153 (/O 1{/0 (& —|—4ln(t))dt}dt+/0 1C2dt+C1) (33)

such that
y(t) = (66> 42)In(t) — 61> + 3+ Cot*> + Ci1t, (56)

the correct analytical solution.
Example II - Bessel equation
Consider ODE

£5(t) +15(0) + (ﬂ - —) ¥ = £(1) = 13, (57)

with known values y(7)) = up = 0 and y(zp) = vo = 0 at 7o = 0.1. It is known that solution to this
equation is singular at r = 0.

The corresponding Riccati equation, Eq. (34), is

2

. t
faz=Chia=thiat -1 (58)

whose candidate particular solution is a second order polynomial
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P2 =z0+ut+nt’ (59)

Applying this polynomial into Eq. (58) yields

t
25+2z0z1t + (22022 + 21) 2 + 221208 + 251" = 2P + 22087 — 2ot —7it* — 2ot + i t*, (60)

that simplifies to

2
t
z(z) + 2z0z1t + (2ZoZz +Z%) 1? +2Z1Z213 —I—Z%l4 = —z0f + 1 —|—12t3 —14, (61)

whose solution is zo =0, 71 = % and zp = i, which is the case of Eq. (618) in Appendix A.2.

Thus, the integrating factor, Eq. (37), is

2 1 1 _ 2 A 3
Cexp | [ETAT T [ [ Ay, (62)
Ha = exp Ly - Ly ‘

The polynomials in the integrand can be factored and simplified to

' _ 3
g(t, 2>dt>:exp(/—idt—% ;dt), (63)

such that

3
Uy = exp (—it—51n|t|) :t*%exp(—it). (64)

The integrating factor to integrate the differential equation from first order to an algebraic

equation is evaluated using Eq. (44),

1
Wy =t2exp(it). (65)
Solution is then given by Eq. (48)
W) = 1~ exp (—i) / exp (2ir) / 13 exp (—1) £(r)dedr +
(66)

Clt_% exp (it) +C2t_% exp (—it),

and replacing the expression for f(¢)
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(1) 2 +C1t_%exp(it) +C2t_%exp(—it). (67)

Constants, C; and C,, can be obtained by solving a system of linear equations

_1 _1

1, > exp (ito) t, > exp (—ito) {Cl } o — t(;%
3 (68)
2

3 3
102 N
(ito 2 — ZOT> exp (ity) — (ito 24 I(’T) exp (—itp) | (C2

Using values at 7o = 0.1 results in

Y(t) =177 + (—0.4975 +0.04992i) t 2 exp (i) — (0.4975 +0.049924) 12 exp (—it) , (69)

or, by using the Euler identity?,

(1 —0.995cos(t) —0.09984sin(7))
7i :

Figure 1 compares the real part of the solution obtained by the proposed approach, Eq.
(71), with the solution obtained by using the Tsitouras 5/4 Runge-Kutta method (TSITOURAS,
2011) with adaptive time step. The numerical solution starts at # = 0.1 (dark dotted line) due to

(1) = (71)

the singularity but the analytical solution properly captures the singularity at # — O (solid blue

curve).

(efi((DH»(])) _ ei(thrd))) . (70)

R~

sin(wt+¢) =
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Figure 1 — Analytical response y() obtained for the Bessel equation, Eq. (57), and the solution
obtained by using a numerical method, yr;5(?).

2.3 SECOND ORDER ORDINARY DIFFERENTIAL EQUATIONS WITH CONSTANT
COEFFICIENTS

Previous equations are much simpler when coefficients m, ¢ and k are constant since rit,

¢, f27172 and k are zero. As m > 0, it is possible to normalize the equation by m such that

$(t) 4+ ey(t) +ky(t) = f(1), (72)

where ¢ = ¢/m, k = k/m and f = f/m. It follows that Eq. (34) for the constant coefficients case

falls into Eq. (608), thus, it reduces to an algebraic quadratic equation

fia=—k+efr12 (73)
with direct solution
¢t/ —4k
2 b

foa2= (74)

a complex number when ¢ — 4k < 0 (under damped problems). Any one of the two roots can be

used. Equation (37) reduces to
Uy = exp (lAct) (75)
where

k= (76)

k
12
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and Eq. (44) to

_exp (fo,121)
exp (lAct)

Thus, the complete solution is

=exp ((f12—k)1). (77)

S = m (/exp ((fa12—k)1) (/exp (kt) f_(t)dt—l-Cz) dt—i—C1> (78)
where the term

m — exp(—f2120) )
such that

y(t) = exp(—fa12t) (/exp ((fa12—k)1) (/exp (kt) f(t)dH—Cz) dt+C1) . (80)

is the complete solution. Additionally, it is possible to split the solution in its particular

yp(t) =exp(—fr1t) (/exp ((f27172 —lAc) t) (/exp (lAct) f(t)dt) dt) , 81)

and homogeneous parts
ya(t) = exp(—fa,1.2t) (/eXP ((fo12— /}) 1) Codt +C1) : (82)

If k # 0, which is a fair and physical assumption, there are two cases: if 12— k=0
and otherwise. From Eq. (74), one realizes that the first case occurs when damping is critical.
When f> 17— k=0, Equation (82) simplifies to

yi(t) = Catexp (—f2,12t) +Crexp (—f2,12t) .- (83)
This result is what one would expect for critical damping (BOYCE; DIPRIMA, 2001). However,

no solution assumption was made, nor the Wronskian was used to prove the linear independence
of the new solution multiplied by ¢, as it is done in (BOYCE; DIPRIMA, 2001). In contrast, if
12 —k # 0, Equation (82) is further simplified to

yu(t) = exp(—fa1.2t) C1 + Crexp (—kt) . (84)

Particular solution for the constant coefficient case, Eq. (81), can be further developed if
some particular form for f(¢) is assumed. The following sections are devoted to investigate two
situations: Continuous excitation (periodic and polynomial) and discontinuous (unitary impulse
and Heaviside). The case of a general function multiplied by Heavisides is used to obtain the
analytical solution to complicate loading scenarios. One might conclude that Eq. (81) will also
have different treatment when f5 1 5 — k = 0, but that is not necessarily true. Thus, for each one
of the excitation functions explored below, a comment on the need and reason for different cases

of integration will be pointed out.
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24 SECOND ORDER ODES WITH CONSTANT COEFFICIENTS - CONTINUOUS
EXCITATION FUNCTIONS

2.4.1 Periodic excitation

Lets consider a further hypothesis: excitation f(z) is periodic or its Fourier series is

convergent. Thus, normalized excitation f(¢) can be represented as a series of exponentials

F(t) =Y cvexp (Bt + ¢x), (85)
k=1

where ny, is the number of terms, ¢, € R is an amplitude, B; = i, € C is a complex angular
frequency and ¢ € C is a complex phase.

Previously, it was seen that the integrating factor is an exponential by definition, and that
the particular solution, i.e., the solution corresponding to the excitation function, naturally appears
through the successive integrations. These integrations are convolutions over the integrating
factor, thus, if the excitation can be expressed in terms of exponentials, these convolutions can

be trivially calculated. Applying Eq. (85) into Eq. (81) yields

yp(t) = exp(—fz’lgt)/exp ((fz./l’z —]AC) t) (/exp (]ACZ) ﬁ CrEXp (ﬁkt—l-(])k) dt) dt, (86)
k=1

using the multiplication property between exponentials

yp(t) :eXP(—f2,1,2t)/eXP( forp—k) (/cheXP (Be+k)t+ o) d )dl, (87)

whose inner integral is trivial and results in

g

) =exp(~faran) [ew((fa2 -0 Y 2

k=1 Pk

zexp ((Be+k)t+ o) dr. (88)

If /10— k = 0, there is no need to integrate in different fashion, since the function that multiplies
the exponential with the null exponent is also an exponential function, hence, they can simply

have their exponents summed up. Again, rearranging the multiplication of exponentials, yields

yp(t) =exp(—f21 2t / eXP((ﬁk+f2,l,2)t+¢k)dta (39)
which is again trivially integrated to
3
Ck
yp(t) =exp(—fa121) ). exp ((Bx+ f212)1 + ), (90)

S (Be+k) (Be+ fo12)
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such that

_ & crexp (Bt + Pr)
ol E (B k) (Bt fai2)

Equation (91) gives a closed-form and analytic particular solution for any periodic

oD

excitation or an excitation represented through its Fourier series expansion. It is worth noticing
that all constants given by the two integrations at time 7y = 0 were omitted for they can

be coupled to the constants C; and C;, which are by definition constants of these very integrations.

Example with periodic excitation

Consider a mechanical system, made out of elements of stiffness, mass and damping,
subjected to periodic loads. Despite the quantity of those elements, if all the movements can be
kinetically determined in terms of a single movement, the whole phenomenon is described by a
single degree of freedom second order differential equation. In most applications of vibration
problems, the load is periodic, like in support excitation and in unbalanced or electromagnetic
machines.

Consider a mechanical system with an equivalent mass of 1 kg, an equivalent damping
coefficient of 2 Ns/m, and an equivalent stiffness of 10 N /m. The ODE representing the dynamic

equilibrium of this system is given by

() +29(t) +10y(1) = f (1), (92)

and non-homogeneous initial conditions ug = 0.2 and vo = 0.0 at 15 = 0 are assumed. The

periodic excitation force is given by
f(t) = —cos (0.5t) +sin (t) + cos (1.5t — 1.5) — 2sin (2t) + 2sin (10¢) (93)

the superposition of many different signals, like it would be expected in real world problems.

This loading can be written as an exponential series by using the Euler identity

) = _%60.5# B %e—O.Sit B éeit+ ée—it+ %el.Si(t—l) +%el.5i(l—t)+

10
iele . l-e—th . l-el()ll +i€—101l _ Z CjeﬁjH_(Pj. (94)
=

For this example, one gets

k=10, 95)
f12=1+3i, (96)

A~

k=1-3i, 97)
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Particular solution can be found using Eq. (91)

_ 7848 o5 T8I o 2490y, —249i

t) =
() = —537 1537 170 ¢ 170
62 —24i | 5,1y, 02+24i 1551, 2430 5
1105 ¢ T 105 ¢ Tt O 7
230 gy 72490 g0 2490 ok
i B i 98
%6 ¢ T g0 © 850 ¢ ©8)
and, since f7 12 — k 0, the homogeneous solution is given by Eq. (84)
Yh(l) — Cze(71+3l’)l‘ +Cle*(1+3l’)[. (99)

Evaluation of integration constants C; and (; is straightforward. Using Eq. (98) and Eq.
(99) at t = 0, results in the complex conjugates, Cr ~ 0.10564 —0.11980i and C| ~ 0.10564 +
0.11980:.

Figure 2 shows the real part of the homogeneous solution, y; () (solid blue line), the
real part of the permanent solution (solid read line) and the real part of the complete solution
(solid green line) obtained using the proposed approach. The complete solution obtained with
the Newmark-beta method, ¥(¢), with Az = 0.001s is shown as the dark dotted line. It is possible
to infer that the numerical solution matches the complete solution obtained with the proposed
approach.

It is worth mentioning that although y(z) is complex, the maximum amplitude of the
complex part of the response was 8.3267 x 10~!7 in the analysed time interval, which is zero
when compared to the real part. The same pattern was observed in all examples studied in this
chapter.

Since it is known that the response to this problem is real it is worth showing that this is
indeed just a matter of representation. To this end, Eqgs. (98) and (99) can be transformed to a

real-valued form by applying the Euler identity in reverse, resulting in

yp(t) =— 1155367cos (0.5t) — 1;§7sin (0.5t) — %cos (1) + 89—5sin (t)+
1112:5c0s (1.5(—1))+ 1411(8)5sin (1L50—1))+ %cos (2t) —
13—3sin (2t) — %cos (101) — %sin (101), (100)
and
yu(t) = Cae "cos (3t) +Cre 'sin (3t), (101)

with C; = 0.2107 and C; ~ 0.0702. Complete solution y(¢) = y,(¢) +y;(¢) is correct and satisfies
Eq. (92) for all 7.
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Figure 2 — Homogeneous solution, y,(¢) (solid blue line), permanent solution y,(¢) (solid red
line) and complete solution y(z) (solid green line) obtained with the proposed
approach for periodic loading, Eq. (93). Complete solution obtained using the
Newmark-beta method for Ar = 0.001 s, (¢), is shown as a dark dotted line.

2.4.2 Polynomial excitation

Polynomial excitations can be used, for example, to model strain in a viscoelastic testing
sample, since polynomials are smooth functions and can be tailored to match specific shapes and
paths. Thus, finding analytical solutions to this type of excitation can be useful for determining
properties of the viscoelastic medium using such kind of experiments. Polynomial excitations
are also commonly found in RCL circuits.

Assuming a polynomial excitation in the form

7y =Y et —1,)", (102)
k=0

where ¢; € R are coefficients, n,, is the number of terms and 7; € R a time shift.
Applying Eq. (102) into Eq. (81) yields

yplt) = exp(—f;lgt)/exp ((f12—k)1) (/exp (kr) Zp: ck (t—ts)kdt> dr, (103)
=0

as integration is a linear operator, the summation can be transferred to the whole integration and

the coefficient of each power of ¢ can also be put out of the integral,
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=exp(— npc X —k exp (k —skd dr. 104
yp(t) =exp( fZ,I,ZI)I;) k/e p((f2,1.2 )t)</ p (kt) (t 1) t)t (104)

The convolution of a polynomial over an exponential is recursively evaluated using
integration by parts. For it, let the power of ¢ be a positive integer . The first integration by

parts is
exp(B0) =% = [ (L exp(Br)) (- ar —
/ /(3

%exp(ﬁt) (t—1,)%] — %Oﬂ/exp (Bt) (r —1,)* ' dt, (105)

such that another convolution with a smaller power appeares in the RHS of Eq. (105). This

t

0

procedure can be used recursively until the null power, where the integral is over the exponential

only,

/(: exp (Bt) (t —t,)%dt = — (t —t;) % exp (Bt)

1
B

. (l)za(t—ls)a_lexp 0| + (1)3a<a— D) (1 —1)* 2exp (1)

B o \P 0
—<l>4a(a—1)<a—z)(r—t)‘Hex ([)’t)l
B SR
+(—=1)“ (%)aa!/exp(ﬁt) (t—t)* %dr. (106)
Rarranging the terms,
/0[ exp (Bt) (t —1;)* dr =
- i (1) ol a—l+1 t
l;(—l)+ (E) m(f—fs) “exp(Br) 0
+(-=1)? (%) o! exp (Br) (%) , (107)

(108)

~
—
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Applying this result to Eq. (104) and neglecting the evaluation of this integral at t = 0,

since it can be summed with constant Cy, yields

! k+1
Ay 1
yp(t) =exp(—f2,121) ch/ exp f212_ Z l+1 k
k! k—1+1 »
G e k) de (109)

Again, for the same reason as for the periodic excitation case, if f5 12 — k= 0, it can be
convoluted just as it is. Thus, rearranging terms, using the linearity of the integration operator
and defining r =k —1[+1

np k+1 !

(R) k!t
yp(t) =exp(—f2121) ZCkZ (k) —/eXP(lezt)(f—ls)rdf- (110)

r!l Jo

Using the result from Eq. (108),

& R 1+1 i\~ K!
yp(t) =exp(—f2,12t) Z ¢y, (=1 (k) Il
k=0 =1 :
i Py r—' (t—1) T Pexp (fa101), (111)
= L2(r+1-p)! T
that can be further simplified to
i i l+l (f()—l k! ril ( 1)p+1f r! (t—ts)rﬂfp (112)
k=0 =1 r' p=1 21 (r+ 1 _p) ’

which is itself another polynomial.

Example with polynomial excitation

RLC circuits consist of resistors, inductors and capacitors, and are present in many
electrical and electronic applications, such as filters, control and even health-purposed circuits like
pacemakers (AGARWAL; LANG, 2005; IRWIN; NELMS, 2006). Various excitation functions
in electric circuitry problems can be modelled by polynomials, at least locally, and the ramp
function is a traditional example (a first order polynomial).

In this example, the ramp function has unitary slope,

f(t)=t, (113)

and the circuit has resistance of 0.5 Q, capacitance of 1 F, and inductance of 0.1 H. Thus, the

circuit differential equation is
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V(1) +2y(t) + 10y(r) =1, (114)

with 7 € [0,4], and homogeneous initial conditions 1y = 0 and vo = 0 at zp = 0.

Steps used to solve Eq. (112), y,(t), are depicted in an algorithm form in Alg. 2, resulting
in y,(r) = 0.1 — 0.02. Since ¢ — 4k = —36 = fr12 —k # 0, the homogeneous solution is
given by Eq. (84), yielding a linear system of equations for its integration constants, C; and C»,

-
Ca vo—yp(0) |’

| foo2

el =)

whose solution is C; = 0.0100—0.0133i and C; = 0.0100+0.0133i. Thus, the complete solution

is

exp (0) exp (0)
—f2,12exp (0) —kexp (0)

which simplifies to

1 1
—1-3i —143i

¥(£) = 0.11 — 0.02+ (0.0100 — 0.0133) exp (— (1 +3i) 1) +
(0.0100+0.0133i) exp (— (1 —3i)1), (117)

or, by using the Euler identity,
y(t) = 0.1 — 0.0266 exp(—t) sin(37) + 0.02 exp(—t) cos(3¢) — 0.02. (118)

Figure 3 shows (the real part) of the homogeneous solution y(¢) (solid blue line), the
permanent solution y), (t) (solid red line) and the complete solution y(z) (solid green line) obtained
with the proposed approach for the polynomial excitation (linear ramp). The complete solution
obtained with the Newmark-beta method j(z) (dotted line) for Ar = 0.001s matches the complete
solutions obtained with the proposed approach. The complex part of the solution is negligible

when compared to the real part (numerically zero) for all ¢.
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Algorithm 1: Evaluation of Eq. (112)

k=0
co=0
k=1
01:1
[=1 = (- 1)’“() 'K 0.140.3i
p=1 = (- 1)”“]’_1” rJrlr—Lp)!(t_ts)H_] P =(0.1-0.3i)¢
p=2 = (=) 1y (1) 77 = 0.084-0.06i
[=2 = (—1)""' (k)" & =0.08—0.06i
p=1 = ()" Ay =) =01-03i

yp = (1(0.140.37) (0.1 —0.3i) ) + (1(0.1+0.3) (0.08 +0.06i)) +
(1(0.08—0.06i) (0.1 — 0.3i))
yp = 0.17 —0.02

0.25 |+ y,(t)

0.20 r

0.05

0.00 r

time

Figure 3 — Homogeneous solution yj(t) (solid blue line), permanent solution y,(z) (solid red
line) and complete solution y(¢) (solid green line) obtained with the proposed
approach for the polynomial excitation (linear ramp). The complete solution obtained
with the Newmark-beta method j(¢) is shown as a dark dotted line.



46

2.5 SECOND ORDER ODES WITH CONSTANT COEFFICIENTS - DISCONTINUOUS
EXCITATIONS

Dirac’s delta excitation (or unitary impulse) can be used, for example, to model impact
loading in mechanical systems and it is fundamental for real applications in machinery
and infrastructure submitted to such type of loads, like hammers, pistons, shock absorbers,
suspensions and landing gears, to name a few. Its a not trivial loading to model since it is not
even a function. Thus, its modelling in numerical models is usually approximated to equivalent
continuous functions with unitary integral withing a very small time span around the time of
impact (EFTEKHARI, 2015).

Other important discontinuous excitation is the unitary step (Heaviside). Step functions
can be used to parameterize various discontinuous excitations in engineering, especially in
mechanical and electrical engineering, since mechanical force and electrical current can be
switch on and off and have its amplitude modulated in a non-smooth way, (AGARWAL; LANG,
2005; IRWIN; NELMS, 2006; HUMAR, 2005; KELLY, 2006; KANWAL, 2011). In most
applications, the solution of the differential equation with this type of excitation is given by
Laplace Transform, (AGARWAL; LANG, 2005; IRWIN; NELMS, 2006; BOYCE; DIPRIMA,
2001; HUMAR, 2005), whose task of finding its inverse rapidly gains complexity as the excitation
function becomes more complicated. Thus, the generalized integrating factor brings a systematic
way of finding solutions for these important excitation class of functions without the need of

resorting to inverse operations or inverse tables and partial fractions.

2.5.1 Particular solution due to step functions - Heaviside

Let the excitation be defined as a sum of functions fi(z) multiplied by a step functions,

Fo) =Y fit) (1 — 1), (119)
k=1
where
)0 <y
Jf(t—tk)—{ sy (120)

is the Heaviside, or unitary step at #;. Inserting Eq. (119) into Eq. (81) yields

yp(z):exp(—fz,l,zr)/ exp ((fo,12—k)1) /texp (kt) Y. fult) 2 (t —t)dede,  (121)
0 0 k=1

as integration is a linear operator,
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Zexp f212t /OteXp<(f27172—lA<)t)/()teXp(lACt)fk(Z‘)L%ﬂ(l‘—tk)dtdt. (122)

Using Eq. (360) in Eq. (122) for the inner integral results in

Zexp —fo10t) /Otexp((fm,z—lAc)t)/texp(fct)fk(t)dtjf(t—tk)dt, (123)

Ik

and for the outer integral

ZGXP —f2,1.1) /tteXp((fz,Lz—fc)t)/texp(&t)fk(t)dtdt%(t—tk). (124)

Ik

2.5.1.1 Initial conditions and the Heaviside

Let a second order ordinary differential equation have a function £(¢) multiplied by a

Heaviside step as excitation,

(1) +y(e) +ky(r) = f(£) A (t — i), (125)

which is the same as solving two differential equations,

V1 () + ey (t) +kyi (1) = 0, ift <ty

) , (126)
Vo (t) +&ya(t) +kyy(t) = f(t). otherwise

At tg, assuming continuity, the initial conditions of y, must be equal to the values of y; and
its derivative at this point, i.e., y; (t7) = y2 (tr) and y; (tg) = y2 (tg). As there is no excitation
before ¢ty and a purely particular solution is sought after, the solution between ¢t = 0 and t =ty is
y1(t) = 0 and, consequently y; (t) = 0. Thus, it follows that y,(75) = 0 and y, (1) = 0.

It is straightforward that this holds true even when ty — 0. Therefore, all solutions
given by Eq. (124), i.e. using Heaviside as excitation, have y,(r) = 0 and y,(t) = 0 as fixed
initial conditions. Thus, the imposition of non-homogeneous initial conditions, y (fy) = up and

y(to) = vo, at 1y < ty gets even simpler, through the following system of linear equations if

fri2—k#0,
C U
= 127
o) {n} G

exp (—f2,1,210) exp (—kto)
—fo12exp(—fa,1200) —kexp (—kto)

which, particularized for 79 = 0, simplifies to



48

Ci| _ Juo
et

1 1
—fia —k

whose solution is

C = w7 (129)
fa12—k
C1 :u()—Cz. (130)

Otherwise, if f5 12— k = 0, one must use Eq. (83) to assemble the system of equations,

=1

(131)

exp (—f2,1,210) toexp (—f2,1,210)
—f2,128xp(—f2,12t0) exp(—f2,12t0) —tof2,12exp(—f2,12t0)

which can be multiplied by exp (f2.12%),
1 o
—fa2 1—tof212

C1 up
{ } = exp(f2,1210) { } ; (132)
(&) Vo
and, then pivoted to

1 1 C up
= exp (f27172l0) . (133)
[0 1 {Cz} {Vo +f2,1,2uo}

If t9 = 0, it is further simplified to

1 0 C1 _ up (134)
0 1| |G vo+ faiato |

whose solution is

Cy = vo+ f2,1 2u0, (135)
C| = uy. (136)

Thus, the constants C; and C; can be evaluated without any knowledge about the

derivative of the particular response.

Example with Heaviside function



49

Consider the problem from (BOYCE; DIPRIMA, 2001)

0, 0<tr<5
¥(t)+ay(t) = f(t) = {52, 5<t<10
1, t>10

with homogeneous initial conditions ug = vo = 0 at fo = 0. The excitation function can be written

as

) = %%@—5) 200, (137)
Using Eq. (74)
0++v0—-16
fa1p= % = 2i, (138)

and using Eq. (124)

. t . t . —
yp(t) =e 2 (/ 64”/ e 2t (%) drdt. 0 (t —5)+
5 5
tooort /10—
/ oM / o2 (L) dr de. (1 — 10)) (139)
10 10 5

such that
. Ajt 10i 100\ J2it ;20§\ ,—2it—10i
ie™ 4+ (4e'V't — 20e et —je e
yp(t) = ( ( 80) ) H(t—5)+
. At 20i 200\ 2it - 401\ ,—2it—20i
ie™ 4+ (4e7"'t — 40e et —je e
o e "

The complete analytical solution given in (BOYCE; DIPRIMA, 2001) (using Laplace Transform)

1S

(141)

|t=5 sin(2t—10)| 22t —5) [t—10 sin(2t —20)] (¢t — 10)
Y= 8}5_{4_ 8 5

the same result of Eq. (140) after using the Euler identity (as the homogeneous response is zero
in this example).

Figure 4 shows the (real part of) the homogeneous solution (solid blue line), the permanent
solution, Eq. (140), (solid red line) and the complete response (solid green line). As the initial
conditions are null, the homogeneous solution is always zero and the green line overlaps the red
line for all ¢. The reference solution, Eq. (141) is shown as a dark dotted line. The maximum
complex part of the complete solution has a magnitude of 1 x 10~!8, negligible when compared

to the real part.
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0.0 1 1 1 1 1
0 5 10 15 20
time

Figure 4 — Homogeneous solution (solid blue line), particular solution (solid red line) and
complete response (solid green line) due to an unitary impulse at # = 5s. Reference
solution given by (BOYCE; DIPRIMA, 2001) is shown as a dark dotted line.

2.5.2 Particularizing f;(¢) as a polynomial

Analytical functions can be approximated using polynomials, the intuition behind Taylor
series and polynomial regression. Thus, polynomial functions play an important role in analysis,
applied mathematics and engineering, which makes them an interesting particularization for
fi(t) in Eq. (119). Let the excitation function f(z) be given by

N Nk

FO) =YY it #(t—1), (142)

k=11=0

a series of polynomials of order n;; multiplied by Heavisides at times ;. As an example, consider

the loading shown in Figure 5. This complicate loading can be written using Eq. (142) as

Ft)= Q) At —0)+ (—1+2t —12) At — 1)+ (3—dt +17) H(t —3) +(-2) #(t -5),
(143)
such that n;, = 4.

The particular solution for such general loading can be obtained in closed form. Applying

Eq. (142) in Eq. (124) and using the linearity of the integration operator yields
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Figure 5 — Loading comprised of a linear ramp (0 < ¢ < 1), a quadratic equation (1 <f <3)a
constant value (3 < ¢ < 5) and a sudden change to O for # > 5.

Tk t N t .
Z Z exp (—f2,12t / exp ((f27172 — k) t) /l exp (kt) ck’ltl drde (1t —ty). (144)
k= k

The inner convolution is evaluated by using Eq. (108)

g Nk t R I+1 | R
=Y ch,leXp<_f2,l,2t)/t exp ((f2,12—k)1) (Z(—l)p+1 (k) p;tsexp (kt)
k=11=0 k p=1 ’
l+1 1 N 7pl! A
=Y (=P (k) Shiexp (kty) | de (1 — 1), (145)
p=1 :

where s = [ — p + 1. To further evaluate this integral, two cases will be separately addressed
- 12— k 0 and the opposite, respectively. Thus, for the first case, the integral of the outer

convolution is split among its integrands,

Ny Nk

t + n l'
=) ) cuuexp(—far2f) /eXP f2101) Z P (k) =t dr
k=11=0 Tk S.

I+1
_/ttexp (Papt+k(t—1) Y (=17 (k)" %t,idt) H(t—1). (146)

p=1
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Taking the constant terms out of the integrals

ng Nk [+1 R _pl' t
— Z ch’lexp(—fllgl‘) (Z( )Pl (k) / exp (fo.10t)t dt

k=11=0 p=1 s!
+1 . —pl! t .
_Z 1P+ (k) —'t,i/ exp (o100 +k(te—1))dt | H(t —1), (147)
S. tr

which has, then, the first convolution evaluated again using Eq. (108), and the second convolution

evaluated by simple integration,

3 Nk 1+1 s+1
yp() =Y At —1) Y criexp(—fai0) { Y (—1)prt! (/A<)7p2 { Y (1)t
k=1 =0

s!

p=1 q=1
1 q (S)! s+1 1 q
s -qex t)— —1)9t! <—)
<f2,1,2) (s+1—gq)! p(f2120) q;’l( ) fip
e (fran) —lf(—wﬂ (lé)ﬂ”ﬂf
(s+1—g)* PRI T & stk
R R 1
exp (fo10f +k(ty—1)) —exp | fo1otk +k(tx —1) —— . (148)
N—— f27172—k

Rearranging the terms

n ny + p+1 —p l' S‘+l q+1 1 q
yplt) = Z (=) ZC"’ z:: S'Z( b <JE)

k= = q=1
S—’f“q} Fexp(fora(te—1)) 4 —— lf P (@) L
(s+1—g)! h fo12—k p= st
I+1 N s+1 1 q 5!
p;( ) ) s!q;( ) faa2) (s+1—g)*k
k ! ¥ NP (k w2l 149
_exp( (fk—f)) m pz,l(— ) ( ) Etk ; (149)

which, with further simplification, can be written as
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ng nyk [+1 p+1 . pl‘ s+1 g+1 1 q
yplt) = Z (=0 Yewry  LEDTE) TG B (D <E>

k= p=1 *g=1

N I+1 o p !
—)!t”l‘q} +exp(fo12(t—1)) { Y (0P k) = {—

(s+1—g k
Y e ( 1 )q SRS
o faaz) (s+1-g*

A 1 s N
—exp (k(e—1)) (ﬁ) Y (=) (k) pgt,f}. (150)
1,27 p=1 :

Now, for the second case, i.e. f212 —k=0, Equation (145) can have the integrand split
in two parcels, one that is dependent upon ¢ and, hence, can be integrated just like in the first

case, and the one parcel that is constant, to which the condition f5 1> — k = 0 must be applied,

M Tk t R I+1 .
)= Y crrexp(—frit) [/ exp ((fo12—k)t) ¥ (=1)PHH (k)7 l‘t exp (kt) dt
k=11=0 ! =1
I+1
/tk exp ((f2 12— ; p+1 (/%) -r gt,iexp (i(lk) dt] jf(l‘ —tk) .

(151)

Applying f> 12— k = 0 and that the integral is a linear operator, terms can be rearranged to

ng Mg I+1 o l! t
= Z ch,lexp(—f27172t) [Z(_l)p"'l (k) '/ exp(lezt)t dr
k=11=0 p=1 $
+1 N . t
_ Z(_l)p+1 (k) pgt;:exp (ktk)/z ldt] H(t—1). (152)
p=l1 ' k

The first convolution in previous equation can be evaluated using Eq. (108),

Yy v 1 gy 1 1 q
=Y ) criexp(—frint) | Y (—1)PF Z et ( )
k=11=0 12

p=1

(o et t>)-‘§<_1>q+l( Ly
(s—l—l—q)! xplz12 f27172 (s+1—q)!

q=1

141 o p ! R
£ exp f27172,k} Z 1P+ (k) p—'t,ﬁexp(ktk) (t—tk)]%”(t—tk), (153)
— S

which can be finally simplified to
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ng N [H—l

()= SR I CT
Y _;;E’)Ck’l L s! L f212

p=l1 g=1
S—! s+1—q _ stl—q N _l+l e+l (g —pﬂ
g (7 e ) |- X 10 B
tiexp (kt — foa0t) (t — 1) A (t — 1) (154)

Thus, two expressions were derived for the particular response due to Heaviside steps
multiplied by polynomials - one for critical damping, Eq. (154), and another for any other
damping, Eq. (150).

Example

Consider a mechanical system described by

() + (1) +4y(r) = f(1) (155)
with non-homogeneous initial conditions ug = —0.2 and vy = 0.1 at fo = 0. The loading is given
by

Ft)=2) At —0)+ (—1+2t —12) At — 1)+ (3—dt +1*) H(t —3) +(-2) #(t -5),
(156)

shown in Figure 5.

Hence, ¢* — 4k = —%5 = f212 —k # 0, and Equation (150) can be used. Figure 6

shows the solution obtained for this example. The homogeneous response is shown as a solid
blue line, the particular response as a solid red line and the complete response as a solid green
line. The numerical solution obtained using the Newmark-beta method with Ar = 0.001 s is

shown as a dark dotted line.

2.5.3 Particular solution due to unitary impulses - Dirac’s deltas

Consider that the normalized excitation f(¢) is given by ng Dirac’s deltas at times #;

ng
F6)=Y ad(t—n), (157)
k=1

with coefficients ¢, € R. Particular solution given by Eq. (81) can be written as

t R t oI5
y,,(z):exp(—fz,mt)/ exp ((f2,12—k)1) (/ exp (kr) chS(t—tk)dt> dr,  (158)
0 0 k=1
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Figure 6 — Homogeneous response (solid blue line), particular response (solid red line) and
complete response (solid green line) for the loading f£(¢) given in Fig. 5 and
non-homogeneous initial conditions. The complete solution obtained using the
Newmark-beta method is shown as a dark dotted line.

or, using the linearity of the integral

15 t R t R
yp(t) = chexp(—fz,l,zr)/ exp ((f2,12—k)1) </ exp (kt)5(t—tk)dt> dr. (159
k=1 0 0

The inner integral can be found by using the Filtering property of the Dirac’s delta
(Appendix A.3, Eq. (633)), such that

/Ot exp (lAct) Ot —t)dr =exp (lActk) JO(t —1ty) (160)
where ¢ (t — 1) is the Heaviside function at . Thus,

yp(t) = knilckexp (—fr12t) /Ot exp ((f2,12 —k) 1) exp (kty) 2 (t — 1) dt, (161)
N -

yp(t) = Iickexp (—fo10t)exp (kty) /Ot exp ((fo12—k) 1) A (t — 1) dt. (162)

This convolution over a function multiplied by the Heaviside function can be evaluated
splitting the integration domain according to the step function, thus, resulting in a change of

integration limits,
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[ exo (B0 it a—na = [ exp(Br) fe) #  — )i+ [ exp(Bo) fele)# (1 —n) i,

-~

=0
(163)
where f3 is a generic coefficient, such that
[ e (B0 0w = ( [ exp(pr)sityer) a1 (164)
Thus, Eq. (162) can be written as
yp(t) = gckexp (—f2,12t)exp (lActk) /z,j exp ((f212— IAC) t)dr A (t —1y). (165)

As in Eq. (145), Equation (165) also must be treated in two different cases. For the first one,

when f2 12— k=0, the particular solution is given by

yp(t) = nf: L (exp (k(tx —1)) —exp (fo12(tx —1))) H(t — ). (166)
im1 12—k

For the opposite case, when damping is critical, the particular solution is given by

ngs R
yp(t) =Y crexp (ki — fa,1 1) (t — 1) H(t — ). (167)
k=1

It must be observed that the particular solution contains a Heaviside such that the results

obtained in Appendix C.2 are also valid for unitary impulse as excitation.

Additionally, for under damped problems, f> ;> is complex and k= le_‘l S = f2*7172 (where
* stands for complex-conjugate). Thus

ng

N Sk (Bt paa(t) 2t — 168
yp(t) k;l 21‘3(]“2’1’2) <€ e ) (t tk)a ( )
or
\ Ck R(f212)@=1) (=S (frr2) =) _ LiS(fr12) (1)
=) ——— P2 — e~V Tt — 169
yp(t) I; 2i3(f2,1’2)e (e e > (t—1r) (169)
and user Euler’s identity for sin
ns
(1) = ¥ s R Pa2) ) in (S (f.12) (1 — 1)) At — 1), (170)

- A23(f2)

First example with unitary impulse
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Consider a mechanical system described by the following ODE

25(1) +3(6) +2y(t) = 8(1 = 5), (171)

with homogeneous initial conditions uy = 0 and vy = O for #yp = 0. The analytical solution is
(BOYCE; DIPRIMA, 2001)

0 r<s .
()= Zeesin (VE(-5)) 125 (172)

From the data, ¢ = 1/2, k=1, ng =1 and t; = 5. Hence, & — 4k = —% = 12 —IA<7£ 0.
Constant f> 1 » can be found by solving Eq. (74) such that f; 1 » = 0.25+ 0.96824i. Equation
(166) reduces to
1 ‘ .
_ (0.25—0.9682i)(5—1) _ (0.25+O.96824z)(571)) B
t) = JOt—5 173

1) = 310.96824)1 (e ¢ (r=5) (173)

and, although complex, has negligible complex values, matching the analytical solution.

Alternatively, using Eq. (170)

1

- 0.25(5—t) o o -
7(t) = 3506528 sin (0.96824(1 —5)) #(1 — 5) (174)

which is also identical to the analytical solution provided by (BOYCE; DIPRIMA, 2001). Figure
7 shows that the homogeneous solution (solid blue line) is always zero, as expected (due to
the homogeneous initial conditions of this example). The complete solution (solid green line)
obtained with the proposed approach overlaps the solid red line of the particular response, since
they are always equal in this example. The analytical reference solution, (BOYCE; DIPRIMA,
2001), is shown as a dark dotted line.

Second example with unitary impulse

Consider a mechanical system subjected to two opposite impacts at# = 1 and t = 5s

J() +3(t) +4y(1) = 8(t = 1) = 8(r = 5), (175)

with non-homogeneous initial conditions uy = —0.2 and vo = 0.1 for zp = 0.

From the data, ¢ = 1, k = 4 and ng =2,witht; =1,c1 =1.0,1, =5 and ¢ = —1. Hence,
P —dk=-15 = VERW) —k # 0. Constant /212 can be found by solving Eq. (74) such that
/2,12 =0.5+1.93649i, an under damped problem.

Figure 8 shows the (real part of) homogeneous solution y,(¢) (solid blue line), the
permanent solution y, () (solid red line) and the complete solution y(¢) (solid green line)
obtained with the proposed approach for the two opposite unitary impulses at = 1 and # = 5s. It

is worth noticing that the complete solution is equal to yj(¢) for < 1 s (before the first unitary
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Figure 7 — Homogeneous solution y;(t) (solid blue line), permanent solution y,(z) (solid red
line) and complete solution y(z) (solid green line) obtained with the proposed
approach for unitary impulse at 5s. The analytical reference solution y,, () is shown
as a dotted line. The red line cannot be seen in this image since the green line
(complete solution) is over the red line (particular solution) for all 7.

impulse), as expected. The complex part of the solution is negligible when compared to the real
part (numerically zero) for all 7.

Regarding the numerical solution, each impulse was approximated by (EFTEKHARI,
2015)

5(t—t0)z%<l+cos<@)> fo—e<t<ty+e. (176)

with € = At (the proposed methodology does not need such approximation). The complete
solution obtained with the Newmark-beta method () (dotted line) matches the complete

solutions obtained with the proposed approach when a small time step of Ar = 0.001s is used.



59

0.4 | y,(t)

0.2 r

-0.2 |

time

Figure 8 — Homogeneous solution y;(t) (solid blue line), permanent solution y,(z) (solid red
line) and complete solution y(z) (solid green line) obtained with the proposed
approach for two opposite unitary impulses at = 1 and t = 5. The complete solution
obtained with the Newmark-beta method ¥(¢) is shown as a dark dotted line.

2.6 FINAL REMARKS OF THE CHAPTER

This chapter presented the formulation for the generalization of the Leibniz integrating
factor to linear ODEs with order m > 2. The new method, Generalized integrating Factor or GIF,
is a systematic approach to reduce order of the original ODE by applying integrating factors
dependent upon the independent variable only. The technique was applied to important ODEs
and the case of constant coefficients was thoroughly studied due to its application in Engineering.

Various excitation functions yielded analytical solutions in closed form, like periodic and
polynomial functions. Closed form solutions were also obtained for discontinuous excitation, as
for Dirac’s delta impulse and Heaviside step function. The Heaviside case was particularized for
steps multiplied by polynomials, enlarging the range of applications with analytical solutions.

In contrast to previous and well established methods, like undetermined coefficients,
variation of parameters and Laplace transform, no knowledge of a candidate solution, nor of
the homogeneous solution, nor of the calculation of a inverse transformation was needed. The
solution was instead analytically derived by means of double convolutions. Table 1 shows
a summary of the main drawbacks of some well-established methods when compared to the
proposed approach. It is worth noting that, unlike most of the traditional approaches, the proposed

method can be used for time-dependent coefficients. As it will be discussed in the next chapter,
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these drawbacks make it hard to use most well-established methods to solve coupled systems of

ODE:s, unlike the proposed approach.

Table 1 — Main drawbacks of well-established methods when compared to the proposed

approach
Method Drawback when compared to the proposed approach
Integral transforms ! Need complicated algebraic operations and inverse transforms
State variables Doubles the dimensionality of the problem
Undetermined coefficients Needs a candidate particular solution
Variation of parameters Needs to know the homogeneous solution beforehand
Characteristic polynomial Needs a candidate homogeneous solution

[1] An example of integral transform is the Laplace transform.

Other interesting characteristic of the proposed approach is the fact that the solution
procedure does not make any assumption about the level of damping (coefficient ¢) and can be
used to sub, critically or super dampened problems without modifications.

For differential equations with general coefficients, the integrating factor depends on a
particular solution of a Riccati differential equation. It was shown that the coefficients themselves
might help finding a particular solution rather easily. Thus, the Riccati differential equation poses
no strictly direct barrier to the wide application of the method, capable of giving accurate results
and requiring no assumptions of solution candidates. Nonetheless, since this chapter focuses on
the constant coefficient case, a more profound study of the solution of the Riccati equation is not

carried out and is left for future works.
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3 EXTENSION OF THE GENERALIZED INTEGRATING FACTOR TO SYSTEMS
OF LINEAR ODES

Following from the applications in vibration analysis and electric circuitry simulation,
which were discussed in Chapter 2, it is clear that solving systems of coupled linear ODEs is
paramount. One such example is vibrations in discrete mechanical systems, like in automobile
suspension systems, and another is vibrations in continuum systems discretized by FEM or BEM
(Boundary Element Method).

Given the importance of systems of linear ODEs in Engineering, this chapter will extend
the Generalized Integrating Factor to these systems. Also stemming from the applications, the
formulation will be particularized for constant matrix coefficients. The homogeneous and the
particular solutions will also be given in separate. The particular solution, for instance, will be
studied for different kinds of excitation, both continuous and discontinuous.

It will be shown that the solution of the system of ODEs with constant matrix coefficients
is linked to the solution of a matrix quadratic equation, whose solution is affected by damping.
In particular, it will be shown that the matrix quadratic equation has closed-form solution when
proportional damping is used, i.e. when the system has classical normal modes.

Running time experiments were carried out to assess the computational effort required
by the technique to solve such systems of ODEs. Then, the Generalized Integrating Factor was
compared to the Newmark-beta method and to the State Variables method. It was observed that
the proposed technique delivered exact solutions in the smallest time when compared to those
methods. Thus, the GIF method presents a clear advantage in both accuracy and in computational
effort.

3.1 THE GENERALIZED INTEGRATING FACTOR FOR SECOND ORDER COUPLED
SYSTEMS OF ODES

Consider the coupled system of n second order ODEs presented in Eq. (1), where M,
C and K are time-dependent n X n matrices, f is a general vector also depending on time ¢ and
vector y is the solution. For easy of notation, explicit dependency on time ¢, (¢), will not be
carried out in the following equations. Also, M is invertible and, consequently, Eq. (1) can be
multiplied by M~ ! to the left, such that

Iy +Cy +Ky =f. (177)
To solve this equation one start by splitting C as

C=F211+F212 (178)
where both F; 11 and F» ; » are also n X n time dependent matrices, not necessarily real. Thus,

!y—sz.,l,l)z—i-Fz,l,zY—FK)j:f (179)

™2 ™1
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Next step is to multiply Eq. (179) by an invertible n x n matrix [, (generalized integrating factor)

such that

oL i+ 1o Fo i 1 ¥+ poFo 125+ poKy = uof.
— T D S~
P22 | P Py Py

Using the definition of P; 5 and its time derivative
Prr=u,Fp 11 = (I—l.zl) =M,

and multiplying by @, ! results in
By =Fo

such that it is fair to assume, when F» ; ; and its integral commute,

H, =€Xp (/F27171dt) .

The same procedure can be applied to P | and its time derivative
Py = oK = (1,F212) = 1,2 12+ 1, Fa 12
and multiplying by p, ! to the left
K=u,"1,F12+F212
such that
By, = (K=¥210)Fy 5
with solution
1, = exp (/ (R—¥y,2) Fz_izdt) .
Equating Eqs. (182) and (186)
Fri1=(K-Fz12) Fﬁz
such that
Fo11F210 = (K=Fy )
and using Eq. (178)
Fr11(C—Fai1) = <K -C +F2,1,1>
such that

F%,l,l = é—l—FzJJC — K—F27171

(180)

(181)

(182)

(183)

(184)

(185)

(186)

(187)

(188)

(189)

(190)

(191)
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is a coupled system of Riccati differential equations. Thus, by solving Eq. (191) it is possible to
find yu, using Eq. (183). As both P, > and P> | depend on known ,, it is possible to re-write Eq.
(180) as

(P223) +(P21y) = o (192)
and integrating w.r.t time
(P22y) + (P2,1y) = / pofdr +Cso (193)

where C; is a constant vector. Multiplying by another invertible time dependent matrix i,

(generalized integrating factor)

uley—i—ule,ly:yl (/[szdt-f-Cz) (194)
~—— S——
Pl,l Pl.l h NG g
’ h
such that
Pii=p P = (1P22) = 1, Poo+p Pop (195)

and by multiplying by pt; ' to the left

Py = (P —Pon) Py (196)
with solution

[y = exp (/ (P, —Py2) Py} dt) : (197)
Again, P | is known after evaluating g, and Eq. (194) can be written as

(Pi1y) = pih (198)

with solution

y="P;! (/ul{/uzf'dt—f—Cz}dt—i—Cl), (199)

where C; is a constant vector. Complete solution can be split into its particular and homogeneous

Counterparts as

yo =P} / My / pofdrdr, (200)
and

yth;i (/ulCzdt+C1>. (201)

This procedure can be time consuming depending on how matrices M, C and K vary

with time. Other issue is the solution of Eq. (191).
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It is worth to mention that the proposed procedure does not depend on a time discretization
and, despite being solved by using a computer, is analytical. For example, one can evaluate
the response y(¢) at any given time without knowing the solution of previous times. Numerical
methods, like the well established Newmark-beta method, work in a total different way, building
the solution from time step to time step. Approximation errors associated to the interpolation
hypothesis of each particular numerical method are sensitive to "large" time steps, such that
approximation errors (as well as numerical errors) are expected when using methods relying on
approximations.

In the following, the special case of constant coefficients is addressed.

3.2 CONSTANT COEFFICIENTS

Consider a discrete system of n coupled ODEs with constant coefficients. Recalling Eq.

(180)
BoL§+ poFo 11§+ UoFo 10§ + 1Ky = pof. (202)
~— — —— ~—~
Py» | P P Py

For the following steps, the time-derivatives of F» | ; and F; ; » are considered null, since these

partitions are constant just like matrix C. Thus,

Pyy=f1, = u,Fp . (203)

Multiplying to the left by the inverse of the integrating factor yields

By, =Fyp . (204)

The same procedure can be performed to P i,

Py =p,K=f,F;, (205)

which, with further simplifications, yields

1y ', =KF; . (206)
Equating Eq. (204) to Eq. (208), and multiplying to the right by ¥ 1 » = C— F> 1, results

in

Fy11[C—F211] =K, (207)
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further simplifying this equation yields

F5,,—F1C+K=0, (208)

where 0 is the null n x n matrix. The analytical solution procedure for this matrix polynomial
equation is discussed in Subsec. 3.2.1.

The first generalized integrating factor, i,, is found by means of Eq. (204)

H, =€Xp </F27171 dl‘) = exp (FZ,I,ll)~ (209)

Equation (202) can be written as

(P22y) + (P2,1y)= Hof (210)
which can be integrated w.r.t time, yielding
Mo+ IaFai0y = [ ofdr + €, @11

where Cj is a constant vector. This is a system of first order ordinary differential equations. Thus,
by multiplying the equation to the left by @, !"and by another generalized integrating factor p 15
and using F» 1 » = (op= F> 11, yields

Ly [C-Foily=pmipy! [pofdrs pps'co 212)
~—~ —_———
Pia Py

Repeating the same procedure for the second integrating factor,

Pli=p=p [C-Foi], (213)
or

pi'p,=C—Fay, (214)
such that

My =exp </ [C—szl,l}dt) =exp ([C—Fa1.1]1). (215)

Equation (212) can be written as

(Pl,ly)zﬂlﬂil/#zfdt+u1#51Cz, (216)

such that by integrating and multiplying to left by “1_] yields
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y:‘ll_l/#ll-lz_l/#zfdtdl+#1_l/“1#2_1C2dl‘+l»ll_lch (217)

where C; is another constant vector. As the integrating factors are already known for this case,

they can be substituted in previous equation, resulting in

y = exp (— [(_J —F27171} t) /exp ([C _FZ,LI} t) exp(—F2 1.11) /exp (Fa,11)fdedr

+exp (— [C—Fz,l,l]l)/eXp([C—Fz,l,l]t) exp(—Fz’l’lt)Czdt
+exp(— [C—Fa1,1]1)Ci. (218)

According to (GALLIER, 2011), exp (Af) is an exponential map and, for such map,
the property exp(A)exp(B) = exp(A+B) holds true if AB = BA (A and B commute).
Consequently, if C and F> 1,1 commute the exponential multiplications in Eq. (513) can be

grouped together as

y=exp ([Fa11-€]1) [exp([€~2F21]1) [exp (o0 Tdrdr+

exp ([Fa1 1 —C] t)/exp([é—2F27171]I) Codr +exp ([Fory — €] 1) C). (219)

If C—2F 2,1,1 18 non-singular, the time-derivative of the exponential map can be used to
evaluate the integral with the C; term in Eq. (219),

y:exp([F;u —(_?] t)/exp([(_f—ZFzJJ}t)/exp(FzJJt)fdtdt—k

exp(—F27171t) [C — 2F271’1} - C,+exp ([F27171 — C} l‘) Ci, (220)

where, again, there is a particular solution,

yp =exp ([F2,1,1 — C] t)/exp([C—zeM}r)/exp(Fm,lt)fdtdz, (221)

and a homogeneous solution,

Yo = exp(—Fo111) [C—2F 1 1] 1 Cytexp ([F2,1,1 —C]1)Cy, (222)

which can be further simplified if C, absorbs the matrices multiplication, i.e.,

Yo = exp(—Fo 1 11) Co+exp ([F2,11 — C] 1) Cy, (223)
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both valid if
CFy11=F;,C (224)

commute. Complete expressions to evaluate constants C; and C; are developed in Appendix B.1
and an efficient approach to evaluate Eq. (223) is discussed in Appendix B.5.
Commutativity of matrices F, 1 ; and C is studied in the following.

3.2.1 Solving the quadratic equation, Eq. (208)

Assume that the damping matrix, C, is given by Rayleigh damping model, i.e.,

proportional damping. Thus

C = oM+ BK, (225)

normalizing by the mass matrix, one gets

C=aM 'M+ M 'K = oI + BK, (226)
therefore,
CK = aIK + BK? = oKI+ K> = KC, (227)

such that C and K commute.

As stated before, F; 11 is given by the following matrix quadratic equation

F5,,-F; 1 C+K=0. (228)

According to (HIGHAM, 2008), a quadratic equation of the form

X?>+BX+D =0, (229)

has a solution given by

1 1 1
X=_—-B+-[B?>—4D]|2 230
5 +2[ 1%, (230)

if B and D commute. When a matrix solves a matrix polynomial equation it is called a solvent.
In Eq. (228), the unknown matrix variable is at the left of the coefficient, F2,171C, hence, it is
called a left solvent (HIGHAM; KIM, 2001), while in Eq. (230) the unknown variable is at the
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right, BX, thus, a right solvent. The question is whether solvent given by Eq. (230) solves Eq.
(228), since Eq. (228) has the first coefficient equal to I and C and K commute. To validate it, let
the candidate of solvent, F‘ZJ 1, be calculated by Eq. (230) and be substituted into Eq. (228).

I[P R
Frii=5C+3 [C*-4K]?, (231)

(‘:[(‘12—4K]2+i[é2—41‘q5é+}1[62—41‘(}— (232)
~C*— - [C*-4K]?C+K. (233)

The terms without the square roots are cancelled such that

%C[CZ—4K}§+%[CZ—4K]§C—%[62—4K}5C. (234)

From Corollary 1.34 of (HIGHAM, 2008), a special case of function defined on the spectra of

the multiplication of two matrices is the square root function, that gives

[AB]ZA = A[BA]?. (235)

Let A= C and B=C—4C 'K, thus,

[C*-4K]?C=C[C*-4C 'KC] . (236)

as C and K commute,

(€ 4K]*C=C[C?—4C'CK]* = € [C>—4K]?, (237)
hence,

1- .= _ L 1 __ _ L _ 1 .- _ L _

Zc[c2—4K}2+Z[CZ—4K}ZC—E[02—4K}ZC:0, (238)

therefore Eq. (231) is a solvent to Eq. (228) and

| R
Foi1=5C+7 [C*—4K]2. (239)
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Another interesting fact is that, as Eq. (231) was derived for a right solvent and satisfies a

left solvent as well, such that

F%}Ll—F27171C+K:F%7171—CFz,u+K:0, (240)

thus, by inspection, one can realize that C and F> 1 1 also commute and Eq. (220) is consistent
when Rayleigh damping is used.

Other useful relations valid for Rayleigh damping are

CFy1,1 = (al+BK)Fy 11 =aF» 1+ BKFy (241)
and
Fr11C=F2 11 (al+BK) = aF, 1+ pF1, 1K, (242)

thus, as C and F> 1,1 commute, by comparing the last two equations if follows that K and Fo 11
also commute, i.e., F2 1 ]K=KF, 1 ;.

Other form of damping leading to commutativity between C and Fr1is

C=al+Y BK/, (243)
J

for example, where the Rayleigh damping turns out to be a particular case. Equation (243) is
known as the Caughey series and is also known to be the condition for a system to have normal
modes (ADHIKARI, 2006).
A numerical method shall be used to find F> 1 ; when other models of constant damping
fail to keep commutativity between the damping and the stiffness matrices (HIGHAM, 2008).
3.2.2 Under damped problems
Equations (442) and (223) depend on
exp ([F2,1,1 —C]) (244)
and
exp(—F211). (245)
For under-damped problems, it is possible to show that
exp (F2,1,1 —C)" =exp(~Fa11). (246)
First, as exp (A*) = exp (A)™ it is possible to write

F5,,—C'=—-Fp1, (247)
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and as C is strictly real

F5,=-F11+C (248)
such that

R(F211) = —R(F11)+C = R(Fy11) = %C (249)
and

=3 (F2,1,1) = =3 (F2,1,1). (250)

Thus, for under-damped problems the imaginary part of F5 ;| should be only related to the
second term in the RHS of Eq (239)

1.~ _ .1
S(Fa11) =5 [C* - 4K]? (251)

and this is true iff the matrix inside the square root is strictly real and has only real negative
eigenvalues. The first condition is always fulfilled since both C and K are real matrices.
Additionally, the term C — 2F> 1,1 in Eq. (223) reduces to

C—2Fy11=-23(Fa11)i (252)

a purely imaginary matrix.

In the following, conditions necessary to satisfy are investigated that
C*-4K (253)
has only real negative eigenvalues.

Structural damping

The simpler form of proportional damping is given by C = BK. In this case, the matrix

inside the square root is

C? —4K = B*K? —4K. (254)
It is worth noticing that the traditional eigenvalue problem is

(K—AM)x=0 (255)

where A is a strictly real positive eigenvalue and x is the associated eigenvector. Pre-multiplying
by M~!

(R—AL)x=0, (256)
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and multiplying by K

K’x = AKx = 21Ax = A°x. (257)
Thus, Eq. (254) can also be written as

B2XA’X ! —4XAX"! (258)

where A is a diagonal matrix containing the eigenvalues of K and X a matrix with its

corresponding eigenvectors. Arranging

X ([321\2 _ 4A> X! (259)
such that
B*A7 —4A <0Vi=1.n (260)

and 3 must satisfy

B < \/ng 1.n. (261)

Proportional Damping

Considering
C=ol+BK. (262)
The square of C is
C? = a’1+2BoK + B°K>, (263)

such that the term inside the square root is
C? —4K = 0’1+ 2BaK + B?K* — 4K. (264)

Using the change of basis

X (azl +2BoA+ BA% — 4A> X! (265)
such that
o? +2Baki+ B2 —44; <0Vi=1.n. (266)

There are many possibilities to find suitable values of o and f in the previous equation. On can

notice that the last two terms should be negative or zero if 8 satisfies Eq. (261). If

ﬁzliz — 41,‘ = =& (267)
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then

3 —& +4A
Thus,

o+ (2BA) o — & < 0Vi=1.n, (269)
such that

&< — (BA) £/ (BA) +e (270)

3.3 COMPARISON WITH OTHER SOLUTION PROCEDURES

The proposed approach can be compared with other solution procedures to solve coupled
systems of second order ODEs. Among the many options found in the literature, the most used
approaches to solve coupled systems of linear ODEs are numerical, like the Newmark-beta
method (NOH; BATHE, 2019) and analytical approaches, like the Laplace Transform (WORDU;
OJONG; OKPARANMA, 2022) and state variables as a order reduction approach (CHAHANDE;
ARORA, 1994). One can also use a mix of reduction order approaches, like the State Variable,
and numerical solutions for first order ODEs. The numerical approaches are the most used, since
they are generic (do not assume a particular form for the excitation) and are easy to implement.
Nonetheless, every numerical method is based on some assumptions on the behavior of the
response between discrete time points and, therefore, is prone to different types of errors.

Well established analytical methods, like the Laplace Transform, are hard to use for large
dimensions, since the symbolic inverse operations are very complex to perform, even when using
modern Computer Algebra Softwares (CAS) like (MAPLESOFT, ; KARJANTO; HUSAIN,
2021). Other well known analytical procedures, like the Variation of Parameters Method depends
on the previous knowledge of the homogeneous solution. Also, the authors could only find
references addressing its use for first order coupled systems of ODEs (ABELL; BRASELTON,
2023; NAGLE; SAFF; SNIDER, 2000) but not for second-order problems.

3.3.1 Solution using the matrix Laplace transform

According to (NAGLE; SAFF; SNIDER, 2000), the Laplace transform .Z can be naturally
extended for systems of coupled ODEs by applying the original definition of the transform

element-wise. Thus, Equation (177) with constant coefficients becomes

& (Iy+Cy+Ky) =s>Z(y) —sug—vo+ C[s.Z (y) —ug] + KL (y) =
[s’T+sC+K|.Z(y) - [sI+Clug—vo =2 (), (271)
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where s is the independent variable in the transformation domain, and ug and vq are initial

conditions. Hence, Equation (271) can be further simplified to

Z(y) = [1+sC+K]" (L (F) + [s1+Clup+vo) . (272)

Using matrix inverse properties, the analytical solution is written as

1

y(t) = 27! ([s2M+sC +K] 7 (2 (1) + [sM+CJug +Mv0)) . 273)

From Eq. (273), one can observe that the use of Laplace transform to obtain analytical solutions
to systems of ODEs is rather complicated, since a symbolic inverse of a matrix of the same
dimensionality of the original problem must be calculated and, beyond that, the multiplication
of this inverse to the Laplace transform of the excitation vector must be also carried out. Then,
algebraic operations are needed to make Eq. (273) suitable for the inverse operation of the
Laplace transform. All that said, it is clear that this integral transform method is not suitable
for problems with high dimensionality and it is even more cumbersome to find closed-form

particular solutions like the ones discussed in the rest of this text.

3.3.2 Solution using order reduction by state variables

Consider the linear coupled systems of second order ODEs given by Eq. (177). Defining

a new variable

q(t) = {M}, (274)
y()

it is possible to re-write the original system as (PALM, 2020),

[(I) 1&] q(r) + 1(; ;I q(r) = m f(t), (275)
——
A D B

a first order ODE with twice the original dimension. By normalizing Eq. (275) by matrix A, it

becomes

Iq(r) +Dq(r) = Bf(z), (276)

where D = A~'D and B = A~!B. Analytical solution to Eq. (276) is given by (ABELL;
BRASELTON, 2023)
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q(r) = exp (—Dr) /exp (Dr) Bf(r) dt + exp (—Dr) Cy, (277)

in which C; is a constant vector.

The main issue with state variables is the doubled dimensionality, which is a particularly
big downside of the technique when large problems are to be solved, since the time to evaluate
matrix exponentials and matrix products increases non-linearly with the dimensionality. This
technique is used as the reference analytical solution to validate the proposed approach and is

simply referred as State Variables (SV) in the rest of this text.

3.4 PARTICULAR SOLUTIONS OBTAINED BY CONSIDERING SPECIFIC EXCITATION
FUNCTIONS

So far, conditions for obtaining the solution of systems of coupled second order
differential equations were discussed. To this end, considering constant coefficients, it was
shown that permanent solution is given by Eq. (442). Conditions to solve the quadratic equation
associated to F, ; 1 were also discussed in details for proportional damping. Next sections are
devoted to discuss further analytical solutions that can be obtained for some particular forms of
excitations.

The analytical solutions derived in this work are correct in the sense that they satisfy Eq.
(1) for any time ¢, with no assumption about the behavior of the solution at any other given time.
The only assumptions used in the rest of this text are: constant coefficients (linear problems) and
proportional damping. The analytical solutions are carefully derived to guarantee the correctness
of the solutions and also to help the reader to follow each step.

A common benchmark problem is proposed to evaluate the different formulations
obtained in the next sections and to validate the computer implementation. The problem is
a 3 DOFs system described by

20 0.0 0.0
M= (0.0 2.0 0.0/, (278)
0.0 0.0 1.0

6.0 —4.0 0.0
K=|-40 60 -20|x10% (279)
00 -20 6.0

and

C = BK, (280)
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with
0
y(0)=§(0)={0p, (281)
0

where the damping parameter f3 is specified in each example. This small problem was chosen
since it makes easy to visualize the response. Nonetheless, it is a coupled system of ODEs and is
able to show all the intended characteristics of the proposed approach.

The analytical solution using the Laplace Transform, Eq. (273), could not be obtained for
this problem in closed form using the CAS Maxima (KARJANTO; HUSAIN, 2021) and a simple
senoidal excitation. Thus, the order reduction by State variables is used to asses the solutions
obtained with the proposed approach. The Newmark-beta method, a reference method in the
literature, is also used as reference in one of the examples. The idea is not to use the numerical
method to validate the analytical response, but the computer implementation and also to compare

the execution times.

3.4.1 Periodic excitations

Let the excitation vector be defined as

f(t) :gl(t)el+g2(t)e2—|—...—|—gn(t)en, (282)

where 7 is the dimension of the problem, i.e., the problem has n degrees of freedom, and g;(¢) is

a function of time multiplying unitary vector e;. Normalizing by the mass matrix

f=gi(t)M e;+...+g,()M e, = g1 (1)vi+ ...+ gu(1)Va. (283)
Assuming
s
=Y cjexp (Bt + ) , (284)
k=1

where ny is the number of terms, ¢j; € R is an amplitude, B = iwj; € C a complex angular
frequency and ¢;; € C a complex phase.

Substituting this excitation vector into the inner convolution of the particular solution in
Eq. (442), one gets

— n Tk
/eXp(FzJJI) fdt:/exp Fy 1t Z Z C jk €Xp Bjkt+¢]k)v]dt (285)

as the vectors v; are independent of time, they can be left out of the integral to the right side
and as the exponentials c j; exp ([3 ikt + ¢jk) are not matrices, they can be commuted with the

exponential of matrices,
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— n Tk
/exp Fy 1 1t) fdt Z Z/cjkexp Bjkt+¢jk) exp (Fp 1 11)drv;. (286)

Each one of these integrals can be evaluated by parts

/cjkexp (ﬁjkt—i—(])jk) exp (F27171t) dr :/ [ (exp (ﬁjkt—l-(])]k)) exp (F27171t) dt =

t

Bir

Cik
—/%keXp (Bjit + ¢jk) exp (Fa,1,11) Fa, 1,1 dr, (287)
J

fo

Cijk
%keXp (Bjit + ¢jx) exp (Fa,1.17)
J

where it is possible to neglect the limit value at 7 as it is implicit in the integration constant C;.
Grouping common terms and letting F5 ; 1 out of the integral at the right side for it being
constant

/cjkexp (ﬁjkt + (ij) exp (Fz 1 1t) dr {I—F sz 1 11 B]]Z exp (ﬁjkt + (ij) exp (F27171t), (288)
J J

such that

-
c.
/CjkeXp (Bjxt + @) exp (Fa1 1) 1dr = K exp (Bjxt + ¢ ) exp (Fa.1.17) { + —Fz 1, 1] (289)

ﬁjk ﬁjk
Substituting Eq. (289) into Eq. (286),

T 1
/eXP Fy11) fdr = Z Z —exp (Bjxt + 9jx) exp (Fa1.11) { +EF2] 1] vj. (290)
s j

For the second convolution in Eq. (442),

/exp([C—ZFZJ 1} )/exp(Fg 1) fdedr = /exp([C—Zszlvl] t)

-1
Cik
Z Z —J exp (ﬁjkt—l—(PJk) exp (Fz1.11) |:I+—F21 1} v;dt, (291)
j=lk=1Pjk Bix

as F» 11 and C commute,

/eXP([C—ZFZ,l,l}l‘)/eXp(F;mt) fdrdr =

-1
/Z Z—exp ﬁ]kt—i-quk)exp([C FZII} )[ +—F211} det. (292)

j=1k=1 Bjk

This equation can also be integrated by parts such that
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/exp([C—2F2,1,1} I)/eXp(FZIII fdtdl Z Z 2 exp Bjkt+¢]k)

j=1k=1Fjk
1

. ~1 1 ~1
C-F I+—|C-F I+—F ; 293
exp ([ 21,1]1) [ +ﬁ]k [e 211]} [ +ﬁ]k 211} Vi, (293)

again, as C and F | | commute, the particular solution, Eq. (442), is given by

n. ng Cik 1 . -1 1 -1
Yo=12 Y &5 B2 exp (Bjut + 9ji) {HE [C_Fz,l,l}} { +B_,k 211} Vi, (294)

J

ny C 1 —1
Vo= Y Y exp (Bt + o) H +—an} {I+— [C— Fm}H v, (295)
j=1k=1 B ik ﬁ/ ﬁjk
which simplifies to
—1
5 Gk 1 - 1 i}
Yp= 3 Y, 5 exp (Bt + i) |1+ 2—C— —=F211 [C—Fa11]| vj, (296)
j=1k=1Pjk Bjx K
and, using Eq. (207), reduces to
n  ng 1 —1
- Z Z ]2 exp (Bjut + 9jx) C— —K| v, (297)
== B " B B

It is worth noticing that previous expression can be further simplified. First, recall that
—Me;. Also,as A"'B~! = (BA) !

—1 -1
1 _ 1
I+ —C+ M'l=(M —K (298)

ﬁjk ]k Bjk ]k

such that
" ~ 1 ]!
Z Lrexp (Bt + 0jx) [M+ 2—C+——K| e (299)
j=1k=1Pjk Bjk ik

It is also possible to manipulate the term 1/ [3]2 . by inserting it into the matrix

||M=

i ~1
Y. 3. cieexp (Bt + 03) BAM+BuC+K| ¢, (300)
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and, as Bjx = i0j,

no ng 1
= L Y cieenp (Bt + 93 [K +ipC - ajd] e, (301)
j=1k=1
or
n N
= Z chkexp B]kt+¢jk) KD]k €, (302)
where
Kp ; = [K +iwpC — a)ko} (303)

is the Dynamic Stiffness Matrix for jk. It is worth noticing that particular solution given by Eq.
(302), a superposition of harmonic responses, can be computed directly using M, C and K with
no need to compute F; 1 1. Solution of Eq. (302) can be written as a linear combination of pre

processed vectors K j
Kp ik = e, (304)

since these operations do not depend on 7. Thus, y,(#) can be efficiently evaluated as

=) Z cjkexp (Bt + i) Kjk, (305)
j=lk=1

for a given time ¢.

The first derivative of Eq. (302) with respect to time ¢
no Nk
= Z Z C,kﬁjkexp Bt + ¢jk) K, (306)
j=lk=1

is needed to evaluate the constant vectors C; and C, (Appendix B.1).

When there are complex-conjugate pairs in the [ coefficients, an interesting
implementation optimization can be made for Eq. (304). Let two matrices Kp s and Kpjy
be the dynamic stiffness matrices for the j-th degree of freedom, and let their B coefficients
be complex-conjugate, i.e., Bz = fj,;
complex-conjugate. Thus, k ;& can be written as

following from Eq. (303), Kp ¢ and Kpjy are also

_ w1
kjf - Knjl'gej = (KDjv) € (307)

which, using the property of inverse of complex-conjugate matrices, is simplified to

kje = (KB}V) * €= (Kﬁ}vej) = Kjy. (308)
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Thereby, when there are pairs of complex-conjugate 8 coefficients, just half of the dynamic

stiffness matrices must be evaluated.

Example

In mechanical, electrical and civil engineering applications, periodic functions appear,
both analytically or represented using Fourier series expansion. These problems arise due to
harmonic excitation, examples range from cyclic forces, like support movement and wind drag,
up to electromagnetic loads and alternate current. Thus, finding particular solutions to such
problems is paramount for simulating and optimizing behavior of these structures. An example
of a system with 3 degrees of freedom is taken from (KELLY, 2000) to illustrate the use of such
excitations with the proposed approach. The previously presented matrices are used with the

excitation given by

0
f= < 3sin(4t) p, (309)
0

and B = 1 x 1072, This is an under damped harmonic problem with known permanent solution

0
vp = [K+4iC—16M] ' { 3 (310)
0
with amplitude
9.687
l¥p| = { 13.756 p x 1072, (311)
4711
such that
Yp(t) = sin(41)|yp|. (312)

Using the proposed formulation,

0
f=g(t)ey =3sin(4){ 1 (313)
0

where, by using Euller’s identity,
) 3i . 3i .
g2(t) =3sin(4r) = Eexp(—4zt) — 5 exp (4it) (314)

3i . 3 .
and ng =2, c21 = 5, 1 = —4, fo1 = —4i,cn = =+, 0 =4, B = 4i.
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Particular solution can then be found by using Eq. (302)
2 2 3i —3i
— Z Z Cjkexp ﬁ,kt KD]k ej= Eexp(—4it)KD2_11e2+ Texp (4it)KD2_21e2 (315)
j=2k=1

with

Kpy; =K —4iC—16M, (316)
and

Kpy, = K+4iC - 16M. (317)
Term z = K1)2’11 e is conjugate to KDEZI e,. Thus,

yp(t) =3 (2 exp(—4it)z — %exp(4it)z*) (318)
or, by splitting z and z* into their real and imaginary parts

i i? i i?
yp(t) =3 (5 exp(—4it)R (z) + Eexp(—4it)3 (z) — Eexp(4it)9? (z)+ Eexp(4it)3 (z)> :
(319)

Collecting common terms

Vo) =3 Gexp(—mf) - éexp(4it)) % (z) +3 (é exp(—4it) + %exp(4it)) 3(2) (320)

(. / J

g

sin(4¢) 0
such that

3.229
(exp (—4it) —exp (4it)) { 4.585 » x 1073 (321)

J/

si;(fu) 1.570

N ~-

yp(t) =3

or

9.686
yp(t) = sin(41) < 13.756  x 107, (322)
4.711

the expected solution.

One can verify some conclusions obtained in previous sections. Let start by computing

—1187 788 2
C?—4K=| 788 —1185 391 (323)
4 782 —2362
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which has real negative eigenvalues —2653.11, —1762.11 and —318.77. Thus, its square root is

a complex matrix, as discussed in previous sections

| . [16.026 —6.29 —0.410
5[62—412}5: —-6.29 15.62 —2.53 |i. (324)
—0.820 —5.06 24.03

Matrix K has eigenvalues

79.85 0.0 0.0
A= 00 44549 0.0 (325)
0.0 0.0 674.66

such that inequalities given by Eq. (261) for B = 1 x 1072 are also satisfied

4 4 4
1x107% < \/ , \/ \/ . 326
x { 79.85' \ 445.49'\ 674.66 (326)

Matrix
L 1 1.5 —-1.0 0.0 16.026 —6.29 —0.410
F27171:§C+§[(_12—4K]7: -1.0 1.5 -05|+|-629 1562 —2.53|i (327)
00 —1.0 3.0 —0.820 —5.06 24.03

and one can verify that F, ; ; and C- F» 1,1 are complex-conjugate.

Homogeneous solution, Eq. (223), for this problem is

Yo = exp (—F2,117) Co +exp ((F2,1,1 — C) 1) Cy, (328)
where
2.49 2.36
Ci=¢{338px107*+i{2.87 % x1073, (329)
1.18 1.08

and C, = Cj are obtained by solving Eqs. (641) and (642). The maximum order of magnitude of
the complex part of the homogeneous solution was 10~!?, therefore, the homogeneous solution
is real-valued, as expected. Exponentials in Eq. (328) can be computed only once if a constant
time step At is used, as discussed in Appendix B.5.

The real part of each DOFs of the complete solution y(¢) = yn(f) + yp(¢) is shown in
Fig. 9 (solid lines). The solution y is compared to ¥ obtained by using traditional Newmark-beta
method with standard parameters and Ar = 0.001s (dotted lines). It is clear that both solutions
match.

The solution using State Variables, given by Eq, (277), can be particularized for this

examples as
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ysv(t) = 3[161+D?] " [Dsin (41) — 41cos (41)] Bey +exp (—Dt) C, v, (330)

where Cj gy is a constant vector due to the initial conditions. From Eq. (330) one can observe
how such squaring and inverse operations become costlier with the doubled dimensionality
associated to the State Variables approach. This solution is compared to the solution given by the

generalized integrating factor in Fig. 9.

0.015 y, (1)
Y, (t)
y,(t)
0.010 + % HwW Ay iy F v by T ySVl(t)
------------ Ygy (1)
"""""" ySV,:i(t)
0.005 |
=
> 0.000

S

—0.005

—0.010

~0.015 t . . .
0.0 2.5 5.0 7.5 10.0
ts]

Figure 9 — Complete solution for the under damped problem with sinusoidal excitation.
Solutions y1, y» and y3, (real parts) obtained by using the proposed approach, are
shown as solid lines. Solutions ysy 1, ysv,» and ysy 3, obtained by using State
Variables, are shown as dotted lines.

Example - Over Damped System

Let study the previous example with 8 = 10, an over damped problem, which arise
in many viscous problems in mechanical engineering and highly resistive circuits in electric
engineering. The proposed approach does not make any assumption on the level of damping such
that the solution procedure used in the previous example does not change. The main differences

are the fact that F; 1 1 is a real matrix

3 -2 0
Foi1=|-2 3 —1|x10% (331)
0 -2 6
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as well as the integration constants

1.87
Ci=4281px107" (332)
0.94
and
5.61
Cr=-¢6237x107"°. (333)
2.40
The solution using State Variables is the same from the last example, which is again

compared to the solution given by the generalized integrating factor in Fig. 10. Hence, the same

comments regarding the cost of matrix operations still holds true.

0.0005 | y, (1)
Y, ()
y,(t)
oooo4 + { v v v 4y N A ()
------------ Yy o(t)
............ y. (1)
0.0003 | S8
< 0.0002 |
>
0.0001 I\
. t i
0.0000 | | \ ] \ | |
\7 j ‘ w
S AR v I v B ¥
-0.0001 | v v v v
1 1 1 1 1
0.0 2.5 5.0 7.5 10.0

t[s]

Figure 10 — Complete solution for the over damped problem with sinusoidal excitation.
Solutions yq, y» and y3, (real part) obtained by using the proposed approach, are
shown as solid lines. Solutions ygy 1, ysv 2 and ysy 3, obtained by using State
Variables, are shown as dotted lines.

3.4.2 Polynomial excitation

Let the normalized excitation vector be defined as

f=gi(OM le;+...+g,(0)M e, = g1 (t)vi+... 4 gu(t)V,, (334)
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where g () are polynomial functions
ny k
=23 ciu(t=1;), (335
k=0

cji € R are coefficients, n; the number of terms and 7; € R time shift.
Substituting Eq. (334) into Eq. (442), yields

_ n
Yp = e[F2~':1C]t/eXp ([C_ZFZ,I,I] l‘) /exp F2 1, 1t Z Z Cjk b deldl‘, (336)
j=1lk=

using the linearity of the integral operator and as v; does not depend on time results in

n ng _
¥p :exp F21 1 — Z chk/exp([C—ZFzJJ]t)/exp(F27171t) (t—tj)kdtdth.
Jj=1k=0
(337)

The inner convolution can be evaluated by parts (here ¢* is used instead of exp(x) to

shorten the equations),

/eAt t—1;)" _/<eAt;\‘1> (t—1;)" dr

= (t—1;)% eMA™! /eA’ (t—1)% " dtaA™!

= (t—1;)"eMAT! —a(t—lj)a_leAtA_2+/eAt (r—1,)* P dra(a—1) A2

—(t—1))*MAT —a (=) AA T a(a—1) (1—1) TP NAT

()" a(a—1)...(a—m+2) (1—1;) " AAT

(—l)m/eA’ (t—1) " drot(—1)...(t—m+1)A™™

"2 (=) NMAT —a (1) A (= 1) (1 —1) T NAT 4 4
(D)% al (r—1;) eMAT* 4 (— 1) aleMAT4T (338)

which, by arranging all the terms in a single sum, yields

a+1 |
)% = R A T L PN S B o R
/exp(At) (t—1;)" dr = exp (A1) 1; (—1) CEES (t—1) A" (339)

Using this integral formula with Eq. (337) and the considering that C and F> 1,1 commute,

no ng
yp = exp ([Fo,11 — Z Z /exp [C—Fy11]1)

k+1 k!
l+l : k—14+1 ]
; Tw(t_tj) F27171dth. (340)
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As the integral is a linear operator

n N k+1 l+l k!
¥p = exp ([F21,1 —C] ]ZIchJkZ [C=E
/exp ([C~Fopa)r) (1 —1) 'R drvy, (341)
and using again Eq. (339),
n N k+1 l : k! B
yp =exp ([F211—-C ZZC;kZ * l—+)€XP([C—F2,1,1}t)
FE k—=141)! _
Zl (_1)p+1 (k(—l—p+)2)' (t_t])k e [C le 1] F2,ll,lvj' (342)
e !

Since C and F3 11 commute for Rayleigh damping, the matrix exponentials can be
cancelled. From Eq. (207), it follows that C-— F2 11 =F5 } 1K Substituting this relation and
applying the inverse property A~'B~! = (BA) ! results in

Zi kil I+1 k!

=Y Yoy ()

2575 (k—1+1)!

k—1+42 (k-l-'—l)' Kl 42 11

Zl (=0 (k—1—p+2)! (=) " [Flzvlvle»ile] Vi (343)
o !

andasv; =M~ le; ; and using again the inverse property,

g k+1 k

" |
;Zcsz DI ey

k—142 -
1 (k=1+1)! k—1—p+2 I-p o 1

I L) MF, /R?| e (344)

p=1 ’

As K and F 1 ; commute for Rayleigh damping, Eq. (241), and p and [ are integers,
property in Eq. (643) holds,

n ng k+1 k!
l+1 .
s k —
O T e
k—I1+2 k—l+1 ! e _ B -1
Y (—1y! (k(_l_p+)2>'(t—tj)k P12 IMRPF, (] ey, (345)
p=1 )
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Derivative of previous equation with respect ¢ is needed to evaluate constant vectors C;
and C, (Appendix B.1)

5 F euy -0

Yp(t) = ci ), (=D
Jj=1k=0 ! I=1 (k—1+1)!

k142 (k—1+1)! k—1—p+1 [y xpel—p ]}

Zl (—1)p+1(k_l_p+2)'(k—l—p+2)(t—tj) P [MKPFM{’I] e;, (346)
= !

valid when k — [ — p+ 2 is not zero.

Example

Polynomial excitation is particularly important for electrical engineering simulation, since
it can model important functions, like the ramp function for instance. Nevertheless, polynomials
can be used to represent variable forces and other phenomena, since even sets of points might
be interpolated using polynomials. Thus, consider the 3 DOF problem with 8 = 1 x 107 and

excitation

0
f=<310t—1¢*}, (347)
0

such that gz([) =0+ o1t + 62212 with ¢0 =0, ¢p1 =10, ¢p = —1and 1, = 0.
Evaluation of particular solution yp (), Eq. (345), is shown by means of Alg. 2 where
Jj =2 and n; = 2. The terms obtained in the Algorithm result in

¥p(t) = (2 — 10) <(MK2F2_7{71>1 + (MKFQ,LI)I) e2+ (10— 1%) (MK) e,

“2(MK?) -2 (MK, ) e 2(MKF, ) . (348)

The derivative of the particular response w.r.t time ¢ is given by

_ -1 _ _ _ . _
yp:2(<MK2Fi}7l> + (MKF,, ;) 1) e+ (10—2f) (MK) e, (349)

Both expressions can be simplified using matrix inverse properties,

yp(t) = (2t — 10) (Fz,l,l (MK2) ™! +(KF27171)*1> er+ (100 —2) K ey —

1 1

2(MK?) e, —2F3 | (MK®) e, —2 (KF3, ;) e, (350)

and

. —\ —1 _ _
o :2(1?2,1,1 (MR2) ™' + (KF,, ) 1) e+ (10— 26) K 'es. 351)
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such that by using Egs. (641) and (642), one gets the integration constants,

8.8792 1.5639
Ci=140.1457 p x 107 4+i< 1.9436 p x 1073, (352)
4.6479 0.7237

with C = Cj.
The solution using State Variables, given by Eq. (277), is particularized for this example

as

ysv(t)=[-D7'*+2D % +10D 't —2D > — 10D ?| Be, +exp (—Dt) Cisv, (353)

where C; gy is a vector of integration constants associated to the initial conditions. Although
both, Eq. (350) and Eq. (353), present costly matrix operations, one will observe that such
operations become much costlier as the size of the matrices increases, as well the fact that the
matrices associated to State Variables have twice the dimension. This solution is compared to the

solution given by the generalized integrating factor in Fig. 11.

0.100 r
y, (1)
y,(t)
/ \ y,(t)
0.075 | ."'.‘ | ysm(t)
,': \ \‘- """""" Yy SV, 2 (t)
"""""" ySV:}(t)
8 0.050
”
0.025 ¢
0.000 |
1 1 1 1 1
0.0 2.5 5.0 7.5 10.0

ts]

Figure 11 — Complete solution for the three DOFs example subjected to a polynomial excitation.
Solutions yq, y; and y3, (real part) obtained by using the proposed approach, are
shown as solid lines. Solutions ygy 1, ysv» and ysy 3 obtained by using State
Variables are shown as black dotted lines.
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Algorithm 2: Evaluation of Eq. (345) for j =2 and n; = 2.

k=0
c10=0
k=1
c1,1 =10
=1 = ()" iy =1
p=1 = (-1 L () [MKPFlzjlljl}_lej—I(MK)_lez
p=2 = (~1)PH L () [MI_(PFlzJ’j]}_lej
—(MI‘@F;L1 e
=2 = (—1)’“%:—1
p=1 = ()P ) MR, 7] ey =
(MKFZ,I,I)_lez
k=2
cip=-—1
=1 = ()" Ay =1
p=1 = (~D)PH L () MEPF, 7| ey =2 (MK) s
p=2 = (~1)P L (- gy) -MK”Flz}'fl-ilej
-2 (MR} ) e 1
p=3 = (1) s () MK? Flzjlljl__lej
2 (MEF, 3 ) e,
=2 = (—1)’“%:—2
p=1 = (1) G ) MR |
t (MKFy,1) e
p=2 = (- )”“%( —gy) -MI_(PFlz”l’,’l_ilej — (MR?) e,
=3 = (-1 =2 ' '
p=1 = (-1 L () 'MKPFlzj{jflej
(MKF%M)_ e
3.4.3 Dirac’s delta distribution
Let the normalized excitation vector be defined as
f=g1 ()M e +... 4+ g,(0OM e, = g1 (t)vi +...+gn(t)V,, (354)

where g;(¢) are Dirac’s delta distributions



89

1))=Y cixd (1 —1), (355)
k=0

cjk € R are coefficients, n; the number of terms and ¢, € R time shifts.
Substituting Eq. (355) into Eq. (442), yields

yp:exp([Fz,Ll—C] l‘)/eXp([C—ZFz’l’l} z‘)/exp F211[ Z chk5 — ik V]dldl
j=lk=
(356)

using the linearity of the integral operator and as v; does not depend on time results in

yp:exp F21 1 Z Z /exp C—2F27|71}t)/eXp(F27171t)5(t—tjk) dtdth.
(357)

Equation (633), Appendix A.3, is used to evaluate the inner convolution

Yp= exp( F2 1,1 — Z Z Cjk/eXp<[C—2F27171] t) exp <F27171lk)% (t—tjk) dl‘Vj,
Jj=1k=0
(358)

where 77 is the Heaviside step function defined in Eq. (120). As C-— 2F> 1 1 and F; 1 | commute,
the two exponential maps can be simplified to

- G Tk -
yp=exp ([F2,1,1 —C]1) ) chk/exp([C—ZFzJJ]t+F27171tk)¢%”(t—tjk) drvj, (359)
j=1k=0

hence, by using the relation derived in Chapter 2

/ exp (Af) fult) At — 1) di = ( / exp (A1) fk(t)dt> A —1), (360)
0

Ik

where A is a matrix. The outer convolution is evaluated to

— n. g 1 —
yp:exp([Fz,l,l—C} l) Z chk% (l—ljk)/[ eXp([C—ZFz’l’l}Z-I-Fz’l’ltk) dl‘Vj. (361)
J=1k=0 k

If C— 2F, 11 is invertible, then

n

Yp = Z Z ek (t—tj) exp ([Fa1,1 — C|t) [exp ([C—2F211] 1 +Fa11%)
J=1k=0

—exp ([C—Fo 1] t)] [C—2F27171]_'vj, (362)
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otherwise, the integral in Eq. (361) can be evaluated by using the Jordan canonical form

(HIGHAM, 2008).

The commutativity of the first power is checked,

[FZ,I,I — C} t ( [C —2F27171} I+F27171tk) =

t* (Fp,1,1C—2F3, | — C*+2CFy 1) + 1t (F5,  — CFa1 1) (363)
([C—2F211] +Fo118) [Fo11—Clt =
1 (CF2,1,1 —2F3 ;| — C* +2F2,,1C) +11 (F3  —F2,1,,C), (364)

as C and F,;; commute, Equation (363) and Equation (364) are equal. Commutativity for
the other power is straightforward, since a matrix commutes with itself regardless of different

constants multiplying it. Hence, also substituting v; = M- le s

n ny
Vo= <Z ek (t —tjr) [exp (—Fo111 +Fo118)
=1 \i=0

—exp ([Fa11 —Cl1+ [C—Fa11]5)]) [C—2F211] "M e;, (365)

rearranging the terms and applying the property A~'B~! = (BA)_1 results in

Yp = i ("Zk Cjk% (t—tjk) [GXP (F2,1,1 (tk_t))

j=1 \k=0
—eXp([C—FzJ’l} (tk —Z‘))]) [C—2MF27171]_1 e;. (366)

In Eq. (247), it was shown that, for under-damped problems, C — F> 11 is the complex-
conjugate of Fy ; 1, thus, according to (GALLIER, 2011), exp (A*) = exp (A)”, and it follows
that

n ng
Yp = Z Z Cjkjf (l —tjk) [exp (F2,1,1 (l‘k—l‘)) —exp (F27171 (Ik —t))*} [C—ZMFQJJ]_I €,
j=1k=0
(367)
which further simplifies to
n ng |
Yp=2i Y Y ciud (t—1;%) 3 (exp(Fa11 (1 —1))) [C—2MF5 1] 'e;. (368)

j=1k=0
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Let Equation (367) be expanded as

n ny _ -
Y= Z Z Cjk% (l _tjk) exp (F27171 (lk —t)) [C_ZFZ,I,I] 1M_1ej_
J=1k=0 - -~ J
X1

exp(F2,1,1 (—1))" [C—2Fy11] "M e, | . (369)

V4

Using Eq. (252) and evaluating the complex-conjugate of X,

X =exp(Fop (e —1)" [(-2i3 (F21.1))7] ' M e;

= exp (F27171 (1 —t))* [2i3 (F27171>]71 M_lej
— —exp(Fo11 (n—1))" [C—=2Fy11] 'M'e; = —x5, (370)

thus, Equation (369) can be simplified to

n N

- o
Yp = Z Z Cjke%p (t —l‘jk) [exp (F27171 (tk —l‘)) [C —2F27171} M ]ej
=1k=0

— -1 _ *

+ (exp (B, (1 —1)) [C~2F51] ' M ley) |, (371)
which further simplifies to

n ng 1

vo=2Y Y cp (t—1) R (exp (Fa.11 (1 —1)) [C— 2MF, 1] ej> . (372)

j=1k=0

Example

Dirac’s delta is an important distribution in engineering and simulation since it can
be used to model impact and peaks in excitation. Therefore, it is widely used in mechanical
engineering to model transient vibration due to impact and in electrical engineering to model
peaks in current or tension. These phenomena are present in almost any structure and circuit,
although obtaining an accurate response is cumbersome and computationally expensive, due to
the necessity of interpolating the Dirac’s delta and due to the extremely tiny time step. Thus, this
example shows the ease of obtaining an analytical solution that does not need any interpolation
of the Dirac’s delta and that is quite simple to evaluate. Hence, consider the 3 DOF problem with

B=1x 102 and excitation

0
f={8(t—1)-68(-5), (373)
0
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such that gz([) = C205(l‘ —l()) —|—6‘216(I —l‘l) withcyp=1,c1=—1,1p=1and yp = 5.
Using the conjugacy of (op= F> 11 and F; ; 1, one can use Eq. (368) directly,

Yp =2i(H(t—1)3 (exp(Fa,1,1 (1 —1))) — A (t —=5)3 (exp(F2,1,1 (5—1))))
[C—2MF,; ] ey,

and as shown, for homogeneous initial conditions and impulse excitation, y = yp.
The solution using State Variables, given by Eq, (277), are particularized for this example

as

ysv(t)=[exp(D(1—1)) # (t—1)—exp (D(5—1)) # (t —5)| Be; +exp (—Dr) Cy sy, (374)

where Cy sy is a vector of integration constants associated to the initial conditions. As both
solutions depend upon matrix exponentials only, Eq. (372) and Eq. (374), it is straightforward
to conclude that the cost of evaluation of such exponential maps become much larger when
the dimensionality is increased (HIGHAM, 2008; MOLER; LOAN, 2003). This solution is
compared to the solution given by the generalized integrating factor in Fig. 12. The response
was also compared to the solution obtained by using the traditional Newmark-beta method with
At = 0.001. Each impulse was approximated by (EFTEKHARI, 2015)

6(t—t0)z%<l+cos(@)> to—€<t<ty+e, (375)

with € = Ar to impose the Js to the numerical method (the proposed methodology and State
Variables do not need such approximation). Solutions are shown in Fig. 12 where the solid lines
correspond to the real part of the proposed approach, the dotted dark lines to the solution obtained
by using State Variables and the dotted red lines to the numerical solution (Newmark-beta method
with Ar = 0.001s).

3.4.4 Heaviside step function

Let the normalized excitation vector be defined as

f= gl(t)M’lel +... +gn(t)M*1en =g1(t)vi+...+gn(t)vy, (376)
with
&)=Y ) (1 —1tq) (377)
k=0

where fj(¢) are functions of ¢, n; the number of terms and ¢, € R time shifts. Again, J# is the

Heaviside step function defined in Eq. (120).
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0.03
M m y, (1)
Y,(t)
0.02 \ y,(t)
------------ Yoy ()
------------ Ygy(1)
oort It A - MR | Yy s®)
"""""" y)\rA,Ll(t)
/\ """""" yNMTz(t)
—~ o000 F— B VIV V /NN A VYNNI Yars?)
- \
-0.01

o |
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0.0 2.5 5.0 7.5 10.0
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Figure 12 — Complete solution for the three DOFs example subjected to two opposed Dirac’s
deltas at = 1 and ¢ = 5, respectively. Solutions y{, y» and y3, (real part) obtained
by using the proposed approach, are shown as solid lines. Solutions ysy 1, ysy2» and
ysv.3, obtained by using State Variables, are shown as black dotted lines. Solutions
YnM.1> Ynm,2 and ynpy 3, obtained by using the Newmark-beta method, are shown as
red dotted lines.

Substituting in Eq. (442), yields

yp:eXp<[F2,1’1 —C} t)/exp([C—2F27171] t) /exp(Flet) Z Xk"fjk(l‘)c%ﬂ (t—tjk) del‘dt,

j=1k=0
(378)
using the linearity of the integral operator and as v; does not depend in time results in
- n nk -
Yp =€xXp ( [F27171 — C} l‘) Z Z /exp ([C — 2F2,1,1} t) /exp (Fzylyll‘)fjk(l‘)% (l‘ _tjk) dldth.
j=1k=0
(379)

Equation (360) is used to evaluate the inner convolution,

B noom _ t
Yp = €Xp ([Fz’l,l —C} t) Z Z /exp([C—2F27171] t)/z exp (Fo,11) fix(t)dt
j=1k=0 jk

A (t—ty)devy,  (380)
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and, again, Equation (360) is used to evaluate the outer integral,

vo = exp([Fans €1 Y Y (1 - 1) [ exp([€ 285111

j=1k=0 Ljk
1
/ exp(F27171t)fjk(t)dtdtvj. (381)
tjk
This solution depends on the function that multiplies the Heaviside function and the
convolution can be trivially evaluated when C-— F 1.1 is non-singular, since the convolution is
evaluated for times ¢ different from 7y. Nonetheless, for the singular case, one can evaluate the
convolution by using the Jordan canonical form (HIGHAM, 2008).
The cases derived in previous subsections cover an extent set of widely used excitation
functions, e.g., harmonic, polynomial and constant (a constant function is a polynomial of order
0). Thus, the integrals in Eq. 447 can be found by using previous results as reference. In the

following, the result for a second order polynomial is presented.

3.4.4.1 Particularizing Heaviside excitation for second order polynomial

Let f; in Eq. (377) to be particularized to a second order polynomial, i.e.,

Tk
gj(t) = Z (Cjko+Cjk1f+Cjk2t2)«%”(t—tjk)- (382)
k=0

Applying this excitation in Eq. (447) yields

n ng t —
Yp(2)=€XP( Fr11-C Z Z (r =1 / exp ([C—2F2,1,1]1)

Lik
t
(/ eXp(Fzylylt)Cjkodt—l-/ eXp(FzJ’]Z‘)Cjklldt—l—
tjk

tjk

t
/ exp (Fa.1.11) ¢ jrat? dt) drv;. (383)

[jk

The inner convolutions are analytically integrated using Eq. (339), and, rearranging the terms,

one gets
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n. ng t —
yp'? =exp ([Fa1,1 — Z ) A (’_fjk)/ cjiatexp ([C—Fo11]1) Fy 1+
j=1k=0

e
texp ([C—Fa1.]7) (cjlezjm ~2cj0F3} ) +exp ([C—~Faui]) (2e083]
—ciuF3} o) ) +exp ([C—2F511]1) (—ejardexp (B atje) F |+
2¢jiatjrexp (o111 ) F{%l — cjatjeexp (Fa111k) Fﬁl

—2cjroexp (Fo,1,11 %) Fz_?l +cjkrexp (Fo,1,115%) Fz_%l

—cpoexp (Fo 1) Byl ) devs,

(384)

which can be again convoluted by using Eq. (339). Multiplying by exp ([F2,1,1 — C] 1) yields

=Y Y (1) (cjkzﬂ (C—Fa11) 'Ky} +1 ((C —Fo11)

1) 22 (C—Fau1) “Fyl, ) 2002 (C—Faua) " Fzl,

—(C—=Fa11) " (Cjlez_,},l —2cjk2F2‘jl> +(C—Fapy) " <2cjk2F2‘}71

_CjleE,%,l +cjk0F2j}71> +exp (—F2,1.11) (C—2F27171)—1 (

—cjkztjzk exp (szlvltjk) Fz_}] +2¢jiat jk €Xp (szlvltjk) Fz_%]

—Cjk1tjx €Xp (FZ,I,ltjk)Fz_} 1 —2cjiaexp (Fo11tj) Fz_?l

jurexp (Fanite) Fr | = cjroexp (Fati) Fy ) +exp ([C = Faia] (i —1)) (

—cjiat% (C—Fai1) ' Fyl 4 2cj00u (C—Farg) “Fal

~2¢ji2 (C—Foa) " Faly —tic (Bl —2cj0F5] ) + (€= Fan)

e F = 200F;3 ) = (C=Fay) ™' (20j0F 2 —cjaF 2 ciof ') ) =

exp ([C—Fa11] (1 —1) —Farati) (C—2F211) ' (

—Cjkzljz-kexp (F2,111 %) F{i 1 1+ 2¢jiotjiexp (F2,111 %) Fiil—

cjnitjeexp (Fo,11tjx) F2 1.1~ 2Cjk2exp (F2,111 %) F{iﬁ
cjrrexp (Bt B3ty = citoexp (Fa,it56) 3 ) ) v (389)

By using Egs. (651) and (644), the term exp (szl, 1t jk) can be commuted with
(C — 2F27171)71. Thus, the expression can be further simplified to
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non _ _
ZZ% t_t]k){cjk2t [C FZII} F211+l<[C—F2,1,1] :

_ — _ = -3
<Cjk1F2,11 2j0F33 1) ~ 2650 [C~Faoua] Ty} ) 4200 [C-Fo]

-2 — = —1 _
] (Cjlez 1,1 chkZFz,%J) + [C _FZ,IJ] (chkZsz,l
— _1 — —

_Cjk1F2,1,1 + Cjk0F2,1,1> +exp (Fo,1,1 (tjx —1)) [C—2F2,1 1]
(= (camrtesmtin+cio) Bl + Cejot+ i) it — 200833 )

- - 1
+exp ([C—Fa] (e —1)) ([C=Faa] " (Fol ) (el cutie—ciuo)
_ _ = -2 _
+F;3 ) (2cjiatit i) —2¢j0F31 1 ) + [C—Faa] 7 (Fol s esiatix+cju)
_ = -3 = —1 _

—ZCjkzef,l) —2¢jia [C—=Fo11] "Fyp ) — [C—2F ] <—Fz,},1 (Cjsz?k

+Cjk1tjk+6‘jk()) +F2_7%71 (2Cjk2tjk+cjkl) 2Cjk2F21 1>>}M_1ej. (386)

—[C—Fp1,

Heaviside step function are used to model abruptly shifting forces and electrical
currents. This excitation type is extremely important in mechanical vibration analysis, circuitry
analysis and signal processing. Thus, enabling the exact modelling of a system subject to such
discontinuous excitation is paramount to forecast how it will respond to it and, then, a lot of
procedures may be taken to adequate it within desired behavior, like optimization. Hence, two
examples are provided of excitation functions that can be parameterized using Heaviside steps

multiplied by polynomials.

Example
Consider the 3 DOF problem with f = 1 x 1072 and excitation

—3O+40t—10t2 1<1<3
fa(t) = (387)
0 €10,1)U(3,09]
or
0
f=1¢ (—30440t —1062) 2 (t — 1)+ (30 — 40t + 1062) 7 (1 — 3) ¢, (388)
0
such that cogg = —30, c201 = 40, cy9p = —10, 19 = 1, 210 = 30, ¢211 = —40, ¢212 = 10 and
1 = 3.

The solution using State Variables, given by Eq, (277), is particularized for this example

as
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ysv(t) = [[-10D"'#* +¢ [40D~' +20D?] —30D ' —40D 2 —20D*
+exp (D(1—1)) [20D72+20D 7] 2 (t — 1) + 10D '+* — ¢ [40D~ ' 420D ?]
+30D ! +-40D 2 +20D 3 +-exp (D (5—1)) [20D% — 20D 3]] A (t — 5)] Be,
+exp (—Dr) Cy v, (389)

where Cy sy is a vector of integration constants associated to the initial conditions. As both
solutions depend upon costly matrix operations, such as exponential maps and matrix inverses,
it is straightforward to conclude that the evaluation of these operations become costlier when
the dimensionality is increased. Also, as the State Variables doubles the dimensionality of the
problem, one can expect much larger execution times for this approach. This solution is compared

to the solution given by the generalized integrating factor in Fig. 13.

A
0.04 e
. Y,(t)
\ y,(t)
003 T ySVl(t)
............ Ygyro()
............ Ygy5(®)
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-0.01
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tls]

Figure 13 — Complete solution for the three DOFs example subjected to a quadratic load
between t = 1 and = 3s. Solutions y{, y» and y3, (real part) obtained by using the
proposed approach, are shown as solid lines. Solutions ysy 1, ysy2 and ysy 3
obtained by using State Variables are shown as black dotted lines.

Example
Consider the 3 DOF problem with B = 1 x 1072, Assuming an unitary step at DOF 2
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betweent =1and¢r =5

0
f={ AG—1)-(—5) ", (390)
0

such that gz(t) = Czoojf(t —tz()) —I—Czl()f%&(t —Z‘21) with co00 =1, cp10=—1,t0 =1 and t,; = 5.
Solution provided by Eq. (386) can be particularized to order zero

n n

k — —
" =LY 1) {[€ Fan] " epoks

Jj=1k=0
—cjioexp (Fai1 (ti—1)) [C—2F211] " Fy ] | +exp ([C—Fai] (ts—1))
<_Cjk0 [C _FZ,I,I} ! FZ_il —|—Cjk() [(_: —2F27171} ! Fz_il) } M_lej. (391)

Using the data for this example

v® = (1= 1){[C-Fo1] '},

—exp(Fa,1,1 (1-1)) [C—2F211] "' Fy 1 +exp ([C—Faop] (1-1))

(< [C=Fora] "y} + [C-2F1] ' Fp ) fM e +

A (1=35){[C-Fo1] ' F5 1,

+exp(Fa,1,1 (5—1)) [C—2Fy 1] Fy 1 +exp([C—Fa11] (5-1))
([C-Fo] B3} = [C-2F5] '] ) fM e, (392)

which is further simplified to

yo¥ = (1= 1) { [MP21, [C—Fa 1]

—exp (Fo,1,1 (1-1)) [MFy,1,1 [C—2Fy,11]] " +exp ([C—Fa1] (1-1))

<_ [MFy, 1 [C—Fa14]] ' + [MF,,, [C— 2F2,1,1H_1> } e+

At ~35){ MFs 1 [€~Fa 1]

exp (Fa,1,1 (5—1)) [MFy, 1,1 [C—2F2,11]] ™" +exp ([€ ~ 4] (5-1))
([MFz,l,l [e —FZJJH_] — [MFy 11 [C—2F5 ] _1) } €2 (393)

and, by using Eq. (207), it reduces to
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vp® = 2 (1= 1) {K™" —exp (Fa, 1 (1-1)) [K~MF} ]
—exp ([C—Fa1a] (1-1) (K71 = [K—MF3, ;] ) beot
H (1 =35) {K exp(Fa1 (5—1)) [K—MF3, ] '+
exp ([C—Fa1] (5-1) (K™= [K-MF}, ] ) e, (394)

The solution using the method of state variables, given by Eq, (277), is particularized for

this example as

ysv(t) = [[I—exp(D(1—1))] 5 (1—1)— [I—exp (D(5—1))] A (t — 5)] Be,
+exp (—Dr) Ciov, (395)

where C; sy is a vector of integration constants associated to the initial conditions. As both
solutions depend upon costly matrix operations, such as exponential maps and matrix inverses,
it is straightforward to conclude that the evaluation of these operations become costlier when
the dimensionality is increased by a factor of 2, as when using State Variables. This remark
is reassured as the inverses in Eq. (394) depend mostly on the stiffness matrix, K, which is a
sparse positive-definite matrix (ZIENKIEWICZ; TAYLOR; ZHU, 2013), thus, enabling the use
of fast algorithms for the solution of the linear systems for each input vector, e;. This solution is

compared to the solution given by the real part of the generalized integrating factor in Fig. 14.

3.4.4.2 Initial conditions of Heaviside and Dirac’s delta excitation

As all previous excitation functions were split in the canonical basis of the R", each
integration was evaluated separately for each functional component and, then, multiplied by the
respective basis vector. Nonetheless, for both the Heaviside and the Dirac’s delta excitations,
the component of the solution that multiply each basis vector has null response and derivative
at the initial point. Consequently, the initial conditions for these excitations are zero such that
¥p(t) = 0V¢, as discussed in Chapter 2. This result was observed in previous examples. The

consideration of non homogeneous initial conditions is discussed in Appendix B.1.

3.4.4.3  Matrix complexity for polynomial particularized Heaviside

Heaviside excitation particularized to polynomial fj yields expensive matrices
evaluations, like power and inverse operations. This is expected, since similar complexity
is observed when addressing polynomial excitations. As it can be observed in Eq. (386), this
complexity increases with the order of fj.

However, some calculation can be avoided by using the quadratic matrix equation, Eq.
(208). For example, by factoring Eq. (208),
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Complete solution for the three DOFs example subjected to an unitary step between

t =1 and ¢ = 5s. Solutions yj, y, and y3, (real part) obtained by using the proposed
approach, are shown as solid lines. Solutions ygy 1, ysy2 and ysy 3 obtained by using
State Variables are shown as black dotted lines.

—F11IC+K=F[F11—C]+K=0, (396)

which is then rearranged to

Fr11

[C—F2,] =K. (397)

Taking the inverse of both sides, results in

[C-Fa] 'F =K '=K"'M, (398)

thus, the inverse of F» | can be calculated by

~1
Fyia

= [C—Fp11 ] K 'M; (399)

conversely, the inverse of [C —F5 1 1] can be evaluated by
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= —1 —
[C—F211] =K 'MFy . (400)

Hence, the two most common inverses in Eq. (386) are evaluated using just one inverse,
the inverse of K. These relations can also be used to decrease the computational cost for
polynomial excitation. The inverse of K is particularly interesting in the Finite Element Analysis
(FEA) context, since the stiffness matrix is sparse, enabling the use of fast, efficient and tailored
algorithms for this kind of matrices (LI et al., 2008; BOLLHOFER; SCHENK; VERBOSIO,
2021). Therefore, the inverse of more complicate matrices, like F; 11 and [(_? — F27171] , can be
computed by using an inverse that is cheaper to evaluate. It is important to stress that matrices
are not usually inverted in the numerical implementation, but K is the coefficient matrix used to
solve a linear system of equations. Nonetheless, all the previous discussion still applies., since
dealing directly with K is much cheaper than dealing with the original forms.

The matrix [C—2F, 1 1] is trickier to simplify, but it can be done using Eq. (239),

(Sl

[C—2F,; ] =—(C*-4K)?, (401)

and if C is given by proportional damping,

[C—2Fy ] = — (B*K*+ (20 —4)K + azl)%. (402)

Equation (402) can be approximated if one assumes both o and f3 as very small values.

In such case

1

[C—2F ] ~ —2iK2, (403)

|

and the inverse of [C — 2F27171] can be approximated to

(M—IK)*% _! (K_IM)%. (404)

[C—2F27171}71 ~ 3

N~

Again, a matrix inverse can be calculated using the inverse of the stiffness matrix. The
approximation presented in Eq. (403), however, can also be used in Eq. (239) to reduce

computation costs. Such approximations were not used in the examples discussed in this text.

3.5 RUNNING TIME COMPARISON

The proposed method was particularized for four families of excitation functions that are

common in real-world problems, such as exponential/periodic, polynomial, Dirac’s delta and
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Heaviside step functions. For all of the particularizations, at least one practical example was
provided and compared to the analytical solution obtained by State Variables. Exceptionally, for
excitation due to Dirac’s delta, the Newmark-beta numerical method was also used due to its
extensive usage in the literature and to illustrate how such excitation is numerically parameterized.
Regarding the analytical comparison with State Variables, it was observed that the response due
to the latter induced higher computational cost, since costly operations over matrix of doubled
dimension.

In the case of Newmark-beta and other numerical methods, it is important to highlight
the need for a finer time discretization, to reduce the propagation of errors. Despite that, it is
also important to stress that in the implementation of the Newmark-beta, (HUGHES, 2000;
LINDFIELD; PENNY, 2019), there are at least 3 matrix-vector multiplications per time step
(0 (nz) , (JIN; CHEW, 2005), where n is the dimensionality of the problem) and the solution of
a linear system. This linear system can be pre-factorized such that a forward and a backward
substitutions are needed at each time step ((& (nz) (FORD, 2015)). Hence, it is estimated that
each iteration of the Newmark-beta method has a complexity of 50 (nz)

If the scheme presented in Eq. (650) is used to evaluate the homogeneous analytical
response in a set of uniformly distributed time points, the exponential map must be evaluated only
once at a pre-processing step. Hence, a matrix-vector multiplication of complexity & <(2n)2 )
is needed at each time step when using State Variables. The proposed approach requires two
matrix-vector multiplications when the problem is over damped, with complexity & (nz) each,
or just a single matrix-vector product of complexity &' (nz) if the system is under damped.

Henceforth, regardless of time discretization (which is expected to be fine in numerical
methods), the Newmark-beta is already expected to have more floating point operations per time
step, that build up as more points are added to the time span.

The example used to assess the proposed approach with Dirac’s delta was used as a
starting point to devise a numerical experiment. A FEM model with increasing number of
DOFs is subjected to the same loading (two Dirac’s deltas) and to the same settings: time span
(t € [0,10]s), time discretization (At = 0.001 s) and the damping coefficient (8 = 1079).

The results are shown in Fig. 15. The blue line corresponds to the execution time for
the Newmark-beta method, whereas the orange line corresponds to the execution time of State
Variables and the green line to the execution time of the proposed approach. It is straightforward
to observe that the execution time of the Newmark-beta method rises much quicker than those
of the two analytical methods. It shows the advantage of using analytical techniques for linear
problems despite the preference for numerical approaches in the literature. Beyond that, it is clear
that the proposed approach spared computational time by a significant margin, that is visible
in Fig. 15. Thereby, the proposed approach can be also computationally efficient and a viable

option for simulation of linear systems with higher dimensionality.
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Figure 15 — Computation time to evaluate the response due to Dirac’s excitation as a function of
the dimensionality of the problem. The complete response was calculated using the
Newmark-beta method (NM, blue line), State Variables (SV, orange line) and the
proposed approach (GIF, green line). T is the computation time at a given
dimensionality, while 7,,,, is the maximum time measured for all methods in the
entire experiment.

3.6 APPLICATION IN INTEGRAL MEASURES

Integral measures arise in many engineering applications, especially in optimization
of structures subject to dynamic loads. In (JOG, 2002), a review of the integral measures is
provided, while, in (ZHU; ZHANG; BECKERS, 2009), examples with topology optimization
are given. One of such integral measures is power input, which can be used to mitigate vibrations
in structures using topology optimization (SILVA; NEVES; LENZI, 2019; SILVA; NEVES;
LENZI, 2020). Calculate such measures analytically and, thus, having analytical expressions for
their sensitivity analysis is paramount. Hence, the generalized integrating factor can be used both
for determining system response and for evaluating objective or constraint functions dependent

upon integral measures.

3.6.1 Input energy with periodic excitation

The input energy along a time span can be calculated as
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l‘f
E= [ f'yd, (405)

fo
where T stands for the transpose of the excitation vector. If the excitation function is periodic,
Equations (282) and (306) and the derivative of Eq. (223) can be directly substituted in Eq. (405),

n

E=) YY) /t ' cjiexp (Bt + Ojic) €} CimPBimexp (Bimt + Gim) Kim +

j=lk=1I=1m=1
Cjkexp (ﬁjkt + ¢jk) e]T~ [— exp (—F271’]Z‘) F27171C2+
exp ([F2,1,1 — C|t) [F2,1,1 — C] Cy] dr. (406)

The integral above has two parts - one corresponding to the particular solution with no
matrix exponential and one corresponding to the homogeneous solution, that has indeed matrix
exponentials. The part due to the particular response has a straightforward solution, while the

one due to the homogeneous response has a solution using Eq. (289), thus,

LA R Cjkclmﬁlm g T
:ZZZ Z eXP((ﬁjk-i-ﬁzm)t-l-(ij-l—(mm) e Ky +

: k=1l=1m= 1Bjk+ﬁlm o

cjxexp (Bt + 9jc) € [CXP( Fa,117) [Fa11 — Bjed] ~ Fa11Co+

Iy

exp ([Fa.1.1 — €] 1) [Fo11—C+Bul] ' [Fo11—C] Cl} (407)

Io

Both matrix inverses in Eq. (407) are the result of integrating the homogeneous parcel of
the solution, therefore, this part will be common to the input energy calculation of all responses
due to continuous excitation. These inverses can be avoided if the homogeneous response is
neglected altogether, like in (SILVA; NEVES; LENZI, 2019; SILVA; NEVES; LENZI, 2020).
Nevertheless, the complexity of all these matrix operations is dependent upon the dimensionality
of the problem only and totally independent of the time span, in contrast to numerical methods,
whose evaluation points would have to be again numerically integrated. In consequence, as the
length of the time span increases, the approach using the generalized integrating factor gets

computationally more efficient, besides its intrinsic accuracy.

3.7 OPEN-SOURCE REPOSITORY - GIFFNDOF

The source code of the computer implementation of the proposed formulation is available
in the public repository <https://github.com/CodeLenz/Giffndof.jl>. The open source Julia
language (BEZANSON et al., 2012) is used. Instructions for downloading and usage can be

found in the documentation and in the examples provided in the GitHub page of the repository.


https://github.com/CodeLenz/Giffndof.jl
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Two different implementations are available: a continuous one, where the complete, the particular
and the homogeneous responses are given, for each tye of excitation, as functions of time and a
discrete version where the complete response is computed for a pre-defined grid of time steps

and for any combination of exponential, polynomial and Dirac’s impulse excitations.

3.8 FINAL REMARKS OF THE CHAPTER

This chapter extended the use of the GIF to coupled systems of second order ODEs.
Expressions for the time-dependent coefficient case were derived in general form. These forms
were later particularized to the constant coefficient case where it was shown that under mild
assumptions about coefficient matrix C the integrating factor can be found in closed form.
Analytical particular solutions were derived for different forms of continuous and discontinuous
excitations. Complicate expressions for loading can be generated by using a linear combination
of polynomials multiplied by Heavisides and also by combining the analytical solutions derived
in this manuscript.

Examples showed that the proposed approach is accurate and can be made efficient, not
suffering with common issues found in traditional numerical approaches, like stability associated
to time discretization and interpolation errors. Initial conditions can be imposed at any given
time 7, not only in the extremes of the interval. Actually, no time span is needed to evaluate the
response when using the proposed approach.

Implementation ideas regarding the exponential maps in the solutions were launched
and tested, which made the computational implementation efficient. It was observed through
numerical experiments that the GIF spent less computational effort than well-established
techniques, such as Newmark-beta and State Variables methods.

Comparisons against other analytical approach, namely the Laplace transform,
demonstrated that the latter is indeed impractical for large problems and cannot be scaled
to n-dimensional problems like the GIF can. Summing these results up, it follows that the GIF
is a practical option to solve systems of coupled ODE:s, both reliably and with computational

efficiency.
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4 HEAVISIDE SERIES

In Chapter 3, the importance of solving systems of coupled linear ODEs was highlighted
in many practical applications. For this reason, the Generalized Integrating Factor was extended to
tackle these systems and particularized for some families of excitation functions. The advantages
of the method, such as accuracy and lesser computational effort, were shown through numerical
experiments.

The particular solutions in Chapter 3, however, depended on a double convolution. Hence,
one might ask: what if an excitation function does not have a analytical convolution?While
another might also ask: what if I do not want to trouble myself to evaluate the convolution for
an excitation function that interests me? The answer is to approximate such cases of excitation
function in a way that does have analytical convolution and that has already been derived.

From this intuition, a semi-analytical method is formulated in this chapter. The original
excitation function is approximated using series of Heaviside step functions multiplied by
polynomial coefficients. As this type of excitation had already been developed in Chapter 3,
the solution to the approximated function will be analytic. For this reason, the method is semi-
analytic, since the solution is analytic but the excitation is an approximation, and the accuracy is
solely dependent on the quality of the approximation of the excitation function.

It will be shown in this chapter that the proposed semi-analytical method, called Heaviside
Series method, keeps the advantage of lesser computational effort from the original GIF technique.
It will be shown through numerical experiments that the method has an order of convergence
between 2 and 4 and that it is, consequently, more accurate and faster than the Newmark-beta
method. The numerical stability of the Heaviside Series method, HS for short, is also explored
and it is shown to be linked to the eigenvalues of the matrices F; ;| and [(_3 — F27171} - if they
have positive real part.

The eigenvalues of these matrices show that the method is unconditionally stable when
damping is positive. It is proven that, when the eigenvalues have negative real part, it is not the
method that is unstable but the system as a whole. Consequently, the response is not artificially
damped as in other numerical methods. Conditions for the damping being positive are investigated
for Rayleigh proportional damping.

4.1 HEAVISIDE SERIES FOR FUNCTION APPROXIMATION

In many real-world and mathematical problems, functions must be approximated to fit
some conditions. Among different uses, two classes of these problems are very common: data
regression, when a function must be fit to data to infer and predict over unknown data and
approximate solutions for differential equations, when a candidate solution is adjusted to fit
the model’s differential equation by minimizing a residue metric, such as in Galerkin method
(ZIENKIEWICZ; TAYLOR; ZHU, 2013; GAUL; KOGL; WAGNER, 2012). Hence, developing

new ways of representing and approximating functions is indeed an important and current
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research topic.

4.1.1 One dimensional functions /' :V —V

Let a function f(t), f:V — V, be approximated as a series of polynomials & ,,t™ € V

up to power n,, multiplied by Heaviside step functions at n; discrete time steps

fO=F0)=Y Y a1 —1), (408)
k=0m=0

where 7 is the Heaviside step function defined in Eq. (120).

As the function is essentially approximated by a polynomial of order n,,, it is fair to say
that Eq. (408) provides an approximation of order n,, for f(z), much like using Taylor series.
Nonetheless, the coefficients of the polynomials are updated according to ¢, such that there is no
need to center the approximation around a point like in Taylor series. Thus, the calculation of
coefficients ¢y ,, is carried out differently.

The main idea for evaluating the coefficients ¢ ,, is to preserve the integral of the original
function, f(¢) and its derivatives at each point 7, depending on the order of approximation but
regardless of domain discretization. Examples with zero, first and second order approximations
are presented in the following and provide a glance at the niche of application of this series

representation.

4.1.1.1 Zero order approximation

For zero order approximation, n,, = 0, Eq. (408) reduces to

1y,
FO)=Y & (1 —1). (409)
k=0
Using the preservation of the integral of f(¢) at each interval 7 € [f;,#;, ] and the mean value

theorem for integrals

1 41

flo)yde, <t <tyy, (410)
Atl f

!
f(r) = Z@k=
k=0

where At; =11 —t; and 0 < [ < ng. Thus, the [-th coefficient, ¢;, is evaluated by

N 1 /fl+1 F)d I_Z] A @1
C] = — t)ar — Ck-
! All 1 =0 k
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4.1.1.2 First order approximation

For first order approximation, n,, = 1, Eq. (408) reduces to

g

F=Y (eko+eeit) # (t—1i). (412)
k=0

The approximation at interval ¢ € [t;,#,,1] is given by

l l

FOy=Y eeo+ ) &t =ao;+ayt, 1 <1<ty. (413)
k=0 k=0

The slope of this polynomial, a; ;, can be tailored to be equal to
—f(z
) —f (1) 414)

ar = ’

Aty

which, by the mean value theorem for derivatives, guarantees that the derivative of f(¢) coincides
with the derivative of f at one point within the given interval, at least. Coefficient ao, is obtained
by

141 apy I
[ F ey dr = a0 b+ 5= (i = 17) :/l f(t)dt, (415)
! I
such that,
1 1+1 a
do; = A_rl/t fleydi =55 (2, —13). (416)
1

Thus, using Eq. (413), the coefficients are evaluated as

o= - / ) dr (i? 2 417)
—_ — — C
= A, 2At1 1 w0
and
-1
\ te1) — £t \
Gt = f( l+1itl f () _kz_ock’l' 418)

This approximation guarantees that the integral of f(¢) is the same as the integral of
f(¢). It also enforces that the mean value of the derivative of f(¢) and the derivative of f(t) are
equal in each time interval. Both properties are observed regardless of the time step used in the

approximation.
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4.1.1.3 Second order approximation

For second order approximation, n,, = 2, Eq. (408) reduces to

05

ft)= Z (CAk70+CAk71t—|-CAk’2t2) H(t—1y). (419)
k=0

Atinterval # € [t;,;,] the approximation function is given by

! l
= N A N 2 2
f(t)= Z Cro+ Z Crt+ Z Crpt" =ap +ayt+apt®, ) <t <t . (420)
k=0 k=0 k=0

!

For this order of approximation, the first derivative of the HS representation is set to be
equal to the derivative of f(r) at the vicinity of each time point #;, what gives the advantage
that the first derivative is smooth, although not defined at points #;. Thus, the derivative of
the representation, f, is continuous in the domain Q : (—oo,00) — {t;},1 € {0,1,...,m}. It is
straightforward to observe that, if f is differentiable at #;, #; is an accumulation point and the
limit of the derivative of f converges from both the left and the right sides. These conditions

yield a linear system of equations

2ay t141 +ar; = f(ti11), (421)
and
2a0 1 +ay; = f (1) (422)

whose solutions are the coefficients a; ; and ay 4,

 fs)—f @)
a | = 2A1, ) (423)

and

ar; = f(te1) — 2a2 1141 (424)

Using the mean value theorem for integrals, one gets the coefficient ap; to make the
integral of the representation equal to the integral of the represented function at each point #.
The integral of the representation is

141 a ag
/ ayt* +ay gt +ap dt = T (f13+1 —f13) + > (f12+1 —fzz) +ao (ti1—1), (425)

1

which, comparing to the integral of the represented function, reduces to
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1 141

1a21 3 3 1(111 2 2
= — Ndt— —22 (3 =) — — =L (12, —17). 426
aop, n f(t) AL 3 <l+1 l) At 2 (l+1 l) (426)

Turning these equations in terms of ¢ ; yields

f 1) —

Ca=""3 Atl Z 225 (427)
&1 = f(tip1) —2an 1141 — Z Cr 1 (428)
and
[l 1l a5 3 I ay
b0 = — Hdt — ——= (&, —t (7 429
10 Atz/zz f(t) AL 3 (' —1) - A2 (171 — cho (429)

4.1.2 n-dimensional functionsf:V — V"

In an analogous manner to one-dimensional functions, let approximate n-dimensional
functions f: V — V" extending Eq. (408). For this purpose, let a vector function be written as

linear combination of the vectors of the canonical base, e},

f(t) =gi1(t)er +g2(t)er+ ... +gult)en, (430)

where each functional coefficient g;(¢), j € {1,2,...,n}, can be represented using HS,

g Nm

gi)=git) =Y. Y Cjumt" A (1 —1jx). (431)
=0m=0

Hence, the HS is extended to the n-dimensional codomain, V", by simply representing
each component of the vector function f independently. Analogously to one-dimensional
representation, there will be different orders of approximation as well. For the purpose of
illustrating the process for the n-dimensional case, first order only will be addressed, since it both
shows how the procedure is carried out and it is the most prominent approximation, as following

results will demonstrate.

4.1.2.1 First order approximation

Assuming that functions g;(z) are written in approximate form as in Eq. (431) and

particularizing for ny,, = 1, Equation (431) becomes
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g

git) = gj(t) =Y. (&jx0+&jxt) # (1 —1jx). (432)
k=0

Due to the Heaviside steps, the approximation at interval ¢ € [f;,1;, ] is given by

/ l

gj(t) = Z CALk’o—l— Z 6j,k,1t =apjtayjit, 1 <t <ty. (433)
k=0 k=0

The slope ay ;; of this polynomial can be tailored to be equal to

gi(ti1) —gj(t)
Aty ’

aijg = (434)

whereas coefficient ag ;; is obtained by the equality between the integrals of the original function

and its representation through HS,

ﬂ+1 R a17.7l [l+1
/t gj(0)dr = ap A+ == (i, — 1) = /, gj(1)dr, (435)
! 1
such that,
4= /”*‘ (e — S (2 ) (436)
0,1 Aty J, 8j oAy VLT

Thus, by using Eq. (433), the coefficients are evaluated as

-1

8i10=1a01— Y, ¢jk0 437)
k=0
and
-1
Sigi=arj;— Y, ¢k (438)
k=0

4.2 USING THE HEAVISIDE SERIES TO SOLVE ODES

Systems of coupled second order ODEs with constant matrix coefficients are represented

by Eq. (1). As matrix coefficient M is non-singular, it its possible to rewrite this Equation as

Iy (1) + Cy(r) + Ky(r) = (1) (439)

where C = M~!'C, K = M~ 'K and f(r) = M~'f(t). The Generalized Integrating Factor, an
analytical approach to solve this problem, was proposed in Chapter 3. The general solution for

ODEs with constant coefficients is given by
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y(t) =exp (— [C—FQJJ] l) /exp([C—Fz,l,l] t) exp(—Fz,th)/exp(Fz,l,lt)fdtdt-l—

-

-~

¥p(t)

exp (— [C — F27171} t) /exp ( [(_J — Fz,l,d t) exp (—F2 11t) Codt +exp (— [C — F27171} t) Cq,

-

Yn(t)
(440)

where yp(#) is the particular solution due to the excitation vector f(¢), yn(#) is the homogeneous
solution and C; and C; are vectors of integration constants.

When matrices C and K commute, as is the case with proportional damping and other
damping models that yield classic normal modes (ADHIKARI, 2006), the two terms in Eq. (513)

are simplified to

Yn(r) = exp (—F2,1,1t) Co +exp (— [C —F2,1,1] 1) Cy, (441)

and

¥p(t) = exp ([Fa11 — €] 1) / exp ([C—2Fy,,4]1) / exp (Fy,1.10)E(r) dr dr. (442)

Following Chapter 3, matrix F 1 is the result of

F%’I’I—FZMCJFK:O, (443)

whose solution is

1., 1 .- _ 1
Foi1=5C+s [C*—4K]?. (444)

Thus, analytical solutions can be found when the convolution in Eq. (442) can be evaluated in
closed form, as it is shown in Chapter 3 for different families of excitation functions. Those
analytical solutions are continuous in time (not a discrete solution) and do not depend on the
level of damping if the matrix C — 2F» 1.1 is non singular (conditions for the singularity of this
matrix are given in Appendix C.1). Other important aspect when comparing to the numerical
procedures it the fact that the complete solution is split in its homogeneous and particular parts.
The homogeneous solution does not depend on the excitation f(¢) and is always analytic.

For the particular solution, nonetheless, sometimes one is interested in using excitations
f(r):

1. only known at discrete time points ; ;;
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2. hard to evaluate by convolution, although the integral itself can be easy to evaluate (at least

numerically).

Both cases can be addressed using HS, since the convolution for Heaviside steps multiplied by
polynomials has analytical solution, as observed in Chapter 2 and in Chapter 3.

Thereby, the use of the Generalized Integrating Factor approach is straightforward
even beyond the subspace of excitation functions whose convolution is simply calculated.
Nevertheless, it can be systematically extended for the two problematic cases referred previously,

as summarized in Fig. 16.

Application of
Heaviside series

Ease to
convolute

Space of functions
R >R

Figure 16 — Diagram of the extension of the function space covered by the use of HS
representation as excitation function to the Generalized Integrating Factor. Veronica
Herbst Pazda, undergraduate student of the department, is acknowledged for making

this image by request of the author.

The use of the HS as excitation to evaluate the particular response using the Generalized

Integrating Factor is discussed in the following.

4.2.1 Particular solution due to Heaviside Series in n-DOF problems

Let the normalized excitation vector be defined using Eq. (430),

ft)=g1(0OM le; +...+ g, ()M e, = g1 ()Vi+ ...+ gn(1)Vn, (445)
with
gj(t) = Zc%”(f—tjyk) fix(t), (446)
k=0

where 7; . are ny discrete time points for each DOF j and f;  are functional coefficients.
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The particular solution for this class of excitation was shown to be, Chapter 3,

- n nk t -
yo(t) = oxp ([P =€) ¥ Y o (1=130) | exp([C=2F211]1)
j=1k=0 ik
1
| exp®ana0) fuloydrarv;, (447)

tj,k
depending on the function that multiplies the Heaviside function. The closed-form particular
solution when f; x(¢) are polynomials was obtained in Chapter 3, such that one can combine this
solution with the approximation provided by the Heaviside series to devise a general procedure

to extend the applicability of the Generalized Integrating Factor approach.
If g; (1), Eq. (446), is represented by a second order Heaviside Series

1
gj(1) =Y (8jxo+Ejant+Ejat®) A (1 = 1), (448)
k=0

and if C — 2F 21,1 1s non-singular (C.1), the particular solution to Eq. (447), according to Chapter
3, is given by

(jk1Faly —2640F33 ) =204 [C—Faua] F3l ) +2042 [C—Fara] K3,
~[C=Fo1] 7 (GuaFaly —285F50 ) + [C—Fani] ™ (200857
~Cai B3l koo ) exp (B (14— 1)) [C— 2] !

(= (et eimntia+ino ) Fob s+ (2satin+Eja) Fily — 260F31 )
+exp ([C—Faua] (16 —1)) ([€—Faa] ™ (Fal ) (~eirdi—Eurtin—ino)
TF33 | (20atix+ ) = 28857 ) )+ [C—Fai] 7 (F3] ) (20g0tja+Ejk1)

2850k} 1) = 2650 [C— o] Fyl, — [C— 2] (<F3 ] (et
0tk Eiko) + ey (28jatix+ k1) — 2éjk2F2*j,1>> }Mflej.
(449)

otherwise, if C — 2F» 1 1 is indeed singular (Appendix C.1), the exponential map over this matrix
should be evaluated using Jordan canonical form to assess its integral (HIGHAM, 2008).

As discussed in Chapter 3, the cost of evaluation of the particular response given by Eq.
(449) increases dramatically with the order of the polynomial, as shown in Tab. 2. Thus, a good

compromise relationship is found using a first order approximation, resulting in
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Y (=1 {en (1€ For ] = [€-Far ] PRy

j=1k=0
-+[C-—F211}*1(-@thF;%J-+@Lh0F;}J>
exp (B (1 —1)) [C = 2F201] " (= (Gaatja+ Eu0) Pl +¢501 31 )
exp ([C=Fa1] (4= 1)) { (€~ Foua] ™ (B2l ) (~Eaottya— Ejx0) +F53 101 )
(€= Foa] * (Fol i) = [C= 2] (<F5 ] (atin+Ea0) +

Fz_f,léj,k,1> }}M_lej~
(450)

For summarizing, the particular solution due to Heaviside excitation with first order
polynomials can be obtained from Eq. (450), where coefficients ¢; ;o and ¢; 1 are evaluated
according to Egs. (437) and (438) by pre-processing the loading data in advance. The complete
solution is comprised of the sum of this particular response and the analytical solution of the

homogeneous response, Eq. (441).

Table 2 — Matrix inverses for each approximation order.
=

Zero order Fg}l [C— F211] [C—2Fy,,]
First order Fz_il [C— F211] [C_ZFZ,MTI
£ [C-Fa)

Second order Fyj, [C— F211] [C—ZFz,l,l]_l
S
Bl [P

4.2.2 Properties of the solution using HS

One can devise some interesting aspects of the solution provided by Eq. (450).

4.2.2.1 Accuracy

Particular solution provided by Eq. (450) is analytical due to approximated non-
homogeneous terms, as the only approximations are introduced in the computation of coefficients
Cjko and ;g 1, associated to the approximation of the excitations g;(t). Also, there is no
assumption on the behavior of the solution between discrete time points, like in implicit and
explicit numerical methods.

The homogeneous solution, Eq. (441), does not depend on such approximations. This

is another advantage when comparing the proposed approach with purely numerical methods,
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since the complete solution is a linear combination of these two terms and one of these terms is

always analytical.

4.2.2.2 Integration

The integrals of g;(¢) from # to #;1 can be carried out analytically if g;(¢) is easy to
integrate. This can be used to avoid numerical errors due to numerical integration. If the integral
cannot be evaluated analytically, one can resort to numerical approximations.

One interesting result is the fact that if g () is known only at discrete times #; and ;. 1,

then, the integrals can be approximated by using a trapezoidal rule

[ e0ar - (g0 + 5 (- 0) ) @st)

1]

extending the approach to discrete excitations.

4.2.2.3 Preservation of Impulse

The integrals of the represented functions, g;(¢), and of the HS approximations are equal
at the singularity points #; ;. Therefore, the impulse I and variation of the linear momentum Ap
for each DOF j are conserved, (SERWAY; JEWETT, 2004),

/tj gi(t)dr =1=Ap, (452)

I

regardless of the time discretization.

4.2.2.4 Integral measures

Still regarding integral properties, integrating Eq. (1) between the singularity points, ¢;
and ¢}, of the HS yields

M (¥ (1) =y () +C(y(t;) —y (1)) +K tjydt _ [ tar. (453)

ti ti

Thus, the integral of the complete response y(z) is given by

Zj

ydr =K' tjfdl-f-M()"(U)—)"(U))+C(y<l‘i)_y(lj))l . (454)

I 14

r
I, 2

One can observe that the accuracy of the integral in the left hand side of Eq. (454) depends

upon the integral of the excitation function itself, I';, and upon the accuracy of the response and
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its first time derivative I';. Therefore, for applications where the integral of the response matters,
HS present another advantage, since I'y, the impulse of the force, is satisfied by the definition of

the series coefficients.

4.2.2.5 Computational cost

As one can observe in Eq. (449) and in Tab. 2, the matrix cost of solutions due to
Heaviside steps multiplied by polynomials does not depend on the number of excitation terms
nor on the number of excited degrees of freedom. Hence, HS present an option to reduce matrix
computation cost compared to the analytical solutions provided in Chapter 3, since its main cost
is tied to the approximation order only. This is an important contrast with particular solutions due
to periodic excitation functions discussed in Chapter 3, for instance, since the matrix operations
depend on the number of frequencies present in the signal.

The following section is devoted to present an efficient numerical implementation of the
proposed procedure, when compared to the direct evaluation of Eq. (450) and Eq. (441), without
loss of accuracy.

4.3 EFFICIENT EVALUATION OF THE ODES RESPONSE USING FIRST ORDER HS

In order to evaluate the solution of system of coupled ODEs using first order HS in an
efficient fashion, let Equation (450) be separated in three parts and let all matrix operations be

expanded as
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I’lk _ .
Vo)=Y Y A (1—1;0) |01t [C—Fa11] Fy} M7
j=1k=0 o

~~

I,
A - =251 -1
81 [C—Fo11] "Fp | M

I
&1 [C—Fo i) ] M 480 [C—Fo ] E M g
r; r,
\- A = 11 -1
+ Z I (t_tj7k) exp (F27171 (tj,k —l)) —Cjk1tjk [C—2F27171} FZ,I,IM
J=1k=0 ~ -
80 [C—2F201] "y M 42 [C 2B 0] 7 By T M e
r, T
ny _ _ _
+ Y Y (=) exp ([C—Fara] (tix—1)) [=¢jatia [C—Faua]  Fy} M
=1k=0 S ~
I

~8jk0 [C—Fou1]  Fyl M7 46501 [C—Faop ] Fy 3 M

- - i

l"1 r3
A S —2p-1 —1 4 s -1 —1
+Cjk1 [C—Fapa] “Fyp M 4¢j 0114 [C—2F211]  Fyp M
| ) 'y

A S | —1_ 4 s LR ni) -1
+Cj,k,0[c_2F2,l,l] F,, M _Cj,k,l[C_ZFll,l] F, 1M e

l"4 FS

(455)

One notices that there are, in total, 5 matrix-vector products for each j, whose matrices are I'[,
I';, I';, I'4 and I's and vectors are e;. Using inverse properties, each of these matrices can be
simplified, as it will be shown in the following equations for each I';.

Matrix I'y, that appears 4 times in Eq. (455), can be simplified to

[C_FZ,I,I}_lFiilMil = (Fa,1,1 [C_FZ,I,ID_lMil = (MFy,1 [C—FZ.,l.,lD_lv
(456)

which, using Eq. (443), is further simplified to

I'=(MK) =K'= (457)
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Matrix I';, that appears 2 times in Eq. (455), can be simplified to

_ _ _ -1 _ -1
[C—F21,] ZFii,lel = (Fz,l,l [C—Fz,1,1}2> M= (MFZ,l,l [C—Fz,l,l]z) )

(458)

which, using Eq. (443), is further simplified to

1

= (MK[C—Fy11]) ' = (K[C—Fp1]) ' =Q;". (459)

Matrix I's, that appears 2 times in Eq. (455), can be simplified as

(€~ Fori] "B} M7 = (B [C-Fo]) M7 = (M3 [C—Fani])
(460)

which, using Eq. (443) and the commutativity of F, ; | with K, as proven in Chapter 3, is further
simplified to

[3= (MFy; K) ' = (MKFy,) ' = (KFy1,) ' = Q5. (461)

Matrix I'y, that appears 4 times in Eq. (455), can be simplified as

[C—2Fy 1] ' Fyl M7 = (Fy11 [C—2F21,4]) ' M7 = (MFa,, [C—2F214]) 7,
(462)

which, using Eq. (444), is further simplified to

1

1 1 -1

= (K-MF3,,) =Q,".
(463)

Iy=(MF,;;[C—2F;,]) =M[K-F35,,])

Matrix I's, that appears 2 times in Eq. (455), can be simplified as

[C—2F,14] 'F; 3 M7 = (F3,, [C—2F,,,]) "M = (MF}, | [C—2F5,,]) ",
(464)

which, using Eq. (444) and the commutativity of F, ; | with K, as proven in Chapter 3, is further
simplified to
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Ts= (MF}, [C—2F,1]) " = (MF, ,R—MF3, )" = (KF5, | —MF3 )"

= (Q4F27171)_] = (Qg —MF%LI)_I = QS_I
(465)

Henceforth, all inverse operations can be carried out using a linear system of equations,

x;j=Q;\e;, i=1,2345. (466)

where \ indicates the solution of a linear system Q;x; j = ej, and X; ; is the solution. Thus,

substituting those results into Eq. (455), it yields

n | m

yo) =Y | Y o (t—1ja) [(8jxat +¢jx0) X1, — Ej k1% — k1%, 7]
=1 k=0

1
+ ) At —tjx) exp (Fo11 (14— 1)) [= (Cjaatjn+Ejx0) Xa j+8jx1Xs ]
k=0

ny _
+ ) (1 —tjx)exp ([C—Fau1] (176 —1)) [= (Cjaatin+Ejx0) X1
k=0
¢ 1%+ CjxaXs, i+ (€ tjx+Ek0) Xaj— Cjx1Xs ;]| - (467)

To this point, the matrix operations with the matrix coefficients that multiply the
polynomial and exponential terms were simplified, with great reduction in expected computation
cost. Let further considerations regarding the exponential maps be made. For this purpose, let
the time points, 7; x, be equally spaced by a time step Az and the initial time, 7y, coincide with
tj0 (the same discrete times are used for all excited DOFs j). Finally, let the response, yp, be
evaluated in the same discrete set of time points, i.e. fx = f; x. As the same time discretization is

made for all of the excited DOFs, the summations in j and in k can be swapped,

ny n

yp(t) =Y, Y (t =) [1¢j k1%t j+Ejx0%1j—Cjan (X2, +%3,))]
k=0 j=1

ng n
+ Y ) (=) exp(Foa (e —1)) [— (&1t +€jx0) Xa,j+ € k15, ]
=0 j=1

ny n _
+) Y A (t—n)exp([C—Foi1] (e —1)) [(¢jnatk+¢jk0) Xa,)
k=0 j=1
641 (X2, X3, —Xs ) — 1€ 1X1,j — CjgoX1,j] (468)
Let Equation (468) be evaluated at time #;, where #; belongs to the set of discrete time

points #;. Using the definition of the Heaviside step function, Equation (468) is simplified and

some structures are highlighted,
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i n
p(t) =Y Y [t€j k1%t +CjxoX1j—Cja (X2, +%3,)]
k=0 j—1

i n
+ Z Z exp (Fo 11 (e — 1)) [ (€j1tk +€j40) Xa,j + € 1, 1X5,]
k=0 j

/

'

Y1

+ {Zﬁ}o Yirexp ([C—Fo 1] (e — 1)) [(Eja 1tk +ju0) Xa,j } .

+Cj 1 (X2,5+ X3,/ —Xs, 1) 1€k 1X1,j — €ja0X1,j

J/

21

Now, to assess how the method progress from one point to the next, let Equation (468) be

evaluated at time ¢, 1, it follows from the definition of the Heaviside step function that

.
p(tix1) Z Z fiv18j X1, + € 0X1j — Gt (X2, +X3,5) ]
i+1 n
+ Y Y exp(Fo i1 (tk—tiv1)) [— (Canti+Ej ko) Xaj + Ej 15, ]
k=0 j=1
i+1 n _
+ Z Z exp ( [C — F2.,1,1} (l‘k — ti—H)) [(éj,k,ltk + éj,k,O) X4, j
k=0 j=1

e (X2 X3 — X5 j) — ) g 1X1,j— jx0X15] (469)

taking out the (i + 1)-th term of each summation in k, it yields

n
p(tit1) Z 1418704 1,1X1, + € iy 1,0X1,j — €11 (X2,j +X3,5)

+ [— (81,1841 +Cj.,i+1,o) X4,; + @j,i+1,1X5,j] + [(5j,i+1,1ti+1 +8j.it1,0) Xa,j

¢t (X2, %3 = X5 ) =i 18)i411%1,j — Eji41,0X1,7]]

l n
+ Z Z [tis18jk1X1,+ €k 0X1,j— Cjp (X2, +X3,5) ]
k=0 j=1

i n
+ Y Y exp(Fo i1 (tk—tiv1)) [— (Cati+Ej ko) Xaj +Cjje1Xs ]
k=0 j=1

i n
+ Z Z exp ([C—Fo11] (e —tis1)) [(6j 1tk +Ejk0) Xa
k=0 j=1

¢ (X2 X3 — X5 j) =l g 1X1,j — 1015 (470)

All the terms out of the summations in & in Eq. (470) cancel themselves out. Thus, since
tiv1 =t;+ At, it is possible to rewrite Eq. (470) as
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Yp(ti+1) _tH—lchjklxlj+22cjkoxl,j chjkl (X2, +x3,)
k=0 j= k=0 j=

k=0 j=

Wi, Wo i W3 i

i n
+exp (—F2,1 1A7) Z Z exp (Fo, 11 (tk— 1)) [ (&) k1tk +€j40) Xaj + &k 1X5,]
k=0 j=1

-~

Y1,

Zizo 27:1 28 ([C - FZ,I,I] (tx — fi)) [(éj,thk + 5j.,k,o) X4, j
+¢j 1 (X2, 4+ X3, —Xs ;) — el jx1X1,j — € k.01, ]

-

+exp (— [C — F27171} At)

Y2
(471)
Finally, the response at time #;;-; can be rewritten in a simpler form
Yp(tix1) = tip1W1,;i +Wo; — w3, +exp(—Fa 1 1Ar) Y1, texp (— [C - F27171} Al) Y2
(472)

Vectors ¥; ; and ¥, ; were defined to establish a link between yp (#i+1) and yp (#;), for
summations in both vectors are from k = 0 up to k = i. Therefore, yp (f;12) will be related to
¥p (tix1) through Y1.+1 and ¥, ;1 and so on, recursively. Hence, an update rule for vector ¥y
must be derived and this can be achieved with Eq. (468) evaluated at #; ;. Again the terms
with k =i+ 2 are taken out of the summations just like in Eq. (470) and the summations over

exponentials can be simplified to

n
p(ti2) = Z 1i428)it2,1X1,j + € i2,0X1,; — Ejiva1 (X2,j +X3,7) + [ (€)i42,1ti+2

+¢ji42,0) X4, +Ejiv2,1Xs ;| + [(8jira1tiva+ ) iy20) Xaj+Ej a1 (X2,j + X3,/ — X5 /)

i+1 n
—1i42€5i42,1%1,5 — Cia20X15] | + Y Y [tiv28j kX1, + €01, — Egn (X2, +X3,7) ]
k=0 j=1
i+1 n
+exp (—F27171AZ‘) Z Z exp (F27171 (tk — ti+1)) [— (6j,k,1tk + éj,k,O) X4,j +éj,k,lx5.,j} +
k=0 j=1

-~

Y1,i+1

) Yo rexp ([C—Fo ] (e —tiv1)) [(6js1tk +€j0)
X4, + i1 (X2,j+X3,7 —X5,;) — 16l g 1X1,5 — &) k.01,

~~

Y2,i+1

exp (— [C—F27171} At

(473)
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The terms with index i + 2 in Eq. (473) cancel each other out. Taking the terms with
k =i+ 1 out of the summations with exponential maps, taking the terms with k =i+ 1 out of the

summation without exponential maps, and recollecting that #;, | = #; + A¢, Equation (473) can be
rewritten as

n n n
Yp(tiy2) = tiyo Z Cjiv1,1X1,j+ Z Cjir1,0X1,j— Z Cjiv1,1 (Xz,j +X3,j)
=1 = =

+tz+zz chklxl,]+z chk()xl,] Z chm X21+X3J)+6Xp( Fy1,1A1)
k 0j= k 0j= k 0j=

J J
g g g

Wi W2 i W3
fy = (8jiatins +8ji1.0) X4+ €iv1,1%s5 ]
+exp (—Fa1180) Yo Yoy exp (a1 (i — 1)) [— (8jaatk + €jx0) Xa,j+ Cja1%s ]

Y1,i+1

Yo [(Cjiiativt +8jim10) Xaj+ 8111 (X2,
+X3j —X5j) —li418),i41,1X1,j — &} i41,0X1,j]

+exp (= [C—Fa11] Ar) § +exp(— [C—Fa 1] A) i Xy [exp ([C—Fap1]

(k= 1)) [(8 10K+ Ej4c0) Xaj+ Ej k1 (X2, + X35 — X5 })

\ 1€ k1X1,5 — €jx0X1,5] ] )

-~

Y2.i+1

474)

Hence, the response at time #;, can be evaluated similarly to yp (fi11), Eq. (472),

n n
Yp(tir2) = tiv2 w]l+Zle+11Xl,] + W21+chl+loxl,j
j=1 j=l1
%/_/ ~——
dyivg da ity
W1 it1 W21

n
— [ wai+ Y & (%2, +x3,)

= )
e
N ~ .
+exp (—F2,1,1A0) ¥y 1 +exp (= [C—Fa 1] A1) Yoy (475)

By comparing Eq. (472) to Eq. (475), there immediately follow update rules for vectors
Y and w,



124

n
Wit =Wiit Y Gt

j=1
~—_———

diin

n

Wo i1 =W+ Z Cjit1,0X1,j
j=1

—_——

da iy

n
W31 = W3;+ Z &jit11 (X2, +X3),
=1

-~

ds ;1

j=1

J/ N

n n
Vi =exp(—Fo1180) ¥y ;= Y (&jiv1tiv1+Ejiv10) Xaj+ Y &jiv1,1X5,,
= '

-~

-~

dy ity ds iy

n
Va1 =exp(— [C—Fy 1] M) Y2+ Z (jitaativ1 +€jiv10)Xa,j
Jj=1

-

dy it

n n n n
+ Z Ciit1 (Xz,j +X37j) — Z Cjit11X5,j —tiy1 Z Cjiv1,1X1,j— Z Cjiv1,0X1,j. (476)
i— i—1 =1 =1

J/ & J/

Jj=1
J/ N
-~ -~ -~ -~

ds;. g dyi dy it

d; ;i1

Let a generic form of the summations in j be studied and expanded,

bixiig+baxin1+- - +bpxin

i bixi12+baxin2+ -+ bpx;
Z iji7j — blxi,l _|_ bzxtz + e + bl’lXiJl — 1 171,2 2 17272 n l,n,z 7 (477)
j=1

blxi,l,n + b2xi,2,n + - bnxi,n,n

where x; ; , is the p-th component of the vector x; ;. Equation (477) can be expressed in matrix

notation as

bixi1,1+boxin 1+ +bpXin by
1Xi12 T 02Xi22 4+ DnXin2 2
bjx; ;= = |Xi1 Xj2 .- Xi,n] - (478)
j=1 . ~ L.,
X.
b1xXi1n+boxinp+ - +bpXinn l by,
——
b

It is important to stress that j is not a counter on the DOFs of system but a counter of excited

DOFs of the system. For that reason, the summations in j can be substituted by the following

notation,
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bs)
- by
Y bixii= Y bo(jXis() = |Xir() Xir@) o Xis(n) @1, (479)
j=1 jes S -~ -
Xi b5 (ne)
b

where .7 is the set of excited DOFs, n, is the cardinality of ., and .¥ (j) is the j-th component
of .7, i.e. it is the j-th excited DOF that is contained in the aforementioned set. The importance
of set . is to mathematically lay the foundation for applications where not all DOFs are excited.
Therefore, the matrix X; is a n X n, matrix, whereas b is a n x 1 vector.

Using the reasoning from Eq. (479), the vectors d in Eq. (476) are rewritten as

Co)ir

A =X C7(2),i+1,1 7
| Co(ne),it1,1
_6,5’(1),#1,0-

i1 =X, ¢7(2),i+1,0 7
| (ne) 41,0

Cr(1),it1,1
& i -
d3i1 = (X2 +X3) S@HLL

A

| €7 (ne),i+1,1 |

Co)it11tit1 +Eo(1)i41,0

Co),it1,1ti+1 +Cr(2)i11,0
dyir1 =Xy ) ) ;

Ch(ne)it 1,101+ C.2(n) ik 1,0 ]
Co(1),it1,1

¢ ;
ds; g =Xs | 7@ (480)

A

CF (ne),i+1,1 ]

Then, Eq. (476) is rewritten to
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Wiir1 = Wi +dy i1,

Wo i1 =Wo;+dpit1,

W31 =W3;+d3;q1,

Yiiv1 =exp(—F21142) Yy ; —da i1 +ds 11,

Y2,i+1 = €Xp (= [C—Fo1.1]Ar) Yot daivi+dsipr —ds i —fiprdy i —dojitg-
(481)
As the response due to HS, regardless of the order used, has always homogeneous initial
conditions as reasoned in Appendix C.2, there is no point in calculating the response at f.
However, w1 o, W20, W30, 7] 0 and >, are needed for evaluating yp (t1), thus, these 4 quantities

must be initialized as

wio =di,
w20 =dy,
w3 o =d3p,
Yi0=Cr—dsp+dsp,
Y20 =Ci+dsp+dsz0—dso—rtod;o—dzp, (482)

in which, the vectors d; o follow the definition of Eq. (480). The addition of the initial condition
vectors, C; and C,, into the ¥ vectors is due to the dependence of all of them with the exact same
exponential maps. Besides, if one compares the update rules in Eq. (476) to the efficient way of
computing the homogeneous response in Alg. 7, the same structure of update will be obvious.
Henceforth, the homogeneous response can be added to the response due to HS excitation without
any additional computational cost per iteration and, consequently, initial conditions different than
the homogeneous ones can be evaluated using HS without any problem, being computationally
inexpensive. This poses an advantage over the previously proposed analytical solutions using

Generalized Integrating Factor, since the homogeneous solution is evaluated separately.

4.3.1 Particularization for under damped problems

Exponentials of F» ;| and of [C —F5 1] appear in Eq. (472). As explored in Chapter 3,
when underdamped problems are analyzed, both matrices are complex conjugate of one another,
such that [(_? — F27171] =F7 |, and so are their exponentials. Thus, only one of them must be

calculated in such situation and Eq. (471) turns to

i n i n i n
Yp(ti1) =tivt ) ) CiaaXi i+ Y, Y CiaoXti— ), ) ¢ (X2, +%3,)
k=0 j=1 k=0 j=1 k=0 j=1

+exp (—F2,1,1A1) ¥y ; +exp (—F2,1,1A0)" 7, ;. (483)



127

From Eq. (471), it follows by inspection that if the conditions bellow hold true, then, there is

complex-conjugate relationship between the vectors ¥,

Dxy ;i +X3,;,—X5; =X¢ .,
27] 37.} 57] 5,] :> 72’1 — Y{’i, (484)

— *
I X1,j—X4,; =Xy ;

Condition I from Eq. (484) can be expanded into

X2 +X3—Xs )= [ngﬂgl—ﬂgl} ej, (485)

which, from Eq. (458), Eq. (460) and Eq. (464), results into

[[(‘: ~Fo] CF M7+ [C-Fop] T By MU [C-2Fy ] F;%JM—‘} e

- [[(‘: ~Fo11] Fy) 4+ [C—Faua] ' F33 — [C—2Fy ] Fz—jl] M le;.
(486)

Using [C—Fyp1,] = F5,, and, consequently, [C—2F1,] = [F;l_/1 — F27171} ,
Equation (486) can be written as

[<F37171)_2Fi},1 T (Fé,l,l)_lFﬁ,l LERS —Fz,l,l]_lFﬁJ: M le;
= [Fo11—F3 0] [[Fm —F5, ] (F5,,) "F, )+
[F211—F5 ] (le’l)*lFﬁ’] +F2_%1 M e;
= [P -F5] ™ [Fz’l’l (F311) “Fapy— (Fip0) Fap +F2u (Fp,) Fai
K1 +F2_il} M e;.

487)

As [C — F27171} and F; ;| commute, so do F; 1 and qu, hence

X +%3;— %5 = [Fo11—Fs1] " (F31) "M 'e;. (488)

Let the complex conjugate of X5 ;,

X5 ;= ([C—2F271,1]_1F£%71M’1)*ej = ([C—ZFZJJ]*)*I (Fé,l,l)_szlej

— ([F501—Foia]") " (F311) "M lej= [Foii —F5p4] ' (F500) "M e, (489)
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and, thus, condition I is true.
Let the LHS of condition II be expanded,

X1~ X4 = [9;1 —Q;l] e = [[C—Fz,lyl]_lFZ}_‘lM_l
—[C—2F1] 'Ry} M ey = [[C—Fa ] - [C- 2P ]
= [(Fil,l)_l —[F31. —Fz,l,l}_l: Fy1 M e

= [F214 _F§,1,1TI “FZ,I,I —F5 1] (FE./LI)*I +I: F i M e

= [F21.1 —F§,1,1]_1 (Fi,l,l)_lM”ej;
(490)

I
F2,1,1M €

while, for the RHS of condition II,

X = ([C‘ZFW]_IFZ_,}JM_])*%‘ = ([C—2F214]") " (F310) ' Mg
= [Fo11—F500]  (F50) ' M7e;. (@91)

Hence, both conditions are true and

[C_FZ,I,I} =F1 = Y =N (492)

This result is also consistent with the relation between the integrating constants C; and C,,
as proven in Eq. (674), for they are also complex-conjugate when [C — F27171] and Fp | | are
complex-conjugate.

Putting all two conditions together with Eq. (472) yields

i n i n
[C—Fp11] = F2 11 = ypltiv1) =tina Z Z CikiX1;+ Z Z Cjk0X1,j
k=0 j=1 k=0 j=1

i n
=Y Y ¢ju (%0 +%3,) +exp(—Fo1180) ¥, + (exp (—Fa1,140) 7y )",
k=0 j=1

i n i n i n
co¥ptiv) = i1 Y, Y GiaaXi i+ Y Y GikoXti— Y, Y Gk (X2 +X3 )
k=0 j=1 k=0 j=1 k=0 j=1
+2R (exp(—F21,14A1) 7, ;) - (493)

Nonetheless, condition II) and condition I) can both be rearranged to

X1,j :XZ,j+X4,j =2%R (X47J‘),

Xp,j X3,/ = X5 j+Xs,; = 2R (x5,) (494)
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Substituting these results into Eq. (493) yields

i n i n
[C—Foii] =F5 1 = ypltir) =201 Y, Y &R (xaj) +2 Y Y &x0% (x4 )
k=0 j=1 k=0 j=1

—2Y Y iR (xs5;) +2% (exp (—F2,1,140) 7y ;) -

k=0 j=1
(495)

If the coefficients ¢jro and ;i1 are real-valued, i.e. Cjro,Cjx1 € R V) €
{1,2,...,n.},Vk € {0,1,2,...,n;}, then, Eq. (495) can be simplified even further to

[C—FQJJ] =F§,1,17 61'7]{70,61"7]{71 eRVje {1,2,...,”6},Vk€ {0,1,2,...,nk} —

i n i n i n
Yp(tiv1) =tix1 Y 2R (Z @j,k,1X4,j> +Y 2% (Z @ka,oxzhj) - ) 2% (Z éj,k,le,j>
=1 ' k=0 =1
Wi

k=0 k=0 j=1

-~ -~

Wo i W3

+2R (exp (—F27171At) ’}'171-) .
(496)

In the same fashion from Eq. (475) and from Eq. (476), let define two new vectors d
using notation from Eq. (480),

Co(1),i+1,1

C.(2),i+1,1
dgi1 =Xy | 7?

A

| €7 (ne),i+1,1 |

¢2(1),i+1,0
0 .

d9,i+1 —X, 7 (2),i+1,0 : (497)

A

_Cy(ne) al+ 1 70_

Comparing Eq. (496) to Eq. (475) and to Eq. (476), one realizes that

[C—Fa211] =F5, 1, ¢jro.éjxg ERVje{1,2,...,n.},Vke€{0,1,2,....m} =
Wil =W+ 2R (dg 1),
Woir1 =W+ 2R (do11),
w31 =w3;+2R (ds ;1)

Viiv1 = exp(—F2,11A0) Y, ; —tip1ds i1 —do i1 +ds i
(498)
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Thus, when [C—F, ;]| and F»;; are complex-conjugate, the number of matrix-vector
operations regarding the excited DOFs is 3, in opposition to the 5 required when they are
not complex-conjugate. In summary, for overdamped problems, the total number of operations
per iterations is: 2 matrix-vector multiplications (n X n-n x 1) and 5 matrix-vector multiplications
(n X ne-ne x 1); whereas, for underdamped problems, 1 matrix-vector multiplication (n X n-nx 1)
and 3 matrix-vector multiplications (n X n, - n, X 1). After all the previous considerations, the

calculation of the response in the singularity points #; can be summarized in Alg. 6

4.3.2 Computational implementation

As it was already stated previously, the most efficient way to compute the response is
to set the same set of discrete time points for all the excited DOFs. This permits the use of the
same exponential maps, exp (—F2 1 1Ar) and exp (— [C - F27171] At) , in all iterations, despite the
different excited DOFs, as can be seen in Alg. 6. For simplicity, the previous equations were
derived for equally spaced time points, but that is not necessary for them to work since Az can be
varied within each iteration. This broader approach, with variable time step, was not included
to keep notation simple and maintain implementation straightforward. The major computation
drawback, however, would be to calculate or to approximate the exponential maps in each or in
some iterations.

The update of the vectors d present a upper bound of computational effort, for they are
given by a matrix-vector multiplication. The complexity of such operations are & (nn,), and the
upper limit is when n, = n. In many applications, although, it is common to have loads applied
only in some regions of the system, such that most of the DOFs are not excited, n, < n. In such

cases, the operations with the exponential maps dominate the computational effort.

4.3.2.1 Bundles of excited DOFs

In situations where n, is large relative to n and it impacts on computational effort,
alternatives can be suggested to reduce n,. One such suggestion proposed by the authors is
to aggregate some DOFs in bundles, the criterion must be how similar they vary with time.
Objectively, one can bundle DOFs up considering frequency and phase for instance. Then, the
coefficients ¢; i , can be shared among the DOFs contained in the same bundle, which allows to
sum the corresponding columns of the X; matrices in a pre-processing step, before the iterative
procedure. Recollect Eq. (479) and let a set of DOFs with same characteristics, %, of cardinality

nz.m» share the same coefficients b B(q)>

Y bopXio(j) = br)Xir) Fhr@ X 2) g (1)K 2 (1) F P52 X B 2)
jes

_I_ e + b%m(nﬂm)xhﬂm(”%,m) + et + b,jﬂ(ne)xi,Y(ne)’
(499)
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as the coefficients are equal, by, (1) = by, )= =D Bn(nim) = b m»

). bz () =brnXisa) HbrXisw
jes

ot b%’m (Xi’%m(l) + Xi, % (2) oot Xi:ggm (”%m))

N

TV
Xi B.m

+-- 4 by(ne)xi,Y(ne% (500)

that can be rewritten in matrix notation,

Z bf(j)xi,y(j) = [Xi,y(l) X;.72) " XiBm " Xz‘,y(ne)] b ; (501)
jes N - B.m

-~

XR

L

b n)
T
where Xf is the reduced form of matrix X;, and b¥ is the corresponding reduced version of
vector b. It follows directly from Eq. (501) that the matrix Xf has n, —ng ,, + 1 columns. The
derivations above were developed for a single bundle, %,,, but it can be recursively done for
multiple bundles: #,, %, ..., B,. Each bundle compresses the matrix X; by its cardinality
minus 1.

Now, one needs a systematic approach to construct such bundles. It follows from Eq. (480)
and from Eq. (497) that vectors dy ;1 1, d3 41, ds ;41 and dg ;| depend solely on coefficients
Cj,i+1,1- Consequently, if the DOFs in these vectors are divided in bundles that share the same
Cj k.1, the computation cost of evaluating such vectors d can be considerably diminished. To do
it, let the coefficient a; ;x from Eq. (434) be picked. Then, an average can be calculated and
assigned to all the DOFs belonging to a bundle %,,,

A A . B 1 ng m
DBk = B2k = D () k= DIk = Y @Bk (502)
’ 2 »m q:1

in which, a; g4 s the original coefficient a j for the g-th DOF of the bundle %, and
a1, 2, (q).k are the new averaged a; coefficients. If all the coefficients are equal to each other, it is
observed from Eq. (438) that so will be the coefficients ¢ k.1, henceforth, matrices X1, X», X3,
X5 and X4 can be compressed.

The impact of such proposal in computational cost is readily visible, but the impact on

solution accuracy, however, is trickier to assess and depends greatly on how the bundles are
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created. This investigation is out of the scope of this study, thus, this work will keep with the
original and uncompressed matrices in the numerical experiments, and the bundle approach is

left as a suggestion for future works.

Algorithm 3: Evaluation of the response yp, at the Heaviside singularity points ¢; ; using
Eq. (472) or Eq. (493) and the update rules from Eq. (476)

Calculate K, C, F, 1 1 and exp (—F 1 1At)
Initialize a vector n x 1 for ¥,
Initialize a matrix n x n, for each of X4 and Xj5
if [C —F27171} = Fz,l,l then
exp (— [C—Fa,1,1] At) = exp(—F21,1A1)"
Calculate Q4 and Qs
else
Initialize a vector n x 1 for 7,
Initialize a matrix n X n, for each of Xj, X, and X3
Calculate exp (— [(_? — F27171] At)
Calculate Q;, Q,, Q3, Q4 and Q5
end
Iterate through the set of excited degrees of freedom .
for j=1,2,...,n,
Calculate x; [j] = Q;\e;
Calculate coefficients ag; and a; ; using Eq. (436) and Eq. (434)
Initialize Y, and ¥, and update d; ¢ using Eq. (482)
Initialize the response as null and sums the initial conditions vectors C; and C,
end
Iterate through the remaining points in time, {t1,1,13,...,1,, }
fori=1,2,...,n;
if [C —F27171} = F; 1.1 then
Calculate exp (—F 21.1A1) Y,
Calculate the response at time #;, yp (#;), using Eq. (496)
else
Calculate exp (—F3 ; 1A?) ¥, and exp (— [C — F2,1,1} At) Y
Calculate the response at time #;, yp (;), using Eq. (472)
end
Iterate through the set of excited degrees of freedom .
for j=1,2,...,n,
Calculate coefficients ¢ ;o and ¢ ;1 using Eq. (437) and Eq. (438)
end
if [C —F27171} = Fé,l.l then
Update dg, do, ds, wi, wp, w3 and ¥, using Eq. (498).
else
Update dy, do, d3, dy4, ds, Wi, W, w3, ¥; and ¥, using Eq. (481)
end
end
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4.4 STABILITY ANALYSIS

A measure of stability of a numerical time integration method is an assessment of how
error can build up along the iterations and turn the calculated response unbounded (BUTCHER,
2016). To derive expressions for this measure, one can write the response at a time #;| as
a function of previous time points evaluations (BUTCHER, 2016; KAMALI et al., 2023).
The result is alike Eq. (2), where there is a matrix A, called the amplification matrix, and its
eigenvalues tell how and when such method is stable. When the stability does not depend upon
the time step, Az, the method is said to be unconditionally stable and the choice of time step is
made according to accuracy only (NOH; BATHE, 2018).

The evaluation of the response in a point #; | as function of previously evaluated point
was already carried out for the efficient evaluation of the Heaviside series method for time
integration in Eq. (472). Although the terms yp, (#;) does not appear explicitly, it is clear by the
recurrence and update relations in Eq. (476) that the response yy, (#;4-1) depends upon a local term,
given by operations with the vectors w, and upon terms coming from previous iterations, namely
¥, and ¥,. From Eq. (481), it follows that yy, (#;41) is a function directly of yj, (#;), and, thus, the
behavior of the operations of this function must be analysed to evaluate stability characteristics.

If matrices M and K are non-singular, which is a fair hypothesis for properly applied
boundary conditions in FEA, and if [C—2F,; ] is also non-singular, which is explored in
Appendix C.1, it is possible to deduce that vectors x; ; will be bounded, i.e. they will have
its components bounded, since matrices Q; in Eq. (457), Eq. (459), Eq. (461), Eq. (463) and
Eq. (465) are also bounded. It is also possible to reason that, if coefficients ¢; ;o and ¢; x| are
bounded, so are the vectors d in Eq. (480). In fact, as coefficients ¢; o and ¢, 4 | are evaluated
using the integral of the function, if the points of integration ¢, are chosen such as the integral of
the represented function is bounded, so will be the coefficients. Furthermore, if the represented
function is bounded, it is straightforward to observe that the integral and, by consequence, the
coefficients too will be bounded. With this reasoning, it is clear that the relations in the update
rules of Eq. (476) will yield bounded results.

The last operation to analyse is the exponential terms exp(—F;Ar) and
exp (— [(_J — F27171} At). For generalization purposes, let evaluate the exponential of a generic
matrix A using the Jordan canonical form (HIGHAM, 2008),

exp (—AAt) =exp (~AZ'JZ) =Z 'exp (—A))Z = Z " 'diag (exp (—At]})) Z,
(503)

where the exponential of the j-th Jordan block is defined for this problem, according to
(HIGHAM, 2008), as
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exp (—AfA;) —Arexp (—Atd;) ... —ArmiT! %
exp (—AZ‘JJ) — 0 exXp (—Atlj) .. , (504)
: : —Atexp (—AtA;)
0 0 exp (—ArA;)

in which, A; is the j-th eigenvalue of A and m; is its geometric multiplicity. Thus, one can
easily reason that, if all eigenvalues of A are strictly positive, the exponential in Eq. (503) will
decrease and converge to a null matrix as Az increases, since the exponential of the Jordan
form will decay. Therefore, if the real part of the eigenvalues of both F; ; 1 and [(_J — F271,1} are
strictly positive, exp (—F5 j 1Ar) and exp (— [(_3 - F2,171] At) will converge to the null matrix as
At increases, rendering these matrices bounded for positive Ar. As all terms in Eq. (472) and in
Eq. (481) are bounded for stable systems (with no negative damping), it is possible to assure that
the method is unconditionally stable when the eigenvalues of 5 | ; and [C — F27171} are positive,
as the exponential maps are bounded too.

The exponential maps of F»;; and [(_J — F27171} also appear in the analytical
homogeneous solutions, Equation (441). Thus, if the eigenvalues of F;; 1 and [C _FZ,I,I}
have negative real part, the analytical homogeneous response will not be bounded. This result
shows that there are conditions regarding Rayleigh proportional damping for the analytical
response to be bounded. As a matter of fact, Equation (474) and Equation (482) show that the
proposed method acts as a modulator for the homogeneous response, i.e., it approximates the
loading and uses the homogeneous response to approximate the particular solution while keeping
the latter exact. Thus, when the eigenvalues of F, ; ; and [(_3 — F27171} have negative real part, it
is not the HS method that is unstable, but the physical system itself. For this reason, Appendix
C.3 presents conditions, Eq. (744), for Rayleigh damping to produce physically stable solutions,
both analytically and numerically.

It is worth noting that Appendix C.3 can be easily extended for generalized proportional
damping, like in (ADHIKARI, 2006), since matrices in that work are simultaneously
diagonalizable. Nonetheless, if C and K are not simultaneously diagonalizable, there is a
basis where both commuting matrices are triangular when they commute (HORN; JOHNSON,
2012), and it is well known that the eigenvalues of triangular matrices are their main diagonal
entries. Henceforth, calculations can be made for these more general cases of damping in an

analogous fashion to Appendix C.3.

4.5 RESULTS

A simple benchmark problem is proposed to assess the proposed formulation. The

problem is a 3 DOFs system described by
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50 0.0 0.0
M= 0.0 2.0 0.0, (505)
0.0 0.0 3.0

6.0 —40 00

K=|-40 100 -3.0| x10? (506)
00 -3.0 7.0
and
C =K, (507)
with
0
y(0)=y(0)=<0,, (508)
0

where the damping parameter is § = 1 x 107, The time span is ¢ € [0, 10]s in all simulations.

This system has 3 natural frequencies: 1.352 Hz, 2.266 Hz and 3.828 Hz. Thus, the
smaller natural period of the response is 0.26 s. This system is subjected to a simple sinusoidal
excitation in the second DOF with unitary amplitude and different excitation frequencies,
according to Figure 17 and to Figure 18. This excitation was chosen since periodic continuous
function can be approximated by a linear combination of sines by means of Fourier Series
(KREYSZIG; KREYSZIG; NORMINTON, 2011).

The influence of the time step, At, is also studied for each excitation frequency. The Root
Mean Squared Mean Error (RMSE), (JAMES et al., 2013), of the complete solution obtained by
using the proposed approach and also obtained by using the Newmark-beta method are evaluated
using the analytical solution from Chapter 3 as reference. The excitation frequency also impacts
the accuracy of numerical methods, due to problems like aliasing. Consequently, a wide range of
frequencies must be tested, which is observed in Fig. 17 and in Fig. 18, where each set of circles
with the same color represent results with the same excitation frequency for different time steps
At

Figure 17 shows that, the smaller the step size Ar, the more accurate is the solution
for a given excitation frequency. This improvement in accuracy has a linear tendency in the
log,, x log;, plot, indicating that the proposed approach has a stable rate of convergence
regardless of the step size in the linear zone. It can be also seen that this behavior happens
for all frequencies, including excitation frequencies near the natural frequencies (as the damping
factor is very small, one may assume that the resonance frequencies are very close to the

fundamental frequencies).
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The same experiment was performed using the Newmark-beta method, as depicted in
Fig. 18. This graphic shows that the Newmark method is more affected by excitation frequencies
near the natural frequencies when compared to the proposed approach. Also, the linear tendency
in the log x log plot is only achieved for very small time steps, which can be confirmed by the
linear region being shifted further to the left in Fig. 18.

The presence of linear zones of error in the log;, x log; indicates that a clear relation
between error and time discretization can be derived. Let the linear relation between error and

time discretization be written in the log scale,

logg RMSE = alog;y At + b, (509)

which can be converted to a exponential equation of base 10 by raising 10 by each side of Eq.
(509),

RMSE = 10%1°8108+0 — 1qlogioAr b (510)

that is simplified to

RMSE = Ar*10°. (511)

Using Eq. (511), it is possible to notice that the proposed method reached a convergence
order between 4 (quartic) and of 2 (quadratic) depending on excitation frequency, while the
Newmark-beta method presented convergence orders between 2 and 1, also depending on the

excitation frequency.

4.5.1 Elapsed time

The elapsed time during execution of each method is a strong criterion to choose among
numerical methods. An estimate of computation time is possible to do with complexity analysis.
In the case of Newmark-beta, for instance, and other numerical methods, it is important to
highlight the need for a finer time discretization, to reduce the propagation of errors. Despite that,
it is also important to stress that in the implementation of the Newmark-beta, (HUGHES, 2000;
LINDFIELD; PENNY, 2019), there are at least 3 matrix-vector multiplications per time step
(0 (n*), JIN; CHEW, 2005), where n is the dimensionality of the problem) and the solution of
a linear system. This linear system can be pre-factorized such that a forward and a backward
substitutions are needed at each time step ((& (nz) (FORD, 2015)). Hence, it is estimated that
each iteration of the Newmark-beta method has a complexity of 50 (nz)

The proposed approach, Alg. 6, requires two matrix-vector multiplications when the

problem is over damped, with complexity 2¢& (nz), or just a single matrix-vector product
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Figure 17 — log, of the Root Mean Square Error (RMSE) of y(7) obtained with the proposed
approach regarding the time step At and the excitation frequency f. Crosses are
associated to the fundamental frequencies of the system.
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Newmark-beta method regarding the time step At and the excitation frequency f.
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with complexity & (nz) if the system is under damped. The Heaviside series method presents
the cost of evaluating the vectors d in Eq. (481) and (498). Nevertheless, they are matrix-
vector multiplications (n X n, - n x 1), so their order of complexity is &' (nn,) and, consequently,
inferior to & (nz), as n, < n. For instance, in underdamped problems, even if n, = n, the
complexity per iteration is 40 (nz), which is lesser than Newmark-beta’s. In addition to the
smaller computational complexity, one must also note that the proposed approach is more
accurate for a given Ar when compared to the numerical approach. Thus, one can use larger Az
for the same RMSE, reducing the computational effort even more.

A finite element model with increasing number of DOFs is used to investigate the solution
time for both the proposed approach and for the Newmark-beta method. The simulation for
each time discretization was repeated 13 times and the mean elapsed time and its standard
deviation were recorded. All the values were normalized by the maximum mean elapsed time of
all simulations. The 13 independent runs were used to take into account inherent variations in
elapsed time, associated to compilation times in the Julia language, operational system issues,
among other factors.

Figure 19 and Figure 20 show the mean elapsed time and the standard deviation
normalized by the maximum time as a function of the number of discrete time steps, n. Figure
19 presents this simulation for a structure with 458 DOFs, while Figure 20 for a structure with
1718 DOFs. The mean elapsed time of the Newmark-beta method is given by the blue line and
the mean elapsed time of HS is given by the the orange line.

Two features are common to both Figure 19 and Figure 20: the (almost) linearity of
all curves with respect to n; and the intersection of both curves at the beginning of the graph,
i.e. with low n;. The linearity was expected, since the total cost is the sum of the cost of each
individual iteration, plus some time associated to pre-processing. As the pre-processing of the
HS is more expensive, due to solving Eq. (444) and evaluating the matrix exponential, the cost of
HS is higher for low n;. Nonetheless, this cost rapidly decreases relative to the the Newmark-beta
method as n; increases. One can also observe that the cost of the HS method per iteration is
smaller than the cost per iteration of the Newmark-beta method, whose immediate consequence
is the dilution of the initial cost of this pre-processing. Even more interestingly, comparing Figure
19 to Figure 20 shows that the rate of increase of mean elapsed time of HS method with respect
to ny diminishes comparatively to the rate of the Newmark-beta as the problem dimensionality
increases.

Figure 21 and Figure 22 show the effective time to compute the complete solution for
different number of DOFs, for both the proposed approach and for the Newmark-beta method.
Two time discretizations were chosen to investigate the elapsed time as a function of the number
of DOFs: logio (At) = —1.3096, or n; = 103, and logo (At) = —3, or n; = 5001. These time
steps were chosen since for lower n; there is a tendency for the Newmark-beta to be more
efficient than the proposed approach, whereas the converse is true for large n.

Figure 21 shows that the proposed approach is less efficient than the Newmark-beta
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Figure 19 — Normalized mean elapsed time as a function of the number of discrete time steps for
an 458 DOFs problem. The blue line refers to the Newmark-beta method and the
orange line to the proposed approach. The black error bars represent the standard

deviation relative to 13 independent runs.
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Figure 20 — Normalized mean elapsed time as a function of the number of discrete time steps for
an 1718 DOFs problem. The blue line refers to the Newmark-beta method and the
orange line to the proposed approach. The black error bars represent the standard

deviation relative to 13 independent runs.
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Figure 21 — Normalized mean elapsed time as a function of the dimensionality of the problem, 7.
The blue line refers to the Newmark-beta method and the orange line to the
proposed approach. The black error bars represent the standard deviation relative to
13 independent runs

method for coarse time discretization, disregarding the number of DOFs (one must keep in mind
the large difference in accuracy, as shown in previous results). This difference is associated to
the pre-processing phase of the proposed approach. Nonetheless, as depicted in Fig. 22, there is
a significant difference in performance when the number of discrete time points and the number
of DOFs increase.

It is important to note the small deviation in the results (represented by the black error
bars) and, especially, by the fact that the trust regions of both methods do not overlap in the
majority of the points in the previous graphics.
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Figure 22 — Normalized mean elapsed time as a function of the dimensionality of the problem, 7.
The blue line refers to the Newmark-beta method and the orange line to the
proposed approach. The black error bars represent the standard deviation relative to
13 independent runs.

4.6 FINAL REMARKS OF THE CHAPTER

This chapter proposed a new approximation technique, which represents a function as a
finite sum of Heaviside step functions multiplied by polynomial terms. Despite the relevance
of such approximation in its own right, this approach was used to sought for semi-analytical
solutions to systems of coupled linear ODEs using the GIF. The solutions are semi-analytical
because the GIF yields analytical solutions for excitation functions comprised of series of
Heaviside steps, but the excitation itself is not exact, rather an approximation.

The approximation of the load is devised to guarantee that the approximated load has the
same integral as the original load in the points where the Heaviside steps are applied, thereby,
preserving physical quantity such as impulse. Besides, it is shown that the preservation of the
integral of the load contributes to the accuracy of the integral of the response itself, hence,
improving the accuracy of integral measures, like the ones used in optimization problems.

The order of approximation is set and shown up to the second order. The implication
of the computational cost of each approximation order is demonstrated, and it is shown that
the first order approximation is the most cost-effective. For this reason, Alg. 6 was derived to
efficiently evaluate first order approximations when the times where the Heaviside steps are
applied are uniformly distributed along the simulated time span. Variations of the method were
also suggested for future work, above all to reduce the computational burden and make the
technique even cheaper. Using the derivation of Alg. 6, the stability analysis of the method could

also be derived.
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It was shown that the method is unconditionally stable when the eigenvalues of the
matrices F; ;1 and [C — F2,1,1} have non-negative real part. With support of Appendix C.3,
it was shown that for some conditions, Rayleigh proportional damping yields eigenvalues
with strictly non-negative real part. These conditions, nevertheless, are not a limitation of
the proposed approach, but physical aspects of the system, since the exponential maps in the
analytical homogeneous solution are bounded only if the eigenvalues have non-negative real part.
Henceforth, if the system is physically unstable, the HS method does not mask it with artificial
numerical damping.

To assess accuracy and computational cost, the HS method is compared with the analytical
solution due to the Generalized Integrating Factor method and with the Newmark-beta method.
Different excitation frequencies are tested with different time discretization for FEM models
with different number of DOFs. Thus, effects of time discretization and of the problem’s
dimensionality were evaluated in a set of numerical experiments.

Finally, it was shown that the proposed method yields greater accuracy with less
computational effort when compared to the Newmark-beta method. This result makes the
HS method a good choice to solve linear systems of coupled ordinary differential equations, for

its cost-benefit ratio is considerably larger.
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5 NON-CLASSICAL NORMAL MODES

In Chapter 3 and in Chapter 4, the derivation of the closed-form solutions were all
made using the assumption that C and K commute, which is true to undamped systems and to
proportional damping, whose application is widespread. Nevertheless, one might reasonably
question whether the proposed methods, GIF and HS, are limited to such case and to the
simplifications that follow thereafter. The answer is no and this chapter will evaluate again many
important results to prove it and to show how the solution behaviors when the system does not
have classical normal modes.

The focus of this chapter will be on three main results: homogeneous solution, particular
solution due to Dirac’s delta, and particular solution due to Heaviside step functions multiplied
by polynomial coefficients. These three situations were chosen for their importance and for their
ability to construct other and more complicated excitation functions. Another justification for
this choice is the similar mathematical structure shared by all of the three solutions.

It is proven that the convolution leads to an accessory Sylvester equation, which can be
solved once as a preprocessing step. The computation cost is shown not to increase dramatically,
and suggestions are made to reduce it. Numerical experiments were not performed, for the
application of non-classical normal modes is not common and because the main objective is
to extend the mathematical formulation for this case. It is demonstrated, however, for all the

presented results, that the solutions found previously are special cases, as they must be.

5.1 LINEAR SECOND ORDER SYSTEMS OF ODES WITH CONSTANT MATRIX
COEFFICIENTS AND GENERAL MODES

Systems of coupled second order ODEs with constant matrix coefficients are represented

by Eq. (1). As matrix coefficient M is non-singular, it its possible to rewrite this Equation as

Iy (r) + Cy (t) + Ky(¢) = £(7) (512)

where C = M~ !C, K = M~ 'K and f(t) = M~'f(t). The Generalized Integrating Factor, an
analytical approach to solve this problem, was extended to systems of ODEs in Chapter 3. The

general solution for ODEs with constant coefficients is given by

y(t) =exp (— [C—Fz’m]t)/exp([C—F27171}l‘) eXp(—Fz_‘]?]l‘)/eXp(F27171I)fdtdl‘—|—

[\ J/
-~

¥p(t)

exp (— [C _FZ,I,I} t) /exp([C—FzJ,l} t) eXp(—FQ’L]l‘) dtC2+exp (— [C—F27171] t) Cl,

[ J/
-~

Yn(?)

(513)
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where yp(¢) is the particular solution due to the excitation vector f(¢), yn(#) is the homogeneous
solution and C; and C; are vectors of integration constants. The matrix F, j ; is the solution to

the following matrix equation

F%’I’I—FZJJCJFK:O. (514)

If the original system has classical normal modes, one observes that C and K commute
(ADHIKARI, 2006), thus, the solution is, according to (HIGHAM, 2008), given in closed

form as

Fop :% C+VC—4K]. (515)

However, when the system does not have classical normal modes, Equation (514) must be
solved numerically and there is, indeed, a large literature on the topic of solving quadratic
matrix equations numerically, such as (HIGHAM; KIM, 2001; KIM; HIGHAM; KIM, 2001;
LU; AHMED; GUAN, 2016; KIM, 2007; HERN4ANDEZ-VERG6N; ROMERO, 2019; POLONI,
2011; HASHEMI; DEHGHAN, 2010). Many of these works achieved accurate solvents with
low computational time.

As the solution is not necessarily given by Eq. (515) anymore, there is no guarantee
that ¥ ;1 and C commute, as it was proven in Chapter 3. Therefore, the solution provided
in Eq. (513) must be tackled without the simplifications that the commutativity provides. The
exploration of such solutions will be carried out step by step, first for the homogeneous solution,
then for excitation due to Dirac’s delta and, finally, for excitation due to Heaviside step function
multiplied by first order polynomials, i.e. first order Heaviside Series (HS), as proposed in
Chapter 4.

5.1.1 Homogeneous solution

From Eq. (513), the homogeneous solution is given by

Yh (l‘) = exp (— [C_FZLI} l) /exp ([C—FZJJ] I) exp(—Fz,l,lt) dr Cy

. /

'

Yhi1

+exp (— [C—F21.1]1) Cy (516)

J/

~—
Yh2

where Yy 1 and Yy » are time dependent n X n matrices. The Yy, 2 term is straightforward to
compute, as it can be evaluated quite efficiently using discrete time points, as shown in Chapter
3 and Chapter 4. The question lies in term Yy, 1, specially regarding the integration. This integral,

nonetheless, can be evaluated using integration by parts
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/exp([C—Fu?d t) exp (—Fy,1,11)dr

= [exp([€~Faua]r) (~ep (-F21at) )

= —exp ([C—Fa1.1]1) exp(—F2,1,1t)Fz_7i,1+
/[C—FZJJ]eXp([C—Fz.,L,Jf) CXP(—FZJJI)dsz_,%,l
= —exp ([C—Fa11] 1) exp(—F2110)Fy

+[C—Fa11] /exp ([C—Fai1]1)exp(—Fo11)diFy ] (517)

multiplying both sides of the equation to the right by —F> | | and rearranging it yields

[C—Fz,l,l} /6Xp<[C—F27171} t) exp(—F2,171t>dt
—/exp([C—FzJJ} t) exp(—F27171t)th27171 =

exp ([C—Fa11] 1) exp(—Fa1.11). (518)

In Eq. (516), one observes that the term Yy, 1 contains the exponential of [C—F,;].
For this reason, Eq. (518) is multiplied to the right by this exponential,

exp (— [C_FZ,LI} t) [C_Fll’l} /exp ([C—FQJJ] l) exp(—Fzylylt) dr
—exp (— [C—F27171] t) /exp ([C_FZ,I,I] l‘) CXp(—Fzﬁlﬁlt) dZ‘F271’1 =

exp (— [C—Fz’l’l} t) exp ([C_FLI,I] l‘) exp(—F27171t); (519)

Using the Taylor series definition of the matrix exponential, (HIGHAM, 2008), it is easy
to observe that the exponential of a matrix commutes with the matrix itself. Besides, as a matrix
commutes with itself, the multiplication of the exponential of a matrix by the exponential of
this matrix multiplied by (—1) yields the identity matrix. Consequently, Equation (519) can be
simplified to

[C_FZ,I,I} exp (— [C_FZ,I,I} t) /exp([C—Fuﬂ t) exp(—Fz,l,lt) dt

—exp (— [C—Fz,l,l} l‘) /exp([C—FzJJ} l‘) exp(—FzJJt) dl‘F27171 = eXp(—FzyLll‘).
(520)

Equation (520), however, can be multiplied to the right by the exponential of F, ; 1, which results

m
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[C —F271,1} exp (— [C —F27171] t) /exp ([C —F27171] t) exp(—Fo1 1t)drexp (Fp 1 1t)

—exp (— [(_3 —F27171} t) /exp ( [C —F27171} t) exp(—Fo 1 1t)dtFy g 1exp(Fa1t) =1,
(521)

or, simply,

[C _FZ,I,I] exp (— [C —F27171} l‘) /exp ( [C —F271,1} t) exp(—Fz,l,lt) dr exp (F27171t)

X
—exp (— [C —F27171} t) /exp ( [C —F27171} t) exp(—F27171t) dtexp (F27171I)F27171 =1
X
(522)
which can be rewritten as
[C—Fy1 1] X—XF; =1, (523)

a Sylvester equation with unique solution if and only if [C—F, ] and F»; do not share
any eigenvalue (BARTELS; STEWART, 1972). In Eq. (522), it was noted that the term X is a
function of time ¢, but, as it must satisfy the Sylvester equation with constant coefficients in Eq.
(523), which has a unique solution if there are no common eigenvalue, the time dependency can

be omitted and, more importantly, the term Yy, 1 can be rewritten as

Vi (6) =exp (= [C~Fara]r) [ exp([C~Faua]r)exp(-Fayar)d

= Xexp(—F21.11); (524)

and the integral itself can be expressed as

/exp ( [C —F2’171} t) exp(—F27171t) dr = exp ([C —F271,1} t) Xexp(—Fg,l,lt) , (525)

that is easily verified if the LHS is differentiated w.r.t. # and Eq. (523) is applied, which yields
the integrand of the RHS.
Finally, the homogeneous solution can be rewritten as follows using Eq. (524),

Yh (l‘) = XeXp(—Fz’l’lt) C,+exp (— [C —F27171] l‘) Cy, (526)
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whose time derivative is

Vn (t) = —Xexp (—F2,111)F211Co —exp (— [C—F21,1] 1) [C—F21,] Ci. (527)

Thus, at time ¢ = 0, the initial conditions u =y (0) and v =y (0) are given by

u:yp( ) C2+C17
v=yp(0) —XF,;,C,— [C—F21,]Ci, (528)

which can be rewritten in a system of equations,

| X
—[C=F211] —XF21

C

529
C, (529)

u—yp (0)]
v—yp(0) ‘

By multiplying the first row to the left by [C—F,; ;] and adding it to the second row, one gets

I X
0 [C—Fy11|X—XFy

C
0]

[ u—Yyp (0)
v—Yp(0)+ [C—Fr11] (u—yp(0))

Inspecting the term at the second row and second column of Eq. (530) and comparing it to Eq.

] . (530)

(523), one easily realizes that the system can be further simplified to

I X||C| _ u—yp(0) (531)
0 I C2 V_YP(O)"i_ [C_F27171:| (u—Yp (0)> ,
whose solution is
Co=v—Jp(0)+ [C—Fp1,1] (u—yp(0)),
Ci=u—y,(0) - XCy. (532)

5.1.1.1 Homogeneous solution when the modes are classical normal

As proven in Appendix D.1, when the system has classical normal modes, the Sylvester
equation has a closed form solution. If this solution is substituted in Eq. (532) and, then, in Eq.
(526), one gets

Yn(t) = [C—2F2,1,1}716XP(—F27171I) [V=¥p(0)+ [C—Fy1 1] (u—yp(0))]
+exp (= [C—Fz11]1) [u=yp (0) = [C~2F211] ' [v =5, (0)
[C-

+[C—Fa11] (u—yp(0)]], (533
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which is further simplified using the commutativity of C and F> 1,1 proven in Chapter 3,

¥Yh (t) = exp (—F2,112) [C—ZFz,l,lrl [v=¥p(0)+ [C—Fo1 1] (u—yp(0))]
+exp (— [C—szljl]l/‘) [u—yp —[C— 2F2’1’1}71[V—yp (0)
+[C—Foi1] (u=yp(0))]], (534

that is equal to the homogeneous response derived in Chapter 3. Thus, the expression proposed

in Eq. (526) is consistent to classical normal modes, as it should be.

5.1.2 Particular solution due to Dirac’s delta excitation

From Eq. (513), the particular solution due to excitation is given by

Yp (l‘) = exp (— [C—FZJJ} I) /exp([C—FgJJ] l) exp(—Fz,l,lt)/exp(FgJJt)f‘dtdt.

(535)
Let the excitation vector be particularized to
ny n
=) ) ciub(t—t)e), (536)
k=0 j=1

where ¢ is a constant, 1) (t —t jk) , the Dirac’s delta at r = 7, ny is the number of pulses, and
e;={0;},i={1,2,...,n}, where §;; is the Kronecker’s delta. Thus, the normalized excitation

vector is given by

Z Zc,ké t—t)M le; = Z chks t—1)V (537)

Applylng this excitation to Eq. (535) and using the linearity property of the integral

operator, the particular solution is given by

Z chkexp C lel} )/exp([C—F;Ll]t) exp (—F21.11)

/exp (Fai10)8(t—r)dedrv;,  (538)

whose inner convolution can be evaluated using the Dirac’s delta filter property, (KANWAL,
2011),

ny n B _
= Z Z Cjk eXp (— [C—szljl] t) /exp([C—FLLI} t) exp(—F2 1.11)
k=0 j=1

exp (F27171tk)¢%ﬂ(t—tk) d[Vj, (539)
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where S (t — 1) is the Heaviside step function with discontinuity in ¢t = #;.
The constant matrix exponential that resulted from the inner convolution in Eq. (539) can
be put out of the outer convolution and its integration limits can be changed using the property

of the Heaviside step functions discussed in Chapter 3,

t —_
Z chkexp C F211} )/t exp([C—Fm’l} t)exp(—F27171t)dt
k

exp (F27171lk)<%ﬂ(l‘ —l‘k> V. (540)

The integral term in Eq. (540) was already developed in Eq. (525), hence, it can be readily used

here,

Z ZCJkGXP [C—F21.1]1) [exp ([C—Fa1,1] 1) Xexp(—Fa 1 11) —

exp ( [C —F27171} tk) Xexp(—F27171tk)} exp (F271711‘k),%ﬂ(l‘ —tk) Vj. (541)

which further simplifies to

= Zk i [Xexp (Fa,1,1 (tx—1)) —exp ([C—Fa,1,1] (tx — 1)) X] A (t — 1) v
k=0 :
(542)

5.1.2.1 Solution due to Dirac’s delta when the modes are classical normal

It was shown in Appendix D.1 that, when the system has classical normal modes, the
solution of the Sylvester equation, X, commutes with F, ; 1, so Equation (542) can be rearranged

to

= ﬁ Zn: cjk [exp (Fa,1,1 (tk—1)) X —exp ([C—Fa 1] (x — 1)) X] A (1 — 1) v,

(543)
which is simplified to
ny n _
Yo () =Y Y cit[exp(Fa11 (i —1)) —exp ([C—Fo11] (1 —1)) | XA (1 — 1) v,
k=0 j=1
(544)

and, substituting the solution X from Appendix D.1 into Eq. (544), yields



150

ny n

Yp (l‘) = Z Z Cijk [exp (F27171 (lk—l‘>) —exp ([C—F27171:| (l‘k—t))]
k=0 j=1

[C—2F27171]_1Vj<%ﬂ(t—lk), (545)

which is exactly the same found in Chapter 3. Thereby, Equation (542) is consistent with classical

normal modes.

5.1.3 Particular solution due to first order HS

Let the excitation vector be given by

||
uM:

Ny
Z (Ejk0+Cjxat) 7 (t—te) e (546)

where ¢; o and ¢ | are constant coefficients. Normalized by the mass matrix, it becomes

||
I M»

n
Z (8jko+Cjgit) A (t—1x)vj; (547)

applying it to Eq. (535) and using the linearity of the integral operator, the particular response is
given by

Z Zexp C F211] )/exp([C—Fz,l,l} l‘) exp(—F27171t)

/exp (Fz’l’ll‘) (5j7k,0—|—CAj7k71t) %0(2‘ —l‘k) dtdl‘Vj. (548)

The property of change of integration limits of the Heaviside step function can be used, yielding

Z Zexp C F2 1 1] )/texp([C—Fz,l,l] l) exp(—Fz’l,lt)

I
t
/ exp (F27171I) (éﬁk,o + CAj7k711) dedt o7 (l‘ — lk) Vj. (549)
Ik

The inner convolution is easily evaluated using integration by parts, whose result is

Z Zexp C F211] )/ttexp([C—szljl]t) exp(—F21.11)

[6j7k7oexp(F27171t)F2 11 —C]k 1€Xp (Fz 1 11‘)F2 11
t

+c]k1texp(F211t)F211} dt%(t—lk)Vj, (550)

Tk
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that is equal to

Z Zexp C F211] )/ttexp([C—Fz,l,l]t) exp(—Fg’th)

[C/ koexp (Fo110)Fy 1 | =&k 1exp(Fou 1) FoT | +¢;katexp (Fo10) Fa |
—¢jk0exp (Fo,110) Fy 1y +¢jx1exp (F 1100 F 7

~Cpaexp (B ) By} || A (=0 v, (551)

The remaining convolution can be split in two parts,

t —_
Z Z exp C F2 1 1] ) (/ exp([C—Fz’Ll} t) [é]}k,OFZ_,i,l _éj,kalFiil

I
t -—
+5j7k71tF£}’1] dr —/t exp ([C _FZ,I,I} t) exp(—F27171t) drexp (Fz,l,ltk) [6171@01?27,%,1
k

_6j,k~,1F2_,%,1 +6j,k,1th2_7}71] dl‘) <%ﬂ(lf —l‘k)Vj.
(552)

The first part can be calculated using integration by parts as for the inner convolution, while the

second integral is the same as the one in Eq. (525), therefore, Equation (552) can be simplified to

Z ZeXP [C—F21]1) ([CXP([C_FZ,l,l]f) <[C—F2,1,1Tl [Q’,k,oFﬂJ

t

A -2 A -1 A ~ 251
—CikaFy 1 +Cj.,k,1tF2,1,1} — k1 [C—Fo 1] F2,1,1>]

Ik
t

— [exp ([C —F27171} l‘) Xexp(—Fz,l,lt)] exp (F271’1lk) [éj7k-,0F2_,%,l —é‘\j7k71F2_7%7]

I
+6j7k71th27~&~,1:|> %(I —tk) Vi,
(553)

which is expanded to
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ny n

o)=Y Y exp (= [C=Foui]1) (exp ([C—Fora]r) ([C—Fara] ' |&ja0F3 1,

k=0 j=1
—CAch,le_},l +6j7k71tF2_7i71] — ik [C_F271,1}72F2_7%,1> —exp([C—qu] tk) (
[C—Foua] " |GuoFal, — EraiFal +EiatFa | =it [C—Faora] F3 ) -
[exp ([C—Fo11]t) Xexp(—Fo111) —exp ([C—Fa11] 1) Xexp (—Fa,1,1%)]
exp (Fa,1,166) | €408 | | = i1 Bt + EaiteFs ] | ) (0 = 1) v,

(554)

and, then, further simplified to

=1 | A -1 ~ -2 A -1
Z Z ( [C—F21] [Cj,k,OFz.,l,l —CjuiFy 7, +Cj,k,1tF2.,1,1}

A = —2 —1 | A —
—Cjk1 [C=Fa 1] inl—exp([C—Fz,l,l} fr’)([C Foia] " |6jaoFa )
_5j,k,1Fi%,1+5j,k,lthzii,1]—5j,k,1 [C—F21.1] F >_XeXP(F2,1,1(tk_t))
[5j,k,oFﬁ,1 —¢raFy ] +5j,k,1kozfi,1} +exp([C —Fz,l,l} (e—1)X [5j,k,oFfZ,},1
—¢j1F5 7 +5j,k,1koz_,{,1D H(t =) vj,
(555)

that is rearranged again to

ng n
. =114 —1 A -2 A —1
- Z Z ( C F21 1 [CJ'JQOFZ,LI —CjuiFy 7, +Cj,k,1’F2,1,1}

yur [C-Fans] Py, - exp ([ B ) (RN Sy
—CjkaFy ]+ k1t 1.1} —-X [5j,k,0F£i.1 —CuaFaf ) + 5j,k,1koﬁ,1}
—&j k1 [C—Fa1 1] - Fyi 1) Xexp(Fa1.1 (tx—1)) [CAj,k,onjil - CA‘j,k,lF{il
+CA/>’<71I’<F2_,LID H(t—1)V;.
(556)
5.1.3.1 Solution due to first order HS when the modes are classical normal

Again, using the commutativity between X and F5 1 1, proven in Appendix D.1 when the

system has classical normal modes, Equation (556) becomes
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n, n
_ -1 {4 -1 A -2 A -1
= Z Z ([C~Faa] ™ [ik0Fzl) — EaaFal, + a3

A = -2 = -1
—Cjk1 [C=Fa 1] Fz,},l —exp ([C—Fa1) (5 —1) ([C~Fara] ™" |eju0F3 1
—Cika¥y )+ 5j,k.,1lsz_,{,1} -X [5j,k,0Fz_,{,1 — ik + 5j,k,1lsz_,1,1}
A = -2 ~ — ~ _
—Cjk1 [C—Fa ] th) —exp(Fo,11 (e —1)) X [ijk,on,%,] — kb1

+6j,k,1th2_7%71}> T (t —1ty) Vi
(557)

and substituting the solution X from Appendix D.1, Equation (557) expands to

n, n

—1]4 -1 N -2 A -1
Y < [C—Fa,1] [CJ'JC,OFZ,I,I —Ciua Ko7+ ¢tk
k=0 j=1

A = -2 - - —1 7, -
—Cjk,1 [C_FZ»U} F, },1 CXP([C_FZJJ] (fk—l)> ([C_FZM] [CJ'J@OFZ,},I

~ — ~ — —1 4 — ~ — A —
—Cjka ¥y g+ 1} [C—2F5 1] [Cj,k,on,%,l — ik + Cj,k,lkoz,i,J

. _ 2 ~ -1 {4 —
~eia1 [C=Fa1] PF3 ] ) —exp(Foi (= 1)) [C—2F201] ™" 0085

—CjuaFy T +6j,k,1th2’j,1]) H (1= 1)),
(558)

that is, once more, equal to the results given in Chapter 3 and in Chapter 4, consequently,

Equation (556) is consistent to classical normal modes too.

5.2 EFFICIENT COMPUTATION

Solving such systems of differential equations without classical normal modes poses
new sources of computational cost, when compared to the results in Chapter 3 and in Chapter 4,
namely the numerical solution of Eq. (514) and the solution of the Sylvester equation in Eq. (523).
According to (DATTA, 2004; BARTELS; STEWART, 1972), the computation cost of solving
the Sylvester equation is in the order of & (n3) if the Schur decomposition is used to solve it.
This is not particularly alarming, since this task is performed only once in a pre-processing step,
as well as the numerical solution of Eq. (514). It was observed in Chapter 3 and in Chapter 4,
through numerical experiments, that the computational cost tends to concentrate in the iterative
processes of computing the response in the different time points, for the Generalized Integrating
Factor and Heaviside Series as well as for numerical methods such as Newmark-beta.

Acknowledging the observation that the computation cost tends to lie mostly on the
evaluation in different time points, for it grows as the number of points increases, there is a

motivation to evaluate the response using the Generalized Integrating Factor or Heaviside Series
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in the most efficient way possible. As it was highlighted in Chapter 3 and in Chapter 4, one of
the most efficient ways to tackle this problem is to evaluate the response at equally spaced points
in time, so that the exponential map of the matrices is evaluated only once, as a pre-processing
step. This procedure will be extended for the situation without classical normal modes in the
following subsections.

The process of evaluating the exponential map of the matrix A in a time point #;1,

forward by a distance of At of a already evaluated time point ¢; is given by

exp (Ati+1) = exp (A (At +1;)) = exp (AAt) exp (At;) , (559)

which implies, in a set of equally spaced time points, that the exponential map in a generic time

point ;. equals

exp (At) = exp (AA7) exp (AA7) . ..exp (AAr) exp (Alp) . (560)

k times

5.2.1 Homogeneous solution

Inspecting Eq. (526), there are two exponential maps, namely exp(—F,,¢) and
exp (— [C — F27171} t) . Each one can be separately evaluated using Eq. (560), just as with classical
normal modes in Chapter 3 and in Chapter 4. The difference is in the matrix X at the left of
exp (—F2 1.1t). As they do not commute, one would suggest that matrix-matrix multiplication
would be necessary, but this is not the case, for the multiplication between exp (—F ; ;1) and
C; can be carried out first and, then, the multiplication with X. Hence, without classical normal
modes, the number of matrix-vector multiplications grew from 2 to 3. The whole process is
illustrated in Alg. 7. The 3 matrix-vector multiplications are highlighted in Alg. 7 and it is
important to stress that the first and second matrix-vector multiplications are equally evaluated

when the system does have classical normal modes.

Algorithm 4: Evaluation of the homogeneous response, yp, at equally spaced time
points #;
Calculate K, C, Fy 1.1, exp(—F21,1A1), exp (— [(_J — F2,171] At), C, and C; using Eq. (532)
Evaluate the homogeneous response at #(
Yh (t()) =XC,+C,
fori=1,2,....,n;
Update the vectors C; and C,
Ci =exp (— [C —F21,1] Ar) Cy, 1st matrix-vector multiplication
C, = exp (—F2,1,1Ar) C2, 2nd matrix-vector multiplication
Calculate the homogeneous response
¥n (t;) = XC; + Cy, 3rd matrix-vector multiplication
end
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5.2.2 Particular solution due to Dirac’s delta excitation

To simplify the response due to a series of Dirac’s deltas, Eq. (542), the vector v; can be

placed inside the brackets, hence, it becomes

ny n

(i)=Y chk Xexp (Fo,1,1 (—1))vj—exp ([C—Fo 1] (t—1)) 2j] H (t — 1),
k=0 j=

(561)
where z; = Xv;. Now, the expression inside of the brackets resembles the mathematical structure
of the homogeneous response, Eq. (526) and can be evaluated using the identity from Eq. (560).
To perform this task, the most efficient way is to divide the intended simulation time into a set of
equally spaced time points and the Dirac’s deltas must be applied into the system in these time
points. This approach enables the use of Eq. (561) to apply load and to measure the response.
If a time point is intended just to assert the response of the system without any loading due to
Dirac’s delta, the coefficient c j; has only to be zero.

Let Equation (561) be evaluated in a time point #;. Due to the Heaviside step function

properties, it equals

yp (1) =Y, chk Xexp (Fy,1,1 (tr—1;))vi—exp ([C—Fo11] (e —13)) 2] . (562)
k=0 j=

Let the term in brackets be split and rearranged, and let some terms be highlighted,

i i n
yp XZ chkexp F21 1 l‘k—tl Z chkexp C—F27171] (tk—l‘,'))Z]
k=0 j= =0 j=1

[\ J/

-~

Y. 72,1'
(563)

Now, one shall evaluate Eq. (561) in a time point one step ahead, t;.| = t; + At,

i+1 n

Yp (tiv1) = Z Z ¢k [Xexp (Fo,1,1 (tx—tiv1)) vj—exp ([C—Fao11] (e —ti1)) 2],
k=0 j=

(564)

This equation can have the term i 4 1 taken out of the summation,

n
p(tir1) =Y [cjir1 [Xexp (Fa 11 (tie1 — 1)) v —exp ([C = Fa11] (tiv1 — tig1)) 2] ]
j=1

+ Z cjx [Xexp (Fo,1,1 (tx—tit1)) vj—exp ([C—Fo1.1] (i —ti41)) 2] -
k=0 j=1

(565)
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It follows from the definition of the vector z; that the term taken out of the summation is indeed
null; besides, the summation can be split in the same fashion of Eq. (563) and the exponential

maps can, then, be factored,

i n
¥p (tiv1) = Xexp (—F21141) Y Y cjexp (Fo,11 (e —1)) v,
k=0 j=1

—exp( [C F211 At ZZC,keXp C F211}( ))Z], (566)

which can be rewritten using the notation introduced in Eq. (563),

Yp (tit1) = Xexp (—F2 1,1A1) ¥, ; —exp (= [C—F2r1.1]Ar) Y2 (567)

Equation (567) presents an interesting fact - the solution in a point ahead can be constructed
just by scaling (through the exponential maps) information from an immediately previous point.
Again, analogously to the homogeneous response, this evaluation is carried out by 3 matrix-vector
multiplications.

Nevertheless, one must derive how the vectors ¥, ; and ¥, ; are updated from an iteration
to the next. To this aim, let Equation (561) be evaluated in t =t;, 7 = t; + 2At,

i+2 n

Yp (ti2) = Y. Y cji [Xexp (Fo11 (t — tiy2)) Vi —exp ([C —Fau1] (tc — 1i42)) 2] 5
k=0 j=1

(568)

again, Equation (568) can have the term i + 2 taken out of the summation and the summation

can be split and rearranged,

n

p(tip2) = Y [cjiva [Xexp (Fo11 (fis2 —ti42)) Vi —exp ([C —Fa11] (tiv2 — ti42)) 2]

j=1
i+1 n
+Xexp (—F2,1,180) Y Y cjiexp (Fa 11 (tx—tix1)) V;
k=0 j=1
_ i+l n _
—exp (— [C —F27171} Al‘) Z Z cjkexp ([C —F27171] (tk _ti+1)) Z
k=0 j=1

(569)

The term that multiplies c; ;> is zero because of the definition of z;. Besides, if the the term

i+ 1 is taken out of each one of the remaining summations, one gets
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n
Z cjit1exXp (Fa,11 (tiv1 = tis1)) v
j=1

i n
+3 Y cipexp(Fa i1 (t—1i41)) v,
k=0 j=1

¥p (tir2) = Xexp (—Fa,1 1 Ar)

n

—exp (— [C —F27171} Al‘) [Z Cji+1€Xp ([C —F27171] (l‘i+1 —li+1>) Zj+
i=1

i n
Z chkexp([(_f—FzJJ} (l‘k—li+1))Zj , (570)
k=0 j=1
which is finally simplified to
¥Yp (tir2) = Xexp (—F2,1,1A¢) [Z Cjit+1V;
i n
+exp (—Fa1,1Ar) Z Z cjkexp(Fa 11 (tk—tl-))vj] —exp (— [C—FZJJ] At)
k=0 j=1
n _ i n _
Z Cjit1Z;j +exp (— [C _FZ,I,I] Al‘) Z Z cjkexp ( [C _FZ,I,I} (lk —l‘,')) Z; (571)
j=1 k=0 j=1

Comparing Eq. (571) to Eq. (567), one realizes that

n i n
Yiign = Y cjin1Vi+exp(=Fy11A0) Y Y cjvexp (Fo11 (e — 1)) v,
=1 k=0 j=1

n i n
’]/zyi_‘_l:ZCj?iJrle—FeXp( [C F211 At ZZC]keXp C—F27171} (l‘k—li))Zj;

J=1 k=0 j=1
(572)
which, by comparison with Eq. (563), yields the update rules for the vectors ¥, and 7,,
n
Yiir1 = exp (—F 1,1A¢) Yt Z Cjit1Vj,
j=1
Va1 =exp(— [C—Fo 11| M) ¥y, 4+ ) cjiv1z). (573)
j=1

Inspecting Eq. (566) and Eq. (567), as well as Alg. 7, it is clear that these vectors must be

initialized as

n
Yio= Y cjovi+Ca,
=

Yoo = Z cjoz;—Cy. (574)
j=1
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The whole process of evaluating Eq. (567) is illustrated in Alg. 5. There, the equations
above are placed in a logic order, readily available for implementation. As it is common for a
system not to be excited in all of its DOFs, a set of excited DOFs is created, where each excited

DOF is numbered from 1 up to n,, the size of this set.

Algorithm 5: Evaluation of the response y, at the Dirac’s delta singularity points #
using Eq. (567)
Calculate K, C, Fz1.1,X, exp(—F2 1 1Ar) and exp (— [(_J — F27171] At)
Initialize a vector n X n,1 for ¥, and for ¥,
Iterate through the excited degrees of freedom n,
for j=1,2,...,n,
Computes v; = M_lej and z; = Xv;
Initialize ¥, and ¥, using Eq. (574)
Initialize the response as null and sums the initial conditions vectors C; and C,
end
Iterate through the remaining points in time, {t1,%2,#3,...,t,, }
fori=1,2,...,n
Calculate exp (—szllet) ¥; and exp (— [C — Fz,l,l] At) Y>
Calculate Xexp (—F211A1) ¥,
Calculate the response at time #;, yp (#;), using Eq. (567)
Iterate through the excited degrees of freedom
Update ¥, and ¥, using Eq. (573)
end

5.2.3 Particular solution due to first order HS

In Chapter 4, the inverse operations were separated and simplified, the same can be
done here. Thus, in Eq. (556), the definition of the vector v; = M le ; 1s applied and the matrix
operations are expanded. Each one of these operations are named identically to that in Chapter 4,
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J . J
v~ v~

I, I';
A S -1 —1_ 4 s 251 —1
+8jx1t [C—Fa 1 1] Fy i M =Cjra [C—F21] F, . M

N J/ N J/
~ ~

| I

nk n _ _ _ .
@)=Y Y | ¢xo[C—Fort] 'Fi} M1 ¢4, [C—Fap] ' F7 M~
k=0 j=1 ~

—exp ([C—FZJJ] (l‘k—l‘)) éj’]@() [C—FZJJ]*IFZ_’L]M_I

I
—ix1 [C=Foia] "Fy2 M7 461 [C—Foa]  Fy ) M7 =64 0XF, L M
Jsk,1 2,11 2,1,1 Jik, 1%k 2,11 2,1,1 Jk0AL2 1]
~ Vv ~ Vv %ﬂ
T, T, T,

. 2 -l A 1wl
+Cjp 1 XFy | (M —C 11 XF, | | M
—— — e —
Ts T,

~ = -2 _ N _ _
_Cj7k,1\[C_F2,1,1:| FZ,%,IM 11 —XCXP(FZLI (lk—l)> Cj7k7()F27i71M 1
1:; L Te

A 2 a1 A 1ol
_ijkalFZ,l,lM +Cj,k,1th2,1,1M %(r—tk)e_j.
—— — ———

I; T's i
(575)

Using the property of inverse of matrices, namely (AB)_1 =B~ 'A~!, each term I'; can be
rewritten or simplified. The simplifications for I'; and I', were already developed in Chapter 4,

resulting in

=K'= (576)
= (K[C-Fy]) ' =Q;". (577)
(578)

Let continue with I's,

I3=[C—Fppy] " F;2 M~ = (MF3, , [C- F,11]) " = (MF,; K) "' =Q;".
(579)

And with T,

Lo=F,] M '=(MF,,; ;) '=Q". (580)
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Then, with I'7,

L;=F,; M (Mqu)_l = (581)

Finally, I'y and I'5 are evaluated only by multiplying by X, resulting in

Iy =XQ. ' (582)
I's=XQ " (583)

Henceforth, alike in Chapter 4, all inverse operations can be carried out using a linear

system of equations,

x;,j=Q/\ej, i=12,3,456,7, (584)

where \ indicates the solution of a linear system Q;X; ; = e;, and X; ; is the solution. Thus,

substituting those results into Eq. (575), it yields

ny n
=) Z 80+ Cjuat) X1 ;= Cj 1%, — ik 1%3,j
k=0 j=1

—exp ([C—Foi1] (e —1)) ((&j 0+ Ejk1tk) X1, — Ej k1%, — €} 41X3,j
— (€404 Cjx1tk) Xaj+Cj k1X5, ;)

—Xexp (Fa,1,1 (e —1)) [(€j 40+ &jx1tk) X6, — Ejx1X7,] ) 7 (1 — 1) . (585)

It follows directly from Eq. (582) and from Eq. (583) that

X4,j = XX, j,

X57j = XX77j. (586)

However, Eq. (587) can be regrouped to

g n n n
Vo)=Y [t ) ¢jaaxij+ Y, EjxoXij— Y, CjaiXs | A (t—1)
=0 | j=1 =1 =1
n
—ZGXP ([C=Fou1] (k—1)) Y (t€jx1x1,j+¢jx0X1,— (€404 Cjx1lk) Xa,j
k=0 j=1
ny n
+Cja1Xsj—Ciaaxs ) A (1 —1) =X Y exp (Fa1 (e —1)) Y, ((¢jk0+Ejritk) %o,
k=0 j=1

_éj,k,lx7,j) H (t — tk) ,
(587)
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where

Xg,j = X2,j +X3,j, (588)

whose advantage is the requirement of just 6 vectors for each excited DOF, in opposition to the 7
vectors previously. This arrangement spares both the overall memory cost and the computational
cost due to additions in each iteration.

Using the same technique deployed in the previous Subsec. 5.2.2 and in Chapter 4, let
Eq. (587) be evaluated in a discrete set of equally spaced time points. Let it first be evaluated in

a generic time point ¢ = ¢; and have its terms regrouped,

i n

n n
Y=Y |6 Y ¢jrixi i+ Y, ikoXij— Y &k iXs,
=

k=0 | j=I j=1

n
- Z exp ([C—Fp11] (e —1) Z 18k 1X1,5 + € k0X1,j — (€40 +Ejk1lk) Xa,j
k=0 j=1

n

+Cjk1X5,) — Cjk1X8,)) XZGXP (Fo11 (=) Y, ((8ja0+Ejxatx) Xe,j — €jx1%7,))
= j=1
(589)

much like in Subsec. 5.2.2, two terms emerge

1 n
i =2 exp([C—Fou1] (k—1)) Y (Cj1X1,j+EjuoX1j— (Eju0 +Ejuti) Xa,
j=1
+8j1Xs,j — Cju1X8.5)

n

ZCXP (Fo11 (e —1)) Y. (850 +€jx1tk) X6.j — & k,1X7,5) -
k=0 j=1

(590)
Now, let Eq. (587) be evaluated int =t;| =t; + At,

J’_

n n
p (tix1) Z fit1 chk 1X1,j+ chkoxl i~ ij,k,lxs,j
=

j=1 j=1
i+1 _ n
- Z exp ([C—Fa 1] (tx —tis1) Z 18 j kX1, + € k0X1,j — (8jk0+ Cjxalk) X4,

l+1 n
+¢k1Xs,j— € x1Xs,j) — X Z exp (Fo,1,1 (e —1i41)) Y, (87,0 +8jk11k) X6,
Jj=1
—Cj1%7,7)
(591)
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whose term with k =i+ 1 can be taken out of the summation, while the summation is split in the
same fashion as in Eq. (589),

n

n n n
Yp (tiv1) =ti1 Z Cjr1X1,j+ Z Cjit1,0X1,j — Z Cjit1,1X8,j —tit1 Z Cjit1,1X1,j
j=1 =1 =1 j=1

- ZC, i+1,0X1,j 1 Z Cjiv1,0+Cjit1, ltH—l X4,j— ZC] i+1,1X5,j + Z Cji+1,1X8,j
j=1 j=l1 j=1 =1

n n l n
- Z (éj7i+170+5j,i+1,1ti+1) XXg, j + Z Cjiv1,1XX7 j+ Z fit1 Z Cjx1X1,j
= = k=0 =

n n i n
+ Z Cjr0X1,j— Z Cir1Xs,j| — Z exp ([C—Fa 1] (tx —tis1) Z 1€ kX1,
=1 =1 k=0 j=1

+Cjk0X1,j — (k0 Cjk1tk) Xa,j+Cj kX5, — Cj k1X8,j
j Js Js
n

—XZCXP (F2,11 (tx — ti1) Z (8jk0+Cjkatk) X6, j— € k1X7,5) 5
k=0 j=1

(592)

the elements out of the summation in index k cancel each other out using relations of Eq. (586)
and of Eq. (588). Equation (592) can, then, be further simplified to

i n i n i n
Yp(tiv1) =fi1 Y, Y CjaaXij+ Y, Y GixoXii— Y Y, CjkiXs,
=0 j=1 =0 j=1 =0 j=1 .

Vv Vv vV
Wi W i W3 i

—exp (_ [C _I?2 | 1j| At) Zk OCXP (|:C FZ 1 1] t)) Z;lf] (tkéj k71X17j+€j,k,0X17j
h (6]k0+cjkltk) X4]+C1k1X57] cAj,k,IXS,j)

\

Yz.i
n

—Xexp (—F2,1,14A1) ZGXP (Fa,11 (tx — 1) Z (8jk0+Cjkatk) X6, j — € k1X7,;)
k=0 j=1

N J/
-

Y1,

(593)

As it was made in Subsec. 5.2.2, Equation (593) can be rewritten using relations from Eq. (590),

Yp (tiv1) = tip 1w i+ Wi —w3;—exp (— [C—Fp 1] Ar) Y2 — Xexp (—=F2,11A1) 7, ;.
(594)

In Subsec. 5.2.2, the response was also evaluated in time ¢ = ¢, to derive how the vectors

Y, and ¥, ; are updated. The same intuition will be used ahead, hence,
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i+2 n i+2 n i+2 n

Yp (tiv2) =tit2 Z ZC;k1X1,]+ Z chko 1,j— Z Z@j,mxs,j
k=0 j=1 k=0 j=1
i+2 n
- Z exp ([C—Fa11] (tx —tiy2) Z 10 1 1X1,5+ k. 0X1,j — (€404 Cjaale) Xa,j
H—Z n
+¢j 51X, — Cjx1Xs,j) — X Z exp (F2,1,1 (tx —tit2) Z 8jk0+Cjxalk)Xe,j
= J:]
—Cjk,1%7,5)
(595)
Again, taking the term i+ 2 out of the summation in k and separating the summation in three
components,
n n n n
Yp (ir2) =tix2 Y &ji2 X1 j+ Y Ejiv20X1— 3, Cjis2,1X8, —liv2 ¥ €jiv2,1X1,
Jj=1 Jj=1 Jj=1 Jj=1

_chl+2()xlj+2 cjl+20+cjl+21tl+2 X4, — chl+2]x5,J+chl+21X8j

J=1 J=1 J=1 J=1
n i+1 n
- Z Cj l+20+cj i+2, llH—Z) XX6] + Z Cji+2, IXX7J +1i42 Z Z Cjk1X1,j
j=1 j=1 k=0 j=
i+l n i+l n i+1 n

+Zzéj,k,oxl,j—zijpmxs,j Zexp ([C—Fa11] (tx —tig2) Z 1€k 1X1,j
k=0 j=1 k=0 j=1 =

+8j0X1,j = (8 0+ Cjktk) Xa j+Cjk1Xs j = €j k18, )

i+1 n
—X Z exp (Fa 1.1 (tx —tis2) Z Cixot 5j,k,1fk) X6, — 5j,k,1X7,j) .
k=0 j=1

(596)

Once more, the terms out of the summation cancel each other out using the relations of Eq.
(586) and of Eq. (588). Thus, Equation (596) can be simplified and the exponential maps can be

rearranged to

i+1 n i+1 n i+1 n
Yp (tir2) = tiv2 Z Z Cjx1X1,j+ Z Z Cjx0X1,j— Z Z Cjx1X8,j
k=0 j=1 k=0 j=1 k=0 j=1
i+1 n
—exp (= [C—Fa11] A1) Y exp ([C—Fo 1] (tx —tir1) Z %€k 1X1,j+CjkoX1,j
k=0 j=1
— (€ 0+ €jx1tk)Xaj+ &)k 1Xs5,; — &) k1X8,/)
i+1 n
—Xexp (—F2,1,1A¢) ZeXP Fy 1,1 (% —tiy1) Z (8jk0+Cjk1tk) X6 j — € 1X7,7) ;
k=0 j=1

(597)
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taking the terms i + 1 out of the summations and rearranging the exponential maps again, one
gets

n

i n
Yp (tiv2) =ti2 Z +1,1X1,j+225j,k,1xl,j
k=0 j=1

N———
Wi,
Wiitl
n i n n i n
Y CrivroXij+ ) N GikoXty [ = | Y Girixs i+ Y, Y EikiXs,
j=1 k=0j=1 j=1 k=0 j=1
N——— N————
W) i W3
W2 i1 W31

n n
—exp (— [C—Fop 11| A1) |tig1 Z Cjiv1,1X1,j+ Z Cjit1,0X1,j

=1 =1
n

- Z (81,0 C)iv11tiv1) Xa j+ Z Cjit1,1X5,j — Z Cjiv1,1X8,j
.: ':1 j:]

n
—|-€Xp( [C F211 At Zexp C F211 tk—l‘, Z tk5j7k71X17j—I—@_j7k’0X17j—

(Ck0+ Cjaiti) Xaj+8j1Xs j— Cjx1Xs,j) | — Xexp (—Fa11A7) (8jit10

-

I
—_

J

-

i
+¢jit1,11i+1) X6,j — Z ¢jiv1,1x7,j+exp(—Fa11A1) Y exp(Fa 11 (e —1) Y. ((¢k0

j=1 k=0 1

~
Il

+¢j ko 1tk) X6 j — € k1X7,5) ]

(598)
which is similar to Eq. (593) and, consequently, can be rewritten to
Yp (tig2) = tigoWiip1 + W2 i1 — W3 41
—exp (= [C—Fa11] A1) ¥, —Xexp(—Fa11A0) 7y 4. (599)

Finally, Eq. (599) leads to the update rules for the vectors Y2.i> Yi.i> Wii» Woi and w3 ;,
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n
Wil =W+ Z Cjit1,1X1,j,
=1
———
dyi
n
Wo i1 =W+ Z Cjit1,0X1,j
j=1
———
da i
n
W31 = W3;+ Z Cjit1,1X8, ),
j=1
———
d; ;1
n

n
Y2,it1 = €Xp (= [C—Fa1,1] Ar) Y2 tlit1 Z Cjit11X1,j+ Z Cjit1,0X1,j

Jj=1 Jj=1
dy iy da ity
n n n
- Z (8jir1,0+€jiv11tiv1)Xaj+ Z Cjit11X5,;— ) Cjir1,1X8 ),
j=1 j=1 j=1
dy it ds d3 i

n n
Vi =exp(—Fo 1 1A0) Y i+ Y (8is10+8jiv11tir1) Xej— Y &jiv1,1X7,j (600)
J=1 Jj=1

[ J/ N J/
-~ -~

deit1 d7,i+1

which is then rewritten as

Wil = Wi i+dyi,
Woir1 = W2 +doit1,
W31 = W3;+d3;41,
Va1 =exp (— [C—Fo11] A1) ¥y +tip1dyipr +doipr —dyyr +dsip —dsip,

Yiiv1 =exp(—F211A8) Y, ; +dgir1 —d7t1.
(601)

The structure of the vectors d and their construction in matrix form was already discussed in
Chapter 4. Inspecting Eq. (601), one observes that, when the modes are not classical normal,
there are 7 matrix-vector multiplications (n X n, -n x 1, where n, is the number of excited DOFs)
and 3 matrix-vector multiplications (n X n-n x 1) per iteration. The quantity n, was introduced
in Chapter 4 too as the cardinality of the set of excited DOFs, .. As n, < n, the complexity
of the procedure is dominated by the 3 matrix-vector multiplications (n X n-n X 1), namely
exp (— [C — F27171} At) Y2 exp (—F2 1,1Ar) Y1, and Xexp (—F2,1,1A1) Y1, as their complexity
is O (nz) Hence, when the system does not have classical normal modes, the cost of the

Heaviside series method is 50% higher compared to when it does.
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The third multiplication Xexp (—F2,1,1A7) ¥; ; can be evaluated in a more rational way.
As X is invariant to the iteration, the vectors exp (—F 1A¢) Y1 could be stored and the

multiplication could, then, be carried out later as a post-processing step,

[XGXP(—Fz,l,lAf)YLo Xexp(—F21,140) 7y - XCXP(—F2,1,1N)71,nk—1} =
X[eXP(_FZl,lN)YLO eXp(—F27171At)’)/171 exp(_Fz,l,lAI)YLnk—l]' (602)
E

Multiplying X by the vector exp (—F2 1 1A?) Y1, at each iteration is essentially the naive method
to multiply the matrix X by the matrix n x n; E. However, there are other numerical methods
to do that multiplication much more efficiently and, consequently, doing it in that way, the
additional computational effort compared to Heaviside series with classical normal modes is less
than 50% (the exact figure relying on the matrix-matrix multiplication method).

In Chapter 3 and in Chapter 4, it was stated that the initial conditions of the particular
response due to HS are always homogeneous, this reasoning can be used again, for non-classical
normal modes, since the nature of the vibration modes were not prescribed for deriving the initial
conditions in Chapter 4. One might observe that the mathematical structure of the homogeneous
solution in Alg. 7 is very similar to Eq. (594), therefore, the vectors of integration constants, C;
and C,, can be incorporated directly into the initialization of the vectors ¥, ; and ¥, ;. Finally, it

is clear that the parameters in Eq. (601) must be initialized as follows, ty = 0,

wio=djp,

wa o =dpp,

w30 =d3,

Y20=d20—dsp+dso—d30—Cy,
Yio=4ds0—d70—Co. (603)

With the addition of the integration constant vectors to the vectors ¥, 5 and ¥, ( in Eq. (603),
the homogeneous response can be evaluated in the same steps where the particular solution is
calculated, thus, no extra operations are needed and the computational cost decreases.

Due to the property of the particular solution using HS being homogeneous at t = 1y, the

evaluation of the integrating constants in Eq. (532) is even simpler,

C=v+ [C —F27171} u,
C, =u—XC,. (604)
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Algorithm 6: Evaluation of the response yj, at the Heaviside singularity points #; using
Eq. (594) and the update rules from Eq. (601)
Calculate K, C, Fy11,exp (— [(_J — F271,1} At) and exp (—F2,1,1A¢)
Calculate the vectors of initial conditions, C; and C;, using Eq. (604)
Initialize a vector n x 1 for each vector d
Initialize a vector n x 1 for each vector w
Initialize a vector n x 1 for ¥, and for 7,
Initialize a matrix n x n, for each of X, X», X3, X4 and X5
Calculate Q;, Q», Q3, Q4, Qs, Qg and Q7
Iterate through the set of excited degrees of freedom .
for j=1,2,...,n,

Calculate X; [j] = Q;\e;

Calculate coefficients ¢ and ¢; o1 as in Chapter 4

Initialize ¥, ¥,, w1, w2 and w3 using Eq. (603)

Initialize the response as null and sums the initial conditions vectors, C; and XC,
end
Iterate through the remaining points in time, {t1,1,13,...,1,, }
fori=1,2,...,n;

Calculate exp (—F 1 1A1) ¥, and exp (— [C—Fa,1 1] A1) 7,

Calculate the response at time #;, yp (#;), using Eq. (594)

Iterate through the set of excited degrees of freedom .

for j=1,2,...,n,

Calculate coefficients ¢ ;o and ¢ ;1 as in Chapter 4

end

Update dy, da, d3, d4, ds, dg, d7, ¥y, ¥», W1, w2 and w3 using Eq. (601)
end

5.3 STABILITY OF THE SOLUTION DUE TO FIRST ORDER HS

Inspecting Eq. (526) and Eq. (594), one observes that both the homogeneous solution
and the particular solution due to first order HS share the same mathematical structure, i.e. the
multiplication of two exponential maps, exp (—At), by their respective vectors. It was proven
in Chapter 4 that, if the eigenvalues of A have positive real part, the solution is unconditionally
stable, consequently, no matter how large is the time step, Af, the solution is bounded. The
same applies here, for systems without classical normal modes, since the only difference is the
multiplication of the solvent of the Sylvester equation, X, in front of the term with exp (—F» 1 17),
which is a constant matrix throughout the time domain.

It is important to stress that, as demonstrated in Chapter 4, the eigenvalues of F; 1 | and
of [(_3 — F27171} are not a shortcoming of the method, either GIF nor HS, since those eigenvalues
are characteristic to the system to be solved and its modelling. For instance, as shown in Chapter
4 and in Appendix C.3, the Rayleigh damping can produce eigenvalues with negative real part,
which is, then, a form of negative damping, since it gives energy to the system instead of

dissipating it away.
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5.4 FINAL REMARKS OF THE CHAPTER

The solution to second order systems of linear ODEs with constant matrix coefficients
was tackled when such systems do not present classical normal modes. It was shown that the
solutions are consistent to the approach delivered in the previous chapters and that those solutions
are indeed particular cases of the newly presented ones. The main difference from the solutions
of this chapter to the previous ones is the accessory Sylvester equation, whose solution procedure
was discussed and it was stressed that it must be carried out only once in a preprocessing step.

Computational aspects of the solutions were discussed and it was shown that the
complexity analysis has not increased in order, which is especially important since the main
source of computational cost uses to be the iterative process along the time points. It was also
demonstrated that the multiplication of X by the exponential map can be carried out in a post-
processing step using State of the Art algorithms for multiplication between rectangular matrices,
instead of naively multiplying X in every single iteration.

Numerical experiments as the ones documented in Chapter 3 and in Chapter 4 are left for
future works. The future experiments will compare different approaches to solve the quadratic

matrix equation numerically too. Then, a picture of the total computational cost will be available.



169

6 CONCLUSION

This work proposes a new family of methods to solve both one-dimensional and systems
of coupled linear ODEs of order n > 2. This family is constructed upon a generalization of the
Leibniz integrating factor for first order linear differential equations. The method is a systematic
approach for order reduction that can systematically find analytical complete solutions of linear
ordinary differential equations with or without constant coefficients.

The methodology was applied to second-order ordinary differential equation, since this
type of ODE is of great importance in Applied Mathematics, Physics and Engineering. Special
care was devoted to the constant coefficient case for different types of excitations. Although,
successful examples were provided for ODEs with coefficients that are indeed functions of the
independent variable.

The solution procedure requires the particular solution of a sister nonlinear ODE, which
is a Riccati ODE in the case of second order ODEs, for one-dimensional and for systems of
coupled ODEs. It was shown that, for many important ODEs in Engineering, the particular
solution to the Riccati equation is easily found; as is the situation with constant coefficients,
when the nonlinear sister equation transforms into a simple quadratic algebraic equation.

The GIF method was proved to give the homogeneous and particular solutions
independently using double convolutions for second order ODEs. These double convolutions
were particularized for important cases of excitation functions in Engineering, such as continuous
functions - like periodic, exponential, and polynomial - and as discontinuous functions - like
Dirac’s delta and Heaviside step.

In the case of systems of coupled ODEs with constant coefficients, the homogeneous
solution and the particular solution due to discontinuous excitation functions were shown to be
made out of exponential maps. Due to the inherent computational cost of evaluating exponential
maps, an optimized way to calculate them in a discrete set of points was proposed to greatly
reduce computational effort. Thereby, important real-world problems can be analytically solved
by using the proposed approach.

The computational complexity of the proposed approach was compared to other analytical
and numerical methods. It was shown that the Laplace transform is not suitable to analytically
solve large problems due to the symbolic inverses. The complexity associated to matrix
exponentials, matrix multiplications and inverses also makes the State Variables approach
too costly when the dimensionality of the problem increases. Furthermore, a computational
experiment was carried out to compare evaluation time of the proposed approach to the State
Variables and to the Newmark-beta methods. It was shown that the proposed method reduced the
evaluation time considerably, thus, being a reliable and viable method for the analytical solution
and computational simulation of large systems.

Despite these advantages, sometimes it is not feasible to evaluate the double convolutions

to get the particular solutions or it is simply not desired to. In such cases, the GIF must be
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extended to cope with and, to this aim, the HS method was developed. The HS approach
approximates the original excitation function using a finite series of Heaviside steps multiplied
by polynomial terms, which has analytical solution using the GIF. Thus, the problem of solving
the double convolutions is substituted by a problem of approximating the original excitation, that
is done fairly easily.

It was demonstrated, both from algorithmic complexity analysis and through numeric
experiments, that the HS method kept the computational efficiency of the GIF. The HS also
presented astounding accuracy, with rates of convergence between 2 and 4 against the rates of 1
and 2 of Newmark-beta method. It was also proven that the HS is unconditionally stable if the
system is physically stable, i.e. the HS and the GIF methods do not have artificial numerical
damping and, consequently, do not hide ill-conditioned modelling.

Results of Chapter 3 and of Chapter 4 were derived using the hypothesis of classical
normal modes, which is widely used in most of vibration analysis. However, to demonstrate
that the proposed family of methods is not limited to this hypothesis, Chapter 5 was issued to
investigate the behavior and feasibility of the solutions when the system does not have classical
normal modes. It was shown that the solution procedure depends upon a Sylvester equation that
must be tackled only once. Besides, the computational cost per iteration is not increased much,
while further implementation suggestions were made.

As final conclusion, one can say that the proposed family of methods is widely applicable
to solve real-world problems, most importantly, with greater accuracy and lower computational
cost. Future works are plenty: do numerical experiments with GIF and HS when the system
does not have classical normal modes, extend the HS method to nonlinear regime, investigate
applications in modal analysis and other computationally intensive problems, such as Structural
Optimization and BEA.
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APPENDIX A - AUXILIARY FORMULATION FOR THE GENERALIZED
INTEGRATING FACTOR FOR LINEAR ODES WITH A SINGLE DOF

A.1 FAMILIES OF RICCATI EQUATIONS WITH SIMPLE PARTICULAR SOLUTIONS
USING SUBSTITUTION

Although the Riccati sister equation, Eq. (34), is a nonlinear differential equation, for
many cases finding a particular solution is straightforward. Two cases will be addressed: when
the particular solution is a constant and when the particular solution is a polynomial of the
independent variable. The focus will be on Eq. (34), nonetheless, the analysis holds true for the

equation with f3 1 j.

A.1.1 Constant particular solution

To Eq. (34) admit a constant particular solution, the following conditions must hold:

c—m=a, (605)

and,

km = b, (606)

where a and b are constants. Thus, Equation (34) is simplified to

fria=afia—b 607)

whose particular solutions are the roots of the above quadratic algebraic equation. The positive

root is chosen,

a++va*—4b
2= — (608)
A.1.2 Polynomial particular solution
Let f> 1 2 and the differential equation coefficients be polynomials,
foaa(t) =z0+zit+ 2ot + - + 24", (609)
m(t):mo—l—m1t+m2t2+~--+mbtb, (610)
c(t):co+clt—|—c2t2—|—~~-—|—cdtd, (611)

k(t) = ko + kit + kot + - - kgt (612)



179

Consequentely the polynomial degree, D(p(¢)), of each of these coefficients and particular
solution is: D (f2.12) =a, D (m) =b, D(c) =d and D (k) = g. When applying these polynomials
to Eq. (34), the degrees of the polynomials to be equal between the left hand side and the right
hand side, the degrees must satisfy the following relations:

a=b—1,d<b—1;, g<b—-2, or (613)

a=d; b<d—1; g<2d—b, or (614)
b b

a=¥; b<gt2; dg%. (615)

Thus, applying these polynomials into Eq. (34) and separating the squares of each coefficient of
the solution yields

Gt +att ot =gt =t = — gt fr =
(mo —l—m1t+m2t2+~-+mbtb) (z1 +2zzt+3Z3t2+~-+azat“*1) +
(co—mi+1t(c1+2m) +1*(ca+3m3) +-+) (z0 + 21t + 20> + -+ +2at") —

—moko — t (moky +miko) —t* (moky +miky +makg) — -+ . (616)

The even powers of 7 on the left hand side can be matched to the equivalent terms on the right
hand side,

Z%‘I‘Z%tz‘{_Z%lA_'_ . .._|_Z3[2“ —z(z) —Z%lz —Z%t4 — —thza+f227172 =
Mozit® 4 2mazat® + - amazpt O — mazit? — 2mazott — - — amyzyt* U
mfa1.2+20 (co—mi) +z11% (c1 —2m) + 2ot (c2 — 3m3) + - — 29 (co —m1)
—z11* (1 = 2my) — 22 (c2 = 3m3) — -+ (¢ — 1) fa,1.2 — modo —

12 (n’L()dz +md; —|—m2d0) —* (m0d4 +mds +mody +mady + m4d()) — et
modo + 1% (moda +mydy 4+ mado) +t* (mody 4 myds + mads +msdy 4 mado) +
-o—md. (617)

where from, one can derive the following independent relations,

2
%y = 20 (co —my) — modp,
2
71 =21 (c1 —ma) —mody — mydy — mady,
2
75 =22 (c2 — m3) — mods — myds — mads — mzdy — mad,

D (618)
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which form a set of independent second order algebraic equations. When the z coefficients are
applied into Eq. (34), all the even powers in the right hand side of the equation will cancel out
with the even powers in the left hand side. Thus, the coefficients given in Eq. (618) to be solution
of the Riccati sister equation, the coefficients of m, ¢ and k must satisfy conditions given by the

odd powers, which form a set of a equations.

A.2 FAMILIES OF RICCATI EQUATIONS WITH SIMPLE PARTICULAR SOLUTIONS
USING INTEGRATION CONDITIONS

The given Riccati equation can be divided in 4 terms,

f22,1,2:mf2,1,2+(c—m)f2,1,2—@_,- (619)
S e
¢ ) 3 9

Therefore, one can solve this equation piecewise. E.g.,

* 01 =¢rand g3 = —¢4

—1

) :
=m — =, 620
Hia=mfr12 f212 ot La (620)
in which, a is a constant, and
. md
(c—m) Hhrip=md = fr10=——. (621)
c—nm
Comparing both equations, one finds a condition for d,
m-—c
d=—7—7"70#———. 622
m(at [ Ldr) (622)
* ¢1=0¢sand g = —¢3
; ; aexp ([ £dr
mfprio+(m—c)fr120=0 = fr12= %, (623)

and

fria=—md => fo12=+—md, (624)
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hence, the condition for d is

aexp (2 [ £dr)
d= 3
m

: (625)

The negative sign and the square of constant a were omitted, since a can be any complex

number.

* ¢ =¢3and ¢ = ¢y

f22,1,2: (c—=m) fr12 = frip=c—m, (626)
and,

mfrip=md = d= f2, (627)
thus,

d = ¢— i (628)

Integration conditions, Eq. (622) and Eq. (625), can be more useful, since the constant a

in them generate an infinite number of possible functions d.

A.3 CONVOLUTION OVER DIRAC’S DELTA DISTRIBUTION

The convolution of a function over the Dirac’s delta is usually defined as (KANWAL,
2011)

| 108 -1)dt=r(w). (629)

The integration limits can be split as

—o0

/Zf(t)5(t—tk)dt:/o f(t)5(t—tk)dt—l—/otf(t)(S(t—tk)dt—i—/toof(t)B(t—tk)dt, (630)

for 1, strictly positive, the integral from —eo to 0 is 0 by definition, thus, the integral from O to ¢

can be rewritten as
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/tf(t)é(t—tk)dt:/w f(t)5(t—tk)dt—/oof(t)5(t—tk)dt. (631)
0 —oo t

The filter or sifting property of the delta of Dirac is due to the shape of this distribution,
i.e., it is null everywhere except in its discontinuity, thus, the function that multiplies the Dirac’s
delta is constant at this point, for the discontinuity of the delta distribution is infinitely close to
the #; point. Therefore, the value of the function can be taken out of the integral and the definition

of the Dirac’s delta is used to show that

) t+T t+T
[ t@s—nydr= " f08a—m)di=fw) [ S(—n)di=F).  (©32)
hence, Equation (631) can be rewritten to
! 0, >
| 18 —nydi = fw) - (0 = )~ 10). (633)
0 1, <t
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APPENDIX B - AUXILIARY FORMULATION FOR THE EXTENSION OF THE
GENERALIZED INTEGRATING FACTOR FOR SYSTEMS OF LINEAR ODES WITH
n DOFS

B.1 EVALUATION OF INTEGRATION CONSTANTS FOR COUPLED SYSTEMS OF
ODES WITH CONSTANT COEFFICIENTS

The homogeneous solution with constant coefficients and when C and F> |1 commute is
given by Eq. (223) if C — 2F» 11 is non-singular. The complete solution

Y =Yn+yp =exp(—Fz 1) Co+exp([F21,1 —C|t) Ci +yp, (634)

and its derivative w.r.t. time is given by

y=—Fr11exp(—Fp111)Co+ [Fa 11— Clexp ([F1,1—C]t) Ci +¥p. (635)

Considering initial conditions at a time #( yields

y (Z‘()) =exp (—F27|’|l‘0) Cy+exp ([FZJJ — C] l‘o) Ci+ Yp (l‘()) , (636)

and

¥ (to) = —Fa,1 1exp(—F2,1 120) Co+ [Fa1,1 — C| exp ([F2,1,1 — C] 10) C1 +¥p (1)  (637)

{Cl } _ {uo —¥p (to)} (638)
G Vo —¥p (IO)

Hence, C; and C, can be found by solving the above linear system with standard

which can be summarized in a linear system

exp ( [F27171 — C} t()) exXp (_FZ.,I.,IIO)
[F211—Clexp([F2,11—C]1o) —Far1exp(—Fa1,100)

techniques, much alike the evaluation of C; and C; for a single degree of freedom problem.

The most common choice for 7 is 0 such that Eq. (638) reduces to

{Cl} _ {uo—Yp(())}‘ (639)
G Vo —Y¥p (O)

Pivoting, it further simplifies to

{cl} _ { u —yp (0) } (640)
C2 Yo —yp (0) - [FZ.,I.,I - C] (ll() —Yp (0))

| |
[F211—C] —Fa;
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thus, it follows that

Co=[C—2Fy11]"" (vo—¥p(0) — [Fa1.1 — C] (wg ¥, (0))), (641)

and
Ci=uy—yp(0)-C,. (642)

A very important particularization for previous equations is when evaluating the constants
C, and C, for excitations described by Dirac’s deltas, Heavisides and Heaviside series. As
discussed in Chapter 2, y,(¢) and y(t), are zero for t < ty, where ty is the first time with non
null excitation. Therefore, if 7y < ¢y, both y,(#) and y, () are 0 in Eq. (638), Eq. (641) and in
Eq. (642) and there is no need to evaluate the derivative of the particular response with respect
to time.

B.2 COMMUTATIVITY OF POWERS OF TWO MATRICES

Let A and B be two square matrices n X n that commute. For positive integer powers a

and b, the following property holds

A‘BY = BPA“. (643)
Proof.

A“B” = AAA...AAABBB...BBB

VvV TV
a times b times

=AAA...AABABB...BBB
= AAA...ABABAB...BBB
= AAA...BABABA...BBB
=AAA...ABABAB...BBB

BBB...BBBAAA ...AAA = B’A“.

b times a times

B.3 COMMUTATIVITY OF INVERSE OF MATRIX

Let A and B be two n X n square matrices that commute and B be invertible. Then

AB ' =B !A. (644)
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Proof.

AB ! =D,

A =DB.

BA = BDB = AB,
BD=A,
D=B'A,

— AB ' =B !A.

]
B.4 EXPONENTIAL MAP
An exponential map is defined as (GALLIER, 2011),
1
exp (Ar) =I+Ar+-A%*+ S+ A” Z AJtJ (645)
2 = Jj!
with time-derivative given by
4 lexp (Af)] = A+ A%+ ... + ! A” n-l Z AJ“ﬂ (646)
dt T (n—
By direct comparison of Eq. (645) to Eq. (646), one immediately gets
d
o [exp (At)] = Aexp (Ar) = exp (Af) A. (647)

B.5 EFFICIENT EVALUATION OF exp (At)

One critical component of the proposed formulation is the efficient evaluation of exp (At)
for various values of 7. According to (APRAHAMIAN; HIGHAM, 2014), the following relation
holds,

exp(A)* =exp(aA) Vo €Z, (648)

for general matrix A
Assuming that the time span ¢ € [t;,#/] is discretized in n, intervals Az, it is possible to

write ¢t = kAt such that

&(1) = exp (Ar) = exp (kATA) = exp (AtA)* (649)



186

where k € Z. Hence, the exponential map, &(¢), in a discrete set of time can be evaluated through

the following recursion

t: &(t1) =exp(ArA)
h: &(h)=4&(t1)exp(AtA)
t3: &(13) =& (tr)exp(AtA)

fe: & (1) = & (1) exp (AtA), (650)

where matrix exp (ArA) has to evaluated just once.

B.6 COMMUTATIVITY OF EXPONENTIAL MAP AND MATRIX

Let A and B be two n X n square matrices. If A and B commute, then

exp(A)B=Bexp(A). (651)
Proof. By definition
exp (A _ l 2.2 l n.n
p(A)B= I+At+2At + .. +n‘A | B

1 1
—1IB - ABt - EAZBt2 + .+ —A"B"
n!
(652)

such that

1 1
exp (A)B = BI+BAr + 5BA%2 + o+ —BA"" =Bexp(A).
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APPENDIX C - AUXILIARY FORMULATION FOR THE HEAVISIDE SERIES
METHOD

C.1 CONDITIONS FOR THE SINGULARITY OF C—2F, |

Using Eq. (239), the matrix (op= 2F» 1 1 is simplified to

C—2F,;; =C—C—V/C?2—4K=—V/C2—4K. (653)

Using proportional damping and Eq. (680), one yields

C—2Fy11 = —\/021+ 20BK + B2R — 4K = —\ /0?1 + 20f — )R+ 2K (654

which, by recollecting Eq. (681), expands to

C-2F = _\/oc21+ (208 —4)PAD ! 4 B2OA’ D! (655)

As ®I® ! = dd ! =1 by definition, Equation (655) is simplified to

C—2F27171 = —\/(D <a21+(2aﬁ—4)A+ﬁ2A2> o ! (656)

according to (HIGHAM, 2008), f (XAX™!) =Xf(A) X!, thus,

C—2Fy 1, = —®y/a2L+ (208 — 4) A+ B2A*D". (657)

As the matrix of eigenvalues, A, is diagonal, Equation (657) can be further simplified
using the property for diagonal matrix f (diag (Ay)) = diag (f (Ax)), (HIGHAM, 2008),

C—2F27171 = —<I>dzag (\/062+ (2(Xﬁ —4) A,k—f—ﬁzlkz) cbil, (658)

where A; is each one of the eigenvalues of K. One realizes that the eigenvalues of the matrix of
the RHS of Eq. (658) are the values in the diagonal. As the LHS and RHS are similar matrices
to each other, they share the same eigenvalues, hence, C-— 2F 1 1 is singular if and only if the

square root is null for some A, i.e.,

C —2F, ; singular <= a*+ (2af —4) 4+ B*AZ =0; kC {1,2,...,n}. (659)

Since Equation (659) is a quadratic equation, it admits at most two roots, given by
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2—opE£2y/1-a
Ao = p 5 B ) (660)
As the eigenvalues are the natural frequencies squared in the context of FEM analysis, A, = a),g,

it is not physical to have complex natural frequencies. A first and straightforward result is

ap >1 = C—2F, non-singular. (661)

Nevertheless, one might conclude that, if proportional damping is used, at most two
eigenvalues will be null if two natural frequencies match exactly with the square root of these
two possible values of Ay. Thus, another way of looking at Eq. (659) is substituting Eq. (692)

into it,

0>+ (20 —4) 4+ B2 = (a+ BA)? — 4k = (260 + (A — oF) B)” — 44
= (h— @) B+ 4L (M — ) B+4 (S0P —N),  (662)

it immediately follows that, if k = i, Equation (662) will be zero if {; = 1, which characterizes
critical damping. It is straightforward to prove that the same is true if k = j and {; = 1, since &
can be constructed in terms of the j-th natural frequency by o = 2{;®; — a)% B.

For nontrivial conditions to which Eq. (662) is null, one might find its roots as

Cio; £ ay
=22 = 663
P ? — w? (063)

that is almost equal to Eq. (691). Therefore, one can observe that, if C — 2F> 1,1 is indeed singular,
a minor change in ; or {; is enough to avoid the singularity and, consequently, the expensive

usage of Jordan canonical form.

C.2 INITIAL CONDITIONS AND THE HEAVISIDE SERIES

Let a system of second order coupled ODEs have a function f(¢) multiplied by a Heaviside

step as excitation function,

1§(r) + Cy(1) + Ky(t) = £(0) (1 — tn), (664)

which is the same as solving two systems of ODEs,

Iy (1) 4+ Cyi (r) + Ky (1)

Iy (¢) + Cy2(¢) + Kya(?)

0, ifr<ty
; 5 (665)
f(t). otherwise
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It is straightforward that this holds true even when tg — 0. Therefore, all solutions
given by Eq. (447), i.e. using HS as excitation function, have y,(t) = 0 and y,(t) = 0 as fixed
initial conditions. Thus, the imposition of non-homogeneous initial conditions, y (fy) = up and

y (o) = vo, at 1y < ty gets even simpler, through the following system of linear equations if

C
{1}:{%}. (666)
&) Vo
which, particularized for 7o = 0, simplifies to

C1 . 1117
-t}

Pivoting, it further simplifies to
C
- o b (668)
C; vo— [F2,1,1—Clug

C, = [C_ZFZ,I,I]il (Vvo—¥p (0) — [F2,1,1 — C] (ug—yp (0))), (669)
Ci=u—yp (0) —Cy,. (670)

C- 2F» 11 is non-singular (Appendix C.1),

exp ([Fz,l,l —C} to) exp (—F2 1.1t0)
[FZ,I,I - C} exp ([F2,1,1 — C] lo) —F211 exp(—Fz,tho)

I I
[F211—C] —Fap1;

I |
0 C—2Fy;,

whose solution is

Thus, the constants C; and C; can be evaluated without any knowledge about the
derivative of the particular response. If F5 | | = [C —Fy,1 1], where * is the complex-conjugate
operator, however, the relation between C; and C, is even simpler. To derive it, let C, be
substituted into C; and the term [C —2F, ; ;] ! be factorized,

C = [C—2F27171]71 HC—ZFZJJ} (uo—yp (O)) —Vy —l—yp(())
—[C—F21.1] (wo—yp(0))] - (671)

IfF5, ;= [C—Fy1.1], then [C—2Fy ;] =F;, | —Fy 1 and, using the properties

* -1 * . *
Ci= [F2,1,1 —F2,1,1} HFZ,I,I —F2,1,1] (o —yp (0)) —vo+¥p(0) —F>1 (ug —YP(O))] )
(672)

which simplifies to
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Ci=[F3;,—Fa11] v +¥p(0) —F2.1.1 (uo —yp (0)))]. (673)

Applying the complex-conjugate over Eq. (673), one gets

* * _1 ) *k
Ci=[F311—Fa11]  [vo—¥p(0)+F5; (ug—yp(0)))] = Co, (674)

hence, if F5 | | = [(_J — FZJJ} , one can calculate C; using Eq. (669) and applying the conjugacy
relation from Eq. (674) to evaluate C;. From the conjugacy relation between exponential maps

explored in Chapter 3, the homogeneous response, Eq. (223), is

F5,1=[C—Fy11] = yn(t) =exp(—Fa111)Cr+exp(—Fy1,11)" Cy, (675)

which, by using Eq. (674), simplifies to

*

Fil:l = [C—Fz,l,l] — ¥n (Z) = CXp(—Fz,l,lt) Cy+ (exp(—F27171t) Cz)
=2N (exp(—FzJ’]t) Cz). (676)

C.2.1 Efficient computational evaluation of the homogeneous response

As discussed in Chapter 3 and in Appendix B.5, the exponential maps of the homogeneous
responses can be evaluated in time points equally spaced from the point #y = 0, such that, for
t=t; =it

exp (Af;)b = exp (ArA)'b. (677)

Using this result, the evaluation of the homogeneous response can be summarized in Alg. 7.
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Algorithm 7: Evaluation of the homogeneous response, yp, at equally spaced time
points #;
Calculate K, C,Fy1 1, exp(—F21,1At) and Cy
if [C —F271’1} = Fle then
exp (— [C — F2,l,l} At) = exp (—F2’171AZ)*
Evaluate the response at f
Y (10) = 2R(Cy)
for i=1,2,....n;
Update the vector C;
Cy =exp(—F2,1141) C;
Calculate the homogeneous response
Yn (1) = 2R (C)
end
else .
Calculate exp (— [C —Fy1,1] Ar) and C; using Eq. (669)
Evaluate the homogeneous response at f
Yn (o) =C1 +C»
for i=1,2,....n;
Update the vectors Ci and C,
C = exp (— [C —F27171} Al) C
Cy =exp(—F2,1141) C;
Calculate the homogeneous response
ya (1) =C1+C
end
end

C.3 EIGENVALUES OFF, ;1 ANDOF C—F;

The objective of this section is to prove to which conditions the eigenvalues of F ; » and
of C — F 1.1 have positive real part. This is a necessary condition to the stability of the solution,
since eigenvalues with negative real parts imply in negative damping.

If C and K commute,

Foi) = % ((‘:+ V2 —41‘() : (678)

hence,

C—Fopy =+ (C-VE-4K). (679)

2

Assuming proportional damping, C can be rewritten to

C=M"'!(aM+BK)=al+BM 'K = ol + K. (680)
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Matrix K has the same eigenvalues of the generalized eigenvalue problem defined by
(K—AM) ¢ =0, where A = ®?. Thus, the eigenvalues A are real and positive (ZIENKIEWICZ;
TAYLOR; ZHU, 2013). Nevertheless, the matrix K can be written in its diagonal form,

K=®Ad !, (681)

where ® is the matrix of eigenvectors and A is the diagonal matrix of eigenvalues.
Substituting Eq. (681) into Eq. (678), it yields

Fpio= % (acbcbl +BPAD ! + \/ a2®d '+ 208 —4) PAD ! + [32<1>A2<1>1> , (682)

which is further simplified to

Fpi,= %cp <aI+ﬁA+ \/a21+ ap —4)A+[32A2) o' (683)

From Eq. (683), one notices that F, ; > and the matrix between @ and & ! are similar, thus,
they share the same eigenvalues. As the eigenvalues A in the diagonal of A are equal to @,

0} < 03 < --- < ®2, Equation (683) can be simplified and the eigenvalues of Fy | 5 are

1
Y a+ﬁw§+\/a2+(2aﬁ—4)w,§+/32m,f ke {1,2,....n). (684)
2 | ~—~— N ~~ d
R A

The same procedure can be done for the eigenvalues of C — F> 12, K, with the only difference

being the negative sign before the square root,

|
K= = a+/3w,§—\/a2+(2aﬁ—4)m,§+/32w,f ke {1,2,....n). (685)
2 | ~—— ~~ d
R A

As A is always a real quantity, its square root can be either fully real either fully complex.
Thus, by inspecting Eq. (684) and Eq. (685), the R term cannot be negative, otherwise the
eigenvalues K would not have positive real part. Nonetheless, if R is positive, again because of K,

the following condition must hold true,

Q2+ (20 —4) 0F + Bof < (a+Bap)’ = > +20B0 + B ol = —4w} <0, (686)

which is indeed true, since @y is a real quantity. Another interesting fact is that, from Eq. (686),

for R = A and [C — F27171} be a singular matrix, @ would have to be null, which is not physical,
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thus, [C —-Fa, 1} is always non-singular for a physically acceptable system. Hence, for the
eigenvalues to have positive real part,

a+ Bt >0 = R(p)>0,R(k) >0:ke {1,2,...,n}. (687)

Condition from Eq. (687) can be viewed as a polynomial function of @y,

ploy) = Bot+a, (688)

that has one positive root and another negative root or both roots equal to zero. However, as in
physical problems structural frequencies @ are always bigger than zero, just the positive root is
of interest,

a
o =) 2. (689)
B
According to (RAO, 2017), the proportional coefficients o and 8 are determined by the

linear system of equations defined by

a+ o B =240
a+wip =28 0;, (690)

where @) < 0; < @; < ®,. Solution is

Czw, Giwj —
B = coz a)2 , (691)
[0 0]
o =200 — 0B =250 — 20 2% (092)
or for particular cases,
ao=0= B= 2Cl
(693)
[3 =0 = oc:2C,-a),-;
it is trivially observed that, for this particular cases, Equation (687) holds true, thus,
o=0—= B= 24
= R(y) >0,R(x) > 0. (694)

BZO — OCZZCI'COZ';
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The extreme point of p(@y) (either maximum or minimum) is unique and is located at 0,
which is not a physical natural frequency. Thus, for the eigenvalues y and k to have real positive
part, p(@y) > 0 in the interval [0, @,]. With some reasoning about a quadratic curve, one must

realize that, if a # 0 and 8 # 0, there are three possible cases,

1. The curve has upward concavity and cross the vertical axis above zero, i.e. o > 0 and
B >0;

2. The curve has upward concavity and crosses the vertical axis below 0, thus, the curve must
cross the horizontal axis before the first natural frequency, i.e. @ <0, >0 — | /_TO‘ <
01;

3. The curve has downward concavity and crosses the vertical axis above 0, thus the curve

must cross the horizontal axis after the last natural frequency, i.e. ¢ > 0, <0 =
VE > On

summarizing and taking out the square root,

Da>0,8>0,
IMHa<0,>0 = —%<a)12, (695)
) >0, <0 = —§> o

The quotient of the damping coefficients can be expanded using Eq. (691) and (692),

2B —2¢0; 280y o} — @}
_E:ﬂﬁ_ﬁizﬁ_g Y e (696)
B B B G, CJ @;
C31 Casel,a>0andf >0
The term a)l.2 — a)]2 is always positive since @; > ®;, therefore, for B to be positive,

Giw; > ;. (697)
For o, on the other hand,

Gy > (Q@ jo;), (698)

i

rearranging the terms,

2 2 2 2 2
i (1 ‘m) i (W) e (659)

1
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2 2 . o,
As o7 — @j 1s positive,

—Giw; > —{j0,07; (700)

finally,

;
< Pip (701)
C ] C]

that, with Eq. (697), results in

@; j;
DL <G<—¢,. 702
Vb <E< (702)
Trivially, if {; = {;, condition I is true and the eigenvalues have all positive real parts.

C3.2 CaselLa<0,B>0

The condition for positive 3 was already stated in Eq. (697) and is simplified to

Gi> %CJ‘- (703)

However, for negative o,

Goy < " (Clco, ;) (704)

i

making the exact same steps from Eq. (699) to Eq. (701), the result is

&> —¢;. (705)

Hence, if Equation (705) is true, so is Equation (703).

The second condition is

a o7 — o7

_ﬁ Clwzc C] y

As B is positive,

< w?. (706)

(0 — of) (G — o)) < Goi (o] — 7)) ; (707)



196
separating by (;,

Gioi (0f — 0?) > —¢0; (0 — of). (708)

If w; = wy, both conditions in Eq. (705) and in Eq. (708) are true. Otherwise, 0; > ®; =
6012 — a)j2 < 0, thus,

Gioi (07 — of) < §jo; (0 — of); (709)
and, finally,
A2 — m2
g< ¢ (o — 1) (710)

o; (a)j2 - wf) .
For Equation (705) and Equation (710) to make sense together, the following statement
must hold,

o (02 -0f) _ o

5 ) . (711)

w; <coj - a)l) j
which is rearranged to

07 (0 — o) > of (0F — of) (712)
thus,

w7 0f < 07 0, (713)
that is true and, consequently,

_ @j
wj=0 = §> aij
1) 2 ) (714)

0 # o = {gh <G < Cj—wi((w}wlz)

C33 Casell,x >0, <0

It is straigthforward to see from Eq. (692) that, if 8 is negative, then, « is positive, so

CO.
§i<5{§j — a>0. (715)
(4
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Thereby, the remaining condition is

a (D — 0)
S0 G 0] 716)

Gio; CJ @
that is rearranged to

o 0= (717)
a) a) > ,a),—
Gio; — Cjo;
and, once more, to
o — o7
2 2
W, — 0 < Gi0j——F— (718)
1 cl 1 C] (0] Cl wl
Now, both sides of the inequality can be multiplied by the denominator,
(0 — ) (§w;— Gio) < Gy (0} — a?); (719)

again, trivially, if @, = ;, both conditions are true if only Eq. (715) is true. Otherwise,

rearranging,
Gy (0f ) > (wF — @?) ¢, (720)
and, finally,
P)
o, (0; — o
gc>-—i£—i————lcf (721)
; <a),% - co]2>
As w; > 0,
2 o, — 0}

Wy — 0 < OF — 0F = L<1, (722)

o7 — 07

so Equation (715) and Equation (721) work together and, henceforth,

Wy =0 = §< ijp
I10) (oj((u —p) . (723)

W, # 0 —> wa(aﬂ )<C,<CJ
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C34 o;=ow and w;= o,

In C.3.2 and in C.3.3, conditions regarding when ®; = @; and ®; = ®, appeared
separately and independently, but the question of what happens when both equalities are true
simultaneously remains. To answer this question, let the solutions of & and 3, Eq. (692) and Eq.

(691), respectively, be rewritten in terms of @; and @,

Ciow, — (i

=2 — = 724

P 0? — of (724)
.wn —_ .w
o =2 a)n% (725)
and, finally the quotient —%, Eq. (696),

(04 Ciwl - Cjwn
—— =00, (726)

B~ " G — G

With these equations set, the three previous cases can be addresses separately again.

C.34.1 ;=0 and ®; = @y, casel

From Eq. (724), one observes that

®
Giw, > iy = §; > Cjal == B >0, (727)

n

and, from Eq. (725),

Ciwl < Cja)n — Cl' < Cj% — a >0, (728)
1
consequently,
(0] (0)
{—<G<§— = a,f>0. (729)
() ]

C.3.4.2 ;= o and @; = Wy, case Il

From Eq. (725), follows that

,
Gy > o, = § > c,-a” — a <0, (730)
1
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and adding to Eq. (727),

Ci>€j% = a<0,8>0. (731)
1

Going back to the quotient condition in Eq. (695) and using Eq. (726), one observes that

o 0] — G0,
A L el LT o} (732)

ﬁ Ci Wy, — Cj O]
The inequality can be multiplied in both sides by C’%%f’wl without any prejudice of sign, since

B is positive, which means that the {;w, — §;w; > 0,

wn (G — §jo,) < oy (G, — Gan), (733)

which can be simplified to

~¢jor < —¢0f, (734)

and, by multiplying both sides by —1,

2 2
G2 > ok (735)
that is true since @, > @;.

C.34.3 ;= w and ®; = Wy, case Il

From Eq. (724), follows that

(]
Lo, < {jo) = &< C,-;l — B <0, (736)

and adding to Eq. (728),

(0)]
wy

(i<fi— = a>0,8<0. (737)

Going back to the quotient condition in Eq. (695) and using Eq. (726), one observes that

o i1 — G0,
LM o S (738)

B Giw, — G
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wl‘l

The inequality can be multiplied in both sides by and have its comparison operator

flipped, since B is negative, which means that the §;®, — o <0,

o) (G — §o,) < o, (o, — Cim), (739)

which can be simplified to

¢iof < {w?, (740)

which is true since ®; < ,.

C.3.5 Final remarks

One can verify in Eq. (691) and in Eq. (692), respectively, that

a).
g,:gjaf:>/3:0:>a>o, (741)
]

:;
J

which, according to Eq. (694), implies that

=2 —= B=0= a>0
5= 6o, P — R(y),R(x) > 0. (743)
Ci: j%:>0620:>ﬁ>0

Adding this information to the results found in Eq. (702), Eq. (714) and in Eq. (723), it yields
that

¢ . ; (D}’%_wlz ; a)lz—(i)z
i @ # Oy, 0 # O = Cj—w],ng_wz)) <&i< ‘:J'_aﬁng—w%))’
1\ %n J I\

. a)

ii. 0 = 0, 0; # O = § < G, — R(y),R (k) >0.(744)

;
iii. 0j = 0, 0; # 0, = § > 5?@3

(V. 0= 0,0, = 0, = R(y),R(k)>0

To prove that the first interval is consistent,

(@?-0p) _ (@2-0p)

2 .2 2 2\
CRLICEL)

as both denominators are positive by construction,

(745)
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(07 - 0}) (07 - @}) > (@ — @7) (0 — ), (740

and expanding both sides,

07 0y — 07 0F — 07 0 + OF OF > O OF — O OF — O OF + O OF. (747)

Which, by rearranging the terms, becomes

,

3(2 2 2 2 2

o] — 07) > 0 (0 — 07), (748)

that is a true statement.
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APPENDIX D - AUXILIARY FORMULATION FOR THE EXTENSION OF THE GIF
AND THE HS METHODS FOR NON-CLASSICAL NORMAL MODES

D.1 SYLVESTER EQUATION WHEN THE MODES ARE CLASSICAL NORMAL

Let Equation (523) be rearranged and the definition for X from Eq. (522) be substituted

into it,

[(_3 —F27171} X —exp (— [(_3 —F27171} t) /exp ( [(_3 —F27171} t) exp(—Fp 1 1t)dr

exp(Fo11t)Fo11 =1 (749)

It was shown in Chapter 3 that if the system of equations given by Eq. (1) has classical normal
modes, the quadratic matrix equation from Eq. (514) has a solution of the form of Eq. (515) and
that F» 1 | and C commute. It was also proven in Appendix B.6 that if two matrices commute, so

does one of these matrices with the exponential of the other. For this reason, it is clear that

F211C=CFy; = [C—F211]X—Fy 1 exp(—[C—Fa1]1)

/exp ([C — F2,1,1] t) exp (—FZ,I,II) dr exp (F27171Z) =1 (750)

Henceforth,

Fr11C=CFy1; = [C—F211]X—Fp; 1 X=[C—2F,;,|X=1, (751)

which implies that

- = = -1
F,11C=CF,;; = X=[C—2F,;,] . (752)

Equation (752) means that the original Sylvester equation, Eq. (523), has the above
unique solution when the the system presents classical normal modes. However, for this solution
to exist, the inverse of [C—2F, ;] must also exist, and this matrix has to be non-singular.
Conditions for this matrix to be singular were already discussed in Chapter 4 and it was
observed that these conditions relate to the system being critically damped. As it was said
prior, for a Sylvester equation to have a unique solution, the coefficients cannot share eigenvalues
(BARTELS; STEWART, 1972), thus, it is hypothesized that, when the system does not have
classical normal modes and it is critically damped, [C — F27171} and F» 1 | will share one or more
eigenvalues. The motivation for this hypothesis is in Eq. (752), since the matrix [C —2F; 71] 1s
singular when [C —F5,1 1] and Fy,; ; share eigenvalues.
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