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A survey as a short review of author’s research results in area of dynamics
of hybrid systems and analytical dynamics of discrete material particle sys-
tem containing creep elements described by fractional order derivatives, is
presented. Free vibrations of a multi-pendulum system intercoupled by stan-
dard light elements and different properties are considered. The correspon-
ding system of an ordinary fractional order as well as integro-differential
equations, described dynamics of the multi-pendulum system, are derived
and analytically solved. For the case of one pendulum and two pendulum
systems containing standard light creep elements with the stress-strain con-
stitutive relation expressed by a fractional order derivative, ordinary diffe-
rential equations are analytically solved. From the analytical solutions, for
the case of the homogeneous two-pendulum system, it is visible that free
vibrations under arbitrary initial conditions contain three modes, one pure
periodic and two aperiodic expressed by time series expansions. The obta-
ined analytical solution modes are numerically analysed and characteristic
vibration modes for different kinetic parameters are graphically presented.
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1. Introduction

Fast development of material science (Rzhanitsin, 1949; Savin and Ruschisky,
1976) and experimental mechanics as well as of methods of numerical analysis
led to the creation of different models of real material bodies (Enelund, 1996)
and methods for studying dynamics and processes which happen in them du-
ring the traveling of a disturbance through deformable bodies.

The interest in the study of coupled systems (Hedrih, 1999, 2003a, 2004b,c,
2005a,b, 2006a,b,e,f, 2007a,c) as new qualitative systems has grown exponen-
tially over the last few years because of the theoretical challenges involved
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in the investigation of such systems with hereditary elements (Gorosko and
Hedrih, 2001, 2007a,b; Goroshko and Puchko, 1977) with stress-strain con-
stitutive relations expressed by integral forms as well as with creep elements
with the stress-strain constitutive relation described by fractional order de-
rivatives(Hedrih, 2002a,b, 2003b, 2004c, 2005c, 2006¢; Hedrih and Filipovski,
2002).

In the References, monographs by Rzhanitsin (1949) and Savin and Ru-
schisky (1976) as well as by Gorosko and Hedrih (2001, 2007a,b) and paper
by Goroshko and Puchko (1977), different approaches to creation of real body
models are given. In basic, these approaches contain physical discretization
of a body or mathematical discretisation from partial to ordinary differen-
tial equations. One such an approach is represented by a model of a discrete
system of material particles (Hedrih, 2001, 2003a, 2004b, 2006a), which are
connected by certain ties. The number of the particles then increased to create
a continuum, their motion and deformable wave propagation is described by
partial differential equations. And then, due to impossibility of solving them
analytically, an approximation method is used for that purpose. The book
by Enelund (1996) contains the same applications with elements of fractional
calculus in structural dynamics.

In the monograph by Goroshko and Hedrih (2001), analytical dynamics
of discrete hereditary systems and corresponding solutions was first published
as an integral theory such kind of systems. In Gorosko and Hedrih (2001,
2007a,b) and Goroshko and Puchko (1977) as well as in the cited monograph,
a standard light hereditary element is defined and used as a connecting or
coupling rheological element between the material particles of the system.

A series of References by Hedrih (2002b, 2006¢, 2007b,e), Hedrih and Fili-
povski (2002) and [10] present numerous results of research on the properties
of vibrations of rods, plates, belts made of different materials. Also, in Hedrih
(1999, 2001, 2003a, 2004b, 2005a,b, 2006a,b,e,f, 2007a,c) a series of coupled
subsystems and hybrid systems with different material properties or different
properties of the standard light elements as discrete as well as distributed
coupling elements between deformable bodies, or discrete and continuum sub-
systems (see Hedrih, 2005a, 2006b) are investigated. In a series of the author’s
work (Hedrih, 2003b, 2005¢, 2006¢, 2007b,e), results of research on vibrations
of deformable bodies with creep properties described by the stress strain con-
stitutive relation expressed by a fractional order derivative, are presented.

All these engineering problems are, also, mathematical problems and are
described by partial differential equations with integral or fractional order
derivative terms which can be discretised into a problem of solving of a system
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of ordinary differential or integro-differential or fractional order differential
equations.

In the last decade, an interest to the applied fractional calculus for de-
scription of material properties rose. Papers by Enelund (1996), Gorenflo and
Mainardi (2000) are recommended as the primary mathematical literature
containing the basics of the fractional calculus.

Hedrih (2006a) studied modes of homogeneous chain signals for different
kinds of homogenous connections between material mass particles in the chain
and different chain boundary conditions. A finite number of coupled fractional
order differential equations of creep vibrations of connected multi-mass partic-
les into a homogeneous chain system has been derived. The mass particles were
connected by standard creeping light elements and the constitutive relations
of the stress-strain state were expressed through terms of the fractional order
derivatives. The analytical solution to the system of coupled fractional order
differential equations of the corresponding dynamical free creep processes was
obtained by using Laplace’s transform method and trigonometrical method
(see Raskovié¢, 1965). By using inverse Laplace’s transform, time series func-
tions as particular mode components of the solution were found. By using
those component visualizations, analysis of the dynamical creep component
processes in mass particle displacements were done. Also, analysis and a com-
parison between signals in the corresponding homogeneous chains with ideal
elastic or visco-elastic standard light elements between the material particles
were pointed out.

2. Light standard elements

The basic elements of a discrete material system with interconnections be-
tween material particles as well as the mathematical multi-pendulum system
considered in this paper, are:

e Material particle with mass mj having one degree of freedom, defined
by the following independent and generalised angular coordinate ¢y, for
k=1,2,...,n.

e Light standard coupling element of negligible mass in the form of an
axially stressed rod without bending, having the ability to resist defor-
mation under static and dynamic conditions. The constitutive relation
between the restitution force P and elongation x can be written down in
the form fpsr(P,P,x,ab,x?, D,D¢, J,n, ¢, ¢, a, ¢, T, U, ...) = 0, where
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D, D¢ and J are fractional order differential and integral operators (Go-
roSko and Hedrih, 2001; Hedrih, 2006a), which find their justification in
experimental verifications of material behaviour (Gorosko and Hedrih,
2001; Rzhanitsin, 1949; Savin and Ruschisky, 1976), while n, ¢, ¢, u, cq,
a, ...are material constants, which are also experimentally determined.

For every single standard coupling light element of negligible mass, we
shall define a specific stress-strain constitutive relation-law of dynamics. This
means that we will define the stress-strain constitutive relation as determinants
of forces and/or changes of forces with distances between two constrained-
coupled material particles and with changes of the distances in time, with
accuracy up to constants which depend on the accuracy of their determination
through an experiment.

The accuracy of those constants, forces and elongations would depend not
only on the nature of an object, but also on the knowledge of very complex
stress-strain relations to be dealt with (see Gorosko and Hedrih, 2001; Hedrih,
2006a). In this paper, we shall use three such light standard constraint-coupling
elements, and they will be:

e Light standard ideally elastic coupling element for which the stress-strain
relation for the restitution force as a function of element axial elongation
is given by a linear relation of the form

P=—cy (2.1)
as well as given by a nonlinear relation of the form
P=—cy—ac} (2.2)

where c¢ is the rigidity coefficient or elasticity coefficient for the linear,
and ¢ = eyc for the nonlinear functional stress-strain constitutive rela-
tion between the force and rheological coordinate of axial deformation of
the standard elastic element. In a natural state, non-stressed by a force
and undeformed, the force and deformation of such an element are equal
to zero.

e Light standard hereditary constraint element for which the stress-strain
constitutive relation for the restitution force as a function of element
elongation (rheological coordinate) is given:

— in a differential form

DP = Cy or npP(t) + P(t) = npepy(t) + epy(t) (2.3)
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where the following differential operators are introduced

d d
D= nh% +1 C= nhcha + cp, (2.4)

and ny, is the relaxation time and ¢y, ¢ are rigidity coefficients — mo-
mentary and prolonged.

— in an integral form

P(t) = en[u(®) ~ [ R(t = r)y(r) dr] (2.5)
0

where

R(t—7) = 2 exp[—nin(t—T)] (2.6)

is the relaxation kernel (or resolvent).

— in an integral form

where

K(t — 1) = C’; h_cfh exp|— Ch_y — 7] (2.8)

NhCh

is kernel of rheology (or retardation).

Light standard creep coupling element for which the stress-strain con-
stitutive relation for the restitution force as a function of element elon-
gation (rheological coordinate) is given by a fractional order derivative
term (see Hedrih, 2006a) in the form

P(t) = —{cox(t) + ca D [x(t)]} (2.9)

where D§[-] is the fractional order differential operator of the a-th de-
rivative with respect to time t in the following form

D [a(t)] = dc;ff) = 2(t) = 4 (1~ a)% / % i (2.10)
0

where c¢g, ¢, are rigidity coefficients — momentary and prolonged ones,
and « is a rational number between 0 and 1, 0 < a < 1, depending on
the material properties found experimentally.
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3. Multi-pendulum system with intercoupling by standard light
elements

In this paper, we shall define a discrete continuum mathematical pendulum
chain as a system of material particles intercoupled by the light standard co-
upling elements (elastic, hereditary or creep), presented in Figures 1 and 2,
and which are, in the natural state, on the defined interdistances (when the
coupling elements are unstressed and without prehistory as well as without
memory before the initial moment of the system motion).

The discrete continuum multi-pendulum chain system is an ideally elastic
chain if its material particles are interconnected by light standard ideally ela-
stic coupling elements with the stress-strain constitutive relation expressed by
(2.1) for the linear or (2.2) for the nonlinear case. The discrete continuum
multi-pendulum chain system is a standard hereditary chain if its material
particles are interconnected by light standard hereditary elements with the
stress-strain constitutive relation expressed by one of sets (2.3)-(2.8). The di-
screte continuum multi-pendulum chain system is a standard creep chain if
its material particles are interconnected by light standard creep elements with
the stress-strain constitutive relation expressed by (2.9) and (2.10).

We shall define a discrete homogeneous mathematical multi-pendulum chain
system as a system of discrete material particles, same masses, which can
rotate along corresponding circular arches with the same radius ¢ and centers
on the one horizontal line. All the system is in the vertical plane and in the
gravitational field and the material particles are intercoupled by the same type
of sets of the parallel standard light elements and on the same distance of the
corresponding fixed points of pendula.

The number of degrees of freedom of each of these multi-pendulum chains
is equal to the number of material particles in it since we accept the previously
defined character of the system.

Further, for a special rheolinear case, we introduce a hypotheses about ho-
mogeneity of the discrete continual chain, about small deformations of light
standard coupling elements and small displacements of the material particles.

Also, we introduce a hypothesis that the homogenous discrete continuum
chain, is in natural, non-stressed state, before the initial moment of motion,
i.e. that the light standard coupling elements do not have prehistory nor the
memory of the stress-strain state. With these hypotheses, we shall direct our
research to the dynamics of chain-like homogenous multi-pendulum systems.
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4. Thermo-rheological coupled multi-pendulum system

In Fig.1, a thermo-rheological system containing a finite number of coupled
pendula is presented. We take into consideration the finite number of coupled
mathematical pendula presented in Fig.1 as a system with material partic-
les my, with the length ¢; and with finite numbers (n) of degrees of freedom
defined by the generalized coordinates ¢p, k = 1,2, ..., m, and the standard li-
ght thermo-visco-elastic elements thermo-modified by temperature Tj(t), and
the coefficient of thermo-dilatation ¢y coupling the pendula at the distan-
ce lrp, parallelly coupled but temperature isolated, and with the standard
light nonlinear springs with coefficients of the linear and nonlinear rigidity
respectively denoted by ¢, and ¢ = exrcr, where ¢ is a small parameter.

Fig. 1. System with four pendula interconnected by standard light thermo-modified
hereditary element and nonlinear springs

Now, we take into account that these standard light thermo-visco-
elastic elements, with natural lengths /fgp; thermo-modified by the tempera-
ture Ty (t) are in a dynamical state, and that we do not neglect the thermo-
modification of the element strain. We can write that the thermo-dilatation is
Alog, = appTi(t)(bor + x) and that the constitutive relation of the thermo-
elastic stress-strain state is expressed in the following form

Pher(k:) (t) = —Cr(k) [Ago(k) + fT(k:)(@pk-i-l - 90]‘7)] - (4 1)

= —cr(i) b (Prr1 — Pr) 1+ T ()] — eryar ) Coi) L (t)

and the forces of the nonlinear spring between pendula are in the following
form

Py (t) = =iy lleqr) (Pr11 — 1) + Exrliy (Prr1 — o1)°] (4.2)

and the forces of damping are

Py (1) = —bilyy (D1 — Pr) (4.3)
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For the light standard creep coupling element between two pendula, the stress-
strain relation for the restitution force as a function of the element elongation
is given by fractional order derivatives in the form

Py r41(t) = —{cor [Cer) (Pr+1(t) — 0r ()] + car DY ey (Pr+1(t) — @k(t))](tlz)

= —{corle() [Pr1(t) — k()] + carler) (DF [rr1(t)] — DY [er(®)])}

where D{'[-] is the fractional order differential operator of the a-th derivati-
ve with respect to time ¢ in form (2.10), cor, cor are rigidity coefficients —
momentary and prolonged ones, and «, is a rational number 0 < aj < 1.

For the light standard hereditary constraint element between two pendula,
the stress-strain relation for the restitution force as a function of the element
elongation is given by integral term in the form

t

Pher(kks1)(t) = chk Vc(k) [‘PkJrl(t)_‘Pk(t)]_/ Ri(t—=7) ey [0r+1(T)—0r(7)] dT}
0
(4.5)

where

Chlk — Cj 1

Re(t — ) = T2 exp[——(t - 7)) (4.6)
NpKC

is the relaxation kernel (or resolvent), and where ¢y, ¢pi are momentary and

prolonged rigidity coefficients and npy is the relaxation time of an element.

5. Governing equations of the multi-pendulum system — general
case

Now, we take into account that the pendula are intercoupled by parallel co-
upled sets of the standard light elements of different properties, as it was
presented in the previous part of this paper. Suppose that there are n pendu-
la, and in the equilibrium state the pendulum system is in the vertical position
as presented in Fig. 1, i.e. when all generalized coordinates are equal to zero,
Pkeq = 0.

The generalized forces corresponding to the generalized coordinates oy
between two pendula are

Qher(k)(t) = Pherk 1) (O lrr) =
= —cr ) (Prrr — i) 1+ i) Ty ()] — ermyar oo Lo T ()
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Q1)) = Prire k1) ey = — iy Leryleqr) (Pr+1 — ¢k) +

+exrlig (Prr1 — or)°]
Qa) (1) = Pagroes 1) () o(iy = —biliry (D141 — @) (5.1)
Qere)(t) = Py () lo) =

= —L5 i {corlerin () — 0 ()] + car (DF [pry1 ()] — D o (t)])}

Qner(k)(t) = Prer(kk1) (k) = cnrlivr [[‘PkJrl(t) — i (t)] +
t
= [ Relt = Dlpra(r) - ()] dr]
0

oFE
Qg k= 8:0): = mygly sin o, ~ mkgﬂk(

Pk s% SOk S% S%
11 3|+5| 7|+ +- )

The system of governing differential equations of the thermo-rheological

coupled multi-pendulum system presented in Fig. 1, is in the following form

mylapr = —crr— 101 (pr — pr_1)[1 + arp_1Te1(t)] +
—crk—10rk1lor— 10k —1Te—1(t) — b1l 1 (Pk — Q1) +

3 5
Yk  $Pr | Pr S% ﬂ
1! 3! + 5! 7! * e )+

—ck—1lek—1[le—1(¢r — Pr—1) + Ekalgckfl(‘Pk —rp-1)’] +

el (rn — i)+ ariTe(t)] + crporilorlreTi(t) +

bl (Prr1 — Pr) + Crler[lor(Prr1 — r) + exrlog(Prr1 — or)’] +
ey Leonlegr) [Pr+1(t) — 0k ()] + carler) (DF [pr+1 ()] — DY e (D))} +
—Lek—1){cor—1Lek—1)lpr(t) — pr—1(t)] + (5.2)

+cak—1Le(k—1){DF [¢r (1)) = DF [pr—1(8)]) } +criler) [Ec(k;) [ort1(t)— @r(t)] +

—mpggly (

_/Rk(t — T)e(i) P41 (T) — o1(7)] dT} n
0
—Chk—10c(k—1) [fc(k-—l)[s%(t) — o1 ()] +

- / Ri=1(t = 7)le(e—1) [0k (T) — pr—1(7)] dT}

where £ =1,2,...,n, oo =0, and p,+1 = 0.
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Fig. 2. System with ”chain” pendula interconnected by standard light
thermo-modified hereditary elements and creep elements

A secial case is a homogeneous multi-pendulum system shown in Fig. 2 for
all equal lengths ¢ and the same coupling sets with parallelly coupled standard
light elements between the pendula.

After introducing the following notations

2 C 2 cr ~9 g
_ _J — arT
U Yor =T Y=y T erso
b aT€0T0 ~ 1 .
20 = — hg = ——— Tt)==T(t = y/?
m 0 7 ( ) To ( ) X=X
2 €0 2 c 2 Ch

the previous system of equations can be transformed into the following

$1 + Bge1 — wh (w2 — 1) — wiolez — 801) - ng(SOz - 801)[1 +4T ()] +

- ; 7 ~ ¥ ¥ ¥ 2
_25(902_901) :nghoT(t)—wg(—?)—'l+5—'l—7_'1+_l+ ) +
ez — )’ + b lDFlpa(t) Pl O]} +
+W0h{[<ﬁ2 /R (t — 7)[p2(7) — p1(7)] dT}

Pr. + @G + wi(er — Pr-1) + wio(Vr — Pr—1) — Wio(Pre1 — @) +
—wi(r+1 — o) + wir(er — wr—1)[1 + T ()] +
—wir(pr1 — o)L+ YT ()] + 20(¢, — Sbkfl) - 25(¢k+1 — Yr) =

r T ~2(¥ or o
= _nghoT(t) + nghoT(t) + —|—w2(3—l"7 — a + 7? 9.;43 +. ) +

—ewi X(ox — Pr-1)® + ewd X (Va1 — @)® —wie {Df [0k (t)] — Df [op—1 ()] }+



DYNAMICS OF MULTI-PENDULUM SYSTEMS... 493

+wia{Df [r+1(H)] — Dflen(®)]} + (5.3)

+woh4[@k+1 /R (t = 7)[pr+1(T) — pr(7)] dT} +
0

—wgh{[%() Pr—1( /R (t — 7)[pr(T) — @r—1(7)] dT]
0

Pn + Q(Q)‘Pn + W(Q)(@n — Pn-1) + "-’(Q)T(SO ‘Pn D[+ ’YT( )] +

5 — ¢ > @ Oy on Ph
+26(pn — Pn_1) = —wirhoT(t) + w(3_7_5_7+?7_9_7+ )+

—ewX(¢n = ¢n-1)" = Wia {DF [n ()] — D fn—1 (]} +

~hy[[on® = n-1(0) = [ Rt = Dlia(r) = pma ()] ]
0

The basic linear ordinary differential equations of the previous system for
the homogeneous case are in the following form

@1+ (@ + Wi + who + win + wor)er — (Wh + wh + Wi + wor)w2 =0

G — (W + wio + Wi + wir)Pr—1 + (@ + 2wh + 2wy + 2w, + 2wir) ek +
—(wh + wio + win + wor) k1 =0 (5.4)

G — (WG + wio + wip + wir)e + (@ + Wi + wiy + Wi + wWir)en =0

By introducing the following notations

wher = (W + wio + Wiy, + wir) U= —=5 (5.5)

formally for obtaining eigen amplitude vectors of previous system (5.4), it is
possible to write matrix equations (see Hedrih, 2004b, 2006a)

l—u -1 0 0 0 1[4
-1 2-u -1 0 0 | A

(C—uA)A 0 -1 2—u -1 0 | |[43] =0 (5.6)
0 0 -1 2—u —1]|A4
0 0 0 -1 1-—ul |4
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and by the use of the trigonometrical method (see Raskovié, 1965; Hedrih,
2006a), for a free homogeneous coupled pendulum system, one obtains the
eigen numbers in the form

2

_ 2
e = =0 — ggin2 25 §=0,1,2,...,n—1 (5.7)
Woer 2n
with the eigen frequencies
w —\/&2+4(w2 + w? )sinzs—w s=0,1,2 n—1 (5.8)
s 0 Oc or m gt Rt I .

For a three-pendulum system the eigen-frequencies are

i g
W = Dhups + T =4 Tp + @ = Wi + Wi + & + wy + wiy,
8pr + W 3wir + 3w + 3who + 3wy, + &3
(5.9)
and the solution for a free three-pendulum system is in the form
©1 (t) =C4 COS(u)lt + Oél) + Cy COS(u)Qt + CMQ) + Cs COS(wgt + ag)
a(t) = C cos(wit + 1) — 203 cos(wst + ag) (5.10)

@3(t) = Cy cos(wit + 1) — Cy cos(wat + ag) + C3 cos(wst + o)

where C1, Cy, C3, a1, ag and «g are constants.

By the use of different methods of constants variation in the previous
solution to the linear basic system with equations (5.4) corresponding to the
obtained system of governing equations (5.3) with additional restrictions to
the system parameters, it is possible to obtain some partial approximation
of the solution. Also, it is possible to study different dynamical properties of
the system as well as some phenomena in the rheolinear, thermo-visco-elastic,
nonlinear, hereditary or creep properties of the multi-pendulum system defined
in our paper.

In the beginning, we consider solutions of the system with one (Fig. 3a),
and two-pendulum system (Fig. 3b) with only one simpler set of the parallelly
coupled standard light elements.
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AP
-IIL g
7 m, =

Fig. 3. System with one pendulum coupled (a) and with two pendula intercoupled
(b) by standard light creep element

6. Analytical solution to governing equations of the pendulum
system for special cases

6.1. One pendulum oscillator

In the case of one pendulum (Fig.3a), coupled of a fixed point by a
set of parallel standard light elements: nonlinear spring, hereditary, creep and
thermo-modified by temperature T'(t), a differential equation of motion is
given in the following form

$1+ (@03 + wd + wio + wdh)er + wirll + T ()1 + 2001 = o)

t
3
T ~2 (P ~ «
— whrhoT(t) + 33 (5]) - cwdRet - whaDE o (8)] + wh [R(E = T (t) dr
0

A solution to a separate case of the previous governing equation, can be ob-
tained through the following simpler tasks:
— Hereditary one pendulum oscillator (Fig. 3a) governed by

t
B+ (@ +wfen = wdy [ RE= 1)1 (0 dr (62)
0

where -
Cp — Ch

R(t—71) = exp [—%(t - 7')}

nC
which is analogous to the problem solved approximately, and the solution
is presented in Gorosko and Hedrih (2001) and also in Gorosko and Hedrih
(2007a,b).
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— Creep one pendulum oscillator (Fig. 3a) governed by an ordinary fractional-
order differential equation in the form

P1+ (@ + wig)pr = —wia D [e1(1)] (6.3)

In the case when a € (0,1), we solve previous ordinary fractional-order
differential equation (6.3) through Laplace’s transformations. After transfor-
ming previous ordinary fractional-order differential equation (6.3) with the
fractional-order derivative and having in mind that we introduced the nota-
tions L{¢1(t)} for Laplace’s transformations as well as

a a—1
I B R IV S CEY

and also having in mind that we accepted the hypothesis that the initial con-
ditions of the fractional order derivatives of the system are given through the
use of: d* Ly (t)/dt* ;=9 = 0 and that

2
L{dz;;?(t)} = p’L{e1 (D)} — [ppor + o1 (6.5)

where g1 and g1 are the initial conditions of the system we can write the
following solution to the equation with unknown Laplace’s transform

peo1 + $o1
L{pi(1)} = 8 6.6
)= e e s T o (6.6)

To obtain the inverse to the Laplace transform, we can use the result by
Gorenflo and Mainardi (2000) as well as by Hedrih (2006a). For that reason
and for the case when @2 + w3, # 0, we rewrite the previous expression in the
following form

. 1 Wi D2 + wig\1-L
L{w1(t)} = (ppor + 8001)]? {1 + ﬁ(pa + w)} =

o (6.7)

= (¢01+%)1[1+

e S SR

P’ o
Then Laplace transform solution (5.7) can be expanded into series by the
following way

o1\ 1 o= (—1)Fwdk @h + who \ *
L{e1(t)} = (wo1 + — )= p® + 6.8
{0} = ( p)pg) () 69
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or
p S k o, 2(5—k)
Vo1 1 (—1)kwk kE\ p™w
L{p1(D)} = (por + )= D> ~—% Sl (6.9)
( D )p ];) p2k s J (wg -+ ng)j

In (6.8), it is assumed that the expansion leads to convergent series. The
inverse Laplace transform of the previous transform of solution (6.9) in term-
by-term steps is based on the known theorem, and yields the following solution
to differential equation (6.3) of the time function in the following form of time

series
p1(t) = L 'L{p1 (1)} =
00 k 27 ,—af
k wil =
= o1 »_(—1)Fwike®* = Oa —+ (6.10
LVt L\ @ vy i—ay T 10
e k —27,—af
k wp At
. 1)k 2k 2k A 0a .
kz_%( ) e jz:% J) (@8 4+ wd)) T2k + 2 — aj)
or
[oe)
p1(t) =L 'L{pr ()} = D (—1)Fwiit® -
k=0

(6.11)

Zk: B\ wont™ [ %01 n Po1t }
=\J (@ +wd) L2k +1—aj)  I'(2k+2-—aj)
For two special cases of the solution (for @« = 0 and « = 1), we have
classical conservative or nonconservative pendulum oscillators.
By using expression (6.10) obtained for the time solution ;(¢) with corre-
sponding particular solutions, we can conclude that the solution contains two
particular solutions in the following forms

i k, 2k 2kzk: k wil t=od
Ti(t) = ) _(—1)"wpat <> - Oc :
Pt 0t N j ) @+ wBl T2k +1 - aj)
(6.12)
T i k 2k 2k+1 zk: k wo e
Toit) = 3 (—1) el ( ) e |
k=0 " = \J) (@5 + wio) I'(2k + 2 — o)

which are two vibration ”creeping” modes, Ti(t,a) and Ti(t, ), of the
fractional-order dynamical properties of the one-pendulum system. By using
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these particular solutions, we made a numerical experiment for characteristic
cases. The ratio of the pendulum creep system kinetic parameters, coefficient
of creeping standard light element with the constitutive relation expressed by
the fractional-order derivative and the results are presented in Figures 4 and 5.
It is visible that some types of modes are present as in the longitudinal vibra-
tions of the rod with changeable cross-sections and built by a creep material
with the stress strain constitutive relation expressed by the fractional-order
derivative (see Hedrih, 2004c, 2005c¢).

(a) T(t,@) —~

Fig. 4. Time function surfaces of Ti (¢, «), (6.12), for different kinetic and creep
parameters of the-one pendulum system; (a) for w3, /(03 + w3,) =1,
(b) for wBo /(3 + wh) = 1/16, (¢) for wh /(@R +wie) = 1/9.
(d) for wi,/(@F +wio) =9

The time functions T} (¢, ) and T} (¢, ) are surfaces found for different pa-
rameters of kinetic and standard light creep elements in the space (T'(¢, «), t, @)
for the interval 0 < o < 1.

In Fig. 4, numerical simulations and graphical presentations of the parti-
cular solution mode T (¢, ), (6.12)1, of fractional-differential equation (6.3)
for different kinetic parameters are presented.

In Fig. 5, the particular solution T (t, ), (6.12)9, of fractional-differential
equation (6.12)y of the system for different kinetic parameters in the interval
0 < a <1 are given.
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@) 7(t,0)

VY
k7 ]

Fig. 5. Time function surfaces of fl(t, @), (6.12)4, for different kinetic and creep

parameters of the-one pendulum system; (a) for w3, /(@2 +w3y) = 1,
(b) for wBo /(@ + why) = 1/16, (¢) for wh /(@R + whe) = 1/9.
(d) for wi,/(@F +wio) =9

6.2. Creep double pendulum oscillator
Creep double pendulum oscillator (Fig.3b), is governed by ordinary
fractional-order differential equations in the form

B1+ @51 — w02 — 1) = Wi {DR[w2(t)] — DY 1 ()]}
(6.13)

B2 + Dgp2 + who (2 — 1) = —wha {D[w2(t)] — D1 ()]}

An analogy with the result presented for the chain system in Hedrih
(2006a) is useful to obtain the solution. After applying Laplace’s transfor-
mations to previous equations (6.13) and having in mind that we introduced
the notations L{px(t)}, k = 1,2 as well as that

dafl O (t) ’
dte—1  li=0

= p*L{en(t)} k=12
(6.14)

L{ T2 o ) -
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and also having in mind that we accepted the hypothesis that the ini-
tial conditions of the fractional-order derivatives of the system are given as
(d¥Lopop(t)/dt* 1) |4=0 = 0 as well that

L{ o (t)

o b = P’Len()} = poor + ¢on] k=1,2 (6.15)

where i and o, k = 1,2 are the initial conditions of the double-pendulum
system, we can write the following system equations with unknown Laplace’s
transforms

(1+v)L{e1 ()} — L{p2(t)} = Peo1 + o1

LA T 0Ly
5 5
WoaP* + Wi

(6.16)
PPo2 + P02
Lo} + 2+ o))} = Lws(t)} = 52— o
0 00
we introduce s o
P” W
WoaP™ + Wo
The determinant of the previous system is
A PP+ 08 + 2050 + 2o) (P + &5) (6.18)

(@fap™ + wio)?

Solutions to system equations (6.16) with respect to L{px(t)}, &k = 1,2,
i.e. Laplace transforms of fractional-order differential equations (6.13) are in
the following forms

(ppo1 + 01) (P*+ wiap™ + & + wio) + (P02 + Po2) (WiaP™ + wio)
(P + & + 2w p™ + 2wio) (P + &5)

L{g1()} =
(6.19)

L{pa(t)} = (ppo2+ Po2)(P? + Wi, p* + @ + wdy) + (PYo1+ Yo1) (Wi, + wWdy)
(p? + @ + 205, + 2wio) (p? + &)

For special cases of the double-pendulum system initial conditions, when
at the initial moment the second pendulum is in the equilibrium position, the
solutions are

_ (g0 + 900) (0 + wBop” + G + i)
L{p1(t)} = (p? 2 1 202 0 + 902 ——3
P* A+ &5 + 2wgap™ + 2w ) (P + 55)
(6.20)
L{gn(t)} = — PP ¢01) (WhaP® + wio)
(7 + 58 + 2o + 280) 0 + 37)
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Taking into account that the sum and difference between the solutions to
(6.16), the Laplace transforms of fractional-order differential equations (6.13)
are

PPo1 + Po1 . PPo2 + Po2
L{&1 (1)} = L{w1(t) + pa(t)} = T + J
T (6.21)

(Peo1 + ¢o1) — (Ppo2 + $o2)
(@) = L) -~ pa(0) = TR PR S
The inverse Laplace transform to L{&;(¢)} of the sum 1 (t) + p2(t) of so-
lution (6.21); yields the following sum of solutions to the system of differential
equations (6.13)

E1(t) = p1(t) + @2(t) = L L{p1(t) + ¢2(t)} = (6.22)

= (@ + @) sin(wot) + (o1 + poz) cos(wot)
Wo  Wwo
The inverse Laplace transform to L{&2(t)} of the difference ¢1(t) — ¢a(t)
of solution (6.21)y yields the following difference of solutions differential equ-
ations (6.13)

-1 _1P(po1 — po2) + (Y01 — Po2)

= w1t =e0) =L Ha (0 e} = LSRG 5

(6.23)

We can see that the obtained Laplace transform L{y1(t) — ¢2(t)} is the

same as the Laplace transform of the solution for the case of one pendulum

with one creep standard light element expressed by (6.6), and then it is possible

to use previous expression (6.7) and expansions of series (6.8) and (6.9) as well

as (6.10) for obtaining the corresponding solution to the necessary modes for
the double-pendulum system by replacing the following parameters

Y01 — P01 — 02 ©01 — P01 — 02

Who = 2wfa @ + who — & + 2w
In the case when @3 + 2w, # 0, the Laplace transform can be expanded into

following series

L{&) = L{p1(t) — p2(t)} =
(6.24)
w>l i (=1)F2kuwh <k> poi2li—H)2G—H)

; ~2 2\;
p ri=m P \J) (@ + 2who)

= (@01 — po1 +
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In (6.24) it is assumed that the expansion leads to convergent series. The
inverse Laplace transform of the previous Laplace transform of solution (6.24)
in term-by-term steps is based on the known theorem, and yields the following
solution to differential equations (6.13) of the time function in the following
form of time series

&) =L L{p1(t) — ()} = (6.25)
e 2jw2j t—od
(o1 — wo2) kz::o( Z ( ) WO + 2w00)]p(2k +1—aj)
+(Po1 — o2 Z YRk 2k 2k +1 Z 2 gyt
k=0 =0 ) (@ + 2w} T'(2k + 2 — aj)

For two special cases of the solution (for @« = 0 and o = 1), we have
classical conservative or nonconservative (Hedrih, 2006d) pendulum oscillators,
respectively.

By using expression obtained for the time solution &2(¢) with corresponding
particular solutions, we can conclude that the solution contains two particular
solutions in the following forms

Ti(t) = i( kok,, 2kt2k Z 2]Wojt o
(6.26)
~ > k 2~ dwy P i
Tl (t) — ( 1) 2k 2kt2k+1 < ) Oc
kZ::O jZ:O (@8 + 2w T(2k + 2 — aj)

which are two vibration ”creeping” modes, T (t,a) and Ti(t, ), of the frac-
tional one-pendulum system oscillations. By using these particular solutions,
we made a numerical experiment for characteristic cases. The ratio of the pen-
dulum creep system kinetic parameters, coefficient of creeping standard light
element with the constitutive relation expressed by the fractional order deri-
vative and the results are presented in Figures 4 and 5. It is visible that some
types of modes is present as in the longitudinal vibrations of the rod with
changeable cross-sections and built by a creep material with the stress strain
constitutive relation expressed by the fractional order derivative presented in
Hedrih and Filipovski (2002).

Time functions T} (¢, o) and T} (¢, o) are surfaces found for different kinetic
and standard light creep element parameters in the space (T'(¢,«),t, «) for the
interval 0 < a < 1.
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In Fig. 4, numerical simulations and graphical presentations of the particu-
lar solution mode T (t, «) of fractional-differential equation (6.13) for different
system kinetic parameters are presented. In Fig. 5, the time particular solu-
tion mode, T1(t,a), of fractional-differential equation (6.13) of the system for
different system kinetic parameters in the interval 0 < o < 1 are shown.

Solution to the normal modes of the system of fractional-order differential
equations (6.13) are in the form

E1(t) = 1(t) + @2(t) = L L{p1(t) + pa(t)} =

— (% + %) sin(@Wot) + (o1 + wo2) cos(Wot)
0 &o (6.27)
§2(t) = p1(t) — pa(t) =
o0 2w ge ©o1 — P02 (Yo1 — Po2)t
z:: "2 2kt2kz< ) w0+02w00) [ (2k+1—0¢])+F(2k+2_0¢j)}

Then the solutions to equations (6.13) are

1(t) = %[(@ + @> sin(@ot) + (vo1 + ©wo2) cos(&ot)} +

wo  Wo
1 Mk il ted %01 — P02 (o1 — o)t
1 _1)kok 2k 2k Ocr
+22( )" 2 woa Z;J 7 ) (@8 + 2w3y)? { (2k+1—ag)+F(2k+2—aj)}

(6.28)

Lrrdor | o2\ . ,~ _
a(t) = B [(w—o + w—0> sin(@ot) + (o1 + wo2) COS(wot)} +

1& Pk 2w o =i ©o1 — P02 (Yo1 — Po2)t
ka:% O jz:% j w0—|—2w00) {F(Qk—i—l—aj) F(2k+2—aj)}

6.3. Thermo-visco-elastic double pendulum oscillator excited by random
temperature

By using the results by Hedrih (2007e) presented at DSTA 2007, we can
add some discussion with respect to the mode of the thermo-visco-elastic
double-pendulum system with comparison to the one-pendulum system both
excited by random temperature applied to the thermo-elastic standard light
element.



504 K.R. HEDRIH

For the double-pendulum system, the governing rheolinear equations
expressed in terms of normal coordinates of the corresponding linear system
can be obtained in the following form

&+ @56 =0
(6.29)
€2 + Tpla + 2wp&e + 2wip[1 + T (1)) + 46&5 = —2wiphoT(t)
with two eigen-frequencies w?, = &f + w§ + wip F (w§ + wip) of the linear
system.

(b)

N\

A R R R R R SRR RN
c, =mgll

7

Fig. 6. (a) System with one free pendulum. (b) Thermo-rheological system; partial
oscillator 1

For the double pendulum system, the first equation of rheo-nonlinear sys-
tem (6.29) in the linearised form represents a pure partial harmonic oscillator
presented in Fig.6a and 6b, with the eigen frequency w? = @ = g/l of
free one-mode vibrations. This linearised case is when both pendula oscillate
with the same frequency, @3 = g//, as the decoupled pendula (single ma-
thematical pendula). Then, the standard light thermo-visco-elastic element
thermo-modified by temperature T'(t) does not influence this normal coordi-
nate composed by sum & = @1 + 2. Along this normal (main) coordinate,
the oscillation in the linearised approximation is free, without temperature
influence. This is right for all cases of the multi-pendulum systems presented
in Fig. 6b.

For the double-pendulum system, the second equation of rheo-nonlinear
system (4.4), on the normal coordinate & = ¢ — @2 in the linearised form
is the Mathieu-Hill equation, and represents mathematical description of the
thermo-rheological oscillator presented in Fig. 7a or 7c, with parallelly coupled
two light standard thermo-visco-elastic elements thermo-modified by the same
temperature T'(t) and one linear elastic spring with rigidity c¢o = mg/¢. For
the coordinate & = 1 — o, we can separate two main cases. For both cases,
we take into consideration the asymptotic approximation of the amplitude and



DYNAMICS OF MULTI-PENDULUM SYSTEMS... 505

Fig. 7. (a) System with one pendulum coupled by the standard light
visco-thermoelastic element. (b) System with two pendula intercoupled by the
standard light thermorheological element. (c) Thermo-rheological system; partial
oscillator 2

phase of the dynamic process on this coordinate £ = 1 — @9 close around,

firstly, main resonance when 2 ~ wy = \/&(2) + 2(w¢ + wir) and, secondly,

around the parametric resonance when 2 ~ 0.5wy = 0.5\/ wWE + 2(wE + wip).
Then, we can conclude that along this coordinate under the corresponding
kinetic parameters, there can appear, firstly, regimes closest to the main reso-
nant state as well as one main resonant state, and secondly, regimes closest to
the parametric resonant state as well as one resonant state under the thermo-
visco-elastic temperature single frequency excitation. This second mode has
the same character as vibration of the one-pendulum system presented in
Fig. 7a. For details, see Hedrih (2007e).

7. Concluding remarks

We can conclude that between multi-pendulum systems and chain dynami-
cal systems there exists a mathematical analogy in descriptions as well as in
vibration phenomena depending on the character of standard light coupling
elements between pendula or, analogously, between material particles in the
chain. Also, there is a mathematical analogy between corresponding modes
in a multi-beam system or multi-plate systems with the corresponding cha-
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racter of a light distributed coupling layer between the beams or plates in
multi-deformable body systems.

The mathematical description leads to the same ordinary differential equ-
ations, or ordinary integro-differential or fractional-order differential equations
governing both analogous types of problems.

For a homogeneous sandwich multi-plate, or a multi-beam system, it is
possible to identify some analogies between with mechanical multi-material
particle chains and multi-pendulum systems with interconnections by standard
light elements of different properties.
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Dynamika ukladéw wielowahadlowych z efektem pelzania opisanym
elementami utamkowego rzedu

Streszczenie

W pracy zaprezentowano krotki przeglad rezultatéw badan autora nad dynamika
uktadéw hybrydowych i dyskretnych, zlozonych z punktéw materialnych sprzegnie-
tych standardowymi elementami odpowiadajacymi za pelzanie w materiale i opisywa-
nych pochodng utamkowego rzedu. Rozwazono drgania swobodne uktadow wielowaha-
dlowych z elementami o réznych wlasciwosciach zdefiniowanych réwnaniem pomiedzy
stanem naprezenia a odksztalcenia. Wyprowadzone réwnania rézniczkowo-catkowe
utamkowego rzedu rozwiazano analitycznie. Przedstawiono szczegdlowo przypadek
uktadu z pojedynczym wahadlem i ukladu dwuwahadlowego zawierajacego elementy
pelzania opisane réwnaniem konstytutywnym stanu naprezenia i odksztalcenia o rze-
dzie ulamkowym. Na podstawie otrzymanych rozwigzan analitycznych zauwazono, ze
drgania swobodne wykazuja charakter okresowy i nieokresowy, przy czym te ostatnie
maja dwa rézne przebiegi (w tym przypadku rozwiazanie podano w postaci rozwinieé
w szeregi potegowe). Wyniki badan teoretycznych i numerycznych réznego rodzaju
drgan przy zmiennych parametrach kinetycznych tych uktadéw przedstawiono gra-
ficznie.
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