®

Acta Mech 234, 1923-1942 (2023) Check for
https://doi.org/10.1007/s00707-022-03461-7 updates

ORIGINAL PAPER

Katica R. (Stevanovi¢) Hedrih@® - Andjelka N. Hedrih

The Kelvin—Voigt visco-elastic model involving a fractional-
order time derivative for modelling torsional oscillations
of a complex discrete biodynamical system

Received: 26 December 2021 / Revised: 30 November 2022 / Accepted: 7 December 2022 / Published online: 18 January 2023
© The Author(s), under exclusive licence to Springer-Verlag GmbH Austria, part of Springer Nature 2023

Abstract Under external loads trees exhibit complex oscillatory behaviour: their canopies twist and band. The
great complexity of this oscillatory behaviour consists to an important degree of torsional oscillations. Using
a system of ordinary differential fractional-order equations, free and forced main eigen-modes of fractional-
type torsional oscillations of a hybrid discrete biodynamical system of complex structures were done. The
biodynamical system considered here corresponds to a tree trunk with branches and is in the form of a visco-
elastic cantilever of complex structure. Visco-elasticity corresponds to different ages of a tree. We set up a new
model of torsional oscillations of a complex discrete, biodynamical system, using the Kelvin—Voigt visco-elastic
model involving a fractional-order time derivative. The analytical expressions describing the characteristic
properties of its fractional-type oscillations are determined. Based on mathematical and qualitative analogies,
this concept represents a new model of torsional oscillations of a light cantilever that takes into account
visco-elastic, dissipative properties of the material. Rigid discs are attached to the cantilever. Expressions for
kinetic energy, deformation work and a generalized function of the fractional-type energy dissipation of this
biodynamical system are defined. Independent main eigen-modes of the fractional type for free and forced
torsional oscillations were determined for a special class of such systems, using formulas for the transformation
of independent generalized angle coordinates to the principal main eigen-coordinates of the system. The forms
of their approximate analytical solutions are shown. In the general case for inhomogeneous biodynamical
systems of fractional type, there are no independent main fractional-type eigen-modes of torsional oscillations.
The system behaves as a nonlinear system. A new constitutive relation between coupling of torsion loading
to a visco-elastic fractional-type cantilever with fractional-type dissipation of cantilever mechanical energy
and angle of torsion deformation is determined using a fractional-order derivative. The main advantages of
the proposed model are the possibility to analyse torsional oscillations of more complex structures and the
possibility to analyse complex cantilevers with different cross-sectional diameters.

1 Introduction

To model torsional oscillations of a complex discrete biodynamical system, several aspects have to be con-
sidered: materials with hereditary properties [1-5], the application of fractional calculus in modelling such
material properties [2, 6-10], a cantilever with constant [11] and variable [12—15] cross sections, and oscil-
lations of cantilevers with different degrees of complexity [16, 17]. The example of rods with variable cross
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sections in nature are trees and their branches. In this paper, a tree stem with branches or herbaceous plant with
corymb-like type of inflorescence are considered to be examples of complex discrete biodynamical systems.

Nonlinear phenomena such as energy dissipation [7, 18, 19], energy transfer and jump phenomena [16]
are common for systems with nonlinear dynamics. Dynamics of hybrid fractional-type discrete continuum
systems [20] and similar systems with multi-deformable bodies [21-23] are also of interest for modelling
torsional oscillations of cantilevers with complex discrete structures.

There are theoretical [24, 25] and experimental [26] approaches to study oscillations of a tree. The mechan-
ical properties of stems and trees are reviewed in [27, 28]. Wind effects on trees were studied in [29, 30]. Under
an external force, a tree responds as a system of coupled damped oscillators [31]. Foliage plays a major role
in the damping of tree motion [31, 32], but also the crown components are coupled [31] and the movements
of branches relative to the trunk [33].

A simple model of a tree stem in the form of a cantilever with an apical load was given in [27, 34, 35].
To investigate the effect of structural nonlinearities for wind-induced oscillations of trees, a nonlinear model
based on nonlinear partial differential equations which is discretized by using the Galerkin’s method applying
the eigen-modes of a cantilevered beam is derived in [24]. This physics-based link model utilizes nonlinear,
coupled differential equations to describe the motion of a trunk and its branches [25].

Results of studies of torsional oscillations of mechanical systems in engineering like those studying can-
tilever beams [16, 36], double torsion pendulums [37] and nonlinear dynamics of rotating flexible slender
beams [17] can be of great help in modelling tree stems with branches as a complex cantilever with multiple
degrees of freedom. In the classical theory of torsional oscillations of homogeneous rods and beams [38, 39],
torsional oscillations of ideal elastic rods or beams with numerous segments are modelled as a discrete system
with a finite number of degrees of freedom.

In the following sections, a mechanical model of a discrete biodynamical system will be presented and its
dynamical behaviour regarding torsional oscillations described.

The manuscript is based on the basic principles and theorems of general mechanics. Its contributions are
the use of fractional-order differential operators, the generalization of constitutive relations of visco-elastic
materials, the generalization of fractional-type energy dissipation functions and the introduction of fractional-
order differential equations and their approximate solutions.

2 The model and the methods

Our manuscript is dedicated to the analysis of the dynamic response to the dynamic torsional stress of a new
model of a biodynamical discrete system of the fractional type exposed to a harmonic moment. We presented
such a system as a dynamic model of a tree or a plant tree with a discrete leaf canopy structure. For this purpose,
the previously known tree model is in the form of a simple cantilever, which derives the transverse oscillations,
which we generalized, into a hybrid complex discrete model of torsional oscillations using the Kelvin—Voigt’s
visco-elastic model, which includes a time differential fractional-order operator.

2.1 Complex discrete biodynamical system description of the model

Torsional oscillations of a complex discrete biodynamical system will be described. The system is in the form
of a cantilever, and it carries a discrete structure of material points and is made of a material with visco-elastic
properties.

This biodynamical system consists of a visco-elastic, fractional-type cantilever (it represents a tree trunk
or a plant stem) with length ¢ and massless rigid rods of length ¢, k = 1, 2, 3, 4 which carry mass particles
at their free ends (these represent tree branches or parts of a corymb type of inflorescence) my, k = 1, 2, 3,
4. Rigid massless rods have a symmetric arrangement and are rigidly connected to a visco-elastic cantilever
at a suitable angle, Bi, k = 1, 2, 3, 4 in sections 1, 2, 3 and 4 of the console at distances: f{, %, % and
at the end of the cantilever (see Fig. 1a). In cross section 1, at distance f—; (see Fig. 1) a single-frequency
momentum M; | = M; o1 sin(217 + ¢1), with amplitude M, o1, frequency €2; and phase ¢ is applied. In
cross section 1 m; = 0. Torsional oscillations are allowed at rigid connections of rigid massless rods with
masses on their ends and visco-elastic cantilever. Figure 1. Approximations of the model: cantilever has circular
cross section with diameter d which is equal along each segment along the cantilever span and is made of a
creep rheological material with fractional-type properties; constitutive relation between shear stress and torsion
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Fig. 1 Two models of complex discrete biodynamical system on rigid light rods with mass particles rigidly fixed on basic visco-
elastic cantilever for torsional oscillations: a. with three degrees of freedom, b. with four degrees of freedom. ©,, and 93, are

upper and ¥4 and Y34 are down independent generalized coordinates at cross sections 2 and 3, respectively. In cross sections 1,
m; =0

angle is described by fractional derivatives; and the complex biodynamical system is homogeneous and has 3
(Fig. 1a) or 4 (Fig. 1b) degrees of freedom depending of the complexity of the system. The model presented
in Fig. 1 resembles a corymb type of inflorescence [40].

The torsional oscillations of a complex discrete biodynamical system is investigated using modifications of
a previously proposed oscillatory model of a young seedling [8]. The modifications are: (1) that visco-elastic
properties of the cantilever are modelled using fractional calculus and (2) that system may have multiple
degrees of freedom. The novelty is also in the method for approximate analytical solutions.
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2.2 Constitutive relations of the fractional-type material of the cantilever under the torsional loading
and deformation

We assume that the cantilever is made of creep rheological material, properties of which are described by using
the Kelvin—Voigt visco-elastic model involving the fractional-order time derivative.

Segment rigidity of a torsion cantilever is equivalent to the rigidity of a torsion spring ¢, with fractional-
order properties. ¢, is determined by the constitutive relation between the torsion moment M; and the torsion
angle.

The cantilever is of a material with dissipative fractional-type properties. The constitutive relation of each
segment (there are four segments) of the cantilever material is in the form:

MZ,k = _(cl,kﬁ +cl‘0[,kD;x[19])s k = 1’2’ 374 (1)

where ¢,y is the stiffness of the fractional type of the dissipative properties of the torsion deformation of
cantilever segment as a torsion spring and D{[-] is a differential operator of the fractional order. This operator
is a fractional-order differential operator of the «th derivative with respect to time in the following form (see
Refs. [6, 11, 18-21]):

t
d*o () — 9@y = 1 d 9 (7)

DI ()] = — 3 rd—adr) (-1
0

dr, a e (0.1),¢ € (0.b) )

where « is a rational number between 0 and 1, determined experimentally, and I"' (1 — «) is the Gamma function.
Gilo,r _ 4Gilp «
bak 4

(see Refs. [38, 39]), where T = Gl is the torsional rigidity of the cantilever, G is the shear modulus of the
cantilever’s material, I is the polar moment of inertia of the cross-sectional area of the cantilever by a pole at
the centre of the cross section, while ¢4, ¢ is the coefficient that defines the fractional-type properties of each
segment of cantilever material in the case of torsion deformations.

A visco-elastic fractional-type cantilever that consists of material described by constitutive relations (1)
and (2) is a basic element of the biodynamical system with complex discrete structure presented in Fig. 1a as
well as in Fig. 1b. In general, depending on the complexity of the system, it is possible to create a generalized
model with a finite number of degrees of freedom whichisn € N.

It is valid for every segment of the cantilever length ¢, = %, and we can write that: ¢, x =

2.3 The system of differential equations of fractional order for modelling torsional oscillations of a complex
discrete fractional-type system

In order to construct a system of differential equations of fractional order of torsional oscillations for the
system presented in Fig. 1b, we introduce four independent generalized angular coordinates, vy, k = 1, 2,

3, 4, corresponding to rotation angles a; of cross sections 1, 2, 3 and 4, at a distance: €, y = %, a; = %,

a =a + %, ay = ar + %, a, = az + % = ¢ from the basic cantilever during its torsional oscillations.
For each of the pairs of masses, my, on the pair of massless rods, with the length, ¢, at an angle By, the
axial moments J, i, of inertia of masses, for the axis of the cantilever (Fig. 1b) is:

Jok = 2mp (G sin )2, k=1,2,3,4 3)

We can now construct expressions for kinetic energy E, deformation work Ag.r and the generalized
function ®,, of fractional-type dissipation of total mechanical energy of the system. The kinetic energy E; of
the torsion oscillatory discrete structure in each of the console cross sections 1, 2, 3 and 4, which rotate around
axis of the console in torsion motion, is:

k—4 k—4
1 : 25 Z . 242
E; = 2 k=1 Joi9 = k=1 my (€x sin B )~ 0y, )

From expression (4), it is visible that mos does not contribute to the kinetic energy of the torsion of the
system. The reasons are the following:
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1. material points of mass mq4 placed on the free end of the cantilever, because its axial moment of inertia of
mass mo4 for the axis of the console, around which torsional oscillations occur, is equal to zero;

2. the mass of the basic console that undergoes torsional twisting during torsional oscillations. This is because
its axial mass inertia moment for its own torsional axis is much smaller than axial moments of mass inertia
of material particles at the tips of light rigid rods.

We assumed that the axial moment of inertia of the base of the cantilever for its own torsion axis is much
smaller than axial moments of inertia of the discrete mass complex system due to the square of their divergence
from the console axis, around which the whole system performs torsional oscillations. The axial moments of
inertia of the cross-sectional areas of the console are adjusted when determining the torsional stiffness of the
cantilever segments. This is because the torsional deformation of the cantilever and the corresponding potential
energy are more significant than the kinetic torsional energy of the cantilever.

The deformation work A4, of the biodynamical complex system is the torsion deformation of the segments
of the cantilever from section & to section k + 1, and the expression can be written in the form:

Aser = Ep = 2o 102+ 20202 — 91)2 + 2es 303 — D2)> + 2y 4(Da — D3 5
def =Ep=3cr 1+20z,2(2 1) +26z,3(3 2) +26’t,4(4 3) (5

The generalized function ®,, of the fractional-type dissipation of the energy of the system is equal to
the sum of fractional-type dissipations of energy in each of the four segments of the cantilever during torsion
oscillatory deformations and can be written in the following form (see Reference [18] by Hedrih (Stevanovic)):

1 1 1 1
P, = SCral (Dfl[ﬁl])2 + Ect,a,Z(D?[ﬁZ - 191])2 + zct,a,?ﬁ(D?[ﬁ?’ - 192])2 + ZCWA(D?[W - '33])2 (©6)

We now use generalized extended Lagrange differential equations of the second order to form a system of
four differential equations of fractional order by generalized coordinates, ¥,in the form (see References [15,
18-21, 41] by Hedrih (Stevanovi¢) and Hedrih A. or Tenreiro Machado):

d 9E, 0E; 0E, 9d,

—— - —+

aion, oo T av T Do - 2 2
Applying the previous generalized extended Lagrange differential Eqs. (7) of the second order, kinetic
and potential energies (4) and the generalized function &, of the fractional-type dissipation of the system
energy (6), we obtain the following system of fractional-order differential equations describing the torsional
oscillations of the observed discrete complex structure of the biodynamical system, which is presented in
Fig. 1b, in the following form:
Jo 101+ e 101 — ¢, 282 — 91) + 0, 1DV [01] — c1,0,2(DE [92 — 911) = My = Mo sin(Q17 + 1),

(J.1 = 0 for model in Fig. 1a*)

JeaPr+ e — 91) — 1303 — 92) + 102 (D [92 — 911) — €103 (DY [93 — 92]) =0
Jeads+ a3 = 92) = cra@a = 93) + a3 (D93 — 921) — craa (DY = 931) =0 (8)
JoaBa+cra(®g — 93) + cra4(Dy [0 — 93]) =0

System (8) of differential equations of the fractional order do not include the mass m 4, which is attached
at the end of the cantilever, because the axial moment of inertia of the mass mq4 for the axis of the console is
equal to zero.

This system of four fractional-order differential equations can also be written in the matrix form. We form
three matrices 4 times 4: 1* the matrix A of inertial coefficients, which is diagonal, because there are no inertial
constraints in the system. Only elastic constraints and dissipation properties exist in the system. Two matrices
which are not diagonal are: 2* matrix C of coefficients of elasticity and 3* matrix C, of coefficients of the
system of fractional properties. Matrices are in the following form (see Refs. [38] and [43]):

Jz,l
A= ’ 3. )
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Cr1 +Cr2 —Ct2
—C C +C —C
C — 1,2 1,2 [,3 1,3 (10)
—Ct3 Ct3+tC4 —Crg4
—Ct 4 Cta

Cra,l T Cra2 —Cta2

C _ _CT,Ot,Z Ct,ot,2 + Cl,O[,3 _cl‘,O[,S (11)
« —Cta3 Cra3tCrad —Croad
—Ctad Ctod

We introduce a matrix column of independent generalized coordinates in the form:

th
(o) = { (12)

4
The system of the fractional-order differential equations can be written in the matrix form:
AU} + C0k} + Co (D[]} = 0 (13)

In the case where ¢; ok = koCrk, Co = koC, the system belongs to a special class of systems in
which modes of fractional type are independent, and then, the formulas of transformation of the independent
generalized coordinates ¥, to the main eigen-coordinates &, s = 1, 2, 3, 4 of the system can be used in the
corresponding linear system (see References [19, 20]). When ¢; o,k 7# kqoCt k» as wWell as Cy # ko C, then
these transformation formulas can also be used to move to the principal coordinates as in the linear system, but
then fractional-type modes are coupled, the system behaves as nonlinear, and there is an interaction between
fractional-type modes.

2.4 The transformation of generalized coordinates to main eigen-coordinates of the system of linear
differential equations of the model of torsional oscillations

Let us now consider the case when the relation ¢; o,k = Koy, 1s valid, that is, C, = «,C. We will use the
formulas for the transformation of the linear system from generalized coordinates to principal coordinates of
the system. A corresponding linear system of the system of differential fractional order Egs. (12), (13) has the
following matrix form (see Refs. [38] and [43]):

AlDc}+C{ox} =0 (14)

The assumed solution of the previous linear matrix differential Eq. (14) is in the form:
{9} = As cos(wt + ¢) (15)

where Ag, k = 1, 2, 3, 4 are amplitudes of linear oscillations. Introducing them into the matrix Eq. (14), we
obtain a system of homogeneous algebraic equations of the following matrix form:

(C—w®A) =0 (16)

and this homogeneous algebraic equation in the matrix form has solutions, other than trivial ones, only if the
determinant of that system is zero. The frequency equation is in the form:

|C—o?A| =0 (17)
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or in the developed form:

crp+cin— @)y —Ct2
2
_Cl,2 Cl,z + Ct,3 —w Jz,2 _Ct,?) 5 — 0 (18)
—Ct3 c3tca— ot —Cr4

2
—Cr4 Cra— w4

Four circular eigen-frequencies, wg, s = 1, 2, 3, 4 of free oscillations of a linear system are determined
from this frequency equation. We arrange the roots of the frequency equation by increasing values.

A multi-parameter analysis can be performed for the series of numerical data and parameters: the axial
moment J, = 2my (£ sin Bi)?, of inertia of masses, pair masses on symmetric rigid rods and the torsional
stiffness of the cantilever segments.

For the homogeneous system, when J; x = J; and ¢; x = ¢;, the previous frequency Eq. (18) is in the
form:

2—u -1
—1 2—u —1
= 1
1 2-u -1 |70 (19)
—1 1—u
@’ _ : : S 2d 2 25—1
where = =u And roots (zeros) of the previous frequency equation are: ug; = wis = 4sin” =3 21y
N %, or in order u; = w%J = 45sin? Tg> U2 = w%J“ = 4sin? 3175, Uy = w%‘!—t = 4sin? 5{; and

U4 = a)iJ& = 4sin? 7178T

2J; 2291

There are four characteristic numbers u;, = w; "> = 4sin” ===m (s = 1, 2, 3, 4) as we have a system

Ct
with four degrees of freedom in Fig. 1b. Circular elgen-frequenmes of linear free vibrations of homogeneous
system torsional oscillations are:

T ¢ . 3w S T
w =2 —sm , wr=2|—sin—, w3=2 —sm— and wg = 2 —sm (20)
J: 18 J: 18 J: 18 J: 18

Now, for each eigen-value, that is, for each circular eigen-frequency in the set (20) of four ws, we can
determine particular solutions of the generalized coordinates 1919), for the linear system in the form:

() (s) (s)

Al K41 K4l
() (s) (s)

A K K

{1915;)] - ?) cos(wst + ¢s) = ‘(‘2) Cs cos(wst + ) = ?2) §s, s=1,2,3,4 21

\) S \)

A3 K43 Kis
() (s) (s)

A4 K44 K44

=C; (22)

which is written based on rules for solving a system of homogeneous algebraic equations.
It follows that the amplitudes A,((S)k =1, 2, 3, 4 are in the form:

AP = K (23)

In the preceding expression (21) with &5 = C; cos(wst + ¢5), we denote the main (principal) coordinates
of a linear system that are one-frequency function of time, and correspond to each of their circular eigen-
frequencies w;, from the set (20), while Cy and ¢, are the set of integration constants determined from initial
conditions for the linear system. In the previous particular solution (23) of amplitudes corresponding to one of

four circular eigen-frequencies, Kfl‘;() denotes corresponding cofactors of elements of the fourth order and the
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corresponding determinant columns (frequency equations shown by determinate) (18) in the following forms
for the model in Fig. 1b for four degrees of freedom of torsional oscillations.

—Ct2
s 2
Kz(u) =—|cp+a3— il —C1.3 ) (24)
—Ct3 c3tea— w2 —cCia

2
. cat e — il
KA{Z =+ —Ct2 —Ct3 ) (25)
ct3tera —wiln —cra

ey +en— @t —Ct2
Kf{;,) =- —Cr2 ca+es—wt)n (26)
—Ct3 —Ct 4
el + e —wtl —C12
Kf&) =+ —C12 cates—wlln —C3 27
—C13 i3+ e — a)%Jz,z

where s = 1, 2, 3, 4. A general solution for independent generalized coordinates, ¥, for the system of linear
differential Egs. (14), can now be written as a sum of all four particular solutions:

(s) (s) (s)
Al K41 K41
s=4 ) s=4 Ag) s=4 Ké(le) s=4 Kz(lvz)
—_— s —_— —_— —_—
=Y {00 =2 o [t 00 =308 D pCicosut kg =D} D e @9
s=1 s=1 3 s=1 43 s=1 43
(s) (s) (s)
A4 K44 K44

k=1,234 | K K K K
K = (K{) ! = (29)
—>s=1234 |K) K7 K K

The formula of transformations of independent generalized coordinates ¥, to principal main eigne-
coordinates, £, = Cy cos(wst + ¢y), of a linear system can be written in the following form:

b 2 C cos(it + 90) (30)

H 1’2’ b

(9] = K(Cy cos(et + )} = (K4
or in the developed forms (see Refs. [38] and [43]):

) 2 3 “)

Ky Ky Ky Ky &1
o)) 2 3) “)

Ky Ky Ky Ky &

{9} = K{&} =
(1 () (3) “)
K43 K43 K43 K43 &3

3D

) 2 3 “)
Ky Ky Ky Ky &4
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2.5 The transformation of generalized coordinates to main eigen-coordinates of the system of differential
equations of fractional order of the model of torsional oscillations

2.5.1 For free torsional oscillations of a complex fractional-type biodynamical system

Let us consider the special case of a system of fractional-order differential Egs. (12), (13) in which the relation
C, = ko Cis valid. This means that stiffness matrices of the system and the coefficient matrices of the system
fractional properties of the energy dissipation, ¢; o, k = Ko s, k, are proportional to each other. The matrix form
of fractional-order differential equation is:

AT} + C{0k} + 1 C{DY[9%]) = 0 (32)

In the previous matrix differential Eq. (32) of the fractional order, we apply the formula of transformation
(31) of coordinates from independent generalized v, to the principal eigen-coordinates &, using the trans-
formational relations in the form {#;} = K{&;}, as for the corresponding linear system. Let us divide the
following:

AK{E } + CK{&} + ko C{D}[K{&}]} = 0 (33)
After multiplying on the left side by K’, the transposed modal coordinate transformation matrix is:
K’AK{'E'S} + K'CK{&} + KaK/C{D‘," [K{és}]} =0 (34)

Now, by analysing the orthogonality of the linear modes and the property of the modal matrix to diagonal-
ized, the inertia coefficient matrix and the stiffness matrix of the linear system, it follows that:

ai

K'AK = A = a2 (35)

(o]
K'CK = C = 2 (36)
c4

The matrix differential fractional-order equation is transformed into the following form:

AfE} + ClE} + ko C{DI{E)} = 0 37)

The transformed system of differential equations of the fractional type decomposes into a system of
independent differential equations of fractional order according to the main eigen-coordinates of the observed
system of fractional type, and we can write:

asés + csks + ke DY[E] =0 (38)
or in the suitable form:
Ey + & + kqw?DY[E] =0 (39)
where @? = < is the square of the circular eigen-frequencies defined by expressions (20) of the principal
independent elgen -mode of the fractional type and the second set of characteristic numbers a)2 = Ky C; = fos

of the principal independent eigen-modes of the fractional type of the observed blodynarmcal system. The
approximate solutions of the differential equations of fractional order (39) are known from the literature and
can be written in the following form (see References [10, 11, 19, 20, 23, 43]):

1)/ Jp—e
Efree,s(t,avaS,a)as ES(O)E (= 1)k 2k 1% (k) g:F ) as
= T wglT Qk+1 —aj)

k i —2) —aj

K\ G, il

+§Y(0)Z( l)k Zk 2k+l (]) > oS .
k=0 =0 @y T2k +2 — aj)
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ac(0.1), te(.b),s=123,4 (40)

where &(0) and £(0) denote initial conditions for r = 0, « is a rational number between 0 and 1. It can be
assumed that in the case when a tree is ideally elastic (e.g. a young tree with a high content of water) it will
take the value of 0, and in the case when the tree has viscous properties (old tree with low water content), it
will take the value 1.

Theorem 1 There are corresponding n € N main eigen-modes of fractional torsional eigen-oscillations in the
dynamics of a hybrid biodynamical system of the fractional type with a complex discrete structure that consists
of a visco-elastic cantilever, which carries rigid massless rods with a tip mass on each and has n € N degrees
of freedom of torsional oscillations. The torsional oscillations of such a system are described by a system of
coupled ordinary fractional-order differential equations.

In the general case of such a system, dynamics of the system are nonlinear, modes depend on each other
and there are interactions between modes. In the case when the model belongs to a special class of fractional
systems in which the stiffness matrix of linear properties and the matrix of fractional element properties of the
system are proportional, main eigen-modes of the system are independent. The independent main eigen-modes
of torsional oscillations are described by a system of n € N independent ordinary differential equations of the
fractional type. Each mode is defined by one main eigen-coordinate of torsional oscillations.

Main eigen-modes of torsional free oscillators described by a system of independent ordinary fractional-
order differential equations are in the form:

E + wlE + Kk DY[E]1 =0, s=1,2,3,4,5.,n€N (41)
with two sets of characteristic eigen-numbers: a)2 = ‘ax and a) = Ka%s = C‘ZS, and two comple-

ment main eigen-modes of free torsional oscﬂlatlons the first fractlonal type, main cosine-like eigen-
mode [&;(t)]1ike cos(@st+aty) and the second fractional-type main sine-like eigen-mode [&5(£)] ke sin(ew,r+ay)
expressed by a series along time in the following analytical approx1mate forms:

Y
K FD gt
[és(t)]Like cos(wgt+og) — Z( l)k 2k 2k <]> 2j = . (42)
=0 wo T2k +1 —aj)
00 k i 2] . —aj
kY (FD!wgs't™
[gs(t)]Like sin(wgt+ag) — Z( l)szk 2kl ( ) “ (43)
=0 20 wOSF(2k+2—a])
or as solution in the form:
gfree,s (t, a, W5, a)a,s) = & OEs (D] Like cos(wst+ag) T é_s O)[Es D] Like sin(wgf+ay) (44)

a € (0.1), te(0.b)
wheres =1,2,3,4,5, ..., neN.

Corollary 1 to Theorem I The formula for transformations of independent generalized coordinates to main
eigen-coordinates of the fractional-type system is equal to the formula for transformations of independent
generalized coordinates to the main eigen-coordinates of the corresponding system of linear differential equa-
tions for the biodynamical system with a complex discrete structure defined and considered in Theorem 1 by
a system of fractional-type differential equations for free torsional fractional-type oscillations.

In the special case for the system in Theorem 1 (when the stiffness matrix of linear properties and the matrix
of fractional element properties of the system are proportional), the interaction between main fractional-type
modes does not exist; transfer of energy between modes does not exist eider.

Corollary 2 to Theorem 1 In the case when the biodynamical system with a complex discrete structure, which
was defined and considered in Theorem 1 by a system of fractional-order differential equations belongs to a
special class of the system, it is described by main fractional-type eigen-modes. Each mode has: 1) one circular
frequency from the set of circular eigen-frequencies and 2) corresponding characteristic numbers that describe
fractional-type properties. Each mode is described with one main eigen-coordinate.

In Fig. 2, a graphical presentation of the complement cosine-like eigen-mode of free torsion fractional-type
oscillations of the described complex discrete biodynamical system is presented. In a. [§;(1)]1ike  cos(wsr+a,)
fractional type cosine-like mode and in b. its first derivative (like minus sine mode) are expressed by surfaces
drawn by a series along time in the analytical approximations.
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Fig. 2 A graphical presentation of the complement eigen-mode of free torsional oscillations of the models of complex discrete
biodynamical system for torsional oscillations: a. fractional-order cosine-like mode [£5 (1)1 ke cos(wy+a,) @0d b. its first derivative
expressed by surfaces drown by series along time in the analytical approximations

In Fig. 3, a graphical presentation of the complement sine-like eigen-mode of free torsion fractional-type
oscillations of the described complex discrete biodynamical system is presented. In a. [£5(1)]zike  sin(wyt+ay)
fractional-type sine-like mode and in b. its first derivative (cosine-like mode) are expressed by surfaces drawn
by series along time in the analytical approximations.

2.5.2 For forced torsional oscillations of complex biodynamical system

If we calculate the forced torsional oscillations of the hybrid biodynamical system, then the matrix of fractional-
order differential equation is in the form:
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Fig. 3 A graphical presentation of the complement fractional-type eigen-mode of free torsional oscillations of the models of
complex discrete biodynamical system for torsional oscillations: a. fractional-type sine-like mode [&5()]zike  sin(w,r+ay) @0d b.
its first derivative expressed by surfaces drown by series along time in the analytical approximations

1
AU} + C{0} + ke C{DY[94]1} = Moy sin(y¢ +¢1)l 8 ] (45)
0

After the transformation of the previous matrix differential equation of the fractional order using formula
(30) of coordinates from independent generalized ¥y, k = 1, 2, 3, 4 to principal eigen-coordinates &, s = 1,
2, 3, 4 using the transformational relations in the form {94} = K{&;}, as for the corresponding linear system,
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the matrix differential fractional order Eq. (43) turns into the following transformed form along the main
eigen-coordinates &, s = 1, 2, 3, 4 of the fractional-type system in a special class:

(H
K,
2)
Ky

A&} + Cles) + ko C{D (&)1} = Moy sin(Qut + 1) <O (46)
41

4)
K4 1

We obtain the following system of fractional-order independent differential equations of the principal
independent forced modes of the fractional type:

as + o8 + Kaes DY [E] = Ki) Moy sin(Qi1 + 1) @7

or
E + 0]&; + k] sIDY[E;] = hy sin(Q11 +¢1) (48)
Herein A K‘“ MO' = 1, 2, 3, 4. In this case too, the main forced fractional-type modes of forced

torsional osc1llat10ns of a hybr1d biodynamical system with discrete structure, for the model in Fig. 1b, are
independent.

An approximate solution of the ordinary fractional-order differential Egs. (48) is in the following form (for
details see References [11, 19, 23]):

k i —2j.—aj

1)/ wgy' t =%

& (1, o, 005, a5, ) &(0)} j( D wgir* (’;) (55 [ 1
=0 wyy 2k +1 —aj)

=~

. _2] —ai
kY FD/ wgs't™
+€(O)Z( 1)k 2k 2k+1 (J) y .5 .
=0 =0 oy, T2k +2 — aj)

! - 2k 72k+1 e g 3" T
hy sin(Q (1 — 1 : o) d
+/0 (hs sin(2; (2 r)+¢>1)><l§( )@ m_o( )w§;"F(2k+2—am)> i
a € (0.1), t € (0.b)
(49)

Theorem 2 If a single-frequency torsional momentum is applied to the system described in the Theorem 1,
such a system oscillates with n € N degrees of freedom of torsional oscillations and is described by the
following parameters: 1) a corresponding system of n € N coupled ordinary fractional-order differential
equations, a finite number n € N of corresponding circular frequencies of torsional eigen-oscillations, 2)
characteristic numbers of fractional-order properties and 3) an additional circular frequency €21 of forced
torsional oscillations of the fractional type.

In a general case of such a system, main forced modes depend on each other, forced dynamics of the
system is nonlinear and the interaction between forced modes exists. If the model belongs to a special class of
fractional-type systems in which the stiffness matrix of the linear system and the matrix of fractional properties
are proportional, main forced modes are independent. Main forced modes of torsional oscillations are described
by a system of n € N independent ordinary fractional-order differential equations in the form:

Ey + ity + kgl DY[E] = hysin(Qur + ¢1), s =1,2,3,4,5,...n € N (50)
And for the special class with linear properties with two sets of characteristic eigen-numbers a)sz = Ca—‘ and
a)g[ s = Kap = C“ *,s=1,2,3,4,5, ..., n € N and with one circular frequency 2 of external torsional

momentum h sm(Qlt + ¢1)
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Main forced modes are described by: 1) two complement main eigen-modes of free torsional oscillations:
one fractional type, main cosine-like eigen-mode [£5(£)] 1ike  cos(w,r+a,) @0d OnE fractional type, main sine-like
eigen-mode [&5(F)]Like  sin(wyr+ay) @nd 2) one forced fractional-type mode [§5(f)]zike  sin(or)-

All main fractional-type eigen-modes expressed by a series along time are in the following analytical
approximate forms:

k i —2j —aj
K\ FD/wgs ™
[‘i:s(t)]Like cos(wgt+ag) — Z( l)k 2k 2k <> 2j = . (51)
fﬂ 1) )T 2k + 1 — aj)
K\ (FD oas’ 1
& Like  sinyrar) Z( D¥wgh ! () > (52)
s ) gl T2k +2 — ajf)

t 00 k k w—gmr—am
[E:(D)Like  sinon = /0 <hssin(szl(t—r)+¢1>><2< D¥ gl e (m) >dr

2
= o g T'(2k +2 — am)

s=1,2,3,4,5,...ne N
(53)

or as a solution in the form:

gfree,s (t» &, @Wos, wa,s) =& O] Like cos(wst+ag) T é& OV Es (D] Like sin(wgt+a)
HE(D]Like  sin(on) (54)
aeO.1),7eb), s=1,2345 .necN

Corollary 1 to the Theorem 2 For the system defined in Theorem 2 by a system of coupled fractional differ-
ential equations describing the forced torsional oscillations, the formula for the transformation of independent
generalized coordinates into main eigen-coordinates is equal to the formula for transformations of generalized
coordinates into main eigen-coordinates of a corresponding system of linear differential equations.

In the special case of the system in Theorem 2, the interaction between main forced fractional-type modes
does not exist. For defined conditions in this special case, the energy transfer between main forced fractional-
type modes does not exist either.

Corollary 2 to Theorem 2 The system of fractional-order differential equations defined by the previously pre-
sented Theorem 2, which belongs to a special class of the system, is described by n + 1 € N forced main
fractional-type modes. Each mode consists of: (1) one circular frequency from the set of circular eigen-
frequencies, (2) corresponding characteristic numbers that describe fractional properties and 3) one circular
frequency €21 of external torsional moment £, sin(€217 + ¢1). Each mode is defined by one main coordinate of
forced torsional oscillations.

2.6 The system of differential equations and solutions of fractional-order homogeneous model of torsional
oscillations of a complex discrete fractional-type system

For solving a system of fractional-order differential equations, the trigonometric method can be applied in the
special case when biodynamic system is a homogeneous fractional-type system. This special case is when all
masses, my, are equal and all angles, S, are equal and all massless rods of the length, ¢;, have equal lengths,
as well as all axial moments J; ¢, k = 1, 2, 3, 4 of inertia of masses for the axis of the basic visco-elastic
cantilever. Now this needs to be proved.

Let us start with a system of fractional-order differential equations in the form (12) and (13), respectively,
by introducing assumptions about the homogeneity of the fractional-order matrix differential equation (see
Reference [43])

J: 191 2¢c —c H
J: ) + ¢ 2c —c )
J; ¥ —c 2c —c ||

Jz 1.9.4 —C C U4
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0
0
o 0
2¢c —c D[] 0
—c 2c —c DE[92] | .
+ Ky “¢ 2% —c D[93] [ = Mo sin(21¢ + ¢1) | (55)
—c ¢ D [94] 0
0
0

Let us assume a solution in the form (15) for free torsion vibrations, and for a linear system, we obtain a
system of homogeneous algebraic equations in the form (16) which for a homogeneous linear system is:

2¢ — w?), —c A 0

—c 2¢ — @?], —c Al _]0
—c 2c — a)zJZ —c A3 )]0 (56)

—C Cc — a)zJZ A4 0

If we now introduce the notation change, u = w? J?Z, then the system of homogeneous algebraic equations
along unknown amplitudes Ak, k = 2, 2, 3, 4, in the matrix form becomes:

2—u —1 A] 0

1 2—u -1 Aol o
“1o2—u -1 Nasf=10 57)

1 1-u) | A 0

In its developed scalar form, this (57) matrix algebra equation of homogeneous algebraic equations by
unknown amplitudes Ay is in the following form:

(2—u)A1—A2=O
—A1+2—-—u)Ar) — A3 =0
—A2+(2—M)A3—A4:0
—A3+ (1 —u)As =0

(58)

Now, we applied the trigonometric method of Danilo Raskovi¢ [38], assuming that the amplitudes Ay of
linear free oscillations are in the following form (see Refs. [38] and [43]):

A = Csink¢, k=1,2,3,4 (59)

By introducing this assumed solution (59) into a homogeneous system of algebraic Egs. (58), we obtain
the following conditions:
2—u)Csing — Csin2¢ =0
—Csing+ (2 —u)Csin2¢ — Csin3¢p =0
—Csin2¢ + (2 —u)Csin3¢p — Csind¢p =0
—Csin3¢ + (1 —u)Csind¢p =0

(60)

There are boundary conditions because it is a console chain. From the first and the last equation, it follows
that Ag = 0 and (2 —u)Csin¢ — Csin2¢ = 0, and by a transformation from the first algebraic equation,
Csing(2 —u — 2cos ¢) = 0 is obtained and finally (see Reference [38]):

u=2(1 — cos ¢) 61)

By replacing the fourth algebra equation after the unknown parameter —Csin3¢ +
(1 =21 —cos¢))C sin4¢p = 0, we obtained:

2s — 1 25 —1
T=0=¢; = ——7 s=1234 (62)

9 .1 _ 0 9¢_
c052¢sm2¢_ :>0052 = Cos

The relation u = 2(1 — cos ¢) satisfies both the second and third algebraic Eq. (60).
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And that the conditions of the console chain are satisfied; then, the set of circular eigen-frequencies is
determined from the relations: u = wz‘% and u = 2(1 — cos ¢) follows:
225 —1
18

Us = wa—Z =u =2(1 — cos ¢y) = 4sin’ % = 4sin T (63)
C

The square of its circular eigen-frequency is: 6%2 = 4% sin? 2“@' T,s =1, 2,3, 4.

The set of four circular eigen-frequencies of free torsional oscillations of a homogeneous complex discrete
considered biodynamical system with four degrees of freedom, described by a matrix fractional differen-
tial Eq. (55), contain four circular eigen-frequencies, four characteristic numbers expressing fractional-type
properties, which are:

c . 2s—1 12 2
wg =2 J—Zsm T m, s=123,4, J.x=J;=2m Esmﬂ (64)

5 ¢ . ,25—1 4Gl .\
Wy s = 4Kq— sin T w, s=12,3,4. ¢ = — J.k=J,=2m 3 sin B (65)
Z

Using obtained sets (64) and (65) of characteristic numbers of free torsional oscillations of a homogeneous
complex discrete biodynamical system with four degrees of freedom and introducing them into expressions
(40) and (49), an analytical approximation of the independent main fractional-type eigen-modes for free as
well as for forced torsional oscillations can be composed. Results (64) and (65) can be generalized for the
homogeneous visco-elastic fractional-type cantilever with n € N degrees of freedom. In this case, the set
of circular frequencies, and characteristic numbers for fractional-type properties, is defined by the following

expressions:
e . 2s—1 2 2
Wy =2 J—ZSIH mﬂ, Jz’k :JZ :2m<z Slnﬂ) (66)
c . 2s — 1 nGIy I 2
Cl)g’s = 4»ICO{—Z sm2 mﬂ, Cr = 7 , Jz,k = JZ =2m (Z Sin /3) (67)

wheres =1,2,3,4, .....,n € N.

Using obtained sets (66) and (67) of characteristic numbers of the free torsional oscillations of a homoge-
neous complex discrete biodynamical, fractional-type system with n € N degrees of freedom, an analytical
approximation of the n € N independent main fractional-type eigen-modes for free, as well as forn € N main
forced eigen-modes of torsion forced fractional-type oscillations, can be composed introducing corresponding
characteristic numbers (66) and (67) into expressions (40) as well as (49).

3 Discussion and concluding remarks—a fractal concept of hybrid biodynamical fractional-type
system with complex discrete structure

These results present a new contribution to the knowledge of intrinsic and forced mechanical oscillations of
the fractional type by introducing generalized functions of energy dissipation of the fractional type.

We introduced constitutive relations for torsion of the console material using the Kelvin—Voigt visco-elastic
model involving a fractional-order time derivative. The rigidity of the cantilever material is equivalent to the
rigidity of torsion springs of the fractional type.

Free and forced main eigen-modes of fractional-type torsional oscillations of a hybrid discrete biodynamical
system of complex structures in the form of a cantilever with a circular cross section were analysed through
the use of a system of ordinary differential fractional-order equations. The expression of the kinetic energy,
deformation work and generalized function of fractional-type energy dissipation of this biodynamical system
were defined. Forced torsional oscillations and the stability of 3D beams with rectangular cross sections were
studied in [42], but the approach used in our model differs from that study. Our model is a planar model and the
cantilever has a constant circular cross section, but torsional oscillations are in a 3D space. The same model with
the same mathematical description can be extended by introducing branches with material particles outside
the plane of the model, whereby only the axial moment of inertia of discrete structures for the cantilever axis
changes, and all differential equations and solutions are the same.



The Kelvin—Voigt visco-elastic model involving a fractional-order time derivative 1939

In [42], the differential equations of motion are converted into a nonlinear algebraic form embedding the
harmonic balance method. Our search of the literature yielded three different approaches to study the dynamic
behaviour of a tree structure used in previous studies: mass concentrated at a discrete point, generalized
displacements for uniformly distributed mass, where a trunk is treated as a beam and the finite element method
[28]. Our modelling approach is close to the first method, but has the advantage of allowing the generalization
to a bio system with many degrees of freedom of oscillation. The originality and advantage of our model are
that the material of a tree stem is considered as a material with fractional properties and constitutive relations
with the fractional differential operator. This relation enables the observation of the tree material from ideally
elastic through fractional type to pure visco-elastic materials with linear dissipation. The contributions are
also the obtained approximate analytical expressions of independent fractional-type main eigen-modes and
eigen-value and forced fractional-type torsional oscillations.

Analysing torsion fractional-type oscillations of biodynamical fractional-type systems with complex dis-
crete structures in the presented model shows that such systems have properties of discrete chain systems
(see Ref [38]) and have independent fractional-type eigen-modes of free oscillations. In a homogeneous sys-
tem of forced oscillations (when single-frequency torsional momentum in certain cross sections is applied),
independent forced fractional-type modes appear. Each fractional-type mode has two characteristics numbers.

Oscillatory modes of branched structure and modes of beams are not the same.

Oscillatory behaviour of tree trunks was mainly done for bending. A method that can measure the dynamic
torsional load that trees and tree branches suffer when exposed to wind has not yet been developed [28]. The
presented model contributes to the study of torsional oscillations of tree trunks.

The damping effect in trees is most effective around the natural frequency region and represents a protective
mechanism against large sways [28]. In our model, the damping effect will depend on « (that can be assumed
to correspond to the age of a tree). Complex models of trees utilize multiple spring—mass—damper models or
FEM models [25]. In the branched multi-modal method, the branches are considered as coupled masses that
oscillate on the trunk, which itself is an oscillating mass [25]. In our model, the trunk is considered as an
oscillating cantilever and branches as massless rigid rods with mass on their apical ends. We used Y-shaped
types of branching and as a system with four degrees of freedom. In [28], damping from branches has been
identified for a two-degree-of-freedom system in a T- or Y-shaped branched structure.

Based on the presented model, we introduce the concept of a fractal-type discrete chain—string structure.
This type of structure consists of fractal discrete sequences on each basic overhang rigidly connected to the basic
visco-elastic fractional-type cantilever. A discrete fractal sequence represents one fractal discrete chain—string
from a set of numerous fractal elements of discrete structure rigidly coupled on a basic visco-elastic cantilever.
Torsional oscillations of a hybrid biodynamic complex with discrete and fractal structure may take place around
the axis of this cantilever.

All previously performed mathematical descriptions can be applied to models formed according to the
fractal concept as shown in Fig. 4.

In Fig. 4, a fractal concept of a hybrid biodynamical fractional-type system with complex discrete structure
on visco-elastic fractional-type cantilever is presented: the basic model (Fig. 4a), the hybrid model (Fig. 4b),
the details of the hybrid model (Fig. 4c) and one discrete fractal chain—string structure (Fig. 4d).

Our search of the literature yielded no results that refer to fractional-type biodynamical systems that
torsionally oscillate with a finite number of degrees of freedom of oscillation, which we have presented here.
We also pointed out that in the general case, when the special conditions of the connection between the elastic
matrix elements and the matrix of coefficients of fractional properties are not met, the main free or forced,
fractional-type oscillation eigen-modes are not independent. In these cases, interaction between modes and
energy transfers from one mode to another appear.

The obtained results would be valuable for the inclusion in any analytical mechanics of discrete hereditary
systems described by a differential fractional-order operator and we believe that this is its value.

3.1 Advantages of the presented model

Can be used to generate more complex structures.

Applicable to the analysis of complex cantilevers with different cross-sectional diameters

It allows the existence of independent modes of fractional type of free and forced torsional oscillations.
We also presented formulas for the transformation of independent generalized coordinates into the main
eigen-coordinates of a biodynamic system of fractional type, in which there are no independent modes which
are nonlinear and between which there is an interaction.
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Fig. 4 Fractal concept of hybrid biodynamical fractional-type system with complex discrete structure on visco-elastic fractional-

type cantilever: a. basic version of the hybrid biodynamical model with discrete structure on visco-elastic fractional-type cantilever;
b. hybrid model; c. details of the hybrid model; d. single discrete fractal chain—string structure
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This approach is suitable for analysing the torsion fractional-type oscillations of trees and herbaceous plants
with different types of branching and different types of inflorescences with different levels of complexity.
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