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Abstract—This paper presents an analytical method of determining the periodic solutions in mech-
anical discrete—continous systems governed by a system of nonlinear ordinary and partial differential
equations with delay. Contrary to the classical perturbation method, the solutions are sought as
power series in relation to two small independent parameters. One of the parameters is related to
nonlinearity, the other, to delay.

1. INTRODUCTION

The classical perturbation method, which consists of seeking periodic solutions in the form
of power series in relation to arbitrarily chosen small parameters, is broadly dealt with in
Malkin (1956), Iakubovich and Starzhinskii (1972), Giacaglica (1972), Nayfeh and Mook
(1979) and Nayfeh (1981). It allows for the determination of periodic solutions for systems
described by nonlinear ordinary differential equations with constant or periodically varying
coefficients. The method is based on bringing various nonlinearities of parametric excitation
to one small parameter. However, in real mechanical systems the parameters describing
nonlinearities or parametric excitations are independent, and the results of formally bringing
them to one parameter are not always satisfactory.

This paper deals with mechanical discrete-continuous systems with delay as well as
with the occurrence of various kinds of physical or geometric nonlinearities. An example
of such a system is a furnace, where the temperature is controlled by a thermoregulator.
The furnace is a nonlinear continuous system while the thermoregulator is usually an inertial
element with delay (a discrete system). Another example is the nonlinear vibration of beams
joined to mechanical discrete systems. In this case, delay is characterized by inertial friction
in the materials. These types of nonlinear discrete-continuous systems are governed by
nonlinear ordinary and partial differential equations with delay. These equations are the
subject of this paper, which is the continuation of the author’s previous studies covering
nonlinear discrete systems based on an analytical approach (Awrejcewicz, 1986, 1988).

2. METHOD

Consider the system\of equations of the form
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u(t,,0) = u(t,,1) =0, 2)

where :

f is a certain nonlinear function assuming zero for x = 0 and x = /;
L,(y,1,) isa linear differential operator with delay of the form

P R
Ll[ystr] = Z Z apry(m(‘l_tr)’ To =O'r T, > 03

p=0r=0
@ is a nonlinear differential operator with delay, which is because y(r) is of order
~ lower than P, and considering u(t—1t, &) of order not higher than two, with

£elo, 1].

Next we assume that the nonlinear operators f and ¢ are continuous in x with continuous
first derivatives, considering other arguments in a certain sufficiently large range of their
variations. Moreover, we assume that the delays occurring in the system are small. Thus
we have

_ dy(r)) | 1 ,d%()
yit =) =yt)-1 ar, +37 ar

0 1 ,0%ul(t,,
u(t,—1,8 =u(t,,&)—1 u(;;l’é)+§r2 u(;;% 6).... 3)

Further calculations will be limited only to the first three terms of the series (3). Substituting
(3) in (1), we obtain

Cult, ) _ ,0%u(t,x) (”u(, o, 20 ) Q) - dy @)
o ¢ e Th\GHMe T T R Y an d )

du(t,, o%u(t,,
L][y(t}),-[r] - (pl(s’ y(tl)’ o u(’]‘ é)’ u(é;] é), u;l;% é))s

“4)

where the functions f; and ¢, are obtained respectively from f and ¢, considering (3).

Let the nonlinear functions f, and ¢, assume zero when ¢ = t = 0, which means that
the nonlinear system of differential equations (4) is then reduced to a linear system.

Then, the problem becomes the analysis of the system of equations (4) with two
independent small parameters 7 and &.

Let us further assume that the characteristic equation adequate for the linear part of
the second equation of the system is of the form

P R
QW)=Y Y a,p’e ™, (%)

p=0r=0

and that its eigenvalues are different from zero and have purely imaginary values. This
means that oscillations are not generated by the discrete system. The starting solution for
the analytical approximate method, with ¢ = 0, t = 0 is of the form

-~ . TX )
Uly(t,x) = Z Sm—}— [af,). cos ("“ofr)‘i‘bg.;n sin (naot )], .V(u;](h) =0 (6)
n=1

where the operator () denotes t or ¢, a(,,, and b(,,, are amplitudes, and T, = 2n/a, = 2l/c
is the period of oscillation of the linear part of the system described by the first equation
(4). For ¢ # 0 and 7 # 0in a satisfactorily close neighbourhood of zero, we seek the periodic
solution of the system (4) a little different from (6). Generally, the contribution of higher
harmonics to the solution quickly decreases, and it is sufficient to consider only a few of
the first harmonics in the calculations. The period sought is equal to
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T = To[l +n(e, 1)) (7

and evidently depends on both of the perturbation parameters.
Let us introduce a new dimensionless time ¢ according to the equation

f = l_‘t'?(s T) t, (8)

o

which allows us to seek a periodic solution with period 2z.
Substituting (8) in (4), we obtain the equation

Elzu(!,x)=( )aiu(: x)+F u(t, %) du(t,x) ou(t, x) dy d?y
or’ T ox? LX) Tax Y ar ar

Liy@®),t]= ¢(8 y(0), tu(t, &), ,

au(r x) 62.'.;(:23:)) )
where :
Fe (1+n2)12f“
L-F a {[“”")} YO =1, U ) 42 ‘*’“’(r)}
A5

Q1 2
¢=[(;n)]¢

The nonlinear functions ¢ and F as well as the solutions sought, y, u and 7, are presented
in the form of power series

¢ =do+ed.+E Pt +Th AT+ FTED
F=Fy+eF,+e'F,+  +tF,+0UF + - +weF,+

Y =Yoteyteiyut Tt eyt
U=ug+eu+eu,+ AU AU A TEU

n="mo+en +e N+t -+ +T N+ TN+ . (10)

Having substituted (10) in (9), and after having equated the expressions representing the
same powers of the small parameters 7 and ¢ as well as the same powers of their products
e(m, [ = 1,2,...), the recurrent systems of linear equations are obtained. While solving
the subsequent equations of the system, we use the balance of harmonics method. Let us
assume that we determined the first system of recurrent equations standing next to (%),
where the operator (x) means t or &. Having substituted the solutions (6) for the nonlinear
functions F,, and ¢,,, (this time for the equation we assume ¢, = t and o, = 1) and having
developed these functions into a Fourier series, we obtain

o0

Fo(t,x) =Y, Z sm—[A“} cos (kt) + B'Y sin (k1)],

p=0k=0
D) = Z [CSY cos (kf) + DY sin (k1)], (1)
k=0

SAS 27:7-B
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where :

A = J J F,(1,x) sm—cos (kr)dedx,
B = f J F(t,x) sm—-—sm (kt)dtdx,
] 2n
Cc¥ = J ¢, (1) cos (k2) dt,
T Jo

1 2r
D{Y = RJ @ (0) sin (ki) dr.
0

(12)

We seek the solutions of the system of equations formed by comparison of expression

next to (*) in the form of

Ut x) = Z Z sin"~ [amnk cos (k1) + by sin (k1)],
n=1k=0
K
Yo (1) = Y, [eq coskt+d,y sin (k1)).

k=10

(13)

The solution of the first equation of system (9) is explicitly determined only when

! *2n
P(cln(a?x}-ﬂ bfo*}ss n.) = J; J; Fm(f, X) sin n%x cos(nfydirdx =0,

I (f2n nx
Q(,)n(a(o,},, b?z).?& ni‘) = o Jo F{t)(t, x) Sit‘l Tsln (nt) dtdx = O.

(14)

Conditions (14) allow for neglecting the resonance terms which exponentially grow
with time (Malkin, 1956). Thus we obtain 2N of the equations whereas the unknowns
at., bl and n, are 2N+ 1. In this case, however, dealing with an autonomous system, we

may assume that b,,y = 0. Equations (14) have explicit solutions when

a(P{tlls P(t)h reey P(—)N;Qh)}’ Q[-}h;' ’ Q[.)N) £ 0
0 0 0 0 [ 0 -
(a1, ez, - - - Ayns bl b2, - - s booyw—1:1.)

A 3. EXAMPLE

Consider the discrete—continuous system described by the equations

0’u 30\ a2 u(h,x) 6u( 15 X) -
el (ﬂ) Ay +£[0.003 —2°(1,, x)] » +ed(x—x)p(t))

—e1d(x— x) a1, 3

d_y + lOsd— +400p(t)) = 10eu(t,, %), u(t,,0) =u(t,,1)=0

dri

Y T(Qu_('nx)_é?!f_n%)) (

(15)

3&52)3
ar, ’
(16)
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where, for the sake of simplification of the calculations, the delay t and the small parameter
¢ are in the evident form in eqn (1) and x€[0, 1] is the association point of the discrete
system with the continuous one. In the discrete system described by the second equation of
the system (16) accompanied by the lack of interaction on the side of the continuous system
and as a result of damping in the system, oscillations cannot occur. The oscillations are
excited in the continuous system because of damping of the Van der Pol type described by
the second term on the right-hand side of the equality sign. For t = ¢ = 0 the period of this
solution is equal to T, = n/15. We seek the periodic solution of system (16) with period T,
inconsiderably different from the period T,. According to the considerations, let us first
make use of the independent variable

B l+q(a,t)_
h=—yt (17)
Having substituted (17) in (16), we obtain
d%u(t, I a2 1 0 1+17)2
T = e D 4 0,003 2 ) 210D 4 UXD 50 gy,
L Py b_)dy+ L4n du(t,x)  (14+m)?* 0%u(t,x) i(@u(t,_x_))?"
30 YTYar T 30 e " 90 ax i+q\ar )¢
d?y
a2 te —(1+n) + (l+n) y(!)~—(l+rr) u(t, X). (18)

The parameters t and ¢ are treated as independent. Assuming one of them to be equal
to zero, the problem is reduced to the classical perturbation method.
We assume the starting solution in the form of

u'? = 49 44 = g% sin nx cos t+a'® sin mx cos ¢,

" — (. (19)

The amplitude sought, a!”, will be determined from the first recurrence equation
formed by the comparison of expressions next to the parameter ¢, whereas the amplitude
a'” will be determined from the first recurrent equation formed by the comparison of
expressions next to the parameter 7.

From the first equation of the system (18), having equated the expressions next to the
parameters 7, we obtain

u 1 Pu 2t *u” 1 0u® 1 *u® oY
"W T a e T30 ar —§oa'a}2“3°(w)- @0
Having equated the resonance terms to zero, we obtain
1. = 0.0055
al” = 0.044. (21
The solution of eqn (20) is
3 . s 3
u, = — (a!)*sin 3mx sin t — —— sin wx sin 37+ a, sin Tx cos 7, (22)

128 128
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where the amplitude a, will be determined from the subsequent recurrent equation. This
equation is of the form

lu, 1 62uﬂ+ 2 %u, 2 62u5°)+ 1 6u§°)+ 1 du,
o mox TeTax T T30 ar T30 ar

1 %, 2 %Y o), o(ul®)?
=300 ax* 900 axr "0 T ()
From eqn (23), having equated the resonance terms to zero, we obtain
1 1 9
R O _ =~ T (02, —
0% 3% g% ) =0
1 2 135 135
_ _ A0 O TR S () S Sttt (0 N B ON () NN R
e — AN+ op @M+ oo fed T+ 5o (a7) = o= (a:7) 0. (29
Solving the system of equations (24)
a, = 0.00002,
N = —0.00006. (25)
From the second equation of system (18), we obtain
y.=0. (26)

Let us now determine the perturbation equations formed due to the comparison of the
expressions next to the parameter &.
From the first equation of system (18), we obtain

u, 1 0%w, 1, u® 1 ou”
: Ot 1o 0 0003 — (1)) =5~

@ Twae Tt T .

and having equated the resonance terms to zero, we obtain a system of algebraic equations.
Solving this, we have

al® = 0.12649
n.=0. (28)
The solution of (27) is

u, = a,sin (mx) cos t—5.10" 7 sin 3nx cos 1. (29)

From the second equation of system (18), we obtain

d’y 4 1
F‘Fg}’e Z%“f;m(fax)- (30)

We seek the solution of eqn (30) in the form

¥y = b,cost+c,sint. (31)



Periodic oscillations in systems with delay 831

Having substituted (31) in (30), we find

b, = —0.088 sin (1),
¢, =0. (32)

From the second equation of the system (18), having equated the expressions next to &2,
we obtain

d?y, 4 1 1
*+ g Yu = 3 bsint+ oo a, sin (n%) cos 1. 33
ar + 9 Vee 3{)c sin t+ 900*’ sin (nX) cos t (33)

We seek the solution of eqn (33) in the form
Ve = b cO8t+c,, 8int. (34)

Having substituted (34) in (33), we calculate

O . .
b, = — Esm (nx),
¢, = —0.0048 sin 7x. (39

From the first equation of system (18), having equated the expressions next to &2, we
obtain

0%y 1 0%y 2 ou ] ou 1 o0u'?
it T T (02 T L (0) € %
otr  w? ox? + 2 e o2 +0.0001 ar 30 (") or 157 Mgy +ye0(x—).
(36)
From eqn (36) we finally calculate
a, =0,
.. = —0.01sin? nx. (37)

Analogous calculations make it possible to determine the recurrent equations occurring
with the combinations ¢*t where k > 1 and / > 1.

4. CONCLUDING REMARKS

The method presented in the paper enables us to determine the periodic solutions
in discrete-continuous systems described by nonlinear differential ordinary and partial
equations with delay. Solutions as well as their period were sought in the form of power
series in relation to two small independent parameters t and . Assuming one of them to
be equal to zero, the problem is reduced to the classical perturbation method.

Thanks to this method, the period of the equations was determined as a function of
two parameters 7 and &. It enables certain optimization criteria to be realized ; for example,
ensuring a constant value for the period in a certain chosen range of changes of the
parameters 7 and ¢, or the choice of parameters t and ¢ so as to increase or decrease the
frequency of vibration according to a previously-chosen criterion.
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