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Abstract

This manuscript introduces the concept of generalized integrating factor for one dimen-
sional linear ordinary differential equations of order n. The procedure is used to address
linear second order equations with varying and with constant coefficients, commonly
found in many practical problems. The solutions are analytically derived by means of
double convolutions. Analytical solutions for the constant coefficient case with different
types of continuous and discontinuous excitations are discussed with examples. The con-
cept of Heaviside series is introduced to generalize the solutions for discrete excitations.
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1. Introduction

Linear and non-homogeneous ordinary differential equations are common in many
areas of applied mathematics. In special, second order ordinary differential equations
appear in various practical problems in mathematics, physics and engineering, like for
example the dynamic equilibrium of mechanical systems. Their solution is well known
for constant coeflicients and periodic forces [17], but the solution for general problems
usually depends on special transformations.

Integrating factors are used as a tool to modify a general ordinary differential equation
to an exact form. Once in this form, its solution is just a matter of integration. Its use
is well known for first order equations [5] but its use for second order equations is not so
well established in the literature 7, 1, 15, 8, 14, 2, 4, 3, 12].

We propose and discuss a simple but powerful variant of the traditional integrating
factor that presents many benefits. The proposed method can be used for general orders
and results in integrating factors function of the independent variable only, disregarding
the coefficients of the ordinary differential equation.
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The general concept is shown in details and applied to a third-order ODE with varying
coefficients to exemplify the procedure. The method is then used to solve second-order
ODEs with varying coefficients and with constant coefficients. The latter case is used
as starting point to derive many important analytical solutions for different types of
excitations (non-homogeneous term of the ODE). Finally, we discuss an approach to use
the proposed method to solve discrete forms of excitation by means of Heaviside series.

2. The generalized integrating factor method

Consider a linear first order ordinary differential equation

ar(t)y(t) + ao(t)y(t) = f(1), (1)

where y is the dependent variable, ¢ is the independent variable and ¢(¢) is the derivative
of y with respect to t.

The integrating factor for first order differential equations, introduced by Leibniz,
relies on the relation

p()3(t) + Py (1) = (p(D)y(t)), (2)

where () means the derivative, with respect to ¢, of all the expression inside the paren-
thesis.
An integrating factor p(t) is multiplied to Eq. 1 to force the appearance of Eq. 2,

p()ar (1) 9(t) + p(t)ao(t) y(t) = (p(t)y(1))- 3)
p(t) 20)

It immediately follows that

B(t) = p(t)ao(t) = (u(t)ar (t) = fu(t)as (£) + p(t)as (1) (4)
such that
@ - ao(t) — al(t)
W)~ m) ©®
with solution () — i (1)
=ex Gott) — m1it)
allowing the use direct integration to solve
((t)ar (D)) = p() f(2), (7)
such that )

W) = s / () f () dt + O, (8)

where C is an integration constant. Relation given by Eq. 2 can be generalized to higher
orders

VIO +pj<t>“@;><t> = (015" (1)), (9)



where (iu]/)(t) is the j-th derivative of y with respect to ¢ (used for j > 3).
Now consider a linear and non-homogeneous ordinary differential equation of order n

(n)

an()Y (1) + an-1(8) "y (6) + - + az(8)ij(t) + a1 (1) + ao()y(t) = f(£).  (10)

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

an ()Y )+ Fam120"Y O + Fam120) ") + fam210) "y @) +. ..
| + fr,320)0(t) + fr21()H(t) + fn,;,é(t)y(t) + faaa(t)y(t) +
/’ Fun2(3(0) + ao(t)(t) = £(1), (1)

where 7, ; is the j-th partition of Eq. 10, which is the key idea for the proposed approach.
Coefficients f, ;; refer to the order of the differential equation, n, partition j and i = 1
or ¢ = 2 such that

an,j(t) = fn,j,l(t) + fn,j,Q(t)7 (12)

and there are N, = 2n — 2 partitions j.
Multiplying Eq. 11 by a generalized integrating factor p.,(t) results in

(n—1) (n—2)

Mn(t)an@)(ﬂ)(t) + /’Ln(t)fn,n—l,l(t)(ngl)(t) + Mn(t)fn,n—l,Q(t) Y (t) + Nn(t)fn,n—Q,l(t) Yy (t) +..

(pn,n(“"zj ”(t)) (pn,nfl('”i 2’(t>)

+ ptn (t)fn,S,Q(t)fy(t) + Un (t)fn,Z,l(t)y(t) + pn (t)fn,2,2(t)y(t) + Un (t)fn,l,l(t)y(t) +

(Pnsi(®) (pn29(1))
Nn(t)fn,ll(t)y(t) + /jfn(t)G'O(t)y(t) = ﬂn(t)f(t)v
(pn,l'y(t))
(13)
such that

(25" 0) + (s "5 0)) + -+ (ab(®) = a0)F) (14)

can be exactly integrated to
Pan’ 9 )+ Punr "y O+ paay(t) = / pn(8)f () At + Oy (15)

an ordinary differential equation of order n — 1, where C,, is an integration constant.
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Coefficients fy, j; can be found by solving
('u”> = (M") = ... = (M") = <M"> = (M"> (16)
Hn /) p Hn / p1 Hn /3 Hn /o Hn /q

,un(t)) _ frj—1,1(t) — fn,j,Q(t)
i) Fualt

where

;fn,O,l(t) = ao(t), fn,n,Q(t) = Cln(t). (17)

Tn,j — <

It follows that there are w combinations of these pair-wise equations, along with the

n — 1 equations relating each pair of partitions with their coefficient. Thus, the number
of equations available to evaluate coefficients f, j i, Neg, is
n(n—1 n?4+n—2

Neqn:%Jrn*l:%ZNﬂn;nZQ, (18)
being always bigger or equal than the number of partitions, N, , such that there are
enough equations to solve the problem (actually, not all equations must be used). After
finding all coefficients fi, ;;, it is possible to find w,(t) by using Eq. 17 for just one
partition j (any partition can be used)

/:Ln (t) _ fn,j—l,l(t) - fn,3,2 (t)
() e O 19
such that .
tn(t) = exp / f”’jl’}(t? 2—(tj)cn,5’2(t) dt | . (20)

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

The procedure is applied to a linear ordinary differential equation of order three to
exemplify the procedure.

2.1. Ezample: linear ordinary differential equation of order three
Consider the ODE

az(t)§(t) + az()§(t) + ar(£)y(t) + ao()y(t) = (1) (21)
The explicit dependency on ¢ is dropped in the following equations to make the notation
more concise. Partitioning coefficients ap and a; into as = fa21 + fo22 and a1 =

f271,1 + f27172 results in

a3y + fo219 + fo2,20 + fo,1,19 + fo,1,20 + aoy = f. (22)

3,3 3,2 73,1

Multiplying Eq. 23 by a generalized integrating factor pus

p3as i+ psfoo1 §+ 3 foo2 ¥+ pafo1,1 9 + uafor29 + psaoy = psf, (23)
P33 D3,3 P3,2 D3,2 P3,1 P31
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such that ) ) )
(p3,38) + (p3.29) + (p3ay)= psf,

can be integrated with respect to ¢, resulting in

P33y + D32y + P31y = /N3f dt +C3
—_—
ha

a second order ordinary differential equation.
The same procedure can be applied to this second order equation
fi1,1+ fi,1,2 results in

D320 + fr,119+ f1,1,20 + 3.1y = ho

2,2 2,1

and multiplying by a generalized integrating factor ps

pap3 2§+ pofii1 9+ pafii2y + peps 1y = poha,
—— —— —— ——
Pp2,2 D2,2 P2,1 P21
such that ] )
(p2,29) + (p2,1y)= p2h

and integrating w.r.t time results in

D22y + P21y = /Mzhdt + Co,

N
h1

. Splitting p3 2 =

(26)

a first order ODE. Finally, multiplying by an integrating factor p; results in

H1P22Y + pip2,1y = p1hy
S~—— S~——
P11 P11
or '
(p1.1y)= prha
such that

1
y=— [ pmhydt +Cy,
P1a

is the solution to Eq. 23.

Solution provided by Eq. 32 depends on pus, po and p;. Using Eq.

to write .
P11 = pap2g =(pap2,2)= P22 + p1P2.2

such that ) )
H1 _ P2,1 — P22

M1 D2,2
5

(30)

(31)

(32)

30, it is possible

(33)

(34)



with solution

D22

The same procedure can be applied to Eq. 27. There are two possible combinations:

P22 = pafi,1,1 =(p2ps2)= f1ops,2 + p2P3,2 (36)

and )
Po1 = popsg =(p2fi1,2)= f2fii2 + pHafi2, (37)
such that

B2 fiaa— P32 psa— fia2

= 38
M2 P3,2 Ji1,2 (38)
Since p3 2 = fi1,1,1 + fi,1,2 it is possible to rewrite previous equation as
fii2Ps2 — fi1,2) — fii2P32 = P32psa — Psafiie (39)
or '
f12,172 = —p32p31 +p32fiie+ (P32 —P32)f112 (40)
a Riccati differential Equation.
Finally, there are three possible combinations for Eq. 23:
D3,3 = p3f2,2,1 =(usas)= fizas + psas, (41)
P32 = pafoi =(usfo2,2)= fisfo22 + 113 f2.2.2, (42)
and )
P31 = psao =(p3fo,1,2)= f13f2,1,2 + psfa,1,2- (43)
Thus, ) .
H3 _ f2,2,1 —as _ f2,1,1 - f2,2,2 _ ag — f2,1,2' (44)
u3 a3 f2,2,2 f2,1,2
Using the splits a1 = f2,1.1 + f2,1,2 and a2 = fa21 + fo2.2
(az — f2,2,2) —as o (a1 — f2,1,2) - f2,2,2 _Gg — f2,1,2
= = ; (45)
as f2,2,2 f21.2
such that )
f22_,272 =azfo22+ (a2 —az)fa22 —aza +asfo12 (46)
and ) )
f310= fanofor2+ (a1 — f222)f212 —aof222 (47)

form a coupled system of Riccati-like differential equations.
Previous equations are much simpler when the coefficients are constant, since most
of the rates are null. In this case, Eq. 35 simplifies to

o 22 »
D2,2
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the Riccati equation, Eq. 40 turns into a second order algebraic equation

fiio=—Ds2ps1 +psafiie (49)

and the system of Riccati-like differential equations, Eqgs. 46 and 47 reduces to

f300 = (a2 —a3)fa2 — azar + azfan 2 (50)

and
f22,1,2 =a1f21,2 — aof222, (51)

a coupled system of quadratic algebraic equations.

Thus, the main shortcoming of the proposed procedure is the evaluation of Equations
16. The larger the order of the differential equation, the harder is to find the coefficients
fn,ji at each step of the procedure to decrease the order. For general coefficients a;(t),
Egs. 16 result in a system of Riccati-like coupled differential equations and for constant
coeflicients a system of coupled quadratic equations.

Nonetheless, for linear second order equations the procedure can lead to very inter-
esting and practical results, as it will be discussed in the rest of this manuscript.

3. Linear second order ordinary differential equations

Consider a linear second order ordinary differential equation (ODE)

m(t)j(t) + c(t)y(t) + k(t)y(t) = f(t), (52)

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

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

We start by splitting ¢ as

mo1 = c= fa11+ f212, (53)
where f3 1,1 and fa; 2 are also function of time, but over C, such that

mi + fo1,19+ fa1,20 +ky = f. (54)

2,2 2,1

Multiplying the ODE by integrating factor us(t) results in

pom i+ profo119 + pafo120 + poky = paf, (55)
SN~~~ N—_—— N—— N~~~
p2,2 P22 p2,1 P2,1
or
P2,2¥ + P22y + D21y + P21y = paf. (56)
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Analysing the term )
P22 = p2f21,1 = (p2m) = figm + pam, (57)

it is possible to state that
H2 _ f2,1,1 —-m

58
o - (58)
Following the same procedure,
Do = fick = (p2fo2) = fiof21.2 + 2 f212 (59)
such that ) &
by _ k= faz (60)
2 Ja1,2
Thus, by relating Egs. 58 and 60, we obtain the particular form of Eq. 16
e k—
Jai1—m _ f2,1,2. (61)
m f2,1,2
Since ¢ = f2,1,1 + fo,1,2 it is possible to state that f2 11 = c — f2,1,2. Using Eq. 61
(C = fa12— m) fai2 = (k - fz,l,z) m (62)
such that '
fir2 = foaam—km+ (c—m)faz, (63)
is a Riccati differential equation *.
Equation 60 is a first order ODE with known solution
L
o = €xp k= forz d¢ (66)
Ja1.2

where f5 19 is obtained from Eq. 63. It is important to stress that only the particular
solution of the Riccati equation is needed.
By knowing ps it is possible to re-write Eq. 56 as

(p2,29) +(p2,1y) = pof (67)
such that integrating with respect to ¢ results in

(P2,.29) + (P21y) = /M2f dt + Cy (68)

—_—
h

1Conversely, it is also possible to define f2,1,2 = ¢ — f2,1,1 such that

— k— ¢ .
foaa = _ ¢+ f2,11 (64)
m c— f2,1,1

or
f311=—faram+ (h+c)fan1 — e+ (¢ — k)m, (65)
also a Riccati differential equation.

8



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

H1p2,2 Y + pap21y = pih (69)
e ad e ad
P1,1 P11
or
P11y + P11y = pah. (70)
Following the same procedure
P11 = pp21 = (pap22) = fup22 + pip2,2, (71)
such that . .
fn _ P21 —Pas )
M1 P22
with known solution )
11 = exp / P21 = P22 g (73)
D22
Equation 70 can be written as ]
(p1.1y) = mah (74)
integrating with respect to time results in
Py = /Mlhdt-i-cl (75)
such that ) 1
y=— [ pthdt+ —C0C. (76)

Cpia Pia
Thus, by using the definition of both p; ; and h

1 t t t
y(t) = OIBOLI0) /0 pa(t) </o p2(t) f(t) dt) dt+/0 p(t)C2 dt + Cy (77)

is the general solution for the second order ordinary differential equation stated in Eq.
52. This general solution can be split into its particular, y,(¢), and homogeneous, y(¢)
parts

1 t t
Yp(t) = m/{) Ml(t)/o p2(t) f(t) dt dt (78)
and
1 t
0 = L D Om® </o S Cl) | )

such that y(t) = y,(t) + yn(t). Constants C; and Cs can be found by considering the
solution at known t/values.

Thus, the proposed solution depends on the solution of a Riccati equation and always
results in integrating factors pq(t) and uo(2) function of ¢ only, disregarding the form of
the coefficients m(t), ¢(t) and k(¢).
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Solution of Eq. 63 is fundamental for the success of the proposed formulation. Indeed,
the solution of the Riccati equation is not an easy task if we consider general coefficients
m(t), c(t) and k(t). Nonetheless, only the particular solution is needed. Various analyt-
ical solutions can be found in the literature for specific forms of coefficients [6, 16, 10],
as well as numerical methods [9].

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

t2ij(t) — 2ty(t) + 2y(t) = 6t* + 41n(2). (80)
The coefficients are m(t) = t2, c¢(t) = —2t and k(t) = 2 and the excitation is f(t) =

6t2 + 41n(t).
The Riccati equation, Eq. 63, can be written as

fi10= t?fo12 — 262 — 4t fa1 9, (81)

with particular solution fs 12 = —t. Using Eq. 66

fo = exp/ —dt = (82)
Thus, p2o = pom =t~ and pa1 = paf12 = —t~2. Using Eq. 73
—t "+t
1 = exp/ — dt = 1. (83)

Complete solution is given by Eq. 77

t t t
y(t):r% /1{/ = (62 + aln()) dt}dt+/ 1Cdt+Cr | (84)
=t 0 0 0

such that
y(t) = (6t + 2) In(t) — 61> + 3 + Cot® + Cit, (85)

the analytical solution.

Example IT - Bessel equation
Consider EDO

20 + 10 + (¢ - 1) vl = 10 = ¢, (56)

with known values y(tp) = 9(to) = 0 at tp = 0.1. It is known that solution to this
equation is singular at ¢ = 0.
The corresponding Riccati equation, Eq. 63, is
2 24 o
fo12=0fan2—tf2a12+ i 7, (87)
10



whose candidate solution is a second order polynomial

f2,1,2 = 20 + 21t + 29t%. (88)
Applying this polynomial into Eq. 87 yields

2
z%—i—?zozlt—f— (2z0z2 + z%) 124221 2pt3 42214 = zlt2—|—2zgt3—zot—zlt2—22t3+z—t4, (89)
that simplifies to

t2
28 4 22021t + (2z022 + z%) t2 4+ 221 20t% + 25t = — 2ot + 1 + 2ot — 4, (90)

whose solution is zg = 0, z1 = % and z9 = 1.
Thus, the integrating factor, Eq. 66, is

/tz—}l—é—%tdt /tQ—Qit—idt (1)
= ex e = ex —_— .

Ho =P L P i

The polynomials in the integrand can be factored and simplified to

t— 3

L2 = exXp /(tif(z(i)2)dt :eXp(/—idt—;/idO, (92)

such that

[ = exp <it - gln t|) =172 exp (—it). (93)

The integrating factor to integrate the differential equation from first order to an
algebraic equation is evaluated using Eq. 73,

pi1 = t2 exp (it) . (94)
Solution is then given by Eq. 77

y(t) = 1= exp (—it) / exp (2it) / 1= exp (—t) f(£) dt dt +
Cit ™2 exp (it) + Cot™ 2 exp (—1it), (95)

and replacing the expression for f(t)

y(t) =72 + Cyt™ 2 exp (it) + Cot ™2 exp (—it) . (96)

Constants, C7 and C5, can be obtained by solving a system of linear equations

11



1

1 . -1 .
ty 2 exp (ito) ty 2 exp (—ito) {01} y(ty) — t(:%

=% t;, . =% t;% . C
ity > — %5 | exp (itg) — | ity > + %= | exp (—ito) 2

Using values at tg = 0.1 results in

woleo

y(t) =172 + (—0.4975 + 0.04992i) t 2 exp (it) — (0.4975 + 0.049923) t % exp (—it). (98)

Figure 1 compares the real part of the solution obtained by the proposed approach,
Eq. 95, with the solution obtained by using the Tsitouras 5/4 Runge-Kutta method [18]
with adaptative time step. The numerical solution starts at ¢t = 0.1 (dotted line) but the
analytical solution captures the singularity at ¢ — 0 (blue curve).

y(t)

1.5 H
""" Yrsirs (t)

1.0 f

0.5 f

0.0 [
0.0 2.5 5.0 7.5 10.0

Figure 1: Analytical response y(t) obtained for the Bessel equation (Eq. 86) and the solution obtained
by using a numerical method, yrs5(t).

3.1. Constant coefficients

Previous equations are much simpler when m, ¢ and k are constant since 1, ¢, f.'g’l’g
and k are zero. As m > 0, it is possible to normalize the equation by m such that

§(t) +ey(t) +27fy(t) = f(t), (99)
1



where ¢ = ¢/m, k = k/m and f = f/m. Tt follows that Eq. 63 reduces to an algebraic
quadratic equation

f22,1,2 =—k+cfaz (100)
with direct solution _
cte? -4k

faa2 = 5 (101)

a complex number when ¢ — 4k < 0 (under damped problems). Any one of the two
roots can be used. Equation 66 reduces to

Lo = exp (l;:t) (102)
where _
A (103)
" fane
and Eq. 73 to
t .
H1 = M = exp ((f271,2 — k‘) t) . (104)
exp (k‘t)

Thus, the complete solution is

y(t) = m /Ot exp <(f2,1,2 - k) t) (/Ot exp (kt) f(t)dt + Cz) dt +Cy

(105)
where the term
1
m = exp (7f27172t) (106)
such that
= exp (— X —k t xp (kt) f(t)dt + Cy | dt + C
y(t) ep( f2,1,2t) /Oep<(f2,1,2 )t) (/0 ep( t)f(t) t+ 2) t+Cy |,
(107)

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

yp(t) = exp (—fg’l)gt) /Ot exp ((fg,m — ]AC) t) (/Ot exp (l%t) f(t) dt) de ], (108)

and homogeneous parts

yr(t) = exp (_f2,1,2t) (/Ot exp ((fQ,LQ — ]AC) t) Cydt + Cl> , (109)

which can be further simplified to
13



yh(t) = exp (7f27172t) Cl + CQ exp (7]%75) . (110)

Particular solution for the constant coefficient case, Eq. 108, can be further devel-
oped if we assume some particular form for f(t). The following subsections are devoted
to investigate two situations: Continuous excitation (periodic and polynomial) and dis-
continuous (unitary impulse and Heaviside).

3.2. Continuous excitation functions

3.2.1. Periodic excitation

Lets consider a further hypothesis: excitation f(t) is periodic or its Fourier series is
convergent. Thus, normalized excitation f(t) can be represented as a series of exponen-
tials

Nk
F#) =" crexp (Bt + ¢r), (111)
k=1
where ny is the number of terms, ¢, € R is an amplitude, B = iwg € C is a complex
angular frequency and ¢ € C is a complex phase.

Previously, it was seen that the integrating factor is an exponential by definition, and
that the particular solution, i.e., the solution corresponding to the excitation function,
naturally appears through the successive integrations. These integrations are convolu-
tions over the integrating factor, thus, if the excitation can be expressed in terms of
exponentials, these convolutions can be trivially calculated. Applying Eq. 111 into Eq.
108 yields

Yp(t) = exp (— f2,1,2t) /Ot exp <<f2,1,2 - if) t) /Ot exp (kt) ick exp (Bt + ¢r) dt | dt,
k=1

(112)
using the multiplication property between exponentials
t . t T A
yp(t) = exp (*f27172t) / exp (<f271,2 — k) t) / Z Ck €Xp <(ﬁk + k) t+ ¢k> de¢ dt,
0 0 k=1
(113)
whose inner integral is trivial and results in
t R Nk " R
yp(t) = exp (—fg’l?gt) / exXp ((f2?172 — k) t) Z ];' exp ((ﬁk + k) t + ¢k) dt
0 =1 Pk
(114)
Again, rearranging the multiplication of exponentials, yields
bR
Yp(t) = exp (— fa,1,2t) / Z ~ eXp ((Bk + fan2)t+ ¢k> dt, (115)
0 k=1 ﬁk + k

14



which is again trivially integrated to

Nk

p(t) = exp (= fz1.0t k
Yp(t) = exp ( 212);(6”1«)(5%”2’1*2)

Ck

exp ((5k +f271,2)t+¢k> , (116)
such that

(117)

- xp (Brt + o)
pplt) = 3 O .
; (Bk + k) (Bi + f21,2)

Equation 117 gives a closed-form and analytic particular solution for any periodic
excitation or an excitation represented through its Fourier series expansion. It is worth
noticing that all constants given by the two integrations at time o = 0 were omitted for
they can be coupled to the constants C; and C5, which are by definition constants of
these very integrations.

Example with periodic excitation
Consider the ODE

§(t) +29(t) + 10y (t) = f(1), (118)
with initial conditions y (0) = 0.2 and g (0) = 0.0, where
f(t) = —cos (0.5t) + sin (t) + cos (1.5t — 1.5) — 2sin (2t) + 2sin (10t). (119)

For this example, one gets

k =10, (120)
f2,172 =1+ 34, (121)
k=1-3i (122)

By using well known relations

e~ i(wnttén) _ gi(wnt+on)

sin (wyt + ¢y) =i 5 (123)
- (sat+0n) 4 i(oatson)
—i(wpt+oy i(wnt+dy

cos (wyt + ¢y) = £ 2—|—e ) (124)

one gets the excitation in a complex form as

fT _ 7%60'5” o 3670.51‘1& o %eit + %efit + %el.Si(tfl) 4 %el.Si(lft)+

10
,L'62Zt _ ie—?lt _ ielOzt + ie—lOzt — E Cjeﬁjt-i-d)j. (125)
Jj=1
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Looking at Eq. 125 and the series explicit in the end, an algorithmic approach may be
derived by writing these coefficients and powers in a tabular manner, as in Tab. 1. Using
such matrix representation, all the parameters needed for each operation of the sum can
be summarized in each column. Thus, the summation can be carried out column by
column, as the row with the index j in Tab. 1 hints.

Table 1: Tabular representation for the excitation.

J 1 2 3 4 ) 6 7 8 9 10
¢ —-05 =05 —0.5¢ 0.57 0.5 0.5 1 - =t 1
8 0.5i —0.5¢ 1 —1 1.5 —=1.5¢ 2t -2t 10¢ —10¢
¢ 0.0 0.0 0.0 00 —-1.5¢ 15 00 00 00 0.0

Following Tab. 1 to evaluate Eq. 117 yields

—T848i g5 18+8i _gre 2+9% 5  —249 4
- - _ 27, —

Y= mgr © 1537 170 © 170
62 =24 1 5igory | 024240 500 2430 5p
1105 1105 26
2—3 _2it -2 + 97 104t 2 + 9 —104t
b _ g 126
726 e + 350 (& 350 € ) ( )
and for Eq. 110
__k_
yn = Coe” T2’ 4 Cre 12t (127)
or
Y = Coel~1+30t | 0 o= (1430}t (128)

The homogeneous solution, yp, is straightforward. Using Eq. 126 and Eq. 128 at
t = 0, the integration constants came out as complex conjugates, Co =~ 0.10564 —0.119801
and C7 ~ 0.10564 + 0.119803.

Figure 4 shows the real part of the solution for both the homogeneous and the partic-
ular solutions (top) as well as the complete solution (bottom). The solution was obtained
for a time span of 40s with intervals of 0.1s. It is worth mention that although y(¢) is
complex, the maximum amplitude of the complex part of the response was 8.3267 x 1017
in the analysed time interval, which is zero when compared to the real part.

Since it is known that the response to this problem is real it is worth showing that
this is indeed just a matter of representation. To this end, Eqs. 126 and 128 can be
transformed to a real-valued form by applying Eq. 123 and Eq. 124 in reverse,

6 6 . 2 9
Yp = ~1p3708 (0.5¢) — 5375 (0.5t) — 3508 (t) + 35 5 (t) +
124 48 2
15(t—1 in (1.5(t—1 — 2t) —
1105608( 5( ))—|—1105sm( 5( ))—|—13005( )
3 . 2 9
T35 (2t) — 19508 (10t) — 1255 (10t), (129)

16
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homogeneous

.| U/\\/Av/\v/\u/\\/vﬂv/\u/\w/

displacement [m]

time [s]

=04}
é 0 complete solution
2 02}
(]
E oot
()
O
L —02¢
o
0
-6 _04 [ 1 1 1 1

0 10 20 30 40

time [s]
Figure 2: Particular and homogeneous solution (top) and complete solution (bottom).

and

yn = Coe 'cos (3t) + Cre~'sin (3t), (130)

with Cy ~ 0.2107 and C =~ 0.0702. Complete solution y(t) = y,(t) +yn(t) is correct and
satisfies Eq. 118 for all ¢.

3.2.2. Polynomial excitation
Assuming a polynomial excitation in the form

f(t) = ick (t—ts)", (131)
k=0

where c;, € R are coefficients, n, is the number of terms and ¢; € R a time shift.
Applying Eq. 131 into Eq. 108 yields

Yp(t) = exp (— f2,1,2t) /Ot exp ((f2,1,2 - l;:) t> /Ot exp (l%t) i e (t—t)Fdt | at,

k=0
(132)
as integration is a linear operator, the summation can be transferred to the whole inte-
gration and the coefficient of each power of ¢ can also be put out of the integral,

17



Up(t) = exp (—fa,1,2t) ]ick /Ot exp ((fz,l,z — k) t> (/Ot exp (kt) (t—t)F dt) dt.

(133)
The convolution of a polynomial over an exponential is recursively evaluated using

integration by parts. For it, let the power of ¢ be a positive integer «. The first integration
by parts is

/Ot exp (Bt) (t — t,)* dt = /Ot (; eX];) (Bt)> () dt

t
% exp (BE) (t — ,)°

0

- %“/ exp (B) (t — )" dt, (134)

such that another convolution with a smaller power appeares in the RHS of Eq. 134.

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

/O exp (Bt) (t —ts)" dt = % (t —ts)" exp (Bt)
0
1 9 t 1 3 t
(=) att—t)* Texp(Bt)| +(3) ala—1)t—t)* *exp(Bt)
(5) () 0
1 ! a—3 t
— ala—1)(a—=2)(t—ts)" " exp(Bt)
(5) 0

+(=1)“ <;)aa!/exp (Bt) (t —ts)* “ dt. (135)

Rarranging the terms,

/0 exp (Bt) (t —ts)" dt =

t

= 3 m (t— ts)a_l+1 exp (B1) O
+(-1)° (;) al exp (ft) (;) (136)

which can be further simplified to

18



/0 exp (Bt) (t —ts)* dt =

a+1 1 t
S (-t (1) e () e (31

(137)
B) (a—1+1) o

Applying this result to Eq. 133 and neglecting the evaluation of this integral at ¢ = 0,
since it can be summed with constant Cy, yields

s t R k+1 -
yp(t) = exp (= fa,1.2) ’;)Ck/o exp <<f2,172 — k) t) ; (-1t (k) l
(,C_I;!H)! (t—ts)" T exp (kt) dt. (138)

Rearranging terms, using the linearity of the integration operator and defining r =
k—1+1

Np k+1

yp(t) = exp (_f2’1’2t) Cp (—]_)lJrl (]AC) - k"/o exXp (fg’l’gt) (t - ts)r dt. (139)

r!
k=0 1

Using the result from Eq. 137,

np k41

R
Yp(t) = exp (— fa,1,2t) ’;)Ckz_: H() (r)!

= 1 ! 1
S () (=) P exp (fan0t) (140)
= (r+1—p)!
that can be further simplified to
A 0+ (i TR r! +H-p (14
2N (-1 P (t—t) TP (141
; ; ( ) T';( ) f2’1’2(7"+1*p)!( ) ( )

which is itself another polynomial.

Example with polynomial excitation
A common example of excitation in electric circuitry analysis is the ramp function, a
polynomial of first degree. Consider the ode subjected to

§(t) +29(t) +10y(t) = f(t) =1, (142)

with (0) = y(0) = 0, t € [0,4]s.
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Steps used to solve Eq. 141, y,(t), are depicted in an algorithm form in Alg. 1,
resulting in y,(¢) = 0.1t — 0.02. The homogeneous solution is given by Eq. 110, that
yields a system of equations for its integration constants, C; and Cs,

exp (0) exp(0) | [C1] _ [y(0) —y,(0)
[—fz,l,zexp ) ~kexp <o>] et =10 n) (149)
which simplifies to

e {a) = {00) )

whose solution is C; = 0.0100 — 0.0133i and Cs = 0.0100 + 0.01337. Thus, the complete
solution is

y(t) = 0.1t — 0.02 + (0.0100 — 0.01337) exp (— (1 + 3i) t) +
(0.0100 + 0.0133¢) exp (— (1 — 3d) ¢) (145)

Algorithm 1: Evaluation of Eq. 141

k=0
Co = 0
k=1
Cc1 = 1
A\ —1
=1 = ()" (k) H=01+03
p=1 = (1" flamiogy (1) " = (0.1 - 0301
p=2 = (1" o ba gty (0= )7 = 008+ 0.06i
N —!
=2 = (—1)'*! (k) K — 0,08 — 0.06i
p=1 = ()" Ll oy (= t) TP =01 - 0.3

Yp = (1(0.1+0.3¢) (0.1 — 0.34) ) + (1 (0.1 4 0.37) (0.08 + 0.06i)) +
(1(0.08 — 0.067) (0.1 — 0.34))
yp = 0.1t — 0.02

The complete solution, Eq. 145, is then compared to the numerical solution obtained
by using the Tsitouras 5/4 Runge-Kutta method [18], Fig. 3.2.2. Both solutions converge
to the same result.

3.8. Discontinuous excitation functions
3.3.1. Particular solution due to unitary impulses - Dirac’s deltas
Consider that the normalized excitation f(t) is given by ns Dirac’s deltas at times ¢,

ft)= i crd(t —ti), (146)
"o
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Figure 3: Comparison between ramp solutions using Eq. 145 (green) and using the numerical method
[18] (blue).

with coefficients ¢, € R. Particular solution given by Eq. 108 can be written as

Yp(t) = exp (—f2,1,2t) /Ot exp <<f2,1,2 - l%) t) /Ot exp (l%t) ickd(t —tg) dt | dt,
k=1

(147)
or, using the linearity of the integral

yp(t) = gck exp (— f2,1,2t) /Ot exp ((fz,l,z - k) t> (/Ot exp (kt) S(t —tr) dt) dt.

(148)
The inner integral can be found by using the Filtering property of the Dirac’s delta
( Appendix, Eq. 214), such that

/t exp (kt) S(t — 1) dt = exp (l%tk) H(t —ty) (149)
0

where H(t — t;,) is the Heaviside function at t;. Thus,

yp(t) = ch exp (—f2,1,2t) /0 exp ((fg,m - ]AC) t) exp (l%tk) H(t —tg)dt,  (150)
k=1
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or

= ick exp (—fg,mt) exp (l%tk) /t exp ((fm,g — l%) t) H(t — ty) dt. (151)
k=1 0

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

[ w0 pomte—n)at = [ exn (50 ot~ e [ e () st

ty

=0
(152)
where (3 is a generic exponent, such that

/Ot exp (Bt) fr(O)H(t — ty) dt = (/t exp (Bt) fr(t) dt) H(t — tg). (153)

173

Thus, Eq. 151 can be written as

- i crexp (—fa1.0t) exp (k:tk) /t exp ((fz,m - k:) t) dt H(t —ty),  (154)
k=1

tr
or
ns cn .
) =3 —% <exp (k(tk - t)) — exp (for2(tk — t))) H(t—1).  (155)
1 o2 —k
Additionally, for under damped problems, fs ;2 is complex and k= m = f312
(where * stands for complex-conjugate). Thus
ns c
k . _ _
=Y —p— (efm:z(tk ) _ ef2r2(t ”) H(t —t1,), 156
w®=3 55t (¢~ 1) (156)

or

ns

Z (fz,l,z)(tk*t) (e*i%(fz,l,z)(tk*t) _ ei%(fz,l,z)(tk*t)) H(t —tr)
f2 1, 2)

(157)
and user Euler’s identity for sin
ns
Cl —t) .
Yp(t) = Z meﬁ(h’l‘z)(tk t) sin (S(fo,1,2)(t — t)) H(t — ty). (158)

Example with unitary impulse
Consider the problem
22



2ij(t) + y(t) + 2y(t) = 6(t — 5), (159)
with y(0) = ¢(0) = 0. The analytical solution is [5]

0 t<b

Py VM 1io
\/ﬁe S 1

From the data, ¢ = 1/2, k=1, ns =1andt; =5 Constant f2,1,2 can be found by
solving Eq. 101 such that f3 12 = 0.25 + 0.968247. Equation 155 reduces to

1 . .
0 = ( (0.25—0.9682i)(5—t) _ (0.25+0.96824z)(5—t)) i—5 161
() = 35968217 \° © H(t—5) (161)

and, although complex, has negligible complex values, matching the analytical solution.
Alternatively, using Eq. 158

1

= 0.25(5—t) _ B
2(0.96824) sin (0.96824(t — 5)) H(t — 5) (162)

Yp(t) =
which is also identical to the analytical solution provided by [5].

8.8.2. Particular solution due to step functions - Heaviside
Let the excitation be defined as a sum of functions fj(¢) multiplied by a step functions,

()= S Sty 1), (163)
k=1

Inserting Eq. 163 into Eq. 108 yields

yp(t) = exp (— fo11) / Cexp ((fQ,m - §) t) / "exp (i) S et — 1) de
k=1

(164)
as integration is a linear operator,

Zexp fglgt /Otexp<(f2717212:)t)/0texp( )fk() (t — tx) dt dt.

(165)
Using Eq. 153 in Eq. 165 for the inner integral results in

Zexp —fa12t) /Ot exp ((fu2 — k) t> /t exp (kt) Fr(t) At H(t — ty,) dt,

tr
(166)
and for the outer integral
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nzkexp (—fo12t) /ttexp((fugl}:) t> /texp (kt) Fe(t) dt dtH(t — tg,).

ty
(167)
Example with Heaviside function
Counsider the problem from |[5]
0, 0<t<h
gty +4y(t) = f(1) = {55, 5<t<10
1, t>10
y(0) = y(0) =0, (168)
such that the excitation function can be written as
- t—5 t—10
f) = ?H(t —-5)— TH(t —10). (169)
Using Eq. 101
0+4++0—16 .
Jai2 = —y =2 (170)
and Eq. 167
_2zt </ / —2it ( — >dt dt%(t _ 5)
44t —oi (10—
e e dt dtH(t — 10) (171)
¢ 5 5
such that
(z’e‘“t i (4610it _ 20@10i) o2t _ 2-6201‘) o—2it—10i
t) = t—>5
up(0) - Mt —5)+
(Z-e4it 4 (4620it _ 4Oe2Oi) o2t _ 2-6401‘) o—2it—20i
— 20 H(t — 10). (172)

Figure 4 shows the real part of the solution given by Eq. 172 (the maximum complex
part has a magnitude of 1 x 107!® when Eq. 172 was evaluated). This solution matches
the result given by [5].
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0.0
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Figure 4: Real part of the solution, Eq. 172, for problem defined in Eq. 168.

4. Further extensions - discrete or hard to convolute excitations

The general solution, Eq. 108, can be used for general as well as some particular
continuous forms of excitation f(¢). Nonetheless, sometimes we are interested in using
excitations only known at discrete time steps t; or using some f(¢) hard to evaluate
by convolution, although the integral of f(¢) itself can be easy to evaluate (at least
numerically). These cases can be addressed by using Heaviside series.

4.1. Heaviside series

Let a function f(t) be approximated as a series of polynomials cj ,,t™ up to power
n., multiplied by Heaviside step functions at nj discrete time steps ty,

NE NMm
FO=FO =D crmt™H (t—t). (173)

k=0 m=0
As the function is essentially approximated by a polynomial of order n,,, it is fair to
say that Eq. 173 provides an approximation of order n,, for f(t), much like using Taylor
series. Nonetheless, the coefficients of the polynomials are updated according to ¢, such
that there is no need to center the approximation around a point like in Taylor series.

Thus, the calculation of coefficients ¢, is carried out differently.

The main idea for evaluating the coeflicients cj ., is to preserve the integral of the
original function, f(¢) and its derivatives at each point t;. Examples with zero, fist

25



and second order approximations are presented in the following and provide a glance
at the niche of application of this series representation. The application and advantage
of representing the excitation function as a series of Heaviside steps is shown in Fig.
5, where the use of the integrating factor (and its convolution) is straightforward even
beyond the subspace of excitation functions whose convolution is simply calculated.

Application of
Heaviside series

Ease to
convolute

Space of functions
R->R

Figure 5: Diagram of the extension of the function space covered by the use of Heaviside series rep-
resentation as excitation function, despite the simple convolution of the original excitation with the
exponential function.

The Heaviside series extends the viability of the integrating factor technique to exci-
tation functions that are easy to integrate (inner integration in Eq. 108) but are hard to
convolute. These series also allow the consideration of excitation functions (or distribu-
tions) defined on discrete domains, as summarized in Fig. 5.

4.1.1. Zero order approrimation
For zero order approximation, n,, = 0, Eq. 173 reduces to

f(t) = chm (t —tg,). (174)
k=0

Using the preservation of the integral of f(t) at each interval ¢ € [t;,¢;41] and the mean
value theorem for integrals

1 ti+1

l
f6) =2 e =37 F)dt, t <t <t (175)
k=0 t

where At; = t;11 — t;. Thus, the I-th coefficient, ¢;, is evaluated by

1 tig1 -1
g =-— t)dt — Ck- 176
=an ) SO > o (176)
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4.1.2. First order approximation
For first order approximation, n,, = 1, Eq. 173 reduces to

N

F=(cro+ceat)H(t—t).

k=0

The approximation at interval ¢ € [t;, t;41] is given by

l l

f(t) = ch,o + ch,lt =aog,; +aygt, 6 <t <141,
k=0 k=0

The slope of this polynomial, a; ;, can be tailored to be equal to

[ ti) = f ()

1,1 Atl )

(177)

(178)

(179)

which, by the mean value theorem for derivatives, guarantees that the derivative of
f(t) coincides with the derivative of f at one point within the given interval, at least.

Coeflicient ag; is obtained by

tig1 N a tit1
/ Ft)dt = ag Aty + % (t%H - t%) = / Ft)dt,

t ty
such that,

1 ti11 ay
= tdt——’(t2 —t2>.
=g | IO R (e

Thus, using Eq. 178, the coefficients are evaluated as

1 tr+1 a1 5 5 -1
= £ dt — —= (t —t ) -
1,0 Al /tz f(t) oAt '+ 1 I;)Ck,o

and -
flti) = f(t)
Cl1= Al — ];ck 1

4.1.8. Second order approximation
For second order approximation, n,, = 2, Eq. 173 reduces to

ng

f(t) = Z (Ck,o +cpat + Ck,2t2) H(t—tr).

k=0

At interval ¢t € [t;, t;41] the approximation function is given by

! ! !
ft) = ch,o + Z Crat + Z Cr 2t = aos + ayt + ag t?, b <t <ty
k=0 k=0 k=0
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For this order of approximation, the first derivative of the Heaviside series represen-
tation is set to be equal to the derivative of f(¢) at the vicinity of each time point ¢,
what gives the advantage that the first derivative is smooth, although not defined at
points tx. Thus, the derivative of the representation, f , is continuous in the domain
Q: (—o0,00)={t;},1 €0,1,...,nk. It is straightforward to observe that, if f is differen-
tiable at ¢;, t; is an accumulation point and the limit of the derivative of f converges from
both the left and the right sides. These conditions yield a linear system of equations

2a2,1t141 + a1, = f(tl+1) ; (186)

and .
2a0 1t + a1, = f () (187)

whose solutions are the coefficients a1 ; and as ,

as,; = —f (tH;)A; S () ) (188)

and )
a1, = f (t1+1) - 2a2,ltl+1. (189)

Using the mean value theorem for integrals, one gets the coefficient as to make the
integral of the representation equal to the integral of the represented function at each
point ;. Hence, the integral of the representation is

tiya a
/ ast® + art + ap dt = 3 (tm t?) + ?1 (t?H — t?) +ag (g1 — 1),  (190)

t

which, comparing to the integral of the represented function, reduces to

IRV 1 ay 3 1 ap 5
aO_Atl/t, f(t)dt — AL 3 <t1+1 tz) AL 2 (tl-',-l tl)' (191)

Turning these equations in terms of ¢y ; yields

£ (t) —
_ 192
L2 2Atl ch2, (192)
. -1
a1 = f(tiy1) — 2az,ti41 — Z Ch,1 (193)
k=0

and

LM e L (- 17) - Lo (7. - 1) li (194)
Ay, Ap 3 T ) T Ay o T 2
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4.2. Heauviside series as excitation function

Let the approximation function, f, of Subsec. 4.1.1, 4.1.2 and 4.1.3, be used as
excitation functions for for ordinary second order differential equations with constant
coefficients. Let the order of the approximation be equal to ng,

N Nk

f = ZZC’CJHH (t—tx) . (195)

k=0 1=0
Thus, applying Eq. 195 in Eq. 167 and using the linearity of the integration operator
yields

Ng Nik t . t R
Z Zexp f2,1,2t / exp ((f271’2 - k:) t> / exp (kzt) cthl dtdt H(t — tr).
k=1 (=0 b b
(196)

The inner convolution is evaluated by using Eq. 137

Nk Nik t I+1

. . i

t) = Z Zcm exp (—f2,1,2) / exp <<f2,1,2 - k) t) Z(_l)p+1 (k) —p 7ts exp (k:t)

k=11=0 tk p=1

I+1 N—=p I )
=3 (et (k) Sthexp (k:tk) dtH(t — t4)(197)

p=1

where s =1 — p 4+ 1. The integral of the outer convolution is split among its integrands,

nE Nk t I+1 NP ]!
Z Ck,l exp fg’l,gt) / exp (fg}l’gt) Z(_]_)P"Fl (k’) —'ts dt
k=1 1=0 th p=1 s
t R +1 N-p ]!
—/ exp (fz,mt —k(t— t)) 3 (et (k) Sthdt | At —t). (198)
ti p=1 ’
Taking the constant terms out of the integrals
nE Nk I+1 ) -
— -+
t) = Z Z Chy exp (—f2,1,2t) Z(*l)p (k‘) J /t exp (fa,1,2t) t° dt

k=11=0 p=1

+1

_ Z )P+t ( ) - i—"tz /tt exp (f2,1,2t — ke (ty, — t)) dt | H(t —tx), (199)

which has, then, the first convolution evaluated again using Eq. 137, and the second
convolution evaluated by simple integration,
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I

Nik +1 -p s !
wlt) = 3t~ t0) ZCM@XP ~fa1a) ¢ Do (-1 () i!!{z(_l)qH <f2112>

k=1 p=1 g=1

s+1 q |
<s+<i)'—q>ts+l exp (farat) - Z(_l)Hl(f;m) (s+i—q>!’f2“qexp(fzyl,ztk)}—

q=1
1+1
P ]! N - 1
Z(—l)p+1 (k) 7@ exp <f2,172t + k (tk - t)) — exp fz’l,gtk + k (tk - tk) I — (200)
1 s! ——— 21,2 — k
Rearranging the terms
Nk +1 N-p ]! s+1 1 q
Yp(t) = Z (t —tx) chz Z 1Pt (k‘) ] (1)t <f>
k=1 =1 L1 2,1,2
141
s! 1 NP
7t5+1 75 +e tp — 1 E— 1P (& —17
(S + 1-— q) } P (f2’112 ( i )) { 2,1,2 — k pzz:l( ) ( ) 8! k
I+1 s+1 q
P [ 1
_ 1Pt (L l —1)et! $5+1—a
[;( ) ( ) 8! q=1( ) f2,172 (8 + 1 — q ' k
. 1 I4+1
—exp (k(ty —t)) | ———— (— 1)1’+1 —tk (201)
(=) (72 7) 2
which, with further simplification, can be written as
ng Nk I+1 p s+1 1 q
)= 3 HE -3 e S () TGSy (f )
k=1 1=0 p=1 g=1 21,2
141
s! P ! t;
ts+1q}+ex tp —1 1P (& ——k
(s+1—gq) P (f212 (t — 1) Z;( ) ( ) U\ fone —k
s+1 q
_ Z( 1)att 1 s! tz—i-l—q
— for2) (s+1-9)!
R 1 I+1 vl
—exp (E(tp —t) . (—1)PT (k) =t p. (202)
( ) <f2 12— k) ; ( ) !



4.2.1. Initial conditions and the Heaviside series

Let a second order ordinary differential equation have a function f(¢) multiplied by
a Heaviside step as excitation function,

§(t) +ey(t) + ky(t) = FOH (t —to), (203)

which is the same as solving two differential equations,
i1 (t) + e (t) + kyi (t) = 0, if t <t (204)
ijo(t) + €2 (t) + kya(t) = f(t). otherwise ’

At tg, the initial conditions of yo must be equal to the values of y; and its derivative at
this point, i.e., y1 (to) = y2 (to) and ¢ (to) = ya (to). As there is no excitation before tg
and a purely particular solution is sought after, the solution between t = 0 and ¢t = ¢y is
y1(t) = 0 and, consequently ¢;(t) = 0. Thus, it follows that y2(t9) = 0 and y2(t9) = 0.
This phenomenon is illustrated in Fig. 6.

0.149 r

0.112

displacement [m)]
o
o
~
N

0.037

0.000

time |s]

Figure 6: Solution of a linear second order differential equation with constant coefficients due to unitary
Heaviside step at ¢o as excitation function (under damped case).

It is straightforward that this holds true even when ty — 0. Therefore, all solutions
given by Eq. 202, i.e. using Heaviside series as excitation function, have y,(¢t) = 0 and
Up(t) = 0 as fixed initial conditions. Thus, the imposition of non-homogeneous initial

conditions, y (t;,) and g (tin), at t;, < to gets even simpler, through the following system
of linear equations,
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exp (= fo,1,2tin) xp (_l%ti”) {Cl} - {y (ti")} , (205)

—f2,1,2€xp (*fz,l,ztm) *I%GXP (*iftm)

which, particularized for t;, = 0, simplifies to

e =i (9

1 1
—f212 —k

whose solution is

9(0) + f2,1,29(0)
foi,2— k
C1 =y(0) — Ca. (208)

Cy = , (207)

Thus, the constants C; and C5 can be evaluated without any knowledge about the
derivative of the particular response.

4.2.2. Examples

The following second order differential equation with constant coefficients is used to
show the use of Heaviside series as excitation function

i(t) +29(t) +10y(t) = f(b). (209)

The periodic excitation was first addressed to compare the analytical solution (Subsub-
sec. 3.2.1) with a solution using Heaviside series representation as excitation function.
Then, an example using a random (Gaussian-distribution) was evaluated. The objective
of the first example, beside comparing the representation with a purely analytical solu-
tion, is to show a common case of excitation in Engineering and Applied Mathematics,
but without representing the periodic signal as Fourier series. The objective of the second
example is to show the usage of Heaviside series representation when there is no explicit
formula for the excitation function.

Example I: Let the excitation function f(t) = sin(4t) be represented by Heaviside
series with four fixed At: 0.2s, 0.4s, 0.6s and 0.8s. Figure 7 shows the original excitation
function with blue cross symbols and four different zero order approximations, one for
each At. Figures 8 and 9 do the same but for first and second order approximations,
respectively.

One may observe that the zero order approximation represents the function rather
poorly and, thus, needs even smaller steps of time. Quadratic approximation takes the
best shape, with smoother corners, but gets out of phase and reduces its amplitude
prematurely, much like what happens with zero order approximation. The odd behavior
observed in the second order approximation is due to Eq. 188, since for large At the
approximation enforces two very different slopes in the same interval. The amplitude
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of the linear approximation proved to be less vulnerable to the increase of At in this
example.

Figure 10 shows the solution obtained with Eq. 202 due to excitation of zero order
approximation of the sine function. Again, the same four different At were tested, and
the solution using Eq. 202 was compared to the solution due to harmonic (Eq. 117)
excitation with initial conditions of y(0) = y(0) = 0. Figure 11 and Figure 12 show the
same procedure with first and second order approximations, respectively.

It is straightforward to see that the zero order approximation performed worst, losing
amplitude even for small A¢. The second order approximation yielded slightly better
results, but out of phase for At = 0.8, as expected. Solutions obtained by using the first
order for At 0.2s and 0.4s matches the result given by Eq. 117. It is also perceptible
that the loss of amplitude is not linearly dependent to the increase of At, as the rate of
decay of amplitude grows with the increase in At.

It is worth noticing that the analytical solutions obtained herein are not dependent
on At. The dependence only appears when using the Heaviside series representation for
f(t). In this case, one can compare the dependence of the solution with respect to At
with traditional numerical integration methods, like the Newmark-Beta, for example. In
such case, even when using an unconditionally stable integration methods, there are some
constraints on At to avoid aliasing. In the example studied in this section, the smaller
period associated to the loading is 7/2 seconds, such that At < 0.15s (preferable less)
are to be used to obtain a good representation of the response [11].

Comparison between f(t) and f(t)

10}
ﬁ —— £

——— f(t), At—0.2s

- A —— f(t), At=0.4s

W ——— (), At~ 065
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0.0 r

T Jﬂl JH
il
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time [s]

force |N]

Figure 7: Comparison between the original excitation function (blue) and the representations using
Heaviside series, f(t), using zero order approximation with different discretizations.
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Comparison between f(t) and f(t)
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Figure 8: Comparison between the original excitation function (blue) and the representations using
Heaviside series, f(t), using first order approximation.

Example II

A set of randomly generated points, obtained by using a Gaussian distribution, is
used as the excitation function in this example. Figure 13 shows the random points as
blue crosses and the zero order approximation. Figure 14 also shows the random points
and the linear approximation.

The second order approximation cannot be used in this example, since there is no
information about the derivative of the original excitation function. Constants a for the
approximations are evaluated by using the mean value theorem for integrals. Thereby,
the integral for a discrete set of points is taken using trapezoid rule between each adjacent
pair of points. Consequently, the step At is equal to the time between two subsequent
points.

Figure 13 shows the comparison of the solution obtained by using first order approxi-
mation by Heaviside series, g1 (t), by using zero first order approximation by Heaviside
series, §mo(t) and by using the Tsitouras 5/4 Runge-Kutta method [18] with linear in-
terpolation for f(t). A total of 91 time steps were needed for the Tsitouras method to
match the solution obtained by using the first order Heaviside series (50 points). Solution
obtained with the zero order Heaviside series (red) show some discrepancies with respect
to the amplitude at most of the peaks.
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Comparison between f(t) and f(t)
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Figure 9: Comparison between the original excitation function (blue) and the representations using
Heaviside series, f(t), using second order approximation.
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Comparison between y(t) and ()
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Figure 10: Comparison between the solutions of the differential equation using the original excitation
function (blue), and the solutions with Heaviside series as excitation function, g, using zero order ap-
proximation.
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Comparison between y(t) and ()
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Figure 11: Comparison between the solutions of the differential equation using the original excitation
function (blue), and the solutions with Heaviside series as excitation function, ¢, using first order ap-
proximation.
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Comparison between y(t) and ()
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Figure 12: Comparison between the solutions of the differential equation using the original excitation
function (blue), and the solutions with Heaviside series as excitation function, ¢, using second order
approximation.
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Comparison between f(t) and f(t)
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Figure 13: Comparison between the original excitation function (blue) and the representations using
Heaviside series, f(t), using zero order approximation with At = 0.2s.
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Comparison between f(t) and f(t)
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Figure 14: Comparison between the original excitation function (blue) and the representations using
Heaviside series, f(t), using first order approximation with At = 0.2s.
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Figure 15: Solution of the differential equation using first order approximation Heaviside series excitation,
ym1(t) (green line), using zero order approximation Heaviside series excitation, §ro(t) (red line), and
using a numerical solver, yrs;t5(t) (blue dotted line).
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5. Conclusion

This work proposes a new technique to solve one dimensional linear ordinary differ-
ential equations of order n > 2 by a generalization of the Leibniz integrating factor for
first order linear differential equations.

The methodology was applied to second-order ordinary differential equation, since
this type of ODE is of great importance in Applied Mathematics, Physics and Engi-
neering. Special care was devoted to the constant coefficient case for different types of
excitations. Various analytical excitation functions yielded analytical solutions in closed
form, like periodic and polynomial functions. Closed form solutions were also obtained
for discontinuous excitation, as for Dirac’s delta impulse and Heaviside step function.
The Heaviside case was particularized for steps multiplied by polynomials, enlarging the
range of applications with analytical solutions. In contrast to previous and well estab-
lished methods, like undetermined coefficients and Laplace transform, no knowledge of
a candidate solution nor the calculation of a inverse transformation was needed. The
solution was instead analytically derived by means of double convolutions.

The Heaviside series representation was derived by using the closed form solution
obtained for Heaviside excitation multiplied by polynomials. Examples showed the ef-
fectiveness of representing a function as a series of Heaviside steps, thus, augmenting the
set of excitation functions solved within the generalized integrating factor method. A
discussion about the discretization of the series was performed and shed light about the
advantages of the proposed methodology compared to numerical alternatives, due to size
of discretization, representation capability and the use of analytical solutions.

For differential equations with general coefficients, the integrating factor depends on
a particular solution of a Riccati differential equation. It was shown that the coefficients
themselves might help finding a particular solution rather easily. Thus, the Riccati
differential equation poses no strictly direct barrier to the wide application of the method,
capable of giving accurate results and requiring no assumptions of solution candidates.
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Appendix - Convolution over Dirac’s delta distribution

The convolution of a function over a delta of Dirac is usually defined as [13]

/jo F@)(t—tg)dt = f (tr). (210)

The integration limits can be split as

[e%e) 0 t [e’e]
[ f(t)5(t—tk)dt:[ f(t)é(t—tk)dt+/0 f(t)é(t—tk)dt+/t FO)5 (= to) dt,

(211)
for t; strictly positive, the integral from —oo to 0 is 0 by definition, thus, the integral
from 0 to ¢t can be rewritten as

/Ot £(6) (t—tk)dt:/_oo f(t)é(t—tk)dt—/too FOS (-t dt.  (212)

The filter or sifting property of the delta of Dirac is due to the shape of this dis-
tribution, i.e., it is null everywhere except in its discontinuity, thus, the function that
multiplies the Dirac’s delta is constant at this point, for the discontinuity of the delta
distribution is infinitely close to the t; point. Therefore, the value of the function can
be taken out of the integral and the definition of the Dirac’s delta is used to show that

oo bt bt
[ fws-nyde= [T s -wde= s [ 56— w)de= rie),
o0 k—T k—T (213)
hence, Equation 212 can be rewritten to
| sty =rw) - s {17 = feRE- ). (21
0 ) <t
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