Additional operational properties

How to find the Laplace transform of a function f(¢) that is multiplied by a monomial
"', the transform of a special type of integral, and the transform of a periodic function?

Multiplying a function by ¢
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Theorem: Derivatives of transforms

If F(s) = L{f(r)}andn =1,2,3,... then

dl’l
L{" fo} = (-1)" gt )

Example 1: L{t sinkt}

With £(¢) = sinkt, F(s) = k/(s* + k%), and n = 1, the theorem above gives

d d k 2ks
t sinkt} = —— inkt} = —— = —
LAz sinke) dSL (sin krj ds (S2 + k2) (S2 + k2)2

Evaluate £ {t2 sin kt} and L {t3 sin kt}.



Example 2: x” +16x =cos4t, x(0)=0, x'(0)=1
The Laplace transform of the DE gives

A

s2+ 16
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(s> + 16)X(s) = 1 +

X(s) =

In the example 1 we have got

2ks
~1 .
L {—(s2 - k2)2} =t sinkt

and so with the identification k£ = 4, we obtain

1 -1 4 1 -1 8S 1 . 1 .
x(t)=-L +—-2/L ———— % = —sindt+ —t sin4t
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Transforms of Integrals

Convolution

If functions f and g are piecewise continuous on [0, co) then a special product, f = g,
defined by the integral

!
frg= fo (et - T)dr @)

is called the convolution of f and g. The convolution f = g is a function of ¢.
Example:

! 1
el «sint = f et sin(t—71) dt = 5(—sint—cost+et)
0



The convolution of two functions is commutative:

A {
fxg= fo f(r)g(t —7)dr = fo f@-ngndr=gx* f (3)

The Laplace transform of the convolution f * g is the product of Laplace transforms of
f and g, thus we can find the Laplace transform of the convolution without performing
the convolution integral.

Convolution theorem

If f(¢) and g(¢) are piecewise continuous on [0, co) and of exponential order, then

LA{f =g = L{fO} L{g(D} = F()G(s). (4)

The Proof: see D.G. Zill et al., Advanced Engineering Mathematics, 4th Ed., p.222.



Example 3

I 1
s—1's2+1  (s=1)(s2+ 1)

L{et*sint} = L{fteTsin(t—T) dT} = L{et},[{sint} =
0

Inverse form of the convolution theorem

LYHF()Gs)) = f+g (5)
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s2+k2)2
Let
F(s) = G(s) = :
52 + k2
then
f(0) =35 = %L_l {sz f k2} = %sinkt
and

1 1 (!
L {—}=—f sin kT sin k(¢ — 7)dt
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Using

1
sinA sin B = E[COS(A — B) — cos(A + B)]

with A = kr and B = k(¢ — 1), we can carry out the integration

1 1 d
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{(S2+k2)2} k2 Jo (=7

1 t
= — cos k(2t — t) — cos ktldr
2k2f0[ (27— 1) ]

1 [1 !
= ﬁlﬁSink(ZT_t)_TCOSktO
sin kt — kt cos kt

2k3




Transform of an integral

When g(¢r) = 1 and L{g(t)} = G(s) = 1/s, the convolution theorem implies that the
Laplace transform of the integral of f is

1:{ fo o dr} =22 7)

The inverse form of the equation above

f f@)dr=1 {@} ®)

can be used instead of partial fractions when s is a factor of the denominator and
f(r) = L1 {F(s)} is easy to integrate.



Examples:

2 t
L_l{ : } = L_I{M} zf sintdr=1-cost
s(s? + 1) S 0
L1 {ﬁ} = L 1{1/S(S i 1)} f(l —CcoST)dr =t —sint
s4(s

1 1 L [UsHsP+ D) , 1,
L {m} = L { - }—L(T—SIDT)dT—Et — 1 +cost

and so on.




Volterra integral equation

The convolution theorem and the Laplace transform of integrals are useful for solving
types of equations in which an unknown function appears under an integral sign.

For example, we can solve a Volterra integral equation for f(r)

/A
J@) = g@) + fo J@Oh(t = 1) dt (9)

The functions g(¢) and h(r) are known. Notice that the integral above is of the convo-
lution form.



Example 5: An integral equation
Solve

t
£ = 32—l - f f(r) T dr
0
for f(1).

We identify h(t — 1) = €/~ 7, so h(t) = ¢’ and take the Laplace transform of each term;
in particular the integral transforms as the product of L{f(#)} = F(s) and L{ef} =
1/(s—1):

2 1 1

F(s)=3.— ——— F(s).
(5) 353 s+ 1 (s)s—l




After solving the equation for F(s) and carrying the partial fraction decomposition,
we get

the inverse Laplace transform then gives

a2 a3 D N
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= 32 P41 -2




Series circuits

Recall that in a single-loop or series circuits, Kirchhoff’s second law states that the
sum of the voltage drops across an inductor, resistor, and capacitor is equal to the
impressed voltage E(¢). The voltage drops across an inductor, resistor and capacitor
are, respectively,

Ldi R i(?) and : ft (T) d
—, 1(7), — (7)dr
dr C Jo
where i(?) is the current, and L, R, and C are constants. It follows that the current in
a circuit is govern by the integrodifferential equation

di

t
LE + R i(t) + éj(; i(t)dt = E(¢)

o —



Example 6: An integrodifferential equation

Determine the current i(¢) in a single-loop LRC-circuit when L = 0.1 h, R = 2 Q,
C =0.1 £, i(0) = 0, and the impressed voltage is

E()=120¢-120 ¢t Ut - 1)

Using the data above, the integrodifferential equation we are to solve is

di t
0.1d—; +20() + 10f i(T) dr =120t — 120 t U7 — 1)
0



Using L{foti(‘r) dr} = I(s)/s, where I(s) = L{i(t)}, the Laplace transform of the
equation is

I 1 1 1
0.1 s I(s)+21I(s)+ IOQ = 120 — - _26—5 _ _e_S]
S ) S S

where we have used L{g(0))U(t — a)} = e~ L{g(t + a)} (see the section on the sec-
ond translation theorem). Solving the equation above for I(s) yields

i 1 1 1
I(s) = 1200 — e’ — —e‘S]
| s(s+ 10)2  s(s+ 10)2 (s + 10)?
1200 1/100  1/100  1/10 _1/1OOe_S
s s+10 (s + 10)? s

+1/1006_S+ 1/10 5 1 e_S]
s+ 10 (s + 10)2 (s + 10)2



From the inverse form of the second translation theorem, we obtain the current

() = 12[1-U@-D]-12]e ' = 10Dy ¢ - 1))
—120te= 19 — 1080( = 1)e 1D @1t - 1)

which can be rewritten as the piecewise-defined function

i(r) = { 2 l%gr_lot N 1%(())(26—_1;02 —10¢ ~10(—1) O=r<l
—12e + 12e — 120e — 1080(r — 1)e , t>1.
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Transform of a periodic function

Periodic function

If a periodic function f has period T', T > 0, then f(t + T) = f(¢).
Theorem: Transform of a periodic function

If f(r) is a piecewise continuous on [0, ), of exponential order, and periodic with
period T, the

L{f0}) =

1 T
— fo e f(r) dt

The Proof: see D.G. Zill et al., Advanced Engineering Mathematics, 4th Ed., p.226.



Example 7: Transform of a periodic function

Find the Laplace transform of the square wave E(¢) with the period T = 2. For
0 <t <2, it can be defined by

1, 0<tr<l1
E(t):{o, 1<t<2.

and outside of the interval by f(t + 2) = f(¢). From the theorem above, we have
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Example 8: A periodic impressed voltage

Determine the current i(¢) in a single-loop LR-series circuit £

Lg+Ri:E(Z)

dr
where E(t) is the same function that we studied in the previous example.

The Laplace transform of the differential equation is
1
s(1+e9)

1/L 1
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LsI(s)+RI(s)
or
I(s) =

[ EEE—

N e ——

wT———-

T



To find the inverse Laplace transform of the last expression, we identify x = e77,
s > 0, and use the geometric series

1
= l—x+xX>—xX +..
I+x
1
= l-—eS+e X354
I1+e 5
From the partial fraction decomposition
1 L/R L/R

s(s+R/L) s s+R/L
we can rewrite I(s) as
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By applying the second translation theorem to each term of both series we get

i(t) = %(1—(L{(t—1)+‘Ll(t—2)—(u(t—3)+...)
1

- (e—Rf/L — e REDIL 1)+ e REDILqpp —2) — e RODIL qpr - 3) + )

or equivalently

i(f) = zle (1-e Ry 4 zlz i (=D (1 = e R (1 - )
n=1



To interpret the solution, let us assume for illustrationthat R =1, L =1and 0 < ¢ < 4.
We get

it)=1-e"- (1 - e—(f—D)(u(t ~ D+ (1 _ e—(f—2>)(u(t ~2)— (1 _ e_(t_?’))(L((t ~3)

or in other words

] —e, 0<r<l1
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The Dirac delta function

Unit pulse
0, O0<t<ty—a
_ 1
Oq(t — tg) =< 35 lp—ast<iygta
0, >ty +a
a> 0,1 >0.

For a small value of a, d,(t — 1p) is essentially a constant function of large magnitude
that is "on” for just a very short period of time, around 3. As a — 0 the magnitude of
the unit pulse grows to co while the area under the unit pulse is constant and equals

to 1:
f Oa(t —tg) dt =1
0
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The Dirac delta ’function”

is defined as the limit of the unit pulse

e —
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lim S4(f — to)
a—0

ot — o)

and it can be characterized by two properties:

(i)

=1
I+ 1

OO’
0,

f S8t — to) dt = 1.
0

o(t — tg)

(ii)




It is possible to obtain the Laplace transform of the Dirac delta function by the formal
assumption that £{6(t — 1)} = lim,_,¢ L {64(t — 1g)}.

Theoremn: Transform of the Dirac delta function

Fort >0
L6 -ty = e %0 (12)
1
Proof: Oa(t — 1g) = Z[W(f—(to—a))—(u(f—(fo+a))]
1 —s(tp—a) —s(tg+a) sa _ ,—sa
Lloatt =) = 3| ]:(2—)

oS54 _ p—5a
L{6(t—tg)} = lim L{64(t—19)} = e 30 lim (—) = ¢ 300
a—0 a—0 2sa

Now, when 7y = 0, L{6(r)} = 1. This emphasizes the fact that the delta "function” is
not a usual type of function, since we expect L{f()} - 0 as s — oo.



Example: Two initial value problems (the delta-function kicked oscillator)

Solve y”’ +y = 48(t — 27) subject to (a) y(0) = 1, y/(0) = 0, and (b) y(0) = 0, y'(0) = 0

(a) The Laplace transform of the DE is
s 4e—2mS
+
s2+1  s2+1
Using the inverse form of the second translation theorem, we get

S2Y(s)—s+Y(s)=4e 5 = Y(s)=

y(t) = cost + 4sin(t — 2m)U (t — 2m)
and since sin(t — 2m) = sin¢t, the solution can be rewritten as

COS f, 0<t<2m
y(t) = .
cost+4sint, t2>2m. y

| | | | 1




(b) The transform of the DE in this case is simpler

4 e—27rs

Y(s) =
(5) s2+1

and so the final result is

y(t) = 4sin(t — 2m)U (t — 27)

or

(1) = 0, 0<t<2rm
Y= 4sine, > 2n




Remarks:

(i) The delta function is not a proper function but rather an example of distribution. It
is best characterized by its effect on the other functions: if f is a continuous function
then

j(; (1) 6(r —19) dt = f(10)
This is known as the sifting property.
(i) Recall that the transfer function of a general nth-order DE with constant coeffi-
cients is W(s) = 1/P(s) where P(s) = a,s" + an_ls”_l + ... + ag. The transfer function

is the Laplace transform of function w(¢) called the weight function of a linear sys-
tem.

How does this work if the input is impulsive, i.e. it has the form of the delta function?



Consider the second-order linear system in which the input is the unit impulse at
t=0

ay’’ +ay +agy=0(1), y0)=0, y'(0)=0.

Applying the Laplace transform and using L {6(¢)} = 1 shows that the transform of
the response y in this case is the transfer function

1 1
Y(s) = = = W(s
(s) ars® +ays+ag P(s) )

and so
IS O
y=L {_P(s)} = w(?)

Thus, in general, the weight function y = w(¢) of an nth-order linear system is the
zero-state response of the system to a unit pulse, and for this reason w(¢) is called
the impulse response of the system.



