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Chapter 4

L aplace Transform Analysis

The previous chapter has established that for a very wide class of (linear and time invariant) systems
of engineering importance, the relationship between a signal «(¢) that ‘drives’ a system and another
signal y(t) that is the subsequent response of this system is given by the convolution relationship

[e.9]

y(t) =h®ul(t) = / h(t — o)u(o) do.
—0o0

While this general principle is very useful for deducing broad and fundamental properties of linear
systems (such as those of section BIT.T)), it is not so useful for the purposes of detailed calculations.
Furthermore, it is also somewhat cumbersome when insights into the essential features of a system
response are required.

To address these latter requirements, a tool known as the Laplace Transform is more relevant, and
it is the purpose of this chapter to provide an introduction to its definition, properties and use.

4.1 Laplace Transform Definition and Interpretation

Given a signal f(¢) which is a function of ¢ € R, its Laplace Transform is a new function F'(s) of a
complex valued variable s € C. The dependence of F' on f is denoted by

F(s) =L{f}

and the actual definition for the dependence is given as follows

For a signal f(t), its Laplace Transform F'(s) = £ {f} is defined via the integral

F(s)zﬁ{f}é/_oo fetdt  iseC.

4.1)

Notice that since s is allowed to be complex valued, then e~*! may also be complex valued and
therefore the Laplace Transform F'(s) itself can be complex valued even though the underlying signal
f(t) is real valued. Notice also the common convention introduced in (1) that if a signal has a
lowercase symbol associated with it such as f, then its Laplace transform is given the upper-case of
that same symbol, such as F.
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In fact, the definition (1)) is more correctly called the “bilateral Laplace Transform’ in order to
distinguish it from the ‘unilateral Laplace Transform’ which is given as

F(s):ﬁ{f}é/oiof(t)e_s'fdt ;s € C. 4.2)

Here, the notation 0~ means a point that is infinitesimally smaller than 0. That is, 0~ is less than
0 (to the left of it on the number line), but still arbitarily close to 0. The only difference between
the definitions @) and @2) is the integration range used, and clearly the definition (£2) (which is
perhaps the one in most common usage) ignores any values of f(t) for ¢ < 0.

Throughout the remainder of this book only the bilateral Laplace Transform (ZI) will be used
since it has several advantages

1. It does not ignore values of f(t) for t < 0, and in the sequel this will allow us to address the
possibility of non-causal systems. This is especially important in the context of filter design;

2. It allows a simple and direct relationship between Fourier Transforms and Laplace Transforms
to be established - the former become a special case of the latter;

3. Some fundamental properties of the Laplace Transform, such as the effect of time translation,
are simpler to state and use under the bilateral transform definition.
4.2 Geometric Interpretation

An obvious question now arises as to what physical interpretation can be given to F'(s). To address this
issue, consider for a moment the separate problem of computing the component of a 2-dimensional
vector lying in the span of another vector. That is, referring to figure Bl suppose that we are inter-

el ===~

Figure 4.1: The component z of a vector y lying in the span of another vector .

ested in computing the vector z which is the projection of y onto . Put another way, z is the best
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approximation of y that can be made in the direction . Using the notation || - || to denote length, the
‘best’ z is defined as being the one minimising the distance ||z —y||. To compute this optimal z, notice
that by basic trigonometry
cosf = M (4.3)
lyll
where ||z|| is the length of z and ||y|| is the length of y. Therefore, since x/||x|| has length ||z||/||z| =
1 regardless of the length ||z|| of z, then clearly

(4.4)

(z is in the direction - but must have length ||z||) so that substituting (Z3) in Z4)

z _ |yllllz cos @
2= |y cosd x — = IIIZNCOST
| ]2

Finally, the quantity ||y||||«|| cos 8 is simply the dot product (or inner product)

zoy=z1y1 + 22y2 = ||yl|l|z|| cos 0

and hence
roy xoy T

=5 =" .
]| ]|l

Therefore, the dot product = o i can be interpreted as the ‘size’ of the component of y in the direction

Z.

The point of this digression into projection of one vector on another is that the Laplace Transform
F(s) is adirect analogue of the dot product x oy. That is, F'(s) = £ {f} can be thought of as relating
to the “‘size’ of the component of the signal f(¢) that lies in the direction of the signal e ~** where the
notation s denotes the complex conjugate of s, and ||e ~5!|| is a measure of the ‘size’ of the signal e 5t
To be precise, in the common case where f(t) = 0 for r < 0, then |le~5¢|| is a measure of the energy

in the signal as follows
- - 1
et 2/ [T leat = .
0 +/2Real {S}

With this in mind, the Laplace Transform F'(s) has a geometric interpretation illustrated in figure
which, when compared to figure 1], shows that that F'(s) takes the place of the dot product compu-
tation that exists in the 2-dimensional vector case.

As s is chosen as different complex numbers, this affects the nature of the signal e~ whose
‘importance’ in forming f(¢) is measured by F'(s). Specifically, suppose that

s =oa+ jw.
Then by De Moivre’s Theorem

S_St — e—(oz—jw)t — e—atejwt —

e~ (coswt + j sinwt) (4.5)
and hence F'(s) = F'(a + jw) is a measure of the ‘strength’ of the component of f(¢) due to a signal

with exponential envelope e~ and with oscillatory components cos wt and sin wt.
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Figure 4.2: The geometric interpretation of F'(s) as the ‘size’ of the component of f lying in the
‘direction’ e—5¢.

To see this from another perspective, note that by the definition of the Laplace Transform,

FO) e = [ 0t

[e.e] o0
= / f(t)e * coswt dt — j / f(t)e™* sinwt dt. (4.6)
—0o0 —0o0
Consequently, the real part of F'(s) at s = «a + jw is a measure of the ‘strength’ of the component
e cos wt

in f(t) while the imaginary part of F'(s) gauges the ‘strength’ of the component

e~ ginwt

in f(t). Depending on how « and w are then chosen as the real and imaginary parts of s, then F'(s)
measures the strength of various exponentially enveloped and oscillating signals in f(¢).

Refer to figure B3 for a graphical depiction of the relationship between the choice of s and the
corresponding signal component e, From this diagram, combined with ([@X8) it is clear that by
choosing different values of s the quantity F'(s) provides a decomposition of f(¢) into fundamental
components which are exponentially enveloped and oscillating.

This is the essence of Laplace Transform methods; a signal u(t) is decomposed into its com-
ponents according to U(s) = L£{u}. How a system acts on u(t¢) to provide a new signal y(¢) is
then characterised according to how it affects the fundamental component strengths U(s) in order to
provide new component strengths Y'(s) = £ {y}.

4.3 Computation of Laplace Transforms

To proceed deeper into the application of this Laplace Transform idea of signal decomposition, it
is necessary to investigate how the transform acts on certain important classes of signals that were
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Imaginary

Figure 4.3: The relationship between choice of s and signal e ~*! - only the real part is shown.

introduced in chapter 21

There is an important point in the examples to follow. Specifically, the resulting function F'(s),
which is the Laplace transform of a signal f(¢), will be well defined (that is, finite) for a wide range
of values of s. However, this range will usually be greater than a more restricted domain in which
F(s) is not only well defined, but also actually represents the value of the integral in the definition
@). This more restricted domain is called the ‘region of convergence’ (ROC) of the transform, and
is always given in association with the transform itself.

431 DiracDetad(t)

The Laplace Transform of this signal is particularly simple by virtue of the defining characterisation
of the Dirac delta. Specifically

L{é} = /_C: S(t)e st dt = 6_5t|t=0 =1.

This result clearly holds for all value of s, and hence the ROC is the whole complex plane C.

L{0y=1 ;seC. 4.7)
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432 Step1(t)

For the step signal defined in (Z1)) of section its Laplace Transform can be directly computed
as

—st |t=00

ﬁ{l}=/ 1(t)e dt:/0 et dt = © :é ‘Real{s} > 0. (4.8)

5 lt=0

Here, the region of convergence is all s such that Real{s} > 0 since it is only for those values that at
the upper integration limit of ¢+ = oo, e~ = 0 and hence that the above integral is finite. That is

L{1y=2 Real{s} > 0.

S

(4.9)

To emphasis the point about the region of convergence (ROC), note that once computed as £ {1}, the
function 1/s is perfectly well defined for all values of s (other than at s = 0) even if Real {s} < 0.
However when, in fact Real{s} < 0 and hence s is outside the ROC, then even though 1/s might
be sensible (for example, at s = —1 where 1/s = —1), it has nothing to do with the integral computa-
tion @) that defines £ {1}; it is a number completely separate from the integral computation (Z.3).

433 Ramp r(t)

For the ramp signal
t ;t>0

0 ;t<0

defined in [Z2), its Laplace Transform can be directly computed using the previous result by noting

that since
d

d:se

—st __ —te_St

then

_ . —st - _ — —st - —st
L{s}= /OO 1(t) - te " dt /0 [dse ] dt A et dt

d
- ——r{1

Aty

d1

ds s

1
= = ;Real{s} > 0.

Here, the region of convergence is all s such that Real{s} > 0 since it is only for those values that
lim; .. e~ %" = 0 and hence that the above integral is finite. That is

LAr}= % ;Real{s} > 0.

S

(4.10)
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4.3.4 Exponential e**

This signal, defined as

et 1 t>0
ft)=1(t) - e =
0 ;t<0.

is, for practical purposes, probably the single most important example to study. Note that « could be
complex valued. By direct computation and assuming that Real{s} > Real{«}

t=o00

ela—s)t 1 1

a— S S —
t=0
The assumption of Real{s} > Real{«} is required to ensure that the upper integration limit involving
limy_.o e(®= %) gives the value zero rather than infinity. This assumption then specifies the ROC in
which 1/(s—c) actually represents £ {1 - e**} although, as already mentioned, the function 1/(s—«)
of itself is still perfectly well behaved for values outside this ROC (except at s = «), it just has nothing
to do with L {1 : eat} at these points. We therefore have the very fundamental result:

F(s)=L{f}= / e dt = / et 4t =
0 0

a— S

£{1(8).e) = ﬁ .Real{s} > Real{a}

(4.11)

4.3.5 Polynomial times Exponential ¢"e

Suppose that the previous example is extended to consider a slightly more complicated signal f(t)
given as

f(t) =1(t) - te™.

Then since d
_eat — teat

da
it holds that

d d

oo oo [e.e] d
LA1(8) -t at) _ tat stdt:/ - at Stdt:—/ at fstdt:_ﬁ 1(%) - at
{1(t) - te**} /0 e“e ; i o o e“e T {1(t)-e

Therefore, by using the previous result

LA{1(t) - te™} = % (5—1a> =G _1a)2.

In fact, this method works for higher order powers of ¢ since for any integer n > 1

n
tneat — d at

da™
so that

}.

S —«

noaty . 4" 1 B n! '
L{1@t)-t"e*} = o < > = G ;Real{s} > Real{a}.

(4.12)

Since @I2) is inherited from the result @II) for £ {1(t)- e}, the ROC is also inherited from
E1D).
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436 Cosnecoswt

Suppose that a signal f(¢) is a pure tone at a frequency of w radian/second; for example the cosine
signal
coswt ;t>0
f(t)=1(t) - coswt =
0 3t < 0.

Then since by De Moivre’s theorem
e/t = coswt + j sinwt

it follows that

1. . )
coswt = 3 [ej“’t + e_JWt] .
This also allows the computation (assuming that Real{s} > 0 so that lim; ., e %! = 0)
oo
LA{1(t) - coswt} = / (coswt)e st dt
0

1 .
= / 3 [e]“’t + efﬂdt] e stdt
0

— %/ e]wt —st dt+ = / f]wt —st dt
0
1 o0
_ / e (s—jw)t dt + / —(s+]w
2
1 e (s—iw)t 1 e—(stiwy [=°
2 —(s—jw) 0 2 —(s+jw) o
1 1 n 1
 2|s—jw  s+jw
B s
24 w?

That is, together with the region of convergence (required so that in the above calculation of integrals,
the value at ¢t = oo of the anti-derivative is zero)

S

L{1(t) - coswt} = T

;Real{s} > 0. (4.13)

4.3.7 Sinusoid sin wt

This case, which also considers a signal f(¢) which is a pure tone at a frequency of w radian/second,
is very similar to the previous one. To be specific, suppose that

sinwt ;t>0

0 3t < 0.
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Then again using De Moivre’s theorem

sin wt = i [ej“’t — eijm]
25

and hence (again assuming that Real{s} > 0)

LA{L(t) -sinwt} = /Ooo(sinwt)eSt dt

1 . .

— / 2_ [e]wt _ e*]wt} efst dt
0o 4]
1 [ . 1 [ _.

= — e]wte—st dt _ = / e—]wte—st dt
25 Jo 2 Jo

25 Jo 23 Jo

t=o00 t=00

1 6—(s—jw)t 1 e—(s-l—jw)t

2j —(s—jw)| 2§ —(s+jw)

t=0 t=0

1T 1

2 s—jw s+ jw
w

s2 +w?’

That is, together with the region of convergence (required so that in the above calculation of integrals,
the value at ¢ = oo of the anti-derivative is zero)

L{1(t) sinwt} = MLWQ ;Real{s} > 0. (4.14)

4.3.8 Exponentially Damped Cosine e cos wt and Sine e sin wt

Suppose that a signal f(¢) is no longer a pure tone at a frequency of w radian/second, but is either
exponentially decaying or exploding while also co-sinusoidally oscillating at w radians/second. That
is,

e“coswt t>0

0 ;1 < 0.
Here, the sign of the real part of « determines whether there is exponential decay (Real{a} < 0) or
exponential explosion (Real{a} > 0) as¢ — oo. Note that by using De Moivre’s theorem (as was

done previously)

e cos wt — leat [ejwt + e—jwt] _ 1 {e(aﬂw)t + e(oc—jw)t )
2 2
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Therefore, assuming that Real{s} > Real{«}

L£L{1(t) e coswt} =

xD
/ (eo‘t cos wt) e st de
0

© Brett Ninness

0o 2

8

S— —

6_[5_(a_jw)]t

—[s = (a = jw)]

t=o00

2T (et

00 ) 1 [® )
e(a+]w)t6—st dt + 5 / e(a—]w)te—st dt
0

ols—(a—gllt gy 4 % / % s (atiw)lt gy

0
1 e-ls—(atjwe |7

t=0

N~ N~ N~ N~

[8 - (Ozl—sj'f)oé+

8—(a+jw)]

s —«

[s = (o = jw)][s = (e + jw)]

(s —a)2 +w?

That is, together with the region of convergence (required so that in the above calculation of integrals,

the value at ¢ = oo of the anti-derivative is zero)

L{1(t)- e coswt} = (s—sa;ﬁ ;Real{s} > Real{a}. (4.15)
The analysis for the sinusoidal case follows in the same manner with a minor change in the use of De
Moivre’s Theorem to
et sin wt — ileat [ejwt _ efjwt] _ i |:€(oz+jw)t _ e(a—jw)t}
2j
so that with the assumption of Real{s} > Real{a}
oo q A ,
L {1(t) e gin wt} _ / — [e(a-&-]w)t _ e(a—jw)t] oSt dt
0o 2J
_ LT btatl g L / o—ls—(a—jw)lt g
27 Jo 25 Jo
1 e—[s—(oc-i—jw)]t t=o0 1 6—[5—(a—jw)]t t=e0
2 “—(a+jw)|_, 2~ (a—jw]|_,
- sl |
2 [s—(a+jw)  s—(a—jw)
o w
(s —a)2 +w?
Therefore
L{1(t)- e sinwt} = ;Real{s} > Real{a}. (4.16)

(s — a)? + w?
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Summary of Transforms

The preceding signals whose Laplace Transforms have just been calculated are the most important
ones in applications. These results, together with the transforms of several other less commonly
encountered signals are summarised in table E11

Time Domain Signal /(¢) | Laplace Transform F(s) = £ (/) ROC
(6 = 5(t) F(s) =1 seC
£(6) =10 F(s) = % Real{s} > 0
F) = 1(8) - = (1) F(s) = SiQ Real{s} > 0
F6) = 1() - F(s) = 8% Real{s} > 0
F(t) = 1() - ot Fls) = - ! - Real{s} > Real{a}
F(t) = 1(t) - et F(s) = # Real{s} > Real{a}
F(t) = 1(t) - coswt F(s) = ﬁ Real{s} > 0
F(t) = 1(¢) - sinwt F(s) = ﬁ Real{s} > 0
F(t) = 1(t) - e cos wt )= _Sa;;; = Real{s} > Real{a}
F(t) = 1(¢) - e sinwt F(s) = o= a“;Q — Real{s} > Real{a}
F(t) = 1(¢) - t cos wt F(s) = (3822+_522)2 Real{s} > 0
F(t) = 1(t) - tsinwt F(s) = (822;’;2)2 Real{s} > 0

Table 4.1: Laplace Transforms of some common signals



114 © Brett Ninness

4.4 Properties of Laplace Transforms

Having now defined and interpreted the Laplace Transform, it is important to understand some of its
fundamental properties.

441 Linearity

Perhaps the most important property of the Laplace Transform is its linearity. Specifically:

For any two signals f(¢) and g(¢) and any fixed numbers «, 3 € C, then for all s in the intersection of the
ROC’sof L{f} and L {g}

L{af + B} = aL{f}+ BL{g}. (4.17)

This is a consequence of the Laplace Transform definition and the linearity of the operation of inte-
gration. Specifically:

claf+00) = [ laf@+ sa)etde

— a/_oo f(t)e_Stdt+B/_oo g(t)e st dt
al{f}+BLA{g}.

Example 4.1 Noting that
1 . 1 .
coswt = §ej°"t + 56_th
and that according to (&I1)

£{1(t)- ) = (s%a ;Real {s} > Real {a}

)

then using the linearity property and the fact that Real {jw} =0

L{1(t)-coswt} = L {1@) . <%ew - %e_j“’t>} ;Real {s} > Real {0}

= %L {1(t) - ™'} + %E {1(t) - e 34}

1 [ 1 1 }
= 3 —
2 |s—jw s+ jw
S
= m ) Real {S} > Real {0}
which is the result previously derived in (£I3), but obtained more directly by using the linearity
property of the Laplace transform.
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4.4.2 Time Shifting

Suppose that a signal g(t) is formed from another signal f(t) by time shifting (translating) by an
amount 7". That is

ft)=9@-T1).

Then there is a simple relationship between the Laplace Transforms of f(¢) and g(t).

If f(t) =g(t —T),then forall s € ROC of G(s)

F(s)2 L{f}=eTL{g} =eTG(s). (4.18)

This property follows by using the change of variable z = ¢t — T in the Laplace Transform definition.

F(s)= L{f} = /OO ot — T)e ™ dt

—00

_ / g(x)efs(erT) dx

= GST/ g(x)e % dz

—0o0

= e TL{g} =e*TG(s).

4.4.3 Time Scaling

If the time evolution of a signal is either compressed or expanded, then its Laplace Transform is
(respectively) expanded or compressed; ie. the complement of the original signal modification.

If for some signal g(t) a new signal f(¢) is formed as
ft)=glat)  ;acR

then for all s € ROC of G(s)

Fs)=cify=£lg| =-c¢(2). (4.19)

si=s/«

This follows by direct application of the Laplace Transform definition and the change of variable
r = at = dr = adt.

F(s) = /_00 f(t)e st dt

= / glat)e st dt
= l/ g(z)e ™/ dz

CY—C)O

- 2e(2)
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Example 4.2 Suppose that

for which it is known that )

s+ 2

L{f}=F(s) =
and that the Laplace Transform of
g(t) =1(t) - e
is required. Obviously this could be found by the general formula (ZI1). However, it is also true that

o) = flat) o=

so it should hold via (@I9) that

s 2 1

£{9}=$F<g) =2FCs) = 5 = 53

which, according to (&IT)) is the correct expression.

4.4.4 Convolution

As already emphasised, the previous chapter has established that for a broad range of engineering
scenarios in which underlying systems are linear and time invariant, then the relationship between
two signals y(¢) and w(t) will be governed by a convolution expression:

[e.9]

y(t) =h®ul(t) = / h(t — o)u(o) do. (4.20)
The fundamental reason for the importance of Laplace Transforms is that when studying signals obey-
ing this convolution relation (20), then analysis is greatly simplified, since the convolution is trans-
formed to multiplication. That is

If y(t) = [h ® u](t), then for all s in the intersection of the ROC’s of H(s) = £{h} and U(s) = L {u}

L{h®u) = L{h} £ {u} = H(s)U(s). (4.21)

Establishing this fundamental property may be achieved as follows. Firstly, by the definitions of
Laplace transformation and convolution

Y(s) = /OO y(t)e st dt

—00

_ /OO h @ u)(t) e dt

—00

_ /_Z [/_Z h(t — o)u(o) da} st dt

- / Z u(o) e [ / Z I dt] do.
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Now, use the substitution z = t — 0 = dx = dt in the inner integral above to obtain

Y(s) = / T (o) e [ / T ) e dx} do

= / u(o)e %7 do / h(z)e % dz

= U(s)H(s) = H(s)U(s).

That is, recalling the earlier comments of section on the signal decomposition of the Laplace
Transform, the property Y (s) = H(s)U(s) holding when y(t) = [h ® u](t) provides a way of
understanding how a signal «(t) affects a linear system with impulse response A(t) to produce a new
signal y(t).

Specifically, the Laplace Transform can be used to decompose u(t) into fundamental components
of the form e~*! according to U(s), and then y(¢) will also have a decomposition into these same
fundamental components according to Y (s) which itself is then directly related to the decomposition
U (s) via the simple product Y (s) = H(s)U(s).

445 Differentiation

The previous property concerning the Laplace transform of convolved signals indicates the importance
of these transforms in simplifying the analysis of linear systems. However, as chapter [3 established,
there is a close connection (via state-space representations) between convolution relations and differ-
ential equation ones.

As a consequence, if Laplace transformation simplifies the operation of convolution, then it should
also simplify the operation of differentiation, and indeed this is the case. However, in addressing this
issue, it is necessary to be very careful about where any discontinuities in f(¢) might occur.

In this book, such discontinuities have so-far all occurred at the origin point ¢ = 0 by virtue of the
use of the 1(¢) signal which has been used in a multiplicative role in various other signal definitions;
see section ZJland table Z11

With this in mind, then in order to explain how Laplace Transformation affects the derivative of
a signal f(t), observe that a fundamental principle of calculus is that the derivative of the product of
two functions f(¢) and g(¢) may be decomposed as follows (see Appendix BAT)

S1rmen)] = o) S0+ 7(0)- Solt) 422

Therefore, with g(t) = e~ this becomes

d

—sty] _ —st d —st
Lise =t Lty - sipe.

Integrating both sides of this equation after multiplication by 1(¢) then provides

/OO 1(t) - [%f(t)} e stdt = s/oo 1(t) - f(t)e dt+/oo 1(t) - %[f(t)e*“] dt  (4.23)

—00 —00 —00

a0y 450) L) 1)
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Now, because of the definition of the unit step 1(¢) (see section Z1.2), the above multiplication by
1(t) has the effect that

d —st1 __ .
e =0 st e (—00,0),

Therefore, the lower integration limit in (£2Z3) may be changed from —oo to the point 0~ (which is
infinitesimally close to 0, but still less than 0) without changing the results of the Laplace Transform
computations. That is, the relationship between the Laplace Transform of a signal and its derivative
is

1(t)

c{an- grof=cao s+ [ Lroe (4.24)

However, by the Fundamental Theorem of Calculus (again, see Appendix BAT), and assuming that
Real {s} >0

/ T e dt = Tim f(B)e " — Tim f()e" = 0— £(07)

— dt t—o00 t—0—

which in combination with (&24) leads to

c {1<t> - %f(t)} — SL {10 ()} - SO0,

This result is worth formally highlighting.

and the region Real {s} > 0:
d _ _
c{10 7w} = 5L 20 1)) - £107) = sF(5) - 107

Clearly, here we have used the notation F(s) = £ {1(¢) - f(t)}.

Suppose that f(t) is differentiable on the interval [0, c0). Then for all s in intersection of the ROC of F'(s)

(4.25)

That is, the process of Laplace Transformation turns the operation of differentiation into the process
of multiplication by the scalar s. This confirms the earlier reasoning that if Laplace Transformation
simplifies convolution (by turning it into multiplication), then it should also simplify the process of
differentiation.

Example 4.3 Derivative of an Exponential Suppose that

for some a € C. Then using the result in table 1]

1
L{f} =

Furthermore,

d _ d at __ at

af(t) = g¢ =ae
so that

clin st = 1@ aery =
dt s—a
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However, using ([25)) we could also calculate this result via

d S S a
1t)- —f(t) p = sF(s) — f(07) = — lim " = —1= .
L{ ®) dtf()} sF(s) = J(07) 5—a ti%l—e s—a s—a
sF(s) 1

Note how crucial it is to include the f(0~) term in the calculation.
|

If a higher order derivative needs to be dealt with, then this is possibly be repeated use of the re-
sult @2Z5). For example, putting f(¢) := df(¢)/dt and using (£25) twice provides

2
cfun- mrof = sefao. —f<>} Jim dtf()
= S{SF(S) }——f
= SQF(S)—Sf(O_)—&f(O_)

A pattern is clearly emerging, which leads to the following general relationship.

Suppose that all the derivatives
dk;
@f(t) ;k:071727”'7n

exist on the interval [0, co). Then for all s in intersection of the ROC of F'(s) and the region Real {s} > 0:

n—1
{10 s = SFE -0 <L) < ) @26)
n k—1
R O ’fjtk _£(07). (4.27)
k=1

Here F(s) 2 £{1(t) - f(1)}.

That is, the operation of n’th order differentiation becomes (essentially) simplified to multiplication
by s™ under Laplace Transformation.

Example 4.4 Transform of cosine. Note firstly that from table £.T]

S

1(¢) - t} = ———=. 4.28
L) - coswt) = 5= (4.28
Therefore, by @2Z1)
1 d? 1., .
- Eﬁ 1(¢t) - v coswt ¢ = ] (2 - L{1(t) - coswt} — s - coswt|,_q- + w sinwt|,(4,2D)

1|, s
= _—— ST o — — 8
w? 52 + w?
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This is consistent with the earlier result (#28)), since

1 d?
thQ cos wt = cos wt

and hence the left hand side of @.29) is, in fact, £ {1(t) - cos wt}.

4.4.6 Integration

Laplace Transformation also provides a simplified means for interpreting the process of integration.
To be specific, using integration by parts (See Appendix BZAT) (and assuming that ¢ > ¢)

,c{ t: (o) da} /_ Z [ t: (o) da} =5t dt
Ll
_ {e__j (o) ] h / F(t) et dt (4.30)

= e ise {ROC{F(s)} N Real{s} > 0} .

S

Again, the assumption of Real{s} > 0 has been used to conclude that lim; .., e~%! = 0 (and hence
only one term exists in the final result, since the term within the square brackets in (£30) disappears).
Also, again the process can be extended, this time to multiple integration by simply repeating the
above integration by parts process to provide the following.

Assume that f(¢) = 0 for ¢ < 0. Then for any n and for all s in the intersection of the ROC of £ {f} and

Real{s} >0
tn tn—1 to t1 1
E{/ / / / y(a) do dtl dtg--- dtn_g dtn_l} = —nF(S) (4.31)
to to to to S

Example 4.5 Step as integral of delta The result (£23T)) is consistent with the Laplace Transform prop-
erties presented earlier for step 1(¢) and Dirac delta 6(¢) signals. That is, since

- /_ ; 5(o) do

L{s} = %a{a} - % Real{s} > 0.

then by @31))
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4.4.7 Transform of a Product

We have just seen in section LZ.4] that one of the most important features of the Laplace Transform
is that it translates convolution into multiplication. Associated with this is the ‘dual’ result, that
multiplication is translated into convolution under the Laplace transform. That is

and w € (—o0, 00), then
1 Y+joo q
by / ~ F(s—0)G(0)do.

H(s) =

If h(t) = g(t)- f(t), then for any v € R such that both G(s) and F'(s) exist for all s = v + jw with - fixed

(4.32)

Establishing this is somewhat more difficult than for the previous properties. It relies on the fact that
the Dirac delta may be expressed as
1 o
o(t) = —/ et dw
—00

2T

which, with the change of variable o = v + jw becomes
1 y+joo 1 y+joo 1 y+joo
8(t) = 5— / ey = e / "' do = — / ’tdo.  (4.33)
27 . 21 , 275 ) —ise

Here the last equality stems from the fact that since the whole integral quantity is known to equal §(¢),
then only the value of e =" at t = 0 can matter in the integral representation, and this value is equal
to 1.

To see how to use this formulation of §(¢), notice that by the defining property of the Dirac delta

/Z 5(t — ) [/C: f(t)g(z)e st dt} do = /Z F(Og(t)e==tdt = £{fg) . (4.34)

Therefore, substituting (#33) into (#.34) and swapping the orders of integration leads to

LA{fg} = / o(t —x) {/ f(t) Stdt] dz
— 2717 i[ / Vj:o eo(t— da} [ / f(t)g(x)e dt} dz
y+joo
= 27‘(‘] . [/ Vi) } [/Oog(a:) o da:] do

1 ’Y+]oo
= — F(s—0)G(o)do.
275 Jy—joo
This sort of phenomenon, in which one operation maps to another (in this case, convolution to mul-
tiplication) regardless of which domain (time ¢ or Laplace s) the operations are done in, is known as
‘duality’, and applies in some form for all Laplace transform operations.

4.4.8 Multiplication by e**

To provide another example of a dual result, compare the following to the one presented earlier in
section EEZ.2 for time shifting.
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Suppose that for some signal g(), a new one is formed as f(¢) = e®*g(t). Then

F(s)=L{f}=L{e"g(t)} = G(s — a). (4.35)

This is very simple to show as follows

oo oo
L{e*g(t)} = / eg(t)e st dt = / g(t)e” = At = G(s — ).
—0o0 —00
Here the duality is that multiplication by an exponential function in one domain corresponds to trans-
lation in the other.

Example 4.6 Suppose that

Then since by @T3)

S

ﬁ{l(t) + COS wt} = m

and the above rule (35) it should follow that

L{L(t)- e coswt} = L{L(t) - coswi}| oy o = (s—ix}ﬁ

which is the result obtained earlier in (I5).

4.49 Multiplication by ¢

As a final example of a dual result, compare the following one to that presented in section EZ.5 for
the transform of a derivative.

For any signal f(t), any integer n and any s in the ROC of £ {f}

LA} = ()" L) = (1) S RGs), (4.36)

This is again straightforward to establish, since by direct differentiation of the Laplace Transform
definition

dTL
dsn

dTL o0 o0 dTL o0
Fs) =5 [ g@etae= [ pgnetae= [ fanreetan= (<" (e fo)
The duality indicated by this result and that of section is that differentiation to order n in one
domain corresponds to multiplication by the domain variable (s or ¢) raised to the power n in the other
domain.

Example 4.7 According to (£14)

w

;Real{s} > 0.
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Therefore, by the result (£36)

_ d w 2ws
LA{L(t) - tsinwt} = (—1)£ (32 —|—w2> = EEEE ;Real{s} > 0.

This is the same result that was presented earlier in table Tl (without substantiation).

4.4.10 Initial Value Theorem

According to the derivation (2Z2)-@.25) which related the Laplace transforms of a signal f(¢) to its
derivative d f /dt

o0

d

1(t) - [— f(t)} e St dt. (4.37)

SC{LE) - f()} — F(07) = L {1@ . %f(t)} _ / 4

Taking the limit as Real{s} — oo on both sides of this then leads to
o° d
lim  sC{1(t)- f(O)}—f(07) = lim / 1(t [— t]e—stdt
Rl SEAIO SO} =1O) = [ b 20| T
/Oo df(t) li st dt =0
= — 1im e =
- dt Real{s}—oo

0

and therefore
lim  sC{L(t) f(t)} = f(07).
Real{s}—oco
However, the above operation of pulling the lim operation through the integral sign is only valid if the
integral itself actually exists (is finite), and if the derivative d f/dt is bounded on [0, c0). Therefore
some caveats on the ROC of F'(s) and the nature of f(¢) are necessary.

ROC of F(s) £ L{1(t) - f(t)} is a half plane {s € C : Real {s} > «a} for some o € R

lim  sF(s)= f(07).
Real{s}—oco

provided that the limit on the left hand side of (&38) exists

Suppose that the derivative of f(¢) exists and is bounded on the interval [0,00). Then provided that the

(4.38)

Example 4.8 Consider the signal

for which, via (@I1)

Then, by the Initial Value Theorem

f(07) = lim sF(s)=lim

§—00 s—08 —«

= 1. (4.39)
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Furthermore, by the definition of f(¢)

f(07) = lim e =1

t—0~
which agrees with (.39).
|
Example 4.9 Consider the signal
f(t) =1(t)
for which, by the definition 1)
f(0m)y=o. (4.40)
On the other hand )
F(s) = £{1()} = -
and hence

lim s F(s) = lim S

$—00 s—0 8

so that application of the Final Value Theorem would suggest that f(0~) = 1 which disagrees with

@40).
However, note that strictly speeking, 1(¢) is not differentiable at ¢ = 0, and hence not on the
interval [0, o), although it can often be safely assumed that

d

Z1(t) = 5(0).

However, even in this case, the derivative is not bounded, and hence the Initial Value Theorem cannot
be applied, which resolves the above apparent discrepency.

4411 Final Value Theorem
Again starting from (37), but this time taking the limit as s — 0 provides

. _ . OO d s
limsP(s) = £07) = T [~ 200 Sre)eat
> q ) .
= / af(t) Elir(l)e t] dt
1
> d
= f(oo) = f(07).

The Fundamental Theorem of Calculus (8:2220) has been used in the last step. Therefore

lim s F(s) = f(o0).

s—0

provided that the limiting operation involves values of s within the ROC of F(s).
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origin 0. Then
lim sF'(s) = f(o0)

s—0

provided that the limit on the left hand side of (&Z41)) exists

Suppose that f(¢) is such that £{1(¢) - f(t)} = F(s) is defined for all values of s in a region around the

(4.41)

Example 4.10 Consider the signal

ft)y=e
for which, via (@I1)
1
F(s) = L{L() - f(H)} = —.

Then, by the just-presented Final Value Theorem

. . . S

tlir&f(t) _l%SF(S) _llgtl)s—a = 0. (4.42)
Furthermore, by the definition of f(¢)
tlim f(t) = tlim e =0 ;for Real {a} < 0

which agrees with (£Z2).
On the other hand, when Real {a} > 0 (for example oo = 1) then e* explodes in size as t — oo

and therefore s

tlim f(t) = 00 # lim =0.

s—0 8 — «

This situation provides an example of when keeping track of the region of convergence (ROC) is
necessary. Specifically, the Final Value Theorem can only be applied if, when taking the limit as
s — 0, all values of s are within the region ROC of F'(s).

However, the ROC of £ {1(t) - e*'} is, according to (@II) Real {s} > Real {o}. Therefore, if
Real {a} > 0 so that e is exploding with increasing ¢, then the ROC of its Laplace Transform does
not include values of s near the origin, and hence the Final Value Theorem cannot be used.

4.4.12 Summary of Properties

A table providing an overview summary of the important Laplace Transform properties that have
been derived here is presented in table In that table, where a time signal f(¢) or g(t) is used, it is
assumed that it is zero for ¢ < 0. As well, all results hold only under the restriction that Real{s} > 0.
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Property Name

Operation

L aplace Transform Property

Linearity h(t) = af (t) + By(t) H(s) = aF(s) + fG(s)
Time Shift f(t)=g(t—T) F(s) =e*TG(s)
Time Scale £(t) = glat) F(s) = (1/a)G(s/a)
Convolution y(t) = [h® ul(t) Y(s) = H(s)U(s)

Differentiation ft)=1(¢t) - @y(t) F(s) =s"Y(s) — Zs - dtk_ly(t)
k=1 t=0-
1
Integration y(t) = o | flo)do---dt,—q Y(s) = —F(s)
e, s
n times
1 a+joo
Transform of Product W) = F()g(t) H(s) = —— / F(s — 0)G(0) do
27T.] a—joo
Multiply by et f(t) = eXg(t) F(s) =G(s — a)
Multiply by ¢ £(t) = tng(t) F(s) = (~1)"6(s)
Initial Value Theorem f(07) lim  sF(s), F(s)2 L{L(t)- f(t)}
Real{s}—oco
Final Value Theorem f(o0) lim  sF(s), F(s)2L£{1(t)- f(t)}
Real{s}—0

Table 4.2: Laplace Transforms Properties.
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4.5 Inversion of Laplace Transforms

In order to actually apply Laplace Transform methods for the purposes of computating differential
equation solutions it is necessary to provide a means for recovering a signal f(¢) from its transform
F(s) = L{f}. This is achieved by means of the inverse Laplace Transform, which is defined as
follows.

The Inverse Laplace Transform is given as

ft) =L {F} £ % /V%joo F(s)e®'ds (4.43)
y—joo

where v € R is any value such that F'(s) is within its region of convergence for all s € (v — jw,y + jw).

This inverse transform relationship may be derived by using the formulation given in (Z:33) for the
Dirac delta (o)

d(o) = —/ e?? ds. (4.44)
Y
This can be combined with the Dirac delta property itself
f() = / F(@)5(t — o) do (4.45)

in order to write, by substituting (#.44) into (£.45) and swapping the order of integration
0o 1 y+joo
f@) = / f(o) [— / elt=0)s ds} do

271) Jy—joo

d(t—o)

1 Y+joo 00
= —/ [/ flo)e 7% da] et ds
27Tj y—joo —00

F(s)

1 Y+jo0
= —/ F(s)es ds.
275 Jy—joo

An important point is that, just like the “forward’ Laplace Transform, the Inverse Laplace Transform
is a linear operation.

For any two Laplace Transforms F'(s) and G(s) and any complex numbers o, 3 € C

LY aF 4+ 3G} = alL Y {F}+ 3L {G}. (4.46)

This follows simply by the fact that integration is a linear operation, so that since according to equa-
tion (£.43), and using the notation A to indicate the line (v — joo, v + joo) over which the integration

in @Z3) is performed

1
L HaF+8G = — [ [aF(s)+ BG(s)e™] e ds
27'('] A
= i st 1 st
= a27rj AF(s)e d8+ﬁ27rj /AG(S)e ds

= oL Y {F}+BL7H{G}.
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45.1 Contour Integral Formulation

The formulation (#Z3) for the Inverse Laplace Transform may appear somewhat complicated, but
in practice it can usually be evaluated very simply by converting it to what is known as a ‘contour
integral’. The simplification occurs since contour integrals only depend on what are known as the
‘residues’ of the integrand, and these tend to depend very simply on the nature of F'(s).

To be more specific, the integral (#.43) can be visualised according to figure 4] as being one that

~ .. .
.-~ >~ _Infi nite Radius

7 AN = 1 y+joo .
/ 4 Area= f(t) = — F(s)estd
) N $0=g55 [ Pt

' : 7 Function F'(s)e®t

N 7 Imaginary
Ly

LineA=(y—34 ]
ExtensionT’ (v = joo, 7 +joc)

Figure 4.4: Graphical illustration of integration used to invert a Laplace Transform.

is along some infinite length line (labelled as A) which is parallel to the imaginary axis; see figure .2
Furthermore, for most Laplace Transform functions F'(s) that are encountered in practice

lim |F(s)| =0.

|s]—o00

This will certainly be the case for all the Laplace transforms (except the first 6(¢) one) listed in ta-
ble £l For example

lim E{eat} = lim

|s|—o0 |s|—o0

=0.

s—a

In this case, F'(s) will be zero at the infinite end-points of the line A shown in figure B4} and it will
also be zero all along the infinite radius arc I" which is also shown in figure .41
Finally, for all s on the infinite line A = (v — joo,y + joo)

et = (IOt — 1teit — 7 (cos wit + j sinwt).

Therefore, for any fixed ¢t > 0, e5* will be bounded everywhere on the line A and also on the infinite
arc T. Consequently, if F'(s) — 0 as |s| — oc along A, then the product F((s)es® = 0forall s € T
(since |s| = oo on T), but only provided that ¢ > 0 so that the product v¢ < 0 for s = v + jw lying
on the part of the arc T" lying in the extreme left half plane.
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The point is, that if F(s)et equals zero for values of s out on an infinite boundary T' shown
figure .4 then extending the integration path from the straight line A to a closed contour C, which is
A plus the extension arc T" out at infinity, will not change the value of the integral, since the integrand
is zero over the added part . That is, since F'(s)e®! = 0 for s € T then

1
— F(S)GStdSZO >0
21y
and hence for ¢ > 0
1 1
/F Stds—i—— F( Jestds = — F(s)e'ds = — ¢ F(s)e®ds
" 2mj 2my TJ JAasr mj Je
%,_/

=0
(4.47)

where the closed contour C = A + I'. Note that in (@41) the circle is added to the integral sign to
denote a closed integration path, and this provides the following contour integral formulation for the
Inverse Laplace Transform.

If a Laplace Transform F'(s) satisfies the condition that |F'(s)| — 0 as |s| — oo, then the Inverse Laplace
Transform may be written as the closed contour integral

fity=L"YF} = %%:F(s)est ds ;t>0 (4.48)

where C is the contour shown in figure €4 and further on again in figure

4.5.2 Evaluation by Residue Calculation

Once the inverse Laplace transform ([fZ3)) is converted to the contour integral form Z8), it can be
computed by using what is known as ‘Cauchy’s Residue Theorem’, but only once two new terms have
been defined.
Firstly, a ‘pole’ p; of a function F'(s) is any value of s at which F(s) equals +o00. That is, if
s = pg is a pole of F'(s), then
F(py) = £oo.

For example, if

F(s) = ! (4.49)

s—a

then F'(s) has a pole p; at s = p; = a. Associated with a pole, is the ‘residue’ of F'(s) at the pole
location s = pg, and which is written as
Res F(s)

S=Pk
The meaning of this term ‘residue’ is that, if at the pole position s = p; where the residue is to
computed, there are m poles (most often, m = 1), then the residue may be computed as

1 dmfl
Res F'(s) =
Res Fs) = G =) asm T

[(s —pp)" F(s)]| - (4.50)

S=Pk

In words, the above says that the residue of F'(s) at the pole location s = py, is found by removing
the poles (this is the multiplication by (s — px)™ step), differentiating the result m — 1 times (since m
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is mostly equal to 1, normally no differentiation is required), and then substituting the pole location
s = py into whatever remains after division by (m — 1)! (which with m = 1is 0! = 1).
Again, using (.49) as an example with pole at p; = a, the residue of F'(s) at this pole is
1 s—a

Res F'(s) = Res =

s=a § — Q S—a

=1

s=a

while (as a further example) if there are m = 2 poles p; = py = a at the same location via F'(s) =
1/(s — a)? then according to @&0), since (m — 1)! = 1! =1
1 d ) 1
1;{35’ F(s) = E{:es (s —a)? - E(s —a) (s —a)?
Finally, Cauchy’s Residue Theorem then says that when considering a contour integral such as (£.48),
it is only the poles of F'(s) that matter in its calculation, and the way that the poles matter is via the
above residue definition.

_d

= —1 =0.
ds

s=a s=a

Theorem 4.5.1 Cauchy’s Residue Theorem Take a smooth closed curve C in the complex plane, and
suppose that a function G(s) is differentiable everywhere within C except at isolated poles p1,- -+ , pn
within C. Then

1 n
— ¢ G(s)ds = Res G(s).
21y Je (s)ds kZ::l s=ph (s)

Here it is assumed that the integration is taken counter-clockwise around the path C. Clockwise
integration can be accommodated by reversing the sign of the above result.

Applying this theorem with G(s) = F(s)e®® in the contour integral (&248) then provides a simple
formula.

Suppose that the poles of F'(s) are at points pq,--- ,p, and that F(s) — 0 as |s| — oo. Then f(t) =
L~ {F} may be computed as

1
- 2n5 Je

f(t) F(s)estds = Z gi%s [F(s)e®] ;> 0. (4.51)
k=1 "

45.3 The Caseof |solated Poles

In particular, whenever the poles py in F'(s) only singly (m = 1), then (£50) becomes
Res [F(s)] Pt = (s — Pr)E(8)| o=y, ePrt, (4.52)
s=pp

In this case, the inverse Laplace transform formulation (5T takes on a very simple form.

If all the poles in {p1,p2,---,pn} In F(s) occur only once each (there are no repeated poles), and
limy o [F'(s)] = 0, then

3

n

LHE()} =Y (s = pi)F(s)],_, P =S enH { (s — pk)F(S)|S:pk} . (4.53)

k=1 k=1
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The simplicity of this residue-based method of Laplace Transform inversion is now best illustrated by
examples.

Example 4.11 Suppose that
1
F(s) =
(8) =7

Then the function F(s)e! has only one pole at p; = —a. Furthermore, provided ¢ > 0 then F'(s)e*t
is zero on I" (where Real {s} < 0) in figure &4l Therefore, via @.53)), for ¢t > 0.

ft)=LYF(s)} = (s + a)F(s)|,—_, e =% t>0

which agrees with the known result (ZI1)).

|
Example 4.12 Suppose that
1
F(s) =
(5) 7s+1
Then the function F'(s)e* has only one pole at p; = —1/7, and |F'(s)| — 0 as |s| — oo. Therefore,
fort >0
— r—1 — —t/T
SO =LHF@Y = (tUnzmg| e
1 (s+1/7) Ly
= ——— e
T (S + 1/T) 8271/7
= le_t/T it > 0.
-
|
Example 4.13 Suppose that
1 1
F(s)= = .
() $2+3s+2  (s+1)(s+2)
Then the function F'(s)e®! now has two poles, one at p; = —1 and one at po = —2. Furthermore,
provided ¢ > 0 then F(s)e®" is zero on T in figure &4 Therefore, via (E&3) and for ¢ > 0.
) =L7HF(s)} = (s+DF(s)ly—_ge™" + (5 + 2)F(s)],pe™
1 —t 1 —2t
= + F(s e
c+9)._,° Ternt@|_,
= e t_e 3t > 0.
|
Example 4.14 Suppose that
w w
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Then the function F(s)e! again has two poles, this time purely complex ones at p; = jw and one at
p2 = —jw. Inthis case, I needs to be chosen so that the line A forming part of C passes to the right of
the origin so that closing A with T to form C will enclose the poles. Therefore, since F(s)e®! is zero
onT'ift > 0,thenfort >0

FO) = LYE(s)} = (s = jw)F(s)] oy @' + (s 4 jw) F(s)] o, e 7"
w : w ;
= T GJWt"’ —F(s G_JWt
(3 +.7w) s=jw (S _Jw) ( ) s=—jw
w jw —Jjw
= 2j—w [e] t_ e t}

1 . .
= % [(coswt + jsinwt) — (coswt — jsinwt)]
= sinwt ;6> 0.
|

Example 4.15 To really illustrate the power of this residue method of Laplace Transform inversion,
suppose that F'(s) is more complicated (so that it is not simply one already listed in table L.T)). Namely,
consider 5
F(s)= 5w———— ; :
(5) s2 4+ 2ars + 1?2 jour € R
Firstly, the poles of F'(s) need to be identified, and this can be done by factoring the denominator of

F(s)as

(s +rel?)(s +rei%)

02 cos™!a, sinf = /1 — 2.

In this case, there are clearly two poles p; and po in F'(s). One is at

pL= —rel? = —r(cos@ + jsinf) = —ra — jryv/1 — a?

F(s) =

where

and the other is at
pr=pr=—re I = —r(cosf — jsinf) = —ra +jrm-
Therefore, applying the residue formulation (53) for ¢ > 0

f6) = (s+re")E(s)] et 4

s=p1=—reif

(s+ re_jG)F(s)

e Pit .
s=p1=—re—J¢

j0 —j0
_ Lemt Leﬂt
r(el? — e=39) r(e=i% — ei?)
- 5 1 . {ejeeplt _ e—jeep—lt}
7 sin
efrat
_ {ej(efrtsine) - efj(efrtsine)}
27 sin@
efrat
= /s 92j sin(f — rtsin6)
1 —rot : -1
= ——e¢ sin (cos™  a — rt 1—a2) -t > 0.
V1—a? < T
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45.4 The Caseof Repeated Poles

When poles are repeated, and hence have a multiplicity greater than 1, then the residue formulation
XD still applies. However, the simple method (#52) of evaluating the residue at a pole by simply
evaluating what is left after pole cancellation needs to be modified.

Specifically, although the residue computation at a pole p of multiplicity m still involves removing
the poles via multiplication by (s — p)™, the residue itself is the (m — 1)’st order derivative evaluated
at s = p and divided by (m — 1)

Example 4.16 Suppose that
1

F(s) = m.

Here F'(s)e® has a pole at s = —a of multiplicity m = 2 so that for t > 0

st 2 st
|
Example 4.17 Suppose that 1
F(s) = m.

Now, compared to the previous example, the pole multiplicity has been increased to m = 3, so a
second order differentiation is required
1 d? (s+a)de 1 d% t2

- _ - _ :_at . >
=53 Grap 2 ds2¢ 2°¢ 820

S=—a S=—a

455 Dealing with the Bi-proper Proper Case

The final complicating factor to be dealt with involves situations in which F'(s) does not tend to zero
along the line A shown in figure &4l For example, if

b by 1s" T+ bis + by

F(S) n n—1
S+ ap_18 + +ais+ ag

with b,, # 0, then

bs™ + bp_15" 1 + -+ bys + b
lim |F(s)| = lim nS oS A ST 0,

|s|—o00 s|—o0 s"+ap_18" 1+ +ays+ag

In this case, it is not valid to produce a closed contour C by adding T" to A, since at the farthest extreme
of A, the integrand F'(s)e®! has not diminished to zero, and hence the integral around the new contour
I" will be non-zero, making the integral around C = A + T different to that just along A.
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This difficulty is easily dealt with simple by re-writing F'(s) as the sum

F(s) = by + G(s) (4.54)

I (bnfl - bnanfl)sn_l + (bn72 - bnan72)5n_2 +-- 4+ (bl - bnal)s + (bO - anO)
s+ ap_18""1 + -+ a1s +ag

(4.55)
In this case, since the Inverse Laplace Transform is a linear operation, then

L7HE(s)} = L7 b, + G(s)} = b,0(t) + L7H{G(s)}.

Furthermore, since now |G(s)| — 0 as |s| — oo, then £~1 {G(s)} may then be computed via the
residue methods just presented.

In this sort of situation, the non-zero b,, implies that the polynomial order of the numerator of F'(s)
is the same as that of the denominator of F'(s). The technical term for this is that F'(s) is bi-proper.
Furthermore, if the denominator order is greater than the numerator, then F'(s) is said to be ‘proper’,
and if the denominator order is less that the numerator order, then F'(s) is said to be ‘improper’.

Example 4.18 Consider the case of

2524+ 5

F = =
(5) 52465+ 8

Then clearly lim |, |F(s)| = 2 # 0 since F'(s) is bi-proper. However, using (£.54), (25) we can
re-write F'(s) as

. (0-2-6)s+(5-2-8) _  (12s+11)
Fls)=2+ 52+ 6s+8 _2_(3—1—4)(34—2)'

G(s)

Therefore, noting that £~ {2} = 2§(¢) and using residue methods to compute £~ {G(s)} gives

B (125 4 11) 4 (12s +11) ot
o) = 200+ [_ (s +2) } — 4 [_ (s+4) ] o=t 2
= 20(t) — 3—27674)& + 1—2367%.

45.6 Causality of the Inverse Transform
Recall from equation (#Z3) at the start of section L5 that the Inverse Laplace Transform is given as
A1 Y+joo
JO) =L7HF) 2 o / F(s)e™ ds (4.56)
275 Jy—joo

where v € R is any value such that F'(s) is within its region of convergence (ROC) for all s €
(v = jw, v + jw).
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Furthermore, consideration of table BTl indicates that the ROC for any Laplace Transform consid-
ered so far is always of the form

ROC F(s) = {s € C: Real{s} > Real {a}}

where « is such that all the poles of F'(s) lie to the left of Real {«}.

Therefore, as shown in figure (and figure E.4)) the selection of the infinite integration path
s € A= (y—joo,v+ joo) to be used in (@IS8) will always be one in which all the poles of F(s) lie
to the left of that path.

Furthermore, if we restrict attention to the case of ¢ > 0, then the term e in @&8) will be
bounded (or zero) everywhere on an infinite radius arc s € T that lies completely to the left of the line
A.

Finally, if |F'(s)| is also zero on this infinite arc I, then the integral (Z.58) along the line A can be
turned into an integral along the closed contour C = A + T" shown in figure which will contain all
the poles py, - -+, p,, Of F'(s). As was just discussed in section 5.7} Cauchy’s Residue Theorem then
asserts that this contour integral depends only on the location of these poles so as to give the Inverse
Laplace Transform as

ft) =L {F(s)} = Z [sfi%i F(s)es"} ;6> 0.
k=1

However, now suppose that we are interested in the case in which ¢ < 0. In this case, since Real {s} <

Contour C

Im{s}
Polesof F'(s)
X
x Re{s}
X v 0
Arcislabe!ledas/FV X
Lineislabelledas A

Figure 4.5: Graphical illustration of integration path C used to invert a Laplace Transform when
t > 0. This is essentially figure 4] viewed from above, with poles of F'(s) represented as crosses.
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0 on T then for ¢t > 0, et will tend to infinity as s moves around the infinite radius arc I shown in
figure £8, since the product st will have a real part which is positive. Therefore if added to the line A
it will result in an integration path C which is far from equivalent to the path A.

As a consequence, in these cases where ¢ < 0, then the integration arc I must be altered as shown
in figure Bl to be one which lies in the right half plane in order for e*! for t < 0 to be either bounded
or zero everywhere on it. However, since the A must lie in the ROC, which in turn is a region to

Im{s}

Polesof F'(s)

Contour C

X
0 Re{s
« v {s}
X
W \j\/-\rcislabelledasr
Lineislabelled as A _—

Figure 4.6: Graphical illustration of integration path C used to invert a Laplace Transform when
t < 0. Since A must lie in the ROC of F'(s) which is region to the right of the poles of F'(s), then the
C will contain no poles of F(s).

the right of the poles of F'(s), then there will be no poles enclosed by the contour C. This case of
integration around regions containing no poles is addressed by Cauchy’s Integral Theorem as follows.

Theorem 4.5.2 Cauchy’s Integral Theorem Take a smooth closed curve C in the complex plane, and
suppose that a function G(s) is differentiable everywhere within C. Then

1
21j Je

G(s)ds = 0.

|
Therefore, since F(s) contains no poles within C, then F(s)e®! is differentiable everywhere within C
and hence by Cauchy’s Integral Theorem

f(t) = —

=— ¢ F(s)e®ds=0  ;t<0.
377 I (s)e* ds it <
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Example 4.19 It was established in section 3.4l that for the signal

et 1 t>0
ft)=1(t) - e =
0 ;t<0.
then
Fls) = — (4.57)
S —

with region of convergence Real {s} > Real {a}. Now, when ¢ > 0 then F'(s)e®! is zero on the left
half plane infinite arc I" shown in figure which will then lead to a contour C which encloses one
pole at s = «. Therefore, as already established in Example EIT] a residue calculation provides

ft) = E_I{F(s)} = (s+a)F(s)]4—_, e =% t>0.

On the other hand, when ¢ < 0 then F'(s)e® will be zero on the right half plane infinite arc I shown
in figure A& This will then lead to a contour C that contains no poles, and hence

f&)=LYHF(s)} =0 ;t<0.

Therefore, the full inverse transform of ([f5Z)) accounting for both t > 0O and ¢t < 0is L~ {F} =
1(t) - et

This phenomenon that f(t) = £~! {F(s)} satisfies f(t) = 0 for ¢ < 0 is commonly stated as *f(¢)
is causal’. This is in recognition of the fact that, as was discovered in section a linear time-
invariant system is causal (depends only on past, and not future inputs) if, and only if, its impulse
response h(t) satisfies h(t) = 0 for ¢ < 0.

The general ‘causality’ principle for Laplace Transforms that has been exposed in this section
should be emphasised.

Suppose that F'(s) satisfies |F'(s)| — 0 as |s| — oo, and that the region of convergence of F'(s) is of the
form {s € C : Real {s} > a,a € R}. Then

L7YF(s)} = f(t)=0fort <O0.

At the risk of overly complicating matters, but in the interests of a complete treatment, it is important
to recognise the value of considering the ROC of F'(s) in the above result.
For example, consider the “anti-causal’ (strictly zero for ¢ > 0) signal

e 1t <0

0 ;t>0

Here we assume « > 0 so that the above exponential tends to zero as t — —oo. In this case, the
Laplace Transform of f(¢) can be computed as

0 ela—s)t =0 -1

Gls) = gy = [ emeta= S| = —
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with region of convergence {s € C : Real {s} < Real {«}}. However, from table 1] the strictly
causal signal

—e t>0
flt) =-1(t) - e =
0 ;<0
has Laplace Transform
-1
F(s) = LAf(1)} = —

with region of convergence {s € C : Real {s} > Real {a}}.

Therefore, the only thing to discriminate between the Laplace Transform F'(s) of the strictly
causal signal f(¢) and the Laplace Transform G(s) of the strictly anti-causal signal ¢(t) is the associ-
ated region of convergence. For the causal signal f(¢) it lies to the right of some point Real {«}, and
for the anti-causal signal g(¢) it lies to the left of that point Real {«}.

In fact, using the same arguments as have already been used in this section, we can make the
general characterisation of the Laplace Transforms of anti-causal signals.

Suppose that G(s) satisfies |G(s)| — 0 as |s| — oo, and that the region of convergence of G(s) is of the
form {s € C : Real {s} < a,a € R}. Then

L7HG(s)} = g(t) =0 fort > 0.

Therefore, although it is vital to specify the ROC for any Laplace Transform, it is often left unstated,
in which case it is understood to lie to the right of the right-most pole, and hence (via the above result)
it is also understood to correspond to the transform of the strictly causal version of a signal.

45.7 Dealingwith Time Trandations

According to the time-shifting property (&18),
L{fE+T)}=eTL{f(t)} =eTF(s). (4.58)

Since time translation is a frequently occuring physical process (for example, due to transport delays)
it is common to encounter Laplace Transforms that are of this form 7 F(s).

However, in order to compute £~ {F(s)} via the residue methods of this chapter, it has been
important to require that |F(s)| — 0 as |s| — oo. Clearly any |e*T| term in |F(s)| will prevent this
required decay to zero.

The simple solution to this problem is to initially remove any e*? term from the necessary Inverse
Transform computations, and then account for it at the end via the necessary time translation.

Example 4.20 Consider the case of

6—25

F(s) =

s—a’
Via the previous example and also table EZT] the part of F'(s) not containing the e=2¢ term has
inverse Laplace Transform of
1
£ { } =1(t) - e™.
S —
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Furthermore, via @58) any e~2° term in a Laplace Transform corresponds to a time delay (shift to

the right) so that

[ e a(t—2)
L =1(t—2)-e .

S —«

Example 4.21 Consider the case of

ro= () ()

—_——— Y——
F1(S) FQ(S)

Dealing with F (s) first, then after removal of the e~ term and using the residue method

R e Gl (=

1 1
-
s+2 s=1 s—1 s=—2
1 1
:§et_§e_2t

and therefore ,
ht) =L {F(s)} = 310t -1)- [e@—l) _ e—%&—l)] .

El{ i4} :ef4t
S

folt) = L7 {Fy(s)} = 1(t + 3)e 4+

Therefore, by the linearity of the Inverse Laplace Transform

Turning now to the Fy(s) term

so that

f&)=L7HF(s)} = LTH{F(s)} + LT H{F(s)}

= él(t —1)- et=1) _ o—2(t—1) +1(t + 3)6—4(t+3).

45.8 Inversion by Partial Fraction Expansion

(4.59)

There is a more primitive approach to inversion of Laplace Transforms, and it essentially involves
‘pattern matching’. Specifically, one rudimentary approach is that when presented with a transfrom
F(s) to invert, a possible strategy is to try to decompose F'(s) into recognisable components that are

found in known lists of Laplace Transform examples, such as table E1
For example, if presented with F'(s) of the form

1

o= a6+

(4.60)
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then it is easy to recognise that it contains elements 1/(s + a) and 1/(s + b) that relate to the already
known relationship

1
1t)e ) = ——. 4.61
L{1®e™} = 15 (4.61)
This raises the idea that it would be sensible to try to decompose (E&0) in the form
A B
F(s) = 4.62
() s+a * s+b (4.62)

for some constants A and B. In order to find these constants A and B, note that if (£62) may be

re-written with a common denominator as

A(s+b)+ B(s+a)
(s+a)(s+0)

F(s) = (4.63)

Clearly, if (@82) is going to be valid decomposition of (.&0), then the numerator of (#.&3) must be 1:
A(s+0b)+ B(s+a)=1. (4.64)
This equation must hold for all s, and in particular for s = —b which implies
B(a—b) =1.
Equation (@&4) must also hold for s = —a which implies
Ab—a)=1.

Therefore A = (b —a)~!, B= —(b—a)~!, and the decomposition (E2) becomes

Fls) = (bia) [sia_sib]'

This form is called a “partical fraction decomposition’. Applying the Laplace Transform result (EE&T)
then implies that the function f(¢) with Laplace Transform £ { f(¢} of the form of F'(s) above is

1
ft) = [e_at — e_bt} .
Note that this same computation of the Inverse Laplace Transform £~1 {F} (s) = f(¢) can be per-

formed very easily via the previously discussed residue methods as

1
(s+a)

f(t)= e " +

S=—a

s:fb B (b - a)

Partial Fractions: |solated Poles

In fact, these two methods of “pattern matching’ and residue computation are essentially the same,
and this equivalence is best exposed by considering the general case of F'(s) being of the form

F(s) = by s™ + -+ +bi1s + by B B(s)
S s danas" T o aistao (s —pi)(s—p2)-- (5 —pn)
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where we have put B(s) £ b,,s™ + --- + bys + bg. This so-called ‘rational’ case (the case of F(s)
being a ratio of two polynomials) is actually very common, as will be exposed in section EE8l following.
In this case, the required partial fraction decomposition is

B(s K K. K

F(s) = (5) ==L 4 22 4.

(s—p)(s—p2)---(s—pn) s—p1 s—p2 s — Pn

Considering this partial fraction form, and then pattern matching with the known transform (Z.&1)
then implies the inverse transform

(4.65)

f@) =1(t) - [K1e"! + Koe??' + -+ + KpePrt] .
In order to compute K, note that mulplying both sides of (.85)) by (s — p1) implies that

Ko(s — K, (s —
(8—p1)F(5):K1+M+”_+M.
52 §—DPn

Since this equation must hold for all s, it surely must hold for the case of s = p; to provide
K = (S _pl)F(S)’s:pl :

But, considering the definition (Z50) of a residue, this value for K is nothing more than the residue
of F(s) ats = py. That s,
K, = Res F(s).

5=P1

Continuing this process to compute Ko, - - - , K, and then substituting into (Z.85) implies that

f(t) =1(t) - |Res F(s) - eP'* + Res F(s) - eP?' 4 --- + Res F(s) - Pt | . (4.66)
S=P1 S=Pp2 §=Pn
This is identical to the solution (&52) provided earlier via a different argument in which the Inverse
Transform definition .43) was computed via Cauchy’s Residue Theorem. Recognising this, we then
see an interpretation of residues as simply providing the co-efficients in a partial fraction expansion.

Partial Fractions. Repeated Poles
Recall that when the inverse transform (Z.88), together with the formula

Res F(s) = (s = pr) F(s)] (4.67)

S=DPk
was first presented in (£52)), a caveat was placed on it that while (E&8) applies regardless of the pole
multiplicities, the simple formula (&&7) only applies when the poles are isolated (and hence their
multiplicity is 1).

Therefore, the formulation (Z.868) derived via partial fraction expansion and pattern matching must
be modified if any poles are repeated, where now the appropriate transform result to match to is that
of section

n !
cia ety = <8_1a> T (4.69)

Now, if F'(s) contains only one repeated pole of multiplicity n, then (Z&8) can be used directly, and
there is no need for partial fraction expansion. Therefore, the case of interest is where there are mixed
poles p1, - - - , p,0f mixed multiplicities &1, --- , &k,

B(s)

F(s) = Gl (5= pu)F (4.69)
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In this case, the appropriate partial fraction decomposition is

}(1 }(2 }(k1 }(1 }(kz
F(s) = 14 L o1 |4 2 442 4+
o [(8—171) (s = p1)? (s = p1)™ (s —p2) (s —p2)P
Kl K2 Kk'n
4 n + n 4+ —n"
[(5 — Dn) (s — pn)2 (s — pn)kn]
n kr 0
K
= 22 o (4.70)
r=1 (=1 pr

in which case, pattern matching against (.68) implies that the inverse Laplace Transform is

n kr

fFO=>>3" Kf%tg’leprt. 4.71)

r=1 (=1

Example 4.22 Consider the case of
.
(s+1)(s—2)2

Then according to (&70) an appropriate partial fraction decomposition is

F(s) =

1 K, K3 K2
(s+1)(s—22 s+1 + (s _22) + (s _22)2' (4.72)

Multiplying both sides by (s + 1) then implies that

1 Kl(s+1) K3(s+1
g Ket)) | K+
(s —2) (s —2) (s —2)
and hence setting s = —1 gives
1 1
Ki=—7—=-.
T Er=22 9

Multiplying both sides of @Z2) by (s — 2)? also implies that

1 Ki(s —2)?
GiD - st + K}(s —2) + K2 (4.73)

which when evaluated at s = 2 gives
) 1 1

K2 = :
27 (24+1) 3

Finally, differentiating both sides of (#.73) with respect to s implies that

-1 2Ki(s—2)(s+1) — Ki(s — 2)?
(s+1)2 (s +1)2

which evaluated at s = 2 implies

+ K]
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Therefore,
1 1 1 1

1 1
(s+1)(s—2)2 9 's+1 9 (s —2) 5 (s —2)2
so that pattern-matching against (£68]) implies that

Clearly the key step in this approach to Laplace Transform inversion is the computation of the co-
efficients { ’}. To examine this in more detail, note first that from (@70)

n kr—1
(s —p)F"F(s) = KF + (s — py) Z Z — (4.74)
—1 (=1 pr
and hence
Kl = (s —p,)* F(s) (4.75)
S=Pr
Next notice that ({.74) can be further expanded as
n kr—2 K@
A R R L S AD DD ey SCED
r=1 (=1 r
and hence
n kr—1
d k kp—2 K, d . K}
_ — Dy TF — K r — Dy r__ r
= s=p)F(s)| = KP4 (s—p)h 2 Gy
n kr—1
) =K
+kr(5_p7“)kr ! [ (S— )gl
r=1 (=1 pr
and therefore, provided that the multiplicity &, > 1
Kt = L (s = p)F(s)] (4.77)
" ds s=p,

Comparing @78) and @Z7) it is clear that a pattern is emerging in which we can formulate that for
m=0,1,2,-- k — 1
m

K= = S (s = po) ()]

S=DPr

which provides an expression for computing all the co-efficients {K ¢} in @ZI). Combining this
with @.Z1)) then indicates that the Inverse Laplace Transform found via this partial fraction expansion

method will be
n ke dkrfﬁ

F0) =33 == [(s= )" F(s)]

r=1 /=1

1,
Etﬁ Leprt, (4.78)

S=Pr
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Alternatively, the previously explained residue-based method (#.R1)) provides the formulation

ft) = % ) F(s)ef'ds = Tzn;sfi%sr [F(s)e*] ;6>0 (4.79)
where
Res Fls)e” = 1 - ! ;:/;_—11 (5 =) E(s) e .
- & i 0 ;:;;22 :(8 —pr)rF(s) te’ + eSt% ((8 —pr)k*F(S)ﬂ .
= s [ Ee et e S (5 () +
‘g (Gmrrw)]|
- ;Zrl % [(5 - Pr)krF(S)] — %téileprt.

Substituting this expression for the residue back into (Z.79) then leads to

n o gkt

FO =323 = [(s =) F(s)

r=1 /=1

1,
E# Leprt, (4.80)

s=pr 7’

Note that this is identical to the solution (£Z8) found via partial fraction expansion. Therefore, as
was also the case for isolated poles, we find that partial fraction expansion methods are essentially the
same as residue methods - the residues are simply the partial fraction expansion co-efficients { K’}

Given this equivalence, the residue-based method (Z79) would appear to be superior to partial
fraction methods for the following reasons.

1. It does not require memorization of any Laplace Transform results (such as those in table ET);

2. It allows inverse transformation even when the transform in question contain elements that are
not recognisable from available transform tables;

3. Itdirectly exposes why a pole at p in a transform F'(s) implies a term eP? in the inverse transform

f(t)=L7H{F(s)}

4. It directly exposes how the ROC of the transform determines the causility of the signal being
transformed;

5. The arithmetic manipulations involved in computing residues are identical to those involved in
computing partial fraction expansion co-efficients, and hence are no more complicated.
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4.6 Differential Equation Solution by Laplace Transform Methods

The previous chapter considered general differential equations of the form

n dn—l n d
FTEL y(t)+an— sy Ty(t)+-- tary y(t)+aoy(t) = b, T u(t)+-- +b1d u(t)+bou(t). (4.81)
which can be written somewhat more compactly as
L dk "L dk

In turn, the previous chapter also established (see section BI7) that, for a given signal «(¢) and given
initial conditions on y(t) and its derivatives at time ¢t = ¢, a solution y(¢) that satisfied (£82) for
t > ty could be found by state-space means as

t
y(t) = CeAlxg 4 / CeAl=)Bu(o) do + Du(t). (4.83)
N——
Natural Response

Forced Response

Here A, B, C, D are the matrices forming the state-space representation of (£.82). The main diffi-
culty with this method of solution is that calculation of the matrix exponential e is not completely
straightforward, and neither is the computation of the associated convolution integral in (£83). The
purpose of this section is to show how Laplace Transform methods may be used to compute the solu-
tion @B83) in a simple manner that avoids these difficulties.

The key idea is to not solve directly for y(t), but instead use a first step of solving for Y(s) =
L{y}, the Laplace Transform of y(¢), and then foIIow this with a second step of computing the
solution y(t) as the inverse Laplace Transform y(t) = £~ {Y'}.

The first step is achieved by taking the Laplace Transform of both sides of (#82). Since equality
should be maintained by this operation then

E{Zak@l(t)-y(t)} = a{z bkwl(t)m(t)} (4.84)
k=0 k=0
where the inclusion of the 1(¢) step function has been made so as to only consider y(¢) and w(t) for

t > 0. Furthermore, as a consequence of the linearity of the Laplace Transform, the relationship
E384) may be written as

Z arl { ! } Z bp L { 10 ult )} : (4.85)

Therefore, according to the property (&2Z7) for the Laplace Transform of a derivative,

dk X k et dffl
—1(t) - ="y (s) — - 4.
et v} =Y - G| (4.56)
and similarly for derivatives of w(t). Using this principle in (£85) then leads to
n n k
q6-
k— _ k k—¢
B) SUEES U SRR S MU IR SUEES oL SRR =
k=0 (=1 k=0 k=0 (=1
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Therefore, after defining

n
A(S) = Zaksk =ap+a1s+ a232 + -t aps”
k=0

B(s) & Zbksk =bo+bis+bys®+ -+ bys"

k=0
the equation (@.87) becomes
n k g d1 n k L i
Y(s)A(s)= ) ax Y " dt“y(t)' = U(s)B(s)= ) by > s~ dt“u(t)' (4.88)
k=0 (=1 t=0" k=0 (=1 =0~

and hence, by dividing through by A(s), the transform Y (s) of the solution (£83) of (381) is given
from [@.87) as

1 n k et del del
= H(s)U(s) + A [ak —y(t) — br——u(t) } (4.89)
—— A(S) k:O; dtg 1 t=0— dte 1 +=0—
Forced Response -~
Component Natural Response
Component
where
B(s)
H(s) & 4.
ORS® (4.90)

This development deserves to be emphasised.
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Consider the differential equation

n dn—l n

d
@y(t) +an—1 W?J(t) +otm ay(t) +apy(t) = bn@“(t) +- b au(t) + bou(t) (4.91)

and suppose that any initial conditions associated with this equation are specified at ¢ = 0~. Then the
Laplace transform Y (s) of the solution of this differential equation is related to the Laplace transform U (s)
of the signal «(¢) and the initial conditions at ¢ = 0~ according to

k

1 n de-1 qe-1
Y(s)= H — ket t — bp——ult 4.92
9= OO+ S S g o] | 6o
Forced Response —
Component Natural Response
Component
where B(s)
S
H(s) = Als) (4.93)
and
A(s) = s"+ 18" 98" 4 ags® +as + ag
B(s) = bps" 4+ by 18" 4 bp_98" 24 -+ bos® 4 bys + bo.

That is, the Laplace Transform Y (s) of the solution y(¢) of the general differential equation (Z81)) can
be broken into two parts. The first depends only on the signal «(¢), and not on any initial conditions,
and hence it is the Laplace Transform of the “forced response’ solution component. The second
depends only on these initial conditions, and not on w(t¢),¢ > 0, and therefore it is the Laplace
Transform of the ‘natural response” component. If all the initial conditions

d dn—l d dn—l

y(oi)’ ay(oi)’ B Wy(oi)vu(oi)’ au(o )7 o Wu(oi)

are zero, then (@.89) simply becomes

and then y(¢) is simply found as
y(t) = L7H{H(s)U(s)}

which is only a forced response component. More generally though, both the forced and natural
response components are found by Inverse Laplace Transformation of the expression (Z.89).

In summary then, a complete means for differential equation solution involves taking Laplace
Transforms of both sides of the differential equation, then use the linearity property (E.17) and differ-
entiation property (&Z7) in order to gain an expression for the Laplace Transform Y (s) of the solution
y(t), then finally find the solution y(¢) by Inverse Laplace Transformation y(¢t) = £~ {Y (s)}. This
process is probably most clearly conveyed by example.

Example 4.23 First Order Case Recall the first order differential equation case, which was used in
Example Bl to model an RC circuit, was used in example B41to model car velocity and was used in
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Example B2 to model an Op-Amp circuit. All these are instances of the situation

%y(t) +aoy(t) =bou(t)  :y(07) = yo.

Taking the Laplace Transform of both sides of this differential equation results in

N———

c{§10-v0}

Vo) = (51 ) U0+ ag0)

s+ ap (s +ao)
Forced Response  Natural Response
Now suppose that «(¢) = 1(¢) which is a unit step input, so that by table ZT U (s) = 1/s. Then

sY(s) —y(07) +aoY (s) = boU(s).
1
t

so that

bo . 1
(s+ap) (s+ ao)y

Y(s) = - (0°)

and hence by a Residue calculation (which notes that there are poles at s = 0 and s = —ay)

bo

2 [1 — efaot] + y(Of)efaot 1(t).

y(t) =
This (of course) is exactly the same solution as obtained by state-space means (with state dimension
equal to one) in (358) as part of example B8, where ¢y = 0 was chosen in that example, and here it is
takenasty = 0.

Example 4.24 Second Order Case Consider the circuit shown in figure EZ71 The arrow notation
around the switch indicates that it is thrown closed at ¢ = 0 and is open for all ¢ prior to that point.

In order to compute the evolution of v (t) after the switch is closed, a differential equation model
for v (t) is required. To obtain this, first notice that by Kirchoff’s Voltage Law

vR(t) +vL(t) + velt) = V. (4.94)

However, the fundamental characteristics of a resistor and inductor are that

. d .
vr(t) = Rig(t),  vr(t) = Lir(t). (4.95)
Furthermore, by Kirchoff’s Current Law
ir(t) = i(t) = ic(t). (4.96)
Therefore, substituting (Z.38)) into (Z.95)) leads to
. d .
vr(t) = Ric(t),  vi(t) = L ic(t). (4.97)

dt
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Additionally, the fundamental characteristic of a capacitor is that

d
ic(t) = C—=ve(t) (4.98)
dt
which when substituted into (£.97) gives
d d?
vr(t) = Rcavc(t), v(t) = LC@vc(t). (4.99)

Inserting this into the Kirchoff Voltage Law relationship (#34) then provides
ROL ot + 20 L vett) + ve(t) = v
dtvc de2 vC C = Vx

which, on dividing through by LC becomes

d2 Rd 1 1

To compute v (t) after the switch is thrown, we elect to first compute its transform Vo (s) = £ {vc(t)}
by using the principles (see section 4.5

2
cun- grof=sein -0, cfaw- a0} =L - 500 - 510)

when taking Laplace Transforms of both sides of (@I00). This leads to

C(O_)] + % [sVe(s) —ve(07)] + %VC(S) — %%

d

< 4.101
e (4.101)

[SQVC(S) — sve(07)

In arriving at this, when taking the Laplace Transform of the right hand side we have accounted for

vr(t) )/W(t)\
R =500 L =10H
t=0
+
. i
v el
C = 25000uF

Figure 4.7: Circuit leading to second order differential equation model for the capacitor voltage
ve(t).

the switch closing at ¢ = 0 but being open prior to then by modelling the voltage source as V,1(t),
whose Laplace Transform is then V. /s.
Collecting terms associated with V() in @I0OI) then provides

2, 0 | _ - il I -y = _— * 4
Ve(s) [s + =5+ LC} ve(07) [s—l— L} tvC(O ) C s (4.102)
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To proceed beyond this point, consider the case of specific component values of
C = 250004F, L = 10H, R = 509

so that
R_S0_ . 1 _ 1 _
L 10 7 LC  10-25-10%-10"6
and hence
4V, (s +5)vc(07) 4+ doe(07)dt
VC(S) - 2 2 .
s(s?+b5s+4) (s +5s+4)
Forced Response Natural Response

For the Forced Response component, the inverse Laplace Transform may be computed via the residue
method as

e e F A Ere= ]

1 1 1
= 4V, | ———— L I G Y (7
* [ GrGI D serD.S, sG1d ij] ®)
-V [1 + %e*‘“ - %et} 1(t).
Similarly, for the natural response component
-1 { (s +5)vc(07) + de(O_)dt} _ { (s +5)vc(07) + de(O_)dt}
(s2+5s+4) (s+4)(s+1)
_ (s + 5)1}0(0_) + dvc(O_)dt 4t
(5 + 1) s=—4
(s +5)vc(07) +dvc(07)dt| _,
(s+4) o
1 _ _ _ dvc(07) . _ _
= 3 [vc(o Jde ™ —e 4t]+%[e e 4'5]} .
Therefore, the complete solution for the capacitor voltage for ¢ > 0 after the switch is thrown is
ve(t) = Vi [1 - é e~ g et] + é [UC(O)[ZLet —e M) 4 MCT(:)_)[N — e4t]] . (4.103)

Notice that if we set ¢ = 0 in this solution we obtain

ve(0) = ve(07)
and hence the capacitor voltage when the switch is thrown matches the initial voltage just before it
was thrown. Similarly, if we differentiate (Z.I03)) we obtain

d 4 4 4 1 - —t —apy , dve(07) 4t
< —V,|-= - - 4 4 Toel” )i 4
dtvC(t) V*[ 3¢ tge }—1—3[@0(0 J—de " +4e” ] + o [—e " +4e ]
and hence 1 due(07)
vo (0™
o) =l
acW| dt

Therefore, the solution (£I03) satisfies any initial conditions that are placed on the capacitor voltage
prior to the switch being thrown.
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46.1 Moreon Initial Conditions

The previous section has illustrated how Laplace Transform methods may be used so find a differential
equation solution y(t) that satisfies certain specifications on

Ly, Ly, L (4.104)
y(), (0, (), Ty -

at time ¢ = 0—, which is a point infinitesimally smaller than (minutely to the left of) the time ¢ = 0.
This particular choice for the ¢ at which specification on (#I04) are met is imposed by the following
Laplace Transform property introduced in section

L{l(t)-% f(t)} = S0} [ 10 Flreear (109
= sC{1(t) - f()} + /Ooo %[f(t)e—st] dt (4.106)
= sL{1(t)- f()} = F(07). (4.107)

Here, integration by parts is used in (£05)), and the progression to (#.106)), and hence the specification
of the point ¢ = 0~ arises because the 1(¢) function has a discontinuity at ¢ = 0:

1 ;t>0
1(t) & { (4.108)

0 ;t<0.

With this in mind, suppose the above specification is slightly modified to produce a new function
1, (¢) that is non-zero for ¢ > 0 (rather that for ¢ > 0 as with the 1(¢) function)

1 ;t>0
1,(t) = (4.109)
0 ;t<0.

Using this function, the integral in (£I05) can be altered to yield

o d —st _ o d —st _ =+
|10 glroeae= [ Sirmea=—ro")
where 07 is a point infinitesimally greater than (minutely to the right of) ¢ = 0. This would then lead
to an alternate differentiation property

{10 10} =5 (140 1)) - £0°) (4.110)

Therefore, Laplace Transform methods are also able to handle initial condition specifications at t =
07, and the question of whether to use this time point, or ¢ = 0~ becomes problem dependent, as will
presently be illustrated.
The only difference between these approaches (EI10) and @I07) is the quantity
ot d

FO) - 107 = [ G0 (@.11)

If df(t)/dt is bounded in the region ¢ € (0~,07), then the integral on the right of (IIT)) is zero (the
integration width is zero), and hence f(0™) = f(07). In this case, initial conditions specifications at
t =07 and ¢t = 0" are equivalent. However, this need not always be the case.
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Example 4.25 Derivative of 1(¢) Suppose we examine the case of f(t) = 1(¢). As explained in
section it is possible to think of the derivative of 1(¢) as a Dirac delta 6(¢) so that

c {%1@)} =L£{5(t)} = 1. (4.112)

Furthermore, if we use the rule (@I07) then we can also compute

S

c {1(t) - %1@)} L SL{A) -1} - 107 ) = st —0=1

which agrees with @.I12). However, if we use the alternate formulation (ZII0)

c {1+(t) - %1@)} — sL{L.(1) - 1()} — 1(0) = s% _1-o0. (4.113)

This discrepency arises since
d
—1(t) = o(t
—1(t) = 5(t)
is clearly not bounded in the interval ¢ € (0—,07") and hence
ot o+

d —st _ —
e ar= . o(t)dt =1+ 0.

foh) - 107 = |
Furthermore, note that the value of zero found in (II3) is correct, since for ¢ > 0
d
—1(¢
gl =
and hence

L) S16) =0,
|

This example combined with the preceding discussion illustrates the following principle for the Laplace
Transform of signal derivatives which extends the earlier one presented in section ELZ.5

Suppose that all the derivatives

dk
f®  k=012-,n (4.114)
exist on the interval (0, c0). Then for all s in intersection of the ROC of F'(s) and the region Real {s} > 0:
d” n n—1 + n—2 d + d"” !
L 1+(t)-@f(t) = s"L{1:(t)- f(t)}—s"f(07) —s af((] )_..._dtn -f(0)

= LI FO)} - Z )

Furthermore, if all the derivatives in (.114) are also of bounded magnitude, then

o Soro} - el S0} - cao o) - Zs" S}
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The question of whether to use ¢ = 0~ or ¢ = 0™ in the specification of initial conditions can therefore
be problem dependent according to whether it is appropriate to model derivatives of certain signals as
bounded at ¢ = 0 or not.

For example, it is very common in engineering scenarios for the input driving signal u(t) to be
a unit step u(t) = 1(¢). If this signal then acts on a system which involves differentiation of w(t)
then since (see section ZZI0) d1(¢)/dt = o6(¢) the system will be affected by an impulsive Dirac delta
component.

This further implies that it will be possible for the system output y(¢) to change discontinuously
at ¢t = 0, and hence the question of whether to use t = 0~ or t = 0" for the specification of initial
conditions is an important one that depends on whether it is physically reasonable to include impulsive
components in the system response.

For example, when dealing with the shock-absorber example (see example B3), there are two
scenarios which might be of interest.

1. The case of the vertical height of the car being at rest before the car hits a sudden bump in
the road, which is modelled as «(t) = 1(¢). In this situation, it is appropriate to consider an
impulsive component affecting the system, and hence initial conditions should be specified at
t=07;

2. The case of the car being depressed by being held down with a weight, which is then released
at ¢ = 0. This can also be modelled as «(t) = 1(¢), but here it is not appropriate for this to lead
to impulsive components, and hence initial conditions should be specified att = 0.

Despite the fact that these two scenarios involve the same differential equation and the same input
u(t), one case models an impulsive input to the system, while the other models the case of a system
being released from some restrained position. The associated responses are quite different and are
completely determined by the choice of initial condition point ¢ = 0~ or ¢t = 0" in the Laplace
Transform analysis as will now be illustrated.

Example 4.26 Shock Absorber Revisited Let us return to the shock absorber modelling situation first
considered in example In this case, as also assumed in Example BI7) suppose that the car mass,
shock absorber spring stiffness and damper viscosity are (respectively) given as

m = 1000 kg, ks = 2000 N/m, kq = 3000 Ns/m.
Then according to ([B:24) the relationship between car height y(¢) and road height «(¢) is given as

2 d d
) 3 u() + 2y(t) = 3 u(t) + 2u(t). (4.115)

Suppose further the initial conditions on y(t) are specified att = 0~ as

d
y(07) = —0.5, ay(Of) =-1 (4.116)
and that the input «(¢) is a unit step 1(¢) so that
_ d
u(07) =0, —u(07) =0. (4.117)
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Therefore, taking Laplace Transforms of both sides of (ZI15)) and using the linearity of the Laplace
Transform together with the rule (@2Z7) for how the Laplace Transform of a signal and its derivative
are related gives

s2Y (s) — sy(07) (07)+3sY(s) = 3y(07) +2Y (s) = 3sU(s) — 3u(07) + 2U(s)

- v
so that q
(s +3s+2)Y(s) — (s +3)y(07) — 7(07) = Bs+2)U(s) = 3u(07)

which may be re-written as

(3s4+2)U(s) — 3u(07) N (s+3)y(07) +dy(07)/dt

Y(s) = 4.118
(#) 2+ 3512 2+ 35 12 (4.118)
Using the values @I16), @I17) this becomes
2 — —0.5s — 2.
Y(s) = (3s+2)U(s) —0 0.5s 5

_|_
(s+2)(s+1) (s+2)(s+1)
Forced Response  Natural Response

The natural response y,,(¢) is then found by Residue calculation as

—0.58 — 2.5
(1) = Lol 2t e
Un(t) {(s-l—?)(s—l—l)}
_ 05s—25] 055 —25 _y
(S + 2) s=—1 (S + 1) s=—2
_[-05(-2) —25] _,  [-0.5(-1)—25] _,
- [ (1) } - 1 ‘
= 1.5e7% —2¢7t,

Similarly, after recognising that «(t) = 1(¢) implies U(s) = 1/s then the forced response y ¢(t) is

_ 3s+ 2
wlt) = £ {m} (4.119)
_ 842 Bs42 | L, 3s+2|
(s D(s+2) [,y s(s+2) S:_i S5 1) S:_; (4.120)
S B ) B U G SR
T )R () —2)(=D) (4.121)
= et (4.122)

Therefore the complete response of car height y(¢) to a unit step bump in the road is

yt) =14+et =22 4152 — 2t =1—et —0.5e %

s (t) yn (1)

which is illustrated in figure L8l Notice that the initial condition specification

d

y(07)=-05,  —y(07)=-1
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Forced, natural and total car height response
1.5 T T T

~Forced Response

~ Total Response

Car height (m)

S i R |
-
-
-
-
-

-1 i i i i i
(0] 1 2 3 4 5 6

Time (s)

Figure 4.8: Car shock absorber response using initial conditions specified att = 0.

at time point ¢ = 0~ is also met by the natural response component y,,(t) = 1.5e=2 —2e~tatt = 0+,
However, this is not true for the total response y(t) = y¢(t) + yn(t).

The reason for this is that the differential equation model ({I15)) involves differentiation of the in-
put u () which, being a unit step u(¢) = 1(¢) is discontinuous at ¢ = 0. Strictly speaking, this implies
u(t) is not differentiable at ¢ = 0, and hence that the differential equation (Z.I15) is not meaningful
at t = 0. However, as shown in section it is possible to interpret the derivative of 1(¢) as a
Dirac delta - that is, d1(¢)/dt = §(¢). Under this interpretation, the forced response component for
the system @II9) is influenced by such an impulse which, at time ¢ = 0 can instantaneously change
y(t) and dy(t)/dt from their values att = 0.

To underline this point, consider an alternative scenario. Instead of addressing the case of a road
bump which, as just shown, can exert an impulsive influence on the car height, consider the case of
the normal (at rest) car height being y(¢) = 1m above sea level, and up until time ¢ = 0 it is depressed
(say, by heavy weight) to a height of y(¢) = Om, which at time ¢ = 0 is released.

In this case, at time ¢t = 0 just after the car is released, the appropriate initial conditions are

y(07) =0, %y(oﬂ =0. (4.123)

The differential equation describing the car response will still be that of (.I15), and the input will still
be u(t) = 1(¢) in order to model the above depress-release scenario. The only difference between
the previous case then is that the initial conditions are specified at ¢ = 0T rather than at t = 0.
Therefore, (@I18) is modified to become

9 _ + + +
Y (s) = (3s + 2)U(s) 3u(0T) N (s+3)y(0") + dy(0 )/dt. (4.124)
52435+ 2 s2 4+ 3s+2
Using the values @IZ3)) together with the fact that u(¢) = 1(¢) implies u(01) = 1 then leads to
Y (s) = (3s+2)1/s—3: 2

s2+3s+2 s(s+1)(s+2)
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Therefore

v = ﬁl{m}

_ 2 ety 2 o2
B ( )(8 + 2) s= 0 ( + 2) s=—1 S(S + 1) s=—2
_ 2 2 a2
O Cum° T EED
L 1l 9et e (4.125)

which is shown in figure Z9 Now, notice that at ¢ = 0% the solution @I25) does satisfy the initial

Car height response
1 T

0.8 -

0.7 1

0.6 -

0.5 -

Car height (m)

0.4 -

0.3 . . -

0.2 . . -

0.1 . N -

0 L L L
o 1 2 3 4 5 6

Time (s)

Figure 4.9: Car shock absorber response using initial conditions specified att = 0.

condition constraints (&IZ3) which were also specified at t = 0.

4.7 The System Transfer Function

The previous section has just illustrated, that for systems whose behaviour is modelled as a differential
equation, if any initial conditions are zero (or, if not, their effect is ignored) then the remaining forced
response y(t) has a Laplace Transform Y (s) = £ {y} that is related to the Laplace Transform U (s) =

L {u} of u(t) via (see equation (£.89))
Y(s) = H(s)U(s) (4.126)

where )
H(s) = B(s) _ bo + b1s 4+ bas® + -+ + bys (4.127)
A(s)  ag+ais+ags®+ -+ s”
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with the ay, by, co-efficients being those of the differential equation model (Z.81),[@.82).

The term H (s) in @IZ6) is called the ‘transfer function’ of the system, and it derives its name
from the fact that according to (@.I28), it describes how the ‘strength * U (s) of a signal component
e~ 5t in u(t) is transferred to a ‘strength’ Y'(s) of that same component in y(t).

The particular form of H(s) shown in (@IZ7), which consists of a numerator B(s) divided by a
denominator polynomial A(s) is called ‘rational’. According to the analysis in the previous sections
between equations (@.82) and .89), whenever a differential equation model like (£82) describes a
system, then its transfer function will always be of the rational form (£127).

In this case, it is then possible to also write H () in a form in which the polynomials are factored:

K(s—z1)(s—22) (s —zm)

H(s) = . 4.128

&) = oG —p2) (5= pw) (4126)

The (possibly complex valued) numbers zq, - - - , z,,, are called the ‘zeros’ of H (s), since from (&IZ8)
itis clear that H(z;) = 0forany k = 1,2,--- ,m. The numbers py,po, - - - , p, are called the ‘poles’

of H(s), since at these values of s, the surface defined by H(s) shoots off to infinity, in much the
same way as the poles in a circus tent raise the tent at the points where they are located. The number
K in @IZ8) is simply a constant that is sometimes required to make the factored form (£I28) equal
to the expanded polynomial form (@IZ7).

While these ideas have been presented according to a differential equation model such as (4.82),
we have also seen in chapter 3 that any such model can also be expressed in a state-space form

%x(t) = Ax(t) + Bu(t)
y(t) = Cx(t) + Du(t).

In this case, taking Laplace Transforms of both sides and assuming zero initial conditions leads to

sX(s) = AX(s)+BU(s) (4.129)
Y(s) = CX(s)+ DU(s). (4.130)
Now, from (I29)
[sI — A]X(s) =BU(s)
so that

X(s) = [sT — A] ' BU(s).
Substituting this into (£130) provides

Y(s) = C[sI — A] "' BU(s) + DU(s) = (c [sI—A]"'B + D) U(s).

H(s)

The linear, time invariant, finite dimensional sytem described in state space form

has transfer function H (s) given by

H(s)=C[sI— A 'B+D.

(4.131)
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Example 4.27 Transfer Function from State Space Description Suppose that the relationship between
signals y(t) and u(t) satisfies the second order differential equation

d2 d d
@y(t) + a; ay(t) + agy(t) = by au(t) + bou(t). (4.132)

Then clearly, from @IZ7) the transfer function for this system will be
b1$ + bo

Hs)= ————. 4.133
(5) 2+ ais + ag ( )
However, ([{I32) also has a state-space representation
d
ax(t) = Ax(t) + Bu(t)
y(t) = Cx(t)+ Du(t)
with, according to the observer canonical form (Z:85)
. —al 1 . b1 . .
A= [ a 0}, B = [bo]’ C=[1,0, D=0.
Therefore, using the following formula for the inversion of an arbitrary 2 x 2 matrix M
_|a b 1 d —b
M_[cd], = M _detM[_c a] (4.134)
leads to )
11" 1
(sI—A)_lz s+ ay 1 _ S 1 .
ag S s(s+a1)+a0 —agp S+ ap
Therefore (remember D = 0)
H(s) = ClsI-A]"'B
1
_ e [1, 0] S 1 b1
52 +ays + ag —ag S—+aq bo
i 1 [1 0] b1$ + b()
- o \s24+as+ag/) bos + (a1bg — agby)
. b18 + bo
24 a1s+ag
which is what was expected according to (£.I33).
|

This example raises an interesting connection between the eigenvalues of A in a state space represen-
tation and the poles p1, - - - , p,, in the transfer function representation. The previous example showed
that the denominator of H (s) was formed as the determinant of the matrix sI— A, and this determinant
is intimately related to the eigenvalues of A.

To be more specific, suppose that we wish to compute the eigenvalues A1, Ao, --- , A\, of the
n x n matrix A. Now an eigenvalue X is defined as a scalar number which satisfies the equation

(see section BA2)
Ax = Xx (4.135)
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for some nonzero vector x, which is called the eigenvector of A associated with the eigenvalue .
Notice that the above equation can be re-written as

[AI - Alx =0.

If this is solvable for some non-zero x, then this implies that A\I — A is not invertible. Otherwise
multiplying both sides of the above by [A\I — A]~! would imply that x = 0, which violates the
assumption that x = 0. Therefore, the search for an eigenvalue X is equivalent to the search for a
value such that AT — A is not invertible.

Now a matrix is invertible, if and only if its determinant is non-zero. So the only values of X that
can possibly satisfy (I35) (for non-zero x) must themselves satisfy

det (AT — A) = 0. (4.136)

At the same time, a formula called Cramer’s rule states that the m, n’th element of a matrix inverse
M~ is given by

_det N(n,m)

M Y = 4,137
[ Jm, det M ( )

where the number N (n,m) is the determinant of the matrix A/ with its m’th column and n’th row
removed (NN (n,m) is then called a ‘cofactor’). This makes (£I37) a generalisation of the formula
@.133).

The point is, that Cramer’s rule indicates that [sI— A] ~! contains terms, all of which have det(sI—
A) as a dividing factor. Therefore, since

H(s)=C[sI—A] 'B+D
then it must be that the poles of H (s) are those values of s for which
det(sI — A) = 0.

But according to ([£.138), these values of s are equal to the values of A which are the eigenvalues of
A. We therefore have the following relationship between the poles of H (s) and the eigenvalues of A.

For a system with state space representation

d
ax(t) = Ax(t) + Bu(t)

y(t) = Cx(t) + Du(t)
and hence transfer function representation

K(s—z1)(s—22) (s — zm)
(s —p1)(s —p2)- (s — pn)

H(s)=C[sI—A] 'B+D=

)

the poles py, - - -, p, of H(s) are the eigenvalues Ay, --- , A\, of A.
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4.8 Stability and the Transfer Function

The Laplace Transform ideas of this chapter have been applied to the modelling of systems obeying
differential equation models of the form
B a0 bSO aop(®) = b ()4 by L) +bou(t). (4.138)
dt”y an—ldtn_ly aldty aoy\t) = mdtmu 1dtu oU(l). \&-
As just shown in section 7], the great utility of Laplace Transform methods is that they permit a very

compact representation of this relationship (I38)) as
LA{y()} = H(s)LA{u(t)}
where H (s) is known as the ‘transfer function” and is given by
His) = bo + b1s + bas? + -+ + bys" _ K(S—Zl)(S—Zz)"'(S—Zm).
ag + a1s + ass? + -+ + a,s" (s—p1)(s—p2) - (s—pn)
At the same time, the system ([@I38) also has a state space representation

d
Ex(t) = Ax(t) + Bu(t)

y(t) = Cx(t) + Du(t).

In terms of this latter description, section B.I2.6l established that the system (.I38) is asymptotically
stable if, and only if, all the eigenvalues A4, --- , \,, of A satisfy Real {\;} < 0.

Furthermore, the previous section has establised that the eigenvalues A1, --- , A\, of A are equal
to the poles p1, po, - - - , p,, Of the transfer function H (s). This implies that the stability of the system
EI38) can be established via its transfer function representation.

The linear, time invariant and finite dimensional system described by

n dnfl dm

d
@y(t) + an—1 Wy(t) +-+ a1ay(t) + agy(t) = bmdlt—mu(t) + 4 b &u(t) + bou(t).

and which therefore has transfer function representation

Hs) bo+b15+bas?+ -+ bys”  K(s—z21)(s—22) (5 — zm)
s) = = .
ag + a1s + azs? + - - + a,s" (s—p1)(s—p2) - (s—pn)

is asymptotically stable if, and only if

Real {px} <0 k=1,2,--- ,n.

Clearly, this makes sense, since in the case of pj, being an isolated pole, it adds a contribution

[Res H(s)U ()"

to the solution y(¢), and if py, = ay + jwy then
PRt = ekt [cos wyt + j sin wyt]

so that if o, > 0, then y(¢) will contain a component which explodes as ¢ grows. Therefore, all the
ay, = Real {px.} must be negative for asymptotic stability to occur.
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4.9 Transfer Function and Impulse Response Relationship

There is a vital point to be made about a system transfer function. So far in this chapter we have
only considered linear systems for which a differential equation model holds. However, chapter
established that it is possible to be more general than this by characterising the relationship between
y(t) and u(t) according to convolution with an impulse response A(t). That is,

[e.9]

y() = [h @ ul(t) = / h(oult — o) do. (4.139)

—00

Furthermore, around equation (£ZT)) it was established that
L{h®u}=L{h}L{u}
and hence taking Laplace Transforms of both sides of (£I39)) provides
Y(s)=L{y}=L{h®u} =L{h} L{u} = H(s)U(s).

Therefore

The transfer function H (s) of a system is the Laplace Transform of its impulse response A(t).

Example 4.28 Car Shock Absorber Revisited Consider the shock absorber just considered in Exam-
ple E28 wherein the differential equation model relating road height «(¢) to car height y(¢) was

2 d d
) + 3 u() + 2y(t) = 3u(t) + 2u(t). (4.140)

Via @IZ7) (see also @I33)) the associated system transfer function is

3542  3s+2
s2+35+2 (s+1)(s+2)

H(s) =

Therefore, since H(s) = L {h(t)} the impulse response h(t) for this shock absorber system is

mt) = £ {%}

_ 3s+2| _, 3s+2 ot
s+2|__; s+1]|.__
_3D+2 L, 3 (242
—1+2 —2+1

= 4et -
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4.10 Direct Transform Modelling of Electrical Circuits

We have now seen how Laplace Transform methods can be used to understand and in fact compute
the response of linear systems described by a differential equation. This still leaves the task of ob-
taining this differential equation in the first place, and techniques for achieving this were discussed in
sections BT and

However, Laplace Transform methods can streamline this task, since it is possible to directly de-
rive a Laplace Transform Transfer function description, without an intermediate differential equation
modelling step. The strategy is essentially to apply the Laplace Transform as early as possible in the
modelling process.

To see how this may be achieved, recall that section Bl has already introduced the fundamental
electrical circuit components of resistor, inductor and capacitor. For these elements, the currents
through them are related to the voltages across them as (respectively)

’UR(t) = RiR(t), UL(t) = L%iL(t), ic(t) = C%Uc(t). (4.141)

These relationships can be combined with Kirchoff’s Laws to obtain differential equation models for
circuit behavior; see examples

However, an alternative to this sort of direct time domain analysis is to instead take Laplace Trans-
forms of both sides of all the relationships in (Z.IZ1)) to obtain, after using the principle introduced in

&ZD) (with n = 1) of
{51040} =sv() - 07

This implies new Laplace Transform domain characterisations

Resistor:  Vg(s) = RIg(s)

Inductor:  Vi(s) = sLIL(s) — Lir(07) (4.142)
Capacitor: V, = LI 1 0~
p D Ve(s) = < ols) + Svc( )

In the case where any initial energy storage in the elements is zero so that i1,(0~) = vc(07) = 0,
then the above relationships are all special cases of the following general one

V(s)=ZI(s) (4.143)

where
Resistor: Z = RI

Inductor: Z = sL (4.144)

1
Capacitor;: 27 = —.
P sC

That is, according to (@.144), in the Laplace Transform domain, all elements obey what is basically
Ohm’s Law, with the generalisation of resistance R being replaced by Z, which is called ‘impedance’.
This implies that the modelling of circuits containing capacitors and inductors does not need to be any
more complex than for those containing only resistors.
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The associations (@I42) between time domain representations (@IZ1) of circuit elements and
their Laplace Transform domain equivalents may be represented graphically according to figure
In order to usefully employ these relationships, it is necessary to establish some fundamental circuit

V(s) = %I(s) + évc((r)

i I(s) _1
) c 7=5 Lo (0)
v(t) V(s) = RI(s)

v(t) V(s) = sLI(s)— Lij(07)

O V=
oo~ =T (9

-+
Lir(0)

Figure 4.10: Graphical conventions for representing circuit elements in the Laplace Transform Do-
main.

laws that apply in the Laplace Transform domain.

4.10.1 Kirchoff’'sLaws

These Laws state that at any circuit node

> ig(t) =0 (4.145)
k
while around any circuit mesh
> w(t) = 0. (4.146)
k

By virtue of the linearity of the Laplace Transform, these are unchanged in the Laplace Transform
domain. That is, taking the Laplace Transform of both sides of (#I48) provides

L {Zik(t)} => L{i()} =D I(s) =0. (4.147)
k k

k
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Similarly, Laplace Transforming both sides of (#I148) shows the Kirchoff’s voltage law applies for
Laplace Transforms of voltage signals as well:

> Vils) =0. (4.148)
k

4.10.2 Paralle and Series Combinations

Consider the series connection of impedances Z; and Z5 shown in the left of figure 11l Then by

Kirchoff’s voltage law
V(s) = Vi(s) + Va(s).

However, by the definition (ZI43)) of impedance
Vi(s) = Z11(s), Vo = ZoI(s)
where each impedance has the same current flowing through it by Kirchoff’s current law. Therefore,
V(s) = (Z1+4 Z2) I(s) = ZegI(s)
Zeq

where, as indicated
Zeq = Z1 + Zo.

That is, a series connection of impedances may be lumped into an equivalent impedance Z, as shown
on the right of figure EI11 Note that this is a direct extension of the way series resistors may be
lumped.

1(s) I(s)

+ + +

Vi (S) Z1
V(s) + V(s) Zeq = Z1 + Z2
VQ(S) Za

Figure 4.11: Impedance Z., which is equivalent to a series combination of separate impedances.

Now consider the parallel connection of impedances shown in the left of figure Then by
Kirchoff’s current law
I(s) = Ii(s) + I2(s).
Combining this with the defining property (£I43) of impedance and Kirchoff’s voltage law (which
asserts that the voltages across the impedances are the same) then leads to

_Vi(s)  V(s) 1 1
I(S)_Z—1+72_V(S) |:71+72:|
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and therefore

Vis)=|7— | 1(s) = 7t ZQI(S) = Zegl (s)
Zi ' 7y
where clearly
71 Zy
Zoq 2 = 71|| 2.
7+ 7 i1z

Again, an interconnection of impedances can be lumped into an equivalent impedance in a manner
that is identical to that for purely resistive circuits. Notice in particular the use of the || notation as a
shorthand way of indicating that impedances are connected in parallel.

I(s) \ In(s) \ +

V(s) 2122

Za2 Zoq = 7Z1 7

Figure 4.12: Impedance Z., which is equivalent to a parallel combination of separate impedances.

4.10.3 Voltage Division

Consider the circuit shown in figure Then by the previous result on lumping series impedances

_ V(s
W=7z
However, by the defining principle of impedance ({I43), then Va(s) = Z51(s) so that

Zo
Z1 + Zo

Va(s) = [ ] V(s). (4.149)
That is, the proportion of V5(s) to the total voltage V'(s) across the series connection is the same as
the proportion of the impedance Z, (that the voltage appears across) to the total series impedance.
This principle is known as ‘voltage division’.

4.10.4 Examplesof Direct Laplace Transform Modelling

We have now established the fundamental idea that electrical circuit modelling can be achieved by
direct consideration of the Laplace Transforms of voltage and current signals. Via this strategy cir-
cuit analysis is simplified since, using the idea of impedance, component behaviour becomes just a
generalised version of Ohm’s Law. However, to fully appreciate this issue, it is necessary to see it
demonstrated.
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I(s)

+
Z1
V(s) +
Z Va(s) = Zzﬁ (s)

Figure 4.13: The principle of voltage division across a series connection of impedances.

Example 4.29 First Order Op-Amp Circuit. Consider the operational amplifier circuit shown in the
left of figure T4l This was in fact first analysed via a strictly time domain approach in example
However, if a direct Laplace Transform approach is taken where instead of labelling the circuit accord-
ing to time domain voltage and current signals, it is labelled according to their Laplace transforms,
then the result is as shown in the right of figure EZI41 In this case, by using the principle of voltage
division

[Vo(s) = Vi(s) R

1
(Ri + RfH@)

\oltage division across R;.

V_(s) = +Vi(s). (4.150)

However, as noted previously in example by the action of negative feedback in this circuit and

ve(t) Ve (s)

. N
/= I
I\ 1
—_— .
iz (t) Ry sC
WA — I —
—_—
iz (t) Ry

R; R; V-(s)
v_ _ _— -
+ —
i1(t) + +
vq,(t)< U+ vo (£) Vi(s) Vi (s)

NS +
177N+
NS+

Figure 4.14: Circuit considered in example On the left is the time domain represention, and on
the right is the Laplace Transform domain one.

under an assumption of infinite differential gain in the Op-Amp

V_(s) =Vi(s) =0.

Vo(s)
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In this case (@.I20) becomes

N Vi) = b 1| Wil)
(RZ‘—i-Rf“E) <Rz‘+RfHE>
and therefore
1
<Ri+RfHE>
Vo(s) = | 1— 7 Vi(s)
_ Vi(s) 1
_ 1 Rf-l/SC
= V)RR 0
Ry
- _(Ri(SCRf+1)>W(S>'

H(s)

This is a much more direct means for obtaining the transfer function description H(s) than the al-
ternative of following the method of example B2 where the time domain differential equation model

G193
d 1 1

avo(t) + C—Rfvg(t) = —C—&Ui(t)

was derived, and then taking Laplace Transforms of both sides of this (and assuming zero initial

capacitor voltage) led to
1 1
(S + C—Rf> V;)(S) = —C—RL‘/Z(S)

This then gave (as already found above)

oy Yols) __1CRi Ry
(9= Vi(s)  s+1/CR;  Ri(sCR;+1)

Example 4.30 Higher Order Passive Circuit. As an example of a circuit of higher than first order,
consider that shown in the top diagram of figure .-I5] and suppose that the relationship between the
source voltage v(¢) and the voltage v, (¢) across capacitor C is required.

Then, with reference to the Laplace Transform domain version of the circuit shown in the bottom
diagram of that same figure, the principle of voltage division leads directly to the Laplace Transform
of vy (¢) being related to the Laplace Transform of v(t) via

SCQ
. . V(s).
(R"‘SLl)‘l—T <SL2+8—C'2>

sC1

Vi(s) =

s
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All that remains now is algebraic manipulation. Specifically

1 1
1 1 sCy (5L2 * s—cg>
o |t ie ) T o ]
1 2
- Lo+ —
501 T 2 + SCQ
. CQL282 +1
N 53LoC10y + S(Cl + CQ) '
Therefore
02L282 +1
$3LoC1C0y + s(C1 + Cs)
\% = |4
() CyLos® +1 (5)

R L
tsbat 53LoC10y + s(Cy + Cy)

. < 02L282 +1 ) V(S)
- S4L1L20102 + s3L20102R + 82(02L2 + L1(01 + CQ)) + SR(Cl + CQ) +1 '

Transfer Function H (s)

Since this relationship may also be written as
[s*L1LoC1Cy + s LoCiCoR + s*(CaLy + L1 (C1 4 Ca)) + sR(C1 + Ca) + 1] Vi(s) = [C2Las>+1]V (s)

then, if direct differential equation of the circuit in the top of figure E.I5 was performed, it would
result in
4 3 2

d d
L1 LyCCy 1(t) + L20102R@U1 (t) + [CaLla + L1(Cy + C2)] az?

@’U 1(t)+

2

d d
R(Cl + 02)—'[)1(t) + Ul(t) = (94

= —50() +o(t)

Example 4.31 Accounting for Initial Conditions. As a final example of the use of Laplace Transform
method for direct circuit modelling, consider the simple first order circuit shown in the left hand di-
agram of figure which was first treated in example Bl Suppose that, as opposed to the other
examples, the initial conditions on capacitor voltage are not zero (or ignorable if non-zero). Further-
more, by the notation associated with the switch, we mean that it is closed at time ¢t = 0, but is open
for all ¢ prior to this point.

Then as indicated in figure the Laplace Transform domain version of this circuit is as shown
in the right hand diagram of figure Note the presence of the voltage source dependent on the
initial capacitor voltage vo(0~). Furthermore, notice that since the closing of the switch can be
modelled via a step input voltage source of the form v(¢) = V'1(¢) then it’s Laplace Transform is

V/s.
Therefore, again using the elementary principle of voltage division
1
N w0 _ (1 ~c(0)
Vi(s) = R+i <V(S) . > = (8RC+1 V(s) . .

sC
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— MWW 0000 0000 —

R L Lo
u(t) CD T s
v1(t) T~ T~
Ch Ca
—
R sl sLa
+
V(s) (D + . .
Vi(e) c C
sC1 sC2

Figure 4.15: Circuit considered in example In the top diagram is the time domain represention,
and the bottom diagram is the Laplace Transform domain version.

Consequently,

Vo(s) = Vils) +—,
_ (ﬁ) V(s) + (1 - ﬁ) “ue(07)

(i v, RC o
- sRC+1) s sRC’—i—lUC

where the fact that V' (s) = V/s was used in progressing to the last line. Taking inverse Laplace
Transforms of both sides of this (via the residue method noting poles at s = 0 and s = —1/RC) then
gives the time domain solution for v (t)

v

unc , RO(s+1/RO)
sRC +1

ve(t) =
s=—1/RC sRC +1 s=—1/RC

sRC+1 ) s
=V {1 - eft/RC] + ve(07)e /RO,

(s+1/RC’>V
el e e
s=0
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V(s) =

vo (t)

Figure 4.16: Circuit considered in example 311 In the left diagram is the first order circuit rep-
resented in the time domain, and in the right is the Laplace Transform domain version with initial
conditions on the capacitor at time ¢ = 0 accounted for

4.11 Concluding Summary

This chapter has concentrated on how Laplace Transform methods may be applied to the analysis of
signals and systems. The Laplace transform definition used in this book is the so-called bilateral one

F(s) = £ {50} = [ 7 fetat

which has an interpretation according to F'(s) being a measurement of the projection of f(¢) onto the
signal et

As shown in the previous chapter 3 the response y(¢) of any linear and time invariant system to
an input u(¢) can be expressed via convolution with the system impulse resonse h(t) as

y(t) = / h(o)u(t — o) do = [h ® u](t).
The fundamental reason for the study of the Laplace Transform is that under it, the complicated
operation of convolution operation becomes the simple operation of multiplication. That is,

L{h®u) = L{h) LIu}.

Here, H(s) = L {h(t)} is called the transfer function, and it is a key method of system representation
since it is in one-to-one correspondence with the system impulse response via the operation of the
Laplace Transform. Furthermore, in the case where the relationship between y(¢) and w(t) satisfies a
differential equation model of the form

n dnfl m

d d
il P - - b — e by — 4.151
(O an1 Ty () Ty (b aoy() = b u(O)+ by Tult) +bou(t) (4.150)

d
then via the property that

k
c{gafo} = et
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(assuming zero initial conditions) the transfer function H (s) is easily found as

brs™ + by18™ 4 bys + by
s"+ S84 fais+ag

H(s) =

If this transfer function is then written in a factored form

H( ) bm5m+bm,18m_1 +"‘+b18+bo bmsm‘l‘bm,lsm_l ++b18+b0
S) = =
8" 4 Sp18" L+ Fas +ag (s —p1)(s—p2)--- (s —pn)

then the system poles p1,--- , p, are the eigenvalues \q,--- , A, of the A matrix of the state space
description for the system ([@IG1). Therefore, the asymptotic stability of a system represented via the
transfer function H (s) depends on the poles p1, - - - , p,, of that transfer function satisfying Real {px} <
Ofork=1,2,--- ,n.

The most important Laplace Transform is arguably that of a general exponential signal

1

S—

L{1(t)- e} =

(4.152)

which derives its significance since so many other cases can be derived from it. For example, via the
linearity of the Laplace Transform and the fact that 2 cos wt = e/t 4+ e~7%* then using o = +jw in

&TI52) provides

1 1 1
L{coswt} = 5 i

s—jw | stjw| SE+w?

Continuing this example, the property that £ {e® f(t)} = F(s — «) then further implies that

at . _ (S—Oé)
E{e coswt} = —(s o L

The inversion of Laplace Transforms, in the case where |F'(s)| — 0 as |s| — oo and where F'(s) had

poles at s = p1,po, - - - , p, Was shown to be computable as
1 st _ S st .
f(t) = o7 CF(S)e ds = ; Res [F(s)e] it > 0. (4.153)

where, if a pole p; has multiplicity m, the residue in this expression is given as

1 dmfl
Res F'(s) =
Res F(s) = =1y aom

[(s — pk)mF(s)eSt]

S=Pk

In the case where the poles p; are all isolated so that . = 1 in each case this implies that (I53))
becomes the very simple operation

) =7 {F(s)} = > e { (s = i) F(s)loy, |-
k=1

This highlights the general principle that a pole at s = p in a Laplace Transform F'(s) = L{f(¢)}
corresponds to a component P! existing in the underling signal f(t).

Finally, in the case of circuit modelling, it was shown that using the idea of impedance, Laplace
Transform models for circuit behaviour could be directly obtained without any initial step of differen-
tial equation modelling.
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4.12 EXxercises

1. Plot the following signals and compute their Laplace Transforms

(@)
0 ;<0
t ;tel0,1)
f(t) = 1 tell,3)
4—1t ;te3,4)
0 t>4
(b)
0 ;t<0
) et te]0,2)
JO=90 e Lre [2,4)
0 it >4
(©
0 ;<0

sint ;te[0,m)

1) = —sint ;t € [m,2m)
0 it > 2w
2. Assignal f(t) has Laplace Transform
s+1
F(s) = s24+55+7

Using this information and the fundamental properties of the Laplace Transform, compute the
transforms of the following signals

(@)

g(t) = £(3t — )
(b)

g(t) =1t f(t)

© .

g(t) = @f (t)
@ t

o) = [ o)ds

()

g(t) =sin2t f(t)
U

g(t)y = e f(t)
@)
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3. Determine, for each of the following cases of F'(s), the inverse Laplace transform f(t) =

L-HF}.
@ + 2
s
F =
)= Zi7s+ 12
) +1
s
F(s) = ——1 "
(5) s3+ 552+ 7Ts
(©
352+ 25+ 1
F(s) =
(5) $3 + 552+ 8s+4
d
“ F(s) = ﬂ
C s2 4 Ts+ 12
(e)
s+e®
F(s) = —
(5) s24+3s+2

4. The relationship between two signals y(¢) and w(t) is known to be governed by the following
differential equation

2
Cav(t) 7 Sy (0) + 10y(0) = 5 () + u(t)

(a) Compute the transfer function H (s) relating Y (s) = L{y} to U(s) = L{u}.
(b) Compute the impulse response h(t) governing the relationship y(t) = [h ® u](t) between
y(t) and u(t).
5. The response y(t) of a system S to a signal w(t) is given by the following differential equation

d? d
() + 4=y (8) + 3y(t) = u(b).
Compute the response y(t) for t > 0 for the following cases (1(t) is the unit step)
(@) 1
vO) =-2 ] =1 u(®)=0
(b) .
yO) =0, G| =0 ult)=d
(© .
y(0)=0, () L 0,  u®)=1()
(d) .
y(0)=-2, —y()| =1,  ult)=1()
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6. Suppose a linear system has an impulse response

2e72sin3t ;t>0
ht) = { 0 ; Otherwise
(@) Sketch the impulse response.

(b) Suppose this system is driven by an arbitrary input «(¢), write down an expression for
what the output y(¢) of the system will be.

(c) Is this a causal or a non-causal linear system? Explain your answer in terms a convolution
relationship.

(d) What is the transfer function H(s) for this system?
(e) Write down a differential equation relating the output y(¢) to the input w(t) for arbitrary
u(t).
7. For each of the three circuits in figure 217l and assuming zero initial capacitor voltages, and
zero initial inductor currents:

(@) Use direct Laplace Transform modelling methods to derive the transfer function H(s) =
Vo(s)/Vi(s).
(b) Using H (s), determine the differential equation relating v, (t) to v;(t).

8. In circuit (c) of figure EI7] use direct Laplace Transform domain modelling tecniques to deter-
mine the relationship between V,(s) and V;(s) when the initial voltage across capacitor C is
10V and the initial current through L is 5A.

9. For the circuit shown in figure

(a) Assuming zero initial capacitor voltages, use direct Laplace Transform modelling methods
to derive the transfer function H(s) = Vy(s)/Vi(s).

(b) Using the H(s) derived above, determine the differential equation relating v,(t) to v;(t)
in the circuit of figure
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Ry

- "
@ vl @ % vo(1)

F
(b) Vi (t)(_) ;< Cy ;< Cs V0 (t)

+
(© wi®) (_)

Ly Cy T> vo(t)

Figure 4.17: Circuits relevan to question [1
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Ry
R e L —
AY AY
/| /|
Cl CV2

v; (tC) % Ry o (t)

Figure 4.18: Circuit considered in question
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