Laplace Transforms

Prof. Leo Torres

Prof. Leo Torres

March, 2024

Laplace Transforms March, 2024

1/97



Presentation Outline

© Introduction

© Building the Bridges: time-domain and s-domain
@ Laplace Transform: properties

© Transfer Functions

@ Laplace Transform Interpretations
o Laplace Transform as a “Generalized Fourier Transform”
@ Laplace Transform as a “Generalized Power Series”

Lepies Treng i WiareF 2004 VLT



Section 1

Introduction
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Motivation

@ Why use Laplace Transforms?
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Motivation

@ Why use Laplace Transforms?

Short answer: your life will be easier after learning this subject!

Long answer: you will be able to interpret the responses of Linear and Time
Invariant (LTI) dynamic systems from another very powerful perspective,
improving your understanding about what is happening and how you can
change it (a.k.a how to design automatic controllers).

Caveat: it will take some time to really learn this subject...
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LTI responses — Time-domain
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@ The LTI system response y(t) to an input u(t) can be seen as a mapping
from the space U of input signals to the space ) of output signals.

@ A signal can be described as a function of time, such as u(t) and y(t), and
we say they are represented in the time-domain.
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LTI responses — Frequency-domain
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@ Signals can also be represented in the frequency-domain. We do this by
working with coefficients that describe how a signal is formed by a linear
combination of basic oscillatory components. In this case, U(s) encodes the

coefficients for the input signal u(t), and Y (s) encodes the coefficients for
the output signal y(%).
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Expression of the Output |

@ Consider a system described by the following equations, with the
input-output relations highlighted:

&= —z+u(t), y(t) = t e_(t_T)u(T)dT.
z(0) =0, /O
1
y(t) = z. Y(s) = Y 1U(s).

@ Using the second expression (frequency-domain) on the right it is easier to
see what will happen if the input is a fast oscillatory signal such that the
complex frequency s — oo: the output will go to zero. It is much harder to
see this using the convolution integral in the first expression.
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|
Expression of the Output Il

@ In the time-domain, considering zero initial conditions, we have that

y(t) = /Ot CeA'=") Bu(r)dr 4+ Du(t)

where (A, B, C, D) are matrices used in the state-space representation of the
system, with u(t) € R™, and y(t) € R? (m scalar inputs and p scalar
outputs).

@ In the frequency-domain, considering zero initial conditions, we have that

where G(s) € CP*™ is a matrix of rational functions of the complex variable
seC.
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Expression of the Output Ill

@ Therefore we can see that we are trading the complexity of computing a
convolution integral in the time-domain by the simplicity of performing a
simple multiplication of rational functions in the frequency-domain.

@ At the same time, we are abandoning the well-known time-domain, and
starting to work in a much more abstract setting: the complex frequency
s—domain.

@ To do this, we first need to build the bridges that interconnect these two
lands: the time-domain and the frequency-domain.
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The Laplace Transform Way
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Section 2

Building the Bridges: time-domain and s-domain
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The Laplace Transform |

@ The idea of a “Transform” is to transform the representation of the
information from a domain to another domain. But the information itself
should be preserved in this process.

Prof.
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The Laplace Transform Il
@ One way of doing this is to use integral transforms, where we compute an

integral of the signal u(t) depending on a variable “parameter” s, such that
the result becomes dependent on this parameter s:

Laplace Transform:

U(s) = /00 u(t)e Stdt = L {u(t)}

where 07 represents the limit from the left in the time axis to capture any
discontinuities at t = 0. Notice that:
Q All values of u(t), with ¢t > 0, are necessary to produce just one single value of
U(s).
© The parameter s is a complex number: s = o + iw, and therefore the result is
a complex number too: U(s) = Re{U(s)} +iIm{U(s)}.
© We are assuming that this improper integral converges for the chosen values of
the parameter s.
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The Laplace Transform Il1

@ Let's do some examples (all functions are such that u(t) = 0 for ¢ < 0):

° c
ult)y=c < U(s)= >

@ 1
ult)=t < U(s)= 2

° 1

ut)=e M & U(s)= S
o wo
u(t) =sin(wot) <& U(s) = TR
o

s+«

u(t) =e *cos(wot) & U(s) = m’
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The Laplace Transform IV

@ In practice, we consult a Table of Laplace Transforms like this one to
obtain the expressions for a given function of time w(¢).

@ In addition, we also rely on a series of very nice properties of the Laplace
Transform, as we will see next.

Laplace Transforms March, 2024 15 /97
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Subsection 1

Laplace Transform: properties
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Linearity

= alUl(s) + CLQUQ(S).

L {a1u1 (t) + CLQUQ(t)} = alﬁ {Ul(t)} + agﬁ {Ug(t)} 5

with a1, a9 € R.

o With this property we can factor the components from a given signal in the

frequency-domain, and easily see what will be the corresponding components

in the time domain:

Example:
3s+5 1 1
U(s) = = 2
(s) s24+4s5+3 s+1+ s+3
N—~— S~—~—
Ul(S) Ug(s)
u(t) = e,
ug(t) = 273,

Laplace Transforms
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Laplace Transform: Time Derivation

with «(07) the initial value of u(t), considering the limit from the left
lim;_,o- u(t) to capture any discontinuity at ¢ = 0.

o Notice that, if the initial value u(0~) = 0, to differentiate a function in the
time-domain is equivalent to multiply its Laplace transform by s in the
frequency-domain:

»

Il
=
—
~
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Laplace Transform: Integration

@ This means that to integrate a signal in the time-domain is equivalent to
multiply its Laplace Transform by % in the frequency-domain:

/ (e

®» | =
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Frequency Shifting

L{e u(t)} =U(s+a).

@ This is immediate from the definition

(oo}

L{e u(t)} = e—atu<t)e—stdt=/ u(t)e” At = U(s + a),
.

and it will be very useful later.
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Section 3

Transfer Functions
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Transfer Functions — Motivation |

@ Suppose that we have the following LTI system described by the set of
differential equations
jtl = T2,
Ty = ax1 + bxy + cu,
where u = u(t) is the input, and 1 = 21 (¢) and z2 = x2(t) are state
variables, and by the algebraic output equation

Yy=2xi.
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Transfer Functions — Motivation |11

@ We can use the Laplace Transform (and its properties) to write that

E{Il}ZE{ZCQ} :>SX17I1(O) :XQ,
L{i2} = L{ax1 + bz + cu} =5Xy — 22(0) = aX; + bXs + U,
L{y} = L{x1} =Y = X;.

where U = U(s), X1 = X1(s), Xo = Xs(s), and Y =Y (s).
Notice that the differential equations were transformed into algebraic
equations in the variable s. If we assume zero initial conditions, then

SX1 = XQ,
SXQ = (ZXl + bX2 + CU,
Y =X;.

Prof. Leo Torres Laplace Transforms March, 2024 23 /97



Transfer Functions — Motivation 111

@ Now we can manipulate the previous algebraic relations to get

&Xlz)(g7
sXo=aX; +bXs+cU, = s(sX1)=aX;+b(sX1)+cU,
c
Xj=—
T2 —bs—a
c
Y=X;, = Y(s)= Lz —bs—a] U(s)
~—_———
G(s)

Prof. Leo Torres Laplace Transforms March, 2024 24 /97



Transfer Functions — Motivation IV

@ This means that we can determine the output of the system due to any input
by knowing the so-called Transfer Function

G = T
since Y(s) = G(s)U(s).

o If we are interested in y(t), we can compute the inverse Laplace Transform of
the resulting Y'(s):

y(t) = L7H{Y ()} = L7HG(s)U(s)} -

Prof. Leo Torres Laplace Transforms March, 2024 25 /97



Transfer Functions — Motivation V

@ Example:

o Consider the mass-spring-damper system below, where x is the block position,
M is the block mass, k is the spring elastic constant, b is the damper viscous
friction coefficient, and u is the applied force:

P

’ .
pe——
i M -

FTTT7 0007777

Mi =u— kx — be,
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Transfer Functions — Motivation VI

o By defining the first state variable to be the position 1 = x, and the second
one to be the block’s speed x2 = & = &1, and the position of the block as the
output (the signal in which we are interested), we have that:

il = T2,
To = k x Lo + u
2 — M 1 M 2 M I}
y=2xi,
which has exactly the same structure as before, with ¢ = ﬁ a= —ﬁ, and
b= f%, and therefore we know that the Transfer Function will be:
€1
G(s) = M

2 4 b k-
s+ st

Lepies Treng i Mg, 202 w0y



Transfer Functions — Motivation VII

e Suppose by = 0.5[N/m/s], k = 1N/m, and M = 0.5kg. What happens if we
apply a constant force u(t) = 1[N] at ¢ = 0, assuming that the block is
initially at rest?

Uls) = £{u(t)} = £{1} = 1,
Y(s) = G(s)U(s) = Y(s)= [ﬁ} (%)

The denominator polynomial of the resulting rational function is

s(s +54+2) = s[s — (—0.5 +iv/1.75)][s — (0.5 — iv/1.75)] =

s [(s+0.5)* + 1.75].

Using this information we can expand Y'(s) as a sum of partial fractions:

y oLl s+l 1 s+ 1
s s24s+2 s (s+0.5)241.75
1 s+0.5 0.5
T s (540524175 (s405)2+1.75
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Transfer Functions — Motivation VIII

o By using the previous properties of the Laplace Transform (particularly the
Linearity and Frequency Shifting Properties), and a Table of Laplace
Transforms, we have that

v = L s+05 05 V1.75
T s (s+05)2+17 175 [(s+05)2+1.75]
1 e— 0.5t cos(\/1.75t) \/01% [e—o.st sin(\/ﬁt)}
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Transfer Functions — Motivation IX

And we have a typical response from an underdamped second order linear
system:

y(t) =1 —e % cos(V1.75t) — \/01.5775670'575 sin(v'1.75¢).

08 / 4
06 - ,

o4/ 8

0 L L L L L
0 2 4 6 8 10 12

t[s]
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Transfer Functions Definition

Definition: Transfer Function

The p x m matrix G(s) of rational functions of the variable s that relates the
Laplace Transform of the input U(s) € C™ to the Laplace Transform of the
output Y(s) € CP, for a LTI system with zero initial conditions, such that:

@ There is another interpretation to the Transfer Function (the Laplace
Transform of the system's impulse response), but we are not going to use it.

o We will see later that there is also a very interesting interpretation of the
Transfer Function as a “generalized frequency-dependent gain”.
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Transfer Functions in MATLAB |

@ It is quite easy to represent LTI systems by their Transfer Functions in
MATLAB:

1 % Transfer Functions can be represented
2 % using the coefficients of the numerator and denominator
3 % polynomials.
+ %
5 % For example: n(s) = 2, d(s) = s"2 + s + 2.
6
7 G = tf([2].,[1 1 2])
Output:
1
2 G =
3
4 2
5 - @
6 s72 + s + 2
7
8 Continuous—time transfer function.
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S Transfer Functions |
Transfer Functions in MATLAB Il

attributes:
(G)

Numerator:
Denominator:
Variable:
10Delay:
InputDelay:
OutputDelay:
Ts:
TimeUnit:
InputName:
InputUnit:
InputGroup:
OutputName:
OutputUnit:
OutputGroup:
Notes:
UserData:

Name:
SamplingGrid:

{[0o 0 2]}
{1 2]}

0

0

0

0

"seconds’
{3

{3

[1x1 struct]
{3}

{3

[1x1 struct]
[0x1 string]
Y

[1x1 struct]

Laplace Transforms

@ This creates an object from the class tf (Transfer Function) with the

March, 2024
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S Transfer Functions |
Transfer Functions in MATLAB Il

@ This object allows for direct manipulation and simulation of common
situations such as the application of unit step inputs (the same scenario
considered previously in the mass-spring-damper example):

1 step(G)

& Figure 1 - o x
Fille Edit View Inset Tools Desktop Window Help -

Dede | @08 [KE

Step Response

Time (seconds)
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Transfer Functions: Frequency Response |

@ A Transfer Function G(s) can also be seen as a “generalized gain" that varies
with the frequency s.

@ Indeed, we can determine the long-term behavior of the system output as a
result of being driven by sinusoidal inputs with frequency w* just by
examining the absolute value and the argument of the complex number
G(iw*) = G(5)] ;e

Stable LTI systems excited by sinusoidal signals with frequency w* will have

as outputs, after a sufficiently long time, sinusoidal signals with the same

frequency w*, and:
© Output amplitude: |Y (iw*)| = |G(iw™)| Ain
—— S~~~
Amplitude gain Input amplitude
@ Output phase: arg{Y (iw*)} = arg{G(iw™)} + ¢ .
N———r ~~

Additional phase Input phase

1
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Transfer Functions: Frequency Response |l

@ Consider the following simulations in MATLAB in which the amplitude of the
input is kept constant, but the frequency is changed:
% Frequency response example.

clc;
close all;

1

2

3

4

s G= ti(2,[1 1 2]);
6

7 t = linspace(0,30,10e3);
8

9

2xsin (0.2xt);

10 u2 = 2xsin(2*t);
11 u3 = 2%sin(20xt);
12

B3yl = Isim(G,ul, t);
u y2 = lIsim(G,u2,t);
15 y3 = Isim(G,u3,t);
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Transfer Functions: Frequency Response Il

We can predict the amplitude of the output signal after the transient period:

G(i0.2) = 1.0099 — i0.1031 = Gain: |G(i0.2)| = 1.015.

G(i2) = —0.5 — i0.5 = Gain: |G(i2)| = 0.707.
G(i20) = 0.005 — i0.0003 = Gain: |G(i20)| = 0.005.
/:”’ = 1O
= X0
N _~
g

w =
| \

T
WHHHWWHHW i WW\“ i

il
| i

\”w”‘u‘”

t[]

i

i

AL
HH’WHH”HH

% HH‘
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Transfer Functions: Frequency Response IV

Actually, it is easy to compute the gains of the system for each excitation

frequency:

14

12

X0
Y1

[G(iw)] [m/N]

04

X 1.22122

Y 1.51183

X 2.002
Y 0.70534
H

X20

Y 0.00501879

Notice that there is a resonance around w = 1.22rad/s.

Prof. Leo Tor

8 10
w [rad/s]

Laplace Transforms
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Transfer Functions: Frequency Response V

@ From this last property, we can determine what is the long-term behavior of
the output when we have a constant input driving a stable LTI system: you
have just to imagine that this constant signal is a sinusoidal signal with
frequency w* = 0, such as u(t) = a = asin(0t + 7/2):

Long-term output: |Y(0)| = G(0) a,

and G(0) is called the DC-gain of the system (DC = Direct Current, an
Electric Engineering term used for gain at zero frequency).

@ In the last example (G = ﬁ) we know that G(0) = 1 and the system is
stable. Therefore the final value the output will reach, after the initial
transient period, has the same numerical value of the constant input value.
Check the previous figures on the step response to verify this claim!

Prof. Leo Torres Laplace Transforms March, 2024 39/97




Transfer Functions: General Case |

@ The Transfer Function G(s) can be directly obtained from any state-space
representation of the LTI system, in the following way:

L£{i} = L{Az + Bu},
0 LA{y} = L{Cxz + Du},
sL{x} — p60) = AL{z} + BL{u}, L{y}=CL{z} + DL{u},
sX(s) = AX(s) + BU(s), Y(s) = CX(s) + DU(s),
[s1 — A]X(s) = BU(s),
X(s) = [s1 — A"'BU(s),

Therefore, Y (s) = {C[s1 — A]"'B + D} U(s), and

G(s)=C[s1 — A]"'B+ D.
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Transfer Functions: General Case |l

@ |t is interesting to notice that

1
— -1 - 1 —
[s1 — A] det 1= 4] Adj{s1 — A},
such that
_ ~[Adj{s1 — A}]
G(s)=C det {1 — A} B+ D

where Adj{M?} is the so-called Adjugate Matrix of M, which is the
transpose of the Cofactor Matrix of M: a n X n matrix whose elements are
the determinants, multiplied by (—1)i7, of (n — 1) x (n — 1) submatrices
left after removing the i-th row and j-th column of the matrix M.
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Transfer Functions: General Case Il

@ As a result, we can show that Adj{sl — A} will be a matrix of polynomial
functions of order at most n — 1. And det {s1 — A} will be a polynomial of
order n.

@ Therefore, the general expression for G(s) is a p X m matrix of rational
functions of the variable s, all of them with the same polynomial denominator
(if we do not allow further simplifications):

zn(s)  z12(8) . zm(s)
ds) d(s) )
z21(s)  z22(8) ., z2m(8)
G(s) = d(.s) d(_s) . d(_s) . d(s)=det{sl — A},
zpll(s) zp2(s) .. Zpm (8)
d(s) d(s) d(s)

where p is the number of outputs, and m is the number of inputs.
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Transfer Functions: General Case IV

o Notice that each element in the G(s) matrix, such as

Gigts) = 4,

is a "generalized gain” in the frequency-domain that relates the input Uj;(s)
to the output Y;(s), with

(o) (o)
v = |2 = [
Y,(s) Un(s)

and

Prof. Leo Torres Laplace Transforms March, 2024 43 /97



Transfer Functions: General Case V

Example of a system G(s) with 3 inputs and 2 outputs:

F R

1
1
I
1
Gy G G —
U 1
| .
U, ! )
>y I
3 ! )
Y
H1 Gy ) Gys 2
1
1
1
1
1

Prof. Leo Torres Laplace Transforms March, 2024 44 /97



Transfer Functions: General Case VI

Example for the Cessna 182 Longitudinal Model with 2 inputs (Elevator
deflection and Thrust command) and 1 output (True Airspeed), trimmed at
Vr = 100km/h ~ 54 knots and h = 1,140 m ~ 3740 ft:

B —0.16965° + 82.535% + 174.15 + 2.46 x 107°

85 4+4.2225% 4+ 12.2653 4 0.605652 4+ 1.119s — 2.187 x 1016’
9.908s* 4 415% + 108.652 — 24.63s + 3.971 x 107>

$5 +4.2225% + 12.2653 4 0.605652 4+ 1.119s — 2.187 x 1016

Gll

G12 =

Prof. Leo Torres Laplace Transforms March, 2024 45 /97



Transfer Functions: General Case VII

@ Given a rational function G;;(s), we say that

Gir(s) = n(s) N roots of n(s) — Zeros of G;;(s)
" d(s) roots of d(s) — Poles of G;;(s)

with n(s) the numerator polynomial, and d(s) the denominator polynomial.
In general, we can write that

Gl = M) pels= =) (5= )

i - )
d(s) (s =p1)(s—p2)-- (s —pn)

with K € R a constant, and z1, zs, . .., 24 the zeros of G;;(s), and

P1, P2, - .., Pn the poles of G;;(s).

Warning: if a zero and a pole are equal (or very close in practice); i.e.,
z; = p;j for some ¢ and j; then there can be a Zero/Pole cancellation.
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Transfer Functions: General Case VIII

@ From the previous discussion, without considering possible further
simplifications, the poles of the Transfer Function must be values s that
satisfy

d(s) =det{sl — A} =0,

and this means that the roots of d(s) are the values of s that render the
matrix (s1 — A) singular (i.e., there is no associated inverse matrix).

o Notice that, by definition, the eigenvalues A of matrix A associated with
non-zero eigenvectors v are such that

Av=X v = (Al-Apw=0,

and in order to have non-zero solutions for the eigenvectors v, one needs to
guarantee that

d(\) = det {A1 — A} = 0.
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Transfer Functions: General Case IX

@ Therefore, if there is no cancellations of Zeros and Poles, the poles of the
Transfer Function are precisely the eigenvalues of the matrix A!
Consequently, in this case, by looking at the poles of the Transfer Function,
we can determine if the system is dynamically stable or not.

@ In the general case, we have that

Poles{G;;(s)} C Eigenvalues{A}

Prof. Leo Torres Laplace Transforms March, 2024 48 /97



Transfer Functions: Residues and Model Order Reduction |

@ The poles of the Transfer Function of a LTI system are as important as the
eigenvalues of the matrix A.

@ Besides helping to determine the dynamic stability of the Local LTI model of
the aircraft, we can consider that each real pole and each pair of complex
conjugate poles constitute a dynamic mode of response, in the same way
we considered the eigenvalues of the matrix A.
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Transfer Functions: Residues and Model Order Reduction Il

@ This can be better revealed by considering the Partial Fraction
Decomposition of the Transfer Function G;;(s). When there are no repeated
poles (or eigenvalues), the decomposition generates:

(5= =) (5= 2)

G(S = )
) = K o= p2) (=)
T T T T
Gij(s) = Dij+ —— + —— + —— 4 -+ ——,
§—p1 S—pP2 S—DP3 §—DPn
with r, € C, k= 1,2,...,n, the so-called “residue” associated with the pole

pi € C.

Prof. Leo Torres Laplace Transforms March, 2024 50/97



Transfer Functions: Residues and Model Order Reduction 111

@ When the system is excited by a nonzero input Uj(s), the output Y;(s) will be
the sum of the contributions of each mode of response to the final response:

Yi(s) = Gij(s)Uj(s),

= D;;U;(s)
+ (S i1p1> Uj(s)
+ (8 isz) Uj(s)

Tﬂ,
e (2 Yo

such that their relative importance can be assessed by comparing the values
of the resiudes ry,.
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Transfer Functions: Residues and Model Order Reduction IV

@ For example, if abs{r} < abs{ry}, for all k # 1, the contribution of the
mode of response 1 could be eventually neglected.

@ Notice that, since the residues associated with complex conjugate poles are
also complex conjugate, the elimination of a complex pole due to its
negligible residue will automatically lead to the elimination of the
corresponding conjugate pole. That is, we always eliminate real poles, or
pairs of complex conjugate poles, never just one complex pole.

@ The possible elimination of a mode of response from the dynamics of the
system reflects an “almost cancellation” of poles and zeros.
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Transfer Functions: Residues and Model Order Reduction V

@ Example: Cessna 182 Longitudinal Dynamics.

© 0N oG AW N =

11
12
13

o In MATLAB, we can obtain the Zero-Pole-Gain representation for a Transfer
Function by using the command G = zpk(sys), with sys a tf (transfer function)
or a ss (state space) object:

G =

From input "delta_elev” to output "VTAS":
—0.16963 (s—488.6) (s+2.101) (s+1.413e—07)

s (s°2 + 0.0179s + 0.09258) (s"2 + 4.204s + 12.09)

From input "delta_thrust” to output "VTAS":
9.9078 (s—0.2095) (s—1.612e—06) (s"2 + 4.348s + 11.87)

s (s°2 + 0.0179s + 0.09258) (s"2 + 4.204s + 12.09)

Continuous—time zero/pole/gain model.

o Notice that the pairs of complex conjugate poles and zeros were grouped
together in second order polynomials for both rational functions G11 and Gi2.
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Transfer Functions: Residues and Model Order Reduction VI

o We can better see how close some zeros are from some poles, leading to
“almost cancellations”, by using the command pzmap(G), particularly for

Glz(s)i
3
o « Poles of Ga(s)
2 o Zeros of Gia(s)
=
© 1
o
= «
T o 2 o}
£ x
o
©
£ -
-2
Oy
-3
=25 -2 -1.5 -1 -0.5 ) 0.5
Real Part
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Transfer Functions: Residues and Model Order Reduction VII

o The process of eliminating modes can be automated in MATLAB by using the
command Gnew = minreal(G,0.1), in which we selected the cancellation of zeros
and poles within a distance of 0.1 from each other:

« Remaining Poles of G'12(s)
2 o Remaining Zeros of G12(s)

Imaginary Part

-2.5 -2 -1.5 1 -0.5 0 0.5

Real Part
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Transfer Functions: Residues and Model Order Reduction VIII

e A comparison of the step-responses (abrupt change in the Thrust command
leading to changes in the True Airspeed) for the original model G12(s) and the
new model is provided below:

Step Response

From: deltairust To: VTAS

Time (seconds)

G 9-9078(s = 0.2005)(s — 1.612 x 10~°)(s” + 4.348s + 11.87)
2 (5% + 0.0179s + 0.09258) (s2 + 4.204s + 12.09) ’

Ghew = 9-9078(s — 0.2095) ,  — Much Simpler!!
(52 + 0.0179s + 0.09258)
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Transfer Functions: Residues and Model Order Reduction IX

o We should be extra-careful when peforming such cancellations. We can
accidentally cancel a pole on the right-hand side of the complex plane, that is,
we can accidentally cancel an unstable pole!

o Even if the residue associated to an unstable mode of response is very small,
the presence of the unstable mode would become evident sooner or later
because the unstable mode grows exponentially in the time-domain.

@ In the present example, we cancelled a pole at zero with a zero on the
right-hand side very close to it (z = 1.612 x 107%). No cancellations of
right-hand side poles were effected.

To cancel right-hand poles is forbidden!
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Transfer Functions: 15t and 2”9 Order Step Responses |

@ In the Partial Fractions Decomposition of G;;(s), very often we group every
pair of fractions associated with complex conjugate poles in just one second
order fraction, while taking into consideration that the corresponding residues
are also complex conjugate numbers, such that

T1 I a3s + Po3 T4

Gii(s) =D;; +
i(s) T s—p1 (s—02)24wl  s—ps

and all the coefficients in the numerator polynomials will be real numbers.
In this example it was assumed that p» = conj{ps}, and therefore
Qo3 = 2Re {7“2} = 2Re {7”3}, and ﬂ23 = —2Re {’I"gpg}.
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Transfer Functions: 15t and 2°d Order Step Responses Il

@ This means that we can have a good understanding about how the output
Yi(s) of the LTI system will respond to abrupt changes (step changes) in the
input Uj;(s) by knowing how first-order and second-order systems respond to
this kind of input U;(s) = 1 (unit step input):
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Transfer Functions: 15t and 2™ Order Step Responses llI

@ For 1%t Order modes of response, we have that

o= (5) - ()

with the DC-Gain G4, = —r/p, and the time constant 7 = —1/p.

@ The step-response is given by
y(t) = Gac (1 — 67t/7) ,

and usually one assumes that after t; = 57 the output will be in steady-state
(notice that, mathematically, the output never completely settles down).
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Transfer Functions: 15t and 2™ Order Step Responses IV

Step Response
T

Amplitude
|

15 20 25 30

Time (seconds)

Notice that the final variation of the output (its amplitude) is equal to G
multiplied by the input’'s amplitude, and the Settling Time t5 = 57.
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Transfer Functions: 15t and 2”9 Order Step Responses V

@ For 224 Order dynamic modes one usually considers a simplified behavior
(called a standard second-order system) that captures much of the essential

information: )
Gaew 1
Y = - —e*"n —
() (82 +2<wns+wﬁ) s’
where
(5 —0)? +w? = 5% 4+ 20wns + W2,

and, therefore,
Real Part: 0 = —Cwy,

Imaginary Part: w = wpy/1 — (2.

with the dimensioless Damping Ratio (, and the Natural Frequency w, in
[rad/s]. Together with the DC-Gain Gg., we can describe the step-response
relying only on these 3 parameters.
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Transfer Functions: 15t and 2°d Order Step Responses VI

y(t)

t [sec]

~Cwnt gin(w \/1—§2t+¢> ¢ = cos ().
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Transfer Functions: 15t and 2™ Order Step Responses VI

y(t)

t [sec]

~Cwnt gin(w \/1—§2t+¢> ¢ = cos ().
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Transfer Functions: 15t and 2°d Order Step Responses VIII

Settling time (for 2%): s

Laplace Transforms WiareF 2004
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Transfer Functions: 15¢ and 2™ Order Step Responses I1X

t [sec]

—(n
Percent Overshoot: M, =evi-<* =1 — O—CG
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Transfer Functions: 15t and 2°d Order Step Responses X

1.8
Rise time (from 10% to 90%): t, ~ —

Wn
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Aircraft Dynamics Requirements |

e From what we discussed about 15¢ and 29 order systems step-responses, we
can say that:
© Dynamic Modes described by real poles:

@ If the Time Constant 7 can be reduced, the speed of the response can be

improved.
© Dynamic Modes described by complex conjugate pairs:

@ As far left are the poles from the imaginary axis in the complex plane, as faster
the system will respond (Cwn — 00 = ts — 0).

o If the daming ratio 0 < ¢ < 1 increases, the Percent Overshoot will decrease
(there will be more damping).

@ The Natural Frequency determines the Rise Time. Greater values for wy will
decrease t;.

Prof.
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Aircraft Dynamics Requirements ||

@ Therefore, if we need to design the aircraft such that requirements on

©@ Maximum Settling Time t'*,

@ Maximum Percent Overshoot My**, and

© Maximum Rise Time t*®*
are specified, we can use the former relations to find where the poles (or
eigenvalues) of the system should be located.
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Aircraft Dynamics: Desired Poles Locations

o 274 Order modes of response can be characterized by complex conjugate
poles (or eigenvalues) that can be expressed as

P12 = _Cwn + iwn V 1- CQ

mm{ﬂs
Notice that:
‘‘‘‘‘ 2
N ]i woVi57 (G + (V1= ) = 2
B é ees ¢ = cos()
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Aircraft Dynamics: Desired Poles Locations

e 2" Order modes of response can be characterized by complex conjugate
poles (or eigenvalues) that can be expressed as

P12 = _Cwn + Z'Wn V 1- CQ

'I.vm-r\’l;

ol Notice that:
. =
X b~ < e

T Cwn

- Qﬂ{f’g Cwn >
. ¢ t‘;ad - ténax

;’_<_. T

-

March, 2024 70/97

Prof. Leo Torres Laplace Transforms



Aircraft Dynamics: Desired Poles Locations

@ 274 Order modes of response can be characterized by complex conjugate
poles (or eigenvalues) that can be expressed as

P12 = _Cwn + Z'("Jn V 1- <2

Tondsy Notice that:

—¢m
My=eVi@ m1— =
0.6

M, < M

e{s} ¢ 2 0.6(1 — M)
—_———
Cmin
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Aircraft Dynamics: Desired Poles Locations

@ 274 Order modes of response can be characterized by complex conjugate
poles (or eigenvalues) that can be expressed as

P12 = _Cwn + Z'("Jn V 1- CQ

Tend 5§ Notice that:
1.8
t, ~ —
_ == Rumin = _"‘__%_. Wn
ook
_]::I\ tr S ti"l’lax
Re{ss 1.8
Wn ~ ﬁmax
r
——
Ruin
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Aircraft Dynamics: Desired Poles Locations

@ 274 Order modes of response can be characterized by complex conjugate
poles (or eigenvalues) that can be expressed as

P12 = _Cwn =+ Z'(*’-)n V 1- <2
'Irrh-"ﬁ!;

Notice that:

Cwn 2

tmax
]
Desired

) ¢ 2 0.6(1 — M)
_Iocat\om for the N——

s\-‘st.em"s Poles’.. : \ 98{575 Cmin

co X
A
I

.x" =T

Rmin
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Section 4

Laplace Transform Interpretations
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Subsection 1

Laplace Transform as a “Generalized Fourier Transform”

Lepies Treng i Mg, 202 T



Fourier Series |

@ Every periodic signal in the time-domain, with period T’ i.e.,
u(t) = u(t + T); can be represented as an infinite sum of sines and cosines:

Z A(n) cos (nTt> + B(n)sin <n277ft> :

with A(n), B(n) € R.
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Fourier Series Il

@ By recognizing that sin(f) = % and cos(f) = % and defining
2

wp = =, we can rewrite the previous expression as

Z C z(nwo )t

n=—oo

A(n)+iB(n)
2

where C(n) = w forn >0, and C(n) = for n < 0.

Notice that C(n) can be a complex number for each n (if B(n) # 0), i.e
C(n) € C.
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Fourier Series 11l

@ To compute the complex coefficients C(n), we can multiply the previous
expression by e~ ("w0)t on both sides and integrate, such that

u(t)e—z'(nwo)t _ Z O(m)ei(mwg)te—i(nwo)t7

m=—oo

T
/ u(t)efi(nwo)tdt Z / z(m n)wgtdt
0

m=—0o0

and only when m = n there will be a non-oscillatory component whose
integral is C(n)T = C’(n)i—’; For all other terms the corrresponding integral

is zero, and therefore

T
Cn) = =2 / u(t)e o)t dt

21 0
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Fourier Series IV

@ In preparation for what we are going to do next, we can define the coefficients
U(nwp) = C(“)% = C(n)T, which are functions of the product nwy, such
that the pair of expressions to transform from one domain to another become

oo

Z U (nwg)woe! (Me0)t

n—=—oo

T
U(nwo):/ u(t)efi(”“’“)tdt
0

1
o

u(t)

@ From the last two expressions, we see that a periodic signal in the
time-domain ¢ (in [sec]) is equivalent to a countable sequence of coefficients
in the frequency-domain nwy (in [rad/s]):

u(t) <+—  U(nwp)
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Fourier Series V

w

| (mwe)

-Wy 0

Wy 2w, 3w, 4w,
’ ~ W, [mdfs]

See this video (3BluelBrown) for a magnificent application (and explanation)

of the Fourier Series!

Prof. Leo Torres

Laplace Transforms March, 2024 77/97


https://www.youtube.com/watch?v=r6sGWTCMz2k

From the Fourier Series to the Fourier Transform |

e What if u(t) is not a periodic signal? That is, what if u(t) # u(t + T) for
some T > 07

@ In this case, we can use the previous expressions and recognize that a

non-periodic signal could be approximated by a periodic one whose period is
very large, that is

T — oco.
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From the Fourier Series to the Fourier Transform

Below you can see what happens with the Fourier Series coefficients as the period

T increases for a periodic train of pulses, each pulse with duration Tpysc:

u(ty

0

=Ufw)
Lo an ow s oo

Ulnizy)

Time domain
T

% AE0RQG

T =2s.
[ I‘pl]lh&!_lh' 1
mAannannannnnnnnnneInRnnnanannannan
L T T
40 30 20 10 [?5) 10 20 30 a0
: Aw = wy = 3.1416 rad /s :
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N >~ =5fom 25 2 "Generalized Fourier Transform’

From the Fourier Series to the Fourier Transform

Below you can see what happens with the Fourier Series coefficients as the period
T increases for a periodic train of pulses, each pulse with duration Tpysc:

Time domain
T

3 T T
| T = 3.6552s. |
ﬁz T‘pl]lh&! =1ls.
=
1 - . . . . . . - . - ,
RN RN
) L AR O A T
40 30 20 10 0 10 20 30 a0
ts)
Frequency domain
5 T T
4t 4
E 4L Aw = wy = L.719rad/s il
5
L2t 8
g
oF 4
4 | I I I I I I I I
20 15 10 5 0 5 10 15 20
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N >~ =5fom 25 2 "Generalized Fourier Transform’

From the Fourier Series to the Fourier Transform

Below you can see what happens with the Fourier Series coefficients as the period

T increases for a periodic train of pulses, each pulse with duration Tpysc:

=Ufw)
Lo an ow s oo

Ulnizy)

Time domain
T

Prof. Leo Tor Laplace Transforms

T T
| T =5.3103s. |
T‘pl]lh&! =1ls.
I S O
40 30 20 10 0 10 20 30 a0
ts)
Frequency domain
T T
L Aw = wy = 1.1832rad /s il
| I I I I I I I I
20 15 10 5 0 5 10 15 20
w=nu,
March, 2024
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From the Fourier Series to the Fourier Transform

Below you can see what happens with the Fourier Series coefficients as the period
T increases for a periodic train of pulses, each pulse with duration Tpysc:

Time domain
T

3 T T
L T = 10.2759s. |
_ T‘pl]lh&! =1ls.
El
s - il L - 4
S 0 ! h b i 1 yn—|
40 30 20 10 0 10 20 30 a0
ts)
Frequency domain
5 T T
al 4
E 4L Aw = wy = 0.61145rad/s il
5
Loap 4
S
L i
S
L e R e R B
I | I I I | I I
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From the Fourier Series to the Fourier Transform

Below you can see what happens with the Fourier Series coefficients as the period
T increases for a periodic train of pulses, each pulse with duration Tpysc:

=Ufw)
Lo an ow s oo

Ulizy)

Prof. Leo Tor

Time domain
T

T = 16.8966 s.

T‘pl]lh&! =1ls.
L il |
I I I i i I i I I
40 30 20 10 0 10 20 20 a0
ts)
Frequency domain
T T
L Aw = wy = 0.37186rad/s il
| I [ I I L | I I
20 15 10 5 0 5 10 15 20
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From the Fourier Series to the Fourier Transform

Below you can see what happens with the Fourier Series coefficients as the period
T increases for a periodic train of pulses, each pulse with duration Tpysc:

Time domain
T

3 T T

a T = 33.4483s.
_ T‘pl]lh&! =1ls
=

1+ ~‘ M ( 4

| -

40 30 20 10 0 10 20 30 a0
t(s)
. Frequency domain
T T

al 4
E 4L Aw = wy = 0.18785rad/s il
5
Lz
>
5
=1
=

0

4 | I | I I I | I I

20 15 10 5 0 5 10 15 20
w=nu,
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From the Fourier Series to the Fourier Transform

Below you can see what happens with the Fourier Series coefficients as the period

T increases for a periodic train of pulses, each pulse with duration Tpysc:

Time domain
T

T
T =50s.

2+ L 4
_ T‘pl]lh&! 1s.
=

1+ M 4

L
0 I I 0 I ul 0 I 0 0
40 30 20 10 0 10 20 30 a0
ts)
Frequency domain

5 T T

al 4
E 4L Aw = wy = 0.12566rad/s il
5
Loap 4
S
5
= g o
=

0k il

4 | I | I I I | I I

20 15 10 5 0 5 10 15 20
w=nu,
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Fourier Transform as the Limit of the Fourier Series |

@ In this case, while it continues to be true that nwy = w, the separation
Aw = wy between successive coefficients in the frequency-domain becomes
progressively smaller, or “infinitesimal” in the limit:

Aw = wy — dw,

and the coefficients become uncountable. The summation in the Fourier
Series expansion must then be substituted by an integration:

- , 1 [ ,
u(t) = Py Z Ulnwo)e!™0)tuy = u(t) = %/ U(w)e™ dw.
n=—o00 >
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Fourier Transform as the Limit of the Fourier Series |l

@ This leads to the Fourier Transform Pair:

u(t) = % / T (@)t = F-U{U(W)}

— 00

Ulw) = /0 T (et = F{u(t))

o A value U(w™) can be interpreted as the coefficient associated with the
specific frequency w = w*. The absolute value |U(w™*)| is then proportional
to the amplitude of the specific oscillation with frequency w* that composes
the signal u(t) in the time-domain. The angle or argument arg {U(w*)} is
the phase displacement of this oscillatory component.

The continuum of values U(w) is called the Spectrum of the signal.
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Laplace Transform |

o Notice that the Fourier Transform is very interesting, but somewhat limited
in the sense that the set of functions u(t) that have well defined Fourier
Transforms U(w) is limited.

@ For example,
0 .
ut)=1,vt>0 = Uw)= / e~ whtdt =77
0
does not converge, because e~ ** = cos(wt) + i sin(wt) is an oscillatory term

that does not go to zero.

@ Actually, we can prove that a sufficient condition for the existence of a
Fourier Transform is that w(t) is absolutely integrable:

/DO lu(t)|dt < oo
0
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Laplace Transform Il

@ We could achieve the absolute integrability condition if we worked with
signals that go faster to zero.

@ One way of having this situation is by using the following “exponential
operator” E, [u(t)] on time-domain signals u(t), defined by the
multiplication of the signal by an exponential function, such as:

with o € R.

@ The multiplication by an exponential term that goes to zero enables the
fulfillment of the absolute integrability requirement.

@ Notice that an “operator” sends functions on a certain domain to functions
on the same domain (time-domain in this case).
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Laplace Transform Il

@ Now we can define a new transform: the Fourier Transform of the
“exponentially attenuated signal”:

F{E, [u(t)]} = F{a(t)} = /Ooo (ult)e—t) et

@ In this case, notice that by the appropriate selection of o € R, we can
guarantee the convergence of the following integral

A 0 . 0 .
U(w)z/o ﬁ(t)e_“"tdt:/o u(t)e™ (Tt

for a broad class of functions, even for functions that grow exponentially to
infinity such as u(t) = €?! (just select, for example, o = 3).
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Laplace Transform IV

@ To recover the original signal u(t), we just have to reverse the steps taken
before:

() a(t)=F"! {ﬁ(w)} - QL/OC U (w)e™t dw,
(i) w(t) = E; [a(t)] = a(t)e” = {1 /00 U(w)ei“’tdw] e,

o+zw td
=5 / U w,

i.e., (i) compute the inverse Fourier Transform, and (ii) apply the inverse
exponential operator.
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Laplace Transform V

@ Combining the two previous transformations (from time-domain to
frequency-domain and vice-versa), we can define the so-called complex
frequency variable

s=oc+4+iw = ds=1idw,

and re-label U(w) = U(s). We then finally have the Laplace Transform
Pair:

c+ioco
u(t) = L / U(s)eStds = L7 {U(s)}

210 Jo—ioo

U(s) = /000 u(t)e 'dt = L {u(t)}

where the constant c is chosen appropriately to guarantee that 0 =c is
sufficient for the convergence of both integrals.
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Laplace Transform VI

@ This intrepretation is a powerful one, because it shows that if we select
s =iw; i.e., if 0 = 0; the Laplace Transform U(s) becomes the Fourier
Transform U (iw).
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Subsection 2

Laplace Transform as a “Generalized Power Series”
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Laplace Transforms as Generalized Power Series |

Disclaimer: The following is based on the Lecture 19, from a MIT course on

Differential Equations, presented in March, 31, 2003, by Prof. Arthur Mattuck,
and available on YouTube.
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https://youtu.be/sZ2qulI6GEk

Laplace Transforms as Generalized Power Series |l

Consider the following functions and their Power Series Expansions:

@ Exponential function:
. r __ 1 2 1 3 1 k
Fi:e —1+x—|—§x —|—§a: —|—---+H$ + e
@ Sine function:

1 1

1 X
Fy: sin(z) =a — a3+ —a® 4 4 (=12 g2k .

37 5 (2k +1)!

@ A polynomial function:

Fy: 243z —42® =2+ 3z — 42” + 02 + 02" + - + 02" + - -

Prof. Leo Torres Laplace Transforms March, 2024
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Laplace Transforms as Generalized Power Series 11|

We could say that the previous mathematical objects F;, F» and F3 can be
represented in two different ways: as functions of a variable z, or as coefficientes
that are themselves functions of a variable k:

@ Exponential function:

i oz—e” — kr—>r1,(k):k‘
@ Sine function:
ok 1
Fy: x> sin(x) — ks a(k) = (71)21‘+1m
@ A polynomial function:
Fy: x> 2+ 3z — 422 — k— a(k),

where a(0) = 2, a(1) =3, a(2) = —4, and a(k) = 0,Vk > 3.
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Laplace Transforms as Generalized Power Series 1V

o Consider the “set of real analytical functions of a real variable”. One element
of this set is a function:

fz):R—>R

e We can define an “Equivalence Relation” between functions f(z) from this
set and functions a(k) (which are indeed sequences of real numbers):

f(z) :R—=R — a(k):{0,1,2,---} - R

by using the following equation:

fz) =Y alk)z*
k=0

Therefore, every time the above equation is true, we will say that f(x) is
equivalent to a(k), and we can denote this fact by f(x) = a(k).
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Laplace Transforms as Generalized Power Series V

@ Now suppose we want to generalize this idea by creating an association
between functions a.(t) of a continuous variable ¢ (instead of a(k)) and a
function f.(x) defined in another domain to which = belong.

@ A natural way of doing that is to consider substituting the summation by the
integral:

f(z)= ooa(/f)xk = felz) = Ooac(t)xfdt
> J

@ A reasonable requirement at this point is that |z| < 1, since this would
facilitate the convergence of the integral on the right-hand side by making
xt = 0ast— cc.
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Laplace Transforms as Generalized Power Series VI

. t 2) 1
e Another natural development is to represent 2! = [e"(®)]" = ¢! I"(®) (in
terms of the exponential function) to facilitate mathematical manipulations:

felz) = /OO ac(t)et @ dt.

0

@ Relying on the previous requirement that || < 1, this means that
In(|z|) < 0, and we can define a new variable

s=—1In(z), |z|]<1,

such that for real and positive values of 0 < x < 1, s will be a real and
positive number. However, for —1 < x < 0, s will be a complex number.
Let's allow x to be a complex number such that |z| < 1, and then s will
assume whatever value we want in the complex domain

s=o0+iw, o,wé€ (—00,+0) & seC.
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Laplace Transforms as Generalized Power Series VII

@ With the previous definition we have that
o ~
fule) = [ aclt)e it = o (¢7%) = F (o).
0

o Substituting now a.(t) by f(t), and f.(z) by F(s), we get closer to the usual
notation adopted in textbooks:

Fls) = /0 T fetar

which is the definition of the Laplace Transform of the function f(t).
Notice that for each s € C the above integral (if it converges) has a definite
value in the complex plane, i.e. F(s) € C.
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Laplace Transforms as Generalized Power Series VIII

o Finally, it is worth observing the difference between “Operators” and

“Transforms”:

Operator (Time-domain) :

Operator (Frequency-domain) :

Transform :

Transform :

U(s) — Y(s).

o An Operator acts on the input signal and produces an output signal. Input
and output are in the same domain.
o A Transform produces a resulting signal equivalent to the original signal
but the signals are in different domains.
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