MATH241 Lecture Notes

Section 9: Z-Transform and Linear Differential Equations
MATH241 Lecture Notes, notes pages 73-83

Notation. Scalars are plain italic (a, a, z), vectors are bold (u,x), and matrices are italic capitals
(A, B; zero matrix O, identity I). The handwritten notes underline vectors once and matrices
twice.

These notes are built on top of Orhan Arikan’s linear algebra course notes.
—— notes page 73 —

The Z-Transform

The z-transform is a tool for analyzing and designing discrete-time systems. It is also very useful
for solving difference equations, because it turns the difference equation into an algebraic equation.

Def’n Given a sequence x[n], its z-transform X (z) is the sum

The z-transform

X(2) = Zaj[n]z*",
n=0

defined for those values of z for which the sum converges. These values of z form the region of
convergence, or ROC.

Two useful facts about convergence:
(i) For a finite-length sequence, the z-transform converges for every z, except possibly z = 0.

(ii) If the z-transform of a sequence converges at all, it converges for every |z| > rg, where 7
depends on the sequence.

Properties:

(i) Linearity. Suppose x1[n] < X1(z) with region of convergence ROCj, and x3[n] PN Xa(z)
with region of convergence ROCs. Then, for any constants o1 and axo,

a1r1[n] + aowa[n] +— a1 X1(2) + aaX2(2),

and the region of convergence contains the overlap, ROC D ROC; N ROC,.

proof Split the sum into two sums:

Z(alxl[n] + agxa[n])z " = Z(alxl[n]zﬁ” + agzo[n]z™")
n=0 n=0
= Z z1[n]z™" +ag Z xo[n]z™"
n=0 n=0

yl(z) Yg(z)
=1 X1(2) + asXo(z). W

—— notes page 74 —
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(ii) Delay by one step. If x[n] 2N X(2), then
2ln — 1] <2 27X (2) + z[-1].

The extra term z[—1] is how the initial condition enters. proof Substitute n’ = n — 1 and pull
one factor 271 out of the sum:

[e.@] [e.e]
Zx n—1z""= Z z[n/]z~ (" +D)
n=0 n' n'=—1
oo
= Z a2z 2 + 2[—1]
n’'=0

(iii) Delay by k steps. If xz[n] 2N X (2), then for k> 1
z[n — k] «— 27 "X (2) + 2 e [-1) + 272 [—2] + - - - 4 2]

proof The same substitution n’ = n — k gives

o0

i zln —klz7" = Z x[n/]z_("/+k)
n=0

! —
n! n'=—k

=2k i 2]z + 2R (a[1)z 4 2[-2)22 + - - + 2[—k]2P)
n'=0

= 27X (2) + 2 M a1+ - + 2[-K].

(iv) The exponential sequence. For x[n] = a™, n > 0, the sum is a geometric series, which converges
when |az71| < 1:

oo oo

— 1

X(z) = E a"z " = E (az™ 1) = —, laz7t <1 =a| < |7|.
n=0 n=0 1—az ROC

(v) The sequence na™. For x[n] = na™, n > 0, differentiate the geometric series with respect to z:

X(2) = Znanz_" = [Z na”z_("+1)] z=— <j Za”z_”> z
n=0 n=0 z n=0
__ |4t |,
- |dzl—az!
-1
— az
(z) = A a2 [ |

—— notes page 75 ——

We can now solve difference equations by transforming them. The method is: apply the z-transform
to both sides (the delay rules bring in the initial conditions), solve for X (z) algebraically, expand
it in partial fractions, and invert each term.

1
ex/ Solve z[n| = %m[n —1] - 6:6[71 — 2] with z[—1] = —4 and z[-2] = —14.
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Transform both sides to the z-domain, using properties (ii) and (iii):

X(2) = 27X () +al-1) — (=7 () + el 1] + 2]~

- ) 1 20 4 14
X(2) <1 — =zt z_2> =-% + 62_1 + 5

Solving for X (z) and factoring the denominator, we write it as a sum of simple fractions:

Y(z) _ %z_l -1 _ %z‘l —1
— %z‘l + %2_2 (1-1iH1- %z—l)
B A B
- 1— 2271 +1—%z*1'

~
partial fraction expansion

To find A, multiply by (1 — %z_l) and set z = %; to find B, multiply by (1 — %2_1) and set z = %:

4
_ 191 1/3
_ 1,1 _ 6 _ _
A= (1-3= )X(z:)}zzl/2 = ? =13"
4
_ =-3—-1 1
_ 1,1 _ 6 _ _
B-{l—gz)X@ﬂﬁuy—l_%ﬂ-—_v2——2
Each fraction is of the form in property (iv), so we can invert it:
— 1 2 z-1 \" 1\"
:>X(2:):1_%271—1_%271 x[n]:<2> —2<3> , n>0.
1 .
ex/ Solve z[n| = z[n — 1] — Zx[n — 2] with z[-1] =1 and z[-2] = —1.
Transform both sides to the z-domain:
_ _ 1 _
X(2) = (71X (2) +a[-1]) - Z(Z_QX(Z) + 27 21 + 2[-2))
_ 1 — 1 1
o ) s B
=z " X(2)+1 17 X(2) 1° +4.
_ 1 5 1
= X(Z) (1 — Z_l + 42_2) = Z — 12_1

This time the denominator is a perfect square, (1— l,2*1)2, so the partial fraction expansion contains
a repeated factor:

—— notes page 76 ——
Clearing denominators and comparing the constant terms and the coefficients of 2~

5 1 1.1 A
2o aa-t B=A+B- 221,
:>4 17 ( 52 )+ + 5*

_ A+B=5/4
—A/2=-1/4=A=1/2=B=5/4—A=5/4—1/2=3/4.

3
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Hence
3 1

1 1 +
21— 1271 41— 312

To invert these we use two transform pairs. The first is property (iv). The second follows by
multiplying the geometric series Y, w™ = 1 by itself with w = az~1, since (3, w™)? =3, (n+
Dw™:

1 z-1 . 1 z-1
- 1a™ > 0.
1_az_1<—>a, A a1y (n+1)a", n >
Therefore N "
— -1 1/1 3 1
X (2) & z[n] = 5 <2) + ) <2> . n>0,

which simplifies to

Solution

[]_5ln+§ " >0
=7\ 1"\a) > "=

Linear Constant Coefficient Differential Equations

(Chapter 3, sections 4 and 5 in the textbook.)

Differential equations describe continuous-time systems in the way that difference equations de-
scribe discrete-time ones. A homogeneous linear differential equation with constant coefficients of
order n has the form

dny dnfly dy

—_— a/ e a/ 11— a = 0

dx"+ 1dx”—1+ +n1da:+ nY

homogeneous ntf-order linear constant coefficient DE

d

The simplest case is first order: dz +ayy = 0. Try a solution of the form y(z) = €. Then
dy
= = XeM 50
dx

XM+ a1eM =0= )= —a.

—a1x

Hence the general solution is Ce . To determine the constant C' we need an initial condition

such as y(0):
y(0) = Ce 0 =C = y(z) = y(0)e %,
—— notes page 77 —

ex/ A second-order equation. Consider

d2y dy . . . " /
) + a1% 4+ asy =0 which is also written ¢y + a1y + a2y = 0.

We again try solutions of the form y(z) = e**. Bach derivative just brings down another factor \:
= NeM 4 a1 Ae™ + aye™ =0

:>()\2+a1)\+a2)e)‘m:O:>)\2+a1)\+a2:0.

characteristic equation

A

Since e is never zero, A has to be a root of the characteristic equation:

A = —ay + +/a? — day \ —ay — +/a? — day
2 ’ '

2

4
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For real a; and as these are either two real roots or a pair of complex conjugate roots. The general
solution is a combination of the two:

General solution, distinct roots

y(x) = CreM® 4 Che???.

Given initial conditions y(0) and 3'(0), the constants Cy and Cy are determined uniquely.

ex/ Real roots. Solve ¥ — 9y = 0 with y(0) = 4 and y/(0) = —5. The characteristic equation
A2 —9 =0 gives \; =3 and Ay = —3, so

y(x) = C1e3" 4 Che ™37,

The initial conditions give two equations for C; and Cs:

4=0C,+C 7 7T 17
! 2 }=>601=7=>01:*, 02:4_01:4_7:7'
—5=3C1 — 3Cy 6 6 6
7 17
=y(z) = 663’” + 66_3:6
ex,/ Imaginary roots. Solve y” + 9y = 0. The characteristic equation A2 +9 = 0 gives \; = j3 and
Ay = —j3, s0 y(z) = C1e73% 4+ Cye~73%. Complex exponentials are not convenient to read, so we

rewrite the solution with sines and cosines, using Euler’s formula in the form cos 3z = %(ej 3T 4 e=137)
: _ 1 j 3z —j3z\.
and sin 3w = 57 (/7" — 777

= y(z) = C1e73% 4 Che™73®
_ <C1 +Co n Cy — 02) REC (Cz +C . Cy — Cl> e

2 2 2 2

= y(z) = <0142F02> (53 4 =330 4 <012—j(12> (e73 _ =30

= (C1+ C3) cos3z + j(C1 — Cy) sin 3z
= Acos3z + Bsin3z (A and B can be real or complex).

—— notes page 78 ——

ex/ Complex roots with a real part. Solve y” + 4y’ + 7y = 0 with y(0) = 1 and 3’(0) = 0. The
characteristic equation is A2 + 4\ 4+ 7 =0, so

 —4+V/16-28  —44++/-12
- 2 - 2

= A = —24 V3.

The real part —2 gives a decaying factor e 2%, and the imaginary part /3 gives oscillation:
=y(z) = C1e(T2HIVAE | Chel-277V3)e
— 20V 4 CoeIV37)
= e ?*(AcosV3z + BsinV3x).

Now apply the initial conditions. First, y(0) = 1 gives A = 1. Differentiating y and evaluating at
xz =0,

y'(0) = [—26_23”(14 cos V3z + BsinV3z) 4+ e 2 (—v/3Asin v3z 4+ V3B cos \/gx)} = —244+V3B =0,

=0

=ylz)=e <cos V3 + 55 sin \/595) .

5
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Theorem 3.4.1

T

Combining solutions as above only works if the exponentials e*® really are independent of each

other. This is guaranteed when the roots are distinct.

Theorem 3.4.1
If the characteristic equation of an n'"-order linear constant coefficient DE has n distinct
r00ts A1, ..., An, then the set {e*?, ... e*7} is linearly independent on any interval I C R.

proof Suppose, for contradiction, that they are linearly dependent. Then there are coefficients,
not all zero, with
1M + e o 4 et =0, Vrel.

Differentiating this identity repeatedly, each derivative multiplies the i term by another \;:

041>\16>\1x + OQ)\QE)\Q:C R Oén)\nBA"m -0

041)\71‘_16’\1“ + 042/\’2‘_18‘” + -+ anx\z_le)‘"x =0.

These n equations can be written as one matrix equation:

1 | P | apeM?
)\1 )\2 )\n a26>‘2$

= =0
PP Vot PP apetn®

a Vandermonde matrix, invertible because the \; are distinct

a16>‘1z

Ai

= : =0= e =0=qa; = 0.

e
All the coefficients are zero, which contradicts the assumption. ll

—— notes page 79 —

Theorem 3.4.2 — Repeated Roots Case

If a root is repeated, we have fewer than n exponentials, so we need more solutions. The missing
ones are obtained by multiplying by powers of x.

Theorem 3.4.2
If A1 is a root of order k of the characteristic equation, then e
linearly independent solutions of the differential equation.

ME peMz | ph—leMT gre

proof Write the equation in operator form as L[y] = 0, where

dr dn— 1

d
L:@#—al + it ap—1—— + ap.

dxn—1 dx

Applying L to an exponential just multiplies it by the characteristic polynomial. Because A1 is a
root of multiplicity k, the polynomial factors, with a leftover polynomial p(A) of degree n — k:

L[e/\x] =N+ a N 4 ap A+ an)e
= (A= A)Fp(AN)er.
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At X\ = )\; this is zero, so L[e*?] = 0 and e*'? is a solution.

To show that ze*® is also a solution, differentiate L[e*®] with respect to A:

L = [ = M) R
= = AR PN £ (A= A)E A (p(N)e).

On the other hand, the derivative with respect to A can be moved inside L, which acts on z:

d d
iy A\x =L | = Az - Az )
FUMT =L | 520%| = Lloe]

Evaluate both expressions at A = A;. Both terms of the right-hand side contain a positive power
of (A — A1) (this needs k > 2), so they vanish:

d
LlzeM] = B = A" (V)M + (A = A)F = (p(N)e)
A=X\1 dA
0 A=A1
= L[zeM?] = 0 = zeM? is also a solution.
Differentiating more times with respect to A in the same way shows that z2e*®, ... 2¥~1eM® are

solutions too. W

example Solve y(") — 8y +26y" — 40y’ + 25y = 0. The characteristic equation is A\* —8\3 42612 —
40\ 4 25 = 0. It has repeated complex roots: A\ = 2 4 j with multiplicity 2 and Ay = 2 — j with
multiplicity 2. Each root contributes its exponential and = times its exponential, so the general
solution is

y(x) = (C1 + Cox)e® T 4 (O3 + Cyz)e@=9®
= *(C1e7” + C3e ™97 + 2(Cae’” + Cye™7))
- 321((A cosx + Bsinx) + 2(C cosz + Dsinx)).

—— notes page 80 —
Def’n — Stability: consider the homogeneous differential equation

n n—1

d d d
Wg+ale+"‘+an71dfi+any:0 (DE,)

with general solution y(t) = Ciy1(t) + -+ + Chyn(t). It is called stable if all of its solutions stay
bounded for ¢ > 0, that is,

lyi(t)] < M; < o0, 1<i<mn, t>0.

Theorem 3.4.3

Stability is decided by where the roots of the characteristic equation lie in the complex plane.

Theorem 3.4.3
(DE,,) is stable if and only if its characteristic equation has no roots to the right of the
imaginary axis, and any roots on the imaginary axis are non-repeated.
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proof (i) Non-repeated roots. A non-repeated root A = a + jb contributes a solution e* at bt

If a < 0 this stays bounded:

=€

|€)\t| — ’eatejbt| — |eat| |ejbt| — eat < 17 t>0.
—~—

1

(ii) Repeated roots. A repeated root A\ = a + jb of order k contributes the k solutions
M teM . tF7leM . For a < 0 we show that all of them are bounded. For ¢ > 0,

‘tie)\t| — ‘tz‘ . |eat . ejbt‘ — tieat.

Since t'e® — 0 as t — oo when a < 0, and t'e? is finite on every bounded interval 0 < ¢t < T, the
function t’e® is bounded for t > 0.

(iii) Instability. If a simple root has a > 0, or a repeated root has a > 0, the solutions it contributes
grow without bound, so the system is unstable. ll

Theorem 3.4.4 — Coefficients of mixed sign

There is a quick necessary check for stability that needs no root finding: look at the signs of the
coeflicients.

Theorem 3.4.4

If the coefficients of the characteristic equation are real and of mixed sign (at least one positive
and at least one negative), then there is at least one root A with #{A} > 0, so the system is
unstable.

—— notes page 81 —
Note that the theorem does not say that every unstable system has coefficients of mixed sign. It
says only that mixed signs are enough to guarantee instability. (An example appears below.)

Proof We prove the contrapositive: if a system is stable, its characteristic polynomial cannot have
coefficients of mixed sign. A stable system has all its roots in the closed left half of the complex
plane, R{A} < 0. Since the coefficients are real, the complex roots come in conjugate pairs, so the
monic characteristic polynomial factors into two kinds of factors:

(i) a factor (A — Ar) = A + ¢ for each real root A\, = —c < 0, which has non-negative coefficients
1 and c;

(ii) a factor for each conjugate pair a + jb with a < 0,
(A = (a4 jb))(A — (a — jb)) = A2 — 2a\ + (a® + b?),
which also has non-negative coefficients, because —2a > 0 and a?+b2>0.

When two polynomials with non-negative coefficients are multiplied, every coefficient of the product
is a sum of products of non-negative numbers, so it is non-negative too. Hence the characteristic
polynomial of a stable system has only non-negative coefficients, and in particular its coefficients
cannot be of mixed sign. W

—— notes page 82 —

Conversely, a polynomial of mixed sign must have a root with a positive real part, which makes
the system unstable. This is the statement of the theorem.

Now we see why the converse of the theorem fails: unstable roots do not always produce mixed
signs. For an unstable real root A, > 0, multiplying a polynomial ¢(\) with non-negative coefficients



MATH241 Lecture Notes

by (A — ;) gives a polynomial whose last non-zero coefficient is negative, so the signs do mix. But
for an unstable pair of complex roots, a > 0, the factor A? — 2a\ + (a? + b?) itself has mixed signs,
and multiplying it by another polynomial may or may not leave the result with mixed signs.

Note that even if the added roots are unstable, p(A) may have no sign mix. For example, take
qN) =(+1), M —=2a\+(@+b) =N —eX+1, €>0,
which has the unstable pair a = ¢/2 > 0. Then

p(A) =g\ - (V> =2aA+ (@® +0*) = A+ 1) (A2 —eX + 1)
=N (1 —ON+ (1 - +1.

If 0 < € < 1, all the coefficients of p(\) are positive, so the coefficients do not have mixed signs,
even though the system is unstable.

Application Example: Oscillator Circuit

Here is a physical system described by a second-order differential equation: a resistor R, an inductor
L and a capacitor C' connected in a loop to a voltage source E(t).

By Kirchhoff’s voltage law, the source voltage equals the sum of the voltages across the three
elements. Each element has its own voltage—current law:

(t) R(t) + VL, (t) + Uc(t)
vr(t) = Ri(t)

di(t)
vr(t) =L 7

v t
itt) = c% gt@ — volt) = é/_ i(r) dr

Substituting these laws into the first one, and then differentiating once to remove the integral, gives
a second-order differential equation for the current:

= 50 =it + 120+ L[ i
2 1
= E'(t) = detg) +Rdd(t) +%z(t)

—— notes page 83 —

Consider the free oscillator, with no source, E(t) = 0. Dividing by L,

d*i Rdi 1 R 1
%; + Ed—z + ﬁz =0, characteristic equation: A% + /\ + 0= =0.
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~R/L+\RJI’—4/IC , _ —R/L—\/R}J[?~4]IC
) 2 = .
2 2

The sign of the number under the square root decides the behavior, and it depends on the resistance
R.

=\ =

2
4
(i) Large resistance. If 4 > 0, which is equivalent to R?C' — 4L > 0, that is,

L? LC
L
2 _
R > \/C’

then there are two real roots, both negative (the square root is smaller than R/L). The current is
Z(t) = C’le)‘lt -+ CQB)‘Qt, A1 <0, X <.

There is no oscillation: this is the overdamped case.

(ii) The borderline. If R =2./L/C, then A\; = A\g = —% and

i(t) = CreMt + CoteM,

There is again no oscillation: this is the critically damped case.

(iii) Small resistance. If R < 24/L/C, the roots are a complex conjugate pair,

v _ “R/L+RYIP—4JIC _ —R/L+j\/i/LC - R[I? _,
1= = = Ag.
2 2

The real part makes the oscillation decay, and the imaginary part sets its frequency:

1 2
i(t) = et (Acos(wt) + Bsin(wt)), w = il %

decay envelope (time constant 2L/R) d PR
amped natural frequency

These are underdamped oscillations. The constants A and B are determined from (0) and ¢'(0).
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