332:345 - Linear Systems & Signals - Fall 2018
Set 5 - Numerical Examples - S. J. Orfanidis

In this set, we consider the numerical implementation of the examples of Set-4 by converting
their analog transfer functions into digital ones and implementing them in MATLAB as difference
equations, and comparing their output with that of the built-in function Isim.

The following discretization schemes are considered, which will be discussed in more detail
in class, see also the Appendix of this set: (i) forward Euler, (ii) backward Euler, (iii) trapezoidal,
also known as bilinear or Tustin transformation, and (iv) zero-order hold. Below, we summarize
the design equations for all four methods, for first-order and second-order systems. The built-in
functions c2dm and c2d can also be used to convert a continuous-time system to an equivalent
discrete-time one, however, they do not include the forward and backward Euler methods. But they
do include the trapezoidal (Tustin) and zero-order hold (the default) methods.

The function Isim is used for simulating the behavior of continuous-time systems, but it can-
not be used to actually replace the continuous-time system by an equivalent discrete-time one that
can then be implemented digitally, for example, on a digital signal processor. Moreover, Isim, and
MATLAB in general, process signals on a block basis and are not so well-suited for real-time pro-
cessing. However, once the equivalent discrete-time transfer function is available, it can easily be
implemented in real-time. The examples in this set demonstrate how to do this.

Summary of Discretization Schemes

For a second-order system with analog transfer function H, (s),

B()S2 +Bis+ B
$2 + Ais+ A
the equivalent discrete-time difference equation is also 2nd order and has the following form with

a discrete transfer function H; (z),

V(O +A1y () +A2y (1) = BoX (1) +B1X (1) +B2x(t) = Hal(s)= 1)

bo + blz‘l + bZZ_Z
l1+a1z ' +arz—2

Yn+@Qiyn-1+ ayn—2 =boxn +b1xXp_1 +boxn2 = Hg(z)= (2)

where y,, is an approximation to the value of y (t) at the sampling instant t,, = nT, where T is a
small time increment, and X, is the value of the input at t = t,, that is,
ynz)’(tn):)’(nT), Xn:X(tn):X(nT), n:0’1’21"'

The relationship between the coefficients {by, b, b,,a;,a»} and {By,B1,B>,A1,A>} depends
on the value of T and the chosen discretization scheme. The difference equation can be iterated by
writing it in the following form,

for n=0,1,2,...,
(3)

Yn = —A1Yn-1 — AQ2Yn-—2 +boxn + b1 Xn_1 + boxpn_>

where the two previously computed outputs, y,-2,Yn-1, help compute the current one, y,. For
example, we have explicitly for n = 0,1, 2, 3,

Yo=—a1y-1 —azy-2 +boxo + b1X_1 + bax_»

Y1 =—ai1Yo — dz2y-1+box1 + b1xo + bax_4

Y2 = —aiy1 — ax2yo + boxz + b1 X1 + ba2Xo

Y3 =-—ad1y; —dxy1 + b0X3 + b1X2 + bzXl, and so on,

To get the iteration going, we need to know the two initial values y_;,y_». The values of
X_1,X_» can be taken to be zero since we assume a causal input. Because the given initial con-
ditions ¥ (07),y(07) of the differential equation are specified at t = 07, and T is small, we may
choose the starting values as follows,



y-1=y(07)
Y2 =y(07)-Ty(07)

The second my be justified by the following approximation of the derivative,

4)

y(=T)=y(=2T) _y-1-y-»
T T

Similarly, for a first-order system we have the differential and corresponding difference equations,

y(07 )~

= Yyory1—Ty(07)

y : Bos + B
y()+A1y(t)= BoX (1) +B1x(1) = Ha(s)= 221 )
s+ A
bo + b1z}
ynt @y =box by = Halz)= 3 00 ©)

and iterated by writing it in the following form,

for n=0,1,2,...,

(7)
Yn = —a1Yn-1 +boxn + b1xn-

where now only the starting value y_; is needed, and we may choose it as in Eq. (4),

®

Forward-Euler, Backward-Euler, and Trapezoidal Rules

The three cases can be handled together and are obtained by replacing the s variable in the analog
transfer function H, (s) by the following transformation in terms of the variable z,

p+qzl pz+g otz p+qz!

T p+az!

_ o1 _ _ o1
s= 272 _ 27l ()= Has) :Ha<lz) ©)

where p, g are defined as follows in the three cases, in terms of the discretization time step T,

1
forward Euler: p=0, g=T = SZ?(Z—I)
1
backward Euler: p=T, g=0 = s= T (1-2z71 (10)
trapezoidal/bilinear/Tustin: _g- 1 T > §= 21- 2
b - P=a=5 T T1420

The mapping between the coefficients {bg, b,,b,,a;,a,} and {By,B,B»,A,A>} is obtained
from the algebraic relationship,
2
1-z71 1—-2z71
Bo|\ ———— | +By|——— | +B
O<p+qzl> 1<p+qzl> g

2
go Lozl 1—2z1 1-z71
(W FA T | A

The algebra can be carried out quickly with the symbolic toolbox,

by + blz‘l + l’);_vZ_Z _ B()S2 + B1s+ B>
l+a1z ' +az—2 S22+ A1s+ Ao

syms BO B1 B2 A1 A2 s zpgq

H = (BO*sA2 + Bl*s + B2)/(sA2 + Al*s + A2);

Hd = collect(subs(H,s, (1-z)/(p+q*z)))

symdisp(Hd) % symdisp is on Sakai Resources



and we obtain the following relationships that depend on the choices of p, g,

_ By +Bip + Bop? b, Bia—p)-2Bo+2Bopq _ By —B1g + B2g?

by = , , =
0 1+A1p+ Ayp? ! 1+Ap+ Ayp? 1+A1p+ Ayp?
(11)
_A@-p)-2+24pq 1= A+ A
1+ Ap + Ayp? “T 1+ Ap+ Ap?
For the first-order case, we define similarly,
by + b1271 _ Bos + B,
1+ 6112_1 B S+A = 1*2111
p+qz
which leads to,
Bo + B1p B1g — By Aig -1
be = -4 =9 =—1 12
0 1+A1p ’ bl 1+A1p » 4 1+A1p ( )

Zero-Order Hold Method

The justification of the zero-order hold design procedure will be discussed in class. The correspond-
ing discrete-time transfer function is defined by,

(13)

Hi(z)=(1-2z"Y-2 [Ha_(s)]

N

where Z [G (S)] denotes the z-transform of G (s), a notation and operation to be clarified in class.
This formula leads to the following computational steps.

Step 1: Start with the analog transfer function H, (s), then form H, (s) /s, and expand it in partial
fractions. For example, for a first-order transfer function we have,

B B H B B R R
Ha(S):& N a(s) _ Bos+ 1L _Ro 1 (14)
s+ p1 s s(s+p1) s S+p:
with residues,
B By — B
Ro==L, Ry =20—21A1 (15)
p1 p1

Similarly, for a second-order transfer function with two distinct poles (p; # p2), we obtain,

2 2
H, (s) = Bos® + B1s + By N H;(s) _ Bos® + B1s + B> _ & n R4 N R> (16)
(s +p1)(s+p2) s s(s+p)(s+p2) s Ss+p1 S+p2
where the residues are given by,
2 2 _
Ro = B> R, = Bopi — Bip1 + B2 Ry = Bop5 — Bip2 + B (17)
p1b2 p1(p1 —p2) p2(p2 — p1)
while for the case of a double-pole, we have,
Bos® + B B H Bos® + B B R R R
H,(s)= Bos" tBis+Bs a(s) _ Bos“ +Bis+ 2 _Ro Ri | 2 (18)
(s+p1)? s s(s+p1)? s s+p1 (s+p2)?
with residues,
B Bop: — B Bop3: — Bip1 + B;
Ro = _g R, = 0P1 - 2 R, =-— oP1 1P1 2 (19)
p1 p1 p1



Step 2: Replace single- and double-pole terms as follows in terms of z (applicable also when p; = 0),

1 N 1
S+ p1 1—-eprTz-1
1 Tz ! (20)

=
(s+p1)? (1—ePilz-1)2
Step 3: After making these replacements, multiply by an overall factor of (1 — z~!) to obtain the
final transfer function. Thus, for the first-order case, we have,

Ry Ry Rl(l—Z_l) _ bo-f-blZ_l

Hi(z)=(1-2z"! [ ] =Ro + = 21
) F = R g ez 1T 1razt 2D
which after replacing Ry, R; in terms of By, By, p1, gives,
B — B, +Bje T
by =By, b1 =- 0P ; 1€ , a; =—-e PT| (1storder) (22)
1
Similarly, the second-order case with distinct poles gives,
_ Ry R, R> by +l’]12_1 +b22_2
Hi(z)= (1-z! [ ] = 23
alz)={1-27) 1-z1 1-emnlz-l 1—eprTz1 l+aiz7' +axz2 (23)
where,
b() =R0 +R; +R» :BO
by = —Ry — Ry — Rie 72T —Rye P17 — Ry (e 1T + e7P2T)
(2nd order) (24)
bz = Rle_pZT + Rze""lT + Roe‘plTe‘pzT
a, = _e*plT _ e*pZT, a, = e*plTe*pZT
with Rg, R1, R given by Eq. (17). Lastly, for the case of a double-pole, we have,
_ Ry Ry R> Tz ! bo + blz‘l + l’)zZ_Z
Hg(z)= (1-z" = 25
alz)=(1-2z )[1 -zl 1—enTz7l (1 —ePlz71)2 1+az !l +axz2 (25)
where, with Ry, Ry, R» given by Eq. (19),
bo = RQ + R1 = B()
by = (RoT — 2Ry — Rl)e"”lT - Ry
(2nd order, double pole) (26)
ba = (R1 = RoT + Roe 1 T) e /1T
a, = -2e T g, =e 2T
Example
Consider the first-order shelving audio equalizer discussed in class:
) . Gos+ G
YO +ay ()= Gox () +Gax(t) = Hals)= % 27)
The application of Egs. (12) and (22) leads to the following discrete transfer functions,
(Gap+ G0> . (Gaq— Go)z_1
ap +1 ap +1
pq case: H;i(z)= P p
1+ L_l 71 (28)
ap +1

Gy + (G - Ge 9T — 60)271
1—ealz-1

zero-order hold: Hy(z)=



Sample-by-Sample Processing

Real-time digital processing means the processing of a sampled input signal on a sample-by-sample
basis. Each arriving input sample is subjected to a series of computational steps (referred to as the
sample processing algorithm) that calculate the current output sample. These computations must
be finished within the sampling time interval T that separates incoming time samples.

Modern DSPs are extremely fast and can easily perform hundreds or even thousands of such
operations between samples. For example, for a typical hi-fi audio signal sampled at a rate of 40
kHz (40,000 samples/sec), the time interval between samples is T = 1/40000 sec = 25 usec. A
modern DSP has an instruction time of about 1 nsec for performing a typical multiplication or
addition. Therefore, during the interval of T = 25 usec = 25, 000 nsec, it can perform, 25, 000 basic
instructions, which are more than enough for typical audio processing.

Here, we discuss briefly how to implement a difference equation of the type of Eq. (3) on a sample-
by-sample basis. There are many ways of doing so, each corresponding to a particular block-diagram
realization of the digital transfer function H; (z). A straightforward way, known as the direct-form
realization, is to implement the difference equation directly as shown in Eq. (3). Let us rewrite it in
the form,

yn)=-—a;y(n—1)—ay(n —2)+box(n)+bi1x(n—1)+byx(n — 2)

We do not want to use any arrays because, for real-time processing, the input and output signals
can have infinite length. But we do need to keep track of two previously computed output samples,
y(n-1),y(n-2), and two previously available input samples, Xx(n — 1),x(n — 2). To this end, let
us use the following notation for these delayed signals,

vi(n)=x(n-1)
va(n)=x(n-2)

wi(n)=yn-1)

and ) m)=y(n-2)

They may be referred to as the internal “states” of the filter. Then, the difference equation can
be written as a sum of terms, all occurring at the same instant n,

y(n)=—aiwi(n)—aw,(n) +box(n)+b,vi (n) +bov, (n)

Once the current output y (n) is calculated, the states can be updated to the values that they
must have at the next time instant, n + 1. From their definition, we see that their next values are,

viin+1)=x(n)
von+1l)=x(n—-1)=v;(n)

wi(n+1)=y(n)

and Wz(n+1):y(n—1):W1(n)

This leads to the following sample by sample processing algorithm that uses the temporary state
variables, wi, w2, v1, v, which are being updated from one time instant to the next,

initialize wq, wa, V1, Vo
for each input sample x, do,
Yy =—-awy—awz +box +byvy +byvs (29)

W2 =W, V2=V]

w1 =Y, Vi =X

where the computational order is important, with w, being updated before w;, and v, before v;.
The initial values are typically zero, but they can be chosen as in Eq. (4) if so desired, that is,

wir=y(07), wa=y(0)-Ty(0"), vi=v2=0 (30)

Such repetitive algorithm can be programmed very easily in hardware or software. We will use
it in our MATLAB examples below just to illustrate its sample by sample repetitive nature.



Problem 1

In Problem 1 of Set-4, we considered the following linear system, driven by the input x(t)=
10e73tu (t), and subject to the initial conditions at t = 0=, y(0~)=0, y(0~)= -5,

S

yO+3yO+2y)=x(t) = Hals)= 5 -

(31)

(a) Determine explicit expressions for the discrete-time coefficients [bg, b1, b>] and [a;, a»]
of the approximating difference equation using both the pg and the zero-older hold
discretization schemes of Egs. (11) and (24).

(b) Using a sampling time T = 0.01, evaluate the coefficient expressions of part (a) for the
trapezoidal and zero-order hold cases. Then, using the sample processing algorithm of
Eq. (29), compute the output signals by iterating the corresponding difference equations
with zero and non-zero initial conditions as given above, and compare the outputs with
the exact and Isim outputs obtained in Set-4.

Solution

(a) The analog transfer function coefficients are [Bg, B1,B>]1= [0,1,0],and [A1, A>]1= [3,2].
It follows from Eq. (11),

bo=-_ P - 47P - a
O T 1 43p+2p2’ Tl 143p+2pt’ Y 1+3p+2p?
(32)
a _3(q-p)-2+4pq a _1-3g+2qg°
LT 143p+2p2 7 TP 1 +3p +2p2
Similarly for the ZOH case, we find,
bo=0, bi=(eT-e?), by=-(eT-e?T)
(33)
a=—-(eT+e?), a=e3T

(b) Evaluating Eq. (32) for T = 0.01, p = q = T/2, we find the coefficients and corresponding
discrete-time transfer function,

[bo,b1,b2]=[0.0049, 0, —0.0049], [a;,a:]=[—-1.9702, 0.9704]

0.0049 — 0.0049z2
—1.9702z71 4+ 0.9704z2

H =

d(z) 1

Similarly, Eq. (33) gives,
[bo,b1,b>1= [0, 0.0099, —0.0099], [ai,a]l=[-1.9702, 0.9704]

0.0099z" ! —0.0099z2
1-1.9702z"1 + 0.9704z2

The following MATLAB code segment illustrates the numerical computation,

Ha(z)=

y0 = 0; dy0 = -5; % initial conditions

T=0.01; tn = 0:T:6; % discretization times

x = @(t) 10*exp(-3*t).*(t>=0); % input signal

p=T/2; q=T/2; % trapezoidal
b =1[p, -(p - a), -q1/(2%pA2 + 3*p + 1);

[1, -3*p - 3*q - 4*p*q + 2)/(2*pA2 + 3*p + 1), ...
(2*qA2 - 3*q + 1)/Q*pA2 + 3*p + 1)];



y(@)

y(@)

% b = [0, exp(-T)-exp(-2*T), -exp(-T+exp(-2*T)]; % uncomment for ZOH
= [1, -exp(-T)-exp(-2*T), exp(-3*T)];

R
)
|

% note that, b = [b(1),b(2),b(3)] is MATLAB array representing [b0,bl,b2]
% similarly, a = [a(1l),a(2),a(3)] represents [1,al,a2]

clear yz

wl =0; w2 = 0; % zero-initial conditions

vl =0; v2 = 0;

for n=0:Tength(tn)-1
yz(n+l) = -a(2)*wl - a3)*w2 + b(L)*x(n*T) + b(2)*vl + b(3)*v2;
w2 = wl; v2 = vl;

wl = yz(n+l); vl = x(n*T);
end
clear y
wl = y0; w2 = y0-T*dyO; % non-zero initial conditions

vl =20; v2 = 0;

for n=0:Tength(tn)-1
y(n+l) = -a(2)*wl - a(3)*w2 + b(D)*x(n*T) + b(2)*vl + b(3)*v2;
w2 = wl; v2 = vl;
wl y(n+l); vl = x(n*T);

end

figure; plot(tn,y,’b-’, tn,yz,’r--’)

trapezoidal zero—order hold
1.5 T T T 1.5 T T T
— non-zero-state| — non-zero-state|

AN - - - zero—state /AN - - - zero—state

(@)

1 2 3 4 5 6 1 2 3 4 5 6
t t
exact Isim
1.5 1.5
— non-zero-state| — non-zero-state|
N - - - zero-state N - - - zero—state

y(t)

The resulting graphs are virtually indistinguishable from those of Set-4 for the exact and
Isim cases. To visually observe any difference between the discrete- and continuous-time
cases, you may select alarger T, e.g., T = 0.1.

The difference equation coefficient vectors, b = [bg,b1,b>], and, a = [1,a;,a»], can
also be computed with the help of the MATLAB function c2d2, see Appendix.



One may wonder also if it is possible to calculate the above output signals using the built-
in MATLAB function filter. For the case of zero-initial conditions, it can be used in the
usual manner, for example, the above zero-state component could be calculated by the
code,

yz = filter(b,a,x(tn));

However, in the case of non-zero conditions, since filter uses the so-called transposed
realization for its implementation, the given initial conditions in terms of y_; = y(07),
y—» =y(07)=Ty(07), must be mapped to those of the transposed realization.

This can be accomplished with the help of the so-called observability matrix (we will talk
about it later on when we discuss state-space realizations), which can be calculated with
the supplied MATLAB function obsmat in the course functions folder on Sakai, and can
be used to map the initial conditions, for example in the present case,

y0 = 0; dy0 = -5; % initial conditions

T =0.01; tn = 0:T:6; % discretization times

x = @(t) 10*exp(-3*t).*(t>=0); % input signal

A = tf2ss(b,a)’; % transition matrix for transposed form
si = obsmat(b,a,’t’) \ [y0-T*dy0; yO0]; % initial state vector at n=-2

Si = AA2 * si; % boost state vector to n=0

% si = [-a(3) -a(2); 0 -a(3)] * [yO-T*dyO; yO0]; % alternative, for order-2
y = filter(b,a,x(tn),si); % output with non-zero initial conditions

Because the conditions [y_»,y_1] are specified at n = —2, the state-vector at n = —2
must be boosted to n = 0 with the help of the state-transition matrix A, in order to
be passed as argument to filter. In particular, for a 2nd order case, with denominator
coefficients, a = [1, ay,a»], the state-transition matrix A and observability matrix F of
the transposed realization turn out to be,

. —d 1 _ 1 0
R B

Therefore, the combined operations of inverting F followed by two boosts, becomes,

2r—1 —-a; 1 —-a; 1 1 0_ . —dy —di
A°F _[—az 0][—(12 O][al 1] 0 -a

so that the two-dimensional initial state vector (at n = 0) can be calculated by,

Siir = Sl (0) _ _aZ _al 1 )/72
M 5200 | 0 —ax ||y
The same can be derived directly from the transposed block diagram realization shown

below and iterating its sample processing algorithm (with zero-input) starting at n = —2
and calculating the state variables [s; (0),s2(0) ],

Yn = boxn + s1(n)
si(n+1)=bixn—aiyn + s2(n)

S2(n+1)=byxy, — axyn




Problem 2

In Problem 2 of Set-2, we had the same system but with input x(t) = 10e~2'u(t), and initial
conditions att = 07, ¥(07)= 2, y(0~)= —7. Repeat the previous part (b) for T = 0.01 and
the backward Euler and ZOH methods.

Solution
(b) Evaluating Eq. (32) for T = 0.01,p =T, g = 0, we find,

[bo,b1,b2]= [0.0097, —0.0097, 0], [a;,az]= [-1.9705, 0.9707]

0.0097 — 0.0097z7!
—1.9705z"1 4+ 0.9707 22

The ZOH values are the same as in the previous problem. The MATLAB code also remains
the same, except for re-defining the initial conditions and the input signal,

H;(z)= 1

y0 = 2; dy0 = -7; % initial conditions

T =0.01; tn = 0:T:6; % discretization times

x = @(t) 10*exp(-2*t).*(t>=0); % input signal

p=T; qg=0; % backward Euler

% the rest of the code remains the same as in the previous problem

backward Euler zero—order hold

— non-zero-state — non-zero-state
- - - zero-state - - - zero-state

y(@t)

-2 -2
0 1 2 3 4 5 6 0 1 2 3 4 5 6
t t
exact Isim
3 3 T T
— non-zero-state — non-zero-state
- - - zero-state - - - zero-state

The resulting graphs are virtually indistinguishable from those of set-4 for the exact and
Isim cases.



Problem 3

Repeat the previous problem with input x(t)= (t*> + 5t + 3)u(t), and initial conditions at
t=0", y(07)=2,y(07)= 0, and using forward Euler and ZOH discretization methods.

Solution
(b) Evaluating Eq. (32) for T = 0.01, p = 0, g = T, we find,
[bo,b1,b>1= [0, 0.0100, —0.0100], [ai,a>]l=[-1.9700, 0.9702]

0.0100z"! — 0.0100z2
1-1.9700z"! + 0.9702z2

The ZOH values are the same as in the previous problem. The MATLAB code also remains
the same, except for re-defining the initial conditions and the input signal,

Ha(z)=

T =0.01; tn = 0:T:6;
X = @Ct) (t.A2 + 5%t + 3).*(t>=0);
p=0; q=T; % forward Euler

% the rest of the code remains the same as in the previous problem

forward Euler

zero—order hold

— non-zero-state|

— non-zero-state|

. - - - zero—state - - - zero-state
0 H H
0 3 4 5 3 4 5
t t
exact Isim
8 T

— non-zero-state
- - - zero—state

— non-zero-state|
- - - zero—state

3 4 5
t

3 4 5
t

The resulting graphs are virtually indistinguishable from those of set-4 for the exact and
Isim cases.
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Problem 4

In Problem 4 of Set-4, we considered the following linear system, driven by the input x(t) =
e~2ty (1), and subject to the initial conditions att = 0=, y(07)= 2, y(0~)= —4,

282 +85+1

V(O +4y (0 +3y ()= 28O +X (O +x(0 = Ha(s)= G

(34)

(a) Determine explicit expressions for the discrete-time coefficients [bg, b1, b>] and [ay, a»]
of the approximating difference equation using both the pg and the zero-older hold
discretization schemes of Egs. (11) and (24).

(b) Using a sampling time T = 0.01, evaluate the coefficient expressions of part (a) for the
trapezoidal and zero-order hold cases. Then, using the sample processing algorithm of
Eq. (29), compute the output signals by iterating the corresponding difference equations
with zero and non-zero initial conditions as given above, and compare the outputs with
the exact and 1sim outputs obtained in Set-4.

Solution

(a) The analog transfer function coefficients are [Bg, B1,B»]1= [2,1,1],and [A1, A>]= [4,3].
It follows from Eq. (11),

p>+p+2 g-pv-4+2pq a>—-q+2
bp=—""—""—>, hh="—"7""T—"7">~, bo=—"—""7+
1+ 4p + 3p? 1+4p + 3p? 1+4p + 3p? -
- Ma-p-2+6pg _3q°-4g+1
YT 1+4p+3pr 0 TP 1+4p+3p?
Similarly for the ZOH case, we find,
1 - 1 ;
bo=2, by=--0QeT+5-2e3T), by==(8e T -3e3 +e7%)
3 3
(36)
a=—(eT+e3)y, ay=e*T

(b) Evaluating Eq. (35) for T = 0.01, p = g = T/2, we have,

[bo,b1,b2]=[1.9656, —3.9212, 1.9558], [a;,a2]= [-1.9605, 0.9608]

_1.9656 —3.9212z" ! —1.955822

H
a(2) 1—1.96052"! + 0.96087 2

Similarly, Eq. (36) gives,
[by,by,b2]= [2, —3.9899, 1.9900], [ai,a:]= [-1.9605, 0.9608]

—3.9899z7! — 1.9900z2
—1.9605z"! 4+ 0.9608 22

The following MATLAB code segment illustrates the computation,

Hy(z)= f

y0 = 2; dy0 = -4;

T =0.01; tn = 0:T:4;

X = @(t) exp(-2*t).*(t>=0); % input signal

p=T/2; qg=T/2 % trapezoidal
b=1[(A2 +p+2), -(p-q-2%*q+4), ...

(@r2 - g + 2)1 / (B3*pA2 + 4*p + 1);

11



a=1[1, -(4%p - 4*q - 6*p*q + 2)/(3*pA2 + 4*p + 1),
(3*gA2 - 4*%q + 1) / (3*pA2 + 4*p + D];

%b =12, -(9%exp(-T) + 5 - 2*exp(-3*T))/3, ... % uncomment for ZOH
% (8*exp(-T) - 3*exp(-3*T) + exp(-4*T))/31;

% a=1[1, -(exp(-T) + exp(-3*T)), exp(-4*T)];

clear yz

wl =0; w2 = 0; % zero initial conditions

vl =0; v2 = 0;

for n=0:Tength(tn)-1
yz(n+l) = -a(2)*wl - a3)*w2 + b(1L)*x(n*T) + b(2)*vl + b(3)*v2;
w2 = wl; v2 = vl;

wl = yz(n+l); vl = x(n*T);
end
clear y
wl = y0; w2 = y0-T*dyO; % non-zero initial conditions

vl =20; v2 = 0;

for n=0:Tength(tn)-1
y(n+l) = -a(2)*wl - a(3)*w2 + b(D)*x(n*T) + b(2)*vl + b(3)*v2;
w2 = wl; v2 = vl;
wl y(n+1); vl = x(n*T);

end

figure; plot(tn,y,’b-’, tn,yz,’r--’)

trapezoidal zero—order hold

— non-zero-state — non-zero-state
- - - zero—state - - - zero—state

-1 -1
0 1 2 3 4 0 1 2 3 4
t t
exact Isim
4 4
— non-zero-state — non-zero-state
- - - zero—state - - - zero—state
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Appendix - Discretization Schemes

1. Forward-Euler, Backward-Euler, and Trapezoidal Rules

The forward/backward Euler and trapezoidal discretization rules given in Eqgs. (9) and (10) can be
understood intuitively by considering the simple case of an integrator LTI system, that is, one whose
input/output differential equation and solution are,

t
7x(t')dt' , t=0" (37)

yO=x0)| = |y@= y(o-)+J0

Given a discretization time-step T, then by subtracting the values of y (t) at the two successive
time instants, t, = nT, and, t,—1 = (n — 1) T, we obtain from Eq. (37),

[
Y (tn) —y (tn_1) = L X(0)dt (38)

which represents the area under the curve x (t) over the subinterval [t,,_1, t;]. The three discretiza-
tion rules arise by approximating this area in three slightly different ways, as shown below.

x(@) x(1y) *(@) x(1) x(@) x(1)
x(y-1) x(t,_1) x(ty-1)
forward backward trapezoidal
Euler Euler
In-1 Iy t In-1 In t In-1 In t
T —> T —> T —>

In the forward Euler case, the area is approximated by the rectangle of base T and height equal to
the left sample x (t,—1), extrapolated forward. In the backward Euler case, the right sample x (t,,) is
extrapolated backward defining a rectangular area of base T. In the trapezoidal case, the two points
X(tp-1),Xx(tn) are connected by a straight line forming a trapezoid of base T (its area is the average
of the heights times the base). Thus, the three approximations lead to the difference equations,

forward Euler: V(ty) =y (th-1)=T - x(th-1)

backward Euler: V(ty) =y (th-1)=T - x(tn)

. X(tn-1) +x(tn)
2

And, introducing the p, g definitions of Eq. (10), the above may be written in a unified compact way,

trapezoidal:  y(tp)—y(ta_1)=T

Yn —Yn-1 = PXn t gXn-1 (39)

where we denoted x(t,) by x, and similarly for y,. In the z-domain this leads to the discrete-time
transfer function,
Y(z) p+qz’!
X(z) 1-2z1
and if we compare it with the original continuous-time transfer function of the integrator, that is,
Y(s) 1
= — 41
X(s) s (41)
we obtain the identification of the s variable in terms of z as given by Eq. (9), in the sense that Eq. (40)
acts as if it were the integrator (41),

Hd (Z)= (40)

H;(s)=

-1 _ -1
1_ptgz" 1-2z

§= <
s 1-2z1 p+qz1

13



Another way to justify the mapping of Eq. (9) is to recall that the z-transform of a sampled signal
X (ty) can be viewed as the Laplace transform of the ideally-sampled version of x(t), that is, for a
causal signal,

R(t) =D x(tn)8(t —ta)= > x(nT)5(t — nT)

n=0 n=0

X(s) = J R(t)e sldt = J > X(tn) 8 (t — tn)e St = x(tn)J 5(t —nT)e s'dt
>0

n=0 n

= > x(tp)eT" = > x(t))z" = X(2)

n=0 n=0

provided we define z = eST. The three integration rules are obtained by making three simple
rational approximations of this relationship. They are based on the following small-x Taylor series
expansions of the exponential, that is,

X=1+x

(]
14

1
1-—x

1
el = — =
e—X

oX = eX?  1+x/2
e X2 T 1-x/2

It follows that since T is small, we may make the same approximations,

z=eST = 1+sT > §= T (z-1) forward Euler
z=e5T = 11 > §= 1 (1-=2z"1) backward Euler
e—sT 1-8T T
ST/2 -1
T e _1+sT/2 _ 21 )
z=e5 = e T2 S 1 sT/2 > §= T 1 —  trapezoidal

2. Zero-Order Hold

Here, we discuss briefly the three-step design procedure of the zero-order hold discretization scheme
resulting in Eq. (13),

Hy(z)= (1_271).Z[Ha_<8>]

p (zero-order hold) (42)

where the notation, G4(z)= Z[G(s)], denotes the z-transform of G (s), or more accurately, the
z-transform of the sampled version of the inverse Laplace transform of G (s), or, pictorially,

sample

G(s) == g0

g(nT) % Ga(z)= >g(nT)z™" (43)

Let us assume that the LTI system has a proper transfer function H, (s) with M distinct poles
lying in the left-hand s-plane, and assume that its PFE expansion has already been made in the form,

M

R;
H =Rp + 44
a(s)=Ro Z s+ i (44)
with Re (p;) > 0, so that the corresponding causal impulse response is,
M
h(t)=RoS(1)+ > Rie Piltu(t) 45)

i=1

14



Then, the zero-state output due to a causal input x (t) will be, for t > 0,

t t M ,
y(t)= Lf h(t-t)x({t)dt = Lf [RoS(t—t)+ D> Rie POyt —t)]x(t)dt', or,

i=1
M

y(t)=Rox(t)+ > R;e Pt J el x(t' )dt = Rox(t) + ZR,y,(t) (46)
i=1 L i=1

Vi (t)

It follows from the definition of the partial output y; (t) after evaluating it at the two successive
time instants t, = nT and t,,_1 = (n — 1) T, that it will satisfy the exact relationship,

tn ,
Yiltn)—e Py (ty_1)= e Piln J el x(t)dt’ (47)
th-1
The zero-order hold approximation consists of holding the value of x(t') constant at x(t;;_1)
over the small time interval [t,_1, t; ], that is, replacing x (t') = x(t;—1) within the integral (47). The
t’ integration then can be done explicitly,

ePil'dt’ = e Piln =
th-1 pi pi pi

tn , el’itn — epitn—l 1-— e_pi(tn_tn—l) 1-— e_piT
e_pitn J — _

where we used t, — t,—1 = T. We obtain then the zero-order hold approximation of the exact

equation (47),
T 1- e_piT
Vi(tn) —e P yi(th-1) = Tx(tn—l) (48)

1

and taking z-transforms of both sides, we find,

Yi(z)—e PiTz7ly;(7)= ! ; : z'X(z), or,
i
1-—ePT z!
Yi(z)= b 1—eniz1 X(z)
which can be written as an identity in z in the form,
1—epT z71 1 1-z1
Yi(z)= ’; l—e*piTZ*X(Z): E [1—m]x(z) (49)

Sampling Eq. (46) at t = t,, then taking z-transforms, and using Eq. (49), we find the overall
discrete-time transfer function that incorporates the zero-order hold approximation,

M

¥ (tn)= Rox(tn) + > Riyi(tn)
i=1

M MR 1-z!
Y(Z)=R0X(Z)+;RiYi(Z)=RoX(Z) ZL”—[ W}X(z)
_Y(2) Rif, 1 —z1
Hyi(z)= X2) RQ+IZi o [1 1 _opig1 _eniTzl] , Of,
M M _
R; R; 1—-2z71
Hao= (Ro+ 3 01) =3 i 50
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Next, we demonstrate that Eq. (50) is identical to Eq. (42) and that steps 1-3 can be used to obtain
it. To this end, we form, G (s) = H;(s) /s, and perform its PFE, and follow the progression of steps

shown in Eq. (43),

Ha(s) _Ro g _Ro,gR[1__1
s il S S+pi

G(s) =
i=1 (S+p, S iabi

M
g(t) =Rou(t)+ Z—’ u(t)—e Pitu(t)]

1

M
Z—’ u(tn)—e PTmu(t,)]

l

g(tn) = Rou (ty) +

oo M
_ Ry R; |: 1 1 ]
G = t n= + — —
a(z) nzog( n)Z 1,1 21 pi 1oz 1 1—enigp1)r O
M
1 R; 1

G = (R + ) - —_— 51
da(z)= | Ry ;1 p)i-z1 Zpl-erizl (51)

Next, by multiplying G4 (z) by the factor (1 — z~!), we obtain the final DT transfer function

which agrees with (50),
-1

M
R; R; 1-2z
1-zHG z:(R+ —')— — = Hy(z
( )Ga(2)= (Ro 21 ) =2 i T e T Ha@
Comparing G (s) and G4(z) we observe that we are effectively making the substitutions of

Eq. (20), in step-3 of the construction procedure,

1
G(s) = =0 [ ]
lel S+ Ppi

M
Ry &[ ! ]
Ga@) =y, 2. 1 1—enlz1

3. First-Order Hold
The first-order hold has a discrete-time transfer function similar to Eq. (42)
1-z1)2 H
Hyi(z)= a-z)", [ a(s) ] (first-order hold)
Tz-! 52

It is actually a modified version of the standard first-order hold, called a triangular hold, and
also used by MATLAB'’s built-in function c2d. Under the same assumptions of distinct poles as for
the zero-order hold, the exact equations Eq. (43)-(47) are still valid, that is, for t > 0,

H, =Ry + E —L R i
al(s) 0 i:1s+pis e(pi)>0
(53)

M
y(t) = Rox () + > Riyi(t)

i=1

(52)

with the partial output y; (t) satisfying,
tnh ,
(54)

Yi(tn) e PTyi(ty_1) = ePitn L ePt x(¢')dt’
n-1
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where in the zero-order hold case, x (t") was approximated by x (t,,_;) within the interval, [t,;_1, tn].
By contrast, the first-order hold approximation replaces x(t") by the more accurate approximation
of a straight line connecting the points x (t,—1) and x(t,),

X(tyn) —x(th-1) .,

x(t) = X(tn—l)“‘f t' —th1), thaa st <ty

The integral (54) can then be done exactly, resulting in the difference equation, and its z-transform,

Yiltn) e PTyi(tn 1) = — [ (e 7T+ piT = 1)x(ty)+(1 - e PT = piTe P T)x(ty 1) |

Tp;
1 (e PT+piT—1)+ (1—ePT —pTePiT)z"1 (52)
Yi(2) = = Pi . — X (2)
Tp; 1-—erilz
Thus, the overall output and discrete-time transfer function will be,
M
Y(z) =RoX(2)+ > RiYi(2)
i=1
M . . .
Ri (e PT+pT—1)+ (1—ePT —pTePiT)z"1
— RoX(2)+ Z 12 ( Pi ) + ( o Pi ) X(2)
5 Tp; 1—epPilz
Y (z) J R (e PT+pT—1)+ (1—e Pl —pTerT)z 1
H = =Ro +
a(2) X(z) 0 1:21 Tp? 1—enrTz-1 » Oh
M p; —p T e
Ri (ePT+pT—-1)+ (1—e Pl —pTeril)z71
H =Ro +
a(2)=Ro+ 2. T T (56)
i=1 1
Next, we show the Eq. (56) is identical to (52) under the substitutions of Eq. (20),
1 N 1 1 N 1
S+ p1 1—emnTz-1 s 1-2z1
3 and (57)
1 . Tz 1 1 N Tz!
(s+p1)? (1—emTz-1)2 s2 (1-2z"1)2
For the given H, (s) in Eq. (53), we have,
Ha(s) Ry = R Ry <R[ 1 1 pi
i I e D Y -t
S s osi(s+pi)  s* Spilstpi s s

and making the substitutions (57), we find the corresponding z-transform,

Hy(s) RoTz! Mg, 1 1 piTz !
Z = +2. 5 - +
s? 1-z1H2 Spill-enlzt 1-z71 (1-z71)2

Thus, according to Eq. (42), we must have,

-z [Ha®)]_, . < Ri (1-z1)° o o
Hao= S 2 ]—R“;rp,Z'Z' 1-emig -~ Im2)wplz

which is easily shown to be identically equal to Eq. (56).
We note finally that the zero-order hold approximation of a simple integrator is equivalent to
the forward-Euler rule, whereas its first-order hold approximation is equivalent to the trapezoidal
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rule. Indeed, for the zero-order hold, we substitute, H, (s)= 1/s, for the transfer function of the
integrator,
Tz ! T

Ha(z)= (1_2_1).Z[HaT(S)] B (1_2_1).2[8%] = (-2 (1-2z71)2 - z—-1

while for the first-order hold we have (see table of Laplace and Z transforms on Sakai),

(1 -zh? [Ha(s)] _(Q-z1? [i] _(Q-zhH? Tz '1+z71)
Ha(z) = Tz1 z s2 C Tz1 z 31 Tz 2(1 —z1)3
Ti1+z!
21-2z71

4. MATLAB function - c2d2

The difference equation coefficient vectors, b = [bg, b1,b>], and, a = [1,a1, a»], can also be com-
puted with the help of the supplied MATLAB function c2d2 on Sakai > Resources > course functions.
Its inputs are the analog transfer function coefficients, B = [By, B1,B»], A = [1, A1, A»], the time-
step T, and the discretization method. For instance, in example 4,

B =1[2,1,1]; A= [1,4,3]; T = 0.01;

[b,a] = c2d2(B,A,T,’fe’); % forward Euler

[b,a] = c2d2(B,A,T,’be’); % backward Euler

[b,a] = c2d2(B,A,T,’tr’); % trapezoidal (default)
[b,a] = c2d2(B,A,T,’zoh’); % zero-order hold
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