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Abstract

Accurate sampled-data models are required when a
digital device interacts with a continuous-time sys-
tem. Even though exact sampled models can be ob-
tained for linear systems, simple approximate mod-
els are sometimes preferred in applications to reduce
computational load or to preserve the role of phys-
ical parameters. In this paper we quantify the fre-
quency domain relative error of three kinds of approx-
imate sampled models: (i) simple models obtained by
derivative approximations (such as Euler and Tustin),
(ii) models obtained including the asymptotic sam-
pling zeros, and (iii) models obtained by a truncated
Taylor expansion of the system state equations. In
particular, we characterize the bandwidth where each
of the proposed models provides the highest accuracy.

1 Introduction

Most real systems and processes evolve in continuous-
time, however, nowadays most control strategies are
implemented using digital devices. As a conse-
quence, discrete-time representations are required to
be, both, simple and accurate in order to achieve
good performance of control strategies or in identifi-
cation algorithms. For linear systems, exact sampled-
data models can be obtained, for example, assuming
a zero-order hold (ZOH) input (see, e.g., [4]). One of
the consequences of the sampling process is the pres-
ence of, so called, sampling zeros in the associated
discrete-time transfer function. These zeros have no
counterpart in the underlying continuous-time model
[3]. In fact, the specific characterization of these zeros
depends on the hold device used to generate the in-
put [12, 24, 2]. Similar results have been obtained for
sampled models for linear stochastic systems [19, 21].
Moreover, in the nonlinear case, the presence of sam-
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pling zero dynamics has been also characterized based
on normal forms [16, 15, 22, 11, 23, 13, 10].

In this paper we quantify the accuracy of approx-
imate sampled-data models for linear deterministic
systems in terms of the associated relative error in
the frequency domain. Model accuracy is a key is-
sue for control. In fact, there are cases where a con-
troller based on an approximate model that stabilizes
the nominal control loop for every sampling period
A > 0, may fail to stabilize the true continuous-time
model no matter how small the sampling period is
chosen [17]. In [6] the accuracy of a class of approxi-
mate sampled models (not considered in this paper)
was characterized in terms of the ratio between the
models as a function of the sampling period.

The current paper is a continuation of the work
presented in [9] and [1] where approximate sampled
models were considered for deterministic and stochas-
tic systems, respectively. In particular, we extend the
results in [9] by characterizing the bandwidth where
the different models provide the highest accuracy. We
include in the analysis a class of models obtained
truncating the Taylor series expansion of the state
equations (as in [22]) not been previously considered
in [9].

The paper structure is as follows: Section 2
presents background on sampling of linear systems.
Section 3 presents the approximate sampled-data
models considered in the current work. In Section
4 we define the relative error measures and we ob-
tain their H,, norm. The main results of the paper
are presented in Section 5, where we study the band-
width where each model provides the highest accu-
racy. Finally, Section 6 presents examples and Sec-
tion 7 presents conclusions.



2 Background on sampling of
linear systems

We consider a linear system given by the transfer
function:

F(s) _ Ilyey(s —on)
B(s) ~ I(s—pi)

The system relative degree is r = n —m > 0. Note
that if a gain is included in the model, it would only
act as a scaling factor in our developments. We as-
sume that the system input is generated using a zero-
order hold (ZOH):

G(s) =

(1)

u(t) =ulkA)=ur ;kA<t<(k+1)A (2
where A is the sampling period. If the system out-
put is sampled instantaneously yi = y(kA), then the

exact sampled-data model is given by
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where v > max;{Re{p;}} and {p;} are the poles of
G(s). The complex integral in (4) can be solved clos-
ing the integration path to the left half of the complex
plane [8], which leads to
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where dy € {0,p1,...,pn}. Alternatively, if we close

the integration path in (4) to the right half of the
complex plane, we obtain [4]:
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Equations (5) and (6) provide different insights
about the sampled-data model: if we replace s = jw
in (6) we can notice the aliasing effect, i.e., the
sampled-data frequency response is obtained by fold-
ing the continuous system frequency response down
to the band [-Z%, X]. On the other hand, equation
(5) shows a clear mapping of the systems poles from

the continuous to the discrete domain, i.e., s = p;
maps to z = ePi&.

The mapping of the system zeros is much more
involved. Moreover, the sampled-data model (3) has,
in general, relative degree one. This means that there
are sampling zeros in the discrete model which have
no continuous-time counterpart. These extra zeros
can be asymptotically characterized for fast sampling

rates [3]:

A" B.(z) (z —1)™
rl(z—1)"

(7)

where B,.(z) are the Euler-Frébenius polynomials
[20].
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These polynomials satisfy several properties:
1. From (8) and (9) it follows that B,.(1) = r!

2. The coefficients can be computed recursively,
ie, by =b. =1, for all r > 1, and
n=kb T 4 (r— k1)) (10)
fork=2,...,r—1.

3. The coefficient are symmetric,

b:_k+1.1t follows that

ie, b, =

B.(2) =2""'B.(z7") (11)

4. A consequence is that, when r is an even number,
B.(-1)=0.

5. Their roots are always negative real and satisfy
an interlacing property: every root of the poly-
nomial B,;1(2) lies between every two adjacent
roots of B,.(z), for all r > 2.

6. The following recursive relation holds:
B,11(2) = 2(1 = 2)B,(2) + (rz + 1)B,(2) (12)

for all 7 > 1, and where B,’ = df;.

Additionally, we will use the following property:

Lemma 1. Let B.(z) be the polynomial of Euler-
Frébenius of order r, then the derivative at z = 1 is
given by:

rl(r—1)

Bi(1) =25

(13)



Proof. If we differentiate equation (11) we obtain:
Bi(z) = (r—1)2"*B,(s7") = 2" °B(=71)  (14)

The result is obtained evaluating z = 1 and using
property (1). O

3 Approximate sampled-data

models

In this section we present the different approximate
sampled models considered in our analysis. In the
next sections we will compare the relative error as-
sociated with these models and their bandwidth of
accuracy. We compare the proposed models with the
Exact Sampled Data (ESD) model given in (3),
ie.,

GHP(2) = Ga(2) (15)

We consider the following three classes of approxi-
mate sampled-data models

1. A Simple Derivate Replacement (SDR)
model obtained using the Euler approximation
for time derivatives, i.e., we replace s = 251 in
(1):

G3P(2) = G(35h) (16)

This model does not include any sampling
zero and has the same relative degree as the
continuous-time system. In fact, this introduces
additional delays in the sampled model (see, e.g.,
[18]).

Additionally, we consider a Tustin Derivate
Replacement (TDR) model, commonly used
in applications. This model is based on a first

order approximation of the natural logarithm
s=1In(z)/A, ie.

GiPR(z)=G(323) (17)

This model has relative degree equal to 0, but
does not include any of the sampling zeros in

(7).

2. Asymptotic Sampling Zeros (ASZ) model:
This model is similar to the SDR model (16),
but we include the asymptotic sampling zeros
defined by the Euler-Frébenius polynomial, i.e.,

B.(2)

a2 (z) = L GEPRG) (1)

The scaling factor 1/r! ensures G494(1) = G(0).

When r an even number, B,(z) has a root at
z = —1. This makes the relative error corre-
sponding to the ASZ model to grow to infinity
as we approach the Nyquist frequency % (see
Section 4). We thus also introduce a Corrected
Sampling Zeros (CSZ) model that includes a
refined approximation of the asymptotic sam-
pling zero at z = —1 when r is an even num-
ber. We do this in order to keep the associated
relative error bounded. The model is given by

GE52(:) = L Ga ) (19
where )
k() = E ) (20)

When r is an odd number, then cao = 0 and, as
a consequence G$°%(z) = G4°%(z). When r is
an even number, then ca is chosen such that an
approximation of the order of A of the sampling
zero around z = —1 is obtained [7], i.e.,

CA:Til{Zpi_Zak} (21)
i=1 k=1

. Different-order Taylor Expansion (DTE)

model: This model was proposed in [22] for non-
linear systems expressed in the, so called, normal
form [14] based on the idea that, for a system
having relative degree r, one needs to differen-
tiate the output r times in order to make the
system input to appear explicitly. A state-space
representation of a linear system in normal form
is given by [14]

X T2
s.Cr—l = Lo (22)
Ty Qué+Quan+u
U] Q21€ + Q227
where ¢ = [21,...,2.]T, n = [v,01,...,7]7,

and the system output is y = z1. Explicit ex-
pressions for Q);; above are given in (50)-(53).
An approximate sampled-data model is then ob-
tained performing a Taylor series expansion of
each state up to an order such that the input
explicitly appears. This leads to the model



gz xl+Ax2+...+AT!T(Q11§+Q12TI+U)
qTr_1 Tr_1 + Az, + %Z(Qllf + Q2 +u)

qT, Tr + A(Q11€ + Q12m + u)

qan e + A(Q21€ + Q227)

(23)

where ¢ is the forward shift operator, and the
output of the sampled model is y = x;. Thus,
an associated transfer function GPT¥(z) can be
obtained from (23).

A consequence of Lemma 2 (below) for systems
with relative degree r an even number, is that
we have to introduce a Corrected Different-
order Taylor Expansion (CTE) model in or-
der to keep the associated relative error bounded
near the Nyquist frequency (as we modified ASZ
models to obtain CSZ models):

GS™E = TG (2a)

where K (z) is defined in (20)-(21).

[9] considered the SDR, ASZ, and CSZ models and
their associated maximum relative error. In this pa-
per we include in our analysis the TDR model, based
on the Tustin approximation of derivatives, and the
two other models (DTE and CTE) that arise applying
the sampling strategy proposed in [22]. In particular,
the DTE model satisfies the following property:

Lemma 2. Consider the approximate sampled-data
model (28), where the output is y = x1. Then, the
zeros of the associated discrete time transfer function
GPTE(2) are given by

1. An Euler approximation of the intrinsic zeros of
the system, i.e., they appear at z =14 A o.

2. The asymptotic sampling zeros corresponding to
a system of relative degree r, i.e., the roots of
B.(z).

Thus, the associated transfer function has the form

B, (2)F(*3")

rE(z)

G (2) (25)

Proof. Tt follows directly from [22, Theorem 2|, where
it is shown that the zero dynamics of the approximate

sampled model are given by (i) the intrinsic zero dy-
namics discretized using Euler approximation, and
(i) the sampling zero dynamics, whose eigenvalues
are equal to the asymptotic sampling zeros described
by the Euler-Frobenius polynomials. For linear sys-
tems, the eigenvalues of the zero dynamics correspond
to the zeros of the transfer function [14]. O

The mapping of the continuous-time poles to the
roots of E(z) of the DTE model (25) is not straight-
forward to obtain (see Appendix A). This is in con-
trast to the exact sampled-data model (5), where the
mapping of the poles is easily obtained, i.e., they ap-
pear at z = eP®, but the mapping of the zeros is
much more involved. In fact, the mapping of the in-
trinsic and sampling zeros is thoroughly discussed in
[7].

4 Relative errors

In this section we consider the error associated with
each of the previous models when compared to the
exact sampled-data model (4). We define the follow-
ing relative error measures in the frequency domain:

ESD eij _ (Y eij
Rll (w) _ 'Gd (G(?SD)(eijAd)( ) (26)
ESD eij _ (Y eij

where the superscript ¢ € {SDR, TDR, ASZ, CSZ,
DTE, CTE}. The relative error above are defined for
frequencies up to the Nyquist frequency, i.e., in the
range [0, %]

Theorem 3. The relative error performance of the
approximate sampled-data models DTE, CTE and
TDR are as follows:

Relative error | r: odd | r: even
IRFPE(W) | ©1) | O(x)
IRTPH (W)l | ©O1) | OQ)
IR} (W)l | O(A) | O(1)
IRTS? (W)l | O(A) | O(A)
[RPTE (W)l | O(A) | O
IRTTE (W)l | O(A) | O(A)



Relative error | r: odd | r: even
IR (W)l | O(1) | O1)
IREPE (W)l | o0 00
IR5% (W)l | O(A) 00
IRS®? (W)l | O(A) | O(A)
IRZTE (W)l | O(A) 00
IRETF (W)l | O(A) | O(A)

where || R(w)]|oo = supyepo, £ [R(w)]

Proof. See Appendix A.
O

Theorem 3 presents the maximum magnitude of
the error as a function of the sampling period. How-
ever, no insights are given into the accuracy of the
approximate models at different frequencies. The fol-
lowing section provides more details on the behavior
of the relative errors for low and high frequencies.

5 Bandwidth of accuracy

In this section we present the main result of the pa-
per: we characterize the bandwidth where each ap-
proximate sampled-data model provides higher accu-
racy.

Theorem 4. Assume that G(s) has relative degree
r > 1, and has no pure imaginary poles or zeros.
Then,

1. For low frequencies, SDR models are more ac-
curate than ASZ models, i.e., when w — 0,

R{PR(w) < R{S7 (w) (28)

where k € {1,2}.

2. The frequencies at which SDR and ASZ models
have approrimately the same relative error are
given by the solutions of the following equation

- w? - w? r+1
— = 29
D P DfrEurn A
The solutions wy of (29) satisfy
02 =2
r+1 < \/(n+m+1)p + 5 (30)
2n r—1

where P, p, & and & denote the minimum and
mazimum magnitude of the system poles, and
the minimum and mazximum magnitude of the
system zeros, respectively.

Proof. See Appendix B.
O

The previous theorem can be extended to compare
SDR and CSZ models, obtaining the same bounds
that appear in (30). Moreover, the assumptions in
Theorem 4 can be relaxed: If the relative degree
of G(s) is r = 1 then both approximate models,
SDR and ASZ, are the same. On the other hand, if
the continuous-time system includes pure imaginary
poles or zeros, the relative error for both models, SDR
and ASZ, go to zero or infinity at those frequencies,
respectively (see Example 7).

Equation (29) can be numerically solved for any
given system, however, the bounds for the roots es-
tablished in (30) are, from our point of view, more
insightful. Indeed, the bandwidth (30) at which the
SDR and ASZ models have the same relative error
depends only on the poles and zeros of the system,
but is independent of the sampling period. This re-
sult provides a clear guideline to which approximate
models are better to use: If one will use an approxi-
mate model up to the continuous-time system band-
width, then SDR models may provide enough accu-
racy. However, if one requires a model more accurate
for higher frequencies (and, in particular, near the
Nyquist frequency), then the sampled model has to
incorporate sampling zeros, as can be seen from the
maximum relative errors in Theorem 3.

An interesting question at this point is how one
can obtain a model as accurate as SDR models for
low frequencies, but, at the same time, as accurate
as ASZ (or CSZ) models for frequencies close to the
Nyquist frequency %. In fact, the next result shows
that CTE models provide such desired behavior.

Theorem 5. For a sampling period sufficiently
small, the relative error associated with CTE models
behaves as the relative error corresponding to SDR
models for low frequencies and as the relative error
corresponding to CSZ models near the Nyquist fre-
quency, t.e.,

ROTE (i) 2205 RSDR(,)) (31)
RETP(w) 225, RESZ () (32)

where k € {1,2}.
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Figure 1: Relative errors R5PR(w) , R59%(w) and
R$5%(w) for two different sampling periods A €
{0.1,0.01} (Example 6).

Proof. See Appendix C.

6 Examples

In this section we present examples to illustrate the
bounds presented in Theorem 4. Additionally, we
analyze the accuracy of DTE and CTE models.

Example 6. Consider G(s) = WQ(sH) The ESD,
SDR, ASZ and CSZ models are as follow:
R (33)
Ga™"e) = g 1)2<2A1 +2) (34)
GI%() = T )
2 1-A
S - e

The relative errors R$PE(w), R&9% (w) and RSS% (w)
of the approzximate models are shown in Figure 1 for
two different sampling periods, A = 0.1 and A =
0.01. The bounds predicted in Theorem 4 are given
by 0.8165 < wy < 3.4641. Figure 1 shows that the
frequency where relative errors intersect is within the
band given in (6).
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Figure 2: Relative errors R5P%(w) and RS (w) for
different sampling periods A € {0.1,0.01} (Example
7.

Example 7. We now consider a more complex sys-
tem which includes a slightly damped resonant mode

2
Piw,,

G(s) = (s+p1)(s2+28wn s+w?)

(37)

where py = 1, € = 0.1, w, = 4. We obtain the
SDR and CSZ models as in the previous example. In
this case the asymptotic sampling zeros are the roots
of B3(z) = 2% + 4z + 1. Note that for this system
G52 (2) = G§52(2).

The relative errors RSPE(w) and R$S%(w) are
shown in Figure 2, where we see that they inter-
sect at wy = 4.22. Note that this frequency is very
close to the resonant mode of the system at w, = 4
and within the band predicted by Theorem 4, i.e.,
0.8165 < wy < 5.6569.

Example 8. We consider again the continuous-time
system in Example 7 and we compare the associated
SDR and CSZ models with CTE models. In this case,
G992 (2) = G452 (2) and GPTE(2) = GYTE(2). Fig-
ure 8 shows that CTE models provide the same rela-
tive error than SDR models for low frequencies. For
higher frequencies, CTE models provide higher ac-
curacy than SDR models, because they include the
asymptotic sampling zeros. Moreover, we see that
CTE models provides the highest accuracy for low and
high frequencies, and it is only slightly outperformed
by CSZ models in a band around w = 1.
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Figure 3: Relative errors R5P%(w), RS9 (w) and
RSTE(w), for a sampling period A = 0.01 (Exam-
ple 8).

7 Conclusion

In this paper we have characterized the accuracy of
different approximate sampled-data models for lin-
ear systems in terms of frequency-domain relative er-
ror. We have shown that a simple derivative replace-
ment model using Euler approximation provides a
smaller relative error within the continuous-time sys-
tem bandwidth. However, if one is required to have
a more accurate model for higher frequencies (in par-
ticular, near the Nyquist frequency), then sampling
zeros must be included in the model. Additionally,
the results show that a particular model obtained by
different-order Taylor expansion of the state equa-
tions provides an accurate description for all frequen-
cies.

The insights provided by the relative error anal-
ysis presented in this paper can be taken into ac-
count for the case of approximate sampled data mod-
els for nonlinear systems. For these systems, even
though relative errors in the frequency domain can-
not be analyzed, approximate sampled models can
be readily obtained using Euler, Tustin, or the pro-
posed different-order Taylor expansion. The results
presented here suggest that the latter kind of model
is the best option. This complements the results in
[22] where the accuracy was characterized in terms of
time domain truncation errors.

A Proof of theorem 3

The Hoo-norm of Ri(w) and R%(w) for SDR, ASZ,
and CSZ models was characterized in [9]. Thus, the
proof only considers the H..-norm analysis for TDR,
DTE, and CTE models.

A key observation is that, for any fixed frequency
G (e792) N G(jw) This implies that, for any
fixed w, the relative errors (26) and (27) go to zero.
Thus, the analysis is restricted to the behavior of the
relative error at the Nyquist frequency wy = X <
z = —1. Note that this frequency go to oo as the
sampling period A goes to 0.

Let G(s) be the linear system in (1) represented as

G(s) 8™ 4 by 18™ 4+ bys + by
S) =
s+ ap_18" 1+ +ais+ag

where by,_1 = —> "0 and ap_1 = — > o Di-
The transfer function (38) can be expanded as

(38)

G(s) = 5 + O +O(s777) (39)
0= b—1 — Gp_1 = sz - Zak (40)

The ESD model for an r-th order integrator is given
by the right hand side of (7) [3]. Thus, an expansion
of the sampled model corresponding to (39) is given
by

where

A" B,.(z) A™IB, ()
GESD _ T r+ O Ar+2
L AR S ) R e R el
(41)
Moreover, G(s) can be expressed in state-space form
& = Az + Bu (42)
y=Cx (43)
where
A — [ On-1x1 | In g (On-1x1
—ag ‘...—an,l ’ 1
(44)
C=(by by b1 1 0--- 0) (45)
There exists a transformation ({) = ®z such that
(42)-(45) is rewritten in the normal form [14]
£=AE+B.CA"® ! (8) + Bou (46)
= Q21§ + Q21 (47)



where
( = )GR"X", (48)
ler 1
HT L) e Rr (49)
_ 01>< —1 m Ixr—1 ) ERmxr (50)

o (P
== (5

Om 1x1 Im—l mxm
_bl R _bm71 €R

(51)
and
C
¢ = CA'r—l (52)
Im ‘ 6m><7“
Note that, comparing (46)-(51) with (22)
Qué+Quan+u=CAd(}) +u  (53)
Then the DTE model (23) is given by
qé =A%+ BUCA™® () + u] (54)
qn = AQ12§ + (Im + AQa2)n (55)
where
LA =
Al =etd o | 0 (56)
A A
0 --- 0 1
A - T
Bl = / e Bydv = (&5 A) (57)
0
Equations (54) and (55) can be rewritten as
TL &= A%+ BYCA™® ' (5) +u]  (58)
L= Qo1&+ Qaan (59)
where
q_
Ai:A’" I:AT+O(A)
0 1 (%:;)!
= - (60)
0 0
Bg r—1 T
Bl = 2L = B, +0(8) = (&, 1) (1)

Then, the denominator of the transfer function (25)
associated with the DTE model, is given by

_Ad)

E(z) = det (Zgl (62)

) ()

The characteristic polynomial (62) can be expanded
as [5]:

where, from (58)-(59),

é
Ag = ( OAT ‘ Orxm

mxnr ‘ Om><7n

BiCA™®~!
Q21 ‘ Q22

E(z) = 2{(z = )" —tr(Aq)(z — )" 'A + O(A?)}
(64)
Note that, from (46)-(47) ,
-1 _ Ar ‘ Or><m BTOAr©71
eAD B ( 0m><7‘ ‘ 0m><rn ) + < QZI ‘ Q22 ()
65
From (45), (60), (61) and (63), we obtain
Ag =0AD + 0O(A) (66)
= tr(Aq) = — an—1 + O(A) (67)
Then
B = (35) (1+ 222 + o) (69)

The numerator of (25) can be expressed as

Fz) = BT (14 2222 L 0(AY))  (69)
Equation (68) and (69) yields the following expansion

ATB,(2) [ 14 bmo1725 + O(A?)
rl(z = 1) | 1+ an_1:55 + O(A?)
(70)

"
L+ 05—E + 0(AT?) (1)

GDTE( )

_ A"B,
T orl(z— 1)T

From (41) and (71), the absolute error between DTE
and ESD models is given by

r+1 r r
GESD_GDTE = @8 Ao -t} L o (A7+2)
(72)

Then

ESD DTE
F i
Gd

A@(B,ﬁ,lf(’lh‘rl)Br)
(T*l)(Z*l)Br,erA@B.,_Fl
A@(B7-+17(7‘+1)Br,»)
FD((-—1)B, +A6B5,)

+0(A?) (73)

ESD DTE
Gy~ =Gy

+0(A%) (74)

DTE
Gd



where B,.(z) = B,.

Then, replacing w = % (¢ = —1) in the relative
errors (26) and (27), gives the result for DTE models:
O(A) r: odd
RDTE T — 75
(3 {(9(1) T even (75)
oA : odd
RYTE(5) = { (B) 7o (76)
00 T even

For the case of the CTE models, we proceed similarly.
When r is an odd number, then G§7(2) = GPTE(2)
and the previous analysis gives the result. When r is
an even number, then CTE models can be expressed
as

CTE _ z+14ca DTE
= (14 27)(1 = Jea + O(A%)GFTE(2)

= (1- % =+ 0@N)EE™E () (1)

Then, using (71) and noting that ca = we obtain

ABG
r+17

L 2 r+1 (2
A" B, (2)

- 62(T+1)!(z+1)(z71

T +O(AT2) (18)

Then taking the limit as z — —1 and using
L’Hopital’s rule for the third term on the right hand
side, we obtain

GdCTE(_D _ @AwlB;(—l) + O(AT+2)

(r41)127 (79)

Evaluating the ESD model in z = —1, we obtain

GdESD(—l) — @Ar+1BT+1(71) + O(Ar+2)

TR (80)

The absolute error between CTE and ESD models is
given by

GESP(-1) ~ GTF(-1) =
! 1(— r
— O A { Bi(-1) + ZE0 1 o(ar+?)
(81)

From property (6) of the Euler-Frébenius polynomi-
als, the expression in brackets equal to zero. Thus,

Gi*P(-1) = GgTF(=1) = 0(A™?) (82)
From (79), (80) and (82) we have that
GIP(—1H)-GFTE(-1) _ O(A) (83)

GESD (1)

GqP(-D-GFTF(-1)
GITE(-1)

=0(A) (84)
Then, both relative errors (26) and (27) associated
with CTE models (when r is an even number) are of
the order of A at the Nyquist frequency, i.e.
R{TE(R) =0(8), ke{1,2} (r:

even) (85)

For the case of the TDR model we proceed as follows:

GIPR(:) = O3 5) (56)
From (39) we have that
r r4+1
GiPMe) = (324) vo(s) +owr)
(87)

From (41) and (87) we can approximate the absolute
error between ESD and TDR models as

GgSD(Z)—GgDR(Z) _ ATTBr(Z)—T!(Z-i'l)T+O(Ar+1)

27rl(z—1)" (88)
Then we have that
GESD _qTDR "B (z)—r!(z r
4 GfSDd = &£ (QT)BT(Z()+1) ’Jr O(A) (89)
GESD_GTDR "B (2)—rl r
i = [PEnet L o(a) - (90)

Evaluating the relative errors associated to TDR
model at the Nyquist frequency, we obtain

O(1) r: odd
(&) {(9(1) T even (01)
R;FDR(Z):{OO r: odd (92)
oo T :even

This completes the proof.

B Proof of Theorem 4

We first obtain an approximation for ESD, SDR, and
ASZ models. We consider the ESD model given in
(3). This model can be equivalently expressed as in
(6). When A — 0, the terms in the infinite sum
(6) are negligible except for the term associated with
¢ = 0. Thus, we use the following approximation

G(s)

GESP () (1 — )8

673A)

(93)

=G(s) [1 — 3sA + O(A?)]



Moreover, if we now examine the other terms in the
infinite sum (6), and we replace G(s) using (1), we
have that

(1—e ) [T, (s + 2mjt/A — o)
A+ 2mjl TT0 (s + 2mjl/A — p;)
1= B I, @it + A(s — o0)
A+ 2mj0 TT7_, (2wl + A(s — p;))
—o(am+) (94)
Thus, all such terms are of the order of A™*!, and do

not modify the expansion in (93). Now, SDR models
can be expressed as follows

GdSDR(esA):G(e ) —G(s+

sA_y
A

322A JrO(Az))
(95)
If we now replace G(s) using (1), we obtain
[T, (s + 1°A + 0(A%) — 0y)
[T (s + $s2A + O(A?) — p))
[T, (1+ 322 +0(a?)

25— ok )
G(S){Hz (risa +0<A2>>} (56)

We then obtain a Taylor series expansion for the ex-
pression in curly brackets

GgDR(eSA) = G(s) {1 + %sAw(s) + (’)(A2)}

GdSDR( sA) _

(97)

m n

where  1(s) = Zsfgk _Z$7pz

k=1 i=1

(98)

We now obtain an approximation for the ASZ model.
We see in (18) that this model is obtained including
the asymptotic sampling zeros in the SDR model. A
Taylor series expansion of B,.(e/“?), around A = 0
is given by

By(e*) = B.(1) + B.(1)sA + O(s2A?)

=rl+ @SA + O(s?A?%) (99)
where we have used the fact that B,.(1) = r! and
Lemma 1. Using (18), (97), and (99), we obtain

G392 (™) = G(s) {1+ 3 [¥(s) + 7 — 1] sA + O(A?)}

(100)
From (97) and (100), the relative errors are expanded
as

RYPR (W) = § [wA(L + 4 (jw))| + O(w?A?)  (101)
R (w) = 5 [wA(r + 9 (jw))| + O(w?A%)  (102)
R3PH(w) = § WAL + 4 (jw))| + O(w?A?)  (103)
Ry (w) = 5 [wA(r + 9 (jw))| + O(w?A%)  (104)

Then as w — 0, the terms O(w?A?) can be ne-
glected for any sampling period A. Then, comparing
(101) with (102), and (103) with (104) gives part 1)
of the theorem

To show part 2) we consider the condition

REPR(w) = RASZ ()

for k € {1,2}. Using (101)-(104), it can be shown
that (105) leads (for k = 1 and for k = 2}) to

(105)

’z/;(jw) —H“’ — ‘w(jw) n 1’ +O(A) (106)

If we neglect terms of the order of A in the last equa-
tion and we expand the magnitude in real an imagi-
nary parts

prefotior )] = prefotior 1)

Assuming r > 1 and replacing ¢(s) from (98) yields

(107)

%e{w(jw)} = (108)
v ww=Im{o})  (~w(w—Tmp})
—kZ:l w? +|ow|? ; w? + |pif?
= ;r ! (109)

Noting that complex poles and zeros appear in com-
plex conjugate pairs, we obtain equation (29).

Now we find upper and lower bounds for the roots
of

m

>

k=1

n 2

fw) =3

= W+ |pf?

r+1
w2+ |ok? 2

w2

(110)

We find f(w) and f(w) that minorize and majorize
f(w), respectively, i.e.

fw) < fw) < fw)

for all w > 0, such that f(0) < 0 and lim,,_,o f(w) >
0, to ensure that the roots of f(w) lie in the interval
between the smallest positive root of f(w) and the

largest positive root of f (w). We choose

(111)

< 2 2
f(w):nuﬂwiW_m w r+1

w2452 2

(112)

The positive real root of this equation is w = wy,
where wy is given in equation (112) at the top of the
page. This is an upper bound for the roots of f(w)

n (110) . The frequency w; can be bounded as
w Swp = 7("+mji)1ﬁ2+62 (114)

10



(1+n+m)—a&2(m+n—1)+/*n+m—1)2 +2(n?

—6nm +m?2 — 1)52p% + (1 +n + m)?pt

\/ﬁQ
w1 =

2(r—1)
(112)

where ws its obtained adding the term

46*(n +m) + 4(dnm +n+m+ 1)5%*p*  (115)

to the inner square root term in w; in (112).
On the other hand, a majorizing function is given
by

M

£ ) r+1
flw) = ngz — 3
Note that f(0) = —tl < 0, and thus, the lower
bound for the roots of f(w) is given by the only pos-

itive root of f(w), i.e.

(116)

r+1

Ww=w3=7p (117)

Thus, the roots of f(w) are bounded by (117) and
(114).

Comparing (78) and (122) it can be seen that CSZ
and CTE models are equal up to an error of the order
of A2, From the relative error definitions (26)-(27),
and after some manipulations, we obtain

(k€ {1,2})

Moreover, from Theorem 3, R, = O(A), for i €
{CSZ,CTE} and k = {1,2}. Thus, in (123) and
for a small A, near the Nyquist frequency RkCSZ =
RCTE . This corresponds to (32).

For low frequencies, CTE models can be expanded

replacing 2! = s+ O(s?A) into (62). This yields
“N))

[R5 = RTE| = 0(A%) (123)

tijz

(e*2) = det(s] — Ay + O(s

)=
&(

= det(s] — A)det(I + (A — Ayg)(s — A)" +0(s*A))
= E(s)det(I — (A — Ag)(A™ 48472 +---) + O(s*
C Proof of Theorem 5 (et (AgA~t — s(A— APA-?) + O(2A))]
To show that CTE relative errors behave as CSZ rel- = F(s)[det(AqA™")
atives errors, an approximation of ASZ model is first B CI1NAp g 9 9
obtained. From (18) and (39) we have that tr((Aad™) (A = Ag)AT)s + O(s°A)] (124)
A" B,(2) A™1B.(2)
ASZ _ r T r+2
Gq77(2) = rl(z — 1) rl(z — 1)r+1 +OA™) where ()" denotes the adjugate matrix [5]. Simpli-
(118) fying the second term of the right side of (124)
From (118) and (19), and if r is an odd number, then A Ly
b A t(AaA™)A(A = 442
csz ASZ _ " r{z r+2 — A Dtr(A4) — A™1A A1 12
G{°7 =G BRI PES EAR TP i +O(A™™) det(A™)tr(A7) — det( a)tr(A7Y)  (125)
. (119) fom (44) we have
When r is even number, the CSZ model takes the
form —a . n-1 1
ao ag aop
CcSz K(z) ~ASZ 2(2+1+c ASZ
GF%(2) = K CI7(2) = el 1% () a0t (126)
(120) :
Expanding as in (77) 1 0
CSZ(,\ _ ca (2-1) 2\\(YASZ
Gq™"(2) = (1 - Gy + O(A))Ga77(2) (121) Then from the matrix (126) we see that
Replacing (118) into (121), and recalling that ca = " _ a
e e e
g (s We now focus on obtaining the determinant of A,.
G (z) = ﬁ(f 1y T Gﬁ (z— ]13)r+1)+ We denote
AT+1B z T
— Qg + 0(A™?) (122) CAT -1 —

(dv dy dn1 dn)  (128)
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Thus, Thus, using (128) and (136) into (135), we have
det(Aq) = (129)
ar-t, AT=2 A=l Aol ar-t, bodi + dry1 = —ag (137)
T 91 e (r—1)! [l T &l r+1 Eal n
: : : : Replacing into (133), it follows that
%dl P %dr +1 dry1 dn
d EE d, dy, dy n
: On O | det(Ayq) = (—1)"ag (138)
(130)

Using the multi-linearity properties of determi-
nants, it can be shown that

0 1 Ao o
det(Aq) = .
dl d'r dr+1 dn
Q2 | Qa2
(131)

We then compute the determinant recursively from
the first row down to the (m — 1)-th row of Q22 (see
equation (51)), i.e.,

0 1 - A5l o
det(Aq) = (~1)""1 BT
dl e dr dr+1
1 0 - 0 | —b
(132)

We then compute the determinant recursively
starting from the (r — 1)-th to the first row, i.e.,

dl dr+1
1 —bo

(=) Y (body + dyy1)

To obtain d; and d,41, from (52), we have that

det(4q) = (1)

(133)

dey = bpél + €rq1 (134)

Then, multiplying (134) by CA"®~1, we obtain

CA¢, =byCA™® e, + CA"® ¢, (135)
Notice that
T
—ay
g —O0p—r—1
CA" = 136
bo — an—r ( )

bm—l —OGp-1

The last equation will be used into (125), where the
only term that we need is tr(AZ), which corresponds
to the sum of the cofactors of A4 on the diagonal.
We denote as ¢; the cofactor corresponding to the
i-th row and i-th column of Az matrix. Then,

n

tr(A}) = Z ¢

i=1

(139)

We compute the cofactors following a similar pro-

cedure as before when we obtained det(Ag;). This
yields, for ¢ =1,
r—2
0 1 Gomr | O
= (_1)71—7’—1 ) 0
d2 ot dr dr+1
0 -0 .- 0 ‘ —bo
dy d
_ (_1\n—1 2 r+1
- ( 1) 0 _bO
= (—1)"dzbo (140)
and, for ¢ € {2,...,71},
¢ = (71)n7r71><
0 Ai—2 0 A AT—2 0
G- G+ 1)
0 % (’V‘é’ill)!
0 0 0 0
T—1—2
0 G
dv - din |0 dig1r - dr :
1 0 - ]0 0 b
— (71)7171% di dr+1
211 —=bo
=2(-D)""tag i€{2,...,r} (141)

where the last equation follows from (137).
For i = r + 1, the corresponding cofactor is given

12



by
0o 1 a1l o
et = (217 R
dy oo e d, drio
1 0 -« 0 [-h
dy d
_ (_1\n—1 1 r4-2
*( 1) 1 —b1
= (=1)"(brds + dr42) (142)
Finally, for i € {r +2,...n}, we have that
* 0
0 1
0
.
C; = 0 .- 0 0
0 1 0 0
0 1
0. 1
* —bg 0 —by_1
(143)

and we see that the (i — 1)-th row is the zero row
vector, therefore

=0, ie{r+2,...,n} (144)

We now need to obtain dy and d,15. From (52),
we see that
q)gg = 6151 + b0€2 + €r+2 (145)

Then, multipliying (145) by CA™®~! and using
(136), we obtain
CA" €, = bidy + bodo + dr+2 = —aq (146)

Therefore, from (140), (142) and (146) we have

1t e =(—1)""tay (147)
From (126), (141), (144) and (147), we obtain
det(A~)tr(Af) = —2 — (=08 (148)
Thus,
det(A™1)tr(A4) — det(A 1 Ag)tr(A™Y) = — =02
Finally, replacing into (124), we obtain
E(e*®) = E(s){1+ 225 1 O(s°A)} (149

From (99) and (149), for low frequencies the following
expansion is obtained

(r=1) (A2 2
s 1+ -2 sA%2 4+ O(s%A)
Gz?TE(e A) =G(s) (ril)
1+ “5~sA2 4 O(s2A)

= G(s){1 + O(s*A)} (150)
Then, when the relative degree r is an odd number,

GFTP(e2) = GETE(e"2) = G(s){1 + O(s*A)}
(151)

On the other hand, when r is an even number, the
correction term (20) has to be included, obtaining a
similar expansion:

K esA
GdCTE(esA) _ ( ) dDTE( SA)

K(1)
_ 1+ ESCAA+1 DTE(esA)
1+ ¢

=[1+0(sA?)]GETE (e2)

= G(s){1 + O(sA% + s*A)}  (152)

Equations (93) and (151) (or (152)) yield

GESD (e58)_GSTE (e52)
GESD ()

GESD (e58)_GSTE (e52)
GSTE (e°2)

=S5+ O(s’A +sA?) (153)

=25+ O0(s>A +sA?) (154)

Thus, the relative errors (26)-(27) can be expanded
as

R{TE(w) = Swt+O(W*A+wA?), ke {1,2} (155)
Note that ¥ (jw) in (98) is of the order of w. Then,

the expansion of the relative errors associated to SDR

models ((101) and (103)) can be expressed as

RPER(w) = Sw+O(w?A+wA?)), k€ {1,2} (156)

From (155) and (156) the error between the relative
errors associated with CTE and CSZ models satisfy

R{TE(w) — RY9? (w) = O(W?A + wA?), ke {1,2}
(157)

For a sampling period sufficiently small, and for
low frequencies, the terms of order w? 4+ wA go to
zero, and thus, the relative errors associated to CTE
and CSZ models are approximately the same. This
shows (31).
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