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Remarkable improvements in the stability properties of discrete system zeros may be achieved by using a new design of the
fractional-order hold (FROH) circuit. This paper first analyzes asymptotic behaviors of the limiting zeros, as the sampling
period 7" tends to zero, of the sampled-data models on the basis of the normal form representation for continuous-time
systems with a new hold proposed. Further, we also give the approximate expression of limiting zeros of the resulting
sampled-data system as power series with respect to a sampling period up to the third order term when the relative degree
of the continuous-time system is equal to three, and the corresponding stability of the discretization zeros is discussed
for fast sampling rates. Of particular interest are the stability conditions of sampling zeros in the case of a new FROH
even though the relative degree of a continuous-time system is greater than two, whereas the conventional FROH fails
to do so. An insightful interpretation of the obtained sampled-data model can be made in terms of minimal intersample
ripple by design, where multirate sampled systems have a poor intersample behavior. Our results provide a more accurate
approximation for asymptotic zeros, and certain known results on asymptotic behavior of limiting zeros are shown to be

particular cases of the ideas presented here.
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1. Introduction

Zeros, along with poles, are fundamental characteristics
of linear time-invariant systems, and stability of zeros
is one of the most important issues in model matching
and adaptive control problems. When a continuous-time
system is discretized by the use of a sampler and a hold,
the mapping between the discrete-time poles and their
continuous-time counterparts is very simple, namely, the
stability of poles is reserved. There is unfortunately no
simple transformation between the discrete-time zeros and

their continuous-time counterparts because the zeros of
discrete-time systems depend on the sampling period T’
(Astrom et al., 1984; Zeng et al., 2013). Thus, it is
generally impossible for a continuous-time system with
zeros in the left-half plane to be able to be transformed to
a discrete-time system with zeros inside the unit circle.
In other words, the stability of zeros is not necessarily
preserved except in special cases. Therefore, the limiting
case when the sampling period 7T tends to zero has
attracted considerable attention (Astrom er al., 1984;
Hagiwara et al., 1993; Ishitobi, 1996b; Liang and Ishitobi,
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2004a; Kaczorek, 1987; 2010; 2013; Tokarzewski, 2009;
Ugalde et al., 2012; Ostalczyk, 2012).

Perhaps the first attempt to study the zeros was given
by Astrom et al. (1984), who described the asymptotic
behavior of the discrete-time zeros for a fast sampling
rate when the original continuous-time plant is discretized
with a zero-order hold (ZOH), and further the zeros in this
case are called limiting zeros, which are composed of the
intrinsic zeros and the sampling zeros (Hagiwara et al.,
1992). The former have a counterpart in the underlying
continuous-time system, and go to unity (Hagiwara,
1996), while the latter which have no continuous-time
counterparts and are generated in the sampling process,
go toward roots of a certain polynomial (Hagiwara et al.,
1993; Weller et al., 2001) determined by the relative
degree of the continuous-time system.

In many discussions about the properties of
discrete-time zeros, the ZOH has been mainly employed
as a hold circuit since it is used most commonly in
practice (Astrém et al., 1984; Hagiwara, 1996; Btachuta,
1999; Hayakawa et al., 1983; Weller, 1999; Ishitobi, 2000;
Liang et al., 2007; Ruzbehani, 2010; Karampetakis and
Karamichalis, 2014). Taking into account the fact that the
type of hold circuit used critically influences the position
of zeros, it is an interesting problem to investigate the
zeros in the case of various holds. Hagiwara et al. (1993)
carried out a comparative study and demonstrated that
the first-order hold (FOH) provides no advantage over
the ZOH as far as the stability of zeros of the resulting
discrete-time systems is concerned. Further results on
the behavior of the FOH have been reported (Btachuta,
1998; Zhang et al., 2011). Passino and Antsaklis
(1988) considered the fractional-order hold (FROH) as an
alternative to the ZOH and showed that it can locate the
zeros of a discrete-time system inside the unit circle by
some examples while the ZOH fails to do so.

In a very motivating work by Ishiboti (1996), the
asymptotic properties of limiting zeros with a FROH have
been analyzed, and corresponding stability conditions
have been also derived when the continuous-time systems
have a relative degree up to five for sufficiently small
sampling periods. Further, Barcena ef al. (2000; 2001),
Liang et al. (2003) as well as Liang and Ishitobi (2004b)
respectively extended Ishitobi’s results (Ishitobi, 1996)
from different angles and with methods by investigating
the limiting zeros in the case of a FROH.

In addition, the results of limiting FROH zeros
(Ishitobi, 1996) were also extended by Btachuta (2001),
who described the accuracy of the asymptotic results for
both the intrinsic and the sampling zeros in terms of
Bernoulli numbers and parameters of the continuous-time
transfer function for sufficiently small sampling periods.
However, the FROH does yield better discretization zeros,
but only within a limited margin, mainly because it has
just one tuning parameter, which does not allow to place

the limiting zeros as one wishes. In particular, it can
be seen that the sampling zeros with a ZOH or a FROH
always lie strictly outside the unit circle when the relative
degree of a continuous-time system is greater than or
equal to three (Astrém et al., 1984; Ishitobi, 1996; 2000;
Liang ef al., 2003). In many engineering applications, fast
sampling rates and the continuous-time relative degree
more than two commonly occur.

These facts sparked interest in other holds such
as multirate sampling control and digital control with
the generalized sampled-data hold function (GSHF)
(Kabamba, 1987; Chan, 1998; 2002; Liang and Ishitobi,
2004a; Yuz et al., 2004; Liang et al., 2010; Ugalde
et al., 2012). Though some deficiencies such as poor
intersample behavior in the case of a GSHF cannot be
avoided, the GSHF can be used to solve many more
ambitious control problems for linear systems as long as it
is formulated exclusively in intersample terms. Moreover,
it is well known that the GSHF can be also used to shift the
zeros of sampled-data models for linear continuous-time
systems because intersample ripples can be suppressed by
using a linear-quadratic optimization (Chan, 1998) or can
be alleviated efficiently by minimizing the variation the
control input (Liang and Ishitobi, 2004a).

However, in contrast with a ZOH or a FROH, rather
poor intersample behavior is often unavoidable. Although
this can be alleviated as mentioned above, the fact is
that for a sampled-data model with a discrete integrator
to be able to reject step disturbances in continuous
interval, and the impulse response of the hold in question
it must have continuous-time zeros where a ZOH and
a FROH have theirs, while a GSHF does not (Feuer
and Goodwin, 1996; Middleton and Freudenberg, 1995).
Hence, we present a new design of the FROH which is
composed of the polynomic function instead of simple
design parametrization. Our new hold characterization
merges two interesting features: conventional FROH
behavior under constant input together with as many
tuning parameters as desired. On the one hand, the former
provides a very simple way to minimize the intersample
issue; on the other, the latter allows the discretization
zeros to be placed wherever desired.

The aim of this paper is first to analyze the
asymptotic behaviors of the limiting zeros of discrete-time
models on the basis of the normal form representation
of continuous-time systems, and also derive their
approximate expression in the case of a new FROH
as power series with respect to a sampling period up
to the third order term when the relative degree of
the continuous-time system is equal to three. Besides
the obvious differences in terms of the technique in
researching our FROH and other hold circuits, we
can deeply feel that this study is important owing to
the complexity and importance of discretization zeros,
especially for the sampled-data model and stability of



Improving the stability of discretization zeros with the Taylor method . ..

sampling zeros.

More importantly, we also show how our new hold,
irrespectively of whether the continuous-time relative
degree is greater than two or not, can be designed to
remove only the effects of the sampling process by
placing the sampling zeros of the discrete-time system
asymptotically to the stable regions at will. One of
the principal contributions in this paper, in particular,
would consequently propose an analytical method to
obtain the limiting zeros as stable as possible for a wider
class of continuous-time plants. Moreover, an insightful
interpretation of the resulting sampled-data model can be
made in terms of minimal intersample ripple by design,
where the multirate sampled systems have usually a poor
intersample behavior. Finally, we further obtain the
stability condition of the sampling zeros for sufficiently
small sampling periods.

2. Sampled-data model with a new FROH

Consider an n-th order continuous-time system with
relative degree r = n — m described by the transfer
function

K #0, (D
where

N(s)=sm+ br18™ by _0s™ 2 4o+ by, (2)
D(s)=8"+a, 15" + Apos" 24+ 4ag. (3)
The normal form of (1)) with the relative degree r =

n — m is represented with an input v and an output y
(Isidori, 1995; Khalil, 2002) as

e[ an e[

X (K'LL —w — d0£1 — d152 — drflfr)v
n=Pn+qé,
y=[1 0]¢,
4
where
E=[& & - & ]T7
T
n=[m - nr |,
w=cln, c=[c a Cn—r—1 ]T7
0 1 O
P = )
O 1
_bO : _bnfr’fQ _bnfrfl
a=1[0 0o 1]",

and the scalarsd; (¢ =0,...,r—1)and¢; (i =0, -+ ,n—

r — 1) are obtained from

D(s) = Q(s)N(s) + R(s), ()
Q(s)=s"+dr—18" "+ +dis+dy, (6)
R(s)=cnp18" "L o, @)

where

drfl =0n-1 — bnfrfla
dr—2 = an—2 — bn—r—2 - bn—r—ldr—h

dT’—3 = anp—-3 — bn—T—B - bn—r—er—h

dO = Qp—r — bn72r - bn72r+1dr717
¢ =a; —bi—r —bi—py1dr—1 — -+ = bi—1dy — bidy
1=0,....,n—7r—1.

We are interested in the sampled-data model for the
linear system (d)) when the input is a piecewise continuous
signal generated by a new FROH reconstruction, i.e.,

N—-1
u(t) = u(kT) + Y Bdt — kT)*
=0
" [u(k‘T) —u((k — 1)T)}
T ?

GeeR, N >1,

KT <t<(k+10T, k=0,1,..., ()

where [, is a real coefficient and 7' is a sampling
period. In particular, our new hold (8)) with a polynomial
can be regarded as a generalization of the conventional
FROH. In contrast to a simple linear pattern, the
polynomial approach not only turns out to provide
minimal intersample ripple issues, but also places limiting
zeros of the discretized model at will with as many tuning
parameters as desired.

Given the complexity of calculation, we assume the
condition N = 2 while guaranteeing the desired control
performance for our new hold (§). Moreover, anew FROH
is used and the relations

o TulkT) = u((k — 1)T)
U(t) - 51 T )

it)y=-=0 )

are noticed. Furthermore, the normal form (@) leads to the
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derivatives of the output of
—  — (r—1) _ o'}
e U - (10 Yk+1 :ZEE: ,yg), (20)
y(’"):K“_cTn—do€1—-"—dr—1§r, (11) et |
y(T’Jrl) = (dodrfl — ch)é‘l -+ (dldrfl — d0)£2 yk+1 _ Z %yl(:_i_l)’ @1
+ -+ (dr—er—l — dT—3)§T—1 = v
+ (dg—l - dr72)£r + (drflcT — CTP)’I]
—d,—1Ku+ K1, (12)
1) =T (i)
" Yk = Yk , (22)
Yy = (dody—n — dod}_y + dy-1cTq — T Pq)éy o ;%z!
+ (didy—g — dyd?_; + dody—1 — cTq)és o l
3 M1 = Z ’ 'n,i), (23)
+o (2d7"71dr72 - dr—l — dr73)£r — 7!

(dr 1 dT_Q)K'U, — dr_lKﬂ
+ {(drfz — diil)CT
+d, TP — cTP2}'q. (13)

Further, the derivatives of 1) are also represented as

n=Pn+a&, (14)
i) = P(Pn+q&1) + d
= P®n+ Pq&i + &, (15)
n® = P®)(Pn+ q&) + Paéi + q&y
= POy + PPq& + Paé + g, (16)

n") = PUD(Pn + q&y) + P Vs + gl

= P+ PO Vgg + P géy+agf Y,
a7

n(r+1) _ P(”)(Pn—i—q&)—#P(”’l)qgl-f—' . .+q£§r)
_ {P(r)q o qdo} §1+|:P(T_1)q — qdl} Eot- -

+ (Pq—qdrfl)ﬁﬂr[P““) - ch}nﬂquu,

(18)
nt2) = POt (P + q&) + P gé + PUTVgg
4ot qé“Y“)
= |:qd0dr—1 — Pqdy + P g - chq} &
+ [P"a—doq — Pady +adid, 1] & + -
+ [ad?_, — Pad,—1 + P’q—ad,—2] &
(Pq—qd,—1)ku + qkit
qc’d,_y — Pgc” + P2 — chP}n.
(19)

+
+

Hence, substituting (IQ)—(T9) into the right-hand side

and defining the state variables

. r— T
=y gp - yzi ) nt ], 24

the discrete-time state equations in the case of a new
FROH are definitely obtained.

Now, the =zeros of the discrete-time system
@20)—@23) are analyzed using the explicit expressions of

Yeo Uks oy T and iy, my T as follows:
Yk+1
T‘+2 )
7 r+3
> i so
=0
_ {1 - dOT” dodr—1 — T qrprt1
(r+1)!
dr,1C q-+ dOdr 2~ dOdr 1 CTPqTrJrQ} Uk
(r+2)!
dy did,—1 —do
T— —qr 4 I+l
+ { P SRS BT
didy—o — did?_ + dody—1 — CTClTrJrg ik
(r+2)!
Trfl drfl
T"
+ +{(7~_1)!+ o
d% 1 d T’I"+1
(r+1)!
2d, 1dy—2 — dg_l —dr_3 Tr+2 y(r—l)
(r+2)! k
1+ 8o+ b1 B1
TT
+ { { 7! + (r+1)!
r 161 1+60+ﬂl) Tr-l—l
(r+ 2 (r+1)!
- T‘ 2)
+ { (r + 3)!
(1+ﬂo+ﬂl)( 1

kL
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Bo + B B1 ,
_H o +(r+1)!]T
_ [(ﬂo(‘:fll)gi'rl + (ﬂrlfi’—rz)l':| Tr+1} Kuk,1

T T T
+ {_C_'TT + MTT’JA
il

D)
dr_1¢"P — P2+ (dp—g — d?_;)cT Tr+2} n
(r +2) ’
+0(1T71?), (25)
Uk+1

1+1
— Z (“Fl) +0 (Tr+2)

_ do pr-1 dOdrfl_CTqTr
(r—1)! 7!
dod,—o + d, 1C q— dod 1= CTPq 1}
+ = T
(r+1)! Yk
e di 714 did,—1 — dOT”
(r—1)! 7!
didy—o—did?_,+dod,—1—c qT”“}
(r+1)!
T 2
o '+{m
drfl —1 d271—dr72
: " "
(r—1)! + 7l
2dr71dr72 - dg_l - dr73 Tr+1 (r—1)
(r+1)! i
1+6o+051 B dr—161
| e
(1 + Bo + B1)dyr Lopr W(d?_ ) —dr_2)
7! (r+2)!
1 d2_, —d,_ .
+( +ﬂ0 +ﬂ1)( r—1 2) T1+1 K'Ltk
(r+1)!
[ Bot+5 »31 71 _ (Bo+P1)dr—1
(r—1)! r' rl
51dr71
T » Kuy—
r+1)! k=t
cT dyr_1cT —=cTP
_ T’I"fl 7 TT’
+ { (r—1)! + 7!
dr_1¢"P 4 (dp_o —d?_)c? — cTP?
(r+1)!
xT" Yy 4+ 0 (T72), (26)

3

k+1 Z

i=0

g (ZJFT’ 1)+O(T4)

T
— {—doT—i— 7d0dr_12' ¢ qT2
dp_1c” dod,_9 — dod?_; —cTP
n 1€° q + dplr—2 00,1 —C qTB}yk
3!
did,_1—d
e =t
didy_o — did? dod,_1 —cT
" 10y —2 1 r,;'-f- 0lr—1 —C ng}:l)k

d?_ —dr—
4+ .- ._|_{dr_1T+ %'2

+ 2dr71dr72 - dg_l - dr 3T3} (r—1)

T2

3!
{[reme 2] r —ngl
L1 Bot Bu)dy ] [51( dr—2)
2! 4!
n (1+ 5o+ ﬂl)g(ld%_l - dTQ)} T3} Kuy,

—{{50+%]T—{W

+ 61d7,_1] TQ}KU,k_l + {CTT

3!
dy_1cT —=cTP 9
+ — o T
dr_1¢"P —c"P? 4 (dy_o — d?_|)c”
+ : 31 (2 2 Tg} Nk
+0 (1Y), (27
MNk+1
r+2 :
T 43
= T O (T7+7)
1=0
Pq P%q prt
= (ar+ P72+ 37y
2! 3! r!
P"q —qdy i
(r+1)!
n Prtlq — qc’q + qdod,—1 — Pqdy TH'Q)
(r+2)!
P Pr72q
2 3 r
(2'T 3! T - 7! r
PT’ qd1 TT’Jrl
(r + 1)!
_|_PTCI Pqd, + qdid,—1 — qdy TT+2)
(r+2)!
d,
4. 4 (ET + &Tﬁi—l

! (r+1)!
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P2q— Pqady—1 +qd?_; —qdr—2, 5\ (r—1)
+ T+ )yk

(r+2)!
(I+Bo+pf)a ,  ab .
{ TSy
1+ B0 + 51)(Pq — da—l)Tr-l—Q
(r+2)!

_H afb n (1+ 5o+ pB1)a
(r+2)!

(r+1)!
p_, P P,
+ (T4 PT+ T2 ST e T
r

}Kuk

}T”“}Kuk_l

2! 3!
P7’+1 _ ch ol
(r+1)!
P2 — PqcTd,_1qcT — chPTTH)
(r+2)!
ne+ 0 (T°). (28)
Similarly, the reason why the explicit expressions of
Yk Uks - ,y;SH_Q) and 1, Mg, 717](:"'2) are used is to

obtain the approximate expansion of the limiting zeros
of the discrete-time system with the order 7% when the
relative degree of continuous-time systems is 7 = n — m.

3. Main results

In the following, a more accurate approximate model of
the sampled-data system is considered by neglecting the
higher order terms, and the approximate expression of the
limiting zeros is further calculated in this section. When a
continuous-time system is discretized, unstable zeros may
appear in the discrete-time model due to the existence of
unstable sampling zeros even though the continuous-time
system is of minimum phase (Astrém et al., 1984; Ishitobi
etal.,2013).

For example, it is noticed that unstable discretization
zeros may be generated by a ZOH or a FROH when we
sample continuous-time systems having relative degree
greater than or equal to three (Astrom et al., 1984;
Hayakawa et al., 1983; Ishitobi, 1996; Liang et al., 2003).
In this work we propose to use a new kind of FROH to
place sampling zeros at will. To avoid the complexity
of its calculation, we mainly consider the case when
the relative degree of a continuous-time system is three
without loss of generality.

When a continuous-time system with relative degree
three is sampled at a fast rate, the corresponding
discrete-time model arising from a ZOH or a FROH may
have unstable zeros. On the other hand, though such
multirate sampling control and digital control schemes
have the clear advantages over the conventional control
systems, several authors have pointed out that the
unexpected drawbacks occur, such as intersample ripples.
In particular, our new hold can alleviate intersample
issues, and well exhibit minimal intersample ripple by

design. An approximate expression of limiting zeros of
a discrete-time model for a continuous-time system with
relative degree three is derived from (23)—(28). The first
result is given by the following theorem.

Theorem 1. The zeros of a discrete-time system corre-
sponding to a continuous-time transfer function (4) with
a new FROH are given for T' < 1 approximately by the
roots of

Q1Q20Q3Q4 =0, (29)
where
128y + 1651 61>

Q1 [ 2= 1+ g +< + 6o+ 5

B 3d1 — 3 —63ﬂ0 — 43 T2

dids — do + 5ds 31 + 4ds B + 4ds 3:|
+ T,
24
126y + 181 ( 361>
= |1+ (g1 T

Q2 [ ST R e

N 3d3 — 3dy + 4da By + 3d2 o + 3d 2

6
+—d§+2d1d2—do+(4+4ﬁo+5ﬁ1)(d§—dl)Tg
24 ’
4+408y + 56
=|—z-1+—" 4 (1—d)T

©s [ ? G +5m TN

+ dyds _2d0 +dsy 72

+d% — dld% + d0d26— ch + d% —d T3] 7

p? p3
Q4= |(1—Z)I+PT+ 7T2+?T3|.

Proof. The limiting zeros of a discrete-time system
@20)—@3) are equivalent to zeros in (23)—(28), which are
given by substituting yx = yr+1 = 0 into @3)-C8) as
follows:

Yo

Ya2

M KUy
KU,

H

=0,, (30)

where Y1, Yyo, Ug, Up_1 and H are the Z-transforms of
Uk Uk» Uk, Ur—1 and 7, respectively, and the matrix M
is defined by
mi Mz Mz mis mig
Mol Moy M3 Mas Mg
M= | msi mzg ms mza mi; |, (1)
0 0 -z 1 o7
ms; Mz M3 Mmyy Mg
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with

myy = Ty + O(T%),
miz = Ty + O(T°),
maz = T?*mz + O(T°
mis = T?m, + O(T°
mis = Tmy; + O(T°),

dy dids — dy

iy =1——T?
i 6. T

" d% — dld% + dods — €y

120
o T da, o d% —di,
=_—+ =T < __-T
mi2 5 + 6 + 21
2d1dy — dg —dy 7

120 ’

)a
)a
T3

T4

6 +24

dzﬁl] T2 4 B1 (d% — d1)

g = (Lt 8) [t )

24

+ 120 720

(14 Bo + B1)(d3 — dy)
* 120 ) ]Tg’

m14:_(7ﬂogﬂ1+@)zp+[dz_ﬂ1

24 120

(Bo + B1)d2 T2
24 ’
mi; = —iT2 dac” — TP

6 24
—(d%2 — dy)cT + dacTP — T P? T4
120 ’
d1d2 - dO T3

+

T3

+

d
m21:—z+1—?1T2—|— 5
n d% — dld% 4+ dods — €y

24

2
Mas =T + @TQ + uw
2 6
2d1dy — d3 — dy

+ 24

T* 4+ O(T?),

T* + O(T%),

= (LB 0 B[4+

2 6

By (d3 — dy)
120

6

daf1 | 3
—— | T
+= ] +

+(1 + 60 + gi)(dg B dl):| T4 + O(T5),

Moy = — (ﬂo ; b + %) T2 + {dZEI

n (Bo +651)d2

] 3 +0(TY),

T T T
m§5=—C—T2+d2C c PT3—|—
2 6
+(d1 — d%)CT + dQCTPT4 i O(T5),
24
ma1 = —diT + MTQ
2 2 _
n di — dids +6d0d2 Cn—a 3 o,
2
mas = —z+1—doT + %TQ
— A3 _
!
3 14 8o+ B1)d
mg33 = <1+ﬂo+§ﬁ1>T— [%
daf1 | 0 By (d3 — dy)
il Iy o Az 7
+ 6 ] + 24
1 2 -
3 d
Mm3g = — (ﬂo + 551) T+ [%ﬂl
NEIES VA P
T T T p2
m§5:—cTT—|—d20 . c PT2—|— c' P
H =B b P o o),
q..  Pa,3 P2q—qd14 5
==T —T —T T
q,3 Pq—aqds _, 5
mso 6 + 24 +O( )7

[+ Bo+B1)a | qb1] u 5
ms3 = [—24 —|—1—20]T +0(T7),

_ (1+Bo+B1)a | qb1] 5
msgq = |: o +120 T +O(T ),
p? p3
Mss = (—2+ 1)+ PT + 7T2 + ?T3
P — qc” 5
+ chT‘UrO(TJ).

Thus, the zeros are derived from

M| = 0. (32)

The matrix (3I) is divided into several submatrices
by using the partitioning technique as described below:

M:{@l @]

Moy Moo

&g
—CTP2

(33)
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where

mi1 Mmiz2 M1z Mi4g
m21 Ma22 1M23 124

My =
mgz1 M3z M3z M3q
0 0 —z 1
— T
M12:[m1T5 mj; mi; OT] )
H21—[11051 ms2 Ms3 m54],
My = Mss
Simple calculation yields
R R [ p—
[M| = [Maa|| M1y — M12Myy Mo | (34)
and
R p—
M2 Moy Moy
T 1
~fmf; mf, mi, 07—
1 P2 P32\
I—— (PT+ —T%+—T3
s (e T )
X[m51 ms2  Ms3 m54}
O(Tlo) O(Tlo) O(Tlo) O(Tlo)'
_ | o) o) o) o)
o(T?) O(1°) O(1°) O

Note here that the mﬂer of each block matrix
of the first three lines in My is lower than that in

M12M;21M21, so we have
. 1 -
[ M1 — M1oMoy Moi| =~ |Mq1]. (35)

Further, consider a matrix M1 ,, which is defined by
neglecting the higher order terms O(.) with respect to T’
in the matrix M 11 because the interests lie in the case of

T< 1
Postmultiplying M by
1 1
=di 1,1, =, = 36
R lag< Y ) T7 T> ( )
and premultiplying the result by
1
— 0 0 0
T
L=|%44 1 0 0|, (37)
b 0 1 0
¢z 0 0 1

where

mo 2 6
n {d251 n (Bo +ﬂ1)d2} T?’},

0 = _i{<ﬂo+ﬂ1 +&>T2

24 6

Lo —mi0{<5o+gﬂ1>T

N d251+(50+51)d2 72\
6 2
1
63 = T
mo
Bo+ 01 B
= - 2L
o ( Y
dafr | (Bo+ Bi)da] o
N [ 20 T 24 ™
and further premultiplying the result by
1000
— 01 0 4
L = - 38
0 0 1 ¢ |’ (38)
0 0 0 1
where
-1 1+60+061 B\, [defa
b= mo{( > e )t !
(14 Bo+ fr)d2] 3 By (d3 — dy)
$— |+ | —
6 120
+(1+50+51)(d%—d1) 7\
24
~ 1 3 1 d
522—_—{(1+ﬂ0+—51>T— [M
mo 2 2
daf1 ] 0 B (d3 — dy)
=2 22 7
v e |2
+(1+50+%1)(d§—d1)]T3}7
_ 4+ 46 + 56
=—241—-— 4+ (1-d))T
o : 480 + 551 ( )
didy — do +d
I 102 20+ 2T2
+d%—dldg-l-dodg—CTCI"f'd%—le?)
6
yields
mi1r Mmi2 M1z Mg
- = _ | 21 a2 0
LLM1,oR = a1 T 0O 0 , (39)
# # Mo 0
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where # denotes an appropriate vector which does not
affect the result and

1280+ 1651 di 72

i = —n 41 — 2P0 F 165 dy
e 100 +501 2
didy — d
e °T3+O(T4),
__ 660"'851 2 d dl 3 A
=1-—|T+—= T +—=——T°4+0(T
a2 ( 4030 + 551) 6 (%),
dids — d
M3 =2dy — diT + %TQ
+d% — dld% —|—6d0d2 — Cn_4T3 n O(T4),
o 1265 + 1851 d3—dy,
=—2+1l——"— — T+ =——-T
e 1B+ 58 2
2 —d3 -
2B B o o)
Noting here that
1 1 —
Bl= 0 |L=m [T=1
leads to
|My,| = —T*LLM, oR|
= —T3my4To (g1 TMz2 — MooTz1),  (40)
where
A

= Mo1M32 — Ma2M31

1260 + 1651 ( ﬂ1>
— o 2O (g4
[ 100 + 501 Ao
- 3dy — 3 —63ﬂ0 — 406, T2
dids — do + 5da Sy + 4da Gy + 4ds 3:|
+ T
24
126y + 1851 ( 351)
O PP e B Y (P N R M
{ S 46y + 551 ? bo
n 3d3 — 3dy + 4d2 1 + 3da B0 + 3ds 72
6

24

" —d3+2dydy —do+ (44460 + 551)(d3 —dy) T?’]

(4D
Hence, the approximate values of the zeros of the
discrete-time system are obtained as the roots of (29).

As a result, the proof is complete. [ ]

Remark 1. Equation (29) implies that an approximation

of the sampling zeros is expressed as
120 + 1651

b1
450 + 501 <1+ﬁ0+ )
33360 — 461

6
d1d2 — dy 4 bda 81 + 4d2 By + 4d2
24 7
12080 + 1801 351>
i AR R e
460 + 561 < 2 b 2
| 33— 3d) + 4d2§1 +3da +3dz
N —d3+2dydo—do+ (4+4B0+551)(d% — d1) s
24

zZ1 = —

(42)

zZ9 = —

(43)

4448y + 55
480 + 551

n dyds —2d0 + da 72

n d% — dld% + dodo — ch+ d% — d1T3

6 b

+ (1= d)T

zZ3 = —

(44)

and the approximate values of the intrinsic zeros are
derived from

P3
6
Remark 2. When the relative degree of a
continuous-time system is greater than two, at least one
of the limiting zeros of the resulting sampled-data model
is unstable for sufficiently small sampling periods in the
case of a ZOH or a FROH. Nevertheless, our contribution
of the discretization zeros ([29) shows that the discrete
system zeros can be arbitrarily assigned inside the unit
circle by choosing design parameters 3y and (31 so that
the sampling zero asymptotic polynomial @2)—@4) is
identical to a desired stable region.

P2
z=I+PT+7T2+ 3. (45)

Remark 3. An insightful observation in Theorem 1 is
that it has the form of a correction to the asymptotic result
of the previous results (Astrém et al., 1984; Hagiwara
et al., 1993; Ishitobi, 1996; Liang and Ishitobi, 2004a)
in the form of a power term of 7. The reason is that
our new FROH design is built as a generalization of
well-known hold devices. Moreover, our achievements of
both the intrinsic zeros, and sampling zeros as shown in
Theorem 1, are also clarified in a more precise manner and
a higher-order of accuracy than the corresponding results.

Remark 4.  Generally speaking, notice here that the
relative degree of many linear or nonlinear mechanical
systems in the practical field is two. In the case of
the relative degree two, the asymptotic expression of
discretization zeros can be simply derived owing to the
special choices of the following scalars and vectors in our
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equation (29) in Theorem 1, and it can be also obtained
using a similar idea.

Remark 5. Based on the similarity method in the proof
of Theorem 1, the asymptotic expansion expression of
discretization zeros can also be represented in the case
of a continuous-time relative degree greater than or equal
to four for sufficiently small sampling periods, though it
seems difficult to derive directly.

Remark 6. Explicit asymptotic characterization of these
discrete-time zeros plays an important role in the design
and analysis of controlled systems. The reason is that
the explicit asymptotic behavior of the limiting zeros is
an interesting issue because the limiting zeros are stable
for sufficiently small sampling periods if they approach
the unit circle from inside as the sampling periods goes
to zero. More importantly, many techniques for design of
control systems are based on the cancellation of process
zeros. Such methods will not work when the process has
unstable zeros. For example, several adaptive algorithms
that are currently investigated belong to this category.

Equation (@3) demonstrates that the limiting zeros
corresponding to continuous-time zeros, i.e., intrinsic
zeros, are located in the unit circle. In particular, if
the corresponding continuous system zeros are stable,
the intrinsic zeros approach unity from inside the unit
circle as the sampling period tends to zero. But for
sampling zeros we can find that their stability is related
to the design parameters 3y and (; of the new FROH
hold circuit. From Theorem 1, it is easy to obtain the
following corollary which shows a stability condition of
the sampling zeros with a new FROH when the relative
degree of a continuous-time system is three.

Corollary 1. Assume that the relative degree of a
continuous-time system is three. For a sufficiently small
sampling period T all the limiting zeros of the discrete-
time model (23)—(28)) are stable if all the zeros of the orig-
inal continuous-time system () are stable and

h>0, (46)
Bo < —361,
or
61 < 07
47
{ﬂo > —30. @7

Remark 7. When the new FROH signal reconstruction
device is used, we propose to place sampling zeros of
the discretized model to the stable region with as many
tuning parameters as desired. Meanwhile, we propose
a constructive solution to the intersample ripples with
a polynomial instead of a simple linear pattern. In
other words, the appropriate 3y and (3; are determined to

obtain our hold that provides sampling zeros as stable as
possible, or with improved stability properties even when
unstable, for a wider class of continuous-time plants.

Remark 8. If the relative degree of a continuous-time
transfer function is three, the corresponding discrete-time
model must have unstable zeros in the case of a ZOH or
a conventional FROH, at least one. Thus, the limiting
zeros of the discrete-time system with a new FROH of
the conditions (#7) stay definitely inside the unit circle
while those with a ZOH or a FROH may lie outside or
on the unit circle. In other words, the new FROH with
the conditions (7)) will produce all stable sampling zeros
for a wider class of continuous-time plants than a ZOH
or a conventional FROH. Further, on a controlled system
which has a relative degree three, the closed-loop system
becomes unstable when we obtain the discrete-time model
with a ZOH or a FROH , and design a feedback controller
which requires the stability of the zeros. However, from
Corollary 2, in such a case, we can get a stable feedback
control system when a new FROH with the conditions (7))
is used for a hold.

4. Numerical example

This section presents an interesting example to show
the stability of sampling zeros for discretized systems
with a new FROH. It shows that the stability of limiting
zeros can be improved by using a new FROH instead
of other conventional holds. Both kinds of the limiting
zeros are determined with the use of MATLAB, and in
the simulation figures below, the solid and dotted lines
indicate the exact and approximate values, respectively.

Example 1. Consider a transfer function of a
vertical-takeoff airplane for roll angle control with relative
degree three (Filatov et al., 1996),

6.84
G = 21300 (48)
It is clear that the corresponding discretized system has
an unstable zero when a ZOH or a FROH is used for
the sampling period 7" = 0.01 s. Now we use our new
FROH to place limiting zeros of the discrete-time system
proposed in the case of the relative degree three. The
approximate values (29) and the exact values of sampling
zeros of the sampled-data system for the transfer function
(@8) are shown in Tables 1-3 and Figs. 1-3.

When the transfer function (48)) of a continuous-time
system has relative degree three, the corresponding
discrete-time system has no intrinsic zeros and three
sampling zeros in the case of a new FROH. In particular,
the stability of a sampling zero with our FROH depends
on the design parameters 9 and ;. When these two
parameters satisfy one of the conditions (7)), then the
sampling zeros of the discrete-time model are stable in
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the case of a new FROH for small sampling periods 7', and
vice versa. There exists a set of solutions 5; = 1.2938035
and B, = —1.6041123 such that the discretization zeros
of our new FROH at the stable region.

Table 1. Absolute values of the sampling zero of a discrete-time
model with relative degree three.

| T | Approximate values (29) | Exact values |

0.01 0.633507563 0.636319933
0.02 0.634339729 0.639258964
0.05 0.636624858 0.641146285
0.1 0.638193888 0.643047943
0.2 0.640146658 0.646131263

0.644

0.6421

0.641

0.638

0.636

Sampling zero

0.634 1

0.632+

0.63 . . . .
0 0.02 0.04 0.06 0.08 0.1

Sampling period
Fig. 1. Absolute values of the sampling zero of a discrete-time
model with relative degree three.
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063, 002 004 0.06 008 0.1
Sampling period
Fig. 2. Absolute values of the sampling zero of discrete-time

model with relative degree three.

From Tables 1-3 and Figs. 1-3, Eqn. (29) yields a
good approximation also for the case of a continuous-time
transfer function (@8) with the new FROH. ¢

5. Conclusions

This paper analyzes the asymptotic behavior of limiting
zeros of a discrete-time system when, on the basis of the

Table 2. Absolute values of the sampling zero of a discrete-time
model with relative degree three.

| T | Approximate values 29) | Exact values |

0.01 0.633015522 0.636029257
0.02 0.634962901 0.639977015
0.05 0.636635742 0.641876959
0.1 0.638115478 0.643513566
0.2 0.640215369 0.646015125

Table 3. Absolute values of the sampling zero of a discrete-time
model with relative degree three.

| T | Approximate values 29) | Exact values |

[0.01 | 0329717854 [ 0329667743 |
0.02 0.327136589 0327023114
0.05 0315367825 0315131842
0.1 0.302515546 0.294528929
0.2 0.283673871 0.248067657

normal form representation of the continuous-time system
with relative degree three, it is discretized using our new
FROH circuit hold. It also proposes an approximate
asymptotic expression of limiting zeros as power series
expansions with respect to the sampling periods up to the
third-order term. Moreover, an insightful interpretation is
given in terms of an explicit characterization of the linear
sampling zeros for the obtained model.

Further, the stability of the sampling zeros is
discussed when the sampling periods tend to zero, while
giving a constructive solution to the intersample issue.
As a result of this work, it has been shown that a new
FROH offers an advantage over a ZOH or a conventional
FROH with stability of the limiting zeros of sampled-data
systems. For a future study, an extension of the approach
to multivariable systems is planned.
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Fig. 3. Absolute values of the sampling zero of a discrete-time
model with relative degree three.
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