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Abstract: It is well known that multirate input and hold, such as a generalized sample hold function (GSHF), can
be used to shift the sampling zeros of a discrete-time model for a continuous-time system. This paper deals with
the stability of sampling zeros, as the sampling period tends to zero, of discrete-time models that are composed
of a GSHF, a continuous-time multivariable plant and a sampler in cascade. We propose a hold design that places
the sampling zeros asymptotically to the stable region by deriving the approximate expressions of the sampling
zeros as power series expansions with respect to a sampling period. The focus is on the evolution of the complex
plant for the sampling zeros with the design parameters «; of the GSHF. These parameters are only determined to
propose the GSHF that obtains sampling zeros as stable as possible, or with improved stability properties even when
unstable, for a given continuous-time multivariable system. The research is extended by obtaining the optimum
value of «; for sufficiently small sampling periods and a continuous-time plant, and meanwhile a new stability
condition of the sampling zeros is obvious weaker than that of ZOH or FROH case.

Key—Words: Stability properties, sampled-data multivariable models, sampling zeros, generalized sample hold
function, fast sampling, Taylor series expansions.

1 Introduction [3, 4, 26], go to unity while the remaining discretiza-
tion zeros [3, 26], which are due to sampling and mod-
It is well known that unstable zeros limited the achiev- ulation, go toward zeros of certain polynomia]s called
able control performance, particular if zero cancella- Euler [27, 28], normal [5] or reciprocal polynomials
tion techniques are used [1, 2]. When a continuous- [3, 29], completely determined by the value of the rel-
time system is discretized, poles p; are transformed ative order of the continuous-time system.
as p; — exp(p;T), where T is the sampling pe-
riod. The transformations of zeros, however, are For single-input, single-output (SISO) systems,
much more complicated and the stability of zeros is at least one of the limiting zeros lies strictly outside
not preserved in the discretization process in some the unit circle if the relative degree of a continuous-
cases [1]. Since it is generally impossible to derive a time transfer function is greater than or equal to three
closed-form expression between the continuous-time [1, 3, 5, 12, 21]. This fact indicates that even though
zeros and the discrete-time ones, the efforts were all the zeros of such a continuous-time system are sta-
devoted to the analysis of the discretization zeros ble, the corresponding discrete-time system has an un-
for fast sampling rates (i.e. limiting zeros), espe- stable zero in the limiting case as 7" tends to zero.
cially sampling zeros, in the earlier research studies Next, when the relative degree is one or two, a part of
[1,2,3,4,5,6,7,8,9,10, 11, 12, 13, 14, 15, 16, 17, limiting zeros are located just on the unit circle, i.e.,
18,19, 18, 20, 21, 22, 23, 24, 25]. in the marginal case of the stability. Thus, the asymp-
The key attempt to study this problem was consid- totic behavior of the limiting zeros is an interesting
ered by Astrom et al. [1], who described the asymp- issue because the limiting zeros are stable for suffi-
totic behavior of the discrete-time zeros for small 7" as ciently small 7" if they approach the unit circle from
functions of their continuous-time counterparts and of inside as 7" tends to zero. Hagiwara et al. [3] and Ishi-
the relative order of the system being discretized. Due tobi et al. [12] analyzed respectively the asymptotic
to this theorem, a part of zeros called intrinsic zeros behavior of the limiting zeros for the SISO models in
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the case of various holds and derived stability condi-
tions of the limiting zeros for sufficiently small 7'.

For multivariable systems, the zeros of discrete-
time system were firstly studied by Hayakawa et al.
[6]. They explored the locations of the limiting zeros
on the basis of the degrees of the infinite elementary
divisors [30]. Weller [7] also demonstrated Astrom et
al.’s result [1] can be extended directly to decouplable
multivariable systems. Furthermore, Ishitobi [8] and
Liang et al. [11] gave a new stability condition for
zeros of discrete-time systems when all the degrees
of the infinite elementary divisors are two and three.
In the process of research, the properties of zeros of
sampled multivariable systems were mainly discussed
in the case of a zero order hold (ZOH). In addition,
Liang et al. showed the stability of zeros may be im-
proved by using a fractional order hold (FROH) [17]
or a generalized sample hold function (GSHF) [23]
stead of ZOH.

Recently, Ishitobi et al. [31, 32] have analyzed
the asymptotic properties of the zeros of multivariable
sampled-data systems on the basis of the normal form
representation of the continuous-time system and have
also given an approximate expression of zeros of a
sampled-data system in the case of a ZOH as power
series with respect to a sampling period when all the
relative degrees of the continuous-time system are less
than or equal to two. This is a new approach which
using to the Taylor series expansions and relative de-
grees. Moreover, a new method is better than a old
way in terms of the simplicity and accuracy. How-
ever, from the result of Ishitobi et al. [31, 32], the
limiting zeros lie just on the unit circle when all the
relative degrees are one or two. Therefore, attention
should be directed to the improvement of stability of
limiting zeros for discrete-time multivariable systems.

In this paper, we continue the work of discretiza-
tion zeros by studying a GSHF as the hold function
instead of a ZOH. By using a GSHF, the asymptotic
properties and stability condition of the limiting ze-
ros of the continuous-time systems have been greatly
strengthened, and further the control performance has
been also improved. Our main results of the paper
analyze the asymptotic properties of the limiting ze-
ros of the sampled-data multivariable systems with a
GSHF by Taylor expansion with respect to a sampling
period when all the relative degrees of a continuous-
time transfer function are one and two. Furthermore, a
condition that assures stability of zeros for sufficiently
small sampling periods is given. Besides the obvious
differences in terms of techniques in studying the sta-
bility of discretization zeros in the case of a ZOH and
a GSHF, we feel that this study is important, espe-
cially for system analysis and design.
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2 System description

Consider a square time-invariant multivariable system
expressed by

s D

Co = lc1,c2,-+ , Cm)]

{x = AoZT + Bou
Sc :
y = Coz,

with a state vector * € R", an input vector u € R,
an output vector y € R™. It is assumed in this pa-
per that the system S¢ is minimal and decouplable
by static state feedback, and that the transfer function
matrix G5 = Co(sI — Ag) ! By has full rank.

Zeros of multivariable systems are defined in sev-
eral ways. Multivariable zeros can be termed system
zeros, invariant zeros, transmission zeros and So on.
In spite of many differences and ambiguities, all those
definitions of multivariable zeros refer or claim to be
extensions to those for SISO system. Then, the defi-
nition of invariant zeros, transmission zeros and sys-
tem zeros for the system all coincide and some of
the properties of zeros in SISO systems are inher-
ited in the discretization process [33]. Thus, these
zeros are simply called the zeros throughout this ar-
ticle. We denote the relative degree corresponding to
the ith output y; by 74, i.e., ciTAgi_lBo # 0T and
cFAlBy = 0T,j = 0,1,--- ,r; — 2. Then, the de-
coupling matrix D is represented as

C{Asl_lBO
C%WAZ;Q*IBO

2

C;;LAgm_lBo

and nonsingular from the assumption.

3 Zeros of approximate sampled-
data models with a GSHF

Let Sp be a sampled-data system of a series connec-
tion of a GSHF, the continuous-time system S¢ and a
sampler with a sampling period 7.

We are interested in the sampled-data model for
the continuous-time multivariable system (1) with a
GSHE. However, it is difficult to make a GSHF in
practice because it is generally composed of expo-
nential and sinusoidal functions. Thus, we consider
a piecewise constant GSHF (PC GSHF) defined by
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piecewise constant impulse responses [20, 21, 22, 23]

T
ar, t e [07 N)’
T 2T
W)= '€ ¥~ 3)
ay, te [(]V_Jvl)T,T).

Clearly, PC GSHF keep a regular partition in time of
sampling interval [0,7") as in the case of the ZOH
(see Fig. 1). When multiplicity output of PC GSHF
showed in Fig. 2 is considered, each sampling pe-
riod 7" is equally divided into N subperiods of length

A = N and the control input over the subinterval
[kT, Al is described by

w(kT + A) = u;(kT), (‘]_Nl)T

§T
< <
_A<N @

From (3),(4) can be rewritten as

uj(kT) = aju(kT), j=1...,N ®))
where «; is a real constant.
ZOH PC GSHF

Figure 1: Pulse response of a ZOH and a PC GSHF

This paper derives approximate models of the
sampled-data system Sp from the normal form repre-
sentation of the continuous-time system S¢, and gives
approximate expressions of the zeros of Sp as power
series with respect to a sampling period T'. Here, at-
tention is restricted to the case that some of the rel-
ative degree of S are one and the rest are two; i.e.,
r=-=7rp,=17rp41 = =1y =2 More
precisely, our focus is that the stability performance
of the discretization zeros can be greatly enhanced for
this situation.

It is assumed that the relative degrees
ri,--+,7p,0 < p < m for the outputs y1,---,yp
are one and the rest rpyq,--- 7, for the outputs
Yp+1,°* , Ym are two without loss of generality.
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u(kT)
) (kT) un(kT)
u (kT)
kT KA kTR2A k+DT

Figure 2: Multiplicity output of a PC GSHF

Then, the system matrix Cjy and the decoupling
matrix have the following form.

Cho C10Bo
C = D =
0 [ Cao ] ’ [ Ca0 Ao Bo ] ’
|D| #0, CBy=0 (6)

where C and Cyg are p x n and (m—p) X n matrices,
respectively.

First, a sampled-data model is derived from the
normal form of S¢. The normal form of (1) with r; =

ce=rp=1,1p41 =+ =1y = 2is expressed by
& = Ax + Bu
@)
y=Cx
Al A Az Au
A - O O I, O
Agr Azp Azz Ay
Asz1 Azx Aszz Az
B =[B 0 B 0],
c - (&) _ L, O O O
Cy O Iy, O O
where
T
T = [yfayg>yg;aUT] 7y1:[yl>"' 7yp}T7
T
Y2 = [WYpst1s 5 Um]
. . . T
y3:y2:[yp+17'” >?/m]
v = [me—p—l—la T 7xn]T , L= Sbfa

T AT A
Sy = [ Cip Cy (C4o)” W } )
[ A Ap Az Aug | = CioAeS;
[ Aot Az Asz Agy | = CaAjS; ",
A= 8,408, ", B = S,By,C = CyS, !
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and matrix W, Asy, Ass, Ass, A4 are necessarily ob-
tained by W By = 0and W Ay = A31C19+ A32Co0+
A3z3C90Ag+ A3y W . Further, the roots of the equation
|sI — As4| = 0 are zeros of S¢ and the following re-
lations hold.

By = C1B = C19By, C2B = Cy0By = O (8

By = CyAB = Cy A0 By (©)]

The following theorem holds.

Theorem 1 The zeros of a sampled-data system cor-
responding to a continuous-time transfer function (1)
withry = - =1y =1L rppg = - =71y =2
are given approximately in the case of a PC GSHF for
small sampling periods T by the roots of

|F1(2)Fs(2)| =0 (10)
where

Fr(z)=(z—1)I —TAs4

F (Z) = (Z+ 1)[4—62]\72@[6]1\7(0[) —C%\; (OJ)]CQ()A()B()DR
b [(e) - k()] enA3BoDr
ey (@)

where D is an m x (m— p) matrix which are defined
by[ Dy, DR]:Dil

Proof: First, the approximate sampled-data model
for multivariable decouplable continuous-time system
with a PC GSHF is derived. When multiplicity out-
put of PC GSHF showed in Fig. 2 is considered, each
sampling period 7" is equally divided into /N subperi-

ods of length A = — and the control input over the
subinterval [T, A] is described by

uj(kT) = oju(kT), j=1,...,N

where «; is a real constant.

Furthermore, It can be seen from Fig. 1 that a PC
GSHEF keeps a regular partition in time of sampling in-
terval [0, T) as in the case of the ZOH. Therefore, we
present an approximate sampled-data model for multi-
variable decouplable continuous-time system with PC
GSHF by means of the Taylor’s expansion formula in
the sampling subperiods when the input is a uq g, u x,
L UN

When the input is a uy (kT < up < (k++)7T),
one can obtain for sufficiently small sampling periods
that

Aive+ By an
(12)

Yett =

(r) _

Yy = b+ agayug
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where
r T 1 T 7
1 = ~ \r—1
N (r—l)!(N)
1 T
0 1 —)?
(r—2)!(N)
A1 = .
SN .
r
N
_0 0 1 ]
5 [1 T\ 1 Nt o7
lzi JE— — — - e —
Pl \N ) (r=1)\ N N |

Similarly, we give approximate asymptotic ex-
pressions of the outputy, 2, -, yk4+1 as power se-
N

ries expansions with respect to a sufficiently small
sampling period when the input is the ug g, - -+, un >
respectively. Deleting y, . Ly YNt to lead to

the approximate expressions of yj1:

yk_i_l:A]kVyk—}—(A]]CVfl + AiviQ + oo+ A+ I,)Bkbk

+(041Ag_1 +--F+an_1Ar + OéNIr>BkCLkuk

(13)
where
Ap = Ay = = Ak%
By=DBg1=-=D5 1

(OélA;CV_l 4+ +an_1Ar + aNIr)Bk =d (14)

and then

_ 1
1 T r
(r—1)!
Ter
a=lo 1t o | as
0 0 1]
o €1 . d
€= €9 T d,
d=[d d d_, 1"
Tr Tr—l T2 T
—, _ T
AT { r—1)! 2! ]
1T r U Tr_k r—k
d= FCN(O[)? k= (T — k-)lcN (Oé), (16)
k=1,2,- r—1
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where
N
cy(a) =) (A7) — Ajjay
j=1
J—1 J
Alj:].—T, A2]:1_N
It is assumed that the relative degrees
ri,--+,7p,0 < p < m for the outputs y1,---, ¥y,

are one and the rest rpyq1,--- , 7, for the outputs
Yp+1,-* »Ym are two. When a PC GSHF is used,
note that the relations @ = @ = --- = 0. It leads to
the derivatives of the output vector and the vector v
represented by x and u as

y1 = ClA:U+C1Bu

ih = C1A%z+ C1ABu (17)
72 = CoAxr+ CyBu

jo = CyA%z + CyABu
P = CuAPz+ CA’Bu (18)
0 = [ As1 Asy Aszy Asg |z (19)

In addition, a sampled-data state vector is defined
by 2 = [Y] 4 Y3 4> Y3 > Vf " where the subscript k
denotes the sampling instant ¢t = k7T, k =0,1,2,-- -,
and relations (17) and (18) are substituting into the
right hand side of (13). Meanwhile, Substituting (19)

into the right hand side of

o0

T .
Vk4+1 = E ka

=0

(20)

In the following, an approximate model of the
above sampled-data system is considered by neglect-
ing the higher order terms, and the approximate ex-
pression of the zeros is calculated. Here, the following
approximate expressions are treated.

Yk =y1k + T [C1Az + c}v(a)ClBuk]
T2
+57 [C1 A%y, + /(@) C1ABug| (21)

Y2.k+1=Y2.k + T2k
T2
‘f‘? [02A2$1g + C?\/‘(O{)CQABU}C]

3
—I—% [CgAgxk + c?’v(a)C’gAQBuk} (22)
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Yo 1 =02k + T [CoA%xy, + cjy(a) CoABuy
T2
+57 [CoA3zy, + A (a)C2 A Buy] (23)

Ukp1=vp +T| Az Asz Asz Asy |z 24)

Setting Y1,k = Ylk+1 = Y2,k = Y2,k+1 = 0 yields the
zeros of the sampled-data system such that

Z[y2,k]
Mo | Zlug] (25)
Z vy
where Z|.| denotes the z-transform and
Moi1 Moz Mois
Moo1r Moza  Moos
My = 26
0 Moz1 Mozz  Moss (26)
Mos1 Mosz  Moas
where
Moin = (—2z+ 1)1 +TAss,
T2
Moz = TC}V(Oé)CzAB+§C?V(a)CgAzB,
Moz = TAg, Moo = Ass,
T
Moz = cy(a)C1B+ Ec?v(oa)ClAB,
T
Muys = Aig,Moz1 =1+ 51423,
T T2
Mopzz = 56?\/(04)02143 + ycﬁ)’v(a)CzAQB,
T
Moz = §A24,
Mos T Azs, Mos2 = O,
Moas (—z+ 1)1 +TAs

Hence, the zeros of sampled-data system is obtained
by det(Mp) = 0.
From the relationship

Imy O —2I,_, O
O I. O 0
M= 5 5 o p My (27)
O O O  Iiomip

it is obvious that the condition det(M) = 0 is equiv-
alent to det(Mj) = 0. The matrix multiplication (27)
gives

My,

Moy (28)

(i

Moo
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where
—(Z+1)I Al
My= A13 ( )ClB+2CN( )ClAB
I—|-§A23 %C ( )CQAB—I—g, CN( )CQAZB
o(T?)
Mip= TA14 , My =[TAs3 O]
51424

MQQZ[(—Z + 1)[ + TA34]
Ar=Tley (@) = & (a)]C2AB

2
F B (0) — A ()]CaA%B

Simple calculation yields

|M| = |Maa||My1 — Mg My" Mo | (29)
and
O(TZ)
—1 ~ A14 1
Mo My, Moy T ot D)
51424
1
I———TA TA
X( (—z+1) 34>[ w O]
O(T3)
—| o) o (30)
O(TZ)

Note here that the order of each block matrix
of the left hand side in M;j; is lower than that in

M12M2_21M21, then we have
-1
|Mi1 — MiaMyy Moy| ~ | M|
Determinant calculation leads to

T
ck(a)C1B + gc%\,(a)ClAB
Mul=] 7 7?2
QICN( a)C2AB + ETCN( a)C2A’B

x|=(z+ 1)I — {T[cy(a) — ci(a)]CoAB

2
+ g [Bl) — ch(@]Car’
-1

i T
en(@)C1B + 5ici(a)CLAB
“I'T 2T
| R (@CAB + - k(0)C2A%B
[ A
X T
i I+ 51423
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Further, we have

[ T
ch(a)C1B + —C?V(a)ClAB
T %2 ,
I 2|CN( )CQAB"’ ?CN( )CQA B
- A%:s
X
i I+ EAQB
ch(a)l 0
= T D(I+D"
) Ec?\,(a)l (I+
1% (a) -
= C1AB
o) "
lcN(a)C’gAZB I+ §A23
33,() |
1ey(a
= ;V( )ClAB
~ |r-p1| 2 T| D!
}CN(OZ)C 2p
33 (a)
[ 1
0 A
O 2 I+ 2,/123
I Tef (@)
1
ch (oz)A13
~ [ DL Dr]| ™V
Tc3 (a)I
N
2
~ ———Dg
T3 ()

As aresult, it holds with a constant K that

(M| Ko|( = 1)I = TAgal x |(2 + 1)1
75 k(@) = ch(@)] cdoBoDr
T
+ 32 (ay [ (@) = ch(@)] e 4§ BoDr
=Ko|Fr(2)Fs(z)| 31)

The proof is completed. Q.E.D.

Remark 2 An approximate value of the sampling
zero is expressed as

(z+1I+ [ey(a) — & (a)]enAoBoDr

2
% (a)
+ BCQ:(Q) [ (@) — ¢ (a)]c0AZBoDr| = 0(32)

and the approximate values of the intrinsic zero are
derived from

[(z = 1) —TAz|=0 (33)
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Remark 3 It is found from Theorem 1 that sampling
zeros with a PC GSHF for a small sampling period T
are expressed approximately by the eigenvalues of ,
and that all of the zeros are stable, i.e., located strictly
inside the unit circle when all the erigenvalues of vy
have negative real parts, where

7= 2 @ [eh (@) — & (@)]c2040BoDr
N
+?)65@[C?V<a> — (a)]ex0 A3 Bo D

It is obvious to see the matrix y is a simpler expression
than the previous result [23].

Remark 4 Theorem 1 is applicable to also a
continuous-time system with multiple zeros by using a
similar approach, and furthermore, it is obvious that
(32) can definitely provide a more accurate approxi-
mate values for the sampling zeros in the case of the
relative degrees being one and two.

Next, we consider the case of N = 3 for the sake
of simplicity of the hold. Thus, we can choose the pa-
rameters «; so that the sampling zeros can be located
in a stable region for a sufficiently small 7". The sta-
bility condition of the limiting zeros for a sufficiently
small 7" is shown by the following theorem.

Theorem S Under the same assumption as Theorem
1, if all the zeros of Sc are stable and

rely| Aoz =)
daq1 + 3ag + ag

2(ag — Ta)
9(50{1 + 9as + ag)

Co0AoBoDr

CQOA%BODRT <0
(34)

where Re[\(.)] denotes a real part of the eigenvalues
of a matrix. Then all the zeros of Sp are stable for
sufficiently small sampling periods.

Proof: When N = 3, we have [34]

1
cy(a) = 5(041 +ag + az)
) 5 1
cyv(a) = ! + 392 + 903
cn(e) = Sart g0+ cas

27 27 9

From (32), simple straightforward calculation can ver-
ify that all of the sampling zeros with a PC GSHF are
stable, i.e., located strictly inside the unit circle if (34)
holds.

As a result, the proof is complete. Q.E.D.
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Remark 6 As in the foregoing statement, the sam-
pling zeros can be assigned inside the unit circle by
choosing design parameters co;(i = 1,--- N, N >
max{r;},j = 1,---,m) so that the sampling zero
polynomial of (10) is identical to a desired stable one,
though it seems difficult to derive explicit inequality
relations for N > 4.

Remark 7 Similarly, we can also obtain approximate
expressions of the zeros of sampled-data models as
power series with respect to a sampling period T in
the case of a PC GSHF when all the relative degrees
of continuous-time systems Sc are one and two. In-
deed, when some of the relative degrees of S¢ are one
and the rest are two, it is difficult to derive higher ap-
proximate expressions than in the following two cases
which all the relative degrees are one or two.

Remark 8 When some of the relative degrees of S¢
are one and the rest are two, and ZOH is used, the
limiting zeros of the discrete-time system for a suffi-
ciently small T' are inside the unit circle only if the
corresponding conditions are satisfied [9, 11]. The-
orem 5 means that the limiting zeros of the discrete-
time system can be assigned inside the unit circle by
choosing design parameters a;(j = 1,--- ,N) such
that (34) is hold, even the corresponding conditions
with ZOH is not satisfied. Therefore, the PC GSHF
with (34) will produce discrete-time models with all
the zeros stable for a wider class of continuous-time
plants than ZOH.

Remark 9 When PC GSHF is used as the signal re-
construction device, there exists some suitable param-
eters oij(j = 1,--- , N) so that all of the zeros can be
located in a stable region for a sufficiently small T.
However, the use of PC GSHF can give the theoret-
ical negative aspects [35, 36, 37, 38]. For example,
it is well known that essential characteristics of the
continuous-time system, such as intersample ripples
etc, can be artificially exhibited in the discrete-time
transfer function [39, 40]. Thus, it is still necessary
to preserve the stability of limiting zeros by appropri-
ately selecting design parameters of PC GSHF while
satisfying other performance requirements, such as
gain margin, intersample ripple, etc.

4 Example

This section presents an interesting example to show
the stability of sampling zeros with ZOH and PC
GSHF. It has shown that the stability of zeros will
be improved by using PC GSHF stead of ZOH. Both
kinds of the zeros are calculated by use of MATLAB.
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Example. Consider the following two-input-two-
output, fourth-order continuous-time system S¢ of a
helicopter [41] with the relative degrees ry = 1,7y =
2 as an example of Theorem 1 and Theorem 5.

—0.02 0.005 24 —32
A_ | 014 044 13 30
| 0 0018 —16 —-1.2 |’
0 0 10
0.14 —0.12
0.36 —8.6 0100
B=1 035 0.000 ’C_[o 0 0 1]
0 0

Hence, continuous-time system S¢ has one zero
z1 [42] and the value of the zero is calculated as
z1 = —0.018. Meanwhile, the discretized system
Sp with a PC GSHF has two zeros for sufficiently
small sampling periods. Because the zero of S¢ is
stable, one zero of Sp approaches the point z = 1
from inside the unit circle as the sampling period tends
to zero. The remaining zero of Sp reaches the point
z=—1.

The decoupling matrix is given by

o[ CuBy |_[036 —86
| C49By | | 0.35 0.009
Further
CgvoBoDR = —-31<0
CQOA%BODR = —-16<0

From Theorem 1 and Theorem 5, a sampling zero
is located strictly inside the unit circle for sufficiently
small sampling periods if

62(0&3 - Oél)

5(50&1 + 30&2 + Otg)

16(0[2 - 70(1)
45(5041 + 9as + 013)

T <0

Hence, the intrinsic zero z; and the sampling zero
zo are expressed approximately as, respectively

z1~1—0.018T
62(043 — 041) 16(042 — 7041)
2o —1+ e
5501 + 3ag + a3) 45(5bag 4+ 9as + )

On the other hand, we choose the suitable pa-
rameters «1, oo and az of a PC GSHF such that
the sampling zeros can be placed inside the unit cir-
cle. Furthermore, there exists a set of solutions av; =
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0.1, = 0.8, a3 = 0.3, then it follows that the ap-
proximate values and the exact values of the intrinsic
zero and the sampling zero of the sampled-data sys-
tem are respectively shown in Table 1 and Table 2 by
use of MATLAB, and Fig. 3 and Fig. 4 present re-
spectively the intrinsic zero and sampling zero in the
case of a PC GSHFE.

Table 1: Intrinsic zero of the sampled-data system
with PC GSHF

T | Approximate values (33) | Exact values
0.01 0.999820000 0.999820115
0.02 0.999640000 0.999640263
0.05 0.999100000 0.999100901

0.1 0.998200000 0.998202612
0.2 0.996400000 0.996408465

Table 2: Sampling zero of the sampled-data system
with PC GSHF

T | Approximate values (32) | Exact values
0.01 —0.225047830 —0.224967909
0.02 —0.224939088 —0.224821314
0.05 —0.224859822 —0.224671422
0.1 —0.224645156 —0.224111129

0.2 —0.224125731 —0.222907696
1%
o oessl
§ 0.9985 -
g 0.998
0.997 -
0.9965 -

0.996 . >
o 0.05 0.15

0.1
Sampling period

Figure 3: Intrinsic zero of the sampled-data model
with PC GSHF

Remark 10 When a continuous-time input u(t) is
generated by a ZOH or a PC GSHF, they have the
same intrinsic zero from Remark 2 and Example.
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-0.221

—0.2215

-0.222

—0.2225 -

-0.223

—0.2235

Sampling zero

—0.224

—0.2245

~0.225 IR

—0.2255 >
0 0.15

L
0.1

Sampling period

L
0.05 0.2

Figure 4: Sampling zero of the sampled-data model
with PC GSHF

Remark 11 [t is obvious that PC GSHF reduces to
ZOH for N = 1 or oy = --- = ay. The limiting
zeros for sufficiently small T in the case of a ZOH
are stable with relative degree 1 while it is unstable
with relative degree 2 in some case when the sum of
the zeros is less than or equal to the sum of the poles.
Thus, a ZOH provides no advantage over PC GSHF
with stability of the limiting zeros [21, 23].

5 Conclusions

This paper analyzes the asymptotic behavior of zeros
of sampled multivariable systems when a continuous-
time system with relative degrees being one and two is
discretized using a PC GSHF, and gives approximate
expression of the zeros as power series expansions
with respect to a sampling period. And further the
stability of the zeros is discussed when the sampling
periods tend to zero. Moreover, the results obtained
are useful for stability test of zeros of a sampled-data
system for small sampling periods without direct cal-
culation of the zeros. As a results of this work, it has
been shown that if the zeros of S are stable and (34)
holds, all of the zeros of the discrete-time multivari-
able system with the relative degrees being one and
two stay inside the stability for sufficiently small sam-
pling periods. The GSHF will produce discrete-time
multivariable systems with all stable zeros for a wider
class of continuous-time systems than ZOH. More im-
portantly, there always exists a range of «; for which
the GSHF zeros are more stable than their counter-
parts when using a ZOH or FROH device, namely,
as stable as possible or improved stability properties.
Hence, the main theorem of this paper is an extension
of the results of SISO systems to multivariable mod-
els.
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