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ABSTRACT. The simple repetitive control system proposed by Yamada et al. is a type of
servomechanism for the periodic reference input. In addition, simple repetitive control
systems make transfer functions from the periodic reference input to the output and from
the disturbance to the output have finite numbers of poles. Yamada et al. clarified the
parameterization of all stabilizing simple repetitive controllers. Recently, the parameteri-
zation of all robust stabilizing simple repetitive controllers for the plant with uncertainty
was clarified. However, they did not clarify the parameterization of all robust stabilizing
simple repetitive controllers for multiple-input/multiple-output plants. Since many real
plants include uncertainty and have multiple-input and multiple-output, this is the impor-
tant problem to solve. The purpose of this paper is to propose the parameterization of all
robust stabilizing simple repetitive controllers for multiple-input/multiple-output plants.
Keywords: Repetitive control, Uncertainty, Robust stability, Parameterization, Finite
numbers of poles, Multiple-input/multiple-output plants

1. Introduction. A repetitive control system is a type of servomechanism for periodic
reference inputs. That is, the repetitive control system follows the periodic reference
input without steady state error, even if a periodic disturbance or an uncertainty exists
in the plant [1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 13, 14, 15]. Many design methods for repetitive
control systems for strictly proper plants have been given [3, 4, 5, 6, 7, 8, 9, 10, 13].
These studies are divided into two types. One uses a low-pass filter [3, 4, 5, 6, 7, 8, 9, 10]
and the other uses an attenuator [13]. The latter is difficult to design because it uses
a state variable time-delay in the repetitive controller [13]. The former has a simple
structure and is easily designed. Therefore, the former type of repetitive control system
is called the modified repetitive control system [3, 4, 5, 6, 7, 8, 9, 10]. Recently, Chen
and Tomizuka proposed a structural configuration of the internal model in repetitive
control, so that designers have more flexibility in the repetitive loop-shaping design, and
the amplification of nonrepetitive errors can be reduced [11]. While Li has used a new
method affine parameterization perspective instead of an internal model perspective to
derive the controller, this method makes the classical prototype repetitive control scheme
extended to the angle-domain repetitive disturbance [12].

Using the modified repetitive controllers in [3, 4, 5, 6, 7, 8, 9, 10], even if the plant
does not include time-delays, transfer functions from the periodic reference input to the
output and from the disturbance to the output have infinite numbers of poles. This makes
it difficult to specify the input-output characteristic and the disturbance attenuation
characteristic. From the practical point of view, it is desirable that these characteristics
should be easy to specify. Therefore, these transfer functions should have finite numbers
of poles.
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In some cases, the uncertainties in the plant make the control system unstable. When
the uncertainties in the plant exist, the stability of the control system is known as robust
stability problem [21, 22, 23]. Yamada et al. proposed the parameterization of all ro-
bust stabilizing simple repetitive controllers for plants with uncertainties [23]. However,
the parameterization in [23]| cannot be applied to multiple-input/multiple-output plants,
because this parameterization is obtained using the characteristics of single-input/single-
output systems. For multiple-input/multiple-output time-delay plants, Sakanushi and Ya-
mada proposed the parameterization of all robust stabilizing simple repetitive controllers
[24] using the idea of predictive control. However, the method in [24] cannot apply for
non-time-delay plants. Many real plants include multiple-input and multiple-output. In
addition, the parameterization is useful to design stabilizing controllers [17, 18, 19, 20].
Therefore, the problem of obtaining the parameterization of all robust stabilizing simple
repetitive controllers for multiple-input/multiple-output plants is important.

In this paper, we propose the parameterization of all robust stabilizing simple repetitive
controllers for multiple-input/multiple-output plants such that the controller works as a
robust stabilizing modified repetitive controller and transfer functions from the periodic
reference input to the output and from the disturbance to the output have finite numbers
of poles. Obtained simple repetitive controllers make transfer functions from the reference
input to the output have finite number of poles, and it is easy to specify the input-output
characteristic and the disturbance attenuation characteristic. In addition, even if the
plant has uncertainty, this controller guarantees the stability of the control system. Using
obtained parameterization, we can easily design stabilizing simple repetitive controllers
for multiple-input /multiple-output plants as shown in Section 4.

2. Robust Stabilizing Simple Repetitive Control Systems and Problem For-
mulation. Consider the unity feedback control system in

y=G(s)u+d
Laze W

where G(s) € R™*P(s) is the plant, C(s) is the controller, u € RP is the control input,
d € R™ is the disturbance, y € R™ is the output and » € R™ is the periodic reference
input with period T satisfying

r(t+T)=r(t) (Vt>0). (2)

It is assumed that m < p. The nominal plant of G(s) is denoted by G,,(s) € R™*P(s).
Both G(s) and G,,(s) are assumed to have no zero or pole on the imaginary axis. In
addition, it is assumed that the number of poles of G(s) in the closed right half plane
is equal to that of G,,(s). The relation between the plant G(s) and the nominal plant
Gm(s) is written as

G(s) = (I + A(s))Gm(s), (3)
where A(s) is an uncertainty. The set of A(s) is all rational functions satisfying
g {AGw)} < Wr(jw)|  (Yw € Ry), (4)

where Wr(s) is a stable rational function.
The robust stability condition for the plant G(s) with uncertainty A(s) satisfying (4)
is given by

IT(s)Wr(s)lloe <1, ()
where T'(s) is the complementary sensitivity function written by

T(s) = (I + Gu(5)C(5)) ™ Gm(s)C(s). (6)
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According to [3, 4, 5, 6, 7, 8, 9, 10], in order for the output y to follow the periodic
reference input r with period 7" in (1) with small steady state error, the controller C(s)
must have the following structure

C(s) = Oy(s) + Co(s)e™*T (] — q(s)e*ST)_l , (7)
where ¢(s) € R™*™(s) is a low-pass filter satisfying ¢(0) = I and rank ¢(s) = m, and
C1(s) € RP*™(s) and Cy(s) € RP*™(s) satisfy rank Cy(s) = m. In the following, e =7 (I —
q(s)e™*T)~! defines the internal model for the periodic signal with period 7. According
to [3,4,5,6,7,8,9, 10], if the low-pass filter ¢(s) satisfies

a{l —q(jwi)} =0 (Vi=0,..., Nnax) , (8)
where w; are frequency components of the periodic reference input r written by
2
wi:%i (i=0,... Nowx) (9)

and wy, .. is the maximum frequency component of the periodic reference input r, then
the output y in (1) follows the periodic reference input r with small steady state error. The
controller written by (7) is called the modified repetitive controller [3, 4, 5, 6, 7, 8, 9, 10].

Using the modified repetitive controller C(s) in (7), transfer functions from the periodic
reference input r to the output y and from the disturbance d to the output y in (1) are
written as

y = (I+G(s)C(s) " G(s)C(s)r
= (I +A(8)Gnls) {Ci(s) + (Cas) = Ci(s)q(s)) e } [T+ (I + A(s)) G()Ca(s)
— [{I + (I + A(s))Gm(s)Cl(s)}q(s) — I+ A(s))Gm(s)Cg(s)}e_STrlr (10)
and
y=(I+G(s)C(s))"d
=(I- q(s)e’ST) [1+ (I + A(s)) G(s)Ci(s)
—[{I+ (I+A(s)Gn(s)Ci(s) }a(s) — (I + A(s))Gm(s)C’g(s)}e_ST]71d, (11)

respectively. Generally, transfer functions from the periodic reference input r to the
output y in (10) and from the disturbance d to the output y in (11) have infinite numbers
of poles, even if A(s) = 0. When transfer functions from the periodic reference input r to
the output y and from the disturbance d to the output y have infinite numbers of poles,
it is difficult to specify the input-output characteristic and the disturbance attenuation
characteristic. From the practical point of view, it is desirable that the input-output
characteristic and the disturbance attenuation characteristic are easily specified. In order
to specify the input-output characteristic and the disturbance attenuation characteristic
easily, transfer functions from the periodic reference input r to the output y and from the
disturbance d to the output y are desirable to have finite numbers of poles.

Definition 2.1. (Robust stabilizing simple repetitive controller for multiple-input/multi-
ple-output plants.) We call the controller C(s) a “robust stabilizing simple repetitive con-
troller for multiple-input/multiple-output plants”, if following expressions hold true:

1) The controller C(s) works as a modified repetitive controller. That is, the controller
C(s) is written by (7), where Cy(s) € RP*™(s), Ca(s) € RP*™(s) satisfy rank Cy(s) =
m and q(s) € R™*™(s) satisfies ¢(0) = I and rank ¢(s) = m.

2) When A(s) = 0, the controller C(s) makes transfer functions from the periodic refer-
ence input r to the output y in (1) and from the disturbance d to the output y in (1)
have finite numbers of poles.

3) The controller C(s) satisfies the robust stability condition in (5).
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3. The Parameterization of all Robust Stabilizing Simple Repetitive Con-
trollers for Multiple-Input/Multiple-Output Plants. In this section, we clarify
the parameterization of all robust stabilizing simple repetitive controllers for multiple-
input/multiple-output plants defined in Definition 2.1.

In order to obtain the parameterization of all robust stabilizing simple repetitive con-
trollers, we must see that the controller C(s) holds (5). The problem of obtaining the
controller C'(s), which is not necessarily a simple repetitive controller, satisfying (5) is
equivalent to the following H,, control problem. In order to obtain the controller C(s)
satisfying (5), we consider the control system shown in Figure 1. P(s) is selected such
that the transfer function from w to z in Figure 1 is equal to T'(s)Wr(s). The state space
description of P(s) is, in general,

i(t) = Az(t) + Biw(t) + Bau(t)
where A € Rnxnﬂ B, € Rnxr, By € Rnxp, C, € qun’ Cy € Rmxn7 Dy € qup, Doy €
R™7 x(t) € R", w(t) € R", z2(t) € RY, u(t) € R and y(t) € R™. P(s) is called the
generalized plant. P(s) is assumed to satisfy the following assumptions [21].

1) (Cy, A) is detectable, and (A, Bs) is stabilizable.
2) Dis has full column rank, and Ds; has full row rank.

3) rank [ A—wal 5122 } =n+p (Vw e R,),
rank [ c Doy } =n+m (Vw € R,).
W, L 2,
u -~ P(S) y
C(s) =

F1GURE 1. Block diagram of H,, control problem

Under these assumptions, the parameterization of all robust stabilizing simple repetitive
controllers for multiple-input/multiple-output plants is given by the following theorem.

Theorem 3.1. If simple repetitive controllers satisfying (5) exist, both
T _
X (A - BQDIQ(jl) + (A - BQDIQCl) X+ X {BlBlT By (D%,Dy) " Bg} X
T
+ (D13C1)” DL =0 (13)
and
T _
1% <A - BID;(JQ) n (A - BID;102> Y4y {ClTOl — I (Dy DY) 02} Y
+B,Dg (B.DS)" =0 (14)
have solutions X > 0 and Y > 0 such that
p(XY) <1 (15)
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and both

A~ ByDi,Cy + {BlBlT — B, (D%,Dyy) " Bg’} X (16)
and

A= BDLCy+ Y {CTCy - CF (DuDE) ™ o f (17)

have no eigenvalue in the closed right half plane. Using X and Y, the parameterization
of all robust stabilizing simple repetitive controllers satisfying (5) is given by

C(s) = (Z(5)Q(s) + Zuals) ) (Za(5)Q(s) + Zaals))
= (@) Za(s) + Zn()) (Q)Zu(s) + Zunls)) (18)

where Zi;(s) (i =1,2;5 = 1,2) and Zi;(s) (i = 1,2;j = 1,2) are written by

Zn(s) Zia(s) Cha(s) — Cra(s)Cyy' (5)Caz(s)  Cha(s)Cq' (s) ] (19)
Za(s)  Zaa(s) —C5;' (5)Caa(s) Coy'(s)
and
Zyi(s) Zha(s) | _ | Cals) — Cy(s5)Ciy (5)C1a(s)  Cra'(s)Cra(s) (20)
221(5) 222(5) 1 —Cas(s)C15' (s) Cr'(s) ’
and satisfy
[ Zos(s)  Zya(s) Z11(s) —212(3)]
I Zo(s) Zn(s) —Zn(s)  Za(s)
=17
Z11(s)  —Za(s) Zoa(s)  Zra(s)
[ 221 Zo(s) ] 221(3) Zn(s) ’ (21)
Cii(s) (i=1,2;5 =1,2) are given by
A. | Ba  Bo
Culs) Crals) — | Ca | Der Des (22)
021(8) 022(8) CCQ Dc21 D022

A.= A+ BBTX — By (DLCl + E;;B;X)

(I -yXx)! (Bngl + YC’ZTE;) (Cy + Dy BYX)

Bu=(I-YX)" (Blpgl + Y(J2TE2‘11> ,
By = (I -YX)" (By+YCTDy,) B,
Co = —D,C — ER'BIX, Coy = =By (Cy + Dy BTX)
Doy =0, Des = E,%, Doyt = By, Degy = 0,

Eyy = D{yDyy, Ey = Dy Dy,
and Q(s) € HEX™ is any function satisfying ||Q(s)||, < 1 and written by

Q) = (Qui(s) + Qua(s)e™T) (Qua(s) + Qua(s)e™T) ", (23)
Qna(s) = Gaa(s)Q(s) € RHZ™ (24)
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and

Qaa(s) = —G14(8)Gan(5)Q(s) € RHIX™. (25)

Here, G1,(s) € RHZ*™, G14(s) € RHI*™, Ga,(s) € RHTZ*P and Goy(s) € RHEP are
coprime factors satisfying

Z33(5) + Gin(s) Z12(5) = G1n(5)G1y (5) (26)
and
G1a (8) (Z21(5) + Gin(5) Z11(5)) = Gan(s)Gay (5). (27)
Qni(s) € RHP™, Quqi(s) € RH™™ and Q(s) € RHEX™ are any functions satisfying
0 {Z22(0) (Qa1(0) + Qa2(0)) + Z21(0) (Qn1(0) + @n2(0))} = 0, (28)
rank (an(s) - in(S)Qcﬁl(S)QdQ(S)) =m (29)

and rank Q(s) = m.

4. Numerical Example. In this section, a numerical example is illustrated to show the
effectiveness of the proposed approach.

Consider the problem to design a robust stabilizing modified repetitive controllers for
the set of plants G(s) written by (3), where

s+3 2
Gn(s) = (s —821583—1— 9) (s —82151—1— 9) (30)
(s—=2)(s+9) (s—2)(s+9)
and
s+ 400
Wr(s) = F0 (31)

The period T of the periodic reference input r is given by T' = 4[sec].

Using Theorem 3.1, we have the parameterization of all robust stabilizing simple repet-
itive controllers. We settle the parameters in (23) as Qg1(s) = I and Qn1(s) = —5007. In
addition, Qn2(s) and Qgo(s) are settled by (24) and (25), where Q(s) is given by

Q(s) = Hi(5)3:(s) (Qur(s) — Caz(5)Qma(s)) (32)
where H, € RHPX™ is an outer function of H(s) written by
H(s) = G14(s)Gan(s) + C22(s)Gaa(s) (33)
satisfying
H(s) = H;(s)H,(s), (34)

H](s) is pseudo inverse of H,(s) satisfying H](s)H,(s) = I and g,.(s) is a low-pass filter
written by
1
0.01s+1 0
_ 0ls
gr(s) = . : (35)
0 -
0.01s+1
Using above-mentioned parameters, we have a robust stabilizing modified repetitive
controller. When A(s) is written by

s—100  —100
_ | s+500 s+ 600
A =1 " o005 100 (36)

54500 s+ 600
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and the designed robust stabilizing modified repetitive controller C'(s) is used, the tracking
error e(t) = r(t) — y(t) in (1) for the periodic reference inputs r

o (T
)= QSm((f;))

is shown in Figure 2. Here, the broken line shows the response of the periodic reference
input 7 (t), the dotted line shows that of the periodic reference input ro(t), the solid line
shows that of the error e;(t) and the dotted and broken line shows that of the error es(t).

Figure 2 shows that the output y follows the periodic reference input r with small steady
state error, even if the plant has uncertainty A(s).

r(t) = [ (37)

2 St B - B ‘
i Il
1507 ¢ Do : B 0 |
P P P : | — &0
F E S R looleft)
- - : N - B N - : 2
1*::'1'\2: G _:,,\\'—: VAN L
TIRE: EE HE SR TIRY
= HEERT 3 L oy 500 g v
oS koY gL e
s 4 T ot A TR
~A ] ¥ 1 5 2 [ H R 1 t
) 0 5 1 A 1 i i . L i
g N
= U N S U T N
£-0.5- YooK LR ao k A ,’ A
! v RUE aq ! B : U
i’ B L W U E AN
L E BN E A B ) IS
-1+ N\, PN : ‘vl “I: \l a
-1.5¢ 1
-2 I I I I Lone LsE i
0 2 4 6 8 10 12 14 16 18 20
t[sec]

FIGURE 2. Response of the error e(t) for the reference input r(t)

In this way, we find that it is easy to design a robust stabilizing simple repetitive
controller using Theorem 3.1.

5. Conclusions. In this paper, we proposed the parameterization of all robust stabiliz-
ing simple repetitive controllers for multiple-input/multiple-output plants such that the
controller works as a robust stabilizing modified repetitive controller and transfer func-
tions from the periodic reference input to the output and from the disturbance to the
output have finite numbers of poles. Since the robust stabilizing simple repetitive control
system has merits, for example, the stability of control system with uncertainty is guar-
anteed and the robust stabilizing simple repetitive control system can be easily designed,
the practical application of the robust stabilizing simple repetitive control is expected.
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