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ABSTRACT. This paper considers a control system design for minimum-phase systems
that ensures the output follows the non-periodic reference input and periodic disturbances
are attenuated without repetitive control. In practical applications, a control system often
has to attenuate periodic disturbances and make the output follow a mon-periodic refer-
ence input. To achieve these requirements, repetitive control has been proposed. Repetitive
control can attenuate periodic disturbances. However, repetitive control typically results
in high-order controllers. To design a low-order controller that attenuates periodic dis-
turbances, the control system has to be designed without using repetitive control. In this
paper, the control system using a multi-period disturbance observer to attenuate peri-
odic disturbances is proposed. The multi-period disturbance observer uses a low-order
filter, and attenuate periodic disturbances using the period of disturbances. Since the
multi-period disturbance observer uses a low-order filter, it becomes possible to design the
low-order controller. However, there are no studies about a design method of the con-
trol system using the multi-period disturbance observer. To design a low-order controller
attenuating periodic disturbances, the transfer function from the disturbance to the out-
put must have a finite number of poles. A condition that the transfer function from the
disturbance to the output has a finite number of poles is clarified. In addition, the inter-
nal stability condition of the control system using the multi-period disturbance observer
that makes the number of poles finite is clarified. Based on these above conditions, a
design method of the control system using the multi-period disturbance observer is also
proposed.

Keywords: Disturbance observer, Disturbance attenuation, Low sensitivity control,
Minimum-phase systems, Multi-period disturbance observer

1. Introduction. Disturbance attenuation remains a critical issue in precision control
systems. According to the internal model principle, effective attenuation of step and ra-
mp disturbances requires the controller to include integrators or poles that match these
disturbances. However, many practical systems are perturbed by periodic disturbances
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composed of multiple harmonics, which can significantly degrade accuracy, particularly
in precision motion and power-conversion applications.

These challenges motivate low-order designs that address multi-harmonic periodic dis-
turbances without resorting to high-order internal models. To effectively attenuate peri-
odic disturbances, repetitive control that embeds an internal model has been proposed
[1]. In repetitive control, the controller places poles on the imaginary axis that coincide
with the harmonics of the periodic input. By the internal-model principle, embedding an
infinite set of such poles yields strong attenuation at the harmonic frequencies. Repet-
itive control is suitable for tracking periodic reference input with high accuracy and for
periodic-disturbance attenuation. For non-periodic references, Pipeleers et al. developed
a repetitive-control design [2].

However, repetitive control has some limitations. A limitation of repetitive control is
the undesired magnitude amplification at non-repetitive frequencies [3]. From the Bode
integral theorem, repetitive control typically worsens the amplitude of the response at
frequencies other than the one where performance is improved. Moreover, embedding the
internal model typically leads to high-order compensators, which increase computational
and tuning burden. These limitations motivate low-order alternatives that can address
multi-harmonic periodic disturbances without resorting to infinite internal models. Recent
extensions of repetitive-control ideas confirm the sustained interest in harmonic rejection
but also highlight persistent issues of controller order and tuning burden; hence, a low-
order alternative that avoids embedding infinite internal models is desirable [4, 5, 6].

For tracking non-periodic reference input, repetitive control is not always necessary to
make the output follow non-periodic references. To attenuate disturbances, a disturbance
observer is often used [7]. A disturbance observer estimates disturbances from available
measurements. Since the estimated disturbance by the disturbance observer can be used to
attenuate disturbances, many papers propose control systems using a disturbance observ-
er [8, 9, 10]. Kim et al. proposed a general-form disturbance observer that can estimate
high-order disturbances in the time domain [8]. Na et al. proposed a continuous-time
repetitive-control design aided by a disturbance observer for time-delay systems with
periodic references and disturbances [9]. Comprehensive reviews of disturbance observer
research are available in [10]. Because of its structural simplicity, the disturbance observer
has seen wide applications [7, 11, 12, 13, 14, 15, 16, 17]. The disturbance observer is used
for an application in a factory plant [13, 18]. In a motion control field, the disturbance ob-
server is often used to cancel the disturbances or to make the closed-loop system robustly
stable [7, 14, 15, 16, 17].

From a robust-control viewpoint, Mita et al. pointed out that disturbance observers
are not the only alternative for complete controller design [19]. In [19], extended Ho,
control was proposed as an effective motion-control method for disturbance cancella-
tion. From another viewpoint, Kobayashi et al. considered an observer design method
for obtaining phase compensation based on disturbance observers [20]. Compared with
phase-compensator-based designs, the control system in [20] is simple and easy to design.
In this way, robustness analyses of control systems incorporating disturbance observed
have been considered.

Another important control problem of the disturbance observer is the parameterization
problem, which is the problem of finding all disturbance observers for plants [21]. If the
parameterization of all disturbance observers is obtained, we can express previous research
of disturbance observers in a uniform manner. In addition, disturbance observers could
be designed systematically. From this viewpoint, parameterizations of all disturbance
observers and all linear functional disturbance observers for plants with any input-output
disturbances are examined [21, 22, 23, 24, 25]. Yamada et al. clarified the parameterization
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of all disturbance observers for disturbances with finitely many frequency components
[21]. For periodic disturbances, a periodic disturbance observer was proposed [22, 23, 24].
In [22, 23, 24], the parameterization of all periodic disturbance observers for periodic
output disturbance, periodic input disturbance and periodic input-and-output disturbance
is presented. The periodic disturbance observer does not always make the control system
stable. Yamada et al. considered this problem and proposed a control system using the
periodic disturbance observer for the periodic output disturbance [26]. The results of
(22, 23, 24, 26] have a remaining problem in that their method uses only one signal of the
periodic time before the present time. Phukapak et al. proposed a multi-period disturbance
observer and clarified the parameterization of all multi-period disturbance observers for
periodic output disturbances [25]. The multi-period disturbance observer can use multiple
signals of the periodic time before the present time.

However, no paper has examined a concrete design method for a control system using a
multi-period disturbance observer to attenuate periodic disturbances. This paper proposes
a design method for a control system that uses a multi-period disturbance observer to
attenuate periodic disturbances without using repetitive control. In contrast to repetitive
control, the proposed framework maintains a low controller order and admits a closed-form
synthesis that ensures a finite-pole disturbance-to-output transfer function.

This paper is organized as follows. Section 2 explains the problem considered in this pa-
per and proposes the control system using a multi-period disturbance observer for periodic
disturbance. Section 3 clarifies a condition that the transfer function from the disturbance
to the output has a finite number of poles. Section 4 clarifies a stability condition of the
proposed control system. Section 5 shows the control characteristics of the proposed con-
trol system. Section 6 considers a design of controllers for disturbance attenuation. Section
7 provides a design method of the control system to attenuate the multi-periodic distur-
bances effectively and to follow the non-periodic reference input without steady-state error
using the disturbance observer. In Section 8, the numerical example is illustrated to show
the effectiveness of the proposed design method. Section 9 gives concluding remarks.

2. Problem Formulation. Consider the plant described by

{ x(t) = Az(t) + Bu(t) (1)

y(t) = Cx(t) +d(t)

where z(t) € R" is the state variable, u(t) € R is the control input, y(¢) € R is the output,
d(t) € R is the periodic disturbance with period T' > 0 satisfying

dit+T)=d(t) (Vt>D0), (2)
A€ R B e R"and C € R Tt is assumed that (A, B) is stabilizable, (C, A) is
detectable, A has no eigenvalue on the imaginary axis, that is,
A Ev sl g} _0 (3)
has no root in the closed right half plane, and u(t) and y(t) are available, but d(t) is

unavailable.
From (1), we have

det [

y(s) = G(s)u(s) +d(s), (4)
where

G(s) = CO(sI — A)'B € R(s). (5)
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Here, y(s), u(s) and d(s) are denoted as y(s) = L [y(t)], u(s) = L [u(t)] and d(s) = L [d(t)],
respectively. Note that the assumption in (3) implies that G(s) has no zero in the closed
right half plane, that is, G(s) is of minimum-phase.

To design a control system such that the output y(¢) follows the non-periodic reference
input r(t) and the periodic disturbance d(t) is attenuated, we adopt the multi-period
disturbance observer for the output periodic disturbance in [25]. Using the multi-period
disturbance observer for periodic disturbances in [25], we propose a control system shown
in Figure 1. Here, Ci(s) € R(s) is the feedback controller, and Cy(s) is the controller
for multi-period disturbance observer. r(s) € R(s) is the non-periodic reference input
r(s) = L[r(t)] € R(s), di(s) € R(s) and dy(s) € R(s) are input signals to the control
system in Figure 1. Since the available measurements of the plant in (1) are u(s) and y(s),
d(s) is estimated by the form in

) =Y Fux(s)e " Try(s) + Z Fop(s)e™Teu(s), (6)

where Fii(s) € RHy (k=1,...,N) is of mlmmum—phase, Foy(s)€e RHy (k=1,...,N)
is of minimum-phase, and T € R > 0 is defined by

T =kT (k=1,2,...,N). (7)
According to [25], d(s) in (6) is called the multi-period disturbance observer if

ea(s) = d(s) — d(s) (8)

satisfies
lim e,(t) = lim (d(t) - cz(t)) —0, 9)
where e4(t) = L7 [eq(s)].
dy(s) d(s)
r(s) 4 u(s) L y(s)
———0— Ci(s) B * G(s) *
- - + +
Zsz e~ A ZFlk oI
d(s)
da(s)
Cs(s)

F1GURE 1. The control system using the multi-period disturbance observer

The parameterization of all Fix(s) € RHy (k= 1,...,N) and Fy(s) € RHy (k =
1,..., N) satisfying (9) for any initial state x(0), the control input «(¢) and the periodic
output disturbance d(t) is given by

ZFw s) + Q(s)D(s) (10)
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and
S Farls) = —N(s) - Q()N(s), (1)

where D(s) and N(s) are coprime factors of G(s) on RH, satisfying

N
6s) = B (12)
and Q(s) € RH, is any function satisfying
D(sk) + Q(sk)D(sk) =1 Vs (k=0,1,...), (13)
Sk = JWk, (14)

and j is the imaginary unit [25].

Using the multi-period disturbance observer for periodic disturbances, in general, the
transfer function from the disturbance d(s) to the output y(s) has an infinite number of
poles. In order to make the transfer function from d(s) to y(s) have a finite number of
poles, Cs(s) is chosen in the form

Cn(s)

Cs(s) = ,
2( ) 1+ Zszl Cdk(S)B_STk

where C,,(s) € R(s) and Cy(s) € R(s) (k=1,...,N).

The problem in this paper is to propose a design method for the control system in
Figure 1 to attenuate the periodic disturbance d(s), for the output y(s) to follow the
reference input r(s) and to make the transfer function from d(s) to y(s) have a finite
number of poles.

(16)

3. Condition for a Finite Number of Poles. In this section, we clarify the condition
that the transfer function from d(s) to y(s) in Figure 1 has a finite number of poles.
From Figure 1, the transfer function from d(s) to y(s) is given by

y(s) L+ 300 {(Can(s) + Ca(s) Far(s)) e}

d(s)  1+G(5)Ca(s)+ N {(1+G(5)C1(5)) Car(5) +Cn(s) (Far(5)+ G(s) Fun())} e_s?vl '7)

From this equation, we have the following theorem.

Theorem 3.1. The transfer function from d(s) to y(s) in (17) has a finite number of
poles if and only if the following expression holds true.

(1+ G(5)C1(5)) Can(s) + {Cin(8) Far(s) + Cu(5)G(s)Fir(s)} = 0 (k= 1,...,N). (18)

Proof: Necessity is shown. That is, we show that if the transfer function from d(s) to
y(s) has a finite number of poles, then (18) is satisfied. From the assumption that the
transfer function from d(s) to y(s) has a finite number of poles,

Z {(14 G(5)C1(5)) Cai(5) + Cn(s) (Far(s) + G(s)Fir(s))} e ¥k =0 (19)
k=1

is satisfied. This is equivalent to (18). Thus, the necessity is shown.

Next, the sufficiency is shown. That is, if the equation of (18) holds true, then the
transfer function of the control system shown in Figure 1 has a finite number of poles.
From the assumption that the equation of (18) holds true, we have
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N
Z {(1 4+ G(5)C1(5)) Car(s) + Cr(s) (Far(s) + G(5)Fip(s))}y e 5Tk = 0. (20)
k=1

Thus, the transfer function of the control system shown in Figure 1 has a finite number
of poles. 0

4. Stability Condition. In this section, we clarify the stability condition for the control
system in Figure 1. From the definition of internal stability [27], in order to keep the
stability of the control system in Figure 1, all signals in the closed loop have to be
bounded for every set of bounded inputs r(s), d(s), di(s) and dy(s) in Figure 1.

From this, we have the following theorem.

Theorem 4.1. Assume that the transfer function from d(s) to y(s) in (17) has a finite
number of poles. The control system in Figure 1 is internally stable if and only if the
following expressions hold true.

1) Cy(s) stabilizes G(s).

2) (jdk(8> € RH., (k?zz 1,2,... ,fV) mn (16).

3) Cy(s) € RHy in (16).

Proof: From the assumption that the transfer function from d(s) to y(s) in (17) has a
finite number of poles, (18) holds true. From the definition of internal stability, the control
system shown in Figure 1 is internally stable if and only if all functions Vj;(s) (i = 1, 2, 3;
Jj=1,2,3,4) belong to RH.,, where V;;(s) is a function denoted as

y(s) L/11(3) Lﬁg(s) Lﬁ3<s) Lﬁ4(3) T(S)

u(s)| = Vi) Vaalo) Vinlo) Vau(o)| | 1) (21)
d(s) Vai(s) Vaa(s) Vas(s) Vaa(s) d;<5)

with inputs d; (s) € R(s) and da(s) € R(s) in Figure 1. Here all functions V;;(s) (i = 1, 2, 3;
j=1,2,3,4) are described as

(1 +N C’dk(s)e’STk> G(s)Ci(s)

Via(s) = 1+ C1(s)G(s) ! (22)
(14 20 Car(s)e™ ™) + Culs) 0L, Firls)e T

Viale) = AR | )

_ G(5)Culs)

Visls) = 2 Cy(s)G(s)’ (24)
G(s) (1 + 3N Cdk(s)e_ST’“>

e OO I )
Oy (s) (1 +N Cdk(s)e_STk)

N E 5T -
Ci(s) (14 201 Car(s)e™T) + Culs) N, Fals)e T

Vas(s) = , (27)

14+ Ci(s)G(s)
Vas(s) = ——2% (28)
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1+ Z]kvzl Car(s)e 5Tk

Vau(s) = 1+ Ci(s)G(s) ) (29)
(1320 Carl)e™ ) Cu()G() L Fals)e T+ Co(9) 0 Fanls)e T

= [+ GHIG0) - (80)
(14 2 Carl)e™) (S, Faels)e ™ + Cu(s) S, Farls)e ™)

= 1+ G0 (5) - (B
Culs) (Gs) Dy Fusls)e™ ™ + 0L, Pauls)e ™)

Vasls) = 1+ G(5)C1(s) (82)

and

Via(s) = (1 S0 Cals)em™ ) (Gs) Tl Fiels)e™ + 0L Faels)e™™ ) (33)

1+ G(s)Ci(s)

The remaining problem is to show that Vi;(s) € RHy (i = 1,2,3; j = 1,2,3,4) is
equivalent to the expressions 1, 2, and 3. The necessity is shown. That is, we show that
if the control system in Figure 1 is stable, then C(s) stabilizes G(s), C,(s) € RH,, and
Ca(s) (k =1,...,N) € RHy. From (22)-(33), the control system shown in Figure 1
is stable, then zeros of 1 + G(s)Ci(s) must be in the open left half plane. According to
27], this is equivalent to expression 1. Since C(s) stabilizes G(s) and V;;(s) € RHx, it
is clear that C,,(s) € RH., and Y1, Cgi(s) € RH... This is equivalent to expressions 2
and 3. From the above discussion, we prove the necessity of Theorem 4.1.

The sufficiency is shown. That is, if Cy(s) stabilizes G(s), Cax(s) € RHy (k=1,2,...,
N), C,(s) € RHy, in (16), then the control system in Figure 1 is internally stable. From
the assumption that C)(s) stabilizes G(s), Cax(s) € RHy (k=1,2,...,N) and C,(s) €
RH in (16), it is clear that all functions V;(s) € RHy (i =1,2,3; j = 1,2,3,4) in (21).

From the above discussion, we have proved Theorem 4.1. O

5. Control Characteristics. In this section, we consider the control characteristics of
the control systems in Figure 1.

An input-output property of the control system in Figure 1 is specified by the transfer
function from r(s) to y(s) written by

Q

)C1(s)
()G (

y(s) = 7 (é
From (34), (10) and (11), the error e(s) = r(s)

S)r(s). (34)

y(s) can be written as
1
e(s)

BETADEOG (35)

From the internal model principle [28], for the output y(s) to follow the non-periodic
reference input r(s) without steady state error, C(s) needs to be written in the form

CI(S) = CT(S>C'1(S), (36)
where C,(s) is the internal model of 7(s) and C}(s) € R(s) has no zero of unstable poles
of C.(s).

The disturbance attenuation characteristics of the control system in Figure 1 are spec-

ified by the transfer function from periodic disturbance d(s) to the output y(s) written
by

+
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1+ S (Car(s) + Cr(s) Far(s)) e 5Tk}

() e e dls). (37)
From (37) and simple manipulation, if
> {0k + (Can(s) + Culs)Fa(s))}| =0 (k=12,...,), (38)

then the periodic disturbance d(s) is attenuated, where 0, (k = 1,..., N) is arbitrary real
number satisfying Zgil 0 = 1. From (38), we have

5k -+ (Odk(8> + Cn<S)FQk(8))| =0. (39)

S=Sg
From (39), the disturbance attenuation characteristics are specified using Cy(s) and C),(s)
of Cy(s) in (16).

Thus, the purpose of Ci(s) is to satisfy the input-output property, and the purpose
of Cy(s) is to satisfy the disturbance attenuation characteristics. This implies that the
control system shown in Figure 1 is a two-degree-of-freedom control system.

6. Design of Controllers C;(s) and Cz(s). In this section, we consider a design of
controllers C(s) and Cy(s) for disturbance attenuation. In order to have a finite number
of poles and to make a multi-periodic disturbance attenuate, (18) and (39) should be
satisfied.

From the discussion in the previous sections, C,(s) and Cy(s) of Cy(s) in (16) and
C1(s) need to satisfy (18) and (39). From (39), if C,,(s) and Cy(s) satisty

Z Cdk(S) + Cn(S) Z ng(S) = —1, (40)

then C,(s) and Cy(s) satisfy (39). Substituting (40) into (18), we obtain C,,(s). However,
C,(s) obtained by (18) and (40) is not always proper.
To overcome this problem, we change the problem to satisfy (39) by

N N
D Cuails) +Cul9) Y Farls) = —q(s), (41)
k=1 k=1

where ¢(s) € RH,, is a strictly proper low-pass filter given by

1
q(s) = m,

n > 0 is an arbitrary positive integer chosen so that C),(s) becomes proper and 7 > 0 is
an arbitrary small real number. The low-pass filter ¢(s) in (42) can attenuate the periodic
disturbance d(s) with frequency component w; satisfying

2ml
q(jw) ~ 1 (wl = %;l =0,1,... ,lmax) , (43)

(42)

where [, IS a maximum integer to be attenuated. From (41) and (11), C,(s) can be
rewritten by
N N
Cos) = _4(8) + 204 Carls) _ als) + 24y Canls) (44)

> et Far(s) (1+Q(s)) N(s)

From Theorem 3.1, C,,(s) and Cy(s) should satisfy (18). From (18), (10), and (11), simple
manipulation gives
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(14 G(s)Ci(s chk )+ Ch( (ZF% (S)ZFlk(8)>

= (14+G(s)

Mz

= 0. (45)
Since it is obvious that 1 + G(s)C4(s) # 0, we have

> Cals) =0. (46)
Substitution of (46) to (44) yields
Culs) = I (")

(1+Q(s)) N(s)
1

From the above discussion, C,,(s) and Cu(s) (k =
(46) and (47).

,...,N) are designed to satisfy

7. Design Method of the Control System. In this section, we provide a design
procedure of the control system shown in Figure 1. Using the above expressions, a design
procedure of the control system in Figure 1 is summarized as follows:

Design Procedure

Step 1. Obtain a pair of coprime factors N(s) and D(s) of G(s) in (12).

Step 2. Find the period T of disturbance d(t).

Step 3. Set N in (6). T (k=1,...,N) is given by (7).

Step 4. Q(s) € RH. is designed satisfying (13) and making 1 + Q(s) of minimum-
phase. Then, Fix(s) (k = 1,...,N) and Fy(s) (k = 1,...,N) are designed
satisfying (10) and (11), respectively.

Step 5. Spacify the reference input r(¢). Obtain the internal model C,.(s) corresponding
to r(t).

Step 6. C(s) is designed to satisfy (36) and to stabilize G(s).

Step 7. q(s) € RH,, in (41) is settled as (42) according to the frequency components of
the disturbance d(t).

Step 8. Cy(s) in (16) is designed. Cyr(s) € RHy (k=1,...,N) is settled to satisfy (46).
Cy(s) is given by (47).

8. Numerical Example. In this section, a numerical example is presented to demon-
strate the effectiveness of the proposed design method.

Consider the problem of designing the control system in Figure 1 to attenuate the
multi-periodic disturbance d(s) with period 7" = 27 and for the output y(s) to follow the
ramp reference input r(s) = 1/s% and to make the transfer function from d(s) to y(s)
have a finite number of poles for the minimum-phase system G(s) written by

s+1
= . 4
Gls) ~ 435 — 350 (48)
Coprime factors N(s) and D(s) of G(s) in (48) satisfying (12) are given by
1
N(s) = s (49)

s242s+1’
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and

s* — 43s — 350

. 20

s2+2s+1 (50)

To attenuate the multi-periodic disturbance d(s) with T = 27, Fix(s) and Fy(s) are
designed as

D(s) =

1 (107452 + 1.892s +0.993) (s — 50)(s +7)
N (s +1)2 (s 4 57s + 350)

F1k<5) = (51)

and
1 1.074 5%+ 1.892s + 0.993
FQk(S) = — 5
N (s+1)(s*+57s+ 350)
where N is any integer, k = 1,2,..., N, and Q(s) in (10) and (11) satisfying (13) is settled
as

(52)

2.074s + 58.8925s + 350.993
= — . 53
Q) s2 1 575 + 350 (53)

From a simple calculation, Q(s) in (53) satisfies (13). Moreover, 1 + Q(s) is minimum
phase.

C1(s) is designed to satisfy (36) and to stabilize G(s). We use

200(s +1)(s + 100
0y — 20+ 1o+ 100
C1(s) in (54) has two poles at the origin. This implies that 1/s% in (54) acts as the internal
model for ramp reference input r(t).

We choose the low-pass filter

. (54)

1
1%) = 50,0015 (55)
From (16), (47) and (46), Cy(s) is designed as
2 2
1
Cyls) = — (s 4+ 57s 4+ 350)(s* + 2s + 1) (56)

(0.001s + 1)(1.07452 + 1.8925 + 0.993) (s + 1)

The effectiveness of the control system in Figure 1 about the disturbance attenuation
is considered. Figure 2 shows the response of the output y(¢) in Figure 1 when N = 3,
for the disturbance d(t) given by

d(t) = Z sin(it). (57)

The dotted line in Figure 2 shows d(t) in (57), and the solid line in Figure 2 shows the
response of the output y(t) from the control system in Figure 1 when N = 3 for the
disturbance d(t) in (57). From Figure 2, it is clear that the control system in Figure 1
when N = 3 makes the response of y(t) for d(t) in (57) be close to 0. Figure 3 shows the
response of the error e(t) = r(t) — y(t) on the control system in Figure 1 when N = 3
for a ramp reference input r(¢) = t. From Figure 3, the error e(t) is close to 0 after 20
[sec]. This implies that the control system in Figure 1 when N = 3 has the performances
of tracking the non-periodic reference input.

The performances of the control system in Figure 1 when N = 3 are compared with
those of the following four control methods.

(i) OL — Feedforward control,

(ii) DF — Feedback control only using unity gain,
(iii) DF + C; — The feedback control only using C(s) without disturbance observers,
(iv) DOB — The control system in Figure 1 when N = 1.
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Here, the control system in Figure 1 when N = 1 is the same as the control system
using the periodic disturbance observer in [26]. The performance of the above four control
methods (i), (ii), (iii), (iv) and the proposed control system in Figure 1 when N = 3 is
evaluated by comparing the response of y(t) for d(t) in (57) from 0 [sec] to 30 [sec]. To
compare the performance of the above four control methods (i), (ii), (iii), (iv) and the
proposed control system in Figure 1, the following four indicators are used.

e Integral of squared error (ISE) given by

/0 " o, (58)

y().d(t)
(=]

0 5 10 15 20 25 30

FIGURE 2. Response of the output y(t) for the disturbance d(t) in (57)

0.05/
0.04 |
0.03}

0.02;

e
=1
=

r(t)-y(t)

(=1

-0.01

-0.02

-0.03}

-0.04— 1 L . . .
] 15 20 25
T[sec)

FIGURE 3. Response of the error e(t) = r(t) — y(t) for the ramp reference
input r(t) =t
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e Integral of absolute error (IAE) given by

/0 () dt, (59)

e Root-mean-square error (RMS) given by

\/ - / " e, (60)

e The percentage improvement based on the RMS.

The RMS directly reflects the average magnitude of the error over a period from 0 [sec]
to 30 [sec]. A lower RMS indicates that the corresponding control systems attenuate
the disturbance more effectively. The percentage improvement based on the RMS is an
indicater denoted by

RMSother - RMSProposed
RMSOther

The percentage improvement in (61) represents the difference between the RMS of each
of the four control methods and that of the proposed control system in Figure 1 when
N = 3. The results of the performances of the control system in Figure 1 and the methods
(i), (ii), (iii) and (iv) are shown in Table 1. Here, the column of Proposed in Table 1
shows the result of the control system in Figure 1 when N = 3. From Table 1, the RMS
of the proposed control system in Figure 1 when N = 3 is lower than those of control
methods (i), (iii) and (iv) except for method (ii), which makes the response of y(t) for
d(t) in (57) diverge. The RMS of the control system in Figure 1 when N = 1 achieves
0.07408, but its performance rapidly degrades under period mismatch and multi-frequency
disturbances.

Improvementy s (%) = x 100. (61)

TABLE 1. Steady-state tracking error metrics

Strategy ISE TAE RMS  Improvement [%)]
OL 42.6383  26.0273 1.19215 91.68
DF 00 00 00 100
DF+C;  0.92368 4.12084  0.17547 43.48
DOB 0.16447 0.94963 0.07408 —33.87

Proposed 0.29495 1.81477 0.09917 —

To show the effectiveness of the proposed design method of the control system in Figure
1, we compare the control system in Figure 1 when N = 3 and that of N = 1.

To confirm the performance of tracking r(t) = t, the error e(t) = r(t) — y(t) for r(t) = ¢
of the control system in Figure 1 when N = 3 and that of the control system in Figure 1
when N = 1 are shown in Figure 4. Here, the solid line in Figure 4 shows the error e(t)
of the proposed control system in Figure 1 when N = 3 and the dotted line in Figure
4 shows the error e(t) of the control system in Figure 1 when N = 1. In Figure 4, the
error e(t) for r(t) =t of the proposed control system using the multi-period disturbance
observer in Figure 1 when N = 3 is the same as that of the control system in Figure 1
when N = 1.

The response of the output y(¢) for d(¢) in (57) from the control system using the
multi-periodic disturbance observer in Figure 1 when N = 3 and that of N = 3 is also
shown in Figure 5. Here, the solid line shows the response of y(t) for d(t) in (57) from the
proposed control system in Figure 1 when N = 3, and the dotted line shows the response
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F1GURE 5. The response of the output y(t) for the disturbance d(t) in (57)

of y(t) for d(t) in (57) from the control system in Figure 1 when N = 1. In Figure 5, the
maximum absolute value of y(t) for d(¢) in (57) in the proposed control system using the
multi-periodic disturbance observer in Figure 1 when N = 3 is smaller than that of the
control system in Figure 1 when N = 1.

The control characteristics of the control system in Figure 1 when the actual period
of disturbance d(t) differs from 7" = 27 are confirmed. The response of y(t) for d(t) with
T = 47 from the proposed control system in Figure 1 when N = 3 and that of N =1
are shown in Figure 6. In Figure 6, the solid line shows the response of y(t) for d(t) with
T = 47 from the proposed control system in Figure 1 when N = 3, and the dotted line
shows the response of y(t) for d(t) with T = 4x from the control system in Figure 1 when
N = 1. From Figure 6, it causes the ripple in the response of y(t) for d(¢) with T' = 47 from
the control system in Figure 1 when N = 3 and that of N = 1. In the case of N = 3, the



426 S. SANGSARPAN, D. KOYAMA, N. T. MAI ET AL.

T

0.15 ===y(t) for N=1 —
—y(t) for N=3

y(®

-0.15 -1

-0.2 I | |
0 5 10 15 20 25

t[sec]

FIGURE 6. The response of the output y(t) for the disturbance with the
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FIGURE 7. Gain plots of the transfer function from d(s) to y(s) for the
control system in Figure 1 when N = 3 and that of N =1

absolute value of the ripple of y(t) for d(t) in Figure 1 in the steady-state is approximately
[9(t)|max = 2.950 x 1072, In the case of N = 1, the absolute value of the ripple of y(t) for
d(t) in Figure 1 in the steady-state is approximately |y(t)|max ~5.156 x 1072. Thus, the
ripple in the response of y(t) for d(t) from the proposed control system in Figure 1 when
N = 3 is smaller than that of N = 1. This implies that the proposed control system in
Figure 1 when N = 3 attenuates periodic disturbances more effectively than the control
system in Figure 1 when N = 1.

The gain plot of the transfer function from d(s) to y(s) for the control system in Figure
1 when N = 3 and that of N = 1 is shown in Figure 7. From Figure 7, at every 1 dB
intervals, the maximum gain of the transfer function from d(s) to y(s) for the control
system in Figure 1 when N = 3 is smaller than that of N = 1. This implies that the
proposed control system in Figure 1 when N = 3 can attenuate the disturbances, which
has the difference period from T' = 27, more than that of N = 1.

9. Conclusion. This paper proposed a design method for the control system using the
multi-periodic disturbance observer for the single-input/single-output minimum-phase
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systems. Using the proposed control system, we have designed a control system to at-
tenuate the periodic disturbance without using repetitive control. The condition that the
transfer function from the disturbance to the output has a finite number of poles is clari-
fied. The internal stability condition of the control system using the multi-periodic distur-
bance observer is also clarified. The control system using the multi-periodic disturbance
observer can make the ripple in the response of the output for the periodic disturbance be
smaller than that of using the periodic disturbance observer, even if the period of actual
periodic disturbances differs from that of the period considered when the control system is
designed. The control system using the multi-period disturbance observer can be applied
to the design of control systems with disturbance attenuation for periodic disturbances.
However, this paper does not consider an application of the proposed control system. In
addition, this control system cannot be applied to time-varying disturbances. These will
be considered in another paper.
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