
International Journal of Innovative
Computing, Information and Control ICIC International c⃝2024 ISSN 1349-4198
Volume 20, Number 5, October 2024 pp. 1381–1397

CONTROL SYSTEM TO ATTENUATE PERIODIC DISTURBANCE
WITHOUT USING REPETITIVE CONTROL

Yu Yamada1, Hoang Minh Tien2, Sorawin Phukapak3

Chawisorn Phukapak4, Nghia Thi Mai5, Kotaro Hashikura6

Md Abdus Samad Kamal6, Iwanori Murakami6 and Kou Yamada6

1Graduate School of Science and Technology
2Faculty of Science and Technology

6Division of Mechanical Science and Technology
Gunma University

1-5-1 Tenjincho, Kiryu 376-8515, Japan
{ t182b008; t200B903; k-hashikura; maskamal; murakami; yamada }@gunma-u.ac.jp

3Faculty of Technology
Udon Thani Rajabhat University

64 Thaharn Road, Muang, Udon Thani 41000, Thailand
sorawin.ph@udru.ac.th

4Faculty of Engineering
Rajabhat Maha Sarakham University

80 Nakhon Sawan Road, Mueang, Maha Sarakham 44000, Thailand
chawisorn.p@rmu.ac.th

5Department of Electrical and Electronic 1
Posts and Telecommunications Institute of Technology

Km10, Nguyen Trai, Ha Dong District, Hanoi 151090, Vietnam
nghiamt@ptit.edu.vn

Received January 2024; revised May 2024

Abstract. In this paper, we propose a control system to attenuate periodic disturbance
using disturbance observer. It is well known that repetitive control is effective for track-
ing periodic reference inputs and suppressing periodic disturbances. However, when the
reference input is non-periodic input, repetitive control is not necessary. For the output
to follow the non-periodic reference input, a robust higher-order repetitive control is pro-
posed by Pipeleers et al. However, this remains the difficulty to reduce order of controller.
In this paper, in order to overcome this problem, we propose a new control system to at-
tenuate periodic disturbance using the disturbance observer for periodic disturbances.
Keywords: Disturbance observer, Non-periodic reference input, Periodic disturbance

1. Introduction. In this paper, we propose a design method of control system to at-
tenuate the periodic disturbance and to follow the non-periodic reference input using
disturbance observer without using repetitive control. Repetitive control is a well known
method for the output to track a periodic reference input and to attenuate periodic distur-
bances [1]. However, repetitive control is not necessary when the input is a non-periodic
input [2]; however, when the disturbance is a periodic disturbance, repetitive control is
used to suppress the disturbance. For the output to follow the non-periodic reference
input, a robust higher-order repetitive control [3] is proposed. However, this remains the
difficulty to reduce order of controller.
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In order to design control systems to follow non-periodic reference input and to at-
tenuate periodic disturbance without using repetitive control, we have a possibility to
use disturbance observer that can estimate the disturbance, since disturbance observers
can estimate the disturbance [5, 6, 7, 8]. A disturbance observer is used to estimate the
disturbances in the factory plant [9], and various studies are examined [5, 6, 7, 8]. In addi-
tion, many studies are studying on disturbance observer control systems that utilize these
studies [10, 11, 12, 13, 14]. Currently, the applications of disturbance observers have been
used in many control systems such as a motion-control field [15, 16, 17]. A disturbance
observer is used in motion control to cancel the disturbance or to make the closed-loop
system robustly stable [18, 19, 20]. Typically a disturbance observer includes a distur-
bance signal generator and an observer, and the disturbance that normally considered a
step disturbances is estimated by the observer. Since the disturbance observer is simple
to understand the structure, it is used in many cases [18, 19, 21].
Mita et al. pointed out that disturbance observers are not the only alternative design of

complete controllers [20]; extended H∞ control in [20] has therefore been proposed as an
effective motion control method that cancels disturbances. From another point of view,
Kobayashi et al. considered an observer design method for obtaining phase compensation
based on disturbance observers [21]. Another important control problem is the parame-
terization problem which is the problem of finding all stable controllers for the plant [22].
Since if the parameterization of all disturbance observers for any disturbances could be
obtained, we could express results from previous studies of disturbance observers in a uni-
form manner, in addition, disturbance observers for any disturbances could be designed
systematically, Yamada et al. examined the parameterization of all disturbance observers
[23]. There exists another study that motion control realization bases on the disturbance
observer and the Kalman filter [15]. This study realizes high robustness against distur-
bance, parameter variations, effective noise suppression and wideband force sensing by
using disturbance observer and Kalman filter. In this way, the research on disturbance
observer has been progressed.
Resently, the parameterization of all disturbance observer for the periodic disturbance

was clarified [4]. Using this parameterization in [4], we have a possibility to design a
control system to follow non-periodic reference input and to attenuate periodic disturbance
without using repetitive control. However, no paper tackles this problem.
In this paper, in order to overcome this problem, we propose a design method for control

system to attenuate the periodic disturbance effectively and to follow the non-periodic
reference input without steady state error using disturbance observer. We show that the
disturbance can be sufficiently attenuated by using a disturbance observer and the output
follows the non-periodic reference input. This paper is organized as follows. In Section 2,
we propose a control system and explain the problem considered in this paper. In Section
3, we clarify the condition that the transfer function from the disturbance to the output
has a finite number of poles. In Section 4, the stability condition for the control system
is presented. In Section 5, it is shown control characteristics of the control system. In
Section 6, we present a design method for the control system. In Section 7, we provide a
numerical example to illustrate the effectiveness of the proposed method. Section 8 gives
concluding remarks.

2. Problem Formulation. Consider the plant described by{
ẋ(t) = Ax(t) +Bu(t)

y(t) = Cx(t) + d(t)
, (1)
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where x ∈ Rn is the state variable, u ∈ R is the control input, y ∈ R is the output to
follow the non-periodic reference input r ∈ R, d ∈ R is the periodic output disturbance
with period T > 0 satisfying

d(t+ T ) = d(t) (∀t ≥ 0), (2)

A ∈ Rn×n, B ∈ Rn and C ∈ R1×n. It is assumed that (A,B) is stabilizable, (C,A) is
detectable, A has no eigenvalue on the imaginary axis,

det

[
A− sI B

C 0

]
= 0 (3)

has no root in the closed right half plane, and u(t) and y(t) are available, but d(t) is
unavailable. The transfer function in (1) is denoted by

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

where
G(s) = C(sI − A)−1B ∈ R(s), (5)

y(s) = Ly(t), u(s) = Lu(t) and d(s) = Ld(t). Note that the assumption in (3) implies
that G(s) in (5) is assumed to have no zero in the closed right half plane, that is, G(s)
assumed to be of minimum phase.

In order to make a control system such that the output y(t) follows the non-periodic
reference input r(t) and the periodic disturbance d(t) is attenuated, we adopt the distur-
bance observer for the periodic disturbance [4]. Using the disturbance observer for the

periodic disturbance, we propose a control system in Figure 1. Here, d̃(s) is a disturbance
observer for periodic disturbance [4] written by

d̃(s) = F1(s)e
−sTy(s) + F2(s)e

−sTu(s), (6)

C1(s) ∈ R(s) is the feedback controller, C2(s) ∈ R(s) is the controller for disturbance
observer, F1(s) ∈ RH∞, F2(s) ∈ RH∞ and r(s) = Lr(t).

Figure 1. Structure of a disturbance observer system

According to [4], the parameterization of all F1(s) and F2(s) satisfying

lim
t→∞

e(t) = lim
t→∞

(
d(t)− d̃(t)

)
= 0 (7)

for any initial state x(0), control input u(t) and periodic output disturbance d(t) is given
by

F1(s) = D(s) +Q(s)D(s) ∈ RH∞ (8)

and

F2(s) = −N(s)−Q(s)N(s) ∈ RH∞, (9)
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where D(s) ∈ RH∞ and N(s) ∈ RH∞ are coprime factors of G(s) on RH∞ satisfying

G(s) =
N(s)

D(s)
, (10)

respectively, and Q(s) ∈ RH∞ is any function satisfying

D(si) +Q(si)D(si) = 1 ∀si (i = 0, 1, . . .), (11)

si = jωi, (12)

ωi =
2πi

T
(i = 0, 1, . . .) (13)

and j is the imaginary unit.
Here, substituting (4) to (6), we have the following equation,

d̃(s) = F1(s)e
−sT (G(s)u(s) + d(s)) + F2(s)e

−sTu(s). (14)

Substituting (8), (9) and (10) to (14), we have

d̃(s) = (D(s) +Q(s)D(s))e−sT

(
N(s)

D(s)
u(s) + d(s)

)
− (N(s) +Q(s)N(s))e−sTu(s), (15)

and summarizing (15), we have the following equation

d̃(s) = (N(s) +Q(s)N(s))e−sTu(s) + (D(s) +Q(s)D(s))e−sTd(s)

− (N(s) +Q(s)N(s))e−sTu(s). (16)

Therefore, we have the following equation

d̃(s) = (D(s) +Q(s)D(s))e−sTd(s). (17)

From (11), the following equation

d̃(si) = d(si) ∀si (i = 0, 1, . . .) (18)

holds true. Thus, it can be seen that (6) estimates the disturbance d(s) and (7) holds
true from (18).
Using the disturbance observer for periodic disturbances, in general, the transfer func-

tion from the disturbance d(s) to the output y(s) has infinite number of poles. In order
to make the transfer function from d(s) to y(s), C2(s) is set as the form in [24]

C2(s) =
Cn(s)

1 + Cd(s)e−sT
, (19)

where Cn(s) ∈ RH∞ and Cd(s) ∈ RH∞.
The problem considered in this paper is to propose a design method for control system

in Figure 1 to attenuate the periodic disturbance d(s), for y(s) to follow the reference
input r(s) and the transfer function from d(s) to y(s) has finite number of poles.

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

y(s)

d(s)
=

1 + (Cd(s) + F2(s)Cn(s))e
−sT

1 + C1(s)G(s) + {(1 + C1(s)G(s))Cd(s) + (F1(s)G(s) + F2(s))Cn(s)}e−sT
. (20)

From this equation, we have the following theorem.

Theorem 3.1. The transfer function from d(s) to y(s) has finite number of poles if and
only if
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(1 + C1(s)G(s))Cd(s) + (F1(s)G(s) + F2(s))Cn(s) = 0 (21)

holds true.

Proof: It is obvious from (20). �
From Theorem 3.1, C2(s) in (19) is settled satisfying (21). A design method for C2(s)

satisfying (21) will be described in Section 6.

4. Stability Condition. In this section, we clarify the stability condition for the control
system in Figure 1.

From the definition of internal stability [25], when all transfer functions Vi(s) (i =
1, 2, 3, 4) written by [

u(s)

y(s)

]
=

[
V1(s) V2(s)

V3(s) V4(s)

] [
r(s)

d(s)

]
(22)

are stable, the control system in Figure 1 is stable.
On the stability of the control system in Figure 1, we have the following theorem.

Theorem 4.1. The control system in Figure 1 is stable if and only if the following con-
ditions are satisfied.

1) C1(s) stabilizes G(s). That is, all transfer functions C1(s)G(s)/(1 + C1(s)G(s)),
G(s)/(1 + C1(s)G(s)), C1(s)/(1 + C1(s)G(s)) and 1/(1 + C1(s)G(s)) are stable.

2) Cd(s) ∈ RH∞ in (19).
3) Cn(s) ∈ RH∞ in (19).

Proof: From Figure 1, all transfer functions Vi(s) (i = 1, 2, 3, 4) in (22) are written by

V1(s) =
C1(s)

1 + C1(s)G(s)
, (23)

V2(s) =
−C1(s) + (−C1(s)Cd(s)− F1(s)Cn(s)) e

−sT

1 + C1(s)G(s) + ((1 + C1(s)G(s))Cd(s) + (F1(s)G(s) + F2(s))Cn(s)) e−sT
,(24)

V3(s) =
C1(s)G(s)

1 + C1(s)G(s)
(25)

and

V4(s) =
1 + (Cd(s) + F2(s)Cn(s)) e

−sT

1 + C1(s)G(s) + ((1 + C1(s)G(s))Cd(s) + (F1(s)G(s) + F2(s))Cn(s)) e−sT
. (26)

Substitution of (21) for (24) and (26) gives

V2(s) =
−C1(s) + (−C1(s)Cd(s)− F1(s)Cn(s))e

−sT

1 + C1(s)G(s)
, (27)

and

V4(s) =
1 + (Cd(s) + F2(s)Cn(s)) e

−sT

1 + C1(s)G(s)
. (28)

We will prove all transfer functions in (23), (25), (27) and (28) are stable if and only if
C1(s) stabilizes G(s), Cn(s) ∈ RH∞ and Cd(s) ∈ RH∞. First necessity is shown. That is
if the control system in Figure 1 is stable, C1(s) stabilizes G(s), Cn(s) ∈ RH∞ and Cd(s) ∈
RH∞. From (23), (25), (27) and (28), if C1(s)G(s)/(1+C1(s)G(s)), G(s)/(1+C1(s)G(s)),
C1(s)/(1 + C1(s)G(s)), 1/(1 + C1(s)G(s)), Cn(s) and Cd(s) are unstable, then transfer
function in (23), (25), (27) and (28) are unstable. Thus, the necessity is shown.
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Conversely if all transfer functions C1(s)G(s)/(1 + C1(s)G(s)), G(s)/(1 + C1(s)G(s)),
C1(s)/(1 + C1(s)G(s)), 1/(1 + C1(s)G(s)), Cn(s) and Cd(s) are stable, it is obvious that
transfer functions in (23), (25), (27) and (28) are stable. The sufficiency is shown.
We have thus proved Theorem 4.1. �
In this section, the stability condition has been clarified.

5. Control Characteristics. In this section, we explain control characteristics of the
control system in Figure 1.
First, the input output characteristic of control system in Figure 1 is shown. The transfer

function from the reference input r(s) to the output y(s) and that from the reference input
r(s) to the error er(s) = r(s)− y(s) are written by

y(s) =
C1(s)G(s)

1 + C1(s)G(s)
r (29)

and

er(s) = r(s)− y(s) =
1

1 + C1(s)G(s)
r(s), (30)

respectively. In order for the output y(s) to follow the non-periodic reference input r(s)
without steady-state error, from the internal model principle [26], C1(s) is written by the
form

C1(s) = Cr(s)C̄1(s), (31)

where Cr(s) is model of the reference input r(s) and C̄1(s) ∈ R(s). Therefore, C1(s) needs
to be written by (31) and stabilizes G(s).
Next, the disturbance attenuation characteristic is shown. Transfer functions from the

periodic disturbance d(s) to the output y(s) is written by

y(s) =
1 + (Cd(s) + F2(s)Cn(s)) e

−sT

1 + C1(s)G(s)
d(s). (32)

Therefore, in order to attenuate periodic disturbances d(s), it is necessary to satisfy

1− (Cd(s) + F2(s)Cn(s))|si=j 2πi
T

= 0 (i = 0, 1, 2, . . .). (33)

From (33), the disturbance characteristic is specified using controllers Cd(s) and Cn(s) of
C2(s) in (19).
Therefore, the purpose of C1(s) is to specify the input/output characteristics, and the

purpose of C2(s) is to specify the disturbance attenuation characteristics. This implies
that the control system in Figure 1 is a two-degree-of-freedom control system.

6. Design Method for C1(s) and C2(s). In this section, we present a design method
for C1(s) and C2(s) to attenuate the periodic disturbance d(s) and for the output y(s) to
follow the non-periodic reference input r(s).
From the discussion in previous sections, Cn(s) and Cd(s) in C2(s) in (19) and C1(s)

need to satisfy (21) and (33). From (33), if Cn(s) and Cd(s) satisfy

Cn(s)

Cd(s)
= − 1

F2(s)
, (34)

then Cn(s) and Cd(s) satisfy (33). By substituting (34) to (21) and solve, then the solution
is Cn(s). Thus, we cannot design Cn(s) and Cd(s) satisfying (34).
In order to overcome this problem, we change the problem to satisfy (33) by

Cd(s) + F2(s)Cn(s) = −q(s), (35)
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where q(s) ∈ RH∞ is a strictly proper low-pass filter written by

q(s) =
1

(1 + τs)nq
, (36)

nq > 0 is positive integer and τ > 0 is small real number. In the frequency range satisfying

q(si) ≃ 1 (i = 0, 1, . . . , kmax), (37)

frequency component of the periodic disturbance d(s) is attenuated, where kmax is maxi-
mum integer.

Equation (35) is rewritten by

Cn(s) = −q(s) + Cd(s)

F2(s)
. (38)

Substituting (38) to (21), we have

Cd(s) =
(F1(s)G(s) + F2(s))q(s)

(F2(s)C1(s)− F1(s))G(s)
. (39)

From Theorem 4.1, in order to make the control system in Figure 1 stable, the stability
Cn(s) ∈ RH∞ and Cd(s) ∈ RH∞ must be satisfied. First, we will clarify that the condition
to hold Cd(s) ∈ RH∞ in (39). Since (39), (8), (9), (36), the assumption that G(s) is of
minimum phase, F1(s) ∈ RH∞, F2(s) ∈ RH∞, q(s) ∈ RH∞, 1/G(s) has no pole in the
closed right half plane. Therefore, Cd(s) in (39) is stable if F2(s)C1(s)−F1(s) ∈ U , where
U is unimodular, that is, F2(s)C1(s) − F1(s) ∈ U implies F2(s)C1(s) − F1(s) ∈ RH∞
and 1/(F2(s)C1(s) − F1(s)) ∈ RH∞. In addition, Cd(s) is proper if relative degree of
(F1(s)G(s) + F2(s)) q(s) is greater than or equal to that of G(s). From (8) and (9), F1(s)
is bi-proper and F2(s) is strictly proper. Therefore, F1(s)G(s) + F2(s) is bi-proper. This
implies that if q(s)/G(s) is proper, then Cd(s) is proper. In this way, we find that if the
relative degree of q(s) is greater than or equal to G(s) and F2(s)C1(s)− F1(s) ∈ U , then
Cd(s) ∈ RH∞ in (39). Second, we will clarify that the condition of Cn(s) ∈ RH∞ in (38).
From (38), if F2(s) is of minimum phase and relative degree of q(s) + Cd(s) is greater
than or equal to F2(s), Cn(s) ∈ RH∞ is satisfied. Since F1(s) in (8) is bi-proper, G(s)
is strictly proper, and F2(s) in (9) is strictly proper, then F1(s)G(s) + F2(s) is strictly
proper. Since F1(s)G(s) + F2(s) is strictly proper, the relative degree of Cd(s) is greater
than that of q(s). That is, the relative degree of q(s) + Cd(s) is equal to that of q(s).
Thus if q(s)/F2(s) is proper, then Cd(s) is proper. Thus, if F2(s) is of minimum phase
and q(s)/F2(s) is proper, then Cn(s) ∈ RH∞.

Using above expressions, a design procedure of the control system in Figure 1 is sum-
marized as follows.

Step 1) Obtain the coprime factors N(s) and D(s) satisfying (10).
Step 2) Design F1(s) ∈ RH∞ and F2(s) ∈ U using the method in [11]. That is, Q(s) in

(8) and (9) is settled to satisfy (11).
Step 3) According to [25], all stabilizing controllers for G(s) are given by

C1(s) =
Nc(s)

Dc(s)
=

X(s) +D(s)Q̄(s)

Y (s)−N(s)Q̄(s)
, (40)

where
Nc(s) = X(s) +D(s)Q̄(s), (41)

Dc(s) = Y (s)−N(s)Q̄(s), (42)

X(s) ∈ RH∞ and Y (s) ∈ RH∞ are a pair of solutions of

N(s)X(s) +D(s)Y (s) = 1, (43)
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and Q̄(s) ∈ RH∞ is any function satisfying (31). Substitution of (10) and (40)
to (39) gives

Cd(s) =
(F1(s)N(s) + F2(s)D(s)) q(s)Dc(s)

(F2(s)Nc(s)− F1(s)Dc(s))N(s)
. (44)

Using Q̄(s) in (41) and (42), Nc(s) and Dc(s) are designed to make F2(s)Nc(s)−
F1(s)Dc(s) ∈ U and to written by the form Dc(s) = D̂c(s)/Cr(s), where D̂c(s) ∈
RH∞ is to make Dc(s) proper. To find Nc(s) and Dc(s) to make F2(s)Nc(s) −
F1(s)Dc(s) ∈ U is equivalent to find a pair of solution to

F2(s)Nc(s)− F1(s)Dc(s) = 1. (45)

Obtain Nc(s) and Dc(s) satisfying (45).
q(s) is settled by (36), where the maximum frequency range kmax in (37) to

estimate the periodic disturbance d(s) is settled. τ > 0 is settled to small real
number that q(si) = 1 in the frequency range from 0 to kmax. nq is settled to
make Cd(s) and Cn(s) proper.

Step 4) Cd(s) and Cn(s) are given by (44) and (38).

7. Numerical Example. In this section, a numerical example is illustrated to show the
effectiveness of the proposed method.
Consider the problem to design the control system in Figure 1 to attenuate periodic

disturbances d(t) with period T = π [sec] and to follow the reference input r(t) = 1 for
the minimum-phase plant G(s) written by

G(s) =
s+ 1

s2 − 43s− 350
. (46)

In this paper, in order to compare with the results of [4], we adopt plant G(s) of [4].
Coprime factors N(s) and D(s) of G(s) in (46) satifying (10) is written

N(s) =
−2s− 2

s2 + 1007s+ 7000
(47)

and

D(s) =
−2s+ 100

s+ 1000
. (48)

F1(s) and F2(s) are given by (8) and (9). We have

F1(s) =
−5s2 − 750s+ 50000

s2 + 1050s+ 50000
(49)

and

F2(s) =
5s2 + 1005s+ 1000

s3 + 1057s2 + 57350s+ 350000
, (50)

where Q(s) in (8) and (9) is settled by

Q(s) =
1.5s+ 450

s+ 50
. (51)

In this paper, G(s) from [4] is adopted. Therefore, F1(s), F2(s), and Q(s) have the same
values as [4].
From (36), to cover a wide frequency range, q(s) is given by

q(s) =
1

0.001s+ 1
. (52)
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Using Step 4) in the preceding section, solution to (45) is obtained by

Nc(s) =
27890s3 + 1.17 · 107s2 + 1.789 · 109s+ 3.5 · 109

s4 + 1251s3 + 2.612 · 105s2 + 1.026 · 107s+ 107
(53)

and

Dc(s) =
0.2s4 + 431.4s3 + 2.371 · 105s2 + 2.284 · 107s

s4 + 1257s3 + 2.688 · 105s2 + 1.182 · 107s+ 7 · 107
. (54)

Using above parameters, Cd(s) and Cn(s) are given by (44) and (38), respectively.
Using designed control system in Figure 1, the response of the output y(t) for the step

reference input r(t) = 1 is shown Figure 2. Figure 2 shows that the control system in
Figure 1 is stable and the output y(t) follows the step reference input r(t) = 1 without
steady state error.

Figure 2. The response of the output y(t) for the step reference input
r(t) = 1

Next, the disturbance attenuation characteristic is shown. When the periodic output
disturbance d(t) is given by

d(t) =


2

π
t 0 ≤ t− kt <

π

2

2

π
(π − t)

π

2
≤ t− kt < π

, (55)

where k is the maximum integer which will not exceed t/T , the disturbance d(t) in (55)
is a triangular wave with the period T as shown in Figure 3. The response of the output
y(t) for the disturbance d(t) in (55) is shown in Figure 4. Figure 4 shows that the periodic
disturbance d(t) in (55) is attenuated effectively.

In this way, we can easily design a control system to attenuate the periodic disturbance
and to follow the reference input without steady state error using Figure 1.

Here, in this result, we consider the advantage of the control system using disturbance
observer. If the reference input is the step input, we consider a repetitive control system
as shown in Figure 5, where q̄(s) ∈ RH∞ is a strictly proper low-pass filter written by

q̄(s) =
1

(1 + τ̄ s)n̄q
, (56)
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n̄q > 0 is positive integer and τ̄ > 0 is small real number, C̃1(s) ∈ R(s) is a controller and

G2(s) ∈ RH∞ is a plant. Here q̄(s), C̃1(s) and G2(s) are satisfying∣∣∣1− C̃1(s)G2(s)
∣∣∣ < 1

|q̄(s)|
∀s = jω, ω ∈ R. (57)

Repetitive control can reduce the steady-state error of step input to 0 as shown in Figure
6. However, if the reference input is the ramp input, repetitive control system has the
steady-state error as shown in Figure 7.

Figure 3. Triangular wave disturbance

Figure 4. The response of the output y(t) for the disturbance d(t) in (55)

Figure 5. Structure of repetitive control system
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Figure 6. Steady-state error of repetitive control with step input

Figure 7. Steady-state error of repetitive control with ramp input

In addition, the reference input of repetitive control is repetitive input, if the reference
input is not repetitive input, repetitive control has extra data. Therefore, a simple control
system that corresponds to non-periodic inputs is required to eliminate redundancy.

Here, the control system using disturbance observer for the periodic disturbance can
reduce the steady-state error of ramp input to 0 as shown in Figure 8. This is the advantage
of a disturbance observer that suppresses periodic disturbances.

We consider the PID control system in Figure 9. Here, Kp is proportional gain, Ki is
integral gain, Kd is differential gain, G3(s) ∈ RH∞ is a plant, f(s) ∈ RH∞ is a strictly
proper low-pass filter written by

f(s) =
1

(1 + τ̃ s)ñq
, (58)

ñq > 0 is positive integer and τ̃ > 0 is small real number.
PID control system can reduce steady-state error of step input to 0 as Figure 10. How-

ever, if reference input is ramp input, two integrators are needed and PID control system
is steady-state error as Figure 11. In addition, if the disturbance is periodic disturbance
written by
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d(t) =


2

π
t 0 ≤ t− kt <

π

2

2

π
(π − t)

π

2
≤ t− kt < π

, (59)

PID control system has disturbance as Figure 12.

Figure 8. Steady-state error of the control system using disturbance ob-
server for the periodic reference input for ramp input

Figure 9. Structure of PID control system

Figure 10. Steady-state error of PID control system with step input
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Figure 11. Steady-state error of PID control system with ramp input

Figure 12. The response of the output y(t) for the disturbance d(t) of
PID control system

Therefore, the disturbance observer has advantage for ramp input and periodic distur-
bance. However, the disturbance observer in this paper is the dead time system; therefore,
the disturbance observer of in this paper cannot suppress the disturbance of first cycle as
Figure 4.

8. Conclusion. In this paper, we have proposed a design method for control system to
attenuate the periodic disturbances and to follow non-periodic reference input without
steady state error using the disturbance observer for periodic disturbance. First, we pro-
posed a control system using disturbance observer for the periodic disturbance. We clarify
the condition that the transfer function from the disturbance d(s) to the output y(s) has
finite number of poles and that the proposed control system is stable. The control charac-
teristics of the proposed system and a design procedure of the proposed system are shown.
We show features of the proposed design method through a numerical example. Finally,
in this paper, the plant G(s) is assumed to be of minimum-phase; however, if the plant
is not minimum-phase plant, the results of this paper cannot be applied. Therefore, we
will examine a design method for disturbance observers control system for non-minimum
phase systems.



1394 Y. YAMADA, H. M. TIEN, S. PHUKAPAK ET AL.

REFERENCES

[1] M. Nakano, T. Inoue, Y. Yamamoto and S. Hara, Repetitive control, The Society of Instrument and
Control Engineers, 1989 (in Japanese).

[2] Z. Chen, K. Yamada and T. Sakanushi, A new design method of high-order modified repetitive control
systems for reference inputs with uncertain period-time, Mathematical Problems in Engineering,
vol.2013, Article ID 374328, 2013.

[3] G. Pipeleers, B. Demeulenaere, J. D. Schutter and J. Swevers, Robust high-order repetitive control:
Optimal performance trade-offs, Automatica, vol.44, no.10, pp.2628-2634, 2008.

[4] S. Phukapak, D. Koyama, K. Hashikura, M. A. S. Kamal and K. Yamada, The parameterizations
of all disturbance observers for periodic output disturbances, International Journal of Innovative
Computing, Information and Control, vol.19, no.1, pp.163-180, 2023.

[5] S. Phukapak, D. Koyama, K. Hashikura, M. A. S. Kamal, I. Murakami and K. Yamada, The pa-
rameterization of all disturbance observers for periodic input disturbances, ECTI Transactions on
Electrical Engineering, Electronics, and Communications, vol.21, no.2, 2023.

[6] A. Mohammadi, M. Tavakoli, H. J. Marquez and F. Hashemzadeh, Nonlinear disturbance observer
design for robotic manipulators, Control Engineering Practice, vol.21, no.3, pp.253-267, 2013.

[7] S. Ding, W.-H. Chen, K. Mei and D. J. Murray-Smith, Disturbance observer design for nonlinear
systems represented by input-output models, IEEE Transactions on Industrial Electronics, vol.67,
no.2, pp.1222-1232, 2020.

[8] S. Phukapak, D. Koyama, K. Hashikura, M. A. S. Kamal, I. Murakami and K. Yamada, The pa-
rameterization of all disturbance observers for periodic input and output disturbances, International
Journal of Innovative Computing, Information and Control, vol.19, no.3, pp.637-654, 2023.

[9] W.-H. Chen, J. Yang, L. Guo and S. Li, Disturbance-observer-based control and related methods –
An overview, IEEE Transactions on Industrial Electronics, vol.63, no.2, pp.1083-1095, 2016.

[10] K.-S. Kim, K.-H. Rew and S. Kim, Disturbance observer for estimating higher order disturbances in
time series expansion, IEEE Transactions on Automatic Control, vol.55, no.8, pp.1905-1911, 2010.

[11] J. Na, R. Grino, R. C. Castello, X. Ren and Q. Chen, Repetitive controller for time-delay systems
based on disturbance observer, IET Control Theory and Applications, vol.4, no.11, pp.2391-2404,
2010.

[12] E. Sariyildiz, R. Oboe and K. Ohnishi, Disturbance observer-based robust control and its applica-
tions: 35th anniversary overview, IEEE Transactions on Industrial Electronics, vol.67, no.3, pp.2042-
2053, 2020.

[13] H. Muramatsu and S. Katsura, An adaptive periodic disturbance observer for periodic disturbance
suppression, IEEE Transactions on Industrial Informatics, vol.14, no.10, pp.4446-4456, 2018.

[14] U. Javaid, H. Dong, S. Ijaz, T. Alkarkhi and M. Haque, High-performance adaptive attitude control
of spacecraft with sliding mode disturbance observer, IEEE Access, vol.10, pp.42004-42013, 2022.

[15] T. T. Phuong, K. Ohishi, C. Mitsantisuk, Y. Yokokura, K. Ohnishi, R. Oboe and A. Sabanovic,
Disturbance observer and Kalman filter based motion control realization, IEEJ Journal of Industry
Applications, vol.7, no.1, pp.1-14, 2018.

[16] M. Zheng, S. Zhou and M. Tomizuka, A design methodology for disturbance observer with application
to precision motion control: An H-infinity based approach, 2017 American Control Conference,
pp.3524-3529, 2017.

[17] K. Ohnishi, M. Shibata and T. Murakami, Motion control for advanced mechatronics, IEEE/ASME
Transactions on Mechatronics, vol.1, no.1, pp.56-67, 1996.

[18] K. Ohishi, K. Ohnishi and K. Miyachi, Torque-speed regulation of DC motor based on load torque
estimation, Proc. of IEEJ IPEC-TOKYO, vol.2, pp.1209-1216, 1983.

[19] S. Komada and K. Ohnishi, Force feedback control of robot manipulator by the acceleration tracing
orientation method, IEEE Transactions on Industrial Electronics, vol.37, no.1, pp.6-12, 1990.

[20] T. Mita, M. Hirata, K. Murata and H. Zhang, H∞ control versus disturbance-observer-based control,
IEEE Transactions on Industrial Electronics, vol.45, no.3, pp.488-495, 1998.

[21] H. Kobayashi, S. Katsura and K. Ohnishi, An analysis of parameter variations of disturbance observer
for motion control, IEEE Transactions on Industrial Electronics, vol.54, no.6, pp.3413-3421, 2007.

[22] C. Desoer, R.-W. Liu, J. Murray and R. Saeks, Feedback system design: The fractional representation
approach to analysis and synthesis, IEEE Transactions on Automatic Control, vol.25, no.3, pp.399-
412, 1980.

[23] K. Yamada, I. Murakami, Y. Ando, T. Hagiwara, Y. Imai and M. Kobayashi, The parameterization
of all disturbance observers, ICIC Express Letters, vol.2, no.4, pp.421-426, 2008.



INT. J. INNOV. COMPUT. INF. CONTROL, VOL.20, NO.5, 2024 1395

[24] K. Yamada, H. Takenaga, H. Yamamoto and K. Kamata, A design method for Smith predictor for
non-minimum-phase time-delay plants with multiple time-delays, Proceedings of the 3rd International
Conference on Innovative Computing, Information and Control, Dalian, China, p.519, 2008.

[25] M. Vidyasagar, Control System Synthesis – A Factorization Approach, MIT Press, 1985.
[26] B. A. Francis and W. M. Wonham, The internal model principle of control theory, Automatica,

vol.12, no.5, pp.457-465, 1976.

Author Biography

Yu Yamada received his B.S. degree in Engineering from Gunma University, Japan,
2016; the M.S. degree in Science and Technology from Gunma University, Japan,
2018, respectively. Mr. Yamada is currently a doctoral candidate in Mechanical
Science and Technology at Gunma University, Japan. His research interests include
disturbance observer system design.

Hoang Minh Tien is an undergraduate student at Gunma University, majoring
in Intelligence and Control. His current research focuses on developing intelligent
control systems for robots.

Sorawin Phukapak received the B.E. degree in Mechanical Engineering from Bu-
rapha University, Thailand, 2009; the M.E. degree in Mechanical Engineering from
Khon Kaen University, Thailand, 2012; and the Doctor degree in Mechanical Science
and Technology from Gunma University, Gunma, Japan in 2023. Dr. Phukapak is
currently an assistant professor at Department of Energy Engineering, Udon Thani
Rajabhat University, Thailand. His research interests include disturbance observers
for periodic disturbances.

Chawisorn Phukapak received the B.E. degree in Industrial Engineering from
Khon Kaen University, Thailand, 2007; the M.E. degree in Mechanical Engineering
from Khon Kaen University, Thailand, 2009. Mr. Phukapak is currently an assis-
tant professor at Department of Energy and Environmental Engineering, Faculty of
Engineering, Rajabhat Maha Sarakham University, Thailand. His research interests
include renewable energy and mechanical engineering.



1396 Y. YAMADA, H. M. TIEN, S. PHUKAPAK ET AL.

Nghia Thi Mai received the B.S., M.S. and Dr. Eng. degrees from Gunma Uni-
versity, Gunma, Japan in 2009, 2011 and 2014, respectively. From 2014 to 2015,
she was with the Human Resources Cultivation Center, Gunma University, Gunma,
Japan as a research associate. From 2015 to 2021, she worked on research on damp-
ing control for automobiles at Exedy Co., Ltd. Since 2022, she has been working as
a lecturer at the Department of Electrical and Electronic 1, Posts and Telecommu-
nications Institute of Technology (PTIT). In addition, she is currently working as
a visiting associate professor and part-time lecturer at the Department of Electron-
ics and Mechanical Engineering, Gunma University. Her research interests include
Smith predictor, internal model control and robotics.

Kotaro Hashikura received the B.S. degree in Mechanical Engineering from
Kyushu Institute of Technology, Fukuoka, Japan, 2006; the M.S. degree of
Informatics from Kyoto University, Kyoto, Japan 2010; and the Doctor degree in
Engineering from Tokyo Metropolitan University, Tokyo, Japan, 2014. From 2014
until 2018, he had been a Project Research Associate at the Faculty of System
Design, Tokyo Metropolitan University.

Dr. Hashikura is currently an assistant professor at Division of Mechanical Science
and Technology, Gunma University, Japan. His research interests include time-
delay-related control techniques, such as deadbeat, preview-prediction and repetitive
controls. He is a member of IEEE, ISCIE and SICE.

Md Abdus Samad Kamal received the B.Sc. degree in Electrical and Electronic
Engineering from Khulna University of Engineering and Technology (KUET),
Khulna, Bangladesh in 1997; Master and Doctor degrees from Kyushu University
from Graduate School of Information Science and Electrical Engineering, Japan in
2003 and 2006, respectively. He was a post-doctoral fellow in Kyushu University
till November 2006.

Dr. Kamal is currently an associate professor at Division of Mechanical Science
and Technology, Gunma University, Japan. His current research interests include
reinforcement learning, intelligent transportation systems and multiagent systems.
He is a member of IEEE and SICE.

Iwanori Murakami received his Ph.D. Eng. from Gunma University in 1997. He is
currently an associate professor at Gunma University. His research interests include
robotics, applied electromagnetics and machines and superconducting levitation ap-
plications.



INT. J. INNOV. COMPUT. INF. CONTROL, VOL.20, NO.5, 2024 1397

Kou Yamada received B.S. and M.S. degrees in Electrical and Information Engi-
neering from Yamagata University, Yamagata, Japan, 1987 and 1989, respectively;
and the Dr. Eng. degree from Osaka University, Osaka, Japan in 1997.

He is currently a full-time professor at Division of Mechanical Science and Technol-
ogy, Gunma University, Japan. His research interests include robust control, repet-
itive control, process control and control theory for inverse systems and infinite-
dimensional systems. Prof. Yamada received the 2005 Yokoyama Award in Science
and Technology, the 2005 Electrical Engineering/Electronics, Computer, Telecom-
munication and Information Technology International Conference (ECTI-CON2005)
Best Paper Award, the Japanese Ergonomics Society Encouragement Award for
Academic Paper in 2007, the 2008 Electrical Engineering/Electronics, Computer,
Telecommunication and Information Technology International Conference (ECTI-
CON2008) Best Paper Award and the 4th International Conference on Innovative
Computing, Information and Control Best Paper Award in 2009, the 14th Interna-
tional Conference on Innovative Computing, Information and Control Best Paper
Award in 2019, Outstanding Achievement Award from Kanto Branch of Japanese
Society for Engineering Education in 2022 and JSME (The Japan Society of Me-
chanical Engineers) Education Award in 2023. He is a member of IEEE and SICE
and a fellow of JSME.


