
Received November 26, 2020, accepted December 7, 2020, date of publication December 9, 2020,
date of current version December 21, 2020.

Digital Object Identifier 10.1109/ACCESS.2020.3043721

A High–Precision Motion Control Based on a
Multi-Rate Periodic Adaptive Disturbance
Observer of a Linear Actuator
for High Load Systems
KWANGHYUN CHO 1, (Member, IEEE), AND KANGHYUN NAM 2, (Member, IEEE)
1Manufacturing Technology Center, Samsung Electronics Company Ltd., Gyeonggi-do 443-742, South Korea
2School of Mechanical Engineering, Yeungnam University, Gyeongsan 712-749, South Korea

Corresponding author: Kanghyun Nam (khnam@yu.ac.kr)

This work was supported by the Korea Institute for Advancement of Technology (KIAT) grant funded by the Korea Government (MOTIE)
(HRD Program for Industrial Innovation) under Grant P0008473.

ABSTRACT This study is concerned with the problem of compensating for periodic disturbances under
repetitive motion conditions. In order to achieve high precision positioning for high load systems with
periodic disturbances, a practical motion control scheme based on a multi-rate periodic adaptive disturbance
observer (MPADOB) is proposed. Nonlinear disturbances such as the force ripple, friction force, and cable
tension force occur when linear actuators for high load systems are used on linear motors with iron-
cores. These disturbances are obstacles to achieving high–precision control. In the proposed scheme, these
disturbances are attenuated perfectly by using a periodic feedback loop. However, the memory size becomes
large when the repetitive motions increase since the periodic feedback loop has many sample delay terms.
It is a weakness in the control schemes that use a periodic feedback loop, although it can improve the
control performance. In this study, the multi-rate periodic feedback loop and a predictive estimator have been
proposed to improve the memory size issues for practical implementation and control performance. Using
MPADOB, the control schemes that use periodic feedback loop can be applied to a variety of industrial
applications practically. The effectiveness of the proposed scheme is verified by a variety of experimental
tests.

INDEX TERMS High-precision motion control, disturbance observer, periodic disturbance, linear actuator,
high load system.

I. INTRODUCTION
High load systems have been used in various
assembly lines such as LCD/OLED panel transportation sys-
tems, semi-conductor fabrication equipment, and inspection
machines. In the past, these systems have required only
high–speed/high–acceleration motions due to separated unit
processes such as transportation, assembly, and fabrication
process [1]–[4]. Based on previous studies, these sepa-
rated processes can occur simultaneously. A high–precision
motion is also required to satisfy the increasing demands on
higher productivity as saving process time. Therefore, linear
actuators based on linear motors are utilized widely for
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high load systems due to their high force densities and high
efficiencies.

However, these linear actuators have some challenges
in achieving high–precision position control and high
speed/acceleration control simultaneously [5], [6]. Since the
linear actuators based on linear motors contain the mover’s
iron–cores, it is directly affected by the force ripple, including
the detent force that occurs due to the attraction between
the iron–cores of the mover and the permanent magnets
or irregular magnetic field of the permanent magnets. The
force ripple has a fundamental period similar to the pole
pitch of permanent magnets. Since its frequency becomes
higher as increasing the mover’s moving speed, it is chal-
lenging to attenuate the effect of the force ripple by general
feedback control schemes, especially in high load systems
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requiring fast–moving speed. The friction force is also
another obstacle to achieving high-precision control. In the
case of high load motion systems using ball bearing guides,
motion accuracy and resolution may be limited due to guide
friction [7]. The friction force has heavy nonlinear character-
istics at low–velocity motions depending on the position and
the velocity.

Numerous control methods to achieve high-precision posi-
tion control and high speed/acceleration control have already
been proposed. The control scheme based on a compact
model of the force generation that includes the effect of
the ripple disturbance has been proposed in [8] and [9].
A variety of friction force models such as the general-
ized Maxwell-slip (GMS) model, variable natural length
spring (VNLS) model, and rheology-based model have been
used to attenuate the effect of friction force [10]–[12]. The
disturbance observer-based control schemes are also good
to compensate for non-linear disturbances [13], [14]. Since
these models contain various parameters to be identified, it is
difficult to guarantee that all the estimated parameters will
converge to their actual values.

However, the control schemes using periodic feedback
loops such as learning control (PALC), repetitive control
(RC), and iterative learning control (ILC) are very power-
ful to compensate for these disturbances. Since the periodic
feedback loops guarantee the characteristics of non-causality
about the estimated disturbances, it is very effective to atten-
uate these periodic disturbances without mathematical mod-
els. In [15], PALC was proposed to compensate for these
periodic disturbances effectively. In [16] and [17], RC was
presented to eliminate the periodic tracking error and unmod-
eled disturbances. In [18] and [19], ILC was presented to
enhance conventional PID feedback control performance.
The authors also proposed a periodic adaptive disturbance
observer (PADOB) to compensate for the disturbance [20].
However, in these schemes, we make the memory size big
because the periodic feedback loop has many sample delay
terms when the period of repetitive motion is increased. Even
though these schemes can improve control performance, it is
a fatal weakness of these schemes using the periodic feedback
loop.

This study is concerned with the problem of compensating
for periodic disturbances under repetitive motion conditions.
In this study, a novel high–precision motion control method is
proposed to achieve high–precision position control and high
speed/acceleration control in high load systems.We called the
method a multi-rate periodic adaptive disturbance observer
(MPADOB). The proposed scheme utilizes a periodic feed-
back loop to compensate for a lumped disturbance perfectly.
To improve the memory size issue about the periodic feed-
back loop, a multi-rate periodic feedback loop has been pro-
posed. The predictive estimator is used to compensate for
down-sampled periodic feedback loop. By using MPADOB,
the control schemes with the periodic feedback loop such
as ILC, RC, PALC and PADOB can be applied to various
industrial applications practically.

FIGURE 1. Linear actuator for a high load system.

The rest of this paper is organized as follows. In section
II, a linear actuator for high load systems and its mathe-
matical model are introduced. In section III, a multi-rate
periodic adaptive disturbance (MPADOB) is presented, while
the experimental tests in various conditions are carried out to
verify the performance of the proposed MPADOB in section
IV. In section V, a summary of the paper is presented to
conclude it.

II. PROBLEM FORMULATION
In this section, a linear actuator for high load systems and its
mathematical model are illustrated.

A. HIGH LOAD LINEAR ACTUATOR
In general, linear actuators for high load systems are
based on linear motors which are made up of the primary
section (armature) and secondary section (field magnet).
According to the interaction between the primary section and
secondary section and those physical characteristics, there are
many types of linear actuators [22].

The physical structure of the linear actuator used in this
study is shown in Fig. 1. The primary section is wounded by
coils with iron–core, while the secondary section is made up
of many permanent magnets. It has high force density/high
efficiency and can achieve high–acceleration motion due
to the iron–core of the primary section. However, it also
has many difficulties in achieving high accuracy positioning
because of the force ripple and friction force.

The force ripple occurs by the detent force generated by
the mutual attraction between the magnets and iron–core
of the mover when the applied force is zero. The irregular
magnetic field of the permanent magnets and inaccuracy in
electronic commutation by the servo amplifier also make
the force ripple. It causes a periodic variation of the force
constant. The force ripple depends on the relative position of
the mover with respect to the magnets [8]. Assuming that the
pole pitch of the magnets is xp, and the velocity of the mover
is ẋ, the frequency of the force ripple induced by the detent
force is given by�det = 2π/xpẋ. The force ripple induced by
the reluctance force has a fundamental frequency of �rel =

6π/xpẋ. The constant offset of current sensors also makes the
force ripple with a frequency of �rel = π/xpẋ. Therefore,
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the force ripple has a variety of frequency components, and
its fundamental frequency is varied by the velocity of the
mover ẋ. The friction force is induced due to ball bearing
and linear motion guides. The linear motion guide with ball
bearing can support a high load, but motion accuracy and
resolution may be limited due to guide friction. Therefore,
the force ripple and friction force should be compensated to
achieve high precision positioning in high load systems using
linear actuators.

B. MATHEMATICAL MODEL
The mathematical model of the linear actuator for high load
systems is presented as follows:

Mẍ(t) = −Bẋ(t)+ u(t)− Ffric(x, ẋ)− Frip(x)− Fload (t)

(1)

where x(t), ẋ(t), and ẍ(t) are position, velocity and accelera-
tion of the mover, respectively, M the mass of the mover, B
the viscous friction coefficient, u(t) control input, Ffric(x, ẋ)
the friction force, Frip(x) the force ripple including the detent
force, and reluctance force, and Fload (t) the load disturbance.
For simplicity, the load disturbances and electrical dynamics
are ignored because the load disturbance is a nearly constant
and the electrical dynamics is fast enough comparing with the
frequency bandwidth of the interest [23].

Assuming that the mass and viscous friction coefficient are
known by a system identification procedure, a nominal model
is obtained from (1) as follows:

Mnẍ(t) = −Bnẋ(t)+ u(t)+ d(t), (2)

where Mn and Bn are the known nominal values of the mass
and viscous friction coefficient, respectively.

In (2), d(t) is a lumped disturbance, which includes the
friction force, the force ripple, and the parametric errors
multiplied by acceleration and velocity. It can be written as
follows:

d(t) = −1Mẍ(t)−1Bẋ(t)− Ffric(x, ẋ)− Frip(x), (3)

where 1M = M − Mn and 1B = B − Bn mean the
parametric errors of the mass and viscous friction coefficient,
respectively.

The control objective is to track the desired position xd (t)
and the corresponding desired velocity ẋd (t) given for a linear
actuator in high load system. The tracking errors should be
minimized as much as possible.

III. MULTI-RATE PERIODIC ADAPTIVE DISTURBANCE
OBSERVER
In this section, the proposed control scheme which is
MPADOB is illustrated in detail. The memory size issue of a
periodic adaptive disturbance observer (PADOB) is improved
by the proposed scheme, MPADOB [20].

A. ASSUMPTIONS AND PROPERTIES
The tasks required by the linear actuator for high load systems
have the following assumptions.

• Assumption 1: The given task for the high load motion
system is to track periodic position trajectories under the
same operating conditions repetitively.

• Assumption 2: The induced disturbances in the high
loadmotion system are state-dependent such as position,
velocity and acceleration of the mover as shown in (3).
These disturbances are identical for each repetitive time
period due to repetitive motion conditions.

From these assumptions, all the measured states and distur-
bances have the following properties.
Property 1 (Periodicity of the Desired and Measured

States):
From Assumption 1, when the desired trajectories with the

repetitive time period Tr are given as:

xd (t) = xd (t − Tr ), ẋd (t) = ẋd (t − Tr ), ẍd (t) = ẍd (t − Tr ),

it can be considered that the measured states are also periodic
and they have the same time period Tr if a tracking error
between the desired and measured states is minimized.

x(t) ≈ x(t − Tr ), ẋ(t) ≈ ẋ(t − Tr ), ẍ(t) ≈ ẍ(t − Tr ).

Property 2 (Periodicity of Disturbance):
FromAssumption 2, the induced disturbance has the repetitive
time period Tr given as:

d(t) ≈ d(t − Tr ).

B. CONTROLLER DESIGN
The structure of the controller is described in Fig. 2. All
control inputs are designed by the nominal model (2) as
follows:

u(t) = uff (t)+ ufb(t)− d̂(t), (4)

uff (t) = Mnẍd (t)+ Bnẋd (t), (5)

ufb(t) = Kfb · σ (t)+Mn(αėx(t)+ βex(t))− Bnėx(t), (6)

where

σ (t) = ėx(t)+ αex(t)+ β
∫ t
0 ex(r)dr . (7)

Here, uff (t) is the feedforward control input based on the
known parameters, ufb(t) is the feedback control input, and
d̂(t) is the periodic adaptation law that means the estimated
disturbance. Kfb, α and β are positive tuning parameters.
In (6) and (7), ex(t) means error between the desired and
measured position, i.e., ex(t) = xd (t) − x(t). ėx(t) induces
the derivative of ex(t).
The periodic adaptation law of the lumped disturbance is

designed as follows:

d̂(t) = d̂f (t − Tr )− Kaσ (t), (8)

where Ka is an adaptation gain that determines the adaptation
speed which should be positive number. d̂f (t−Tr ) means the
periodic feedback loop.

d̂f (t − Tr ) = H
[
d̂(t − Tr )

]
=

n∑
k=−n

c|k|z−k d̂(t − Tr ). (9)
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FIGURE 2. Block diagram of the PADOB.

H
[
·
]
is a zero-phase low pass filter (ZPF) with n–th order of

the filter, and z−k a k-step time delay. c|k| is the normalized
coefficient of the filter, which has a property as 2

∑n
k=1 ck +

c0 = 1. The ZPF is utilized to guarantee the stability of the
overall system from unmodeled dynamics or uncertainties.
In the frequency range to be compensated for disturbances,
d̂f (t−Tr ) is equal to d̂(t−Tr ) since there are no phase delay
and magnitude attenuation due to non-causal characteristic
of the periodic feedback loop. To prove the stability of the
closed-loop system with the designed controllers and adapta-
tion law, (8) is rewritten as follows:

d̂(t) = d̂f (t − Pt )− Kaσ (t)

= d̂(t − Pt )− d̂h(t − Pt )− Kaσ (t). (10)

Here, d̂h(t − Pt ) is the high frequency component of the
estimated disturbance at the previous time period that is
eliminated by ZPF.

Consider the following positive Lyapunov candidate
function:

V (t) =
1
2
σ 2(t)+

1
2KaMn

∫ t

t−Pt
d̃2(r)dr, (11)

where d̃(t) = d(t)− d̂(t).
Since it can be considered that the periodic disturbance

approximated in Property 2 consists of the dominant periodic
and partial non-periodic components due to based on our
Assumptions and Properties, the actual disturbance d(t) can
be represented as follow:

d(t) = d(t − Tr )+ dn(t), (12)

where dn(t) is the non-periodic disturbance. The disturbances
such as unmodeled dynamics, the high frequency noise, and
the switching friction force induced by the difference in speed
reversal moments at each time period can be considered
as dn(t).

Then, the difference between the positive Lyapunov can-
didate functions at two discrete time points (t and t − Tr ) is
calculated as follows:

1V (t) = V (t)− V (t − Tr )

=
1
2
σ 2(t)−

1
2
σ 2(t − Tr )

+
1

2KaMn

∫ t

t−Tr

[
d̃2(r)− d̃2(r − Tr )

]
dr . (13)

For simplicity of the calculation, we assume that the first
two terms at the right hand side of (13) be denoted by1V1(t)
and the integral term by 1V2(t). Then, 1V1(t) is calculated
as follows:

1V1(t) =
1
2
σ 2(t)−

1
2
σ 2(t − Tr ) =

∫ t

t−Tr
σ1(r)σ̇1(r)dr

= −
1
Mn

∫ t

t−Tr

[
Kfbσ 2(r)+ d̃(r)σ (r)

]
dr (14)

1V2(t) is also calculated as follows:

1V2(t)

=
1

2KaMn

∫ t

t−Tr

[
d̃2(r)− d̃2(r − Pt )

]
dr

=
1
Mn

∫ t

t−Tr
d̃(r)σ (r)dr

+
1

2KaMn

∫ t

t−Tr

[
2dn(r)d̃(r)−

(
dn(r)+ Kaσ (r)

)2]dr
(15)

When the non-periodic disturbance and the estimation
error of the lumped disturbance are bounded as given:

|dn(t)| <
√
η1, where η1 ≥ 0, (16)

|d̃(t)| <
√
η2, where η2 ≥ 0, (17)
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FIGURE 3. Block diagram of the MPADOB.

then, (15) can be recalculated using Cauchy-Schwarz
inequality as follows:

1V2(t) ≤ 1
Mn

∫ t
t−Tr

d̃(r)σ (r)dr + 1
2KaMn

∫ t
t−Tr

ηdr, (18)

Here, η induces η = η1+ η2. And then, the difference in1V
becomes:

1V (t) = 1V1(t)+1V2(t)

≤ −
1

2KaMn

∫ t

t−Tr

(
2KfbKaσ 2(r)− η

)
dr . (19)

The difference 1V (t) becomes negative semi-definite when
the following condition is guaranteed

2KfbKaσ 2(r) ≥ η, (20)

Here, (20) can be guaranteed by large Kfb and Ka or the
tracking errors with certain boundary level for any Kfb and
Ka. Therefore, it can be proved theoretically that the system
is stable if there exist a non-periodic disturbance. The control
parameters should be selected by considering the limitation of
the control input and the instability problem of time response
induced by the unmodeled dynamics.

C. MULTI-RATE PERIODIC ADAPTIVE DISTURBANCE
OBSERVER
Since the periodic adaptation law in (8) utilizes the periodic
feedback loop, the estimated disturbance at the previous iter-
ation, d̂(t − Tr ), should be saved in the memory as a lot of
time delay terms. The number of used delay is determined by
the time period of the reference trajectory Tr and the sample
time of the periodic feedback loop Tsp. In the case where the
periodic feedback loop with the same control loop time Tsm
is executed, the number of delay terms is N = Tr/Tsm. The
number of delay terms must be increased as the time period
of the reference trajectory increases and the sampling time of

the controller decreases. Therefore, the memory size issue is
a very important problem in a variety of industry application
where this scheme is used practically.

In this study, the issues about memory size in control
schemes using the periodic feedback loop can be improved
by reducing the number of delay utilized for the periodic
feedback loop. As shown in Fig. 3, when the sample time of
the periodic feedback loop Tsp is identical with the sample
time of total controller Tsm (i.e., Tsp = Tsm), the total position
controller becomes PADOB based controller, and the number
of delay utilized for the periodic feedback loop is determined
as N = Tr/Tsm. When both control loop times (Tsm and Tsp)
are increased simultaneously, the utilized memory size can be
reduced. But, the tracking performance can be worse since
the performance of the feedback controller becomes worse.
To prevent the deterioration of total tracking performance,
it is possible to increase only the sample time of the peri-
odic feedback loop Tsp. In the case that the sample time of
the periodic feedback loop is increased (i.e., Tsm < Tsp),
the number of the utilized delay is reduced to N = Tr/Tsp.
This controller is called the multi-rate PADOB (MPADOB)
because two different sample times (i.e, Tsp 6= Tsm) are
utilized in PADOB.

In MPADOB, the tracking performance can be differ-
ent depending on how the down-sampled periodic feedback
d̂f (t − Tr ) is compensated for when it is up-sampled to
d̂up(t − Tr ) in Fig.2. As shown in Fig.4, we proposed two
MPADOB schemes in this study:

• H-MPADOB(Hold method)
The periodic feedback is held (H-MPADOB) when it is
up-sampled with no compensation.

t = 0 : d̂up(0− Tr ) = d̂f (0− Tr )

t = Tsm : d̂up(Tsm − Tr ) = d̂f (0− Tr )
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FIGURE 4. Hold / Predictive Integration Multi-rate PADOB.

t = 2Tsm : d̂up(2Tsm − Tr ) = d̂f (0− Tr )
...

t = kTsm : d̂up(kTsm − Tr ) = d̂f (Tsp − Tr )

t = (k + 1)Tsm :

d̂up
(
(k + 1)Tsm − Tr

)
= d̂f (Tsp − Tr )

... (21)

• P-MPADOB(Predictive integration method)
The predictive integration method (P-MPADOB) is used
to estimate the disturbance when there is no samples
in the periodic feedback loop. Owing to the fact that
the slope of the down-sampled periodic feedback can be
known in advanced, the periodic feedback at the current
sample time in the previous iteration can be predicted,
and the hold action can also be compensated.

t = 0 : d̂up(0− Tr ) = d̂f (0− Tr )

t = Tsm : d̂up(Tsm − Tr )

= d̂f (0− Tr )+ Tsm
d̂f (Tsp − Tr )− d̂f (0− Tr )

Tsp
t = 2Tsm : d̂up(2Tsm − Tr )

= d̂up(Tsm − Tr )+ Tsm
d̂f (Tsp − Tr )− d̂f (0− Tr )

Tsp
...

t = kTsm : d̂up(kTsm − Tr ) = d̂f (Tsp − Tr )

t = (k + 1)Tsm : d̂up
(
(k + 1)Tsm − Tr

)
= d̂up((k)Tsm − Tr )

+Tsm
d̂f (2Tsp − Tr )− d̂f (Tsp − Tr )

Tsp
... (22)

FIGURE 5. Experimental high load system.

In H-MPADOB, the hold action is very simple, but it may
aggravate the tracking performance since the estimated dis-
turbance at the previous iteration cannot describe the actual
disturbance. However, P-MPADOB can improve the tracking
performance of H-MPADOB since the down-sampled peri-
odic feedback is compensated by the predictive integration
method.

Using (21) and (22), the periodic adaptation law becomes
as follows:

d̂(t) = satζ
[
d̂up(t − Tr )− Kaσ (t)

]
, (23)

where

satζ
[
γ
]
=


−ζ if γ < −ζ
γ if |γ | ≤ ζ
ζ if γ > ζ.

Here, Ka is an adaptation gain (Ka > 0). To prevent the diver-
gence of the estimated lumped disturbance, we employed
satζ [·]. ζ is a design parameter which is mostly determined
by the maximum value of the actual lumped disturbance.

d̂up(t − Tr ) = E
[
d̂f (t − Tr )

]
. (24)

IV. PERFORMANCE VERIFICATION
In this section, the experimental setup and results are illus-
trated to verify the effectiveness of the proposed control
scheme.

A. EXPERIMENTAL SETUP
All experiments were carried out based on the high load
system depicted in Fig. 5. PWM inverter that has 10kHz
switching frequency was utilized and it was controlled by
a dSPACE DS1103 board. The current and position con-
trollers were executed at 50 µsec and 0.5 msec control loop
time, respectively. An optical linear encoder with a resolu-
tion of 0.5µm was utilized to measure the position of linear
actuator.

B. EXPERIMENTAL TESTS
To verify the effectiveness of the proposedMPADOB, various
comparative studies were implemented as shown in Table 1.
The reference trajectories shown in Fig. 6 are used in this
study, that have a time period, Tr = 2sec. The linear actuator
for high load systems tracks these reference trajectories to
minimize position tracking error.

The proposed MPADOB is done by comparing its tracking
performances with other controllers as shown below:
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TABLE 1. Comparative study in MPADOB.

FIGURE 6. Reference trajectories.

TABLE 2. Tracking performance results for 11∼20 iterations in MPADOB.

• ADT: A PID controller with adaptation laws. [21]
• PADOB: A periodic adaptive disturbance observer with
the period Tsm of periodic feedback loop. [20]

• MPADOB: A periodic adaptive disturbance observer
with the period Tsp of periodic feedback loop.

Fig. 7 shows experimental results of comparative stud-
ies. ADT utilized the sample time of 0.4 ms (noted as
‘‘ADT04’’). The experimental results when the sample time
of PADOB was 0.4 ms and the sample time of the periodic
feedback loop in MPADOB was 4.0 ms were presented
in Fig. 7(a)∼ 7(d). In this case, the numbers of utilized delay
in PADOB and MPADOB were 5000 and 500. ADT showed
the smallest tracking error at the 0th-iteration, but the tracking
errors of PADOB and MPADOB become smaller than that
of ADT as the iteration number increased. It means that the
use of additional memory in the controller can improve the
tracking performance. Although the number of used delays
in MPADOB was reduce to 500, its tracking performance
was better than that of ADT. Of course, the tracking per-
formance of MPADOB was worse than that of PADOB due
to reduced memory size. However, it was verified that the

FIGURE 7. Tracking performance results in MPADOB (Tsm = 0.4ms,
Tsp = 4s): (a) Estimated disturbances. (b) Enlarged estimated
disturbances. (c) RMS of the tracking errors. (d) Maximum of the tracking
errors.
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FIGURE 8. Tracking performance results in MPADOB (Tsm = 0.8ms,
Tsp = 4s): (a) RMS of the tracking errors. (b) Maximum of the tracking
errors.

predictive integration method (P-MPADOB04) could
improve the tracking performance when it was compared
with the hold method (H-MPADOB04). The estimated dis-
turbance of P-MPADOB04 was smoother than that of H-
MPADOB04 and it was similar to that of PADOB due to the
predictive integration method as shown in Fig. 7(b). So the
tracking errors of P-MPADOB04 reduced more than those
of H-MPADOB04. Fig. 8(a) and 8(b) show the experimental
results when the sample time of PADOB was 0.8 ms and
the sample time of the periodic feedback loop in MPADOB
was 4.0 ms. In this case, the numbers of utilized delay in
PADOB and MPADOB were 2500 and 500. Although the
sample time of PADOB and MPADOB were larger than
that of ADT, those tracking performances were better than
that of ADT. But, it was verified that increasing the sample
time aggravated the tracking performances of PADOB and
MPADOB, as shown in Fig. 7 and 8. From these experimental
results, it is verified that the memory size issue of PADOB
can be also improved by MPADOB, but the deterioration of
the tracking performance cannot be avoided due to lack of
samples to estimate the disturbance at the previous iteration.

V. CONCLUSION
This paper presents a MPADOB using predictive estima-
tor. To compensate for the down-sampled periodic feedback
loop, a predictive estimator is designed. The performance

of MPADOB has been verified through a variety of com-
parative studies under repetitive motions. Our results show
that a predictive estimator improves the performance of the
MPADOB significantly. However, it is found that the con-
trol performance in the proposed MPADOB can be changed
depending on the time period of the periodic feedback loop
and its estimation results. In the future, the predictive esti-
mator in MPADOB will be supplemented by methods to use
mechanical dynamics of disturbances.
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