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Hierarchical Abstraction of Compensator
for Reaction Torque Observer Based

on Element Description Method
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Abstract—The expansion of the applicable range of robots and
machines requires the ability to cooperate with humans and adapt
to external environments. It is necessary to use torque information
in order to achieve these capabilities. A reaction torque observer is
one of the effective methods to obtain torque information because
it does not need a torque sensor and it can deal with torque
information in the high-frequency domain. However, it needs a
correct compensator to reject disturbances to estimate the precise
torque. Generally, the disturbance compensator of the reaction
torque observer is derived by manual model selection and man-
ual/automatic parameter fitting. This method not only takes time
and effort but also does not always obtain an optimal solution
because it depends on a predetermined model. In particular, it is
well known that nonlinear elements such as friction are difficult to
model. To overcome this issue, an automatic design method of a dis-
turbance compensator is proposed in this article. The compensator
is abstracted automatically using an element description method.
Using the element description method, model design in advance is
not needed because the model selection and the parameter fitting
are conducted simultaneously. Therefore, the element description
method can be applied to systems whose model structure is un-
known. In addition, it is possible to input human intentions as initial
settings. These features enable designs that make use of human
knowledge and the computational power of computers.

Index Terms—Friction identification, genetic algorithm, reaction
torque observer, system abstraction.

I. INTRODUCTION

IN RECENT years, the activity range of human and robot
has become closer in daily life because of the declining

labor population due to the declining birthrate and increasing
aging population [1], [2]. It is a well-known fact that torque
control technology is important to achieve the cooperation be-
tween humans and robots [3], [4]. Consequently, the impor-
tance of reaction torque analysis and control technology for
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industrial machinery has been increasing. For a more precise
reaction torque control, wide-band and high-accuracy torque
sensing technology is indispensable. A reaction torque observer
(RTOB) [5] is one of the effective methods in order to acquire
reaction torque information. The RTOB is able to deal with
high-frequency-domain torque information and does not require
the addition of a torque sensor. Hence, several advantages in
the torque control system can be obtained by using the RTOB
such as achieving higher bandwidth, stability improvement, and
cost reduction [6], [7]. Moreover, since it can be configured into
a variable structure, adaptive calculation of the RTOB can be
achieved [8]. Currently, the RTOB is used in industrial machin-
ery [9]. However, in order to acquire the correct torque informa-
tion by the RTOB, a precise and strict compensator is needed.
An environmental quarrier [10] can remove disturbances such
as friction torque and acquire highly accurate reaction torque
information without deriving a mathematical model. However,
the cost increases because a pair of drive systems having the same
structure are required. A high-precision reaction force observer
using a notch filter [11] has been proposed. This method can
reduce the influence of friction torque by adding a dither signal.
However, the dither signal can adversely affect the intended task.
In this article, model-based disturbance compensation methods
are focused.

Generally, the disturbance compensator of the RTOB is de-
rived by manual model selection and parameter fitting. This
method not only demands extensive time and effort but is also not
always optimal because it depends on the predetermined model
known by the engineer. Particularly, nonlinear functions such as
friction [12], [13] are difficult to identify. A LuGre-model-based
friction-compensation method [14], [15] is known to be effective
to compensate friction influence. This method can consider
several influences such as the Sribeck effect, hysteresis, and
stick-slip limit cycling. However, its implementation demands
also extensive time and effort as the structure is slightly compli-
cated. On the other hand, compensation methods of disturbance
using machine learning such as neural networks (NN) have
been proposed [16]–[19]. Since these methods do not need a
predetermined model in the NN parts, a more optimal solution
is derived. However, the physical meaning of the identification
results in the NN is hard to understand because the compensator
is expressed by the weight of each node.

To overcome these problems, this article proposes an au-
tomatic design method of a disturbance compensator. The
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Fig. 1. Element matrix used for the EDM.

compensator is generated automatically using an element de-
scription method (EDM) [20]. By using the EDM, a model de-
signed in advance is not needed because the model selection and
the parameter fitting are conducted simultaneously. Therefore, it
is possible to abstract unknown systems by the EDM. Moreover,
the EDM can deal with nonlinear functions easily. When the
EDM is used hierarchically, since it is possible to extract relevant
physical equations in order of importance, the target system is
abstracted as necessary, thus obtaining sufficient accuracy. In
addition, the abstraction result of the EDM can succeed to the
next abstraction. Therefore, increasingly better results can be
derived when subjecting the abstraction to more repetitions with
different situations. Hence, the proposed method can be expected
to be applied to Industrial IoT [21] and Industry 4.0 [22] as a
machine learning technology that enables humans to understand
the meaning of the learning results of the model and inherits
it to the next generation as knowledge. Using the proposed
method, the implementation of the compensator for the RTOB
becomes easier.

The rest of this article is organized as follows. In Sec-
tion II, the EDM is introduced. In Section III, an abstraction
method of the disturbance compensator by the EDM is proposed.
In Section IV, validity of the proposed method is confirmed
by experiments using an actual industrial application. Finally,
Section V concludes the article.

II. ELEMENT DESCRIPTION METHOD

In this section, the concept of the EDM is explained. In the
EDM, a system is expressed by an element matrix defined as
a combination of simple elements. Fig. 1 shows the element
matrix. In Fig. 1, x denotes the signal flow of horizontal direc-
tion. The center area in Fig. 1 stands for the element matrix.
n ∈ N and m ∈ N denote the row size and the column size of
the element matrix, respectively. The matrix size can be decided
arbitrarily according to the purpose. u•(t) and y(t) stand for
the input signals for the system and the output signal from the
system, respectively. The calculation is conducted sequentially
from the left top to the right bottom, using the input signal. The
calculation of j-row and i-column element is expressed by

xi+1,j = fα(xi,j), (α = jn+ i+ 1) (1)

Fig. 2. DNA structure for the EDM.

Fig. 3. Basic elements. (a) Through. (b) Invert. (c) Offset.

where fα stands for the calculation function. α ∈ N denotes
the address of each element. Each element is expressed as a
single-input and single-output system. The output value of each
element is used for the adjacent element as input value.

In the EDM, the element matrix is optimized by genetic algo-
rithms (GAs) [23]–[26]. Fig. 2 stands for chromosome structure
used for the EDM. There are two chromosomes; one is the ele-
ment code chromosome, the other is the parameter chromosome.
The element code chromosome and the parameter chromosome
are designed to be paired. The calculation of each element is
conducted based on the chromosome vector gβ expressed as

gβ=

{
uβ =

{
uβ , 1

}T [
1 ≤ β ≤ m

]
eα =

{
cα, pα

}T[
m < β ≤ (n+ 1)m

] ∵ α = β −m

(2)
where β ∈ N, u•, c•, and p• refer to the address of chromo-
some, the input code, the element code, and element parameter,
respectively. In the case of 1 ≤ β ≤ m, the element code chro-
mosomesuβ express kind of input values. One of the input values
prepared by the designer in advance is automatically selected
according to uβ . Since the parameter is not required in the case
of 1 ≤ β ≤ m, the parameter chromosomes are fixed at 1. In
the case of m < β ≤ (n+ 1)m, cα and pα express the kind of
elements of fα and the parameter in fα, respectively. The type
of selectable element can be arbitrarily determined according to
the objective. Examples of the elements are shown in Figs. 3–5.
xin and xout stand for the input value and the output value
of the element, respectively. Fig. 3 depicts the basic elements
to construct the element matrix structure. Fig. 4 expresses the
calculation elements. Fig. 5 stands for the nonlinear function
elements. For simplification, Fig. 4 represents the transfer func-
tion in the frequency domain using the Laplace operator s, but
the calculation is actually performed in the time domain. c• is
a variable that specifies the code shown in the upper right of
each element in Figs. 3–5, and p• is the value of the parameter
a in each element in Figs. 3–5. The parameter of each element
is limited within the arbitrary range. The elements shown in this
figure are merely examples. Various elements can be prepared
according to necessity. For example, an element of first-order
low-pass filter (cα = LPF) is calculated as follows:

xout(s) =
alpf

s+ alpf
xin(s) (3)
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Fig. 4. Calculation elements. (a) Gain. (b) Power gain. (c) Derivation. (d)
Integral. (e) Low-pass filter (f) High-pass filter. (g) Phase-lead compensator. (h)
Phase-lag compensator. (i) Phase compensator. (j) Notch filter. (k) Dead time.
(l) Shift operator.

Fig. 5. Nonlinear function elements. (a) Satuation. (b) One way. (c) Dead
zone. (d) Hysteresis. (e) Sign function (f) Logarithmic function. (g) Power. (h)
Sine wave (phase). (i) Sine wave (amp.). (j) Tangent (phase). (k) Tangent (amp.).
(l) Arc sine. (m) Arc cosine. (n) Arc tangent. (o) Hyperbolic tangent.

where alpf denotes the cutoff frequency of the low-pass filter.
alpf is calculated by

alpf = (pmax
lpf − pmin

lpf ) pα + pmin
lpf (4)

where pmax
lpf , pmin

lpf , and pα refer to the maximum value and the
minimum value used for the low-pass filter element, and a ran-
dom value ranged by 0 to 1, respectively. pmax

lpf and pmin
lpf can be

designed arbitrarily according to the kind of elements. Moreover,

Fig. 6. Overview of the crossover process.

when the element affects the calculation logarithmically, alpf is
set logarithmically by

alpf = 10(p
max
lpf −pmin

lpf ) pα+pmin
lpf . (5)

For example, in the case of an element such as a low-pass filter,
the upper and lower limits are the control band of the target
system as follows:

2π

Tsum
≤ alpf ≤ π

Ts
(6)

where Tsum and Ts stand for total time of time-series data and
sampling time, respectively. The upper limit value represents
the Nyquist frequency. In the case of the dead time element, the
control period is the lower limit and the total time is the upper
limit

Ts ≤ adt ≤ Tsum (7)

where adt denotes the dead time. Moreover, when aiming at
a specific range, it is possible to set the range narrowly. The
optimization procedure of the EDM is based on the general
procedure of GA [20]. The evolutionary process consists of
selection, crossover, parameter-shift, and mutation processes. In
the selection process, individuals to be used in the next genera-
tion are selected. In the crossover process, whether to perform an
intersection is determined probabilistically for every individual
based on a crossover rate. The element code chromosomes and
the parameter chromosomes of the individual that selected in the
crossover process are exchanged together. The crossover process
is depicted in Fig. 6. In the parameter-shift process, parameters
selected probabilistically are slightly increased or decreased.
In the mutation process, the chromosomes are stochastically
rewritten based on the mutation rate. The parameter-shift process
and the mutation process are shown in Fig. 7. The GA for the
EDM is summarized in Algorithm 1. Gmax and Inum denote
number of generation changes and number of individuals, re-
spectively. Generally, when GA is applied to motion control,
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Fig. 7. Overviews of the parameter-shift and the mutation process.
(a) Parameter-shift process. (b) Mutation process.

Algorithm 1: GA for the EDM.
Initialization ()
Data get ()
while age ≤ Gmax × rep do

for cntr = 1 to Inum do
while t < Tsum do

Matrix calculation
Fitness calculation

end while
F [cntr] = Fitness

end for
Ranking ()
Selection ()
Crossover ()
Parameter shift()
Mutation ()
Make new age
if Gmax × rep ≤ age then

if continue = “Yes” then
rep ⇐ rep +1

end if
end if

end while

only the parameters are optimized by predetermining the struc-
ture of the system [26]. Using the proposed method, not only the
parameters but also the structure of the system and the selection
of input parameters can be optimized at the same time. When the
termination conditions are satisfied, the best individual is dealt
as the abstraction result.

By analyzing the results of the EDM, the physical meaning
is grasped. In addition, the results of the EDM can be used
in the next optimization as the initial population. By using an
elite preservation strategy, the result will not be deteriorated.
In addition, by performing the optimization hierarchically, it is
possible to extract the physical laws in order of importance for
the system expression. The hierarchical abstraction is performed
by increasing the size of the element matrix while inheriting
the model obtained in the past. An overview of the hierarchical
optimization is depicted in Fig. 8. The system is abstracted by
terminating the optimization process when sufficient accuracy
is obtained by the hierarchical optimization. On the one hand,
when the abstraction depth is shallow, the system can be ab-
stracted with a reasonable accuracy using a simple mathemat-
ical model. On the other hand, when the abstraction depth is

Fig. 8. Overview of the hierarchical abstraction.

Fig. 9. Block diagram of the RTOB.

increased, the system can be abstracted with high precision
using a more complicated mathematical model. The accuracy
and simplicity are determined by the abstraction depth.

III. AUTOMATIC GENERATION OF THE COMPENSATOR

FOR THE RTOB USING THE EDM

In this section, an automatic generation method of the com-
pensator for the RTOB using the EDM is proposed. In this study,
the RTOB for estimating the external torque applied to a servo
motor is used for discussion as an example. The block diagram
of the RTOB is expressed as Fig. 9. τenv, τext, τd, τcmp, Iref ,
θres, Jn, and Ktn stand for the reaction torque from environ-
ment, external torque, disturbance torque, compensation torque,
current reference value, angle response value, nominal value
of inertia, and nominal value of torque constant, respectively.
The superscript •̂ refers to the estimated value. Q(s) expresses
the low-pass filter of the RTOB. The actuator is moved by
acceleration control with a disturbance observer (DOB) [27],
[28]. The cutoff frequency of Q(s) can be designed separately
from the cutoff frequency of the DOB. To obtain pure reaction
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Fig. 10. Block diagram of the EDM for abstraction of the RTOB compensator.

Fig. 11. Element matrix for abstraction of the RTOB compensator.

torque τ̂ext from environments, it is necessary to compensate
the disturbance torque τd. Therefore, the accurate calculation
method of τd is needed to design the RTOB. Then, the estimated
τd can be used as the compensation torque τcmp. Here, calcu-
lation methods of τcmp are introduced. Fig. 10 depicts a block
diagram of automatic generation of the RTOB compensator by
the EDM. The element matrix in Fig. 10 shows a compensator
for the RTOB. The structure of the element matrix in Fig. 10
is expressed as Fig. 11. The input values can be set manually
by arbitrary parameters or selected automatically by the EDM.
In this study, the input values were selected automatically using
the EDM. In this case, the inputs of the element matrix were
designed as the status information of actuator. In addition, the
sum of the outputs refers to a compensation torque for the RTOB.
As the τ̂ext contains the entire disturbance of the system, it
is necessary to cancel the disturbances other than the reaction
torque. The objective of generation of the compensator is to
cancel these disturbances. The compensator is generated using
free motion response of the actuator. At this time, it is desirable
to move the motor so as to excite various disturbances.

When the RTOB works ideally, the torque response of the free
motion become always zero. Therefore, the fitness function is
defined as

Γrtob =

√
1

Nsum

∑Nsum

q=1
Λ(q) · τ̂ext(q) 2 (8)

Fig. 12. Experimental setup. (a) Structure of auger filling machine. (b) Picture
of the auger part.

where q, Γrtob, Nsum, and Λ(q) refer to sampling number, the
fitness value, total number of time-series data of free motion, and
the weighting function, respectively. The individuals with small
fitness values are more likely to survive in the next generation.
By repeating the evolution, an equation for calculating the com-
pensation value for zeroing the estimated torque is automatically
derived.

IV. EXPERIMENTS

In this section, experiments were conducted to confirm the
validity of the proposed method. The experiments consist of
two phases, an abstraction phase and an evaluation phase. In the
abstraction phase, the model of RTOB compensator is extracted
using experimental data. In the evaluation phase, the RTOB
compensator generated in the abstraction phase is applied to
the new experimental data, and the compensation accuracy is
evaluated. In the experiments, compensation accuracy of the
conventional method and the proposed method were compared.

A. Experimental Setup

The experimental setup is shown in Fig. 12. This equipment is
a powder-filling machine. The machine fills various powders by
a screw shaft called auger. Fig. 12(b) depicts the auger part. The
auger is actuated by a servo motor. In addition, the auger axis is
supported by bearings to reduce the fluctuation. The bearings are
sealed to avoid contamination of the powder into the actuator.
Thereby, friction due to the sealed parts and the bearings exists.
The characteristics of the friction are depicted in Fig. 13. In these
experiments, the friction model of the auger-filling machine was
abstracted for designing the RTOB.

Then, time-series data were prepared for abstraction of the
compensator. The actuator is moved by angular velocity control.
The angular velocity step command was applied from 0 to 10 s.
In addition, angular velocity chirp command was given after
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Fig. 13. Friction characteristics of the auger axis.

Fig. 14. Time-series data for abstraction of the compensator. (a) Torque. (b)
Angle (c) Angular velocity. (d) Angular acceleration.

Fig. 15. LuGre model.

10 s. The chirp signal is designed as follows:

ωcmd = 20 π sin
{
2π × 0.5(t− 10)2

}
(9)

where ωcmd stands for the angular velocity command. Fig. 14
shows the prepared time-series data for abstraction. τ̂ext(t),
θwres(t), θ

uw
res(t), θ̇res(t), and θ̈res(t) stand for estimated external

torque, wrapped angle response, unwrapped angle response,
angular velocity response, and angular acceleration response,
respectively. In this case, θwres(t), θ

uw
res(t), and θ̇res(t) are input

values for abstraction, and τ̂ext(t) means training data, respec-
tively. These variables are the same as those depicted in Fig. 10.

B. Conventional Method

In this article, a friction compensator based on a LuGre
model [14], [15] was applied as the conventional method. A
conceptual diagram of the LuGre mode is shown in Fig. 15. The
LuGre model is known as a rigid friction model. The frictional

TABLE I
IDENTIFICATION RESULTS OF THE LUGRE MODEL

Fig. 16. Torque response of the LuGre model.

torque represented by the LuGre model is defined as

τfric = σ0z + σ1
dz

dt
+ σ2ν̇ (10)

where τfric, z, ν̇, σ0, σ1, and σ2 stand for the friction torque,
deflection of the bristles, relative velocity of moving part, bris-
tle stiffness, bristle damping coefficient, and viscous damp-
ing coefficient, respectively. The motion equation about z is
represented as

dz

dt
= ν̇ − |ν̇|

g(ν̇)
z (11)

where g(ν̇) is the function indicating the Stribeck effect and is
expressed as follows:

g(ν̇) =
τc + (τs − τc)e

−(ν̇/ν̇s)
2

σ0
(12)

where τc, τs, and ν̇s stand for Coulomb friction level, stiction
torque, and Stribeck velocity, respectively. When ν̇ is constant,
z is in steady state as

zss = g(ν̇) sgn(ν̇). (13)

In addition, the relationship between the angular velocity and
the frictional torque in the steady state is expressed as

τss(ν̇) = σ0g(ν̇) sgn(ν̇) + σ2ν̇

= τc sgn(ν̇) + (τs − τc)e
−(ν̇/ν̇s)

2

sgn(ν̇) + σ2ν̇. (14)

In the experiments, the parameters of the LuGre model are
calculated by GA. Equation (8) was used as a fitness function for
the identification of the LuGre model. The derived parameters
are shown in Table I. The torque response using the LuGre model
is shown in Fig. 16.
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Fig. 17. Fitness responses in abstraction phase. (a) Step 1. (b) Step 2.
(c) Step 3. (d) Step 4.

C. Abstraction of the RTOB Compensator Using the EDM.

The EDM was applied to abstract a disturbance compensator
for the RTOB. The abstraction was conducted hierarchically as
shown in Fig. 8. In this study, the hierarchical abstraction was
performed in Steps 1–4.

1) Step 1: In Step 1, angular velocity-dependent characteris-
tics were extracted using experimental data of constant velocity.
Therefore, the weighting function was designed as follows:

Λ(q) =

{
1 (0 ≤ t < 10)

0 (10 ≤ t ≤ 20).
(15)

In Step 1, a 4 × 2 element matrix was prepared. In addition, a
model of Coulomb friction/viscous friction was provided as an
initial model. When an important model is known, the model
can be given as an initial value for faster optimization. The
fitness responses and the torque responses in abstraction phase
are depicted in Figs. 17 and 18, respectively. The fitness response
and the torque response in Step 1 are shown in Figs. 17(a)
and 18(g). The results of the abstraction in Step 1 is shown
in Fig. 19(a).

2) Step 2: When performing hierarchical abstraction, it is
necessary to increase the number of rows at each step. Hence, a
4 × 3 element matrix was prepared in Step 2. In the hierarchical
abstraction, the abstraction result of the previous step is inherited
as the initial value of the next step. This concept of inheritance
is shown in Fig. 19. In Fig. 19, rand () denotes a random value.
From Fig. 18(g), it can be seen that the model of Step 1 cannot
express the angular acceleration-dependent response after 10 s.
Therefore, in order to extract the angular acceleration-dependent
term, optimization was performed with Λ(q) = 1 at all times in
Step 2. The fitness response and the torque response in Step
2 are shown in Figs. 17(b) and 18(h). The output of the row
extracted in Step 2 is shown in Fig. 18(c), and it can be seen
that the angular acceleration-dependent term after 10 s can be
expressed. The results of the abstraction in Step 1 is shown in
Fig. 19(c).

3) Step 3: In Step 3, a 4 × 4 element matrix was prepared.
Similar to Step 2, in Step 3, the optimization was performed by
inheriting the result of the previous step as shown in Fig. 19(d).
The weighting function was designed as (15) in Step 3. The
fitness response and the torque response in Step 3 are depicted
in Figs. 17(c) and 18(i). To confirm the improvement by Step 3,
Fig. 18(h) and (i) are enlarged in Fig 20(a). From the result, it
was confirmed that the spatially dependent high frequency was
expressed in Step 3.

Fig. 18. Torque responses in abstraction phase. (a) Output from the 1st line.
(b) Output from the 2nd line. (c) Output from the 3rd line. (d) Output from the
4th line. (e) Output from the 5th line. (f) Output from P1(s). (g) Output from
P2(s). (h) Output from P3(s). (i) Output from P4(s). (j) Output from P5(s).

Fig. 19. Conceptual view of the inheritance. (a) Results of Step 1. (b) Initial
settings for Step 2. (c) Results of Step 2. (d) Initial settings for Step 3.

4) Step 4: Similar to Step 3, the result of the previous step
was inherited and a 4 × 5 matrix was prepared for optimization
in Step 4. In view of the lack of gain in the frequency response
after 10 s, the weighting function was designed in Step 4 as
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Fig. 20. Partial enlarged view of Fig. 18. (a) Comparison between Steps 2
and 3. (b) Comparison between Steps 2, 3, and 4.

Fig. 21. Abstraction results by the EDM.

follows:

Λ(q) =

{
20000 (0.8 ≤ |τ̂ext|)
1 (otherwise).

(16)

The fitness response and the torque response in Step 4 are
depicted in Figs. 17(d) and 18(j). To confirm the improvement
by Step 4, Figs. 18(h), (i), and (j) are enlarged in Fig. 20(b).
From the result, it was confirmed that the gain in the frequency
response after 10 s was improved in Step 4. As described above,
in the model generation by the EDM, it is possible to give
the engineer’s design intention by the initial individual and the
fitness function. Fig. 18(a)–(e) depict the compensation torque
output by each row (y1 − y5). The final abstraction result is
shown in Fig. 21. The upper part of each element depicts the
code shown in Figs. 3–5, and the lower part of each element
expresses the parameters. By decoding Fig. 21, the block dia-
gram of the compensator is derived. The block diagram of the
abstracted compensator by the EDM is shown in Fig. 22. The
parameters from a1 to a20 in elements are shown in Table II.
In Fig. 22, the first and second rows show the term of Coulomb
friction and viscous friction, respectively; the third and fifth rows
express the angular acceleration-dependent term; the fourth row
stands for spatially dependent friction. The root means square
error (RMSE) of each row is shown in the upper right part of
Fig. 18(f)–(j). It can be seen that the RMSE decreases as the
number of rows increases. On the contrary, as the number of
rows increases, the complexity of the model increases. More-
over, if the number of rows is increased too much, the state of
overlearning occurs, and even if a good result is shown for the

Fig. 22. Abstracted compensator by the EDM.

TABLE II
PARAMETERS IN FIG. 22

learning data, the result may be bad for the new data. Therefore,
it is important for the engineer to interpret the physical meaning
of the derived model and judge the model validity. The above is
one of the excellent features of EDM because it cannot be done
by NN in which the model becomes a black box.

D. Evaluation of Abstraction Result

To confirm the validity of the abstraction result by the EDM,
torque responses using another time-series data from the ab-
straction phase were compared. The command angular velocity
was designed as

ωcmd = 20 π sin(2π × 0.1t2). (17)

The signal flow in the element matrix of the EDM is shown
in Fig. 23. The rightmost waves in Fig. 23 show the output
response of each row. In these figures, the scale of the vertical
axis is unified, and it can be confirmed that the models in
the first and second rows are important. On the contrary, the
contribution of the third row, which had a high contribution in the
abstraction phase, decreased in the evaluation phase. In addition,
the contribution of the fifth row has increased. The reason is
considered that the third row is a term that contributes to the
compensation of high frequencies, and the operating frequency
of the time-series data in the evaluation phase is lower than that
in the abstraction phase. The comparison of the torque response
is shown in Fig. 24. The enlarged view of Fig. 24 is depicted in
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Fig. 23. Signal flow of the EDM in the evaluation phase.

Fig. 24. Comparison of the torque responses between a conventional method
and the proposed method in the evaluation phase.

TABLE III
COMPARISON OF THE RMSE IN THE EVALUATION PHASE

Fig. 25. It was confirmed that the proposed method can represent
a few spatially dependent high frequencies, which could not be
represented by conventional methods. This is the effect of the
model on the fourth row. Moreover, the gain of the frequency
response is closer to the experimental data in the proposed
method than in the conventional method. This is the effect of
the model on the fifth row. The comparison of the RMSE of the
torque is shown in Table III. The RMSE of the proposed method
is smaller than the conventional method. Therefore, the validity
of the proposed method was confirmed by the experiments.

Fig. 25. Enlarged view of Fig. 24.

V. CONCLUSION

This article proposes the hierarchical abstraction method of a
compensator for the RTOB using the EDM. Using the proposed
method, compensator model and parameters can be simultane-
ously abstracted. Therefore, determining the disturbance model
in advance is not needed when the compensator for the RTOB is
designed. In addition, the hierarchical abstraction method can
extract important physical laws in order of importance. The
accuracy of the model is determined based on the abstraction
depth by using the hierarchical abstraction procedure. As there
is a tradeoff between simplicity and accuracy of the abstraction
result, it is necessary to decide the abstraction depth based
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on an accuracy requirement for the target application. Hence,
using the proposed method, the model is abstracted with the
necessary and sufficient model. In addition, the abstraction result
is understandable because it is expressed by a combination of
the simple elements. Although the proposed EDM may fall
into overlearning like the NN, the possibility of falling into
overlearning is less than that of NN because the validity of the
abstracted model can be judged by interpreting the meaning
of the model. Moreover, abstracted results can be inherited to
different systems, so that this knowledge can be utilized. The
EDM can be expected to develop as a machine learning method
highly cooperative with humans.
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