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ABSTRACT

In high-precision motion control applications,
elimination of adverse effects caused by friction and
disturbance is a key issue. In particular, when the
system undergoes low-speed or reversal motions, the
inherent friction force and/or external disturbances
may degrade motion accuracy. Therefore, in order to
achieve satisfactory motion accuracy, it is necessary to
suppress the adverse effects due to friction and/or dis-
turbance. In order to deal with the aforementioned
problem often encountered in motion control applica-
tions, this paper develops a disturbance compensation
approach, which is called Nominal-plant-based
Disturbance Compensator (NDC). The advantage of
the proposed NDC is that it not only can accurately
estimate external disturbance/load torque, but also has
superior ability in external disturbance suppression
and measurement noise reduction. To address the
properties of the proposed approach, theoretical analy-
sis of the transfer functions for different schemes are
derived first. Subsequently, several experiments on
load torque estimation, speed control, and contour are
conducted to evaluate the performance of the proposed
approach. Experimental results demonstrate the effec-
tiveness of the proposed approach.

1. INTRODUCTION

Nowadays, high-performance servo-mecha-
nisms such as micro motion stages, industrial manipu-
lators, and Computer Numerical Control (CNC) ma-
chine tools are required to perform highly precise mo-
tion control (Su & Cheng, 2008). However, in such
control applications, motion accuracy and
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performance control applications, motion accuracy
and performance may deteriorate due to unknown sys-
tem uncertainties or nonlinearities. For instance, when
a servomechanism is operated under a low-speed or
reversal motion, the inherent friction force often
causes a stick-slip phenomenon that will ultimately de-
grade the motion accuracy. In addition, external dis-
turbances such as external load or cutting forces may
also degrade the motion performance. To cope with
the above difficulties, there are many studies focusing
on developing different control strategies to improve
the motion accuracy. Among the existing conventional
control schemes, the feedback control technique is
widely used to deal with problems due to external dis-
turbances and friction force in a motion control system
(Tomizuka, 1993; Tarng & Cheng, 1995). For instance,
Tarng and Cheng (1995) employed an appropriate gain
tuning strategy for a PID controller to overcome the
friction effects encountered in contour-following tasks
of CNC machine tools. In addition to the conventional
feedback control scheme, many different friction mod-
els such as the LuGre friction model, have been devel-
oped so as to eliminate the friction effects (Karnopp,
1985; Canudas de Wit et al., 1995).

On the other hand, to deal with issues such as
external disturbance or parameter variation /uncer-
tainty, the disturbance observer (DOB) is one of the
most popular and easily implemented approaches for
disturbance estimation/suppression in motion control
problems. Over the past decades, several investiga-
tions on different types of disturbance observ-
er/compensator have been proposed in many servo
control applications (Ohishi et al., 1987; Ko et al.,
1993; Umeno & Hori, 1991; Choi et al., 1999; Tsai et
al., 2000). Firstly, some researchers regard the external
disturbance (e.g., load torque) as an augmented state
variable so that the linear system theory is exploited to
estimate the external load torque for disturbance sup-
pression (Ohishi et al., 1987; Ko et al., 1993). In this
type of disturbance observer, the external disturbance
is commonly assumed to be a constant. On the contrary,
other researchers regard the difference between the
command input and the calculated input (which is
obtained through an inverse nominal model) as an



equivalent disturbance, in which it is used as a feed-
back signal to eliminate external disturbances (Umeno
& Hori, 1991). Similarly in Choi et al. (1999) and Tsai
et al. (2000), based on the difference between the
output of the real plant and the output of the identified
nominal model, a model reference-based disturbance
observer was also developed for external disturbances
estimation/elimination.

Recently, several extended investigations have
been proposed to further improve the performance of
disturbance estimation/suppression (Umeno & Hori,
1991; Lee & Tomizuka, 1996; Kobayashi et al., 2007;
Lu, 2008; Yao et al., 1997; Kim & Chung, 2003; Xie,
2010, Shao et al. 2021). For instance, Umeno and Hori
(1991), Lee and Tomizuka (1996), Kobayashi et al.
(2007), and Lu (2008) designed different types of low-
pass filters for performance improvement of DOB.
Generally, the disturbance observer is designed based
on the linear system theory. Therefore, the effective-
ness of DOB may deteriorate when used in practical
applications where significant parameter variations
and/or nonlinear uncertainties often occur. To deal
with such problems, Kobayashi et al. (2007) devel-
oped a phase compensation scheme based on a disturb-
ance observer which considers the issue of inertia var-
iations. In addition, to further cope with the effects of
discontinuous disturbances and large parameter varia-
tions, Yao et al. (1997) developed an adaptive robust
control (ARC) scheme consisting of a model
reference-based disturbance observer, a sliding mode
control, and an adaptive control scheme. Moreover, by
employing robust internal-loop compensator (RIC),
Kim and Chung (2003) proposed an advanced design
method to further enhance the robustness of DOB.
Furthermore, in addition to the use of a model-based
disturbance observer in dealing with external disturb-
ances, Xie (2010) also developed a compensation
scheme for measurement noise rejection.

In this paper, a disturbance compensation ap-
proach called the Nominal-plant-based Disturbance
Compensator (NDC) is proposed to deal with the
speed control problem for a motion control system.
Basically, the concept of NDC is similar to the model
reference-based disturbance observer which is ex-
ploited to obtain the difference between the output of
the identified nominal model and the output of the real
plant. After calculating the difference, the estimated
disturbances can be obtained via a PI type compensa-
tor and then fed back to the real plant to suppress ex-
ternal disturbances. Moreover, to eliminate the meas-
urement noise effects, instead of using the real motor
velocity, the velocity information obtained from the
nominal plant model is used as the velocity feedback
signal.

The rest of the paper is organized as follows.
Section 2 consists of a brief introduction and analysis
to the conventional disturbance observer and the PI-
type Close-loop Torque Observer (PICTO). Theoreti-
cal analysis of the compensation capability of the
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PICTO used in disturbance compensation is also pro-
vided. Detailed analysis of the proposed NDC is given
in Section 3. Section 4 contains the experimental setup
and results. Finally, the conclusions are summarized in
Section 5.

2. DISTURBANCE OBSERVER FOR

MOTION CONTROL SYSTEMS
2.1 Brief Introduction to the disturbance observer
(DOB)

In precision motion applications, external dis-
turbance and load torque often present a great chal-
lenge to control designers since they deteriorate
motion accuracy. One of the most commonly used
approaches to circumvent their influence is to use a
suitable sensor to measure their amount. Based on the
measured value, one can design a suitable
compensator to improve motion accuracy. However,
sensors are not always available for all application
scenarios. Even if they are available, they may not be
cost-effective. In order to overcome this difficulty,
Ohishi et al. (1987) exploited the linear system theory
to design an observer that can be used to estimate
external disturbances and load torque. Extending the
concept of the disturbance observer, Umeno and Hori
(1991) developed a robust speed controller and a
Butterworth low-pass filter which is based on the
parameterized formula. Recently, this type of DOB
has become a well-known and useful approach for
external disturbance estimation and compensation in
motion control (Lee & Tomizuka, 1996, Sariyildiz et
al. 2020). Generally, the main advantage of DOB is
that it can accurately estimate external disturbance and
compensate for it without changing the existing
control paradigm. However, there exists a derivative
term in the DOB structure which may introduce high
frequency noise. In order to overcome this difficulty,
one needs to design a low-pass filter and also adjust
the bandwidth of DOB. In the following, theoretical
analysis of the conventional DOB will be conducted to
verify its capability in disturbance estimation.

wcmd

C(s)

Disturbance Observer

Fig. 1 Block diagram of a motion control system
with a disturbance observer.

Figure. 1 illustrates the schematic diagram of the
disturbance observer used in speed control of a motion
control system. In Fig.1, the dotted line rectangle is the
structure of DOB developed by Umeno and Hori
(1991), where 1/(Ins+Bm) represents the real transfer
function of the plant under control,j,,s + B,, repre-
sents the inverse of the identified nominal model, & is
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the measurement noise, Q(S) is the low-pass filter, C(s)
is the speed controller (e.g. a Pl-type controller), and
wema and ware the velocity command and output
velocity, respectively. Tn , Ta, T4, and T, are the
torque command, real load torque, estimated load
torque, and calculated load torque difference.

Note that T, is the difference between the
input of the real plant and the output of the identified
nominal model. By using the Mason’s gain formula
(Nise, 2007), the transfer function from the torque
command to the estimated load torque in Fig.1 is
expressed as:

Ta(s) — Q(S)((]Ams"'EAm)_({mS"'Bm)) (1)
Tm(s) Ums+Bm)+Q(s)(UmS+Bm)—Ums+Bm))

Similarly, the transfer function from the real load

torque to the estimated load torque is expressed as:
Ta(s) _ Q) Ums+Bm) @)
Tq(s) Ums+Bm)+Q(s)(UmS+Bm)—Ums+Bm))
For the sake of easy analysis, without loss of generality,
the torque command and load torque are set to constant
values in the following derivations. That is,
Tm(s)=Cn/s, Td(s)=Cq/s, where C, and Cq are constant.
In addition, the low-pass filter and the measurement
noise are set as Q(s)=1 and ¢&=0, respectively.
Therefore, Eq. (1) and Eq. (2) can be further rewritten
as follows:

F _ Ums+Bm)—UmS+Bm) Cm(s)
Tam(s) = U5+ Bn)+ (U +Bon)—Ums 1 Bm)) < s )
= _ (Jms+Bm) Ca(s)
Taa(9) = G e Ums Byt < s @)

By letting s—0 in Eq. (3) and Eq. (4), it is easy
to find that in steady state, the estimated load torque
due to the torque command and the real load torque
can be described by Eqg. (5) and Eq.(6), respectively.

= Bm—Bm
Tam(s) = B X Cny ®)
~ §m

Taa(s) = B, < Ca (6)

In addition, by accounting for all the estimated
load torque obtained from Eq. (5) and Eq. (6), the
overall estimated load torque T, in steady state can
be rewritten as:

Em_Bm

Tass = Tam + Taa =

X G 422X Cg (T)

If the identified nominal model is accurate
enough (i.e. B,, = B,,), Eq. (7) can be simplified as
T4ss = Cg4. Itindicates that the conventional DOB has
good disturbance estimation ability. However, the
estimation performance of DOB is limited by the
bandwidth of the low-pass filter. In other words, if the
type of the low-pass filter is chosen properly, the
equivalent load torque used to compensate for the real
load torque can be accurately computed and the
measurement noise can also be effectively suppressed.
Selection suggestions for the type of low-pass filter for
the disturbance observer can be found in Umeno and
Hori (1991).

2.2. Pl-type Close-loop Torque Observer (PICTO)

As previously mentioned, there are many
studies focusing on developing disturbance observers
for load torque/disturbances estimation. PICTO is one
of those approaches (Tsai et al., 2000). Figure 2

illustrates the block diagram of a speed control system
1

with a PICTO. In Fig. 2, ———— represents the real
(UmsS+Bm)

transfer function of the plant under control, while
————— represents the nominal plant model obtained
Ums+Bm)

through system identification. Also in Fig. 2, T, Tq,
and T; are the torque command, real load torque, and
the load torque estimated from the PICTO. wemd, @,
and & are the velocity command, velocity of the real
plant, and the output of the identified nominal model,
respectively. In addition, Kpand K; are the proportional
and integral gains of the velocity loop controller, while
K and K; are the gain constants used to adjust the pole
position of the disturbance observer (Tsai et al., 2000;
Wau et al., 2010). To analyze the ability of disturbance
estimation of the PICTO, similarly, by using the
Mason’s gain formula, the transfer function from the
torque command to the estimated load torque in Fig.2
is expressed as:

Ta(s) — (K15+K2)((]‘ins"'Bni)_(jms‘*‘Em)) (8)
Tm(s) UmS+Bm)Ums?+Bms+K,5+K3)

T, ¢
Oumg 4= |Ks+K, | T - 1 e

P~ > —>O——>

+ 5 + J.s+B, | o
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Fig. 2 Block diagram of a speed control system with
the PICTO.

Also, the transfer function from the real load
torque to the estimated load torque is expressed as:
Ta(s) _ Ums+Bm) (K15+K3) ©)
Tq(s) UmS+Bm)(Jms2+Bms+Ky15+K3)

To facilitate the analysis, without loss of
generality, under the same assumption used in the
previous subsection, Eq.(8) and Eq.(9) can be further
rewritten as Eq. (10) and Eq. (11), respectively:

5 _ (K15+K2)(UmS+Bm)—(ms+Bm)) Cm(s)

Tam(s) = UmS+Bm)JmS2+Bms+Kq5+K2) X (10)
7 _ (Jms+Bm)(K15+K3) Ca(s)

Taa(s) = UmS+Bm)JmS2+Bms+K15+K2) X (11)

By letting s—0 in Eg. (10) and Eq. (11), it is
easy to find that in steady state, the overall estimated
load torque T s can be rewritten as:

A A A _ KZ(Bm_Em)
Tdss - Tdm + Tdd - B K
mi2

BmK»
BmK3

X Gy, + X Cq4

(12)

Similarly, if the nominal plant model obtained
from system identification is accurate enough, one will
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have B,, =B, . Thus, Eq. (12) can be further
simplified as T, = C4. Obviously, it indicates that
the estimated load torque obtained from the PICTO
gives a good approximation of the real load torque.

2.3. Disturbance Compensation Using the PICTO
Theoretical analysis conducted in the previous
subsection shows that the PICTO is effective in esti-
mating external disturbance. Nevertheless, its ability
in compensating for the external disturbance may suf-
fer from the fact that an additional feedback loop is
generated (with the bold compensation path as shown
in Fig. 3). To validate this viewpoint, similar analyses
of estimation ability in disturbance compensation
using the PICTO are given in the following. Figure 3
illustrates the block diagram of the disturbance com-
pensation structure with the PICTO (as indicated in the
dashed line rectangle) in a motion control system.

emd Jf T | Kps+K, T

[0)
+ S

\
PICTO Compensator L

Fig. 3 Block diagram of the disturbance compensation
structure using the PICTO.

Similarly, using the Mason’s gain formula, the
transfer functions from the torque command to the
estimated load torque and from the real load torque to
the estimated load torque in Fig.3 are expressed as:

T4 _ (Ks+K)((J,5+B,)~ (J s+B,)
T.® (J.s+B,)(J,5+B,)s+(Ks+K,)((J.s+B,)+(J,s+B,)) (13)

Td (S): (KIS+K2)(‘]mS+Bm)
T4 (J,5+B,)(J,5+B,)s+(Ks+K,)((J,5+B,)+(J,5+B,))

(14)

Therefore, under the same assumption used in the

previous subsections, the overall estimated external

load torque T, in the steady state can be further
rewritten as:

R . R K, (B,

Ties (8) =Ty (8) + Ty (5) = K,(B, ) KB

BA xC, + m—xCy
+8,) K, (B

(15)

Additionally, if the nominal plant model is

accurate enough, Eq. (15) can be simplified as T =

C4/2. In other words, the estimated external load

torque is only half of the real load torque when the
PICTO is used in disturbance compensation.

3. THE PROPOSED NOMINAL-
PLANT-BASED DISTURBANCE
COMPENSATOR

J. CSME Vol.42, No.5 (2021)

As previously mentioned in subsection 2.3, the
estimation performance may deteriorate if the PICTO
is used in disturbance compensation in a motion con-
trol system. To ease this problem, this paper develops
an alternative disturbance estimation /compensation
approach, which is called Nominal-plant-based Dis-
turbance Compensator (NDC). The idea and analysis
of the proposed NDC are elaborated upon in this
subsection.

The schematic diagram of a speed control sys-
tem with the proposed NDC is illustrated in Fig. 4,
where Kp, K|, Wemd, @, @, Tm, T4, Td, & K, Ko, Im, B,
Jm ., and B, have been defined in Section 2.
Compared with the disturbance compensation struc-
ture based on the PICTO shown in Fig. 3, two paths
have been modified in the proposed NDC. Firstly, in
order to obtain accurate disturbance estimation, the
path from the estimated disturbance to the nominal-
plant model is eliminated. In addition, to further
suppress the noise effects, instead of using the velocity
of the real plant, the velocity information obtained
from the nominal-plant model is adopted as the
feedback signal. Detailed descriptions and analysis of
the proposed NDC is provided in the following.

Similar to the discussions in previous subsec-
tions, the transfer functions from the torque command
to the estimated load torque and from the real load
torque to the estimated load torque in Fig.4 can be
described by Eq. (16) and Eq.(17), respectively.

Ta®) _ (Ks+K)((3,5+B,)-(J,s+B,)) (16)
T.(9) (J,5+B,)((J,5+B,)s+(Ks+K,))

Tq®_ (Ks+K,) 17
T4 (,s+B,)s+(Ks+K,)

In addition, under the same assumption used in
previous subsections, the overall estimated load torque
T4 in the steady state can be further rewritten as:

» . -B 18
Tdss(s):Tdm(S)"'Tdd(s):%Xcm‘*%xcd (18)

Suppose that the indentified nominal plant
model is accurate enough. This is to say, that Eq. (18)
can be easily simplified as T, = C4. Clearly, it indi-
cates that the estimated load torque obtained using the
NDC is equal to the real load torque. Theoretical anal-
ysis suggests that the proposed NDC can provide
accurate disturbance estimation when used in disturb-
ance elimination for motion control systems.

On the other hand, as shown in Fig. 4, there is
no path from the measurement noise ¢ to the output of
the nominal plant model @. Therefore, the transfer

~

function from £to @ can be expressed as:

>

@_ 0 (19)

A

A=(J,5+B,)(J,s+B,)s*+(K.s+K,)(J,s+B,)s

+(Ks+K,)(J,5+B,)s+(K.s+K,)(Ks+K,)
(20)
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Clearly, Eq. (20) reveals that the measurement
noise does not have any effect on the output of the
nominal-plant model in the proposed NDC.
According to the above discussions, one can
conclude that the proposed approach can effectively
compensate for the load torque even in a scenario
where the measurement noise exists.

Td
Doy + Kes+K, | T, X - 1
A- s

Fig. 4 Block diagram of a speed control system with
the proposed NDC.

4. EXPERIMENTAL SETUP AND
RESULTS

Several experiments are conducted so as to
evaluate the performance of the proposed approaches.

4.1. Experimental Setup and System Parameter

In the following, the experimental hardware and
their associated parameters are presented.
4.1.1. Hardware of the experimental system

The hardware of the experimental system is
composed of a personal computer, a DSP-based
motion control card (equipped with a TI TMS320C32
floating point processor), and a Panasonic AC servo-
motor with a built-in incremental encoder (2500x4
pulses/rev) for position feedback and velocity estima-
tion. In addition, the motor shaft is attached with a thin
circular disk (weight: 537g) which is used as an exter-
nal load. Note that the drive of the AC servomotor is

set to the torque mode throughout the experiments.
Moreover, in order to assess the capability in estimat-
ing disturbance/load torque, a dynamometer is used to
provide the additional disturbance torques. The hard-
ware of the experimental system is illustrated in Fig. 5.

-

AC servomotor With a dynamometer
Fig. 5 Hardware of the experimental system used to
evaluate the performance of the proposed approach.

4.1.2. Parameter setting of motion control system

The transfer functions for the servomotor
connected to an external load (e.g., a thin circular disk)
and the servomotor connected to the dynamometer are
obtained using the dynamic analyzer Agilent 35670A.
Using the obtained plant parameters J,, and B,,, one
can determine appropriate gain constants Ke , K; in
Figs 1-4. In addition, with the desired damping ratio
and natural frequency given, the values of gain
constants Ky, K; in the PICTO, the PICTOC, and the
NDC can also be determined (Tsai et al., 2000; Nise,
2007; Wu et al., 2010). Moreover, the cutoff frequency
of the low-pass filter Q(s) is set to 40 Hz in the DOB.
In this paper, the identified plant parameters and the
selected gain constants for different experiments are
summarized in Table 1.

Table 1 Plant parameters and gain constants used in
the experiment

Selected parameters
Connected to a Connected to a
Coefficients ™~ thin circular disk dynamometer
7 000037386 0.00089323
Nm/(rad/s?) Nm/(rad/s?)
B 0.00026742 0.0038525
" Nm/(rad/s) Nm/(rad/s)
Kp 0.02 0.02
Ki 0.04 0.04
K 0.08 0.15
K> 0.05 0.35

Furthermore, to facilitate the verification pro-
cess and also improve the motion accuracy, a friction
compensator based on the LuGre friction model
(Canudas de Wit et al. 1995) is adopted in the disturb-
ance compensation structure shown in Fig. 6. The
LuGre friction model is mathematically expressed as
(Canudas de Wit et al., 1995; Kermani et al., 2007):
==l—=

=l

Friction Force Compensator

=

@ Dynamometer
T, K + 0]
T + s

>

Dng

Disturbance

: e
Estimator

Disturbance Compensator

Fig. 6 Control block diagram of the experimental

system.
dz .
F=o0,2+0,—+0,0 (21)
dt
dz |9|
= 0—.2
dt 9(0)

22
In Egs. (21) and (22), z is the average defleétio%
of the bristles and 6 is the relative velocity between
two contact surfaces. Additionally, oo, a1, and o, are
the stiffness, damping, and viscous friction coeffi-
cients, respectively. g(6) isanonlinear function used
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to describe the Stribeck phenomena, which can be
expressed as:

9(6) =F,+(F,-F.)e ", (23)

where F. is the Coulomb friction, Fs is the stiction
force, and « describes the variation of g(8) between
Fsand F. In this paper, the identification of the LuGre
friction model is mainly based on the approached de-
veloped in Kermani et al. (2007). The identification re-
sults for the LuGre friction model are listed in Table 2.

Table 2 Coefficients of the LuGre friction model for
the experimental system

Identification results
Coefficients~_ |

Connected to a
dynamometer

Connected to a thin
circular disk

o (1.28684 020618

F 0.01911 Nm 0.03196 Nm

F, 002137 Nm 05109 Nm

a, 3.7580 Nm/rad 18,578 Nm/rad

o 0.02481 Nm/(rad/s) 0.05563 Nm/(rad/'s)
. 0.00196 Nm/{rad/s) 0.01282 Nm/{rad/s)

Figure 6 shows the control block diagram of the
experimental system, where Tfri represents the
feedforward friction compensation term. Note that the
external disturbance torque Ty indicated in Fig.6 is
provided by the dynamometer.

4.2. Experimental Results

In order to verify the effectiveness of the
proposed approaches, several experiments have been
conducted under different test conditions.
4.2.1. Performance evaluation of the proposed NDC

To demonstrate the estimation capability of the
proposed approach, in this experiment, three load
torque estimation tasks are performed. The first one is
to estimate an external constant load torque (0.2 Nm),
the second one is to estimate a varying load torque (0.1
Nm~0.3 Nm: 0.2+0.1sin(2 r ft), where f=1 Hz), and
the last one is to estimate a frequency varying load
torque (0.1 Nm~0.3 Nm: 0.2+0.1sin(2xft), where f is
swept from 0.05Hz to 1Hz). All of the external loads
are provided by the dynamometer. For all disturbance
estimation tasks, four different load torque estimation
approaches are used to estimate load torque under a
speed control of 600 rpm. The load torque estimation
approaches used in the experiment include the PICTO
(without disturbance compensation), the DOB
(conventional DOB), the PICTOC (PICTO with the
disturbance compensation path), and the proposed
NDC.
1) Constant load torque estimation

Results of the constant load torque estimation
experiment are illustrated in Fig. 7 and listed in Table
3. Figure 7(a) shows the estimated external
disturbance load torque (almost equal to 0 Nm) before
adding the extra load, while Fig. 7(b) shows the total
estimated load torque (almost equal to 0.2 Nm) after
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adding a constant load torque (0.2 Nm provided by the
dynamometer) to the servomotor. Here, the PICTO is
employed to estimate the load torque shown in Figs.
7(a) and 7(b). Figures 7(c), 7(d), and 7(e) show the
estimated load torque using the DOB, the PICTOC,
and the proposed NDC, respectively.

(@) (b)

(©) (d)

ccccccccc

(€)

Fig. 7 Experimental results of the constant load torque
estimation using different estimation approaches:
(a). External disturbance without extra load torque;
(b). Total load torque after adding a constant load
torque; (c). Estimated load torque obtained using
the PICTOC; (d). Estimated load torque obtained
using the DOB; (e) Estimated load torque obtained
using the proposed NDC.

According to the experimental results, clearly it
can be found that the average estimated load torque
(=0.2 Nm) obtained from the NDC is almost the same
as the servomotor’s real load torque (=0.2 Nm, as
shown in Fig. 7(b)). However, the average estimated
load torque provided by the PICTOC is only half of
the real load torque (=0.1 Nm). Table 3 also lists the
experimental results in steady state (calculated after 2
seconds) for different disturbance estimation ap-
proaches. Obviously, according to results shown in Fig.
7 and Table 3, the proposed NDC exhibits superior
estimation ability to the PICTOC and the DOB in con-
stant load torque estimation. Note that the performance
indices used in all experimental results are “AlAE”,
“RMS”, and “[|M||,qx” Where “AIAE” represents the
average integral of the absolute error; “RMS” repre-
sents the root mean square error, and “||M || " rep-
resents the maximum absolute error.

2) Varying load torque estimation

Figure 8 illustrates the experimental results of
varying load torque estimation. Figure 8(a) shows the
total estimated load torque after adding a varying load
(0.2+0.1sin(2 = t) provided by the dynamometer) to
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the servomotor. Figures 8(b), 8(c), and 8(d) show the
estimated load torque obtained using the PICTOC, the
DOB, and the proposed NDC, respectively. Based on
the experimental results shown in Fig.8, clearly the
profile of estimated load torque obtained using the
NDC is more similar to the real load torque (as shown
in Fig.8(a)) than that obtained by the other two
approaches.

(@) . (b)

04

Fig. 8 Experimental results of varying load torque
estimation for different estimation approaches: (a)
Total load torque after adding a varying load torque;
(b). Estimated load torque by the PICTOC; (c).
Estimated load torque by the DOB; (d) Estimated load
torque by the proposed NDC.

Velosy(m)

Fig. 9 Velocity profiles of the speed control system
consisting of a feedback controller combined with
different estimation approaches at 600 rpm (under a
varying load torque) (a) With the PICTO; (b) With
the PICTOC; (c) With the DOB; (d) With the
proposed NDC.

In addition, the resulting velocity profiles are shown in
Fig. 9. Figure 9(a) shows the velocity profile of the
speed control system consisting of a feedback control-
ler combined with the PICTO; Fig. 9(b) shows the
velocity profile of the speed control system consisting
of a feedback controller combined with the PICTOC;
Fig. 9(c) shows the velocity profile of the speed con-
trol system consisting of a feedback controller com-

bined with the DOB; Fig. 9(d) shows the velocity pro-
file of the speed control system consisting of a feed-
back controller combined with the proposed NDC.
According to the experimental results shown in Fig. 9,
clearly, the ripple of the velocity profile can be effec-
tively suppressed by the proposed NDC due to the fact
that the proposed NDC can accurately estimate the
load torque.

° (a) " (b)

mee) T e

torque estimation for different estimation
approaches: (a) Total load torque after adding a
frequency varying load torque; (b). Estimated load
torque obtained using the PICTOC; (c). Estimated
load torque obtained using the DOB; (d) Estimated
load torque obtained using the proposed NDC.

3) Frequency varying load torque estimation

Figure 10 illustrates the experimental results of
frequency varying load torque estimation. Figure 10(a)
shows the results of total load torque estimation after
adding a frequency varying load torque to the servo-
motor. Figures 10(b), 10(c), and 10(d) show the esti-
mated load torque obtained using the PICTOC, the
DOB, and the proposed NDC, respectively. Figure 11
shows the resulting velocity profiles of the speed con-
trol system consisting of a feedback controller com-
bined with different external disturbance estimation
approaches. The experimental results shown in Fig. 10
reveal that the proposed NDC exhibits its best perfor-
mance in disturbance estimation. Furthermore, Fig. 11
clearly indicates that the ripple in velocity profile
caused by undesirable variable external disturbance
can also be effectively suppressed due to the fact that
the proposed NDC can accurately estimate the load
torque even for the case of frequency varying load
torque.

4.2.2. Performance evaluation of the proposed NDC
used for low-speed motion control

As previously mentioned, when a servomecha-
nism undergoes a low-speed motion, deterioration in
motion accuracy will occur due to friction and/or other
disturbances such as external load torque.
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Fig. 11 Velocity profiles of the speed control system
consisting of a feedback controller combined with
different estimation approaches at 600 rpm (under a
frequency varying load torque): (a) With the PICTO;
(b) With the PICTOC; (c) With the DOB; (d) With
the proposed NDC.

In order to demonstrate the feasibility of the pro-
posed approach when applied to low-speed motion
control problems, in this experiment five different
motion control structures are used to control the
velocity of a servomotor at 60 rpm, 6 rpm, and 1 rpm
(a thin circular disk is used as the extra load). The
tested speed control structures include: proportional-
integral control without friction and disturbance
compensation (PI), Pl control combined with a LuGre
model-based friction compensator (PI+FC), Pl control
combined with the PICTOC (PI+PICTOC), PI control
combined with the DOB (P1+DOB), and the PI control
combined with the proposed approach (PI+NDC).
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(€)

0 12
Time(sec)

Fig. 12 Experimental results of different speed control
structures at 60 rpm: (a). Pl; (b). PI+FC; (c).
PI+PICTOC; (d).PI+DOB; (e). PI+NDC.

Experimental results of different speed control
structures at 60 rpm, 6 rpm, and 1 rpm are shown in

J. CSME Vol.42, No.5 (2021)

Figs. 12, 13 and 14, respectively. Figures 12(a), 13(a),
and 14(a) show the velocity profiles obtained using the
PI, Figs. 12(b), 13(b), and 14(b) show the velocity
profiles obtained using the PI1+FC, Figs. 12(c), 13(c),
and 14(c) show the velocity profiles obtained using the
PI+PICTOC, Figs. 12(d), 13(d), and 14(d) show the
velocity profiles obtained using the PI+DOB, while
Figs. 12(e), 13(e), and 14(e) show the velocity profiles
obtained using the proposed approach PI+NDC.
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Fig. 13 Experimental results of different speed control
structures at 6 rpm: (a). Pl; (b). PI+FC; (c).
PI+PICTOC; (d).PI+DOB; (e). PI+NDC.
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Fig. 14 Experimental results of different speed control
structures at 1 rpm: (a). Pl; (b). PI+FC; (c).
PI+PICTOC; (d).PI+DOB; (e). PI+NDC.
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Table 3 Performance comparison for different external
disturbance estimation approaches

Loaded with a
constant torque: | AIAE(Nm) | RMS(Nm)
(.2 Nm

PICTO (original 0.0112 0.0154
torque, without

loaded)

PICTO 0.1995 0.1998
PICTOC 0.0978 0.0984
DOB 0.1905 0.1906
NDC 0.1924 0.1927

Table 4 Performance comparisons among different
speed control structures

~—_ Experimental Performance index of
I}_‘-‘-"Uhs velocity errors (rpm)
Definitions AIAE | RMS [ (Ml
60 rpm
PI 3.1771 3.5605 6.2300
PI+FC 29918 3.3543 60370
PI+PICTOC 1.3324 1.4977 2.7390
PI+DOB 2.2418 2.5026 41310
PI+ NDC 0.7604 0.8581 1.9020
6 rpm
PI 1.3485 1.6712 4.1150
PI+FC 1.1293 1.4114 34360
PI+PICTOC 0.6912 0.8428 2.0670
PI+DOB 0.4279 0.5298 1.3360
PI+ NDC 0.3154 0.3903 1.2200
1 1pm
Pl 0.8992 1.3974 7.9610
PI+FC 0.8086 0.9796 4.3040
PI+PICTOC 0.5971 0.7323 3.0500
PI+DOB 0.1934 0.2314 0.7390
PI+ NDC 0.1553 0.1924 0.7340

Table 4 lists the experimental results for different
speed control structures. According to the results
shown in Figs. 12-14, and Table 4, obviously, the
proposed approach exhibits the best performance
among all the tested speed control structures. In
particular, when the servomotor is operated at a
relatively low-speed motion of 1 rpm, the proposed
approach can cope with the stick—slip phenomena due
to the inherent friction force or external disturbance
and also effectively suppress the noise effects.

5. CONCLUSIONS

In this paper, a novel disturbance estimation
/compensation approach is proposed for motion con-
trol accuracy improvement. First, in order to evaluate
the disturbance torque estimation ability of the pro-
posed approach, theoretical analysis of the transfer
functions for different estimation structures are
performed. Subsequently, several experiments on load
torque estimation/compensation of speed control
systems are then conducted to evaluate the
performance of the proposed approach. The main
contribution of the proposed NDC is that it can
effectively estimate and compensate for the

disturbance/load torque simultaneously even for the
case of a relatively low-speed motion or under a
frequency varying load torque. Experimental results
verify the effectiveness of the proposed NDC.
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