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Generally, the flexible robot system can be modeled as the two-mass system which consists of a motor and load
connected by a spring. Thus, its elasticity causes resonance in the system. By using the conventional PID controller,
this method cannot perform well in this situation. Much research has proceeded with the aim of reducing vibration.
A new effective control method, the resonance ratio control, has been introduced as a new way to guarantee the
robustness and suppress the oscillation during task executions for a position and force control. In this paper, three
techniques are proposed for improving the performance of resonance ratio control. Firstly, a new multi encoder
based disturbance observer (MEDOB) is shown to estimate the disturbance force on the load side. The proposed
observer is not necessary to identify the nominal spring coefficient. Secondly, coefficient diagram method (CDM)
has been applied to calculate a new gain of the force controller. A new resonance ratio gain has been presented as
2.0. Finally, the MEDOB and load side disturbance observer (LDOB) are employed to identify a spring coefficient
of flexible robot system. By using the proposed identification method, it is simple to identify the spring coefficient
and easy to implement in the real flexible robot system. The effectiveness of the proposed identification method is
verified by simulation and experimental results.

Key words: Disturbance observer, Two-mass system, Coefficient diagram method, Resonance ratio control

Sinteza bezsenzornog upravljanja silom za fleksibilnog robota koriStenjem upravljanja omjerom rezo-
nancija temeljenim na metodi Kkoeficijentnog dijagrama. Opcenito, sustav fleksibilnog robota mozZe se modeli-
rati kao dvomaseni sustav koji se sastoji od motora i tereta povezanih oprugom. Rezonancija sustava posljedica
je elasti¢nosti opruge. Koristenje konvencionalnog PID regulatora ne daje zadovoljavajuée performanse u ovoj
situaciji. Provedena su mnoga istraZivanja s ciljem smanjenja vibracija. Tako je uvedena nova ucinkovita metoda
upravljanja, upravljanje omjerom rezonancija, kao novi nacin da se osigura robusnost i priguse oscilacije tijekom
izvr§avanja zadatka putem upravljanja pozicijom i silom. U ovom radu predloZene su tri tehnike za poboljSanje
performansi upravljanja omjerom rezonancija. Prvo, pokazano je kako novi observer poremecaja temeljen na vise
enkodera (MEDOB) estimira poremecajnu silu na strani tereta. PredloZeni observer nije nuZan za identifikaciju
nominalnog koeficijenta opruge. Drugo, metoda koeficijentnog dijagrama (CDM) je primijenjena za proracun
novog pojacanja regulatora sile. Iznos 2.0 je odreden kao novo pojacanje omjera rezonancija. Konacno, MEDOB i
observer poremecaja na strani tereta (LDOB) koriSteni su za identifikaciju koeficijenta opruge sustava fleksibilnog
robota. PredloZena metoda identifikacije jednostavna je za implementaciju na stvarni sustav, te se pomocu nje jed-
nostavno identificira koeficijent opruge. Ucinkovitost predloZzene metode identifikacije provjerena je simulacijski i
eksperimentalno.

Kljucne rijeci: observer poremeéaja, dvomaseni sustav, metoda koeficijentnog dijagrama, upravljanje omjerom
rezonancija

1 INTRODUCTION

Recently, society demands new robot designed to sup-
port human. These robots are required to have an ability
to accommodate the interaction potential with human op-
erator. In the conventional force control system, several
proposed techniques have paid attention to develop force
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control system and implemented force sensors to detect the
external force. However, the force information detected by
force sensor has narrow bandwidth due to the soft struc-
ture of the strain gauge [1]. To improve the control perfor-
mance, the sensorless force control technique is proposed
to estimate the external force without force sensor. Many
research have involved this techniques in order to reduce
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the complicity of the overall control system and increase
their stability as shown in [2, 3].

In the industrial robot applications, the effects of struc-
tural flexibility can lead to limit the performance of a con-
trol system [4, 5]. The flexible robot system can be mod-
eled as the two-mass system which consist of a motor and
load connected by a spring. Since the actuator is connected
to the load side with a transmission mechanism, its elastic-
ity causes resonance in the system. Generally, the conven-
tional PID controller is widely used in the industrial ma-
chines and robotics. Although this method offers a simple
way to design the controller, it does not perform well when
the plant system is unstable or has a resonance structural
vibration. Therefore, it is necessary to design the controller
that guarantees the robustness and suppresses vibration.

Controlling machine with the mechanical resonance
has been receiving increased attention [6]- [7]. A new ef-
fective control method, the resonance ratio control [8], has
been introduced by Yuki et al. as a new way to guarantee
the robustness and suppress the oscillation during task ex-
ecutions for position control system. This method relies on
the possibility to change the virtual inertia moment in the
motor side by feeding back the estimated reaction torque
to the motor in an acceleration dimension. This means that
the resonance frequency and the resonance ratio of the sys-
tem can be changed to an arbitrarily value. In the position
control, it is found that the vibration is well compensated
by using the resonance ratio gain as v/5. In addition, the
sensorless force servoing based on resonance ratio control
was proposed by Katsura [9]. This method has proven it-
self as an excellent controller for vibration compensation
by setting the resonance ratio gain as v/6.

In this paper, three techniques are proposed for improv-
ing the performance of resonance ratio control:

1) A coefficient diagram method (CDM) [10] has been
applied to calculate a new gain of the force controller. The
CDM method is an algebraic approach combining classical
and modern control theories and applied polynomials to
represent the system. More reliable parameters selection
can be designed based on the stability index and equivalent
time constant. From the calculation, a new resonance ratio
gain based on the CDM has been presented as 2.0.

2) A multi encoder based disturbance observer
(MEDOB) is proposed and applied to estimate the exter-
nal force on the load side, rather than using the load side
disturbance observer (LDOB) [9] or force sensor [4]. The
proposed observer is not necessary to estimate the nominal
spring coefficient.

3) A new parameter identification is also proposed
based upon the LDOB and MEDOB. The correct value
of the parameter identification is needed for model based
controlling of flexible robot and designation of structural
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observer. There are two parameters due to the error in the
load side external force estimation of LDOB, which are be-
cause of the nominal load mass and the spring parameters.
From the experimental setup, it is easy to find the nominal
load mass of the system by measuring or finding this value
from catalog. By the way, the correct spring coefficient is
very difficult to obtain. Analysis of the calculation reveals
that the correct region of spring coefficient is found if the
response of the load side external force from both LDOB
and MEDOB are equal.

From the simulation and experimental results, it is
shown that this new identification method, which has the
comparison of MEDOB and LDOB, is capable of accu-
rately approximating the spring coefficient. It is also con-
firm that a new resonance ratio gain as 2.0 is also suitable
for suppressing vibration of the mechanical resonance.

-c KS((@(C

Motor Spring Load Environment

Fig. 1. The model of flexible robot system

2 TWO-MASS SYSTEM MODEL

In recent years, robot systems and intelligent machines
have been used not only for industrial processes but also
for a wide range of applications. Generally, the mechan-
ics of machine and robot system often consist of a motor
M and a load L connected by a flexible structure to trans-
mit the actuator torque to a distant joint as shown in Fig. 1.
Since the actuator is connected to the load side with a trans-
mission mechanism, its elasticity causes resonance in the
system. Therefore, the elasticity of flexible robot is real-
ized under assumptions that it can be modeled by spring
coefficient Ky and mass system. A block diagram of the
linear motor with two-mass system that controls under the
ideal current source is shown in Fig. 2. The dynamic equa-
tion of the linear motor is described by:

> Ks Kt
X, = ——SX,4+—tr,., 1
i + i (D
.. K, 1
X, = —X,—=Fy, 2
1 T X~ pla )
X, = XX, 3)

where subscripts m and 1 denote the motor side and load
side, respectively. Fs and Fy; are the spring force and the
external force on the load side. K; is the force coefficient,
I, is the current, X is the torsional position from the po-
sition of the motor X,,, and the position of the load X,
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Fig. 2. The block diagram of two-mass system

M and L denote the equivalent mass of the linear motor
and load mass, respectively. Naturally, this flexible trans-
mission can negatively affects the overall performance in
terms of increased vibrations.

From Fig. 2, the transfer function from current refer-
ence I, to the velocity of motor side X m and the transfer
function from current reference I,,, to the velocity of load
side X; can be calculated as follows

X, Ky (24 K.

T - shEny @
’ L M
Y
I

~—

Ki K
ML

= —_— ., 5

$3+ (5 +57)s ®)

h
g

Then, the anti-resonance w,, and resonance frequen-
cies w,. can be described as follows

=

; (6)

T

Wy =

Slksiislie

N

War =

3 ESTIMATION OF DISTURBANCE AND EXTER-
NAL FORCE

3.1 Disturbance Observer

Consequently, a disturbance observer has been used,
not only for improving the robustness and bandwidth of the
control system, but also for estimation the external force
for examples, [11]— [12]. It has been confirmed that a ro-
bust force control can be obtained, when a disturbance ob-
server is implemented as the feed forward control for a dis-
turbance force compensation loop. Here, the disturbance
force on the motor side F},,, is defined as

Fam = Ffm + Dme + I+ AJ\4)(m + A[(t[ma (®)

where, the resistive force which the direction is opposite
to the motor force is the summation of friction force F'y,p,,
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Fig. 3. Disturbance observer

viscous friction Dme and the spring force Fs. AM Xm
is the variation torque due to changed mass, A K1, is the
force ripple due to space harmonics.

In this research, it is assumed that the influence of the
friction force is very small by using a small-size of linear
motor; thus, the spring force has almost the same value of
the disturbance force. Disturbance observer is an external
disturbance estimation algorithm that is based upon motor
current and velocity information as shown in

- Gdis 5
d s+ Gyis K + G
*GdisMnXma (9)
B SGom =
Xm = Xm, 10
s+ Gom (10)

where K, and M,, are refer to the nominal force coeffi-
cient and the nominal motor mass, respectively. Gg;s is
the cut-off frequency of the disturbance observer, G, is
the cut-off frequency of the motor velocity estimation. To
apply in the real controller, accurate measured data of ve-
locity is required to provide high accurate force sensing of
disturbance observer.

3.2 Load Disturbance Observer

Because of the advantages and unique features of dis-
turbance observer, this approach has received much atten-
tion in sensorless force control system. However, insta-
bility and vibration of system can occur when using dis-
turbance observer for the two-mass system because of the
presence of spring that degrade the overall performance.

To address these problems, a load disturbance observer
(LDOB) [9], which is composed of the nominal spring co-
efficient K,,, the nominal load mass L,, and the load-side
encoder, has been proposed as follows

AUTOMATIKA 54(2013) 1, 62-73
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Fig. 4. Load side disturbance observer

Fy = K.X,—L,X, (11)
o Giob 5 5 :
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where G,; and G, are the cut-off frequency of the load
velocity estimation and the LDOB, respectively. The struc-
ture of LDOB as described in this section can be applied
to estimate the external force at the load side as shown in
Fig. 4. The LDOB is proposed to estimate the external
force on the load side. However, the exact parameters of
the spring coefficient is difficult to obtain. Moreover, it can
be assumed by a non-linear relationship.

3.3 Multi-Encoder Based Disturbance Observer

In this paper, a novel multi-encoder-based disturbance
observer (MEDOB) is proposed for estimating the external
force at the load side of flexible robot as shown in Fig. 5.
The method to estimate the external force at the load side
is obtained from the equation (14), (15) and a simple first-
order low-pass filter as follows

Fu = Kply—M,X,, — LX), (14)
r- Gmo 5
Fdl (TGT:OI) (Ktn[m + GmoanXm>
+GmobLnXl - GmoanXm - GmobLnXl)a
(15)
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Fig. 5. Multi-encoder based disturbance observer

where G ,,p is the cut-off frequency of the MDOB. Com-
pared to the other conventional ways such as state observer
[13] and LDOB, the proposed observer based on multi-
encoder system offers the advantages of faster response,
and high accuracy. By using the proposed observer, it is
not necessary to estimate the nominal spring coefficient.

4 CONTROLLER AND IDENTIFICATION

4.1 Resonance Ratio Control Based on Coefficient Di-
agram Method

A new effective control method, the resonance ratio
control, has been introduced by Yuki et al. as a new way to
guarantee the robustness and suppress the oscillation dur-
ing task executions for a torsional vibration in the position
control system [8]. Briefly, this approach relies on the pos-
sibility to change the virtual inertia moment in the motor
side by feeding back the estimated reaction torque to the
motor in an acceleration dimension. This means that the
resonance frequency and the resonance ratio of the system
can be changed to an arbitrarily value. Also, in [9], the res-
onance control is used in order to achieve the excellent per-
formance that compensates vibration for high-bandwidth
force servoing. Due to the compensation of disturbance
observer on the motor side, the simplified block diagram
of this reaction force feedback is shown in Fig. 6. The
controller of robot system consist of a force gain K, a ve-
locity gain K, and a reaction force gain K,.. The feedback
force will depend on the force contacted on the robot by a
known environment stiffness K.
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Fig. 6. The simplified block diagram of the resonance ratio
control

From Fig. 6, the transfer functions from acceleration
reference X,y to motor position X,,, and motor position
X m to load position X ; can be calculated as follows

Xm L32 + Ks (16)
Xyef Ls*+ K,(1+ K, L)s?
X K,
o= (17)
Xm Ls? + K,

Such a reaction force feedback is able to change the res-
onance frequency of the system. The new anti-resonance
frequency w,, and the new resonance frequency w,. of the
system can be computed as follows

K

w, = Ts(l—i—KrL), (18)
K,
war = A\ T (19)

The transfer function of the force servoing based on
resonance ratio control is given by
K,K ng

= 4 . (20
s+ K83 +w2s? + Kyw?, s + K, Kew?, 20)

Fres
chd

In the conventional controller design, the control system is
realized as the critically damped system. When the damp-
ing ratio is equal to 1, the roots of the characteristic equa-
tion are real and identical [9]. Each control gains are given
as follows

Kv = Kvk: = 4war» (2])
2
w
Ky = K=, (22)
K = Kk:o‘jf — /6, (23)
K, = K= (24)
r - rk L1~
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By setting these designed gains, the resonance ratio is
chosen to be /6. Therefore, the force response exhibits no
overshoot and vibration. In this paper, a new resonance ra-
tio parameter is calculated by using the coefficient diagram
method (CDM). The CDM design method is used to design
the characteristic polynomial of the closed loop system by
achieving a good balance of stability and good robust per-
formance. As it is seen from equation (20), the coefficients
of characteristic polynomial a; are found as

ag = KKewaT, (25)
ap = Kuw?, (26)
a = w2 X))
as = Ky, (28)
as = 1.0. (29)

The standard stability indices ; for the Manabe form are
chosen as y;=2.5, v2=2.0, and ~3=2.0.

ai KU

T = BTEE (30)
2 2,2

Yo = a‘lli - K?igr —20 (32)

o a‘:i - fj —2.0 (33)

Thus, the controller parameters calculated by the design of
CDM are given as follows

K, = Ky =V, (34)
4w§r
Kp = Kpc = 5K, ) (35)
K = K, =% —90, (36)
War
K, = K- (37)
T - re — Ll-

By setting these controller gain, a new resonance ratio pa-
rameter is chosen as 2.0.

4.2 Feedforward Load Disturbance Compensation

The block diagram of the proposed control structure is
shown in Fig. 7. A robust motion control of each motor has
been achieved by feedback the inner disturbance observer
loop. By using the divider’s gain 1/Ky,, the disturbance
force is transformed to the compensation current I dis,» and
it is utilized to cancel out the disturbance on the motor side
and the uncertainty of a system due to the parameter varia-
tion.

The load disturbance compensation is introduced to
compute and feedback the estimated load disturbance force

AUTOMATIKA 54(2013) 1, 62-73
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Fig. 7. The resonance ratio control based on MEDOB and CDM

through the inverse system of the motor side. The inverse
system can be represented by the transfer function from
Fonaq to F,es as shown in (20) and from Fy to F,.s as
follows

Fres 1K (s + Kys + K, Ky)

Fy T sy K,s® +w?s? + Kyw?,.s + KpKew?,
(38)

Then, the inverse system can be calculated by the follow-
ing equation:

Fema _ 52+Kvs+KrKs. (39)
Fy K, K

In the next section, the experiment and simulation exam-

ples illustrate that the CDM design method gives signif-

icantly improved performance both for a step input force

command and for vibration suppression.

4.3 Parameter Identification Based on LDOB and
MEDOB

The correct value of the parameter identification of
spring coefficient is needed for model based controlling of
resonance ratio and designation of structural observer as
well. The main contribution of this paper is that, using the
proposed parameter identification, the correct spring coef-
ficient is obtained, improving for the performance of reso-
nant ratio control. Figure 8 shows the proposed identifica-
tion method, where the sinusoidal signal is fed as the force
reference and the ramp signal is used to vary the spring co-
efficient of the LDOB. The sinusoidal signal used for the
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parameter identification is designed by the following equa-
tion:

u(kTs) = Ao +w(k)sin(wpkTs), 0<k<N -1,
(40)

w(k) = Asat(k/0.1N)sat((N —k)/0.1N), (41)
W = Wstart + *(wend - wstart)v (42)

N

where, w(k) is a weighting or window function that causes
the input to start at zero, ramp up to amplitude A, and ramp
down to zero at the end. The “sat” is the saturation func-
tion, which is linear from -1 to +1 and saturates at -1 for
arguments less than -1 and at +1 for arguments greater that
+1. The constant A is an offset value added to make the
input have zero average value. Sampling time for com-
mand generation and total points of command signal are
represented by T and N, respectively.

The comparison of load side external force is used to
identify a correct region of the spring coefficient. Accord-
ing to the structural of the observers, if the load side exter-
nal force error between LDOB and MEDOB is nearly zero,
then the correct region of spring coefficient is found.

5 SIMULATION RESULTS

5.1 Simulation Results of the Proposed Identification
Method

Numerical simulations are given to confirm the valid-
ity of the proposed parameter identification. The correct
stiffness coefficient K, was set as 1000 N/m. The com-
parison result of the load side external force of LDOB and
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Fig. 8. The resonance ratio control with the proposed parameter identification

MEDOB is shown in Fig. 9. The variation of the nominal
stiffness coefficient K, was bounded from 950 N/m to
1050 N/m. It can be seen from 0 s to 4 s that the ampli-
tude of the load side external force of LDOB is lower than
MEDOB in the case of K, < K. By reaching the cor-
rect region of the spring coefficient at 5 s, the load side ex-
ternal force from LDOB can be tracked almost identically
over the load side external force from MEDOB as shown
in Fig. 9 (b) and (c). It is seen from results that adding too
much stiffness parameter K, > K give a poor response
with very large amplitude of the load side external force
estimation. Thus, at 5 s, the correct stiffness coefficient
can be found as 1000 N/m.

5.2 Simulation Results of the Proposed Resonance
Ratio Control

Numerical simulations are given to confirm the valid-
ity of the proposed approach. The results obtained from
the proposed approach is compared with the results ob-
tained from the conventional resonance ratio control and
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without the reaction force feedback. The comparison of
the bode diagram with resonance ratio control is shown
Fig. 10. From the result, the lowest order with the higher
bandwidth and no-overshoot are obtained. In the simula-
tion results, the force command input is a step function
with the magnitude of 4.0 N. It is seen from Fig. 11 that
without reaction force feedback give a poor response with
a very large vibration. On the other hand, the vibration are
well compensated in the both case of the resonance ratio
control. It is clear from these results that the resonance ra-
tio control based on CDM design approach gives a good
response with no overshoot and short settling time com-
pared to the conventional method.

6 EXPERIMENTAL RESULTS

The experimental setup of the flexible robot consists
of the linear motors, linear guide devices, spring, two en-
coders at the motor and load side as shown in Fig. 12. The
robot system is controlled by a PC using RT-Linux with
a sampling time of 100 us. The computer is equipped

AUTOMATIKA 54(2013) 1, 62-73
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Fig. 12. The experimental setup of the flexible robot system

—~ — Di:in Table 1. Parameters used in experimental setup
%”‘ Mass of motor M 0.245 kg
E : Force constant K 3.333
g Load M 0.245 kg
’EBW — Spring coefficient Ky, 1100 N/m
g Force gain Ky, Kpe 4.49, 3.59
i Velocity gain Kok, Kye | 268.02,189.52
B o[ Rt v oo o el L Reaction force gain Kk, Kre | 2041,12.24
! Ii-‘lrequency (rad/sec)m: " Resonance ratio gain Kk, Kc \/6, 2
Cut-off freq. of vel. Gope 1000 rad/s
Fig. 10. Bode diagram Cut-off freq. of DOB Gais 1000 rad/s
Cut-off freq. of LDOB Glop 800 rad/s
Cut-off freq. of MEDOB Gmob 800 rad/s

with analog output board, analog input board, and encoder-
pulse counter board. All of the data from sensors as well
as the controllers are written in the C language. The speci-
fications of the linear motor and the parameters used in the
experiments are shown in Table 1.

AUTOMATIKA 54(2013) 1, 62-73

6.1 Experimental Results of the Proposed Identifica-

tion Method

Three classes of experiment was performed to identify
the region of correct value of stiffness coefficient. Exper-
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Fig. 13. The experimental results
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iments of contact motion are investigated. In this exper-
iment, a hard environment, which is an aluminum block,
was used.

First, we performed experiments with varying of the
wide range of the nominal stiffness coefficient; the nomi-
nal stiffness coefficient is set to increase from 900 N/m to
1400 N/m. Figure 13 (a) show the comparison of the load
side external force between LDOB and MEDOB. From
the experimental results, the improvement in the load side
external force estimation of LDOB are illustrated at 3.0-
5.0s. Therefore, the region of the correct value of K,
are bounded from 1050N/m to 1150N/m, while provid-
ing only a rough estimate of parameters. In the second
experiment, the nominal stiffness coefficient is set to in-
crease from 1050 N/m to 1150 N/m. The estimation
performance of LDOB is more improving than that of the
previous experiment since the correct value of spring co-
efficient is applied in the observer. From the experimental
result in Fig. 13 (b), the force peak of LDOB is over than
the MEDOB in the interval time at 5.2 s. An increase of
the nominal stiffness coefficient produced the amplitude
error enlargement of the load side external force estima-
tion. Therefore, we acquired the correct region of the nom-
inal stiffness coefficient as 1100 N/m. When the nominal
stiffness coefficient at 1100 N/m is utilized in the LDOB
as shown in Fig. 13 (c), we found that the external force
response of the LDOB is almost equal to the MEDOB. By
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using the proposed parameter identification, it is possible
to identify parameters with a very few experiment.

6.2 Experimental Results of the Proposed Resonance
Ratio Control

The experiment was performed to evaluate the perfor-
mance of the proposed approach with the input step func-
tion. All of the identified parameters as shown in the pre-
vious section was used to calculate the controller gain. A
flexible robot system is moved to contact the aluminum
block.

The controller without the reaction force feedback
compensation was chosen to illustrate the worst-case vi-
bration. Figures 14 (a) and (b) show the force response at
the load side and motor side, respectively. Without the vi-
bration compensation, it is found that the response of force
and position are oscillated as shown in Fig. 14 (b) and
(d). The influence of the reaction force feedback can be
observed to significantly reduced the effective vibration by
using the resonance ratio control. The experimented re-
sponse also shows a good correlation with the simulation
results. The improvement in the position and velocity re-
sponses at the motor side and load side are illustrated in
Fig. 15. By using the proposed resonance ratio control
based on the CDM, the best results for the faster response
without overshoot is obtained. The vibration on the sys-
tem can be rejected very successfully. Moreover, the time
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response of the controlled closed loop system has a small
settling time and the system is high robustness against the
parameter variations and disturbance effects.

7 CONCLUSION

In this paper, a new resonance ratio gain has been pre-
sented as 2.0 for the rejection of vibration in the flexible
robot system. The proposed gain controller based on the
CDM is simple to design and easily implemented into the
resonance ratio control. By using the proposed controller
design based on CDM method, the best results for the fast
response and vibration suppression in the flexible robot
system are also achieved. Current work also includes the
design of the MEDOB to estimate the external force on the
load side. No feedback force sensors are required in the
system. By using the proposed MEDOB, it is not neces-
sary to estimate the nominal spring coefficient.

A new parameter identification has been presented for
the consideration of the correct value of stiffness coeffi-
cient in the resonant ratio control. The proposed identifica-
tion based on the LDOB and MEODB is simple to design
and easily implemented into the system. Analysis of the
calculation reveals that the correct region of spring coeffi-
cient is bounded if the differentiation of load side external
force between both LDOB and MEDOB is zero. From the
experimental and simulation results, the correct value of
stiffness coefficient is obtained and the load side external
force from LDOB can be tracked almost identically over
the load side external force from MEDOB. These results
serve as guidelines to identify the stiffness of the unknown
environment parameters. For future works, it might be use-
ful to apply and develop a model of environment for haptic
technology, advanced medical device and telerobotic re-
search.
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